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ABSTRACT

There are at least two ion-pair states of IBr which are accessible
by single photon absorption in the region 160-200nm. The lowest of
these, the DO+ state, gives rise to two bound-free f]uoreécence
systems in the UV/visible. This state is efficiently collisionally
transferred by CF4, SF6 and N, to the D'2 state which lies ca.

2
640cm” | Tower.

The excitation spectrum of 12,1n the region 175-215nm shows that a
wide range of vibrational levels of the D0u+ state fluoresce, and
that the state is not predissociafed.» The reaction of IZ(Dou+)
with Xe to form XeI(B2 £ ¥) occurs for excitation at A < 190nm,

implying that there is little or no activation barrier.

Values of 2714, 11i2,.7.25i0.2 and 8.57ns were obtained for the

Z(D'Zg) and

XeI(BZZf+) respective1y. The D and D' states of IBr are removed

“pure radiative lifetimes of IBr(D0"), IBr(D'2), I

extremely efficiently by the reactive gases CH4, CH3C1, CZH6’ CH3C1
and 02. The non-reactive gases CF4, SF6 and N2 do not remove
IBr(D'2) but do remove IBr{DO") efficiently through interstate
transfer to IBr(D'2). The various processes are rationalised in
terms of a curve-crossing mechanism, wheré an ionic intermediate

curve couples the entrance and exit channels.

) ‘ .
CH(A® A) was produced from CH3Br, CHBr3, CH30H, (CH3)2CO, CH212 and

CZHZ via multiphoton ffagmentation processes. The dominant
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mechanism = for the unsatﬁrated precursor molecules involves
secondary photolysis of primary photofragments. Rotationally hot
CH(AZA ) radicals are relaxed more efficiently by H2, Ar and SF6
(collision numbers = 3.5, 4 & 5 respectively) than they are by He -
(collision number = 8). The removal rates determined for CH(AZA )
with CH4, HZ’ 02 and N2 are all slower than those with ground state

CH radicals.
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GENERAL INTRODUCTION

The work presented - herein compriseS‘ spectroscopic and kinetic
observations of processes involving highly excited electronic states of
diatomic molecules. The species studied include ion-pair. states of
halogen molecules, IZ(DOU+),IZ(D‘Zé),IBr(DO+),IBr(D'Z)-and the A% state
of the CH radical. The unusual chemical and physical properties of the
halogen ion-pair states merit attention, particularly with reference to
the development of UV lasers, while study of the CH radical is necessary
if we are to develop our undefstanding of such diverse chemical and

physical environments as those of flames and comets.

The ion-pair. states were produced by single photon absorption in the far
ultraviolet. When excited in the presence of a foreign gas, one or more
of the following processes resulted:

1. Radiative decay to a (lower) valence state;
2. Physical quenching to the ground state or a lower valence state;
3. Chemical reaction;

4. Collisional transfer to another ion-pair state.

When step 4 was operative, the resultant ion-pair state. subsequently

underwent some combination of steps 1, 2 and 3.

The CH(A%A) radical was produced in the fragmentation of multiphoton
excited parent molecules (ie molecules excited by the absorption of two
~ or more photons), and monitored via the A%A—ﬁXZTI emission band centred
at 431nm. Quenching and reactive processes were studied by the addition

of foreign gases.



In the past,' limitations imbosed by instrumentation have gfeatly
hindered detailed studies of such highly excited species. However,
recent technological advances have opened up many new fields of
research. The range of molecular states and phenomena under study 1is
expanding, with observations increasingly being made on _individua]
rovibronic levels. Pulsed UV A]asers and synchrotron radiation (two
major developments from the photochemists point of view) were utilised
as excitation sources for most of the work reported here. Both of these
have several features which make them ideal tools for spectroscopic and

kinetic studies (see Table 1.1)

The excimer laser produces extremely powerful pulses of UV radiation at
a fixed wavelength in a narrow bandwidth. The pulse duration is short
and the beam divergence is small. As a result of the high intensity,
multiphoton processes can compete with single photon absorption; and the
| production of highly excited states lying in the vacuum UV (A s 200nm)
by this means eliminates the need to use VUV tranémitting optical

materials and high vacuum techniques.

Using synchrotron radiation it is possible to tune through wide regioné
of the electromagnetic spectrum. The light beam is highly polarised,
and has a well defined time structure of extremely short pulses.
Although the beam is much lower in intensity, a very high repetition

rate enables rapid data acquisition in certain types of experiments.



TABLE 1.1 : Comparison between some features of a typical excimer

laser operatihg on the ArF. transition, and those of the

Synchrotron Radiation Source at Daresbury.

ArF Laser Synchrotron Radiation Source
Wavelength 193 nm Tunable from X-rays to.IR
Bahdwidth'(nm) 1 0.004 - 3
Pulse energy (mJ) 100 - 400
Pulse duration (S) 1.5 x 10—8. 1.2 x 10710
Repetition rate (Hz){ 0.25 - 20 - 5x108 in multi-bunch mode

6

3.125x10" in single bunch mode
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.2

BOu+ state of 1

~Over 70 years ago McLennan]]’

ELECTRONIC STATES OF HALOGEN MOLECULES

The electronic states of halogen molecules fall into three
categories : the valence states, the ion-pair states, and the
Rydberg states. The potential energy curves for some of these are
represented in Figure 1.1.

1

The low lying electronically excited states (E = 20000 cm ' in the

case of 12) are of valence character, ie.in the dissociation limit

~ they give atoms in either their ground state (2P3/2) or spin¥orbit

excited state (ZP]/Z). These valence states, and particularly the

have been extensively studied providing a good
1-6

2’
understanding of their spectroscopic
7-10

and collisional

quenching properties.

12 first identified the 12 absorption
in the UV at A = 180-200nm using various light sources and

13

filters. This absorption has been assignéd to the DOu+ﬁ———'X09+

transition. Some years later Duschinsky and Pringsheim]4, Whi]e
conducting a similar experiment, noted that the addition of He or
Ne to the 12 sample gave rise to a strong fluorescence near 340nm.
This emission band is known to originate from the D'2g — A'2u
transition. The D and D' states are examples of ion-pair states,
however it is only recently that these and other similar higher
lying electronic states have received much attention. Much of the
impetus for recent studies has cohe from rapidly advancing

technology, particularly that associated with lasers operating in

the UV and visible.
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Figure 1.1

Selected electronic stétes of I2

(Taken from M A MacDonald, Ph.D. thesis, 1984)
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As these states (E = 40000 cm™ ) are jon-pair in character'S (ie
they correlate with XT o+ X(Y)T in tﬁe diabatic dissociation
1imit), they are eXpected to exhibit behaviour which differs
markedly from their valence counterparts. An'examp1e which bears
this out 1$ the efficiency of the reaction of IZ(DOU+) with CH4
and CH3C117"8, in sharp contrast to 1,(B0 +). In fact Ié(D0u+)
is so reactive that it can break extremely strong C - F bonds]9

(Bond Energy = 485KJm01-]) to form radicals.

One of the areas of great interest in the ion-pair states stems
from the possible development of halogen lasers. A decade- ago
several groups demonstrated the possibility of an 12 laser
operating on the D'2g——A'2u transition at 342nm using electron

20-22

beam excitation Using the same technique the analogous Brz

1aser23’24 (operating at 291nm) and a range of interhalogen

1aser525’26 have.

been investigated. Figure 1.2 shows the
potential energy curves for an interhalogen laser. More recently
the possibility of an efficient optically pumped 12 laser has been

investigated27’28.

This 4-level laser system is represented
schematically in Figure 1.3. Optical excitation of the D0u+ state
is very efficient for 180nm < .A<200nm making the ArF excimer laser
(operating at 193nm) a suitable pump source. The D0u+ state s
coupled by rapid collisional relaxation to the D'2g state, which

'is believed to be the Tlowest of the ion-pair states]5’29.
Relaxation is éfficient]y accomplished by the addition of moderate
pressures of inert gases. The D'2g state is vibrationally and

rotationally relaxed by inert gases, but only very .weak1y

quenched30-32.
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1

In some cases excitation of halogen ion-pair states in the
presence of rare gases can provide an alternative route in the
production of rare gas-halide exciplexes, which are important in
the development of pulsed UV laser systems. The pathway involving
an electronically excited rare gas atom (RG*) and a ground state
halogen molecule or halogen containing molecule, eg.

RG* + X, —— RG - X* + X -(1.1)

2

33-38 and is the basis of commercially

has been studied extensively
available excimer laser systems. However, the complementary
pathway may prove to be a viable alternative for some systems';

the reaction

IBr(D) + Xe — XeBr(B) + I -(1.2)

39

has been shown to produce XeBr* efficiently”” (quantum

yield =30%).

The electronic configgration of the ion-pair states correspond to
the promotion of one or two electrons in the filled orbitals of
the ground state (..... (5p 0'9)2(5p n'u)4(5p 7 g )4 for I,) to a
vacant o * orbital (the 5p 0 * orbital in the case of 12).40 As
previously mentioned, the behaviour of these states differs
great]y from that of the lower valence states. This is mainly due

to the potentials (see Figure 1.1): the two charges in the

- 10 -



jon-pair attract each other electrostatically and so the

attractive part of the potential is of the form !

(e2 /4 eor)é
c.f. r-6 for the lower valence states. This results in a deeply
bound potential with a gently sloping attractive 1imb reaching the
dissociation 1limit at a large separation. The vibrational
spacings are small, compared with the valence states, and converge
very slowly towards the dissociation 1im1t.due to the uniformity
of the gradient of the potential in the attractive and replusive

limbs. For comparison, typical values of some parameters are

given in Table 1.2, taking I2 as an example.

TABLE 1.2 : Some parameters for 12(X09+) _compared tb typical
values for the ion-pair states correlating with
I-(]S)+I+(3P2). ‘Data taken from KP Huber and G
Herzberg, "Molecular structure and molecular spectra

Vol. 4, Constants of diatomic molecules" (Van

Nostrand, Princeton, 1979).

IZ(XOg+) IZ(Ion-pair state)
ro (k) 2.67 -3.6
D, (eV) 1.542 -3.8
w, fem™) 214 -100
-1
WXy (cm ) 0.614 ~-0.24

- 11 -



As the predominant ionic attractjon term, e2 /47reor, does not
discriminate between the different ijon-pair states they all have
virtually identical shapes and are nested within one another (the
only crossings that need be considered are those with neighbouring
Rydberg states). Another consequence of this is that the members
of any group of ion-pair states (ie. states correlating in the
diabatig dissociation 1imit with a particular pair of ions such as
X-(]S)+X+(3P2)) will have similar term values. The close
(energetic) proximity of the 10Qest group of 12 ion-pair states
coupled with the small vibrational spacings within the states

facilitiates the extremely efficient collisional transfer process:
IZ(Douf,v')+M-—9IZ(D'Zg,therma1ised v'")+M -(1.3)
which creates the necessary population inversion for the 12 laser.

In fact it is reasonable to assume that all the states within the
Towest group will be collisionally coupled to each other, but will
only be very weak]y quenched (ie. transferred to lower valence
states). Thus in the presence of a large excess of inért gas the
lowest state within the group should be dominantly populated,
provided that its term value is Towest by a margin greafer than
kT. This, together with the fact that all of the ion-pair states

are expected to have at ]east'one strong transition to the valence

states]3, supports the assertion that the D'2g state is lowest.

This is borne out experimentally and a term value of 40388 cm-]

has been determined for the D'2g state]6’4], while one of 40821

cm-] has been determined for the next lowest J1g state420f I

>

- 12 -



Provided that the selection rules permit single-photon transitions
from the ground state, the large equilibrium bond lengths of the
jon-pair states dictate that the resultant excited species will be
highly vibrationally excited (eg v' = 140 for IZ(DOu+) excited at
193nm). Single-photon studies have been largely restricted to the
D0u+(DO+) state (and states collisionally populated therefrom) in

17,18,28,32,43-45 and IBr39’46.

the case of 12
Restrictions imposed by the selection rules and Franck-Condon
factors can be overcome by prqbing the states 1n  two4step
multiphoton transitions through an intermediate state (usually
BOu+/BO+)._ A variety of multiphoton processes have been devised,
giving access to many of the other ion-pair states. Thus, for 12,
gerade states have been accessed via two-photon processes47'50,
while the F'0 + state hés been accessed via a .three-photon
processS].' A summary of the specfroscopic investigations of 12
jon-pair states has been given by Te]]inghuisensz. By comparison
the 1on-paif states of IBr, excepting the Do* and D'2 states, have

received little attention53’54.

Finally, the Rydberg states lie above the minima of the 1on-pair

states (E = 50000 cm']

for 12) and are similar to the Tlower
valence states but with an (essentially) non-bonding electron
excited into an orbital with a higher principal quantum number.
Their interactions with the ion-pair states give rise to complex

spectra, but they are not expected to be efficiently collisionally

coupled with the ion-pair states due to their different character.

- 13 -
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.3

ELECTRONIC STATES OF HALOGENS : NOMENCLATURE

In diatomic molecules composed of ‘two 1light atoms, spin-orbit
coupling is small and the conventional (A , X ) notation scheme
provides a valid description of the molecular electronic states.

Under this scheme a molecule is described by tihree main quantum
22‘*1/\

-numbers in the format Qwhere(ZZﬂ)is the electron spin

multiplicity, A is the orbital angular  momentum,

and Q is the total electronic angular momentum (Q:=1A+Z |,

A further small splitting occurs between pairs of ‘'degenerate’
Q= 0 states when symmetry is taken into éonsideration: reflection
in a plane which contains the nuclei will either Tleave the
electronic wave function unchanged (denoted +) or produce a sign
inversion (denoted —}) giving, for example st/ 3z, H0+/H0-
states. For degenerate states with >0, no such distinction
arises. Finally, electronic states of homonuclear diatomics can be
further characterised according to Qhether or not the sign of the
wavefunction is changed upon inversion through the centre of
symmetry. The electronic wavefunction can be either even {(no
change of sign, denoted by subscript g} or odd (change of sign,

denoted by subscript u) with respect to this operation.

In diatomic molecules composed of heavy atoms (eg Br,, 12, IBr),
electrons experience a greater magnetic field due to their
presence in greater numbers, giving rise to considerable

spin-orbit coupling. In these cases Q is the oniy meaningful

- 14 -
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.4

quantum number with £ and A becoming redundant, and the

designation of electronic states takes the format 52;;;

+/-

(or Q in the case of heteronuclear diatomics).

The jon-pair states of the halogen molecules correlate with XT+x”
(X*+Y” in the case of interhalogens) in the dissociation limit. By
considering the combination of the two ions to form a molecule,

the electronic states which arise can be deduced.

THE ION-PAIR STATES OF I2

105,%) plus

The ion-pair states of 12 dissociate to I+([Kr]5$24d 5p

I-([Kr]5524d}05p6). In order of increasing energy, the electronic

3p ]D and ]S (cf. Group VI atoms), while I~

J’
will be produced in a Is state (cf. rare gas atoms). 20 ion-pair

states of I+ will be

states can be formed by taking all the possible combinations of
the angular momentum  quantum numbers of the ions,
ie: §2=|J] + J2|. Figure 1.4 illustrates the construction of the
various states, which can be roughly divided (energetically) into
four groups in accordance with the energies of the various 1t
states.

3

The PJ state has three spin-orbit components, corresponding to

J=0,1,2 (in order of decreasing energy). The six states (0u+(D),

0q+(E),1,(p), 19([5), 2,(6) and 29(D')) from 17(3p_) should be

g
lTowest. Tellinghuisen et a1]5
1

5)
have suggested that this group

begins at around 40000 cm ', and this view 1is supported by

- 15 -
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——> 24q/u
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~ 1g/u

P.+ So

| / — 04/u

—> 2g/u

Figure 1.4 : Relative energetic ordering of I2 ion-pair
states (not to scale)




55 56

theoretical calculations®> as well as by experimental results™".

The four states (Ou-,Og‘(g),lu and 1_(G)) from I+(3P]) and the two

g
(Ou+(F) and 0g+(f)) from I+(3P0) should by higher by about

1

7000cm ', and the six states (0u+(F'),Og+,1u,1 ,2 and 2_) from

g u g
I+(]Dz) still higher by about 7000cm-]. The two remaining states

from I+(1$0) 1ie at much higher energy (approximately 17500 cm‘1

1

higher still than the states from 1 DZ))'

- 17 -
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-energy by approximately 9000cm™

THE ION-PAIR STATES OF IBr

The ion-pair states of IBr dissociate to either

I*([kr] 5524d"%5p%) plus Br ([ Ar]4s23d'04p®) or Br¥ ([ Ar] 4s23d'Op%)

10 6).

plus 17 ( {Kr] 55244 5p Of the 20 ion-pair states which can be

thus formed, half dissociate to 1*+Br~ and half to Bri+I . The

relative energetic orderings within these two groups are determined

3 3p 3p 1

(“P27P157P55 Dy

while all states dissociating to Br++1f will be displaced to higher
1 :

by the energies of the_vafious X" states (°P,,°P and ]SO),
relative to the states
dissociating to 1"+Br”. This displacement can be calculated, using
equation 1.4, from the ionization potentials and electron

affinities of I and Br atoms:
f‘3= I.P.(I)+E.A.(Br)fI.P.(Br)-E.A.(I) ,-(].4)

Figufe 1.5 illustrates the construction of the various states,

"which can be roughly divided (in theory) into six groups of three.

plus two individual states. The lowest group lies in the region

37840 - 49490 cm™! above the ground state (see section 3.1).

The vertical axis on Figure 1.5 is not to scale : Table 1.3 gives
approximate, theoretical energy gaps between the term values of the

! may not

lTowest states in each successive group. A gap of 3000 cm
be significant compared with the spread of term values within a

group, in which case two or three of the groups may merge}

- 18 -



Figure 1.5 :

X +Y

3rt (Y50)+17(1s0)
I+(]So)+8r'(]So)

Br+(]D )+I-(]So)

2
I+(]D2)+Br—(1So)

Br+(3Po)+I'(]So)

Br+(3P])+I'(]So)
Br+(3P2)+1'(1So)

I+(3Po)+Br-(1So)
I+(3P])+Br'(1So)

I+(3P2)+Br_(]So)

Relative energetic ordering of ion-pair states of
(not to scale)

‘£ IBr
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TABLE 1.3 : Approximate theoretical energy gaps between successive

groups of ion pair states of IBr.

PAIR OF IONS PRODUCED NO OF STATES APPROXIMATE ENERGY
IN THE DISSOCIATION LIMIT | IN THE GROUP GAP (cm™ )
+1 -1
Br ( So)+I ( SO) 1
10000
1*('s y+r ('s ) 1
0 0
11000
Brt('p.)+17(1s ) s 3
2 0
8000
+,1 -1
r*(To,)+8r('s) 3
3000
+,3 -1
Br ( Po,1)+1 ( SO) 3
3000
Br+(3P2)+1‘(Tso) 3
3000
+,3 -1
I ( Po’])+Br ( So) 3
6000
+,3 -1
I ( P2)+Br ( SO) 3

- 20 -
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OSCILLATORY CONTINUUM FLUORESCENCE FROM I2

12 gives rise to oscillatory continuum f]uorescencen’57

when
excited at 170 s,ls 200nm, in the absence of a buffer gas. Figuré
1.6 shows a low resolution fluorescence sbectrum of I2 in the
region 200-500 nm following 193 nm excitation (taken from M.
Martin et a128). Figure 1.7 shows the potential curves of the

X(Og+) and D(0u+) states, with the differénce potential above the
ground state curve (dashed line) representing the locus of points
to which transitions can occur (classically) from the high
vibrational level of the D(0u+) state whi1elconserv1ng kinetic
energy. Since single photon absorption from the ground state at
170 < A € 200nm populates very high vibrational levels of the

upper state, there is a large range of r from which transitions

.~ can occur,>and it is evident from Figure 1.7 that a large fraction

of such-transitions will terminate in unbound levels of the ground
state. In addition to intensity maxima corfesponding ‘to
transitions from the two turning'points on the uppér potential,
there will be a third, Tong-wavelength maximum corresponding to
transitions at intermediate r to the (maximum) turning point on

the difference potential. This ‘accumulated' intensity (at 322
nm) results from the very flat gradient of the difference
potential in the region of its turning point, ie. isoenergetic
transitions can occur over a relatively large range of

internuclear separation.

- 2] -
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Figure 1.6 : Low resolution fluorescence spectrum of 12(10Nm°
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(Taken from M Martin et al, Nouvo Gimento 63B, 300 (1981))
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~/B

The difference potential (A) for fluorescence from
I,(00,*,v') to I,(x0g"). '

- Taken fkom M A MacDonald, Ph.D. Thesis (1984)



1.

On either side of this maximum turning po{nt there are pairs of
values of r with identical® vertical transition energies.

Depending on the phase of the wavefunctions of these pairs of

points, constructive or destructive interference will result. The .

‘oscillations in the continuum emission are the manifestation of

this interference. At higher resolution, a high frequency
interference structure can be observed superimposed upon the low
frequency structure. This high frequency structuré results from
the changing phase difference between the upper and lower state

wavefunctions.

Similar considerations apply to the second oscillatory continuum
system with maximum intensity at 420 nm. Transitions vto a
difference potential above the lower state (in this case pureTy
repulsive), with associated constructive and detructiye
interference, give rise to the intensity oscillations in this long
wavelength band. | |

13

For a rigorous treatment of this phenomenon, see RS Mu]Jiken and

J Te111nghuisen57;

THE CH RADICAL

The CH radical is an important radical in hydrocarbon combustion
systems. Its chemiluminescence at A = 420-440 nm (from the
AZA-————»XZIT transition) has been observed in various high

58-61

temperature hydrocarbon flames and in atomic oxygen

- 24 -



62,63

reactions with hydrocarbons (particularly unsaturated

hydrocarbons). CH radicals have also been produced in electron

bombardment of organic mo]ecu1e564, in compression ignition of

65, and in ion-molecule reactions of
4

69

petrol in combusion engines

Nt 66’0+ 67, ot 68

H and Ar? with Hydrocarbdns.

Figure 1.8 is an energy level diagram showing potential curves for
some of the experimentally observed e]eétronic states of the
rédica] . the A%A ,BZZZ' and C2Z* states have been observed in
emission to the XZTI ground state70. These emission spectra
(along with the spectra of other small radicals such as CN, OH,

71-73

NH, C2 andAC3 ) are observed from many stars and comets , and

74_78. These radicals are produced either

from interstellar space
by the abéorption of far-UvV solar radiation by certain parent
molecules or by chemical reactions, their fluorescence being

subsequently excited by sunlight of longer wavelengths.

The CH radical is also important as a precursor to other radicals,
for example the OH(AZZ'ﬁ——ﬁ X211 ) emission has been observed in
many hydrocarbon flames and has been attributed in part to the

reaction79:

CH(X2TT )+02(x3z )~ co(x! £ HysoHals *y -(1.5)

while electronically excited CH radicals are believed to promote
chemi-ionization in flames through their reaction with atomic

80,81

oxygen o, viz:

CH* + 0 —— HCO® + e~ - -(1.6)
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(Adapted from G Herzberg and JWC Johns, Astrophys.J.,
158, 399 (1969))
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Our understanding of the extreme physical/chemical environments of
hydrbcarbon flames and. interstellar spécg will benefit from any
information that we can obtain on small freev radicals 1in the
1aboratory. However, a reasonable understanding of the kinetics
and mechanics of CH formation and reaction has only recently been
established. ‘This stems partly from the complexity of hydrocarbon
combustion chemistry in ggnera], énd partly from the difficulty in
the past of produciﬁg high enough.concentrations of the highly
reactive radfca], making direct measurements very difficﬁ]t. The
second of these prob]ems has been greatly alleviated by the advent
of high-power UV excimer lasers, as a result of which several
detailed studies have been .carried oﬁt in the 1a§t few yeafs.

62’82-87, and = studies - of

88-96

These include kinetic  studies
photodissociation processes leading to CH formation which
yeild information on excited state dynamics and fragmentation. 1In
these experiments mu]tiphofon processes are responsible forA CH

production.

MULTIPHOTON PROCESSES

The probability, P, of the absorption of photons is given by the

relation: .

P a a1 + chI] voald o+ .. -(1.7)
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Where a = 1is the cross-section for the absorption of n photons
and I is the radiation 1nténsity. From equation 1.7 it can be

seen that a high radiation intensity favours the higher order

terms, ie. multiphoton processes become more feasible. These
processes can be divided into three categories : sequential
(resonant) multiphoton excitation (MPE), simultaneous

(non-resonant) MPE, and .secondary photolysis of photofragements
formed in the primary step. The first two are illustrated in
Figure 1.9 for a 2-photon process, the same principles “being

extendable to higher order processes.

In sequential MPE (see figure 1.9a) the firSt'photon excites fhe
parent molecule, A, to a real intermediate state, A*, which is
further excited by a second photon to a ster—extited state, A**,
~The 1nfermediate state is said to resonantly enhance the process.
Super—éxcited states produced by UVMPE usually have energies near
or above the ionization potentials of the parent md1ecu]es, and
can subsequent1y' ionize, djssociate (often producing
electronically excited fragments), fluoresce, react with other
species present, or undergo collisional quenching. Fluorescence

" js seldom observed, and if desired the reaction and quenching
pathways can be precluded by working with sufficiently low gas

pressures.

In simultaneous MPE (see Figure 1.9b) there 1is no real
intermediate state involved : instead the electric field df the
first photon interacts with the parent molecule to prbduce a

-15

'virtual' state with a lifetime of about 107 '> seconds (the photon
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Figure 1.9 : Schematic representation of 2-photon MPE processes -
(a) sequential, (b) simultaneous (non-resonant),
(c) simultaneous (near-resonant)
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fly-by time). " If a second photon arrives during this time the
molecule can simultaneously absorb them both. The presence of a
nearby off-resonant state (or states) can increase the probability

" of absorption of the two photons (see Figure 1.9c).

