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Abstract 

The research papers submitted in this thesis describe experimental and theoretical 
investigations of particle collisions in which the projectiles have been electrons, ions 
and atoms, and the targets have been atoms and molecules. Non-reactive and 
reactive collisions have been studied in order to explore the fundamental nature of the 
collision event, to understand the dynamics, and to facilitate the determination of 
thermochemical parameters and reaction properties. 

The formation of positive and negative ions under single collision conditions as a 
function of electron impact energy has been investigated for small molecules and for 
molecular clusters. The measurement of accurate ionization efficiency curves and 
ionization thresholds has been achieved using custom designed near-monochromatic 
electron sources or analytical deconvolution. In many cases, detailed energy 
balancing has been attempted through the measurement of the recoil energies of 
fragment ions using retarding electric fields. Ionization mechanisms for associative 
and dissociative resonance electron capture and the formation of isomeric positive 
ions have been deduced. Thermochemical parameters, including electron affinities, 
ionization potentials, enthalpies of formation and bond dissociation energies, have 
been determined. Experiments in which the molecular targets were spatially oriented 
have shown, for the first time, that the mass spectrum and the ionization efficiency 
are orientation dependent. A theoretical model has been developed which accounts 
for the experimental measurements. 

Investigations of ion-molecule chemistry and non-reactive ion-molecule interactions 
have been carried out using a custom designed drift-tube mass spectrometer. It has 
been shown that isomeric ions can be distinguished by their ion transport properties 
and that the isomeric form of an ion-molecule reaction product ion can be directly 
measured. A theoretical model based on a generalised ion-helium interaction 
potential was developed which qualitatively accounted for the relative ion mobilities 
of a wide range of ions according to their physical properties. The calculation of ab 
initio interaction potentials has been used with scattering theory and ion transport 
theory to successfully calculate ion mobilities for ground state and electronically 
excited ions drifting in helium over a wide range of electric field to particle density 
ratios. Comparison between experimental data and theoretical calculations have been 
used to refine the theory and interpret experimental results. 

Experimental measurements and theoretical modelling of expanding supersonic jets 
has enabled the calculation of supersonic molecular beam properties. Cross beam 
experiments have been employed to investigate the effect of molecular orientation on 
collisions between potassium atoms and symmetric top molecules as a function of the 
relative collision energy. It has been shown that: i) the reaction cross-section is 
dependent on the orientation; ii) the reaction mechanism (scattering behaviour) 
depends on orientation in some cases; iii) both the exit and entrance channels exhibit 
orientation effects. These experiments have provided the first evidence for the 
dependence of electron transfer on the spatial orientation of the acceptor molecule. 
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2. Introduction 

This research submitted in this dissertation covers the development and application 
of experimental techniques, mathematical models and theoretical methods for the 
investigation of particle collisions involving electron, ion and atomic projectiles on 
atomic and molecular targets carried out over the period from 1971 to 1995. The 
motivation behind the research has been a desire to advance our understanding of the 
collision event, to explore the dynamics and mechanisms for reactive processes at the 
molecular level, to make use of mathematical models as a guide for the interpretation 
of experimental observations and to predict the outcome of experiments to be 
performed. 

At the molecular level, many of the parameters needed to characterise the collision 
event are essentially independent of the projectile and target identities. However, the 
experimental techniques and theoretical methods employed to probe the dynamics 
and deduce interaction mechanisms can differ significantly for different particle 
target combinations. In an ideal situation, the velocities of projectile and target 
would be controlled or at least measured, the quantum states would be preselected 
and the relative spatial orientation of particles in the collision would be prearranged. 
The products would then be similarly characterised and, in the case of reactive 
collisions, their identities (chemical formula and structural) would be established. 
Experiments would be repeated for a range of reagents in order to assess the effect of 
molecular properties such as dipole moment, molecular polarisability, electron 
affinity etc., on reactivity or non-reactive energy transfer processes. This is indeed a 
tall order, the signal level in any experiment appears to be inversely related to the 
degree of control exercised and you very quickly run out of anything to measure. 
Despite this limitation, experiments can be performed in which one or more 
parameters are controlled, and the collision mechanism can then be explored from 
different aspects. This has been the philosophy underlying the work described in this 
thesis. 

Positive and negative ion formation by electron impact ionization of molecules and 
clusters has been studied as a function of electron energy. The mechanisms for 
ionization have been deduced through the identification of product ions by mass 
spectrometry and an accounting of the energy balance through the measurement of 
ion translational energies. A mathematical deconvolution method was used and 
near-monochromatic electron sources designed in order to minimise the effect of the 
electron energy distribution on the measurement of accurate appearance energies. A 
large number of previously unknown thermochemical parameters for ions and 
radicals have been determined in these studies. Isomeric ions formed from selected 
series of cyano, isocyano, and small oxygen containing ions of interstellar interest 
have been identified and their enthalpies of formation determined. This led to 
experiments in which attempts to identify isomeric ions and the isomeric form of 
ion-molecule product ions were carried out in a drift-tube mass spectrometer 
designed for the purpose. The latest papers submitted in this thesis describe new 
experiments in which the first investigation of electron collisions with spatially 
oriented molecules are reported. This work has shown that the electron ionization 
cross-section and the mass spectrum are dependent on the electron-molecule 



orientation. A new theoretical model for electron impact ionization has been 
developed which predicts the main features of the experimental results and can be 
used to calculate unknown ionization cross-sections. A mechanism for the formation 
of cluster ions and fragments was proposed in order to account for the measurements 
in an experimental study of the electron impact ionization of molecular clusters 
produced in supersonic expansions of small polar and non-polar molecules. 

Reactive and non-reactive ion-molecule interactions have been studied in a flow tube 
and a drift-tube. Flow tube experiments were carried out to investigate ion-molecule 
mechanisms for the formation of cyano ions and neutral molecules in interstellar dust 
clouds. The drift-tube mass spectrometer was designed for an investigation of 
isomeric ions and for the measurement of ion transport properties as a function of 
electric field strength. The drift-tube was used to demonstrate for the first time that 
measurable differences between the transport properties of small isomeric ions could 
be determined. In addition, the first experimental identification of the isomeric form 
of an ion-molecule reaction product was made through a measurement of its mobility. 
Trends in the ion transport properties for a series of ions of different mass, structure 
and dipole moment, measured in the drift-tube, were successfully modelled by a 
theoretical analysis based on a generalised ion-molecule interaction potential. This 
model predicted that isomeric forms of ions should be distinguishable by their 
differences in ion velocity in the drift-tube, and confirmed by experiment. A series of 
ab initio quantum mechanical computations of ion-neutral interaction potentials was 
then initiated and used with scattering theory and ion transport theory to calculate 
macroscopic ion transport properties for ground state and electronically excited ions. 
Comparisons between the theoretical predictions and experimental measurements 
have led to refinements in the theoretical method and to a better understanding of 
non-reactive ion-atom and ion-molecule interactions. Mobilities for atomic ions in 
inert gas buffers can now be reliably calculated within the experimental accuracy 
available with the most sophisticated drift-tubes. 

The flow dynamics of expanding atomic and polyatomic supersonic expansions has 
been theoretically modelled and used with accurate velocity distributions measured in 
a molecular beam machine to calculate rotational to translational energy transfer 
parameters, axial and radial temperatures, and other useful molecular beam 
characteristics. Supersonic molecular beams of symmetric top molecules have been 
spatially oriented in a combination of inhomogeneous and homogeneous electric 
fields and crossed in the scattering chamber of a molecular beam machine by thermal 
and accelerated beams of potassium atoms. The effect of molecular orientation, 
relative collision velocity and molecular identity on the reaction of potassium atoms 
with a wide range of methyl halides, trifluoromethyl halides, tertiary butyl halides 
and the haloforms have been explored. These experiments have established that the 
reactive cross-section is higher for collision at the end of the molecule with the 
leaving group, irrespective of dipole polarity. Through scattering experiments it has 
been demonstrated that the mechanism for the reaction of thermal energy potassium 
atoms with the alkyl halides depends on the molecular orientation and that reactions 
involving the trifluoromethyl halides proceed exclusively by the harpoon mechanism. 
Theoretical models developed in the course of the work and experiments with fast 
potassium atoms have shown that orientation effects arise in both the exit and 
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entrance channels of reactions involving adiabatic transitions between covalent and 
ionic diabats. Since the entrance channel involves an electron transfer from the 
electropositive potassium atom to the electronegative molecule, the experiments have 
shown that the electron transfer step is orientation dependent. 

In summary, the research outlined here has included studies of particle collisions in 
which the projectiles have been electrons, ions and atoms, the targets have been 
atoms and molecules, the physical properties of reagents have been systematically 
varied, the relative velocities have been controlled, the spatial orientation of 
molecular targets have been prearranged, and the quantum states have been taken into 
account. Specialised instruments have been designed and applied in the 
measurements and theoretical models have been developed and used to guide the 
interpretation of experimental results and to plan new experiments. 



3. Academic Autobiography 

On reflection, I am sure that we can all identify twists and turns in our careers that 
have led to our present position and ponder the possible outcome if decisions, often 
taken with some trepidation, had "gone the other way". I can readily identify a 
number of such occasions and I will endeavour to include reference to them in this 
preamble, in so much as it serves to guide the reader through my professional career, 
the research fields I have explored and the areas of Chemical Physics in which I have 
made some contribution. I cannot, in all honesty, claim that my research career has 
been planned in the way a military campaign or the organisation of one's 
superannuation fund may have been mapped out. My continuing interest in isolated 
collision processes as well as my addiction to the design and construction of 
machines permeates my research career, although there is a degree of branching, a 
touch of serendipity and a long term interest in chemical education. 

1965 - 1968 

I read for an Honours degree in Chemistry at the University of Wales, Aberystwyth 
from 1965 to 1968, studing maths, physics and chemistry in my first year and physics 
and chemistry in the second year. I carried out my final year Honours project in 
Chemistry working on peroxy-radical kinetics with Professor Aubrey 
Trotman-Dickenson (T-D). An interest in Chemical Physics was established during 
my High School years with extensive reading of New Scientist, Scientific American 
and paperbacks on Space, Relativity, the Universe and everything. These interests 
were subsequently reflected in my choice of Physics and Chemistry in my Honours 2 
year at Aberystwyth. I remember the difficulty in making that final choice between 
Physics and Chemistry for the final Honours year, the enthusiasm and high quality of 
the lecturing in Chemistry being the deciding factor. I had been accepted into T-D's 
research group for Ph.D. studies on completion of my degree when I heard that he 
was leaving at the end of that year to take up the position of Principal of the newly 
established University of Wales Institute of Science and Technology, UWIST, in 
Cardiff. I had already completed a literature survey in the field of gas phase kinetics 
and made applications to Baldwin at Hull, Gowenlock at Heriot-Watt, Edinburgh and 
both Thynne and Knox at the University of Edinburgh. I interviewed with Brian 
Gowenlock at Heriot-Watt in Edinburgh one snowy morning in April 1968 and later 
the same day with John Thynne (JCJ) and John Knox at the University of Edinburgh. 
I received an offer from John Thynne a week later to work on a joint project with 
John Knox, "when the 1st Class Honours degree was in the bag". 

1968 - 1971 

When this became a reality in the June of that year I was able to confirm my 
acceptance of the offer and I moved to Edinburgh at the end of September 1968. 
Brian Gowenlock had offered me a BP graduate fellowship to work on the 
desalination and detoxification of sea water. Although this was attractive, my 
fascination with fundamental processes steered me towards the free radical kinetics 
project offered by JCJ and John Knox. If the choice had gone the other way, this 
account would read rather differently. JCJ had taken delivery of a Bendix Model 
3015 time-of-flight mass spectrometer, TOFMS, about a year before I arrived in 



Edinburgh. It was the first machine in Europe at that time which had been designed 
for both positive and negative ion detection. I was about 3 weeks into the design and 
construction of a glass vacuum line for free radical studies when JCJ asked if I would 
like to transfer to the TOFMS to work on negative ion formation in the gas phase by 
low energy electron impact. He already had a final year Ph.D. student, Ken MacNeil, 
who had worked with the instrument since its delivery and JCJ was anxious that a 
transfer of mechanical, electrical and chemical knowledge take place during a 
reasonable period of graduate student overlap. I was absolutely delighted, I had 
already admired the Bendix, talked with Ken about his work and expressed my 
interest in the project. I transferred my laboratory notebook the next day and this new 
turn of events became the launching pad for my subsequent excursions into particle 
dynamics. 

I should add at this point that JCJ explained to me that the enormous investment in 
the Bendix and the responsibility it placed on him to produce results required that the 
instrument be fully utilised. This meant 24 hours a day. So, it was decided that one 
student work the daylight shift, from 8 a.m. to 8 p.m. and that the other work the 
night shift, from 8 p.m. to 8 a.m. It was left up to Ken and Ito organise the roster to 
our mutual satisfaction. To cut a long story short, I took the night shift and worked 
10 to 12 hours a day, 6 days a week for most of my first year. When Ken McNeil 
began writing his thesis in mid 1969 I modified my routine. I had become 
accustomed to the fast pace resulting from an empty building, uncluttered computer 
time on the University mainframe and a "clean" electrical mains supply, and I 
completed my post-graduate years on an 8 a.m. to 11 p.m. schedule. I married 
Jennifer Brown, who was working on a Ph.D. project in the Botany Department, on 
the 1st August 1969. JCJ left the University later that year to take up an appointment 
as the Scientific Advisor to the Minister of Science, Mr. Anthony Wedgewood-Benn, 
in London, and Ken left in October 1969 for a post-doctoral fellowship with Jean 
Futrell at the University of Utah in Salt Lake City. I telephoned JCJ every Friday 
afternoon at 4 p.m. and he visited every 4 to 6 weeks for an extended weekend. Dr. 
David Whan was appointed as my associate supervisor after JCJ left Edinburgh and 
Dr. Robert Donovan, who had arrived as a lecturer in Physical Chemistry about this 
time, provided additional support. I began to apply for post-doctoral positions in the 
United States early in 1971 and Robert advised me to apply for a Fulbright 
Scholarship. Although he had spotted the "invitation to apply notice" a week after 
the deadline an application was put together at breakneck speed and posted off, 
despite my conviction that it was already too late. I was therefore pleasantly 
surprised to receive a letter several months later informing me that my application 
had been successful and I had been awarded a Fulbright Travel Scholarship in 
support of post-doctoral studies in the United States over a two year period. Like so 
many other opportunities taken and decisions made, the Fulbright was to become a 
major factor in the future course of my career some 2 years later. I began writing my 
thesis, entitled "Studies of Negative Ion Formation by Low Energy Electron Impact", 
in June 1971 and submitted the bound copies in late August. My Ph.D. oral in 
October 1971 was conducted by Professor Morris Sugden, JCJ and John Knox at the 
Shell Thornton Research Institute near Chester where Professor Sugden was the 
Director of Research. He was also Professor of Physical Chemistry at Cambridge 
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University. Jennifer had already successfully survived her Ph.D. oral examination in 
Edinburgh during September, so we were able to depart a week after my oral 
examination to take up a post-doctoral appointment with Professor J. L. Franklin 
(Joe) at Rice University, Houston. 

1971 - 1973 

Joe picked us up at Houston Inter-Continental Airport and drove the 40 miles to his 
home where we stayed for the first few days. He had been Head of Research at 
Exxon until moving to Rice as Head of the Department of Chemistry in the mid-60's. 
His strength was in research and his ability to cure insomnia by lecturing was a well 
established fact. I remember as we drove into Houston on that first day asking Joe 
about the almost overwhelming smell of chemical pollution, he replied, "that, boy, is 
the smell of money". Unfortunately, one cannot capture in writing the rich southern 
drawl with which the comment was delivered. So began an association with Joe and 
Rice that was to continue beyond Joe's death in 1982, through to the present. Rice 
was a scientifically stimulating environment as well as boasting one of the most 
attractive campus's in the United States. The space programme was in full swing just 
2 years after the first moon landing and Rice had forged close ties with NASA 
headquarters, 25 miles south of the campus at Clear Lake. Research projects 
associated with the Space Programme were in evidence everywhere. The Space 
Science Department was the main recipient of NASA funding with projects on 
modelling the magnetosphere and van Allen belts, experimental particle physics, 
laser development, computer software development and rocket probing of the upper 
atmosphere from a site in Alaska. Joe was able to arrange a post-doctoral fellowship 
for Jennifer within a few days of our arrival. She interviewed with Professor Ward in 
the Environmental Sciences Department one morning and began work the following 
day on the effects of simulated hypergravity on plant growth funded by the NASA 
Skylab Programme. At the conclusion of that project she moved to the Biology 
Department for the second year to work on enzyme kinetics. 

My training at Edinburgh had been ideal for the projects at Rice. I had learned about 
high vacuum technology, electronics, computing, mass spectrometry and ion 
formation processes in the gas phase. I had become a devoted experimentalist, I had 
learned how to generate and control thermal energy electron beams, the importance 
of cleanliness and the materials which were both suitable and unsuitable for studies 
of charged particles in high vacuum conditions. I had also worked on the application 
of mathematical algorithms for deconvolution of electron beam energy distributions 
from negative ion resonance curves. When I started at Rice I was surprised to find 
that my knowledge and experience was not widely shared by others attempting 
similar experiments and I was able to contribute to several of the major programmes 
in the Chemistry Department. My first job was to convert a Model 3012 Bendix 
TOFMS to negative ion mode and to make an attempt to measure the recoil energy 
released in dissociative resonance electron capture by small molecules. The 
remodelling of the TOFMS, which involved replacement and upgrading of the 
vacuum pumping systems, a total redesign of the ion source and signal handling 
electronics and the generation of computer programmes for data manipulation, 
further stimulated my passion for instrumental technique and electronics. The project 



was very successful. Through the measurement of recoil energies we were able to 
advance a model for the distribution of internal energy between the available 
vibrational modes of the intermediate molecular negative ion during fragmentation. 
In some cases, we were able to reconcile specific excess energy differences between 
experimental measurement and thermochemical accounting with electronic states of 
the neutral free radical fragmentation product which had been predicted theoretically 
but not previously detected experimentally. 

In the first few weeks at Rice I met several people who would continue to play 
important roles in my future career, as colleagues and as friends. These include Phil 
Brooks and Bob Curl, who have visited Canterbury over recent years, Ron Stebbings 
and Barry Dunning from Space Physics and Jim Hudson, a mass spectroscopist from 
the Chemistry Department, who will be spending time in my laboratory during 1995. 
When I joined the group meetings for Phil Brooks's molecular beams group at his 
home during those post-doctoral years at Rice, I had no idea that I would eventually 
develop a very rewarding collaborative research programme with Phil and Bob, spend 
two separate years and many shorter visits as a Visiting Professor at Rice and be 
appointed as an Adjunct Professor of Chemistry at Rice University and the Rice 
Quantum Institute in 1990. 

All too soon the two year tenure of my Fulbright Scholarship approached an end, Joe 
had offered extra funding to stay on at Rice as a senior post-doctoral fellow but one 
of the conditions of my Fulbright was to return to Britain or a Commonwealth 
country within two years. After considerable debate we decided, rather reluctantly, 
that it would have been unethical to break the conditions accepted with the 
Scholarship. I began searching Nature, C&E News, New Scientist and Chemistry in 
Britain in April 1973 for research and academic appointments and quickly found two 
advertisements for Australia. One was for a Lecturer in Physical Chemistry with 
interests in ionization processes at La Trobe University, Melbourne with Jim 
Morrison and the second was for a Research Physicist or Physical Chemist to work 
on ion-molecule kinetics with Keith Ryan in the Division of Physics, CSIRO 
(Commonwealth Scientific and Industrial Research Organisation) in Sydney. I 
submitted applications for both positions and received a telephone offer from CSIRO, 
via the Australian Embassy in Washington D.C. within a month of submitting the 
application. Since my application had been sent in shortly after the deadline the 
response had been faster than I had expected. I was given one week to respond to the 
Australian Embassy by telephone. I sent a telex to La Trobe enquiring on the time 
scale for their appointment exercise, it was due to be discussed that week and an 
offer would go out in two to three weeks. I really wanted to teach as well as research, 
but I had an offer, and the opportunity to devote full time to research in ion-molecule 
interactions was appealing. The salary was very high by British standards and it was 
an opportunity to see Australia. I telephoned the Australian Embassy at the end of 
the week and accepted the appointment verbally. I was told that an offer in writing 
would appear in two to three weeks from Sydney. The secretary to the scientific 
attaché spent over an hour on the telephone telling me all about CSIRO and 
Australia. She also suggested that I might want to tour ion-molecule laboratories in 
the United States before leaving for Australia and suggested that I send her a list. She 
discussed our move to Sydney and gave us the choice of second class airfare from 



Houston to Sydney or first class on a luxury liner sailing from Genoa, Italy with 
airfares to Italy via England and an inconvenience allowance paid in addition to my 
salary for the duration of the 6 week voyage. That was the least difficult decision I 
have ever had to make and although she offered me a week to think about it, I was 
able to accept the ocean voyage on the spot. 

Two weeks after the telephone call from Washington D.C. I received an offer on the 
Lectureship at La Trobe from Professor Morrison, Head of the Chemistry 
Department. I had met Jim Morrison at Conferences and we had very similar 
interests. However, I felt obliged to turn down the offer following my earlier 
acceptance of the CSIRO position and a telex was sent immediately. Two weeks 
later and I had still not received the CSIRO offer in writing and I decided to call the 
Embassy. They informed me that an administrative error had occurred, I had been 
offered the position through the Embassy, but CSIRO headquarters in Canberra had 
assumed that I had already been interviewed, and I hadn't. I was lost for words, I had 
turned down a lectureship based on an offer that was suddenly gone? However, it 
was explained to me that the problem could be resolved through an interview in 
Washington and this was arranged for the following week. 

Airline tickets arrived through the post a week later and I left Houston 
Intercontinental one Friday morning late in May on a 7 a.m. flight arriving at 
Washington National at 1:30 p.m. local time. As I entered the concourse I located the 
gentleman in a chauffeur's uniform holding a chalkboard with my name on it, as 
arranged, and I was driven to the Embassy in the back of a shiny black limousine 
with the Australian flag fluttering from the hood. I became a little nervous at such 
attention until I was directed to a second floor library where I was greeted by the 
scientific attaché, a short untidily dressed middle age man with a strong Yorkshire 
accent, who said, "ow-up lad, 'ave a cup of tea". It was 2:30 p.m. and my return flight 
had been booked for 4:50 p.m. so I thought there was just enough time for my 
carefully prepared seminar and the interview. However, the tea and general chat 
about Australia went on and on. It got to 3:15 p.m. and I mentioned the seminar that 
I had prepared, he said, "wouldn't mean a bloody thing to me lad, all I need to do is 
check that your hair isn't purple, if you know what I mean". I suddenly realised that 
this was it. There was no interview, it was my appearance that was being scrutinised 
and a check that I did not breach Australia's "all-white policy". He assured me that 
all was well and at his request I gave him the list of laboratories I wished to visit. I 
was back at the airport by 4:30 p.m. and at Houston Intercontinental by 10 p.m. All 
in all, a most interesting experience. 

I spent two weeks during June 1973 visiting laboratories and giving seminars: the 
University of California at Berkeley to see Bruce Mahan; Hanscom Field USAF 
Research Laboratories, Boston, Massachusetts to visit John Paulson and Ed Murad; 
the USAF Wright-Patterson AeroSpace Research Laboratories at Dayton, Ohio to see 
Tom Tiernan; the Naval Research Laboratories in Washington D.C. to visit John 
DeCorpo, an old graduate student of Joe's; Johns Hopkins University, Baltimore to 
see John Koski and the University of Delaware at Newark to talk with Barnaby 
Munson and Doug Ridge. I learned more about the experimental technique involved 
in the study of ion-molecule collisions by cross beams from my day with Bruce 
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Mahan than I had gained from all the articles I had read on the subject. His 
enthusiasm for particle beam studies and my two year exposure to the cross beam 
work of Phil Brooks at Rice convinced me that this was the only way to fully 
appreciate the finer details of the collision event, although it was to take a further 
decade before I found the opportunity to acquire hands-on experience as a Visiting 
Professor at Rice. 

1973 - 1976 

We departed from Houston at the end of July 1973, sailed from Genoa, Italy at the 
end of August and arrived in Sydney on the 7th October. During the voyage I wrote 
my half of a review on negative ions in the gas phase that I was writing with Joe 
Franklin for the Review of Physical Chemistry. I had spent several months in the 
library at Rice researching the literature and the voyage provided the ideal 
opportunity to put it together. During the 3 years I spent as a Research Scientist in 
the Physics Division of CSIRO, the organisation underwent a major overhaul which 
included government control of the research. I began working on the ion-molecule 
kinetics of the 2P spin-orbit states of Ar and K? ions with CO 2  and N20, and on 
ion-molecule reactions carried out under single collision conditions in an electron 
beam space-charge trap. Concurrently, I was designing a drift-tube mass 
spectrometer for the study of negative ion clustering in perfluorocarbons. Half way 
through my first year the Government decided that CSIRO should carry out routine 
service work in support of other government agencies and Australian industry. I was 
instructed to allocate one-third of my time to the preparation and analysis of gas 
mixtures for the New South Wales Pollution Control Commission and Keith Ryan, as 
Group Leader, was asked to offer the expertise of the group (both of us) to the 
Atmospheric Pollution Research Group under Morris Mulcahy in the Materials 
Science Division at Chatswood (Sydney). About this time, Bert Stock, who was 
returning to Australia after a 2 year post-doctoral fellowship working on 
ion-molecule chemistry in a flowing afterglow with Norman Twiddy at the 
University of Wales, Aberystwyth, was appointed as an Experimental Officer with 
the group. 

After my first year we were instructed to decrease our fundamental research activities 
further and I was assigned the job of designing a flow reactor for the study of free 
radical reactions of tropospheric interest in a joint project with Mulcahys group. 
Keith Ryan decided that the drift-tube project had to be cancelled in order to devote 
more time to the joint programme with Materials Science Division. The drift-tube, 
which had just been delivered by the Mechanical Workshop, was put to one side as I 
began work on the design of the flow reactor, while Bert Stock was transferred to the 
measurement standards section to work on applications of interferometry to the 
calibration of industrial tape measures. When I joined CSIRO, the Physics Division 
was devoted exclusively to academic research with applied spin-offs taken up by the 
Division of Applied Physics. However, the Labour Government of Gough Whitlam 
decided that CSIRO research should be re-directed to serve Australian Industry with 
all research activities associated with identifiable economic goals. (This transition 
was complete by the late 1970's, three or four years after 1 left). 
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I began reading the Positions Vacant sections of the International Journals in 
mid-1975 and I successfully tested the flow reactor in April 1976, weeks before 
leaving to take up a Lectureship in Physical Chemistry at the University of 
Canterbury in Christchurch, New Zealand. I was offered a position as Head Scientist 
at the Boliver Water Analysis Laboratory in Adelaide following an interview early in 
1976. I had also applied for the Lectureship at the University of Canterbury and was 
hoping for a communication when the offer from Adelaide arrived. They gave me 
one week to respond and another "bird in the hand" decision was required. This time 
I took a risk and decided to hold out (with fingers crossed) for a positive response 
from Canterbury. It came a week later with a telephone call from Leon Phillips, the 
Professor of Physical Chemistry at the University of Canterbury, I was to be offered 
the position and a verbal commitment to accept was required before the letter was 
posted. I accepted without hesitation. Keith Ryan, and my successor Ian Plumb, 
used the flow reactor from 1977 to the mid-80's and published a series of papers on 
the reactions of alkylperoxy radicals and other species of tropospheric interest. 

1976 - present 

We arrived in Christchurch at 6 p.m. on Thursday the 25th May 1976, the day before 
our son's 2nd birthday. I was surprised to find Brian Gowenlock in the Department 
when I arrived the following day. He was visiting the Department as a University of 
Canterbury Erskine Fellow. He remembered my visit to Heriott-Watt in April 1968 
and pointed out that the New Zealand post-doctoral fellow who he had assigned to 
show me around was Cohn Freeman, one of my new colleagues in the Department 
(and Head of Department from 1987-present). It also turned out that Brian was an 
old friend of JCJ's and we spent many hours over the following few months chatting 
about Edinburgh and swopping stories. 

My first job was writing lectures. I also joined Murray McEwan and Cohn Freeman 
in a joint research programme. Murray had recently returned from a Study Leave 
with Eldon Ferguson at NOAA (National Oceanographic and Atmospheric 
Administration), in Boulder, Colorado, where he had worked on a flowing afterglow 
studying ion-molecule kinetics. He had returned with blueprints and a flowing 
afterglow apparatus was close to completion. Over the next three years we worked 
together on ion-molecule equilibria and on charge transfer problems following on 
from the work I had carried out at CSIRO. During this period I synthesized all of the 
compounds we used in the research and designed a monochromatic electron impact 
ion source for the study of positive and negative ion formation processes which was 
fabricated in the Departmental Mechanical Workshop. I also designed a drift-tube 
mass spectrometer for the measurement of gas phase ion transport properties and 
ion-molecule interactions which could not be made in the Department. I had applied 
for a research grant from the UGC (University Grants Committee) in 1977 and 
received a grant of NZ$35,000 in late 1978. This was used to purchase vacuum 
equipment and a quadrupole mass filter for the monochromatic electron source and 
materials for the fabrication of the drift-tube. I gave a seminar on ion chemistry at 
the Physics and Engineering Laboratories, the Physics Division of the Department of 
Scientific and Industrial Research in Petone, Lower Hutt, early in 1979 and the 
Director offered machineshop facilities as a grant-in-aid to build the drift-tube, if I 
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supplied the materials. The job was completed in 1980 and my first Ph.D. student, 
Bruce McIntosh, began work in February 1981 after completing a six month Honours 
project with me in 1980. I was promoted to Senior Lecturer in 1979. 

I was eligible for my first Study Leave from May 1981 and I wrote to Phil Brooks at 
Rice University with a proposal to study the influence of molecular electron affinity 
on the effect of molecular orientation in the outcome of collisions with potassium 
atoms. He arranged for a visiting Professorship and we returned to Rice almost 8 
years after leaving Houston for Australia in 1973. My first job was to redesign and 
rebuild a molecular beam machine, aptly named Pedro, that had suffered the ravages 
of a series of inexperienced summer season undergraduates. The oriented beam 
experiment had not operated successfully for quite a few years. Fortunately, a new 
graduate student, Howard Carman from Texas Christian University in Fort Worth 
(originally from Memphis, Tennessee) had signed up to join the group and we 
worked together. The machine was reconfigured and revitalised. Differences in the 
scattering behaviour between CF 3Br and CF3I gave the first hint that the entrance 
channel for reaction, the electron transfer step in the harpoon mechanism, may 
exhibit orientation dependence, although we were able to qualitatively account for 
our results through exit channel effects exclusively. 

My own research at Canterbury proceeded briskly after my return from Study Leave. 
The monochromatic electron source was used to study the formation and 
thermochemical properties of isomeric positive ions and the drift-tube was used to 
measure ion transport properties and ion-molecule kinetics. I was able to travel 
overseas to talk about the drift-tube work during 1985 on an Erskine Travel 
Fellowship. John Angus Erskine was a contemporary of Ernest Rutherford at 
Canterbury College from 1891-6. He studied mining and engineering and went on to 
become very wealthy and a prominent citizen in the Canterbury Province. On his 
death in 1960 he bequeathed a considerable sum to the University from his estate to 
be used for the funding of visits to the University by prominent overseas scientists 
and engineers and for funding overseas travel by Canterbury scientists and engineers 
on a competitive basis. As a result of this programme, the Chemistry Department has 
been fortunate to receive a constant stream of prominent overseas scientists at the rate 
of two to three a year since 1966. These have included a number of visitors in my 
general research area, several have become good friends and co-authors such as 
Professors David Smith FRS, H. F. Schaefer (Fritz), Bob Curl and Phil Brooks. 

I returned to Rice again for Study Leave in 1988/89 with a proposal to explore the 
effect of orientation on the cross-sections for electron impact ionization and 
ion-molecule reactions. However, following the successful work with Phil Brooks 
and Howard Carman in 1982 we had proposed studying the entrance channel in the 
reaction of potassium atoms with spatially oriented alkyl halides using accelerated 
potassium atoms which would transfer sufficient energy in the collision to preclude 
ion recombination. The IC ions produced in the entrance channel could then be 
directly counted to provide direct information on the electron transfer step. A grant 
had been secured for this investigation but experiment efforts over the interim period 
had failed. So there was pressure to concentrate effort into this area first. We 
pursued this using beams of fast potassium atoms produced by resonance charge 
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transfer from accelerated potassium ions in a metal vapour oven with a wide range of 
oriented symmetric top molecules. We successfully measured the number of 
potassium ions produced as a function of collision orientation for a wide range of 
oriented symmetric top molecules providing further evidence that the electron 
transfer step was orientation dependent. Experiments on CH 3Br and CF3Br with a 
higher signal to noise ratio carried out by Phil Brooks, Guoqiang Xing and Toshio 
Kasai over the following 4 years confirmed our earlier measurements, showing a 
difference in the threshold for reaction at the positive and negative ends of the 
molecular dipole. 

I was invited back to Rice again in 1989 by Phil Brooks and Bob Curl to assist in a 
triple beam experiment for the study of transition species spectroscopy. In 1980, this 
experiment had provided the first demonstration for the absorption of photons by a 
transition state species during the bimolecular reaction of potassium atoms with 
sodium chloride in a cross beam experiment although it had not produced any new 
results for many years. Working with graduate student Mike Barnes, who had 
worked on the experiment since 1984, we were able to iron out the problems and get 
the machine operational in a few weeks of intensive activity. We re-examined the 
reaction of potassium atoms with NaCl and extended the measurements to the NaBr 
and NaT systems, and produced the first evidence for structure in the absorption 
spectrum of a transition state species. I was appointed as an Adjunct Professor in 
Chemistry at Rice University and the Rice Quantum Institute and promoted to Reader 
at the University of Canterbury in 1990. 

I began construction of a molecular beam machine at Canterbury for the study of 
electron impact ionization of spatially oriented molecules in 1987. Since there was 
little research funding I used vacuum equipment I had been allowed to take from 
Joe's old research laboratory at Rice while on Study Leave during 1982. The nozzle 
chamber comprised a 6" cross pumped by a 4" Edwards diffusion pump and the 
differentially pumped flight tube and detector chamber, housing a Vacuum 
Generators SXP300 quadrupole mass filter, was connected through a home-made 
skimmer and pumped by a VHS-4 diffusion pump. My first student on this project 
was Brett Cameron, who enrolled as a Ph.D. graduate student in March 1988. Since 
we were limited to a near zero budget and the machine characteristics had to be 
determined we decided to develop and refine the crude thermal conduction model for 
the supersonic expansion process and to explore the efficiency of rotational to 
translational energy transfer. This required the measurement of accurate arrival time 
distributions for chopped gas pulses which we generated using a Honda Civic fuel 
injector. We borrowed a LeCroy transient digitizer belonging to my colleague 
Professor Leon Phillips to collect data and the modelling was carried out using the 
University VAX. I received research grants totalling NZ$100,000 (M0,000) between 
1989-92 and a Ministry of Research, Science and Technology grant of $250,000 
(E100,000) in 1993 for the period 1994-96. Between 1991 and 1994 three extra 
students joined the group and the machine underwent two major transformations over 
a 2 year period. The first of these involved the addition of an extra chamber housing 
a hexapole electrostatic filter for the selective focusing of upper Stark states of 
symmetric top molecules into a scattering chamber housing a homogeneous field 
assembly for spatial orientation. A custom designed near-monochromatic electron 
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gun mounted off a side-arm in the 8' six-way cross scattering chamber was mounted 
on an x-y-z vacuum translator and positioned to intersect the oriented beam. Ions 
produced by electron impact ionization were then collected by an on-axis shielded 
particle multiplier. Once it had been demonstrated that the ionization cross-section 
was indeed orientation dependent, the machine was totally rebuilt around a large 
scattering chamber fabricated in the Departmental Mechanical Workshop. The 8" 
six-way cross mounted on a VHS- 10 diffusion pump was used as the nozzle chamber 
and a buffer chamber was introduced between the nozzle and hexapole chambers. 
The machine was built on a large frame with all chambers mounted on platforms with 
x-y-z adjustment. This is the situation as it currently prevails, the work on electron 
impact ionization of oriented molecules continues, an experiment is to be set up for 
the measurement of absolute ionization cross-sections and a new experiment has been 
designed to investigate elastic, inelastic and Stark state relaxation cross-sections. 

During the first few years at Canterbury I travelled around South Island High Schools 
giving chemistry demonstration lectures with a fellow lecturer Alan Metcalfe, a good 
friend who died of a heart attack at age 45 in 1984. I continue to give "flashes and 
bangs" public demonstration lectures and still visit High Schools when time permits. 
I developed a more serious interest in Chemical Education after the Head of 
Department, the late Professor Jack Vaughan, nominated me for the Canterbury 
Regional Chemistry Syllabus Committee in 1981. I became a member in 1982 after 
returning from Study Leave at Rice and became Chairman in 1988. One of our 
functions was to scrutinise the University Entrance (called Bursary) and Scholarship 
Examinations. The 7th Form (final school year) chemistry syllabus involved a great 
deal of rote learning and very little in the way of applied or "relevant" topics. I wrote 
several articles for ChemNZ, a journal of the New Zealand Institute of Chemistry, on 
the deficiencies in the syllabus and the poor mathematical preparation of students for 
University chemistry. I surveyed High Schools and discovered that students had a 
poor opinion of the subject in relation to physics and biology, they found it to be the 
most difficult of the sciences and the least relevant to the world around us! I was 
appointed as the Chief Examiner (author and marker) for the New Zealand Entrance 
Scholarship examination in Chemistry in 1989 and as Moderator for the Bursary 
Examination in 1990. I was appointed to a Reference Group to develop a General 
Science Syllabus for all levels in New Zealand schools in 1991 and as an advisor to a 
working group of High School Chemistry Teachers in the preparation of a new draft 
syllabus statement for 6th and 7th Form Chemistry in 1993 which is now being used 
for a re-write of these syllabi. 
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7. Commentary on Submitted Research 

The experimental techniques designed by the author and the theoretical models 
developed in the course of the research will be briefly described with the appropriate 
publication numbers from the above list. This will be followed by a synopsis of the 
main achievements from the papers submitted under the headings: electron-molecule 
collisions; ion-molecule collisions; atom-molecule collisions. 

A. Experimental Techniques 

These have included: 

Electron guns and ion sources 

The deconvolution or unfolding of ionization efficiency curves has successfully 
facilitated the determination of ionization thresholds normally smeared by the effect 
of the electron energy distribution. However, deconvolution can only be used 
reliably for single resonance peaks or for multiple peaks which do not overlap 
extensively. There have been numerous attempts over the years to design a general 
purpose monochromatic electron gun with sufficient intensity for negative ion studies 
and for positive ion studies near threshold, with minimal success. Two successful 
near-monochromatic electron guns, each with novel features, have been designed in 
the course of the research submitted in this application. They were designed to 
investigate the electron impact ionization of low pressure gases under single collision 
conditions in single beam and cross-beam experiments. An electron gun based on a 
hemispherical electrostatic velocity analyzer was designed for the measurement of 
ionization efficiency curves and ionization mechanisms over the electron energy 
range 0 - 100 eV 23 . It has been employed to measure accurate positive and negative 
ion appearance energies, to determine thermochemical parameters for ions and free 
radical fragments (enthalpies of formation, bond dissociation energies, ionization 
potentials and electron affinities), to study the ionization mechanism through detailed 
energy balancing using fragment ion kinetic energy analysis and to investigate the 
formation and energetics of isomeric forms of ions considered to play an important 
role in interstellar chemistry 23 ' 24 '26 '29 '34 '36 . A linear pencil-beam electron gun (20 - 300 
eV) based on a Pierce element was designed for an investigation of the effect of 
spatial orientation on the ionization efficiency and fragmentation of molecules in a 
cross electron-oriented molecular beam experiment 12,11. 

Drift-tube mass spectrometer 

A drift-tube mass, spectrometer was designed to investigate ion transport properties 
and ion molecule reactions as a function of collision energy 21 ' 21  over the operating 
pressure range 10.2  torr to 10 torr. The drift-tube was fitted with a movable electron 
impact ion source with the capability of operating in a pulsed or continuous mode. In 
pulsed mode, H& ions were produced by electron pulses admitted into the source by 
a computer controlled electronic gate" and the ions of interest were generated in the 
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ion source by He ion charge transfer on an appropriate trace source gas (ppm to ppt) 
in He buffer gas. A second electronic gate, triggered and variably delayed from the 
electron gate, was applied to a fine grid at the exit orifice and used to measure ion 
arrival time profiles using a quadrupole mass filter detector in a second differentially 
pumped chamber. This technique facilitated the determination of accurate ion drift 
velocities over a wide range of electric field strength and particle density' 22 '27 '33 '38 . 
Continuous mode operation was used to establish the mechanism for consecutive 
ion-molecule reactions and to measure ion-molecule rate constants 34 '39 . 

iii) Cross beam machines 

A machine for the study of collisions between thermal potassium atoms and spatially 
oriented symmetric top molecules, originally designed and constructed by Phil 
Brooks at Rice University in the late 1960's, was totally redesigned and rebuilt by 
Howard Carman (a new graduate student) and I during 19818225.  It was later 
modified and successfully used by the author during 1988-89 to investigate collisions 
between spatially oriented symmetric top molecules and fast potassium atoms 
generated by resonance charge transfer in an effusive potassium beam source 
oven37'38 '42 . A cross beam machine to determine accurate arrival time profiles for 
chopped supersonic beams", to investigate the electron impact ionization of 
molecular clusters" and to study the effect of spatial orientation on electron impact 
ionization of molecules" ," was designed by the author and constructed at the 
University of Canterbury from 1987 - present. The detection of near-thermal energy 
ions produced in the electron impact ionization of molecules oriented in a 
homogeneous electric field presented a number of technical difficulties unique to this 
study and a number of new features were included in the design 52 '53 . 

B. Mathematical Models and Theoretical Methods 

These have included:- 

i) Deconvolution 

A novel approach to the elucidation of accurate supersonic beam flow velocities and 
effective particle temperatures from unchopped time-of-flight waveforms was 
developed using fast Fourier transforms to evaluate a global instrument response 
function". During my Ph.D. studies at the University of Edinburgh, I worked with 
Ken MacNeil and John Thynne to develop the first application of deconvolution to 
the unfolding of the electron energy distribution from negative ion associative and 
dissociative resonance capture curves using a van Cittert iterative algorithm (Studies 
of Negative Ion Formation at Low Electron Energies, P.W. Harland, K.A.G. MacNeil 
and J.C.J. Thynne, in Dynamic Mass Spectrometry, Editors: D. Price and J.E. 
Williams, 1970, Volume 1, Chapter 8, pages 105-138). I applied this method 
extensively as a Post-Doctoral Fellow at Rice University in studies of energy 
dispersion in resonance electron capture processes' -'. This also involved a theoretical 
model for energy partitioning in metastable molecular negative ions based on 
statistical mechanics which was modified in accord with the experimental results2'4. 



Energy transfer in supersonic expansions 

The simple Thermal Conduction Model (Beijerinck, H. C. W., and Verster, N. F., 
Physica C, 1981, 111, 327.) for gas expansions was developed for the calculation of 
supersonic beam properties as a function of distance along the expansion axis. 
Collision frequency, flow velocity, particle density, mean free path, and axial and 
radial particle temperatures in supersonic atomic and homonuclear diatomic 
molecular beams were calculated for various • species using realistic interaction 
potentials and collision cross-sections computed from scattering theory". A new 
approach to the calculation of rotational relaxation times and collision numbers in 
supersonic expansions was developed and used to calculate rotational relaxation 
times and rotational collision numbers for H 2, N21 02  and C12 46 . A Monte Carlo 
procedure was devised for the investigation of rotational relaxation in small 
molecules" and used to calculate rotational relaxation parameters for H 2, N21 02  and 

C121  and for the polyatomic species CU 2, OCS, NH3 , CH4, CH3 C1 and C2114 . Results 
obtained using the Monte Carlo procedure were used to investigate the breakdown of 
translational and rotational equilibrium in supersonic expansions of CO,, OCS and 
CH3 C1. 

Reaction asymmetry in collision of fast K atoms with oriented molecules 

A model based on Landau-Zener Theory of avoided potential energy surface 
crossings was devised to account for the reaction asymmetry measured in collisions 
of fast K atoms on a series of spatially oriented molecules" ,". The model predicted 
relationships between measured ion signals and collision energy which provided 
estimates of the critical atom-molecule separation corresponding to the avoided 
crossing. The reactions of electropositive K and electronegative alkyl halide 
molecules are considered to proceed through a harpoon mechanism, in which the first 
step corresponds to an electron transfer from the metal atom to the molecule. The 
critical atom-molecule separation in the entrance channel for these reactions, 
estimated from the model and experimental results, corresponded to an adiabatic 
transition between the covalent and ionic adiabats (the electron "jump"). Similarly, 
the model also provided estimates for the surface crossing distance in the exit 
channel. The calculations provided a guide for the development of a physical picture 
of the reaction event. 

Non-reactive ion-molecule interactions - interaction potentials and ion 
transport properties 

Ion drift theory was used with a generalised interaction potential to predict the 
relative effects of molecular parameters (ion mass, dipole moment, well depth and 
well minimum) on the ion transport properties of polyatomic ions drifting in helium. 
Trends in the ion transport properties for a wide range of ions of dissimilar chemical 
composition were found to be in accord with the qualitative predictions of the 
calculations, the spatial volume of the ion being the dominant factor on the 
momentum transfer cross-section and the ion drift velocity". The calculations were 

31 



32 

extended to include ab initio interaction potentials, calculated at the 
MP4SDQ/6-3 1 1+G(3df,3dp) level of theory. The calculated interaction potentials 
were then used with scattering theory and the two-temperature and three-temperature 
theories of ion transport to calculate macroscopic ion transport properties. Where 
multiple ion states correlated with the separated ion and helium atom, the mobilities 
were deduced by summing over the statistical weights of the molecular ion states or 
over the interaction potentials 28 ' 3033 ' 35 ' 39 ' 45 ' 48 ' 49. The transport properties were 
calculated for the excited electronic states of several ions measured experimentally 
with a confirmation of the identity of the excited ion electronic state in one case 13  and 
a re-interpretation of the original assignments in another 30 . The methods developed 
can be applied confidently to calculate the mobilities of ground state and excited state 
ions which are not readily amenable to experimental determination and used as a 
guide to identification of the excited ion state. 

v) Electron impact ionization 

A model for electron impact ionization based on Coulomb potential considerations 
and the coupling of the electron wave to the molecular orbital is under development. 
Although the model is semi-empirical it has yielded useful expressions for the 
estimation of maximum ionization cross-sections and it predicts both the direction 
and magnitude of the orientation effects measured". 

C. Publications Submitted 

a) 	Electron - Molecule Collisions 

i) 	Negative ion formation - fundamental processes Papers 1 - 6, 9, 24 

Although studies of positive and negative ion formation in the gas phase were carried 
out by J. J. Thomson as early as 1912, until the mid-1960's negative ion formation 
had attracted only a small fraction of the attention afforded positive ion formation 
processes. This had been due largely to the experimental difficulties associated with 
the detection of negative ions, which are produced with characteristically low 
electron capture cross-sections, often some orders of magnitude lower than for 
positive ion formation. Since many negative ions are formed in the energy range 
below 10 eV, the influence of contact potentials, space charge effects, ground loops 
and stray electric and magnetic fields necessarily affect the ionization efficiency 
curves and the linearity of the electron energy scale. 

At the time I began my Ph.D. studies on negative ion formation at the University of 
Edinburgh in 1968, studies of associative and dissociative resonance electron capture 
processes were strictly the domain of the physicist with attention focused on diatomic 
and triatomic molecules. Accurate determinations of the threshold energies for 
dissociative electron capture and the relative capture efficiencies for associative 
electron capture could yield important radical, ion and molecular properties such as 
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electron affinities, bond dissociation energies, electron capture cross-sections, 
enthalpies of formation, the identification or confirmation of new electronic states, 
and autodetachment lifetimes for metastable molecular negative ions. The major 
obstacle to realising these goals was the inherent width of the thermionically 
generated electron energy distribution used in the ionization process. During the 
course of my Ph.D. studies we developed the first analytical deconvolution method 
for unfolding associative and dissociative electron capture curves thus facilitating the 
extraction of useful mechanistic information and molecular parameters. The major 
driving force in the research described in this submission has been the desire to gain a 
more fundamental understanding of electron capture and electron impact ionization 
through the development of more sophisticated instruments, new experimental 
techniques and theoretical modelling. 

Papers 1-6 involve research carried out as a Post-Doctoral Fellow with Prof Joe 
Franklin at Rice University, in some cases involving collaboration with Prof 
Margrave, graduate students and other Post-Doctoral Fellows. Paper 1 describes an 
investigation of negative ion formation and ion-molecule chemistry in 
cyclopentadiene using a time-of-flight mass spectrometer that I rebuilt for negative 
ion research. Deconvolution was applied in the determination of EA(C 5 1-1 5)

1 
 

AH1(C 5H5), AH(C5H5 ), D(H-0 5H5), and four other previously unknown 
thermochemical parameters. The molecular parameters determined were then used to 
predict which small negative ions would undergo proton transfer and proton plus 
hydrogen transfer reactions with cyclopentadiene. The predictions were confirmed 
experimentally providing additional support for the values determined by the 
deconvolution of resonance curves. Paper 2 describes a study of dissociative 
electron capture in CO, NO, CO 2  and SO2 . The results from accurate electron capture 
thresholds determined using deconvolution and from the measurement of the 
negative ion translational energies using ion time-of-flight peak profiles, led to the 
proposal of a semi-empirical equation relating the fragment ion translational energy, 
which can be measured, the excess energy involved in the dissociative capture 
process, which could be determined from thermochemical considerations for the 
cases selected, and the number of vibrational degrees of freedom in the molecular ion 
intermediate. This expression can be used to obtain a complete energy balance for 
complex systems and, in most cases, a better interpretation of the electron capture 
process. 

Paper 3 describes the first application of deconvolution and the excess energy 
distribution equation to the mechanistics and energetics of negative ion formation 
processes in inorganic solids. Group III Fluorides were vapourised from a Knudsen 
cell into the source of a time-of-flight mass spectrometer and the electron capture 
curves measured. Previously unknown thermochemical parameters were determined 
for all fluorides. In Paper 4 the concepts were extended to a series of polyatomic 
molecules with 4 to 12 atoms. The results led to the discovery that the degree of 
vibrational activation in the metastable molecular ion state undergoing dissociation 
was dependent on the molecule and varied from one dissociation channel to another. 
These results were discussed in terms of theoretical concepts and 14 new 
thermochemical parameters were determined, including the first measurement for 
AH1(BF2 (213 2)). Paper 5 compares the negative ion processes in the Group IV 
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fluorides, from C to Pb, and in As 4, with the evaluation of previously unknown 
thermochemical properties in all systems. 

Paper 6 was not only an extensive review of the negative ion formation and negative 
ion-molecule reaction literature, it also critically evaluated the methods, techniques 
and data interpretation. It also included new data we had not previously published. 
In Paper 9, associative and dissociative electron capture by the stable free radical 
(CF3)2N0 revealed a number of new and unexpected results and produced a number 
of negative ions not previously recorded. The molecular negative ion exhibited an 
unusually high capture cross-section and an exceptionally long lifetime of 650 ,.ts 
with a broad associative capture curve peaking at 1.2 eV. Molecular orbital 
calculations were used as a guide for the interpretation of the results. The 
calculations, supported by the measured dissociative resonance curves, revealed the 
possibilty of forming a singlet of high electron affinity and a triplet state of lower 
electron affinity, the singlet as a nuclear excited Feshbach resonance at low energy 
and the triplet as an electron excited Feshbach resonance at higher energies. Electron 
capture over the energy range 0 - 2 eV could generate both molecular negative ion 
states with overlapping resonance capture curves. Paper 24 was a study of negative 
ion formation in C2N2  using the high intensity near-monochromatic electron gun 
described in Section 7A(i), including fragment ion translational energy analysis. The 
molecular ion, C 2N2 , was detected and a mechanistic analysis of the dissociative 
capture curves for the CN ion revealed that the CN radical was being produced in 
both 2E and 2 electronic states. An energy balance analysis was used to construct a 
potential energy diagram for CN formation in the C-C dimension. The methods 
employed in the study of C 2N2  could be usefully applied to other systems. 

ii) 	Positive ion formation - formation and thermochemistry of isomeric ions 
Papers 23, 26, 29, 34, 36, 51, 52, 53 

In Paper 23, the near-monochromatic hemispherical electron source was combined 
with ion kinetic energy analysis in the first such investigation of the energetics of 
isomeric positive ion formation from the interstellar molecules C 2N2, CH3CN and 
CH3NC. Mechanisms for ion formation were proposed and used to evaluate 
enthalpies of formation for all ions of the type HXC2N,  where x = 0 to 3. This study 
provided the first experimental evidence for stable non-interconverting isomeric ions 
of the cyanide/isocyanide series in the gas phase. Enthalpies of formation, and hence 
relative stabilities, were reported for all species and SCF computations were 
employed to predict the most stable isomeric structures. An interesting find was that 
the CNC isomer of the C 2N ion, which is lower in energy than the isomeric CCN 
isomeric structure, was the isomer formed at the threshold for C 2N ion formation in 
C2N2  (NC-C N). The study of isomeric ions was extended to another interstellar 
molecule, HC 3N, in Paper 26. The ionization efficiency curve for the C 2N ion 
formed from HC 3N was unusually complex with 3 breaks above the threshold. 
Ionization mechanisms constructed using the thermochemical data determined in 
Paper 23 closely reproduced the energies corresponding to the breaks, thus lending 
support to the experimental techniques and the enthalpy data reported. 
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In Paper 29, my colleague Robert Maclagan and I carried out ab initio calculations of 
the relative energies and electronic states of the C 3N ion in order to interpret the 
experimental measurements reported in Paper 23. We were able to conclude that the 
threshold measured in the experimental ionization efficiency curve for the C 3N ion 
corresponded to the CCCN structure with a 317 ground state. The CCNC 4  isomer was 
calculated to lie —0.15 eV above the cyanide isomer and would not have been 
resolved in the experiments. The break at 0.9 eV above the threshold corresponded 
to the c-C 3W isomer which was calculated to lie 1.0 eV above the ground state. So, 
the relative energies of the isocyanide and cyanide isomeric structures for ions of the 
type HXC2N4  and C3N are reversed. Paper 36, written with Robert Maclagan and 
Fritz Schaeffer, from the Center for Computational Quantum Chemistry, at the 
University of Georgia, employed ab initio calculations at high levels of theory to 
explore the relative energies of isomers for C 2NH2 , one of the ions investigated in 
Paper 23. The calculations show three low lying ion structures, the ground state 
being the cyclic form followed by the CH 2NC isomer and then the CH 2CN isomer. 
The calculations showed that, in contrast to the CFI 3NC case where the lowest energy 
cyclic isomer is formed at the threshold, the formation of this isomer from CH 3 CN is 
precluded by the barrier height for the interconversion of the CH 2CN isomer to the 
cyclic form. Papers 23, 26, 29 and 36 demonstrated that chemical intuition has 
limitations, the isomeric ions of significance to models of molecular synthesis in 
interstellar dust clouds cannot be reliably formulated in the absence of accurate 
laboratory measurements and theoretical calculations (both are required for an 
unambiguous picture). 

Paper 34 explores the formation, thermochemistry and chemical reactions of the 
HCU/COH isomeric pair, which has been detected spectroscopically in interstellar 
dust clouds. In Paper 51, the electron impact ionization of molecular clusters formed 
in supersonic jet expansions of CU 2, NH3  and N20 were studied. Appearance 
energies for small molecular clusters and their fragments were measured, cluster 
binding energies were deduced and a new mechanism for the formation of fragment 
ion clusters was proposed. 

Paper 52 reports experimental details and results for the first study of the electron 
impact ionization of a spatially oriented molecule. It was shown that the ionization 
cross-section and the mass spectrum for 200 eV electron impact ionization of CH 3 C1 
were orientation dependent. The steric ratio, the ratio of ionization cross-section for 
electron impact ionization on the positive CH 3-end of the molecular dipole to 
ionization on the negative Cl-end, was found to be 2.6 for formation of the molecular 
ion, CH3C1*.  The steric ratio for formation of the CH 3  fragmentation product was 
close to 1.0, that is, independent of spatial orientation of the dipole. This was 
interpreted as reflecting a preference for fragmentation in broadside collisions and 
confirmed by an experiment in which a mass insensitive detector was used to replace 
the quadrupole mass filter detector. Paper 53 is a detailed review of the effect of 
molecular orientation on electron transfer and electron impact ionization written with 
co-worker Phil Brooks from Rice University. This article includes previously 
unpublished data for electron impact ionization on spatially oriented CH 313r, CF313r 
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and dC13  and introduces a new theoretical model for electron impact ionization 
which accounts for all of the experimental features. 

b) 	Ion - Molecule Collisions 

i) 	Ion-molecule chemistry 	Papers 1, 7, 8, 10 - 19, 51 

During an investigation of low energy electron capture by GeF 4  as a Ph.D. student, I 
recorded a number of complex negative ions with two Ge atoms. They were most 
likely negative ion clusters or the result of ion-molecule reactions in the ion source of 
the time-of-flight mass spectrometer. My first determined study of negative ion 
chemistry is described in Paper 1, as discussed in Section 7.C.a) i) above. 

Papers 7 and 8 report research on positive ion-molecule reactions carried out as a 
Research Scientist in the Physics Division of CSIRO in Sydney. In Paper 7, positive 
ion-molecule reactions in CH 4  and N2 0 were studied at pressures of only 10' torr 
while the ions were contained in a potential well generated by an electron space 
charge trap. Ions could be held for up to 10 ms with little degradation in density and 
the depth of the well could be adjusted to allow controlled ion leakage for an 
assessment of product ion kinetic energies. The relative importance of electron 
transfer and hydrogen ion abstraction for reactions of N 2 0t and CO2  with CH, were 
determined. In Paper 8 electron transfer from the molecules N 20 and CO2  to the ions 
Are, }(j  and N2+ were studied for primary ions of near thermal energy in the electron 
space charge trap. In the reactions involving Arand Kr ions the ion attenuation 
curves were found to exhibit a double exponential decay which was interpreted in 
terms of different reactivities of the spin-orbit states of the inert gas ions. The initial 
relative ion intensities deduced by extrapolation of the decay curves to zero time were 
in the correct statistical ratio for the spin-orbit states. We were able to determine rate 
constants for individual spin-orbit states by mathematical modelling of the curves and 
to deduce that favourable Franck-Condon factors coupling the reactant molecule to 
the product ion states were not necessary prerequisites for fast electron (charge) 
transfer. - 

I continued investigations of energy transfer and reaction mechanism, and the 
evaluation of thermochemical properties of gas phase ions, with two academic 
colleagues, Cohn Freeman and Murray McEwan, at the University of Canterbury, 
Papers 10-19. A series of ion-molecule equilibria and proton transfer reactions, 
Papers 10, 12-15 and 18, were studied using a Flowing Afterglow apparatus, based 
on the original design of Eldon Ferguson of NOAA, Colorado. Proton transfer 
reactions for which equilibrium could be established were studied from both forward 
and reverse directions and the equilibrium constants and free energy of reaction 
determined. These were used to deduce previously unknown proton affinities. 
Several of the ions studied were known to be present in interstellar dust clouds and 
we became interested in the role played by ions in the interstellar medium. This 
resulted in a series of studies on the ion-molecule reaction mechanisms for ion 
formation in interstellar dust clouds with the proposal of several new routes to 
observed polyatomic neutral species, Papers 11, 16 and 17. A mechanism for the 
formation of HC 3N was proposed and it was concluded that no simple gas phase 
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ion-molecule mechanism could be found for the formation of HC 5N. The implication 
was that dust grain surface chemistry may play a role in the synthesis of the heavier 
polymeric cyanoacetylenes. Thermal electron (charge) transfer reactions were 
investigated in several systems and in the cases of electron transfer from acetone and 
biacetyl to a number of atomic and molecular ions, Paper 19, the rate constants were 
found to exceed the gas kinetic collision frequency by a factor of two or more. These 
rapid rates were interpreted in terms of a dissociative charge transfer process in which 
an electron is transferred in a non-spiralling collision from outside the Classical 
capture limit and the factors promoting such a mechanism were discussed. 

ii) 	Ion transport properties 	Papers 20 - 22, 27, 28, 30 - 35, 39, 45, 48, 49 

Although my research papers in particle interactions had been confined to 
electron-molecule and ion-molecule collisions up to the early 1980's, I had designed a 
drift-tube during my first year at CSIRO in 1973/74, Section 2, in order to study 
non-reactive, momentum transfer collisions through the measurement of ion transport 
properties. Papers 20 and 21 detail the design and application of a drift-tube for the 
measurement of the ion transport properties of positive ions through inert gas buffers 
over the pressure range from 102  ton to 10 ton, see Section 7.a) ii). Paper 20 
describes a software-controlled multiple pulse generator for the gating of ions in the 
drift-tube which employs self modifying assembly code. The mobilities in helium of 
the molecular positive ions and major fragmentation products formed from the 
cyano-molecules HCN, CH 3CN, Th  CH3NC and C2N2  studied with the 
near-monochromatic electron source in Papers 23 and 26, discussed in Section 7.C.a) 
ii), were reported for the first time in Papers 21 and 22. The structural isomers 
characterised by the electron impact studies did not appear to exhibit drift velocities 
that were sufficiently different to be differentiated in the drift-tube experiments. 
However, in the drift-tube the ions were produced by electron transfer to helium and 
the possibility that the lowest energy isomer was formed could not be discounted. 
The study described in Paper 27 achieved three significant objectives: i) the first 
demonstration that isomeric forms of small ions, C 2HOt  (x = 3 to 5), can be 
differentiated through the measurement of ion transport properties; ii) the first 
identification of the isomeric form of an ion-molecule reaction product through 
mobility measurements (the isomeric form of the C2  HO'ion formed by proton 
transfer to CH3CHO); iii) the application of a simple interaction potential model to 
predict the relative effects of structural parameters on the ion transport properties of 
polyatomic ions drifting in helium, Section 7.B.iv). 

The generalised interaction potential used in the analysis of structural parameters on 
ion transport properties in Paper 27 could not be used to reliably inter-relate the 
momentum transfer efficiency of the ion-neutral interactions to the macroscopic ion 
transport properties of the system. In Paper 28, the two-temperature theory of ion 
mobility was used with an ab initio interaction potential, calculated using the 
Gaussian program at the MP4SDQ level of theory, to calculate ion mobilities for the 
F ion in helium over a wide range of field strength to particle density ratio, EIN. The 
fit between the computed ion transport behaviour and accurate experimental data 
from the literature was well within experimental uncertainties for EN > 20 Td (for 
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MP2, MP4 and Hartree-Fock) and deviated outside the reported experimental 
uncertainties, according to the method and basis set used, below 20 Td. Matching of 
the mobility curves for the full range of E/N was achieved through a small adjustment 
in the well depth for the HeF('E) interaction potential. The calculations were 
extended in Paper 30 to 0 in He. There were two experimental studies of O in He 
in the recent literature claiming that a shoulder on the arrival-time peak for the O ion 
in helium measured in a flow drift-tube corresponded to the O'('D) electronically 
excited state. Valence Bond and Molecular Orbital calculations of the interaction 
potentials were carried out for the three low lying states of the HeO t  molecular ion: 
4(45); 

21-I('D); 'U('P). These were used with the two temperature theory of ion 
transport to calculate the transport properties for the ground state and the two 
electronically excited states of the O ion in He. These were the first calculations of 
excited ion state transport properties. The calculated HeO( 4E) interaction potentials 
adequately described the reported mobility data for the ground state 0 ion in He, 
however, the mobility calculated using the HeO t('H(2D)) interaction potential did not 
match the experimental data reported as the 0+(2  D) state. The interaction potential 

calculated for the HeO t(2H(P)) state successfully matched the experimental results 
and we were able to conclude that the assumption that the shoulder in the arrival time 
peak corresponded to an electronically excited ion was correct, but that the state 
assignment had been incorrect. The calculated interaction potentials revealed a 
surface crossing between the 2 U(2D) state and the 4 (4S) ground state of HeO 
providing an effective channel for depletion of the 2H(2  D) state of HeO to lower 
lying surfaces. So, the 2D state is quenched in the flow drift tube by He but the 
higher energy 2P state is not. 

Paper 31 explores the dependence of zero-field mobility, K 0(0), on the well depth, a, 
and minimum interparticle separation, rm,  in the ion-neutral interaction potential. For 

large values of rm,  K0(0) was found to be very sensitive to small changes in a whereas 
at small rm,  K0(0) was found to vary only slightly from the Langevin value. This 
result has implications for the calculation of rate constants using flow tubes, where 
the diffusion correction is estimated using the Langevin equation. It also has 
important ramifications for the level of theory required when ab initio methods are 
used to compute interaction potentials, particularly for the attractive region of the 
potential greater than 0.3 nm which determines ion mobility at low B/N (as 
discovered in Paper 28). Taking the conclusions of Paper 31 into account, Paper 32 
reports ab initio calculations of interaction potentials at the MP4 level of theory for 

the HeFt  system in which the two molecular states HeF 4(3 E, 11) correlate with the 
separated He atom and Ft  ion. Two temperature and three temperature theories of 
ion mobility were used to calculate the mobility of F t(3 P) in He by summing over the 
appropriate statistical weights for the two molecular ion states separating to He(S) + 
F(3 P). Good agreement with reported experimental measurements was found for 
both mobility theories and it was concluded that the additional processor time 
required for the three temperature theory could not be justified by the returns. 

Paper 33, reports calculations for the 2P ground electronic state and the 4P excited 
state of the C ion in helium using two temperature theory and HeC interaction 
potentials at the MP4 level of theory. The HeC( 2H) state was shown to be weakly 
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bound by 200 - 200 cm'. A literature report of a gas phase ion of mlz 16 generated 
from a helium discharge between carbon electrodes has been assigned to a stable 

HeCk  or 11e2C221  ion. In Paper 35 theoretical calculations and experimental mobility 
measurements are reported for the B ion in helium and in Paper 39 the calculations 
and experimental results are reported for N in helium. Two limiting methods for the 
calculation of atomic ions in atomic gases with orbital angular momentum greater 
than zero were developed and discussed in Paper 39. Papers 45,A8 and 49 
introduced an extension of the method to atomic ions in diatomic buffer gases. 
Paper 45 described the calculation of interaction potentials for Lt in the 
homonuclear diatomic N 2  and Papers 48 and 49 reported interaction potential 
calculations and mobility calculations for Li in the heteronuclear diatomic Co. 

Papers described in this Section have demonstrated that the transport properties of 
ground state and electronically excited atomic ions, which may not be readily 
amenable to experimental measurement, can be reliably calculated within the 
experimental precision available with the most sophisticated drift-tubes. The work 
has also clearly demonstrated that a combination of experimental and theoretical 
methods is essential for a complete appreciation of particle interactions. 

C) 	Atom - Molecule Collisions 

i) 	Oriented molecules 	Papers 25, 37, 38, 42, 43, 52, 53 

The first experiments involving collisions between thermal energy alkali metal 
atoms, K or Rb, and spatially oriented CH 3I carried out from 1966 onwards 
demonstrated that the reaction cross-section for collisions on the I-end of the 
molecule was greater than that for collisions on the C11 3-end. During the 1970's the 
experiments were extended to include oriented. CF 3 I and a harpoon mechanism was 
proposed in which the first step is an electron transfer from the electropositive alkali 
metal atom to the electronegative C17 3I molecule. Paper 25, see Sections 7.A.iii) and 
7.B.iii), reports the first systematic investigation of the effect of spatial orientation 
on chemical reactivity. The effects of orientation on the outcome and mechanisms 
for collisions of thermal energy K atoms with oriented CF 3Br, CF3I and CH 3I were 
investigated. The measurements could be rationalised qualitatively in terms of an 
exit channel effect, although it was noted in the paper that the significant differences 
found between the scattering behaviour of the CF 3Br and C1731 systems suggested that 
the entrance channel, the charge transfer step, might also exhibit orientation 
dependence. This was the first indication that electron transfer might be influenced 
by molecular orientation. 

Papers 37 and 38 report the first experiments involving collisions of fast K atoms 
and oriented CH 3I and CF3I molecules. The fast K atom beam was generated by 
resonant electron transfer and accelerated to energies over the range from 5 to 30 eV. 
These experiments added further evidence for the dependence of the electron transfer 
step on molecular orientation which was confirmed in more refined experiments 
reported in Paper 53. The range of oriented molecules was extended in Paper 42 to 
include most members of the CH 3X and CF3X series, t-BuX and CHX 3  molecules, 
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where X is the halogen leaving group. A theoretical model based on Landau-Zener 
potential energy curve-crossing was developed and introduced in Paper 38 and 
applied in Paper 42. A Classical model for the orientation effects, which reproduced 
the main features of the experimental measurements, was introduced in Paper 43. 

Paper 53 reviews the experimental and theoretical evidence for the influence of 
molecular orientation on electron transfer and for the effect of molecular orientation 
of electron impact ionization. 

Transition region species 	Papers 41, 43 

Papers 41 and 44 report the observation of Na atom emission at 589.0 nm when 
beams of K atoms and NaX (X = Cl, Br, I) molecules intersect inside the cavity of a 
cw dye laser tuned to wavelengths which are not resonant with either the isolated 
reagents or the reaction products. The emission was interpreted as the signature of 
light absorption by the systems, K --- NaX, in the process of chemical reaction. The 
variation in emission intensity with the probe laser wavelength is an excitation 
spectrum of the transition region species (or activated complex) formed in the 
reactions. This was the first identification of spectral features for a transition region 
species. Mechanisms were proposed to account for the spectra in terms of the 
reaction dynamics. 

Flow dynamics 	 Papers 40, 46, 47, 50 

Papers 40, 46 and 47 form a series in which the flow dynamics of supersonic 
molecular beam sources and the efficiency of rotational to translational energy 
transfer were mathematically modelled and experimentally tested, see Section 7.B.ii). 
In Paper 40, the flow dynamics of supersonic atomic and molecular beams were 
mathematically modelled using a modification of the thermal conduction model as a 
framework with realistic interaction potentials and collision cross-sections calculated 
from Classical scattering theory. Expressions were developed for the calculation of 
collision frequency, flow velocity, particle density, mean free path, and axial and 
radial temperatures in atomic and homonuclear diatomic supersonic beams as a 
function of axial distance from the nozzle. A comparison between experimentally 
measured velocity distributions for the inert gases, N 2  and 112  were used to calculate 
values for the rotational to translational coupling parameters for the diatomic gases. 
Good agreement between the calculated values for N 2  using this new method and the 
mean literature value, measured using microwave techniques, afforded some 
confidence in the flow parameters calculated from the theory and for the value of the 
rotational to translational coupling parameter calculated for H 2 . 

Paper 46 extended the calculations to 02 and C12  and reported an expression based 
on the experimental measurements which enabled the rotational relaxation time for 
unknown cases to be estimated with a high degree of confidence. In Paper 47, a 
direct simulation Monte Carlo procedure was used to determine flow parameters and 
rotational collision numbers for the diatomic molecules previously studied and, in 
addition, the energy dependence of the coupling parameter was investigated. This 
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was extended to include the polyatomic molecules CO, OCS, NH 3, Cl4 , CH3 C1 and 

C214 . The energy dependent translational to rotational coupling parameters 
calculated for CO21  OCS and CH3C1 were used in thermal conduction model 
calculations to investigate the breakdown of translational and rotational equilibrium 
in supersonic expansions of these gases. 

The experimental determination of accurate velocity distributions using chopped 
supersonic atomic and molecular beams, required in the studies reported in Paper 40, 
drew attention to the requirement for a reliable, practical deconvolution method for 
unfolding unchopped time-of-flight waveforms. In Paper 50, this was achieved 
using Fourier Transform and Wiener filtering methods to determine a universal 
instrument response fUnction which could be subsequently applied to unfold 
unchopped waveforms. Chopped arrival time distributions, determined 
experimentally, were used to calculate the response function. The response function 
could then be used to deconvolute any unchopped time-of-flight waveforms 
measured under similar experimental conditions. The response function could also 
be determined by the deconvolution of an unchopped inert gas 
arrival-time-distribution using a calculated ideal inert gas profile and then applying 
this to other systems. Results were presented for beams of CHC1 3  and CH3 C1 with 
comparisons between the experimental and deconvoluted profiles. 

8. Papers 1 - 53 
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The low pressure source of a Bendix time-of-flight mass spectrometer has been employed for a study 
of positive and negative ion formation in cyclopentadiene (C,H4. Sil negative ion, in the mass spectrum 
of C5H, have been investigated and particular attention has been paid to the cyclopentadienyl negative 
ion (C,H,j. The appearance potential data for C,H s+ and C,Hc ion formation were used to estimate 
the following previously unknown thermochemical parameters: H1 (Csl{,j 19*2 kcal mole- ', 
all,(C,H,) :S:70*5 kcal mole', A1!,(C s14,) ~ 2734 kcat mole', E.A.(C,H,) !~ 2.2*O.3 eV, and 
D(C5H,-H) <3.9t0.2 eVA high pressure source was employed to carry out negative ion-molecule proton 
transfer and proton plus hydrogen transfer reactions between C,H, and a variety of reactant ions. An 
evaluation of the energetics for these processes provided a second approach for the estimation of a value 
for LI!1 (C5H5I and also gave an upper limit of 58 kcal moir' for LJJ (C,Hr). 

INTRODUCTION 

"Sandwich"-bonded derivatives with transition 
metal-carbon bonds have been known for two decades. 
The first compound of this class, (x-0 5H5 ) 2Fe or 
"fetrocene", was reported in 19511  and marked the 
beginning of extensive studies on cyclopentadienyl 
derivatives as well as on similar carbocyclic systems 
in which the organic molecule is a v-electron donor. 
The investigation of the chemistry of these molecules 
which followed was accompanied by extensive research 
into the structural properties of C 5H6, cyclopenta-
dienyl radical, cation and anion by means of con-
ventional experimental techniques. 2-13  Following the 
development of semiempirical MO methods," theo-
retical models were built and analyzed. However, in 
spite of the large amount of work, important structural 
and thermodynamic parameters, such as Atf,(C sHs), 
E.A.(C sHs) and M'li(CsHr), are still unknown. 

To our knowledge only one previous investigation of 
the free cyclopentadienyl anion and the negative ions  

formed from C,11 5  by electron impact in the energy 
range 0-10 eV, has been reported.' In this paper, the 
ionization efficiency curve of SFr was used to calibrate 
the electron energy scale and to measure the electron 
energy distribution. Since the use of SFC as an energy 
scale reference m ay be misleading" and has been 
found to result in erroneous calibration,' 5  and as no 
further information relating to C 5H5  was contained 
therein, we thought it of interest to undertake a mass 
spectrometric study of negative ion formation and 
negative ion-molecule reactions in the energy range 
0-10 eV. 

In electron impact studies, when the source of elec-
tons is a heated filament, uncertainties arise in the 
interpretation of the ionization efficiency data because 
of the energy spread of the thermionically emitted 
electron beam. The ionization thresholds become 
indeterminate or smeared out because of the high 
energy tail of the electron energy distribution. This 
source of uncertainty has been largely removed in 
this work using the analytical decoavoldtion method 
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FiG. 1. Ionization efficiency curve for 0 ion formation from 
SO,. (a) Experimental data, (I,) deconvoluted results obtained 
using £6 smoothing and 20 unfolding iterations. 

of Morrison" which was adapted for negative ion data 
by MacNeil and Thynne." This technique has been 
previously employed in the investigation of negative 
ion formation by a number of molecules"' and was 
used in this .study to unfold the ionization efficiency 
curves of 0-/SO, and 0-/CO used for calibration of the 

electron energy scale and C sUr/C5H0 for the calcu-

lation of Mf,(C51151. The experimental and unfolded 
ionization efficiency curves for 0/SOt and 0 -/CO 
after 16 smoothing and 20 unfolding iterations are 
shown in Figs. 1 and 2, respectively. 

The electron energy scale was calibrated against the 
appearance potentials of the 0 -  ion formed from SO 

at 4.2 and 6.6 eV' 530  and the 0-  ion formed from CO 
at 9.6 eV." The formation of the 0 ion from CO has 
been studied by several workers"" and it has been 
shown that the cross section for Reaction (I) rises 
vertically to a maximum value at the ionization thresh-

old  

point of maximum slope on the onset edge of the un-
folded ionization curve and this was set equal to 9.6 
eV. The second peak, which has been partially resolved 
by the unfolding procedure, is found to onset at about 
10.8 eV, in accord with the observations of Chantry," 
who has suggested that this dissociative attachment 
process corresponds to Reaction (2), which has a cal-
culated minimum energy requirement of 10.88 eV, 

CO+e—.0-+C('D). 	 (2) 

The electron energy distribution used in the un-
folding procedure was controlled using an arrangement 
previously describe&' and measured using the SF 5-
ion formed by SF.." In all experiments, including 
the ion-molecule reactions, the width of the SFr 
capture peak at half-height never exceeded 0.6 eV. 

Further checks on the energy scale calibration were 
provided by the peak maxima for Cl/HCI at 0.8,11 
0/SO, at 4.9,'° Nllr1N1 -1, at 55,42.43 and 0-/CO 
at 10.0 eV." These independent calibrants provided 
consistent results over the entire energy range within 
±0.1 eV using the low pressure source and ±0.2 eV 
when high pressure experiments were carried out. 

The positive ion appearance potentials were cal-
ibrated using the spectroscopically determined ap-
pearance potential for CO+ ion formation by CO at 

I- 
z 

0 

-o 

I- 
z 
555 

4, 

-o 
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a 
555 
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C0+e—.0-+C('P). 	 (1) 	Fm. 2. Ionization efficiency curve for 0- ion formation from 
CO. (a) Experimental data, (b) deconvoluted results obtained 

In Fig. 2(b) the ionization threshold was taken as the using 16 smoothing and 20 unfolding iterations. 
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14.01 eW6  and measured using the semilogarithmic plot 
technique. 

EXPERIMENTAL 

The data were obtained using a Bendix Model 12 
time-of-flight mass spectrometer modified with a Model 
3015 output scanner. This instrument was equipped 
with low and high pressure sources, the latter being 
operative up to 0.05 torr. For the high pressure studies 
an mks Type 77 Baratron pressure meter was used to 
monitor the pressure directly in the ionization region. 

The magnitude of the ion focus pulse applied to the 
ion drawout grid was always carefully adjusted to be 
consistent with maximum resolution and symmetric 
ion peaks. 

A Lambda power supply, Model LII 121 FM, was 
employed to maintain a constant current of 3.6 A dc 
through a 0.007-in, rhenium filament. Finally, when 
accurate measurements of ionization efficiency curves 
were carried out, the trap anode was maintained at 
earth potential. Further details on this instrumentation 
are reported in previous papers.'"' 

Except for ion-molecule reactions, when the C,I3 
pressure was varied from 0.001 to 0.04 tort, the C 5H, 
pressure was normally held in the range 0,01 to 0.015 
tort. No attempts were made to measure accurate rate 
constants for the reactions investigated. 

All materials employed in this research were com-
mercial products: ammonia (99.99%), carbon dioxide 
99.99%), carbon monoxide (99.5%), cyanogen 
(98.5%), hydrogen chloride (99.0%), hydrogen sul-
phide (99.6%), sulphur dioxide (99.9%), and sulphur 
hexafluoride (99.8%) were obtained from Matheson 
Gas Products and used with no additional purification. 
Spectroquality carbon disulphide was purchased from 
Matheson, Coleman, and Bell, and degassed before 
use. C5H6  was prepared from technical dicyclopent-
adiene supplied by Aldrich. Dicyclopentadidne was 
first refiuxed on barium oxide for 12 h and then care-
fully distilled with a fractionating column. 5  The 

distilled product, C 5He, was thoroughly degassed and 
held on liquid nitrogen to prevent dimerization. 

From this reservoir, about 200 torr of gaseous C 5H6 
were taken when needed and stored at room temper-
ature in a 3-liter vacuum flask to provide a uniform 
supply of sample throughout the experiments. The 
positive ion mass spectrum of C.H 6  at 70 eV was re-
corded prior to all experiments as a check of sample 
purity. Normally, the C 5H, purity was greater than 
99% with the dimer present to less than 0.1%. The only 
detectable trace of water originated from the back-
ground and other contaminants were present in only 
trace amounts. 

RESULTS AND DISCUSSION 

Positive Ion Data 

The ionization potential of C,U6  was found to be 
8.5±0.1 eV in reasonable agreement with values of 
8.9° and 9.0 eVt reported previously. Using this value 
in conjunction with the heat of formation of C sH,B 
(32 kcal moIr'), the heat of formation of the molecular 
ion, C5H6t is estimated to he 228 kcal mole-'. 

The cvclopentadienyl positive ion formed in Re-
action (3), 

C5H,+e—*C6Ha"+H+2e, 	(3) 

was the only fragment ion studied. The appearance 
potential was measured to be 12.7±0.1 eV in good 
agreement with values reported previously, 12.62  and 
11.9±0.5 eV.° The ionization potential of the cyclo-
pentadienyl radical has been determined experimentally 
by Harrison ci at.' to be 8.76±0.1 eV and calculated 
using a modified MO method by Streitwieser" to be 
8.82 eV. Using an average value of 8.8 eV, a value of 
3.9±0.2 eV is calculated as an upper limit for the 
C5H,-H bond dissociation energy and an upper limit 
of 273±4 kcal mole-' for aR,(C,H,) and of 90 heal 
mole-1  for AH1(C6115). 

Negative Ion Data 

The negative, ions recorded in the low and high 
pressure sources are listed in Table I. The low energy 
resonance for C 5Hr ion formation exhibits the highest 

TABLE I. Energy maxims of dominant negative ions from cyclopentadiene in low and high pressure sources. 

Low pressure source electron 
Mass 	Ion 	energy in cv • 	 High pressure source electron energy in cv • 	Z 

53 Csllr 20±0.1 	-'9.3' 2.0±0.3 	5.3±0.3' 	1.2±0.3° 	—9.3' 
39 C,1lr 8.7±0.1 8.7±0.1 	. 10, 

25 C,!! -  9.2±0.1 9.2±0.1 . 	 10 

64 C1114-  9.2±0.2 , 	 9.3±0.2 20 

63 C,Hr 9.2±0.2 9.3±0.2 20 

38 C,lIr 9.2±0.2 , 	 9.2±0.1 20 

• Corrected. 
Relative sensitivities: z ( C,llc) I at 2.0 eV. 
These resonances are about 10 times less intense than that at 2.0 eV. 
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TABLE II. Appearance potentials (Al'.), energy maxima 

(EM), half-height peak width (IV) , and relative intensity (RI) 

of the negative ions for C1'D from Ref. 9. Ions have been listed 

as in Table I. 

A.P. 	EM 	IF 	RI 

Mass 	Ion 	(cv) 	(cv) 	(eV) 	%  

65 Cs1lC 1.1 1.65 0.5 lOt) 

65 C,HC •- 8.85 •.. 3.6 

39 C,13 7.30 8.35 1.15 Il 

25 CdI 7.4 8.9 1.7 20.5 

64 Cur 7.9 9.0 -.- 1.6 

63 C5Hf ... 1.2 

38 Cu ff 7.5 9.6 •.. 1.3 

(C5115j. The maximum position of 13 and 14, 
CH and Cl-If, respectively, was also approximately 

determined at 9.8 eV. 
At mass 1 we could detect a weak ion current which 

had an onset at approximately 3.5 eV and was spread 
over the entire energy range. Because of the lack of 
reproducibility and well defined peaks, we cannot 
supply any further information, although in some ex-
periments two maxima have been tentatively identified 
with the resonances at 6.5 and 8.6 eV of 11 from 
wa ter .GS While the presence and the shape of the 
ionization efficiency curve from mass 16 (Oj would 
support the hypothesis that water may somewhat 
contribute to the H ion current, from a comparison 

dissociative capture cross section and has been used as a 
reference in reporting the relative sensitivities, Z, at 
which each ion had been recorded. A comparison can 	- 

be made against Table H where previous experimental 
results are shown. The discrepancies in the reported 
resonance peak maxima between the two sets of data 	,- 

may be attributed to the use of different energy scale 
calibrators, as pointed out above. 

Since we have not carried out cross section determi- 
 re 

nations, we are unable to report any reliable data on the 	$ 

subject. However, from a comparison of the main 	- 

resonance capture processes for Ch/FICI, 0/CO, 
and C5Hr obtained at known pressures, it may be 	

re 

assumed that 0 and C1ic have similar dissociative 

capture cross sections at equal multiplier response. 
The following ions were also detected, but their 

intensities were too low to allow any kind of quanti-
tative measurement: 16- , 62-  and the isotopic 66 

100 

50

,  

Fl FCTR0N ENERGY 	cY (CORRECTED) 

Fin. 3. Ionization efficiency curves for C5111. - C,Hr, -. - 

1:20:20. See text. 

Feo. 4. Ionization efficiency curves for C,H,. - C.Hr, - 

10:20:10. See text. 

with the literature 56  we are inclined to assume that the 
onset at about 3.5 eV is truly due to H from C 5H6 . 

No negative ion-molecule reactions leading to second-

ary ions were observed when pure C 6116 was introduced 

into the reaction chamber. Only C,1 -Jr exhibited a 

very faint signal at 2.0 eV when the C 5H6  pressure 

was sufficiently high (0.015 tour). A pressure study 
was carried out to ascertain whether C,H was a 
secondary ion at that electron energy, but the change 
in its intensity was too small to give any conclusive 

proof. - 
The list of values reported in Table I shows the 

excellent agreement between the low and high pressure 
results and needs no additional explanation. A brief 
discussion of individual ionic species will follow. 

Experimental ionization efficiency curves are re-
ported in Figs. 3-5 and, with the only exception of 
C,Hr, they represent the ion currents at low pressure 



Paperl 	 46 

NEGATIVE ION-MOLECULE REACTIONS 
	

5303 

as well as at high pressure. From these figures, the 

half-height peak widths and the ion intensity ratios can 
be obtained. Table III ssuiuliariz.es the heats of forum-

ion, au,,,,0 , of the various ions and neutrals employed 

in this study. When not mentioned, values are taken 

from Nail. Bur. Std. (U. S.) Note 270,3 (1968). D. 1). 

Wagman, W. H. Evans, V. Parker, I. 1-lalow, S. M. 

Bailey, and R. S-I. Schumm. 

Cyclopeestadienyl Anion, C5Hc 

The dissociative electron capture cross section for 

C5HC ion formation by Reaction (4) is at least an order 

of magnitude greater than for any of the other negative 

ions detected, 

C s II o-l-e--sCsHs"+H. 	 (4) 

If the energy at maximum cross section, 2.01,0.1 eV, 

is taken as the average energy, K, required to produce 

C5Hc-  by Reaction (4), then the following expression, 

AH,(Ffl+aH,(C,H5j -aIl,(C sHs) - L'<_o, (5) 

may be used to estimate a value of 26 kcal mole- ' as an 

upper limit for A1J,(C5H5  ). The inequality sign in 

Eq. (5) accounts for any excess energy involved in 

Reaction (4). 
A comparison be t ween the Cr,Ilrr capture peak and 

that measured for 0- formed from CO revealed that the 

leading edges of these resonances could be very closely 

snatched after a -7.9 eV shift of 0-  on the energy 

scale as shown in Fig. 6. As these two resonances are of 

similar cross section and exhibit similar peak widths 

at half height, it is concluded that the C,Hr ion is also 
formed by a process which attains maximum cross 

5- 
Fr 
C 
Cr 

03 
Cr 
C 

z 
Ui 
Fr 
Cr 
0 
C-) 

ELECTRON ENERGY 	eV (COttNtLitOi 

Fm. 5. Ionization efficiency curves for C 5 1I,: C,HC. The curves 
are normalized at the 2.0 eV peak and magnified a factor of 10 
above 4 eV. - - - C,Hç at high pressure, - - . . - C,Hs" at 
low pressure. (- C,t'l,, at the two different pressures.) See text.  

'l'AmJl.E III. 1-leats of formation at 298'K of ions and neutrals 
used in I his at uely (kilocalories per mole) 

B 52.095 CN 105.5k 

C 171.291 tOO' 

NIl, 37' CN 174k 

NI-Ic 20 22"' 

NIL, -11.02 (CN), 73.84' 

o 59.553 Co -26.416 

0" 25.469' CO2  -94,051 

OIL 9.31 S 66.636 

Cal Ill" 5" 17.734" 

Cmli 112' SO 34.10 

C,lI 26 to 69' 11 ,5 -4.93 

Cdl, 54.19 so 1.496 

C,H, 64 SO, -70.944 

C,l'l, 12.49 Cl - -58.8 
Ciii," <63" UCI -22.062 

<7P CS 56 
Csll, 31.84' CS, 28.05 

32.44' 
30.16 

• Calculated from DNR,-Il) 100 kcal mole -1  (Ref. 43). 
Calculated from E.A.(N11,) =0.74 eV. [K. C. Smyth, R. T. 

McIver, Jr., and 3.!. Brauman, J. Chem. Phys. 54, 2758 (1971).] 
Calculated from E.A. (0) = 1.478 cv. [R. S. Berry, J. C. 

Mackie, R. L. Taylor, and R. Lynch, J. Chem. Phys. 43, 3067 
(1965).] 

d D(C,LI-H) has been assumed 115 kcal mole-'. [V. I. 
Vedeneyev, J. V. Gtsrvich, V. N. Kondrat'yev, V. A. Medvedev, 
and Ye. I. Frankevich, Bond Energies, Ionization Fokntials 
and lfiectro,e Affinities (St. Martin's, New York, 1966).) 

• J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxi, and F. H. Field, Null. Std. Ref. flats Ser. Natl. Bur. 
Std. (U.S.) 26(1969). 

For the electron affinity of Cdl, the following values have 
Isce,, reported 2 . I eV [II. I i,ch I and J. M onsigny, Chem. I'l,ys. 
Letters 6, 273 (1970)], 2.68 eV (Ref. 56), and 3.73 eV CO. 
Feldmann, Z. Naturforach 25A, 621 (1970)]. 

'3. A. Kerr, Chem. Rev. 66, 465 (1966). 
Reference 57. 

I Reference 2. The value of 32.00 kcal mole -" has been used 
in our calculations. 

I Reference 23. The value of 32.00 kcat moir' has been used. 
Reference 58. 

I Reference 59. 
= Calculated from II A. (S) 2.0772 eV [W. C. Lineberger 

and B. W. Woodward, Phys. Rev. Letters 25, 424 (1970)]. 

section at threshold. A comparison between the un-

folded capture curves shown in Fig. 7 and the half-

height widths of the two ions at their respective 

capture n,axinsa serve to confirms, this conclusion. 
'I'l,e appearance potential for C5Ur ion formation 

by Reaction (4) was determined by two methods: 

(i) the energy shift required for superposition of the 

0-/CO curve on the C5Hc curve, -7.9 eV, is sub-

tracted from the known appearance potential for 

Reaction (1), 9.6 eV,' 5  to give 1.7 eV; (ii) from the 
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and Fig. 5 show. Since these peaks were not confirmed 
by the low pressure study, a process other than dis-
sociative resossance capture must account for them. 

Chantry5' has recently pointed out that certain peaks, 
which may appear to be formed by direct dissociative 
attachment, are actually due to an indirect mechanism 
in which the ionizing electron first releases discrete 
quantities of energy in inelastic collisions with the gas 
molecules, and then collides again causing ionization 
by dissociative resonance capture. This pattern has 
been tentatively applied to our case. In Reaction (9) 
the electron is inelastically scattered from a C5H6 

molecule, 

e(1i?+Ere,,) +C5e_*Cslo*+t(E), 	(9) 

I 	 7 
CORRECTED ELECTRON ENERGY (eV) 

FIG. 6. Comparison of [lie ionization e ffi c i ency curves for 

0-/CO (crosses) and Coll,  /Cs Fl, (open circles) Energy scale 

(or 0 sidfleil liv -7_ti eV I,, nil ow ilverlali. 

energy scale separation of the two unfolded peaks, 
taking the point of maximum slope on the onset edges 
as being the appearance potentials, an average value of 

1.7 was determined for Al'. (C 6FIc-) Thus, the ap-

pearance potential for C,116 ion formation is taken as 
1.7±0.1 cV, where the error limit represents the 
maximum difference of several repeated determinations. 

The intermediate molecular negative ion state in-
volved in Reaction (4), therefore, exhibits a potential 
well, the dissociating limits of which intersect the 
Franck-Condon region. The fragments are then formed 
with zero kinetic energy at the threshold and since no 
excess energy can he found in the excited electronic 

slates of II ss and the same may be assumed for  

tile following cqsi at ion may he used to cal 

culate 1I1 (C51H15j 

!11 (E) +H1(C51isi —H,(C&Fls) —Al'. = 0, (6) 

from which we obtain A1I,(C6HC) 19±2 kcal 

mole '. 
If Reaction (4) does not involve excess energy at 

threshold, the following energy balance equation 

D(C51l,—H) = A.P.(C,Iir) +E.A.(C6H5) (7) 

may be employed in conjunction with the value of 
<3.9±0.2 eV deduced for D(CFI5—ll) above to 
estimate a value of <12±03 eV for the electron 
affinity of the cyclopentadienyl radical. The magnitude 

of E.A. (C6H5) is in accord with that expected from the 
fact that C61Lr is a pseudoaronsatic speciesY° 

Since 

	

AIJ1(C61-Ic) = A111(C,l15) +E.A. (Ca15), 	(8)  

e(E05) _l_C6I1,-*CsIfe-Cs11C+, 	(10) 

losing energy E* and thereby retaining the correct 

amount of energy Jt to produce it dissociative res-. 

onance capture Process (10). If Reaction (9) occurs 
to a reasonable extent and E is sufficiently well de-
fined, a C6HC 'spurious" dissociative attachment peak 
should be observed at an electron energy of (E+Er). 
Hence, if Em 1.7 eV, 11* will be 3.6 eV when (E+ 

E,,,) =5 .3 eV, and 5.5 cv when (E*+Ere) = 7.2 eV. 

These assumptions would be supported by the following 

points: 

The low energy resonance peak exhibits a much 

higher relative intensity. 
The two medium-energy peaks occur when tlae 

high-pressure source is used. 

C5146 is known to have an excited electronic state 

at about 5 eV.5,2shi 

However, no evidence has been obtained that the 

m edium-energy processes are quadratically dependent 

U) 

z 

03 

-C 

I- 
7 
UJ 
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-J 
0 
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an upper limit of 70±5 kcal mole' may be estimated 

for MIf (CSH5). 
in the high pressure study, two peaks which have 

not been reported previously 5  were consistently re-

produced at 5.3 and 7.2 eV, respectively, as Table I 

2 	 3 	 4 

CORRECTED ELECTRON ENERGY (eV) 

Fm. 7. Deconvoluted ionization efficiency curves for 0 -/C0 

(crosses) and C511f/C51{. (open circles). Energy scale for 0 

shifted by -7.7 cv. 
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C,1T6+c,. ,v-4[Cj3r t IF-+ CsIIrT, C,ll(, 

at an electron energy of 8.7 eV. About 10 kcal would be 
found as translational energy of the fragments and the 
remaining 95 kcal in the vibrational modes of the frag-
ments. If we assume that the internal energy will dis-
tribute equally amongst the harmonic oscillators of 
Ca-Ic and C2Ha, Ca-Ic and C2H3  would have 54 and 
41 kcal mole- ', respectively, of excess vibrational 
energy. Since the electron affinity of C,!!, has been 
estimated to be 53.8 kcal molr'" or higher than 10 
kcal molc','T the amount of excess energy in the 
charged fragment could be sufficient to cause the 
electron to be ejected from the ion. Since the latter is 
formed with a reasonably large ionization cross section, 
it seems likely that processes where the neutral under-
goes further fragnien l.ation, rather than Reaction (14), 
would lead to the formation of Ca-Ic'. The probable 

(12) processes are: 

on the pressure of C 5145 . Even if some experimental 
factors could partially account for that and if a dif-
ferent type of mechanism, such as Reaction (11) 
followed by Reaction (10), could be invoked, 

e(5.3 cv) +C,I{,-*C,H,+ H+e(i.7 eV), (11) 

to justify the energy loss of 3.5 eV, the difference he-
tweet, the high and low pressure study has still to be 

satisfactorily explained. 
The production of C,H,-  at 9.3 eV has been reported 

in a previous papers Several oilier ions also have 
maxima at this energy, as Figs. 3 and 4 and Table I 
show, suggesting the multichannel dissociation of a 
common electronically excited molecular negative 

ion st a t e ," 

The relative intensities of the dissociative capture 
products so formed will tl,en reflect the relative proba-
bilities for the various dissociation channels." As-
suming that Reaction (12) accounts for the Ca -Ic 
current detected at 9.3 eV, then the following cx-
pression4855  may be used to calculate the disposition 
of tile excess energy involved in (lie process 

(13) 

where e, is the total translational energy of the frag-

ments, E is the total excess energy involved in the 

process, N is the number of harmonic oscillators in the 
parent ion, and a is an empirical correction factor 
which is 0.42 for dissociative capture processes. Thus, 
as the formation of C 5 11,-  by Reaction (12) involves 
7.6 eV of excess energy, we find that approximately 
7 eV is proportioned to internal excitation of the 
C,Hc ion. As this is unacceptable, it may be tentatively 
suggested that Ca-Ic ion formation at 9.3 eV occurs 
as the result of a further energy loss collision, Re-
actions (9) and (10), or, alternatively, that the 
empirical correction factor used in Eq. (13) does not 
provide an adequate analysis of this particular system. 
Other than these suggestions, no further explanation 
can be forwarded. 

Calic 

The C,Hc ionization efficiency curve exhibits only 
one resonance with a maximum at 8.7 eV. From the 
thermodynamic values reported in Table fl r, we can 

calculate the energy S to produce C3113 along a 
reaction channel which requires the smallest supply of 
energy (14), 

Cr, 11,-F c-*C3 1 I c-I-  C 2 1 I,. 	 (14) 

If we take Mli (C3Hc) 63 kcal ,uole', R>95 kcal, 
where the lower limit of 95 kcal would decrease if 
&?1 (C211 3j <63 kcal n,oIc'. Hence, at least 105 kcal 
of excess energy would be involved in Reaction (14) 

C,I-I,+e-.-C,I -Ic+ C,H,+H, 	(15) 

C,li,+c.C3l1c+C2H+H2. 	(16) 

C,!!-, C,!!4-, Caj- , C,H 

These ions seem to arise from the unstable parent 
ion which may also generate C,!!, -  at the same electron 
energy. 

The heat of formation of C211 is too uncertain to 
be of help in deciding which processes lead to its pro-
duction. This ion could be formed through Reaction 

(17), 
C51-I,-l-e-.C2H-+neutrals, 	(17) 

where about 175-218 kcal are available to produce 
several combinations of neutrals. No estimate of the 
excess internal energy can be carried out. 

We have observed that C,H,-  is formed at 9.3 eV 
with a large amount of excess energy; the latter is 
probably sufficient to produce C,Hc and C,flc by 
loss of hydrogen from C,Hc. Alternatively, the electron 
impact on C,H, could originate dissociative resonance 
capture processes in which the ions and hydrogen 
radicals would be obtained through the intermediate 
C,116-*. However, since no thermodynamic data are 
available on C,Hr and Car, there is no basis for a 
more detailed treatment of the subject. 

Analogously, we have no information on C,Hc. 
Reaction (18), 

C,H,+e-'C,Hi-+C,H4, 	 (18) 

may account for its production, although we think that 
the excess internal energy would be quite high and 
further fragmentation should be expected. 

Ion-Molecule Reactions 

The occurrence of ion-molecule reactions was usually 
easily identified since the secondary ion exhibits an 
ionization curve which is identical to that of the 
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TMII.E IV. Coil isbn reactions in mixtures of Cdl,. 

Proton transfer 
Electron Reactant excess Reaction atI,(C,Hr) 

System Reactant energy (eV) energy (kcal naolr') )C+C,ilr-C,Fl,+XH (kcal mole-t) 

ilCl/CdI, 0.8 Negligible lJnreactive (19) 
(20) 

>_5 
5 17 

(CN) a /C,1le CN 5.4 — 0 (Ste text) Unreactive 
Unreactivt (21) > IS 

i1,S/C5ll, S11 2.6 Negligible 
U,,reactive (22) ~! 19 

Il,S/C5H, -2.6 2 
12 Unreactive (see text) (23) >29 

CS,/C,lf, S 3.5 
10.0 3 0- +C5H,-.C,Il,+OH (24) 550 

CO/CaR. 0 
4.3 3 0 - +C,1l,-.C,Hc+0H (25) <50 

COs/C.H, 0- 
4.9 10 0 - +C,U,---+C,llr+01i (26) 

Sos/Cell. 0-  
5.6 30 NtEC-l-CaHr-sCsHs+NHS (27) ~ 93 

Nih/Cells NIL-  

Proton + hydrogen transfer 
Electron Reactant excess Reaction AJJ,(CsHc) 

Systesss Reactant energy ( eV) energy (kcal sisnlc') X_I_CsIlrnCsilC±llsX (kcal molr') 

—2.6 2 r+C.11,-+C,F4-+R,S (28) <58 
1125/C5R5 

4.3 3 0-+C514-.Cdlr+H10 (29) < 1 18  
cO2JCdi. 0 

4.9 to 0 - +C,H,-.C5HC+H2O (30) <125 
50,/Calls 0 

primary ion. A pressure study was always carried out 

to coil Ii ml the initial  ft isdin gs. 

In Table IV the results of an investigation of proton 

transfer and proton plus hydrogen transfer reactions 
occurring in mixtures of C 5}l, are reported. The 

electron energies listed in the third column correspond 
to the resonance peak maxima for reactant ion forma-

tion. The amount of reactant ion kinetic energy at tile 
resonance peak Ilsaximuill, calculated using Eq. (13) 
and givers  i n the fourth coltinan, was taken into account 

for the calculation of aH1(C5Hai. 
Although Table IV is self-explanatory, Reactions 

(20) and (23) merit further comment. Initially, Re-
action (20) contradicted the behavior predicted from 
the value for aH,(C5115j = 19±2 kcal mole-' deduced 

above. The resonance peak maximum for CM-  ion 

formation from cyanogen was found to be at 5.4± 
0.1 eV, and,using Ciaupka's 58  ther,nochemical data 
for the saitrile radical, the excess energy associated with 
the dissociative capture process 

(CN)s+e-*CN+CN 	 (31)  

close to the B 	state of CN at 3.2 eV,'° the following 
dissociative capture process is suggested to replace 
(3 1) at 5.4±0.1 eV: 

(CN),+e-.CN+CN(B Z). 	(32) 

In tills, the CPI-  ion is formed with practically zero 
kinetic energy, and failure to detect Reaction (20) 

indicates that SH f (C SHC) > 17 kcal mole- ', in agree-
ment with tlae value of 19±2 kcal naolc' deduced 

above. 
Failure to detect Reaction (23) also results in a lower 

limit for A111 (C,Hr) which is in disagreement with the 
value deduced above. The value of H,(C.H,i ~: 

29 kcal mole-' shown in Table IV is subject to several 
sources of uncertainty, primarily that associated with 
tiae thermochemical data used and the unknown 
limitations of Expression (13). These, coupled with 
tIse possibility that the cross section for Reaction (23) 
may be so low as to be below the instrumental sensi-
tivity, are forwarded to explain this anomalous result. 

is calculated to be approximately 3.3 eV. Using Eq. 
(13), tlae translational energy of the CN ion is cal-
culated to be 13 kcal sslnlC', and, since no reaction with 
C 511. could he detected, a valise of >31 kcal mole  ' 

is clettuceel for All, ((",' I  hi. The substitution of al-

ternative tllerlllOcilenticl data 5° for tise nitrite radical 

resulted in equivalent values for A11 1 (C 511C). A com-

parison of the CN ion mass peak at the resonance 

max ionlin with the mass peaks of 0/CO and Csllc/ 
C5f1, indicated that the nitrile iota is formed with little 
or no translational energy and as tiae total excess 
energy involved in Reaction (31), 3.3 eV, is very 

TAmE V. Thermochemical data evaluated. 

Parameter 	kcal mole-' 	cv 

MI,(C.11r) 19±2 0.82±0.1 

A1t,(Cslla) !~ 70±5 !~ 3.0±0. 2 
AJ1,(C,Hs) !~ 273±4 < 11.8±0.2 

E.A.(C,115) <-51±7 <2.2±0.3 

D(Calle-}I) <90±5 <3.9±0.2 

Mi,(C,Hr) <58 2.5 

A/l,(C.lI&') 228 9.9 

I.P.(C,lh) 196±2 8.5±0.1 
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Thus, with the possible exception of Reaction 
nm 	

(23), 

the results obtained from the ion—molecule reaction 

studies shown in Table IV are in agreement with the 

value of M11(C5Hs— ) = 19±2 kcal mole—' calculated 

from C,Ilr ion formation. It is apparent from Re-

actions (20) to (22) that A1I,(C51 lc) is not less than 

17 kcal mole - ', therefore adding further support for the 
assignment of a vertical onset to Reaction (4). if an 
appearance potential of 1.5 eV (see Fig. 7) had been 
chosen, an upper limit of 14.6 kcal mole —' would have 

been imposed on Allf (CsH. 
The three proton plus hydrogen transfer reactions 

listed in Table TV were observed resulting in an upper 
limit of 58 kcal anoir' for A!1j(C,Iir) . The lack of 
any further thermochemical data for C6114 precludes 
further conclusions. 

The theranochenlical data derived during the course 
of I his study are tabulated in 'l'al,le V. 
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The translational energies of negative ions formed by dissociative resonance capture processes from 
co, NO, CO, and SO, have been measured as functions of excess energy. The sums of the translational 
energies of 0 and the corresponding neutral from Co and NO were found to be equal to the electron 
energy above onset over a range of about 1eV. At higher energies, the translational energies dropped down 
from the expected values because of loss of the more energetic ions to the wall,. With CO. assd SO, the 

total translational energy was always R/N, where 1?* is excess energy and N the number of vibrational 

modes, 3 in each case. The measurement of translational energy has also helped in interpreting the states 
involved in the various processes and in cossipsst ing the ground state therinochemica I properties of the 

decomposition products. 

INTRODUCTION 

An evaluation of the energetics of negative ion forma-

tion by dissociative electron capture processes []L,q.  (1)1 

can provide a wealth of ther,uoches,sical infornialion 

which would otherwise be difficult to ohi aiss 

A13±c—*A+B. 	 (1) 

The quality of these data, however, depend not only on 

the experimental accuracy with which the ionization 

thresholds are determined hut also oil the scope of the 
measurements, 

'l'lie potential es,ergv surfaces describing the capture 

of electrons by the diato,siic molecule, All, are illustrated 

in Fig. 1. Following electron capture in the energy 

range E5  to Es, a vertical (Franck—Condon) transition 

from the ground state of AR to the repulsive surface 

representing an electronically excited stale of the 

molecular ion All —  takes place. The transient inter-

mediate species All —  then dissociates along the surface 
shown to form the negative ion A —  and the radical .13, 

provided it does not undergo autodetachrnent reverting 

back to the ground or an excited state of the neutral 

molecule AR. The dissociation fragments thus formed 

will have distributed between them translational energy 

in the range E, to E, according to the principle of 

conservation of momentum. From Fig. 1 the energy 

balance equation 

D(A—B) =A(Aj+E(A)—EE 	(2) 

is obtained where D(A—B) is the dissociation energy of 

AR, A (Aj is the appearance potential for the dis-

sociative resonance process, E(A) is the electron 

affinity of the radical A and ER is the excess energy 

involved in the process at the threshold and encom-
passes electronic excitation of the fragmentation prod-

ucts, if any, and the translational energy distributed 

between them, i.e., 

EE=e.+es. 	 (3) 

Without a knowledge of RE, Eq. (2) is written with an 

inequality sign 

1)(A-13)!5A (Aj+R(A), 	 (4) 

and the thermochemical data so obtained will be only 

limiting values and, therefore, subject to unknown 

inaccuracy. 
The form of Eq. (2) remains the same for a poly-

atomic molecule but Eli must now account for vibra-

tional and rotational partitioning of excess energy, also: 

(5) 

The ft1 ri si of this partitioning is t Ise subject of smscls 
discussiosi'' and is essential if reliable thermochemical 

data are to be obtained from dissociative capture 

processes. A rough estimation of the energetics of such 

processes in the 0-10 eV energy range using the thermo-

chemical data available in the literature will often be 
sufficient to determine if electronic excitation of frag-

s,,ent at ie.55 products is occurring. I-f owever, no approxi-

mate method can he used to obtain information regard-
ing the vibrational or rotational excitation of such 

products as the fraction of excess energy surviving in 

these modes depends upon the potential energy surfaces 

of the activated complex which are unknown. 

Lack of knowledge of potential energy surfaces has 
been circumvented in gas kinetics for many years by 

treating a complex molecule as a collection of simple 

harmonic oscillators. Rosenstock et al.4  used this concept 

with the further assumption that the transfer of energy 

between the oscillators in the activated state is much 

faster than the dissociation into products (so that the 

oscillators achieve energy equilibrium) to successfully 

predict ionic-dissociation rate constants. In the applica-

tion of this model to the calculation of translational 

energies, rotational excitation is neglected and it is 

assumed that the activated complex and the products 

have the some ground state energies. The calculation 

of the total translational energy i 1  is then reduced to the 

problem of calculating the distribution of vibrational 

energy among a collection of oscillators whose total 

1430 
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energy is E. The probability that the system will have 
, vibrational energy and total energy E is 

P(E,", t,,) =p(,)/W(P), 	(6) 

where p(e,) is the density of states at c. and W(E) is 
the total number of states with energy <E. Since 

	

F(E, ci)  =p(E4'—c)1W(E). 	1 	 (7) 

For N classical oscillators, 

	

W(E) = E"7[r(N+ 1)11/nit], 	(8) 

p(E) = d W/dE= NEN_t/[r(N+ 1)1Ihv i]. (9) 

For N oscillators in the molecular ion, there will be 
N—I oscillators in the activated complex, giving 

	

P(1Z, c) = ( N_1)(E*._ c,)N_u/(ii*)a'_l. 	(10) 

The average i s  is calculated using 

which gives the classical result, 

(12) 

Thus, for the diatomic molecule AB, N=1 and e , =E' 
and e= E(tn/M) where i j  is the translational energy 
of the ionic fragment (A—) in the center of mass, M. is 
the mass of the neutral fragment (B), and 41 is the 
weight of the transition complex (molecular weight of 
AU). 

Using the experimental data of Taubert 5  on positive 
ion fragmentation, RIots' found that the best agree-
ment between theory and experiment resulted from a 
nonclassical counting of vibrational states in the 
transition complex. The classical predictions resulted in 
low values for Z ,. Therefore, only a fraction of the oscil-
lators appear to be effective for the distribution of 
excess energy and more than one vibrational mode is 
converted into translational degrees of freedom. These 
conclusions were borne out by the experimental work 
of Haney and Franklin 2  who proposed the modified 
expression: 

g 1 =E/aN. 	 (13) 

Their study of positive ionization of polyatomic mole-
cules suggested a value of a= 0.44. A theoretical analysis 
of these data by Spotz, Seitz, and Franklin' concluded 
that N-3 rather than N—i vibrational degrees of 
freedom are transferred into translation in the activated 
complex. 

The I ranslal io,ial energy of a negative ion produced in 
a dissociative capture process should therefore increase 
over the resonance according to Eq. (14) which 
takes the thermal motion of the target gas into con-
sideration:  

	

& (E/aN) (tn/Af)+RT(nst/M). 	(14) 

INTERNUCLEAR SEPARATION 

Fin. I. Schematic representation of the energy surfaces 
inv,,lvecl in dissociative electron attachment to the diatomic 
molecule AD. 

.E is defined as the energy in excess of the ionization 
threshold and is given by 

W=E,—[D—E(A)-EEE], 	(15) 

where E. is the nominal energy of the bombarding 
electrons, EE is the excess energy at the ionization 
threshold and F is the energy in excess of the threshold. 
For a diatomic molecule a = 1 and N = 1 in Eq. (14) and 
for a polyatomic molecule a will be some value less than 
unity and N=3n-6. 

The present study was carried out to (i) apply the 
method previously described by Franklin, Hied, and 
Whan for measuring translational energies in a time-of-
Bight mass spectrometer to negative ion processes 
previously examined by workers using specially con-
structed apparatus, (ii) to illustrate the importance of 
these measurements for the interpretation of dissociative 
capture processes and to find a value for a best fitting 
data obtained for triatomic molecules. Since in dis-
sociative resonance capture processes the energy 
introduced with the electron remains in the molecular 
system, a study of the variation of translational energy 
of the fragment with internal energy before fragmenta-
tion will be of considerable interest in extending our 
understanding of molecular dynamics. 

EXPERIMENTAL 

The translational energies of the ions studied were 
measured using the method described by Franklin, 
1-lierl, and Whan.' This thethod employs the effect- of 
hc translational energy distribution of the ions leaving 

the source cl,ansl,er of a time-of-flight mass spectrom-
eter on the width of the ion mass peak scanned at the 
detector. Initially, a calibration curve of mass peak full 
width at half maximum (FWHM) against the square 
root of the i onic  weight (amu) is constructed. The 
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FIG. 2. Calculated and experimental peak widths (EWIIM) 

for ions of known (i.e., thermal) energy. The clashed line rep-
resents the FWIIM (IV,,,) calculated for an infinitely narrow 
gate pulse and an ion drawout pulse amplitude of 103 V. The 
intercept on the ordinate represents the effective width of the 
gate pulse. 

FWHM of the ion mass peak tinder investigation is then 
used with (lie calibration curve to obtain an apparent 
ionic mass, en5,,1,, for the translationally excited species. 
The translational energy of the lola in three-dimensions 
is then calculated from the expressions 

RT[rn 5,,,,/rn,]. 	 (16) 

The calibration curve obtained with a Bendix 
TOFMS Model 14-107 equipped with Model 3015 
Output Scanners is shown in Fig. 2. This curve was 
taken tisisig a low pressure source (gas pressures 
maintained below IX 10 torr) . A separate calibration 
curve was constructed using a high pressure source 
(with gas pressures in the range IX 10 -i to 1X 10-2 
tort) and equivalent results were obtained with the two 
sources and their respective calibration curves. The ions 
used for these calibration curves were all formed as the 
result of associative (thermal) electron capture 76  or 
ions formed in dissociative capture processes which 
attain lii ax ilil sii is cross section at the I Is rcslsolcl' .10  

thereby resulting in fragments with zero, or thermal, 
translational energy at the threshold. Experiments 
performed with the ion lens switched on gave results in 
agreement with those obtained with the lens off within 
the experimental accuracy of the measurements. 

Weinstein" has recently pointed out that the assuinp-
tioti of Gaussian peak shapes inherent in the Franklin, 

Hierl, and Whan method is valid only for thermal ions 
and that translational  energies so measured may be in 
error by some 67-24%. He further argues that these 
errors will be all negative. Franklin and Sen Sharma" 
have reproduced the earlier positive ion work of Haney 
and Franklin5  using the deflection method of T aubert. 
Their results qualitatively support Weinstein's con-
clusions but have found the agreement to be generally 
less than 10% in error for translational energies less than 
9 kcal mole. The translational energies so measured 
are therefore well within the experimental error 
incurred in appearance potential determinations (±0.1 
eV). 

'.L'he materials used in these experiments were all 
purchased from Matheson Gas Products and used with 
no additional purification. 

RESULTS AND DISCUSSION 

0-/CO 

Chantry' used a mass spectrometer equipped with a 
Wien filter arrangement to monitor the translational 
energy distribution of the 0 ions formed from CO 
and NO over their respective resonances. These experi-
nents showed the 0 ion from CO to be formed with 
thermal energy at the ionization threshold, 9.7±0.1 eV, 
which corresponds to the minimum enthalpy require-
ment for process (17), i.e., 9.62 eV: 

CO+e—.0+C(3P). 	 (17) 

It was further concluded that the cross section for this 
process attains maximum at the threshold. This latter 
conclusion also follows from an examination of the 
unfolded ionization efficiency curve for this process when 
the onset edge exactly reflects the high energy part of 
the electron energy distribution. 1314  

From Clsantry's RPD work' and from the unfolded 
ionization efficiency curve,' 3 " 4  it is evident that a second 
resonance i9 immersed in the tail of that corresponding 
to Process (17). The Wien filter was successful in 
resolving two peaks in the translational energy distribu-
tion at the ionization threshold for the second process, 
one peak corresponding to a thermal distribution due to 
Process (18) and the second peak corresponding to 
Process (17) where the excess energy above the thresh-
old is distributed as translational energy between the 
products: 

CO+e—+0+ C6  CD). 	 (18) 

Figure 3 shows thee experimental data obtained using 
the low pressure source in this present study. The 
theoretical increase in translational energy, calculated 
from Eq. (14), for Processes (17) and (18) are shown 
with arrows representing the theoretical ionization 
thresholds for these processes. The points shown are 
those averaged over several repeated determinations 
wInds show good agreement with the theoretical slope 
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for Process (17) up to the second resonance where the 
experimental points break away. 

Only the translational energy of the ion at the thresh-
old is important for the calculation of thermochemical 
data (heats of formation, electron affinities and bond 
dissociation energies) although a knowledge of the 
translational energy over the resonance should also 
prove valuable in identifying processes involving the 
foniiation of neutral fragmentation products in elec-
tronically excited states. In this respect, Chantey's 
technique oilers considerable advantage over the present 
method which measures average values for all the ions 
present. 

In accord with Chantry's study, the ions are formed 
with thermal energy at the first ionization threshold. 
The falloff in the curve occurs close to the threshold for 
Process (18) and can be attributed to the influence of 
the thermal ions produced by this process on the ion 
peak shapes corresponding to the translationally ex-
cited ions produced by Process (17). process (18) could 
thus have been inferred. It is evident from the points in 
Fig. 3 that the observed falloff does not accurately 
reflect the relative cross sections for these processes 
which is probably due to a combination of wall effects 
and the deviation of the mass peaks from a Gaussian 
distribution. 

The major effect being observed is the collision of the 
energetic ions with the ionization chamber walls. Under 
ideal source conditions with an electron beam profile 
exactly reflecting the slit dimensions in the electron 

(1, 
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flo. 3. Experimental ionization efficiency curve and transla-
tional energy data for 0/CO measured using the low pressure 
ion source. 
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flu. 4. Experimental ionization efficiency curve and transla-
tional energy date for 0/NO measured using the low pressure 
ion source. 

gun, an 0- ion formed with an average of 12 kcal mole -' 
translational energy in three dimensions will have a 
velocity component in the flight tube axis of 1.25X 10' 
cm/sec. An 0 ion with this energy can then travel 1.2 
mm from the edge of a well-defined electron beam in the 
present apparatus (slitwidth 0.7 mm). Ions with 
energies in the high energy tail of the translational 
energy distribution formed in a divergent electron beam 
will then be capable of traveling much further. From 
the source dimensions of our apparatus (2.5 mm from 
beam center to backing plate in low pressure source 
and 2.0 non in high pressure source), we consider that 
ions are being lost to the collision chamber walls 
through diffusion. Obviously, the greater the average 
translational energy, the greater will be the proportion 
lost to the walls with the result that the average 
translational energy will appear to rise at a slower rate 
and will eventually level off. Because the ions have 
further to travel in the low pressure source, this leveling 
should occur at higher energies as was found to be the 
case, i.e., —41 kcal molc° for the high pressure source 
and '-48 kcal mole-' for the low pressure source. This 
loss to the walls was proved by changing the ion resi-
dence time in the source when longer times resulted in 
broader mass peaks which attain a maximum width at 
lower translational energies. 

0-/NO 

The ionization efficiency curve and translational 
energy measurements for 0-/NO in the low pressure 
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source are shown together in Fig. 4. Again, there is good 
agreement between this data and that presented in 
Chantry's paper? In this work, however, the low cross 
section for ion formation precluded measurements 
near the ionization threshold. From the theoretical 
slopes included in Fig. 4, only Process (19) is involved 

in ion formation: 

N0+c-.0+N('D). 	 (19) 

The double resonance peak observed may thus be 
consistent with the occurrence of two separate states 
of N0 in the Franck-Condon region which both 
share the same dissociation limit.' As NO-  is isoelcc-

ironic with 02 , the electronic states may  be quite similar  

and information available for 02 "' suggests that the 
intermediate molecular ion state may be NO(B Z,j 

corresponding to 0,(B 3Z,7) which forms part of a band 

system at this energy. 
There was no evidence for the occurrence of the 

process leading to formation of the nitrogen atom 
fragment in the ground state, N('S), although this 
process is energetically feasible at about 5 eV. This 
suggests that the process would involve a forbidden 
transition from the intermediate N0 state at this 
energy. If N0* were in a singlet state, Process (20) 

would be forbidden and, hence, 0- would not be formed: 

N0- ('Z)--s0-(F)+N(s). 	(20) 

Alternatively, an appropriate triplet state might be 
formed at too low an energy to permit Process (20) to 

occur. NO-  is isoelectronic with 02 which has a 

slate at 4.5 eV and a 2Z -  state at 6.18 eV.' if in N0 

both of these states occurred at energies less than S eV, 
they would be incapable of decomposing by Process 

(20). 
Noisy data in this particular series of experiments 

imposes extra limitations on the accuracy of the average 
points shown in Fig. 4. The translational energy points 
undoubtedly follow the path imposed by wall effects at 
the higher energies and the noisy peaks in this case 
precluded reliable measurements over the wings of the 
resonance. Thus, the points at the low and high energy 
ends in Fig. 4 are associated with large uncertainties. 

()-/ Col 

The ionization efficiency curve and translational 

energy measurements of 0 -  from CO2  using the low (X) 
and high (0) pressure ion sources are shown in Figs. 
5(a) and 5(b). Theoretical lines were calculated using 
Eq. (14) for a= 1.00 and a==0.75. N was set equal to 3 

as CO2- , the activated complex involved in ion forma-
tion by Process (21), is bent with a bond angle of 

approximately 1340 "j": 

CO2+e-*[COr'1-*O('P)+ CO(X 'Z) (21) 

There are three pertinent features in Fig. 5(b); 
(i) the 0 ion is formed with thermal energy at the 
threshold, (ii) the data points fall along a line cor-
responding closely to nl.00 and (iii) the points 
deviate from the theoretical line at higher translational 
energies. The best straight ling drawn through the data 
points in the linear section indicates the first ionization 
threshold to be at about 3.9 eV lending support to the 
earlier work reported by ICraus" and Schulz. 2 ' If the 

intermediate negative ion state involved is the ('IL) 
state of COr" then using a value of 1.465 eV for the 

electron affinity of the oxygen atom 2 ' and 5.45 eV for 
D(OC-0)," the minimum enthalpy requirement for 
process (21) is calculated to be 3.99 eV, close to the 
observed peak maximum at 4,4±0.1 eV. Christophorou 

and Stockdale' 3  have discussed the assignation of a 
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vertical onset for this process and the calculated 
potential energy surfaces" and present experimental 
work lend support to this proposal. After normalization 
of the first 07CO2 peak to that measured for 0 -/CU, 

the onset edges are-found to match perfectly (after an 
appropriate shift along the energy scale). 

Schulz20  also measured the translational energy of the 

0- ions formed from CO, and found that his data points 
fitted a theoretical line of slope 28/44 (see Fig. 5), i.e., 
a line calculated without reference to vibrational energy 
partitioning.'-' A further feature observed by Schulz 
which was beyond the scope of this study (see section 

on 0-/CU) was the formation of thermal energy ions at 
the ionization threshold for the second resonance while 
the remaining points measured over the resonance 
followed the theoretical line calculated for the first 
process onsetting at '3.9 eV. This result cannot he 
readily interpreted, as Process (22) has a minimum 
enthalpy requirement of ''12.() eV and is therefore 
energetically unfavorable at these lower energies: 

CO2+e-.O+CO(a I1). 	 (22) 

Assuming (21) is the only dissociative capture process 

occurring, these observations20  necessitate that all the 
excess energy, -2.8 eV, is absorbed as vibrational and 
rotational cxci tat ion of the Cc) which cannot be recon-
ciled with the theory'' discussed in the Introduction. 
The only explanation which can he forwarded to explain 
the discrepancies which exist between the theoretical 
lilies followed by tile two sets of experimental data is 
that the retarding method employed by Schulz yields 
only maximum translational energies compared to the 
average values reported in this work. 

The data plotted in Fig. 5(h) show a best lit to tile 
theoretical line calculated using a= 1.00 as for diatoenics. 
'raking consideration of Weinstein's" comments, how-
ever, a is possibly <1 and a future study of polyatomics 
may serve to deduce a more exact value for a. 

Following Chantry's 9  argument for 0-  ion formation 

from NO, the fact that the translational energy data 
points fall along the same line over the two separate 
resonances suggests the formation of two states of 
Co,-- * in the Franck-Condon region which share the 
same dissociation limit. This is illustrated in Fig. 6. 
The difference in cross-sections reflects the stability of 
the activated intermediates involved, the probability for 
dissociative capture being smaller for the bound state 
associated with the first resonance. This representation 
is in qualitative agreement with the surfaces calculated 
by Claydon, Segal, and Taylor.'tm 

Because of the smearing effect of the broad electron 
energy distribution (-1.0 eV) the translational energy 
appears to increase continuously across the two reso-
nances. The inflection seen in the data points in the dip 
region was reproducible and undoubtedly a narrower 
electron energy distribution would result in far better 
energy resolution. 

The flattening of the experimental points at high 

ION CURPEN 

INTERNUCLEAR SEPARATION - 

Fmo. 6. hypothetical potential energy surfaces representing O 
mmml to r',mmit ios froat CO. in (lie 0-10 cv energy range. 

translational energies, '-'11 kcal mole -' for the high 

pressure source and '-'-18 kcal mole -' for the low pressure 
source, has already been attributed to two experimental 
artifacts; (i) the theoretical analysis of the method by 
Weinstein" indicated that values lower than the real 
value are to be expected due to the basic assumption of 
Gaussian peak shapes. The ion mass peaks recorded 
(luring the course of these experiments were found to 
deviate from Gaussian as the translational energy 
increased. This anomaly, however, has been shown to 
result in values less than 10% in error" for translational 
energies less than about 9 kcal mole-' and (ii) the 
effect due to diffusion of the translationally excited• 
species to the wall which is the major effect. 

One further point of interest regarding Fig. 5 is that 
the first excited vibrational level in CO lies 6 kcal 
mole-' above the ground zero point and is therefore 
inaccessible until E = 9 kcal mole-' (-'0.4 eV). For 
thermal energy ions from CO2 there is a population 
distribution of rotational states about 1=9 and as the 
excitation energy is increased, with increasing E, a 
rotational quantum number of 32 is attained before 
vibrational excitation is possible. Rotational energy 
partitions cannot, therefore, be neglected in diatomic 
fragments where the vibrational energy span is large 
compared to the width of the dissociative capture 
resonance. A high resolution study of translational 
energy in this case may show an initial slope different 
to that predicted by Eq. (14) and determined by the 
comupetilion between rotational and translational energy 
partitioning among the fragments. 

0-/SO, 

The ionization efficiency curve measured for 0 ion 
formation from SO, is shown in Fig. 7(a) and the 
translational energy data in 7(b). Following Fig. 5(b), 
theoretical lines with N=3 and a= 1.00 and 0.75 have 
been constructed with arrows indicating previously 
determined" onsets and maxima for these resonances. 

The 0-  ions are formed with thermal energy at the 
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Pio. 7. Experimental data for 0/S02 ; (a) ionization efficiency 
curve, (b) translational energy data measured with low pressure 
ion source. 

first ionization threshold followed by a linear increase in 
translational energy across the first resonance consistent 
with the energetics for process (23)26: 

S02+e—.(S0c4 ) —.0 ( 2P) + SO (X 'Zj. (23) 

The slope of this line is difficult to determine with any 
accuracy but it is approximately the same as that found 
for 0—/CO2 . Similarly, the translational energy rises 
linearly over the second resonance, the break in the 
curve indicating that the intermediate molecular 
negative ion states involved in the two resonances do 
not go to the same dissociation limit as was inferred for 
0jCO2. Extrapolating the data points between the 
resonances to the theoretical line of slope 1.00 drawn 

through the data points measured over the second 
resonance results in a translational energy of 5.4 
kcal mole—' at the threshold. After subtracting the 
thermal contribution, the total translational energy 
shared between the O and SO fragments is given by 
€,i1 M/m 5 6.9 kcal mole—' from which 
i,'a'N = 20.7 kcal moir'. Ega ,, the energy in excess of 
the minimum requirement for Process (23), is 2.4 eV 
resulting in it discrepancy of E,510*_E,50t ,*= 1.5 eV. 
The following process is therefore suggested in light of 
this data 

SOa+e—*(S(Dr) —tOI°P) +SO(a 'as), (24) 

where the (a 'A s) state of SO has not been reported 
previously. 

The data in Table I, which are taken from Herzberg,"  
lend support to our conclusions. 

Translational energy measurements over the trailing 
edge of the second resonance show a decrease in energy 
corresponding to the decay of the resonance. This falloff 
behavior was also observed although less intensely in the 
other cases discussed above. 

A study of O from S01 reported recently by Rallis 
and Coodings" also included translational energy 
measurements. Following Schulz, 20  their data was found 
to lit it theoretical line of slope set equal to 48/64, 
although a best line drawn through their data points 
suggests that a line of lower gradient may be more 

U, 

z 	T 	kcal mole' 	 THEORETICAL 

re 	 a 1.00 

no 

- ........ .—. - _THERMAL SO 

2 	3 	4 	5 	6 	7 	0 	9 	10 

CORRECTED ELECTRON ENERGY (eV) 

FoG. 8. Experimental ionization efficiency Curve and transla-
tional energy data for SO - /SO, measured using low pressure ion 
source. 
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appropriate. This still leaves a discrepancy between the 
magnitude of the translational energy measurements in 
the two studies. Consideration of Weinstein's com-
ments" and assuming that the values reported by 
Rallis and Goodings" are maximum values will go only 
part way to explaining the differences found. 

SO-/SO, 

The ionization efficiency curve and translational 
energy data for SO-  ion formation from SO, are pre-
sented in Fig. 8. Extrapolation of the data points which 
are linear over the first resonance process (24) show that 
the SO-  ion is formed with approximately thermal 
energy (0.65 kcal mole-') at the threshold 

SO,+e-*S0(1I1)+0(3i'), 	(25) 

which is estimated to be 4.5 cV. '['his value is in agree-
,i,ent with the value found by MacNeil and 'l'l,ynne'° 
using Morrison's cleconvolutioti llroeedure"' °  to reduce 
the energy spread of the electron beam. Now, using 
Eq. (2) in conjunction with the (OS-0) bond dissocia-
tion energy (given as 5.6 eV by Herzberg"), a value of 
1.1 eV is deduced for the electron affinity of the SO 
radical in good agreement with the photodetachment 
value of 1.09 eV reported by Feldmann." 

A second, low cross section, resonance on the tail of 
the first resonance has been reported previously by 
MacNeil and Thynne. 25  Figure 8 shows an inflection in 
the translational energy curve between the two reso-
nances followed by a linear increase in translational 
energy over the second resonance. The leveling of the 
points over the first resonance may be due to the 
influence of low energy ions produced in the second 
process. As E 05,,6.2-4.51.7 eV and the ions are 
formed with near thermal energy at the second ioniza-
tion threshold, the following process is tentatively 
proposed: 

S0 2+e*(S01**)4S0_( 1lI)+0*(D), (26) 

TABLE I. Established electronic states for 01, 50, and 5,. 

Molecule State and energy (eV) 

Or 	(a'a,) 0.982 (b 'z,) 1.635 (A -Z. + ) 4.474 

SO 	-.. 	 ... 	(B'r 1 ) 4.88 

5, 	Band system 1.52-1.78 	(B -Z.- ) 3.94  

where the ('D) state of the oxygen atom lies 1.96 eV 
above the ground state. 
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Solid AIF3 , GaF3 , lnF3  and TIF were vaporized from a Knudsen cell into the 
source or a time-of-flight mass spectrometer in order to study their negative ions 
in the gas phase. Species observed include F —  from all lout compounds, and AIF;, 
GaF, lnF;, TIP; and TI F;, respectively. Appearance potentials of these ions were 
determined and nicasurenients made of (lie excess kinetic energy of the ions produced 
by dissociative electron attachment in order to estimate values for the electron 
affinities of the corresponding neutral species. 

INTRODUCTION 

Collision of a low energy (0-15 eV) electron with a neutral molecule will frequently 

produce negatively charged fragment ions through the process of dissociative electron• 

attachment. This process is illustrated in Fig. I for the archetypal molecule All, whose 

potential energy curve describes a bound state and which on electron attachment 

undergoes a Franck-Condon transition to the repulsive curve of AB which subse-

quently dissociates to A and Bm Consideration of the energetics involved leads to 

the equation 

EA(B) D(A - B) - AP(B -) + £2 

= AHf(A) + Alff(B) - AH(AB) - AP(B) + E* 	 (1) 

where EA(B) is the electron affinity of the neutral fragment B, D(A - B) is the dis-

sociation energy of the molecule All, AP(B -) is the appearance potential of the ion 

B, E*  is the excess energy of the process at threshold, and AII  is the heat of formation 

of the indicated species. Obviously, determination of electron affinity by electron 

impact methods without knowledge of this excess energy will yield only a lower limit 

for this parameter. Since the excess energy may be distributed among translational, 

vibrational, rotational, and electronic degrees of freedom of the dissociation products, 

its exact experimental measurement is difficult indeed. 

It has been shown, however, that there is a correlation between the excess energy 

of dissociative electron attachment E*  and the translational energy of the product 

ion (1, 2) the latter quantity being far more amenable to experimental measurement. 

By measuring the width of the ion's mass peak at half maximum at the onset for 

its formation, it is possible to obtain in a simple manner the ion's translational energy, 

* Present address: Brain Research institute, University of Tennessee, Medical Units, Memphis, 
Tennessee 38103. 
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All riglili Of rcproclncl.o.l iii tiny r,rn,rescrvccl. 

59 



26 	 I'EIFY El AL. 

and using considerations of moment urn conservation, to compute the total trans-

lational energy of the dissociation products, E,. This may then be used in Eq. (2) to 

calculate the total excess energy E*, 

E*=E,aN 	 (2) 

where a is a constant (0.42 for dissociative resonance capture), and N is the number of 

vibrational degrees of freedom of the molecule. 

The excess energy E*  thus obtained may then be used in Eq. (I), along with the 

appearance potential experimentally obtained, to determine the electron affinity, 

bond dissociation energy, or heat of formation of the species under consideration. 

AB 	AB_ 

AP 

AP - D - EA 

N1ERNUCLEA DISTANCE 

no. I. I'olential energy diagram illustrating a possible dissociative resonance capture process. 

The fluorides of the Group ill metals were chosen for investigation as likely candi-

dates for the formation of negative ions from electron attachment to their gas phase 

molecules. As part of a continuing program of investigation of high temperature 

negative ions, it was hoped to achieve some understanding of the energetics of decom-

position of such species as well as some idea of their relative efficiencies as electron 

scavengers. 

EXPERIMENTAL 

A Bendix time-of-flight mass spectrometer, Model 14-107, modified with a Bendix 

Model 3015 output scanner was used for these investigations (Fig. 2). Neutral molecules 

were generated by a Bendix Knudsen Cell Sample Inlet System, with a tantalum 

cell/Lucalox liner holding the solid sample for heating by a tungsten wire filament 

through either radiation or electron bombardment. The temperature of the cell was 

determined with a t till gsten /t u ngste n-26 % rhenium thermocouple  inserted in the 
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base or the cell. Appearance potentials were determined by deconvolution of the ion 

intensities with the M acNei I-Thyn tie modification (3) of Morrison's method (4). 

The electron energy scale was calibrated with O/SO, 0/CO 2 , 0- /CO and F - /SF6 , 

and the energy distribution of ionizing electrons was determined from S F/SF 6  to be 

approximately 0.8 eV lull width at hail maximum. 
For each oil he systems investigated the sample was thoroughly degassed and then 

the temperature of the Knudsen ccii was increased slowly until shutterable negative 

ions were first observed. The (em pe rat tire was then raised until  an ion intensity  was 

achieved adequate for the determination of the appearance potentials and, where 

possible, the translational energies of the ions. 

CONTROL GRID 

ELECTRON-EMITTING FILAMENT 

R 
- 	-ION GRID 	

RECORDER 
 

ELECTRON 
TRAP1 

_-DEFLECTION PLATES 
osc 

ISOLATION -V VALVE 
 ION LENS 

CELL 	 TIME OF 
FLIGHT 
ADJUST 

ELECTRONS 

Tic. 2. Schematic diagram of a lime-of-flight mass spectrometer fitted with Knudsen cell. 

RESULTS AND DISCUSSION 

Table I and Figs. 3-6 present the results of our investigations. Several features merit 

comment. None of the systems we studied produced F; although this ion is formed by 

the analogous BF 3 . The fact that several of the ion peaks are so broad in energy is 

probably an indication that the potential energy curves in the Franck-Condon region 

pertinent to molecular dissociation are relatively ''flat." 

AIF3 , OaF3 , InF3  

Aluminum trilluoride has been shown to be monomeric in the gas phase (5), and 

itseems reasonable to assume that gallium and indium trifluoride behave in the same 

way since all three molecules produce similar ions by low energy electron attachment. 

Relative intensities of AIF; were about ten times stronger than F -  from AIF3 ; both 

OaF3  and lnF, however, generate about ten times as much F -  as they do the corre-

sponding M F; ion. 
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TABLE I 

SUMMARY OF EXPERIMENTAL Rcsuits 

F1  

AP 	Res. max. (kcal) F' 

Process (eV) (eV) at onset (kcal) 

AIF3  + e - F + AIF2  7.9 8.6 25.2 63.4 

7' 	1268K 
AIF, + r 	AIF -c- F 7.2 8.3 15.4 38.9 

CaF3  + r 	F-  ± OaF2  6.5 7.9 24.1 60.6 

T= 1143K 
OaF, ± c - OaF; ± F 6.0 7.5 

JnF, + r 	F -I- loF, 3.7 7.4 24.4 61.6 

T== 1443K 
lnF, -c-c-  - InF; ± F 1.9 6.0 

77F(s) 	l= 843K 
-I- c- 	F 5.6 9.6 

0.0 1.2 

• c -.- TIF 5.4 9.0 

TI,F4  ± e -- F 	-i- Tl,F, 21.7 164 

TI 2 F6  + e -i.  TIF; ± TIF 0.0 0.0 

Consideration of the energetics of the process of fluoride ion production (Table 2) 

reveals that the measured excess energies computed from translational energies are 

too low to balance the equation 

Allf(MF,) = 4!11(F) +AJIAMF2)- EA(F) + 	- AF(Fi. 	(3) 

Note, for example, the values for AIF,: 

-288 +19 - 165-84 + 63(E) - 182. 

However, if the decomposition is assumed to proceed according to the equation 

AIF,+e-*AIF-I-F+F 	 (4) 

cn 

2 = 
>- 

'I 

0 
cc 

2- 

0, 
2 
Lu 
I- z 

T' 12681< 

Al 
F ----- 

ELECTRON ENERGY (eV) 

Ftc. 3. Dissociative resonance capture curves for AIF,. 
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FIG. 5. Dissociative resonance capture curves for mt'3 . 
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FIG. 6. Resonance capture curves for thallium fluoride. 

the appearance potential is found to be just sufficient to provide the heat of reaction 
without any excess energy. But, the translational energy of the F -  ionalone was found 
to be 19 kcal/mole and, hence, fragmentation according to Eq. (4) is not possible. 
Fragmentation to give either Al + F2  or Al + 2 F as the neutral species would be 
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quite endothermic and, hence, would not occur at the measured appearance potential. 

If we assume then that the total excess energy is correctly given by Eq. (2), we must 

conclude that the neutral Al F 2  contains excess energy other than vibrational. It is 

reasonable to infer that this additional excess energy (61 kcal /mole forAlF 2) is electronic. 

A similar conclusion was reached by DeCorpo et at (I) in considering the formation of 

F-  from BF,, by dissociative resonance capture. Although the results are somewhat 

less definite, similar conclusions are obtained with the F ion from OaF 2  and, making 

FABLE 2 

Al F3  —* F — + ft.! F (all energies in kcal/nio!e) 

11 1 Al' E7 E,*, AHf(MF2 ) 

II 243 47 115 —131 

Al . 182 63 61 —165 

Ga 150 61 65 —130' 

In 85 62 50 —112' 

Eslimaled—see text 

reasonable assumptions as to its thermochemical properties, with mE 3 . It thus appears 

to be a general property of the fluorides of boron, aluminum, gallium and indium that 

F-  formed from them by dissociative electron capture occurs with simultaneous 

formation of MF 2  that is excited both electronically and vibrational ly. 

The results obtained from this process for the various Group III fluorides are given 

in Table 2. In order to make these calculations for the gallium and indium fluorides, 

certain approximations have been necessary since several key thermochemical values 

have not been determined, in the case of gallium fluoride, values for AHf(GaF3) and 

41-if(GaF) are known (see Table 4). From these and the known heat of formation of 

F, we compute the energy required to remove two F atoms from OaF 3 . Assuming the 

strength of the two first and second bonds to be proportional to the comparable bonds 

in AIF3 , we compute the approximate value of 411 1(GaF2) to be —130 kcal/mole. 

Since the heats of formation of only lnF and in have been determined, it has been 

TABLE 3 

AIF, , MF; 4- F (all energies in kcal/niole) 

Al AP E 4n,(ME;) EA(F 2 ) 

13 175" 306 —146 	15 

Al 166 39 —ISO 	15 

Ca 138 39' —139 	9 

In 44 0 —125 	13 

'Ref. 7. 
b Estimated. 

Assumed to be same as For AHFj from AIF, 
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necessary to make considerably iiioie tenuous estilliatio "so 1 tlteritioclietnical proper-

ties olin F 3  and [OF,. By plotting known heats or formation of Group III fluorides 

and chlorides, 4iI,(I nF3 )4  was estimated to be —150 kcal/mole. From this, DO  nF2-F) 

was estimated to be 88 kcal/mole From heats of atomization. This leads to an esti-

mated 4/1(InF 2) of —112 kcal/mole. From these values we can then estimate the 

electronic excitation energy in the Formation of GaF 2  and InF 2 . The results are given in 

Table 2. 

IA It 	4 

TIIERMOCIILMICAL VALUES EMi'LovED 

ii I/, keal/niole ltd. 

AlF•  --287.9 8 

AII •{59 9 

—165 	30 if) 
—ISO /1 

AlE —61.7 8 

Al 78 8 

GaF —278" 8 
—2l9.2 /2 

GaP —60.2 8 

Ga 66.2 8 

InF —486 8 

tn 58.15 8 

lIP —43.6 8 

TI 43.55 8 

F 18.88 8 
—64.7 8 

The cnthatpy of formation of solid 
GaP3 . 

h The enthalpy of sublimation of 
monomeric GaP3  at 298K is 58.8 Kcal/ 
mole. 

Calculated enthalpy of formation of 

gaseous C aF 3  from (a) and (I,). 

Processes l ea di ng  to the form a tio n of the ion 41 F are  summarized in Table 3, 

along with the data of MacNeil and Tliynne (3) on BF. Unfortunately, the intensities 

of the ions Ca F and lnl 7j were so low as to Preclude determination of their tran s-

lational energy. However, since the translational energy of F -  from both AIF3  and 

GaF3  is practically identical, it seems reasonable to estimate a translational energy of 

31 kcal/mole For the GaF ion. When the appropriate values for appearance potential 

and excess energy are substituted into Eq. (I), we obtain the listed values for the heats 

of formation of tile negative ions and, thus, their electron affinities.  These electron 

alliltities are all relatively and consistently low (0.4-0.6 eV). 
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TIE: 

TIF produces negative ions quite dillèrent iii nature fiom those oft heother Group III 

fluorides, namely, TI F;, TI F;, and the ubiquitous F -  (Fig. 6). Positive ion mass 

spectrometry has established the existence of dinieric neutral species in the gas phase 

produced by vaporization ofTl F(s) (6). Keneshea and Cubiciotti (6) reported observing 

intense TI2FI and TI 2 F peaks and very weak peaks for Tl 2 F and TI 2 F. We were 

able to observe T12  F2' and TI 2 F+ peaks of moderate intensity with an appearance 

potential around 10 eV. It th us seems reasonable to fl55 LI TIC that certain of the negative 

ions we observed were produced from a gas phase (liner, probably T1 2 F1,. An exception 

is TIF; which is discussed below. The appearance potentials we obtained were 0.0 eV 

(TIF;), 5.4eV (TIP;), and 5.6 eV (F -), with peak maxima at 1.2 eV, 9.0 eV, and 9.6 eV, 

respectively. The relative intensities of these ions is interesting: TIF; : TIF; : 

1000:6:26. 
The appearance potential ofO eV for TIE; suggests a dissociative resonance capture 

process, possibly 

11 2 1 0 	 ' -.• TI F; 	 (5) 

However, the fact that TI F; is formed with only I hernial energy requires that the heats 

of formation of the two products exactly balance that of the reactants. While this 

would no doubt be possible, it would involve a surprising coincidence. Alternatively, 

the observed appearance potential and translational energy are just what would he 

expected of Si 111ple elect roll attachment. Quite Si Iii i tar behavior is observed, for exa m pie, 

in the attachment of electrons to SF,,. However, iflIF; occurs by electron attachment, 

we must accept the existence of TI F 5  neutral, which would have to be present in large 

amounts to account for the large ion intensities observed. T1F 5  would be a quite 

surprising molecule and could only be considered as demonstrated if independent 

confirming evidence were available. We are thus unable to account for the origin of 

TIF;. The precursor of TIF; is even more uncertain, if TIF5  exists, TIF; might be 

formed froni it, as indeed, F -  m ight be also. On the other hand, since TI 2  F6  is known 

to occur i n considerable abundance, it is not unreasonable to assume that TI F; and 

F-  conic fro m it In;Illy event,  tile ['car coincidence oft the onset and resonance maxima 

for these two ions strongly suggests that they at from the same excited state of a 

common precursor. Taking this to be Tl 2 F,, we compute for the reaction 

T1 2 F6  .-~ F -I- T1 2 F 5 	 (6) 

a bond dissociation energy of 45 kcal/mole, using the a ppearance potential and trans-

lational energy given in Table 1 . The result is, of course, speculative. The intensity of 

TI F; was too small to permit the mea su rement 01 t ra nslat 0 na I energy. Since  tile 

reaction involves considerable rearrangement if the precursor is TI F 6 , we can draw 

no reasonable conclusions as to its heat of formation. 

CONCLUSION 

Our work has shown electron i nipaet dissociative ionization to be a novel and useFul 

technique, when conibiiicd with measurcliient of translational energies ol' product ions, 
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For the measurement of election aiim it es that might otherwise he difficult to obtain. 

ilie method is not suited to determination of electron affinities ii' one of the products 

is electronically excited, unless the electronic excitation energy is known. The need 

for Further work on the TIF system has been shown. 
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Partitioning of excess energy in dissociative resonance capture 
processes 

P. W. Harland*  and J. L. Franklin 

Dcportutett: of Cltc'tttsi'y. Rice tJ,tiversi:y, iiou.vlon, l'exu, 7700) 
(Received 9 July 1973) 

The translational energies of selected negative ions Formed by dissociative resonance capture processes 
from the polyatomic systems NE,, BF,, CE,, C,F,. C,F,, and c-Cd', have been measured as 
functions or excess energy over the rctt,,tttttces. the excess energy in the molecular negal i ye ion 
intermediate pd or to disnocia lion has been calculated and partitioned Into tratialational vibrational, 
and, in some cases, electronic excitation of the dissociation product. The degree of vibrational 
activation in the itateensediate state before dissociation it found to depend on the particular molecule 
under investigation and to vary from one dissociation channel to another. These observations are 
discussed in relation to theoretical concepts of dissociative resonance capture and given a qualitative 
explanation. Ttie measurement or translational energy has led to a more complete interpretation of 
the states involved in the various processes and in computing ground state thermochemical properties 
of the decomposition productt. 

tali 

INTRODUCTION 

When an electron is captured by a molecule the excess 

kinetic energy of the electron is distributed among the 

internal degrees of freedom of the transient molecular 

negative Ion species produced which then decomposes by 
competitive autodetachtnent and various allowed disso-

ciative capture channels. This study is concerned with 
the distribution of the excess energy its the Intermediate 

molecular negative loin state and how it is partitioned 
among the dissociative capture fragments. 

This study follows an earlier investigation' of the di-

atomic systems CO and NO in which the suing of the 

translational energies of the ions and the corresponding 

neutrals were found to be equal to the excess energy 
above threshold and the triatomic systems CO 2  and SO 
for which this was not Duo case. At lilglnor energies, 

the measurement of translational energies was Impaired 

because of ion loss to the ionization chamber walls. This 
complementary study of the polyatotnic systems NE 3 , 

SF31  CF4 , C 5F6 , C3 F,, and c-C4F has been carried out 
using an enlarged ionization chamber which precluded 

the effects of ion loss to the walls. A discussion of the 

limiting instrumental and analytical factors inherent In 

the techniques employed will be presented in the Con-
clusion. 

if it is assumed that energy is rapidly distributed 

among vibrational modes and if the average energy In 

the reaction coordinate is taken as the translational en-

ergy, a classical counting of vibrational states In the 
molecular negative ion intermediate results in the ex-
pression' 

(1) 

where 1, is the sum of the translational energies of the 
fragmentation products, E is the energy in excess of 
the heat of reaction In the molecular negative km inter-

mediate prior to dissociation, and N is the number of 
oscillators in the intermediate. An experimental In-
vestigation of translational energy for a number of posi-

tive Ionization processes by haney and Frankiins 8  showed 
that N in Eq. (1) had to be replaced by cnN where a is an 
empirically determined constant and has the dimensions 

of the fraction needed to reduce N to an "effective' or 
"active' number of vibrational modes in the intermediate 
compound Ion state, 

1=E/aN. 	 (2) 

It therefore appears that only a fraction of the available 

vibrational modes capable of absorbing excess energy in 

the compound ion state are utilized, a conclusion which 
was also reached by lCiots 3  and Franklin c/at. 4  who found 
that the best agreement between theory and available ex-
perimental results came from a nonclassical counting of 

vibrational states in the transition complex. An average 
value of 0.44 was detertnined2  for a although the spread 
found over the 16 positive ion processes investigated 
was In the range 0.36-0.58 and In the range 0.35-0.57 
Inn similar study of negative ion formation at onset.t 
These values for a were determined from the minimum 
heat of reaction calculated from literature heats of for-
mation, 4Ifcalc, in conjunction with the experimental-

ly determined appearance potentials, A?, and transla-
tional energies In Eq. (3), 

A11m l a c = A? - E, 	 (3) 

where E' is given by Eq. (2). The value for a so deter-
mined is therefore subjected to any uncertainties in the 

determination of the appearance potential or associated 
with the literature thermochemical data. In this study 

the value of a has been determined experimentally from 

a measurement of the negative Ion translational energy 

over the resonance as a function of excess energy above 

threshold. The translational energy of the fragment ion 

at the measured appearance potential, i, is then used 

to calculate the total translational energy of the frag-

mentation products i which, after correction for the 
thermal motion of the target gas, Is used to evaluate E* 
mid AHmutexptl. Mi5 exptl is used in conjunction with 
the energy balance equation shown below for the disso-

ciative capture process All + e —A +B to calculate any 
unknown thermochemical parameters, 

aH51 ,exptlAH,(A- ) +AH,,(B) - aiJf1 (AS) AP - E. (4) 

The experimental data have shown that the number of 

vibrational modes "activated" in the transition state 
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Wi 

(AB-*) varies from one molecule to another and is differ-
ent for the various dissociative capture channels in any 
one system, 

ABC n 01 - (ADC - ), 1 - A +DC, 

ABC +ce)_(ABC*).rCtAB. 	 (5) 

This parameter may also vary for the various dissocia-
tion channels from a single transition state in which dif-
ferent ions are formed over the same energy range, 

ABC+C m1 A 	-A+IIC, 

ABC.C+AB. 	 (5') 

Distinct sets of vibrational nodes in the later ... edilde 
state cal' therefore be 'activated," each set correspond-
ing to a particular dissociation channel which is them, 
characterized by its own value for a. This physical 
picture of thi e p10cc 58 involved in 011cr gy transfer Is miot - 
intended to be complete as it neglects the nonclassical 
nature of the o scil Ia to,'s involve('  a id takes 10 1 ccou :,it 

of Jahn-Teller and shill Inc perturbations of the transi-
tion complex However, until a theoretical model for 
energy partitioning in such processes evolves, this pic-
ture suffices to explain the experimental results along 
the same lines as the qu as icqu ii lb r lum theory  of ,,,ass 

spectra. 

Several author Set ,ObIt 7 b have presented theoretical 
treatments of dissociative resonance capture. The cap-
ture cross section ad, is given by fl o lsteinh (and more 

explicitly in a later paper by O'Malley 61) by this expres- 

sion, 

a=a,eTSIT,, 	 (6) 

where o-, is the capture cross section at the resonance 

energy, T. is the time required for the nuclei to move 
apart sufficiently far that autoionlzation can no longer 
occur, and T, Is the autodetaehment lifetime. The ex-
ponential term in (6) is sometime called the survival 
probability. For the case depicted In Eq. (5), where the 
electron energy is a constant, a. Is also constant and 
a, is dependent on the survival probability for each par-
ticular dissociative capture channel. Each channel is 
therefore characterized by the rate of dissociation (com-
petition between autodetachment and dissociative cap-
ture) which is manifest in the dissociative resonance 
capture cross section, ad,. Each channel is also char-
acterized by its own value for a which may then repre-
sent different configurational Isomers of the intermedi- 
ate state. 

EXPERIMENTAL 

The experiments were performed using a Bendix 
TOFMS Model 14-107 equipped with two Model 3015 out-
put scanners. The ionization chamber was enlarged by 
removal of the backing plate and the insertion of larger 
spacers between tile block and the first ion drawoutplate 
(Ionization chamber depth, 7 mm). With the exception 
of one part of the study of NF., all measurements were 
made at source pressures less than io torr and resi-
dence times of 3x10' sec. Within this pressure range, 
ion Intensities were linear with pressure. The electron 

energy scale was calibrated against the 0 ion formed 
from CO,"'- " and CO." The smearing effect of the 
electron energy distribution on the experimental reso-
miance data was partially removed by an iterative decon-
volutlon 

The dissociative capture cross sections for ion for-
mation, as., at their resonance mnaXin,a were estimated 
using mixtures of CO 2  with the experimental gas where 
the capture cross section for the formation of 0 at the 
second resonance mnaximulli, a 0-, was take,, to be 4.5 
xlO" can'." This was then used in 

a0- J(Ai/1(0i] (co,/An), 	 (7) 

where 1(Ai and 1(0- ) are the ion intensities at their re-
spective resonance maxima and P., and P coz  are the 
partial pressures of AD, the parent molecule for K, 
and CO2 , respectively. This method for estimating dis- 
sociative capture cross sections Is subject to tile nssumnp-
ttons of equal detector sensitivity to lens over the cx- 
pc r liii enta I mass range 16-60 amuu and translational ener -

gy range thermal to about 40 kcal mole. These values 
are therefore expected to be approximations only, but 
do serve to provide a useful Indication of the negative 
Ion Intensities to be anticipated In these systems. 

The experimental procedure used for the measure-
ment of translational energies has been described pre-
viously.' Further points on the thermal Ion calibration 
curve were provided by the perfluorocyclohexene ion 

C,FIO at in/c 262, the perfluoromsethyicyclOhexane ion 

C 1E,,- CFj at mim/c 350, and the perfluoroheptene-1 Ion 
c7 17 14 -1 -  also at In/c 350. 

Tile average translational energy for an ion In three 
dimensions, 7, was calculated from the experimental 
mass peak width, (arrival time distribution) using the 
expression' 

T - tNT (n,,,/mmi,), 	 (8) 

where "tmtpp 
is the apparent mass of the translatlonaliy 

excited Ion taken from the calibration curve and ni Is 
the real Ionic mass. The principle of conservation of 
linear momentum Is then invoked to calculate 7,, the 
total translational energy Imparted to the fragmentation 
products, A- +13,  from Eq. (9), which also corrects the 
experimental value for the thermal energy of the target 
gas at the ionization chamber temperature (300 'IC), 

, -(c, - tRTnh,/M)M/i'I,. 
	 (0) 

In this ni, and Mare the masses of the neutral fragment 
and the parent molecule, respectively. -it is then used 
In Eq. (2) with the value of a calculated from the rate of 
change of 7, with excess energy over the resonance, to 
calculate E and, hence, to find AJI e,,exptl from Eq. (3). 
A comparison between this experimental value for the 
minimum heat of reaction and that calculated from avail-
able thermochemical data Is then made or, In the eases 
where such data are unavailable or quoted with large un-
certainties, A11,,exptl is used to calculate the missing 
thermochemical parameters (heats of formation, elec-
tron affinities, or bond dissociation energies). 

The excess energy derived from the measured trans- 
lational energy is vibrational energy in the excltedparent 
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ion, in whatever electronic stale it occurs, before it 

dissociates. It's thus energy In excess of that of the 

fragments in their ground translational, vibrational, and 

rotational states. It sometimes occurs that the slate in 

which  the parent - ion is formed yields  one fragment in an 

electronically excited state. Several such dissociations 

to electronically excited neutrals have previously been 

reported (1). If, when the excess vibrational energy is 

removed, the reaction clearly has required far more en-

ergy than is necessary to produce fragments In their 

ground state, it is necessary to ascertain the cause, If 

the neutral fragment is polyatomic, there is the possibil-

ity that it might in fact consist of two or more fragments. 

We consider that such a fragmentation probably occurs 

in steps. The over - ill process must the" yield (its ionic 
fragment with the observed translational energy. If no 

reasonable sequence of reactions gives this result, we 

conclude that one of (lie I ragill on ts (usually the neutral) 
Is electronically excited and that the remaining excess 

energy is electronic. Where electronic states of the 

fragment are known, we have usually obtained quite good 

agreement. 

NF, was purchased from Air Products; SF,, SF 6 , CO, 

and CO. from Matheson Gas Products, CF 4  and C,F 4  from 

PCR Incorporated, and C 3 F, and e-C 4 F 9  from Pierce 

Chemical Company. Except for freeze—thaw cycles, 
these materials were used without further purification. 

RESULTS AND DISCUSSION 

NF, 

Under single collision conditions in the ion source 

(ix 104 torr), the Ions r, NF, F;, and NF, were 

formed in the ratio 1000.0:0.2:3.0:0.5 at 70 eV and 

1000.0:0.0:5.0:1.2 at their respective capture maxima 

Using mixtures of NF, and CO, the dissociative electron 

capture cross section for r ion formation at the reso-

nance maximum (1.7 eV) was estimated to be 6 x 10" 

F- 
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11 
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FIG. 1. Experimeatal resonance data for F`/NF,. 

S 
It 
4 

Z 
W 
It 
It 
0 
Li 

Z 
0 

C 
Li 
"4 
-J 
4 
2 
It 
0 Z 

 

ELECTRON ENERGY (eV) 

FIG. 2. Exporiniental resonance data for F(x) and Nr(o)/ 

Ni"3. 

cm' 

The experimental resonance data for r ion formation 

over the energy range —2 to +15ev are shown In Fig, 1 

and for Fj and NF' ion formation over the energy range 

—2 to +6ev In Fig. 2. The unfolded data for all Ions 

are shown together in Fig. 3. Table Its a list of all the 

experimental measurements made in the NF, system and 

includes Ionization efficiency and translational energy 

z 
0 

It 
4 

C 
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2 
z 
0 
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FIG. 3. Deeonvoluted resonance curves for r(o), r,(x), and 
NF(o)/NF 3 . 
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A 131 E 1. Exper lt,ir,i to[ thin for N F, 

AP ties max u,,,,, e 1  at Al' 0 

Ion levi (cv) (cm') (Icc,! niole') (slope) 

F-  0.6*0.2 1.7*0.1 ox,o' 9.3*0.9 0.43 
Fj 0.9*0.1 1.8*0.1 ax 104' thermal 
NF 0.9*0.1 1.8*0.1 ax io'°  thermal 

data. The low capture cross sections for Ic and NF 
ion formation precluded detailed measurements of trans-
lational energies, although an examination of the ion 
mass peaks at their resonance maxima Indicated that 
both ions are formed with close to thermal energy at on-

set. 

The translational energy of the r ion measured over 
the resolved resonance maximizing at 1.7 cv Is shown 
in Fig. 4, The translational energy data points shown 
in those figures are from a single experiment, whereas 
the value determined from a repeated number of experi- 
ments and used in the calculations Is indicated by an ar- 
row protruding front the appropriate point on the energy 
ordinate. The appearance potential or resonance thresh-
old as determined by the deco,tvolutioi, procedure Is sin,-
ilarly indicated by an arrow protruding from the electron 
energy abscissa. The slope of the best straight line 
drawn through the data points is used to calculate 0, 

which is also given in the figure. 

The r ion exhibited a significant background signal 
over the entire energy range and this, together with the 
large resonance width, 2.6 eV at half -maximum, re-
suited in an uncertainty of 0.2 eV In the unfolded thresh-
old. Using tite available tt,ermoct,en,icam data (Table XVI) 

for 

NF3  + e - F +NF,, 	 (10) 

aHm i nca]c is found to be -0.83±0.12eV. For an ap-
pearance potential of 0.6 eV for this process, the trans-
lational energy of the F ion at the threshold is then pre-
dicted to be 9.7 ± 2.1 kcal niole In good agreement with 
our experimental value of 9.3 ± 0.9 kcal n,ole* The re-
sults of calculations for the NF, system are presented in 
Table II where a value of -8.8 kcal inole t  is shown for 

JJ,(NF,) calculated from the experin,ental i_ at AP. 
The agreement between this and the thermochenaically 
determined value of 8.9±2.5 kcal mole' by Kennedey 

and Colburn' 4  illustrates the potential of this method for 
the determination of the rn,ocheniical parameters.  

CORRECTED ELECTRON ENERGY (ev) 

FIG. 4. tixporiniental resonancc data and translational energy 
data for r/NF,. 

The value of 0.43 determined for e corresponds ap-
proximately to half of the vibrational degrees of freedom 
In the molecular negative ion state. One could speculate 
on a classical basis that certain of the vibrational modes 
have a higher probability of being active than others; 
however, the effects of Jahn-Teller distortion In the Ion 
could not be predicted and the difficulties associated with 
such an analysis would increase dramatically with N. 
For this reason, we have not attempted to speculate on 
the identity of active modes in the transition complex. 

