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SYNOPSIS,

Ligser Ramen Scattcring studies &ghkiggational relaxation and

Non~-ceincicence effect of the is.trupic and anisotropic Raman

Spectral componcnts f molccular liquids.

The above mentioncd thesis is based on the results of
studies which involved the vibroticnal relaxation studies
of liquid N,N~Dimethylacetamide, N,N--Dimcthylformamide and
Cyclohexcnone., Particularly, studies in which solvcents were
used as an experimentcl vericblce have contributed in a
major way to cur undcerstanding of vibretional relaxation
mechanism in liquids. The thesis is limited to Laser Raman
scattering studies (f liquids with some help from IR bend
intensitics. Raman scottering studies are restricted usually
to simpler liquids but provide detailed information about
spcecific dynemic processces in liquids. The mein goal of this
thesis is to show thot solvent is en esscential experimental
varicble in all stuuies that attenpt to improve our basic
understanding of the liquid state and the effect of cnviron-

ment on the molecular vibrations and coupled oscillators,

Chaptcr I presents a bricf introduction to the work embodied
in the thesis. It highlights the importonce c¢f lascr Raman
scattering studics of vibrational rclaxation, the importance
of analyzing thce cxperiwent.lly mer sured lineshapes of the
isotrupic and anisctropic cumponents of the Raman spectrum

of @ mclecular liguid. The carceful investigation of Raman



ii

spectra shows that the peak frcequencics of the isotropic and
anisotropic componcnts do not coincide and lead to the non-
coincidence effcct., Thesc studies arc performed for the
totally symmectric modes of the molecules. The important
aspects of the mechanism of vibrational relaxation have bcen
mentioned and the role of Transition dipole-~Transition dipole
interactions in the dephasing process has been indicated.

In case of polar Raman bands such as C=0 stretching vibration
it is possible to separatc the vibrational relaxation from
reorientational effects, hence the stuaies have been limitced

to the C=0 stretching mode vibrations of the polar molecules.

Chapter 1II gives the general theoretical background in order

to understand the differcent types of mechanisms involved in
vibrotional relaxation and paramctcers affecting the band shape
of the Raman active vibrations of totally symmetric type.

In liquids with strony intermolccular interactions, broadening
parameters normally taken into account arce second moment
<;5aﬁ>and the lincwidth (FwWHH). Sonetimes the shift of the
maximuna frequency or the first moment of the band against the
gas frequency is alsc taken into consideration. Theoretical
background for all thesc paramctors has been outlined and

the relation to the intermcoclecular potential mainly of the
dipole-~dipole type has becen given. The various typesof
potential and the intermolccular potential parameters have

been discussed. The van der waal type of interactions and
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their role in the bandshpe broadening and other effects has
to be considered in a detailed menner which has been attempted

in this Chapter.

Chapter III deals with the experimcntal aspects and describes

the various aspects which have to be taken into consideration
for accurate measurements of the lincshapes of the Raman bands,
Mention has becn made for the errors involved in the measurement
of the depolarization ratio which has to be kept in mind in
order to separate the isotropic component from the polarized
(IVV) component of the Raman spectrum. The spectrometzsr used
and the importance of the slitwidth etc., on the Raman band has

also been indicated.

Chapter IV gives an account of the experimental work performed

by us on the N,N-Dinethyl acetamide (DMA) molecule in neat
liquid and uncer varying environmental conditions by varying
solvents. The solvents chosen wcre acetonitrile (CH3CN),
chloroform (CHC13), carbontetrachloride (CCl4) and benzene
(C6H6). These four solvents were found suiteble after consider-
able screening taking into consideration, no overlapping bands,
avoiding strong hydrogen bonding cffects, Out of these four

solvents two (CHCl, and CH3CN) solvents belong to the category

3

of polar molecules and two (CCl(_1 and C6H6) are non-polar in

nature. The dipolor effects mey be studied using CHCl3 and

A

CH,CN and these solvents are therefore quite effective

3
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in reducing the intercctions between the solute moleculces,
Besides the dipolar interactions, the inductive and dispersion
forces are also operative and play quite significant role in
liquid structure, These interactions are easily studied in
non~polar solvents as dipolce-dipole interactions are abosent
here, 1In case of polar molecules all the three types of
interactions arc cffective. Tho screcning cffects due to
the dielectric constant of the wediwn may also be investigated
using these four solvients as their diclectric constants are
quite different from cach other. The studices on dilute solutions
are especially of considercble importunce as it deals with thc
situation where the solute molcculce is surrounded mainly by
solvent molecules, Under these conditions the influence of the
solvent molecules becomes quitc important. The van der Waals
attractions (dipole-dipole, dipole-induced dipole and dispersion
type) have been taken into consideration to see their role in
the line broadening mecheonisine The variation of the linewidth
of the isotropic component, r}so (PwEH) has been studied as a
function of the total interwction cuergy involving D-D, D-ID
and dispersion forces. It is scen th.t rlso varies lincarly
as a function of the dispersion cncrgy parameter given as
F(n,I) = = ZiTy o 5% he ioniza-
p J where Ii' Ij are the ioniza

2n4 Ii+Ij

tion potential of the molecules 1 end jf%if* are the polariza=-

bilities and n is the¢ refrective index of the medium, This

parameter is for a pair of interacting molecules i and j.



The calculations of D-D, D-ID and dispersion energy have been

carried out for the systems DMA~CHC13, DMA~CH.CN, DMA:—CCl4

3
and DM.A--CGH6 teking into consideration the dielectric constant
and refractive index of the medium. These calculationsclearly
show that the dispersion . energy is the most significant

one even in case of polar solvent molecules due 4o the presence
of high dielectric constant in the denominator of D-~D and D-ID
energy expressions. The solvent dependence has also shown

that the transition dipole-traznsition dipole (TD-TD) interaction

is the main coupling mechanism responsible for the noncoinci-

dence effect in DM4 molecule.

Chapter V deals with the vibrational relaxation studies on
N,N-Dimethylformamide (DMF) molecule, This molecule is

similar to N,N-Dimethylacetamide except that it has H atom

in place of the methyl group near the C=0 bond. The hydrogen
bonding cffect may therefore be present in linear chain.

This system is quite interesting from intermolecular interaction
point of view. The studies were performed in dilute solutions

using thc polar and nonpolar solvents which clearly show

same type of behavicur of r}so in dilute solutions, The
relation between thc rgso and the dispersion energy parameter

is linear here too indicating thoat dispersion forces override
21l other forccs (electrical forces) su far as the line broade-

ning is concerned, Onc very interesting thing which we have
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investigaeted in cese of DMF molccule is the combined effect
of the paramecters relatced to the hydrodynamic force, and
dispersion force on the¢ lineshape. For the hydrodynamic force,

vz, the dynamic viscosity, and for the dispersion force the
2
quantity 2 El , which comes from Lorentz's locel field have
2n"+1
been taken into consideration. The vibrational relaxation

rate (Zv-l) =Tc riso, is found to be clearly related to a
2 , -1
parameter £ (£,%,n) =fq( n2-1) in a linear fashion, wherc
2n~+1

being the density and n is the refractive ,index of the medium,
This is an intercsting empirical finuing as it takes care of
many aspects related to the moleculcr pearametecrs. The solvents
have been varied from polar to non~-polcr and it has been found
that 7;71 is a lincar function of f(f,q,n) for dilute solutions,
The TD-TD type of intercctions arc again seem to be responsible
for noncoincidence effect in DMF. In addition we have studied
the variation of 8% (2€+ n2)2 e™! a5 a function of volume
fraction of solute (). It is scen that this variation is

also linear in nature. This correlction is indicative of the

screening effects due to dielectric properties of the medium,

Chapter VI has been mainly devoted to studies on Cyclohexanone

molecule showing the effcct of tne dispersion energy parameter
on linebroadening in a system wherc the dipole moment cf the
entire molecule is almost concentroted on the C=0 bond only.
The C=0 is the only polar group in cycluhexXanone molccule.

The dipole, as well as the transition-~aipole both will be in



vii

the same direction in this case. The system is considered to be
in the chair conformation. It is quite interesting to sce

that the relationship which we obscrved in case of N,N-Dimethyl-
acctamide and N, N~bLimcthylformamiue are clso holding good in
this molecule., The dispersion cncrgy paramcter is well
correlated with the rlso and thc paramcters £(£,7, n) is found
to be very well fitting with the‘zv—l in a linecr fashion.

The non-coincidence effect is agein very well explained in

tcrms of TD-TD intceractions,

The lost Chapter VII gives the conclusions drawn from

the present work,
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SYNOPSIS

saser Ramen Scattering studies of vibroticnal relaxetion and

3

1

2

Non-coincidence effect of the is.trupic and anisotropic Raman

speetral components of molccular liquids.

The above mentioned thesis is based on the results of
studies which involved thc vibreoticnel relaxation studics
of liguid N, N-Dimethylacetamide, N,N--Dimcthylformamide and
Cyclohexonone., Particularly, studies in which solvcents were
used as an experimentcl vericble have contributed in a
major way tc our understanding of vibretional reloxation
mechanism in liquids. The thesis is limitea to Laser Raman
scottering studies f liquids with somc help from IR band
intensitics, Raman scattering studices are restricted usually
to simpler liquids but provide deteiled informaticn about
spceific dynamic processces in liquids., The main goal of this
thesis is to show thot sclvent is en csscential experimental
varicble in all stuuies thet atteupt to improve our basic
understanding vf the liquid stcete and the effect of environ-

ment on the molecular vibrations anu coupled oscillators,

Chaopter I presents a bricf introductiun to the work cmbodied
in the thesis. It highlights thce importonce cf lascr Raman
scattering studics of vibrational rcelaxation, the importance
of analyzing the experimentolly mer.sured lincshepes of the
isotropic and anisctropic cumpoencnts of the Ramon spectrum

of a mclecular liquid, The carcful investigation of Raman



ii

spectra shows that the peak frecqucncies of the isotropic and
anisotropic componcnts do not coincide and lead to the non-
coincidence effect. Thesc studies are performed for the
totally symmetric modes of the molecules. The important
aspects of the mechanism of vibrational relaxation have been
mentioned and the role of Transition dipole~Transition dipole
interactions in the dephasing process has been indicated.

In case of polar Raman bands such as C=0 stretching vibration
it is possible to separate the vibrational relaxation from
reorientational effects, hence the studies have been limited

to the C=0 stretching mode vibrations of the polar molecules.

Chapter II gives the general theorctical background in order

to understand the different types of mechanisms involved in
vibrotional relaxation and paramcters affecting the band shape
of the Raman active vibrations of totally symmetric type.

In liguids with strong intermolccular interactions, broadening
paramecters normally taken into account are second moment
<ziufj>and the linewidth (FWHH). Sometimes the shift of the
maximum frequency or the first moment of the band against the
gas frequenéy is also tcken into consideration. Theoretical
background for all thesc parameters has been outlined and

the relation to the intermolecular potential mainly of the
dipole~dipole type has been given., The various typesof
potential and tne intermolcecular potential parameters have

been discussed. The van der waal type of interactions and



iii

their role in the bandshpce broadening and other effects has
to bc considered in a detailed, wmenuer which has been attempted

in this Chapter.

Chapter III deals with thc experimental aspects and describes

the various aspects which have to bc taken into consideration
for accurate measurcments of the linceshapes of the Raman bands,
Mention has becn mede for the errors involved in the measurement
of the depolarization ratio which has to be kept in mind in
order to separate the isotropic component from the polarized
(IVV) component of the Raman spectrum. Thc spectrometer used
and the importance of the slitwidth etc. on the Raman band has

also been indicated,

Chapter IV gives an account of the experimental work performed
by us on the N,N-Dinethyl acetamide (DMA) molecule in neat
ligquid and unwer varying environmental conditions by varying

solvents. The solvents chosen were acetonitrile (CH.,CN),

3
chloroform (CHClB), carbontetrachloride (CCl4) and benzene

(C6H6). These four sclvents were found suitable after consider-
able screening taking into consideration, no overlapping bands,
avoiding strong hydrogen bonding cffects. Out of these four

solvents two (CHCl, anu CH.CN) solvents belong to the category

3 3

of polar molecules wna two (CCl, and C6H6) are non-polar in

nature. The dipoleor effects mcy bc studicd using CHCl3 and

CH3CN and these solvents are thcerefore quite effective
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in reducing thec intercctions between the solute molecules,
Besides the dipolar interactions, the inductive and dispersion
forces are also operative and play quite significant role in
liquid structure., These interactions are easily studied in
non-polar solvents as dipole-dipole interactions are abosent
here, 1In case of polar molecules all the three types of
interactions arc cffective., The screcning effects due to

the dielectric constant of thc medium may also be investigated
using these four solvents as their diclectric constants are
quite different from each other. The studies on dilute solutions
are especially of considercble importunce as it deals with the
situation where the solute molecule is surrounded mainly by
solvent molecules. Under these conditions the influence of the
solvent molecules becomes quitc important. The van der Waals
attractions (dipole-dipole, dipole-induced dipole and dispersion
type) have been taken into consideration to see their role in
the line broadcning mechenism, The variation of the linewidth
of the isotropic component, | (FWHH) has been studied as a
function of the total intcraction energy involving D-D, D-ID
and dispersion forces. It is scen that rzso varies lincarly

as a function of the dispersion cnergy parameter given as

F(n,I1) = 3 7 Il % oL 14 wherce I,, I, are the ioniza-~
2n® Tit4 1t

tion potential of the molecules i and j u&,dg are the polariza-

bilities and n is the rcefreoctive index of the medium., This

parameter is for a pair of interacting molecules i and j.



The calculations of bL-D, D-ID ond dispersion energy have been

carried out for the systems DMAPCHClB, DrMa~CH . CN, DMA--CCl4

3
and DMA’CGH6 taeking into consideration the dielectric constant
and refractive index of the medium. These calculationsclearly
show that the dispersion . energy is the most significant

one even in case of polar sclvent molecules due to the presence
of high dielectric constant in the denominator of D-D and D-ID
energy expressions, Thc solvent depcendence has also shown

that the transition dipole~treansition dipole (TD-TD) interaction

is the main coupling mechanism responsible for the noncoinci-

dence effect in DMA molecule.

Chapter V deals with thc vibrational relaxation studies on

N, N~-Dimcthylformamide (DMF) molecule., This molecule is
similar to N,N-Dimcthylacctuomide cxcept that it has H atom

in place of the methyl group near the C=0 bond. The hydrogen
bonding cffect may therefore be present in linear chain.

This system is quite intecresting from intermolecular interaction
point of view. The studies werc performed in dilute solutions
using the polar and nonpoler solvents which clearly show

same type of behaviour of rzso in dilute solutions. The
relation between thc Fzso and the dispersion cnergy parameter
is lincar here too indicetiny thot dispersion forces override

2ll other forces (electrical forces) su far as the line broade-

ning is concerned., One vcry intercsting thing which we have
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investigeted in case of DMF moleculc is the combined effect
of the paramcters related to the hydrodynamic force, and
dispersion force on the¢ lineshape. For the hydrodynamic force,

Yl . the dynamic viscosity, and for the dispersion force the

quantity L 51-  which comes from Lorentz's local field,have
2n-+1

been taken into consideration., The vibrational relaxation

-1, _
rate (T 77) =fc¢ rj_.‘so’

is found to be clearly related to a

nl-1,"1
(Rl
2n"+1
becing the density and n is the rcefroctive index of the medium,

parameter £ (f,,n) ={1 in a linear fashion, wherc f
This is an interesting empiricel finding as it takes care of
many aspects related to the molcculer perameters. The solvents
have been varied from polar to non~-polcr and it has been found
that Tv-l is a linear function of £(f,n,n) for dilute solutions.
The TD-TD type of intercctions are again seem to be responsible
for noncoincidencc effect in DMF. In addition we have studied
the variation of §¥ (2¢€ + n2)2 efl as a function of volume
fraction of solute (Q). It is sccen that this variation is

also linear in nature. Thds correlzation is indicative of the

screening effects due to dielectric properties of the medium.

Chapter VI has been meinly devoted to studies on Cyclohexanone

molecule showing the effect of tne dispersion energy parameter
on linebroadening in a system where the dipole moment of the
entire molecule is almost concentrated on the C=0 bond only.
The C=0 is the only poler group in cyclihexanonc molccule.

The dipole, as well as the transition-~dipole both will be in
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the same direction in this case, The system is considered to be
in the chair conformation. It is quite interesting to sece

that the relationship which we obscrved in case of N,N-Dimethyl-
acetamide and N,N-~bLimethylformamicde are also holding good in
this molecule, The dispersion encrgy parameter is well

correlated with the r;s and the parameters f(f,q, n) is found

to be very well fitting with the tvfl in a lineor fashion.

0

The non-coincidence effect is agein very well explained in

tecrms of TD-TD interactions.

The last Chapter VII gives the conclusions drawn from

the present work,



CHaPTER I

Introduction

The study of dynamical behaviour in molecular liquidas
is very difficult since in the liquid state the molecules
are in a state of chaotic motion. However, some progress
has been mude towards a better understanding of the molecular
motions in liquids on the basis of experimental and theore-
tical work. The NMR relaxation experiments provide information
about molecular mctions and intermolecular interactions in
liquids. Laser Raman scattering experiments, however, provide
detailed information about a specific dynamic process in the
liquid.j‘_9 During the past decade vibrational relaxation and
molecular reorientation processes in liquids have been studied

1-5,10-12

by an.lyzing the line shape of the isotropic (I, )

o]

and anisotropic(I ) components of the Raman band of the

aniso
molecule. The sensitivity of the Raman peak position and
linewidth (FWHH) on the environment hus been demonstrated
by the solvent, and pressure dependent studies. The temperature

dependent studies of the linewidth have been useful in

obtaining the information on the dynamics of liquid.