Secondary excitation of primary photofragments can be represented

schematically as follows:

A + (n)hv—= A* - -(1.8a)
A*__)B + C ‘ '(].Bb)
B (or C) + (n)hv — B* (or C*) -(1.8c)

After absorption of the first photon(s) the parent molecule
fragments. The second photon(s) is then absorbed by one of the
photofragments taking it into an exéited state. The overall
process must occur during a single laser pulse (typically 15ns for

an ArF excimer Tlaser).

when a fluorescent species is produced in MPE, a 1§wer limit to
the order of the process can be determined from the dependence of
the fluorescence .intensity upon the Tlaser energy. However,
‘excepting the case of simultaneous MPE, this will be less than the

true order if one of the transitions becomes saturated.

Fof processes involving an odd number of photons the parity
selection rule is the same as that for single-photon absorption,
ie ge=—>u, g<§u>g, uex>u, but the reverse applies to processes
involving an even number of photons where the selection rule is

ge—>g, Ues—>U, Jex>U.
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An interesting feature of MPE is that it is possible to form
doubly excited states, ie states in which two separate electrons
are excited. This has been proposed88, for the ArF Tlaser

photolysis of CH3I:

CHyl + onp STHULTANEOUS , oy -(1.9a)
CHEL* —— CH* + Hy + 1 -(1.9b)
where CHXI* has one electron excited into a C-I antibonding

3
orbital and another into a CH, antibonding orbital.

QUENCHING MECHANISMS

Since much of the work to be reported here involves collisional
quenchiqg processes, a resumé of the various models used in the
past to explain these processes will now be given. These models '
evolved initially in order to rationalise processes involving

e1ectroniéa11y‘ excited atoms; and have since been extended to.

molecular systems.

Electronic quenching processes have been studies since the
1920'597_100, but it is oniy recently that a reasonéb]y complete
understanding of the mechanisms governfng them has been obtained.
This is due to the difficulties dinvolved in the theoretical

treatment of excited state potentials. Three classes of

- mechanisms will be considered : (a) near-resonant (long-range)

electronic energy transfer, (b) curve-crossing, and (c) collision

complex formation.
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(a) Near-resonant Electronic Energy Transfer

Electronic relaxation may be strongly inf]uenced by this mechanism
where near resonances are involved, and where strongly allowed
e]ectric'dipo1e.or electric quadrupole trans{sitions are involved.
In atom-atom systems this necessitates a small energy mismatch,
AE, between the inital and final states 1nvo1§ed. In atom-molecule
(or molecule-molecule) systems some of the internal energy can be
'soaked up' by the rovibrational degrees of freedom,'thus giving

more nearly resonant conditions.

An ‘example of }an atom-atom system in which this mechanism 1is
operative involves electronic energy transfer between the
multiplet levels of alkali metals induced by collisions with rare
'gas atoms. -The experimental results have been reviewed by
Krause]O], and exhibit a logarithmic decrease in transfer
probability with increasing AE. This behaviour is characteristic
of'the near-resonant electronic relaxation mechanism.; When the
long-range dipo1e-dibo1e meéhanism is operative (ie when the
electronic states involved for bdth atoms are connected by dipole

matrix elements), the resonant 'energy transfer probability is

given by

= sin?(2¢/fib%v) -(1.10)

Pif

assuming a straight 1line trajectory, where b 1is the 1impact

parameter, v is the relative velocity and C is given by

C= My Moie X angular matrix elements -(1.11)
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where the u.. are the transition moments. Such interactions can

give rise to extremely large cross-sections, of the order 103 -

1043, and thus resonant electronic energy transfer for

dipole-allowed transitions is very efficient.

In atom-molecule (or mo]ecu]e-mo]eCU1e)lsysfems the situation is
less straight;forward as comp11cétions arise due to the internal
degrees of freedom of the collision partners. Resoﬁant energy
transfer usually involves excitatiQn of rovibrationé] mofion in
the collision partner, either ‘exclusively (E — V,R), or in
addition to e]ectronié -excitation (E— E,V,R). Expressions for

calculating the transfer probabilities for the various types of

electrostatic interactions are given by Yard]ey102.

There are several sets of experimental results which provide good-

tests for this theory. The results of Fink and co-workers103

indicate that energy is Fesonant1y transferred in collisions of

optically excited Ar* with.HZ, HD and D2. Observations of the

resulting light emission from individual rovibronic levels of the

1

B X ut state of HZ/HD/D2 show that the largest cross-sections

occur for transitions which are electric dipole-allowed and for

1

which AE<200cm '. Relaxation of Ar* is also dipole allowed, and

cross-sections calculated on the basis of the long-range

dipole-dipole mechanism gave excellent agréement with experiment

1

in the case of AE £20cm . Poor agreement was obtained for

larger values of AE as another mechanism(s) becomes predominant.

104,105 106

Examples of dipo]e-quadrupo1e and quadrupole-quadrupole
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near-resonant energy transfer processes can also be found in the

literature.

Curve-Crossing Mechanism

In this model quenching proceeds by transfer from the diabatic
curve of the initial state (X*+Q) to one or more diabatic
potential surfaces leading to the final state(s)

When the entrance and exit channels are coupled directly and the
collision energy is sufficient to reach the crossing point, % is
obtained classically by averaging the Landau-Zener transfer
probability over impact parameter and the. Boltzmann velocity
distribution. A large 'UQ results if the entrance channel
crosses a large number of exit channels. Reactive quenching, with
the entrance channel adiabatically converted to a product chanel,

may also have a large o0,. For small crossing probabilities, P
! 109,114

x’
the quenching cross section is given approximaté]y by

0Q=27er2Pxexp[-AE/kT.] -(1.12)

where AE is the energy defect between the curves.

The entrance and exit channels may be coupled by an intermediate

107

potential, which is frequently an ion-pair curve Figure 1.10

illustrates this type of coupling, which was first suggested by
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Figure 1.10 : Potential energy curves illustrating the quenching of an excited gpecies,
A*, by a collision partner, M, via an ionic intermediate state, A’ +M~



Laidler in 1942'18,

If the entrance channel is nearly flat up to
the crossing point re its value can be estimated from the

condition
e? /r =IP(A*)-EA(M) -(1.13)
where IP is the ionization potential and EA the electron affinity.

If the collision pair transfers to the ionic curve a variety of
-exit channels may become accessible as the steeply attractive ]
curve crosses them, and the distfibution of products will be
determined by the relative strength of the couplings between the
jonic curve and the various product channels. Ultimately the
ion-pair. will dissociate either back into the initial elastic
channel, or into some other,neufra1 channel due to a crossing of
.the ionic curve with a lTower energy neutral curve. In the special
case for which a second strong coupling does not occur, either
because the interactions are very weak or because no exit chahne]
exists; the collision pair follows the ionic potential and

reactive quenching can resu1t33’34’]]9.

The electron transfer model has been successfully applied to E-V
transfer in the Na*—N2 systemlzo’]Z], however the model 1is not

generally applicable to E-V transfer processes.

¢. Collision Complex Theory

In an atom-molecule or molecule-molecule encounter it is

- 36 -



possible for a long-lived collision complex to fofm provided
that there is a sufficiently strong attraction between the
species. This entails a partitioning of the available energy
between the various degrees of freedom of the complex (ie.
inter- and intra-molecular). When such a complex is formed a
curve-crossing point may be crossed several fimes during its
1ifetimé, thus enhancing the energy transfer rate. Statistical
theories can be wused to predict the probability of

decomposition of the complex.

Collision complex formation has been proposed for a number of

122

systems. Polanyi and co-workers » have suggested that an

Hg-CO complex is produced in the interaction of Hg* with CO,
while Levine and Bernstein' 25 have argued a similar case in

the interaction of Na* with CO. By applying a collision

complex model to the quenching of 0(]D) by N, Tu]]y]z4 was

able to calculate a rate constant of 7x10-]]cm3mo1ec']s-],

which agrees well with the experimental value of

-1 3 -15-1.125

(6.9%0.6)x10” ' 'cm’molec Tully also calculated that

(30£10)% of the available energy will appear as vibrational

excitation, c.f. the experimental value of 33%]26.
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2.1

2.2

THE SYNCHROTRON RADIATION SOURCE

The synchrotron radiation source (SRS) used is located at the SERC

8 '2)

Daresbury Laboratory, and consists of an evacuated (p = 10 °Nm

_storage ring around which bunches of electrons are accelerated at

close to the speed of light. Radiation, covering the entire
electromagnetic spectrum, is produced at each of 16 magnets which
steer the electrons in a near circular path. Beams of this

radiation are collected at several experimental ports where the

‘ desired. wavelength can be selected by an appropriate means, eg a

monochromator when working in the UV.

The SRS can be run in either of two modes. In ‘'multibunch' mode,
160 discrete bunches of electrons (each 3.6cm in length) are
accelerated around the ring. This produce§ light pulses of -120ps
duration at 2ns intervals. In 'single-bunch' mode as the name
suggests, only one bunch of electrons is accelerated around the.
ring, producing 1é0ps pulses at intervals of 320ns. The beam
energy was 1.8-2.0 GeV and the current was normally < 180mA

(multibunch) or s 20mA (single-bunch).

ABSORPTION SPECTRA (PORT VUV3)

The absorption spectrum of IBr in the region 160-200nm was
recorded on port VUV3 of the SRS (operating in multibunch mode).
The synchrotron radiation was dispersed using a McPherson 5m
monochromator (dispersion 0.16nm/mm), and then directed along the

axis of a cylindrical pyrex cell containing the gas sample. The
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2.3

cell, path length 10cm, was fitted with front and rear LiF
windows. The rear (exit) window was coated externally with sodium
salicylate to allow monitoring of transmitted Tight with é
éonventional photomultiplier detector (EMI  62565). The
photomultiplier output was fed via a current integrator to a PDP
11/04 minicomputer, which recorded the wavelength setting
simultaneously. The stepping of the monochromator grating was

also controlled by the minicomputer. Digitised spectra were then

transferred to an AS7000 mainframe computér for plotting.

The monochromator wavelength setting was calibrated before
commencement and after completion of the experiments by recording

the Schumann-Runge absorption bands of 02.

EXCITATION AND ABSORPTION SPECTRA (PORT HA12)

Excitation and absorption spectra were recorded simultaneously
using beam line HA12 of the SRS (operating in multibunch mode).
The radiation from the ring was dispersed using a Spex 1500 SP

vwnavr manarhvramatan Th 3% -
1 1 THUITIVC T UIHAa LU » v

axis of a 10cm spectrosil fluorescence cell containing the sample,
which was mounted 1in an evacuable box fitted with two
photomultiplier detectors (see Figure 2.1). The box could be

pumped down to a pressure of -O.5Nm-2.

Absorption was monitored
using a conventional photomultiplier detector (EMI 62565) which
was bolted in position, in direct line with the éxcitation beam,
behind a sodium salicylate coated screen. Undiépersed

fluorescence was monitored using a quartz windowed photomultiplier
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Figure 2.1 : Schematic diagram of experimental set-up employed to record

excitation/absorption spectra on SRS port HA12




2.4

(Mullard PMZOZOQ), which was bolted 1in position, opposite the
cell, at right angles to the'beam. A concave mirror and focussing
lens were utilised to maximise the _f]uoreécence signal, and a
filter (cut-off below 280nm) was bositioned in front of the
photmultiplier to exclude scattered light. Thus fluorescence was

detected for 280 < A <650nm.

Qutputs from the photomultipliers were sent via current
integrators to a PDP 11/04 minicomputer, which also recorded the
wavelengths and controlled the stepping motor of the monochromator
grating during scans. Digitised spectra were then transferred to

an AS7000 mainframe computer for plotting.

The monochrbmator was calibrated before and after runs using the
02 Schumann-Runge band system, which was recorded in the region

188-200nm with the box full of air.

FLUORESCENCE SPECTRA RECORDED WITH A SPECTROFLUORIMETER

Cluinwa ernan~rn oennntwn
I TUUVUI TOLCTIILT D‘JC\'\'I

o
Q

‘spectrofluorimeter, using an excitation wavelength of 200nm with

various bandpasses. The samples were contained in standard lcm?
quartz spectrofluorimeter cells. The use of a 280nm cut-off pyrex
filter prevented scattered light from the excitation lamp reaching
the detection photomultiplier. All spectré were recorded in

‘ratio' mode, whereby the fluorescence intensity 1s_automatica11y

.SCaled to compensate for random fluctuations in the excitation

Tamp intensity.
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2.5

2.6

LIFETIME STUDIES (PORT HA12)

Lifetime studies on ion-pair states of IBr and 12 were carried out
on port HA12 of the SRS, operating in single bunch mode.

Radiationlfrom the storage ring was dispersed by a Spex 1500 SP
Czerny-Turner monochromator, then passed through a lcm® spectrosil

fluorescence cell containing the gas sample. The cell was mounted
in a blacked-out chamber to exclude 1ight from the surroundings.

Fluorescence at right angles to the excitation beam was passed
through a filter (usually LF30, A >300nm), then detected by a
Mullard XP2020Q photomultiplier. Fluorescence lifetimes were
determined by measuring successive time intervals between.
photomultiplier pulses (after constant fraction discrimination)
and the zero time reference signal from the storage ring, using a
time-to-amplitude converter (TAC). Odtput pu]ses from the TAC
were accumulated in a multichannel analyser. Lifetime spectra were
recorded on a PDP 11/04 minicomputer, from which they were
tfansferred to an AS7000 mainframe compufer for data analysis and
plotting. This arrangement is represented schematically in Figure
2.2. This time-resolved work was carried out with my co11eague,

Dr M MacDonald.

SPECTRALLY RESOLVED CH(AZA-—>XZIT) EMISSION RECORDED AT EDINBURGH

The focussed output of a Lambda Physik EMG500 excimer laser

operating at 193nm (ArF laser) was passed axially through a large

cross-shaped cell (fitted with specrosil windows) containing the

gas samples. Typically the laser energy was ~6mJ, with a pulse
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Figure 2.2 : Schematic diagram of experimental set-up employed in lifetime studies on

SRS port HA12
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2.7

duration of 14ns, a repetition rate of 2Hz, and a bandwith of
Inm. The resulting focussed output intensity was of the order of

5 MWem™ 2.

Photofragment fluorescence was observed at right angles
to the laser beam. The fluorescence was dispersed by means of a
monochromator (McKee-Pederson MP1018B or Jobin-Yvon HRS2) prior to
detection by a photomultiplier (EMI 9661B or Hamamatsu R928). The
signal ~from the photomultiplier was processed by a gated
integrator (Brookdeal 9415), and fhe output of the integrator was

recorded on a strip chart. The resultant spectra were not

corrected for the spectral response of the system.

SPECTRALLY RESOLVED CH(A%A'———>X2TT A) EMISSION RECORDED AT THE
RUTHERFORD APPLETON LABORATORY

The focussed output of a Lambda Physik EMG201 excimer laser
operating at 193nm (ArF Tlaser) was bassed through a Tlarge
cross-shaped cell (fitted with spectrosil winddws) containing the
gas samples. Laser energies as high at 200mJ were obtained, with
a pulse duration of 14ns and AA = 0.5nm. Photbfragment
fluorescence was observed at right angles to the laser beam. The
fluorescence was dispersed using a Jobin Yvon 0.3m monochromator
fitted with a medium-resolution grating (resolution AA= 0.35nm).
Light was detected at the exit port of the monochromator with an
6pt1ca1 multichannel ana]ysef (Princeton Applied Research/EG+G
OMAZ2 with silicon intensifiéd vjdicon). In this way fluorescence
spectra covering the region 400-460nm were recorded using a single

laser pulse.
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2.9

KINETIC STUDIES ON CH(AZA )

Time-resolved studies of CH(AZA-———9X217 ) emission were carried
out at the Rutherford Appleton Laboratory. The focussed output of
a Lambda Physik EMG201 excimer laser operating at 193nm was passed
through a large cross-shaped cell, fitted with spectrosil windows,
containing the gas samples (precursor plus quenching gas). The
CH(A%A XZIT ) fluorescence at' 431.5nm was viewed' using a
monochromator (Monospek 600) plus photomultiplier (NPAG334)
combination. The photomultiplier output signal was taken via a
50 2 termination to a fast storage oscillocope (Tektrohix 466).
The oscilloscope trace wasvphotbgraphed for subéequent measurement
and 1east squares analysis.

3\n™2) was added to the photolysis

Helium buffer gas (1.3x10
mixtures to minimuse the rate at which the CH(AZA ) fragmenfs

moved out of the viewing region.

GAS HANDLING AND CHEMICALS USED

Gas samples were introduced to the cells via a conventional pyrex

vatuum line. Al1 of the cells were fitted, by means of black wax,

~with greasless téps. Ampoules containing solid/liquid substances

and bulbs containing gaseous substances were also fitted for the
most part with greaseless taps. To facilitate degassing, bulbs

with 'cold fingers' were used for condensable gases.

IBr samples were prepared by filling a bulb with a 3:1 mixture of
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Brzzlz, in order to completely supress 12. After degassing,
the mixture was left for several days to allow

equilibration : 12+Br2 — 2IBr.

The reagent pressures used in the experiments were measured with a

capacitance manometer (MKS Baratron).

The chemicals used were as follows : 12 (BDH, Ana]ar grade, 99.9%
.purity), Br, (Fisons, SLR grade, 99% purity), SFg¢ (Matheson, CP

grade), Xe (BOC, Spectroscopic grade), CF, (gsoc), CH, (BOC,

4

Spectroscopic grade, 99% purity), N, (BOC, oxygen free), CH3C1

(BDH), C,H., CF:Cl (Matheson), O Br,

26’ 3 3
CHBr 3, C,H, (BO;); CH3OH (May + Baker, AR grade), (CH3)2C0

’ (BOC, 'Zero' grade), CH

(Fisons, AR grade), CHZIZ’ He (BOC, 'A' grade), Ar (BOC, -high

purity), H2 (BoC, CP gkade).'
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3.1 INTRODUCTION

The spectroscopic studies outlined in this chapter were carried out
in order to elucidate.the jon-pair states.of IBr in the region
160-200nm. Aside from the intrinsic value of such studies, the
excitation spectra were useful in the selection of excitation

wavelengths for lifetime experiments (see Chapter 5).

Figure 3.1 shows approximate potential energy curves for some
electronic states of IBr. Most of the purely repulsive states have

been omitted.

Spectroscopic studies of the ion-pair states (three of which are
“shown in Figure 3.1) have been scarce to date. Diegelmann and

26 observed the D'(2) A'(2) emission following electron

,' co-workers
bombardment of IBr, and have estimated the spectroscopic constants
for the (lowest) D'(2) state (see Table 3.1). Brand and
co-workers®? have probed the other two states which dissociate to
I+(3P2)+Br'(]s), the "E" (0%) and the 1(3P2) state (Q=1), and the
£(07) state which di;sociatés to I+(3P0)+Br_(]S). A 2-photon
pump-probe technique was used, giving access to the lower
vibrational levels (v < 31) for these states. The derived
spectroscopic constants are given in Table 3.1 where the "E" state
is renamed D(0+). There are two reasons for renaming it : (1) the
"E" designation was adopted in analogy to the E(0g*) state of I,
which can only be probed by 2—§ﬁoton excitation from the groﬁnd

state, however the parity selection rule in not applicable to IBr.
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Figure 3.1: Approximate potential energy curves for selected valence
states plus three of the six lowest ion-pair states of
IBr.
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TABLE 3.1 Spectroscopic constants for some ion-pair states of IBr.

’ | -1 | -1 =1
STATE DIABATIC T /em re/ﬂ w,/cm Wyxg/cm
DISSOCIATION
PRODUCTS
+3> -] a a a
0*(2) | 1P +Br ('s)| -37840°| -3.105 154
p0") | 17Cpyser ('s)| 39487 | 3.42 | 119.5 0.211
b b b b
39491.35| 3.360| 119.518 0.2063
1(3P2) 1*(3P2)+Br' )| <39520 3.4 -120
f(0*) I+(3P0)+Br_( s) | 45383 | 3.40 128.8 0.363

Data from Brand et al

a : Diegelmann et a

b : King et al

53

126

54

, except when marked
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(2) the first Rydberg state (energy =51200 cm_]) has already been

127

designated "E" and this could confuse matters. .Therefore the

lowest 07 state shall be referred to as D(O+), in analogy to the

. -1
D(0u+) state of I,. (IZD(OU+) lies below IZE(Og+) by ~400 cm ).

53 using a

This 0 state has also been probed by King and co-workers
similar 2-photon absorption technique. The spectroscopic constants

derived by them are also given in Table 3.1.

3.2 THE IBr ABSORPTION SPECTRUM .

RESULTS

The absorhtion spectrum of IBr, recorded: at a resolution of
0.064nm, 1is shown in the région‘ 160-200nm in Figure 3.2 (for
experimental details see section 2.2). The pressure of IBr in the
cell was reduced by expansion until the strongest peak gave less
than total absorption. Figure 3.3 shows the instrument response
which was'measured with the cell evacuated. A comparable spectrum

of I, is also presented (Figure 3.4) as it exists in equilibrium

2
with IBr, viz:

I, + Bry === 21Br , Ko o -(3.1)

128

for which Keq'_has been measured as 480 None of the I2

absorption features are evident in Figure 3.2, indicating that the
3:1 mixture of Br2 :12 is sufficient to reduce 12 absorption below
the noise level. As the onset of Br2 absorption in the UV is at

-165nm, contamination of the spectrum due to the EXCGSS’BFZAwi]]\
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Figure 3.4: The absorption spectrum of I, (27 Nm™2) recorded at 0.064nm resolution

(NB: the scale reads high by 2.8%)
Taken from M A MacDonald, PHD Thesis, 1984.



be minimal.

The most prominent features in the spectrum are due to three

129 1)

previously assigned Rydberg systems “~, ie Eé—-X(UOO: 51200cm

.

Fe—X(p,, =54900cn” ') and G ——X(v = 60900cm” The spacings
between the peaks in the structured region at 166-173nm are

~0.9nm{ = 300cm-]), 1hd1cating that they also form part of the
Rydberg series. Other than this there is a broad continudus
absorption extending from -163-180nm, and possibly another Tless
intense absorption underlying the E«—X Rydberg system. Higher
freQuency~s£ructure, if found, wou]dAbe indicative of the ion-pair
states, which are expected to have vibrational spacings of$70cm-]

at levels accessible by single photon absorption. Therefore higher

resolution spectra were recorded in a search for such structure.

A high reso]u;ion (0.016nm) spectrum of the region 190-195nm is
presented in Figure 3.5. Although there 1is possible structure '
between the Rydberg peaks, it is not clearly reso]ved and thus
gives no information on any underlying state(s). The region
185-190nm  is shown under even higher réso]ution (0.008nm) in
Figure 3!6. Very small peaks a

Rydberg peaks, with spacings of ~-0.2Inm ( = 60cm-]). This suggests

that they belong to an ion-pair system.

The region 180-185nm was found to be completely devoid of
resolvable features. In sharp contrast, the broad absorption at
A <180nm which underlies the F—X Rydberg system clearly shows

high frequency structure (see Figure 3.7). A resolved series of
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peaks fofming a single progression can bbe Seen‘ extending
from ~171-179nm. The small peak spacings and the vefy gradual
convergence are both symptomatic of an ion-pair state (A1z=45+5¢m-]
‘at 171nm). As the room temperatUré{popu]ation of IBrX(v"=0) is
approximately four times that of IBrX(v"=1) this progression is

1ikely to be dominantly v'e—v"=0. (If the Franck-Condon factors

are favourable, it is possible that this is a v"=1 progression).

In the region below 170nm any high frequency structure, if present,

is below the noise level.
© DISCUSSION

“Any ion-pair states observed must have total angular momentum,
Q=0 or 1. The state detected in the region 185-190nm will almost
certainly belong to the Tlowest grouping of these states

]S)+I+(3P2) in the diabatic dissociation

(correlating with Br (
1imit), and this being the case it must be either the D(0+)'state
or the 1(3P2) state previously observed using sequential 2-photon

54 The vibrational spacing of 60+5cm~ | at 188.5nm

absorptioﬁ
(harked with arrows on Figure 3.6) is possibly an extrapolation of
the trend 1h Av from ~30-——+~45cm_] noted in the progression at
shorter wavelengths. If this is the case it is most likely that a
single ion-pair state is (at least partially) responsible for the
absorptioﬁ underlying the E<=X and F&«X Rydberg systems. (The lack
of structure in the intermediate region does not affect this

argument : a contribution from a v'¢—v"=1 progression or from

absorption to another jon-pair state could obscure any structure).
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To test this the vibrational quantum numbers and expected
vibrational spacings were cafcu]ated at the relative wavelengths,
usiné the spectroscopic constants derived for the D(0") state in
references 54 and 53 (see Table 3.1). The results of these
calculations are set out in Table 3.2. (Insufficient information is
available to perform similar calculations for the 1(3P2) state
which lies '530cm'] above the D(0*) state and is believed to have
~an almost identical potentiaT.) There is good agreement at 188.5nm
between the obsefved vibratidna] spacings and those calculated from
the constants in reference'53,‘given that these were derived from
the analysis of data for the lowest vibrational levels (v<21) of
the D(0T) state. However, due to the limitations imposed by this
(their RKR analysis only extended to r=3.9998 in the attractive
Timb) they did not derive any higher order terms, and this
deficiency is illustrated by tﬁe rapid convergence of the peaks
(the 1imit being reached at a wavelength longer than 171nm). The

pairs of values obtained for W and wyX,  are in excellent

agreement (see Table 3.1). In addition, Brand and co-workers
Lt o2ond o aialiia ~AF _OD on.1n-4»;—‘l V- v 3, thadw anal :--:.--..In-inh
ovtalliied a vailug Ul T CL.I99A1U Lin 1 Ul we_ye T LT il anailydio Wwitien

extended to v'=302%When this terﬁ is included in the calculations
it overcompenstates, s1ow1ng down the rate of convergence. (}n the
absence of higher oder terms, ie v"(n = 4), the series would start
diverging at higher v', never reaching a convergence limit.) The
agreement in the vibrational spacings at 188.5nm suggests thaf the
jon-pair state observed 1is in fact the D(0¥) state. The

disagreement at shorter wavelengths results from the inaccuracy of
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Av for IBrD(07) at

TABLE 3.2 Calculated values of v and
selected | wavelengths, ~using - the  spectrocopic
éonstants from Table 3.1
(Reference 54 gives weye=2.34x10_4cm']).
A=188.5nm A =179nm A=171nm
Reference v Au/cm'] v' Av/cm-] v' Av/c:m_1
54 145 72.9 ‘ 185. " 65.3 227 59.8
53 156 54.4 227 25.1 | --- -—--
Experimental 60 45 30
Observation
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the value of WyYe it can be seen from Table 3.2 that the term in

v3 has a marked effect at v'= 150.

