Aspects of Vibrational Band Contours

by Ellis Brooke Gill, B.Sc.

A Thesis
presented to the Faculty of Science
of the University of London
in Candidature for
the Degree of

Doctor of Philosophy

The Bourne Laboratory,
Royal Holloway College,
(University of London) ,
Egham Hill,

Egham,

Surrey,

TwW20 OEX.

;.1‘,‘-&6 ( Cbc

o e N

PRI E R S
A ‘-», & : a LN

G\Q
4 1 1%9 c\TI

Odc"b

 May, 1976



ProQuest Number: 10097412

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10097412
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



To my wife

" my parents



ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to -
Dr. D. Steele for his advice and guidanée throughout the

course of this work.

I also wish to thank my parents and parents—in-law

for all their help and encouragement.,

Thanks are also due to Mrs E.I. Kearsey for the

typing of this thesis.

The receipt of a studentship from the Science

Research Council is acknowledged with gratitude.

Finally I wish to thank my wife for her technical
assistance in the preparation of this thesis — and for more

than a little patience.



ABSTRACT

Chapter 1

Chapter 2

2.1

2.2
2.3
2.4
2.5

CONTENTS

GENERAL INTRODUCTION

PART 1
GENERAL THEORY

Calculation of the infra-red intensity data

for Molecular dynamics studies.

The Raman Effect.

.Raman'Intensities and the depolarization ratio.

The Fourier Transform. -

Correlation Functions.

' 2.5.1 Introduction.

2.6

Chapter 3
3.1
3.2

3.3

2.5.2 The Infra-red Correlation Function;.

2.5.3 The Raman Correlation Function.

.2+5+.4 The Free Rotor Correlation Function.

2.5.5 Relaxation Times.
2.5.6 Models for Molecular Motion.

Interactions in Molecular Complexes:

A General Survey.

THE HEXAFLUOROBENZENE-BENZENE SYSTEM
Introduction.
General Survey.
3.2.1 Nature of the Interacfion,
3.2.2 Nature of the Structure.
Experimental. |
3+3.1 Chemicals.

3.3.2 Equipment and Conditions.

13f3-3 The 8oy vibration. -

Page
18

20

26
26

27
28
3

n
2
34
37
40

41
42

44

48

48
48

50

51
51

52



3.4
3.5

Chapter 4
. 4.1
4.2
4.3

4.4

Experimental Results.

Discussion.

3¢5¢1 Types of broadening mechanisms

considered.
3.5.2 The éhort and long time behaviour.

3.5.3 The equilibrium constant.

Page
53

58

58
62
63

3.5;4 A Model for the Interaction and the mechanism

of vibrational relaxation.

RAMAN STUDIES CF THE CHLORINE-BENZENE SYSTEM
Introduction. o
Experimental Equipmenf and Conditions.
Experimental Procedure.

4.3.1 The'Chlorine—Benzene—Tetrachl6romethane

solutions.

4.3.2 The Bromine and Yodine in Benzene

solutions.
Results.

4.4.1 General Details.

4.4.2 The Chlorine in Tetrachloromethane spectra.

4.4.3 Band Contour Analysis of the chlorine
spectra (in C6H6/CCI4solutions).

4.4.4 Calculation of the Equilibrium

Constant.

.4.4.5 Measurements of Bromine and Iodine in

benzene.

65

69

76

78

79

n2

129



Page
4.5 Discussion.
4.5.1 EBEvidence for the 2:1 complex. 135
4.5.2 Entropy and Enthalpy bhanges. : 139
4.5.3 Frequency shift between the maxima of
S @H%em (¥02 139
Chapter 5. THE RAMA& SPECTRUM OF LIQUID CHLORINE
5.1 Introduction. _ , - ' 142
5.2 Results and Discussion. . |
5.2.1 . General Details. | o 143
5.2.2 .The Correlation Functions. o 145
5.2.3 Rotational relaxation times. |  us
5¢2.4 Spectral Moment Analysis of liquid 153

chlorine.



Chapter 6 GENERAL THEORY OF ABSOLUTE INFRA-RED INTENSITIES

6.1

6.2

6.3
6.4
6.5
6.6

PART 2

Absorption of radiation.

Relationship of Intensity to the change of

dipole moment.
The symmetry coordinates.
The S? vectors of Meister and Cleveland.

The L Matrixe.

The force constants of methyl iodide.

Chapter 7 BAND CONTOUR ANALYSIS OF THE METHYL IODIDE

7o

7-2
Te3

FUNDAMENTALS
Symmetric Top Theory.
Te1e1 Rotational Constants and Geometry.

Te1.2 Vibration-Rotation energy and

selection rules.

Tele3 Transitional Non—-degenerate vibrational
© levels (11 bands).

. Te1.4 . Degenerate vibrational levels

(L bands).
Te1.5 Line Intensities.
7.1.6 Spin weighting grk*
Experimental procedure.
Band Contour Analysis.

Te3e1 X-Y Coriolis interactions.

Te3.2 Observed band areas for the methyl iodide

fundamentals.

Te3.3 Band fitting results for the E class

fundamentals.

7.3.4 Band fitting for the A,

"class fundamentals.

Page

160
163

165
169
172

174

180

180
181

184
186

188
189
190

192

196

198

201



Chapter 8

8.1
8.2

8.3

8.4
8.5

Appendix 1

References.

THREE METHODS FOR OBTAINING BOND PARAMETER
INFORMATION FROM THE INFRA-RED GAS PHASE
INTENSITY DATA OF METHYL IODIDE.

Introduction.

The method of Dickson, Mills and Crawford.

8.2.1
8.2.2

8.2.2

8.2.2

‘:, M, = 0.

8.2.2

8.2.3

Values of pj for the A1 class vibrations.
The E class vibrations.

(i) Van Straten and Smits formulation for

the Rotational corrections.
(ii) Calculation of the Rotational

contribution VAR for methyl iodide for

(iii) Values of P; for the E species.

Bond Effective moments.

Thg Gribov formulation.

8.3.1
8.3.2
8.3.3
8.3.4
8.3.5

Introduction.

fhe Theory.

Expressions for 3P/ani of methyl iodide.
The A1 species.

The E species.

The Barrow, Crawford and McKean treatment.

General Discussion.

: PROGRAM VANSA.

*
\

Published Material.

Page

205

209

21
212

214

221
224

226
226
230
231

234
239

245

249

256



Pigure

Ta

T

8a

8b

List of Figures

The - absorption band of hexafluorobenzene(A)
in cyclohexane solution and (B) in benzene

solution.

The 1n C(t) against time plot for the Co
vibration of hexafluorobenzene in benzene

solution (B) and in cyclohéxane solution (4).

An expansion of that part of figure 2 referring
to the short time behaviour (£ 0.5 x 107 '2g).

T is the free rotor curve.

A plot of the reciprocal relaxation time

(B=Bv+ﬁr) against concentration of benzene.

A plot of reciprocal relaxation time against
frequency shift for the HFB + benzene +

cyclohexane system.

Schematic representation of the interaction
of the § cg Vibration with a neighbouring
dipole. '

Variable temperature cell used for the chlorine

in benzene/tetrachloromethane solutions.

Raman spectrum of the Cl1-Cl stretch band in
CCl , :benzene mixtures, for the parallel

4

component .

Raman spectrum of the Cl-Cl stretch band in

. CCl1, for parallel polarisation.

4

Raman spectrum of the Cl-Cl stretch of
chlorine in CCl,. The relative profiles of the
(E')2 and (X-)? components.

Page

54

56

57

59

60

65

75

80

82

83



Pigure

10
11
12
13

14

15

16

17
18
19
20

21

b)

The Raman spectra of the Cl-Cl stretch of
chlorine in a 1:T% benzene:tetrachloromethane
mixture and a comparison of overall contour

with predicted, assuming Lorentzian profiles.
1,2 ‘
isotropic component (a')

anisotropic component (5')2

As for 9 but for a 1:6 benzene:tetrachloro;

methane mixture.

As for 9 but for a 1:3 benzene:tetrachloro-

methane mixture.

As for 9 but for a 1:2 benzenestetrachloro-

methane mixture.

As for 9 but for a 1:1 benzenestetrachloro-

metha ne mixture.
As for 9 but for benzene as solvent.

The Raman spectra of the Cl~Cl stretch of
chlorine in a 1:73 benzenestetrachloromethane
mixture. A comparison of the total band

. . £ . .
intensity Iy(xx&ayﬁz rom experiment, with

that predicted assuming Lorentzian profiles.

As for 15 but for a 1:6 benzenestetrachloro-

methane mixture.
As for 15 but for a 1:3 C6H6:CCI4 mixture.
As for 15 but for a 1:2 C6H6:CCI4 mixture.

As for 15 but for a 1:1 06H6:0014

mixture.
As for 15 but for benzene as solvent.

A graph of the normalized band area of complexed
chlorine against concentration of complexed

chlorine.

Page

88

90

92

94

96

98

106

107

108

109

- 10

m

116

10



Figure

22

23

24

25

(a)
(v)

26
27

26(a)

(v)

29

30

A graph of (concentration of complexed
chlorine)/(concentration of free chlorine)
against concentration of benzene, showing

the non-linearity of the plot.

A graph of (conoentration of complexed
chlorine)/(concentration of free chlorine)

against (concentration of benzene)%

The temperature dependehce of the isotropic
Raman spectrum of chlorine in a 1:2

C6H6:CCI gsolution.

4

The Raman spectra of the C1-Cl stretch of
chlorine in a 1:1 benzenestetrachloro-
methane mixture. A comparison of the
observed band intensity (Iy(xx+xy)z) with
that predicted assuming Lorentzian profiles.

at -10°C
at +30°¢C

As for 25 but for a 1:2 C6H6:CCI4 mixture.

As for 25 but for a 1:3 06H6:0014 mixture.

- ]
A comparison of (a')z and () )2 for bromine

in benzene.
. =42 2 . s
A comparison of (') and (¥ )© for iodine

in benzene.

Possible orientations of the 1:1 halogen~

benzene complex.

The temperature dependenée of the anisotrppic

[]
component (§ )2, of the Raman spectrum of .

liquid chlorine.

Page

nz

ns

19

121

123
125

131

132

135

144

11



Figure

3T

32

33

34
35

Graph of the shift (A) between the maxima
- '
of (a')z and (& )2 against absolute

temperature.

The temperature dependence of the 1ln CQR(t)
against time plot, for the C1-Cl stretch of
liquid chlorine. '

A plot of the rotational relaxation time,772,

of liquid chlorine against temperature.

Tﬁe Geometry of methyl iodide.

The unit vectorsalong the bonds, and the

interbond angles of CH,I.

3

12

Page

145

147

150

167

169



Table

13

List of Tables

Page
Lorentzian function parameters for . 86

the isotopic and hot bands of chlorine in

tetrachloromethane.

A listing of the optimum parameters for the
Lorentzian bands used in simulating the

band profiles.

(A) The uncomplexed species. 100
(B) The first complex species. 101
(C) The second complex spec’es. 102

(D) The relative intensities at the maxima 103
(for Tables 24, B and C).

The depolarization ratios for the two n2

complexed chlorine bands.

(4) Percentage contributions, of the ns
3 species, to the total intensity
I of the chlorine band in the
y(xx+xy) 2

CCl4:CsH6 solutions.

(B) Percentage contributions to the total ns

intensity (T ) for 1:1, 1:2,

y(xx+xy) 2
133 C H, solutions at -10°¢ and +30°C.

A listing of the optimum parameters for the 127
Lorentzian bands used in simulating the band

profiles:Temperature studies.

The equilibrium constants for the formation 129
of (C4H),Cl, at +30°C and -10°C, and the
derived free energy changes for three

different solvent mixtures.

Lorentzian function parameters of the 133

isotopic and hot bands of Bromine in benzene.



Table

10

11

12

13.

14

15

Lorentzian function parameters of the
isotopic and hot bands of Todine in

benzene.

The theoretical and observed rotational

relaxation times,ﬂfz, of liquid chlorine.

Raman band moment calculations and
determination of the mean square torques

for liquid chlorine.

Raman band moment calculations and
determination of the mean square torques,
for the observed spectra of liquid
chlorine minus a collision-induced

contribution.

The symmetry coordinates used in this
thesis, in terms of the internal

coordinates, for CH3I.

a) The force constant matrix in terms
of internal coordinates.,

b) The relations between the symmetry .
force constants T y and the

internal force constants F.

A comparison of the converged results

of the Hybrid Orbital Force Field for

methyl iodide, from references 118,123,124 |,

Rotation-vibration interaction constants,
ground state constants, coriolis
constants and frequencies used for
calculating the spectra of the CH
fundamentals.

31

Page

134

152

155

158

168

77

178

179

182

1k



 Table : Page

16 Observed band areas for CH,T. 197
17 Non zero E‘ZS coriolis constants for CHBI. 195
18 The temperature behaviour of the ratio 199

theoretical intensity for the V6 band
experimental intensity

of methyl iodide.

19 Ratios of theoretical intensities to 200
experimental intensities, of the'Q sub-
bands of the E class fundamentals of

CH3I.

20 Ratios of theoretical intensities to ' 202
experimental intensities, over arbitrary
frequency intervals, for the A, class

1
fundamentals of CH3I.

21 Ratio of the theoretical to experimental 204
intensity, of J multiplets in the 2200 cm |
A, fundamental of CH.D at 298°K, from

reference 160,

3

22 * Harmonic vibration frequencies w, and 206
dipole moment derivatives IaP/é Qil '

for the normal vibrations of methyl iodide.

23 Elements of theJL matrix for methyl iodide. 207
24 Values of F g for the A, class of methyl m
- iodide. ‘

25 (a) The.g matrix for the CH,I moleculej 219

exact geometry.
(b) The §™' matrix for the E class of

CH3I and CD3I.

26 Rotational corrections in methyl iodide, 220

using Van Straten and Smitfs method.



Table

27

28

29

30

31

32

33

34

35 ..

Methyl iodide E class values of (p Epj and
(pD)j for Dickson et als' method.

Calculated (pR)j values for various sign

choices.

Values of (p ).’in methyl iodide from the
R"J

~ preferred sign combinations (averaged

data from CH,T and CD,I molecules) .

Pinal bond effective moments for CH3I
derived from the preferred sign

combinations (Dickson et als' method). -

(a) Values of the valence—optical
parameters for the A1 species of

methyl iodide for all sign choices
of ép/éQi.

(b) Recalculated values of Ap/é Qy
obtained by substitution of choices
A and .B, from Table 31(a)
(Gribov's method) .

A comparison of the values of the
parameters for the A1 class obtained

from this work and by Gribov.

Coefficients of bond vibration, for the
E species of methyl iodide, for Gribov's

formulation.

Values of the valence optical parameters
for the E species of methyl iodide, for
all sign choices of‘)p/c) Qe

(a) Recalculated values of 3p/&'Q, for
the E species of methyl iodide,
obtained by substitution of parameter

sets A and B into equation 8.24.

Page

221

222

223

225

232

233

234

235

237

238

16



Table

35

36

37

38

Page
~ (b) A comparison of the parameter sets 238
A and B, with the parameter values
quoted by Gribov.
(a) D matrix for the E species of _ 242
methyl iodide (for the Barrow
et al method).
(b) Numerical values for the coefficients 243

in the D matrix.

Relation between dp/ dS and the bond polar - 243
properties for the E species of methyl iodide.
Final bond effective moments for CH3I and 245
CD3I. The E species, derived from the

(+—) sign combination. Barrow et als'

method.

- 17



18

Abstract

Anbinfra-red study was made of the molecuiar complex of
hexafluorobenzene (HFB) in benzene solutions. Interactions between
HFB and benzene leéd to a frequency shift and a broadening of the band
arising from the out of plane C~F bending vibration (32u species).

It is deduced that the intermolecular interactions are short lived,
stochastic, are not simple polar interactions, and that the fesulting

forces are directed perpendicular to the ring plane.

The band contours of the vibrational Raman band of chlorine
in benzene/%etréchloromethane solution mixtures have been studied.
Band fitting analysis of the complexed chlorine band using two
Lorentzians, each with their isotopic sub bands, produced good simul-
ations of the observed spectra. The consistency of the reiative
intensities suggests that they arise from CQmplexesrof the same
stoichiometry. It is concluded that chlorine forms a 1:2 complex with
benzene, with an equilibfium constant 2K = .095 dm6mol_2. Entropy

calculariony imply that there is a large molecular ordering compatible

with the idea of specific structure of the complex.

The vibrational Raman band of iiquid chlorine was studied
to shifts of 130 cm—1 from the band centre. The second moment of the
anisotropic component is about 15% above the theoretical value.

Good exponential decays of the second order orientational éorrelation
function are observed from t > 0.2 ps. The resulting relaxation
times are well reproduced by a migroviscosity equation. The results

are in reasonable accord with n.m.r. relaxation times.
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Absolute intensity measurements have been made on the
fundamental vibrations of methyl iodide, by integrating the optical
density over the absorption band. Exact band fitting of the
theoretical spectra to the experimental spectra was not possible, no
explanation can be offered. The intensity measurements were analysed
in terms of the dipole moment derivatives with respect to symmetry
coordinates, using three formulations of the vibrational angular
momentum correction. Gribov's formulation is considefed superior to
the earlier Crawford hypotheticai isotope method. Barrow and

Crawford also derived a formulation similar to Gribové.



Chapter 1 ' INTRODUCTION

In this thesis we shall consider various aspects of the
information available from infra-red and Raman band contours.
In part one we shall show how these band contours, as weil as the
direction and specificty of frequency shifts of these bands, can
provide information about the interactions of the absorhbing
molecules with their environment. Thus in Chapter 2 we present
much of the basic theory necessary for an understanding of the
studies in Chapters 3 to 5.

In Chapter 3 we shall show how a complete analysis of a band
profile can be used to give some insight about the molecular
relaxation processes which occur in the liquid phase. An overall.
band profile is usually determined by a combination of vibrational
and rotational mechanisms, each of which is affected by the inter-
molecular forces operatiﬁe in the system. Gordon12 has cast the
theory ;n a form more favourable to experimental exploitation. It
will be shown how studies of the band contour of the a5y C-F
bending vibration of HFB, in various benzene-cyclohexane solvent
mixtures, can enable a determination of the decay rates of the
correlation functions; and hence the different molecular interactions
involved.

In Chapter 4 we shall consider the Raman spectra of chlorine,
in the benzene-tetrachloromethane solvent system. It has long been
considergd that, in Raman and infra-red spectra, it should be
possible to observe bands due to complexed and uncomplexed molecules,
whatever the strength. It has been suggested that, if the estimatesr

of complex lifetime for weak compléxes were correct, then it could
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be that low frequency vibrations (such as the halogen-halogen
stretching frequency) may give rise on}y to averaged absorption
bands?a. There have been a number of attemptis to observe "complex"
and "free" )’(X—X) bands using Raman Spectroscopy7}qs .

In early work Klaeboe‘and Rosen et al observed two Raman bands in

the Y (Br—Br) and \)(I-I) regions for some aromatic donors, but not
for benzene. More recently Ja.o?2 has considered the Y(C1-Cl) region,
and concluded that a charge transfer effect could be the main factor
in the large intensification of.the Raman band. We further extended
the work of Jao by considering in detail, the contours of the

Y (C1-C1) band in order to determine the actual extent and nature of
the complexed species.

Recently the theory of molecular reorientations has been
directly related to Raman scattering experimentsb. As an
extension of the study in Chapter 4, the Raman speétrum of liquid
chlorine is discussed in Chapter 5. It is known that one of the
more important model independent quantities to Be obtained in studies
of molecular reorientations is the reofientational correlation time
T . TValues of T have been extracted from our Raman studies of
liquid chlorine. An estimation of the second and fourth moments is
also carried out.

In part 2 of this thesis we shall discuss the absolute gas
phase intensities of methyl iodide. Information concerning the
geometry and mechanical properties of the molecule can be found from
measurements of the infra-red absorption bands.arising from atomic

vibrations. A study of the number and frequency of those absorption

bands, combined with a sufficiently well developed theory of small
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vibrations can lead to determinations of the type of chemical
bonding, and the internal and intermolecular interactions.

The intensities of the spectral bands reflect the structural
details of the molecules' electron cloud. The properties of the |
cloud are characterised by the dipole moments of the molecular
groups and bonds, and by the derivatives of these moments with
respect to the displacement of the molecule from its equilibrium
configuration. Thus infra-red band intensities can be used for
calculating the dipole moments and their derivatives.

Despite the high sensitivity of the intensity method 1little
work has generally been done in this field. The basic difficulty
being that molecular structure is only studied indirectly using
infra-red. The intensities bear a complex relation to the mole-
cular strﬂcture and thus special care has to be used in determining
the parameters involved in formulating the interpretations.

It is a well known fact that intensity is related to the
magnitude and fréquency of the alteration of the spatial dipole
moment vector of the molecule, resulting from the vibration. In the
interpretation of the infra-red absorption intensities of fundamentél
vibration bands, it is desired to break down the overall change of
electric dipole moment with change in the normal coordinate (9p /9 Q)
into contributions arising from individual bonds within the molecule.

Thus we have made a relatively detailed study of the gas phase
infra-red absorption intensities of the fundamentals of methyl iodide.
The methyl halides form a simple series of closely related compounds
in which one may hope to observe trends in chemical and physical
properties. For this reason they have been widely studied, and

their infra-red spectra are well known. . However the only measurements
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of the gas phase infra-red intensities were made twenty years ago,
initialiy by Barrow and McKeanM] y and then more accurately by

Dickson, Mills and Crawford"® . We reme;sured the gas phase
intensities of the fundamentals of methyl iodide (CH3I) in order to;

(a) compare the results with those of Dickson et al; (b) compare the
observed and calculated band contours; and (c) compare threé methods 7
of determining the relations between intensities and molecular
parameters. The three methods considered, have a different formulation
of the vibrational angular momentum correction.

In Chapter 6 we shall state briefly the infra-red absorption
intensity theory, and also list the force constants for methyl iodide.
In Chapter 7 we consider the band contour analysis of the fundamentals.
Finally iﬁ Chapter 8 we shall discuss the molecular parameters,
obtainable from the dipole moment derivatives, in terms of three
formulations. The first of these formulations which will be studied
is that of Dickson, Mills and Crawford. These authors used
Crawford'sl&‘ hypothetical isotope method to determine a vibrational
angular momentum correction. The corrected dipole moment derivatives

(with respect to the symmetry coordinates) 3p /3S were related to the

~.

.molecularxparameters based on the bond moment hypothesis. However it
is well known that the bond moment hypothesis does not hold very well
: 115,162,175,176
in several cases .
The second method is that by Gribov‘bz, who formed a single
geﬂqatibn to consider the contributions to the dipole moment

derivatives arising not only from angular reorientations (due to

angular deformations),but also from vibrational angular momentum.
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The third treatment studied is due to Barrow and Crawford

who derived a formulation similar to Gribov's, but never published
the details. McKea.nwl has summarised this treatment. It is less

general than that of Dickson et al, to which it is equivalent, but has

the merit of being based solely upon the SJ.T1 vectors of the Wilson

Gr method‘w .
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Chapter 2 GENERAL THEORY

2.1 Calculation of the Infrared Intensity data for Molecular Dynamics
Studies

Given !

that the attenuation of the intensity of a monochromatic
beam of frequency V is proportional to the light flux, or intensity,
of the radiation of that frequency, and to the number of absorbing

centres (= ¢.l where ¢ is the concentration of the sample and 1 is the

path length of the cell) then

AIW) =€) T(V)cal
on integrating and solving for £(V) (the absorption coefficient)

we have €W = 5%' 1n l?.@l.

I () 2.1

where I (V) and I_(v) are the intensities of the transmitted and

incident radiation with respect to the frequency Y. The value of

€ v)/y is equivalent to {(») for the infrared correlation function
defined in section 2.5.2.For this thesis Io(v) is taken as the baseline
transmittance. The values of Io(v) and I(v) are taken for every point
from the spectra, the distance between each point being AV, an

arbitrary frequency interval. The correlation functions in section 2.5
are all calculated with respect to the band origin, which in this instance
has been defined as the maximum of the absorbance curve.

All spectra were corrected for the distortion due to finite slit
widths, by the method proposed by Hill and Steele% The observed and
true intensities,I(ﬂ) and IT(v) respectively, are related to the spectral
slit width s and the second derivative of I(¥) with respect to the

frequency, evaluated at ¥, by

IT(9) = I(Y) - 32d21§91 + higher terms 2.2

12 av¥
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The higher terms are negligible if 2s «:A\[%, which is true for the
studies reported in this thesis. This method has an advantage over

full spectral deconvolution in tha.t it can be applied even when absorption
does not decrease to zero at the spectral limits, and also that it is
gsimple and rapid to apply. Corrections due to refractive index were

considered to be so low as to be negligible.

2.2 The Raman Effect>v4

The Raman effect is concerned with the dipole moment M which is
induced in the molecule by the electric field of the incident light.
As a molecule consists of positively charged nuclei . in a cloud of
negative electrons, it is electrically polarizable; and therefore an

applied electric field € will induce in it a dipole moment T , thus

we have M= oF 23

where a is the electric polarizability of the molecule. a is not
generally a simple scalar quantity as the direction of vector TI differs

from vector E. In terms of components we have

Trx

axxEx + axyEy + q ZEz

X
= E .
’n’y “yxEx + ay:YEy + ayz 2 2.4
7T; = aszx + azyEy + azzEz

where aij are the components of the polarizability a.
The electric polarisability a will, in general, be a function of
the normal coordinates Qk' and it can be expanded as a Taylor series with

fespect to these coordinates. Neglecting all but the first power we have,

a=a + Z{(ad/ka)o%‘i 2‘.5‘

where a, is the polarizability tensor in the equilibrium configuration;
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and (a cz/a Qk)o is the derived polarizability for the Kth normai mode,
it is usually denoted by a'.

In Raman spectroscopy the electric field is applied by irradiating
-the molecule with monochromatic light of frequency'”o which usually
lies in the visible region so that no absorption by the molecule can

occur. Combining 2.3 and 2.5 we have
m= aE=aoE+§ {(ax/bqk)o ngE 2.6

The first term on the right is concerned with Rayleigh radiation at
the frequency Y of and the second term gives the Raman radiation,
where the scattering is at the frequencies (Y, -))R) (Stokes 1ine)

and (\)o + ])R) (anti~Stokes line), Y _ is the Raman frequency shift.

R
From this, the condition that a particular normal frequency shall

be active in Raman scattering is that
(%a;,/3q), +0 2,7
for at least one of the components (i or j = x, y or z) of as This is

a restricted selection rule.

2.3 Raman intensities and the depolarization ratio

To explain the relative intensity of corresponding Stokes and anti--
Stokes lines in Raman spectra, it is necessary to invoke the quantum
theory of Raman scattering. In this case the transition moment arising

from the induced dipole moment I is given by

v - a
J' () Y(m) at Ej\{,(n) \tjm)dT
=E a°j\i/(n), \I’(m)' a1 + EZ{(& a/DQk)oj\_\,(n)Qk.,i,(m)dt}

Rayleigh scattering ' Raman scattering
| 2.8
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From this it is déduced that for an active vibrational mode Raman
scatterihg involves transitions in which Atfk is i1, U’ being the
vibrational quantum number.

The anti—Stokes/Stokes intensity ratio is given by

I anti-Stokes = Venti-Stokes |4 exp (-h VR/kT)
/I Stokes
V Stokes

- +Yo\4
2/0 -))R ' kT

Calculation of the scattering coefficient for molecules in gases or
liquids requires the use of the mean value a', and of the anisotropy

Y's of the change of polarizability by a normal vibfation, where

- — ] ] ]
a' = 1/3(a + a @ ) 2.10
2 2 12
) (. %—{(a' —a ) (e -, ) (), -d )
+ 6(@' 2 + G." 2 4+4a 2 } 2.1
Xy vz zx") .

. . . a .
Here a'rr is the derivative of (aarr/ Q)o

In the Raman experiment in which light is vertically polarized, the
analysis of the spectra requires a quantitative separation of the areas
of the bands due to t he separate species. The quantities usually
measured are I

¥(
agsociated with the vertical component of the field of the scattered light,

1352 (in the Porto nomenclatures), the intensity

and T the intensity associated with the component that is
y(xy)z
perpendicular to the incident polarization and the scattering plane.
. _y_and I are called the polarized.and depolarized components
Ty(ax)z 2 Ty(ay) 2
of the scattered light. The component Iy(xx)z contains contributions

due to the isotropic and anisotropic scatteringé. As the band widths
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of these components are governed by different relaxation processes

it is simplest to transform the measured I and I Raman
y(xy)z y(xx) z

spectra into isotropic and anisotropic components, and to refer all

discussions to these transformed spectra. This is readily done using

the well known relationships.

- S "z . 4_
Iy(xx)z = constant {4-5(0&’) + ‘I—(X) } (vo ;vR)‘ 2 120

Iy(xy)g = COMStant 362 (v, 7TV 2.12b

The upper signs relate to the Stokes frequencies and the lower to the

anti-Stokes. Thus defining the isotropic and anise tropic spectra

in terms of I and T we have
y(xx)z y(xy) z
TI. =1 - I
iso v(xx) z 4/3 y(xy)z

Ianiso = Iy(xyﬁz
For a totally symmetric vibration of a symmetric top molecule Iiso is a
power spectrum associated with the vibrational relaxation and Ianiso
is a convolution of the vibrational spectrum with a power spectrum
associated with rotational relaxationz

Por our experiment, when the incident light is plane polarized
and the observation is perpendicular to the incident electric vector,
the degree of depolarization 3 is given by the quotient Iy(xy)z/

I
Y(H)Zv
such that

oo = IX§XX2Z = 3 ¥n? 2.13
45 (2} + 4(¥")°

T

y(5x) 2
For all but fully symmetric vibrations a' = O and therefore § = 3/4.
This value may also be approached for fully symmetric vibrations if

T1<<Y" s0 that
3/4> €. = 0
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The measurement of the.depolarization ratio for Raman bands in
fluid systems is a valuable means of determining the symmetry for
Raman active modes. To this extent they provide a useful quantitative
measure of relative polarizations of selective bands with the ultimate
calculations of the separate enﬁities in the dipole correlation

functions. ;

2.4 The Fourier Transform

Electromagnetic radiation is sinusoidal and is expressed, for
example, by amplitude = Asin (2Wy¥t). An absorption spectrum is a
measure of the intensity of a given waveform which is proportional to
the amplitude squared and is plotted against frequency. The Fourier
transform is uséd to convert this frequency spectrum into a time
spectrum.

The conditions for a Fourier transform of a function, of angular
frequency W = 2TV, £{W) to exist are
(a) that the integral of f(W) from - ¢ to +¢ exists, and
(b) any discontinuities in f(w) are finite.

The Fourier transform has the reciprocal property that the original
f(w) can be regenerated from the complete transformed spectrum by an
inverse Fourier transform (see 214),

There are three mathematical distributions commonly encountered in
spectroscopy, these are the Lorentzian function, the Gaussian function,
and the exponential decay function. The Fourier transform of a
Lorentzian function is an exponential decay function and vice versa,
and the Fourier transform of a Gaussian function is a Gaussian function.

Derivation of these Fourier transforms is given in 8 .

s
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Mathematically the Fourier transform is given by

0
F(t) = ioof(.w)exp(—iwt) 2.14a -

and the inverse transform is

0
f) =37 J:oo F(t) exp(iw t)dt 2.14b

The exponential of the integral can be written as

exp(~iwt) = cosﬁof) - isin(st) 2.15

For further information of Fourier transforms a good reference is 9 .

2.5 Correlation Functions

2.5.1 Introduction

An absorption band is characterized by three parameters,
its frequency, its intehsity and its band contour'®, The latter
parameter provides a source of molecular information,which had been
neglected un%il ten years ago, due to the use of the Schrédinger picture
where attention was focussed on the energy levels of the system, rather
than on its time development. PFor this approach thé transition
frequency and band intensity are both well defined molecular parameters,
but the band contour is determined by entirely separate considerations,
- such as Doppler broadening and collisional interactions. There could
also be so many transitions that interpretation is difficult, or the
lines may blend together to form a continuous band.. This is usually
the case in dense gases, liquids, solutions and many solids; The
assignment of individual lines is imposéible. The intensity
distribution, determined by all the many molecular wavefunctions of the
system, ié essentially impossible to calculate. Also there is no
classical analogy of a single quantum staﬁe, so that even for systems
which are‘described reasonably well by classical mechanics the Schrodinger

picture does not allow any classical correspondence to be exploited.
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However the Heisenberg picture of quantum mechanics provides a
powerful interpretative tool for spectra of complicated systems. By
focussing attention on the time development, interpretation of the
unresolved lines is possible, and the interpretation is easily visible
iﬁ terms of molecular motion in the system. Also,a classical
correspondence exists which may be exploited for systems which approach
classical behaviour. Thus the Heisenberg picture of spectroscopy
shows that the Fourier transform of the spectral intensity with respect
to the frequency shift from the band centre leads to the autocorrelation
function of the transition moment "' . This relationship of band
contours to timevdependent correlation functions describes how the
fluctuation in the value of some dynamical property of the system persists
until it is averaged out by microscopic molecular motion. Mathematically
the autocorrelation function C(t) of a quantity A is gi#en by the ensemble
average

c(t) = <a(0). A(t)> 2.16

where A can be any dynamical function of the variables of the systen,
such as the momentum of a certain atom. The time dependence of A is
that produced by the natural molecular motion of the system, convoluted
in some instances by the molecular relaxation of the property A (for
example, by cxchange of vibrational energy between molecules). The
average < >b is over an ensemble of systems at reference time zerom-12 .

If the system is ergodic then C(t) will approach zero as the time
1t =>oo. The shape of vibration-rotation bands in infrared absorption
and Raman scattering exﬁeriments on linear and éymmetric top molecules1°
can be utilized to determinebthe autocorrelation functicng

<u(0).u(t) > and(Pz(U(O) J(t)>

where U is a unit vector whose direction is parallel with any of the
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three molecular axes (for a non linear case) and P2(x) is the Legendre
polynomial of index 2 such that Pz(x) =% (3 x2 ~ 1)+ These
correlation functions measure the rate of reorientational motion of the
molecules in a particular environment. | The advantage vibfational
spectroscopy possesses over techniques such as n.m.r., is essentially,
that in both approaches we obtain a correlation time, but in the former
case the shape of the correlation function is produced.

Thus Raman and infra-red spectroscopy are valuable techniques

for determining information about the molecular forces and torques which-

determine the molecular motion and the nature of the motion itself.

2.5.2 The Infra-red correlation function

The dynamical property of the frequency spectfum which is
used,is the transition dipole moment vector. The transition dipole
moment vector is a simple molecular property influenced by the others
in the system, so ideally we should use dilute solutions. Thus if the
short time and long time behaviour of the system are different, the two
are isolated in the autocorrelation function. Howeverrin the frequency
spectrum the intensity at a particular frequency includes contributions
from the entire time development of the autocorrelation function. The
way in which the autocorrelation function is related to the frequency
spectrum has been set out by Gordon'? and Steele]’. We shall merely
quote the results in this thesis.