The width of the r resonance, 2.6 eV at hall-maxi-
mum, suggests the possibility of further unresolved cap-
ture processes in the energy range above the first reso-
nance. No deviation of the translational energy was ob-
served in this energy region,, although evidence for the 
occurrence of another channe,1 was obtained from a study 
of NF, in a high pressure source. Above 50 filig, a 

FAI3LE It. Proclsscl deduced and therniochemlcal parameters calculated for negative ion formation from Nr, 

ad! 	tv 
 AP E 	calc 

Ion (eV) Reaction (cv) Exptt caic Parameter deduced 

F 0.6*0.2 NF,+c - r'fNF, 1.48*0.10 -0.08 -0.83+0. 12 AH1(NF,l'8.8 local  mole1  

-2.5 NF,+cF+Nr, t 'B,) -'2.5 2.57 

or! 
NF, 4e-'F+F+NF 2,5 2.1 

F; 0.9*0.1 NF,+e-F;+Nr 0 0.9 • E.A.(F,)2.94*O.IOOV 

NF3 0.9*0.1 NF 3 +e-N1 3 +F 0 	- 0.9 E.A.lNr,)=1.es*o.zl eV 
kcal Ali,(NF,') = -29.5*7.5 	mole4  
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FIG. 5. Experimental resonance data for F7NF 1  takois over 
the pressure range 3-90 p11g. NF 1  source pressure ;  I p (c), 
50M(), 70 p(s) and 0011115(0). 

weak NF signal was detected over the energy range en-

compassing the F resonance and a shoulder appeared 

on the trailing edge of the F resonance at 2.5-3.5 eV 

which, at 100 pUg NE3  pressure, was the dominant peak 
in the resonance, Fig. 5. We do not understand this be-

havior, but we suggest that it might be due to collisional 

deactivation in a fashion that increases T. more than T. 

[Eq. (6)] and thus increases 0a' A more complete study 
of the effect of pressure upon the formation of F and 

NFf Is beyond the scope of this paper butwill be attempted 
later. 

Reaction (10) has a nlinilnuni enthalpy requirement of 

about -0.85ev and, assuming the second resonance to 

be in the range 2.51-3.5 eV, there Is an energy differ-

ence of >3.35 eV. This value is very close to that of 
3.4 eV for the NE, 2 E1  — A,) electronic transition 
which suggests Reaction (15) as a further capture chan-
nel for F' formation: 

NIT, ,e-F +NF( 	 (11) 

NF3 teF'+F+NF. 	 (12) 

Reaction (12), with a minimum enthalpy requirement of 

2.1 eV, is also possible in the energy range under dis-

cussion and cannot be excluded from analysis of our ex-

perimental data. We can thus conclude only that either 

Reaction (11) or (12.) Is responsible for F Ion formation 

In the 2.5-3.5ev energy range. 

The occurrence of F -  signal in the range above the 

resonaaces already discussed may, in part, be due to 

Reactions (13)-(16), which have calculated minimum 

enthalpy requirements of 3. 7, 5. 3, G. 2, and 1.8 cv, 
respectively, 

(13) 

NJ'3  i-a — F +2F +N( 1S), 	 (14) 

CORRECTED ELECTRON ENERGY (sV) 

FIG. U. Experimental resonance data and translational energy 
data for 1 --/13a- 3 . 

NF, i-e — r i-F3  +N-('D), 	 (15) 

NF, +e-FTh-2F + NeD). 	 (16) 

The experimental data for F; Ion formation are given 
In Table I and the processes deduced In Table II, 

NF3 +c-Fj'+NF. 	 (17) 

The value of 2.94 ± 0.10 eV for the electron affinity of 

the fluorine molecule deduced from Reaction (17) Is in 

good agreement with previously determined values; 3.08 

±0.10,"2.8,° and -3.0 eV. "  

From a consideration of the energetics for NFj Ion 

formation according to 

TABLE Ill. Comparison of electron affinities for hydrogenated 
and corresponding fluorinated radicals. 

Radical electron affinities (eV) 
Hydrogenated radical 	 Fluorinated radical 

cli,' 	los 	 CF 	2.0 
cil,o' 	0,38 	 cr,o' 1.35 
cll,S' 	1.36 	 0F 55' 	1.80 
NIl 	0.74 	 NE 2' 	1.68 
P11 3' 	1.25 	 PF 2  

F. M. Page and C. C. Goode, Jvagettve foes and the Magnetron 
(Wlley-Interscicnce, New York, logo). 

C. SniytI Inn and J. I. I Irnemmn a, J. cho,n. i'hye. 56, 4620 
(1072). 

'IC C. Sniyth and J. 1. llrauman, J. Chem. This. 56, 1112 
(1 972). 

4Average literature value. 
'This study. 
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NF, +CNF+F, 	 (18)  
'F- 
	

\ 	j 	dl 
the electron affinity of the difluoroamino radical is cal- F- 
culated to be 1.68+0.21 eV, I.e., 	1.7 eV. 	This radical 
is known Lobe very reactive and has been used extensively 	t 
In gas-phase kinetics experiments. Investigations of pos- 	- 
Itive ion formation in NF, ' 1  and N2F4 1 ' have resulted in 	ne 
values of 11.0 and 11.75±0.1ev for the ionization pa- 4 
tential of this radical, although to our knowledge there 	.- 106 
have been no reliable values reported for the electron E(eV) 

affinity. 	A comparison of this value with those reported 
for various hydrogenated and their corresponding fluori- 
nated radicals is made in Table Ill. 	When combined with 	n 

Icennedey and Colburn's" value of 8.9 *2. 5  kcai mole" 
for aH,(NF 1 ), our value for E. A. (NF.) results in 
AH,(NF;) = —29.5 ±7.5 kcal mole". 

BF, 

Negative ion formation in boron trifiuorlde has been 
examined previously by MacNeil and Thynne. 1°  The 
negative ions observed in the present study were r, 
F, and BE'; with relative intensities in the ratio 
1000:20: < 1 at their respective capture maxima. This 
is in good agreement with the earlier study, although we 
did not detect BF; under our operating conditions (source 
pressures maintained below 1xiO 5  torr). 

The dissociative capture cross sections measured for 
the jr and F ions at their maxima are given in Table IV 
mid the experimental resonance curves and translational 
energy measurements in Figs. 6 and 7. Figure 8 shows 
the unfolded resonance curves for the F and F ions.  

0 
Ui 
0 

9 	10 	11 	12 	13 	14 

CORRECTED ELECTRON ENERGY (eV) 
FIG. S. Ijeconvoluted resonance curves for r(o) and 9(0)7 
nr3 . 

The shoulder on the trailing edge of the Fl resonance 
was reproducible and is partially resolved after decon- 

1 volution. 	These observations were also reported by I 
I 

Cp- 	<cal moIe 	 °.24 
/ 	\ 	/ 

MacNeil and Thymus" and by Stockdaie of al. 21  Within 

I I J 	\ our energy resolution, the leading edge of the Fj reso- 
nance exhibits the same profile as the high energy side 

28 
\ / 

of the electron energy distribution and matches exactly• 
the leading edge of the 0 - /C0 resonance used for energy 

I 
I 26j 

/ 
i 

scale calibration. 	As the 0/C0 is known to occur with 

I I I a vertical onset, "fl it may be Inferred"' that Fl/BF1 
formation is similarly vertical. 	Then, assuming a delta  

I 
I 4 24 

/ 
function for the leading edge, the onset is found by dli- 

- I ferentiatlon as shown in Fig. 8. 	However, in a diatomic 
I 22 1 	( 

/ 	j 
system an ion exhibiting a resonance with a vertical on- 
set is also formed with zero translational energy at on- I I 	I 	/ set as the dissociation limit of the molecular negative 

20 1 / 	x / 
r ion intermediate intersects the repulsive part of the sur- 

I 	ie 	7< face in the Franck—Condon region. Only those electrons 
/ with an energy in excess of the Intersection energy will 

2 
"J 

1 result In dissociative capture, the legs energetic elec-. 

16 1.___ / 	 _______ trons in the Franck—Condon band undergoing associative 
/ 

10.1 TABLE IV. 	Experiental data for Br 2 . 

AP 	 Bee flax 	5 .s 	td at AP 	mi 
leVI 	leVi 	(cm ') 	(kcal mole") 	(slope)  Ion 

8 9 	IC 	Ii 	12 	13 	14 

CORRECTED 	ELECTRON ENERGY 	leVI F - 	11.4*0.1 	11.2*0.1 	ix1045 	9.4*1.1 	0.61 

- —12.1 	 —13 

FIG. 7. 	Experimental resonance data and translational energy. - 	Fi 	io. i ee.l 	10.6*0.1 	2. 30'a 	18.4 *1.9 	0.24 

data for r/nr,. 
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capture to form a short-lived vibrationally excited molec-
ular ion which rapidly undergoes autodetach,nent. In 
this case, the Fj ion is formed with considerable trans-
lational energy at the onset (18.4 ± 0.9 kcal mole'). This 
may be evidence  for a nonv c r tica I resonance, although It 
is evident from our unfolded data that the rise from onset 
to maximum Is at least as sharp as the effective electron 
energy distribution, 0.4 eV. Stockdale et a/.' using an 
RPD source delivering an electron energy distribution 
with a width of 0.1 eV at half-maximum, also report the 
leading edge of the Fj resonance to mirror their dis-
tribution. This behavior is consistent with the existence 
of all activation energy for recombination with a maxi-
mum in the Franck-Condon energy range. Sharp and 
Dowell'2  have interpreted the behavior of NH; from NHa 
in a similar way. The appearance potential determined 
from differentiation of the leading edge should not there-
fore he much to error whichever is the true resonance 
type. 

The Fj Ion may be formed in 

BF, +e-F+BF 	 (19) 

or 

BF, +e-F;+B+F. 	 (20) 

Reaction (20), which has a minimum enthalpy require-
ment of 15.4 eV, can be neglected on energetic grounds. 
Reaction (19) must then be responsible for the observed 
resonance, Fig. 7. A value of 2.86±0.22ev deduced 
for the electron affinity of the fluorine molecule using 
the measured appearance potential and translational en-
ergy results for Reaction (19) compare favorably with 
the value of 2.94±0.10ev deduced from the Fj ion 
formation In NF,. The partially resolved resonance ap-
pearing as a shoulder on time trailing edge of the unfolded 
curve Is coincident with the r resonance and suggests 
a common origin, i.e., same BF,* state. The forma-
tion of i by Reaction (19) over this shoulder Is inferred 
from the translational energies which are continuous 
over both resonances (see section on nitric oxide, Ref. 

1). 

The r resonance, Figs. 6 and 8, does not appear to 
exhibit a vertical onset and the deconvoluted onset at 
10.4±0.1ev was employed In the calculations. The 
translational energy at the appearance potential Is mea-
sured to be 9.4±1.0 kcal mole' and corresponds to 
translationally excited ions produced by Reaction (22) 
or (23). 

BF, +e-F-  +Br5eA2), 	 (21) 

BF, + e - r + BF2(2B2), 	 (22) 

BF, +e-r+F+BF. 	 (23) 

Reaction (21), which involves formation of ground elec-
tronic state products, has a minimum enthalpy require-
ment of only 3.1±0.1 eV. E would then be 7.3±0.2 eV 
compared to our experimental value of 2.02 ±0.16 eV. 
The 5.3ev discrepancy could then be assigned to the 
BF2+(mB2 _iA) electronic transition. The only spectro-
scopic reference to this transition is the tentative as-
signment of a band system in the range 2100-3700 A 

(5.9-3.3 eV) detected in the uv emission spectrum of 
BE, excited with 200 eV electrons. 22  The electronic 
transitions for the isoelectronic molecule NO 2  are ac-
curately known," however, and several states in the 
5-8 eV range are recorded. The 2B 2  state lies 4.97 
eV above the ground state and the c, b, and E a states 
at 5. 27, 6. 20, and 7.225eV, respectively. It Is unlikely 
that our experimental energy resolution could differenti-
ate between closely spaced states such as tile NO2 (B2B,) 

and C states of NO 2 . The value of 5.3 eV estimated for 

the (m Ba) transition in BF, from our data may be an aver-
age value for equivalent closely spaced states In this 
radical. 

The alternative process, (23), has a calculated en-
thalpy requirement of 8. 7 ±0. 1 eV and would Involve a 
value of 1.7 eV forE at the appearance potential. If 
Reaction (23) occurs In a single step, we are unable to 
relate the measured translational energy to the total 
excess energy. It seems highly Improbable, however, 
that three fragments would separate simultaneously and, 
If the fragmentation is stepwise, a reasonable analysis 
of the energy distribution is possible. Two such mech-
anisms may be expected to form r, 

BF; -F;+BF, 	 (24a) 

(24b) 

or 

(25a) 

BF;-F+BF. 	 (25b) 

At the appearance potential.. (10.4 eV) of F, E for (24a) 
is 68 kcal/mole which, using a=0.24 determined for 
this process, gives Z,(24a).=47 kcal/mole. The remain-
log 21 kcal/mole would be distributed as vibrational (or 
rotational) energy between Fj and BF. However, even 
11 all 21 kcal/mole reside in the F, reaction (24b)would 
be endothermic by 10 kcal/mole and would not occur. 

The reaction sequence (Z5a) and (25b) Is less readily 
analyzed because AH1 (Bfl)-lS not known. From AP(r) 
and thermochemical values from Table xvi, we compute 
sn,(BF;)+E.* to be -51 kcal/mole, BFj is known to 
exist and so It must have apositive electron affinity. 
Since AHf (BF3) is -139 kcl/mole, SH,(BF;) must be 
less than this. 11 we assume 4H,(8F) to be -141 kcal/ 
mole, E(25a)=90 kcal/mole, i,(25a)=24.6 kcal/mole, 
(taking a as 0.61 kcal/mole), and (BF 2i=6.9 kcal/mole. 
The excess vibrational energy of BF; Is then 65.4 kcal/ 
mole. When this is combined with the thermochemical 
values for (25b), we find E(25b) to be 12 and i,(25b) to 
be 4 kcal/mole, taking a as 1 as we have found to be 
true for triatomic Ions. From these results i-=5 kcal/ 
mote. This Is only about hail the measured translation-
al energy of rat onset. 

If we assume aH,(BF;) to be - 190 kcal/mole, cor-
responding to an electron affinity of BF, of 2.2 eV, and 
carry out a similar series of calculations, we find 
E(25a) to be approxImately, 0 and (F) to be 4 kcal/mole 
(assuming BF; is able to fragment with essentially zero 
excess energy).Several calculations at Intermediate 
assumed values of AH,(BF) all gave (Fi between 4 and 
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TABLE V. Processes deduced and tI,crnlochcrnlcal parameters calculated for negative ion formation from SF 3 . 

-- M Im i5 (cv) 
AP E 	care 

Ion (cv) Reaction 0, v) Expti 	caIc Parameter deduced 

F-  10.4+0.1 nr,-e--v-+nIq(II33) 2.02*0.16 8.4*0.5 	i.iliF,('A,) nl1('BØ=S.aeV 

12.1 BF, +0r+ 0ED) —2.8 9.3 BF, (b ) =6.2 cv 

on 
13F 3 +e 	rF +1W use 3.4 8.7*0.1 - 

5 10.1+0.1 i3F34r 	5+ liE 2.5:1+0.12 7.0+0.2 	7.5 E.A,(E,)2.80±0.22eV 

5 kcat/mOle. Further, if we assuille a negative electron 

affinity of SF 2  of 2.1 cv [a!l,(BF) = —91 kcal/Inoiel, the 

computed translational energy of r Is only 6.5 kcal/ 
mole. Thus, we find that no reasonable value of MJ,(DF) 

results in a Translational energy of F that agrees with 
tile expel l tile nta 1 value.  

Thus,  lie tutor (ra gill e liii tio II nbc itait 'sill (241), (24b) or 
(25a) (25b) accounts for the translational energy of r. 
The possibility of simultaneous separation of three frig-
meats cannot be completely eliminated, but it seeing ml-
probable. Consequently, the 111051 probable mechanism 

for tile fornlatioll of r is Reaction (22) ill the resonance 
region onsetting at 10.4eV. The 5.3 eV electronic tran-
sitioniorBv 2 probably corresponds to the 2 B. electronic 

state of the radical. 

The break in the translational energy data at 12 eV, 
shown in Fig. 6, may correspond to another electronic 
state of the BF, radical. Assuming this to be the case 
and taking tile translational energy to be 13 kcat mole_i 
at 12.1 eV, an electronic transition of 6.2ev is re-
quired to satisfy the reaction energetics. A continuum 

fit the NO 2  u v absorption spectrum with a naxi thu ill at 
1700 Ais assigned to tire D state of NO 2  at 6.20 eV. The 
equivalent transition may thus be suggested to explain 
our electron impact data. However, if one carried out 
computations of tile translational energy  for Illecilan i snl 
(25a), (25b) but for this  higher state leading to F, fair 
agreement with the measured values is obtained. Thus, 
it is quite possible that in the higher energy range r is 
formed by Reaction (25a), (25b). Our data do sot permit 

a decision. 

A summary of the capture processes deduced and 
therniochenlical parameters estimated is presented in 

Table V. 

CF, 

Tile experimental data for CF 4  are shown in Table Vi. 
The appearance potentials and resonance maxima are in 
good agreement with the values reported by MacNeil and 

rABLE VI. Experimental data for OF 4  

Ion 
Al' 

(cv) 
Be. alas 
(eV) 

c 
(cm') 

17 1  at Al' 

keel male -J ) 

a 
(slope) 

F 4.65±0.1 
1.2-6.5 

6.15±0.1 
7.5 

CXII" 
41< 10"a 

ls.e*o.s 
thermal 

0.40 
0.46 

CE; 5.4*0.1 0.9*0.1 4x10 4.0±0.2 0.33 

Tilynnet4  in an earlier study of CF,. These authors re-
ported the F : CF ratio at their respective capture max-
ima to be 1000:570 compared to the ratio of 1000:660 
in this study where o 5 (F) = 6 x 10"' cm1  at the maximum. 

The experimental resonance curve and translational 
energy data for CF Ion formation are shown In Fig. 0 
and tile unfolded resonance data are shown In Fig. 10. 
Using the experimentally determined value of 0.33 for 
a in conjunction with the translational energy of 4.0 
* 0.2 kcal mote" at the onset, 5.4 ± 0.1 cv for Reaction. 

(26), the electron affinity of 

CF4+e—CF;+F 	 (26) 

the trifluoronlethyl radical is deduced to be 2.210.3 eV. 
Values reported in the literature tic In the range 1.8 

2.6 eV. ' 5  

The E resonance, shown in Fig. 11, is broad, width 
at half-maximum 2.9 eV, and exhibits a shoulder on the 
high energy side of the maximum. Ion mass peak shapes 
or arrival-time distributions at various points over the 

Li 
F.- 

z = 

CORRECTED ELECTRON ENERGY (cv) 

FIG. 9. Experimental resonance data and translational energy 
data for cr5/cr4. 
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7 = 

4 5G .7891011  
CORRECTED ELECTRON ENERGY (ey) 

FIG. 10. Deconvoluterl resonance curve for CF;/CF,. 

resonance are illustrated in Fig. 11. The broad "dou-
blet" distributions associated with the leading edge of 
the r resonance are the result of highly excited ions 
moving away from the ionization region prior to applica-
tion of the ton draweut pulse. The quasithermal peak, 
representing low energy r Ions, which appears near 
the resonance maximum is the dominant feature in the 
arrival-time distributions towards the tail of the reso-
nance. This peak represents the contribution of a sec- 
ond capture process to the observed resonance. The un-
folded resonance is shown in Fig. 12 together with the 
arrival-time distributions. The second resonance, which 
has been partially resolved, is that associated with the 
quasithermal translational energy distributions shown in 
Figs. ii and 12. 

A plot of the quasithermal peak amplitude divided by 
the energetic ion peak amplitude (to the base line) has 
been extrapolated to zero to provide an estimated value 
for the second onset. The average value of several re-
peated determinations Is 6.2 eV, which is in reasonable 
agreement with the value of 6.5 eV determined by ex-
trapolation of the translational energy measurements 
(from the quasithermal Ion peaks) to thermal energy, 
Fig. 13. A reconspructlon of the second resonance from 
the quasithermal mass peak amplitudes resulted In a 
value of '1.5 eV for the resonance maximum. 

Reaction (27) Is considered responsible for the ener-
getic F ions formed at 4.65 eV and Reaction (28) or (29) 
as responsible for the formation of thermal F Ions at 
6.2 eV, 

CF, +cF+CF1(X2A), 	 - 	(27) 

CF, +c—F'+CFj, 	 (28)  

CF, +e—F-  +F +CF 2 . 	 (29) 

The discrepancy between MJ,,,,exptl AH,,,,,calc (Table VII) 
for Reaction (27) undoubtedly reflects the uncertainty In-
volved In our analysis of the broad mass peaks. The 
translational energy at the threshold is measured to be 
16.8*0.6 kcal mole" compared to the predicted value 
of 12.3 kcal mole'. The 4.5 kcal mole m  difference, 
0.2 eV, has to be multiplied by oN, the number of active 
modes in the CF;* intermediate. This multiplication of 
a small uncertainty by a large number can result In mis-
leading discrepancies in E which imposes limits on the 
translational energy which can be accurately analyzed 
and the complexity of the molecule which can be studied. 

Reaction (27), which results In ground electronic state 
products, has a calculated minimum enthalpy require-
ment of 2.2 ±0. I  eV. For Reaction (28), the discrepancy 
between the calculated minimum and the experimentally 
observed appearance potentials could be assigned to a 
CF 3  electronic transition, I.e., 4.0-4.3 eV. Hastle 
and Margrave27  employed an extended Riickel method 
utilizing single-exponent one-electron Slater orbitals to 
calculate structural and thermochemical parameters for 
many of the Group i, lla, lila, and IVa halides, Includ-
ing CF, A value of 5.9 eV was suggested for the 
CF((2B—X 8A) electronic transition, and Wang and 
Franklin" have proposed that the Inflection observed at 
8 cv on the trailing edge of the deconvoluted 1 reso-
nance by MacNeil and Thyme" (see Fig. 12) Is consis-
tent with Reaction (28) where CFt  represents the 2B 

electronic state at 5.9 eV above the ground state. The 

I! 

CORRECTED ELECTRON ENERGY (eV) 

FIG. 11. Experimental resonance data and ton arrival-time-
distributions For F'/CF,. 
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CORRECTED ELECTRON ENERGY (cv) 

FIG. 12. Deconvoluted resonance curve and experimental ion 
arrival-time distributions for F -/CF,. 

formation of thermal r ions in the range 6.2-6.5 eV 
may not be associated with CF,('II), although the forma-
tion of a low lying CF36  quartet state Is also a possibility 
for Reaction (28) at this energy. Since Reaction (29) has 
at minimum enthalpy requirement of 6.1 ± 0.1 eV to give 
products in their ground states at onset and since €,(F -) 
at onset is thermal; this reaction appears to be a reason-
able mechanism for the formation of r. However, we 
consider it probable that the reaction occurs in two steps 
by one of the followiflg mechanisms: 

CF, - CF; +F, 	 (30a) 

CF; -F - -i-cF,, 	 (30b) 

or 

CF, -F;tCF,, 	 (31a) 

F;-r+F. 	 (31b) 

If the reaction occurs through mechanism (30), the first 
step will involve 64 kcal/mole excess energy of which 
21 kcal/mole is in translation and 43 In internal energy 
of CF. This is not sufficient energy to permit (30b) to 
occur, this step being about 63 kcal/mole endothermic. 
Similar considerations applied to the second mechanism 
result In a total internal energy of F; and CF 2  in (31a) 
of 23 kcal/mole. Even if all of this energy is given to 
F;, its decomposition by (31b) would be endothermic by 
about 8 kcal/mole and so would not occur. Thus, unless 
we assume decomposition to occur in a single step, we 
must conclude that reaction to form F and CF, along with 

F does not occur and that r is formed in the second 
resonance region by Reaction (28). We are not, however, 
able to identify the electronic state of CF.. 

A summary of the processes deduced and thermochem-
ical data estimated for CF, are presented in Table VII. 

C 2  F 6  

There has been no previous investigation of negative 
ion formation in hexafluoroethane employing a technique 
for reducing the effect of the electron energy distribu-
tion on the resonance capture peaics."'' The ions de-
tected In the present study were r, CF;, and C 2F in 
the ratio 100:21: 1 at their respective capture maxima. 
The low cross section for negative ion formation from 
C2F, precluded a detailed examination of the C 2F; ion, 
although data for r and CF; are presented in Table 
VIII and the experimental and unfolded resonance peaks 
are shown in Fig. 14(a) and 14(b), respectively. 

The formation of thermal r ions at 2.1 ±0.2 cv (Fig. 
16) is attributed to Reaction [(32), which has a calculated 
minimum enthalpy requirement of 2.0±0.4 eV, 

C,F,+e-FTh-C 2F,, 	 (32) 

Invoking the energy balance equation for this process, 

D(C2F5-F)AP(F1tE. A.(F)-E, 	 (33) 

where Et =0 and E. A. (F) is taken to be 3.40 eV," the 
(C,F 5 -F) bond dissociation energy is estimated to be 
5.5±0.2eV. A value of5.61±0.OgeV has been mea-
sured for the (CF,-F) bond dissociation energy by Coom-
ber and Whittle. 3 ' 

CORRECTED ELECTRON ENERGY (eV) 

FIG. 13. ExperImental resonance data and translational energy 
data for ncr4 . The left side translational energy ordinate, 
16-40 kcal mole-' range, corresponds to the broad ion dis-
tributions (x) and the ordinate, 0-13 koal mole -' range, cor-
responds to the quaaithermal ion distribution (o) shown in Fig. 
11 or 12. 
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FIG. 15. Translational energy data for r -/c1 F 1 . 

U, 

z = 

LU 

'-3 

0 
LU 
N 
-J 

z 

 

01 2345678 

Paner4 	 78 

P. W. Harland and J. L. Franklin: Dissociative resonance capture processes 
	

1831 

C 2F, +c - FThCF, +C1 3 , 	 (35) 

C,F,+c-F+F+C,F4 . 	 ( 36) 

z 
LU 

'-a 

z 
0 

0 
LU 
0 
-J 
0 

z 
0 

012345678 

CORRECTED ELECTRON ENERGY (tv) 

FIG. 14. Experinlent,al (upper half of figure) and deconvoluted 
resonance data for Fix) and CF(o)/C 2F 6 . 

The break observed in the translational energy curve 

shown in Fig. 15 is -interpreted as resulting from the 

formation of r ions from a different capture process, 
the points over the first resonance being attenuated by 

lower values associated with the second resonance. Ex-

trapolation of the second set of points to thermal energy 

indicates an onset at - 4.9eV. Reactions (34)-(36) may 
be considered as possible reactions leading to thermal 

F-  Ions at 4.9 eV, 

C,F, +e - 
	

(34)  

There is no information on the electronic states of the 

pentafluoroethyl radical, hence the value of 2.9 eV de-
duced for a possible electronic transition from the en-

ergetics in this case cannot be verified. The minimum 

enthalpy requirements of Reactions (35) and (36) are 

4.5±0.2 and 5.3±0.3eV, respectively. The uncertain-

ties involved In these estimates from the use of the ther-

anochemical data In Table XVI make it difficult to draw 

any firm conclusions from the available information and 

none will be attempted. 

The CE; ion is formed with 1.35±0.2 kcal mole 

translational energy at the onset, 2.2±0.2ev, and cor-

responds to 

C,F,+eCF,H'CF,. 	- 	 (37) 

E for this process Is calculated to be 0.66*0.10eV 
from which a value of 2.4±0.5ev Is deduced for the 

electron affinity of the trifluoromethyl radical. Within 
their respective experimental uncertainties this value 

and that deduced from CF, Ion formation in CF, are In 

agreement. The (CF,-CF,) bond dissociation energy is 

calculated to be 4.6±0.6ev which, within the error lim-

its, is In accord with the value of 4.19±0.05eV re-

ported by Coomber and Whittle." The uncertainties 

quoted with these parameters are conservative estimates 
determined by summing the error limits of all the ex-

perimental parameters measured and must be considered 

as upper limits. 

A summary of the processes deduced and the thermo-
chemical parameters estimated is presented in Table 

IX. 

TABLE vu. Processes deduced and thermochemical parameters calculated for negative ion formation from CF4 

'1mu, (eV) 
Al' Er caic 

Ion (ev) 'Reaction (ev) Expt. 	CaIc Parameter deduced 

F 4.65±0.1 CF 1 +c"'F+CF3  3.20*0.12 1.4±0.2 	2.2±0.1 - 
—6.2 CF, +e — F+CF 0 '6.2 CF' 4.0-4.3 eV 

or! - 
cF1 ±e—F-F+cF2  0 —6.2 	6.1*0.1 

CFj 5.4±0.1 CF4 +e — CF+F 2.01e.1 3.4*0.2 	3.7±e.2 E. A. (OF,)=2.2*o.3 ev 
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FABLE VIII. Experilnentili data for 0 3 1 4  

Al' Des nax e,,, C 	at Al' 0 

Ion (cv) (cv) tcn'21 (kcal, ,,iole4 ) (slope) 

Ir 2.1*11.2 4:1±11.1 5x1 e 40  lire rim') 0.21 

4.9 * 0, 2 the rnirl 0. 26 

cEl 2.2+0.2 4.4*0.1 1 ,<I0_18  1:15+0.2 (1.47 

C 3  F 9  

Negative lull fo r ... a hi ill port Lou ropropahlo has been 

the subject of several i nvestigatiOns , hO 32 ltl3ehllOst re-

cent being that by Harland and 'rhynne' 4  using decolivolu-

tion to reduce the effect of the electron energy distribu-
tion on the resonance curves. 

The ions investigated in this study were F and CF, 
and the experimental data are presented in Table X. The 
resonance curves have not been rep rode cod her e as they 
are in agreement with those reported by Harland and 

Thynne. 34  The only discrepancy found was in the rap-
pearaiice potential which was given as 1.8±0.1 eV"and 
was found to be 2.0±0.1 cv in this study. However, 
both values are equivalent within their respective experi-

mental uncertainties. 

The experimental translational energy  data are shown 

in Fig. 16. The thermal r ions formed at 2.0±0.1ev 

correspond to Reaction (36) or (39), which have minimum 
enthalpy requirements of 1.4 and 1.9 cv, respectively, 

C 3 F9  +e -F +i-C3F7, 	 (38) 

C 1F 0  +e -F+n-C,F,. 	 (39) 

From thermodynamic considerations Reaction (38) would 
be chosen as the most probable mechanism leading to F 
ion formation at low energy, although from the measured 
appearance potential and translational energy this does 

not appear to be the case. Alf m j nexptl is found to be 

2.0 ± 0. I  eV in good accord with the A1f,,,ealc for Reac-
tion (39). The heats of formation used in the calculations 
were those calculated by Bryant," and although these 
values may be subject to some uncertainties, a discrep-
ancy of 0.5 eV in the calculated values is highly unlikely. 
Assuming Reaction (39) to be that responsible for the ob-
served data, the heat of formation of the ,,-C 3F, radical 

is deduced to be -305.4±7.okcal mole (Table M) in 
good agreement with Bryant 9 s35  number, -306.5 kcal 

mole- '. 

lool mole' 
4 	 n.'O.G 

3 
2 

2.55 
0 

I 	2 	3 	4 	5 	6 

E 
F- 

Keel n,ole 4  
6 
is 
4 

3 
/WX 

e 	I' 1-4  
2 	3 	4 	5 	6 

CORRECTED ELECTRON ENERGY (eV) 

FIG. '6. Translational energy data for cr; (upper half of 
figure) and  

The break observed in the translational energy data at 
4 cv may be attributed to the formation of F Ions by one 
of the reactions (40)-(42). Reactions (41) and (42) have 
calculated minimum enthalpy requirements of 3.7 and 
4.2 eV, respectively, 

C,F,+e-F+C,Ft, 	 (40) 

C,F 8  +e — r +CF, +C 1 17 41 	 (41) 

C,F 0 +eF+ CF, tC1F,. 	 (42) 

The absence of information on the electronic states of 
the heptafluoropropyl radical precludes an assessment 
of the viability of Reaction (40) although, 11 such an elec-
tronic transition were to occur, Its magnitude would be 
In the range 2.6-2.1ev depending on the configuration 
of the ground state radical. Reactions (41) and (42) are 
also energetically acceptable and following the discus-
sion on C1F 1  no distinction can be male between these 
alternatives. 

The experimental data for CE,' ion formation by Reac-
tion (43) are given In Table X and Fig. 16(a), 

C,F1 +e- CF; +C1F,. 
	 (43) 

TABLE IX. Processes deduced and thermochemical parameters calculated for negative ion formation in c 2 F 8  

mIh (cv) 
All E 	cab 

Ion (cv) Reaction (cv) Expil caic parameter deduced 

F' 2. 1+0.2 C,F 9 4eF - Ic 2Fi 0 2.1+0.2 2.0+0.4 D(F-c,F,H5.s+o.2ev 

4.9*0.2 C,F 9 ±e-F'4c,Ff 0 4.9*0.2 C 1 F1 - 2.9eV 
or 
-F- +cv 2 4cF, 0 4.9*0.2 4.1+0.2 

or 
0 4.9±0.2 5.1*0,3 

C 2.2+0.2 c,r 0 4e-c9+cFs 0.66±0.10 1.54*0.3 2.0*0.4 E.A.(CF,)2.4+O.5 
D(r3C-Cr,).4.6*0.6 ev 
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TABLE X. 	Es1 cnn' ontal data for C 3 F1. Mal mole 
7 5S 

AP Reaniax a,,.., r1 A1' & - __o.XX X XXCX X  

Ion (cv) (cv) (ca") (keel 	nun l a_I) (slope) 
5 51 X Xs 

F-  2.0*0.1 3.15*0.1 5xt0 therein' 0.25 n 	XXX 

4.0 thermal 
X 3* 

Ct; 2.55*0.1 3.55*0.1 5X)0 19  1.1 	0.2 050 j - 

2 YCX 

Values of 2,05±0.2 cv for the electron affinity of the 
trifluoromethyl radical and 4.6±0.3 eV for the (CE,-
C 2F 1 ) bond dissociation energy are calculated from these 
data (Table XI). 

The second, low cross-section resonance observed on 
the tail of the Initial resonance s ' was also reproduced in 
this study, although the ion current was insufficient to 
permit translational energy measurements. 

c-C 4  F. 

Perfluorocyclobutane was chosen for a translational 
energy study because negative ion fragmentation occurs 
about 2 eV higher than predicted from thermochemical 
calculations." The rearrangement Ions CF, and C,fl 
are also formed in the same energy range as the r Ion 
suggesting a common intermediate state which may re-
arrange on decomposition." The appearance potential 
data shown In Table XII are taken from Harland and 
Thynne" although the resonance curves were reproduced 
in this study for energy scale calibration of the transla-
tional energy data. Low cross-section resonances for 
F' and C,E in the 1 eV region reported by Lifshitz and 
Grajower" were not detected under the operating condi-
tions employed in this study. 

The r resonance curve Is very complex, at least four 
different resonances being identified." The translation-
al energy data shown In Fig. 17 reflect the complexity 
of tine resonance data arid are consequently difficult to 
analyze with any confidence. It is, however, interesting 
to note that the translational energy data increase in a 
steplike manner, the steps corresponding closely to the 
four resonances onsetting at 3.7, 6. 6, 7. 5, and 10.0eV. 
Extrapolation of the first portion of the curve suggests 
that the Ions formed at the first onset are thermal, thus 
excluding the occurrence of Reaction (44), which has a 
minimum enthalpy requirement of 1.8 eV," 

c-C,F 5 +c-F +c-C,F7 , 	 (44)  

CORRECTED ELECTRON ENERGY (ev) 

FIG. 17. Translational energy data for r-/c-c 4 F8. Resonance 
onsets and their corresponding maxima (54) as determined in 
Ref. 35 are indicated by arrows protruding from the electron 
energy abscissa at the appropriate points. 

c-C 4F,+e--F+F+c-C 4F5 , 	 (45) 

c-C 4F 1 +e— F +c-C 4F. 	 (46) 

Reaction (45) which has a minimum enthalpy requirement 
of 3.8 eV may be responsible for ion formation at 3.7 
*0.1ev but this does not exclude the possibility of Reac-
tion (48) involving an electronic transition of 1. 9 eV for 
the C 4 F7  species, whether it be the heptafluorocyclobutyl 
radical or an isomer of it. This is also true for the 
higher energy onsets given in Tables XII and XIII. How-
ever, for the sake of completeness the various energeti-
cally acceptable reactions will be briefly mentioned. Tak-
ing the translational energy of the F' ions formed at 6.6 
eV as 2.7 keel mole and a =0.53, E Is calculated to 
be 2 eV. This assumes only two fragmentation products 
and would result In an electronic transition of 2.8 eV for 
process (46) but Is also consistent with the energetics 
for Reaction (47) (Table XIII) and no distinction can be 
made; 

c.-C 4F1 +ca--F' +CFCF +C214 , 	 (47) 

C -C 4F8  + c — F' 4 CF, 4 C,i' 5 . 	 ( 48) 

The same arguments apply to the appearance potential 
at 10 eV where E is determined to be 4,6 eV from the 
data. Reaction (46), involving an electronic transition 
of 3.8 eV, or Reaction (48) which has a calculated mini-
mum enthalpy requirement of 6.3 eV may be Invoked to 
satisfy the reaction energetics and, again, no conclusion 
can be made as to which is responsible for the observed 
resonance data. - 

TABLE XI. Processes declared and thern,ocl,e,nicel parameters calculated for negative ion formation from c,F5 

AP E 	ealc 
AH 10  (cv) - 

lea 	(cv) Reaction 	- (cv) Exptl 	calc Parameter deduced 

F' 	2.0*0.1 C nr,+e-r'+n-c 3F, 0 2.0*0.1 	1.9 AJ1f (n_C3F 1)= 
-305.4*7.0 kcai mole" 

—4.0 C 3F 4e -r'+c 3r7 0 () C3F9 	2.1 -2.6 eV 
or 

	

1"+CF3 +C 2 F 1 	0 	 -4.0 	3.7 
or 

	

-F'+CF2+C2F5 	0 	 -4.0 	4.2 	 - 
CF 	2.55*0.1 	C3F,+eCF54-c 2 F 5 	0.85*0.08 	1.7*0.2 	1.75 	E.A.(cF,)=2.05+o.2 eV 

D(F,c-c 2 F 5)=4.6*0.3 eV 
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TABLE Xli. Experimental data for c-C 4 F8. 

A!'' 	 lies infix' 	c,,, 1 	Al' 	eC 

Ion 	leVi 	 (iv) 	(en,') - 	(ken! ,i,ole) 	(slope) 

!0X I0'' 	Ill ito:,I 

6.0*0.2 	7.4*0.2 	2x1Or" 	2.7 	 ((.53 
7.5*0.2 	8.0*0.2 	4110 -1 ' 

10.0*0.2 	10.8*0.2 	5x10 	6.0 

Cr; 	2.03*0.1 	4.95*0.1 	1011 	2.0*0.2 	0.78 

"lake,, from lid. 34. 

	

The CFj ion is formed with 2.0 * 0.2 kent 	Iran- 

5 ationaienergy at the resonance onset. Using this In 
conjunction with the experimental value of 0. 78 for a, 

E is calculated to be 2.61(). 3 eV for Reaction (49), 

c-C 4F8 +c Cr; +C3171. 	 (49) 

The meat of formation of the C 3 171  radical Is estimated to 

be - 174 ±10 kcal mole -1  from this data and may be com-

pared to the JA.NAF estimate of -159 kcal mole -'. 

CF ion formation must Involve a rearrangement of 

the cC +F* intermediate into a linear species prior to 
dissociation. The high value of a, consistent with a 
high degree of vibrational activation In tine intermediate 
molecular negative ion state, is therefore not surpris-
ing in this case. 

A summary of the c-C 4 F 0  processes is given In Table 
XIII together with the tinermochemical data deduced. 

CONCLUSION 
The distribution and partitioning of excess energy in 

fragmentation processes is still not fully understood al-
though such processes play a basic role in the chemistry 
of our atmosphere and numerous terrestrial phenomena. 
The Intrinsic value of translational energy measurements 
as a prerequisite to accurate thernnochemtcal data eval-
uation from positive and negative Ionization efficiency 
data has been emphasized in the Introduction and IA evi-
dent from the Results and Discussion section. A rigorous 
treatment of the reaction energetics is still beyond pres-
ent theoretical models although the semlempirical ap-
proach used In this study is sufficiently reliable to pro-
vide valuable thermochemical data from the experimen-
tally determined parameters. The unambiguous assign-
ment of many dissociative capture reactions to mea-
sured appearance potentials has been possible and in 

TABLE XIV. Values for n  determined in 
this study. 

0 

Siolceillo to,, ry 	Avornge 

NF, . 	 F-  0.43 	0.44 

F_ 0.61 
Fj 0.24 

CF4 r 0.40 
0.46 

CF5 0.33 

C 2F, F-  0.25 
0.26 

CFj 0.47 

C 	8  F -  0.25 
CFj 0.60 

c-c 4F, F 0.57 
0.53 

cFi 0.78 

many cases the formation of electronically excited neu-
tral fragmentation products has been demonstrated or In-
ferred. The formation of electronically excited neutrals 
may be a common occurrence In electron impact experi-
ments. Besides the evidence presented here to support 
this suggestion, Wang and Franklin"-" have discussed 
electron impact and spectroscopic evidence for the for-
mation of tine electronically excited radicals SiF( and 
OeF from SIP 4  and GeP,, respectively. 

Table )[IV lists the values determined for a and the - 
value averaged over the 14 capture processes investi-
gated. The agreement between the average value 0.44 
and those obtained previously from positive ion studies, 
0.44,2 and negative Ion studies, 0 . 42, 1  leads us to the 
conclusion that use of such an average value for analysis 
of a large potyatoinic molecule would not be much In er-
ror. However, a is not a constant and depends on the 
system studied. In these studies, the average transla-
tional energy increased linearly over the greater part 
of the resonance. This behavior has been observed for 
a large number of system&"' 10  Including diatomic, tn-
atomic, and more complex ones. it is of course possible 
that other systems will not behave in this way, but our 

TABLE XHI. Processes deduced and thermochemical parameters calculated for negative ion formation from c-0 4 F1 

AP . 	 . 	 E calc 	
b.H,,, Inv) 

Ion 	(cv) 	Reaction 	 (eV) 	Expti 	cab 	Parameter deduced 

r 	3.7+0.1 	c_cgr,+eF4ciEt 	0 	3.7+0.1 	c4 fl 	-1.9 

or 
-F-+F+c-c,F e 	0 	3.7*0.1 	3.8 

6.6*0.2 	c_c1r,+e-r+c4fl 	2.0 	4.6 	 Cg F 	-2.8 

or 
-r-+cr 2cr+c,r4 2.0 	. 4.6 	4.5 

7.5.0.2 
10.0 * 0.2 	c-c4F, +e -F-  -+c4r 	 4.6 	5.6 	 c4r; 	3.5 

or 
4.6 	5.6 	. 	6.0 

Cr; 	3.85*0.1 1c_C4F8+5cFi+C,Fs 	2.6*0.3 1.25*0.4 	an,(c 3F 8)e-174 kcal mole-' 
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studies have not thus far encountered one. These experi-

mental conclusions provide considerable evidence to sup-

port the validity of Eq. (2). The classical expression, Eq. 

(1), provides spoor approximation to E* which reflects 

the inadequacy of the assumptions inherent in its deriva-
tion. In this respect, the assumption of energy equili- - 

bratiois in the transition state prior to dissociation merits 

further comment. The experimental evidence Indicates 

that the 'effective" number of vibrational degrees of 

freedom in the transition state involved in dissociation 

is somewhat less than the total number available for ab-

sorption of the excess energy. The transition states in-
volved in dissociative attachment processes can be de-

scribed by a repulsive surface in the Franck-Condon 

region and the time available for complete energy equil-

ibration may not be available. The transition state may 

attain the necessary geometrical configuration and the 
energy find itself in the reaction coordinate before equil-

ibration is achieved, a picture consistent with our ex-
perimliental observations. In this respect, our data for 

the triatontics CO2  and SO, were consistent with the pre-

dictions of the classical equation within our experimental 

uncertainty. 

A list of the thermochemical data deduced during this 
study is presented in Table XV. The heats of formation 

of the negative Ions In this table have been determined - 
from our experimental electron affinities and literature 
heats of formation for the neutral species involved; Ta-

ble XVI lists such literature data used. 

Finally, the reader must be aware of the limitations 

which restrict the usefulness of the time-of-flightmeth-

od °  for translational energy measurements. The as- 

TABLE xv. Thernsochemical data evaluated In this study. 

Parameter 	 source 

AH,(NF,) 8.8 kcal mole1  r/Nr3 
E. A. (NE',) = 	1.68*0.21ev NF,/NF, 

AH,(NF 3)' = 	- 29.5  * 7.5 heal mole 

E. A. (F2 ) = 	2,94 * 0,10 cv 9/NP3  
2.86.0.22 	V rj/11F3  

-68.0 *2.3 kcal mole -1  

E. A. (OF3) 2.2 	.0.3 eV 09/CF4  
= 	2.4 *0.5ev cr/c2r1 

2.05*0.2ev cF;/C,F 0  

AH,(cF)' -163.4 * 5.8 kcai mole4  

BflgB 2 ) 	-BF,eA,) =5.3 eV 	 F113r3 
ajj,((nfl (B)] 	-16.5 heal mole- ' 

D(F-c,F1) 	 5,5 *0.2 ev 	 F -/c,F, 
D(,c-CF,) 	4. n * 0.6 cv 	 chr;/c,l.', 

D(F,c-c,r1) 	4.6 * 0.3 cv 	 c9/c3 v0 

-305.4 +7.0 kcal 	mote' 	Fic,F, 

H1(C3Fs) 	_ -174*10 local 	moie CFi/c -CiFs 

Deduced using AII,(Nr,) = 8.9 *kcai mole - , Table Xvi. 
'value forE. A(F 2) deduced from HF 2  data need because the 
thermochsea,leal data are known more accurately for the NF 9  
system. 

'Used nverngo value of F. A. (Cr,) 2 2 * 0.2 cv In conjunction 
with value of - 112.6*1.2 kcal mole -' for AH,(CF3), 
Table xvi.  

TABLE XVI. Boats of formation in kilocalorles per mole at 
218 '1< need in this study.  

F 	18.5 	5 	 cs 	58±! 	1 

F_ 	-59.48 	a, ltd. 30 	cE' 1 	-41.7*0.4 	I 

F, 	0.0 	Is 	CF, - 	-112.0*1.2 	lIe!. :10 

N 	112.18 	5 	 CF 4 	-222.87*0.30 
NE 	57 	s 	c,F8 	-114.5*2.3 
NF, 	5.9*2.5 	e 	c,F 1 	-212 	 lIe!, as 
HF3 	-31.5*5.3 	d 	 c1 F, 	-317.8*3.1 	I 

BE 	-20.2 	2 	 c,r 1 	-155 
BF2 	-131.1*2.S 	e 	c,F1 	-251,71 	Ref. 35. 
BF, 	-271.71 	a 	 =-c,F, 	-300.5 	Ref. 31 

f-c,y, 	- 319.9 	Ref. 35 
c5 F1 	-411.0 	Ref. 35 
C 4 F, 	-224 
c-c,F0 	-233 
c-C4 F, 	-362 

13 L. Franklin, J. G. Dullard, II. M. Rosenstock, J. T. Her-
red, K. Draxi, end F. H. Field, Nall. Std. Ref. Data See, 26 

(1969). 
'JANAF 7/oera,,oche,,ticaf Tables, edited by B. R. mull (Dow 
Cl,e,nleal, Midland, MI 1965). 

'A Kennedey and C. B. Colburn, J. chem. Pbs's. 35, 1892 
(1962.). 

4A11,(N.FO) - 3t. 6±0.3 Is the average of the following reported 
values: (I) - 31. D5 * 1.3; J. B. Ludwig and W J. cooper. J. 

Clamn. Eng, Data 18, 78 (1963). (Ii) - 31. 75* 0.2; P. A. C. 

O'llare, J. L. Settle, and W. Ii. Bubbled, Trans. Faraday 

Sec. 62, 558 (1966). fill) -31.44 * 0.3; G. C. Strike, J. Phye. 

Chem. 70, 1326 (1966). 
'it. I). Srhvnet,,va and B. Farber, Trans. Faraday Soc. 67, 
2298 (1971). 

1M. Farber, 81. A. Frisch, and H. C. No, Trans. Faraday Soc. 
65, 3202 (1969). 

'F. S. Armstrnng and G. T. Domaiski, J. Res. Nall. Be,. 
Stand. U.S. A 71, 105 (1967); also, J. D. cox, II. A. Gondry, 
and A. J. head, Trans. Faraday Soc. 61, 1594 (1965). 

'JANC4F (see W; Ref. 35 gives -'51.9; Ii gives -155.5. 

'AH1 (C 2 F 0 ) =- 317.5+3.5  Is the average of the following re-
ported values: (I) -306.5; Ref. 35. (Ii) -318; 0.. c. slnko, 
J. Pl,yo. Client. 70, 1326 (toss). (Iii) -321 J. W. coombor 
and E. Whittle, Trans. Feraday Soc. 63, 1398 (1967). 
JANAF (see b). 

'JANAF gives -260 Iseeb). 
'S. W. Benson and H. E. O'Neal, Nall. Std. Ref. Data See. XX 

(i970). 
'\JANAF (see b). 

sumption of Gaussian peak shapes inherent in the analy-

sis limit the magnitude of the translational energy which 

can be accurately assessed. The broad peaks observed 

for the r ions formed from CF, are a clear example of 

this limitation which restricts the discussion of such en-
ergetic ions to a qualitative nature only. The complexity 

of the molecular system presents another limitation on 

this technique. When N Is greater than about 25, the 
rate of increase of translational energy of an atomic 

negative Ion with excess energy above onset is so small 

that the differences In the ion mass peak widths approach, 
the experimental uncertainty involved In the measure-

ments and considerable scatter results. If these limita-

tions are respected, the use of this technique in conjunc-

tion with accurate appearance potential data and heats of 

formation provides a powerful tool for the investigation 
of the energetics of fragmentation processes. 
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INTRODUCTION 

NEGATIVE IOflS formed in the gas phase from inorganic compounds have been 
studied relatively little and those from materials that vaporize only at elevated 
temperatures have been almost completely neglected. However, it would be 
expected that various of the metallic halides, oxides, sulphides, nitrates, etc. 
would form negative ions under the appropriate conditions and that con-
siderable information of interest might be obtained from them. This study 
has been undertaken to separate negative ions from inorganic materials at 
high temperatures by dissociative resonance capture processes and to deter- 
mine their thermochemistrY. 

When an electron of the proper energy contacts a molecule it may form an 
unstable ion that will break up in one or more ways in a very short time, thus 

+ ABC —* ABC* -. A + BC 

lithe dissociation asymptote for A falls opposite the intersection of the 
potential energy curve with the Franck—Condon region, it is possible to 
detect the decomposition products in their ground states. The appearance 
potential can then be taken as the heat of reaction. If the dissociation asymp-
tote falls below the intersection of the potential energy curve with the 
Franck—Condon region the appearance potential will include some excess 
energy which must be detected and deducted in order to obtain the heat of 
reaction. A portion of any excess energy that is involved will appear as 
translational energy of the products and this is readily measured. It has been 
shown by Haney and Franklin 1  with positive ions and by DeCorpo, Bafus and 
Franklin' with negative ions, that the average total translational energy at 

onset, 9 1 , 
is related to the total excess energy, E, by the equation 

= aNg, 	 (I) 

where N is the number of vibrational modes and a is an empirically determined 
319 
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constant having an averauc value of 043. t, is obtained from the measured 
value Zo the translational energy of the ion by means of the equation 

- 	,? 
ci = 	I 	

x 3/2 kT_______ - + 	 (2) 
inj + m 	 m 1  + m 

It has subsequently been shown 3  that a in eqn (1) may vary considerably 
from compound to compound. However, by measuring the translational 
energy in a dissociative resonance capture process, as a function of the 
electron energy (and hence of E) a can be determined for each process, and 
considerable improvement in accuracy achieved. - 

EXPERIMENTAL 

A Bendix time-of-flight mass spectrometer model 14-107, modified with a 
Bendix model 3015 output scanner was used in these studies. Neutral mole-
cules were generated in a Bendix Knudsen Cell Sample Inset System with a 
tantalum cell/Lucalox liner holding the solid sample for heating by a tungsten 
wire filament through either radiation or electron bombardment. The 
temperatUre of the cell was determined with a tungsten/tungsten-26 °/ 
rhenium thermocouple inserted in the base of the cell. Gaseous samples were 
introduced through a conventional handling system. 

Appearance potentials were determined by deconvolution of the ion 
intensities with the MacNeil—Thynne modification 4  of Morrison's 5  method. 
The electron energy scale was calibrated with 0/CO 3  0_/C0 2 ,  0/S02 and 
F/SF6  and the energy distribution of the ionizing electrons was determined 
from SF 6  /SF 6  to be approximately 08 eV full width at half maximum. 
Translational energies were determined from peak shape analysis by the 
method of Franklin, Hierl and Whan. 6  

For each of the solids investigated the sample was thoroughly degassed 
and then the temperature of the Knudsen cell increased slowly until shutter-
able negative ions were observed. The temperature was then further increased 
until the intensity of the ions was sufficient to permit measurement of the 
appearance potential and, where possible,, the translational energies of the 
ions. 

RESULTS AND DISCUSSION 

Figure I gives a typical dissociative resonance capture curve (for F from 
GeF4) along with a plot of the average translational energy of F as a 
function of electron energy. The vertical arrow shows the appearance potential 
obtained after deconvolution. The translational energy of r at onset is 
3.5 kcal/mole. The marked flattening of the translational energy at about 
6 kcal/mole is due to the fact that at this energy, the more energetic ions 
begin to strike the wall and are not collected. Over a range of nearly one volt 
of electron energy the translational energy increases linearly with electron 
energy. This is characteristic of the behaviour of all of the systems studied. 
From the slope of the line we compute for this process to be 056 and with 
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CORRECTED ELECTRON ENERGY (eV) 

FIG, 1 Resonance and translational energy of F -  ion from GeF4. 

this and the translational energy at onset the excess energy is computed to be 
18 kcal/mle. 

Group IV Fluorides 
The electron affinities of the M17 3  radicals from the Group IV fluorides, 
except SnF4, and the heats of formation of the corresponding M1 7 3 ions 
have been similarly determined and the results given in Table I. 

Since CF,,, SIP 4  and GeE 4  are gases the measurements were made on 
them at room temperature. SnF 4  and PbF 4  are solids and had to be vaporized 
from the Knudsen cell at a temperature of about 520 °C. 

TABLE I 
Thermochemistry of MF3 from Group IV Fluorides (kcal/mole). 

- Ap E AH1(MF31 EA(MF3) 

CF4 + e - CFf + F 125 153 033' 46 —1633 507 
SiP4 -I- e 	— SiF3 	-}- F 247 33 0436 123 —281 47 
GeE4 + e ~ GeF3 + F 187 23 0.436 88 —205 37 
SnF4 + e —b SnF3 	+ F 115 - - (7) 156c 5C 

PbF4 + e — PbF3 + F 5 Thermal — 0 —212 100 

a Determined from the slope of ei versus electronvolt line 
Taken as the average value at onset. 
Experimental values. See text for more probable values. 
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it is noteworthy that the carbon, silicon and germanium compounds all 
involved large amounts of excess energy at onset. PbF 3 , which was formed 

at a very low appearance potential, appeared to be formed with thermal 

energy. SnF 3  was formed with very low intensity and this combined with 

the multiplicity of interfering isotopic species made it impossible to measure 
the translational energy of the ion. It is evident from Table I that 6ff 1(SnF 3 

 ) 

should be about —212 kcal/mole and, when this is combined with AH1(SnF 3) 
of —151 kcal/mole (see below), we estimate the electron affinity to be 
approximately 61 kcal/inole. This value is, of course, speculative, but 
appears reasonable in the light of the other values. 

TABLE II 
Processes and Energies (kcal/mole) for the Formation of F -  from the Group IV 

Fluorides. 

Ap T, a AHy(MF3) E'i 

CF4 + e —v F 	+ CF3 111 196 0-43 0  741 —120 - 
SiF4 + e - F 	+ SiF3' 246 84 043° 32 —235 128 

GeF. + e ~ F + GeF3 194 35 0566 18 —168 123 

SnF4 + e -* F 	+ SnF 3* 124 Thermal - 0 (_63)c 88 

PbF4 + e -. F -  ± PbF3 21 Thermal - 0 —112 0 

• Average values at onset. 
From the slope of the curve of Z i against eV 
Experimental value which includes E 'i. 

The most intense ion from all of the Group IV fluorides is F and our 
measurements on it are given in Table II. Considerable amounts of transla-
tional energy were found with the first three members of the group and so the 

total excess translational and vibrational energy, E* .t , was large with each 

of these. The tin and lead compounds gave F with thermal energy at 

onset. The heat of formation of CF 3  is in fair agreement with the accepted 

value of —1124 kcal/mole.' This is not true of the silicon, germanium and 

tin compounds. Thus, in the case of SiF 4  the thermochemical equation for 

the reaction fails to balance unless an allowance is made for electronic 

excitation of the SiF 3  product, i.e. 

SiF4 +e=F +SiF3 (Ap-Et.4 t.) 
—386= _65_235—(246-32--E1) 

from which E* 1  is found to be 128 kcal/mole or about 5.5 eV. Wang, 

Krishnan and Margrave 8  have reported a value of 5-47 eV for the energy of 

the electronic transition 2 J3 -. X 2A in SiF 31  in excellent agreement with our 

determination. It should be mentioned that there is strong evidence for a 
similar excited electronic state of CF 3  which falls in the same resonance 

region as the one reported above. Similarly, one would expect GeF 3  to be 

formed in an electronically excited state. When we combine our appearance 

potential corrected for E* . , and apply Wang, Krishnan and Margrave's 9  

energy of 537 eV for the 2 B - 2A transition ofGeF 3 , we compute AH,(GeF 3) 

to be - 169 kcal/mole. 
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The F ion from PbF 4  is formed with thermal energy at an appearance 
potential of only 0-9 eV. I: is apparent that this process yields PbF 3  in the 
ground electronic state and the computed heat of formation is —112 kcal/ 
mole. From the appearance potential of F from SnF 4 , it seems probable 
that the process results in an electronically excited SnF 3 . Unfortunately, 
there is no reliable value of aJJ(SnF 3) which we can use to compute E* j . 
From the sequence D(F-1017 3) of 130, 170, 135 and 105 for C, Si, Ge and 
Pb, a reasonable estimate of D(F—SnF 3) would be about 120 kcal/mole 
which would give A/11(SnF 3 ) to be —151 kcal/mole. Since Ap F7SnF 4  gives 
A111(SnF 3) to be —63 kcal/mole, we would then estimate the energy of the 
2 J3 - 2A transition to be about 88 kcal/mole. The result, while speculative, 
is not unreasonable. 

In further support of the idea that the neutral fragment in certain dissocia-
tive resonance capture processes may be electronically excited, we cite other 
observations of similar behaviour. Thus, Harland, Carter and Franklin' 0  
attributed the second resonance of 07S0 2  to the 'A state of SO, and Petty 
et ci. found that the MF 2  neutrals formed along with F ion from the 
Group Ill fluorides were electronically excited. Indeed, it now appears that 
this is a phenomenon that will frequently be experienced. 

Arsenic 
Arsenic vapour at about 520 ° C is made up principally of As 4  with small 
amounts of As 2  also present. As will be seen in Table Ill, there are three 

As + s - As& + As s  
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negative ions formed by dissociative resonance capture, all in our experiment 
from As 4 . 	 - 

As will be seen in Fig. 2, the translational energy ofAs 2  rises linearly over 
the greater part of the resonance and then breaks downward sharply. The 
downward break is attributable to an instrumental artifact. The slope of the 
upward portion of the line gives a value of a in eqn (I) of 043. Similar 
behaviour was observed with AC and As 3 Th From the computed Et and 

Murray, Pupp and Pottie's' 2  value of 5426 kcal/mole for D(As 4  - As 2), 
we compute the electron affinity of As 2  to be 01 eV. 

As 3  can come only from As 4  and its heat of formation is —38'I ± 52 

kcal/mole. A111(As 3 ) has not previously been determined. Combining our 
appearance potential and excess energy measurement with Feldman's' 3  
recent value of 075 ± 010 eV for the electron affinity of As yields A11 1(As 3) 

to be 569 ± 4'9 kcal/mole and EA(As 3) = I87 ± 7 kcal/mole (08 eV). 
Thus, the electron affinities of As and As 3  are very nearly the same and are 
considerably greater than that of As 2 . 

It will be evident from Table Ill that all three of the processes studied 
involved considerable excess energy and that serious errors would have 
resulted had it not been possible to determine and correct for it. 
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INTRODUCTION 

Tb is article is intended to cover a wide range ol gaseous negative ion st tidies and 

briefly describe experimental techniques, their objectives and, where possible, 
their relative merits and limitations. This is done in two parts: the first con-

cerned with low pressure experiments, i.e. those conducted under single collision 
conditions, and the second with high pressure experiments and ion-molecule 

reactions. The theoretical approaches to negative ion resonances and the theo-

retical calculations of electron affinities are not discussed in detail, but sources of 

this information are presented. The relevance of negative ions and their 

chemistry in the solar system, the atmosphere, and terrestial phenomena are not 

included, as such details can be readily obtained elsewhere (1). 

NEGATIVE ION MASS SPECTRA 

Negative ion mass spectra, which are generally much simpler than positive ion 

spectra, have received little attention. Flesch & Svec (2) constructed a small 
scale model of a dual horizontal plane 600 magnetic sector mass spectrometer 

capable of simultaneously detecting and recording positive and negative ion 

mass spectra with a mass resolution of 60. A study of CF 2Cl 2  with this instru-

ment, however, identified Cl as the only species in the negative ion mass 

spectrum. Later publications using a large scale instrument with a resolution of 

200 include much improved data for chromyl fluoride and chromyl chloride 

(3,4). 
Thynne et al (5, 6) have tabulated and discussed the negative ion mass spectra 

of several polyatomic molecules and later presented and discussed several nega-

tive ion mass spectra (7—I1). 

485 
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SUMMARY OF REVIEWS PUI3LISHED SINCE 1950 

The review articles summarized in this section are listed in the bibliography 

(12-27). The first of these reviews in chronological order, the monograph on 

Negative bits by Massey in 1950 (12), is a landmark in the field and provides an 

authoritative introduction to the theoretical implications and the meehanistics 

of negative i, 1 1 lorniatioli. Pritehards review (13) includes an excellent historical 

review of (lie experimental techniques prior to 1953 and their inherent limita-

tions. Particular attention is directed to the estimation of electron affinities from 

lattice energy calculations and surface ionization or equilibrium studies. With 

the exception of the halide atoms, the electron affinities favored at that time are 

quite different from currently accepted values, as will be evident from compari-

sons of the tabulations given by Pritchard (13) and those included in the reviews 

by liranseomb in 1962 (14) and Moiseiwitsch in 1965 (IS). The later review (IS) 

is primarily devoted to detailed descriptions of the empirical and semi-empirical 

extrapolation methods and to qtiantutu mechanical calculations for atomic 

species and the I-1 ion. 
A 1965 review of the theoretical approaches resulting in expressions for the 

calculation of atomic electron affinities by Sm irnov (16) includes informative 

comparisons between computed and experimental atomic electron affinities. An 

excellent review of "Resonant Scattering of Electrons by Molecules" by Bards- 

ley & Mandl (17) in 1968 covers qualitative and theoretical concepts of associa- 

tive and dissociative resonance attachment. Resonances are classified into shape 

resonances and Feshbach resonance types followed by a discussion of exper-

imentally observed resonances in terms of the classification. Resonance scatter-

ing theory is reviewed in some detail and the advantages and limitations of each 

approach considered. An earlier paper by Taylor et al (18) in 1966 also ex-

pounds useful qualitative descriptions for resonant electron attachment. Two 

distinct types of resonances in atoms and molecules are recognized from analo-

gies to nuclear physics, core-excited and single particle resonances, synonymous 

with the electron-excited Feshbach and shape resonances of Bardsley & Mandl 

(17). The paper by Taylor et al (18) is devoted primarily to atomic systems, 

whereas that of Bardsley & Mandl (17) relates to both atomic and polyatomic 

systems. 
A review of "Small Free Negative Ions" by Berry (19) in 1969 considers 

atomic species and in particular the hydride, halide, and oxygen ions. The opti- 

cal photodetachment methods used to determine electron affinities are discussed 

in detail and other less precise techniques in outline. A tabulation of electron 

affinities includes 18 polyatoniic species. 
The proceedings of a conference on laboratory measurements of aeronomic 

interest contain several contributions which make reference to various negative 

ion measurements (20a-20c). 
Several reviews of electron affinities and electron attachment phenomena have 
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been presented by Christophofl)u ct al (21 --25), including a 1971 book entitled 

Atomic (tilt? Mokciihir Radiation !'ht'sics by Christophoroti (I). Two chapters of 

this publication are devoted entirely to negative ions and many more indirect 

references to related negative ion phenomena appear throughout the text. This 

book is highly recommended and contains excellent tables of atomic and 

molecular electron affinities - The table of molecular electron affinities is 

weighted toward the heavier and biologically interesting molecules, particularly 

the aromatic and Intl itiri n g molecules and derivatives, which therefore are not 

listed in this review. I -I asted's book (26) devotes one chapter to negative ions-  

Finally, the review of Negative Ion Mass Spectrometry "  by Dillard (27) ill 

1973 is directed toward polyatoliiic ions, concentrating On the analytical aspects, 

evaluat oil of thermochemical data, and the use of mass spectrometry in struc-

tural analysis; it includes  a ii extensive review of the literature. 

C 	 ENERGY SPREAD IN ELECTRON BEAMS 

A coal mon feature of all ionization studies is a source of ionizing radiation 

which must be of variable incident energy and sufficient flux density to create 

measurable ion signals. Electron beams generated from heated filaments, usually 

tungsten, rhenium, or iridium wire (often thoria coated to reduce surface temper-

ature and to enhance emission characteristics) have been used almost exclusively 

in the experiments discussed in this article. 
Election bea nis generated from heated filaments possess a Max well- lIoltzman 

distribution of energies in the range 1.0 to 1.5 eV width at half maxim urn. When 
such a beam is used to ionize a gas sample, all energy-integrated ion signal 

about the nominal electron energy is obtained. Appearance potentials become 

smeared out and any line structure which may be present is obscured. This 

energy spread thus poses a limit on the resolution and scope of the experiment 

conducted. This type of electron source, however, has the advantage of high 

stability and high electron densities which are important ingredients for negative 

ion-investigations when electron capture cross sections rarely exceed 
1016  cm'. 

Early attempts to resolve this problem met w ith limited success, but fine 

structure ill the ionization efficiency curves of sonie positive ions was observed. 

In 1939 N ott i ngh am (28), us i ng  a magnetic selector, observed fine structure in 

the ionization e ffic iency  curves of l-tg. Sugden & Price (29) in 1948 used a 

photoelectron beani in the study of aldehydes and ketones, and in 1954 Clarke 

(30) obtained an energy spread of 0.2 eV using a 127° electrostatic selector 

enabling fine structure in the curves of N and N '  from nitrogen to be 

observed. 
Two types of electrostatic velocity selectors have received attention in recent 

years. Parallel plate selectors, of the type used by 1-1utchis0n (31) in 1963, suffer 
from poor transmission which, although tolerable for positive ion investigations, 
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IS unsuitable for negative ion studies. The 127° electrostatic selector, however, 

was improved in 1960 by Ma rule t & Kerwin (32), who obtained a beam of 

10 A with an energy spread of 0.02 eV. This selector was successfully applied 

by Marmet & Morrison (33) in 1962, and the difficulties they experienced have 

now been largely overcome in the advanced design of Brion et at (34, 35) in 1964 

and 1966. Brion has used this selector in 1969 to study electron attachment 

lo55 it, (he grout) VI liexall uorides (36). Using an electron beam with an 

energy spread Of O.1 cV. (lie SF resonance appeals as it facsimile of the electron 

energy distribution reversed on the energy scale, and (lie Sl resonance consists 

of two overlapping resonances in the 0-1.0ev range. A similar study of tetra-

cya noethylene has also been published (37). In the absence of counting equipment 

and long averaging times, a balance between low transmission and high resolu-

tion imposes  severe limitations on the application of this technique to negative 

ion studies. 
The most widely used method is the retarding potential difference (RPD) 

technique of Fox et al (38-40). In this, in extra grid, the retarding electrode, is 

added to ti le conven tional election gun and is biased slightly ly negative ( 0.5 V) 

with respect to the filament, resulting in a sharp, low energy cutoff -  in the beam 

profile. This bias is then increased by a small amount, AV (typically 0.1 V), 

resulting in the removal of it further energy slice of width AV. The resulting 

change in ion current Al, which occurs when A V is applied, is then attributed to 

the band of electrons homogeneous in energy to within AV eV. Significant im-

provenients by Clout icr & Schiff (41) in 1959, and automation by Stoekdale et 

al (42) in 1969, Cia n try (43) in 1969, and in 1973 by Li fshi tz et al (44) have 

removed the ted in ni from It Pt) operation. 

Although the It P I) approach offers it convenient method for obtaining a 

quasi-nionoenerget ic electron source, frequent ambiguities arise in data inter-

pretation. Partial relax at ion of the sharp cutoff due to space-charge effects in the 

ion source (45), negative difference currents (40), nonlinear variation of ion 

signal with electron energy and spurious maxima in ionization efficiency curves 

(46. 47), and resonance focusing described by Simpson (48) have all been dis-

cussed by Gordon et at (49) in 1969 in terms of it theoretical model developed 

for the RN) gun. 
Despite thieautoniation introduced, R1 1 1) still requires- long and careful 

adjust nents to the ion source. Noise is a serious problem because it results from 

the total transmitted  electron current rather than the difference in electron 

current, whereas the differential ion signal has greatly reduced intensity. Appli-

cability to conventional mass spectrometers without major structural 

modifications is a big advantage of this method and, when used in conjunction 

with signal averaging equipment. R PD is one of the best quasi-monoenergetic 

electron sources available for negative ion studies. 
A recent innovation is the troehoid at electron mon ochromztt or of Stamatovic 

& Schulz (50). This device overcomes the noise problems inherent in the RPD 

technique and delivers an improved energy distribution with a half-width of 
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about 0.02 eV at to - 10  A transmission. Electrons emitted from a thoria-coated 

iridium filament and aligned by a magnetic field of 100 G enter the monochro-
mator off-axis by 03 mEl through two collimating orifices. The beam is dis-

persed and describes a trochoidal motion in the electric field maintained 

between two parallel plates. Electrons with a specific velocity reach the axis and 

are transmitted through a series of plates into the collision chamber. Although 

long averaging times (15 hr for C from CO) are required for negative ion 

signals, Stamatovic & Schulz (5 1) have used this device coupled to a quadrupole 

mass filter to examine dissociative resonance attachment in carbon monoxide 

with good results. 
A further approach to this problem has been the use of analytical methods to 

remove or reduce the energy spread of the electron beam. In 1963 Morrison (52) 

applied a deconvolution method to positive ion formation and showed, from 

tests on several artificial examples and two actual eases, that the method was 

promising and suggested st ruct tire in the i
on i za ti on  efficiency curves of the inert 

gases and of oxygen. Morrison considered two met Rods for the deconvol u tion 
procedure: the iterative equations of van Cittert (53) and the use of Fourier 

transforms. Both approaches offer advantages and disadvantages, but in both 

iterative smoothing of the original function is essential to the recovery of quanti-
tativé data. loup & Thomas (54) investigated in 1967 the two methods and 

found the iterative method pa eferabie for the analysis of noisy data and for cases 

in winch the position of the function on the energy axis is required. The Fourier 

method proved particularly suitable for treatment of very smooth data, but 

single stage unfolding was found to result in a sudden disastrous increase in the 

noise level. Iterative deconvolution is accompanied by a gradual, buildup of 

noise with each successive step. Termination before the noise becomes restrictive 

is then possible. MacNeil & Thymic (55) applied the iterative deconvolution 

techniques to negative ion resonance curves in 1969. Tests on artificial functions 

yielded an accurate recovery of appearance potentials, resonance peak maxima 

and widths, and also showed that the amount of random noise which could be 

introduced without an adverse effect far exceeded that expected in data acquisi-

tion. The application of this method to real systems (56) it' 1970 revealed hidden 

resonances in broad capture curves and resulted in more accurate estimation of 

thermochemical data. 
T.be applicability of deeonvolutiOn to different experimental techniques has 

been discussed by Dromey &-. Morrison (57) in 1970, and an automated time 

averaging deconvolution method has since been developed by Morrison and 

co-workers (58, 59). inverse convolution utilizing the Fourier method has been 

applied to low resolution mass spectra by Dromey & Morrison (60) in 1971 and 

to ionization efficiency curves by Vogt & Paseu 1(61) in 1972. 
Decon volut ion offers the advantage of requiring neither instrument 

modifications nor physical iii ani pa Ia t ion of the electron beam, which can thus 

be used without loss in intensity. This method requires knowledge of the elec- 

tron energy profile, usually obtained by reversing the SF attachment curve on 
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the energy scale, and only partially removes the effect of the distribution; i.e. 15 

smoothing and 20 deconvoln Lion iterations reduce an electron energy distribu-

tion with a natural width of I eV to an effective width of 03 eV. 
Winters et al's (62, 63) energy distribution difference (EDD) method has met 

with some success for positive ion applications. This technique has found little 

application to negative ion studies and an evaluation of EDD and deconvolu-

tion by Giessner & Meisels (64) showed deconvolution to be superior for con-

ventional i nstrunients where the simple quasi -ljoltzman distribution  does not 

suffice to dcscri be the instrument function. 

ELECTRON ATTACHMENT IROCESSES 

W lien a low energy election (less than ' lot) cv) interacts with a molecule 

under single collision conditions, depending on the energy of the electron and 

the nature of tile "'electric, negative. ions may be produced by (a) associative 

resonance capture (tlicrnial cleclions), (/,) dissociative resonance capture 
(0-15 eV electrons), and (e) pair production ( > 10 cV). All processes may pro-

duce vibrationally excited products and band c can also produce translationally 

excited ones. This review is primarily concerned with the first two processes. 

Photodetachment, used for the determination of precise atomic electron 

affinities and radical and molecule vertical detachment energies, is also discussed 

and an tip-to-date table of electron affinities included. 

ASSOCIATIVE RESONANCE ATTACHMENT 

In the absence of collisional stabilization, associative resonance attachment re-
sults in the formation of metastable molecular ions exhibiting autodetachment 

lifetimes in the range 10 io -  3 sec which decay by electron detachment and, 

in some cases, by spontaneous dissociation. Such resonances are narrow and, 

depending on their lifetimes, are observed by different experimental techniques. 

The shorlet -lived species are indirectly observed by inelastic electron scattering 
and the longer-lived species by collisional stabilization or conventional mass 
spectrometric techniques. Qualitative descriptions and theoretical discussions 

are given by Massey (12), Taylor et at (18), Bardsley & Mardi (17), and Chris-

tophorou (1). A seniitheoretical model was presented by Compton et at (65) in 

1966. In this, the principle of detailed balance is invoked to derive an expression 

which relates the average autodetachment lifetime, the associative attachment 

cross section, and the electron affinity. Using experimental determinations of the 
former two parameters, a lower limit to tile molecular electron affinity can be 

calculated if the vibrational frequencies for the neutral molecule (assumed equiv-
alent to the ion) are known. This model is described in more detail below. 

Resonances exhibited by transient molecular negative ions with lifetimes too 



97 

GASEOUS NEGATIVE IONS 	491 

short for conventional mass spectrometric techniques, < l0 sec, have been 
measured by Various methods including tile trapped electron, inelastic electron 

scattering, S17 6  scavenging methods, and a recent photoelectron spectroscopic 

method. Transient negative ion states are important intermediaries in the vibra-

tional excitation of neutral molecules under electron impact and the first two 

techniques are particularly suited to the accurate determination of vibrational 

excitation functions. 

TRAPPED ELECTRON METHOD 

This method was developed by Schulz (66) in 1958 and consists basically of an 
RPD electron gun with two concentric cylinders along the axis of the electron 

beam. A trapping potential well depth of 0.1 eV is created through field 

penetration between the electron collection cylinder and the mesh grid cylinder 

composing the collision chamber wall. Energy resolution of better than 0.2 eV 

was achieved with the first apparatus, and complete electronic energy spectra 

were obtained for He, Hg, and H 2 . The technique was extended by Schulz (67) 

in 1959 to permit control of the well depth up to 4 V, thereby facilitating the 

study of excitation functions to this level above threshold. Transient negative ion 

states were identified in N 2  and CO at 2.3 and 1.7 eV, respectively, and N 20 at 

2 e (68). The latter correlates with the formation of 0 from N 2 0 by dissocia-

tive resonance capture at this energy. 
An automated version of Schulz's apparatus claiming an energy resolution of 

better than 0.1 eV was described by Brongerslna & Oosterholf (69) in 1967, and 

in .1969 Bensim on e t a l (70) succeeded in resolving vibrational structure up to 

V = 6 for the N 	state at 2.3 eV, suggesting an autodetachnient lifetime 

> 	12  sec. Schulz et al (71) have restudied N 2  and CO with improved resolu- 

tion and measured the vibrational structure in the resonance. Pisanias et al (72) 

hav,e used this method with quinoline, isoquinoline, and naphthalene. Two res- 
onances below 2 eV were found in each molecule and evidence for vibrational 

structure obtained. 

ELECTRON TRANSMISSION SPECTROSCOPY 

l'he derivative of the trails ni i ttcd electron current from an R PD source reflects 
any temporary negative ion resonances with a resolution adequate for the meas-

urement of vibrational structure, lioness et al (73) observed vibrational structure 
in the energy range 1.0-1.8 eV for temporary negative ion resonances in CH,, 

C 2 1-1 4 , and C 6 H 6  and obtained well-resolved vibrational progressions for the 

resonance states of N, CO - , NOTh and Or (74). Sanche & Schulz (75-78) 

have used this method extensively to measure vibrational progressions and Ryd-

berg series of o;, N0 (75), the rare gases (76), diatomic molecules (77), triato-

mics, and hydrocarbons (78). The spacings and Franck-Condon factors for O 

and N0 agreed respectively with those of O( 1n) and NO' (X 1 Ei, indicst- 
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I ng that t hese states consist of t wo Ryd berg electrons loosely attached to the ion 

core. Similar conclusions also apply to the negative ion states oil he inert gases, 

N,, CO, 1 -120, 11,5, N 20, CU,, and C 2 11 4 . Broad and featureless shape 

resonancesi were also identified for N 2 0, 1-1,5, and C2114, all below 6eV. 

SULFUR HEXAFLUORIDE SCAVENGING TECHNIQUE 

SF, undergoes associative attachment of thermal electrons with a high cross 

sect ion (79-81 
), - 

4 cm', exhibi t ing it narrow resonance (the full width at 

Ii all max i mum -~ 0.02 cv) (50). Conan (82) exploited t he elect ron scavenging 

property of SF 1, as it detector for therm alized electrons produced by the inelastic  

scatteri n g of a ll electron beam off a target gas. Using a mass spectrometer 

equipped with it high pressure ion source (20 /1 SF and 180 /1 Hg N2)  and an 

It Pt) gu n, Conan (82) was able to reproduce t he electronic energy level data for 

N 2 in agreement will' those reported by Schutz (67) using (lie trapped electron 

method. This technique can be applied using any negative ion mass spec-

Irometer cqui ppcd kvi (Ii it  high pressure source. Because of the ease of applica-

ti on  th is  met Ii odl has been used extensively for studying energy loss spectra and 

many new transient molecular negative ion states of polyatomic molecules have 

been identified (83-91). 

PJOTOELECTRON SPECTROSCOPIC METHOD 

Price et al (92) observed anomalous peaks in the photoelectron spectra of cer-

yin diatoniie and lriatoniic molecules at elevated ionization chamber pressuks. 
These peaks were attributed to collisions between emitted photoelectrons 

(kiionoeh roma tic) and neu t ral molecules leading to the formation of temporary 

negative ion states. Both vibrational excitation and resonant electron transmis-

sion phenomena are reported with a resolution (10-20 mV) superior to that 

ybta i ned with the above electron im pact methods. Irradiation of argon, ioniza-

tion potentials (1 11s, ) 15.76 ('F 112 ) and (5.94 eV ( 2 P 112 ), or N,, IF 18.75 eV, with 

heliu m resona nec rat! i a tion, 21.22 eV, results in the liberation of monochromatic 

elections of energy 5.46 and 5.28 or 2.47 eV, respectively. Inelastic collision 

losses of these e lec t ions  \vi (Ii a high density Sam Ii Ic gas, such as N 1 ' may then 

occur. The transient molecular negative ions so formed are unstable and re-emit 

the election with it quantized energy loss reflecting the vibrational energy level 

s tha I nio ecu he.p  

Shape  resonances occur when the negative ion is formed by (lie incoming electron 

moving in the held of the target ground state. A combination of polarization, exchange, 

alit1 ecu Iii fugal harrier effects lead to the electron being trapped for a short time. The 
~rcs olt ijjg poten ti a l i s en iisi tie ra bly weaker lljan that of core-excited resonances, a nd it 

exhibits broad resullamices. Lildimes vary from ItY iC  see for 0 to 10:15 see for Ili. 
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Using different inert gases to provide !he monochroniatic electrons, the poten-
tial energy surface of the neutral molecule can be probed and the vibrational 

excitation functions mapped. In a corn plenien tary experiment a polyatomic 

molecule that gives rise to a broad continuous spectrum, such as CF! 4  or 

C 5 11 1  2 , 
is introduced into the ionization chamber with the N, and the sub-

Sequent absorptions from the continuous back ground reflect the vibrational 
energy level spacings in the N ion. Price et at (92) have deduced a potential 

surlace to lit the expernhiClital observations which are consistent with a maxi-

mum cross section For absorption for electron ml pact at 2.2 ± 0.1 eV as ob-

served by Schulz (67. 7 I). Linewidtli analysis indicated a lifetime of 

approximately 2 x 10  '4 sec for N ('FI g ). This method has considerable poten- 

al both as a sot' rce of inonoch roinat ic electrons and as an accurate men is for 

investigating 
tile potent i a l energy surfaces of amenable species. 

Transient molecular negative ions with lifetimes in the intermediate range. 

10 
0  see, can be observed fo ll owi ng  collisional stabilization in a 

swarm beam apparatus or a mass spectrometer. Longer-lived species, lifetimes 

> IF "sec, call he observed directly using a iii:iss spectrometer with suitable 

tra,,st lilile characteristics, the existence of long-lived (> 10' see) negative 

ions was f i st demonstrated in 1962 by lZdelson et at (93), who showed that the 

SF has ,Ili average au todetaehment lifetime of approximately 10 jtsec. Asundi 

& Craggs (94) and I-I ickam & Fox (95) suggested that the energy of tle captured 

electron is shared among the many degrees of freedom or the molecule for a time 

amenable to mass spectrometric observation. Compton et al (65, 96) extended 

the number of long-lived molecular negative ions to include C 0 1-1 ,NO 

(C It 1C() ) , arid several perIl ti orocarbons with a utodet aeh men 

lifetitues from 2.5 p5cc for (CI-lO) to 800 p5cc for c-C 6  F 1 1 CF. Compton et al 

(65) tlso considered the energy to he redistributed throughout the ion, thus 

requiring sonic time before relocation of the energy into a mode favorable to 
autod etaeh men t. The proposed model relates the attachment cross section (Ca), 

the average autodetachmcn t lifetime (7), and the molecular electron affinity 

(EA) at equilibrium through the expression 

where p - and p °  ate the respective densities oF states for the ion and its frag-

ments of relative velocity t'. Ni east' rement of T0  and a and a knowledge of the 

vibrational frequencies call then he used to calculate the electron affinity, which 

is the dominant parameter in the term p - /p ° . '[his model has been discussed by 

Compton et at (65), Collins (97), and Mots (98) in 1967. 
The attachment cross sections used in such calculations have been determined 

by tlie combination swarin-tieani method of Chris! opliorou et at (99) described 

in (I). Harland & Thymic (100) determined relative cross sections by comparing 

the ,Cross sections i on  signal, to that of S r-, whose absolute cross section is 

known (81). "Long-lived" molecular negative ions have been extensively in- 
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vestigated by Compton, Christophorou, and co-workers. These studies include 

attachment in the liekI of the ground and excited electronic states (101, 102), the 
energy dependence of cross sections and lifetimes (103, 104), and the formation of 

metastable CO from molecules containing the carboxylic grouping in the cor-

rect stereospecific configuration (105). Theoretical papers on COj have been 

presented by Krauss & Neumann (106) and by Taylor et al (107). - 

SURFACE EQUILIBRIUM STUDIES 

The Magnetron method for the determination of electron affinities is a develop-

ment of the original method of Mayer et al (108-110) by Page and co-workers 

(111-119). The Magnetron consists of a co-axial triode-type valve, with the 

fil ament along the axis and the co-axial anode on the outside, mounted in a 

solenoid coil. In (he absence of the magnetic field the thermionically emitted 

electrons and ti le  negative ions pass through the grid and are collected by the 

anode. Following the application of a sufficiently intense magnetic field, the 

electrons move in circular paths and are collected by the grid, whereas the ions 

continue to be collected at the anode. The ratio of the anode currents at a series 

of filament temperatures can then he used to deduce the electron affinity of 

the attaching species. Page and co-workers have compiled an impressive list of 

electron affinities using this technique which have been published in book form 
by Page & Goode (119). In (lie absence of mass identification, however, some of 

the values deduced using this  met hod are subject to unknown uncertainties. 
A similar technique has been used by Fine & Scheer (120, 121) in the deter-

mination of the electron affinities for molybdenum, tungsten, and rhenium (see 

Table I). 
A technique developed by Wentworth et al (122-132) uses a gas chromatograph-

ic detector designed by Lovelock (133) to examine electron scavenging by 

polyatoniic molecules. Using the cell in the pulsed mode, called the pulse sam-
pling technique (125), 17-19 keV electrons emitted from a tritium-fl foil are 

iliernialized in it huller gas of Cl-1 4/Ar mixtures. Following a I mscc stabilization 

period, a 0.4 ;isee sampling pulse is applied and the elections in the cell are 

collected. The experiment is repeated after a trace of the material under investi-

gation has been admitted to the cell through a gas chromatograph and the 

difference in the electron current is attributed to loss by electron attachment. 

From a study of the temperature dependence of capture on electron affinities, 

activation energies and, in some cases, details on dissociative capture processes 

have been deduced. Although Wentworth (134) uses elaborate gas chromatograph-

ic purification procedures, trace contaminants pose a difficult problem gen-

erally unrecognized by other workers in this area. Electron affinities determined 

by Wentworth's method, mainly for aromatic molecules, have been listed (1) and 

are not included in Table I of electron affinities. 
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Inlilt I 	Niliermiciltat alonfle. i';iilie:il, and iiiolcetilar electron illillilie? 

Species Electron afliiiity 

(CV) 

Rcf. Method Year 

I I-I 0.75415 (197) C 1962 

0.756 ± 0.130 (198) AS 1964 

0.77 (199) C 1969 

0.776 ± 0.050 (186) P 1970 

4 He (),080+ 0(8)2 (200) P 1967 

7 Li 0.65 C EA C 1.05 (201) SI 1969 

0,62 (199, C 19(,8, 

202) 1969 

12 C 1.2 (203) S 1954 

1.25 ± 0.03 (173) P I962 

1.29 (199) C 1969 

< 0.5 ± (fl)5 (186) P 1970 

13 Cu > 	1.4  El 1937 

1.65  El 1958 

0.74 ± 0.05 (186) P 1970 

14 CH 1  —0.95 (205) El 1958 

5 CII, 1,08 (119) SI 1969 

16 0 1.5 (206) El 1964 

1.461 ± 0,024 (207) P 1965 

1.478 ± 0,002 (208) P 1968t 

1.42-1.35 (119) Si 1969 

16 N 14 1.21011,12 (119) SI 1969 

0.74 (185) P 1971 

0,744 ± 0,022 (209) P 1972t 

17 OH 1.80 (210) EL 1966 

1,78 - 1.82 (119, SI 1966 

211) 

1.83 ± 0.04 (182) P 1966 

1.91  C 1,967 

1.94  I' 1969 

19 F 3.448 ± 0.005 (158) P 1963 

3.400 ± 0.002 (214, ES 1965, 

215) 1967t 

3.45 (119) SI 1966 

3.50 (199) C 1,969 

3,398 + 0.002 ' 	(216) AS 1971 +  

The species For which only calculated values are available are listed at (lie 

bottom of the table. The list or atomic electron affinities is incomplete, as pçevious 

reviews (e.g. I) have i ic I tided s neli tabulations. Aroma lie molecules and their de ri va 

tives have been discussed in detail by Chrislophorou (1, 24) and have been omitted 

from this table. 
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Table I ((on' in ted) 

m/e 	Species 	Electron affinity 	Ref. 	Method 	Year 

(CV) 

24 C 1  3.10+ 	lOt) (203) El 1954 

3.54 ± 0.05 (186) p 1970 

25 C, 1] 2.70 (119) SI 1969 

3.73 ± 0.05 (186) P 1970 

2.2 (217) CT 1972 

2.16 ± 0.4 (192) ECT 1973 

26 CN 3.6 ± 0.4 (13) LE 1953 

3.7 ± 0.2  SI 1959 

3.2±0.17 .  El 1960 

3.16 ± 0.04 (119, SI 1968, 

220) 1969 

3.82 ± 0.02 (221) P1 1969t 
3.2 (145) El 1971 

30 NO 0.87 (222) cr 1961 

0.9±0.! (118) SI 1964 

> 0.86 (223) El 1968 

> 0.65 (224) El 1969 

0.83 (119) SI 1969 

0.09 (225) ECT 1971 

+0.010 
0.024 (226) P 1972 

- 0.005 
0.015±0.1 (192) ECT 1973 

31 CF > 3.3 (227) El 1970 

32 0 2  0.95 ± 0.07 (13) LE 1953 

0.15 ± 0.05 (228) P 1958 

.-0.l5 (229) C 1959 

> 0.58 (230) El 1961 

0.43+ 0.02 . (231, EA 1961, 
232) l966t 

1.1 (224) El 1969 

> 1.2 (190, CT 1969 
233) 

1.05 < 01 < -  1.2 (234) CT 1970 

~ 0.48 (225) EC1 1971 

> 0.45 ± 0.1 .  (235) ECT 1971 

0.43 ± 0.03 (236) P 19711 

~ 0.46 ± 0.05 (237) MB 1971 

0.42 (238) C 1972 

32 S 2.07 ± 0.07 (177) P 1956 

1.81 (119) SI 1969 

2.0772 ± 0.0005 (184) P 19701 
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fat, le I 	(coil? ii nil) 

m/e Species Electron affinity 
(CV) 

Ref. Method Year 

33 slI 2: 	1.8 (239) El 1961 

2.25 (212) C 1967 

2.319 ± 0.010 (240) I' 1968 

2.19 (119) SI 1969 

2.28 ± 0,15 (213) I' 1969 

33 P11 1  1.60 (119) SI 1969 

1.25 ± 0.03 (185, P 1971, 

24!) 1972 

35 Cl 	' 3.613 ± 0.003 (158) P 1963t 

3.48, 3,70 (III, SI 1960, 

242) 1966 

35 OF 2o 1.4 ± 0.5 (243) El 1970 

36 C 3  1.8 (203) 5 1954 

38 F, 3.0 (244) El 1958 

2.8 (55) El 1969 

2.9 ± 0.22 (146) El 1971 

7(18 ± 0.10 (195) ECU 1971 

2.94 ± 0.10 (149) 111 1973 

42 NCO 1.56 (245) El 1968 

> 2.6+ 0.4 (246) El 1971 

44 CS f: 	1.2 (247) 	, El 1969 

45 FCN 2.8 ± 	1.7 (246) El 1971 

46 NO 2  ~ 3.82 ± 0.06 (248). El 1962 

3.9 (210) El 1966 

3.91 (119) SI 1969 

2.32 ~ NO, 	1.83  CT 1969 

3.10+ 0.05  P 1969 

2.45  Cl 1970 

7,9  I' 1970 

2.7 ± 0.2  Cl 1971 

2.04 (225) ECT 1971 

2.5 ± 0.1  Cl 1972 

2.38 ± 0.06  CT 1972 

2.28 ± 0.10  ECT 1973 
2.30 ± 0.15 
2.50 ± 0.05  MB 1973 

47 CFO 2.7 	' (55) El 1969 

3.3 (256) El 1970 

48 SO 1.1 (239) El 1961 

1.09 ± 0.05 (186) P 1970 

1.1 (147) El 1973 
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Table I (cons much) 

m/e 	Species 	Electron affinity 	Ref. 	Method 	Year 
(CV) 

48 O 
- 

2.89 (257) EA 1950 
- 	 3.0 (230) El 1961 

3.06 > 0, ~: 	1.96 (225) ECI 1971 

50 CF, 2.65 (119) SI 1969 
> 0.2 (227) El 1970 
< 1.3 ± ILK (K) El 972 

52 NE, 3.0 (119) SI 1969 
1.58 ± 0.21 (149) El 1973 

54 FCI 1.5 ± 0.4 (258) El 1969 
> 1.04 (258) C 1969 

58 SCN 3,51 (245) El 1968 
2.17 (119) SI 1969 

S ) 3,3 (210) El 1 966 

3,36 (128) EA 1968 

60 CO 3  1.8 ± 0.2 (187) P 1972 

62 NO 3  3.88 (259) LE 1947 

> 2.48 (39) CT 1971 

64 5, 0.84 (260) El 1968 

64 SO, 1.12 > SO, > 1.0 (189) El 1961 

] .()+ 0.5 (186) I' 1970 

0.99 (192) ECT 1973 

65 C,l-1, 15 2.2 ± 0.3 (261) El 1972 

69 CF, 1.74-2.21 (119) SI 1969 

2.0 (262) El 1969 

1.8 ± 0.2 (243) El 1970 

2.1 ± 0.3 - 	 (227) El 1970 

2.2 ± 0.3 (149) El 1973 
2.05 ± 0.2 

70 CI, 2.5 ± 0.5 (251) Cl 1970 

2.52 ± 0.17 (146) El 1971 

2.38 ± 0.10 (195) ECT 1971 

2.3, 2.45, 2.5 (254) CT 1972 

2.35 ± 0.15  CT 1972 

2.32 ± 0.10  ECT 1973 

76 CS 1  1.12> CS, > 1.0 (189) CT 1961 

0.5 ± 0.2 (192) ECT 1973 

77 AsH, 1.27 ± 0.03 (209). P 1972 

78 CO, 	11,0 2.1 	± 1)2 (187) I' 1972 

80 Hr 3.363 ± 0.003 (158) I' 1963 

80 Sell 2.8 ± 0.5 (263) C 1970 

2.21 ± 0.03 (264) P 1972 
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l'al,le I 	(unit ,tiiii'd) 

ni/c Species Elect run affilli t y 
(CV) 

Eel Method Year 

81 C 2F 3  2.0 ± 0.2 (227) El 1970 

2.0+ 0.4 (265) El 1972 

85 cf 1.35 (119) SI 1969 

.9 ± 0.1 (243) El 1970 

> 1.9 ± 0.2 (266) El 1972 

89 S1._1 2.71 (119) SI 1969 

2.95 ± 0.05 (100) El 1971 

96 Mo 1.0±0.2 (120, SI 1967 

121) 

97 CF,CO 5 0.6 (256) El 1970 

98 S1Cl 2  2.6 (267) El 1947 

99 CF,N  2.1 ± 0.3 (246) El 1971 

108 SF, > 	1.2 (246) EA, C 1971 

117 co,  2.10 ± 0.35 (268) El 1961 

1.22 (119) Si 1969 

119 C21`5 - 	 2.4 (269) El 1951 

2.4 (270) El 1969 

2.3 (262) El 1969 

2.2 ± 0.3 (246) El 1971 

2.1 ± 0.2 (7) El 1972 

123 C,,I-1,NO 2  0.4 (65) EA, C 1966 

> 0.7 ± 0.2 (196) ECT 1973 

127 I 3.17 (112, SI 1 .961 

119) 

3,076 ± 0.005 (179) P 1962 

3.063 ± 0.003 (158) P 1963t 

27 SF 5  3.39 (271) El 1961 

3.66 	4 	0.04 (117) Si 1964 

> 2.8 ± 0.1 (196) ECU 1973 

28 C 2 (CN), I  2.8$ ± 006 (119) SI 1969 

13 C 2 F 5  2.5 ± 0.3 (246) El 1971 

2.6 ± 0.4 (265) El 1972 

2.7 ± 0.2 (7) El 1972 

146 SF" > 	1.1 (65) EA, C 1966 

1.43 (119) SI 1969 

~r 	1.29 (102) EA, C 1.970 

> 1.4 (246) EA. C 1971 

> 0.6 ± 0.1 	- (196) ECT 1973 

15.0 As 2  0.! ± 0.1$ (403) El 19.73. 

152 CCI. 2.06 (119) SI 1969. 
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Table I (ec.uuinud) 

in/c Species Electron affinity Ref. Method Year 

(CV) 

60 131 2  2,3 ± 0.1 (170) Cl 1969 

2.87 ± 0.14 (146) El 1971 

2.5! ± 0.10  Ed' 1971 

2.6, 2.55 (254) CI 1972 

2.62 ± 0,2 (192) [Ci' 1973 

162 Ic. ! 1.43 (222) C F 1961 

169 C 3 F, 1.99 (119) SI 1969 

2.4 (262) El 1969 

2.2 ± 0.2 (246) El 1971 

2.3 ± 0.2 (7) El 1972 

181 C4 1 7 , 2.69 (119) SI 1969 

2.6 ± 0.5 (246) El 1971 

184 W ()5 'I 	0.3 (120, Si 1967 

121) 

186 Re 0.15 ± 0.10 (120, Si 1967 

121) 

186 C 0 !' 6  1.20 (119) SI 1969 

*0.2 (246) EA,C 1971 

* 1.8 ± 0.3  [CT 1973 

200 C4 F 8-2 > 0.7 (196) [CT 1973 

200 c'C 4 F 5  2: 0.4 (196) ECT 1973 

207 IlIr 2.7 ± 0.2  [CT 1971 

225 As 3  0.84 ± 035 (403) El 1973 

231 C 5 V 9  3.1 (170) El 1970 

3.1 ± 0.3 (246) El 1971 

236 C 7 F 5  > 1.7 ± 0.3  ECT 1973 

254 I 2.6 ± 0.! (146) El 1971 

158 ± 0.10  [CT 1971 

15, 2.55. (254) Cl 1972 

2.3, 2.54 

2.42 ± 0.2 (192) ECT 1973 

260 WV4  2.3 (272) El 1973 

262 e-C 6 F 10  1.4 ± 0.3  [CT 1973 

279 WV, 0.8 ± 0,2  El 1973 

298 WV 6  2.74 (119) Si 1969 

353 U1-- 6  2.91 (119) Si 1969 

-- Species for 	vliieIi only theoretical derivations of the election affinity. a .rc available 

2 111 -2.85  1936 

-3.58  1 956 

-0,72 (205) 1959 
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Joule I 	(loll: tine4) 

in/c Species Elect roil affinity 
(CV) 

Ref. 	Method Year 

23 Na 0.54 (202) 1968 

0.35 (199) 1969 

33 NF 0.6 ± 0.5 (275) 1971 

39 K 11.47 (202) 1969 

0,3(1 (199) 1969 

46 NS 1.3 ± 0.3 (255) 1971 

50 IT 1.4 ± 0.3 (275) 1971 

51 SF 2.5 ± 0.5 (263) 1970 

Meijitni kei 

AS = a bsc, r p ('oil s peel roscopy 

C 	ci,Ietilatioii 

Cl 	elienlical iOniZtIillil 

CI' = charge trails icr 
EA = electron attachment (equilibrium methods  and low energy impact) 

FA, C = calculations based on experimentally determined autodetaclinleilt liieliines, 
at to elI lie ut doss Sections, and available vibrational freq tie ides (65) 

ECT = endothernuc charge transfer 
El = electron impact 

Es = elIlissioll spectra 
LE = lattice energies [only a few  values meluded. see Pritchard (13)] 

Mir = illolectilai beam teclliliqties 

I' 	pIlOt odetacli illetit 

P1 	plioloionhl.atiOil niass spectrolnetry 

PS = pulsc.sainpling method [Wentworth ci a! (122-133)] 

S 	si,it,Imiatioii 
St = surface iolnzatioil [magnetron technique (119)] 

= values frequently used in the Itlerattire 

DISSOCIATIVE RESONANCE ATTACHMENT 

Dissociative reson a lee attachment is considered to take place as Follows: 

AB -  i -c 	 All - * .  A + B 
	

2. 

Holstein (135) proposed that the cross sect ion for dissociative electron attach- 

nient, 	be given by tile product of tile cross Section for capture into a 

repulsive state of the molecular ion, rr, and the probability. e 	that AB - * will 

then dissociate without autodetachinent, i.e. 

-r (1' 	 3. 
Cda=COC 
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where i, is the atitu&letitclitiietit lifetime. the survival (hue. 'I_ is the time taken 

for tie dissociating negative ion to cross (lie potential energy surface of the 

neutral. Recent theoretical treatments of dissociative attachment, e.g. O'Malley 

(136, 137) based on the resonance scattering theory of Feshbach (138, 139), have 

provided an explicit expression for a,, in Holstein's equation. O'MalIey's 

(136, 137) treatment predicts the isotope effects of a,, observed by Rapp et at 

(140) and the striking tern peril t Lire effects observed for 02 by Fite et al 

(141, 142). Clirislophorou & Stockdale (143) have classified dissociative attach-

men( reactions into (lace categories on the basis of a plot of (lie log dissociative 

attachment cross sections at resonance maximum, bt a(E, flfl ,), against the reso-

uialice energy, n  for over 30 molecules. Each category has a distinct range for 

the ratio 'l/i, in Holstein's (135) equation and consequently involves different 

degrees of isotope effect on a,. 

ELECTRON IMPACT MASS SPECTROMETRY 

The basic apparatus used in these studies includes an electron gun, it collision 

chamber where ions are formed, a ni ass analyzer, and an electron multiplier with 

associated electronics for ion measurements. The electron gun may be one of the 

quasi-monoch roniatic types and the instrument may or may not operate in a 

pulsed mode. The tinie-of-hligh( mass spectrometer has been used extensively in 

negative ion studies and is particularly suitable for studies of metastable ions. 

This, and other types of mass spectrometers have been described in some detail 

by Kiser (144) in 1965, and the reader is referred to this text for further details. 

An evaluation of the energetics of negative ion formation by dissociative 

resonance capture processes can provide a wealth of th crrnochemiea I in forma-

lion such as electron affinities and heats of forniat ion for radicals, ions, and 

.molecules, which would otherwise he difficult to obtain. 

AB+e 
	 4. 

= A,, - 	= A11 1(A) 4 6111(tJ) - a11 1 (AB) 	 5. 

or 

A,,=D(A—B)--EA(A)+E. 	 6. 

,.Where All 	enthalpy of reaction, A,, is appearance potential, and E,., the 

excess energy, is the sum of the electronic, vibrational, rotational, and transta-

tona I energies. Accurate determination of an unknown thermochemical pa-

rameter depends upon the accurate determination of both A,, and E. 
Partitioning of excess energy among the various degrees of freedom in polyatom-

ic molecular ion intermediates is the subject of much discussion (147, 149-153) 

vnd the importance  of (his problem cannot be overemphasized: The absence of 

vibrational and rotational excitation in the dissociative capture products of a 

diatomic molecule greatly simplifies this problem, and in most eases electronic 

excitation can be inferred from (he appearance potential. The excess energy term 
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is (lien reduced to c,, the translational energy distributed between the dissocia-
tion products. Early attempts to measure translational energies conducted by 

Tate St Lozier (154. 155) and by hewett (156) used a retarding potential method 

in a total ionization apparatus. This approach was highly successful and may 

be illustrated by Buchdahl's (157) determination of 3.0 ± 0.2 eV for the electron 

affinity of the iodine atom. The presently accepted photodetachinent value is 

1063 ± 0.003 eV (158). 
The difficulties of experimental measurements of the excess energy terms in 

polya tonic 'no lecti les have been largely responsible for their neglect and appear-

ance potentials have been used to estimate limiting  values for unknown pa-

rameters. Cha ii try St Schulz (159) have pointed out the importance of including 
the thermal motion of the target gas when applying translational energy correc-

tions,and Chantry (160) has demonstrated the potency of combined appearance 

potential and translational energy measurements for analyses of reaction ener-

getics. Haney St Frank Iii (161) used a time-or-flight technique (162) to measure 

the translational energy of the positive ion fragmentation products of 16 reac-
tions and proposed an empirical relationship based on the quasi-equilibrium 

theory of R osenst ock et al (163, 164) for partitioning the excess energy among 

lie various degrees of freedom of the intermediate molecular ion 

=Th, aN = A, — All 

In this expression, E*  is the excess energy, excluding electronic excitation and 

corrected for the thernia I motion of the target gas;?:, is the total average transla-

ional energy distributed  between the dissociation products; M is an cx per-

i mel] tally determined coefficient less than unity which has the effect of reducing 

N, the vibrational degrees of freedom for the molecular ion, to an effective 

number of degrees of Ireedoni. Ex periniental determinations of 7:,, using the 

time-or-flight method, and a are used to calculate E*  which is combined with 

the appearance potential, determined by deconvolution of the experimental re-

sonance curve, to obtain a value for AH rnj,,, the minimum enthalpy requirement 

for the process (137, .139). Franklin and co-workers have used this approach to 

evaluate the energet ics of dissociative resonance attachment in d iatoni ie (146, 

147, 165), triatomic (147), and a wide variety of polyatomic (145, 148, 149, 166, 

167, 402, 403) molecules. The rate of change of ion translational energy, as a func-

tion of excess energy above the resonance threshold, is found to be constant and to 

vary from one dissociative attachment process to the next. Abrupt changes in the 

translational energy over the resonances have been attributed to contributions 

from competing reactions and in some cases to the appearance of electronically 

excited neutral products. In such cases where spectroscopic information is avail-

able, agreement exists with the electronic energy spacings dedticed from this 

method. Accurate electron affinities (and ground state heats of formation) have 

been determined and included in Table I 
The effect of temperature on attachment cross sections has bee13 studied for 

0 formed from 02 by Fite et at (141, 142), for 0 formation from N 2 0 by 

Cliantry (168) and Chancy & Cliristophorou (169), for some pertluorocarbons 
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by Lilsliitz et al (170), and for a group of partially halogenated nletlialle deriva-

tives and sulfur hexa Ii norid e by Spence & Schulz (17 I). 

Fite et at (141, 142) have found the resonance maximum and onset for 0 

from 02 to be reduced by I and 2 eV, respectively, when the temperature is 

increased to 2100°K. O'Malley (137) has confirmed this by a semi-empirical 

method. The change was attributed to the increase in nuclear separation with 

increasing vibrational excitation. This also brings about a reduction in survival 

time with a consequent increase in cross section. Thus between 87 and 1040°K 

the cross section for 0 lorniat in from N2 0  increases from c 9  to 
I cm 2  (168). l 7erguso ii ct a I (172) have discussed the formation of the 

N 2° * ion and suggested that a geometric deformation of the neutral N 20 

molecule would be necessary. The results of Chan try (168) and of Chancy & 

Christophorou (169) Support these suggestions, the activation energy for defor-

mation determining the temperature dependence of the cross section. The ( 2 fl) 

N20-  state having a bond angle of 1340  is involved. The 0 ion exhibits a 

second resonance maximizing at 2.3 eV which is independent of temperature and 

is postulated to result from the Ii flea r N 2 0 - ( 2 Z) state. 

ELECTRON AFFINITY DETERMINATIONS 

The measurement of electron affinities has proved a formidable task. Tabula-

tions of up-to-date values may show significant annual changes as different 

techniques are applied to the same problem. Atomic electron affinities can now 

be measured accurately using the pliotodetachment method which may also 

yield adiabatic electron affinities for some small radicals. The majority of known 

radical electron affinities, however, have been determined by electron impact 

and surface equilibrium techniques and are accordingly limited in accuracy. The 

only electronically excited negative ion reported is C*,  probably the 2 D state 

orresponding to the first excited level of the isoelectronic nitrogen atom, from 

the photodetachment studies of Seman & Branscolnb (173). Further excited 

states are predicted from the extrapolation techniques (174-176) based on the 

assumption that the energies of isoelectronic species having different nuclear 

charge Z can be expressed in terms of Z plus a number of parameters specific to 

he configuration. The following states so predicted have not yet been exper-

inientally verified: Al-('D), SVCD). Si - (2p), and 1D).2 

PIIOTODETACHMENT 

Branscomb & Smith (177) developed a crossed negative ion-photon beam 

pparatus at the National Bureau of Standards (NBS) which incorporated a 

double focusing in ass spectroniel er, it xenon-arc lamp, and a monoch romator 

wit Ii phase-sell si live detection. A bea In of mass analyzed negative ions generated 

Indirect experimental evidence for 1his slate has recently been nhlaillcd (402). 
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in a discharge ion source was crossed with a modulated high intensity mono-
chromatic light beam of variable frequency. The attenuation of the negative ion 

signal when the photon energy equals the binding energy of the extra electron is 

then determined and yields the electron affinity. Berry (19) and Christophorou 

(1) have discussed the threshold behavior. The NBS apparatus has yielded elec-

tron affinities of  (173), 0(178), S (177), 1(179), 02 (ISO, 181), OH (182), and 

SI-I (183). 
Lineberger & Woodwind (184) used a [unable (lye laser in place of I3rans-

couiib's arc lamp source to improve the accuracy of the electron allinity 

dctcrnnii:i tiorl. 
Smyth et al (185) used an ion cyclotron resonance spectrometer in place of 

Branspomb's mass spectrometer and the photon beam generated by a tunable 

(lye laser was directed along the length of the analyzer cell- The electron 

affinities determined by these authors and by Feldmann (186) and Burt (187), 

using variations of Bransconib's technique, are included in Table I. 
Berry & Riemann (158) developed a different photodetachnient technique to 

determine accurate electron affinities for tile halogen and oxygen a toni. Halide 
negative ions were generated from their alkali halide salts in shock heated argon. 

A flash lam p source of continuous radiation is triggered by the wave in the 

shock tube and the absorption spectrum recorded photographically on a spec-

-- trograph. In the case of 0 the experiments were conducted at higher tempera-

tures due to low ion currents in the shock tube and the emission spectrum for 

the process 0 + e ,  O -  + hr recorded. An accuracy of ±5  mV is claimed 

with this technique and the electron affinities determined are included in 

Table I. 

CHARGE TRANSFER 

Charge transfer (or charge exchange) reactions are conducted in the high pres-

sure source of a mass spectrometer or other suitable apparatus and provide 
i nforina tion on the relative election affinities of reactant and target species 

188 191). A series of charge transfer reactions carried out using a combination 
of reactant ions of known electron affinity and target species can be used to 

coinp lc a table of relative values from which an unknown electron affinity may 

be estimated. Thus, the fact that EA(NO 2 ) is greater than that of 0. (188), 5, or 

Sit (491) and less than that of Cl or Cl (191) results in EA(NO 2 ) 2.3 eV in 

accord with the most recently published values: 2.28 ± 0.10 (192),. 2.30 ± 0.15 

(192), and 2.50 ± 0.05 eV (193). Such a favorable series of reactant ions with 

reasonably established electron affinities converging on that of the target gas is 

not typical and usua ll y only  limiting values are reported. 

A recent development of this method is endothermic or endo.egic charge 

transfer. The reaction is initiated by increasing the translational energy of the 

reactant ion beam until the secondary ion is detected. Following the application 

of instrumental corrections (192, 194) the electron affinity of the target gas is 
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deduced from the charge transfer cross-section threshold. This technique has 

been used by Chu pka et al (195) [or tile halogen molecules and by Tiernan et al 

(192, 194, 196) for a ii umber of di atomic, triatonhic, and sel
ected fluorocarbon 

molecules. 
Polyatomic negative ions produced by electron impact may be vibrationally 

excited and, in the case of molecular negative ions, undergo rapid autodetach-

ment. The excess energy involved in a charge exchange collision is shared 

between the two scattered particles and consequently molecular negative ions in 
low lying vibrational states call be produced and used in subsequent reactions. 

Such resu lts  can then be compared with electron impact data to obtain informa-

tion on the reactivity of vibrationally excited species. 
Electron affinities determined by endothermic charge transfer and selected 

values deduced by conventional charge transfer are included in Table 1. 

JON-MOLECULE REACTIONS 

Introduction 

Ions react readily upon collision with many neutral atoms or molecules. Such 
ion-molecule reactions were observed and a few identified (276, 373) in the 

earliest days of mass spectrometry. Interest lapsed, however, and was not revived 
until the mid-1950s when several laboratories undertook investigations, prin-

cipally of positive ion-molecule reactions. The surprising nature of several of the 
reactions observed and their very large rate constants induced many mass spec-

trometrists to study ion-inolecu Ic 
reac ti ons  so that the literature expanded ex-

plosively. In the intervening years several reviews of the subject have been 

published, starting with Lampe et at (374). Chapters in books have been written 

by Stevenson (375), Melton (376), and Futrell (377). A symposium on ion-

molecule reactions was held as part of the American Chemical Society meeting 

in 1966 and the papers published as a book (378). Recently, books by McDaniel 

et al (309) and a collection of review papers edited by Franklin (3 10) have been 

devoted entirely to ion-molecule reaction and present the current state of 

the subject in considerable detail. None of these reviews is devoted exclusively to 

reactions of negative ions, but they do include these as part of the general subject. 

In addition, there have been several reviews of 
spec ific  aspects of the field, 

especially those of aeronomic importance (379, 380) and summaries of results by 

specific methods such as the ion cyclotron resonance (381) and flowing afterglow 

(382) techniques. 

Experimental Methods 

The first "modern" study of a negative ion reaction was that of Muschlitz (277) 

who used a molecular beam apparatus to study the reaction I4(14201 I-12)011. 

This was followed rapidly by reports of Melton & Rupp (278) of the reaction 
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I-ICO (N 1' NO 2 )CN - and of 1-lenglein & M uccini (279) oF several reactions. 

They studied abstraction of I atoms from several iodides by 0 - ; 11 '   and H 

transfer reactions of 0 with intro  methane, and charge exchange reactions of 

0 with NO 2 , of S0 with SO 2 , and of C6 1-1 5 N0 with SO 2  They deter-

mined the rate constant of each of these reactions and found them to be com-

parable in magnitude with those of positive ion molecule reactions. 
Early studies of ion molecule reactions were made with the ionization cham-

ber of a mass spectrometer as the reactor. These instruments used continuous 
extract ion of the ions so that the collision energy varied over the ion path in the 

source. This procedure was incapable  of providing rate constants of thermal 

ions, and at the same lime it could give only an approximate indication of the 

effect of collision energy upon reaction rate. 
In order to secure more meaningful results, various experimenters have used 

equipment designed to give more precise knowledge and control of the reaction 

conditions. Thus, the time-of-flight mass spectrometer utilizes a pulsed-ion 

source and can be fitted with a variable time delay of the extraction pulse. Ions 
are formed by a short (normally 0.25 jisec) electron pulse and may be held in the 

source for up to 2 or 3 psee before extraction. The variation of ion intensity with 

time and pressure gives the rate constant winch is thus freed of the uncertainty 

of the collision energy inherent in the results of the continuous withdrawal 

source (280, 281). However, most of the reactions studied by this method used 

ions formed at the peak of the dissociative resonance capture curve. As shown 

by l-larland et at (147), ions formed at resonance maximum will be transla-
tionally excited and, if polyatomic, vibrationally excited also. These effects can 

influence the reaction rate and unless care is taken to determine the translational 

and internal energies, the meaning of the rate constant is obscure. 
III .order to control the- collision energy, several investigators have used 

tandem mass spectrometer devices. Such an apparatus was first used by Lind-

holni (282) for the study of charge exchange with positive ions. This method 

utilizes a mass spectrometer to select ions of the proper mass. These ions, 
usually after passing through a lens to reduce their energy, are injected into a 

collision chamber where they may react with the gas present. The product ions 

are extracted and analyzed in a second mass spectrometer. For studies of charge 

exchange the secondary ions are extracted at right angles to the path of the 

primary ions. In studies of ion molecule reactions, the product ions (together 

with the residual primaries) are extracted collinearly with the primary ions since 

the transverse extraction method discriminates against reactions involving the 

exchapge of massive entities (283, 284). The instrument designed by Futrell & 

Mille 1 .  (284) is also equipped for velocity analysis of the product ions. A number 

of such instruments have been built, those of Paulson (283), Chupka (195), and 

Tiernpail using the instrument designed by Futrell & Miller (284) having been 

espeqi ally productive of results on negative ions. This method permits control of 

the cpllision energy over a wide range, but is limited to a minimum energy of 

about 0-3 eV. It also suffers from the Fact that the internal energy of primary 
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polyatomic ions cannot he controlled. The method has the great advantage 

of establishing ng unequivocally the identity of the precursor of the product ions. 

The control of collision energy makes possible the precise measurement of the 

onset of endothermic reactions and thus determinations of electron affinity or 

heats of formation. Chupka et at (195) determined the electron affinities of 

the halogen molecules, and Paulson (283, 285) and Tiernan and his associates 

(192, 194. 196, 286) studied a large number of reactions by this method. 
The most successful and productive method of studying thermal ion-molecule 

reactions is tlic flowing afterglow method developed by Ferguson and his asso-

ciates (287, 288). In this method ions, usually He, are produced in a microwave 
discharge which  may he either continuous or pulsed. A reactant gas is injected 

downstream from the discharge and reacts with He '  or excited lie atoms to 

produce the ions to be studied. These pass down the reactor tube along with the 

helium carrier gas and are thermalized. A second reactant gas is introduced 

d ownst rca In from the first and reacts with the primary reactant ions. The pres-

sure of tile reactant gas, the toni perature, and the now rate can be controlled. 
Read ion time is determine(] by tile gas now rate. The second reactant gas may 

he an unstable (ilic, such as an aluili or it Free radical, which may be generated 

immediately before injection into the flowing gas stream. At the end of the 

reaction chamber the ions are sampled into it quadrupole mass filter and 

analyzed. This is the method of choice for studying thermal reactions and is 
probably the only method available for studying reactions of ions with unstable 

species. It has been used largely to study ion-molecule reactions of atmospheric 

interest but is in no sense limited to such reactions. 
on-Ill olecu Ic reactions can be studied with a drift tube, but this method has 

been reIn lively little used with nega live ions. The method uses it drift space with 

giids or ring electrodes which provide a controllable electric liçld that causes 
any ions present to drift througk the gas at a controlled rate. It is possible to 

maintain a field strength and pressure such that ion-molecule collisions are 

essentially thermal. The method must be used with great care unless it is 

combined with mass analysis to identify the various ions present. Phelps et al 

(289) and Parkes (290) have used drift tube reactors in several studies. 

'One of the most interesting and original recent instrument developments in 

niIss spectrometry has been the ion-cyclotron resonance (ICR) method of Wob-
schall (291. 292), Llewellyn (293), and laldeschwieher (294, 295). !y this method 

ions are formed in a conventional      source and injected at low velocity into an 

ICR cell. Here the ions are subject to crossed electric and magne.Uc fields which 

cause them to move in a spiral path with a frequency that dep,ends upon the 

mass of the ion and the magnetic field strength. A radiofrequencyLelectric field is 

applied normal to the magnetic field. When the radiofrequency is the same as 

the frequency of revolution of the ion, the ion will absorb energy from the field. 

Thus, by measuring (lie power absorbed from the rf field while sweeping the 

electric or magnetic field, a mass spectrum can be obtained. Field strengths are 
small and the energy of the ions is never large, so collisions, occur at near 
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thermal energies. The path length in the cell and consequently the retention time 

is long. The pressure must be kept relatively low, but the long time makes it 

possible to observe ion-molecule reactions. The variation iii intensity of primary 

or secondary ions with retention time permits determination of the reaction rate, 

and some variation in collision energy is possible. The method has been ex-

tended by Baldeschwieler (294, 296) by the application of a second rf field. If this 

is set at the frequency of the primary ion while the first or main rf field is set at 

the freqtieiicy Ill it suspected product ion, a change in the reaction rate will occur 

if the first is indeed reacting to form tile second. 'rIms. the precursors of various 

product ions are readily identified. l'he method has tIle advantage of analysis in 

situ so that extraction and discrimination are not it problem, and absolute 

values of ion concentration are measured. It suffers from the disadvantage of 

relatively poor resolution and under some conditions from the quite complex 

mathematics required to interpret the results. 
Early studies of ion-molecule reactions it, single source mass spectrometers 

showed the rate constants for many reactions to be quite large ( > 10 

cc/niolccscc) (297) and suggested there would be extensive further reactions if 
the source pressure could be increased substantially. Several investigators have 

achieved higher source pressures by closing the source slits and installing differ-

ential pumping. Some instruments are operated at t atm and several at pressures 

of I to 10 torr. Probably the first to use this technique was Field (298), who 

studied positive ion-molecule reactions in ethylene at pressures up to a few 

tenths torr. Further studies by Munson & Field (299) showed that with methane 
at about I torr source pressure, very small amounts of impurities resulted in 

extensive reaction with, in most instances, relatively simple spectra. This 

tec h n ique, called chemical ical ionization, has proved to be a powerful tool for the 

detection and identification of very small quantities of complex molecules, 

especially those of biological or medical interest such as might be present in 

body fluids. Most chemical ionization has been carried out with positive ions; 

however., Dougherty (300, 301, 302) has shown that the technique can also be 

used with negative ions. At sufficiently high pressure the electrons, either pri-
mary or secondary, will ultimately attach to it suitable molecule with or without 

dissociation. Thus, the number of negative ions formed will be greater than the 

number of positive ions and consequently the technique will be more sensitive 

for negative than for positive ions. The primary ions thus formed can then 

undergo ion-molecule reactions, usually at energies approaching thermal. The 

method is being applied with considerable success by Dzidic (303), but as yet 

little has been published. 
In all studies at elevated pressure, i.e. greater than a few tenths tort, difficulties 

are experienced in injecting electrons into the ionization chamber and investiga-

tors have found it necessary to increase the electron energy to 300-400 V in 

order to obtain useful i011 intensities. Bcca use of this problem, some mass spec-

trometrists have used a radioactive material, usually a small sheet or foil of the 

radioactive materials, as a source of ions or of ionizing radiation. Thus, Keharle 
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(304, 305) has used polonium, Yang & Conway (306) have used tritium, and 

l)zidic (303) has used nickel as ionizing media. An alternative method, available 

to only a Few expel i lien tcrs, is the use of it beam of high energy ions. Kebarle 

(307) and Wexlerr (308) used this method but it apparently is not very satisfac-

tory and has been used very little. In most of his experiments K ebarle has used 

electrons accelerated to 4000 V and focused by a specially designed electron gun. 
More complete descriptions of the methods used to study ion-molecule reac-

tions are given in McDaniel et aI (309) and Franklin (310). 

Kijielics 

The early observation that ion-molecule reactiolis proceed at unusually high 
rates has made the study of their kinetics both interesting and important. In 

nearly all the systems studied the ion concentration is much smaller than that of 

the reactant molecules. Consequently all ion-molecule reactions, whether second 

or higher order, can he treated by pseudo- First order kinetics. In all cases it is 

assumed that the nicasilled intensity of an ion is proportional to its 

conccntratiun. 
In molecular beam, tandeuti mass spectrometer, and ICR experiment, the 

precursor to each Product ion is established. With drift tube, flowing afterglow, 
and single source mass spectrometer, some care in preparing the reactant ions is 

necessary and some chemical intuition is helpful in relating precursor to prod-

3Jct. At pressures below about 0.1 tort appearance potentials are useful for this 

purpose, but at higher pressures this is impossible. 
Ili order to determine the rate constant, the retention time must be known. In 

continuous extraction sources at low pressures, the time is computed from the 

free FitlI time of the ion in the electric field of the source. At elevated pressure 

(above about 0.2 tort) it is necessary in both standard single source and drift 

•tube  instruments to use mobility to determine drift velocity. Unfortunately, these 

are usually not known and must be estimated, so the results are necessarily 

approximate. The time in a pulsed source is determined from the length of time 

between application of the electron injection and ion withdrawal pulses and is 

usually variable. 
Negative ions undergo all of the same kinds of reactions that, positive ions do, 

including the transfer of neutral atoms, negatively and positively charged atomic 

,
ions, negatively charged diatomic ions, charge transfer, and reactions requiring 

tr nctura I rearrangement. In addition, negative ions can undergo associative 

capture reactions and will do so if the reaction is exothermic. 

Although not exhaustive, Table 2 contains rate data on a. large number of 

negative ion-molecule reactions and includes several examples of each kind. 

'Rate constants for reactions of each type vary from about 2: x 10 -9  to about 

i0' cia 3  molecule ' see - '. In spite of the deficiencies of the various methods, 

,rate constants for a given exothermic reaction determined by various methods 

are in better than order-of-magnitude agreement. 
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Table 2 Rate cOt 151 an IS and reaction doss sections 

Reacti(n 	 Mel hod' 	10 10 1 	 Q(A) 	Rer. 

(ec/nuolec. see) 

Associo!ire Dtiach,neits 

L 11 	+ H - H, + c' PA 13 	 - 311 

 It - 	0 3 ' 110 2  -I-c PA 5; 12 	 - 318 

 it 	CO - 	11CC) 1' PA (ES 	 -- 318 

 II" 	j 	NO --. liNt) -I-c PA 4.6 	 --- 318 

 C -  ± CO-,  C,O 1-c PA 4.1 	 ..-. 3191, 

 C' 	('03 -s 2CC) 4-" IA ((1147 	 •_ 3191, 

7, C+N30-sCO+N,-I-e PA 9 	 - mm 
8. O 	+O-.O3-F'r FA 3,1.9 	 - 312,313 

9, 0 + N-s NO + e PA 2.2 	 - 313 

10. O 	+ II,- 	11,04-c PA 5.0,6.0 	 - 312,314,315 

II O 	-4- 11 3 -) 11 1 0 4- c l) P 11,7.2 	 - 316,317 

12. 0 	-I- If,-11,0 + s' ES 3.6 	 - 349 

Ii 0 +U3D3O+e ES 4.3 	 - 349 

14. rn ± 0 3 -00 5 + e ES <aol 	 - 349 

IS. 0 	+CO-'C0,9-c 135 7 	 --- 349 

16 O-+CO-'CO,l'c PA 5,4.4 	 - 312,315 

IT mi- CO -s CO, 4-c UT 8.6.5 - 	316,317 

18, 0+NO-NO3+e PA 5,1.6 - 	312,314,315 

 O 	+ NO 	NO 3  -I-s DT 1.5,2.4 - 	316, 317 

 0+N0-NO2+c ES 1.4 - 	349 

 O 	+ N 2 -'N 30 + ,' ['A <0.01 - 	312 

 0 	-4-N 3 - N 20 + or DT <anus - 	316 

 0 	1- ;S0, - SO, 9- e ES 9.25 	 -- 349 

 0 	9--Cl 14 -, C11 40? 9-c ES <0,01 - 	349 

 rn ± (f i t 1, 	C, 1 1,0 + c' ES 17 - 	- 	349 

 0 	+ C21t3 	C21120 + or. PA I) - 	319c 

 0 	+,C3 11 4 	C1 11 40  + e FA 4.05 - 	319c 

 0' 4-tC 2 I-1, -' C,H,0 + e ES 021 - 	349 

 0 	+ C 2 I-1 4  -' C 2 11 40 + or ES 4.7 - 	349 

 0 	i--,C,14, 	C,H 2 O + e ES 10.9 - 	349 

 rn + .rC4 H 5 	C 4 11,0 + c- ES 18.5 - 	349 

Method ,K c 

['A = Ilowing  a flergi ow 

MS = Ii iass specit011ie(] y 

M RI' D = nod" a ted Rut) on Source 
TMS = tandem mass spcctronicter system 

Dlvi S = mass spectrometer equipped wIll' it 

drift space for ions from refractory 
materials to pass through reactant gas 

Di' = d,, -,ifI I tube 

ICR = cii cyclotron u - csohu3,uucc 

Mill molecular beam 

ES = eedIron scavenging  

Measured at 03 cV. 

Maximum value at 8-IS eV. 

At I cV. 

'At 0.25-0.3 cV. 
' ibis reaction is endothermic by about 

20 kcal/mole. 
a 0 below 2.5 eV; a max at 8- eV. 

I' i -nba hi y end oh berm ic since I increase slightly 

as repcllcr voltage increased. 

At 0.8 eV. 
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Fable 2 	((inuinrs,'.!) 

Reach,,,, N1LIh.t,tI' I0''k 

(cc/molec. see) 

Q(A2) Ref. 

 (F + 2'C4 1I, 	.C 1 11,0 + t ES 20.4 ' 349 

 O 	4(CIl,),CO--'C,11 00.1t' ES 11.4 -- 349 

34, S 	+0,-. SO-I. ES 11,07 -.. 349 

35 S 	-1 0, - SO, -I VA (Li 319;, 

36. (i' 	-4 1 	11(1 -I  VA 9 -- 315 

37, 0'+0-'0,-I-e VA 5,3.3 312,313 

38. 0 	1-N- NO, H-v VA S -- 312 

39, 0'+N-.NO±0+e VA 4 315 

40. 0' + 0 1 ('Aq) - 20 2  -I- , VA 2 -- 320 

41. OW + If 	11 2 0 + t- 	. VA 10 - 315 

42. OI'I 	+ 0 	110 2  1-.' . 	VA 2 - 312 

43. 0ll 	± N- HNO -I-.' VA 	- <0,01 - 312 

44. CN 	-F H- IItN + 	- VA 0.8 -- 315 

I, I1 	+ 0. -'0; 'Eli VA <0,1 - 312 

 H - 	NO 2  - N0 	H- II VA 29 -- 315 

 [F + NO 2 	NW -I- I) '[MS 12 -- 192 

 IF + SF. -, SF; + I) '('MS 0,48' -- 196 

Sa,01-NO,-.  NO; 4-O VA 12 '- 315 

MS ' 8-70 321 

- II -- 60 322 

I'MS I" - 192 

MS 22 --' 279 

Sb. U' 4(3,-. 0; 	1-0 VA 5.3 ...- 315 

6. (F 4- N,2 O 	N,O - 	1' 0 MS 0,02 -- 323 

7. 0' 4- (:0 2 	Co; -- 0 I'MS - 0.35' 344 

S. (F + SE, - SE,' -I- 0 1MS 0,(X)24 - 96 

9. + NO 2 	NO;-  4- V 13 -- 03 322 

10. r + NO, 	NO; ± S MS 4.8 - 325 

IL Cr±SF,,-.SV; 4-Cl TMS <8x10' - 196 

11. cr 4- NO, - 	N0 	-I- ('I MS -- 8-70 321 

VA c 0.06 -' . 	324 

3. r-FsV,-. Sir ,: 	+1 TMS -c2x 	10' --- 196 

13a. 0; + 0,-0 ., + 02 VA 1 318 

14. 01 + NO, -NO; 'I 0, 13 20 5 322 

IS. 0 	+NO 2 -.N0 	Ho: VA 8 - 315 

16. 0 	+ CO, -, Co; + 0 2  TMS - 0,26' 344 

I?. 0; + 	0 2 	sO; 4- 0, VA 5.4 - 326 

18. 0; + 5F, 	-SV 	+ 02 VA 0.7 - 313 

19. 0; + SE6 	SE 	+0 '  TMS 0.36' - 196 

20, Oil -  4- NO, --No; -I- 011 VA 19 -- 315 

 Oil -  + 'SF,, - SV 	+ Oil 1515 < 0.002' - 196 

 NO 	402  -, 0; + NO VA 9,5 - 312. 327 

 NW 4- NO, 	No; + NO I) 'V 7.4 - 327 

24, NW 4 CO I  -, Co; + NO 	- '[MS - (18' 344 
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la Mc 2 ((out i,II ted) 

ReaclioTi Method' 10' °k 
(cc/mulct. see) 

Q(A') Ref. 

25. NO 	+ S176 - SF 	± NO 'EMS lY - 196 

26a. N0 -1- N,O 	N,O 	± NO 'EMS - 0.5 max? 347 

Thtt 514 	+ NO, 	NO; + SlI MS II - 325 
192 

 S11 -  -I- NO, 	NO; ± SI I 'EMS 7 6  

 SO -  + SO, - So; + SO MS 2.4 rd. - 279 

 0;+ NO, _.NO, ±O, Ii 7 •-- 322 
315 

 NH; + NO 2 	NO; + Nil, FA 10 - 

 so; + NO, 	No; ± SO, TMS 436 - 192 

32, CS; 4- NO, 	NO; + CS, TNIS 416 - 192 

 0; +OO +20, VA - - 329 
192 

 Cr; t NO, 	NO; + CF, TMS 376 - 

 C,F; + NO, 	NO; + C,F, TMS 3 . 26 192 

3(,. C,l I; ± SF 6  - SF; + Q1, TMS 0 .36 - 196 

37. SF; 4- NO, -• NO; + SF, ' 	MS - 8-70 321 

38, SF; i- NO, 	NO; 1- SF. MS 

SF; + NO, 

 

-.NO 2  + SF 

--- 8-70 
0.1 

321 
322 

 II - 

 SF +0-0 -  + SF 6  FA 0.5 - 328 

 SF; + ur 	or; + SF, MRI'D IS - 345 

 SF 	+ 5eV 6  - SeF 	+SF,, MRI'D 2.1 - 345 
345 

 SF 	+ Tel-6-. TcF 	+ SF,,  hi RI'!) 1.9 - 
- 345 

 SF; + TeI' 	TeF 	+ SF,, + F MR 'I) 1.1 
345 

 oF; + iF,, 	ur; ± UF, M RI'D 14 

At .... 1 	Jr.,,. .sfri' 

I. ir + 11,0-' OW -I' II, MS 38 -- 329a  

11,0-011-+ Ii, II -- 0,3 277 

3, Ø 	+ D,O -.00 	4-I), MS 45 323 

 l-r + O,-'OH 	+ 0 VA <0.! - 318 

 H -  + N,O - OH 	+ N, FA II - 318 

 0 	+ ii, - Olr + U UT 0.33 - 319c 

 rn .t- 1I,0-.011 	+ Oil MS 14 - 329a 

 rn + N,0 -0; + N, ''EMS -- 0.7 ni,tx' 347 

 rn+N,0. No -  +NO VA 2.2 - 330 

ICR 2.5 - 330 

OT 195 - 331 

1'MS - 1.2' 347 

0. 0 +No,-.o; +NO MS 0.18 - 323 

II. 0 + CO, -.0; + CO TMS - 0.2 max' 344 

12. 0 	+ i, -.or +1 MS 21 -.- 279 

3. (V -F 113r -. or + Br MS 0.6 - 279 
319c 

14. (V + CU 4  -, OW + CII, DT 1.1 - 

FA 1.0 - 332 

5. (V + CII,! -.Or + CU, MS 10 - 279 

 (V + C,11 4 -' OW + C,ll, MS 0.6 - 338 

 (V + C,I I,, 	0I'I 	i- C,11, IA 7.0 - 332 

 (V + C ' 11 '  - OW -4- C,H M RI'D 3.5" - 338 



(9. 0 - + C,11,- ow+ C,11, 

0 -I- "_'C4111 , 	oir -f C 4 IL, 

5 +COS -.Sj +CO 
N0 + N,O N0 -F N, 
N0 -t- NO, No; + NO 
No; -I- 0, No; 4• 0, 
CO, +o-.cO; ±0 2  
No; ±NO -.NO -i-NO, 

21. No; ±NO-.N0 + NO, 

WO; + Cl, wo,cr -f Cl 

(wo,); +Cl,- (W0,),C1 ± Cl 

(w.o,); -F Cl, -. (wO,),Cr ± Cl 

WO; -i NO, W0 + NO 

(WO,) -4- NO 2  -. (Wod,0 4. NO 
(wo,)No; -I- W0 1  

(W0 3 ) + NO, -' (W0,),0 + NO 
-. (wo,),No; + WO, 

ReO + Cl, -. 

35, Re0 + NO, -. RcO + NO 

T,'atjsfel' of Negative .4to,iiic Ions 

O;±N0_NO±0 

Oj I- CO 	Co ,, -F 0 

F; 'I- BF, - Bl 	I 

0; -F II-'Oil' + 0 2  

0; - CO, -.CO; +0, 

 o;+  SO,  -*S0±Oi 

 No; + l-h-.OH -  ±N0 

 co; +o-o; ±CO, 

 CO; +No-.No; ±CO, 

iO. Co .,-F NO, -' N0 	-F ('0 2  

ii. co; 4 -  so, - so; 1- CO, 

12. SF" 	-I- III', -, i;i'; 	-I- SF, 

I). SI- 	• 	-I- 	IlCI, -. 	IlCI_,l'' 	'I' 	SF, 

 SF; + l'OF'-.P(0;  't. SF, 

 SF; + PS!', 	I'SF; ± SE, 

Transfer of Positive A tousle bits 

+O,-0 +OH 

C + 0 2 -0 4  C 
0" 'F CNCI - CN - ± OCI 

4, 'O 4- C1111-C211 - + Oil 

5. C +C,D,-.C,D -l-OD 
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Table 2 (continued) 

	

Reaction 	
Method' 	I0'°k 	 Q(A') 	Re(. 

(cc/inolec. 2cc) 

VA 9.3 - 	382 

VA 12 - 	332 

MS 3 - 	351 

1)1 0,0003 - 	331 

VA 0,004 - 	329 

VA 0.18 - 	324 

VA 0.48 - 	329 

DI 0,00005 - 	334 

VA 0.15 - 	333 

DM5 IS - 	348 

DMS 6 - 	348 

DMS 4 - 	348 

DMS 6 - 	348 

DM5 4 348 

DMS 3 - 	348 

DM5 I) 348 

DM5 7 348 

VA <0.01 - 	315 

iMS - 0.2 n'ax, 	344 

M l'lU) 6 -- 	 339 

VA 8.4 - 	335 

VA 4.0 - 	313 

Dl' 5.5 - 	336 

VA 17 -'- 	 337 

VA 3.0; 4.0 - 	337,337a 

VA 0.8 - 	313 

VA 0.09; 0.18 - 	313,337 

VA 0.8 - 	326 

VA 2.3 -. 	 337 

MgI'!) 1$ 339 

MRI9) 16 339  

MS 0.25 -- 	 352 

MS 0025' - 	352 

VA >0.! 	 -,- 318 

VA 4.0 - 	318 

MS 20 --- 	 353 

DI 8' - 	319e 

MRI'D I3-24 - 	338 

MS 
818b - 	338 
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[able 2 (c'wttisined) 

Reaction Method" !0'°k 	 Q(A2) 

(cc/rnolcc. sec) 

ReF. 

 O 	+ CH 3 NO 2  -. dH,NO; + OH MS - 	 2.6 279 
354 

 O 	+ CH,NO, 	CH,NO + Oil MS 21 	 - 
342 

 0; ± lICICL + 1102 VA 16 	 - 
16 	 '.- 342 

 No -  + IICt -.CL + IINO VA 
14 	 -- 342 

 NO; + tici -. Cl - + I INO, IA 
342 

II. NO; ± Illr-. 0r 	+ IINO, VA 
VA 

19 	 - 
>0.0! 	 - 342 

12. NO; + IICI 	CL + 11140, 
6.3 	 - 342 

3. NO; + HEir -. Br 4. lINO, FA 
343 

14. CH,O 	4- CD,CI1,F -. ICR 0.4 	 - 

CO 3CH 2 I7 + CI1 1 0D 

DMpIur'i'nieiii mid Reui'r,lI ne, neil' U ear' 

I. 0" 4 CNCI 	OCN - + Cl ICR 0.4 - 	343 
31k 

 O 	+ C,l'I 	-. C,011-  ± 11 DT 0.1 
0.46' 	 -- 

- 
338 M RN) 

 0 	+ CD, -. C,()[)- + I) M RN) 
0,42h - 	338 

346 
 m + CH,CI ".CL + (110 VA 12 -- 

3 19c 
 0" + C,II 	C2 1  11 + 1-1,0 1)1' 1.9 

4.2' 

- 
- 	338 

 m + CI1,NO, -, HCN0; + 11 20 

MRPD 

MS 10 - 	354 

 0 	± C 6 11 -. C 0 H; + MRI'I) 1.1 - 	338 
338 

S .  0" I- C0i), -, CD4  + D,Ob M RP1) 2.6 - 
338 

 O 	+ C,6 1 ç -. C 6 H 2 O 	4- IF MR PD 0.84 - 
338 

 O 	+ C 6 D 	C 6 1),O" -4' D M RPI) 1.7 - 
343 

II. F" + CU,CIi,F -. DV 	+ CD,Cll, ICR 1.3 - 

 OH" .,-CH,Cl 	Cl -  + CI1,OH VA 19 - 	346 

CS; + Nil, 

V 
 MS 9.5 	 , - 	350 

NH ±tCSz.N 

HS' + !-INCS 

HS 	+ IINCO 

N11 + gos'  MS 4.6 - 	350 

N 
is. 

NII,S 	+ CO 

NOj + C14,NO, -, 011" + 7 MS 1.2 - 	354 

16. 0 + CO,- CO + 02 VA <02 - 	333 
333 

17. 0 	+(D,-00 +02 FA 2.5 - 
333 

18. o;+ Co, -CO; +0, VA 43 - 
340 

19. o; ± U 2 0 	0' 11 20 1' 0, MS IS - 
341 UT 14 - 

20 Cu ,O 	.± CI),CI•I,I' 	' ICR 0,4 - 	343 

Cl-I ,O or 	i CI),CI I, 
ACT 0,4 '- 	343 

21. CI1,O 	±CI),Cl l,I - 
- + CI:! ,00 I ,CI),( ?)  
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Del ermhu,t ion of Acidity 

The it 	energy of the reaction 

flAB = W + AB 

is a measure of the acid strength of I-lAB. If the free energies of formation of 

HAD and A13 -  are known, the equilibrium constant or acid strength is 

determined. This is seldom the case and so the acidity of a compound usually 

cannot be dctcrni i ned in this way. I -I owevcr, relative acidities can be obtained by 

observing whether or lot proton transfer occurs between a certain molecule and 

it negative ion thus 

13 (HA, 1-1l3)A 

If the reaction is carried out at near thermal energies and proceeds as shown, 

then the proton allinity (13 - ) is greater than the proton allinity (A - ) and HA is a 

stronger acid than till. By stuçlyiiig a homologous series of compounds in this 

way, it qualitative no ders ti id i ng of the effect of structure upon acid strength can 

be established. 

Brat' man & Blair (355) have used the ICR double resonance technique 

(294, 296) to ascertain the direction of proton transfer in mixtures of CN - and 

CH 3CN, of HCN and CH 2COCN, and of both ions with the cool form 

of CH 3COCH 2COCH 3  Their results show the acid strength to increase in 

the order I-ICN cCH,COCN < CH 3COCH 2COCH 3 . Brauman & Blair 

(356, 357) have also determined the order of acidities in several normal alcohols 

and found that the acidity increases with chain length. Similar results were 

obtained by Tiernan & Hughes (358), who used it tandem mass spectrometer to 

determine the rates of forward ;aid reverse proton transfer reactions for several 

alcohols. The equilibrium constant (K ,,,) was determined from the ratios of the 

rate constants with acidities in agreelnen t with those of B rauma n & Blair 

(356, 337) and Mclver et at (360). l3ohme et al (359) have found a similar order 

of acidities of alcohols using the flowing afterglow method. The order of acid 

strengths of the alcohols in the gas phase is thus the reverse of that in solution. 

This undoubtedly reflects the effect of solvent upon reactivity. 

Haney & McIver (361) have studied S,2 reactions in a number of systems 

using t lie pulsed ICR method. They measured the ratio of reaction of chloride 

ion with several alkyl  b roni ides and of methyl chloride with several ions of 

elements from the first and second rows of the periodic table. The results dis-

agreed seriously with those obtained in solution. Bohme & Young (362) have 

also studied tile reaction of several negative ions with methyl chloride and found 

that the principal reaction was displacement of Cl - . Smaller ions such as 0 

and OH and larger ions having the electron localized reacted rapidly, whereas 

ions having tire eli a rge dcloea Ii zed reacted relatively slowly. 

Several other studies of proton transfer and relative acidity have been 

reported. McIver et al (363) have determined the acidities of several acetylenes 

and have gotten further values for the alcohols. Jiiger et at (364) have also 
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studied various react bus of 0 with several alcohols and gotten relative intensi-

tics of various product ions. 13)' using dcuteriuln substitution on the hydroxyl, 

he rate of reunova I of the hydrogen atom from the oxygen was found to be 

somewhat greater than that of it hydrogen attached to carbon. 

Along somewhat similar lines, Dillard & Rhyne (365) have observed F -  ion 

transfer from SF to PF 3  and 13175 , and Dillard (366) has studied F -  transfer 

from SF to several methyl Iluoro silanes. I -laartz & McDaniel (367), using the 

ICR double resonance technique. have studied F -  transfer in several reaeti om 

and established an order of F affinities. 

L,,dtIue',ni;c (Jtiit(ji' J'(i' , I 

In U p'ev ions section (lie deterni in a ti on of electron affinity by endothermic 

charge transFer was discosscd. It should he mentioned that measurement of the 

onset for collisional decomposition will often yield valuable information con-

cerning bond dissociation energies or electron affinities. In the course of nleasur-

ing charge transfer and collisional decomposition, it is also possible to determine 

cross sections or reaction rate constants for the reactions. Several such results 
are included in Table 2. In addition to those previously mentioned, studies have 

been reported by Clow & Tiernan (368), Vogt (369), Paulson (344, 370, 371), and 

Martin & Bailey (372). In certain of these investigations exothermic reactions 

have exhibited a threshold, indicating an energy barrier to reaction (371, 372). 

Several investigators, using labeled compounds, have studied isotope distribu-

tion in the reaction products (192, 347, 369, 389) and Paulson (323) has shown 

that the reaction 

0(O, .0)0 

proceeds by both cli arge transfer and ion-a toni exchange. 

Equilibrium Studies 

The availability of various kinds of equipment (flowing afterglow, drift tube, and 

high pressure ion source and ICR) that permit relatively long retention times 

and/or high pressures makes it possible to determine equilibrium constants and 

free energies of react ion. Some ins I runien ts can operate over it wide range of 

temperatures and thus permit the determination o f heat of reaction. A large 

number of thermodynamic studies of exchange reactions of positive ions have 

been made, but relatively few exchange reactions of negative ions have been 

studied. Several studies of equilibrium in proton transfer reactions were dis-
cussed above. In a study of flames seeded with potassium and cesium, Gould & 

Miller (383) observed equilibrium to occur in several reactions of negative ions 

of cli romiuni and rhenium oxides and determined their heats of reaction. 

It early became evident that 1-1 3 0 and Nl-1 added 1-1,0 or NI-I 3  molecules 

successively as the pressure increased. Kebarle (384) among others has shown 
that it is possible to determine the equilibrium constants and their temperature 
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dependence For each successive addition and has reported values for clusters tip 

to eight solvent molecules. 
Clustering reactions of negative ions have also been studied and Table 3 gives 

typical results for (lie enthalpy and entropy of several H 2 0 additions to OH -

and the halide ions. The enthalpy of each water addition decreases as the 

molecule becomes larger. The solvation of monatomic positive ions is greater 

than that of negative ions in the same period of the periodic table. This is to be 

expected as (lie positive ions are considerably smaller than (lie negative ions 

(387). 1-lowever, 17-   and K + and Cl - and Cs have similar ionic radii and 

exhibit similar enthalpies and entropies of solvation. In a further study Vain-

dagni & Kebarle have studied clustering of several other molecules around CI 
(388, 389) and Payzant et at (390) have studied clustering around CNTh NO 

and NO. 

Fable 3 A (1-120), = A (14,0)"- , + Il0 

- I fl(385) CL(385) Br - (385) 1(385) 01-1 - (386) 

All AS All 	AS All AS All 	AS All AS 

1,0 83.3 17,4 13.1 	16.5 12.6 18.4 10.2 	16.3 22.5 19.1 

2,1 16.6 18.7 12.7 	20.8 12.3 22.9 9.8 	19.0 16.4 19.3 

3,2 13.7 20.4 II.? 	23.2 11.5 24.5 9.4 	21.3 15.1 24.8 

4,3 13.5 36.9 11.1 	25.8 10.9 26.8 14.2 29.5 

5,4 13.2 30.7 14.1 33.2 

Theory of 10,1-Molecule Reactions 

For a large number of ion-molecule reactions the rate constant agrees well with 

he classical collision rate treatment of La ngevi n (391) and its later modification 

byGiournousis & Stevenson (392). Byring, Hirsehfelder & Taylor (393) obtained 

similar results using absolute rate theory. These treatments all result in the 

relation 

a = 2m(a/ji) 1 r/i' 	 8 

where a is cross section, v is relative velocity, c is the unit electric charge, a is the 

pplarizability of the neutral, and ji is reduced mass. Theard & Hamill (394) and 
Moran & Hamill (395) modified the treatment to include molecules with a 

permanent dipole. 
Tile a above is a collision cross section and corresponds to reaction cross 

section only when the rate of decomposition of the collision complex to prod-

ucts exceeds the collision rate. Statistical treatments of the decay of the com-

plex have been developed by Light et al (396, 397, 398), Tannenwald (399), and 

Wolf (400). None of these is completely satisfactory. A eompletc review of the 

theories of ion-molecule reaction rates is beyond the scope of this review. The 

subject has been extensively treated in McDaniel et al (309) and various 
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methods have been subjected to careful evaluation in light of available theories 

by Henchman (401). The reader is relerred to those for more detailed 

information. 
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A 115Y IRACY 

I onic collision processes which occur in weakly ionized mixtures of methane 

Willi nitrous oxide and carbon dioxide have been studied while the ions are 

contained in a potential vell generated by an electron space charge. Where 

comparison is possible the results are in reasonable agreement with other recent 

ineasurenients. In addition, the present study has allowed an assessment of the 

'dative importance of electron transl'cr and hydrogen atom abstraction processes 

when either N 20+ or CO,' react with methane. Within the experimental error, 

the combined rate eoeficien t for hydrogen atom abstraction and electron transfer 

reactions with methane is the same for both N 20 + and CO, ' . However for 

N,0' only one reactive collision in iS results in electron transfer, while for CO, '  

election transfer occurs for one reactive collision in four. 

In mixtures oF nitrous oxide with methane evidence has been obtained 

'or the production of n;/e 30. llu'esliold nieasui'enients reveal that both 

N2O + and CH + + are possible precursor ions. In the same mixtures it has been 

found that Cl'1 3 ' will react with N 2 0 but that the observed rate coefficient rises 

from 0 to 0.53 x io c111
3  Molecule -'  see - ' as the ionizing electron energy is 

increased From the threshold for CH,' production to 20 eV. This observation is 

taken as evidence for a reaction pathway which involves only internally excited 

Cl -I iOilS. 

IN 1 RO I) u Cii ON 

In mixtures of methane with either carbon dioxide or nitrous oxide, the 

following rapid ionic reactions are possible. 

CI'1 4  +X 	products (A) 

Cl'l +X 	products (B) 

X 4 C'l'I4 -* products (C) 
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where X represents CO 2  or N 2 0. Reactions represented by (A), (B) and (C) have 

been studied by high-pressure mass spectrometry [I], ion cyclotron resonance mass 

spectrometry [2], flowing afterglow methods [3, 4] and, quite recently, by the 

trapped ion method [5]. Not all of the reactions have been studied by all of these 

techniques but sufficient overlap exists to demonstrate significant discrepancies 

in tire rate coefftc ien t measurements. 

Two sources of these discrepancies are readily recognizable. The first stems 

from systematic errol -s associated with a particular investigation. The second 

source of discrepancy is a more fundamental one brought about by differences 

in the energy of the reactant ion. it is well known that some ionic reaction rates 

are influenced by both the internal and translational energy of the reactant species 

[6]. Since, in general, the available experimental methods do not allow the unique 

specification of the energy state of the ion, differences in measured rate coefficients 

are to be expected. Some of the difficulties associated with the evaluation of the 

relative importance of these two sources of discrepancy are discussed further 

below with reference to some recent measurements of simple reactions in methane. 

Because the proton affinities of methane and carbon dioxide are about 

equal [4], it is found that when the equilibrium 

C0 1H ±01 4  Cl-t c  +C(3 2 	 (I) 

is reached., measurable quantities of both CO 2  I-I + and Cl-I5 + coexist. This has 

allowed the measurement of the equilibrium coefficient K,, by Kasper and Franklin 

[I], using high-pressure mass spectrometry, by Bolime et at. [3] and by Flemsworth 

et al. [4] using flowing afterglow methods and, more recently, by Harrison and 

Blair [5] using the trapped ion technique. The large discrepancies observed in the 

value obtained for K,, have been attributed to the fact that neither the method of 

Kasper and. Franklin nor that of I-I ar ri son and Blair allows the ions to attain 

thermal equilibrium. 
Presented below are the results for rate coefficient measurements for several 

reactions in pure methane, in methane and carbon dioxide mixtures, and in 

methane and nitrous oxide mixtures. These measurements have all been made 

using the ion trapping technique and by controlling the parameters so that the 

mean translational energy of the primary ions is kept to 0.1 eV. This point is 

discussed further in the Experimental section. 

EXPERIMENTAL 

All the reactions discussed here have been studied using the technique for 

ion trapping described by Bourne and Danby [7] and developed for ion—molecule 

studies by Herod and Harrison [8]. The performance of the National Standards 

Laboratory research mass spect u -ometcr when set up for ion trapping has been 



Paoer7 	 135 

1000 

r 

	P ° ° ° ° ° 0 0 

C olcuto ltd dtpt 4 005 V 

A A A  AA 

loop curr.nt 3pA 

000 OC- 

[ 	
Trap curr.nt 41iA 
Cotcotot•d d*pth 007V 

LI 

- PC 
Z 30 

o r 
U 

z 
2 	I 

7,.P curr.n t ?p A 
Colcijlottd d.ptlo 0 035 V 

0•0 

'C 

0.1 
0 	 0000 	 2000 	 3000 	 4000 	 1000 	 1002 

RE PELt ER PULSE DELAY (p sac)  

Fig. I. Trapping characteristics obtained for Ar in pure argon. The well depth is expected to be 

proportional to the trap current and the calculated depths arc shown on the figure. 

described by Ryan and Graham [9]. No changes have been made either to the 

apparatus or in the conditions employed in that study. Calculations indicate that 

the space charge well is less than 0.1 V in depth and the results for Ar in pure 

argon shown in Fig. i support this. The well depth, which is expected to be pro-

portional to electron current [10], is seen to be too shallow to trap any ions when 

the current is 2 jiamp, but when this is increased to 4 pamp quite good trapping 

characteristics are obtained. For an ion source temperature of 340 K the argon 

ions formed at any point in the electron beam will have an initial mean kinetic 

energy of 0.043 eV. The effect of the space charge well will be to modify this 

distribution, but it is clear from the 2 pamp results (Fig. 1) that those ions formed 

at the bottom of the well (and hence unable to derive kinetic energy from it) 

possess sufficient kinetic energy to escape from the well. From this we conclude 

that the well depth for the 2 zamp case is <0.043 V. Because of the assumed 

proportionality between depth and electron current, we expect the depth at 4 pamp 

to be <0.086 V. 
The relationship between the pressure in the inlet reservoir and the collision 

chamber density has been established using the method of Stevenson and Schissler 

[II] with argon as the calibrating gas. This procedure yields a rate coefficient of 

(1.22±0.02) x 10 - 9 cm molecule sec for the reaction of CH 4  with methane. 

Here the errors shown represent reproducibility and not accuracy. .Henchman 
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has made a compilation of values for this reaction coefficient (Table IV ref. [61) 

and concludes that it is 1.2 x 10 -9  cut '  molecule - ' see - 1  with an uncertainty of 

I x to - ' O  cm molecule- ' see- '. Thus the measurement made here is in close 

agreement with values obtained by other methods. 

Measurements show that the gas flow is molecular and this is supported by 

the results of Ryan and Graham [9] which show that a fourfold increase in the 

reservoir pressure had no significant effect on the rate coefficients obtained for 

the reaction of CI-1 4  with methane or 11 2 ' with hydrogen. For gas mixtures the 

sum of the 7. composition for each component has been (100±1)7. in all cases, 

while the error in the composition of any component is I 7. of its value. 

RESULTS AND DISCUSSION 

Reactions in pure iiie(Iiaiie 

Before the results obtained for mixtures of methane with nitrous oxide or 

carbon dioxide can be interpreted, allowance must be made for those reactions 

Which occur in pure methane. We have measured the rate coefficients for reactions 

of both CI-{ 4 " and Cl-! and. observations of the secondary ions produced indicate 

that, under the prevailing conditions, the only reactions which occur are: 

CEl4 +CU+- CK54+CH3 	 (2) 

CU3+CH4 -t C2H5+H2 	 (3) 

Measurement of the rate coefficients for these two reactions yield 

(1.22+0.02)x 10 	cm 3  molecule' sec 	and (1.31±0.04) x 10
-9 cm 3  

molecule sec for reactions (2) and (3) respectively. As pointed out in the 

Experimental section, reaction (2) is used to calibrate the flow system and all 

other rate coefficients are referred to it. 
Table 1 illustrates the difficulty in assessing the reliability of rate coefficient 

measurements even for the relatively uncomplicated reactions in ijiethane. All of 

the measurements reported there have been made by observing the, attenuation of 

he primary ion rather than tIle Production of the secondary ion. Furthermore, with 

the exception of Herod and Hurl ison [8], all authors claim that their measurements 

are made under conditions for which the primary ions have low translational energy 

(i.e. a mean energy —0.1 eV). The table, while it is by no means exhaustive (a 

more comprehensive compilation is given by Huntress and Pinizzotto [141), does 

illustrate the amount of variation to be found among recent measurements. In 

fact the two most recent measurements for the  C l'h3 + reaction, those of I-lu lit ress 

and Pinizzotto and oh Ftilrell [13], lie close to the opposite ends ol'the distribution 

of the literature values tabulated by Huntress and I'inizzotto. 
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TABLE I 

COMPILATION 01' IkECENI VALUES FOR THE RATE COEFFICIENrS OF CI4 + + AND 04 3+ DECAY IN PURE METHANE 

Reaction 
	 Reaction i-tile coefficients (C1113 nw/ernie - sec' x IO) 

Fh,eqqe [12] I/rind and Faire/i [13] Huntress and This work 

IIcir,,So,I 	81 I'inizZOtiO 1141 

CI-L4-I-CI14 - 	CI-1, 	-i-CI -l3 1.2 1.20 1.20 i.IIo,o4 1.22 

* 
CI-t, 	+CH4 I C 1 14,4-H2 1.3±0.1 1.15±0.05 1.30 0.89±0.03 1.31 ±0.04 

Reaction rate coefficient ratio 

1cc114+f/<cII3* 0.92±0.07 1.04±0.05 0.92±0.05 1.25±0.05 0.93 ±0.04 

Pressure measured using a capacitance manometer attached directly to the reaction region; other values in 

table obtained using indirect pressure measurements. 

There is ample evidence [6] to show that the rate coefficient for the reaction 

of CU4 .F does not vary within the range of conditions represented by the measure-

ments in Table IV of [6]. Ii k114 + (toes not vary but there is a real variation in 

ku4  + /kCtI 3  + , then kcIb + 
must vary according to the experimental conditions 

employed. 

Factors which may affect the rate of reaction of CH + are the internal and 

translatipnal energy of the ion. In order to determine the effect of excess internal 

energy on k11 3 + we have studied reaction (3) as a function of the electron energy 

near the threshold for CH 3 t Our results, shown in Table 2, make it clear that 

the energy of the electrons used to produce the CH 3  + ion has no measurable effect, 

in our apparatus, on the subsequent rate of reaction of that ion. Table 2 shows 

that exy the same conclusions may be drawn for the Cl-I4 + ion. Whether the 

variation -observed in Table 1 for kCII 4 +1kCIt,+ is caused by the undoubted 

differences in ion velocity distributions or by unknown instrumental effects is 

uncertain. However, it seems likely that some instrumental effect has not been 

taken into account in the work of Huntress and Pinizzotto. 

TABLE 2 

RATE COEFFICIENT FOR 0I4 AND C113 DECAY IN PURE METhANE As A FUNCTION OF UNCORRECTED 

ELECTRON ENERGY 

React/oil 	 k (cm 3  ,nolecnlc 	see - ' >< 109 ) for electron energy (e V) (in 

parenthesis) 

CFl. -I-CU4 -.- C1-I 5  ±CI-l3 	1.20 (13), 1.23 (IS), 	1.22 (17), 1.22 (20) 

CU 3 I-Cl-I4 	C 2 111+l -l2 	.32 (13.5), 1.32 (15), 	1.28 (17), 	1.31 (20) 
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Reactions in mixtures of methane i'itIi nitrous oxide 

It is to be expected that the ionic chemistry of these mixtures will be 

dominated by reactions (2), (4), (5) and (6). 