A more accurate value for weYe WaS obtained by imposing the
restriction that v'(170.21nm)-v'(174.29nm)=41 (see Figure 3.8).

1

Using values of u@=119.518cm- and (Uexe=0.2109cm'], a value

of a%ye=-1,13x10'4cm_] was obtained by iteration. This value was
then used to calculate the vibrational levels and spacings at
various wavelengths (see Table 3.3). These.spectroscobic constants
provide a good fit to the observations in both spectral regions
where high frequency structure was resolved. However, the
vibrational levels are predicted to convergé at v'=436, which

1

~corresponds to a well depth of 21384cm . The actual well depth of

the D(07) state can be'calculated as

£ = D (1BrisBr ('S) + 1*(3,)) - T, (18rD) | -(3.2)

1

which yields a value of 32557cm '. This implies that higher order

terms (v',n=4) must dominate at very high v'.

There are two other possible explanations for these results : (1)
the absorption discussed above méy be due to the transition 1(3P2)
«X(0%) rather than D(O+)-e————— x(0Y), or (2) there may be
contributions from both of these transitions. The second
possibility would provide a feasible explanation for the absence of

structure in the region 180-185nm,
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TABLE 3.3 ‘: Values of v' and Av ((v'+1)-v') of 18rD(0*) for

selected wavelengths calculated using

.ab=119.518cm-],

_ -1
(uexe—O. 2109%¢cm

4 -1

aéye=-1.13x10- cm .
A/nm v © VIBRATIONAL SPACING/cm '
200 o7 -80
195 124 .72
190 144 -66
185 167 -58
180 194 N -50
175 230 -40
170 279 -28
164.43 - 436 0

NB In reality the v' levels will not converge as a Coulombic
potential contains an infinite number of vibrational

1eve1s,
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ie. it being due to overlap of transitions to the two states (rather
than over]ép of v"=0 and v"=1 progressions). However both of these
possibilities ére unlikely as they involve a pérpendicu]ar
transition, AQ = +1, which is expected to be very weak.

The loss of ion-pair vibrational structure at A=190nm and A<171nm
will be largely due to diminishing Frénck-Condon factors for
transitions to these vibrational levels (ie v'=< 140 and v' = 280).
The possibility of absorption to the higher group of ion-pair
states correlating with Br-(]S) + I+(3P] or 3Po) also exists. For
examplé the f(0') state (correlating with Br-(]S)+I+(3PO)) which
lies 5896cm~ | above the D(0F) state has a comparable equilibrium
bond length. As the potentials of these two states will be similar
it seems reasonable to assume that the Franck-Condon factors will

1 above the

favour transitions to vibrational levels lying -5900cm”
accessible Tlevels of the D(Of)‘ state. This translates to
appreciable absorption setting in at 170.9nm, taking 190nm as the
onset for the D(0+) state, which corresponds roughly to the short
“wavelength limit  of tHe resolved (1oﬁ—pair) vibrational

progression. Absorption to a higher ion-pair state of IBr 1is

therefore a distinct possibility at shorter wavelengths.
3.3 EXCITATION/ABSORPTION SPECTRUM OF IBr

RESULTS

The excitation and absorption spectra of IBr in the region
155-200nm were recorded simultaneously on SRS port HA12 (for
experimental details see section 2.3). Figure 3.9 sﬁdws the

variation of the 1light throughput with wavelength, with the box
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evacuated. The 1intensity falls off appreciably toward shorter
wavelenghts, and this will be vreflected in the excitation
f]uoreséehce spectrum. (The fall in throughput was mainly due to

the monochromator grating, which was blazed at 350nm.)

Figure 3.10 | shows a superimﬁosition of medium resolution
excitation/absorption spectfa in the region 169-197nm (bandpass =
0.5nm). The sample contained a large .excess of Br, (Br2/1é=5/1) in
order to completely suppress 'IZ which has a very intense
fluorescence spectrum when excited in this wavelength region (see

Chapter 4). The total pressure in the cell was 1kNm'2;

Although
the Ee— X Rydberg system can be clearly seen in the absorption
spectrum, there is no sign of the F&——X system (cf Figure 3.2).
The apparent absenﬁe of the F&—X Rydperg bands is due to the poor

sensitivity which resu]fs from a low beam intensity at shorter
’wavelengths. The fluorescence excitation spectrum consisté of a
broad feature extending from -175-195nm, with a banded structure
superimposed. This structure  (spacings = 1.2nm corresponding to

AE}300cm-]) is due to the high optical density of the sample, ie,
absorption to the Rydberg states reduces the beam intensity before

..... | i A~ AN Af th

it reaches the region o ell from

n ~
"o “vC " LA AR B TR B B RV AR e R S e A

which fluoreccence s

observed, and is not related to the f]uorescence; This is verified
by the exact coincidence of the E«<——X Rydberg absorption peaks
with the series of dips in the excitation spectrum at A2 186nm.
This structure continues to shorter wavelengths, extending beyond
the F&—X Rydberg system. While the structure in the excitation
spectrum at  173<As 179nm corresponds to the F&«—X Rydberg

absorption spectrum (see Figure 3.2), the origin of the structure
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in the intermediate region and at A<173nm is unclear.

Higher resolution excitation spectra of the most intense area near
180nm were recorded. However, due to very low signal levels no

fine structure was discernible above the noise.

Medium resolution excitation/absorption spectra exfending down to
153nm are shown in Figures 3.11 and 3.12. These were recorded when
the SRS was carrying a very large current (~200mA), giving a more
intense beam. The improved-résolution is a result of the increased
signal : noise ratﬁo. The‘absorption spectrum shows traces of the
Fe«—X Rydberg system in addition to the E<—X system. The
excitation fluorescence spectrum shows two new broad featurés in
addition to the one previously noted, with an exfensive baﬁded
structure imposed throughout. This strUcture, due to the high
.optical density of the sample, can be largely accounted for by
transitions to the E, ? and G Rydberg systems. The onsets of the
latter tWo systems are marked on Figure‘3.11. '(Compa}ison of
Figure 3.12 with Figure 3.2 illustrates the inferior sensitivity of

this experimental set-up at shorter wavelengths.)

DISCUSSION

The broad feature 1in the excitation fluorescence spectrum at
A=171nm corresponds to the jon-pair state identified in the high
resolution absorption spectrum and provisionally designated D(0").

In fact this observation lends support to the assignment, as the
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analogous IZD(OU+) state also fluoresces in the UV/visible when

excited in this wavelength region (see Chapter 4).

The broad feathre with maximum intens%ty at -167nm would be
increased in height by -50% relative to the maximum at ~179nm if a
correction was made for the decreased excitation beam intensity at
the shorter wavelength. This feature must also be the result of
Af]uoreséence from én ion-pair state of IBr, which, takﬁng
energetic éoﬁsiderations into account, is 1likely to be a member of
the next lion-pair grouping. fhe group of states correlating with
Br(15)+17 (% ;) Ties  -5400-5900cm™' above the D(0*) state,
- while the separétion between the maxima (167-179nm) translates to
an energy gap of ;4000cm'1.' This discrepéncy is tolerable in view
of the following facfs : (1) the potentials are not identical in
shape and may be slightly displaced relative to the 1ower ion-pair
grouping, and "(2) the beam intensity falls off markedly toward
shorter waQe]engths and thus the true maximum of the second system
may lie at a higher energy. To date there have been ho
‘experimental observations of the O-(3P]) of 1(3P]) states which

correlate with Br.(]S)+I+(3

P,), so the most logical assignment of
the second ion-pair system is to the £(07) state. (The analogous
F(O,+). state of I,, correlating with I-(]S)+I+(3P0), has

previously been observed in single-photon excitation.130)

The remaining broad feature, with maximum intensity at 163nm, can
be reasonably confidently assigned to fluorescence from the "K"

state of Brz. The reasons for this are three-fold. Firstly, Br?
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3.4

-210-440nm when excited at 157.8nm with a F2 laser.

gives rise to intense emission from this state in the region

131 Secondly,

132

Br "K"e—-X(Og+) absorption occurs at A<166nm And finally,

2
there was a large excess  of Br2 present in the sample cell. On
the basis of this, the feature would be e*pected to éxtend to
shorter excitation wavelengths then 160nm if it Were not for the
cut-off of the speétrosi] fluorescence cell. (The “K" ;tate of
Br, has recently been estéb1ished_ as’ the D(0+) state,

corresponding to the D(0u+) state of I, 133

THE FLUORESCENCE SPECTRUM OF IBr EXCITED AT 200nm

RESULTS

The dispersed f]ubrescence from IBr excited at 200nm was recorded
on a Perkin-Elmer v650F40 spectrofluorimeter, in the region

280-510nm (see section 2.4 for additional experimental details).

The spectrum, recorded with an excitation monochromator slit width

of 10nm and a detection monochromator slit width of 2nm, is shown
in Figure 3.13. The IBr. sample. total pressure 280Nm_], was
composed of equal pressures ‘of IBr and Bré (ie [Br]/ﬁl =3/1). AA
greater ratio of Br2/12 would be required to comp]eteiy suppress
I, fluorescence (see Figure 3.13), but the Br, pressure can only

be increased ‘at the expense of the fluorescence intensity, which

it quénches extremely efficiently (see Chapter 5). As the

fluorescence is already weak, a small contamination due to.I2 was

tolerated. On scanning the detection monochromator out to 850nm,
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no additional fluorescence was found.

The spectrum is seen to Consist of two oscillatory
cont1’nua57’]34’]35 ranging between 300-380 and 390-460nm. The
interference structure associated with bound-free emission of this

type has been observed previously for diatomic halogen
45,131,136

and the two systems in Figure 3.13 have been
46

molecules,

noted in IBr fluorescence following 193nm laser excitation. The

IBr oscillatory continua are similar to those previously observed

),28’45’57 and have - therefore beén assigned to

).46

from IZD(0u+

bound-free emission from IBrD(O+ (Bound-bound emission,

D(0+)——+X(O+), can only occur at A< 270nm, which is below the

filter cut-off.)

A second fluorescence spectrum of IBr was recorded under similar
conditions, except for ‘the " addition of a iarge pressure
(14.26KNm-2) of SF6 to the sample, and is reproduced in Figure
3.14. (The vertical scale is approximately 4x that in ‘?1gure

3.13.) The use of alternative inert buffer gases, such as CF,,N,

and the lighter noble gases, produced a similar result. This
spectrum 1is virtué]1y entireTy composed of new features, and is
dohinated by two narrow peaks at 342 and 385nm. Two bther less
intense features at 410 and 490nm are also now present, while the

feature at 447nm is greatly diminished. The intensities of the
four new features increase 1in parallel, upon raising the buffer
gas pressure, and the peak at 385nm also narrows down and shifts

slightly to the red.
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DISCUSSION

In the absence of buffer gas the IBr fluorescence spectrum
origiﬁates entirely from the initially populated upper state.
Apart from analogy to IZD(0u+)’ the assignment to the D(07) state
is supported by the fact that the spectrum is very weak compared
to.I2 excited under similar conditioné - this is to be expected as
200nm excitation only accesses the tail of the D-state absorption,
populating v =107 (see preceeding sections). In view of‘this a
shorter excitation ane]ength would have been desirable (see-
Figure 3.10), but ‘this was restricted to A=200nm by the
instrument. The fluorescence in the region 300-380nm reéu]ts from
transitions terminating in unbound levels of the ground state,
while the fluorescence at 390-460nm is due to a transition which
terminates on an unbound lower staté. In -analogy to

57

Tellinghuisen's tentative assignment for 12, this repulsive

state is probably 0+, correlating with two ground state atoms.

In the presence of a large excess of inert buffer gas the
osci]iatory continuum emission is virtually completely quenched,
leaving only a weak peak at 447nm and a shoulder on the short
wavelength side of the 385nm peak. The D-state emission at 447nm
is relatively narrow, indicating that it has been vibrationa]]y

relaxed by the SFG.

The emission at 342nm "can be readily assigned to the

IZD'(Zg)——oAf(Zu) emission28’43, which results from the residual

I2 pressure in the sample cell. The strong peak at 385nm 15 the

26

IBr analogue, ie. the D'(2) —>A'(2) emission, which has
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previously been observed following 193ﬁm laser excitation of IBr
in the presence of excess Ar buffer gas39. The narrowing and red
shift of this peak at high SF6 pressures indicafes efficient
vibrational relaxation of the D'-state, however physical quenching
of this state is éxtreme]y “inefficient, corroboratiﬁg the

assertion that it is the Towest of the ion-pair states.

The most likely assignment'of the broad feature at 490nm is to a
D'(2) —— Q=2 transition in which the lower state is repulsive,
and correlates with 1(2P1/2)+Br(2P3/2) in the dissociation limit
(cf~the 505hm  emission peak of 12 which has been‘ assigned
D'(29)~+2u(3A )]5). Given that the D'(2) state is vibrationally
relaxed, the breadth of this feature can only be eXp]ained if the

lower state is repulsive.

The feature at 410nm in Figure 3.14 1is most Iike]j to .originate
~from the D'(2) state also, since it gains intensity in tandem with
the 385 and 490nm'peaks. It is quite broad so the lower state
must again be repulsive. Of the several possib]e contenders for
the lower state (there is no parity selection rule for IBr), the
counterpart of the lower state in the 490nm emission is the most
obvious choice. This repulsive state, €2=2, will correlate with
I(2P3/2) + Br(ZP]/Z) in the dissociation limit, and will lie be]bw
the previously mentioned Q=2 repulsive state since the spin

splitting in Br(zPJ) is less than in I(2PJ).

However, the possibility of the 410nm peak originating from the

1(3P2) state of IBr cannot be completely discounted. There are
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two reasons for this. Firstly, it is extremely likely that the
interstate transfer process involves a cascade down the vibronic
levels of all three ion-pair states in the lowest grouping (cf 12

]8), in which case the 1(3P2) state will at

collisional transfer
least have a transient population. Secondly, by analogy with 12,‘
all of these states should have at Teast one allowed transition to

a va]ence state]3.

(As this peak gains in intensity at the expense
of the oscillatory continuum emission, the D(0+) state can be

exé]uded.)

The'effect of adding inert gases is thus to promote collisional
transfer between the ion-pair states in this (lowest) grouping,
with concomiﬁant vibratioﬁal relaxation of the individual states.
When a high enough pressure of inert gas is used, this cascading
process will terminate in a Boltzmann distribution over the
vibronic levels of the states. A general ﬁharacteristic of-the
halogen ion-pair states is that they are efficiently transferred

15, which lends

collisionally to the lowest state in the manifold
further support to the above assignments.  This proﬁess is .
facilitated by the very high density of states within the
‘manifold, and it may well be the caée that interstate transfer is

more rapid than intrastate vibrational deactivation.

A rough estimate of the difference in the term energies of the
D(0') and D'(2) states can be obtained using the Boltzmann
relation and the relative peak areas at 385 and 447nm.  This can
only be very approximate due to several factors: (1) the

instrument response varies with the fluorescence wavelength, (2)
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3.5

the entire emission from a state is not confined to a single
wavelength, and (3) the transition probability will be different

for each of the states. The ratio of the areas at 447/385nm tends

" to 0.0234 at high buffer gas pressures. Taking the degeneracies

of the two states into account (1 for D(O+), 2 for D'(2)), this

. - . -1
gives Te(D) z Te(D )+640cm .

The term energy. of the D(0%) state
is known accurately to be 39487cm”! (see Table 3.1), and so an

absolute value of Te(D')z 38850cm_] is obtained.

It will be noted that this value differs markedly from that of

1

Diegelmann et a126 who cg]cu]ated Te(D‘).= 37840cm '.  However,

their value is also subject to a degree of uncertainty, which is

“introduced in the computation of the D'(2) and A'(2) potential

curves. Both curves, and particularly that of the D'(2) state,

are poorly characterized. Their model . predicts'that the
D'(2) — A'(2) emission will occur at 395.8nm rather than 385nm.
This discrepancy canvbe rectifigd'by taking Te(D') = 38550cm-].
Given the’uncertainties involved in the calculation of Te(D') from

1

spectrofluorimeter data, the value of 38850cm  is credible.

CONCLUSION

There are at least two ion-pair states of IBr which are accessible
by singTe photon absorption in the region 160-200nm, as well as
three Rydberg systems. The lowest of these ion-pair states is the

D(0%) state which correlates with Brf(]S)+I+(3P2) in the diabatic
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‘digsociation 1imit. This state 1is populated by excitation at
170<) < 200nm, qnd gives rise to two fluorescence systems in the
UV/visible which‘are of the bound-free type.' The vibrational band
structure in the absorption spectrum gives a reasonable fit to the

equation:

_ i 2 5 3
b, = Lot (v+1/2) w, (v+1/2‘).wexe (v+1/2)7 wyY,

1

- -1
using the spectroscopic constants 160=39432cm s <Ué=119.518¢m "

u@xe=0.2109cm-] and ¢xéye=-1.13x10'4cm’]. Maximum fluorescence
intensity is obtained for excitation at’ ~179nm, which corresponds

tb v' 2199 «—v"=0.

The second of the ion-pair states gives rise to fluorescence at
A= 280nm when excited at 165€ A< 170nm. This is possibly the
£(0) state which should lie ~5900;m?] above the D(0") state, and

0
1imit. The possibility of absorption to other ion-pair states

correlates wifh 'Brf(]S)4I+(3P ) in the diabatic dissociation
cannot be excluded.

Finally, the D(0") state undergoés rapid co11isiona1‘interState

transfer to the D'(2) state in the presence of an inert buffer

gas. This state in turn is vibrationally relaxed, but not

physically quenched, by excess buffer gas. The overall process

probab]y.proceéds in part via 1e§els of all three ion-pair states
3

" in the group correlating with Br=('s)+1%( P,) in the diabatic

~ dissociation 1imit. The D'(2) state is the lowest ion-pair state

1

of IBr, probably lying -640cm ' below the D(07) state. In the
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_absence of a reactive gas it decays spontaneously, giving rise to

a sharp emission band at 385nm.
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4.1

INTRODUCTION

The  absorption and fluorescence spectra of 12 excited

at 180 €A € 210nm have been extensively studied and areiwe11

characterised. The transition responsible for the strong
absorption in this region (see Figure 3.4) - " is
13,57 yVery high vibrational levels of the

D(0u+)é——X(Og+)

upper stated (v' > 100) are populated in single photon
absorption due to the large difference in the equilibrium
bond lengths of the two  states (re(X)=2.67R]27,
ro(0)=3.608"37.)

The fluorescence spectrum following excitation in this

wavelength range (see for example Figure 1.6) consists of a

typical resonance series at short wavelengths, followed by

two groups of diffuse bands at longer wavelengths. These
diffuse bands, or "oscillatory continua", are the

manifestation of transitions from the D(0u+) state to unbound

13,57

Tower levels (For a brief description of this

phenomenon, see section 1.6). In the presence of an inert
buffer gas the D(0u+) state is efficiently transferred

collisionally to the D'(2) state!3:18:28 ° Lnich is the

lowest ion-pair state of 12. This state is not efficiently

quenched, andvdecays'spontaneous1y giving rise to a strong

peak at 342nm and a weaker one at 505nm]5.

In this chapter, the complementary 12 excitation spectrum
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4.2

. THE EXCITATION/ABSORPTION SPECTRUM OF I

will be reported on. This will substantiate some of the
comparisons and analogies drawn between IBr and 12 in Chapter

3, and sérve as a pointer for excitation wavelengths in the

‘lifetime studies that follow (Chapter 5). The possibility of

Xel* formation from the reaction:

1,(D0 +) + Xe — Xel(BS ") + 1 -~ -(4.1)

will also be examined. Xel* exciplex formation has

previously been observed in the complementary reaction of

metastable Xe atoms with iodine-containing mo1ecu1es]38-]40.

2

The fluorescence excifation and absorption spectra of 12 in
the region 165-215nm were recorded simultaneously on SRS port
HA12 (for experimental details refer to section 2.3). -The
10cm spectrosil fluorescence cell contained a few crystals of
12 which were -thoroughly degasséd, SO an 12 presSure.of

- 30mTorr -(ie the vapour pressure at room temperature) was
present. Figure 4.1 shows the f]ubrescencé exéitation
spectrum, vrecorded with a bandpass of 0.3nm. The
correspondfng absorption spectrum showed no features (for an

absorption spectrum in this region refer to Figure 3.4).

Absorption to the D(0u+) state ranges from 175-215nm, with

maximum intensity at ~188nm excitation. The only regular
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structure occurs at 175-177nm, where there are a few peaks

]). In fact, this

with spacings of - 0.65nm ( = 210cm”
structure is not related to the excitation spectrum, but
results from the high optﬁca] density of the sample : the
dips in this region correspond to the removal of beam
intensity through absorption to the Rydberg series of 12.

These bands have previously been ana]ysed]4].

Higher resolution spectra were recorded, cbvering the whole
of the above region. Figure 4.2 shows a superimposition of
the excitation and absorption spectra in the region
185-195nm, recorded with an excitation bandpass of 0.075nm.
Both spéctra display high frequency structure ;(spacings
= 0.19nm), with exact coincidence between the peaks in the
excitatjon spectrum and theApeaks in the absorption spectrum.
Thué the fluorescence intensity is increased upon scanning
the excitation wavelength through a vibrational peak in the
absorption spectrum, ahd so the structure in the excitation
is not simply due to self-absorption by thé sample before the
excitation beam crosses the region of the cell from which
fluorescence 1is obsefved (ie the structure in both spectra
are manifestations  of the same physical process). The
structure is c]éar1y resolved from 196-189nm, 1in which‘
interval the peaks conVerge slowly from separations of

1 o sotsem™ !,

573 5cm” This corroborates the assignment of
both the absorption and excitation spectra to the D(0u+)
ion-pair state of 12. The lack of resolved structure at

A< 189nm and A >196nm is most 1likely due to overlap of
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4.3

absorption originating from two vibrational Tlevels of the

ground state.

FORMATION OF XeI*(B) FROM 12*(0) + Xe

The possibility of XeI(B2 D) exciplex formation —{n the
reaction of 1,D(0,+) with Xe('s) was 1nvest1§atedv by
recording the excitation spectrum of Izv(175—200nm) in the
presence of various pressures of Xe'(see'previous section for
experimental details). A 254nm interferehce filter (bandpass

= 15nm FWHM) was positioned in front of the fluorescence
defection photomultiplier. With this arrangement, only the
Xel BZZZ+———*X2‘Z+ emission at 253nm p1ds a small fraction of
the IZDOU+ ——9XOg+ emission should be observed. Due to low
signal levels, incurfed through the use of a narrow bandpass
filter with a maximum transmission of only ~ 50%, an

excitation bandpass of 1nm had to be "employed.

Figure 4.3 shows a SUperimposition of 12 + Xe excitation

spectra, with PXe = 0,4.75, 13;07 and 53.3kNm-2.

the Xe pressure to - 13kNm'2 causes a decrease in

Increasing

fluorescence intensityvat A =z 190nm, has 1ittle effect on the
fluorescence 1ntensity for excitation at 184nm < A < 190nm,
and increases the fluorescence intensity to shorter

wavelengths. At very high Xe pressure the intensity is
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reduced over the entire range.

As a Chefk, an excitation spectrum of I2 plus CF4 buffer gas
.(13kNm-2) was recorded. In this case the fluorescence
intensity decreased uniform]y over the entirg' excitatioﬁ
range. . Therefore the extra emission intensity  for
~excitation at A$190nm at intermediate Xe pressures is not the
result of emission from another ion-pair state of I2
populated through co]lisions'with Xe. This implies a chemical
reaction betheen Xe and IZDOU+; excited at theseienergies,

with XeI(BZZZ+) responsible for the additional intensity.

At first sight it would appear that the quantum efficiency
‘for Xel(B) production is =1 for 12 excitation at A s 190nm,
since the fluorescence intensity remains effectively constant
over a range of Xe pressures. However, it must be borne in

mind that I DOu+_f1uoresces over a very broad spectral range,

2
while XeI(B) emits predominantly at 253nm. The picture is
further complicated by sevéra1 considerations : (1) there is
likely to be a contribution from co]]isiona1 transfer
processes involving other ion-pair states of Iy, (2) the iz
absorption may be pressure broadened by the added Xe (making
the apparent quantum efficiency greater), and (3) XeI(B)
itself appears to be quenched by Xe. Therefore dispersed

fluorescence spectra would be required to determine thé

extent of XeI(B) production..
Energetically, the lower 1limit for Xel(B) production occurs

_92-



4.4

at 190.9nh. Production appears to set in at 19011nm;
implying that there is little or no activation barrier to
reaction 4.1. This is highly pnlausible, as the feaction of
IBr(D) + Xe fo produce XeBr(B) has also been found to procéed

under close to. thermoneutral conditions39.