The transition dipole moment at a time % can be given as
<W'“x [¥'> = m(t) u(t) 2.7
where m(t) is the transition dipole operator and u(t) is a unit vector
defining the direction of the moment. ‘Frpm equation 2,17 the inffa-

red spectrum, normalized to unit area, for a particular band, can be
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related to a correlation function bylo-.|2

<m(t) u(t) .m(o)u(o)) =

m(0) 2

-t
Sf‘(v) exp[i21 (V- vo)})y-
Sr‘(v) dy o

C,(t) 2,18

Yo is the frequency of the band centre, P(\)) is (ln(Io/I)y )/V

where (IO/I)p is the inverse fraqtional transmission at a frequency Y;
the integrations are over the whole band.» Using a normalized spectrum
largely eliminates dielectric effects on the local field due to the
radiation, though corrections can be and have been applied where they
are likely to be significant.

If m(t) is independept of time, and if the motions of the

different molecules are uncérrelated then the Fourier transform of the
'absorption intensity simplifies to the autocorrelation function of the

unit vector defining the direction of the transition moment

<Ui(0) .Ui(t)>= jr'(\))e;;pLizTr(u_vq)t]bv = Cp ) 2.19
OID |

Until recently it had been assumed that C1(t) was governed solely
by the reorientation of the transition dipole with time.  However, as
for the Raman case (explained in the next sectionb, it is now clear
that non-reorientational broadening mechanisms contribute significantly
to C1(t) .

Amongst the most prominent non-reorientational broadening
mechanisms is vibrational relaxation (or more generally isotropic
relaxation). This vibrational relaxation is said to result from hard

collisions which involve energy transfer and deexcitation. This
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collisional deexcitation limits the lifeﬁime of the excited vibrational
state‘3, inducing broadening in the observed spectral line. We
believe that we have an induced vibrational reiaxation for the a a mode
of hexafluorobenzene (HFB) in the benzene-cyclohexane solvent system;

we will study this system in Chapter 3. A second non-reorientational
mechanism, is collision induced broadening. This can arise from long
range electrostatic dipole-induced dipole interactions, as well as
skeletal deformation]4ﬂ5 « Translational diffusion and an inhomogeneous
solvent shift account for other non-reorientational mechanisms.

Goldberg and Pershan16 note that if non-reorientational mechanisms
are indepéndent of rotational relaxation theﬁ C1(t) can be expressed as
the simple product of the rotational and vibrational contributions.
Thus
c,(t) = c1v(t) C1R(t) 2.20
The stochastic behaviour of the intermolecular interactions in this
case leads to the result that, at times which are long compared ﬁith
the average time between collisions, both C1v(t) and C1R(t) show an
exponential decay with time. This is shown ta be the situation for

the a,, band of hexafluorobenzene (HFB) in the CgHg—CcH,, solvent
system.

If on the other hand there is a significant coupling between
translations and vibrations, a non exponential decay of c(t) results.
An example of this behaviour is probably shown by the out of plane CH
bending modes of benzene in polar solvents]7 « The increase in rate of

decay of C1(t) for these vibrations over the corresponding values in

cyclohexane is a Lorentzian function in t.
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2.5.3 Raman Correlation Function

Bra.tos6 showed that the Raman relaxation function Cz(t) is

given by

cz(t) =A Ciso(t) +BC (%) 2.21

aniso
where A and B are coefficients which depend on the geometry of the
scattering arrangement. Ciso(t) represents the scattering associated
with the isotropic component of the polarizability tensor and describes
the relaxation of the vibrational energy. Caniso(t) is associated
with the anisotroﬁic part of the tensor and describes the relaxation
of both the vibrational and rotational energy;

Thus the profile of the isotropic scattering can be described by

the correlation function Cv(t). Such that

c,(t) = f:)s“ ‘Iiso(\!)exp[i27r(\)o+\>)t]3\) 2.22

and similarly for the perpendicular component associated with the
anisotropic part of the tensor; if the rotational and vibrational
relaxation mechanisms are not correlated the product correlation

~

function Cv(t) CR(t) is

¢ (t)cg (%) =j i A1 O explioT(nyew)dw  2.23

-~
Assuming cylindrical symmetry and 90o scattering, the Fourier
_transforms of the isotropic and anisotropic components are equal to

the correlation functions of the polarizability tensor'®

C. oo =<a(0) .a(t)> 2,24

~(0) (1) .2, U(0) U} > 228

and c .
aniso -

where P2(x) is the second L egendre polynomial, and U is a unit
vector along a fixed axis. If ¥ were time independent, then equation

12 ' ]
2.25 degenerates to Gordon's result , for which molecular
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reorientation is assumed to be the only broadening mechanism. This

is not generally true as non-reorientational mechanisms can compete

20 ’
These other

with rotational line broadening mechanismstz
broadening mechanisms are notéd briefly in the previous section,

In order to obtain reorientational correlation functions from
the anisotropic Réman spectrum, the additional broadening mechanisms
must first be accounted for. An approximate scheme is utilized to
acooﬁplish the separationé’wszl. Assuming the non-reorientational
broadening is statistically independent of the reorientation

contribution and that these mechanisms contribute equally to the

isotropic and anisotropic spectra, we can write

(t) '=<a(o) a(t) >

ciso =C 2.26
2 4 .
<x(0) > ,
and ‘
- . >
¢, ()= <¥(0) ¥(®)><p, $u(0).0(n)}
= CyCq 2.27
 where C. and C . are the normalized total correlation functions.
iso aniso

CR and Cv aré the rotational and non-reorientational correlation

functions respectively. C, can therefore be obtained from the

R
/C 16

quotient C iso
The main reason for Fourier analysis of a band shape is so that we

aniso

may consider separately the short‘and long-time motion of the molecular
gsystem. At short times, only a few molecules will have received

hard collisions; most will be rotating fairly freely. The
correlation function will be a superposition of periodic functions.
Later on, most molecules will have undergone a number of hard collisions

and will be approaching random orientation in an exponential way.
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Gordogoghowed that the behéviour of a correlation function at
short times is best displayed by congidering a power series in time.
The coefficients in this time series are identified as analytic
functions of the inertial constants and of the intermolecular torques}

For instance the time series in the classical 1limit for an

infra-red band of a linear molecule begins:
2
<u(0).u(t)> = 1-(x7/Dt + [1/3(1<'I'/I)2 +(2af12)‘1<(ov)2>]JC‘+

+ higher insignificant terms 2.28

where k ié the Boltzmann's constant, T is the temperature, I is the
moment of inertia amd<:(OV)2:> is the mean-square torque on a molecule
due to other molecules.

Our main interest howe%er has been in determining the coefficients
(identified as frequency moments) for the Raman spectrum of chlorine.
We shall consider this in Chapter 5.

The short term behaviour of the Raman correlation function is

1 G300(0) . 0(1) 12 - 1> = 1—(%) t2
: + higher terms 2.29

The main point to notice from the above equation, is that the second
moments (nitial curvatures) of these correlation functions depend
only on the temperatﬁre of the system and the moment of inertia.

At iong times the molecular trajectories become very complex,
and it has beén.found}othat the reorientation process can be
simulated by a étochastic process, such that the correlation functions
should approach exponential decay. Various stochastic models will be
discussed in section 2.5.6 . The intermediate time regime involves
complicated paths for the motion and has eluded a simplg dynamical

description.
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2.5.4. The Free Rotor Correlation Function

In the picosecond time domain of molecular motion the
correlation function decays principally by inertial symmetry and
intermolecular factors. To provide a fuller inferpretation of the
motion of the system a theoretical classical model was derived by
Steelezz.

For our infra-red analysis of hexafluorobenzene in benzene-—

cyclohexane solvent mixtufes, a simple free rotor was used of the form

C1(t) = 1-2(kT/h} Bt2 + insignificant terms in

(kT/he)®  n32. 2.30

For our work on the Raman spectra of liquid chlorine a marginally
more complex form of free rotor equation was used. The orientational
correlation function of an ideal gas of rough spheres (no collisons)

. . 23
is given by

2
1 imwt
-—/_
6,(t) =<5 § e > 2.31

: m= _2

where w is the rotational speed of a sphere. Explicit evaluation . -

o gives
| 1 :% | 2 28

m= —2

-m21f2/2
2.32

where U is 'the reduced time, such that

1

Y - (E?—'.) %5 2.33
I

where T is the moment of inertia of the particle and T is the

temperature.
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2.5.5 Relaxation Times

In addition to the correlation functions themselves, we
are interested in the relaxation times obtainable from them. The
relaxation time T for an exponentially decaying correlation function,

due to stochastic behaviour on the Lorentz model, is defined by

G () = Aexp(-t/‘t;’L) L=1,2 2.34

For infra-red 1 = 1, and Raman 1 = 2.

Assuming the spectra to be Lorentzian, the relaxation time is

simply related to the half width at half height (HWHH) of the spectrum

V- (7)™ 2.3
where ¢ is the speed of light and Y is the HWHH in wave numbers.
For this case a logarithmic plot of CL(t) should directly reveal the
reciprocal relakation time B as the slope of the resulting straight

line. Another possible definition which is often used is

r\(t = f: CL(t)dt L=1,2 2.36

The reciprocal relaxation time'YL has been the subject of
many papersm’24 « It can be regarded as resulting from a
combination of a collision induced vibrational relaxation and a random

reorientation,or rotational diffusion process; so we may write

-1 .
?L EB:BV*‘BI' 2.37

where Bv ig associated with the vibrat;onal relaxation and Br with the

rotational diffusion. We shall use this relationship in Chapter 3.
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2.5.6 Models for Molecular Motion

.Once the experimental rotational correlation functions and
relaxation times have been obtained the results can be compared to
predictions of various molecular rotation theories.

For molecular reorientation studies]9 three approaches have been -
particularly usefulzs. In the first of these, for sufficiently small
times the molecular rotation in fluids is described classically as
free rotation. The molecules undergo frequent intermolecular collisions
of short duration, and their angular momenta are randomised by the
intermolecular torques associated with the collisions. In the
situation where the time between collisions is short compared to the
mean free rotational period, then the motion is well described by
rotational diffusion. The second model pictures a fluid as a pseudo
solid. A molecule undergoes solid like torsional oscillations in a
potential well formed by the other molecules. The third approach is
based on the collision-broadening theory of Van Vleck-Weisskoff;
here the molecule reorients instantaneously and randomly upon collision.

The most generally used model is the rotational diffusion model

developed by Debye26 to describe relaxation phenomena. The rotational
diffusion model is ﬁsually applicable to the situation where molecules
undergo collisions in characteristic time for the experiments. For
very small times the model is inapplicable since in this limit all

motion tends to free motion.

Debye generalized the Stokes-Einstein relation,

D =kT/67fa7 2.38
(where D is the diffusion constant, a is the radius of a spherical
diffusing particle and 51 is the viscosity) to the case of isotropic

rotational motion of molecules.
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The correlation functions obtained from this model are exponentials

of the form

¢y = <P LU(0).u(t)]> = exp(~t/% ) | 1=1,2 2.39

where the reciprocdl relaxation times are given by

B= (v =101+ DD 1=1,2 2.40
Thus this model predicts the‘quotient of ’52/’t,1 = 3,

It has been reportedza‘that the relaxation timeftL associated with
‘the motion of fhe symmetry axis of a symmetric top molecule can be

calculated from simple hydrodynamicbtheory where

a3 :
"fl=f—4-'—-a—-¢» | 2.41

3kT

f is an almost temperature independent empirical,factdr varying between
zero and one, introduced to take into account the fact that, a molecule
in a neat liquid cannot be represented accurately as a particle diffusing

27,28 discussed the

through a homogeneous fluid. McClung and Kivelson
meaning of £ in terms of some specific hydrodynamic models. This
Stokes~Einstein model assumes that the fluid adjacent to the large
rotating particle "sticks™ to the pafticle and rotates with it.

Although there is no particular reason why the réorientational
correlation time, which depends upon rotational motion, should be a
function ofl1 (a translational property) it has been experimentally
observed that this theory is applicable to small molecules in solution
or in the pure liquid 2° . We shall use the rotational diffusion
model in our investigation of the rotational motion of chlorine, in
Chapter 5.

Gordon3° has generalised the Debye model of rotational diffusion

t0 allow molecular reorientation through angular jumps of arbitrary )
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size. This "J Diffusion” model assumes that collisions randomise
the components and magnitude of the angular momentum at the end of a
free rotation step. It also assumes that the rotation frequency in

each step is spread over a Boltzmann distribution.

2.6 Interactions in Molecular Complexes

A General Survey

In this brief survey we have incorporated information on the ways
in which the interactions in molecular(complexes have been interpreted.
Therefore this section is only designed to contribute to the under-~
standing of the work presented in the next two Chapters.

In an attempt to explain the results of spectrophotometric studies
of iodine with benzenéﬂ , Mulliken introduced the "charge transfer»
resonance theory32. This theory described the ground state electronic
wave function ﬁ’N.of a donor-acceptor complex approximately, by a
combination of two resonance structure functions */o and 4'1, such that

\‘/N(D.A.jz 3._‘{’0(1).11..) +D u}/,,(D*-A') 2.42
no bond dative
Here a and b are the coefficients of the no bond and dative structures,
respectively. In the ground'state of a weak complex, b is expected
to be less than 0.1 and a 1is apprqximately 1.0. The stability of the
complex depends on the extent of the mixing between the wave functions
of the no bond and dative structures.

If the ground state structure of a complex is given by %’N then

according to the "charge transfer" theory, there is an excited state

\Pv which is called a charge transfer state given by
* * + -
W, = b \PO(D.A.) +a }P,‘(D - A7) 2.43

The coefficients b* and 2# are determined by the quantum theory
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requirement that the excited state wave function be orthogonal to the
ground state function th*‘fvdz. The electronic absorption frequency
of the new band formed in the complex corresponds to the energy |
difference between the ground state (N) and the charge-transfer (V)
. of the complex.
Since Mulliken's original publication,large numbers of papers and
reviews have appeared concerning the theoretical and experimental

aspects of such‘systems33’3f

The general conclusions from these
publications are that the appearanée of a charge~transfer band is no
reason for the assumption of a molecular complex — likewise the absence
of a charge tranéfer band does not necessarily mean the absence of a

chnfaQ.twam%feﬁ;interaction; only that the binding energy has an origin other
than charge transfer. The suggestion is made by many workers in the
field, that the contribution of charge-transfer to the intermolecular
binding energy has been overestimated in the past,'and that classical
electrostatic and polarization effects are of major importance in this
respect. The various types of intermolecular force that can exist
in the 77 - 7T molecular complexes have been discussed by Dewar and
Thompsonss. They argued that charge transfer forces are a special case
of London dispersion forces which result from electrostatic interactions
caused by electron correlation. These forces areirepresented by the
mixing of a ground state ﬁnperturbed wave function with that of an
excited state. Dispersion forces result when the excited state is
caused by the'ﬂ’ electron distribution of one molecule being perturbed
from its symmetrical, equilibrium distribution. Dewar35 studied the '
charge transfer of 14 TCNE/;romatic complexes and found that there was
little correlation between the derived values of the equilibrium

constants and the wavelength of the charge transfer band. This finding

showed that the charge transfer forces played little part in the binding
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energy of the 7 —~ 71 complexes. A similar conclusion was suggested

36 regarding the origin of the dipole moments of zfi-ﬂ’

by Le Fevre
compléxes. Models were used to compute the contributions of the
dipole moments of such complexes caused by electrostatic and
polarization effects and it was found that more than half of the
experimental dipole moment could be accounted for in this way.

Hanna37

gstudied the bonding in 'classical'! charge transfer complexes
of the type halogen/aromatic hydrocarbon by applying a perturbation
treatment. This approach was particularly useful for the study of
intermolecular forces in the region ot small orbital overlap.

Hanna also investigated the effect of electrostatic contributions and
found that the most important contribution to the ground state properties
was caused by an interaction resulting from the 7T;quadrupole moment

of the hydrocarbon inducing a dipole i1n the halogen molecule. This
quadrupole induced dipole interaction was found to account for 30 to

80% of the important groﬁnd state properties, such as the dipole moment,
equilibrium constant, enthalpy of the complex form and certain magnetic
properties. These properties‘had hitherto been assumed to arise from

!
charge transfer forces.

Hanna and his associates38

also attempted to interpret the change

in the infra-red intensity of halogens in benzene as a purely electro-

static effect. They estimated an induced dipole for chlorine in a

complex.arising from the interaction of the fieid, along the sixfold z

axis of the benzene molecule with the polarizable halogen molecule,
/ai =%a"[é1 +€ 2] 2.44

Here a"™ is the polarizability of the halogen parallel to its axis (in

the z direction), 61 is the field from the benzene at the nearest

halogen atom (X); and 6:2 is the field at the halogen atom (Y) further
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away from the benzene. Taking the derivative of equation 2.44

with respect to the internal coordinate R, of the halogen

1
|
M i 1 da
= = (€, +€)
5 1 +%2
bR1 3R1
1 <ae) _(ae) | ]
4 bz a V4
Z=Z2 Z=Z1

From this it was determined that the intensify enhancement of the
halogen stretching mode and its associated red shift were almost

. wholly explained by these effects. The dipole moment, induced in the
halogen by the benzene TT;quadrupole moment, changes as the halogen

vibrates so that the halogen mode becomes infra-red active.



Chapter 3 THE HEXAFLUOROBENZENE — BENZENE SYSTEM

3.1 Introduction

This chapter gives an account of some infra-red spectroscopic
studies of the hexafluorobenzene (HFB)-benzene-cyclohexane system.
We shall show that concentration dependence énd magnitudes of the
frequency shifts and of the Fourief transforms of the absorption band
contours, as well as symmetry considerations can be used to determine
the natﬁre of the intermolecular interactions within the system.
Equations for the infra-red correlation function, used in this

chapter, have been quoted in the previous chapter.

3.2 @General Survey

3.2.1 Nature of the Interaction

Patrick and Prosser39 discovered that when benzene was mixedl
with an equimolar quantity of HFB, a solid of the two components formed.
The solid/liquid phase diagram for benzené-HFB was studied in some detaile
It was established that although the melting points of HFB and benzene are
very similar (just above 500), the equimolar congruently melting compound
had a melting point of 23.700. It was inferred that the HFB and benzene
formed a 1:1'complex'. The occurence of tﬁe solid compound, in this
system, composed of two simple non—polarﬂsubstances, was taken as strong
evidence that the intermoleéular interactions wefe unusual. It was
‘ suggested that the enhanced‘stability of the compound was due to charge
'transfer complexing, although there appeared to be no spectroscopic
evidence of this in liquid mixtures.  For instance Baur et al{o foﬁnd
that the dipole moment of the postulated complex was less than 0.1

Debye (where 1D = 3,335 x 10-200 m). This value is small compared to
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those reported for undoubtéd charge transfer complexes in which dipole
moments are generally of the order of 1.0 Debye. Therefore it was
asgumed that the formation of a compound was, in the main, attributable
to entirely different effects.

The measurement of various thermodynamic excess functions of
binary liquid systems, containing aromatic fluorocarbons at reduced
temperatures, has been the subject of reséarch by Fenby and ScottA‘.

The sign and magnitude of the principle excess functions gives a good
indication of the relative strengths of the like and unlike interactions
occurring in binary mixtures. Large positive éxcess free energies,
enthalpies, entropies and volumes, and negative excess heat capacities
indicate weak unlike interactions. Negative values for excess free
energies, enthalpies, éntropies and volumes, and positive excess heat
capacities are normally characteristic of systems with strong unlike
interactions. These excess functions measured by Fenby and Scott show
a large negative excess enthalpy, for HFB of -433 J inol—1 and a positive

3

excess volume of + .801 cm mol_1. It was considered that there was
some evidence of complex formation. Ferri42, using Hanna's calculations
37, considered that the‘interaotions in these mixtures of aromatic hydro-
carbons with aromatic fluorocarbons were due to electrostatic inter-—
actions rather than charge transfer. N
Powell, Swinton and Y’oung43 applied the statistical theory of
Rowlinson and Sutton to measurements of gas-liquid.critical temperatures
of the HFB-benzene system, and deduced that there was an angle
 dependent force. However, they were of the opinion that the inter-
action is short—lived and could probably be explained without invoking
specific covalent bonding forces. The thermodynamic measurements made

by Powell and SwintOn.44 tended to support a model which indicated complex

formation in solution, but that the interaction was relatively weak.
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There is also evidence for specific association of bhenzene amd FFB
in the vapour, from second virial c@effiemt@45 .

Bauer et al‘6 made measurements of the oriemtational relaxation
times of the compeonents of the mixture HFB with benzene, by
depolarised Rayleigh scattering. In this mixture they moticed stroung
*gtatic" and dynamic cross correlation terms which affected the
individual reorientation times. They concluded that there was no
significant contribution to the Rayleigh sc#ttering spectra, from a
long lived complex in the mixture.

Ferri®? studied the correlation functions of the HFB-benzene
system, and concluded that the system was uglikely to form aaything
more than a *'sticky' interaction when the molecules were aligmed im

certain (time averaged) preferential orientations.

3.2.2 Nature of the Structure

Ledaa147 attempted to find, a possible common structure for
the geometry of collision complexes, and the main factors which
appeared to determine this geometry. He studied a large number of
polar solute/solvent collision complexes. He deduced that there was
a common model in all cases, in which the dipole axis of the polar
solute molecule is located along the sixfold symmetry axis of a benzene
solvent nucleus. The factors determining the collision complex
geometry were found -to be the attraction between the electrophilic
positive end of the local solute dipole and the nucleophilic
7l electron system of the benzene nucleus. However HFB is not polar,
therefore it would not necessarily orientate itself in this way.

Le Pevre et al.48 noted a strong static correlation between benzene
and HFB using the Cotton-Mouton effect. The molar Cotton-Mouton
constants of several non polar and axiall& symmetric solutes were

measured in both benzene and tetrachloromethane. Differences between
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the Cotton-Mouton constants of the same solute in these two solvents
were attributed to angular correlations between the solute and the
benzene molecules. The positive signs of these correlation functions
for HFB revealed a net tendency for the molecular plane of HFB and its
nearest benzene neighbours to adopt parallel orientations. Using the
observation made by Barrett and Steele, that the in plane BH modes of
HFB are not affected in benzene soluiion‘whereas the ¥

H

shall show in section 3.5 that we favour the parallel orientation as

modes are, we

well.

3.3 Experimental

3+3.1 Chemicals
Spectroséopic quality benzéne and cyclohexane from B.D.H.
Chemicals Ltd. and Puriss respectively, were used for this investigation.
The benzene and cyclohexane were stored over molecular sieves. No
further purification was considered necessary.
Hexafluorobenzene (HFB) was a spectroscopically pure sample from
Bristol Organice Ltd. Again no further purification was considered

necessary.

3.3.2 Egquipment and Conditions

Our infra-red spectra were recorded on a Perkin Elmer 325
double beam spectrometer, at a resolution of about 2.Okcm_1, in the
region of the 20 mode of the hexafluorobenzene.

A Perkin Elmer comb attenuator was inserted into the reference
beam to adjust the baseline for practical purposes; In all cases
one metre of chart paper was equivalent to a scan of 60 cm_1. The

spectral slit width was observed at the beginning, middle and

termination of each scan. The beam balance was checked before a
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series of scans, since the beams should be of equal energy prior to
insertion of the cells into the sample and reference beams, In all
cases the optimum conditions for operation of the spectrometer were
utilized. The slit program, gain, pen speed, response, scanning
speed and suppression were selected to produce the best quality
spectra. The transmission linearity of the PE 325 was verified as
being within 0.5% by the use of calibrated choppefs.

A number of mixtures of benzene and cyclohexane were made up by
weight, covering the range from pure benzene to pure cyclohexane.

The ratios of the various benzene:cyélohexane solutions were 1:0, 3:1,
3:2, 1:2, 1:3, 1:5, 1210, 1:15, 1:30 and O:1. Several spectra were
run for each solution. Good agreemgnt was obtained from the different
runs on frequencies and band widths. All measurements were made at an
HFB concentration of 0.08 mol dm-3.

Perkin Elmer cells were used with caesium iodide plates; a lead
spacer of .02 dm thickness was used to obtain the desired intensity.
Care was taken to keep the CsI windows dry at all times. All the
spectral measurements were carried out at a cell temperature of 30°C.
The measurements on all solutions were repeated at cell temperatures of
5°C and 5500 using the Perkin Elmer variable temperature cell and a
RIIC-Beckmann temperature controller Tem 1. A cardice-acetone

mixture was used to cool the cell. Data were processed on a CDC 6600

computer, using program VANSA listed in appendix 1.

3.3¢3 The a0 vibration

It should be noted that some éuthors have assigned the a

2u
mode to the band of hexafluorobenzene at 315 cm-1, and the lowest e1u
- 4 : )
mode to the band near 210 cm 1492 . However in this work it has been

assumed that the band of hexafluorobenzene near 210 cm_1 qrises from the
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2 vibration. This is based on the assignments made by Steele and
Whiffenso, which were given some support by the band contours measured
in the wvapour phase5]. More recently a compfehensive studysz§3
of the out of plane and in plane vibrations and force fields of all
fluoro substituted benzenes gives confirmation of the assignments
used in this work.

In t%ﬁ 2,4 vibration for HFB the fluorine atoms move out of the
plane of the carbon skeleton, and the original sp2 hybrid orbitals
’around the carbon tend towards a non-planar sp3 valence state, thereby
producing an increased electron density on the opposite side of the
ring. Steele and WheatleySI observed differences between the
effective bond dipoles as derived from intensity measurements of the
in plane and out of plane fundamentals of HFB. They suggested that
the change in hybridization produces an electronic hybridization
moment due to the displacement of the T charge in a direction opposite
to that of the movement of the fluorine atoms out of the plane of the
ring.

Support for this suggestion came from Jalsbvsky and Orville-Thomas™*
who calculated bond moment constants from the infra-red band intensities

bond wwueunt constaw’

of benzene, and compared these with the theoretical. This

theoretical was established by the CNDO method, taking into account the

dipole moment contribution of the hy brid orbitals.

3.4 Experimental Results

The initial significant observation was that no € band of HFB
was affected in any way by change of solvent; whereas the 2 umbrella
mode experiences both an increase in the wavenumber of its band centre
of 5 cm—1 in going from cyclohexane to benzene solution and also a

drastic change in band controur (see Figure 1). = The bond contour
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remains reasonably symmetric in all solutions.

Interferometric studies by Barrettss showed a 30% increase in the
intensity of the band in goiﬁg from cyclohexane to benzene solution.
However no such ihcrease of intensity was observed using the PE 325
up to a 1:1 mixture of cyclohexane to benzene. A small increase of
10% occurred in going to HFB in pure benzené.

Progrém Vansa was used to correct the observed Io and I for slit
width distortion (see section 2.1), and then to perform a Fourier
transform of each band. The complex transformation, given by
equation 2.18 was used to yield lnC(t) against t graphs. No account
had.to be taken of the effects of different isotopes as fluorine has
no second isotope. The procedure was simplifiedvfurther by assuming
that any shift of band centre, due to the 'C content, was of no
account as the effect was small and would not vary between the different
solutions.

Comparison of the 1nC(t) curves for the solufions, with that of a
free rotor (see equation 2.30) showed that the simple free rotor
plot lay above all those of the solutions. In figure 3 it was
observed that up to .5 picosecond the lnC(t) plot of the cyclohexane
solution lies about 20% below that expected for a free rotor. Thi s
initial discrepancy is possibly due to the experimental difficulties
in measuring the intensities of the wings. For the benzene solution
the whole curve lies well below that for cyclohexane solution.

At longer times (greater than .5 ps) the InC(t) against t plots
gave a linear relationship in all cases, some of these plots are
given in figure 2.. The gradient of the linear section of each graph
gives B the reciprocal relaxation time (see Chapter 2.5.5). In

order to determine the nature of the interaction, the experimentally
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Figure 2. The 1n C(t) egainst time plot for the a vibration
of hexsfluorcbenzene in benzene solution (B) and in cyclo-

hexane solution (4).
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obtained B is plotted against benzene concentration. The resultant
graph is that given by A in figure 4. The graph appears to be linear
up to the asymptotic value of B which occurs at about 35% benzene.
After this point the value of B changes only slightly, up to pure
benzene. PFurther infbrmation will be Aerived from a graph of B
against the observed frequency shift (AV) of the 3 mode, see figure
Se These shifts are considerablg)being up to 5 cm—1 in 210 cm .
The relevance of these graphs will be discussed in the next section.
Some studies of the temperature dependence were made. Spectra
for the different solutions were run at a series of temperatures from
5°C to 55°C, however the results were of low accuracy due to
experimental difficulties. We can only generalise on the results
obtained. The two principle observations were that (a) there is
very little alteration of band width due to the temperature dhange,

and (b) there is a small frequency shift of .03 em~10¢1,

3.5 Discussion

3.5.1 Types of broadening mechanisms considered

Tt was considered that the change of band contour could be

accounted for by an interaction arising from long lived complexing
of theT-T type. In this picture the benzene and HFB are seen.as
interacting on collision, in such a wéy as to perturb the orbitals
which are symmetric with respect to the 06H6 axise.

In figure 1 the 5 cm | move in band centre is of the order of
one half height band width, therefore it is unlikely that the bfoadening
mechanism is one in which there is an overlapping of bands due to
molecules in different long lived states of aggregation.

We deduce that a long lived complex should exist for longer
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than the reciprocal of the radial frequency separation between the two
bands in the two pure solvents (where™ would be about 1 x 10_128ec).
However from figures 2 and 3 we deduce that the benzene-HFB complex
is much shdrter lived.

Two alternative mechanisms are considered to be causing the
broadening; either exchange broadeniqg or vibrational relaxation.
If the azu vibration of the HFB molecules is sensitive to the surrounding
solvation sheath, and if the exchange time of the environment is within
a scale of the order of the reciprocal of the radial frequency difference -
between the transition frequencies in the two environments (’reg;1/b&$,
then exchange broadening occurs. If the exchange time is very slow
(ﬁfe>> 1/AuJ) then the bands from different solvated species will
appear; whereas if the exchange time can be increased significantly
(’re <t.1/ﬁb3) then coalescence to a single sharp band occurs.

The second broadening mechanism is induced vibrational relaxation
of the a0 vibration. - As with the exchange broadeninglméchanism the
relaxation may be due to solvation exchange; however the principle
difference is that, for this relaxation an increase in the exchange
rate does not lead fo a narrowing of the band.

From figure 4 the observed reduc tion of B at high benzehe
concentrations is possibly due to exchange narrowing. This would be
in accord with the continuing increase in Av observed in figure 5.
However from our limited temperature data we failed fo see a change inb
.band widths 6n varying the temﬁerature by 50°C. We would have
expected the exchange rate to vafy significantly over this temperature,
~if only as a result of wvariation in molecular velocities. Thus the
mechanism of kinetic exchange broadening would seem to be less likely

than a vibrational relaxation mechanism, because for kinetic exchange
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‘there should be a distinct narrowing of the a a band; of HFB in

2
C6H6 solution, on increase of tempdature.
Although our data is not convincing enough to distinguish between

the two broadening processes, we shall discuss the experimenfally

observed phenomena in terms of the vibrational relaxation mechanism.

3.5.2 The short and long time behaviour

The initial curvatures of the 1nC(t) cufves §f the a,

band of HFB in different benzene/cyclohexane mixtures are much greater
than expeéted for a free rotor, thus no adequate explénation of the
short time behaviour can be advanced. Extrapolation backwards of the
longer time behaviour suggests a relaxation-in addition to that arising
from freerrotation, peculiar to short times. Since our general
inta?r;tation indicates that association is short lived, the short time
behaviour ought to repreéent free movement of the HFB in cavity fields.

Two deductions can be made from the good linear relatibnship of
the,lnc(t) graphs at long times. ' First, they indicate that

1 of the

experimental errors in the measured intensities within30 cm
band centre are very small, as far as the correlation functions are
concerned. Secondly we see that all the relaxation processes involved
af these times are random. Coupling between translations and vibrations
would lead to a Lorentzian contribution to C(t)56. If we further

assume that the Fourier transform of the intensity leads to a reéiprocal

7
relaxation time B (see Chapter 2.5), then following Favelukes et a.l5

and Yarwoodsa, we can write
c(t) = constant + C(0)exp[-Bv + Br] 3.1
where Bv and Br are the reciprocal relaxation times for vibration and

rotation respectively. If Ppv was proportional to the extent of

éomplexing and Br was constant, then we could further assume that if .
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the reciprocal relaxation time (B)cyc for HFB in cyclohexane solution

is unaltered by addition of benzene then

chc = B(0) =pr 3.2
Using this relationship we can achieve an extraction of Bv for the
various solutions, Plotting Bv (4Br) against concentration of
benzene yields the calculated curves B and C in figure 4. The method
of calculation is described in the next section. All (BV'+ Br)

values were derived by a least squares»fitting of some 50 points in

the linear portions of the 1nC(t) against t graphs.

3.5.3 The equilibrium constant -

The shape of graph (A) in figure4, obtained experimentally,
was taken to suggest a bimolecular collision reaction. For this
reaction we endeavoured to find an approximate wvalue for the equilibrium
constant (K) and thence a calculated curve to fit to graph (4).

The equilibrium constant for the interaction of two unlike species

A and B to form a complex C is given by

=K, K

]
Q

where Kc

CB G : - 3.3
and Ky =30
¥ ¥a
The symbols, a, C and J represent activity, concentration and activity
coefficient, respectively. If complexes are studied entirely in
‘golution, then it can be assumed that Ky is unity. Thus equilibrium

constants are based on equation 3.3 and are written as

o

K¢ = T =c)lcr- ¢ 3.4
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o 0 )
where CB and CA are the initial concentrations of A and B.

Therefore for HFB complexing with benzéne we can write

[complexed HFB]
K= 3.4b

[free HFB][Benzene]A

where [Benzene]A = [Benzene].

initial ~[HFB complexed]. The square

brackets denote "concentration of".
To simplify the calcglation of K, we assumed that this second order
equilibrium was given by the concentrations of the reactants at half

complexing

[wFB], ]
2 = —— 3.5

K =
[er]y ([B)-[AFB]y) LB]-[aFB]y

Thus

Initially we take a value for 1 complexing as the mid point of the
linear portion of the graph in figure4. If B _ = 1.24 ps-1 and B(0) =
.7\‘_ - _
<i;,;;;\ps 1 then By = .893 ps 1; therefore [BIL = 1.17 mol dm 3. From
o z z
3

our experimental data [HFB]. = 079 mol dm ~. The calculated

initial
value of K &2 .88 dm3mol—1. Using this value of K Wwe can now work
backwards to obtain the theoretical curve C. As can be seen this is
‘a rather bad fit to the experimental. By a process of trial and error
we obtained the better fit of curve B. Thé assumed values for this
curve are B = 1.445 ps_1, B(0) = .545 pS-1, ﬁ% = 995 PS-11 [B]%_=
1.56 mol dm™ and therefore K = .68 dmmo1”". '
It is probably unrealistic to expect to be able to separate fr
and Bv as we have dohe, becauée we cannot necessérily explain the
behaviour in terms of solVént cage effects alone. When the asymptotic
value of B is reached at 35% concentration; wé suggest that the HFB
molecules are embedded in a cagevof benzene molecules. It follows
that well before this point relaxation and pairing is going to be

enhanced above and beyond the expectations for a simple bimolecular

reaction.
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As‘ we have already noted figure 5 shows a plot of B against AY,
where AV is the frequency shift for the HFB-benzene-cyclohexane
system. A behaviour similar to that in figure 4 is observed. Up
to 35% benzene éoncentration there is a linear relationship between
AY and B; at which point there is a sharp change in gradient.