Theoretical models for lineshape may often be applied
to data obtained by different techniques like NMR, ESR and
vibrational spectroscopy. In these cases the electromagnetic

field causes a change of stwute in a reference system of nuclear



-2a

spin or electronic spin states or the vibrational modes
(vibrational energy levels) of molecules. The reference
molecular system is immersed in a solid, liquid or dense gas
and interacts with many degrees of freedom (eg. translational
and rotational) of the bath. Thus the states of the reference
system will have a finite lifetime and energy width. This
amounts to a decay of the time correlation function corres-
ponding £o the reference transition. The lineshape may give
valuable information about the interaction of the reference
molecule with its environment. In addition it may provide

information about the dynamics of the bath.

The experimental set-up is normally such that an ensemble
of reference molecules is under observation. In case one
wants to examine the reorientation and vibrational relaxation
processes separately using vibrational (IR and Raman) Spectro-
scopy one has to study the well isolated vibrational modes.
From the experimentally observed polarized (IVV) and depolarized
(IVH) Raman bandshapes, one can obtain the isotropic scattering
intensity, Iiso(w), and the anisotropic scattering intensity.,
Ianiso(a»la' Only vibrational processes contribute to I, . (%),
whereas both vibrational and reorientational processes

contribute to X (a».
aniso

The broadening of isotropic Raman bandshapes may be

10,14

influenced by several mechanisias. The two dominant ones

are the energy relaxation and phase relaxation. The energy



I, 8

relaxation involves inelastic processes and it may occur due

to intermolecular transfer of energy between the vibrational
degrees of freedom and the bath. The phase relaxation involves
only quasi~elastic interactions of the moiecules with their
surroundings, leading to perturbation of the phases of the
vibrational wave functions without changing their quantum states.
Both mechanism$have been investigated and it has been found

that phase relaxation (dephasing) in liquids occur much faster
than energy relaxation. Many different theories15 of dephasing
have recently been developed, examples of which are the isolated

16,17 18

binary collision (IBC) model, the hydrodynamic model,

the cell model19 and the model based on resonant energy transfe%o

Different theoretical models have been used to predict
rate constants for vibrational relaxation process. In the IBC
model, the transition rate is assumed to be the product of the
collision rate in the liquid and the transition probability per
collision in the gas ph.sc. The probability per collision may
be obtained either from scattering calculations oxr by independent
experiments on low-density gases. Various models have been
proposed for the collision rate in liquid phase, Litovit:z20
approximated the time between collisions to an Enskog time for
the rate of binary collision of hard spheres using cell model.

Oxtoby15 has shown that the relaxation time of the random force

is responsible for the viscosity dependence of the diffusion

coefficient. ZFluctuations with wavelengths longer than a
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molecular diameter decay hydrodynamically with rates character-
ized by the liquid viscosity but for shorter wavelengths this

simple nature is lost.

One of the important mechanisms that may contribute
significantly to dephasing process in liquids is the coupling
between the similar modes of identical molecules that results
in resonant energy transfer. The interaction responsible for
this coupling usually depends strongly on the relative orien-
tation of the molecules, 4&n important coupling mechanism is
the transition dipole-transition dipole (TD-TD) type which is
possible when strongly infrared active transitions are presents.
The resonance transfer mechanism is identified by dilution
exXperiments with inert solvents, which reduces the coupling.
Such experiments exhibit linc narrowing when dilution studies

are carried out with isotopically substituted species.

It has been observed in cuse of many molecules that the
peak frequencies of the Raman bands corresponding to the
isotropic and anisotropic components do not coincide in liquid
state. The differences in the peak positions may sometimes
be even more than 10 cm~'. This noncoincidence has been
observed for many IR active modes such as SO stretch of
sulfoxides and sulfonesz, the OH strctch of carbonyls21,

CN stretch of nitriles1 and NH stretch of amineszz. The

concentration studies have shown that the magnitude of the

splitting decreases with dccreasing concentration of the



solvent and may go to zero in the limit of infinite dilution23.

This effect is often, but not always associated with vibrational
modes having large dipole moment derivatives. Facts such as

24 to attribute the noncoin-

these have led some investigators
cidence effect to a frequency difference between in-phase and
out-of-phase collective oscillations of molecular aggregates
aligned by angular dependent intermolecular forces, This
concept does not contradict the dynemic nature of the liquid
phase, since it is only necessary that the lifetimes of the
supposed quasicrystalline regions be long compared to the vibra-
tional period. In order to see whether this qualitative
comparison to correlation field splitting in solids is a
correct analogy for the splitting of nondegenerate polar modes
in the liquid phase, a quantitative theoretical treatment of

the noncoincidence effect is necessary. Wwang and McHale4
presented the results of the calculation of the first moments

of the isotropic and anisotropic Raman spectral compomgents of

a molecule with an axially symmetric polarizability tensor.

4n important feature of the derivation is that it is not necessary
to postulate short-range orde£ to cxplain the noncoincidence
effect; a strong angular dependent internisolecular potential

is predicted to give rise to the concentration dependent isotro-
pic and anisotropic peak frequencies. Recently, McHale5
formulated a model which distinguishes the solvent systems

with strong short-range order from those in which noncoincidence

is attributed to angular dependent forces of a less directional



nature. In order to see whether the concentration dependence
of the Raman spectra of a variety of solvent systems can be
explained without invoking short-range order, a particular
type of vibrational coupling, the trcnsition dipole-transition
dipole interaction (TD-TD) has been considered., The first
moment of the infrared absorption band was also evaluated in
order to investigate the potential influence of intermolecular

forces on the peak frequency of the IR spectrum.

Although the vibrational resomance coupling due to the
TD~TD interaction may be important in some polar modes, it has
been pointed out earlier by Wang25 that the vibrational
resonance coupling Hamiltonian given by the form % ;z; Vij(Z)
Qi Qj may originate from gquadrupole-quadrupole interaction,
hydrogen bonding interaction, or any other type of intermolecular
interactions. Here i and j designcte molecules, and Qi and Qj
refer to the same vibrational mode of molecules i and j,
respectively. The prime on the summation sign indicates the
summation of the term with i = j to be excluded. This coupling
term provides a pathway for an efficient exchange of vibrational
energy between vibrational normal modes of the same symmetry

but of different molecules. The Hamiltonian11

which determines
the time evolution of the dynamic variaebles is written as

H = Hysc + Hg + H'
where Hosc is the sum of the harmonic oscillator Hamiltonians,

HB is the Hamiltonian for thefrotational and translational
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degrees of freedom (the bath molecules) and H' is the part of
the Hamiltonian which couples the interwal vibrational coordi-
nates of the bath ﬁolecules. Considering the total potential
V as a Taylor series expansion about all Qi = 0, H' is written

as

H' = S V'(l)g + 5 =, Vv (2) Q. U
RN S A T R I, B i

. (1) _ ( sV a

(2)

It is the off-diagonal elements of Vij which give rise to

the concentration dependent resonunce transfer effects. The

(2) (1)

diagonal terms Vii along with V, are also expected to

i
make a contribution to the linewidth which results from
dephasing due to fluctuations in the vibrational frequency.

(1) (1)

It was shown that Vi do not affect the first

and Vii
moment or the frequency at the maximum, but do contribute to

the second moment or the linewidth.

Fini and Mirone26 showed for thc first time that the
C = O stretching mode frequency for liquid ethylene carbonate
and propylene carbonate is higher in IR spectrum than the
Ramen one. The difference in frequency being 13 em™t for
ethylene carbonate at 313 K. Later, it was shown1 by them
that for the pure liquids the Raman anisotropic component of
the C = O stretching modce falls at & higher frequency than the
isotropic one. The IR bandé maxXimuwa cppecrs almost at the same

frequency as the Raman anisotropic component. In some cases

IR band may be resolved into two components, the stronger



coinciding with the anisotropic and the weaker with the isotropic

Raman component.

Won - . .
The\goincidence of the isotropic aid anisotropic Raman
e
band components of few polar molecules like acetone, N,N-
dimethylformamide, 7 -butyrolacetonc and dimethylsulfoxide

(23) as a function of solvent

have been studied by Mironc et al.
concentrations in various solvents. The noncoincidence effect
reduces with dilution and ultimately dmost disappecrs on high
dilution. With incrcasing tempercturc, a decrease in anisotropy
shift is observed. This behaviour is explained on the basis

of the coupling between the transition dipole mcments of neigh-
bouring molecules, which is made possible by some degree of
alignment of dipoles of these highly polar molecules. The
anisotropy shift was shown to depend iinearly on the ratio
between the volume fraction and the static dielectric constant
of the solution, It may become zero at o finite concentration.
It has been suggested that this concentrcotion threshold is
related to vibrationel encrgy relaxation.

The benzaldehyde molccule has been studied by Yarwood

and Arndtz'7 who observed that the IVV component of the C = O

'stretching mode gives an asymmetric shepe whereas I component

VH
is 2lmost symmetric with its maximum shifted to higher wavenum-
bers. For 98 mole per cent dilution of benzaldehyde in carbon-
disulfide solvent the IVV component narrows to a symmetric

band and its maximum frequency coincides with the IVH component.



The asymmetry of the I component (or anisotropy shift) is

\'A"
explained as duc to thc TD-TD interactions, On dilution the
effects of rcesonant transfcer of vibrational cnergy due to TD-TD
interacticns on the band shapc are reduced as the benzaldehyde
molcculces become separated. The isotopic dilution studies of
benzaldehyde in benzaldehydc-d6 show that with increasing

1

dilution the anisotropy shift decreascs from ~ 4.5 cm — to

~1 cm"1 in the_most dilutc sclution.

A Reman study of the C = 0 stretching vibration band of
liqu;d methyl-ethyl-ketone has becen carried out by Scheibeze.
A siny&e theoreticel cpproach to the behaviour of various band
shepe ﬁarameters in terms of dipole-dipole (D-D) interactions
has been worked out in the frequency domain, The structural
cffects seem to play an importent role in influencing the band
shape of polar Raman bonds in liquids with dipole-dipole inter-
action energies of the order of kI'. Thc asymmetry of the Ly
componcnt of the band was explained on the basis of the change
of the orientation probebility distribution into the direction
of energectically fovournble orientations. However, the theore-
tical approach is too simplc to cllow more theon a qualitctive
interpretation of the cxperimentel data. Therefore further

theoretical and experimentcol work is required in this direction.

The relative role of slowly verying attractive interact-
ions and rapidly verying repulsive interactions on the frequency

shifts and dephasing process in liquids has been studied by
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Schwelizcr and Chandlerzg. Their theorcticel model correctly
predicts the isothcrmel density depondence of C = CH2 bandwidth
in isobutylene and the C = O bandwidth in acetone. Schindler
and Jonasso, however found o very diffcrent density dependence
for the frequency shifts of the C = CH2 and C-CH3 modes in
isobutylene, They haove also shown that anisotropy shift for
the 92 + 2 97 bends of ethylcne carbon:tc is proportional to

( ]/ BQ)Z' which clearly indicatcs that TD-TD €oupling is
responsible for thc¢ obscrved effcet,

Recently sSteiger et. al.31

havce studied the Raman
spectrumm of trimethylchlorosilance and have observed the
anisotropy shift ( ~3 cm-l) for the V(SiCl) bond. The non-
coincidence of thc Raman frcecquencies of the two scattering
components indicates @ local clustcring of the molecules for

at least a certain time (~ 0.1 ps). Further investigations are

however needed to confirm the influences drawn by these authors.

The influecnce of vibrational resonance coupling on
spectral linewidths has bceen discusscd by a number of investi-
(32-35) : C o

geators « It is generally recognized now that the problem
of deducing thc sepearatc vibretional and reorientational corre-
lation functions from experimental band shapes is not as

simple as it was once thcught to be. In order to investigote
the expected concentration trends cf the half-widths of vibra-

. 5 4
tional spectra, Wong and McHeole  evelunted the second moments

of infrared, polarized and depoulcriged Raman spectra., It is



-]l

shown thot the intermoleculeor forces which are strong cnough
to result in poncoincidence effcct may also be responsible for
the Raman and IR band-width dependence on concentration.
Concentration dependent IR band-widths have been reported for
both the bending and asymmetric stretching modes of CSZ' and
have been attributed to the effccts of resonant trensfer of
vibrational energy>?. Although the full band shepe and half-
widths are not accounted for unless all the spectral moments
are evaluated, the results should provide a basis for further

investigation of the cffects of intermolecular vibrationcl

coupling on Raman linewidths.

In order to understend the nature of intcrmolceculcor
interactions and moleculcr dyncmics, therce is o definite necd
for additional systomotic studies on vibrational relexcotion,
reorientational motion and frequency shifts in various liquids,
The information content of tempercture and solvent effects on
frequency shifts of v.rious vibretional pands has not yet been
fully explored., In particulcr, the onisotropy shift in dipolar
liquids mcy offer new information cbout strong dipolar inter-—
actions. The study of thc influcnce of solvents on the band
shapce perameters is of poramount importence not only in conne-—
ction with maleculor structurc and liquid dymamics but also
in conncction with soluticn kinctics. The N,N-dimethylacetamide
(DMa) , N, N—dimethylform-mide (DMF) ond cyclohexcnone Molecules

were chosen for the vibrational relaoxotion studies as these


file:///inless
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molecules contain C = 0 bond which is highly polar in nature.
The DMA and DMF arc clso of greet valuce becausc of their
biophysical significance., The amide I band of DMa and DMF
provide vitel information regarding the protein molecules.

The solvent dependent studics of Remon bond shape perameters
mey also serve as a model for the cnvirovnmental cffects on the
vibrational modes. The Romen experimcntal dete on the protein-
ligend intcractions cspeg¢iclly cenzyme~substrate intercctions where
line broadening or frequency shifts arc observed may also be
interpreted in these lincs to provide informetion about the
nature of the interacting site in precteins. It mey help in

the mopping of the nctive sitc of the cnzyme where the substrato
is bound during the catalytic process. These studies are
therefore expected to throw light on the noture of the inter-
moleculer forccs playing key role in the interactions of great

biophysical significence.
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CHAPTER IT

Theoretical aspects

In recent yeors there hos been @ resurgence of intcrest
in the study of vibraticnal rcloxetion in liquids and conside-
rable progrcss has been made through experiment, theory and
computer simulation towords o deeper understanding of the
physical processes involved, The vibrations of ‘a molecule are
sensitive probes of loccl structure and dynamics in molecular
liquids, and therefore provide microscopic information about
a state of metter which is still r.lctively poorly understood.
Vibrational relaxetion occurs through the coupling of a quantum
vibrational system to a classical "hect bath® of rotational mund
translotional degrees of freedoml. Vibrational phase and
cnergy rclaxation time can be as short os few picoseconds and
may thus be comparable to bath relexotion time., This has
important consequences for the dynamics of the coupled systcoms,
In small molecules, recorientation provides the primary relaxation
mechanism for allowed troansitions. For lorger molecules,
vibrational relaxation mcchunisms ploy an increasingly important
rolez. Laser Raman scattcring experinents are used to provide

detailced information wbout o specific dynomic process in liquids.

2.1 Vibrational relexction in liquids
In casc of totally symmetric vibretion, the contribution
to the band sheape from rcorientational motion con be separcted

from the contribution arising from vibrational relaxetion by



17

appropriate choice of scattering geometry. This provides the
opportunity to study the relative importance of two proccsses
and the mechanism of reoricntationel and vibrational relaxation.
The vibrational relaxetion process is gencrated by a large
veriety of inter and intra-moleculer forces including dipole-
dipole, dipole-induced dipole, dispcrsion, short range repul-
sion, centrifugal and Coriolis forccsz'é. Vibrational rclaxa-
tion originates cither in the dephasing of molecular vibrations
or in thc depopulation of vibrational lcvels, or somctimes a
combination of two proccsscs. The former process is analogous
to the T2~type spin~-spin ond the latter to the Tl-type spin-

lattice relaxaticn in NMRS.