The extension jof‘ the f]uoreécence intensity to shorter
wavelengths upon incfeasing the Xe pressure‘caﬁ be explained
by a contfibution from the C-state of Xel. XeI(C) production
becohes energeticé]]y possible for excitation at A< 188. 4nm.
Although this state does hot fluoresce in fhe correct |
spectral region, it is 'very efficiently collisionally

139 whence it can emit at 253nm.

transferred to the B-state
Thus, an indirect contribution from Xel(B) at shorter '

wavelengths would increase upon raising the Xe pressure.

Ultimately, the XeI(B) fluorescence is quenched by Xe (see -
bottom trace on Figure 4.3). However, extremely high

pressures are required so the process does not appear to be

very efficient.

CONCLUSION

The excitation spectrum of I, at 175 = A s 215nm s

. complementary to previously recorded absorption and

fluorescence spectra in this region, as it shows that a wide



rangé of vibrational levels of the D(0u+) state fluoresce. In
fact, the fluorescence-excitation spectrum matches the
absorption spectrum down to 185nm. ‘Thus the D(Ou+) state is

not predissociated.

The reaction of IZD(OU+) with Xe to form Xel B(°Z*) occurs
for excitation at A<190nm, implying that there is little or

no activation »barrier. It is also highly probéb1e that
Xel(C) is formed at shorter wavelengths and transferred to

XeI(B) by collisions with Xe atoms.
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5.1

5.2

INTRODUCTION

This chapter 1is devoted to the kinetics of chemica] and

phys1ca1 processes involving ion-pair states of IBr and 12

18,32,43,44
2

have demonstrated that such species' have extremely large

Previous studies on the ion-pair states of I

cross-sections for collisions with a wide range of gases, and

17.19 -
that they can cleave strong bonds'7"9.'

Initially, dispersed fluorescence spectra were obtained (with
the spectrof]uorimefer) for mixtures of halogen plus various
bressures of foreign gases (excited at . 200nm), with
subsequent Stern-Vo1mer analysis of the plots, ‘yie1ding
relative removal rate constants. In order to put these data
on an absolute bas1s, experiments were carr1ed out on the SRS
at Daresbury to obta1n the lifetimes of the ion-pair states

under the experimental conditions used. ~ Pure radiative

. lifetimes for the states under study - IBr(DO+), IBr(D'2),

12(D0u+) and 12(0'29) - were also obtained. These Tlifetime

~ studies were carried out in collaboration with a colleague,

Dr Michael MacDonald.

ION PAIR STATE LIFETIMES ON SRS PORT HA12

No ion-pair state lifetimes have been measured previously for
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IBr, while for I2 only three have been measured -

]43). As these

D0,+(15.5ns'%%), D*2 (6.7ns>") and EO_+(27ns
states have very short 1lifetimes, the SRS with its well
defined, pulsed time profile, proved an ideal tool for such

measurements. The experimental details are set out 1in

- section 2.5.

RESULTS

(1) IBr : For work on IBr an excitation wavelength of 188nm
( AA =3nm) was exclusively used - this gave the maximum
signal attainable without the samﬁ]e_ chamber evacuated.
(Although higher signal levels could be obtained at shorter
wavelengths with the chamber evacuated, the time savings thus
affofded.were negated by the Tlaborious process of pumping
down for:each run.) Figure 5.1 shows a typical decay plot,
obtained in this case for IBr(D0*) fluorescence at A2
300nm (LF3O fi]ter). Generally the data gave an excellent
fit to a single exponential decay over at least two decades,
providing very precise lifetimes. The residuals, shown in
the 1lower half of Figure 5.1, illustrate the standard
deviation of the experimental points from the curve generated
by computer fitting. The main source of error in these
experiments therefore arose through uncertainties in the
parial pressures of the various constituents of the samples,

estimated to be i15%.
The relative removal rate constants for IBr(DO+) with various
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foreign gases (see next section) were obtained using IBr
samples comprising 2:1 of BrZ:IBr, in order to suppress 12.
The Tlifetime of IBr(D0T) under these conditions was
determined by recording fluorescence decays over a range of
total preésures while holding the ratio-of Brz:IBr constant
at 2:1. An LF30 filter was utilised throughout, to eliminate
scattered excitation'1ight. Figure 5.2 shows a plot of the
reciprocal of the fluorescence lifetime of IBr against the
combined IBr + Br2 pressure. The reciprocal of the intercept
gives a vg1ue of 27X4ns for the pure radiative lifetime of

18r(D0*), while the gradient gives a removal rate constant,

KreM = (7.350.3)x10° 10cm3motec” -1, This rate constant

represents contributions to the removal process by IBr and by

Brz.

Figure 5.3 shows a plot of the reciprocal of the IBr lifetime

in the presence of increasing pressures of Brz, with the IBr

-2

pressure held constant at 133Nm The slope of this plot

yields a value for the rate constant’ for the removal

10 3 -1 -1

of 1Br(D0%) by Bro, kpem(Brsp ) = (6.420.4)x10" ' “cm molec

REM
Combining this with the result from the slope of Figure 5.2

gives a value for self-quenching (ie the removal of 1Br(D0Y)

10 3 -1_-1

by IBr), (IBr) = (9.111.4)x10” cm molec 's . These plus

KReM
other rate constants are collected for ease of comparison in

Table 5.1.

The effect of added buffer gas upon the fluorescence decay

time profile was investigated next, using various pressures
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TABLE 5.1: Total removal rate constants for halogen ion-pair

states with various collision partners (M).

HALOGEN STATE ” M kegroyaL /cnomolec s 1x10'0
IBr(DOf) Br, 6.4°0.4
18r(00%) IBr 9.1i1.4
IBr(D'2) Iér+8r2 5;510.5
18r(D0") CH, 1.9%.2
1,(D0,+) CH, 1.9%0.2
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of CF4. Figure 5.4 shows the decay of IBr fluorescence in
the presencé of an intermediate pressure of CF4 (3kNm-]),
recorded using two different filters. Using an LF30 filter
(top trace), a marked risetime of -6ns is apparent and the
computer fit for a single exponetial is extremely poor. This
is due to collisional transfer of 1Br from the DO* to the

D'2 state, which subsequently fluoresces. While the fit is
improved in the case of an LF42 filter ( A 2 420nm, bottom
trace), there is still evidence of a risetime. This is
further supporting evidencé for the assignment of the. IBr
emission system at 490nm to a transition from the D'2 sfate.
(see Figure 3.14, section 3.4). Therefore the accuracy of
lifetime data obtained at intermediate buffer gas pressures
| is questionable as there are three processes to be

deconvoluted : a risetime plus decays from two different

electronic states.

On going to higher buffer gas pressures it was found that
the risetime decreased, with concomitant improvement in the
computer fit to the data points. For CF4 pressures =2

50kNm™

the accuracy of the fit and measured lifetime reach
steady.values, with a minimum risetime of -1.5ns. This
then is the minimum CF4 pressure required to bring about
complete ‘co1lisional transfer between the DO' and D'2

state, culminating in a Boltzmann distribution over the two

states.
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Thé lifetime of 1IBr(D'2), under conditions used in the
spectrofluorimeter experiments‘(See next section), could now
be determined; Figure 5.5 shows a plot of the reciprocal of
the 1IBr(D'2) fluorescence iifetime against the total
pressure of IBr+Br2, in the presence of a large excess of

CF4. The Br2 : IBr ratio was held constant at 2:1. To

2

ensure a minimum contribution from IBr(DO+), 50kNm ¢ of CF

4
was added to each sample and an LF38 filter ( A 2380nm) was
emp]éyed. (Th1§ also excluded any contribution from the
residual IZ(D‘Zg——ﬂ A'2u) emission at 342nm : gee Figure
3.14); Other experiments demonstrated that quenching of
IBr(D'2) by CF, is negligible. As with I1Br(D0%), relative
rate constants for IBr(D'2) can be converted to absolute by
taking 1/t from the best fit straight line at the required
total pressure. The intercept gives the pure radiative
lifetime of IBr(D'2), g, =11¥2ns, while the gradient
gives a combined (IBrfBrz) rate constant for the removal of
this state, kREM=6.5i0.5x10']0cm3mo1ec']s-].

(2) 12 : The f]uorescenée 1ifetime of 12 was measured over é
rénge of vapour pressures (temperatures = 0.7 - 27.3°C) and
a range of excitation wavelengths (188 - 200nm).  The
lifetime remained effectively constant over the pressﬁre
range studied, while it fluctuated randomly with excitation
wavelength at constant temperture giving an average value of
~ 13ns (see Table 5.2). However, excepting the runs at Tow
temperatures, the decay plots gave very poor single

exponential fits (see for example Figure 5.6, top trace),

implying that the fluorescence signal originates from more
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TABLE 5.2 : The fluorescence lifetime of 12 (vapour pressure

at 26°C) excited at a range of wavelengths.

AEXC./"m T/ns
188 - 14,3 T2
192 - 1.8 11,7
194 I 13 .9
196 | 12.4 11.8
‘198 _ 12.8.11.9
200 14.6 12.2
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than one electronic state. When re-analysed for doub1e-
exponentié] decays (see Figure 5.6, bottom trace), the plots

gave excellent fits yielding pairs of lifetime values.
Unfortunately these values were subject to huge
fluctuations, varying by a factor of 2 (cf ~20% for the
single exponentials). This is symptomatic of two lifetimes
with similar magnitudes (the deconvolution program can only
separate out two exponentials reliably 1f .their values
differ markedly). However, the ratio of the two lifetimes
was virtually constant at ~1.9. Taking 1515ns for the

)142

lifetime of IZ(Dou+ , this implies a lifetime of ~8ns

for the other electronic state involved.
The lifetime of IZ(D'Zg) was ascertained from a decay plot

1

of IZ* fluorescence, excited in the presence of 50kNm ' of

CF4. Other experiments demonstrated that quencing of

IZ(D'Zg) by CF4 is negligible. This gave a value of 7.25ns
for the radiative lifetime (reproducible to 20.2ns), which
is in good agreement with the preVious]y reported value of
6.7ns3]. |

(3) Removal by CH4 :- The rate constants'for the removal of
18r(D0%) and 12k00u+) by CH, were obtained by recdrding

fluorescence decays in the presence of increasing CHy

pressures. The IBr samples compfised 67Nm-2 of IBr plus
133Nm.-2 of Brz, while the 12 samples .were at room
~ temperature vapour pressure. The reciprocals of the

lifetimes for the two states were plotted against CH4
pressure (Figures 5.7 -and 5.8), and total removal rate

constants were derived from the gradients. In both cases a
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Figure 5.7 : Plot of the reciprocal of the fluorescence lifetime of
IBr*, excited at 188nm, against added pressure of

CH, (P = 67Nm'2, P = 133Nm-2). The identity of .

4 IBr Br2
IBr* is discussed in the text and states other than

po* may be involved.
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Plot of the reciprocal of the fluorescence lifetime of
12*(27Nm-2), following 192nm excitation, against added
pressure of CH,.  The identity of I,* is discussed

in the text and states other than D0u+ may be involved.
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value of kpey = (1.9i0;2)x10-]Ocm3molec—]s-] was obtained.

(4) Xel* formation : Evidence for the formation of Xel(B)
from the reactioh of IZ(DOU+) plus Xe was presented in
section 4.3, based on excitation fluorescence spectra, with
the energetic threshold of formation at 19051nm.  Lifetime
decays were measuréd for 12* excited at 184nm, 1in the

presence of 7.1kNm™]

of Xe, using various filters. Figure
5.9 shows two such decay plots, recorded under identical
conditions excepting the use of LF40 filter in one case (top
trace) and a 254nm interference filter in the other (bottom
trace). The top trace gives an extremely poor fit to a
single exponential decay and shows a marked risetime of
"~ 2ns. Thus the fluorescence being monitored here is
largely from a state that has been collisionally populated,
most likely the D'2g state of i2 which has an emission
system at 505nm]5. The lifetime calculated from this decay
plot is 5.6ns which, even allowing for error due to the poor
fit, is short compared to the pure fad%atfve lifetime of

7.25ns  for IZ(D'Zg). It therefore seems 1likely ' that

'IZ(D'Zg) is quenched by Xe with moderate efficiency.

In sharp contrast, the plot recorded using the 254nm
interference filter gives a better fit, has a minimal
risetime, and yields a fluorescence decay lifetime of 8.57;5
(note the different time scales for the two traces in Figure
5.9). A different species, which 1is formed extremely

rapidly, is being monitored here. In view of the excitation
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spectra (see Figure 4.3, section 4.3) this is most likely to

be XelI(B), emitting at 253nm. (NB it cannot be the

initially populated IZ(DOu+) state that is being monitored
as other experiments showed that the lifetime of this state

js reduced to less than 8.5ns by the addition of Xe at

2y,

pressures = 3kNm~ Comparison with XeC1(B) lends further

support to this assignment ; the reaction of the analogous
]AZU+ ion-pair state of Cl1, with Xe to form XeC1(B) has been

found to be extremely rapid (KeoRMATION"

-10_3 1571144

(3.050.5)x10" " Yem®molec” and the lifetime of

XeC1(B), TRAD=11.110.2ns]45

decay lifetime derived from the bottom trace.

, is of the same order as the

DISCUSSION

The measured radiative lifetimes for IBr(D0"), IBr(D'2) and
"12(0'29) are clear cut, with good agreement between the
latter and the previously reported literature value of

3]. However, the situation is more complicated in

6.720.5ns
the measurement of lifetimes for IZ(DOu+) excited in the
absence of buffer gas. With- the exception of decays
recorded at low temperatures, and hence low 12 vépour
pressures, the data cannot be satisfactorily fitted to a
single exponential decay. Two possible explanations exist :
(1) more than one state is populated 1in the initial
excitation process, or (2) the initially popu]atgd DOu+

state is transferred collisionally to one or more other

states which subsequently fluoresce.
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The emission from excited iodine in the region 430 - 470nm
(see Figure 1.6), fo]]owing 193nm excitation, has not been 4
assigned to the D0u+ state and probably accounts for the
additional decay procesé(es) observed (a contr{bution from
underlying continuum emission cannot- be ruled out). There
are five peaks in this reg{on : the peak at ~430nm (on the
shoulder of the system at 420nm) is probably the well known
EOg+-—4BOu+ emission, while the other four peaks presumably
originate from at least two of the other ion-pair states in
3p, )41 (]

the manifold dissociating to I'( S).  Tellinghuisen

2
and co-workers]5 have assigned 12* emission systems in this
region, following excitation by an electrical discharge in

the presence of Ar, to at least three of these states.

Other than the DOu+ state, the only ion-pair state in this
(3

region to which transitions are allowed s 1luf 2),
correlating with «I+(3P2)+I'(]S). ' This perpendicular
transition ( AQ = +1) s expected to be weaker than
DOU+6——— xog+, ahd therefore should on]y make a minor
contribution to the absorption process. Mu111ken]3 has
noted the distinct possibi]ity'of a small contribution from
the 1u(3P2)+f-X0g+ transftion to the absorption spectrum in

the region of the D«— X system, but it has not been

positively identified. Viswanathan and Te]11nghuisen52 have

tentatively ascribed the p state of King et a149 to the
1u(3P2) state. However the p state was produced in
two-photon excitation : a two-photon transition from the

ground state to the 1u(3P2) state is parity forbidden making
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this assignment dubious. The: 1u(3P2) state is thus an
unknown quantity, and it is highly improbable that a single
electronic state could give rise to all five extraneous

emission peaks in Figure 1.6.

Therefore the second possibility, that of collisional
transfer to other ion-pair states followed by emission
therefrom, is the most plausible. At first glance this
might seem unlikely, given the low 12 vapour pressures and
the short lifetime of IZ(DOU+). However, the cross section

for the process:

_._)I*+I

2 2 2 -(5.])

I,(D0 +) + 1
is expected to be extremely large (cf rate constants in
Tab]e 5.1). The emission at 430 € A €£470nm is only a small
fraction of that from the D0u+ state (the instrument
response in Figure 1.6 falls off drastically at shorter
wavelengths), so what fs witnessed is only the initial phase
of a cascade'through the vibrat{ona1 levels of the ion-pair
states, which would ultimately populate the (lowest) D'2g
state. This also explains the fact that the: 12*

fluorescence decay plots recorded at low temperatures give
vsatisfactbry fits to'a single expoﬁentia] decay, ie at very
lTow vapour pressures the interstate transfer process is
negligible. Extra, diffuse 12* emission bands at Tlong

wavelenghts, which are absent at 1low temperatures, have

previously been observed upon raising the temperature of the
- 116 -



samp]e]3.

The efficiency of the cascade process can be Undersfood in
terms of the very high aénsity of rovibrational levels per
cm.'1 : those of the DOU+ state are embedded in a densely
packed manifold of levels belonging to the other e1ectronic
states in the ijon-pair c1uster.‘ There is no discernible
risetime on the 12* decay plots because emission from these
other states only constitutes a small fraction of the total
emission intensity. (In their determination of the 12(00Q+)

142 used a high frequency

1ifetime, Callear and co-workers
detection technique which samples narrow spectral regions,
so they only observed a single exponential decay of the

fluorescence intensity).

In contrast to 12(D0u+), IBr(DO+) does not appear to undergo
a cascade process of this type through self-collisions or
collisions with Brz, even when much higher reagent pressures
are employed. This could be partly explained by the lower
density of vibrational levels in the lowest IBr ion-pair
manifold, due to the fact that there are only half as many
states and the vibrational frequencies are slightly higher.
However it seems likely that collisional deactivation (ie
quénching out of the ion—pair manifold) assumes a greater
importance in the case of IBr, relative to interstate
transfer. This is borne out by the invariance of the IBr*
fluorescence spectral profile (ie Figure 3.13) with changing

IBr/Br'2 pressure.
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It seems reasonable that the removal rate constants of 12*
and IBr* by CH4 should be of the same order of magnitude.
However, for 12* kREM is a factor of 4. less than the

18 o¢ 7.9 10719 cmdmotec™ s,

previously reported value
This discrepancy is due to the fact that a large spectral

region is being monitored in this work, whereas the previdus

value was derived from Stern-Volmer ana]ysis of spectrally
resolved 12* fluorescence over a range of CH4 pressures. With
the latter method, contributions from -other fluorescing

states are excluded as areas are measured under a single,

isolated peak originating from the DOu+ state. From Figure 2
of referénce 18 is it obvious that, in addition to reacting,
CH4 promotes significant interstate transfer from I2(DOU+) to
other ion-pair states which subsequently fluoresce (or
react). Thus the temporally resolved IZ* fluorescence decays
(which monitor undispefsed f]uorescénce) will contain
contributions from 1on—pa1r'states which are collisionally
populated and yield lifetime values longer than those of the
DOU+ state itself. This in turn leads to a value of kREMA
which is too small, and implies an approximate value of 0.75
for the quantum yield for 1nter$tate transfer from IZ(DOU+).

It wii] be seen in the next.section that these considerations
also apply to the removal rate constant for IBr(D0') with
CHy -
The results for 12* + Xe support the assertion that Xel(B) is

formed in the reaction of IZ(DOu+) with Xe. Assuming that

quenching of XelI(B) by Xe is slow, a radiative lifetime of
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- 8.5ns is obtained for XeI(B). This assumption can be
justified on the basis of the following comparisons between

the halogen ion-pair states and the bound states of Xel.

Table 5.3 compares the spectroscopic constants of the D/D'
states of IZ/IBr and the C/B states of Xel. These constants
are very similar for all six species. The Xel* exciplexes

resemble the halogen ion-pair states in several ways:

(1) they give ions (Xe® + I7) is the dissociation limit,

(2) they emit to repulsive Tlower states giving rise to
oscillatory continuum fluorescene (see Figure 2 of
reference 139), |

(3) interstate transfer from C — B is efficient with a range

of collision par“cners,]39

(4) they generally have extremely 1large removal croés

sections (kREM of the order of 10'10 - 10'9

cm3molec s V).

It can therefore be concluded that the C and B states of Xel
exhibit behaviour which parallels that of the D and D' states
of the halogens. As the. D' states of 12 and IBr are not
efficiently removed by inert gases, it seems reasonable to

assume that the same applies to XeI(B).

Additioha11y, in an analogous system, IBr excited at 193nm in

the presence of 7.09kNm™ |

39

of Xe gave rise to an intense XeBr

B —X emission. Therefore quenching of XeBr(B) by Xe does
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TABLE 5.3 : Comparisonvof the spectroscopic constants

of the D/D' states of IZ/IBr with those of the C/B states of

Xel
2 IBr .XeI

oo, * 02, o (a) p0t® 02 (4 c® 8B° (A)
T /em”! 41011 40388 (623) 39487 -38850  (-637) | 40595 39900 (695)
Dy /cm”! 31150 31773 32502 -33139 30797 31188
wy/en”! 98.8 104.0 119.5 105.5  106.5
ro/R 3.56 3.61 3.42 3.54  3.58

L

T OO0 oo

Reference 132
Reference 41
Reference 54

See discussion in section 3.4

Reference - 139
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5.3

not appear to be very efficient. These considerations
vindicate the assumption that the removal of XeI(B) by Xe is

slow.

IBr* QUENCHING STUDIES ON THE SPECTROFLUORIMETER

Experiments were carried out on the Perkin-Elmer 650-40
Spectrofluorimeter to e]ucidate.the kinetics of physical and
chemical processes involving the DO" and D'2 states of IBr
with a range of foreign gases. (For experimental details see
section 2.4) Previous studies of the kinetics of IBr* - rare
gas systems are here extended to systems with reactive and
inert molecules. These molecules ﬁah be divided into three
classes according to the effect which they have upon the IBr*

fluorescence spectrum.

C]ass.1'gases,»whi1e altering the overall intensity, have no
effect upon the fluorescence spectral profile. Br2 and IBr
itself fall into this category. Class 2 gaseé display
similar behavious to the lighter rare gases in collisions
with IBr*, ie they bring about D — D' interstate transfer
while chemical reaction is insignificant. 1Included in this

category are SF6, CF4 and N2. Class 3 - gases are more

complicated both reacting with IBr*, and -effecting

collisional transfer between the ion-pair states.
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The reactive gases studied were CH4, CH3C1, C2H6, CF3C1 and

0 A1l three classes of molecules bring about some physical

2
quenching to the Tower valence states, with the possible
exception of SF6. For Class 1 molecules this appears to be

the principal deactivation pathway.

The features of the fluorescence spectrum of IBr* excited at
200nm (see Figures 3.13) have already been discussed in

section 3.4.

RESULTS
(1) Class 1 molecules : IBr and Br2 have béen dealt with in

the previous section.

(2) Class 2 molecules : The effect of intermediate added
pressures of CF4 are demonstrated in Figure 5.10. Thé
DOT emission intensity can be seen to diminish with
increasing CF4 pressure (witness the main peak 1in the
long-wavelength oscillatory continuum system at 447nm)
while peaks at 342, 385, 410 and 505nm assume greater
intensity. The intensity of the small peak at 490nm
remains practically invariant over the pressure range
presented. At high CF4 pressures, a fluorescence
spectrum identical to that obtained 1n.the presence of

2

14.26 kNm © of SF6 is obtained (see Figure 3.14), with

the IBr(D'2 — A'2) emission at 385nm dominant.  The
height of this peak increases, with concurrent narrowing,

2

" up to a CF4 pressure of ~50kNm “, and remains virtually
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Figure 5.10 : The effect of added CF4 upon the fluorescence spectrum
of IBr*, excited at 200nm. PIBr=P8r2=2]3Nm_2 plus

- - — '2 = _2
(a) PCF4_0, (b) PCF4’733N"‘ , (c) PCF4 2.08kNm~¢.



constant at higher pressures. The features at 342, 385,
410 and 490nm have been discussed in section 3.4, leaving
only the broad emission at 505nm to be accounted for. In
fact this is an 12* emission peak which has been assigned

to a bound-free, D'Zg——92u(3zﬁ), transition]46.

Using fluorescence intensities measured at 447nm, a
Stern-Volmer plot of 1n(IO/I) VS. CF‘4 pressure was
constructed and is shown in Figure 5.11. The slope of
this plot divided by the 1ifetime of 1Br(D0") under these

conditions gives the total removal rate constant (all

10

channels) for IBr(DO") with CF = 4.3%0.2x10°

cm3mo1ec-]s_].

4> ¥Rem
‘ This rate constant and others are
" gathered in Table 5.4. |
The effects of added. SF6 and N2 upon the IBr*
fluorescence were similar, except for differences in the
- rate of disappearance of the 447nm peak.' Stern-Volmer
plots of the DO emission intensities at 447nm are shown’

for these two quenching gases in Figure 5.12. The's]dpes

give total rémova] rate constants of (8.210.7)x10—]o and

(5.011.0)x10’]° cmimolec Vs - for SFe - and N,
respectively.
(3) Class 3 molecules : The effects of small added

pressures of,CH4 are demonstrated in Figure 5.13. The
D0* emission intensity is observed to fall off very

rapidly with dncreasing CH4 pressure, and this is
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Figure 5.11 : Stern-Volmer plot for the removal of IBr(D0") (intensities
measured under the 447nm peak) by CF4.
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TABLE 5.4 : Removal rate constants, kpcy, for 1Br(D0*) and IBr(D'2) with various foreign gases

Foreign gas kREMIBr(D)/cm3m01ec']s']x1010 kREMIBr(D')/cm3m01ec']s_]x]0]0
CFy 4.3%0.2
SF 8.2%0.7
+
N, 5.051.0
CH, 9.4%1.0 7.0%0.8
CHyCT 9.671.4 | 13.9%1.7
. + +
CoHe 10512 12.351.1
CF4C1 8.1%0.8 | | 2.620.5
0, 2.120.3 2.9%0.3
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Figure 5.12 : Stern-Volmer plot for the removal of IBrDO* (intensities

measured under the 447nm peak) by non-reactive gases

SF6 and N2.
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Figure 5.13 : Quenching of IBr* (excited at 200nm) by CH

-2 _ -2 L -2
(a) pCH4 =0, (b) Pry = 280Nm %, (c) Pey. = 1.3kNm ©, (d) Po = 6.7kNm “.