AV continues to increase up to 100% benzene solvent, while B changes
only very slightly. Our explanation of this graph is thatt}S% benzene
concentration each of the HFB molecules have been embedded in a benzene
cage. The continued increase in AY up to 1004 benzene is due to

some other competing interaction. We consider that this interaction
is between the non-associated benzene méleculeé and the complexed
species, The presence of the free benzene molecules causes an
increase in the restoring force of the &, vibration of the benzene
molecules in the complex. The continued increase in AY up to 100%
benzene is in accord with the thermodynamic evidence that the

association energy between HFB and benzene is very small.

3.5.4 Model for the Interaction and the mechanism of Vibrational

relaxation .

FPirst we shall consider the electrostatic model devised by
Lalau59 Lalau observed that the out of plane xﬁ vibrations of
aromatic systems were shifted towards higher frequencies, with
increasing polarity of the solﬁent.' ‘He considered a H-atom of the

solute, at a dlstance v from the terminal atom O of any polar, bqﬁ&

_ NS

Fig. 6 Schematic representation of the interaction of the
XCH vibration with a neighbouring dipole -



In Figure b R is the remainder of the benzene molecule lying in a
plane perpendicular to 3; where O is the deviation of H from its
equilibrium position. If QH and Qo are the excess charges at H and

0 respectively. The component Fo along 2 is

Py- 1% 3.6

> —

r r

This implies that there is a corresponding force constant h where

h =% Y
3

r

3.7

For the unperturbed Jbﬂ:mode the corresponding frequencyVV; is
determined by »
+m '
411—2),02:}4"1{ o g
" "¢
where h is the force constant of the particular motion of the H atom;
while My and m, are the atomic masses. Similarly the electrostatic
interactidn with the polar solvent gives a new force constant
(Ah + h), so that the new frequency » is given by
: m
4TC2Y 2 _ (ph + b) E.‘.’..tlH. 3.9
c™

Thence the relative frequency shitt 1is Iouna rrom

Ay Ah 3.10
v, =2

Lalau observed good agreement between observed and calculated
shifts for acetone + benzene and acetonitrile + benzene systems.
However for HFB + benzene this model does not work. Using the
accepted values for the CH and CF bond dipoles, of 3D and .6D 5,60 ’
and r is abbut 2.32, then the extra dipolar resotering force is
- 0.10 Nm-1, whereas the actual force constant for the movement of a

. . -1 .
fluorine out of the plane of the ring is 20 Nm . Thus this
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electrostatic model implies a .25¢ shift,i.e. 0.5 cm-1, which is far
too small. In this configuration, where the interacting bonds are
collinear, it might also be supposed that the in plane BH vibrations
would be affected equally. However as we have already nﬁted in
section 3.2.2 no shifts or band broadenings have been observed for thé

in plane modes.

A more favourable configuration would be one in which the dipoles -

are opposed thus

| plane of ring-;-(]:—};
¢—t

However modification of the resforing forces due to the electrostatlé
interaction is much reduced. In this configuration, during the XH

vibration one pair of interaéting poles will approach while the other
recedes.

Thus these electrostatic interactions do not provide an adequate
explanation of the observed phenomena. It would seem from the
observable data that the frequency shifts arise from (-TL interactions
which modify the restoring torces. Fromvfigures 4ond 5 we can now
suggest that after the HFB molecules have reached their maximum
relaxation rate at 35% benzene concentration, the continued increase
iﬁ the number of benzene molecules in the environment willvlead to
furthef increases in the'restoring force.

While it is easy to visualise the manner in which interactions:
(charge transfer for example, see section 2.6) can lead to an increase

"in the ¥ restoring force, the mechanism of vibrétional relaxation is
less obvious. We noted in section 3.3.3 that it has been éuggested

that for the 3 mode of both HFﬁ and benzene, there is an electronic



rehybridisation moment, resulting from movement of the F or H atoms

out of the plane of the ring 313460 1% follows that the 7= 7C

_interactions are necessarily modifi;d to some extenf by the ¥ type
motions. In this respect it is notable that the vibrational quantum
(heV') has a value close to that of kT (Av 410 x 10714 ergs); where T
is the room temperature.lt could wellibe that in a dissociatidn

process thé vibrational quantum has a significant probébility of being
degraded to thermal energy. Obviously as kT and hcy are of the
~same magnitude, this process could be considered as likely.

Aé we have already shown from the data in figure 4;.if the

dissociation of a molecular pair involving a vibrationally excited HFB
molecule led to vibrational reldxation, then we deduced th; equilibrium

30171, The way in

constant for the complex formation to be 0.88 dm
which the system relaxes is also related to the rate constants for the
processes involved in the equilibrium. If we take the reciprocal

R]
lifetime of the complex as the asymptotic value of Bv, then it can be
12_-1

" geen that the dissociation rate constant is around O.7T x 10 "s ',

This implies that the bimolecular association 1nfe;#;; is about

12 1 -1

0.5 x 10 dm3mol_ s . This value is about 50 times larger than

predicted for a dissocation controlled reaction, using the Smouluchowski-

Debye treatment61 where

8RT
— 3 .=1_-1
KDC=f 3000'\ dm~“mol ‘s
where f, the efficiency factor, is unity. O is the viscosity.

(Generally f is greater than unity for unlike charges and less unity
for like charges).

Thus we conclude that cage effects could explain the enhancement
of the bimolecular association. vate - . In view of the extremely

ghort lifetime of the HFB complex a very high rate of interaction may

occur within a benzene cagee.
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Chapter 4 RAMAN STUDIES OF THE CHLORINE-BENZENE SYSTEM

4.1 Introduction

Despite the large number of studiess%3%62made during the past
25 years on the halogen-benzene systems, there is‘still a great deal
of controversy on the nature of the interaction.

The first careful ultraviolet study of the complex of chlorine
with benzene was made by Andrews and Keeferba. The coﬁplex formed
an additional band at 278 nm which was absent for the spectra of
éither component. Using the Benesi-Hildebrand method3] they gave the
equilibrium constant (1K) as 0.033 d1113mol_1 with a maximum absorb tivity
éimax. for the complex at 280 nm of 909.0 am?mo1~1. For the iodine |
3

-1 -
mol , and égmax 1500.0 dm2m01 1.

complex the values were .17 dm
Therefore the complex of chlorine with benzene is weaker than that for
iodine with benzene. This is in agreement with the expected Lewis acid

strengths of chlorine and iodine. Mulliken32

attempted to explain
these results in terms of the charge transfer theory - see Chépter 2.6,
Infrafred spectral studies allowed a more direct investigation of
the ground electronic state structure. The observations have generally
been classified into three groups; (a) modifications to the donor
(benzene) spectrum; (b) modifications to the acceptor (halogen) spectrum,
and (c) the appearancelof new bands.
The first infra-red study of the chlorine-benzene system was made
by Collin ;nd D'Oﬁéé? A new weak and relatively broad absorption
band was observed near 526 cm-1 for solutions of chlorine dissolved in
benzene. The Raman shift of chlorine (35012) in carbon tetrachloride
was known to be66 at 548 cm—1. More quantitative studies of the

67,68

infra-red spectfum were carried out by Person ; who found that for

chlorine in a 3.6M solution of Benzene, the integrated intensity is

153 x 103 om~Tmo1” 1.
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An attempt was made by Priedrich and Person69 to interpret the
changes in vibrational frequency of the halogen-halogen stretching
vibration, when the halogen molecule (;n ao acceptor) complexes with
benzene (a Efdonor), in terms of charge transfer theory (see
Chapter 2.6). They postulated that a relationship existed between the .
vibrational frequency shift (AY) and b the coefficient of the dative

wavefunction; such that

5 AR
P @em s cav/y,

where F1N is the weight of thg dative structure in 4VN (the ground
state structure), Scﬂ is the overlap integral of two resonance
structure functions, X is the force constant and ))o is the vibrational
wave number of the isolated molecule, while AK is a change (KO-K) in
the complex. Agreement was found to be qualitatively good for the
calculated and observed values of the intensity.

Hanna et al38 argued that the observed effects and the small
equilibrium_constants are of the order expected simply from collisional
perturbations and electrostatic association. Hanna'ss7 electrostatic
theory (see Chapter 2.6) has beeﬂ used to determine the wvalues of the
intensity. While agreement was relatively good between the calculated
and observed values the parameters used were apparently not easy to
determine. Some support for Hamma's view may be derived from the PVT
studies of the gaseous benzene-iodine system by Atack and Rice7°.
These authors detected oﬁly a small pressure decrease which could be
attributed to molecular association, an@ from the very small enthalpy
and entropy of the reaction derived from this, they concluded that for

~the gaseous system the association was only through the weak Van der -

Waal's forces.
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However in the original formulation of the electrostatic
fcollision induced' infra-red absorption7], the abssrption was
predicted to be due to (a) an atomic distortion effect, and (b) a
quadrupole distortion effect. It has been concluded’ 2 that, for the
benzene-halogen 'complex', Hanna had only considered the latter effect,
which results from the interaction between one polarizable molecule
and the electfic field generated by the quadrupole moment of the other
molecule. In line with the correct collision induced infra-red
absorption theory7], the estimated induced infra-red absorption intensity
for chlorine in benzene sﬁould be obtained as an appropriate statistical
average overall intermolecular orientations.

With the advent of the modern laser Raman spectrometer, studies of
the Raman spectra were expected to supplement and extend the earlier
infra-red studies. The Raman spectra of halogens are complicated by
the absorption of the exciting light. Despite this Kla»eboe73 made a
Raman spectroscopic study of iodine in benzene solution. He observed
oﬁly one Raman band in the iodine sélution, and did not see a Raman
shift for the uncomplexed iodine. It had been expected that two‘Raman
bands might be observed in such a study, one corresponding - to the

uncomplexed halogen and the other to the complexed species.

74 75 made a more systematic

More recently Rosen, Shen and Stenman
study of the Raman spectra of iodine with benzene in n-hexane solution.
They observed a uniform shift‘of the wavenumber of the band maximum of
the iodine, as the solvent varied from pure benzene to g—hexane with no
appreciable change in half band width. They concluded that the reason
for not resolving two Raman peaks, one for the complexed iodine and one

for the uncomplexed iodine, was the weakness of the chargé transfer

interaction between iodine and benzene, so that iodine could interact

with more than one donor.



As can be seen from these initial studies there was a considerable
conflict in the interpretation of the interactions involved.
T.C. Jao”? reinvestigated the chlorine-benzene system with a view to
understanding better the interpretations of the spectroscopic
phenomena. He repeated the study of the ultraviolef spectrum, at
different chlorine concentrations and obtained an equilibrium consfant

of 0.025 ¥ 0.015 dm3mol-1 based on the equation

06H6 + 012 5 06H6012

Jao remeasured the infra-red intensity of the complex of chlorine with
benzene; and also studied the infra-red absorption épectrum of
chlorine in tetrachloromethane (which is not expected to form a charge
transfer complex with chlorine), in ordér to compare it with the
spectrum of chlorine in benzene. It was concluded that, for infra-red
absorption, a vibronic charge transfer effect could be the main factor
in the large intensification. For these absorption spectraAqn‘equil-
ibrium constant of .03 dm3mol-1 was calculated; this value was seen
to be in good agreement with the value previously quoted for the
electronic spectrum.

In spite of this earlier work, it was decided that a careful
study of the Raman spectrum of chlorine in benzene and tetfachloro-
methane mixtures, for several reasons. As Jao’? noted, chlorine is
more transparent to visible light than bromine or iodine. Therefore
there should be fewer complications due to photochemicél reactions
caused by exciting light, or in general from absorption of the
exciting line (or of the scattered Raman radiation) in the chlorine
solutions; Also chlorine is expected to be a-slightly weaker electron

acceptor than either bromine or iqdine, 80 it was expected that the
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detection of two Raman bands in these solutions would suggest that
they had also been present in the solutions of the stronger acceptors

" (bromine and iodine) in benzene.

4.2 ZExperimental Equipment and Chemicals

Chlorine gas (99.5%), bromine liquid and iodine solid from
B.D.H. Chemicals Ltd., were used for this investigation. The
solvents, benzene and tetrachloromethgne were spectroscopic grade from
B.D.H. Chemicals Ltd., and were used without further purification.

For this study a Coderg Raman ‘spectrophotometer (type PHD) with
double monochromator was used with the D.C, detection mode. A
tunable Kr-Ar mixture laser (Coherent Radiation Ltd., U.S.A.) was the
exciting line source. The line at 647.1 nm was used for most of the
gtudies. A typical laser output power was around 100 mw. Some
measﬁrements, on the bromine-benzene and iodine-benzene systems, were
made with the 676.4 nm line, however there was a reduction of the laser
output power to about 50 mw. The lines at shorter wavelength were not
suitable for this work because of a photochemical reaction. " For most

1 to 1.5 em T was achieved.

of the measurements a resolution of 0.6 cm

All spectra were corrected for the distortion due to finite slit
widths using the relationship previously stated in equation 2.2 .

For depolarization studies it is also necessary to correct for
the different transmission efficiencies of the spectrometer for light
polarized with its electriclvector parallel to the grating rulings and
for light with perpendicular polarization. The Jobin—fvon gratings in
our system are partigularly,bad for this effect in that the transmission

efficiency for parallel radiation is only about 20% at the best,

relative to that for perpendicularly polarized radiation. The A/4



- plate after the anaiyser cannot cope efficiently with such a severe
spectral distortion. Hence we corrected all:-polarization data by
calibration using the known depolarization of the tetrachloromethane
€ band at 218 cm .

The 1aser and recorder were allowed to warm up for an hour
before use in order to stabilize the system. The spectrometer was
kept on all the time. Whilst the laser power output was stabilizing
the chlorine solutions were prepared (this will be discussed in the
next section).

The sample cell was made from a grease free stopcoék (Glass
Precision Engineering, England) by sealing off one end and connecting
it to an appropriate joint, édaptable to thé vacuum line on the other
(oéenb end. The volume of the cell was about .01 dm3.

In order to measure the Raman spectrum of chlorine in tetra-
chloromethane/benzene mixtures at lower femperatures, a thermostatic
cooling system Churchill Instrument Co., variable heat model (+ 30%
to —30°C), was‘employed with ethylene glybol (70% v/v in water) as
chiller.

A sample cell, for the variable temperature studies, was
constructed by modifying the one described above (see figure7a),‘ s0
that the chilled glycol could be circulated around the cell, leaving
the irradiated section of the sample tube clear of the coolant. The
cell and cooling jackét were enclosed in a vacuum. Thé actual
temperature near the light path was monitored constantly using a
Cr/Al thermocouple. The whole system was well lagged with cotton wool,
and the fluctuation of the sample temperature was minihized to 1100.

For our work on pure chlorine liquid, the chlorine was distilled

into an evacuated sample tube at liquid nitrogen temperature. The
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tube was then sealed off. This sealed sample cell had an internal
diameter of .6 cm and was approximately 5 cm long; +the cell was
half filled with the chlorine. This sample was used for all
measurements; ,fhe sample cell was stored in a cardice-acetone
mixture, when not in use.

It was required to measure the spectra of chlorine at a range
of its liquid temperatures, -103.5°C to -34.5°C. The Coderg variable
temperature apparatus was used in conjunction with a RIIC~Beckman Tem 1

temperature controller. Cold nitrogen gas, drawn from liquid nitrogen

was used as the coolant.

4.3 Experimental Procedure

4.3.1 The Chlorine-~Benzene-Tetrachloromethane solutions

The instability of the chlorine in benzene solution makes
it desirable to work at low chlorine cdncentrations of about .4M and
to scan the spectrum quite rapidly. The spectral scan rate, for all
solutions was 2.5 crn-1 per minute or 70 minutes to ﬁeasure a complete
. Raman spectrum from 470 cm--1 to €40 cm_1.

Before studying tﬁe Raman spectrum of chlorine‘solutions we
investigated the solvent background, in the regiop where the Raman
band of chlorine would appear. The Raman shift for chlorine appears’

between the two bands, V, of tetrachloromethane at 46% cm_1, on the

1
low frequency side, and.v18 of benzene at 606 cn” on the high
frequency side. These solvent bands overlap to a small extent.

This overlap resﬁlts in the loss of some of the §peotra1 information -
from the wings of the chlorine band. For all the spectra we had to
approximate the extent of the wings by pontinued extrapolation to

the baseline.



The chlorine solutions were prepared by first distilling

3

.003 dm of.the solvent into a 1.0 cm diameter glass sample tube at
liquid nitrogeh temperature. After evacuating the line and cell of
all air, a PTFE stopcock on top 6f the sample cell was closed.
Chlorine was introduced into the vacuum line to a pressure of about
5x 102 Pa, and the stopcock was opened so that chlorine could
condense on the top of the solvent. When the closed cell warmed up
the chlorine dissolved completely in the solvent, to form the solution
to be studied. Because of the well known  photochemical reaction
between chlorine and benzene, occurring in daylight or under
fluorescent lights it was necessary to keep the rodm as dark as possible
throughout all stages of the experiment.

'As the chlorine solution was in a seaiéd tube uﬁder vacuum it
was not possible to determine the concentration of chlorine, before
obtaining the Raman spectrum. Tests on the consistency of the chlorine
oconcentration were made onbsolutions that would not be used for running
spectra.'. To obtain the initial concentration, a saturated potassitm
iodide solution was introduced into the sample cell. The iodine
released by the reaction with chlorine was titrated with standard
aéueous thiosulphate. By improving the experimental expertise it was
possible to assure that there was an initial chlorine concentration pf
about .4M. Thevconcentrations of the chlorine solutions, after the
gspectra hadrbeen recorded, were determined by the same procedure, to
ﬁake sure that the Raman spectrum observed for the chlorine solution
was really due to the chlorine molecule, and not to any compound
formed between chlorine and the solvent. After titration with the

thiosulphate solution the organic layer was removed by ether extraction.

Following this treatment the spectrum of the organic solution was taken,
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in order to see if any absorption by the photochemical products was
present. Within experimental error there is no observable.Raman
band due to photochemical products in the spectral region of the
complexed chlorine, and therefore any small amounts of the product
formed should not interfere with the band shape studies.

Jao’? found that when a benzene solution of chlorine, which
has been exposed to light, ;s evaporated, a white residue is left.
The residue was dissolved in tetrachloromethane and the n.m.r.
spectrum observed; the residuewas found to be mainly hexachloro-

cyclohexane (C6H6016)'

4.3.2 Bromine and Jodine in benzene solutions

We attempted to extend the studies on chlorine solutions,
to iodine and bromine solutions. As for.chlorine the acceptor
molecules iodine and bromine have broad electronic absorption bands
iﬁ the region 4000 — 5000nmwhen dissolved in inert solvents; |
Therefore only the longer wavelength Raman excitation is feasible.

" Bromine has a relatively high solubility in most solvents.
Absorption of the 6471nm line is less prominent than others to lower
wavelength. Thus it would appear that the bromine complexes would
be easy to study and that fairly high halogen concentrations could be
employed. However KJ.a.e‘boe73 found that bromine was so reactive
that oxidation and substitution reactions occurred very easily in the
mixed solutions. - These reactions were aécompanied by precipitations
and in less obvious circumstances by new Raman bands assigned to
various new species. These were formed by irreversible reactions and

not by complex formation.
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The tendency for reactions can be diminished by (a) reducing the
concentration of bromine to below 0.6M, (b) keeping daylight away from
the samples during preparation, and (c) using the 6764mmline, which
gives the samples considerably longer lifetimes than the 6474mmline.

An inert solvent such as n-hexane or tetrachloromethane would
have been useful to dissolve the complexes. However they have strong
Raman bands in the low frequency region, and were therefore not suitable
for our band contour studies of bromine and iodine in benzene.

Holzer, Murphy and Berns‘cein76

studied the resonance Raman spectra
of the halogen gas;s. They listed frequencies, depolarization ratios

and relative scattering cross sections for the fundamentals of bromine

and iodine. | *These values were used to obtain initial parametérs for

the band fitting procedures.

The resolution used was 1.0 cm_1,and the actual halogen
concentrations used were .5M for bromine and .06M for iodine. Despite
the low bromine concentration used the radiation from the laser
catalysed the phbtochemical reaction to such an extent that the maximum
time to scan a spectral range of 100 cm_1 was'typically ten minutes.‘

As these spectra were run so rapidly it was not possible to obtain a ﬁrue
representation of the band shape.

For the iodine in benzene spectrum; the loss in scattered intensity

arising from the increased energy of absorption did not allow a good

quality spectrum to be obtained.

4.4 Results

4.4.1 Ceneral Details

In FigureTb are shown sample Raman spectra of the chlorine

1

band near 530 cm @ for four solutions of chlorine in (a) pure
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tetrachloromethane, (b) a 1:7% CgHg:CCl, mixture, (c) a 122 CeHg:

CCl4 mixture, and (d) pure benzene. All concentration ratios quoted
are by weight. 121, 1:3 and 1:6 C6H6:CCI4 mixtures were also studied.
The concentrations of the benzene and tetrachloromethane were accurately
determined. The bands of CCl4 at 762/791 cn” ! and benzene at 606 cm™
were used as inte?nal references in the experiment. The Raman spectira
of these bands were run immediately after a chlorine solution spectrum,
so that fluctuations in the laser power and room temperatﬁre were taken
into account. If the solvent band areas are accurately determined
with respect to each other, then by comparing the relative band shapes
from different runsvthe above fluctuations can be eliminated. ' Thus

we can obtain a measure of true chlorine band intensity relative to fhe
CCl4 762/791 em™ ! fermi resonance pair.

The spectra measured were the components Iy(xx)z’Iy(xy)z and
Iy(xx+xy)z (see section 2.2). The analysis of these spectra requires
a quantitative separation of the areas of the bands due to the
separate species., As the band widths of these components are governed
by different relaxation processes, the measured Iy(xx)z and Iy(xy)z
Raman spectra are transformed into fhe isotropic (&")2 and anisotropic

(6')? components (see figure 8b). All discussions refer to these

transformed spectra.

4.4.2 The Chlorine in Tetrachloromethane spectra

The chlorine in CCl4 solution is considered first, as the

spectrum obtained has the simplest composition. The structure of the

chlorine band in CCl4 gsolution is due to the presence of the three

e, 37012 in the

concentration ratio 1.00:0.67:0.11 plus a set of corresponding hot bands

isotopically related molecules 35013701, and

shifted by 5.5 cm-1 to lower frequencies. This structure has been noted
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for liquid chlorine by earlier investigators7a7Q. In figure8ga we
see a comparison between the observed spectrum and a computer siﬁulated
spectrum calculated on the assumptions that,

1) - The components are Lorentzian in shape; the equation is given by

Ay

1
INT Ay 1 4.2
™ -Vo)2+ (—= y?

intensity = X

where KINT is a constant for each isotqpe, vo is the frequency V of the
band centre of each isotope or hot band; Av_% ié the half héight band
width.i
?) The intensity ratios are based on the known isotope abundances and
on a Boltzmann‘distribution between the V=0 and V= 1 states.
The anharmonicity assumed is that of gaseous chlorine79’8°.

Tﬁe parameters are given in Table 1. It can be seen that the isotopic
and hot band maxima of chlorine are the same, within experimental error,
a8 those from liquid chlorine obtained by Stammreich and Fofneris78.

As we expected this suggests there is little or no complexing of chlorine
in tetrachloromethane. For benzene/tetrachloromethane mixtures the
isotopic components show structure due to the uncomplexed chlorine,
superimposed on some less structured absorption centred at lower
frequencies. Even a visual comparison with the anisotropic component
~shows that there is a bonsiderable frequency shift between the maxima

of (a ’)2 and (K')z for the complexed chlorine. These components are

shown in figures 9-14 for all the solutions excluding chlorine in

tetrachloromethane.

A.4.3 Band Contour Analysis of the chlorine spectra,in CSH6/C014

. 8olutions

Initially we attempt, by a trial and error method, to remove

the contribution of the free (or cc1, solvated) chlorine bands from the
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t9ta1 band contour. In order to do this the following constraints were
used.,
(i) The relative intensities of the three isotopically related
systems were constrained to their theoretical values.
(ii) The contribution of the anisotrop& of the free 012 was neglected

since it was assumed that its contribution to the intensity was very

small. ‘
(iii) The frequency of the band cemtres of the >°cl,, 3oc13ci, 3’7c12
components were varied independently to some extent, but the resuitsv
re mained in accord with expectations based on the Redlich—TellerB'
sum rule and the known anharmonicity of fhe chlorine vibration.
(iv) The half height band widths of the three components were taken
as equal, but allowed to vary from the chlorine in 0014 values.
As can be seen from Table 2A the band widths and band centres of the
free chlorine show a steady change with benzene concentration.
When the contri bution of the unassociated chlorine is removed
from the total contour there is a difference of about 4 cm_1 in the
(a ’)? and ( 57)2 maxima. From Table 2D it it seen that the
contribution of the unassociated chlorine is very small in the benzene
~solution. Figuresl4a andl4b show that the (&")2 maximum is near
537 cm_1 whereas that of the (5")2 is at 530 cm_1. These large
differences in the band centres suggested that two bands with different
depolarization ratios were present. The structure of the isotropic bands
also indicated that the isot opic étructure existed. It was found that
for all solutions we could reproduce the (a ’)2 and (r‘)z band contours

to within experimental uncertainty by superimposing two sets of three

isotopic and three hot bands.
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Table 1 Lorentzian Function Parameters for the Isotopic and Hot bands

of Chlorine in Tetrachloromethane

' I?tensity ratio Half—<°) Band Maxima
Transition calc.\® this(b) band this( ) calc.(d) Ref.78
work widt work ¢
(cm™")
0 -1 35c12 100 100 2.5 549.0  549.0 548.4
0 -1 3¥03Tn 67 67 2.5 541.5 541.5 540.9
0 =1 37C12 11 11 2.5 534.0 534.0 533.4
12 Pc1, 7 9 25 sa3a 543709 543
12 Pa’la 5 6 2.5  535.9 536.0  535.7
12 3le1, 0.7 1 2.5  508.4  528.5 528.2

Notes on Table 1

a) Relative populations calculated with respect 4o the isotopic
molecule 35012 from the isotopic abundance ratios; for the hot

bands, the population of the v = 1 level of 35Cl
-hc(549) /k(298) |

5 relative to the

Vv =0 level is e
b) Relative intensities used in the computer simulated sbectrum to fit

the observed spectrum shown in fig. 8a.

¢) Values obtained from forcing the computer simulated spectrum to fit-

the observed spectrum in fig. 8a.

35

d) TFrequencies calculated from Vo for 012, us?ng the isotope

product rule: V. =/,AgL[/L-O V ,» where . is-the r;guced mass
of the isotopic molecule and Ay is the reduced mass of C12.

Wi with ¥ W, = 2.65 en~ ! for 3°C1, and

©) Vi,2= You1~ ZXe 2

2.75 em™ for 35613761 from the gas phase (Ref.so)f
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Fig.9 The Raman spectra of the Cl-Cl stretch of chlorine in a 1l:7z
benzene: tetrachloromethane mixture and a comparison of overall contour
with predicted,assuming Lorentzian profiles,

() isotropic component (5(')2

(b) eanisotropic component (X')2

............. obgserved profile

i tOtal calculated profile

"eemee"e0e unassociafed 012 component

e « « « « high frequency associated components

= m,=.=,= low frequency associated components

Fig.1l0 As for‘ figure 9 but for a 1:6 benzenestetrachloromethane
mixture
Fig.1ll As for figure 9 but for a 1:3 benzene:tetrachlorcmethane
mixture,
Fig.12 As for figure 9 but for a 1l:2 benzene:tetrachloromethan=
mixture,
Fig.l3 As for figure 9 but for a 1:l_bénzene:tetrachlorometha.ne
mixture,

Fig.1l4 As for figure 9 but for benzene as solvent.
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Table PA A listing of the optimum parameters for the Lorentzian

bands used in simulating the band profiless

The uncomplexed species

Solution O~—> 1 transition 1=>2 transition I\ 2 I 2
CC1,:C H 1 -1 8Y.(a)"  aY (X))
4:Cets Vo(cm- ) yo(cm ) 2 2
1:0 35012 549.0  543.4 ' 2.5 2
Header 5415 5359

37012 534.0 5284

L TAe 548.3 543.0 3.5 ?
| - 540.8 535.5
533.3 528.0

' 540 .0 534.7
532.5 52T7.2

3:1 V 546.1 540.8 - 4.6 ?
‘ . 538.6 533.3
531.1 525.8

221 | 544.9 539.7 4.8 ?
537.4 532.4
530.0 525.0

121 | 543.8  538.5 5.1 ?
o 536.3  531.0
528.8  523.5

0:1 541.6 536.3 5.3 . ?
534.3 529.0
527.0 521.7T




Table ?B The st comglex Species
R ——— M
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Solution O—>» 1 transition 1—»2 transition 12 I\ 2
- - A -
0014:C6H6 v, (cm ! V_(cn ) v%(a ) Av_%(X)
The1 o, sp2. 53649 7.8 1.2
3037 535.2 5299
37c12 - 528.2 522.9 -
621 542.0 536.7 8.2 11.2
535.0 529.7
528.0 - 522.7
321 540.4 535.1 8.4 11.0
' 533.6 528.3
526.8 521.5
221 540.2 534.9 8.6 11.2
533.2 527.9
526.,2 520.9
121  538.8 533.5 9.1 11.3
532.0 526.7 '
525.2 519.9
0:1 537.0 531.7 10.0 11.3
530.2 524.9
523.4 518.1
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Table 2C The 2nd complex species
Solution O—> 1 trapsition |1=>2 transition |y @A avy o2
CCl4:C6H6 Vo (cm q) vo(om—1) i 6 . %(K )
Th:1 Pc1, 5315 532.2 10.0 13.8
361371 530.7 525.4
Mo, 52309 518.6
53045 525.2
523.7 518.4
3¢ 532.8 527.5 10.4 14.0
5260 520.7
519.2 513.9
2:1 532.0 526.8 11.2 15.2
1525.2 520.0
518.4 513.2
1:1 53145 526.3 11.7 ©15.3
524.7 519.5
517.9 512.7
0:1 528.4 523.2 1243 15.5
521.6 516.4
514.8 509.6
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Table 2D The relative intensities at the maxima (for Tables 2A, B and C)
Solution Relative intensities at maxima in the ratio uncomplexed:
CCl4:06H5 fo complex 1: complex 2 Jo
(a”) (¥~
1:0 - -
T5:1 , 2.56:1.0:0.4{ 0.0:1.0:1.52
621 1.86:1.0:0.48 0.0:1.0:2.19
3:1 0.86:1.0:0.38 0.0:1.0:1.57
2:1 0.47:1.0:0,37 0.0:1.0:2.22
1:1 0.20:1.0:0.46 0.0:1.0:1.84
0:1 0.13:1.0:0.46 0.0:1.0:2.11
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I+t appears that the agreemenf between the simulated and observed
épectrum is not so good on the high frequéncy side. This céuld be
because of the assumptidn of Lorentzian band contours, which gives too
largé a wing contribution and pértly from the overlap of the observed

spectrum of chlorine with the 610 em™)

band of benzene. For each set
of bands the constraints (i), (iii) and (iv), listed for the free
chlorine band fitting, weré used; Thevresultant Opfimum band parameters'
are 1isted in Tables 24, B, C and D.

In the initial studies on the contour fitting procedures'we tried
to fit only one set of three bands representing the compléxed component .
However we found»that after removing the unassociatéd cﬁmponent, it
was possible to fit to the isotfopiq compbnent but not the anisoiropic
component, or vice vérsé, | |

From the theory given in section 2.3, the total Raman intensity

Iy(xx+xy)z is given by

Lyt s * Trlxy)e = B )2+ 4(¥"? + 30?2
=as@ N2 a7 (M2 4.3
Having calculated (E ‘)2 and (KJ)Q by simulation, we multiplied them by
- 45 and T respectively in order to obtain the total calculated band
contour, The comparisons between the calculated and experimental
spectra, for the different solutions are given in figures

Iy(xx+xy)z
15-20. The band shapes of the five calculated components 45 (a

/ )2
uncomplexed, 45 (&’ )2 complex 1, 45(El)zcomp1ex 2, 7(3’)2 complex 1
and T (K')2 complex 2, are shown.

In Table 2D it is rather discoﬁcerting to observe that the ratio
of the integrated intensities of the two sets of complexed bands

remains relatively constant over the entire range of the mixed solvents

studied. One is forced to conclude that both sets arise from the same

species.
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Figure 15, The Rama.n spectra of the Cl-Cl stretch of chlorine in a.b
1:7% benzenestetrachloromethane mixture A ecmparison of the total
band intensity Iy(xx+:qr)z from experiment,with that predicted
assuming Lorentzian profiles, R

—te—w=w—ue  Observed profile
total calculated profile
................ unassociated Cl, component
—————— the high and low frequency associated components
| obtained from the band contour analysis of the
isotropic species (3<)2
——————— the high and low frequency associated co_mpﬁnents
obtained from the band contour analysis of fhe

2
anisotropic species »(X’ )

Figure 16. As for figure 15, but for a 1:6 benzene:tetrachloranem
mixture,

Figure 17. As for figure 15,but for a 1:3 benzene:tetrachloromethane
mixture. | ‘ ‘

' Figure 18, As for figure 15, but for & 112 benzene:tetrachloromethane
mixture. v
Figure 19, As for figure 15, but for a 1l:1 benzene:tetrachloranetha.pe

mixture.
Figure 20, As for figure 15, but for benzene as solvent.
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Table 3  The depolarization ratios for the two complexed chlorine

bands
Solution Depolarizafion ratio-

0014306H6 ' Complex 1 - Complex 2» R
T5:1 487 ‘ .246

6:1 - .481 . 205 .

321 .480 - 222

281 ‘ 451 o .221

11 441 . .201

0:1 , 435 184

Table 3 shows the depolarization ratios of the two cdmplexed bands.
As one can see the bands have different depolarization ratios, as was
expected. However,the ratioé remain remarkably constant for all
‘solutions, thus adding weight to our argument that we have two
complexed bands of the same species. The depolariéation ratio for -

chlorine in tetrachloromefhane was calculated to be .065.

