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ABSTRACT
Extensive moﬁﬁcations to an existing ono meter normal incidence
vacuun ultraviolet monochronﬁa.tor, coupled to a time-of-ﬁight mass
spectrometer are described, The impro;rcments are such as to

increase both the sensitivity and resolvmg pover of the appsaratus

by an order of magnitude.

‘ A Su’r'vey has been made of suitable idnising lines (in three
grating orders) of the low prcssﬁre flashing light source over the '
spectral range used( 10 - 25 eV) « Oxygen, Nitrogen, Helium, Hydrogen,
Carbon Dioxi'de, Argon, Nitrous Oxide and Ethylene were all used as -

light source gases,

‘Photoionisation studies using this apparatus have been carried
out on acetone, nitrous oxide, formaldehyde and deuterformaldehyde,
Iona.s ation cﬁ‘lclcncy curves have been censtructed for the parent

and fragmcnt ions.

Photolon:.satlon studies using the nethod of Photoelcc"ron
Spectroscopy have also been carried out on an existing apparatus
( 127‘ electrostat:.c electron velocrty analyser ). The electronlc
' states of the pesitive ions lying below 21°23 ev have been studied -
for H0, D,0, H,60, D,C0 and the seﬁe‘s N0, COS, CS, and co;.'
Prev:.ously un}mown vn.brat:l.ona.l frequencles in nany :Lonic elec‘aron:.c states -
have 'been found. and others coni’n.rmed.‘ ‘ Expem.mental v:.bratn.ona.l |
Francx-condon factors have been measured and the results compa:ed

with calculated values where possible, For Hzo end D,0 the



Pranck-Condon factors of the ground‘ stete of the ion heve been

used t§ estimete the geometry of this state. Attempts have been
nede to correlate ionic energy lgvels‘ end the shapes of photoeled‘bron
.‘banﬁs-with the bonding cheracteristics of the orbital from which the
electrcen is ejected, with reference to theoretical caimﬂa'tions.
Possible fragmenfation proceé$es exre "suggestea in some ceses. | The
spectre of NH pHCO, NH(CH3)CHO, N(CH3),CHO end K COOH have been
‘studied briefly. | |
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CHAFTER 1.

INTRODUCTICON AND  SOME BACKGROUND _ THEQRY -

'1,1. The ‘TImportence of Excitetion Phenomena
=z 7

Information relating to excitation, dissocia.tioﬁ, end i'onisatipn',

phenomena hes great practicel importance in branches of epplied physiecs,

- theoreticel chemistry, biochemistry, end recert'.ly in certain aspects of

‘ana:lytlcal chemistry. Examples -of this mportance cen 'be found :’m

work on the fcllom.ng subjects :=

1)
2)

- 3)
%)

5)

6)
- to rolecular or‘b:L'tal theoret tical cd cula‘ts.om '
)

F.B)'

9)

| -'amdes to the polypept:.des

A |
Gaseous Electronics

" Upper Atmosphere Studies

Astrophysies 5

Flasma spe‘c‘;troscopy - Cufe the nie:a;si'zreme:nt[; of very

6
‘ high temperetures
The study of atomic structure’

The study of molecular bondings, m.th partz.cul..r refcrence :
910 ‘

“Polypeotide ch emsl,r:r - e .g. ~ the study of polypept:.de

- bcnd.’mz by relat:mg the opt:.cal prorertles of constz.tuent |

2

13

14 | ‘ - 6 .
GhemcalAnalyszs.‘ Organic * " . end Metallurgical =
Photochemicel Reactions >



1.2, The General Score of the Thesis

The enpeiimental work in this thesis is 'conc;arned entirely .
vith the study of photon impact in the ‘gae phase, over the energj_
range of 10=-25 eV, Informetion is directly obta.ined on the ground
end excited electrenic stetes of ions, the z}ature of the vibrational )
modes exclted in thesej_ ista.tes, end the relative trensition probebilities
(Frenck-Condon iFactor;x) to the excited vibretionel ievels. |
“Informetion on éﬁ‘agmentaticn processes can be ctiained :m some cases,
and this is -of ilparticuler interest since though the mechenisms involved-

: . - 16
in the dissocletion of diatomic ions eve feirly well understcod , much

less is Jmown in the case of polyetomic iens (see Section 2.10)

1.3, : Historical Backeround of Fhotoionisation ?rocesses in Gases

The exverimentgl study of photoiqnisatioh rPocesses requires quite
sophisticated techniques and no relieble quantita.tive date concerning
the ionisation. of geses wes cbtained till 1925, The main reason for
this 3s thet iﬁ general, light of wavelength shorter then 2,0003-15 ‘
required to produce ionisetion, end such short vevelengths require highr

vecuun ’f_echniques “and the use of “special window materials, photogfaﬁhio'
‘plates’-etc.’to evoid ebsorption in the aﬁ;aratus. I,enéli'aw ’ a.n&ﬁughesm
'hed done some early vork which indiceted thet Ultreviolet light was

| _cepeble of, ibnisﬁng gase:s , and Schumann'?- «e_ﬁd I{ymanzo_ ploneered the

first vacuum U.v. ‘3pectrograph'sv. ’- The'y;:iére able to study aﬁd »;I».dentify; ‘
emission Ji.ines.fro'x‘n ;sever‘al,zgases, ‘but itwas not t_xhtii the work of |
Mohler 23 » in 1925 that absorption &éfﬁcie‘nts»and jonisation

.efficiencies of .gases were at all understood. Much of the early work
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in the vacuum U.V. is reviewed by Tousey, as well as later developments.

From 1925 - 1940's the study of molecular spectra by emission and

- absorption exnandéd ‘but the photoionisation field in general did not
really gain momentum till the 1950's gince when a cons:.derable amount
of work has been in progress. ‘Reviews by Weissler (up to 1955) end
SamsonZ> (up. to 1'967‘) gf;.ve references to the most _1mportan1; work, much
of which is mentioned :Ln this introduction or referred to later in.this

thes'is.r 1

i

1.k, ' Theoretical Considerations and Practical Measuremmts ‘

of Excitation Processes

ke Sa)v Possible-Excitation Processes |

Though. the work in this thesis is concerned primerily with phofon i

impact phenomena, and mainly ionisiﬁg processes, this is only one part
of & Jarge field of work investigating/ excitafion _phénomena (dominated
tmtil vefy recently by electron impact work)-, end it will be necessary
" to congider other exmtat:.on processes in some detaz.l for a2 proper
’perspect:LVe to be ach:.eved
R ‘Below is given a list of some ofbthe_a fnor_e' importent exéitatiép

‘processes vhich cen c;ccur \vhen 2 inolecule absorbs .énez"ar sufficieﬁf to
- cause an electron:.c trans:.tlon. The number of possibllit:.es for
differenu types of exci‘tation, end combn_nat:.ons of tyres, is large,
',partlcularly for -polyateric molecules, end hes been dealt with more "

thoroughly elsev‘l*usre.8 24



"

Jonising Processes :-

1) A B + Energy, E —sa ¥ (with or without vibretional energy)
+ e —~ Direct Ionisation

o + - : . .
2) AB 4+ E —_— A 4+ B “——_Direct dissociative ionisation -
+

3) A B 4+ E —— A B + e-Direct dissociative ionis’a'f:ioﬁ ]
L) AB 4 E —> AB¥ (excited neutrsl species)
| A.B* — 4 st + € — Auto-i'onisation
—_ A+ + B + e )-Auto-ionisation

OR — Af + B+ -3 and pre-dissociation

5) AB + B ——3 AB'' 4 2 — Dowble fonisation

6) AB 4 8 — at + BY (bothpossessing K.E.) + 2e
o . _ Dissociative jonisation

Non Tonising Frocesses :=

7). AB 4 E ——3 AB " ——* Direct Excit at::.on

v ¥ ,
8) AB + B — AB—DA + B-Pre-aissoc:.at:.on

9) AB + E —> 4 4+ B Direct dissociation

l.lu;.-(gl The Frenck-Condon: Princivle :Ln Electrdilic Excitation - |

. The*‘ﬁanck-— COndon Principle. states that the tz‘ansfér of energy;‘ :Ln an
‘» electronlc trans:. 1on cccurs in &’ t:.mo wh:n.ch is short comuarcd vath the
: ft:.me of a v:.brat:.on of the molecule. Thus no change in internuclear
‘co-ordina. es occurs, and the pme1ple governs the relat:.ve transn.t:.on |
- prd-’-wabz.ln.nes to the var:.ous vibrat::.onal 1evels of an excitcd electronic |
state. | N M
“In- the»appraxmatlon of a transn.tion monent varying- slowly with

respect to the internuclear co-ordinate, and the sep'arab:.lity of‘



electronic, vibrational, endrotdtionel perts of the wavefunction, the
trensition probebilities ere proportionsl tc the squere of the

vibrational overlap integrals, S\})V \QVIJ: between the initiel and

_ - - . : 26
final states., The actual probability is given by the Born-Cppenheimer

equetion :-

’ .Pv’\l- [ C-,-e/e (r\] [SW\;‘ \})v C{J’]

" where G e’e = electronic trensition moment
| .
s
‘} r = ’internuclear co-ordinate

[ S\\’v‘ \‘)V ] is called the Frenck-Condon facter ( more’ correctly

ES“)\/ w (L-:I is the F-C Factor squared) and may be compared
directly to obaerved transition probabllzt:.es which me.y be termed
‘Exper;menta.l F-C fecétors. |

F - C factors heve been caiculated, using modern compu‘@a‘cibna‘l

methods for & number of moleculer vibronic transitions. The ee.rly work

on H,, Ng, 0y, CO.and NO has been reviewed by Halmann and I.a.uln.cht 2
and compered with new calculations. Sharp end Rosenstock 27 have
. fomulated a more general method of calcula*.mg P-C fac ors for . :
ktransztlons in po]ye.tomic nolecules.

. Po see exactly how theP-C princ:.ple and the Born-Oppenheimer »

approximation affect electronic transitions one must refer to figure 1.

12

'lTransitidns' are all taken as ofiginéting ‘ﬁ'om the‘zero‘c}i vilgratione;l lewel

of the initiel electronic stete, In this vibrational level \)’v has
its meximm et the equilibrium position, so the maximum probebility for
_ trensition occurs in the .centre of the Franck-Condon regio'h‘( maikéd in

figure 1 by shading). Significent trensiticns cannot occurioutside the

F-C region ‘(;@v'approaches.,xzero),vand.howgfar.away.»‘ from the centre they man -



POTENTIAL ENERGY

3 FRANCK - CONooN ReGaioN -

/ A

INTERNUCLEAR DISTANCE r

F'G. : ' .~ Franck~Condon Transn.tlons for a dlatomlc molecule AB,

Inset ' Form of wave-—functlon“# and probability dlstnbutn.on"#
‘ for:the nbratlonal levels of the molécule, _

| '3‘1
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be detected depends on the sensitivity of measurement.

ﬁxci’cation to the electronic state ( A ),> where the equilibrium
in’cerhuclear distance, ref is the same or very nearly the same as that
in the ground state, ( X ), Trequires by the F-C principl'e*that the most

~ probable transition is to the V = 0 level of state (A). Trensitions
%o other vibrational levels will have a very low probability which
decreases as V increases., Transitions to the V = 0 level ere
‘termed -ADIABATIC TRANSITIONS. .

Excitation ( X )-—)( A7) corresponds to the case where v, is
slightly less than re. From the diagram it can be seen that the
meximum overlap of wave-functions occurs at V,= 4 and thus the
maximum ‘brans:.tlon probability occurs: at 'bh:.s level. Transitions will
oceur o other levels, the probability of wha.ch depends on B\\)V: \;)vch-]
The transition of maximum probability is termed a VERTICAL TRANSITION,
In the case of excitation ( X )—> ( A ) the adiabatic and vertical
fransitione are identical. " In the case of ( X)—> ( AY ) they are not.
'.fhe adisbatic transition is strictly to the v/ =0 lefel; but
tra.ns:.t:.ons to this level may be of a very low pro’bab:.l:.ty if the

 @ifference between re’ ~and Te is large (e.z. exoitation. (x)—> (B) ).
Hence the ezperimental adia'batm trans:.t:.on is then the one of lowest
energy' which is detectable, , , » _

Both transitions ( X )= ( A )‘,‘ ami»( X )—-)( A') represent a |
case (1) exeita‘b:.on process (Sec‘bz.on 1.19-. (a) Y, and could equal]y ‘well
represent case (7), if the transitions. were o molecular, not ionie 1evels._

Trans:.tior_z (‘X )=>( B ) shows the situation where there is'a very
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large chenge in re. Here trensitions occur to the level of thg contimmun
and the ion fragments :‘mfo A+ + B, The irt}gnents will rossess kinetic
energy but there vill be a spreed in this energy reflecting the shape
of‘wv = 0, This trensition reprééents a case (B)k i;ohi;;é.tion, end

case ('9)~exci-taticn if to©. & molecular, not jonig, level.

Prensition | (X)-—(C) . represents a trensition to an unstable
‘state and fragménts posvsessi-ng kinetic enei‘gy will again_resiﬂ.t. This’ ‘
trensition is also included in a cese (3) or (9) pfocess._ |

‘Tre.nsifion (x)—>(J), (shom in figure 2) is a direct double
jonisetion, yiélding two ionised fragments ¥ ana B+, as in case (6).
Such ionisations usually require energy » 25 e V.
Thus a1l these types of direct transition are possible :m a mOlebule

A B, the transiticns being governed by the F-C principle,

l. 4. {c[ ~ Correlations Between F-C féctdfs, changes in vibrational -

freguencies, and the bonding type of the e;gcti:on excited

i

in transitiong,

oIt is interesting to see how the ._vibrétipnal_frequehcies chenge on
transition to each of the states (A ), (A7), (B ) and ( ¢)
: ,Thé exiei-gies of the vibrationel levels sre ._gAijﬁren by o
- By : ,

where < v

(e Dbw - (v 4 P

vibrational guentum number

) 'h = Planck's Constent
x -=-anhermonicity constant. - 7
, [ R _ .
W = 27¢ A4 ‘the vibrationel frequency

k€ ‘force .constent of the .vibration
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' ~A,l. = reduced maﬁs of the systezﬁ ‘
“‘Now k is a measure of the strength of the bond. If a mon-bonding .
elecffon is removed on ionisa.tion, the bond streng‘i:h will alter little,
“and so k, and hénoc w and the énergy separatio_;x 'betwcen vibrational
levels, will rema.in almost unchanged. r, will also be unaffected. On
removing a boﬁding electron, k and w will decrease, and r, will
increase as thefe is less bérjxding strength;holdiﬁg.together the nuclei.
* Conversely, on removing an anti-bonding electron, k end w increase
- and T, decrease_s; Similer effects occur when the electron is just
excited to & higher molecular level and not ionised off., .
Thus in general, from figure 1., it cen be said that :=
1) (x)—=(A) transitions coﬁeépond to the excitation of a non-
bonding eiectron, with vibrational frequency, w,',“ in state ( A )
~essentially the séme' as w in state (X)« - | '
2) (x )-)( A ) corresponds to the removal of an anti-bonding electron, |
. and the v:.brat:.onal frequency in state ( A ) M somewhat.
3) (x )——)( B ) results fram ‘the Temoval of a very strongly bona.ing
_electron, the vibrational frequency being great]y reduced.
_ 3ince the vaelues of the P-C factors are dependent on. Te
- (Section 1.k (b) ), they will also be chargctez-istic of the bonding type

o of eiectron«rembvea ‘Removal of non-bonding eiectiona lea.d‘ to tra.nsitioné

S essentially to the V=0 level wh:.le ‘bond:.ng or a.nti-bonﬁ;na eleo*.;rons will

sign:.f:.cantly populate h:.gher ‘V'levels, so that the maximun F—C fa.ctor may -
not ‘be-at - Vio, The -argunent. above can be extended to po]yatom:.c ‘systems

but in pract:.ce ::h becomes complex 'because ‘even for linear tnatomlc
v ' molecules
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three vibretionel modes are involved end & three dimensional potentiel
surface is required to descrite correctly the vibrational notion of )

the molecule.

1.4, (@) Proccesses Cccuring After Initisl Excitation

The simple direct ionisation and excitation processes have been
dealt with, but what can happen afterwerds is also important, "Sere }
of the possibilities ere illustrated in figure 2.

Eere the terms "Autoionisetion" (also called pre-ionisation), end

"Pre-dissociation" are used. Autoionisation is defined as an.
jonisation which occurs by e meens other then 'élirecf transition to an
jonio state, Transitions to neutrel stétev(‘n ) (Figure 2), followed |
by & radiationless d.ecéy to the ground ionic stete (p) with the
ejection of an electron of energy E, is en exemple of aufoionis.gtion,.‘
The F - C region for the decay is different from thet of the excitation,
and me.y sign:.ficant]y populate the higher vibrat:.onal levels of

AB ( D), (scc figure 2), a situation which could not erise by

direct ionisation. A similer enhancenent could ocour by a radietive -
deéay from ionic-level ( I ) ( lifetime = 10~% sec ) to ground ionic "‘
“level (D )s if allowed, “though this is not an auto-:.onising proceas. -
The curve crossing of neutral state ( H ) with state ( F ) is also an
example of autoionisat;on, but since it rcsults in en ionised fragment
the prbcess also quelifies es e.fi‘e-dissébib.t&zon. A further exemple of
. | pre-%dissbciéticn is given b&“the crossing of stete (B ) with ( e ).

* The scope of ‘such curve-crossing$ is 1arge~sincé‘ there will'be

numerous potential surfaces, perticularly for polyatemic molecules.
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They can pley ae important role in fragmentation proceeses as is
’Nindicated in section 2.10.. Lempka, Pessmore, and Pficez8 have
recently diécussed crossing of potentiel erergy curfes for the
halogen 2cids, in relation to their observed photceleEtfoﬁvspectra.

As a finel example a combination of radiative decay from neutral
state ( H ) to neutral state ( B ), followed by autoionisetion to the
ground level ionic state ( D ) is a further possibility.

K11 the processes descrited here heve to be taken into account

- when considering the interacticn of vecuum U.V. light with molecules.

.k. ( e) Kinetzc Energy of ?ragment Species

In figure 1 transitions to states ( B ) + ( C ) resnlt in
. dissociatlve fonisation where the fragments poSsess total kinetic

energy, KB. The partltlon of %he kineulc energy between fragments

19

will be inversely proportlonal to their masses (conservat1pn of momentum),

end so if two fregments are formed end the_energy and identity of one

of them found, the totsl K.E. possessed by the fregments may be obtained,

yielding in turn information ebout the potentiel energy curves and

dissoéiatibnﬂlimits.‘

.Q‘ Polyatomic molecules are more difflcult to treet effectlvely

>because of the large number of potent1al surfaces and the number of .

' fragments that mqy be fbrmed The whole subject of K;E. of fragments ,

end their measurement is dealt with more fully in. sectlon 2.10. ’
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B

2.4k, (£). Dissociaticn Energziesof Excited States

Referring egein to figure 1., the dissociation energy D(A~B)
in the ground state of the molecule can somet:unes be measured by
A UV, ¥ 0o . Ebdimit = Vibmbued Stadken)
conventional techniques (e.g. W) Cbviously one would like
Information on the dissociation energies of excited states. 4

The fundamentel energetic equetion relating to 2 dissociation

process such as

AB + B — 3 A 4+ B 4+ o | -

where A.P A*represents the excitatibn energy required to proauce B
fragment A, i‘his equation has been widely used in calculating |
dissoclation energies, but even if I.P A is accﬁ‘ra‘bely known
(measurement is often difficult” J> D (4-B ) calculated in this
feshion iz only en unembiguous quentity if it is knownthat the
fr'agm.entsporssess no kinetic 'en‘ergy,‘ end arc "formed. in their ground
eleotronic states, | ' ,
D(_A-B)"' = TP A4 D(AB) - IP(4B)

From the a‘bdve equation | D ( A-B ) nay be founo., su‘bject tec the same
- ambiguit::.es s, end from the following equat::.on it :.s possible to deduce
‘ »heats of f‘orma.t:.on of ions er radicals o'
D (4B Y+ IP(AaB) = DHg(A ) $DH(B) =AH (4B )
‘When thiese quantities are alresdy knom, such relationship masy be

~ used to ascertain the mature and structure of the fragment produced.
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1.4, SEZ The rélatioﬁship of the Electronic Enerzy Levels of Molecular

ions to the Blectronic Structure of the Molecule

‘Si;xc'e Mulliken's original work > , the condepts of moieculazj
orbital t,l-le-_ofy have been developed rapidly, and with the aﬁiigat'ion of
modern compﬁter techniques mely sophisticated molecular orbital »
a::a.lcul:a:t::i.ons3 B ha¥e been carried out, yielding in;c'drmation on
‘orbital energies and bonding chgracteristics. Experilpenta.l data to
test the acouracy of the cslcilations has been less forthcoming.

A Molécule -has és nany ionisation pbtcntials as it haé »occupied_'
orbitals of different energies, and if _fone has a reliablq method of -
determining these "inner" or "higher" ‘ionisation poténf;ials it is -
possible to correlate ezps rimental iom.sat:.on potentials with the orbital 4
energ:.es of the ground state of' the molecule through the use of -
Koopmans® Theoren. A

R 9 | , |
Koopmans' '~Theorem states that the energy r'equired to ionise an

electron from an- orb:.tal (i.e. the I.P. of the resultant ionic stm:e)

is equal to the binding energy of that orb:u..tal. Thig-is :Lllustrated

o schematically in figure 3. The theorem is in fact only an a.pi)roximation

sinoe‘t‘he fe-oﬁentatién ‘energsr-iéf' the ’rexjaining electrOns is 'ignof‘ed.

Thus tl:;e enersy requ:.red. t0 remove an electron, ( I ), will in general

be less than the orbital energy', (E. ) It is often. asswned the.t the
're-onentat:.on energy is s..milar for the removal of all elec‘trons, so

| that the correct spaclng betw-en orb:.tal energ:.esv can sti 11 be obta:med

,’from the da.fferences between iona.sa.t:.on potentials. One has to be .

' 112
cautious about th:.s assumpt:.on, ‘since there is some recent evidence

that re-orientation energies can d_:.ff'er by as much- as_ 1.5 eV, causing
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& reversal of the orﬂeriﬁg'of experimental I.P's compared to the
energies of the Qrbitals concerned. A

JThe re-orientation energy may be §g1¢u1axed fheoretically as the
differedcé.between the Self;consiséent Field (S.C.F.) ;otélvenergy
of the ion, and the energy.of the ion celculated using the orbital
obtained in the originel S.C,F. calculation of the neutral molecule,
Sincefthis invo%ves oﬁtaining a small difference_betwecn two large
values, it may éot be a very reliable technique.

; Bxperimenta& information about the bonding characteristics of the
orbital from which an electron is removed can be obtained by stﬁdyingv
the vibrational frequencies and F - C factors of the resulting ionic
state,fas-explainea in sections l.4. (b)'and Llike (c), This information

) caﬁ also be used to test the accuracy of the theoretical M.0, predictions.

1.4, (h) The Geomctgy of Excited States

| caicﬁlating b g —'C'factorsldepends on knowing the geometry of the
exciteted stéte produced by'the‘tfanSition.. Where the geometry of the
excited state is unknown, the F - C factors caﬁ.be calculated for a ranée
of geometries, and compared-to:the‘experimeﬁtal‘ialuQS.k In,this‘maﬁhar,'
_‘it shouid'hé possible to obfain-an estiméte of_the gepmet:y involved, .
_ of coﬁparable‘accuraqy to.conventional féchniqués. This has beeh done
in the casefof’H10+'and~D10+Lin.their grdund ionic states 38‘39”;'and_for

38

& Rydberg ‘state of acetylene but the field is new and the

experimentaliaccuraqy requiredffor.useful;résults_qpitelhish.
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CHAPTER 2

EXPERIMENTAL, METHODS _ OF  OBTATINING INFRMATION
[ e =SS

PR

ON __ EXCYTATION PROCESSES ‘

 Having dealt with the types of frnsitions which cen occur,

and the different types of information which, in theory; are available,
‘We now consider some of the experimental nethods ﬁtilised in obtaining
such informetion. | T o ;.

Since high energies are required, the investigetion of electronic 1
-excitation phenomena re11es largely on the transfer of energy by
the impact of photons (U;V )y electrons emitted from a heaéuiilament,
or occa51ona11y-1ons and metastable-atoms; The information.ylclded
.can be lelded up into two categorles, information on the 1nit1a1
excitation proces ( of. section L.k (v) ) and that on subsequent
processe;'( ef. section 1.4. (d)'),vbut.tbe experimental techniques
cannot, sinoc usually some of both types is obtained. waeverathc .
techniqueefdescribed are given in such an:crder thét'those'coming first
ere mofe‘clcSely relatedbto initial processee,'and,those Jater to. ‘
;sﬁbSeq'u’ent processes,  Since the Experinental work in this theais is. o .g

’concerncd primerily with ionisation, this side of the work is stressed.

2., Absorption Snectfoécogy in the Vacuun Ultreviolet

The oldest of the techm.ques for study:mg d:Lrect excmtat:.cn processes, :

.*absorptlon spectroscopy still. yzelds the most accurate energy data. in

favourable cases. Spectrally dxspersed'vecuﬁm ultravicletulight—is
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‘passed through the vepour of the>molecu1e being examined, end then :

Aimpinges on a photogrephic plete. Light is absorbed in exciting or
ionising processes,enc et yositions on the plete. corresponding to the
wavelengths ﬁt which absofption oCCUrs, eXposure is fcaucéa ' -

A typicel plate is shown in figufe L. It is poss:blc thet &l1 the
processes (1) to (9) (sect&on loie (2) ) may'beoccurrlngso the spectrum
could be very gomplex. Fowever, excitations to outer unfilled moleculer
~orbitals'can~bé.éon sidered. eqpivalent “to the: Ryﬂberg transitions in
atoms Whlch result in the well-kmown converglng <eries of absorptlon
lines culminating in a continuum when en ionisetion limit is rcached.'
In fevourable ceses these series can bevpickgd'out and fitted to the
‘general Rydberg expression, |
BN P — (bR
Rydberg Constent ‘

"

.whefe | R
(n—A)
Y

If enough members of the series cen te idcntlfied it cnables the I.P

effective quentum number

frequency of sbsorption line. |

to be evaluated to an accuracy of -0 1 ev,
Many first I.F's have been evaluated by this method, end several
B} hlgher ones also. The maaor defflclences of the technlqpe can be

.(listed as ‘e

| Q) The'skill reqnired in‘picking out, correctly, Rydberg series

'
. among the meny other discrete end continuum absorptlons occuring. '

.-Frong 1aent1ficatlons are- somet;mcs made, leading to. false IeP.! 'S.

(2) The continuous ebsorption ebove the first I.P usuelly makes it



26

hore difficult for Giscret.e' absorptions to be observed esbove this

valu; . 7 »

(3) The method is in generel only successful when noﬁ-box;c’g’ing or
weakly bonding electrons é»re .ionised. For ionisetion €f bonding

_ electrons, where vibrational levcls‘ of the idn are significently
vopuleted, the absorption spectrum compriseé a very‘complez system |
(see inset figure L. ). Since the absorption is ne flongér éoncentra.ted'
--into the V7= 0 levels-end since the 'closeness of the vibrational

. structure g:wes added complexity, the semes mqr oftten be missed

40 and from

altogether. * Analysis has been achieved in some cases
~the separation of vibrational componehts of each Rydberg level the
freguencies of each excited vibraf:ioﬁal made, may be found. |
(L) Autoionisztion is po’ssiﬁle at energles higher than the first I.P.
i‘his mey broaden the absorption lines as & consequence of the Heisenberg
Uncertainty Principle, end may thus hinaer interprétafion. ’

Experimentel details of photograph:.c U.V. absorpt:.on spsctroscopy
ean be found in individual papers, end in reviews by Herxberg
Pr:.oe 41 , and Wilkinson 2.