In order to cxplain the mecheonism of vibrational
relaxation, one has tc consider thce coupling potential between
the molecules and the bath, which includes rotetional and
translational degreces of freedom3’4’6. There arce different
mechanisms that may lecad to coupling :.otential and contribute
in this process. The dipole and multipole interactions,
dispersion interaoctions, rcepulsive forces ctcec. are some of the

important ones. The coupling potenticl V may be expanded in

a Tayler series as & function of thc normal co-ordinate Q,

- VYoo oL 'V oy gF
V”V°+(an°Q' 3 (T&’;“o ‘

W

s (22 Y @i s
t3 g Csgogy o0

.. (2,1)
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The first thrcce tcrms arc similer to the potential of
& harmonic oscilleotor corresponaing te @ normal co~ordinate Qi.
By choosing the zero of encrgy so that the cnergy of the
cquilibrium configuration is zcro, V, mcy be eliminated. The
last term is responsiblce for the resonant cnergy trensfer from
one oscillator to anothcr and this is the term which leads to
differcnt shifts of the isctropic and enisotropic components
of thc Raman (vibrationcl) bond. This frequency splitting is

known as .Anisotropy shift c¢r non-coincidcnce cffect,

The Hamiltonien has the form

H=H, + Hy + V, ceesesena(2.2)
where H, is thce Haniltonian for tnc vibrational degrecs of
freedom (independent hamnonic oscillator in the scattering

volume), H_ is thc bath Hamiltonion (trensletionel and rota-

B
tional degrees of frecdom) and V is the coupling potential,
The intercction potential V provides for the coupling of the
oscillators to the bath ~nd tc cnc cnother, Before going into

the detalls of perturbing potential we may discuss in brief

the harmonic oscillator.
2.1la., The vibrationel cncrgics of & harmonic oscillator

The classical Heamiltonien for the harmonic oscillator
described7 by & singlc co-ordinate X and a parameter depending
on the mosses and structure of thc system is given by the

expression,

H= Px 4
2m

kx eece(2.3)

‘x-‘
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The motion of the harmonic oscillctor is governed by the Hooke'ls
law that the force is - kx, The px is the momentum conjugatc

to the co-ordinate x. The cexpression (2.3) is the quantum
mechenical Hamiltonicen for the system if the varigbles px and

X satisfy the quantum ceonuitiocn Z"qi, pi_7 = i J;j' which they
A

do if p, = - i é}; * Two variants of cur basic Hamiltonian arec,

- 2

v
H = % (p2 +.0 Qz), ceeeese (2.4)

where Q = ,'m x andtd=#k/m, and H = %ik)(pz + q2) eees(2.5)
where g =ﬁﬁﬁ X. 4 gceneral simplc harmonic oscillator
expression may be written as,

2 2
H = ap ';‘/(’gq F e e s 0 (206)

where the associ:ted freguency ) = Zj_7§’ or d}B = %(ﬂz.
The Hamiltonian (2.4) is clousely rclated to the general

expression for vibroticnal cnergy in terms of normal co~ordinates.

The H reprcscnted by (2.5) may be factorized as
H = %éxXFi F+ F 1) wherc Fi;q «+ ip arc the shift operators.
Fr ladders down through eigenfunctions which have cigenvalues
successively reduced by units of .0« The sct of functions
glyq;> has a lower bound function with an energy %W known
as zero point energy. Laddering up by successive applications

of F~ allows us to generatce the infinite scts of eigenfunctions

cach separated by encrgy quante of/v, Note that

* PN S
[Wydez @ [ve) 5 ojvd = <vIFE v>

-

cecee(2,7)
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The general cnergy-level oxpressicons can be written as,

(v) = v 4 4, ee..(2.8)

ta

wherc we can now specify the cigenfunction by o quantum number
ve The diagcnal matrix of d may be Getermined, where <v/H/v >

= E (v) which can bc¢ written

SH L W e

<0 o o o

1| o w2 o .,

(2 l O O 5 Vz -* . o 8 @& (2 . 9)

The matrix propertics of p «nag can be determined from
those ofF i. We heve
Fivy = N_lv-1> ..., (2.10)
wherc N = is a number. 4 self consistent set of numbers,
“l
N, . can bc determined for a normalised set of functions
. el *
v > (dece (v ]v) =1 G v FTFTv> = N, N, eee.(2.21)
Notc that FE are not Hoermitian end thot (F 5)T = F F. It can
R 2 _ 2H N
be SC(:.I’J. that (NV) "‘QV (‘(“5 "1; V/"‘ 2V TR XN (2. 12)
& similar procedure can oo applicd tc derive the appropricte
factor for F . Thus we sce that
. 4 _ - . - _ g T
Cv=1 | FT v> = [avvrl] ¥lvD = [ 2(vi1) eeee (2.13)

A

‘he matrix clements of p end g arce noew Gircctly obtainable as

q=4% (F" + F') and p = %i (F~ -~ ¥"). Thematriccscan be



written as

The matricces

Hermitian.

conventicn satisfying N = wC

to zero.

of p if we had chusen an imaginary ch 3. convention.

The matrix elcoments cre

We woulc obtcin the metriz:

21~

P —

o) . IR Y o) 0 -
f2 .. { 1 o -f2 o
o Bl ix!l ¢ B o -
o il e o f
/3 0 [ o J3 o.

| !
[ ] .'{ ¢ L] - - * o

| 3 n
of p anu g orc nout diagonal but thecy arc

coteined by heving the

ié .
> § and S fact has becn shown
-2 q imcginary instead

The

explicit expressions for thce matrix clonents ere listed in

. . .2
Ieble II.1 Matrix clements of g tnu g .

a8~ ——

v — - - e s

W THH2D '%fj(v+1) (vi2)
o/ a/ve1r X v L
I > ﬁz(z »
v/ g /- > o« ,./‘—‘7
L v/ - 2> 0(2 A/wm
"’"";_.: .__.J;_ - o

J2

2.14)
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In gencrzal the hormonic escill ter potenticl may be

expanded in Taylor scrics in vibroational co-ordinete Q,

- 2
AV oV 2
V = Vo + ( -m‘-)o ,C‘- + 1/2 il "_-m)g .Q.
3 Qi i PuiZ i
3
o A
/6 ( —%rﬁﬁg ) g e (2.15)
s (-]
C Qi
The subscript zereo indicotes the pesiticn of minimum cnergy
N
so that ( gg ) = 0, The quantity V, is a constant
9, l (4]

indcpendent of @ and may be dlgnored since it docs not affect
the vibrational frequencies (or the coenstant Vo may be teken
as zerc). The force constant F.x is defined by,

v

F’(O( = "55‘""2"_" R (2c 16)
e |

The sclection rule for ¢ vibrational transition to be induced
by elcctromagnetic radiation is

ovo= 41, eees (2.17)
where v is the vibr-cioniel quontum number. It can now be
rcecognized thet this implics thet only.for Hv =+ 1, can
<n4x(/hu> for a vibretional transition (from a state m
to n) be non Zero. 4 may be cqual to AE for Raman transition,

X being the polarizability and E is the clectric ficld.
2.1b. anisotrcpy shift or noun-coincidence effect:.

Coming back to cgn. (2.1) for thc coupling potential
and considering thc theory bascd on perturbation calculation, the
frequency differcnce between the ground ( {02) and first excited

(1> ) states can bce written as?'8
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_ {9V \ L /8%y 2
AE =(L ‘\.,;C}((l/.u/1> = 4C/L/05) ik Aiaiey ) e/
~<0/92/0,> ) (a\Q"”"}o ( {1//0° )2 4 .. ..(2.18)

The term (;\1/9/1\ ~{0/C/0 > ) rcpresents mechanical
anharmonicity and it vanishes for a harmonic oscillator; but
in real molecules we deal with anharmonic oscillators. The
second term contains the electrical anihcrimonicity which arises
1f dipole moment is not a lincar function of norinal co-ordinate
Q. Let us consider the hamiltonien for the vibrational degrees

of freedom, Ho as,

_ 2 . 3
Ho = E,, &% + B, 0Q7, eees (2.19)

where F_, is the principal force constant and F, . is the

anharmonic force constant associated w.oth the isolcted molecule.
For an isclated vibration oi the digtowmic molecule with
reducecd ass m . the quantu riechanical value is given ass
Y/ > - 0/0/0 > )f?-~-‘- (-«3{;
r -g
Ve \2 :
( (1/92/1>— 0/Q%/0> Ve B cee. (2.21)

m. )

-“———) cees(2.20)

where }5 denotes the gas frequency. Thoercefore the frequency
shift of the band rclative to the unperturbed gas frequency,

Y ., is proportional to,

g
— 2. -
ISVRYIRN oc_._,al_.kf,' oo AV T L (2a22)
)g 2mr )/g ( \ \);‘2\”0}‘
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The usctulness of egn. (2.22) to interprct the experi-
mcntal data will require tnc aessumption for the functional
radial and angular depenecnce of V. It hes to be then avercged
ovcr the configuration spacc. These type of calculctions are
almost impossible onu epproximotc rcesults can be best obtained
through computer simuletion studics., Fer mest of the liquids
the computer simuletions are much more conplicatced. In orxder
to examinc eqn. (2.22), it wust be extruuwely simplified. It

hazs becn shown by Drickemcr anG co-workers that dispersion

and dipolar forces producc ~ red--shift (decreasc in frequency)
whercas repulsive forces lcead to bluc shift (increasc in

frequency) .

For highly poler molccules the interaction energy for

the two intcracting dipoles (Fig. @.1) of dipole moments./ﬁi

and /Qi is given by the rclations

- '/5"/[}' L, . R, L, o« R.. )
T i S EL s Bl ELEN
>4l R, .5 /
1) s
or i/ =.f&£éﬁ- K
\! Rij3 ij . ' e & & & (2.23)

S = - . O G, 4 Si % . C . =D,
wherc Kij [ 2 cossSl Cos (9_] + Sin (51 oln{% os(gf)l ‘%)_7
e o &8 (2. 24)
is the oricnteation focter for peint dipeles. This interaction
cnergy will excced thce r ndonizing tocra 1 cnergy, K, for

strong dipole~dipole tywpc interactions and it mey preaominete
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in ncet liquid ph.sc. If conly pair intcraetions arc considered
and the first order turm is the only one taken into acccunt

the frequency shift mey bo given asB,

. K- . FQ(D('\ ;}’/L(' . 0000(2025)
A Yo 6—&-1*} (——F. #4755
R,.3 o o ’ g
1]
Since thec cvaluction of the factor _Fﬁ;L_ is not possible
R, .3

the simplified proportionality relatioi may be written as,

W

NY = £ p £ ceee(2.26)

XK~

g

2
e

The frequency splitting mey be obscrvow in most liquids,
besides the shifting of the frequency and the term (a;?zaQ
Qi Q. is believed to be responsible furo this feature.

It is this tcrm which couples thoe sar. vibrational mode of

two different molccules i and j. The somen band shape reflects
the modulation of the oscilletor forcce constant by intermolecular

interactions. Thc Iiso(ul) reflccts cnly the spherically

symmetric averagce valuc of the potential, whereas Iﬂniso(cd)
LI

detects the angular dependence of thce intermolecular potential.

In view of thcse differcnt depencences, the Iﬁniso(uj) and
[ty

IiSO(LO) will not only exhibit diffircnc shapcs, but their

positions will z2lso be shiftcd to diffcrent extents leading
to a nonvanishing splitting factor

5 Y =) (aniso) - M (iso) cees (2,27)

4,6

Although it has bcoen shown by Wang enc McHale that the

frequency splitting é—p)can occur for ~ny angular dependent
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intermolccular intcecraction, we may limit our discussion to
dipole=dipole coupling. The intcercaction lcads to orientationel
order bectwecen molecules and couses a splitting of the vibratio-
nal mode into an in-phasc and out~of-phasc vibrotions. The
frequency of the completely polarized in-phasc vibration is
equal to the isotwoupic Remen lince centre while the frequency
of thc depoularized out-of-phasc vibration is ncerly equal to
the center of the VH band., Thc splitting factor for dipole~
dipole coupling is given by the reletion

3 Y = Y (out-of-phasc)- V (in-phase)

<-—J > 319») vee. (2.28)
;3

The engular brackets indicetc an enscmblc averioge which reflects
the fact that for diffcrent reletive orientcotions where the
out-of-phase mode is active the enisotropic component of the
band is shifted tc various cxtents depending upon the magnitude

of the oricentational factor Kij' Becouse of the fact that it

is not possiblc to evaluate the factor < 7 / onc has to be
J
satisfied with thc proporticnality relationship,
Y /B,a) 2
o A o e ‘2
, 133 (2,29)

The quantity Q-) is thc squarce ¢f the dipole moment
derivative which is responsible for the infrared intcnsity
of thc vibrationel bond. Thcercforc g)) is proportionel to
thc intensity of thce IR band and this lcads to the conclusion

that the splitting will be largce for vibrations which give
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risc to strong IR bonds. It has indocda been obscrved in mony

molecules,
2.2 Kubo lincshcpe and relaxation time

Kubo devclopcd a genceral theory of relaxation processcs
that has becn cdepted to vibraticnal rclexetion by severcl
rescarch workursll—l4. Using this thcory it can bc shown that

corrcletion functions that involve the process of *pure dephasing”

are given by the followinyg exprcession,

* - 2 Oy 2 t w2 -
) t = ) - N -4 e P ) -
Qpp( ) cxp ) 7t (g (. exp (12) . 7
eeo. (2.30)
The process of dephasing is oricntetion dependent unless the
intermoleculcr potential is orientation independent (for example

in case rcpulsive forces arc predomninent). The eqgn. (2.30)

can be modified in the two oextrcauce cases of long and short times.

In casc t <<\ch the oscillotors vibratce with random
pheses in a "quasi-static® cnvircniacent which hes not had timc
to change. In this casc the dccay of Jgp(t) is cxpected to
follow thc Gaussian distribution of .nvironmental interactions.

Onc obteins the following rclations
b o)~ oo (- u < wise?) veee (2.32)
For t >>leiuu. if time is much longer then the
correlaticn timc of tnce perturbetion, it is evident that

erp(t) will be rcprescented by an cxponcential,
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gspp(t) = exp (=07 f/c t) = exp (- %p—. ) eee(2.32)
whorc (?p)‘l = Py T .. (2.33)

Therefore depending upon the ratce of the modulation profess
(duc to the fluctuatiuns of thce intcrmolccular potentials)

onc may predict the band profilc.

In thc limit 'fe (u)z);i > 1, known s slow-
modulation limit, the perturbaticn cffoectively lasts for a
long timc znd the phasc memory of the oscillators is rapidly
lost. Thcséﬁp(t) function thcrefore decays rapidly and has
essentially Gaussian form with ¢ siuall long time cxponcntial
teil,

For rapid modulcotion (ziff6)2>é‘§§ 1) the perturbation
duc to fluctuations in thc intcermolcculcor potential repidly
decays and thc phasce mcmoury of the oscillators is retained
for longer timces. yjpp(t) thercfore “.cnys more slowly and
hence the band profile significantly ucrrows and for time
t > Z; an exponentinl dccay is obscrved, The band profilc

is obtained .by the fouricr treasformition of egn. (2.32);
95 (+) = Q-t/zp and hes thce wrentzian shape given as,
pp v
(
I (AW) = -1-—7) sy
U AW
where Y = <(L)2/> Zc' is thc¢ bondwidth of the band under

3
‘. eees (2.34
3 ‘] ( )

25 ,
considcration. Sincc ‘Cc’\cu?) 3¢¢ 1 it follows that

e o iono o rina® d \ 3
7/<( < 0)2),ﬁ and ¢ “moticonal nerrowing® is obscrved,
Howcver, at short times (high frequency Jlisplaccments from

the band centre) the ¢ (t) function will eventually reflect
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& Gaussian distribution of intcnsity. It is neccessary to
rctaoin the correct bechaviour of band moments (becouse there
is no definite sccond or higher moment for Lorentzian profile

of the band).

Since ch represents o moduletion time it is related
to the time scale of the molecular fluctuctions in the medium,
The second moment measurcs the range of frcquency distribution
duc to the various moleculer internctions, The Eé and <§d%>
contain valuable infcecrmation obout the nature of the intecrmolco-

cular poutential.
2.3 Isotropic and anisotropic kaman bands

In casc vf thce Roaaan spcctra obscrved with the verticolly
polarized laser source, the parnllel (L) and perpendicular
(IVH) components (Fig. 2.2) of thc scattcered light are relatea'll
to thce isotropic and anisotropic parts of the scattering
tensor by,

W) - a3 1. ) ... (2.35)

iso IVV(
Ianiso(co) = IVH(€0>I ceeses (2.36)

I W) = 5= [T wOue)> exp (10t) at
- _
ls - vees (2.37)

| o

where

or inverscly,

oG
3 (¢0) exp (=i¢Ot) at .... (2.38)
e (oaly) > = _Llisu
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(w)

Similarly, thc Fourier transfurm cf the normalizecd IVH
band gives
L [2(0) A(8) 7> < glore(e) >

= /C’O IVI—I(LO) exp (-iwt) <at, veewe (2.39)
— o
wherg/é is the anisotropic part of the polarizebility. The
auto correlation function<<Qi(o) Q (t) > is usuclly known as
i

the vibrational relaxation function, but it must be kept in
mind that this function cncompesscs all non-oricntational
contributions to¢ the decay of the totel correlation function.

This will include thc vaericus possiblce ways of vibrational

relaxation and collisioun induccd cffects.

although therc mey be some compliceted factors that
lead to problems in scparating vibrational relaxation and the
reoricntational correleation functions, it has been shown that
in case of polar Raman bends arising due to totally symmetric
vibraticn, the vibrationel and rcoricntetional contributions
may be separated and the bands for which the vealuc of depola-
rization ratio, f= O therc is nc contribution from the aniso-

tropic part of thc scattcering tenscor,
2.4 Raman activity:

The expression for transition moment for Raman transi-

tions is given as

jY’n XEY, 4T = Ef‘//nx‘f'fgdt ceres (2.40)
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For considering selecction rulce we arc concerncd with

. -19
f%n O<jfj )//m df. The sclection rulc for Reman scattc,rJ.ng15
may be stated as: " 4 trensition between states (Fig. 2.3)
characterized by the wave functions %ﬁ andﬂfﬁlls forbidden
in Raman scattering unlcss for at lcast onc of the components
X i of the molecular polarizability tensors (i or j = x,y or z)

the product;%@fx belongs tu a representation whose

ii yﬂn
structure contains the totally symmetric specices!. The compo-
nent cXi. transforms in thc same way as does the product of the
transformations T and Tj and thc spcecics of the componcnts of
® or in somc ceses somc suitable lincor combination of them
arc normally given in the point group charecter tables. It is

therefore easy to read the selection rules for normel mecde of

vibration of any spccics,

The polarizability o is a tensor of nine components.
The clectric polerizebility is o function of normal coordinate
and this may bc expanded in e Taylor scrics with respcect to
the normal coordinates, e thus obtain

X = (agk)

This expansion is for tnce kth normel mode., Here o, is the

'}‘ high(.r tCI’Tl'IS e s e (2. 41)

polarizability at the wquilibrium configuration of thc molecule.