4.4.4 Calculation of the Equilibrium Constant

The total chlorine concentration Cp, at the termination of
each experiment, was determined by the addition of iodine, and subsequent

jodine titration. The experimental details were discussed in section4.3

The scattering strength of the free chlorine, relative to the
tetrachloromethane standard, was derived directly from the band area of

the CCl 760/792 fermi resonance pair. In order to calculate the

4

equilibrium constant the standard molar band strength,éf, must be

determined. Defining the band areas of the CCl4 standard and free
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chlorine as As and Af respectively; and the concentration of CCl, and

4

free chlorine as CS and Cf then

Q
]

ef-

»
! S

Lo
+H

As
Csi
Values of AS and CS are determined during the course of the experiment.
The band area of free chlorine is determined from the calculated bands
in figure 15. A similar procedure is used-to determine the band ar;as
of free chlorine in other soiutions. .In Table 40 the percentage
contributions of the various species, to the total chlorine band area,
are listede The value ef.is then used to derive thﬁ concentration °
of free chlorine in the mixed solveht solutions. If is assumed that
the polarizability tensor of the free chlorine is unchanged in all the
benzene-tetrachloromethane solutions. | As changes in the refractive
index of the solutions, with changing benzene concentratién, should
affect both bands equally, its effect should cancel. |
Tetrachloromethane is being used as an internal standard, in the
Raman band shape studies, because it is considered 'iﬁert' with respect
fo its interaction with chlorine. However much evidence has
accumulated in the literature to demonstrate that tetrachloromethane
is not 'inert' with respect to benzene. It has been found that CCl4

82,83 . Bahnick and Person

and benzéne do associate in solution
investigated the relative infensity changes of the Rahan bands of CCl4
and of the 1260 cm | band of cyclohexane, as benzene was added to the .
s&stem. Evidence was presented to show that the cyclohexane'band

does not change in intensity as benzene or 0014 was added; apart from

the change arising from refractive index variations. The Fermi

-7
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-1 - ‘ '
doublet at 760/790 cm  and 459 cm 1 band of 0014 both showed the same
significant linear intensity increase, as the proportion of benzene is
increased, in a cyclohexane—CCI4—benzene mixture. For a solution

containing a volume fraction of .35 benzene, the increase was taken
to be 10%. Obviously we need to take this effect into account ig
interpreting the chlorine in 0014 and benzene data. Therefore the
observed band areas of the tetrachloromethane reference bénd weve
adjusted by the appropriate correction f;ctor, for each solution. -

When the concentration of free chlorine is evaluated from equation
44, aEd then subtracted from the total chlorine concentration Cpy we
are left with the concentration of associated chlorine. If our
analysis is to be valid then the concentration of complexed species so
deduced must be linearly related to the normalized area of the |

associated chlorine band. This was found to be the case, see figureZl.

It was now possible to deduce the stoichiometry of the complex.

A non-linear relationship between the ratio [C12]com lex and [C6H6]
lCl l
2-'free

shows that we are not dealing with a 1:1 cbmplex, see figure 22,
However a very good linear relationship was found for [06H6]2, see
figure 23. Thus we have established that chlorine forms a 1:2
complex with benzene.

The equilibrium constant is given by

2_ = [012]comp1ex 4.5
5 .
[C1p)tree [O6Hs1a

where [C6H6]A = [c6H6]initia1 _2[012]complex'
‘The value of 2K is giveh by the gradient of the graph in figure 23, such

that X = 4095 * 01 anfmo12 (at rToom temperature) .
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Table 4 (a) Percentage contributions, of the 3 species, to the total

intensity Iy(xx+xy)z

0014:06H6 solutions

of the Chlorine band in the

(411 measurements at Room Temperature (25°¢))

EZ%ZtEZEZ Uncomplexed L ~ Complex 1 Complex 2

0¢1 4 46.3 49-3

121 5.9 | 46.8 47.3 \
2:1 11.0 41.8 41.2
o 175 41.9 40.2

621 32.8 31.6 356

T%:1' 40.2 30.2 29.8

Table 4 (b) Percentage contributions to the total intenmsity

H H . . . t
(Iy(xx+xyﬁz) for 1:1, 1:2, 1:3 C6H .CCl4 solutions a

-10°¢ and +30°C

Solutions |Temperature °c Uncomplexed Complex 1 Complex 2
'0014:C6H6 '
131 10,0 1.6 15.1 891
131 30.0 5.9 44.7 49.4
2;1v -10.0 6.2 4.5 | 49.3
2:1 ‘30.0 10.6 44.0 45.4
3:1 -10.0 12.5 43.8 43,7
3:1 30.0 17.2 42,2 40,6
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F:lgu:e 25. The Raman spectra of the Cl~Cl stretch of chlorine in a

1:1 benzeng:tetrachloromethane“mimxre.}\ comparison of the observed

band intensity (1y ) .with that predicted assuming Lorentzian

(xcxy)z
profiles. ' '
(a) at -10°C

(b) at +30°C

wsscesrerzeesen Observed profile
. emm———— t0tal calculated profile
—_————  urassociated 012 ccmponentv
high frequency assoclated component

—_——————— low frequency associated component

Flgure 26, As for figure 25 but for a 1:2 benzenestetrachloromethane

mixture,

Figure 27. As for figure 25 but for a 1:3 benzene:tetrachloromethane
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There is a strong temperature dependence of the ratio of
intéﬁsities from the bands arising from associated chiorine with
benzene, and with tetrachloromethane. An example of this behaviour
is shown in figure 24. This shows the'isotropic Iy(xx)z Raman spectra
of chlorine in a 2:1 0014206116 solution mixture at 30°C and —10°C.

The intgnsity of the band near 547 cm_1 seems to decrease, whereas the

intensity of the band at 535 cm-1 appears to increase. Table 4B shows
the percentage contributions of each of the three species (uncomplexed,
complexed 1, complexed 2) to the total band shape (I

y(xx+xy) z
solutions 1:1, 2:1 and 3:1 (CCl4:C6H6). From Table 4B we can see that

), for the

with decreasing temperature, the inténsity of the uncomplexed species
decreases and complexed species 2 inoreaées. This confirms the
observation of figure 24.

A simplified method‘of band fitting procedure was used to fit to
the total band shape, at these different temperatures. We followed
the same method as before, except that we assumed, from the start, that
there were three species; each species was made up of three isotopes
and three hot bands. = The calculated fits to the chlorine bands (in

1:1, 2:1 and 3:1 CCl :C6H6 solutions), at the two temperatures are shown

4
in figures.25-27. The calculated and observed band contours compare
relatively well. The values of A\)%_and the band centres, of the
isot opes in each species are given in Table 5.

We have derived values for the enthalpy of formation of the 2:1
complex, from the three CCl4/C6H6 mixtures ét -10%¢ and +30°C.
. Initially we had to détermine the free energy changes AG from the

expression
AGC® = ~RTInK 4.6
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These values are shown in Table 6, alohg with values of 2K.

Tab;e 6 The equilibrium constants for the formation of (C6H6)2012

o .
at +30°C and at -10°C, and the derived free energy changes for three

different solvent mixtures.

L L ik e
131 098 102 5824 2974
2:1 085 21 6199 4604
311 .083 .096 6259 5104

Ae ' Ao .
Gaverage6170 Gaveraégo3

From Table 6 it would appear that fhere is a 20% increase in free
energy, on increase of temperature, from -10°¢ to +30°C.
The uncertainties in 2K probably érise from uncertainties in the
determinations of the free and complexed chlorine at the various
temperatures. | |
From the.mean values of the free energy‘change the enthalpy and

entropy change can be deduced, using the equation

A6 = AE- S 4.7
Thus the enthalpy is calculated to' be -3.0 Yi0x mol-1, and the
1.-1

entropy change is =30 ¥ 5J mol X .

4.4.5 Measurements of Bromine and Jodine in benzene

As explained in the previous section our studies of
(2) bromine and (b) iodine in solution, were limited for (a) by the
increase in photochemical reaction arising from the increased energy

absorption, and for (b) by the loss in scattered intensity arising
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- from the same energy absorption. However, the spectra of bromine in
benzene and iodine in benzene, were recorded, and the anisotropic and
isotropic components are shown for each halogen in figures 28a and b,
From these figures it was observed that for bromine and iodine in
benzene there are differences in the frequencies of the intensity maxima
for (a ')2 and (U')z, (just as there was for chlorine). For cl,, Br,
. and 12 the frequencj shifts are 4, 2 and 1 cm—1 respectively.

| Initially an attempt was made to fit one set of isotopic bands

to the bromine in benzene contour, using the isot opic intemsity ratios
' quoted by Holzer et al7& for gas phase Br2. However we could not

reproduce the experimental contour (I ). When two sets of

¥y (xx4xy) 2
isotopic bands were used, keeping in mind the constraints listed earlier,
a good calculated band contour was achieved. The parameters are listed
in Table T.

For iodine in benzene it was assumed that only one isotope contri-

buted significantly to the band contour, **I.

Again one set of bands
did not provide a good fit, whereas a reasonable reproduction of the
band contour was obtained using two sets of.bands. It should ﬁe noted,
that the fitting of two sets of bands is somewhat dubious due to (a)
the weakness of the iodine band, and (b) the smallness of the frequency
shift between (El )2 and (X—)z. We have tabulated some parameters, for
£itting two sets of bands to the iodine spectrum, in Table 8.

As we did not study bromine or iodine in more 'inert'! solvents such
as tetrachloromethane we cannot discuss the nature of the two sets of

bands used, for either halogen. We can merely conjecture that bromine

and iodine behave in a similar fashion to chlorine.
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Table 7 Lorentzian function parametérs ofl’che isotopic and hot 'bands

of Bromine in Benzene+

hlf ht band |Intensity] Band

v(wiil;l%) ratio * maxirﬁa

Complexed isotopic O—» 1 79]31';,2 9.5 50 308.85
bands _ 0=y 1 P 'pr 9.5 100 306.90
| O—> 1 81Br2 9.5 | =0 305.00
Complexed first o 79BI'2 : o 9.5 11.3 306.65
' hot bands 1> 2 195,813y ‘ 9.5 22,6 |304.70
1> 2 81Br2 | 9.5 11.3  |302.80

Uncomflexed iso— O=>1 79Br2 8.0 41.8  [312.25
topic bands O—>1 79B:1:'81.'Br . : 8.0 . 83.6} 310.30
| o1 81Br2 ' 8.0 41.8  |308.40
Uncomplexed first =2 Br, 8.0 9.5 [310.05
hot bands | 1—->é 79381'81B 8.0 | 18.9 308.10
=2 pr, 8.0 9.5 |306.20

¥ Intensity ratio is vca.lculated with respect to the isotopic band

(complexed) 71Br8_1Br (see ref 76 ).

+ These parameters are for fitting"to the total (Iy(xz+xy) z) Raman band

shape.
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Table 8 Lorentzian function parameters of the isotopic and hot bands

of Todine in Benzene +

half band |Intensity|Band
width Ratio* Centre

Complexed isotopic O— 1 '12715 43 100 | 204.8
band ‘ ‘ : . , _' _
1st hot band 1= 2 12712 ' 4.3 © 37.1 | 203.4
ond hot band = 2=>»3 12712 S 4.3 13.8 | 201.97

127 | '
Uncomplexed O—> 1 12 2.3 75.1 | 206.9
isotopic band : .
15t hot band —> 2 12712 . 2.3 27.9 | 205.5
bnd hot band o3 12712 2.3 10.4 | 204.1

* Intensity ratio calculated w.r.t. the isotopic complexed band. -

+ These parameters are for fitting to the total (I

)

¥ (xx+xy) 2
Raman band shape.



135

4.5 Discussion

4.5.1 Evidence for the 2:1 complex

From this current Raman study, the experimental results
show that a 2:1 benzene:012 species is a major constituent of mixed
' benzene/CCl4/Cl2 systems. We failed entirely to detect a 1:1
component. However this is not surprising, because if we are to
accept the magnitude of the 1:1 equilibrium‘constant, as given by Jao

72

~and Person s, and the value of the 2:1 equilibrium constant as

produced in this investigafion, we see that the concentration of the
1:1 species is a minor component in the benzene concentrations used

e

in this study. TFor instance,using the relationship

[012]complex
[a1

= [cen l'x ,. - 4.8
2]free

at a 3:1 CCl4zbenzene ratio the benzene concentration is 3.9 M1-1;

and therefore the ratio of chlorine in a 1:1 species to free chlorine
would be about 3.9 x .03 = .12. Thus provided that the Raman bands
of the 1:1 species are not too different in contouf and position from
those of the 2:1 species, it is likely that we would fail to detect them |
in the experiments described in this communication.

At this point we must examine the compatibility of the results with
other observations. Mulliken's32 original suggestion, regarding the
structure of the 1:1 benzene—iodine‘complex was of an arrangement
(see figure 29a) in which the axis of the iodine molecule is parallel to

— %
S R =

() ® (c)

Fig, 29 Possible orientations of the 1:1 halogen-benzene complex.
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the benzeng ring. This view could not be substantiated by Collin
and D'0r%5,  An oblique mode184 fig. 29 (c) was suggested in which
one halogen atom was placed on the chief‘axis of the benzene molecule.
However Ferguson85 seemed tolbe strongly in favour of the axial model
in ﬁhich halogen atoms lie on the benzene's chief axis, which thus
retains its six-fold symmetry (fig. 29 (b)).

Hassell and Stromme86’87 carried out an x-ray crystallographic
examinatioﬁ on single crystals of a 1:1 benzene-bromine, and a 1:1
benzene-chlorine compound. They found thét the two benzene halogen
compéunds form isomorphous crystals belonging to the monoclinic
system. Chains of alternating bénzene and hélogen molecules being
para}lel. The other notable feafure was that the halogen molecules
are-equidistant from each of the two neighbouring benzenevmoleculés in
the chain,.and they lie on centres of symmetry. Thus these crystals
did not appear to be formed of one to one benzene-~bromine complexes
as units, but rather.they are n-to-n infinite complexes. This form
of structure was confirmed by infra-red studies by Person et a188
on solid C6H6—Br2', It is reasonable therefore to expect that our
2:1 specieg has‘the halogen 6riented along the C6 axes of the two
benzene rings.

If the molecules lie on sites possessing a centre of symmetry then
Pl .
L&

(o mutual exclusion exists and the halogen stretching mode is inactive.
po o el

The observed weak absorption must therefore arise from the earlier

O

e e N TN e T

proposed 1:1 structure formed either from the component stable species

or from dissociation of the 2:1 complex.

Pt e T TS

Whilst we have been considering the perturbation of the V(c1-<:1)

mode when dissolved in benzene, several studies have also been made on
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the perturbations of the donor spectrum (benzene) by the halogen,
these results are summarised in references 33aad8% Two of the
vibrations of the benzene molecule which are infra-red inactive give
rise to bands when a halogen is added. These are the a, mode at

18
992 cn”! and the ®1g mode at 850 em™ T, Similarly, although all the
Raman active modes have bands which show perturbations when a solvent
is added, the a1g and e1g modes show specific enhancement when
halogens afe added. The appearance of these modes in the complex
spectrum has been attributed to changes in iohisation potential and
~overlap iqtegral;3 « Despite the fact that we have a centro-
bsymmetric 2:1 complex these modés should still become active provided
we take the ungeréde combinafion.
Some of thé most conclusive work on the benzene halogen complexes

is that of Childs, Christian and Grundes®0 92 , using a constant
‘;activity method. This method was pioneered by Kort:um et a.193’94
who calculated the equilibrium constants of iodine complexes in
solution by measuring the increased solubility of iodine, in the s&lvent
upon addition of a donor. The incfeased solubility was attributed to
1:1 complex formation; the equilibrium constant for this iodine

3 1

benzene association was reported to be 0.3 dm mol~ ' in cyclohexane
‘solution. Childs used an extension of this solubility method based
on maintaining constant activity of iodine through an equilibrium
between tetramethyl ammonium polyiodide soiids. As benzene is added
to the hydrocarbon so the iodine concentration rises as a result of
complex formation. | Childs studied fhe change in iodine concentration
in the benzene solution by monitofing the system at the isobestic

point using electronic absorption spectroscopy. A plot of iodine

concentration versus aromatic concentration gave a»deviation from the
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expected linear behaviour for 1:1 complexation. This was

attributed to the formation of higﬁer complexes, and it was found

that a reasonable fit to the data, for the benzene-iodine complex,

was’ obtained if the formation of a 2:1 as well as a 1¢1 complex was
assﬁmed; For the methyl benzenes and pyridine it was found that the
equilibrium constant for the 2:1 species (QK) bore a simple statistical
relation to the 1:1 equilibrium constant (1K).

Thus k% (%) %/a

The derivation.of this relation involved the assumptioﬁ that the
acceptor has two sites, either of which is used to form a complex
bond. In Childs' study these correspond to the two iodine atoms of
the acceptor; These two sites were considered equivalent and
independent. That is the formatién of the 1:1 complex does not
interfere with the subsequent formation of the 2:1 complex. Childs
found that this procedure underéstimatéd the observed value of 2K
by about a factor of 2, for the benzene-~iodine complex. In a later

note92 the 1

K, as derived from the initial curvature, was corrected
for change in the activity coefficients, by estimating these from
solubility parameter theory9§. The corrected equilibrium constants
were‘very close to those obtained by spectroscopic methods. Data
has not yet been published on the corrected 2K., However it seems
unlikely that the overall picture will change too drastically. This
work on the benzene-iodine system is the only evidence that has
previously been presented fof the 2:1 species in solution, though the
linear chain structure of the bromine-benzene solid complex implies
that such multimolecule structures must eiist. Certainly from a
theoretical standpoint it is quite possible to have 2:1 complexes in

this situation9°.



139

4.5.2 Entropy and Enthalpy changes

As mentionea earlier 1K has been estimated from electronic
and infra-red absorption sfudies72 to be .03 dm3mol_1. We see
that our 2K is far greater than can be'explained on a simple
.statistical basis used by Childs. This implies an extra
stabilizétion of the a6 .bTT prbitals through mutual interaction, ér
an extra entropy contribution.

The entropy change.of'—30 ¥ 5 .Il"_mol—1K—1 shows a large molecular

ordering compatible with the idea of a specific structure of the
molecular complex as opposed to a-loose weakly directed'association.

If the entropy change is related to the molar volume by

-As = Rln (V',/ V) 4.9

fhen an estimate of the reduction in the molar volume by a facfor of
30 is obtained. It is extremely unlikely that complexation could
lead to a very significant change in the translational free volume,
and so most of the entropj change must be related to loss of rotational
freedom ip the complex. The enthalpy change of =3.0 (11) kJ mol—1 is
small though in keeping with estimates of the enthalpy of formation of
the 1:1 complexesas. Unfortunately no data exists as yet on AS and

AH for the 2:1 iodine complex, though the tetramethyl ammonium iodide

method ought to allow such data to be derived.

4.5.3 Frequency shift between the maxima of (2)2 ana (3)2:

Two interpretations have been considered here to explain the
phenomenon of the frequency shift between the maxima of (E')2 and

(84)2. These are:



a) There are two overlapping complexed bands with different
depolarizétion ratios.

b) There is an inherent shift in the maxima of the isotropic and
anisotropic components. | |

The experimental band contour fittings seem well satisfied by
interpretation (a). Thus we have obtained good simulations of the
observed spectra using two Lorentzians each with their isotopic
sub-bands separated by 7 cm-1 and with average depolarization ratios
of .46 and .21 (see Table 3). (The uncomplexed band has a
depolarization ratio of .065). ' The consistency in the relative
intensities (see Table 2D) suggests that they arise from complexes
of the’same stoichioﬁetry, or that the basic assumptién of two bands
is incorrect. If the;e real}y are two complexed bands we can only
épeculate that there are two conformations of equal energy of
formation. Afhe cf&stal‘structure would suggest that one of these
conformations has the chlorine situated a}ong the 06 axis i.e.
perpendicular to the aromatic planes. The other conformation could
'have the chlorine parallel to the aromatic planes.

Concerning the second interpretation, Schwartz and wang97
recently discussed the effects of angular dependent forces on peak
frequencies in the isotopic and anisotopic Raman scattering.
According to their analysis the non~coincidence of the peak
frequencies could be analysed by taking the first spectral moment
of the spectral density function. If the polarized spéctrum is due
mainly to isotopic scattering (i.e. when the depolarization ratio of
the band is small), then the differenge in the firsf inteﬁéity momehts

for (a' )2 and ()".)2 is given by
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A=6B+h< (v1;v°)((b")2|<b">2 _@h?)<z!> 2‘)> 4.10

where B is the rofational constant, v and V° are the intermolecular
interaction‘potentiais for the ground and excited states.  Given
that B_ is about .24 om ', we see that most of the shift has to be
explained by the change in the intermolecular potential onA
vibrational excitation. This is not unreasonable. ' However,

without further information as to the magnitude of the second term
any further analysis camnot be other than highly speculative. In
conclusion we maintain that the observed contours are not compatible
with this idea, attractive as it may be. For example the anisoﬁropic

component of the Cl-Cl stretch of Cl, in Benzene (figure 14b) is

2
femarkably symmetric. Iﬁ view of the isotopic shifts of the component
bands, it is difficult to understand for a single set of bands. As

can be seen from figure 14 (b) it is easily understood in terms of

two séts of §ver1apping bands. The same is true for.the other

- solutions and components, although it becomes less apparent as the

tetrachloromethane concentration is increased.
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Chapter 5 THE RAMAN SPECTRUM OF LIQUID CHLORINE

-

5;1 Introduction -

Following our studies of the 012:C6H620014 system we considered
observing the spectrum of liquid chlorine at different temperafures,
in order to determine inforﬁation on its molecular motion. In
Chapter = 2.5 we noted that the calculation of orientational
correlation functions from infra-red’and Raman spectra is a widely
used method of deducing the nature of molecular motion in the liquid
phase. There ié however one problem in the application of the
theory listed in 2.5.3, and that is that the theory onl& applies to
single bands. Konyenburg and'Steele listed the possible complications
only two of which concern this studyJA; These are: |
(a) If the molecules contain different isotopic species (as indeed
1iquid chlorine does), then the spectral band will actually be made
up of several overlapping bands with different band centres. This
can lead to considerably broader bands than would be obtained for a
single species.

(b) A similar correction must be applied if an appreciablé‘number 6fA
molecules are in excited vibrational levels. The hot bands that
result are slightly displaced from thé fundamenfal band by
anharmonicity and again give rise to broadening that is unrelated to

rotational motion.

Konynenburg and Steele éhowed thét it is not difficult to eliminate
. the effects of broadening due to (a) and (b); the calculation is
essentially the same in both cases and applies to any source of |
broadenlng where the band consists of a number of 1ncomp1etely resolved
peaks, all of the same band shape, centred at frequencies aJJ and

having fractional 1ntens;ty'xj- Then.the 1ntenslty'at frequenqy Wis
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1(0) =5 x,I(0-) s

where W andtﬂj are measured relative to the apparent band centre.
Konynenburg and Steele then formulated the determination of the
apparent correlation functions in terms of the real Fourier transform.
However as discussed by Hill et a.198 it is essential to take the
modulus of the complex.transformation when the spectral structure is
sharp, as it is for 012. Thus the apparent Raman reorientation

correlation function C / 2R(t) is

C;R(t) = CzR(t) / [Z)cj(cos wjt, i s:'mw':i t)] 2 5.2
where it is assumed that the true rotational band shape is symmetrical
and identical for eaéh‘of the éverlapping bands aﬁd gives rise to the
true rotational correlation function CZR(t)' In this manner the bands
can be separated. |

There are two principle objectives to this study. (a) To find a
model for the molecula? motion, and (v) to determine the second and
fourth moments99. The second moment arises from three types of
terms, (a) the fluctuation of the difference between the inter-
molecular potentials for the excited state and the groLnd state
averaged in the initial external state; (b) rotational kinetic energy
terms and kc) collision—induced‘terms. If the shift fluctuation
effect is small and so are the collision induced terms, a measurement

of M(2) is essentially of the average molecular rotational kinetic

energy.

5.2 Results and Discussion

5.2+1 General Details.

The main problem encountered in running the spectra was in
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determining how much intensity was in the spectral wings. Eventually
it was decided to record the spectrum up to 130 cm-1 either side ofv
the chlorine band centref Details of equipment and experimental
procedure were listed.in.section 4.2.1. We proceséed our data on a
CDC 6600 computer using a program developed by D. Steele and I.R. Hill.
As in the previous Raman study the observed spectral intensities

/)2

Iy(xx)z and Iy(xyﬁz were converted to the isotropic (a’)“ and aniso-

btropic components (b’l)2 (using the nomenclature of Woodwa.rc’i4 ).

5+2.2 The Correlation Functions

The anisotropic components of liquid chlorine at 1780K
and 253°K are shown in figure 30. The half height band width of the
anisotropic component is seen to broaden considerably with increase
of temperature as would be expected in terms of a kinetic effect.

' betuoea o N D
There is also an observable shift .- the maxima of @N° and (¥)
with increase of temperature. At 178 K there is no observable shift

in the maxima, however with increase of temperature there is a linear

increase up to 2 om” | at 253 K (see figure 31).

loo‘.-J

0.0

180 - 200 0 2ko
1 B 22 mae Ok

. ' . "2 ana (¥)2
Figure 31 Graph of the shift (A) between the maxima of (a’)“ an ‘

against absolute temperature.
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If we consider the difference in band maxima in terms of
equation 4.10, developed by Wang and Sohwartz97, we see that the

" shift of 2 om |

at 253°K could be almost entirely explained by the
6B term. However as B is not considered to be affected bj
temperature, we see no reason forbthe shift to decrease to zero with
decrease of temperature. Thus although the shift of the maxima
appears to be reproducible we can find no satisfactory explanation.

The rotational correlation functions were determined at five
fémperatures over the interval 178 K to‘253°K, which covers nearly
the entire liquid range of chlorine. These functions were obtained
‘vby Fourier transformation of the Raman spectrum using the relations
of:section 2.53 and equation 5.2. »

Figufe 32 shows the 1n CZR(t) against time plofs for all the
temperatures of liquid chlorine studied. At 253°K the liquid chlorine
is 14°K above the temperature at which the pressure of the chlorine is
1 atmosphere, and the reorientation is seen to be rapid. The -
correlation function deéreases to‘about 0.2 p.sec before exponential
decay (given by the linear portion of the 1ln CZR(t) graph) is observed.
From all the 1n CZR(t) graphs in figure 32 we see that the decay of
the orientational correlations is slowest in liquid chlorine at 178°K.
We therefore deduce that the rotation is less hindered at the higher
temperatures, as would be expected on purely kinetic grounds.

In figure 32 we also show the free rotor functions at 253°K and
178°K. At short times the free rotor correlation function is given
by equation 2.3 1. We see that in général even at very short times

the free rotor function lies well below the observed functions.
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5¢2.3 Rotational relaxation times

As discussed in section 2.5.6‘the rotational diffuéion
model is»often used to describe the rotational motion in the liquid
‘state. When very small diffusive stéps are used in the hydrodynamic
model, then the correlation time associated with the motion of the
s&mmetry axis of a symmetric top molecuie can be caiculated from

’i’:f(“"fa3 )53
‘ 3 kT

- Gierer and Wirtzloo

gave the microviscosity factor f in terms of, a,
the radius of the molecular sphere in question, and ar the radiﬁs of a

molecule of the surrounding medium, such that |

‘f=63L+ 1
a (1+ (aL/%))3

For a pure liquid o= o,'and thus the equation 5.4 collapses to

5.4

1/6.125 = .163.

Assuming the chlorine molecule to be a simple symmetric top with
a molecular radius of 1.988 x 10_8 cm, then utilizing the viscosity -
values of liquid chlorine quoted in table 9 we can determine the
relaxatiqn times 7;. |

Before we discuss our results more fully we note that molecular
orientation in liquid chlorine has been studied by other au.'t;horsto3
using nuclear resonance techniques.. The most recent work hag been

- done by Oberimyer and Jonesl03

who determined the 35Cl nuclear spin
lattice relaxation times in liquid chlorine from the melting point at
173°K to the boiling point 243°K.“'Theyvassumed that the molecular

reorientation process was described in terms of a correlation function -

c(t), where C(t).was an exponential of the form exp (t/ﬁi). Also if
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~t2 is much less than the Lamor period (i.e. the resonance condition
does not chanée) then the spin-lattice and spin-spin relaxation
fimes, T1 and T2, are equal and are given‘for a nucleus with spin
3/2 by

-1 -1

. 1 :
Ty =T =% (92QQ/K)2'r2 5.5 {see reference 104)

where (equ/ﬁ ) is the quadrupole coupling constant (in radial

: frequency) resulting from the nuclear electric quadrupole moment
interacting with the electric field equation. The quadrupole
coupling constant measured in solid chlorine was given as 109 MHz.

In figure 33 the values of "Ee, calculated from the spin lattice
relaxation times, are graphed againsf temperature. These values
obtained from n.mfr. are compared with our experimental values of’r'z,
obtained as the reciprocals of the grédients'of the linear portions
of the 1n02R(t) against time graphs (see figure 32). The solid line
in figﬁre 33 represents the theoretical values of 7:2, thained for a
hydrodynamic model. Table 9 gives the precise values of‘T’g, for the
hydrodynamic model and from our experiments.

For liquid chlorine the Raman‘scattering will measure an average

‘ 0
reorientation time associated only with the tumbling motion given 'by'3

T -1
| 2RAMAN (6D)
where ?L - is the diffusion constant for rotation q} the symmetry
axis,N.M.R., on the other hand, depending on the relative orientation
of the molecular electric field gradient, should couple to a

complicated combination of the tumbling and spinning motion. For

n.m.r. it has been shown that the average reorientation time is given

105-106
by - Ty - {1 (3 cos’ =1) 2/6])

+ (3 sin 29 cos e)/bD +D l)] +7 sin 6/(2D +4D”)]
- Where K2 is a constant depending on the nuclear spins and the quadrupole .

nmr
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coupling constant. It has a value of %% (see reference105). ,
O is the angle between the symmetry axis of the molecule, and the 2z
axis of the molecular coordinate system which diagonalizes the field
gradient tensor at the éize of the nucleus of interest,

If the spinning motion is much faster than the tumbling motion
then D":€> D) , which implies that the second and third terms are
negligible. However it should also be ﬁoted that for the linear 012

molecule the angle‘e' is zero, and thus the second and third terms are

zero. This implies that

8 2
PR:S 6
’h;_nmr 215 (9/4(2) /6D )
~NJ J— =
6, QRAMAN‘

Tt would seem fhen, that the observed good agreement, between
the values of ﬁfz from the nmr and the Raman, is reasonable. From
these independent measurements it is also apparent that the experimental
values of sz for liquid chlorine are very close to thos obtained from
a h&drodynamic model.
Thus we conclude that at long times the Debye diffusion theory

geems to explain well the molecular motion in liquid chlorine.
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Table 9 The theoretical and observed rotational relaxation times

72' of liquid chlorine(a)

Temperature | 7', theoretical () ¢, observed ;}iscosityq (c)
°x , P.S€eC, pe.sec cp
178 " . 2.01 2.0 .92
193 154 1.38 .76
213 10 1.16 .61
228 .88 ' .95 .53
253 ' .65 , 80 | 43

(a) The liquid chlorine is under its own vapour pressure.
(v) 'r2 values calculated for a hydrodynamic model given by equationS.3

(c) Using viscosity da"ba from reference 107 . The equation of the
viscosity temperature curve is given by 7,1. =1 o J/(14AT + BTZ)

where 7 o? A and B are constants.
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5244 Spectral Moment Analysis of Liquid‘Chlorine

' As we noted briefly in section 2.5.3 another type of
information about intermolecular forces can be deduced from spectral
moment calculation999. Using a relation between the secornd and
fourth band moments it is possible to derive the mean square torque
<f(OV)2:> y acting on the scattering molecule, = The second moment,
which depends essentially on molecular parameters and temperature,
gives an idea of the accuracy of the experiment if reorientation is
the only relaxation process involved,In the classical appfoximation,
and taking into account the vibration-rotation coupiing,-the second

moment for absorption by linear molecules is given by‘oa,

M(2) = 4 (kT/nc)B, + B(kT/nc)ByA + 2(kT/nc)°A% 5.6

1

the ground and first excited vibrational states respectively. To a

where A = (B1 - Bo)/Bo, BO and B, being the rotational constants of
first approximation M(2) simplifies to 4 (kT/hc)B.

The second moment of a Raman band of a linear molecule is equal
to three times that for absorption; while the relationship between

second and fourth moments for scattering is109

2

M(4) = 2.66 M(2)% + 12B° <(oMP> 5.7

' 7
The experimental Raman second moments can be calculated from
the anisotropic second moments and the vibrational second moments

using the relationship

MTOtig aniso(z) - Mvib(2) v . - 5.8
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The vibrational second moment for liquid chlorine has a value of

10.6 cm™° at 178%°K. This is about 2% of the total value of M(2).
This would suggeét that the vibrational éecond moment has little effect
on the overall results of M(2) for liquid chlorine. Thus in this
study ﬁe neglécted its contribution.

As we noted in section 2.4 the Fourier transform has the
reciprocal property that when a function is transformed, and the
resulting.function is retransformed, we finish up with the original
function. If this procedure is applied to the anisotropic component
of the polarizabilify (5'/32, and if we correct the chlorine spectirum
for isot opic and hotband distortion using Konynenburg and Steele's
formulae (see equations 5.1 and 5.2), then we can obtain a single band
from which wé can obtain fhe second moment. The experimental

normalized second moment is given by7

M(2) =5w 2 T(w)dw o 5.9

band gy '
o bandI(co) dw

Experimental values for M(2) and M(4) at different temperatures are
bgiven in table 0+ The theoretical values are also listed.

Values of the mean square torque are given based on the experimental‘
values of M(2) and M(4Lfroﬂ178°K .to 253°K.

The classical invariance of the second moment provides a
convenient check on the.complefeness of the frequency range of an
experimental band shépe. If the second moment of the depolarized
Raman band of chlérine had been far below its classical value then we
might have suspected that measurements were not carried far enough

into the 'wings' of the band, and the correlation function obtained by
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Table 10 ~ Raman band moment calculations and determination of the mean

square torques for liquid chlorine

Temperature |Theoretical M(2) |Observed M(2) | Observed M(4) <(ov)’">"+
(°K) (cm™2) (eon™?) (10% en® | (10 en™?)
178 347.3 443.0 2.409 266.0.
193 387.5 510.4 2.464 249.9
213 427.6 551.6 2.830 | 285.2
228 457.7 588.6 2.835 270.0
253 507.8 627.7 3.004 276.0

T Using a value of B for‘3501 of 0.243 (reference 79).

2

Fourier transformation in such a case would have been incorrect.
However as we see in Table 10 the experimental value of M(2) is
significantly larger than is exﬁected. This could be due to two
factors: (a) The background trace recorded foff;ach of thevspéctra
could have been incorrectly recorded. (b) There is an extra effect
which is contributing excess intensity to the depolarized Raman
épectrum. X Gordon'® assumed that the sole source of spectral broadening
was molecular reorientation. | Since then, however, it has become evident
that molecular interactions and vibrational relaxation contribute to the
spectra in addition to molecular reorientation. The existence of the
excess intensity in the depolarized Raman bands has been interpreted iﬁ
terms of a collision induced effect]?o-HA « (In other words,

strong molecular interactions are causing a fluctuating distortion of
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the polarizability tensors). It has also been assumed that:euch
effects must be separated.

. . Konynenburg and Steele!12 attempted a separation by |
examination of the experimental correlation function. Whilsf Dardy
et alm estimated a collision induced'spectrum and removed it priof
to Fourier transformation. The latter approach is used here.