Cl-l 4  ± CF! 4  — C14 5  + + Cl-I3 	 (2) 

CR4+N2O — N2014+C1I3 	 (4) 

N 2 O+C.FI4 — N20FJ+Cl13 	 (5) 

Cl-I 5 +N2O-* N1OFI+CH4 	 (6) 

Ion cyclotron resonance, ICR, studies have made it clear that both CR 4 + and 

N20+  react rapidly [21 and, in addition to react ions (2) to (6), the much slower 

reactions 

CH4+N2O —* NOW +Cl-1 3 N 

and 

N20+CH4 —. NOt-I 4  +CFI 3 N 

have been proposed 
Typical results from the present study arc shown in Figs. 2 to 5. For N 20 4  

the removal rate is uncomplicated by opposing reactions and the ion intensity is 

seen to decay in a simple exponential manner yielding a rate coefficient of 

(1.17±0.07) x 10 9  c111
3  molecule-1 seC 1  which is in satisfactory agreement with 

acombined coefficient of(O.98)x 10 -9  cm 3  molecule' sec' foundby McAllister 

[2] for reactions (5) and (8). Examination of Curve (A) Fig. 3 reveals that for 

N 1 OH+ 

A A a A A A A 

• 0 

- 	•' 0 
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Fig. 3. CM.' decay curves in N 2 0/CH. mixtures. Curve (A) obtained from '—'Il mixture; the 

straight line represents a least squares fit out to 700 osec delay. Curve (B) obtained from —4:1 

N,O :CH 4. mixture. The smooth curve through the points represents a fit according to eqn. (10) 

(see text). Ionizing electron energy 20 cv; collision chamber density 3.4x o' 2  molecules ern 

Fig. 4. Ionization efficiency curves for CH., N 2 0+ and m/e 30 from 1:1 mixture of N 2 0 with 

C114 ,  Collision chamber density 3.4 x 10 02  molecules em 

CH4  in a 1:1 mix there is a slight but significant deviation from a simple exponen-

tial decay. To emphasize this deviation a least squares plot has been drawn through 

the points for reaction times to 700 isec. It can be seen readily that the values for 

CH,' counts at reaction times greater than 700 isec are systematically higher 

than those predicted from the initial slope. These observations, which have been 

quite reproducible, are similar to those which we have recently attributed to charge 
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Fig. 5. CH,+ decay curves in 	1:1 mixture of N 1 0 with CU,. Electron energy as shown; collision 

chamber (lcnsi ly 3.4x 1 012 molecules cm 

transfer phenomena [9]. in this particular case the observations can be explained 

if the reaction 

	

N20+CFE4 -, Cl-J 4 +N 2 O 
	 (9) 

occurs. Support for this interpretation is given by the results in Curve (B) Fig. 3 
which have been obtained in 4:1 mixture of nitrous oxide and methane. In this 
mixture the relative importance of the charge transfer reaction is increased, thereby 
causing a complete departure from a simple exponential behaviour for the C14 4 +  

decay curve. 
If reactions (4), (7) and (9) all occur, the expected dependence of CH, + on 

time is given by 

[CI—V,+],  = [Cl-l 4 ] 0expI— ((k 4 +k 7)[N 20]+k 2 ECU4])1] 

[CU4 ] [N 2 Oi0 [exp[ —  [CH4 ](k 5  +k 8 +k 9 )t] —exp[ —  ((k4 +k 7 )[N 20]+k 2 [CU4]t)fl 

[N20](k4 -l- k7) -I- [CU4](k2 - (k 5  +k3+k9)) 	 (10) 

where Ic <  is the rate coefficient for reaction (X) and [Y] is the particle density of 

species Y. 
An expression of the form given by eqn. (10) has been fitted to the experi-

mental observations and the result is the smooth curve through, the points for 

Cl-t 4  in curve (B) Fig. 3. From this analysis one obtains a value of 

(1.5±0. 2)x io c111
3  molecule - ' sec for k 4 +k 7 , which is to be compared 

with the combined value of 1.04x 
1-9 cm 3  molecule' sec' found by 

McAllister. Analysis of the decay curve for CH 4 + also yields a value of 

(0.08+0.04)x 10 cm 3  molecule see - '  for k9 , the charge transfer rate coeffi-

cient. The low value of the rate coefficient for charge transfer relative to the 

high value for Cl-l 4  reactions leads to large errors in the estimate of (k 5  +k 8  + k 9 ) 
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by these curve fitting procedures. Thus the direct measurement of (k 5 +k 8 +k9 ) 

results in a value of (1.17±0.07)x 10 9  cm 3  molecule' sec', whereas curve 

fitting procedures yields a value of (1.8+0.9)x 10 9  cm 3  molecule - ' sec 

Figure 2 shows a typical result for Cl-l 5  which is produced by reaction (2) 

and removed by reactive collisions with N 2 0. For repeller delay times greater 

than 700 ;tsec, product ion of Cl-I5 + can no longer be detected and the intensity 

of this ion then decays exponentially. A least squares lit to this exponential decay 

yields a rate coefficient of (0.79±0.10) x 10 - 9 cm 3  molecule see - ' and measure-

ment of the secondary ion intensities shows that CH 5  ' is removed almost 

exclusively by reaction (6). 
The production of a secondary ion with a mass-to-charge ratio of 31 has been 

observed in this study. This is probably NOW which has been reported in the 

ICR studies of McAllister. Using double resonance methods lie concluded that 

both reactions (7) and (8) occur and do so with the same rate coefficient of 

3.0 x 10 - " cm 3  molecule - ' sec I . fn principle it is possible to estimate the 

contributions of both CI-i 4  and N 2 O to the production of NOH in our 

experiments but its low intensity makes this impractical. However it is possible 

to set upper limits for the rate coefficients of reactions (7) and (8). If it is first 

assumed that reaction (7) is the only process leading to the production of NOR', 

then it can be shown readily that 

[NOH] 	 = 	k 7 [N 20] 

[Cl1 4  ] 0  +—[N 2 O J0 	(k 7  +k4 )[N 20) +k2[Cb14] 	
(11) 

k 5  +k 9  

where the subscripts outside the concentration brackets refer to reaction time and 

the subscripts on the rate coefficients refer to the appropriate reactiob. This treat-

ment leads to an upper limit of (.2.0) x 10 cm 3  molecule sec for reaction 

(7), which agrees within experimental error with the value of (3± 1.5) x 10_1l  cm 3  

molceuLe ' see- 
I  reported by McAllister. 

If it is now assumed that reaction (8) is the sole means of production of 

NOR', one obtains an upper limit of —6x 10 12  cm 3  molecule - ' see - ', in poor 

agreement with the value of (3±  1.5) x 10_lI  cm 3  molecule - ' see - ' found by 

McAllister.  
This study has also revealed the production of a secondary ion with a mass-

to-charge ratio of 30. After allowing for contributions from I  3 C 1  2 CH 5  + and from 

NO, mass 30 accounts for -2 % of all secondary ion production. Attempts to 

use threshold measurements to establish the identity of the primary ion which 

leads to mass 30 have been unsuccessful. In Fig. 4 are shown crude ionization 

efficiency curves obtained in a 1:1 mixture of CH, with N 2 0. The electron energy 

scale has not been corrected but it is clear from the figure that the process which 

produces mass 30 has a threshold close to thresholds of N 20+ and Cl-1 4 t The 

precision of the experiment does not allow either of these ions to be excluded as 
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a possible precursor, and all that can be said is that at least one of them is probably 

responsible for the production of mass 30. Furthermore it is not possible to be 

certain of the composition of this secondary ion but we note that it may be CI-1 4 N + 

since both 

N2O+CH, —* CI44 NTh-NO 

and 

Cl-1 4 +N2 O -. Cl-l 4 N+NO 

are exotherunic. 

Shown in Fig. 5 are decay curves obtained for the CL-I 3 " ion in a 1:1 mixture 

Of CU4  with N2 0 for ionizing electron energies of 20, 15 and 14 eV. It can be seen 

that the slope of these sets of results depends upon the energy of the ionizing elec-

tron. This increase in slope with increasing electron energy may be caused by 

reactions of internally excited Cl-[,' ions. Because we have shown, in Table 2, 

that the rate coefficient For (lie C14, + reaction in pure methane is independent of 

electron energy, we interpret the results in Fig. 5 as evidence for a reaction of 

excited CH 3  ions with N 2 0. From a consideration of reactions which would be 

endothermic for the ground state ion one or more of the following ions may be 

suggested as possible reaction products: CHN 2  (nile 41), C.l-1 3 N 2  + (nile 43), 

Cl-1 3 NO" and N,01-1 '  (itt/c 45). Tile absence or ion signals for itt/c 41 and ,;l/e 43 

excludes these ions as reaction products and the masking of rn/c 45 by N 2 014 

formed front reactions (4), (5) and (6) precludes conclusions regarding the last 

two ions. An additional possibility is that exothermic reaction channels for the 

ground state ion may be suppressed by insurmountable activation energy barriers. 

Considention of these, and the opening of such channels to the internally excited 

0{ 3  ions, suggests N 2 H (ill/c 29) and CH 3 0 (in/c 31) as further possible 

reaction products. However, as in the case of ill/c 45 above, the N 2 H" ion would 

be miaslpd by the C 2 1-1 5 " ion formed by reaction (3) and the CI-1 30' ion is 

excluded because the low ion signal detected at rn/c 31, and attributed to NOW 

TABLE 3 

REACTION RATE cOCFFIcIEN'Fs (cm3 molecule - ' sec_ I  x 10) FOUND FOR THE REACTION: 

C11 3 4 -I-N 2 0 — products 

U,,rorrecl cd c/ecu -a a met-yr (eV) 	React ion 'ate coefficieni 

20 0.53±0.01 

Is 0.50±0.02 

16 0,43±0.02 

15 0,3410.02 

14 Ob 

 

 

I  Values computed using the measured value of 1.31 x 10 -9  cm 3  molecule - ' sec'for reaction (3). 

Actual value obtained —0.04±0.04. 



Paoer7 	 143 

207 

(see above), is insufficient above the threshold for Cl-I 3  to support thispossibility. 

Table 3 summarizes measu renients made for this rate coefficient as a function of 

electron energy. 

Reactions in mixtures of methane ;tiI/i carbon dioxide 

Ionic reactions ill methane/carbon dioxide mixtures have been studied 

recently by flowing afterglow [3 and 4], high pressure mass spectrometry [I], 

and trapped ion techniques [5]. It is clear from these studies that the most rapid 

processes are 

Cl-I 4 +CO 2  - CO21-1+CH3 	 (14) 

CH4  + CU4 -* CI -1 5 +  + C1_13 	
(IS) 

CO, ±Cl14  -. CO,I-I + ±Cl-1, 	 (16) 

CO 2 11 ±CH 4 	Cli 5  +C01 	 (17) 

CH 5  +CO 2 	CO,Fl +C1 1'. 	 (18) 

F,•iinari' ioll react ions 

The experimental results or the present study are summarized in Figs. 6 to 8. 

It is clear from Fig. 6 that CO 2  + decays in a simple exponential wanner and the 

value obtained for the rate coefficient, (1.15+0.1) x I0 	em 3  molecule - '  sec 

is in good agreement with the value of (1.07±0.09) x 10 9  c111
3  molecule - ' sec 

obtained by Harrison and Blair 5]. There seems little doubt that an error in the 

estimate of the ion source residence time is responsible for the high value of 

2.3 x I 0 	cm' molecule - ' sec' reported by Kasper and Frank]-ill [1]. 

Some results for Cl4 4  removal are shown in Fig. 7. Harrison and Blair 

have reported that the rate of disappearance of Cl-[,' depends. strongly on the 

ionizingelectron energy and they have attributed this to the charge transfer process 

CQ 2 4 +CH 4  CU4+CO2. 	 (19) 

The experimental conditions chosen by Harrison and Blair were such that the 

amount of Cli 4  ions decayed by a factor of about 10 during the reaction time 

employed. Further, while it is true that the rate of disappearance or the CH4+  ion 

depended on the electron energy used, it is also true that their results appear to 

follow a simple exponential law For a given electron energy. Harrison and Blair 

were unable to assess the relative importances of reactions (16) a u  (19). 

Our analysis for those systems in which charge transfer occurs concurrently 

with ion-molecule reaction is given by eqn. (10). It is clear from this analysis that, 

provided the charge transfer reaction has sufficient cross section, one would expect 

C.11 4 + ions to decay in a complicated way rather than in a simple exponential 
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Fig. 8. cl-I 4  + decay characteristic from —1:1 mixture or CO 2  with Cl-f 4 . Nominal ionizing 

electron energy 13 cv; collision chamber density 3.4 x 10 12  molecules cm - '.  

manner. A typical result for Cl-L4 decay in it 1:1 mixture at2O eV ionizingelectron 

energy is shown in curve (A) Fig. 7. Two points are immediately obvious. First, 

the depei)dence of CU 4  on time does not follow a simple exponential behaviour 

over the 200-Fold reduction of intensity shown. Secondly, over the first order o 

magnitude of reduction of ci-4t no departure from a simple exponential behavi- 

our can be detected. 
Curve (B) Fig. 7 shows results obtained in a 4:1 CO2/CH, mixture which 

has been chosen to accentuate the effect of the charge transfer reaction on the 

decay of the CH4  ion. The smooth curve through the experimental points 

represent :s the fit obtained using an expression analogous to equation (to). This 

treatment yields a value of (1.13±0. 05 )X io cm 3  molecule - ' sec' for the 

combined reactions of CO 2 , (3+1.5)x to_b cm 3  molecule 	sec 	for the 

charge tyansler reaction and (0.6± 0.2) x to - ' for the reaction of CH 4  with CO,. 

The high signal-to-noise ratio of our apparatus allows a measurement to be 

made of the CI-J 4  decay under conditions such that the initial ratio of CH4+f 

CO 2  is 10:1. This ratio is obtained for a nominal electron ionizing energy of 

13 eV and a typical result is shown in Fig. 8. Under these conditions the contribu-

tion of the charge transfer reaction (19) to the initial slope of the CH 4  ion decay 

should be negligible and thus a direct measurement for the rate coefficient of 

reaction (14) is possible. in this way it rate coefficient of (0.8±0.1)x jo 	cm 3  

molecule 	sec' has been obtained for reaction (14) and this is in reasonable 

agreement with the value of (0.6±0. 2 ) x io 	cm' molecule - ' sec 	obtained 

from the curve fitting procedure. 	 - 

Reactions of* the CO 211 + and CH, ,  jolts 

Reactions of these species have been studied by high pressure mass spectrom- 



Paper 7 	 146 

210 

dry [I], flowing afterglow [3 and 4], and trapped ion methods [5]. All of these 

investigations have shown that the proton affinities of methane and carbon 

dioxide are almost equal and, for this reason, a steady state can be obtained in 

which measurable quantities of both ionic species are present. The flowing after-

glow method allows the ion to attain thermodynamic equilibrium and this permits 

an accurate measurement of K, the equilibrium coefficient for 

co2 l4+CH, CH, + CO, . 	 (1) 

Recent Ilowi ng afterglow studies have shown that K1, depends strongly on tem- 

perature within the range of 196 K to 533 K [4]. 
Although a steady state can be reached in both the trapped ion and high 

pressure mass spectrometric studies, an accurate measurement ofK is not possible 

by these methods. This is because the internal and translational energy carried by 

the CO 2H and CH,' ions will affect their relative intensities when the steady 

state is attained. A comparison of the apparent values of K so obtained with 

values from the flowing afterglow may lead to qualitative information about the 

departure from thermodynamic equilibrium. 

Typical results for CO 2 H and CI-1 5 ' obtained in our apparatus are shown 

in Fig. 6. We obtain a value of (9.5 ± I) for K at 340 K, which is to be compared 

with 7.4 measured by Kasper and Franklin and 20 derived from flowing after- 

glow measurements. Harrison and Blair, working at 373 K, obtained a value of 

3.8 compared with a value of 16 derived from flowing afterglow measurements 

at the same temperature. 
Some comments on the qualitative effects of departure from Maxwell- 

Boltzmann energy distribution are possible. Under suitable conditions of pressure 

and composition, all primary ions are removed rapidly and the dependence of 

CO 2H and C1{ 5  on time is then described by 

d[CO2W] = k,7[CO2W][CH4]—k18[CO2]ECH51 	 (20) 
di 

which has the solution 

In [(CO 2 H), (CO21_1)] = In [(CO 2 W) 0 — (CO 2H)]- 
(k 17 (C1-14)+k 18 (CO 2 ))1 	(21) 

Measurement of the slope of a plot of ln[(CO 2H),—(CO 2H)J against 

reaction time together with the value of k17/k 13  = 9.5 leads to separate values 

k, , and k1 . In this way the results of fifteen measurements have led to values of 

(5.5±0.8) x 10 °  c1113 Molecule-' see - ' and (5.9±1.0)x 10' cm' molecule' 

sec' for k 17  and k18  respectively. 

From the work of Kasper and Franklin, the flowing afterglow studies, as 

well .as the trapped ion measurements of Harrison and Blair, one may also obtain 

an estimate of both k 17  and k 18  during the approach to a steady state. The results 

of these determinations are summarized in Table 4. 
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FAIILE 4 

RArE COEFFICIENTS FOR FIlE rOIflVARI) AND IACKWARI) REACTIONS IN TIlE EQUILIBRIUM: 
CO211 ±CI1 4 	Cli,'-lCO2 

Invesilgnior' Rate rot/f,c:e,,t (tin n,olecu/e - 	sec 	>< JO") /(17//<18 

- 	1< 17  1<18 

Kasper and Franklinb (340 K) 013 0.0l8 74 

flohnie et al.' (300 K) 078 0.033 23.6 

Harrison & Blair 1  (373 K) 0.5I 0.I5 d 4.0 

This work (340 K) 056 ,1  0.066  95 

Temperatine at which the investigation was carried out is shown in parenthesis 

Ref. I. 
Deduced from a measurement of /c, 7  and the ratio k,,1k 18 . 

Deduced from a measurement of (/c , +k 1 3) and the ratio k 1  ,//cI 8 

Ref. 3. 
Ref. 5. 

Harrison and Blair have pointed out that internal and translational energy 
are likely to have a greater effect on the rate coefficient for the endothermic reaction 
(18) than on the rate coefficient of the reverse reaction. 

The results in Table 4 make it difficult to decide if this is true. Certainly the 
values obtained for k 17  by Bohnie et al., by Harrison and Blair, and by us are in 
reasonabje agreement. On the other hand the value of .Kasper and Franklin is 
lower by about a factor of 5. Unless this value may be discounted, it is not possible 

to say that k, 7  is unaffected by the energy of the ions. However, in comparing our 
measurements with those Of Harrison. and Blair we feel that some conclusions may 
be drawn. The experimental procedures used are similar and this suggests that the 
internal energy of the ions will not vary significantly between both sets of experi-
ments. Accordingly the significant difference in the value of k 18  between this work 
and that of Harrison and Blair is probably related to differences in the mean 

translational energy of the CU 5 t  ion. Harrison and Blair point out that the rate 
of the endothermic reaction (18) would be expected to increase with increasing 

energy of the CH5+  ion. If this interpretation is correct then we conclude that 

the mean translational energy for the CH 5 ' ion in our work is significantly lower 

than that for the experiments of Harrison and Blair. 

CONCLUSION 

In Table 5 are summarized those rate coefficients measured in this study but 
not reported in Tables 1 to 4. In this table as for all others, the rate coefficients 
reported for this work are derived from an assumed value of 1.22 x lO con' 
molecule' sec' for the reaction of CU 4 + with methane. Some aspects of Table  

147 
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TABLE 5 

RATE COEFITCIEN1S MEASURED IN Tills STUDY But NOT INCLUDED IN TABLES I TO 4 

Rear/jo?, 
	 Rear/jot, 'ale coefficient (ci's n,olecule 

' Sec ' x )O)' 

- T1 is work 	- Oder n,easnre,,,en is 

N20 ±C114 - products 1.17±0.07 0.98±O.2b 

N,0' 1C114 -> CIW-1 N20 0.08:1:0.04 - 

N2O-I-CH4 •-> NOli' -1 CllN - ~;0.006 0.03±0.015' 

ClL +N1 2O - products 1.5±0.2 1.04±0.2" 

C11+'±N20 - N014 '-1-CII3N -:~ 0.02 0.03±0.015" 

Cl-I, 	-kN2t.) -> products 0.791-0.1 - 

CO2 	C144 	products 1.15±0.1 1.07±0.09, 2.3 

C0~ -i-Cl-I 4 	CH4 	-4-0O2 0.3+0.15 - 

04 4  -i-CO2 -+ products 0.8±0.1 - 

'Referred In a value or 1.22 for reaction (2), sec text. 

Iter. 2. 
Rd. 5. 

"Ref. I. 

need further clarification. In many of the reactions the products are unspecified 

The rate coefficient in those eases represents the sum of the rate coefficients for 

all possible reaction pathways. For N20 +  and CO2 + separate measurements 

provide rate coefficients For the electron transfer processes. 

Where comparisons are possible in Table 5, the agreement is about as good 

as can be expected. It must be assumed that the rate coefficient for reactive collision 

between CO 2  and methane reported by Kasper and Franklin is in error because 

of an under-estimation of the ionic reaction time. However for all of the other 

major rate coefficients, satisfactory agreement is obtained when the experimental 

errors are considered. Thus for these exothermic processes, differences in the 

internal and translational energy of the ions, which may exist between the results 

compared, would appear to affect the rate coefficient by less than 15%. This 

finding is in marked contrast to the observations for the endothermic reaction (18) 

whose rate coefficient appears to be strongly dependent upon the experimental 

conditions. 
The only major discrepancies in Table 5 are for the minor reactions which 

produce N0lI+. The low rate coefficients for these reactions render them corre-

spondingly more difficult to measure and it is possible that the error limits are 

greater than shown. Equally likely however is that these minor pathways are most 

sensitive to the energy carried into the reactive collision. 
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ABSTRACT 

Electron transfer from the molecules N 2 0 and CO 2  to the ions Kr, Ar" 

and N 2 " has been studied for primary ions of near thermal energy. The rate coef-

ficient for the reaction between Kr" and N 2 0 has been found to depend strongly 

upon the electronic state of Kr. For the 'P i.  state the rate coefficient is fast and 

about twenty times higher than the coefficient for the 2)+ state. As a consequence 

it has been possible to determine the initial relative abundance of the 2 P it  state as 

a function of the ionizing electron energy. 

For the systems (Kr + N 20), (Ar" -F CO 2), (Ar t  + N2O), (NJ + CO 2 ) 

and (NJ +N 2 0) the amount of excess translational energy detected in the pro-

ducts indicates that the initial and final states differ in energy by 0.1 eV. Even 

though the Franck—Condon factors are unfavourable, the following systems have 

been found to react with high rate coefficients: (Kr 2P+N2 O), (Kr 2 P4 +CO2 ), 

(Ar 2 P, Ar 2 134  +N 2 O), (Ar"' 2 P.3 , Ar"P4 +CO2), (NJ +CO 2 ) and (N2 + + 

N 2 0). From this we conclude that, for fast electron transfer in these systems, it 

is not a necessary condition that favourable Franck—Condon factors should couple 

the reactant molecule to the product ion. 

INTR0DMC1'IoN 

At ion energies greater than about 5 eV electron transfer is thought to occur 

by an electron jump mechanism from a non-orbiting collision  [1]. Smith and 

Kevan [2, 3] have studied a number of these electron transfer processes using pri-

mary ions with an average energy of 50 eV. Their results show that the cross 

section for the process 

150 
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A 4  +13 - B+A 
	

(1) 

is high if 

an energy state for the ion B corresponds to the recombination energy 

of A, and 

if the transition from B to this energy state of B +  has favourable Franck—

Condon (P.C.) factors. 

Gaugihofer and Kevan [I] measured electron transfer reactions between 

several ions and CFI 4  at near thermal ion energies. A strong resonance effect was 

found and the rate coefficients at resonance appear to be 3 times those deduced 

from simple polarization theory [4]. They concluded from these observations that 

both energy resonance and favourable P.C. factors are required for fast electron 

transfer from CFI 4  under these conditions. A shift in the observed resonance away 

from the F.C. manifold for CR4 4  production was assumed to be caused by the 

perturbation of Cl-i 4  by the slowly moving ion. Bowers and Elleman [5] reported 

a similar shift in the resonance peak when electron transfer processes were studied 

for it number of ions with S"'4. 

Recently Laudenslager et al. [6] have attempted further to discover the 

relative importance of P.C. factors and energy resonance for thermal electron 

transfer processes. They chose a variety of diatomic and simple polyatomic mole-

culesfor reaction with rare gas ions. The P.C. manifolds of these molecules consist 

of a few discrete vibrational levels for each electronic state thereby allowing a 

more critical test of the importance of resonance and P.C. effects. 

In general Laudenslager et al. concluded that both favourable P.C. factors 

and energy resonance must obtain in order to observe a fast charge transfer reac-

tion. Notable exceptions were the reactions of Ar with both CO 2  and N20 

which are fast yet have unfavourable P.C. factors. On the other hand Kr' was 

round to have a high rate coefficient with CO 2  (where energy resonance for Kr 4 - 

is within 0.1 eV and the P.C. factors are favourable) and a low rate coefficient 

with N2 0 where the P.C. factors are unfavourable for transitions to N 2 O 4  near 

the energy of Kr 2 P. 

The analysis for Kr+  assumed that the relative abundance of Kr+2P  is 

negligible. We report here measurements which show that, when the abundance 

of Kr 2 P4  is taken into account, the results obtained for reactions of Kr' with 

both N,0 and CO 2  cannot be explained in terms of P.C. factors. 

EX i'ERtM ENrA I. 

The reactions discussed here have been studied by an ion trapping technique 

usingapparatus which has been described previously [7]. Ions are produced dur-

ing a ishort pulse of energetic electrons and are then trapped in the space charge 

well created by an electron beam whose energy is below that necessary to produce 
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additional ions. The trapping interval, and hence the time available for ion-

molecule inteiaction, is terminated by a voltage pulse applied to the ion repeller.  

electrode. 
For an electron beam of circular cross section, Baker and Hasted [8] have 

derived an approximate expression for the space-charge well depth which is given 

by 

= Ir214 V,re o a2 (27I) + V0 	 (2) 

where I is the electron current, r the  distance from the centre of the beam, V. 

the potential on the axis of the beam, e 0  the permittivity of free space, a the 

radius of the beam, and if is the electron charge/ mass ratio. This expression does 

not consider the case where the space charge well extends beyond the dimensions 

of the electron beam. Normally the cross section of the electron beam will be 

significantly less than that of (lie ion source through which it is moving. Under 

these conditions the space charge well extends beyond the dimensions of the elec-

tion beam and out to the walls of the ion  chamber. Preliminary calculations [9] 

show that, for our ion source, the major Fraction of the space charge well occurs 

outside the electron beam. For example when the trapping electron current is 

5jtA the trap depth is 0.025 V from the centre to the edge of the electron beam. 

For the same conditions positive ions encounter an additional trapping potential 

of 0.063 V between the edge of the beam and the chamber wall. With the elec-

tron current raised to 12 j:A these potentials become 0.07V and 0.15 V respectively. 

The calculations apply for an electron energy of 4 eV and to that part of the elec-

tron beam sampled by the ion exit slit. 
From these considerations it is apparent that while primary ions can gain 

little translational energy from the trap, secondary ions with significant translatio-

nal energy may be retained. Thus secondary ions may have velocity distributions 

which are quite different from those of the primary ions. This will occur for those 

reactions which yield products with substantial kinetic energy. In the experiments 

described below we have attempted to examine, the products for kineticenergy by 

varying the trap depth through changes in the electron current density. The mi-

nimum electron density employed is that required to produce trapping conditions 

such that an unreactive ion formed with thermal energy may be trapped for 5 

milliseconds with less than 5 % attenuation in ion intensity. Typical trapping cha-

racteristics for Ar in pure argon have been reported earlier [7b]. There it may be 

seen that the electron trap in the source here will not meet the above trapping 

requirement when the electron current is reduced below 4 1A. 

All rate coefficients reported here are based upon a value of 1.2x 10 -9  cm 3  

molecule' C' for the reaction of CH 4 + with CR4 . Errors shown for rate co-

efficients represent reproducibility and not accuracy. 
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RESULTS AND DISCUSSION 

(a) Reactions of Kr ions 

in Figs. 1-4 are shown typical results obtained in mixtures of krypton with 

nitrous oxide. Figure 3 shows a family of curves illustrating how the rate of remo- 
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Fig. I. (lelt) Dependence of N2O + and Kr04 + intensities on reaction time for 	I I mix 

oIN.20 with Kr. Ionizing electron energy 20 eV, trapping electron current SjtA,collision chamber 

density 3.4 x JO" molecule cm 3 . 

Fig- 2. (right) Ion intensities of N 2 0 + and .Kr94  for 	I: I mixol N2O with Kr. Ionizing electron 

energy 20 eV, trapping electron current 12 flA, collision chamber density 3.4 x JO" molecule cm 
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Fig. 3. The eFfect of ionizing electron energy on the shape of the Kr84+  decay curve in 	1 10 

mixture of Kr with N 2 O. Collision chamber density 3.4x 10" molecule em'. Smooth curves 

through points represent fits according to eqri (3) (see text). 
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Fig. 4. The percentage abundance of Kr''P following electron impact of Kr. The values shown 

are deduced From the reaction of Kr with !4O. 

al of Kr 84  is influenced by the energy of the electrons used to generate the Kr84t 
ions. It is clear that the ions do not decay in a simple exponential manner and that 
the degree of departure from this simple form increases as the electron energy is 

increased from 13 eV up to about 20 eV. The Kr 42P4  and Kr + 2 P4  states have 

energies of 14.665 eV and 13.999 eV respectively and we assume that the depar-
ture from simple exponential decay may reflect differing rates of reaction for each 

of these ionic species with N 2 0. If the rate coefficients for the 2 P3  and the 2P,  

state are k and k 2  respectively, then it follows that 

[Kr 12  P. 1,- [K r 2  p• , 

	

[Kr 42P 	exp (—k, [N2O])+ [Kr t2P3 l 0  exp (—k 2 [N 20] 1 ), 	 (3) 

where -[X], is the number density of species X at time 1. 

If this interpretation is correct then the data can befittedtoYieldk i andkz. 

In addition [Kr 42P] o  and [Kr 2 P3 10 can be evaluated and tbus a measure of 

the relative abundances of these two states as a function of the electron impact 
energy can be obtained. The smooth curves through the experimental points in 
Fig. 3 represent a fit to the data according to eqn (3). From the analysis of 20 
determinations with electron energies ranging from 13 to 50 eV rate coefficients 

of(3.7 ±0.7) x lo - 11  cm3  molecule' and (2.0±0.7) x lO ' cnt 3  molecule 

result for the 2  P j  and 2 P± states respectively. These rates have, been found to be 
independent of the value chosen for the trapping electron current and thus insen-
sitive to changes in the primary ion velocity distributions associated with these 

changçs in current. 
In Fig. 4 the values obtained lor[Kr+2P4]o/[tKr+1V+u+ [Kr 42P410} plotted 

against uncorrected electron energy are given. As can be seen, the contribution to 
the total current from the higher state rises rapidly from threshold to about 
20 eV and only minor increases are detected at higher energies. If we assume that 
near threshold the ionization efficiency curve has a linear dependence on energy, 

then 
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lccq.(E— E) 

where I is the ion current produced by electron impact for state s, g, is the sta- 

tistical weight, E is the threshold energy, and E is the electron energy. Setting 

91 	2 

- 1 

one call calculate the expected abundance of the 
2 1)4 state as a Function of electron 

energy. Allowance has to be made for the energy distribution of the electron 

beam. IF the filament temperature is taken as 2000 K one finds that the predicted 

abundance of the 2 P4  state rises rapidly front threshold to a value of 31 % of total 

ion intensity at 20 eV. Naturally this simple analysis is only of qualitative use-

fulness but it does predict the general features of the experimental results given 

in Fig. 4. 
La tale nsl a ger e t al. [6] conclude that the reason their measured rate coe Ill - 

cient for Kr '/N 2 0 is 6 Lilacs smaller than their value for Kr /CO 2  is because, 

for the K r + 2 P j  state, both energy resonance and favourable F.C. factors apply 

in the latter ease but not in the former. Ourmeasurements indicate that collisions 

between Kr 12p  and CO 2  are only about 1.5 times as efficient in promoting 

electron transfer as are collisions between K r + 2 P4  and N2 0. Furthermore our 

Kr 2 P4  and Kr 2 P4  rate coefficients with N 2 0 appear to be difficult to explain 

on the grounds of energy resonance and favourable F.C. factors. The photo-

election spectrum for N 2 0 indicates entirely unfavourable F.C. factors for both 

the ¶P. and 2 P states of Kr [10] and yet we find that the 2 1 1  state reacts with 

a relatively last rate coefficient which is 20 times the value for the 2P1  state. In 

order to explain the rate coefficient for the 2 P4  state in terms of F.C. factors one 

would have to assume perturbation of the molecule by the ion before the vertical 

transition required to produce the new ionic species. LaudeisIager et al. have 

invoked this perturbation mechanism to explain the high rate coefficient for A r +/ 

CO 2  and ArfN 2 O collisions. The necessity to invoke such perturbation effects 

seems to limit the usefulness of F.C. factors For the prediction of electron transfer 

rates. 
Inspection of Figs. 1 and 2 reveals that not all of the Kr 54  ions removed 

can be accounted for by .a corresponding increase in N 20. lLij fact since Kr 34 ' 

represents only 57% of all Kr 4  ions only 30% and 73 % of the N 2 O ions pro-

duced are retained for electron trap currents of 5 1iA and 12 ;zA respectively. 

We believe that the 70 % of ions unaccounted for at 5 pA are, those formed with 

sufficient translational energy to escape from the trap. Increasing the trap current 

to 12 pA increases the trap depth and accounts for the greater ion retention at this 

highçr current. A crude calculation based upon the assumed trap depths indicates 

that 0.1 eV of translational energy is released following Kr'/N 2 0 collisions. 

Typical results for reactions of Kr' with CO 2  are shown in Figs. 5 and 6. 
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Fig. 5. (left). Observed ion intensities for CO 2  + and Kr 2<4  + in 	I I mix of CO 2  with Kr. 

Ionizing electron energy 20 eV,trapping electron current 5jA, collision chamberdensity 3.4 x 10 12  

molecule CM-3. The smooth curve through the points represents a fit to an eqn analogous to 

eqn (3) (see text). 

Fig. 6. (right). Decay characteristics for Kr 2<4 4  in 	I I mix oICO 2  with Krobtained for ionizing 

electron energies of 50 eV and 15 eV. The smooth curves through the points represent fits ac-

cording to all equation analogous to eq n (3) (see text). Collision chamber density 3.4 x 1012 

molecule cnc . 

The Kr decay shows a significant and reproducible departure from a simple 
exponçntial behaviour. We assume that this is because the 2 Pj  and the states 

react with differing rate coefficients. In the case of Kr/N 2O collisions it has been 

possible to obtain the rate coefficients for each state as well as the relative abundan-
ces for the production of these states by electron impact. In the Kr/CO 2  colli-

sions however the relatively small changes in slope as a function of time make it 
difficult to obtain all of this information. Instead we have used the ratios for the 

states obtained in the Kr/N 2 O study as fixed parameters and then fitted the 

curves to obtain the values of the rate coefficients. 
In this way one obtains rate coefficients of (7.9±0.7)x 10' ° cm' mole-

cule s and (4.9+0.4)x 10 - ' o  cut' molecule - ' s for the and 2P4  states 

respectively. Laudenslager et al. have also observed a high rate coefficient for the 

reactipn of Kr with CO 2  and have assumed that this is good evidence for the 
increased reaction probability for a reaction that has both energy resonance and 
favourable F.C. factors. However conclusions of this kind must be modified 
when our rate coefficient for the state is taken into account. This indicates 
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that for Kr +/CO 2  collisions F.C. factors are not of paramount importance in 

determining a high rate coefficient. The .Kr 2 P recombination energy lies within 

0.1 V of a peak in the photoelectron spectrum of COj [10]. This spectrum 

reveals that the vibrational level corresponding to this peak accounts for about 

15% of the vertical transitions from the CO 2  molecule to the X2 ir0  state of the 

CO 2  ion. There are no detectable vertical transitions for CO2 -, CO 2  in the 

vicinity of the recombination energy of the Kr t2P4  state. Nevertheless measure-

ments here show that both states of Kr react rapidly with CO 2 . Certainly the 

2 1,4  state reacts more rapidly than the 2 P4  state but both reactions must be con-

sidered as fast. Consequently F.C. factors of the undistorted CO 2  molecule would 

appear to be of little help in predicting the rate coefficients in this case. 

The results for the CO 2  ion curve shown in Fig. 5 are in marked contrast to 

the observation for N 2O production on reaction with Kr'. In the case of CO 2 + 

at least 90% of the ions are retained even at the low trapping current of SPA. 

From this we conclude that the electron transfer process involves the release of an 

insignificant amount of translational energy irrespective of the state of Kr con-

cerned. 

(b) Reactions of Argon ions 

Experimental results for the reaction of Ar with N 2 0 are shown in Figs. 

7 and 8. For this reaction the rate coefficient was found to be (2.8+0.11)x 10-10 
CM  molecule - ' s -  ' in good agreement with earlier measurements [6]. The rate 

r lao 

5-
z 
= 50 
0 
U 
z 
0 

2' XXXXX2'X OCX 
N 2 0+ 

0000 

U 
in 500 

5- 
z 

0 
U 
Z 
0 

11 2 0+ 
2'X 2' X X X 

	

A r + 	 lot 
	 Art 

00 	- 	 50 

	

0 	I 	2 	3 	0 	5 	 0 	1 	2 	3 	4 	5 

REPELLER DELAY (ins) 	 REPELLER DELAY (ins) 

Fig. 7.. (left) Dependence of N 2 0 and Ar intensities on reaction time for 	1 I mix of 

N20 with Ar. Ionizing electron energy 20 cv, trapping electron current 6/IA, collision chamber 

density 3.4 x 10 02  molecule cm 

Fig. 8. (right) Ion intensities of N20 and Ar for 	I I mix of N20 with Ar. Ionizing 

cleclrpn energy 20 cv, trapping electron current 12 1,k, collision chamber density 3.4x 1002 

molecplecm 3 . 	 - 



Paner 8 	 158 

223 

coefficient was unaffected by the value of the electron trap current and therefore 
it is insensitive to the changes in primary ion distribution brought about in this 

way. Examination of the N 2O curves reveals that for 6 pA only 10% of the 

Ar ions removed can be accounted for as N 20 product. For trap currents of 

12 jzamp about 50% of the Ar removed can be accounted for as N 20+ .  Although 

electron transfer between N 2 0 and Ar has dissociative channels it has been 
shown that at least 90% of reactive collisions lead to the production of the mole-
cular ion [I I]. Consequently our experimental results are interpreted in terms of 

loss of N2 O ions with excess translational energy. By comparison of the amount 
of product ion retained, it is apparent that on average, Ar/N 2 0 collisions release 

more translational energythan do Kr 2 P 1 /N 2 0 collisions. Nevertheless the amount 

of energy released is still 0.1 eV. 
Typical results for Ar/CO 2  collisions are shown in Figs. 9 and 10. The rate 

coefficient for Ar removal was found to be independent of trapping electron cur-
rent and in good agreement with the value obtained by Laudenslager et al. [6J. 
Evidence for the production of secondary ions with excess translational energy 
may be seen from the results. The amount of CID,' retained rose from 	20 % 

at 5 1iA to 	95 % at 12 ;:A trapping current. These results again indicate the 
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liberation of translational energy of 	0.1 eV but with a narrower distribution 

than that for Ar /N 2 0 collisions. 

(c) Reactions of/V2 4  ions 

As is the case for Ar t , the expected reconibinalion energy of N 2  does not 

correspond to a region of favourable F.C. factors for either N 20 or CO 2 . We 
estimate that 	75% of N2+  ions have recombination energies between 15.56 

and 15.58 eV. The remainder fall into two groups having recombination energies 

between 15.24 and 15.29 eV and 15.81 arid 15.85 eV respectively. These figures 

were obtained in the following manner. The initial distributions following elec-

tron impact of the electronic states .N2B2E, N2 +A 2 n0  and N2 X 2 Zg  as well 

as the relative populations of vibrational levels within these states were estimated. 

Transitions from the vibrational levels of the B2IU  and A 2 it0  states to the 

state may then be calculated from the appropriate F.C. factors. The B 2 E +  is 

strongly coupled to the X 2 Zg  state and will decay rapidly to it by emission. The 

A 2  state is metastable with respect to the 	state but the mean lifetime has 

been measured to he 	l0 is [12]. Thus for times appropriate to these experiments 

(> 100 xis) both the upper electronic states will have decayed into the X 2 Zg  

state. 

The initial relative abundance of the A2it  state was taken as 30% [12]. 

The initial ratio of X2I91B2Eu  is taken as 2.5 : 1 [131. The initial relative in-

tensities of vibrational levels within these electronic states were taken from Moran 

and Friedman [13]. The relative populations of the vibrational levels within the 

N 2  I X 2I state following the decay of the .B and A states were calculated using 

the F.. factors given by Nicholls [14]. 

Recombination energies at times appropriate to the electron transfer pro-

cess are obtained by combining the vibrational distribution for the N 2 'X 2 Zg  

state wtI1 the F.C. factors calculated by Nicholls [IS] for N 2 X 2 g  - N 2 X 1 Eg . 

It is important to realise that this last step assumes that the electron transfer oc-

curs by a vertical transition from the unperturbed N2+  ion. This  point will be 

discussed further below. 

Reactions of N 2  with either N 2 0 or CO 2  showed quite similar behaviour 

to the corresponding reactions of Art The N 2  reactions gave high rate coeffi-

cients in agreement with earlier measurements [11,16, 17] and evidence for the 

releasepf translational energy 0.1 eV. A simple exponential decay was observed 

for the ?N 2 + ion with a slope which was independent of the electron energy. From 

this we conclude that despite whatever states of N, +  are present and whatever 

transit ions they undergo on electron capture, state-dependent differences in the 

rates of these processes are undetectable. Since neither N 20 nor CO 2  have fa-

vourable P.C. factors in the region of the expected vertical recombination energies 

for the NJ ions, it is clear that unperturbed P.C. factors cannot be used to pre-

dict rate coefficients for either NJ/N 2 0 or 'N2+/CO2. 
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CONCLUSIONS 

Table I summarizes the values obtained for the electron transfer rate coeffi-

cients found in this study and compares them with earlier measurements. The work 

TABLE I 

SUMMARY OF ELECTRON TRANSFER REACTIONS. RATE COEFFICIENTS EXPRESSED AS cm 3  molecule - ' 

S -1  X 10 10  

Reaction' 	 Previous n:casure,,ic,:ts 	I'F,is work  

Kr 2 P-I-N 2 0 -*N 2O-I-Kr 0.230.07 
JCr'P+N,O , N2O-FKr 1.0° 3.7±0.7 
Kr 2 P -I-CO 2  -CO2  +Kr 4.9±0.4 
Kr 2P+CO 2  — CO 2  +Kr 6.0° 7.9±0.7 
Ar( 2 P 1 	2P+)-l-N20 —#- N,O-I-Ar 2.6' 	3.1° 2.8+0.1 
Ar' { 2 P, 2 11 .} -I-0O 2  —> CO 2  + - F- Ar 7.0°, 76 r , 4.2° 4.7±0.1 
N 2  + ±N,P -- N,0+  -I-N2 4.0°, 57' 7.6±0.2 
N2  ±CO,2  -~ CO 2  + -I-N, 9.0' 8.3 ±0.4 

° Rate coefficient measurements refer to primary ion removal. In some cases dissociative paths 

exist but are of minor significance. 

Errors quoted represent reproducibility. All measurements are referred to a value of 12,0 for 

C144  removal in Cl-I4. 

° 

 

Ref. 6. 
Ref. II. 

° P. Warneck, J. Cite,,,. Plo-s., 46 (1967) 51 3. 
F. C. Fehscnkkl, IL IL Ferguson and A. L. Schmeltekopl, J. Cite,,,. 1 °/is., 45 (1966) 404. 

° ReFerence 1 6. 
Reference 17. 

here indicates that the rate coefficients are insensitive to changes in primary ion 

translational energy distributions within the range of trapping currents used in the 

experiments. In general good agreement is seen between measurements here and 

those from both the flowing afterglow and low energy 1CR. This indicates that 

these electron transfer rate coefficients are insensitive to the differences in primary 

ion velocity distributions which obtain in these different techniques. For electron 

transfer in the systems (N,O+Nj') and (N 2 O+Ar) Ryan has shown that the 

rate coefficients are insensitive to primary ion translational energy over a much 

broader range than that encountered in any of the three low energy methods [11]. 

For the reaction 

X -l-M —* M +X 

to occur with high probability, transitions from the potential energy surface for 

(X+M) to one corresponding to (M+X) must occur readily. if this transition 

takes place for X' sufficiently far removed that the perturbation by it of M is 

160 
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negligible, then the electron transfer will be a near resonant-process. It also fol-

lows that, under these conditions, the F.C. factors coupling M with M+  must be 

favourable. in those systems where the energy levels of M which are near reso-

nant with the recombination energy of X do not have favourable F.C. factors 

with M, one would expect little electron transfer at large separation. However as 

X+ approaches M more closely, perturbation may occur to the extent that the 

required transition takes place. The difference in energy between (X+  +M) and 

(X+ (M+)*), measured at complete separation of the reactant and product part-

ners, will be seen as excess translational energy of the products. 

The observation of excess translational energy of the products by the methods 

employed in these experiments reveals little i nfomation about the collision mecha-

nism. Certainly all the rate coefficients measured are less than that calculated from 

simple orbiting theory which suggests that the reactants can approach sufficiently 

close to allow considerable perturbation. There is no evidence to show that the 

reactants come together to form an entity which exists for times which are long 

compared to vibrational or rotational motion. All that one can say is that for 

those systemswliere translational energy is detected, i.e. (Kr+ + N 20), (Ar+ + CO,), 

(Ar t  + N20), (N, +  +CO3) and (N, +  +N2 0), the states involved are off resonance 

by - 0.1 eV at infinite separation. 

From the reactions of Kr with N 2 0 we have been able to measure the ratio 

[Kr 2 P4 ] o/{ [Kr +2p,],+ [Kr 2 P4 ] 0 } as a function of electron energyand obtain 

a value of (0.4±0.05) in the electron energy range of 30-50 eV.This is higher than 

the value expected from statistical weights (0.33) but is in reasonable agreement 

with a xalue of 0.37 obtained from photoelectron spectroscopy [10].  Recognizing 

the abundance of Kr 2P at 50 eV allows one to conclude that electron transfer 

in the collisions (Kr 2P-l-N2O) and (Kr 2P,,+CO2 ) is rapid even though the 

F.C. factors are unfavourable. Thus the following systems examined in this study 

have high electron transfer rate coefficients even though the F.C. factors are Un-

favourable: (Kr 2P+NzO), (Kr 2 P4 + CO 2), (Ar 2 P3 , Ar 2P+ N20), (Ar t  

2P, Ar t2 P4 +CO2 ), (N 2 +CO2 ) and (N 2 +N20). 

Weponclude from this that the use of F.C. factors in attempting to predict 

charge transfer rate coefficients for either CO 2  or N 2 0 is of little value. 
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ABSTRACT 

Associative and dissociative electron attachment to the gaseous free radical his-tn-
fluoromethylnitroxide, (CF 3 ) 2 N0, over the electron energy range 0-10 eV, has been 
investigated. In contrast to molecular negative ions with an equivalent number of vibra-
tional degrees of freedom, where the electron-capture peak is narrow and the ions exhibit 
autodetachment lifetimes in the range 10—ca. 60 ps, (CF 3 ) 2 N0 was formed over a 2-eV 
energy range with a mean autodetachment lifetime of ca. 650 /is. Analysis of the dissocia-
tive attachement curves for the fragmentation ions F,CF and CF' 3 N0 formed over the 
energy range 0-10 eV has resulted in the estimation of limiting values for a number of 
thermochemical properties of the free radical and its decomposition products. 

INTRODUCTION 

The stable free radical bis-trifluoromethylnitroxide was first synthesized 
in 1965 {1-3]. The radical exists as a purple gas at room temperature; con-
densing at —25° C to a purple-brown liquid which freezes to a yellow crystal-
line solid at _7000;  it is unaffected by storage in pyrex or stainless steel ves-
sels, thermally stable to 350° C and is unreactive with air, water, weak acidic 
or basic solutions, fluorotrichioromethane and benzene [1,4]. Although this 
radical has been the subject of an electron diffraction study [5], MO calcula-
tion [6]., photoelectron spectroscopic investigation [7], theoretical and 
experimental ESR studies [8-11] fluorine NMR [1,12] and numerous gas 
phase and heterogeneous reactions [13], this is the first report of electron 
attachment to the free radical and of estimates for basic thermochemical 
parameters. 

EXPERIMENTAL 

The experiments were performed on a Bendix time-of-flight, mass spec-
trdmeter, Model 3015. The procedures adopted in the measurement of auto- 

* Present address: Chemistry Department, University of Canterbury, Christchurch, New 
Zealand, 
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detachment lifetimes, dissociative attachment peaks and the treatment of 
results have been previously described [14-16] and comments will be 
restricted to special precautions adopted in this study. A sample of bis-tri-
fluoromethylnitroxide was purchased in a sealed ampoule (Pierce Chemical 
Company, but no longer available from this source) and used within 48 h of 
breaking the seal. The chemical reactivity of the nitroxide with the gases em-
ployed for energy scale calibration have not been reported in the literature 
and so the mass spectrum of the pure gas was compared to those of 1 1 

mixtures with Ar, CO, SO2 and SF,. All mixtures were prepared at room 
temperature in a prebaked stainless steel inlet assembly to a total pressure 
of 1 ton using a Baratron capacitance manometer. Ion source pressures were 
maintained below 1 X 10 ton and typically <2 X 10 -6  torr for lifetime 

measurements. Initially all experiments were carried out with the pure 
nitroxide with all ions intracalibrated before use of the calibration mixtures 
and intercalibration of the energy scale. There were no discernible differ-
ences between the dissociative attachment data taken with the mixtures and 
the pure gas, from which it was concluded that significant chemical reaction 
with these molecules does not take place at room temperature in the period 
required for an ionization efficiency run - ca. 2 h. 

RESULTS AND DISCUSSION 

j54jfluoromethylnitroxide proved to be an abundant source of negative 
ions, the average cross-section for dissociative electron attachment being 
several orders-of magflitude higher than that found for (CF 3 )2C0 117,181 

i.e. comparable with SF6, ca. lO cm2  [16]. The ions detected in this 

study were F, CF, CF30 1  CF3NO, (CF3)2N and (CF3)2N0 with rela-

tive abundances in the ratios shown in Table 1. The relative magnitudes and 

shapes of the CF30 and (CF 3 )2 1'F peaks observed below 1.5 eV, which 
were typically 50 times more intense than the other ions at this energy, were 
found to be sensitive functions of the electron-trap current and ion-source 
pressure whilst the relative peak heights and dimensions of the remaining 
ionization efficiency curves remained unaffected by source conditions. 

TAB 1 
Relative intensities of negative ions produced from (CF3)2NO at respective dissociative 
attachment maxima and at 70 eV. See text for discussion of CF 3 0 and (CF3)2N ion 

formation at  eV  

m/e Ion 70 eV Res. max. 

19 F 100 74 

69 CF3 55 100 

85 CF 3 0 12 - 

99 CF 3 NO 17 40 

152 (CF 3  ) 2 N 24 - 

168 (CF3 ) 2N0 1 24 
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Regulated trap currents in the range 0.0025 to 0.05 pA were employed 
and 'negative electron energies' up to 3 V achieved by inserting a mercury 
dry battery into the filament bias circuit. Even with such low trap-current 
demands the filament temperature rises very rapidly as the electron energy 
is reduced towards 0 eV (as evidenced by rapid filament erosion when 
operating for prolonged periods below 1 eV). Since (CF 3 ) 2 N0 decomposes 

to (CF3)2NOCF3, j g.jfluoromethylhydroXylamine and CF 3 —N=CF2 , 

perfluoromethylmethyleneimine t  above 350° C [4], it is evident that such 
decomposition products will be formed in the region of the filament and 
that the importance of pyrolysis products and resulting surface ionization 
and/or electron capture by such products will increase rapidly as the elec-
tron energy is reduced towards negative values. This phenomenon has been 
reported in a study of carbonyl sulphide and carbon disulphide [19] where 
the polymeric sulphur ions 5 (n C 6) were detected below 1 eV and attri-
buted to the thermal decomposition of the CS, and COS on the filament. 

The formation of (CF 3 ) 2 N and CF 30 at ca. 0 eV is thus attributed to 

the pyrolysis product (CF 3 ) 2  NOCF 3 . The possibility of such a contribution 

to the weaker F, CF and CF 3NO signals, also measured below 1 eV, can-
not be excluded but the overall consistency of the peak height ratios of these 
ions to the molecular (CF 3 )2 N0 ion confirm the latter as a source of these 
fragment ions by spontaneous dissociative attachment from the metastable 

(CF 3  ) 2 NO ion state(s) involved: 

(CF3 ) 2 NO* e(ca. 0 eV)- [(CF 3 ) 2 N0]* -* (CF3 ) 2 N0 +e 

F— ,CF,CF3NO- 

Associative attachment 
This molecule was of particular interest as the molecular negative ion, if 

formed, w..o.uld be isoelectronic with CF 3 00CF3  and (CF3 )2 NF which are 

both stable molecules. Further, as electron attachment could involve lone-
pair formation it might also be expected to exhibit unusual stability for a 
molecular negative ion with only 24 vibrational degrees of freedom. These 
suspicions were realized and the average autodetachment lifetime of the 
molecular ion, which was formed at 0 eV with a broad resonance maximis-
ing at 1.2. ' ± 0.1 eV as shown in Fig. 1, was found to be 650 ± 100 As. This 
may be compared with the autodetachment lifetimes of the following ions 
which also have 24 vibrational degrees of freedom; p erfluoropropyne-2 

molecular ion, C 4 F 6-2 (16.3 ps) [20], perfluorocyclobutene molecular ion, 

c—C4F (11.2 ps) [20] and hexafluoroacetone molecular ion, (CF 3 ) 2C0 

(ca. 60 ps) [21]. Although it is apparent from these examples that the car-
bonyl group exerts a strong influence on the stability of the negative ion 
state (with respect to autoionization), reconcilation of the nitroxide lifetime 
can only be found with the stability incurred as a consequence of electron 
attachment to a free radical acceptor. 

165 
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Fig. 1. Associative attachment curves for (CF3)2NO and SF6. 

Numerical MO calculations carried out in this laboratory * with the un-
restricted SCF method [22] in the INDO approximation [23] lend support 
to the contention that the increased stability of the (CF 3 ) 2 NO metastable 
ion is the result of lone-pair formation. The computations also reveal that 
the triplet state may also be involved in associative attachment. The free 
electron 4n the neutral molecule appears in an antibonding NO it-orbital with 
the electron mainly localized on the oxygen atom, a result reported earlier 
by Mordkuma [6]. The charge density is distributed over the molecule as 
indicated in Table 2 which shows the effective number of valence electrons 
on each atom. Most of the charge density appears on the electronegative 
fluorine atoms with a net charge depletion on the carbons. The calculations 

for (CF 3 ) 2 NO show the singlet to be the lower energy and more favoured 
state, the captured electron pairing with the free electron in the NO ir*orbi 
tal on the oxygen atom with very little disturbance to the overall molecular 

TABLE 2 

Calculate4 charge density for (CF3)2N0 and (CF3 ) 2N0 

Charge Spin Charge density (number of valence electrons) 

Z S 
N 0 C F 

(CF3)2NQ 0 5.14 6.11 3.13 1.25 

(CF3)2N.0 —1 0 5.18 6.62 3.18 7.30 

(CF3)2N0 —1 1 5.22 6.26 3.29 7.32 

* Chemistry Department, University of Canterbury, Christchurch, New Zealand 
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charge distribution, and consequently little effect on the nuclear geometry 
of the nitroxide. In the triplet state the captured electron goes into an orbi-
tal centered on the nitrogen atom to form a higher energy (lower electron 
affinity) state with a more evenly distributed charge density over the molec-
ular ion, a situation which would be consistent with the formation of a nu-
clear excited Feshbach resonance state [24]. The possibility then exists that 
both singlet and triplet ion states are formed, each with a distinct attach-
ment cross-section and stability. 

The smearing effect of the thermionically generated electron energy dis-
tribution [25] in these experiments precluded a detailed exploration of the 
broad resonance for evidence of fine structure. This problem and the small 
neutral-peak to ion-peak ratio also precluded attempts to measure lifetime 
as a function of electron energy across the resonance. This technique has 
been successfully employed by Christophorou [21] and other workers for 
the analysis of molecular ions formed in the field of excited states (electron-
excited Feshbach resonances) using a quasi-monoenergetic electron beam. 
Christopl)orou and co-workers have demonstrated that electron attachment 
in the field of an excited molecular state can occur at electron energies above 
thermal and produce broad capture peaks slightly below the energy of the 
correspoding excited state of the neutral species. However, the high stabil-
ity (relatively long lifetime) measured for the (CF 3 )2  N0 ion cannot be 
explained by an electron excited Feshbach resonance since the molecular 
ions so formed have been shown to have shorter lifetimes than the corre-
sponding nuclear-excited Feshbach resonance state [21]. The broad reson-
ance measured in this work may nevertheless encompass a number of un-
resolved overlapping resonances including both nuclear and electron-excited 
Feshbach resonance states. Support for this suggestion may be found in the 
experimental capture curves: the molecular ion and 0-eV dissociative attach-
ment peacs cannot be superimposed over the whole electron capture range as 
would be anticipated for the dissociation of a single molecular ion state. 
Further studies of this molecular ion are planned and some of these possibil-
ities will te investigated. 

Dissociative attachment 
The experimental results for F, CF and CF 3 NO over the energy range 

0-10 eV are shown in Fig. 2(a) and the unfolded curves in Fig. 2(b). The 
absence of an independent source of thermochemical data for this radical 
•restricts .)unambiguous analysis of the dissociative attachment results to the 
first and second appearance potentials for each ion measured. Despite this 
limitatiop a number of previously unknown thermochemical prameters have 
been estimated using the following energy balance expression written for the 
general dissociative attachment process, AB + e -* A + B 

AP(A)>D(A—B)---EA(A) 	 (2) 

> iHf (A) + AH f (B) - 1Hf (AB) 	 (3) 
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Fig. 2. Dissociative attachment curves for F, CF and CF 3N0 ion formation from 

(CF 3 )2 NO;(a) experimentally measured curves, (b) deconvoluted curves using 15 smooth- 

ing and 20 unfolding iterations. 

where, AP(A - ) is the appearance potential measured for the ion A, D(A—B) 

the bond dissociation energy of AB, EA (A) the electron affinity of fragment 

A, and a.flf the heat of formation of the species indicated- The inequality 
sign in the above expression, which results from a neglect of excess energy 
terms [26,271, results in the estimation of upper limits for bond dissociation 
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energies, lower limits for electron affinities and limiting values for heats of 
formation. 

Table 3 lists the negative ion appearance potential data for (CF3 ) 2N0 with 

the processes considered responsible for ion formation. The origin of dis-
sociative attachment products at 0 eV has been discussed above and the fol-
lowing reactions involving single bond cleavage are proposed to account for 
ion formation: 

[(CF 3 ) 2NOH *-* F +CF 3 NO-CF2 
	 (4) 

CF + CF3  NO 
	 (5) 

-. CF 3 NO + CF 3 
	 (6) 

Applicatipn of eqn. (2) leads directly to the following parameters: D(F—CFr 

NO.CF 3)C EA(F); D(CF3 —NO.CF3) C EA(CF 3 ); and EA(CF3 NO) > D(CF3-
NO.CF 3 )., where EA(F) = 3.40 eV and EA(CF3 ) = 2.0 ± 0.2 eV [251. 

The (C—F) bond dissociation energy thus appears to be considerably 
weaker than those of the analogous bonds in the perfluoroalkanes which are 
around 5.2 eV. This difference must be attributed to the distribution of 
charge density in the (CF3 ) 2N0 molecule where there is large depletion 
of effective valance electrons on the carbon atoms and a surplus on the fluor-
ines, Table 2. The weakening effect of a large charge polarization on bond 
strength has been previously reported by Gowenlock and co-workers [28] to 
account for the weak (C—N) bond in CF, NO. These authors make reference 

TABLE 3 

Dissociative Attachement Data for (CF 3  ) 2 N0 

Jon 	AP (eV) 	Mechanism 	 Parameters deduced - 

169 

D(C-F) C 3.40 eV 0 	-F+CF 2NOCF3 
1.6+0.1 - F- +CF2 +CF3NO 

F + CF3 + CF 2 NO 
-* (F) 	(CF 2 NO .CFa)jb 

3.5 
-5.2 
--6.5 

CFy 	0 -.CF+CF3NO 
1.3± 0.1 -CF+CF3 +NO 
2.7 

-5.0 

CF3NO 	0 -. CF3NO 	+ CF3 
1.2 ± 0.1 ((31? 3NO 	)ib,trans + (CF3) vibtrans 

2.6 
5.4 

D(C-N) C 2.0± 0.2 eV 
D(CF 3'-NO) .0 1.3 ± 0.1 eV 

EA(CF3NO)> 2.0± 0.2 eV 
> 1.2 ± 0.1 eV 
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to the electron diffraction study of Davis et al. [291 who showed that a 

similar charge distribution in CF 3 NO was such that the ionic form CFNO 
could be suggested to contribute to the molecular structure and thereby 
account 1281 for the unusually weak (C—N) bond in this molecule. 

The value of C2.0 ± 0.2 eV deduced for the D(C—N) bond dissociation 

energy in (CF 3 )2 
NO is in accord with the correlation between (C—N) bond 

energy and (C—N) bond length suggested by Gowenlock and co-workers 

[29] from a study of monomeric .jt
roso .com pounds and di.t-butylni-

troxide. (C—N) bond dissociation energies in the range 1.3---2.7 eV were 
reported * where D(CFcNO) = 1.34 eV for r(CN) = 1.555 A, and D(Ph 

NO) = 1.78 eV for r(CN) = 1.44 A, cf. r(CN) for (CF 3  ) 2 N0 = 1.441 A [5]. 

It is pertinent at this point to consider the second appearance potential for 
the CF ion at 1.3 ± 0.1 eV since further bond cleavage according to reac-

tion (7) 

(CF 3 ) 2 N0 + e(1.3 ± 0.1 eV) CF + CF 3  + NO 	 (7) 

requires D(CF 3 NO) C 1.3 ± 0.1 eV in agreement with the value of 1.34 ± 

0.1 eV reported by Gowenlock and c o-workers [28] for this bond. 

There are no other values with which EA(CF 3 NO)> 2.0 ± 0.2 eV esti- 

mated from reaction (6) may be compared, although stability of the CF 3NO 

ion to the dissociation 
(8) 

CF3NO - CF + NO  

requires . A(CF 3  NO) > 0.7 eV. 
The second resonance peak for F ion formation has an appearance poten- 

tial at 1.6 ± 0.1 eV. Reactions (9) or (10) may be tentatively suggested to 
satisfy this onset, thereby requiring that the dissociation energy of the (C—N) 

bond involved must be C1.6 ± 0.1 eV: 

(CF3)2NQ + e(1.6 ± 0.1 eV) F + CF 2  + CF 3  NO 	 (9) 

-. F + CF3  + CF2NO (10) 

Since the possibility also exists that excited products of reaction (4) account 
for this appearance potential (in the absence of translational energy measure-
ments [26,271) these experiments cannot be used to differentiate between 

reactions (9)—(11). 

(CF3)2NO + e(1.6 ± 0.1 eV) (F)ans + (CFaNO2)b.tr5a5 	
(11) 

The formation of excited products must be proposed to satisfy the energe-

tics for the second CF 3 
 NO - appearance potential since insufficient energy is 

available for further bond cleavage. 
Thermochemical parameters discussed above and heats of formation 

Since the analysis used in ref. 28 is subject to the same assumptions employed in this 

work, th1 
 bond dissociation energies given in this ref. are also upper limits only. 
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TABLE 4 

Summary of thermochemical parameters measured and deduced 

Parameter 	 Value 

D(FCF 2 NO CF3) 	<3.40 eV 
D(CF3—NO CF 3 ) 	 c2.Q ± 0.2 eV 
D(CF 3—NO) 	 c1.3 ± 0.1 eV 

EA(CF 3 NO) 	 2.0 ± 0.2 eV 

AH?UCF3)2N0) 	 —1190 ± 40 kJ mo1 1  

àH10 (CF 3 NO 'CF 2 ) 	c— 940 ± 40 kJ moY 1  

LXJi(CF3NO) 	 - 510 ± 10 kJ moC 1  

JP(CF3)2N0 	 = 10.5 ± 0.2 eV 

deduced using eqn. (3) are listed together in Table 4. The value A117 (CF3 NO) 
was obtained from the value of D(CF 3 —NO) which was then used in con-
junction with known heats of formation 30] in reactions (5) and (7) to 
estimate a value of —12.4 ± 0.4 eV (>-1190 ± 40 kJ mol') for MI? - 
[(CF 3  ) 2 N0]. The ionization potential of (CF 3 ) 2  NO was also measured rela-
tive to an energy scale calibrated against the appearance potential of Ar at 
1536 eV. This result, IP = 10-5 ± 0.2 eV, is also included in Table 4 and may 
be compared to a value of 10.7 ± 0.1 eV determined by photoelectron spec-
troscopy [7]. 
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ABSTRACT 

The reaction H 3 8 + HCN H2 CN + 1-125 has been studied at 300 K in a flowing 
afterglow system from both the forward and reverse directions. Equilibrium was readily 
attained under most reaction conditions enabling a value for the equilibrium constant 

K = 5.2 ± 1.0 to be determined, and hence AGooK =-4.1 ± 0.5 kJ met - '. The forward 

and reversp rate coefficients are h1 = 1.9 x 10 -9  and h r  = 3.4 x 10- 
10 cm  molecule' a- 

1. 

Using an estimate of the entropy change, AS 0 , for the reaction, the relative proton 

affinities of +128 and HCN were found (PA (028) <PA (HCN) by 2.5 kJ met - '). 

INTRODUCTION 

Earlier studies carried out in this laboratory using the FA technique 
reported rate coefficient measurements for ion—molecule reactions of a 
number of sulphur-containing and cyanide-derived species [1-31. Attempts 
to measure the rate coefficient for proton transfer from the parent species 

H 3S to 1-ICN showed marked curvature in the plots of log [H3S1 versus 
HCN flow. This curvature led us to suspect that the reverse reaction was 
contributing to the observed H 3S ion signals. Such a situation occurs if 
both forward and reverse reactions have rapid rates, thus bringing about an 
equilibrium state. This is typical of reactions that are close to isoenergetic 
and indicates that the proton affinities of H 2S and HCN have similar values. 
Measurements reported in the literature for the proton affinities of H 2S and 

HCN show that whereas a number of determinations have been made for 

H 2S, the proton affinity of HCN is not well established [4-6]. 
In this paper we report the results of a kinetic study of the equilibrium 

system (1) from both directions: 

H 3S + HCN H2CN + 1128 	 (1) 

We have determined the rate coefficients for the forward and reverse direc- 

tions, AG O  for reaction (1) and the relative proton affinities of H 2S and 

HCN. 
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EXPERIMENTAL 

The experiments reported here were performed using a FA system which 
has been described elsewhere [2]. Typical flow-rates of the hydrogen carrier 
gas were in the range 150-200 atm cm 3  In this study the precursor ion 

was generated in the hydrogen carrier gas by an electron gun at the up-
stream end of the 9.48-cm i.d. reaction tube. Two reactant gases (H 2S and 

HON) were added via fixed inlet jets downstream of the electron gun. When 
reaction (1) was studied in the forward direction, H 2 S gas was added at the 

first inlet converting the primary ion, H, into H 3S' by the rapid proton 

transfer reaction [1] 

H+H2S- H3S+H2 	 (2) 

The neutral reactant HON was introduced at the second inlet jet and the 
ensuing reaction between F1 3S and HON was followed by continuous 
sampling of small quantities of gas into a quadrupole mass spectrometer. 
Typical concentrations of reactant species are ca. 1 X 10 16  molecules cm - ' 

for the H 2  carrier gas, ca. 1 X 108  ions cm - ' for the ions and ca. 5 >( 10" 

molecules cm -1  for the neutral reactant. Pseudo-first-order kinetics therefore 
apply and the rate constant is readily obtained from the logarithmic decay of 
reactant ion signal as a function of neutral reactant flow. 

Industrial grade dry hydrogen was used as the carrier gas after further 
drying over a molecular sieve trap at 77 K. H 2 S and HON were prepared in 
this laboratory by adding sodium sulphide and sodium cyanide respectively 
to o.phosphoric or sulphuric acids. These gases were purified by drying 
over P 2 Q 5  and repeated trap-to-trap distillation. 

RESULTS AND DISCUSSION 

The method of Bohme et al. [7] was used to determine the equilibrium 
constant of reaction (1) from both forward and reverse directions. In each 
direction it was possible to determine K by two independent methods as 
illustrated in Figs. 1-3. In Figs. 1 and 2 the variations in ion signals with 
neutral reactant concentration are shown for the approach to equilibrium 
in the forward direction (Fig. 1) and in the reverse direction (Fig. 2). At very 
low concentrations of the product neutral species (the back-reactant) 
equilibrium is not established. Under these conditions the slope of the 
logarithmic decay of either the H 3S signal (for the forward direction) or 

the H 2CN signal (for the reverse direction) gives values for k 1  or k respec-
tively. One of these rate coefficients is then used as an input parameter in a 
computer program which adjusts the remaining rate coefficient to find the 
curve of best fit through the observed data. This iterative procedure is used 
on those sets of data where equilibrium is established at all concentrations of 
reactant neutral species, i.e. when high concentrations of back-reactant are 
present. The computer fit, which is shown by the solid lines in Figs. 1 and 2, 
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Fig. 1. The variation in the 11 3 St  signal with HCN flow at two flows of H2S. The points 

are experimental and the curves calculated using the values indicated for ki/k. 

then provides a value for the equilibrium constant which is independent of 
any mass discrimination in the detection system. 

Figure 3 shows a plot of the ion ratio [H3S1/[H2CNI, corrected for mass 

discrimination, against H 2S flow for two flows of back-reactant HCN. The 
linearity of this plot shows that equilibrium is attained over almost all of 

the range of H 2 S concentrations. No corrections have been made in this work 
for any differences between the ambipolar diffusion coefficients of the ions 

H 3 S and H2CN in H 2 . This neglect of differences in the diffusion coefficients 
should not introduce a large error in the equilibrium constant since the 
diffusion coefficients for these ions are not expected to be widely different. 
The results of equilibrium constant calculations are summarized in Table 1. 
Rate coefficients for the forward and reverse directions have been found to 

be h = (1.9 ± 0.3) X 10 cm' molecule - ' S -1  and hr = (3.4 ± 0.3) X 10 0  

cm  molecule - ' These reaction rates do not appear to have been reported 
previously. The uncertainties shown are the standard deviations of the 
measurements and do not include systematic errors which increase the un- 

certainty to ± 30% [2]. 



PanerlO 	 176 

w 

io 

[H2CNt  ] 

ic- B 

341 	1017 

OleCulti I-I 

• 1 03 io' 
ojecule. i -I 

S 0 1016  

olecule, ,-I 

H25 FLOW/ (molecules r. 108) 

Fig. 2. The variation in H 2 CN signal with 11 3 8 flow at three different flows of HCN. The 
points are experimental and the curves calculated using the values indicated for ks/&r. 

LH 3 SI 

lo la 
.5) 

H 25 FIOW/(molecules —I lOIS) 

Fig. 3. The variation in the observed ion concentration ratio [H38]f[112CN] as a func-
tion of 1128 flow showing the attainment of equilibrium. The best straight lines through 

the points at high H 2 8 flow yields the values of K shown. The ratio of ion concentrations 
is determined from the measured ion signal ratio corrected for mass discrimination. 
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TABLE 1 

Equilibrium constants K for the reaction 111S + FICN 	142CN + 1128 at 300 K 

Direction 	No. of 	 K (=If/k r ) 	K (ratio plot) 
studied 	determinations 

Forward 	3 	 4.8 ± 0,4 	5,4 ± 0.3 
Reverse 	6 	 5.5 ± 1.4 	4.9 ± 0.9 

An equilibrium constant of K = 5.2 ± 1.0 leads to a standard free energy 
change for reaction (1) of LXGOOK = —4.1 ± 0.5 kJ mol* Standard entropies 
for the ions H 2CN and H 3 S are not known but an estimate for the entropy 
change occurring in reaction (1), LY.S°, can be calculated using the method of 
Lias and Ausloos [8]. Estimates for Z f  and Z (the collision rate coefficients 
for the forward and reverse reactions) can be found using the ADO cos 0 
model [9]. These estimates are Z 1  = 2.72 X 10 and Zr = 1.46 X 10 cm' 
molecule respectively. The entropy change during reaction (1) is then 

= 5.2 .J K 1  mol" which when combined with our measured AGO leads 
to Alit = —2.5 ± 0.5 kJ mol'. (The uncertainty in iSS° has not been 
included.) As zXli° for reaction (1) represents the difference between the 
proton affinities of H 2S and HCN it is found that the proton affinity of 
FI 2S < the proton affinity of HCN by 2.5 kJ mol'* 

A number of measurements have been reported in the literature for the 
proton affinity of II 2 S derived from gas-phase ion equilibrium measurements. 
Kebarle et al. [4,5] report the proton affinity of H 2 S as 720 ± 8 kJ mol" 
from relative measurements based on an absolute value for the proton 
affinity of isobutene. Combining their result for H 2S with our relative 
measurement we find the proton affinity of HCN to be 723 ± 8 hI mol" 
(172.7 kcal mol"). Haney and Franklin [6] estimated proton affinities for 
both H 2 S and HCN of 711 ± 13 kJ mol" from appearance potential 
measurements and from observations of the non-occurrence of particular 
ion—molecule reactions. Our results however provide an inherently more 
accurate determination for the difference in proton affinity between H 2S 
and HCN. 
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Abstract 

Rate coefficients for the reactions of several positive ions with HCN in the gas phase have been 

measured by the flowing afterglow technique. The reactions are all of the form 

X+HCN -. products 

where X  and the corresponding rate coefficient, in units of cm 3  molecule -1  s', are: X+ = HCNt 

(k 9-8x 10—tO); C 2N (k 3- lx b_b);  CN (k 2-8x 10 9); CH (k 3-2x 10 9); H 30 (k 45x 

10 9) and HCO (k 3-9x 10 9 ). 

Introduction 
Earlier studies carried out in this laboratory by means of the flowing afterglow 

(FA) technique reported rate coefficients of a number of ion-molecule reactions of 

species derived from HCN (I) with H3' ,'  and (ii) of relevance to interstellar chemistry.' 
We include in this report the results and a brief discussion of rate coefficient measure-
ments of other positive ions with HCN and compare the observed rate coefficients 
with those calculated from the ADO WS  model.' These ion-molecule reactions are of 

the general type 
X+HCN-*products 	 (I) 

where X = HCN, C 2N', CN, CH, 17130 and HCO. 

Experimental 
The rate coefficient measurements were carried out in a FA system which has been described 

previously.' Ions produced by electron impact on a carrier gas of hydrogen or helium are allowed to 
attain thermal energies (300 K) by collision with the carrier gas molecules before their entry into the 

reaction region. The reactant ion concentration is monitored by a quadrupole mass spectrometer 
after sampling of the flow stream through a 0-03 cm diameter hole in a molybdenum-tipped sampling 

port. As the neutral reactant concentration (c. loll molecules cm -3 ) is much larger than the ion 

concentration (c. to' ions cm-3), pseudo-first-order kinetics prevail. The rate coefficients are then 

readily found from the linear logarithmic decays of the reactant ion signal as a function of neutral 

reactant flow. 

Liddy, J. P., Freeman, C. G., and McEwan, M. J., Int. J. Mass Speciron;. Ion Phys., 1977, 23, 153. 
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• Either helium (Matheson 99-995%) or industrial grade dry hydrogen (after drying over a molecular 
sieve trap at 77 K) was added directly to the reaction tube at now rates between 150-200 arm cm 3  s'. 

Hydrogen cyanide was prepared in this laboratory by adding sodium cyanide to orthophosphoric acid 
and purified after drying by repealed trap-to-trap distillation. The absolute accuracy of the measured 
rate coefficients is estimated at ±30% and the reproducibility was better than ± 1 0%. 

Results and Discussion 

The following ion-molecule reactions were studied: 

l-lCN +1-ICN -- I-l 2C.N +CN 	(k2 
9.  8 x 10 - 10 c111

3  molecule' r') 	(2) 

C 2 N + -4- I-ICN -->- products 	(k, 3.1 x 10 10  c111
3  moleculc ' r') 	(3) 

CN 4  +1-ICN - I-ICN 4  +CN 	(k 4  2-8 x lO cm 3  molecule - ' s') 	(4) 

[-*l-I 2CN+C 

CH + HCN -( 	
(k 5  3-2 x 10 c111

3  molecule' r 1 ) 	( 5) 

(k 0  4-S x 10 cm' molecule 1  S_ 1) (6) 

(k 7  3-9 x 10 9  cm 3  molecule' s') 	(7) 

Fig. 1. The variation in the 
HCO 4  signal with HCN flow. 
The circles represent the observed 
ion signals at title  29. 
The crosses are the observed 
ion signals corrected for the 
isotope contribution from 
H,CW at ,u/e 28. 

All of the results were obtained in a similar manner but as reaction (7) provided 

an added difficulty the ,n/e 29 (HCO 4 ) decay curve is presented. The reactant ion 

l-ICO was produced by the addition of CO into hydrogen carrier gas downstream 

from the electron gun, so that the primary Hj ion was converted into HC0 4  by the 

rapid reaction 

H,+ +CO -* HCO 4  +H 2 	(k 8  1-4 >< 10 cm 3, molecule -1  s -1 )4 	(8) 

HCN was added further downstream from the CO inlet and the ensuing reaction (7) 

was followed by monitoring the peak at in/e 29- The logarithmic decay of this mass 

peak showed pronounced curvature with large amounts of added HCN (see Fig. I) 

Burt, J. A., Dunn, J. L., McEwan, M. J., Sutton, M. M., Roche, A. E., and SchifF, H. l.,J. Client. 

Phj's., 1970, 52, 6062. 
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because of the contribution to In/a 29 from three isotopes of the product ion H 2CN+ 

(normally at ni/c 28). These isotopes (2 H'H' 2 C' 4N'- , 'H 2 3 C' 4N and IH 2 I 2 CISN+) 

contribute 1-5% of the H 2CN signal at in/c 28 to the peak at nile 29. Subtracting 

this isotope contribution from the observed ni/c 29 signal we obtain a linear decay 

over more than two decades (broken line of Fig. I). 

The results for all reactions are summarized in Table I together with measurements 

reported by other workers 2 ' 57  and the calculated capture rate coefficients from the 

ADO cos 0  model.' 

Table I. Rate coefficients (cm 3  molecule - ' r') at 300 K For reactions of the We 

X + IICN —t products 

ion 

Reaction 

number (this work) 

k o b, 
(others) 

k(ADO) 
(ref. 3) 

HCN  98x 10' °  6-Ox JØ-IOA 29x 10 9  

C 2 N  3 	Ix 10'o 27x 10 9  

CN  28x tO 29x t0 

CH  32x 10 36x 10 

1I 30  45x 10 35x 10-9 D 32x lO 

l-ICO +   39x 10 35x I0 9,"40x to-9? 28x 10 

3Ox to - 9 D 

ARef 5 	8  Ref. 7. 	CRef 6 	" Ref. 2 

Few measurements of the rates of these reactions have been reported but good 

agreement is obtained where comparison is possible. Inoue and Cottin 8  made a 

study of several ion-molecule reactions of C 2N2  and HCN but did not measure 

directly thermal rate coefficients for reaction. From their measurements of appearance 

potentials and the variation in ion current with pressure they predicted the following 

products from reactions (3), (4) and (5): 

C 2N +HCN - C3 N 2  +H 	 (3a) 

CN +HCN ~ C2 N 2 t  + H 	 (4a) 

+ 
C2N+J-I 2 	 (5a) 

Cl-P+HCN--I 
L C2NH + H 	 (Sb) 

Although we could not identify the products of reaction (3) because of interference 
from competing reactions, we did not observe an appreciable mass signal at rn/e 64 

corresponding to Inoue and Cottin's observation of C 3 N 2 . 

The most likely product ion(s) of reaction (4) at thermal energies is HCN and of 

reaction (5) are .H 2CN+ and C 2 N all of which we observed. The probable reason 

for these differences between our results and those of Inoue and Cottin 8  are: (i) their 

measurements were made at relatively high pressures (10- 2  Torr) making it very 

difficult to measure primary ions; and (ii) their conditions were non-thermal due to a 

Harrison, A. 0., and Thynne, J. C. 3., Ca,:. J. Chem., 1967, 45, 1321. 

6 Huntress, W. T., and Anicich, V. 0., Astrop/tys. J., 1976, 208, 237. 

Mackay, 0.1., &towski, L. D., Payzant, J. D., Schiff, H. I., and Bohme, D. K., J. Phys. Chem., 

1976, 80, 2919. 

Inoue, M., and Cottin, M., Ado, Moss Spccfrwn., 1966, 3, 339. 
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voltage gradient of between 5 and 20 V cm" being applied to ions in the high-pressure 

region. 
A comparison of our measured rates with the calculated collision rates shows 

reasonable agreement in most cases with one notable exception. In reaction (3) the 

observed rate coefficient is a factor of 9 less than the collision rate. The heat of 

formation of C 2 N is not well established and hence exothermic pathways cannot be 

identified. This relatively low efficiency of collisions in producing a reaction (c. I in 9) 

may be due to orientation requirements in the collision complex if extensive molecular 
rearrangement is required to form the production. Such deviations between observed 

rate coefficients and those calculated on the basis of collision rates are not uncommon. 9  
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ABSTRACT 

The two reaction systems, 11 3C0 + H 2S 11 3 3 + HCHO and H 3 CO + HCN 

H 2 CN + HCHO, have been studied at 300 K in a flowing afterglow system in both the 
forward and reverse directions. From the measured equilibrium constants and calculated 
entropies the relative proton affinities have been determined as: PA(HCHO) = PA(HCN) + 

1.6(±0.4) kJ mol PA(HCHO) PA(H2S) + 4.0(±0.4) kJ mol. Rate constants were also 

measured in the forward and reverse direction for both reaction systems. 

INTRODUCTION 

The versatility of the flowing afterglow (FA) method has been adequately 
demonstrated in recent years. An illustration of this is the study of proton 
transfer systems in which equilibrium is established between the forward and 
reverse directions as reported by Bohme et al. [1] and Fehsenfeld et al. [2]. 
From the observed values of the equilibrium constants and estimated or mea-
sured entropy changes, the enthalpy changes for proton transfer processes 
and hence proton affinities were obtained. (The proton affinity of a mole-

cule X, PA(X), is usually defined as Mi°  for the process XH • X + I-f.) A 

study of reactions where neutral reactants and products have similar proton 
affinities may be used to establish relative proton affinities in a similar way 
to those established by high-pressure mass spectrometric methods [3]. 

In earlier FA studies we measured the rate coefficients of a number of 
ion—molecule reactions of cyanide-derived species [4,5] and also the relative 
proton affinities of HCN and H2S from the equilibrium constant for the reac- 

tion [6] 

H3 St  + HCN H2CN. H2S 	
(1) 

We have since observed both 1125 and HCN to accept protons readily from 

protonated formaldehyde, H 3C0. We report here equilibrium constants and 
rate coefficients in both the forward and reverse directions for reactions (2) 
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and (3) at 300 K: 

H 3C0' + H2S HO + HCHO 	 (2) 

H3CO + HCN H2CN + HOHO 	 (3) 

EXPERIMENTAL 

The details of the FA technique have been described elsewhere [4,7]. In 
these experiments hydrogen carrier gas is passed through the reaction tube 
at flow rates in the range 150-200 cm' atm s '  and total pressures around 
0.3 torr. Electron impact on the hydrogen carrier gas provides the precur-
sor H ion which readily donates a proton to one of the neutral species, 
HCHO, H 2 S or HCN, added downstream from the electron gun, to form the 
appropriate reactant ion. For example, in the study of reaction (2) in the 
forward direction, HCHO is added at a first inlet jet, thus converting all of 
the 11 ion into l-ICO. The neutral reactant 14 2S is added through a second 
inlet which is placed sufficiently far downstream from the first inlet that the 
reaction between HI and HCHO is essentially complete before H 2 S addition. 
The reaction between H 3COt  and H2S is allowed to proceed along an addi-
tional length of reaction tube before a small portion of the reacting gases is 
sampled into a quadrupole mass filter. Typical concentrations of reacting 
species are: carrier gas, 10 16  molecule cm -'; reactant ion, 10 ion cm -'; neu-
tral reactant, 10 12  molecule cm - '. 

Industrial grade hydrogen was dried over a molecular sieve trap at 77 K 
before entry to the reaction tube. H 2 S and HCN were prepared in this labora-
tory by the addition of sodium sulphide and sodium cyanide respectively to 
orthophosphoric or sulphuric acids. These gases were further purified by dry-
ing over P 205  and repeated trap-to-trap distillation. Formaldehyde, HCHO, 
which was prepared by heating paraformaldehyde, was stored and used in 
the form of HCHOIH2 mixtures. The partial pressure of HCHO in all mix-
tures with H2  was maintained below 18 ton to preclude polymerization, the 
total pressure of the mixtures being, typically, 500-600 ton. Formalde-
hyde vapour stored in this way showed no deterioration attributable to para-
formaldehyde formation over a period of 24 h, after which time the gas mix-
ture was discarded. All rate measurements involving formaldehyde were 
repeated with at least two mixtures of different composition. 

RESULTS AND DISCUSSION 

The method of determining the equilibrium constant, K, from experimen-
tal observation has been described by Bohme et al. [1]. Two independent 
methods are used to determine K in both the forward and reverse directions 
for each reaction system, thus giving four distinct estimates of K. In one 
method, the ratio of the rate constants, kg/k,, is found by measuring k f  un-
der non-equilibrium conditions and computing, using an iterative technique, 
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Fig. 1. The variation in the H 3 CO signal with 1128 at 2 flows of 110-10. The points are 

experimental and the curves calculated using the values indicated for hf/k r . 

the best value of hr to fit the results observed under equilibrium conditions. 
The computed (solid line) and the observed (individual points) ion signals are 
compared in Figs. 1 and 2 and are independent of any mass discrimination in 
the detection system. In the second method K is found directly from the 
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Fig. 2. The variation in the 11 3C0 signal with }ICN at 2 flows of I-WHO. The points are 

experimental and the curves calculated using the values indicated for kt/hr. 
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Fig. 3. The ratio plot for reaction (2) in the forward direction. (H 38J/[l1 3CO] versus 
1128 flow. The ratio of ion concentrations has been corrected for mass discrimination. 
The best straight lines through the points at high H 2 S flows yie?d the values of K shown. 

[H 2CN] 

H 3C 

2) 
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Fig. 4. The ratio plot for reaction (3) in the forward direction. [H 2CN]/(H3OO] ver-
sus HCN flow. The ratio of ion concentrations has been corrected for mass discrimina-
tion. The best straight lines through the points at high HCN flows yield the values of K 
shown. 
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TABLE 1 

Equilibrium constants, K, for the reactions 11 3  CO + 1125 H 3 5 + HCHO, and 11 3 CO + 
11CN11 2 cN+ Hello 

Direction No. of K (kf/kr ) K (ratio plot) 
studied determinations 

II3CO# H2 S H3? + HCHO 
Forward 7 0.13 ± 0.02 • 0.14 ± 0.03 
Reverse 5 0.13 ± 0.03 0.13 ± 0.02 

(Overall mean 0.13 ± 0.02 **) 

H3C0 + !ICN H2  CN + 11db 
Forward 7 0.63 ± 0.08 * 0.63 ± 0.12 
Reverse 4 0.56 ± 0.15 0.76 ± 0.12 

(Overall mean 0.64 ± 0.09 **) 

* Standard deviation of the group of measurements. 
** Standard deviation of all 4 groups of measurements. 

slope of the plot [product ion]/[reactant ion] versus flow of neutral reac-
tant. In this method it is necessary to correct the observed ion signals for 
mass discrimination (Figs. 3 and 4). As in our earlier work [61, no correction 
has been made for any difference between the ambipolar diffusion coeffi-
cients of the ions H 3CO 3  H2CN and H 2S. The neglect of these differences 
is not expected to introduce a large error in K. - 

The results of the equilibrium constant measurements are summarized in 
Table 1 and those of the observed rate coefficients and calculated collision 
rates in Table 2. 

H3C0 + HS HO + HCHO 

The variation in H 3CO ion concentration with H 2S flow is shown in Fig. 
1. Only proton transfer type reactions were observed to occur at low H 2 S or 
I-ICFIO flow rates but at higher neutral flows small peaks at mle = 69 and 
nile = 65 owing to H 3S . H2S and H 3CO . HS clusters were observed. As 

TABLE 2 

Rate coefficients for the reactions of H3CO with 1125 and HON in units of cm  mole-
cule 	s 

Reaction 	 Rate coefficient 

H 3 00 + 1125 -+ 113 C + 110110 	5.0 X 10 10 	1.42)( 10 - 
H 3 S + 1-101-10 • H 3 00 + H2 S 	3.4 x iO 	 2.19 x 10 
H3  CO + HON -* H2 CN + 110110 	1.3 x 10 -9 	 2.70X 10 9  
H2 CN + 110110 • H0O + HON 	2.1)( 10 9 	 2.24 x io 

* Calculated using the ADO &J model (8]. 
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the rate of cluster forniatioh was very slow compared with the reverse reac-
tion no correction for ion clustering was necessary. The ratio plot [H 3S] I 

H 3CO] versus H 2S flow (after correction for mass discrimination) is shown 
in Fig. 3 at two different HCHO flows. Rate coefficients for the forward and 
reverse reactions measured directly under non-equilibrium conditions were 
found to be k 1  = (5 ± 1) X 10° cm' molecule' and k, = (3.4 ± 0.8) X 
10 em' molecule s, respectively. Neither of these reaction rates appears 
to have been reported previously. The uncertainties shown are the standard 
deviations of the measurements. The absolute accuracy of the rate coeffi-
cients has earlier been estimated as ±30% [4]. 

H3CO + HCN 112 CNt + HCHQ 

Again only proton transfer reactions are observed at low HCN or HCHO 
flows and the variation in the H 3C0 signal with HCN flow is given in Fig. 2 
for two different flows of the back reactant HCHO. Ion cluster formation 
at nile = 55, attributable to H 2CN . HCN, was noticeable when the equilib-
rium system was being studied in the forward direction at high HCN flows, 
and it became necessary to correct the H 2CN signal for cluster formation. 
The ratio plot [H 2CN]/[H 3CO] versus FICN flow, after correcting for ion 
cluster formation (H 2 CN . HCN) and mass discrimination, is given in Fig. 4. 
Rate coefficients for the forward and reverse directions are k 1  = (1.3 ± 0.2) X 
10 cm' molecule' s' and hr  = (2.1 ± 0.5) X 10 em' molecule' 

Proton affinities 
Equilibrium constants of K2  = 0.13 ± 0.02 and K 3  = 0.64 ± 0.09 lead to 

standard free energy changes of AGOOK = 5.1 ± 0.4 kJ mol' and 1.1 ± 0.4 
kJ mor' for reactions (2) and (3), respectively. From the values for the colli-
sion rate coefficients for the forward and reverse directions, Zf  and Zr  as 
shown in Table 2 and the method of Lias and Ausloos [9] we estimated the 
entropy changes during reactions (2) and (3) as = -3.6 and aS 3)  = 
+1.6 J K' mol', respectively. Combining these AS' values with the AG* 
measurements, we obtained standard enthalpy changes for the two reactions 
as = 4.0 ± 0.4 kJ mol and aH3) = 1.6 ± 0.4 kJ mol'. (Uncertain-
ties in AS' have not been included in the standard deviations shown for 
enthalpy changes.) As AH° for the reaction is equal to the difference in pro-. 
ton affinities of product neutral and reactant neutral then we have: PA 
(HCHO) = PA(H 2 S) + (4.0 ± 0.4) kJ mol'; PA(HCHO) = PA(HCN) + (1.6 ± 
0.4) kJ mol'. From these figures we deduced indirectly that PA(HCN) = 
PA(H 2 8) + 2.4 kJ mol', which is in excellent agreement with out earlier 
direct measurement of 2.5 ± 0.5 kJ mol [6]. 

Few measurements have been reported in the literature of the proton 
affinity of formaldehyde. Haney and Franklin [10] quote 703 kJ mol' for 
PA(HCHO) using the photoionization measurements on lower aliphatic alco-
hols of Refaey and Chupka [11]. The value of AH7(CH 20H) = 7.38 eV (712 
M mol') derived by Refaey and Chupka from the appearance of the 
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CH2OH peak in photoionization of methyl and ethyl alcohols corresponds 
to the proton affinity of HCFIO quoted by Haney and Franklin. From 
appearance potential measurements and observations of the occurrence and 
non-occurrence of particular proton transfer reactions Haney and Franklin 
[10] then assigned the proton affinities of both H 2S and HCN as 8.4 kJ 
mol' greater than that of HCHO. However, it is evident from the present 
work that proton transfer to HCHO from H 2 CN and H 3S occurs readily in 
both directions and hence their method is not always a reliable guide to rela-
tive proton affinities. The determination of equilibrium constants is inher-
ently more accurate. 

In summary, we have established the order of proton affinities as PA 

(HCHO) = PA(HCN) + 1.6 kJ moM; PA(HCN) = PA (H 2S) + 2.4 kJ mo!-1 . 

Combining the measurements of Kebarle et al. [3] with our relative proton 
affinities, we have PA(H 2 S) = 720 ± 8 kJ mol 1 ; and PA(HCHO) = 724 ± 8 

U mol'. 
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ABSTRACT 

The reaction systems 

CH 3NO2 I-f + CII 3OH CH3 011 + CU 3NO2  

HCOOI-I ;  + CH 3NO 2  CH3N02 11 + HCOOI-1 

and 

HCOOH + CH 30H CF13 0H + HCOOH 

have been studied at 300 K in a flowing afterglow system in both the forward and reverse 
directions. We report forward and reverse rate coefficients for each system, equilibrium 
constants and three-body association rates for the process 

BH + B + M -'(B)2 H + M 

where B = CH 30H, CH 3 NO 2  and HCOOH. The equilibrium constant determination 
yielded the relative proton affinities PA(CH 3 0H) = PA(CH3NO 2 ) + 2.2 ki mor'; PA-
(CH 3 NO2 ) = PA(HCOOH) + 2.8 kJ mol' ; PA(CH 3 OH) = PA(HCOOH) ± 5.7 kJ mor'. 

INTRODUCTION 

Over the past 10 years or so, several attempts have been made to estab-
lish proton affinities of organic acids and bases from mass, spectrometric 
studies of ion—molecule equilibria [1-4] such as 

B1H'+B2B2H+B1 	 (1) 

where B 1  and B2  are two bases. Yamdagni and Kebarle [2] used a high-pres-
sure ion source mass spectrometer to measure the ratio B 1 H/B2H under 
equilibrium conditions from which they determined equilibrium constants 
and hence proton affinities for a range of bases having proton affinities be-
tween those of H 2O and NH 3 . To avoid complications from ion clusters of 
the type (B 2)H Yamdagni and Kebarle made their measurements at 600 K. 
Very recently Wolf et al. [4] applied the same principle of measurement to 
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determine equilibrium constants for reaction (1) where B, and B 2  were again 
a series of bases having proton affinities between those of H 20 and NH 3 . The 
experimental conditions of the two studies were widely different. Wolf et al. 
[4] used a pulsed ion cyclotron resonance (ICR) technique with partial 
pressures of B 1  and B2  in the 10 7-10 6 -ton range, whereas the partial pres-
sure in the ion source of Yamdagni and Kebarle was typically 10-200 mtorr. 
Despite the great difference in experimental conditions the agreement be-
tween the two groups was good: Yamdagni and Kebarle [2] report PA(NH 3)-
PA(H 20) = 133 ± S kJ mol at 600 K and Wolf et al. [4] report the differ-
ence as 134 ± 4 kJ mol at 300 K. However, within the ladder of bases 
required to determine the difference between the PA values of NH 3  and H 20 
a number of discrepancies in relative proton affinities are evident. For exam-
ple, Yamdagni and Kebarle estimate PA(MeOH)—PA(HCOOH) = 17 kJ 
mor' whereas Wolf et al. give the difference as 9 kJ mol'. The flowing 
afterglow (FA) technique has also been employed to determine accurate 
measurements of relative proton affinities for a number of systems [5,6]. 
We have conducted investigations of proton-transfer equilibria in the follow-
ing systems using an FA system: 

CH3NO2 lit + CH 30H CH30H + CH3 NO 2 	 (2) 

H000H + CH3 NO 2  CH3 NO 2 Ht  + HCOOH 	 (3) 

FICOOI-C + CH 30H CH3 0H; + HCOOH 	 (4) 

A study of these systems allows us to provide further information on differ-
ences in the relative proton affinities reported by the high-pressure mass 
spectrometer method and the low-pressure ICR method.. We report for each 
reaction system, equilibrium constants, relative proton affinities and rate 
coefficients for the forward and reverse directions. The inclusion of reaction 
(4) adds,a very useful cross-check on the relative proton affinities of HCOOH 
and CH 30H with the value obtained by the combination of reactions (2) and 
(3). 

EXPERIMENTAL 

The experimental details of our FA system have been described previously 
[7]. The primary ion H; is produced by electron impact on a stream of hy-
drogen at flow rates in the range 150-200 cm 3  atm s and total pressures 
around 0.3 ton. The reactant ion of interest is produced by proton transfer 
from H to the appropriate base (CH 30H, CH 3NO2  or HCOOI- ) and the reac-
tant neutral is added further downstream. The ensuing proton-transfer reac-
tion is followed by monitoring reactant and product ion signals as the neu-
tral reactant flow varies. 

Gases used are industrial-grade, dry hydrogen which is further dried over a 
molecular sieve trap at 77 K before entry to the reaction tube. Suitable mix-
tures in hydrogen of commercially obtained (spectroscopic grade or analyti- 
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cal grade) CH 30I-1, CH 3NO 2  and 14000FI were prepared such that the partial 
pressures of these species in the mixture were always well below their satu-
ration vapour pressure at room temperature. In the case of formic acid, 
which exists mainly as the dimer at room temperature and moderate pres-
sures but as the monomer at reaction tube pressures, it was necessary to cor-
rect all our flows of HCOOH for dimer formation. The equilibrium measure-
ments of Halford [8] showed that, in a typical HCOOH/H 2  mixture in which 
the partial pressure of acid is 33 tort, 88% of the vapour is in its diner form 

(H000H) 2 . 

DATA ANALYSIS 

Under favourable conditions the equilibrium constant K for reaction (1) 

B1W+B2B2Ht+B 	 (1) 

can be estimated by 5 distinct measurements with the FA technique. (a) By 
direct measurement of k f  and hr under non-equilibrium conditions from 

which K = h f /kr. (b) By monitoring the reactant ion signal (B 1 W) for reac-

tion (1) in the forward direction and using calculated ion densities and an 
iterative procedure to find the best value of k to fit the observed reactant 

ion concentration as a function of B 2  flow. K = kf (obs )/kr(iterated). (c) By 

monitoring both reactant and product ion signals in the forward direction 
under equilibrium conditions as a function of neutral reactant flow. After 
correctipg for mass discrimination K = [ B2H] [B 1 ] /[ B 1 1t] [B2 ]. (d) Repeat 
(b) in tje reverse direction. (e) Repeat (c) in the reverse direction. In cases 
where the forward and reverse reactions are the only reactions competing 

for the ions B 1 H and B 2H, good estimates may be found for calculated ion 
densities from the analytical solution to the differential equations which 
include radial and axial diffusive loss (model 1) [5]. However, in the systems 
investigated in this work we had also to include contributions from cluster- 

ing reactions of the type 
(5) 

which proceed sufficiently rapidly to prevent equilibrium from becoming 
established. In an earlier investigation of HCN/HCHO/H 2  equilibria [9], 

the effect of clustering reactions was minimised by carefully controlling the 
experimental conditions. However, the very rapid rate of reaction (5) when 

B2  = CH 30H, CH3NO2  and HCOOH required the inclusion of this B 2H loss 

mechanism as an additional chemical loss term in the model. The three 
first-order differential equations that summarise the kinetic scheme (reac-
tions (1), (-1) and (5)) have an exact solution which was used as the basis 
for a chemical model (model 2) to account for the observed variation in reac-
tant ion signal with neutral reactant flow. In model 2 diffusion is included 
only as an empirical correction. The magnitude of this correction was calcu-
lated by comparing the rate coefficient hr, iterated using model 1, with that 
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obtained for h from model 2 under conditions where clustering reactions 
are of only minor importance. Values of hr  obtained from model 2 are esti-
mated to be within a factor of 2 of the value produced when model 1 is 
applied to the observed data. The results of model 2 calculations were not 
rigorous, being intended only as an aid for interpretation of the measure-
ments and they were not used for the determination of equilibrium con-
stants. 

RESULTS AND DISCUSSION 

The determination of K by method (c) above was precluded as a conse-
quence of the rapid clustering reaction (5). However, by carefully controlling 
conditions, method (a) was used to determine h, and hr  for each reaction 
system from the slopes of linear semilogarithmic decays of reactant ion with 
neutral reactant flow (Fig. 1). These results are summarised in Table 1. The 
ratio of h f /h r  is the value of K listed in the third column of Table 2. 

cH3NO 2H -& CH301I CH30W + cH3NO 2  [Reaction (2)] 
In Fig.. 2 we show the raw data from one series of measurements for reac- 

CH 1NO2  rLOW/'(. 	 0*) 

Fig. 1. The slope of the semilogarithmic decay of HCOOH +2  ions with added CH 3NO2  

yields a yalue of k3 = 4.05 x 10 9  em' molecule - 's -1 . The flow of HCOOH = 6.43 X 

10 15  molecule s. 
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TABLE 1 

Rate coefficients for proton transfer in units of 10 -9  cm 3  molecule -1  s 

Reaction number Reaction 

(2) C113N02 11 + CJ-1 3 0F1 • CH 3 011 	+ C11 3 NO2  2.3 

(-2) CH3 01-1; +dH 3NO2 -+CH3NO2H+CH 3OH 1.6 
(3) HC0011; + d113NO2  • CII 3NO2H t  + HCOOI-! 4.0 

(-3) CH3N02 11 + HCOOH • HCOOH + CH3NO2 0.7 

(4) HC0011 +CH3QH-dH 3OH +flCOOl4 3.8 

(-4) C11 3011 	+HCOOH-11C00H 	+C1-1 3 01-I 0.37 

tion (2). In Fig. 3 the variation in CH 30H ion concentration with CH 3NO2  
flow is shown for two different flows of CH 30H. The solid curves are com-
puter-fitted curves to the experimental data using model 2 and allowing the 
values of /t2 and h to vary independently until a minimum deviation is 
found between the calculated and observed profiles. Proton transfer was 
found to be the main reaction in the reverse direction (>90%) although a 
product peak at m/e = 30 indicates that a minor channel producing NO + 
(?) is also occurring. At higher flows of CH 3OH (in the forward direction) 
or CH 3NO 2  (in the reverse direction), removal of the product ion by cluster-
ing became very noticeable (see Fig. 2). From the decrease in CH 30H sig-
nal with increasing CH 30H flow resulting from the reaction 

CH3OFE + CH 3OH + 112 (CH 30I-I) 7  H + H 2 	 (6) 

a clustering rate of /t6 = 6 X 10_26  cm' molecule 2  s was determined for a 

range of H 2  pressures from 0.15 to 0.4 ton. Grimsrud and Kebarle [10] have 
measured the equilibrium constant of reaction (6) and found AG O OOK 

—100 kJ mol. Combining our value for k s  and their equilibrium measure-
ment we obtain 6 = X 10 cm 3  molecule s 1 . Independent measure-
ments of the rate coefficients for the forward and reverse reactions gave k2 = 

TABLE 2 

Equilibrium constants, K, and the corresponding values of AG OoK  for proton-transfer 

equilibria in CH30H/0113N021H000H 

Reaction -- Equilibrium 	 K 	'300IC 

number 	 (kJ moV') 

2 	 C11 3NO2}f + CH 30H CH3011 + CH 3NO2 	1.4 	—0.9 

3 	 HCOOH + CH3NO2 CH* 	+ IICOOH 	5.7 	4.3 

4 	 IICOOH + CH3OH 	CJT3011; + HCOOH 	10.3 	—5.8 
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CH,oIl ow/( 	CULfS!$I9) 

Fig. 2. Raw data for the equilibrium system CH 3 NO2 H + CH 30H CH3 0H + CH 3 NO2  
studied from the forward direction. The flow of C11 3 NO2  = 2.58 )< 1016 molecules'. 
The effect of removal of the CH 30H ion by clustering is clearly seen although the cluster 
peak at rn/c = 65 is not shown. 

2.3 X 19 and k_ 2  = 1.6 X 10 cm' molecule' s respectively. These rate 
coeffiepts were obtained from the slopes of semilogarithrnic decays of the 
reactant ion concentration as the neutral concentration varied. Very low 
reactant gas flows were maintained to prevent contributioqs to the reactant 
ion signals from the reverse reaction and from the three-.body association 
process. 

HcooH + C113 NO2  C113N0 21T + HCOOH [Reaction ($)] 
Proton transfer was the only process observed in either,  direction at low 

reactant flows. When investigating reaction (3) in the reverse direction at 
high flows of HCJOOH, the HCOOH signal was observed to decrease owing 
to the ,clustering process 

HCOOH + HCOOH + H2  (HC00H) 2  . H + H 2 	 (7) 

The observed rate of decrease gave a value of Fe, 2.0 X 10 26  cm 6  mole-

cule - ',s - '. Similarly, in the forward direction, CH 3NO2H was also observed 
to undergo the association reaction 

CH3 NO 2 H + CH3 NO 2  + ft (CH3NO2)2 . fl + H2 	 (8) 



383 

CH,NO, LOw/(MOLECt3Le 5-' 

Fig. 3. Variation of [CH 3 0F1] with CH 3NO2 flow at 2 different flows of CH 3 0H. The 

points are experimental and the curves calculated using model 2. ft 2  and ft5 are adjust-

able parameters for achieving minimum deviation. For curve (1) C11 300 = 7.6 X lois 

molecule C 1 , ft 2  = .4 x itY cm 3  molecule' C' and ft 5  = 3.8 x 10 -26  cm6  molecule 2  

s 1. For curve (2) CH 30H 1.7 )< 10 16  molecule ft 2  = 1.1 X 10 cm 3  molecule' s 1  

and ft s  = 1.1 X 10 26  em6  molecule 2  C'. 

Measurements of the rate of removal of CH 3NO2W with large flows of added 

CH 3NQ 2  were made during studies of reaction (3) in the forward direction 
and of reaction (2) in the reverse direction. These yielded a value of k 8  

4.5 X 14y26 cm6  molecule -2  C'. 
The direct measurement of Ft 3  and k 3  gave 4.0 X 10 and 0.7 X iO cm 3  

mo1ec1e' s' respectively. A computer fit to the observed decay of 

1011 3NO 2H with HCOOH now based on model 2 is shown in Fig. 4 for two 

CH 3NO 2  flows. 

HCOOH + CH3011 CH30I-1 + HCOOH [Reaction (4)] 
Again proton transfer was the only reaction observed at low reactant 

flows in' either direction. In the forward direction at higher flows of CH 30J-1 

and in the reverse direction at higher flows of HCOOH the presence of rapid 
three-body association was again evident. Within the limits of the data treat-
ment provided by model 2, reasonable values were obtained for Ft 4  and Ft 6  in 

the forward direction and k 4  and Ft 7  for the reverse direction when the devi- 

13 
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[CH,NC 

nCOc$l FLOW//(MOLECULE 
r..o) 

Fig. 4. Variation of [CH31SI02WI with HCOOI-1 flow at 2 different flows of C11 3 NO 2 . The 

points are experimental and the curves calculated using model 2. k 3  and 1 are adjust-

able parameters for achieving minimum deviation. For curve (1) C11 3 NO2  = 1.1 x 
molecule s, k3 = 1.0 x 10 cm 3  molecule' s and It 7  = 2.8 X 10-26  cm6  molecule 2  

a- 1 for curve (2) CH 3 NO2  = 1.5 )< 10 16  molecule s 1 , h3 3.0 x 10 cm 3  molecule' 

s and k 1  1.0 X 10-26  cm6  molecule 2  s. 

ation between the observed and calculated profiles was minimized (see Fig. 
5). The dect measurement of the forward and reverse rate coefficients gave 

= 3.8 X 10 9  and h 4  = 0.37 X 10 cm' molecule' s' respectively. 

Free energy and proton affinity 
From :the ratio of the forward and reverse rate coefficients for each of 

reactions :(2)—(4) we obtain the equilibrium constants K 2  1.4 (±20%), K3  = 

5.7 (±20%) and K 4  = 10.3 (±20%). These values of K lead to the standard 
free energy changes at 300 K AGO = (-0.9 ± 0.4) kJ mol';AG?3) = (-4.3 ± 
0.5) kJ moY' and AGO = (-5.8 ± 0.5) kJ mor'. From the values for the 
collision rate coefficients for the forward and reverse directions and the 
method of Lias and Ausloos [11] we estimate the entropy changes (AS.,,) 
during each reaction as AS 011(2)  —4.4 J K' moI', AS°013(3)  = 5.1 J K' 

moF' and AS ØIj(4)  = —0.3 J K' moV'. The ADO model [12] was 
used to palculate collision rates. Calculated values for the average polariza-
bility of CH 3NO 2  and HCOOH, using the 5-function potential model of 
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100 

[H C 0 OH: 

CH,OH FLcw/(MOLECUts 5', 

Fig. 5. Variation of [HCOOFI] with CH 3 0H flow at 2 different flows of back-reactant 
FICOOH. The points are experimental and the curves calculated using model 2. ft 4  and ft 6  
are adjustable parameters for achieving minimum deviation. For curve (1) CH 3 011 = 3.2 x 
10 16  molecule s, ft4 = 1.3 )( io cm 3  molecule' 9 'and ft, = 1.2 )< 1.0-26  cm6  mole-

cule -2  s 1 . ( 2) C}13011 1.5 X 10 16  molecule 51,  ft4 = 3.1 )< 10 cm 3  molecule' aT 1 , 

and ft 7  = 2.1 )< 10-26  cm6  molecule -2  s. 

Lippincott and Stutman [13], were 46.8 X 10" and 30.7 X 10-25  cm  
respectively. The measured average polarizability of CH 3 0H is 32.3 X 10_ 25  

em' [14]. As other workers have used rotational symmetry, numbers to 
estimate zS° changes for reaction (1) using the expression rs 

R lnjo(B 3 F4)a(B 2)/a(B 2H)c(B i )} we have compared our calculated entro- 
pies with these of AS' in Table 3. Rotational symmetry numbers of 1 were 
chosen for the protonated bases CH 30FI, CH 3NO 2W and 2 for HCOOH. 
Although the entropy contribution to AGO is small, the values assumed for 

are very important to the evaluation of enthalpy changes the equilib- 
rium constants are close to unity and consequently IáG ° I values are small. 
The method of calculation of 3O  therefore has a marked influence on rel- 
ative protpp affinities as can be seen from Table 3. Detailed comparison 
between different groups is therefore best made on the basis of AGO values 
which are ptained directly from experiment rather than from proton affini- 
ties. Combining our calculated AS 01 , values with our AGO measurements we 
obtain the standard enthalpy changes shown in column (5) of Table 3. Thus 
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the proton affinities are PA(CH3OH) = PA(CH 3NO 2 ) + 2.2 kJ moY'; 

PA(CH 3NO 2 ) = PA(l-ICOOFI) + 2.8 kJ mor'; and PA(CH 30H) = PA(HCOOH) 
+ 5.7 kJ moF' (direct measurement). The internal consistency of the rela-

tive proton affinities of CH 30H and H000H is within experimental error. 
However our measurement of aG?4) = (-5.8 ± 0.5) kJ moF' is greater than 
either of that reported by Yamdagni and Kebarle (-17 kJ mo! 1 ) [ 2] or by 

Wolf et al. (-10 kJ moF 1 ) 141- Neither of these references mentions a cor-
rection for dimer formation in HCOOH which, if neglected under experi-
mental conditions favourable to dimerisation, will result in experimental 

values of G °  which are larger (more positive) than the true value. If this 
consideration was neglected in the work of Wolf et al. and Yamdagni and 
Kebarle it would tend to increase the discrepancy between AG' reported in 
this work and the results reported by the other two groups. It is also inter-
esting that two systems in which Wolf et al. have noted [4] that marked 
irregularities occur between measured and calculated entropies are those in 
which there is significant dimerisation of the neutral molecule: viz. 11C00H 

MeOH and H 20—CF 3COOH. 
If we accept a value of 762 kJ moF' for the proton affinity of CH 30H 

[15] then PA(CH 3NO2) = 760 kJ moF' and PA(IICOOH) = 756 kJ moF'. 

Two recent ICR studies of CH 3 NO2  gave estimates for the proton affinity 
(on the basis of whether particular ion—molecule reactions were observed) 

as 753 ± 17 kJ moF' [161 and 753 kJ moF' [17]. 
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Abstract 

Rate cocflicicn Is ale reported for a number of proton-I ransler reactions with formic acid. These 
reactions can he represented by the gci iera I eq LI U lion 

.Xl-l 4  -l-l-ICOOI -t 	(UCOOH)l-1-l-X 

(X = CF!4 . 1-IO, N 2 , CO, 1-ICN, 1-ICI-lO, CH 3 0l-1 and 1-1 2S). Reasonable agreement was obtained 
between our observed results and predictions based on the average-dipole-orientation (ADO) model 

except that ADO theory may slightly underestimate the collision rate. 

Introduction 

Several studies have been made of proton-transfer reactions in organic acids and 

bases in the gas phase.' —' Following an equilibrium study of several reactions of 

protonated molecules with formic acid' we were encouraged to investigate proton-
transfer reactions directly. In this study we have confined ourselves to measurements 
of rate coefficients of simple proton-transfer reactions of formic acid which can be 

represented by the equation 

XFI 4  +I-ICOOH (l-ICOOH)H +X 	 - 	(1) 

In reaction (I) X = CH,, H 20, N 2 , CO, HçN, HCFIO, CH 30H and H 2 S. Proton-

transfer rpactions of this type generally have high (close to 100%) reaction efficiencies 
and are usually free from the complications introduced by multiple reaction channels. 
These features make proton-transfer reactions a particularly useful means- of testing 

models of reaction rates.' —' Although. the average-dipole-orientation (ADO) theory 

of Su, Bowers ci al.58  provides the most realistic model of collision rates for proton-
transfer reactions a number of reactions have been noted where ADO theory under- 

Kebarle, P., ,'l,mu. Rev. I'llys. C/u',,,., 1977, 28, 445. 
Yamdagi, K., and Kcbarle, P., J. A,;;. C/ic,,,. Soc., 1976, 98, 1320. 
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Taft, R. W., J. A,',. Chen;. Soc., 1977, 99, 5417. 
Freeman, C. C., Harland, P. W., and McEwan, M. J., In!. J. Mass Spectron. Ion P/u's., 1978a, 

in press. 
Su, T., and Bowers, M. T., Jut. J. Mass Spectra,;;. Jon 	1973, 12, 347. 

6 Betowski, D., Payzant, J. .D., Mackay, C. I., and Bohme, D. K., Client. P/u's. Left., 1975, 31, 321. -. 
Liddy, J. P., Freeman, C. C., and McEwan, M. .1., liii. J. Mass Speciro'n. Jo,, Flips., 1977, 23,153. 
Bass, L., Su, T., Chesnavich, W. J., and Bowers, M. T., Client. F1u'-  Left., 1975, 34, 119. 
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estimates the collision rate up to 40%. '  The study reported here allows its to make 
comparisons of theory and experi mènt with it system of moderate dipole moment and 
polarizabiity and also to examine the effect of exotherinicity on reaction efficiency. 

Experimental 
The rate coefficients of the reactions reported were measured by the flowing afterglow technique 

at 300 K which has been described previously. 7  Primary ions are produced by electron impact on 
a hydrogen carrier gas and quickly attain thermal energies by collisional deactivation. The ion of 
interest is formed by adding a suitable neutral reactant downstream from the electron impact source 
thus producing the reactant ion from the primary ion. Further downstream the reactant neutral 
(lormic acid in this case) is added and the reactant and product ion concentrations are monitored by 
a quadrupole mass spectrometer. Typical operating conditions are: total gas pressure c. 0-3 Tort; 
gas velocity c. 7000 cm r'; reaction length 56 cm; reactant ion concentration c. 10 ions CM-3 

and neutral reactant concentration c. 10" molecules cm -3 . The overall accuracy of the rate measure-
nients is estimated as ±30% but the precision is within ± 10%.' 

Hydrogen (industrial dry grade) was used as carrier gas after passage through a molecular sieve 
trap at 77 K before entry to the reaction tube. The neutral reactants used to form the ion XH 
were nitrogen (Matheson, 99999%), carbon monoxide (Matheson, 99-5%), ammonia (N.Z. Gas, 
99.9%), methane (Matheson, 99%), distilled water, methanol (Koch-Light spectroscopic grade) 
and formaldehyde (l3Dl-i, reagent grade). Hydrogen sulfide and hydrogen cyanide were prepared in 
this laboratory by the addition of sulruric acid to potassium sulfide or potassium cyanide respectively 
and after drying were purified by trap-to-trap distillation. Mixtures of formic acid (Merck, analytical 
grade) were prepared with hydrogen so that at all times the vapour pressure of formic acid was well 
below its saturation vapour pressure at room temperature. in most cases the experiments were 
repeated with mixtures having widely different mole fractions of formic acid to eliminate potential 
problems arising from mixture contamination. At the pressures of formic acid used in the preparation 
of mixtures in this work the dinieric form predominates' 0  (for example, at 300 K and a partial 
pressure of 4D Torr, formic acid is present as c. 88% dimer). Allowance was made for this in the 
monitoring of the formic acid flow rates with the assumption that after expansion into the flow 
system complete dissociation to the monomer occurs rapidly. 

Results and Discussion 

The rate coefficients measured for the proton-transfer reactions studied are summa-

rized in the second column of Table 1. Each reported value is the mean of at least 

four separate observations. We are not aware of any other values reported for these 
rate coefficients. In most cases determination of the rate of proton transfer was 
straightforward with no complications arising from alternative reaction channels. 

The one exception was the reaction with H3+  where the exothermicity of reaction 

(323 kJ) was sufficiently great for fragmentation of the product ion to occur to'gice 

HCO+ as the main channel:  

H3+ +HCOOH -. HCO'+H2O+H2 	 (2) 

Although this exothermic channel to form the HCO product was also open to the 
N2H+ reaction, the proton-transfer process was the dominant channel. 

The three most widely used classical physical theories for collision rates beteen 

ions and molecules can be represented by the equation 

k = (27rq/tt12)[cct /2  +c4uD(2/7rkflfl"21 	I (3) 

Mackay; 0.1., Betowski, L. 0., Payzant, J. 0., Schiff, H. L, and Behove, D. K., J. P/sfl. C'i,e,n., 

1976, 80, 2919, 
10  Halford, J. 0., J. C/se,,,. F/u's., 1942, 10, 582. 
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where k is the calculated capture rate coefficient, q the ionic charge, oc the average 

electronic polarizability of the neutral molecule, p the reduced mass of the ion-neutral 

pair, PD  the permanent dipole moment, and k11  is the Boltzmann constant. Parameter 

c is a parameter which has the value zero in simple Langevin theory, the value one 

in the locked-dipole limit 1 ' and intermediate values that have been parameterized by 

Tablet. 109  x rate coefficients (un' molecule - ' s) at 300 K for proton-transfer reactions of the type 
XH-I-HCOOH -* (HCOOH)l-I+X 

XI-1 k,b, k(AD0)' k(LD)" k0,/k(ADO) kob,/k(LD) —All' C 

fl, +O  3.9 3.9 101 10 039 323, 132°  

CH, 30 19 48 16 063 209 

H,0 22 18 46 12 048 35 

N,H 17 16 40 11 043 270 

l-lCO 19 16 40 12 048 163 

II 2CN' 14 16 41 088 034 16 

l-i 3 CO 20 15 39 13 051 26 

CH,Ol-1 037 0 	15' 0.38' 25 097 

I-1,S 20 150 38 13 053 19 

A  Calculated by average-dipole-orientation theory and the EiD model' (c = 0192). 
Calculated by 'locked-dipole' theory (c = 10) (from Gupta, S. K., Jones, E. C., Harrison, A. C., 

and Myher, J. J., Ow. J. Chem., 1967, 45, 3107). 
C The proton ailinilics adopted in this work (in ki mol') are based on values previously tabulated 
(ref. 1 and Freeman, C. C., Harland, P. W., and McEwan, M. 3., hit. J. Mass Spec/rain. Ian Ploys., 

1978b, in press), unless otherwise stated. 
Although not a proton-transfer reaction, as noted in the text; we have included the reaction of 

Il, to emphasize any trend in deviation between theory and experiment. 811' = —323 kJ mol-t 
applies to proton transfer and All' = —132k) moh' applies to formation of HCO. 
' We have measured the enthalpy of this reaction directly as All' = 57 kJ moP' (ref. 4). The 

ADO and Lb rate coefficients have been calculated from an Arrhenius-type expression in which the 
activation energy is set equal to the endothermicity of reaction. 

Fig. 1. A comparison of observed 
rate coefficients of formic acid 
with the capture rates predicted by 

'locked-dipole' (c = 1); 
ADO (c = 0.192); 
Langevin (c = 0) theories. 

The points are experimental. 

Bass ci al.' in ADO theory. Thus at one extreme (c = 0), Langevin theory ignores 

ion-permanent dipole interaction while at the other extreme (c = 1) there is complete 

alignment or 'locking in' of the dipole as considered by Gupta c/ at" There is now 

a considerable body of evidence to support the case that most proton-transfer reaction 

11 Gupta, S. K., Jones, B. C., Harrison, A. C., and Myher, I. 3., Can. J. ('lien:., 1967, 45, 3107. 
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rates are best described by ADO theory where c has intermediate values which lie 
between 0 and 0-26."  

Formic acid has a dipole moment of 141 .D.L2  The average polarizability of 
formic acid has been calculated by means of the 5-function potential model of Lippin-
cott and Stutman' 3  and the resulting value of 30'7x 10-25  cm 3  used in the present 
work. The collision capture rate coefficients calculated from the ADO model which 
assumes 100% reaction efficiency and an average angle 0 between the dipole and the 
line of centre of collision are shown in the third column of Table 1. Rate coefficients 
based on the locked-dipole limit model are shown in the fourth column. As expected 
from similar studies -9 . 7'9  we find that ADO theory gives the best approximation to the 
degree of permanent dipole interaction whereas locked-dipole theory overestimates 
the interaction (see Fig. I). Although we do not observe any major difference between 
calculated collision capture coefficients (which assume 100% reaction efficiency) and 
experiment, no trend is observed in the series with reaction exothermicity which 
indicates all reactions studied proceed at close to 100% efficiency. 
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Abstract 
Rate coetlicicJUs for a number of rearrangenient reactions of positive ions with 1-IC001 I are reported. 

These reactions may be represented by the general equation 

\1+ + HCOOH products 

Most reactant ions resulted in the fragmentation product HCO 4  and five reactant ions, I4, O, 

CN, N 2 + and CO, were observed to have rate coefficients much greater than predicted by the ADO 

model. An explanation for the high rates observed for these reactant ions is proposed and involves 
dissociative charge transfer by a non-orbiting electron-jump mechanism. 

Introduction 

In an earlier investigation into the rates of ion—molecule reactions of gas-phase 

formic acid,' we made a study of a series of proton transfer reactions which can be. 

represented by the general equation 

XH+FlCOOF1 _(HCOOH)FP+X 	 (1) 

Proton transfer reactions usually have high reaction efficiency and are generally free 

from the complications introduced by multiple reaction paths. As formic acid has 

been observed in the interstellar region towards Sgr 
82 2  together with closely related 

molecules such as methyl formate,' we have extended the range of reactions of formic 

acid to include rearrangement-type reactions. When the reactant ion has no trans-

ferable prptons or alternatively has sufficient energy to initiate fragmentation of the 

formic acid molecule, the possibility of multiple reaction pathways exists (e.g. reaction 

(2)): 
Y 4  +l-lCOO1-1 —i- F1CO +Y+OH 

— HCOOH +Y 

_YW+ CO, +H 

—>YH2+CO2 	 (2) 

t Part 1, Aust. J. Client,, 1978, 31, 2157. 

1 Freeman, C. C., Harland, P. W., and McEwan, M. 3., A,,st, J. Client,, 1978, 31, 2157. 

1 Winnewisser, 0., and Churchwell, E., Astroplo's. J. Lett., 1975, 200, L33. 

Brown, R. D., Crofts, J. G., Gardner, F. F., Godfrey, P. D., Robinson, B. 3,, and Whit!oak, J. B., 

Astrophys. J. Let!., 1975, 197, L29. 
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• Very few detailed investigations have been reported of the rates of ion-molecule 

reactions involving organic acids. Only one earlier investigation of reactions of formic 

acid appears to have been undertaken. 4  In that study the ions chosen were generated 

from the HCOOH molecule itself and proton transfer was the main reaction channel 

as in our earlier study.' In the present investigation, however, proton transfer (where 

possible) proved to be the exception rather than the rule. 

Experimental 

The rate coefficients reported in this work have been measured by the flowing afterglow technique 
which has been described elsewhere.' In all the reactions studied, the ions were generated by electron 
impact on a helium carrier gas rather than in hydrogen as described in Part I.' Typical operating 
conditions were: total gas pressure r. 03 Torr; gas velocity c. 7000 cm s"; reaction length 56 cm; 

reactant ion concentration c. to' ions ent and formic acid concentration c. loll molecules Con - 3 .  

The overall accuracy of the rate measurements is estimated as ±30%' but the precision is within 

± Lo%. 
The reageits used were helium (N.Z. Ind. Oases 99995%), NH, (N.Z. Gas Co., 999%), CO 

(Matheson, 995%),  N 2  (Matheson, 99999%), O (Matheson, 9995%), Cl-I 4  (Matheson, 99%) and 
C21114 (Matheson, 995%). HCN was prepared by the action of sulfuric acid on KCN, dried over 

P205  and further purified by trap-to-trap distillation. Mixtures of HCOOH (Merck, analytical 
grade) in hydrogen were prepared as described earlier' so that at all times the vapour pressure of 
HCOOH was well below its saturation vapour pressure at room temperature. Corrections were 
applied for dime formation of HCOOH as previously described.' 

Results and Discussion 

Table I summarizes the reactions studied and compares the results observed with 

those calculated by various methods.' -' Each rate coefficient reported is the meanof 

at least three separate determinations. Although many of the reactions had two or 

more ion products, the major pathway for most reactions led to the initial production 

of FiC0 ,Which subsequently underwent secondary reaction with formic acid to -. 

produce (FICOOH)H 4  at nife 47:'  

HC0+HCO0H -. (HCOOH)H +  + CO 	 - -. (3) -. 

= I 9x10 cm3  molecule - ' s  

The formation of FICO 4  was endothermic in four of the five reactions in which HCO 4 : 

was not the major ion product, viz. Y4 = 02t C2 H 5 , NH 2 4  and NH3t Only  

reaction (8), where Y 4  = CH,, was the exothermic pathway leading to HCO for-.  

mation much less important than hydrogen atom abstraction and, instead of HCO, - 

CH 5 4  was the major product. in Fig. I we show the raw data for reaction of C0+ 

with HCOOH. The slope of the linear semilogarithmic decay of CO 4  with formic 	- 

acid flow gives the rate coefficient for reaction (16). The rapid increase in HCO+ 

signal at low formic acid flows indicates that HCO 4  is the primary ion product which 

subsequently reacts with FICOOH to produce a secondary ion I-ICOOH 2 +  (reaction (3)). - 

Pritchard, H., Thynne, J. C. J., and Harrison, A. 0., Can. J. Chem., 1968, 46, 2141. 	- 	- 
Liddy, J. P., Freeman, C. 0., and McEwan, M. J., hit. J. Mass Spectrorn. Jon Ploys., 1977, 23, 153.-- - - 

6  Bass, L., Su, T., Chesnavich, W. 3., and Bowers, M. T., Chew. Ploys. Let!., 1975, 34, 119. 	 - 
Gupta, S. K., Jones, E. 0., Harrison, A. C., and Myher, J. J., Ca,,. J. Chew., 1967, 45, 3107. 
Rosenstock, H. M., Draxl, K., Steiner, B. W., and Herron, I. T., J. Ploys. Clsen, Ref. Data, 1977,6, 	- 

(Suppl. No. J), I. 
Freeman, C. C., Harland, P. W., and McEwan, M. 3., In!. J. Mass Specfrom. Ian Ploys., 1978, in - - 

press. 
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In those reactions where two or more primary product ions were produced, we 

were unable to determine accurately the relative importance of each reaction channel 

and instead can only provide approximate branching ratios. Three factors are mainly 

Table 1. Rate coefficients in units of 10' cot 3  ntoleeule 1  r' at 300 K for reactions of the type 
+HCOOH -. products 

Reaction 
number 

V Major ion 
prod uc t s A 

kGb , kAoo° k,.0c _HOD 

(kJ met - ') 

(4) I-I;' I-IC0 4  39 39 101 323 

(5) 1 l lICOF, 11CO 2 4 1  l-ICOOI-1 41 34 89 1138 

(6) C' HCO 	 . 33 	. 21 55 615 

(7) N 4  HCO 4  62 2-0 52 167 

(8) CH3' CH 5  21 20 5-1 195 

(9) 0+ HCO 4 , I-IO 5-0 19 50 78 

(10) NI-I I ' NH 4 4 , (HCOOHI'?) 27 19 50 425 

(It) NI-I 3 4  NI-L, (1-ICO0I 1 2' 7) 0-9 19 48 103 

(12) CN 4  l-1C0 4  53 16 42 126 

(13) tlCN 14CO 4  25 16 41 79 

(14) N2 4  1-1C0 4  4-6 1-6 4-1 270 

(IS) C,11,4 HCOOH 2 4  I-S 16 4-0 92" 

 Co 4  HCO 4  4-1 16 4-0 115 

 02 HCOOU 4 , HCO 2  18 15 3:9 69 

A  See text for details of products. 
Calculated ;by using averagc-dipole-orientation theory and the cosO model (c = 0-192) as outlined 

in ref. 6. 
C Calculated by using the locked-dipole' limit model as described in ref. 7; 
° Unless otherwise indicated, the FI values shown were estimated from AU,° values of ref. 8. 
Where multiple ion products are obtained, the AK° value shown is for the channel producing HC0 4  

as the product ion. 
E  Affr ° (H60011 2 ) was calculated from the proton affinity of HCOOH in ref. 9. 

Fig. 1. Raw results for reaction (16) 
C04 +HCOOH-' HCO+CO+OH 

The slope of the linear 
semilogarithmic. CO 4  signal gave 

= 4-I x 10 cm 3  molecule- ' s'. 

responsible for this approximation. (a) The sensitivity of the sampling system and 

mass spectrometer varied non-unirornily with the mass of the ion. (b) In all reactions, 

the reactant ion is formed by reaction of He 2 3 S metastable atoms and He+  ions with 
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a reactant gas. Often several primary product ions are produced and each may react 
further with formic acid thus making product analysis difficult. (c) Secondary reactions 
of the product ion with formic acid may also occur. in some cases it was possible to 
eliminate potential reaction pathways from  knowledge of the thermochemistry of 
reactants and products; A brief outline of the more complex reactions follows. (We 
would point out that no neutral product analysis has been undertaken.) 

Reaction (5) 
c. 70% 

He+HCOO1-I 	HCO+He+0H 	AH° = —1138 kJmor' (5a) 
C. 30% 

HCO +Fle+H 	Al-I° 	—1127 kJ mol' (Sb) 

The rate coefficient for removal of He was found to be k5(
. +') = 41 x 10 cm 3  

molecule - ' s. Product ions from the reaction were observed at ni/c 29 (HCO+), 

45 (HCO 2 ), 46 (HC0OH) and 47 (l-lCOOH 2 ). Protonated formic acid, 

HCOOH 2 t cannot be formed as a primary product of the reaction but is derived in 
reaction (3) from 1-ICOt From relative peak heights we estimate the main products 

as HC0 (c. 70%) and RCO 2  (c. 30%). A smaller signal corresponding to HC00H 
showed that charge transfer was less than 107. 

Reactions (7) and (14) 

N +1-ICOOI-! ~ 14C0+N +011 	AHO = —167 kJ moh' 	(7) 

N 2  +HCOOF1 - HC0 +N 2  +0)-I 	All 0  = —270 kJ mol' 	(14) 

When trace amounts of N 2  were added to the helium flow downstream from the 

electron gun, and N 2  ions were produced. Both of these ions exhibited linear 

semilogarithn.ic decays with increasing formic acid flow to give k 7  = 62x 10 and 

k 14  = 46x10 9  cm 3  molecule-' s. A small signal corresponding to HC00 
(<10% of total product signal) was also observed but may have been die to residual 

He +, He 2 3 Sspecies in the carrier gas. 

Reactions (9) pnd (17) 

0+:HC00H 
c.70/. 

HC0+0+0H 
C. 30% 

H0 2 +HC0 

02+HC00H 
c.65% 

ucooHt+02 
c. 35% 

HCO 3 +l-10 2  

AHO = —78 kJ mo1' (9á) 

All° =. —90 kJ mol' - 	 (9b) 	-. 

= —69 kJ mo1  

—115 kJ mol'  

Small amounts of 0 2  added to the helium flow produced the ions O  and 02 +. 

From their linear semiiogarithmic decays we obtained k9(fl+b) = 50 x l0 and 

kl,(S+b) = I -8 x 10 -  CID,  3  molecule - ' r'. Product ions observed from the joint 

reaction of 0 and Oj with HCOOH were at infe 29 (l-1C0), 33 (H0 2 ), 45 

(HCO 2 ), 46Q1CO0H) and 47 (HC0OH 2 ). As noted already HCOOH2 4  cannot 

be formed in the primary reaction and is derived from a secondary reaction between 

UCO' and UCOOFI. Only two exothermic pathways exist for the reaction of 0 2 ' 

with formic acid, i.e. charge transfer and the formation of I-lCO 2t The product at 

in/c 46 was attributed entirely to reaction (17a) after a comparison of peak heights 
corrected for mass discrimination. Although HCO2+  is also a possible product ion 
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of reaction (9) on energetic grounds, the relatively small amplitude of the HCOj 4  

signal caused us to assign the entire signal to reaction (17b). We did not therefore 

consider HCO 2 4  to be a major product of reaction (9). 

Reactions (10) and (11) 

N14 2 4  + HCOOH 	NH 4  +CO2 AHO = -425 kJ mot - ' (ba) 

- HC00H 2 4  +NH A lio = -161 kJ mot - ' (lOb) 

NH 3 4  + HCOOI-I - NH 4 4  + CO 2  + H All 0  = -103 kJ mot - ' (I la) 

-HCOOH 2 4 +NH, All °  -l5kJmol' (bib) 

Traces of ammonia added to the helium flow produced the ions NHj, NH 3 4  

and NFl 4 4 . We established from separate experiments, using a hydrogen carrier 

gas, that no simple reaction of NH 4 4  with formic acid occurs. The slope of the semi-

logarithmic decays of NH 2 4  and NH 3 4  with formic acid gave values for k11(O1b) 

and k lt(a+b)  of 2.7 x 10 and 90 x 10_ 10  cm 3  molecule' s' respectively. Product 

ions observed from the joint reactions of NI -1 2 ' and NH 3 4  with HCOOH were at 

in/c 18 (NH 4 4 ), 29 (HCO), 45 (HCO 2 4 ) and 47 (HCOOH 2 4 ). To obtain acceptable 

concentrations of NH, and NH 3 4  it was necessary to retain small He+  signals and 

thus the Hç0 4  and 11CO 2 4  product ions were attributed to products of the He + 
HCOOH reaction. This assignment was confirmed by the fact that no exothermic 

channels exist for the formation of HCO 4  from HCOOH by NH 2 4  or NH 3 t The 

product ion at nI/c 47 (HCOOFI 2 4 ) appeared to be produced as a primary product 
of the reaction but we could not establish relative channel efficiencies. 

Dissociative Charge-Transfer Reactions 

An interesting feature of these measurements are the large rate coefficients observed 

for reactions (7) (N'), (9) (0), (12) (CN ), (14) (Nj) and (16) (CO 4 ) compared with 

collision rates calculated by using the average-dipole-orientation (ADO) model. 6  

Although most tests of the theory of ion-molecule reaction rates have been carried 
out for proton-transfer reactions, as long as the reaction proceeds at close to unit 

efficiency, the classical theories should also be able to provide adequate descriptions of 

the physicl -interactions of the simple ions of this study. It is apparent from Table 1 

that ADO theory does not model correctly the interaction of the ion with formic acid. 
In the extreme case of 'dipole locking' where the permanent dipole of HCOOH is 
considered-to be continuously locked along the line of centres of the collision pair, the 

corresponding calculated rate coefficient kLD, is substantially greater than kAno. For 

reactions (7), (9), (12), (14) and (16) the 'locked dipole' limit approximation gives 
values that are close to the observed rate coefficients. We feel however that this 

agreement is fortuitous as there is no obvious reason why the degree of 'dipole locking' 

should be greater for N 4  than, say, for Ct - - 
However, an alternative mechanism may involve a non-orbiting exoergic long-range 

charge-transfer process. At ion energies greater than about 5 e lolZ  charge transfer 

by an electron-jump mechanism may occur at distances outside the classical capture 

10 Gauglhofer, i. and Kevan, L., Client. Flit's. Left., 1972, 16, 492. 

Smith, D. L., and Kevan, L., J. Am. Chew. Soc., 1971, 93, 2113. 

Smith, D. L., and Kevan, L., J. Pisys. chew., 1971, 55, 2290. 
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limit and consequently rate coefficients may be greater than those estimated by simple 
polarization models.'° Gaugthofer and Kevan,' °  using atomic ions, concluded from 
their measurements on methane that (I) energy resonance must exist between the 
reactant ion system (Y + HCOOF1 in this work) and the product system 

(Y+HCOO!-P) at the recombination energy of Y + ; and (ii) that there be favourable. 
Franck—Condon factors for the reactant molecule to its ion. Laudenslager et al .13 

demonstrated the applicability of this mechanism and the above criteria for thermal 
energy charge transfer and Harland and Ryan" showed that for some cases rapid 
thermal energy charge transfer may occur despite unfavourable Franck—Condon 
factors. If we assume an electron-jump mechanism for the system Y+  +HCOOH 
and that I-ICO is to be a major product of the reaction, then the reaction exo-
thermicity, ionization potential 4(Y) —J 0(HCOOH), must be greater than the endo-

thermicity of the autodissociation channel forming HCO: 

y++flcOoHy+(HCOOHi* 	 ••. 	 (18) 

(ncoO1-r)4 - 14C0 4  +011 	 (19) 

AiI° 18 +AI1 ° 19  <0 

This simple argument takes no account of any partitioning of the excess energy in the 
charge-transfer step. When the reactant ion Y+  is atomic, it seems reasonable to 
presume that most of the reaction exoergicity will end up as internal excitation of the 
polyatoinic product HC0OH although, in those cases where a diatomic or poly- 
atomic ion is involved, then energy partitioning between products may be expected.. 

Table 2. Enthalpy changes for dissociative charge transfer to formic acid 
Y"+UCOOH -. Y+HCOOFP (18) HCOOH 4  -. !4C0 4 +OH (19) 

Alit,' = 139 kJ mot - ' 

Reaction 	Reactant 	All, 8 0  (kJ rnol')4 	(AH, 8 °+AII, 9 0) (kJ niol') 

(4) H 3 ' 207 >0 

(5) He' —1278 —1139 

(6) C. 13 >0 

(7) N' —306 —167 

(8) CH 3  140 >0 

(9) 0+ —217 —78 

(10) NI-!, 4  —2 >0 

(II) 	. NH, 107 >0 

 CN 266 127 

 HCN 4  —218 —79 

(14) N, 4  —409 —270 

(IS) C 2 H 5  285 >0 

 CO —255 —116 

 02 —69 . 	 >° 

A Alit values of reactants and products arc taken from rel. 8. In most cases 
values are accurate to ±20 kJ moI". 

Table 2 lists the reactant ions studied in this work, the standard enthalpy change for 
the charge-transfer reaction (IS), and the overall enthalpy change for the formation 
of HCO' by dissociative charge transfer, reactions (18)+(19). 

'' Laudenslager, J. B., Huntress, W. T., and Bowers, M. T., J. C/ic,,,. Plays., 1974, 61, 4600. 
14 Harland, P. W., and Ryan, K. K., mt. J. Mass Spectrons. Ion PF:ys., 1975, 18, 215. 
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The only reactant ions for which this mechanism is energetically favourable are 
He+, N, O, CN, HCNt, N 2  and CO P . Once the energy requirement is fulfilled 
the reaction is still dependent upon the following two conditions: (i) the resonance 
criterion is met and (ii) most of the reaction exoergicity appears as internal excitation 
of the HCOOH ion from (18). With the exception of Het all these ions exhibit rate 
coefficients significantly exceeding the predictions of the ADO model. The high re-
combination energy of He, 246eV (2374 kJ mol'), may not correspond to a 
region of the potential energy surfaces where accidental resonance with HCOOH -* 
(HCOOUf)* occurs, in which case the resonance criterion would not be satisfied. 
All excited states of FICOOII above the 4, 11 -33 eV (1094 kJ mot - '), will be auto-
ionizing or autodissociating. Unfortunately the dearth of spectroscopic data precludes 
a meaningful assessment of the probability of energy resonance occurring in the 

reactions studied. 
Smith and Futrell' 5  have recently shown that exothermic charge transfer is the 

main channel in the reactions of C' ions of near thermal energy with various poly-
atomic molecules including acetone and biacetyl. Dissociative charge transfer of C' 
and acetone accounts for 42% of products and C 1,  and biace(yl for 96%. The electron-
jump dissociative charge-transfer mechanism considered as a possible explanation of 
our results may also be applied to C' on acetone and biacetyl. In both cases the 
process would be exothermic, the reaction with acetone by c. 100 kJ mot - ' and the 

reaction with biacetyl by c. 145 kJ mot - '. However, no rate measurements were 
undertaken by Smith and Futrell which precludes any further comparison. 

In summary, we have determined rate coefficients for 14 rearrangement-type 
ion-molecule reactions of formic acid. A number of these reactions had rate coefficients 
much in excess of rate coefficients calculated from the ADO model and all showed 
HCO' as the major product ion. These increased rate coefficients have been inter-

preted in te,cms of an electron transfer process in which an energetic intermediate 

complex HCOORt* undergoes  autodissociation to form the fragmentation products 

HCO' +01-i. 

Manucript received 12 July 1978 

15  smith, K. D., and Futrell, J. H., lilt, I. Mass Spenrorn. Ion PIsys., 1978, 26, 111. 
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The Interstellar Synthesis of 1-WN and HC5N 

COLIN G. FREEMAN, PETER VV. 1-JAPLAND and MURRAY J. MCEWAN 
Department of Chemistry, University of Canterbury. Christchurch, New Zealand 

(flrrcii,cd My If), 1978) 

A laboratory irivesugaliun of a number of ion-molecule reactions leading to tire possible synthesis or the 
cyn noacet yle ne-I vpe molecules II Ca N sri d It Cs N has been sin de rio ccii. Although  a simple niecha lit Sni WOS 

observed For the production of I IC5N, no such simple mechanism could he round for I IC5N involving only 

gas phase in n-,iic'Ircul C react iris. 

INTRODUCTION 

In 1971 Turner reported the first identification of 
the molecule cyanoacetylcne, 1-ICaN, in the inter-
stellar region towards Set ,  112. Tli is was followed in 

1976 by the 7 atom molecule cyanodiacetylene. 

HC5N, (Avery ci of., 976) and in 1977 by use 9 

ato ni molecule ci Isyl cyanide, Cal I 5CN (J ohso n 

et al., 1977)- The synthesis of tire simpler cyanides 
such as H C N and their observed densities cats he 
accounted for by an i on-molecu i e reaction risecha n-
is m (Herbst and K Ic mpe rer, 1973: Huntress and 

Anicich. 1976; Liddy ci al., 1977a and Watson. 

1974). However it is not yet evident whethe 
similar ion-nioiectile reactions may also explain the 

presence of  ilte larger p01 yatoni ic cyanides. Anders 

etal. (974) and l-layatsu ci of. (1972) have demon-

strated that in tile laboratory, under conditions 
markedly different finns those prevailing in inter-
stellar clouds, many interstellar molecules including 
IIC3N can be forrnied by surface catalysis on clay 
catalysts at 250-300'C. Huntress (1977) using the 
ion cyclotron resonance technique has measured 

the reaction rate of CI-1 a' with i-IC N and found a 
product ion at ni/e 52 which he suggests could be 
protonatcd cyanoacetylene. 

c2112 1 • -j- 11CM - II 2CN 1  + C21-I (Ia) 

l,. C2 112.CN' -I- It (lb) 

Winnewisser (1977) his also commented that a 
poss ibl e  prod uc ti on  mechanism for tile larger 

polya tomie eya ii ides is via the reaction sequence 
reaction (lb), (2a) and (3) followed by dissociative 

recombination (4). 

C2 ll2 + IIC3N ------'- I1 5C5N -i-  II 	(2a) 

C2112' -I- I IC5N -------> I I2CiN -]- I-I 	(3) 

112C5N -I- e 	 1IC5N -I- I-I 	(4) 

Allen and \Vilse Robinson (1977) on the other 
]land, suggest that large  molecules such as I1C 3  N 
and It C5N can form on grain surfaces by a free 
radical-type mechanism where activation energies 

are generally negligible. 

We report here the results of a laboratory 
investigation of some ion-molecule reactions 
related to the possible synthesis of FIC3N and 
it C5N in interstellar clouds solely from gas phase 
on-niolec ule reactions. 

EXPERIMENTAL METHOD 

The rate coefficients reported here have been 
determined at 300K by the Flowing afterglow 
technique which has been described in detail 

elsewhere (Liddy ci of., 1977b). In brief, primary 
ions are produced by electron impact on a carrier 
gas and are carried down a reaction tube in a 
stream of helium or hydrogen. Typical flow 

velocities are 7x 101  cm s at a total pressure 
0.3 Torr. The rate coefficient for LIte ion-

molecule reaction is determined by monitoring the 
ion concentration as a function of added neutral 
reactant flow. The total uncertainty  its the measure-
assents is believed to be ± 30 per cent. 

133 
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TABLE I 
Rate cocllicicttts iii units of cm' molecule' s 	iicasttred at 300K 

Reaction 
number Reaction 

Rate 
coefficient 

La C,i12' 	+ IICN -------- lI 2CNF 	+ Cell 	) - 
0_15 7.1 (— 	0)' 

lb CaUa 	+ IICN ----i. It'CaN 	+ I-I 	J 
2b C2l1? 	+ I ICaN -----+ I I2CaN 	+. Cell 1.9(-9) 

5 lIa' 	4. 	IICaN -----4- II7C3N' 	-4- 	lIe 9.1 (-9) 
6 I I2C3N 	+ Cclii ---* products (see text) -ci (— I)) 
7 I-12CaN 	-t- 	Nil, ------- 	Nl-14 	-t- 1-IC3N 2.3 (-9)'' 

7.1 (— I 0) C: 1.1 x 10 -1"  cm' ,notccutc' r'. 
II cC-., N was generated in two di ffcrc n t ways — see text 

RESULTS AND DISCUSSION 

The results of our rate coetlici en t measurements arc 
sunitnarised in Table I. In dense clouds, simple 
hydrocarbons may be formed in the Sequence of 
reactions (8) to (12) which require an initial  

radiative association step between C '  and 112 

(Black and Dalga rim, 1977). 

C -  4- I-1 ------> C I-1 	-I-  hi- 	(8) 

Cli? + 112 Cl-I? -F Ii 	(9) 

kg = 7.2x 10 	cm 3  n,olectilc' s' 	(Huntress, 

1977) 
CII? -I- C -+ C2 1-l 4  4- 112 	(10) 

C2 lI + -I- Hz C,11 2 + -F  FE 	(II) 

k it = 7.8X 11' cm3  ,nol ccule 	' s' 	(Il untress. 

1977) 

C + C11 
033 

C2H? -F 142 	- 

067 
-- C2113" -f II 

== 1.2 x JO - 9 c111 3  niolecnle' 	i 	(Smith 	and 

Adams, 1977) 

One possible nicchanistn for the interstellar pro-
duction of JIC3N is via reaction (Ib) 

C211? 4- 11CM I C2 112.CN 4- ± 1-I (I b) 

- I x 10 0  cm2 naoleculc I s 1 (this work) 

followed by dissociative rcconabi nation 

142C2.CN + c I 14C3N + i-I 	(13)  

Our ,ncasu red rate coctlicicn t For reaction (lb) is in 
disacreement with the determination of I-Iunttess 
(1977) who reported the overall rate of removal of 

C2 1-1 2  by IICN to be 5.3 x 1011 cm :I molecule -1  -. 

s -  I compared vith our overall rate of 7.1 x JO - '" 

cm 1  molecule- ' s - '. Our estimate of the product 
ratio was also more in favour of II 2CN -F ( 85 
pc rcetl I) thai II 1C1 .0 N 1 ( 15 percent) compared 
'vi t h tile con-espotid ing ratios of 41 and 59 percent 
respectively of Huntress. We point out however, 
that in our IA system we could not cli nh nate 

completely the 0cc It i -rence of secondary reactions. 
It is clear flout both measurements that reaction 

(Ili) occurs much more slowly than 111c collision 
rate at 300K. It is 1,ossih1c that reaction (I b) may 
exhibit a temperatttte depcndcttce will, tlte rate 
increasing at the lower tenipetattlrcs of interstellar 
Clouds. To j tivest ga Ic whether the ion product of 

reaction (I b), 11 2C2 .CN 4- , is identical with that of 
protonated cyanoace-tylene 1I2C3NF  (formed by 
reaction (5)) we measured the proton transfer 

rates of both ions with N113 and found they 
exhibited identical rates (reaction (7)). 

142123N  -I- N 14 	N 1 	-I- l-IC3N 	(7) 

b- c = 2.3 x 10 - 9  cm3  naoleculc' 1  (thus work) 

Al though not conclusive, the evidence supports the 
suggestion that both protonated cyanoacetylene, 

11 2C3N F  from reaction (5) and 11 2C2 .0 N 1  Iron, 

reaction (lb) are identical. 
We did not observe the addition of C21 - 12l' to 

i IC3N (reaction (2a)). 

C3112 + IIC3N —/----.- C 2 1-1 2 .C3N4  + 1-1 (2a) 
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Instead the relatively high proton aflinity of 14C3N 

ensured (hI proton (ran sfer was milid and I-12C3N 

was the only ion prod net observed. 

C2112r -1- IIC3 N ---> H2CaN' -I- C 2 11 (2b) 

keb == 1.9 x 10  cru ,uolecu c - I S-1  (1k is work) 

Our Fail tire to observe tiny  prodtict ion at ni/c = 76 

corresponding to C:il1,C3N 	ensures that k, 
<to_I; cnlJ nnolectnle' s - '. 	I IC3N was also 

Observed to accept protons readily From a number 

of C o Hn + hyd men hon ions and other hydrogen-

contai rung ions (Freeman ci a l . , 1978) e.g. 

Il? 4-  l-IC3N 	-> I IC3N -k l-1 	(5) 

k s  == 9.1 x 100 en1 3  "'electric-' s 
	((his work) 

All attempts (0 increase the number of C atoms it ,  

the èyanoacetylcrle rllolcculc by an ion-,nolectile 

process Failed and resulted in cilher proton trarlsfer 

or fragmentation of IlC:1N. Similarly, the reactions 

of prot011ated cyanoacetylelle with suitable hydro-
carbon molecules also failed to increase the length 

of tile carbon chain, e.g. 

1 -1C3N' -I C'1I2 -- 7 	 (6) 

k6 <Ix 1013 cr11 1  rlloiectlle I s I (this work) 

A small observed decrease in tile li2C3N signal 

was attributed to trace impurities of acetone in the 

C21 -12 and not to any reaction of 1 -11C3N with 

C2142- It is thus appuient from the reactions 

included here and from a utlorc extensive study of 
tile positive ion cliciliistry of 1 -ICaN (Freeman 

el al., 1978), that the synthesis of acetylene-t y pe 

cyanides having --neater than 5 atoms. Ilir - ougll 

ion-molecule reactions ilivoMing hydrocarbon ions 

and cyanide-derived species is not likely. Instead, 

the mechanism For producing I-IC5N possibly 

requires a heterogeneous mechanism involving 

lieu tral-neut ral reactions on grain surfaces or, 

alternatively, radiative association processes. 
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Summary. Rate coefficients from laboratory measurements at 300K are 
reported for reactions of cyanoacetylene, l -IC,N, with 18 ions of inter-
stellar significance. Reactions between HC 3 N and ions of the type YH 
were found to be exclusively proton transfer except in the case where 
Y = NI-I 3  where no reaction occurred. These observations limit the proton 
affinity of l-IC 3 N to the range between 824 and 866 kifmol. Reactions 
between l -IC 3 N and ions with non-transferable protons, Y, were exclu-
sively charge transfer with •rate coefficients in most cases exceeding the 
predictions of the simple polarization and orientated dipole models. 
A further consequence of the high proton affinity of HC 3 N is that IIC 5 N 
will not be formed from HC 3 N via the reaction C 2 H + HC 3 N U 2C 5N + H 2 . 

Introduction 

Within the past 10 years a series of molecular species that contain the —CN group linked to 

acetylene-type hydrocarbons have been identified in interstellar regions. The simplest of 
these molecules is cyanoacetylene (HC 3 N) which was first identified by Turner (1972) in 
the region towards Sgr B2. More recently cyanodiacetylene (HC 5 N) has been observed 
(Avery et at 1976) and in 1977 cyanotriacetylene (IIC 7 N) was first reported (Ktoto ci al. 
1978). The mechanism by which these molecules are formed in interstellar clouds is 

Uncertain. Although participation in molecular synthesis by ion—molecule reactions has 

been shown as a possibility for smaller polyatomic molecules (Herbst & Klemperer 1973; 
Watson 1977) the importance of ion—molecule reactions in the synthesis of large polyatomic 

Species has yet to be ascertained. We have recently measured in the laboratory, rate coeffi-

cients of several ion—molecule reactions relating to the formation and reactions of cyano-
acetylene (Freeman, Harland & McEwan 1978a). We observed that whereas l-IC 3 N has a 
Possible source in reactions of the type 

C2H2*+HCN.IC3N++H 	 (I) 

U2c 3 N + e l-IC 3 N + II 	 (2) 

no such likely source exists for the formation of lIC5N. 
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an upper limit of 866 kJfmoI on PA (HC 3 N). Our observation that proton transfer is rapid 

between CI-1 and HC 3 N suggests that the PA of HC 3N is greater than that of CI-1, i.e. 

greater than 824 kJ/mol (Rosenstock et at 1977). We estimate therefore 824 kJ/mol < 

PA(I -IC 3 N) <866  kifmoi, from which we conclude that only SiH and NH 3  of the simple 
interstellar molecules have higher proton affinities (Huntress 1977). Our earlier observation 
of proton transfer from H 2C 3 N to NH3 is in agreement with this suggestion that 

PA(HC 3 N) c PA(NH 3 ) (Freeman et at 1978a). 

u2C 3 N + NH3 -* NH + HC3N 	 (23) 

= 2.3 x 10 -9  em'molecule s 1 . 

(b) Where the reactant ion did not contain a transferable proton, charge transfer was the 

main process observed. 

Y+ + HC 3 N -. HC 3 N + Y. 	 (24) 

It is evident from Table I that for ions such as Ct  and CW the rate coefficient for charge 

transfer is significantly greater than the collision capture rate, kAno, calculated using the 

average dipole orientation (ADO) model of Bass et at (1975). To calculate values for kADo 

we estimated the polarizability of HC 3 N as 47 x 10 25 cm 3  using 6-function potentials 
(Lippincott & Stutman 1964). The polarizability combined with the measured dipole 
moment (Landolt-Bornstein 1967) gave a value for the ADO parameter, C, of 0.246. In an 

investigation of ion—molecule rearrangement reactions of HCOOH (Freeman, Harland & 
McEwan I978b) we observed that dissociative charge transfer rate coefficients for neutral 
molecules containing four or more atoms can be considerably larger than collision capture 
rate coefficients calculated using classical models. In that work we observed rates which were 
up to a factor of 6 greater than those calculated from the Langevin model and up to 3 times 
the corresponding values of kAyo.  This discrepancy was attributed to the possibility of the 
electron transfer process taking place by an electron-jump mechanism at distances outside 
the classical capture limit. Such a process could also be occurring here. 

Churchwell, Winnewisser & Walmsley (1978) have detected HC 3 N, HC 5 N and HC 7N in 

emission in a dark cloud in the Taurus complex. As all three of these, cyanoacetylene-type 
molecules have been observed in the same region they suggested that each of the molecules, 
CN—(C),,—H, is formed in a single step from CN—(C)_ 2—H possibly via reactions of the 

type 

C 2 1-1 3  + IIC 3 N - 11 2C 5 N + 112 	 (14a) 

followed by dissociative recombination. Our observations show, however, that proton 
transfer (reaction (14)) is the only channel. observed for both C 2 11 and C2 H ions and 

therefore synthesis of higher cyanoacetylenes will not occur by this process. 

C2 11 + HC3N - H2C 3 N t  + C2112. 	 (14) 

A further consequence of the high PA of i-IC 3 N is that few ion—molecule channels are 

available for removal of H 2C 3 N whereas HC 3 N will accept protons readily from most inter-
stellar ions of the type YH. In a dense cloud, dissociative recombination of H 2C 3 N 

(reaction (25)) will prevent a substantial 

H 2C 3 N + e - products 	 (25) 

fraction of HC 3 N from being converted into H 2C 3 Nt . If the dense cloud conditions can be 

represented by [F! 2] - 3 x 10 cm - ', [HCO.I - 2 x 10 4 cm 3  and Eel = 3 x 10 3 cm' (Herbst & 

Kleinperer 1973; Watson (976) and if k 25  - I0 7 cm 3 s then IH2CN1/LHC3N1 - 2 x I0. 
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We have extended our laboratory measurements of the reactions of HC 3N and report 
here rate coefficients for reaction of HC 3 N with a number of ions of relevance to inter-
stellar chemistry. 

Experimental technique and results 

All rate coefficients were measured at 300 K in a flowing afterglow system which has been 
described elsewhere (Liddy et at. 1977). l-IC3 N was prepared in this laboratory by ammono. 
iysis of methyl propiolate followed by dehydration with PiO s  as described by Moureu & 

Bongrand (1920). Although HC 3 N was stored in vacuum to prevent polymerization, some 
deterioration was observed after several weeks. Therefore, immediately before use, the 
sample of HC3 N was purified by trap-to-trap distillation and then, after mixing with helium, 
was added directly to the flow system. 

The observed rate coefficients for all reactions studied are summarized in Table 1. We are 
not aware of any previous measurement of these reaction rate coefficients although we have 
included our earlier results (Freeman et al. I978a) in Table I for completeness. 

Table I - Rate coefficients measured at reactant temperatures of 300 Kin units of 10 1 cm'molecule' s fl' . 

Reaction Reaction Observed rate Calculated rate 
number coefficient coefficient, L A DOa 

 + UC,N - H,C,N' + II, 9.1 7.9 

 fie' + IIC,N - IIC,N'4- lie 8.2 6.8 

 C + IIC,N - HC,N +C 8.7 4.2 

 C11 	+ HC,N - H,C,N +C11 4.1 4.0 

 C11 	+ IIC,N - H,C,N 	+ CII, 2.7 3.9 

 C11 	+ HC,N -. lI.C,N' + CII, 2.5 3.8 

 Cu: + 14C 2 N - FI,C,N 	+ C1 4  4.5 3.7 

 II,0 	+ IIC,N - 11 1C,N' + 11 20 4.0 3.6 

01) CN + I-IC,N -. F1C,N +CN 5.3 3.2 

 C 2 11 	+ IIC,N - Ii,C,N 	+C211 1.9 3.2 

 IICM + IIC,N - I1,C,N' + CM 2.5 3.2 

 C,n; + I-IC,N - I-I,C 3 N 	+ C)], 1.8 3.2 

(IS) C)]; + uC,N -. I-I,C,N' + C)], 1.1 3.1 

 C0 + F IC, N -. 11C)] t  + CO 2.3 3.1 

 il,CN 	+ I IC, N - I],C J N 	+ 11CM 3.4 3.1 

 IICO' + I IC, N - II,C,N 	+ CO 3.7 3.1 

 •c',i; + IIC,tJ - II,C,N 	+ C1I 1 4 3.8 3.1 

 N,IV + HC J N 	I1,C,N 	+ N, 4.2 3.1 

 NI1 	+ IIC,N - no reaction observed < I  X 10" 3.6 

(a) Calculated using the average dipole orientation theory model and C = 0.246 (Basset ci. 1975) 

Discussion 

The reactions listed in Table I can be considred as belonging to either of two classes. 

(a) If the reactant ion contains a proton (Yl-l), then the high proton affinity of HC 3 N 

ensures that proton transfer is the only process taking place. 

YH + I-IC 3 N - 1-1 2C 3 N + Y. 	 (22) 

01 the ions of type YlV studied in this work, the only exception to the occurrence of 
proton transfer was in the case of Nl-1, where no reaction was observed. From this observa- 
tion and the known proton affinity (PA) of NH 3 , 866 ki/mol (Kebarle 1977), we can place 
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In summary, the positive ion chemistry of HC 3 N is dominated by either proton-transfer 
or charge-transfer reactions. 
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ABSTRACT 

The positive ion chemistry of trifluoronitrosomethane, CF 3 NO, has been investigated 
at 300 K in a flowing afterglow system. Dissociative ionization dominates the ion 
chemistry of CF 3 NO and this may be attributed to the low C—N bond dissociation 
energy, C 130 kJ mol, in this molecule. Generally, reactant ions with non-transferable 
protons undergo dissociative charge transfer and those with transferable protons undergo 
dissociative proton transfer and/or proton transfer. The occurrence or--non-occurrence of 
proton transfer for reactant ions of the type X11, for which the proton affinities, PA(X), 
covered the range 423-747 kJ mol', restricts the PA(CF 3 NO) to the range bounded by 
1120 and HCN, i.e., 

PA(HCN) = 723 kJ mol > PA(CF 3 NO)> PA(H20) = 708 kJ mor' 

INTRODUCTION 

Triflupronitrosomethane is a blue gas with a boiling point of —84 0 C. 
Monomeric C-nitroso-compounds have characteristically low C—N bond 
dissociation energies, the value for F 3C—NO being C130 kJ.:  mol'. (31 kcal 
mol') [1,2]. The weak bond in CF 3NO may be attributed to depletion 
of electron density in the C—N bond by the electron-withdrawing effects of. 
the CF3  and NO groups. This depletion results in an unusually long C—N. 
bond length of 0.1555 nm (1.555 A), which led Davis et al. [3] to suggest 
that the ionic form CFNO may be considered to contribute to, the 
CFJ NO structure. Although the ionization potential [1], electron affinity 
(2) and heat of formation [2] of CF 3NO have been determined by photo-
electron spectroscopy and low pressure mass spectrometry, the ion—mole-
cule chemistry has not been studied. In this work, thermal energy (300 K) 
rate coefficients have been measured for the reaction of 17 different positive. 
ions with trifluoronitrosomethane, and the effects of reaction. exothermicity -
on reaction efficiency and multiple reaction channels have been determined. 