( ) is the derived polarizability (which is also for
an Q "'O

the k th normal noce) ot equilibriuwn configuration. The
condition for thce normal mude k te oo Raman active is that

\
< C( :éf'o, where i or j = %, y or z, If «ny one of
o 0 Q =0
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the componconts O(XX, o(yy, Kpmt X eyt o(yz, X,y 8 non-zero
the vibretion will be Ramen active. The polarizability tensor
is a symmctric one for norawal Raman effcect and therefore only

six components have to be tcken into consideration.
2,5 Thceory of Rumen cffoct.

The intensity of scattered light for o Raman transition

between two states 1 and £ of a scettering system is given byzo,

2 ~ o~ *
1=10% 78 (¥, i+ fi)4 I, = [ f’€7fi [o</(,o,._7fi
¢° fic

eees (2,42)
where I, is the intensity of the incident radiation of wave-
number ;, v)/fi is the wevenumboer essocicted with the Rzman
transttion f & 1, Zo is thc permittivity of free spacc, and

[O(fL""—7fi is the f};- th element of the transition polarizability

tensor,
7= LS SEM 2 Sl | B >
[0{/’&’;{— i~ he S e S T RS NS R i
i r Fri” 20" ¢ Y v T L
coes (2,43)
Here<f//¢’//r> is thc (0 th cononent of the transition

dipole moment asscciated with thcﬁ:r‘.nsition fer, /a(? is the
dipole moment operator in the/O dirccetion, and i [; is 2
damping factor relatcd to the lifotime of the state r . The
summation is over all stoetues r of the system, with the exclusion
of 1 and £, thc initiel and f£inal oncs. The coordincte

suffixcs F and g~ rcfer te the molccule-fixcd certesian



P, W Y

vectors X, y and 2z and it follows thot the trensition polari-
zebility tensor is of second rank, possessing ninc components,

which may conveniently bc representced in matrix form

O(xx Qfxy X xz
O<YX O<YY O<YZ
‘sz ‘xéy X 2z

The nature of the Raman cffect is determined by the initial
and finel cigenstates |i)» and | £>and by the proximity of
the wavenumber of thoe cecxciting radiation to that of any
elcctronic transition of thce systom, i.c. the magnitude cof
) ;ri - ;o] . It ispossible to distinguish electronic and
vibrational Ramon cffects from cach other if the cigenstetes
[i> + [£>and | r)> are factourized into electronic and
vibrational parts and substituted intc egn. (2.43). The
Kramers~Heisenberg dispersion formula provides deteiled
knowledge ¢f the sclection rules, band intensities and polari-

zation properties of clectrenice Reman scattering,

In the adiecbotic Born-Oppcnheincr approximation, the
eigenstetes /i>,/£> ond /r> wmoy be expressed as products
of elcctronic and vibratiovnal stetes and if the system is

initielly in the ground clectronic state g, we may writes

ti> = |Jogmn> = |g> |m
[£> = Jan> = }Ja>|n), ceee (2,44)
(ry = {ev> = [ec>|wvy,
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where |{ay and [e> arc excited clcctronic states and m, n
and v represent vibrational quantum numbers. This enables the

transition polarizability to be written in the form

L 3 [< o [Mede/ 2 SV Mk

T —
an,gm  hc Yev,gm~ Yo © L ev

/Cﬁgf7

<h[£Z95%e/z>’<v ff ed ;>‘]
)/ev, +)/ +:l.f‘;V _

veoo (2.45)

Z:/%ki7ae is the pure electronic transition momcnt,.<a”%a?yg;>,
associoted with the electronic transition a,& e, Under the
conditions for which the adiebatic - Born -~ Oppenheimer appro-
ximation is valid, the dependence of such an electronic tran-
sition moment on the nurmel] coordinates of the system, Qk’ is
small. It may be cxpressed as a rapidly converging Taylor serics

expanded around the equilibrium position, the Herzberg - Teller

expansion hk
Q 1 ¢ Q.+ eee
wﬁ-?ae = [7‘(-{7ae * "he SZ" 8%0/7 Vs = Ve k
eess (2.46)
1 h = O
where <:é { [é/k

s being a second cxcited states The zero superscripted transi-
tion moments refer to thcir values ot the equilibrium position,
defined by Qk = O for all k. Highcer order terms in the Taylor

expression are normally sufficiently small to be neglected
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Substitution in cgn. (2.45) and simplification of the resulting
expressions tcoking into cccount that the electronic transition
momecnts and the integrel hzs do not, under thc conditions for
which Born~Oppenheimcr cpproximetion is valid, operate on the

vibrational wavefunctions, we, thcrcfore, may write,

y; ‘,_... = A 1 B C D, e v e 2.4
ZO?QL7an' gn SATBFCH (2.47)

The expressions for the «,B,C,D tcrms —re given in
Appendix .. In the ideal limit of the normel, i.c. non~reson-
ance, Raman effect the wavenumber of the exciting radiation is
far from that of any region of elcecctronic cxcitation, that is
o~ o~
ona tioe £ i 2 imations
)/O <Q( )jev, gm for all ev, ond « following cpproximation

may be made:

(1) The denominatours in the transition polarizability are

largc and inscnsitive to the vibrational quantum numbers
~

m, n, v. Diffcrcnces between the various L)cv gm MY
L4

thereforc bc neglocted.

(2) The variation of Roman intensity with excitation wave-

number is governcd solely by the L/4 dependence,

(3) Since ( Lgv, gnfdé) and ( p;v, an T )6) are much larger

than the damping foctor, i rzv, the latter may be neglected.
(4) 4 larye number of states s will be contributing to thc
B,C and D tcrms such that it is virtually impossiblc to
determince the relative magnitudces of each countribution.

For this recason, in thce non-rescncnce situation we express
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the Taylor expansion as

Z/é’[{a"/?ae = Z:/%/—7;e + AT ’

eves (2.48)
where Zjb?i7aé incorporates the vibronic coupling of g, a and
e to other states. It is o corcllary of assumption (1) that,
since the states v represent o completce orthonormal set, the
sums in 4, B, C, D tcrms may bc cvaluated by invoking the
closure theorem provided that the v dependence mey be stated
as

%/VP'(V/:& 1 ceee (2,49)

and arisces from thce metrix product rule
-.§J: J‘Aij BJk = (AB)ik oo e e (2.50)
Introducing these approximaticns loads to the following

simplified cquations for thce contributions to the transition

polarizability:

[ / /" ¢ 7 .
z : £l7ea, £ e 7a<:_£/fﬁ?_ﬂ n/m

Vg~ 2y Yo+ Yy
veee. (2.51)

A :
B4c =i TE[LFET (feeTog v LT oo L2

hc

hc e a4 ~
Yeg = }6
+ _..‘7’:?-‘._/.':_?_4241&*7.2;&1&42(@:77 e, £ LgJ >
)}ea—}- y’\/o A B IR Y ) (2 52)
D= hé EE k%ik-‘Ziﬁ*f;Z;i /{ //Ayr~/ Sl "]
L )/ cg ; ye “« 7 7)

<n/Qka’/m> oo (2.53)
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For vibration:l Ram n scattering the transition termi-
natces in the greund clectronic stete and thercforce we put a = g
in the above cquatiuns. Since n ond m thcen becoume vibrational
quantum numbcers of the same (i.c. greund) clectrenic state
the vibrational overlap integral, <:n/h1>>, can c¢nly be non-
zero if n = m, in which casc it hois thce valuc unity. This is
a conscquence of the orthonormality of /n> and /m>1if they belong
to the same electroenic stote and it follcews that the 4 term
may contribute to Raylecigh scottering but nct to vibrational
Raman scattering. The integral <<n/Qk/m;> is non-zerv if
n=m+ 1, and has thc valuc Zﬁ (m+1)/87? c;i_7 % for
n=m+ 1 and Z"hm/a_nz c ;jk~7 “% for n = m-1. Thus thc (B+C)
term is responsible for Stokes and anti-Stokes fundamental
vibrational Raman scecttering., The D tcerm is responsible for
the first overtonc. (k = k') and binary combination tone (k#k')
vibrational Raman scattering, but is usually so small comparcd
to thc (B+C) term, thativertoncs and combination bands are
rarely observed in normal Ramen scattering). Higher order
ovcrtene and combinction bands would, of coursc, be controlled
by the higher terms in cgn. (2.48). Examination of the (B+C)
and D terms rcveals thot when a2 = g (os it must for vibraotional
Raman scettecring) the magnitudes of thesce terms are unchanged
when the coordinate suffixcsf5 and ¢— arc tronsposed. It
thercfore follows that for vibrationd.l Roman scettcring excited

Off resuvnonce X, = a%_(;, i.¢. tr .asition polarizability

b



tensor is symmetric about the lcading aiagunal and has only

six indepecndent componcnts.
2.6 Thec intcrmolcculaer potential functions

A simple poir potential for atoms is the herd-sphcere
function in which the atom is medclled by a hard sphere of
diamcter d (Fig 2.4a). The potenticl will be zero for R>d
and infinity for R <ld with a discontinuity at R = d, where
R is thc distance between the centres of the two atoms or
molecules. The hard spherc putential when introduced into
statistical theouries, reproduces qualitatively meny of the
propertics of a fluid: the thoermal conductivity end viscosity
are two examples and the value of & can be chosen to give the
best fit to such propcertics. The particular properties mentio-
ned arc primerily dependent on the repulsive part ¢f the pcten-
tial and for such prcpertics the van der Waals attractive well
is not much importent and thercforce hard spherc model can
successfully cxplein thcm, It should hcwever not be implicd
that the hardspherc potenticl is en accurcte represcentation of

the putential.

It isnecessary to usce < potenticl which has a minimum SO
as to obtain a liquid~ges phasc chonge. The simplest potential
which possesses this propcerty is a combination of squarc well
attraction (Fig. 2.4b) with thc hard-sphcre repulsion. Unfor-

tunctely this potential is longway from being a rcalistic
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potential and its use in theorics of fluids has bcecen very

difficult.

Thc potential whicn has been the basic one for many

studies of atomic fluids and which is also rcascnably close

to the real potentials (Fig. 2.4c) has the following form 21422,

_ <: - __d‘_‘_12 - d 6
U = 4¢ /(%9

g/ eeees (2.54)
It is called the Lennard-Jdones (L-J) putcential after its
origineator. DMany timcs it is rcfecrroed as 6-12 potential

being a mamber f the fonily given as,

U=/ (9™ - (I, m>n ... (2.55)

wherce m and n are integers. Thesce poutentials arc zcrolat
Sm—
R =20 and R = d ond have a2 mininmum at Rmin = d b{%ﬁ m=n

ceens (2.56)

~ — -

Il
m ’ M-~-n --/ e e oo (2.57)

Lo
!
N

m

-, n LA

of depth U, = 4 { ) Men -
pth min ( m )

Por th. L-J potential,

R . =2 /6
min

a

Unin = ~ d
For large velucs of R the L-J potcntial is asymptotic tu an
R"6 curve and thcrefor. it has the corrceect form to reproduce
the long-rangc dispcersici: cnergy betiveen closced shell atoms
and molecules. For R < the first tema in the potential
dominates and mcking this »nroportional tc R~12 ensurcs o sharp
rise in thc¢ repulsive brencn of twie Curve, There is no physicel

significance in putting m = 12, but . nethcematical adventage
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is therce in having m = anor the cvaluation of certein intcgrels

that cnter the cclculcotion of f£luid propertics,

A most commonly cmploycd potential (Hige 2.4d) contains
the exponcnticl term anc is given by the following relation
U= - -ffe . 4+ B cxp (-CR) ee.o (2.58)
which is usually callcd as the (exp-6) potenticl. The merit
of this function is that buth the long-ringe attrcction and
short range repulsion arc functions that arc supported by

thcorcetical analysis.

Let us now cunsiucr potentizl curves which have no
discontinuities in tncic corivatives c,g, 6-~cxp or 6-~12, The
most common potenticls of this kind now used are thoese of

Kitaigorodsky23, H@ndrickson24, Liquori et al.25, Scott and

Schercgazs, and Flcry ct al. 27. The re cxists about ten other
independent proccdures for obtoining seramceters of the potential

curve, but they are less roelicble.

The universal potential of Kitcigorudsky28

V(R) = 3.5 /78600 exp (-13 -%}q . 0.04 ( §9~06_7
. e 0 (2.59)

€ontains only onc parzunctcr, the cquilibrium distonce Ry,

28 . -
Ram:ch indran ct al°b heve shouwn that oven with such limitataons
on thc 6-exp potentinl parameters, conformational calculations

of peptides especially sugnrs yicld quite good results. &S

. . .35 , ,
shown in the cosc of unaiverecal petenticl it is most importont te
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choose the R, equilibrium distonce. If the choice is good
it only rcecmains to find two peraacters for the 6--cxp potential
and onc for 6-~12 potential. Twe scts of parameters were
considercd, 4, B and C satisfying the Kitaigorodsky potcntial
i-ca,. Kl and K2° The first sct Kl was found assuming that
V(R) = O when R is cqual to the swn of the voen der Wells radil
The second set K2 is fcund on thce assumption that in thet point
the potential curve nas its minimum. The values of the minimum
contacts between nonbonded ctoms arc given28 in the Toblc II.2 -
and the equilibrium distonces for the universal pctential
of Kitaigorosky arc given in the Table II,3.

In case of crystals the closet atoms belonging to
different molecules are as a rule located at distances shorter
than equilibrium ones. Scott and Scherega26 and Flory et al.27
obtained RO by adding 0.22 to the mcan value of the intermolecular
contacts found by Bondii (the difference is likely to be 0.3 =~
0.4.2). These authors derived the second parameter indispensable
to their potentials from somc experimental data based on the
theory of dispcrsion forces. In the case of 6-12 potentials

the constants found i.c. +«. and RO are sufficient where A is

the coefficient at R"6 in the 6-c¢xp or 6-12 potential,
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Table IL 2 Valucs of minimun cont.cts between Nonbonded Atoms™

P T A T LY

Type of contact Normal limits ‘(é)‘ ) Extreme“limitsef )
H...H 2.0 1.9
Heo..O 2.4 2.2
HyooN 2.4 2,2
H..,C 2,4 2.2
O...0 2.7 2.6
O..oN 2.7 2.6
0...C 2.8 2.7
N,..N 2.7 2,6
N,..C 2,9 2.8
CeosoC 3.0 2.9

Table II3 Equilibrium Distinces for thce Univcecrsal Potentical

of Kitaigorodskyb

. Ro () Internction . Ke G

Interaction ET-Jhﬁiliz--u . ; g 74

1 2 1 2
H...H 2.66 2,40 N...CH, 3.78 3.40
HeooN 3.06 2,75 0eeeC 3,33 3.00
Hev.O 3.00 2.70 OessC 3.56 3.20
H,..C 3.22 2,90 GeaoCily 3.72 3.35
C...CH3 3.39 3,05 Cov.C 3.78 3.40
N...N 3.44 3.10 C...CI—I3 3.94 3.55
N..sO 3.39 3.05 CH3ee.CHy 4,11 3.77
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another very impoert-nt typce of potential which has to be
token into consideration is H-bonding typei"In casce of hydrogen
bonding thce H atom is pertly bonded to two clectroznegative
atoms mcst coummonly N,0 or halcgen ctom. The hydrogen is morc
strongly bcund to one atom than the otiwer, The main contri-
bution to the binding encrgy comes from the elcctrostotic encrgy
between the dipceler a~H bond ond 2 perticl ncgative charge on
the electronegative aton 8. For the stronger ccomplexes,however,
there is a significant cuntribution erising from the overlap of
orbitals ofsa~H bond with thosc of s, This interaction leads

to @ particl transfor of clectroens frum 3 te the &H bond.,

4 potential well for hydrogen bond can boe described
by a parabola cut off ot ti.c pcint of intcrsection with the
abscissa or a curve of the morsc potoential type etc. It appcars
probable thet the aritrory configurnticn of the potential will

affect but slightly the results of the calculation of

cptimum moleculer confcrmation or packings. The coordinates
of thc potcential well bottum arc tace waly paramcters of
importancec,

L

AS an example we take the usce £ OH=-0 bonding. If we
consider atom-cotom potcnticl modcel the ..cuendence of the
hydrogen bond encrgy on the Od-,.0 angic is affcected autumaticelly.

The deflection of the cngle from 180° ot constant O-H and
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H...O distancc results in 2 sherp risc ¢f encrgy due to O

atom rcpulsion.