4 4 4



ref]ected' in the large removal rate constant, kREM =

(9.4i1.0)x10']0 cm3mo1ec-]s']’

obtained from | a
Stern-Volmer analysis of the intensity under the 447nm
peak.(p1otted in FigureA5.14),' The D'2 = A'2 emission at
385ﬁm increases in intensity up to a CH4 pressure of

2

1.3kNm ©, then decreases at higher'CH4 pressure. At a

2, where emissions from the D and

CH, pressure of 6.7kNm~
D' states of IBr are virtually eTiminated; a moderately
intense Acontihuum’ emission remains. This continuum
emissibn is prevalent between 300 and 400nm, and may be

due to scattered white light.

The otﬁer group 3 molecules ekhibited similar behaviour
to CH4. The overall intensity removal followed the same
pattern exﬁept for a variation in the Te]ativevmagnitude
of the 385nm emission beak. This variation was small in
the case of CH301, C2H6 ahd_O2 while an increase in the
relative intensity at 385nm was observed with CF3C1 (see
Figure 5.15). Stern-Volmer analyses of spéctrof1uor1metér_
| traces were performed for the. removal of IBr(DOé) by
CH3C1, C2H6’ CF3C1 and 02. These are Shown graphicai]y
in Figures 5.16 - 5.19, and the removal rate constants
derived from them are presented in Table 5.4.

(4) 1IBr(D'2) removal by class 3 molecules : In order to
study the removal of IBr(D'2) by class .3 nm]ecules; a

series of experiments was carried out in the manner

described above but with the addition of large excesses
- 129 -
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Figure 5.14 : Stern-Volmer plot for the removal of IBr(DO') by CH
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Figure 5.15 : Effect of added CF,C1 on the fluorescence spectrum of IBr* (excited at 200nm).
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Figure 5.16 : Stern-Volmer plot for the removal of IBr(D0") by CH,CT.
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Figure 5.17 : Stern-Volmer plot for the removal of IBr(D0") by C2H6.
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Figure 5.18 : Stern-Volmer p1ot for the removal of IBr(DO") by CF3C1
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of SF¢ (a non-reactive, class 2 molecule) to the sample
cell in addition to various pressure§ of class 3
molecules. Répid IBr(D0T— D'2) interstate transfer is
promoted by $F6 (see section 3.4 and Figure 3.14) and the
addition of a sufficient]y‘Ahigh pressure ensures that
virtua]]y all IBr* molecules are transferred to the D'2

state prior to collision with a class 3 molecule.

Figure 5.20 shows the effect of the addition of small

pressures of CH, on the fluorescence spectrum of IBr(D'2)

2

excited at 200nm in the presence of 12.7kNm ° of SF

6°
The intensities of all the peaks fall off steadily with
increasing CH, pressure. Thé IBr(D'2 — A'2) peak
intensity at 385nm was utilised in a Stern-Volmer
analysis (seé Figure 5.21) which yie]dedva removal rate

-10

constant for IBr(D'2) by CH =(7.050.8)x10

4> Rem
“em3molec™ sV, Figures 5.22-5.25 show the Stern-Volmer
plots for the removal of IBr(D'2) by CH3C1, C2H6’ CF3C1
and 02. The removal rate constants thus obtained are

included in Table 5.4.

DISCUSSION

The preceding results can be rationalised in terms of the

following scheme:
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Figure 5.20 : Quenching of IBr(D'2) by .CH, . PIBr = PBr2
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: Stern-Volmer plot for the removal of IBr(D'2) by CH

(Intensities measured under the 385nm peak).
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Figure 5.22 : Stern-Volmer plot for the removal of IBr(D'2) by CH3C1
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Figure 5.25 : Stern-Volmer plot for the removal of IBr(D'2) by 0,.
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S I _
1Br(X0*) + hv —— 1Br(D0") -
| kg |
1Br(D0T) —P— SPONTANEOUS DECAY
. + k M
IBr(DO") + M(R) —5 IBr(D'2) + M(R)

18r(D0Y) + R-— PRODUCTS

’ k
IBr(D'2) + R —2— PRODUCTS

k
IBr(D'2) —F— IBr(A'2) + hv

where M is a class 2 molecule and R is a class 3

molecule.

(1) Removal mechanism for IBr* (Do) . The large removal -
rate constants are not entirely unexpected. A previous '
study produced comparable values for the removal of

18 The fact that the

IZ(DOU+) by a fange of molecules
removal rate constant§ are extreme1y large and virtually
independent of the polarity of the collision partnér
suggests that a curve-crossing mechanism plays a major
part in these processes. Although IBr*\has_a relatively
diffuse electron cloud, it would be impossible to account
for. the rate constants in Table 5.4 on the basis of a
mechanism Where the dispersion forces are responsible for

the attraction between the collision partners. When

long-range permanent dipole-dipole interactions are
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involved the 'Golden Rule’ quenching mechanism can give
rise to rate constants which are greater than gas
kinetic. However, with the exception of CH3C1 and CF301
all of the quenching molecules in the present study are

apolar.

Figure 5.26 1illustrates the curve-crossing mechanism
which is proposed to account for fhe‘ kinétic data
collected in this chaptér. The entrance and exit
channels for the quenching processes are coupled by a
steep ionic potential which dissociatés to IBr + Q(R)+
in the diabatic dissociation 1limit. In the quenching.of
iBr(DO+) the dinitial entrance channel éorresponds to
IBr(DO",v' = 107) + Q(R) : 200nm excitation populates v'
= 107 (see section 3.2). In addition there may be’
subsequent re-entry from othérA vibrational Tlevels
following 1inelastic cd]]isions : ajthough only one
potential‘curvevis shown to represent each of the neutral
channels and the ionic state, in reality each would
comprise a nested series of curves representing the
various vibrational Tevels. Crossings will occur at the
intersections of the donic state with the various
channels with probability Px’ so‘ the 1initial crossing
onto the ionic curve will occur with probability Py
Once an ionic ihtermediate (ion-pair) has been formed, it
can exit thg ionic state via various routes, with the
fo]]owing possible outcomes : (a) elastic recoil (exit

channel = entrance channel) (b) idinelastic recoil with
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1Br~ + Q(R)T
S
(&
]
=
[¥8]
1Br(D0*,v' 107)+Q(R)
. (1a)
|
lv.+ :
// [IBr(DO ,v'=0)+Q(R) (1)
/ (2)
L 1Br(D'2,v=0)+Q(R)
|
|
|
|
IONIC P
INTERMEDIATE - |
Jp |
_
P |
|
I
, _ |
(3 PRODUCTS | | | |

" "IBr* - Q(R)

Figﬁre 5.26 . Schematic of the curve-crossing mechanism operative in the
removal of IBr ion-pair states by various foreign gases (not
to scale). The ionic intermediate is formed by partial
donation of an electron from Q(R) into the ngancy in an

inner orbital of IBr*.
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' %
the production of IBr(DO*, v' < 107) + Q(R) , (c)

interstate transfer with the production of IBr(D'2,v) +
' 'Q(R)* , or (d) chemical reaction with the formation of
some other products. The extent of vibrational
relaxation Awithin the D-state (ie route (b)) s
indeterminate 1in these experiments since the spectral
profile of the oscillatory continuum fluorescence 1is
virtually wunaltered (at the resolution of these
experiments) for small changes in the upper vibrational
level, v', from which the transition occurs. The fourth

possibility only exists for reactive gases, R.

The situation is simpiified in thé case of 1IBr(D'2)
removal as studied here, since a large excess of buffer‘
gas ensures thermalisation of the vibrational levels
pfior to collision. The entrance channel corresponds to
IBr(D'2, low v) + Q(R) and crossing to:- the ionic curvé
occurs with probability P2. Only elastic collisions are
possible with inert gases, which have no product channel
available. However, elastic and reactive processes are

possible with some gases.

Large quenching cross-sections are possible with this
model as the idonic curve will extend to very 1érge
separations (attractive potential, V a 1/r), and there

will be a high density of neutral exit channels available
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to the ionic intermediate as a result of the high density

of rovibrational levels.

In view of this mechanistic pkoposa] the results for the
removal of IBr(DO+) and IBr(D'2) are similar to each
other : they correspond to-différént entrance chahné1s
but the exit channels in the case of IBr(D'2) are a
subset of those available in quenching from 1Br(D0%). in-
both cases the branching between the available exit
channels will be determined by the various P . A similar
situétion will exist for each of the'co]]ision partners
(Q,R) except for displacements in the position of the
jonic curve due to the different ionization poténtia]s of

these species.

In the quenching of IBr(Dd+) by class 2 molecules exit
channels (1) and  (2) dominate with Tlittle (if ‘any)
chemical reaction. This is not surprising in the case of
N2 as excitation at 200nm corresponds to an energy of 598
kJmo1-] which is 1insufficient to break the extremely
strong triple bond (N = N bond energy = 946kJm01-]).

Although there is sufficient energy to break an S-F bond
(bond energy = 326 kJmo1-]), SFg s known to be extremely

inert. This‘is a'ct\r‘ibu'ced]47

to a combination of factors
(1) the S-F bond is strong, (2) the S-atom is

coordinately saturated, (3) the S-atom is sterically
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hindered, and (4) the molecule is apoiar. Similar
cons{derations apply to CF4 which, like SF6, is extremely
inert (C-F bond energy = 485.'kJmo1']). The relative
magnitudes Vof the rate constants for the removal of
IBr(D0") by these gases is thus determined by the density
of entrance and exit channels and the magnitudes of the

crossing probabilities for these channels.

In the quenching of I1Br(D0O") by class 3 molecules, all 3
exit channels are available. The reﬁova1 rates for.CH4,
CH3C1, C2H6 and CF3C1 are very similar, which implies
that the crossing points- (rx) and. probabilities (P1a)
have similar magnitudes. However, removal by 02 is
appreciably slower imp]ying smaller magnitudes in this

case. Previous studiesls’f?4

indicate dthat a similar
situation éxists for the removal of IZ(DOU+) by class 3
molecules, ie removal .by 02 is also appreciably slower

(see Table 5.5).

Qualitative observations cah be made on the relative
contributions of exit channels (2) and (3) for the
various reactive gases, on the basis of spectra such as

those shown in Figures 5.13 and 5.15.
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TABLE 5.5 :'Removal rate constants, kREM’ for IZ(DOu+) with

various foreign gases.

Foreign gas kREM/cm3m01ec']s'] X 1010 Reference
CH, 7.9%0.2 18
CH4C1 21.0%1.0 18
CF4C1 7.1%0.4 | 18
02 0.96 43
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The intensity of the.peak at 385nm reflects the extent of the
contribution from exit channel (2), but the picture is
~ complicated by subsequent reaction of IBr(D'2) with these
gases. For CH4, CH3C1, C2H6 and O2 exit channel (3) appears
to dominate over exit channel (2), while for CF3C1 exit
channel (2) assumes a greater importance (see Figure 5.15).

In fact 'CF Cl would be better classified as being

3
intermediate between classes (2) and (3). In a study of the
reactions of IZ(DOU4) with methane and various halomethanes,

Willard and G1asgow]7

found a marked decrease in the quantum
yield for reaction (exit channel (3)) upon increasing the
number of F atoms, n, in the serious CFnH4-h’ and an increase
upon including a C1 atom (see Table 5.6). - Therefore an
jntermediate classification for CF3C1 fits in with previously
observed behaviour in the removal of the analogous DOu+ state
of 12.
Collisions between thermalised I1Br(D'2) and class 3 molecules
(entrance channel 2) can result in either elastic recoil
(exit channel 2) or reaction (exit channel 3). Again the
variations in the removal rates can be explained by the
following factors : (1) differences in the curve-crossing
bositions ‘and probabi]ities,',and (2) differences in the
relative contributions of the two exit channels. Since the
interﬁedigte jonic curve (or nest of curves) is common to the

removal of IBr(DO') and IBr(D'2) for a particular collision

partner, it seems most plausible that the relatively small
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TABLE 5.6 : Quantum yields for the reactive removal of
12(D0u+) by methane and various halomethanes

(100 torr). From reference 17.

Molecule (DR
CFy 0.002
CE3H 0.07
CFH, 0.20
CH, 0.30
CHiCl ©0.40
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removal rate constant for I8r(D'2) with 0, is a result of a
small crossing probability, P2, to form the intermediate
ionic spe;ies. Taking the jonization potentials of the
class 3 molecules in the present study into account, the
intersection of the neutral and ionic curves should occur at
a relatively large separation for R=O2 - see Table 5.7. The
relatively small removal rate found for IBr(D'2) with_CF3C1
is a result of the predominance of exit channel (2) over

exit channel (3), as previously discussed for 1Br(D07).

The extremely large removal rate constant for IBr(D'2) with

CH3C1 and C2

the lower ionization potentials of these molecules which

H6’ in relation to CH4, will be due primarily to

will result in larger values of_rx. In. addition to this it
is likely that IBr(D'2) has a greater reactivity towards
C-C1 and C-C bonds, both of which are weaker than C-H bonds.
This would correspond to a higher probability for crossing

Qnto the reactive exit channel (P3) with these molecules.

(2) Discrepancy between the removal rates for IBr(D0*) with

CH4 as measured on SRS port HA12 (time resolved) and on the

spectrofluorimeter : the temporally resolved studies.

reported in section 5.2 yielded a value of 1.9 x 1070

cm3mo1ec-js_] for the removal of IBr(D0") by CH

4 This is a
factor of 5 less than the value derived from Stern-Volmer
analysis of spectrofluorimeter traces. As discussed for
12(D0u+) in section 5.2, this discrepancy is due to the fact

that a large spectral region was monitored in the time
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TABLE 5.7:

Ionization potentials for the class 3 molecules

discussed in this chapter.  (Taken from
"lonization Potentials, Appearance Potentials,
and Héats of Formation of Gaseous Positive
Ions", US Department of . Commerce, National

Bureau of Standards, NSRDS-NBS 26 (1969).

MOLECULE | IONIZATION POTENTIAL (eV)
CH, | 13.21
CoHe 11.93
CH4C1 . 11.60
CF5CT ' 12.90
0, .12.20
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5.4

resolved work on port HA12 and so contributions from the
underlying continuum emission and possibly from other ion-pair
states cannot be precluded. In the Stern-Volmer analysis of
the spectrofluorimeter traces data were derived from a single
IBr(D0O") emission peak, and thus result in an accurate removal

rate constant.

CONCLUSION

The values obtained for pure radiative lifetimes of halogen
jon-pair states are summarised in Table 5.8. The value
obtained for IZ(D'Zg) agrees well with a previously reported

value of 6.7ns3].

It was not possible to determine the
radiative lifetime of IZ(Dou+) as it was found that more
than one electronic state of 12 was responsible for the
signal detected following excitation. It is postulated that
the additional state(s) 1is populated as a result  of

collisional transfer from IZ(DOU+) rather than by direct

excitation.

The lowest bound state of Xel*, the B-state, which resembles
the D'-states of IBr and I2 in its physical behaviour, has a

radiative lifetime of 8.57ns.

The principal deactivation pathway 1in the removal of
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The following conclusions can be drawn for the reactive
gases studied : (1) IBr(D'2) is removed more rapidly by
CH3C1 and C2H6’ in compafison to CH4, as a result of the
Tower ionization potentials of these molecules which resu]f
in larger values for'rx (see Figure 5.26). In the removal
of IBr(DO"), where the picture is complicated by additional
exit channels, oﬁ]y-C2H6 shows a marked increase relative to

~CH (2) As expécted on the basis of it's ionization

4
potential, CF,C1 removes IBr(D0") at a rate comparable to
CH@. However it 1is less reactive than CH4 in that
interstate transfer (ie D0'— D'2, exit channel 2) plays a
more dominant role in the removal process. The assertion is
subported by(the relatively smé]] removal rate found'for
IBr(D'2) With CF3C1 : as the intermediate ionic curve is
common to both removal processes it can be concluded that
crossing onto the reactive exit channel is not very
efficient (ie P3 is low). »(3) 02, which has an jonijzation
potential ca. leV lower than CH4, provides an 1ntrfguing
exception to tﬁe behaviour observed for the other class 3
mo]ecu]es;‘ The results indicate that removal of IBr(D/D')
by 02 is relatively inefficient due to inefficiency in

crossing onto the ionic intermediate curve (ie P]a and.P2

are low).

While the curve-crossing model provides a gcod basis for
explaining these results, the true picture 1is more
complicated. This is to be expected since the model, which

was developed to rationalise a range of atomic collisional

- 156 -



processes, takes no account of the internal degrees of

freedom of the colliding molecules.
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CHAPTER 6 - STUDIES OF CH(AZZX) FORMATION IN PHOTOFRAGMENTATION
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6.

1

INTRODUCTION

In this chapter photofragmentation processes leading to the
production of the first excited state of the methylidyne
radical, CH(AZzA ), will be examined. Several small organic
molecules which give rise to CH(AZA —xn ) emission
following multiphoton absorption at 193nm (ArF laser) will be

dealt with.

There are three categories of excitation mechanisms which
could be involved in the dissociation proﬁesses (1)
sequential excitation of the parent molecule via real
1ntermediéte state(s), (2) simultaneous .éxcitation of the
parent molecule via virtual state(s), and (3) stepwise
dissociative excitation via intermediate fragment(s); _These

are described more fully in section 1.8. The objectives of

- the investigations were two-fold :'first1y,'to address the

" crucial question as to which of the excitation mechanisms

dominates, and secondly, to give guidance in the selection of
a suitable precursor for the study of collisional processes

involving CH(AZA) (see next chapter).

Various other excited species were observed in emission, but

will not be dealt with here.
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6.2

RESULTS

With the exception of CHZIZ’ all of the investigations were
carried out at Edinburgh using the experiménta] set-up
described in section 2.6. CH,l, was investigated at the
laser facility of the Rutherford Appleton Laboratory using

the experimental set-up described in section 2.7.

(a) CH.Br

3 ,
Absorption by CH3Br in the UV sets in at 285nm and results

primarily in dissociation to CH3+Br. At 193nm the molar

m148.

extinction coefficient is =100 1/mole ¢ Figure 6.1a

shows the CH(A%A ———+X2171) fluorescence that results from |

193nm laser photolysis of CHjBr, at a resolution of 0.13nm.

2

The CH3Br pressure employed was 14.7Nm " “. The effective

~ rotational 'température' of CH(AZA )thus produced was

determined from the. fe]ative intensities of the R-branch
rotational lines (v'=0) using a method previously detailed in

149,150 1he graphical determination (see

the 1literature
Figure 6.2) yielded the value T . = 29007150K.  This value
and several others are coi]ected in Table 6.1. The extent of

vibrational excitation is not so easily quantified due to the

‘high degree of overlap, particularly at the Q(0,0) band-head,

of the various transitions from the three bound upper
vibrational levels. However a simulated spectrum (Figure

6.1b) with T . = 3000k and the vibrational populations in
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(a)

—

430 440'

Wavelength/nm

ol | MWNWJW\

415 425 135

WAVELENGTH/ nm

(a) CH(A 213—9X IT) photofragment fluorescence following Arf

laser photolysis of CH,Br (p = 13.3Nm 2) (b) computer
simulation of spectrum (a).

Figure 6.1 :
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n(1/s v3)

Y
Trot = 2900 — 150K

400

] |
100 200 300

0
Rotational Number, J(J+1)

Figure 6.2 : Relative rotational populations of CH(AZAS,V'=O),.produced
in the 193nm laser photo1ysis of CH3Br, as a function of .

rotational quantum number, J (J + 1). The error quoted

is 20. (Relative population, Py = 1n(I/Sl)3)

- for Trot
measured intensity, S = linestrength and v is

where 1 =
the transition frequency.)
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TABLE 6.1 : Rotational temperatures of CH(AZAS) radicals

produced in 193nm laser photolysis of various

pr‘ecur‘sor‘s .

PRECURSOR T ot (AZA /K
CHBr 29002150
CHBr 5 2600100
CH;0H 22507300
(CHy)c0 N 2zsoiéoo
tHZI2 © -3000
CH N, | 2200%250 2
CHaCHO 47007200 P

a Calculated from Figure 1 of reference 94

b reference 91

- 163 -



v=0, 1 and 2 corresponding to a Boltzmann temperature of
2000K, gives a good fit to the experimentally observed
spectrum. The computer program used for the simulation was
based on one described by Baas and Beenakker]S], and an

annotated copy is presented in Appendix 1.

Figure 6.3 i]]ﬁstrates the effect of increased vibrational
excitation on the CH(A?A — XZIT) emission spectrum, with a
fixed amount of rotational excitation (Trot = 3000K). These
simulations were wused to estimate the vibrational
temperatures 1in other spettra through compariéon of the

intensities at the Q(0,0) anva(2,2) band-heads.

3

(b) CHBr
Bromoform absorbs strongly from 285nm to shorter wavelengths,

with excitation at 193nm corresponding to absorption in the

highest of the four bands predicted by éymmetry

considerations152. In the flash photblysis of CHBr3 at
A 2 165nm, CH(XZIT) is believed to be .geherated by a
successive photodetachment process:82

CHBr, + hu (A 2 165nm) — — —CH(X?TT) + 3B -(6.1)

-Figure 6.4 shows part of the CH(AZA ———2X217) photofragment
fluorescence which follows 193nm ]aéer photolysis of CHBr3.
The R-branch rotational 1lines of the v=0 level are
jdentified. A CH(AZA ) rotational témperature of 2600 X 100K

was determined graphically from the relative intensities of
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AFigure 6.3 : Simulated CH{A2A —X2IT) emission spectra illustrating the
manifestation of increased vibrational excitation (Tr0t=3OOOK).



1 | v 1
A/ nm 420 425 430
Figure 6.4 : R-branch of CH(AZA —)XZH) photofragment fluorescence
N following ArF laser excitation of CHBr3(p = 13.3Nm_2,A
resolution = 0.13nm). The v=0 rotational levels are
identified.
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the lines : see Figure 6.5a.

c) C2H2

Acetylene is the simplest molecule from which CH radicals can

be produced. The absorption spectrum is highly structured
1 1

between 237nm (the onset of the A L X'z q*
transition)]53’]54 and the ionization 1limit near
110nm.]5“:”]56 In the 237-150nm region it consists of many

weak, diffuse bands corresponding to the forbidden
,ﬁ} 1

.B]

Au — X]ZIg+ and B Bué—— X]ZIg+ transitions, with the

Bué——-i]ZIg+ origin occuring near 185nm.]57

Absorption of
a single 193nm photon corresponds to excitation of a very
high vibrational level of the A]Au state and the resultant

fluorescence is weak.93,

The weak CH(AZA — XziT ) fluorescence which results from

193nm laser photolysis of C2H2 is shown in Figure 6.6. The
CH(AZA ) emission is confined to the region 427-433nm, with
the 'structure' to shorter wavelengths illustrating the noise
level. Thus it can be concluded that CH(AZA) is produced
with very little internal excitation. It is notéwofthy that,
unlike the other precursors studied, C2H2 did not give rise
to CH(BZZIf——4XZIT ) or CH(CZZ*——X?IT) emissions. The
anomalously high 'P-branch' intensity in Figure 6.6 at
A = 433-440nm is in fact assignable to the Av = -2

progression of the Cz(d3I79—~+a3I7u) Swan bands ' >°.
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Figure 6.5 : Relative rotational populations of CH(AZA , v'=0), produced
in the 193nm laser photolysis of (a) CHBr,, (b) CH,OH,

(c) (CH3)2CO, and (d) CH3NH2, as a function of rotational
quantum number, J(J+I).
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Figure 6.6 :

4110 43I5 43l0 42l5 ' 420

_ .A/nm
CH(A%A —X°IT) photofragment fluorescence following ArF laser
photolysis of C,H, (p = 26.7Nm2). The intensity in the
region 440-433nm is attributed to the C2(d3ﬂg—*a3ﬂu, Av =-2)
emission band.
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(d) CH;0H

Methanol shows only continuous absorption in the UV/vacuum UV

)]59. Figure 6.7

region. It absorbs weakly at 193nm (€ = 125
shows the CH(A2A —— X2 T ) fluorescence that results from
193nm laser photolysis of CH30H;‘ The CH(A%A ) rotational
fempefature was determined to be 22505300K: (see Figure 6.5b),
while an estimate of 1500-2000K can be ﬁade for the

vibrational temperature.

(e) (CH3),CO

Acetone has a moderate]y strong absorption in the near UV
extending from 330-220nm which corresponds to the Ae—X
electronic transition. . To shorter wavelengths there are
three or four strong bénd grdups. The ArF laser tfansition
coincides with the first of these, the B~—X transitfoﬁ,
which comprises sharp bands and extends from 194.5-179nm

]60_ Figure 6.8 shows the

(loge = 3.5 at 193nm).
CH(A%A ———9X211) fluorescence that results from 193nm laser
photofragmentation of (CH3)2C0; . The intensity distribution
of the rotational 1lines corresponds to a rotétiona]
'temperature of_2250i200K (see Figure 6.5c), while an estimate

of ~1500K can be made for the vibrational temperature.

(f) CHZIZ_
Methylene iodide absorbs strongly from ~350nm to shorter
wave]engths,]52 and has four absorption bands extending

through the UV. 193nm excitation coincides with the highest

of these bands, and absorption is very strong ( € = 12000
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Figure 6.7 : CH(AZA -)Xzﬂ) photofragment fluorescence following ArF laser excitation of CH,OH (p=13.3Nm-2).
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Figure 6.8 : CH(AZA -x2) photofragment fluorescence following Arf laser
excitation of (CH5),CO (p = 16Nm2, resolution = 0.2nm)
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] mo1']cm-]);]6]

Figure 6.9 shows the CH(AZA'—-—*XZII )
photofragment fluorescence which  follows . 193nm  laser
excitation of CHZIZ' The spectrum was recorded in a single
laser shot on an OMA (see section 2.7). It was necessary to
record the spectrum- in this way as 12 is a producf in the UV
photolysis of CH212 at this wavelength, and itse]ffgives rise

to strong fluorescence when excited at 193nm (see Figure

1.6).