Although no completely satisfactory method for eliminating the
éffects of the collision induced phenomena exists at the present time,
a simple procedure that has been utilized in recent work"z""4 is
to assume that the reorientational and collisional induced spectral :
intensities are additive

I(AY) = I(AV) + I (av) 5.0
total coll, ‘ :
where AY is the frequency shift from the band centre. IOR(AV) gives
the shape of the band around the band centre; it approximates to a

Lorentzian given by the equation

' , 2
Tr(8Y) = 1(0) Vi 5.11
2 P 2
1+ (¢ ) Vi o+ 4(by)

i
)

1(0) is the intensity at the band cetre, V 3 is the half band width and
"fc is an adjustable parameter which should be close to the average
time between molecular collisons.

1(8Y) is Qesigned to fit to the wings of the band and is given

Icol »
by an exponential equation which we have taken from the ’cheory"o)l .
It has the form
= Doxp(~{y '
I_11(8Y) =a(a)exp(=I®l, ) s

(14 exp ('_'h—c"&')
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where a,'p and q are constants whose values are determined partly from
theory and partly by the fitting ofvdata. In particular q is still
the subject of controversy; in the wings,any value of q between 1 and
2 has been used to try to fit to the data. Currently no realistic
theory exists for non-spherical molecules that is capable of predicting
an accurate value of g, or for that matter that the spectral intensities
are additive. For liquid chlorine we found that a value of q = 1.2
gafe the best fit to most of the sPectfa. Values of a and p were
selected so that Icoll(A\)) gave a good £it to the data in the wings.
One rather disturbing feéture of this fitting procedure was that the
Lorentzian component, IOR(AY ), did not appear to be damped towards
high frequency shifts from the band bentre. | |

On removal of the collision induced component froﬁ the observed
band, the second moment was taken of the resulting bande These
values of M(2), for the observed minus collision-induced spectra, are
given in Table 11.  Comparison of these values witﬁ the theoretical
values of M(2) listed in Table 10, suggests that too much collision-
inducedcomponent has been removed. It seems that at besf this
approach is acceptable only when the collision-induced term is small.
However, if the collisioh—induced component is smaller than used in our
" fitting procedure, and if the Lorentzian component is undamped (as we
" found), then it is not possible to obtain a good fit to the wings any
more. Thus until such time as we obtain more accurate measurements
of the intensity in the far wings, we observe that it is by no means
certain that there is a collision~induced contribution in the band contour.
Finally we note that if a collision-induced contribution does occur, |
v fhe results of Tables 10 and 11 suggest that its primary effect would be

to increase M(4) and thereby to increase fhe intermolecular torques.
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Table 11 Raman band moment calculations and determination of the
mean square torques, for the observed spectra of liquid

chlorine minus a collision—induced contribution.

Temperature Observed—coliisiqnal Observed—collisional <:(OV)23>
°g HE) H(4) (106 ont (104 cn™?)
178 206.60 _ .900 111.0
193 243.40 ; 954 112.4
213 264.85 : 984 112.6
228 27410 1.08 124.2
253 . 367.00 1.27 : 129.0

In conclusion we see from Table 10 that the wvalues of the mean
square torque (of about 270 x 104 cm_z) seem to be fairly independent
" of temperature.

. Peréhard et a12, give a value of 53 x 1O4cm-2 for the mean square
torque of liquid HCl. Thus our values for liquid Cl2 are higher by a
factor of five. This is probably due to the fact‘that in the chlorine
molecule there are, obviously, two comparatively heavy afoms, whereas
in the HCl molecule one atom is heavy and the other light.

As we have observed, the effects of the intermolecular forces are
geen in the terms of order t4. The hindering of rotation increases
the coefficient of t% by an amount proportional to <:(OV)2:> . Thus
as the mean square torque of liquid chlorine is five times larger than
that of HCl, and C2R(t) for HC1 lies above that for free molecules,
then we would expect the rotational correlation function for chlorine
~to lie above the curve fﬁr free molecules as weli. This is indeed

the case as was seen in figure 32.
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PART 1TWO



Chapter 6 CENERAL THEORY OF ABSOLUTE INFRA-RED INTENSITIES

6.1 Absorption of radiation'!?

A complete understanding of the absolute intensitiés of infra-red
‘ absorptibn bands requires a cloge look at the mechanism ﬁy which
electromagnetic radiation interacts with matter. In the presence

of a radiation field, there is a probability that é molecule will
exchange energy with the field and appear in a quantum state other than
its original. This process gives riée to a spectral line of finite
width and intensity at é, particular frequencyv given by the Bohr
frequency rule. |

» =..i§ﬁ4:l§3‘ 6.1 /
h

3}

\)V\” s “l = v“l

/

where E refers to the energies of the n', n' quantum states and h
is Planck;s constant. If E“<: E', radiation is absorbed by the
molecule, giving rise to an absorption spectrum, and if E”:> E!
radiation is emitted by the molecule givihg rise to an emission
spectrum.

The intensity of the resulting spectral line is determined by
the probability of the transition which gives rise to fhe line.
It can be shown that the probabilit& of a randomly orientated
molecule (for example in tﬁe gas) being promoted from a state n”

! .
to a state A is

817 3, . : R

e AR A AL 6.2

3h" B ‘
where <n'|P | n'>is the quantum mechanical matrix element of the
dipole moment, and C'(v n'" 1n’) is the density of the radiation of the
particular frequency matching the quantum jump. The probability of
induced emission is given by the same expression with the primes

reversed and thus the net absorption probability is givén by
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gir3
3n2

<Pl n'>2€‘ (9 20,0) (W = W) 6.3

where Nh represents fhé number of moleculesvper unit ﬁolume in each
state. Each such transition reduces the energy of the fieid by an
amount h‘)n", n! BO that the net loss of energylfor a differential

. element of absorbing length dl and of unit cross sectional area will -

be

. ' 8Tr3 i { 2 )
4T = (Y o) -3h—<n lpln'> e (VY u 'nl)(Nn,, -N) a1 6.4
The radiation flux density is related to the radiation density by

where ¢ is the velocity of light. Substitution for € followed by

integration gives
' 813 _ N ] A
bn (/1) = (¥ . ,n,) — <n'lp | n/>% (@-F) 6.6
: ' o 3 he
At equilibrium the populations of the states qJ'and(}'follow the

Boltzmann distribution and thus

(¢ ) =cra[exp(-8 /i) - exp(-Ey AT 6.1
where Q. = z exp (-Ei/kT) « N is Avogadro's nﬁmber a.ndé is the
molar concen;ration.'

In the case of any but the simplest polyatomic molecule it is
not possible to determine an experimental quantity with 6.7. Rather
the transition probabilities for all the rotational components must

be summed and this quantity comparéd with the total integrated intensity

of‘the vibratiohal transition. Thus we have
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':,"n, = | }n‘(IO/I)dan ~ 6.8a
band
87T N

/]
% <n Ip|a>? Q.,

x exp(—Enn /xT) —exp(-Enp /xT) ] 6.8b

Equation 6.8 is applicable as it stands to a fundamental transition
(i.e. from n” as the ground vibrational state U;= O,‘fo n'!, having
vibrational quantum number u-= 1);

Equation 6.7 is exact for a single transition between two levels
n’ and n” . However, such a transition can seldom be étudied in
practice, for most spectralrbands cons;st of a main band with a number
of overlapping hot bands. In the case of a diatomic molecule for
example, there are hot bands due to 2 €= 1, 3 ¢ 2 etc., which fall at
about the same frequency as ther1 €o0transition. Vibration bands of
 polyatomic molecules‘are even more complicated.

The experimen£a1 intensity is usually determined by integrating
over a fundamenfél and all the associated hot bandé, and for '
compariéon with this qﬁantity equafibn 6.7 should Be summed oVver all
the corresponding transitions.i For a diatomié fundamental this

yields the quantity,

[ <A ]u’+ 12 Q.-
(obs) 3 ho u,.z'o F u‘
x{exp[-— hu ]~ exp[-(v+ 1) % ]} ‘ 6.9
. KT -
'In the harmonic approximation
) 2 .
<o lplve 1) = 2 ve 1) ( ) 6.10
. ‘ v 8T %E ( aQ;/

(dp/dQ is the derivative-of the dipole moment with respect to a

normal coordinate Q, see section 6.2).



163

and hence,

D A 1 (éL)Q -1
= — Q
A(obs) 3520 aQ v

xz (r+ 1) eXP[-g-}ﬁ ] ~exp [~(+1) -i—';} 6.11
kT
=0

The summation in equation 6.11 may be carried out exactly to yield.

N1 ap 2
ey = (a"é) R

When the vibration is degenerate the expression 6.12 applies to
each of the components of the degeneracy so that it is necessary to
- introduce a degeneracy factor, g,into the équation
M . ¥ig (92)

(obs) ~ 102w \3Q 6.13

6.2 Relationship of Intensity to the change of dipole moment"s

The quantum mechanical matrix element of the dipole moment can

be expressed as ,
* h

_<o] p[ 1>=jq,o i, dr | 6.14

where‘fo* is the complex conjugate of the wavefunction for the ground

'state,\#1 is the wavefunction for the state ¢= 1, and dr is the volume

element of the space configuration. p is a vector quantity having

components p‘, py, pz which can be expressed

X Sy : z .

P = %éixi , D =Z€iyi and‘p _Zeizi. Where
: ei.is the charge on the ith particle, and x, y and z are the space
fixed Cartesian coordinates. These components of p hay be considered

in terms of a Taylor series with respect to the normal éoordinate Qi'
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Thus 3§-6

3 J T
=P + 2: ——B— Qk + higher order terms 6.15
° d
k=1 Qk
Where g stands for the Cartesian directions. It is common practice
to consider only the constant and linear terms in equation 6.15,
and soltthe harmonic oscillator approximation, for a transition between

the ground state and the first excited state of the ith normal mode

g 3p° * '
0 _ 9% | .
<o lp I1>—3Qk G oY dq 6.16
The integral involving the harmonié oscillator wavefunctions is

- expressed in explicit form by

1

X“Po 4 7, ko (;;,:5—.—-) :

hence . €\
) ‘
<o| pg' 1> = B — dp”\° 6.17
- 8T ~w, & dq

where W i is the harmonic frequency of the ith mode. ‘ Compariéon of

equation 6.17 with 6.10 shows that we then obtain the expression

T (R

where

&“2 bp2c)p2 op*\ 2

+ -+ 6.18
0 Q,
(éQi \S’Q . i

For a molecule of fairly high symmetry, all except one of the
components of the dipole derivative will vanish for vibrations of a

pafticular symmetry class, provided that the axes are chosen to
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coincide with the symmetry axes (i.e. the change in dipole moment
will be oriented along a fixed diréction in the molecule for all
vibrations of that symmetry clas§> A molecule of lower symmetry
may have two or three non-vanishing components'of <O P [ 1>
in the same symmetry class. It should be remembered that the
‘direction of ap/<5Q is completely arbitfary and there is no reason
to expect the dipole moment slopes to be similarly oriented for all
vibrations of the same symmetry.

It is rather more convenient for fhe purpose of calculation to‘
vconsider the derivative of the dipoié moment with respecf to ihternal
symmetfy coordinates S, which are related to those with respect to

normal coordinates by the transform

P. = dp/ds. = )(3q./98, 6.19
g = 29/38; = ¥ 0p/30)(3%,/95)) 19
These normal coordinates are obtained from the analysis of the
observed speétra and are ultimately a fﬁnction of the molecule's

vibrational force constants and geometry. These last tﬁo quantities

we shall discuss in the following sections.

6.3 The symmetry coordinates

The CH3I molecule has C, symmetry, and has three non degenerate

v
type A1 vibrations and thrée dubly degenerate type E vibrations.
Since a non-linear molecule containing N atomsvhas 3N-6 vibrational -
degrees of freedom, 3N-6 coordinates are ﬁecessary to describe the
vibrations of the molgcule. To aftain the simplification made

; possible by the use of group theorylit is necessary that‘thesé 3NL6

coordinates be expressed in terms of'symmetry coordinates, which are

linear combinations of the internal coordinates. The internal
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coordinates are the changes in bopd distances and in interbond angles.
It is éonvenienf to construct the symmetry coordinates from
equivalent internal coordinates only. Moreover thé choice of
linear comﬁinations is not arbitrary, but must be madé in such a way
that the symmetry coordinate transforms according to the characters
of the vibration type concerﬁed. Also the symmetry coordinates must
be normalized and orthogonal. As there are 3(5)-6, or nine, vibration
frequencies, only nine symmetry coordinates are necessary. However
for CH3I there are ten intermal coordinates, following the notation
of Dickson et afléthese are RCI’ r1,r2,r3,ra12,ra23,ra31,rB1,r32,rB3
(see figure 34)- Hence one of these is not independent of the
others. instead of ignoring one of the internal coordinates, which
would destroy the symmetry, ten symmetry coordinates‘are constructed
and then one is considered as redundant, see Table 12.

From Table 12 we note that the redundancy in the symmetry
coordinates S, and S

2a 2b

transformation

may be removed by the orthonormal

r

S = Q'SZa + RSZb =0

If shoﬁld be noted that since each of the fhreé E type vibrations is

doubly degenerate, it is necessary to have two symﬁetry coordinates

designated by the subscripts a and b for each of these vibrations.
A1l these symmetry coordinates are therefore of the form

s.=2> U R
J x ik k

P

6.,20a

where (ij is the coefficient of the kth internal coordinate Rk' and
the summation is taken over all of the equivalent internal coordinates.

Equation 6.20a can be written more concisely in the matrix notation as
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Figure 34 Geometry of Methyl Todide

4?1 ‘ )

. Notes: As more accurate values for the equilibrium rotafional constants
have been obtained, so different values for the molecular
parameters have been présented. The equilibrium geometry
originally used by Aldous and Mills"8 is quoted below, along

- with some more recent data by Duncanlzo. As oné can see

. there is little difference between them.

Duncan ' ‘ Aldous and Mills
HCH = a  111.28333° 111.672
HCI = B 107.592 o 107.17 o
e 1.085 ¢ .003 2 A; 1,095 A
Rer 2.133 = .002 (oA 2.139°A
All atomic masses are taken relative to 120
Thus M 12.00000

:}f[ 1.00784
1 =126.90454

nnun



Table 12 The symmetry coordinates used in this thesis, in terms

were defined as ra and rf.

.o o
Sy = PSp = @y

o~
[l

Q
K =

(1+¥0/+ 207
(1-1/C + 282

-3 sinB cosB/sin a

N = Normalization factor.
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of the internal coordiﬁates,* for CH3I.

1/1\12 ry T, r3 RCI re, ra, ra3 rB1 I'B2 rB3
S 1 3 +1 41 #1
.52: 6 1 #1 #1 =1 =1 =
Sg'{ 6 ' | o +1 #1414+
S3 1 : +1
S, | 6 42 -1 -1
S e 2 +1 -1
Ssa 6  42 -1 -
Sy, | 2 S
s 6a 6 +2 =1 -1
Seb | 2 =

As defined by Aldous and Millsm'mi Their bending coordinates
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The condition for normalization of the jth symmetry coordinafe is

| 2
that Zk(ujk) = 1.

6.4 The Sjn vectors of Meister and Clevelandng

. The S? vectors of Meister and Cleveland are given by
2 =D>U b - ' | 6.21
J . Jk I . ‘

(in matrix form S = UBX).

vectors(of Woodward's notza,'l:ion'4 ) can be expressed in

The bkn

terms of unif vectors e directed along the chemical'bonds k.

1
Q
|

I

{

|

I

l

Ruf CI bond length

r = CH bond length

Figure 35 The unit vectors along the bonds, and the
interbond angles of CH3I.

Using the unit vectors, bond distances and interbond angles

indicated in figure 35, and assuming tetrahedral angles (iec a =B =
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o
109° 28'), then the bkﬁ vectors are found to be:

For the H1 atom

' =3/2(e,; +e,\ .
SR VAL

/'-< + e ) .
b _ 1/
Tagly =y 3 |

where 4

Expressions for the bkn vectors of the other atoms can be obtained
easily. = Also, in terms of Cartesian coordinates, when X, ¥ and 2
are unit distances along the x, y and z axes, the e vectors can be

expressed as

8. 1
e1=-3-X—-§Z

- 8, -2 17
= BT

- Bx 2 12
e3= 3+J_6-Y-3
e4=.-'.-Z‘

(for tetrahedral angles)
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Using equation 6.21 above, the S? vectors for the A1 vibrations can

now be expressed as, (using our symmetry coordinates defined in

‘Table 12):

for the E vibrations

. SH1
4a

H
1
S1 - ; 31
/3
1 A
S2 =(- -;-E) (61 + 382 + 333 - 364)
H
31 =0
(o}
S_1=(-1/\/-3—)(e1+e‘2+e3)
SZ (J-‘/——i -'/z %) (e,I + e, + e3)- (‘/-:31-)(3
12 - 4 .
o
S3 = —e4
I .
S1 =0

I r . ‘
S, =g~ (e4+e1+e2+e3)

42
]

e

4.

=
= (2/V8) e, S, =0
A )81 23 (o)
= By fy et o) S =7 (e
~E .
= (-V3/D)(e)/3 + 2) “'3611) =0
‘ c 1
=7;. (—281 + 22 + 93) S4'b .- g/g— (93 = 32)

+T !
ﬁ) 4



Sgq = /"%'(261“*2‘93)

Sea = VE' E*%)(2e1"ez‘e
;e

szsfa_o
sga=%§—(;2e1+e2+e3)

6.5 The I, Matrix
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(ez = e3)

231-% + (e = e

FE (-9

In order to determine the L matrix, whose elements li are the

amplitudes of motion of the various displacement cordinates in the

ith vibration, it is necessary for us to consider very briefly the

basic theory involved.

Chapter 8.

The use of the L ma_trix will be shown in

can be considered we must calculate the eleménts of a matrix P

. (related to the pofential energy), and a matrix G related to the

kinetic energy.

To obtain the equations from which the elements of the L matrix

If one assumes harmonic motion of a small amplitude

for nuclei, the expression for potential energy V of the molecule

can be written

where fi £

In matrix notat

k © “ki

in the form

v - 2f ikRi;R]c

6.22 .

and i and k extend over all the internal coordinates.

ion 6.22 becomes

2V = RtFR

6.23
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where F is a square matrix whose elements are the force constants
fik' The superscript t stands for the transpose of the matrix.
Again in terms of the internal coordinates, the purely kinetic

energy can be simply expressed by use of thé matrix, G.

G is defined by
¢ =m0 B 6.24

Here B is the matrix which generates the 3N-6 internal codrdinates

from the 3N Cartesian coordinates X, in accordance with
R =BX 6.25

M-1 is the inverse diagonal matrix M representing the nuclear masses.
121 ' ’ '
Thus a secular equation expressed in terms of ¥, G and 1,
and of the form

JF-d.¢"1. =0 : 6.26
s R |
can be used to solve the‘vibrational problem. The vertical lines

indicate that the array is to be regarded as determinant.

Premultiplying by G we have

1 _ E the unit

[oF -)E[1, =0 (where GG~ .
* | matrix) 6.27

where 341 = 47?’?12. As 6.27 is the full expression‘of the
vibrational problem we can have

OFl, = A EL, 6.28 |
" There is an equivalent expression for each X ;e Combining all the

eigenvector column matrices into one matrix L we have

GFL = LA 6.29
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wﬁére.JX is a diagonal matrix with the elements () qeeee hi). If we
take the force constant matrix for CH3I from the literature, and
express G in terms of 6.24, then using a method proposed by

Steelé1 we can determine L.

Normally the vibrational problem in simple internal coordinates
is factorised by use of the symmetry coordinates Sj' The coordinate
transformation is giveh in 6.20; the corresponding symmetrised
inverse kinetic energy and force constant matricés will be denoted by
9 and:;.

where 9 = UGUt

and ¥ = urut

6.6 The Force Constants of Methyl Iodide

We have already shown that the vibration frequencies and the
form of the 3N-6 normal vibrafions of an N atomic molecule are
characteristic of two features of the molecular structure.

i) The atomic masses and the geometrical distribution of the
vibrational nucleii. |

ii) The force field which tends to restore the molecule to its
internal equilibrium configuration during any distortion.

In the interpretation of absolute infra-red intensity studies
it is important to know the mode of vibration (i.e. the form of the
normal coordinate, associated with each vibrational frequencﬁ. |
Unlike the vibrational frequencies the normal coordinate cannot be
directly observed; in fact they can only be determined from a force
cohstant calculation, since é knowledge of the no;mal coordinates
implies a detailed knowledge of the force field. The force field
of methyl iodide has been diécussed by séverél authofs, and we shall

briefly note their results.
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18 ' : ’
Aldous and Mills have published force constants of the
. methyl iodide which were adjusted to fit the harmonic frequencies

(determined by ]Z)ennis‘on's‘22

method, after correcting the observed
vibrational freqﬁencies for obvious resonance effects), the Coriolis »
coupling constants of the degenerate fundamentals, and the known
centrifugal distortion constants. They included in their gnalysis -
data for the fully deuterated molecules in addition to those for the
normal ones. We had originally intended to.use these force constanté
to determine the L matrix. Howevér the force constants have béen
revised by Russell et alua , and more récently by Duncan, Allan
andecKean124 . |

Russéll et al found that there was sufficient data to fix
unambiguously a single family of symmetry force constants for CH3I.
Unfortunately they found that even with such a large number of
observables, the force constants were not satisfyingly well
determined. In parficular for‘each of the methyl halides they found
that }12, 3:1 3 and 3" 46 had high disj)ersions using the General
Harmonic Force Field. ‘These are just the force constants consfrained‘
in the hybrid orbital force field (HOFFﬁus . ‘ﬁsing the HOFF all the
authors mentioned above found that the dispersions of the force
conétants turn out to be much lower.

A major computational difference between the investigations of
Aldous and Mills, and Russell et al lies in the uncertainties
associated ﬁith the harmonic frequency data and hence in their
weighting factors. Aldous and Mills"?assumed a 1 per cent uncer“l:é.inty
throughout, whereas Russell et al adopted a cons£éht uncertainty of
13

20 cm_1 on all frequencies. Duncan et afz‘A made use of

frequency data in order to increase the precision with which the
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parameters of the HOFF pould. be obtained. They also used improved ~
frequency and Coriolis coupling data. We shall use the force
constants calculated by Duncan et al. More recently Mallinsonub
has studied the Microwave spectrum of CH2DI, and has redeterqined
the GHFF of CH3I; however he did not consider the HOFF, which
remains the best force field to use in this case.

In Table 13a we show the F matrix, and in 13b we give the

relations between the symmetry force constants - ’3( ij and the internal

coordinate force constants. Values for } ij are given in Table 14.
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Table 13a The force constant ma;trix in terms of internal coordinates
The F matrix
r
1 r2 r3 RCI ra, ra.2 ra3 rB1 1'[32 rB3
. / 7 / /
I‘1 fr frr frr ; er ra ra ra frB frB frﬁ
r £ T« £ g’ o !
2 T rr Rr ra ra ra rB frB frB
/ Y
3. ~fr er ra ra ra f1'[3 frB frﬁ
Roy 2 Tpa Tra Trae T Trp  Trs
£ g’ R
. Ta
1 a aa aa af faB faB
! ’
Tao % aa Tap T Tap
/
r0‘3 fa faB faB 'faB
/ /
rf, T Tps  Tpp
£ £
B, B BB



Table 13b The relations bétween the symmetry force constants

and the internal force constants F

2
(P=q) / (P+Q) /
3}/22 = (f + 2faa)+ > (fg + 2fgp)

2

+(P% = Q) (£15 + 22,0)

| 9/33 = 1y 3(13 = g

?12 = (p-q) (f;a + '2fm) - (P—q) (.6 ;éfl’,ﬁ)

.2 2

¥ =ﬁ[mf mf%

}44 =f.- ,frr ?45 il fra
’ ’ p

555 =%y~ Taa ' ?46 =Trp ~ Trp
/ ¥ /

?66 = £g - fgg 56 = £.g = fug

P and Q are defined in Table 12.

178
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Table 14 A comparison of the converged results of the Hybrid Orbital

Force Field for methyl iodide, from references 118,123,124,

The force constants are all in mdyn/ﬁ and are for our

scaled syﬁmetry valence coordinates (see Table‘12).

The internal force constants are calculated from

Aldous and Mills‘®)| Russell, Needham'®|Duncan, A11an ()
ns and Overend 123 and McKean 124
F o (¥F) F o (¥) F o (%)
| 351'1 5.48 .05 5.482 .024 5.532 .031
7o 0 0 0 0 .092 .002
7, .48 | .004 .48 .008 .485 .002
7,5 0 0 0 0 .026 017
5, -.351 | .012 -.351 .05 =38 | .004
| %5 2.337 .02 2.338 |  .052 2.39 .010
324 5.61 .06 5.642 019 5.453 027
3{15 -.157 | 014 -.16 011 ~e131 .003
3516 157 | .014 .16 011 <131 .003
?55 AT2 | .004 4T .003 448 .002
3’56 -.026 | .009 -.016 | °~ .008 ~-.011 002
?6 ¢ .48 | .004 .48 006 474 .002
(a) 3'/12 = }13; 0;3;6 - }'45 geometry: T, = 1.095% Ryy = 2.139%
() /3512 - 3“/13 - o;/f46 - %5 geometry: 1 = 10858 Ryp = 2.133R
(c) fm/fé‘ == - \’7{46 geometry: r, = 1.085% R,y = 2.133%

the symmetry force

constants by direct substitution into the equations in Table 13b.

. ' , , ,
i = o= = =0.
‘The constraints used were fRB f}ﬁ faB fBB



Chapter 7 BAND CONTOUR ANALYSIS OF THE METHYL IODIDE FUNDAMENTALS

T+1 Symmetric Top Theory

VIn order to obtain the calculated infra-red spectrum of methyl
iodide, we used the theory for symmetric top molecules. This has been
considered in detail by Herzbergn7 . We shall note the equations used.
Values for the rotational constants, coriolis coupling constants and .
frequencies were obtained from the literature and are listed in
Table 15. The computer programs based on this theory were written_by'
D. Steele and I.R. Hill. The programs.are called ASPEC for parallel
bands and ESPEC for perperndicular bands; and the details of the

\

programs are given in reference 8.

T+.1.1 Rotational Constants and Geometry

Symmetric top molecules have equal moments of inertia about
two of the three axes of rotation. The third axis is the main axis
of rotation and is called the z axis; the other two axes are the x and

y axes. The symmetric top molecules fall into two categories.

a) - The prolate symmetric top in which the moment of inertia
about the z axis, Iz’ is less than the mement of inertia about the x and
‘y axes.' Methyl iodide is such a molecule (see figure 34).

b) The oblate symmetric top in which I, =I.<I, (e.g.

¥
benzene).

The rotational constant about the axis i, Bi, is defined by
B, = h/8W? 1.3 (en™ ) Te1
1 i

It is usual to label the rotational constant for the z axis of a.
prolate symmetric top, A and the rotational constant for the x and y

axes B, It is quite straightforward to calculate the moment of
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inertia and thus the rotational constants from molecular geometry.

Using Ii = 2 where m is the mass of atom j, and r is its

m.r. .
J 1]
distance from the axis i, passing through the centre of gravity. Then
for CHyT,T, = 5.3285 x 10™47%g n? and I, = I, = 108.09 x 10™4"kg n?.
In a first approximation B(Uﬁ and Aé)o are the average values of

the rotational constants during a vibration which differ in general from

the equilibrium values Be and Ae. Where

d
B i
A ' di
A(U’) = Ae - z ai (U"l + ;—) T+.2b

a? and ag are vibration-rotation interactiop cSnstants. ‘di is the
degrée of degeneracy of the vibration Q‘i.

Values of the rotation-vibration interaction constants, ground
state constants and coriolis constants for the methyl iodide
fundamentals have Eeen discussed by a number of a,u't:horsua"50 . The

values which have been used for computing the *calculated! A1 and E

fundamental bands are listed in Table 15.

T«1.2 Vibration-Rotation Energy and Selection Rules

The total energy of vibration and rotation T, of a
symmetric top molecule in a particular degenerate or non-degenerate

vibrational state is given by

- T =Gy + F(7,K)
where G@V? is the vibration term wvalue, given to a first approximation

by

Gw)=@w%ﬂfpﬁ% cm ! T 7.3
| 21T
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Table 15 Rotation-vibration interaction constants, ground state

15A

constants, coriolis constants and frequencies used for

calculating the CH

3I fundamentals. The figures in

brackets are the references from which the constants are

taken.

Rotation vibration interaction constants

3]

t\)ptb ==

a
.

R s}
> W

(2]

R e 3]
o\ td U'Pw ~ o wpbd N -~d O Ve

=]

40,0514 om™

~=0.0222

-0.0038
+0.0311
40.046

-0.0347

+0.00017

+0.000849
+0.001816
-o.ooo1é7
+0.000058

+0.000787

: (138) '

(142)
(149)
(136)
(14s)
(143)

(130
(138) (1s) %
(147)
(145)
(149) *

(143) (13s)

* Not affected by interaction between \72 and Y 5°

15B

Ground ‘state rotational conmstants (in cm—1)

A

e,

e

B
A

°
B

OuN (o]

5.228 £ 0.001

(144)

0.25235 = 0.00005  (144)

5.1745 % .0006 (150)

0.250156 & .0000002 (142 (145)

1.23% 22 x 107 (1s0)
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Table 15 (continued)

15C Coriolis constants
3 = 0.0590 (132)
& 55 = -0.2444 (148)
¥ g6 = 0210 (143)

15D Frequencies (in cm_1)

Vv, V2 V3 V4 V5 V6

Y 2971.29 1250.75 533.21 3060.27 1435.1 882.6

Reference '(138) (143)  (us)  (14s5) (148) (143)
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where U” is the vibrational quantum number (v = 0,1,2....), § is the
effective force constant, and,&cthe effective mass, for the vibration.

For (J,K) is the rotational term wﬁich has two forms depending on
whether the vibration is degenerate or non-degenerate. TFor
syﬁmétric top molecules a non—degeherate vibration (an A mode
vibration) has a transition dipole directed along the z axis, and the
resulting band is called a parallel band. Whereas a doubly
degenerate vibration (E mode vibration) has a transition dipole
directed along the x or y axes, and the resultant band is called a
perpendicular bgnd. J is the total angular momentum quantum number,
and K is the quantum number determining the component of the angular
momentum about the unique axis of the moleculé. J takes integer
values 0,1,2...; and K takes integer values of 0,11,12...:J.

The selection rules for infra-red spectra'are as follows.
For a parallel band

MK =0 A

0,1 ifx 40 7.4

MK =0 AT =3 ifK=0.

And if the transition moment is perpendicular to the top axis

ik =% a1 20,3 7.5

Te1e3 Transitional Non-degenerate vibrational levels

(11 bands)

The energy levels of the non-rigid symmetric top

for a non-degenerate vibrational state are given by

R, (3,) = ByJ(@+1) + (A(u,)-B(u,))Kg -‘DJJ2(J+1)2

.IbKJ(J+1)K2‘— DKK4‘+‘higher ordef terms
‘ 7.6
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The D terms are due to centfifugal distortion, and are generally
exceedingly small compared with the ground state rotational cdhstants
A and’B. Normally the higher order terms and the centrifugal terms
are neglected.

From selection rule T+.4, for a particular value of X we obtain
a sub-band with 3 simple branches P, Q and R. The complete parallel
band is a superposition of a number of these sub—bands (tﬁe K=0
sub-band has no Q bfanch). Due to the interaction between vibration
and rotation there is a slight difference Between B* and B'', and
between A' and A'?, (where these are the values of B(Ua and cha in
the upper and lower states).

From equation 7.6 and neglectiné the D terms the formulae for
the two branches R and P (of each sub-band) corresponding‘to

Al = +1 and =1 respectively are

QR

R(T) = Vosub + 2B" 4+ (3B'=B'")J 4 (B' - B')JIZ 7.7

Yy sub';

\)P =P() = ¥ (B' +B')I 4 (B' ~ B'1)J° 7.8
and for AT =0
Ve = @) =vosub + (B' - B')J 4 (B' - B'")J2 7.9

where for the sub~band origins (J = 0) we have

))6sub = Vo + [(ar = A*Y) (B - B")]K2 7.10

Each band consists of a number of components J 4 1 .in the R branch
and J in the P branch. However because of the restriction J> K more
and more lines will be missing from the beginning of the sub-band

branches.
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7.1.4 Degenerate vibrational levels (1 bands)

For a degenerate vibrational state the influence of the
Coriolis force " is in general much larger than it is for the non-
degenerate states. Since rotation about the top axis may occur, the
Coriolis force can produce an interaction between the two components
of é degenerate pair of vibrations. |
The | g Vibration of methyl iodide (which is the in plane .

bending and rocking mode) is shown below.

(a) | (v)

It is known that when species (a) is coupled to species (b) and is
rotating about the z axis, the Coriolis force produces a splitting
of the degenérate vibrational levels into two levels. The
.Separatioﬁ increases with increasing rotation (X) about the z axis,
although the splitting is zero for X = 0.

Thus the formula for the rotational energy levels of a degenerate

vibrational state is given by

Fry @x) - B(W)J(J+1?*@(w) - BM)K2 ?u(&)gx o 7.11
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Higher ordér coupling terms and centrifugal distortion terms are
neglected. The negative sign preceding the third term on the right
hand side of 7.11 applies if the vibrational angular momentum has
the same.directioﬁ asvfhe rotatiénal angular momenfum (+| state),
and the positive sign applies in the opposite case. TFor transitions
between a lower non-degenerate state and an excited doubly degenerate
state, the selection rules.are giVen in equation T.5. |

The expression for the Q branch frequencies when é degenerate
uppei étéie is present; is:

VO s (eE)s' 12 (1-0)B' K

+[(a' - 13')-(A'f—13")]1(2 + (B'—B'_')J(J+1) T2

where the frequencies of the sub-band centres correspohding to the

[y

case when J = 0, are obviously given by

VP e Ve ()1 T e (1 -8
+[(A' ‘-VB') _ (A" _ B")]Kz , 7.13

The upﬁef éiéﬁ applies to AK = +1 and the lower sign‘gfcrtAK =¥4.
' The P and R branch transitions of the sub-bands of a perpendicular
band are given by a formula very similar to that for parallel type
bands . _ ‘

YPR _ Vosub +@ +3 Y0+ @ -3 T.14

where m = J + 1 for the R branch

and m = -J for the P branch.
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T«1.5 Line intensities

The rigorous formulae for the line intensities in the
bands of symmetric top molecules were first given on the basis of the
1

. quantum theory by Honl and London 5‘, and were later derived on the

3

52 Reiche and Rademaker'®® ,

basis of wave mechanics by Dennison
The absorption coefficient a(¥) at a frequency V¥, arising from

. a given rovibrational transition of energy hy 1is given 'b;)rls4

a®) = ca; ¢ )’J,K gy x oxp[- Fy y(03/em)] ¥ I[2 sy, ;0

| 7.15
Where 81k and EJk are'the statistical weight and the rotational term
value for the lower}étate; <:QL"/L/4:5>15 the transition integral
for the vibration. .C is a normalization constant independent of K

and J, but depending on the vibrational transition. The S(y,Y JK)

is a line shape function satisfying.the normalization condition

‘f‘” |
s(Y,V =
A v, JK_) 1
A

TR is a term whose value depends on the rotational quantum numEers
J and X and also on the selection rules for the transition, and takes

the values below for the indicafed transitions.

parallel transitions

J,IK]—)J+.1,IKI A (2-3K0)(J+K+1)(J-K-1)  T.16a
' T +1) '
3, x| = 3,[x] (2 g+ DK  T.16p
I + 1) ' '
‘J,IKI ->‘J-1,|AK| (2-bK'O)(J + KJ ) L : T.16c

J.
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- perpendicular transitions

I,0k] =7 +1,]k| T 1 (13x+1) (1%k + 2) T.17a
(T +1)
7, x| —>J,|K|i1 (237+1) (JIKXJiKH) ’ 7.17b
J(T+1)
T, |&|—>3-1,|%| 31 V(J;K) (T+K-1) T.17c
! 2

| J and K refer to the lower state; and 3 K.O is the Kronecker delta.