The hydrcgycen bond potential curves has becen studied

by LippinZcott Schrocder and particulerly by Reid. The

O-H...0 potential was tated as a swa of the threce components:
O-H interaction, H...0 interaction, ond O.,.0 interaction.
Reid's potenticl hes the form,

—n(r—-ro)2 -~
3 _/
- ~n(Rg=L=C
+ CD, [i-exp =B{Re o)
2¢c (Rg=-x)

-l
- 4.55 x 10° %8 Re . (2.60)

V(cR) =D, /1-exp (
. 4

259.5
Ro6

4

wherc Ry, is the equilibrium 0O,,.0 distance, r is the O-H
distance and r, is the H...O distonc.. The constants arc

empirical in noturc.
2.6a. The intceracting multipeles

The potenticl wnergy V can be cxpressed in diffcerent
way%2 so far as the chargc distributic i ¢f the interacting
molecules do not overlep., The alignaocat theory of Kecesom
considers molecular attractions os o wircct interaction between
stetic multipoles within thce molceccule. The Keesom interaction
is important whencver the molecules It ve permcnent dipole
moments, The aligniaent cffect in its simplest form can be

expressed by the potential cencrgy V wnich tekces the form,

/e - - in -
VZ"ﬁz?; é —2Cos(§, CQSQZ, S;nelslh 33.2 Cos(fl ﬁ)_?
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3 (. - ] . g -
+ 45%1/02 [/ cos ;5 + 2 cos @, Sin 0, sin @, cos(¢1 ?é)

2R
- 3c0329l cost~7 - j(le (Eosel + 2cos@, Sin @, Sin 9,
cos (%1 - ¢é) ~ 3 coszezcosel_Zﬁ + i;g £;9,
{ 1-5 c03291 - 5 cosze2 - 15c05291 cos292 +
2 /2 cose1 cose, - SinG1 Sin@2 cos(?&-ﬂ%) 7 %}
+ ;igu{olfﬁz /T12 - 20 coszel) cos0, cos0,

2 s
o - 34 S 4 /-
+ (15 cos™@, ~ 3) Sin@, Sin6, cos(f,; ¢é) 7
+ 10, [ (12~20 coszez) cos@, cose,

2

- : A
+ (15 cos e, 3) Sln92 Sine1 COS(¢i @2)_2}

+ terms of ordoer R etc. ceesss (2,61)

wherg/ﬂl, Ql and O1 denotc the dipole moment, guadrupole
moment and octupolce momcent respectively of molecule 1 and
similarlz/ﬁz, Qz and 02 denotce the corresponding moments of
molecule 2. The @ anc ¢'are the poler co-ordinates of the
molcecular axis as shown in #ig. 2. 1d.

Thec mean value of V is zero if a2ll orientations of
molecule are equally probable. The Boltzmann distribution
function however increcses the weiunt of attractive orientations
and this therefore gives a potential onergy which may be an

appreciable fraction of the van der wcal's interaction cnergy.

2.6b, Dipole-dipole interaction
The strength of a dipole-dipol. interaction depends
on tne separation of thc dipole centers ond their relative

orientations. In ordcr to derive an c.pression for the energies
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involved, it is nccoesscory tu celculate only the energy of
interaction between all peirs of charycs ana then to sum the
results. Thc potenticl cnergy of intcraction for the head--to-
tail counfiguration depicted in tig. 2.1c. for two identical

dipules with their coenters scpaeratcd by a distance R is given
30

by
o =4l bl A 5 e (262)
tot l2 L R * R+ R -~

For the parallel cunfiguration of two identical dipoles

as shown in FPig. 2.1b, thc pltential cnergy is given as

2 - i 1 -
2 At Z o S - A e 2 cees{(2.63)
=3 (R* + 1%)7 Ro=

1
The length of the dipole as well as the strength of the
dipole moment is nceded for the calculatiun. However, if

—l -
1 << R and the term (R2 T 12) 7 is approximated as R 1(1-%

—“%— ) the cnergy cf intoerretion (Fig. 2.1a) is given as
R
, 2
U = e '2"/'{"““3"" o0 e s (2.64)
R

In a ¢uneral situatiun given in the Fig. 2.1(c), the interactioun
energy assumecs the fcrm

2
Ll . .
U= - S (2 Cos Ql Cos @& - Sin @, Sin 92) ceees (2.65)

R
12
The above formulc, howcever, is for a configuration where the
dipoles rotatc in one planc (e.g. the plane of the paper).

In 2 thrcc dimensional configuration wherce the dipolcecs with

their oricntations shown in Fig. 2.1d ond angles definced,



the interaction energy

2 ] N 1
u_=f;;££§ (=2 Cos®y Cosﬁb + Sln9§mggosg£12

12

) eee. (2.66)

The molecules iN a liquid are in random motion due to
qu

the thermal energy XKI and their interaction energy with the
electric field isfiven as {f-E which is negative. In order to
calculate the extent to which molecules are directed by the
electric field E, we find cut the average valu§A53§5 along
the direction of the field E wherg/lis the dipole méﬁent of

the molecule and ® is the angle between the dipole and the ele-

ctric field E., The average value is given by thexelationﬁo'Bl

LT AE Crg ST
mornl AL T G e et
//X 7 LSS
{ £ Sas @ ({‘C -
ees (2.67)
s>ubstituting /%%— = g anu Cos 8 = X
a ax -
/ ;& ax ‘
iae ax

Where L(a) = / Cotha —'%~ / is called the Langevin
function and has a limiting value cf 1which is also expected
as the maximum value cf Cocs ® is 1., Yhe exponential in the

expression for Cos © can be developed in the following series

== n
e L S
Cose = n=20,24 __ (n+ 1)
- ~— '
— an
n=1, 3, 5 —¥r -
_ . _1/3 4+ 1/30 a% % .... cee (2.69)

l+1f6 a['}'.ouuoo-
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For small values of a, the quadratic and aigher terms may be

neglected and therefore cos8 8 is line.r in E,

cos 8 = & _L1A/E8 o L.
2 =558 i ¢ la ) oo (2.70)

However, for laﬁer values of a we st take into account other

terms in the series developuwent for L (a).

1 - 5 ~
L(a) =”‘3‘ a Z‘%‘—“a3 "Al' '9“;?:‘"' a ® o 00 e 0w (do 71)

The function L(a) is cuwpared with~%< for small values
of a and its deviation has also been tuoulated (Table II.4).
It can be seen that for a = 0.2, the deviation is only 0, 3%.

. . . 1 N
The approximation L(a) =-% - a may toereiore be safely used as

3
long as a =/A’E/kT { 0.1 or E(}Eﬁ—-k?-. The strengths of the

£

electric field at room tenperature (300°K) may be calculated
which will satisfy this conuition for a particular dipole

owment.

— 5
For/ﬁ = 4 Debye, the value Q.1 XTI = 3x10 gm

In usual dielectric measureunents the electric field E is much

5

smaller than 10° V and therefore the cquation L(a) = & may

. 3
cuil
be used.
The polarising influence of the electrie field appears
in the average of Cos @ and dces nout appear as an appreciable
change in the directicn of the incividual dipole moments.

Normally cos @ is much siawllcer than 0.01 which means that if

we could think of a picture (i the vip.le vectors of a numder
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of molecules at the certain time, it would be imposible to
see in that picture that the dipols prefer a certain direction.

Only an accurate measuremcnt ¢f the ungles & would show that

the value of Cos © differs slightly froa the zero.

Table II.4 The comparison of the function L{a) with a/3

B o e e e ]

a L{a) a/3
0.1 0.0333 0.0333
0,2 0.0665 0.0667
0.5 0.1640 0. 1667
1,0 0.3130 0,3333

2.0 0.5373 0.6667

- —
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2.6¢. Van der Waals type of interactions

32'3%ﬁintermolecular attractions

The van der Waals theory
deals with a situation wherc the mcleccules are separated large
enough so that the electronic oroitals do not overlap. Depen=
ding on the nature of the molcecules which are interacting,

the wan der Wwaals type of interacticns inay be classified into

three classes,

(a) Keesom forces: Keesom forces relate to the dipole-dipole
interactions, The interaction potential between the two
molecules of dipole mowents A and/ﬁ and at positions
R, and R,, which tends to align both molecules is given by,

i 3
-l
Vo, (Rij) -/ai. Vi IRy = Ry Ty el (2.72)

This orientation is the parallel alignment of the two
molecules and is adopted at very low temperatures when
the molecules are nearly at rest. The interattion energy

for such a system can be written as,

N
o -1y s
_— e /{ S e— —4 ..r\ {
Yor flilﬁj {>9r2 r /R, 2L ' eees (2,73)
ij Rij3
for thermal encrgy, ki <\;éj,fﬁ‘ . The averaging over
3

all orientations of the interadtion energy is required

if kT ‘ +./R, .3 anu the interaction ener may then
/5,57 R gy may

be calculated. The resulting expression for the intera-

ction energy muy be written as,

S, .2, 2
Uor=-4ﬂl/q cees (2.74)

3 kT R, .6

ij
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where the orientational effect of both the dipoles have
been considered leading tc thce deubling of the interaction
energy. The orientation effect vanishes for molecules
whicn do not possess pernanent dipoles., Due to the thermal

motion any alignment vanishes at high temperatures.

(2) Debye furces: Debye, in order to £ind the interaction
which does not vanish with increasing temperature, pointed
out that polar moleculcs not only align but also polarize
each other., The induced dipole simultaneously rotates

with the inducing dipoles anu therefore the interaction

energy is temperature indepcndent. The interaction pctential

of the two dipoleS/i and /ﬁ is

_ - -1 _ -1
Vipg Rygd = =%/ Ny Vo Ry ol 5% Ryy el
veo (:2.75)

where{xj is the polerizability of molecule 5
If the molecule j alsc cxhibits a permanent dipol?/bj, a
potential similar to U, o given abuve by eqn. (2,75) . results
by interchanging moleculcs i and j. 4At low temperatures, the
permanent and the induced <ipoles align along the joining
vector Rij to give an intcraction cnergy
2 . .2
U. '-2 . A o N, . N
ind _ (‘xg/ﬁl Ty AAJ~3‘ cee. (2,76
R..6
1]
4t high temperature all oriéntations contribute according to

—

Boltzmann distribution, so that the interaction encrgy can be
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written as,

o /r . §7.2)
U. (1 = - R Jé/[‘LM LR A ] (2-77)
in 4

With increasing temperature the induction effect decreases,
but it does not vanish. «lthough, this cffect explains the
attractions even at high temperaturcs but fails to explain

the attraction betwecen non-polar molecules,
London (Vispersion) forces:

The existence of attractive forces as evident from the
departurcs of all substances frow the idcal gas law was a
paradux for the classical physics. The cxplanation came
through the quantum mcchanical ccensiceration as following.
Everywhere in thc space the quantized radiation is present and
the photons are moving randomly. These moving photons are
constantly scattered by any particle which arc present so that
the instantaneous dipolcs arc foruwl. These instantanevus
dipolesare able to prowuce rapidly fluctuating fields which
in tura polarize the other molecules, Consider that each
inst,.

instantancous dipolc/ui vf moulccule 4 induces a dipolc

Fjln““' of molecule j. The intcraction potential of both

molecules is obtained by substitutimg the instantaneous dipole

/Ailnst. for,ﬁi into thce egn. 2,75 <nd averaging over the time

inst, -1 inst.
V.. (R,.) = = Le¢p 0 . - . -
dls( l_]) 2</.'L R Ri_j’jj‘\/ \’i 1_] //1 >av

... (2.78)



The coupling parameter between photoens and molecules is the
molecular polarizability'&&. The final expressicn for the
dispersion fources can bc expressed by,

U

dis RS h(y’i —;.))J_) i ] ceo. (2,79)

N w
=3
F

}-l.
. N
)
}
§
!
e
Q

Dispersicn\forces arc often cstinmuted based upon this simple
formula, for the pclarizabilities of most molecules are known.
As to h}é and h Vj it is foeund that encrgies corresponding to
the ionization cnergics Ii and Ijvfton approximate them to

a rcascnable extent. Tho dispersicn cncrgy occurs between

any two molecules and it increases with the increase in tom--
perature. Thc relations betwcen photon scattering and molecular
interaction led tu the mame dispersion effect., This interaction
is known as "London- van der Wa.ls interaction because the
original quantuwn mcchenical trecatment was given by London.

It is this dispersion type interacticn which can explain the
gencral additive attraction between arbitrary atcms or molecules.
The oricntation effcct is not necessarily additive between thrce
molecules and in many cascs the third molecule may be repelled
than attracted. The inductive cffect is ulso greatly reduced
when many moleculas superinpoesce their polarizing field from
different sides. It is for these recasouns that orientation.

and induction effects arc usually oversnadowed by dispersion

ceffects,.
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2,7 Liffusion propertics of the wolecular liquids

The wolecular motions in a liquid are difficult to
visualisc as the molcecules of o liguid-arc almost as closc as
in the crystalline sclic. Therc is approximetely 10% expansion
on melting which leods tc scvine lovscencss and randomness in the
liquid structure34. The wolcecules of ¢ liquid arc in a poten-
tial well which is however, somcwhat f£lzttened one. This
confinement 15 usually rcefcrrced to as the "solvent cage cffect'.
The moleccule is considered as vibroting against the walls of the
cegc, that is agiinst its iimediate ncecighbours with occasiconal
cscape to the pesition avjaccent te it. The suvlvent cage is
depicted in the Fig. 2.52 wherce the moleculcs arce shown as
roughly spherical in suipc., The cige model is supported by
the successiul treatmcent of diffusion in liguids in which the
random diffusional motiovn of moleculses in @ liquid is taken
tu coccur as a sequence f jumps from one position to another,
The ele Montary jump uistance s is zbout 2r, where r, is the

radius of the molceculc. Yhe diffusiun coefficient is given as

2
D = '_s— X (2.80)
2 T
where € is the averwge time between junps, and it therefore
2
has the valuc Zf:é— eeee (2.81)
2D

5

If we treat the ligquid as having a quasi-crystalline structure,
with more or less definitc molceccular sites, it turns out

that a somewhat morc accur.tc treatnent should give the relation
2 o2
D = -'E”‘ or Z = ""‘—?b R (2.82)
67
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For the small moleculcs o coascenanle value of 8 which is taken
as 2r, is about 45 « The sclvontage is a sufficiently locsc
one and the average vibraticnal cnergy is kT, Vibrations
against the wall c¢f th. cagce occur at intervals of h/kT oxr

-13

about 1,5x10 sec at 25°C, we may tinercfore conclude that

the melecule in a solution vibrates coout 2.5x10"11/1.5x10—13
or gpproximately 200 timcs against its immediate neighbours

beforce escaping to a ncew positiova and new neighbours.

This picture is also appliceble to sclute moleculcs,
The frequency with which two sclutc mclecules A and 8 will by
the process of diffusion accidently beccme ncighbours may be
obtained (Fig. 2.56). This orocess is known as enccunter and
the estimaticn uf encounter frequencics is central to much of
solution kinetics. However, the c;nplicated structure of .the
ligquid makcs the prouvlem quitce difficult. Therefore, one may
make the apprexinction that the molecules of the solvent and
solute are of the samc sizc and arc alsc spherical in shape
which then leads to about 12 ncarest ncaighbours. On cach
jump thc solute molecule f£inds about & new molecules, Thesc
considerations éru ¢f great value in studying the solute-

solvent interactions.

2.8 Dielectric puipertics of mouterials.
The statistical mcchonics provides a way of obtaining
macroscoupic quantities when the preoertics ¢f the melecules
o s 31 o
and the molecular intcractions are knewn™ . In the statistical

mechanical theories ot dielectric constant, simplifie d models



are often used for the molecules and thce interwmolecular forces
to make the calculations tractable. .« molecule is normally
represented by an idcal dipole and @ scalar polarizability or
by an idecal dipole in the cuntre of ¢ dielectric sphere and
the molecular intcerwction is teken to follow a hard~sphere
or a Lennard-Jones potcntial. The system consists of a large
number of molecules (2?1023) eﬁerting long~-range (dipole~dipole)
forces on cach other, e statistical-mechunical theories of
dielectric constant start from the consideration that the
polarization P is given by,

P = D -€.E, ceee (2.83)
where D = éOE, in the diclectric matcerial and P is also known
as dipole density. The influence of higher multipole densities

are neglected,

The polarization P may be divided into four categorics
depending upon the nature of the dipole moment which is
established,

P=Por+Pi+Pe " Ps eeo0ocss (2084)

The orientational polarization (Por) is exhibited by the polar
dielectrics and arisecs duc to the oricntation (rotation) of

the dipoles in the direction of the electric field., The electric
field introduces a.  certain amount of orderlines in the position

of polar molecules which are in chaotic motion due to the
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thermal e¢nergy assccicted with the melecules. The orientational
pelarization is thcrefcre temperature dependent. This polari-
zation (Por) can appear only in goses, liquids and amorphous
viscous bodies. The iunic pclarization (P;) arises duc to

the mutual displaccment of iovns and atoums, The time reguired
for the process  f iuvnic polarizotion is ¢f the order of
picoseccnds. The elcctronic polerization(@ccurs in all atoms
or ions and is observed in all diclectric meterials. The
specific neaturce of the elcctrunic polarizaticn is that it

1
> seconds) .

occurs during o very brief intcrval £ tiuwe ( 10
The space charge polarizeticn (PS) arises because of the

Prescnce of lower resistivity nmotericls within the dielectric,

The induced dipcele mement P of a polarized molecule
is equal tu the procuct (£ the polerizability (o ) of the
molecule and the intonolity of the applicd electric field E.
Howecver, the intcrnal intensity . £ the field where the molecule
exists surrounceu oy cother poelarised melecules is not equel to
the external intcnsity of the . icld, The internzl field alsco
called the local ficld (Elkc) ot 2ny moleculce is a geumetrical
sum of the external ficld (Eu) and the ficld E of dipoles
crcated by the ncecighbouring moleculces. This local field

31, 35=37

known as lorentz field is given by

Eloc = EU + 1/3 é‘(‘: peoece (2-85)

The polarization P in casc of solide an< liquids may be

presented by the cquaticn, P = NX E ce.. (2.86)
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where N is the number of molecules in ¢ unit velume. The
substitution of thc value for Eloc lcads to the feormula for

polarization as,

NKX. Fo |
P = oLl = é (K—-l)E es e e (208?)
l-NO(/3aO ° ’

Therefcre the dielectric cunstant is a function of the density
of the material through N and the polarizability.