- 2,2, * Measurement of* Absorptlon end Ionisatmn Cross—Sectn.ons

Absorption of light follows the Beer-Lembert I.aw ,

I = Io e.h‘:‘c

incident light

ﬂxere Io

I = transrnitted»'li'ght

‘ ds-the- absorpt:.on CYr0s8s.. sectlon, -8 constant for ‘8 |
 particuler-ges et a rarticular wavelength’

.path length traversed by the ligh"c

7
n

number of molecules / cc
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It is conven:.ent to reduce all measurements to N.T.P

when - I = Io e-mbc _
end e = 2.69 x 10»'_"_ "mols/cm?'"'
The equation is somet:imes presentedl.as o
| I = Io e"fh"z

where zbsorption coefficient Ro=nod  (or ,k,: n‘k)

~a® can be found from the -gradient of e graph of n Iy;r.
egainst pieésure using an 'absorﬁtion spectrometer similer to that in.
section 2.1, and recording the 1ight intensities photoelectncal]y
Only relat:.ve velues of I o and I are requlrca

& cen be split into two perts i-

-4+ €

Totel i !
| ionisation dissocietion + exeitation
Now the light 'be:mg absorbed per second is ¢o — ¢ '
(where ¢ is the absolute velue of light intensity, as compared to
‘the relative velues Io and I ) end the nuber of iens produced_ |

per second is -

N o= ._6__ (d.-8)
IR i -néx
: or cwrent 1 = é_¢o('- )
Therefore i‘rOm meesummen-bs of the. current produced 6 i canbe

-determ:med. Rather than ‘measure the absolute llght :mtensn.tles directly,

-1t is-usual: to calibrate a. photonmult:.pher ‘by -applying - the equation:

to a‘gas-of knom £i , thereby ostsblishing P .



| 28';.

Combined n;easurements of absorption and ionisation cross-sectidns_ o
can be made by» introducing a pair of parallel plates into the -absorption
chamber to monitor the ionisation produced. Cook, l{etsger and Ogava ¥
have ado;fted this proc'e:'durc for & number of gases. ‘i"lotswof i eand é )
(or ki and k) against wavelength are constructed (see figure 5).

The 4 curve is essentially of’ similar hature to the photogra.nhic
plates of absorptlon spectroscopy in sect:.on 2.1., ‘except that the
resolution is lower and the 1n1:ens:.ty of absorption has been recorded.

Apart frolm the need for absolute measurements, which is satlsfled
by this techn:.que, information on the percentage sutoionisation and
dissociation of each discrete a.bsorption process is available, studies
of the underlying ionisation and dissociation continua can be znaa.e44 ’

and first and sometimes high ionisation potentials can be observed

~frdm the éi eﬁrves.

2.3, Total Tonisation Efficiency Measurements_

Wafanabe‘s developed a simple method of obtaising first: ionisation
potentials using ap'paratus similar to tiat d.escri’bsd above, and a:b ‘an
earlier da‘sc, where the ionisa*c‘ionb cu;'rent;' 1 s produced in the :
‘absorption éhamber was measured while‘the relatife intensity of

incident and transmitted light was monitered. .

N Ionisatidn Efficicncj Y = i = i
- - ¢ k(@1

where K is an apparatus constant.

A graph of y ‘versus- wavelen,_,th of mcldent la.ght rises. sharply

at the first I.P. yielding an accurate value (Figure 6).. Highef
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ionisation potentiéls.and d§casional]y vibratioﬁal structure on the
first I.P. can soretimes be observed but this is made difficult by
 the formatzon of ions by numerous automon1sat1on proccsses.

 W.C. Price et al- 46 . -hapealso mcasurgd 2 number of first ionisation

potentials by this method.

2.5, Electron Spectroscqu

‘This techn1qpe enteils the measurement cf k1net10 energles of
§1ectrons eaectcd in 1onlsatmon proces=es induced by colllslon with
mono-energet1c rhotons or metastable atoms. It is the most recent
 technique to be adopted in studying ionisation processes, end most of
the work has been done using He 584 A (21:23 ¢V) incident redistion,
: .The energy of en elcctron’ejectcdehen a molecule absorbs a photon
in a difect jonisation process is given by | |

KE. = hY - I3 |
| ’where hﬁ) is the energy of the impactlng photon and Ij the: ionisatzon

v,potcntnal f the j*k exoited state of the ion. ' Thc electrons~possess '

o all the sisnlflcant K.E., end the resultlng ion. none, since from the

'xlaw of consérvation bf’mbmentum the.ratio:ofAtheir kingtic‘energieS\is
fhe invcrse rétioiof their messes. The ebove eQﬁatioﬁ epplies eqﬁally
- well when metastable atoms are used ,i\) belng replaced by the energy -
of the metastable.

2.k, (g) o Photcelectron,SpectrOSOOfy

~The .application of the technique using photon.impact:is}termed A
"rhotOelectronaSpeCtroséopy”,'ahd:sinée.a 1ot*of the expcrinental-resﬁlts,7
,Qin thls thesis are obtaxned by photcelecuron .SDECTTOSCOpYy 1t will ‘be - |

" dealt with in some- detail."
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The technique wes first descrlbed by Vilesov et Al 7 ena 1ater,f ]
independen‘ly, by Turner and AleJ oboury 4_8. Vilesov used inc:o.ﬂent
- waveleng‘h down to 1040 A (L:LF m.ndow cut off), provided via a |
monochromator, end- stud:.ed' the ellgtron sPectra as a-function of -
wavelength for e n{:mbez_j of organic éom-;-oundé. Iaately other g::'ot.lpsmi’-s2
have continued this; line of study, for small molecules, using fest
_ punping sjste_r’ns which enable the windows to be removed and vfaveléngths
below 1040 A to be used. | |
Turner has used en helium resonence lemp :giving a * pure " He(I)
" resonence line at 584 g (21'2;‘:»7). ' The adventage of this system is
the much greater photon intgnsity -availeble compared to that in the
use of & monochrometor, end the sureness of the monochrematic nature
of the redietion. The use of \mdispersed resonence lines has 'becn
edopted by several other groups ?8' 5345 6 . Price has succeeded in
utilising the HelD) 304 A line and the Ne(h) 735 2 end 7ht K lines.
- Argon 1048 A and 1067 A, and I{ytlrogen 1215 A and 1026 A lines havc been used
 occasionally in this laboratory. | |
Many types of electron analysers have been used, end a comprehensive

6overé.ge, is given in e review by'Turner57 . Eleétrostat‘ic_enalysers
. hé.fé rrovided the best re.solu'tion sbffar, but grid types give greater

- signal intensity énd so can be} used for cémpounds of a lower vepour

pressure, Ia.uu.ts to resolv:.ng power are d:.scusse(l ty Turnerse 9

end general reviews of photoelec tron spectroscow. are given bty Turner 58_‘53‘: _
: ...gnd*byﬂzWac.*»Prloe_ . "A;;-descriptlon*of:.a._127° -electrostatic -selector -

p_hotoelecti'dn SPectrometcr: is given in section 3,l.
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Information availeble from a Fhotoelectren Spectrmm

A typical high resolution spectrum of a small molecule isshown
in figure 7. The spectrum is discussed in detail in the results
section of this thesis ( Section 5, 3, ), end only & br:.ef description
of the information e.va:Llable is given here. _

The importent difference between thistechnique and the methods
described 1n sections 2,1. ; 2.2 ; 2.3 ; .6 and 2.7 is that it is not
2 "threshold" technique, end so ionisations processes which can only

‘occur at discrete impacting e_nergies ( éce '.l;hreshcld Laws section 2.6.a.)
- do not occur unless the discrete energy of the process coincides with
the energy of the impactlnr light. | ‘

“For He "5&,. A spectra this removes a11 autoionising processes
except any occuring at 584 i ..(21-2' ev ).> AUtoicnising levels are
usually ab’uhda.nt only at much lower enérgics » end there is no evidence
that they have ew"exyl‘)ecn'observed in & He 58l A ap_ectfum far the o
molecules sirdied, They heve been observed at lower impact:mg energ:.cs,
and the effcct is d:.scussed briefly a little later. :

L Thus in,gcnera:l. the only'processes::observe& are»\direct imisafions
“to the various conﬁgurat:.on states of the ion, which follow the
Prenck-Condon pr:l.nc:l.ples stated in Chepter 1. Thc fu-st bend in the
.'spectrum ( figure. 7) corresponds to the rcmovai of an electron from |

| ‘the highest ﬁlled Molecular Orbltal of CO: y:.eld:mg the adiabat:s.c

' =f1rst I.P. A This 1nform‘.tlon 1s uSually eas:ly obtained 'by the earlier

methods descnbed. in th1s chapd:er. The rema:m.ng thnee bands correspond

to removal cf electrons f‘rom ..he remaim.ng three orb:.tals of energy less
than 21’23 ev , and yield three 1nncr”1onlsa.t10n potentlals.

: ‘iIme_dla:t:ely - yie shave - ~in our possession- the g eq‘.erimcntali information
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necessary to ;est the accuraqy of molecular orbital calculations on .

60, (see sectlon 1.4. (g) ). Also in our possession are the expernmental
F—C factors of the’ V1brationa1ly excited 1evels of each ionié state

and the v1brationa1 frequencies, bpth of whlch_hclp to 1ndlcate}the
“bonding nature of the orbitel from which the eleotron has beep‘

renoved, (see scction l.h. (b), (¢) and (g) ). If theoretical F-G
factors have been balculated comperisons can be made, and in some

éases préviously unknown geometries established (section 1l.h. (h) ).
The experlmental F-C factors eare al~o jmportant in con51dcr1ng '

possible fragmentatlon processes, for it is obvious that fragmentatxon

by direct ionisation is not possible if the vibrationally excited A
‘llevels at the dissociaticn 1iﬁit are‘not significantly popuiated.
‘For the fullest information on fragmentatlon, results on initial
ionisatzon, such as are obtained from photoelectron spectroscogy,'.

should be correlsted with information on processes oceuring efter
ioniéﬁtion.-. |
| Information‘of & more general chemica1<natu¥e may be obtained for
larger molécules, where the electronlc structure and hence the
| photoelectron spectrum of the mplecule ere complex. Examples of |
fhis»can be found in a pﬁper by Baker, qu énd Tﬁrner6| , where &

large number of benzene compounds haVe been studied, The effects
of sdbstztutlon in the ring on the degeneraqy of the 7% levels, and hence
& measure éf the mesomeric éction'of the substituent can be observe@ -
in the photbclcctrcn-spgctra.v The substitution of halogens Qnto |

the riné prodﬁces‘sharp peaks in the spectrﬁﬁ (non-bonding halogen

;orbitals),;and,the_relativelpositions:of,these,peaksAin_diffcrént
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E:ombbunds can yield information on inductive end mesomeric effects, - -
_fl_);-.tailed interpretetions of photoelectron spectra cen be found .
in Chepter 5  of this thesis, end elso in reference 62.

Effects of Auto:.oxn etion on Fhoteelectron Specti'a

As already stated e.utolom.sat:.on has not been observed in
spectra obtaincd with 2 He 58 A source, though it hes been_observea |
at lowér. energies 63,6452 A "norme1” eutoicnising process can'
only produce photcelectrons of an energy already detectable by direct
jonisation (see figure 8a ). What can oceur, hawever, is a drestic
chenge in the Franck-Condon factors ( flguro 8 (b) ) since the
'.Franck-Condon region for the ionisetion step cen be very different
.frpm, thet of the initiel excitation step ( figure 8 (c) and also
: éection 1.4. {a) ). The poss:.bll:.ty of "Fluorescent eutoicnisation®
cannot be ruled out either ( figure 8 (a) )e  This is discussed by
Blake end Carvers » Vhere they claim to observc it for oxygen. In.
| t.hivs case e new band in the spectrum is possible, but for the scheme
‘proposed by Blake end Cerver vthe:enezi'g of_thé ejected' electrons

 should not alter as the energy of the impecting photons is changed.

Recent Develorments in Fhotoelectron Spectroscopy

A developmenu of photoelectron spectroscopy Te cently to emerge .

is Gomcidcnce Spectroscopy 56  ._ By utilismg electronic co:mcldence

. technlques R and a mass spectrometer to detect “the ionic species forned .
(perent and fregment ions), the electron spectrum in coincidence with

..each.ion .species cen:be.determined. Such.a system is potentially
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© Yery u_seful, sirlce éirect information on fragmentation processés is
obtained, Howéver the se\;ere experimental restrictioné, especially |
the need for & low number of co.Lh:uons to evoid strey co:mcldences, -
g:.nng a very low count rate s ‘have limited the stud:.es so f‘ar to
rreliminary work on NHg va.nd CH 4 .
The enguler distribution of ejected phﬁtbeiet:trbnér is of th‘e‘or‘éjtidé’l
a.nd practicél jnterest. Cooper and Zareés have done -some theoretic;i
calculations on this problem, and their results sppeer to sgree with
: -some work done by- Hall and Siegel“ on the detachment cf electrons
i‘rox;l negative ions ty Laser photéné. Anguler dependence méa‘smﬁenté
have éiso beén carried ouf by Berkowiti ét A1>67’}68 . Thoug'h they found
small angular dependences, it is too earl y yct to attempt significant
correlations with the type of electron being eaec‘ted There is no
evidence tha:t: photoelectron peaks could be comrpletely "missed" '
Begat;se 6f'uﬁfavourab1e enguler dependence. »
Siegbahn'3 ', end meny of his sssocletes et Uppsale University,
_. have 'be'en"vworh'mg;, bn electron s’pectrosébfy; over the fast -few years using
X ray sources, end also more recently the Pe ‘resonance lmes. Much of )
‘their v-ork has been geared towards the use of electron sPcc‘broscopy for
: chem:.cal ane.lys:.s, end of course nth X ray sm:rocs they ere able to -
. obta.:m I.P.'s greater than 21‘2[ ev.

'2.14,. (bl Electron Snectroscow using a Ltetastable Atom source o

- The tem " Pennlng Tonisation " is generally used f‘or 1on1'=e.t:x.on

-induced in th::.s ‘feshion. Germek has donc much work-in this f:.eld
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_using He ( 213 20-61 ev, 235 19.81 ev ) and Ne ( 16°71 ev, 16-61 ev)
metasta‘oles.r Penning ionisation is impértant for two reasens, ‘
1) Collision is between uncharged ~particles, whiéh ﬁiffers from
.other types of ionisation mvolv:.ng pa.rt:.cles. |
2)— The collision time is 1ncreased comrarec'l to photon impact
(10 "3 sec c§ 10 -8 5ec), which may pertielly invalidate the Frandke
Condon'P-rinciplc s and elso ailovr collision complexes to be formed 70.
“There is no evidence. as yet to suggest the F - C principle does not
bperate s but the resolution obtained 'bﬁ Penning ionisation is fgr

too low at the moment to test the theory proprerly.

2.5. JTon imract Spectroscoyy .

~ Ion-Molecule reactions end cha:;'ge trensfer processes can be studied
by‘ collision between a beam of ions and a target gas of neutral molecules,
Iaindholm ét. Al" have d.oneb nuch 'wc‘>rk tfsing‘ion'beams in 2 mass
~spec‘trome ter, ionisation_ by cherge exchange will only occur when the re-
combinaticon energy of the ion is close to the I.P. of the neutrel
molecule. A few irmer donisation poienfials have been obtained ’in this

mannexr by ‘I;:i.’nﬁ.l'x'o’lln72

2.6, () - Electron Impact Efficiency Curves with Mass Analysis i

Thep Ha.’ss Spectroneter incbrpore.ting. zn electron ‘beam ibhisation '
source has becn :m existence for many years. It has 'been used primar:.]y
-&s:an: analyt:cal ‘tool. and a. method by - wh:.ch chem:.ca.l brea.kdown routes,

Te-zrrengements etc. can be stud.:.ed. As such ‘it has been hlghly



Successful, 'bu‘i:_ of course if lends itself to the study of physical -
processes occuring in ionisation by measurements of ionisation cross‘-.
sections, €1 or efficiencies, Y ,inea similar manner to methods
described in 2.2. and 2,3. The great advantage ﬁerg is .;t.:'he -division
of the total &t into the individual éomponents for each ion‘formed,
affording information on fragmentation processes, and in particular the
energies at which fragments first appear (A.P. '_ Appearance Potential).
- Curves -are usually plotted as Gior Y against  the electron
" ensrgy of the ionising beam (figure 9a) S The parent ion curve starts
at the first I.P. and méy or may not show recognisabie "bmaks"‘é,t '
higher energies correspénding to further I.P's. As in Watanabe's
Total Ionisation ﬁethod (section 2.3. ) thére is a strong interfereﬁce
~from autoionising prc;cesses. Fragﬁent ioﬁ curves usually ‘show
no further interpretrable features after their’initia.l onset.

The elotron impé.c:b efficiéncy curves do, in fact, show very little
detail for the large number of'éompléx processes which occur. There
are two mﬁin reasons for this' t= |

'(1)  The electron beams are not properly monoehex;aeti'é, since eleotrons
from a hea.ted fa.lament have a Boltzrna.nn d:.stributlon of energy, and the .
B f:.ne ﬁeta:..!.s of the iom.sat:.on nrocesses a.re smeared out by the resultmg
lack of resolutlon. v The energy spread of the beam can be reduced either

by Fox's Retard:.ng Potentia.l Dn.fferenoe method or by the use of an

. i ) ) ) A - . . ) - -‘.’
s | m———— see section 2,3.,.
ry K (10"‘7;:) on Bede
In pract:.oe : : % ion current, i,
“ I‘\‘M aga:mst electron exiergy, which is not a true eff:.ciency curve.,

Y
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elec":on energy analyser. .These methods are reviewed by l.orrlson’a,
and by Iieffer and Dunn _

(2) The threshold lews for Trocesses involv:mg photon end e'lectron
impact are different. A theoretical quantum nechenical treatment_has
been developed by Geltmenn ’5 and others. - The geﬁeral result of this
is thet the prob‘.bn.llt:y of 1omse‘c:1_on is @iven by '

F(E) oc AE™
where n | = Hﬁmber of electrons leaving the coilision complex

E

Energy of the excitat:.on beam (electzon or photon)
DE = - the excess energ a.bove threshold for the |
process concerned,
From this eque.tmn it is obvn.ous that for s:mgle direct donisetion .
'hy electreon mpact end double direct ionisaticn by photen impact,
where n.=2, the pro'ba'blln.ty of 1onisat10n is 8 first order function
- of exces-s energy. Thus the efflclency curve increases l:mea.rly as thev
electron energy iccmms increeses. ‘above an I P, Eor n= 1, i.e, |
F‘aimple- ionisetion by photcn ’1mpact autcmomsatlon ‘byeleetron impe.cf,
& zero order law holds and a step-f\mct:.on occurs in the curve. The
-ﬂexper:.mental ev:a.dence is in general agreement m.th the equation
"',(aee figure 10) | |
‘ It is worth not:.ng that :Lonnatlon cannot always te described in terms‘
of "auto—mmsatn.cn" or. ."direct",‘ si.nce “the mein dlfi’erence.‘is in -the, .
| tive ecéle of the eve'r;ts es far?é.s'thresheld Ele.ws.fare c'-on'cerned.k An
anto-iom.sed electron leaves the- complez after a tme of 10 - 10713

’sec, 8 dlrectly ionised electron after 10 § sec or less. .. sne



n__ Theory Exper. ’ Possible process

0] Ncgohvo ion formation by’
electron copturs.
Ase--A" N

. {2) Photoexcitation
Athy—+A"

. {f}  Photoionization .
" Athv -+ K+e(ehy’)

) Exitation by elecirons
‘At >t

3 Im :pale formation nmr

(4}] Iommrm by electrons ‘
Aoc-r-A +2¢

. (2 photoionizotion (double)
A'hv—>A OZG(OhV)

(1) Double lonization
by slectrons
Ate»X 030

FIG.IO

Theoretical ahd. 'Eb:penmental Threshold Laws for The leferent Classes of
Electron-liolecule and Photon-l\lelecule Interact:.ons.
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If the autoioniéing yrocess has 2 Jifetime #yproachﬁmg that of
dircct- ionisation, then an intermediste threshold law might hold. .

| Because of the two Treasons given sbove the Vel_e;ctron imp#ct stﬁdy
of ionis’_ation phenomena, though being the zost génera'ils,' é.i;plicable -and
easiest oi‘. ltebhniques, is often the kast re]iable. Yeny ineccurate
I.P's have been gquoted (up to -5 ev errors) owing to the d::.fﬁ.culty
of estab:.lishing the exact A, ?'s or ’breaks in 2 cux;v:e, and often
h:.gher I.P's are not observeble ot 211. Autc::.on:.smg levels ere
. cormonly designated as ionisation potentaﬂs. “Vibrational structure
bas been claimed on several occasions, cn]y to be refuted at a later
’date » but a recent paper 'by Carette’® on Co, a.nd N,_O shows ‘E:hat it
is possible to obtain 're]iébic' claté concc;‘:dgg v::.brat:.onal]y excited
states. | v |

‘ In additn.on to the two rencws ‘2lready mentnored and one by
. : McDoweIl , mp.ny aspects of electron impact work ere described in
Field & Frenklin's book "Electron "Impac‘l: 253110mené." 3-0.

2.6 (ld ""‘lec"-rm Impact Energy Loss, Sgec‘trosco;y"
78

, Lassettre has develored & method whercby the k:z.netic energy of

- thc impactmg electrons 15 exam:.ned after bav:mg 'been scattered bry

B colllsion ﬂith target molecules., For a. mm-_onising ( or

cooan energy_

autolomsinr) level et energy Ec, the sca:ttez-eﬂ electrcns mll have

E = E;- Ec .

where Ey is the energy of the imracting electrons.
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A peak-m'.ll aﬁl-;ear in the ener@ spect;um of the séattered electrons
at falne E. For Van ionising process sca‘ttered‘ electrons will have
enerey | |
E ='Ezﬁfnc- Ee
whers Z¢ rejresents the energy of the ejécted electron.
- Thisresults in en approximation to & step function occuring at energy
Ey - E¢ in the spectrun. The wholé spectrum is thus similar in nature
)'f:o the absorption cross=secticn / ~w2ve1¢£gth"¢ui‘kres for photen impact’
such es is obteined in section 2.2, Experimentsl limitetions
(very ‘pbor résolution) and the préaominance of sutoionising processes etc.
have meant that so far fl.ii:tle' useful information at energies higher then

the first I.P. have been cbtained,

2.7, Photcn Impact Efficiency Curves m‘ch Mass Analyszs

~ This technique is analagous to the previous one, exccpt that a
monochromatic I photon bean is used as the ionising source, It is &
‘ Iogicei extension of Wa.tanab_e's Total ‘J.Z‘onisatig_rxv technique v('S‘ectiv.on 2.3.)
' wh:.ch w=s uéed_primari]& for obtaining ?irst' I.P'é'; ' In 1958 Hui‘zeler,
E In_ghra#z,’éﬁdﬁorrison” Wei'e the .f’ir"St_.to succéséfully'éombine ry
k '»‘_fééuuni'mono:‘:hromatcr and. mass 'spec?ronxé'f.'exf; . They usedx Ii F windows
“to sei;érafe the ‘re'"sidual nionéchrome.téﬂ: gasés ﬁ'oin those fo be studied
‘.7 lm:.n the mass spectrometer, and so were lim:v.ted to wave-

"-1engths greater thm;&;,o A . S:_noe *hen a mnnber of peo;:lé 80' -87

) heve done work to lower. wavelengihs us:mg fa.st pumping systems and no .-

windows. The difficulty in this techm.que is not the energy spread



. ) o o ) ' v -
6f the photon beem ({JA at 1000 4 may be obtained), but the provision
of sui‘_ﬁcient light intensity over the Trequired range of wavelengths

' ° K »
(1300 A —> 600 A). - This cen be done by utlllsmg suitable emission

B', or by prov:.d:ma 2

contihua and molecular meny lined spectra
distribution of intenselines from & low pressure spark source usiﬁg
2 variety of gases, &s was déne by Weissler et 21%°, end also for
some‘c;f the results in this thesis. o

| The adventages thet the photon impact experiment has ove_i' electren
:unpact are the increased resolution, and the favouratle threshold Jews
vzh:mh give step functions for cureot 1omsat10ns and Del'tﬂ: ﬁmctmns
- for autoionisation. The two processes are generally more easily
distinguishabh in photon impact curves then in electren impact
(figure 9 (a) and (b) ), though intense sutojonisetion cen still often
A obscpre the underlying step-functiona of direct iohisations.’w‘ Firsti‘

I".P's‘cen be- o’otained with an a.ccurady approaching that of any other

B technique 4often w:L"h rel;able vn.brat:.onal a.nﬁ Sp:m—orb:n: coupling

struc#ure . Higher I.P's can often be detected and besides the A.P.,'s
Cof frogment ions meaningﬁtl structure’ can 2lso 'sometlmes.be- detecte@
| on the curwresal. Chupka8 has b"reeent]y"been eble to detec:h, -
ro‘l:a.t:.onai structure in the ground 1on1c state of. Hz . |
. It ought to be noted that "‘be se)ect:.on rules for allowed processes

j are not necessa.r:.ly the  seme: for photon and electron :unpa.ct ana. would

‘be expected to be less restnctz.ve for electron mpac‘h ‘because of the

"-Aadd::.tn.onal electron a.va:.la‘ble for spn.n e_na. orbital. a.ngular momentum

'trans;cr. It is an inuerest:.ng fe.ct thet- somet:ures electron 1mpac't
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gm’#és, for £11 their poor resolution and upfavourabld th;'eshola lawé'; :
do sééxﬁ sometires to identiiy I.P.'s =nd vibrational structure that
is not appsrent in the photon Supact curves (compare Teferences
77 and 82). L B
A review of some of the differences between thoten and electron

inmpact hes been published by Collin®8,

2.8. TFluorescernce Spectroscony

o Electronic states excited by the absorpt:xon of U.V. light may be
ide'ntn.ﬁea by observing the flucrescent raaa.at:.on enitted dur:mg the
decay of these states. Figure 11 shows @ bypotheticel diegrem for

ran gbsorption where fluorescen'cg can occur after excitation, The
flusrescence can“be detected and anzlysed by the use of = monoéhromato;"
and photoéraphﬁ.c. or phofoelect_ric ‘rcco'raing teéh_:;iques.' -Ve;jfy high ”
fésolﬁtioh can b? ﬁbtaincd Yy phbtographic Trecording (e.'g. gbsorption
Spec‘broscopy 2’1) allowing ane.lysms of rote.t:.onel snd va'brat:l_onal
-muctm. Judge et A1 8° 1denti:t‘ier1 the B éu. —s X ‘é%

| :transatmn of N,¥ in this nemner. o ” o

A simple mtnod of recoranng the vibrat:.one.l F -~ C Pactors of 'the

' 'upper electronic state is to detect the fluoresccnce 'cma:.spersea as

o a funct:.on of incident photon melength. ' F:.gure 12 shows such a2 casé

" for 1,0, recoraea by Cook ot A.‘.L °. ‘They have done siniler work for
43,90 o

- _ other molecules . T.he supen.mposihcn, or leck. of :I.t of

pea.ks corresponaine; to. auto:.onismg levels on such ﬂuorescenoe curves

v(see ﬁgure 12) cen indjoate to which iom.c levels the e.u'coio:.sat:.on
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is occuringv.
In 2ddition to providing informatioﬁ on ionisﬁ‘.ng, Processes,

. ﬂuorcscencé studies can balso be useful for observing e#cited
molecular levels. In faci: in figure 12, the .'f'luores”ce.:::oé “to long
ﬂwavclengths is from 2 dissocietive molecular level., Other exémples_

" bave been provided by Becker eand Welge s end Beyer and Welge92,

. .
2,9, -Emission Spectroscopy

'This is & similar technique %o the previous one, except ‘thet the
excited species are not froduccd by absorptionv of T.V. 3.ight, but
usually by .a gas discharge. 'I'hé populated levels mey be Very numerous,
-émd the viﬁra,.tional populatidné‘ are no longer .governed by the F - C
principle. The emission spectrun is ’recérdeé photographicaliy, but
enission from unwented species (.~issociat1cn products produced in: the
discharge e‘co.) often_inte_rfere. Scme of tbe earhest nork wes done on
COy by ‘m‘ozowskios, and. recently‘Ca.llomog s e.nd Horani and -Leach havc_

: Vsltudied other small molecules. Excit;d' iénic levels have been un~

.ambiguously identified and of'ten geomctr:.o pa.rameters of the ions obta:me&. E
2.10. E.E. of Fragent Ions - ST :

l‘ra.gncnts sometimes possess considerable kinet:.c enerar. . The

- initiel energy is of interest for ‘cvm reasons. It must be telen into
account in ca.loula‘t:.mg heats of formatn.on f‘rom A.P. measummmts (sec

“ Vsectlon 1.1:.. (f) ). In this case K.E, is measured at throshold and |

the very reason for measuring it is to elimne.te it as a source of error.