Although the resolution is insufficient for a graphical
determination of the CH(AZAS) rotational temperature, the

profile of the R-branch indicates that T = 3000K. The

rot
relative intensity of the Q(2,2) band-head indicates a

vibrationa] temperature of about 2000K.

(g) CH3NH,

Nishi and co—wor‘kersg4 have published a rotationaT]y resolved
CH(A%A————yXZTI ) emfssion spectrum, produced in the 193nm
laser photolysis of CH;NH,. From this a CH(AZA)Frotationa1'

temperature of 22005250K was ascertained : see Figure 6.5d.

(h) Other Precursors

A11 of the precursors discussed so far absorb to some degree
at 193nm. Two molecules which are completely trahsparent at
193nm, but which are potential sources of CH radicals, were
photolysed with an ArF laser. Of these, acetaldehyde gave an
extremely weak  fluorescence signal at  431nm, while

acetonitrile did not yield CH(A). Therefore it appears that
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6.3

purely simultaneous absorption processes are insignificant at

the laser energies employed in these experiments.

DISCUSSION

The two most striking aspects of the CH(AZA) internal -energy
distributions in these stﬁdies are : (1) with the poséib]e
exception of C2H2 the rotational level populations always
correspond to Boltzmann distributions (in the temperature
range 2000-3000K), and (2) invariably there is more energy
partitioned into the rotational deérees of freedom than into
the vibrational dégree of freedom. C2H2, which gives rise
to CH(AZZS) with very little internal excitation, will be

dealt with 1ater.

The fact that the rotational diétributions appear Bd]tzmann,
and may be assigned 'temperatures', implies stat{stica1
behavior of the internal enefgy of the precursor species.
(the that  if CH(AZA ) production involves secordary
photo]ysié of primary photofragments the precursor and
parent molecule will be differenti sbecies). Such

distributions can be computed using formalisms such "as
162-167

 Phase-space  theory (PST) or statistical

adiabatic-channel theory (SACT)'68:169

Both of these
models assume statistical behaviour of internal energy in

the precursor while they contain different assumptions
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concerning thé dynamical constraints associated with the
fragmentation. In PST angular-momentum coupling togethér
with the form of the radial potential describing_ the
separating - fragments are included. Due to Tlack = of
‘constraints on theArange of the angular potential between
separating fragments PST tends to predict similar values of
T and Tvib’ sometimes in contrast to experimental
observations - (as, is the case here). However SACT does
contain a parameter .whigh describes the rahge‘ of the
ahgu]ar potential, and Beresford and co-workers]70 have used.
it successfully to reproduce their experimenta11y observed
}temperatures' (Trot z Tvib) for CN(X223+) produced in the
IR mu]tip1e-photoh dissociation of CF3CN. Therefore it is
possible, wusing theories such as SACT,' to account for
internal energy distributions in photofragments such as have

been observed in these experiments.

The 'similarity of the values of> Trot for -a range of
molecules, together with the consistent finding of
_ Trot >TVib’ suggests thaf a common route may be operative in
the production of CH(AZA) and that to some extent the -
internal energy distribution is independent of the‘pareht
.molecule. A number of mechanistic proposals have been put
forward for the production of CH* in the 193nm laser
photoiysis of molecules of fhe type CH3X (X=halogen, OH,
NHZ,vetc.).

88

Fotakis and co-workers favour a simultaneous two-photon
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absorption into a doubly excited CH3*X* state (see equation
1.9) which subsequently fragments to yield CH* and other

products. ThevCH(AzA f——axz

IT) fluorescence intensity was
found to Adepend quadratically upon the 1aserA energy.
Jatkson and co-workers have ai;o suggested a two-photon
mechanism but with the precursor produced via sequential
absorption]7], while another group94 opt for a doubly
excited precursof to CH* without specifying the absorption
mechancism. |

Although CH3 is tfansparent to 193nm radiation,]72

Baronavski and co—workers89 suggest that secondary
- photolysis of an intermediate methyl radical is the route to

. CH*, viz:.

CHyX + hu (A= 193nm) — CHy + X . -(6.2a)

CH, + hv (A= 193nm) — CH* +H -(6.2b)

3 2

Nagata and co-,wor‘kersg2 have managéd to resolve thé
A -doublet components of- the higher rotational levels of the
R-branch in the CH(AZA;——9X?II) emission spectrum following
193nm laser excitation of three methyl-containing mo]ecu]és;
On the basis of the unequal IA-dqublet.intensities and the
cubic power dependence of the emission intensity they have
proposed that CH(A?A) is produced through multiple processes

where either CH3, or CHZ’ or both, are the precursors, viz:
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CH3X.+ hv — CHy + X -{6.3a)
CHy + 2h0 — CH(AZA ) + 2H (or H,) (6.3b)
CHy + hv — CH, + H | -(6.3c)
CHy + o — CHIAPA ) + H | | ~(6.3d)

This last mechanism is most likely to be preva]ent‘as:it
best explains the similarities in the internal energy
| disposals in CH(A?A ) produced from a rangé of - methy]
containing mo]écu]es,.ie once the C-X bond has beén broken
the processes are identical except for the extent of
internai excitation of the precursor fragmeﬁt. The
fo]]owihg arguments give additional support to this

proposal.

Firstly, the :differénces, in the CH(AA ) rotational
temperatures can be'exp1ainéd primgri]y by differences in
the C-X bond strengths : if the C-X bond is weak (eg C-I,
C-Br) there is -a greater excess of energy available for
disposal in the various degreés o% freedom of the departing
fragﬁents. Thié excess energy will subsequently be.

transmitted to the secondary photofragments.

Secondly, it has been demonstrated in the photodissociation

of CH,l at 248 and 266nm 173,174

- 178 -



_ + -
CH,I + hv (A = 248 or 266nm)——§CH3 + 1 -(6.4)

3
that internal excitétion of the fecoi1ing CH3 group 1;
exclusive to the b2 out-of-plane ('umbrella') bending
mode. As repulsive excited states ére accessed in the 193nm
excitation of the other molecules studiéd here, it seems
1ikely that they will also produce CHS* as a primary
photofrégment. CH(AZAS) could then be prodﬁced by some
combination of processes 6.3b-d. Changes in the H-C-H bond
angle upon going from parent molecule to CH3 and/or CH2
. precursor 'fragments,v coupled with excitation of bending
modes such as the v, 'umbrella’ hodé of-CH3 or the v,

_'scissor"s-I mode of CHZ, will provide the torque necessary to
excite rotation of CH(A?A) as the fragments dissociate on a
repulsive éurface. Additiona11y, any change(s) in the

equilibrium C-H bond Tength en route will favour vibrational

- excitation of CH(A2A ).

Third]y; the pﬁeﬁomenon of unequal A-doublet populations,
reported by Nagata and co-workers in fhe prbdpction of
CH(A?A ) from CH3X type,m61ecu1es,92 has also Been observed
“in  the production - of NH(C]IT’) following . the VUV

175

photodissociation of NH3. This is strong supporting

evidence for the involvement- of CH3* in these

photodissociation processes.

Fourthly, the parent species with the strongest (continuous)

. absorptions at 193nm gave: rise to the greatest
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CH(A2A —X%IT) emission intensities. Thus it is unlikely
éhat simultaneous multiphoton absorption by the pérent
species plays - a significant role in the productjon of
CH(AZA ). The quadratic power dependence reported for the
CD(A%A —X2IT) fluorescence intensity fo]]bwing 193nm laser

88

photolysis of CDBI is probably the result of saturation of‘

the primary absorption:

CD.I + hw (A= 193nm) —cDF

3 5 + I -(6.5)

in a 3-photon process (it-is unlikely that a simultaneous

mechanism is dominant as CD3I absorbs strongly at 193nm).

Finally, this mechanistic proposal can be extended to cover
CH(AZAS) production from.a11 saturated parent species (ie 6f
the type CH)X, and CHX3), which absorb to repulsive
electronic states at 193nm, by invoking intermediate
precursor fragments of the type CHnX3_n {pseudo-methyl) and
CHnXZ-n. (pseudo-methy]enic); The results for CH,I, and
CHBr, indicate that this is the case, and it has previously
been suggested that this type of mechanism is operative in
82 |

the flash photolysis of CHBr3 see equation 6.1).

Results for unsaturated parent species are limited to

CHiCHO?! and C,H,, neither of which fit the pattern
observed for their saturated counterparts;' McDonald and
co-workers®> have examined.the production of CH(AZA ) from

C2H2 in detail and concluded that a sequential 2-photon
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5.4'

mechanism, with a high vibrational level of the A]Au state

functioning as the resonant interhediaté state, is most

likely.

CONCLUSION

The dominant mechanism involved in the production ‘of

CH(AZA) from parent species of the type CH X, . (n=1,2,3) is

a 3-photon mechanism 1nvd1vfng the secondary photolysis of

CH

3 (CH X5_,) and/or CH, (CH X,_,) primary photofragments.

- Parent species which absorb strongly at 193nm, such as

(CH3)2C0 and CHZIZ’ are most suitable for kinetic studies on
CH(A%A ) as they give rise to the greatest CH(AZA — X 1T)

fluorescence intensities.
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7.

I

INTRODUCTION

This chapter is devoted to collisional processes involving
CH(AZzA ), sﬁbsequent to its-proddction in the multiphoton
dissociation of (CH3)2CO and CHZIZ’ These processes fall

into two categories ; inelastic and reactive.

Firstly, the rotational relaxation of CH(AZA ) by a range of

molecules was studied. The experiments were carried out at

‘the Rutherford Appleton Laboratory (RAL). Spectrally -

resolved CH(A%A X210 ) emission was recorded on an OMA, as-

detailed in section 2.7, following the 193nm laser photolysis

of CH,I, or (CH3)2CO in the presence of increasing partial

272
preésures of foreign. gases. Changes 1in the rotational

temperature offCH(AZAS) could be deduced from changes in the
emission band contour. In this way, approximate collision
numbers for the rotational deactivation of CH(AZAA ) by He,

Ar, SF6 and H2 were determined. The considerable convenience

'of,being able to record entire fluorescence spectra from a

single Taser shot allowed a wide range of conditions-to be

" explored efficiently and this compensated for the partial

loss of resolution.

Following this, the removal of CH(AZAA ) by a range of
molecules was studied. These experiments were also carried
out at RAL, and the experimental details are given in section

2.8.
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7.2

ROTATIONAL RELAXATION OF CH(AZA )

RESULTS

Semi-quantitative investigations of the rotational relaxation
of CH(AZZS) were made by adding increasing partial pressures

of He, Ar, SF. and H, to the mixtures with CH,I, undergoing

6
photolysis. With the exception of H2, none of thgse gases
are efficient with regard to VeIectfonic quenching of
CH(AZAA ), with He being totally ineffective (see section
7.3). Increasing fhe CH212 pressure caused a decrease_in the

overall emission intensity without . effecting any change in |

~ the band contour.

Figure 7.1 illustrates the effect of an added excess of He

upon the CH(A%A —+X2

IT') emission band contour. The nascent
rotational distribution (dashed curve) corresponds to a
rotational temperature of'ca. 3000K while the distribution

2 of He (solid curVe) corresponds to

in the presence of 99kNm~
a rotationa1\temperature of ca. 300K (ie thermalised). A

gradual decrease in the rotational temperature was noted at
intermediate He pressures, ie “as the average number of
collisions suffered by the CH(AZA‘) radfca1 during {ts
effective lifetime increased (thg effective lifetime takes
account of removal by CHZIé, the rate constant for which was
determined - see section 7.3).‘ The rotational relaxation is
manifeét as a decrease in intensity in the high rotational

levels of the P- and R-branches coupled with a red shift and

sharpening of the Q-branch. As the distribution approaches
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T | . v
Figure 7.1 : CH(A%A -+X217) photofragment fluorescence following ArF laser excitation of CH,I,
(p = 46.7Nm_2), resolution =0.35nm. Dashed curve : no added gas. Solid curve :

2

with 99kNm © of added He.



room temperature the extent of overlap between the Q- and
R-branches decreases, and eventually a gap éppears between
tﬁe branches at A=430.5nm. The R-branch in the solid curve
of Figure 7;1 peaksb at J=2, which {is predicted for a.

rotational temperature of 300K.

No evidence was seen for a bimodal rotational distribution at -
intermediate pressures, however this may be due to the
limited resolution available with the equipment. The total
area under the curve remained constant within experimental
error, reflecting the inefficient electroﬁic quenching.

2

The results indicate that 99kNm ¢ of He s necessary

to transform the rotationally hot -~  spectrum

(Trot

(Tpot = 300K, Jyax

average number of collisions suffered by-a'CH(AZA ) radical

= 3000K, JMAX = 8) to the 'room temperature' spectrum

=2) under the conditions employed. The

at this pressure (during'its effective radiative lifetime)
176

was calculated to be approximately 47 If fhis is
considered as an'average change in J after 47 colliéions,
bearing 'in hind that higher J states will relax Tless
efficiently than lower ones due to the larger energy spacings
" involved, it can be deduced that ca. 8 collisions (since
JMAX-changes from 8 to 2) are required for the loss of one
rptationa] quantum from CH(A2A ,v'=0,J"' = 8). The relative
rotational relaxation efficiences of He and the other gases

studied are_given in Table 7.1 in terms of collision numbers,

ZR.
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TABLE 7.1 : Collison numbers for the rotational relaxation

of CH(AZA ,v'=0, J'= 8) by various foreign gases.

COLLI_SON PARTNER . ZR
He '8
Ar 4
SF6 5
H2 3.5
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The results obtained for rotational deactivation of CH(AZA )
by Ar and_SFs.were similar to those-optained with He. In
both ~cases, however, Tlower pressures were 'necessary to
pfomote a thermal distribution and some reduction in the
overall emﬁssion intensity wasiobsérved at higher pressures
indicating that electronic quenching, although inefficient,
is operative with these collision partners. | Figure 7.2
illustrates this for SF. as the addéd gas. . Collision
numbers, Zp, for the rotational relaxation of CH(AZZA ) by

these gases can be found in Table 7.1.

Figure 7.3:shows the effect of “increasing partial pressures

2

of H, upon the CH(A®A »X°IT) emission. It is clear that the

2
remova} of CH(A%A) either by reaction or electronic quenching
‘competes efficiently with rotafiona] rélaxation as the
V'intensity of emission is greatly reduced before a significant '
'.change in the rotationé] distribution is observed. A value

of ZR=3.5 was obtained for the rotational relaxation of

CH(AZA) by H,.

DISCUSSION

These data provide an interesting view of the rotational
cascading that occurs as the initially hot rotational
distribution relaxes towards the much cooler distribution
associated with the translational degrees of freedom of the.
bulk sample. It should be borne in mind, however, that the
results only ref]ecf the net dissipation of rotational

- energy, and there will be contributions from collisions which
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Figure 7.2 :

T T T
420 . 430 440 Now —

Effect of added SF6 on CH(A%A —9X2[I) photofragment fluorescence following ArF laser
excitation of CH212 (p = 13.3Nm-2). Dashed curve : no added SF6.' Full curve : with
13.3kNm"2 of SF. added.
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o 420 430 . 440 Nom —

Figure 7.3 : Effect of added H, on CH(A%A —9X2[I).photofragment fluorescence following ArF laser
excitation of CH,I, (p = ]3,3Nm'2).' H, pressure : (a) 0, (b) 550Nm 2, (c) 2.02kNm”

(d) 4.81 kNm™2, (e) 8.25kNm 2.
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increase J. It is also likely that collisions giving rise to

jumps of |AJ] >1 will contribute, especially in collisions

at - low impact pérameters. (Although multiple quantum.
transititions occur most readily in heavier
diatomicsg’]77-]79, transitions of |A J| <3 have been

observed in collisions of BH(A]II ,v'=0) with He, Ar and
180

H2. )

Two reports on the rotational relaxation of CH(AZ‘A ) by

. ranges of mo1ecu1es,‘inc1uding He and Ar, have previously

181,182 Brennen and Carrington]B]_

been published.
interpreted their spectra as the superposition of two
Boltzmann.distributions with the fraction of molecules in fhe
lTow-temperature rotational. distribution giving a measure of
the extent of re]aiation. However; their results have since
been shown to be erréneous due to their misinterpretation of
the A%A-———»XZII ~emission specter]49, the apparent 1low
temperature distribution being due tb strong contamination of
the R-branch by the (Q-branch at wavelengths near 430nm.

182

"Clerc and Schmidt ", studying the rotational relaxation of

CH(A%A ) produced in the pulsed radiolysis of C My and CHy,
also mistakenly interpreted the 'hot' rdtationa] distribution
(TROT 24600K) observed when C2H2 was used as the precursor
as the superposition of two Boltzmann distributions. However,
when CH4 was used as the precursor, CH(AZA) was produced at a
much lower rotational'témperature (TROT = 550K), in which

case there 1is negligible overlap between the Q- and R-
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branches. They estimated that 70 binary collisions with He
are required, on average, to lower the-rotationa]Itemperature

of CH(AZA ) from 550K (J 3) to room temperature

MAX ~

(J 2). This is an order of magnitude greater than the

MAX
co]]ision number obtained in this work.

The resuits presented herein indicate that Ar, SF6band H, ail
‘bring about rotétiona] relaxation of CH(AZAK ) very
efficiently, while He is about half as efficient. This is
somewhat surprising as high rotational transfer efficiencies
aré expected for He,‘relative to Ar and SF6, on ciassica]
mechénica] grounds. An improved efficiency is'expected for
H2 in comparison tp He.due to the improved momentum matching,
and this could account for the decrease in ZR; In order to
explain the observed behaviour more fully, factors other than
the masses of the collision partners must be invoked. Thé
most likely factors to consider are the range and anisotropy
of the long-range interaction potentia]s, and the possibility

of rotation-rotation or rotation-vibration energy transfer.

Perhaps the:most surprising resu]f is that for Ar. The high
efficiency observed suggests that strong torques are
experience by CH(AZA ) in the ViCinity of Ar atoms and that
the 1ntera¢t16n potential is strongly anisotropic. This may
be connected with the open shell structure of CH(AZA ) and

the nature of the interaction between the carbon-end of the
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radical and the col]ison partner As well as 1nteract1ng_
over a 1onger range than He atoms the larger Ar atoms are
much more - polarisable, making dipo]e-induced dipole
interactions with the polar 'CH(AZA ) species possible

‘contributors to the overall relaxation process.

The high efficiency with. which SF6 rotationally ‘relaxes
CH(AZAS) is almost certainly due to contributions from

rotation-vibration energy transfer processes. This will

result from the extremely high density of states of the SF6 ‘

mo]ecu]e 183

Three factors are 1likely to contribute to the »1mprovéd
efficiency qbserved for H2 in comparison Wffh He : (1) the
(previously mentioned) improved momentum matching, (2) the
strongly anisotropic interaction potential, and (3)  the
possibility of rotation-rotation energy transfer. From the
observation of a cooi 300K rotational distribution 1in the

presence of 8k m ™2

of H2 is can be concluded that either the
high 'J levels are removed by electronic quenching more
répid1y than lower J levels (thus removing the emission from
the'High rotational component) or. that rotational relaxation
from hfgh J into Tow J levels occurs at a rate which is at
least comparable to the rate for total removal of CH(AZA )
with a rotational temperature of 300K. . The rate constant for
the removal of CH(AZzA ) has been determined as 8.8 x
10 ]Zcm3molec ]s—] (see section 7!3). Therefore, the second

proposal implies an average collison number, ZR < 20, for
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7.3

.rotational relaxation by H2. The value obtained, ZR = 3.5,

is compatible with this, more 1ikely proposal.

Generally, the observed pattérn of relaxation can be
accounted for by assuming that deactivation occurs
predominantly by small changes in J (| A J|=1), and.that the

1

probability of energy transfer decreases with increasing J

184 L hich

according to a law sdch as Polanyi's Exponential Law
states "that the transfer probability is proportional to

exp(- AE), AE being the energy defecit. The absence of
sharp peaking at intermediate J in the course of relaxation
by this mechanism is due to the fact that the rate of

transfer into fhe intermediqte 1eve1s is slower than the rate

of transfer out of them. Consequently, the populations in

“intermediate J levels cannot accumulate.

KINETICS OF CH(AZAS) REMOVAL PROCESSES

RESULTS

Figure 7.4 shows a typical CH(A%&————+X2[I ) photofragment
fluorescence decay. The fluorescence intensity (If) is
sufficient to allow single-shot observations with a good
signal-to-noise ratio. The decay of CH(AZA), which is formed

during the 1laser pulse, is a smooth exponential and is
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dominaﬁed by radiatiVe removal 1in the absence of added
quenching gas. The effect of added reactive or quenching gas
is to shorten the decay, ae illustrated by the fjrst—order
p]ots'in Figure 7.5 for incfeasing pressures of CH4. ~ The
first-order rate constants thus derived are plotted against
CH, pressure in Figure 7.6, the gradient of which yields a
value of (2.0%0.1)x107 em®motec™'s™! for the absolute rate
constant for the total removal of CH(A%A). The rate conetants

determined in this work, tdgether with rate constants for the

removal of ground state CH, are summarised in Table 7.2.

~The first-order‘rate constants used to construct Figure 7.7
were. determined in an identical manner to that described
above, excepting the use of CHZf2 rather than (CH3)ZCO as the
precursor to CH(A%A). A value .of

(1.9i0.1)x10']]cm3molec']s']

was obtained for the removal
rate constant with CH4. The agreement between the two values
is excellent, indicating that the kinetics are 1ndependenf of

the precursor used.

Figure 7.8 illustrates the graphical determination of the

rate constant for the removal of CH(AZA ) by CHZiZ.

effective Tifetimes of CH(A%A ) at the CH,I, pressures used

The

in the rotational relaxation studies (previous section) were
obtained from the best fit straight 1ine through the data
points; The intercept‘ corresponds to a pure radiative
lifetime of 43598ns (20 = error). Given the large

uncertainty, this is in reasonable agreement with the most
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Figure 7.5 : First-order plots (1ogeIf vs. time) for the decay of CH(AZA ) in the presence of

increasing pressures of CH4.
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Figure 7.6 : Plot of first-order rate coefficients for quenching of CH(AZAS) against pressure of

added CH, (Acetone as CH(AZA ) precursor).



TABLE 7.2 : Second-order rate constants for the removal
of CH(AZA ) and CH(XZIT) by various reactant/
quenching gases. '

REACTANT/QUENCHING © CH(A%A ) CH(X? IT) SOURCE OF
GAS k/cm3mp1ec']s'] k/cm3mo1ec-]s'] CH(X) DATA
. + -10
CH, I, 7.9%0.6x10
_________________ B e EE e
CH, 1.9%0.1x107 M c | 30010010 10 82
2.0%0.1x107 1] 1.0%0.3x107 10 62
1.02%0.04x10710 84
__________________ B EEE EEE
H, 8.8%1.7x107 12 ] 2.3%0.5x10" ! 82
8.570.4x10712 2.63%0.5x107 ! 62
1.4%0.1x107 1 85
0, 1.10%0.04x107 1 .9%0.8x107 ! 62
.3%0.ax107 ! 79
gt3x107 ! 186
—— e e - — — -__a_______._—_______’__.____
N, 4.1%0.5x107 "3 7.7%2.0x10713 82
3.9%0.3x107 '3 86
6.3%1.3x10713 83
He o 2
__________________ o
Ar 1.6%0.7x10713
__________________ e
SF 5.9%1.1x10713

a This work - CH212 as parent species

b This work (CH3)2CO as parent species
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reliable values reported in the literature (for the v'=0

level) of 534%5ns'72 and 537.5%5ns18°.

DISCUSSION
A more detailed 'study' of the temperature and pressure

ZA) would be necessary

dependencies of the reactions of CH(A
in order to establish the nature of the Eeactive/quenching
interaction. However, the data; do providé én ihteresting
comparison with CH(XZIT ) kinetic data which is relatively

abundant in the literature.

2

The data on CH(X IT) represent the rates of reaétion with the
molecules in‘questfon. However, the data on CH(AZA ) removal
represent confributions' from both Aphyéica] quenching and
reactive processes, and thus only give upper limits for the
chemical reaction rates. It is appqrent from Table 7.2 that
the reactions of CH(A®A) with CH,, H, and 0, are.
‘significantly slower than those of CH(X2[T). As the internal
energy‘content of CH(AZA 5 is greater than that of CH(X2TT)
by,ﬁa. 2.9eV, the explanation for this behaviour must lie in

the electrbnic cpnfigurations of the two states
(150)2(250)2(2p0)2(2p7t) for the ground state,

(150)2(250)2(2p0)(2pn )2 for the A-state. This means that
the shapes of the poten%ia] surfaces are the controlling
factoré in these reactions; It is well estab]jshed‘:for
atomic reactions that the symmetry of the col]is{on

intermediate is of paramount importance in determining the

reactivity of individual electronic states, while the total
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energy content is of secondary importance.
are relatively large numbers of degrees of freedom associated
with the collision 1ntermediates in the reactions under study
icf atomic systems), symmetry considérations. are still

prevalent.

The -data for the less/non reactive gases‘(Nz, He, Ar and SF6)
indicate that CH(AZZS ) is relatively stable to physical
quenching. The removal rates for both electronic states with

are similar in magnitude and this again must relate to the
188

N,

potential enérgy'surfaces. Nokes and. Donovan have notea
a broadly parallel kinetic behaviour for CH(A%A ), CH(X2IT )
and the equivalent united atom state, N(ZD), with the order

of reactivity CH(X?[T)> CH(AZA ) > N(?D).