’

T.1.6 Spin weighting gr x
1

| For the CH3I molecule which has a 3}-fold axis (point
group C3v), in the ground state the levels with K»= 0,3,6¢e00 have a
larger weight factér due to spin than those with K = 1,2,4,5¢4¢+
Thus‘we observe an alternation.of the type strong,weak,weak,strongeces «
For the general case in‘which the spin of the three identical

nuclei 1is I, Dennison"” has shown that the weight factors due to spin

ina C molecule are

v

for K divisible by 3 (including zero)

1/3(21 + 1) (412 + 41 + 3) ' | 7.18a

for K not divisible by 3

1/3(21 + 1) (41° + 41) 7.18b

The population NﬁK of the various levels in thermal equilibrium'

is given by

g 2 ey exp[-(A-B)K2(hc/kT)] " . 7.19,



7.2 Experimental Procedure

Methyl iodide (Koch Light) was fractionally distilled at
atmospheric pressure, and then thoroughly dried by stanaing for
several hours over phosphorus pentoxide (P205). The methyl iodide
was stored over copper in a sealed flask, in the dark.

The spectrometer used was fﬁe same P.E. 325 used for our
molecular motion studies. Althéugh the optical path of theb
spectrometer is automatically flushed with dry Coz-free air, we found
it -necessary to keep di;hes of P205 in the enclosed sample chamber to
" remove extraneous water vVapour.

- A small amount of methyl iodide sample was introduced into a
previously dried vacuum line.  The sample was degassed several tiﬁes,
and then stored in a reservoir until required. For éach spectrum
the sample was transferred to an evacuated 1.0 dm gés cell. The
cell was contained in a brass holder; KBr windows were used for all
measurements. - Care was taken to place the cell in‘precisely the same
position for each épectrum. The cell was thoroughly checked for
leakage. Tests were made to detect conceﬁtration errors caused by
adsorption of the sample on the cell walls; vthe fesults were
negative. |

For each band at least six different pressures of CH,I vapour

3
were used, ranging from 6.4 x 103Pa to 38.2 x 103 Pa. The pressures
were measured én avmercury manometer. In order to determine thé
molar concentrafion we also required to know the initial temperature
of the cell. The ?4 band was found to be rather weak so rather
than using the 1.0 dm cell we used a multiple‘reflection cell of

path length 37.5 dm.
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In the field éf gas intensities, errors can sometimes be
reduced by broadening the individual rotation-vibration absorption
“lines. If a band shows a strong Q branch arising from vibrational
transitions with no change of quantum number the sides of the Q
branch ﬁill be very steep, and it may be necéssary to use large
pressures to broadenvthe band contour sufficiently to eliminate any
appreciable'error. Therefore,'iﬁ this study, the spectra of )’2,
\’3 and ))6 bands were also run at atmospheric pressure. = Air was
gradually bled into the cell until atmospheric pressure was reached.
No difference in the spectra at the low pressures or atmospheric
pressure, was observed. Looking at Table 16 we see that our values
for the integrated intensities are very much the same as Dickson et als,
despite the fact that we used no pressure broadening ahd Dickson used
a broadening pressure of 8.27 i 106 Pa.

56
Penner and Weber'

suggested a relatively simple and important
test to ensure that adequate pressures were used, némely that the
Beer's Law plot must be a straight line through the origin with the
experimental points>randomly scattered. On plotting ln(Io/I)against
concentration we did indeed obtain relatively good straight lines for
all the bands. This check was carried out on thé Q branches of the
bands. |
Fbr our study we used resolutions of between .24 and .77 cmf1.

Resolutions of this order produce errors in studies of the gas phase,
and methods have been described by which the errors can be minimised
157-1%8 The most accurate method to have usgd, would have been the
curve of growth me't‘.hod"5 « However our Spectralresolution was not

good enough to obtain the completely reso}ved rotation-vibration

lines requifed for this method to be applied.
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{

‘The technique used in this study, was one in wﬁich the integrated
intensity is graphed against concentrafion, and the plot extrapolated
to zero concentration. This leads to the true integrated intensity
if (1) the incident intensity I, does not vary over the slit width
(this ié easy to ensure provided that care is taken to remove the
atmospheric wéter vapour and 002 from the absorbing path, as we have
done), and (2) the fluctuations in the slit corrected (see section
2.1) transmitted intensity I are not large over tﬁe frequency range

|
transmitted by the slit. The second condition is not possible t6
fulfil as there will always be rapid fluctuations in I even though
the individual lines are not properly resolved. However, we
approximate that the true integrated intensity is that at zero
concentration.

Using the theory of section 7.1 and the data of‘Table 15 it was -
possible to obtain calculated A and E band spgctra. The problem of
band separation, and the determination of wvalues for the observed

band areas of the fundamentals will be discussed in.section Te3e2s

T.3 Band Contour Analysis"

Te3e1 X-Y Coriolis Interactions

As already explained Coriolis interactions between
vibrational levels not degénerate cause rather mihor perturbations to
the vibration-rotation spectra of small molecules accounted for in
contributions to the dependence of the rotational constants on the
. vibrational energy level. They are known as sécond order Coriolis
» intefactions, since they appear as off.diggonal perturbation terms

in the usual form of the Hamiltonian matrix. However when interacting
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levels are nearly accidentally degenerate such second order
pertﬁrbations become more important fhan many first order effects;
they prodﬁce major coﬁplications ;n the observed spectrum, which
cén no longer be interpreted by the usual.perturbation theory
approach., .

Dilauro and Millss‘59 considered the interactions in symmetric

top molecules due to rotation about the X and Y axes, and applied

- their theory to A1—E Coriolis interactions. We shall merely quote

fhe equations for the Hamiltonian and the rovibrational line strengths.
Considering the matrix representing H in the vibration rotation
- . s . ,
basis functions, denoted lLﬁ.) U, ;5 J,k :}, the important selection
rules for intéractioh between the first excited vibrational levels in
(A, species) and ( ies) Ak = A1 = %1
QL A1 species) an QSI’ QS2 E species .are =41, ==1.
For each J value the Hamiltonian factorises into a number of
(3 x 3) blocks, each block being characterized by a'particulaf value
of (k - 1S) . In addition to the (3 x 3) blocks there will be two
(2 x 2) blocks for which (k-ls) =%5; and two (1 x 1) blocks

(unperturbed states) for which (k-ls) -2 (g + 1. A typical (3 x 3)

block of the Hamiltonian has the form

s

oy ™y s> L0 k> [0,17Y; 3,k1>

[Vs +‘F,(J,k+1) o+ o5 B'ﬂ—rsgis[%k]%
22" 5 2(e1)] ' . )
. ‘ , 1 y
Y +F (3,K) -8 L__87 [1,x-1TF
Iy, +F (@)

L
+24 §7 (k1]
Hermitian _ ) .

——

where F' (7,k) = B'J(7+1) + (A'-B")k°
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I I LS I L

and(J,k)% - -}[J(J+1) - k(k+1)]% |

The rovibrational line strength of a transition is given by
k+1 -k k=142
' ey o
s(\} «—\9') =3g %[aMSMk + DMUMo+ M ]

where ' = a\}! +‘b‘+' + Cy'
g + o -

M, are fhe Hénl-London factors aﬁd M, and Ms are the vibrational
transition moments of the A1 and B stateé. The rovibrational line
strengths will show interference effects which will enhance or deplete
the intensities of particular lines debending on whether the cross
terms in the expansion of the square appear with a positive or negativer
sign, and thus will depend on the relative signs of Mr and Ms’ and on
the relative signs of the elements of the eigenvector (&,b,c). The
relative signs of (a,b,c) depend on the sign of g gs .

It \is well known that the Lg = 1 state of methyl iodide is
‘coupled with the U'3 = 1,‘7% =1 staté through Fermi resonance140 .
Matsuura and Overend“‘ , using .03 cm—1 resolution found that in
addition to the Fermi resoﬁance, there is a further perturbation due to
an X-Y type'Coriolis interaction between the E states. The perturbation
is large and the mixing of the two states is considerable. However the
effect is highly localized, therefore we deciaed that the probleﬁ of band
fitting to the remainder of the \é hand contour would be considerébly
simplified if we were to ignore the effect. Matsuura and Overgndua
'élso considered that there was an X-Y type Coriolis interaction between
the ¥, and Y, fundamentals. They concluded that the band centres are

far enbugh apart for the interaction to be a second order effect. A

more likély pair of fundamentals, for which there could be a first



order X-Y Coriolis effect, aré the )74
1

2970 cm '« The two bands were observed to overlap considerably,

at 3060 om~ ! and ¥ | ab

much of the intensity of the low frequéncy side of the V4 band being
*lost' in the structure of the much more intense \’1 band. Using an
interaction Coriolis constant §31’4a (.1134) we were able to obtain the
positive and negative contours. There was a hardly noticeable
difference between the two contours. Comparison of these calculated
X-Y Coriolis spectra with a spectrum obtained by adding the célculated

A, band to the calculated E band, showed that there was little

1
difference in the methods. As the latter method (i.e. adding on A band
to an E band) seemed the simplest.to perform we ﬁsed this and obtained
satisfactory fits to the spectra. We shall discuss this last point
more fully in the following sections.

The interaction Coriolis constants for the fundamentals of CH3I

were calculated from the theory using a program developed by D. Steele.

Actual values for gzs are given in Table 17.

Table 17 Non zeroggs Coriolis constants for CH3I (calculated using

the force constants and equilibrium geometry of refs. 120 and124)

Y 9 Q3 %Ya Ba %a
~A134 .19 —.0545 0 .2606 =-.4216

a, 093 632 -0344  -.2606 0 14920
q 7363 0799 =718 4216 —.4920 O



T.3.2. Obsérved Band Areas for the Methyl iodide fundamentals

The problem of‘separating the intensity contributions from
a pair of overlapping bands arises in a number of cases for the methyl
halide molecules, particulérly with the pairs of parallel and
perpendicular vibrations, characteristic of the methyl group, which
occur at around 3000 cm_1 and around 1400 cm-1. As these bands
usuaily show a well defined symmetry; Dickson et alné used this fact
in applying methods of graphical separation. When only one haif of a
perpendicular band was overlapped the contour‘was drawn into make the
band symmetripal about its centre, Dickson assigned an error of 20%

to the separation of the overlapped area, for each oveflapping pair of

bandse. We used a slight variation of this method which will now be

explaihed.'
The overlap of the Y 5 and \?5 was‘assﬁmed to be very small
(of the order of 5% of the\% band). However as we have already noted

in section T.3.1 the ))1 and ){4 bands (around 3000 cm_1) overlap

considerably. The contour of the ))4 (E) fundamental band was
~calculated using the theory of section 7.1. The calculated band was
fitted as bestaépmssible to the observed,(There are many problems with
this prqcedure « We shall discuss the most important of thése in
| section 7.3.3); We assigned an error of 25% to the separation of the
overlapped area. Thé portion of the overlapped E band can therefore
be determined. . This procedure seems reasonably justified as we
managed to obtaiﬁ values for the band areas which were comparable with
those of Dickson et al., see Table 16.

In methyl iodide thére is also a resonance interaction between

the symmetrical hydrogen stretching vibration, and the overtone 2); .

This results in the two band centres'being pushed apart, and in the
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weaker band "borrowing" intensity from the stronger. Dickson et al
showed that the quantity'rz integrated over the pair of resonating
bands, is independent of the degree of perturbation. Thus in this
work, it was assumed that the unpérturbed intensity of 2)% could be
neglected, so the intensity of v1 was taken to be the total wvalue of

r’ over the pair of bands.

Te3.3 Band fitting results for the E class fundamentals

It was found that in order to obtain the beét fit to the
observed spectra, a temperature of 70% (343°K) had to be assumed in
computing the theoretical band. An increase in the theoretical
temperature leads to a redistribution of the line intensities, such
that the intensity in the‘wings is increased relative to the band centre.
The means of fitting, was to sum the intensity in each Q‘sub-bﬁnd in
bbth the experimental and theoreticai spectra. The frequency interval,
over which the summation was carried out, was obviously the same in

both cases. The observed and the theoretical spectra are then

theoretical intensity , with

compared, by considering the ratio exporimental intensity

respect to the RQ3 sub-band.

As an example of the temperature behaviour we show the
theoretical/éxperimental ratios (of thg Q sub-bands),-at different
temperatures, for the V6 band, (see Table 18). The cell temperature
(and thus the sample temperature) was found to be 33°C (306o K). .This
was measured simply, by attaching a thermocouple to the cell plate.

We can offer no explanation of the large difference between the

theoretical temperature and the observed temperature.



theoretical intensity

Table 18 The temperature behaviour of the ratio - - .
experimental intensity

for the )’6 band of methyl iodide

306°K 333% O a%k

R 8 |

Q1 .879 .855 .851
R .
‘ Q2 ) 0943‘ ] .851 ‘.852
"y 1.000 1,000 1,000
R‘ : . .

% .863 .828 .859
fog 84T 810 .883
Rog 865 896 979
Fo, .831 803 .896
Rag 199 792 886
RQ9 .812 .829 1.014

In Table 19 we give the ratios of the theorétical intensities to the
experimental intensities of the @ sub-bands, for the three E class
fundamentals. The most significant observation is that the
theoreticél/experimental ratios for the Q sub-bands where K = 0,3,6,9...
are larger than those for X = 1,2,4,5.+.. We might have been able to
explain this phenomenon if it had occurred in only one band, in terms

of some interaction of the fundamental with another band. However, as
there seems to be a consistent redistribution of the inténsity of the

Q branches, in each of the fundamentals, so that the K = 0,3,6...

ratios are some 15% higher than those where K = 1,2,4,5¢4¢., we are

unable at the present time to provide an explanation.
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Table 19 Ratios of theoretical intensities (at 7000) to
experimental intensities (at 33°C), of the Q sub-bands

of the E class fundamentals of CH,I. (a)
y (v) y (c) y
4 5 : 6
o ;

Q1O ' .865
P ) :

Yy - 936
PQ8 .- . . | 4. .879
| Q7 | | | .883
'y - | o 938
P

QS | | 859
PQ4 T . .858
PQ3 , 1.060 | 1.008
P _ : .

% | .882 - 897
fo, | 864 938 879
. | ,

% | 1.098 1.036 .983
RQ1 N 7 873 .932 851
R . '

Q2 . 891 «909 .852
RQ3 : - 1.000 1.000 1.000
R, | .845 .919 .859
R ‘ . .90 .88

Qo , 818 | 905 3
o, 827 .929 .896
o .836 .902 .886
o , .

. 1.00 .01

Q9 " 945 9 1.014

. (a) All ratios are calculated with respect to the RQ3 sub-band.

- (b) On the PQK side of the V4 band many of the Q branches are

smothered by the V1 band.

(¢) For the ¥V fundamental the P branches are severely distorted
by the fermi resom&cﬁo%%%uoi{ w(%—}ﬁﬂ?{pz;’iolgei ﬁgt ractions with
with the V3 + Vé B }\ iy therege no sengii;le raglos could be obtained.
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T«3.4 Band fitting for the A1 class fundamentals

The means of band fitting was relative simple.
Initially the centre of the Q branch of the theoretical spectrum was
positioned at the same point as the @ branch in the experimental spectrum.
Due to ﬁhe resolution used in this experiment we could not necessarily
identify the particular J multiplets of the P and R bfanches.
_ Thereforé the intensity 6f the Q bfanch (for both the experimental and
theoretical spectra) was summed over an arbitrary frequency interval.
The rest of the band was sectioned into the same frequency interval,
and the intensity of each section determined. Values of the ratio
theoretical intensity/experimental intensity, are given for the A1
bands of CH3I, in Table 20, The temperature used for calculating the
. theoretical spectrum was 306°K, in each case. All ratios are quoted
with respect to the Q branch.

There are 6bviously some unusual aspects to the results shown in
Table 20. PFor instance, the ratio of theoretical intensity to
experimental intensity of the Q branch in the V1 band is large compared
with the Yatios! for fhe rest of the band. This suggests that the
experimental intensity in the Q branch is sm%ller than we would have
expected from the theory. The intensity would seem to have dispersed
itself evenly between the P and R branches. We can only suggest that
on the low frequency side of the band the resonance interaction of‘\)1,
with 2 Y%, causes intensity from the V1 band Q branch to be borrowed
by the weaker band. Presumably, then, on the high frequency side of
the fupdamental there is an interaction of similar magnitude.

This interactibn would be between the V1 and '94 bandse
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Table 20 Ratios of theoretical intensities to experimehtal

intensities, over arbitrary frequency intervals for the

24

A, class fundamentals of CH3£;

V1 Frequency interval 5 em )

R branch Q branch

« 720 .76Q o760 761 4659 1.000

]?2 Frequency interval 2.5 en™)

R branch

1.074 1.034 1.004 .966 .941 .888.

))3 Frequency interval 4.0 cm-1

R branch

1.196 1.247 1.258 1.183 1.054

v Q branch

1.000

Q branch

1.000

P branch

«792 761 740 .753 .T740

P branch

.803 1.038 1.172 1.120
1.077 1.042

P branch
992
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For the ))2 fundamental the 'ratios' become larger as we move
away from the band centre. This suggests that in the experimental '
spectrum the intensity is shifted nearer to the band centre than in
the theoretical spectrum, and therefore the experimental @ branch
is stronger than expected. Any X-Y Coriolis interaction‘with the
VS fundamental was not considered to Be responsible, as the band

centres are some 200 cm_‘I

apart, and we calculate (see section T.3.1)
that the effect is small.

'The Y 3 band waé somewhat more unusual, in that there is a
visible hot band in the experimental band envelope. However,
despite the fact that, our theoretical spectrum containedthe hot band
in its correct position, we were unable to obtain a good fit between
the theoretical and experimental spectra.

At the present time we can offer no explanations for these
differences Between the theoretical and experimental intensity

distributions in the A1 fundamentals of methyl iodide. However, we

are not alone in observing this phenomenon. Sarangi and Varanasiwo
reported the ratios of theoretical to experimental intensities of the
J multiplets in the CH3D vibration rotation band at 2200'cm-1, relative
to the measured intensity of the doublet P(2). They listed the
observed 'ratios' at various temperatures. At all temperatures they
noted that the theoretical Q branch, was larger than the experimental
Q branch by a factor of two (see Table 21). They suggested that the
significant "borrowing of intensity"™ from the Q branch ﬁy the R branch
(in the experimental band) could be due to a mixing of the wave
functions between the 2'V4 and V} bands due to fermi resonance.
However they considered that this would not completely explain the

observed phenomenon.
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Table 21 Ratio of the theoretical to experimental intensity of J
multiplets in the 2200 om™ ' A, fundamental of CH,D at

298°Kk, from reference 160 ,

R(4) R(3) R(2) Rr(1) R(O) q P(7) P(2) P(3) P(4) P(5) P(6) P(7)
.80_6‘.8‘47 870 .855 1.024 2208 - 1.QO <909 .907 .946 945 .956 -
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Chapter 8 THREE METHODS FOR OBTAINING BOND PARAMETER INFORMATION

FROM THE INFRA-RED GAS PHASE INTENSITY DATA OF METHYL

IODIDE

8.1 Introduction

As seen from sectioh 6.2 fhe fundamental vibrational intensities
of polyatomic molecules lead tq valuesv of l g—g— l o The values
of ‘M’/c)Qi\ for methyl iodide are given irll Table 22. To
proceed further it is necessary to determine the derivative of the
dipole moment with respect t§ a defined molecular coordinate, which
is usually taken as the symmetry coordinate S (see Table 12). . The

transformation relating normal coordinates to symmetry coordinates is
S 1 8
57285 Y , -1

where ;Z is the symmetrised L matrix (see section 6.5). The elements
of i for methyl iodide are given in Table 23. Prom equations 8.1

and 6.20 it follows that
. | , .
P - 3 am (LY 8.2
3 1 i
and similarly 3—QL = Z(i):l 3-3& 8.2b
i v J

The calculation of any particular d P/ J Sj requires a knowledge
of all 3?/3Qi values for the particular symmetry species. The
(‘L_"); matrix coefficients are calculated by inversion of the
matrix. The elements of the£ matrix are given by LS.

The dérivatives 61‘ the dipole moment with respect to definéd
coordinat»es dependé(:f.h the .Born-Oppenheimer approximation) on the

charge distributions, but not on the nuclear masses. Therefore the



Table

22 Harmonic vibration frequencies

y and dipole moment

derivatives PP/C) Qi‘ for the normal vibrations of

methyl iodide, W is in cm—1; [0 P/ Qil in D/X.

206

é

Dickson, Mills and Crawford" This work

CD,T CH,T CH,T
Q, }2210.0 .425'i .010 [3060.0 |.555 & .030|3089.3 |.554 * .038
Q, 975.0 |.578 * 024 [1288.3 |.709 ¥ .017|1296.2 |.738 ¥ .024
Q 501.7 |.153 £ 003 | 533.1 [.214 ¥ .002] 538.2 |.218 ¥ .009
q, |[2400.0 |.092 t 005 |3229.2 |.164 % .005{3201.3 |.159 < .008
Q5 [1082.6 |.276 * 027 |1504.4 |.362 % .005]1460.7 |.354 % .016
Qg 675.8 |.197 £ .010 | 905.8 |.329 £ .005| 896.6 |.327 £ .006
+

Using our experimental band areas and force constant data from

reference 124.
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‘Table 23 Elements of the i matrix for methyl iodide.® Units

are amu?
CH3I~
A Species B Species
S1 1.0074 . 0126 ~.0044 s4ab +1.0505 +.0362 =.0321
5, =077 1.3782 -.1295 Ss a1 +.0976  +1.5299 +.1492
S3 —.0457 00954 --2829 S6a-b --1220 +-2734 _c9087
CD3I
A Species F Species
S1 7203 0204 -.0069 S4ab +.7805 +.0089 -.0304
82 -.1560 "1.0573 -=.0433 SSab +.1859 +1.1188 +.0629
_S3 -.0671 «1432 =.2573 vséab -e1419  +.1292 -.6763
*

calculated using data from reference 124,
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values of a?/b Sj are the same for isotopically substituted
moiecules, if the symmetry coordinate S,j is defined in the same way.
The normal coordinates and the vibrational frequencies, do howevér,
depend on the atomic masses, énd in general ‘)P/& Qi will change
under isotopic substitution. |

The fact that the sign of each C)P/a Q; is indeterminate, as
is the sign of each component of ({:1)3, means that equation 8.2
does not lead to a unique valpe of ”’.j‘ y but in general gives
Z(n—1) different solutions, where n is the number of normal
vibfations in the particular symmetry species. TFor methyl iociide
the isotopic ihtensity data were available from reference ne, and
thus a second set of Z(n_1) values of ]}’Jl may be obtained. The
correct solution must necessarily have the same wvalues for
co;‘responding Pj's calculated from both i‘sotopic molecules. In
this way a unique set of Fj 's can be determined. However, it should
be noted that a.’unique set of Pj 's cannot always be chosen, as the
calculated va,l\'J.es from the different isotopes do not agree exactly,
being subject to uncertainfies in the experimental intensities, the
harmonic aﬁproximation, and the normal coordinatés. There is, of
course, no necessity for the relative signs of ‘)?/C)Ql to be the
‘same for isotopic molecules. '

Having obtained what is hoped are meaningful dipole moment
derivatives in terxﬁs of a set of symmeiry coordinates the next stage
is to reduce the results to a set of bond parameteré. Dickson,

Mills and Crawford (see'the next section (8.2)) used the bond‘moment
hypothesis whi.ch requires '
i) That stretching a bond by dr produces a change of dipole moment

along the bond of ( 9/ dr) dr.
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ii) The deformatiqn of a bond through an angle d¢ produces a
dipole change [Ld¢ perpendicular to the bond and in‘the plane of
movement, /* is the bond dipole.

iii) Changes in the bond do not result in changes in other bonds
except when this is geometrically necessary.

Relaxing these constraints while continuing to require a.bond
parameter formulation results in the introduction of terms of the
type 3/“‘1/3 Rj‘ The number of such terms will usually far exceed
the number of observables. For this reason formulations have been
developed by Gribov (see section 8.3), and Crawford, Barrow and
McKean (see section 8.4), which are chemically reasonable and which
constrain the parameterisation to a level intermediate between the
bond moment hypothesis and the general formulation.

The principle object of the work detailed in this chapter,
is to compare the three methods of determining bond parameters stated
above. Jt is not the object of this study to compare trends in the
parameters for the methyl halides, as this has been done by a number

of authors 162-163,116

8.2 The Method of Dickson, Mills and Crawford ®

8.2.1 Values of P. for the A, class vibrations
1 J 4

The values of ’af/<9Qi‘ were determined from the band
areas for each normal coordinate using equation 6.18; they have
already been listed in Table 22, The dependence of the dipole
moment on a éet of symmetry coordinates was then determined using
equation 8.2. The elements of the iimatrix are given in Table 23,

using the symmetry coordinates of Aldous and loﬁ.lls“ti . It is
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particularly important to observe the signs defined for the various
symmetry coordinates, since these affect the signs of the pj
vectors discussed later. We have written the dipole moment
vectors px, etc., to be positive when the positive charge is
displaced in the positive x direction, Tn the case of methyl
iodide pa. and (r) p/é Qi) are always parallel vectors for a given
gsymmetry species, so equation 8.2 reduces to a simple algebraic
equation that may readilylbe solved to give values of pj; however
the unknown relative signs of (Zip/<9Qi) terms leave the usual
choice of alternative sets of pj values. These are disﬁinguished
by the notation (++-) etc., indicating the relative signs taken for
(ép/aQi) in the successive terms of equation 8.2b.

Several authors have discussed fhe estimation of statistical

123,116

errors in the dipole moment derivatives We shall not

discuss this point further, other than to say that account is
generally taken of contributions from random errors in the experimental
intensity data, the intramolecular force constants, the molecular
geometry and the harmonic frequencies. The first two contributions

123

are of similar importance; and the latter two are negligible .

The errors listed in Table 22'are those of Dickson et al116 and they

aie intended to represent the limits within which the true band areas
almost certainly lie. They were derived in the following way.

For CH3I the error listed in Table 22 corresponds to the largest of

the following threequantities, (a) 2% of the band area, (b) twice

the standard error of Table 16, and (c) the separation error of Table 16,
wyere this is dbminant. For the CD3I molecule 5 similar procedure

was followed, except that condition (a) was raised to 5% of the band area,

in order to cover errors resulting from impufity in the deuterated samples.



 For the three A4 species of CH,I, and CD3I; values for all

3

possible sign combination are given in Table 24.

Table 24 TValues of pj for the A, class of methyl iodide in D/R

]
IR % P
++ <5675 -6033  =1.0557
— .5328 -.6125 ~1.0428
P 6279 4927 «5355

o 4724 -.5019 -.5485
CD3I
+H+ .6598 A .6312 ~.7184
— 5135 -.6501 .6902
+H 7370 4652 .4968
+—+ 4363 =4840 = -=.5250

 Mean, (+—+) 4543 -.4929 -.5367

As we stated in section 8.1, for a given symmetry coordinéte, pg
should be the same for different isotopic molecules. Using this as
a basis for choosing betwéen the alternative sign combinations, it is
seen that the (+—) sets of ( 9p /d Sj) give the best agreement in

this case.

8.2.2 The E class vibrations

The E class vibrations contain two infra-red active.
molecular rotations, and because of this it is not possible to make

~ a direct comparison of pj values between the isotopic molecules.
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In order to consefve the overall angular momentum of the molecule
during a symmetry distortion Sj’ some compensating rotation of the
molecule is required. The compensating rotation accompanying a
vibration occurs with the same frequency as the vibration and
contributes intensity to the vibrational spectrum. This contribution
must be subtracted from the wvalue 6f pj, determined by equation 8.2b,
before this quantity may be treated as an intramolecular parameter;
that is to say, before pj's from two isotopic molecules may be
compared. Cra.wford164 - has given a method of calculating this
rotational correction, which is somewhat awkward to follow. Van
Straten and Smrfés have since developed and described this method in
a clearer form. Despite being straightforward, the method produces
some rather coﬁplicated célculations. Before proceeding further we
shall describe Van Straten and Smit's method, and its application to

methyl iodide.

8.2.2 (i) Van Straten and Smit's formulation for the Rotational

Corrections

In thié fofmulation the dipole moment derivatives
obtained from equation 8.2a will be denoted by (&?/c) S)A; where
subscript A refers to the molecule being considered. The theoretical
quantity needed will be denoted by (Op /0 S)R, wherve R stands for the
reference molecule. The determinétion of the rotational correctioﬁs
are only made possible if a reference molecﬁle is definéd‘which
possesses rotation free internal coordinates. The only rotation free
molecule known in the literature is a molecule iﬁ which isotopes of

zero mass are introduced for atoms which are not situated on the
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. .
molecular symmetry axis. Thus for CH3I and CD3I, the reference
molecule assumes that H and D are of zero mass. In this case the

' C-I bond will maintain a fixed direction during vibration, and there

is no compensating rotational motion. Now we have that

@p/98)y = (9p/98), = V,p | 8.3a

or (pp)

where, obviously, VAR is the rotational correction. The column vector

VAR can be evaluated with the help of two additional coordinate sets:

X : the vector of the 3N cartesian coordinates
f’: the external coordinates (six translations and rotations).

The transformation matrices between(f, R, S and X are summarised as

follows:
R = BX B =JR/Jx A = (3 X/IR)
S = UBX B =o’s/c)x AU = (9%/95) 8.1
C.px 5 - 90/dx ¢ - (%)

‘(superscript + means 'transpose! of the matrix).
The properties of these transformation matrices for a given isotope are

Ba =0 BA = O . o BA = E3N;6

8.5

Ba=E6 ' a =BM A-B+as=E

3N

Crawford'°‘ dérived a relation between the A matrices of two
different isotopes. TFor the A matrix of the reference molecule- this
relation reads

(the subscripts have the meanings given above) .
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From equation 8.6 we can deduce that

UA.; (éf /9% = UAZ @p/d x) - UAX B;Gz a; (o9 /0 X) 8.7

This is equivalent to equation 8.3. So the rotational correctibns

can be written as

S t .t t
Vir ={UAA BR} {aR @p/° x)} 8.8
Since the translational motions do not change p, we may rewrite the

second part pf VAR y glving

Nk = (27)3

(p2)d

X : . 8.9
(p )k |

(pDi - (N1
o Mol T

where 2? denotes the x component of the permanent dipole moment
and i, j and k are the Cartesian uwnit direction vectors,weighted by
(moment of inertia)_%. For the reference molecule, there is only a
non zero component of the permanent moment aldng the main axis of

symmetry, (the z axis).

The A matrix is defined as

A

A A A 8.10

8.2.2 (ii) Calculation of the Rotational: Contribution VAR

for Methyl Todide for M., =0

We shall now consider the calculation of VAR in
detail. = The initial procedure is to calculate UAZ B;. From



equations 8.8 and 8.10 we can rearrange the matrices to obtain

bt gty o1 b ~
UA, Py =\5A (SJ.)AMA Bp 8.11

where SA is the symmetrised G matrix. The (S?) terms are the
S? vectors of Meister and Cleveland see section 6.4. ; The B;

matrix for'me'thyl iodide, with M’H = 0 reduces to the form:

Translations t Rotations r
()tx G‘by e'l:z (:rx .(er : <’rz
X
4
Zy
X
e O O
T
Zy
x5
3
%y
, " , 7
2 -
X, | ;44/M | 0 141424/1:Y 0
‘ 1 i
: 2 ) = 2
Y, \ M, , M4Z4/Ix 0 -0
‘ 1 1 1
; : S _ 7 _ 2
Z, , M,/ M4Y4/IX 1:141'4/1Y 0
1 1
> o 2
X M5/m 0 M5Z5/IY 0
1 1
2 o B 0
' ‘ M/ UsZo/Ty® O
1 1 t
2 - 2 2
Z, M5/M M5Y5/Ix »MSYS/IY 0

where the subscript numbers refer to the atoms as numbered in

1
figure 35, M is the mass of a particular atom, M? is the square

root of the total atomic mass, and I is the moment of inertia.
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For the reference molecule the moment of inertia about the z axis
is zero thus all (’rz elements have been put as ‘zero. As all
translational elements will eventually be multiplied by zero (see

equation 8.9), we shall simplify the matrix formulation by ignoring

the Ct colum. Therefore M- B; can be expressed as

A

rotations r

() rx - ery 6 rz
X1,2,3
Y, 003 O
Z21,2,3
' 1
X g =
. , 0 z4/1Y 0
1
- B . .
T, Z4/IX 0, 0
z, -Y4/Ix -1{4/1.]r | 0
1
- 2
X 0 ZS/IY | 0
1
- 2
Yo Z5/IX 0 0
| 5 &l
Z - 5/IX —XS/IY 0

In the reference molecule it is assumed that the only non zero component
of the dipole moment is along the z axis (see equation 8.9), therefore

all x and y coordinates go to zero.

In section 7.1.1 we stated that for a prolate symmetric
top Iy = Ix' Thus if we know the centre of mass of the reference
molecule we can determine Iy (=Ix) . As MH = 0, then the cv:entre’of

mass lies along the C-I bond, at a point X.
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The distancé C~-X

[}
o
=2
l
=0

cI ¢~ cI
M
= =1e R=‘
1.9313 Z5
I-X = .2017% = Z,
,
As I = Mr~ then
I 2 2
; =12% (=1.9313)° + 126.9 x (.2017)

49.92 é..m.u. (X) 2

. . N
The coefficients of the@,)matrix for the C and I atoms, in the

A
E species were calculated as:

4 4 4 5 5 5
S4a 0 o 0 1.141 0 o
S, 625 0 0 1.586 o o
S¢. o o0 0 .985 o o0

 Hence the matrix (s?)AM-1B; is of the form

er ()r : er
x y .2
1
S4a 0 Zg 1.141/Iy? 0
. 1
2
S5, 0 Z 1.586/1y 0
Sg 0 (z,0.625 - .985 zs) 0
1%
y

o] - .
The 3 and S 1 matrices are given in Table 25 for CH3I and CD3I.