0n the other hand K.E, is itself of 1nterest, end this section is
trcatcd in some dctall, with sPeciflc cxamples, because of its
relevence to such subjects as the Frandc- Condon Prlng;plg, the
'meaning'of:dbserved_appeérande potentials;:and the mechanism of

fragmentation processes.

2. 10 (2). Measurement of K.B. of Ions

In maSs spectrbmetny we would like to know the identity of the
fragmcnts produced, their A.P,'s and also the K.E, distribution,
Gonventlonallyonly the fmrst two are measured, but several technlques
have been adoptcd for mcasurlng 81mu1tancously thc K;E. Thcse
techniqucs are hlghly subgcctmve, the 1nformat10n 31Ven often only
'being of qpalltatlve value, and thc correlatlon of such 1nformatlon
, Wlth(p0831ble excitation propesses can be tenuous once one moves away
ffom‘simp;e diatOmic qb1écu1cs." | :
The first aﬁd'most widely used method of_meésuring K.E., is the
~‘ﬁ;P;D; méthod  in whiéh the ion current afbthc.collector is ploftcd
‘against an ion retardlng potentlal appied to an electrode 1mmedlate1y
"before the collector. Hagstrum constructed such an apparatus,
iibased on the orlglnal technlque of Lozlerqa, ﬁnd<ﬁsed it torstudy
B seversl dlatomzc gases.- The 1nstrumenta1 effect common to all

I

. conventionalsllt qystem nass snectrom-ters is that there is always L

' aiscrimination agaﬁsf;¢o11ection.of ions with high K.E., and so

'jexperimental infensities are far:below.their true value,



Deflection methods ©° have slso been succeséf\xily applied,

In the conventional mass spectrometer,ions of high K.E. are observed‘
as satellites to the high mass side of the zero K.E.ﬁlpeék,_'oo It
can be shown'o' that ions with K., in a small range produce these
peaks, whilc ions with a large range of X.E, ;;roduce a broadening of
‘the zei‘o K.E, peak to high mass., These effects have been discussed

at some length by Hagstrum awd Tate'©2

- Much work has been done using these techniques, of which that on
the .Hydrogcn system is an instructive exémple_. ,Dﬁrm and K':i.z:f:t‘e.lt'l
using a snectromctcfdesigned to focus E¥ ions from 0 to 20 .cv K.E.,
showed tha.t the distribution was in good ‘agreement with that cal culatcd
\for trensitions to the 23_ and éu, states of Hg_ (F:Lgure 13) using
' ;'t:heFranck - Condon PJ_:‘:.nca.plc. Some dlscrepa.no:.es were later cleared
up ‘by Rosenst§ck et AJ.' (see page 56 ) who shov-eu ha'b #¥ with high

E.E. could also be formed by dissociation of Ha +.

oo showed that :x.ons posscss:mg h:.gh

Mohler, D:Lbeler and Reese
4K.E in the nass 3pectra of some polyatomlc melccules were consistent
with a doubly charged fragment bre&kmg. inu two smgly chargcd fragments
. "(A'.P.'s approximately right, ‘K.E."bﬁsci'ved in agrcement va.'bh caloulated

- ICOulomblc repuls:.on ener&r) This work supplcmented ‘the ongn.nal |
| ‘stud:o.es of Yustruhd et Al lOl
Having given some cxamples vhere sa.mple corrcla'blon with theory is

possible, we now turn to cases where :mterprc ..a'b:.on of K.E. and thc real

o ' 104 . . . -
meaning of A.P,'s is more uncertain, Chupka - has given an excellent
, S account.
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of thc: diffcrehcc between simple “diatomic 1ike" cases, such as
descr:.‘oed above, and polyatomic systems where the data. cannot always
be 1ntcrpreted successfully in terms of direct F « C transitions to '
the repulsive portion of potential surfaces. -

Several possi‘bilities exist, even for "diatomic like" cases, of
fragment K.B.'s which do not fit in with the simple theory. The first
is where pre-disociation by curve cfoSsing can yield fragments with

considerable K.E, Also the-A,P. of the ffa.gmént could be quite -sharp,
a feature often associated with fragments having zero K.E. (see figure V11|.).
Secondly some of the "excess energy" of an A.P. of & fragunent ebove the
dissociation limit may 'appcar as K.B. of a.n‘eléctron s ejected in an
auto-ionisation, or as radiation emitted by an excited ion é;s it mekes &
tra.nsition (1Lifetime ~ 1c escc) to a lowér dissociating or pre-~dissociating
level ( e.g. section 1 L. (d) and figure 2).

i As soon as polyatomic molcculcs are considered thcre is the
possibility that fragments may ca.rry‘awa.y sone of the excess: encrg&
as vi_.bratioﬁal energy. | | |

Considering these possibiliticé it is not surprisipg ‘that the K.E.
results pf' some diatomic and simple Fpolyatomic molecules 'tio not fit
 ‘the simple ‘theory. - |
For largc polyatomic molecules it becomes imprac’c:a.cable to try
~ to exnla.:m fragmentation.in tcrms of’ dcta.:.led potentia.l surfaces.
"The 'altcrnat:.,ve is to use the stat:.st:.cal theory of»ma.ss sp_ectra'os,
in whicl-; ‘the main hypothesis is tha't'the\‘moiecular ion formed by |

F=-C transitions, possessing electronic and vibrational energy,does



not dissociate ~within a vibratioﬁ but rapidly end randomly re-.
distributes its energy into the vibrebionel modesof the ground stete
of the ion. ‘The predominant meubcd of re-distribution lS by e 1arge
number of curve crossings of closely spaced potentiel surfaces, end
dissociation ocours by the ion ettaining certain configurations with
sufficient vibrational enérgy concentrated in the proper modes,

How does such e theory, if correct, affect the A.P's and K.E.'s
of fragments measured by electron or.photdn impact? If a fregment
‘ion is not produced immediately (i.e. within one vibretion - 16.'¥sec)
it ié at.least‘necessary for it to be‘proahced within 10"5 sec to
enable detection as a fragment in the mess spectrometer. Nbfmalll
kinétic considerations will govern the dissocietion rate of perent
ioﬁs, which will increase with the-éxéess energy suppliéq‘abdve the
norinal A.P.: This excess energy reqyired to give 2 deteétable amount
of fragment ﬁgylbe several tenths of a volt for large molecules, and
will increase with the complexity of the molecule. Thus the observed

A.P. may be as much as 1 volt above the “rue A,P."

- The theory also requires that’no'ions‘should be forﬁédeith large -
'emounus of auE., s;nce this implies dissoc1aulon from repulslve surfaces
‘ of discrete excited states.

” What 1s the eV1dence for or egalnst thls theony compared to the
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'diatomlc like" treatment° ‘ Ghupka found that far many larger poly- -

atonic. molecules a1l the. fra.gment ions formed had & low K.E. ( ‘o eV )

with e Maxwellien dlstrlbutlon,‘and that'metastable pqaks*wererdetected



for the {ragmentetion processes cencerned, indicating lifetimes of
the order of 10-5 sec for the dissocieting perent ions,
" 106 were

The conclusions that Chupka, and others = came to, wes that in
general there are insufficient potential energy surfaces, too widely
spaced, for the statistical theory to be quentitatively correct, but
that dissociation does'noﬁ often occur by & simple "diastomic like"
process.,

‘One of the few ceses where such a procesvs is indicated is the

| fre.gmcntatlon of CHB from H3zCH;CHzand other compounds.

2. 10. _(b) Recent advences in the measurements of K.E. of ions

Two ’methods o’f avoiding the lérge 'discrimination effocts'againgtv‘
ions pésscséing E.E. heve been - described recent]y. _

Repp et Al‘ 1e7 have adopted 2 system originally used by Blee.lmey 1o8
whereby the fionisat:.on chember of the mess spectrometer 15 used &5 &
totel ionisation tube, the ion“s being collected en a flet platé instead
of drewing them through slits. The peroenfaigb of ions pessessing K.E -

. can be founa ty reversing the draw out field, iona thus having te

traverse a potential gra.dlent to reaoh the Iosit:.ve ple.te. . Many |

simple gases' weTre . studied anc'l it wes es :unatcd that from 7% (H 2 ) ‘l';o'

25% (N,.O) of the total ionisat:.on is dissociat:.ve with K.E. D °25 ev .

o 109 : :
G-reen a.nd Ryan used 8 radio-frcquency speotrometer capable of .

detecting all ions with excess K.E. They detecteﬁ. sqme ions : (e.g.

CH1‘0H+ from CH3CH,OH) which had discrete K.E. velues , suggesting



a specific curve crossing process (e.g. figure 12), and other

(c.g. CE3' from ethanol end other alcohol.s) where the"dietomic like"

precess is in opcr'atién. They analysed their results in genéra.l as
indicating that the statiética.l theory was not in pﬁex;é;tién for fhe' _ |
compounds studied, _ |

MoCulloh, Sherp and Rosenstock''C, in their entirely movel
.co=incidence gpparat;zs , heve provided cfidcnce that o si}gnificanf
‘nugber of -the :hlgl X.E, ions found in CCyh and CH, come from
dissociative c'ioublc ionisetion, yielding positivé'ion peirs., For
€0y, 0 enda €%V, 6% end 0% ion peirs were verifiea |
(25 of total fonisation st 1Kev ienising energy) ) |

In 1968 they applied enother coincidence _t(echn.ivque'oai designed

specifically for the frocass |

| | Hz**-—.-) H++ Bt
such that pair count versus AK.E. couid ‘bve‘p';lotted. The resulting
‘distribution fitted exactly that celculated for the process froﬁ the
F - c Principie end the‘K.E. of £ pi‘oduced i:;Athis‘r manner was. ’ |

estineted es 94 ¥ 0.15 ev.
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e | CHAPTZR 3
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. EXPERTMENTAL

3. 1o ‘I‘he.127° Electrosfatic‘Analysér Photoelectron Spectrometer
A large portion of the results in this. thesis were obtained by
photoelectron spectroscopy, the general principles of which have been

given in Section 2.4.2. The photoelectron spectroneter describedAby

- Tu§ner'12
| .
given here,

vas used for these studies. A brief desoription is

3.3.e. Vaouun systen of the spectromefer.

vThe principel features of the spectroﬁeter are_shown,in schematicv
‘form,in fiéure'lB. A pressure of approximately 10" torf‘éould be
m#intained. Under operating conditions'the helium'pressure vias
a;froximately.c'l torr in the 1ight sburce, the sample inlet pressure
between -0k and '3 torr, end the pressure in the mein chamber not above
2.x 10~ torr (hlghest allowable operatlng pressure for the electron
‘multlpller detector) These pressure differentials were maintained by
the fast pumping system and the narrow bore inlet tubes used (see figure
15). ‘The pressure in the 1onlsat10n chamber was intermediate between
"thet of the sample inlet and the main chamber, For samples with 1§w
vepour pressures & direct attachuent at point X (figure 15), by-
passihg the inlef manifold system,was nécessany to provide sufficient

. Vapour pressure for & reasonable signel intensity to be obtained.
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5, 1.b. The light-scource and jonisation chamber assembly

A plesma diéchargevwas'inducéd in the light source Qﬁarti
‘capillery tube (figure»16) by connecting e 2,000 volt power supply
in‘sérieﬁ with = stabilisihg resistance across electrodes Z -_Z".

To obtain & "pure" He I aischarge , emitbing the 2 P—3 15 line,
_Vthe:heliﬁm wﬁé pﬁrifiéd by passage through a charcoel trep cooled
inlliquid nitrogen and the pressure adjusted ti11 the characteristioc .
';:peach colour was obtained. Thevphotoniflux, éfEér.travelling down

the capillary tube, entered the target gas in the ionisation chamber, I.
Most of.the'helium was pumﬁed away through en exit port, P, in the

s1de of the capillary. Ejeoted electrons escaped fron the ionisetion
-chanber thmugh a narrow slit, S, where they passed into the

electrostatic analyser, E ( figures '16; 17 end 18 ).

' ‘23"1.0. The electron detection and reoording-Svstem.

For optimum performance of the 1nstrument in terms of rcsolutlon,
the vertzcal and horizontal components of the Earth's magnetic field
_ were cancelled out by opposing fields from Helmho%g‘c01ls surroundlng
the main chember., N \ |
R Eiecﬁrons 1eaving'the analysef were dctected'hy aﬁ electron
multiplier, M, whicﬁ passed through»aﬁ O-ring seal in the side of the
" main chapber. After emplification (figure 17) the signal‘wés displayed
on aﬁ X-Y recofder, enabling a spectrum of the K.E. of ejected |
ions versus their infensity to be piotted directly. The Speﬁtrum

-could be recorded in two ways, the circuit diagrems for which are
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given in figure 19. In the first method the voltage across the
deflecting plates P’ and P/ was incroasea, allovﬁng coilectioﬁ'
of ejectea eieotron heving increasing K.E, The voltoge applied
across the corfection plates A ! end A.”. increased ih fhaso'ﬁith:.
plama P 7, but was somevhat larger (see figure 19 (a)v);
This control had the effect of’re-focuéing.electrons which devieted
' fron the optimim path because of ‘their finite angle spreed st the
entrence slit of the enslyser. The balance potentiometer relofed
the plate voltages to earth potentisl, and provided an additionsl
fbchsing acfion. In the second method (figure 19 (b) ) the
dzflectlon plate and correction voltageszmrefixed to collect electrons
: of 2 lnom K.E. ( set at approxlmately 6e V), and the ejected i:
electrons'wereaccelerated by a voltage applzed to & repeller plate in
the target chember, By increasing this acoeleratlng voltage the
’electfons were thus brought to the required energy for collection.
The advaotage.of this system was thét all oollecte& electrons hed the
._ seme band~width, enzbling those whid:we?eejectea with ah.onergy.
apptoachihg 0 e V. %o be observed with & much grea&er intensity
than.ﬁn'the first method. |

. The resolution obtaineble was +02 e.V. (half-width at half-height
'for Argon), sufficient to resolve much vibrational structure in
small molecules. |

Mathematical.trcatoents‘of the electron optics relevant to this

type of enslyser, and to others, can be found in reference 112. .
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3;2. The Development and Usc‘of Time-of«Flight Mass Spgctrometérs

;

3. 2.8, Historical Development

The conventional method of reqofdihg éhe mass 8p€0?£a of ions is
to observe their trajectoﬁy in an eleétrostatic or megnetic field, or
‘in a combination of the two. | | |

In'1946 Stephsﬁélﬁirst reported a method of measuring mass-to-
charge ratio. ,(’Eﬁé) ﬁsing a field--free drift tﬁbé. This work wﬁsr
t#kgn'up by Cameron and Eggefs'is.vwhb_produqed the first workaﬁle
Time-of-Flight (T;O;F) Mass Sﬁectrometér. ~ The ﬁass resolution\éf
their device'was very poor, But their work éncouraggd further study of
the technique, which has now become well established in the field of
;m%ss spectroscopy. The most importanf general deyelopmenfs were. due

1Hé 7

"tb Katzenstein and Friedland , and Wiley and McLaren .

3. 2.b. . Operating Principles of a T-0-F Mass Spectrometer(T.0.F.¥.8.).

The mass of the ion is determined from the time it‘takes to travel
a knowm distance under known conditions of accéléfatién. The essential
features of such an instrument (figﬁre 20) are :-
1). Anvion source rcgion, ;onisation being achieved either by .
~an electron or a photon 5eam.
| 2) An ion accelerétiné region,
' 3) A field-free drift tube.
L) A dctéctor, emplification, and disflqy systen,
Either the ionising beam, or the accelerating voltage must be

pulsed, or both, ~ The resulting accelerated ions of different masses
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%ill take differenf times to reach the end of the tube, the low mass |
ones being detected first, The output signal after amplification may
be fed t6 en oscilloscope, or, ’by' suitable gating techniques, to a

., recording system. The’ oscilloscope displa.y represents the whole

‘mass sPectrum produce(l 'by the 1on1s1ng beam . The time of transif can -
be measured directly from the oscilloscope s an& the corresponaing mass
of that ion fo\ind Assumn.ng equallty of response of the detecting
system to all masses (1.e. velocltles), the ion a‘bundances nay be

"~ estimated f:c_'om the arca under the peaks. .

If the ionising beam is pulsed,two methods of mass enalysis may

"~ be adopted which are generally termed The Constant Ion Energy conaition, '

and _The Constant Ton Yomentun condition,

=l

Constant Ton 'ﬁ‘nex_'gy- A steady ion acceleratlnv potcnt:.al

,V vol‘!:s/ cm, 1s applied until the ion reaches the field-free drift-tube.

Now from the equations :~

P = mf = Ve aeeeriinieneeeieieeieeneeenginns 1
vi_u* - 2rs Y
where P = f-orcc applicd - v = final velocity of ion |
| m = mass of the ion  u = initisl velocity of ion
| e = electronic chargc ' f = occeleration of ion
" we get :- 32 nv = Ves ....;................'.......,.... 3

i.e, 21l the ions leaving the accelerating i'egion have the same K.E.

"Hence Constant Ion Energy.

. Using Newbonk BEquations of Yotion, it can be shown that:-
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+

2Vst 00‘00000000-1090000;0 I-l-
where T = total time-of-flight of ion

tl = time of acceleration v

tp = time~of-flight down drift bube
-~ 8] £ 1ength of acceieratiﬁg region

sé = length of drift tube. |

2, ) - L . ’ .
As can be seen m & T , and the mass scale is & squere-root one.

Spalce Fécusing Condition. i‘he bunch 'of dons formed in _the'ion source
w:.ll have a finite ﬁidth, end so jons at different positioné in the
'bunch_»will be acceierated o\}er different distances.
' Consider en ion starting et & position s, + Asy from the
field-free drift tube, =
o+t > %
v o+ Qv | > v
e b e Dy by
For & re—focusing.cffect, |
Tt o+ to = (t3 +a5) + (82 + D%)) |
i.e, T Tremains @changed, therefore 'i%‘ = 0 ma 82‘ = 28

'This is known as the space focusing condition,

Constent JTon Momentum. In this mode of operation an acceleratingl

pulse of width, t, znd voltege V, is applied to the jons. Thus
all ions are accelerated for the same time, but over different distances.
i‘b. can be shom that.

m" = vte . .CQ.........'.C..I.l........“ 5




Thus ions of all masses have a constent momentun. The Total
time—of-flight, T, of the ions is given by :-
p = . S+

, A, - \Y/
‘gnd the mass scale is in this case linear,

+ ‘ia.— .'OQ..Q.'..l.V'..'-'..".V".';".’OO.'."..G

3e 2.¢c, Advonteages e.nd Dissdvantages of & T OF M 3
- Adventages :~ 1) An entire spectrum is obtained for eac;h
7'.é.ccelerating pulse, and the whole vspectrum may be dispiayed. A
- conventional s;luectrome'ter detects only one" méss peak et a time. :
| | 2) The-ope_:rafion depends upon the electronics of the

systém, rather than stable megnetic fields and mechanical alignments.

o ' 3) A T OF M S has a higher ‘I:vransmisswion thaiz.,a,
conventional §pectrometer,' and also dis&iminates less agaif_xst ions
po}sséssing K.E. | ‘ ’

"L)A T OFMS should be very suitsble, by its

pulsed nature, for studying the K.E. of fragments and processes
'occur‘ing over the renge 10 T . 102 sec, after ionisation.

Disadventages :~ The ovefriding disadvantage is poor re:;,olution.

‘Resolution is defined as _M ,' which equals T far eonstant momentum
- AM . - AT . ‘
conditions, S c . :
Avelue of M _ = 300 is the maximum thet can be obtained, which
AM )
is very poor compared to the values of 25000 obtainable with

conventional spectrometers.

69



' 3,3, Design end Construction of a T O F M S with a

Vacuun Ultraviolet ionising source

The originel form of the present apparatus wes designed and
'construotéd by M.A. Hourieh and D.W. Turher, and a full description
is given in reference 118 together with the prellmlnary results

obtaaned using it.

B 3. 3.,A, Vacuum Ultraviolet Monochromator end Light Source

The ionising source is avphoton bean, supplied from a flashing

gas dischargé light source via a monochromator,

3..3.A.(a) _ Ovticel Design of Monoch?omgigp; The‘moﬁgbhromatof

was of the normel incidence type, using a Bausch and Lemb precision

0 *99h5h meter concave grating. It was & "tripartate® blazed grating;
- ruled at 600 lines/mm., with its highest efflclenqy at 1500 4 in the
first order, 750 A in the second order.

The scannlng mechenism (showm in figure 21) con81stcd of 2 simple
rotany motlon about the vertical axis of the gratlng, coupled with & -
fine translatlon along the axis blsectlng the entrance and exit sllts
of the monochromator. The grating and sllts were mounted on the
Rowland Circie, the translatory motion keeping the exit slit in good -
focus, | The whole system was enclosed in a brass tube,_énd the
scénning nechanism was driven by a geared down electric motor driving
e shaft through en O-ring seal. | N

Fron figures .21 and 22 it can be shkonkthat"8 e
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Na-rmal.\*-‘ Groove! - a o —_ L ' :
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o
N

6L = angle of incidence
B = angle of diffraction '

¢ 3 Blaze an;';le '

. G'*{lm} pot;{'ien .
@ = Grating spacing 6%0 cms.

ot 2ero order

N '
—nagqe § - angle of rotation

Fl1G.22

' OPERATION OF THE DIFFRACTION GRATING




! » n Axé 1 112N ......;...'.............“'....‘;._‘ 7

Z
5
o
=
"

spectrel order of grating

o
1t

wavelength of diffracted 1light pa551ng through
- . the ex1t slit
| N = Counter numher of scanning drive motor
| ( 0 at zero order position )
The two slit assemblles:;;;;;;ﬁied ( 0-ring seals) to the end
of the ma;n qyllnder-ln a number of sectlons, enebling easy dlsmentling.
Secondary masking diaphregms'ﬁere'uéed?te'feduce stray.light<and
 reflections., The sllt widths can be adqusted by 8 mlcrometer through

-1 range of 01l mm to _1 mn
i

3.3.A (b) The Light Source. A triggered capacitor discharge source,

: whlch was used for all the work done on the apparatus in this thesis,
was one of the two orlglnally designed to be used in the. apparatusllg.
Gaseous flash discharges have been uSed for many years in photolys:Ls

119 12

,studles , end in vork on short lived species but it is only within

the last ten years that they have been developed for use below 1600 A'zl
The source described here is similar to one described by Weissler et 1%,
’ Thelconstrucfion end triggering errangeﬁeﬁts of the discharge tube
. ,are.shown in figure 23 (a) The gas pressure reqﬁired fef stable
operatlon was approxlmately 200 microns, and the power dissipated °18
Joule per flash, The repetition frequency was approxlmately 20 qyclea/
sec, and the duration of the light flash was approximately *25Asec.,

The discharge gas was introduced through 2 capillary section to prevent
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the discharge striking back down the gas line, The discharge tube
was sepai'ated from the entrance slit by two aluminium‘di'aphre;gms,_ the
first of which acted as the ground electrode for the dischargé R |

(figure 23 (b) )..4

3. 3.,A(c) Detection. The ultra-Violet detector used was a

‘p_hotohmultiplier. ( B.M.I. 62563 i), with its end window coated .,with

» va fine 1ayér of sodium salicylate. It could be placed fiirectly- after
th!Q exit slit, or, in operation with the VT"D F M S, after the ionisation
ch&i.m‘oer (fiéufe 24). Ampl:ifica‘_bion and recording were achieved a3

~ in figure 28 to give a lspectr;um of the intensity of U.V. light against

wavelength.,

’

3. 3.A(d) Pumping System. A block diagrem of the original system

is showm in figure 25, A pressure of 10" torr could be maintained

in the main chamber when no gas was flowing. The fast ,pum.p:’mg and

e 'subsiduary' diaphragm systems enableda pressure of '5 x 10"5' torr to be

m‘e.intained'in the main ghember when the light source gas was flowing
( 200 microns ). A pressure of several microns of target gas in the
TOFM S section did not cause an increase of the pressure in the main

chamber.‘

'3.3.B, TOFMS Section

3.3.13(2.) Tonisation Chamber and Drifi Tube (figure 25), »The chamber

consisted of a small brass chamber placed behind the exit slitrof the
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honoohromator. It cootainedbthe ion acceiorating region wtioh\wéé -
- formod by arropeller plate and some'rectgnguiaf coﬁper rings seporated’
from each other by 300 ﬁiilreéistors.  Ionisation occured along the
jhoton beam which passed,_354 mm in front of the ropelle; plato,o_

. Accéieration of the ions towards the drift tube'was achieved either -
hy applylng a pulse (constant momentum), or a stea&y voltage (constant
energy) to the repeller plate and rlng assembly. In the case of pulse
_acceleration, the pulse could be applied similteneously with ionisation
.; or after a time delay. .>The cirééitﬁgﬂsuppiying the.puloe-is shown in
figure 26, The Drmft Tube “was separatenfrom the acceleratlng reglon
“and the detector hy fine wire mesh grlds to help deflne the fleldpfree

ke

reglon .

3. 3.B(b) Detection and display region of ion 51gna1. Detection was -

pwﬁmdbyamwkc@mnwwawm@mm(ﬁ@ms%aMZﬂ

consisting of two aluminium foils on either side of a glass tube,

,.’, An integrated speotrum was obtained, which was‘amplified and

‘dlfferentlated as shown in figure 27, and finally dlSplayed on an
osczlloscope. Measurements were made dlreotly from tho oscilloscope,
" or from photographs,of tﬁe oscilloscope trace. |
- A block diagram of the complete apparatuo; showing connectiohs

to 21l the associated electronic circuitry is given in figure 28.