L. = 1+8X/ (€ - No/y) cev.. (2.88)

The polarizability of the atums (and moleculces) of nonpolar
matter in the CGS systemn of units is the magnitude of the
order of the cube of the radius of the atums. Therefore the

magnitude,

3
47_:§_o<= iglr veee. (2.89)

should rcpresent the volwace of the atums or molecules.

The local micrescoepic field ecting on a molecule will bce
o functicn of the macruscopic avercege field tougether with fields
arising frum its cwn induced dipcle moment and these of
neighbouring polarized wolccules., The dipolar field intensity
experienced by a ncighootring mclecule will be of the order of
/0/4T7€L{3 whereﬁis the wclecular dipele moment and r is @
representative intermolecular spacing. In this way since & =XE,

then in crder for El;c = E wc st have

eees 1+ (2.90)
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When the incequality cf equation is not satisfied then

El~o # E. The lecal ficld acting on a specific molecule will

be greatly influencced by the elcectric ficlds of other mclecules,
The locel field ElOC may be¢ colculated by considering the
diclectric matcerial to boe compescd ¢f twe regions, a small
spherical region gentcered around the mclecule for which the

Elyc is to bc calculated end the rcwaining part of the diclectric.
The radius of the spherc is censidered tc be large in comparison
with the dimensicns of the diclecctric moterial. The molecules
within the spherical cavity arc intcracting like point parallel

dipoles and the molccules cutsidce the sphere are considered

to form a cuntinucus mcedium, The l.col ficld ElOC is given by,
bloc = E1 + E2 eeee (2,91)
where E1 is the ficld intensity due tc the material cutside

the sphere and E, is the £icld intensity due to dipoles inside

the spherc. It can be shown than

rel ‘e =
El = E ':“‘3";:;‘ = '"("%:2“ )L csoeee (2.92)

where E is the externelly applied c¢lectric field,

"

The calculction of B, isfict su casy but it can be shown

2

that if thc molecules within the sphoerce form a simple cubic,
fce or bece lattice about the centrel molecule of interest

then E2 = O., This rcsult alsc hclds flr a completely random

arrangcement of moleculces within the sphcere., For isotropic

mcterials such as liquids E, < E; ana to a good appreximation

el xa
El = C‘:‘-"—*B"z“ )‘E" LA A ] (2093)
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suv that oune uvbtains

e+ 2) €o

which .n rcarrangcmcnt leads to ¢ ,_ﬁrqmg o cees(2.95)
Tl 1= N3 &g

which predicts that as the density £ the material approaches
3¢

the value N = ...0
X

a small applicd field strength would result in an infinite

3(g-1) . N .« eee. (2.94)

, the permittivity tenas te infinity so that

polarization of thce matcricl., «ws no such effect is obscrved
the equation is not valid. Onsagcer was the first to provide

a satisfactory explation by replacing the cavity with one being
of the same size as the molccule whese dipele moment/xx is,
assumed to occupy only < small regicn located at the centrce of
the wolecule., a4acccrding to this schome, the leccal field takes

the following form.

E, = XE -i~ﬂm cees (2,96)
where (A B represents the cavity fidd and]g m is thec reacticn
field., The cavity ficld is that part of the lccal field that
recmains unaltered if the moleculce in question has its dipele
mement remeved. The reaction ficld is the component of the
local ficld that now rcesults when the dipole moment is restored
to the molecule, Thoe cipoele moment connot contribute toe its
own local ficld dircctly but it can wo sv indirectly by inducing
polarization in the ncighbouring nclecule which in turn medify
the local field. This reaction ficld will have no orienting

cffect on the molecule since it will (luays be paracllel to the
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dipcle moment M, Following Onsager treatment, the local

ficld is given by,

. 3¢E L 2(&=1) N A
Floc = ey Y E e el cee. (2.97)

The interaction terms correspending to sclute sovlvent
intcractions are usually calculated aawupting Onsager's reaction
field mocdel which trcats?’8 the systan as a rigid dipcle moment
A at the coentre of 2 spherical cavity of radius a immerscd
in a homogeneous (solvent) continuum with dicelectric constant
¢ and rcfractive index n. The solvent acts on the solutc
mclecule as an effcecctive clccetric ficld, the rcaction field F,
arising frum thc crientation in. inductive polarizations of the

dielecctric continuum by the sclutce dipcle. The treatment is

©

based on the expressicn four the recoction ficeld, arising from
bouth orientetion and incuctive polarizaotions of the sclvent

diclectric duc to the scluce's Cipolcesd

y 2 -1
F = thr’ f = — b cs we (2o98)
/Aje ! = a3 (Q '1“2
The rcaction field (Finc) Guc sclely o the induction pelari-
zation is given by ¢ simil.r cx.r.ssi.n, with & reploced by the

square ofthce rofractive in.cx n (uotical wiclectric constent) s

ind 3 eeo (2.99)

<

2 2
= f re f T - .=
F, . =M% , wher - 3 (_r1 1 )
2

Thus, thc effective £i¢ld cuc ©o cne cricentotion pelarization,

i.~. the contribution f che Dcowcneat sclvent aipoles iss
2
- 2 A &1 n- -1
F = F—F. = (. - T ) = (r~ T - > oo o (2010)
or ind *e n a3 2"+ 2 21’12 + 1.
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2.9 Effect of sulvent .1 nisctrepy shift

The anisotrepy shift is rel-tew ot lceast in a first
approuximation, to che permencnt ¢ipeles of the disscolved
mulecules39. otartinyg froum this hypotacsis ena meking the
essumption vf « ccupling iacchenism through transition uipcles
McHale6 deriveu thecretic.lly the f£ellowing expressicn for
the anisctroupy shlft,Jv g

§y = 22 o)l o ¢ 2, ... (2.101)
25 7% 2V, wd® Vi

wher%/k is the <ipoulc mement, )i anu 4 «rc the weve number and
the normal cooraincete of the vibr.ti n 1l wmode uncer coensideration,
A is the minimum intermclecular wist.nce, No is avogadre's
number, VM is thce molar velune of the solutce, and finally S is

a screcning fecter for the interaction cnergy of twu dipolces.

«ctually S counpriscs twe f£icters, S anu S rclated

tl
. . . ~ 4 T

respectively te the intoer .cticn of noernnoenont and transiticn™ dipole.

alCurding to thoe ciclcctric mewel of Unsaycr -~ Frohlich, the

first hes thc furm4o

2 -\2
=<n T2 ), eee. (2.102)

o
B
where n is the rofr ctive inacx £ the solute and € is tho
stetic dielectric cunstant .t the wcaiwa, St has ¢ similar
form, except that ¢ is roplaced by 5;0 = n2, the diclectric
constant at infinitc frequency. owwiay oo the scverdl appro-
ximaticns invoulved in the Unsager - doonlich moedcl, oune should

expect that the validity of cqn. (2,101) is limitcd wo dilutc

sulutions,
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2,10 Simplc nd asscciated e lcculor liquids

The “"simple liquids" may be considcecred as the liguids Hr
which thce oricntation depondent interocticns are smaller than
11 s _ . .
the thermal encrgy X . This conaition for dipolar inter-

molecular intcractions may be given s (for identical molecules),

/af/RiJ,3<< KT, eeo. (2.103)
where v is the permo.ncat Gip.lc raoment and Rij is the intcr-
molecular distance. The molcculer intcerections may be studied
by determining the vibretionel rolaxation functions calculated
from the isctrupic part of the bond pr.ofilecs meaesured from
spuntancous Raman scattering experiment. The parameters
rclated tc moleculer interccticns mty, in case of Lorentzien
band shape, be cclculuted using simplce formulac given clscwhere.

The term "assccioted liquids® nay be applied to liquids
for which the orientation dependent intermolecular interactions
are considerebly groecter thon kT. The condition for noun-random
distribution f the niclccules due te the effect of dipoler
forces is tulfilled for strongly pelar molecules. Thoe
influence «f this cifcct ¢n the isctrepic part of the Raman
vend may be investigetoeo by studyiag the solvent dependence

¢f the linc shapc (L the symaetric stretching vibroetion. The
cffects of resonent transfer oL vibrotional cnergy uce to
transitivn dipule-tronsition dioclic intcerecticns on the bond

shope ere minimized s tone sclute aw 1_cules beecome separated.



Thcere will, hoewever, bo 2n incoeracticn octween the pol r
melecules cuaa tn. weleculdes or tne sclvent, ane this interceticn
cen e teken int. cccount epploaimctely using the form of the
Lerentz loc-l ticle given by cgn. (2.93). 1n this way eqn.(2.94)
c.n cosily be generalizoed to deoscrive tne permittivity £ a

mixture of molcecules of verious kines.
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Fig 2,1 The orientational configuration of two dipoles:
(a) Head to tail,(b) parallel, (c) Orientation
of two dipoles with respect to a line passing
through the dipole centres, (d) Generalized
configuration of the pair of dipoles,
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Fig. 2.4 A comparison of simple empirical potentials, (a) hard-sphere,

(b) square-well, (c) Lennard-Jones, (d) (exp-6)



(b)

Fig, 2.5 (a) The solvent cage (b) Diffusional encounter between

A and B molecules,



CHAPTER III

EXPERIMENTAL
3.1 Vibrational relaxation time measurement

The vibrational relaxation time can be obtained from
the analygis of Raman band profiles of polarized and depolarized
configurations, by calculating the intensity of the isotropic

and anisotropic components using the standard relationships:
Iigo (V) =1, (V) -4/3I,,09) ... ( 3.1)

Ianiso(G ) = Iy (v ) e (3.2)

The Ivv and IVH components are defined as follows: Consider
the laser light travelling along the Y direction and if X |is
the direction of observation then X - Y plane forms the
scattering plane(Fig. 3.1). The direction of polarization of
the laser light is normally taken perpendicular to this plane
i.e. W\ Z direction. The.scattered radiation is detected in
two orientations by rotating the analyzer parallel to the
direction of the incident radiation ( I,, £ 1y ) and
perpendicular to the direction of the polarization of the

incident radiation ( IZY = Iyy ).

=59
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Assuming the band profile to be Lorentzian in shape

the vibrational relaxation time (Tv ) can be calculated by

the relation 1:

cons ( 3.3)

where riso is the full width at half height ( FWHH) of the
isotropic component and ¢ is the velocity of light. 1In order
to accurately determine these quantities one must record the
band profiles with as high spectral resolution as possible.

The finite s8lit - width effect on the observed Raman

linewidth was corrected according to the formulaz,

(2
6t=68 [1- a ] ] s 00 ( 30")
where 8¢ is the corrected linewidth ( FWHH), Ga is the

observed linewidth and S 1is the spectral slit - width.

3.2. Laser Raman experimental set up

The Raman scattering is a very weak phenomenon
compared to Rayleigh scattering. Only a small fraction of
photons are scattered by Raman scattering; so Raman lines
are usually very weak (-~ 10 6 of the intensity of the

Rayleigh light ). The majority of the scattered light is
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similar to the original incident light in terms of photon
energy. As the ratio of incident light to Raman scattered

light sometimes exceeds 109

, high spectral purity is needed
to wnveil weak Raman spectra. A double monochromator with
high stray light rejection capability, good resolution and

sensitive detection system with very low inherent noise is

therefore required for Raman data collection. The small

cross - section of the Kaman scatterinng also demands a

strong excitation source, preferably, a laser.

3.2a Source of excitation

In our laboratory Spectra - Physics model
165-09 Ar* laser, coherent radiation Imnova - 90 K, Liconix
model 4240 B He - Cd laser and Spectra - Physics model 365
dye laser, pumped with Ar* laser arc available. In order
to study the solvent dependence at very dilute concentrakions,
high powers are required. He- Ccd laser with a power of
about 80 mW ( at 4416 R ) is suitable for neat liquids but
for dilute solutions no remarkable spectra with good S/N
ratio could be obtained. Since high powers were availalbe
with the 4880 & and 5145 R laser lines from Ar® laser
only these two lines were used as the excitation source.
The important characteristics of the Ar* laser are
described below:

(a) Noise light control RMS, 10 Hz - 2 MHz O0.2%.
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(b) Noise current control RMS, 10Hz - 2 MHz 1%.

(c) Stability light control in any 30 minute period
after 2 hour warm up =+ 0.5%.
(d) Stability current control in any 30 minute period after
2 hour warm up + 3%,
(e) Frequency stability 60 MHz /°C
(f) Beam diameter 1.25 mm at l/e2 points for 514.5 nm.
(g) Beam divergence ( full angle ) 0.69 miliradian at
514.5 nm.

(h) Polarization - vertical.

The Raman spectrometer was a commercial one
purchased from Spex industry, USA and the salient features

of this spectrometer are described belcw:

3.2b. The double monochromator

The 1403 Spex Ramalog has a 0.85 - m focal length
double monochromator with an aperture f/7.8 that selectively
passes radiation on the basis of frequency of radiation.

The discrimination of the spectrometer is a measure of the
stray light inthe monochromator. Due to the low intensity
of the Raman light it is essemstial that the level of the
stray light is as low as possible. For this reason a double
monochromator is always preferable tc a single one because

the stray light intensity in the former is reduced to about
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the square root of that in the latter. To drive the spectrometer
through the spectral region it has been provided with the
DATAMATE - DM 1. The double monochromator ( Fig. 3.2) has
holographic gratings of 1800 gr/mm blazed at 5000 R and there
are four slits on it to pass the radiation. The entrance and
exit slits primarily function to control resolution, while

the two centre slits are responsible for blocking stray light
from entering the second half of the monochromator. Slits

may be set between 3 um and 3 mm by twisting the barrel of
micrometer atop the housing ( 1 div = 1 um ). On the entrance
housing is a gradusted push - pull slide to open the slit
height to 0.2, 1 and 2 em, or to position 3 Hartmenn 1.2 mm
apertures. The two central slits may be opened an additional

2 mm through an external control. Due to the double
dispersion, this results in a 10 mm wide image at the exit

slit.

The fundemental grating equation3 as applied to

Czerny - Turner mount ( Fig 3.3) is '

d ( sin g + sing8 ) = m) , cesns ( 3.5)

where m = order, ) = wavelength, d = grating spacing,
a = angle of incidence and B = angle of diffraction. In
case of 1403 instrument this formula may be expressed as:

2d sin 6 cos ¢ = mA , . ( 3.6 )
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where ¢ = 10° ; hence cos ¢ = 0.984.
6 = grating rotation measured from zero, its position at the

direct image, and the following relations hold:

(!=e+<p,8=9-(p LI ) (3-7)
The theoretical resolving power of the grating is given sas,

Ry =A /dx =v / dv = 2 sin® cos ¢ ¥ = mN, coo (3.8)
where X = wavelength, v = wavenumber, N = total number of
grating grooves, W = width of grating ruling and m = Order of

diffraction.

These expressions are wavelength dependent , thouagh if
resolution is expressed as Av , it is independent of the

wavelength or frequency cbserved.

There are two facbors which mainly influence the
resolution. The first one is source of radiation; since
resolution is a linear function of grating width (i.e. optical
path difference), it detericrates if the source illuminates
less than the full width of the grating. As a consequence,
the source or condensing lens should fully illuminate the
collimating mirror. The second factor is the slit width;
the slits seem to be the most important part of the
spectrometer. The mechanical slit width is not the thing to
be taken into account, instead one should think in terms of

spectml band pass (spectral slit width). The band pass is a



function of recéprocal linear dispersion, which, in turn,
depends on the wavelength, the grating constant, the focal
length of the instrument and the spectral order. The
spectral slit width

S=wbDl:z w [F —%%— 171, vee (3.9

where D'1 is the reciprocal linear dispersion, w is the
mechanical slit width, f is the focal length of the
collimator and de/ d\» is the angular dispersion

( rad / nn~1). The linear dispersion is given by

D = %% = f %% .. (3.10)

For example at 19435 em™1 (5145 B ) the reciprocal linear
dispersion for 1403 spectrometer ( 1800 gr/mm grating) is
10 em~1/mm. Thus a 50 um s8lit will give a spectral band pass

or slit width

3 1

S = 50 x 10" "mm x lOG}/mm = 0.5 cm

The tracking of a double monochromator refers to
the angular coincidence of the two gratings as they are
rotated. In 1403 instrument it is always such that wavelength
settings in both halves of the spectrometer are better than the
specified 1 cm™! over 10000 cm™! from 4000 - 9000 R . With
slits at 20 - 20 - 20 - 20 microns as compared to slits
at 20 - 20 - 20 - 100 microns, total throughput is reduced to

about 60%, but relative throughputs at various wavelengths are



76—

hardly affected. The stability of the spectrometer is quite

good over a one hour period. No measurable intensity change will
occur if at least one of the slits is opcned to 100 microns.

If the exit slit is opened the double dispersion of the
spectrometer is sacrificed. On the other hand, if an
intermediate slit is opened the double dispersion is retained.
In laser Raman spectroscopy the instrument is often slitless

in effect because the focussed image is of the order of 50 microns
at the entrance slit. Therefore widening of the entrance slit
beyond 50 microns may have very little effect. The intermediate
slitsphould be kept open wide enough to overcome the effects

of wavelength drift., A minimum value of 100 microns in an
environment without particularly good temperature and humidity
control is advisable. In general, the intermediate slits

should be at least 20% wider than the enteance and exit slit
settings. The slit setting should be varicd from scan to scan
until the optimum balance of throughput and resolution are

achieved.