- The mechanistic possibilities which could be considered for
these reactions include -1nsertioh into bonds, addition
across unsaturated bonds, and direct abstraction. The

84»for the reaction of

mechanism proposed by Berman and Lin
CH(XZI] ) with saturéted hydrocarbons and H2 involves the
formation of.a chemically activated, radical intermediate by
insertion through a loose transition state. .In the case of
hydrocarbons this is followed by fragmentation of the adducf
to form more stable reaction products. Wagal and

8 have proposed that the removal of CH(XZ 1) by N,

co-workers
is due to collisional stabilization of an intermediate HCN2

complex, most likely of C2 symmetry. This corresponds to

v

- 203 -



7.4

addition across the unsaturated N N bond. If these proposals
are correct the implication is that symmetry considefations
favour CH(XZIT) over CH(A2A ) for insertion into ¢ bonds,
while there {s little discrﬁ'mination between the two states

for addition across the N=N bond.

CONCLUSION

Rotationally hot CH(AZA‘_) radicals are relaxed more
efficiently by H,, Ar and SF; than by He. Therefore
classical collision fheory (ie momentum matching) is no’:
applicable to these inelastic processes. The observed
pattern of relaxation can be interpreted by assuming that

deactivation occurs by small changes in J, and that the

probability of energy transfer decreases with increasing J.

In general, CH(A?A ) is not efficiently removed by reactive
or non-reactive (quenchirig) gases. With the exceb_tion of
CHZIZ, for each reactive gas stddiAed the rate constant for
removal of CH(AZA) is less than that for -the ground
e1ectrorﬁc state, CH(XZH). This indicates that the
reactivities of the species are determined principally by
.the symmetry of the collision intermediate, rather than the

internal energy content.

The resilient nature of CH(AZA), to both chemical and -

physical quenching processes, provides at least a partial
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explanation for  the 'wide ranging observations  of
fluorescence from this state- under what would generally -be

regarded as chemically hostile conditions.
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APPENDIX 1 : ANNOTATED COPY OF COMPUTER PROGRAM

USED TO SIMULATE CH(A2A—>X2IT) SPECTRA.
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€ SIMULATION QF CH(A—X) EMISSION SPECTRUM

3

P I RRTAABARAI AT AR AR BT AR AR RR A ARG R AR A

A C. B .

5’ i This program computes the spectrum of the CH(A-X) electronic transition.
S [ The first section calculates the Rotational Term Values (RTV) in the ground
2 € {4:8T=1) and 1st excited (A:ST=2) electronic states. :
7 IMPLICIT DOUBLE PRECISION(A-H.0-Z)

2 INTEGER K.V, ST, SI,F,BR. A, B, KO, K1, K2, RB, ZEROS, PUINTS, PT

7 INTEGER TEMPBR, TEMPK, TEMPV

o COUBLE PRECISION VO, L. G, LA, BV, DV, ¥, RTV, WL, U, C:Q.P T.1,CF, H, SOL., KB

i DOUBLE PRECISION E, IMAX, WLMIN

P .CHARACTER#20 QUTPUT

] DIMENSION L(2).,6(2),LA(2),BV(0: 2, 2) DV(Q:2,2),Y¢0:2,2)

5 DIMENSION U(2,35,0:2,2),£(2,35,.0:2,2)

.

COHMON/BLOCKI/NL(QO 33 Q:2), RTV(4 35 0: 2, )

COMMON/BLOCKZ/CF, VOLO:

COMMON/BLOCK2/S(10, 25, O 2y, 1(20. 35S, O 2).P{0:2). T(O: 2),E,IMAX
In the following calculzstions the Quantum Numbers / Constants /
/ Variatles used are

Y
Y]

DR AL RS AL e e e
C LNt
[T

FRERAY VR VETY

K = Tortal angular momentum spart from spin.

i [ V = Vitrational quantum number. ‘

< < ‘L o= Component of elecktreonic angular momentum along internuclear axis
3 C ¥ = Measure of strength of the spin-orbital coupling

4 c BY/DV = Rotational constants dependent on V. .
29 C G = Measure of strength of spin splitting.’

1S C . LA = M2aszure of strength of Lambda-type doubling.

¥ G ST = Electronic state

5 C " 81 = Sign (+/-) : upper and lower ltevels from spin-orbital coupling
7 C F = Label of rotational sublevel (see later).

5 C P = (Relative) Population of vibrational level

. C T = Rotational temperature. .
a2 C H = Flanck’s constant

3 C SOL = Speed of Light (cm/s)

&+ C KB = Eoltrzmann constant.

33 DATA L(t1)Y/1. O/L(2)/2. 0/G(1)/-0. 01&/G(2)Y/0. 021/LA(1) /0. 03&6/LA(2)/0/
i DATA EV&O“L)/14.19/BV(1:1)/13 &55/7BV(2, 1) /13. 122/ a
27 DATA BV(0. 23714 %77/8BV({1,2)/13. 907/BV(2,22/13. 182/

3E DATA DV(O, 13 /1..432D-3/D0V(1,1)/1. 39D-23/DVv(2, 1)/1. 39D-3/

37 DATA DV(G, 2)/1. 564D-2/0V(1,2) /1. 38D-3/7DV(2, 2)/1. SD~-3/

2 CATA YO, 11/ O/Y(1,13-2.0/Y(2,1)/72. 07

a1 ;4 HSE £25618D-24/800 2. F97925D1C/KB L. 3B066D-23/

4z - 54 .

472 3

4% ~

dr. Rezisrive FPopulations V= C 2. L322
G Vi v=0. 2

E¥-1 FER {'Ror. T2mp2vatyves V= 012 7 » 27)

Ay S, AV, =0, 2 .

S laLl FRRMAT {(‘Output Fil2name © 7,180

31 AGIT. 3y DOuTPLT

2 i ogf the Y valuas

z3 :

54 FEBVIV, 23

35 : - -
546 C The Rocav;onax Term Values array is dimensioned thus @ RTVIF, K, V,8T)
37 C K Rotstional Quantum Number : '
55 C Y = Vibrational Quantum Mumber

5 C ST = Eiectronic State

al C TF o= i The Fic subleval

61 C F o= 2 The “1d subleval

¥4 [ F =3 The F2¢ sublevel

&3 C F =4  The F2a sublevel

&4 pD BO S5T=1.

5% DO &Q V= O 2

- 6b 0O 40 K=1,35

&7 W=BV(V, ST)# (Ka(K+1}-L(ST)I##2)-DV(V, STI# (K+0. S)=n4
=tc] X1=1. 0r¥Y(V, ST)R(Y(V.ST)-4. O)y#L(ST) 252/ (3. O {(K+1)#%2)
T &7 X2=1.0FrY(V, ST)#(Y(V, ET}~4. O)#L(ST)222/( 4. O#Kan2)
70 ) Y1=G(8ST)»K/2. 0

71 . Y2=G(ST)#(K+1.0)/2. 0

72 - I=0. 3#LA(ST)aK#(h+1.0)

73 [F(X1.LT. 1. OD-9)THEN

74 RTV(1, K, V, ET)=0. 0
A RTV(2, K, V, ET)»=0. 0

76 ¢0TO 30

7 . ENDIF

73 XX:=5QRT{X1)

73 X1=BV(V, ST)#(K+1.  O)# (1. O—XX)

80 YY=W+X1+Y1

81 RTV(1,#,V, ST)I=YY+2
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az o RTV(2. K, V, ST)=YY-2

82 . 30 [F(X2.LT. 1. 0D=9) THEN
ad . RTV(3, K, V,ST)=0. G .
as . ' CRTV(4, K, V,8T)»=0..0
B84 GOTO 40
.87 END IF
88 "XX=SGRT(X2}
8% X2=BV(V, STY#Kk# (1. 0-XX)
0 . YY=W-X2-Y2
1 ; RTV(3. K, V, ST)=YY+Z
99 RTV(4, K, V, ST)=YY-Z
o3 - 40 CONTINUE
24 &0 CONTINUVE
5 8 CONTINUE .
Fa C The next section calculates the wavelengths of the individual transitions.
37 c The wavelength array is dimensioned thus @ WL(BR, K.V}
4] < BR = Rotational Branch.
% DY BR =t : Pitcd Branch
100G C GR = 2 : Pldc Branch
10t [ BR = 3 P2cd Branch
[§53¢ C BR = & P2dc Branch
123 L 2R = S5 Atc Branch
104 c BR =.& Gid Branch
193 c GR = 7~ @2z Branch
1 G C BR =8 Q24 Branch
107 . BR = % : Rtcd Branch
108 ¢ BR = 10 : Rldc Branch
107, < ER = 11 : R2cd Branch
t1¢; Cc BR = 12 : R2dc Branch
141 < GR = 13 - PG&Glc2d Branch
iz B "BR = 14 . Pai1dRec Branan
112 C BR = 15 : GP2c1: Branch
i14- C BR = 16 : GPZd1d Branch
119 C BR = 17 :. GR1c2c Branch
116 c BR = 18 : GR1d42d Branch
17 o BR = 19 : R@2cld Branch
11 C ER = 20 : RG2d1lc Branzh
119 C Wavelengths are convertsd from vacuum to air using the conversion factor(CF)
120 C Subroutines WAVLNL-3 talcalate the wavelengths of transitions in
-121 c particular branches. -
122 C BR = 1t : The Ptlcd-branch
123 BR=1
4&=1
g=2
CALL WAVLNI(BR., A, B)
C BR = 2 The Pldc-branch.
GR=2
A=2
B==1
CALL WAVLNt(BR, A, B)
< R = 3 | The PZcd-branch.
8R=3
A=
B=4 )
CALL WAVLNI(BR. A, B)
< 3R = 4 : The P2dc-branch.
SR=4
a=4
B=3
CALL WAVLN1(BR. A, B)
< BR =5 : The GQGlc-branch.
BR=3
A=1
G=1
CALL WAVLNZ(BR. A, B)
c BR = & The Qtd-branch
BR=¢&
A=2
g=2 .
CALL WAVLN2(BR. A, B)

7 : The Q2c-branch

(]

@

P oD
[y
[}
~

2=3 .
° CALL WAVLN2(BR., A, B)
[ B & : The G2d-branch.
= .

R

[ b R e I (]
EX YN
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oo

. -o.-or-'ao- -
oo >

<

RN IR TN

R Bt BhY Bac i B

[ N I I
[y PO+ SR TR Y 0PRSS IR O
S S e O hat

136
104
130
191
192
19%
14
193
“19&
197
15
197
20w
201
202
203
204
203
206
207
202
2;_:“-4

210,

211

PN RNNRNUR
[
PSR IR N Y B - T R 8]

J
MR

h
"3

]
3

JONC W

O

PUNRNRNNONDR

SO AU (VN (VI (XX (S Y (NS |

J

2zt

AORYCIRY BE SO N SR

o

v

OO0

OG0

CALL WAVLN2(BR.A.B)

"3R = 9 : The Ricd-branch.’

180

BR = 10 : The Ridc—branch.

@
@BVDOGCDP O

. ‘
NOWPwWIVO® P

>4 10

w

@

aR=9

A=1

B=2 ‘

CALL WAVLNI(BR. A, B)

BR=1C

aA=2

8=1 oo '
CALL WAVLN2(ER., A, B)

GR = i1 . Tne R2cd-branch

BR=11

A=

B8=4

CALL WAYLNT(BR. A, B)

GR = 12 - The R2du~branch

ER=12

a=4

g=3 g
CALL WAVLN2(BR, A, B)

R = 13 : The PGlc2d-branch.

BR=13

a=1

E=4

CALL WAVLNL{BR, A, B)

BR =14 : The PR1d2c-branch

4

"

>0

[ S A}

L WAVLNIL(BR, A, B)
15 : The GP2clc-branch.

-
(€1}

Ui
e Wi

L WAVLNZ{GR, A, B)
16 : The GQGP2did-branch.

1

reH otk

L WAVLN2(BR, A, B)
17 : The GRie2c-branch.

WD
-
~N

>
i C W= e

L WAVLN2(BR. A, B)
18 : The GRt42d-branch.

DODPDD

CALL WAVLNZ2(BR, A. B)

BR = 19 : The RQ2cld-branch

BR=19 "’
A=3
8=2.

CALL WAVLN3I(BR. A, B)

BR = 20 : The RQ2d1lc-branch

BR=2C
A=3
B=1
CALL WAYLN3(BR, A: B? .
The nzxt saction of program the linestrengths for all the rovibronic
transitions. . .
Initially the ‘U-Factors’ and ‘C-Factors’ are calculated
+/- = + : Sl(sign) =1
+/- = - : S5 =2
SI=1i c¢/w ST=1 correspands to U"+ % C
SI=1 c/w ST=2 corresponds to U'+ % C
SI=2 c¢/w ST=1 corresponds to U“- % C"-
S1=2 c¢/w ST=2 corresponds to U’ %# C
PO 100 ST=1,2
DO 120 v=0.2
DO 140 K=1, 3%
Z=(Y{V, STI*#(Y(V, ST)~4. O)»L(STI#+2+4, Onk##2)
IF(Z.LT. fD-6)THEN
DO 180 SI=1.2
U(st, Kk, V,5T)=0. 0
C(SI, K, V,ST)»=0.0
CONTINVE
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240
241
242
2432

O« VIR
G 0T

{J 1o e

S

PMNDNPDNEMMND
CHNW (I <3

(i
It

267

RV

WM M
Cr O

(8]
[a]

Lo OGN

» Qi

")
i

-3
3
23
34

[sReNaNaNel

i

[

OO GO O

c

e N e

GOTO 140
END IF
YY=SQRT(2)
¥=L(ST)Y2(YI(V,5T)-2.0)
W=d OB (Khea2-L (ST 220
D01, K, W STI=YY+X
U2, K, V, STY=YY=X
DO 160 SI=1,2
C(SI, K, V.ST)=0. S#(U(SI, ke V, ST)#%2+W)

160 ) CONTINUE
130 CONTINUE '
120  CONTINUE

100 CONTINUE
The following section of program calculates the 11nestrengths for the -
_rovibronic transitions in the following branches

BR = 1 P

ER = 2 r2

BR = 3 Qi

ER =4 . Q=2
ER'= £ I Rt

SRk = & rR2

BR = 7 oPQt2
BR = 8 QP21
BR = 9@ : QRt2
BR = 10 : RG2t .
Tha Pl-urancn : BR =1
BR=1

Si=2

o2 205.v=0.2
NG 220 K=1,34
K1=K+1
Yy=8. 0# (K+0. 5)»C(S1, K, ¥, 2)#C(SI, K1, V, 1)
IF(ABS(YY). LT. 1D~-&} THEN
S(BR. K, V)=0.0
GO0TD 220
END IF
S X=A-LOL) 1. O #(K-L (1))
I1Z=4.  OuK# (K+2. 0}
Z‘(U(:I . 2)#U(SI, K1, V., 1)+ZZ)#%2
’ GR, K, V)—(X#Z)/YY
220 CUNTINUt
200 CONTINUE
B0 205 v=0,2
' S(ER. 35,V)=14. 2525
205 CONTINUE
The P2-Branch : BR = 2
gR=2 N
Si=1
D0 228 v=0,2
DO 220 K=1,2
. S(BR, K, V)=
230 CONTINUE .
The following calculatiocns give a value of zero for S(P2,K=3,V=0-2).
However these 3 lines are observed in the spectrum , so a linestrength °
value ©of €. .23& i3 assigned to them
225 CONTINUE
' 20 2395 V=

W

S(8F. 3, ¥)=0. 236
235 CONTINUE :
0O 240 v=0.2
DO 2e0 =4, 35
KO=K-1

¥Y=8. 02 {K=-0. 3)»C {3, KO, Vv, 2)=»C(GL. K, V., 1)
IF(ABS(YY). LT. 1D-41GOTD 260
(K=L{1)Y=2. 0y {U~-L(1)-1. 07
=4 Qa(k~1. 0)#(k+1.0)
CUOSIL, KO, vV, 232U ST K, v, 1) +Z2 a2
{BR, W, VI=(X2Z)/YY
260  CONTINUE
240 CONTINLE
The Gi-Irancn . BR = Z
BR=3
Si=2
0o 270 v=0C, 2
S(BR, 1,V)=0.C
270 CONTINUE
Values of 1.766 assigned to S(Q1,K=2,V=0-2) - (see P2 above)
oo 275 V=G, 2 | :
S(BR. 2, Vi=1. 76b
275 CONTINUE

LI ]

U
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je (V] . 00 289 v=0,2
: DD 300 k=2, 34
= Ki=hk+1 ’
3 Y'Y= a On (K+0. 5)# (K+1. SJ*C(bI WK1, V, 2)2C (ST, Kt v.1>
4 [r(ABS((() LT. 1D~-4)G0OTO 300
3 =(K=L (1)) (K+1. O » (K+L(1)+2: 0)
& 1Z=4, O=»K#(K+2.0)
7 . Z=(UiST, K1, UV, 2)#UCST, K1, YV, 1)+Z2Z)»n2
=
L
I3
4

, S(BR. K, VI =(X#Z)/YY
300  CONTINUE
280 CONTINUE
00 290 V=0, 2
: S(BR. 35, V)=35. 91
295 CONTINUE

P N VW R WU W N IR N O

[ Tae 52-8rsnch @ BR = 4
SR=4 -
Sl=t
0 327 v=g. 2
S V=000
320 CONT[nUce .
<o Values of 1.07 assignsd ko S(32, k=3, V=0-3) - (ses P2 above).

00 330 v=G6, 2

JWWWHLLWWWLULHWLWWUUWWWWWWW

W AT O U LN e U ik B B B g P

= StBR. & vr=1.07
2 230 CONTINUE
a8e 00 340 V=0, 2
3 DO 3240 K=3,3S
= r=d, O (K=C. 3)»{A+0. 5)»C(SL, K, v, 2120 (ST, K, V.l)
7 {F{ABS(YY). LT 1D-4£1)GOTOQ 360

X=tK-L(1)=1. O)#ha(v+L(L)+1. O)
7’-4 Ow(K=1.0)#(Kk+1.0)
=(U(SL, KW, YV, 2)#U(SL, K, V, 1)+ZL)9*2
b(BR:A,V:=(x¢Z)/Y
360 CONT INUE
340 CONTINUE

[T

(S The Ri-Branch . BR =5
grR=35
Si=2 . -
03 388 v=0, 2

0O 400 K=1.33

O N0 4% g e

LW G 1) L0 W L (1) 0 G W G L) L g W W W W

Ki=K+1
] K2=K+2
i YyY=8. 0#(K+1. 5)#C(SL, K2, v, 2)#C (ST, K1, VvV, 1)
Z IF(ABS(YY?. LT. 1D-4)GOTO 300
53 A={KrL (1142 O)#(K+L(17+3. Q)
s4 . IZ=4. OnKk=(K+2. 0
59 Z=(UCSI, K2, V. 2)#U{S1, K1, V, 1) +ZZ2) a2
-38e” S(BR, K, V)={X®Z)/YY
357 400 CONTINUE ’
2= 380 CONTINUE
3= CO 390 v=0,2
37 C{BR. 3%, V)=12. 278
37 S{BR, 35, V)=19.778.
373 CONT [MNUE
372 e R2-EBranch BR = &
274
T3S
S 2 of 1.%0S sezignes ta SRR Y= UE0- - (390 P2 zbovs
v 10 V=@, 2
Z B8R, 1, Vi=1.90S
s INUE
20 ¥w=5, 2
DO 43C X=2, 3%
Ki=K+1

YY=8. 0% {K+0, SI#C(SI KL, v, 2)*C(5L, K, v, 1)
TELABSIYY!. LT, 10-2:CG0TO 440
tEiReL (1w 02 (KL (1352, 0)
IZ=4. Oa(¥-1.0)2{k+1.0)
" Z=(U(SI, Ki, V.2)4U1§I.K.V 1)+ZZ a2
SIBR, M, V)={X2T}/
440 CONTINUE
420 CONTINUE

14 DO 330 V=0, 2 .

5 -S(BR. 35, Vr=19. 2502

7 430 CONTINUE

9 ¢ The F912~-Branch - BR = 7
-BR=7

0O 360 V=0. 2
DO 480 K=1.2
. S(BR. K, V)=0.0
480 -CONTINUE
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460 CONTINUE
DO S00.V=0,2
Du 520 X=3. 35
YY¥=4_ O# (K—-0. S)# {K+2, D)2C(2, K,V,2;¢P(1 K, V, 1)
[F/ABS(YY).LT. 1D-4)60TD 520
X=(K—L(1f—).O)#K*(ﬂfL(l)rl.O)‘
" 1I=4. 0#(K-1.0)#(r+1. 0) ) .
2=(U(2, K, V, 2) 201, K,V 1) =-2Z)#n2
. S(BR. K, Vi=(X2Z)/YY
320 CONTINUE -
300 CONTINLE
[ The QP2i-Branch : BR = B
8R=5
0o sS40 v=0.2
DC 2&C K=1, 2
S(ER, K, Vi=C

. .0
Q CaNT InE

24
340 CONTINUE
LG 38G.V=C. 2
DI £C0 K=3. 34
K1TKA+ L
YY=5, Da(K+0) S)eCi1. K, V. 2)2C(2, K1, ¥, 1)
TFIABSIYY)Y. LT, 1D-53G0OTE 00 :
X={R-L{13-1 O)%(K—‘(!)}
IZ=4 DnRra () .
I=cy LoV 1h=2Z) a2
S(ER. ‘
£00 T
330 <0 ¥
To
290 CO
s Tha
ZR>
oo

L0 {K+0. 3)#C L2 KLV, 201 KL VL 1)
{ABS /YY), LT 1D-2)GATD 460 )

lpen ittt Olaiaw {12200

L0 (K=1. Q)Y # (k=1 0)

(2, K1,V 2)#U0CL KV, 1) =22) s 2

SRV E(XRTEAYY ’

\V
.35, vr=0.0314

BR = iC

kY r.

=3 Oair+D S)erk+i. S)#C (L, K1V, 2)RC0 (2, KLV 1)

FiaBS(vYi. LT 1D-5:G0T0 720

F=(R-i_ (L1 )3 A+ Gra(K+L (1) 4200

=4, Orheih+2. O
Z=(U(1, K1, YV, 2)2U{Z, K1, V, 1)~Z2Z)#n2
S(ER, R, V)=(X3Z) /Yy

720 CONT INUE

700 CONTINUE

o 710 v=0,2

™N W
L

1= S(BR, 35, V1=0. 02653
3 710 CONTINUE
< C The nest section OFf program calculates tne intensity of each individual
i C rovihronic transition
2 i Three subroutines - [NTENLI-3 ~ are used.
z E=-{H*350L) /KR
R4 . IMAX=C. 0
3 < _The Ptcd- Brbnlh': BR = |
£ BR=Y
k RB=1
7E F=1
473 CALL INTENL(BR.RB,F}
480C C The Pldc-Branch : BR = 2
431 BR=2
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FB=1
F=2
o CALL ;NTEwl(BR.RB.F)
C Tha P2cd-Branch : BR = 3
eR=3 -
RB=2

CALL -INTEN1 (BR,RB.F)
[ The FPZ3dc-Branch : BR = 2

calLL INTENL{BR.RB, F?