3. 4 Limitations in Performence of the Original Spectrometer

(a) Resolution., A #ypical spectrum of acetone under constant



'79=

momentum conditions is shown 1n flgure 29. As can be seen the resoluulon

is very poor, the peak at 58 a.m.,u, only just belng separated from _

. that at Z'-S .,MeUe

% (b) Noise Level. The general n01sq/81gna1 ratio was qulte hlgh

and for the portion of the spectrum up to approx;mately 30 a.m.u. it

was so high that small peaks would not be dstected.

18 pat 6 x 103

(°), Signél Intensity was low. It was estimated
ions per pulse were needed for detection, ‘High target gas fressures'
weie'required for reasonable signal intcnéity; v

- (a) M;éé.Rang . It was féund that under constant’momentum
_condltlons the m «T relation was not obeyed above 70 a.m.u., where(

'~ the ion peaks becane very broad,

(e) v Instrumental Effects. Some of the Tesults obtained using
ite

:the apparatus have since been found to be erroneous and due to

1nstrumental defflclences ( see Results scctlon 5.5 ).
(f). The spectra could not be recorded directly but had to be
‘photographed on an oscilloscope screen.

(g) Target Gas Pressures. The target gas pressures used were

‘high (approximately 5 microns), with ‘the resultlng possibility of -

" 1ion molecule collisions occuring,

3. 5 JImprovements made in the Design and Construction of the

Mass Spectrometer.

Meny changes in the original design have been made in an attempt

-to increase the resolution, sensitivity, and reliability of the apparatﬁs.
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‘Oscillogrem oi‘_ghe mass specrum

- of ‘ac_:e’cone using an impacting . . |
£E8 a.wm.u. photon beam of energy 14.89 eVe

+ _
CHy COCHy —— Constant HMomentum condition,

3 e, — . .
L‘L‘."\ . Original version of %£.0.F.H.S.

CH;CO*

‘CHycocH

cHcochH, T

(1) Aéetone spectrum~—Constant
' Energy condi.tion.
© (i) Acetone spectrun—Constant
'  Homentum condition.

- (i) D00 spectrun—Constant
CHycot . Energy condition,

|

- e . ¢

FIG 29

(b’) SOME TYPICAL SPECTRA OBTAINABIE
T USING THS REDESIGNED T.0.F.i.S.




3 5.A. Vacuun Monochromator and Light source section.

- The original triggering clrcult (figure 23(a) ) of the llght
source had the disadvantage that it ran at the relaxation frequency
' of the .velay which could mot be controlled, and was not completely
regﬁlar.v -The circuit also generated_noise whiehvwas picked up in the
don signal»amplificetion end fecording stages (éee.section 3. 5.B.),
making reliable recording impossible. A more SOphistieated circuit
was constructed'(figure 30) enabling the frequenqy of dischafge to Ee
.verie&. The noise generated was suppressed by isolating the relay
sectlon of the triggering circuit in a screened container with sultable
noise fllterlng systems on the input leads, and by gynchron1s1ng the
initial muiltivibrator in the circuit with mains frequency by tying
the grid of the E G C 83 valve to the heartervcircuit through & +001
| capacitor., The repetition frequeney of the triggering,cireuit vas
_thus 1ockea to SQAh qycles per second.
"The lightsource itself was left unchanged as it was found that
several design alterations only worsened 1ts performance. The vacuum
: monochromator 11ken1se remalnd unnodified, apart from a re-alignment

of the optlcS.

- 3.5B. PTOFMS Sectlon

Virtually the whole sectlon has been re-desmgned

3. 5.B.(2) Re-construction of the Accelerating Region end Drift Tube.

- Figure 31 shows the final rebuilf form. The geometry of the



Y -

LAV : | © -gey . | _
goecfs - : T — — , — 10K Q.

.'AE'CC 83 - EF 9 ) VE'cc'ejz ECC82
( Mu(fiui‘rrm‘b@r) _ (Bvsto.(rle D}'-“"bler)(Qisfo.lrlgoivio‘.er) Ou‘ftu{ P

ud Relay ==

: 'DPfMF' ]Eg?r;::[eul‘ o l-iMF . |
T T 3 PP L
"~D°5'MF

—— .oawmF

o—
“-—

‘Lu..Cus Ic}n'v.{: on
Coil

s 5,000 V
-er%%er
Pulse &

LL‘}L{ SLource

- (a)—REDESIGIED LIGHT SOURCE TRICGER CIRCUIT |
FI1G.30 " 50/4 CYCLES PER SIC. OUTPUT.

(b)—SQUARE WAVE GENERATOR AND DIVIDER CIRCUIT
e e ', 56/ 4 cycles sec cutmit ';:':;:rm:;s 1st relay

in the trigger circuit above.



Pkot;.{ Beam

RSN

'mmg@ﬁj///////////m

,L. o - Gla.zx- Me{’-o.(
AN E S ... < . Seals
' IS > - —2000\/
|: DaxFETr TUB_E s § E S .. s o“tru-t
JN N ~
: 2& NS 3 - J /——Is—_.\-e-Selechr_:
uue; f >
. ’\ sen Foa
(117717 /

Prorom mustapises

inear Accelerati

/)

El

"'}

P\e;};o n

17 Sta,e Infe%rul

Y Digeusion PQ%(.

)

Regittor Multiplier
‘ - . (Q)
| s Brass Wa.skérs R ‘ ‘
‘ K . ?—-——-———.o"'ition i 1&7 KL Sub- M;n'\'t wre R“;'-"*°r3 RBrass -Dis‘ -
77 Exit olck \, ¥ ¥ : = g
/ ) v ‘ol._o.oiohogogo:g_:o.rc =._a
// : Ceramic Rod \3“ ) ) ' : H i .
. g :\ Fine Qru’.-
1 : e | T e L
4'. Brass Plate . /‘ 'a \ S T "‘ \ "‘, El
Nichel ] 2:Smm ) Lwmwm Thich Nichel Rengg _
lr Receller ) ‘ ) ) Cera_..;u_ RO&S
Plo.‘::e ' '

R — '.['HROUGH THE RECONSTHUCTED T.0F M.S. ~—— BALF ACTUAL STZE
'(b)-mmm SECTON OF THE LINZAR

"|\r [ : . l‘..}l! TRV T | v ovese s

o

ACCEIERATING REGION | e

g . R




occeieratiog regioleos-improved consioorobly to provide a mofo uniform
aocelofating field, and the vhole ionisation chambor was ooatedAwith
sootvffom’a'benzenq/coal gas flame to redgoe light reflection ana the
formation of photoelectrons by impact of the photon beam on the ﬁeﬁol
sﬁrfooes. The drift tubo was lengthened to ﬁrovido a longer ion |
time-of?fiight. This was necessary because it was found that the mass
resolutlon was being llmlted W1th a shorter fllght-path (. see section
3. 5.8B.(b) end (c) ). -

- Detection was performed by an electron muifiﬁlier-allowing‘a far
greater sensitivity than in the origihal capacitance t&pe detector.

An 2dditional 1 inch diffusion pump was added to the field-free

drift tube séction, and a Penning gauge £itted to the ionisation 3

_chamber so that the target pressure could be accurately monitored |

. .
- H

3. 5.B.(b) Amplification ond Recording System Ono of the major
foults with the original apparatus was that a spectrum could only be
recorded by photographlng the oscilloscope trace. Also the action of
the signal pulse shaping omroult (flgure 27), and ampllfzoatlon by the .
omain ampllxle? and the osolllosoOpe broaden the signal pul;es

' coosiderably, deoreaoing tﬁe resolutionAob?ainoblo. 'A‘syséem wos
designed ﬁhereby.tho spéotruo could bo recorded on a pen reoorder:ana;
“in which any pulse broadening after datectioh.did not affect the
rcsoluﬁion. A gating circuit was used so that detection of the signal
was Suppressed except at the poinf in time, 0 + At when it coincided

with a selector pulse (figure 32). The selector pulse scanned the



187

SC}M&.\
1#%;&*(} : i
c ! ‘
\ . .
I'l| i'l o , vasup re'ssec( 5P2<frun\
- — :I — il - o N '
t, ! LN o — '
P N '
S i 1! L
. Celecddor ( 1 : .
© Palse "Pedegtal”) | 1], 5o - B
R g .‘:"' ‘ ‘l'g' 'l|| v~_5‘_|_APre'ssocL Spe.c{'.f-um
: '_n nJ:i: IIJ,\'l :“! .3 V
e, X — ¢
.5 I ,‘ .
"' \
. -n.\ . | |
: ' L--st%naf. Pa.snne? H\.rouc}l\ Gate
) - ) b ' | = Rmpligied , converted & o p.C
I : 1 Volkage a.r\d. .gecl t, X-Y Recerder
) l' |  (R A g - Rs  selector Pulse s»vee;;g'
: "l ' “ ,“‘ ;‘ Complele Spoct b um “
L B Ereced ot
Py S
-ff,.J | TBE 3 —t
. -?-‘os's{:i'o-; c¢ Selector Pulce-
Part way through Scon
FI1G. 32 OFERATION OF GATING SYSTEM ON THE

HYTOTEETICAL SPECTRUM



88

=
-

spectrum, and the 51gna1 pulse detected was ampllfied converted to
B steady Voltage and its amplitude recorded on an X - ‘%> recorde‘. “
In this wey & copy of the oscilloscope dlspley was'obtained on. chart
paper without the broadening due to shaplng;and ampllflcatlon. The
only tﬁing whicﬁ directly affected the resolufion was the duration of
. the seleetor'pulse. A 31gna1 shorter in duratlon than the selector |

: pulse would be degraded

‘The general technlque of electronic tracirg of repetetive
f oscd11oecope displays is quitewwell estebdished and some sPecific

examples of its use can be found in references 122 ‘- 129.

Several systems of;gating the signal affer the multiplier'were |
tried, the simplest.and most successful being a Singlevdiode gate'zs |
(figure 33). Even thisvwes nof ehtirely suifable however; since the
dsignal ﬁreakthrough at»positiens not in co-incidence with the selector
 pulse was too large and so was the Selector Pulse "pedesfalﬁ (see
‘figure }2). It was abendoned in faveur of gatirg the dultiplier ’
itself. bTwo methods were developed, the circuit diagrams of which are
w>gdje§}dn figure 34. The thyratron discharge.eystem produced'a

“slightiy narrover seleeter pulse ( *134sec ) of greater roltage; end
" resulted in & better ehaped'eelector ?ulse "pedeetai", and so was
' preferred. There Wasvlittie‘to choose between the tﬁe'systems in terme
of signal resolution,
| Figure 29(b) shows some typical spectra obtadnable using the
re-designed sbectrometer.' Those of CH3CCCH3 may be compared.wifh )

the oscilloscore photograph obtained by Hourith shown in figure 29(a).
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"~ 3..5.B.(¢c) The ion accelerating Pulse (Constent Momentum Acceleration)

Although the resolution using the re—designed 3pectroﬁeter-was

' con51derably improved compared to the originel system, at hlgh masses

lwxundcr ccnstant mgmentum acceleration condltlons,lon peaks were. stlll
.broadened and occurrcd at a 1ater time than would be expected for
their masses. . A typlcal spectrum of a mixture of Xenon and Krypton
is shown in flgure 35(a) Thls behav1our was found to be due to the

' poor shapc of the p031t1ve acceleratlng pulse, whuch possessed a large |

' ; negative tail (see figure 26). The circuit generating the pulse was
modifiedvfrém thatishown in figure 26 to that showm in.figure 36, and
a much‘better'éulse shape was obtained. In the resulting spectrum of
“the Xénonkand-Krypton nixture (figure 35 (b) ) the peaks were of fhe
‘Qorr¢Ct shape and width and oécurred at the predicted poSifions_in the
speétrum, showing that the scale was linear ( mect ) up to a mass
of at'ieast 132 a,m.u. . | |

Aé mentioned in seétion 3. 5.B.(b) with this method of‘detecﬁion

and recording only the widthvof the selector pulsé-qould degradeithe

~mass resolution of the apparatus. Under constant momentum accelerstion
cbnditions, the}flight times of.the ions were short enough, and héncev

‘léach mass peak narrow enough, for this.to.qccur. »By reducing the -
accelerating pulse height3‘the flightvtime of the ions was indréased‘

- end the difficulty overcome, This is demonétrated'in figure 37 where
two spectra of a Nitrogen and Oxygen miiturg are shown, one obtained
with en éccelerating pulse of ZKV,“and one with 1KV, If can clearly

be Seen that the separation: between the peaks hes increased using a




F l G 3 5 MASS SPECTRUM OF Xe/Kr MIXIURE . [
" (a)— ORIGINAL ACCELERATING PULSE CIRCUIT. g
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T XV .pulse , while the peak width remeins unchanged.

3, 5.B.(d) Ton AcceleratirsConstant Voltage (Constent Energy Acceleration)

" The accelerating vollage was originally supplied by a battery.
Apart from the disadvantage‘of hotnbeing.able to introduce a time
delay between ionisation end ion acceleration ( for K.E, studies),

-

‘iivwas noted that ion peaks were broadened on fhe high mass side. On

»

using a 60 volt 30aisec pulse from the Marcpni Generator, the peaks
P . , : . '

were symmetrical and narrower. The difference was . attributed to the
! ) — S :

finite width 2nd the shape of the light source flash :=

& BAigeed;

S a gec

Vhen a Satteryuvolﬁage is sﬁppliéd,'ions are starting their acceleration
4 fhroughout the duration of the flésh, and a broadening of the jon signel
,océurs, fefleqting thetshape of the light flash. bThe 60 Volt 30415&6

. Puisé is'applied after a variablefdeléy of at ieést 1;25,4Lsec'after the

| Jight flash. Gonseqﬁentl& #ll fhé ions are accei;rated from the same

point in time, and the light source spread is not reproduced.

3, 6. Preparztion and Pﬁrifaction of Materials

!a} Gases. The following commercially available gases were obtained

from cylinders .- Oxygen, Nitrogen, Hydrogen, Carbon bioxide,



'}'g;fs

Nitfoos Oxide;'Ethyicnc, Argon and Hcliuch Vhen used in the 1ight'
source they were teken directly from the cylinders, whilst those used
~as terget gases in the mass'spcctrometer and the photoclectron A
" spectrometer vere subjected fo freezing (1iquid Nitrogen) and pumping
'cycles,whenu their freezing point ma&e~this'pos§ib1e. |

EZEQ vas generated by heating paraformaldch}de.‘ The vapour _,‘
produced was drled by passing through calcium chlorlde and sodlum
sulphate, and subaected to trap—to-trap distillation.

1_2_9 was generated in a 51m11ar manner from a sample of
d2 - paraformaldehyde kindly prov1ded by Dr. J.H. Callomon. The
purity of both D,C0 and HpCO wes checked by mass spectrometery (¥.s.9)

£O0S.  was prepared.by the actlon of 50"H2304 on & concentrated |

aqﬁeous solution of potassium thioqyanate. 7 The gas was passed through

307 XKOH solution to remove CO,, through animel charcozl to remove CS, ,

and dried by passinguthrough calcium chloride and sodium sulphate.

The purified sample was then subjected to trap—to»trcp distillation.

(b) Iiquids. Commercial Acetone, carbon disulphide, formanide and

N = methyl formamlde vere. used all being subaected to freez1ng and
‘pumplng qycles, as was & purlflcd sample of N - N dlmethyl formamlde
k;naly prov1ded by Dr. J. Jones. Distilled H20 was boiled to remove
any COg;: '1520 was commercié.lly ava.ilebic ( ) 987 vurity ).' Both

were subjected to freeszing and pumping cycles.




. ANALYSIS OF THE  ULTRAVIOLET  RADIATION  OBPATNABIE FROM

THE LIGHT SOURCE OF THE VACUWM U.V. MOKOCEROMATCR

To be able fo use the monochromator /T OF M S assemoly effectlvely
for the s‘cudyv of pho't'oionisaulon, it is neces sazy ‘E:o have avan.la'ble . '
_emission lines whlch are reasonably intense well characterise@, and
spaced over tbe enexrgy range requlred (10 - 25 eV ). These were |
supplled by using a varlgty of gases in the llght sourcé discharge tube,

i . . . Lo
but’ very careful analysis of the resulting lines was required -to

' ensuré'that -
v (a) The sfect;ai oraer‘of each 1in¢ Ha& Been correctiy idéntified.
(b) The waveleﬁgth aégfibed to it was accurate. ) ) |
(c) There was no céntributi§n from an underlying‘line of a
. differeht sféctral’oraer; and hencé energy, nrésenf
Only vhen these conditions were sat1slled was the phot01onlsatﬂon
-data obtained using the llnes of any 51gn1f1cance.
4" In seetlon 3.3.A.a."10 Wos shovn,tnau the x«.aveleno h of the dlffracued
N light pas51n° througn uhe ex1t slit of the monochromator should be glven
';by equatlon 7 e N - In practlce it was found that if thzs
 eqpat1on were uuéd; the exPerlmenual wavelengtns ¢ound vere not in
agreement with ;he known values for some lines. This was ascribed to
‘an error in the zero order‘position of-the grating rotation counter,
suchfthat the correct equation shéuldAbe :- o

n XR = 1'112N + 183- ..0;....-.-...0;’.00.. 8

' The wavelengths of the emission lines were ascribed accordingly.




© In fact equation § was also incorrect and from the Xnowm

'wavelengths of the Lyman oc and B enission lines of Hz'za the

correct expression was shown to be

n Ag = 1°112 N o
x . 1.018 .....'...........‘..v.. 9

the deviation from the theoretical equation '-',l being due to an error

in ‘bhé nominal value of the number of turns per cm, of the screw

thread dr:wmg the scann:r.ng mecham.sm.

The 5pectra1 order of an em:.ss:.on lzme was establléhed by
studylng the 1onlsz.ng effect of each 11ne on a num'ber of gases of
known I.P., Tn this mammer the wavelength of most of the llnes
produced in the _dlschargepf 0o, N2, A, COp, CHp = CHp, Np0, and Hy,

.of sufficient intensity to be useful in photoionisation studies, were i

.A'identified'. The wavelengths of many of these lines were cpnfirmed’

from KeIly s " A Table of Enission Lines: in the Vacuun TJ'.'!.‘t;rav:i.ofl.e1!2
Moors's " Atomic Energy Levels Tables‘a'p, - and work done with & light
source of a similar ;typeBQ. | Agreement wa's uéualljr within iexperimental
iimits. _ . B | |
"An‘additional check on ‘t-he corrécfness of the spectré.l order was
provided by idéﬁtif'ication of‘ ‘each line in at least two ,.-and so?nétimesi
three orders, It.was.';lsuaiiy possi'ble‘{:o confirm or dispi‘ove the

presence of suspected underlying lines of a different order by looking

for them in other spectral orders. The use of suitable filters, placed

between the exit slit of the monochromator and the light detector would

probably help establish the wavelengths of the few remaining llnes.

A thin Aluniniun £ilm ( 1000 1 ) could be used since it is knowa that

9" :

?



’%he transmission through such £ilms iﬁcreases stée?ly fron 0 to LOF
at wavelengths shorter than 800 A '32. A gas filter'might aléo"pfo§e4
useful, Neon at a pressure of »1 torr has negligible absorptlon at
wavelengths between 1000 ~ 600 A but it rises rapldly below 575 K' ’.

In Tables I -YIIare listed all the usable ultraviolet lines

 fof each gas for which no ambiguity occurs.

Délayed Emission Lines

During the light sourcérliné survey the timeAdependences of a
number df lineé were observed, using an-oséiiloscope,'to have a |
_forﬁ different from the normal. An exampie’is shom in figure 33 (a).
The ionising effect of these lines was observed using both a'battery |

accelerafing voltage (60 volts), and 2 60 volt, 30 ALsec pulse from
the Harconi puise generator, with a 1.25AL sec delay between light
source discharge and jon ;cceleration. ] |

Using the 30 AL séc pulse, one ion peak corrésponaing to 02+
appeafed in the mass spectrum. For the baﬁteny acceierating voltage
two peaks were observed for some of the abnormal light source lines,
end only one for Ouhers. | A tjﬁical examp1e5of the mass Specfrumv
E resultlng from 1onlsat10n by one of the abnormal 11nes, under each

condition of acéeleration, is showm in‘figure 38 (b). The separation

between the two ion peaks was independent of accelerat ting voltage, the

first having the theoretical flight tine, t, for an 02+ ion, the second

‘appearing at time, A%, later. - That At did not chenge with a change

in accelerating voltage indicated that the second peak was also 02+
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Phis ihplied that two ionisingilight.sourcellines viere présent; one_-

- of vhich was " nérmal " (i.e. reaches a maximum intenéity Withiﬁ _ B
*l ALsec of the dlscharge), and another vhich has a maxlmum at time,
At, after the discharge. One 1on peak only was expected.and.
observed u31ng a 30 ALsec iqP accelerating pulse delayed 1 25‘4Lsec
after discharge, since ions formgd by both "normal®™ and "late" lines
were in this case accelerated togethep;r This behaviour is illustrgtéd.
diagraméticélly in figure 38 (c). | |

in the cases where a "1ateﬁ line did not produce & "late" 02+ ;
io; peak,Athe'line was first order and of insufficient energy to cause
ionlsatlon. ‘ :

The "late" 02" peak was usually broaaer than the "normel" one,

'1nd1cat1ng that the "late" llght source line had a greater time
duration than tne "normel" one. |

ﬁhble VIII glves> o list of the lines which have been identified as

N

"1éte".11nes, together with an estimate of the time, At which

- they are delayed.
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QXYGEN

TABLE I

v el SUE R LA e

EMISSION LINES OBTAINABLE IFROM THE VACUTMY

U. V,

MONOCHROMATOR LIGHY SOUMCE — RECORDLD IN THREE ORDERS

R eman il
o I
e e

: wvon () | BISINIIGS poumm mar | gy
y ' : RESOLUTION OF THE HONOCHROWATOR. . - | (BeVe)
— 1st. Ond) 2nd.Ond|3xd. Oc : B
. i :
) ¥ — 153q*| 536 1 T 5378 538.3 §39:1 §3%:1 § 2301
y — | 552 | 553% 1z §53:3 s54e5 6553 2243
‘——" (579 | §719 | @w'ssok S81r0 2139
‘ — |z98 | sa9*{mm s9ve 5994 @ 6oos | 20w
— le1s [ e1E | o 6143 cléz,.méwo 20014}
— k3 | 643 ) o kbt 1 i e
— |evo | 6r2 | 6729 738 e frgess
585 | 684|685 | NIT  See Nitrogen 18+ 11
702 | 701 | 702 I 7023 7028 [702:9 7o3gl 17:47
718 | vig |l M7 X ied R 128
— -1'738| 739 § (@ 739:9 ? — We'ah_ Liné)‘ 16-81
786 | 787 — | IX 787 w401 vao.2 . | 1578
796 | 994 — ] @™ v36.4 (cu vsgot 7931 )] 1558
g33 | 833" — | I 832'¢ ‘e3%.y e3ps 1 89
1 ]l mr-oszaa gy 883 PTe7 s
ol | go0a* ~— 1 Im 899:0 (Cu 8948 9011} ] 1378
Q18 {914 | = | NIL See Nitrogen (Cum qi42)] 13+56
972 YSs | =— '3 vy QY32 A73.8 9657 173
489 | 990 | — | & 9828 9902 NIT 381 1263
1036 03¢ | — T 1039'27 103%4 10ki-0 1195
toed* [1oer| — | nm  see Nitrsgen T RIAA
1163 (1153 — §x 11522  IT 1153.3 1096
1217 121V | =— gI 121746 ' '1o-\¢z§

* R . T ) .‘ . ° . .
- Indicates lines which lie near lines of a differing order.

\ N7 en e e ave v e o



TABLE 1I

NITROGEN  EWISSION LINES OBTATNAPLE FROM THE VACUTM V. V. -
HONOCHROMATOR LIGHT SOUKCE — RECORDED IN THRIE ORDERS

- . Indicates lines which lie near lines of e differing oxdex.

wnacts (1) | el M e o 4 e
' — RESOLUTION OF THE MONOCHROMATOR. . e
1st. Ord{ 2nd.Ord|3zd. Ord ‘ | R |
— ‘580 | 581 1 I 5822 . OXI See Oxg.g_en. 213
— |62y [eae f 62w 2%k G IR TS B

— [ 635 [635 | IL 6352 i 19-53
— lews |ew3 §m oehil Cekkes .'éks"l'- 19+2¢
Ce— 59 JLEOM] I G602 e Y peend
670 ] 670 |6¥0X ™ 6710 bYVeh LWL (1207 949

685 | 684 | 685 §I0 6850 6855 6858 694:3) 18.08]
48 | kS | 7k6 | T w58 Yo e pases
— | 762 {762 O Y44 ™ TEE , 16-24
744 yyo | 7y T Ivi-e 7714 7928 v_vz-o 1607
— s et vv4e0 g 1548
796 84| — | (Cu I 890 % 733%1) oxm vait] 1560
g3 .833 — { O e+IX " Cee’ Ox\a.ﬁ.ﬂn. 14,:89
901 § 401 | — | (CuIT ©99-8 401}’ 1377
an § Al | — fIx Q154 4160 X qzzo qzzz 1353
| - == leany  (CuIm .91 2) PR
| — | — | T 9040 9l é.-tqcs--z, 12:87
¢ | ave™ — | m 479-¢ -9%a9. o by
qgq | 990 — | mr 989-8 9915 ‘Hl & sy
1003 | 1003% — UT 10040 S 11233
084k} LOGL| — I 10840 A10.8§."é, ’ xoe‘s—-y ARYAA
X ' (05 T
CEBa | I 3kea U3kek nis.o | 10047

' (i 1 11284 R




. ARGON

. TABLE I

" EMISSION LINES OBTAIRABIE FROM THE VACUM U. V. =

HONOCHROMATOR LIGHT SOUMCEH — RECORDED IN THRER ORDHRS

EXPERTMENTAL
_ WAVELENGTH (4)

EMISSION LINES INCLUDED IN AN
APPROXTMATELY 44 (1st. Order )
RESOLUTION OF THE HONOCHROMATOR.

6 8S

8¢

8aif
. 898
- 918
928
948
1033

698 '

749 -
303 .

6469
N¥-YE
4ag
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749

Q.1

850

877

885

q01%¥

Q149

929

4.8
1033

1034

1084t

A

ATy
698G
V16

768

1st. Ordﬁ. 2nd.Ord| 3xd. Ord
i |
( {issa* 538
___‘_ ! ‘§S8h p@ £53-5
I 555{ 556§ L 5568
— 1603 | ¢oz¥{ m 6029
o6l 638 D 63703
o éch 42 40T 64108
— 1t bb2 |84 FIL 4619

800" 4 801 l

3L.0:0
8506

SI5-1
8832 -
Qo2

4198

ILT 932-0 |
(Cudt Skb0)
{( Cu II 1034:2)
NI See

S’S‘é‘l

]

6‘7; : .
ésao éqoz
E é>°l°l 1, 7003

:53751

897{,.
90! 8

Nitraaen

ID'. £368 5375 5388

;m 5'3“3 S'
o esa

é IJ-?NZ 4' AR

9¢1;&fsov

I!I 879 ot

AT

*. Tndicates lines wnich lie near lines of a differing orders .

f .
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TABLE IV

. . CARBON DIOXIDE EMISSION LINES OBTAIFABLE FROX TRE VACUTM U. V,
. HONOCHROMATOR LIGIL SOULCE — RECORDED 1N THREE ORDURS. .