The increasing of the height of a straight slit
decreases the resolution. As the heinht of the slits is
increased the ends of the entrance slit begin to pass portions
of adjoining wavelengths. The effect of resolution is analogous
to increasing the slit width. Therefore the height of the

straight slits should be limited when maximum resolution is
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required. The maximum throughput is attained whenever the source
subtends at least as large a solid angle at the slit as does the
collimating mirror in the spectrometer. In case of photoelectric
detection, the detectors integrate energy over the entire
irradiated area and as a consequence the total flux can be
increased simply by increasing the slit height or width. 1In
most cases this will increase flux at the detector as a
quadratic function. When using photoclectric detection the
combinations of slit widths and grating order can often pay

large dividends in throughput.

The Table III.1 aqgives the approximate spectral
band passfor 1800 gr/mm gratings in a 1403 spectrometer.
Table III.1l. The relationship between the mechanical

slit width and the spectral slitwidth for
different excitaticn wavelengths

Spectral slitwidth Mechanical slit width ( u )
( em~1) For 5145 A excitation For 4880A excitation
0.5 40 35
1.0 80 70
2.0 160 140

5.0 400 350
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3.2¢c Collection of scattered radiation

A standard sampling platform is supplied with the
Spex 1459 illuminator. The 14318 liquid cell of 1 ml. capacity
with 1431 M holder was used for holding the sample. The samplw
is illuminated ( Fig. 3.4) with laser radiation and then the
laser focus control is adjusted until the brightest image is
observed at the sample. The image of the sample scattered
radiation is deflected on the target. The imaging of the
scattered radiation on the entrance slit of the spectometer
is done by an elliptical collection mirror ( f/ 1.4). The
image is centered on the cross hairs with the lateral
adjustments and focus adjustment is turned until the sharpest
image is achisved. By rotating the swing away mirror countee-
clockwise the sample scattered radiation is allowed tc pass
into the spectrometer. The signal is now peaked photoelectrica-
11y between the focus and lateral adjustment until the signal
from the detector is maximum. In order to increase the
scattering and collection efficiency spherical mirrors may
be mounted above and behind the sample in the 1459 illuminator.
Both mirrors increase the amount of scattered radiation that
reaches the spectrometer entrance slit and therefore also

increase the signal from the detector.

Two optical elements may be interpossed in the
beam, an analyzer and a scrambler, before it reaches the

entrance slit. The analyzer is based on birefringence and



-79=

total reflection or on dichroism. The scrambler is a
wedge of birefringent material. The two components of .
poiarized light passing through it will be thrown out of
phase as with a A\/2 plate. The retardation will vary from
place to place and is not exactly A/Z;hence the emerging
radiation will be depnlarized. It cancels variations in
spectrometer response that results from polarization

dependent efficiencies.

The laser output is polarized perpendicularly,
whereas the Raman radiation from the sample is depolarized.
The analyzer interposed in pathway may transmit the light
either perpendicularly polarized or parallel) polarized, depending
on the orientation of the analyzer. In both the cases the
same scrambler is emplcyed in front of the entrance slit of

the monochromator to depolatize the radiation.

3.2d. The polarized and depolarized components

of scattered light

In order to measure the depclarization ratio
accurately, the polarization of the exciting laser beam is
kept constant and the analyzer is placed after the sample?
Suppose the polarization of the laser besam is parallel to
the Z axis (Fig. 3.1) and the direct transmission of the

analyzer is turned from Y to Z direction to measure IVH and
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Ivv respectively. The intensity of the IVH component is
proportional to

IVH « 3 Y‘Z ) . (3.11)

and that of Ivv component is proportional to

-2 »2
Iyye( 45 a” + 47 ) e (3.12)
where the factors &’2 and Y'Z are defined by the

derivatives of the polarizability as,

o’ = 1/3 (o, + g, + o, ) . (3.13)
2
-, 2 2
'Y - » - » », - »
= %[ ( Oy Ayy )5+ ( Gyy aii )

’ . 2 . 2 , 2 s 2
+ ( Ay, = Gyy )5 o+ 6( axy +ayz + agy )]..(3-14)

Since the constant factor is same for the fixed experimental

conditions, the depolarization ratic is

22
IVH 3Y .
p - - __2 '2 o (3015)
450" “+ 4y

If the Raman scatter is known for the directions
X and Z, its intensity in any direction ¢ of the X-Z plane

may be calculated from

I () = Ix c032 o + Iz sin Z ) .o (3.16)
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The angle dependent intensities after the analyzer are:

2
2 2 2 2 2
Iyy (@) = (45 a” + 4 ¥y° ) cos®¢p + 3Y sin® ¢
-z 2 2 2
= (45 o + Y ) cos" ¢y + 3Y° cee (3.18)
The observed depolarization ratio is
P ®
= I d 1 d .o 3.19
We may approximate Pobs PY?
Oopg =P+ 0 (1-0) ¢2/3 .. (3.20)

For p<<0.75, p(l-p) ¢2 /3 is of the order of magnitude

of p . Thus the measured depclarization ratio p will be

obs
larger than the true depolarization ratio,p .

If an angle ¢ = 10° ( = 0.175 rad) is need to
measure a depolarization ratio ofp = 0.01, in the case of
highly polarized band, this method will produce a systematic
error of

-4

( 1-02) ¢2/3 = 10" or 1%

However, if a completely depnlarized band is to be
measured for which the depolarization ratio is p= 0.75, the
systematic error by using the same collecting angle
¢ = 10° will be

2

0.19 x 10°° or 0.3%.
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Therefore we see that measured depolarization ratio

is always larger than the theoretically expected value.

3. 2e. Photon counting detection

The detection system consists of a RCA C31034 - 02,
ll-stage QUANTACON type photomultiplier tube (PMT) with
S - 20 response in the photon counting mode. The C31034 - 02
is designed specifically for use at reduced temperatures
e.g. - 30°c. Cooling reduces the dark count caused by the
thermionic emission to ~ 10 cps. The supply voltage is
adjusted to provide a current amplificetion of ~ 106. Spex
DATAMATE - DMl is used for scanning the spectrometer and also
for the acquisition of the data. The central processing unit
(CPU) of the DATAMATE is a B-bit microprocessor based ROM.
The data can be processed in real time to subtract away background,
take ratios, integrate or convert to logarithm for absorption
states. DATAMATE photon counting results are sxpressed as
and normalized to counts/sec. The DATAMATE also supplies
HV (0-2000 volts D.C. - ve) to PMT. The HV is CPU selectable
in 10 volts increment. The output current is variable from
0 to 2 mA. The linearity is better than 0.01% over full range.
The noise level is 0.015% peak to peak at full load. The input
in photon counting - DAM mode is -ve going pulse 0.1 mV

amplitude or greater. The gain of the amplifier is 400 and
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the rise time is 10 nsec. The pulse pair resolution is < 25
nsec. The discriminator is internally adjustable from 5 mV to
200 mV. The maximum count rate for photon counting is

6

25 x 10~ Hz. The linearity and accuracy of the output data

( Y-axis) is -0.3% full scale and resolution is one part in

4000.

3.3. Sample handling

In order to record spectra with good signal - to noise
ratio, the cells should be clean and free from grease and finger-
prints, as these can cause a considerable increase in fluorescent
background of the spectrum and from air bubbles which increase
the scatter of laser beam, thereby reducing the excitation
efficiency and increasing the amount of laser radiation

reaching the monochromator. The outside of the cell should
be wiped with a tissue moistened with chloroform or acetone

toremove as much dirt as possible before use.

Although the best éignal - to - noise ( S/N ) ratio
in the spectrum of a liquid is obtained when it is contained
in a capillary cell, this method does not give good polarization
results. The cell relies for its hinh efficiency on the
multiple reflection of the Raman light from the walls, thus
bringing a large proportion of it to collector lens. These

multiple reflections, however, lead to the light becoming

Vd
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depolarized to a considerable extent. This means that the
measured value of the depolarization ratio,p , may be
significantly different from the theoretically predicted

value.

3.4, Resolution check

The resolution of the Raman spectrometer is checked
by observing the symmetric stretching vibration, Vi of
carbon - tetrachloride ( CCla). There are so many Raman lines

because of various naturally occuring isotopes of chlorine.

35 37

CCla contains 75.53% Cl and 24.47%

35

Cl. Thus the naturally

occuring CC1, is a mixture of C 350133701, c35c1237
350137 37

013 and C Cla. Resolving such closely spaced Raman

c1,, C c1

2’
bands requires a high resolution Raman spectrometer. If the
resolution is not good A(462.4 cm'l) and B(459,3 cm'l) bands
tend to overlap (Fin 3.5). One may measure the intensity

at positions 1 and 2 to check the conditions of the spectrometer.

3.5. Calibration

The calibration of the spectrometer was done by
using plasma lénes from the Ar* laser in the neighbourhood of
the Raman bands. The frequencies from standard measurement
of the wavelengths of the Art laser plasma emission lines,5

corrected to frequencies in vacuo were used for the calibration



purposes. The Art laser wavelengths and frequencies are given

in Taeble III1.2. Since for excitation purposes only 48808 and

51458 lines were used the plasma lines indicated in the

table I11.2. were used for calibration purpcses.
Table II1.2. The Ar’ laser lines and their frequencies
e —————
Laser source Wavelenath Frequency
(R) (em™! )
vac
Argon ion 4579.36 - 21,830.99
laser lines 4657.95 21,462.66
4726.89 21,149.64
4764.88 20,981.02
4879.86 20,486.68
4965.09 20,135.00
5017.17 19,926.00
5145, 27 , 19,429.91
Argon ion 4932.8 20,267
plasma lines 5287.0 18,909
5305.8 18,842
5397.8 18,521
5403.0 18,503
5496.0 18,190
5559.0 17,984
5607.0 17,830

5650.7 17,692




3.6. Infrared spectral measurements

Ihe infrared spectra were recnrded using Perkin-
Elmer model 983 IR spectrophotometer which consists of F 4.2
monochromator. It has four gretings anc nine filters. The
screen readout consists of digital display of wavenumbers,
ordinate value, resolution, slitwidths and scan time. These
parameters depend upon the mode number which may vary from
mode 1 to 7. In order to study noncoincidence effect these
spectral measurements are required as they give the idea

about the transition dipolemoment.

3 3 W 3



87 -

REFERENCES

K. Fukushi and M. Kimura, J. Raman Spectrosc. 13, 9 (1982). .

K. Tanabe, Spectrochim. Acta, 40A, 437 (1984)

H.A. Strobel, "Chemical Instrumentation", ( Addison -

Wesley, Mass., 1973 ) pp 320 - 327.
C.D. Allemand, Applied Spectrosc, 24, 348 (1970).

J. Loader, " Basic Laser Raman Spectroscopy" ( Heyden,

London, 1970) pp. 31-35.



. & uUOT38AIBSQO

jo eTdue @y3 SMoys a4@sut ay], °s3usuodwod .nm.uumum.&n uewey (T

‘auetd K*x)'todep pue ( I| sTxe 2) peztxetod aud quesaxdax HA,

~ue M eyz *Arswoesb .06 3T pa30933p UOTIRTDERI a4U9PTOUT

(z11) peztaetod auetd Burmous uezbeTp DutIelzeos OTSed 1°c °6Ta

X
A
/ .
1azhjeue >
I>ﬁ «Iﬂl ; Z
goljeziieiod
. AN -:
uohmzwumﬁcmu_uﬁw I
A< < 193SE7
uoljeiped
juapidul

.
|



Je3dwox3oads ueurey ¢O¥l Xeds Jo JojPWOIYDOUOW DTANOP SY3 Fo werxberp TeoTado aygx z°t °*Ora

1115 3ONVHLIN3
]

S _
i N —
A\

-

(mn NV g | oo




EXIT SLIT

SLIT

Fig. 3.3 The Czerny-Turner grating monochromator. To scan
the grating 18 pivoted about point C and the angle
¢pis fixed.
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. Exciting : 5145 A of Ar
;3 wavelength  laser
B Eg Fower ¢ 600 mW at lasee Head
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Fig. 3.5 The Raman spectrum of liquid carbon tetrachloride exhibiting

well resolved ieaks {or the isotnpic specirs,
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CHAPTER IV

VIBRATIONAL RELeA&TION aND NONCOINCIDENCE EFFECT IN LIQUID

*
N, N=DIMETHYLACETAMIDE

The Raman linewidth and the non-coincidence effect in
N, N~dimethylacetamide (bMA) molecule have been studied and
exXplained in terms of molecular attraction parameters. The
transation dipole-transition dipole (TDL-TD) intcraction is
probably the predominant mechanism responsible for non-
coincidence effect. The line bro.dening of the isotropic
component is explained on the basis o” dispersion type cf

intercections.

ak
Paper based on this work is to ecppcar:

A. Purkayastha and K. Kumar, Spectrochim, Acta 4 (in press).
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CHAPLER 1V

4,1 Introduction

The isotropic and anisotropic components of the Raman
spectrum of a liquia contain information about vibrational
relaxation and reorientational wotions. The analysis of the
Raman spectrun of several molecular liquids indicate that the
beak frequencies of the isotropic and anisotropic components
of totally symaetric modes do not coincide. 4ccording to a
modell"3, which considers angular dependent intermolecular
force, the neighboring moleculcs are oriented and form aggge:-
gutes with a lifetime longer than the vibrational period.
In case of polar modes, vibrutional resonance coupling due to
transition dipole-transition dipole (1o~TD) interactions may
be the most important mechanism for perturbation of the vibra-
tions. However inductive forces und dispersion forces etqg.
may also be importent. The wifferc.ce between the peak fregqu-
encies are expected to gyive infor.  .on on the intermolecular

forces and liguid structurc.

The vibrational relaxaticn «u .. reorientational motion
have been studied for C=0 stretcan.ny ..odes of few aldehydes
and ketonesa'5. ALlthough noncoincicc:ce effect has been
observed for N,N-dimeth;lformamiuel, this important class of

molecular liquids with strong ianteractions have not been

investigated carefully from the »oint of view of relaxation
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mechanism. In order to understancd the mechanism of vibrational
relaxation and reorientational motion in these biophysically
important molecular systems, the N,N-dimethylacetamide (Diia)
molecule (Fig., 4.1) was chosen. This molecule is free from
hydrogen bonding in pure ligquid and has a high dielectric
constant and dipole moment. The measurements were made in the
pure liquid and in solvents of varying dipole moment and
dielectric constant as a function of coneentration. These
studies may be of considerable significance in understanding
the mechanism of binding of small molecules to proteins parti-
cularly the Enzyme-suﬁstrate interactions, The interpretation
of the experimental data has been carried out using mclecular

attraction parameters and simple theoretical models,

4,2 Experimental

The N,N-dimethylacetamide (DMa) and the solvents CCl,,
C6H6’ CHg;a and CHBCN were commercially available products and
were used without further purification. Raman spectral measure-
ments were made for the amide I band of DM4 in the pure liquid
and in solvents CCl4, C6H6’ C'HCl3 and CH3CN. The experiments
were performed using Spex Ramalog 1403 double monochromator
with datamate and Spectra Physics model 165 Ar® laser as
excitation source., The 5145 Ao line was used with maximum

power of about 1W. The polarization neasurements were made

by changing the orientation of the analyzer placed in the
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~1
scattered beam. The slit width was ~ 1 cm ~. The accuracy of
measurenents is believed to be - 1 cm"l. Despite the small
depolarization ratio (f;:.lS) the isotropic line intensity was
4
obtained using the usual forimula Iiso(oJ) = Ivé“x‘"§ IVH(‘O).
The infrared spectrum of liquid f£ilm of Dia was recorded using

Perking Elmer 983 Infrared Spectrophotometer.
4.3 Results and Discussion

The information about vibrational relaxation and molecular
reorientation processes can be obtained by the analysis of line-
shapes of the isotropic and anisotropic components of Raman band
of a liquid, The vibrational phase relaxation leads to broadening
of the isotropic Raman lineshape6'7. In case of well separated
vibrational transition when there is no overlapping with any

other transition or hot bands there are three primary sources

of line broademning. The first one is life~time broadening which

is because of the finite lifctime of a quantum state, However
in case or liquids where this broadening inay be estimated, it
generally makes a rather small contribution to the linewidth.

It is therefore not considered here further. The second contri-~
bution to vibrational phuase relaxation may be referred to as
pure dephasing or environmental broadening., It arises from the
fact that the vibrational frequency of & molecule is perturbed
by its interaction with other molecules and therefore has a
component Agiﬁﬂ, which fluctuates with time., If one considers

the freezing of the environment at a p.rticular time one would



observe a distribution of frequency shift and therefore a
broadenéd lineshape, This is referred to as the static limit,
However the {ime dependence of the environment is important

and therefore the line is atleast partially "motionally narrowed"

from the stati¢ limit.