[ The 31c-8ranch . BR = %
Z =13 H
N The maoh grR = 7
crt
~5
AL LRELED
318 i The U . BR = 8
S1i ’ SR=2 .
3.7 ~F=4
iz £
514 R
3313 . =
517
IiE
i L OINTEMND
3 [ The Ridc-Zranch BR = 1J
ER=10
3 =03
327 F=2 :
324 TAL MTEMI(BR, RB, F)
3as z Ta di=-3ranch : BR = 11~
3 7
5
RE, 7
N GR o= 1d
L OINTENI(BR,RE.F?
< FGic2é-Branch : B8R = 13
13
< = 33
L INTEMULBR, RB,F!
C GP2c1c-Branch @ BR = 15
S
- INTENZ(BR, RE, F )
Iy The GH2ctd~Eranch © BR - ié
3R=16
552 ]B=8
550 =4
S99+ CALL INMNTENZ{ER.RBG, F1!
388 [ The GR1c2c—-8ranch @ BR = 17
53¢ IR=17
9 RB=9
3 ::_!
; Al INTEN2(BR.REB.F)
Sas < Tee GRIGEG-Eranch ER = 18
B GR=183
352 RB=Y
5632 F=2
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564 -CALL INTENZ(BR,RB.F)
S5&% . Tne RG2ctid-Branch : BR = 19
S ER=19 '
547 08510
DDA F=73
&7 (ALL INTEN3(BR. REB, F)
T < .The R&2alec~Branch BR = 20
371

O

- iccount of “Jummy " points (zero intensity) then
je:z & ints 1n order af increasing wavelength

’CPO“
i

577 DO 13 3 2

EED S5 1280 w=1.33

531 fC(wL(CR Mo W3 LT 200 0) THEN

JEC. ’EkDCrL

53 GR.K.V>=1GL..S

LD .
s,

iGNt INUG
CONTINUGE
FOINTS=2100-ZERUS .
GPEN(L: FILE=QUTPUT, FILETYFEZ= "CHARACTER )
uRITE<1,xo, POINTS )
00 1050 PY=1,PDINTS
WLt [ =500
00 1040 BR=1, 20
o0 1070 V=0, 2
D 1980 K=1, 3% .
IF{WL{BR, K, Vi. LT, WLIHIN) THEN
TEMPBR=BR
TEMPR=K
TEMPY=V
WL IN=WL (BR. AL V)
END IF
L 1OBE CIINT INUE
1670 CONT INUE
FRRy=ty) CONT INUE
WRITE(1, 15 WL(TEMPBR, TEMPK, TEMPV}. I{TEMPBR, TEMPK, TEMPV )./ IMAX
WL{TEMFBR, TEMPK, TEMPV)=WL(TEMPBR, TEMFK, TEMPV)+1000. O
CONTINUE
FORMATLA20)
FORMAT(1X, I35} -
FORMATILX, FT. &, 8¢, FS «:
STOP
END

I USEY TR S W]

R TR A I
o

-mmm‘&,r.mu'-\;u. QaQaaa:

e
'}

SUBRUGUTINE WAVLNI(BR, &, 8)
COUBLE PRECISION WL, RTY, CF. VO
INTEGER BR. &/ B. K, KO, V
COMMON/BLOCKL /WL (20,35, 0: 2, RTV(4. 23, 0:2,2)
COMMON/ BLUCKZ/CF, VO(G: 2)
00 23055 V=0, 2
DC BC10.K=1,2
OWLI(BR, K. VY=0. 0
T INUE
CONT INUE
S0 8500 V=0, 2
D 2320 ®=3, 395
KG=K-1
WL{BR, K, V) =CFa10427/(VOIV)I+RTV(A, KO3, WV, 2)-RTVI(B. K, V, 1)) |
COMT iNUE
CONT IHUE
SETURM
END

SR R

SUBRIZUTING WAVLNZ(ER, ». B
oouUeLes PRECISION WL, BTV,
7NT= ER BR A:G,K v

jula] B‘lu V= O,h
WL(BR, 1,V)}=0.0Q
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cllu CONTINUE

]

e .00 8100 V=0, 2

£33 DO ‘8120 K=2,35 -

ca; IF(ABS(RTV(A, K; V., 2) ). LT. 1D-6. OR. ABS(RTV(B, K, V, 1)).LT. 10-6)THEN
42 WL (BR, K, V)=0.0 ~

£43 ¢0T0 8120

6Hha Enp IF

45 WL (BR. K, V) =CF#10#37/ (VO (VI+RTV (A, KoV, 2)-RTV(B K, V1))
cie 5120 CONTINUE

537 8100 ‘DNTINUE

=33 FETURN

£33 =ND

SCROUTY INE WAVLMNI(BR: A, B)

FREZISION WL: RTY, CF, VO

JKOKLL Y -
SELOCAL/WLE2G, 35,0 2, RTV S, 25,002, &)

2 OO
23

- -
2=

,V!LCF%LQ%"7£(VO(U)*RTV(A,KL,L._)-RTV(B Koo 1))

z . . SUBREUTIME (MTENL(DR, RE.F).
27 ' LOUBLE SRECISION WL, RTY, S, [, P, T. & IMAX, X, V3
INTEGER W, K, KT, BRI RE, 7
ZOMMCN/BLICK L ZWL (20, 35
IOMMOR .y BLICKI S0, 33,70
jgie] 3uu v=u,2

5

0:2),RTV(4,35,0:2,2)
2, 120,23, 0:2), P (0:2), T(O: 2}, E, IMAX

a

K=, 2

oA =G D

VIF, KO, VL 20 41T (V)
T /HWLUBR, K.”)/ 23

Veu3ZaS(RE. W )?DFXP(AItP'V‘
hzy).GT.LNHA)!MHK=:£5n.K.}/

T P FD)
DM NL.*T” 5. 0.P. T, E IMAX, X4 V3
L0 _.0:2 2)
] G: 2 PO LTL0: 2y, £, EMAX

-t L AL, 23T
= AT WLIBR, K, Y anl
B V3 EV3RS{RE, ., VIRDOIXRIXIaP iV

T [F(I(Bn.A.V) 67. IMaXy IMAR=I(BR. K. ¥
; > CCONT INUE .

CONT [NZ

FETURN

ZND

TR
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3720

W
~ o~
"=
fw)

SUBROUVINE [NTEN3{BR.RR,F)

DOUBLE PRECISION WL.RTV, 8, I.P, T.E. IMAX, X, V3

INTEGER V. %, K1.BR,RB. F

COMMON/BLOCK L /WL (20, 3%, 0:2),RTV (4, U35, 0: 2, 2}
COMMON/BLOCK3/S¢10, 35, 0:2), [(20,35, 0: 2), P(0:2). T(O: 2)., E, IMAX

D0 8v00 v=0:2
L1 (BR,35,V)=0.0
CONT [NUE
co 3720 V=0, 2
DO 8740 K:it. 34
v1=K+1

C=FRRTVIF, K1, V, 23 71 (V)
YEe (102827 /L (BR, w, W) Y #s]
[(BR, K, V) =V32S(RE. K, VI#DEXP (KX)#P (V)

TECT(BI, K, V).
ConT INUC
COMTINUE
RETURN
e

3T

imaX) IMAX=1(BR, K, V)
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APPENDIX 2.

LECTURE COURSES ATTENDED

- In accordance with the regu]afions of the University of Edinburgh
(Department of Chemistry) the following lecture courses were
attended.

]f Fortran ?7 Computing

2. Microcomputers

- 3. QuanFum Optics - Lasers

4. Laser$ in Chemistry

5.« History of the Department of Chemistry

6. The Chemiétry_of Photographic Processes

7. Case Studies in Molecular Reaction Dynamics

Additionally, many of the regular departmental seminérs and all

research group meetings were attended.

- 218 -



BIBLIOGRAPHY

1.

10.
1.
12,
13.
14,
15.

16.
17.
18.

J A Coxon, Chem. Soc. Specialist Periodical Reports - Mo].
Spectrosc., 1, 177 (1973) and references therein.

M A A Clyne and M C Heaven, J. Chem. Soc. Farady Trans. II,
76, 49 (1980)

E M Weinstock and A Preston, 'J. Mol. Spectrosc., 70, 188
(1978) |

H D Hartmann, H Knockel and E Tiemann, Chem. Phys. Lett., 113,
364 (1985)

M S Child and R B Bernstein, J. Chem. Phys., 59, 5916 (1973)

M D Danyluk and G W King, Chem. Phys. Lett., 43, 1 (1976)

R B Kurzel, J I Steinfeld, D A Hatzenbuhler and G E Leroi, J.
Chem. Phys., 55, 4822 (1971) and references therein.

R B Kurzel and J I Steinfeld, J. Chem. Phys., 53, 3293 (1970).
J 1 Steinfeld and W Klemperer, J. Chem. Phys., 42, 3475
(1965).

J Derouard and N Sadeghi, J. Chem. Phys., 81, 3002 (1984).

J C McLennan, Proc. Roy. Soc., A88, 289 (1913).

J C McLennan, Proc. Roy. Soc., A91, 23 (1914).

R'S Mulliken, J. Chem. Phys., 55, 288 (1971).

F Duschinsky and P Pringsheim, Physica, 2, 923 (1935).

A L Guy, K S Viswanathan, A Sur and J Tellinghuisen, Chem.

Phys. Lett., 73, 582 (1980).

J Tellinghuisen, J. Mol. Spectrosc., 94, 231 (1982).

L-C Glasgow and J E Willard, J. Phys. Chem., 77, 1585 (1973).
R J Donovan, B V 0'Grady, L Laiﬁ and C Fotakis, J. Chem.
Phys., 78, 3727 (1983).

- 219 -



19.
20.

21.
22.

23.
24.
25.
26.
27.
28.

29.
-30.

31.
32.
33.

34.
35.

Z Yun-wu, W Fuss and K L Kompa, J. Photochem., 23, 311 (1983).
R S Bradford Jr., E R Ault, and B L Bhaumik, Appl. Phys.
Lett., 27, 546 (1975).

3 J Ewing and C A Brau, Appl. Phys. Lett., 27, 557 (1975).

AAK Hays, J M Hoffmaﬁ and G C Tisone, Chem. Phys. Lett., 39;
353 (1976). o

J R Murray; J C Swingle and C E Turﬁer Jf., Appl. Phys. Lett.,
28, 530 (1976). |

J Jd Ewing,'J H Jacov, J A Mangana and H A Brown, Appl. Phys.
Lett., 28, 656 (1976). |

M Diegelmann, H P Grieneisen, K Hoh]a, X-3j Hu, J Kras1nsk1 and

K L Kompa, Appl. Phys., 23, 283 (1980).

M Diegelmann, K Hoh]a, F. Rebentrotst and K L Kompa, J. Chem.

Phys., 76, 1233 (1982).

M J Shaw, C B Edwards, F 0'Neill, C Fotakis and R J Donovan,

Appl. Phys. Lett., 37, 346 (1980).

M Martin, C Fotakis, R J Donovan and M J Shaw, Nouvo Cimento,
63B, 300 (1981).
J Tellinghuisen, Chem. Phys. Lett., 49, 485 (1977).

M V McCusker, R°"M Hill, D L Heustis, D C Lorents, R A Gutcheck

and H H Nakano, Appl. Phys} Lett., 27, 263 (1975).

M C Sauer Jr., W A Mulac, R Cooper and F'Gr1e§er, J. Chemf
Phys., 64, 4587 (1976).

AAB Callear and M.P Metcalfe, Chem. Phys. Lett., 43, 197
(1976). _

M F Golde and B A Thrush, Chem. Phys. Letf., 29, 486 (1974).

J E Velazco and D W Setser, J. Chem. Phys., 62, 1990 (1975).

S K Searles and G A Hart, Appl. Phys. Lett., 27, 243 (1975).
- 220 -



36.

37.

38.

39.

40.

£
N
.

43.
44,

45.
46.

47.
48.
49,
50.
51.
52.

53.

J J Ewing and C A Brau, Appl. Phys. Lett., 27, 350 (1975).

C A Brau and J J Ewing, Appl. Phys. Lett., 27, 435 (1975).

E R Ault, R S Bradford Jr. and M L Bhaumik, Appl. Phys. Lett.,
27, 413 (1975); 28, 23 (1975).

JPT Wi1kihsdn, M MacDonald and R J Donovan, Chem. Phys. -
Lett., 101, 284 (1983).

S D Peyerimhoff and R J Buenker, Chem. Phys., 57, 279 (1981).

J Tellinghuisen, J. Chém. Phys., 78, 2374 (1983).

J P Perrof, M Brayer, J Cheva]eyré and B Femelat, J. Mol.
Spectrosc., 98, 161 (1983). _ |

A B Callear and M P Metcalfe, Chem. Phys., 20, 233 (1977).

B V 0'Grady, L Lain, R J Donovan and M C Gower, Chem. Phys.
Lett., 91, 491 (1982);

H Hemmati and G J Collins, Chem. Phys. Lett., 75, 488 (1980).

M MacDonald, J P T Wilkinson, C Fotakis, M Martin and R J
Donovan, Chem. Phys. Létt., 99, 250 (1983).

J C D Brand and A R Hoy, J. Mol. Spectrosc., 97, 379 (1983).

A D Williamson, Chem. Phys. Lett., 60, 451 (1978).

G W King, I M Littlewood and J R Robins, Chem. Phys., 56, 145
(1981).

J Cheva]eyré, J P Perrot, J M CHastan,AzS Valignat and M
Broyer; Chem. Phys., 67, 59 (1982).

T I Ishiwata, H Ohtoshi, M Sakaki and I Tanaka, J. Chem.
Phys., 80, 1411 (1984). |

K'S Viswanathan and J Tellinghuisen, J. Mol. Spectrosc., 101,
285 (1983). | |

G W King, I M Littlewood and J R Robins, Chem. Phys., 62, 359
(1981).

- 221 -



54.

55.
56.

57.
58.

59.
60.

61.
. 62.

63.
64.
65,

66.
67.

68.

69.

J C D Brand, V D Deshpande, A R Hoy, S M Jaywant and E J
Woods, J. Mol. Spectrosc., 99, 339 (1983).

G Das and A C Wahl, J. Chem. Phys., 69, 53 (1978).

J C D Brand, A R Hoy, A K Ka]kaf and A B Yamashita, J. Mol.
Spectrosc., 95,A350 (1982).

J Te1iinghuisen, Chem. Phys. Lett., 29, 359 (1974).

A G Gaydon and H G Wolfhard, "Flames - their structure,
radiation and temperature", (Chapman and Hall, London, 1979).
SLNG Kfishnamachari énd H P Broida, J. Chem. Phys., 34,'
1709 (1961). | |
R Bleekrode and W C Nieuwpoort, J. Chem. Phys., 43, 3680
(1965). | | |

R Harvey and P F Jessen, Phys. Sci., 241, 102 (1973).

J E Bulter,'J W FTeming, L P Goss and M C Lin,  Chem. Phys.,
56, 355 (1981). |

C A Arrington, W Brennen, G P Glass, J V Michael and H Niki,
J. Chem. Phys., 43, 1489 (1965).

I Tbkue and M Ikarashi, Bull. Chem. Soc. Jpn., 54, 2802 '
(1981). |

M Noguchi, Y Tanaka, T Tanaka and Y Takeuchi,'Nenryo.Oyobi
Nensho, 45, 1100 (1978). . -

I Kusunoki and C Ottinger, J. Chem. Phys.,- 70, 710 (1979).

I Kusunoki, C Ottinger and S Kimmerman, J. Chem. Phys., 71,
894 (1979).

R Marx, M Gefard, TR deers and G Mauclaire, Adv. Mass
Spectrom., 7A, 307 (1978).

K Suzuki and K Kuchitsu, Bull. Chem. Soc. Jpn., 50, 1905
(1977). |

- 222 -



70.

71.

72.
73.
.74.
75.
76.

77.
78.
79.
80.
81.
82.
83.
84.
- 85.

86.
87.

G Herzberg, "Molecular spectra and molecular structure. .I.
Spectra of diatomic molecules", (Van Nostrand, New York,
1950). |

V V Smith, C Sneder and C A Pilachowski, Publ. Astron. Soc.
Pac., 92, 809 (1981). -

G F Gahm and K P Lindroos, Phyé. Scr.., 20, 563 (1979).

B F Peery Jr., Publ. Astron. Soc. Jpn., 31, 461 (1979).

S Green, Ann. Rev. Phys. Chem., 32, 103 (1981).

K R Lang and R F Wilson, Astrophys. J., 224, 125 (1978).

R Genzel, D Downes, T Pauls, T L Wilson and J Bieging, Astron.

Astrophys., 73, 253 (1979).

G Sandell, L E B Johansson, Nguyen-Q-Rieu and K Mattila,
Astron. Astrophys., 97, 317 (1981).

A Dalgarno, At. Processe§ Appl., 109 (1976), Ed P G Burke and
B L Moiseiwitsch - references theréin. | _ _

I Meséing, CH Sédowski and S V Filseth, Chem. Phys.vLétt.,
66, 95 (1979).

T A Cool and P J H Tjossem, Chém.-Phys.'Lett., 111, 82 (1984).
C Vinckier, J. Phys. Chem., 83, 1234 (1979).

J E Butler, L P Goss, M C Lin and J W ‘Hudgens, Chem. Phys.

Lett., 63, 104 (1979).

S S Wagal, T Carrington, S V Filseth and C M Sadowski, Chem.

Phys. 69, 61 (1982).

M R Berman and M C Lin, Chem. Phys., 82, 435 (1983).

M R Berman and M C Lin, J. Chgm. Phys., 81, 5743 (1984).

M R Berman and M C Lin, J. Phys. Chem., 87, 3933 (1983).

J A Duncanson Jr. and W A Guillory, J. Chem. Phys., 78, 4958

(1983).

- 223 -



88.

89.

90.

91.
92.

93.

-94.

95.

~ 96.
97.
98.
99.

100.

101.

102.

103.

104.
105.

C Fotakis, M Mértin, K P Lawley and R J Donovan, Chem. Phys.
Lett., 67, 1 (1979).

A P Baronavski and J R McDonald, Chem. Phys. Lett., 56, 369
(1978).

C Fotakis, M Martin and R J Donovan, J. Chem. Soc. Faraday .
Trans. 11, 78, 1363 (1982).

H Shinoharé and N Nishi, J. Chem. Phys., 77, 234 (1982).

T Nagata, M Suzuki, K Suzuki, T Kondow and K Kuchitsu, Chem.
Phys., 88, 163 (1984).

J R McDonald, A P Baronavski and V M Donnelly, Chem. Phys.,
33, 161 (1978). _

N Nishi, H Shiﬁohara and 1 Hénazaki, Chem. Phys. Lett., 73,
473 (1980). '_ |
B B Craig, WL Faust,'L S Goldberg and R G Weiss, J. Chem.
Phys., 76, 5014 (1982).

H K Haak and F Stuhl, J. Phys. Chem., 88, 3627 (1984).

6 Cairo, Z. Phys., 10, 185 (1922).

G Cairo and J Franck, Z. Phys., 11, 161 (1922).

R Mannkopft, Z. Phys., 36; 22 (1926).

J.G Winans, Z. Phys., 40, 63 (1930).

L Kradse; AdQ. Chem. Phys., 28, 267 (1975)

J T Yard]ey, "Introduction to Molecular Energy Transfer"
(Academic Press, 1980, New York) page 221, equations 8.3-1 -
8.3-6

E H Fink, D Wallach and C B Moore, J. Chem. Phys., 56, 3608
(1972) |

H Reisler and C Wittig, J. Chem. Phys., 69, 3729 (1978)

AT Pritt and R D Coombe, J. Chem. Phys., 65, 2096 (1976)

- 224 -



106.
107.

108.
109.
110.
111.
112.
113.
114.
115.
116.
117.

118.
119.

120.
121,
122.
123.
124.

125.

126.

J J Ewing, Chem. Phys. Lett., 29,'50 (1974)

D L King and D W Setser, Ann. Rev. Phys. Chem., 27, 407
(1976). |

E R Fisher and G K Smith, App1. Opt., 10, 1803 (1971).

R Grice and D R Herschbach, Mol. Phys., 27, 159 (1974). .

D R Herschbach, Adv. Chem. Phys., 10, 319 (1966).

D L Magee, J. Chem. Phys., 8, 687 (1940).

D L Magee, Discuss. Faraday Soc., 12, 33 (1952).

M B Foist and R B Bernstein, J. Chem. Phys., 64, 2971 (1976).
M S Child, Faraday Discuss. Chem. Sdc., 53, 18 (1972).

E E Nikitin, Adv. Cheh. Phys., 28, 317 (i975).

A E Gislason and J A Sachs, J. Chem. Phys., 62, 2678 (1975).
M S deVries, V I Srdanov, G W Tyndall and R M Martin, Chem.
Phys. Lett., 114, 233 (1985). |

K J Laidler, J. Chem. Phys., 10, 34 (1942).

J E Velazco, J H Kolts, D W Setser and J A Coxon, Chem. Phys.
Lett., 46, 99 (1977).

E Bauer, E R Fisher and F R Gilmore, J. Chem. Phys., 51, 4173
(1969). | |
AvGedanken, J Jbrtnér, B Raz and A S#oké; J; Chem. Phys., 57,
3456 (1972) | |

G Karl, P Kruus and J C Polanyi, J. Chem. Phys., 46, 224
(1967)

R D Levine and R B Bernstein, Chem. Phys. Lett., 15, 1 (1972)
J C Tully, J.'Chem. Phys., 61, 61 (1974)

R F Heidner, D Husain and J R Weisenfeld, J. Chém. Soc.
Faraday Trans. II, 69, 927 (1973)

T G Slanger and G Black, J. Chem. Phys., 60, 468 (1974)

- 225 -



127.

128.
129.
130.
131.
132.
133.
134.
135.

136.

137.
-138.

139.
140.

141.
142.

143.

K P Huber and G Herzberg,'"Mo1ecuTar Structure and Molecular
Spectra, Vol. 4, Constants of- Diatomic Molecules " (Van
Nostrand, Princeton, 1979). |

W H Evans, T R Munson and D D Wagmann, J. Res. Nat1. Bur.
std. US, 55, 147 (1955).

R J Donovan and D Husain, Trans. Faraday lSoc., 64, 2325
(1968).

K Wieland, J Tellinghuisen and A Nobs, J. Mol. Spectrosc.,
41, 69.(1972). | | _

M MacDonald, R J Donovan and M C Gowef, Chem. Phys. Lett.,
97, 72 (1983).

M MacDonald, Ph. D. Thesis, University of‘Edinburéh'(1984).

D Austin, private communication.

RS Mulliken, J. Chem. Phys., 55, 309 (1971).

J Tellinghuisen, J. Mol. Spectrosc., 103, 445 (1984).

K P Lawley, M A MacDonald, R J Donovan and A Kvaran,VChem.
Phys. Lett., 92, 322 (1982).

J Tellinghuisen, Chem. Phys. Lett., 99, 373 (1983).

J E Velasco, J H Kolts and D W Setser, J. Chem. Phys., 65,
3468 (1976). | | ”
K Tamagake, D.w Setser and J H Kolts., J. Chem. Phys., 74,
4286 (1981). |

D Lin, Y C Yu and D W Setser, J. Chem. Phys., 81, 5830
(1984).

P Venkateswarlu, Can. J. Phys., 48, 1055 (1970).

AB Callear, P Erman and J Kurepa, Chem. Phys. Lett., 44, 599

(1976).

D L Rousseau, J. Mol. Spectrosc., 58, 481 (1975).
- 226 -



144.
145.

146.
147.

148.
149.
150.
151.
152.
153.
154.
155.

156.

157.
158.

159.

160.

T Ishiwata, A Tokunaga and I Tanaka, Chem. Phys. Lett., 112,
356 (1984). .

G Inoue, J K Ku and D W Sefser, J. Chem. Phys., 80, 6006
(1984).

H Hemmati and G J Collins, Chem. Phys. Lett., 67, 5 (1979).

F A Cotton and G Wilkinson, "Advancéd Inorganic Chemistry"
(3rd Edition, Wiley Interscience, p. 438).

J G'Ca1vert and J N Pitts., "Photochemistry" (Wiley, New
York, 1966) p. 439. ' ‘

C I M Beenakker, P J F Verbeek, G R Mohimann and F J De Heer,
J. Quant. Spectrosc. Radiat. Transfer, 15, 333 (1975).

M Schmidt, H A Gillis and M Clerk, J.'Phys. Chem., 79, 2531
(1975). | |

R Ch Baas and C I M Beenakker, Comp. Phys. Comm.,‘8,‘ 236
(1974).-

M Ito, P-K C Huang and E M Kosower, J. Chem. Soc. Faraday
Trans., 57, 1662 (1961).

C J Ingold and G W King,.J. Chem. Soc., 2725 (1953},

K K Innes, J. Chem. Phys., 22, 863 (1954).

W C Walker and G L Weissler, J. Chem. Phys., 23, 1547 (1955).
V H Dibeler, J A Walker and K E McCulloch, J. Chem. Phys.,
59, 2264 (1973).

P D Foo énd K K Innes, Chem. Phys. Lett., 22, 439 (1973).

R W B Pearse and A G Gaydoﬂ, “Identification of molecular
spectra " (Chapman + Hall, London, 1965).

A J Harrison, B.J Cederholm and M A Terwillinger, J. Chem.
Phys., 30, 355 (1959).

J S Lake and A J Harrison, J. Chem. Phys., 30, 361 (1959).
- 227 -



161.
162.
163.
164.
165.
166.
167.
168.

169.

170.

171.
172.
173.
174.

175.

176.

177.

A Gedanken and M D Rowe, Chem. Phys., 36, 181 (1979).

P Pechukas and J C Light, J. Chem. Phys., 42, 328] (1965).

P Pechukas, C Rankin and L C Light, J. Chem. Phys., 44, 794
(1966).

J C Light, Discuss. Faraday Soc., 44, 14 (1967).

EE Nikitin, Theor. Exp. Chem., 1, 144 (1965).

C E Klots, J. Phys. Chem., 75, 1526 (1971).

(&

L Kinsey, J. Chem. Phys., 54, 1206 (1970). .

-

M Quack and J Troe, Ber. Bunsenges. Phys. Chem., 78, 240

(1974). |

M Quack and J Troe, Ber. Bunsenges. Phys. Chem., 79, 170
(1975). | '

J R Beresford, G Hancock, A J MacRobert, J Catanzarite, G
Radhakrishnan, H Reisler and C Wittfg, Faréday Discuss. Chem.
Soc., 75, 211 (1983).

W M Jackson, J B Ha]pern‘ahd C-S Lin, Chem. Phys. Lett., 55,
254 (1978).

J Brzozowski, P Bunken, N Elander and p Erman, J Astrophys.,
207, 414 (1976).

H W Hermann ande'R Leone, J. Chem. Phys., 76, 4766 (1982).

M D Barry and P A Gorry, Mol. Phys., 52, 461 (1984).

A M Quinton and J P ‘Simons, Chem. Phys. Lett., 81, 214
(1981). ‘

J 0 Hirschfe]der, C F Curtiss and R B Bird, "Molecular theory
of gases and liquids", (John Wiley & Sons, 1954) - formula on
page 1023. '

K Bergmann,‘U HefterAand J Witt, J. Chem. Phys., 72, 4777

(1980).

- 228 -



178.
179.
- 180.
181.
182.

183.

184.

185.

186.

187.
. 188.

J Dufayard and O Nedelec, Chem. Phys., 71, 279 (1982).

H P Broida and T Carrington, J. Chem. Phys., 38, 136 (1963).
0 Nedelec and J Dufayard, J. Chem. Phys., 76, 378 (1982).

W Brehnenlénd T Cérrington, J. Chem. Phys., 46, 7 (1967).

M Clerc and M Schmidt, Far. Discuss. Chem. Soc., 53, 217.
(1972).

H Brunet, IEEE- J Quanfum Electron., QE-6, 678 (1970).

J C Polanyi and K B VWoodall, J. Chem. Phys., 56, 1563 (1972).
K H Becker, H H Brenig and T Tatarczyk, Chem. Phys. Lett.,
71, 242 (1980). | |

D A Lichtin, M R Berman and M C Lin, Chem. Phys. Lett., 108,

18 (1984).

R J Donovan and D Husain, Chem. Rev., 70, 489 (1970).
C J Nokes and R J Donovan, Chem. Phys., 90, 167 (1984).

- 229 -