104

. !
M |
HETE |
T
Pt
.
;.
L
s
I
P

EXPERIMENTAL

© WAVELENGTH (A) .

1st. orat.r 2nd.Ord| 3xd. Oxdl

ENISSION LINGES INCLUDED TN AR
APPROXTMATELY 4A ({st. Order )
RESOLUTION OF THE HMONOCEROMATORs .

ENERGY
(By.)

e U NI
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e e

901 | 902

11281 V18
- -

— | 538
— | £82
— | 579
— | §as
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— | ¢ 5
— | 443
— | ¢50
— | ¢20
$8s | 6BC
498 | Jol
218 | . 71b
goo | vas
£33 | 833
857 g5y

948" | q4S
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90| 98&9
1009% 1 oog®
1638 | 1o34
otk 1oéd
108k loé)k

£y

RENEEREEREN
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553*
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Loq’
¢is
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{50
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688
702

717

‘om é°°w7-"? s ,I_xz_'éqéva 04

) QN:‘} %en s
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Nibrogen v 0“%&‘.3" F

See CH-‘-CH; o.ml Oxg_g,euA
Oxtg.ger\ R

o

B RN

SETa
Oxyqen”
Co.rlror\.,ti:‘t

Carlion

( Cu I ,‘7,_:‘3‘35_"_)'_:‘;

Oxygen

O'xygen . -

S | S

o .
wo Y

""""

Carbon. et
“‘.‘ﬁfff~7A
.

n -

Nitroaen

| BT Y

4372

23:0%6

AL 4y
21+39
207

2037
2014
19-26
19:05

Y-I S Bh

1805
17 L7
17-322
15:5¢

Vi bt

RESRES

1270
1252
126

NIRLTEE
164
Lhdd

* N N . , * - . N ’
- Jndicates lines which lie near lines of a differing ordex.
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| ETHYLENE

_TABLE V_

MONOCHROMATOR LICHL SOURCH — RECORDED IN THRIEE ORDERS

EMISSION LINGS OBTATNABIE FROM TR VAGUDM U. V. ,

: ' RESOLUTION OF TEE MONOCHROMATOR. | (Bwv.)
18t. Ord! 2nd.0rd|3rd. Ord . )
— | g3v | 537 I 5353 381 €382 £33 2304
st | gy | SU I svaes o R
—— | ¢50 | ¢8I &51-2° e512, 2515 o § 1acoe
688 | 684 | — | IL 6865 4871 L814 ] 1805
Vig'l gl — {17 _7u,.q (CuIII v:s s) §7:32
WE ) TR | ' . . L 16: 40
766 | 742 - 16+24.
8O3 | BOE* — P ITL. -306 l,r. 806 l;c. 906 “1 15.38
85V | 857 — |1 ©59 1. 886 o ekt
Q6 | f0z| — tIT tmzv Ctoize.o c;ox,gs- 13-32
Q6 | ik — {(u =z °ns' 2 c“z, 20) 1351
o) w3 ~— | 1 qus53 kS (cu %zz) 1313
Q746 | /¢ — e T 9Tl Co : 12-70
. |recs ooy — Far 1o0arg ioro.d zoxo 31 J2-28
. pro23 1034l — 1 I¥ 1o3%.0 L LI .
o rebht 108h |— 1 IT 10459 j04%r]
o JrOBR| oG] — ) N IT . See - Nitrogen
K

o R R PR
K Indicates lines which lie near lines of a differing order, .




o we®  mursson 1mwEs OBTATEABIE FROM THE VACUTH T. v, S
.« . HONOCHROFATOR LIGHT SOURCE — RECORDED IN THREE ORDERS - =~ = i .
. EXPERINE EMISSION LINES INCLUDED IN AN _ e
VAVELENGTH (4) APPROXTMATELY 4A (1st. Order ) Bl
: ‘ RESOLUTION OF THE MONOCHROMATORe ¥
1st. Ord¢ 2nd.0xd|3xd. Ox :
__‘_——‘- -“ . . B ! -" . - K ’ ot -. . e e e - ] b
; ) o T - 1 i
— | 2151 — l'o mx See Oxuygen = f 1244
98 838} — { o @ - . . {138l
q80) Se0) — | N YOI See Nibtrogen 2071
. HYDROGEN EMISSTON LINES OBTATNABLE FROM THE VACUUM U. V.
JiONOCEROVATOR LLGHT SOUXCE = RECORDED 1N THREE ORDERS
- EXPERTMENTAL ' : o
: EMISSION LINES INCIUDED IN AN
| VAVELENGTH (4) APPROXTMATELY 4A (1st. Order ) E?ER%Y)
RESOLUTION OF THE MONOCHROMATOR. e
) 18"&0 OrdWL 2nd . Ord 3Id‘ 01‘(1 ' . ' ‘
lOZL 1024 - H o L:}mar\. o 1025'7 _ 12:09
A2 — | — | H L%MWAB :23571 10201
_ V8§75 — — - . : 7. 88
koSt — -_ % .‘MoClef'cu.La.r _ Lmes vz
o 1836 — — - A T o
.}_‘_*‘ = . - ‘- : 7'5_%,_ o
) - &-—-gﬁiyn :'lt.ines which are more intense
IR e B he,corresy 11
. : Nltrogen or Oxyé)ggl ange iggicg.%ed )
¢ . . Indica‘cea lines wmch lie near lmes. o a dlffemng order. .
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. TABLE VIII

- OXYGEN " IATE " LINGS IDENTIFIED IN THE T.0.F.MM.S.
LIGH? SOURCE ,

15t.0rd. | 2nd.0rd, | 3rd.Ord. Time delay, | Time between
mass pefks.
: ' =
C— 670_3 672 & tu-sec, | .Svn:sec.'
—— 615 fé 615 X 1 sec, «8 1 sec.
1747 & — — 2 a1 sec. "o ion
. 1490 z — —— | 2aisec. | 1o ion
1300,15&, ) ——— 2 sec, no ion
1217 A —_— Ce— | 2asec, | no iOn"
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CHAFTER 5

RESULTS AND  DISCUSSION

In this chapter photoelectron spectroscOpic'results are presented
fo: a number of molecules. In the cases of HyC0, DyCO and N50,
relevan£ mass spectrometric results obtained using the TCFMS are '

- included, In some caség the photoelecfron spectra have been examined
at -an earlier date under lower resolution, and comparisons are made.
The results are disduss;d in rélation to the electronic energy levels
of the mdlecules concerned, and the theoretical calculations concerning
them. | Previously unknown vibrational frequencies in many ionic

~ electronic states have been found, and éthers confirmed, Some F - C
factors_have been‘measufed, and where possible the values compared to
those calculated, 1In en effort to obbain as much informatioﬁ as
possible on the ionising ﬁrocesses concerned it is necessary to
correlate therresultS‘with thoée of related work in the field of
Iphotoionisation.

Section g5, 5, covers a brief mess spectrometric study of acetone
using the T O F M S, which was made primaerily in an attempt to assess
the usefulness of the Spectrometer for'stuiyiné thg K.E. of ions end
the processes occurking after initial ionisation (or excitation). The

results are compared to some made using the original version of the

s
spectrometer
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!

‘5. 1. Hp0 snd D0 o |

The 584 K He resonance photcelectron spectrum of H,0 (figuré 39)
|
exhibits three bands, indicating three orbital levels of energy greater
: |
than - 21+28 eV, and not four as reported earlier from electron impact

. |
133,134 . The values of the three adiabatic ionisation potentials
. i

studies
deduced from these bands are 12-61(6) eV, 13.7 eV, and 17.22 éV,gahd
\the corresponding vertical ionisation potentials (from the strongest
peaks) are 12°61(6) eV, 14°73(6) eV, and 18.55 V. The first is in
§1ose agreement with the spectroscopic value 12+61 éVlss, whereas the
ionisation energiés corresponding to the maxima of the very broad
 second and third bands’( 1-73(6) eV, 18°55 eV ) can be compared
Awith thé figures 14°35 6V|34 and 18'1_6V|36obtained by electron impact
measurements. Al - Joboury and Turner "~ obtained values of 12¢61 ev,
1423 eV, and 18°02 eV for the adisbatic ionisation potentisls from a
low resolution photoelectron spectrum, u#ing a grid analyser |
photoelectron spectrometer, . |

Deuterium Oxide gives a spectrum whose overall form is very similar
to that of water, adisbatic ionisation potentials being 12:62(L) eV,
13+7 eV, and 17-2 eV, vertical ionis;tion potentials 12.62(L) eV,
: 14-67(3)'ev, and approximately 185 eV,

Ellison and Shull'®, from their molecular orbital calculations
on the water molecule, found the grouhd stafe»cqnfiguration and orbital

energies to be :-
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_F l G 39 Tho phoboolocnon spectrum of H.O usmg the holium 584 A lmo

FIG. 40

9 (30,)

9 (k)

- *HOLECUTAR ORBITALS OF H,0, —= x exis .

S ':perpendicglar: to 'blane::{. of paper.

SCHRNATIC REPRESINATION OF T 3a, 41D 1b, . |

ot e




Hp0 (1a1)2 (22)% ()% (31)?  (1b)? ’: 1A1‘

\

[?4 (1s)® (230)2 (1'b2)2. (5e)" (2Px°)2:1

Orbital Enerzies 577eV - 366V 18+556V 13426V  11.79eV

where \v (321)

C3161 + C321sg + ©33 285 + O3 2pz,

Y @ave) =05565 + Cse 2w

61 : = 2-% (lsﬁt + 18H| l)

€ 2% (1Sg: - 1Sgn)

Thus, on thigbasis, orbital 3ai can be described as possessing H - H

bonding charecter, and the orbitel lbp, H - H antibonding character.

These orbitals are illustrated schematicelly in figure 4O0.

Each band in the spectrum shows & different vibrational fine

structure which will now be considered in detail

Pirst Band (Adisbatic Tonisation Potential Hy0 12.61(6)eV D0 12-62(2)eV
Figs. ln—l & 42 show on an expanded energy scale this region of the spectrum, |
which relates to the ion in its groupd electronic state. Seversl
 vibrational states of the ion are clearly discerned, and analysis of the _ |
spectra lead to the values for \)| and \)1 given in Teble IX , The similarity
of the vibrational frequenciss of the ion to those in the molecular groﬁnd
state and Rydberg levels leading to this state of the iom,’ demonétrates_
clearly that the first band corresponds to the removzl of an essentially

‘non-bonding electron from the oxygen atom, with little resultant change
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The photoolactron speclru‘n of H,0 using the he'ium 584 A lino; first band,
oxpanded scale, Some added xenon provides accurate calibration, .
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The photoolectron spectrum of D,0 using tho holium 584 A line, ;




TABLE IX

VIBRATIONAL FREQUENCIES OF H20 AD DO

2

13

- V4050 VD0
' 2 /'6 V0 9oH0
2 ,
Molecular Ground
state (14.) H,0 3652 | 1505 | 2.29 o
1 ’ i
( Herzberg 8b) . *558 .
o D20 2666 1178 2.26
Rydberg State C
erg e '
(TB ) ‘ H20 3170 1422 2.25 )
) 1 o527
Herzberg b
( Herzberg 5 ) D,Q 2290 1038 | - 2420
Tonic Gr State
(' ;ugd B0 | 3200550 | 138050 | 2.32
1 .
( present results) D20 23101-50 980-_!-_50 2,36 513
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B0 5 weeee ()0, 2B b H0, eeee. ()2, 1a

Supporting evidence is supplied by the relatively strong

in molecular dimensions,

(0 ,0 ,0 ) «— (0,0,0) transition.

The Franck-Condon factors which are deduced from the relative
'electron fluxes for the various vibrationa,ln states of the ion are
’recordedi. in table X . |

Botter and Rosenstock‘39 have calculeated the F -~ C factors és a
function of both bond distance and_ angle using the Rydberg 'b/ 2Bl
state .vibrational frequenéi:s. There is a close correspondence between
the ground state freque;wies and thosé of the Rydberg' ?:/ state for
‘both isotopic spedies, as can be seen from table IX , end this leads
to‘the expectation of very similar geometry for the two states.

They then used the very approximate experimental Franck-Condon
factors for the 0,1,0; 1,0,0 vibrational levels of the H,0% ion found
from the steps in photoionisation .eff‘iciency curves“o, to estimate the
parameters of the HoOt ion in it;s ground state ( see Introduction -
Section 1. 4(h) ). Similerly the experimental Fra;nck-Condon factors
‘of the D30 molecule in its Rydberg 131%' s'l:za:l:ev"'I were used to
estimate the parameters of the molecule in this state,

From ouf results, it is apparent that the e‘xperimehtal Frénck- Condon-
‘factors for tl';e vibrationally excited states found by Dibeler et al“? are
too large, possibly due to the unrecognised contribution from auto -
ionisation. Brehm-~85 has measured the photoionisation efficiencies of both

Ho0 and D50, a2nd an estimate of the experimental Franck—Coﬁdor@ factors
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may be obtained from his curves., All éhree sets of experimental
.resulfs are given, (in Table XI ), as percentages relative to the 0,0,0
transition, togéther with the ionic paremeters derived by fitting them
to the calculated curves of Franck-Condon factors versus bond angle and
distance, due to Botter and Rbsenstock. Though the calculated curves
do not yield-a unique solution, only one of the possible solutions is
conéisteﬁt with the idea of an ion formed by removal of a largely
non-bonding electron possessiﬂg some weakly bonding character. This
so;ution is the one given in table XTI . Also included in Table XI
are the molecular:ground»state parameters, and the parameters of the 1y

1
, 14 i
Rydberg state deduced from a rotational analysis { 1

The results are in disagreement with the calculations of Kfaussl43,
who obtained a bond anglé of 119° for the H,0 ion using an
SCF -~ Gaussian basis methéd, Such a large increase in bond angle is
certainly not what would be expected on removal pf_a non-bonding electron, -

Very reéently Botter and ZRo"sensd:’o‘ckm’4 have extended their
calﬁula;ions of F-C factors'fdr H,0 éhd. D50 to include the effects
of anhérmonicity on the calculated values.‘_ The F.C. factors were
calculated for both molecules as a function of both bond distance and
angle. Figure 43shows graphically their latest rgsults,‘éxcluding an-
harmonicity effects, in the region of int§rest, for a larger number of
transitioné thaﬁ in their earlier workl?g. The tenfold lifference in
ordinate scale for both the 0,0,0 end 1,0,0 values should be kept in
mind, Marked on the curves are the photoeléctron experimental values

~of the F - C factors of table X . The measure of agreement is whether

all the points lie on the same vertical line, There is obviously a
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ﬁajor discrepancy in both cases for the 0,0,b —> 2,0,0 transition, when
nb estimate'of anharmonicity is included in the P - C calculations, but
a geometry -estimate of 1°0(0) X and approximately 110° has been
clearly estéblished.

As thére is no direct indication of the magnitude of the anharmonicity
in the'water ion, Botter and Rosenstock carried out a simple one
‘dimensional perturbed harmonic oscillator celewlation corresponding to
" a cubic term in the potential f&r the symmetric stretching mode. Their
_results (figure Ly ) give the F - C factors as a function of the

square root of the anharmonic constant Xe. ' They are shown for a geometry
of 1'00 Z and 1100. A reasonable value for the anharmonicity constant
accounts entlrely for the intensity discrepancy in the 0,0,0 - 2,0,0
trans1tlon. Further if req is reduced to . +955 A the 0,0,0,

0,0,0, -0,0,0, - 1,0,0, 0,0,0 - 2,0,0,0 transitions can all be brought
into accord with-a value of x, 0°0038 - 0'0\0 9. |

A similar parameteriséd calculation fdr the Bending mode indicates
that for increasing anharmonicity, the same F - C factor is obtained
for a decreasing bond angle, A reasonsble estimate of the anharmonicity '
is thoughf to be x, = - +01, which reduces the calculated bond angle
from 110° to 109°.

It is obvious from these latest calculations that the precision to
which the gepﬁetry of.thé ion was established, from the original
balculations, is too great, and that now a reasonable estimate for the

geometry of both ions would be :-

o
Teq. = 995 % -005 A
Qeq. = 109° |
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1
1

The bond angle estimate is of only moderate value, an improved
: \

estimate resting upon improved knowledge of the anharmonicity of the

bending vibration.

Second Band (Adiabatic Tonisation Potentials Ho0 = 13-7 eV,

D20 = 13+7 V)

This band (figures 45 and L6) appears to be a long series of almost

equally spaced peaks, the mean separation (-120 eV (Hp0), *089 eV (D0) )

corresponding to a vibrational frequency of 975 & 50 cm

1'in deuterium oxide. Comparison with the frequency of

in water,
and 715 2 50 em” '
'ﬂkin the ground state of the Ho0 molecule (1595 cm-l), and in the

B(lAl) Rydberg state (800 cm 1) shows \Qa’the bending mode to be the

only reasonable assignment here. , ﬁ

The length of the series (the transitioﬁ H,0" 4; 0,8,0 &~ H,0 , 0,0,0
being the most probable), and the reduction in the magnitude of Vf with
respect to that observed in the ground state of the molecule, indicates
that an electron has been rempveé from a strongly bonding level.

That the magnitude of ‘ 2 in the Rydberg level is‘rc&uced éven further
than in the ion may indicate that the Rydberg orbital, to which the
electron is promoted, has some anti-bonding character,

Since only the bending mode»is excited, the major dimgnsional change
on ionisation must be in a bond angle; This is consistent with the
removal of an electron from an orbital possessing strong H - H bonding
8

| character, as is suggested by the calculations of Ellison aﬁd Shull'3

for thev1¢f3a1 orbital of water,
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The ion Ho0% is isoelectronic with the NH) radical, the ground
and first excited electronic levels of Ho0t being of the same
symmetry species as those of NHz.. The ultraviolet a'bsdx‘;ption

spectrum corresponding to the transition
N, (A) e— nH, (X)

2 ' 2

A B

has been examined in detail by Dressler end Ramsey'|4s

. | Both states
ai‘:;u.se from. strong Renner splitting of the doubly degenerate 2T‘u
level, .applicable to a’linear molecule, in£§ 231 and 2A1 statesi.
Dixon'46- has shown the most stable conformation of NH, in its ;
upper state, zAl, to be slightly bent (Figure 47). This non-linearity
causes considerable complexity in the region bf‘ the first vibrational
levels Since sub-levels with- odd and even values of K no longef fall
int_o degenerate groups. In the second band of 1.:he photoelectron
spectrum of H,0 and Dy0, 2 similer situation appears to arise, with
the position of the 0 - 0 level being rather indeterminate, an apparent
"smearing out" of the first few vibra‘l_:ional levels, and an alteration
in width of the rest, The slight divergence of the later members of
the series is characteristic of a potential function containing a quartic
tern. | | | |
The well defined peaks for Ho0*+ (K) (v'> 5) fit the éxpression

T(cn™L) T, + 890 (v +1) + 6(v! +1)2 '

whilst

1.~ _
T(oms ™) 9,650 + 597 (v +1) + 1L.5(v' +1)2
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- + 146 ' \
~is fitted 'by the 2 1evels in the case of NHp

i

|

The energles of the hlgher vibrational components of this band in
H,0 and D20 fitted curves which could be extrapolated towards a common
origin near 13+7 eV. No peaks which could be associated with this
progression ‘could be found at a lower ionisation potenti_al. The
présenée “of traces of CO» (I.P. 1378 eVA) ﬁade accurate assignment of '
features between 1370 and 13+80 eV difficult. T, for Hyo* Ke— ¥
is thus approximately 1°1 eV compared with 1°196 eV for NH2+ It e——f.

. We conclude: that thls state of the ion is probably slightly non-

l:mear, involving a strong Renner effect, in a similar manner to

1

- that in NH,. = The deviation from linearity is probably less than is

the case for NHp.
We place the adiabatic ionisation potentials at = 13+7 eV for both
H,0 and Dy0, the first clearly me_astirable peaks being 13'89(7) eV for H50,

(Fig. 45 Inset) and 13.988 for D0 (Fig. 46 Inset J.

Third Band (Adisbatic Tonisation Potentizls 17:22 ¢V for H,0

17-26 eV_for Dg0).

This _(Figures 48 and 49) is markedly more comx;ole:i in form then the
 other two bands, and consists of peaks exhibiting varying degrées
of broadening,

Broadem.ng can indicate an unstable ionic state having a short
life-time. The Appearance Potentlal of tOH is 181 ev'36 4 , but no
upward break in the ionisation efficiency curve for H20 is observed

at this value, showing that the *0H ions are formed directly by removal

1
. _ 2
of a hz electron. Fiquet - Fayard and Guyonl47 suggest that the By
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| state of the HoOt ion is completely pre-dissoclated by curve \

: L n .
crossing with the A repulsive state to give +0H. \

H,0 T — ot %, — Efg 4+ OH* 3"

short life time »
Our.resultg suppoft this, It explains why the first few peaks in the
band are somewhat sharper than the rest, only these vibraticnal levels
apparently being below the crossing poinf with EA', state,

Vibrational analysis of the band is made difficult by its complexity
and supposedly‘dissociative broadening. A possible series of doublets
can be picked out, (*37(0) eV and -26(0) eV for Hy0%, «27(0) eV ana'
*15(0) eV for D29+) corresponding to modes of vibration with fregquencies

1 1l

2990 ¥ 100 em™, 1610 } 100 cm™t for Hz0 and 2170 * 100 em ¥, 1210 F

100 om * for D,0, the reduction in frequency for Dp0% compared to H,0*

being about what would be expected. The frequencies 2,990 cm"1 ’

2,170 ;m—l probably correspond to mode V5 , and frequencies 1,610 cm~1
and 1,210 cn * ta bending mode ¥ , . The decrease in V4 and siight
increase in ¥V o compared with the freqﬁgncies in Hy0 end D0 are
consistent with the removal of an electron from an orbital having |
" 0-H bonding character and H - H anti-bonding character, as is implied
by the resulté of the calculaxions‘of Ellison anf Shull for the \V 1b2
orbital of water, |

Definite assignménf of the adiabatic ionisation potentials is
’again difficult since there may be one or two vibrational levels of

such low intensity as to have been undetected. We place the 0~ 0

" transitions at 17°20 eV for Ho0 and 17+21 eV for D50,
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Momigny et alI4B have recently interpreted the H,0 pﬁotoelectron
spectra of .Blake and Carver > as providing evidence of the failure of
photoelectron spectroscopy to detect all ionic states because of the low
photoionisation-cross—sections of some ionising transitions ( € levels)
at impacting energies in excess of the threshold value. In their
paper Blake and Carver show two spectfa of water, under very low
resolution, using inci&eﬂt radiation of 584 K and 690 X (vi»a- a
monochromator).- These spectra are reproduced in'figure 50 and the
584 2 spectrum may be compared with figure 39 and figure-Sl where the
‘-spectrﬁm has been recorded using the alternative recording method of
acéelefating the ejected electrons to a fixed K.E. (Section 3. 1.0.5.
‘Blake and Carver correctly idemtify the 2B, and A  states of the %
ion, but erroneously consider the 2282 state to lie at 1634 eV and
to be obscured in the spectrum byvthev 2A1 étate peaks The true 2B2
state, which is‘ ¢learly represented 'by a large peak in their 584 .K
spectrum, they leave unassligned. . |

’ fhe persistence of attemﬁtsto place the %Bz state a§ approxinately
16°5 eV is due to features in Henn:i.ng'sI49 original U.vV.
abgorption spectrum of H20. This work was done in 1932. Henning
tent.atively suggested an Z‘E.P. at 165 eV as he considered that a
continuum absorption started at this value., There was no evidence of
a Rydberg series leading to this continuum, and anyway Henning attributed

the continuum to the 2nd I,P. of water, completely missing the true

2nd I.P. at 137 €V. Breaks in electron efficiency curves have

 sometimes been quoted in support of Hemning's supposed I.P, at 165 eV,
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.Though & break can be observed near this value, it is almost cé?tainly
.due to autdionisation, and a break near the correct 3rd I.P. cag also
be observed, No.structure due to inner ionisation potentials can be
observed in the high resolution photon impact efflclenqy curves of
Dibeler et all4o
.Thus there is no real evidence for an I.P. at 16+5 eV, and the
use_of Blake and Carver's specfra by ﬁomigmy et al %o demonstrate
that photoelectron spectroscovy has in the case of water ”miésed"-
an I.P. is totally incorrect since an L.P. does not exist at that value.
The original conflusion that the three I.P's ?f HZO at‘12-62 eV .
(231), 13+7 eV (ZAl) and 17-2 &V (2B2) is not therefore in any way in
qﬁestioﬁ, and as has been shown by the band by band analysis, this

interpretation is in accord with the theoreticel calculations'S®

147
with the experimental interpretations by other authors .

5 and

The small differences in the features of Blake and Carver's spectrum
at 58 X and 690 K near 16°5 €V, though hardly discernsble from
rendom fluctuations have at least two rational explanations:
The flrst is that there may be a "normal® autoionisation level at -
690 £ (see Section 2. k.a. Page 35 ) which enhances the pOpulatlon of
vibrationally excited states of the Al level, and the second is the

possibility of "fluorescent ionisation" (see Section 2. L.a. Page 35').
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5. 2. HpCO and DyCO . ‘ i

. 5. 2,1. 'The Photoelectron Spectra of H,CO0 and D,CO

The photoelectron spectrum of formaldehyde (figure 53) exhibits
four bands, indicating four orbitals of energy greater than -21-28 ev.
The valueé of the four adiabatic ioniéation potentials deduced from
" these bands are 10°88(L) eV, 14°09(5) eV, 15¢85(4) eV, and 16°25(L) V.
-It is possible that the last value does not represent the fourth adiabatic
io#isation potential since this band is overlapped by the intense peaks
of the third band, The corresponding vertical ionisation potentials
( measured from band maxima ) are 10°88(k) eV, 1L°38(8) eV,
16°00(9) eV, and 16*78 eV, ZEarlier work on & low resolution
spectrdheter'sohad indicated that there might be a fifth band present
corresponding to an ionisation potential of approximately 20°5 eV,

The first ionisation potential is in close agreement with the
spectroscopic value of 10°88 eV”dl and the electron impact value of
lo°s7 ¥ 0-01 ev ', Sugden and Pricéséctected breaks in the electron
impact ionisation efficiency curve for HoCO at 118 eV and 13°*1 &V, and
associated these with the second and third ionisation potentials, From -
the present results it is clear that neither of thase values can be true
ionisation potentials, and from the photoionisation efficiency results
given in section 5.2.2. & 3 it se;ms that the 13+1 eV break is due to
an autoionisation vrocess. Formaldehyde-d, gives a spectrunm whose
overall form is similar to that §f formaldehyde, but with differences
in the vibrational fine structure, particularly in the third band (fig.59 ).