Paper 18 	 221 

286 

EXPERIMENTAL 

The rate coefficients reported in this paper were measured at 300 K using 
the flowing afterglow technique, which has been described previously [4]. 
Briefly, primary ions are generated by electron impact on an H 2  or He car-
rier gas upstream from the first gas inlet jet, where the appropriate reactant 
ion is produced by ion—molecule reaction with the primary carrier gas ions. 
The reactant neutral, CF 1 NO in these experiments, is added at a second inlet 
jet further downstream and the reaction progress is followed by sampling 
the flow stream through a small orifice in a molybdenum-tipped nose cone 
into a quadrupole mass filter. 'typical operating conditions are: total gas 
pressure ---0.3 torr; gas velocity –'7000 cm s- 1; reaction length 77 cm; reac-

tant ion concentration 10 8  Cm  -3 and neutral reactant concentration 1012 

c IT) 3 . 
The carrier gases, industrial dry grade 112 and 99.995% He, were passed 

through a molecular sieve trap maintained at 77 K before entry into the reac-
tion tube. With the exception of IICN and CF 3NO, which were prepared in 

the laboratory, and H 2 0 (distilled water) all reagent gases were obtained 
commercially. Hydrogen cyanide was prepared by the addition of sulphuric 
acid to potassium cyanide, the product dried over P 205  and purified by 
repeated trap-to-trap distillation. Trifluoronitrosomethane was prepared by 
decarboxylation of nitrosyltrifluoroacetate (CF 3 CO 2NO) at 200° C in a 
stream of dry nitrogen, (150 cm  min') using the method of Taylor et al. 
[5]. The product was purified by repeated trap-to-trap distillation and 
stored in blackened pyrex bulbs. Experiments were then conducted using 
mixtures of CF 3 NO in He. 

The reproducibility of rate coefficients for repeated determinations is 
better than 10% and the overall accuracy is estimated to be ±30% [4,6]. 

RESULTS AND DISCUSSION 

The reactions studied are summarized in Table 1, with the rate coeffi-
cients (,each value being the mean of at least three determinations), the 
products with the percentage channel efficiency in parentheses, and the rate 
coefficients calculated from the simple polarization theory of Langevin [7] 

kL, and the average-dipole-orientation model of Bowers et al. [81,kAD0. The 

mean molecular polarizability of CF 3 NO was calculated to be 44.7 X 10-21  

Cm  using the 6-function potential model of Lippincott and Stutman [9] and 
the dippie moment was estimated to be 1.6 D from the Literature values 

[10,11] for CF 3 NO 2 , CH 3 NO 2 , CH JNO and the value for the —NO 2  group 

contribution [12]. 
Generally, the overall reaction efficiency is low, all measured rate coeffi-

cients being less than the value of hADo and in most cases also less than kL 

With the exception of reaction 12, all reactions result in the dissociative ioniz-

ation of CF 3NO to NO, and also to CF'3  in those cases where this channel 
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TABLE 1 

Rate coefficients in units of 10-9 cm 3  molecule" s and primary product distributions 
(% total products) for reactions y + CF' 3 N0 products at 300 K 

Reac- 
tion 
num - 
ber 

Y+ Products and (%) distribution k exp hL a  kADo b 

i I1 N0 	(' -'--80), CF 	(<5), CF' 3 NOH 	("-15) 3.1 2.9 4.5 

2 lie NW ("- 65), cm'; ('-45) 2.1 2.5 3.9 

3 C1i C 0.66 1.3 2.0 

4 CE1 NO4  ('-40), rn/a 67 (20) c,  CF 3 NOH 	("-'40) 0.94 1.4 2.1 

5 HO N0 	(-I00)° 0.01 1.2 1.9 

6 
7 

c2u; 
C4 H 

NO 4  ('-50) CF; ('-25) rn/a 	('-25) 
0.52 
0.25 

1.1 
0.85 

1.7 
1.3 

8 C 	
} 

e.g NO 	('-70), CF 	(' --25), CF 3 NO (<5) 
1.2 1.1 1.6 

9 COt 2.1 1.5 2.3 

10 H 2 CN No reaction observed f 1.1 1.6 

11 N 2 1C NW ('-65), cF; ("- 1), CF 3 NOII ('-35) 1.2 1.0 1.6 
12 HCO rn/a 67 (-45) c,  CF 3 NOH 	('--55) 0.78 1.0 1.6 

13 c 2 u; NO t  ("-90), CF 3 N011 ('- 10) 0.10 1.0 1.6 
14 C4 H No reaction observed 0.50 .. 0.77 

15 HNO NO t  (-80), Cfl  (<5), CF' 3 NOH 4  ("-15) 1.3 1.0 1.6 

16 'V. NO t  ("-60), CF 	("-40) 0.79 093 1.4 
17 HC0F; 0.39 0.78 1.2 

a Calculated from kL = 2irq(a/p)''2  as given in ref. 7. 
b Calculated using average-dipole-orientation theory and the cos 0 model (C = 0.185) as 

outlined in ref. 8. 
c See text for details. 
d C2 H and C 4 H generated simultaneously from C 2 H2 in a He afterglow. 
e C2 H and C4 14 are both generated from C2  H,in a H2  afterglow. 

No reaction detected, thereby placing an upper limit of -10 -14 cm  molecule' - ' S -1 on 
the rate coefficient. 
C and CO4  generated simultaneously from CO in a He afterglow, thereby precluding 
the assignment of product distribution to either reactant ion. 

is exothermic. Reactant ions having non-transferable protons undergo dis-
sociative charge transfer to CF 3 NO 4  and, with the exception of CH (see 
below), reactant ions with transferable protons undergo proton transfer 
and/or dissociative proton transfer. 

Charge transfer and dissociative charge transfer 
These reactions are of the general type: 

NO + CF 3  
Xt  + CF3NO -* X + CF3NO 	

+ NO 
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Reactions 2, 8, 9 and 16 (Table 1) fall into this category: 

He + CF3NO -* NO'('- -55%), cF:( - 45%) 	 (2) 

C 	 (8). 
+ CF 3 NO -* NO(- 70%), CF .'(-25%), CF3NO t (<5%) 

co ,  1 	 (9) 

Ar + Ci?3N0 -- NO'(-60%), CF-40%) 	 (16) 

The exotherniicities for charge transfer in the above reactions are —1371, 
—348, —260 and —502 kJ mol respectively. Only in the case of C, CO 
was the charge transfer product CF 3NO detected. The agreement between 
the measured rate coefficients and the values calculated from the simple 
polarization model, h l,, is reasonably good, which may suggest that a close-
encounter mechanism is involved. This close-encounter mechanism is in con-
trast to the long range electron-jump mechanism which has been suggested to 
account for the dissociative charge transfer reactions of formic acid [13], 
which exhibit rate coefficients greatly exceeding the predictions of the 
ADO model. 

Proton transfer and dissociative proton transfer 
Since the C—N bond in CF,NO is very weak, proton transfer may be 

expected to lead to dissociation of the protonated species for those cases 
where the exothermicity is large. Proton transfer was manifest by the forma-
tion of the dissociation products NO or CF with CF 3NOH appearing, in 
most cases, as a minor reaction channel. Proton transfer may then be con-
sidered as the two step process: 

NO' + CF 3 H + X 

XIT + CFINO -* X + (CF3NOIl4)* - CF + NOH + X 

CF 1 NOl-I + X 

The formation of the fragmentation ion NO' is 221 kJ me] - ' more exother-
mic than the formation of CF. Except for Cli, C 2 1-1, I1 2 CN and C 4 F1, all 
ions with transferable protons underwent dissociative proton transfer and/or 
proton transfer. These processes may only occur where the proton affinity 
(PA) of CF 3NO exceeds, or is very close to, that of the neutral species X. 
The ions of type XH are listed in Table 2 in order of increasing proton affin-
ity. It is evident that only those ions, XH 4 , with PA(X) C 708 kJ mol' 
(H 20) undergo a proton transfer reaction with CF 3NO, while for reactant 
ions with PA(X)> 723 kJ mol' (HCN) no reaction with CF 3 NO is observed. 

We therefore conclude that the proton affinity of CF 3NO lies in the range 
708-723 kJ mol' i.e: 

723 kJ moV' > PA(CF3 NO)> 708 kJ mol 

In addition, the observation of CF 3NOH in these experiments means that it 



Paper 18 	 224 

289 

TABLE 2 

The occurrence or non-occurrence of proton transfer, to CF 3 NO by ions of the type 

XFI 4 . in order of ascending PA(X) (kJ mol)  

Reaction 	Reactant 	PA(X) a 	Reaction 	 - 

number 	ion, XII' 	(kJ mol')  

I -- 	l-1 423 

11 N 2 Il' 476 

15 FIN O' 431b 

4 CI1 536 	 REACTION 

12 UCO' 582 

13 C211 
669 b 

5 11O 708 

10 I-I2CN' 7230 	 T 
14 C411 d 	 NO REACTION 

Proton affinities without superscripts taken from ref. 15. 
b Ref. 14. 
c PA(JICN) = 723 kJ ,no], ref. 17. 	 II 

d c4 	is generated from C 2 114 in an 112 afterglow; C 2 1I + C2114 	sce-C 4 1-I 9 . Assuming 

the ion to be SeC-C4W9 the PA is calculated from ref. 16. 

must he stable to the autodissociatiotl process: 

CF 1 NOII' - NO' + CF 3 II 

which places an upper limit of 295 kJ mol' for AH(CF 3 NOH'). Using the 

valueH(CF3 NO) > —510 ± 10 kJ mol' 121, we can estimate that 

PA(CF 3NO) 720 kJ molT', which is consistent with our experimental ob-
servations which place an upper limit of 723 kJ molT' on the proton affinity 

of CF 3NQ. 

Reaction of CH with CF3NO 
The method used for the generation of C1-1 from C114  in an He afterglow 

also produces CH, CH*4 and C,H*S  ions, thereby preventing an unambiguous 

assignment of products to the specific reactant ion CH. However, the main 
product observed in these experiments was NO'. The low ionization potential 

(IP) of CH 31  9.8 eV, renders charge transfer to CF 3 NO, IF = 10.4 eV, endo-

thermic and the high proton affinity of CH, 825 kJ molT', precludes 
proton transfer. The following reaction, 107 kJ molT' exothermic, is pro-
posed to account for the observed rate coefficient 

CH + CF3 NO -+ C14 3 F + CF, + N0 

Reactions of C21 with CF?,I's/O 
We cannot differentiate between charge transfer and dissociative proton 

transfer for this ion since both channels are exothermic IP(C 2 H 2 ) - 
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IP(CF 3NO) = 1.0 eV and PA(C 2 H) = 677 ki moI'. The product ion at m/z 
95 may tentatively be assigned the structure cF' 3c2H; and attributed to the 

displacement reaction: 

c2 H; + CF 3 NO -. cF 3 c2 H; (nz/z 95) + NO 

Reactions of HCO t  and M5  with CF 3NO 
Both of these reactants resulted in a primary product ion at m/z 67, which 

underwent secondary reaction with CF 3 NO. We identify this product ion as 
HC0F; from a consideration of the reactants available. This behaviour is 
shown in Fig. 1 for the reaction of HCO, where N0 was formed, not as a 
primary product, but solely as a result of the reaction of HCOF with 
CF 3NO. In the case of CH, NO *  was produced both as a primary product 
and as a secondary product from the decay of HCOF. The rate of removal 
of HCOF was determined for these two cases to be 4.0 X io and 3.7 X 

10_ 1  cm  molecule' s respectively and a mean value of 3.9 X 10_I0  cm  

molecule s -  I is included as reaction 17 in Table 1. 

HcoF; + CF3NO - NO + neutral products 	 (17) 

Reactions of C with CF 3NO 
The reactant ions C and CO *  were generated simultaneously from CO in 

an He afterglow. The ratio of C to CO could be controlled to some extent 
by variation of the ionizing electron energy, although neither ion could be 

CF, NO ROW. 

Fig. 1. Experimental data for the reaction of FICO t  with CF 3 NO. The slope of the linear 

semilogarithmic HIJO signal gave h 12  = 7.8 x 10_ 1  em3  molecule s. 
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produced exclusively over the electron energy range at our disposal (10-100 
eV). The reactions of CO' were conducted using an electron energy of 30 
eV, for which the ratio C/CO t  10. The products observed under these 
conditions are those given in Table 1. Operation of the electron gun at 100 
eV results in the ratio C/CO t  -0.15 and the rate of removal for C was 
determined under these conditions. The same products were observed under 
both conditions, although an extra minor product (<10%) at rn/z 66 
appeared when operating with the ion ratio used in the C studies. We 
attribute this product to a reaction between C t  and CF 3 NO. 

C + CF 3 NO - COF (,n/z 66) + FCN 

The above process is —520 kJ mol' exothermic if the following thermo-
dynamic data are assumed: 

AH?(COF2)= -531 kJ mot' [18], IP(COF 2 ) = 13.2 eV [16] 	and 

aH(FCN) = 23.4 kJ mol' [161 
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Rate coefficients up 10 a factor of 2.5 times larger than Else capture collision rate are reported for a series of thermal 
energy, positive Ion—molecule reactions of acetone and biaceiyl. These rapid rates are interpreted in terms of a dissociative 
charge transfer prom hs In which an electron Is transferred In a non-spiralling collision from outside the clascical capture limit. 
The factors wltich lead to this type of mcchankin are discussed briefly. 

I. Introduction 

The mechanism of thermal energy charge transfer 

between positive ions and large polyatomic molecules 

is not well understood. Various approaches have been 

developed to describe these interactions but as yet, 110 

theory satisfactorily accounts for all charge transfer 

reactions of ions with polyatomic molecules. Ion—

molecule collisions are usually classified according to 

their reaction mechanism as either a persistent complex 

mechanism or a direct mechanism. In the persistent 

complex case, the complex survives for more than a 

rotational period. In a direct mechanism the collision 
between the particles Is sudden: i.e., the collision time 

Is shorter than a rotational period. At energies greater 

than thermal, beam studies have provided evidence that 

a mechanism can change from a complex formation to 

an impulse interaction as the energy increases [I]. In 

some examples such as the reaction between Ar+  and 

D2 , the direct mechanism has been found to operate 

at energies as low as 0.05 eV 121. It has also been 

pointed out that at very low energies, the long-range 

ion—induced dipole forces accelerate the reactants 

together so that even at zero Initial velocity the actual 

energy of impact is a few tenths of an eV [2]. In beam 

studies with more complex ions and molecules, how- 

Presently on leave as a National Research Council Research 
Associate at the Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, California 91103. USA. 
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ever, persistent complex formation has been observed 

up to several eV (3]. 

At thermal energies, most of the information on 

charge transfer processes has been derived from mass 
spectrometric Investigations of the rate coefficients 

which unfortunately reveal few details of the reaction 
dynamics. At best, a large divergence between a meas-

ured rate coefficient and a predicted value based on a 

particular model may indicate the non-validity of the 

model. Measured rate coefficients of the many hundreds 

of thermal energy ion—molecule reactions reported 

have usually been compared with the capture rates of 

the classical models (4,5.]. These models are based upon 

a potential function that varies as the Inverse fourth 

power of the separation. For molecules possessing a 
permanent dipole moment, a correction factor has been 

added to the potential function to include the long 

range interaction between the ionic charge and the per-
manent dipole (5]. The rate coefficient of these models 

is thus an encounter rate and provides an upper limit 

for the rate coefficient. Although they are plausible 
but not rigorous models, predictions based on them 

have nevertheless shown reasonable agreement with 

many measurements on different systems. Because of 

the success of these classical theories for reactions at 

thermal energies, it is customary to talk in terms of a 
model in which the interaction time Is sufficiently long 

for spiralling collisions (6] (sometimes called "orbiting") 

to occur with the formation of complexes that survive 

long enough to undergo several rotational or vibrational 
periods. 
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In the special case of charge transfer reactions for 
which Langevin rate coefficients cannot be used as an 
upper bound, tim model Is modified to include two 
alternative mechanisms: (i) a spiralling collision of the 
type considered in the classical theories [4,5) (alterna-
tively, a small impact parameter collision); or (ii) an 
electron transfer from a non-spiralling collision where 
the electron transfer may originate at a distance outside 
the classical orbiting collision limit (alternatively, a 
large impact parameter collision) [7,8]. Evidence for 
the second mechanism has been provided from obser-
vations of resonance effects and from rate coefficients 
that are larger than the classical models predict. It has 
been suggested that the important factors contributing 
to the second mechanism for the charge transfer process 

(I) 

are (I) that energy resonance should exist between 
A+ + II and 13+ + A at the recombination energy of At 
and (ii) that the transition between B and B * should 
have a favourable Franck—Condon factor [8,9] - The 
Franck—Condon restriction has been shown to be un-
important in several reactions of triatomic molecules 
[10]. In large polyatomic molecules, the high density 
of states ensures that the energy resonance requirements 
are readily met. There are usually a great number of 
available energy states linked to the ground state of B 
by favourable Franck—Condon factors and thus both 
requirements for long distance electron transfer should 
usually be satisfied, it therefore appears that the main 
evidence for a non-spiralling or large impact parameter 
collision is whether the observed rate coefficient for 
charge transfer is larger than the collision rate of the 
classical theories. A further complication can arise when 
charge transfer is only one of several available reaction 
pathways. The observed large rate coefficient may then 
be mainly due to the competing processes rather than 
charge transfer and this criticism has been levelled at 
some studies reporting apparent charge transfer rate 
coefficients that are larger than the classical collision 
rates (11]. Some controversy still surrounds the pro-
posed electron jump mechanism at thermal energies. 
Ausloos et al. [11] in a study of thermal energy 
charge transfer reactions concluded "there was no firm 
evidence in tile literature for the occurrence of asymmet-
ric charge transfer reactions of thermal ions at rates 
higher than the capture collision rate". 

In a study of rearrangement reactions of formic acid 
of the type 

Y+ + lICOOlI -. 11C0 4  + OH + '1, 	 (2) 

we observed several reactions that had rate coefficients 
between two and three times greater than the collision 
rate based on the ADO model (12]. These rapid reac-
tions all produced 11C0 4  as the major production and 
were interpreted as dissociative charge transfer reactions 
in which the electron was transferred in a non-spiralling 
collision. We noted that all reactions of positive ions 
with formic acid having rates significantly greater than 
collision theory were exothermic to dissociative charge 
transfer. All other reactions had rate coefficients in 
accord with classical collision models. In the formic 
acid study we also pointed out that a similar type of 
non-orbiting long distance transfer could occur In reac-
tions of C1  with acetone and biacetyl. Smith and 
Futrell [13] had earlier reported that the ion CU 3 CO, 
winch is a dissociative charge transfer product Ion, 
was the major product ion of the C+—acetone or biacetyl 
reaction. Although Smith and Futrell measured branching 
ratios, they did not undertake rate coefficient measure-
ments. In this study we report measurements of the rate 
coefficients for reactions of several atomic, diatomic 
and tetratoniic positive ions with acetone and blacetyl. 

2. Experimental 

The experiments were carried out with a flowing 
afterglow system In the usual manner (14]. Positive 
ions were generated by adding an appropriate reactant 
gas to a helium plasma in which He 1' Ions and He 2 3g 
metastable atoms were present. In this way the Ions C', 
CO CN', c2N, O N' and N1 were generated by 
the addition of CO, C 2 N2 , 02  or N2  to the reaction 
tube downstream from the electron gun. Further down-
stream, mixtures of either acetone, CH 3 COCH3 , or 
biacetyl CU 3  COCOCH3 , in helium were added to the 
reaction tube. Rate coefficients were determined in the 
usual way from the logarithmic decay of the Ion signal 
with increasing acetone or biacetyl flow. The relative 
ion concentration was monitored by a quadrupole mass 
spectrometer which continuously sampled a small portion 
of the reactant gases from the downstream end of the 
reaction tube. 
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3. Results and discussion 

Rate coefficients measured at thermal energies 

(298K) for reactions (3) and (4) are summarized in 

table I for acetone and table 2 for biacetyl: 

Y+ + CU3C0CU3. 	
CI1 3 CD 	+ V 	(3a) 

CH3 C0 + CU3  + V (3b) 

_aCU 3 COCOCI1 + V 	(4a) 
y+ + CH3COCOCHf... 	

+ CII 3 CO + V (4b) 

(V 4  = C, Nt Ot CN4, Ni,  Cot , c2N. 

The calculated orbiting collision rates are listed in tables 

I and 2 for comparison. As biacetyl has no permanent 
dipole moment the Langevin-Cioumousis-Stevenson 

equation has been used to estimate the capture rates in 

table 2. The effect of including the quadrupole moment 

of biacetyl will increase this capture rate coefficient 

by no more than 20% [16). The molecular polarizabi' 

lity of acetone is 63.3 X 10-25  cm 3  [17] and of biacetyl 

is 81.5 X 10-25  cm3  (calculated using the method of 

additivity of bond polarizabiities [181). Estimates of 

the enthalpy changes for dissociative charge transfer 

(reactions (3b) and (4b)) have also been included and 

these are exothermic in all cases. The corresponding 

charge transfer reactions ((3a) and (4a)) are more exo-

thermic than dissociative charge transfer. 

We were not able to determine relative efficiencies 

of possible product channels with any accuracy because 
of two difficulties that are inherent to the flowing aftei-

glow technique. It was not possible to generate a clean 

source of reactant ions free from the presence of other 

ions of different mass. Also, primary product ions of the 
reaction under study spend sufficient time in the reac-

tion region to react further with the neutral reactant. 

Nevertheless, we did establish that the primary product 

ion of reaction (9) in table 1 and of reactions (16) and 

(17) In table 2 was CH 3 C0. In all reactions studied 

the most important reaction channel appeared to pro-

duce CH 3 CO' (dissociative charge transfer). Smith 

and Futrell [13) using a tandem Dempster-lCRmass 

spectrometer found reaction (5) yielded almost equal 

Ion signals corresponding to CIl 3 CO and C11 3 COCH 

with only small contributions from ions at rn/c 

44 (C311+8) or ne/c = 27(C 2 1I). For reaction (12) they 

observed CU 3 C0 as the major product In agreement 

with our results. 
It is apparent from tables I and 2 that several reac-

tions occur with rate coefficients substantially greater 

than the estimates based on the classical model of cob 

lislon rates in which spiralling collisions are assumed. 

We have now reported a number of such reactions of 

atomic and diatomic ions with UCOOI-1 1121, HC 3 N 

[19), acetone and biacetyl (this work) which all have 

rate coefficients much larger than the collision capture 

rates. These observations therefore provide evidence 

Table I 
Rate coefficients In units of 10 -  cm3 molecule-' t at 298 K for reaction Y 4  + C1I3COC1I3 -. products 

Reaction 
number 

Y. Major Ion products kobs kADOA) k0b5 

TADO 

Afl 0  b) 
(U me] - ') 

 C CH 3C0CH;,cn $Co+ c) 8.3 3.7 2.2 89 

 N CH3CO', C11 3COCI4d) 7.6 3.5 2.2 409 

 0' CI13CO', CII3C0CI1 d) 7.1 3.3 2.2 374 

 CN CH3CO, CI13C0Ctl 2.5 2.8 0.9 368 

 C0 C1I3C0 e) 2.9 2.7 1.1 357 

 NJ CH3CO 1 , CII3C0CII; d) 3.1 2.7 1.2 512 

(Ii) C2N +2 CH3CO 1  CII3COCII d) 2.6 2.2 1.2 298 

Calculated using average-dipole-orientation theory and the coto model (c = 0.22) as outlined in ref. [5). 

go values are taken from 10f. lll and refer to the dissociative charge transfer reaction y+ CH3COCH3 -. CH3CO 4  +C113 +Y 

Charge transfer Is more exothermic by n  55 U met - 1 . 

C) Main products are CI13COCH 	50% and CF13CO m 50%. 
d) Both Ions, CI13C0 and C113C0Cil were observed but channel efficiencies could not be determined - see text. 
C5 The main product was found to be C113C0 > 90%. 
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Table 2 
Rate coefficients in units of 10'' csn3 molecule-'  s' at 298 K for reaction Y' • CII3COCOC1I3 -, products 

Reaction 	i' 	 Major ion products 	 kobs 
number 

kLGS" )  koba 

TUN 
_Affo b) 
(U mo!"5) 

(Il) 	 ci-i3cot c1I 3cocoCH 3* c) 	5.2 2.1 2.5 799 
NF 	 Cl-1,COt CIl3COCOCH d)3.3 1.9 1.7 IllS 
0+ 	 cii,cotcu,cococti; d) 	4.7 1.8 2.6 1029 

(IS) 	 CN 	c113COtC1I3COCOCH 1 	4.1 1.5 2.7 1078 

CO, 	C113C0 e) 	 2.9 1.4 2.1 1067 
N 2 	 C1I3co+e) 	 2.4 1.4 1.7 1221 

(IS) 	 C2N*2 	 CII3COtCH3COCOCFI" ) 	2.5 1.2 2.1 1008 

Calculated using the Langevin-Gioumousis---Stevenson equation In ref. (4]. 
A/Jo values are taken from ref. 1151 and refer to the dissociative charge transfer reaction Y' + CH3COCOCH3 -. CH5C0 + 

C113CO + Y. Charge transfer Is more exothermic by '45 kJ mor 5 . 
C) Product ratios are CI13CO' >90%, C113COCOCII 	- 5%. 

Main products are C113CO and C1I3CoCoc11 	but relative channel efficiencies could not be determined - see text. 
The main product ion observed C113C0> 90%. 

that asymmetric charge transfer reactions at thermal 

energies can occur via large impact parameter collisions 

if it is assumed the observed product ions are produced 

by a dissociative charge transfer mechanism. 
In most cases the deviations between the observed 

rate coefficients and the calculated capture rate coeffi-

cient are largest for atomic and diatomic ions possibly 

because the higher charge density on these Ions en-

courages electron transfer from greater distances. MI 
the reactions in this study are sufficiently exothermic 

to disguise any trends In rate coefficient or product 

distribution as a function of reaction exothermicity. 

We might also expect a series of ions having Increasing 

degrees of freedom but similar exothermicities would 

show an increasing tendency to non-dissociative charge 

transfer due to the energy partitioning amongst the 

internal modes of the products. In this way energy par-

titioning can lower the pool of energy left on the pro- 

duct ion as a result of the encounter, thereby diminishing 

the possibility of a dissociative charge transfer process. 

The energy resonance requirement and, if necessary, 

the Franck-Condon requirement appear to be met in 

most reactions of Ions with large polyatomic molecules. 

It therefore appears that one of the most important fea-

tures in controlling the rate of electron transfer is the 

charge density on the reactant Ion. This work indicates 

that a rapid process occurs when the charge density is 
high (i.e. atomic and diatomic ions) but that the rate  

falls off as the size of the ion increases. Support for 

this suggestion is also provided by the study of Uas et 

al. (20] which reports low reaction rates for positive 

ion charge transfer reactions of C3  _C9 alkanes and 

cycloalkanes. 
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SOFTWARE-CONTROLLED MULTIPLE PULSE GENERATOR AND 
ITS APPLICATION TO A DRIFT TUBE GATING SYSTEM 
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Figure I shows a block diagram of the control system described in this 
communication. It was designed to satisfy the requirements of a versatile 
drift-tube mass spectrometer instrument [I] constructed for the measurement 
of ion transport parameters and ion—molecule studies. The resultant low 
cost (- $1500) microprocessor-based system may be readily adapted to any 
experiment which requires pulsed-mode operation, mass ,  spectrometer con-
trol and data collection facilities. The novel feature of the unit lies in the 
machine-language controlled use of the 8-bit 6502 CPU-based microcom- 

0'2 CLOCK I I MHz) 
	

OHIO SCIENTIFIC CIP 

6502 MICROCOMPUTER 
16 bit add,e,, 

I 10 bit 0/A 	I 
I 	24 bit COUNTER 	I 

	 A/D, 
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CONTROL 

PULSE 

WIDTH 	 - 	
PULSE 

GENERATOR 	 j GENERATORS 	 EXPERIMENT 

FIG 2o 	 1 	FIG2b 

key 

1/2 MC 6821 
PIA 

Fig. 1. Schematic diagram of microcomputer-controlled pulse generator, mass programmer 
and ion counter. 
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cI ft .11. 
____________ 

6N136 	.I-5V MPSA93 

I +I00v STOP I 	
- 

Fig. 2. (a) Pulse width selector circuit; (b) pulse generator and amplifier circuit. To increase 

clarity in the diagrams the following omissions were made: in Fig. 2a (count I) pin 2 of the 

4017 decade counter provides the start pulse to the 4050 buffers and the remaining 8 counts 

plus carry provide the stop via the 10-position switch; in Fig. 2b the pulse amplitude and 

pulse generator references are both at the common reference (to ground) shown as REF in the 

figure and both resistors in the + 15 V lines are 560 Q (one only labeled). Note that the tops 

of positive-going pulses correspond in potential to the base of negative-going pulses. (7407: 

Hex buffers/drivers with open collector high-voltage outputs.) 

pu ter* with circuits designed to generate independently-flpatable bipolar 
square-wave pulses of variable width and amplitude. The pulse widths for 

* Ohio Scientific Superboard II supporting 32K RAM and one disc drive with OS-65D V3.2 
DOS. The program requirement of this communication is 4K RAM only (excluding the 

16K utilized for the DOS and that used for large data arrays). 
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this system (Figs. I and 2) are variable from I jis to 9 ,zs in 1 Its steps and 
the delay between pulses may be incremented in I [is steps to 10 ms. The 
minimum delay is 6 ps imposed by the time required for the 6502 micro-
processor to 2 execute the assembly language instructions used to set up the 

10 *=: $6000 
20 P2I$E0A ;6821 	PIA 	EIit71fl 	PL115E4 

30 C It= $E30F1 	 rit62r.d 	PIJ1%P 

40 V = $40 	tNo, 	of 	cycles 	(16 bit) 

50 INtl ELIA JO 	;Initialize 	cwcle 	co'.jrit 

60 STA LI 
70 S TA VI 1 

80 LDAfl01OI0000 1(eset 	ion corjnt(hit4 HI) 

90 ST A P711 
100 LLiA t%0i 000000 	;Bc)th Pulses 	inactive 

110 ST A P'P 
120 LOX :11000000 	;lst 	P11151? 	active 	(HI) 

130 LLIY *7.00000000 	;2nd pulse active 	(LU) 

:140 PULSE ST X P21' 	;51r51T 	systee' 	9 	start 	1st 	4017 

:150 51 
160 NOF ',FHA 	for 	our' 	tiles 

170 
180 
190 NOP 

200 STY P211 	PErmble 2nd 4017 	for 	10'js 

210 NIlE ,T hi,; section oP corJe moved 

220 NOr Ohm 	BASIC callirw prrnl,ain 

230 NOP 
240 or n 
250 NUF 
260 
270 
2110 NOP 

290 JMF f.ILYENX) 	Ma, I mug, 	time 	( POKEd 	in from 

300 NUP BASIC 	prolirarn) 

310 
320 
330 NIlE 
340 LlL.Y:ENEI F'HA I MW for OLD tines 

30 PLA 
360 Cl_C 
370 LL'A V 
3130 ABC *1 ;Increment rio • 	of 	cycles 

390 STA V 

400 LIlA V+1 

410 Ant:: 10 

420 ErA Vii 
430 CMI' .t$FE 	;r'ata POKEd here from BASIC 

440 BEU NEXT 

450 LOA t%01000000 	Moth OFF state 

460 MP PULSE: 

470 NEXT LIlA 4Z01100000 	;Latr.Th ion count 	(hitS HI) 

480 S'TA P21' 
490 LIlA t$90 
500 STA 1211 
510 RTS 

Fig. 3. 6502 assembly language control program. 
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second pulse and to make provision for I tLs delay intervals (lines 160 and 
200 in Fig. 3). The ultimate constraint on the speed (frequency) of the 
system is the 1 MHz clock in the microcomputer and the use of 1 MHz 
peripheral interface adaptors (PIA) in the interface unit. However, a 2 MHz 
clock and 2 MHz PIA permit 0.5 [Ls pulse widths and 0.5 ps delays and so 
on. The gating requirements of the drift tube were met with undistorted 
bipolar pulses of amplitude in the range 15-200 V. The circuits shown above 
provide for variable pulse amplitudes over this range and could be readily 
adjusted in either direction with the appropriate floatable power supplies. 

The microcomputer was also used to control the mass setting of the 
quadrupole mass filter via a 10-bit D/A channel and to store ion pulses 
accumulated by a 24-bit (3 >< 8-bit) counter in the interface unit (Figs. I and 
2). Opto-coupled A/D and D/A channels were also used to generate 
voltages and read instruments such as an MKS Baratron pressure trans-
ducer. 

PROGRAM AND CIRCUIT DESCRIPTION 

The digital circuitry is shown in Figs. 2a and 2b. Pulses generated by the 
microcomputer under software control (Fig. 3) enter the two-channel pulse 
width generator (Fig. 2a) where the output of 4017 decade counters selected 
by 10-position thumbwheel switches provides for output pulse widths over 
the range 1-9 gs in I ss steps. This is achieved through the generation of 
start (clock) and stop (delayed) pulses for each channel. Each start pulse 
serves as a trigger for a 7474 d-flipflop in the pulse generator—amplifier 
circuit, shown in Fig. 2b, to generate the leading edge of the final output 
pulse. The stop pulse similarly acts as an edge-trigger to define the trailing 
edge for the final output pulse of the preselected width. Figure 2b illustrates 
only one of the two opto-coupled pulse generator—amplifier circuits required 
for the two-channel system used in these experiments. The 5 V pulses from 
the 7474 are buffered to IS V (or less if required) and further amplified using 
a switching transistor and a floating power supply referenced by the pulse 
generator bias, as shown in Fig. 2b. 

When loaded from disk, the object code shown in Fig. 3 contains 200 
NOP instructions between lines 160 and 330. The first pulse is initiated by 
instruction 140 and the code for the second pulse, lines 200-240, is inserted 
by the BASIC calling program to coincide with the chosen minimum time. 
Similarly, parameters input to the BASIC program are used by the JMP 
instruction in line 290 for the maximum time and by the CMP instruction in 
line 430 for the number of sweeps. After pulse output, lines 200-240 are 
moved along by the BASIC program and an NOP inserted. An NOP 
instruction requires 2 clock cycles (2 p5 for a 1 MHz clock) giving rise to 2 
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gs delay increments between pulses. For I As steps (odd times) the first NOP 
in line 160 is replaced by a PHA instruction which requires 3 clock cycles (3 
ps) and the PHA at line 340 is replaced by an NOP. These are then 
alternated to give 1 ,zs steps. 

The ion pulse counter is reset when the routine is entered (line 80) and the 
data latched through to the PIA in line 470 before returning to BASIC in 
line 510. 

EXPERIMENTAL RESULTS 

The system described above permits the automated collection of ion 
arrival time distributions in the drift tube instrument [I]. A 2 its pulse of 
electrons is generated in a moveable ion source within the drift region by 
application of a typically 150 V positive-going pulse of 2 Its duration to a 
control grid normally biased negative with respect to the cathode. Ions 
generated by the electron pulse drift out of the ion source and into the drift 
tube under the influence of a uniform electric field. A fine-mesh grid, biased 
2 V positive or negative, depending on the ion polarity, located in the exit 
aperture of the drift tube inhibits passage of arriving ions to the mass 
spectrometer until overridden by a 15 V pulse of 1 or 2 ps duration and the 
appropriate polarity (negative for positive ions). The delay between these 
two gating pulses is incremented in I ILs steps under software control as 
described above. The BASIC part of the program provides for selection of 
ion counting time at each delay interval after which the counter is latched 
and the data transferred to the appropriate element of a one-dimensional 
array set up by the BASIC program. The repetition frequency is set at a 
convenient time after the last delay selected in response to the initial setup of 
program parameters. In this way multiple scans are readily accommodated 
with a corresponding accumulation of ion counts for each time increment, in 
the same way that a multichannel analyzer operates. Calculations may be 
performed on the accumulated data as shown in Fig. 4, which is a printout 

. of experimental ion counts and smoothed ion counts using a fifth-degree 
seven-point smoothing routine [21. The left-hand column labeled "Time" is 
the delay in gs between the two pulses generated by the system. Figure 4 
shows data taken for the He ion drifting through pure He for an uncor-
rected geometric distance IJ of 5.87 cm under the conditions indicated in the 
printout. The data shown are the accumulated ion counts from! 3 scans at 10 
counts per delay increment per scan. The arrival time distributions collected 
over the drift range 1-10 cm are used to calculate the drift velocity, Vd, and 
the reduced mobility K0 . 

The drift tube constructed is being used to determine ion transport 
parameters for primary and secondary ions and where comparisons with 
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TUE MAR 1 	3 22 23 PM 

ION/PUFFER )> HE+/l-IE 

TEMP. = 20 C ( 293 K) 
PRESSURE = .15 TORR 
E/N = 80 ID 
E = 1 956314 V/CM 
WRINGS) = 41.5 

DISTANCE 	V(TRRCKIr•n3) 
90 3.4 
80 7,3 
70 11. 3 
60 15.3 
50 19.2 
40 23.2 
30 
20 41H1 
10 35.0 

DRIFT DISTANCE = 5. 87 CM 	( 40 

SIGNAL MAXIMUM AFTER 37, 25 US 

TIME EXP SIGNAL SMOOTH SIGNAL 
26 £ 6 
27 
28 

2 
'8 

2 
6. 371 

29 13 13. 77 
30 25 21. 65 
31 .43 49. 17 
32 105 99, 42 
33 '177 182. 2 
34 '290 291. 7 
35 414 408. 1 
36 493 504. 3 
37 563 560,9 
38 '762 551. 0 
39 476 487. 6 
40 413 414. 8 
41 345 330.6 
42 23 242. 1 
43 165 W. 2 
.14 
'rt 

C 
95 57 

45 28 27. 22 
46 18 18 
47 '12 12 

Fig. 4. Direct printout for the arrival time of 11e ions drifting through pure He gas for 
E/N— 80 Td, P = 0.15 Tort, T= 293 K and uncorrected drift distance 5.87 cm. V(rings) and 
V(tracking) are the voltages supplied to the drift tube ring stack and moveable ion source, 
respectively, to maintain the preselected value for E/N. 
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literature values are possible, agreement is usually within 2-3% [I]. The data 
above, taken with that recorded over the full drift range available in the 

instrument, yields K0  = 8.02 ± 0.30 cm2  V' s at 80 Td. The value given in 

the compilation of gas-phase ion transport properties [1 is 8.12 ± 0.24 cm2  

v- 
Copies of the BASIC program and further details on the circuits may be 

obtained from the authors on request. 
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ABSTRACT 

A drift tube incorporating a movable ion source for the measurement of ion transport 
properties and the study of on/molecule interactions is described. The drift tube has the 
facility for variable gas temperature and an operating pressure range tip to 5 Torr. Ion 

velocities and mobilities have been determined for HCN, 11 2CN, C 2 N, C 2 N and 

C2 I-1 1 N' in helium at 293 K for the E/N range 10-140 Td using dilute mixtures of HCN. 

C2 N 2 , Cl-I 1CN and CI-I 3 NC in helium. 

INTRODUCTION 

There are a number of excellent reviews which consider the theory and 

application of drift tube techniques to the determination of ion transport 

properties and ion/molecule kinetics [1-3]. A knowledge of ion transport 

parameters asa function of 15/N for the gas temperature and, composition of 

the experiment is a necessary prerequisite to the elucidation of rate coeffi-

cients from drift tube data. Blanc's law [1] may be employed to estimate ion 

mobilitiçs for binary gas mixtures of known composition providing data 

exist for the ion of interest in both pure components. Such data are sparse. 

and Blanc's law cannot usually be applied unless experimenta)  measurements 

are conducted on the pure components. As a consequence, accurate measure-

ments for the gas mixtures used in the kinetic experiments must usually be 

performed. 

The drift tube described in this article was designed for the measurement 

of ion drift velocities and ion/molecule rate coefficients over a wide range of 

variable experimental parameters: drift distance, ion temperature, gas tem-

perature and operating pressure up to 5 Torr with independent sample 

admittance to the movable ion source and the drift ring assembly. This 

article describes the drift tube assembly and presents data for the drift 

0168.1176/84/S03.00 	© 1984 Elsevier Science Publishers By. 
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velocities of several primary and secondary positive ions produced from 

dilute mixtures of the cyanocompounds UCN, C 2 N 2 , CFI 1CN and CH 3 NC 

in helium at 293 K. 

EXPERIMENTAL 

In.ytrzunc',it description 

Figure 1 is a schematic diagram of the drift tube mass spectrometer 

employed in this study. The microcomputer control and data collection 

facility which is included in Fig. I has been previously described in detail [4]. 

A scaled drawing of the drift tube and movable ion source is shown in Fig. 2. 

The system is constructed of high-vacuum-compatible materials which may 

be baked to 400°C: stainless steel, molybdenum silver, gold, glass ceramic 

and mica. The ring assembly comprises eleven 1 cm gold-plated stainless 

steel interlocking rings of internal diameter 5 cm separated by precision 

ground glass ceramic insulators and interconnected by 100 k2 vacuum-

compatible bakeable resistors enclosed in a stainless steel vacuum envelope. 

The vacuum envelope is also a dewar for the circulation of fluids and a 

heating jacket carrying four 150 W cartridge heaters. Temperature is moni-

tored by jron —constantan thermocouples attached to the third and ninth 

rings (numbered from the bellows end), a free-standing thermocouple in the 

gas space below the ring assembly and a fourth on the drift tube vacuum 

SAMPLE 	I 	VACUUM CHAMBERS 

CONTROL 
SYSTEM 	 n[U 

linear I

I

FF

9PVf2LE 
nation .__ —- 

drive 	- 

;

DDRR 

I 	tKj!EI_ 

1  Lr__ PRESSURE 
DISCR. 

 
TRANSDUCER 

COMPUTER INTERFACE 

PULSE 	tizil 

__________________ 

TRIGGERS 
PULSE DELAY 

GENERA OR &AIJ-. rinrK 
MICROCOMPUTER 

6502 C PU 

MASS-
FILTER 

CONTROL 

Fig. 1. Schematic diagram of the computer-controlled drift tube mass spectrometer. 
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Fig. 2. Scale drawing of tim drift tube. A, Movable ion source; B. drift rings; C. drift tube 

vacuu 'U 
envelope— (lewa r; I), ion exit gate; F. ski nimer; F, mass spectrometer chamber; G. 

linear-drive shaft For the ion source (details of drive niechanisni have been excluded); ii, one 

of two diamerically opposite sample lines used to tdniit samples to the drift tube and For the 

measurement of the drift tube pressure using a Model 170M-49 MKS liaratron. 

envelope. For the results reported here, the drift tube temperature was 

maintained at 293 K (20'C) by the circulation of water through the dewar. 

Sample admittance and pressure monitoring lines pass through the dewar 

and open i n t o  the  drift tube behind the ring assembly at diametrically 

opposite points close to the middle drift ring. A separate inlet channel drilled 

through the linear motion drive shaft forms part of a line-of-sight laser 

alignment path along the instrument axis and communicates directly into the 

movable ion source which is electrically insulated from the bellows assembly 

by a glass ceramic disc. The ion source carries an electron gun perpendicular 

to the drift -tube axis, an electron control gate of 90% transmission gold-plated 
copper mesh and an ion gate of the same material which can he used as a 

two-elenien t plane lens. The filament is mounted on molybdenum rods and 
housed in a stainless steel enclosure separated from the collision chamber by 

the electron-control grid and a mica heat shield. The filament material 

normally used to achieve high emission currents is platinum ribbon but, for 

operation with cyanocompounds in this study, 0.013 cm diameter iridium 

wire was found to be the only suitable material. The inevitable temperature 

gradient produced in the vicinity of the electron gun was minimised by the 

application of barium zirconate 51 to the filament and by operation of the 

ion source with emission currents c 50 1iA. Under these conditions, a 

temperature rise of 1-2° was measured on leaving the ion source positioned 

adjacent to one of the drift rings on to which a thermocouple was attached. 

The drift ring rapidly recovered to the temperature of the drift tube envelope 
on repositioning the ion source. The linear drive mechanism is used to niove 
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the ion source continuously through the full length of the drift ring assembly 

where it may be positioned to an accuracy better than 0.1 mm. The ion exit 

flange, which is also gold-plated, carries a 1.5 cm diameter molybdenum disc 

of 0.025 cm thickness recessed into the drift ring side through which a 

conically shaped ion exit aperture of minimum diameter 0.025 cm is drilled. 

The ion exit gate is constructed from 90% transmission gold-plated copper 

electroformed mesh sandwiched between two stainless steel shims which are 

electrically isolated from, but attached to, the vacuum side of the exit flange. 

The distance between the exit orifice and the gold-plated skimmer which 

separates the drift tube and mass spectrometer vacuum chambers is 1.0 cm. 

The quadrupole mass filter is an Extranuclear Model 4-270-9 with a mass 

range of o-goo u. Vacuum seals are made from 0.5 mm diameter pure silver 

wire which appears to be a perfectly adequate and affordable substitute for 

gold. 
The drift tube and mass spectrometer vacuum chambers, which are 

separated by a skimmer with a 2 mm diameter orifice, are individually 

pumped by 2000 I s -1  (for helium) liquid-air-trapped oil diffusion pumps. 

For a drift tube pressure of I Torr helium (133 Pa), the drift tube and mass 

spectrometer chambers operate at 5 X iO Torr (6 X 10 - 3 Pa) and 4 X iO 

Torr (5 x 10 Pa), respectively. The admission of helium to the drift tube 

via a liquid-air-cooled molecular sieve trap following overnight baking at 

150°C and 10 Torr (10 Pa) results in a mass spectrum comprising 

> 99.5% in/z 4. He' , <0.2% m/z 8, He24  and <0.1% çachof rn/z 16, 17 

and 18, 0' , OH and 1-1 20, respectively. 

Drift tube operation 

The drift tube may be operated either in continuous mode with variable 

drift distance at constant pressure or variable pressure at fixed drift distance 

for ion/molecule reaction studies or, alternatively, it may be operated in 

pulsed mode for drift velocity measurements. Electron and ion gating is 

achieved by the application of square-wave pulses to override small blocking 

bias voltages on the gate elements. The start-gate pulse may be applied either 

to the electron gun control grid or the elements between the ion extractor 

and the ion source sleeve, which is maintained at the appropriate potential to 

its location on the drift tube axis. For the work reported herç, the electron 

gun control grid was used to gate 2 ,zs pulses of 70 eV electrons into the 

source. He ions generated by electron impact undergo charge transfer 

reactions with the trace component in the gas mixture to produce the ions of 

interest which drift out of the source under the influence of a uniform 

electric field whose magnitude is determined by the E/N ratio at the drift 

tube temperature. The exit gate, which is normally reverse biassed a few volts 
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with respect to the ion exit plate, is opened by the application of a 2 [is 15 V 
pulse delayed with respect to the electron control pulse [4]. The ion count is 

linear with respect to the width of either gate pulse and passes through the 

origin (zero counts) for zero pulse widths. 

The arrival-time distributions for primary ions measured using this instru-

ment are in good accord with those calculated using the drift equations 

developed by McDaniel and Mason for a drift tube of cylindrical geometry 

and a point source of ions [1]: 

	

-'- (z, t) 
= 

C(R1  + z/t) 	(z 	vt)2 	
exp 	

_____ 

	

I
4(ITD1I)"2 exp - 4Dt 	

I - 	
- 	

(1) 

where /(z, t) is the normalised ion count for drift distance z and drift time 

• C is the norma lisa t ion factor, 1d  is the ion drift velocity, i the radius of t lie 
Point Source of ions, and D 1  and D are the longitudinal and transverse 
diffusion coefficients, respectively. The term in Dr  is small and can be 

neglected for this drift tube where the radius of the ion exit orifice in the 

movable ion source is 1.0 mm. The longitudinal diffusion coefficient, DL, 
was calculated from the expression [1] 

M+3.72,n 	MvJ 	
(2) 

where D0  is the diffusion coefficient under zero field conditions, in is the ion 

mass and M the buffer gas mass. Experimental and calculated arrival time 

distributions for He in He for a total drift tube pressure of 0.4 Torr, 

E/N = 80 Td (1 Td = 10_ 21  y m 2 ) and two drift distances are shown in Fig. 
3. The experimental arrival time distributions are in good accord with the 

	

1=4.72cm 	 z9.72cm 

	

=27.4ps 	 A I 5o'3ps 

C 
D 
0 
U 

C 
0 

to 	20 	30 	40 

drift tirne / ps 

Fig. 3. Experimental (X) and calculated ( 	) arrival time distributions for He' in helium 

for E/N 80 Td. Total drift tube pressure 0.40 Tori, gas temperature 293 K and the two drift 

distances 4.72 and 9.72 cm. The drift velocity and reduced mobility calculated for He at 80 

Td are 1.72>< 105 cm s 	and 8.0 cm2  V' s', respectively, compared with literature values 

[6] of 1.75 x it cm s -'  and 8.12 cm2  V - 	respectively. 
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predictions of Eq. (1) for the longer drift paths and are slightly broader for 

the shorter drift distances. The effect of the gate widths on the arrival time 

distribution was examined both experimentally and by deconvolution using 

fast Fourier transforms (FFT). There were no discernible differences be-

tween arrival time distributions for l-Ie in helium measured with I or 2 ps 

gate widths. A slight broadening effect became evident for a 3 its electron 

gate width or a 4 is ion exit width, in agreement with the calculations. In 

this study, both gates were operated with 2 its widths and the arrival time 

spectra collected with I it s delay increments. 

Drift velocities were determined from the slope of arrival time maxima 

versus drift distance plots over the geometric drift path range 2-10 cm. 

Linear plots with correlation coefficients > 0.995 are typical (Fig. 4) al-
though extrapolation to zero drift time did not always correspond to zero 

drift time / ps 

corrected drift distance / cm 

Fig- 4. Plots of maximum ion-arrival time versus corrected ion drift distance. ., HCN 25 

Td; e, C 2 N40Td 0, C,W 40Tth 	U X, C21 N 60 Td; 0, C,H,W 90 Td; 0, Il 3O 80 

Td: & U 2CN 1201A. 



Paper 21 	 - 	 245 

289 

geometric drift distance. Plots for I-Ic 	in pure helium for li/N > 50 Td 

extrapolated through the origin, but this was not found to be the case for 

secondary and tertiary ions (e.g. H2 0+  1 
I-10, and N ) or for He below 

50 Td, although the values of the drift velocity, v, determined from the 

slopes were in excellent agreement, better than ±3%, with published values 

[6]. These end effects result from field inhomogeneities in the vicinity of the 

gates and, for the products of ion/ molecule reactions involving dissociative 

charge transfer from I-Ic , a contribution from the finite distance over 

which the ions are generated along the drift tube axis. The end effects are 

not reproducible from day to day, although the values of Vd obtained from 

the slopes are reproducible from month to month to better than +2% over 

wide ranges of total drift tube pressure and E/N. Intercepts give apparent 

drift distances tip to 15% greater than the geometric value at 5 cm. Although 

this discrepancy decreases for increasing geometric drift distances, in the 

absence of a movable ion source it would carry through to the ion transport 

properties [1,7]. A recent measurement of the mobility of Nl :I  in helium 

using a drift tube with a fixed path length of 11 cm noted a 10% discrepancy 

from an earlier result by the same authors using a fixed drift path of 5.65 cm 

[8,9]. Discrepancies of similar magnitude are evident for the mobility of C1 

in nitrogen where values from a fixed drift path drift tube cell [10] and the 

drift-SIFT apparatus [11] lie outside their combined uncertainties. 

Materials Used 

The hydrogen cyanide. HCN, used in this work was prepared by the 

reaction of sulphuric acid on sodium cyanide and the crude- product was 

dried over P205  prior to repealed vacuum distillation. Dicyanogen, C 2 N 2 , 

was vacuum distilled from the Matheson technical grade. Methyl cyanide, 

Cl-I 3 CN, was vacuum distilled from thc British Drug Houses reagent grade 

and methyl isocyanide, CH J NC, was prepared from the reaction of methyl 

iodide on ilver cyanide. Gas mixtures were prepared on a. high vacuum 

gas-handling line using an MKS capacitance manometer to measure gas 

pressures. The cyanocompound was admitted to an evacuated 5 I glass bulb 

and the associated vacuum lines to a known pressure. Dry helium was then 

admitted at high pressure to make up the mixture which was then allowed to 

mix over a period of several hours before sealing the bulb. Mass spectra were 

then recorded as a check of mixture purity. 

RESULTS 

Arrival time distributions for each ion were measured for seven or eight 

drift distances for each value of E/N. The maxima were located by fitting a 
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seven-point Lagrange interpolation formula to the individual distributions 
about the experimental maxima. Interpolation of the experimental data to 
find the true maximum in the peak was then performed in order to increase 
the time scale resolution. Drift velocities, Va, were determined from plots of 
arrival time maxima against drift distance, shown in Fig. 4 for ions at 
selected values of E/N at 293 K. Ion mobilities, K, and the reduced 

mobilities, K0 , were calculated using the equations [1] 

Kv/E 	 (3) 

K 0  = K(P/760)(273/T) 	 (4) 

where, E is the electric field gradient applied to the drift tube, P is the total 

drift tube pressure in Torr and T is the drift tube temperature in degrees 

Kelvin.  
The cyano ions reported in this study were generated by consecutive 

ion/molecule reactions initiated by dissociative charge transfer from 1-1e 
ions to the precursor molecule present in the drift tube as a dilute mixture 
with helium. The extent of reaction was controlled by adjustment of the 
mixture dilution and the total drift tube pressure to maximise ion formation 
in the ion source and the first few centimetres of the drift region. The ion 
profiles for each gas mixture were examined as a function of drift distance in 
order to establish conditions and to optimise mixture compositions. With the 
exception of U 2CN, where a mixture composition of 0.2% I-ICN in helium 
was used, all measurements were repeated for a series of mixture composi-
tions over the range 0.04-0.16% cyano compound in helium. The drift 
velocities were independent of composition and the data presented are 
representative of ion transport in pure helium. 

The I-ICN and I-I 2 CN ions arc formed by reactions (5)—(7) for dilute 

I-ICN in helium mixtures. 

He+HCN—*CN+H+I1e 	 (5) 

CN+HCN—+HCN+CN 	 (6) 

HCN+.HCN—*H2CN+CN 	 (7) 

The rate constants have been reported to be - 3.9 X 10 or - 3.1 X iO 

cm3  molec' s 	for reaction (5) [12,13], 2.5 ± 0.6 X iO 	cm-' molec 1  s 

for reaction (6) [14] and 9.8 x io" cm3  molec l for reaction (7) [15]. 
There are additional small contributions to the CNt and HCN ion signals 
from direct electron impact. The drift time versus drift distance, t—z, plots 
for HCN were non-linear for dilute mixtures of less than 0.05% HCN in 

helium and E/N> 60 Td at 0.4 Torr total pressure. Under these conditions 
of short ion residence and low partial pressures, the arrival time distributions 
are diffuse, due to ion formation occurring down-field from the ion source 
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region. Narrow arrival-time distributions and linear t-z plots were obtained 

for UCN using a series of mixture compositions to span the E/N range 

from 20 to 140 Td. Dilute mixtures, 0.05% HCN in helium, gave linear plots 

for the E/N range 20-50 Td with total drift tube pressures of 0.4-0.5 Torr. 

Mixtures of composition 0.1% HCN in He were used to overlap this range in 

E/N and to extend the data to E/N 140 Td where the ion residence times 

are much shorter. These results are shown with data collected for a 0.16% 

HCN in helium mixture in Fig. 5 as the reduced mobility against 15/N. A 
typical t-z plot for the l-ICN ion formed from a 0.05% HCN in helium 

mixture at 25 Td and 0.4 Torr total drift tube pressure is shown in Fig. 4. 

The H 2CN ion is the terminal ion for the HCN system. Linear t-z plots 

could not be obtained for mixtures with compositions C 0.15% in HCN for 

drift tube pressures < 0.5 Torr. The t-z plot for H 2CN for 15/N 120 Td 

shown in Fig. 4 was determined for a 0.2% HCN in helium mixture at 0.5 

Torr drift tube pressure. Figure 6 shows experimental arrival time distribu-

tions for 15/N 15, 25, 50 and 110 Td under these conditions compared with 

those calculated using Eq. (1) which assumes a point source of ions originat-

ing along the electron beam axis. The broader experimental distributions are 

a consequence of a diffuse H 2CN ion source. Ions arriving at the exit gate 

are a mixture of those which have been formed within the movable ion 

source and those which have spent varying times as the less mobile He ion 

and as the more mobile CN + and HCN ions along the drift path. Equation 

cm 2  V 4  s 

Li] 

E/M / Id 

Fig. 5. Plot of the reduced mobility of the HCN ion versus E/N for three dilute mixtures of 
I-ICN in helium at 293 K. •, 0.05% lICN—lie; x. 0.10% UCN-14e; , 0.16% l-ICN--He. 
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Fig. 6. Experimental ( 	) and calculated ( 	) arrival time distributions for H 2CN 

over a drift distance of 8.72 cm and four valves of E/ZV (a) 110 Td; (b) 50 Td; (c) 25 Td; (d) 

15 I'd at 293 K. 

(1) was modified by the addition of a kinetics term derived from the reaction 
series (5)—(7) and the arrival-time distributions recalculated. The overall 
effect was a small increase in the width of the distributions which were still 
narrower than those measured experimentally, as found above for He" in 
helium. Experiments were performed using HCN mixtures contaminated 
with water vapour to facilitate reactions (8)—(13) as additional pathways to 

the H 2CN ion. 

He + 11 20—' H 2O + He 	 (8) 

H20+H20—'H304'+0U 	 (9) 

H 2O + HCN H2CN4' + 01-1 	 (10) 

H 30 4' + HCN U2O4 4 + H20 	 (11) 

CN4'+H2O_*H2CN+0 	 (12) 

~ H 2  0+ + CN 	 (13) 

The drift velocities detemined for wet mixtures were the same as those 
measured for anhydrous mixtures, i.e. the velocities were independent of the 
reaction pathway. A plot of reduced mobility for the H 2CN ion over the 

E/N range 10-140 Td is shown in Fig. 7. 
The C2 N ion is formed directly from the dissociative charge transfer of 

He 4' on C 2 N 2  in the reaction 

lie -  +C2N2—'C2N4'±N+lie 	 (14) 
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Fig. 7. Plots of reduced mobility versus E/N for the ions 1-I 2CN 4 . C2 N, C 2 N2  and 

C 2  1-I 1 N in helium at 293 K. 

The arrival-time distributions were narrow and the t-z plots linear over the 

full range of mixture compositions used in this study. A 1-z plot for a 0.05% 

mixture of  C 2 N 2  in helium for a drift tube pressure of 0.4 Torr and E/N 40 

Td is shown in Fig. 4. Drift velocities for ni/z 38, C2   , were also measured 

from dilute methyl cyanide and methyl isocyanide mixtures in helium. The 

values measured were independent of the source molecule and self-consistent 

within the ± 2% reproducibility of the instrument over a period of several 

months. 

The C2  N 2'
ion is formed from cyanogen by reactions (15) and (16), 

reaction (16) representing the major pathway. 

He' + C2 N2 -  C2 N 2̀ + He 	 (15) 

CN+ C 2 N 2  —* C 2 N + CN 	 (16) 
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TABLE I 

Ion transport properties for I-ICN F  in helium at 293 K 

E/N 

(Td) 

a  

(104 car s ' ) 

K0 

(cm2  V 	s) (K) (10 -11  CM2 ) 

20 11.0 20.5 587 2.00 

25 14.3 21.2 785 1.67 

30 16.9 21.0 988 1.50 

35 19.4 20.6 1203 1.39 

40 21.2 19.7 1380 1.36 

45 23.0 19.0 1573 1.32 

50 24.2 18.0 1711 1.33 

60 27.8 17.2 2158 1.24 

70 30.7 16.3 2573 1.20 

80 33.8 15.7 3055 1.14 

90 36.6 15.1 3527 1.11 

100 38.7 14.4 3924 1.10 

itO 41.4 14.0 4446 1.06 

120 44.2 13.7 5026 1.02 

130 46.9 13.4 5606 0.99 

140 50.1 13.3 6364 0.94 

o  Reproducibility +2%; absolute accuracy better than ±5% 

TABLE 2 

Ion transport properties for H 2 CN in helium at 293 K 

E/N 	 K0 	 Tw 	cfl7;f,) 

(Td) 	(10 cm s) 	(cm2  V' s_5 	(K) 	(10" cm2 ) 

10 4.6 18.3 345 3.08 

20 9.6 17.8 515 2.45 

25 12.0 17.8 640 2.20 

30 14.0 17.4 770 2.05 

40 18.2 16.9 1093 1.77 

50 21.7 16.1 1428 1.63 

60 25.0 15.5 1807 1.50 

70 28.4 15.1 2249 1.38 

80 31.4 14.6 2682 1.31 

90 .33.9 14.0 3073 1.28 

100 36.6 13.6 3532 1.22 

110 38.8 13.1 3929 1.21 

120 40.7 12.6 4296 1.20 

130 42.7 12.2 4698 1.18 

140 45.7 12.1 5318 1.12 

Reproducibility +2%; absolute accuracy better than ±5%. 
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TABLE 3 

Ion transport properties for C,_ N in helium at 293 K 

E/N 	 K0 	 Tar 	S 2 (Tor) 

(Td) 	(104 cm C') 	(cm2 V-1  s) 	(K) 	(IOtS cm2) 

30 13.1 	- 16.2 707 2.26 

40 17.2 16.0 1010 1.91 

50 21.2 15.8 1386 1.66 

60 23.9 14.8 1674 1.61 

70 26.9 14.3 2048 1.50 

80 29.0 13.5 2335 1.49 

90 31.7 13.1 2727 1.42 

100 33.6 12.5 3029 1.42 

110 36.1 12.2 3447 1.36 

120 37.8 11.7 3745 1.36 

130 39.5 11.3 4072 1.35 

140 42.2 11.2 4598 1.28 

Reproducibility ± 2%; absolute accuracy better than ± 5% 

The C2 N ion was the terminal ion under the conditions used in this 
work. A 1-z plot for F/N 40 Td using a 0.1% mixture of C2  N 2 in helium at a 
drift tube pressure of 0.4.Torr is shown in Fig. 4 and a plot of the reduced 
mobility against F/N is shown in Fig. 7. 

The C 2 1-1 1 N ion is formed predominantly by CN + charge transfer tQ 

TABLE 4 

Ion transport properties For C2  N 2' in helium at 293 K 

E/N 	Ri 	 K 0 	 Tw 	 12 Rro 

(T(l) 	110 cm C') 	(c1112 V-1  C') 	(K) 	(10 15  cm2 ) 

M-8 8 16.4 481 2.67 

25 11.0 16.3 	. 584 2.44 

• 30 12.3 15.3 662 2.44 

40 15.4 14.3 866 2.28 

50 18.3 13.6 1103 2.13 

60 21.1 13.1 1375 1.98 

70 23.3 12.4 1612 1.93 

80 25.8 12.0 1907 1.83 

90 28.1 11.6 2202 1.77 

100 29.9 11.1 2450 1.75 

110 32.0 10.8 2764 1.69 

120 33.6 10.4 3020 1.68 

130 36.0 10.3 3432 1.59 

140 38.0 10.1 - 	 3794 1.54 

Reproducibility ±2%; absolute accuracy better than ±5%. 
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CH 1CN or CH 1 NC, analogous to the situation for C 2 Nj in reactions (15) 

and (16). Figure 4 shows two I-z plots for CI-I 3CN for E/N 60 and 80 Td 
and Fig. 7 shows a plot of reduced mobility versus E/N. 

Compilations of gas phase ion transport properties [6] include the ion 
temperature, 1, and the collision-averaged momentum-transfer cross-sec-

tion, c2(T ç ), calculated from the two-temperature theory of ion transport 
developed by Viehiand and Mason 3,16]. The relationship between the ion 
mobility, K, and Q(7) is given by 

K 	
\1/2 1+a 	 (17) 

2 PflrknTeir) Q (Tar) 

where q is the charge on the electron, N is the particle density in the drift 

tube, m r  is the ion-neutral (helium) reduced mass, k 11  the Boltzmann 
constant, a a correction factor which is less than 0.1 and is the ion 
temperature given by 

(18) 

where M and Tare the buffer gas mass and temperature, respectively, and /3 
is a second correction factor which is also < 0.1. Both a and /3 were set to 
zero for the calculated values of 7 and 2(7) included in Tables 1-5. 

TABLE 5 

Ion transport properties for C 2 H 3 N in helium at 293 K 

E/N 

(Td) 
Vd 

(10 	cm s') 

K0 

(cm 2 V' s) (K) (10 15  cm2 ) 

10 4.0 14.7 331 3.63 

15 6.0 14.9 380 3.34 

20 8.1 15.0 451 3.05 

30 12.0 14.9 643 2.57 

40 15.4 14.3 866 2.31 

50 18.2 13.5 1091 2.18 

60 21.3 13.2 1391 1.97 

70 23.3 12.4 1612 1.95 

80 25.6 11.9 1880 1.88 

90 28.1 11.6 2202 1.78 

100 30.4 11.3 2529 1.71 

110 32.3 10.9 2810 1.68 

120 34.2 10.6 3126 1.64 

130 35.7 10.2 3372 1.64 

140 37.7 10.0 3725 1.59 

Reproducibility ±2%; absolute accuracy better than ±5% 
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Arrival-time distributions of CN' ions in dilute mixtures of HCN and C 2 N 2  in helium at 

293 K have been measured in a drift-tube mass spectrometer with a movable ion source. The 
mobility of the CN ion in helium was evaluated over the range of E/ N from 40 x 10_21  to 

140 x I0_21  m2  V by comparison of the experimental distributions with curves calculated from 

ion-transport equations. The reliability of the mobilities were tested by comparison of 
calculated and experimental arrival-time distributions for a variation of the total drift-tube 

pressure over the range 0.2-0.5 Torr.t 

Drift tubes may be utilised both for the determination of ion-transport properties 
and for the study of ion-molecule interactions over a wide range of effective ion 
temperatures. The two-temperature theory of Viehland and Mason' quantitatively 
describes the equivalence of ion temperature and the ratio of the electric-field 

gradient to the particle density, EL N, a parameter readily variable over a wide range 

in the drift tube. The measurement of drift velocities as a function of E/ N is a 

necessary prerequisite to the implementation of this theory; for example, in order 
to study an ion-molecule reaction at a given ion temperature the drift velocity of 

the ion is required in order to establish the appropriate electric-field gradient. 
The drift tube used in this work has been previously employed to determine the 

mobilities of ions formed in dilute mixtures of small cyano-compounds in helium.' 
The CN ion is generated and depleted by rapid reactions yielding low ion signals 

and broad ion arrival-time distributions which cannot be analysed from plots of the 
mean arrival time against total ion drift distance normally employed. CN arrival-

time distributions were recorded for 7 or 8 drift distances for each value of F/N 
sampled and compared with distributions calculated using ion-transport equations 

developed by Snuggs et al. 34  in which the CN mobility was the variable parameter. 

Cyano-compounds are being studied because of their role in extraterrestrial 

systems. The CN radical and l-ICN have been detected in interstellar dust clouds 

and in comets, and HCN has recently been identified in the atmosphere of Titan.' 

Complex cyano-molecules, including the series HC X N, where x=3, 5,7 and 9, 

CH 3 CN, NI-I 2CN and CH 2CI-ICN, have also been observed and the mechanisms 

for their production is of considerable interest. 6 ' 7  The importance of ion-molecule 

reactions in the synthesis of these interstellar polyatomic molecules has been demon-
strated and the relative abundances of several molecules successfully modelled. 8-9  

EXPERIMENTAL 

The drift-tube mass spectrometer used in this study has been previously described."" 
The drift tube comprises eleven I cm gold-plated interlocking drift rings of 5 cm internal 
diameter enclosed in a temperature-controlled vacuum envelope. A movable electron-impact 

t Present address: CSIRO, Division of Chemical Physics, Clayton, Victoria, Australia. 

t I Torr= 101 325/760 Pa. 
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ion source, incorporating an electron-beam control grid and a two-element plane ion lens, 
is enclosed in a shield electrically biased according to its position in the drift tube. The ion 
source may be positioned anywhere along the drift-tube axis to within better than 0.1 mm. 
Ions gated from the drift tube are mass-analysed by an Extranuclear model 4-270-9 quadrupole 

mass filter and detected by pulse counting. 
Electron and ion gating are achieved by the application of square-wave pulses to the 

electron-control and ion-exit grids to over-ride small blocking bias voltages on these elements. 
l-1e ions, generated in the helium huller gas by 70 eV electron pulses, undergo charge-transfer 
and dissociative charge-transfer reactions with trace amounts of hydrogen cyanide, I-ICN, or 
dicyanogen, C,N,, in the gas mixture. The ions of interest drift out of the ion source and 
traverse the drift tithe under the influence of a uniform electric field whose magnitude is 

determined by the ratio El N. [expressed in the unit townsend (Td), where I Td= 10_21  m 2  V]. 

The arrival-time distributions of ions arriving at the drift-tube end plate were sampled at 

I jAs increments and the mass-selected ion pulses accumulated for repetitive scans. The 

operating frequency was set at to kl-lz with typical total counting times of 20-40s per 

increment. 
The hydrogen cyanide used in this work was prepared by the reaction of sulphuric acid on 

sodium cyanide and the crude product was dried over P 20, prior to multistep vacuum 

distillation. l)icya nogen Was vacuum distilled from Matheson technical grade. Dilute mix -

tures of I-IC N or C, N, in helium with compositions in the range 0.04-0.20% were prepared 
on a high-vacuum gas-handling line using an MKS  Capacitance manometer to measure gas 
pressures. Mass spectra were then recorded as a check of mixture purity. 

RESULTS AND DISCUSSION 

Drift velocities are normally determined from the slope of plots of linear mean 

drift time against drift distance (T-z plots), and the reduced mobility, Ko, calculated 

by the equation" 

K 	
va( p \(273.l5\ 

	

oE\76(o)\ T I 	
(I) 

where Vd is the ion drift velocity, p the total drift-tube pressure in Torr and T the 

gas temperature in the drift tube. The measured arrival-time distributions for l-Ie' 
and many secondary and tertiary ions are narrow and almost symmetrical. The 
arrival-time maxima can be accurately located by fitting a seven-point Lagrange 

interpolating polynomial about the peak of each distribution and the maximum 
found by interpolation. The resulting t-z plots for I-le extrapolate through the 

origin where z is the sum of the geometric drift-tube distance and the distance 

between the transverse electron-beam track and the ion-source exit orifice, tons 
generated by charge transfer from He", or by subsequent reactions along the 
drift-tube axis, exhibit negative intercepts, having travelled part-way in the form of 

the low-mobility I-Ic 4 '. The value of the negative intercept, which is dependent upon 

the relative ion mobilities, the number of reactions involved and E/ N, extended to 

1.6 cmfor l-1,CN' generated from the following sequence of reactions in dilute 

mixtures of HCN in helium at high E/ N (short residence time in the drift tube): 

	

He'+HCN - CN+W+He 	 (I) 

CN4+HCN -s HCN+CN' 	 (2) 

	

HCN4'+HCN —. H,CN+CN'. 	 (3) 
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Table I. Reactions in HC N + He and C,N, + He mixtures 

reaction 	 k/cm 1  molecule' s' 	ref. 

He+ l-ICN -. CN 4  +... (I) 3.9 x 10 9  (±30%) 13 
3.lxIO 9  9 

CN' + l-ICN —. HCN 	+... (2) (2.5 ±0.6) x 10 14 
l-1CN 4 + FIN-. I-1,CN 4  +•.  9.8x 10' °  (±30%) IS 
He"-1- C,N, 	CN +  3.5 x I0' (±30%) 16 
CN+C,N,—' C,N-I-  (2.1 ±0.4)x 10 -  5 

The r-z plots for product ions exhibiting negative intercepts are non-linear for short 
drift distances, <2 cm, and the drift velocities are determined from measurements 
made over the drift-distance range 341 cm. 

It has been shoWn that the present instrument can be used to determine the 
mobilities of product ions such as HCN 4  and H,CN over a wide range of E/N 
by careful selection of the gas-mixture composition." Reactions (I) and (2) are 
both last (see table I ), whereas reaction (3) is relatively slow. Dilute mixtures of 
HCN in helium (0.05-0.10%) were used to optimise the I-ICN" ion population, 

and less dilute mixtures (0.15-0.20%) were used to favour the terminal ion H 2CN. 
The CN ion, however, winch is both formed and depleted by rapid reactions, gave 
rise to broad, unsymmetrical arrival-time distributions that precluded an unam-
biguous assignment of the arrival-time maxima. Dilute mixtures, <0.10%,  of HCN 
or C,N, in helium gave rise to arrival-time distributions extending out to the drift 
time for the precursor He'* ions, and less dilute mixtures (>0.10%) resulted in a 
rapid depletion of the CN' ion signal owing to reaction (2) or (5), table 1. Fig. I 
shows a typical set of data for a 0.04% mixture of HCN in helium q4ver a range of 
drift distances for E/N =8OTd, p=0.4Torr and T=293 K. 

The CN 4  ion mobilities were evaluated from the experimental arrival-time 
distributions by comparison with distributions calculated using an analytic solution 
of the ion-transport equation which was developed by Snuggs et aL' 4  for the 

determination of rate coefficients. The flux of secondary ions (B) passing through 
the axial drift-tube exit aperture of area a, at time I, for a drift distance z, is given 
by 

I,,(z, t) = sacv J (nbA)" 
(2DLI;z — CA) 

+ 0dB) exp (—dA— (z - 

	

\ 	b,.. 	 b,., 	) 

- 

	

x(l —exp - -- J du 	 (ii) 
aA, 

where 

QA - 4DTAI -4 (DiA — DTH)u 	 (iii) 

bA=4DLAI - 4(DLA — DLB)u 	 (iv) 

CA = VdAI - (vdA - v 10 ) It 	 (v) 

= (VA( - ( a,, — ( 1  11) u. 	 (vi) 
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Fig. I. Calculated (—) and experimental (S) arrival-time distributions for CN 4  in 0.04% 
HCN+He for a range of drift distances, z: (a) 6.5, (b) 7.5, (c) 8.5, (d) 9.5 and (e) 10.5 cm. 

F/N = 8OTd, p  0.4 Torr, T= 293K, K0 (He) = 8.12 cm 2  s V and K0(CN4 ) 

16.3 cm 2  C' V'. 	 - 

All ions are assumed to be introduced as a delta-function burst with initial uniform 
surface density s through the ion entrance aperture of radius r0. Primary ions, A4 , 

with drift velocity VdA are removed by reaction with frequency aA (=kNr , where k 
is the second-order rate coefficient and Nr  is the number density of the neutral 
reactant in the drift tube). Secondary ions, B, with drift velocity Vdn are depleted 
in turn with frequency a, and the time of drift spent by an ion in form B 4  is 

denoted by u, the variable of integration. The longitudinal and transverse diffusion 

coefficients of A, DLA and DTA, respectively, and of B, DLI) and DTn v  respectively, 

were calculated from the generalized Einstein relationships'' 

(M+372rn)Mv  
DL= D(0)+3(M+ L908rn)qE 

(M + M)Mv 	
(viii) DT= D(0)±i(M+ 1.908m)qE 
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wheie D(0), the zero-field mobility, was calculated from the Einstein equation 

v 1  fkT\ 

'°=-k) 	 (ix) 

in and M are the ion and neutral masses, respectively, q is the charge on the 

electron, k is Boltzmann's constant and E is the electric-field gradient applied to 

the drift-tube assembly. 
Eqn (ii) was integrated numerically using Simpson's rule. Drift-velocity data 

for He had been previously measured with this instrument and found to be in 

good agreement with values in the literature 
.1.12  The rate coefficients, which were 

used for the evaluation of aA and a 1,, are shown in table I for both HCN and 

C 2 N 2  as neutral reactant. The effective drift distance for use in these computations 
was taken as the value which gave a good fit to the trailing edge of the experimental 
distribution. The trailing edge results from CN ions which were produced by He 
ions that survived along virtually the entire length of the drift tube and this is almost 
coincident with the trailing edge of He arrival-time distributions recorded under 

identical conditions. For each value of El N the difference between the optimal 

effective drift distance and the geometric drift distance determined by this procedure 
was found to be independent of the ion-source position and the gas-mixture composi-
tion. This difference is equivalent to the negative intercept of the t-z plots and was 
equal to 0.76cm for HCN mixtures at 80 Td (fig. I). The leading edge of the 
calculated distributions was fitted to the experimental data by adjusting the drift 
velocity of the secondary ion, CN. This procedure was then repeated for arrival-
time data collected as a function of drift distance over the full range of E/N 
accessible within the limits i inposed by the kinetics and the necessity to use dilute 

mixt LI res. The Fitting procedure was very sensitive to the Value selected for the 

to 	 secondary-ion drift velocity and a change of 0'cm 2  s V in the reduced mobility 

4. 	 was sufficient to reduce the fit on the leading edge significantly. The choice of rate 
coefficients determined the relative amplitudes of the early and late part of the 
calculated distributions without exerting a large influence on the leading and trailing 
edges. The mobilities found to yield the closest fit were relatively insensitive to the 
rate coefficients within the range of experimental uncertainties associated with the 
reported values. They were also independent of the precursor neutral species and 
therefore representative of the mobility in pure helium. The uncertainty in the 
reduced mobilities determined by this method is estimated to be better than 5%. 

Fig. 2 shows a plot of K0(CN) against E/ N over the range 40-140 Td compared 

with the values determined for I-ICN and H 2CN from t-z plots. 2  The zero-field 

values for the reduced mobility of each ion, calculated from the Langevin equation:' 

13.876 (in +M)1/2 

K0(0) = 
a"2 

l\ MM ) 	
(x) 

are marked on the ordinate. In eqn (x) a is the polarizability of helium in units 

of A 3  and the ion and neutral masses are in atomic mass units. 
The reliability of the fitting procedure and of the CN 4  mobility data were assessed 

by comparison of calculated arrival-time distribution curves with experimental data 

collected over a range of total drift-tube pressures for fixed drift distance and E/N. 
The mobility data in fig. 2 were used in eqn (ii) to calculate arrival-time distributions 
for CN ions for total drift-tube pressures from 0.2 to 0.5 Torr. The typical set of 
calculated and experimental CN arrival-time distributions shown in fig. 3, for a 
0.07% mixture of HCN, an effective drift distance of 10.5 cm, El  = 100 Td and 
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Fig. 2. Plots of reduced mobility against E/ N For the ions CN (0), I-1CN (x) and H 2 CN 

(•) in helium at 293 K. The Langevin values for the zero-field reduced mobilities, calculated 
from eq n (x), are shown on the ordinate. 

KO(CN) = 15.3 cm2 
S - I V - 1, illustrate the good agreement obtained. These data 

also serve to show the effect of the rate coefficients on the general shape of the 
distributions. The higher pressures promote reaction (I) with a subsequent decline 
in the He ion population surviving the full length of the drift tube and a relative 
decline in the amplitude of the late part of the distribution. 

The mobility data for CN plotted in fig. I are also tabulated with the effective 

ion temperatures, T, and the collision-averaged momentum-transfer cross-sections, 

Q( calculated from the two-temperature theory of ion transport,' in table 2. 

The relationship between the drift velocity and O(Ten ) is given by 

/2 3 q E 
/ 	17' 	\ 	l+a 

SN t2 r kTca) cflT1) 	
(xi) 

nI  

where ,n is the ion-molecule reduced mass and a is here a correction factor which 

is <0.1. T u  is given by 

Mv 
T 11 = T-4------(l+b) 	 (xii) 

3k 

where b is a second correction factor which is also <0.1. Both a and b were set 

to zero for the calculated values of L11 and f1(T,1) included in table 2. 
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Fig. 3. Calculated () and experimental (•) arrival-time distributions for CN in 0.07% 
I-ICN+ He for a range of drill-tube pressures, p: (a) 0.2, (Ii) 0.3, (c) 0.4 and (d) 0.5 Torr. 

E/N = 100Th, z = 10.5 cm, T293 K, K 0 (I-le) =7.67 cm' s V 	and X 0(CN) = 
15.3 cm ' 	V. 

Fable 2. Ion-transport properties for CN 1  in helium at 293 K 

(E/ N) 
/Td / Io 	clii s 1c111

'  s 	V' /K 
1I( T) 

/ I0 	cm' 

40 22.1 20.5 1470 12.6 

50 25.6 19.0 1873 12.1 

60 28.7 17.8 2290 11.7 

70 32.0 17.0 2773 11.1 

80 35.1 16.3 3270 10.7 

90 38.0 15.7 3789 10.3 

tOO 41.1 15.3 4392 9.8 

ItO 43.5 14.7 4871 9.7 

120 46.5 14.4 5522 9.3 

130 49.7 14.2 6260 8.9 

140 52.7 14.0 7019 8.5 
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ABSTRACT 

Enthalpies of formation determined from ionization efficiency curves and kinetic energy 

distributions for the ion series I lC 2  N + ( x = 0-3) from monochromatic" electron impact 

on C 2 N 21  Cl-I 1 CN and Cl -I 1 NC provide evidence for the retention of the carbon—nitrogen 

skeletal framework in two stable sets of isomers, HXCCN + and H
,CNC+. The ionization 

efficiency curves for the C 2 N ion from C 2 N 2  and CH ,NC exhibit two thresholds, the first 

appearance energy corresponding to the formation of the lowest energy CNC isomer with a 
second channel, —1.1 eV above the first appearance energy, corresponding to co-production 

of the more energetic CCN isoilier. Tlmç CNC I isomer is estimated to represent - 30% and 

- 60% of the C 2 N ' ion populations produced by electron impact on C 2 N 2  and Cl-I 3 NC, 

respectively, for electron energies 3-4 eV above the threshold. 

INTROD!.JCTION 

Cyanp compounds are considered to play an important role in the 
chemistry of extraterrestrial systems. The CN radical and HCN have been 
detected in comet tails, I-ICN has recently been identified in the atmosphere 
of Titan ill and complex cyano molecules, including the series HC X N, where 

x 1, 3, 5, 7 and 9, CI-I 3CN, NH 2CN and CFI 2CHCN, have been detected 

in interstellar dust clouds where the mechanisms for their synthesis are of 
considerable interest [2,3]. The importance of ion/molecule reactions in the 
synthesis of these interstellar polyatomic molecules has been demonstrated 
and the relative abundances of several molecules successfully modelled [4,5]. 

* Present address: CSIRO, Division of Chemical Physics, Clayton, Victoria, Australia. 

0168.1176/85/$03.30 	0 1985 Elsevier Science Publishers B.V. 
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The models devised to interpret the experimental observations rely heavily 
on published enthalpy and rate data for the neutral and ionic species 
considered to play a role in molecular synthesis. However, a large proportion 
of the thermochemical data for gaseous positive and negative ions was 
determined by electron impact ionization using thermonically generated 
electron beams exhibiting broad energy distributions and with no considera-
tion of excess energy at the ionization threshold. There are large discrepan-
cies between the appearance energy data reported in different studies which 
involve a variety of data treatment techniques such as linear extrapolation, 
energy distribution difference and analytical deconvolu tion [6,7]. It is not 
uncommon to find discrepancies of 0.5-1.0 eV between literature reports of 
the same ionization threshold with an equivalent range for the difference in 
the calculated ionic enthalpies of formation. Fortuitously, a neglect of excess 
energy tends to an over-estimation of the true threshold and the use of an 
electron beam with a broad energy distribution results in an underestimation 
of the true threshold. The combination of these factors can, in some cases, 
such as the formation of C 2 N + from C 2 N 2 , result in a value for the enthalpy 
of formation which is in good agreement with the true value. This is, 
however, the exception rather than the rule. 

The exjstence of geometric isomers may be inferred from collisional 
activation spectra, differences in ion/molecule rate coefficients and product 
ratios, theoretical calculations of ion structure or by measurement of the 
enthalpies of formation by photoionization or electron impact. Each of these 
techniques suffers from limitations and uncertainties; the differences be-
tween the fragmentation patterns used to identify geometric isomers in 
collisional-induced activation analysis are often minimal and differences in 
the rate coefficients and/or produced ratios for ions generated from differ-
ent sources may reflect differences in their internal energy. Pl.iotoionization 
eliminates the uncertainties inherent in the use of thermonically generated 
electron beams but suffers from low photoionization cross-sections. A study 
of dicyanogen [8], C 2 N 2 , by photoionization gave relative intensities of 
C2 N, C 2 N, CN and C ions of 1.0:0.01:0.07:0.2, respectively, at 58.4 
nm (21.23 eV). The C 2 N ion was noted to be immeasurably small and the 
CN + ion to be observed only over a short wavelength region near 60 nm 
(20.66 eV). In contrast, all of the positively charged ions from dicyanogen, 
including C2 N, were readily measured using the "monochromatic" electron 
source in this study and the negative ions Cj, CN, C 2 N 2  were detected. 
The relatively high ionization cross-section for the formation of the CN - ion 
facilitated the use of the monochromatic electron source and the determina-
tion of the translational energy of the ion over the resonance capture peak 
[9]. All of these methods are therefore complementary and no one technique 
leads directly to a complete picture. 
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EXPERIMENTAl. 

The low pressure monochromatic electron impact ion source and ion 
retarding lens system are illustrated in Fig. 1. The hemispherical electrostatic 
electron velocity analyser which serves as the electron energy monochroma-
tor has an electron track radius of 25 mm, a gap of 5 mm with entrance and 
exit apertures of 5 mm x 0.5 mm. These dimensions were selected to yield 
symmetrical electron energy distributions with a theoretical width of 35 
meV at half maximum L10,111. The hemispheres were machined from phos-
phor-bronze and polished to a tolerance of better than 2.5 )< mm on 
the radius, better than I part in io, gold-plated and coated with aquadag 
(colloidal graphite). They were mounted on to a 10 nim thick stainless steel 
support plate with 3 mm precision sapphire balls and clamped into place. 
The stainless steel support also carried the electron beam entrance and exit 
apertures, ;f ii enclosed fi lamen t assembly, the monochromatic electron beam 
acceleration/deceleration lenses and a in u-metal shield to isolate the electron 
gun from stray electro-niagnetic fields. All of the elements on the electron 
beam track were coated with aquadag and sooted over a fuel rich benzene 
flame in order to minimise surface scattering. The monochromator is biased 
positive with respect to the cathode, the reference bias, and the voltage on 
each hemisphere adjusted for maximum transmission of a beam with a 
nominal electron energy equal to the reference bias selected. The maximum 
electron trpnstni ssion is always Ob tained when the inner and ou ter hemi- 
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Fig. I. Instrument layout. I, l 7iIanent enclosure; 2, barium zirconate-coated rhenium fila-

nient; 3, monochromator support and voltage reference; 4, hemispherical electrostatic elec-

tron monocromator; 5, electron beam focussing lens assembly; 6, partial view of magnetic 

field shield; 7, collision chamber and gas inlet; 8, electron collector; 9, ion withdrawal and 

focussing lens assembly: 10, ion beam retarding element; 11, ion beam lens; 12, quadrupole 

mass filter; 13, ion focus element; 14, ion counting channeltron. 
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Fig. 2. Characteristics of the "monochromatic" electron gull. (a) Effect of independent 

variation of the hemisphere potential on the t ransmi I ted electron beam for an electron energy 

of 16.00 eY and initially opnniised hemisphere potentials of ±3.02 V. 0, Variation of the 

outer 1iemis1phiere with the inner hemisphere fixed at +3.02 V; , the variation of the inner 

hemisphere with the outer hemisphere fixed at —3.02 V. (b) Focussing characteristics of the 

electron lens element ELI with EL2 held at the monochrornator reference potential. 0, 23.00 

eV beam; A, 20.00 eV beam. 

spheres are of equal and opposite polarities, inner hemisphere positive and 
outer heipisphere negative, with respect to the inonochromator reference bias 
(electron energy). The effect of varying the voltage applied, to the hemi-
spheres from the optimum value is shown in Fig. 2(a). These data were 
recorded for an electron beam energy of 16.00 eV with maximum beam 
transmission for hemisphere potentials of +3.02 V with respect to this 
reference (+19.02, —12.98 V with respect to the cathode). '[he  rnonochro-
maWr exit aperture and the second electron lens element, EL2 in Fig. 1, are 
maintained at the reference bias and ELI is used to focus the beam into the 
collision chamber. The focussing characteristics of ELI, which acts as a 
convex lens, are shown in Fig. 2(b) for electron beam energies of 20.00 and 
23.00 eV. Operation of the electron gun involves manual tuning of the 
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monochromator for maximum transmission of an electron beam with a 
preselected electron energy. This beam is then accelerated or decelerated in 
small steps over a 2-3 V range by computer control of the bias between EL2 
and the collision chamber. The electron beam current, which is typically in 
the range 1-10 nA for a filament emission of 10-100 tzA, is regulated 
throughout data collection by a feedback loop to the filament current circuit. 

The electron energy distribution was measured by retardation of the 
electron beam at the collision chamber and the full width at half maximum 
found to be 50-60 meV. Ionization efficiency curves collected by accelera-
tion and deceleration of the electron beam were superimposable, indicating 
that significant degradation of the electron energy distributiop does not 
occur over the acceleration—deceleration range of 3 eV usually employed. 
Positive ions created by electron impact in the collision chamber are accel-
erated into the ion lens assembly with an extractor biased at —1 V with 
respect to the collision chamber potential and ions transmitted by the 
quadrupole mass filter 1431 are counted for a period of 10-45 s depending on 
the ionization cross-section. The accumulated ion count is stored in the 
system computer and the electron energy advanced or retarded as selected. 
Ionization efficiency data were collected for electron energy steps of 0.04 
and 0.08 eV and each ionization efficiency curve was repeated between 5 and 
10 times with a reproducibility of +0.08 eV on the first threshold. The 
background ion count rate using an off-axis Galileo type 4816 pulse count-
ing channeltron operating with a gain of 106  at a pressure of 3 x iO Torr 
was better than 0.2 c.p.s. Ionization efficiency curves for CO', Ar and Ne 
measured simultaneously are shown in Fig. 3. The differences between the 
thresholds, marked with arrows in the figure, are within 0.04 eV of the 
spectroscopic values for CO and Art  and better than 0.08 eV between CO 

and Ne t, despite an absolute difference of 7.55 eV between their respective 
thresholds. 

The ion lens assembly, labelled 9 in Fig. 1, may be used as an ion beam 
retarding lens in which ions from the collision chamber enter an equipoten-
tial region defined by the two elements sandwiching the double grid retard-
ing element, as described by Locht and Schopman [12]. The poor transmis-
sion properties of this retarding ion beam arrangement have been noted by 
Locht and Schopman who report that counting times up to 72 h are required 
for retarding curves close to the threshold. The inclusion of a conical 
retarding element (Fig. 1) with the preceding elements used as an ion lens led 
to a large enhancement in the ion signal and retarding curves were indis-
tinguishable in shape from those obtained using the double grid plane lens 
arrangement. The first element of the einzel lens following the conical ion 
beam retarding element was operated at a potential close to that on the 
collision chamber (the retarding element potential reference) to minimize 
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Fig. 3. Typical ionization efficiency curves measured for the three electron energy scale 

cal ibra nts (:0 t/CO, Ar /Ar and Nc /N e. The vertical arrows point to the CO + ( X 2  S + 

threshold at 14.01 eV and the auloionizing level at 15.48 eV, to the spin-orbit states of 

Ar + ('1'31 ,)  at 15.76 eV and ( ) ii 15.96 eV and to the Ne' (
2 1 o )titresliold at 21.56 eV. 

stray field effects. The resultant ion stopping curves and their differentials, 
produced automatically using a differential op-amp, were recorded simulta-
neously in real time on a multichannel UV recorder. The differentiated 
retarding curve for the 0' ion formed from 0 2  by 60 eV electron impact is 
compared with the data of Loch( and Schopman [121 in Fig. 4. The retarding 
potential corresponding to the peak maxima are in good agreement with the 
values reported earlier with the addition of a peak at 3.5 V, which has not 
been previously reported. The retarding curve for the 0 2  ion is also shown 

in Fig. 4 on an expanded scale. The peak width at the half-maximum of 170 
meV is determined largely by the potential gradients and space charge in the 
region of the electron beam. Variation of the weak ion extraction field has 
no effect on the shape of the distribution, although the retarding potential 

scale, VR, shifts by the corresponding change in the extractor voltage. The 
zero in the retarding potential scale is taken to correspond to the maximum 

in the dI'IdV R  curves for ions formed with zero excess energy, or thermal 
ions. This procedure corrects for contact potentials and provides a molecular 

23 
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Fig. 4. Differentiated ion beam retarding curves (kinetic energy distributions) for 0702  and 

0/02. . This work; -------data from ref. 12. 

ion reference scale for the fragmentation products of each molecule studied. 
The differentiated retarding curves for O, N, F1 20 4 , Art, Net, C 2 N, 
CH 3CN and CH 1 NC are all superimposable on the curve for O' shown 
in Fig. 4 and no scale adjustments are required for matching the peaks of 
these molecular ions run simultaneously from mixtures. The translational 
energy of ions at the ionization threshold was estimated from fin extrapola-
tion of measurements made over the electron energy range from 2 eV above 
the threshold to 70 eV. The kinetic energy distributions for the cyano ions 
were similar in shape to that shown for the O molecular ion in Fig. 4. 
There was no complex structure and only a slight variation of translational 
energy with electron energy was evident. In contrast to dissociative reso-
nance capture processes, where the total translational energy of the captured 
electron is distributed between the fragmentation products [13,14], positive 
ion formation involves the release of two electrons which are available to 
carry away excess energy. No attempts have been made to explore the 
possibility of internal excitation of the fragmentation products except that 
the enthalpy of formation for CNCt and CCN from these separate source 
molecules would have shown inconsistencies had internal excitation been a 
significant factor. 
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MATERIALS USED 

Dicyanogen, C 2 N 2 , was vacuum distilled from the Matheson technical 
grade and methyl nitrite, CH 3 CN, was vacuum distilled from the British 
Drug Houses reagent grade. Methyl isonitrile, CH 3 NC, was prepared from 
the reaction of N-methylformamide with p-tot uene sulphonyl chloride in the 
presence of freshly distilled quinoline at 75°C under reduced pressure [15]. 
The crude product was collected in a dry ice-acetone trap followed by 
vacuum distillation on a high vacuum gas handling line and stored at liquid 
nitrogen temperature. The mass spectra of all three compounds were in good 
agreement with the literature [16,17]. All experiments were performed with 
collision chamber pressures of C 5 X 10- 6  Torr. 

RESULTS AND DISCUSSION 

The electron impact ionization threshold or appearance energy, AE, for 
positive ion formation, process (1), is related to the enthalpies of formation 
of the parent molecule and the fragmentation products by the energy 
balance equation (2). 

AB + C- (AB')* + 2 e- 
	

(1) 

.1 
(A+ B) 

AE(A) = LXH(A ) + Ls11(B) - AJTI F (AB) + E* 	 (2) 

= Et, + E11 
	 (3) 

The excess energy involved in the process at the threshold, Et, is the sum 
of the •kranslational and internal energy terms given by Eq. (3). The total 
translational energy, E tr  is related to the translational energy of the ion at 

threshold, E tr (A) by the principle of conservation of momentum in Eq. 

(4). 

= ( [n(A) + tn(B)]/in(B)) Etr(A) 	 (4) 

AE(4) is measured directly in these experiments and E1 (A t ) is the 
value of the translational energy of the ion at the threshold. There is no 
simple 1çonservation of momentum principle for the case of the multiple 
fragmeitation process (5). 

ABC +&-*(ABC')t+2e 	 (5) 

I, 
A+ B + C 
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TABLE  

Appearance energy data for C 2 N 2 , Cl-I CN and CII 3 NC 

Molecule 	Ion 	 AE (CV) 	 Literature 	 Method 

AE (eV) Ref.  

C2 N 2  C2 N 18.84±0.05 19.5 ±0.1 17 b, d, e, g 

19.92±0.10 19.5 ±0.3 32 b, d, e, It 

Cl-I 3CN C 2 N 20.00±0.08 - 
l-1C 2 N' 15.90±0.08 15.7 ±0.1 33 b, d, e, h 

15.1 ±0.1 33 b, d, e, It 

15.1 ±0.1 34 c,e 

l-I 2C 2 N' 14.38±0.04 14.30 ±0.02 33 b, d, e, h 

14.47 ±0.06 33 b, d, e, h 

14.72 16 b, e, h 

14.01 ± 0.02 34 c, e 

14.28 ±0.05 35 b, d, e 

13.54 ±0.08 36 b, d, e 

H 3 C 2 N 12.38 ±0.04 12.65 16 b, d, e, It 

12.205±0.004 37 c, e 

12.46 37 C 

12.52 ±0.02 33 d, e, It 

12.77 ±0.03 33 b, d, e, h 

12.3 ±0.25 22 b, d, e, It 

C1-I,NC C 2 N 18.33±0.06 18.28 16 h, e, h 

19.46 ± 0.09 

I-IC 2 N' 14.56±0,08 14.46 16 b, e, Ii 

1-1 2C2 N 13.21±0.04 13.21 16 b, e, It 

1-13C2N '' 11.53±0.04 11.24 39 c, e 

11.83 16 I,, e, h 

11.32 38 a,e 

11.5 +0.25 22 b, d, e, h 

o  Method key: a, photoelectron spectroscopy; b, electron impact ionization; c, photoioniza-
Lion; d, broad electron energy distribution; e, kinetic energy of the ion assumed to be zero; 1, 

analysis by the extrapolated voltage difference method; g, semi-log plot analysis; h, extrapo-

lation of ionization efficiency curve to zero signal. 

Process (5) could also be written in terms of the two-step processes shown in 

(6). 

ABC +eTh(ABC + )* +2e 

(AB+)* + C 	(AC+)* + B 
I 	 I 

A+B 	A+C 	 (6) 



Paper 23 	 271 

38 

TABLE 2 

tinthalpies of foriiiation for I -I ,CCN and I I ,CNC for 	0-3 

Isomer 	 All, 
(kJ moL') 

CNC 1620±11 
CCN 1726±12 
I-ICNC 1554± 9 
FICCN 1622± 9 
I-I 2 CNC 4  1206± 5 
I-I 2CCN • 1257 ± 5 
111CNC 1261± 	5 
I7I 3CCN' 1282± 5 

Uncertainties refer to standard deviations and reflect the reproducibility. 

The distribution of excess energy in the form of internal excitation and 

relative translational motion of the fragmentation products may well depend 

upon the fragmentation mechanism. Since this cannot be determined, the 

conservation of linear momentum principle has been applied in this study to 

the two multifragmentation processes where excess translational energy was 
found; C 2 N/CI-! 3CN and C 2 N/CI-l 3 NC, giving a lower limit to the total 
translational energy deduced for these processes. 

The appearance energies measured in this study are compared with 

literature values in Table 1 and the enthalpies of formation derived for the 
structural isomers 1I XCNC and H TCCN are listed in Table 2. 

C'2 1V + (in/z = 38) front C2 N2 , CJIJCN and CJIJ NC 

Molecular orbital calculations by l-laese and Woods [18] on the structural 
isomers of C 2   gave standard enthalpies of formation of 1556 ± 84 and 

1761 ± 105 kJ moL' for the CNC and CCN isomers, respectively, with an 

isonlcrization barrier of 272 LI mol above the metastable CCN + state. The 

high activation barrier to isonlerization suggests that, once formed, the 

isomers will retain their original identity and exhibit distinct kinetic proper-

ties. Haese and Woods noted that the appearance energy for the C 2 N ion 
from C 2 N 2 , reported by Franklin and co-workers [17] to be 19.5 ± 0.1 eV, 

gave an ethalpy of formation for the assumed CCN isomeric form of 

1720 ± 17 ,kJ moL', in good agreement with their calculations. They also 

suggested Plat the reaction of C ions with HCN and HNC would produce 

the CNC and CCN isomers according to the reactions 

C+HCN—.CNCH-H 	 (7) 

C+HNC—.NCC+H 	 (8) 
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Two recent studies of the ion—molecule chemistry of C 2 N have been 

reported [19,20]. Schiff and Bohme 1191 used reaction (7) in a SIFT study 
and McEwan et al. [201 employed electron impact on C 2 N2 "near" threshold 

in an ICR study where the identity of the isomer was assumed to be CCN. 
Differences in the products observed in the reaction of C 2 N t  with NH 3  were 

tentatively attributed in the ICR study to the effects of the different isomers, 
although it was concluded from the general agreement between the rate 
coefficients in the two studies that the isomers were of equivalent reactivity, 
contrary to the predictions of Haese and Woods who suggest that the more 
energetic carbene-like CCN isomer may be considerably more reactive than 

the lower energy CNC isomer. 
Ionization efficiency curves for the C 2 N ion formed from C 2 N 21  CH 3CN 

and CH 1 NC are shown in Fig. 5. The appearance energy for the formation 

of the C 2 N ion from CH 1CN has not been reported previously (Table 1) 
probably due to the low ionization cross-section, which is approximately one 

third of that for C 2 N ion formation from CH 1NC. The ionization effi- 
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Fig. 5. Ionization efficiency curves for the C 2 N ion formed from C 2 N 21  CI-I 3 NC and 

CH 3CN. 
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ciency curve exhibits a single threshold at 20.00 ± 0.08 eV. The kinetic 
energy distribution for the C 2 N + ion is broader than the CH 3CN thermal 
ion distribution with the maximum displaced towards higher retarding 
potential. The integrated mean C 2 N ion translational energy extrapolated 
to the threshold is 5.6 ± 1.0 kJ inoV', giving a total excess energy of 

76.3 kJ rnolJ 

CH 3CN+eThCCN-l-U 2 +H+2e 	 (9) 

For ion formation according to process (9), the enthalpy of formation of the 
C2 N ion is calculated to be < 1724 ± 9 kJ moV'. The uncertainty associ-
ated with the calculated enthalpy limit is not the error but the standard 
deviation over 6 repeated determinations of the appearance energy and 5 
repeated determinations of the differentiated ion retarding curves. Assuming 
that the carbon—nitrogen skeletal structure of the Cl-I 1CN molecule is 
preserved in the ionization process, this value of (lie en thalpy of formation 
would correspond to the CCN ' isomer, in good agreement with the value of 
1761 ± 105 kJ moL calculated by I-laese and Woods [18]. 

The ionization efficiency curve for C 2 N ion formation from CH 3 NC 
exhibits a threshold at 18.33 ± 0.06 eV followed by a break at 19.46 ± 0.09 
eV corresponding to a second appearance energy 109 kJ rnol' above the 
first. The integrated mean C 2 N ion translational energy extrapolated to the 
appearance energy at 18.33 eV is 	6.1 ± 1.0 kJ mol', giving an enthalpy 
of format-ion of < 1617 ± 8 kJ mol 	for the C 2 N + ion according to the 
process 

CH 3NC+eCNC+H 2 +H+2C 	 (10) 

This valve for the enthalpy of formation of the C 2  	 ion is 107 ± 17 kJ 
mol 	lo, er than the value obtained from process (9) and kils within the 
limits calculated for the CNC isomer, 1556 ± 84 ki nioL , by Haese and 
Woods [18]. Agreement between the calculated and experimental enthalpy 
values tends to sustain the assumption that the C 2 N ion. formed from 
CH 3CN and C1-I 3 NC, at the first appearance energy, retains the C—N 
skeletal structure of the neutral molecules. 

The difference between the two appearance energies for the C 2 N + ion 
from CH 1 NC is, within the respective experimental uncertainties, equal to 
the difference between the calculated enthalpies of forniatioi for the two 
C 2 N + isomers. Since there is insufficient energy available at the second 
appearance energy for the dissociation of the neutral ''2  .fragmentation 
product, it seems likely that this second process corresponds to the forma-
tion of the higher energy CCN + isomer by a rearrangement mechanism, viz. 

CH 1 NC + eTh CCN+ H 2 + H + 2 e 	 (11) 



Paner23 	 274 

41 

The enthalpy of formation of the CCN + isomer according to process (11) is 
1726 ± 12 kJ moL', cf. < 1724 ± 9 kJ molT' for CCN/CH 3CN. 

The formation of the C 2 N ion from dicyanogen was studied primarily to 
provide a cross-check on the enthalpy of formation of the CCN + isomer 

determined from the C 2 Nt/CH 3CN appearance energy. Two previous stud-
ies had reported a single appearance energy at 19.5 eV (Table 1). The 
ionization efficiency curve measured in this study is shown in Fig. 5. The 
first appearance energy at 18.84 ± 0.05 eV is nearly 0.7 eV lower than the 
previously reported value and the break at 19.92 ± 0.10 eV is 0.4.eV higher. 
The kinetic energy distribution for the C 2 N + ion is broader than the thermal 

C 2 N 2  (and Oj', Fig. 4) distribution with an integrated mean translational 
energy of 8.7 ± 1.0 kJ molT' at the threshold. The only C 2 N fragmentation 

process involves the loss of a nitrogen atom, which gives an enthalpy of 
formation of 1622 ± 8 kJ mol -' for the C 2 N + ion. This value is very close to 
the value of 3617 ± 8 kJ molT' calculated for the CNC isomer from process 
(10) and the separation between the two appearance energies, 104 ± 14 kJ 
mol', is the same as that found for the C 2 N/CH 1 NC ionization efficiency 
curve, Fig. 5. Processes (12) and (13), corresponding to the appearance 
energies at 18.84 and 19.92 eV, respectively, would satisfy these observations 
and yield an enthalpy of formation of 11727 ± 13 kJ moY' for the CCN 

isomer, cf. < 1724 ± 9 ki molT' for CCN7CH 1CN and c 1726 ± 12 kJ 

molT' for CCW/çFI 3 NC. 

C2N2+eCNC+N+2e 	 (12) 

C2N2+eCCN+N+2e 	 (13) 

This result for C 2 N ion formation from C 2 N 2  was unexpected in light of 
the published appearance energy data and the rearrangement necessary to 
produce the CNC isomer. The two earlier studies of C 2 N 2  employed 

conventional electron impact ion sources and the fragmentation products 
were assumed to have no excess kinetic energy (Table 1). Compensation for 
the broad electron energy distributions were not made and the ionization 
efficiency curves were analysed by the semi-log plot method [17] and by an 
extrapolation of a curve-fitted ionization efficiency curve to zero cross-sec-
tion [31]. The smearing of the true ionization efficiency curve by the high 
energy tail of the thermonically generated electron energy distribution would 
lead to an underestimation of the true threshold and the data analysis 
techniques employed are insensitive to low cross-section structure in the 
vicinity of the threshold. Extrapolation of the C 2 N ionization efficiency 
curves measured in this study from several eV above the break to the ion 
dark count level gave an "apparent" appearance energy of 19.6 eV, in good 
agreemept with the earlier values of 19.5 ± 0.1 eV [171 and 19.5 -'- 0.3 eV [31]. 
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In the absence of kinetic energy data and assuming the exclusive formation 
of the CCN isomer, an appearance energy at 19.6 eV gives an enthalpy of 
formation of 1728 ki mw!' for the CCN + isomer. The agreement between 
this value, the value determined in this study and that calculated by Haese 
and Woods [18] is fortuitous since it is based on incomplete data. 

The formation of the lowest energy isomer, CNC, at the first appearance 
energy either requires a rearrangement in the transition state or the presence 
of the isodicyanogen molecule L211. There is evidence for rearrangement ions 
in most mass spectra, e.g. C 2  l-1 from Cl-I 3 SCI-I where x = 0-5, although 
mass spectral scans are blind to rearrangements producing structural iso-
mers. The possible existence of the isodicyanogen molecule, NCNC, has 
been considered by Haese and Woods [21]. Their calculations indicate that 
isodicyanogen would have a dipole moment of 4.7 x 10-30  C in and an 
isomerization energy of 58 kJ mol - for the process NCCN -. NCNC. The 
difference between the zero point energies (NCCN-NCNC) was found to be 
dependent upon the basis set selected giving a range of values from 59 to 
-449 kJ mol t , cf. L\H (NCCN)= 308.95 kJ mol (Table 3). The ex-
istence of NCNC in the C 2 N 2  samples. used is not suggested, but the 
existence of the HNC and CH 3 NC isomers and the low isomerization energy 
calculated for the dicyanogen-isodicyanogen rearrangement lends support to 
a mechanism in which the skeletal iramework of the dicyanogen molecule 
may be rearranged in the ionization process. 

The C2N.F  ionization efficiency curves are reasonably linear within a few 
eV of the threshold. The relative slopes for theC 2 N 4  curves from CH 3CN 
and C 2 N 2  above and below the breaks have been used to provide a rough 
estimation for the relative isomeric populations 3-4 •eV above the first 
appearance energy. These measurements provide an estimation of - 30% 
CNC in C 2 N 2  and - 60% CNC in CH 3 NC at 22 eV. The formation of 
the C2 N + ion from C 2 N 2  "near" threshold should therefore yield a mixture 
of the two isomers weighted in favour of the CCN species. Despite the low 

TABLE 3 

Enthalpy of formation data used From ref. 7 

Species AuIr 
(kJ/mol') 

I.! 217.97 

N  472.70 

C 2 N 2  308.95  

CH 3 CN  87.4 

CII 3 NC 149.0 
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ionization cross-section, CH 1 CN would be the most appropriate choice as a 

source of CCN 1  ions for kinetic studies and the reaction of C 4  on l-ICN, 

process (7), would be the cleanest sotirce of the CNC 4  isomer, as suggested 

by I-laese and Woods [18]. 

H V C,N from Cli 3 CN and CH 3 NC 

The hydrogen-containing ions 1IC 2 N + , H 2C 2 N + and 1-I 1 C 2 N from both 

CL-I 3 CN and Cl-I 3 NC gave single appearance energies (Table 1) with thermal 
energy at the threshold. The enthalpy of formation calculated for each ion 
type according to ionization processes (14)-(19) is dependent upon the 
precursor molecule, i.e. the carbon-nitrogen skeletal arrangement. 

C1-I 3CN + e— HCCN+ H 2  + 2 e 	 (14) 

CI-I 3 NC + e 	HCNC± 1 -12 + 2 e 	 (15) 

CH 1 CN + eTh H 2CCN+ H + 2 e 	 (16) 

CH 3 NC e 	H 2CNC+ I-I * 2 e 	 (17) 

CH 1 CN + eTh CH 1CN 4 + 2 e 	 (18) 

CH 1 NC+ e- Cl-l 3 NC+ 2 e 	 (19) 

The data are consistent with non - interconvertitlg II CCN and I-l.CNC 
isomers with the enthalpies of formation shown in Table 2. Although the 
energy differences between the isomers of 1-1 2 C 2 N ' and of 1-IC 2 N are less 
than for C2N . there were no discernible breaks in the ionization efficiency 

curves of the H 2CNC or HCNC ions to suggest the onset of rearrange-
ment channels to the higher energy isomeric forms. A study of the colli-
sional-indticed activation spectra of alkyl nitrile and isonitrWe cations by 
Chess et a). [221 provided evidence for at least four stable isomers of the 

F1 3C 2 N ion, including the radical cations CI-I 3CN' and CH 3NC t . Esti-

mates of the enthalpies of formation based on extrapolated ionization 
efficiency curves using a normal electron impact ion source gave values of 
1276 ± 24 and 1259 ± 24 kJ moL' for the enthalpies of formation of the 

CH 3CN and CH 3 NC ions, respectively, in good accord with the values of 
1282 ± 4 and 1262 ± 4 kJ moL' reported here. The H 2C 2 N ion was also 
examined as a fragmentation product from the four stable, non-interconvert-
ing isomers of the radical cation i-1 3 C 2 N , i.e. CH 1CN, CH 2CNH, 

CH 1 NC and Cl-1 2 NCH. The coil sion-induced spectra were found to be 

independent of the H 3C 2 N isomer and a single cyclic structure for the 

H 2C 2N ion was proposed. However, the appearance energy measurements 
determined in this work, and all the others listed in Table 1, provide 
evidence for two non-interconnecting isomers, possibly structures I and II, 
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which retain the carbon—nitrogen skeletal framework of the precursor mole- 

cule. 
The isoelectronic cyclopropenyl ion, structure IV, is a highly stable species 

123-261 which is considered to be the simplest case of a Huckel (4n + 2) 

electron system, where ,i = o. The ion is planar with the two electrons 

delocalised in the sp 2  hybridised carbon p-orbitals located above and below 
the ring plane. The resonance stabilisation energy conferred by delocalisa-
tion results in the enthalpy of formation, 1075 ± 15 kJ mol', being 100 kJ 
mol lower than that of the linear propargyl isomer, structure V [23,27,28). 
Unlike the isoelectronid c-C 3 H ion, the H 2C 2 N ion also carries a pair of 
electrons on the nitrogen. The nitrogen may then be either sp 2  hybridised 
without participation of the resulting lone pair in the establishment of a 
pseudo-aromatic ring structure, or the nitrogen may be sp 3  hybridised to 
minimise the electron repulsive forces between the electrons on the nitrogen, 
in which case the vacant p-orbital would no longer be available to par-
ticipatein a delocalised molecular orbital of an "aromatic" ring system. Any 
departure from pure sp 2  hybridisation would be a departure from the 
(4i + 2) requirement due to an increased electron density contribution from 
the two nitrogen electrons into the ring plane. This would consequently 
increase the enthalpy of formation of such a structure relative to the linear 
mime- and carbene-type structures shown as I and II. Structure 1 has been 
the subject of three theoretical studies to investigate the stabilization effect 
of the cyano group on the H 2CCN t  carbonium ion [29-311. These molecular 

orbital calculations suggest that the H 2CCN + ion is a stable entity existing 
in the resonance forms I and VI, which may be represented by structure VII. 
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This is presumably the specks formed from electron impact on CH 3CN in 

this study. 
Preliminary SCF calculations [401 of the structure and relative energies of 

the C 2 H 2 N ions, using a double zeta Cartesian Gaussian basis set with 
polarization functions (DZP), suggest that the cyclic isomer would be the 
lowest energy structure followed by the linear isomers H 2CNC and 

H 2CCN , 43 and 77 kJ mol 'less stable, respectively. The energy difference 
between the more stable cyclic structure and the linear isomers is less than 
the corresponding difference for the cyclic and linear isomers of C 3 H. The 

enthalpy difference between the two linear isomers determined from the 
appearance energy data, 51 ± 10 kJ moL t , compares reasonably well with 

the difference of 34 kJ moL 
I obtained from the calculations. 

CONCLUSIONS 

Thermochemical information, calculations of ion structure and data on 
the relative stabilities of structural isomers for ions in the gas phase form an 
important data base for the assessment of complex ion/molecule reaction 
schemes. Large uncertainties inherent in many of the earlier enthalpy of 
formation measurements for gaseous ions have been discussed above and 
illustrated by recent kinetic studies [41,421, which have shown that the 
previously accepted enthalpy of formation for the C 1 U ion was 117 kJ 
niol - too high. Near "monochromatic" electron impact or photoionization 
coupled with translational energy measurements can be used to obtain 
accurate enthalpy of formation data and to provide information on the 
existence of multiple isomeric ion forms, which can be further explored by 
molecular orbital calculations and kinetic studies. 
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Abstract 

The negative ions C, CN and C 2 N formed by the dissociative resonance attachment of low-
energy electrons to dicyanogen in the gas phase have been studied over the electron impact energy 
range from 0 to .15 eV. The formation of the CM -  ion was studied by using a 'monochromatic' 
electron gun and the translational energy of the ion measured as a function of the electron energy 
across the dissociative resonance capture curve. An energy balance analysis for CN ion formation 
has been used to propose the electron capture processes and to construct a potential energy diagram 
(for C-C internuclear separation) for CN ion formation. The molecular ion, C 2 1 ,12m has been 
shown to result from the associative resonance attachment of thermalized electrons scattered from 
the collision chamber surfaces and to exhibit an autodetachment lifetime in the microsecond time- 
range. 

Introduction 

Studies of negative ion formation from dicyanogen, C 2 N2 , by electron impact 

have been relatively few compared with the attention devoted to other small, stable 
molecules. The reasons for this are twofold. Dicyanogen is a 'dirty' gas which 
causes a rapid deterioration in the performance of the ion source and electrostatic 
lens assemblies as well as undergoing an efficient thermal decomposition process on 
the hot filment to produce metal carbides which ensure a short filament lifetime. 
Secondly, the attachment cross-section is very low and previous studies have only 

reported detection and measurements for the CN ion by resonance attachment under 

single collision conditions.` The CN - resonance measured by using a broad electron 

energy distribution 1-3 exhibits an apparent threshold in the range 42-4'4 1 eV with 

a peak maximum at c. 60eV and a long trailing edge toe. 10 eV. This broad electron 
capture peak was resolved into two distinct dissociative resonance peaks  in a study . 

of the differential scattering of CN1C2N2 in a crossed electron-molecule experiment 

in which the CN ion translational energy distribution was measured as a.function 
of the scattering angle and the electron impact energy. The primary negative ions 

McDowell, C. A., and Warren. J. W., Trans. Faraday Soc., 1952, 48, 1084. 
2 Craggs, J. D., McDowell, C. A., and Warren, J. W., Trans. Faraday Soc., 1952, 48, 1092. 

Inoue, M., J. C/tin,. Pi:ys. Phys.-C/tbn. .Obj., 1966, 63, 1061. 

Tronc, M., and Azria, R., Cite,',. Phys. Lest., 1982, 85, 345. 

0004.9425/85/060967$02.00 
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C, CN -, C 2  N - and C2N 2 ' were detected in this study with the relative intensities 

0-2, 100 0, 0 I, 0-1 at 70 eV, respectively. The dissociative resonance attachment 

curve For the CN - ion was measured by means of it hemispherical electrostatic 

electron monoch romator and the integrated mean translational energy of the ion 

was determined over the resonance by retardation of the negative ion beam. The low 

cross-section for the formation of the remaining negative ions below 15 eV precluded 

use of tile 'monochromatic' elect ron source. The dissociative resonance attachment 

curves for the C 1  N and C ions were measured by using a conventional magnetically 

constrained electron gun and the C 2  N - curve was deconvoluted to minimize the 

broadening effect of the electron energy distribution. 

There has been renewed interest in the study of gas phase cyano ions and their 

chemistry5 
2 following the recognition that cyano compounds and their ions play 

an important role ill the chemistry of planetary atmospheres and interstellar molecular 

synthesis.' 
3-15  The contribution, if any, of negative cyano ions in these environments 

' has not yet been explored, although  t lie corresponding positive ions have been shown 

to play an important role in molecular synthesis. 

	

1JL 	' 

	

$ tO 	bc, 

Fig. 1. Instrument layout. I, Filament enclosure; 2, barium zirconate coated rhenium fila-
ment; 3, nionochromator support and voltage reference; 4, hemispherical electrostatic 
electron monochroniator; 5, electron beam focusing lens assembly; 6, partial view of mag-
netic field shield; 7, collision chamber and gas inlet; 8, electron collector; 9, ion withdrawal 
and focusing lens assembly; 10, ion beam retarding element; It, ion beam lens; 12, quadru-
pole mass Filter; 13, ion focus element; 14, ion counting channeltron. 
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and Pomamperunia, C., Science, 1981, 212, 192. 
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Experimental 

The low pressure 'monochromatic' electron impact ion source and ion retarding lens system 

illustrated in Fig. I have been described in detail previously.' 1  A rhenium ribbon filamant coated 

with barium zirconate, 16  to reduce the operating temperature and to minimize chemical attack, 

proved satisfactory for the study of dicyanogcn delivering small (c. 60 pA) but reasonably stable 

emission currents. The lowest collision-chamber pressure consistent with measurable ion signals 
was used to optimize the filament lifetime to several days, typically <5 x 10_6  Torr (<7x 10 -  Pa). 

Exposure of an untreated rhenium filament to C 1 N 2  under these conditions gave a rapidly declining 
emission current and a filament lifetime of an hour or so. The quadrupole mass filter, Extranuclear 
4-270-9, and the off-axis ion counting channeltron were housed in a separate differentially pumped 
vacuum chamber maintained at a working pressure of < I x 10 - ' Torr (<Ix 10' Pa). This mini-

mized contact with the sample and allowed operation of the Galileo 4816 pulse-counting multiplier 
at a gain of .10' in the absence of excessive noise. 

Dicyanogen was vacuum distilled from the Matheson technical grade and used without further 

purification. 

0 

1' 
Fig. 2. Dissociative 
resonance attachment 
curve for the 
CN ion; 
-' conventional electron gun; 

o monochromatic' 
electron gun. 

Electron cnergy/eV 

Results 

C1\ Ion 

The dissociative resonance attachment curve for the CN ion measured with the 

'monochromatic' electron gun and with the conventional electron gun are shown in 

Fig. 2 for comparison. The full width of the electron beam energy distribution at 

half-maximum (W,2) produced by the conventional electron gun is between 0-9 and 

1-0 eV, compared to 0-12 eV for the 'monochromatic' electron gun operating below 

10 eV. The broad CN ion capture curve is a composite of two overlapping curves 

with maxima at 60 and c. 7-5eV and with thresholds at 4-5±0-1 and c. 7eV, 

respectively. The electron energy scale was calibrated against the threshold at 4-2eV 

and the maximum at 4-9eV for the formation of the 0 ion from SO2 
17,18  which 

was measured simultaneously with the CN - ion produced from a mixture of sulfur 

dioxide and dicyanogen. The integrated mean translational energy of the CN ion 

'6 MacNair, D., Rev. Set Instruni., 1967, 38, 124. 
'' Kraus, K., Z. Natuaforsc/:., 1961, 16, 1378. 
IS Harland, P. W., and Thymic, J. C. J., J. Ploys. Chew., 1970, 74, 52. 
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across the resonance curve was determined by differentiation of the retarded negative 

ion beam as a function of electron impact energy" (Fig. 3), with CN/HCN serving 

as a thermal ion reference. 

0  

	

Fig. 3. Meals iranslational energy 	
I 	I 	i 

	

or the CN ion 	-t 07 

	

as a function of 	r  

	

electron energy 	Z 
U 

	

across the resonance peak. 	0 6 II I 	{ 
ll 

0-5 	II 	resonance 
maalmurn 

0 - 4  4 	5 	6 

Electron energy/eV 

The earlier mass spectrometric studies of CN /C 2N 2  in which conventional 
electron guns were used report a broad capture peak maximizing at c. 6 eV with a 

threshold at 4 4±02 eV,' 44eV 
2  and 4 4±025 cV! Extrapolation of the leading 

edge of the CN — resonance curve measured with the conventional electron gun in 

this study to zero ion signal also yields an appearance potential of 44eV (Fig. 2). 

The threshold determined from the 'monochromatic' electron impact study is 4-5 ±0- 1 

eV. The smearing effect of the high-energy tail in the full electron energy distribution 

on the resonance curve in the threshold region is clearly evident in Fig. 2. 

The mean translational energy of the CN - ion at the threshold is 0' 50±005 eV, 

in agreenlel3t with the value of 052 eV reported in the electron-molecule scattering 

experiment of Tronc and Azria. 4  The resonance maximum was reported to be 53 eV 

with a threshold at 40 eV (taken from Fig. 2 in ref.'), the 0 - /CO resonance maximum 

at 1004 eV being used as the electron energy scale calibrant. The advantage of using 

0 - /S0 2  is the close proximity of the O resonance to the CN/C 2 N 2  resonance of 

interest; this minimizes the errors incurred by non-linear deviations, in the energy 

scale with absolute electron beam energy. . 

Table 1. Enthalpy of formation data 

From Rosenstock, H. M., Draxl, K., Steiner, B. W., and Heron, J. T., J. Flips. Chem. Re! Data, 

1977, 6, Suppl. No. 1. Electron affinities used to calculate the negative ion enthalpy of formation 

values taken from Franklin, J. L., and Harland, P. W., Ann,,. Rev. Flips. Chain., 1974, 25, 485 

Species 	8H,/kJ mot" 	Species 	H,/kJ mot - ' 	Species 	AH,/kJ mot - ' 

C . 	 71668 	 N 	 47270 	 CN 	 664 

59803 	 CN' 	4351 	 C,N 2 	.. 30895 

The minimum energy required for the formation of ground state fragmentation 

products, equation (1), is calculated from equation (2), by using the enthalpy data 

in Table I, to be 199 eV. -. 

	

C2N2(XtE)+e —* CN(X'E)+CN'(X 2E) 	 (1) 

Apmin = aH1[CN_(X 1 z+)]+azI[CN . (x2z t )]_AHr(c2N 2) -- 	(2) 
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This value for the appearance potential, A, , ,,,,, assumes internally cold fragmenta-

tion products with zero recoil energy. Equation (2) is rewritten in terms of the experi-

mental appearance potential, by the addition of the excess energy term E* 

in equation (3), 

	

= AH1[CN(X t E)]+1AH[CN(X 2Z)]—AH1(c2 N 2)+E 	(3) 

where E*  is the sum of the total translational energy of the fragmentation products, 

Eir , and the total electronic, vibrational and rotational energy terms, E11 . The total 

excess energy partitioned into translational motion of the fragments at the CN 

threshold, is calculated from the mean CN - translational energy, Etr(CN ), 
according to the conservation of linear momentum (4). 

= {[m(CN ) +m(CN)]/:n(CN)}E ir(CN ) 	 (4) 

where na(cN ) and nz(CN') are the masses of the CN - ion and the CN radical, 

respectively. Since ,n(CN) 	,n(CN) the total translational energy at the threshold 

is equal to 10±01 eV. By taking 	to be 4-5±01 eV and E1, 10±0-1 eV, 

E11  is found from equation (3) to be 150±020 eV. The internal excitation energy 
calculated from the threshold at 40 eV with the mean translational energy of 1-04 eV 

reported by  Tronc and Azria4  would be 0-97 eV. The C2 N 2  electronic grdund state 

is 	for anelectronic configuration .... lir, 174. The lowest vacant orbital a,ailable 

to accommodate the electron will be either 2n 1, or 5c 	to give a molecular negative 

ion in the nor 1 L states, respectively. Unlike the C 2 N 2 (2 E) state in equation (5) 

the C2N2'('I1)  state does not correlate with the CN(X'E) and CN'(X 2E) 

electronic ground states and Trout: and Azria concluded that the first dissociative 

attachment resonance is a consequence of the dissociation of a C 2 N2'(IH) shape 

resonance to the CNjX'L) ground state and the CN'(A 2 11) excited state which 

lies 1-145 eV above the ground state (6). 

	

-. C 2 N 2 '( 21.) -. CN(X'V)+CN'(X 2E) 	(5) 

	

C2 N 2(X'Z)+e -. C 2 N 2 (2J1) -. CN(X 1 V)+CN(A 2 fl) 	(6) 

This proposal can certainly be sustained from the excess energy available for internal 

excitation determined in this study, although it is doubtful whether this is so for the 

data of Tronc and Azria where the mean excess internal energy of <I -0 eV is below 

the CN'(A 2fl) — CN(X 2 ) transition energy. Assuming experimental uncertain-

ties allow for the difference, this energy balance would preclude any partitioning of 

excess energy into the rotational and vibrational states of the fragments. The second 

CN resonance was attributed to reaction (5) which would require E* to be 5-0 eV 
at the threshold. Since the mean CN ion translational energy was also found to be 

0- 52 eV at 7•O eV,' approximately 4 eV must be consigned to vibrational—rotational 

• 	 excitation of the fragments. 	 . 
The distribution of excess energy amongst the internal degrees of freedom cannot 

be determined directly. However, the total energy available in the molecular ion 

transition state and its final distribution between the various degrees of freedom in 

the fragmentation products can be estimated by using a semiempirical relationship. 

19  I3cII, S., Chem. I'/:ys. Left., 1979, 67, 498. 
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devised by Franklin et at. 10- 21 from theoretical considerations. 23-11  Equation (7) 

relates the fraction of the excess energy, E*, partitioned into translational motion of 

the fragments, E r , to the effective number of oscillators. N, available in the molecular 

ion transition state. 

E*=E,,riN 	(a <1 1) 	 (7) 

N is the number of fundamental vibrational modes, 3n-5 = 7 for the linear C 2N 2  

ion, and a is an experimentally determined parameter which reduces N to an effective 

number of oscillators. The rate of change of the mean translational energy with total 

excess energy above the threshold call be used to determine the proportionality factor 

a, which is found to be 04, a typical value. E* at the threshold is then calculated 

to be c. 2-9 eV from equation (7) of which I 0±0 I eV is partitioned into transla-

tional motion. The balance, c. I 8 eV, is in good agreement with the internal energy 

of 15±02eV deduced from equation (3) above. These deductions are consistent 

with the dissociative attachment process in which v ibrotationally-translationally 

excited ground state fragmentation products follow electron capture at 45eV 

according to (5). 
The second resonance with a threshold at c. 70eV may then correspond to the 

formation of the CN radical in its first excited state (6). If the mean CN ion trans-

lational energy is taken as c. 075 eV at the second threshold, E 11  is 15 eV and E,, 

about 35eV. If a is assumed to be 04 in equation (7), E*  is then c. 4-2eV and 

the excess energy partitioned into the vibrational degrees of freedom is estimated to 

Fig, 4. Potential energy 
diagram for the 
C-C internuclear 

5-St cY 	separation in 
C2N 2  and C2N2 . 

The Franck-Condon 
region is indicated 
by the vertical 	- 
lines about the 

3.13ev 	0 level in the 
ground electronic 

1-99eV 	stale of C2 1 ,12. 

20 Haney, M. A., and Franklin, J. L., J. Chew. Ploys., 1968, 48, 4093. 

21 Spotz, E. L., Seitz, W. A., and Franklin, L L., J. Chew. Ploys., 1969, 51, 5142. 

22 Harland, P. W., Franklin, J. L., and Carter, D. E., J. Chew. Ploys., 1973, 58, 1430. 

23 Carter, D. E., Ph.D. Thesis, Rice University, Houston, Texas, 1977. 

24 Carter, D. E., J. Client. Ploys., 1976, 65, 2584. 
25 Klots, C. E., J. C/tern. Ploys., 1964, 41, Ill. 
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be c. 27 eV. Considering the uncertainties in the threshold, the difference of 01 eV 

between the internal energy deduced from the experimental data and the calculated 

vibrational excitation energy, from equation (7), is in reasonable accord with the 

CN(A 2 fl) — CN(X 2 1') transition energy of 1' 145 eV. 

Considering these deductions and the detection of a long-lived C 2 N 2 	ion state 

the potential energy diagram shown in Fig. 4 has been constructed for the following 

sequence of attachment processes. 

C 2 N 2(X'E)+ e(c. 0eV) 	C 1 N 2  "( 2 fl) 
	

(8) 

C 2 N 2(X)+e(45eV) -. C2N2-'(2L) -. CN - (X'V)+CN'(X 2E) 	(9) 

C 2 N 2(X'L)+e(c. 7 eV) -. C 2 N 2 "( 2 11)* -. CN(X'V)+CN'(A 2 fl) (10) 

C2 N - Jon 

The dissociative resonance attachment curve for the C 2 N ion measured with the 

conventional electron gun is shown in Fig. 5. There are three main resonance peaks 

with maxima at 55, 7•0 and 86 eV with a shoulder at 101eV which may be a 

further dissociative attachment process. The low cross-section for C 2 N ion forma-

tion precluded data collection by means of the 'monochromatic' electron gun or the 

C 

0 

0 
U 
N 

0 
2: 

Electron energy/eV 

Fig. 5. Experimental (x) dissociative resonance attachment curve for the C 2 N -  ion com-

pared with the deconvoluted curve (0) after 20 smoothing and 20 unfolding iterations. 

measurement of translational energies. An attempt was made to reduce the broaden-

ing effect of the electron energy distribution on the attachment curve by deconvolu-

tion of the experimental data according to the iterative method developed by Goursaud 

and Abouaf. 26  Analytical unfolding techniques have been used successfully for the 

deconvolution of negative ion resonance data, although their effectiveness diminishes 

as the width of the resonance curves exceed several times the Wh,z of the electron 

energy distribution. Both the CN and C 2 N resonance curves are broad and a corn- 

6 Goursaud, S., and Abouaf, It., lift. J. Mass Spectroin. Jan J'hys., 1981, 40, 351. 
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parison between the deconvoluted CN resonance shown in Fig. 6 with the direct 

measurements by means of the 'monochromatic' electron source shown in Fig. 2 serve 

to illustrate the improvement to be expected from 20 smoothing and 20 deconvolution 

iterations. An increase in the number of iterative cycles above 20 caused divergence 

Fig. 6. Experimental (x) 
dissociative resonance 

at tachnient curve 
for Ike CN — jolt 

compared with the 

	

deconvoluted curve (0) 	 ' 

	

after 20 smoothing 	.9 

	

and 20 unfolding 	t 
operations. 

0 
Z 

 

Electron energy/eV 

of the fit and the appearance of spurious bumps and excessive noise. There has been 

an improvement in the resolution of the resonance curves although the shift in the 

peak maxima along the electron energy scale in the course of the unfolding is a 

feature of this technique. The first threshold for C 2N ion formation is probably 

not too different from the CN threshold at 45±O I eV, which suggests a common 

molecular ion intermediate exhibiting multiple dissociation channels (Ii). 

C2N 2 ( t )+e(45 eV) —* C 2 N 2 — CE)-- 	 (11) 
-*C2W±N'(4S) 

In the absence of translational energy measurements the Et term in the energy 

balance equation is unknown. However, the observation of the C 2N ion can be 

used to predict a lower limit to the electron affinity of the C 2N radical, EA(C2N), 

from equation (12). -. 

EA(C2N) > D(NCC N)A,,(C2N) 	 (12) 

If the experimental appearance potential is taken as 45 eV and the C-N bond 

energy as 75 eV,` the electron affinity of the C 2N radical is deduced to be >30eV. 

This value may be compared with values reported for other cyano species: EA(CN') 

= 382±OM2eV, EA(FCN) > 28±.F7 eV, EA(SCN) = 35I eV, 2'17eV and 

EA[C2(CN)4] = 288 ± 0O6 eV. 28  The higher-energy resonances probably include 

the formation of the nitrogen atom in the 
(29)  and ( 2 P) electronic states which lie 

238 eV and 3. 58 eV above the (4S) ground state, respectively. 

27 Herzberg, C., Molecular Spectra and Molecular Structure. Ill. Electronic Spectra and Electronic 

Structure or l'olyaloniic Molecules' p. 615 (Van Nostrand-Reinhold: New York 1966). 
28 Franklin, J. L., and Harland, P. W., Ann,,. Rev. P/sys. C/tern., 1974, 25, 485. 
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C2 N 2  -. Jon 

The molecular ion has been previously reported by Inoue' as the product of an 
ion-molecule reaction at elevated dicyanogen pressures. It was detected in this study 

under single collision conditions as a weak signal from 70 eV to <10 eV. Attempts 

made to detect an associative resonance attachment peak around 0 e were unsuccess-
ful, probably due to the deleterious effect of C 2 N 2  on the electron and ion optics. 

X 	 - 

0 (2N 
- 	 ° 	Hg. 7. I'ressture dependence of the 

	

- 	 C2N 2  and C2 N - ion signals as 

a function of the dicyanogen 

pressure for 70 cV 	 - 

	

2cm - 	 9 	 electron impact. 

An ion current of 400 pA is 
.9 	 9 	 equivalent to an ion count 

rate of 250 sfl'. 

10 	20 	30 	411 	30 

C2 N 2  presstlre/10 6  Torr 

Ultra-clean conditions and uniform electric fields are essential for the establishment 
of very-low-energy (<10 cv) electron beams and these conditions are incompat-
ible with the study of dicyanogen. The SF 6  attachment peak at 0 e could not be 
established after exposure of the ion source to dicyanogen. The pressure dependence 
of the C 2 N 2  signal at 70 eV was used to establish the mechanism for molecular ion 
Formation. The C 2 N 2  signal as a function of C 2 N 2  pressure from 5 x 10_6  Torr 
to 5 x 10 -  Torr is plotted together with the C 2 N ion signal in Fig. 7. The linear 
dependence of the ion signal with pressure indicates a primary electron capture 

process and is due to the associative capture of scattered, thermalized electrons in 

the collision chamber (13). 

e - (70 eV) surface scatiering e(thermal) 

e(thermal)+C 2 N 2  (C 2 N 2 ") 	 (13) 

The formation of C, N,by secondary electron capture (14), collisional stabilization 

(IS) or ion-molecule reaction would give rise to a quadratic or higher order pressure 
dependence and there is evidence for this at the higher pressure shown in Fig. 7, 

where the deviation of the C 2 N 2  signal from linearity was reproducible. 

C 2 N 2 +C(> 133 cv) —. C 2 N 2 +2e(near thermal) 

e(near thermal) ._ wall* e(thermal) 

C2 N 2 +e(thermal) (CN 2 ) 	 (14) 

(C 2 N 2 )*+C 2 N 2  .—* C2 N 2 +(C2 N 2 )* 	- ( 15) 

The autodetachment lifetime of the molecular ion must be in the microsecond time 
range to survive passage through the ion lens and quadrupole mass filter assemblies. 
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An SCFMO calculation ill the INDO approximation 29 30 was carried out for the C 2N 2  -. 

ion. The minimum energy prediction is for a linear ion with the electron density 
distributed symmetrically about the centre of mass, each nitrogen atom carrying 
0•45 e and each carbon atom 005 e. This delocalization of the electron density 

must account for the stability of the ion. 

C -  Ion 

The C ion is formed by dissociative resonance attachment between 105 and 

16 eV with a maximum cross-section at 134 eV. Either or both (16) and (17) with 

minimum energy requirements of 1042 eV and 1240 eV, respectively, may contrib-

ute to the observed signal: 

C2N 2 +e -' C+C+N 2 	 (16) 

C2 N 2 -l-e -, C+CN+N 	 (17) 
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Reaction of K Atoms with Oriented CF 3Br 
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A beam of oriented CF,Br molecules is prepared by passing a randomly oriented beam through an appropriate series or 
inhomogeneous and homogeneous electric fields. An atomic K beam crosses the beam of oriented CF,tir and the angular 
distribution of tire reactively scattered KOr is measured with a differential surface ionization detector. The '"heads' orientation 
(Hr end closest to inconsing K) is about threefold more reactive than the "tails" orientation. The l.iBr is scattered backward 
in she "heads" orientation and forward in the "tails" orientation, qualilatively consistent with a "harpoon" type of mechanism 

in which I isc orientation affect,  cit her t ire electron jump  or the breakup of the dissociating negative ion, 

Introduction 

Proper orientation of reagents as a prerequisite for chemical 

reaction seems to be widely accepted on an intuitive level. Almost 

all theories of reaction rates include "steric factors" in one form 

or another.' However, a detailed understanding of these factors 

is still lacking. Experimentally, recent advances in molecular beam 

and laser technology' have made possible the direct observation 

of a variety of steric effects in several reactions. 

Polarized laser radiation can be used to prepare beams of 

polarized molecules, which are molecules whose plane of rotation 

can be oriented with respect to a fixed axis. This technique has 

been applied, for example, to Sr + I-IF and "broadside" attack 

of the plane-of-rotation of 14F is observed' to yield more SrF (J' 
= 2) than "edge-on attack", suggesting a bent minumura energy 

configuration. Similarly, polarized light has been used' to produce 

atoms in which excited p. or d-orbitals are directed parallel or 

perpendicular to sIte relative velocity. In the case of Ca + I1CI, 

the direction of the Ca* p-orbital strongly influences the branching 

into two different CaCI' states. 

Electrostatic deflection techniques have been used to prepare 

beams of oriented nsolecules,'' 5  which are molecules whose figure 

axes prccess around a space-fixed axis. One "end" of the molecule 

can be distinguished frosts another, and can be pointed toward (or 
away front) an isscorssing alom so that chemical reactivity can be 

at tidied as a fit oct isssi of oricsr tat ion. Exa triples tsf reactions studied 

Robert A. Welch Predoetoral Fellow. 
Perirsanen 5 Address: Chemistry Pr partrnen t. University of Canterbury. 

Christchsrclr, New Zeats,s.l. 

TABLE I: Operating Conditions 

distances, em 
K oven-scattering center 12 
nozzle-scattering center 70 - 
scattering center-deseetor 
nozzle-stinsnser ' 	2.6 
field length 54 

temp. K 
gas nozzle 305 • oven 623 • nozzle 673 

nozzle backing pressure, torr , 	I50 
Isesapolc voltage, kV 12 
homogeneous field strengths, V/cm 	, 80 

using this technique are 0, reacting with oriented NO, 6  K reacting 
with Cl-I 3 ! and CF,l,' and Rb reacting with CI1,i.' The latter 

(I) See, e.g.: ll,-sn,raea, (3.0. 'Principles or Chemical Kinetics"; Academic 
Press: New York, 1971; Chapter 2.  

For recent reviewt see: (a) Stolse. S. Her, Bsnsrssgrs. P/rys. Chem. 
1982, 86, 413. (b) Leone, S. A,sssu. Ret', Phi's. C/rent. 1984, 35, 109. 

Ksrny, Z.; [slier, R. C.; Zare, R. N. I. Chest, Ph,j's. 197$, 69. 5199. 
(a) Reltaev, C. T,; Zsrr, K. N. I. Client. Phi's. 1981, 75. 3636. (b) 

Schmidt, II.: Weiss. P. S.; Mestdsgh. 3. M.; Covinsky. M. I -I.; Lee. V. T. to 
be published. 

llroolsn. I', R. ScIence 1976, 193, It. 
(h) (o) van den tinde, 0.; Stolte. S. C/rem. I'/r;'s. Le,r. 1980, 76, 13. (b) 

vats den linde. D.;StoIte, S.; Cross, J. IS.; Kwci, C. II.; Vstentini, 3. 3, J. Cheat. 
Ph;'s, 1952, 77, 2706. 

(7) tsvs,ols,. P. R,; McKiIIop, 3.:  Pippen, 11.0. Chests, PFs;'s, Lets. 1979. 66, 
44 and refrrcsscrc. slserein, 

0022-3654/86/2090-0944$01 .50/0 © 1986 American Chemical Society 
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CF  Br 
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1  
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OS 	 HEX APOLE 	 I 

Figure I. Schematic diagram of apparatus. CS, nozzle gas source: C. 
chopper; Pt), photodioslc assrii bly: 'IF. liossiog menus orient ig electric 
field plates; K, potassiunt a toil source: I), detector: VS, voltage supply 
roe homogeneous field; PRE. fast preamplifier; AMP, pulse amplifier/ 
discriminator; QS, quad scalar, Relevant dimensions are given in Table 

1. 

reaction has recently been probed in detail, 
TIse Cit 5  t react ions arc found to be qtt alit a lively consistent with 

"ehein cat intuition : the alkali a tom is most likely to react when 
the "heads" orientation ((he I end) is approached, and for Rb + 
CII l, there is a sizable colic of no reactions when the Rb ap-
proaches the "tails' end or the molecule. The product, Ml. is 
scattered backward. In contrast. CF,l appears" to be rottghly 
equally reactive (to form KI) when K approaches in either the 
heads (I end) or tails (CF, end) orientations, but the products 
are backward scattered frons the heads orientation and forward 
from the tails orientation. These observations are qualitatively 
consistent with an elcctron-jttnsp model of reaction, and subsequent 
cspmriiitcnls sin "sideways ,,ricntalioits' have reinforced this in-

terpretation. 
The facility with which the electron is transferred to the oriented 

molecule is expected to depend on the electron affinity of the 
molecule. In order to assess the possible role played by the electron 

affinity, we have studied the reaction of K with oriented CF 3 Rr. 

This molecule has a smaller electron affinity' than CF,l. and it 
was thought tlsat a possible electron jump night be substantially 
different from CFat. We find a behavior somewhat intermediate 

between CF 3 l and CI 1,1. 

Experimental Section 

The apparatus is similar in concept to that used in previous 
investigations from this and is shown schematically 
in Figure t. Relevant dimensions and operating parameters are 

shown in Table I. 
Reams of CF 5 Rr and CF 3 I are formed by supersonic expansion 

from a stainless steel oven with a 0,2-mm-diameter nozzle located 
in a separate eryopuniped chamber. The beam is collimated With 
a 0.7-mm-diameter skimmer, modulated by a rotating wheel, and 
then enters an inhoniogeneous hesapole electric field which 
transmits only molecules with negative values of (cos 0), where 

0 is the average classical angle between the dipole moment and 

electric fi e ld.ta (Quantum mechanically, (cos 0) = MK/(J12  + 

J).) The state-selected molecules then enter a region of uniform 
electric field created by two parallel plates tilted at an angle of 

30° with respect to the CF 3 Br velocity. The molecules make 

(5) (a) Stalls. S.; chat ravar iy, K. K.; Bernstein. R. It.; Parker, D. II. 
Cheat. Phys. 1982. 7/353. tb) Parker. D.  II.; Cliakeasorty. K. K.; Bernstein. 
R. B. Cheat. Pitt-.;. Let'. 1982. 86. II). (c) Parker. 0. II.: Chakravorty, K. 
K.; Bernstein, R. B. J. Phi's. C'he,n. 1981, 85. 466 and references to earlier 

work listed thereia. 
(9) Coin psun. R. N.: Reinliarsti. P. W.; Cooper. C, 0. J. Chess. Phy.'. 1918. 

68. 4360. 
(It)) The dipole rn,,issert is defined an pointing From the negative charge 

to the psisi lye charge ond the energy of interaction with all electric field is 
11' = -M,  t05 0 tt)ebye. P. 'PoI:tr Molecules'; Poser: New York. 5945), n,, 
regardless of thesiga convestioa scsi fur the dipol enstinlent antI cot 5. the 
state selectest molecules will be oriented in the anif,sr,n fletd with tt,eir Positive 
cud totsuest I Ste positive field 1 11 :1 11  altec Out a,v in states whets incec use In 
energin as cI cririe field. See ccl 5 'n d: lternstcin. K. It. Ctiem,'ral 
Dynamic a via NI alec star [train and t.;,ser Techniques': Osissed t Iniversity 
Press. New York. 1982.   
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0 
Figure 2. Distributions or orientation angles, 8. where 0 is defined at 
arerns (Ark/U 5  + M. Curves are smoothed quantum mechanical re-
sults. (See ref It.) 
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Figure 3. Experimental velocity distributions of nupersonic CF,X (3< 
I, Br) beams as measured by the time-of-flight technique. The solid 
curves are calculated by using eq I and temperatures or 29 and 45 K for 
CF,lar and CF,t. respectively. 

adiabatic transitions into this field where they are now oriented 
with respect to the relative velocity for K + CF 3Br collisions. 

(C E5 1 was studied as a comparison and the Field plates were not 

realigned to account for the different CF 5 I speed, s correction 
of about 2°.) The direction of the molecule could be reversed 
by reverting the polarity of the uniform field. 

The K beam was formed by effusion from a Morel oven and 
collimated with a I-mm-diameter heated skimmer.' The K beam 
passed through holes in the uniform field plates and intersected 

the CF3Dr (CF,l) beam at right angles in the region of uniform 
electric field. Scattered K and KBr (KI) were detected by a 
surface ionization detector which rotated about the scattering 
center in the plane of the two beams. K and KRr (KI) were 
detected by ionization on a single crystal W wire, It was em-
pirically determined that best results for ionization of KUr were 
obtained if the wire were operated at 1525 K, Which is cooler than 
normally used for detection of KI (1715 K). -  Nonreaetively 

scattered K atoms were detected on a 92% Pt-8% W alloy wire 
operated at 1500 K. The atomic ionization efficiencies of the two 
Filaments were normahized.by measuring scattering from beams 
of 1,1,1 .trichloroethane and methanol which can be focused in 
the electric field but which are not reactive. The product KBr 
(KI) intensity was obtained as the difference between the count 
rate from the W filament and the count rate from the Pt filament 
(adjusted for different ionization efficiencies). The ions were 
detected by counting pulses from a Bendix Model 306 crossed-field 
multiplier. A POt'-1 I computer collected the data and controlled 
the apparatus via a CAMAC interface. 

CF3  I 
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A d st ri btil ion of orientations (all with nega ire' 0  (cesO)) results 
from the state-selection process because the deflection in the field 
depends on both the rotational stale and the speed of the molecules. 

Figure 2 shows distributions of 0 for CF,X (X = Br, I) which have 
been calculated '' from the equations of motion through the field. 
These calculations require knowledge of the internal molecular 
temperature and the velocity distribution. so  the velocity distri-

bution was measured for the randomly oriented molecules incident 
on the hesapole field. For these measuretnents, the hexapole field 
was removed and the low-speed chopper was replaced with a 

400-Hz wheel containing a narrow slit so that the beaTn could be 
pulsed and the velocity disiribsition measured by the time-of-flight 

teelsnistilc. A small ionization gauge was used to detect the bean,, 

and the pulses were averaged by using a Lecroy Model 2256A 
waveforiti digitizer. 'the velocity ditt ribsi I sins are shown in Figure 
3. The experimental distributions were fit to an expression of 

the form" 

n(v) 	(.?_)2 e_tt_"31'l' 	 (I) 

where a, = (2k7/,,,)'/2, The hydrodynamic flow speed, v,, and 

the translational temperature, To  (29 and 45 K for CF,Br and 
CF,l) were used as fitting parameters. The rotational temperature 
of the molecules is assumed equal to the translational temperature 
characterizing the velocity distribution. 

Results 

Laboratory angular distributions for scattering from CF,Br and 

CF,l are shown in Figure 4. The results from CF,l are in 
qualitative agreement with those found previously in this labo-
ratory" and are included only for comparison with the Ch',Br 
results. These data represent averages of data taken on several 
different days. The larger error bars at small angles arise from 
the subtraction procedure used to determine the KX signal. (The 

KBr signal as 40° was typically only '-7% of the total scattered 

flux, compared to —'70% at 90 0 .) These data were taken by using 

a focusing voltage of 12 kV and arise from the CF 5X orientations 

shown in Figure 2. The heads configuration is the distribution 
of orientations which result when the uniform field plate nearest 
the K beam is positive; the tails configuration is that which results 
when the polarity of the uniform field is reversed. As discussed 
below, heads refers to orientations in which the X atom (I or Br) 
is closest to the incoming K atom, and tails refers to orientations 
in which the CF, end is closest to the incoming K. 

Figure 4 shows that an alkali halide molecule is formed in each 
reaction and that the angular distribution depends quite drastically 

on the orientation of the molecule. Unfortunately, two reaction 
products are possible in each case. KF and KX, and the surface 
ionization detector is unable to discriminate between the two 
possibilities. Nevertheless, we believe that each reaction proceeds 
to form KX (and not 1(F) for the following reasons: 

The C—F bond is stronger than either the C—I or C—Br bond 

(lOS vs. 54 or 70 kcal/mol, respectively)." The classic Polanyi 
diffusion flame experiments"' showed no evidence of reactivity 
for the exothermic reaction of Na with CH 5 F, and diffusion flame 

experiments on Na + CF,X y i e ldcdtib mainly NaX with NaF 

formed only in secondary reactions with CE', radicals. 
Diffusion flame experiments from this laboratory"" on the 

K + CF,l reaction showed that K  was the principal product and 
KF was formed in secondary reactions, and we concluded that 
K + CF,l yields KI in either orientation of the molecule. Re-
actions with sideways oriented CF,l molecules' (see Discussion) 

reinforce the conclusion that 1(1 is the product. 

(II) Strictly speaking, the distribution in Figure 2 is the distribution of 
molecules for which (c. 6) ° MK/J(J + I), and is not the distribution of 
cos 6. This point it elaborated in rrr so. 

(12) Asder,on, J. a. In 'Moieculsr flra,ns a ad Low Density 
Gasdynamics; Wegener, P. P., Ed.; Marcel-Dekker : New York. 1974. 

13) Deaaos. S. W. J. Ch,,,,. Mac, 1965, 42, 502. 
I 4) (a) Pat anyi, M. Atoinic Rractiona'; Williams aad Norgate: London 

1932. (b)  Reed, 1. F.; Rabisovitch. B. J. J. Ant. ('hens. Soc. 1957, 61, 595, 
(C) I lardee, J. R,; Brooks, P. R. .1. Ph;':. Chess,, 1977, 81. 1031. 
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Figure 4. (a) Laboratory angular distribution of reactively scattered Kl)r 
frons K + CF,Br. (b) Laboratory angular distribution of reactively 
scattered KI from K + CF5 I. (0) heads orientation; (A) tails orientation. 
Smooth curves have been drawn through the points for clarity. Points 
shown are average values front several experiments. Representative error 
bars are drawn at small angle, and at large angles. Inset nominal 
Newton diagrams show the lab angles where experimental intensity is 
maximum. 

The behavior of CFaBr is similar to that for CF,h, except 
that the "tails" configuration it less reactive. By analogy to the 

CFaI case, we surmise that K + CF3 Br. yields KBr in either 

orientation. 	. 	 .. !. 	- 

The hexapole electric field selects molecules in states for which 
the energy increases with applied field. In a uniform field the 
positive end of a state-selected molecule is thus closest to the 
positive field plate. The directions of the dipole moments of CF,X 
are not known, but because of the high electron affinity of the 
F atom, we presume that the X ends of the molecules are positive. 
This assumption is consistent with the magnitude of the dipole 
moments" in various CF,Y molecules... As 'V is made more 
electropositive the dipole moment increases: gx = 0. 0.5, 0.65, I .0, 

and 1.6 D for V = F, Cl, Br, I, and I-I. Moreover, the reactive 
scattering itself strongly suggests that the positive end of CF,X 
is the X end, since that end yields angular distributions which are 
strikingly similar to that from the I end of CtI,l. Our inter-
pretation proceeds on the assumption that the positive end of each 

molecule is the X end. 
The heads configuration for both molecules yields KX which 

peaks near 90° in the laboratory and which corresponds to 
backward scattering in the CM as shown by the nominal Newton 

diagrams in Figure 4. The tails orientation for both molecules 

yields KX which peaks near 50° in the laboratory and this cor-
responds to forward scattering in the CM. Unlike CF,l. for which 
heads and tails teem to be roughly equally reactive, the heads end 

(IS) Nelson, Jr.. R. U.; Lide, Jr., D. R.; Msryott, A. A. 'Selected Values 
or Electric Dipole Mo,nentn (or Molecules in the Gas Phase": Nail Bt,e, 

Siam!, 1967. NSRDS'NBSIO, 

>- 
I— 
H 
C,!) 

z 

H 
z 
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of CF3 Br is about threefold more reactive titan (he tails end. 
Comparison of reactivity between CF,Br and CF,I was made 

on the basis of product count rate and crude flux measurements 
and also on tire basis of stagnation pressures and the calculated 
hexapole Field transmission. We roughly estimate the K + CF 3 I 

reactive cross section lobe about 1.5 times that for K + CF 5 tir 

(17 A' vs. II A'). This estimate for CF,l agrees well with an 
earlier estimate of IS A' obtained from bulk gas-phase studies) 4' 

Discussion 

The reactivity of both the molecules studied is very sensitive 
to the molecular orientation, especially considering that the 
nominal orient at oil, shown in Figure 2, is really rather l'sxar. This 
point should be emphasized: even though the molecules are not 
perfectly oriented, reaction still occurs. This suggests that most 
reaction events do not proceed via collinear geometry, and this 
seems to be the case with the other oriented molecules studied. 
Certainly collinear reactivity in the heads orientation is quite likely. 
but since noncollinear orientations greatly outweigh the collinear, 
it is expected that most reactions will proceed through noneollinear 
collisions. (Col linea r tails orientations have been stsow as to be 
nonreactive in Ctl,l.) 

The angular distribution sal reaction products front a given 
orientatioss in Figure 4 does not display synisisetry about the CM 
and we conclude that long-lived complexes are not formed for 
either molecule in either configuration. Instead, when the X atosti 
is nearest the incident K atom (heads), the product KX rebounds 
in the direction from whence the K came, and the KX is backss'ord 
scattered and appears in the laboratory frame near 900 as is the 
ease with heads (I end) scattering from Ct-I 3  t. Scattering from 

the tails orientation of either molecule, on she other hand, is 
forward sc,tttered, and is not analogous to CI I l l. 

This behavior can be rationalized on the basis of an iisupaet 
parameter argument: for heads orientations the K may strike the 
X atom and product KX collide with the CF, moiety and rebound 
in the direction of the incident K atom. In the tails orientation, 
the molecule is not perfectly oriented and the obscuring CF 3  group 

may not completely shield the reactive site. Consequently, it can 
be expected that some trajectories incident at the CF, end may 
fly by the CF, group and strike the reactive X atom. Since the 
covalent radius of the I atom is larger' 5  than that of the Br (1.33 

A vs. 1.14 A), one might expect the Br to be more effectively 
shielded than the I and might expect the tails reactive cross section 
to be smaller than heads in CF 3 Br, as is observed. 

The Harpoon Mechanism. The electron-jump or "harpoon" 
mechanism was introdtscedt' to explain the anomalously large cross 
sections for alkali metal-halogen reactions and has been extended" 
to cover other reactions as well. The features of the model can 
be qualitatively seen" by considering the interaction between an 
alkali atom M and a halogen atom X. At large distances the 
interaction is that between neutral species and east best be de-
scribed in terms of a covalent potential energy surface. But time 
binding of MX is clearly ionic, so at distances corresponding to 
the stable molecule, the system can best be described in terms 
of an ionic potesstial surface. The hypotlsetieal reaction between 
M and X thus proceeds at long range via a covalent interaction, 
but at some distance, r,, the interaction switches to an ionic 
interaction, and M donates its valence electron (the "harpoon) 
to X. Time Coulo sit bic as' r:seti on between M r  and X -  ensures 

reaction, so the cross section for reaction, a,, is approximately arc 51  

where 

/(M) — E(X) 	 (2) 

where 1(M) is the ionization potential of M and E(X) is the 

electron affinity of X. 
For reaction with molecules (he situation is a little more com-

plicated. The surfaces for M-RX and M' 4IRXY must again cross, 
but the details will depend on the nature of tIme R group, and the 

(lIst Paulin, L. "rh, Na Imire ma rho chemical 11 d - . Rd ed,: Corsett 
University Press: ithaca. NY. 1960, 

(ll) Magce. I. t'. 1. ('5,,',,,. P/sr.,. 1940. S. 1,37. 
It) Ilersctmbacts. 5). R, ,'Im/r. ('Is,',,,, Pill X. 1966. M. 319.  
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appropriate electron affinity is the vertical electron affinity 
(evaluated at the bond distances which obtain when the electron 
jumps). The electron is expected to jump to the lowest unoccupied 
molecular orbital, which for many molecules is strongly anti-
bonding. The molecular ion is thus likely to be formed in a 
repulsive state (or equivalently, high on the repulsive wall of a 
bound state) and the ion is expected to dissociate within one 
vibrational period in a manner strongly reminiscent of photo. 
dissociation. 

In order to interpret our earlier results on the reactive scattering 
of oriented Cia1 we postulated'' that an electron transfer occurred,' 
leaving the CF 5 1 -  ion in a repulsive state. The ion was expected 
to decompose in much less [Iran a rotational period, so the V ion 
was predicted to be ejected in the direction of the C-I bond which 
obtained at the instant of electron transfer. If the C-I bond were 
oriented such that the I were pointed toward (away from) the 
incoming K, the t ion would be ejected backward (forward) and 
the K+ inn would be expected to follow. This correctly explains 
time observed backward scattering for the heads orientation and 
forward scattering for the tails orientation. This model also 
qualitatively predicted the drastic difference in angular distribution 
when the molecules were oriented sideways.' From the sideways 
scattering results we tentatively concluded that the probability 
of electron transfer and subsequent dissociation of the ion are 
independent of the orientation of the molecule, but the direction 
in which the product is ejected depends directly on the orientation. 

CF,Br exhibits both similarities and differences with respect 

to CF3 I. The electron affinity of CF 3Br is lower9  (0.91 eV Ys. 
1.57 eV), and eq 2 predicts that the electron should jump at a 
shorter distance (4.2 vs. 5.2 A), and ,rr52  is 55 ,s. 85 A'. The 
magnitudes of or are only in rough agreement with our estimates 
for the reaction cross sections, II and 17 A 2, but the ratios agree 
almost exactly. The KBr angular distributions from CF,Br 
(backward for heads, forward for tails) are similar to that for 1(1 

from CF3 1 and is in nice agreement with the notion that the 
molecular ion will dissociate in the direction in which it is pointing 
at the instant of the electron jump. But the forward, tails scat-
tering is attenuated in the CF 3 Br case, and this may result from 
several (presently indistinguishable) causes. 

The probability of electron transfer (electron affinity) may be 
dependent on orientation. Even though the lowest unfilled orbital 
is mainly on the X atom, the electron is transferred to the entire 
sssolecule. At long range, as in the CF 3 I ease, the molecule may 
appear as an electron acceptor regardless of orientation. But at 
shorter range, as for CF 3 Br, the electron transfer may be facilitated 
by having the Or closest to the incoming K, and reaction would 
thus be snore probable in the heads orientation. 

We should emphasize that the harpoon mechanism is a useful 
standard for comparison, but is a gross oversimplification for a 
very complicated process, especially at short range. Not only might 
the orientation affect the electron affinity, but also at close range 
the V ion might affect the dissociation of the CFaBr'. Even if 
the electron affinity is not dependent on orientation, backside 
attack of the CFal3r may result in a nonreactive event just because 
the K't cannot get by the CF, moiety in time to react. 

Trajectory calculations" to model alkali metal (M)-halogen 
(XV) reactions found that the strong forward scattering associated 
with these reactions arose from charge migration, where an initial 
M'L.X interaction was followed by migration to yield MY + 
X. In addition, the forward scattered products formed in such 
encounters were found to have enhanced translational energy. If 
charge migration were important here, backside attack of CF 5 Br 

could give CF --Br followed by charge migration to Br and 
forward scattering of the KBr, which might be expected to recoil 
with higher energy than backscattered KBr from the heads ori-
entation. The diminished forward scattered intensity experi-
mentally observed in the LAB might thus result not only from 
a real dynamic effect. but also from a kinematic effect whereby 

IS) Brooks, P. R, Farssdsmy Thacs,.ss. Chess,. Soc. 1973, 55, 299. 
1201 Name. P. 2-: Milk. t'4. II.; Polasyi. J. C. J. Chess, Phj's. 1969, 50, 

4623. 	 - 
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,the  CM cross sect loris for It cads a rid tails scattering m ight be 

nearly equal, but the Jacobian factor (u/u)' in the CM LAB 

transformation would favor a higher intensity in the lab for the 
slosve r back na rd sea it crud Airs. Measurements on the product 
velocity distributions as functions of orientation may licip to 
differentiate among these possibilities. 

rorrIe,Igt,teut. We gr;rlcfrilly acknowledge financial support 
of these experiments by the National Science Foundation and by  

the Robert A. Welch Foundation, and acknowledge a grant from 
the US-New Zealand Cooperative Science Program of the NSF 
for travel for P.W.H. P.R.B. thanks the Alexander von Humboldt 
Foundation for a Senior U.S. Scientist Award and Prof. J. P. 
Treaties and the members of the Max-Planck Institut für 
Strômungsforsehung in Gottingen for their hospitality during the 

writing of (his  nsanuscript. 