Y =1 a1 -1 .t . . .
Thus 3A (sj)A M, By gives the following elements in the C ry

column;  the other elements being zeros.
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Cr
J

i
- 2
S 1.623/1y

‘ L
- 2
Sc,, 1.2405/Iy

1
2
Se¢. +2.1028/Iy

As already shown in equation 8.9 az (dp/9 X) is expressed in
terms of dipole moment contributions along the x, y and z axes.
For the reference molecule the only non zero component is that along

i
the z axis, pz. Thus (p? )i = (pz)/Iy? (see equation 8.9).
: o v o ’

If we adopt Whiffen'!s definition of dipole moment‘éé, then for

methyl iodide the permanent dipole moment is directed from the halogen
atom (negative) to the methyl group (positive),this corresponds to

assuming pZ to be negative. If this assumptioh is made about the
o .

direction of the permanent dipole moment, then the sign of VAR is

16
determined unambiguously. Thus we shall quote pz as —=1.62

o .
The values of the rotational corrections for methyl iodide,
using the symmetry coordinates of Table 12, and with a reference

molecule in which My = 0, are therefore given by:

v, o =l623 x (-1.62)  _ 1.2405 x (~1.62) v, o 2:1028 x (=1.62)

4 I 5 I ' I
y Ty y



219

Table 25a The 13 matrix for the CH3I(ahd 01331) molecule, exact

geometry.

A class ' E class
11 M+ 3w, cp° | 4-4 M + M(1-CB)
1-2 3M.r (x°+1) SBCB 4-5 M{1-Ca) 2 /sa
13w I0) o 46 W38(CB ~») /2
o-2  (K°+1) (M + 3M'SB2) ~ 5-5 M(3—K2/2) + M](‘I—Ca) }éaz
2-3 m1(3) {(%1)se 5-6  ¥/2[M-1(Cp-)) (1-Ca) /CE]
33 el ) 6-6 We3M(cB -N°/2 + 3TNZ/2

M,M] and I are the reciprocal masses of H,C and I respectively.

Ca = cos a etcj }‘ = re(CH)/re(CI) ; K= —3SBCB/Sa;

A A
a = HCH and B = HCI in the equilibrium configuration.

Table 25b

9 ~1 for the E classe.

CH,I  4-4 923 DI 44 1.769
4-5 =.067 : 4-5 -.214

46 .03 4-6  .329

5-5 375 5-5 .697

5-6 =:i117 | | 5-6 -.140
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Table 26 Rotational Corrections in methyl iodide

Reference molecule Reference molecule
. with =0 with M x 1000
Po (D) MX c? MY'
Vax_ Tsx  Vex S SR SR
H3CI "=1.62 .0527 .0403 -.0682 0525 0403 ~,0680
D3CI -1.62 0836 .0632 -.1098 .0835 0630 -.1097

Van Straten and Smit also proposed another reference molecule
model. This was used to overcome the problems of having pyramidal

X,Y molecules, in which the introduction of an X isotope with zero

3
mass leads to indefinite elemenfs in the B; matrix, thus prohibiting
the calculation of the rotational corrections. In this reference
molecule the atoms of the actual molecule,which are situated on the
main symmetry axis,are replaced by isotopes that are a facfor of a
thousand or more heavier than the original atoms.- In such a reference
molecule the compensating rotational motions are negligible because of
the large masses of the substituted isotopes. Using this other
reference molecule we concluded (as did Van Straten and Smit) that

the results agree to within 1% of those obtained using a reference

molecule with zero H masses (see Table 26).
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- 8.2.2 (iii) Values of P. for the E species
' J

In Table 27 values of (FH)J and (PD):j are given

for all sign combinations (reversing the signs of a combination,

" merely reverses the signs of (P'H)j and (I’D) j) .

Table 27 Methyl iodide E class values

CH3I

(Pp (+++)
(++)
()
)

CD3I*

(P (++)
(++)
(+—+)

(+—)

. S

4
.0881

. 1806
«1212

2137

.0035
.1233

«2305

S5

.2858
«1593

—.1644

—e2903

<2733
.2105
-.2111

-.2780

The rotational correctidns VHR

of (Pp) ; and (Pp ; in D/R.

Sg
-.3161
.3796

‘-.3912

.3046 -

—-e2556 ..
.3053

~.3159
.2551

and V. are now subtracted from

DR

(FH) and (PD , for all sign combinations, in accord with equation

8.3 to give (PR) (see Table 28).
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Table 28 Calculated (PR)j values for various sign choices.

Py R s

CHyI (+++) - .0354 #2455 =.2479 Rejected

cp,I ~.0801 2141 '., ~.1558

H (-—;) - —.1408 -.3261 .3843 Rejected

D ' -.0871 —=+3405 <3754

() 1279 1190 4478 Rejected

D | | 0397 . 473 4151

HE () -.2333 -.1996" -.3114 Rejected

D ~.2069 -e2737 -.1955

E  (+) ) 0685 -.2047 -.3230 ﬁejected

D ‘ 0271 -.2743 —.2061 |

() - 1739 1241 4594 Choice B
-.1943 1478 4257

E  (+) .1610 '-.3312 .3728

D ‘ ‘.1469 —e3412 .3649 Choice A

H (—+) -.2664 .2506 -.2364 Rejected

1 S —3141 .2148 -.1453

The examination of all the possible sign combinations given in
Table 28 can be carried out systematically, by comparing the wvalues
for eaéh isotope. TFor each sign combination the values for each
isotope should agfee within limits of error. I% can be seen that

vmost of the choices can be rejected out of hand, because of too large
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a discrepancy in the isotopic values of (Fh). We consider that
there are only two choices for which tﬁe isotopic values agree
relatively weil, these are labelled A and B in Table 28. The
. errors in B are marginally larger than those in A. To obtain
final values of (FR>j we average the data foﬁ each species.
In Table 29 we summarise the final values of (PR)j for the
E and A classes, obtained in this study. We compare our results
with those of Russell et al'>>. 1In the A class only the relative
signs are determined‘whereaé in the E class the signs have been

absolutely determined.
Table 29 Values of (F§>j in methyl iodide from the preferred sign

0 .
combinations in Debye/A; averaged data from CH3I and

CD.TI molecules.

3

This work Russell et al
A class (+—+) E clé,ss (+=—) A class E class
P, 4543 Pf’ . 1540 P oeaes8 Pf’ . 1448
P,” = 4929 pav -.3362 P 5--4555 p 5 -+3435
P§ -.5367 P E .3689 P 3 ~5597 &) 4056

We believe that the minor differences in the values of the P j’s
from the two studies listed in Table 29, are due only to differences

in the normal coordinate coefficients, that were used.
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8.2.3 Bond Effective Moments

As previously stated,Dickson et, al. disgussed the‘ dipole
moment changes in a xﬁolecule in terms of small effeét‘ive moments
and charges attached rigidly to the bonds of the molecule. The
former giving rise to dipole» moment changes when the bond bends and‘
- the latter when it stretches. Dickson et. al related the observed
rf]. values to these bond effective 'moments by simple geometrical

relations'’ .

f: = E’,— cosp €y

Pa - 1’3_ (P+Q)sing M.
[z or

e
: 2
P3 = ec;
Xy ) : :
P4 = +y3 sinp eCH | 8.12

{2

P - .-I-z—cos(%)/b_gﬁ

w
I

€

where //\CH is the effective moment in the CH bond, defined to be
positive in the sense C - H+; T, is the equilibrium and CH bond

distance and éCH = (‘)/L\CH/‘) r); also €41 = (é/‘CI/J RCI) » where Ry

is the carbon-iodine bond distance, and }'( cI is the carbon-iodine

bond moment defined positive in the sense C - ', Pand Q are the

rvedundancy factors in the A, class of symmetry coordinates (see

1
Table 12).
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In Table 30 the bond effective moments are listed, calculated
by applying equation 8.12 to the p'j values of Table 29. In the E
class the signs are absolutely determined on the assunip‘bion that

Pz is negative (CH3+ -X).

Table 30 Final bond effective moments for CH3I derived from the
preferred sign combinations, in D/X.' Averaged data

from the CHBI and CD3I molecules.

S1 ECH ] -08{678
A, - sZ}ACH = —.4418

S3 eCI = =.5367

s4%CH = +.1319

Sg Mem

S6ﬁcn = '5410

4570

At this point we shall merely comment that the various wvalues
of /ACH from the different symmetry species should be the same, and
so should the values of eCH'. Thus it would appear that this picture

is a rather oversimplified one. We shall discuss this further in

section 8.5.
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8.3 The CGribov Formulation'6?21%8

8.3.1 Introduction

The initial step is to calculate the first derivatives
of the dipole moment.with respect to the normal coordinates from
the experimental data. These values_have already been given in
' Table 22. The fact that the dipole moment p'and the normal
| coordinates characterise the state of the molecule as a whole, makes
it necessary to describe the behaﬁiour qf the various component parts
of the molecule before information ooncerﬁing fhe structure and
hwtramolécular processes can be obtained from the inteﬁsities.
| In the Gribov formulation the total molecular dipole is
formally resolved into components along the bonds. These components
are the sum of‘dipole moments localised on and along the bonds, with
the components of the residual dipole contributions due to off axis
moments and lone pair electrons. The resolution of the latter
- contributions is rather arbitrary, and generally the resolved -

components wiil not be centred on the bonds.

8.3.2 The Theory

Considering p as the sum of vector parameters )*K along
each bond, then on vibration the magnitude and direction of these
}ﬂK vectors can alter, These contributions are written as /AKeK'
where ex is a unit vector along the bond.

Thus

P = 2/" .e . 8.13
If we now consider changes of the dipole moment, represented in
terms of ap/& Q, then it is found that there are, not only the }AK

terms, but also. derivatives of}'\K with respect to the internal

coordinates; these derivatives and the /AK terms forming the so-



called valence pé.rame‘bers of the molecule. These parameters enter
as variables in a system of linear equations. They are independent
of the mechanical properties of the molecule, and reflect only the
nature of the electron cloud. If the set of bond extension
coordinates is designated by r, and the remaining bending

169
‘coordinates by § then (in matrix form) we have

b‘ 3/“3 (Be‘c)e ,Lri
2o\ . M de 1de i_ .
(32)-|ofig) o] o

where (e) = (e1, €pesey ) is a row matrix whose elements are the

unit vectors along the bonds, QA) is a row matrix with the kth

effective bond dipole }*k as elements. (é-b W) is a rectangular

array of derivatives of the bond dlpole moments with respect to

the internal coordinate _r,i_ -| is a column vector of the

lg

i coordinate terms defining Q in

de! Jde

terms of r and ¢. The matrix == t-—===) determines the change in

[

direction of the bond moments resulting from vibration induced bond

appropriate normal

rotation (i.e. the rotational correction) . The most laborious part
. v \ _

of the calculations is the development of the <§_e, g% matrix. This

has been treated in detail by Gribov 162 , the result 'belng that the

bond reorientation terms 3— a can be written by
de ! - - - |
(°§ ' %%\ Nl (am 1 gt 1—[E;o]) 8.15

B and G have been defined in equations 6.24 and 6.25_.]1[_‘l is the
diagonal matrix of the nuclear masses. A is a.matrix in which the
number of rows is equal to the number of bonds, and the number of

columns is equal %o the number of Cartesian coordinates (or number
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of atoms if entries are considered as vectors). The row
corresponding to a given bond shows the value of +1 in the columns
- for the terminal atom, and -1 in the columns referring to the
coordinates of the initial atom. 3{.-1 is the diagonal matrix of
the reciporcal bond lengths. E is a diagonal squafe matrix of bond
.direction vectors, and O is the null matrix of dimensioms, of the
number of bonds by the number of deformation coordinates less the .
number of bonds. Substitution of equation 8.15 into 8.14 therefore
gives |
e (J“' ) pRY (s tel e top| b, 8.16
P Q. 31':&¢ '1‘

i
The main limitation to this formulation, is that it involves
the compuiation‘of G-1. If the chosen basis set of internal wvalence
coordinates involves a redundancy then G will be singular. To
overcome this limitation the problem can be transformed at the outset
to a molecule fixed cartesian axis system. Defining the relation
between internal and nuclear centred cartesian displacement
coordinates as R = Bg, then as the reverse relationship cannof be
directly derived as B is not square, the reverse transformation is

given as

Substitution of R = Bq gives @ = ABq and therefdre AB = E. From

equation 6.24 and premultiplying by A we have

AC = amq~'B? - : 8.18

or A =wu1pt¢™" 8.19

Use of equation 8.17 gives
g = n 8% 'R
=% T . 8.20
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L = DY,where Y represents the eigenvectors of DthD (D is the
diagonal matrix of the reciprocal square roots of the atomic
masses). Q is considered to be a normalising constant (see
referenée‘1). Now making the appropriate substitutions into

. equation 8.15 we have

S)e\ Lri-
g/ \ g,

R (2 - [E} olD)Y 8.21

-— -

The transformation of 8.18 into terms arising from a

basis set of symmetry coordinates is straightforward.

%2 =] A}& M )“eq Req'1(A M—1(S) 5‘1

1 eq

8.22

where e® is a row of non normalised symmetry direction vectors, these
being obtained by combining the unit direction vectors of equivalent
bonds in the ratio as defined in the appropriate symmetry
coordinates S_. The S_ and S¢—are the symmetry coordinﬁtes for
stretching and bending deformations respectively. (g_S/:;': -C‘;)-SA)

¢

' M ;c%>
is obtained from ) 55— | by striking out all the rows
(§Sr \ OS¢

corresponding to equivalent bonds with the exception of the first of
- -1 -
each set. Similarly /A eq and.3&eq are formed by striking out from
M andfﬁp71 all rows except one, corresponding to each equivalent
. set of bonds. (Sgst is the transpose of the (S?) matrix, where
S? are vectors defined in section 6.4. E:q is a diagonalised

matrix of normalized symmetry direction vectors.
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In the zero order approximation of this theory, all bond
moments are assumed to depend only on the variation of their own
lengths. On this basis several calculations have been carried
out for the bond moments, and their derivatives, with respect to
the stretching of their bonds, using the experimental results of
the band intensities. However, with this approximatioﬁ‘different
sets of values are obtained for bond moments and ﬂond derivatives
from the sets of thé band intensities belonging to different
symmetry species, (as happened using the bond moment hypothesis
in section 8.2 (see Table 30». Also the vector sum of the bond
moments is not equal to the total dipole moment of the molecule.
This fact suggests that this approximation is too rough to
explain the observed intensities well. This problem can, however,
be well resolved by considering the first order aﬁproximation of
this valence optical theory. This was the approach used by

Gribov.

8.3.3 Expressions for dp/JQ, of methyl iodide

After taking into account the symmetry and supplementary
relations between the angular coordinates Gribov deduced
expressions for the O R/(gQi values of methyl iodide. For A type

vibrations
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For E type vibrations

(Ao [l 881 (8- )

-3 6| 4y 3 50

Where Eé is the tetrahedral angle, ai, Bi, r? and Ri are the
normalised symmetry coordinates for the ith vibration, they are given
by the elements of thei matrix (see Table 23). The system of
vibration coordiﬁatés is given in figure 34. The dipole moment
of the C-H bond is designated by }A and that of fhe C-I bond by

fACI' Primed coordinates are used to represent the derivatives
of the bond dipole moments with respect to changes in the opposing
bonds and angles. Jve(i) is the total differential of the e (bond

rotation) vector for a given mode of vibration,

8.3.4 The A, species

The intensities of the A type vibrations are
characterised by three combinations of the valence optical parameters.

These combinations are:

I 2 3/4) ‘{‘Jf‘ 3/*]

T ode\  fode dm)) [ |
| and{%[ ("3%'* 23_5’-)’ - (2-?%-;3{,—) '(BSI - égI + ] /us1ne

Ser

Six equations for the determination of these combinations can be
set up for methyl iodide by using the intensity data for the
completely deuterated molecule CD3I, (Mills intensity data is used

for CD;T and my data for CH3I) .
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As for the method of Dickson et al (section 8.2) the unknown

relative signs of the d p/aQi. terms require that we consider all

sign combinations. These are given in Table 31.

Table 31(a) Values of the valence optical parameters for the A1
species of methyl iodide, for all sign choices of

0
r)p/aQi. Units are Debyes/A.

Parameter Sign Choices
(=) I (++4) 1 (+=—) (++-)
1M 20w\ Hor
(1) -3'(-&—“ + rrl T .266 «345 304 .38?
M I | P
(2)] =L - ) | .528 828 | -.798 -.540
(ﬁCI dRer

o 1)+ 758)
)
da ?_a’

Hor af*cr) 1
- - 5=)+ = Msin®| -.286 2351 [ -.358 .276
(3 B a SCH

Choice A Rejécted Rejected | Choice B
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Table 31(b) Recalculated values of d p/ JQ, obtained by substitution
of choices A and B (in Table 31a) into equation 8.23.
Percentage deviations from the observed values of

ap/a Q are also quoted.

' Choice A (4+—+) Choice B (4++=)
dp/3q | % deviation| dp/dQ | % deviation

CH, T |

Q .541 2.5 591 6.5

Q —.728 1.4 | +.710 3.7

Q; - | 212 2.8 ~217 0.6
cD,T

Q | 444 4.5 .368 13.4

Q, -.5% 2.0 | +.5% 2.0

Q 154 0.7 -164 | 1.2

By reversing all the sign choices in Table 31a we obtain the same
parameter values except that they have opposite signs. When the
values of Bp./aQ are recalculated using the parameter values of
Table 31a and equation 8.23 then we find that only two sets of sign
choice (given by A and B) give small percentage devia.tioné from the
observed dp/0Q values. We prefer sign choice A as the percentage
deviafions are the sméllest. | ‘

In Table 32 our values of the A clé.ss parameters are compared

with those obtained by Gribov.
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Table 32 A compafison of the values of the parameters for the A1

class obtained from this work and by Gribovléz. The

numbers (1), (2) and (3) refer to the parameters in

Table 3la.
Parameter
(1) (2) (3)
This work .266 ' .528 -.286
Gribov | .29 .50 ~.38

8.3.5 The E species
The six equations (obtained by using the intensity data
for CD3I as well) for the E type vibrations, can be used to

separately determine the five quantities

IM M S\ PP 3\
(_ N WS 75 (a—B--"—B'-) i Popand M

AI‘_‘DI‘I ’ Aa‘ éa 7

The coefficie nts of bond vibration, A\e and <§eK (which are

CI

bond dipole reorientation terms inclusive of rotational correctio% can

be calculated from Gribov's theoryléz, using Duncan et al's force

124

constant data and the equilibrium geometry given in figure 34.

The coefficients are listed in Table 33.
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Table 33 Coefficients of bond vibration for the E class of methyl
' iodide (calculated using the férce constant data of

ref.124 ; see Table 14).

CH,I 3 CcD,I 37
3 Je J‘e 3 cS‘e e
cI Z K cI . g

S4 C =.0437 +.1285 -.0600 +.1991
ab

85 -.0330 +. 750 -.0421 +.7592
ab ‘

S¢ , - =.0457 +. 989 -.0515 +.5042
ab » .

As for the A species we again had to consider all the relative
signs of Ap/ AQ.V Values of the parameters, for each of the
different sign choices, werobtained by the substitution ofb the
par‘ticularoi, matrix values a.nd coéfficients of bond vibration (see

Tables 23 and 33) into equation 8.24.

A constraint which it was found necessary to use was that, /ACI
. be directly related to f‘ « TFrom the molecular geometry it can be

seen that

C4Por - 3R(ein(-0)) = X

For B = 107.59 and D = ~1.62 D, then equation 8.25 becomes

-.9066/‘ '+/ACI =1.62 | | 8.26

In obtaining equation 8.26 we assumed that P, is defined in the

sense (CH3+< -~ I7), as in section 8.2. In Table 34 we show the values
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of the E species parameters for the different sign choices. We

assume that the (Jp/ 9Q) sign choices for CDy

those for CH,I as can be deduced from our work on the method of

3
Dickson et al (for instance see Table 29).

I are the same as

In Table 34 most of the sign choices can be rejected on the
grounds that either‘f\CI or /A have values which far exceed the
dipole moment of the molecule. We are left with two choices,

A and B. By using the same procedure as for the A class)we can

1
determine the percentage discrepancy between the observed and
calculated (3 p/<9QDé. The best set of parameters will be that
with the smallest total percentage discrepancy (see Table 35a).
In Table 35b we compare the ﬁarameters of choices A and B, with those
quoted by Gribov. Whilst it seeme that choice B has the closer
agreement with Gribov's values it can be seen that choice A gives
the best recalculatedap/&Q's. There is good agreement in the
magnitudes of/f‘ T a.nd./M .

We shall discuss the relative merits of Gribov's formulation in a
later section (8.5); when we shall compare it with both Dickson
et al's and McKean's methods. However all that remains at present
is to say that the main strength of the Gribov method is to be found
when comparing the parameters for a eeries of simple molecules. TFor
instance Gribov has shown that the relative signe of the parameter
combinations which characterise the A, and E vibrations can be

1

determined by a study of the parameters (1) and (4) for CH

3
ethane'z‘. - Similarly it is possible to observeAtrends in the:

Cl and

parameters for the'methyl halide series. Gribov noted that
parameter (2) increases markedly with bond covalency. This fact was

explained in terms of a marked increase in the effect of
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Table 35a Recalculated wvalues of ap/ ()Q, for the E class of methyl
o iodide, obtained by substitution of the parameter sets
A and B into equation 8.24. Percentage deviations of
the calculatedr)p/ oQ from the observedap/a Q (see
Table 22) are also quoted
Choice A (+—) Choice B (++)
CHyI t)p/ oq % deviation ap/ q % discrepancy
Q5 -.359 1.4 .365 3.1
Q6 -.322 106 ‘-.312 4.7
CD3I
Q4 .094 2.2 125 35.6
Q5 —.269 2.4 +0256 7-2
Q ~.205 3.9 -219 11.2
Table 35b A comparison of the parameter sets A and B with the

parameter values quoted by Gribov

Gribov - A B
; C)r ‘)r' .
(9[- M _os —.457 .06
7 ‘)a ‘)a) S
(¢ A "’f\ 27 ~.468 .534
¢ Ip
(:9066) 0 [f=) +.20 +.220 #4235
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a/‘A cﬁt - )/“ cX

c)B da

with increasing degree of overlap of the electron

g B

clouds of the CX and CH bonds. The pa.rame'ter( A—F - E—) was
found to increase at the same time, as it must since it characterised
the changé in the CX bond dipole resulting from alteration in the
angle adjoining the CX bond. Gribov concluded that, while these
parameters are highly sensitive instruments for studying effects
from various substitutions, their sensitivity reduces the accuracy
of spectral intensities calculated for complex molecules on the
basis of parameter values for analogous molecules.

. 170171
8.4 The Barrow, Crawford and McKean treatment

Parameters M i and (c)}*/é r)k = ek are assigned to each bond k
such that the extension of the bond by an amount J‘r produceé a moment
( afS/g.r)k g?r directed'along the bond, while rotation of the bond
through an angle a produces a moment, (C)/“ /<) a) . Cya = _)'(k CS’a,a‘b
right angles to the bond. The moments are assumed to add vectorially
throughout the molecule. The connection between M X and & X
and d p/aQ is usually made in two stages. First the change of
moment with symmetry coordinate, S,is calculated, from experimental
déta, using equation 8.2a; the results of which are listed‘in
Tablé 22. Secondl& the relations between 3 p/J S, and./*k:ahd e-k
are calculated. The principles of this second stage have been \
discussed in section 8.2.

The method of Barnow et al is fundamentally different from that
of section 8.2 in that, rather than having to cohsider a separate
rotational correction term, the correction term becomes an integral
part of the formulation. | Indeed the @ethod is very like that of

Gribovs (see section 8.3). ‘ .
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We have seen that the 'bond moment approximation'! involves the

assumptions that the molecular dipole moment p is given by

P =Z P e
k
where e, igs a vector along the bond k, and ”/‘Ak are vectdr parameters

along each bond. Thus a change in p is given by

S =Zk/*k Jek AR J/“k 8.21

where (g\e is a vector perpendicular to €y The first term

k

represents the contribution from bond rotation, the second to bond

stretching. In the latter of course S,Mk =€k é‘.r. ’ CS’ek and
y/‘\k have to be determined from the Cartesian displacements of
 each of the atoms in the bond k during a change in the symmetry

coordinate Sj .

- Considering an atom n and defining quantities o kn such that

6 =0 if n is not a terminal atom of bond k

g

= 41 if e points away from atom n

9
g

Q
1

= -1 if e points towards atom n.

If the Cartesian displacement vector of atom n is (7 ni then

Srk ='-ZO’ e e | . | ~ 8.28a

and cg‘ek = -Z o _1_ [()n - e (f ' ek)] | 8.28b

Substitution of equations 8.28a and 8.28b,into equation 8.27, we find

that the contribution of a particular atom n to the change in dipole



ok

moment ls‘ p is given by

| | | " | .
‘;p = ’2{ O 1 €k % (o) +%n ;k— (g ek(<>n' e) 1t 8.29

For all the atoms a further summation over n is added. Thus S P
can be represented as a sum of terms of the type (K) (C“) , where (K)

sig a row and ((’n) is a column vector.

, 72
Now the cartesian displacements ((’ n) are given by

(€,) - 6HEEHE | . s

where M—1 is the diagonal inverse mass matrix, (S?) is the matrix
of S? vectors of Meister and Cleveland (see section 6.4). S is the

gsymmetry coordinate matrix (given by equation 8.1).

We may therefore write,

-~z -1 n 71 ' N :
§p = Z® @) (D () (s) 8.31

The column vector (J p/ 98) is therefore given by a series of

terms ‘ '
=1y ¢ ~1 t
(6NEDENZ ®
or (9-1) (Dj) where (Dj) is a column vector.

The direction of l.)p/c)S is usually known: suppose it is along
the z axis.

Then we may write

J P ' .
Z o =1
a—— = D. 8. 2
( o S) 9 ( J'ez) . 3
= '(3-.1Dj (where e, is the unit vector along the

z axis).
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- From equation 8.29 it can be shown that the elements of Dj

are given as follows:-

2 =Zk(Ar)kj € oy +Ek OB)ys Mo es 8.33.
where (Ar)k. =Z (ek. ) ‘ 8.33a
iT4 T ]
O : ‘
and (AB)kj => TS {s’; - e (ek.s’j‘)} 8.33b
i P

The D matrix for the E species of methyl iodide is given in Table 36a..
The constituent parts of each D matrix element are tabulated first
according to the respec‘l;ive }Lk or ék parameter and secondly
according to the appropriate reciprocal mass 1/Mn'

The numeriéal values of }fhe coefficients of the D matrix for methyl

iodide are listed in Table 36b.

Table 36a D matrix* for the E species of methyl iodide+

€cn , Mcr Moer
1 1. 1 1 1 1
M M, M M, M M‘C—
. -oF
S 2/ V3 83/ -10{37/9 G
5 /5|-2nl% B —2¢ J6
S5.b B 6/91-2TN6/3  =10TI6/9 -5
-2]’6!51) Ir +v° {6 =
S¢ab - T3/ |+T/ V6 45(F47/3 | =5 5= 2E(F41/3)16
6 2T '
* Assuming tetrahedral angles.
1 1 1 1
R o F = e— = Sem—— T - -
Ror 2.133 Tog 1.085
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Table 36b Numerical values for the coefficients listed above

€cn V| ~e1
A 1 1 1 - 1
My Mo My Mo My Mo
S4a 1-155 1-5396 0 —1-7737 0 --5414
SSa. 0 2.1773 —1.505 -2.508 | © -.7656
S, 0 ~1.375 $:376 +1.584 |4.292  +.4835

The numerical values of the coefficients of the final

3I

equations relating bp/a S to the papameters /“k and é; for CH

and CD,I, are given in Table 37.

3
Table 37 Relation between dp/d S and bond polar properties,
for the E species of CH3I and CD3I (assuming a tetrahedral
molecule) .
CH, T 9p/3 s € e Acn A1
da 1.155 +.033 -.033
6a 0 +.707 +.045
CDBI 4a 1.155 +.051 -.051
Sa 0 -.809 -.043
6a 0 +.681 +.072

An example of the calculation of the numerical values of the

coefficients in Table 37 is shown overleaf:-' :
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contribution of € 4 todp/d 5, for CH,T

3
E -1 _
= 5 S (1.155 x 1 +1.5396:_1_)
4-4 M M,
E_-1 '
+ S (2.1773 x 1)
- E_-1
1
+ (‘10375 X
e i
= 1.155

(Values of E%’-" for tetrahedral angles are calculated from

Table 25a, by inversion of the Eq matrix) .

The equations obtained from Table 37 have a characteristic form
which provides a partial check on the accuracy of the coefficients
of the variéus /Mk and € Xk terms. Thus for the E speo'ies stretching
mode of the ZXY, group‘, the coefficient of the term in £ xy 18
E); . 8in B, where B is the ZXY angle. For the same motion the
eq'qal and opposite terms in /“XZ ahd /AXY arise from rotation of the
molecular dipole moment p = /“ xx =/ xz which must accompany the
stfetching motion to eliminate angular momentum (exact equality of the
terms only occurs for the tetrahedral case (see Table 37)). For the
symmetry coordinates sBa and 'S6a. the sum of the /A CH and/ACI terms -

in Table 37 is J2/3 ToH (for tetrahedral angles).

Using Table 37 we can express the experimentally obtained values
of Bp/é S in terms of the bond polar properties.. The uncorrected

values of c)p/é S, known to give the best agreement, are those of the

(+—) sign combination, for both CH,T and CD,T (see Table 27).
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For this calculation the same dipoie moment definition as used
in.the previous sections was needed i.e. —=1.62 =:kaI - /JCH (for
tetrahedral angles). Final values for the bond effective moments

~of CH3I and CD3I, using the Barrow Crawford and McKean method, are

given in Table 38.

‘Table 38 Final bond effective moments for CH3I and CD3I derived

o *
from the sign combination (+—-Q, in D/A. The E species

(using tetrahedral angles).

Sfer Sshem 8¢ Mem
% S L1387 446 502
o,T 1280 | .162 194
Averaged data <1334 454 +498

* compare averaged data with that from Table 30.

8.5 General Discussion

Hornig and McKean'’® presented a large amount of evidence to

show that the three assumptions of the bond moment hypothesis (see
-gection 8.2) have only a relative validity. From different bending
vibrations in a given molecule values of kaH were estimated;
according to the hypothesis these should be equal;‘ in practice this was
found not to be the case. For ofhef molecules totally different values
Of,PKCH were obtained. For example, in ethylene, )A cy “ae found.to be
0.3D or 0.7D depending on the type of vibration considered.

Therefore using the bond moment hypothesis as applied by

Dickson et al (see section 8.2), it is no surprise to find that, for

methyl iodide, there is little relation between the values of‘}&CH
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derived from the different symmetry species (see Table 30 .
Similarly the wvalue of é;CH in the A1 claés ig different to that
in the E class. In consideration of this fact, it was suggested
that the main theoretical reason for this situation, was that on
vibration'there are réhybridization changes, due to electron flow
from one part of the molecule to another. It was also considered
that, during a molecular vibration in which the valence angles at a
Vcentral atom were changing, it should not be supposed that the
hybridization at this atom necessarily followed the directions of the
bonds, and always pointed directly towards the bonded atoms; but
rather, there ﬁight be partial following leading to bonds which, in
the displaced situation, could be called *bent' bonds - to distinguish
them from the more conventional straight Bonds. Thus it was assumed
that changes of interbond angle about the central atom lead to changes
of the sp3 hybridisation (for CH3I) in the bonding orbitals on the
central atom, due to "orbital following" of the bending coordinate.
Therefore we would expect that different vibrations of methyl iodide
would cause different changes in the interbond angles about the central
carbon atom, and thus different changes in the hybridization of the
bonding orbitals. Hence it would be reasonable to assume different
valués forJﬁ*CH from the different symmetry species.

As we saw in section 8.3, Gribov resolved the problem by using the
first order approximation of the theory. Taking into account the
dependence of a bond dipole on the variation of its neighbouring
internal coordinates, he pointed out the necessity of intrbducing the
bond moment derivatives with reépect to some neighbouring internal

coordinates.
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‘ Looking at Gribov's formulation in general terms, we consider
that the S2 term (of Dickson's formulation, Table 30) is not
merely'}LCH but rather contains a complex sum of cross deri&ative
terms as well, some of which could be large (and which could have
opposite signs to }*Cﬂp' Thus it is probably purely accidental
that the magnitudes of the 32 /ACH and SS/ACH terms in Table 30 are
about the same. Similarly we suggest that the S1€:CH term has an
entirely different combination of terms compared with S4€ECH.

While Gribov's formulation is reasonable, from the viewpoint
of the necessary variation in electron distribution with the
displacement of atoms on vibration, the principle disadvantage of
this first order approximation to the theory is that the parameters
cannot be obtained individually. Only the linear combinations of
the parameters can be determined from the intensity calculation
(see Tables 31 and 35). Some of the individual parameters can be
estimated by considering a whole series of molecules.

McKean's method of formuiating the rotational correction is
very similar to that of Gribov. The method has the same starting
point as that of Dicksoﬁ et all(i.e. the uncorrected o p/<98 values
of Table 27); but rather than having to follow the rather tedious
procedure of determining a separate rotational correction, the
rotational correction is inherent in the method. McKean's method is
easy to formulate for tetrahedral anglesjhowever for non—tetrahedrai
angles it becomes extremely complex. The other difficulty could
arise from the determination of (3’1 (as in Gribov's method). The

method gives the same bond effective moments as the Dickson method

@lthough there is better agreement between the values from s5/ACH and

S6AMCH) and thus suffers from the same difficulties in interpretation



of the parameters. It should be noted that the values of the
parameters obtained from CH3I and CD3I are in very good agreement
(see Table 38).

In conclusion it seems clear from our assembled data that no
rigorous division of p into fixed bond contributions is really
acceptable using the form of bond moment hypothesis favoured by
Dickson et al, though it does succeed in giving an approximate
interpretation of the observed intensities. We therefore suggest'
that Gribov's formulation provides the best general pictufe of the
effects of vibrations in the methyl iodide molecule, with respect
to the two iéotopic species‘CH3I and CD3I.

With regard to the sign combination of the experimentalzlp/a Q

values, we have shown that the E class signs are absolutely

determined if p is given by

P =P or ~Mog vwhere p = -1.62D. .