The adiabatic ionisation potentials are 10°90(%) eV, 14.09(5) eV, and
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15°8,(6) eV. The region of the fourth band which corresponds to the
"adiabatic potential is completely obscured by the third band.
Calculated eigenvalues for the molecular orbitals involved, which
are illustrated schematically in figure 53, haye varied widely as the
methods of computation improvéd. A summary of recent calculations
of the eigenvalues is given in Table xI7.,
Each band in the spectrum shows a different vibrational fine

structure,

First Band : (Adiabatic ionisation potential Formaldehyde,

10°88(L) eV; Formaldehyde-dy, 10.50(L) &V) _
Figures 54 and 55 show the region of the spectrum for the ion !

in its éround electronic state. Several vibrational modes are

clearly discernable, aﬁd it appeafs that all three totally symmetric

vibrationsl modes, V1,V2, and V3, are weakly excited. The

frequencies of these vibrational modes are shown in Tablex1Ii, The

similarities of the vibrational fregencies of the ion, in comparison

withthose of the molecule :in its ground state, demonstrate clearly that

en essentially non-bonding electron has been removed with little |

resultant change in molecular dimensions. Supporting'evidencc is

supplied by the fact that the various vibrational states of the ion are

only relatively weakly excited..

Second Band: Adisbatic ionisation potential; Formaldehvde 14°09(5) ¥

Formeldehyde-d, 14°09(5) eV )

The second band (figures 56 and 57) appears to consist of a series



XIII

TABLE

o

FREQUENCIES OF VIBRATIOIAL HOD=S EXCITED IM THE GROUMD IOIﬁC

STATE OF HZCO ATD DQCO COMPARED VITH EQUIVAIENT VAIU=S IN

THE GROUND NOLECUIAR STATR (em™). '
N, (- streteh){ V), (60 stretc} ¥, (c-& deformation)
H,CO * 2560+ 50 1590 * 50 1210 £50°

GROUID IONIC . .
STATE D0 1910 ¢ 50 1560 + 50 870 50
( from photo-
electron HZCO/DZCO" 1.34 1,02 1.39
spectrum )

| H,CO 2780 1744 1503
GROUID : S
HOTECULAR D300 2056 1700 1106
STATE : .
( Ref. 8a) EZCO/cho 1.35 1.03 1.36
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 of doublets. The main series'of peaks converges slightly, the Spécing

of the first two peaks in formaldchyde being 0°150 eV, The doublét
58 |

spacing is 0°174 eV, This band was originally interpreted' as

involving the excitation of the C-0 stretching vibration Y 2

1

(main series) with frequency 1210 I 50 om — end one quantum of the

C-H stretching mode v 1 ( subsidiary peaks ) with frequency

1400 ¥ 50 om +.

At first sight the spectrum of férmaldehyde-d2 seemed to suppoft
this assignment, with the main series_being unchanged indicating an
essentially unchaﬁged frequency for v os but with the doublet spacing,
and hence the frequenc& N 1,being reduced to approximately 04120 eV,
It was therefore concluded that fhié state of the ion was produced by
the removel of & b—o.'TT-bonding electron ( orbital \y‘z ) in
agreement with the theoretical molcculér orbital calculations, since
only the C-0 stretching moderwas strongly excited.

Subsequent detailed analysis of’fhe'cxpanded scale spectrum shown.
in figures 56 and 57 revealed, however, that this interpretation of
the formaldehyde-d, spectrum was incorrect. In fact the peak
spacings seem to be identicel with those in formaldehyde, only the

intensity distribution having changed. In formaldehyde-d, the

2
"subsidiary" peaks become the more intense, This result is difficult

to explain, since there should only be one vibrational mode,k~0 29 which
is not reduced in frequency on deuteration. It may be that the band

is more complex than it appears, with either more than two vibrational

modes excited, or some form of vibrational resonance present.
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Third Band (Adiabatic Ionisation Potential Formaldehyde 15-85(L) &V;

Formaldehyde-d, _15°84(6) eV )

The third band in the spectrum of formaldehyde (figure 58) consists
of a single, slightly converging series of narrow peaks whose spacing
(0°158 V) corresponds to a vibrational frequency of 1270 £ 50 em™ 3.
Exenination of the third band in formaldehyde-d, (figure 59) shows
this sim;blicity to be the result of an equality of frequencies for two
vibretional modes. On deuteration the frequency of one mode { v 2)
remeins unchanged at 1270 * 50 cm~l while the other is reduced to
935 * 50 em L., The latter frequency obviously relates to a C-H mode,
since the reduction on deuteration ( 1°36 : 1 ) is exactly that \
expected on theoretical grounds. |

It can be either the C-H stretching mode Y 3 (molecular value
2780 et for formaldehyde) or the deformetion mode ¥ 3 (molecﬁlar

velue 1500 cm — for formaldehyde)., +) _ Would seem to be the more

3
likely since the reduction required for it to be W , is rather large,
Since both vibrational modes are excited equally strongly in this state
of the ion, and both are reduced in frequency compared with those in the
molecular 'state, we conclude that the ion most probably results from
the removal of an electron from an orbital’ involving bonding over the
whole molecule, namely \VL,_. If t.hé C-H mode involved is not ¥ 3

but \) 13 then it could be possible th'at‘thc orbital concerned is 39
since removal of an élcctro}n from the strongly CHo bonding orbital

would be exvected to produce a large reduction in freguency compared

with that in the molecular ground state. However it is considered



unlikely that the C-0 stretching mode would be excited so stroﬁgly
on removal- of an electron from an orbital not concerned with -0

bonding.

Fourth Band (Adiabatic ionisation potential: Formaldehyde 16°25(L) eV

Formaldehyde-d,, Unknovwm)

The fourth band starts under the third band, and for formaldehyde
(figure 68) the first peek that can Be observed is at 16+25(4) eV,
This is taken to be the value for the adiabatic ionisation potentisal,
but it is possible that a very small earlier peak might go undetected.

The mean spacing -of the peaks (0°175 éV) corresponds to a
vibrational frequency of ihOO ¥ 50 cm"l, and the band.becomesicomplex
at higher energy. In formaldehydc-dz'(figure_Eé) the only features
which can be picked out from the band ére three peaks at 16-7L4 év,
1686 eV, and 16-99 eV, having o sepéfation (ca. 0°126 eV) corresponding

to a vibrational frequency of approximately 990 em™1, The reduction
in frequency‘( 1/1.41 ) is about what would be expected on deuteration
if a C-H vibrational mode were involved, and if the series is extra-
polated to 1o§er ionisation energies it is found that a peak would be
positioned almost co-incident with the adiabatic ionisation peak in
formaldehyde at 16'ZL d&. It is a little surprising that the fourth
peak in this supposed series (position A, figure 59) is not evident,

It is considered likely that this state of the ion results from
the removal of an elect?on from orbital 14{3’ strongly CH, bonding;
mode Y 1 being excited with the expected great reduétion in frequency.

The complexity of the band towards higher ionisation énergy appears to
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i
be due to peak broadening which is probably indicative of the ion
having a short life time in this state. Potential energy curve

crossing to another state may be involved ,

From the photoelectron spectra result;‘it is concluded that the

order of orbital energies in the formaldchyde molecule is most probably:-

Vi Vo Vi Vs

" and that the next orbital has an energy of less than =21,21 eV,

This’differs from the order resulting from most of the M.0.

celculations, in that W, end "ﬂfL are reversed.

5. 2,2, The T OF Mass Spectra of HzC0 and DoCO

Little work has been published on the méss'spcctrometny of

fermaldéhyde, and noneat all using photon impact. Rcedls9 and Reed
and Brandl°c>have measurgd.ﬁhe I Ps of HyCO0 and HCO, and the Appearance
*_ Potentials of HCO" from Hg30 end CO* from HCO by electron impact
sﬁectromctny. The deuterated compounds were also'studiéd. Their
results are shown in Table XiV, together with a later determination'6'
- of the AP, of CHO" from H,00 by electron impaét.

Graphs of the relative abundances of fragment ions to molecular ions
 versus energy of the incident photon beam, obtained using the T O F M
are showm in figures 60 and 61, The results for D,C0 are the more

reliable as resolution between the component mass peaks of the spectrum

vas nearly complete, whereas for HpCO it was very poor. The estimated



MASS SPECTROMETRIC DATA FOR H,CO, D

TABLE XIV

5 ,C0, AND ECO®
__I_P_@Ll ~A-P. (eV,) I.P.(eV) 4.1».(e,.v_)l D(B—HCO) (V).
H,C0 D,C0 Heo™ nco™ co* “Heot | cot gﬁf&;ﬁ?ﬂ f;ao'icgiiteg
F=‘=_"—' — ’
Reed- (1956)| 10.87 10.88 13.10 | 15410 | ——o 9.87 | 15.22 £ 3.2 > 3.34
ﬁ@g& _ S 12.55 — = —_ — | £ 2.55 —
Pre;zgilts £ 10,98 | 10.98 | 11.4-12.7 11.4-12,.7'24.». 1545 - — ) £2.7—1,5 ——

o¥l |
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|
' appcarancc potentials are indicated in table X1V. They are only of

moderate’value since a background mass spectrum (from the light source
gases) had to be subtracted from the observed spectrum, making accurate
deternmination of appearance potentials difficult.

The striking difference between the two ion curves is the greater

fragment/molecular ion ratio for H,C0 above an ionising energy of

approximately 13+5 eV. Undoubtedly some of the difference could be due
to error introduced owing to the poor resolution in the H,CO0 spectrunm,
and the co-incidence of the mass peak of D,CO" with that of Op* when an
oxygen light soufce was used. These factors would seem unable to
account completely fof the discrepancy, which must therefore be assumed
to be a genuine effect. No explanation can be offered for such a large
difference, though theoretically 147,162 , one might expect a few percent
difference between the relétive abundances from deuterated and norﬁal
compound, due to competition between aﬁtoionisatibn and decomposition
into neutral fragments from super excited states of the molecule. The

relative extent to which these two processes occur would have some slight

isotope effect.

5. 2.3, Some Estimates of Bond Ehcrgies, and Some Possible

Dissociation Processes.

" Now AP CHO* ) IP CHO 4+ D(H - CHO)
Reed used this equation to calculate D(H - CHO)
13°10 > 9+88 4+ D(H - CHO)

0_.'0 D(H" GHO) 4 3‘22 i 'l{- ev ~...o;c-ooocoooc--qooococoo 1
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!

'This was compared by Reed'to a value of 321 % .01 eV found usingz
. s 8a 163 159 ' :
independent data on H, , CH, ~, and CHzCOH ., The data on CHL,

: |
and CH3COH comes from early electron impact work, and cannot be very
accurate; and the combination of the three sets of data to find
D(H - CHO) is likely to be even less so.

Y
Reed similerly calculated D(H = CO) using I P CO = 14°Olev

D(H-co) é 1.21 ev PO PP OO IO STV PN EIPROSOROCIOIOITSTS 2

N 8
Taking AN (H,00 —3 28 + C0) = 4e55 eV .,

' We havc" D(H - CHO) = 4*55 - €121 ‘eV |
D 3°3h €V siiecccccscsvccsnsess I
(1) and (3) agree within experimental error and so Reed
assumed that the values :- |
D(H ~ CO) e 121 eV
lD(H - HCO) & 3°3 eV

were correct,

The more recent value of A.R CHO' from Hy,CO (see Table XI1V) reduced
D(H - CHO) found from equation (1) to § 255 eV.
The present results from the T O F ¥ S indicate that the A P of
CHO* is certainly as low as 12:66 eV, end possibly as low as 11°k eV,
Phis would give a value of D(H - HCO)- { 1°5 eV from equation (1).
Values as low as *607 cV,|64 and 1+°04 evloshavc been suggested for
D(H - CO) frou photochemical stgdies. Use of these values in equation
(2) increases D(H - CHO) to 3 3-51 eV or % 39 eV,

Thus the discrepancy between the two calculations becomes large,and
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:'_.t ‘ié Qlear that present estimates of ALE CO* end I.P HCO* from |
HCO, aﬁd A.P. HCO* from HoCO are not nearly accurate enough to be
relied on. ‘
Figure 62 shows schematically a potential energy diagram forithe

molecular ionic states found from photoelectron spectroscopy. The|zeroth

vibrational levels are marked and also the energy levels to which the

vibrational modes can be populated by direct ionisation, Also marked
are the experimental appearance and ionisation potentials. ’
For the ground jonic state only a few \}ibrational levels are
populated and it i's obvious that fré.gmentation to yield HCO* cannot
ocour by direct fonisation unless the A P of HCO* is as low as 11+k eV.
Ifthis were so, small amounts of HCO* might be expected but for the fact
that only symmetric modes of vibration ( 91, \)2, \)3, 80) are
excited, n§ne of which could lead to the formation of He end HCO*
at a dissociation limit. |

Dissociation must take place via the antisymmetric CH, group

stretching mode 05 (by)

v, &)

ﬁeed recognised this but assumed that the process occurred by
direct population of the vibrationsl mods , Y 5, to a dissociation
level of 13°1 eV,
Bpto (X' &) ——Fpco* (x%) — oot (%) + 1 (%)

sbove 10°88eV above 13+1eV
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| What is obvious now, from the DCO+/D200 and H(& curves
of figﬁres 60 end 61 and the break observed in the electron impact
total ionisation curves,lsz is that the A P of HCO' quoted 'by_ Reed at
13°1 eV represents a dissociative autoionising level yielding HCO*
fragment ions.

Lorquet, 160 in a theoretical discussion, showed that v 5 would be

A vibration gor '

the favoured -swtwmm® dissociation, if it is assumed that dissociation
occurred from the ground jonic state only, the required vibrational energy
being obtained by radiationless transitions ﬁom excited ionic states
to.the ground state,

A very large number of‘ curve crossings between states is necessary
for this to be the sole means of fragmentat:.on, and it is thought 1ike1y
that dissociations from discrete excited ionic states do occur to some

degree. In suppoi't of this the DCO}{2 curve shows mot only the

, cot
autoionising level at 13°1 eV,‘ but also s:gns of step functions over
the energy region covered by the zﬁd,' 3rd, and lﬁ:h bands in the
photoeléctroﬁ spectrum, ‘

Curve crossings out of these ioﬁio levels could occur to yield
HCO', and also CO¥ ( AP &= 15°5 eV) “

The A.P of CO* from DyCO and HyCO is interesting in that from

AP CO* » 1IPCO + D(H~- CHO)

one cbtains. D(ﬁ - CHO) & 1°5 eV which is consistent with the value
calculated from equatj.on (1) using the lowest suggested A P of HCO*
from HoCO (present results). |

Much more work on the mess spectrometery of H-CO and HCO is
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rcquircd before experimental estimates of bond strengths can be
treated with confidence. High resolution photon impact efficiency

curves for molecule ions and all fragments would be inveluable.
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5. 3. . N.0, COS, CS

5 »_end CO

2

5¢ 3. 1. ‘ Photoelectron Svectra of the compounds.

|

}
These compounds have already been extensively studied by photoelectron

'67-'69"93"%?1thout complete resolution of the fine structure,. In

1

this section the spectra and the vibrational analysis of each compouhd are

spectroscopy

given, together with comparisons to existing data. The values of all the
present experimental vibrational frequencies are collected in table XV and{
the experimental F-C factors in table XVI. A full discussion of the results

and their implications is given in section 5. 3. 2.

5. 3. 1. (a) Nitrous Oxide, N,0_( Figures 63 and 64 )
Four bands can be seen in the spectrum, each showing vibrational
fine structure.

First Band ( Figure 64A ) :-

This band has an intense 030,0, peak at an i.P. of 12, 89(3) ev
vhich is in good agreement with the value of 12.90 ev given by MNay and
Tl,urner|6s and those found from I}ydberg series limitswo, and the photo-

ionisation results of Dibeler and Walkera'

« The width of this pezk at
half height is 40 mv £ 5 mv, which is compatible with a spin-orbit splitting
of ca, 20 mv, This ia in agreement with the value of 18 mv obtained by

Ca.llomon8°

from the emission spectrum of nitrous oxide, and indicates that
the value of 40 mv given by 'l‘anakawois erronecus . _

Three peaks corresponding to vibrationally excited states of the
ion can be discerned,‘ whereas no structure ﬁas visible in the original
work '®®97 siving vibrational intervals of 1140 en 50 en~ and 1750 ot
* 50 cr:;-l. The ground state molecular frequencies of modesVl and ﬁ » are
1285 en L and 2224 em™ 8‘, and for the ground ionic state 1126 en " and

1736 cm-l are quoted from emission work 95 « Ve conclude therefore that
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nodes Ql and V 3‘are excited in the photoelectron spectrum, Carette’S has

recently -reported breziks in the electron impact efficiency curve of nitfous

oxide corresponding to-Vvibrational fine structure, though Dibeler and Wa]ii:ere'

observe none on their photoionisation efficiency curve., The breaks obsezrv!ed 8re
+ |

at .16 ev, .32 ev, .48 ev, and .56 ev above the N2O threshold. Though thiOSG at

.16 ev (1300 — ) and at .48 ev. (3875 emt ) probably correspond to
excitations of one quanta of \)1, and one quanta of \) 3 the others are harder.
to account for, and are certainly not observed in the photoelectron spectrum,

Second Band (Figure 64B ) =

“ Again an intense 0,0,0, peak is observed, together with well resolved

associatedl vibrational structure spreading over at least .75 ev. The value of

the I.P. 16.38£9) ev, is in close agreement with Tanaka's Rydberg series limit' O

of 16,39 ev. This excited state of the ion has also been observed recently by

7. .
charge exchange experiments using A+ and Kr.'" » Dby studying the emission spectrum
of N20+ excited by electric dischargeg5 s and by electron impact 76,

Analysis of the vibrational structure ( see figure 64B ) indicates that
\)'1 and V 3 are excited with the frequencies given in table XV, which agree
closely with values found from emission95, and the value of V) , found from a
Rydberg series”q converging at 16,5 ev, A simple series in 91 with a frequency
of 1130 cm ™~ was originally .proposed by Hey and Turner frem the low resolution

1‘separation from the 0,0,0, peak.

spectrum, There is a small peak at 600 cm™
Though this is in agreement with the frequency, of 92 B¢ the excitation of
one quantum of v o is forbidden by the selection rules ( see section 5. 3. 2.(a) ).

Third Band ( Figure 64C ) :-

This band consists of a long series of broad peaks spreadover about 1 ev,
with a somevhat ixregq;ar peak width, and intensity pattern. The adiabatic
I. P. is 17. 65(0) ev and the vertical 18.23(6 ) ev. This state of the ion has
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' not been obé.erved by any other technique. \
The vibrational structure is complex, and almost certainly doé
not consist of a simple series in V 1 » of frequency 900 en ™ as ves
originally thought 168

" that of the second band of COS (yide infra) where two vibrational modes

« The overall shape of the band is similar to

are strongly excited, hbut attempts to apply 2 Similar analysis here were

not successful.

Fourth Band (fig. 64D)

The fourth band exhibits an intense 0,0,0 péak at an ionisation

potential of 20,11(3) eV in good agreement with existing measurents '68"70.

No vibrational structure is reported in absorption'’C , but weakly excited
vibrational levels can be ;;bserved in the photoelectron spectrum. In Turner
and May's paper '°%, there was some doubt as to whether both V), and Vi
modes were excited, or whether the series consisted only of v 1° There

can be litjzle doubt how that both modes are involved with frequencies

1280 em™ ( v 1) and 2300 cnr (¥ 3) - see fig, 64D,

5. 3. 1. (b) Carbonyl Sulphide, COS ( Figures 63 & 65 )

Four bands in the spectrun (fig. 63) can be distingwished and the
overall form is similar to that of 002. Vibrational structure is associated
with each band. |

Pirst Band (fig. 654)

The peaks are clearly split into their doublet components zT\';A2 and
1n,£, giving adisbatic I.P.'s of 11.18(9) eV and 11.23(3) eV, and & spin-
orbit splitting value of 44 mV * 5 mV. These values are in close agreé-
ment with the results of Matsunga and Watanabe 172 who found values of 14.18
and 11,22 eV from a Rydberg absorption limit, and total photoionisation
efficiency curves, and with the same values found by Dibeler and Walker

from their photoionisation mass spectrometric studies. lMay and Turner 168
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!
were unable to resolve either the spin orhit doublet or any vibrational |
structure in -this band.

Analysis of the associated fine structure indicates two ion vib-é

. =

rational modes V 3 of frequency 2000 ¥ 50 en ™ and Y 1 of frequency !
173

|

from the emission spectrum of COS ¥ but a value for V ; has not previously

!
been established, though an unassigned frequency of 610 cm"'l yas observed

{72

650 ¥ 50 cn™r. The value of \)3 is in agreement with that found by Ieach

in Matsunga and Watanabe's absorption spectrum.

i

Second Band (fig. 65B)

This band consists of a long series of peaks (ef. N0, third band)
spreading over ca, 1 eV ,.giving an adiabatic I.P. of 15.C8(0) eV and the
vertical I.P. of 15.52(8) eV. The values origiﬁally given by May and Turner '®®
were 15.0 and 15.6 eV, and no vibrational structure was resolved. This T.P.
" has not been observed in absorption but has been identified in the emission
. spectrum 173 of COS+, though it was essigned to another electronic state of

the ion (see section 5. 3. 2. (2))
The vibrational struci;ure’is complex and is considered to consist of
a serieé iny 5 (2050 cm'l_) and one in V) 1 (7% cm-l), together with some
comﬁination bands. This is the first time that values for the frequencies
of the vibrational modes in this state of the ion have been obtained.
Third Band (Piz. 65B) |

The very intense '0,0‘,0, peak of the third band interrupts the second
vand at an I.P. of 16.04(2) eV. This is in excellent agreement with the
previous estimates of this I,P. 168,170 | fmisg state of the ién has also
been identified by Penning ionisation 70. Only very weak vibrational structe

ure is sssociated with the band, and since it is superimposed on the tail of

the second band an analysis is not feasible.



Fourth Band ( Figure 65¢ ) :—

)l56

The 0,0,0, peak of the fourth band yields an I. P. of 17.96(0) ev

which compares with the value of 18.00 ev found by Turner and May'“, and !

17.93 ev from the Rydberg series limit of Tanaka et al.”owhere no associal;ted
' !
vibrational structure was observed. The higher members of the vibrational |

!
series appesr in the photoelectron spectrum.with moderate intensity and lead to

-1

estimates of 970 cm - for the frequency of 9 1 and 2175 et for V 30 This
: i

clears up the earlier doubts |§8’ caused by _incomplete regolution, as to whéther
both these vibrational modes were being excited. |

The 1,0,1, peak is an uncertain aésigmment.. It is considered that a
strong coupling between 91 and Yy 3 must be involved, such that the frequéncy
'is not correctly represented by the frequency of the 1,0,0, pegk plus the
frequency of the 0,0,1, peak,

In previous work on the photoelectron specfrum of COS, a posgible fifth

band at ca. 20 ev had been observed 167,168

. With the constant electron bandwidth
method of detection it is_ possible to observe fea;tures in> this region of ‘t_he
‘spectrum with ngeater intensity‘,v and it 'becdmes obvious that peasks observed at
ca. 20.3 ev are due to ionisation by the h;;rdrOgen Lymen B Line emitted in
small amounts by impurity in the light source, and are a "replica" of the first

band in the gn»ectrum.

5. Be le (C) Carbon Disulphide, CS2 ( Figures 63 and 66 )

The spectrum exhibits at least fiwe bands, with the possibility of a
sixth (marked Z on the figure 63 ). Vibrational structure is well resolved on
four of the bands. . ‘

First Band (Figure 66A)

This band consists of an intense 0,0,0, doublet peak, giving I.Ps of

10.06(8) ev and 10.22(2) ev for the two components, and very little, if any,
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o

asz-.pciatesi vibraticnal structure. -These values are in agreement vith|the
Rydberg series limits of 10.07(6) eV and 10.13(0) &V of Tanska et al, the
unresolved doublet value of 10.11 eV from the photoelectron svectrum of May

~and Turner,"s'B and the vhotoicnisation mass stectrometric valuesm of 10.05(9)

“and 10.11(2) eV. The doublet nature of this state of the ion has also been

observed in emissi}:m.s's"-’3

- A very veak peak at separation 2340 cms™t (290 mv) from the 0,0,0,

peak may correspond to the 0,0,2, excitation, which places a value of 1170 cms":L

on the frequency of \)3. It is also just possible that excitations involving

the bending mode \)Z‘ar‘e involved (See Section 5.3.2.(b).).

Second Band (figure 66B).

The second band consists of a series of peaks spreading over approx-
imately 1 eV, The vertical ionisation potential is 12.83(8) eV,‘ and the
| 0,0,0; peek is taken to be the one at 12.69(4) eV. Thus the band is inter~

preted as a simple vibrational series in Ql; which has a frequency of 565 cxns.\"l

¥ 50 cms-l. This ionisation potential has been observed only by photoelectron
’ 167,168

spectroscopy, and previous studies failed to resolve the associated

vibrational structure.

The persistence of a peak at 12.60(7) eV is somewhat worrying, for
although it falls exactly at the ionisation potential of water, it could not |
be removed by physical or chemical means. )

Third Band (figure 66C).

" A very week broad band cen’red at aporoximately 14.1 eV (figure 63)
’ , i6
has been found:. It was apperent also in May and Turner's spectrum 8 but
was not mentioned in the text, and in the absence of any suitable interpretation

must be regarded as an ingurity band.

The intense peak at 14.47(8) eV is taken as the 0,0,0, component of
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the third I.P.. This is in agreement with values found from Rydberg series lmlts"o

171
emission snectra , and charge exchange with A and Kr , a@s well as May and

1
Turner's original photoelectron spectrum value of 14. 49 ev. 68

One or possibly two vibrationally excited states of the ion are observable

(see Fig., 66C) giving a vibrational frequency for v q of 605 emt 50 cm‘l.
. No structure was-resolved in previous photoelecfron spec’cra,m'-’w,8 but Tanaks

et a1'7Cestinated that V, vas of the arder 500 - 600 en™" from a Rydberg

geries,

Fourth Band (fig. 66D )

Iike the third band this consists of an intense 0,0,0, peak and very

little accompa.m/:.ng v:l.bra’c:.onal excitation, The I.P. 1s 16.19(6) eV in !
agreement with the Rydberg limit of 16.18 eV I70 s and the earlier photoelectron

value of 16.19 eV '8,

The vibrational spacings indicate a frequency of 605 em % 50 cm-l,

taken to be mode V), and Possibly one of 1650 enl+ 50 ™. This latter
value is near that of M) 3 in j.ts ground mo}ecular state (1530 en™! 8¢ )y how-
ever owing to the selection ruies ( see section 5¢ 3. 2. (8) ) the excitation
of one quéntmn of Q is forbidden, and the only other 'possibili.ties aze 2V 5
with the frequency of \)3 greatly reduced to 805 om™t ( cf. CO,, and discussion
in section 5. 3. 2 (a) ), or that the peak is an impurity., No values of

vibrational frequencies associated with this state of the ion have wreviously

been recorded. '
Fifth Band (fig. 668)

This 'ba‘.nd, which is broad and featureless, is centred at 17.1 €V and
spreads over ca, 1.2 eV. There may be a slight suggestion of é’double hump‘\

( see fig. 66C ),
As with C0S, it has previously been suggested that there might be a
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further I.P. of less than 21.23 eV. Tanaka et al }7© recorded a wesk series

limit at 19.51 ;eV, and it also seems possible that some weak genuine struct-.
ure might exist in the photoelectron spectrum at about this value'“. On

careful examination of this region using the present apparatus, two "replicas"
of the first band were observed at 19.3 eV and 21.0 €V, These are just the .
values expected for ionisation by Lyman B (12,07 .ev) and Lyman o (10,27 eV)
impurity lines in the light source, and it is conecluded that no genuine I.P.

exists between the fifth band and 21.2 eV,

5. 3. 2. (d) Carbon Dioxide, €0, (figs. 63 & 67)

The ionic statés of 002 have been the subject of ei:tensive spectroscopic
studies by many people 27, 76"93"69_»'74"“ s and rather more is already known <
about the excited electronic (éta..tes than for the preceding three compounds.