Registry No. K, 7440-09-7; CF,Br, 7543.8; KBr, 7758-02-3 



Paver 26 	 295 

Internationaliourtia! of Mass Spectrometry and Jon Processes, 70 (1986) 231-236 	231 
Elsevier Science Publishers DV., Amsterdam - Printed in The Netherlands 

Short Communication 

APPEARANCE ENERGIES AND ENTHALPIES OF FORMATION 
FROM IONIZATION OF CYANOACETYLENE 
BY "MONOCHROMATIC" ELECTRON IMPACT 
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(Received 9 December 1985) 

Cyanoacetylene, HC 3 N, is a member of the HC XN series of cyanopoly-
ynes, where x = 1, 3, 5, 7, 9, which are of considerable interest as con-
stituents of the dense interstellar cloud TMC-1 [1,2]. There are several recent 
reports of the ion/molecule chemistry of HC 3 N, reactions involving HC 3N 
and possible mechanisms for its production and depletion in the interstellar 
environment [3-6]. Enthalpies of formation for several ionic fragmentation 
products of HC3N reported in this work were employed in the selected ion 
flow tube studies of Knight et al. [3]. The only previous electron impact 
dissociative ionization studies of HC 3 N were by Dibeler et al. 11 and 
Buchler and Vogt [81 using conventional electron impact ion sources. 

EXPERIMENTAL 

The low pressure monochromatic electron impact ion source used in this 
study, its performance characteristics and the measurement of ion transla-
tional energies have been previously described [9]. Briefly, a near monochro-
matic electron beam with a full width at half maximum energy distribution 
of 50-60 meV is produced using a hemispherical electrostatic monochroma-
tor. The electron beam is accelerated or decelerated into a collision chamber 
containing the sample at a pressure of <1 X 10 -6  Torr (ci x io Pa). 
Ion beam retarding curves are measured for each ion as a function of 
electron energy from 70 eV to within 1-2 eV of the threshold using a 
retarding lens assembly incorporating a conical retarding element. Ionization 
efficiency curves were measured in 40 or 80 meV steps, depending upon the 
ion count, using Ar, Ne and He as energy scale calibrants. 

Cyanoacetylene, HC 3N, was prepared by the ammonolysis of methyl 
propiolate followed by dehydration of the amide product in xylene at 120°C 
under an atmosphere of dry nitrogen 1101. HC3N polymerizes readily at 

0168-1176/86/$03.50 	0 1986 Elsevier Science Publishers B.V. 
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room temperature and was stored as dilute mixtures in Ar, Ne or He in the 
dark at liquid-N 2  temperature until used. 

RESULTS 

The experimental results are shown in Table I and a list of the enthalpies 
of formation calculated from the data are given in Table 2. The 70 eV, 0-60 
u mass spectrum in Fig. I shows the doubly charged molecular ion peak at 

;n/z 25.5 and the domination of the spectrum by C 3 N and HC3N at tn/z 

50 and 51, respectively. 
The CN ion is formed at 19.96 ± 0.08 eV with a mean translational 

energy of 48 meV. Assuming that the neutral fragmentation product is the 

C2 H radical, taking L\Hf (CN 1 ) as 1794 kJ mol' [131 and AH r (C 2 H) as 
477 kJ mol [14], then the enthalpy of formation of the cyanoacetylene 
molecule is calculated to be 354 kJ moL. 

The ionization efficiency curve for the C 2 N ion is shown in Fig. 2 with 
the ionization efficiency curve for Ne which was used as an energy scale 
calibrant. An earlier study of C 2 N ion formation from C 2N 2 , CH 3CN and 

CH 3NC [91 confirmed the theoretical prediction [15] that the C 2N ion has 
two structural isomers, CNC and CCN. The enthalpies of formation 

TABLE I 

Appearance energies, AE, mean translational energies, E ir , and ion formation mechanisms 

for electron impact ionization of HC 3 N 

,l/z Ion ftE 
(eV) 

E tr  
(meV) 

Mechanism AE(lit.) 
(eV) 

25 C 2 H 4  18.84±0.08 94 C2 11' +CN 19.0±0.2  
18.3  

26 CN 19.96±0.08 96 CN+C2 H 14.5±0.5 [7] 
19.8±0.2 17] 

37 C3 H' 17.76±0.08 —0 C3 H 	-4-N 18.0±0.2 [7] 

38 C 2 N (I) —17.9 See text (1)18.0±0.5 [7] 

20.5±0.10 157 CCN+CH 

23.1±0.10 CNC +C+H 

24.0±0.08 CCN +C+H (ii)24±0.5 

50 C3 N 4  17.78±0.08 —0 CJ N' + I-I 18.2±0.3 [7] 

18.64±0.08 (C3N 	) + I-i 17.7 [8) 

51 HC 3 N' 11.560.04 —0 HC3 N 11.6±0.2 171 
11.62±0.01  
11.6±0.1  
11.6  

25.5 HC3 N 2  31.52±0.15 —0 HC3 N 2  32.3±0.2 171 
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TABLE 2 

Enthalpies of formation determined from the data in Table I 

Snecies 	 Al1" (kJ mol ')  

1726 

C3H 1598 

C2N 	b1 CNC 1620 

CCN 1726 

C3N 	b\CJ N (1) 1850 

C 3 N 	(2) 1935 

1-1C3N 1470 

ITJC3N2' 3396 

HC1N 354 

a  Uncertainty better than ±15 kJ mor 1  
h See text for discussion. 

which were reported for these isomers [9) are given in Table 2. Using these 

values, A1J 1 (HC 3N) = 354 kJ moL 1 , as determined above, and the literature 
enthalpy of formation values for C and H [13,14], the following minimum 
appearance energies are calculated for C 2N + ion formation processes from 

HC3N 
HC3N+eThCNCt+CH+2e 	AE=19.3eV 	 (1) 

HC3N + e— CCN+ CH+ 2 e 	AE= 20.4 eV 	 (2) 

HC3 N -  Fe- -' CNC+C+ fl+2C AE= 22.8 eV 	 (3) 

HC3N+e_.CCN+C+H+2e AE=23.9eV 	 (4) 

The experimental appearance energies at 20.40, 23.00 and 24.00 eV can be 
reconciled with processes (2), (3) and (4), respectively, providing support for 

the MI1 (C 2 N) values reported in the previous study [9]. However, the 
experimental appearance energy for the low cross-section process at - 17.9 
eV requires further consideration. It is possible that a threshold correspond-
ing to ionization process (1) lies buried in the ionization efficiency data 
between 17.9 and 20.4 eV. It was noted that the threshold measured at 
- 17.9 eV varied up to ±0.2 eV from sample to sample and a mass spectral 

scan showed small ion signals for tn/z 48 (C), 60 (Cfl, 62 (C4Nt), 72 

(Cfl, 74 (C5N), 86 (C6 N) and 100 (C6N2 ), all less than 0.1% of the base 

peak at ,n/z 51 (HC3N). It seems likely then, that traces of HC 3N 

polymerization products, such as C 6 N 2 , exist in the samples and that the low 
cross-section threshold at - 17.9 eV results from dissociative ionization of 
one or more of these species. Dibeler et al. [1 gave the appearance energy of 

the C2N ion as 18.0 ± 0.5 eV. The uncertainty assigned to this value is 
greater than any other appearance energy they reported with the exception 
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Fig. 3. Ionization efficiency curve for C 3 N • from I-IC,N. Ar 4  included as one of the energy 

scale calibrants used. 

of 14.5 ± 0.5 eV for the appearance energy of the CN ion which they 
assumed to be formed from CN radicals generated on the surface of the hot 
filament. It therefore seems likely that irreproducibili ties for this appearance 
energy were experienced, probably as a result of the same problem. 

The ionization efficiency curve for the C 3N + ion is shown in Fig. 3 
together with Ar which was used as an energy scale calibrant. There is a 
threshold at 17.78 ± 0.08 eV followed by a break at 18.64 ± 0.08 eV. The 
values given in the figure correspond to the experimental run illustrated, 
whereas, the values given in Table 2 are averaged over six runs. Both 
thresholds were reproducible and independent of the sample. The trace 
polymerization products, discussed in terms of the first appearance energy 
for C 2 N, do not appear to be responsible for the break observed for the 
C3N ion, leaving the possibility either of structural isomers or a metastable 
electronically excited state of the C 3N ± ion (ion transit time to detector for 

,n/z 50 at 10 eV ion energy is 70 Ls). The reactivity of the C 3N ion 

produced from HC 3 N by electron impact was studied in a selected ion flow 
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tube [16]. The pseudo-first-order log plot for the C 3 N ion decay was found 
to exhibit two linear sections for reaction with both H 2  and CH 4 . This 
behaviour is characteristic of different isomeric forms of the ion [17] al-
though the presence of excited states, such as a metastable electronically 
excited ion, could not be eliminated on this evidence. The enthalpies of 
formation for both species are given in Table 2. - 

The doubly charged molecular ion, HC3N2t,  was initially reported by 
Dibeler et al. [7]. The first and second ionization potentials for HC 3 N from 
the data in Table 1 are 11.56 and 20.74 eV, respectively. 

REFERENCES 

I H.W. Kroto, C. Kirby, D.R.M. Walton, L.W. Avery, N.W. Broten, J.M. MacLeod and T. 

Oka, Astrophys. J., 219 (1978) L133. 
2 N.W. Broten, T. Oka, L.W. Avery, J.M. MacLeod and H.W. Kroto, Astrophys. J., 223 

(1978) LbS. 
3 3.5. Knight, C.G. Freeman, Mi. McEwan, N.G. Adams and D. Smith, mt. J. Mass 

Spcctroun. Ion Processes, 67 (1985) 317. 
4 J.S. Knight, CO. Freeman, Mi. McEwan, S.C. Smith, N.G. Adams and D. Smith, Mon. 

Not. R. Astron. Soc., in press. 
5 A.B. Raksit and O.K. Iiohrne, mt. J. Mass Spectrum. Ion Processes, 57 (1984) 211. 
6 D.K. Bolime and A.B. Raksit, Mon. Not. R. Astron. Soc., 213 (1985) 717. 
7 V.H. Dibeler. R.M. Reese and J.L. Franklin, J. Am. Chem. Soc., 83 (1961) 1813. 
8 U. Buehler and I. Vogt, Org. Mass. Spectrum., 14 (1979) 503. 
9 P.W. Harland and B.J. McIntosh, mt. J. Mass Spectrum. Ion Processes, 67 (1985) 29. 

10 C. Moren and J.C. Bongrand, Ann. Chem., 14 (1920) 47. 
11 C. Baker and D.W. Turner, Proc. R. Soc. London Set. A, 308 (1968) 19. 
12 B. Naragan, Proc. Indian Acad. Sd. Sect. A, 75 (1972) 92. 
13 H.M. Rosenstock, K. Draxl, B.W. Steiner and J.T. Herron, J. Phys. Chem. Ref. Data 

Suppl. 1, 6 (1977). 
14 D.R. Stull and H. Prophet, JANAF Thermochemical Tables, NSRDS-NBS, 2nd edn., 

1971. 
15 N.N. Haese and R.C. Woods, Astrophys. J., 246 (1981) L51. 
16 J.S. Knight, Ph.D. Thesis, University of Canterbury, New Zealand, 1986. 
17 J.S. Knight, CO. Freeman and M.J. McEwan, J. Am. Chem. Soc., in press. 



Paner27 	 301 

I Chem. Soc., Faraday Trans. 2, 1986, 82, 2039-2046 

The Effect of Ion Structure on Gas-phase Ion Transport 
Properties 

Peter W. Harland, *  Bruce J. Mclntosh,t Richard W. Simpson and Noel R. Thomas 

Chemistry Department, University of Canterbury, Christchurch, New Zealand 

Drift theory has been used with a simple interaction potential to predict the 
relative effects of structural parameters on the ion transport properties of 
polyatornic ions drifting in helium. Experimental data measured using a 
static drift tube for ions of dissimilar chemical composition are in accord 
with the qualitative predictions of theory, the spatial volume of the ion being 
the dominant factor on the ion transport properties. Differences in the 
mobilities of some of the structural isomers of C 1 11 40 and C2 H 50 ions 

have been measured and rationalised in terms of their structural differences. 

A recent review of gas-phase ion transport by McDaniel and Viehland' traces the 
development of drift theory and describes the static drift tube technique employed for 

the determination of ion drift velocities over the energy range from thermal to ca. 10 eV. 

Chapman and Enskog 2  developed a theoretical treatment for spherically symmetric 

ions undergoing elastic collisions with a similarly characterised buffer gas under the 
influence of a weak, uniform electric field. This showed that the ion mobility is inversely 
proportional to the momentum-transfer integral which, in turn, depends on the interac-

tion potential between the ion and the neutral butler gas [eqn (1)-(4)]: 

\l/2 
(1+a) 

(1) 
ic 8 N \2pT, flt" ) (T) 

(I ( ""(T) 	(kfl3 j E' 2 Qt"(E') exp (—E'/kT) dE' 	 (2) 
0 

Q( ' )  (E') = 2ñ J [1 —cos O(b, E')]b db 	 (3) 

b 2  V(r)\ 2  dr 
O(b,F')=ir-2b I It 

" 

-Ira  \ 	 71 	 (4) 

where the ion mobility, K, is related to the experimentally determined drift velocity, Vd, 

by 

K=pa/E. 	 (5) 

E is the electric field gradient in the drift tube, q is the charge on the electron, bt is the 

reduced ion-neutral mass, k is Boltzmann's constant, T is the absolute temperature, 

nt 1 ' ° ( T) is the energy-averaged momentum-transfer collision integral, a is a correction 

factor (which is typically<0.04), N is the particle density in the drift tube, Q°'(E') is 

a transport cross-section for the relative energy, E', of the ion-buffer collision, O(b, E') 

is the deflection angle for an ion-buffer collision of energy E' and impact parameter b, 

t Present address: CSIRO, Chemical Physics Division, Clayton, victoria, Australia. 
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and V(r) is the ion-buffer interaction potential. The ion mobility is usually expressed 
as the standard or reduced (to sip-) mobility, K0 , given by 

_d( p )(273.15 	 (6 
T 

where p is the drift tube pressure in Torr. 
These relationships show that the temperature dependence of ion mobility is sensitive 

to the nature of the ion-neutral interaction potential. However, there was no distinction 
made between the ion and buffer-gas temperatures. Refinements of the theory by 
Viehland and coworkers" have addressed this and other deficiencies resulting in the 
two- and three-temperature theories. The two-temperature theory can be accurately 
applied to swarms of atomic (spherically symmetrical) ions moving in a single-component 
atomic buffer gas. The mobility of these ions are given by the Chapman-Enskog type 
of equation, which incorporates an effective ion temperature given by 

kTerr=kT+MV2d(1+P)l3 	
(7) 

where /3 is a second correction factor, which is typically <0.1, and M is the neutral mass. 

Although the two-temperature model has been successful for the modelling of 

mobilities over a wide range of El N, the ratio of the electric field to the particle density, 
the theory has failed to provide an acceptable description of transverse and longitudinal 
diffusion. The three-temperature model was developed to address this discrepancy, and 
these theories are now as accurate for atomic ion-buffer-gas systems as the most accurate 
experimental measurements. 

Two- and three-temperature theories have also been developed for molecular sys- 

tems' -6  from which a number of important qualitative features have emerged, although 
quantitative predictions have been precluded by the difficulties in calculating the collision 
cross-sections. The intimate relationship between the ion mobility and the ion-buffer-gas 
interaction potential, predicted for atomic systems by the Chapman-Enskog theory, 
remains an essential feature. For a fixed gas temperature there are a number of system 
properties which influence the interaction potential and hence the magnitude of the ion 
mobility; the buffer-gas polarizability, the dipole moment of the ion precursor, the 
effective size and shape of the ion and the ion-neutral reduced mass. 

Ions of the same nominal mass but of dissimilar chemical composition and structure, 

N 2' and H 2CN for example, may exhibit different ion transport properties as a con-
sequence of differences in their interaction potentials with the buffer-gas atoms. Pre-
liminary calculations have been carried out to assess the relative effect of ion dimension, 
dipole moment and the depth of the well in the interaction potential on the ion mobility 
in helium using eqn (1)-(7). The generalised potential 

V(r)=r 	-2L / J 	
(8) 

L\
L

rI 	\r 	Sne 0  

	 8ire0r 

was used to determine the effect of individually varying the well depth c, the ion-atom 

separation corresponding to the minimum in the potential, rm , and the dipole moment 

d. The ion-atom separation is r, to  is the permittivity of free space and a is the 
polarizability of theneutral target. Collision integrals were calculated from this potential 
using the program of Smith and O'Hara,' from which the dependence of the drift velocity 

on E/ N was calculated using the two-temperature theory, which included the calculation 

of a and 0 
to first order. The results of these calculations suggest that, for a given 

El N, an increase in the dipole moment from 0 to 26 x 10 °  Cm (0 to 8 Debye) would 

result in an increase of <1% in the drift velocity. An increase in rm  by 0.01 nm would 

result in a decrease of Ca. 6% and that an increase of 0.1 eV in the well depth would 
give a decrease of 10%. The mass, size and shape of an ion will influence both rm  and 
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E in an undetermined way; however, an increase in the radius of an ion of ml  = 45 of 
0.01 nm (0.21 to 0.22 nm, for example) would translate into a decrease of Ca. 10% in 
the ion mobility for E/N in the range 10-10OTd.t 

The mobilities of chemically dissimilar ions of the same nominal mass and structural 
isomers of the general type C2HO, where x = 3-5, have been measured or taken from 
the literature to illustrate the effect of ion structure on ion transport properties. 

Experimental 

The drift-tube mass spectrometer used in this study has been previously described."' 
Briefly, the drift tube comprises eleven 1 cm gold-plated interlocking drift rings of 5cm 
internal diameter enclosed in a temperature-controlled acuum envelope. A movable 
electron impact ion source, incorporating an electron-beam control grid and a two-
element plane lens, is enclosed in a stainless steel sleeve which is electrically biased 
according to its position in the drift tube. The ion source may be positioned along the 
drift-tube axis to an accuracy of better than 0.1 mm. Ions gated from the drift-tube axis 
pass through a skimmer into a second vacuum chamber for mass analysis by an 
Extranuclear model 4-270-9 quadrupole mass filter and detection by pulse counting. 

The drift tube was operated within the pressure range 0.3-0.5 Torr (40-67 Pa). Dilute 
gas mixtures of the sample of interest in helium, 0.04-0.1%, were prepared on a 
high-vacuum gas-handling line using an MKS liaratron capacitance manometer. Elec-
tron and ion gatings are achieved by the application of square-wave voltage pulses to 
the electron beam control grid and the ion exit grid to over-ride small blocking bias 
voltages on these elements. He ions, generated in the helium buffer gas by 80 eV 
electron pulses of 2 j.ts duration, undergo charge-transfer and dissociative charge-transfer 
reactions with the trace component. The ions formed drift out of the ion source under 
the influence of a uniform electric field whose magnitude is determined by the ratio 
El N, where E is the electric field gradient in Vm' and N is the particle density in the 
drift tube in in'. The arrival-time distributions of ions arriving at the drift-tube exit 
orifice are sampled at I As intervals and the mass-selected ion pulses accumulated for 
repeated scans. The operating frequency is typically 10 kHz, with counting times of 
30-60 s per increment. Drift velocities are determined from the slopes of mean arrival 
time vs. drift distance plots for 8-10 drift distances at each value of the FIN'. 

Dimethylether was prepared by the reaction of 98% sulphuric acid on methanol at 
135 °C and the product purified by vacuum distillation. Ethylene oxide and acetaldehyde 
were vacuum distilled from B.D.H. reagent-grade products, and spectroscopic-grade 
ethanol was used without further purification. 

Results and Discussion 

The influence of ion structure on the reduced mobilities for ions of dissimilar composition 
is illustrated in 11g. 1 for positive ions of m/z 16, 18, 28 and 41. The data were taken 
from the literature"' and from measurements made in this laboratory.' Except for 
NH, which is rapidly removed by reaction, and ArH, which requires gas mixtures 
with substantial partial pressures of hydrogen, the drift velocities for all of the ions 
shown in the figure have been measured in this laboratory at several values of the F/N 
for comparative purposes against the literature. The agreement was better than 3%, 
with the relative values for each pair of ions of the same rn/z being in the direction 
shown in the figure, i.e. H 2O more mobile than NH 4'etc. 

Drift theory for polyatomic ions in atomic gases has not been developed with sufficient 
sophistication to provide quantitative comparisons between the behaviour of ions of 

t B/N is usually expressed in the unit townsend, Td, where I Td= 10" Vm'. 
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Fig. 1. Reduced mobilities as a function of El  for pairs of chemically dissimilar positive ions 

of rn/z = 16, 18,28 and 41, in helium at or close to 300K.•, 0(16); X, Nl-lt(16); 0, H 20(18); 

0, C04(28); *, Nl-1(18); A, ArHI4I); V, H 2CN(28); +, C2H3N1 41 ). 

the type plotted in fig. I. Interaction potentials have not been determined for such ions, 
and the data for atomic ions are very limited. The calculations outlined in the introduc-
tion provide only a qualitative guide to the expected effect of dipole moment, ion 

dimension etc., although the figures quoted for the relative magnitude of these effects 
on the mobility are reliable within the constraints of the chosen form for the interaction 
potential. In the absence of realistic interaction potentials for the ions studied it is not 
feasible to unfold the individual contributions of these parameters on the experimentally 
observed mobilities. However, it is possible to rationalise the results in terms of the 
theoretical calculations given above. 

The mobility curves for the ions of m/z 16, Of and NH, and for the ions of rn/z 

41, ArH and C2 H 3 Nt provide the most graphic illustration of the effect of ion spacial 

volume on mobility. For ions of rn/z 41 a difference of 0.06 nm in the effective diameter 
of the ions would be sufficient to account for these observations. This is equivalent to 

a change of 0.05 not in rm  for a fixed well depth, e, or a change of 0.3 eV in the well 

depth for a fixed rm . 

The literature values for the reduced mobilities of N and CO', ,n/z28, are in 

close agreement as might be anticipated for ions of the same shape, the small dipole 

moment of 3.9x io - ' Cm (0.117 D) for CO exerting only a minor influence on the 

CO-He interaction potential. The H 2CN4  ion of the same nominal mass is a larger 
ion which would exhibit a higher collision cross-section and therefore a lower mobility. 

The dipole moment of the H 2CN species will be Ca. 3 x io3° Cm (ca I D) and would 

not be a significant influence on the interaction potential. The observed differences in 
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Table I. Isomers of C2H50F 

structure 
relative a!, mum 19  
energy/ ki mol' 

experimental relative 
15-18 

energy/kJ mor' 

(U) C11 1C11 201-1 182 - 

(C) 
4 ou 
/ \ 

132 109 

I-I 2C - Cl-I 2  
(B) Cl-1,ÔCI-1 2  63 

(A) CH,CI-IOH 0 0 

the mobilities of the CW and 1I 2CN ions may be attributed directly to the effect of 

the ion structure on the interaction potential, i. e.  F and r,,, 
According to the calculations the dipole moment of H 20, 6.2 x io °  Cm (1.85 D), 

would tend to an increase in the mobility of the H 2O ion, m/z = 18, over a spherically 

symmetrical 'hard-sphere' ion of the same ml; whereas the greater size of the NH 4' 

ion, rn/z = 18, would lead to a decrease in the mobility, i.e. an increase in the energy 

averaged momentum transfer collision integral. The experimental result is a mobility 

difference oil 1 9% for El N = 30 Td and 18% for E/ N = 1001A, relative to the mobility 

of the NH 4' ion. The curves of reduced mobility vs. El  cross at low E/N, the H 2O 

curve exhibiting a maximum which is characteristic for helium data. The shape of the 

NH 4'curve is quite different, this is a reflection of the difference between the interaction 
potentials of these ions in the vicinity of the potential minimum, the competing influences 
of the attractive and repulsive components of the potential. 

The mobilities of several structural isomers of the C 2 HO series, where x = 3-5, 
were determined in order to investigate the effect of more subtle structural differences 
on the transport properties of ions. The choice of isomers was restricted by the 
requirements for ions formed with a high dissociative charge transfer cross-section from 
He and high isomerisation barriers to interconversion. The recombination energy of 

helium is 24.6 eV, and the appearance energies for the C 2H04  ions from the precursor 

molecules, acetaldehyde, ethylene oxide, dimethyl ether and ethanol, all lie within the 

energy range from 10.2 to 14.5 eV. 
13.1 ' The neutral products of the ionisation process 

are helium with either or both hydrogen atoms and hydrogen molecules. These light 
fragmentation products will carry away a substantial fraction of the excess energy 
released in the dissociative charge-transfer process in the form of recoil energy with any 
internal ion energy being thermalised in collisions with the helium buffer gas (pressure 

0.5 Tort). The structural isomers studied have been shown to exist as non-interconverting 
species in kinetic and collisional dissociation studies, and both experimental and theoreti-
cal values for the enthalpies of formation are available (tables 1 and 2). 

C2H 50 (m/z = 45) 

Four stable structures for the C 2 H 5 O ion are shown in table 1 with experimental ' 5 ' 8  

and theoreticaP 9  relative enthalpies of formation. The absolute enthalpy of formation 
for the protonated acetaldehyde molecular ion, structure (A), was reported to be 

598 kJ mor'.' 5  Drift velocities were determined for the C 2 H 5O fragmentation ion from 

dilute mixtures (0.2%) of ethanol and dimethyl ether in helium and for the protonated 

molecular ion of acetaldehyde for mixtures <0.5% of acetaldehyde in helium. Plots of 

reduced mobility vs. El N are shown in fig. 2. The mobility of the C 2 H 5O ion produced 

from dimethyl ether, which has a C—O—C skeletal structure, is between 3 and 6% 

lower than the mobility determined for the same ion produced from ethanol and proton 
transfer to acetaldehyde, which have a C—C—O skeletal framework. The actual 
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Fig. 2. Reduced mobilities as a function of El N for the C 2HO ion produced from three different 
precursor molecules in helium at 293 K. x, CH 3OCH 3 ; 0, C 2 11,OH; A, CH 3CHO. 

structures for the ions can only be inferred from the information in table 1; the ion 
produced from dimethyl ether is assumed to be the C—O—C isomer (B) and the species 
formed from ethanol and acetaldehyde, which have the same ion transport properties, 
is assumed to be isomer (A). This being the case, then the C—O—C isomer exhibits a 
higher momentum transfer collision integral, and therefore a lower mobility, than the 
C—C—O isomer. This may be rationalised in terms of the structures shown in table 1. 
Terminal carbon atoms carry at least two hydrogen atoms projecting away from the 
carbon-oxygen skeleton, whereas a terminal oxygen carries only one hydrogen atom. 
The oxygen atom in structure (A) also carries the charge which further constrains the 
spacial volume at the oxygen end of the ion. The magnitude of Qu')(T) reflects the 
spacial volume, and hence the collision cross-section of the ions on helium, in the same 
way as discussed above for chemically dissimilar ions of the same nominal mass (fig. 
1). The effect of the number of terminal hydrogen atoms on mobility is well illustrated 
by a comparison of the mobilities of the CN t, HCN t  and H 2CNt  ions, where the 
difference in mobility are far greater than would be anticipated on the basis of their 
unit-mass changes. 9  

C21140'(m/z =44) 

The structures, relative ab initio2°  and experimental 11,21-2' energies for the C 2 H 40t  

isomers are shown in table 2. The four structural isomers shown correspond to the 
molecular ions of vinyl alcohol (A), acetaldehyde (B) and ethylene oxide (D). Structure 
(C) corresponds to a ring-opened ethylene oxide or a fragmentation product of dimethyl 
ether. The relative enthalpies of formation shown in table 2 are referenced to an absolute 
value of 757 kJ mot - ' for isomer (A), which was determined by 'monochromatic' electron 

impact. 23  Mobility data for C 2 H 4Ot  ions from dilute (<0.2%) mixtures of ethanol and 
ethylene oxide are shown with data for CO (m/z44) in fig. 3. The electron-impact 

study identified the C 2 11 40 ion from ethanol as the vinyl alcohol structure (A) and 

two ion cyclotron resonance studies' 6 '2 ' both proposed that the C 2 H40 isomer from 
ethylene oxide is the ring-opened structure (C). The isomerisation barrier for conversion 
of the closed ethylene oxide structure (D) to the more stable ring-opened structure (C) 
has been estimated to be 105-120 kJ mot - '." The exothermicity of the charge-transfer 

reaction of He t  on (CH 2 ) 20 is 1.45MJ me] - '. This wouldcertainly provide enough 
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Table 2. Isomers of C 2 H 4O 

relative ab initio 22 	experimental relative' 62t23  

structure 	 energy/k.) mor' 	 energy/kJ mol 

a 

	

(D) 	/\ 	 182.6 	 209 

H 2C—CH 2  

	

(C) 	CH 2 OCI-1 2 	 124.9 	 101 

	

(B) 	CH 3 CH=6 	 52.3 	 63 

	

(A) 	CFI 2CII6I-I 	 0 	 0 

15 

'4 

13 
U 
-_ 12 

11 

20 	40 	0 110 	100 	120 

(E/N)/Td 

Fig. 3. Reduced mobilities as a function of E/ N for the C 2 1-1 40 ion produced from two different 

precursor molecules in helium and for CO produced from CO, in helium at 293 K. A, m/z = 44, 
C04 

/CO2; 0, C 2 1l 40/C,h1 50H(A); 0, C 2 H 40/(CH 2 ) 20(C). 

internal energy to drive isomerisation. The mobility curves shown in fig. 3 have been 
labelled according to these considerations. The difference in mobilities between the two 

isomers is Ca. 10%, the C-0--C isomer exhibiting a lower mobility (higher collision 

cross-section) than the C—C---O isomer in accord with the C 2 H 5O results. Data for 

the mobility of CO in helium were taken from the literature. 10  

C2LI,O (rn/z 43) 

The C 2 H 3 O ion is a minor product (ca. 1%) of total He' dissociative charge transfer 

ionisation of dimethyl ether and (ca. 9%) from ethanol. The ion density in the drift 

tube must be maintained low enough (ca. io-  cm - ') to preclude Coulombic repulsion 

and the distortion of the arrival-time profiles. This seriously limited the C 2 H 30 ion 

signal and the reliability of the measurements. Nevertheless, the mobility of the C 2 H 30 
ion produced from ethanol and dimethyl ether were measured over the range 80-140 Td, 

the values for the C—O—C isomer from dimethyl ether being consistently ca. 3% lower 

than the C—C—O isomer from ethanol. 

Conclusion 

The effects of ion structure on ion transport properties in helium have been qualitatively 
predicted from drift theory and confirmed experimentally. Significant differences 
between the mobilities of chemically dissimilar ions of the same mass-to-charge ratio, 
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In/z, have been rationalised in terms of dipole moment, ion size (shape) and structure 
in accord with the predictions of the calculations. Smatter differences in mobility have 

been found for the structural isomers of C 2 HO, where x=3-5.  The experimental 
mobility data may be used to estimate the interaction potential for the ion or vice versa 

for the few cases where an ab initio or experimental interaction potential is available. 

Ab initio and semi-empirical interaction potentials are currently under consideration 
for atomic and polyatomic positive and negative ions. The comparison of experimental 
ion transport properties with calculated values will provide information on ion structure, 
particularly for negative ions where few molecular-orbital calculations have been per- 

formed. 
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Abstract. Die nobility of F lit hellion I,ts been calculated using the two-temperature 

theory of ion transport. The interaction potential required by this theory was calculated 

at the M l'4S DQ/ ('-3!! 4-0 ( 3d f, 31,d) level of theory. In order for the theoretical results to 

fail within the experimental error of the corresponding experimental results, a high level 

of theory is required in the calculation of the interaction potential. 

Introduction 

The classical theories describing ion transport in gases are well known and have been 

the subject of a recent review (McDaniel and Viehland 1984). In particular, the two-

and three-temperature theories are capable of accurately describing the relationship 

that exists between the ion-neutral interaction potential and the observed mobility and 

diffusion coefficients. Thus, it is possible to use these theories to test proposed 

interaction potentials for a particular ion- neutral system through a comparison of the 

calculated ion transport coefficients with the corresponding experimentally determined 

values. This method has been applied several times (for example, Viehland and Lin 

1979, Viehland and Mason 1984, Gatland eta! 1977) usually with interaction potentials 

obtained from scattering experiments. The two- and three-temperature theories have 

also been used in an inversion-type procedure to extract the ion-neutral interaction 

potential directly from experimental mobility measurements (Viehland et a! 1976). 

These theories have also been applied to ion-neutral systems using an ab inhtlo 

interaction potential (for example, Viehland 1983). Such calculations require an 

accurate potential surface over a large range of internuclear separation. In this paper 

we will show how application of the two-temperature theory of ion mobility, as applied 

to F ions drifting in helium using an a!) inhtia interaction potential, can give results 

in agreement with experiment when the interaction potential is calculated at a high 

level of theory. The sensitivity of the calculated mobility to small changes in the 

interaction potential will he shown. 

Two-teniperature theory 

Viehland and Mason (1975, 1978) provided the first rigorous kinetic theory of ion 

mobility in neutral gases in which the ions are allowed to have a temperature different 

from the neutral-gas temperature. This is the two-temperature theory and is known 

to adequately describe mobility but not the transverse or longitudinal diffusion 

coefficients for which the three-temperature theory was developed (Lin et a! 1979). 

0022-3700/87/122723 ±09802.50 © 1987 lOP Publishing Ltd 	 2723 
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The two-temperature theory was used in this paper principally because it is much 

easier to apply than the three-temperature theory (McDaniel and Viehland 1984) and 

also because, as shown below, there is little to be gained by using the three-temperature 

theory when relatively large changes in the calculated ion-transport properties are 

caused by small adjustments to the interaction potential. 

The mobility, K, of an ion is written, according to the two-tern perature theory, as 

3 q(-w 	
)i/2 	I+a 	

(I) 
K = 8 N 21tk 11 T, 	ill 

Li ( 	) 

where q is the ion charge, N is the gas density, t is the reduced mass, k it  is lioltzmann's 

constant and if 	( T 11 ) is the first in a series of momentum-averaged collision integrals. 

The temperature  T 	is the effective  ion temperature which is related to the ion 

temperature Ti  but is normally given by 

	

4k17=k0T+Mv(1+[3) 	 (2) 

where the butler gas temperature is T and M is the neutral gas atomic or molecular 

mass. It can be seen ill (2) that as the drift velocity v 1  of an ion increases the effective 

ion temperature also increases. The quantities a and $ present in equations (I) and 

(2) depend in it complicated way on higher-order collision integrals, the ion and neutral 

gas masses and  otlier experimental parameters. To it first approximation  they may be 

written as (Viehland and Mason 1978): 

ni (ill + Al) 	( l0(m+All 5(m _M)+4MA t)i dIn K 	
(3) 

- 5(3,n 2 + M 2 )+811IMA*k5 5m+3MA * 	n,+ M 	Id ln(E/N) 

,nA4(5 _2,4*) 	d In( K) 

	

= 5(ni 2 + M 2 )+4n:MAt  d ln(E/ N) 	
(4) 

The mass of the ion is in. The quantities At ,  11* and Ct are ratios of higher-order 

collision integrals and are defined as 

At = 
	 (5) 

13* 	(511T 1,2) - 4( '.3 ))/ff I - I 
	

(6) 

Ct = UI 	 (7) 

Equations (8), (9) and (10) show how the collision integrals required by this theory 

are related through three levels of integration to the interaction potential (McDaniel 

and Mason 1972): 

is }( T) = [(s + 1)!] - 'exp( - x )x 1  Q,( kTx) dx 	 (8) 

Q( E') = 2( I - 
	

) 

—

1  r b( I - cos'x(b, E')) dh 	 (9) 

	

j2 	V(r) -112  dr 

	

x(b, E')= ,,--2b J (\ l - r 	E 
--;-----;-- 	

r 

	

) 	 (10) 

Equation (10) is the classical deflection function, which determines the deflection angle 

in an ion-neutral collision as it function of the impact parameter b and the relative 

energy F. This classical deflection function depends on the interaction potential V(r) 
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that exists between the ion and neutral-gas molecules. The lower integration limit r0  

is the outermost root of eqtiation (II): 

I  _1 _.YLL 0 . 	 (11) 
i•; 	B' 

The second and third integrations average over impact parameters and energies, 

respectively, to produce collision integrals as a function of temperature. In the two-

temperature theory the temperature used here is the effective temperature The 

collision integrals were evaluated using the program developed by O'Hara and Smith 

(1970, 1971). Slight modifications were made to the program to enable an interaction 

potential known only at a discrete number of points to he used; t hese will be discussed 

later. The program evaluates the reduced collision integrals 11"`*as it function of a 

reduced temperature T* .  These integrals are related to the actual collision integrals 

and effective temperatures by the following equations, where r, and e have units of 

distance and energy, respectively, and V'(r) is the interaction potential actually used 

by the program: 

V'(r) = t '  V(r/r,) 	 (12) 

T*) 	 (13) 

T*s_k ii Teii . 	 ( 14) 

It can be shown that the collision integrals, 
flV( 

 T11), do not depend on the choice 

of values for i,, or €. Given an interaction potential, and choosing r, and s one can 

use the 01-f ara-Sm ith program to evaluate the reduced collision integrals IIIl. 
1* as a 

function of the reduce(] temperature T. Alter scaling one obtains the collision integrals 

as it function of the effective temperature. These integrals can then be used in our 

two-temperature theory program to determine the reduced mobility as a function of 

the parameter El N. The parameter El N is the average electric field experienced by 

each ion and is usually reported in units of townsends (Td), where lTd = 10_ 21  V in 2 . 

The mobility, K, and reduced mobility, K0 , of an ion are defined as 

K=v/E 	 (15) 

P 273.16 (16) 
760 T  

where Va is the average ion drift velocity, B is the electric held, and P and T are the 

experimental pressure in Torr and temperature in kelvin, respectively. 

We can therefore write the reduced mobility as 

K 0 =0.372 20v/(E/N) 	 (17) 

where the -drift velocity La is in units of in s '  and E/ N is in Td, K. then has units 

of 10-4m2 V s. The two-temperature theory program used reads a tabulated interac-

tion potential and a set of temperatures. Following this the O'Hara-Smith program 

determines collision integrals at these temperatures to a specified accuracy (in the 

present paper an accuracy of 0.01% was used). Values of a and /3 are calculated and 

used to obtain the second approximation of the drift velocity or reduced mobility at 

discrete values of El N. Intermediate values of the drift velocity or reduced mobility 

can be obtained by interpolation on this calculated set. Using this method we were 

able to compare calculated reduced mobilities with their experimental counterparts at 

the values of li/N at which the experiments were performed. 
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3. The I-Icr interaction potential 

The ground-state interaction potential of licE, separating at infinity to He 'S and 

F-  'S, was calculated using the Gaussian 82 program (Binkley ci a! 1983) at the 

MP4SDQ/6-31 I +G(3d1, 3pd) level of theory, excluding core contributions to the 

correlation energy. At this level of theory the electron affinity of fluorine was calculated 

to be 3.157 eV, as compared with the experimental value of 3.399 eV and the error in 

the energy of the He atom is 0.13 eV. The results of the calculation at the I-IF, MP2 

and MI4SDQ levels of theory are given in table I. Calculations were also performed 

at the same level of theory using the 6-311 +G **  basis set. A natural cubic spline was 

used to transform the calculated potential points into the analytic function required 
by the O'Hara-Sniith program. Analytic functions were fitted to both ends of the 

spline to ensure that the potential Function was defined for all internuclear separations. 

Outside r,, 111, and r,,,, the functions used were 

0< r 	r,., 	 (18) 

V(I) = 	- 	,,  

	

(r - II ) 	
00. (19) 

The constants a, b, c and ci were determined during the fitting procedure for given 

values of in and It; a and b were chosen so that function (18) matched the spline and 

'Fable I. I -Ia rt ree- I:ock, M P2 and M P45 I)Q total energies as a function of internuclear 
sc,,arati',,i br 110 7  

(A) 
IS 
(tir) 

E(MI'2) 
(Hariree) 

IS 
(MI'4St)Q) 

0.875 -101.735 086 -102.081608 -102.083 380 

1.000 - W I .905  339 - 102.250 593 -102.251498 

1.125 -102.045 273 -102.379 418 -102.382 096 

1:250 -102.141 120 -102.468781 -102.472 140 

1.375 - 102.202 732 -102.526 809 - 102.530 412 

1.500 - 102.241 556 - 102.563 573 -102.567 240 

1.625 - 102,265 880 - 102.586 701 - 102.590 348 

1.750 -102.281 073 -102.601 225 -102.604807 

1.875 - 102.290 532 -102.610340 -102.613 838 

2.000 - 102.296 412 -102.616 072 -102.619 482 

2.250 - 102.302 361  - 102.621 997 - 102.625 253 

2.500 - 102.304 661 - 102.624 385 - 102.627 529 

2.750 - 102.305 525 - 102.625 332 - 102.628 402 
3.000 - 102.305 827 - 102.625 683 - 102.628 708 
3.125 - 102.305 880 - 102.625 749 - 102.628 759 

3.250 -102.305 897 -102.625 773 -102.628 772 

3.375 -102.305 893 -102.625 771 -102.628 761 

3.500 - 102.305 875 - 102.625 751 - 102.628 736 

4.000 - 102.305771 - 102.625 620 - 102.628 595 
4.500 - 102.305 687 - 102.625 510 - 102.628 480 

5.000 -102,305 637 - 102.625 443 - 102.628411 

5,500 - 102.305 608 - 102.625 407 - 102.628 374 
- 102.305551 - 102.625 345 - 102.628311 



Paper 28 	 313 

Calnila (jail at the iiiobihtr of F in He 	 2727 

derivative at r = r,,,, c and if were determined by requiring that function (19) match 

the two interaction potential points at the large-r- end of the spline. Tests showed that 

the values of the collision integrals were relatively insensitive to the values of in and 

ii chosen. The results presented here were determined with in = it = 5, since it = in = 5 

appeared to give the best (it to the calculated values. The degree of fit was independent 

of it and in to less than 0,1%  over the range from 4 to 7. For internuclear separations 

important in determining the values of the collision integral at low El N, the dispersion 

term appears to have a significant contribution as well as the ion-induced dipole 

term. The calculated points and the interpolated and extrapolated interaction 

energy curve are shown in figure I. The modifications to the O'Hara-Smith program 

enabled the cubic spline coefficients as well as the values of a, b, c and d to be read 

into it COMMON block. The modified potential function and derivative function in the 

program could then take their values directly from this extended spline interpolating 

function. 

16 

12 

>8 

U., 

5 

Figure I. Interaction potential of '1 l-lcF. S Mr4SDQ/6-31 I +O(3d1, 3pd) values. 

4. Results and discussion 

The reduced mobiltiy of F in helium as a function of E/ N has been reported by 

Down ci a! (1977, 1979) and included in a compilation of mobility data by Ellis eta! 

(1978). We have used these values as the basis for our comparison of theory and 

experiment. We have applied the two-temperature theory, calculating a and /3 to first 

order, to several related HeF' interaction potentials, thus determining the theoretical 

dependence of both the reduced mobility K0  and drift velocity Vd  on the parameter 

E/N. The following interaction potentials were used in our two-temperature theory 

calculations: 
(i) MP4SDQ/6-31 I +G(3d1', 3pd); 
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HF/6-31 I +G(3df, 3pd); 
same as (i) except only points lying on a purely repulsive curve were used; 

same as (I) except the well depth was halved. 

In table 2 are listed the results from the two-temperature theory calculation using 

potential (U; the 7, 0  values used were determined by setting $ to zero and using 

equation (2) to convert the experimental drift velocities to approximate effective 

temperatures. Table 3 compares the reduced mobilities from all calculations and the 

drift velocity from the calculation using potential (i) with the corresponding experi-

mental quantities; the raw calculated reduced mobilities and drift velocities were 

interpolated using a cubic spline to provide values at the experimental values of E/ N 

in this tabulation. 

[able 2. Calculated inotnentur,,-iransfer collision integrals, drift velocities, reduced 

rt,ol,ilities 1,1(1 related quantities For 11c+1 7   

TIM 

If ' 	 L,) 
(10_ri ni 2 ) a [3 (nis') 

(3/ N 
(Td) 

K 
(10 4 rn 2 V's" 1

) 

298.0 23.51 0.000 -0.000 78.04 1.171 25.09 

310.0 23.01 0.000 -0.000 284.6 4.226 25.07 

360.0 21.56 0.003 -0.002 627.2 9.356 25.95 

450.0 19.65 0.008 -0.006 979.4 14.81 24.62 

534.0 18.42 0.013 -0.010 1221 18.75 24.24 

590.0 17.77 0.016 -0.012 1359 21.12 24.96 

770.0 16,25 0.022 -0.016 1731 27.92 23.07 

8700 15.63 0.024 -0.018 1907 31.39 22.62 

99(1.1) 15.02 0.026 -0.0 19 2098 35.32 22.11 

I 277,0 13.92 0.030 -0.021 2497 44.09 21.08 

I 750.0 12.69 0.032 -0.023 3044 57.24 
7 

1. 
 58 

19.76 

2321.0 11.69 0.033 -0.023 3593 18.69 

3 170.0 10.66 0,034 -0.023 4281 90.86 17.54 

4600.0 9.517 0.033 -0.023 5238 119.6 16.30 

5500.0 8.999 0.033 -0.022 5758 136.1 15.75 

6400.0 8.573 0.032 -0.023 6235 151.5 15.32 

7400.0 8.176 0031 -0.021 6724 167.7 14.93 

8600.0 7,777 0.030 -0.020 7267 186.0 14.55 

10700.0 7.215 0,029 -0.019 8130 215.6 14.04 

12200,1) 6.888 0.028 -0.018 8692 235.2 13.75 

The theoretical and experimental values of the reduced mobility, K0 , as a function 

of El N are compared graphically in figure 2. The graphical comparison of the 

theoretical and experimental drift velocities as a function of El  is shown in figure 3. 

The MI'4SDQ potential (i) was in good agreement with the experimental values 

of K, at large E/ N but was poorer than the Flartree-Fock potential (ii) at very low 

E/ N. The reason for this is explained by the results from potential curves (iii) and 

(iv) as shown in figure 2. The two-temperature theory calculations based on these 

curves show the effect of partially or fully neglecting the very small well (D = 0.0126 eV; 

= 3.25 A) found in potential (i). Thus we conclude that although correlation energy 

makes an important contribution to the interaction energy, it must be determined 

consistently over a wide range of internuclear distance for the interaction potential to 

be useful in mobility calculations. It would appear that the M1 14SDQ potential has 

overestimated the depth of the potential well by about 0.007 eV. Comparison of the 
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Table 3. Theoretical and experimental values for the reduced mobility of F 	in He 

K(10 n1 2  V' 11) v,,( 10 2  ms ' ) 

E/N(Td) M1 14S1)Q ill Hall well 	Repulsive Experiment NIF'4SDQ Experiment 

2.0 25.1 27.1 29.7 33.6 29.2 1.35 1.57 

4.0 25.1 27.0 29.5 33.2 28.9 2.69 3.10 

6.0 25.0 	. 26.9 29.2 32.5 28.5 4.04 4.60 

8.0 25.0 26.7 28.8 31.8 28.2 5.37 6.06 

10.0 24.9 26.5 28.4 30.9 27.8 6.70 7.47 

12.0 24.8 26.2 27.9 311.1 27.5 8.00 8.86 

15.0 24.6 25.8 27.2 28.9 27.0 9.92 10.9 

2(1.1) 24.1 24,9 25.9 27.2 26.1 13.0 14.0 

31)1) 22.8 23.2 23.8 24.5 24.6 18.4 19.8 

40.0 21.5 21.8 22.2 22.6 23.2 23.2 24.9 

60.0 19.6 19.6 19,9 20.1 20.9 31.5 33.7 

80.0 18.1 18.1 183 18.5 19.3 39.0 41.5 

100.0 17.1 17.0 17.2 17.3 18,0 45.9 48.4 

120.0 16.3 16.2 16.4 16.4 17.0 52.5 54.8 

140.0 15.6 15.5 15.7 15.7 16.3 58.8 61.3 

160.0 15.1 15.0 15.2 15.2 15.7 64.9 67.4 

180.0 14.7 14.5 14.7 14.7 15.1 70.9 73.0 

200.0 14,3 14.2 14.3 14.3 14.6 76.8 78.5 

220.0 14.0 13.8 14.0 14.0 14.2 816 83.9 

35 	I 	 I 	 I 	 I 
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Figure 2. Calculaled and experimental reduced mobilities of F in helium. •, experiment; 

(-.----), Ml'4S1)Q; (---), HF; (- -), half well; ( .....), repulsive curve. 
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Figure 3. Calcula(ed and experimental drift velocities of F in helium. •, experiment; 

(-----), MI'4SDQ;  (— —), i ri; 	- -), half well; I- - - -),  repulsive curve. 

MP4SDQ and 1fF potentials suggests that at small internuclear separation the calculated 

interaction potentials are not steep enough. 
The drift-velocity comparisons, as shown in figure 3, do not show the effect of the 

size of the potential well and it appears that agreement with experiment is good for 

Ud values at low E/N but not as good at high E/N. However, at a given value of 

El N, the percentage errors between the calculated drift velocities and the experimental 

measurements are the same as the percentage errors between the calculated reduced 

mobilities and the experimental measurements. 
Very small fluctuations in an interaction potential especially at larger distance can 

have a major effect on the calculated mobility. However, once an accurate interaction 

potential has been obtained, it can then be used to calculate the depence of the reduced 

mobility, K, or drift velocity, v, 1 , as it function of El N, at any temperature, including 

temperatures outside the range accessible to experimentalists. 

Calculations are currently underway to explore the effect on the ion transport 

properties of low-lying excited-state interaction potentials, with the aim of determining 

which ion-neutral interactions are important in accounting for experimentally observed 

mobility data and for the prediction of previously unmeasured ion transport properties. 
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The Structure and Energetics of the C 3 N Ion 

Peter W. Harland and Robert C. A. R. Maclagan t  

Department of Chemistry, University of Canterbury, Christchurch, New Zealand 

Ali inislo calculations of the relative energies for various structures and 
electronic states of the C,N ion have been performed and the results used 
to interpret the C,N ionization efficiency curve measured by the 'near-
monochromatic' elect ron- ml pact ionization  of cyanon cetyl ene, II C N. The 
calculated lowest-energy isomer, which is reconciled with the experimental 
appearance energy of the C,N' ion at 17.78±0.08 eV, is a state of the 
CCCN 4  isomer, corresponding to an experimentally determined C,N 
enthalpy of formation of 1850 kJ mol'. A sharp break in the experimental 
ionization efficiency curve 0.9 eV above the appearance energy is in accord 
with the formation of a cyclic C,N isomer which is calculated to lie 1.0 eV 
above the ground slate, There is no conclusive experimental support for the 
electron-impact formation of the isocyano CCNC 4  isomers, which are calcu-
lated to lie 0.15 and 0.50 eV above the ground state. 

The ionization efficiency curve for the cyanoethynyl ion, C,N, investigated by the 

monochromatic electron-impact ionization of cyanoacetylene, I-IC,N, revealed a sharp 
break 0.9 eV above the threshold.' Such an increase in the ionization cross-section with 
a distinctive threshold is characteristic of an additional channel for ion formation. This 
may involve further fragmentation of the dissociating molecular ion, the formation of 
an electronically excited neutral or ionic fragmentation product or the production of a 
higher-energy isomer. When several possibilities are energetically favourable it may be 
difficult to elucidate the ionization mechanism unambiguously. Complementary infor-
mation from other experimental techniques, such as collision-induced dissociation and 
kinetic studies, as well as theoretical calculations of the structures and relative energies 

of the fragmentation products must be taken into account. 
An experimental investigation of the C,N ion formed from electron-impact ioniz-

ation of C 2 N 2 , CJ-I,CN and CITI 3 NC, 2  and from HC,N' has identified two isomers, 

CNC and the higher-energy isomer CCN, in agreement with the earlier predictions 

of all mi/jo calculations.' The difference in value between the enthalpies of formation 

for the isomers of the series I-1,CNC 4 /HCCN, where x = 0 to 3, range from 

—106kJ mor' for al-1 1 (CNC)--aHr (CCN 1 ) to —21 kJ mol' for AH 1 (F1,CNC)-

/JsHr (H,CCN) 2  with an inversion of relative isometric stability for  =4, where a kinetic 

study showed that AH r (H,CNCH')'aHr(H,CCNH) is 43 kJ mor
1

. 4  The relative 
stabilities for this series of isomers could not have been predicted from the experimental 

enthalpy data and chemical intuition alone. 
The only neutral fragmentation product from the formation of the C, N 4  ion from 

ITIC 3 N is the hydrogen atom. This eliminates the possibility that either electronic 
excitation or isomeric forms of the neutral fragmentation product could account for the 
second threshold occurring 0.9 eV above the first appearance energy for the ion. The 
second channel must involve either a metastable electronic state of the lowest-energy 
isomer formed at the first threshold or a stable, higher-energy isomer of C,N 4 . The 
experimental results cannot be used to differentiate between these two possibilities or 
to identify the structure of the lowest-energy isomer. Ali initio calculations have been 
carried out to determine the relative energies of available electronic states and isomeric 

structures. 

2133 
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Table 1. I1F/631lG*//HF/631 lG', MP4SDQ/6.3I1G*//HF/631IG* arid relative energies or 
various structures and states of C,N 

E (it F) 	 F (MP4SDQ) 	relative energy (MP4SDQ) 

structure 	 / hart ree 	 / hart ree 	 / eV 

CCC N 
37- -167.536 581 -167.994 082 0.000 

3 11 -167.532 524 -167.992 722 0.037 

'A' -167.461219 -167.974995 0.519 

CCNC 
-167.514026 -167.988506 0.152 

'II -167 521 785 -167.975 715 0.500 

c-C 3  
-167.456 338 -167.954 854 1.067 

'A, -167.424 636 -167.953 489 	-- 1.105 

The structure of several species isoelectronic to C,N has been the subject of 
considerable theoretical interest recently. Calculations on C,, have been reported by 

Whiteside et Magers et aL,' Wang et at' and Lammertsma. 8  Calculations on Si 2C 2  

have been reported by Trucks and Bartlett.' Lanimertsrna also reported calculations on 
related four-membered ring structures. For C,, it was found that the relative energy of 

the linear ('X) and rhombus (bicyclic 'A n ) structures was very sensitive to the basis 

set used and, to a lesser degree, the level of theory used. For both C,, and Si 2C 2 , it 

appears that the singlet rhombic structures are lower in energy than the triplet linear 
structure, although the linear structures are lower in energy at the Hartree-Fock level 

of theory. 

Calculations 

The geometries of the C,N isomers were optimised at the RUF (singlets) or UHF 

(triplets) level of theory using GAUSSIAN 82 °  with the standard 6311G* basis set. 

Calculations reported at the M P4SDQ level of theory used the optimised HF geometries. 
Some calculations were carried out with smaller basis sets. In particular, vibrational 

frequencies were calculated at the i-lF/6-31G * level of theory. 

Results and Discussion 

Table 1 lists the optimised Hartree-Fock energies, the MP4SDQ energies calculated at 

the optimised HF geometries, and relative energies of various structures and states of 

C 3 Nt Unlike C,, and Si 2 C 2 , the lowest-energy structure is the 'r state of CCCN at 

both the HF and MP4SDQ levels of theory. Just 0.04 eV above this state is a -311 state. 

The configuration of the lowest-energy structure is 
, 

l 0 2 2 u 2 3 U 24a 2 5C 7 6(7 1 7(1 2 8U 29(117T4 
 LIT

2 
 

The configuration of the 'ii state is 

I 	 cr 2 8cr 29oi n42IT 3 . 

The ground state of the parent neutral molecule radical was found by Wilson and 

Green'' to be the 

1 r 2 2 a 2 3 u 2 4a 2 5a 2 6cr 2 7o 28o9oI n42n4 214 
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Table 2. Equilibrium bond lengths and bond angles for various structures and 

states of C,N 

C ,  -C ' 	C 2 -C 1 	C2 -N C 3 -N 

structure 

CCC N 
37 1.335 	1.292 	 - 1.223 

3 11 1.256 	1.317 	 - 1.173 

'A' 1.346 	1.310 	 - 1.164 

CCNC 
31 1.337 	 - 	 1.240 1.204 

11 1.264 	 - 	 1.241 1.204 

c-C 3  N' 
33, 1.386 	1.542 	1.350 1.350 

(67.6)" 	(111 .4) ' 	(69.7)' 

'A, 1.513 	1.542 	1.310 1.310 

° LC 2C,C 3/ ° . 	LC,C 7 N1 °.' LC 2 NC 3 /°. 

state. The ii state is formed by removing an electron from a 2n orbital, but the formation 

of the 3 7- state involves the excitation of an electron from a 2n to the 9a orbital as 

well. Von Niessen et at ' 2  found that the lowest ionisation potential of cyanoacetylene 

is associated with the loss of an electron from the 2ir orbital. The virtually linear 'A' 

state is also derived from a ... 9cr 2 Iir 4 2n 2  configuration. We were unable with the 

GAUSSIAN 82 program to investigate properly the open-shell singlet state derived from 

the same conFiguration as the 
, 

3 fl or 3fl, states of C 1 N' . At the l-Iartree-Fock level 

of theory, the jround state of CCNC is the 11 state, but when electron correlation is 
included the i state is tower, lying only 0.15 eV above the triplet ground state of 
CCCN in energy. The kite-shaped structure is again a triplet with the configuration 

I a,2a 1 2 3a, 2  I 15 1 2 4 a , 2 5 a , 2 2b 2 26a, 2  I b, 23b227a, 2 2b,8a,. 

The 'A, structure, which is only just above the 3 B, state, has the 8a 1  orbital doubly 

occupied. 
The energies quoted do not include any vibrational or rotational component. An 

estimate of the effect of including these contributions was obtained by calculating 
harmonic vibrational frequencies at the IIF/631G* level of theory. Relative to the 

CCCN r state, the 3 11 state is raised 0.024 eV at 0 K and 0.025 eV at 298 K. At high 

temperatures the population of the II state will be greater than that of the 1 state. 

Relative to the CCCN r state, the 'A' state is raised by 0.005 eV at 0 K and 0.007 eV 

at 298 K. Relative to the CCCN ' Y -  state the 
3, state is lowered 0.098 eV at OK and 

0.023 eV at 298 K. The calculated harmonic frequencies for the CCCN state were 

234(n), 509(n), 937(a), 1531 (a - ) and 2046 cm - ' (a). The calculated rotational con-

stant for ( 12 C''C 12C 14 N) +  was 4773 MHz at the 1-IF/6-31 10*  level of theory. The 

calculated harmonic frequencies forthe Il (2CCN state were: 198(n), 250(11), 496 (17), 

530 (17), 996 (a), 1896 (a) and 2042 cm' ((r). The calculated rotational constant for 
was 4994 MHz at the HF/6.31 10* level of theory. The harmonic 

vibrational frequencies for 'B, C 3 N were: 498 (b1 ), 616 (b,), 980 (at), 995 (b 2 ), 1328 (a 1 ) 

and 1455 cm' (a 1 ). The calculated rotational constants for ( 12 C' 2 C
12

C' 4 N)' were 35410, 

15288 and 10678 MHz. The rotational constant for 3 X- (' 2C' 2 C' 4 N' 2C) was 5269 MHz 

and that for ii .(' 2 C' 2 C' 4 N' 2 C) was 5461 MHz. 
Table 2 gives the calculated parameters for the structures and electronic states 

calculated at the lIF/63ll0* level of theory. When compared with the calculated 
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C1-  C2 —N3—C4 

Cl 

/\ 
C2 	C3 

N 

in,, 'A 

Fig. I. Calculated states and structures of the C 3 N ion. 

structural parameters for C 3 N'' and the calculated 
11.14 and experimental 

11,16 parameters 

for HC 3 N, the parameters for the i and 3 11 CCCW structures are significantly different. 

The C 1 —C 2  bond lengths are longer than those in C 3 N and I-IC 3 N and the C 2 —C 3  bond 

lengths are shorter. The bond lengths in C 1 N and HC,N are very similar. In preliminary 

ca l cu l a tions, it was found that with bond lengths set initially to those in C 3 N, the 

optimised triplet structure obtained had bond lengths similar to those in C 3 N and HC 3 N, 

but had the configuration . . . 70 2 8a9abr 42n 4  and was 2.13 eV above the ground-state 

configuration at the HF/6-31 10 level of theory. Another singlet configuration, 5.25 eV 
above the triplet ground state at the I-IF/6-311 10 level of theory, had the configuration 

• . . 8o, 21  ir 42n4 . It also had a geometry similar to that in C 3 N and HC 3 N. The differences 

in geometry may be attributed to the unfilled 2n orbital in the triplet C 3 N state which 

is filled in C 1 N and I-IC 3 N. While the C 1 —C 2  and C 2 —C, bond lengths are similar for 

thestate, for the li state the C,—C 2  bond length is Ca. 0.05 A shorter and the 

C 2 —C 3  bond length is en. 0.04 A longer than those found for the i structure of C 4 . 89  

In the 'A, structure the C,—C 2  bond length is 0.05-0.08 A longer than found for the 

corresponding C., structure. In the structure it is 0.05-0.07 A shorter than in the 

singlet C 4  structure. 

Conclusion 

The calculations at both the I-IF and M1 14SDQ levels of theory indicate that the 

lowest-energy, ground-state structure of the C 3 N ion is the 'E state of the CCCN 

isomer (table 1 and fig. 1). Just above it is a ii state which may be more populated at 

higher temperatures. The Y state of the isocyano isomer CCNC 4  lies en. 0.15 eV above 

the ground state. The electronically excited 'A' state of the CCCN isomer and the ii 

state of the isocyano isomer, CCNC t , lie close together in energy at 0.5 eV above the 

ground state. A cyclic isomer, existing in both triplet and singlet states, lies 1.0 eV above 
the ground state, the triplet being of marginally lower energy. It is difficult to access 
the error in these theoretical energy differences between various CN states. Certainly 
it should be better than the en. 0.1 eV error found by Hehre et au 7  in a comparison of 

calculations done at the MP4SDQ/6.31G*//IIF/3210 level of theory. 
The first threshold in the C,Nt ionization efficiency curve at 17.78±0.08eV is 

consistent with the formation of the or the 3 11 state of the CCCN isomer with an 

enthalpy of formation of 1850 kJ mol': 

HC 1 N + e(17.78 eV) —* CCCN 4('r) + FI('S) + 2e. 	 (1) 

The second threshold, at 18.64±0.08 eV, lies 0.86±0.16 eV above the appearance 
energy, in good accord with the calculated difference in energy between the ground 
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state and the 3 B 1  state of the cyclic isomer lying 1.07 eV (or 1.04 eV when thermal 

energies are included) above the ground state: 

14C 5 N + e( 18.64 eV) —* c-C 1 N 4('B 1 ) + l-1(
2
S) + 2e. 	 (2) 

The enthalpy of formation For the B 1  state of the c-C 3 N isomer calculated from 

the experimental results is 1935 kJ mol'.' 
Ionization efficiency curves generated by low-intensity 'near-monochromatic' elec-

tron-molecule collisions suffer from significant statistical fluctuations because of the 
low ion count rates. Consequently, processes with low ionization cross-sections can be 
missed and the failure to observe a threshold for a known state of the ion or neutral 
fragmentation product does not eliminate such channels. The absence of a threshold 

0.15 or 0.50 eV above the appearance energy corresponding to the 3 S or ii CCNC 

isomers may indicate either low-cross-section processes or an absence of the CC NC 

isomer under electron-impact ionization. 
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Valence bond, SCF, and MP4SDQ calculations are reported for three low lying states of the 

1-leO" molecular ion; 4L("S), 111 ('D), and 2 11 ('P). Together with the two-temperature theory 

of ion transport, these interaction potentials have been used to calculate the drift velocity and 
reduced mobility of 0" in helium as a function of the electric field to gas number density ratio, 
The calculated lle0" ("I) interaction potentials adequately describe the mobility of ground 

state 0" in helium, however, the 0" ('D) mobility calculated using the 211( 10) interaction 

potential does not match the experimental mobility measurements for the metastable 0+* ion 

which have been reported as the 0"' ('D) state. An interaction potential is reported for 

HeO" [ 2 11 ( 2P)] which will reproduce the experimental mobility of 0"- 

I. INTRODUCTION  
The He-0" system has previously been investigated by 

both experimental techniques (mobility measurements and 
beam experiments) and using ab initio calculations. The re-

lationship between ion transport properties, such as the ion 
mobility, and the interaction potential between the ion and 
neutral gas atoms or molecules is provided by ion transport 
theory.' Thus, mobility measurements of 0 in helium serve 
as a probe to investigate the I-leO" interaction potential, and 

conversely oh initia or otherwise determined HeO" interac-
tion potentials can be used to calculate the mobility of 0' in 
helium. The 0" ion is one of the most abundant ions in the 
ionosphere' where satellite measurements have found 38% 
of 0" isin the 20  state and 20% in the 2.P state. 3  Consequent-

ly, it has been desirable to determine rate coefficients for 
reactions involving these electronic states of the 0"' ion. The 
determination of rate coefficients of ion—neutral reactions 
using inert gas buffered flow tubes or static drift tubes re-
quires a knowledge of the ion mobility over the experimental 
range of electric field to particle density ratio E/N. 

A number of experimental investigations of the mobility 
of 0+ iii helium have been reported including several recent 

studies in which a less mobile ion of rn/s = 16 was observed 

and assigned to the excited 2D slateof the 0" ion. Following 
on from our earlier experimental and theoretical studies into 
the effect of ion structure on gas phase ion transport proper-

ties,4 ' we have calculated interaction potentials for the 
4 ( 4S), 2 11( 2D), and 'li(J') states of HeO". The two-tem-

perature theory of ion mobility 67  has been used with these 
interaction potentials to calculate the mobility of the three 
lowest electronic states of 

0.  ("S. 'D, and 2P). Our results 

indicate that the previously assigned O" ( 2D) ion is not re- 

sponsible for the experimental observations and we are con- 
fident that the 2P state of 0" is the ion observed. 

II. PREVIOUS WORK 
The mobility of 0' in He has been of continuing interest 

in experimental gas phase ion chemistry. Mobility measure-
ments are required so that reaction rate data from flow tubes 
can be analyzed to obtain rate coefficients. Heimerl et al. 

and Johnsen et al.9  reported drift tube mass spectrometer  

measurements of the mobility of 0' in helium. Later these 
were improved by McFarland et a!,'°  and Lindinger etal." 

to the stage where the mobility of ground state 0" in helium 
was well characterized. In 1975, Kosmider and Hasted' 2  re-

alized that their ion drift tube could produce an appreciable 
proportion of excited 0 ions- Using a test reaction for ex-
cited 0" ions" they were able to control their ion source 
conditions to produce exclusively ground state 0- The re-
sulting mobility measurements agreed well with those of 
McFarland al al.` It was not until satellite data were ana-
lyzed' that the importance of excited states of 0"' in the 
ionosphere was realized, and consequently it was desirable 
to measure rate coefficients for reactions involving both 
ground and excited states of the 0" ion- Johnsen and 
Biondi"' reported a difference in ionic mobilities of metasta-
ble-state and ground-state ions in helium, the first case in 
which state specific mobilities have been observed for ions in 
• chemically different gas. Following this, Roweet al.' used 

• selected ion flow tube to measure some reaction rates and 
the mobility of 0" with an experimental error of 7%. Dur-

ing the mobility measurements slightly skewed 0" arrival 
time distributions were observed, consistent with two ions of 
m/z = 16 being present in the flow tube. The major ion ap-
peared to be the 45 ground state and the slower minor Ion 
was assigned as the 'D state of 0". The mobility of this 
metastable ion in helium was determined over the electric 
field to gas density ratio (E IN) range S to 100 Td, where I 

Td=— 10" V m2. Johnsen et 01. 16  returned to the problem 
of measuring the mobility of 0" in helium but they could 
only observe it over a limited field range, E/N<4OTd. In the 

most recent study on 0"' and 0" mobility to date, Fhadil et 

al. 17  reproduced the data of Lindinger eta! for the ground 

state 0 4  ion, and also extended the data of Rowe et aL' s  for 

0 .  up to ISO Td, but with reduced errors (less than 5%). 
They used an injected ion drift tube to make these measure-
ments. The identity of the 0 + ' ion in all these studies is still 
debated although evidence from a number of different 
sources suggested that the 0"' ions were most likely in the 

2D state. However, this assignment was not unambiguous. In 
particular satellite data for the reaction of 0" ('D) ions with 
N, cannot be reconciled with ion flow tube measurements of 
01  - with N 3  "which implies that the 0 • ions are largely 

J. Chem. Phis. 87(9), 1 Novenber 1987 	0021.9606167/21541 9-06$02.I0 	0 1987 American Institute of Physics 	6419 
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in the 0 ('F) state. It should be noted that the experimental 
observation of excited states of ions in a flow or drift tube is 
very difficult and the presence or absence of these ions can be 
strongly dependent upon the ion source conditions during 

the experiment.' 0 ' 18  

There have been several attempts at calculating interac-
tion potentials for the He0' ion. SCE molecular orbital cal-
culations have been carried out on the 'II and ' states using 

Gaussian orbitals"' and on the 211  state using Slater orbi-

tals.'°  A Monte Carlo simulation of ion motion" has been 
used to determine a ground-state interaction potential for 

by fitting calculation results to the observed mobility 

of 0 in He.' °  An empirical (rr,6,4) potential has been de-

termined" which will reproduce the experimental mobility 

of 0+  in when used with the two-temperalure theory of 

ion mobility. The most extensive ab joUle calculation on 

HeO" used a minimal basis set and full Cl to calculate 

potential curves corresponding to all the valence states of 

HeO'', as well as an 0(6s,4p,ld). He(2s2p) basis set for 

more accurate calculations on a few selected states, but did 
not include enough information on each state for these inter-
action potentials tobe useful in calculating ion mobility. The 

lack of very accurate mobility data (I%-2% error) for a" 
in He over a wide range of E/N precludes the possibility of 

obtaining an interaction potential by inverting such data,' 4  

Ill. DETAILS OF CALCULATIONS 

The ground-state interaction potential of HeO', separ-
ating at infinity to He ('5) and 0" ('S) was calculated us-

ing the GAUSSIAN82 program"' at the MP4SDQ/ 

6-311 + 0(3df,3pd) level of theory, excluding core contri-

butions to the correlation energy. The results of the calcula-

tion are given in Table 1. At 1.191 Awe estimate an energy of 

TABLE I. MP4SDQ and HF energies for the Her ('Z) 

E(hartree)  

r(A) 1SF MP4SDQ 

0.875 - 76.751470 2 - 76.922 2716 

1.000 - 76.938 0163 - 71.106 569 I 

1.125 - 77.0314140 - 77.217 285 4 

1-25 - 77.120 739 I - 77.283 3816 

1.373 - 77.1636020 - 77.322 9667 

1.5 - 77.8900503 - 77.346 652 3 

1.625 - 77.206 835 I - 77.360 6862 

8.75 - 77.215 724 4 - 77.3688549 

1.875 - 77.228 3008 - 77.373 476 4 

2.0 - 77.224 430 8 - 77.375 969 6 

2.25 - 77.2269326 - 77.377 756 4 

2.375 - 77.227302  I -'. 77.377 927 8 

2,5 - 77.227 427 6 - 77.3779850 

2.625 - 77.2274290 - 77.377 818 7 

2.75 - 77.227 378 5 - 77.377 691 I 

3.0 - 77,227203  3 - 71.377431  I 

3.5 -.77.2269022 - 77.377 045 3 

4.0 - 77.226699  3 - 77.376 804 4 

4.5 - 77.226 583 0 - 77.376671  3 

5.0 - 77.226 523 9 - 77.376 605 8 

- 77.226 436 9 - 77.376511 0  

(8 hartree = 27.2107 eV) 

• - 77.25638 hartree which compares well with the 

MP4SDTQ/6.3llG(2df.2pd) calculation by Koch and 

Frenking' 6  who obtained - 77.258 58 hartree. For ground-
state O"'('S) there is only one molecular ion state formed 

with He('S) which is HeO"' ( I I). However, there are three 

states of BeG" which dissociate to give 0" ( 2.0) + He( '5). 

These are the '[I ('.0), '('D), and 2A  ( 2,D) states. Similarly, 

there are two states of HeO", 'fl('F) and 11 (2p), which 

dissociate to give 0" ('I') and He( 85)  In the present work 

we only consider the lowest energy molecular ion state 
which dissociates to each of the three low energy states of 
0". The rationale behind this choice is that during a colli-

sion between 0" - , in a particular state, and He('S) the 
HeO" molecular ion formed will naturally adopt the state of 
lowest energy if more than one molecular state is accessible. 
Consequently, the mobility of O will be dominated by the 
two-body collisions whose interaction potential energy cor-
responds to the lowest energy molecular ion state which will 

dissociate into the particular state of O being studied. All 
of the molecular ion states which dissociate to O" ('F) and 

He('S) and to 0 +  ('D) and He('S) require multiple refer-
ence functions to describe this process correctly. The GAUS-

SIAN 82 program is not able to describe interaction potentials 
which require more than one reference function to correctly 

describe molecular dissociation so a different theoretical 
method was required for the doublet states of HeO". Va-
lence bond methods do not have this limitation so this ap-

proach was used. The valence bond program has been de-
scribed previously." The integrals required were calculated 
with Steven's integral package." In a preliminary valence 
bond study a minimum basis set calculation was carried out 
to identify the electronic configurations of HeO" which dis-
sociate to give doublet W and He(s) and to assign these to 
the various molecular ion states available. It was found, as 

expected, that the 'll('F) and 2 11( 2.0) molecularstates arise 

from the 14 1424 2p,0 2p 0  and 141424 ° config-

urations. The 'A( 2D) molecular state arises from the 

14,, 14 24 o 2p,,o . 14 l4242po2pao, and 

14 14242p,,0 2p,,0 2p,,o  configurations. The 'I('J') 

state arises from the 14,l42$2p,02P and 

l4,,l$242po2PLo configurations. The 'I ( 2D) 

state arises from the 14e 14242px,o2p,.o2p;o configura-

tion. This preliminary study provided the necessary base 
functions from which excitations using a better basis set 
could yield a large number of configurations to be included 
in more extensive valence bond calculations of He + 0+ in-
teraction potentials. Valence bond calculations were per-
formed to determine the interaction potential energies of the 

'Z1 f1 ( 2.0), and 'El ('F) states offleO" using a double-zeta 

(DZ) basis set with orbital exponents from Huzinaga and 

Arnau.'°  This basis was contracted to He(ls,2s) and 

O(ls,24,3s,2p,3p) using contraction coefficients which had 

been determined from atomic calculations on He( 15), 

O ('5), and 0" ( 2.0) using the program of Roos at al.'°  

Table 11 lists the contraction coefficients. For the 'H('J') 

state of HeO, the O +  ( 2D) contraction coefficients were 
used. This basis set was augmented with the addition of po-

larization functions (p on He, don Q) and diffuse functions 
on each center (2.c on He; 3s and 3p on 0). The diffuse func- 

.1 Chem, Ph's.. Vol. 87. No. 9,1 November 1087 
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TABLE II. Basis set for valence bond calculations on 1110  ~ 	 TABLE III. Valence bond energies for 11eO. 

Contraction coefficients 
0 

(E) I'D) 

Is 0.717389 0717282 

0.298 325 0.291 490 

0.002 191 74 0.00231399 

- 0.002599 88 - 0.002 83206 

2s - 0.326755 - 0.327 $32 

0.0275763 0.0277109 

0.241 122 0.236 383 

0.840 833 0.845 501 

0.662 810 0.673 097 

0.424228 0.412989 

3s -0.551 153 -0,549790 

0.199934 0.199358 

-2.14320 -2.14363 

2.13209 2.13004 

3p 1.18607 1,18026 

- 1,29078 - 1.29442 

Itet'S) 
0.844 778 
0,179640 

is 	 1.62128 
- 1,51932 

Additional functions included in bans Sc!: 

Center 	polarization functions 	 diffuse functions 

Ile 	 lp(t = 1.5) 	 2s( = 0,687) 

0 	 3d( 	.0) 	 3,( 	1.342) 

3p(g= 0,794 ) 

E (hartree) 

 41 

 

('P) 

8.5 	- 76.477 19577 	-  76.827 690 60 	-  75.578 930 59 
2.0 	-76.981 85993 	- 77.045 40842 	- 76.52575887 

2.25 	- 77,08936567 	- 77.076 385 31 	- 76.743 11948 

2.5 	- 77.151 70748 	-  77.088 207 85 	- 76.870921 45  

	

 

2.75 	- 77,18771894 	- 77.092 857 16 	- 76.943 902 II 

3.0 	- 77.208 307 85 	- 77,094 20493 	- 76.933 42083 

3.25 	- 77,21988280 	- 77.096 41963 	- 77.003 238 26   

15 	- 77,2262374! 	-, 77,098 62644 	- 77.01248325 

4.0 	- 77.231 33304 	- 77.10! 35900 	-  77.018 397 97 

4,5 	- 77,2324734! 	- 77.102 168 It 	-  77.019 415 97 

5.0 	-  77.232 537 95 	- 77.102247  II 	-  77.019 467 56 

5.5 	- 77.232363  16 	-77.102 15627 	-  77.019 355 58 

6.0 	- 77.232 16384 	- 77.102055 97 	- 77.019 244 41 

6.5 	-77,231 98506 	-77.101 976 19 	- 77.019 15977 

7.0 	- 77,231 832 13 	-77.10191587 	- 77,01909784 

7.5 	-77.231 705 18 	-77,101 87227 	-77.01905447 

8,0 	- 77.231 59969 	-77,101 84022 	- 77.01902334 

80.0 	- 77.231 38643 	-77.101 77686 	-  77.018 962 73 

as 	- 77.231 23482 	- 77.101  72932 - 77.01891696 

(I bohr = 0.529 177 A) 
Is 

tinras were based upon the diffuse Gaussian orbitals used in a 

study on FleO." 'I he details of these additional functions are 

also contained in Table Ii. For the I state, 64 configura-

tions were chosen. The majority of these being single excita-

tions from three base configurations: 

1$,, lsj 24px .op,.op,.o, 	ls ls,2s0p 0p, 0p o , 	and 

Is,, Is30 2s,p50p,,0p,' o . These included all the p -np, s-.s, 

and p -.d excitations possible from the base configurations. 
Also included in the configurations list were a number of 

double excitations of  functions. 
For the two doublet states a similar procedure was used 

resulting in a total of 71 configurations- Five base functions 

were used: ls, l424p a oPo l4 ls,2s,p, 0p 0 , 

ls ls,2s,p 0p 0p, 0 , lsl C  ls1,2s0ppopo. and 

ls,, IS ',2s0p%0pp 0 - Twenty-five configurations were 

generated by single and double excitation from each of bases 
1 and 2, 12 from base 3, and the remainder front bases 4 and 
5. Valence bond calculations were performed over the range 

1,5 to 10.0 bohr. The results of the valence bond calculations 

are summarized in Table 111. 

IV. DISCUSSION 

Both the quartet and doublet calculations exhibited the 

correct separation behavior: He0 ( 4t) -.1-le( 'S) 

+ 0" ( 43),  110(211(212) J -.He( 3) +0'( 2D)   and 

FleO"' [  III  ('P)] -Hé( '3) -1-0"' ('P). The two doublet-

state calculations were performed simultaneously because 
only one calculation was required to get energies for each 
state. With the exception of calculations performed at small  

ment between the mobilities calculated  for ground-state 0"' 

in helium by both the valence bond and fourth-order 

Moller-Plesset methods. 
The calculated reduced mobility of 0"' in helium as a 

function of £ IN from the MP4SDQ interaction potential of 
HeO"'("I), shown in Fig. I, accurately reproduces the ex- 

perimental measurements on ground-state 0+  in heli- 
' The corresponding YB calculation is 12% too low at 

5 Td, but above 25 Td the agreement is better than 7%. 
Valence bond calculations with an extended basis set em- 
ploying a suitably chosen set of configurations should there- 

r (bolrr) 	 'll('.D) 	 '[] 

internuclear separation, the lowest energy and eigenfunction 
corresponded to the '11('D) and the second lowest to the 

'Il('P) state. In a similar calculation on the 'A( 2D) and 

'1 ( 2P) states at several distances, the energies obtained were 

higher than the corresponding 'L'l('D) and 211  ('P) energies. 

This agrees with a previous calculation' s  and we are confi-

dent that the 'll('D) and 'Il('/') states of HeO' are the 

lowest energy molecular states dissociating to give 0" 
(2fl) 

and 0 ('F), respectively. The VB calculated energy separa-
tions between the states compare well with the atomic ener-
gy levels. We calculate that the O"'('D) state lies 28 400 

cm' above and the O"('F) state 46 600 cm"' above the 

ground state compared with 26819 and 40468 cm ob-

served spectroscopically.' 2  The calculated interaction po-

tentials were used as input to our two-temperature theory 
program which calculates the dependence of the reduced 

mobility on LIN for a tabulated interaction potential, the 
details of which have been described.' It was necessary to 
carry out a valence bond calculation on the ground state of 

HeO" ( 4 7) in order to compare the quality of the mobility 

calculated from an interaction potential at this level of the-
ory with the mobility calculated from the more accurate 

MP4SDQ/6-31 I + G(3df,3pd) HeO"(I) interaction po-

tential. The confidence we have in our results for the doublet 
state mobilities of 0"' in helium is based on the good agree- 
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lore provide an interaction potential which can accurately 
describe the mobility of an ion above 30 Td. The reduced 
mobility calculated from the HF interaction potential is 
higher than theexperimental measurements at low values of 
E/N and is less suitable for determining the position of the 
maximum in the experimental reduced mobility than either 
of the calculations based on the MP4SDQ or VB interaction 
potentials. On thebasis of previous mobility calculations' we 
know that this 1-IF interaction potential well depth is too 
small resulting in a calculated reduced nobility which is 
higher than the experiment results at low values of E/N. 
Table IV lists some parameters derived from the interaction 
potentials in the present study; r, is the distance corre-
sponding to the minimum energy, (the well depth, and a the 
Internuclear separation at which the energy is zero. It can be 
seen in Table IV that the well depth of the HF interaction 
potential is significantly less than the well depth of the other 
4 Z calculations. We have found previously'-' that low field 
reduced mobilities are very sensitive to minor changes in the 
position u-a, and depth (of the interaction potential well, and 
a high level of theory is required to estimate these quantities 
accurately. A small change in r,., ore may lead to a relatively 
large change in the long range part of the interaction poten-
tial, the region known to affect the calculated low field mo- 

TABLE IV. Interaction potential paraneters for 11e0. 

State 	Method 	a (A) 	, (A) 	f (eV)  

MP4SDQ 2.04 2,42 0.0388 
ItF 2.16 2.56 0.0273 

11 VO 2.11 2.53 0.0363 
'lI('D) YB 2.19 2.55 0.0145 
'fl('F') VII 2.20 2.51 0.0162 

where V(a)0and V(r.,,) = —' 

bilities.'4  In contrast experimental mobilities for atomic ions 
measured at values of E/Nabove 30 Tel can be reproduced 
within experimental error using the two-temperature theory 
of ion mobility with interaction potentials generated using 
ab initio methods.' Valence bond calculations performed on 
the two low lying doublet states of HeW were used to calcu-
late the reduced mobility curves shown in Fig. 2. It is imme-
diately obvious that the mobility calculated using the 
HeO'4' 2 11( 2P) interaction potential is remarkably close to 
the experimental values for the mobility of Q+*  in helium 
except at low values olEIN. The correlation between the 
mobility calculated using the HeO 2 fl('D) interaction po-
tential and the experimental values is very poor and certainly 
well outside the maximum discrepancies expected from ap-
plication of the second approximation of the two-tempera-
ture theory.' From Table IV it is not possible to account for 
the difference in the calculated mobilities of O('P) and 
O ( 2.D) on the basis of r,,, and € values. The difference in the 
interaction potentials which is responsible for the higher cal-
culated mobility of O('D) than 0''( 2p) appears to be a 
significantly "harder" repulsive wall in the HeO 2l1('F) 
interaction potential as compared with the He0 211('D) 
interaction potential. The third curve in Fig. 2 was obtained 
by scaling the negative energies (relative to the separated 
atoms) of the HeO't"fl ('F) curveby a factorof2.4. This has 
the effect of decreasing the well depth by only 0.02 eV and 
has a dramatic effect on the low field reduced mobility but 
only a small effect above 40 Td. No reasonable amount of 
adjustment of the HeO'll('D) potential well will ever 
bring the calculated reduced mobility of O ('D) in helium 
within the experimental errors of the measurement of the 
reduced mobility of O • in helium. Figure 3 shows the drift 
velocity o  of 0 +  in helium as a function ofE/Ncalculated 
for the three states of O considered in this study together 
with the experimental results for O  and O'° drifting in 
helium. This dramatically illustrates our conclusion from 
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state. This quenching process is written as follows: 

He + 0" ('D) -. I-Ic -I'O (45) 

The assignment of O+*  observed in flow tube studies to 

the 'D stale of 0' is based Upon limited evidence and is in 

direct conflict with some experimental results. Based upon 

our mobility calculations, using sib 1,71(10 interact ion potCtl 

tials, we believe that it is in fact 0 4  ('Th  which has been 

observed. This can be explained since both 0"('P) and 

0 ' ('D)  will be formed in an ion source producing 0 * but 

only the 'D state of 0 can be quenched by collision with 

He. 
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Abstract 

The dependence, at fixed temperature, of the zero-field ion mobility on well depth rand minimum 
position tm  in the ion—neutral interaction potential is explored. For large values of rm  the 
mobility is very sensitive to small changes in c, but at small rm  the mobility varies only slightly 
from the Langevin value. - 

Introduction 

The interaction of an atomic ion and a neutral atom at short—medium range is 
either attractive or repulsive. If the interaction is attractive, there will be a definite 
minimum in the potential energy curve V(r). At long range the interaction energy is 
dominated by the attractive ion-induced dipole term a2 q2/4n€0  r. At very short 
range the potential is always repulsive. Thus, even for a repulsive interaction, there 
will always be a minimum in the potential energy curve. We have found previously 
(Harland et at 1986; Simpson et al. 1987) that the calculated low-field ion mobility 
can be very sensitive to small changes in the magnitude of a long range van der Waals 
attractive well in the interaction potential. To investigate this behaviour further 
we have performed low-field two-temperature theory mobility calculations using a 
number of different hypothetical potentials.. We have found that for certain values 
of the well depth e and minimum position rm  the interaction potential need only be 
changed slightly to effect large changes in the calculated mobility, but this sensitivity 
varies significantly over the ranges of rm  and c considered. 

Theory and Method 

Given V(n), it is possible to calculate - the drift velocity i'd  and the ion mobility 
reduced to STP, K, as a function of electric field strength E/N (Mason and Schamp 
1958): 

3qf 	7T 	 I+a'vd 
A;, = - = iNo 

2,.kll 7;rr) fi('.')(7;ff)' 	 (1) 

where No  is the particle density reduced to STP, q is the charge on an electron and 

0004-9506/88/040545$03.00 
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k0  is Boltzmann's constant. The temperature T rf  can be written as 

eff = T+Mv(1+Th, 	 (2) 

where T is the buffer gas temperature and M is the mass of the buffer gas. The 

collision integral f2.I)(  1) can be written as 

rca 	 / if 

) \kBff ( /c9  l) J E'2  Q'kE') exp( 	dE', 	(3) 

where the cross section Q'(E') is an integral of the classical deflection function 

x(b, E'), 

Qw(E') = 2n 	cosx(b, E') b db; 	 (4) 

and b is the impact parameter, if is the centre of mass energy and the deflection 

function x(b,  E') is 

x(b, E') = ir _2bJ (1 
_.ff - vr))! dr 	

(5) 

r~o 

The lower integration limit r0  in (5) is defined as the outermost root of 

P 	V(r0) 
l--— 	 =0. 	 (6) 

E' 
 

To evaluate equations (3) to (5) we initially calculate the dimensionless reduced 

collision integrals 12 ( ' - $) * ( T*) using a dimensionless interaction potential V'(r'). This 

is related to the actual interaction potential by 

V'(r') = ±. V(r/r,). 	 (7) 

The required collision integrals flU.$)( l) are obtained by a second use of the scaling 

factors c" and r,: 

fW' 0(T ff) = irr gj(1-s)*(*) 	 (8) 

where The reduced temperature T is given by 

= k8  Tff/c. 	 (9) 

The collision integrals are independent of the values of these scale .  factors. The scale 

factors have no relationship with the actual well depth c or position  of the potential 

minimum rm . 
The dimensionless parameters a' and 13  in equations (I) and (2) respectively are 

negligible at zero field strength. It is also possible to go from mobility data to V(r) 

(Viebland et at 1976). It has been shown (Gatland ci at 1977) that the ion mobility 

at large E/N is principally determined by V(r) at low r, while the ion mobility at 

small E/N is determined principally by V(r) at large internuclear separation. It 
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might therefore be expected that the reduced mobility at zero field strength, 14(0), 
would be given by the Langevin model where the potential is just the ion-induced 
dipole term. This would mean that at zero field strength, the effect of other short 
range terms is negligible. This is not the case as is demonstrated in this paper. 

'a 

•0 

65 

27 L_ 
I., 

m (A) 

Fig. I. Contour plot of the zero-field reduced ion mobility K(0) over the range 12.0 to 
33•0 cm 2  Vs', shown as a function of the reduced well depth c/c' and the minimum 
position rm . 

3. Results and Discussion 

To explore the effect of the position and depth of the potential energy minimum 
on the zero-field mobility we used, for a model helium-F+/F -  interaction potential, 

an (ii, 6, 4) potential of the form 

pie 	[12 

n(3+y)— 12(I+y) t (I 
	 (10) V(r) =  r 	r 

where c and rm  are the depth and position of the potential energy minimum 
respectively, and the value of the dimensionless parameter y has been constrained 
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so that the r4  term corresponds to the value appropriate to an ion interacting with 
helium (polarisability is a = 0204 A 3 ); that is, 

3€(1—y)r,, = aq2 /47T€0 , 

where € is the vacuum permittivity. In presenting the results of the calculations of 
zero-field ion mobilities, it was found useful to scale the well depth c by a factor 

= aq2/4n€0 4, the value of the ion-induced dipole term at the minimum. In 
Fig. I a contour plot of .K,(0) as a function of c/c' and rm  is presented, obtained 
using a (12-6-4) potential and a room temperature value of 7' = 300 K. Where the 
minimum in the potential rm  is at small r, a very large change in € is required 
to vary 14(0) by a large amount from the Langevin value for the F+/F-  ion of 
16-90 cm 2  V s 1 . At rm = 1-2 A, €' = 0-708 eV (68-3 kJmol), but at 3•2 A, 

= 0-0140 eV = 1-35 Id moL . At large rm , a very small change in € has a very 
large effect on 14(0). For the (12-6-4) potential, at rm  = 32 A, doubling € from 
€ = €' to € = 2€', a difference of 0.014 eV to give a slightly more attractive potential, 
decreases 14(0) from 21l to 15•2 cm 2  V's. Halving € from € = €' to € = 
to give a slightly more repulsive short range potential, a difference of only 0-007 eV, 
increases K3(0) from 21.1 to 279 cm 2  V s. At rm  = 1-2 A, the values of .14(0) 
at c72, c' and 2€' are 18-5, 175 and 16-0 cm 2  V' s 	respectively. If a (8-6-4) 
potential is used, where the repulsive term is not as steep, essentially the same contour 
diagram is obtained with the mobilities at small rm  being slightly smaller. 

The influence of the ion-atom interaction potential on the macroscopic ion transport 
properties and the collision dynamics must be taken into account in the estimation 
of errors in rate coefficients obtained from flow-tube experiments where the diffusion 
correction is estimated using the Langevin equation. 

These observations also have an important consequence when ab initlo methods 
are used to calculate V(r). To obtain accurate estimates of 14(Q), the values of V(r) 
at about. 3 A need to be very accurate [to within better than 0-001 eV to obtain 14(0) 
correct to two significant figures]. A basis set that is adequate to describe a bond 
of length 1-2 A may not be adequate at a separation of 3 A. The dependence of 
the correlation energy on internuclear separation must be correct. These criteria are 
rarely met in oh initio calculations. 
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of the Mobility of Ft( 3 P) and F('S) in Helium• 

Peter W. Har l and,* Robert C. A. R. Maclagan*  and Richard W. Simpson 

Chemistry Department, University of Canterbury, Christchurch, New Zealand 

The mobility or F' (3p) in helium has been calculated using both the two. 
temperature and three-temperature theories of ion transport. The interaction 
potentials for the two possible molecular states l -1eF1 (1) and HeE('II) 
required by the transport theories were calculated at the MP4SUQ/6-311 + 
G(3df, 3dp) level of theory. The mobility of F' in helium derived by summing 
over the appropriate statistical weights for the two molecular ion states 
separating to He('S) + F( 1 P) is in good agreement with experimental data. 
The mobility of the r('S) ion in helium has been calculated at the three-
temperature level of theory using all interaction potential calculated at the 
M114SDQ/6-3 Ii + a (3df, 3dp) level of theory and refined by fitting to 
low-field experimental mobility measurements. The mobilities calculated 
with this potential were found to be in good accord with the values calculated 
using an I-IeV('I) MBPT(4) interaction potential incorporating a very large 
basis set. . 

The classical theories describing ion transport in gases have been the subject of a recent 
review.' The two-temperature theory of Viehland and Mason"' is capable of accurately 
describing the relationship that exists between the ion-neutral interaction potential and 

the observed mobility. Ab initio interaction potentials calculated by molecular orbital 
and valence bond methods have been previously used with the two-temperature theory 
of ion transport to calculate the mobilities of both ground-state and electronically excited 
ions in helium.` Agreement between the calculated and experimental mobilities are 
generally within the reported experimental uncertainties and for the case of the O 
ion in helium the calculated mobilities for the o('D) and O(2P)  states suggested a 

reassignment of the ion state which had been deduced from the experimental measure-' 
ments.' The calculation of mobilities using two-temperature theory has been shown to 
successfully reproduce experimental data for electric field to particle density ratios, 

El N, above 30 Td,"' where I Td 1021  Vm 2 . Below 30 Td the mobility is particularly 

sensitive to small changes in the attractive region of the potential and adjustments of 
only a few meV in the well depth is required to bring the calculated low-field mobilities'  

into line with the experimental measurements. 5-6  The three-temperaturetheory of ion 

transport" was developed to overcome deficiencies in the two-temperature  theory. At 

high field strengths the convergence of the calculated mobility as a function of the level 
of approximation may be slow, but more significantly the theory does not adequately 
describe ion diffusion. This is due to the description of the ion swarm in terms of a 
single temperature, the second temperature in the two-temperature theory describing 
the random motions of the buffer gas. The diffusion coefficients are more intimately 
connected to the anisotropic nature of the ion swarm than ion mobilities and the use 
of a single ion temperature constrains the ion distribution to be isotropic: In the 
three-temperature theory two temperature variables are used to describe the ion tem-

perature, both parallel, Tn,  and perpendicular, T1 , to the direction of the applied field, 
thus allowing the ion distribution to be anisotropic. As well as providing more acceptable 

1847 
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estimates for the longitudinal and transverse diffusion coefficients than the two-
temperature theory, the three-temperature theory exhibits improved convergence proper-
ties as the level of approximation is increased, especially for the high-field ion mobilities. 

Veihland and Lin 9  have shown that the fourth approximation of this theory is of 
comparable accuracy to the most accurate experimental measurements for both mobilities 
(1-2%) and diffusion coefficients (5-10%)- Although this theory leads to equations 
with no obvious physical interpretation, it has been employed with success to test the 
accuracy of proposed interaction potentials for ion-neutral systems by comparison of 
calculated transport properties with the corresponding experimental 

quantiti es. UU We 

have calculated the mobility of the F 4  ion in helium using both the two- and three-

temperature theories with oh ini(io interaction potentials. Three_temperattire theory 

calculations are also included for the mobility of F in helium For comparison with the 
two-temperature calculations previously reported.' The agreement with experimental 
measurements of ion mobility is within the experimental uncertainties for both the r 
and F in helium calculations, where the theoretical F mobility used in the comparison 
is derived by summing the mobilities calculated for the UeF( 3 E) and HeF('1 1 ) 

interaction potentials with the statistical weighting of 1:2. 

Ion-transport Theory 

The two-teni peratu re theory of ion transport has been used in our earlier work because 
it is much easier to apply than the three-temperature theory. We also suggested from 
an investigation of the effect of small changes to the interaction potential on the mobility 
of F in helium that since relatively large changes in the calculated ion-transport 
properties result from small adjustments to the interaction potential there would be little 
to be gained by use of the three-temperature theory.' The mobility of the F('S) ion in 
helium has been recalculated using the three-temperature theory with the oh initio 

interaction potential previously calculated and a complete fourth-order many-body 
perturbation theory, MBPT(4), interaction potential published recently! 2  As shown 

below, our (earlier conclusions are shown to be justified. 
The two-temperature theory used in this work has been described in detail in the 

previous paper. 5  
Three-temperature calculations were performed using the program M0BDIE supplied 

by L. A. Viehland (1987). The same ab initio interaction potentials were used in both 

the two- and three-temperature calculations and the mobilities interpolated for com-
parison with the experimental values reported in the literature. 

HeF() 

The ground-state interaction potential of l-IeF('F), separating at infinity to He('S) and 
F('S), has been previously calculated' using the OAU5SIAN82 program" at the 

MP4SDQ/.6-311 +0 (3df, 3pd) level of theory, excluding core contributions to the 
crrelationnergy. The mobility of the F ion in helium calculated using two-temperature 
theory with this interaction potential was found to be within the reported experimental 
uncertainty above 30 Td. Below 30 Td the calculated mobility deviated from —7% at 
30 Td to - 14% at 2 Td. The negative deviation in the calculated values for low El N 
characterises an overestimation of the well depth, which was calculated to be 0.0126 eV. 
A very close fit of the calculated low-field mobility experimental data was obtained by 
reducing the shallow well by 0.007 eV. This adjustment to the potential leaves the 
high-field calculated mobilities virtually unchanged.' The calculations have now been 
repeated using three-temperature theory with the interaction potential calculated at the 
MP4SDQ/6-31 I + C (3df, 3pd) level of theory and a recently published high-level 
(fourth-order) many-body perturbation theory, MBPT(4), interaction potential.' 2  The 
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Table I. Two- and three-temperature calculations of the reduced mobility of F in helium using 
two different ' He F - interaction  potentials 

• K0 /cTn 2  V 	s' 

MP4SDQ MBPT(4) 

MP4SDQ(adj) 
(E/N)/Td exptl 2-T - 3-T 2-T 3-T 2-T 

2 29.2 29.7 25.13 25.09 27.88 27.92 

4 28.9 29.5 25.12 25.08 27.82 27.85 

6 28.5 29.5 25.09 25.05 27.72 27.85 

8 28.2 28.8 25.04 25.00 27.57 27.57 

10 27.8 28.4 24.97 24.93 27.37 27.38 

12 27.5 27.9 24.86 24.82 27.12 27.10 

15 27.0 27.2 24.66 24.61 26.69 26.60 

20 26.1 25.9 24.19 24.09 25.84 25.62 

30 24.6 23.8 23.04 22.80 24.07 23.68 

40 23.2 22.2 21.87 21.55 22.50 22.03 

60 20,9 19.9 19.87 19.56 20.10 19.64 

80 19.3 18.3 18.45 18.14 18.45 18.07 

lOU 18.0 17.2 17.42 17.09 17.28 16.97 

120 17.0 16.4 16.57 16.28 16.41 16.16 

140 16.3 15.7 15.91 15.64 15.75 15.56 

160 15.7 15.2 15.36 15.11 15.23 15.09 

All reduced mobilities are in cm' v-I  

MI3PT(4) interaction potential has been calculated using a very large polarized basis 
set of Gaussian-type orbitals. For helium the basis included four contracted s orbitals 
to which were added a diffuse s orbital and both p- and d-orbital Functions. A similar 

contracted basis set was used for fluorine and this was extended by diffuse s- and 
p-orbital functions as well as d- and 1-polarisation functions. The resulting interaction 

potential has .a well depth of 0.008 eV at 3.45 A compared to 0.006 eV at 3.25 A for the 

MP4SDQ interaction potential adjusted for a fit of the calculated mobility curve to the 
low-field experimental data. Two- and three-temperature theory calculations of the 
reduced mobility of F in helium at 297 K using the unchanged MP4SDQ and the 
M13I'T(4) I-leV(') interaction potentials are shown in table I with the experimental 
data. The calculations using the adjusted MI'4SDQ potential, MP4SDQ (adj) and 
two-temperature theory are also included for comparison. It can be seen that the 
three-temper.ature theory is slightly better than the two-temperature theory for estimating 

the mobility at high values of E/ N, for both interaction potentials, but the improvement 

is not dramatic. The calculated values still fall below the experimental values, although 

well within the experimental uncertainty. The collision cross-section, Q(E'), were 

calculated totn accuracy oIO.l°Io For the three-temperature calculations and the reduced 
mobility coqyerged to an accuracy of 0.75%. In a comparison of computer processor 

usage it was found that a three-temperature theory calculation is at least an order of 
magnitude slower than the corresponding two-temperature theory calculation. 

I-IeF4'(31, 111) 

The mobility of the F ion in helium has been measured by Harridan and Birkinshaw 14  

over the range 6-94 Td using a selected ion-flow drift tube, SIFDT. The reduced mobility 

data for F' as a Function of E/N was found to exhibit a broad maximum over the 
range 25-70 Td in contrast to the mobility curves for the other halogen ions which show 
the behaviour characteristic of strongly repulsive interaction potentials. An ab initio 
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Table 2. Interaction potential energies for the I state of 
I1eF calculated at the MP4SIJQ/6-31 I +C(3df, 3pd) level 

of theory 

v/A E/hartree v/A E/hartree 

1.50 -98.823479 3.00 -98.880956 

1.75 -98.863 379 3.50 -98.880593 

2.00 -98.876280 4.00 -98.880351 

2.50 -98.881 038 4.50 -98.880232 

2.625 -98.881 126 5.00 -98.880 177 

2.75 -98.881 110 00 -98.880091 

Table 3. Interaction potential energies for the 	Ll state of 
1I e FF calculated at the M l'4SDQ/6-3 II + G(3df, 3pd) level 

of theory 

v/A E/hartree v/A E/hartree 

0.875 -98.534913 2,50 -98.881 924 

0.9375 -98.628480 2.75 -98.881457 

1.000 -98.698098 3.00 -98.881 097 

1.25 -98.834063 3.25 -98.880621 

1.50 -98.971 239 4.00 -98.880364 

1.75 -98,880859 4.50 -98.880240 

1.875 -98.882221 5.00 -98.880 181 

2.00 -98.882651 6.00 -98.880 133 

2.125 -98.882637 Co -98.880091 

2.25 -98.88244( 

SCF calculation of the interaction potentials for the HeF t  molecular ion has been 

reported by Liebman and Allan. 
16  The interaction of the ground-state r ion, F4 (P), 

with He('S) can result in two possible molecular ion states: 

FtP)+He('S) -. 1-IeP'4'('1) 	 (1) 

F(p) + l-Ie('S) - I-leF"( 3 11). 	 (2) 

The interaction potentials reported by Liebman and Allan were calculated at a low level 
of theory with insufficient points to be suitable for accurate mobility calculations. The 

interaction potentials for the i and 3 311 states of 1-leF" calculated at the M P4SDQ/6-31 1 + 

C (3df, 3pd) level oltheory using GAUSSIAN82 are shown in tables 2 and 3. The interaction 

potentials are represented graphically in fig. 1. The 1-leF" (11) interaction potential has 

• relatively deep narrow well at 2.04 A of depth 0.070 eV. The HeF ( S I) state exhibits 

• shallow broad minimum centred at 2.625 A with a depth of 0.028 eV. These interaction 

potentials were used to calculate the mobility for F'('P) in helium at both the two-
temperature and three-temperature levels of theory. Results from the two- and three-

temperature theory calculations are shown for He+ F" ( 3 P) [l4eF" (3)] in table 4 and 

He+ F"(P)  IHeF"("ll)] in table 5. Assuming that the orientation of the fluorine atom 

is random, the statistical weight of the two molecular states HeF"' 
(3) and HeF( 3 fl) 

will be 1:2. The average cross-section is one third of that for the 
3  1 state plus two 

thirds of that for the I'l state. The averaged mobility is thus given by 

1/K,, (averaged) = V& (3I)+4/K0(3r1). 	 (20) 

The agreement with experiment is good and well within the quoted experimental 

uncertainty of ±7% for E/ N <30 Td and ±5% for F/N> 30 Td. We have found 
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Fig. I. Interaction potentials for the ' and 3J states of HeF'. 

Table 4. Calculated women turn-Era usle r collision integrals, drift velocities, reduced mobilities 
and related quantities for lie + F 1  ('I') [Her 

T it 

u1'''( T,,) 
/l0' rn 2  IT 16  

(FIN) 
/Td 

K,(2-T) 	K,(3-T) 

/I0 - 	m 2  V' s '  

299.5 26.12 -0.0002 0.0001 1.60 22.51 22.52 
333.1 24,38 -0.0035 0.0027 7.62 22,00 22.79 
376.1 22.62 -0.0057 0.0044 11.22 23.08 23.09 
431.1 20.85 -0.0058 0.0045 14.47 2137 23.36 
501.6 19.18 -0.0036 0.0028 17.72 23.62 23.60 
591.8 17.62 0.0010 -0.0008 21.19 23.78 23.75 
707.3 16.19 0.0073 -0.0056 25.03 23.82 23.81 
855.1 14.95 0.0134 -0.0104 29.54 23.60 23.69 

1044.4 13.84 .0.0197 -0.0151 34.85 23.2! 23.40 
1286.8 12.87 0.0250 -0.0190 41.28 22.60 22.89 
1597.1 1102 0.0293 -0.0221 49.09 21.81 22.20 
1994.3 11.26 0.0326 -0.0244 58.58 20.91 21.37 
2502.9 10.56 0.0350 -0.0259 70.09 19.94 20.42 
3154.0 9.92 0.0363 -0.0266 84.05 18.94 19.41 
3987.7 9.32 0.0370 -0.0269 100.81 17.95 18.39 
5054.9 8.74 0.0371 -0.0267 120.84 17.00 17.41 
6421.3 8.18 0.0368 -0.0261 144.65 16.11 16.44 
8170.7 7.64 0.0361 -0.0254 172.82 15.28 15.52 

10410.3 7.11 0.0352 -0.0245 205.97 14.52 14.83 
13277.7 6.61 0.0343 -0.0237 244.91 13.83 14.05 
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Table 5. calculated nomentu m -transfer COI Ii sio'i integrals, drift velocities, reduced mobilities 

and related quantities for 1-le + F ('l'flj1eF '('l!)]  

K 0 (2-T) K,,(3-T) 

(El N) 

a f3 /Td /10_4m2VSI 

-0.0003 0.0003 2.00 18.02 18.02 

-0.0076 0.0058 9.36 18.54 18.42 

-0.0178 0.0136 13.64 18.90 18.99 

-0.0288 0.0219 17.18 19.52 19.67 

-0.0405 0.0305 20.41 20.23 20.47 

-0.0503 0.0381 23.55 20.99 21.33 

-0.0500 0.0377 26.34 22.15 22.24 

-0.0466 0.0355 29.43 23.15 23.26 

-0.0343 0.0262 32.54 24.35 24.24 

-0.0205 0.0157 36.20 25.33 2513 

-0.0062 0.0047 40.56 26.05 25.91 

0.0059 -0.0045 45.98 26.38 26.40 

0.0145 -0.0109 52.83 26.26 26.50 

0.0214 -0.0158 61.22 25.85 26.23 

0.0259 -0.0190 71.55 25.18 25.65 

0.0288 -0.0208 84.11 24.36 24.84 

0.0305 -0.0218 99.19 23.44 23.92 

0.0314 -0.0221 117.118 22.50 22.93 

00315 -0.0219 138.48 21.57 21.97 

0.0309 -0.0212 163.55 20.69 21.03 

t1.' '( T) 
/,Q-20 m2 
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Fig. 2. calculated reduced mobility of F 4  in helium as a fu net on of El N arising from the 

.) and 'II (- 
- -) states of UeF' together with the average mobility (-) and the experi- 

mental values 	) (Ii anida n and II rk nshaw, 1986). 



Paper 32 	 339 

P. Wi Harlan,!, R. C. A. R. Maclagan and R. Wi Simpson 	 1853 

equally good accord between experiment and theory For both the ground state and 
electronically excited state of C in helium, where both states correlate to molecular 
states of the 11cC molecular ion.' These calculations demonstrate the successful 
application of ab inhlia interaction potentials For the calculation of ion-transport proper-
ties For atomic ions in helium when the mobility of the ion in helium correlates with 
more than one state of the diatomic ion. 

We thank L. A. Vieh land For a copy of his program Mc) 111)11:. 
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ABSTRACT 

The mobility or the 2/)  ground stale and the 4 1 i  excited state of C' in helium have been 

calculated using the two-temperature theory of ion transport and I-IcC' interaction potentials 

calculated at I lie M l'4SDQ/63 II 'I- C( 3df,3pd ) level of theory. Agreement with experimental 

data is very good. 'The results confirm it recent experimental observation of the 4ji  state of 

Ct 

INTRODUCTION 

The values of the mobility of the C" ion are important for the experimen-
tal determination of the ion/molecule rate constants of reactions of C'. The 
reaction of C' and H. to form CH is of particular astrophysical interest. 

The mobility of C" in helium has been measured by Thomas et at. [1], 
Dolan et al. [2], Peska et al. [3] and Twiddy et al. [4]. Not only are the 
reactions of the 2s 2p 2P ground state of C" of interest, but also the 2sp 2 4P 
excited state. Twiddy et at. were able to measure the mobility of a species in 
helium that they claimed was metastable C" ( 4P). If confirmed, this was one 
of the first measurements of the mobility of an excited state of an ion. 

Ab initio interaction potentials of He and C" (2P) have been reported by 
a number of workers. SCF calculations have been reported for the 211  state 
of HeC' by Harrison et al. [5] and Copper and Wilson [6]. Koch and 
Frenking [7] have reported calculations at the MP2/6-316(d,p) and MP4/ 
63110(d,p) levels of theory on the optimised structures of the 2 fl,  2Et and 

4 E states of HeC"'. The optimisations were at the MP2/6-31G(d,p) level 
of theory. The 1-leC"' 21-1  state was shown to be weakly bound with a D of 
about 200-400 cm " 1  and an r of about 2.4 A. A gas phase ion of nominal 
mass 16 u generated from a helium discharge between carbon electrodes has 
been assigned to a stable HeC or I-Je 2C 221  ion by Young and Coggiola [8] 
using high resolution mass spectrometry. 

0168-1176/89/$03.50 	0 1989 Elsevier Science Publishers B.V. 
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TABLE I 

HF/6-311 ± G(3dJ,3pd) and M P4SDQ/6-31 I + G(3dJ.3pd) energies for the HeCk  211  and 

2 E' states 

E (hartree) 
27+ 

[IF MP4SDQ HF MP4SDQ 

1.00 -40.03507 -40.15541 - - 

1.25 -40.10512 -40.22379 - - 

1.50 -40.13415 -40.24956 - - 

1.75 -40.14690 -40.25970 - - 

2.00 -40.15191 -40.26313 -40.13942 -40.25112 

2.25 -40.15364 -40.26401 -40.14843 -40.25898 

2.50 -40.15402 -40.26392 -40.15186 -40.26185 

2.75 -40.15391 -40.26357 -40.15302 -40.26272 

3.00 -40.15371 -40.26322 -40.15332 -40.26286 

3.25 - 
- -40.15334 -40.26279 

3.50 -40.15338 -40.26277 -40.15329 - 40.26268 

4.00 -40.15319 -40.26253 -40.15316 -40.26251 

4.50 -40.15308 -40.26240 -40.15307 -40.26239 

5.00 -40.15301 -40.26232 -40.15301 -40.26231 

-40.15291 -40.26220 -40.15291 -40.26220 

The two temperature theory was developed by Viehland and Mason 
[9,101. It allows the mobility, K. to be calculated as a function of electric 
field strength E/N if the interaction potential V(r) is known. The two 
temperature theory and the program used in this work has been described by 
Simpson et al. [11,12]. The work of Simpson -et al. demonstrated that if a 
high level of theory was used to calculate the interaction potential, the 
calculated mobilities were, within experimental error, in agreement with the 
experimental results. This allows one to predict with confidence the experi-
mental mobilities of gaseous atonis. 

In this paper calculations are reported on the C (2s 2p 2P) + He (152  'S) 

2  1 and 2 E states of HeC k  and the C (2sp 2  P) + He (152  'S) 4 E and 4 H 
states. The interaction potentials are used to calculate the mobilities of the 
C+ 2P and 4P states in a helium buffer gas. 

CALCULATION OF INTERACTION POTENTIALS 

The interaction potentials were calculated using the GAUSSIAN 82 

program [13] at the M114SDQ/6-311 + G(3df,3pd) level of theory, exclud-
ing core contributions to (lie correlation energy. 

The results of the calculations are given in Table 1 for the 2111  and 2+ 

states of 1-JeC arising from interaction with the C 2P state and in Table 2 
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TABLE 2 

I-IF/6-311 -I- G(3df,3pd) and M1 14SDQ/6.31 I + G(3(l.3pd) energies for the I-IeC 4r' and 
ii states 

R E (hartree) 
(A) 

 
4:E - 4 11  

HF MP4SOQ 1-IF MP4SDQ 

0.875 -39.97539 -40.05254 - - 

1.00 - 40.02952 - 40.10586 - - 

1.125 -40.04514 -40,11957 - - 

1.25 -40.04607 -40.11765 - - 

1.375 -40.04221 -40.11050 - - 

1.50 -40.03740 -40.10246 -39.96854 -40.03228 

2.00 -40.02478 -40.08180 -40.00117 -40.06819 

2.50 -40.02114 -40.07607 -40.01886 -40.07369 

2.75 - - -40.01946 -40.07405 

2.875 - - -40.01954 -40.07406 

3.00 - 40.01996 - 40.07444 -40.01955 - 40.07402 

3.25 - - -40.01949 -40.07389 

3.50 -40.01950 -40.07386 -40.01940 -40.07376 

4.00 -40.01929 - 40.07360 - 40.01925 - 40.07357 

4.50 -40.01917 -40.07347 -40.01916 -40.07345 

5.00 -40.01910 -40.07338 -40.01909 -40.07338 

cc -40.01899 -40.07326 -40.01899 -40.07326 

for 	and 411  states of HeC' 1' arising from interaction with the C' 1' 4p 
state. The values of the interaction potentials calculated at the Hartree-Foek 
level of theory are also given. The HeC' 1  2 11 state is calculated to have a D. 
of 406 cm' and an IC  of 2.329 A. The 2 2 , state hasa D of 147 cnf' 1  and 
an r, of 2.978 cm - '. The 4 E state has a D of 10254 cm' and an IC  of 
1.158 A. The 4 11 state has a D of 175 cm' and an r of 2.805 A. These 
values should be regarded as improvements on the previously published 
values [5-7]. The 4 P state of C 1' is calculated to be 41466 cm" t  above the 2p 
state, compared with the 43000 cm 1  determined spectroscopically. 

MOBILITY CALCULATIONS 

The two temperature program, based upon the program of O'Hara and 
Smith [14,15], was described in detail by Simpson et at. [ii]. The mobility, 
K, and reduced mobility, K 0 , of an ion are defined as 

K=vd/E 	 (1) 

K 0  = K('/)( 
273.15 	

(2) 
T) 
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where Ri  is the average ion drift velocity, E is the electric field, and P and 

T are the experimental pressure in Torr and temperature in Kelvin, respec-

tively. The reduced mobility can be written as 

K0  = 0.37220 v/(E/N) 	 (3) 

where the drift velocity Vd  is in units of in s and E/N is in Td. K0  then 

has units of 104 
1112  V 1  s'. 

There are two states of HeC that correlate with He Is' 1S + C 2s 2p 2P, 

the 2  and 2 E molecular states. In an earlier investigation of the HeO 
system [12], where the interaction potentials for the different states are very 

similar, the mobilities calculated for the 
0+(2  D) and 0t(2p)  ions in helium 

taking the interaction potential for the states of lowest energy were virtually 
the same as the values calculated assuming a statistically weighted mixing of 

HeO t  states. This led to the conclusion that the molecular ion could be 
assumed to adopt the state of lowest energy for the purposes of a mobility 
calculation. However, this conclusion, on reflection, does not apply where 
the interaction potentials for the molecular ion states exhibit quite different 

characteristics, as they do for the HeC t  molecular ion states. Assuming that 

the orientation of the carbon atom is random, the statistical weight of the 
two states will be 2:1. It cannot be assumed that the behaviour of the HeC t  
ions will be described only in terms of the lowest energy state. In Fig. 1 the 

reduced mobility of C 2 P in helium as a function of E/N is shown. At 

large E/N the mobility calculated using the 211  potential curve is greater 

than the experimental value, but that calculated using the 'V curve is less 

'if 
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Fig. 1. Experimental and calculated reduced mobilities of C' 2P in helium. Solid lines show 

the mobility calculated using the 211  and 2 E potential curves as the interaction potential, 

and the weighted sum of these two calculated mobilities. - 
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Fig. 2. Experimental and calculated reduced mobilitics of C 4P in helium. Solid lines show 

the mobility Calculated using the and II potential curves as the interaction potential, 

and the weighted sum of these two calculated mobilities. 

than the experimental value. At low E/N the mobility calculated with the 
2+ curve is greater than that calculated with the 21-1  curve. The effective 
collision integral [lU 	is summed with statistical weights of 2/3 for the 
collision integral calculated using the 2 	curve and 1/3 for the collisionFl 
integral calculated using the 2+ curve. This gives for the reduced mobility 

1/K0  = 4/3.K0(2 I)  + 2/3K 0  ( 2 11) 	 (4) 

Agreement with experiment is very good. This procedure is valid since in 
any given collision a definite potential curve will apply, although the actual 
surface over which the collision occurs will be random. The results of 
Simpson et al. [I I] for He + F showed that very good agreement can be 
expected at large E/N. 

The same procedure was adopted for the two states of HeCt  that 

correlate with C4 4P + He 1 S, the and Ii molecular states. The reduced 
mobility of C 4P in helium is shown in Fig. 2. Agreement with the 
measured mobilities of Twiddy et al. [4] is again very good. The mobility 
calculated with the state of H symmetry is greater than that with 7, -  
symmetry as found for the doublet states. The variation of the mobility with 
electric field strength is mainly due to the contribution from the 4 H state. 
The change from 20 to 120 Td is about 2 cm 2  V' s with the curve 
but about 7 cm 2  V' s' with the 411 curve. Kusonoki and Ottinger 1161 
estimate the lifetime of C 4P to be at least of the order of io - . Thus it 
should be certainly observable in a drift tube. The mobility of CH' has been 
shown by Thomas et al. [1] to have a greater dependence on electric field 

185 
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strength and higher values than the species observed by Twiddy et al. These 

calculations give further confirmation that the species observed by Twiddy 

et al. was c 
These calculations 5110w that it is possible to calculate the mobility of an 

ion in helium that correlates with more than one state of the diatomic 

species and to obtain results in good agreement with experiment. They also 
demonstrate that the mobility of an excited state of an ion, which may be 

difficult to measure experimentally, may be calculated with some confi-

dence. 
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Abstract 

The ionization efficiency curve for the CHO P  ion, rn/z 29, formed from the near-monochromatic 

electron Impact Ionization of CH30H has been found to exhibit two distinct appearance 
energies (thresholds) which can be assigned to the formyl, HCO, and the higher energy 
isoformyl, COH, isomers. The energy separation between the appearance energies of 

138 kJ mol t  provides an estimate of the difference between the enthalpies of formation of 
the formyl-isoformyl isomers. Acetaldehyde undergoes dissociative ionization to yield only 
the lower energy, formyl, isomer. This has been confirmed from a study of the energetics of 
the proton transfer reaction of CI-IO on N20 over the centre-of-mass collision energy range 

03-4 eV measured by using a drift-tube mass spectrometer. 

Introduction 

The formyl ion, HCO, and more recently the isoformyl ion, COW, have been 

detected spectroscopically in interstellar dust clouds, and their identification 

has been confirmed by laboratory experiments. 16  There have been a series 

of theoretical calculations 7" 16  concerned with the electronic structure of the 

isomers, the energy difference between the isomers, the activation barrier to 

isomerization, and the proton affinity of CO for proton attachment to the 
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carbon and oxygen end of the molecule. The reactivities of the isomers have 
been studied experimentally, and the proton affinity of CO to form HCO 
and COW has been reported. 1724  The kinetic experiments have provided rate 
constants, product distributions, and evidence for vibrational excitation of the 

ions. 22  An electron impact induced dissociation study of a series of oxygen 
containing compounds by Haney and Franklin 25  provided a mean value of 
828±8 kJ mol' for the enthalpy of formation of the formyl ion. A more 
recent experimental determination of the enthalpies of formation for the HCO+ 
and COH ions by McMahon and Kebarle 23  by proton transfer equilibria gave 
values of 812 and 962 kJ mol', respectively, and a value of 990 kJ mol' has 
been reported for the enthalpy of formation of the isoformyl ton by Freeman 

et al. 24  using the SIFT technique to determfine relative proton affinities. The 
above experimental values reported for the enthalpies of formation of the two 
isomers yield an energy difference over the range 134-178 kJ mol' or a value 
of 150 kJ mo1' by using the values reported by McMahon and Kebarle. 23  

The formyl and isoformyl ions have been the subject of many ab !nitio 

molecular orbital calculations over the past 20 years. 716  The earlier calculations 
concerned the electronic structure and protonation energies for the Isomers, 7'8  

ab initio scr methods being used to the double-zeta level. These calculations 
indicated that the isoformyl ion should be a stable high energy isomer. 

Vasudevan et al. 9  employed a contracted Gaussian basis set of double-zeta 
quality and ci to calculate the absolute energies for the isomers giving an 
energy difference of 77 kJ mol'. Summers and Tyrrell used the GAUSSIAN 

70 program 10  with a 4-31G basis set to calculate an energy difference of 
91 kJ mol'. Higher levels of theory with more sophisticated basis sets have 
resulted in a series of calculations for the energy difference which lie within 
the range from 138 kj mol' (ref. 15) to 175 kJ mol' (ref. 16), with a calculated 
activation barrier to the isomerization from HCO to COW of approximately 

300 kJ mol'.' 1  Nobes and Radom'' used GUAS5IAN 80 with the M p3/6.311c** 

basis set to calculate an energy difference of 157 kJ mol' between the isomers, 
and an activation barrier of 150 kJ moM above the HOC energy level. Del 
Bene et al. 12  performed a Hartree—Fock calculation with a 6.31c** basis set with 
correlation energies calculated at the MP45DQ level of theory giving an energy 

difference of 149 kJ moP - ' and an activation barrier of 156 kJ moP' above the 
HOC energy level. cI(sDQ) calculations carried out by DeFrees et al. 13  and by 

Dixon et a!) 4  gave the energy spacing between isomers as 159 kJ moM, 13  and 

165 kJ moP' (valence cO 14  or 161 kJ moP' (all electron ci). 14  The most recent 
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calculations by DeFrees et al. 16  using the Mp4sDcl level of theory with a series 

of 6-311++c(x,y) basis sets with various polarization functions (x,y) yield an 

energy difference of 175 kJ mol'. 
Despite the spread in both the calculated and experimental values reported 

for the enthalpy of formation of the HCO 4  isomers, the protonation reaction 

of CHOP  on N20 may be used as a probe for the presence of both or only one 

isomer. The reaction of the COl-ft isomer on N20 being exothermic (see below) 

should be fast even at thermal collision energies whereas the reaction of the 

HCO' isomer will be endothermic for thermal collision energies, an increase 

in the total collision energy being required to overcome the endothermicity. 
We report In this communication the results of a near-monochromatic electron 

impact study of the CHOP ionization efficiency curve generated from CH30H 

and CH3CHO, and the dependence of the cross-section for the reaction of the 

Cl-lO isomers with N20 on the total centre-of-mass collision energy over the 

range 0-3-4 eV measured by using a drift-tube mass spectrometer. 

Experimental 
Ionization efficiency curves • were measured by using a low pressure monochromatic' 

electron impact ion source which has been previously described in detail. 26  Briefly, a 

near-monochromatic electron beam with a full width at half maximum energy distribution 
of 50-60 mev is produced by means of a hemispherical electrostatic monochromator. The 
electron -beam Is accelerated or decelerated into a collision chamber containing the sample 

at a pressure of <1x10 6  Torr (<lx10 4  Pa), ion beam retarding curves are measured to 
assess the translational energy of ions under investigation. Ionization efficiency curves were 
measured in 80meV steps, Ar and Kr being used as energy scale callbrants. The reactive 

cross-sections for the ciio isomers on I'120 were measured by using a drift-tube mass 
spectrotpeter which has been previously described for the determination of Ion transport 

properties. 27  cuo~ 
ions were generated by He ion chemical ionization of 0-5% mixtures 

of methanol or acetaidehyde in helium and the N20 admitted into the drift tube through a 

separate inlet system. The ion signal corresponding to the CH0 ion (m/z 29) was recorded 

as a function of the N20 partial pressure (milliTorr) for a constant total drift-tube pressure of 
0-3 Torr helium at 298K. Pressures were measured by means of a 310 Baratron capacitance 
manometer with a 10 Torr head, and the temperature of the drift tube was maintained 
constant at 298 K by the circulation of water through the outer Jacket and monitored with 
three thermocouples which were attached on two separate drift rings and one in the gas 

space. 

Results 

A typical ionization efficiency curve for Kr+ and CFlO measured for a 
1 : 2 mixture of krypton and methanol at a source pressure of <1x10' 6  TorE 

is shown in Fig. 1. The appearance energies for Kr 1 (2 P3,2) at 13-999ev 

and Kr'- ( 2 PiI2) at 14665 eV were chosen as the energy scale calibrants due 
to their close proximity to the experimental appearance energies found for 

cHoIcn3oH. The energy difference between the two spin-orbit states of the 
Kr ion found from 10 runs was 0-65±0-08 eV, in good accord with the 

spectroscopic value of 0-666 eV. 28  The ionization efficiency curve for the 

26 Harland, P. W., and McIntosh, B. J., mt. J. Mass Spectram. Ion Processes, 1985, 67, 29. 
27 Harland, P. W., and McIntosh, B. J., hit. J. Mass Spectrorn. Ion Processes, 1984, 57, 283. 

28 Rosenstock, Ii. M., Draxi, K., Steiner, B. W., and Herron, J . T., J. Phys. Chem. Ref. Data SuppL, 

1977, 1, 6. 
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Fig. 1. Ionization efficiency curves for Kr' and CHO from a 1 :2 mixture of krypton 
and methanol. The electron energy scale has been calibrated to the spectroscopically 
determined appearance energy for Kr'( 2 P3/2) at 13999ev 114 .00 eV). 

CHOP  ion exhibits an appearance energy or threshold at 14-82±020 eV and 
a break at 1625±027 eV with a mean separation between the thresholds of 

143eV (138 kJ mor'). 
The ionization mechanism for the formation of the CHO P  ion from methanol 

is shown in equation (1): 

CI -1 30 1-1  + C - CHOP  + H2 + H + 2e- 	 (1) 

where CHO' corresponds to the formyl isomer, HCO', at the first threshold 
and to the isoformyl isomer, COIl', at the second threshold. In the absence 
of excess recoil energy and internal excitation of the ionization fragments the 
energy separation of these thresholds would correspond to the difference in 
the enthalpies of formation for the two Isomers. However, If the enthalpy of 
formation of the formyl ion is taken as 828 kJ mol', the minimum appearance 
energy (first threshold) for the formyl isomer is calculated to be 12•88 eV, 

almost -2 eV lower than the experimental value of 1482 eV. The experimental 
value found here, however, is in good agreement with the range of values, 
14-3-14'7 eV and the calculated value of 14•76 eV, reported by Lifshitz et 

al., 29  that incorporated the excess tranlational energy of 1 42 eV found in the 
fragmentation process by Beynon et al. 30  The ion beam retarding curve for CHO' 
indicated excess translational energy for the ion, although this was Insufficient 
to account for all of the excess energy evident from the high displacement 
of the threshold from the minimum calculated value. These observations can 
only be reconciled if the non-atomic fragmentation products (CHO and/or 
H2) also carry vib-rotational energy. Wagner-Redeker et al. 22  have reported 
kinetic evidence that CHO' ions are generated in vibrationally excited states. 
Since neither the distribution of the excess energy between internal modes and 

29 Lifshitz, c. Shapiro, M., and Sternberg. R., Isr. J. Chem., 1969, 7, 291. 
30 l3eynon. J. H., Fontaine, A. C., and Lester, G. 14., hit. J. Mass Speclroin. Ion Phys., 1968, 1, 1. 
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translational energy nor the excess energy for the individual thresholds can 
be determined in these experiments the difference of 138 kJ mot - ' between 

the thresholds can only be reported as an estimate to the enthalpy difference 
between the isomers. This value falls into the lower end of the range for 
values deduced from aft initto calculations but is certainly in agreement with 
the value of 150 ki moM reported by McMahon and Kebarle, 23  within the 

respective uncertainties. 
The ionization efficiency curve for Cl-lO produced by the -dissociative 

electron impact ionization of acetaldehyde, CI-13C110, did not exhibit any 
breaks which could be attributed to the higher energy isomer. The threshold, 

at 1264±0 13 eV, was not sharp, lying 09 eV above the minimum calculated 
appearance energy for the formation of the formyl isomer by the dissociative 
ionization of C1-13Cl-lO. The kinetic studies reported below confirm the absence 
of the higher energy isoformyl isomer from the Ionization of CH3CFIO. 
Acetaldehyde would be a useful precursor molecule for the prparatlon of the 
formyl ion free from the higher energy isomer. Bowers at al. 21  have found 
isomeric mixes of the CHOP ion, from electron impact or helium Ion chemical 
ionization of HCHO, CH301-11 Cl-13COO14, (CFI3)20 and l-ICOOCI-13 and from the 
reaction of H3 on CO. 

The proton transfer reaction (2) is endothermic, the calculated endothermicity 
depending on the value chosen for the enthalpy of formation of the formyl 

ion: 

HCO+N2O - N20l-1+CO 	 (2) 

From the value of 828 kJ mot-' proposed by Haney and Franklin and the value 

of 812 kJ mot- ' reported by McMahon and Kebarle, reaction (2) is found to be 

endothermic by 20 or 36 kJ niol', respectively. The experimental uncertainty 
on each of these individual values would be about ±10 kJ mot'. The enthalpy 
of formation for protonated N20 was taken to be 1041 kJ moL 1

. 3 ' Reaction 

(3), in cpntrast, is exothermic, the degree of exothermicity depending on the 
value taken for the enthalpy of formation of the isoformyl ion: 

COH+N20 -, N20H+CO 	 (3) 

From the values 962 and 990 kJ moM, respectively, 2324  the enthalpy of reaction 

(3) is calculated to be either -114 or -142 kJ mot-' . 
The attentuation of the Clio ion signal In the drift tube of drift distance 

z as a junction of the N20 particle density, nN,O, Is given by: 

Jcuo = 1ctio exp(-cr(E) . flN2o .z) 	 (4) 

where g-(E) is the reaction cross-section for the mean centre-of-mass collision 

energy E. Attenuation curves were measured as a function of the electric 
field to particle density ratio, E'/N, which is a measure of the ion energy in 

the drift tube, over the range 40-200 Td (1 Td 10-21  V m 2  where Td denotes 

31  Lias, S. G., Liebman, J. F. and Levitt R. D., J. Phys. Cheri. Ref. Data, 1984, 13, 695. 
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the unit known as the townsend) for methanol as the CFIO precursor and 
30-200 Td for acetaldehyde as the CHOP precursor. The lower limit to E'/N 

accessible in the drift tube is imposed by the magnitude of the ion signal. 

E' is the electric field gradient in the drift tube, and N the total particle 

density. These E'/N ranges are equivalent to a range of centre-of-mass collision 

energies 32  from 0-3 to 4 e (30-390 kJ mol'). Endothermic ion-molecule 
reactions can be switched on as the centre-of-mass collision energy exceeds 
the reaction endothermicity. The reaction cross-section for an endothermic 
process increases from the threshold to a maximum value and then declines 
towards a hard-sphere limit following the same behaviour as an exothermic 
process with increasing collision energy (VIN). 

When CH30H is used as the O-1O precursor both Isomers are present in the 
drift tube. The plots of log(ion signal) against nN,O  were found to be non-linear 
and characteristic of a double exponential decay according to equation (5): 

Iciio = 1 0 exp(-cr(E)i-jco. .flN 2 o .z) 

+ !coi-i exp(—cflE)con. . nNO .z) 
	

(5) 

(E'/N)/Td 
o 	50 	150 	 200 

80 

.c0F1l2O 

E 	I 

111 10 

'ID 
1 LN2or cii, CHO 

0 
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Fig. 2. Cross-sections for the, 
protonation of N20 by the isomers 
of cHo+ as a function of VIN 
or mean total collision energy <E>. 
The areas filled by the right-sloping 
cross-hatch incorporate values 
obtained from the double exponenilal 
ion attenuation curves by using the 
iterative fitting procedure. The area 
filled by the left-sloping cross-hatch 
incorporates cross-section values 
determined for reaction of the 
cHO ion formed from CH3CUO. 

The range of endothermicities or 
threshold energies for the reaction of 
HC0 on N20 obtained from 
literature enthalpies of formation are 
shown on the abscissa. 

The cross-sections for the protonation of N20 by the Individual isomers as a 

function of E'/N ( total collision energy, E) obtained from fitting equation (5) 
to the experimental attenuation curves are shown in Fig. 2. The excitation 
function, plot of reaction cross-section against collision energy, for one set 
of cross-sections obtained from the fitting procedure exhibits the typical 
behaviour expected for an exoergic reaction, presumably for the exothermic 
proton transfer reaction involving the higher energy COW Isomer, and the 
second set exhibiting the characteristics of an endothermic reaction with a 
threshold corresponding to the lower energy HCO isomer. The uncertainty 

32 McFarland, M., Albritton. D. L., Fehsenfeid, F. c., Ferguson, E. E.. and Schmeltekopt, A. L., I 
Chem. Phys., 1973, 59, 6620. 
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on the cross-sections derived from the Simplex iterative fitting procedure is 
estimated to be 30-40%. The attenuations of the CHOP ion derived from 
the CH3CHO precursor by reaction with N20 were simple exponential curves 

yielding more accurate reactive cross-sections (estimated ±20%). These data 
are in general agreement with the low reactivity component generated from the 

CH30I-1 precursor which we have attributed to the HCO ion (Fig. 2) in accord 
with the results from the electron impact study. The accuracy of these data 
precludes a meaningful extrapolation of the cross-section curve for the I-ICO 
isomer to the threshold although we could conclude that it Is not inconsistent 
with the reaction endothermicity in the range 20-36 kJ mol' calculated from 

the enthalpy of formation values deduced from proton transfer experiments. 

Manuscript received 15 February 1988 
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(Received 7 October 1988) 

Interaction potentials for many of the first-row atomic positive ions and 
stable negative ions in helium have been calculated by ab initio molecular 
orbital and valence bond methods at the University of Canterbury, 
Christchurch [1-5]. These interaction potentials have then been used with 
the two-temperature [6,7] and three-temperature [8,91 theories of ion trans-
port to calculate ion mobilities in helium for comparison with experimental 
measurements made in the laboratory and taken from the literature. The 
agreenwnt between the theoretical and experimental ion drift velocities and 
mobilities has been within the quoted experimental uncertainties and in the 
case of the O' ion in helium the calculated mobility curve: for the 0( 2P) 

ion could be closely matched with literature measurements for the O * ion, 
which had been tentatively identified as the 01(2  D)ion [2]. The mobilities 
of ions such as Ct Nt 0 and F, which exhibit multiple ion/helium 
molecular states, have been calculated from the ab initio interaction poten-
tials for each state using the appropriate statistical weighting of states in 
Blanc's Law. The success of this approach is demonstrated by the close 
agreement between the experimental measurements for the F(3P), C+(4p) 

and C( 2P) ions in helium and the mobilities calculated 1rpm the statistical 
weighting of the available HeFt and HeC molecular ion states. The 
attraction of a theoretical computational approach to ion mobility data 
based o.li reliable ab initio interaction potentials lies in the wide range and 
combinations of buffer gas, ion temperature (the ratio of the electric field to 

* Author to whom correspondence should he addressed. 
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the particle density, E/N) and electronic states of ions that can be explored 
easily and which may not be readily amenable to experimental study. 

The mobility of the IF' ion in helium had not previously been measured 
and an attempt to rectify this situation using the static drift tube at the 
University of Canterbury, Christchurch was met with unexpected technical 
difficulties. Boron compounds introduced in trace amounts into the drift 
tube (1-5 parts per thousand in helium at a pressure of 0.3 torr) resulted in 
a rapid increase in the work function of the filament with a corresponding 
reduction in the thermionic electron emission and a subsequent loss of the 
B ion signal. This effect was found for bare iridium and rhenium, thoriated 
i rid i tim and for both iridium and rhenium coated with barium zirconate, 
irrespective of whether the boron-carrying molecule was B 2 H 6 , BCI 3  or BF3 . 

The eflect is fully reversible, the filament emission and normal drift tube 
operating characteristics recovering within minutes of pumping out the 
boron sample. The problem was solved using the selected ion flow drift tube 
at the UI) ivcrsily of Birmingham 110]. The mobility of the 11 + ion in helium 
was measured at five points over the range of E/N from 11 to 32 I'd (I 
Td = 10_ 21  V 111 2 ) with an estimated experimental uncertainty of ± 5%. 

The HeB molecular ion interaction potential was calculated using the 
GAUSSIAN 82 program 1111 at the MP4SDQ/6-311 + G(3df,3pd) level of 
theory, excluding core contributions to the correlation energy. The results of 
this calculation are given in Table I and plotted in Fig. I. This interaction 
potential was used with the three-temperature theory of ion transport to 
calculate tile "B ion mobility over the range of E/N from 2 to 160 Td. The 
collision cross-sections were calculated to an accuracy of 0.1% and the 
three-temperature theory calculation for the mobility converged to within 
0.8%. The theoretical curve of reduced mobility vs. E/JV and the experimen-
tal data points, including the ±57o error bars, are shown in Fig. 2. The 

TABLE] 

Interaction potential energies for the ground state of the lleB+  molecular ion calculated at 

the M114SQ/6-31 I + G(3dJ,3pd) level of theory 

Internuclear separation 

(A) 

Energy 

(hartree) 

Internuclear separation 

(A) 

Energy 

(hartree) 

1.50 -27.154654 3.25 -27.189733 

1.75 -27.174503 3.50 -27.189590 

2.00 -27.183922 3.75 -27.189469 

2.25 -27.187931 4.00 -27.189375 

2.50 -27.189437  4.50 -27.189247 

2.75 -27.189860 5.00 -27.189168 

2.875 -27.189889 00 -27.189029 

3.00 -27.189861 
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Fig. 1. Interaction potential for the ground state of the F1eB molecular ion using the 

theoretical data given in Table 1. 

experimental measurements have been made over a relatively narrow range 
of E/N owing to experimental limitations. However, there is agreement with 
the theoretically calculated curve within the estimated uncertainty and both 
the experimental data and the theoretical curve exhibit a maximum at 20 Td. 
These results reinforce conclusions based on our previous calculations and 
comparisons with experimental data measured using both static and selected 
ion drift tubes. The theoretical calculations give mobilities within 1-2% for 

30 

25 

0 

C> 

' 20 
C, 

15 

10 
0 	20 	40 	60 	50 	100 	120 	140 	160 
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Fig. 2. Calculated ( 	) and experimental (•) reduced mobility of B ions in helium as a 

function of E/N. 
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E/N > 30 Td, where the repulsive part of the interaction potential is 

dominant, and within the range of published experimental uncertainties, 

5-7%, for E/N c 30 Td, where small changes in the potential translate into 

significant changes in the ion mobility. 
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Structures and Energies of C 2 NH Isomers 

Peter W. Harland, Robert G. A. R. Maclagan t  

Chemistry Department, University of Canterbury, Christchurch, New Zealand 

Henry F. Schaefer Ill 

Center for Computational Quantum Chemistry, t School of Chemical Sciences, 

University t'f Georgia, Athens, Georgia 30602, U.S.A. 

Ab inizia calculations of the structures and relative energies of the isomers 
ofC,Nl1 show three low-energy isomers. The lowest-energy form is a cyclic 
isomer with two higher-energy stable linear forms, l-I 2CNC and l-I 2CCNt 
The relative energies calculated at the MP4SDq/6-31 IG**  level of theory 
are 0, 60 and 52 kJ moP', respectively. Interconversion between the cyclic 
isomer and the linear isocyano isomer H 2 CNC involves an intermediate 
structure calculated using CISD energies to be 141 ki mol' above the cyclic. 
structure and interconversion between the cyclic and cyano isomer involves 
an intermediate 226 ki moP '  above the cyclic isomer. Vibrational frequencies 
and infrared intensities have been calculated for the three stable isomers at 
the SCF DZP level of theory. The theoretical energies are compared with 
experimental measurements for the formation of the C,NHt ion from 

CH J CN and Cl-I,NC which provided evidence for two isomers separated 

in energy by 51 ± 10 Id moP', that from Cl-I,NC being the cyclic isomer and 

that from Cl-I 3 C N being the linear isomer. 

The ionisation threshold for the formation of the C 2 NH ion has been measured from 

both methyl cyanide, Cl-I 1 CN, and methyl isocyanide, CI-I 1 NC, precursor molecules. 

The literature values for the appearance energy of the C 2 NH ion from CH 3 CN cover 

the range from 13.54 to 14.72 eV. The most recent value from a monochromatic electron-

impact ionisation study of CH 1 CN and Cl-I 3 NC is 14.38±0.04eV.' The same study 

determined the appearance energy for the formation of the C 2 NH ion from CH 3 NC, 

methyl isonitrile, to be 13.21 ± 0.04 eV, in accord with the only other literature value. 
These appeprance energies used with known standard enthalpies of formation for the 
precursor molecules and the hydrogen-atom fragmentation product gave the enthalpy 

of formation for the C 2 NI-I ion from CH 1 CN as 1257:E5 W moP' and from CH J NC 

as 1206±5kJ moP'. 
The difference of 51 ± 10 ki moP' between these two precursor molecules was inter-

preted in terms of two stable isomeric forms of the ion. Using the results of.SCF 

calculations of the isomeric structures and relative energies as a guide, it was argued 
that skeletal integrity of the precursor molecule may well be retained, giving rise to the 

I4 2CCN ion from ionisation of CI-I,CN and the l-I2CNC 4  ion from ionisation of 

CI-I 3 NC. The cyclic isomer, c-C 2 NH, has been previously suggested to account for the 

collision-induced spectra of the C,NH ion generated from a series of H 1 C 2 N isomers.' 

The attraction of the cyclic form lies in its potential stabilisation as the simplest example 

of a Hückel (4n + 2)7r electron system, where it = 0. The isoelectronic cyclopropenyl 

ion, c-C 1 H, is a well studied stable gas-phase ion.' - ' The resonance stabilisation energy 

conferred by delocalisation results in an enthalpy of formation 100 kJ moF' lower than 

I Contribution ((QC i m. 25. 

87 
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Fig. I. Optimised geometries for structures 1-9 (distances in A, angles in degrees). 

that for the )inear pro pargyl isomer.' -' - ' The preliminary SCF calculations for the C2NH2' 

isomers '  gave the cyclic isomer as the lowest-energy structure, followed by the two linear 

isomers l-I 2 cNC' and H 2 CCN', 43 and 77 kJ moV' less stable, respectively. Assignment 

of the isomers formed from the monochromatic electron-impact ionization of CH 3CN 

and C l-I 3 NC to the linear isomers was based on the conservation of the C, N skeletal 
framework of the precursor molecule as discussed above, and the apparant reasonable 
accord between the experimental energy separation, 51 ± 10 ki mor ' , and the SCF 

calculation of 34 ki moF 1 . 
C 2 H 2 N has been the subject of several other theoretical studies: STO-30 calculations 

were reported by Moffat for the two isomers H 2CCN t9  and H 2C.NCt' °  Swanton ci 

at t ' reported geometries optimised with a 4-210 basis set For nine isomers of C 1 H 2 Nt 

In addition, they reported HF energies calculated using 6-310, D7 and DZ+P basis 
sets for the isomers lowest in energy (structures 1, 2, 3 and 7 in iig. 1). The 4-210 
optimised geometries were used for these calculations. MP3/4-210 correlation energies 
were also reported for the three isomers lowest in energy (structures 1-3 in fig 1). Only 
with the DZ+ P basis set, which includes polarisation functions, is .  the cyclic structure 

(1) predicted to be the lowest in energy. The isocyano isomer (2)!  is lower in energy 

than the cyano isomer (3). 
C2Il2Ni is isoelectronic with C,H 2  and C 2 H 2 Si. Related structures include C31 13' , 

ethynamine (N l-1 3 C 2 1-h) and ketene (H 2C 7 0). The laboratory identification of cyclopro-

penylidene by Reisenauer ci at. 12  was facilitated by the calculation of infrared band 

frequencies and the relative intensities by Lee ci at' 3  Lee ci at. found that there were 

important contributions from the excited 6a—' 2b configuration in a TCSCF study. 
We would hope that the vibrational data included in this paper might permit some 

laboratory identification of C 2 H 2 N ions. Frenking ci at' 4  made an extensive study of 

five different isomers of C 2 H 2 Si. They found that the lowest-energy isomer was the 
cyclic silacyclopropenylidene. The isomer next lowest in energy was vinylidenesilene 

I-I 2 CCSi, en. 71.3 ki niol' above the lowest-energy isomer. The next lowest-energy 

isomer was silenylacetylene, HSiC21-l. 
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SCF, CISI) and CISD+Q energies for C 2 NH 	species with a DZ+P basis set 

structure 	!i(SCF)/liartree E(CISI))/hnrtree E(CISD + Q)/hartree 

-130.990 486 -131.389 029 -131.430 102 

2 —130.974061 —131.367678 —131.410465 

3 —130.960 932 —131.361831 —131.407 589 

4 —130.902 226 —131.308 156 —131.356 588 

5 —130.884 668 —131.291 554 —131.340 660 

6 —130.933242 —131.291996 - 

7 —130.920852 —131.275 691 - 

8 —130.890052 —131.256585 - 

9 —130.760 341 —131.155 675 —131.203 990 

Theoretical Details 

Equilibrium structures were obtained at the self-consistent field (SCF) level of theory 

using analytic gradient techniques.' 5  The basis sets chosen were standard double-zeta 
plus polarisation (DZ+ P) sets. On the carbon and nitrogen atoms the (9s5p) set of 

Huzinaga' 6  was contracted following Dunning" to [4s2p]. A full set of six d-like 

functions was added with orbital exponents of a ç  = 0.75 and aN = 0.80. For the hydrogen 

atoms, a 4s set, scaled by 1.2 was contracted to [2s]," with a set of p functions added 
with orbital exponent a = 0.75. For structures 1-3 of fig. I harmonic vibrational frequen-
cies were calculated using analytic second derivatives' 8  from the SCF optimum 

geometries. Configuration interaction (Cl) calculations were performed at the SCF 
optimum geometry. The Cl wavefunctions included all interacting singly and doubly 
excited configurations (CISD) relative to the Hartree-Fock reference configuration. 
Some calculations were also performed at the H F/6-3 II 0 and M P4SDQ/6-3 11 0 

levels of theory using the OAU5SIAN82 19  program. 

Results and Discussion 

The DZ+P.SCF optimised geometries for nine isomers of H 2C 2 N 4  are given in fig. 1. 

Comparison of the geometry of structure (1) with the 4-210 geometry of Swanton et 

at" and STO-30 calculations show that improving the basis set decreases both the CC 

and CN bond lengths. The 4-210 and DZ± P optimised structures are very similar for 
structure (2). For structure (3), the CC bond length is significantly smaller with the 

4-210 basis set than with the STO-30 and DZ+P basis sets. The CC bond length in 

structure (J)  is similar to that calculated for the corresponding isomers of C 3 H 2  (1.317 A) 
and C 2 SiH 2  (1.343 A) with DZ+P basis sets. Owing to the longer SiC bond length, the 

CSiC bond angle in C 2SiH 2  of 43.6°  is smaller than that for C 3 H 2  of 55.6°  or H 2C2 N 

of 53.9 °. The CC bond length of 1.381 A for isomer (3) is sIihtly longer than the 1.318 A 
found in the C 2 SiH 2  isomer and 1.316 A found for ketene. ° 

In table 1 are listed the HF, CISD energies, and the CISD+Q energies calculated 
using Davidson's correction" for the structures given in fig. I. The lowest-energy 

structure is the cyclic structure (1), as was found for C 2 SiH 2  and C 3 H. 22  Structure (2) 

is calculated to be 51.6 kJ mol' (47.7 kJ mol' when the calculated zero-point vibrational 
energy is included) higher in energy, with structure (3) slightly higher at 59.1 kJ mor' 
(53.7 kJ mo1' with the zero-point vibrational energies included) above the cyclic struc-
ture. At the SCF level of theory with a 4-210 basis set, the isocyano ion (2) is lowest 

in energy. The calculations of Swanton et at" showed that only with the inclusion of 

polarisation functions in the basis set is the cyclic structure calculated to be the lowest 
in energy. The formation of structure (I) from ions formed initially as either isomers 
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Fig. 2. RIative CISI) energies of structures 1-3 and possible intermediates between them. 

Table 2. Relative energies (in ki inoL') for the three lowest-energy structures of C,NHt 

DZ4- I' 	DZ+ I' 	DZ+ I' 	6-31 !G 	6-311 G 

structure 	 5Cr 	CISI) 	CISD+Q 	SCF 	MP4SDQ 

	

0.0 	 0.0 	 0.0 	 0.0 	 0.0 

2 	 43.1 	 56.1 	 51.6 	 45.7 	 60.2 

3 	 77.6 	 71.4 	 59.1 	 iLl 	 51.6 

(2) or (3) will be slow, with the formation from the cyano ion being much slower than 
from the ispcyano ion as the energy of the intermediate structures (and hence transition 

states) are much higher for the conversion of (3) to (1). Structure (9,which is a possible 
intermediate formed by simple ring closure, lies 593.7 kJ mor 1  above structure (1). 

Structure 4), formed by a 1-3 hydrogen shift from structure (2), lies 141.5 ki mor' 

above structure (2)- This would be a possible intermediate in the transition from structure 

(2) to the cyclic structure (I). Structure (9) is the only obvious intermediate structure 
between (3) and (1). A more indirect route involves structure (7), which is predicted 
to lie 226.2 kJ mor' above structure (3) using CISI) energies. The relative energies of 
these isomers are shown in fig. 2. The isonierisation barriers indicate that structures (1) 

and (3), once Formed, would exist as stable, non-interconverting isomers in the absence 

of external influences. 
In the CISD calculations on structures (I )-(3) the coefficients of the most important 

configuration were 0.9471, 0.9441 and 0.9412, respectively, indicating that a single 

reference treatment is satisfactory. 
Calculations were also performed at the M P4SDQ/6-3 I 1G**//HF/631 lGt level 

of theory for structures (1)-(3). This is a slightly larger basis set and a different level 

of theory from the previously described CI SD calculations. For structure (1), E(SCF) = 

—130.999 896 hartree; E(MP4SDQ) = —131.412 693 hartree; R(C—C) = 1.331 A, 
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R(C—N)= 1.307 A, R(C—U) = 1.075 A, LNCI-1 = 141.5° and LCNC = 68.0°. For 

structure (2), E(SCF) -130.982 475 hartree; E(MP4SDQ) = -131.389 769 hartree; 

R(C—N)= 1.279 A, R(N—C) = 1.194 A. R(C—H) = 1.082 A, and LHCH = 120.3 °. 

For structure (3), E(SCF) = 130.972 593 hartree; E(MP4SDQ) = -131.393 022 hartree; 

R(C—C) = 1.371 A, R(C—N) = 1.145 A, R(C—H) = 1.082 A, and LHCH = 120.1 °. The 

relative energies of the three lowest-energy structures, as predicted by the various levels 
of theory are given in table 2. At the MP4SDQ level structure (3) is now 8.5 kJ mor' 
lower than structure (2) and 51.6 kJ mol higher in energy than structure (1). On the 
basis of these calculations and the enthalpies of formation obtained from appearance 
energies it would appear that the cyclic isomer, structure (1), is formed from CH 3 NC 

with the linear isomer, structure (3), formed from CH 3 CN. Presumably, rearrangement 

of the Cl-1 3 NC intermediate state is able to facilitate formation of the cyclic isomer, 
whereas the corresponding process is unfavourable from the CU,CH molecular ion 
intermediate. Once the ions are formed under single-collision conditions in the 

ionisation experiments isomerisation is precluded by the high barriers. 
In table 3 are given the harmonic vibrational frequencies calculated at the SCF level 

of theory for structures 1-3. Along with the frequencies, the calculated infrared intensities 
for each vibrational mode are given. For structure (1) the three most intense bands are 
the Cl-I asymmetric stretch mode at 3390 cm ' , the mode at 1323 cm', which has CU 

rock and CN asymmetric stretch character, and the in-plane symmetric CU bend mode 
at 1030 cIn'. The most intense band for structure (2) is the asymmetric CN stretch 

mode at 2335 cm - ' and the symmetric CU bend mode at 1131 cm - ' The zero-point 

vibrational energies (within the harmonic approximation) for structures 1-3 are 93.7, 

89.9 and 88,2 kJ mol, respectively. 

Conclusion 

This paper ,demonstrates the value of the interplay of experiment and theory. On their 
own the experiments are unable to differentiate different structural isomers of the ions 
under study and intuitive judgements are not always substantiated following theoretical 
calculatiops of the possible ion structure energies. Our calculations show that while the 

ion formed from C1-I 3 NC is the lowest-energy isomer(1), this isomer cannot be formed 

from CH 3 cN owing to the height of possible intermediates (and hence transition states) 

above the CH 2 CN 4  isomer energy for the conversion to the cyclic isomer. These barriers 

are not too large for the CU 2  NC isomer. The difference between the infrared spectrum 
for (1), (2) and (3) might allow experimental determination. 

H.F.S. thanks the U.S. National Science Foundation for support. 
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The effect of molecular orientation on chemical reacti-

vity has been studied in crossed beams for several systems.' 

For K ± (oriented) CF,1, the KI is forward scattered for 

attack at (lie 'tails" (CF,) end and backward scattered for 

attack at the "heads" (I) end. These experimental results' 

are nicely accounted for by the 'harpoon mechanism" : 

electron transfer from an electropositive atom to an electron 

accepting molecule; break-up of the negative molecular ion 

in the field of the ii coming positive ion; and completion of 

reaction via the Coulomb attraction of the resulting ions. 

Because the decomposition of the negative ion occurs within 

one vibrational period, the I -  ion is ejected in the instanta-

neous direction of the CF.,l axis, giving backward scattering 

for heads approach, forward scattering for tails approach, 

and also nicely accounting for the scattering from the 

sideways approach ;4  
Extension of the same argument to K + (oriented) 

CF,Br is not in complete accord with experiment,"' )  sug-

gesting that the electron jump might be affected by the mo-

lecular orientation. Since the dominant forces after the jump 

are Coulombic, chemical specificity would seem indeed to be 

reflected in the initial transfer. To investigate this effect di-

rectly, we have studied collisions of fast K atoms'; with ori-

ented CF,I and C11 31 molecules over the CM energy range 

5-25 eV. These reactions are known' to produce K and 

I - ; we report here that for both molecules the probability of 

forming K is greater for attack at the Lend. 

Beams of fast K atoms are generated by charge ex-

change' of K+,  and after residual K' ions are swept out of 

the beam, the fast K atoms intersect a supersonic beam of RI 

molecules (It = CE,, CB,) which have been state selected 

in an inhomogeneous six-pole electric field' and oriented" in 

a uniform field. Positive ions formed in the collision are de-

tected by one of two channelrons (C, 8,, or Cr ) arranged 
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schematically as shown in Fig. I. The "uniform", field is gen-

erated by two plates parallel to the RI beam with holes to 

pass the K atom beam, and to allow access to the channel-

trots cones- This arrangement was necessary both to orient 

the molecules and to collect (lie K ions. The active chan-
neltron cone was biased at - 1200 V while its uniform plate 

was held at - 50 V. The opposing plate and cone were held 

at + SOY, and both channeltron anodes were held at + 800 

V. 
The six-pole electric field transmits RI molecules with 

negative values of (cos 0), where C is the average classical 

angle between the dipole moment and the electric field. Al-

though individual rotational states have been resolved for 

other molecules in a similar apparatus, 10  our emphasis was 

to observe reactive scattering which for intensity consider-

ations required the use of neat beams resulting in a distribu-

tion of orientations. The distribution [Refs. 1(a) and 81 is 

broad and is calculated to have the most probable 
(cos 9) = —0.15 but in the uniform field the negative ends 

of all these molecules point towards the negative field plate. 

The orientation may be reversed by reversing the polarity of 

the uniform field. In the following, 0- refers to the field con-

figuration with the positive field plate nearest the K oven 

(ions counted by C0), and 180' refers to the negative field 

plate nearest the K oven (ions counted by C 150 ). For CFI.,l 

the I end is negative and points towards the incoming K 

atoms in tire 180' configuration. 

The raw signals, S, and S na , are the six-pole (FlY) fo-

cusing field (on—off) differences in counts, i.e., 

kV) - S(0 kV) J, typically a few cps. These signals are dif-

ferent and suggest that the threshold for electron transfer is 

lower at the I end (by =0.5 eV for CF,I), although signal 

limitations prevent extrapolation to threshold. Comparison 

between 5u and 	is complicated by different channeltron 

and ion collectioaefftciencies. To decouple these from orien- 

tation 	effects, 	the 	relative 	detection 	efficiency, 

F(s) = (S11o1S0).kv1 
is measured (for each energy) using 

0' 	- 
0 	 12.5 	 25 

Non,insl CM energy (IV) 

FIG. I. Inset: uniform field electrodes and channeltron cones. Plot: Kt 
signal in 0' orientatiols relative to that in 180' orientation, ci = S va 

nominal cm energy. it there is no effect of orientation, ci = I. Curves are 

line-or-centers plots with energy thresholds: lend = 3.3 IV; Rend = 4.0 

IV. 

the small flux of randomly oriented molecules obtained 

when no voltage is applied to the six-pole field (0 kV). F(s) 

is roughly independent of the molecule (RI and SF 6 ) used, 

but because of nonreproducible contact potentials on Use 

field electrodes and multipliers, its measurement was inter-

spersed with measurement of S. The relative signal due to the 

oriented molecules, 5', is the ]TV on-HY off signal difference 

corrected for the multiplier efficiencies: S;., = 5o and S 

= F-S0 . 

Figure I shows the ratio of corrected signals, 

G = S;,,IS a  for CH 3 I and CF,I vs CM energy (mass fac-

tor X lab energy I), Both molecules exhibit a pronounced 

steric effect near threshold. For CH,I, C is greater than one, 

showing that production of K is most efficient when K is 

incident on the negative end (I) of CH,1. For CF3I impact at 

the positive end is most effective, and this is once again the! 

end of the molecule. 12  No effect of focusing voltage was ob-

served for SF, a spherical top not focused by the six-pole 

field, showing that the results are due to focused molecules. 

The curves in Fig. I are calculated using a line-of-centers 

energy dependence of the cross section, a, = a 0  (I - E,/E), 

for each orientation. E, are the thresholds for the! or B, ends 

and are very roughly determined by fitting the data: ER  t'I.O 

eV, and E1  = 3.3 eV 
We conclude that the electron jump is not governed 

solely by the polarity of the molecule, otherwise C would 

show the same behavior for the two cases- In both cases the 

negative molecular ion fragments' and the major product is 

the r ion, so the electron seems to prefer to jump to the 

leaving group. The electron jump and ba decomposition 

thus seem to be concerted processes, suggesting that K atom 

attack at the I end may cause a distortion of the molecule 

which facilitates its decomposition. The nominal threshold 
energy for the I end of these molecules (as fitted above) is 

consistent with the thermodynamic threshold for I -  pro-

duction (E1  = IP + AD - EA, = 434 + 2.0 - 3.06 == 3.3 

eV) 
.13.14 This notion parallels the suggestion of Los and co-

workers"' )  that in collisional ionization of halogens, the 

halogen bonds stretch during the electron jump, increasing 

the effective electron affinity of the molecule. 

We gratefully acknowledge financial support from 

NASA and from the Robert A. Welch Foundation. This 

work is dedicated to the memory of Jim Granaaa. 

-) Permanent address: chemistry Department, University or Canterbury, 

Christch urch, New Zealand. 
M  Permanent address: ch em ica l Physics Section. Health & Safety Research 

Division, Oak Ridge National Laboratory, P.O. Boa 2008, Oak Ridge, 

Tenhessee 37831. 
'See else following and references cited (herein: (a) H. S.  Carinan, P. W. 

Harland, and P. R. Brooks, I. Phy,s. Chem. 90, 944 (1986); (b) D. H. 

Parker, K. K. Chakravorty, and K. B. Bernstein, Chem. Plays. Lett. 86, 

113(1982); (c) D. U. Parker, H. Jalink, and S. Slone, J. Phyt. Chen. 91. 

5427 (1987); (d) K. B. Bernstein, D. R. Herschbach, and R. D. Levine, 

ibid. 91, 5365 (1987). 
'P. R. Brooks, Faraday Discuss. Chem. Soc. 55, 299 (1973). 

'D. K. Herschbsch, Ad, Cheat Plays. 10, 319 (1966). 

'P. K. Brooks, J. McKillop, and H: G. Pippen, chem. Plays. Lest. 66, 144 

(1979). 
'For reviews orcollitionsl ionization, see (a) A. W. Kleyn, J. Los, and C. 