However only the relative signs of the A1 class have been determined.
Perhaps when m.o. theory is more developed these could be determined
absolutely. Using the basis of familiar ideas about the changes in
atomic hyhridization on the bending or stretching of bonds the
.magnitudes and signs of d p/(as for molecules composed of 1st row
elements and hydrogen have been c:a.lcub.la.’(:ed.w4 « However it is
‘obviously a much more complex situation to calculate the magnitudesv

and signs ofap/ 0§ for CH3I by this method, as Jodine is a fourth

row element.
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) : APPENDIX 1
A listing of program VANSA,used for the processing of data
from infra-red spectra.The computaticns perfomed are:
| (a)Input of I, and I,using a sampling imterval of AV
(b)I, and I ere corrected for slit width distortion,using the Eill-
Steele method, (subroutine SLT),
(c)Calculation of , Ti'l' ln\(Io/I)), dlny
(d)Determination of the true band maximum,using subroutine MAXIM.
(e)Calculation of the normalised Fourier tramsform of the band profile,
* with frequency as the independent variable, (subroutine SECSUM).
(f)Calculation of the natural log (1n) of the real part of C(t),and
~ the natural log of the modulus of C(t).Graphs of In C(t) against

time are given,(using subroutine PLOT),
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PROGRAM VANSA (INPUT,OUTPUT)

DIMENSION AINT(200), me(aoo),RATs(B),RATF(e),m(s,u),mscn(zo), .
ZALN(200), CPR(3,3), CTA(3, 1), C1(3,3),A(3), CT(80, 1), CINR (B0, 1),
ZCcI(80,1),CcTMOD(80,1), M(300), DP(300)

COMMON SAMP, A, SFR

COMMON/BLOCKCT/ CTNR, CTNI, CTMOD

COMMON/BLOCKCT/CT

READ 100, DESCR

PRINT 100 DESCR

FREQS IS THE STARTING FREQUENCY; FREQM IS FREQUENCY FOR MAXIMUM

ABSORPTION;SAMP IS SAMPLING INTERVAL;NP IS NO. OF PTS.;SLIT IS

SLIT WIDTH IN CM-1;AINT IS SPECTRAL TRANSMISSION;BINT IS

REFERENCE TRANSMISSION;BASE IS BASELINE (lm. mAKSMI'ITANCE)

READ 101,FREQS, FREQM, SAMP, NP, SLIT

PRINT 12, FREQS, FREQM, SAMP, SLIT, NP

READ 103,BASE

READ 102, (AINT(I),I=1,NP)

IF (AINT(NP).LT.0.0) GO TO 199

READ 102, (BINT(I),I=1,NP)

IF (BINT(NP).LT.0.0) GO TO 199

CORRECT I0 AND I FOR ZERO PER CENT

DO 8 J=1,NP

8 AINT(J):AINT(J)+BASE

DO 9 J=1,NP
9 BINT(J)=BINT(J)+BASE

ACCS=0.0

ACCF=0.0

J=NP

CHECK INTENSITY IN WINGS IS V.SMALL,IF NOT ZERO

DO 10 I=1,6

RATS(I)=AINT(I)/BINT(I)

ACCS=ACCS+RATS(I)

RATF(I)=AINT(J)/BINT(J)

ACCF=ACCF+RATF(I)

JuJ-1

10 CONTINUE

IF (ABS((ACCS-ACCF)/ACCS).LT.0.01) GO TO 1

IF (ACCS.GT.ACCF) GO TO 13 _

SCALE=ACCF/6.0
-~ G0 TO 1k

13 8CALE=ACCS/6.0
GO TO 14
11 SCALE=(ACCS+ACCF)/12.Q
14 CONTINUE
DO 15 I=1,KRP
15 AINT(I):AINT(I)/(BINT(I)*SCALE)

PRINT 200, (AINT(I),I=1,NP)

SAMPM=ABS (SAMP)

SLIT CORRECTION

CALL sLT (NP, SLI'I‘,AIN'I‘,SAMPM)

PRINT 200 , (AINT(I),I=1,NP)

FREQ=FREQS

DO 16 I=1,NP .

IF 2AIN'I‘(I).GT «1.0) AINT(I)=1.0

ALN(I)=-ALOG(AINT(I))/FREQ
16: FREQ=FREQ+SAMP
PRINT 209, (ALN(I),1,X¥P)
SUMX=0,0
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CALL INTEGRA (SUMX,ALN,NP,SAMPM)
READ 10s5, C, PL

PRINT 103, C,PL
CINT=SUMX/(C*PL¥1.00)

PRINT 201, CINT
Y=(FREQM-FREQS ) /SANP
MAX=IFIX(Y+1.005)

F1=FREQM

JFR=IFIX(F1/10.0)

SFR=10.0%JFR

SFR=SFR=-10,0

PRINT 520,MAX, SFR

c SET UP LINEAR EQNS. TO SOLVE FOR FREQ. MAXIMIM, MATRIX IN CFM.

- C FREQUENCIES ARE REDUCED BY 100*SFR

FJS=F1-SFR ‘
ICT=MAX-2
DO 17 I=1,5
DO 18 J=1,2
FJI=aFJS**J
18 cm%:[, J)=FJ
CMM(I,3)=1.0
CFM(I, 4)=AINT(ICT)
ICT=ICT+1
17 FJS=FJS+SAMP |
Do 24 1=1,3
DO 24 K=1,3
CPR(I,K)=0,0
CI(I,X)=0.0
DO 24 J=1,5 ‘
2L CPR(I,X)=CFM(J,I)*Cm4(J,K)+CPR(I,K)
0 25 J=1,3
CTA(J)=0.0
DO 25 I=1,5 '
25 CTA(J)=CTA(J)+CPM(T, J)*CFM(IL, &)
DET=0.0
CALL MATRIX (10,3,3,0,CFR,DET)
PRINT 208, DET
c MATRIX IS LIBRARY ROUTINE ,PUPS INVERSE OF CPR INTO CPR
NOW DO INVERSE TEST - :
DO 26 J=1,3 :
A(J)=0.0
D0 26 I=1,3
26 A(J)=A(J)+CPR(J,I)*CTA(TI)
PRINT 207, (A(J),J=1,3)
TFMX=0.0
CALL MAXIM (AINT(MAX),F1,TRMX)
PRINT 202, TRMX - o
K=MAX=1
L=NP-MAX
CALL FIND (ALN,DP,IM,MAX,NP,K,L)
Q=l
PO=ALN(MAX) ‘
CALL SECSUM (IM, DP,FO,SMX, K, L, Q, SAMPM)
CALL PLOT
199 STOP ' .
12 FORMAT (10X, *BAND CENTRE IS',F10.l4,//, 10X, 'STARTING FREQUENCY IS
2,F10.4,//,10X, 'SLIF WIDTHa',F10.4, 'SAMPLING FREQUENCY=',F10.5,//,
710X, 'NO. OF POINTS=*,Ik)
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101 FORMAT (3F8.3,I4,F6.3)
102 FORMAT (16F5.0)
103 FORMAT (F6.0)
104 FORMAT glox, ! CONCENTRATION=',E12.5,//, 10X, '"PATH LENGTH=',E12.5)
105 FORMAT (2E12.5) '
200 FORMAT (1H , 10X, 'CORRECTED TRANSMITTANCE',/, (10(2X,F6.4),/))
201 FORMAT (1H ,6X, 'INTEGRATED INTENSITY=',E12.5,"* Ma/mL',/S
202 FORMAT &m » 10X, '"TRUE MAXIMUM',E12.5,//)
207 FORMAT (1H ,3El2.5)
208 FORMAT (10X, 'DET=',El12.5,/)
209 FORMAT _§m » 10X, *ABSORBANCES!, /, (10(2X, F8.5),/))
520 FORMAT (10X, 'MAX=',I,//, 10X, 'SFR=',F9.5, /§
ERD _

100 FORMAT EEOALL)

SUBROUTINE SLT (K,S,G,DIFF)
DIMENSION G(200),DeI(200)
PX=8 . ¥DIFF*¥2

I=K-7

X=5%x2/12,

DO 101 M=1,I

M1=¢41

M3=M+3

Mi=M+ht

M5=M+5

M7=M4+T e
101 D21 (M4)=(G(M1)-G(M3)-G(M5)4G (MT) ) /PX
I0 102 M=l,I
o Mi=Mab -
102 G(Mi4)=G(Mh)-X*D2I(Mk)
RETURN
END

SUBROUTINE INTEGRA (SUMX,G,N,DNU)
DIMENSION G{200) _
SUMT=0.0
PO 1 JC=1,N

1 SUMT=SUMD+G(JC)
SUMX=(2,*SUMT'-G(1)-G(N) )*DNU/2,
RETURN
END

SUBROUTINE FIND (D,DP,IM,0,M,K,L)
DIMENSION D(200),DP(300),M(300)
INRTEGER O :
K=0+1
D0 1 J=K,M
I=J-K+1
1 DP(I)=D(J)
K=I
L=O-1
DO 2 J=1,L
I=leJ+l
2 ™(I)=D(J)
RETURN

END
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SUBROUTINE MAXIM (AY1,F1,TRMX)
DIMENSION A(3)
COMMON SAMP, A, SFR
F2=F1=-SPR+(0.1%SAMP)
M=A(1) £ A2=A(2) £ A3Z=A(3)
19 ATEST=A3+F2%(A2+F2*Al) ,
PRINT 205,AY1,ATEST
IF (An-ATESTS 20,20,21
£0 AY1=ATEST
F2aF240,1#SAMP
GO TO 19
21 F2=F2-0,1%SAMP
ATEST=A%4F2%(A2+F2*A1)
IF (AY1-ATEST) 22,22,23
22 AY1=ATEST
GO TO 21
23 TRMX=F2+0,1*SAMP+SFR
205 FORMAT (1H ,2E12,5)
RETURN .
END
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SUBROUTINE SECSUM (IM,I¥P,FO,TT,K,L,Q,SAMP)
DIMENSION CI’NR(BO,l),C‘I‘HI(BO,lS,CB\DD(SO,l),N(}OO),lP(}OO)
INTEGER Q,R .

COMPLEX SP, SM, EP,EM,S
COMMON/BLOCKCT/CTNR, CTNI, CTMOD
DATA PI/3.1k17/
TIME=O,
CON=2,99TT642 . %P1

DO 711 R=1,70
CONST=ITME*CON
sp=(0.,0.)

sM=(0.,0.)
D=SAMP*CONST

EM=CMP1X (COS(D),SIN(D))
EP=CONJG (EM)
DP(K)=DP(K)/2.
DoM(L)=DM(L)/2.

0 1 J=1,K

I=K-J+1

1 SP=DP(I)+SP*EP
SP=SP*EP*SAMP
Do2 J=1,L
I=L-J+1

2 SM=SM*EM+IM(I)

SM=SM*EM*SAMP
S=SP+SM+FO*SAMP
RE=REAL(S)
AIM=ATMAG(S)
Q=1

Ci'NRgR,Q)nRE/’IT ,

CTNI(R,Q)=AIM/TT o '

CTMOD(R, Q)=SQRT (CTNR(R, Q) **24CTNI (R, Q)**2)

711 TIME=TIME+0.0005

PRINT 836

PRINT 835, (CTNR(R,Q),R=1,70)
PRINT 837 ‘
PRINT 835, (CTNI(R,Q),R=1,70)
PRINT 838

PRIRT 835, (C'IMOD(R: Q),R=l,70)

835 FORMAT (8(21X,5(E12.5,1X),/),/)

836 FORMAT (1H , 'REAL PART OF TRANSFORM',/)

837 FORMAT (1H , "IMAGINARY PART OF TRANSFORM!, /)

838 FORMAT (1H , "MODULUS OF TRANSFORM',/)

RETURN » :
END

SUBROUTINE PLOT

DIMENSION CTLOG(80,1),cT(80,1),CTNI(80,1),CT™OD(80,1)
REAL LINE(101)

INTEGER Q,R

COMMON/BLOCKCT/CT, CINI, CTMOD ,
DATA STAR, DOT, BLANK, PLUS, ZERO/1H*, 1H,,1H , 1H+,1HO/ -
Q=1 '
PRINT 729

FAC=80,

TIME=0,

IRN=70 = -

DO 423 R=l,70
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IF éCT(R,Q).LE .0.0) GO TO L2k
IF cmoD(R,Q).m.o 0) GO TO L2k
423 CONTINUE
GO TO k2s
Yoly TRN=R-1
425 DO L26 R=1,LRN
C‘I’IDG(R,Q)qAI.OG(CI‘(R,Q))
426 CONTINUE
DO 427 1=1.101
LINE(L)=BLANK
427 CONTINUE
PRINT 730
D0 428 R=1,70
LINE(21)=DOT
L=IFIX(CT (R, Q)*FAC+21,5)
LINE(L)=STAR
IJ=IFD((C’I'NI(R,Q)*FAC+21 5)
LINE(IJ)=PLUS
IK=IFIX (CTMOD(R, Q) *FAC+21.5)
LINE(IK)=ZFRO
PRINT T731,LINE,TIME
LINE(L)=BLANK
umgm)ﬁm«x
LINE(IK)=BLANK
428 TIME=TIME+0.05
LINE(21)=BLANK
TIME=0.
PRINT 732
PRINT 733, (crmG(R,Q),R=1.mn)
TFAC=-100.,0/CTLOG(LRN, Q)
DO 429 R=1,LRN
L=IFIX(CTLOG (R, Q) *IFAC+101.5)
LINE(L)=STAR
CTLOG (R, Q) =ALOG (CTMOD(R,Q))
IK=IFIX(CTLOG (R, Q)*TFAC+101.5)
LINE(IK)=ZERO
PRINT 73k4,LINE, TIME
LINE(L)=BLANK
LINE&IK) =BLANK
LINE(101)=DOT
429 TIME=TIME+0.05
PRINT 733, (CTLOG(R,Q),R=1,LRN)
729 FORMAT (20X, 'NORMALIZED FOURIER TRANSFORM OF BAND PROFILE WITH
ZFREQUENCY AS INDEPENDENT VARIABLE®)
730 FORMAT im »20%,//1/)
731 FORMAT (1H ,1X,101A1,1X, 'T=',Fk4,2,1X, "PICOSEC') “
732 FORMAT (1H , l»ox 27H NATURAL Doc(c('r)3 VSe TIME, /, HIX, ®5ksesesmeens
TR / '1ST. ALOG(REAL C(T)) , 2ND. ALOG(MOD c(T))*,/)
T53 FORMAT (k(anx,s(mz 551X),/)5/)
T34 FORMAT (1H ,6X,101AL, 1X, 38 m-,Fh 2,1X,8H PICOSEC)
RETURN
END
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Interactions between benzene and hexafluorobenzene lead to a frequency shift and a broadening
of the band arising from the out-of-plane CF bending vibration (a,, species). It is deduced that the
intermolecular interactions are short lived, stochastic, are not simple polar interactions and that the
resulting forces are directed perpendicular to the ring plane. This is based on symmetry consider-
ations and on the concentration dependence and. magnitudes of the frequency shifts and of the Fourier
transforms of the absorption band contours. Assuming that vibrational relaxation occurs through
dissociation of ‘the:gomplex -with :100 % ‘efficiency, leads ito- lower limits for the rate-constants for
complex formation and dissociation. There are still a number of outstanding problems of inter-
pretation.

Any absorption band is characterised by three parameters, its frequency, its
intensity and its band contour. For vibrational absorption bands in the liquid or
solution state, the latter parameter was neglected as a source of molecular information
until ten years ago. A probable cause of this neglect was the use of the Schrodinger
picture of stationary energy states. Viewed from this angle, the transition frequency
and intensity of a band are both well defined molecular parameters, but the band
contour is determined by entirely separate considerations, such as Doppler broadening
and collisional interactions. Translation of the problem into the Heisenberg formula-
tion shows that the Fourier transform of intensity with respect to the frequency shift
from the band centre leads to the autocorrelation function of the transition moment.!+?
If the transition moment at a time ¢ is written as m(¢)u(t) where m(t) is the magnitude
and a(t) is a unit vector defining the direction of the moment, then

{m(oyu(t) - mO)u(0)y j T (v) exp[i2n(v—vo)t] dv
m(0)? j I'(v)dv

= G,(). )

v, is the frequency of the band centre; T'(v) is In(Z,/I), where (I,/I), is the fractional
transmission at a frequency v; the integrations are over the entire band and m(¢)u(t) =
Y lely">.

If m(¢) is independent of time and if the motions of different molecules are un-
correlated, then the Fourier transform of the absorption intensity simplifies to the

t present address: Dearborn Chemicals Limited, Water Treatment Division, Foundry Lane,
Ditton, Widnes, Lancs.
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autocorrelation function of the unit vector defining the direction of the transition
moment :

[ T N A

f r(v) exp[i2n(v— vo)t] dv
j re)dv .

" Until recently it has been assumed that G,(¢) is governed solely by the reorientation
of the transition dipole with time. However, it is now clear (see below) that vibra-
tional relaxation, vibrational frequency shifts and vibrational rotation interaction all
frequently contribute to a significant degree. We shall show in a future publication
that vibration rotation interaction produces predictable changes in the expansion of
correlation functions in terms of time.®> For our present purposes this may be neg-
lected. : In a low viscosity fluid, it appears that separation of the total autocorrelation
function into rotational and vibrational parts leads to the identification of two quite
different situations. - If vibrational relaxation (or, more generally isotropic relaxation)
and vibrational frequency shifts are independent of rotational relaxation, the Gl(t)

can be expressed as the sunple product of the rotatlonal and v1bratlonal contrlbutlons
Thus: .

P o s W) = Gy()-Gar(D).

The stochastic behaviour of the intermolecular interactions in this case leads to the'
result that at times, which are long compared with the average time between collisions,
both Gy(?) and Gx(¢) show an exponential decay with time. This is shown to be the
situation for the a,, band of hexaﬂuorobenzene in the solvent system benzene+
cyclohexane

_If on the other hand there is 51gn1ﬁcant couplmg between translatlon and v1bra-
tlons a non exponential decay of G(#) results. An example of this behaviour is
probably shown by the out-of-plane CH bending modes of benzene in polar solvents.®
The increase in rate of decay of G,(¢) for these vibrations over the corresponding
values in cyclohexane is a Lorentzian function in #.  Also, broadening is proportional
to the dipole moment of the solute.

When hexafluorobenzene (HFB) and benzene are mixed in equlmolar quantmes,
the system has a melting point 20°C higher than that of either component.5" It was
inferred that HFB and benzene complex, and a considerable number of experimental
studies have now been made on the system. - The observed effects of the interactions
have been disappointingly weak. The dipole moment for the postulated complex was
shown to be less than 0.1 debye.” -~No charge transfer bands have been identified and
as recently as 1970 it could reasonably be stated that “ spectroscopic evidence for
‘complexing has been ‘conspicuous by its absence ”.8. Thermodynamic properties
of the mixtures clearly show interactions do exist in the hquld state, but the interaction
forces seem to be quite weak [see ref, (8) and earliet references therein].' - It has been
suggested that the interaction is purely electrostatic and is probably of a dipole~
quadrupole type.” Powell, Swinton and Young applied the statistical theory of
Rowlinson and Sutton to measurements of gas-liquid critical temperatures and de-
duced that there is an angle dependent force, but were of the opinion that the inter-
‘action is short lived and could probably be explamed without 1nvokmg spec1ﬁc
'covalent bonding forces.'® - “
** In the following it is shown that subtle chanves in the spectrum of HFB resulting
‘from interactions with benzene glVe new msxght into the molecular dynanncs and
forces obtaining in the system.

. ) (u(O)-u(t))— = Gu®).
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EXPERIMENTAL = .1

Hexafluorobenzene was a spectroscopically pure sample from Bristol Organics Ltd.
Acetonitrile and cyclohexane were of spectroscopic quality from B.D.A. Spectra in the
region of the a,, mode of hexafluorobenzene were recorded both on an RIIC FS 720 inter-
ferometer and on a Perkin Elmer 325 double beam spectrometer at resolutions of about
2.0cm™!, The transmission linearity of the PE 325 was verified as being within 0.5 % by
the use of calibrated choppers. Good agreement was obtained from the different runs on
frequencies and band widths. The interferometric studies suggested- that the a,, band
increased in intensity by about 30 % in going from cyclohexane solution to benzene solution.
However, the PE 325 measurements showed that no increase occurred on addition of ben-
zene to cyclohexane up to at least a 1 :1 mixture. A small increase of 10 % occurred in
going to HFB in pure benzene. ~ All these measurements were made at an HFB concentration
of about 0.08 mol dnt—3 and in a caesium iodide or polythene cell with a 2 mm path length.
The discrepancies in intensities arose because of difficulties in locating the background on the
interferometer trace:. It would appear that the extended but shallow wings of the band in
cyclohexane were not noted in the spectral noise. - The error decreased in the much broader
band in benzene.. The interferometer results were previously reported. to lead to an equi-
librium constant for the HFB-benzene association of 1.0 dm3 mol~* and a broadening
proportional to the complex concentration.!! These results were in error and serve to show
the difficulties which can occur when seeking to derive equilibrium constants from bands which
change in contour.

Data were processed on a CDC 6600 using programs developed in our laboratories. All
data were corrected for slit width distortion using the formula

2
1) =TO-5270) |
where 1(v) and T(v) are the true and apparent transmitted 1ntensities and s is the spectral slit
width.'? This method has an advantage over full spectral deconvolution in that it can be
applied even when the absorption does not decrease to zero at the spectral limits and also in
that it is simple and rapid to apply. Correctxons due to refractlve index and field: dlstortmns
were so low as to be neghgnble s . -

"RESULTS AND DISCUSSION )
_ The most significant observation is that no e;, band is affected in any way by
change of solvent whereas the a,, umbrella mode suffers both an increase in wave-
number of 5 cm—! in going from cyclohexane or CS, to benzene solution and a drastic
change in band contour (see fig. 1). This suggests that benzene and HFB are inter-
acting on collision in such a way as to perturb those orbitals which are symmetric with
respect to the Cq axis. Such an interaction would arise from 7—=n complexing. The
lack of any significant intensity change.in the a,, mode does not exclude the possi-
bility of long lived complexing:of the n—n type but suggests that it is not. very probable.
‘The bands are reasonably symmetric in all solutions. Since the band centre moves by
about one half band width this excludes the pessibility that such broadening arises
from overlapping of bands due to molecules in different long lived states of aggrega-
‘tion. - By long lived in this context, we mean existing for longer than the reciprocal
.of the radial frequency separation between the bands in the two pure solvents (~1 x
10— 12 S)

.On this basis we can expect the changes in the Fourier transforms of the bands in
the solutions to give information on the relaxation mechanisms for the vibration in its
various environments. . The lack of any. second isotope of fluorine simplifies the
procedure. We have made no effort to account for the shift of band centre.resulting
from the natural *3C content on the grounds that the effect will be small and that it
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Fi1G.1.—The @2u absorption band of hexafluorobenzene (A) in cyclohexane so]utnon and (B) in benzene

solution (2 cm path length and 0.08 mol dm3).
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will not vary between the different solutions. -The complex transformation (1)
yielded In[G(2)] against ¢ graphs such as those shown in fig. 2 and 3. The initial
curvature of the plot for the cyclohexane solutlon is 31m11ar to that expected for a
simple free rotor 13:

i= Gty = 1- 2(kT/h)Bt’+1n51gmﬁcant terms in kT/he), n=2. . (2
tlme/ps '
% 0.0 ol ‘o2 03 0.4 P N
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-0.02
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- 0.04
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- QOGT

= 0.07
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-0.11
- 0,12
-013

—-0,4

FiG. 3.—An expansmn of that part of ﬁg 2 referring to the short time behaviour (< 0.5 x 10-125s).
= T is the free rotor curve. i

Up to 0.5 ps the In G(7) cutve lies about 20 9 below the theoretical free rotor curve.
The initial discrepancy at least is due possibly to experimental difficulties in measuring
the intensities in the wings. Two alternative broadening mechanisms seem plausible.

If the a,, vibration of the C¢F¢ molecules is sensitive to the surrounding solvation
sheath and if the enyironment changes within a time scale of the order of the remprocal
of the radial frequency difference between the transition frequencies in the two environ-
ments (7, & 1/Aw), then exchange broadening will occur. In the event of very fast
exchange (7. < 1/Aw) then coalescence to a single sharp band will occur, whereas if the
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exchange time can be reduced so that 7, > 1/Aw separate bands from the different
solvated species will appear. The alternative explanation for the broadening is that
it arises from an induced vibrational relaxation of the a,, vibration. The origin of
the relaxation may be due again to the solvation exchange, but the principle difference
from the kinetic effect is that an increase in the exchange rate can never lead to a
narrowing of the band. Our present data does not allow us to distinguish between
these two processes. 'We favour the vibrational relaxation mechanism and will
continue the discussion in this light. This discussion is not significantly affected by
which of the two processes is responsible.

For the benzene solution the entire curve lies below the G(f) curve for cyclohexane
solution. No adequate explanation for the short time behaviour can be advanced.
Extrapolation backwards of the longer time behaviour suggests a relaxation, in addi-
tion to that arising from free rotation, peculiar to the short times. - Since our overall
interpretation indicates that association is a short lived affair, the short time behaviour
ought to represent free movement of HFB in the cavity fields. Indeed the changes in
ey, band intensities from gas to pure liquid are adequately explained by simple
dielectric field theory.!4

At times longer than 0.5 ps, there is a good linear relationship between In[G(¢)] and
t for all solutions. Two important deductions can be made. First, it indicates that
experimental errors in the measured intensities within at least 30 cm~* of the band
centre are very small as far as the correlation functions are concerned. It would be
more than fortuitous if errors converted a non-linear relationship into a linear one.
Secondly we see that all the relaxation processes involved at these times are random.
Coupling between translations and vibrations would lead to a Lorentzian contribution
to G(z).° *% It is possible that the observed reduction in f at high benzene concen-
trations is due to exchange narrowing. - This would be in accord with the continuing
increase in Av. However, we failed to see a change in band widths on varying the
temperature by 50°C. We would have expected the exchange rate to vary signi-
ficantly over this temperature if only as a result of variation in the molecular velocities.
If we further assume that the rotational correlation function is given by § for the
cyclohexane solution and is unaltered by addition of benzene then we can write:

G(t) = con‘s_tkant +G(0) exp— (B, + Bt

where B, and B, are the reciprocal relaxation times for vibration and rotation res-
pectively. Extraction of B, for the various solutions and plotting this against the
-concentration of benzene yields the curves in fig. 4. All (8,+ B.) values were derived
by a least squares fitting of some 50 points in the linear portions of the In G(f) against ¢
graphs. ‘It appears that 8, + B, increases linearly with benzene concentration almost
up to its asymptotic value.  If B, was proportional to the extent of complexing and f.
was constant, the variation of B,+ . would have been such as shown for curve (B).
It is probably unrealistic to expect such behaviour on account of solvent cage effects
alone. - The asymptotic behaviour of f is reached at about 35 9 benzene. At this
concentration the HFB molecules are probably embedded in a cage of benzene
molecules. It follows that well before this point relaxation and pairing is going to be
enhanced above and beyond the expectations for a simple bimolecular reaction.
Some support for the above interpretation comes from the observed vibrational
frequency shifts of the a,, mode, which accompany the addition of benzene. . These
shifts are considerable, being up to 5 cm™! in 210 cm~!. There is an excellent linear
relationship between the shift and § up to the maximum value of the relaxdtion
constant.. Thereafter, while § changes only very sli ghtly, the<drequency shlft contmues
‘to increase at its previous rate. -~ . . v S s QG
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FiG. 4.—A plot of the reciprocal relaxation time (B = By + Br) against concentration of benzene.

The concentration of hexafiuorobenzene is 0.8 mol dm—2 in cyclohexane + benzene mixtures [curve

¢A)]. Curve B is as expected for a property arising from a HFB + benzene complex with an equili-
brium constant of 0.625 dm® mol-* and assumes B(0) = 0.545s~* and B(max) = 1.445s L.

The out-of-plane py vibrations of aromatic systems increase in frequency on
addition of polar solvents, and the bands are broadened. Lalau proposed *¢ that
these effects were due to polar interactions of the type )

Qu —Qo
C

i Y-Qu/ _i.‘-._Qo/‘
- C 0o -

where O representsa terminal atomof any polar bond. If r is the distance between the
polar group terminal atom and the hydrogen nucleus then the increment to the force
constant for movement of the hydrogen towards the C-—O axis is QyQo/d4meor>.
Substitution of accepted values for these parameters gives excellent agreement between
calculated and observed shifts for systems such as acetone + benzene and acetonitrile +
benzene. There are difficulties with the model which are discussed below. However,
the predicted magnitude of the shift for the benzene+ HFB caseis far too small to
account for the observations. Taking the CH and CF bond dipoles as 0.3 D and
0.6 D:(1x103%and 2x 10-2° C m) *7 18 and taking the average distance of approach,
r, as about 2.3 A then the extra dipolar restoring force is 0.0010 mdyn A-! (0.10 N
m~1) which is to be compared with the actual force constant for movement of the
- fluorine out of the plane of 0.2 mdyn A-! (20 Nm-~!). This would explain only a
-0.5cm™* shift. In fact there are other difficulties with the model. If we accept a
model in which the interacting bonds are collinear, it is difficult to see why only the
out-of-plane CH vibrations are affected. It might be expected that the in-plane By
modes are affected equally. No shifts or band broadening are observed for the in-

.-
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plane modes. A more favourable configuration than that suggested above might be
one in which the two dipoles were opposed in the manner

plane of ring—C—H

C—F.

In this configuration only the y modes would be affected, but now the modification to
the restoring forces through electrostatic interactions must be much reduced since
during the y distortion one pair of interacting poles will approach while the other
recedes. It appears then that, at least for the case being investigated, electrostatic
interactions are an inadequate explanation of the observed phenomena. We postu-
late that the observed frequency shifts arise from n—=n interactions which modify
the restoring forces. This seems reasonable, but the relation between the frequency
shift and the reciprocal relaxation time shown in fig. 5 must be rationalised. It
should be noted that the observed sharp change in gradient in the § against Av curve
occurs at a very high benzene concentration (35 9). This indicates that at an attain-
able concentration all excited molecules have achieved their maximum relaxation
rate, but that the HFB molecules have not yet been surrounded by the maximum
density  of benzene molecules. A continued increase in the number of benzene .
molecules in the HFB environment leads to further increases in the restoring force.

141 ®
® ®
x
2t ®
x *g
* 1
1oF *®
B
. ® -
0.8} ®
Xy
o8l x
*
: | L )
T 2 3 4 5

Avfem—t -

Fig. 5.—A plot of reciprocal relaxation time against frequency shift for the HFB + benzene + cyclo-
. hexane system. ’

Indeed the continued increase in Av up to 100 9, benzene solvent is in accord with the
thermodynamic evidence that the association energy between HFB and benzene is
very small. Some studies of the temperature dependence have been made. Experi-
- mental difficulties have resulted in the results being of low accuracy, but any temper-
ature effects on bands widths over a 50°C temperature range are clearly very small.
Small frequency shifts of 0.03 cm~! °C~! were observable. ~ If the kinetic exchange,
rather than the vibrational relaxation, mechanism is responsible for the band width
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¢ffects we would have expected to have seen some sign of further band narrowing in
the benzene+C4F¢ solution on increasing the temperature. - This is based on the
assumption that the observed fall off in Av; as compared with the frequency shift, is
due in this interpretation, to exchange narrowing.

While it is easy to visualise the manner in which interactions (charge transfer for
example) can lead to an increase in the y restoring force, the mechanism of vibrational
relaxation is less obvious. In the time intervals involved, vibrational energy transfer
seems most unlikely. It may be significant however that the vibrational quantum is
very close to kT (~210 cm—*). Differences between the effective bond dipoles as
derived from intensity measurements of in-plane and out-of-plane fundamentals of
benzene and HFB 17-1? have been interpreted as showing that there is an electronic
rehybridisation moment resulting from movement of the H or F atoms out of the plane
of the ring. It follows that any n-n interactions will be modified to some extent
by y type motions. - It could well be then that in a dissociation process the vibrational
quantum has a significant probability of being degraded into thermal energy. This
process will be rendered much more likely by the similarity in magnitude of 47 and Av.
The implications of such a process will now be explored. - If every dissociation of a
molecular pair involving a vibrationally excited HFB molecule led to vibrational
rélaxation, then from the data in fig. 4 we can deduce that the equilibrium constant
for complex formation is about 0.8 mol dm—3... Taking the reciprocal lifetime of the
complex as the asymptotic value of 8, we deduce the dissociation rate constant to be
0.70x 10'2s-*, The bimolecular association constant is then 0.5 x 102 dm? mol—*
s—1, " This value is about 100 times larger than predicted for a dissociation controlled
reaction with an efﬁciency factor of unity.?® In fact cage effects may well explain
this enhancement. In view of the extremely short llfetlme a very high rate of inter-
action events may occur within a solvent cage.

SPECTROSCOPIC PROBLEMS

It has been assumed here that the band of hexafluorobenzene near 210 cm~! arises
from the a,, vibration. The first assignment 2! of the vibrational fundamentals of
HFB placed the a,, mode at 315 cm~* and the lowest e;, mode near 210 cm~!. On
the basis of a more complete study these assignments were reversed,?? and this was
given some support by the band contours as measured in the vapour phase.’® How-
ever, Fujiyama and Crawford reverted to the original Delbouille assignment on the
basis of molecular rotation studies in liquid HFB.'#*  The basis of this was that B, can
be related to the rotational diffusion coefficients about specific axes. Whereas the a,,
vibration is affected only by rotation about axes perpendicular to the Cs axis, all ey,
transition moments ‘are rotated through space by molecular rotation about the Cq
axis and the axes perpendicular to this. The f constants derived by Fujiyama and
Crawford (actually f,+ B; for pure liquid) were 0.83, 0.84 and 0.44 ps~ for the 1534,

"1010 and 315 cm~! bands respectively. = Since the low frequency value was so much
smaller it was proposed that it arises from a different species to the two high frequency
bands. These deductions are valid only in the absence of important vibration rotation

 interactions. ~ All e, modes must exhibit first order Coriolis coupling between the
degenerate components. While molecular rotation undergoes frequent interruptions

j in the condensed state, the coupling must still exist during rotation. - The necessary
" theory has not yet been developed to account for the dependence of the long time
behaviour of G(f) on the Coriolis couplmg constants. 'We note however that the
" B+ B. value for the 210 em~! band in cyclohexane is 0.55 ps—?, which is only slightly
- higher than that for the 315 cm~! band. - A comprehensive study of the out-of-plane
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and in-plane vibrations and force fields of all substituted benzenes has y1e1ded con-
firmation of the assignments used in-the present work,23 24 '

Baur, Horsma, Knobler and Perez 7 have shown liow atomic polarlsabﬂltms can
be deduced from polarisation and refraction data for systems containing two weakly
interacting compounds. Applying their method to benzene and HFEB they .found
a non linear dependence of the atomic polarisation-on the fractional composition of
the benzene +hexafluorobenzene mixtures. The deviation from linearity is up to
20 %. Now atomic polarisation P, is related ° to infra-red band intensities threugh

_ Ne T,

a 12
-‘3n_ivi_’..

The above result implies that intensities  of either the benzene bands or the HFB
bands should change in a non linear fashion on mixing.  'We have ‘measured the
intensities of two lowest e, bands of HFB in benzene and cyclohexane and found
no significant changes. Because of band overlapping between the 1500 cm=" bands
of benzene and of HFB, we were unable to carry out such studies for these bands.
At the present time we can only say that the intensity changes implied by the atomic
polarisation data are surprising and that we have not observed them in the vibrational
absorption bands studied.

CONCLUSIONS

The observed broadening and frequency shifts of the a,, vibrational band of
hexafluorobenzene on addition of benzene shows that the presence of significant inter-
actions directed perpendicular to the ring plane. Purely polar interactions are
insufficient to explain the observations. It would appear that interactions between
benzene and HFB directly perturb those orbitals which determine the restoring force
on a substituent moved out of the plane of the ring. This leads to a mechanism by
which the frequency can be perturbed and also by which the vibrational energy may
degrade to thermal energy.

Problems in interpretation of details of the available data still exist. For example,
the initial curvature of the G(t) curve of the a,, band of HFB in benzene is much
greater than expected for a free rotor, and identification of the relaxation process with
the ““ dissociation ” of a collision complex leads to a rather high value for the bi-
molecular association constant,
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