The photoelectron spectrum (fig. 63) shows four bands, each with
resolved vibrational structure. The second and thifd bands overlap as in COS
and the spectrum is very similar to that of COS, with all spectral features |

some 2 eV to higher ionisation energies,
‘First Band (fig. 67A)

- The band consists of a strong 0,0,0, peak giving an adiabatic I.P.

of 13.78(8) eV, and two weak vibrational overtone peaks. The half-width of the
main peak, 40nV, is compatible with & spin orbit splitting of 22mV obtained
from the Rydberg series limits 170 ¢ 13.76(5) €V and 13.78(7) eV for the
doublet components of this state of the ion.-A value of 20 mV wasindicated
by Mrozowski's 93 original work on the emission spéctrum of,COz"" . |

| Tvo vibrational modes are excited, V) , and \)3, and it so happens that
the frequency of V) (2840 %50 en™t) is close to the value of Y , (2420 en™?),
Miws the very broad flat-topped veak centred at 14.09 eV consists of these

two components. The frequency of \)1 is confirmed by Tanaka et al I.’o:‘.n their
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Rydberg series work (1260 cm-1 ), Dibeler and 1"1&3!.);:(31"5Bl maess spectronietric
value (1250 ent ), and Hrozowski's®3 early work on the emission spect;:'um. The

-1 bt

frequency of v 3 is in agreement with Johns’wgassigrment of 1469 cm
disagrees with Mrozowski's tentative assizmment of 2305 cm-l. The frequencies

of these modes, and the experimental F-C factors have ccme in for some discussion

- recently Fégin relation to the theoretical calculations of .Sharp and Rosenstock 2 o
‘This is dealt with in section 5320 (D)

76

Carette’ claims to have resolved vibrational fine struecture on his

electron impactefficiency curves for CO,. The breaks come at 1250 en™t (.16ev),
2580 P (,32ev ),' 3870 en L (.48ev), and 6210cm-1'(.77ev) above threshold. The
break at 1290 cm_:.l 'Lmdoub‘bediy' _corresponds to excitation of one quantum of

vy 1+ and that at 2580 cm-lv’the average of 291 aﬁd 19 5 but the remaining
breaks in Carette's 'curve _ cannot be correlated with a}xything in the photoelectron
‘spectrum. It should be noted that the shérpness of the breaks in the efficiency
curve would seem 4o indicate much larger F-C factors for the‘ vibrationally

e .
excited states than aﬂ found from the photoelectron spectrum.

Second Band _(Figure 67B) .

The second band consists of a fully resolved simple series of peaks.
The adisbatic I.P. is 17,32(3) ev in agreement with the value of 17.31 ev found -
fram e'missidn”, and the resolved doublet values of 17.312ev and 17.323ev found

in absorption"o.
-1

The vibrational spacing indicates a frequency-.of 1100 cm :".. 50 cm“l for
the mode exci'te‘d, v 1e Mé,;, and “urnmer were able to resolve this series quite w.zell
in their origiﬁal s'li)eci'.rum“’a and an average spacing of 1050 cm-l.was found for
the first five members. Ogawa and Tanaka?© obtained Rydberg series converging
to the first seven vibrational levels of this state of the ion, giving a frequency

for )1 of 1120 ca™

9 . .
nd Mrozowski 3 arrived at a similar value from the emission
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spectrum of 002 o The assigmment of this ionic state as zﬂ'u was @bi@om in
each case.:(See. also section 5.3.2.(a) and reference 175). There is no ;stgggestion
that this state is 2 {:1 as reported by Collin and Nataliswa. The assigngment of .
the equivalent photoelectron bands in N20, C0S, and 082 (i.e. thé ones involving
& longv vibrational series ) is also without question 2'l'\'u.

The vertical'I.P. corresponds to the 2,0,0, componént in the photoelecfron
spectrum é,eries, at an IP. of 17.59(5).ev. Ogawa and Tanaka considered the 3,0,0,
component to. be the most intense.

‘Third Band (Figure 67B) :-

An intense peak at 18.08(2) ev, interrupting the second band after the
5,0,0, component, is in clgse agreement with the Rydberg limi’c4oof 18.07(6) ev.
Associated with it is a peak at 18.23(5) ev, which is the 1,0,0, component of the
third band (cf Rydberg limit at 18.23 ev) giving a frequency for V 1 of 1270 — :
Weak peaks to higher energies, are at posi‘l_:ions'such that they may belong
to the second band or third band series (see Figure 67B ).?"Ehié yields a value of
2400 ca™ for Qs. (A Ve weak p’vo-k 41‘ s W"!ev.m«; repessent
0,02 chedit )

Fourth Band (Pigure 67C) :=

The fourth band consists of a strong 0,0,0, peek at 19.40(0) ev (cf Rydberg
70 : :

limit at 19.38'@1 ), and two vibrational peaks. Several more extremely weak peaks
nmay also be present. It seems likely 'Ehat Ql and.\).j, are being excited with

frequencies of 1390 en™l and 1470 em~t

, the two peaks being the 1,0,0, and 0,0,2
vibrational components. The very large reduction in the frequéncy of03, conpared
to that of the gi'ound state of the molecule, is discussed in section 5e3¢2.(a)
together with similar effectsnoticed in CS,. A

In the low resolution spectrum of llay and Turner'ée,it wvas not clear

exactly {rhich modes were being excited. A vibrational frequency of 1370 c:mql wes




TABLE XV VIBPATIONAL FREQUAFCIES OF EACH IONIC —— THE TRIATOMIC NOIECULES .

Electronic

—_— 1
Vib, rrequencies—— Turner & Hay

rY:)

Vib, freguencieg-Cther Techniguen |

¢ S Fhotoelectron Adiabatic Ionisation Vib. Freguencies- This ilork. ew! = - o” £od :
ompousd tate Potential (ev) D% Va2 ¥ o) Vo5 VP Va Tt Voted 3 % Vg %oy Vp %
d 2 . .
. X , 7‘; 1st, 12.89(3) 1140 —_— 1150 | — — — 1126 461 1737
1,0 i%¢ 2nd, 16.38(9) - 50 600 2460 | 1130 — — 1345 VRV
B T 3rd, 17,65 o007 —_ — | e — -— — e i
w24+ 4th. 20,11(3) 1280 — 2300 | 1285 — —_— — —_— .
h 0 Ground State . 1285 8¢ sgg 8¢ " pzosle
327 1st 12.18(9), 11.23(3) 650 —_ 2000 | —_— — 610277 — 20695
cos? i3 2, 15,08(0) 790 — 2050 | — _ — — —
2 2o : — — — -
B ¢ 3, 16,04(2) —_— — — — C— —
t2s* 4th. 17,96(0) 970 410 2175
oS Cround Stete ] 859 ‘: 520 8¢ 2062 8¢
= 2 — 8
X Ttg lat. 10.06(8), 10,12(2) — —_ 1mp02?| — _— _ 624 2058+ —
. S 2nd, 12.69(4) 565 — — — — o™ —_
CS. ” 2 * &5 — — — — Sn— —600 — —
2 2 2§u‘ 3rd. 12.4722; 603 a5 2| — —_ _ — — —
4th, ot — — — — — —_ —
T 2gYs 5th 150 — — — '
cS, Ground State : 8% 397 8¢ 15538
1° 170 174 [
I 27\'8 _18t. 13.78(8) 1210 — 1420 —_ —_ — 1250 531, 1469
+ %%, 2, 17.32(3) #1200 — — 1050 — — uzn & 560 23t
€0, B2t 3, 18.08(2) 1270 — —_ 1210 —_ — 12754° _ _
T2e* 4th, 19,40(0) 1390 — 2470 1370 = 13707 e C—— =
[ <
co, e L 1368 €67 2349

Q — pymetrical Bh-etching?i‘requemy
b — bending mode
& - unsymmetric siretching frequency

4 — vertical I.P.
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|

VIBRATICOHAL FRAFCK-COLDCH rACTCRS IN RACH STATEH OF THz ION |

V
]
\

Compound  klectronic Vibrational | Experimental Franck-Condon Calculated
State of ion| Component Factors FL Factors
This Spohr & Fluores= '
\)1\)2 \)3 VWork Puttkam€§‘5 cence 180
N,0 %27 1000 .91 1.0
—_— 100 .05 -
(200) .01 -
, 000 « 749 .82 o7
(010) (.002) - -
100 .164 .12 2
001 073 .06 ol
101 L008 . - -
002 004 - -
Bem 000 .023
? 057
? 086
? 127
? «124
? < W151
? «111
? 095
? 075
? 050
? «036
? 027
? .018
? 011
T2t 000 .78
: 100 .08
001 11
200 1 W01
COoS X 2T 000- .48
- 100 28
(200) (.08)
001 .12
101 .06
e 000 .04
100 .08
200 +10
001 .06
- 300 07
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101 .10
400 .06
201 .10
(002) -
301 .08
Overlapping {i'gi ‘gg
5rd band (555 .08
§2¢* 0G0 .95
¥2gt 000 .48
100 .15
001 .24
002 .09
003 .02 .
~
s, X %n 000
—_ & 20203 § .05)
040 .025.)
w2 .
AT 000 .105
u 100 .216
200 e252
300 .189
400 124
500 070
600 <031 .
¥2¢ 000 .89
u 100 .10
200 . 01
t2g ¥ 000 .92
€ 100 .08
002 ?
co, e 000 .812 .82 .89
—= € 100 .149 .18 .11
‘ 200 L021 - 01
002 LOL7 - -
X2m 1000 .082 .08 15
u 100 .180 . .18 024
200 275 20 .26
300 180 22 .20
400 125 015 13
Overlapping {288 :82% :éi _
5rd band .4, .021 - -
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n oo '
528 * 000 .848 .9
100 126 .1
Ezoo; 017 -
300 .010 -
& 2 4
¢c<$ 000 .01
g 100 .04
002 .05

* Estimated accuracy varies from‘peak to peak = 01 in the more favourable
cases,
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propbsed for\)l. An identical frequency was proposed for W) 3 with the assuniption
that it was beirg excited in wnits of two quanta. The possibility that onlyV,
was being excited with an irregular F-{ intensity cofild not be excluded fron; a

study of the low resolution sypecirum.

5. 3;2. Discussion of Resultis

5. 5. 2. (a) The Electronic Structure of the Compounds, and the Bonding Character-

istics of the Orbitaleinvolved

The electronic assignment of each ionic state of the compounds and also

their vibrational parameters are given in Table XV,

17
Mulliken 6in 1935 described the structure of 002 in its ground molecular

state as being : -

(1, (15, (15, F  (sg58, €, (55,0 6, F (65,0 6,F

0—0—0 , 0es0 OO
(6 646, 6,F (Tgmamg )t (7710, 71
0L 0=lL—0 0&0

He simplified the valence shell notation to :-~
2 2 2 2 4 cecocececsess Lot
(6,7 (6,7 (&% (&) (m) @) £,
0O: VH 0L-0 0-0-0 00 O
(a) (v)

Thus the (7vg)t orbitel is regarded as being virtually non-bonding, as
there is very little overlap, and the (So.'" Sc+ 8g s 53_)2 and (so-so, 6 g)2 orbitals
are considered also to be noh-bonding and resemble atomic orbitals. They may be
" written as (Zso )2 ’ (230)2 and regarded as “inner" oxygen atomic orbitals.

An analagous configuration can be written for CS,, and similar ones

for COS and NZO except that the "g" and "u" notation no longer applies. Removal

o
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of an electron in tura from the TT3, Ty Guy esess Orbitals will leave the ion

) : {
in the electronic states : \

X, Kom, BUES, Tg?
each of fhese states corresponding to an ionization potential observed in the
photoeleciron spectrum. The two important questions are :
(1) Are ;b_he original orbital energy levels correctly ordered in the Fulliken
description ? |
(2) How far can one distinguish between the € orbitals of type (a) and (b) ?
‘Three main theoretical calculations concerning the molecular orbital
energy levels of 002 have been carried out since Mulliken's original semi-
empirical formulation of the electromic structure. - The caleulated energy levels
ere shown in Table XVITtogether with the ionization potentials found in the
present work. ’ '
| Mulligan>2 found the orbital oxder %o be :
&F (6,7 (& (mfp  (6,F ()

CAAS

(a) (®) . ()

His results indicated that type (a) orbitals could not be considered as only 2so

type. lerge amounts of oxygen p, and carbon orbital mixing indicated that these
levels vere strongly bonding. Similarly (b) type orbitals also have strong s-p (0)-
mixing which renders them less bonding than Mulliken indicated.

The genéral features of Hulligan's results were borne out by the later

0

) . 33
caleulations of liclean'®, and Pyerimhoff et al’ . Both calculations placed the € u

and TTu orbitals close together and Pyerimhoff's results indicated that the (a)

type orbitals had greater bonding character than the (b) type.

Now PIrozowskﬁ.93 identified the 7\27111-9 Xz?'\‘}"i;transi’cion in the emission

spectrum of 002+ as baving an energy of 3.535 eV, The second ionisation potential
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|
of carbon dioxide is %.535 eV greater than the first ( see section 5. 3. 2 ) thus
there is no doubt that the second band in the photoelectron spectrum relates 1!:0

the 'ﬂuionic state, That the TTy orbital is strongly bonding is borne out by thé
the shape of the band, a long vibrational series being exeited with frequency of

\) 1 reduced compared to that in the ground state of the molecule.

(1]

The valence shell configuration for carbon dioxide can thus be written
2 - \2 2 4 4

(6,7 (6,0 (67 (6, (m)* ()

‘ provided Koopmens' theorem holds. The non-bonding character of the '7T9, orbital is

evident from the photoelectron spectrum since the Franck-Condon factor of the ‘0,0,0,
‘vibrational level avproaches l. A similar si‘l:ﬁation exists for the B 4. and
4 15%* states of co2+ indicating that the (é‘}-)2 end (&u)® orbitals are also very
nearly non-bonding. This implies that a large amount of s-p oxygen orbital
mixing occurs in these orbitals, in agreement with the calculations of I-'Iulligr:!.na2 .
Thus it becomes clear that the original Mulliken description of (a)
and (b) type € orbitals is not appl:\.cable. Both types involve s-p oxygen mlx:mg,
with the result that the (a) type become strongly bonding end the (b) type
nearly non-bonding.
The same valence shell configuration can be adopted for CSz,and for
€S, For CS,, Callonon’ hss identified the '£4 =X Mg transition in emission,
the energy difference between the two states Being identical with the energy sep-
aration between third and first ionisation potentials. This confirms that the third
ionisation votential rélates_ to the removal of & &u electron. His analysis algo
suggested, correctly, that the 2T‘Qleve‘.l. lay between the ground levei and the |
'2: level.
The fifth bend in the photoelectron spectrum of carbon disulphide is

interesting and can be accounted for in several different fashions. In keeping

with the proposed orbital configuration it could correspond to the removel of an
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electron from the strongly bonding orbital (6a)2. The complete lzck of fine struct-

ure must then' be explained by invoking either very small unresolvable vibrational
spacings, curve crossing of potential surfaces resulting in a short life time
for this state of the ion ('f: ), or by considering that the ionisation observed

in the spectrum ig'. taking place to the level of the continuum in the potential
energy surface of the ion. If this latter is the caée it would imply that the
minimm of tﬁe potential well i s at a much lower ionisation potential, rrobably
below the fourth ionisation potentizl. A further possibility is that the peak
represents an ionisation to a repulsive excited state of an otherwise stable
electronic c_:onfiguratidn.‘ This type of transition is improbable since a two photon
process would be reqﬁired to achieve it, and it has not yet been observed in

. photoelectron spectroscoypy. |

No theoretical célculations have been carried out as yet concerning the orbital
energy levels.of carbon disulphide. _ |

The a.n.L_) Y’mtmnsition has been identified in the emission spectrum of
COS by leach'”3 and the energy separation, 3.85 eV, confirms that the second
1om.sat:|.on potential relates to the Tlu orbital.

Clementi 177 has performed an SCF I-I.O. calculation on COS, and the order of
orbital energies he arrived at ( Table XVII ) is the same as for the 002 calculations
~ the (’lTu)4 and (& u)2 orbital order being reversed compared to the experimental
order., Assuming Koopmans' theorem to be correct, the € orbital energies are
appx;oximately 3 eV tco high with respect to those of the JT orbitals. Though this
could arise from the method of calculation it may point to the dangers of attempting
exact equation of ionisation potentials with or'bii;al energies., Electronic re-
orientation energies, ignored in the Koopmans' theorem appfoximation, are assumed

to be similar for all electronic states but differences may exist between the

‘reorientation energies after & electron and 71 electron removal.
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The bonding characteristics for the orbitals as found experimentally
agree well with Clementi's description, the less non-bonding character of
the. T\}} orbitsl compared to the other molecules studied being reflected in
in the stronger transitions to the vibrationally excited components of the
"’T[c}ground state of the ion.

The experimental order of the ionic sta;.tes of 1\120+ is different from
that of the_ other molecules, corresponding to a valence shell configuration of

(6% (67 (6F (rft (6 (mvf

This order is borne out by the emission spectrum of 1\120+ 95, vhere the energy ofthe

Q{"—a 'S'(zﬂ"‘ transition equais the difference between the second and fitst ion-
isation potentials, not the third and first as in CS,. | |
The bonding characteristics of the individual orhitals are slmllar to
those in the other molecules, though the hiéhést é orbital ( 2nd. I.P. )
would seem to be somewhat anti-bonding since the vibrational frequency of vy 1
in this 25"' ionic state is slightly increased coﬁpared to that in the ground

95 measurements 6n the

state of the molecule,(Table XV)s Similarly Callomon's
rotational constant indicated a 3.3% contraction in bond length on removal of
a 6 electron from this orbital.

The exact nature of the bonding characteristics of the highest filled

orbitel, Tﬁa_, in this series, has come under some discussion'’ 8%, The removal

_of a TT,} electron leaves the bond leaéth virtually unchanged for CSZ and Nzo"'
and causes an increase of 0.015 ZinCO :’ 8, e vibré.tipnal frequencies of
V, (Table XV) are all reduced by verious small emounts, This reduction in
and also the increase in bond length for C(J1 would seem to suggest that the
ﬂ orbital possesses slight bonding character, even though all the molecular

orb:.tal calculations indicate that the orb:l.tal should possess some sllght anti-~

" bonding character. Iqulliken 78 explained this by including some C, 34 4
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cheracter in the orbital., Callomon °4 on the other hand claimed that this was

not necessary since the reduced nuclear screening effect of removing an electron

could outweigh the antibonding effect. Hence bond lengths could still increase
and the vibrational stretching frequency, ‘) 1 decrease on removing a

nominally anti-bonding electron.

The changes in the vibrational frequencies of Q 3 found in this work

are not 80 easily accounted for.
Electronic transitions starting from the ground vibrationml state
are subject to the féllowing well-known selection rules”q :

(1) The final state may have any number of quanta of a vibraticnal mode

which is symmetric to all symmetry species iﬁ the molecule,

(2) Only zero or an even number of quanta of a mode which is anti-symmetiic
t0 a sympetry species is alloved.
This implies that for 082 and CO2 Yy > and V) 3 can 6n1y appear in double

quanta, whilé for N,0 and COS 03 may appear in single quanta, but %) , should

still appear in double quanta.
On this basis there is a rather str:.l:i.ng difference between the . ehanges

in frequency of \) on ionisation of the symetric molecules CO, and CS,, and the '

unsymmetric molecules N20 and COS., Both in the X 211' and C 22"’ states of CO2 and

032 9 3 has undergone a drastic reduction in frequency compared to the ground

state of the molecule .(Table XV ). For COS and N20 the C2£+ state actually produces

& slight increase in the :f:‘requency of '\) 3 while in the ')'( 2'TT' state a small

20 « The frequency changes

in N,0 and COS are not -incompatible with mainly non-bonding orbitals having some

" dec:ease in 03 occurs for COS ard a moderate one for N

bondirg or anti-bondihg character, but the drastic reductions for C02 and C82 are
not at all what would be expected. At present we have no explanation for this

pronounced difference between the two pairs.
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EXPERIMENTAL JONISATION FOTENTIALS AND CAICUILATED ORBITAL ENERGIES

i

. & Vertical FPotential

Compound Orbital State of Ion pxperimental Calculated Orbital
1.P. (ev) Energies
Ref, Ref, Refi Ref,
32 10 33 177
T, X 27rg 13.8  ‘11.5 12.0 14.'{ ‘
am LT, 17.6* 19 18.7 2003
co é, 5% * 18,1 17,9 17.1 19.6
2 . |
€ ¢ °g,* 19.4  19.5 19.7 2l.4
v 2
&, pg.* — =42 39,2 41.1
v + '
Eg B2, —~ w45 411 42.7
~ 2
Tl X 71g 11.2 9.4
T, Tm 15.5% 17.5
cos Sy B%,° 16.0 150
~ 2 +
Es C 22g+ 18.0 ;9.7
~
6. D éu - »21
~ 2 + _ »
En E “E g 21
* This work

]
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5.%3.2.(b). Vibrational Franck-Condon Factors. !

Sharp and Rosenstock 27 have given a general technique for calculating

F-C factors for most transitions in polyatomic molecules in the harmonic oscillator

l

approxmat:.on. The input data required are the geometry and the v:.brat:.onal
frequencies of the initial and final states.

This has been applied to the l€+ 002—-) X 27T 002 and the 2 —)

A T( 002 ionising transitions, and also to the corresponding transxtlonslm

CcS e Both are assumed to be llnea:p states, ‘ !

The calculated F-C factors are cormpared with our experimental values in
Table XVI, Spohr and Puttkemer 55 nave recently estimated some of the F-C factors:

of these compounds by photoelectron spectroscopy, and more accurate values for

!
the Kai*, state of N20+ have been obtained from fluorescence measurements'so" 8.

Thege values are also included in table XVI.

In fact erronecous valuss for some of the vibrational frequencies vera
- -1
used by Sharp and Rosenstock. The most serious error was the use of 2305 cm
for Y 175
\ 3

has since shown the correct value to be 1469 cm—l in agreement with our work.

~ .+ ' ,
in X an 002 o This was the value given by I-Irozowsld.'ga, but Johns

Inghram '69et al, who have recently studied the first band of the photoelectron
spectrum of 002, estimated that the use of the correct value of Q3 would
increase the value of the F-C factor for the 0,0,2, excitation to a magnitude ‘
similar to that of the 2,0,0, excitation. They were unable to identify} the former
excitation, owing to lack of resolution which did not allow them to éeparate the
2,0,0, &.0,0,2, components. In our spectrmﬁ it can clearly be seen that thé

peak at 14.1 ev isa double one, and that the two components do indeed have similar
intensities. | |

. Kory'c‘sh.lo‘.n'74 in 1966 completely re-analysed MHrozowski's original

AL % 2 oot : .
A TTu > X"TT, enission band. The v,=1 level in the X T5CO, state is split
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. | : i
into two sublevels and Mrozowski had ascribed this to a strong perturbation
effect. Koryoshkin showed that the suggested .perturbation could not account

for the observed spectrum if the ion were linear. A bond angle of 168°+ 3°
° i
end bond length Too ® 1,18%0 A fitted perfectly with the observed spectrum.i

’The celculated Franck-Condon factors for the ﬁ%state of C02+ res;{t on
tentative assigmments of QLand 03.9 aI’c can be seen from Table XVI that aéree-'
ment with experimental values is good, and in pai-ticular the prediction thal"l:
only mode V,is excited,is supported. ' !

For carbon disulphide only the Franck-Condon factors for the i'i;—)n)z 271'3
transition have been calculated, The prediction that mode \)2 may be exeited
cannot bé proved or disproved since the vibrational separation of the 0,2,0,

mode from the 0,0,0 peak would be too small to be resolved (seefig. 66B).

5.3.2. (c) The Nature of the Fragmentation Processes Occurring

No direct infozmatioﬁ on the fragmentation processes can be obtained
from photoelectron spectroscopy. However from the study éf the population of
vibrationally excited states, and of peak broadening which may indicate short
lifetimes some knowledge is available. Careful cormélation of the spectra ’
with the photoionisation efficiémy curves of moleculsr ions and fragment
ions, and the relevant absorption and fludrescence data is also useful.
Dibeler and Walkeral have obtained vhotoionisation efficiency curves for

ell the molecular and fragment ions conéerned in this seriea of compounds.

10

For N20 the ionisation threshold of NZO+ appears as a sharp step at
12.88(6) eV. No further steps in the curve are. evident owing to superimposition
of much sutoionising structure. The appearance potential for NOV is 15,01 eV,

 and that of N2+ is 17.3 eV, Further thresholds in the 1o~ curve are clearly

evident at 16,53 eV and 17.74 eV.
Figure 68 shows schematically & potential energy diasgram for the
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molecular ionic states found from photoelectrqn spectroscopy. The zéroth

vibrational levels are marked and also those which can Be populated by

direct-ionisation. No convergence of vibrational levels is observed and only

a few levels are populated indicating that the ionising dissociation limits

are té much higher energies. Also marked are Dibeler and Walker's 8! appearance

-potentials, thermochemical dissociation limits in the groun& molecular state,

and some dissﬁciation limits in the ionic state estimated from known ion-

isation potentials and spectral data.
9h0-ii!—i-iiikiﬂiiﬁﬂiﬁHiﬂ-i-!H!'!!!gE!E!E!E!!!!1!!1!!~i!!!'§!!!!.i!!!bn

Sl ———— v ow———— 0 . The second point is that

the appearance potentials are all coincident with the thermochemical dissociation

limits, within experimental error, except in the case 6f the first threshold

of N0'+ which is 0.84 eV ahove the limit for the process :

NP+ EY — 10T () 4 w (%)

‘Now direct ionisation to states (a) and (B') are not observéd in the photo-
electron spectrum, and it is tﬁought that & two photon process would be required
to reach them directly. Also it is obvious that photoipnisa%ion cannot produce
ion fragmentation by direct transitions to any of the ionic states observed, since
population at the dissociation limits does not occur. Why then do Dibeler and
Walker's results show appearancé potentials close to dissociation limits; even

of states which require two photon excitation? One recognised path of fragment-
ation is by poténtialenergysurfccé crossing out of the diréctly porulated

28,147

electronic statés of the ion This can result in short lifetimes of the

popalated ionic levels involved, causing broadening of the vibrational peaks

in the photoelectron spectrum39 » No significent broadening is observed in

our spectrum, and no populated levels exist in the region of two of the appearance
potentials (15.01 and 17.3 €V - see fig, 68), The alternative explanation
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is that curve crossing out of many populated excited molecular lcvels (stable or
repul_sive ) into the appropriate ionising dissociation continua occurs. A combination
of the two procésses can probably account for all the observed results.

Cook et alla' have obtained efficiency curves for the dissociation and
ionisation contimua of HZO and have also studied the fluorescence from excited
states, In the ionisation curve steps corresponding to the first and second I.P.