A. Gislason, Plays. Rep. 90, 1(1982); (b) K. Lacrnann, in Potential Ener- 

J, Chem. Phys,, vol. go, No. 9,1 May 1989 



Paper 37 	 366 

Letters to the Editor 

gy Surfaces, edited by K. P. Lam ley (\Vilcy, New York, 1980), p.5 t ) (c) 

A. P.M. Battle, Ad, Chem. Phys. 30,463 (1975); (d)). Los and A. W. 

Kicyn, in Alkali Halide Vapor,, edited by P. Davidovits and D. L. McFad-

den (Aced eiii"c, New York, 1979), p.  279. 
0(e)  R. N. Compton, P. W. Reinhardt, and C. D. Cooper, 1. Cheat Phy, 
68, 4360 (1978); (b) S. Y. Tang, B. P. Mathur, E. W. Rnihc. and G. P. 

Back. ibid. 64, 1 270 (1976); (C) P. E. McNauiicc, K. I,acman, and D. R. 
Uerschbach, Faraday Discuss. Char,. Soc, 55, 318 (1973); (d) A. W. 
Kicyn, M. N. Itobers, arid). Los, 10th ICPEAC AbstraclsofPapers, P.,- 

is, 1977, p. 1162. 

'ft. K. B. ilelbiitg and E. W. Roche, Rev. Sri, Inslrum. 39, 1948 (1968). 

"Ii. S. Carman, Ph.D. thesis, Rice University, 1986. 

V. R. Brooks, Science 193. 11(1976). 
"S. R. Gandhi. Q.-X. 3(u, T. J. Curtis,, and R. B. Bernstein, I. Phys. Chem. 
91.5437 (1987), and references cited therein. 

The nominal lab energy was given by tire voltage in the source, 

''S. R. Gandhi and R. B. Bernstein, J. Chem. Phys. 88,1472 (1988). 
"S. W. Benson.). Chem, Ed. 42, 502 (1965). 
"H. Hoop and W. C. Lineberger, J. l'hya. Chem. Ref. Data See. 4, 539 

(1975). 



Electron transfer to oriented molecules: K+CF3I and K+CH3I 
Peter W. Harland," Howard S. Cnrrnao, Jr.," )  Leon F. PhIlllps,' 

and Philip ft Brooks 

Veparflnent of Clnrin,istry and like Q,:antu"i Instil tee. Rice Ueiiirsity. houston. Texas 77251 

(Received 23 January 1990; accepted 10 April 1990) 

otis have been detected ken the jittetsection of a benin of K atoms (5-30 eV) with beanis 

of CII, I mid C17,1  melee ides W hich bull t,ec,, oriented  prior to (lie collision. Coil is ion a I 

ionization is round to he lii voted For both Iii tilec tiles when the Inst K is incident a I the I end of 

the molecule, even though the electrical polarity of (lie tend is different for (lie two molecules. 

For built molecules, the effect of', ol ecu lot orientation is most pronounced near threshold 

= 5 cV ) and almost disappears at higher (31) cV ) energies. For CE,l, the threshold for 

impact at the I end is 0.7 eV less (lion (lie threshold for impact at the CF, end. We interpret 

these results using a harpoon' ,necIianisuii in which the electron junipdtiring the initial 

approach is probably independent of orientation, but as tine charged particles separate, tIre 

elect non iii ay jurip buck to (lie 1<. + . For impact at like I or ''head' end, the I - is ejected 

lnickwni,ls towards (lie inconiliig K ' . 'this increases the fluid relative velocity of (lie Ions and 

hovels (lie piolininility of neiilmali,.ii(itiit, 'the tin signal Is gmeater antI tile electron thus 0/i/lCcflR 

to favor the t end of (lie niokcnle, 

367 

INTRODUCTION 

Proper orientation of reagents during collision has been 

cons idered red crue in 110 chemical reaction mid en ci 9Y Irons fe r. 

Just s'liat coast itnles"propel orueiilation has largely l,cen a 

matter efsh,ectlltttlon (called 'clncn,icitl intuition'') because 

experiments usually include till possible oi ientations of the 

reagents, but in (lie isolated environnieot of a molecular 

bean,, it has been possible to produce beans of molecules 

which are oriented in space' and several different chemical 

reactions of (lie type M -I- Clt,X (where M is an alkali or 

alkaline earth, R is a radical, and X a halogen) have now 

been studied ii sing one ''ted mol ecu le reagents.' In nI In os( alt 

eases, large differences in reactivity have (seen observed For 

in, pact at the di ftc rent ''ends" of a dipolar n,olec tile. 
We have been especially fascinated with the reaction of 

K with oriented Cr). KI is formed with about eqtial proba-

bility for impact at eitherend little molecule,' but impact on 

the I (or ''heads'') end yields KI scattered backward in the 

cen(er'of'niass (c.ni. ) systeni alit1 impact on (lie ''(ails" end 

(CF,) yields K I scattered forwards in the en,, system. This 

is in sharp contrast to the behavior observed 4  for CII ,l, 

where (lie K I rebounds back wards in (lie el,,, regardless of 

the orientation, although heads attack does produce the 

most K!. 
The observations for CF,l have been rationalized in 

terms of (lie harpoon or curve crossing model. We proposed 

that (lie electropositive K atom would donate an electron to 

the electronegative Cl') at long range ( = 5 A) relatively 

independent of orientation. The CF,l - was expected to be 

formed in a repulsive state or high on the repulsive wall of a 

bound state. In either case, the molecular ion was expected  

to immediately dissociate, ejecting (lie fragments along the 

initial direction of (lie C-I axis. The K"' ion would follow 

along with the ejected I -  ion and would thus produce 1(1 

scatiered forwards when I was pointing forwards (the 

"tails'' orientation) and produce 1(1 scattered backwards 

when I was pointing backwards (the heads orientation), 

'this model predicted that if the molecule were oriented 

sideways with respect to the incoming K atom that the angu-

lar distribution would be completely changed and this was 

confirmed by experiment.' 
This explanation Is less successful in interpreting the 

behavior observed for oilier molecules. For 01,1 and t-butyl 

I, only rebound scattering Is observed for either orientation. 

although the heads end is more reactive. For CF,Br, the 

experimental results show' that 011cc again tails attack 

yields Kh)r scattered In the forward direction and heads at-

tack yields K18r rebounding lit the backward direction. In 

this ease, however, the tails orientation is less reactive than 

heads and we postulated that electron transfer might depend 

on the orientation of the molecule (or alternatively, the de-

composition of the molecular ion might be inhibited if the 

CE, were between K" and r, i.e., the tails configuration.). 

Electron transfer is the first step in the harpoon meeha-

'sisfu ll  as well as being a fundamental chemical process itself. 

In order to understand how molecular orientation might af-

fect electron transfer, we have investigated' collisions ofori-

ented CF,t and Cll,I with K atoms winch are fast enough to 

enable the ions to separate. These reactions had been studied 

previously" without orientation of the molecule and the 

dominant processes found lobe 

K+cF,I.K4+r+Cr,, 	 (I) 

K4.Cl1,l.K"'-l-r+dH3. 	 (2) 

Pt mmii en? riddresli Clieniisiry Drpamtnie.it, University or Caimicibtiry. 	In the experiments reported here, K"' Ions were ob- 

Ciii irichnmrc I,, New Zealand. 	 served as a function of initial energy and initial orientation. 
i'er, nni,c'nt ,ddre,n: cit., IC,' i'I.ysici Sccuioit, Iloilo, & Saret Research 

Divicio,i, Oak Ridge Nsila,iai Laboratory. P.O. lion 2008, Oak Ridge. 	
We find (lie greatest K" signals arise when K Is incident on 

Tei"i 37831, 	
the I end of either molecule, although our initial expectation 
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was that the electron would be transferred to the positive end 

of the dipole, which is the CH, end in G1 3l. We interpret 

this behavior as follows: The electron is apparently trans-

ferred regardless of orientation as the reagents approach. 
The negative molecular ion dissociates impulsively and the 

resulting! fragment is ejected along the direction of the C-

I axis. In the heads orientation, 1 is ejected in the backward 
hemisphere, increasing the relative velocity between K' and 

1, and there is little propensity for K to be neutralized. In 

the tails orientation, I —  is ejected roughly in the same direc-

tion as K" is traveling, the relative velocity is smaller, the 

electron is more likely to hop back to neutralize the ion pair, 

and therefore fewer ions are observed in this orientation. 

EXPERIMENTAL 

A beam of fast K atoms (= 5-25 eV Lab) was crossed 

with a beam of CU 1! or CF 3I molecules which had been 

oriented in the laboratory. Positive ions (K") resulting 

from the collision were observed for orientations in which K 
approached the I end (heads) or the alkyl end (tails). The 

molecular beam apparatus is schematically shown in Fig. I 

and is a modification of that described ear lier.ItPl The de-

tails of construction are described in Carman's thesis. 9  

Oriented molecule beam 

A beam of RX is generated by supersonic expansion 

from nozzle N, defined by the skimmer, and passed through 

a differentially pumped buffer chamber where it is modula-
ted by a 45 Hz chopper. The beam then passes into a third 

differentially pumped chamber containing the electric fields 

necessary to provide state selection and orientation. 

Symmetric top molecules such as CU 3! rotate in an elec-

tric field like a child's top in a gravitational field. The sym-

metry axis precesses about an applied field and the dipole 

moment does not average to zero. (In contrast, most diatom-

ic molecules rotate like a baton in a plane perpendicular to 

the angular momentum vector. The dipole moment points in 

all directions in the course of this rotation and averages to 

zero.' °  The rotating diatomic molecule thus appears to have 

zero dipole moment in a space-fixed axis system.) In the 

collision-free enviropmentof the molecular beam, each sym-
metric top molecule is therefore oriented with respect to a 

Co  

C,80  

weak applied field, but all orientations are present, giving a 

sample with no net orientation. To produce an oriented sam-
ple, it is only necessary to remove the orientations that are 

not wanted, and this is accomplished by passing the beam 

through an inliomogeneous electric field in which the deflec-

tion of  molecule depends upon its orientation with respect 

to the local electric field direction. 

The energy of interaction W= - 1.E of a symmetric 

top molecule with an applied field is given by the first 

order Stark effect" W= — 4uEMK1J(J+ 1) 
= - jz,,E (cos 0), where p0  is the dipole moment and I/C, 

and Mare, respectively, quantum numbers for the total an-

gular momentum, the component along the top axis, and the 

component alongthe field. Classically, (cos 0) is the average 

angle between the symmetry axis and the electric field. In an 

inhomogeneous field, a molecule will experience a force 

F = - VW such that each molecule will move to minimize 
its energy and molecules with negative (cos 9) are separated 

from those with positive (cos 0). Any inhomogeneous field 

will suffice in principle, but it is useful experimentally to use 

a hexapole field because molecules with negative (cos 0) are 

focused by the field.' 2  
The high voltage state-selecting field is 137 can long, 

constructed of three 45.7 cm long sections, each section con-

sisting of six 6.4 mm stainless steel rods held in plexiglass 

insulators. The rods are located on a 15.9 mm diam. circle 

and are equally spaced and alternately charged to ± V, typi-

cally z5 kV. Polar molecules entering the inhomogeneous 

electric field are subject to a radial force F = - DW/3r. A 

symmetric top molecule thus experiences a radially inward 

or outward force depending on the sign of MK (or (cos 0)) 

and the hexapole field serves as a state-selecting filter, reject-

ing molecules in states with positive values of (cos 0), and 

passing molecules in states with negative values of (cos 9). 
These molecules are oriented with respect to the local, non-

uniform electric field inside the hexapole field. Laboratory 

orientation is obtained by allowing the molecules to fly into a 

region in which the electric fielddirection, and consequently 

the axis of orientation, is uniform. This is discussed in 

greater detail below. 
Molecules are actually focused by the hexapole field 

and, if only a few J,K,M states are populated, it is possible to 

select individual J,K,M states.' 3  This degree of refinement 

was not possible in the experiments reported here. In order 

to obtain reactive scattering signals, it was necessary to 
maximize the intensity of the oriented molecules by using 

neat rather than seeded supersonic expansions and by elimi-

nating all apertures in the hexapole field. Thus, many rota-

tional states are populated (T-45 K) and the hexapole acts 

mainly in a "filter" mode, passing molecules in states with 

negative values of (cos 9). The current level of experimental 

sophistication does not require determination of the distri-

bution of (cos 0), but an apprQximate distribution can be 

calculated by averaging the field transmission over the inci- 

dent thermal and this is shown in Fig. 2. 

FIG. I. A schematic diagram 0r apparatus. N RX nozzle source, 

C = beam chopper, II = .lsexapole electric field array, U = uniform electric 

field, 0 = hypertltermal K atom source oven, C,, sad C,,,, channeltrons. 

Fast K atoms 

Beams of fast potassium atoms are generated by charge 

exchange' 4  of K" inside oven 0. Atoms are surface ionized 

J. Chem. Phys., Vol. 93, No. 2.15 July 1990 
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C0 
0 
C, 

<cos 0> 

FIG. 2. calculated distributiot, of average orientations (cot 0) = MK/ 

.1(1 + I) transmitted by the Itexapole field at 5 kV. 

on a hot W filamentJocated inside the oven and the resulting 
K ions are accelerated to a grid = 1 mm away. Neutral K 
atoms with the same energy as the ions are produced by 
resonant charge exchange as the K" drifts through the low 
pressure (=0.01 Torr) potassium gas in the same oven. The 
beam which results contains thermal K, fast K, and K ions. 
The residual ions are swept out of the beam by a deflecting 
field of =20 V/cm. Although the neutral atomic beam con-
tains a small fraction.of thermal energy atoms, their energy is 
Far below threshold for ionization, and since they produce no 
ions, they do not interfere with the experiments described 
here. 

The beam intensity is monitored by surface ionization 
on a cool IF 1ilanie,, (0.13 tutu x 6 mm) located 0.7 in from 
the source. Ions from tIle wire are passed through a grid with 
a small (z I '1) bias which discriminates against any ions 
resulting from surface ionization of thermal atoms. The re-
sulting ions are then .counted by a crossed-field multiplier. 
Typical beam intenjties are extremely low at energies of a 
few eV, as shown in Fig. 3. Rough measurements of the ener-
gy distribution of tjjs beam suggested that [full width at 
half-AE(FWHM)]IE was = 10%. The accelerating vol-
tage in the source was used as the nomi mal laboratory energy. 

Beam Intersection and Ion collection 

The beams intersect about 10 cm from the K oven inside 
a region of uniform field U generated by two plates parallel 
to the RI beam z 5cm apart. The direction of the local field 
determines the direction of the molecular axis, and to pro-
vide uniform laboratory orientation, a weak (=20 V/cm) 
field is applied by the uniform field plates U. The laboratory 

FIG. 3. The intensity of ilte fast K atom brain (pA) plotted Vt lab energy. 
The dotted line is for illustration. 

orientation of the molecules can be reversed by reversing the 
polarity of this uniform fi e ld . tS Holes are cut in the plates to 
pass the K atom beam and to allow viewing of the latersec-, 
tion by two chnnnettron cones. 

K" ions formed in the collision are detected by one or 
the other of the two cllanaeltroas(C 185  or C0 ) arranged 
schematically as shown in Fig. I. The voltage applied de-
pended upon the orientation studied. The active channe,ltron 
was the one that peeked through whichever uniform plate 
was negatively biased. The active cone was biased at - 1200 
V, while its uniform plate was held at - 50 V. The opposing 
plate and cone were held at + 50 V and both chaaneltron 
anodes were held at + 800 V. This arrangement was used to 
satisfy simultaneously two conditions: (I) in order for the 
molecules to be oriented, they must be located in a region 
where the electric field direction is reasonably uniform and 
well defined; and (2) in order for the ions to be detected, the 
nascent positive ions need to reach a channeltron. For these 
operating conditions, the field at the intersection region is 
roughly determined by the parallel plates because it was ob-
served that the channeltron counts decreased if the plates 
were biased much above 50 V, indicating that at higher vol-
tages the ions would be collected only by the plates and not 
the channeitroas. Ions are less efficiently detected by chan-
neltron Can,  apparently because the K" ions formed in the 
collision zone are initially moving away from C,50 . 

The orientation of the molecules may be reversed by 
reversing the polarity of the uniform field. The polarities 
used, together with the active chanaeltrons, are shown in 
Fig. 4. 0' refers to the field configuration with the positive 
field plate nearest the K oven (ions counted by C0 ), and 180' 
refers to the negative field plate nearest the K oven (ions 
counted by C, 50 ). For CH,l, the lend is negative and points 
towards the incoming K atom in the 180' configuration. 
For CF,l, the I end is positive 'and points towards the in-
coming K atoms in the 0' orientation. 

Data acquisition 

The active chaaneltron is capacitively coupled to a quad 
scaler which counts signal pulses and pulses from a 2 "  Hz 
clock. Two channels of the quad scaler record signal and 
clock counts continuously and ,  the other two count only 
when the oriented beam is on. The scalers are enabled by a 

I, 

.3 4,5 
4 

C 

net 
Lab Energy (cv) 
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FK H 160, 

 
(b) 

P10.4. A scl,ctt,aticvicwoftlniftirtll Acid poiariiics.l heactivcri,atmnrilre,il 
is shown darkened; in the ito' arrangement, tile ch anneitron nearest tise K. 

ovcn is active and the negative else1 or lie moircssle is nearest the K oven. 

trigger signal from the beam modulator, which is delayed 

several ms to account for the time the molecules require to 

traverse the 1.4 m hexapole. Beam-on signals S( V) 

thus measured directly and beam-off signals S( V) 0 - are cal-

culated using the clock counts to account for the fraction of 

pulses acquired with the beans off. The signal difference for 

channeltron i(i = for ISO), S( V), = [S( V),, - 5( VLff ] 
is the signal due to ionizing collisions of oriented molecules 

at hexapole voltage Vas measured on channeltron I. 

The raw signals S( Vi c  and 5(V) o  are measured with 

different channeltrons with different multiplication efficien-

cies and different ion collection efficiencies. To decouple 

these from orientation effects, the relative detection effi-

ciency F(e) = 5(0) JS(0), is measured for each energy 

using the small flux of randomly oriented molecules ob-

tained when no voltage is applied to the six-pole field (0kV). 

As shown in Fig. 5, F(e) is roughly the same for CF 3 I, C1-1 3 1, 

and SF,. Because of nonreproducible contact potentials on 

the field electrodes and multipliers, measurements of F(e) 
were interspersed with measurements of S. The relative sig-

nal due to the oriented molecules S'( V) is the (HVon)-(HV 

off) signal differeisce corrected for the multiplier efficiencies 

at beam energy €: S'( V) so = S( V) um and 

V) 0 . 

RESULTS 

Relative signals for CH,l and CF,I are shown in Fig. 6. 

There is a clear difference between S, and S °. For CE! 3 ), 

U- 

01 

CM Energy (eV) 

FIG. 5. Relative chstsneitron detection efficiency FCc) vs cm. collision en-
ergy for SF6  ( open circles), C114 (closed circles), and CFL (haIr-Ailed 

circlet). The dashed line is drawn through SF6  data to, purposes olillustra-

tion, 

2 	 • 

	

. 	 0 

S 

5 

0 	 S 
a 	• 	, 	- 

0 	 7.5 	 IS 
CM Energy (eV) 

1:10. 6. signal cotttttn Vt CU, cot tidos, energy for Cl 1,1 (situates: open 
= ttff,cioaed = O. ForCF,I tcircles:open = ltO',cioaed = o'),thedata 

are displaced 4 cv to lower energy and for SF, (diamonds, both  electrical 
configurations give identical orientations), the data are displaced 4 e to 
higher energy. Most error bars are smaller than the symbols. 

the 180' orientation is more reactive, but for CF,l, the oppo-

site is true. We conclude that the difference in relative signals 

arises from a real molecular effect and not from any electri-

cal switching artifacts because the experimental configura-

tion corresponding to maximum signal corresponds to dif-

ferent polarities of the uniform field (and therefore different 
channeltrons). Since the two molecules have different polar-

ity (the) end is negative in CH3 I and positive in C1731), the 

data displayed in Fig. 6 show that ionization is more likelyfor 

impact at the lend of both molecules. The data suggest that 

there are different thresholds for the two orientations and 

linear extrapolation of the low energy signals give I end 

thresholds r0.2 eV lower for CH 3I and 0.7 eV,lower for 

CF3I. These threshold differences must be regarded as very 
tentative because, as shown in Fig. 3, the flux of K atoms 

(and the signal-to-noise ratio) is extremely low near thresh-

old. 
The relative dependence of the cross sections on orienta-

tion and energy is shown in Fig. 7. The difference in molecu-

lar orientation is still apparent. The cross section for SF, was 

measured to provide an experimental consistency check. SF 6  

is a spherical top with no dipole moment and is unaffected by 

the hexapole field. A low flux of SF 6  molecules passes 

through the hexapole field at zero voltage, (because there 

are no beam stops) and we are able to see ions from this tiny 

flux of SF,. These molecules are not oriented and the ion 

signals are unaffected by the hexpole voltages, showing that 

any stray electric fields from the hexapole have no effect on 

the detection of the ions formed in the collision center. The 

data reduction procedure insures that  = S for SF6  at 0 

kV and, since the hexapole voltage has no effect on the SF, 

signal, So  = S at other voltages as well. We are presently 

unable to determine if the orient$ion affects the energy at 

which the cross section is a maximum. 
The effect of molecular orientation is quite large, but is 

masked by the energy dependence of the cross section. In 

order to emphasize the salient, features of the orienta-

tion, we plot the normalized signal difference 

Ge [Ssa — So ]/[5'so + So  Tin  Fig. 8. Here the differ-

ence in polarity between CH 3 I and C173I is readily apparent. 
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FIG. 7. Relative cross sections (signal counts/K intensity) For (A) CF ,t 

and (I)! C!l in the 180 and 0 orientations. Open symbols denote t 

orientation, closed symbols denote 0• orientations. The dashed tines are 

drawn through data for Sr. and that data is normalized to the same peak 
height as that for the comparison gas. Rough measurements indicate the 
cross sections arc in the order SF,,, Ct',l , Cl I,!. Most error bars are 

smatter than ttsc symbols. 

is largest near threshold and is almost negligible at ener-

gies greater than about 15 eV. Note that since G must lie in 

the range -. I <G < + I, orientation makes quite a large 

difference near threshold (especially given the expected dis- 

tribution shown its Fig. 2). 

DISCUSSION 

Our initial expectation was that the electron would 

jump to the positive end of the molecule, but we observe that 

0,3 

-031 0 	 12.5 

CM Energy (eV) 

FIG.!. Ges [S;,,, - S ] / [S ,,, + S, ] plotted vs c.nrenergy in cv. 6> I 

for Ct-LI i ndica t es  that the greater signal eontes when IC is incident on the 
negative or the t end of tire notecute. For CF,I. Oct indicates that tire 
positive or lend gives the greater signal. Error bars shown are typical ofatt 

points. 

+ r 
+1 

re  

FIG. 9. Schematic innic and covalent potential energy curves for K collid-
ing with I. A complete collision is represented by a trajectory which will 
traverse the crossing twice, once on the way in and once on the way out. The 
curve crossing is sltow't enlarged its Fi, tO. 

tltc electron appears to prefer the negative end of tire CH 3 I 

molecule. We also thought that orientation might be more 

important at higher energies because there would be less 

time during the collision for the molecule to twist into a 

favorable configuration. However, we observejust the oppo-

site: at high energies the orientation seems almost irrelevant. 

We should emphMize that these experiments do not de-

termine which end of the molecule initially receives tire elec-

tron, because the electron could be transferred back to K. 

The experiments do tell us in which orientation the molecu-

lar moiety is most likely to accept and keep the electron. 

Electron transfer results from the crossing of a covalent 

and ionic potential energy surface." Figure 9 shows sche-

matic potential curves for the atomic system 

K + l—K + l. At internuclear distances near the bond 

distance in the stable KI molecule r,, the system is highly 

polar, Kl, and bonding is largely described by the ionic 

potential. At large distances, the molecule is best described 

by the covalent potential because the molecule dissociates to 

give neutral atoms. At r, these zeroth order (diabatic) ionic 

and covalent curves appear to cross, representing a break-

down in the Born-.Oppenheirner approximation. The adia-

batic curves resulting from ionic covalent coupling do not 

cross, as shown in Fig. 10, and the character of the system 

/ K* - I 
2 HIC 	

i 
I 

C 	 C , 	;.ji:.._________ K + 

FIG. Io,An enlarged view orthcavoiJedcrossingbetweCn the ionic (I) and 

cova lent (C) curves for K + I. The adiabatic curves areshown as solid tines 
which change smoothly from "covalent" to "ionic"; the diabstic curves are 
denoted by dotted lines. 

> 
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can change smoothly from covalent at long range to ionic at 

short range. 
The behavior of a colliding system at the avoided cross-

ing depends on the speed at winch the crossing is traversed, 

as well as the separation and slopes of the adiabatic curves. 

Figure 10 shows all enlarged view of the avoided crossing. If 

the atoms approach slowly enough on the covalent curve, 

the uncertainty principle allows the energy to be well defined 

and the system stays on the lowest, adiabatic curve. The 

adiabatic process results in what we loosely call an electron 

jump" On the oilier hand, if the atoms approach at high 

speed and traverse the crossing quickly, the energy will be 

less well defined and it is possible that the system will make a 

nonadiabatic, or diabatic crossing and will continue to be 

described by the covalent potential. (The diabatic crossing 

represents a "hop" from one potential curve to the other, but 

the electron stays on the K atom and does not jump.) 

The probability of a diabetic hop P,, is given to good 

approximation by the Landau—Zeiier relation'" 

(3) 

where K = ( 2irJijc ) 2/hAS, AS = 3E,,ar - dE c /drI, u is 
the speed, and Hit, is the matrix element in the Hamiltonian 

that couples the two states. 
For the simplest crossing of an ionic curve with a cova-

lent curve, theslopeof the covalent potential can be regarded 

as zero with zero energy compared to the separated atoms. 

The crossing radius is given approximately by 

where AE 1, = ionization potential (IP)-electron affinity 

(EA), the dillerencehetweeil the ionization potential of the 

donor (K) and the electron affinity of the acceptor (I). 

AS = ( ely, )2 and K becomes 

K = (4v'e2/h)[Hic(r,)IAE0]2. 	 (4) 

Thus low speeds on large scpa rat ion set wcel, tile curves 

(JIic) gives a stnaI probability of a diabatic hop between 

potential curves. Wiliotit such a hop, the system passes adi-

abatically through the crossing, smoothly changing from a 

covalent to an ionic 1description. 

The coupling that ri A element depends exponentially on 

r, and is given semicpirically" by 

H=c,rexpK—csr), 	 ( 5) 

where H7 Ho, /v`11 	r* = rj4T + 4Kiifl and 

= 1 1  c2  = 0.86. [For molecules r = r,4-21, C 1  = 1.73, and 

= 0.875, where al)  quantities are in atomic units. I 
The complete collision process requires the crossing to 

be traversed twice, once on the way in and once on the way 

out. In order to pioduce ions starting with neutrals, the 

atomic system musLtraverse one crossing adiabatically and 

the other diabatieal3y. For the atomic system shown in Fig. 

9, the two crossingsge identical and the overall probability 

of ionization is I' = £ I - sd )P 0 , but for atom—molecule 

collisions, the internal state of the molecule can change be-

tween the crossings indeed, if the eleetronjumps at the first 

crossing, complete dissociation of the molecular ion may oc-
cur between tile crossings, leaving only the atomic ions to 

undergo a diatomic crossing. This is shown very schemati-

cally in Fig. II. Note-that the atom—molecule system is mul- 

> 

RE 

+ RI 

r0 	re 

FIG. It - A very scitenatic one-dimensional illustration ofelectroniump in 
a molecular system. The crossing between the neutral reagents and molecu-
lar joist occurs at i - . and an adiabatic transition (represented by the picket 
rence trajectory) could lead to a distortion ortlie molecule ion (heavy dots) 
yielding a different crossing between the distorted molecule ion And the neu-
tral products (open dots). As illustrated here, sIte molecule could dissociate 
and "r" represents diata.ice, in different dimensions for the reagents and the 
product. 

tidimensional and "v' is not the same for the reagents and 

the products. 

BothCH,I and CF 1I undergo dissociative electron at- 

tachment"' and in collisional ionization give 1 ions in 

98% yield.' The scenario suggested above (the electron 

jumps at the first crossing and the molecular ion dissociates 

before the second crossing is encountered) is thus very likely 

to occur. Consider the first electron jump- Using electron 

affinities and ionization potentials, we can calculate the first - 

crossing distance v, = e21AE, 1  and the semiempirical results 

of Eq. (5) allow an estimate of H5. The IP, EA, and result- 

ing estimates for the crossing distances and matrix elements 

are given ill Toble I. 
At the nominal collision speeds used in these experi- 

ments, v,5.6 km/s (56 A/ps) for CH,I at 5eV, the Lan-

dau—Zener relation, Eq. (3) predicts that the first crossing 

will be completely adiabatic and the electron will jump to the 

molecule. The electron is expected to occupy an antibonding 

C—) o-  orbital and the molecular ions produced CF 31 and 

CH,r are expected to dissociate within a vibrational peri- 

od. 
lithe molecule were to remain intact upon the addition 

of the electron, the second crossing could be equivalent to 

the first and would be traversed completely adiabatically. 

The electron would be smoothly transferred back to K', the 

products would separate on the covalent surface, and no ions 

TADLE I. First crossing radii and Hu, values. 

Atom 	tP(ev)' Molecule EA(eV)' 	r(  (A) H,c (mcV) 

K 	4.349 	Cl-1,t 	- 035 	3.6 	280 

K 	 Cr5 1 	0.91 	4.2 	308 
1 	106 	11.3 	3 

a Jfcndbcok of Chemistry & P/tysics, 66th ad., edited by R. C. Weaat (chem-
ical Rubber, Boca Raton. 1985). 
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would be produced. If, on the other hand, the molecule ion 

decomposes explosively, the second curve crossing would be 

an asymptotic crossing between the emerging I - ion and the 

incident K". The LZ relation the,, predicts that the second 

crossing would be completely diabatic, i,e., that the electron 

would stay on the 1 ion and the products would separate on 

the ionic surface. In this latter limiting case, every collision 

would lead to ionization and the orientation would not be 

important. 
The behavior observed is clearly intermediate between 

these two limits. Because there is an orientation effect, every 

collision does not lead to ionization. From the data of Table 

we expect tile electron lobe transferred adiabatically at the 

first crossing, but at the second crossing, the K"' ion must be 

encountering something intermediate between a bound 

CF3 1 molecule and a free 1 atom. It must encounter a 

species in the act of breaking apart and wecan use the experi-

melt to I orientation data to extract some information  ot,out 

this species. 
We assume since the first crossing is completely adiaba-

tic, that the probability of the K escaping as K' e  is the proba-

bility that the second curve crossing is traversed dbatically 

" =e - "". We note that this is sensitive to the re/alive speed 

of the crossing. The orientation of the dissociating ion will 

influence the relative speed as show,, in Fig. 12. 
The electron probably enters an antiboisding u orbital 

ccti(crcd on tlic C-I boost and the molecule ion fragments iii 

a time comparable to a vibrational period. Since the -I 

bond does not have time to rotate, I -  will be ejected in the 

instantaneous direction of the C-I axis. In the heads orienta-

tion, the i ion will be ejected towards the incoming K 4 , 

increasing the relative speed between the ions, whereas in the 

tails orientation, l will he ejected in the same direction as 

Heads 

Tails 

FIG. 12. (a) Velocity relationship between K incident on the sends end or 
the RI molecule. rim ejccled backwards in tile c.nt. system. Relative speed 
between jotss is greater, çeducistg cha,,ces of clectrots returning to K . re-
sulting in a greater chance of making ions. (5) The velocity relatiotsslsi1s 

between K 4  incident on ,ttte tails e,td of he RI molecule, ] — is  ejected for-

wards ii the em. system. Relative speed between ions is less, increasing 
changes orneutralizing the charges. 

C 

0 

-.5 

 

l/E (eV)-1  

FIG. 13. The plot of In I? vs lIE for CU,t (squares) and CF31 (circles). 

Re5,o /SA and is P,,IP, for Cn ) l and P,IP,, for CF3 I. Lines are least-

squares ftts to experimental points and are forced through zero. 

K", decreasing the relative speed between the ions, and 

making neutralization more likely in tine latter case than in 

the former. As the incident K velocity increases, the velocity 

itnparted to the r ion will play a smaller role and the effect 

of initial orientation will become less important at higher 

energies, as is observed. 
Thus, assuming that n' in Eq. (4) is the same in both 

orientations, the probability of traversing the second cross-

big diabolically in the heads orientation is given by 

I',, = exp( - tn V,,), that in the tails orientation by 

= exp( - K/Vt ), and the ratio 

P = 	= exp( - prAy/u2), 	'. . 	 (6) 

Here V,, is the relative velocity between K 4  and 1 in the 

heads orientation (1 is assumed for simplicity to be ejected 

backwards along the K"' velocity), V,- the relative velocity 

in the tails orientation (1 ejected forwards), 

An = V 5  - V, and s,2 = V,, V7.mJiE7i, where E is the 

initial collision energy andp the initial reduced mass. Thus, 

a plot of In B vs lIE is expected to be linear with a slope of 

wAy and such a plot is shown in Fig. 13. 

Within experimental accuracy, the data are reasonably 

fit by a straight line, suggesting that the mechanism shown in 

Fig. 12 is reasonable. As the product ions recede, there is 

thus a curve crossing where there is a difference in the nona-

diabatic transition probability depending on the direction in 

which 1 is ejected. The nature,of this crossing is indicative 

of the species involved, the negative ion being a species inter-

mediate between the molecular ion CF 3 V (CH3V) and the 

bare atomic ion 1. 
We can now use the experimental data obtained here to 

TABLE II. Parameters for 'second" curve crossing. 

Molecule 	KAr (kn/s )t Asm(km/s) 	(H11AEt,) 	i', (A) 

ciI,l 	 20 	0.62 . 	0.045 	4.6 
cF,i 	- 10 	IX 	0.023 	7.1 

C. W. Walter, U. G. Liadsay,K. A. Smith, and F. B. Dunning, Chem. 
Phys, Lest. 854, 409 (1989). 
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learn something about this intermediate species. The slopes 

of the curves of Fig. 13 give stAy. The energy released in the 

dissociation of CH,1 and CF 31 has been determined' 9  

following attachment of essentially free electrons from K 

atoms in high Rudberg states, so At and then K can be sepa-

rately eva ha lcd. From i Eq. ( 4), an experi men I ii value 

H : ,/AE,,, can be extracted. 
Because the negative ion species is not well known, AE,, 

is not known and is taken to be e 2/r,where r is the radius 

of the second crossing. An experimental value of I4 r,. is 

thus obtained and, I ogct her with the sd iii clii pi rica I 'elation  
given in Eq. (5), an approximate value of ç is obtained. 

These values are listed in Table 11. 

Comparison of Tables land LI shows that for CH 1 L the 

first and second crossing radii are essentially the same, 

whereas for CF) the second crossing occurs at a much larg-

er distance than the first. These crossing radii are calculated 

based on a highly simplified one-dimensional model. The 
real system is, of course, multidimensional and while caution 

should be exercised in pursuing in depth the properties of the 

reacting system, sonic insight may result from elaboration of 

this one-dimensional model. The distance the K 4  travels 

during the collision iszr - r = LA for CH 3 I and =2.9 

A for CE). At 56 A/ps, K4-  requires = 50 fs between cross-

ings for CF 3I, but only =20 Is in CH 3 I. In this time, assuni-

ing a nominal repulsive force rS eV/A, the C-I distance 

would increase by 1.3 A in CF,I, but by only =0.7 A in 

CH 3I. As anticipated. CF 31 is a moiety clearly in the act of 

disintegration, whereas CH 31 is less disturbed. 

The mechanism deduced here and sketched in Fig. 12 

also nicely accounts for the angular distribution of Kl found 

in the thermal energy experiments with CF,L. 151,35  There 

the incoming K' was much slower than in these experi-

nien Is and [lie momentum of I - as the n olccule-ion di ssoci - 

ates largely determines the direction in which the neutral 

product emerges. 
In the thermal experiments on CU), on the other hand, 

the angular distribution (but not the yield) of KI was rough-

ly independent of the initial orientation. This is consistent 

with our finding that the first and second curve crossings in 

CH 3I are essentially the same. In CFI,1, the dissociation of 

the molecule ion apparently cannot be viewed as an indepen-

dent process, because K 4  is too close, but in CF 3 I 1  the cross-

ings are at larger separations and the electronjump-negative 

ion dissociation mechanism is a much better description, as 

exemplified by the completely different heads and tails angu-

lar distributions observed in the thermal energy CE 1! experi-

ments. 
Independent support for the conclusions exemplified in 

Fig. 12 is provided by the beam-gas experiments of Kalamar-

ides, et 01.211 in which the angular distribution of t ions 

formed in the reaction 

K" + CF3I-'X( 4  +I -  +CF3  

was measured, where K" denotes a K atom in a high Ryd-

berg state. In tliese.experinients, a beam of K" was passed 
through a scattering gas containing low pressure CF 1I and 

the angular distribution of the resulting r ions was mea- 

sured with a microchannel plate and position sensitive detec-

tor. 

For large principal quantum numbers n26, the Ryd-

berg electron is essentially free of the core and behaves as a 

free electron. Since CF 3I was a gas, all orientations of the 

molecule were equally likely and CF 3 1 ions were expected 

to be formed in all orientations by attachment of the "free" 

electron. Dissociation of CF 31 should eject 1 along the 

randomly oriented molecular axes and the 1 ions were ex-

pected to be distributed isotropically, which was confirmed 

by experiment. But as,: decreased to 9, the angular distribu-

tion became anisotropic, with fewer 1 moving in the direc-

tion ofthe initial K--. These atoms are more similar to those 

of this study (n = 4). The Rydberg electron in this case is 

not free, but carries with it the positively charged core. Kala-

marides, ci oh. thus concluded that fewer 1 ions were ob-

served in the forward direction because if 1 were ejected in 

the forward direction (see Fig. 12. (b) ], 1 and the positive 

core would more likely interact to form neutral products and 

the ion signal would decrease. 

CONCLUSIONS 

CU 31 and CF 3I are collisionally ionized by fast (a few 

eV) K atoms. We have measured the K 4  ion signal for K 

atoms incident on these molecules oriented in either the 

headset tails orientations and find that in both molecules the 

maximum signal occurs when K is incident on the lend of 
the molecule. The effect of orientation disappears at collision 

energies above about 15 eV. We interpret these findings as an 

exit channel interaction. The intermediate negative molecu-

lar ion decomposes and ejects the 1 either parallel or anti-

parallel to the incident Kt If Ii and 1 are moving paral-

lel (which occurs in the tails orientation), there is an 

enhanced probability of neutralization, so fewer ions are ob-

served. The orientation effect allows us to estimate the dis-

tance at which the ionic and covalent surfaces cross in the 

exit channel; this is found to be z4 A for CU) and = 7 A for 

CF3I. 
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ABSTRACT 

The mobility of the P ground state of N in helium has been calculated using the three-
temperature theory of ion transport. The relevant adiabatic interaction potentials of the I-leN' 

species have been calculated at the MI 14SDQ/6-3 tIC +(3df, 3pd) level 0f theory. Two limiting 

methods For calculating the inability of an atomic ion in an atomic gas with orbital angular 

momentum greater than zero are developed and discussed. 

INTRODUCTION 

The atomic ion/helium interaction potentials for many of the first-row 
positive ions and stable negative ions have been calculated by ab initio 
molecular orbital and valence bond methods [1-6]. These interactions have 
been used with the two- [7,8] and three-temperature [9,10] theories of ion 
transport to calculate ion mobilities in helium for comparison with laboratory 
experiments. The comparison between theory and experiment serves as a 
sensitive test of the computed interaction potential [II]. The interaction 
potentials calculated for electronically excited ions and For ion states which 
correlate with more than one molecular ion state can also be effectively used 
to calculate ion mobilities in agreement with experimental results over a wide 
range of ion energies, given the assumption that the ion/helium interaction 
follows a single adiabatic path For the duration of the collision. Typically, 
calculated ion mobilities for values of the electric field to particle density ratio, 
E/N, greater than 3OTd (I Td = 10 21  Yin2 ), where the repulsive part of the 
interaction potential dominates the collisions, are within

'
the experimental 

unceytainties for such data. The calculated mobilities for Ej'N less than 30 Td, 
where the attractive part of the interaction potential plays an increasingly 
dominant role, are usually within 5-7% of the measurements. 

This paper is concerned with the ion transport properties of the Nt  ion in 
helium. When the lowest electronic state of the ion, N' ('P), interacts with 
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FIe('S) there are two possible adiabatic eigenstates of the electronic hamil-
tonian, HeN(3 E) and HeN(3 11). The methodology of previous calculations 
[3-5] was to obtain the mobility of the ion from the ab initio interaction 
potentials for each state and then using the appropriate statistical weightings 
of these states to combine them using Blancs Law. This approach has been 
very successful in reproducing experimental measurements for the C+(4  P) and 

C(P) [3], 0(2 P) and 0+(2 D) [4], and F('P) 11 ions. Initial theoretical 
mobility curves for N in helium determined in this way exhibited an unusual 
step feature in the mobility versus .E/N curve between 40 and 60 Td. 

With the exception of a single set of measurements by Fahey et al. [12] 
extending to an ElM value of 145Td, the literature measurements all ter-
minate around 60 Td with a range of values for the reduced mobility at 60 Td, 
from :1624cm2 V' s' [13-16]. Data sets in the region of interest exhibited a 
wide •variation in the experimental measurements precluding a definitive 
judgement of the mobility of N 4  in helium. This provided the incentive to 
remeasure the mobility of N '  in helium using the Canterbury static drift-tube 
mass spectrometer operating in pulsed mode as previously described [17,18]. 

EXPERIMENTAL MOBILITIES AND RATE COEFFICIENTS 

The N ion is produced by thermal energy charge transfer [19] of He on 

N 2  in the drift-tube (eqn. la) giving the (C 'Y-
' 
 ' excited state of N which 

either radiates to the ground state N (X 2 L) (eqn. 1 b) or predissociates 

according to eqn. lc: 

He - (?s) + N 2 (X 'E) 	He('S) + N 2+  (C 2 L 4- ) 
	 ( I a) 

NjC2Lt) -.  N+(X 2 Efl 	 (ib) 

N 2+  (C 2 Z + ) -' N(P) + N(4 S) 	 (ic) 
11 

The dissociative charge transfer reaction took place in a 1% N 2  mixture in 
helium with a total drift-tube pressure of 0.4Torr and at a regulated tem-
perature of 298K. The drift-tube is constructed of ultra-high vacuum compat-
ible materials and maintains a base pressure of 1 x I0 8 Torr prior to experi-
ments. The He' ions are produced in the movable iOn source of the drift-tube 
by a 2ps electron pulse. The }4e' ions move through the ion source into the 
drift region under the influence of the uniform electric field gradient main-
tained from the ion source to the ion exit aperture. Reaction with N 2  
molecules can occur throughout the drift path which is continuously variable 
from I to 11cm. The determination of the N ion drift velocity for any 
selected value of E/N involved measurement of the N. ion arrival time 
distribution for seven or eight different values of drift distance. The drift 
velocity and the He' ion removal rate via reaction la are the variable 
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TABLE I 

Mobility nicasturcuients of N in helium 

E/N(T(l) 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 
K0 (cm 2 V 	C') 21.1 21.2 21.4 21.6 21.3 21.3 20.7 20.7 20.0 19.8 19.7 

F/N (Id) 90.0 95.0 100.0 105.0 110.0 115.0 120.0 125.0 130.0 135.0 140.0 
K0 (cin 2 V"' C') 19.6 19.1 18.8 18.5 18,4 18.3 18.2 18.0 17.9 17.9 17.6 

parameters used to fit (lie experimental arrival time curves to those emerging 
f'oni the model calculation [20]. The mobility of the N + ion was calculated 
ironi tile experimental drift velocities obtained by fitting the ion arrival time 
distributions based on the geometry of the drift-tube, the physical conditions 
selected for the experimental measurements and the ion/neutral kinetics of the 

N,-He system [20,21]. The He 4  ion mobilities measured in this laboratory are 
within 2% of the values listed in the compilation of Ellis et al. [22] and the 

depletion rate of the N' ion by reaction with N 2  was taken to be 

1.8 x 10 11 c111
3  s' [23]. 

The results of the arrival time modelling for the measurements over the 

range of E/N from 35 to 140 Td are shown in Table I. The mobilities are listed 

as the values reduced to STP, the reduced mobility K0 . The mobility data from 
Table J are plotted together with the literature data in Fig. 2. The error bars 

Oil thedata corresponding to ref. 12 reflect the experimental uncertainty in the 
absolttte values of that study. The results of this study lie within the respective 
uncertainties of the two data sets and are almost superimposable for 

E/N c 60 Td. It is immediately evident from the table that the variation of 

the N mobility with E/N is a smoothly changing curve. 

THEORETICAL CALCULATIONS OF INTERACTION POTENTIALS AND ION 
MOBILJTIES 

The adiabatic interaction potentials for the I-leN ('L) and the HeN .. ('IT) 

molecular ion states correlating with the N (P) ion and the FIe(' 5) atomic 
ground states were calculated using the Gaussian 82 program [24] at the 

M P4SPQ/6-3  II + G(3df, 3pd) level of theory, excluding core contributions to 
the correlation energy, and accounting for basis set superposition error 
(BSSE) by counterpoise. The results of these calculations are presented in 
Tables 2 and 3 and compared graphically in Fig. I. The HeN" ('E) state 

exhibits a deep and narrow well, D = 0.194eV (1563 cm '), r0  = 1.596A, 

from MP4SDQ/6-31 lG+(3df, 3pd), and D = 0.174eV (1407cm'), 

= 1.611 A, w = 383 cm', from MP4SDQ/6-31 IG+(3df, 3pd) + BSSE. 
The depth of this well suggests that collisional stabilisation of the ion may be 
expected at low temperatures, and this appears to be the case. Smith and 

Adams [25] have observed an ni/z 18 signal when N 2  is introduced into the 
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1A13L15 2 

M1 14SDQ/6-3 I IG ±(3d! 3pd) energy calculations for N ('Z) including helium basis set, He 

('S) including  N basis set and He N' ( ' I:) as a Function of internuclear separation 

(A) 
E(hartree) 

3 E(MP4SDQ) 
N 1  (lie basis) 

'(MP4SDQ) 
He (N basis) 

3 E(MP4SDQ) 

0.875 -53.97860 - 2.89945 - 56.76625 

0.9375 -53.97842 - 2.89941 - 56.80451 

1.00 -53.97825 - 2.89937 - 56.83015 

1.125 -53.97796 -2,89930 56.85966 

1.25 -53.97777 -2.89923 -56.87375 

1.3125 -53.97770 - 2.89920 - 56.87763 

1.375 -53.97764 - 2.89917 - 56,88017 

1.50 -53.97754 -2.89914 -56.88259 

1.625 53.97744 - 2.8991 ,1 - 56.88296 

1.75 -53.97735 -2.89909 -56.88242 

100 -53.97720 -2.89906 - 56.88072 

2.125 -53.97714 - 2.89905 - 56.87992 

2.50 -53.97703 -2,89902 -56.87812 

3.00 -53.97700 -2.89898 -56.87693 

3.50 -53.97700 - 2.89896 - 56.87644 

4.00 -53.97699 -2.89894 -56.87618 

5.00 -53.97697 -2.89891 -56.87597 

6.00 -53.97697 -2,89890 -56.87591 
- -56.87587 

helium buffer flow in the Birmingham selected ion flow drift tube (SIFDT) at 
80K. In contrast, the HeNt 

 (3 171) interaction potential exhibits a shallow 
minimum, D = 0.022eV, r = 2.715A, from MP4SDQf6-311G+(3df, 
3pd) + .BSSE. 

Previous theoretical investigations of the HeN species in 	SCF cal- 
culations by Cooper and Wilson [261 and also by Liebman and Allen [27]. 
More recently, Koch et al. [28] report a thermodynamic study to find the 
geometry and energy of the HeN ('1 9  ) species at the MP4SDTQ/6-311G 
(2df, 2pd)//MP2/6-31G(d, p) level of theory. The dissociation energy from the 
calculation of Koch et at. (0.191 eV) is practically identical to that of our own 
but we estimate that this is lowered 10.3% to 0.174eV when correcting for 
I3SSE. However, the difference in the equilibrium internuclew distances be-
tween the result of Koch et al. (1.749 A) and the result of this work (1.611 A) 
is significant and is most probably due to the larger basis set used in the 
present study, as the levels of theory are very similar. 

Theoretical N mobility curves using our earlier approach, [3] are shown in 
Fig. 2. Two points must be made in relation to these calculations. Firstly, the 
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TABLE 3 

MP4SDQ/6-3 110 + (3c11, 31)(1) energy calculations for N'('11) with helium basis set, He ('E) 
with N basis set and I-I eN ('Ii) as a function or internuclear separation 

P, 
[ 'N 

(A) 
E (halt ree) 

3 11(MP4SDQ) 
N' (He basis) 

'E(MP4SDQ) 
He (N basis) 

3 11(MP4SDQ) 
N' 

1.25 	. -53.97799 -2.89923 -56.74190 

1.50 -53.97772 -2.89914 -56.82614 

1.75 -53.97751 -2.89909 -56.85924 

2.00 -53.97732 -2.89906 -56.87152 

2.25 -53.97720 -2.89904 -56,87564 

2.50 -53.97710 -2.89902 -56.87673 

2.75 -53.97705 -2.89900 -56.87683 

3.00 -53.97702 -2.89898 -56.87669 

3.25 -53.97702 -2.89897 -56.87652 

3.50 -53.97701 -2.89896 -56.87638 

4.00 -53.97700 -2.89894 -56.87617 

5.00 -53.97697 -2.89891 -56.87597 

6.00 -53.97697 -2.89890 -56.87591 
-56.87587 cc 

0.5 

	

0 	 I 	 2 	 3 	 4 

9/A 

Fig. I. interaction energy of the l-ieN ( 3 Z) and HeN (i1) systems calculated at the 
MP4SDQ/.6-31 IG+(3d1, 3pd) + USSE level of theory. The I-leNt (3 E) interaction shows the 

first (v 0), second (i' = I), and third (v = 2) vibrational levels calculated assuming a 
harmonic oscillator model at the MP4SDQ/6-3 I IC + (3d1, 3pd) level of theory. 
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Fig. 2. Experimental neasureluents and theoretical calculations of the mobility of N F  in 
hell urn. +, Measurements of hi icy et al. 112); x this work; solid lines represent theoretical 
three-temperature calculation results. (a) Mobility function derived from 'Ii potential interac-
tion. (b) Mobility function derived from 1 Z potential interaction. (e) Mobility function ob-
tained Iropi combining (a) and (b) using Blanes Law, 

three temperature calculations for the 'L state did not converge in the range 
30-100Td where the mobility rises rapidly. However, the mobility calcula-
tions converged elsewhere. Secondly, the calculation of the overall mobility by 
Blanc's law for the neutral gas mixtures is an approximation.. Blanc's law is 
justified at low fields where the mean collision energy is largely thermal and 
thus ratios of mean collision energies of the ions in the different gases (or in 
this case different states of the same gas) are unity. Blanc's law is also valid 
when the collision cross-sections are independent of the collision energy. This 
is true when the ratio of collision energy to well depth of the potential 
interactipn for the calculation tends to infinity, i.e. the high field limit. Blanc's 
law is a valid approximation for these two extremes and for when the ratio of 
the mean collision energies are close to unity, implying that application is 
justified for the medium field only when the mobilities are similar. This has 
been true of systems which we have reported to date. We suggest that these 
approxiflatiOns are accurate to well within 10%. In the N 4  —He system the 

mobility curves for the two different interactions differ widely and thus we 
anticipate that Blanc's law will be invalid. To negate the problem of non-
convergence of the mobility curve resulting from the 3 L interaction the three-
temperature theory implementation (MOBDIF) of Viehland and Kumar [29] 
was used. This has been shown to have superior convergence properties to a 
previous three-temperature theory implementation (MOBILDIF) [30]. All 
calculations were performed with 24 Gauss—Laguerre and 32 Gauss—Legendre 
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Fig. 3. Experiincu Lal measurements and theoretical calculations of the mobility of N '  in 

helium. +, measurements of Fahey et al. (12]; x this work; solid lines represent theoretical 

till cc-teno pera t ti ic calculation results. (a) Assumes transition frequency between Born-Oppen-

heimer states to be infinite. (b) Assumes transition frequency between Born-Oppenheimer 

states to be zero. 

quadrature points and with mobilities and diffusion coefficients to an accu-
racy of 4% and 5% respectively. All transport coefficients were calculated to 
at least the third approximation. This narrowed the window of non-conver-
gence for the 3 L mobility curve to 30-60 Td. The identical curve to that shown 
in Fig. 2 is obtained if we interpolate through the region of lion-convergence 
using only converged points. However, the mobility functions for the two 
interactions still differed significantly, thus undermining Blanc's law. The 
calculation of the mobility of an ion with orbital angular momentum greater 
than zero where the weighted cross-sections for the different interactions were 
averaged as a function of collision energy resulted in solution of both the 
convergence problems of the numerical solution and the problem of the 
validity of Blanc's law (see Fig. 3). This approach assumes that each collision 
proceeds along a single potential surface, that is an eigenstate of the electronic 
hamiltonian. It is well known that if the nuclear motion is large enough, 
coupling between adiabatic electronic states induces transitions from one 
Born-Oppenheimer state to another [31-33]. In terms of ion transport we 
canliOtspecify the state of an ion with orbital angular momentum greater than 
zero during the collision process, and as a result we cannot apply a single 
potential required for a classical transport theory. We can, however, assume 
the frequency of transitions between the possible Born-Oppenheimer states to 
be great enough for an ion to act according to an effective potential that can 
be obtained by averaging over the adiabatic potential surfaces with the 
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appropriate weightings given by the correct degeneracies. Thus we have a 
method for calculating transport phenomena at two extremes, that is, 
assuming the transition frequency between Born—Oppenheimer states is either 
zero or infinite. This limitation is a direct result of using quantum mechanics 
to calculate the potentials and a classical method to calculate the mobility. 

The mobility curves calculated using the two- and three-temperature 
theories of ion transport by averaging the weighted cross-sections and assum-
ing the transition frequency between Born—Oppenheimer states to be zero 
gave the best agreement with the experimental measurements below 30Td (see 
Fig. 3). For comparison we also calculated the mobility curves assuming the 
frequency of transitions between the Born—Oppenileinler states to be infinite, 
by averaging the potentials assuming that the HeN + interaction was given by 

1ç1 (r) = 1/3 V(r, 3 E) + 2/3 V(r, 11) 	 (2) 

The effective potential is dominated by the HeN ('fl) interaction as this 
interaction becomes steeply repulsive for internuclear distances in the region 

of the HeN 4  (3 E) well, that is less than 2.0 A. 
The mobility curves were then calculated using both two- and three-tem-

perature theories of ion transport in the same way. The derived mobility curve 
giving the correct qualitative features gave the best agreement with the ex-
perimental errors of the literature measurements at large E/N. 

These results are not surprising as by raising E/Nwe are increasing the drift 
velocity and on average increasing the relative collision energy. We can expect 

that at low E/N, where, on average, the collision velocity is smallest, coupling, 
which results from the relative motion of the nuclei, will be negligible. Thus 

in the region of low E/N we expect that the mobility function obtained by 
assuming a transition frequency of zero will correspond well to experimental 
mobility measurements. As E/N is increased and with it the relative collision 
velocity, we would expect this assumption to break down. However, as Ef N 

is increased, we can expect the transition frequency between Born—Oppen-
heimer states to become significant and increasingly important in determining 
the mobility of the ion. Thus in the region of large E/N we can expect that the 

mobility function obtained by assuming the transition frequency to be infinite 
to correspond well to experimental mobility measurements (see Fig. 3). 

CONCLUSIONS 

In calculating bulk transport properties of ions in gases the possibility of 
transitions between Born—Oppenheimer states due to coupling resulting from 
the motion of the nuclei in the collision event should be taken into account. 
We have outlined two limiting cases for calculating the mobility of an ion in 
a neutral gas where the orbital angular momentum of the collision partner is 
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greater than zero. These two limiting cases are a natural consequence of 
confining the description of ion mobility classically. The cases for which the 
transition frequency is neither effectively zero nor effectively infinite can only 
be dealt with adequately using a quantum theory of ion transport. Thus the 
mobility of N in helium is a warning not to oversimplify the theory of 
atom—atomic ion systems, and as an example that caution must be applied in 
experiments that are designed to gain knowledge of the interaction potential 
between species via collision events. 
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Flow Dynamics of Supersonic Molecular Beams and the 
Measurement of Rotational—Translational Coupling Parameters for 
N 2  and H 2  

Brett R. Cameron and Peter W. Harland 
Chemistry Department, University of Canterbury, Christchurch, Now Zealand 

Collision frequency, flow velocity, particle density, mean-free path, axial and radial temperatures In supersonic 
atomic and homonuclear diatomic beams have been calculated for various species within the framework of the 
thermal conduction model using realistic interaction potentials and collision cross-sections obtained from scat-

tering theory. Comparison between numerical results and measured velocity distributions are made to estimate 

values of rotational-translational coupling parameters for N, and H s . 

A frequently cited property of supersonic molecular beams is 
the collision-free nature of the flow far downstream from the 
nozzle exit plane; the beam may be considered to consist 
simply of a stream of molecules moving along parallel paths 

in the complete absence of any collisions- To the extent that 
this is a valid description of the true situation, it facilitates 

the preparation of state-selected and oriented species for the 
investigation of scattering processes,''' and the investigation 
of radiationleas processes in large isolated molecules. In 
reality, the supersonic flow will only approach a collision-free 

situation;' free molecular flow will never actually occur due 
to the finite width of the velocity distribution, causing some 
molecules to overtake and collide with others. 

Since the development and use of molecular beams as a 
research tool some two or three decades ago, a number of 
workers have addressed the problem of calculating collision 
rates within such systems. Probably the first in this regard 

was Troitskii,4  who reported that the collision frequency of 

molecules at any point in an effusive beam is approximately 
one-third that round in a bulk gas of the same number  

density. Using a similar for,nalism Luhnsan ci nI, developed 
general expressions for the collision frequency in effusive and 

supersonic molecular beams. Their calculations showed that, 
when characterized by the same density and temperature, the 

collision rates in an effusive beam, supersonic beam, and a 
bulb are approximately in the ratio of I 1.5 3, indicating 
that the directionality of the nozzle beans source does little to 
reduce the collision frequency by as y more t Ii an is factor of 

two below that in a gas bulb. 
While exact for the case of an effusive beam, the expres-

sions given by Lohman pertaining to the supersonic system 
were obtained using a greatly simplified treatment of the 

expansion process and, although completely general, cannot 
be considered particularly accurate. Velocity components 
perpendicular to the beam axis were assumed to contribute 
little to the overall number of collisions and were neglected in 

Lubman's analysis. 
In this paper, the thermal conduction model 6  is used to 

provide a more realistic description of the expansion process. 

The model has been modified to incorporate a variable flow 

velocity and extended using K.tots approach 7  to include rota-

tional degrees of freedom. Results obtained from the thermal 

conduction model are used in conjunction with accurately 
calculated collision cross-sections to derive theoretical values 
of collision frequency as a function of distance from the 
nozzle for supersonic beams of the nsonatomics lie, No, At 
and Kr, and homonuclear diatomics H, and N,- Klots 
rotational-translational coupling parameter has been deter-
mined for N, and I-I, by filling parameters calculated using  

the thermal conduction model to experimental data deter-

mined by the time-of-flight method described below. The 
value determined for N, was in excellent accord with pre-
viously published results and the value found for H, is con-

sistent with the expectations of previous work.t 

Theoretical Considerations 

The free expansion of a gas into a vacuum is one of the Fun-
damental theoretical and experimental problems of rarefied 
gas dynamics. Accordingly, many theories have been devel-

oped to explain the dynamics of the expansion, ranging in 
sophistication from a simple hard-sphere treatment of the 

collision dynamics 9  through to the incorporation of subtle 

quantum effects.' °  At an intermediate level one finds the col-

lision dynamics treated solely in terms of long-range van der 
Waals forces, generally assuming an interaction potential of 

the form 

Vitt =—C 9 r 	 (I) 

One such model which has been employed by a number of 

workers in recent years is the thermal conduction model, 
originally proposed by Habets" and Beijerinck and Verster 6  

to describe the breakdown of translational equilibrium in 
free-jet expansions of monatomic gases. The model has been 

extended by Klots' to include rotational degrees of freedom 
through the application of unimolecular decomposition 
theory which, as applied to collision complexes, provides a 
natural means for describing the coupling between rotational 
and translational modes. The thermal conduction model is 
particularly appealing both from the point of view of its rela-
tively simple form and its ability to produce results in good 

agreement with those obtained by experiment. 
In common with most other models of the expansion 

process, the thermal conduction model assumes that the local 
number density in the core of the expansion at a distance 

from the nozzle is given by 

n(z) = n-1 '(u" -' 	 (2) j-! 
\z) kuj 

where n o  is the stagnation density. and s o  is related to the 

nozzle throat radius by the expression 

— t\'"f 2 \'/(r sI 

t0 =r 0 Khl—} I- 
L\v+lI \y+l 

where y is the heat capacity ratio C5/C, and x is the nozzle 

peaking factor, a complicated function of y. Table I gives 
for several values of y, as calculated by Beijerinck. The value 
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Table I Peak hog l,c or, for vs riotis 

5/3 	 7/5 	 8/6 	 9/7 
1.98 	 .38 	 1.08 	 1.10 

of Ic, is given by the expression 

/1 	

'Ill I y )
tf 	

(3) = I 	 I 
" I  J 

and reprcsen Is the I Iserniod yna flue liii' it iii g value of the 

streamline or directed flow velocity u. 
In order to simplify the solution to (lie expansion prohlcnx, 

t3eijerinck el at introduced a source parameter S which is a 
function of the reservoir parameters and the interaction 

potential: 

- 16  
= j 

	
- 
	?3  I—  

	

: 	2,2 	299
2kn T\''2( 

j    

Introducing the reduced variables 

Ship- IO/5p4 2' 

and 
= Z r-310s '21 

the appropriate set of di tierenti:, I equations to he solved 

under the the rsna I conduct ion model for (he attractive C6  
potential are: 

s t/s 

C 

X { ( r — tl + N ± Mir - t) 

- (c1T 	(4o) 

	

-- 	t8\ 

L  I L = --  
dC C 2  

(III 
	
t 4 Xl + C/fl - Cf/(r, - t) 

	

r 	I (rs_—  

	

>s[l 	
,, 	)jj 	

(4(s) 

dr, 	 34fl t,"  -- 	— 
dC - 	

rj 	—e' 	R (r,—tj 	(4c) 

2z 1  + t ip  

3 

where r11 , t and .r, permit to the parallel, perpendicular and 
rotational temperatures respectively, P is the number of rota- 
tional degrees of freedom and relates to (lie efficiency of 
rotational to translation energy transfer, as discussed below. 

The two eoetlieients a and flare defined as 

131 P 

and 

lt( P 

Fl6R+t 

	

respectively, with r' 	0.5813 for the C,, potential. 

In most previous studies involving the use of the thermal 
conduction model, it has been assumed that the directed flow  

velocity reaches its terminal value only a few nozzle dia-
meters downstream of sIte nozzle leading to a simplification 
ofeqn. (2): 

/r\_ 2  
n(z) = 

In fact, the flow velocity can never attain its terminal value 
since to do so would require the conversion of all the energy 
associa tcd with the translational and internal modes of the 

particles into the kinetic energy 4,nu 2  of the directed mass 
flow. Rather, u asymptotically approaches its terminal value 
as the expansion proceeds. Assuming that the expansion is 
truly isentropie, conservation of energy gives that'' 

k5  Ti  + k5  7 = k,, 11 + k 5  T1  + k T, + rot? 

(5) 

assuming 3k. 7' per rotational degree of freedom and neglect-
ing all vibrational contributions, In eq n, (4), the Function 

y,(T1, t11 , t,) represents the ratio ti/iSa which can be simply 
determined from eqn. (5) to be 

	

((P + 	- 3t I, - 2t 1  - Rr 
titotJk 	(R+5)tn 

The rotational-translational coupling is described in terms 
of the single parameter , which represents the Fraction of 
Capture collisions (those pertaining to classical capture Cross-

sections) that lead to a qoasiequilibrium distribution of 
energy. Although somewhat naive, the assumption that 4 it 

independent of all other collision parameters is made attrac-
tive by its simplicity and the success of eqn. (4) to yield results 
which are in excellent agreement with those obtained by 
experiment. White eqn. (4) does allow solutions for > I, it is 

most unlikely that rotational relaxation will ever be more 
efficient (Iran  translational relas at ion and it would therefore 
appear reasonable to suggest that 1 represents a lower 
limit to the terminal rotational temperature obtainable in a 

given expansion. 
In order to calculate the mean collision rate, the local 

velocity distribution of the atoms or molecules in the beam 
must he known or approximated. The most frequently used 
distribution is an ellipsoidal function of the form 

f(s) dt, =
/ on 

71 
V 

x exp( rrtv/2k T,)exp( - mv/2k T1) 

X exp( —m(ts, - U) 2/2ka T) di' 	 (6) 

where t,, and v, are the velocity components perpendicular to 
ttie beam axis and v, is the velocity component parallel to the 
beam axis. The use of this ellipsoidal model has become a 
standard teehiuque in many theoretical and experimental 
studies' as it simplifies the analysis of the parallel and 
perpendicular profiles by allowing their characterization in 

terms of separate uncoupled Maxwetlian distribution func-

tions. 
Assuming that all molecules in the beam have a normalised 

velocity distribution given by eqn. (6), the mean collision rate 
for a single atom or molecule was calculated by averaging the 
product no,, over all classes of tire relative speed C,: 

a = n 

 

	

Jr- 	de, 

(7) 
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where p is the relative speed distribution function derived 

from eq is. (6). Mean-free paths are calculated in an analogous 

manner: 

( ía o(cjsnc,) dc.) 

The collision cross-sections were calculated according to the 

integral 

= 2e 16(l - cos' z) it 	 (8) 

for I 2, where b is the impact parameter and x is the clas-

sical deflection angle. Evaluations of the integral (8) were per-
formed using the quadrature techniques described by O'l-lara 
and Smith." Lennard-Jones (12,6) potentials were used in the 

calculation of collision cross-sections for the diatomic species 
using the parameters given in ref. 16, while for the mon-
atomic gases a modified Buckingham potential was 

employed.'' 

Time-of-flight Measurements 

Measurement of the parallel beam temperature was per-

formed using asynchronous time-of-flight (TOE) technique." 

A modified Honda Civic fuel-injection valve fitted with a 
cylindrical 70 pm nozzle was used to generate the supersonic 

beams. The pulsed beam was passed through a t mm 
diameter skimmer (Beam Dynamics) into a differentially 

pumped flight tube housing the beam chopper assembly and 
terminated with a quadrupole mass filter (Vacuum Gener-
ators SXP300). The chopper wheel, with two diametrically 

opposed slits of width I mm, was rotated by a synchronous 
400 Hz motor. A photodiode residing diametrically opposed 
to the beam axis emitted a pulse-train having twice the rota-
tional frequency of the chopper wheel which was divided 

down to give it resultant frequency sufficiently low (typically 
IC Hz) to trigger the pulsed nozzle and associated electronics. 
The chopped gas pulse was then allowed to evolve in time 

over a fixed flight path of 0.70 in and the resulting mass-
selected waveform (analogue output current of the electron 

multiplier passed through a I MHz amplifier) captured by a 
transient digitizer capable of averaging repetitive waveforms 
(LeCrny 8013A). The resultant averaged data were stored as 

a permanent file using a dedicated microcomputer. 
The stored TOE waveforms were fitted to the speed dis-

tribution function 

h(r) = ,lv' exp(—m(v - ,42/2k 5  7,) 	 (9) 

where a is the directed flow velocity of the beam and A is a 

normalisation constant. Fitting was performed using an iter-
ative least-squares procedure. The effect of the amplifier 
response function and the chopper (or gate) function on the 

measured TOE signal' 9  was investigated by deconvolution 

and found to be negligible. The flight times of ions through 
the quadrupole mass filter were measured in a separate 
experiment and the flight time for the neutral species cor-

rected accordingly. 

Results and Discussion 

Fig. I shows experimental and fitted TOE waveforms for H, 

and N, - The nozzle temperature for these measurements was 

300 K, with source pressures of 4 atm for H, and I atm for 
N,. For H,, fitting the experimental data to eqn. (9) gave 

4.4 K and u 2659 ms and for N, under the above 

conditions we obtain T5 	13.1 K and a = 753 m5'. 
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Fig. I Experimental (—) and fitted (---) TOF waveforms for (a) 
H, and (is) N, 

A comparison between the measured parallel temperatures 

and numerical results obtained using the thermal conduction 
model gave values for the rotational-translational coupling 

parameter of 0.015 for 1-1, and 0.39 for N,. The theoretical 
fits for values of exceeding cc. ±5% difference from the 
values quoted are substantially degraded in comparison to 
those shown in Fig. 1. We would suggest a maximum uncer-
tainty of ± 10% for the values quoted. The value of 0.39 mea-
sured for N. is in good agreement with that of 0.41 suggested 

by Randeniya.' °  Fig. 2 illustrates the calculated temperature 

profiles for H, with C = 0.015 and N, with 4 = 0.39 under the 

experimental conditions specified above. The rotational tem-
perature freezes out very rapidly for both gases, the final 

rotational temperatures being 154.7 and 26.9 K for H, and 

N,, respectively. The low value of 4 for H, indicates that 

rotational relaxation is extremely inefficient. This is well 
known to be the case, with high collision numbers having 
been determined for both vibrational-translational and 
rotational-translational relaxation processes. The total 

number of collisions experienced by an atom or molecule 
during the expansion would appear to be of the order of 102_ 

10'. Any kinetic process requiring this number of collisions 
will be subject to relaxation effects during the course of the 
expansion and may freeze. The vibrational relaxation of 
simple diatomic molecules typically requires in excess of 10' 
collision,, indicating that the vibrational modes of such 
species do not participate in the expansion. The explicit con-
sideration of vibrational degrees of freedom has thus been 

ignored in our analysis, the assumption being that either 
these modes very rapidly freeze out or that they contain 
insufficient energy to significantly alter any flow character- 
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Fig. 2 calculated temperature profiles for (a) H, and (I,) N a 

islics. In fact, For.thermal equilibrium at a nozzle temperature 

of 300 K, statistical thermodynamical considerations show a 
negligible populMion of anything but the ground vibrational 

level for the di atomic systems considered in this paper. The 

vibrational collision numbers of large polyatomic molecules 
mod the rotational collision numbers of most diatomics tend 

to be of the order of 10-100, so that such modes can 
exchange energy and cool to some extent during the initial 
part of the expansion before freezing. Our calculated value 

for the final rotational temperature of El 2  compares well with 

that obtained from the work of Gallagher and Fenn. 5  A more 

sophisticated theoretical investigation into the rotational 
relaxation of small molecules in supersonic molecular beams. 

along with the possible extension to gas mixtures, is currently 

being pursued. 
Fig. 3.-5 presp.nt a set of curves showing the variation of 

colli s ion frequecy and mean-free paths as a function of dis-

tance for several -species under various conditions. From the 
curves it is evident that even at large distances from the 
nozzle the collision frequency remains quite high. Pg. 3 gives 

a set of curves calculated for argon at three reservoir pres-
sures and illustrates the point that, for a fixed nozzle dia-

n,ctcr, the collision frequency scales as I' 0  The variations of 

normalised beam density as a function of the axial distance 

from the nozzle in nozzle diameters calculated using eqn. (2) 
are shown for helium and nitrogen in Fig. 6. For the machine 
used in this study the particle density for a helium jet 3.9 can 

from the nozzle corresponds to a beam pressure of 3 x 03 
Torr for a stagnation pressure of I atm. Realistic values for 

distance (nozzle diameters) 

FIg. 3 collision frequencies and snean.frec paths at a function of 
stagnation pressure for beams or At For a source 

--) --) 	

temperature of 300 
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Fig. 5 calculated collision frequencies and mean-free paths for 0 2  
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Table 2 Comparison between measured and calculated TOE parameters 

system P5/atm 	- 	 1,/K u,.k/m a "'  1.2.k u,, ejm s' 

He I 	 300 1745 5.8 
3.3 

1740 
773 

5.5 
3.2 

Ne I 	 300 
300 

781 
557 1.4 552 1.3 

Ar 
Kr 

I 
I 	 300 
4 	 300 

385 
2493 

1.1 
5.9 

381 
2659 

1.1 
4.4 

Fl, 
N 5  t 	 300 753 14.6 753 13.1 

beam density as a function of axial distance from the nozzle, 
are an essential prerequisite for the determination of collision 

cross-sections from crossed beam experiments. 
Collision frequencies in a bulb were calculated in an analo-

gous manner to those in the beam according to the integral 
(7), using a Maxwellian speed distribution function for g(cj. 

A plot of the ratio i5,,,,: et.a, as a function of the mean 

kinetic temperature T. is given in Fig. 7 for argon. The oscil-

lations in the curve result only Iron the integration pro-
cedure used and also reflect the greater density of points 

calculated for the lower temperatures. The collision frequency 
in the beam is always lower than that in the bulb, although 
the ratio does not remain constant at a value of ca. 1/2 as 

originally suggested by Lubman. The major reason for this 
difference comes from our use of realistic, energy-dependent, 
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Fig. 6 Calculsted.nurmalised number density profiles for He (—) 

and N 2  
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Fig-7 t',,_ : ib,lb 55 5 Function of T,,  

collision cross-sec(intss in place of constant hard-sphere 
values. Our calculations indicate that the size of u(c,) can 
change by a factor of as much as 5-10 during the course of a 
typical expansion starting at room temperature. The reason 

that v5,,,, < Vbllb is due to the fact that the magnitude of the 

relative velocity between two particles in a supersonic beam 
is significantly Ices than that between two particles in a bulb. 
Quite clearly atoms and molecules can never be taken as 
being completely isolated in a supersonic beam simply 
because of the finite width of the velocity distribution, 
causing some particles to overtake and collide with others. 
What is of importance however, is whether or not the beam 
species are suitably well isolated on the timescale relevant to 

the experiment of interest. 
The comparison between experimentally determined and 

calculated time-of-flight parameters demonstrated for the 

inert gases and the diatomics 112 and N 2  in Table 2 and the 

agreement found between the rotational-translational coup-

ling parameter for N 1  with the mean literature value afford 

us some confidence that the collision frequencies and particle 

densities calculated from the thermal conduction model using 

realistic collision cross-sections and interaction potentials 
closely reflect the characteristics of a skimmed supersonic 

beam along the axis. 
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Experimental studies of chemical reaction dynamics 

usually attempt to draw inferences about the reaction pro-

cess by monitoring the product states formed from reactant 

states prepared as specifically as possible. Recently, several 

experimental techniques have been developed' to observe 

directly the spectra of species in the process of chemical 
reaction. The early studies' in this field focused primarily 

on establishing the possibility of making experimental ob-

servations of such "transition region species" (TRS). Lit-

tie new insight was obtained into the reaction event, largely 
because the spectra were essentially featureless. It was 

widely believed that featureless spectra would always result 

for bimolecular reactions because it seemed impossible to 

avoid averaging over a wide range of impact parameters. 
l'hotodissociation or "half-collision" experiments 

avoid such averaging by preparing a dissociative state in a 

known geometry. The beautiful experiments of Kinsey, 3  

Neumark, 4  and Zewail 5  have produced specific information 

which can be interpreted in terms of the dynamics of the 

dissociation process. In a nice extension of these photodis-

sociation experiments, Bernstein and Zewail t  have ob-

served the time evolution of OH formed by reacting C0 7  

with 11 atoms prepared by Wittig's technique' of photodis-

sociating the van der Winds molecule, HI - --CO, This lat-

ter approach has the significant advantage of reducing the 

averaging over the impact parameter but this advantage is 

obtained at the expense of constraining the geometry of the 

reaction system in ways which may not be representative of 

free space reactions. 

Because most chemical reactions involve a full colli-

sion with its attendant range of impact parameters, it 

seems important to develop experiments which probe full 

bimolecular reaction processes. Therefore, we have contin-

ued studies of transition region species formed in bimolec-

ular collisions, in spite of their inherent limitations, in 

hopes of obtaining some insights into the reactive collision 

which might enlarge and complement that obtained in the 

photodissociation experiments. We report here spectra for 
the KCINa and KUrNa bimolecular transient systems. We 

find that the spectra of the TRS obtained are not feature-

less: clear structure is observed in the TRS spectrum in the 

bromide case. 

The 	reactions 	studied 	are 	K + XNa 

-4KXNaJt-'KX + Na. in the experiment, the transition 

region species, [KXNa)t,  are continuously produced in 

crossed beams of K and NaX. A tiny fraction of the TRS's 

are electronically excited by a cw dye laser to [KXNaJt*. 

This species decomposes to give either KX + Na' or 
K' + XNa. Decay into the electronically excited reactive 

channel is monitored by measuring the intensity of the Na' 

emission at 589 am. 
The apparatus is similar to that previously described,' 

with several changes which have improved the stability 

and run-to-run reproducibility. Quasieffusive beams of K 

and NaX (X = Cl or Br) were crossed inside the extended 

cavity of a cw dye layer where the circulating power den-

sity was estimated to be z3 kW/cm 2 . Light from the 

crossing region was collimated by an ff1.5 achromat, 

passed through an interference filter with a bandwidth of 

0-3 nm centered at 589.0 non (passing only one Na P line), 

and pulse counted with a cooled C31034 PMT. Excitation 

by dye fluorescence of Na atoms present as impurities in 

both beams is eliminated by placing a Na heat pipe oven 

inside the cavity. Each of the 3 beams was separately 

flagged and data was acquired in all 8 beam-on, beam-off 

combinations. The "3-beam" signal (3BS) is the signal 

with all three beams on after contributions from processes 

involving all 0, I, and 2 beam signals are subtracted. The 

3BS can be thought of as a three-body process 

K+XNa+hv—KX+Na', 	 (I) 

and the "3-beam" signals are normalized by dividing by 

each beam intensity to yield the three-body analogue of a 

cross section. 
The excitation spectra for KXNa are shown in Fig. I, 

where the normalized 3BS (Na' fluorescence intensity at 

589 nm) are plotted vs the excitation laser wavelength. It 

is immediately apparent that the spectrum for KBrNa is 

different from that for KCINa. Our earlier Cl spectrum 

appeared rather featureless, but with improved beam sta-

bility we observe a minimum near 600 rim. (The collective 

data' suggest a broad maximum =660 nm) For the Br 

case, a minimum near 600 nm is again observed, but the 

maximum is za608 am and is well resolved. 

In previous work on the K + NaCI system a number of 

tests were performed to eliminate possible artifact sources 

of the 3-beam signal. Experiments such as magnetic 

(Stern-Gerlach) deflection experiments  allowed us to rule 

out the possibility that Na' arose from reactions of laser-

excited K 2. We concluded from these tests that we had 
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FIG. I. Normalized 3-beam signals at the Na D line 589 nfl in the 
NaCI + K and NalIr + K systems as a function of excitation wavelength. 
The dark points are bromide system signals and the open points are 
chloride system signals. The different point symbols correspond to data 
obtained on different runs. The cstnwa are drawn only for illustration. 

observed excitation of [lCC]NaJ.t  In going from the chlo-

ride to the bromide system, nothing is changed except the 

salt beam; therefore, only artifacts which might involve 

changes in species in the salt beam need to be considered. 

There is no salt beam photoluminescence at the Na D line 

for either system. The concentration of Na atoms in the 

Nally beam is observed by using direct excitation to be less 

than that in the NaCl beam. It was verified that the 3-beam 

signal in K + NaBr is from Na (as had already been 

established for K + NaCI) by tilting the interference filter 

which changes the wavelength transmitted. We therefore 

believe that the Br spectrum in Fig. I is that of [KBrNaI. t  

Experiments were run alternating the salts and the spectra 

were found to be reproducible. The Br and Cl signals 

shown in Fig. I are obtained under similar conditions' °  

permitting meaningful comparison of the signals from the 

two systems. 
The cross-sections for the dark 	reactions, 

K + XNa—KX + Na, are large with reaction occurring 

on every gas kinetic collision without activation harriers. 

Thus the systems move quite freely on the I 
24'  ground 

state potential energy surface (pes) exploring a wide range 
of configurations in the reaction process. The laser field can 

induce transitions to excited pes's. There are two low-lying 

excited surfaces, the 2 
24'  and 3 24  but it is believed that 

only the 3 2A' is accessible at the wavelengths used here 

(600-700 nm). In the Born—Oppenheimer, stationary 
phase approximation, for a given instantaneous nuclear 

configuration (rJ, the reacting system can absorb a photon 

only if the laser is tuned very near the frequency, v 

= /, '( V,{rj} - 1 71 fr1}). Equivalently, for a given laser 

frequency, systems will be excited only if they pass through 

nuclear configurations {r1} on the I 24.  pes which are res-

otaant with the laser. Once excited to the 3 
24' surface, the 

system can evolve to either K or Na*. The latter (reac-
tive) process is observed by monitoring fluorescence from 

the Na. 
The structure shown in Fig. I has survived in spite of 

averaging over thermal distributions, orientations, and im-

pact parameters and clearly differs for the two chemical 

systems. Such a spectral feature could arise from (a) a 

region of the pes which is traversed by a reasonable frac-

tion of collisions where the potential energy surfaces are 

relatively parallel (so that many nuclear configurations can 

absorb at basically the same frequency) or from (b) a 

region of the lower potential surface where the evolving 

system lingers, increasing the probability of transition. 11  

The 3-beam signal rises steeply in both systems as the 

laser is tuned towards the Na atom D line. This might arise 

from excitation of the newly formed Na atom in the exit 

channel while it is still perturbed by the salt molecule, but 

we regard this as only a tentative conclusion. These signals 

could also be due to collision-broadened absorption of Na 

atoms (impurities in both beams), although our signal es-

timates for this process are much smaller than the signals 

observed. If the rise near the D line is associated with 

excitation of the TRS in the exit channel, the interaction 

shifting the frequency from the D line center is most likely 

due to dipole-induced dipole or dispersion effects differing 

only mildly between systems. Indeed, the normalized sig-

nals are observed to differ only slightly. Such features can 

be classified as type (a) arising from parallel surfaces. 

The maxima in the spectra (near 608 for the Br and 

660 for Cl) clearly depend on the reaction and probably 

come from excitation in the heart of the reaction region. At 

present it is unclear whether they can be better character-

ized as representing type (a) behavior (parallel pes's) or 

by type (b) behavior (ground state dynamics). The 

M + MX exchange reactions are known to occur via col-

lision complexes with lifetimes on the order of the rota-

tional periods 12  and stable MXM' species have been ob-

served experimentally" and predicted theoretically. 
14 

Trajectory calculations on ground pes's suggest" that 

some trajectories become "trapped" in snarled trajectories 

in limited regions of the pes and excitation from these 

'pools" might be expected to produce maxima in the spec-

trum. 
For the KCINa reaction, surface hopping trajectory 

calculations 16  of the Na excitation spectrum have been 

carried out and do not predict a maximum to the red of the 

Na D lines, but instead show only a monotonic decline in 

the probability of forming Na as the wavelength is tuned 

to the red. It is not known what modifications, if any, of 

the pes's used in these calculations could result in the pre-

diction of a maximum. An interesting conjecture is that the 

maxima observed might arise through collisional non-

adiabatic transitions td the 2 24'  electronic surface)' Once 

accessed, systems in the 2 24  state would be trapped for a 

considerable time with a consequent increase in excitation 

probability. 
It thus appears that the blue feature of the excitation 

spectrum seems understandable from simple theory, but 

that the origin of the red feature is as yet unknown- Ob-

servation of clear structure in the NaBr + K system brings 
renewed hope that these experiments will provide useful 

information on bimolecular systems in the process of reac-

tion. 
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Effects of Molecular Orientation on Electron-Transfer Collisions 

Peter W. ilarlanti,' ]toward S. Carman, Jr.,t Leon F. phillips,t and Philip R. Brook? 
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(Receitrd: February 12, 1991) 

K1  ions have been detected f rom the intersection of a beam of K atoms (5-30 eV) with beams of various simple molecules, 
such a, Cli,Br and CF,Br, which had been oriented prior to the collision. Production of Ions in the collision is found to 

be highly dependent on orientation. 
The effect Is moat pronounced near threshold (-.5 eV) and almost disappears at higher 

(30 eV) energies. Ait9ck at t h e - reactive" halogen end produces the most Ions, regardless of the polarity of that end. For 

each molecule, the reactive end seems to have the lower threshold energy. These observations may be a result of the electron 
being transferred to a specific end of the molecule, but the experiments measure only the net result of an electron transfer 

followed 
by the separation of the ions. Whether or not electron jump per Se depends on orientation Is still an open question, 

ar 
but we or able to qualitatively interpret the experimental results as being due to interactions between the lot,, as they separate 

in the exit channel. 
Most of the negative molecular Ions dissociate, ejecting a halogen X in the direction of the (oriented) 

molecular axis. If the X end Is oriented away from the incoming K atom, the ejected X will travel in the same direction 

as the K+, making the electron more likely to return to the K 1  ion and reducing the K 1  signal In this unfavorable orientation. 

I. Introduction 
"Chemical intuition', as well as n growing amount of direct 

experimental observation, tell" us that chemical reaction depends 
on the orientation of the molecules Involved, By "orientation' we 
mean a spatial configuration where one end of a molecule can 
be distinguished from another. Although reactive species dif-
ferentiate between ends by not reacting with the "wrong" end, 
we have little experimental guidance for what constitutes the 
"right" end because most experiments include all possible orien-

tntions during collision and isolation of orientation effects has not 

been possible. 
Several molecular beam techniques have arisen to prepare 

reagent molecules in known orientations.' The simplest (and mast 
recent) is the "brute force" method of merely applying a strong 
electric field on extremely cold polar molecules.' but this method 
is highly restrictive.' Most experiments so for have been done 
with symmetric top molecules, such as Cl-i,Br. The orientation 
Is defined by a weak electric field because these molecules precess 
In an applied electric field in the same way a child's top precesses 
in a gravitational field. Each molecule is oriented. Even though 

all orientation ,  are present in a beant, passing the benin through 
an inhon,ogeneous electric field fillers out molecules in orientations 
such that (cos 0) > 0, where 0 is the angle between the dipole 
moment and electric field. The molecules passed by the inho' 

mogeneous field have (cos 0) <0, and are reacted with an atomic 
beam inn weak uniform electric field. The weak field is applied 
parallel or antiparallel to the relative velocity and determines which 

end of the molecule is presented 10 the atoms. 

Orientation effects are large and varied. For example, at 
thermal energies, CIi,l reacts with K or (ltb) preferentially on 
the I end, but CF,l and CF,Br react at both ends, with different 
angular distributions. The "harpoon" model' of electron transfer 
has been invoked' to describe the CF,l reaction, and this nicely 
explains the different angular distributions observed in the "heads" 

and "tails" orientations. In this model, the K is expected to donate 
an electron (the harpoon) to the CF,l. followed by explosive 
decomposition of the CF,t, after which the Coulomb attraction 

causes the K 1  and 1 - 10 combine: 

K + CE,l —K 1  + CF,V electron transfer 	(I) 

CF,V -. CF, + t ion dissociation 	(2) 

V + K 1  -. 1(1 ionic recombination 	(3) 

Because the cross section for reaction at the two ends was roughly 

'Permanent address: Chemistry Department. University or Canterbury. 
Chriatchurch. Ntis Zealand. 

I Permanent address: Chemical Physla SectIon. Health & Safety Researcs, 
Division, Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge, TN 
37831. 

equal, step I was assumed to be independent of orientation. The 
dependence on orientation was assumed to be in step 2 because 

the r would be ejected In the known direction of the molecular 
dipole. Alter we accounted for the momentum of all the partners, 
this mechanism qualitatively reproduced the experimental angular 
distribution, not only for heads and tails orientations, but also for 

sideways orientations.' 
For the K + CF,Br reaction the angular distributions are In 

qualitative accord with this harpoon model, but the reactive 
probability is tess at the tails (Cr,) end, leading us to speculate' 
that the electron-transfer process might be orientation dependent. 

Electron-transfer processes are important to many different 
kinds of reactions as well as to the harpoon reaction, and we have 
begun to Investigate how orientation might affect electron transfer. 
We have now studied several reactions, including K + CF,X (X 

i, Br), at energies of a few (5-30) eV, so that the ions move 
fast enough that they can escape from their Coulomb attraction 
and be detected directly. Collisional ionization has been studied 
I, some detail previously' (for unorlented molecules) and the 
products of these'° rot-atom collisions are predominantly K'. CFp 

and r. in the experiments reported here, we orient sjmmetric 
top molecules prior to collision. and we detect the K Ion. 
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Preliminary results have been obtained for Cl-1,l and CF,I." 
Here we report on a survey of related molecules, CH,X (X = F, 
Cl. Br. and I); CFY (Y = Cl, Br, and I); t-butyl Z (Z = Cl, Br); 
and CX JH (X = Cl, F). We rind in all cases a strong dependence 
on orientation at energies near threshold, and this effect decreases 
as the energy is increased. Regardless of the polarity of the dipole, 
the end producing the most ions is the 'heads' end (the end with 
the most labile halogen). These results may sill be understood 
in terms of the orientation of the dissociating molecular ion. 

II. Experimental Section 

The experimental apparatus and procedure for data collection 
have been previously discussed in paper I (ref 12), and we provide 
here only a brief summary of the experiment. 

A beam of fast ('a 5-30 eV) K atoms intersects a beam of 
symmetric top molecules RX, such as CH,Br. Molecules in the 
molecular beam are oriented before the collision by passing them 
through a series of inhomogeneous and uniform electric fields. 
Collisions in this energy range are sufficiently energetic to ionize 
the reagents, and the negative molecular ions usually dissociate, 
giving as products K, X; and R, where X is a halogen and R 
an alkyl radical. The orientation of the molecule with respect to 
the incoming K atom is controlled by applying a weak ('a20 V/cm) 
field in the collision zone. The positive K' ions are detected by 
one of two channeltrons, depending on the polarity of the collision 
zone. 

Because of intensity limitations, ncnt beams of RX were used, 
with translational temperatures 'u45 K. Individual JKM states 
are not resolved for the molecules, and the high voltage hexapole 
field acts as a filter to pass molecules having negative values of 
(cos 0) = MK/J(J + I), where), K, and Mare the standard 
symmetric top quantum numbers)' In the collision zone each 
molecule is oriented and preoesses about the applied electric field, 
which is either parallel or antiparallel to the incoming atom. A 
distribution of precession angles results, but all of the molecules 
process with their positive ends directed toward the positive field 
plate. (This high.energy configuration is the one passed by the 
hexapole field.) The orientation of the molecule with respect to 
the incoming atoms is reversed by reversing the direction of the 
applied electric field. Representative distributions of molecular 
orientations are shown in paper I. 

K' ions were detected by different channeltrons, depending on 
the direction of the applied field. Thus, comparison between one 
orientation of the molecule and the other requires that allowance 
be made for different ion collection efficiencies and different 
multiplication efficiencies. As described in paper I, this comparison 
is accomplished by using as a reference K+  formed in collision 
with SF, Since SF, is a spherical top, no orientation effects are 
possible, and the different experimental signals directly account 
for the ion collection and detection efficiency. The relative de-
tection efficiency F(r) is measured at each energy, and mea-
surements of F() are interspersed with signal measurements to 
minimize effects due to nonreptoducible contact potentials on field 
electrodes and multipliers. The relative signal due to the oriented 
molecules 5(V) is the (hexapole field on) - (hexapole field off) 
signal difference S( V) corrected for the multiplier efficiencies at 
beam energy t: '()to = 5(V),,0 and S'(V)t  = 

Ill. Results 
Relative signals for several representative molecules are shown 

in Figure I. For each molecule there is a clear difference between 
the 1800  and 00  orientations. As in paper I, the "180°" orientation 
corresponds to having the negative plate of the uniform field closest 
to the incoming K atom, and the "0 °" orientation corresponds to 

(II) Harland. P. W.; Canaan, H. S.; Phillips. L. F.; Brooks, P. R. .1. Chem. 
Flips. 1919, 90, 5201. 

Hartaod, P. W.; Canna., H. S.; Phillips, L. F.; Brooks, P. R. J. diem. 
Phy:. 1990, 93, 1089 (referred to as paper I). 

Townea, C. H.; Schawlow, A. L. Microwave Speciroscopy Dover: 
New York, 1975. We use the convention that the dipole points towards the 
positive charge. but regardless ofcooventioa the molecules transmitted by she 
hexapolt field are in high'energy states, no the positive end of the dipole points 
toward the pesitive field plate. 

Harland et al. 
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Figure t. Relative signal vs center-of-mass energy at low, energies for 
t-BuCI (triangles). CH,Br (squares), and CF,Br (circles). Filled symbols 
correspond to 00  orientation, and open symbols to 180° orientation. 
Lines are least-square fits to the data. 

TABLE I: Molecuslea Reacted with Fast IC Atoms 

approx. 

polarity' 	more reactive 	threshold,cv 

molecule 	+...- 	orientation end 	1800 	QO 

Cl1,1 	Cll,'''t 	80° 	I 	4.7 	4.9 
CH or 	CHy"Br 	ISO" 	Br 	6.1 	6.3 
CH,Cl' 	Cli, ''Cl 	1800 	Cl 	8.6 	57 
Cu,rc CH, ''F 	180° 	F 	7.4 	7.8 
CF,l° 	I'. 'CF, 	0" 	I 	4.8 	4.5 
CF,Br 	Br"CF, 	0° 	or 	5.6 	5.0 
CF,Cl 	CI" 'CF, 	0° 	Cl 	7.4 	7.0 
r-BuBr' 	s'Bu' ''Br 	180° 	Br 	5.2 	5.3 
:'BuCI 	i-Bu'..CI 	1800 	Cl 	8.3 	8.8 
CCI,H 	H ... CCI, 	ISO" 	Cl 	6.7 	6.7 
CF,tit 	H ... CF, 	180° 	F 

Polarities are determined from electronegativity difference and di' 
pole moment trends in homologous series and thermal energy reactivity 
of oriented molecules. See ref 6. The polarity of CF,l has been di' 
redly measured (Gandhi, S. R.; Bernstein, R. B. S. Circa,. fly:. 1931, 
88, 1412), and the I end is found to be Positive. • Paper I. 
'Extrapolation to threshold is unreliable. 

having the positive plate of the uniform field closest to the incoming 
K atom. As previously mentioned, the oriented molecules are in 
high-energy states, so the positive end of the molecule points 
towards the incoming K atom in the 0 0  orientation. 

For CH,Br and t-BuCI, signals for the 180 0  orientation are 
greater, and the negative end (Br or Cl) is the more reactive. 
Signals for the 0 0  orientation are greater for CF,Br, and the 
Positive (Br) end is the more reactive. The orientation of greatest 
reactivity is thus dependent upon the molecule being studied and 
not merely a manifestation of an electrical artifact. 

As shown also in Figure I, linear extrapolation of the signals 
to zero suggests that there is a difference in threshold for the two 
orientations. This difference is most pronounced for t-BuCI but 
is apparent in other molecules as well. In Table! are listed the 
molecules reported here, together with their polarities, the end 
observed here to be more reactive in forming ions, and our estimate 
of the thresolds for each orientation. We regard these thresholds 
as very tentative: these preliminary data are quite noisy and 
different values may be obtained depending on which points are 
emphasized. Moreover, the energy scale has not been calibrated. 
It does seem, however, that in almost every case the more reactive 
end has a lower threshold. 

Representative relative cross sections (signal/K intensity) for 
CH,Br and CF3Br are plotted in Figure 2. The difference in 
molecular orientation is still apparent and persists to some IS or 
20 eV. The cross section for SF4 is displayed for comparison. 
Other molecules in Tablet show similar behavior, although CCI,H 
and CF,H peak at higher energy. 

The effect of molecular orientation is masked by the energy 
dependence of the cross section and the strong variation of the 
K beam intensity with energy. In order to decouple the dependence 
of orientation from this dependence on energy, we plot in Figures 
3 and 4 the normalized signal difference, 6, where C 'a (S' - 
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Figure 2. Relative cross section vs. collision energy: (a, Top) CF,Br; (b, 
Bottom) CH,Br. Filled symbols correspond to QO orientation, and open 
symbols to 180o  orientation. Dotted lines are experimental values for 
SF, normalized to the peak and are included for comparison. 
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Figure 3. Relative orientation effect (difference/sum) C a IS'55,-
S'e]/lSn + S'] vs energy for various molecules. Curves are drawn 
through data points for ease in identifying trends. 

+ St). This plot makes the effect of orientation quite 
apparent and graphically illustrates the data entries in Table I. 
C is positive for all molecules except for the trilluoro compounds, 
for which C is negative. In all cases. IGI is largest near threshold 
and decreases to zero for energies "IS eV. For molecules with 
Positive C, collision with the negative end of the molecule is more 

likely to yield ions. 
C must lie in the range -1 S CS +1. and the maximum value 

of IGI for some molecules is found to be greater than 0.5. This 
is especially surprising in view of the distribution of molecular 
orientations present in the collision zone. Seniiclassically, the 
molecules process in a cone of half angle 0 about the applied 
electric field lines where (cos 0) = MK/J(.J + I). Filtering the 
beam through the hexapole electric field results in the removal 
of positive values of (cos 0), but a distribution of negative values 

of (cos 0) still results and this is discussed in paper I. Very roughly 
speaking, this distribution peaks for (cos 0) -0.2. corresponding 
to a cone of half-angle '400 0 , or 80° if the direction is reversed .14 

(54) A quantum-mechanical description (Stolte. S.; Chakravorty, K. K.; 
Bernstein, R. B.: Parker, I). H. Chem. Phys. InS. 71,353). ofoolirse. provides 

(small) probability that the axis of the molecule will actually be pointing 
in the opposite direction. For the heavy molecules and comparatively high 
rotational teinpersiures used in these experimenis, any rotational levels ass 
populated, and the semiclassical picture is appropriate. 
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Figure 4. Relative orientation effect (difference/sum) C • (S'jw - 
+ S,] vs energy for various molecules. Curves are drawn 

through data points for ease in identifying trends. 

In any case, very few molecules are completely oriented, yet the 
experimental effect is large. This suggests that some unfavorable 
orientations are completely unreactive, and a similar conclusion 
was reached for the thermal-energy reaction of Rb with CH 3 I.4  

IV. Discussion 

The data displayed in Table land Figures 3 and 4 clearly show 
that the probability of ion formation depends on the orientation 
of the target. But the data cannot be rationalized by simply 
claiming that the electron hops to the positive end of the molecular 
dipole, because the experiments conclusively show that the negative 
end of most molecules is the most reactive. (The direct experi-
mental observation is the polarity of the end that Is more reactive, 
and we must use dipole moment information to infer which end 
that is.) 

We emphasize that the experiments tell us the polarity of the 
end that, when attacked by a fast K atom, yields the most positive 
ions. These processes can be regarded as electron-transfer pro-
cesses, but we do not directly observe which end of the molecule 
receives the electron. We observe the entire process of the electron 
jumping followed by the ions separating. The more reactive end 
of the molecule must somehow maximize the likelihood of an 
electron jumping followed by the ions separating from one another. 
The cod of the molecule that receives the electron can, at best, 
only be Inferred from the experiments. 

A. Entrance Channel Effects. At long range, we expect the 
interaction between the polarizable K atom and the oriented 
molecule to be dependent on dipole-induced dipole forces. These 
are always attractive because the polarity of the induced dipole 
is opposite in polarity to the fixed dipole. Thus, either orientation 
of the molecule will produce an attraction and the orientations 
do not differ. 

Chemical "intuition', which often works best after all the facts 
are in, suggests that the potential must be different for different 
orientations as the reagents approach. The different thresholds 
listed in Table I support this view, although it is important to 
remember that these are thresholds for the entire process, not just 
for an initial encounter. Nevertheless, we were able to model the 
kinetic energy dependence of C by a line-of-centers energy de-
pendence. a = o'o(I - E5a/E). where Eh* (or E,e) was the 
threshold parameter for the "heads" (tails) orientation.tt  This 
functional form has the same qualitative dependence on energy 
as the data shown in Figures 3 and 4, but the He  parameters 
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(A 
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b) 	K 

Figure 5. Electron jump radii. (a) For atoms the ionic and covalent 
potential curves cross at r, (illustrated by the dashed circle) and as the 
K atom passes the target (I) it encounters this curve crossing twice. In 
order for ions to be formed, an electron most hop to the molecule at one 
crossing, but must not hop at the other. (b) For molecules potential 
surfaces cross and more dimensions need to be considered. As this figure 
suggests, the first crossing is closer and the electron is more likely to hop. 
But if the molecule dissociates along another coordinate, the second 
crossing (r,) can be quite different from the first. 

required cannot be determined by fitting the present data. The 
thresholds so required are not those of Table I, although the more 
reactive end must, of course, have the lower threshold. 

We believe that orientation effects can be important in the 
entrance channel, but at present we are able to interpret the 
experiments almost solely on the basis of interactions in the exit 
channel. We defer further comment on the entrance channel until 
more facts are in. 

B. Exit Channel Effects. In our earlier studies of the angular 
distributions of the thermal-energy reactive scattering for the 

reaction 

K + (oriented) CF 5I - Xl + CF, 	(4) 

we founds that the KI signal was approximately equal for reaction 
in the "heads" (I end) or "tails" (CF, end) orientations. But 
"heads" end attack on the molecule yielded backscattered KI, 
whereas "tails" attack gave forward scattered KI. We rationalized 
this via the "harpoon mechanism" by postulating that the prob-
ability of an electron hop from K to CF 3I would occur independnt 
of orientation. (This ad hoc assumption was made in an attempt 
to avoid introducing too many variables, but it makes the yield 
about the same at each end.) The electron almost certainly enters 
a strongly antibonding C—I orbital, and the molecular ion was 
expected to dissociate impulsively in less than a vibrational period. 
This ejects the F fragment in the direction of the C—I axis of the 
oriented molecule. The slow-moving IC" was expected to be pulled 
along by the V, and the resulting KI was predicted to be found 
in the general direction of the original C—I axis. After we take 
into account the initial momenta of the reagents, this prediction 
is in reasonable accord with experiment. This same explanation 
successfully accounts for the completely different angular dis-
tribution that occurs for reaction 4 when the molecule is oriented 
sideways with .respect to the incoming K beam.' 

The angular kdistributions for the thermal reaction of K with 
oriented CF,Br,is qualitatively similar 5  to that for CF3I, although 
the reaction probability is no longer equal at the two ends of the 
molecule. The similar angular distribution thus suggests that 
impulsive recoil of the CF, and Br fragments is similar to that 
in CF,!. The different reaction probability for the two ends could 
be a consequence of an interference of the neighboring K 4  or might 
indicate that the initial electron transfer depended on orientation. 

In paper I we suggested that the harpoon mechanism and 
impulsive dynamics also dominated these higher energy experi-
ments. Figure 5 very schematically summarizes the discussion 
given in paper I. Part a shows an interaction between two atoms. 
An electron can be transferred from the K to the I at a distance 
55 where the covalent and ionic potential curves cross. The crossing 
radius is given approximately by r. = e'/AE, where AE = IF - 
LA, the difference between the ionization potential (IP) of one 

Harland et al. 

TABLE II: First Crossing Radii 

atom IF', eV 	molecule LA. 55  cv 'c 1 , A 

K 4.349 	CH,l 0.2 3.5 
K CF,I 1.51. 5.2 
K CF,Rr 0.91 4.2 
K I 3.06 11.3 

04 	--(:D*  0 ....... I, 
a) Heads 

Tsl5s 

Figure 6. Schematic illustration of velocity relationships as molecular 
ion dissociates. (a) In the heads orientation, the X_ is ejected toward the 
incoming K and the relative velocity is increased. (b) In the tails 
orientation, the relative velocity is decreased, making neutralization of 
the ions more likely, and this orientation produces fewer ions, 

atom and electron affinity (LA) of the other. The probability 
that the electron will hop, P. (that the transition is adiabatic), 
is given to a good approximation by the Landau—Zener relation. 9  

P,1""4 r l — e"i" 	 (5) 

where Pd is the probability of a diabatic transition, Sc = 

(2rHsd 11hAS, as = pEp, - 8c134, o is the speed, and Hc 
is the matrix element in the Hamiltonian that couples the two 

states. 
Regardless of whether or not the electron hops at r, the system 

encounters a second curve crossing identical with the first. The 
probability that ions will be formed in the collision is the prob-
ability that the electron hops at one crossing and does not hop 
at the other, so 

Plan 	 (6) 

If the electron hops at the first crossing it must not hop at the 
second, and vice versa. For atoms the first crossing and second 
crossing are identical, potential curves describe the interaction, 
and eq 6 applies. But for molecules the second crossing can be 
quite different because the molecular ion can distort significantly 
or even dissociate (as many dp) by the time the second crossing 
is reached. The second crossing can thus occur between species 
different from those existing at the first crossing. 

Part Is of Figure 5 very sclsematically shows the atom—molecule 
case. (The greater dimensionality makes even qualitative argu-
ments more complicated, and we very roughly approximate the 
molecule as another atom.) The electron affinity of most molecules 
is smaller than that of halogen atoms, and as shown in Table II, 
the first crossing occurs at closer distances. Qualitative estimates 
for energies of a few eV suggest that at this close distance P4 
0 the transition is completely adiabatic (the electron hops). But 
in order for the ions to separate, the electron must stay on the 
negative ion, so the second crossing must be diabetic. If the second 
crossing were between a bare halogen ion and a K4, the crossing 
distance would be so large asto always be diabatic (F'd I) and 

no orientation effect would be observed. But if the second crossing 
were between a K" and a molecular ion in the process of disso-
ciating, Pd  would be intermediate between 0 and I and according 
to eq 5 would depend on tIse.relative velocity. This is now ori-
entation dependent, because the velocity acquired by the halogen 
ion in the dissociation process is directed either (roughly) parallel 
or antiparallel to the incoming K4, depending on whether the 
orientation is tails or heads. In the limiting heads orientation, 
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Figure 8. Plot of log ft (a S,,0/S8) vs l/E for haloforms and methyl 
fluoride. Lines are least-square fits. 

the halogen ion velocity is directed backward and the relative 
velocity is increased over the initial relative velocity. In the tails 
orientation the halogen ion is directed forward, decreasing the 
relative velocity. (See Figure 6.) The probability that the electron 
will be transferred back to the K" is thus greater for the tails 
orientation, as observed experimentally. 

If this explanation applies and the orientation dependence is 
determined by the relative velocity at the second curve crossing, 
then the experimental data give information about this second 
crossing. The probability of producing ions is the probability that 
one crossing is adiabatic and the second is diabolic. For molSules 
(at a few eV) the first crossing is almost completely adiabatic, 
P. = I, and P = P4. where P, is evaluated at the second crossing. 
The probability of making ions in the heads orientation is thus 
the velocity-dependent probability for a diabetic transition at the 
second crossing, Pit Pd2H = exp(-ic/v,,), and similarly for the 
tails orientation. The ratio 

R = Pot/Pi = cap (-s/So/u') 	 (7) 

Here 0H is the relative velocity between K" and 1 in the heads 
orientation (the I is assumed for simplicity to be ejected backward 
along the K" velocity), or  the relative velocity in the tails orien-
tation (1 ejected forward), An = 01' -  u,, and u' = 0H0T = 2E/,s, 
where E is the initial collision energy and p the initial reduced 
mass. Thus, a plot of log R vs I 1 is expected to be linear with 
a slope of s/SD, and several such plots are shown in Figures 79. 

The data plotted in Figures 7-9 are fit reasonably well by eq 
7 and lend credence to this impulsive model. For CF,I and CI-I,l 
results plotted in paper I, we forced the line to pass through the 
origin as required by eq 7, and the RBr plots in Figure 9 have 
lines coming close to the origin. But it is clear from Figures 7 
and 8, that while data for many molecules are linear, they do not 
behave according to eq 7. This probably" arises because in the 
derivation of eq 7 we assumed that the initial speed was low enough 
that the first crossing was completely adiabatic (F, = I), and this 
assumption breaks down at higher energies. Thus eq 7 applies 
only in the low-energy limit and the data in Figures 7-9 are not 
extrapolated to high energy. The slopes of these plots yield ex- 

(15) Channels leading to other products may also become open.  

TABLE Ill: Results of Plotting log Rn LIE 

molecule s/So, (km/8)' av, km/s ft 5 . A ft3. A 

Cl-I,l 40 0.62 3.5 2.8 
CH,Br 75 
CH 5CI 93 
CH,F 140 
CF,I 20 1.3 4.2 5.9 
CF,Br IS L3 5.2 6.1 
CF,Cl 114 
CCI,l-1 S 
CF,H 160 
:.BuBr 95 
t-BuCI ItO 

perimental values for s/So, and these values are given in Table 
Ill. (Values for CU,! and CF,l differ from those from paper 
I, because they are obtained, from the least-square slopes without 
the restriction that the lines pass through the origin.) 

The energy released in translation following the attachment 
of an electron has been measured in a few cases," giving ex-
perimental values of An and consequently K. As described in 1, 
an experimental value of the product IIscr, can be extracted from 

K in this quasi-diatomic treatment if it is assumed that the diabatic 
curves are essentially a covalent curve and a Coulomb curve (i.e., 
AS = e'/r,'). A second (approximate) relation between H,c and 
r, is given by a semiempirical correlation and these two relations 
may be solved to yield an approximate value for the second crossing 
distance, which is given in Table III. 

The second crossing distance in CU,1 is roughly the same as 
the first, probably reflecting the inadequacy of this treatment for 
the close-range interactions in CH,l. The qualitative picture of 
Figure 6 also does not describe the thermal-energy reactive 
scattering angular distributions, because the KI is backscattered 
in either orientation, although the tails orientation is less reactive. 
For CF,t and CF,Br, however, the second crossing is found to 
be 1-1.5 A larger. These crossing radii are calculated on a highly 
simplified one-dimensional model, and caution needs to be ex-
ercised to avoid over-interpreting their significance. With this 
caveat in mind, we can roughly estimate the distortion of the 
molecule at the second crossing. The distance between crossings 
is roughly z jr, - ni- The nominal relative velocity at s cv 
energy is =50 A/ps. so  the time that elapses between crossings 
is 'a40 Is for CF3 I, about 20 for CF,Br, and less for CH,I. If 
the C-X bond breaks with a nominal repulsive force of asS eV/A, 
then by the time the K" gets to the second crossing, the C-X bond 
would increase =1.3 A for CF3!, s=0.7 A for CF3 Br, and still less 
for CH,l. The R-X molecule is thus considerably distorted. at 

Walter, C. W.; Lindsay, 0. G.: Smith, K. A.; l3uanina, F. B. Chaos. 
thy:. Lair. 1969, 154,409. 

Walter, C. W.; Smith, K. A.; Dunning, F. B. I. Chem. thy:. 1989. 
90, 1652. 

(Ia) (a) Kalamaside,, A.; Walter, C. w.; Lindsay. 0.0.; Smith, K. A.; 
Dianaing. F. B..). Chem. thy:. 1969.91,4411. (b) Kal.marldca A; Marawar. 
R. W.; Durham, M. A.; Lindsay, B. 0,; Smith, K. A.; Dunning, F.B.i. Chem. 
thy:. 199*. 93, 4043. - 
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the second crossing and is indeed in the process of coining apart. 
Finally, we note that the relative orientation effects. G, shown 

in Figures 3 and 4 are comparable for different molecules. Thus, 
for the CF,X series of Figure 3, IGI increases as I - Br - Cl, 
which may suggest that smaller halogen ions are more completely 
shielded by the CF, group. A similar trend is not apparent in 
the methyl halides, suggesting that shielding by the CU, is less 
effective. However, the S/N is poorer for this family, and this 
suggestion is tentative. 

There are polarity differences between the CI-1,X and CF,X 
families that we hope are explained here. There are apparently 
smaller differences among other families, but further interpretation 
is not possible at this time because of signal-to-noise limitations 
and lack of ancillary data such as EAs. But the behavior of CCI,H 
seems to be qualitatively different from the rest of the molecules 
studied. As shown in Figures 4 and 8, 0 and R are small and 

relatively independent of energy. Even though log R vs I/B is 
fairly linear we thought perhaps CCI,H simply does not dissociate 
impulsively. Both CCI 4  and CFCI, have long-lived molecular 
ions," and our previous thermal energy reactive scattering ex-
periments showed no measurable effect of orientation for the 
reaction K + CCI,l-1 and are consistent with this supposition. But 
in the recent experiments of Kalamarides, et al" with high-
Rydberg.state K*O atoms, impulsive behavior for CCI,U similar 
to that observed in CE,! was found. It thus appears that this 
behavior cannot be ascribed simply to a long-lived molecular ion. 

V. Conclusions 
Collisional ionization has been observed as a function of energy 

and molecular orientation for fast K atoms colliding with a number 
of different molecules. In all cases the orientation makes a large 
difference in the ionization probability, especially at low energies. 
There seems to be a difference in threshold for different molecular 
orientations, but this is not well established. 

Ionization is most likely for impact on the "heads" end (the 
most labile halogen) that would be reactive in a lower energy 
collision. In many instances this is the negative end of the dipole. 
These findings, together with reactive scattering experiments at 
lower energies, an be interpreted as a result of an electron transfer 
(which may be orientation independent), followed by an impulsive 
decomposition of the molecular anion, If V attacks in the tails 
orientation, a halogen anion is ejected in the same direction as 
the IC', and there is an enhanced probability of neutralization and 
concomitant loss of ion signal. 

The  orientation effect, plus a knowledge of the amount of energy 
relased in the decomposition of the molecular ion, allows us to 
estimate the distances at which the Ionic and covalent surfaces 
cross in the exit channel and this is found to be 6 A for CF,I 

and CF,Br and m3 A for CM,!. For other molecules the energy 
release data are not known. 
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Collision Dynamics of Alkali-Metal Atoms with Oriented Symmetric-Top Molecules 

Philip R. Brooks,' Peter W. Ilarland, Leon F. Phillips, 

Chc,,,is 'ri f) e'partn,nt'rnr. University of Ca,,: erhur;'. C/nristcit tnre/t. New Zen/mid 

and Howard S. Carman, Jr. 

Oak Ridge National Laboratory, Oak Ridge, Tennessee (Received: Jul; 2, 1991) 

Theoretical calculations based on the tong-range dynamics of the harpoon model have been used to predict the effects of 
reactant orientation upon ionization yields and angular distributions of product MX for reactions of alkali-metal atoms M 
with oriented symmetric-top molecules of general formula CY,X, where X is a halogen and Y is H. F, or methyl. Large 
effects of orientation upon ionization yield near threshold are round to result from differences in the partitioning of kinetic 
energy between relative motion and center-of-mass motion, depending on whether the X ion ejected by the unstable CY J X 

ion is traveling in the same direction as the incoming M ion or the opposite direction. For most systems for which comparison 

is possible, excellent agreement it obtained with experimental data on the effect of orientation upon ionization yield. For 

ionizing collisions of fast K atoms with CH 5 I and CII 5 F, and for product angular distributions found with thermal K atoms 

and oriented CF,l and CF j tIr, the theory is less successful and it appears that orientation-dependent short-range interactions 

must play a major role. 

Introduction 

Molecular beam studies of collisions of alkali-metal atoms M 
with oriented CY,X molecules, where X is Cl, Br, or I. comprise 
a number of measurements of angular distributions of the product 
MX from reactions of thermal alkali-metal atoins,'' °  and of the 

effect of orientation on ionization yields obtained with fast (5-30 
eV) potassium atoms.' Angular distributions of products have 

often been interpreted in terms of what chemists intuitively think 
of as steric factors, amounting to a substantial cone of no 
reaction' for the ease of a rubidium atom approaching a methyl 
iodide molecule on the side of the methyl group.' An alternative, 
dynamic interpretation in terms of the harpoon mechanism has 
arisen from work at Rice University.' In this alternative picture, 
the electron transfer proceeds independently of orientation, but 

the direction of the çy,-x axis at the instant the "harpoon" 

electron is transferred frorn the approaching metal atom fixes the 
direction in which the X ion is ejected by the resulting unstable 

Permanent address: Department of Chemistry and Rice Quantum In. 
stile me. Rice University. II umaston, iX. 

CX,Y ion. The direction of ejection of the X in turn has a major 
influence on the direction in which the MX product is observed 
to be scattered. This same model has been used to interpret the 
results of measurements of the effect of orientation on ionization 

(I) Brooks, P. R. Fun-day Discuss. Chem. Soc. 1973, .55. 299. Beoomu, 
P. It Science 1976. 193, II. 

Brooks. P. R,; McKillop, .1.: Pippen, 11.0. Chem. P/tya- Lest. 1979. 66, 
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Figure I. Angular relationships in the collision of a fast M atom with 
an oriented CY,X molecule. The angle S is selected by the hexapole 
focusing system: I, is the impact parameter. 

yields from collisions of fast potassium atoms with a number of 
oriented symmetric-top molecules)'" For these systems, the 
direction of ejection of X' relative to the incoming M 4  has been 
assumed to affect the ionization yield through its effect on the 
relative velocity, v, in the Landau—Zener expression 

P = exp[-4r 2H,, 2 /(he:IAF1)] 	 (I) 

for the probability of curve-crossing at the intersection of the M *  

+ V potential with the neutral MX potential. When the X ion 
is ejected toward the incoming M ion, the magnitude of the 
relative velocity p is much greater titan when it is ejected in the 
same direction as the M is traveling, so that P. representing the 
probability that the system will remain on the diabolic potential 
curve leading to ions, is larger. 

It seems likely that (he two kinds of mechanism, which we will 

term so eric and dynamic, represent ideal limiting cases and a real 
reaction system can be expected to show behavior which is in-
termediate between the two catremes. The interpretation in terms 
of ordinary stcric effects emphasizes the short-range behavior of 
the system during a collision of M with CY,X, whereas the dy-
namic interpretation emphasizes the long-range features of the 
picture provided by the harpoon mechanism. The present paper 
gives the results of numerical calculations based purely on the 
dynamic model, the aim bring to establish how well the experi-
mental results can be accounted for on the basis of this model 
alone. The results show that, as might have been expected, the 
dynamic mechanism accounts for many but not all of the features 
of the experimental results. An interesting additional outcome 
of these calculations has been the identification of a second kind 
of dynamic mechanism which can lead to an orientation depen-
dence of the ionization yield. The new mechanism depends on 
the circumstance that partitioning of the energy of the M,X 
system into kinetic energy of relative motion and kinetic energy 
of motion of the center of mass is strongly dependent on the 
direction of relative motion of M and X. If the two ions are 
moving in the same direction, the kinetic energy of the center of 
mass will be much greater than if the ions are traveling in opposite 
directions. Consequently, at collision energies close to the threshold 
for ion production, the kinetic energy of relative motion is more 
likely to be insufficient to enable the charges to separate, when 
they are traveling in the same direction, and the observed ionization 
yield will therefore be lower than when they are traveling in 
opposite directions. The present calculations show that this effect 
is likely to be more important when the mass of M is comparable 
with or larger than that of X, and when species V of the CY, group 
is the heavier For Cl-I 3  rather than H. 

Calculations 

(a) Ionization Yields with Fast M Atoms. Data used in the 
calculations, and derived curve-crossing radii, are given in Table 
I. For these calculations the CY 3X molecule was regarded as 

a stationary target, oriented at some angle 9 with respect to the 
collision axis, and rotated by an angle 0 with respect to the plane 
of the collision (Figure I). The distribution over C was calculated 

(12)Harland, P. W.: Car,nan, H. S., Jr.: Phillips. L. F.: Brooks, P. R. J. 
Chem. Phys. 1990, 93. 1 089, 

(I 3) Harland, P. W.: Carmaa, H. S., Jr.: Phillips. L. F.: Brooks. P. R. J. 
Phis. C/tern., in press. 

Brooks et al. 

Figure 2. Section through potential energy surfaces showing energy 
relationshipt and crossing radii R, and R 5  in the M + CY,X system. 

TABLE I: (a) Data Used! in Calculations and (b) Calculated 
Cune-Crosting Radii 

(a) Data Used in Calculations 
ionization potentials,' cv: Li (5.392), K (4.341), Cr (3.194) 
electron affinities,' cv: F (3.399), Cl (3.617), Dr (3.365), 1(3.060), 

CF,Br (0.91), CF,l (1.57). Cfl,l (01) 
electron affinities.' eV: CF,Cl (0.75), Cfl,F (0.75). Cl4,C1 (0.75), 

'-Duct (0.75). CII,Dr (0.5), t-DuBr (0.5), t'Bd (0.25) 
dipole momenta,' D: CF,Ct (0.50), CF,Br (0.65), CFI (0.92), CH 5 F 

(1.7 9), Cll,Cl (1-869), Cl 1, Be (1.822). Cl-t,l (1.62). t-fluCl 
(2.15), t- Isuflr (2.21). r-Dttl (2.13) 

dissociation energies,'  D s . kifmol: CF,Cl (328). CF,Br (276), 
CF,l (240). CU,F (452). CH IC] (349). CH,Br (280), Cli,! (234), 
i-tuCl (328), :-BuDr (276), i-Dul (240) 

CY,-liIetintea': alt tO't 

(b) calculated Curve-Crossing Radii 
flrtt.eroating radius Rt. A: 

Li + CF 5 I (3.77).CF,Dr (3.21). CF,Cl (3.10), CU,CI (3.10), 
Cll,F (3.10). CH ,Dr (2-94). t.Dutir (2.94), r-BuCI (2.91), 0-Bul 
(2.80), Ct-1,l (177) 
K + CF,t (5.18). CF,Br (4.19), CF,Cl (4.00). CH,Cl (4.00). 
CH,F (4.00), CH,Br (3.74). i-BuDs (3.74), e-BuCl (3.69), t-Bul 
(3.51), CU,l (3,47) 
Ca + CF,l (6.20). CF,Dr (4.83). CF,Cl (4.58), CUaCI  (4.58), 
Cll,F (4.58). ClI,Dr (4.24). l-BuDr (4.24). e.BuCl (4.18), g-Bul 
(3.95), Cl-I,l (3.90) 

aecond.crossing radius R,. A: 
Li' + F' (7.22). Cl- (5.11). Br (7.10), I' (6.17) 
K + F' (t 5.2), Cl- (19.7), Dr (14.6), 1 (11.2) 
CC + F' (29.1), Cl' (52,0). Br' (27.2), I' (17.3) 

Reference 17. • Assumed values. 'Reference II. 

for the species CY 5X with values of hexapole dimensions and other 
beam parameters chosen to correspond to the experimental system 
as previously described.t2.t3  The distribution over 0 was assumed 
to be uniform. For each (9,0)  combination the ionization cross 
section was calculated by summing the product of area and ion-
ization probability over a range of impact parameters between 
zero and the first curve-crossing radius R 1 . This radius was 
calculated as the intersection of the M 1' + CY,X-  Coulomb po-
tential with an essentially flat M + CY 3X neutral potential (Figure 
2). The CY,X' ion was assigned an arbitrary lifetime r, which 
was taken to be 10' 3  s for the results reported here. Results 
obtained with assumed lifetimes between )Q'-  and IT" differed 
in detail but were qualitatively very similar. 

The M+  + CY 5 X' trajectory for each impact parameter was 
calculated on an uneven radial grid with a hard-sphere core located 
at some arbitrary minimum radius (typically 1.5 A), and the 
trajectory was continued until either less than 1% of the negative 
ion remained to dissociate, or the second crossing radius R2, given 
by the intersection of the M' + X' Coulomb potential with a flat 
M + CY3  + X potential (see Figure 2), had been reached. The 
kinetic energy of the X ion was calculated from the exothennicity 

= EAx - Dax  of the CY,X dissociation process (Figure 3), 
with no contribution from the kinetic energy of the incoming M 
atom. Such long-range energy transfer might occur as a result 
of polarization of the anion by the Coulomb field of the cation,t 4  
but calculations in which an amount of the order of 15% of the 

(14) Kendall. G. M.: Once, R. M,!. Phj's. 1972, 24. 1373. 
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Figure 3. Section through potential energy nurlacea showing the rela-
tionship between the dissociation energy D5 5 of the CV,-X bond, the 

electron affinity FA X  of the X atom. and the esothermicity AE of the 

CY,)C dissociation. 

energy of a K atom was assumed to be transferred to the CY,X 
gave results which did not differ qualitatively from those obtained 
with no energy transfer at long range, and this effect has been 

assumed negligible. 
At each point on the radial grid, the fraction of CV 3X dis-

sociated since the previous grid point was calculated, and the 
kinetic energy of the center of mass of the M and X ions was 
found. This center of mass energy was then subtracted from the 
turn of the kinetic energies of the metal ion and the ejected X 
to give the amount of energy remaining as kinetic energy of relative 
motion of M and X. For trajectories in which the kinetic energy 
of relative motion failed to exceed the energy of the M 4  + X 

dissociation limit (the majority of trajectories were in this category 
at energies close to the ionization threshold) the contribution to 
the ionization cross section was zero. For the remaining trajec-
tories, an effective impact parameter for the M + X collision 
was calculated from the initial velocity vectors of the ions at the 
time of dissociation of CY,X, this quantity being needed to 
calculate the centrifugal energy contribution to the effective po-

tential at R3. Trajectories in which the kinetic energy of relative 

motion failed to exceed the effective potential at R2 also made 

no contribution to the ionization cross section- For the remainder, 
the Landau-Zencr.crossing probability was calculated from the 

relative velocity or ,M+ and X at R 5 , using the matrix element 

II, given by the formula of Baede. Values of H12  given by 

Baede's formula were also used, with lessjustillcation, to calculate 

the crossing probability for M + CV 3 X forming M 1  + CY,X 

at Rt. Because of the relatively small first-crossing radii, the 

calculated values of H is were quite large and the corresponding 

transition probabilities were of the order of unity. Ideally, values 

of Hi s for the first,crossing would be calculated from the observed 
dcpendences of relative ionization cross-sections on collision energy, 
but this cannot be done on the basis of the available data because 

the experimental arrangem entt 2 .J 3  did not permit accurate mea-

surement of the metal atom flux as a function of energy. Errors 
in the calculated first-crossing probabilities would affect the ab-

solute values found for ionization cross sections but would not 
affect the calculations of relative ionization yields for different 
orientations of CYX, The relative yield was expressed in terms 

of the quantity G, defined by 

(a,0  - o)/&tgo + ' 5) 	 (2) 

where the subscript 0 denotes the orientation in which the CY 3  

group points towards tire incoming M atom and the subscript 180 

denotes the opposite orientation. With this definition the quantity 
G is always positive but is otherwise identical with Gas defined 
in ref 12, where the subscripts related to the direction of the dipole 

moment of CY3X rather than to the direction in which the X 

was ejected. 
In order to assess the relative importance of the various possible 

reasons for the calculated values of C to differ from zero, the 
program kept count of the number of trajectories which failed 

to reach the M + r dissociation limit, the number of trajectories 

(Is) ttacde. A. P. NI. 'Id,,. Chem. Phys. 1975. 30.463.  
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Figure 4. Representative vector diagram for dissociation of CY 5X in the 

M + CY,X system at low M'atorn energies. The angle a define, the 
direction of the relative velocity vector of M and CY5X; 8 is the orien-
tation angle of CY,X with respect to the relative velocity vector. 
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Figure 5. Experimental (squares) and theoretical (circles) values of C 
ass function of metal-atom energy for K + CFaCI (unfilled point,), K 
+ CFaBr (half-filled points), and K + CF,l (solid points). 

which failed to reach the second crossing radius, and the number 
of trajectories in which the Landau-Zener crossing probabilities 
at the second curve-crossing differed by more than 20% between 

the two orientations. 
(b) Product Angular Distributions. In these calculations, the 

velocity distributions of both the CYaX beam and the thermal 
beam of M atoms were taken into account. As before, the ex-
perimental distribution' over the orientation angle 0 was used, 8 
being defined with respect to the relative velocity vector of M and 
CY,X (Figure 4). The acceptance angle of the MX detector was 
assumed to be small enough that only products traveling in the 
plane of the collision need be considered, so that for each value 

of 8 with given orientation there were two possible velocity vectors 
for the ejected X ion, corresponding to the two intersections of 
a cone of apex angle 20 with the plane of the collision. In the 
very simple calculations to be discussed here, the M 4  ion was 

assumed to proceed undeflected and there was no integration over 
impact parameter. The direction of the velocity vector of the MX 
product in the laboratory frame_was calculated from the resultant 
of the M and X momenta in this frame, using the trigonometric 
relationships implicit in Figure 4, and converted to a deflection 
angle a relative to the M' velocity vector. 

Results and Discussion 

Experimental and calculated values of G, as defined in eq 3, 
are shown in Figure 5 as a function of metal atom energy for 
collisions of potassium atoms with CF,X where X = Cl, Br, and 
I,For CF,Cl the agreement between theory and experiment is 
seen to be remarkably good, aresult that is probably fortuitous 
in view of both experimental error and the uncertainty in such 
quantities as the CFaCI electron affinity and the CF 3-C1 bond 

energy and lifetime. Nevertheless, the qualitative agreement 
between theory and experiment shown by the relative magnitudes 
of G values for X = Cl. Br, and I is certainly significant and can 
be taken as implying that the dynamic mechanism does play a 
major role in deciding the value of C for these systems. The 
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Figure 6, Experimental (squares) and calculated (circles) values of G 
For K + I-flu0 (unfilled points). K + c-fistic (half Filed points), and 1< 
+ s-mI (solid points). 

5 	 10 	 20 
Energyl.V 

Figure 7. Experimental ( squares) and calculated (circles) values of C 
for K + CH,Cl (unfilled points), K + Cl l,Br (half-filled points), and K 
+ Cl1 3 1 (solid points). 

trajectory counts show that the effect of orientation on ionization 
cross section is mainly, perhaps even entirely, due to the effect 
of orientation on the number of trajectories which are able to reach 
the W + V dissociation limit, there being no pairs of successful 
trajectories for which site Landau-Zener crossing probabilities 
differed by more than 20%. The experimental G values greater 
than zero found at relatively high energies are possibly attributable 
to the presence of a significant number of lower energy K sCorns 
in the fast atom beam, which was formed by charge exchange of 
K in a cloud of neutral K. They might also be due to short-range 
effects which are not included in the model. The usual kind of 
steric effects, which are specifically excluded from the dynamic 
model, could lead to a dependence of ionization yield on orientation 
because they inhibit the formation of MX in one orientation and 
not the other, and formation of MX competes with production 
of ions. However, the direction of any sterie effect would be 
expected to be similar to that found for the Rb + Cl-1 31 system, 
which is such that more MX, and therefore fewer ions, should 
be formed when the r ion is ejected toward the incoming K' 
ion, and this is opposite to the observed effect of orientation on 
ionization yield. 

Calculated and experimental Graphics for collisions of potassium 
atoms with tertiary butyl halides are shown in Figure 6. Ex-
perimental data is lacking for tertiary butyl iodide; for the other 
halides the agreement-between theory and experiment is seen to 
be comparable with that shown by the results in Figure 5. Again 
the calculated orientation effects have no contribution from pairs 
of trajectories in which the Landau-Zerter crossing probabilities 
differ by more than 209c. 

Figure 7 shows experimental and calculated C values for 
collisions of potassium atoms with methyl halides. Agreement 
between theory and experiment is seen to be tolerable for methyl 
chloride and methyl bromide, btit very poor for methyl iodide. 
For methyl iodide, the calculated departure of C from zero arises 
mainly from differences-in Landau-Zener crossing probabilities, 

0 	 15 	 ao 
En.ey/.V 

Figure S. Calculated valsea of C for Cs + CF,Cl (unfilled points), CF,Br 
(half-filled p0mm). and CF,l (solid points). 
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Figure 9. Calculated values of 0 for Cs + CH,tlr (half-filled circles), 
CH,l (solid circles), t-BuCt (unfilled diamonds), l-BuBr (hall-filled di-
amonds). and z-Dul (solid diamonds). 

in marked contrast to all the other results considered so far. The 
experimental results for methyl fluoride'' are not shown here. 
According to the model we are using, with no long-range energy 
transfer, there should be no F -  produced from methyl fluoride 
because the CH,-F bond energy exceeds the electron affinity of 
F-  and the CH 3 P ion should therefore be stable (Figure 3). 
Attempts were made to model the K + CH 3F system by allowing 
long-range transfer of an energy-dependent fraction (typically 20% 
near threshold) of the K atom energy to the CH 3F, but it proved 
impossible to reproduce the experimental results on the basis of 
such a model. Thus, in order to.account for an orientation-de-
pendent ion production in collisions of CH,F with K atoms, it 
appears to be necessary to postulate the transfer of kinetic energy 
from the K atom to the CH 0 F as the result of a short-range 
collisions] interaction in which sterie effects are important. It 
is noteworthy that the experimental ionization cross sections for 
the K + Cl'IaF system were very sm411, 15  which suggests that the 
short-range mechanism is important only when the dynamic 
mechanism is either inefficient, as for K + Cilal, or ineffective, 
as for K + C1-t 3 F. 

Predicted C values for Cs colliding with CF,Cl, CF38r, and 
CF3 I are shown in Figure S. The effects of orientation on ion-
ization yield are seen to be much more pronounced than for 
potassium, and to persist to much higher metal atom energies. 
At higher energies the total ion signal is larger, so that the sig-
nal-to-noise ratio for measurements of C should be much better 
with Cs than with K, and experiments with cesium should therefore 
provide a better test of the theory. Significant differences in 

Harland, P. W., unpublished data. 
Handbook of Chesniser,s. and Physics. 71 at ed.; Lids, D. ft., Ed.; 

Chemical Rubber Cs.: Boca Raton, FL, 1990. 
(It) Lias, S. 0.; Bartmena, J. E.; Liebssan, J. F.; Holmes, J. L,; Levis, R. 

D.; Mallard, V. 0..!. Phjs. Chem. Ref. liars, 1975, 17.Ssppl. No. I. Pealing, 
LPIazure earth,   Chemical Bond. 3rd ed.; Cornell university Press: Ithaca, 
NY. 1960. 
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Figure 12. Calculated product angular distributions For K + oriented 
CF,l. 
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Figure lQ. Calculated G values for Li + CF 5 CI (unfilled points), CF,Br 	
5.2 

(half-filled points), and CF,l (solid points). 
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Figure II. Calculated C values for Li + CH,Cl (unfilled circles), Cli jUr 
(half-filled circles). CH,l (solid circles), i-Bud (unfilled diamonds). 
i-BuRr (half-filled diamonds), and i-Ru! (solid diamonds). 

ionization thresholds between the two orientations, indicated by 
the presence of energy ranges over which G is unity. are also 

predicted. 
Similar conclusions can be drawn from the data in Figure 9. 

which shows predicted C values for Cs colliding with Cl'l ) llf and 

CH,l and with the 'three tertiary butyl halides. For CH 1CI the 
dynamic constraints on the system are such that the calculations 
gave a zero yield of,ions for both orientations at all Cs energies 
tried (up to 30 eV). This implies that any ionization which is 
observed experimentally for Cs + CH 5CI must be the result of 
short-range interactions. Differences greater than 20% in Lan-
dau-Zener crossing probabilities for the two orientations played 
no part in the calculated orientation effects for cesium. 

Predicted C values for lithium with CF J CI, CF3Br. and CF,l 
are shown in Figure tO. The variation of the magnitude of G 
with the nature of the halogen is seen to be in the opposite direction 
from that found with potassium and cesium, and the predicted 
differences of C fwm zero are quite small. Also in contrastto 
the results for K and Cs, the trajectory counts show that the major 
cause of the calculated orientation effects is differences in Lan' 
dau-Zener crossing probabilities, as originally postulated. Figure 
II shows similar j,redicted C values for lithium with the three 
methyl halides and:the three tertiary butyl halides. As with the 
fluoromethyl halides, the G values are all close to zero, the dif-
ference of C from zero is greatest for I and least for Cl, and the 
differences are almost entirely due to differences in Landau'-Zener 
crossing probability. Because of the smallness of the orientation 
effects that are predicted to arise from long-range interactions 
in these systems, experiments with lithium atoms appear to be 
best suited for investigations of the orientation dependence of 
short-range interactions. 

Product angular.distributions for K + CF,Br and K + CF,l 
predicted by the long-range mechanism are shown in Figures 12 
and 13. respectively. When these predictions are compared with 

0.2 

a

20 	It 	60 	00 	*00 
L.S •655•,  d5 

Figure 13. Calculated product angular distributions for IC + oriented 
CF,Br. 

the experimental data,' the general form of the results is found 
to be qualitatively correct, with approach from the bromine or 
iodine end of the molecule leading to scattering at larger angles. 
and the ratio of the peak scattering cross sections is reproduced 
quite well for the bromide, although not for the iodide. However, 
quantitative agreement with the experimental angular distributions 
is poor, in that the peak scattering angles are about 30*  too small, 
and this is undoubtedly a result of the failure of the model to take 
account of short-range interactions of the kind that lead to 
large-angle scattering. 

Thus it would appear that the dynamic theory is much better 
at predicting the outcome of experiments with high-energy metal 
atom beams than with beams of thermal energy but, even at high 
energies, there are cases such as K + CII 3 F where the experi-
mental results cannot be understood without invoking collisions 
in which steric effects operate at short range. In an attempt to 
include some of the short-range behavior of the collision system, 
product deflection angles were also calculated by a more elaborate 
procedure in which detailed trajectories were calculated for M 
+ CY,X collisions over the range of impact parameters from zero 
to the first crossing radius R 1  and the deflection angle of M 1  was 
included in the calculation of the direction of the resultant MX 
velocity vector. (For a given impact parameter there were then 
two possible deflection angles for M', because the approach of 
M to CY,X could occur on either side of the collision axis in Figure 
I.) The more elaborate calculation was expected to lead to larger 
predicted product deflection angles but so far the improvement 
in agreement with experiment has not been significant, even with 
a core radius of several angstroms and an assumed lifetime of 10' 

for the CY,X ion. Clearly this is not a simple problem and 
more work is required. 
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Photoexcitatlon spectra of transition region species in reactions 
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Emission at 5890 mrs from Na atoms is observed when beams of K and NaX (X = Cl, Br, I) 
are crossed inside the cavity of a cw dye laser tuned to wavelengths not resonant with either 

the isolated reagents or products. This emission is interpreted as the signature of light 
absorption by a system in the process of chemical reaction, and the variation of this emission 

intensity with probe wavelengths is an excitation spectrum of • 'transition region species" 
formed in these reactions. Each spectrum displays a "blue" feature where the emission 

intensity increases sharply as the probe wavelength approaches the Na D lines. A second "red" 

feature is also observed in all of the spectra. This feature appears as a well resolved maximum 
for the Br and I systems peaked at -610 me, and is much broader for the Cl system with the 
maximum at -640 am. Definitive assignment of these features is not yet possible, but several 

possible nieclianisnis are proposed which may give insight into the reaction dynamics. 

I. INTRODUCTION 

During the last 30 years a variety of experimental tech-

niques for studying "state-to-state" chemistry have led to 
great advances in the understanding of the dynamics of 
chemical reaction events. Even though these experiments 

can often be very sophisticated, the observations are almost 

always made on reagents before the reaction or products 

after the reaction, and details of the reaction event must be 

inferred from these measurements. Direct probes of the reac-

tion event are clearly desirable, and recently progress' has 

been made towardthe direct study of species in the process of 
reaction. In this paper, we present the results of experiments 

in which the reaction event is probed directly for the reac-
tions K + NaX-KX + Na, where X = Cl, Br, or I. 

As the nuclei evolve from "reagents" to "products" in a 

chemical reaction, they pass through many nuclear configu-

rations which are neither reagents nor products. We call 

these transient nuclear configurations transition region spe-
cies (TRS) defineil as the set of all configurations intermedi-

ate between reagdpts and products.' The goal of these stud-

ies has been to experimentally probe these TRS's in hopes of 
obtaining insight into the motions of the nuclei during chem- 

ical reaction. 
The extremely short duration of the reaction event 

(typically < I ps) makes spectroscopic interrogation of the 
chemical system during the reactive collision very difficult. 

A second difficulty, of perhaps equal magnitude, is that in-

terpretation of any experimental spectra of transition region 
species requires some knowledge oftlse potential energy sur-
faces (PES's) involved. In most cases, this information is 

either unavailable or is insufficiently accurate to allow an 
unambiguous interpretation. Furthermore, an experimental 

Robert A. welch Pre- and l'ostdoctor,l Fellnw, 
' current address, Analytical Chemistry Division, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee 37531- 

"Permanent address, Chemistry Department, University of Canterbury, 
Christchurch, New Zealand. 

TRS spectrum is likely to probe many nuclear configura-

tions, not just one "transition state," and is likely to be se-
verely broadened by averaging over the initial distribution of 

impact parameters, internal states of the reactants, and colli-

sion cncrgics. 'FIns suggests that such a spectrum would be 

unlikely to exhibit any discernible features. 
The difficulties just described can be partially circum-

vented by studying unimolecular processes in which a stable 
species is photoexcited to a dissociative state and the decom-

position of the system on the excited surface is observed. 

These "half-collision" experiments offer several advantages: 
stable species can be made in higher concentration than bi-
molecular TRS's and stable species can usually be prepared 

at low temperatures in known geometries so photoexcitation 

accesses a limited set of final states and avoids averaging over 

a broad range of initial conditions. Moreover, for stable spe-

cies extensive spectroscopic data are often available and 
more accurate PES's are likely to be available to assist in the 

interpretation. 
Several groups have now reported elegant studies on 

such unimolecular systems. In the experiments of Kinsey 

and co-workers (Ref. 3), C11 3 1 and 03  were irradiated in 

bands which normally lead to prompt photodissociation. 

But despite the short photodisociation lifetime ( .c I ps), 

very weak fluorescence from the dissociating molecule was 

observed which, combined with information about the excit-

ed potential surface, enabled the time evolution of the wave 

packet in the dissociative state to be extracted. 
In a similar spirit (but using acompletely different tech-

nique), Newmark and co-workers 4  have photodetnched neg-

ative ions XHY (where X and Y are halogen atoms) to 

form an unstable neutral XHY species. The neutral surface 

corresponds to that for reactions X + HY-.XH + Y and 

the XHY species is prepared, on that reactive surface with 
roughly the same geometry as the negative ion. The kinetic 
energy distribution of the photodetached electrons was mea-

sured, and in some instances this distribution shows vibra-

tional structure in coordinates orthogonal to the reaction 
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coordinate, giving detailed information on the scattering 

states supported by the neutral potential energy surface. 
Zewail and co-workers' have been able to examine the 

motion of a photodissociating system on a femtosecond (fs) 
time scale by using one Is laser pulse to produce the excited 

state and then using a second (delayed) fs pulse to probe the 

dynamics of the molecule in the excited state. In the photo-
dissociation of Nal, for example, the fluorescence of No 

atoms showed an oscillation with probe delay (z I ps) 
which was a manifestation of the oscillation of the Nal wave 

packet in a quasiwell created by an avoided crossing between 

the ionic and covalent potential curves. An extension of this 

technique to bimolecular reactions (which lack a time zero) 

has been made by Bernstein and Zewail °t  in the study of 

OH formed in the H-f CO. reaction, where the reaction was 

initiated using Wittig's technique' of photolyzing a van der 

Woods molecule, in this case HI CO, Their method has 

most recently been extended 6tt" to a study of the By 4- I, 

reaction (initiated by pliotolysis ofHflr -1,) in which they 

find a complex lifetime = 50 ps. 
Photodissociatioa experiments are half-collision experi-

ments, and it can be argued that for a complete picture of 

bimolecular chemical reaction, the full collision must be in-

vestigated. The investigation of bimolecular reactions by the  

photolysis of van der Wools precursors appears to be a step in 

this direction. In this photolytic method, the region of the 

reactive potential surface probed is limited by the geometry 

of the stable ground state of the van der Words precursor. 
This is simultaneously both an asset and a liability; an asset 

because it removes much of the averaging over impact pa-

rameters and relative orientation of the reagents in the reac-
tive collision; a liability because the regions thus selected 

cannot be easily varied and might not be important in the full 

bimolecular collision. For this reason, we have continued to 
develop direct probes of transition region species formed in 

full collisions recognizing the inherent complications asso-
ciated with averaging over initial conditions. 

We have previously investigated TRS's in the 

K + NaCI system! Molecular beams of K and NaCI were 

crossed inside the cavity of a cw dye laser tuned to wave-

lengths where neither products nor reactants absorb. The 

reaction, K + NaCI-.KCI + Na which is =0.2 eV exoer-
gic, occurs on roughly every gas kinetic collision, and goes 

through acomplex with a lifetime measured 9  tobeaboutone 

rotational period and calculated' °  lobe - I-tO ps Thecom-

bination of large reaction cross section and long TRS life-
time maximizes the steady stale concentration of TRS's 

available to be probed and thus the expected spectroscopic 

IC + NaCl 
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signal. Generally we have probed the TRS spectrum by c'v 

dye laser excitation of tire system to the red of tire Na D lines. 

The skim of reaction c soc rgici t y. collision energy and pho-

ton energy provides the energy required to open the channel 

to formation of Na(3p) atoms, which can only occur in the 

presence of a radiation field. The resulting emission from 

Na indicates that light absorption by the reacting system 

has taken place. - 
The process observed Ca's be viewed in a stepwise fash-

ion as 

K + NaX—. [KXNa], 

[KXNa] -I- hv,0 (595-700 nm) -. IKXNaI, (I) 

[KXNaJ—'KX -I- Na('P,,,,,,), 

Na—Na + hv(589.0,589.6 niss), 

where [KXNas) represents TRS's formed in collisions of K 

and NaX, atid [KXNa] • represents the electronically excit-

ed TRS following photon absorption. 

The set of Eqs. (I) is at] unusual sort of kinetic mecha-

nism. A pictorial view of the process may be useful. Figure I 

shows potential energy surfaces for ground and excited 

states of the KCINa system, and the motion of the nuclei 
during a collision is represented by a schematic trajectory on 

the ground state surface, lit he collision occurs in a radiation 

field, the colliding system can absorb a photon, provided 
that the trajectory passes through a nuclear configuration (a 

iRS) which is connected to the upper surface by that pho-

ton of wavelength A. The photon will not need to be resonant 

with either the reagentsor the products, and the wavelengths 

that excite the TRS will depend not only on the Potential 
so rfaccs for file system I,,, t also on I hc d ynisni ics on [lie 
ground potential surface. If excitation occurs, the system 

will continue to evolve on tire tipper surface, and rriey un-

dergo reactive decpy to yield Na as shown in Fig. I. Obser-

vation of Nat  will also depend on the dynamics on the upper 

surface as well. 

The excitation spectrum previously observed for 

X = Cl exhibits a sharp rise near the 0 line and a threshold 

at —735 nm, but is,otherwise relatively featureless as might 

be expected in view of the averaging over the collision pa-

rameters. It was difficult to reach any conclusions regarding 

the nature of the TRS or of the PES's involved in the 

K + NaCl reaction from this structureless spectrum. Never-

theless, we decided.to  investigate other K + NaX systems in 

the hope that differences among the photoexcitation spectra 

might be found which could give some insight into the na-
tureof the TRS's i.these reactions. In this paper, we report  
refined photoexcittion spectrum of TRS's formed in the 
K + Nal3r reactiotipreviously communicated, " and, in ad-

dition, a TRS photoexcitation spectrum for K + Nall. We 

find that all of the spectra display a similar "blue" feature 

where the emission intensity rises sharply at laser wave-

lengths between 600 and 595 min. In each spectrum a second 
"red" feature is also observed which is well resolved for the 

NaBr and Nat systems. Even the NaCl system is, upon clos-

er inspection, revealed to have a "red" feature, which is 

much broader and less distinct than either the Br or I fea-
tures. 

In air effort toascertain whether the clear red features of 

the Br and I systems might be the result of a pure mass effect, 
we have extended the surface hopping trajectory calcula-

tions performed by Yamashita and Morokuma' 2  to larger 

masses. No significant mass effect was found, and these cal-

culations modeling TRS excitation give poor agreement 

with the experimental chloride spectra, suggesting inad-

equacies in either the PES or the surface-hopping model. 

Thus, an unambiguous assignment of these features cannot 

yet be made. However, sonic possible origins of these fea-

tures will be discussed which may give insight into the dy-
namics of these reactions. 

II. EXPERIMENT 

The apparatus has been previously described in de-
tail." In this experiment, beams of K atoms and NaX 

(X = Cl, Br, I) molecules were crossed inside the cavity of a 

cw dye laser tuned between 595 and 635 nm. Excited Na 

atoms formed by the laser assisted reaction 

K+NaX+hv-.KX+Na 	 (2) 

were detected by fluorescence at 589.0 rim, and the emission 

intensity was measured as a function of the dye laser wave-
length. In order to separate out the portion of the observed 

signal which arises from the process ofinterest, it was neces-

sary to measure the photomultiplier count rate for each of 
the eight possible combinations of beam on/off conditions 

for the three beams. 

The K beam source was operated at = 350'C corre-

sponding to a vapor pressure =3 Torr. Assuming effusive 
flow, the particle density at the crossing region was 

z2>< 10" cm . lire NaX source temperature used de-

pended on the choice of the alkali halide, and was 1000, 850, 

and 750 'C for NaCl, NaBr, or Nal, respectively. These tem-
peratures correspond roughly- to a vapor pressure z4 Torr 

and a particle density at the crossing region roughly equal to 
that of the potassium. 

A Spectra-Physics 375 dye laser was modified by replac-

ing the standard output-coupler with a 150 can radius high 

reflector 150 cm from the beam waist to allow insertion of 

the vacuum chamber into the dye laser cavity. The dye laser 

was typically pumped by 9W of 514 am light from an argon 

ion laser giving tunable intracavity power = 100 W. As re-

ported previously, direct excitation of Na atom impurities by 

dye fluorescence at the Na D lines was avoided by placing a 

sodium heat pipe in the laser beam between the dye jet and 

the beam intersection region. 

Light from the beam intersection region was collected 

by an f1.4 achromat and passed through a narrow band-
width (0.27 nm FWHM) interference filter transmitting 

only the 589.0 am D line. The light transmitted by the filter 

was focused onto a cooled C31034A photomultiplier 

(PMT) and pulses from the anode of the PMT were ampli-

fied, discriminated, and input into a pulse counter/timer. 
The TRS signal requires all three beams to be present. 

However, other sources not requiring the presence of all 
three beams such as photomultiplier dark counts, and emis-

sion from oven heaters gave rise to PMT counts. To account 
for the contributions of such zero, one, and two beam pro- 
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cesses, counts were accumulated for each of the eight beam 

on/off combinations using flags to block each beam when 
appropriate. The three-beam signal (305) was obtained by 

subtracting contributions Irons all zero, one, and two-beans 

processes from the count rate for all three beams on, as de-

scribed in Refs. Band 13. 
In order to account for small changes in beam intensities 

and laser power during an experiment and to compare ex-

periments run at different times, each 3115 was normalized 

by dividing by the product of three beam monitor measure-

ments. This "normalized" 3BS corresponds to a relative 
(Ref. 14) three-body rate coefficient. The laser power was 

monitored by steering the reflection from one of the Brew-

ster windows into a power meter!' The K and NIX beam 

intensities were monitored by surface ionization on hot tung-

sten filaments. The surface ionization efficiency, however, is 

not the same for the three sodium halides. The absorption of 

halogen atoms into the tungsten filament lowers the work 

function of the surface, and it has been shown" that the 
relative surface ionization efficiencies of the three sodium 

halides NaCl:NaBr:Na( is 1:114:1.50. Beam monitor sig-

nals corrected for surface ionization efficiency were used to 

calculate the normalized 305- 

Ill. RESULTS 

Typical unnormalized count rates for the KXNa sys-
tems acquired over an 8 min total counting time are shown in 

Table 1. Forthe three columns of Table I corresponding to 

the three chemical systems, the molecular and laser beam 

intensities were approximately equal. As can be seen by com-

paring the columns in Table I, most of the corresponding one 
and two-beam signals are of similar magnitude in the three 
chemical systcnis.l he NaX background signal, which arises 

from the glow from heater wires on the NaX collimator and 

which is consequefltly extremely sensitive to skimmer tem-

perature, tends to be one of the largest and most variable 

signals. For approximately equal fluxes, the different sodi-

um halides require .different skimmer temperatures; there-
fore significant differences in this background signal are ob-

served among the-three systems- As mentioned above, the 

signal of interest is the 3135. These data show that the 305 is 
always one of the largest and can be the largest of the eight 

signals. 

TABLEI. Count rates (a') of Na D line emission at 589.0 am for 
K + NaX irradiated at 60t our. 

Signal' Origin XCl XOr X=l 

ROOO Dark central 55±1 21±1 21±1 
1(100 Scattered light 21 ± 2 29 ± 2 57 ± 2 

RODO Kbackgrottitd 5±2 3±1 1±1 
ROOt NaX background 581 ± 4 336 ± 4 29 ± 2 
Kilo Kphotoluminescence 42±3 16±2 61±3 
Riot NaX photoluminescence - II ± 6 4 ± 5 —3 ± 3 
Roll Cheinilurninearence 4 ± 5 I ± 5 —2 ± 2 
Kill Three beamaignal 114±8 231±8 234±5 

• Denotes elementary rates for laser, K, and NaX on/olT( I/O) beam combi. 
nations. Sec Ref. 8 for a complete description of signal nomenclature and 
calculation of elemeniary rates from measured sums. 

Normalized 305 vs laser wavelength for the K + NaX 
systems are shown in Fig. 2. We believe these are excitation 

spectra of the TRS I KXNa]. The spectra arising from the 

three cheetsical systems show striking differences as well as 

similarities Each spectrum shows a sharp increase in signal 

as the laser wavelength is scanned from 600 to 595 am, 

which we call the blue feature. In addition, each spectrum 

displays a broad peak or red feature. This red feature is well-

resolved in the [KBrNa] and (KINa) spectra, with a maxi-

mum occurring at —610 nm, and appears to be quite similar 
in shape and width for these two.systems. The red feature is 

considerably broader and less distinct in the [KC]Na] spec- 
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from, with the collective data' suggesting that the maximum 

occurs at - 640 nm. It is clear that the characteristics of the 

red feature depend on the chemical system under study, and 

the difference between the observed spectrum of [KC]NaJ 

and those of the Br and I systems suggests that the reaction 

dynamics are quite different for the heavier sodium halides. 

Because of the high photon flux ( 10" s_ I  cm 2)  

there is  possibility that the 385 could arise from other (less 

interesting) processes involving light absorption by some 
impurity present in very small concentration. Potassium 

dinser was present in the K beam and free Na atoms were 

present in both beams, and it was necessary to verily that the 

385 does not arise from some process involving these impur-

ities. The tests performed to verify that the 3B5 indeed arises 

from excitation of TRS's were aimed at establishing one of 

the following three points: ( I ) identification of the 385 

emitter as Na', (2) elimination of the possibility that energy 

transfer processes involving free Na atoms was giving rise to 

the 3115; and (3) elimination of processes involving dinners. 

We have performed several tests that strongly support 

our interpretation of the 3B5 as excitation spectra of TRS. 

These tests are described in detail in the Appendix. Briefly, 

filters are used to show that the source of emission is excited 

,sodium atoms, and energy transfer processes involving Na 

impurities are shown to be unlikely because adding Na to the 
K beam does not change the 3115. Finally, magnetic deflec-

tion experiments demonstrate that the 3135 arises from a 

paramagnetic species in the K beam, which rules out the 

participation of K dimers. These tests show that the 385 is 

not a result of processes involving the artifact sources con-

sidered above. 
Thus, we conclude that the spectra shown in Fig. 2 rep-

resent an excitation of the TRS [KXNa]. The steeply rising 
blue feature between 600 and 595 nm was observed in the 

early KCINa experiments,' but not emphasized because our 

attention was focused on determining whether or not obser-

vation of TRS's was possible. (When the laser is tuned far to 

the red of the NaD lines, many artifacts are either ruled out 

or become less plausible. In the early experiments, we tended 

to discount signals near the D lines where the energy defect 

could easily be made up by collisional energy without requir-

ing energy to be supplied by the reaction exoergicity.) The 

tests we have made here and the similarity of the feature for 

all three systems lead us to conclude that the blue feature is a 
spectroscopic feature of the IRS. 

The distinct red feature in the [KBrNa] and [KINa] 

spectra suggests that the dynamics of these reactions are dif-

ferent from the K + NaCl' reaction. The potential surfaces 

for these reactions are expected to be similar, but at this stage 
we have little idea how sensitive the spectra are to the details 

of the potential surfaces involved. A possible explanation for 

the accentuated red feature its the heavier halides is that the 

increased mass decreases the speed of the system resulting in 

some critical region being traversed more slowly. The longer 

time spent in such a "critical" region might result in an in-

creased probability for light absorption. This was explored 

by performing surface hopping classical trajectory calcula-
tiotss modeling both the ground and excited state dynamics 

using the procedure of Ref. 12. 

IV. SURFACE HOPPING TRAJECTORY CALCULATIONS 

Surface hopping trajectory calculations on slightly 

modified" surfaces"-" were carried out to investigate the 

possibility of a mass effect as the origin of the red feature and 

to explore the role exit-channel excitation" plays in the blue 

feature. Because potential energy surfaces (PES's) for the 

K + NaBr and Nal reactions are as yet unavailable, trajec-

tory calculations were performed using the K + NaCl po-
tential energy surfaces calculated in Ref. IS. Generally, the 

method employed for calculating the TRS spectra was the 
same as that used by Ynmnshiln and Morokuma." The ef-

fect of increased mass and decreased mean speed for the Br 

and! systems was investigated using the same (K + NaCl) 

PES and changing the mass of the halogen atom and the 

velocity distribution of the sodium halide molecule. In order 

to understand the results of these calculations, it is useful to 

first examine some of the details of the K + NaCl PUS's. 

There are four low lying adiabatic PEWs in the 

K + NaCl reaction (1 24,2 'A', 3 'A', and I 'A') ofpos-

sible significance to the present experiments. Yamashita and 

Morokuma" argued on the basis of their calculations that 

the TRS spectrum of this system should involve primarily a 

transition from the ground I A 'to the second excited 3 A' 
state (omitting the doublet designation), They calculated 

241 ab ir,itio points" '  which were then fit to parameterized 
Murrel—Sorbie analytical functions," although parameters 

were only provided for the I A' and 3 A' states. In Fig. 3, 

their minimum energy paths along these A '  surfaces are 

shown. The curve drawn for the 24' state is based on the 

well depth reported" and is therefore only approximate. No 

parameters are available for the I A ' surface, although it 

does correlate with the same product asymptote as the 3 A 

As seen in Fig. 3, each of the A - states has a potential 

well, and the excited states correlate with K-(4p) + NaCl 

and No* (3p) + KCI in the reagent and product asymptotes, 

2.5 
KCI+Na 

K+NaCI 	".2 A' 

1<01 + Na 

-1,5 

Reaction Coordinate 

HO.). Schematic minimum energy pathsalong the IA' and 34' Pass for 
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Reaction Coordinate 

FIG. 4. Scl,cmatic minion no energy path stescrip lion or tile intcr,ectiOsl or a 
"dressed" IA' potential with the 34' potenlial. l'hc dressed" I 4 poten-
tial is simply the curve corresponding to sIte I A ' state moved up by the 
energy of the photon (l.S eV in this figure). The "crowing" depicted is 
actually avoided bccatsse of coupling between the surfaces caused by slit 
laser field. The adiabatic potential would evolve smoothly From the 
I A' 'I- ht'stnteofthe reagents to Il,eexcited potential, 34' for tlteproductt. 

respectively. The 2 A ' level correlates adiabatically with the 

lower 'P,,, fine structure level of the atom and the) A ' and 

I A 'levels correlate adiabatically with the 'P3,,, level. These 

experiments involve measurements of emission intensity at 

589.0 min, corresponding to the higher energy 'P,,, fine 

structure state. Thus to the extent that nonadiabatic transi-

tions in the exit channel may be neglected, only reactive tra-

jectories on the 3 A 'and I A state should be experimentally 

observed. 
The process of light absorption by the reacting system 

was treated"' as a surface hopping process between the "la-

ser-dressed" 2°  ground state and the 3 A' excited state. The 

"laser-dressed" grond state FES is created by adding the 

laser photon energy to the ground state, and as suggested in 

Fig. 4, the dressed surface can intersect an excited surface. 
Near such intersections the electric field of the radiation 

couples the two surfaces through the electric dipole transi-

tion moment causing an avoided crossing. Thus a trajectory 

begun on the dressçd ground state could (schematically) 

remain on the adiabatic surface and ultimately emerge on 

the 3 A ' surface giving Na. (Previous calculations suggest 

that this trajectory is likely to be snarled t0' 1 ' and may en-

counter a surface crossing many times,) This surface-hop-
ping process was examined, using a standard Monte Carlo 

method, 2 ' by propagating the classical trajectory on the la-

ser dressed surface until a point of intersection with the 3 A' 
surface was encountered. The adiabatic transition probabili-

ty (representing a transition to the 3 A' surface) was esti-

mated using the Landau-Zener relation 22'" 

F, = I —exp[ —4ir'd,I/s(dLtWIdt)], 	( 3) 

where d,, =p'E and A  is the difference in energy be-

tween the crossing surfaces. If this transition probability was 

greater than a freshly generated random number, the trajec-
tory was continued on the upper surface (corresponding to 

the excited state PES) until it was determined to be reactive 

or nonreactive. If a transition was not made, the trajectory 
was continued on the laser dressed ground state until an-

other crossing was encountered or until the criteria for end-

ing the trajectory were satisfied- This approach of sometimes 

jumping to the 3 A 'surface and sometimes remaining on the 

I A' surface takes into account the possibility that a given 

trajectory on the! A 'surface might go through several cross-

ings. Although this procedure neglects effects such as inter-

ference between waves on the excited surface, extensive aver-

aging over many trajectories makes such interference almost 

certainly unimportant. 
No effort has been made to produce absolute cross sec-

tions for the process- Therefore, the magnitude of the cou-

pling term is relevant only in comparison with the range of 

random numbers used as the surface hopping criterion. The 

coupling term" (yE = 0.1 kcal/mol) used was the same as 

that used by Yamashita and Morokuma, and the random 
number range was adjusted to provide a reasonable division 

between hopping and continuing on the I A ' surface. The 

fact that this coupling term corresponds to a laser power 

much higher than that used in the experiments is irrelevant. 
The ratio of reactive trajectories on the excited state to 

the total number of trajectories as a function of photon ener-
gy was used to calculate a model excitation spectrum. Figure 
5 shows the results of these calculations with 500 excited 

state/reactive trajectories accumulated for each photon en-

ergy. The results obtained for the K + NaCl system are in 

good agreement with those of Ref. 12 in the wavelength 

range between 600 and 650 not. The agreement between the 

KCINa results and the results calculated for the heavier 

mass shows that there is no effect of mass on the calculated 

spectrum, as the minor differences seen are within the Monte 

Carlo sampling error. 
The overall agreement between the model and experi-

mental spectra is poor, and these calculations seem to give no 

clues as to the origin of either the red or the blue feature, The 

sharp rise evident in the experimental spectrum near the 

Na .1? lines is specifically not predicted, even in the [KCINa] 

a, 
as 

580 	600 	620 
	

640 	660 

wavelength (nm) 

no's. Ratioofeacitedstate/reactive trajectories to total number ofteajee-
tories run for K + NaCl and K + NoBr. Trajectories for each excitation 
energy were run until S® ER trajectories were accumulated. The two 
points at 595 nm for the Br system illustrate the relative reproducibility in 
the calculations. The small difrerences between, the a and Br calculalions 
are not significant. 
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FIG. 6. Product asymptote region of  A ' state and I A ground state (aug-
mented with photon energy corresponding to wavelength of 595 nn) for 
ICCtNa. Curves represent var ,at,on of potential energy as a function old-
Na distance with K-Ct distance fixed For a fixed K-Ct-Na angle o190, The 
dashed, hypothetical curve would be expected to in vcastrong feature at the 
Na 1) 'jute- The zero of ettergy is rtetttted ttere to he groutsd state products. 

spectrum. The calculated difference in Na*  emission be- 
tween 595 and 600 run is only —5%, whereas the experimen- 
tat difference is approximately a Factor of 3. Even with an 

excitation wavelength of 590 am, only I nm from the Na D 
tine, the calculated signal increases only by about another 
5%. 