- Were observed, wit‘h an additional "hump", centred at 8403 (14.8ev), superimposed
on the flat continuum inbetween. The. dissociation contimwum shows a simiiar feature
and because of this it is considered likely that the dissociation continuﬁm is -
crossing with the ionisation contimum (see Figure 69). The dissociation process

involved would appear to be := : . ‘
. ‘ 3 '
Mo — N, (¢ P ) + o(M) reeersnss12,TeY

since in the fluorescence spectrum a peak also appears at 840?1, of radiation

3200—39003; which can be ascribed to the process :-
N, (¢, ) — N, (B7T)

Superimposed on the fluoresence contimwm are pPaks corresponding to the
III and IV Rydberg adsorption series of Tanakano( .1eading to the second I.P. )
which indicates that molecules excited to the upper states of these series pre=-
dissociate into Ny ( 27T, ) + 0 ( ), an W, { C 7T ) then radiates as
above ( see .figure 69 ). However there is no peak corresponding to the v=0, ns3
menber of series III, although this band has strongionisation and absorption
coefficients., This ‘implies that the potential‘surface of the dissociation state
crosses between the v£0 and v'=1 levels of the n=3 _Rydberg state of series III.
This is indicated in the schematic representation of the n= 3 Rydberg state in
figure 69. Also included are the ground state molecular and ionic (% 2T\'g )

potential curves. Thus it can be seen that all three excited states are interacting, .

-
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]

Dibeler and Valker's appearance potential of 1O~ at 15,01 e is
coincident with the WV’=1 level of the n = 3 Rydberg series III, A feasible

mechanism for the initial formation of fragment wo T (x £%) would therefore
i

|

secem to be excitation to dissociative state _’ followed by preionisation
NOot( X 44) + N (%% ‘

4

i
supplemented by addi“tional
i

transitions to Rydberg level n=3 of series III with curve crossing abor

to the continuum of the wmwwswk ionic stat

the v’z 0 level into state C’. |

The two higher NO ¥ thresholds at 16.53 eV amd 17.74 &V are also
represented by breaks iq the NZO dissociation continuum of Cook et al. |
This agreement probably indicatea that curve crossings out of dissociation
continua similar to thos'e \above are occurring. The coincidence of these two
thresholds with thg second and thir@ ionisation potentials of N20 (see
figure 68) indicates that curve crossing out of the populatedd 2" and B 277

2
possibly via a dissociation continuum.

states of N,O probably also plays a major part in the fragmentation process,

%,

For €OY, the photoionisation efficiency curve shows the threshold

2 14
at 13.775 eV, but the only other recognisable features are auto-ionisation
levels. The appearance potential of otis 19,10 €V. As in NZO this is very

close to the ionising limit,

Co, + hY —3 0 + 0% +e

2
D(0C-0) = 5.47 eV
I.P. 0° = 13.63 eV

Dissociation
Limit = 19.10 ev
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From our photoelectron spectrum it is again obvious that the

el‘ectronic states of the ion are not populated near the dissociation limits
and so fragmentation is not possible by direct ionisation for CO2 either.

27 . . i’ 2 o 271.
Rosenstock and Sharp @ have already pointed this out for the 7Té and A u

states of 002+ from their theoretical Franck-Condon calcﬁlations. Thus the

mechanisms for fragmentation must be similar to those of N,0.

The rising edge of the threshold of CO+ covers the range 19.1 -~ 19,6 evel

and the strong 0,0,0 pesk of the 'é'é“g’ c0," state is at 19.4 eV in the

photoelectron spectrum. In the electron impact ionisation efficiency curves,

6

without mass analysis, Carette’® detected breaks in the curve corresponding

to the X 2ng (13.75 &V), B zgu‘“ (17.35 V) and & 22; (19.35 ev) states
1
- of the ion. If the autoionising fine structure is removed from Dibeler and

+
2

17.35 eV corresponding to the ;4 22 u+ level, but the curve is flat and

Walker's CO, photon impact curve, it is possible that a step may dccur at

featureless at 19.35 eV. Thus though the total ionisation efficiency
increases at 19,35 eV, it yields no exira 002+ but only O+, even though

this is at the zeroth vibrational level of an ionic state of C0," which is
populated by direct ionisation. This is evidence for fré.gnentation being
caused by curve crossing out of the directly populated state into an ionising
dissociation continuum.

Cook et al. have studied the dissociation and ionisation continua,

but in this case no stirong conclusions can be drawn., Fluorescence
G ¢ 2 ' :
corresponding tQ A Znu__) L Trg 0024’ is observed, and possitly also the

B2 F= X 27\'g co,t transition.

s,

‘The photoionisation efficiency curve for CS. has its threshold at

‘ 2
10,06 eV. The second ionisation potential is not visible but there is a
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large step at 14.7 eV, close to the third ionisation potential (14.48 eﬁ).
The apnearance potential of S+is 14,8 eV, and that of cs¥ 16,16 ev, On?ce
again these values are close to calculated ionic dissociation limits.

i
Figure 70 is a potential energy diagram showing all the relevant fea’cureis.
The threshold of S+is probably due to curve crossing out of the populat!ed levels
of B 2£u+ CSz"' through to the ionisation continuum of the ground state %J 27Té ,

plus help from any molecular levels (stable or dissociative), which are

2 !

accessible and can cross into the X <7T g‘CSZ"' state.
The appearance potential of CSY is nearly coincident with the fo;thh
ionisation potential € 22 g+ CS2"' )« It is a very sharp onset and implies
“that CS+must be formed py curve crossing out of the populated (] zég"’ state,
No assopiated pezk broadening is noticed in the photoelectron spectrum
however. | |
The fifth band in the photoelectron spectrum is the only one observed
in the compounds studied where frag;nenﬁation by direct ionisation may be
occurring. However there are several other possibilities for this band,.
as mentioned in section 5.3.2.(z). The only feature of sigmificance in the
photoionisation efficiency curves of C82 is a small increase in the ¢S’ yield.
cos
Only the threshold value of 11.18 eV is significant on the cos¥ ,
efficienéy curvé, the remaining structure being largely obscured by auto-A
ionising pesks. The appearance potential of S*, 13.65 eV, is only 0.13 e¥
above the ionic dissociation limit for the X 27T COS'+ state, though it ‘can
be seen from the photoelectron spectrum that the vibrational levels of this
state are not populated above 11.6 eV. Fragmentation by direct ionisation
cannot therefore occur. No other directly populated states exist .in this
region either, so curve crossing out of one of themvmtlxst be excluded also.

Thus fragmentation must occur via transitions to molecular excited levels,
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‘followe'd by curve crossing, autoionisation, ete. The mumber of S+i0ns:
p'roduced at threshold is very small, and the efficiency curve rises stefaply
on passing through the region occupied by the directly populated‘f& 27’]’ b08+
and~]'3 .25"' COS+ states, Curve crossing out of these states could accoufnt

for this.-
Lo“

In this section it has been shownhfrégmentation by direct ionisation
to the dissociation limits of the electronic states is alvays impossible
(vith the possible exception of the fifth band of CSZ)’ and yet how the
appearance potentials of fragments always occur near recognisable dissociation
. limits. Ve conclude therefore that for'these molecules at least, there
exists avsufficient density of accessible potential surfaces_such that curve
crossing to the ground iqnic state at, or near, the dissociation limit is
always poséible, and that often & similar situation occurs near higher
dissociation limits. The types and numbers of érossingsiinvolved are
numeroué, and the combined effect is often to produce a fragment threshold

which avproaches a step-function,

_5.3.3, %.0.F, Hass Spectroscopy of NEO_

Efficiency curves for N20+a:ad fragment ions NO+, O*, N2+ ’ N+, were
constructed using suitable ionising lines from Oxygen and Nitrogen in the
vacwum monochromaetor light source. At the time this work was done the only
published photon impédt mass spectirometric data on N20 was that. of Weissler
et al 9‘3 Since then the high resolution efficiency curves of Dibeler et 'alsl'
extensively referred to in section 5.3.2.(c), have been published. The T.0.F.M.S
efficiency curves are showninfigure T7l, and may be compared to the original

curves of Weissler et &1, and the curves of Dibeler et al shown in figure 72,

As can be seen, the high resolution curves show much fine structure, presumed
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" to be due to autoionisation, which is not apparent in the other curves. For the
T.0F.M.S. curves, the low intensity of all the fragment ions and the presénce
of background peeks (from thé light source gases ), meke precise measuremients
yery difficult, and an accuracy of no greater than 25% is claimed for thée
i‘ré,gneﬁt?iom. |

An interesting point is the great difference. between the ratio of
abundances of ions’found in the three exper:iments.v The generall'trends can| be

seen from figures 71 and 72, and the following specific comparisons are aﬁhble.
Rcluf (e A(rvmo(m\cg

Impacting Energy NowamRwin
T m* omton oot
Present resulfs " 599 1 1.0 .17 .05 03 .01
Weissler et al: 8o 600 A - 140 1.7 3 e2 &2
Dibeler et a1.®! 548} 1.0 .59 6 03 .02

‘ There is some evidence for a metastable state ofNZO + + Begun and
' Iandau‘af' reported the metastable process = '

W40t — %t
| m) 7 \ = 2psec. |
from the observation of a metastable peek in a conventional mass spectrometer.

Newton and Scimanna'®%in later work estimated that 7Y I «2 8Sec, and that the

K.E. released on dissociation was ca. lev.
This metastable atate could be the & 22"'state of the ion, which is
reddic Eqmd stk aul - no* (X' £+ N (4g0)
dissociating by curve crossing 'l;o the — state, the thermochemical.
or
1imit of which lies at 2.2 ev lower enmergy. (see figure 68), The additional
excess energy released by the process (242 - 1 ev, ) might appear in the form

of a vibrationzlly excited state of the NO ion. The 04 vibrafional interval

of NO‘P(X 'i+) is 1.16 ev."B‘s If this hypothesis is correct, then the metastable.
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+ :
: N20 should be observed only at an ionising enerzy greater than 16.39 ev, An

accurate study of the appearshce potential of the metastable, and the K.E.
released in its dissociation would help to resolve this point.

The ten-fold difference between the ratio N20+/NO+ observed by Weissler

et al; and in the present results, may be partly accounted for by the presénce

+ .
a metastable species of N0 . In Weissler's conventional mass spectrometer, the

N oYions ma& have remained in the ion source for as long as 6Alsec, where as

2
in the TORMS they were ejected after a delay of approximately l.5p.secs.

‘Further work using & TORMS énd varying the delay before ion ejection might
,0'/N0*ratio,

Fig. T3 shows the portion of a typical spectrum of N20 covering the

, |
28 - 32 a.m.ue region. It can clearly be seen that the N0+peak.is broadened

indicate whether residence time is a factor in the N

considerably, Calcumlations show that the broadening is compatible with the
KO ¥ ion possessing approximately 0.5 eV K.E. and more accurate measurenen'i;é
should be able to establish this value more precisely. As mentioned in
section 5.3.2.(c) the A.P. of NO" is 0.84 €V above the thermochemical limit
of the X1 Né& state, and for the fragmentation process at the A.P. of NO~*
suggested in section 5.3.2.(c),K.E. of the resulting fragments would be
expected. The partition of kinetic energy between fragments is inversely
proportional to their masses, and so NO* should possess ca. 0.5 €V kinetic

enerey.

Again, more work on the kinetic energy distribution of ¥ot over an
impacting energy range would be helpful in sorting out the 'dirsociation:.

processes occuring.
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5. 4. ~ Formamide, N - methyl formamide, N - N dimethyl formamide.

——

Special importance is attached to the understanding of the electronic

structure and electronic spectrum ;‘of the amide group, since polypeptides
xhay be considered as weakly coupled amide residues, their optical
properties béing closely related to those of the monomeric amide unit.IB7

It was originally thought that the lower-lying electronic trensitions
of the amide group involved a terminal 7Y\ * 1evel only;, and assignments
of the bands obse_rved in the U,V. sﬁectrum were baéed upon sémi-empirical ‘
* theories in the TV approximation. ;

Recently, however, Robin et A1|,e7reported the presence of a low!—lying
'transition not previously observed in amide spectra. | |

This band falls in the 2000 X region between the transitions ascribed
to n -—m 71T (A) 2000 K) and TW— 7TT* (< 20003 ) A simillar
band is also observed in the U,V. spectra of various acids and acyl
fluorides.- " It was thought that the ‘transition might be toe &°
level, and in an attempt to verify this a full scale all-electron
Roothaan S C F - ¥ O calculation was performed on formamide. .

As was expected the calculations indicated a low lying '4 * orbital,
which was of the Rydberg type. The four possibilities for a Rydberg
transition were :-

n —) 38, on — 5 p,
N — 3s, ™ — 3 194
and the calculationsgave n —) 3 s (5.'8 eV) as the one of 'lowe-st

enersgy. If this Rydberg transition corresponds to the observed new

transition in the U.V, spectra of formamides, then it implies that the
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lowest I.P of formamide involves removal of an electron from the
non—bonding sigma orbital (very largely oxygen centred). é

Now the first ionisation potentigl may be simply taken as th%
negative of the highest occupied orbital as calculated by the S.CLF.
procedure (Koopmens' Theorem). This neglects the effects of the re-
orientation energy on ionisation, and th; difference between the
correlation energy of the neutral and ionised states.

‘The 8.C.F. caleulations indicate that for formic acid and
formyl fluoride the highest filled orbital is the non-bonding 4
orbital, n, and hence by Koopmans' Theoren the first I.P. relates to
the removal of an electron from this orbital. Butvfhe calculations
place the TV orbital'abovc‘ n for férmamidc.

- Re-orientation energy can bc‘acgounted for Hy calculating the
I.P s by computing the total S.G;F. energy of the}positive ion, and
subtracting this from the total energy of the neutral molecule. - When
caleculated in this manne% the 1st I.P s of all three compounds involve
the n orbital, with ionisation from the TV orbital being at least
1 &V more energetié. |

Thus there is 1little doubt that for acids and acyl fluorides the
1st I,P involves ionisation from the n orbital, and the new transition
observed in the U.V, spectrum is an n —y & * transition. From the
calculations the origin of the 1st I.P. of formamide_is undecided, but
the strong similarity of the U, V. spectrum to those of the acids and
acyl fluorides suggests that the 1lst I.P. here 2lso relates to the n
orbital, = Robin's calculation;z;we the first‘énd second I.P s by

the two methods as :-
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1
3

i

|

Koopmens! Theorenm 1st, I.P 11-:32 eV TN |

2nd I,P, 11°86 eV —— n
Re-orientation allowed 1st I.P, 880eV —m n
calculation 2nd I.P 9e7h &V @ T

‘"The photoelectron spectra of formamide, N - methyl formamide,
and N - N dimethyl formamide hé.ve been .examined ‘in an. attempt to
positix'rely idéntif‘y to which orbitals the lst énd 2nd I.,P s of
forman;idz relate,

The spectra are shown in figures 76, 74, /5, and the observed
I.P s.and vibrat‘ional structure are indicated also. Obviously the two
bands corresponding to the 1st and 2 nd I.P s»overlap and appear to
change their relative positions in the speotfum on going from formemide,
through N - methyl formamide to N - N diﬁethyl f'oz:mamide.

The vibrational interval of approximately 1,600 cms -1,assooiated
ﬁith one of the bands, and which seems o appear in all three compounds,
is very probably the 0 - C - N antisymmetric stretching mode which in
the neutral moieéule has a frcquencyof' L 1,680 cmfs“:L '90, and
consists largely of the C - 0 stretching mode. '

The second band in Formamide (figure 74) has a vibrational spacing
of approximately 600 cms- associated with it., The excited moﬁe could
be the 0 = C -~ N deformation mode ( 2 600 on~t in the moiecule '_90"9'),
or one of the. several modes involving the NH, gx;oup which have been assigned
to different frequencies by different authors 191,192,193 o Whichever
mode is involved, the band shape changes markedly on going to the

methyl compounds,

The simplest explanation is that the band with the simple C - 0O
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yibration associated with it relates to the removal of an electron
ffomvthé n orbital (oxygen non-bonding € ), and the one changing
with the introduction of the methyl groups relates to the 7V orbital
(which covers the N, C, and O atoms according to Robin's
caleulations).

If this bxplanation is correct, it éaﬁ be deduced that the 1st I.P.
of formamide does relate to thg n orbital and that the new band observed
in the U.,V. spectrum by Robin et A1 , is due to en n — ¢t
trensition. |

The experimeﬁtal values of the 1st and 2nd I,P's of formamide are,
from the photoelectronhspectrum e ‘ - : |

I

1st I.P (n) 10°13 &V

ond I.P (7t) £ 1051 é¥ —— The position of
the start of this band is not unambiguously established,

That these are both higher than the calculated values (re-orientation
energy alloved), is readily explainable as being due to the larger
correlation érror in the calculated grouﬁﬁ ;tate energy, due to its
hgving one more electron pair than the doublet ions. The calculated
values seem to have over-allowed for the difference in re-orientation
energy between the 1st I.P and the 2nd I.P., in that the calculated I.P s
ere +% eV apart, whereas the experimental difference is § 38 eV,

Assuming the interpretation of the origin of the first two photo~
electron bands to be correct, the introduction of methyl groups onto
-the nitrogen atom is seen to be exerting theAexpected hyperconjugative
effect of pushing the TV orbital to higher energy, with a much less

effect on the n orbital, thus reversing the origin of the 1lst and 2nd
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" 1.P s ( see figure 77).

The third band in the photoelectron spectra of the compounds E

can reasonably be ascribed to the removal of an electron from the
.sccond highest filled 7T level, the introduction of methyl groups in
the N - methyl and N - N dimcthyl-compound§ again exérting the expected
hyperconjugative effect ( figure 77 ).

| Nothing definite can be derived from the other bands in the !
spectrum, the vibrational spacihgs couid correspond to any number of
modes, but'it does seen that peaks due to ionisation from the methyl
orbital are showiné up in the 14 - 15 eV region in the N - methyl and
N -~ N dimethyl spectra.u This @s in the energy region where ionisation
from'mefﬁyi orbitals often occurs'(see for example ref. 62). |

There are two points of difficulty about thé interpretation of the

photoélqctron spectrum giveﬁ above, Tﬁc‘first is the appearance of -
the weak band at lower energy than the proposed 1st. I.P. in N - methyl
formamide. This is probably an N - N'dimethyl impurity, and a spectrun
of a clean gas chromatographed sample should.eliﬁinatethis band, The.
second factor is that the 3rd band in N — N dimethyl formamide (assigned
to the second 7V level) appears to be much more intense then in the
other twé compounds,

9
i to

The photoelectron spectroscopy results have prompted Robin
re-examine the optical spectra of these compounds, and he has now been
~ able to find nearly identical F - C profiles in some of the bands.

Correlation between the two types of spectra is in progress.



199

FIG. 77
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5¢5. Preliminery TOFHMS Study of Acetbone

Holecular ions, formed in an initial ionisation process possess
kinetic energy (themal energy) according to the equation :-
| k.E. = '%- mv2 = { KT
at 300° K XD == 0.025 ef
at 600° K kT %= 0.05 eV
'therefore v, the veloc;ity, is inversely pr&portional to \/'nT, the
mass of the ion. -
On fragmentation, if no excess energy is released in the process,

the thermal energy will be partitioned between the fragments in accordaz@ce

with the laws of conservation of momentun and of-energy. ' Thus,

W= myv 4+ ny
I = %m1v2+'*’zm2v2

where m, end m, are the masses of the fragnent particles. In a collision
free system the fragment ‘particles wiii contimme to travel with the velocity’
v,of the original mole-cular ion. Under such .cohditions .lOSS of ions should
only .occur by collisiovn with the physical components of the spectrometer
as the ions migrate thermally from the ionisation region.

Assuming a lMaxwell-Boltzmann energy distributiqn and neglecting
charge repulsion, it can be shown”a‘ ‘egthat the mmber of ions remaining -

in region, length; L,(bne dimensional treatment) after time t is given by

%o _ an? ~oc R

N, = ¥ 2 (™™ ane - 1 -7 %
°-- e ————————
) it o oo YT

where N, is the mmber of ions initially present in length L
jul L

Lo = Z7 3
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¥

— m v
o€ = 2kT

In three dimensional form the equation becomes a product of thl;ee one
dimensional cases given by the above equation.

In the TOFMS the only significa_nt loss of ions should be to the
repeller plate, distance L = 3 mm from the ionising beam, and so the one
dimensional equation may be used. lbu.riéh e solved this equation for' |
several molecules (ketones and aldehydes) as a function of t, over the range
+=20 sec to 15ALsec. The results were exﬁessed as the decrease in abundance
of ions detectable_over tiﬁt_ time range. Thesé were cbmpared to the decays
in the experimental ion pesk strengths observed in the TOFMS over the
seme time range. (

‘i‘here seem to be two major faults in Hourieh's use of the af:ove .
equation to calculate a thepretical decay curve, The first is that he
did not allow for- the fact '_that in the apparatus ions are only "lost" to
detection by migration in one airection, to the repeller plate, whereas the

theoreticai equation includes losses in'the epposite direction also. Allowing

for this the corrected equation would be :

Lo . . a
Pj}_ — '&' + _]:' Se-“ deC - 1 —e-x°
5, T % 2 oCVTT

and the general effect of the correction is that the theoretical rate of
decay is less than that calculated by Hourieh.
The second error is that in calculating theoretical cirves for frag-

ment ions Hourieh assumed that for a fragmeﬁt
+ mlv‘ 2 = wr

vhereas as has been shovn above, in-a collision free region if no excess K.E.

is liberated the fraszment perticles continue with the velocity, v, of the
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|

parent ion, and so have exactly the same theoretical decay curves of the

1
i

~parent ion.
If excess energy is released in the dissociation process, the energy
will be pertitioned between the fragments in inverse proportion to their

masses ( conservation of momentum). Thus

.2
Bo_ Do Mh,
KE, | T¥2
s R
Vo oy

and the smaller the fragment the greater will be the velocity it has, and the
faster its rate of loss from the.ionisation regién. |
In ‘Ehebry one should be able to calculaﬁ the kinetic energy liberated
in a decomposition process from the difference betwee.n the theoretical decay
curve (thermal migration) and the experimentally found curve.
| For fragment ions Hourieh "8 found agreement between his experimental and
calculated decay curves (in which thé rate of loss was overestimated by a factor o
a;b least 2), but found the behaviour of the molecular ion pesk to be ancmalous and
iﬁ completé di'sagreemént with theory, ‘inut.génex;é;l the ;nolecuiar ion peak showed
an increase in intensity as the time of residence of the ions in the ion source’
was increaséd, a decrease only commencing after at least 6 ALsec. The observed
values for CH3000H3+ and its CH,CO*' fragment are shown in Table XVIII together
with the corrected theoretical values. Figure 78shows the results in grarhical
form., |
Severai pogsible explanationé were advanced by Hourieh for the phenomenon.
(1) The tail of a stromg fragment peak overlaps that of the parent (see
figure 29 for acetone ) and part of the increase of the latter might result

from interference between the two.
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CHANGE OF THE REIATIVE ABUNDANCE OF IONS FROM ACETOKE
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WITH RESIDENCE TTE IN JONISATION REGION. (14.89 ev impacting energy)

Ton Pezk at m/e
fes::.dgx:.:e time.in 43 amau. | 43 aamu. | 58 a.anue | 58 awmeue
onmsation regLon
PUSSTR e o I U R R
0 10 10 4.0 4.0 (arbitary)
value
1 _ 9.74 - 3,88
2 - 9.44 —_— 3.78
3 — 9.17 - 3,67
4 9,33 8.89 6.0 . 3456
5 9.0 8.62 6.0 3445
6 8.0 836 6.0 3.34
7 Te33 810 6.0 3424
8 6.33 7.87 5475 3411
9 5,66 7466 5.5 3406
10 - TodT e 12499
11 4,66 7.3@ 5425 2,92
12 — 7.15 — 2,88
13 3,66 7.01 5.0 2.8
14 — 6.89 - 2.76
15 3.0 6.78 4.8 2.72.

* After Hourieh, Réf, 118
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(2) A time delay focusing effect could be in operation, \
(3) A slow autoionisation process could be in operation. "

AB + bV ~—> AB' —> AB + e
slow

In the present vork a peliminary study on CHCOCH; was made both with the
T+0F.M.S. in its original formr and then its recoustructred form, in an attempt
to findi out‘ more aboul the anomalous behaviouz; of the CH3COCHs+ ion. Figure 79
shows. the decay curves found for a photon imaét value of 14.84 ev with the
original form of the spectrometer. As can be seen the anomalous effect is even

more pronounced than that found by Hourieh. Under fhe mresent operating conditions

of much h:n.gher resolution and sensitivity, together with the more accurate

recording technique, it was found that the ancmalous behaviour:mo longer ocecurred.
The experimental results are indicated in figure §0.
Two conclusions are possible. The first isr that in the case of CH3COCH3

at least, the anomalous behaviour was entirely due to instrumental effects. The

" poor resolution of the CI—%CO* and CH300CH; ions (see figure 29) using the

original version of the appar_atus meax;t that the small CH3COCH3* peak rode on '
the nuch largeerH3CO*peak as a "tail", and so the behaviour of the two peaks
was inter-related. Any change in the peak shape of the CH300+signal would
affect the height of the CH3()0(1H3 peak. The poor shape of the accelerating
pulse (sectlon 3.5.B, ) caused broadening of peaks at high messes. A time delay .

re-focusing effect could possibly re-focus broadened peaks., Finally the actual

~detection and recording system involved pulse shaping of an integratéd speetrun.

The spectrum was produced .by collecting charge on & plate (see secinn 3e3.Bebs )y
and could be non-lineer for two possible reasons, The response of the pre-amplifie
might‘be non-linear, though this is considered unlikely., Secondly, charge was

maintained at the capacitor detector for a considerable length of time, unlike wit
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the electron multiplier system and at the high pressures used and c‘lci)rrespond-
ingly large ion currents, it migﬁt have been possible for secondary ":.leffects
in the vicin;i.ty of the detector to modify the much smaller molecular ion
signal arriving just after the large fragment ’ion signal, Further work on
acetone at different ionising energies,and on some of the other compounds
studied by Hourieh, is required to establish whether this explanation is
valid in all the enomalous cases observed.

The second possibility is that a pressure effect is in operatioﬁ.
Hourieh did most of his work with acetone vapour at 3 microns pressure, and
claimed that peak intensities were linear with pressure up to 7 microns.

The dime_nsions of the specfrc_:meter are such that a pressure of;3 microns is
éufficiently low for a collision free process ( flight path £ twice mean
free path ) but the present work on the reconstructed spectrometer has been
done at ca.»3 microns pressure ( pressures of » 1AL are not feasible becaﬁse
of the multiplier detection system ). It may bé that at the higher pressure
collisioﬁ processes were occuring such that (2133(20(2113 molecules vere able to

goin sufficient energy to ionise :
* ' + '
CH3COCH3 — CH3C0 + (.‘H3

The fact that the experimental decay curves (figure 80) have greater
slope than‘ the calculated theoretical curve canhot be teken -‘a; indicating
the presence of excess kinetic energy. Obv:i.ousl& there‘ is no mechanism
wvhereby moiquJar jons can be formed with excess kinetic energy.
V:Iahrhaftig189 ina simiiar experiment on propané using electron impact fou.nd\
also that the theoretical rate of idn decay did not account for all the |
experimental ion loss. Hore significant is the greater rate of loss of
CH3CO+ ions compared to CH3COCH3+ ﬁolecﬂar jons. This would seem to

indicate that a small amount of kinetic energy has been released in the
fragmentation process,
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