It seems most likely that the blue feature is an exit chan-

nel phenomenon. Figure 6 compares the 3 A' surface for a 
K-Cl--Na angle of 90' together with the corresponding IA'-

plus-photon-energy curve. Also shown is a hypothetical la-
ser-dressed I .4 'curve at 90' with a shape more nearly paral-
lel to the 3 A 'surface. The small Crossing angles between the 
hypothetical I A' and the 3 A '  surface would lead to large 

Landau-Zener adiabatic transition probabilities (photoex-
citation) becausedA With in Eq. (3) becomes small. For the 

actual potential surfaces, no such nearly parallel crossings 

are found in this region. Thus for the actual potential sur-

faces used in the calculations, no dramatic increase in the 

photoexcitation cross section is anticipated or found from 

the calculations, in contrast to the experimental observa-
tions. 

The TRS spectra of the three sodium halide reactions 

with potassium have beeninvestigated here in the hope that 

differences among the spectra could be observed and inter-

preted in terms of the underlying dynamics. This hope has 

been partially realized in that features have been observed in 

all three spectra whose characteristics depend on the choice 

of sodium halide. The next task is then the interpretation of 

the observed features in terms of the reaction dynamics. As a 

tentative step in this direction, it is useful to consider how it 

may be possible to observe structure in this type of spectrum. 

As shown in Fig. I, the reacting system may absorb a 
photon if the laser is tuned to a frequency corresponding to 

the potential energy4ilfereace between the ground (V1  ) and 

an excited state (V,) for a given instantaneous nuclear con-

figuration (R 1 ), that is, where V, (R,) - V (R,) = Its'. In 

this picture" (assuming a constant transition moment) the  

intensity of light absorption by the TRS depends on (a) the 

number of configurations It, for which A V= Its', and (b) 

the time spent in nuclear configurations similar to R, (where 

a similar configuration is one in which the energy difference 

between the crossing dressed surfaces the strength of the 

dipole coupling to the field). 

Thus, there are three principal ways in which features 

may arise in this type of spectrum. 26  
(I) There may be a region of the lower PES where the 

system remains trapped for a period of time resulting in a 

"persistent" configuration which will increase the probabili-

ty of absorption at the wavelength corresponding to 

AV(R,, 5 ). 
There may be certain configurations that are ex-

plored by all trajectories en route from reactants to products. 

For example, a "bottleneck" in the ground state surface may 

force trajectories with widely different initial conditions 

through a narrow region of phase space. 
There may be regions of the ground and excited 

PES's traversed by the system which are relatively parallel 

so that many different configurations may absorb light of the 

same frequency. Thus, increases in absorption strength by 
tlteTRS may result from an increaseof the numberof similar 

configurations, i.e., from regions where the PESs are paral-

lel. 

A. The blue feature 

It has been previously suggested that the blue feature 

arises from excitation in the exit channel of the ground state 
PES where the two surfaces should become more paral-

lel-' t ' 2' Such excitation of the newly formed Na atom per-

turbed by the KX dipole presumably could occur at relative-

ly long (>5 A) Na-X distances and should vary only 

slightly among chemical systems. Indeed, the blue features 

in all three spectra appear to be quite similar. We attribute 

these features to chemical reactions; we have shown experi-

mentally that the blue feature does not arise from an artifact 

associated with Na impurities in either beam and therefore 

cannot be nonreactive collision broadening of Na atoms. 

Atomic resonance lines are broadened by collisions and 

frequently show a "blue" feature similar to that found in the 

reactive systems. In the atomic case, the potential curves for 

the ground and excited states of the atom-collider pair be-

come asymptotically parallel and an increasing number of 

nuclear configurations become resonant for a given A as 

1?— m. (The photon dressed ground slate curve would coin-

cide with an ever-increasing segment of the excited state 

curve as A -.A,as suggested in Fig. 6 by the hypothetical 

curve.) If both attractive and repulsive curves can correlate 

with the excited atomic state, as is expected forap state, the 

resonance line will be broadened both to the red and to the 

blue, as observed by Gallagher and co-workers for the 

broadening of the Rb resonance line by X e.lt By analogy to 

this process, we expect the newly formed Na atom to be 
perturbed by the departing ICC. Such reactive line broaden-

ing was observed in the early experiments of Polaayi ci at,'9  
where the broadening of the Na" resonance line was ob-
served in the chemiluminescent reaction F + Na,-. Na* 

+ NaF. In those experiments, Na*  was observed to flu- 
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oresce at A> A S,, with intensity falling rapidly in the 590-

595 nm interval. 

As noted earlier, the trajectory surface hopping calcula-

tions do not predict such n blue feature and this may reflect 

slight inaccuracies in the properties of the K + NaCI sur-

faces used. (Given accurate ab in lila points, it is still difficult 

to construct global analytical polyalomic PI3S's free of un-

physical features.) It is also possible that the surface-hop-

ping model may be inadequate to simulate light absorption 
by the reacting system. For example, significant differences 

between classical and quantum dynamics calculations have 

been reported in reactions" such as F + 11 3  although for 

heavier systems such as K + NaBr the differences between 

classical and quantum mechanics could reasonably be ex-

pected to be smaller, Furthermore, in the classical calcula-

tions, the Landau-Zencr model may fail in certain domains 

that are well understood 3 ' ( at least for one-dimensional 

problems). It is unlikely, however, that such inadequacies 

could be the sole cause of suppression of the blue feature. 

Regardless of possible inadequacies of either the sur-

face-hopping method or the details of the A 'PES's, it is also 

possible that other surfaces play a role in the blue feature. 

The I A " surface is particularly relevant here since it also 

correlates to Na 'P state which is observed in the experi-

ments. It is not possible to examine this in more detail here 

since no calculations have been reported for this surface. 

S. The red feature 

The presence of a distinct red feature in the [KBrNa] 

and [KINa] spectra which appears much broadened and 

less apparent in the [KCINaJ spectrum, indicates that the 

reaction dynamics are quite different for the heavier sodium 

halides. It is significant that this feature has survived in spite 

of averaging over initial orientations, impact parameters, 

and thermal distributions of speeds and internal energies, 

and this suggests that the spectral feature arises from some 

relatively coarse-grained property of the system. Identifying 

this property remains .a difficult task since little is known 

about the PES's for he heavier sodium halides. 

It is possible tlat the regions of the potential surface 
responsible for the observed red feature may be completely 

different for the heavier halides. For example, the ground 
state surface for the IC + NaCl reaction is predicted to have 

a potential well bound by —0.5 eV with respect to prod-
act,. 18,32  The K + NaBr and Nal systems may have much 

deeper ground state welts capable of trapping trajectories 

with a wider variety of initial conditions. Excitation from 
these quasibound states might give rise to the structure in the 

experimental spectrum if the probability distribution were 

more localized. 
An interesting conjecture" is that the red feature might 

arise from trajectories which first make nonadiabatic transi-

tions into the deeply bound 2 A ' state, and which are then 

photoexcited to the 3 A 'state. For the K + NaCI system, the 

fl  rat excited state (24") is predicted to be bound by --1.6eV 

with respect to excited state reactants" ," and comes within 

—Skcal/molofthe IA 'surface. Ifanonadiabatic transition 

to the 2 A' state occurs, the system does not have enough 

energy to dissociate on this surface" to either excited atom,  

and it might be effectively trapped in the 2 A' that excited 

electronic state. Since these trapped species might have a 
limited range of nuclear configurations, laser excitation to 

the second excited state (3 A ') might the,, result in a feature 

in the spectrum. 

The Landau-Zcner probability for a nonadiabatie tran-

sition from the I A ' state to the 24 ' is given by 

P, 	—41r'dL1h(dIsW/di)J, 	(4) 

where d 1 , is the coupling term causing the diabetic surfaces 

to split, 34  and (dA Wit/i) is the time derivative of the poten-

tial energy difference between the two diabetic surfaces, 

which is directly related to the nuclear velocities. The none-
diabetic transition probability is obviously maximized 

where the magnitude of d, 3  is small, or where the nuclear 

velocities are large. If the magnitude of the nonadiabatic 

coupling term were approximately the same for all the sodi-

um halides, the lower mean speed of NaBr and Nal relative 

to NaCl would favor adiabatic passage through the crossing 

region and trajectories for the heavier halides would be less 

likely to jump to the 24 • surface. Thus, for a collisional 
nonadiabatic mechanism to be responsible for the red fea-

ture, the magnitude of the nonadiabatic coupling term (cor-

responding to the separation between nonadiabatic states) 

would have to be smaller for the heavier sodium halides. 
Chemiluminescence experiments performed by Moul-

ton and Herschbach 3 ' on the Na + KXt - NaX + K sys-

tem (where X = Cl, Br, t denotes vibrational excitation and 

$ denotes electronic excitation) showed that the yield of K 

was greater by approximately a factor of 3-5 for the Br sys-

tem even though more vibrational energy in the KX reagent 

is available in the Cl system. Since the formation of K' in-

volves a transition to an excited electronic state (2A ' or 

3 A '), a nonadiabatic transition must be made at some point 

during the collision. These results were interpreted by 

Struve" in terms of differences in the coupling between the 

ground and first excited states for these reactions. He ex-

tended the Roach and Child" pseudopotential method to 

various alkali + alkali-halide systems, and his results (cf., 

the discussion on p.  799) make it plausible that the interac-

tion between the states is stronger for the Br system than for 

the Cl system. Thus he rationalized the Herschbach results 

in terms of an enhanced nonadiabatic transition probability 

for the Br reaction. 
The experiments'" thus show that collisions in higher 

energy systems can populate the 2 A • state and suggest that 

nonadiabatic transitions are more likely for Br than Cl sys-

tems. This lends credence to the idea that the red feature in 
the [KBrNa] and [KINal spectra arises from nonadiabatic 

transitions to the that excited state followed by laser excita-

tion to the 3 4 ' state which dissociates to give Na. 

VI. SUMMARY AND CONCLUSIONS 

Photoexcitation spectra of TRS formed in the bimolecu-

lar reactions of K + NaCl, NaBr, and Na! have been mea-
sured. All of the spectra show a common blue feature which 

is thought to arise from excitation in the exit-channel at long 

Na-X distances. Surface-hopping trajectory calculations 

performed on slight modifications of the K + NaCI PES's of 
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Yamashita and Morokuma do not predict that such a feature 

should occur. 

The spectra obtained for the NaBr and Nat systems 

show an additional red feature which appears greatly broad-

cited and less distinct in the NaCl system. A possible expla-

nation for this red feature based on collisions] nonadiabatic 
transitions has been proposed. l'he differences among the 

spectra suggest that the reaction dynamics and the nature of 

TRS's vary from system to system, and we believe that the 

differences observed reflect differences in thee potential sur-

faces involved. 
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APPENDIX: ELIMINATION OF POSSIBLE ARTIFACT 
SOURCES 

Identification of the emitter 

It is fairly straightforward to establish that the optical 

fluorescence at 589.0 rim comes from excited Na atoms as 

opposed to some other broad band source. By  tilting the 

interference filter with respect to the plane defined by the 

three beams, the peak wavelength transmitted by the filter is 

blue-shifted by —0:2 A per degree tilt and light from a sodi-

um lamp is extinguished when the filter is tilted - 10'. It was 

previously shown that the 38S for the KCINa system was 
extinguished by the same tilt, verifying that excited Na 

atoms are the source of emission- This test was repeated at 

the peak of the 3138 (t6l I rim) for the K + NaBr experi-

ments reported here, and again we conclude that the emitter 

is atomic Na. Results of various cutoff filter tests also indi-

cated that the observed emission arises from excited Na 

atoms. 

Elimination of energy transfer processes 

Establishing that excited Na atoms are responsible for 
the observed emission does not, of itself, guarantee that the 

313S arises from excitation ofTRS. The presence of No atom 

impurities (in the parts per million range) in both molecular 

beams allows for the possibility of some collisions] process 

transferring energy to a sodium atom and thereby producing 

Na. Direction excitation of Na atoms is avoided by insert-

ing a heat pipe oven in the laser cavity.' In previous studies' 

on the K + NaCl system, it was shown that chemically reac-

tive species were necessary to produce a 313S. Thepossibility 

that the 3135 results from an energy transfer process produc-

ing Na through collisions of Na atoms with laser excited 

species was explored in earlier work' by replacing in one 

experiment the NaCI beam with a weak Na beam and then in 

a second experiment seeding the K beam with Na. No 313S 

was observed, ruling out the possibility that the observed 

38S was due to energy transfer processes involving sodium 
atoms. 

Since the bond energy of NaBr is —10 kcal/mol lower 
than that of NaCI? 7  it was thought that there might have 

been a much higher concentration of Na atoms in the NaBr 

beam increasing the probability of an energy transfer artifact 

signal. By removing the heat pipe oven from the laser cavity, 

it was possible muse the spontaneous fluorescence ofthedye 
to probe the Na atom concentration in the beam. It was 

found that the concentration of Na atoms in the NaCl beam 

50 
590 	 600 	 610 	 620 

wavelength tim) 

FIG, 7. Normalized three-bean signals for K + Na!  + 5i'. Different sym-
bols denote different levels orNa added to 206K charge at indicated in the 
legend. Error bare are ± I a. 

was about three times larger than that of the NahIr beam." 

Since energy transfer processes in NaCl do not seem respon-

sible for the 3135 and since (Na) is less in the Nadir system, it 

seems reasonable to conclude that the signals for the NaBr 

and Net systems are also not due to energy transfer pro-

cesses involving Na atoms in tire salt beams. 

As a final test for energy transfer processes involving Na 

atoms, several experiments were run with Net with varying 

amounts of additional sodium (0, 25, and 50 mg) added to 
the 20 g potassium charge. The results of these experiments 

are shown in Fig. 7, and it can be seen that there is no correla-

tion between the magnitude of the 38S and the level of sodi-

um impurity. Our conclusion from the results of these tests is 
that the emission does not arise from energy transfer pro. 

cesses involving free Na atoms in either the K beam or the 
salt beam. 

Elimination of dinner contributions 

Several tests for artifactual sources of the three-beam 

signal involving the small (0.1%) amount of K dimers in the 

K beam have previously been performed. t  The well known 

.B—Xelectronic transition for K 2  occurs at wavelengths be-

tween 615 and 650 rim making it necessary to rule out pro-

cesses of the type, 

K2  +hv-.KT, 

K + NaX(or Na)-. No* '+ other products. (Al) 

It was previously observed that there was no correlation be-

tween K dinner fluorescence and magnitude of the 3135. But 

since K 2  might be excited to some other state which might 

interfere but not fluoresce, an inhomogeneous magnet was 

used to separate the atoms from al/of the dimers. The results 

of these magnetic focusing experiments" demonstrated that 
magnetically focusable species, which almost certainly must 

be K atoms, are required for signals observed in the 

K + NaCl system, conclusively, ruling out possible artifac-
tual 313S involving K dinners. 

Role of (NaX), 

It is also known that NaX dimers are present in the 

sodium halide beam, perhaps in concentrations as high as 
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Little is known of the spectroscopy of NaX dimers, 

which like the monomers, should be transparent to visible 

light. Direct excitation of the dimer and energy transfer pro- 

cesses involving excited (NaX) 2 therefore seem unlikely. It 

is, however, possible that the 305 observed is due to TRS's 

formed in the reaction K + (NaX) 2 , although we believe 

the 305 arises mainly from the monomer reaction. The 

dimerconceratration depends sensitively on the temperature 

of the nozzle chamber of the oven, but the 305 does not. 

Experiments at different oven temperatures for Nat allow 

comparison of tIse 3135 for different dinner concentrations as 

calculated from the thermodynamic parameters given in 

Ref. 36. This comparison suggests that dimers are not re- 

sponsible for the 3115. (Fluctuations in the 3115 are large 

enough that this result is not yet definitive.) 
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Anew potential energy surface for the Li—N, system is presented at the Hanree—Fock and Moller—Plestet levels of theory. 
Improvements in the basis set and in the electron con -elation are outlined. The potential energy surface has an energy minimum 

in the linear configuration of 0.522 cv at 4.926 bohr, and a saddle point energy in the perpendicular arrangement ofO. 113 eV at 
4.615 bohr at the 1-tartree—Fock level of theory. An increase in the size of the basis sets and the addition of more polarization 
tttnctions has resulted in improvements in the electric ntutttpole moments and polarization properties of the separated species. 
Electron correlation does not her the positions of the stationary points or the energies markedly but it does lower the energy 

minimum by 0.035 eV. The potential is expanded into its angular components and compared with existing expansions. 

1. Introduction 

The first ab initio study of the complete potential 

energy surface of the species Li-1 ,1 2  by Staemmler 

[I] provided valuable input for a number of fitting 

[2,31 and scattering (4-10] studies. The availability 

of this potential energy surface provided opportuni-

ties to compare theory with experiments and 10 ex-

amine the relationship between expectations based on 

the potential energy surface and the experimental 

measurements. Most results showed adequate corre-

spondence between experiment and theory for the 

authors [5-7,9] to conclude that the Hartree—Fock 

(HF) potential energy surface of Staemmler was rea-

sonably accurate in the 1-20 eV energy range. How-

ever, other authors (8] have reported contradictory 

results. 

The analytic expression for the rigid rotor poten-

tial energy surface of Billing [6] has been tested [II] 

at energies below I eV. Although this potential en-

ergy surface was fitted to Staemmler's HF data using 

twelve parameters, it failed to reproduce the absolute 

experimental values [12] of the transport properties 

of Li in N 2 . However, the general form was the same 

[Il].A number of theoretical investigations [13-19] 

Correspondence to: R.G.A.R. Maclagan, Department of 
Chemistry, University ofCanterbu ry, Christchurch, New Zealand.  

of the thermodynamic and structural properties of the 

Li—N 1  system have been reported since 

Staemniler's paper. These studies have supplied data 

for the potential energy surface in the regions about 

stationary points, but give limited information about 

the behaviour of the potential energy surface 
elsewhere. 

Hartree—Eock calculations have been shown to be 

unreliable in reproducing electric multipole mo-

ments [20] which are important in long-range inter-

action effects. Similarly, binding energies in the re-

gion of a potential energy minimum are not 

adequately described although the short-range repul-

sive interaction is described with moderate success 

[21]. Since there are reservations over the ability of 

Staemmler's potential energy surface to model accu-

rately measured transport data over a wide energy 

range, and considering the advances in computer 

speed in the time since Staemmler reported his re-

sults, we have undertaken a detailed examination of 

the Li—N 2  potential energy surface. 

In this paper we report ab initio calculations of the 

Li—N2  potential energy surface. In section 2 we de-

scribe improvements in the properties of the separate 

species Li and N 2  with differing basis sets. The po-

tential energy surface is presented and a discussion 

of the effects of inclusion of electron correlation is 
presented in section 3. Analysis of the potential en- 

0301-0 104/92/S 05.00 © 1992 Elsevier Science Publishers BY. All rights reserved. 
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ergy surface and its Legendre expansion, with em-

phasis on a break down of the angular components of 

the long-range interaction energy, is given in section 

4. 

2. Basis set and properties 

Foremost in our choices of a basis set was the con-

sideralion of the properties of the separate Li and 

N, species. Particularly important are the polariza-

tion and electric multipole moments which dominate 

the long-range interactions between these two sub-

systems. Staemmler [I] has commented that polari-

zation functions are critical in reproducing experi-
mental binding energies, quadrupole moments and 

polarizabilities for the N, subsystem. In order to im-

prove on the potential energy surface that Staemmler 

generated it has been necessary to obtain reasonable 

properties for N, using a more sophisticated basis set 

and a more elaborate treatment of electron cor-
relation. 

The major part of this study involved calculations 

using the 6-311 +G(2df) basis set. This basis set in-

cludes an extra f function on the N atomic centres 

and two extra d's and an extra f function on the Li 

atomic centre when compared to Staemmler's best 

basis set. The addition of extra d polarization func-

tions to all atomic centres was studied, with the 6-

311 + 0 (3df) basis set. This basis set has been shown 

to be reliable in studies of the interactions between 

atomic ion/atom systems (22-26]. An extensive list 

of the electrical properties obtained with these basis 

sets is given in table I along with other experimental 

and theoretical results. 

The basis set with a HF quadrupole moment, Q, in 

best agreement with the experimental measurement 

ofHout and Bose (27), is the 6-311 +0(2df) basis 

set. The correlated MP2 wavefunctions have similar 

quadrupole moments (Q —1.2 au) for each basis 

set considered here. The reliability of the quadrupole 

moment is crucial to the accuracy of the long-range 

interactions between N, and any other ionic system. 
The hexadecapole moment, H, increases in magni-

tude with the addition of polarization functions from 

—6,47 to —7.71 au with basis sets 6-311 +0(df) to 
6-311 +0(3df) respectively, at the HF level of the-

ory, but remains relatively constant for the basis sets  

considered when including electron correlation to a 
MP2 level of theory. Staemmler's own result of-6.78 

an is consistent with that reported here if you com-

pare the size of the basis sets with respect to the num-

ber of polarization functions included. To our knowl-

edge thereisnoexperimentalmeasurementoftltehexa. 

decapole moment of N, in the literature. 

The dipole polarizability in table I also shows an 

increase in magnitude with an increase in the size of 

the basis set. Greater agreement with experiment is 
achieved with the inclusion of more polarization 

functions in the basis sets. The parallel component of 

the dipole polarizability, a 1 , compares favourably 
with the experimental value, with 2.9%, 4.6%, and 

4.6% errors for the 6-311 +0(df), 6-311 +G(2df), 

and 6-311 +0(3df) basis sets, respectively, at the 

MP4SDTQ level of theory. The perpendicular com-

ponent of the dipole polarizability, a, approaches 
the experimental value with 25.4%, 15.0%, and 4.6% 

errors for the 6-311 +0(df), 6-311 +G(2df), and 6-

311 +G(3df) basis sets, respectively, at the 
MP4SDTQ level of theory. 

In addition to the reproduction of the electric mul-

tiple moments and the dipole polarizabilities, impor-

tant to the long-range interaction of N, with any ionic 

species, it is also important to model the structural 

and thermodynamic properties of N,. The equilib-

rium bond distance, the dissociation energy, the force 

constant, and the total energy of N, are presented in 

table 2. 

The equilibrium bond distances calculated for the 

basis sets used in this study are slightly shorter than 

the experimental value, by approximately 0.05 bohr. 

Dixon (19] reported an equilibrium bond distance 

of 2.03 bohr using a (I l Opt d)/[Ss4pld] basis set 

which increased approximately 0.05 bohr with inclu-

sion of electron correlation in his configuration inter-

action (CISD) calculations. We have not optimised 

the bond distance past the HF level of theory, but it 
seems reasonable to expect that an inclusion of elec-

tron correlation would improve our bond distances 
in a similar manner. 

Electron correlation is also important in the deter-

mination of binding energies, as HF calculations can-

not adequately describe the dissociation of the closed 

shell N, (X, 'Z ) molecule into two open shell N'S 
atoms [20]. HF potentials have been shown to give 

dissociation energies that are too small and force 
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Table I 
Electric properties or N,'' 

Basis set C 11 o r  a 1  

HF/6-31 I fO(df) -1.26 -6.47 14.6$ 7.01 

M172/6-31 I +0(df) -1.22 -6.75 13.81 7.59 

MP4SDTQ/6-31 1+0(W) - - 14.39 7.61 

HF/6-31 I +0(2W) -1.03 -7.35 14.29 8.12 

MP2/6-31 I +0(2df) -1.21 -6.69 13.67 8.54 

MP4SDTQ/6-3I I +0(2d1) - - 14.13 8.57 

I-IF/6-31I +0(3df) -0.98 -7.11 14.19 9.32 

MP2/6-3 11+0(3W) -1.22 -6.74 13.67 9.66 

MP4SpTQ/6-31 I+0(3df) - - 14.12 9.73 

Staenamler's results [I] -0.94 bt  -6.78' )  13.46 61  8.20 b)  

best experimental results (-1.093±0.05) Ct  - 14.81 dt  10.20-1 

All electric properties in au. 
ht  Basis set A of that work; see ref. (II. 
C)  Flout and Bose [27]. 

Mason and McDaniel [21]. 

Table 2 

structural and thermodynamic properties of N, 

Basis set r, D, (eV) Ic, F 

IIF/6-3 II + 0(W) 2.018 4.87 106.6 bt  -108,97689 

MI4SDTQ/6-3 II +0(df) - 9.40 - - 109.34721 

FIF/.6-31 1+0(2W') 2.016 5.06 105.9 bt  -108.98391 

MP4SDTQ/6-31 l+G(2df) - 9.48 - - 109.36929 

FIF/6-31 I +0(3df) 2.016 5.09 105.9 b5  - 108.98486 

MP.4SDTQ/6-3 II +0( 3df) - 9,54 - - 109.37427 

Siaernrnler't resulit 2.018 Ct  9.0" 110.3" - 109.2754' )  
best experimental results 1074 9.77 d  99.871 - 

All structural and thermodynamic properties in flu, except D,. 
t H  force constants scaled by (089)a  see text. 

Basis set A of that work; see ref. II]. 
dt  Huber and lLet'zberg [34]. 

Cade and Wahl [351. 

constants that are too large. The MP4SDTQ bond 

energies in table 2 are nearly double the HF values 

with the same basis set. Again, the bond energies ap-

proach the experimental value, with 3.8%, 3.0%, and 

2.4% error using the 6-311 +G(df), 6-311 +G(2df), 

and 6-311 +Q(3df) basis sets, respectively, at the 

MP4SDTQ level of theory. 

The force constants have been calculated at the HF 

level of theory, and scaled as recommended by De-

Frees and McLean [28]. The total energy of the lith-

ium ion in the ground electronic state is -7.23584 

an and the major requirement of the lithium basis set  

is that it remains flexible enough to describe any me-

dium-range bonding interactions. 

In the following work we have used the 6- 

311 + ci (2df) basis set, unless otherwise stated. This 

represents the best compromise between the accu-

racy of the molecular properties describing the sub-

systems, and expense of characterizing the entire rigid 

rotor potential energy surface. The 6-311 +G(2df) 

basis set has similar MP2: multipole moments to the 

other basis sets considered and polarizabilities that 

are comparable with the experiment values. The bond 

energy and force constants are in good accord with 
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the experimental measurements. It seems likely that 
the short-range coulombic repulsion interaction is 
described well by any of the basis sets studied here. 

All calculations have been performed using the 
GAUSSIAN 90 series of programs (29]. 

3. The potential energy surface of Li*-N, 

The calculations reported here were performed with 
the bond distance of N, fixed to the value optimised 
at the HF level of theory. The post-HF method used 
to include electron correlation was Moller-Plesset 
fourth order perturbation theory, with a frozen core 
that included Is functions oil both N atomic ccntrcs. 
The magnitude ofR, the vector connecting the centre 
of mass of the N, molecule and the centre of the Li 
ion, and 0, the angle between the internuclear vector, 
r, of N,, and R, were varied. R was varied to com-
pletely characterize the potential energy surface over 
the energy range 10 3-10' eV for all values of 0. 
Enough angles were computed to completely charac-
terize the dominant interactions of the Legendre ex-
pansion in this energy range. This required calcula-
tion of four angles, 0=0°, 22.5°, 45°, 90°. Tables 3 
and 4 contain the total energies for the Li+_N,  cal-
culations as a function of R and 0 for the HF and the 
MP4SDTQ levels of theory, respectively. 

These potentials have been spline fitted to deter-
mine the values of the critical points of the potential 
energy surface. The spline functions have been deter-
mined in a similar fashion to that described by Simp-
son et al. [30]. Each potential function has been tab-
ulated as a series of points (R,, V,), where V,= V(RJ. 
These points have been fitted using piece-wise cubic 
splines by developing equations that ensure that (a) 
the function interpolates the points (R 1 , V1 ) and (b) 
that first andsecond derivatives are continuous. Two 
additional equations are required for a complete so-
lution of the cubic spline system of equations and 
these usually involve constraints on the derivatives 
at the end points. We have set the second derivatives 
of the short-range end point to equal zero thus 
achieving a 'natural" cubic spline. Then we have ex-
trapolated to shorter R with the potential 

V(R)=4+b. for RcR 1 , 	 ( I) 

which was fitted using (R,, V 1 ), and (R 1 , 8V18R) 
attained after solving the cubic spline system ofequa-
tions. In this work in was set to equal 6. This extra-
polation function was chosen because it closely ap-
proximated the behaviour of the short-range ab initio 
points. Enough ab initio points were calculated to 
characterize the repulsive wall of the potential energy 
surface. 

The long-range potential was determined by fitting 
the extrapolating function 

V(R)= ( Rd)°' forR>R, 	 (2) 

to the points (R n ., F',,.) and (R 	The first 
derivative of this function at R. was then used to set 
the final condition needed to solve the cubic spline 
system of equations. For the potential energy surface 
functions it was set to equal 3. The leading long-range 
interaction terms for the Li-N, potential energy 
surface are the ion-quadrupole and the ion-induced 
dipole interactions. When eq. (2) is expanded in in-
verse powers of R the ion-quadrupole and the ion-
induced-dipole terms are represented as c/U', and 
3d/R, respectively. The values of c and ci, which 
are given in table 5, closely correspond to the quad-
rupole moment and the polarizabilities of the N, 
molecule for the 6-311 +G(2df) basis set given in 
table I. Enough ab initio points were calculated at 
large separation to ensure the extrapolation function 
exhibited the correct long-range behaviour. The value 
of c in the linear arrangement is very similar to the 
quadrupole moment calculated to the MP2 level of 
theory. Because the ion-induced dipole interaction is 
attractive we expect d to have an opposite sign to c. 
The value of 3cd in the linear arrangement is also very 
close to the value of Ia 1 , where a 1  is given in table 1. 
In the perpendicular arrangement the value of c is 
negative because the quadrupole interaction is repul-
sive. This repulsive interaction leads to a local maxi-
mum. Several ab initio points have been calculated 
beyond the maximum in order to improve the corre-
spondence between the calculated polarizability given 
in table I and the values obtained from the fitting 
function. The value of c is reasonable but the value 
of ci is not in accord with the calculated polarizabili-
ties. Because the leading asymptotic term (the ion-
quadrupole term) is reasonable and the extrapola-
tion function is fitted at large R, we have concluded 
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Table 3 
HF/6-3 II 4-G( 2d1) total energies (in au) 

R (A) 0=0.0' 0=22.5' 0=45.0' 0=90.0' 

1.000 - - - -115.65949 
1.100 - - - -115.83856 
1.200 - - -115.51758 - 

.300 - -115.2)747 - -116.04877 
1.350 - - - -116.08099 
1.400 -115.28865 -115.54091 -115.88558 -116.10764 
1.500 -115.61167 -115.76920 -115.99939 -116.14779 
1.625 -115.87413 - -116.09464 -116.18025 
1.700 -115.97860 - - - 

1,750 -116.03225 -116,07988 -116.15366 -116,19985 
2.000 -116,17998 -116.19218 -116.20988 -116.21799 
2.250 - 16.22686 -116.22785 - I 16.22731 - 116.22319 
2.375 -116.23494 - - - 

2.500 -116.23825 -116.23609 -116.23071 -116.22386 
2.750 -116.23812 - -116.22968 -116.22318 
1000 -116.23499 -116.2)263 -116.22769 -116.22228 
3.500 - 116.22896 - 116.22746 - 116,22436 - 116.22095 
4.000 -116.22532 -116.22440 -116.22246 -116.22028 
5.000 -116.22218 -116.22176 -116.22068 -116.21978 
6.000 -116.22100 -116.22078 -116.22029 -116.21969 
6.500 - - - -116.21968 
7.000 - - - -116.21968 
8.000 -116.22021 -116.22013 -116,21994 -116.21969 

10.000 -116.11997 -116.21993 -116.21984 -115.21971 
12,000 -116.21987 - - -116.21973 

-116.21975 -116.21975 -116.21975 -116.21975 

that the error involved in the incorrect fitted polar-

izability is negligible. 

The following general features are exhibited, and 

listed in table 6, for ElF, MP2, and MP4SDTQ levels 

of theory undertaken in this study. There exists an 

absolute minimum in the potential energy surface for 

all the levels of theory at Ia4.9 bohr, 0=0. The 

depth of the minimum is 0.522 eV at the HF level of 

theory which increases 6.3% to 0.557 eV with the in-

clusion of electron correlation at the MP4SDTQ level 

of theory. The MP4SDTQ potential energy surface 

minimum reported here is very similar to 

Staemmler's own HF potential energy surface mini-

mum which he quotes at R 5.0 bohr, 0=0 with a 

depth of 0.5,6 eV. Between the two minima in the lin-

ear arrangerient exists a col in the perpendicular ar-

rangement.'The col is located at R 4.6 bohr, O=90 
with a relative energy of 0.113eV at the lIE level of 

theory which decreases slightly (0.9%) to 0.112 eV 

at the MP4SDTQ level of theory. The col in 

Staemmler's HF potential energy surface was located 

slightly shorter at R 4.5 bohr but much lower at 0.20 

eV suggesting that the magnitude of the quadrupole 

moment is very important in defining the height of 

the saddle. Staemmler's quadrupole moment for ba-

sis set A was 15% smaller in magnitude than the best 

experimental value available [27J.This leads to over-

estimation of the relative energy of the col in the per-

pendicular arrangement by almost a factor of 2. 

The quadrupole moment is important in deter-

mining the character of the long-range interaction 

which is repulsive at large  in the perpendicular ar-

rangement. The quadrupolar repulsion is then dom-

inated by a charge-induced-dipole interaction at 

smaller R, resulting in a net attraction. Therefore we 

find a single local maximum exists at Rra 12.4 bohr 
of 1.89x 10 eV at the HF level of theory, and at 

R  11.8 bohr of 2.74x 1'0 cv at the MP4SDTQ 

level of theory. Staemmler reported a local maxi-

mum at R IS bohr of 1.3X lO' eV which is again 
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Table 4 
MP4SDTO/6-31 I +G( 2dr) total energies (in au) 

B (A) 	0=0.0° 	 0=22.5' 	 0=45.0 	 0=90.0' 

- -116.05489 
1.000 - - 

- -116.23128 
1,100 - - 
1.200 - - -115.89033 - 
1.300 - -115.61827 - -116,43808 

- -116.46967 
1.350 
1.400 

- 
-115,70788 

- 
-115.92658 -116,26847 -116,49576 

1,500 -116.00134 -116.15496 -116.38348 -116.53499 

.625 - 116 26123 - -116.47942 -116.56663 

1.700 
1.750 

-116.36492 
-116.41823 

- 
-116.46519 

- 
-116.53882 

- 
-116.58575 

2.000 -116.56544 -116.57771 -116.59563 -116.60344 

2.250 -116.61278 -116.61397 -116.61354 -116.60853 

2.375 
1500 

-116.62117 
-116.62474 

, - 
-116.62267 

- 
-116.61716 

- 
-116.60923 

2.750 - 116.62488 - -116.61613 -116.60859 

3.000 -116.62176 -116.61932 -116.61402 -116,60771 

3.500 -116.61538 -116,61377 -116,61035 -116.60634 

4.000 -116.61137 -116.61037 -116,60820 -116.60563 

5.000 -116.60786 -116.60738 -116,60637 -116,60512 

6.000 -116,60654 -116.60629 -116.60573 -116.60503 
- -116.60503 

6.500 - - - -116.60503 
7.000 
8,000 

- 
-116.60565 

- 
-116.60556 -116.60534 -116.60505 

10.000 -116.60537 -116.60533 -116,60522 -116.60508 

12.000 -116.60526 - - -116.60509 

_ -116.60513 -116.60513 -116.60513 -116.60513 

Table 
Fitting parameters for long-range extrapolations 

c(au) d(au) 

HF 
0=0' -1.164 +1.429 

0=22.5' -0.889 +1.840 

0=45' -0.396 +2.330 

9=90' +0.491 -4.666 

MP4SD1'Q 
0=0' -1.208 +1.947 

0=22.5' -0.985 +1.966 

0=45' -0.418 +2.598 

0=90° +0.899 -7.524 

smaller than the energy reported here and at larger R. 
Features of the potential energy surface in table 6 

show thatthe geometries of the critical points are not 

very dependent on the treatment of electron correla-

tion, except for the region about the local maximum. 

Other comparisons of the potential energy surface 

are best observed graphically. Fig. 1 displays the po-

tential energy surface for 0 = 00,450, and 90° at the 

MP4SDTQ level of theory. The 0=22.5° potential 

energy surface was omitted for clarity. Staemmler's 

HF potential points are also plotted in fig. I. 

Staemmler's 0=0° potential closely matches the 

MP4SDTQ potential reported here, however his 

0=90° potential differs significantly from both the 

HF and MP4SDTQ potentials, which are very close 

together. It seems intermolecular correlation (dis-

persion energy) is negligible in the perpendicular ap-

proach. Staemmler's points for 0=45° also suggest 

values substantially different to the potentials re-

ported here although not enough points were pub-

lished to draw further conclusions. Comparisons of 

short-range repulsion are made in fig. 2. Again the 

0=22.5 1  potential energy surface was omitted for 

clarity. From fig. 2 it can be seen that the exponential 
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Table 6 

Critical points or the potential energy surface 

Critical pointa HF Ml'2 MP4SDTQ 

8=0' 
P (V0) 4.129" 4.129 4.124 

R (a VIM =o) 4.926 4.955 4.948 
v(OV/8R=O) _0  01919 -0.02031 -0.02046 

R (a' V/8R'=O) 5.626 5.659 5.654 

0=22.5' 
R (11=0) 4.079 4.079 4.071 
R (av/aR-_o) 4.912 4.938 4.929 
V (ÔV/8R=0) -0.01677 -0.01478 -0.01808 
R (a'v/aR '=0) 5.601 5.580 5.577 

0=45' 
R (11=0) 3.971 3.968 3.957 
P (OV/OR=0) 4.758 4.782 4.769 

V(8V/OR=0) -0.01097 -0.01182 -0.01205 
B (' V/8R'=O) 5.522 5.559 5.550 

0=90' 
• (11=0) 3.879 3.902 3.877 • (av/8R=o) 4.615 4.646 4.627 

11  (8 V/OR =-0) -0.00415 -0.00382 -0.00413 • (a'V/aR'=o) 5.375 5.446 5.432 • (V=0) 12.387 11.564 11.815 • (aV/OR=0) 9.794 9.128 9.413 • (av/OR=o) -0.00007 -0.00012 -0.00010 • (8' v/OR'=o) 16.079 14.777 15.087 

All bond distances in bohr. 
bi  All energies in an and relative to R= 

I 
3 	4 	6 	6 	7 	8 	0 	10 	II 	12 

Ribohr 

Fig. I. The potensial.energy surface ofLi-N, for 0=0', 45', and 90'. The dashed curves represent the calculations at the HF level of 

theory. The solid line, represent the calculations at the MP4SDTQ level of theory. Staemmler's points are represented as +, ><, and 

for 0=0', 45' and 90' respectively. 
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8 0 0  

1.5 	 2.0 	 15 	 3.0 	 3.5 	 4.0 

A ,'bohr 
Fig. 2. The short-range potential energy surface of Lj-N,. The three curves represent the potential energy surface with 0=0', 45', and 
90' for the solid tine, the short dashed line and the tong dashed line respectively, at the MP4SDTQ level or theory, 

repulsion behaviour begins for R <3 bohr 

4. The Legendre expansion 

The potential energy surface of Li-N, results front 

a number of interactions that are best analysed by de-
composing the angular variation of these interactions 

in a truncated Legendre expansion. This is achieved 

by 

k 

J'(R,O)rr E P,,V,(R), 	 (3) 
n-'O 

where I',,,, is the nth degree Legendre polynomial of 

cos 0,,,, and 0,,, are the angles for which ab initio cal-
culations have,been performed, namely 

0,,,e{0°,22.5',45°,90'). 	 (4) 

The Legendre expansion was performed for the series 
up to k=6. The odd terms of,, vanish in the series as 
N, is a member of the D,,,h  point group. The radial 

functions are obtained using the inverted matrix ele-
mentsFj m  as radial coefficients: 

k/a 

J' ,, (R)=Zfl1,,,VR,O,. 	 (5) 

The points for which all B were calculated for a given 
R have been inverted directly and shown in table 7, 
and table 8 for the HF and MP4SDTQ levels of the-

ory, respectively. These data are plotted in fig. 3, and 
some general features are outlined here. The radial 

functions have also been spline fitted in a similar 

manner to that described for the potential energy sur-
face. The long-range exponent is of eq. (2) was set to 
4, 3, and 5 for I'0 , V,, and V respectively. These ex-
ponents are consistent with the ion-induced-dipole, 

ion-quadrupole, and ion-hexadecapole interactions 
which are the leading terms for each radial function 
respectively. For the V6  radial function n was set equal 
to 7. 

As expected the potential energy surface exhibits a 
large anisotropic radial function V,. It is evident from 
a comparison between fig. 3 of this work and fig. 4 of 

Staemmler's work that the potential energy surfaces 

reported here are substantially more anisotropic. At 
long range this is mainly due.to the larger quadrupole 

moment of our basis set compared to Staemmler's, 

again emphasizing the importance of electrical be-

haviour of the isolated subunits. In the region of the 
radial functions' minimumthe anisotropie radial 
function V2 , is in fact deeper, than the isotropic radial 

function V. in contrast with, Staemmler's result. The 
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Table 7 
H F/6-33 I + G ( 2d1) Legcndre expansions 

R(A) 	 V2 	 V4 	 V1  

1.400 432995 144150 60496 
.500 190728 291156 95869 30070 

1.750 56374 92801 31368 6705 
2.000 8623 19913 9127 1850 
2.250 -6053 -3737 1819 608 
2.500 -.8950 -9596 -398 190 
3.000 -6524 -8088 -845 -36 
3.500 -3813 -5076 -523 -48 
4.000 -2285 -3219 -302 -22 
5.000 -1022 -1539 -106 -17 
6.000 -600 -854 -47 -5.3 
8.000 -362 -343 -II -0.7 

10.000 -300 -169 -3.0 -0.1 

Zeroth order Legendre expansion; see text. 
bI All bond energies are in lx 10 6  au. 

Table 8 
MP4SDTQ/6-3 II + G(2d1) Legendre expansion 

R(A) 	I, 	 P'2 	 V. 	 V. 

1.400 287420 430228 138274 31322 
1.500 190356 292648 92878 27901 
1.750 56443 93323 30842 6294 
2.000 8629 19867 9443 1748 
2.250 -6280 -4323 2375 514 
2.500 -9341 -10533 84 180 
3.000 -6891 -9067 -636 -38 
3.500 -3962 -5802 -443 _49 
4.000 -2257 -3700 -266 -23 
5.000 -847 -1762 -98 -22 
6.000 -379 -986 -46 -7.1 
8.000 -116 -399 -II -0.9 

10.000 -47 -197 -2.9 -0.1 

Zeroth order Legendre expansion; see text. 
b  All bond energies are in lx 10 6  au. 

magnitude of-the anisotropic radial function V1  is also 
greater than that of the isotropic radial function V0  at 
short range, in agreement with Stacmmler's result, al-
though this behaviour is not unexpected, considering 
the N 2  bond distance is of the order of the inter-nu-

clear distance between the two sub-units. We can also 
see the Legendre expansion converges rapidly as a se-
ries in n, justifying truncating the series at n = 6. 

The improvements in the long-range potential en-
ergy surface reported here are supported by the total 

cross-section measurements of Gislason et al. [80). 

Gislason et al. have fitted their scattering data to an 
analytic expression for the deflection function, from 
which they have inferred an isotropic radial function, 
which they claim is valid over the range 2.9R 10.2 
bohr. Their isotropic radial function is compared to 
the one we have derived in table 9 and figs. 4 and 5. 
Excellent agreement at long range between our iso-
tropic radial function and the isotropic radial func-
tion derived by Gislason et al. for /t ? 7 bohrjustifies 
our choice of basis set and method in this region. Gis-
lason et al. have suggested that Staemmler's HF 
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5 a 

	1 	8 	8 

FR Thchr 
Fig. 3. The radial functions of Li-N,. The dashed lines represent calculations at the HF level of theory, and the solid lines represent 

calculations at the MI'4SDTQ level of theory for the radial funcl ions of the Legendre expansion. At short-range the curves represent in 

order of increasing repulsion, l' s , l's , V5. and I',. 

Table 9 
Critical points of the Legendre radial functions 

Critical points HF MF4SDTQ Staemmler's Gislason's Waldman's 

V. • (11 0) 3.9900 3.979 3.932 3.928 3.836 
• (av01aR=0) 4.759 4.773 4.764 4,793 4.535 
V(8l'0/OR=0) _OOO$?O -0.00936 -0.01187 -0.01166 -0.00802 
• (O' 1101W=0) 5.450 5.481 5.738 5.644 - 
I.,'  
• (V,=0) 4.120 4.109 4.209 - - 
• (aV,/OR=O) 4.990 5.002 5.024 - - 
V(av2/8R0) -0.01018 -0.01120 -0.00939 - - 
A (a'v,18R'=o) 5.620 5.640 5.585 -. - 
V4  
A (V4 =0) 4.581 4.759 - - - 
A (8r'4/OR=o) 5.294 5.457 - - - 
V (8V418R=p) -0.00095 -0.00066 - - - 
R (0' l',/OR'=O) 5.651 6.411 - - - 
V. 
A ( V6 -0) 5,348 5.534 - - - 
A (8v61OR=o) 6.211 6.189 - - - 
V(8V618A-0) -0.00005 -0.00006 - - - 
A (O'V61OR'=0) 6.996 6.942 - - - 

• t All bond distances in bohr, 
s All energies in au and relative to R=co 
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I 
2 	3 	4 	5 	6 	7 	8 	9 	tO 

H )bchr 
Fig. 4. The isotropic radial function of the Legendre expansion of Li 1 —N 2 . The + represent Staemmler's isotropic radial function. The 

shod dashed line represents calculations at the H  level of theory and the solid line represents the calculations at the MP4SDTQ level of 

theory. The long dashed line represents the isotropic radial function derived from Gislason's work. 

[•I 

I 
F 
3 

—2. 	 •1 

2.50 	235 	3.00 	325 	3.50 	3.75 	4.00 

H ,'bohr 

Fig. S. The short-range radial isotropic function of Li-1 ,1 2 . The tong dashed line represents the potential fitted by Kits et at. to 

V=exp( —caR). The short dashed line represents the isotropic radial function ofoislason et at. derived from scattering data. Both the 
HF and the MP4SDTQ levels of theory are represented by the upper solid tine. These two levels of theory are sufficiently close to be 

represented as one line in this region of the potential energy surface. The tower solid tine represents V 0  representing the correction for 

nuclear polarization at short-range. 

method "incorrectly obtains some covalent interac- 	basis set was responsible for the agreement between 

tion between the two particles in this region", how- 	experiment and theory. Waldman et at. [13] have 

ever our HF surface seems reasonable in this region 	used polarized electron-gas theory to calculate the 

and we have concluded that the improvement in the 	Lit—N, potential energy surface. Their results have 
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been included in table 9 for comparison. 
The well depth of the isotropic radial function is 

0.237 eV at the I-IF level of theory. This increases to 

0.255 eV with the inclusion of electron correlation at 

the MP4SDTQ level of theory. In the region about 

the well Gislason's isotropic radial function is ap-

proximately 20% deeper than the result reported here. 

This represents an absolute error of about 0.05 eV 

and is probably at the upper limit of the accuracy of 

our calculations. In order to estimate the error in 

treating the N, sub-unit as a rigid rotor, we have op-

timised the bond distance of the N, sub-unit with the 

value of R set at the well minima. This resulted in a 

lowering of energy of the minimum by 0.006 eV but 
is still in error by 18% when compared to Gislasons 

derived potential. We estimate that the well depth for 
this basis set is 0.261 eV when correcting for nuclear 

polarization [31). The effect of increasing the basis 

set size was also investigated by estimating the well 

depth with a 6-311 + 0 ( 3df) basis set, and we found 

the difference between the two potential energy sur-
faces to be less than the margin of error for these cal-

culations. Simpson [32] has experienced similar dis-

crepancies between ab initio potentials and the 

reported experimental values for spherically sym-

metric ions in inert gases. These discrepancies were 
treated by scaling the attractive part of the spheri-

cally symmetric potential to the experimentally re-

ported well depths, resulting in improved agreement 
between theoretically derived mobility curves and 

experimental mobility measurements. Staemmler's 

isotropic radial function closely matches Gislason's 

isotropic radial function in the region of the well, but 

our previous attempts to match this accuracy with 

atomic ion/atom systems with the I-IF method have 

shown that this agreement is fortuitous. 

At short range we have compared the isotropic ra-

dial functioosfor R3.75 bohr in fig. 5. Kita et al. 

[4] have made total scattering cross-section mea-

surements of the Lie-N, system in this energy range 

and fitted their scattering results to a function of the 

form V(R) =A exp( -aR). This potential is plotted 

in fig. 5, along with Staemniler's ab initio points and 

Cislason's scattering results (which are extrapolated 

slightly beyond the range of reported validity). Gis-
lason ci al. have commented that the results of ICita 

et al. 14  "agree very well" with their own in this en-

ergy range. However Kita et at. appears to have over- 

estimated the range of R for which his functional po-

tential is valid and both Gislason's isotropic radial 

function and the isotropic radial functions reported 
here start to depart substantially from the function 

fitted by Kita et al. in the lower energy region of this 

energy range. The derivatives of the logarithms of the 

isotropic radial functions of ourresults and those of 

Oislason et al. are in excellent agreement. However 

the absolute values differed by an amount that is rea-

sonably constant, suggesting that similar exponents 

would result when attempting to lit a potential of the 

form used by Kita et al. 

We have used Billing's fitted procedure [21 and 

analytic expression [6], to fit our FIF/6-

311 + 0 ( 2df) potential energy surface. Using 35 

chosen points and minimizing the error using Powell's 
method [33] in an identical manner to Billing, and 

using his parameters as starting values we have man-

aged to reduce the fitting error to 4.5%. Further im-

provement resulted when using the values of the long-

range multipole moments reported here as starting 

parameters. Replacing the quadrupole and hexade-
capole moments with the values listed in table 1, and 

then minimizing again resulted in an error of only 

2.1%. This is an improvement on Billing's attempt to 

fit Staemmler's HT surface when an error of 6.7% re-

sulted. The optimised parameters are listed in table 

10. 
We have optimised the N, bond distance at short 

Li '-N, distances to cheek if nuclear polarization is 

important. Gislason [31] has commented that the 

nuclear contribution to long-range polarization ef-

fects is negligible, or nearly so, for small molecules 

such as N, and CO. However, with the approach of 

the Li' ion at short-range we should expect to see sig-

nificant perturbation of the N, internuclear distance 

away from its equilibrium position and correspond-

ing changes to the potential energy surface. Re-opti- 

Table 10 
Fitted Billing's potential parameters 

2.0626 B. -0.1322 

A0 0.7197 B,,, -86.7854 

A, 2.0012 a 9.9682 

A. 100.88 Q -0.8110 
A,,, 250.37 II -7.5793 
A. 48.046 1 (ce,-a 1 ) 4.7821 

0 1  All parameters in au 
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inizing the bond length of the N 2  species with the Li 

ion species at R=2.75 bohr with angles 0=0°, 45°, 

90°, has resulted in absolute bond distance changes 

to r of —0.221, — 0.062, and +0.005 bobs, respec-

tively, at the HF level of theory. Associated with these 

changes in bond distances are decreases in energy 

when comparing the optimized bond distance values 
with the corresponding value obtained when the bond 

distance of the N 2  molecule was fixed to its equilib-

rium distance. The energy is lowered by 2.603, 0.119, 
and 0.001 eV at the HF level of theory and 1.609, 

0.034 and 0.021 eV at the MP4SDTQ level of theory 

for the angles 9=0°, 45°, and 90 °  respectively. A 

pronounced decrease in the bond length (10%) oc-

curs in the linear arrangement and a slight increase 
occurs in the perpendiculararrangement for R=2.75 

bohr. These results are in accord with those de-

scribed by Staemmler. The decrease in the absolute 

energy from optimizing the N 2  internuclear distance 

for the U 4  ion at short-range appears to be over-es-

timated at the HF level of theory. A large part of this 

over-estimation is probably related to the failure of 
the HF approximation to provide accurate force con-

stants. We have examined the likely changes to the 

Legendre expansion functions due to nuclear polari-

zation. Using eq. (5) to transform these changes to 

the potential energy surface at R=2.75 bohr has re- 

suited in a lowering of energy to the radial functions. 

The energy is lowered by 0.374, 0.448, and 0.579 eV 

at the HF level of theory and by 0.195, 0.050, and 

0.449 eV at the MP4SDTQ level of theory for the ra-

dial functions V0, V2 , and V4 , respectively. To ac-

count for the effect of nuclear polarization on the Le-
gendre radial functions we have fitted an analytic 

function of the form of eq. (7) to correct the rigid 

rotor surface, 

Ver.nVnVnp.n, 	 (6) 

V,,,,= (1/,, —  V0 ,,,,) expj — a(R — r8)J - 	 (7) 

We have calculated the correction for nuclear po-

larization at r,,,=2.75 bohr, and we have approxi-

mated a with that reported by Kita et al. [4](2.127 

bohr') for the radial functions V0, V2 , and V., be-

cause log-linear plots of the potential as a function of 

R reveal similar slopes (see fig. 6). We have not at-

tempted to theoretically justify this analytic form. 

However, this function is in accord with Staemmlers 
description of nuclear polarization at short range, is 

physically reasonable, and is exact at R=2.75 bohr. 
With this expression we have avoided expensive cal-

culations optimizing r as a function of R and 0. The 

values of I',,— V,,,,,,, are given in table II, and V~ Mo is 

plotted in fig. 5. Comparing the isotropic radial func- 

I 

3 

2.50 	2-75 	am 

R /behr 

Fig 6. The short-range radial functions F4 I', and V2  of Li +N 2  in order of increasing repulsion. The solid tines represent the rigid 

rotor radial functions. The short dashed lines represent the corrections for nuclear polarization. Note that the gradients of the radial 

functions are similar as B =2.75 bohr. 
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Table II 
Parameters to correct for nuclear polarization 

HI' 	 MP4SDQ 	MP4SDTQ 

I'o" V,,,.j 	0.01375'' 	0.00751 	0.00716 
t'-V,,,, 2 	0.01646 	0,00512 	0,00183 
I'4 V,114 	0.02128 	0.01745 	0,01648 

All parameters in au. 

tion which has been corrected for nuclear polariza-

tion with the experimentally derived isotropic radial 

function of Gislason shows improved agreement at 

short range. Our corrections for nuclear polarization 

have only slightly perturbed the values of the critical 

points listed in tables 6 and 9. The relative features 

have all remained similar to the uncorrected poten-

tial energy surface and the most significant differ-

ences appear at short range. 

Estimation of the basis set superposition error 

(BSSE) by counterpoise correction has been exam-

ined for a few points on the potential energy surface. 

Previous experience with atomic-ion-atom systems 

has shown these effects on the potential energy sur-

face to be comparatively small in the area about the 

well, and even less significant elsewhere. To fully cal-

culate the BSSE by counterpoise correction for the 

entire potential energy surface is prohibitively ex-

pensive and we estimate that the correction would 

decrease the well depth of the isotropic radial func-

tion by less than 10%. Similar absolute corrections 

would result :for I', and V4 . 

5. Conclusion 

We have reported ab initio calculations for the po-

tential energy surface for the the LV-N, interaction 

at the HF and MP4SDTQ levels of theory with a 6-
311 +G(2df) basis set. We have selected our basis 

set.and method to optimize agreement between the 

calculated and experimental electrical properties of 
the isolated sub-units. The calculated quadrupole 

moment, perpendicular and parallel polarizabilities 

for the N, sub-unit differ from the experimentally re-

ported values by 5.8%, 15.9%, and 4.6%, respec-

tively. The long-range interaction of the Li-N, sys-

tem agrees well with the isotropic radial function 

derived from total scattering cross-sections reported  

by Gislason et al. [10). The isotropic radial function 

has a well depth of 0.256 eV at 4.805 bohr at the 

MP4SDTQ level of theory. This is 19.4% less deep 

than Gislason's result. The short-range isotropic ra-

dial function corresponds well with Gislason's de-

rived isotropic radial function although our values are 

more repulsive. This is explained to some extent by 

re-optimizing the N, bond length on approach of the 
Li 4  ion. The following paper tests the potential en-

ergy surface reported here by comparing transport 

coefficients calculated from it with the experimental 

values for Li"-N,. 
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Application of the Thermal Conduction Model to Rotational 
Relaxation in Molecular Beams 

Brett FL Cameron and Peter W. Harland 
Chemistry Department, University of Canterbury, Christchurch, New Zealand 

A simple approach to the estimation of rotational relaxation times and collision numbers In supersonic expan-
sions based on the use of the thermal conduction model Is presented. Expressions are derived for the calcu-
lation of these quantities and relaxation times are calculated as a function of mean kinetic temperature and axial 

distance from the nozzle exit for the homonuclear diatomic species Ii,, N i , 0, and Cl, 

un til rec ently, supersonic or nozzle noIre,, in r he:, 0 so 'trees 

have been the exclusive domain of (lie molecular dynaniicist. 
Once it was recognised that these devices provided a new 
technique for the generation of cooled molecules through 
seeding, such sources became a valuable tool in the study of 
the spectroscopy of polyatomic molecules" and for the 
study of ion—molecule chemistry at low temperatures. Experi-
ments such as these which are designed to measure quantitat-
ive parameters in molecular beams rely on a knowledge of 
the beam density, collision frequency and temperature of the 
species involved as a function of distance from the nozzle exit. 
The thermal conduction model and the extensions described 
in this paper provide a convenient means by which these 
properties may be estimated. Such parameters cannot be rou-
tinely measured in the laboratory and rigorous solution of 
the Boltzmann equation results in expressions which cannot 

be easily applied. 
The translational temperature of a molecular gas under-

going a supersonic expansion may decrease so rapidly that 
the rotational degrees of freedom of a molecule do not have 
sufficient time to relax completely.' It is these relaxation lags 

which are observed experimentally in the form of a difference 
between the terminal rotational temperature and the terminal 
parallel translational temperature of a supersonic molecular 
beam. An analysis of these rotational relaxation lags is useful 
for the study of energy-transfer processes between rotational 
and translation degràes of freedom and for the prediction of 
the internal states of molecules in molecular beams produced 
by supersonic expansion techniques. It would, for example, 
be desirable to be able to predict with some degree of accu-
racy the final distribption of rotational states of symmetric-
top molecules used in molecular beam experiments 
employing a supersonic nozzle source in association with an 

upper Stark state selector.' 
A number of workers have analysed the relaxation kinetics 

in supersonic expansions on the basis of the so-called 
Landau—Teller model' with the inherent assumption that the 
characteristic bulk rotational relaxation rate is approximately 
constant throughout the entire duration of the expansion. On 
the basis of experitentaI results this assumption is quite 

clearly incorrect, 6  Consequently, for any theoretical model to 
describe realistically the relaxation kinetics of supersonic 
expansions it must allow for the variation of the rotational 
relaxation time as a function of both the mean translational 
temperature and the rotational temperature. We show here 
that the thermal conduction model may be used to provide 
the required functionality in both a straightforward and reli-

able manner. 

Theoretical Considerations 

The differential equation used to describe the rate of change 
of the rotational temperature as a function of distance in our 

,itl:tptalion of the thermal conduction model has much in 
common with the following expression which has been fre-

quently used for many years' to describe rotational relax-
ation phenomena: 

(I) 

In this equation, r, is the mean rotational relaxation time, Tr  
is the rotational temperature at time t and 7,, is the mean 
equilibrium temperature of the translational reservoir. Eqn. 
(I) has generally been applied to the analysis of bulk systems 
under thermodynamic equilibrium and has proved somewhat 
difficult to justify at the molecular level. Gallagher and Fenn' 
recognised, however, that the evolution of a distinctrota-
tionat temperature in a supersonic expansion is essentially a 
relaxation process having much in common with such bulk 
equilibrium processes. Comparing eqn. (I) with eqn. (4c) of 

ref. 3, which describes the change in rotational temperature 
as a function of reduced distance along the expansion axis, it 
can be shown that the expression for the inverse rotational 
relaxation time according to the thermal conduction model is 

	

3~ fl 	 (T116 

= a - p(7, T11 , 7;gj;- 	; 	(2) 

16 	
P(71, T11 , TO 

IS R 

(

2kTh" ( 
C6 

M  / 
c 2. 4j.f)

1/ 3 
 c,, 2.99 (3) 

where n(z) is the number density at distance z from the nozzle 

exit,' u is the mean flow velocity of the molecular beam and 
2 is the source parameter." ihe coefficient fi is given by the 

expression 

) 9( R 

- F l6R + I 

with F 0,5813 for the C. potential, and is the rotational-
translational coupling parameter, introduced by Klots' to 
represent the fraction of inelastic collisions experienced by a 
molecule. Note that eqic. (3) is applicable only to the evalu-
ation of rotational relaxation times in an expanding jet, and 
that it is valid only at distances from the nozzle exit greater 

than or equal to the boundary condition value, 2e'  The func-

tion p(T1 , T11  , 7) in eqn. (2) and (3) has the following form: 

p(T 7 7") 
= [R + s)r 	- 2T1  - RTT]" 

(4) 
(R + 5)T,, 

and must be evaluated using our variant of the thermal con- 

duction model. In this expression To  is the source tem- 

	

perature, T1  and 	are the translational temperature 
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Cofll po flea ts perpendicular and parallel to the beam axis, 
respectively, and R is the number of rotational degrees of 
freedom of the molecule. 

The expression for the rotational relaxation time given in 
eqn. (3) is similar in form to eqn. (26) of ref. 10 derived by 
Rn nden iya and Staid,, hut with one important difference. In 
contrast to the exiression derived by them, eqn. (3) accounts 
for the dependence of the rotational relaxation time on the 
translational and the rotational temperature of the system. 
The expression used by Randeniya and Smith, includes only 
one temperature variable and essentially assumes that the 
function p(T1 , T11  , 7;) is a constant value. They go to con-
siderable lengths to derive a set of moment equations from 
the generalized Boltzmann equation to predict the properties 
of a supersonic expansion and criticise the thermal conduc-
tion model for its failure to account properly for the total 
energy of the expanding jet as a result of fixing the flow 
velocity of the beam at its thermodynamic limiting value at 
all points in the expansion. Subsequent to Randeniya and 
Smith's publication, we introduced the function P(k,  711 , T,)' 
as a simple and effective means of incorporating a variable 
flow velocity into the thermal conduction model using basic 
conservation of energy principles. While it is true that p(Tj , 

7;) rapidly tends to a constant value for most systems, it 
is by no means independent of temperature. In assuming a 
constant function for P(TJ , 1j , 7), RaT,deniya and Smith 
have effectively incorporated into their model the point of 
their criticism regarding the thermal conduction model. 

From eqn. (3) it follows that the inverse rotational collision 
number is given by the expression 

Z' J. 	.L3 p( T1 , 7, 7;)' 	 (5) 

which, like eqn. (3), is also a function of both the translational 
and rotational temperature of the expanding jet. In the 
approach adopted by Randeniya and Smith this quantity is 
assumed to be a constant value, independent of the rotational 
and translational energy of the system during the course of 
the expansion. The rotational collision number is defined as 
the product of the rotational relaxation time and the mean 
collision frequency. The collision number is therefore inde-
pendent of pressure and dependent only upon 7;, T. and the 
degree of non-equilibrium between the translational and 
rotational modes of the molecule. 

The distribution of rotational energies of molecules in an 
expanding jet may exhibit distinctly non-Boltzmann charac-
ter." Although the thermal conduction model andthe 
approach used by Randeniya and Smith to describe the 
expansion process freely use the term rotational temperature, 
this does not imply that a unique rotational temperature and, 
by inference, a well defined rotational-state distribution exist 
in an expanding jet.' The rotational temperature is merely a 
convenient short-hand notation used to describe the average 
rotational energy of the system. 

Note that the approach described here represents only a 
list-order approximation of the rotational relaxation process 
in molecular beams and will become progressively less accu-
rate with increasing distance from the nozzle exit. The inclu-
sion of higher-order terms in the rate expression would 
require a knowledge of the exact state-to-state cross-sections 
for the rotational to translational energy transfer process. A 
complete evaluation of the differential cross-sections as a 
function of scattering angle and initial relative velocity would 
be necessary to evaluate the relaxation time properly. The use 
of full-scale trajectory calculations for the evaluation of such 
detailed information is currently being pursued for the case of 
atomic-homonuclear diatomic systems. The application of a  

simple direct-simulation Monte Carlo algorithm to the calcu-
lation of rotational relaxation data for larger non-polar poly-
atomic systems is also being investigated. The method 
described here is not applicable to polar molecules for which 
the interaction potential is decidedly non-spherical. 

Results and Discussion 

Rotational relaxation times calculated using eqn. (3) for the 
homonuclear diatomic species N 2 , 02, Cl. and H. are 
plotted in Fig. I as a function of the mean kinetic tem-
perature, 7;,,, and in Fig. 2 as a function of axial distance 
expressed in nozzle diameters. All data were calculated for a 

U 	10 eu 30 40 bO do (0 dO 90 

mean kinetic temperature/K 

rig. I ft.,i atonal relaxation limes as a function of mean kinetic 
temperature for (—) N,,  (---) 0 21 (_ . - -) Cl, and (--) 14, cal-
culated for a source pressure of I am at 300 K 
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Fig. 2 Rotational relaxation times as a function of distance from 
the nozzle exit for N 1 , O,.Cl, and 14, (key to lines at for Fig. I) 
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Table I Rotational-translational coupling parameters used for the 
calculation of relaxation times and collision numbers 

system 

H, 	 0.015 
N, 	 0.39 
0 2 	 0.4! 
Cl, 	 0.58 

source pressure of I star at a temperature of 300 K and a 
nozzle diameter of 7 x 10 - ' us. The values of the rotational'-
translational coupling parameters, , used for these calcu-
lations are given in Table I. The Lennard-Jones C6  potential 

parameters were taken from ref. 12. The values of for H,, 

N, and 02 were taken from ref. 3 while the value of 0.58 for 
Cl, was estimated from the experimental data of ref. 13 using 
an iterative Monte Carlo procedure in which it is assumed 
that the amount of energy transferred between the rotational 
and translational degrees of freedom of each molecule in a 
binary collision is equal to a constant fraction multiplied by 
the difference in energy between the rotational and trans-
lational modes. The value of the constant fraction is varied in 
an iterative manner such that the calculated rotational relax-
ation time converges to the specified experimental figure. It 
can be shown that this fraction is, to a good approximation, 
directly proportional to ' Given suitably reliable experi-
mental rotational relaxation data, this technique provides a 
useful approach to estimating for any system. A comment 
should be made regarding the observation that the values of 

given by Randeniya and Smith' °  are approximately a 

factor of two smaller than those presented here in Table I. 
This difference is essentially due to the implicit inclusion of 
the number of rotational degrees of freedom in the values 
stated by Randeniya and Smith. 

The variation of rotational collision number as a function 
of distance from the nozzle exit is illustrated for the species 
considered in Fig. 3. It can be seen that the absolute change 
in rotational collision number during the course of the 
expansion is small but significant. For all the systems con-
sidered, the collision number is observed to decrease slightly 

4.2 
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3.2 

30 
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2.4 

2.2 

2.0 

1.8 - - 	 -- 

100 	10' 	102 

distance (nozzle diameters) 

during the expansion and then become essentially constant as 
the rotational and parallel translational temperature com-
ponents begin to freeze out. The rotational collision number 
represents the average number of collisions required for a 
molecule to establish equilibrium between its rotational and 
translational degrees of freedom. As the rotational and paral-
lel translational temperature components of the expandingjet 
freeze out, so too will the rotational collision number. It is, of 
course, true that the perpendicular component of the trans-
lational temperature does not freeze out but rather continues 
to decrease towards zero with increasing distance from the 
nozzle exit. However, the perpendicular temperature is so 
small compared with the parallel temperature at the point in 
the expansion where the parallel component becomes frozen 
that its effect on the collision number will be quite negligible 
beyond that point. 

The behaviour of the N,, 0, and Cl, systems is quite 
similar, with the rotational collision numbers becoming 
almost constant at approximately the same point within the 
expansion. Rotational relaxation in H 2  is a far less efficient 
process with the rotational temperature becoming frozen 
relatively early in the expansion, close to the nozzle exit 
where the number density is still high. This is clearly illus-
trated in Fig. 4, which shows the variation of rotational tem-
perature as a function of axial distance expressed in terms of 
nozzle diameters for the species considered here. As can be 
seen, the rotational temperature of H, drops by only a factor 
of 2 and attains its terminal value after just a few nozzle 
diameters while the rotational temperatures of the other 
species continue to drop well into the expansion. By defini-
tion, represents the fraction of inelastic collisions experi-
enced by a molecule, indicating that only one in about every 
67 collisions between hydrogen molecules leads to an 
exchange of energy between rotational and translational 
modes. The magnitude of the, rotational collision number is 
largely determined by the value of the rotational-
translational coupling parameter , which may be considered 
to represent a measure of the efficiency of rotational to trans-

lational energy transfer. 
Unfortunately, it is difficult to compare the data shown in 

Fig. 1-3 with most other studies of rotational relaxation in 

a4. 	 (b) 

132 

130 

128 

126 

.124 
N 

122 

120 

= 118 
c 
.2 116 

114 

112 

110 

108 

106 

104 

102 
100 	 los 	102 

distance (nozzle diameters) 

Fig. 3 Rotational collision numbers as a function of distance from the nozzle exit for (a) N,, 0, and Cl, (key to lines as for Fig. I), and (b) H2 
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Table 2 Values of the parameter A in eqn. (6) calculated for P, = 
sin, stud h = 300 K 

system 	 .4mg m' s' K' 

a, 
2 

'a 
a, 

E 
a, 

'a 
C 
0 

0 

distance (nozzle diameters) 

Fig. 4 Rotational temperatures as a function of distance from the 
nozzle exit for (----) N,, (-' - -) 0 2  (---) Cl, and (—) H, 

:molecular beams. The accuracy of results presented in many 
papers which discuss the calculation of relaxation times and 
collision numbers in molecular beams is uncertain. While the 
majority of such papers generally employ sophisticated and 
reliable models to calculate the relaxation times, the expan-
sion process is often described in a very simple manner using 
basic isentropic flow relations to evaluate the axial number 
density and translational temperature - of the molecular 
beam.' Such relations do not provide an accurate description 
of the expansion process and, as a consequence, rotational 
relaxation tunes calculated using number densities and trans-
lational temperatures determined in such a banner cannot be 
considered reliable. 

The collision numbers presented in Fig. 3 for N, and 0, 
close to the nozzle exit where the translational temperature of 
the gas is not greatly different from that of the source, are in 
good agreement with the calculations of Parker" and the 

experimental results of Sessler' 6  and Greenspan." The varia-

tion of Z r  with axial distance for N, is in qualitative agree-
ment with the experimental results of Paulsen and Miller' s  
for supersonic expansions of nitrogen-argon mixturcs. The 
rotational collision numbers calculated for Cl, appear slight-
ly high compared with the results of ref. 19 and 20, but are in 
reasonable agreement with Parker's results. The experimental 
data used to estimate for Cl, were obtained from observa-
tions of shock front thickness and may not be entirely applic-
able to the molecular beam environment." Experimental and 
theoretical studies indicate that rotational relaxation in Cl, is 
a very efficient process and the value for e of 0.58 may be 
somewhat conservative. 

Studies for II, have generally been performed at higher 
temperatures than those considered here. The experimental 

data of Gallagher and Fenn' for H. extend only down to 77 
K and the master equation calculations of Rabitz and Lam 21 

down to ca. 100 K. la both cases the calculated rotational 
collision numbers are considerably higher than those that 
might be expected front extrapolation of the data shown in 
Fig. 3 for H, to higher temperatures. The results of Gallagher 
and Fenn suggest that the value of the rotational-
translational coupling parameter for U, should possibly by 
closer to half the value stated in Table t. The value of 0.015 
was determined by comparing values of the terminal parallel 

H, 	 1.45 x lO 
N, 	 6.97 x la_c 
0 2 	 5.81 x 10-6 

Cl, 	 2.83 ,< 10-6 

translational temperature of the molecular beam calculated 
using the thermal conduction model with terminal tem-
peratures measured by standard time-of-flight techniques.' 
While it may be argued that the resolution of such techniques 
is insufficient to measure accurately the extremely narrow 
speed distribution of hydrogen, considerable care was taken 
to ensure that all possible sources of distortion to the time-of-
flight signal were either eliminated or properly taken into 
account, and we are confident that our value of for H, is 
accurate to within ± 10%. It is hoped that work currently 
being pursued using a higher level of theory will help to 
clarify this situation. 

It is evident from Fig. 2 that log-log plots of rotational 
relaxation time vs. axial distance are distinctly linear. Fitting 
these curves to a straight line yielded a linear least-squares 
correlation coefficient of better than 0.99 in all cases. To a 
good approximation, the rotational relaxation time may 
therefore be calculated as a function of axial distance for any 
set of source conditions using the following expression: 

	

t = ATO /z' 
	z 	( l\'111p \t/2 

	

de 	>) (i) 	
(6) 

where z is the distance from the nozzle along the beam axis, 
d0  is the nozzle diameter, P0  and T. are the source pressure 
and temperature, respectively, and A is a fitting parameter 
which is approximately constant over a moderate range of P a  
and 75 . The restriction imposed on the minimum value of z is 
relatively insignificant, corresponding to only a fraction of a 
nozzle diameter under most conditions. Values of A for the 
species considered in this paper based on a source pressure of 
I atmj' and temperature of 300 K are given in Table 2. 
Further calculations at several sets of source conditions indi-
cate that A is a weak function of P0  and 70 , being inversely 
proportional to both quantities, but more sensitive to 
changes in the latter. For example, calculations for N, reveal 
that A changes by only 1% as a result of increasing P0  from I 
aim to 2 aim, while increasing by a factor of two reduces 
the value of A given in Table 2, by ca. 5%. Eqn. (6) should be 
applied with some care and used as a guide only. It simply 
represents a convenient means of roughly estimating rota-
tional relaxation times without the need for solving the differ-
ential equations used by the thermal conduction model to 
describe the expansion process. 

Conclusion 

This paper describes a relatively simple approach to the esti-
mation of rotational relaxation times and collision numbers 
for non-polar molecules in a supersonic expansion based on 
the thermal conduction model. Results for the species con-
sidered are in general agreement with those of similar studies, 
giving us some confidence in the derived expressions for the 
rotational relaxation time and the rotational collision 
number. The use of the derived expressions requires the com-
plete solution of the thermal conduction model. The empiri- 

I aim 101325 Pa. 
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cal expression given by eqn. (6) was obtained from analysis of 

calculated relaxation time data as a function of axial distance 

and may be used to estimate relaxation times for any set of 

source conditions. The method described in this paper is not 

restricted to dintontic species and may easily be applied to 

simple non-polar polyatomic molecules such as CO, and 

CH, calculations for these and oilier species are currently 

being pursued. 
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Monte Carlo Calculation of Rotational Relaxation in Small Molecules 

Brett R. Cameron and Peter W. Harland 
Chemistry Department, University of Canterbury, Christchurch, New Zealand 

The application of a direct simulation Monte Carlo procedure to the Investigation of rotational relaxation in 
homogeneous gases is described in which the rotational-translational energy transfer is assumed to be related 
to the fraction of inelastic collisions in terms of a rotational-translational coupling parameter. The energy depen-
dence of the coupling parameter Is Investigated for the homonuclear diatomic molecules H2 , N2 , 03  and 012 , 

and for the polyatomic species CO, OCS, NH 3 , OH 4 , CH 3CI and C 2H4 . Rotational collision numbers are calcu-
lated for these molecules and the energy-dependent coupling parameter Is used in thermal conduction model 
calculations to investigate the breakdown of translational and rotational equilibrium in supersonic expansions of 
CO, OCS and CH 3CI. 

The exchange of energy between translational and internal 
degrees of freedom in molecular collisions plays an important 
role in molecular processes, and has been a,, area of consider-
able theoretical and experimental interest for many years. 
The mechanism of rotational-translational energy transfer 
has not received as much attention as vibrational-
translational transfer, due to the greater influence of the latter 
process on the kinetics of chemical reactions. The study of 
rotational-translational energy transfer and rotational relax-
ation processes of molecules in supersonic expansions is, 
however, of particular interest for several reasons. The low 
collision energies attainable in supersonic expansions provide 
a unique environment which is ideally suited to the synthesis 
of weakly bound van der Wants clusters and the spectroscopy 
of complex molecules. From a spectroscopic point of view, it 
would therefore be highly desirable to be able to predict with 
some degree of accuracy the populations of individual rota-
tional energy levels for molecules at any location within the 
expanding jet, while in general, there is the hope that an 
improved understanding of both rotational relaxation pheno-
mena and the expansion process itself may be gained from 
such studies. 

In previous papers, - we examined the rotational relax-
ation of the honionuclear diatomic species i-i,, N,, 02  and 
Cl, in a supersonic expansion on the basis of the thermal 
conduction model.' 3  In this paper, we present some initial 
calculations of rotational relaxation Limes and collision 

numbers using a direct simulationMonte Carlo procedure in 
which the exchange of energy between the rotational and 
translational degrees of freedom is assumed to be simply 
related to the fraction of inelastic collisions experienced by a 
molecule at a particular energy in terms of Klots rotational-
translational coupling parameter. 3  The energy dependence of 
the rotational-translational coupling parameter is investi-

gated for the homonuclear diatomic species stated above, and 
for the polyatomie molecules CO,. OCS, NH 3 , CH, CH 3 CI 

and C,H 4  using available experimental and theoretical data. 
The rotational and translational energy dependence of rota-
tional relaxation times is examined for these species and the 
energy-dependent coupling parameter is incorporated into 
the thermal conduction model to investigate the breakdown 
of rotational and translational equilibrium in supersonic 
expansions of CO,, OCS and CH 3 CI. 

Relaxation Model 

A number of classical dynamical and statistical theories have 
been developed for the investigation of relaxation phenomena 
in molecules of varying size and complexity. Dynamical cal-
culations are generally observed to produce results which 

differ considerably from those obtained using statistical theo-
ries, with the latter often badly overestimating the average 
energy changes in a collision. The use of full-scale dynamical 
trajectory calculations is generally considered to be the most 
reliable means of investigating energy transfer or relaxation 
processes in a classical mechanical manner. 4  In order for the 
full potential of such methods to be realised, however, it is 
necessary to have detailed information describing the entire 
potential surface for the collision system of interest. Lack of 
suitable potential-energy surface data for many systems of 
interest coupled with the computational difficulties and time 
overhead associated with the use of such surfaces in full-scale 
three-dimensional trajectory calculations of relaxation times 
is sufficient to justify recourse to a phenomenological 
approach to the problem. The approach adopted in this 
paper makes use of the direct simulation Monte Carlo 
method and available relaxation data to predict rotational 
relaxation times under any set of conditions. 

The direct simulation Monte Carlo method is a technique 
specifically devised for the computer modelling of complex 
gas flow phenomena. Flows are modelled by storing the 
velocity components and spatial coordinates of a representa-
tive population of simulated molecules and allowing these 
molecules to collide and move in accordance with their physi-
cal properties. The crux of the direct simulation Monte Carlo 
technique is the manner in which molecular motion and 
intermolecular collisions are uncoupled. Simulations of this 
type essentially proceed by uncoupling molecular motion and 
intermolecular collisions over some time interval Mm  such 
that Mm  is small compared to the inverse of the mean colli-
sion frequency. At time z all molecules are allowed to move 
freely over the time interval Ai m  and collisions appropriate to 
this time-span are then calculated by fixing the molecular 
positions. 

The computation of a set of representative collisions is of 
crucial importance in the direct simulation Monte Carlo 
method. The total number of collisions N, occurring in a 
uniform homogeneous gas during the time interval At,,, is 
given by the expression 

N, = Nm nAt maer 	 (I) 

where N. is the total number of simulated molecules present 
in the flow at time I, it is the number density and c is the 
collision cross-section for a collision pair moving with rela-
tive speed Cr . The symmetry factor 1/2 is included in eqn. (I) 
as there are two molecules whose properties are recalculated 
after each collision. If the number of collisions calculated 
over Ar,,, is Nm12 , then all of the N,,, simulated molecules will 
have experienced a change of state. 
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The product Wc, in eqn. (1) represents the mean collision 
rate per unit density. The evaluation of this quantity will he 

time consuming, particularly if N,, is large, as is usually the 
case. To negate this problem in the direct simulation Monte 
Carlo met hod each collision is given collision lifetime At, 

determined by the expression 

St, = .- (aced (2) 

and collisions are then calculated until the sum of the colli-
sion lifetimes equals or just exceeds the value of Si,,,. Colli-
sion pairs are chosen by application of the acceptance-
rejection method' with probability proportional to cc, and 
both molecules have their velocity components recalculated 
according to the conservation of energy and momentum. 

Since its inception there has been some concern that the 
direct-simulation Monte Carlo method does not provide a 
solution to the Boltzmann equation. The method has been 
shown to produce results consistent with the Boltzmann 
equation, but equivalence has not been proved. The tech-
nique was developed from the point of view of simulating real 
gas flows rather than for [lie cx p1 ici t purpose of solving the 
Boltzmann equation. The method is simple to apply to a par-
ticular problem and conceptually straightforward. It is com-
putationally more efficient than other similar simulation 

schemes 6 ' and has been demonstrated by Birds 9  and 

others" to give excellent results when applied to a wide 
range of complex gas-flow problems. 

The devised simulation is based on the energy sink model 

proposed by Bird,' 1 .12  and associates a single variable rep-
resenting the total rotational energy summed over all rota-
tional degrees of freedom with each simulated molecule. In a 
collision, the value of this variable is compared for each colli-
sion partner with the relative translational energy of the colli-
sion. If the rotational energy is not equal to the relative 
translational energy, a fraction of the energy difference is 
transferred between the rotational and translational modes in 
the direction which more nearly satisfies equilibrium accord-

ing to the equation" 

F,, = F,,1  + /'H )(k s  T, - 3 6E,,) 	(3) 

where F, , and F,, are the initial and final relative trans-

lational energies, respectively, 9P is the number of rotational 
degrees of freedom, i is the effective rotational temperature, 
and is the rotational-translational coupling parameter. The 
rotational-translati9nal coupling parameter was introduced 

by Klots 3  as a means of incorporating rotational degrees of 
freedom into the thermal conduction model used for investi-
gating the breakdown of equilibrium in supersonic expan-

sions," 3  and represents the fraction of collisions in which 

energy is transferred between the rotational and translational 
degrees of freedom of the colliding molecules. 

As stated by Klots, 3  the assumption that the rotational 

relaxation process can be properly described by a single value 
of the coupling parameter, independent of all other collision 
parameters, is somewhat naive and open to improvement. As 

represents the fraction of inelastic collisions experienced by 
a molecule, it seems reasonable to assume that it will be pro-
portional to the mean collision cross-section, and we there-
fore suggest that may be suitably approximated by an 

expression of the form 

=  , 	
{o5 &Ca' 

	
(4) 

I 	otherwise 

where a is the mean collision cross-section and a is a con- 
stant scaling parameter for a particular collision system. 

According to the definition that represents the fraction of 
inelastic collisions experienced by a molecule, it is required 
that 0 C C I, and we assume that for energies below which 

5 > a -  1 , the coupling parameter is exactly equal to unity. In 
order to easily incorporate the functionality of suggested by 
eqn. (4) into the thermal conduction model, we fit calculated 
values of to an expression of the form 

= 1= (m) ,  T.—># -,    
 

I 	otherwise 

where a and if are fitting parameters and T. is the mean 

kinetic temperature. Collision cross-sections are often 
approximated by functions of the form T,, and, in fact, the 

thermal conduction model using an attractive C. interaction 
potential, inherently uses collision cross-sections proportional 

to T_-  ". 

Computational Procedure 

The Monte Carlo procedure for the calculation of rotational 
relaxation times is primed with the initial temperatures of the 
rotational and translational reservoirs, the initial pressure of 
the system, a tabulated interaction potential, the molecular 
mass of the gas, the cross-section scaling parameter a, the 
number of rotational degrees of freedom, and a value 
specifying the time interval St,,, at which the rotational and 
translational temperatures are to be sampled. The total 
number of sampling intervals is fixed at a value of 100. 

The tabulated interaction potential consisted of up to 100 
points, generally taken at regular intervals along the potential 
curve, and over a suitably wide range to ensure that little or 
no extrapolation of the supplied data was required. Cubic 
spline interpolation was then used to evaluate the inter-
action potential at any intermolecular separation from the 
supplied list of points. Extrapolation of the supplied potential 
data with the correct behaviour at large and small intermo-
lecular separations was performed when necessary by fitting 
inverse power functions to each end of the interpolating func-
tion such that 

Cl 
-j+e 2 ; 0<r<-r, 

 

(r 

C3 
i, C r < co - 

where C,, c 2 , r 3  and c4  are fitting parameters, and r, is the 
smallest and r, the largest tabulated intermolecular separa-
tion. Values of the exponents p and q were generally chosen 
to be 12 and 6, respectively. Using a tabulated interaction 
potential in this way places no functional restrictions on the 
form of the potential and allows listed data to be taken 
directly from the literature if required. This method was used 
with considerable success by Simpson in al. to model accu-
rately ion mobilities in helium using interaction potentials 
calculated at as few as 12 intermolecular separations." - " A 

similar approach has been adopted by Viehland and 
Mason," who used the somewhat more sophisticated 
method of Lagrange interpolation to calculate I'(r), although 
there appears to be little difference in terms of the results 
obtained using either interpolation scheme. The various 
advantages and disadvantages of these and other methods of 
interpolation are discussed in detail by Press et al.' 9  

The number N. of simulated molecules was set at 4096 for 
all of the calculations presented in this paper. In general, 
there is a square-law relationship between the error associ-
ated with an answer and the number of observations used in 
the determination of the answer in a Monte Carlo calcu-
lation. To reduce the error by a factor of k, it is therefore 
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necessary to increase the number of observations by V. It 

was considered that 4096 simulated molecules was a suffi-
ciently large number to produce answers with an acceptably 
small standard error but not so large as to incur a significant 
overhead in the overall computation time. 

The initial velocity components For each simulated mol-
ecule were randomly selected from a Maxwellinn velocity dis-

tribution function of the Form 

/3(2 

RV., v,, v,) dv, do, do2 	
2nk b Tm) 

• exp[ "(i'  -I. t',. + t',) 2 /2kh 7,,1 di'S  

• do, di', 	 (7) 

where in is the molecular mass and 1,, is the translational 

temperature. The random selection of velocities from this dis-
tribution was performed using the method of Box and 

Muller,' 9  which is generally considered to be the most effi-
cient means of sampling from Gaussian distributions such as 

eqn. (7). 
The distribution of rotational energies was approximated 

by a continuous probability distribution Function or the 

for M20 

ME,) dE, oc Ei"12 -  1)  exp(—E,/kh T) dE, 	(8) 

Values For the initial rotational energy of each simulated mol-
ecule were randomly selected from this distribution using a 

variation on the algorithm described by Press et at." for the 

selection of random deviates from the gamma distribution. 
While it may be somewhat unrealistic to describe the dis-
tribution of rotational energies in terms of a continuous func-
tion such as eqn. (8), it is computationally difficult and time 
consuming to sample from discrete distributions. We reel that 
results obtained using eqn. (8) are satisfactory in most cir-
cumstances. 

The collision algorithm commences with the random selec-

tion or a pair of molecules with appropriate probability. For 
pairs which are accepted for a collision, the collision counter 
is advanced by unity, the time counter is advanced according 
to eqn. (2), and energy is transferred between the rotational 
and translational modes of the colliding molecules in accord-
ance with eqn. (3). 

Following the exchange of energy between the rotational 
and translational degrees of freedom, the post-collision com-
ponents (u?,  o7, w7) or the relative velocity vector cr are cal-

culated according to the Following set of equations 2 ' 

	

U, COS -I- (u + w) 112  sin X sin a 	 (9) 

cos x  + (c, W, cos - a,v, sin eXv + w)' 	sin x 
(to) 

cos x - (C,0, COS P. + u, w, sin rj(o + w,')' 	sin x 
(II) 

and scaled to account for the exchange of energy. The solu-
tion or these equations requires the evaluation of the classical 
deflection angle, X  at the initial relative translational energy 
and the azimuth angle p.. The azimuth angle is uniformly dis-
tributed on the interval (0, 2,z} and may be randomly selec-
ted according to the expression 

e=2nR, 	 (12) 

where R, is a uniform random deviate on the interval (0, 1). 
The classical deflection angle is given by the integral 

	

dr 	(13) z—n 
2b J (l_ j  ) - 	 m 	E r 
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where b is the impact parameter and rm  is the outermost solu-
tion of the equation 

/ 	V(r) b 2""1  
=0 	. 	 (14) 

For an interaction potential V(r). The impact parameter for 
the collision was chosen at random From the probability dis-
tribution 

p(b) db =j—  2mb db 	 (IS) 

with crude Monte Carlo selection.' Noting that the probabil-
ity of obtaining a particular impact parameter is directly pro-
portional to h, it is a straightforward matter to apply the 
transformation method' to eqn. (15) and show that 

b = Rr" 2 /bm,, 	 (16) 

where R 1  is a uniform random deviate on the interval (0, t) 

and h., is a cut-oft impact parameter chosen such that it is 
large enough to include all significant events, but not so large 
as to produce too many uninteresting collisions. It is impor-
tant to note that calculated rotational relaxation times will 
depend to some extent upon the choice of 6,,,,, and its value 
must therefore be chosen with some care. In previous simula-
tions of this type, the value of b,,,, was generally chosen in a 
somewhat arbitrary manner and held constant for all colli-

sions.4  In this investigation we calculate a separate and more 

suitable b,,,. For each collision on the basis of the collision 

cross-section a according to the expression 

b,,,, = 	are ,)' 12 	 (17) 

4 
where C, is the relative speed of the collision pair. Collision 
cross-sections were calculated according to the integral 

a"(E) = 2m 	- cos' x)  db 	 (18) 

for I = 2. Evaluation or eqn. (13) and (18) was performed 
using an extensively modified version or the program 
employed by O'Hara and Smith For the calculation of colli-
sion integrals 22.11 

It is important to emphasize that the deflection function 
described by eqn. (13) refers to elastic scattering while eqn. 
(9)-(11) are applicable to both elastic and inelastic collisions. 
The aim of the present model is to provide a reliable method 
for estimating rotational relaxation data without having to 
perform lengthy three-dimensional trajectory calculations 
requiring detailed information about the entire potential 
surface For a particular collision system and the solution of a 
large set or coupled differential equations. Instead of calcu-
lating complete trajectories, the exchange or energy between 
the rotational and translational modes of the collision pair is 
assumed to be separable from the determination of the post-
collision velocity components. Energy is transferred between 
the rotational and translational modes according to eqn. (3) 
prior to the determination of the post-collision velocity com-
ponents which are then scaled to ensure conservation of 
energy. 

Owing to the large number of collisions which must be 
examined, the evaluation of the double integral describing the 
collision cross-sections clearly represents one of the more 
time-consuming aspects of the computational procedure. In 
order to reduce this computational overhead, collision cross-
sections were calculated at 256 intervals over a suitably wide 
energy range and fitted to Chebyshev polynomials' 24  prior 
to initiation of the Monte Carlo simulation. In this way, the 
solution of eqn. (18) was reduced to the evaluation of a 
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simple polynomial expression, with a considerable saving in 
computation time. The energy range over which cross-
sections were fitted was taken as three standard deviations 
either side of the mean of the relative velocity distribution at 
the initial translational temperature. The probability of a 

velocity lying outside this range is <12 x 
The rotational and translational temperatures were 

sampled at the specified interval M m  and stored until the end 

of the run, whereupon they were fitted to the first-order relax-

ation equation 

(19) 

or 

7; = 7;, (7;- 7;,)exp(-t/t,) 	 (20) 

in which r, is the mean rotational relaxation time, 7; is the 

equilibrium temperature, 7; is the rotational temperature at 

time t and T, 0  is the initial rotational temperature at time 
0. The equilibrium temperature is defined for a non-

equilibrium gas as the weighted average of the translational 
and rotational temperatures according to the expression 

(21) 

assuming 4k,, T of energy per rotational degree of freedom. 
To estimate collision cross-section scaling parameters, the 

computational procedure was modified to solve the equation 

,,(a) = r, 	 (22) 

given an experimentally measured rotational relaxation time, 

tr t, 
and two values of the scaling parameter, a, bridging 

the root. The value of the scaling parameter was then varied 
in an iterative manner using the algorithm of Dekker and 
Brent" within the specified range until the calculated relax-
ation time converged to within +1% of the experimental 
figure. Having determined the collision cross-section scaling 
parameter, it is possible to calculate relaxation times under 
any set of conditions. 

Results and Discussion 

Collision cross-section scaling parameters and rotational 
relaxation times were calculated for the ten species given in 
Table 1. Relaxation times were determined by fitting the 

sampled rotationaltemperatures to eqn. (20) using a simple 
linear least-squares algorithm. The quality of the obtained fits 
was generally found to be very good, resulting in linear least-
squares correlation coefficients of better than 0.95 in almost 
all cases. Poor correlation coefficients were invariably due to 
a bad choice of sampling interval, resulting in the rotational 
and translational degrees of freedom actually reaching equi-
librium well before the end of the simulation. A sampling 
interval of Ca. 0.1 mean collision times was found to be suit-
able for most calculations. Tabulated interaction potentials 
used in all of the calculations discussed below were con-
structed from the Lennard-Jones (12.6) parameters given by 

Hirschfelder el at." 
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Values of the collision cross-section scaling parameter for 
the species listed in Table I were determined from experimen-
tal and theoretical relaxation data found in the literature. 
Unfortunately it was often difficult to use directly the data 
given by some authors without making assumptions regard-
ing the initial rotational temperature or degree of non-
equilibrium between the rotational and translational degrees 
of freedom, as such information was not always clearly 
stated, the assumption presumably being that the relaxation 

time is independent of the initial degree of non-equilibrium.? 
In such situations it was necessary to choose a suitable initial 
rotational temperature on the basis of how the system was 
displaced from equilibrium. Rotational relaxation times have 
been most commonly measured by supersonic expansion, 
sound absorption and shock tube techniques. As stated by 
Rabitz and Lam, 26  the temperature departures associated 

with these three techniques are 7;> To , T, T, and 7', < 

T, respectively. It was found that the relaxation model is not 

well behaved when 7; Tm , making it difficult to use relax-
ation data obtained from sound absorption experiments reli-
ably for the estimation of scaling parameters. 

The scaling parameter of 7.41 x 10" m 2  calculated for 
N, was derived from theoretical results of Mason and 

and represents an average of values determined 
at seven relaxation times over a translational temperature 
range 100-1000 K. The resulting values of the rotational-

translational coupling parameter and the mean collision 
cross-section & at each of the seven temperatures are plotted 
in Fig. I. The plotted values of & represent the average of 
some 104  cross-sections calculated at energies sampled from 
the relative speed distribution at each temperature. The cal-
culated variation of the coupling parameter is remarkably 
similar to the variation of the mean collision cross-section 
with temperature over the range considered, providing us 
with some confidence in the validity of eqn. (4). Also plotted 
in Fig. I is the curve fitted to the calculated values of using 

eqn. (5). 
Similarly, good agreement between the calculated variation 

of and & was found for CH, and C,H 4  using the experi-
mental data of Kelly and Hill and Winter 28.29  and for 02 

based on the sound absorption measurements of Sessler' °  
and Greespan." The value of the scaling parameter given for 

H 2  was estimated from the results of Gallagher and Fenn 31 

who determined relaxation times at several temperatures 
between 300 and 1900K from time-of-flight analysis of super-
sonic free jets and the ultrasonic measurements of Winter and 
Hill." The scaling parameter for OCS was determined from 
the results of Unland and Flygare, 34  who determined rota-

tional relaxation times for OCS from microwave double-
resonance experiments over a wide range of pressures. 

Calculations of the scaling parameter for the remaining 
species listed in Table 1 were made somewhat difficult owing 
to either the lack of sufficiently accurate experimental data or 
considerable discrepancies between values of relaxation times 

As will be discussed later, such an assumption is quite reasonable 
for most non-polar diatomic molecules, with the rotational relax-
ation time being only a weak function of the rotational temperature. 

Table I Calculated scaling and fitting parameters 

system a/b'' m 2  a fl/K` system a/ID'' m' a 

H, 0.34 -0.3348 2.924 x 10' 0, 6.83 -0.3827 3.499 x 

CH 4  1.05 -0.3842 2.372 x 10°  CO, 8.41 -0.3833 6.056 x 

NH, 5.82 -0.3749 1.772 x 10` CH,CI 6.50 -0.3315 6.981 x ir' 
N, 7.41 -0.3484 4.245 x 10-2 OCS 6.06 -0.3698 7.036 x 

C 2 H 4  1.15 -0.3831 7.563 x 10' C1 1  3.16 -0.3676 3.928 x 10-2 
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mean kinetic temperature/K 

Fig. I Collision cross-sections (0)  and calculated values of (0) 
for N 2  from 100 to 1000 K 

stated by different authors. The value of 3.16 x 1017  m' for 
Cl, was determined from the experimental results of Sittig, 35  
resulting in a calculated collision number of Ca. 3.3 at 300 K. 
This figure is significantly less than that of 4.9 calculated by 
Parker 36  and the tipper limit of 5.5 suggested by Anderson 
and llornig3 ' from observations of shock front thickness. As 
stated by Miller and Andres, 38  rotational collision numbers 
obtained from shock-tube experiments are often observed to 
be slightly higher than may be expected. Owing to the close 
coupling of the rotational and translational modes of most 
molecules, it is frequently difficult to separate the contribu-
tions of rotational relaxation from those of translational 
relaxation in such experiments, meaning that the information 
obtained, while generally precise, is not totally unambiguous. 
The rotational energy levels of Cl, are considerably more 
closely spaced than .those of N, or 01 and since rotational-
translational energy transfer is more efficient when the rota-
tional levels of the species involved are closer, it seems 
reasonable to assume that rotational relaxation in Cl 1  should 
be somewhat more efficient than that of N, or 02. We there-
fore consider that the scaling parameter calculated for Cl, 
from the experimental results of Sittig is likely to be quite 
reasonable. 

Zr 

translational temperature/K 	translational temperature/K 
Fig. 2 Variation of rotational collision number with translational 
temperature for (a) N 2  (—.-), 0, (---) and Cl, (--'--.) and (I,) H, 

The scaling parameter of 5.82 x 10" m' for NH, was 
estimated from the results of Jones ci al. 39  Little work has 
been done on the rotational relaxation, of NH 3 , making it 
somewhat difficult to assess the reliability of the calculated 
parameter, although the resulting values of seem quite rea-
sonable ( 0.23 at 300 K) considering the fact that the rota-
tional energy levels in NH 3  are some 3-4 times less closely 
spaced than those of N,. One point to note, however, is that 
vibrational-rotational energy transfer in NH, is a highly effi-
cient process due to the low-frequency umbrella motion pecu-
liar to the NH, molecule, with Z, Zr  at room 
temperature, 39  where Z, is the vibrational collision number. 
Consequently, it may not he possible to ignore vibrational 
motion in the calculation of rotational relaxation times for 
Nil, Detailed information is available on the vibrational 
transition probabilities of many species, and the possibility of 
extending the model described here to include vibrational 
degrees of freedom is currently being investigated. 

The value of 8.41 x to" m' determined for CO, was 
based on the thermal transpiration measurements of MaIm-
auskas el al so  and results in coupling parameter values 
similar to those of OCS. 

The scaling parameter of 650 x 1017  m' for CH,CI was 
calculated from the theoretical results of Mason and 
Monchick" and should not be considered reliable. Mason 
and Monchick developed a simple expression relating the 
thermal conductivity of a pnlyatomic gas to its rotational 
relaxation time. Comparisons made with experimental data 
indicate that the expression produces good results for simple 
molecules such as homont,clear diatomics, but fails to 
provide an accurate description of the relaxation process for 
highly polar species. CH,CI is a highly polar molecule, 
having a dipole moment of 187 D,t close to the value for 
H,0 (1.85 D) and significantly greater than that of HCI (108 
D). The relaxation model described here, with its incorpor-
ation of a spherical potential, may not be applicable either. 

Values of the fitting parameters a and ft for eqn. (5) given 
in Table I were determined from a linear least-squares fit of 
In I I vs. In IT_ I The calculated values of a are approx-
imately the same for all of the species considered and are 
reasonably close to 1/3, reflecting the attractive C 6  com-
ponent of the Lennard-Jones potentials used in all of the cal-
culations. The value of ft is observed to vary by several orders 
of magnitude from io for CO,, OCS and CH,CI through 
to 10' for H,. 

With the possible exception of CH,CI, the simulation pro-
cedure was found to reproduce reliably the majority of 
experimental and theoretical results used in the determi-

nation of the cross-section scaling parameters, giving us con-
siderable confidence in the use of the model to predict 
rotational relaxation times at any set of initial conditions. 
Rotational collision numbers calculated using the direct 
simulation Monte Carlo procedure are presented in Fig. 2 
and 3 as a function of translational temperature from 50 to 
300 K for the species listed in Table 1. The rotational colli. 
sion number is a useful and frequently stated quantity in the 
discussion of rotational relaxation phenomena. It is a dimen-
sionless quantity, defined simply as the product of the rota-
tional relaxation time and the mean collision frequency: 

Zr =tr V 	 (23) 

and represents the average number of collisions required for 
a molecule initially perturbed from equilibrium to re-
establish equilibrium between its rotational and translational 
degrees of freedom. The collision number is independent of 

f I D3.33564 Sc 10'°Cm. 
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Fig. 3 Variation of rotational collision number with translational 
temperature for (a) C,H 4  (—), CU4  (----), NH3 (---) and (I,) 
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Fig. 4 Variation of rotational collision number with rotational tem-
perature for CH, 
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Fig. 5 Number of collisions examined as a function or translational 
temperature for H, (---) and N, (-.--) 

density and thus provides a convenient means of comparing 
relaxation data measured under different conditions. With 
the exception of H, and some hydrides, the rotational energy 
level spacings of most molecules are quite small. Consequent-
ly, rotational-translational energy transfer is generally 
observed to be a relatively efficient process, with rotational 
collision numbers being in the range of 1 to tO for most 

species at room temperature. 
The relaxation times used to determine the collision 

numbers illustrated in Fig. 2 and 3 were calculated at a pres-
sure of I arm with all of the energy associated with each 
simulated molecule initially contained in the translational 
modes so that the results could be directly compared with the 
theoretical predictions of Parker' s  and Zeleznik. 4 ' The 

values of the collision cross-section scaling parameter used 
for these calculations are given in Table 1 along with calcu-
lated values of the fitting parameters a and fi used in eqn. (5). 

The data presented in Fig. 2 and 3 were smoothed to remove 
from the calculated curves much of the noise incurred 
through the use of Monte Carlo methods. As can be seen, the 
calculated collision numbers increase with increasing trans-
lational temperature for all of the species considered. The 
results are all in qualitative agreement with the predictions of 
Parker, although, as discussed by Carnevale at al., 4 ' the 

expression derived by Parker generally underestimates the 
dependence of the collision number on the translational tem-
perature. The calculated variation of collision number with 
translational temperature for CH,Cl is in reasonable agree-
ment with results obtained using the expressionderived by 
Zeleanik for pure polar gases. This result for CH,Cl should 
be treated with some degree of caution. While the expression 
given by Zeleznik and the model described in this paper both 
predict that the rotational collision number of CH,CI mono-
tonically increases with translational temperature, experimen-
tal measurements of rotational relaxation in other highly 
polar species such as HCI indicate that this may not be the 
case, with the rotational collision number being observed to 

pass through a local minimum 43.44 

The effect of rotational temperature on the relaxation time 
is illustrated in Fig. 4 for Cl1 4  at a translational temperature 

of 300 K. In this case, the effect is very small, with the colli-
sion number decreasing by ca. 0.8 over the 1000 K rotational 

temperature range considered. Analogous calculations were 
performed for the other species listed in Table 1 and similar 
trends were observed in all cases, with the collision number 
decreasing slightly with increasing rotational energy. It was 
found that the rotational energy dependence was more sig-
nificant for species such as CO, and OCS for which rotation-
al relaxation is a highly efficient process, while for H. the 
effect was negligible. It should be noted that relaxation times 
were not calculated between 250 and 300 K due to the poor 
behaviour of the computational procedure when the initial 
departure from equilibrium is small. This effect can be seen in 
Fig. 4, with the statistical noise increasing as the singularity 

at 300 K is approached. The data presented in Fig. 4 have 
not been smoothed, unlike those in Fig. 2 and 3. 

It would appear that the dependence of the rotational 
relaxation time on the rotational temperature becomes negli-
gible for most systems when the fraction of elastic collisions 

falls below ca. 2%. The assumption that is independent of 
the rotational energy is quite reasonable for non-polar or 
slightly polar molecules. The rotational relaxation time is 
largely determined by the total collision cross-section, which 
is not significantly influenced by the rotational motion of 
such species. For highly polar molecules such as CH,Cl, in 
which the total collision cross-section can be significantly 
affected by the rotational motion of the molecule, the appli-
cability of the model described here is questionable. 
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Extremely large cross-sections are observed for rotational-
translational energy transfer between strongly polar mol-
ecules due to the long range dipole-dipole interaction which 
dominates the scattering behaviour of such species and 
results in very large total collision cross-sections and 

unusually large rotational inelastic cross-sections. 
Running on a MicroVAX 3100-30, the calculation of a 

single rotational relaxation time takes between 15 and 60 s, 
depending upon the number of collisions examined. Fig. 5 
shows the number of collisions examined as a function of 
translational temperature from t to 300 K for H. and N, 
with no initial rotational energy. The number of collisions 
examined is observed in both cases to gradually increase with 
temperature and then level out. Owing to the inefficient and 
slow nature of rotational relaxation in H,, the number of 
collisions examined at a given temperature is significantly 

greater for this species than for N,. 
In previous papers, the rotational-translational coupling 

parameter was assumed to be a constnnt, independent of all 
other collision parameters, and was generally estimated from 
a comparison of terminal translational and rotational ten,-
peratures measured in supersonic expansions with tens-
peratures calculated using the thermal conduction model or 

the theory developed by Randeniya and 
Smith  1,1,41 In this 

paper we assume that is proportional to the mean collision 
cross-section, according to eqn. (4). We suggest further that 
the previously determined constant values of , based on ter-
minal temperatures measured in a supersonic expansion, rep-
resent the maximum attainable value of the coupling 

parameter, em.,' under such conditions. In order to make use 
of the results presented in this paper for the prediction of 
expansion properties, it is therefore necessary to know or be 
able to estimate for the species of interest. Reliable 

values of em'. have been determined for H,, N 1 , 02  and 

CH, ,"45 t but for the remainder of the species listed in Table 
I, there are little or no known experimental data on which to 

estimate accurately. I-luber-Wälchi et 0j46  observed a 

terminal rotational temperature of 40 K for C2114  expanded 

through a 60 pm nozzle at 300 K with a source pressure of 

0.6 atm. From this result we estimate for C,H, to be 
0.18 ± 10%. The high efficiency of rotational relaxation 

observed for CO,, CH,O and OCS suggests that 4,' for 

these species may be close to unity, while values of 0.2-0.25 

and 0.55-0.6 for Nil, and Cl,, respectively, are probably 

reasonable. 
The results of thermal conduction model calculations per-

formed for OCS, CO, and CH,CI using the values of a and /3 
given in Table 1 to describe the temperature dependence of 
the coupling parameter according to eqn. (5) are presented in 
Table 2. The variation of rotational temperature with axial 
distance, expressed in terms of nozzle diameters, is shown in 
Fig. 6 for CO, and OCS. All data were calculated for a 
source pressure of 1 atm at a temperature of 300 K with a 

nozzle diameter of 7 x io - ' m. The rotational-translational 

coupling parameter was assumed to attain its maximum 
allowable value of unity in each case. The calculated varia- 

Note that the coupling parameter values given by Randeniya 
and Smith 45  implicitly include the number of rotational degrees or 
freedom and therefore most be scaled accordingly to obtain values 
comparable with those presented in this paper. 
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Fig. 6 Rotational temperatures and relaxation times as a function 
of distance From the nozzle exit For OCS (—) and CO, (---) 

tion of rotational temperature with axial distance for CH,Cl 
was almost indistinguishable from that of OCS and is there-
fore not shown in Fig. 6 for reasons of clarity. Similarly, the 
parallel component of the translational temperature was vir-
tually identical to the rotational temperature in all cases, 
illustrating the close coupling of the translational and rota-
tional degrees of freedom in these molecules. 

The calculated final translational temperature of CH,CI is 

in excellent agreement with the value of 29 K measured by 

Aitkin at al.' using time-of-flight techniques.' The calculated 
value of the flow velocity, however, was found to be some 
10% greater than the measured value, indicating that the 

actual rotational temperature was Ca. 170 K. We must con-

clude that the observed agreement between the calculated 
and measured temperatures was purely coincidental and that 
the supersonic expansion of such highly polar species cannot 
be accurately described by the thermal conduction model in 
its present form. In particular, it may be completely unreal-
istic to describe the distribution of rotational energies in 

terms of a single temperature. As was noted by Carman, 48  

the rotational energy levels of CH,Cl are widely spaced 

(d = 150000 MHz, a = 13293 MHz) and therefore non-

equilibrium rotational distributions may be considerably 
more likely. Such deviations from Boltzmann distributions 
have been observed for rotational populations of a number of 

molecules in supersonic expansions 
.49.50 In the thermal con-

duction model the rate of rotational-translational energy 
transfer is assumed to be proportional to the difference in 
temperature between the translational and rotational 
reservoirs. For highly polar symmetric top molecules, such as 
CI-1,Cl with two very different rotational constants, it may be 
necessary to associate a separate rotational temperature with 
each unique rotational degree of freedom. 

The calculated terminal parallel translational and rotation-
al temperatures given in Table 2 for CO 2  and OCS seem rea-

sonable. Previously reported thermal conduction model 
calculations for I-I,, N, and 0, were all found to be in good 

Table 2 Temperatures and flow velocities calculated using the thermal conduction model with the variation 

system P0/atm 	 TQ/K 11-11/an s' 1 . - 1. 7 . ,.,, 

CO, I 	 300 643 35.2 35.2 1.0 

CH,CI I 	 300 603 
554 

31.5 
30.0 

31.5 
30.0 

1.0 
1.0 

OCS 1 	 300 
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agreement with experimental measurements,' .46  and we are 

confident in the reliability of the computational procedure for 
species such as CO 2  and OCS. 

Also shown in Fig. 6 is the variation of the rotational 
relaxation time with distance fron, the nozzle exit for CO 2  
and OCS calculated using the thermal conduction model. 
log-log plots of rotational relaxation time in a supersonic 

molecular beam vs. axial distance are distinctly linear and 
may be estimated using an expression of the form 1  

T 	ATO 
f\2 z 

I- 	
; 
j'j) 	\'7) 	

(24) 

where z is the distance from the nozzle exit along the beam 
axis, d0  is the nozzle diameter. P0  and T are the source pres-
sure and temperature, respectively, and A is a constant for a 

particular gas. Values of A for CH 3CI, CO, and OCS are 
given in Table 3. Eqn. (24) should be used as a guide only, 
and it is important to emphasize this point. The equation is 
by no means accurate over a wide range of source conditions 
and simply represents a convenient method of estimating 
relaxation times in supersonic beams without the need for 
solving a complex set of equations describing the expansion 
process. 

Rotational relaxation times in a bulb were also calculated 

for CO 2  using the Monte Carlo simulation procedure under 
analogous conditions of temperature and pressure to those 
employed for the calculation of relaxation times in a super-
sonic expansion using the thermal conduction model. The 
comparison, illustrated in Fig. 7, shows that rotational relax-
ation is significantly faster in a bulb. While it is somewhat 
difficult to compare critically results obtained using the 
thermal conduction model with those of the direct simulation 

Table 3 A in eqn. (24) calculated for P 0  = I atm and T0  = 300 K 

system 	 4110.6 kg n' 	s 

CO 2 	 7.078 
CI1 3 C1 	 6.306 
OCS 	 6.314 
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Fig. 7 Comparison of rotational relaxation times for CO 2  in a bulb 
(---) calculated using the Monte Carlo simulation procedure with 
relaxation times in a supersonic expansion estimated using the 
thermal conduction model (—) 

Monte Carlo procedure, it seems reasonable to expect that 
rotational relaxation will be less efficient in a supersonic 
molecular beam due to the lower collision frequency' and the 
additional competing processes which redirect translational 
and internal energy into directed axial motion. 

Conclusion 

An approximate direct simulation Monte Carlo procedure 
has been developed for the investigation of rotational relax-
ation in homogeneous gases. The devised simulation pro-
cedure runs several orders of magnitude faster than full-scale 
trajectory calculations of relaxation times and initial work 
indicates that the method gives good results for simple mol-
ecules such as homonuclear diatomic species and other small 
non-polar polyatomic molecules such as CO 2 . CH, and 
C 2 H4 . Results for the polar species OCS and NIl 5  also 
appear reasonable. The model fails to produce reliable results 
for highly polar species such as CH 3CI, where it is quite 
unrealistic to ignore the effects of dipole-dipole interactions. 
For symmetric-top molecules such as CH 5CI, in which the 
two rotational constants of and At are significantly different, 
it is also somewhat unrealistic to assume that the coupling 
function is the same for each unique rotational degree of 
freedom. The model described here may be extended to calcu. 
late separate relaxation times for each rotational degree of 
freedom having a unique coupling function, and it is hoped 
that work currently being pursued in this regard will improve 
the accuracy of the relaxation model for such species. The 
inclusion of dipole-dipole interactions is also being investi-
gated. 

Experimental and theoretical studies in the bulk have 
yielded valuable information on the overall rates of relax-
ation processes, although many important questions still 
remain largely unanswered. On the practical side, spectros-
copists in particular would like to know or be able to predict 
with some degree of accuracy not just the overall rate, but 
also the individual rates of state-state energy-transfer pro-
cesses. The model described in this paper is by no means 
capable of calculating such detailed information, but provides 
a quick and convenient method of obtaining useful qualit-
ative and quantitative information on many important 
aspects of rotational relaxation phenomena. 
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The potential energy surface of Lit-CO 
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A new potential energy surface for the Li t -CO system calculated at the HF/6-31 1+O(2df) 

and MP4SDTQ/6-31 I +G(2df) levels of theory in a rigid rotor approximation is presented. 

The potential energy surface has an absolute energy minimum at 0=0', and R=5.330 bohr of 
—0.716 eV. There is also a minimum at 6= 180 and R=5.344 bohr of —0.475 eV, and a col at 
0=87.2' and R=4.709 bohr of 0.100 eV. The potential is expanded into its angular components 
in a truncated Legendre expansion. The effect of nuclear polarization on the bond length of CO 

is investigated. 

INTRODUCTION 

It has been nearly 20 years since Toennies and co-
workers' completed inelastic scattering studies on the ion-
molecule systems Li-CO and Li-N 2 . These two sys-
tems were expected to behave similarly because they were 
isoelectronic, and had almost identical reduced masses and 
rotational/vibrational energy spacings. However, signifi-
cant differences between the time-of-flight (TOF) mass 
spectra for the two systems were observed and they spec-
ulated that the greater probability for vibrational excitation 
in the Li-00 system was due to differences in the poten-
tial hypersurface. Kita at al' have measured integral scat-
tering cross sections at very high energy (500-4000 eV) 

and have shown that the parameters describing the poten-
tial energy surfaces that were derived from the cross sec-
tions were very similar for both systems. Support for the 
integral cross section measurements of Kits et aL have 

been reported by Gislason and co-workers. 3  
In order to rationalize the inelastic scattering results of 

Toennies and to explain the contrasting results of these two 

experiments, Staemniler 4  performed an at' initic study of 

the Li-CO system. Staemmler's study was limited by the 
processing power of the computers available at that time 
and this led his study to the 'classic" compromise between 
the quality of the calculation with respect to the inclusion 
of electron correlation and the quality of the basis set. To 
complicate matters further the CO molecule has long been 
a challenge to quantum chemists because its dipole mo-

ment, p,  has the incorrect sign in the I-iF limit.' In fact the 
CO molecule is often used to test the merit of new post-
self-consistent-field. (SCF) methods of calculation. Scuse-

na at al.' have shown that in order to achieve a dipole 
moment for the CO molecule that converges on its exper-
imental value both high levels of theory and very large 
basis sets are required. Staemmler conceded that the theo-
retical difficulty of calculating the potential energy surface 
for Li+._C0 led to incorrect long-range behavior but con-
cluded that the HF results should be reasonably accurate 
at small intermolecular distances. Despite these short com-
ings Staemmler's potential energy surface has been used to 
fit an analytic potential hypersurface. 1  

Thomast  has used a reasonably sized basis set to cal-
culate a CISD potential energy surface for the Li+CO  

system. This potential energy surface was then fitted and 
used to calculate classical rotationally inelastic differential 
scattering cross sections. The calculated differential scat-
tering cross sections were then compared to experimental 
measurements9  with little success which persisted even af-

ter vibrational excitation,' °  and quantum effects" were 
taken into account. In a further study of low angle scat-
tering Thomas ci al. 2 suggested that the "unresolved dis-
crepancy" at high scattering angle was due to inaccuracies 
in the potential energy surface, and that the lack of struc-
ture in the classically calculated TOF spectrum for low 
angle scattering was due to the neglect of quantum effects. 
However, a later study by Oierz ci al  13 reported new dif-

ferential inelastic scattering cross section data and ra-
tionalized the "rotational rainbow" structure observed in 
the TOF spectrum using a simple classical model. 

Several other authors" have reported at' initia stud-
ies of the structural and thermodynamic properties of the 
Li'-CO system. These studies provide some information 
on the location and depth of the stationary points of the 
potential energy surface. - 

Hartree-Fock calculations have been shown to be in-
adequate when calculating the interaction energy at large 
intermolecular separation for the LiCO system because 
of the large basis sets and sophisticated treatments of elec-
tron correlation which are required to reproduce the elec-
tric properties of the CO molecule. The HF results of 
Staemmler are also of questionable accuracy in the region 
of the well. Because the only post-SCF potential energy 
surface available' 0  for the Li+_CO system was of question-
able accuracy at short-range, we have undertaken a de-
tailed examination of the potential energy surface for this 

system. 
We first summarize the advancements made to the 

quality of the theory and the basis set applied. Then the 
potential energy surface is presented and the requirements 
for a reliable potential energy surface and comparisons 
with existing potential energy surfaces are discussed. This 
is followed by an analysis of the potential energy surface 
and its Legendre expansion, and comparisons to the 
Li+_N2  Legendre expansions are made. Finally, a compar-
ison between the potential energy surfaces of the Li+_N 2  

system recently reported by G.rice ci aL 9  and the Li-CO 

system is presented. 
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TABLE I. The electric properties of Co. 

Basis set 	 p' 	Qtb 	e 	or  • 	a1 ' 

HF16-311+0(df) 0.076 -8.75 4.20 14.04 9.10 
Mr2/6-31 I +0(eff) -0.141 -1.71 3.33 15.07 9.74 
MP4SDQ/6-311 +0(df) -0.078 ...... 14.81 9,58 
HF/6-31 1+0(2.1!) +0.061 -1.58 4.23 13.87 10.03 
MP216-31 1+0(2.11) -0.138 -1.57 3.35 14.88 10.63 
MF4SDQ/6-311+O(2df) -0.080 ''' ' 14.63 10.45 
1117/6-31 I +0(3.1!) +0.058 -1.63 4.41 14.05 10.88 
Ml'2/6.31 1+0(3.1!) -0.135 -8.59 3.49 15.07 11.53 
MP4SDQI6-311-j-0(3df) -0.084 ' 14.89 9.95 
Stoemmler's HF results' -1-0300 -1.56 • 14.13 11.10 
Scoseriasd 	results -0.049 
Best experimental results" -0.044 -1.86 ' 17.55 10.97 

AII electric properties in au. 
'Quadrupole and octapole moments calculated in center of mass coordi-
nates. 	- 

'Basis set C of that work (Ref. 4). 
CCSD(T) results of that work. 

'Reference 6. 
rMason  and McDaniel (Ref. 22). 
'Note that a negative dipole moment implies C - -O+ bond polarity. 

BASIS SET AND PROPERTIES 

Particular attention must be paid to basis set choice 
and method when considering a theoretical study of the 
Lit-CO system. The correct choice of basis set and 
method depends on the requirements that the potential 
energy surface must satisfy. For example, high energy 
inelastic/elastic scattering experiments probe only the re-
pulsive pads of the intermolecular potential and do not 
require accurate values for the multipole moments and po-
larizabilities which dominate the medium and long-range 
interaction potential. In order to calculate transport data 
for comparison with experiment the potential energy sur-
face is required to be accurate over a wide energy range 
(thermal to a few eV). Because of these constraints the 
calculated potential.energy surfaces currently available 4,11 

are not suitable. To calculate reliable polarizabilities for 
small molecules requires the addition of diffuse polariza-
tion functions, while the electric multipole moments re-
quire the addition of extra polarization functions with 
larger exponents. The addition of diffuse s and p functions 
is necessary for a complete description of medium-range 
bonding interactions. 

All calculation reported here used the GAUSSIAN 90 
program. 20 	 - 	 - 

The MP4SDTQ/6-311+G(2df) method used in the 
study of the Li"-N 2  potential energy surface proved to be 
of sufficient accuracy to reproduce experimental transport 
data. It is reasonable to expect that the same approach 
for Li 4-CO would result in equal success in light of the 
similarities between the two systems. However, the diffi-
culty in describing the electric multipole moments of CO 
has presented new challenges for theory. An extensive list 
of the electric properties of the CO molecule for the vari-
ous basis sets and methods examined in this study are given 
in Table I. 

- The dipole moment for CO, z, has been calculated 
analytically for the HF and MP2 levels of theory and by 

Ie 	 I.,, 	 tnt 	n 	Lao 	tss 

It 

FIG. I. The dipole moment of CO as a function of the internuclear 
distance r, ror various level or theory. The HF dipole moment Is repre-
sented as the solid curve, the dipole moment at the MP2 level of theory it 

represented as the short.dashed curve and she dipole moment at the 
MP4SDQ level of she theory Is represented at the long-dashed curve. The 
solid vertical is drawn through the HF/6-31 1+0(241) equilibrium bond 
distance I',. 

central difference (E= ± IX 10" au.) (Ref. 6) for the 
MP4SDQ level of theory. These results are a subset of the 
extensive study of the CO dipole moment by Scusenia 
et al' In that study Scuseria eta!, have demonstrated the 
difficulty of attaining a converged dipole moment using 
Moller-Plesset methods as a function of the order of the 
theory. They also concluded that coupled cluster methods 
which successfully converged to the experimental value of 
the dipole moment of CO, did so only after using very large 
basis sets that included d, f and g polarization functions. 
Such basis sets are currently impractical to use in the study 
of a potential energy surface. As well as the results listed in 
Table 1, Fig. 1 displays the dipole moment of CO as a 
function the internuclear separation; The 'results that are 
plotted have been calculated using the 6-311 4G(2df) ba-
sis set. The solid vertical line represents the equilibrium 
bond distance optimized at the HF level of theory. At this 
value of i'5  the HF dipole moment is +0.076 a-u. (a neg-
ative sign implies the bond polarity, C --O+). The wrong 
sign of the dipole moment in the HF approximation is over 
corrected if electron correlation at the MP2 level of theory 
is included. This is corrected for again when calculating 
the dipole moment using the MP4SDQ level of theory, 
where the dipole moment has a relative error of up to 80% 
compared with experiment, 22  although the absolute error is 
small.  

The quadrupole moment of CO, Q, is in food agree-
ment with the experimentally measured -result, 2  and it ap-
pears to be more stable with regard to the level of theory 
used. The 6-311+O(2df) basis set value is in least agree-
ment with experiment, but onjy differs by -15%. The 
octapole moment of CO, 0, is also listed in Table I al-
though no experimental value is available for comparison. 

The parallel component oR the dipole polarizability. 
a11 , is in error of the experiqtental value by 20%, 14%, 
and 15% at the HF, MP2, MP4SDQ levels of theory, re- 
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TABLE II. The structural and thermodynamic properties of Co 

Basis set e L5 k 

HF/6-3I I +G(df) 2.086 7.57 813 - 112.776 II 
MP2/6-311+0 (df) '-- 11.45 -- -113.10920 
1,I174SDQ/6-311+tJ(df) --' 10.78 -'- -113.11707 
HF/6-31 I +G(2df) 2.085 7.60 .. - 112.778 77  
MP2/6-31I+GRalf) --- 11.48 --- -113.12748 
MP4SDQ/6-31 I +O(2df) .. 80.10 ... - 113.133 96  
HF/6.31 I +G(3df) 2.084 7,66 .. - 112.78126  
Ml'2/6-311+0(3df) --- 11.57 -'- -113.13427 
MP4SDQ/6-311+G(3df) --- 10.79 -'- -113.14026 
Staemmler's results' 2.095 7.62 86.2 - 112.73304 
Nest experimental resultsd 1132 11.09 82.9 
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AII structural and thermodynamic properties in au. except 1), which Is 
in cv. 

5HF force constants scaled by (0.89)' (Ref. 23). 
'Basit set C of that work (Ret. 4). 
4 lluber and Herzberg (Ref. 26). 

spectively. The perpendicular component of the dipole po 
larizability, a1  , approaches the experimental value at the 
HE and MP2 levels of theory, but is in error by 12.7%, 
8.6%, and 9.3% at the MP4SDQ level of theory, for the 
6-311 +G(df). 6-311 +G(2df), and 6-311 +G(3df) ba-
sis sets, respectively. The dipole polarizability in Table I is 
relatively constant with the inclusion of further of polariza-
tion functions. This suggests that inclusion of very diffuses 
and p functions may be required in order to converge to 
experimental values. This has been investigated by the in- 
clusion of extra diffuse s functions with Gaussian expo- 
nents of 0.03963 and 0.076 67 for the carbon and oxygen 
centers, respectively, and extra diffuse p functions with 
Gaussian exponents of 0.02617 and 0.051 56 for the car- 
bon and oxygen centers, respectively. This only marginally 
improved the error in components of the dipole polaris- 
ability, a ll  and a , when compared with experiment to 
2.5% and 14.9% with absolute values of 10.70 and 14.94 
au., respectively, at the MP2 level of theory. 

The structural and thermodynamic properties of CO 
are listed in Table II. It is also important to closely repro- 
duce the experimental values of the thermodynamic and 
structural properties to have confidence in the Li-CO 
potential energy surface. The equilibrium bond distance r, 
has been calculated only at the HE level of theory for the 
basis sets listed in Table II. The HE approximation under-
estimates re  by a small but significant amount. Inclusion of 
electron correlation in a study of the N 2  molecule increased 

r, by a small amount) 7  An increase in the internuclear 
separation will impact on the electrical properties of the 
CO molecule and in particular should improve the agree- 
ment between theory and experiment for the dipole mo- 
ment, see Fig. I. This effect was examined with the smaller 
6-31G basis set. The HF/6-3 10 equilibrium internuclear 
separation was calculated to be 2.105 a-u., which increased 
to 2.153 a-u. at the MP2/6-31G level of theory. A similar 
increase in r for the basis sets listed in Table II would 
result in improved agreement with experiment for r, and 
for the dipole moment, which has an estimated value of 
-0.049 a-u. at the experimental separation using 

HG. 2. The geometry coordinates ofa rigid rotor/diatom atom collision. 

MP4SDQ level of theory. This fortuitously agrees with the 
best results of Scuseria et at' 

Electron correlation is important in obtaining accurate 
values for the dissociation energy, D0 . The HE approxima-
tion is essentially useless, as it cannot adequately describe 
dissociation of the CO ('I'') into the C ( 3F) and the 0 
( 3F) atoms. The MP4SDQ results approach the experi-
mental dissociation energy value with an error of 2.7% for 
the 6-311 + 0 (3df) basis set. 

The force constants have been calculated at the HE 
level of theory and scaled as recommended by DeFrees and 
McLean. 23  The total energy for CO compares favorably 
with that quoted by Staemmler in the HE approximation 
for all the basis sets. 

THE POTENTIAL ENERGY SURFACE OF LIT-CO 

In the following work, the 6-311+0(2df) basis set 
was used unless otherwise stated. This basis set was chosen 
for its improved properties in the region of the well. Test 
calculations using the 6-311 +G(df) basis set showed that 
the potential energy surface was underestimated in the re-
gion about the well by -20%. Because of the increased 
anisotropy of the Li t-CO potential energy surface com-
pared with the Li-N 2  potential energy surface, due 
mainly to the nonzero dipole moment of CO. additional 
point calculations are required to fully characterize the 
rigid rotor potential energy surface. The MP4SDQ method 
was chosen because of the similarities of this surface and 
the MP4SDTQ surface in the Li-N, study,' 9  and the 
considerable time savings this method offered. Both is or-
bitals on the carbon and oxygen atoms were frozen. 

The calculations were performed with the bond dis-
tance of the CO fixed to the value optimized at the HE 
level of theory. The magnitude of R', the vector connecting 
the "center of distance" of the CO molecule and the lith-
ium ion, and 6' the angles between the internuclear vector, 
,-,, and B' (see Fig. 2) was systematically varied to com-
pletely characterize the entire rigid rotor potential energy 
surface. The data for the potential energy surface are listed 
in Tables III and IV for the HE and the MP4SDQ levels of 
theory, respectively. A sufficient number of angles were 
calculated to fully characterize the angular dependence of 
the Li-.CO potential energy surface. 
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TABLE III. The HF/6-31 I +G(Zdf) rigid-rotor potential energy surface 01 Li-CO 

b.c 

A' • Cr 22.Y 45' 67.5 90 

1.150 ' '' '.' -11959895 -119.72258 
1.200 
1.250 -118.26629 ' -119.39865 -119.71403 -119.81578 
1.275 '- --- ... -119.73815 
1.300 ''' ''- -119,48145 -119.76060 -119,85124 
1.313 -' ... -119.50097 -119.77122 
1.375 --' - 119.18275 -119.59135 - 119.81876 - 119.89366 
1.500 - 119.258 30 - 119.457 60 -119,73670 -119.89022 -119.94279 
8.750 - 119.73646 - 119.80373 -' 
2.000 - 119.932 88  - 119.95313 -119.98466 -120.00155 ' 	-120.01041 
2.250 - 120.007 16 - 120.01052 ... -120.01366 - 120.01613 
2.500 - 120,031 58 - 120.02931 -120.02301 -120.01731 -120,01729 
2.750 120.03658 - 120.03287 ' - 120.01774 
3.l - 120.03472 - 120.031 80 - 120.02319 - 120.01718 -120.01631 
3.125 -'- ... -120.02230 
3.250 ... 
3.500 - 120027 57  - 120.02507 -120.01975 - 120.015 82  - 120.01526 
4.000 -.120.02241 - 120.02081 -120.01746 -120.01499 -120.01472 
5.000 - 120.01769 - 120.01702 -120.01558 -120.01447 -120.01439 
6. - 120,01606 - 120.01572 -120.01497 -120.01441 -120.01440 
8.000 -.120.01505 - 120,01493 -120.01466 -120.01447 -120.01448 

10.000 -.120.01477 - 120.01472 - 120.01460 -120.01452 -120.01454 
12.000 ... ... --- -120.01455 -120.01456 
14.000 -120.01464 ''' - 120.01459 -120.01456  - 120.01458 
I6. ' 
18.000 -120,01461 ' -120.01459 -120,01458 '-120.01460 
20.000 -120.01461 - 120.01459 -120.01459 -120.01460 
22.000 -120.01460 
24.00) --' ' . . - 
26.000 '' . -. - . - 

... - 120.01461 - 120.01461 -120.01461 -120.01461 -120.01461 

b.c 

A" 112.5' 135' 157.5' 	' I80 

1.850 -119.61234 
1.200 -119.68767 
1.250 - 119.750 tO - 119.43544 . . - 	. -118.27456 
8.275 
8.300 - 119.801 68 - 119.54726 - 118. 61704 
1.313 -119.81310 , 	-'- 	 ' 

--' 

8.375 - 119.862 52 -119.68033 - 119,295 78  
1.500 -119.93116 -889.83099 ' 	-119.61623 	'''' '-119.46922 
1.750 - 119.99642 - 119.97309 ' -119.91368 -119.87336 
1000 - 120.01752 -120.01827 - 120.00746 	.. , 	-119.99856 
2.250 - 120.02268 - 120.02945 ' 	-120.03231 -820.03227 
2.500 -120.02260 -120.02979 -120.03541 -120,03739 
2,750 - 120.021 84 --. '- 820.03267 -120.03476 
3.000 - 120,01960 - 820.02464 -120.02907 -120.03085 
3.825 --- -120.02346 
3.250 - 120.01834 '' -120.02596 
3.500 -120.01740 -120.02069 - 120,02355 , 	-120.02471 
4.000 -120.01623 -120.01845 -820.02038 -120.02118 
5.000 - 120.01520 -120,01639 -120.01742 -120.01783  
6.000 -120.01488 -120.01560 -120.01621 -820.08645 
8.000 - 120.01471 - 820.08503 -120.01531 -120.01542 

80.000 - 120.01466 -120.01484  - 120.01499 -120.01505 
12.000 -120.01464 -120.01475 -120.01485 -120.08488 
14.000 - 120.01463 -120.01471 	' -120.01477 -120.01479 
16.0(10 - 120.01463 -120.01468 -120.01472 -120.01474 
88.000 - 120.01463 -120.01466 -120.01470 -120.01471 
20.000 - 120.01462 -120.01465 -120.01468 -120.01469  
22.000 ... ' ' 

... 24.000 ... " ... -120.01466 
26.000 ...  -120.01465 

-120.01461 -120.01461 -120.01461 -120.01461 

'Energies in au. - ' 	. 
bfld distances in aagatrôma 
'Bond angles in degrees. 
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TABLE IV. The MP4SDQ/6.3II+G(2df) rigid-rotor potential energy surface of Li'-CO. 

• 0' 22.5' 45 67.? 947 

1.150 ''' ' -119.95175 -120.07617 

1.200 . 	' ' 
1.250 -118.70102 ' -119.75680 -120.07002 -120.17078 

1.275 ...  ... '' - 120.09471 

1.300 ... '' -119.84149 -120.11765 -120.20665 

1.3125 ... ... -119.16139 -120.12849 

1.375 '' .-119.55672 -119.95322 -120.17694 -120.24947 

1.500 -119.64861 - 119.83178 -120.09981 -120.24945 -120.29890 

3.750 - 120.108 50  -120.171SI ... . 

2.000 -120.29766 -120.31671 -120.346 50  - 120.361 28 -120.36670 

2.250 -120.36873 - 120+371 93  ... -120.37304 -120.37239 

2.500 -120,391 79 -120.38965 - 120.383 27  - 120.37620 - 120.37346 

2.750 - 120,396 14 -120.39259 ... - 120.376 10 

3.000 -120,39031 -120.38221 -120.37503 - 120.372 19 

3.125 .' ... -120.38104 

3.250 
3.500 

... 
-120.38592 - 120.38338 - 120.37773 -120.37294 -120.37086 

4.000 -120.38004 -120,378 36  - 120.37468 -120.37147 - 120.370 15  

5.000 -120.37438 - 120.373 65 -120.37196  - 120.37039 . -120+36967 

6.000 -120.37229 - 120.371 89 -120,37097 -120.37008 -120.36963 

8.000 -120.37083 -120.37067 -120.37029 -120.36991 -120.36969 

10. -120.37034 -120.37026 -120.37006 -120.36986 -120.36973 

12.000 '' ''' ''' -120.36984 -120.36975 

14. - 120+37001 ... -120.36991 -120.36983 -120.36977 

16.000 ... 
18.000 -120.36991 ... '-120.36986 -120.36981 -520.36978 

20.000 - 120.36989 ... - 120+369 85 -120.36981 -120.36978 

22. -120.36987 . 
24.000 ... . 	.. 
26.000 ... 

-120.36980 -120.36980 -120.36980 -120.36980 -120,36990 

0 ' 

112.5' 135' 157.5' 180' 

1.150 -119.96349 
1.200 -120.038 77  
1.250 -120.10121 -119.77964 '' -118.60481 

1.275 
1.300 -120,152 85  - 119.891 36 ... -118.94753 

1.3125 -120.16427 
1.375 -120.21376 -.120.02472 -119.63300 

1.500 -120.28253 -120.17633 -119.95485 -119.90378 

1.750 -120,34822 -120.32041 -120.25686 -120.21452 

2.003 - 120.36990 .'120.367 29 - 120.353 89  - 120.34387 

2.250 -120.37560 -120.379 83  - 12038105 - 120.38032 

2.500 -120.37596 - 120.381 II - 120.385 70  - 120.38727 

2.750 - 120.37483 ... - 120.38395 -120.38578 

3.000 - 120.373 53 -120.37723 -120.38099 -120.38258 

3.125 . 	'' -120,37623 

1250 - 12037244 ... - 120.378 33  

3.503 -120,37161  - 120.37390 -120,37625 -120.37727 

4. -120.37062 -120.37205 - 120.373 56 -120.37424 

5,000 -120.36994  - 120.37052 -120.37126  -120.37158 

6.000 -120.36969 -120.37004 -120.37043 -120.37060 

8.000 -120.36967 -120.36979 -120.36994 -120.37000 

10.000 -120,36970 -120.36975 -120.36982 -120.36985 

12.000 -120,36973 - 120.36975 . 	-120,36978 -820.36979 

14.000 -120.36974 -120.36975 -120.36971 -120.36977 

16. -120.36975 -120.36976 -120.36976 -120.36977 

18. -120.36976 -120.36976 - 120.369 77 -120.36977 

20.000 -120.36977 -120.36977 -120.36977 -120.36977 

22 . ... .., ... -0  

24,000 ''' 	 ' -120.36977 

26.t . ... ... -120.36978 

- 120.36980 -120,36980 - 120.369 80 	. -120.36980 

'Bond distances in angstroms 
bilGed angles in degrees. 
'Energies in au. 
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TABLE V. Fitting parameters for long-range extrapolations of the 
Li-'C0 potential energy surface according to Eq. (2). 

Fitting parameter 	 c 	 2cd' 

MF4SDQ 
-0.0883 -1.12 

0=43' -0.0552 -0,481 
0=67.5 -0.0286 +0.292 
9=112.5' +0.0318 +0.170 
9= 13$' +0.0601 —0.958 
9=180' +0.0861 —3.22 

Fitting parameter 	 c 	 3c4 

9=90" 	 —0.83 	 —1.12 

'All parameters in au. 
bAll bond angles in degrees. 
'0=90' is a Special case. 

The MP45DQ potential has been transformed to • 'cen-
ter of mass" coordinates such that the vector ./? connects 
the center of mass of the CO molecule with the Li+  ion, 
where 0 is the angle between R and the internuclear vector. 
The transformed potential energy surface was then spline 
fitted in a similar manner to that described in Once et al. 19  
The short-range extrapolation used was 

V(R)=aexp(=bR), 	 ( 1) 

which was fitted using points (R 1 ,V1 ), and (R 113V1 1c9R 1 ) 
obtained from solving the equation for a partial natural 
cubic spline. Enough ab inido points were calculated to 
characterize the repulsive wall of the potential energy sur-
face. The same long-range interaction extrapolation func-
tion used in the Li"-N 2  potential energy surface was 
adopted to fit the Li'-CO potential energy surface, 

V(R)=c/(R-d)' for R>R,, 	 (2) 

however, a was set to 2 for all angles except 0=90% where - 
the ion-dipole interaction vanishes. In the perpendicular 
approach, n was set to 3, where the ion-quadrupole is the 
leading asymptotic term. When Eq. (2) is expanded in 
inverse powers of B for a =2, the leading ion-dipole and 
ion-quadrupole are represented by c/R2, and 2cd/R3, re-
spectively. The values of c and 2cd which are given in 
Table V, and correspond reasonably well with the known 
values of the dipole moment and quadrupole moments of 
CO, given in Table .1. The parameters listed display the 
correct parity with respect to the angular variation of the 
leading asymptotic electrostatic terms. Again, enough ab 
mile points were calculated at large separation to ensure 
the correct behavior of the fitted asymptotic terms. This 
required calculations for B beyond 45 bohr, resulting in 
very small relative energies. The fitting parameters were 
very sensitive to the last few significant figures of the en-
ergy values, although these digits have been truncated in 
Tables III and IV. 

The fitted center of mass potential energy surface for 
the MP4SDQ/6-3 Ii + G ( 2df) level of theory exhibited 
the following properties, which are also listed in Table VI. 
R(V=-0) is the value of B where the potential becomes  

repulsive and low B. There exists an absolute minimum at 
the geometry R=5.330 bohr, 0=0. The depth of the min-
imum is 0.716 eV. There exists a local minimum in the 
other colinear approach, at 0=180', R=5.344 bohr. The 
depth of this local minimum is 0.475 eV. Nearly 70% of 
the difference between these two well depths can be ac-
counted for by the ion-dipole interaction. Between these 
two minima there exists a col. The geometry at the col is 
0=872, B =4.709 bohr, with a relative energy of 0.100 eV. 
There also exists an absolute maximum at large separation 
in the geonietry B = 10.684 bohr, 0=96.8', and with a rel-
ative energy of 0.006 eV. The maximum is a result of the 
slightly repulsive ion-dipole and repulsive ion-quadrupole 

interaction in this geometry at large separation. These re-
pulsive interactions are then dominated largely by ion-
induced dipole interactions resulting in a net attraction. 

Figure 3 displays the MP4SDQ/6-311+G(2df) po-
tential energy surface for Li"-CO. The angles 9=22.5', 
675', 112.5', and 157.5' have been omitted for clarity. Se-
lected values of Staemmler's 4  HF data are also plotted. 
From a comparison of Staemmler's data to those reported 
here it is evident that the inaccuracies in the description of 
the electrical properties of the CO molecule have impacted 
on the Li't'-CO potential energy surface. The HF approx-
imation which predicts the incorrect sign for the dipole 
moment of CO also incorrectly favors the Li-O-C min-
imum over the Li'-C--O minimum. An accurate method 
for calculating the potential energy surface for Li"-CO 
must account for electron correlation. The general features 
of the MP4SDQ/6-3 11 +O(2df) calculations on Li-CO 
are evident in the surface plot graphed in Fig. 4. This figure 
graphs the potential energy surface as a function of the 
internuclear separation B, and angle 0. Other comparisons 
of the potential energy surface are best observed graphi-
cally. 

The short-range potential energy surface of Li'-CO is 
plotted in Fig. 5. It is evident that exponential repulsion 
begins for R <3 bohr. Comparing the short-range repulsive 
region of the potential energy- surface of Li-CO with the 
results of St.aemmler shows the discrepancies between the 
two calculations, particularly in the two colinear ap-
proaches. There is a substantial,degree of anisotropy in the 
potential energy surface reported here, particularly at 
small intermolecular separation. The medium and long-
range potential energy surface is largely dominated by elec-
trostatic and polarization interactions. This is investigated 
in the next section. .;'.. 

THE LEGENDRE EXPANSION 

The potential energy surface of Li+_CO  can be ana-
lyzed in terms of a number of interactions based on the 
decomposition of the angular variation in a truncated Leg-
endre expansion, as given by Eq. (3), 

k 

V(B 4 Om)= X Prn ,Vn (B) 	 (3) 
"=0 

We have calculated the potential .  energy surface 
for the angles 
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TABLE VI. Critical points of the tr-co potential energy surface." 5  

Critical points MP4SDQ Critical points 

9=0 
R,( V=0) 4.413 .R,( V=0) 
R.(OV/OR=0) 5.330 
v.(Ov/OR=o) -0.02632 V,(JV/DR=o) 
R.(O'V/OR'=O) 6.313 R.(Ô'V/OR'=O) 

R,(V=0) 
945' R,(8v1OR=0) 

R.( V=0) 4.201 V.(BV1OR=0) 
R,(OV/OR=0) 5.153 R,(32 V1elR'=O) 
V,(aV/aR-o) -0.01397 
R,(a'V/7R'=0) 5.894 

R,( V=0) 
0=67.5' R,(OWBR=o) 

v(Ov/OR=0) 
R,( V=G) 4.823 RAO'v/aR'=o) 
R,(8V/OR=0) 4.972 R,(V=0) 
v,(8V18R-0) ' 	 -0.00617 R.(OV1OR=0) 
R,0'1V/8R2 =0) 5.706 v,(av/aR=o) 

R,(O'v/OR'=o) 
0=90'  

MP4SDQ 

9=112.5' 
3.711 
4.462 

-0.00666 
5.225 
9.740 

13.270 
+0.00013 

15.181 

0= 135' 
3.736 
4.503 

-0.01110 
5.354 

14.980 
21.653 

+0.00005 
29.133 

0=180' 
R,( V=0) 3.964 R,( V=0) 3.880 
R.(OV/OR 	0) 4.632 R, (OV/OR=0) 4.659 
V,(8V1OR=0) -0.00373 V,(dV/OR=0) -0.01746 
R,(O' V/OR'=O) 5.527 R,(O'V/OR'=O) 5.344 
R,( V=0) 8.545 R.( V=0) 22.833 
.R,(aV/aR=o) 10.663 R.(OV13R=0) 33.992 
V,(OV1OR=0) 40.00017 V101718R=0) +0.00003 
R'(6'/OR'-0) 13.497 R.(B' V/OR' =0) 44.687 

'All bond distance, in au. 
5AII bond energies in au. 
'All bond angles in degrees 

o={ot22.54s;67.Y,9ol 12.5',135',157.5',180'). 	(4) 

Because the CO molecule belongs to the C,,,, point group, 

all terms are nonvanishing, unlike the Li+_N 1  system, The 

radial functions are obtained from inverting Eq. (3) in the 

manner shown in Eq. (5), 

a 

V,,(R)= Xf,v(R,o,,j, 	 (5) 

R /t,!,, 

FIG. 3. The MP4SDQ/6-3l I +G(2df) potential energy surface for 
Lt'-CO as a function of R. The angles of 6 have been graphed and 
marked in the figure. Starnisnler's (Ref.  4) HF points are represented as 
+, , sod X for the anglçs 0=1?, 90', and 880', respectively. 

where P;, are the inverted matrix elements of the matrix 

Pam =Pa (cos 8,,,). The points for which all 0 were calcu-
lated for a given it have been inverted directly and are 

listed in Table VII. 

The expansion was tested for convergence in the ex-

pansion for k up to S. First, there is a noticeably slow 

convergence in the series V,,, as; a function of is, especially 

fork-) bohr. Inclusion of the terms V. (Ocn<4) calcu-
lated from the inversion of the data for 9=0', 45', 90', 135', 

180', resulted in a potential energy surface that is in error 
by 20% at short-range R and intermediate angle 0. Inclu- 

FIG. 4. The surface plot of the MP4SDQ16-31 I +G(1.eff) potential en-
ergy surface as a function of the inteensolecular distance and angle. 
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FIG. 5. The short-range MP4SDQ/6-3 II +G( 2df) potential energy sur-
face of ti-CO, as a function of R. The angles 010 have been graphed 
and labeled in the figure. Staemnsler'a (Ref. 4) HF points are represented 
as x, . and + for the angles 0=0, 9O, and 180, respectively. 

sion of the V, and V6  ters by including angles 8=67.5' 

and 112.5' improved the.correspondence with the calcu-

lated potential energy sur?ce to within an average error of 

<1%. Further inclusion of V, and V8  terms did not sig-

nificantly improve the fit, and indeed these terms are com-

paratively small compared to other expansions in Table 

VII, at all internuclear separations. It was concluded that 

sufficient accuracy can be obtained by truncating the series 

at/c = 6. Critical points or the Legendre radial functions are 

listed in Table VIII and compared with other potential 

energy surfaces. 

The radial functions have also been spline fitted in a 

similar manner to that described for the potential energy 

surface. The long-range exponent of Eq. (2) was set to 4, 

2, 3, 4, and 5 for V0 , V1, V2 . 173 , and V4 . respectively. The 
exponent n was set to 6 and 7 for V, and V6 . respectively. 

For all the expansions of was small compared with R a , 

suggesting that the leading terms of the expansion in in-

verse powers of R were dominant. The MP4SDQ/6-3 11 

+G(2df) expansions V(0<ivc6) are plotted in Fig. 6 

and at short-range in Fig. 7 with the expansions of Thomas 
or aL' °  Va (O.crs<4) plotted as dashed lines. 

It /bohr 

FIG. 6. The Legendre radial functions of the MP4SDQ.#6_31 l+G(2.df) 
potential energy surface for U+-CO. The radial functions V. are labeled 
in the figure. The solid tines represent the MP4SDQ/6.31 I +G(2df) 
potential energy surface, while the dashed lines represent the CI5D+Q 
data of Thomas teal (Ref. 10). 

The potential energy surface reported here is very an-

isotropic, especially in the region R-3 bohr. In this region 

of the potential energy surface a radial Legendre expansion 
including V. only up to n=4 gives qualitatively the incor-

rect potential energy surface. This is in agreement with the 

findings of Thomas et al. 82  who in a later paper conceded 
that in the perpendicular approach his 5 angled Legendre 

expansion gave "the wrong sign for the slope meaning the 

force was in the wrong direction." The anisotropy of the 
Li k-CO system decreases at large intermolecular separa-

tions where the potential energy surface is dominated by 

electrostatic and polarization interactions. For this reason 

we can expect that ab initia derived potential energy sur-
faces should converge providing they have similar values 

for the multipole moments and polarizabilities. This results 
in improved agreement between the expansion of Thomas 

et at and those reported here, at long-range. 
For 1? <3 bohr the anisotropy of the potential energy 

surface also decreases as the radial functions V,, '0,  and 
V4  become increasingly more dominant. Experiments that 

probe the potential energy surface about R-3 bohr are 

therefore very difficult to describe theoretically, and it is 

TABLE VII. The radial Legendre expansion functions directly inverted from the Li-00 MP4SDQ/ 
6-31I+G(2df) potential energy surface according to Eq. (5). 

R' 	Vtb 	 VL 	V, 	F, 	V. 	v, 	V6 	V, 	vs  
1.5 	196 125' 	sa 875 	316391 	14 161 	102 823 	2066 	22732 	3 186 	3531 
2.0 	11556 	86586. 	24427 	3383 	88239 	1044 	1640 	93 	171 
2.3 	-.-9393 	—1-379 	—18121 	—939 	583 	256 	172 	3 	23 
3.0 	—7476 	—3944 	—10521 	- 1 734 	—459 	30 	36 	Il 	5 
3.5 	—4422 	—3042 	—6996 	—1281 	—372 	—IS 	- —5 	IS 	—1 
4.0 	—2537 	—2046 	—4540 	—839 	—247 	—2 	—87 	$ 	—2 
5.0 	—933 	—1093 	—2173 	—321 	—78 	9 	0 	I 	—1 
6.0 	—421 	—695 	—1195 	—153 	—34 	0 	0 	0 	0 
8.0 	—128 	—364 	—482 	—49 	—8 	0 	0 	0 	0 

10.0 	—52 	—226 	—241 	—20 	—3 	0 	0 	0 	0 

A11 bond energies are In angstroms. 
bzaoth order Legendre expansion; aee text 
All bond energies are lntzhartree. 
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C 

R /bohr C /bohr 

 

FIG. 7. The short-range Legendre radial functions of tt'-CO. The radial 
functions V, are labeled in the figure. The solid lines represent the 
MP4SDQ/6-311 +0(2df) potential energy surface, while the dashed 

lines represent the CISD+Q data of Thomas at at (Ref. tO). 

not surprising that attempts to do so have met with mixed 

success. B, 10, II. 3 

Now examining each expansion in turn, we can see 

that the correspondence between the MP4SDQ/6-3 11 

+O(2d1) isotropic radial function and the CISD+Q iso-

tropic radial function of Thomas at at is very good. This is 

supported by Fig. 8 where the two expansions are plotted 

along with the experimentally derived radial isotropic 

function of Gislnson. 3  The same data sets are plotted at 

short range in Fig. 9. Note that while the correspondence 

between the two oh inillo derived expansions is reasonably 

good for R >2.5 bohr, the divergence at shorter intermo-

lecular separation is only an artifact of the fitting function 

Thomas at at used which is not valid in this region. Note 

the poor agreement between the two V3  expansions. The 

disagreement in this region is most probably responsible 

for a large part of the error of the Thomas at at expansion 

at short-range. Correspondence between the MP4SDQ/ 

6-311 +G(2df) expansion V0  and the experimentally de- 

a'S 

Ii /boh, 

FIG. B. The isotropic radial function of Li-00. The solid curve repre-
sents the isotropic radial function calculated to the MP4SDQ/6-3 It 
+0(2.11) level of theory. The dashed line represents the results of Gis-
lawn at at (Ref. 3). The long dashed line represents the fitted expansion 
of V0  of Thomas at at (Ref. 10). 

FIG. 9. The short-range isotropic radial function of Li'-CO. The solid 
curve represents the isotropic radial function calculated to the MP4SDQ/ 
6.311+G(2d1) level of theory. The short dashed line represents the 
results ofOislason at at (Ref. 3). Note that Gislason's results have been 
extrapolated beyond the range of reported validity. The long dashed tine 
represents the fitted expansion of Ve  of Thomas at at (Ref. 10). 

rived results of Gislason at at are also good, even though 

Gislason at at results have also been reported beyond the 

range of reported validity (2.8CR<10.8 bohr). These two 

expansions differ by a relatively small amount at small 

intermolecular separation as shown in the log-linear plot 

in Fig. 9. The effect of nuclear polarization on V 0  is exam-

ined later in this section. 

Returning to the radial function V, of the Legendre 

expansion, it can be seen in Fig. 6 that correspondence 

between the MP4SDQI6-311+G(2df) function and 

Thomas at at results are good for it> 3 bohr, but they 

diverge at smaller intermolecular separations. This is most 

probably due to the nature of the fitting function Thomas 

at at have employed. Another noticeable feature of the V5  

radial function is its maximum at R-2.8 bohr. This results 

partly from the definition of the coordinate system which 

places the C atom of the CO molecule closer to the Li+  ion 

for a given B, which favors the Li+_OC  configuration at 

short-range. At very large intermolecular separation the V1  

term dominates, and the fitted dipole moment, iu= —0.073 

au., is in reasonable agreement with the experimental re-

sult. 21  

The radial function V2  also corresponds well with 

Thomas' own expansion, but diverges at short-range, see 

Fig. 7. The radial function V2  is dominant in determining 

the potential energy surface from short to relatively large 

intermolecular separations. Not q  that the Thomas at at 

CISD + Q expansion for V2  does not diverge from the V2  

reported here until much smaller B than is plotted in Fig. 

9 because of the extra fitting functions they used to ensure 

accuracy in this region. - 

The long-range fitted quadrupole moment, Qes 1.4 a.u. 

is also in reasonably good agreement with experiment, 
22 

and the polarization term 3rd displays the correct parity. 

For the other radial function V3  and V4  the MP4SDQ/ 

6-311+G(2df) expansion and the Thomas flat expan- 

sion are not in agreement. Thomas at at have stated that 

the convergence of their expansions is incomplete espe- 
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TABLE VlSi. Critical points or the Legendre radial functions 
of Lt. -Co. 

Critical points 	MP4SDQ 	Thomass Gitlason's Staemn,Ier', 

Vt  
R,( V,-O) 4.074' 4.185 	3.987 4.876 
R,(OVa18R=0) 4,934 4.868 	4.857 5.027 
V,,(8V,13R=0) -O,00920 -0.00811 	-0.01121 -0.00797 
R,(J'V,/öR'=O) 5.639 5,746 
Vt 
.n.(av,,aR=o) 2.487 2.377 
v,(8v18R=0) +0.88468 +0.89324 
R,(8V,18R 2 -0) 2.954 2.497 
P. ( Vj  =0) 4.695 4.889 
R,(,3VI,9R=0) 5.783 5.731 
v,,(8V,1dR=0) -0.000437 -0.00287 
.R,(O'V 1 I8R'=0) 6.508 6.700 
V2  
P.( V,0) 4.236 4.893 
.R,(e7V110R=0) 5.863 5.874 
v2 (8v21aR=0) -0.08864 -0.08304 
R,(82 V2 18R'=0) 6.087 5.841 
Vs  
P.( P's=O) 4.657 4.742 
R,(3V318R=0) 5.613 5.667 
v3 ,(e9V31e9R=0) -0.00234 -0.00246 
R,(ô'v,./OR'=O) 6.465 6.516 
V. 
R,( V1 =0) 5.062 5.106 

1 (8V41R=0) 5.963 5.917 
V4 ,(8V41DR=0) -0.00368 -0.63 
R,(32 V13R 5 =0) 6.496 7.103 

'All bond distances in bohr. 
5Al8 energies in au. and relative to P = 

cially at short-range. This the MP4SDQ/6-311+U(2df) 
results represent a significant improvement over the only 
other post-HF potential energy surface currently available. 

NUCLEAR POLARIZATION OF Ll-CO 

The experimental TOF measurements of Toennies 

et al' for the inelastic differential scattering of Li' from 

N2  and CO investigated the rotational/vibrational inelastic 
cross sections for collision energies < ID eV. They observed 
similar rotational excitation cross sections but very differ-
ent vibrational excitation cross sections between the two 
systems. The TOP spectra showed an increased likelihood 
of vibrational inelastic scattering when Li ions collided 
off CO. when compared to the TOF data for the Li"-N 2  

system. However, Kita etal. 2  measured integral elastic 

scattering cross sections for both Li CN 2  and Li+CO  sys-
tems and showed that these cross sections and the potential 
energy surfaces derived from them were very similar. 
Staemmler4  attempted to rationalize the increased likeli-
hood of vibrational excitation of CO. despite the similari-
ties of the short-range potential energy surface, by a study 
of the equilibrium bond distance of the diatomic (r,) as a 

function of its geometry. This study showed, "pro-
nounced," differences between the Li+_CO  and Li 4 -N 2  
systems at short-range. 

The effects of nuclear polarization on the Li 1 -CO sys-
tem have been examined by optimizing the CO bond dis- 

TAnLE IX. Bond distance differences (Ar,) and energy differences (A) 
for nuclear polarization or L8-00. 

6' 

Ar,' 
HF 	MP4SI3Q 

/bohr 

ars 
UP 	MP4SDQ 

/bartree 

0' -0.262 	.. -0.11582 -0.08270 
45' -0.087 	. -0.03708 _ouDD 19 
67.5' -0.087 -0.21 -0.03110 
90' +0.012 	-- _0+00010 -0.00098 
112.5' +0.087 -0.00022 -0.00836 
135' -0.038 	- -0.00889 -0.00096 
180' -0.208 	'- -0.06676 -0.05882 

A11 angles in degrees 
5Alt parameters in au 

tance at short Li 4'-CO distances to check if nuclear polar-
ization is important, in a similar fashion to that reported 
for the Li'-N 2  system. 19  Gislason etal. 24  have commented 
that long-range polarization effects are negligible, or nearly 
so for small molecules, however they quoted 2 ' values that 
suggested that nuclear polarizability, am,  was significantly 
larger for the CO molecule (0.27 a-u.) than for the N 2  
molecule (>0.03 a.u.). The greater polarizability of CO 
should be even more exaggerated at short-range where it is 
anticipated that significant perturbation of the CO bond 
distance away from its equilibrium position should lead to 
corresponding changes to the potential energy -surface. 

Reoptimizing the bond length of the CO speciei with 
the Li species fixed at R'= 1.5 A (in the "center of dis-
tance" coordinate system) at various angles 0', lead to the 
following results. The bond length changes Ar for 0'=O', 
45', 67.5', 90', 112.5', 135, and 180' were -0.262, -0.087, 
-0.017, +0.012, +0.017, -0.038, and -0.208 bohr, re-
spectively, at the HF level of theory. The bond length 
changes were associated with decreases in energy for these 
configurations of 3.152, 0.193, 0.006, 0.003, 0.006, 0.032, 
and 1.817 eV for the angles 0'=0', 45', 67.5', 90', 112.5', 
135', and ISO', respectively, at the HF level of theory. At 
the MP4SDQ//HF level of theory changes were 2.251, 
0.005, 0.030, 0.027, 0.037, 0.026, and 1.601 eV for angles 
9'=O', 45', 67.5', 90', 112.5', 135', and ISO', respectively. 
These results are summarized in Table IX. 

As with the Li 4 -N, system, a pronounced decrease in 
the bond length (>10%) occurs in both linear arrange-
ments, with the greatest decrease (-0.262 bohr) occur-
ring as the Li+  ion approaches the C center of the CO 
molecule. Small increases in r are observed in the region, 
90'c0'<112.5', about the perpendicular approach. Similar 
features are also observed in the Li+_N,  system. These 
results are in accord with the observations of Staemmler. 4  
However, Staemmler correctly points out that the dipole 
moment of CO may play a crucial role in the behavior of 
nuclear polarization of Li+_CO  especially at short-range, 
thus complicating the numerical complexity of calculating 
its effect- These optimizations, have been performed at the 
HF level of theory; where the dipole moment has the i9-
correct sign. Optimization of Li"-CO in the Li"-C-b 
geometry at the HF level of theory has resulted in a large 
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FIG. 10. Comparison of the short-range tegendre radial functions of the 
MP4SDQ/6-3l I +G(1df) potential energy surface or Li 4 -CO and 
Li-N3 , The radial functions V, are labeled in the figure. The Ll-CO 
expansions are plotted as solid lines, and the Li-N5  expansions are 
plotted in the dashed line. 

bond length decrease because such a decrease changes the 
sign of the dipole moment (see Fig; I) and allows a rela-
tively stabilizing interaction. Optimization of the Lit-CO 

system in the Li-O-C geometry has also resulted in a 
decrease in the CO bond length, although it is smaller than 
that for the Li+._C_O  geometry. Inclusion of electron cor-
relation during the optimization is prohibitively expensive. 

It is most likely that bond length dependence of the 
dipole moment of CO is the cause of the greater vibrational 
inelastic cross sections of Li+_CO  compared to Li+_N2.  It 
is unfortunate that this interesting problem must await ad-

vances in computer speed and storage before an adequate 
treatment of electron correlation of the potential energy 
surface, particularly with respect to r and 0, will allow 
accurate calculations of vibrationally inelastic properties of 
these systems. If the ab initlo method used could have 
provided the correct qualitative picture of nuclear polar-
ization then the quantitative information obtained could be 
integrated into the potential energy surface with an ex-
pected improvement in the corresponding experimental 
properties calculated from this potential energy surface. 
Because of the uncertain reliability of these nuclear polar-
ization calculations, the associated corrections to the rigid 
rotor potential energy surface have been neglected. 

Calculations to,estimate the BSSE by counterpoise cor-
rection have not been performed. The anticipated correc-
tions are likely to be too small to justify expensive calcu-
lations. 

COMPARISON OF THE POTENTIAL ENERGY 
SURFACES OF LIt-CO AND LI-N 2  

The radial functions V2 , V, and V4  at the MP4SDQ/ 
6-311 +G(2df) level of theory for the Li-CO and at the 
MP4SDTQ/6-311±cJ(2df) level of theory for the 
Li+_N2  system are plotted in Fig. 10. There are similarities 
between the expansions which is not surprising considering 
the electronic similarities of the two systems. Buttner 
et at. 9  have already noted the similarities of these two po- 

tential energy surfaces, and commented that the greater 
amount of rotational excitation seen in the Lit-CO system 
results from the presence of the V1  term in the Legendre 
expansion, The agreement between the two systems Is best 
at short-range and is best for the V0  expansion. The well 
depths of the isotropic radial function for the two systems, 
namely 0.254 and 0.250 eV for Li-N 2  and Li-CO, re-
spectively, and the dipole-polarizability for the two sys-
tems, namely, 10.42 and 11.85 au. for Li-N 2  and 
Li 4 -CO, respectively, are also very similar. This suggests 
that the two potential energy surfaces are in fact very sim-
ilar and this result is in accord with the results of Gislason 
et al' who found the expansion for the isotropic radial 
function to be remarkably similar for two ion-molecule 
systems. - - - 

CONCLUSION 

Ala inhtlo calculations of the potential energy surface of 
the Li-CO system have been reported at the HF and 
MP4SDQ level of theory with a 6-311+G(2df) basis set. 
This basis set was selected to optimize agreement between 
the experimental and theoretical electrical properties of the 
isolated subunits. The calculated dipole moment, quadru-
pole moment, and parallel and pErpendicular dipole polar-
izabilities differ from the experimentally reported values by 
77.3% (MP4SDQ), 15.6 010 (MP2), 16.5% (MP4SDQ), 
and 43% (MP4SDQ), respectively. The apparently large 
difference between the experimental and theoretical results 
for the dipole moment of CO is due to the small absolute 
value of the dipole moment and while the ion-dipole inter-
action is the dominant long-range interaction the absolute 
error remains small. The isotropic radial function of the 
Legendre expansion agrees well with the experimental re-
sults of Gislason at al' which were derived from total scat-
tering cross sections. The isotropic radial function has a 
well depth of 0.250 eV at 4.934 bohr at the MP4SDQ level 
of theory. 

While this study of the potential energy surface of 
Li+..CO represents a significant improvement on any po-
tential energy surface currently available, it has some de-
ficiencies because of the inherent difficulties of describing 
this system. These deficiencies are a result of a complex 
interplay between the bond length of CO, the treatment of 
electron correlation of CO. and the dipole moment of CO. 
It has been shown that electron correlation has increased 
the bond length of CO and therefore makes the dipole 
moment more positive. Thus, electron correlation must be 
taken into account in the calculation of the bond length for 
an accurate calculation of the, long-range potential energy 
surface. The dependence of the dipole moment of CO on 
the bond length should also impact on the potential energy 
surface via nuclear polarization at short-range. This is ex-
perimentally observed as the greater likelihood of vibra-
tional excitation of the Li _O  system compared with the 
Li-N2  system. The greater Qomplexity of the Lit-CO 
system compromises the accura.cy,  of any practical calcula-
tion method which can be applied. 

The potential energy surfacps of LF 5-CO and Li-N2  
have been calculated in order to derive the transport prop- 
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erties of Li" in the gases CO and N 2 . His anticipated that 

the Li+_N2  potential energy surface is of sufficient accu-

racy to reproduce the experimentally measured transport 

coefficients, however the Li+_CO potential energy surface 

has been determined less confidently and it cannot be ex-

pected to perform to the same degree of accuracy. It is 

difficult to assess the component uncertainty of the calcu-

lated transport coefficients that is due to the known inac-

curacies of the potential energy surface. However, a con-

servative estimate of not greater than 3%-5% at low E/N, 

may result from probing the parts of the potential energy 

surface with known errors due to the electric multipole 

moments of CO, reducing to substantially less than this for 

intermediate and high E/N, where the angular variation of 
the potential energy surface has been well characterized. 
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Transport cross sections for the collisions of positive lithium ions with carbon monoxide 
molecules have been computed from theoretical Li+.CO  interaction potentials. These cross 
sections have been combined with the kinetic theory of atomic ions in polyatomic gases to give 
the mobility and diffusion coefficients parallel and perpendicular to an external electric field. 
Comparison of the calculated values with experimental data show that theory and experiment 
agree within their mutual uncertainties. 

I. INTRODUCTION 

The interaction of atomic ions with diatomic neutrals 
is of considerable importance in the ionosphere. Although 
the fundamental quantity describing this interaction is the 
potential energy surface, accurate information about such 
surfaces is limited except for systems in which the diatom 
is ll2, HD, or D2 . This is due to the difficulties both of 
performing extensive ab initlo calculations and of making 
accurate measurements of equilibrium, scattering, or trans-
port data and then reliably inferring values for the poten-
tial energy surface. - 

We have recently reported calculations of the transport 
coefficients of Li+  ions in N2  gas' which were in agreement 
with the experimental values within their mutual uncer-
tainties. Further more complicated calculations were re-
quired to test the theory and its implementation for atomic 
ion/diatom system. The Li+  +CO system was chosen, be-
cause of the greatercomplexity of its potential energy sur-
face due to the electronic structure of CO and its reduced 
symmetry compared to N 2 . The similarity between the po-
tential energy surfaces of the Li+N2 and the Li+CO 
systems has been outlined by Grice et al' Very little accu-
rate information has been published concerning both the 
potential energy surface and the transport properties of the 
Li+CO system. Thus this calculation is intended to be 
an a priori test of the theory and indication of the accuracy 
of the potential energy surface. 

Toennies ci al? ,have reported inelastic scattering stud-
ies of both the Li+N 2  and Li+CO systems. While 
there were similarities in the time of flight mass spectra of 
the two systems, the Li++CO system exhibited a greater 
probability for vibrational excitation in the energy range 
which they studied. The differences between the two spec-
tra were rationalized in term of differences in the "poten-
tial hypersurface." 

Staemmler has performed an ab initio self-consistent 
field (SCF) study of the Li+N2 (Ref. 4) and LF+CO 
(Ref. 5) systems in order to rationalize the differences in 
Toennies time-offlight (TOF) spectra. Staemmler con-
cluded that the dependence of the force constant of the 
diatomic molecule on the vector B was greater for the CO 
molecule than for -N2 . Unfortunately further conclusions 
are precluded in the absence of a mechanistic approach to 
collisions using trajectory calculations, and it is unlikely  

that either of Staemmler's potential energy surfaces are 
accurate enough to be reliable in this regard. 

Other authors" calculated the short-range isotropic 
potential energy surface froth integral scattering cross sec-
tion measurements and have concluded that the Lit  -I-CO 
and Li++Ni  systems are very similar. Once ci at 2  have 
performed an ab inutlo study of the Lr' - +CO surface and 
compared the angular components of the full rigid rotor 
potential energy surface with the corresponding expansions 
for the Li+  +N2 system, and showed the similarities which 
support the results of Rita 6  and Gislason ci at 7  Unfortu-
nately the rigid rotor potential energy surface contains lit-
tle information about the internal vibrational coordinates 
of the system and as a result no conclusions about the 
differences in the inelastic differential scattering cross sec-
tion results of Toennies et al' can be made. 

The aim of this study was to test the accuracy of the 
interaction potentials of Griçe et al' by comparing the ex-
perimental values of the transport coefficients with those 
derived from the potential energy surface for the Lit  +CO 
system. This was achieved with the use of a similar method 
to that described by Viehland ci at Several of the state-
ments presented supporting the calculation of the transport 
coefficients for the Li +N2 system are equally valid for 
the Li + CO system. This includes the validity of using 
classical mechanics to calculate the cross sections defined 
by the equations 

Q(Avi() 	L de0  ez( _)q(A.t)(E,Eo), 	(I) 

Jdeoexp" o\ (2) 

and the use of the classical kinetic theory to calculate the 
transport cross sections. In Eqs. ( I ) and (2) cis the pre-
coUisional kinetic energy and co  is the precollisional rota-
tional energy. 

The details of the trajectory calculations are outlined 
followed by the calculations of the transport cross sections. 
In the following section transport coefficient calculations 
are described which in turn are ; followed by a discussion of 
the results. Particular attention is paid to the uncertainties 
of the experimental and theoretical transport coefficients. 
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CLASSICAL TRAJECTORY CALCULATIONS OF 
THE Ll-CO SYSTEM 

This section outlines the trajectory calculations that 
were required to calculate the transport cross sections that 
are defined by Eqs. ( I ) and (2). Full details of the proce-

dure used have been given by Vichland et at' The code of 

the program TRAJECK (Refs. 8 and 9) had to be slightly 

altered to account for the lower C,, symmetry of the CO 

molecule compared to the N, molecule. The greater anisot-
ropy of the potential energy surface due to the lower sym-

metry is discussed by Once at al' 
The numerical calculation of the cross sections defined 

by Eqs. (I) and (2) becomes a trade off between the ac-
curacy required for the calculation of the transport coeffi-
cients and the available computer time. It has been shown 
that the accuracy of the theoretical transport coefficients 
will be limited by the accuracy of the potential energy 
surface. The electronic structure of the CO molecule has 
proven difficult to theoretically model using high level 
computational methods. For example, Scuseria at al e  

have shown that the theoretical dipole moment of CO does 
not converge to the experimental value for the Mallen-
Plesset methods as a function of the order of the theory 
used. Careful attention was paid to the calculation of the 
cross sections using trajectory calculations in order that 
the numerical accuracy did not unnecessarily exceed the 
estimated accuracy of the Li +CO potential energy sur-
face: To calculate the transport cross sections to an accu-
racy of that calculated for the Li+  +N, system would have 

been expensive, while it would yield no additional infor-
mation as to the real potential energy surface. Thus the 
trajectory parameters were systematically varied with the 
aim of calculating the transport cross sections with an un-
certainty of not greater than 1%. This required several 
calculations of the cross sections defined by Eqs. (I) and 
(2), which are detailed in the following subsections. 

CALCULATIONS OF ACCURATE CROSS SECTIONS 
FOR THE LI—CO SYSTEM 

Because of the long-range ion-dipole interaction of this 
system, a slightly different strategy for varying the param-
eters to obtain accurate cross sections was adopted. The 

variation of the parameter R, the starting distance in the 

trajectory calculations of the Li+  ion from the center of 
mass of the CO molecule, was primarily investigated for 
convergence before other parameters. Convergence of the 
cross sections was tested in each order of y=e/k&T. A 

selection of the studies of the accuracies of the cross sec-
tions are given belpw. 

A. Convergence of cross sections for log(y)=3.0 

A study of the numerical effect of varying the param-
eter 1?, on the values of some of the cross sections showed 
that R. must be at least 120 bohr in order to obtain a 

convergence of the cross sections of <I %. The ion-dipole 

interactions are approximately the same strength at 120 
bohr as the ion-quadrupole interaction at 40 bohr, which is 
the value used for this energy range in the cross section  

calculations for the Li +N, system. A value of lx l0—
for the accuracy parameter, ACC, which is used to deter-

mine the time steps in the integration procedure, was suf-
ficient for convergence of the cross sections to < 1%. The 
effect of the partitioning of the impact parameters was in-
vestigated on the number of impact parameters required in 
each region divided by the parameter b,. By restricting the 
high impact parameters N2 to a minimum huthber of val-

ues, the value of b, was set to the smallest possible value 
while retaining convergence of the cross sections to better 
than 1%. From the values of the cross sections it was 
concluded that with b,=8 a.u. at least 24 low impact pa-
rameters, NI and 4 high impact parameters, N2 were re-
quired to calculate the cross sections to an accuracy better 
than 1%. As was found in the Li—N 2  calculations, the 

choice of the parameter c, used in the integration scheme in 

the larger impact region, is relatively unimportant when 
considering the accuracy of the calculated cross sections. 
Adequate accuracy of the cross sections required at least 6 
angles of each of the three angular quadratures, x, #L, and 

The cross sections defined by Eqs. (I) and (2) are 
evaluated by averaging over the rotational energy by N6-
point Gauss—Legendre integration at low w, and 1,17-point 

Gauss—Laguerre integration over high w, in an identical 
manner to that described by Viehiand at a!) 4 high and 4 
low rotational energy quadratures are sufficient to calculate 
the cross sections to an accuracy of better than 1%. 

Convergence of cross sections for log(y)=2.0 

In this energy range, R. must be at least 160 bohr in 
order to obtain a convergence of the cross sections of <1%. 
A value of the accuracy parameter ACC of I)< 10 —' of 
sufficient accuracy to converge the cross sections to <1%. 
By restricting the high impact parameters to a minimum 
number of values, the value of b, was set to the smallest 
possible value while retaining convergence of the cross sec-
tions to better than 1%. With b,= 10 a.u. tlèast 32 low 
impact parameters, NI and 6 high impct parameters, N2 
were required to calculate the cross sections to an accuracy 
better than 1%. Adequate accuracy of the cross sections 
required at least 6 angles of each of the three angular 

quadratures, x, #' and t/ij, in this energy range. Eight 
high and eight low rotational energy quadrattires are suf-
ficient to calculate the average cross sections to an accu-
racy of better than 1%. - 

Convergence of cross sections for log(y) = 1.0 

As the kinetic energy of the collisions decreases it be-
comes more difficult to maintain a given accuracy in cal-
culating the cross sections, due to the stability and conver-
gence properties of solving the trajectory problem resulting 
from longer lasting and more convoluted interactions be-
tween the particles. Thus obtaining converged cross sec-
tions in the lowest kinetic energy region under study re-
quired a slightly different strategy to the other energy 
ranges. First, a study of the convergence of the parameter 
ACC was undertaken, on a small set of trajectories. It was 
found that the variable of ACC= lXl0 °  was of suM- 
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TABLE I. Summary of Ll'+CO trajectory Parameters used for the 
MP4SDQ/6-31 10(2df) potential energy surface. 

Range ore (10') 	 <9.5 	1 9.5-95 	>95 

Number oft values 2 8 15 

Number of ea  values 20 16 8 

ACC 1x10' IX10' IX 10 11  

LU- 400 ISO 120 

6, au. 20.0 20.0 8.0 
2.0 1.0 1.0 

NI and N2 48+6 32+6 24+4 

N3=N4=N5 10 6 6 

Number of trajectories 21 160000 1050624 725 760 

cient accuracy to converge the cross sections to <1%, in 

this energy range. R, must be at least 300 bohr in order to 
obtain a convergence of the cross sections of 1%, in this 

energy range. At least 48 low impact parameters N I and 6 

high impact parameters N2 were required to calculate the 

cross sections to an accuracy of —1%. Adequate accuracy 
of the cross sections required at least 10 angles of each of 

the three angular quadratures, x 'PL, and q51, in this en-

ergy range. 
These cross section calculations have been combined 

with several other calculations with the aim of maximizing 

the numerical accuracy with the minimum numerical ef-
fort. While the amount of time available to calculate the 
low kinetic energy cross sections is necessarily limited, this 
has led to a compromise in the accuracy of the cross sec-

tions and hence in the subsequent determination of the 

transport coefficients. Being mindful of the fact that the 
estimated accuracy of the cross sections should not exceed 

that estimated for the potential energy surface in a given 
energy range, the set of trajectories that are defined by the 

parameters in Table I represent the minimum number of 
trajectories possible to describe the transport coefficients to 

an accuracy of at least 1%. The final cross sections have 

been plotted in Fig. I. It can be expected that the theoret-
ical uncertainties should decrease at high E/N, where the 

convergence properties of the relevant cross sections and 

the potential energy surface that they probe were most 

accurate. 
Improvements in the accuracy of the calculated cross 

sections may have to await the application of vector pipe-

line methods" in o*r to make large trajectory calcula-

tions feasible, 

IV. TRANSPORT COEFFICIENTS OF Ll-CO 

The transport coefficients of Li+  ions in CO gas have 

recently been measured by Satoh et at 52  The measured 

mobilities of the Li ions in CO gas showed discrepancies 

with the only other data set in the literature reported by 
Tyndall" at zero field. Tysidall's measurements were also 

significantly smaller jthan those for the Li +N2 system, 

which he then interpreted in terms of the presence of the 
small dipole moment-of the CO molecule. However trans-

port measurements for .other alkali-metal ions with N 2  and 

CO have revealed that the ratio of zero-field mobilities 

between the two systems were 1. 10 for Kt 24  and 1.11 for 

FIG. 1. The rotationally averaged transport cross sections of LI ions in 
Co gas, as a function of the dimensionless relative kinetic energy. The 
transport cross sections are plotted as log and in A.U. The transport cross 
section curves for the cross sections Qt'0l Q(Z5), and Q55 '°' are labeled in 
the Ilgure. - 

Cs." Thus it seems likely that Tyndall's mobility me?- 

surements of Li ions in CO gas are in error perhaps due 

to the presence of fast clustering reactions, 
16 and that the 

permanent dipole moment affects the mobility to a small 

extent at small field strength. 
The trajectories that are summarized in Table I were 

used to calculate the cross sections defined by the equations 
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TABLE II. Transport properties of Li Ions in C09" at T303 K. as 
calculated from the MP4SDQ/6-31 10(2dJ) potential energy surface, 
at low field strength. 

R/N 	T,,. 	Eub 	0d 	 K. 	ND8  ND, 

(Td) 	(K) 	(eV) 	(km sfl') 	 (cn,'/V a) 	If"...  

80.04 302.6 0.0391 0.098 3.62 2.23 2.22 
11.29 303.3 0.0392 0.110 3.68 2.25 2.23 
82.71 304.2 0.0393 0.123 3.68 2.27 2.24 
83.48 304.7 0.0394 0.130 3.60 2.28 2.25 
15.18 305.9 0.0396 0.147 3.59 2.30 2.27 
17.10 307.5 0.0398 0.865 3.58 2.33 2.29 
88.13 308.4 0.0399 0.874 3.58 2.35 2.30 
89.27 309.5 0.0403 0.885 3.57 2.37 2.32 
20.46 380.6 0.0402 0.196 3.56 2.40 2.33 
23.09 383.4 0.0405 0.220 3.55 2.45 2.37 
26.07 387.0 0.0410 0.247 3.53 2.52 2.42 
29.47 328.4 0.0415 0.277 3.50 2.68 2.48 
38.35 324.0 0.0489 0.294 149 2.66 2.52 
33,35 327.0 0.0423 0.311 3.47 2.72 2.56 
35.50 330.4 0.0427 0.330 3.46 2.78 2.60 
37,79 334.8 0.0432 0.350 3.44 2.86 165 
40.24 338.3 0.0437 0.378 3.43 2.93 2.70 
42.87 343.8 0.0443 0393 3.41 3.02 2.76 
45.67 348.4 0.0450 0.416 3,39 3.83 2.83 
48.68 354.4 0.0458 0.448 3.37 3.24 2.90 
58.89 361.1 0.0467 0.468 3.35 3.38 2.98 
55.33 368.6 0.0477 0.496 3.33 3.53 3.08 
59.00 377.8 0.0487 0.526 3.31 3.70 3.18 
6192 386.6 0.0500 0.557 3.30 3.90 3.30 
67.89 397.3 0.0584 0.591 3.27 4.14 3.43 
78.77 409.4 0.0529 0.627 3.25 4.48 3.57 
76.62 422.9 0.0547 0.665 3.23 4.78 3.73 
88.79 438.8 0.0566 0.706 3.28 3.88 3.92 
87.27 435.8 0.0588 0.750 3.20 5.68 4.83 
93.05 474.3 0.0613 0.795 3.88 5.98 4.36 
99.83 495.9 0.0648 0.844 3.87 6.34 4.63 

using the potential energy surface given in Once 
or  012 In 

Eqs. (3) and (4) e is the precollisional kinetic energy, fo  is 
the precollisional rotational energy, €' is the postcollisional. 
kinetic energy, and 8 is the scattering angle of the collision. 
The rotationally averaged cross sections were then used as 
input into the programs I3IMAX (Ref. 17) and MODDII' 
(Ref. 18), respectively, in order to calculate the transport 
coefficients of Li 1' ions in CO gas at T=300 K as a func-

tion of E/N. 

V. TRANSPORT COEFFICIENTS CALCULATED FROM 
THE MØLLER-PLESSET POTENTIAL ENERGY 
SURFACE 

The numerical results of the transport coefficients from 
the program MOBDIF.at  low K/N are displayed in Table II. 

Also displayed is the effective temperature of the ions, 
T i.,, the kinetic energy in the laboratory reference frame, 

Li ab, and the calculated drift velocity, 0d Note that the 

mobility, K0 , and the parallel and perpendicular diffusion 

coefficients, ND 11  and ND1  , respectively, have converged 
to an accuracy of 0.1%, 0.25%, and 0.25%, in this energy 

range. 
Calculations of the transport coefficients at high field 

strength have been performed and the numerical results 
froth the program MOBDIF are displayed in Table III. The 

TABLE 181. Transport properties of 14 1' ions in CO gas at T= 300 IC, as 
calcuisled from the MP4SDQ/6-31 lO"(2df) potential energy surface, 
at high field strength. . 

ElM 	7',,, 	Eus 	vj 	K. 	ND1 	ND, 

(Td) 	(K) 	(eV) (km/a) (cm 2/V s) 	lo"/cm 

303.98 6050.4 0.7828 4.295 5.26. 736.96 90.87 
387.23 6768.2 0.8740 4.546 5.33 825.92 123.42 
332.38 7559.7 0.9772 4.880 5.39 797.93 856.62 
349.48 8457-0 8.0932 5.823 5.46 729.67 893.06 
368.75 9463.2 8.2235 5.488 5.53 669.26 233.81 
390.54 10598.1 8.3699 5.869 5.59 635.40 278.38 
483.02 II 870.9 8.5344 6.276 5.63 628.53 326.83 
442.86 13301.1 8.7893 6.702 5.64 648.62 378.83 
478.98 84908.0 8.9270 7.147 564 672.62 435.38 
504.48 86783.3 2.8604 7.611 5.62 714.61 498.48 
539.58 88742.3 2.4226 8.098 5.59 772.74 56799 
577.48 28028.7 17873 8.609 5.55 843.09 644.74 
618.13 23582.9 3.0484 9.847 5.58 932.66 729.78 
668.56 26460.7 3.4203 9.785 5.47 8036.82 824.488 

theoretical accuracy of the calculated transport coefficients 
can be estimated from a comparison of the 7th- and 8th-
order approximation results from the program. Note that 
the mobility K0 , and the parallel, and perpendicular diffu-
sion coefficients, NDi  and ND, , respectively, have con-
verged to an accuracy of 01%, 0.25%, and 0.25% respec-
tively, in this range. 

To assess the degree of agreement between the theoret-
ically and experimentally derived transport coefficients an 
estimate of the uncertainties of the calculations and exper-
iments are required. 

The theoretical accuracy of the calculated transport 
coefficients can be estimated from a comparison of the 7th-
and 8th-order approximation results from the program 
MOBDIF. These results show that the mobility has con-
verged to within 0.1% below 100 Td, and 0.1%-2% in the 

range 100-130 Td. There is a large region of inconvergence 
between -130 and 300 Td followed by between 10% and 

2% accuracy for the mobility in the range of 300-400 Td, 
and between 2% and 0.6% in the range of 400-500 Td. 
The mobility converges to within 0.5% at field strengths 
beyond 500 Td. - 

The reduced perpendicular diffusion coefficient, D1 
converged to within 0.25% below 100 Td, within 

0.25%-4% in the range 100-120 Td, and did not converge 
in the range 120-400 Td. In the range 400-500 Td the 
reduced perpendicular diffusion coefficient converged to an 
accuracy of within 10%-4%, and within 4%-2% in the 
500-600 Td range.  

The reduced parallel diffusion coefficient, D1  , con-
verged to within 0.25% below 90 Td, within 0.25%-50% 
in the range 90-120 Td, and did not converge in the range 
120-400 Td- In the range 400-.500 Td the reduced parallel 
diffusion coefficient converged to an accuracy of within 
50%-20%, and within 20%-12% in the 500-600 Td 

range. . 
Other sources of uncertainties to the theoretically de-

rived transport coefficients are from the accuracy of the 
potential energy surface. While the MP4SDQ/ 

J. Chem. Phys., Vol. 99, No. 10, 15 November 1993 



MITE 

Once, Harland, and Maclagan Cross sections at Li+4cO 	 7635 

6-31 10(2df) potential energy surface of Once ci at' is 
not as accurate as the potential energy surface calculated 
for the Li++N2  system, a conservative estimate of the 
error would be a maximum of 5% at large separation and 
decreasing below 2%-3% at smaller separation. The 
greater uncertainty of the Li+CO potential energy sur-
face results from the extra electronic complexity of the CO 
molecule, particularly with respect to establishing reliable 
electric multipole moments important in long-range inter-
actions. The other main source of uncertainty in the theo-
retical calculations results from the choice of trajectory 
parameters which necessarily limits the number of the tra-
jectory calculations. A conservative estimate of this source 
of uncertainty is <1%. Therefore the combined theoretical 
uncertainty is greatest at 6% for small FIN, decreasing to 
<3% at high E/N. 

Satoh al al. 12  estimates the uncertainties of their mea-
surements as 3% at low and intermediate E/N, and 1.5% 
at high FIN. The major components of the uncertainties 
relate to the measurements of temperature and pressure 
throughout the course of the experiment. The uncertainties 
of the diffusion coefficients have been extrapolated from 
the uncertainties for the mobility using the equation 

.D=qD j/Kpe kBT I,,. 	 (5) 

Because the published graph of the transport coefficients 
had no associated table of data, the raw data was estimated 
from a magnified image of the figure. From the resulting 
variation of adjacent points on the experimental mobility 
and diffusion coefficient curves they have published, and 
from previous knowledge of the inherent errors in experi-
mental measurements in drift-tubes, we estimate that the 
uncertainty in the mobility measurements to be —5% be-
low tOO Td, and —2% above 100 Td. 

The calculated mobilities and diffusion coefficients, 
which were made dimensionless by Eq. (5) and the equa-
tion 

kBT,, 0l=kT+l/3M(K, IE) 2 	 (6) 

are compared to the results of Satoh at at t6  in Figs. 2 and 
3, respectively. 

Several features are evident in the comparison of the 
experimentally and theoretically derived mobilities. The 
two mobility curves are within the mutual uncertainties 
almost over the entire range of F/N plotted. However, 
some systematic differences between the actual experimen-
tal points and the theoretical curve which were not present 
in the study of Li +N2 system suggest that the potential 
energy surface of Lit.jCO is comparatively more inaccu-
rate. These findins are supported by the conclusions of 
our ab mi/a study on Li +cO. Note also that the agree-
ment to within mutual uncertainties of the experimental 
and theoretical mobilities results mainly from the greater 
uncertainties in each data set, due partly to conservative 
estimates, compared to those for the Li++N2  system. 

Considering each region of F/N separately it is appar-
ent that the correspondence between the experimental and 
theoretical mobilities is reasonable at low F/N up to 100 
Td. While there is a onsistent displacement between the 

FIG. 2. The mobility of Li ions In CO gas calculated using MP4SDQ/ 
6-31 IOe*(2df) potential energy surface, at T=300 K, as a function at 
E/N In units of Td. The points with error bars are the experimental data 
of Satoh at at (Ref. 13). The solid curve was calculated with the program 
htosr,IF, using the cross sections calculated using the parameters as out-
lined in Table I. The mobility has been spline fitted through the region of 
inconvergence and is plotted using the dotted curve. 

two data sets, the agreement is within the uncertainties of 
the experimental error, and the slight differences can easily 
be explained by the known difficulties of calculating accu-
rate electric multipole moments of CO important in deter-
mining the long-range potential energy surface. Note that 
the fitted dipole moment of CO was larger than the exper-
imental value and that this may be responsible for the 
smaller theoretical mobility at low FIN. 

In the region directly after 100 Td, the problems of 
inconvergence associated with a rapid rise in mobility were 
encountered. The mobilities have been spline fitted through 
the region of inconvergence and plotted as a dotted line. It 
is clear that theoretical and experimental mobilities started 
to diverge to the limit of the mutual uncertainties that 
bound the agreement of these data sets. Because the uncer-
tainties of the theoretical calculations are not as small as 
those corresponding to the LiF +N2 system, and because 
of the inconvergence problems of the kinetic theory, any 
further conclusions about the potential energy surface are 
not possible. However it does seem likely that the possible 
disagreement in this region, which was also observed in the 
Li +N2 system, is due to the variation of correlation en-
ergy obtained from Moller—Plesset calculations as a func-
tion of molecular separation. t9  Other authors" have at-
tempted to improve the convergence properties of kinetic 
equations by expanding the ion distribution function in 
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E/N (id) 

ElO. 3. The reduced diffusion coefficients or Li' ions in CO gas calcu-
lated using the MP4SDQ/6-31 lO"(Zdf) potential energy surface, at 
T=3tYJ K. as  function of ElM in units of Id. The pointi with error bars 
are the experimental measurements of the parallel diffusion coefficients of 
Satoh et at (Ref. 14). The solid curves, representing the reduced parallel, 
and perpendicular, diffusion coefficients, were calculated with the pro-
gram BIMAX, using the cross sections calculated using the parameters as 
outlined in Table I. The results were spline fitted through the region of 
inconvergence. The dotted curves represent the reduced parallel and per-
pendicular diffusion coefficients calculated using the program MOSDIF, 

which were not plotted in the region of inconvergence. The reduced dif-
fusion coefficients are dimensionless and defined by Eq. (5). 

terms of a bimodel Maxwellian function, supposedly rep-

resenting partial ion run away. These representations have 

improved the convergence properties of the kinetic equa-

tions of other systems that have been studied. Such meth-

ods could well result in improved convergence for the 

Li—CO system. 

The agreement between the theoretical and experimen- 

tal data sets at high E/N is excellent. The greater complex- 

ity of internal vibrational coordinates of the Li 4  +CO po- 

tential energy surface at small separation meant that a 

simple semiempirical model could not be applied to simply 

account for the effect of nuclear polarization. Calculating 

the effect of nucler polarization in this system requires 

more rigorous treatment of the internuclear coordinate of 

the CO molecule as a function of the intermolecular vector 

B. However, where such an effect produced a measurable 

improvement in the case of the Li+ + N1  systems' transport 

coefficients, it is 4oubtful if inclusion of this effect could 

improve the theoretically calculated mobilities for this sys- 

tem. 
Turning to a ,discussion of the comparison of the ex- 

perimental and theoretical diffusion coefficients plotted in 

Fig. 3, it is evident that there is no agreement between the 

data sets for the parallel diffusion coefficients except above 

360 Td, where the correspondence between the reduced 

parallel diffusion coefficient calculated using the program 

BIMA.X and the experimental results of Satoh at at are 

good. These results complement those found for the mo-

bilities. At lowE/N, the consistent differences between the 

theoretical and experimental reduced diffusion coefficients 

are exaggerated and beyond the mutual uncertainties. The 

differences almost certainly result from the inaccuracies of 

the potential energy surface due to the difficulties of ob-

taining reliable electric multipole moments from MaIler-

Plesset methods. The comparison of the theoretical and 

experimental results for the reduced parallel diffusion co-

efficients at high EJN suggested that the potential energy 

surface is accurate. This conclusion is supported by the 

excellent agreement between the short-range isotropic ra-

dial function calculated by Grice at al' and that deter-

mined by integral cross sections measurements by Gislason 

at al.' Note that no experimental data for the perpendicu-

lar diffusion coefficient have been reported. 

VI. CONCLUSION 

A complete report of the transport calculations of Li 

ions in CO gas at T=300 K has been given. These results 

have allowed further conclusions about similar atomic ion-

diatom transport systems to be made. The MP4SDQ/ 

6-311G'(2df) potential energy surface of Once el al' 
was used to calculate the trajectories necessary to obtain 

kinetic theory cross sections with an inaccuracy not greater 

than 1%. These cross sections were then used to calculate 

the transport coefficients of Li+  ions in CO gas. The com-

parison of the theoretical and experimental mobilities re-

vealed that the data sets were within the mutual uncertain-

ties although systematic differences were observed at low 

E/N. The differences between the experimental and theo-

retical reduced parallel diffusion, coefficient were further 

exaggerated beyond the mutual uncertainties, suggesting 

that inaccuracies in long long-range potential energy sur-

face were responsible. The fitted dipole moment of CO was 

larger than the experimental value and this may well be the 

cause of the slightly smaller low field theoretical mobilities 

and diffusion coefficients. Correspondence between the ex-

perimental and theoretical mobilities and diffusion coeffi-

cients was excellent at high S/N justifying the analysis of 

the angular anisotropy at short-range for the potential en-

ergy surface of Orice at at 
Comparison of the results for the Li +CO and the 

Li+ +142 systems has shown some similarities. Inaccura-

cies in the calculated transport coefficients for these sys-

tems about 100 Td suggest that both potential energy sur-

faces are not accurate in the 6-10 bohr separation range. 

This observation is consistent with the known properties of 

Moller—l'lesset calculations at nonequilibnium geome-

tries. 19  The calculation of the transport properties is fur-

ther complicated by the known difficulties in achiev4g 

convergence when calculating the dipole moment using 

Moller—Plesset theory, The accuracy of the potential en- 

- 
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ergy surface could be improved with the application of a 
method with a more stable treatment of electron correla-
tion as a function of separation, such as QCI methods. 

These methods have also been shown to have improved 

stability when calculating the electric multipole moments 

of the CO molecule)°  
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A reliable method for deconvolving badly convoluted molecular beam time-of-flight waveforms 

using Fourier transform and Wiener filtering techniques is presented. The devised method places 

no restrictions on the functional form of any factors affecting the shape of the measured 

time-of-flight distribution, but rather uses an accurately determined distribution to estimate an 

overall response function for the system. The estimated response function may then be used to 

deconvolve any convoluted time-of-flight waveform measured under similar experimental 

conditions. The mathematical details of the method are discussed and examples of its application 

to the deconvolution of time-of-flight waveforms measured in unchopped pulsed supersonic 

beams of argon, krypton, Cl-Id 3 , and CH 3CI are presented. 

I. INTRODUCTION 

Time-of-flight techniques have been extensively used to 

determine speed distributions of atoms and molecules in 

molecular beam experiments for more than three decades. 

The importance and popularity of these methods are due 

not only to the simplicity and compactness of the experi-

mental arrangements involved, but also to the wide range 

of experiments to which they are applicable- For example, 

time-of-flight techniques may be used for the characteriza-

tion of molecular beam sources, t  the investigation of in-

elastic scattering by energy loss methods, 2  or for the deter-

mination of reactant energy distributions in reactive 

scattering experiments. 3  
The accuracy viith which the measured time-of-flight 

signal actually represents the true distribution of atomic or 

molecular speeds in a molecular beam has often been 

questioned .45  In a time-of-flight experiment, the molecular 

beam must be modulated in some manner and the mea-

sured time-of-flight signal will therefore depend upon the 

geometry and frequency of the modulating device accord-

ing to some modulator or gale function. Furthermore, 

since the beam signal is measured using an electronic cir-

cuit with a nonzero response time, the measured distribu-

tion of flight times will be distorted by the dynamic re-

sponse of the electronic system. Due to these problems, it is 

often necessary to perform some kind of deconvolution on 

measured time-of-flight data in order to extract a more 

accurate represent!ion of the true speed distribution. 

There are essentially three approaches which may be 

adopted to handle this problem. Apart from applying di-

rect numerical deconvolution, it is possible to use moment 

methods, or to fit convolutions and transformations of em-

pirical speed distribution functions to time-of-flight data. 

Using Laplace transform methods, Alcalay and 

Knuth 4  derived expressions for the moments of typical 

speed distributions and gate functions. By evaluating mo-

ments of the measured time-of-flight data and subtracting 

those of the gate function, moments of the true speed dis-

tribution can be foud. In principle, any function can be 

characterized to any degree by considering a sufficient 

number of moments- In practice, however, noise in the  

data generally limits the number of usable moments to only 

a few. The process is also time consuming and makes pos-

sibly invalid assumptions regarding the exact form of the 

gate function. 
A quite general method for deconvolving time-of-flight 

data is to approach the problem from the reverse direction 

by fitting a parameterized convolution to the experimental 

data. 6  This approach is somewhat artificial and the solu-

tion derived in terms of the various parameters used may 

not be unique. Such all approach is also time consuming 

from a computational point of view, as numerically fitting 

the measured or observed signal in this manner for some 

assumed set of parameters may require many iterations in 

order to minimize the sum of the squares of the deviations 

between the experimental and fitted distributions. 

While it may be necessary to make some assumptions 

regarding the form of the speed distribution in a supersonic 

molecular beam, it is not at all necessary to make any such 

assumptions regarding the form of the gate function or the 

electronic response function. Also, apart from these func-

tions there may be any number of other factors that distort 

the time-of-flight waveform which cannot be adequately 

described in terms of any empirically derived expression. 

All of these factors combine to give an overall system re-

sponse function which must be deconvolved from the mea-

sured time-of-flight signal in order to obtain the true dis-

tribution of flight times. In our, laboratory, the situation is 

made worse by the fact that for some experiments it is not 

possible to fit a chopper assembly into the molecular beam 

apparatus to modulate the beam in an acceptable manner. 

It is therefore necessary to estimate flow velocities and 

parallel translational temperatures from highly convoluted 

time-of-flight waveforms measured in unchopped pulsed 

supersonic expansions. 
In this communication we illustrate the use of Fourier 

transform and Wiener filtering .techniques,' to reliably de-

convolve measured time-of-flight waveforms. We show 

how an accurately measured, qr theoretical, time-of-flight 

distribution may be deconvolved from a badly convolved 

distribution to estimate an overall response function for the 

system. This response function may then be used to decon-

volute any time-of-flight distribution measured under sirn- 
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liar experimental conditions. The form of the system re-
sponse function is briefly discussed and illustrative results 
obtained using the deconvolution procedure are presented 
for argon, krypton, CHCI 3 , and C11 3Cl. The use of direct 
numerical deconvolution in this manner is made computa-
tionally efficient through the use of the fast Fourier trans-
form algorithms,' and problems associated with high-
frequency noise components in the experimental data are 
reduced by the application of a simple low-pass filtering 
function. 

II. MATHEMATICAL CONSIDERATIONS 

The effect of most factors that contribute to the distor-
tion of time-of-flight waveforms may be expressed in terms 
of the convolution integral 

ci 
g(t)= 

j 
h(t)f(t—r)dr= 

 j 
h(t—r)f(t)dr, 	(I) 

0 	 0 

whereg(t) is the measured time-of-flight signal, f(i) is the 
true time-of-flight waveform, and h(t) some function 
which describes the dynamic response of the experimental 
apparatus at time r. Given sufficient knowledge regarding 
the form of the response function, Fourier transform tech-
niques may be used to solve Eq. (I) to obtain f(t) through 
the application of the convolution theorem, which states 
that the transform of the convolution is equal to the prod-
uct of the transforms. 

Defining the forward Fourier transform of a function 

f(t) to be F(s) such that 

F(s) 
= 	

f'( t)ebc0idt, 	 (2) 

and the inverse Fourier transform as 9  

f(t) = I F(o. )r6dw , 	 (3) 

the convolution theorem gives that 

G(w)=If(m)F(s). 	 (4) 

The significance of the convolution theorem is that the 
process of convolution in the time domain is simplified to 
mere multiplication in the Fourier, or frequency, domain. 
Deconvolution ofq. (1) to determine the true time-of-
flight waveform therefore amounts to the calculation of 
C(s) and If(s) for a given g)  and h(t), respectively, 
followed by the evaluation of F(s) according to the equa-
tion 

C(s) 
F(w)=jjj—y. 	 (5) 

Equation (3) may .•then be used to obtain f(t). Despite the 
formal simplicity of this approach, considerable difficulties 
may arise in practice due to noise in the measured signal or 
the presence of zeros in H(s). 

It is a common problem that deconvolution will fre-
quently result in the amplification of noise. Noise in the 
measured signal will produce high-frequency components 
in C(s), causing F(s) to diverge at high frequencies. Any  

such high-frequency components may be removed from the 
measured signal through the application of low-pass filter-
ing, in which C(s) is multiplied by some filtering function 
L(w) with cut-off frequency w. All components beyond 
the cut-off value will be removed, while those below u, 
may or may not be attenuated, depending upon the func-
tional form of L(w). The simplest low-pass filter is the 
rectangle function, 

Mail 
= I, II<w (6) 

which leaves all components of the filtered function unal-
tered for II The use of rectangular filters, however, 
can frequently lead to the manifestation of undesirable fea-
tures such as ringing in the corresponding time domain 
signal, and should therefore be applied with some caution. 
In this communication, experimentally measured time-of-
flight signals were low pass filtered, when necessary, using 
a filter consisting of a rectangle function multiplied by a 
single cosine lobe, 

irw\ 
L(w)=fI(w)cosl f—I, 	 (1) 

¼ c / 

to provide a gradually increasing attenuation of C(s) up 
to the chosen cut-off frequency. It was found that, with 
careful choice of w, this filter was generally quite adequate 
for the removal of high-frequency noise components from 
measured time-of-flight waveforms, although in many ap-
plications involving more complicated signals, a consider-
ably more sophisticated filtering function would probably 
be required. - 

Filtering of the measured time-of-flight signal may not 
always be required, and it is advisable to examine the Fou-
rier transform of the measured signal to determine exactly 
what frequency components are present. Ideally the mea-
sured signal should be sufficiently smooth to avoid the need 
for any filtering, but obtaining a suitably smooth signal 
may often require a considerable amount of signal averag-
ing, particularly if the signal is small, since to improve the 
signal-to-noise ratio by a factor of k the number of aver-
ages must be increased by P. If filtering is considered nec-
essary, the choice of a suitable w is to some extent a matter 
of trial and error- If the cut-oil frequency is too low, infor-
mation about f(t) may be lost, while if it is too high no 
improvement in the quality ofF(s), and hence the decon-
volved signal, may be gained. The transform of a measured 
signal may be compared with that of a perfectly smooth 
fitted curve, evaluated at iden;ical time intervals, to esti-
mate a reasonable lower limit :  for s applicable to a series 
of experiments recorded with the same sampling fre-
quency. 

In order to deconvolve the experimental time-of-flight 
signal and obtain f(t), it is necessary to know the form of 
the system response function, 11(t). The system response 
function will contain contributions from a large number of 
sources, many of which may be unknown. It is therefore 
impossible to predict the shape of this function with any 
real degree of accuracy. Instead, a reliable estimate, Air), 
may be obtained by deconvolving an accurately measured, 
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or theoretical, time-of-flight distribution from a convolute 
distribution. This estimate of the system response function 
may then be applied to the deconvolution of other convo-
luted distributions measured in the same apparatus under 
similar experimental conditions. It is important to empha-
size that a response function estimated in this manner will 
contain features peculiar to the apparatus in which the 
convoluted distribution was measured and may therefore 
not be applicable to results obtained using another appa-
ratus. Further, the estimated response function will also 
depend to some extent upon the experimental conditions 
employed for a particular measurement, and care should 
be taken to ensure that pressures, temperatures, and detec-
tor settings are roughly the same for all measurements to 
which the estimated response function is to be applied. 

In some cases it may be possible to make direct use of 
Eqs. (2), (3), and (5) to determine f(l) using the esti-
mated response function. Frequently, however, the Fourier 
transform of the response function will contain one or 
more points which are exactly zero, causing F(w) to be 
undefined at those points. In such situations an acceptable 
deconvolution can generally be obtained through the ap-
plication of Wiener filtering, 7  in which Eq. (5) is rewritten 
as 

(8) 

where 

rvw 	 H(co) 
-. 	 (9) 
1/(o) I'+ 

In this expression .ñ'(w) and fl(w) J are the complex 
conjugate and modulus of H(o), respectively, and 0 is an 
adjustable parameter roughly equal to the noise-to-signal 
ratio associated with g(l) such that 

1c1  
(10) 

for a signal with noise component c(l). By improving the 
signal-to-noise ratio the 0 term in the Wiener filter can be 
made very small resulting in a more highly resolved decon-
volution. Unfortunately it is not always possible to make 
use of Eq. (10) and, as with the choice of low-pass filter 
cut-off frequency, tL best choice of 0 is to some extent a 
matter of trial and 1error. The optimum value of 0 repre-
sents something of a compromise, as a value which is too 
small will cause W(w) to diverge for very small values of 

while a value that is too large will dominate 
W(o$, resulting in .a poor deconvolutioa. When it is diffi-

cult to estimate 0 using Eq. (10), a simple and generally 
successful approach is to take 0 as some small fraction 

10) of the maximum signal amplitude. 

III. EXPERIMENTAL ARRANGEMENT 

The experimental arrangement used to collect on-
chopped pulsed nozzle time-of-flight waveforms is illus-
trated schematically in Fig. 1. A commercially available 
pulsed value nozzle (General Valve Corporation, model 
9-181) was employed for these measurements. The valve 

a 
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FIG. I. Experimental arrangement employed for she collection of on. 
chopped lime-of-flight waveforms. 

was modified to have a nominal nozzle diameter of 70 gm. 
The central core of the pulsed supersonic expansion was 
sampled by a l-mm-diam skimmer (Beam Dynamics) po-
sitioned —15 mm downstream from the nozzle exit. The 
skimmed supersonic beam was then allowed to pass 
through a differentially pumped flight tube before entering 
the ion source of a Vacuum Generators SXP300 quadru-
pole mass filter. The output current of the channeltron 
electron multiplier generated by the impinging ion beam 
was converted into a voltage wavefonn and amplified using 
a custom built circuit having a gain of 5 and a flat fre-
quency response across a bandwidth of 1 MHz. Amplified 
waveforms were monitored on a 20 MHz oscilloscope and 
sampled using a Thurlby digital storage adaptor. Digitized 
wavefonns were stored on the hard disk of a personal com-
puter. The frequency and duration of beam pulses was 
controlled by the beam source driver unit, which also pro-
vided the necessary trigger pulses for the digital storage 
adaptor and the oscilloscope. During operation of the 
pulsed nozzle, background pressures of LO' and lO 
Torr were maintained in the expansion chamber and the 
flight tube, respectively. 

IV. RESULTS AND DISCUSSION 

A number of special considerations apply to the mea-
surement of time-of-flight waveforms in unchopped pulsed 
molecular beams. In particular, it is important to be aware 
of the time-dependent nature of the nozzle conductance, 
which implies that the speed distribution of an element of 
gas within a pulse is a function of the time at which that 
element passed through the nozzle. The width of the speed 
distribution will be relatively constant during the time that 
the pulsed nozzle is fully open. During the opening and 
closing of the nozzle, however, the width of the speed dis-
tribution will generally be somewhat greater, and time de-
pendent. Because of this intrinsic time dependence, time-
of-flight analysis of unchopped pulsed molecular beams is 
considerably more difficult than the analysis of well 
chopped beams, in which the speed distribution is separa-
ble from the beam modulating function. 

It is also important to be aware of a number of points 
concerning the use of fast Fourier transform algorithms to 
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convolve and deconvolve data. The fast Fourier transform 

'algorithm used to obtain the results presented in this com-

munication was that of Cooley and Tukey. 5  This algorithm 

may be used to perform discrete Fourier transforms on 

complex one-, two-, and three-dimensional data, requiring 

the number of points in each dimension to be a power of 2. 

It is a common feature of most fast Fourier transform 

algorithms that the number of data elements be a power of 

2 for reasons of computational efficiency,' although there 

are algorithms available that place no such restriction upon 

the number of elements. 10  The output of the Thurlby dig-

ital storage adaptor used to collect the unchopped time-of-

flight waveforms presented in this communication was 

1024 regularly spaced samples, allowing us to make direct 

use of the Cooley—Tukey algorithm. In situations where 

the number of elements is not a power of 2, the measured 

data may be packed with an appropriate number of leading 

and trailing zeros to increase the number of samples to a 

suitable power of 2. Zero packing of the data in this man-

ner results in an interpolation effect in the Fourier domain' 

which may often improve the resolution of spectral fea-

tures. Indeed, in some instances, it may prove advanta-

geous to perform zero packing on data sets already con-

sisting of 2 points for this very reason- It should be noted, 

however, that in some instances zero packing will be det-

rimental and therefore should not be applied in an indis-

criminate manner.' No packing was performed on any of 

the data presented here. 
The fast Fourier transform algorithm provides a dis-

crete approximation of Eqs. (2) and (3), and assumes that 

the input is periodic with period equal to the number of 

data elements. The integration limits of Eqs. (2) and (3) 

extend from - to + , while the fast Fourier transform 

is performed on waveforms which are discretely sampled 

within some window of finite size- If the sampled data do 

not adequately represent at least one entire period of the 

waveform, then spectral features pertaining to the shape of 

the window will be observed in the spectrum produced by 

the fast Fourier transform. This is of little consequence 

when performing simple decoavolutions such as those de-

scribed in this communication, but is of considerable im-
portance to experimental techniques, such as Fourier 

transform infrared spectroscopy, where detailed spectral 

analysis is required. 
Unchopped pulsed nozzle time-of-flight waveforms 

were recorded for argon, krypton, CH IC], and CHCI 3  us-

ing the experimental arrangement described in the previous 

section. All data were recorded for a source pressure of 1 

atm at a temperature of 300 K. The pulsed nozzle was 

operated at a frequency of 10 Hz, with an estimated open 

time of not more than 2 ms. The time base of the Thuriby 

digital storage adaptor was set at 50 ms, corresponding to 

a sampling frequency of 20 kHz. Waveform averaging was 

performed to improve the signal-to-noise ratio of the re-

corded data, with 64 averages generally being sufficient to 

reduce the amplitude of any random noise superimposed 

on the observed signal to an acceptable level. Due to the 

high-frequency response of the amplifier and the digital 

storage adaptor employed for these measurements, it is 
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FIG. 2. Time-of-flight arrival time distributions for argon measured (a) 
with and (hI without a rotating chopper. 

unlikely that any distortion of the recorded signals was 

caused by the signal amplification and collection circuitry. 

An overall response function for the system was esti-

mated by deconvolving an accurate argon time-of-flight 

waveform determined in a previous study under identical 

source conditions, from the corresponding argon distri-

bution measured in the present study. As will be discussed 

later, a theoretical speed distribution could have been used 

in place of the accurately measured argon time-of-flight 

waveform to estimate the response function, but it was felt 

that the use of experimental data would provide a more 

severe test of the proposed deconvolutioa method. The 
chopped and unchopped argon waveforms are illustrated 

in Figs. 2(a) and 2(b), respectively. The width of the on-

chopped waveform is considerably greater than that of the 

chopped waveform, and the rise time of the uachopped 

signal, from the base of the leading edge to the most prob-

able arrival time, is approximately twice that of the accu-
rately measured curve. The greater width of the unchopped 

signal is a direct result of the long duration of the beam 
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pulse, while the difference in rise times may be attributed 
to the finite time required for the pulsed nozzle to become 
fully open. The 2 ms duration of the beam pulse produced 
by the pulse nozzle was - 55 times longer than that of the 
chopped beam. It can also be seen from Fig. 2 that the 
most probable arrival time for the unchopped signal is 
some 4 ms greater than that of the chopped distribution. 
Apart from the time required for the pulsed nozzle to be-
come fully open, there were a number of other factors 
responsible for this difference. In particular, the length of 
the flight path for the unchopped beam was - 1.2 m, while 
that of the chopped beam was only 0.89 m. The beam 
source driver unit used to control the pulsed nozzle and 
trigger the digital storage adaptor was the other major 
contributing factor to the observed difference in most prob-
able arrival times, due to a fixed delay of 2 ms between the 
5 V trigger pulse and the 24 V pulse supplied to the elec-
tromagnetic valve of the pulsed nozzle. 

Despite the high signal-to-noise ratios observed for the 
chopped and unchopped waveforms shown in Fig. 2, both 
sets of data were low pass filtered prior to calculating the 
system response function to remove any frequency compo-
nents above 5 kHz. Examination of the Fourier transforms 
of both the chopped and unchopped waveforms indicated 
the presence of noise components down to a frequency of 
—I kHz. It was found, however, that components below 
about 2.5 kHz could not be removed using the low-pass 
filter described by Eq. (7) without introducing consider-
able ringing into the corresponding time domain signal. 
This effect is clearly illustrated in Figs. 3(a) and 3(b), 
which show the chopped argon signal after the application 
of low-pass filtering according to Eq. (7), with cut-off fre-
quencies of 500 Hz and I kHz, respectively. The period of 
the ringing is equal to the reciprocal of the filter cut-off 
frequency, while the amplitude of the introduced oscilla-
tions increases with decreasing cut-off frequency. This 
ringing is due to both the shape and cut-off frequency of 
the filtering function. It is important to realize that the act 
of filtering in the frequency domain corresponds to per-
forming a convolution in the time domain. If the low-pass 
filter cut-off frequency is too low or the attenuation of 
frequency components up to the cut-off value is too rapid, 
then features of the filtering function will contribute signif-
icantly to the shape pf the filtered signal in the time do-
main. In general, any abrupt attenuation performed in the 
frequency domain will;produce ringing in the time domain. 
A raised cosine filter of the form 

11(w)r 	/2,rw\ 1 

	

L(w)=—1 l±cos(—I 	I 	 (II) 
2 [We  

may be used instead pf the filter described by Eq. (7) to 
provide a considerably more gradual attenuation of fre-
quency components up to the desired cut-off value. Results 
obtained using Eq. (1) with a cut-off frequency of 5 kHz 
were more than satisfactory, however, and the use of an 
alternative filter, such as that described by Eq. (II) was 
not considered necessary. 

The deconvolution of the low-pass filtered chopped ar-
gon time-of-flight wav,eform from the filtered unchopped 
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FIG. 3. Effect of badly chosen low-pass filter cut-off frequency: (a) 
.,= 500 Hz, (b) &i=l kits, 

waveform to obtain the system response function was per-
formed using a Wiener filter with an estimated noise-to-
signal ratio of 3X 10-4  . The spectrum of the resulting re-
sponse function is illustrated in Fig. 4. It was observed that 
the value of 41, in this instance, was not particularly critical, 
with values ranging from IX 10T 3  to lx 10 having an 
indiscernible effect of the shape, of the estimated response 
function. The symmetry of Fig. 4, is due to the fact that we 
are working with purely real data. The Fourier transform 
of a real function is Hermitian, 7  qnd the real component of 
a Hermitian function is even. The sharp spike in the spec-
trum at 0 kHz was caused by the, presence of a significant 
do offset on the measured unchopped waveform; the Fou-
rier transform of a constant function being the impulse 
function, 6(w). This offset is not; reflected in Fig. 2(b) or 
any other plots of unchopped time-of-flight waveforms pre-
sented in this communication, as the y scales of these 
graphs have been adjusted to range from 0 to 1. The fre-
quency components of the response function betweei 
l<w I <5kHz are due to noise which was not successfully 
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FIG. 4. Frequency domain spectrum of the estimated system response 
function. 

filtered from the chopped and unchopped waveforms. As 
can be seen, the noise level is observed to increase with 

increasing lool up to about 4.5 kHz, alter which it drops 

rapidly, reaching zero at the low-pass filter cut-off fre-

quency of 5 kllz. If no low-pass filtering had been per-

formed on the data, the level of this noise would have 

continued to increase with lool, resulting in a response 

function winch could not be applied to the deconvolution 

of unchopped signals without introducing considerable 

noise, or amplifying existing noise. The observation that 

the noise level increases with increasing frequency suggests 

that high-frequency noise components were less effectively 

attenuated by the signal averaging process, and may be due 

to the existence of a timing instability between the internal 

clock of the digital storage adaptor and the internal clock 

of the beam source driver used to trigger the digital storage 

adaptor. By operating the system at higher frequencies, the 

effect of any such instability may be reduced, resulting in a 

more uniform attenuation of the noise components by the 

signal averaging process. The maximum operating fre-

quency of the system is, however, restricted by the period 

of the waveform being measured. From Fig. 2(b), it can be 

seen that the period of the unchopped argon waveform is at 

least 50 ms indicating .that the system cannot be operated 

at above 20 Hz without significantly undersampling the 

waveform. A more precise value for the maximum operat-

ing frequency is givenby the bandwidth of the system. The 

bandwidth may be estimated from the power spectrum, 

P(o4=H(ro) His (w), 	 (12) 

of the response function, being roughly equal to the full 

width at half maximum power. The power spectrum of 

Fig. 4 yielded a bandwjdth of 18.5 Hz. 

The estimated response function was then used to de-

convolve the unchopped argon signal. A comparison be-

tween the original and deconvolved unchopped signals is 

shown in Fig. 5. The deconvolved signal contains little or 

FIG. 5. Unchopped argon time-or-flight waveforms before (dashed 
curve) and after (continuous curve) deconvolution. 

no noise, and appears identical to the chopped time-of-

flight waveform in terms of rise time, width, and most 

probable arrival time. Deconvolution of the unchopped 

krypton signal also resulted in a considerable narrowing of 

the time-of-flight waveform and a similar shift of the most 

probable arrival time. As with argon, very little noise was 

observed on the deconvolved krypton signal. 
The deconvolved argon and krypton signals were con-

verted from the time domain into velocity space and least 

squares fitted to the speed distribution function 

elf, 	 . 	( 13) 

where If and T11 represent the mean flow velocity and 

parallel translational temperature of the supersonic beam, 

respectively, and A is a normalization constant. Since de-

convolution using the estimated response function adjusts 

the arrival times of the unchopped waveforms to corre-

spond to those expected for chopped beams measured over 

a shorter flight path in the absence of any delaying effects 

introduced by the beam source driver and the action of the 

pulsed nozzle, speeds used in the fitting of the deconvolved 

waveforms were determined using the flight path of 0.89 in 

associated with the measurement of the chopped argon 

signal. The fitted values of i.e and T11 , along with those 

obtained for accurately measured argon and krypton 

distributions,'' are presented in Table 1. The values of i.e 

TABLE I. Estimated near, flow velocities and parallel translational tern 
peratuees for chopped and deconvoluted unchopped lime-of-flight signals 

Chopped 	 Deconvoloted onchopped 

System 	u (mr') 	T1  (K) 	a (,ns_t) 	T1  (K) 

Ar 	552 	 8.4 	552 	 1.4 

Kr 	381 	 1.1 	381 	 1.2 
Cl-lot, 	. . . 	' . 	 391 	 21.4 

CLt,CI 	. . . 	' . ' 	 543 	 29.0 
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FIG. 6. Unchopped CU,CI iime-of-fligI,I wavefonna before ( dashed 
curve) and after (continuous curve) deconvolution. 

and T i , calculated for the deconvolved argon signal were 
found to be virtually identical to those determined for the 
chopped data. Correspondingly good agreement was ob-
served between the values of u and T11  determined for the 
accurately measured and the deconvolved krypton time-of-
flight waveforms, providing us with considerable confi-
dence in the validity of the proposed deconvolution strat-
egy. 

The estimated system response function was also used 
to deconvolve the unchopped time-of-flight waveforms 
measured for CH 3CI and CHCI 3 . The original unchopped 
and deconvoived signals for these species are illustrated in 
Figs. 6 and 7. The deconvolved distributions obtained for 
CH 3CI and CHCI 3  were fitted to the speed distribution 
described by Eq. (13), and the resulting values of It and 
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FIG. 7. Unchopped 07110, time-or-flight waveforms before ( dashed 
Curve) and after (continuous curve) deconvolulion. 

are given in Table I. While accurate speed distribution 
measurements have not been performed in our laboratory 
for either of these species, the values of It and T1 1  obtained 
from the deconvoluted data appear quite reasonable. The 
values obtained for CHCI 3  are in good agreement with the 
predictions of thermal conduction model calculations," as-
suming a rotational-translational coupling parameter of 
unity. 

A response function was also estimated using a theo-
retical argon time-of-flight waveform calculated according 
to the time domain equivalent of Eq. (13) using the fitted 
values of If and T 11  given in Table I. The response function 
determined in this manner was found to produce identical 
deconvolutions to those obtained using the response func-
tion determined with the accurate experimental waveform. 
This result is of considerable importance with regard to the 
success of the deconvolution strategy, as accurate experi-
mental time-of-flight data may not always be available for 
the estimation of the system response function, while the-
oretical terminal speed distributions may be reliably pre-
dicted for atomic species such as argon, neon, and krypton 
for any set of source conditions. 11  

In applying the same response function to the decon-
volution of unchopped time-of-flight waveforms measured 
for a range of species, tinder identical experimental condi-
tions, we have assumed that the influence of factors such as 
viscosity and the scattering of beam particles through col-
lisions with background gases have a negligible effect on 
the shape of the measured time-of-flight waveform. For 
moderate source pressures (P0 — I atm), it is reasonable to 
assume that the times required for the pulsed nozzle to 
fully open and to fully close are not significantly effected by 
the viscosity of the gas. Such an assumption may not be 
strictly valid at high source pressures (F0> 10 atm), and 
will depend considerably upon the design, and, in particu-
lar, the force constant of the pulsed nozzle. The scattering 
of beam particles through collisions with background gases 
will result in a narrowing of the speed distribution due to 
the preferential elimination of particles with lower momen-
tum from the beam. The background pressures maintained 
in the apparatus used for the measurements described in 
this communication were sufficiently low to ensure that 
background scattering did not significantly affect the shape 
of the measured time-of-flight waveforms. it should also be 
recognized that as certain components of the system age, 
their characteristics and those, of the system response func-
tion may change. This is particularly true of components 
such as electromagnetic values. More work is clearly re-
quired in order to determine the dependence of the system 
response function on both the ;  experimental conditions and 
the nature of the gas. 

A quite general method (or deconvoluting badly con-
voluted supersonic molecula y  beam time-of-flight wave-
forms using Fourier transform and Wiener filtering tech-
niques has been presented. The method makes no possibly 
invalid assumptions regarding the exact functional form of 
convolutions such as the chopper gating function or the 
response function of any detection electronics, but rather 
employs an overall system response function, estimated us- 

CHad 
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ing accurate time-of-flight data, for the deconvolution of 

convoluted signals. In this communication, the method 

was successfully applied to the deconvolution of highly 

çlistorted argon, krypton, CH 3CI, and CHCI 3  time-of-flight 

'waveforms measured in an unchopped pulsed supersonic 

molecular beam, giving us considerable confidence in the 

reliability of the devised approach, although more work is 

required to determine the dependence of the estimated re-

sponse function on experimental conditions. The use of 

direct numerical deconvolution in the manner described is 

considerably more efficient than the use of moment meth-

ods or the fitting of a parametrized convolution to experi-

mental data. The problem of noise superimposed on the 

measured signal may be negated through the use of Wiener 

filtering, and the application of a simple low-pass filter. 
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Appearance Energies of Small Cluster Ions and their Fragments 

Brett It Cameron, Craig G. Aitken and Peter W. Harland*  
Chemistry Department, University of Canterbury, Christchurch, New Zealand 

Appearance energies of the cluster Ions CO.)' (2 C A C 4), (N 2,O) (2 Co C 4) and (NH,),,NH (0 C n C 7), and 
the cluster Ion fragments (N 20 O) and (N,O NO) have been determined by electron Impact ionization of 
neutral clusters formed In a supersonic molecular beam. Results obtained for (CO 3) (2 CO C 4), (N 30) 
(2 Co C 4), (N 20 NO) 4  and (NH 3 ) SNH (0 C n C 2) are in general agreement with previously reported appear-
ance energies for these species, while the appearance energies of (N 20 - O) and (NH 2)NH (3 Co _< 7) have 
been measured for the first time. Binding energies deduced from appearance energy measurements for the 
(CO 2), (CO,) and (N 20) cluster ions are observed to be in accord with results obtained using ion-molecule 
equilibrium methods. Possible mechanisms for the formation of the cluster fragment ions (N 200) and 
(N 20- NO)' are discussed. 

Atomic and molecular clusters have been the subject of 
extensive experimental and theoretical research activity for 
more than 30 years. The fundamental sun of this research 
effort has been to gain an improved understanding of the 
evolution from the atomic or molecular properties of a 
system to its bulk phase properties with increasing cluster 
size. For example, atomic and molecular clusters represent 
small, isolated systems which may be used to test and further 
OUT understanding of amorphous solids, catalysis, liquid 
structure and solvation effects. Despite the intensive research 
activity involved, however, the characterization of cluster 
species is still in its early stages. Considerably more particle-
specific information will be required in order to develop a 
complete understanding of the mechanisms of cluster forma-
tion and elucidate the factors governing the structure and sta-
bility of such species. The use of supersonic molecular beams 
to generate clusters which are rotationally and vibrationally 
cooled provides a suitable environment for obtaining this 
information. The essentially collision-free environment of the 
molecular beam provides the opportunity to investigate the 
clusters formed in the supersonic expansion in the absence of 
any further aggregation and problems relating to particle 
specificity may be largely resolved through the application of 
ionization and mass-filtering techniques. 

In this paper we report an investigation of the appearance 
potentials for the cluster ions (CO,)' (2 C n C 4), (N2o): 
(2 C n C 4) and (NH 3),N1I (0 C n C  7), and the cluster ion 
fragments (N 10 - 0) 4  and (N 20 NO)t The chemistry of 
CO 2  cluster ions is of considerable interest in ionospheric 
studies of the predominantly CO 2  atmospheres of Mars and 
Venus,' while ammonia clusters are of interest with regard to 
the energetics of gas-phase proton solvation. Accurate 
appearance energies are required for the determination of 
binding energies and enthalpy changes associated with 
various steps in cluster formation. A knowledge of cluster-ion 
appearance energies may also be used to obtain information 
on rearrangement processes and internal cluster ion-molecule 
reactions which may follow from electron impact or photo-
ionization of neutral clusters. Appearance energies for 
(Co2): (2 C n C 4), (r-420): (2 CCC 8), (N 20 NO)' and 
(NH 3)NII (0 C n C 2) have been previously reported 2-8 
While those determined for (N20.0)+ and (NH 3),NH. 
(3 C n C 7) represent new results. 

Experimental 

The gas mixture under study was expanded from a high- 
pressure stagnation reservoir through a commercial electro- 
magnetic pulsed valve (General Valve Corporation, model 

9-181) into the first of two differentially pumped vaccum 
chambers. The valve was modified by the inclusion of a small 
stagnation volume between the 0.8 mm orifice in the valve 
and a 50 jim shaped orifice in the exit plate. This gave higher 
cluster densities than obtained from a valve fitted with a 50 
pm orifice. The central core of the pulsed supersonic expan-
sion was sampled by a 1.0 mm skimmer (Beam Dynamics) 
located Ca. 300 nozzle diameters If  mm) from the nozzle exit. 
The skimmed supersonic beam was allowed to enter the ion 
source of a Vacuum Generators SXP300 quadrupole mass 
filter located 10 can downstream from the skimmer assembly 
in the second differentially pumped chamber. The electron 
energy distribution was estimated to be Ca. 0.85 eV full width 
at half maximum (FWHM). Output pulses from the channel-
tron electron multiplier were passed through a high-Q 2 MHz 
notch filter to eliminate rf pick-up from the quadrupole 
driver circuitry and amplified with a fast preamplifier fol-
lowed by an amplifier and pulse amplitude discriminator 
combination. 

The signal-to-noise ratio of the beam signal was optimised 
using a simple gating arrangement. The TTL output pulses 
from the pulse-counting preamplifier were split and fed into 
two and-gates. Using a pulse generator and a pulse delay 
unit, two 5 V gates of identical width were independently 
delayed with respect to the nozzle trigger pulse in order to 
correspond with different regions of the signal pulse envelope. 
The first window was positioned over the ion arrival time 
distribution resulting from the pulsed supersonic beam in 
order to sample signal plus background, while the second 
was positioned somewhat later in time, sampling only back. 
ground signal. Output pulses from the two and-gates were 
counted through a counter-timer. Computer control of elec-
tron energy and mass selection was implemented using 
custom-built 12-bit digital-to-analogue converters incorpor-
ated into the mass spectrometer control unit. 

The pulsed nozzle was generally operated at a frequency of 
to Hz, with an open time of not more than 2 ms. Background 
pressures of to -i  and 10 0  Torr were maintained In the 
expansion chamber and the mass spectrometer chamber 
during normal operation of the nozzle. The temperature of 
the nozzle was monitored using. a thermocouple attached to 
the body of the valve. The potential difference across the 
thermocouple was calibrated and amplified using a simple 
fixed-gain circuit, the output of which was supplied to one of 
16 14-bit analogue-to-digital conversion channels monitored. 
The reservoir pressure was monitored using an MKS 
Baratron (10000 Torn) connected to an MKS type 286 con-
troller. Experiments were carried out automatically by scan-
ning from low to high and from high to low electron energy 
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for increments of 0.04 or 0.08 eV. Reproducibility from week 
to week was excellent and the ionization efficiency curves 
were automatically analysed using a linear least-squares pro-

cedure to locate and tabulate the threshold and any breaks in 
the curves. All of the ionization efficiency curves reported 
were calibrated against argon and the molecular ion recorded 
simultaneously. 

Results 

Neutral CO,, N,O and NH 3  clusters were produced by 

expanding gas mixtures containing 100 Tort of argon and 
500 Tort of CO, N,O or NH, made up to a total pressure 

of Ca. 4000 Tort with helium at a reservoir temperature of 
295 K. These mixtures were found to produce supersonic 
beams of sufficiently high cluster content for reliable determi-
nation of appearance energies for the cluster ions (CO,) 
(2 a C 4), N,0 (2 C n C 4) and (Nll,)Nt t (0 C a C 7). 
For the N,O mixture it was also possible to determine the 

appearance potentials for the cluster ion fragments 
(N,O O) and (N,O NO) 4 . While monomer and cluster 
speed distributions were not measured, we would expect the 
parallel translational temperature Of the cluster beams to be 

close to the value of co, 6 K measured previously for a pure 

helium beam under the same source conditions? The extent 
of rotational cooling which occurs during the supersonic 
expansion of these gas mixtures is unclear and will depend on 
the efficiency of rotational to translational energy transfer in 

collisions between the molecules and clusters and the rare-gas 
atoms. We tentatively suggest that the terminal rotational 
temperatures of the molecules and clusters will be less than 
40 K in all cases. No clusters containing helium or argon 
atoms were observed for any of the gas mixtures examined. 

Ion counts were measured at up to 100 points with a 
typical counting period of S s at each electron energy repeat-

ed some 15 to 20 times to obtain an average count with an 
acceptable standard error. Average ion counts were also 
recorded at an electrpn energy of 70 eV at the beginning and 
end of each run. Depending upon the number of ions exam-
ined, a run could sake up to 3 or 4 h to complete and it was 
therefore necessary ito consider any potential sources of long. 
term experimental instability that might adversely affect the 
accuracy of the measurements, in particular, it is known that 
the cluster content of supersonic molecular beams is highly 

sensitive to variations in source pressure and temperature ' a  
and these variables were carefully monitored throughout 
each run. Owing to the small now of gas through the 50 ram 
nozzle, the reservoir pressure was observed to drop by not 
more than 2 or 3% over a 4 h period of continuous operation 
and no change in nozzle temperature was detected. 

The semi-log plot method"" has been used in this study 

to determine the cluster-ion appearance potentials with an 
estimated accuracy of ±0.1 cv in all cases. This error limit 
includes both statistical and systematic errors. Although 

nominally less accurate than ideal photoionization measure-
ments, reproducibility is excellent and certainly good enough 
to allow critical comparisons to be made between our results 
and those of previous experimental and theoretical investiga-
tions. The appearance potential of Ar used as the primary 
electron energy scale calibrant for all of the appearance 

potential measurements was taken to be 15.76 ± 0.01 cv!' 

CO2  Clusters 

Illustrative examples of ionization efficiency curves measured 
for (CO,), (CO,) and (CO,) are shown in Fig. 1, where 
every second point has been omitted for clarity. Calibration 
of the electron energy scale was achieved through a concur- 
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Fig. I Measured ionization efficiency curves for (0) (CO,), (0) 
(CO 5 )t and (A) (CO,). Every second experimental point has been 
omitted for clarity. 

rent measurement of the ionization energy for Ar+.  The cor-
rected values of the (CO,)t, (CO,)t and (CO,) 4  appearance 
energies and the calculated binding energies are shown in 

Table I with literature values for comparison. 

N,O Clusters 

Ionization efficiency curves for (N,O), (2 C n C 4) and the 
cluster ion fragments (N,O 0) + and (N,O - NO) + are illus-
trated in Fig. 2 and 3. The appearance energies determined 

for these species are summarized in Table 2. The value of 12.3 
cv determined for the appearance energy of (N,O) is in 

Table I Appearance energies (E.,) and binding energies (&_) for 
(CO,): (2 4n 44) 

£,/eV for (CO,);, CO, 

ion E.,,/.V this work literature 

(C001 13.1 ± 0.1 0.73 0675" 
0.564" 

(COX 12.1 ± 0.1 0.36 0.32' 
(CO,) 12.6 ± 0.1 0.26 022' 

- These values have been corrected to.O K by Linn and Ng and are 
therefore lower than the values stated by the author. Ref. 14. t Rel. 
t.d Ret IS. 

Table 2 Appearance energies (E,,,). and binding energies (E,,) for 
N,O clusters 

E,JeV 

ion 	 E.,,,JeV 	this work 	literature 

(N ,O- O) 14.6 ± 0.1 
(N,O-NO) 14.3±0.1 

17.0 ± 0.2 
(N,O) 12.3 ± 0.1 	0.61 	 0.56' 

0.57" 
(N,0) 	 12.1 ± 01 	022 
(N 20)4 	 12.0 ± 0.1 	0.12 

• Ref. 4.' Ref. 18. 'Corresponds to a temperature of 481 K and may 
not be directly comparable. 
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Fig. 2 Measured ionization efficiency curves for (0) (N,O), (0) 
(N,0) 1+and (A) (N,O)2. Every second experimental point has been 
omitted For clarity. 

excellent agreement with that of 12.35 ± 0.02ev reported by 
Linn and Ng' and the value of 12.394 ± 0,015 eV reported by 

Kamke at 01. 6  It can be seen from Fig. 4 that the shape of the 

ionization efficiency curve measured for the (N 20 NO)' 

cluster ion fragment is significantly different to the shape of 
the curves obtained for any of the other ions illustrated in 
Fig. I—S. Apart from the ionization threshold at 14.3 eV, 

there is a sharp change of slope at to. 17.0 eV, suggesting the 
presence of a second threshold for the formation of this ion. 
The shape of this curve was found to be totally reproducible. 

The (N 20 NO) ion was also observed by Linn and Ng, 4  

who estimated an appearance energy of 14.01 eV, in reason-

able accord with the lowest-energy threshold of 14.3 cv 
determined in the ,present study. A second threshold at to. 

17.2 eV is also apperent on the (N 20 - NO) photoionization 

efficiency curve recorded by Linn and Ng. Although they 
attempted no interpretation of this, it lends support to our 

observation of a reproducible, higher-energy threshold. The 
appearance energy for the cluster fragmentation product 
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Fig. 3 Measured ionization efficiency curves For (0) (N iO O) 
and (0) (N,ONO)',, with Ar 4  (•) as reference. Every second 
experimental point has been omitted for clarity. 

uncorrected electron energy/eV 

Fig. 4 Measured ionization efficiency curves For (0) NH:, (0) 
(Nli,)N11, (A) (Ntt.j 5 N11.2 and  tj (NH,),NH.. Every second 
experimental point has been omitted for clarity. 

(N 2O . O) has not been previously reported. In view of the 

agreement observed between the appearance energies of 

(N 20) and (N 2O NO) determined in the present study 

and those obtained by Linn and Ng 4  using photoionization, 

we might expect the appearance energies of 12.1, 12.0 and 

14.6 cv obtained for (N 1O), (N 2 0) and (N 200), 

respectively, to be equally reliable. 
The appearance energies for (N,0) 3+and (N 20) reported 

in the photoionization study of Karaite at aL 6  are 

12.29 ± 0.02 and 12.26 ± 0.04 eV, respectively, or Ca. 0.2 eV 

higher than the electron impact threshold reported here and 
listed in Table 2. Although, in principle, photoionization 
should yield more accurate thresholds with lower uncer-
tainty, experimental photoionization data do not often 

measure up to these expectations. The appearance energies 

2000 

1800 

1600 

1400 

g 1200 

ii 

Q 
loo0 

. B00 

600 

400 ' 

200 

n 

7 	8 	9 	10 11 12 13 14 15 16 
uncorrected electron energy/eV 

Fig. 5 Measured ionization efficiency, curves for (0) (NH 3)4NH 1  
(0) (NIi,),NH and (A) (NH,) 6NH. Every aecond experimental 
point has been omitted for clarity. The ionization efficiency curve for 
(NU 3),Nt1 would be superimpoaed, on that for (NH,).NH and 
has been omitted from the figure. The higher signal level for 

(Nn,)4NH: over its neighbours. (NH,),N11 (Fig. 5) and 
(NH,),Nu:, reflects the higher stability of this cluster. 
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for the (N 2 O), (I C n C 8) cluster ions are reported by 
Karaite cc al.' with experimental uncertainties from ±0015 
eV for a = 2 to ±0.04 cv for n = 8. However, inspection of 
the experimental data shown in Fig. I otter 6 for the (N 20) 
ions shows little correspondence between the reported values 
and the thresholds anticipated from the data. The threshold 
regions are smeared, noisy and the shape of the curves varies 
considerably from a = I to it = 8. The reported thresholds 
and uncertainties are the result of an empirical multi-
parameter fitting procedure, which cannot gurantee a unique 
solution. So, despite photoionization thresholds quoted to 
two or three decimal places with uncertainties in the mev 
range, some consideration must be given to the data treat-
ment. Electron impact ionization thresholds do return reli-
able values within the stated uncertainty, although it must be 
acknowledged that recoil energy and internal excitation in 
the ionization process are folded into the absolute values 
measured by either technique. 

Using the appearance energy value of 12.3 eV measured for 
(N 20) with the ionization energy of 12.886 ± 0.002 cv for 
N,O" and the estimated intermolecular binding energy of 
0.02 cv for the neutral dimer," the bond dissociation energy 
of (N20),+  has been calculated to be 0.61 cv, in good agree-
ment with the value of 0.56 cv reported by Linn and Ng' 
and the value of 0.57 cv determined by lilies'" using ion-
molecule methods. Note, however, that this latter value 
relates to a measurement of Au' for the association reaction 
of N 20 and N,O at 481 K and therefore may not be 
directly comparable. The (N 20) binding energy calculated 
using the photoionization data reported by Kamke at at' 
would be 0.512 eV, which seems a little low. Assuming the 
same binding energy of 0.02 cv for (N,O), and (N 20)4 , we 
calculate bond dissociation energies of 0.22 and 0.12 cv for 
1 1,1 20)l N 20 and (N,O) - N 20, respectively, compared 
with values of 0.t24'and 0.05 eV calculated using the photo-
ionization thresholds reported by Katnke ci al.' 

The appearance energy of 14.6 cv determined for the 
(N.0-0)' cluster ion fragment is observed to be 2.3 cv 
greater than that o( (N,0) 1+ , close to the difference of 2.4 eV 
between the appearance energy of N 20 from N,O (12.886 
eV) and the appearance energy of O +  from N,O (15.29 cv)." 
This observation may be rationalized by writing the structure 
of (N20'0)+  as 0 -N 20 and to postulate that the forma-
tion of this species involves the ionization and fragmentation 
of one of the N 20 -monomer units in (N 2 0) 2  without any 
significant perturbation of the accompanying cluster mol-
ecule. Note that the same argument would also apply to the 
species (CO fl CO 2 ) 4  and (Nil 3 - NH 3) 4  observed by Stephan 
ci at'' An alternatiye mechanism proposed by them for the 
formation of these cluster fragment ions involved an internal 
ion-molecule reaction. If the ion within the (N 20) 2  cluster is 
initially formed in some electronically excited state N 20', 
then the (N 30 - O) ion may be produced by the following 
sequence of reactions: 

(N 2 0) 2  + e -.:i40 - N 20" + 2e -.N 2 O + N2  (I) 

The N,0 2  species produced in this manner would be 
expected to have an appearance energy greater than that of 
(N,O)' by at least the additional energy required for the 
electronic excitation of the parent ion. Irrespective of which-
ever mechanism applies, we can use the measured appearance 
potential of 14.6 eV for (N 20-0) + , the thermochemical 
threshold of 15.29 e)( for the formation of 01  from N,O" 
and the binding energy of 0.02 cv for (N,O)f' to estimate a 
lower bound of 0.71 cv for the bond dissociation energy of 
(N 20-O)'. 

The lowest energy threshold observed for the formation of 
(N 20 -NO) 4  corresponds to an appearance energy of 14.3 cv,  

while the break at higher electron energy equates to an ion-
ization threshold of en. 17.0 eV. Note that the differences of 
2.0 and 4.7 cv observed between these thresholds and the 
appearance energy of 12.3 cv obtained for (N,0)2+  corre-
spond very well to the differences of 2.124 and 4.854 cv 
between the ionization energy of 12.886 eV for N,0 4  and the 
thermochemical thresholds of 14.19 and 17.76 cv for the 
fragmentation processes 

N 2 O 'I- C -. N0 1 (X 'r +) + N(4S) + 2C 	(2) 

and 

N 20 + C -. NO' (X'S') + N('!') + 2e 	(3) 

respectively." Applying the same argument used for 
(N,O 0) 4 1  it seems reasonable to write the structure of 
(N,0-NO) as N0 N 20 and to describe the formation of 
this species as involving the ionization and fragmentation of 
one of the N 20 molecules in the neutral dimer without any 
significant perturbation of the other. Realistically, the mol-
ecules making up a cluster must exert an influence on one 
another. This might well be expected to include a lowering of 
the ionization energy with increase in cluster size, as observed 
in this and other studies. This adds support to the mechanism 
of cluster ionization described above. Linn and Ng 4  observed 
that the photoionization efficiency curve they measured for 
(N,0-NO) had essentially the same profile as that of N0 
produced from the fragmentation of N 20. Such an observa-
tion indicates that the fragmentations of N 20 4  and (N 20)' 
to form NO 4  and (N 20 'NO) 4 , respectively, follow similar 
reaction pathways, further supporting the notion that ioniza-
tion of the neutral N,0 dimer occurs on a single monomer 
unit to form N,0 4  - N,0. The neutral monomer in 
N,0 14 2 0 then acts simply as a spectator in the fragmen-
tation process leading to the formation of(N,O'NO)'. Note 
that N,0 may undergo another fragmentation process 
leading to the formation of N0(X 'E 1 ) and N( 2  D). The 
thermochemical threshold for the formation of NO' by this 
process would be 16.57 eV," suggesting that another break 
in the ionization efficiency curve of (N 20 . NO) may be 
expected between 14.3 and 17.0 eV. We were unable to detect 
this break, although there was some evidence for such a 
feature on the photoionization efficiency curve measured by 
Linn and Ng.' Our failure to observe this feature may be 
attributed to the low-energy resolution of the instrument 
employed for the present study. The fragmentation of 
N,0 -N,O may then be viewed as a set of energy-
dependent unimolccular cluster ion dissociation reactions as 
shown in eqn. (4), analogous to eqn. (2) and (3). 

—14.6ev--. (N,O)O 1  + N, + 2e' 

(N,O)N,0 + e'-14.3 eV -. (N,0)N0 + N( 4S) + 2C

-16.6ev-. (N,0)N0 4  + N( 2D) + 2C 

—17.0ev-. (N,0)N0 4  + N(2p) + 2e- 

(4) 

NH, Clusters 

Ionization efficiency curves for the ammonia clusters are 
shown in Fig. 4 and 5 and appearance energies are listed in 
Table 3 for (NH,),NH (0 Cfl C 7). Discrepancies between 
binding energies deduced from ion-molecule equilibria and 
from cluster-ion appearance energies suggest that electron 
impact and photoionization fail to yield the true adiabatic 
ionization energies of these weakly bound species.'-' Disso-
ciation energies of the (NH,)NU ions deduced from 
appearance energy measurements were found to be in poor 
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T.lsle 3 Appearance energies (E,,,,,) for (Ntl,),NH (0 C n C 7) 

ion electron impact' photoionizationb 

NH* 9.7 9.59 ± 0.02 

(NH,)NHZ 9.2 9.15 ± 0.04 

(NH3)5NH 9.0 9.03 ± 0.04 

(NH5),NH 8.9 - 
(r4H 5 )4NH: 8.8 

(NH,) 5 NH 8.81 - 
(1411,)6NH 8.7 - 
(NH,),NH: 8.72 - 

Reproducibility ±0.1 eV or better (this work). Ref. 8 

accord with those obtained by ion-molecule methods, indica-
tive of this failure of electron impact ionization measurements 
to sample the true adiabatic ionization thresholds for the 

ammonia clutter ions. 

Conclusion 

gluts and Compton' suggested that the equilibrium 
geometry of van der Winds cluster ions produced by electron 
impact or photoionization may be considerably different 
from the equilibrium geometry of the neutral precursor. In 
such situations the Franck-Condon factors near the true 
adiabatic ionization threshold may be so small that the 
observation of the adiabatic threshold is precluded. It has 
been suggested that small Franck-Condon factors near 

threshold are not a particularly serious problem in the ion-
ization of rare-gas cluster species owing to the close spacing 
of many Rydberg levels throughout the region between the 
adiabatic and the direct ionization thresholds which may 

decay via autoionization.' 9  Rydberg states with lifetimes 

greater than 50 Its and principal quantum numbers 
55 C n C 75 have been reported for CO, clusters by Camp-

bell and Tittes.' °  Such long-lived high Rydberg states can be 

observed only if there are some states for which non-radiative 
mechanisms of decay, such as autoionization and electronic 

predissociation, are significantly slower than radiative decay. 
It has been shown" that predissociation rates of molecular 

Rydberg states are considerably greater for states of low prin-
cipal quantum number and while autoionization is the most 

n probable on-radiative decay mechanism, the apparent 
absence of states with principal quantum number less than 55 

observed in the experiment performed by Campbell and 

Tittes2°  indicates that predissociation may also be an impor-

tant mechanism. It is therefore possible that lower Rydberg 
states of molecular -clusters may, in fact, predissociate instead 

of decaying to levels of lower energy via the autoionization 

process. For this reason, unfavourable Franck-Condon 

factors may not be completely compensated for in the ioniza- 

(ion of molecular cluster species, making the observation of 
their true adiabatic ionization potentials unlikely. Some 
knowledge of Franck-.Condon factors for van der Winds clus-

ters may therefore be required for the reliable interpretation 
of cluster-ion appearance potentials. The most probable 

mechanism for the formation of the cluster fragment ions 

rN,O 0) 4  and (N,ONO) would appear to involve the 

ionization and fragmentation of one of the N,O molecules in 

the neutral N 50 dinner without any significant perturbation 

of the second molecule, although alternative mechanisms 
cannot he discounted. Despite these recognised deficiencies, 

electron impact ionization efficiency curves can provide sig-
nificant mechanistic information, especially where breaks are 

found and where comparisons with monomer measurements 
and data collected using other techniques are available. 

References 

I M. Mourner and F. H. Field, J. Client. Phi's., 1977, 66, 4527. 
2 C. H. Ktots and R. N. Compton, J. Client, Plays., 1978,69,1636. 
3 G. G. ]onesand J. W. Taylor, J. Ghana. Phys., 197$. 68, 1768. 
4 S. H. Linn and C. Y. Ng, J. Client. Phjs., 1911, 75,4921. 

K. Stephan, J. H. Futrell, K. I. Petersen, A. W. Cattleman Jr. 
and T. D. MIrk, J. them. Plays., 1982, 77,240g. 

6 H. Kamke, W. Icsmke, R. Herrmann and I. V. Hertel, Z. Phi's. 
D, 1989, Ii, 153. 

7 K. Stephan, J. H. Futrell, K. I. Peterson, A. W. Castleman Jr., H. 
H. Wagner, N. Djuric and T. D. MIrk, J. Mass Speclrona., 1982. 
44, 167. 

a S. T. Coyer, P. W. Tiedemann, B. H. Mahan and Y. T. Lee, J. 
Client. Plays., 1979. 70. 14. 

9 B. R. Cameron and P. W. Harland, J. Client. Soc., Faraday 
Trans., 1991,87, 1069. 

10 Atomic and Molecular Beans Methods, ed. C. Scoles, Oxford 
University Press, London. 1988. 

It C. A. McDowell, The Ionizai Ion and Dissociation of Molecules. 
McGraw-Hill, New York, 1963. 	 - 

12 R. W. Riser, introduction to Mass Specrronaeiry and its Applica-
tions, Prentice-Hall, Englewood ChIts, NY, 1965. 

13 V. H. Dibeler and R. M. Reese, Adv. Mass Specirom., 1966, 3, 
471. 

14 R. G. Keese and A. W. Cattleman, J. Plays. Client. R4. Data, 
1986,15,1011. 

IS K. Hirsoka, G. Naksjinna and S. Shoda, Client. Phys. Lett., 1988, 
146, 535 

16 H. M. Rosenstock, K. Drasl, B. W. Steiner and J. T. Herron, J. 
Plays. Client. Pef. Data 6, Suppl: I, 1977. 70. 

17 H. L. Johnston and K. B. McCloskey, J. Plays. Client., 1940, 44, 

1038. 	- 
IS A. J. lilies, J. Phys- Client., 1988, 92. 2889. 
19 C. Y. 14g, D. J. Trevor, P. W: Tiedemann, S. T. Ceyer, P. L. 

Kronebusch, B. H. Mahan and Y. T. Lee, J. Client. Plays., 1977, 
62, 4235. - 

20 E. B. n. Campbell and A. Tittea, Client. Plays. Lete,, 1990, 165, 

289. 
21 S. M. Tar, J. A. Schiavone and R. S. Freund, I. Client. Phys. 

1981,74,2869 	 - 

Paper 3/0577013; Received 24th September, 1993 



Paoer52 	 1 	 476 

.1 Chem.Phys., 1994,101: 11074-6. 

Effect of molecular orientation on electron impact ionization and fragmentation 

Craig G. Aitken, David A. Blunt, and Peter W. Harland 

Chemistry Department, University of Canterbury, Christchurch, New Zealand 

Abstract 
Relative ionization cross-sections have been determined for the production of the 
molecular ion CH 3Cl and the fragmentation product CH 3  from the 200 eV electron 
impact ionization of spatially oriented CH 3CI molecules in a cross beam experiment. 
The ionization cross-section for CH 3Cl formation is higher at the positive end, or 
C113-end, of the molecule while the cross-section for formation of the CH3t 
fragmentation product is independent of spatial orientation, within experimental 
uncertainty. 

The effect of molecular orientation on chemical reactivity', chemiluminescence 2 , 

photoionization3, Rydberg molecule formation' and, more recently, electron 
scattering' have been studied. The orientation asymmetry in most systems 
investigated has been significant, despite the use of oriented beams characterised by a 
distribution of spatial orientations'. In this communication we report preliminary 
results of an investigation into the effect of molecular orientation on electron impact 
ionization and fragmentation with results for the prolate symmetric top molecule 
CH3C1. We can report a significant asymmetry in the total ionization cross-section 
for CH3C1. Using a mass insensitive detector the cross-section for ionization at the 
CH3-end of the molecule is 2.3 times higher than for ionization at the Cl-end. This is 
close to the ratio of 2.6 found for the formation of the molecular ion, CH 3C' using a 
mass filter detector. A ratio close to 1.0 is measured for the CH 3  fragment, i.e., the 
cross-section for the formation of the CITI 3  fragmentation product is independent of 
electron - molecule orientation along the molecular axis, within experimental 
uncertainty. 

Electron impact ionization was first used in mass spectrometry by Dempster 6  in 1918 
in an attempt to generate reproducible mass spectra for use in analytical chemistry, an 
application of mass spectrometry suggested by J.J. Thomson' in 1913. Despite 80 
years of experience in electron impact ionization, absolute ionization cross-sections 
cannot be routinely 'measured, fragmentation patterns are not always predictable 
using chemical intuition, and theoretical models of electron impact ionization fail to 
deliver either acceptable cross-sections or fragmentation patterns (mass spectra). The 
study of electron impact ionization of spatially oriented molecules has been initiated 

• in order to gain a deeper insight into the electron impact ionization process and to 
provide data to test theoretical models. 

Experiments are carried out using crossed beams of spatially oriented CH 3 C1 and 
near-monochromatic electrons, see Figure 1. The molecular beam is produced by 
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Figure 1 Diagram of the beam crossing region: A hexapole; B molecular beam; C hexapole exit 
aperture; D shielding plates; E homogeneous field plates; F ion guiding lens; G quadrupole mass filter; 
H electron gun; K electron beam; L shielded electron gun chamber; M shielded electron collector. 
Mesh shields at ground potential below the field plates and a copper shield at ground potential held at 
liquid nitrogen temperature above the field plates are not shown. 

the expansion of CH 3C1 at 288 K from a stagnation pressure of 1,200 ton through a 
70 gm nozzle in a pulsed General Valve Series 9 electromagnetic valve with an open 
time of 1.2 ms at a 10Hz repetition rate. The supersonic beam enters a buffer 
chamber through a 1.0 mm entrance skimmer and exits through a 3.6 mm skimmer 
that serves as the entrance orifice to a 0.833 m long hexapole filter with an inscribed 
radius of 5.5 mm (a second hexapole with an inscribed radius of 7.5 mm was used in 
some experiments). The inhomogeneous hexapole electric field (typically 106  V m') 
transmits a focused beam of upper Stark-state selected CH 3C1 molecules through a 
8.0 mm diameter exit aperture into a weak homogeneous orienting electric field 
(2,000 V m 1 ) maintained between parallel field plates 200 mm long and 10 mm 
apart. The molecular beam is detected on axis by a Vacuum Generators SXP300 
quadrupole mass filter which is also used as a mass sensitive ion detector after 
replacement of the ion source and lens with an Einzel lens assembly. An Amptektron 
Model 501-L low energy ion detector, which can be rotated about the electron beam - 
molecular beam intersection, is used for measuring beam profiles, alignment of the 
electron beam with respect to the molecular beam and as a mass insensitive detector 
for low energy ion counting. Deconvolution of the arrival time distribution gave a 
mean flow velocity of 543 ms -' and a translational temperature of 29 K 8 . The on-axis 
quadrupole produced a mass spectrum dominated by the molecular ion, CH 3Ct 
(100), with CH 3  (30) as the only other significant ion signal. 

The electron beam is generated by an electron gun housed in a stainless steel chamber 
protruding into the scattering chamber. The gun has been designed to deliver pencil 
beams of 2-3 mm diameter over the energy range 20 - 300 eV (A = 2.7 to 0.7 A) with 
an electron energy distribution of <0.2eV FWHM. The electron beam is directed 
through a cylindrical snout which penetrates from the end of the chamber to the 
nearside homogeneous field plate. It passes through 10.0 mm diameter apertures in 
the field plates and enters a shielded Faraday cup coated with colloidal graphite 
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(aquadag). The snout, homogeneous field plates, top and bottom shielding plates and 
shielding grids are all coated with colloidal graphite. In these experiments the 
electron beam was operated in continuous mode with a beam current of <300 nA at 
200eV (0.87 A) to minimise space charge effects. The field plates were energised at 
±20V/gnd, and gndl±20V combinations for field reversal and hence orientation 
reversal. 

Collisions involving neutral reactants are unaffected by the presence of a uniform 
electric field in the crossing region. This is not the case where charged particles are 
involved. Ions formed between the homogeneous field plates would be accelerated 
towards the field plate of opposite polarity and be discharged. The IC ion products 
produced in collisions between fast K atoms and oriented symmetric top molecules' (')  
were collected using chaimeltrons protruding through the field plates. This approach 
cannot be used for electron (or ion) impact where the proximity of the channeltron 
cones to the beam crossing would shatter the electron (ion) beam integrity and the 
geometry of the beam crossing volume. In these experiments one of the 
homogeneous field plates is maintained at ground potential and the second is set at 
±20 V. Molecules are oriented such that the negative end of the dipole points 
towards the ground field plate when the configuration is gnd, 1-I-20 V and towards the 
energised field plate when the configuration is set to gndl-20 V. In an experiment, 
the energised field plate is dropped to <0.1 V from ground (polarity preserved) in 
<100 ns as the leading edge of the gas pulse reaches the electron beam. Typically, 
the segment of oriented beam between the homogeneous field plates at the time the 
field is collapsed corresponds to 300 Rs in flight time. Ions produced by the electron 
impact ionization of this 300 gs segment of spatially oriented beam are gated at a 
detector located 25 mm downstream on the molecular beam axis. A second gate of 
equal width intercepts ions produced from the electron impact ionization of a second 
300 jis slice from the trailing segment of the gas pulse which did not sample the 
orienting field. This is repeated with the hexapole high voltage switched off and the 
rods set to ground potential, i.e., in the absence of the inhomogeneous field in the 
hexapole. This mode of operation assumes the integrity of the spatial orientation 
following collapse of the orienting field, at least on the ps time scale. Experiments 
designed to specifically explore this have not been performed, although the 
observation of reproducible orientation effects for symmetric top molecules and the 
absence of an effect for argon and the spherically symmetric molecule S1 7 5  under 
identical experimental conditions lends support to this assumption, at least 
qualitatively. The results for CH 3C1 are independent of the field plate polarity used, 
i.e., +20V/gnd gives the same results as gndl-20V and gnd/+20V gives the same 
result as -20V/gnd. 

The raw signals measured in the experiment are: 
ion counts, hexapole on, homo field on, for the +end of the molecule, 
ion counts, hexapole off, homo field on, for the +end of the molecule, S + ; 
ion counts, hexapole on, homo field on, for the -end of the molecule, S hV ; 

ion counts, hexapole off, homo field on, for the -end of the molecule, S0. 
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S is then defined as 	-SO,  and S is given by ShV -
S,,_ .  The ratio, S 0 	should 

ideally be unity but in practice it degrades from unity with time according to the 
condition of the electron gun and the elements making up the beam crossing region. 
The steric effect is expressed either as the steric ratio, S e/S, which is equivalent to 
the ratio of the corrected signal for ionization at the positive end of the dipole to the 
signal for ionization at the negative end of the dipole, or as the steric factor G = (S - 
S) I (S + S.) where -1 !~ G :~ 1. Equal ionisation probability at both ends of the 
molecule would give U = 0, preferential ionization at the positive end of the molecule 
would give a negative value for U and preference at the negative end a positive value 
for U. 

Ions are counted over a 300 s period at a 10 Hz repetition rate with 300 Rs gates. For 
CH3C1, total ion counts are around 2,000 for $ and 600 for S. The ion signals with 
hexapole on and hexapole off, with the homogeneous field plates grounded, are 
typically around 1,000 and 350 counts, respectively, resulting from a three-fold signal 
enhancement for a CH 3C1 beam through the hexapole inhomogeneous field. The data 
for CH3C1 shown in Table 1 represent the average of 35 repeated determinations 
involving numerous disassembly - cleaning - assembly cycles of the machine, two 
different hexapoles, and experiments in which the energised electrode was both 
positive and negative. The ion counts for the spherically symmetric species Ar and 
SF6  are independent of the hexapole high voltage and the homogeneous field 
conditions and since S and S are small and almost equal for Ar and SF 6  under the 
same conditions as the CH 3C1 experiments, the steric ratios and factors are shown in 
the Table as 0 and 1, respectively. 

Table 1 	Steric factors and steric ratios for 200 eV electron impact ionization 
of CFI,Cl, At and SF, using a quadrupole mass filter detector. 

System Ion G=(S-Sj/(S+S) 

d113 C1 CH3 C1 -0.42±0.12 2.58±0.81 

CH3  -0.01±0.14 1.07±0.36 

Ar Ar -0 -1 

SF6  SF6  -0 -1 

These experiments have shown that electron impact ionization is more efficient at the 
positive end of the CH 3CI molecule for molecular ion formation and independent of 
orientation for the fragment ion CH 3 . Although the distribution of orientations 
within the molecular beam is broad, the positive end of all molecules point towards 
the positive field plate and the negative end towards the negative field plate. 
Irrespective of the polarity on the field plates, the beam includes a substantial fraction 
of molecules which can best be described as sideways oriented'. In the case of CH 3  
formation, a G factor of close to unity may point to the domination of sideways 
orientation in the fragmentation channel. Molecules of the general series CH 3X and 
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CF3X are currently under investigation, the emergence of a coherent pattern will 
facilitate the construction of a theoretical model. 
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The influence of molecular orientation on electron transfer and electron impact ionization has been 
probed with oriented target molecules in crossed molecular beams. Electron transfer frequently occurs 
in thermal energy reactive collisions involving the harpoon or spectator-stripping mechanism, but at 
thermal energies charged species can rarely escape their mutual Coulomb attraction, and only neutral 
products are formed. By increasing the collision energy to a few eV, the charged species are 
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separated, and the role of orientation on the electron transfer process can be probed. Collisional 
ionization of fast (-3-25 eV) neutral K atoms has been measured for a variety of symmetric top 
molecules, such as C11 3 1 and CF3Br, which were oriented prior to collision. It has been shown that the 
orientation of the molecular dipole drastically affects overall probability of ion production through a 
combination of entrance channel (electron transfer) and exit channel (ion recombination) effects. The 
electron transfers preferentially to the most labile substituent irrespective of its polarity, the negative 
Cl-end of CH3 CI and the positive Br-end of CF 3Br. Electron ionization of several oriented symmetric 
top molecules has shown that ionization is favored for electron impact at the positive end of the dipole, 
the CH3 -end of CFI,CI and the Br-end of C1 73  Br, or for broadside collisions on the molecule. In a few 
cases, where the molecular ion and a fragment ion have been measured, it has been shown that the ratio 
of ions (the fragmentation pattern or mass spectrum) is orientation dependent. 

ELECTRON TRANSFER 

I. INTRODUCTION 

The Simple Collision Theory for bimolecular gas phase reactions is usually 
introduced to students in the early stages of their courses in chemical kinetics. They 
learn that the discrepancy between the rate constants calculated using this model and 
the experimentally determined values may be interpreted in terms of a steric factor, 
which is defined to be the ratio of the experimental to the calculated rate constants! 
Despite its inherent limitations, the Collision Theory introduces the idea that 
molecular orientation (molecular shape) may play a role in chemical reactivity. We 
now have experimental evidence that molecular orientation plays a crucial role in 
many collision processes ranging from photoionization to thermal energy chemical 
reactions. Usually, processes involve a statistical distribution of orientations and 
information about orientation requirements must be inferred from indirect 
experiment. Over the last 25 years, two methods have been developed for orienting 
molecules prior to collision': i) orientation by state selection in inhomogeneous 
electric fields, which will be discussed here, and ii) "brute force" orientation of polar 
molecules in extremely strong electric fields 2. Several chemical reactions have been 
studied with one of the reagents oriented prior to collision 12 . 

Experimental studies of chemical reactions designed to explore the effect of spatial 
orientation have been heavily weighted toward the reactions between alkali metal 
atoms and alkyl halide molecules. The reagents have generally been prepared and 
introduced in cross particle beams where ultra-sensitive detection of alkali metal 
atoms and the alkali metal halide products is made possible by surface ionization on 
transition metal wires. This set of reactions involves an electropositive atom and an 
electronegative molecule and the first step in the reaction mechanism is considered to 
involve an electron transfer between the metal atom and the molecule. Reactions 
involving electron transfer are ubiquitous in chemistry and biology, but under normal 
circumstances (thermal energies) very few neutral species react to form ions because 
reactions are rarely energetic enough to cause the intermediate ions to separate as 
charged species. Ions normally recombine to form a salt, alkali halide in the case of 
alkali metal with alkyl halide reactions, but if the initial energy is increased to 
preclude recombination, the ions can be observed and the effect of molecular 
orientation on the electron transfer process can be probed more directly. We will 
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discuss electron transfer collisions occurring with a collision energy of a few eV, 
where ions can be detected and where the processes are still expected to be similar to 
those applying at thermal energies. 

II. THEORETICAL ASPECTS OF ELECTRON TRANSFER 

Electron transfer can occur when ionic and covalent states of the same symmetry 
have the same energy. Coupling between these states results in an avoided crossing 
of the diabatic covalent and ionic potential energy surfaces' as shown in Figure 1 for 
the atomic system, Na + I —* Na + I. At internuclear distances near the equilibrium 
bond distance in the Nal molecule, r,, the system is highly polar, Nat, and bonding is 
largely described by an ionic potential. The ionic salt molecule dissociates to give 
neutral atoms', so at large distances the molecule is best described by a covalent 
potential. At r, these zeroth order (diabatic) ionic and covalent curves appear to cross 
but a dissociating molecule must make a smooth transition from the ionic to covalent 
potential. For states of the same symmetry, the crossing is avoided by the adiabatic 
potentials, shown in Figure 1, which result from solution of the two-state Schrodinger 
equation using the Born-Oppenheimer approximation. The adiabats, s and E2  are 
given in terms of the diabats by 

C 1  = V2 {H 11  + H22  ± [(H11 -H22  )2 + 4H122]'/'2} 	 (1) 

The adiabatic curves resulting from ionic-covalent coupling do not cross, as shown in 
Figure 1, and the character of the system changes smoothly from covalent at long 
range to ionic at short range. 

The behaviour of a colliding system at the avoided crossing depends on the speed 
with which the crossing is traversed, as well as the separation and slopes of the 
adiabatic curves. If the atoms approach slowly enough on the covalent curve, the 
uncertainty principle allows the energy to be relatively well-defined, and the system 
stays on the lowest, adiabatic curve. This adiabatic process results in. what we 
loosely call an electron "jump". On the other hand, if the atoms approach at high 
speed and traverse the crossing quickly, the energy will be less well-defined and it is 
possible that the system will remain on the diabatic curve (making a non-adiabatic or 
diabatic crossing) and will continue to be described by the covalent potential. The 
diabatic crossing represents a "hop" from one adiabatic potential curve to the other, 
but the electron stays on the atom and doesn't jump. 

The probability of a diabatic hop, Pd,  is given to good approximation by the 
Landau-Zcner relation, 

Pd 
= e 	 (2) 

where K = (2itH1e)2/ hAS, and AS = 13E 1/dr - aErnrI, v is the speed, and H Ic  is the 
matrix element in the Hamiltonian that couples the two states. For the simplest 
crossing of an ionic curve with a covalent curve, the slope of the covalent potential 
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can be regarded as zero with zero energy compared to the separated atoms. The 
crossing radius is given approximately by the condition that V(r) 01  = V(r3covaicnt = 
AE0- e2/r0, or 

r0 e2 /AE0 	 (3) 

where AE, = IP-EA, the difference between the ionization potential of the electron 
donor (Na) and the electron affinity of the acceptor (I) and e is the charge on the 
electron. AS = (e/rj 2  and 

K = (47t2e2/h) H1 (r) / 	 (4) 

Thus from equation (2), low speeds or large K (large 11 or large separation between 
the curves) gives a small P d, and the probability of a diabatic "hop" between potential 
curves is low. Under these circumstances the crossing is adiabatic and the system 
smoothly changes from a covalent to an ionic description. In this process the electron 
jumps from the Na atom to the I atom. 

A complete collision requires the crossing to be traversed twice, once on the way in 
and once on the way out, as shown in Figure 2a). In order to produce ions starting 
with neutrals, the atomic system must traverse one crossing adiabatically, and the 
other diabatically. For the atomic system shown in Figures 1 and 2, the two crossings 
are identical, and the overall probability of ionization is P = ('- d)d If the electron 
jumps at the first crossing the ions interact in close proximity to one another, leading 
to "ionic scattering". If the first crossing is diabatic, the close proximity encounter 
occurs between weakly interacting neutrals leading to "covalent scattering, and the 
difference can be resolved in the differential scattering cross section. This has been 
extensively reviewed'. 

For atom-molecule collisions the situation is much more interesting. Many more 
dimensions need to be taken into consideration and the interaction is likely to be 
dependent upon the orientation. This is shown schematically in Figure 2b), where the 
radius of the second crossing is shown to be different from the first. Even a minute 
change in crossing distance can have a profound influence on the dynamics because 
the coupling matrix element, 11121  depends exponentially 35  on r  and the LZ 
probability depends exponentially on 1112!  Moreover, the internal state of the 
molecule can change between the crossings and the second crossing might be a 
crossing between surfaces quite different from those of the original system. This has 
been called "bond stretching" in the earlier work. 

As an example of how the internal state of the molecule influences the crossing, 
consider the effect of adding an electron to a diatomic molecule, such as Br 2. The 
negative ion is less tightly bound than the neutral, and attachment of the electron (at 
fixed internuclear distance) results in a negative ion formed in a highly excited 
vibrational state. Following the electron jump, the Br nuclei begin to move apart 
which increases the apparent electron affinity of the Br 2 . According to equation (3) 
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this increases the crossing radius, decreases the ionic-covalent interaction, and greatly 
enhances the probability of the system making a diabatic transition. Since vibration 
of Br2  is periodic, the bond stretching causes the electron affinity and crossing radius 
to vary with time, and the electron transfer probability at the second crossing will 
depend on the time required (i.e., on the speed) for the atomic ion to arrive, as 
observed experimentally'. In the extreme limit of bond stretching, complete 
dissociation of the molecular ion may occur between the crossings, leaving only the 
atomic ions to undergo a diatomic crossing. 

III. EXPERIMENTAL TECHNIQUE 

A. Overview of the cross beam experiment 

Collisions are studied between spatially oriented molecules neutral potassium atoms 
accelerated to energies of 3- 25 eV. The orientation of the molecule can be changed 
so that one end of the molecule or the other can be presented to the incoming K atom. 
Positive ions formed in the collision are detected by one of two particle multipliers, 
depending on the orientation, and pulse counted. The apparatus is schematically 
shown in Figure 3. Details concerning the construction may be found elsewhere.' 

The molecular beam is formed from an expansion of a pure gas sample or a 10% 
seeded mixture in He from the nozzle N. The central core of the expanding jet is 
passed by a thin-walled skimmer into the buffer chamber, C, where it is modulated 
by the rotating chopper wheel. The beam then passes through a second skimmer into 
chamber FT where it traverses an inhomogeneous hexapole electric field ( = ±5 kV on 
adjacent rods) which filters out the lower Stark states of the symmetric top beam 
component and brings the upper Stark states to a focus at the exit aperture 8 . 

Symmetric top molecules such as CH 3 I are good candidates for orientation because 
the criterion for quantum state filtering is that the dipole moment does not average to 
zero during the course of rotation. Unlike diatomic molecules (which rotate in a 
plane thereby causing the dipole moment to average to zero), symmetric top 
molecules rotate in an electric field like a child's top in a gravitational field, the 
symmetry axis precesses about the field and the dipole moment does not average to 
zero. The quantum state selected molecules in the beam make an adiabatic transition 
into an homogeneous field (20 V/cm) maintained between parallel field plates, U, 
held 5 cm apart. Molecular orientation is effected in the homogeneous field, the 
negative-end of the molecular dipoles pointing toward the negative field plate. 
Reversal of the polarity of the homogeneous field inverts the orientation such that 
either end of the molecule can be presented to the potassium atom beam passing 
through the molecular beam in the crossing region. Holes are cut in the field plates to 
pass the K atom beam, and to allow viewing of the intersection by two channeltron 
cones. A Quadrupole mass filter on axis is used for beam detection and 
characterisation. The beam of fast potassium atoms is generated by resonant charge 
transfer' of IC formed by surface ionization on a heated W filament in oven 0. The 
IC ions are accelerated through the required potential and charge exchanged with K 
vapour at =0.01 mTorr in the same oven. Ions passing through the exit orifice of the 
oven are swept out of the beam with a deflecting field of 20 V/cm and thermal energy 
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K atoms are unable to form ions in collisions with the oriented molecules and do not 
interfere with the measurements' ° . 

B. Hexapole Characteristics and Orientation Distribution 

Figure 4 shows the hexapole transmission of a CH 3Br beam at 10K calculated for two 
exit apertures dimensions for our experimental conditions. At these temperatures, the 
most populated state is IJK>100> which does not focus, but there is some population 
in the Iii>, 121> and 131> states, and these states are transmitted individually at 
appropriate voltages as shown. Molecules are thus focused by the hexapole field. If 
only a few rotational states are populated, it is possible to select individual J, K, M 
states using appropriate combinations of applied voltage and beam apertures". 
Focusing curves, such as that in Figure 4, have been measured experimentally and 
reactive scattering has been observed for a few cases in which the beam is in a single 
quantum state 12.  Unfortunately the intensity of such state-selected beams is 
extremely low, for this reason we have selected conditions which transmit oriented 
beams with a distribution of states in order to facilitate cross-beam studies of reactive 
systems. 

Our experiments show that, although the beam intensity increases with the hexapole 
voltage, the hexapole voltage has no major qualitative effect upon the orientation 
distribution. Figure 5 compares calculated distributions for several molecules. As 
anticipated, the very prolate top CH 3Br (which, like a pencil, does not rotate stabily 
about its symmetry axis), represents the least well oriented sample, and the oblate top 
CF3H (which, like a bicycle wheel, rotates easily about its symmetry axis) the best. 
Even though each resulting distribution is quite broad, a large effect is observed on 
the reaction. 

C. Ion Detection 

K ions formed in the collision are detected by one or the other of the two 
channeltrons (C 130  or CO) arranged schematically as shown in Figure 6. The voltage 
applied depended upon the orientation studied. The channeltron that peeked through 
whichever uniform plate was negatively biased was activated to count positive ions. 
The active cone was biased at -1200 while its uniform plate was held at -50V. The 
opposing plate and cone were held at +50 V, and both channeltron anodes were held 
at +300 to +700 V, depending on gain requirements. For these operating conditions, 
the field at the intersection region is roughly determined by the parallel field plates 
because it was observed that the channeltron counts decreased if the plates were 
biased much above 50 V, indicating that at higher voltages the ions would be 
collected only by the plates and not the channeltrons. Ions are less efficiently 
detected by channeltron C 180 , apparently because the IC ions formed in the collision 
zone are initially moving away from C 180 . 

The orientation of the molecules is determined by the direction of the uniform 
electric field and may be reversed by reversing the polarity of the uniform field 
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plates. As shown in Figure 8, the positive end of the molecule is presented to the 
incoming K atom in the 0° configuration, and the ions counted by channeltron C o . 
The negative end is presented in the 180° configuration and the ions counted by 
channeltron C 180

1 
The experiments thus directly determine the polarity of the more 

reactive end, the chemical identity of the more reactive end must be deduced from 
electronegativities, dipole trends and the reactivity itself. 

D. Data Acquisition 

The active channeltron is capacitively coupled to a quad scaler which counts signal 
pulses and pulses from an 86  Hz clock. Beam on-off signal differences at focusing 
voltage V, S(V) = ftS(V)0  - S(V)0ff) are measured for each channeltron i (i = 0 or 
180) and then corrected for the different multiplication efficiencies and ion collection 
efficiencies of each channeltron. The relative detection efficiency, F(c) = 
S(0) 180/S(0)0 , is measured for each energy, interspersed with measurements of 5(V), 
using the small flux of randomly oriented molecules obtained when no voltage is 
applied to the 6-pole field (0kv). The relative signal due to the oriented molecules, 
S'(V), is the (HV on) - (HV off) signal difference corrected for the multiplier 
efficiencies at beam energy e: S'(V) 180  = S(V) 180  and S'(V) 0  = F 5(V)0 . For further 
details, see reference 7. 

IV. RESULTS 

Raw Signals 

In every case studied, the orientation of the molecule clearly affects the signal, and 
examples of this effect are shown in Figure 7 for CH 3Br and CF 3Br. We compare the 
methyl- and perfluoromethyl- halides because the polarity of the molecules is 
different. The X-end in CH 3X is usually negative, whereas the X-end in CF 3X is 
usually positive. This demonstrates that these data arise from a real molecular effect, 
and not from stray electric fields. From the data in Figure 7 we conclude that the 
positive-end of CF 3Br is more reactive and the negative-end, of CH 3Br is more 
reactive. The Br-end of CH 3Br is assumed to be the negative end, and dipole moment 
trends and reactivity suggest that in CF 3Br the Br is the positive end. In CF 3I the I has 
been directly" and indirectly" established (by using oriented molecules) to be the 
positive end. Both molecules are thus more reactive on the Br-end which we call the 
heads end (to emphasise the analog with the heads/tails orientation of a coin). 
Similar conclusions are reached, with less refined data, in comparisons of the 
CF3I/CH3I and CF3 C1/CH 3C1 systems. The data are thus not explicable by the 
electron simply jumping to the positive end of the dipole. 

Cross-Section 

The energy dependence of the K beam intensity and the energy dependence of the 
reaction cross section obscure the orientation dependence of the signals themselves. 
It is thus useful to remove the beam intensity variation by comparing the relative 
cross sections S/I(K) for heads/tails orientation as shown in Figure 8. The heads/tails 
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difference is much more apparent and seems largest at low energies. The space 
charge limited relationship, 'K 

° E3 , is used here to normalize the ion signals at 
different K beam energies, because the neutral intensity is expected to be proportional 
to E312, as experimentally observed by Aten, et al", and roughly confirmed here. 

C. Steric Effect 

The effect of orientation on the cross section is striking, but is still hidden by the 
variation of the cross section with energy. The Steric Factor, G, the signal difference 
normalized to the cross section 

G = 	- S'0)/(S' 180  + S'0) 	 (12) 

emphasises the salient features of the orientation itself, and is shown in Figure 9 for 
the currently best-studied systems, CF 1Br and CFI313r. The effect of orientation is 
striking: G must lie in the range -1 !~ G:~ 1, yet at low energy for both molecules G can 
clearly be extrapolated to 1. This means that at low energies one orientation is 
completely unreactive. At higher energies G tends to 0 and the orientation makes 
almost no difference. The difference in molecular polarity is immediately apparent, 
with the heads, or Br end being more reactive in either case. This difference persists 
throughout the C113)(/CF3X family, as shown in Figure 10. Other types of systems, 
such as t-butyl X and CX 3H, display somewhat similar features". 

D. Threshold behaviour 

Extrapolation of G to low energies yields IGI = 1, at least for CF 3Br, CF3 C1 and 
C1_1313r. This implies that at threshold one orientation is unreactive and is consistent 
with our early suspicion" that different orientations have different kinetic energy 
thresholds. This is indeed the case, as illustrated by the example shown in Figure 11. 

V. DISCUSSION 

All chemical reactions begin as the reagents approach and end as the products 
separate. The system must traverse both the entrance channel and the exit channel. 
Our hope is that by specifying the reagent orientation in the entrance channel and 
monitoring the appearance of ions in the exit channel, that we may learn how 
orientation affects the transfer of an electron from one species to another. Strictly 
speaking, we cannot separate the electron transfer, presumed to occur in the entrance 
channel, from the process of the ions separating, which is the exit channel. Under 
certain circumstances, one or the other of these interactions may dominate. We have 
thus interpreted the data under certain assumptions, but what we really learn is how 
the entire process is affected by the initial molecular orientation, and conclusions 
regarding the electron jump must be regarded in this light. 

A. "Exit" Channel Interactions 
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Angular distributions of the products of many chemical reactions bear a resemblance 
to the distributions obtained from photodissociation, suggesting that the products are 
formed in an impulsive event similar to photolysis.' 6  It has thus been useful to 
compare experiments with a "direct interaction with product repulsion' (DIPR) 
model. We have found this concept to be useful in interpreting the angular 
distributions of the neutral products of thermal energy collisions of oriented 
molecules. Early studies of the K + oriented CF 3I reaction suggested that the 
(uncharged) KI product molecule was scatted in the direction in which the CF,I figure 
axis was originally pointing" The neutral KI molecule is found to be scattered 
backwards for K incident on the I end of the molecule and forwards for K incident on 
the CF,-end. Cross sections for the "heads" and "tails" orientations were roughly 
equal. Because the LUMO receiving the electron might be rather diffuse, we had 
originally assumed (mainly for simplicity) that the initial electron jump might be 
relatively unaffected by the orientation of the molecule, and further analysis indicates 
that the angular distribution of heads, tails and sideways oriented molecules is 
primarily described by the distribution of directions of the molecular axes". These 
experimental results are semi-quantitatively reproduced by the impulsive DIPR 
model sketched in Figure 12 when the effect of the incoming K atom's momentum is 
included. Moreover, this model also accounts for the totally different angular 
distribution observed if the molecule is oriented sideways. It only partially accounts 
for the angular distribution observed for the analogous CF 3Br reaction", possibly 
because the orientation might affect the electron transfer. It thus appears that the 
breakup of the molecular negative ion plays an important role in determining the 
angular distribution of the products, and may be important also in describing the 
higher energy ionization collisions. 

The collisional ionization experiments of unoriented molecules mentioned in Section 
II provide the key to understanding the exit channel interactions for oriented 
molecules: there must be two ionic/covalent surface crossings, one as the particles 
approach, and the second as they recede, qualitatively sketched in Figure 2b). In a 
limiting case of "bond stretching", the molecular ion might be in the process of 
dissociating by the time the second crossing is encountered. This is shown very 
schematically in Figure 13, where the covalent K+ RX surface crosses the ionic IC + 
RX surface at r,. The first crossing distance r 01  = e2/AE0  is calculated from ionization 
potentials and electron affinities to be = 4 A, and H, c  = 300 meV. At the nominal 
collision speeds used in these experiments, Vr=  5.6 km/sec (56A/ps) for CH 3I at 5 eV, 
the Landau-Zener relation, equation (2), predicts that P= 0, and the first crossing 
will be completely adiabatic: the electron will jump to the molecule. The electron is 
expected to occupy an aritibonding C-X ac  orbital and the molecular ions produced, 
CF3X and C113X are expected to dissociate promptly along yet another surface (in 
another dimension on the left panel), indicated as Kt + R + X. This surface will 
intersect the K + R + X covalent surface at a much larger distance, r 02 . Since fl, 
decreases exponentially with distance', this crossing is less avoided, and the system is 
more likely to traverse this crossing diabatically with the electron remaining on the X 
ion. 



Paper 53 	 490 

At energies a few volts above threshold, the CH 3I, CF 3I, CH3Br and CF3 Br molecules 
undergo dissociative electron attachment" and in collisional ionization give X ions 
in = 98% yield". The scenario suggested above (the electron jumping at the first 
crossing and the molecular ion dissociating before the second crossing is 
encountered) is thus very likely to occur. If the molecule were to remain unchanged 
upon the addition of the electron, the second crossing would be exactly equivalent to 
the first and would again be traversed completely adiabatically. The electron would 
be smoothly transferred back to the K, the products would separate on the covalent 
surface, no ions would be produced, and there would be no dependence on 
orientation. If, on the other hand, the molecular ion were to decompose explosively, 
the second curve crossing would be an asymptotic crossing between the emerging X 
ion and the incident K. This second crossing occurs at large R where H1  0. The 
LZ relation then predicts that the second crossing would be completely diabatic, the 
electron stays on the X- ion and the products separate on the ionic surface. In this 
latter limiting case every collision would lead to ionization and the orientation would 
again not be important. 

The behaviour observed is clearly intermediate between these two limits: ions are 
produced and the orientation is important. The existence of S orientation effect 
shows that every collision does not lead to ionization. As discussed above, we expect 
the electron to be transferred adiabatically at the first crossing. But at the second 
crossing the IC ion must be encountering something intermediate between a bound 
CF 3BY molecular ion and a free Br -  atomic ion. It must encounter a species in the act 
of breaking apart, and we can use the experimental orientation data to extract some 
information about this species. 

We assume the first crossing is completely adiabatic, and that the probability of the K 
escaping as K is the probability that the second curve crossing is traversed 
diabatic ally, 

Pde. 	 (13) 

This is sensitive to the relative speed of ions at the crossing, which as shown in 
Figure 14, is different for the heads and tails orientation. Making the zeroth order 
approximation that K is independent of orientation, then the probability of forming an 
ion in the heads or tails orientation is 

P =Pd = exp(-ic/v) 	 1 (14) 

where 4 refers to either heads or tails. The heads/tails ratio then becomes 

R = Ph/P, exp(-klv h  +k/v) = exp(-icAv/v 2) 	 ( 15) 

where 	AV = v1 - vh and v2 = vhv 2E'/ji 	 (16) 
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A plot of mR vs lIE' is thus expected to be linear, where E' is the final translational 
energy, E' <EEth . This is shown for CF3Br in Figure 15. For energies a few volts 
above threshold, the orientation effect is well described by equation (2). At high 
energies the first crossing may become diabatic thereby invalidating the assumption 
made in equation (13). Uncertainty in Eh  and fluctuations in the very low signals 
probably accounts for deviations near E th. 

So, the impulsive model described in Figure 14 accounts nicely for the energy 
dependence of the orientation effect. In the exit channel the ions are trying to get 
away from one another, and this is easiest if they are travelling in opposite directions, 
which occurs in the heads orientation. The second ionic/covalent surface crossing 
occurs between species in the act of reacting, and an experimental value for ic at this 
second crossing can be obtained from the slope of a plot such as Figure 15. 
Semi-empirical estimates for H have been used to obtain rough values of r 2 , and 
suggest that r 2  may be an A or two larger than r 1 , consistent with the notion that the 
crossing is between a K4  ion and a species in the act of coming apart". 

Thus, many aspects of the collisional ionization experiments can also be described by 
the impulsive DIPR mechanism, provided the very strong interaction between the 
ions in the exit channel is recognised. This is qualitatively depicted in Figure 16, 
which differs from Figure 12 in two major respects: i) the incoming K atom is faster, 
and ii) ions are detected, not neutrals. As shown, the approach, the electron transfer, 
and the dissociation steps are similar to those at lower energy, and the negative 
atomic ion is again ejected in the direction of the molecular axis. The K atom is now 
much faster and the 1(7 ion is more likely to continue in the forward direction. If the 
X ion is ejected antiparallel to the incoming K 4, the ions have less time to interact, 
and in the "heads" orientation the IC is more likely to escape the Coulomb attraction 
of the X-  and be detected as an ion. Similarly, in the tails orientation the X travels 
parallel to the K 4, the ions are more likely to either recombine or to neutralize one 
another, and fewer 1(7 ions escape the Coulomb attraction. 

Independent support for these conclusions regarding the orientation effects in the exit 
channel is provided by the experiments of Kalamarides, et a1 22 . Reaction of K atoms 
in high Rydberg states with CF 3I , K* *  + CF3I K + F + CF3  was studied by 
passing a beam of K**  through a scattering gas containing low pressure C17 3I, and 
measuring the angular distribution of the resulting F ions with a microchannel plate 
and position sensitive detector. For large principal quantum numbers, n = 26, the 
Rydberg electron is essentially free of the core and behaves as a free electron. The 
CF3I was a gas and all orientations of the molecules were equally likely, so CF 3I ions 
were expected to be formed in all orientations by attachment of the free" electron. 
Dissociation of CF 31-  would eject F along the randomly oriented molecular axes, and 
the 1 ions were expected be distributed isotropically, and this was confirmed by 
experiment. However, as n decreased to 9, the angular distribution became 
anisotropic, with fewer F moving in the direction of the initial K**.  The electron is 
more tightly bound for n9, and is more comparable to those of this study (n=4): the 
Rydberg electron in this case is not free, but carries with it the positively charged 
core. Kalamarides, et al thus observed that fewer F ions were scattered in the forward 



Paner 53 	 492 

direction and concluded that the diminution of 1 in the forward direction was due to a 
greater likelihood of charge neutralization if F and K were travelling in the same 
direction as concluded from the oriented molecule experiments and shown in Figure 
16. 

B. "Entrance" Channel - Electron Transfer 

The Landau-Zener theory is comparatively successful in explaining the overall 
behaviour of the reactions of oriented molecules at thermal energies where neutral 
products are formed and at elevated energies where the transient ions have enough 
energy to separate. This is, in a sense, frustratingly successful, because there seems 
to be no room to accommodate an orientation-dependent electron transfer, which 
chemical intuition suggests must be operative. The role of the electron transfer in the 
post-threshold behaviour discussed above is apparently overshadowed by the strong 
Coulomb forces in the exit channel. Orientation dependent exit channel interactions 
are possible when three or more species are produced in the collision as shown in 
Figure 14, and as discussed above, this is likely the case for several of the molecules 
studied. But if the collision energy is sufficiently low, decomposition of the 
molecular negative ion may not be allowed. If only two particles are formed, a 
positive ion and a negative ion, conservation of momentum requires that they must 
recede with antiparallel velocities regardless of the orientation. The strong, 
orientation-dependent forces in the exit channel suggested in Figure 14 are thus not 
present, and any orientation effect may be due to the electron transfer in the entrance 
channel. 

The different threshold behaviour for heads and tails orientations shown in Figures 7 
and 8 show that at very low energies reaction is restricted to only one end of the 
molecule. We directly observe that there is no reaction for attack in the unfavored 
orientation. The different thresholds for attack at different "ends" of these molecules 
requires the final state of the system, at the respective thresholds, to be somehow 
different for attack at the opposite ends of the molecule. For CF 3Br we believe that 
different products may be formed, depending on the end attacked, but the same 
species in different internal states could also be a possibility". In these experiments 
there are two likely low energy reaction channels: 

K+CX3Y —>K +Y +CX3 	 (17) 
-, K + CX3 Y 	 (18) 

which we are not yet able to differentiate because only the K positive ion was 
detected. (KY salt molecules might also be formed but since only charged particles 
are detected, the neutrals are not observed.) At energies a few volts above threshold, 
the fragmentation reaction (17) accounts for = 95% of the products" and the early 
experiments were interpreted on the basis of reaction (17) At sufficiently low 
energies, however, the parent ion may not have enough energy to fragment and 
reaction (18) can be observed. 

The negative ions formed in collisions of Na atoms with unoriented CF 3 13r have been 
directly observed by Compton, Reinhardt & Cooper". They observed the parent ion, 
C17 313, and determined the vertical electron affinity, EA,  to be 0.91 ±0.20 eV. Their 
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data predicts the threshold for electron transfer to CF 3Br to give the parent ion (18) is 
3.43 eV and the threshold for fragmentation (17) to give Br is 3.97 eV. These 
threshold energies for formation of the parent ion, CF 3Bf, and for fragmentation into 
CF3  and Br agree closely with the apparent thresholds of 3.4 eV and 4.0 eV obtained 
for the oriented molecules. Since the threshold laws are not known, we have linearly 
extrapolated the data to yield apparent thresholds. The threshold differences are 
expected to be significant because the cross sections for heads and tails orientations 
are similar over a large energy range (Figure 8). We thus conclude that, at the lower 
(heads) threshold, parent CF 3Br is produced, and it is produced by attack at the 
Br-end of the molecule. In the energy range 3.4 - 4.0 eV, reaction occurs exclusively 
at the heads-end (Br) of the molecule producing only two particles, IC and CF 3Br, 
which must leave the collision travelling in opposite directions to conserve 
momentum. The strongly orientation-dependent 3-body exit channel interactions, 
which were adequate to explain the high energy (10 eV) orientation behaviour, are 
therefore absent. Effects of orientation between 3.4 and 4.0 eV must arise mostly 
from the electron transfer in the entrance channel, and we conclude that for energies 
near threshold the electron is transferred preferentially to the Br end of the molecule. 
At the higher (tails) threshold, tail-end attack results in fragmentation and produces 
Br fragments. Formation of the parent negative molecular ion by tails attack is 
apparently prevented by some barrier which can be overcome with 0.5 eV of 
translational energy. But the CF 3Br molecular ion is too weakly bound to 
accommodate this much energy, and the negative molecular ion breaks up according 
to reaction (17). Above the tails threshold, heads attack may also produce Br 
fragments because enough energy would likely be deposited in the parent ion to cause 
it to break apart, and above about 5 eV, Br is the dominant negative ion. 

For the other molecules studied, less is known about the negative ions formed and 
their thresholds . It is, of course, tempting to speculate that different products are 
being formed for different orientations in a manner analogous to that for CF 3Br and 
for the electron bombardment experiments. For CF 3C1 the parent ion has been 
observed", and we have measured a difference between heads and tails thresholds of 
0.6 eV. Again, the Cl-end is more reactive and at low energies only Cl-end attack 

produces ions. However, the apparent threshold is in poorer agreement with that 
calculated, possibly a result of the extrapolation or of our weaker signals because the 
reaction cross section is smaller than that for CF 3Br. 

The parent CH3Br ion has not been observed in previous studies 2125 . Nevertheless, 
only one end of the molecule, the Br-end, is reactive at energies near threshold. The 
difference in thresholds is 0.2 eV, and the tails threshold is in rough agreement with 
the calculated threshold to produce Br and with the observations of Compton et al. 
for formation of Br. If the analogy with CF 3Br is pursued, these data indicate that the 
parent ion is bound only by 0.2 eV (±0.2eV), suggesting that the parent may be so 
fragile that it might not be observed. These data thus suggest that different products 
are formed by attack at different ends of the molecule, which are manifested here by 
different energetic thresholds for the two orientations. 
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The electron probably jumps to an antibonding pa's orbital composed largely of p 
orbitals from carbon and bromine", which is expected to be more accessible from the 
Br-end of the molecule. The threshold results show that transfer through the C1 7 3-end 
is apparently impeded by a barrier of about 0.6 eV (14 kcal/mole), which can be 
overcome by increasing the collision energy, resulting in fragmentation of the anion. 
This is qualitatively illustrated by the potential curves in Figure 17 where the 
covalent potential for tails approach includes an extra repulsion term to account for 
the C17 3  group interposed between the K and Br. This extra repulsion forces the tails 
orientation crossing to be at larger distances (and higher energies) where electron 
transfer is much less likely because the orbital overlap is less. The interaction 
between the ionic and covalent configurations falls exponentially with distance', and 
at a given collision energy, the likelihood of an adiabatic crossing (electron jump) is 
greatly decreased, which mostly accounts for the lack of ions formed in the tails 
orientation. The higher energy of the crossing provides some rationale for the barrier 
to tails attack. This description and Figure 17 are highly simplified because 
additional dimensions, such as the C-Br distance, must be considered to explain salt 
formation as well as the fragmentation observed at higher energy. 

The conclusion that electron transfer is localized is likely to apply to other systems, 
even at lower energies. As the energy is decreased towards thermal energy, the 
electron is more likely to "jump" although the electron will jump back if the energy is 
below threshold, which is likely the case for tails attack below tails threshold. Salt 
formation (exoergic by 20 kcal/mol) and ion production compete with one another 
above the ion threshold, and it is reasonable to conclude that these processes share 
the same entrance channel. The preference for the Br end is thus expected to extend 
to lower energies, and indeed in an earlier study of K + CF 3Br at thermal energies 19 , 

we found that the neutral salt, KBr, was more likely to be formed by Br-end attack. 
While overall production of K is greater at all energies for "heads" attack, we are as 
yet unable to assess the relative importance of "heads" vs "tails" attack on the 
Br-channel at the onset of Br formation. 

In summary, ions are formed in electron transfer collisions between beams of neutral 
K atoms and beams of oriented target molecules. In every case studied so far, the 
orientation of the target molecule greatly affects the reactivity, consistent with 
"chemical intuition. The electron is not, however, simply transferred to the positive 
end of the molecule, because in the methyl halides the negative end is more reactive. 
At energies a few eV above threshold, where molecular negative ions might 
fragment, the dynamics seem to be dominated by the ions getting away from one 
another. More than two particles can form, and the initial molecular orientation can 
be manifested in the ,  exit channel as ions travelling with parallel or antiparallel 
velocities. Ions with antiparallel velocities are most likely to survive as ions, 
consistent with observation. At low energies several molecules exhibit different 
thresholds for different orientations. There is consequently an energy region where 
no reaction occurs at the "wrong" end of the molecule. 

ELECTRON IMPACT IONIZATION 
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I. INTRODUCTION 

The experiments involving the collision of fast potassium atoms with oriented 
symmetric top molecules have demonstrated that the efficiency of the initial electron 
transfer step in the entrance channel is orientation dependent with the reaction 
threshold, cross-section and reaction products exhibiting an orientation dependence. 
The fast atom experiments were designed to probe the electron transfer step, although 
it is recognised that the LZ description of the electron transfer step in the entrance 
channel is an over-simplification. It is unlikely that a discrete electron particle 
"jumps" from the approaching alkali metal atom to the molecule at a well defined 
separation. The wavefunctions corresponding to the two particles mix during the 
approach and the system takes the characteristics of the transition state species in a 
smoothly changing manner with time. In impulsive encounters, such as these, it is 
likely that the electron transfer is only complete when the reaction products emerging 
from the transition state have assumed their asymptotic identities. Whether the 
electron is transferred as a discrete particle or not, these results beg the question, 
would the ionization of a molecule by a free electron also exhibit an orientation 
dependence? Recent cross beam experiments have shown" that this is indeed the 
case, the ionization cross-section and the fragmentation pattern exhibiting an 
orientation dependence. 

A number of excellent reviews and books have included consideration of the 
fundamental electron impact ionization process'"' and the attention afforded the 
experimental measurement of ionization potentials and fragment ion appearance 
energies over the years is reflected in the comprehensive database of ionization 
potentials and gas phase ion enthalpies of formation published through the National 
Bureau of Standards in printed and electronic forms". In contrast, few absolute 
ionization cross-sections have been measured. The most comprehensive compilation 
of molecular ionization cross-sections are relative values measured with a modified 
commercial electron impact mass spectrometer ion source using the cross-section for 
Ar as a reference". 

II. EXPERIMENTAL TECHNIQUE 

Experiments are carried out" using crossed beams of spatially oriented symmetric top 
molecules and near-monochromatic electrons. The dimensions of the hexapole were 
chosen to optimise transmission at the expense of specific quantum state selectivity. 
The focused beam of upper Stark-state selected molecules passes through an 8.0 mm 
diameter exit aperture into a highly screened weak homogeneous orienting electric 
field (20 V cm- ') maintained between parallel field plates 200 mm long and 10 mm 
apart and is detected on axis by a) a quadrupole mass filter or b) a mass insensitive 
rotatable particle multiplier. The electron beam passes through apertures in the field 
plates, through the molecular beam and into a screened Faraday cup. The electron 
beam guiding elements, homogeneous field plates, screening grids and plates, 
Faraday cup assembly and the ion guiding lens are all coated with colloidal graphite. 
A diagram of the scattering region is shown in Figure 18. 
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Collisions involving neutral reactants and products are unaffected by the presence of 
a uniform electric field in the crossing region. This is not the case where charged 
particles are involved. Ions formed between the homogeneous field plates would be 
accelerated towards the field plate of opposite polarity and be discharged. The K ion 
products produced in collisions between fast K atoms and oriented symmetric top 
molecules are collected using channeltrons protruding through the field plates. This 
approach cannot be used for electron impact, where the proximity of the channeltron 
cones to the beam crossing would shatter the electron beam integrity and the 
geometry of the beam crossing volume, and attract ions produced by ionization 
directly to the negative field plate. To overcome this problem, experiments are 
carried out using a pulsed nozzle operating at 10 Hz with a 1.8 ms open time. One 
field plate is maintained at ground potential and the other at ±20V. The energised 
field plate is switched to <0.1 V from ground (polarity preserved) in <I s as the 
leading edge of the gas pulse reaches the electron beam crossing. The segment of 
oriented beam between the homogeneous field plates at the time the field is collapsed 
corresponds to 300 jis in flight time. Ions produced by the electron impact ionization 
of this 300 jis segment of spatially oriented beam in the absence of the uniform 
orienting field are gated at the detector located 25 mm downstream on the molecular 
beam axis. An Einzel lens assembly fitted to the entrance of the quadrupole is 
designed to guide ions into the mass filter without disrupting the homogeneous field 
in the beam crossing region when it is energised. Measurements are repeated with 
the hexapole high voltage switched off and the rods set to ground potential, i.e., in the 
absence of the inhomogeneous field in the hexapole. 

The method of data analysis is the same as that described above for the fast 
potassium experiments. The steric effect is expressed either as the steric ratio, R = 
S,/S., which is the corrected (for background) signal for ionization at the positive end 
of the dipole to the signal for ionization at the negative end of the dipole, or as the 
steric factor G, equation (12). Equal ionisation probability at both ends of the 
molecule would give R = 1 and G = 0, preferential ionization at the positive end of 
the molecule would give R> 1 and G < 0, and preference at the negative end of the 
molecule would give R < 1 and G> 0. 

III. RESULTS 

The results for all experiments carried out todate are shown in Table 1. he symmetric 
top molecules exhibit a clear effect which disappears if the homogeneous field is 
switched off as the gas pulse enters the field plates. Under identical experimental 
conditions, the ion signal produced by the electron ionization of the non-polar 
molecules fails to display any effect on the field potentials or polarities. CH 3 C1 
exhibits the highest steric ratio for the molecules investigated. This is also found to 
be the case in studies of the elastic scattering of high energy electrons from oriented 
molecules". Electron impact ionization is more efficient at the positive end for all of 
the molecules studied, with the possible exception of the CH 3t fragment ions formed 
from CH3 C1 and CFI313r, which are independent of orientation or weakly favoured for 
electron impact on the negative end of the molecule. The CH 3Br results are 
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preliminary, the experiments were carried out with a nozzle stagnation pressure 
determined by the vapour pressure of the liquid at room temperature resulting in low 
signal levels. 

The distribution of orientations within the molecular beam is broad, however, the 
positive end of all molecules point towards the positive field plate and the negative 
end towards the negative field plate. Irrespective of the polarity on the field plates, 
the beam includes a substantial fraction of molecules which can best be described as 
sideways or broadside oriented. In the case of CH 3t formation, a G factor close to 
zero may point to the domination of sideways orientations in the frgmentation 
channel. To exclude the possibility that the ion guiding lens was somehow 
discriminating against CH 3  ion transmission, the Einzel lens and quadrupole detector 
were replaced by a mass insensitive particle multiplier detector fitted with a single 
plane electrostatic lens element. From the measured steric ratio for CH 3 C1 (R = 2.58 
for CH3 C1t  and R = 0.96 for CH 3t) and the fragmentation pattern (CH 3 C1t=100 and 
CH3t=54), a value of 1.78 can be calculated for the steric ratio for Cl-1 3C1 (all ions) 
measured with a mass insensitive detector. The experimental result of R = 1.62 (G = 
-0.23) is considered to be in accord with the predicted value, showing that 
instrumental anomalies are not significant, and lending support to the evidence for 
fragment dependent steric ratios. 

IV. THEORETICAL CONSIDERATIONS 

Theoretical models of the electron impact ionization process have focused on the 
calculation of the ionization cross-section and its energy dependence, and can be 
characterized as quantum, semi-classical and semi-empirical. The theoretical 
treatment of the ionization process has been seen as a complex problem with the 
involvement of three charged particles in the exit channel". Even for atomic 
hydrogen, the simplest ionization case, the long-range Coulomb force restricts free 
movement of the particles even at very large interparticle separations". Quantum 
methods use a partial wave approximation. The Born approximation" considers the 
incident electron as a plane wave with limited interaction with the molecule and 
limited success". A series of higher order approximations, including distorted wave 
theories 33 ' 40, have found some success in describing the absolute electron ionization 
cross-section and the energy dependence for light neutral atoms such as H, He and Ne 
and light ion targets such as He, Be', Na and Mg` (within about 25%). There has 
been limited success with heavier atoms and ions giving calculated ionization 
cross-sections within a factor of two or better of experiment". 

A number of semi-classical and semi-empirical expressions" have been developed 
for modelling the energy dependence of the electron ionization cross-section for 
atoms, although no generally applicable model has yet emerged. There has been less 
effort invested in electron ionization of molecules resulting in models which exhibit 
limited success for specific examples. A simple qualitative model of the ionization 
process which describes the threshold behaviour involves the classical picture of the 
electron as a particle projectile transferring kinetic energy to the target molecule. At 
the ionization threshold all of the energy carried by the incident electron is transferred 
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in a head-on collision. At higher incident electron energies, where only a fraction of 
the energy is transferred, glancing collisions become important with a concomitant 
increase in the (collision) ionization cross-section. This model could accommodate a 
spatial asymmetry in the cross-section through the influence of the molecular orbitals 
(shape of the molecule) on the impact parameters for the glancing collisions 
effective in the ionization process. One model proposed to account for the maximum 
in ionization efficiency curves considers that the passage of the incident electron 
subjects the molecule to a pulsed disturbance. The probability for energy transfer 
would depend on the magnitude of the Fourier component in the pulse in resonance 
with the transition energy in the molecule. As the electron energy increased, the 
ionization cross-section would decrease as the pulse width and the magnitude of the 
lower energy components decreased. Semi-empirical additivity rules have been 
devised to estimate ionization cross-sections for specific molecular groups with some 
success and a correlation between experimental ionization cross-section and 
polarizability, first reported by Lampe, Franklin and Field", has been more recently 
reported for several series of organic molecules by Bartmess and Georgiadis 42 . An 
inverse relationship between the product of ionization cross-section and the 
maximum in the ionization efficiency curve with the square of the ionization 
potential has been reported by Franco and Daltabuit 43 . Little progress has been made 
on the theoretical prediction of fragmentation patterns since the original 
Quasi-Equilibrium Theory which was based on statistical mechanics and transition 
state theory44 . 

In summary, there is no simple model at present which adequately describes all 
aspects of the electron ionization process (threshold behaviour, total ionization 
cross-section, energy dependence of the cross-section, and fragmentation) in terms of 
simple equations that could be used confidently in a predictive manner. S. M. 
Younger comments on this situation in Reference 33 with the statement, 'It may be 
said that there currently exists no rigorous theory of the electron impact ionization of 
atoms and ions. Indeed, developments since the early work of Thomson (1912) have 
concentrated on increasingly sophisticated approximations to an as yet undefined 
formal theory." Investigation of the electron impact ionization of spatially oriented 
molecules was initiated in order to extend the work on electron transfer, gain a deeper 
insight into the electron ionization process and to provide data useful for the 
development of semi-empirical models of practical value. 

V. A MODEL FOR ELECTRON IONIZATION 

The investigation of electron ionization is clearly in the early stages in comparison 
with the electron transfer studies and additional work of the influence of orientation 
on fragmentation will be required before a coherent pattern emerges and a model for 
fragmentation can be attempted. However, a simple model which considers 
ionization in terms of the Coulomb otential developed between the electron and the 
polar molecule, taking the electron transition probability into account, reproduces the 
main experimental features. This model accounts qualitatively for the steric effect 
measured and leads to simple, generally applicable, expressions for the maximum 
(70ev) ionization cross-section. 
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As the electron approaches the molecule an electric field is established which is 
described in terms of a Coulomb potential, 4.  It is assumed that when the Coulomb 
potential reaches the electron transition energy, the ionization potential, B 0, the 
orbital electron involved in the transition absorbs from the field, the efficiency of the 
ionization depending on the transition probability, P. Neglecting the 
electron-induced dipole, a cross-section, (NC,  can be calculated from the interparticle 
separation when Oc  = B0. In order to find the maximum ionization cross-section, a, 
CYC  must be multiplied by the transition probability P 1 : 

aj =ac P 	 (19) 

A. An expression for t 

The target molecule is considered in terms of the isolated electron involved in the 
transition, charge q, and a charge, q", determined by the dipole moment of the 
molecule and its orientation with respect to the electron projectile. If the molecule is 
non-polar then q" = 0, and the electron is considered to be incident on a molecule 
exhibiting zero charge (electrically neutral). If the molecule has a permanent dipole 
moment ji and separation of charge centers 1, then q' = ± Wl, depending on the 
orientation of the dipole with respect to the projectile electron. The length of the 
dipole, 1, for prolate and oblate symmetric top molecules, CY 3X, is taken arbitrarily 
as the distance along the C-X molecular axis between the centre of atom X and the Y 
atom plane perpendicular to the C-X axis. So, the magnitude of the effective 
Coulomb potential as a function of the electron-molecule separation depends on 
spatial orientation according to the following cases: 

zero dipole moment or the dipole perpendicular to the projectile electron 
(broadside), 

A 
= qff = 	q 	

20 'VC,0 (47eo) r 	(41reo) r 

as the projectile electron approaches the positive end of the dipole, the field 
will be 	 higher at a given separation and 

qtr - (q+pil) 

	

(4E80)r - (4mco)r 	
(21) 

as the projectile electron approaches the negative end of the dipole, the field 
will be 	 lower at a given separation and 

qff _(q—l) 

	

= (4iteo) r - (47teo) r 	
(22) 

A plot of the Coulomb potentials for an electron approaching broadside, the C11 3-end 
(5-i-) and the Cl-end (6—) for CII 3C1, according to equations (20) to (22), respectively, 
are shown in Figure 19. 
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When Oc  = E0 , r = bm  where bma,<  is the maximum impact parameter for the electron 
transition process (ionization). Then, assuming that P 1  =Cyc = 1tbm,, 2  where 	is 
the calculated (Coulomb) maximum electron impact ionization cross-section 

/ 

- itI \(4meo) E0 
	for P 1 =l 	 (23) 

Substituting the appropriate quantities 

cc  = 651.3 
(zeff'\ 2  

in units of A2 . 	 (24) 

where z,ff = qf/q The model requires that ionization is favoured at the positive end 
of the molecule and this has been observed to be the case for CH 3X and CF 3X, even 
though the positive end of the dipole corresponds to the C11 3 -end for CH 3X and the 
X-end for CF 3X. 

Considering CH3C1 in detail, the dipole moment is 6.24 x 10-1  Cm (1.87 D) and the 
effective dipole length is 215 pm giving the charge on the dipole as ±2.90 x 10 20  C or 
±0.1 8q, where q is the electron charge. Using equation (24), the ionization 
cross-sections for electron impact on the +end, a, -end, o,, and broadside, a 10 , 

orientations are calculated to be 7.2, 3.5 and 5.2 A2, respectively. So, these equations 
predict that the ionization cross-section will be higher for electron impact on the +end 
of the dipole, lowest for impact on the -end of the dipole and intermediate for 
broadside collisions. The calculated steric ratio a/a_ = 2.1 is close to the 
experimental ratio of 2.58 for the CII 3CY ion and 1.62 measured using the mass 
insensitive detector. Table 2 lists the calculated steric ratios for several polar 
molecules. For the systems which have been studied experimentally, CH 3 C1 is 
predicted to exhibit the highest steric ratio in accord with experiment. 

The experimental electron impact ionization cross-sections reported in the literature 
correspond to values for a random orientation of dipoles, Gjr  For this model, where 
&p/b.r =constant in the vicinity of 4 = E0, then (a- a, 0) = (a1 ,0- a) and ai r  a10 . 

Despite the simplicity of the model and its obvious limitations, the calculated 
cross-sections lie within a factor of two of the measured values", Figure 20. 

B. An expression for P 1  

If the transition probability, P,, is taken to be proportional to bid2,  where ji f  is the 
orbital overlap integral for the dipole transition from state i (neutral molecule) to state 
f(ion), then 

Rif J\JjJi  vrdt 	 (25) 
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where p is the electric dipole moment operator. ILLir is related to the quantum 
mechanical expression for mean molecular polarizability, a, by" 

I 1 
Rifi

2 
 

3 
(26) 

Assuming discrete states 
Igif 	=ccx?E0 	 (27) 

2 

This expression introduces a dependence of ionization efficiency on the polarization 
volume. 

C. An expression for (Ti  

An expression for the ionization cross-section, c, can be written from equations (19), 
(24) and (27) 

a=aP= caa'E 0 	 (28) 

where c is a constant, a' is the polarizability volume (a = (411E 0) (x') and c0  is the 
permittivity of free space. Substituting from equation (23) for c, 

a1  = c' Zeff2  a' I E0 	 (29) 

where c" is a constant. So, this model predicts a linear realtionship between 
ionization cross-section and alE0  (Lampe, Field and Franklin" noted a linear 
relationship between their measured ionization cross-sections and the corresponding 
values for a' in 1957). Plots of the experimental 70 eV ionization cross-sections (z Cff  
= 1) reported by Lampe et a!36  versus a' and alE0  are shown in Figure 21. The plots 
are linear and the equations obtained by least squares fitting are: 

a1  = 1.947 a' - 0.309 	 (30) 

a=18.79a'1E 0 +0.626 	 (31) 

where a is expressed in units of A 2 , a' in units of A3  and E. in eV. Table 3 
compares the ionization cross-sections for Ar, N 21  CH4  and CH3C1 calculated from 
equations (24), (30) and (31) with the experimental value reported by Lampe, Field 
and Franklin 16  (which are assumed to be accurate). The discrepancies between the 
calculated and experimental values, shown in parentheses in the Table, are well 
within the uncertainties expected from experimental measurements. The goodness of 
fits exhibited in Figure 21, covering a factor of 20 in cross-section, gives some 
confidence in the model. 
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In summary, preliminary experiments have demonstrated that the efficiency and 
outcome of electron ionization is influenced by molecular orientation. That is, the 
magnitude of the electron impact ionization cross-section depends on the spatial 
orientation of the molecule with respect to the electron projectile. The ionization 
efficiency is lowest for electron impact on the negative end of the molecular dipole. 
In addition, the mass spectrum is orientation dependent, for example, in the 
ionization of CH3C1 the ratio CH 3Cl:CH3  depends on the molecular orientation. 
There are both similarities and differences between the effect of orientation on 
electron transfer (as an elementary step in the harpoon mechanism) and electron 
impact ionization, but there is a substantial effect in both cases. It seems likely that 
other types of particle interactions, for example, free radical chemistry and 
ion-molecule chemistry, may also exhibit a dependence on relative spatial 
orientation. The information emerging from these studies should contribute one 
more perspective to our view of particle interactions and eventually to a deeper 
understanding of complex chemical and biological reaction mechanisms. 
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Table 1 Steric factors and steric ratios for 200 eV electron impact ionization 
of oriented molecules, Ar and SF 6  using a quadrupole mass filter detector. 

System Jon G=(S-Sj/(S+S) R = 

Ar Ar 	C 0.004 0.99 

SF6  SF6  -0 -1 

CH30 CH3 C1t  -0.42:E 0.12 2.58 

CH3  +0.02 ± 0.03 0.96 

C}t3Br CH3Br -0.1 1.2 

CH3  -0 -1 

CF3Br CF3t  -0.22 ± 0.20 1.80 

CI-1C13  CHC12  -0.17 ± 0.08 1.36 

Table 2 	Calculated and experimental steric ratios. 

Species it / iO °  Cm I / pm R(calc) R(expt) 

CH3Ct 6.24 215 2.1 2.6 

CH313r 6.04 230 1.9 

CH3 
15- 5.40 251 1.7 

CHCl3  3.37 168 1.6 1.4 

CHBr3  3.30 175 1.6 

CF3CI 1.67 220 1.2 

CIF 3Br 2.17 240 1.3 1.8 

HCl'- 3.60 129 1.8 

NO 0.62 136 1.1 
CO& 0.39 121 1.1 

Table 3 Calculated and experimental maximum ionization cross-sections. 

G1 	/ A2  o (a) I A2  a (b) / A2  a1(expt) / A2  

Ar 2.62 (-25.6%) 2.92 (47.1%) 2.61 (-25.9%) 3.52 

N2  2.68 (-2.6%) 3.14 (+14.2%) 2.76 (+0.4%) 2.75 

CH4  4.16 (-2.3%) 4.75 (+10.5%) 4.53 (+5.3%) 4.30 

CH3CI 5.17 (45.3%) 8.34 (-11.8%) 8.06 (-14.8%) 9.46 
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FIGURE CAPTIONS 

Figure 1. 
Diabatic potential curves for Nal with an expanded view of the adiabatic potential 
curves, and c21  near the diabatic curve crossing. 

Figure 2. 
Simplified picture of atom-atom collisional ionization with crossing distance R. 
Heavy solid lines represent trajectories of neutral systems. At the first crossing 
(r=R) some fraction (1-rd)  of trajectories make adiabatic transitions and are 
represented by dashed lines (ion pairs). Those making diabatic transitions remain 
neutral and continue their flight relatively unaffected. Each of these trajectories then 
encounters r=R  again, and again each trajectory can make an adiabatic or diabatic 
transition, resulting in ion pairs or neutrals depending on the trajectory. The ultimate 
production of ions requires one transition to be diabatic and one to be adiabatic, in 
either order. The inner circle represents the repulsive core. 

Figure 3. 
Illustration of the cross beam machine. N is the nozzle source for the molecular 
beam, C is the buffer chamber with a beam chopper (not shown), H is the hexapole 
electric field quantum state selector, U is the homogeneous electric field plates, Q is 
an on-axis quadrupole mass filter, 0 is the fast atom beam source, and C o  and C 130  are 
channeltrons. 

Figure 4. 
Calculated focusing curves (Intensity vs V) for CH 313r at 10K for 1.4 in fields with 
exit aperture radii of 4.45mm and 0.145mm. Rotational states for the smaller 
aperture are resolved, the larger aperture completely loses rotational structure but 
gains in intensity. 

Figure 5. 
Distribution of orientations of molecules state selected by inhomogeneous hexapole 
electric field. 

Figure 6. 
Polarities of the homogeneous orienting field and channeltrons used for the 00  and 
1800  configurations. The orientation of the polar molecule is indicated for each 
configuration using CH 3Br and CF 3Br as examples. 

Figure 7. 
Relative signals for producing IC ions on collision with oriented CH 3Br and CF3Br. 
The negative end of CH 3Br and the positive end of CF 3Br are more reactive. 

Figure 8. 
Relative cross section (corrected ion signal / K beam intensity) for heads and tails 
orientations of CH313r and CF313r. 
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Figure 9. 
Steric Factor 0 vs CM energy for CF 3Br and CH3Br. Horizontal line is 0=0 (no 
steric effect) and dashed line is the negative of a smooth fit to the CH 313r data plotted 
to compare the curvature of CH 3Br and C17313r. 

Figure 10. 	 - 
Comparison of experimental 0 values for CH 3X and CF3X. The recent values of 
reference 7 b) are included as dashed lines, other data from reference 10. 

Figure 11. 
Relative cross sections for heads and tails orientations for the K + CF 3Br reaction 
near threshold for ion production. 

Figure 12. 
Schematic mechanism for impulsive reaction of thermal energy reaction of K with 
oriented CF3I. The electron is assumed to be transferred at large distance to the 
molecule irrespective of orientation. The molecular ion is formed in a repulsive state 
which promptly dissociates, ejecting the 1 ion in the direction of the molecular axis 
and the IC is dragged off by the departing 1 resulting in backward scattering for 

; 	heads orientation and forward scattering for tails as observed. 

£ Figure 13. 
Highly schematic one-dimensional representation of the electron jump in a 
dissociating molecular system. Neutral K and RX approach on a covalent surface on 
the right, crossing the ionic surface at r1  which is at sufficiently short range for the 
surfaces to be separated and for the system to traverse the crossing adiabatically (the 
electron "jump"). After electron transfer, the negative ion can undergo a dissociation 
(migrating to the left panel), and the system evolves along another surface to give 

t fragments IC, X, and R. These undergo a crossing r 2  at larger distances with neutral 
'' fragments K, X and R, where the surfaces are not well separated. The system is more 

likely to traverse this crossing diabatically, and the fragments will separate as charged 
species. 

Figure 14. 
Schematic illustration of velocity components as the molecular ion dissociates in 
heads and tails orientations. In the heads orientation, the nascent ions collide head on 
with a higher relative velocity than in the tails orientation, where one ion must catch 
up with the other. 

Figure 15. 
Ln R vs (E-EIh)1  for CF3Br. Circles from reference 7 b) and squares from reference 
10. Deviations from line are accentuated for low E. 

Figure 16. 
Schematic mechanism for impulsive reaction of high energy K with oriented CR 3X. 
Similar to Figure 12, but the higher energy K atom is much less perturbed by the 
lower energy X, although parallel trajectories (in the tails orientation) allow for 
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longer contact time resulting in some neutralization and a concomitant reduction in 
ion signal. 

Figure 17. 
Approximate one-dimensional ionic and covalent diabatic potentials adapted from 
reference 46 for CF 3Br. Solid and dashed ionic curves are Rittner-type potentials for 
parent and fragment ions respectively, and heads and tails are covalent curves. The 
ionic asymptotes are denoted by arrows. The crossings are avoided; dotted curves for 
the "crossing" near 4.3 A are the adiabatic curves resulting from configuration 
interaction' between the diabatic ionic and covalent curves. (Adiabatic curves for the 
other crossings are omitted for simplicity.) 

Figure 18. 
Illustration of the molecular beam - electron beam crossing region used in the 
electron impact ionization experiments. The molecular beam source, buffer and 
hexapole chambers are similar to those shown in Figure 3. 

Figure 19. 
Coulomb potential versus the electron-molecule separation for three ideal 
orientations of the CH 3C1 molecule. The electron-molecule separations 
corresponding to an equivalence between the Coulomb potential and the ionization 
potential for CI-13 C1 are shown by the vertical lines. 

Figure 20. 
Experimental ionization cross-section" versus the cross-sections calculated from 
equation (24) with zCff = 1. 

Figure 21. 
Experimental ionization cross-section" versus the polarizabilty volume and versus 
the polarizabilty volume / ionization potential. 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 11 
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Figure 13 
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Figure 15 
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Figure 17 
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