The isotropic Raman lineshape may be quantitatively

given by the fourier transform of the vibrational co-ordinate
autocorrelation function, <« Qi(t) Qi(0)> . where the angular
brackets define an ensemble average. The vibrational co-ordinate
Q at a time t differs from Qi(O) by a phase factor exp[i {P/i(t)"
¢i(o)} _7. If we represent the fluctuations in frequency due
to environment by Awi(tl and define a characteristig time Za
(the bath relaxation time) then the relationship between a0,
and tc is given by

C = °°<Aw.~(+> AW gy

¢ - <Aw >
[+ (8
where <Awi(t) Awi(0)> is the autocorrelation function of

eeee(das1)

4w.. The nature of lineshape depends on the relative magnitudes

i
by -
of the two gharactferistic frequencies <2 wi2> %  and rc 1.
; ‘
When <Awiz> ,i(c >>} » we have the static limit, while when

b

4 W ig T oK) we have the rapid modulation limit where the
line is narrowed to a Lorentzian with full width at half height
(FWHH) given by,

FWHH =4Awi§ T oob?(4.2)

C
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The third contribution to vibrational lime broadening
is resonant transfer or excitonic broadening which appears in
pure ligquids and decreases on dilution. When two identical
molecules come together the energy levels which were earlier
degenerate are likely to split with one moving higher and the
other moving lower. Whenever a large nunber of molecules are
brought together this split level takes the shape of an excitonic
band. The resonant transfer contributlon may be studied by

isotropic substitution or by meking use of solvents,

If it is possible to separate the vibrational degrees of
freedom from bath degrces of freedom beccause of the separation
in frequencies, the vibrations will respond almost adiabatically
to the changes in environment. The coupling potential V /egn.
(2,1) 7 expressed in Taylor series as a function of normal
co-ordinate is very small compared to HO, the Hamiltonian for
the vibrational degrces of freedom (VW«(HO). Therefore the first
order perturbation calculation for the energy difference
(leading to frequency difference) beuwwcen the ground and first

excited states can be performed., The cipression obtained is

given by3'7'8,
2
oV - AV 2
E= (S5, (<1go/1> - £0/Q/0> ) + & -(5—‘-2—2-)0( <1/0°/1 -
0/0%/0)>) +( 2L on- (<1/0/0%)2 + .....

aQiDQj Q

eese(4,3)
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The main interaction term that couples the fundamentals

of the %th mode of two molccules i anu j can be written as

an
N -TRERC : 44
res | SESE old Qolj' ceese (4.4)
L ]
where Q4 = <1/Q/0> is the expectation value of the

normal co-ordinate in the transition state. Since for Dl the
dipole moment 4 = 3,82 D, the dipolc-dipole interaction predo-
minates in the liquid phasc. Considering only pair interactions
and the first order term the frequency shift is expressed as

- _Faas __ AT
Al)O(( Fdd /b~ BQ)(E:L‘J"") 000-0(4.5)
1]
Since it is impossible to evaluatce the average (Kij/Rij3) for

DM&a, we will simplify egn. (4.5) to thec proportionality relation.

2
AV ol "F«db( /b‘ “5/""‘5 e s e

(4.6)

The coupling potenticl may origineate from various interactions
such as dipole~dipole, transition aipcle-transition dipole,
quadrupole-~quadrupole, hydrogen bondinc etc., The angular depen-
dent intermolecular force modifies thc force constants of the
harmonic oscillator,yielding an anisotropic frequency distri-
bution and Raman bandshapes reflect the modulations. The
isotropic Raman scattering proccss samples the average of this
frequency distribution, whilc the anisotropy of the frequency
distribution is detected by depolarizcd Raman scattering. The

first spectral moments of the two scattering spectral components

are necessarily different giving risc¢ co a nonvanishing splitting



}
&
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1

factor &Y = P(aniso) - Y(iso). s discussed by Mirone et.al.

and D6ge and co-workcrs™’

we assune «ipolce-dipole coupling to be
responsible for the interactions leaaing to orientational order
between the DMamolecules. This causes a splitting of the
vibrationcl wmode into an in~phase and out-of-phase vibrations.
The frequency of the completely polarized (in~phase) vibration
corresponds to the linc centrce of the isotropic component whereas
the frequency of the depolarized (out~of~phase) vibration is
nearly equal to the center of the VH band, In case transition
dipole~transition dipole (TD-TD) intcraction is the main coupling

mechanism® eqn. (4.4) rcads

3
. —hw = ap v2 o 24K, /R el (40T)
(BE opo1p)Res = B4 ;5 (—3 )" So1 304

where Rij is the intermolccular distance and Kij is a function
of the mutual oricntation of the molecules i and j. For point

dipoles the orientation factor Kij is,
., = - . c G- S' . S. .C « ® o e e .
Kij 2 Cos 6, Cos ; + Sin @; Sin @, Cos 7&]' (4.8)
where @i is thc angle between the dipole moment vector of
molecule i and the ij vector which conuects molecules i and j.
¢ij is the angyle betwcecen the perpendicular components of the

dipole moments of thc molecules i and j.

Although it is impossiblc co cvaluate the value <E;i S
Rij3
for DMa molecules, in cuse of cGilutce solutions when separation

2 . .
bocomes large and iﬁ_g(gkiu onc may substitute the average

ij



value of the oricntation factor and get the following expression

for TD~TD interactions,

2

Jw = 24 . . (34““)2 ceee (4.9)
3 KT w R,.6 °

o ij

L 0 . i : .
Mcriale1 has obtcincd the expression for the first moment

as:
N (2) .
(1) _ eV, P (Cos 0..)> eoo (4,10)
M ) = + 2me)_ ij n ij B
where n = o when \ = iso, n = 1 when = IR and n = 2 when
2
A = aniso. V..(Z): ( amy;j“m) is the interaction of two
* 3 Ug

transition dipoles and the bath averages over positions and
orientation are governed by the interuction of permanent dipole

(2)

moments. The averaging of <'Vij P (Cos Qij);> g Tequires
a knowledge of the potenticl of thc liquid as a function of all
the molecules in the solvent system. These terms are however,
impossible to treat adequately. If all inolecular orientations
were equally probable, a straightforward intcegration over

d41i don = Sin Qi d@i Qﬁ& Sin Qj ng d ¢j causes the average

J
< v, .(2)

ij Pn(Cos @ij):>° to venish and 1o concentration dependence

of thce first moments is expectoed., dHowover, the existence of

Vij(z), precludes the possibility of ~1ll orientations being
equally probable, For molecules with l:irge permanent dipole
moments, the dipole~dipole interactions(U,,)is the dominant

term in the long-range part of thce intermolecular potential.

We will consider this term to be the wwoin term responsible for

positional and orientetional puir c- rrilationsko that the averages
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L >p can be performcd. In this approxiwztion we have
(2)
(Vij P (Cos 913') > 5
faaj‘zﬂ /A EY A N . -g% c»
_ 2 fo / _[ T dr de; drj e y/.]. f; (058/,‘)

= 0
0 s sk o2l L7 -~ Uor
2/ f / f T oly da; dr; e AT
4] 0 o 0 ¢

-‘

eeees (4.11)
This approach of zvceraging over intermolecular distance
and orientations is expectced to yield only approximate results,
In order to simulate short range rcepulsion, the lower limit on
the integral over r is taken to be non-zero, It is valid to
expand ecxponential exp (- onykT)’v l_.Uog « The results of

KT
performing thc integration are then; '

2
2 42 (32), ceee (4.12)

(20, _ _ 2/
Vi3 OB = 73 T

¢ T a™Vv
{vy;*? cose = 0 (4.13)
ij ij>B ® © & 00 [ ]
* (24"
(v P B, (Cos@ ) = -t 55),
* + ¢ kT d3v

ceses (4.14)

Here V 1is thc sample volune.
In thc transition dipolc coupling model, the splitting

Sdw = (A is predicted to be

aniso” “Eso
2, pm 2
8/& ( —‘Z.‘.:Q.->o Igo'j se e (4.15)

25 m, kT >V, €

where NO is the Arogadro's numbcr, ¢ is thc¢ volume fraction of
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the solute, m is the effective mass for the mode, W is the
vibrational frequency of the isolated molccule, d is the
minimum intermolecular distance and V is the molar volumc

of the solute. Thc term 1422 may be considcecrced as the screening
factor and substituting o, we huve,

Coo = §,/,f~,2_,’_d_‘@€%2__ N @S veven (4.16)

25 mcdo Kt d VM

according to Giorgini ct. al,11

the screcening factor S comprises

related to the interaction of permanent

two foctors, Sp and Oy
and transition dipolcs. Following the dielectric model of
2 2
Onsager - Frohlich, thc first torms? s = (BX 2-2)?« and
2 2 o) 2+ n
the second term St = %}};'21 which comes after substituting

¢ =n 2. Here ¢ 4is the diclectric constant of the medium and

n is the refractive index of the solute.

Since severul approximationthe involved in the Unsager -~
Frohlich model (e.g. thc aiclectric is treated as a continuum,
polarizability being isotropic and the dipoles are point like)
one may expect that the validity of the eqgn. (4.16) is limited
to dilutce solutions. This wmodel has been tested for the
carbonyl stretching vibration of <cctonc, acetophenone etc.
in several mixtures of known dAiclectric constant. with one or
two exceptions, this explanation holds even in the high concen-

tration rangc.

The expression (4.16) may bc modified to read as following

when the permanent dipole interactions are considcred,
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5)2m(2.£;31£1_2.)-2 = “%/.‘fj_ﬁﬂ-%-)?z-‘é No ¢ 0%+ 2% ... (4D
V.

25 77 %¢* Y kT 4 N
Onc may therefore plot the graph oL,

£y (2¢ + Qz_)_z as a funetion of ¢ wnich hus been found to be

elmost linear by Giorgini et. 2l. for ccctone, acetophenone etc.
The quantity Q%gl? is proportioni.l to infrared bcnd
intcnsity and for Liwa molecule the infrared band corresponding
to the Raman band under stuGy (amide I band) is very strong
which indicates that splitiing factor for Dirws molcculce shoulad
be gquite large and it is indecd so, tho anisotrop7c shift being

13 cm"'l in neat liquid (¥Fig. 4.2).

The Ramon spectra of Lma molccule (Fig. 4.2) show that
the I,y component of the amide I band in pure liquid has a

clear shoulder whercas the anisotropic part, IVH is almost
symmetric with its pedk shifted to higuer wavenumbers. The
difference between the maximum frcguencics of Ivj/and IVH is
of the order of 13 am~T. This diffcrcace in maximum frequency
may be interpretc@és the effcect of rcsonant trensfer (due to

TD~TD interactions) on the band shapc.

In Fig. 4.3 the trends in the amide I band of DMA are
shown as a function of diffcrent concentrations of solvents

CCl, and C_H_.

CH,CN, CHCl,, 4 He

3
The values of the isotropic and cnisotropic peak frequen-—

cies/FWHH and the vibretion.l rcelametion time (Ty) for various
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solutions are given in Tables 1IV,1 - IV.4. The experimental

data for thesce mixturcs cun be explained in the following way:

With increasing concentration of CH,CHN, the isotropic

3
frequency first increases and later it roauwains almost constant.
The anisotropic frequency on thc other hand, decreases continuo~

usly and ultimately coincides with the isotropic frequency.

In CHCl3 ~ DMasystem the maximum frequency of the isotropic
part shifts to lower wavenumbers upto 50+ concentration of
solvent compared with the pure liguid. with increasing
concentration of solvent (morc than 50%) this shift decreases
due to the effect of decoupling. The muximum of the anisotropic
component shifts linearly towards lower wavcnumbers. The
anisotropy shift tends to vanish on very high dilution of DMa

in CHC13.

In CCl4 anda C6H6 solvents there is a relatively slow
increase of the isotropic and anisotropic maximum frequencies
with the increzsing solvent concentration. But the curve of
concentration dependent maximum shift is not linear. The
anisotropy shift in these solvents decreases very slowly which

shows that dipole~dipole interactions in DM4 are broken only

at very high solvent concentration.

In all the above systems it has icen scen that the
anisotropy shift decreases as thc conccutration of the solvent

is increased. 1In CH3CN the anisctropy snift vanishes at about

80% dilution. CHCl3 may focrm hydrogen bonds with the C = O
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group. This gives rise to a largc shift relative to the gas
phase frequency. «s a result maximum freguency of the isotropic
component shifts towards lower wavenuwabcrs compared with the
pure liquid freguency. Due to the cffcecct of decoupling one

may however expect the shift into the opposite direction.
Alfhough in C‘Cl4 and C6H6 solvents the anisotropy shift decreases

slowly with dilution in the beginning, on higher dilution there

is rather strong changes of the anisotropy shift,

«ll these results therefore support the assumption that
the anisotropy shift is an cffect duc to resonance coupling
since it decreases with dilution whatever may be the solvent.

In order to test the validity of eqn. (4.17) in case of
DiMa, the quantity oy (2 ¢ + 1‘12)2 é-l was plotted against cP .
The variations are'shown in ¥igs, 4.4 and 4.5 for polar and
non-polar solvents respectively. The linear variation of the
2)2

quantity 59(2e+ n Q?l as a function of ?.is indicative of

the validity of the eqn. (4.17) within the approximctions.

The van der Wwaals type of attrcctions deal with a situation
where interacting particles arc separcted by a distance such
. . 13,14 .
that electronic orbitals do not overlap . Thce intermolecular
interaction energy m.y consist of the tcrms mainly related to

dipole-dipole, dipole-induced dipole and instantaneous dipole-

induced dipole type of inteructions.

The dipole-dipolc interactions are expcected to be

important for polar solvents. The interaction energy between
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two moleculcs or atoms oif dipole mombngs/kl and /a is given by

the expression U, =~ = ““ %ﬂl// ... for k@>/§fi ees(4.18)

-e‘».

3 KkT Iz'i 6 Ry ;3
where Rij is the distunce between the point dipoles, kI is the

thermzl cnergy and € is the diclectric constent of the medium.

The dipole-induccd cipole type of intcraction encrgy is
dependent upon the induced aipole mowents anG the energy asso-—

ciated with this intcrection is given oy the expression,

= 1 2 2y 1

U.. == e (0(. . Ny d' ] )“u“ ] (4!19)
D-ID 2’ i My V! R},6

where di and dj are the polarizabilitics of the molecules

i and j. (See Tablce IV.5 for molccular poarameters).

The dispersion intcractions between two molecules involve

the polarizabilitics of the intcecracting molecules and is attra-

ctive for all orientations. The dispers;on encryy, Udis’ as given
by London dispersion model is
N 3 01, i« LiLy F (n,I) ceo. (4.20)
Yais 77 7 ot F T Rt
i3 +J

where Ii and Ij are the ionisation potcntials of thce molecules

i and j respectively, n is thc refrective index of the medium,

'.:T o(.\.o(f ‘ ii.l.i,
Ii'rlj

and the dispersion cnergy parametcr ¥(n,I) = %

The above threc interactions are supposed to play

a role in the FWHIE of isotropic cowponent (Y180> of the Raman

band. The isotropic lincwith (V;SO) is related to the vibration-

al relaxation time by the following expression,

-

L
t = (nc r. ) ses e (4.21)

v 1S5S0
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Their reletive contributions nily be celculcted by using the
above expression (Eqn.4¢18-4.20). The calculated values arc
given in Table IV.6. It is clear frcm the values for UD-D'UD-ID
and Udis that in all the solvoents CH3CN, CHCl3, CCl4 and C6H6
the dispersion cnergy is grectcr thrn the dipole-dipolc
interaction energy and dipole-induced dipole (induction)
interaction energy. It is interesting tc notce that the role

of dipole~dipole intcrection energy or induction encrgy in

case of even polar solvents is much less as compared to
dispersion encrgy. It is mainly due tc the presence of e?

and n4 terms in varicus interaction cnergies., For scolvents

of high dielectric constents, the dispersion energy is geing

to play an important rolc in intecrmolecular interactions.

The variation of r;so as a function cf dispersion cncrgy in

different solvents (at 90% solvent cuncentration) is shown

in Fig. 4.6. It is very clecarly @ straight line and therefore

9]

the experimental deta are well cxplained by considering only

the contribution from dispecrsion forccs., The dispersion

forces therefore play the moust important role in linc broadening
mechanism for the isotropic component of the amide I bend of

DMA molecule. This is a new and impurtant f£inding of the

present investigation.
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Table IV.6. Calculated values of parameters relatea to D-D,

D~ID and dispcrsion energies for various solvents

P R ) VIV RN
. 2 ' 2 0 . . - A 1 i
R e S S VI W TR R !2n‘* T
Molecular i , f J
| ~60 .6 t10-60 6 be ol o
System : /10 (ergs--cm”) 5/10 (ergs~-cm ) ‘ isoj
{ at T = 300K | L /107°" (ergs~
- .5 t 6
) : i cm )
-~ - -!—.‘ ot . L - M,Y.- A e B et - —— 4 Wl o WD R ! . AR . oo b —
DMawr-CH,CN 2,55 ’ 0.11 L 149.43
‘9 ; :
' ! '
DMa-CHC1, ! 11,44 6.31 : 216,03
" .
DMs-CCL, | 0 31.16 P 243,67
3 :-.
z :
DMu-C_He 0 E 28.81 . 199.18
;
; i
| S NI R




Fig. 4.1 The structure of N,N-Dimethylacetamide molecule
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Fig.4.2 The laser Raman spectrum of DMA molecule in the amide I

band region,
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CHAPTER V
VIBRATIONAL RELAKATION £ND NONCOINCIDENCE BFFECT IN LIQUID

*
N, N~DIMETHYLFORMAMIDE
ABSTRACT

The Raman band of the amide I mode of vibration of
N, N-dimethylformamidc (DMF) has bcen studied in neat liquid
and a2s a function of solvent(s) concentration. The non-
coincidence effect (anisotropy shift) is explained in tcrms
of transition dipole-~transition dipole intcractions. The
effect of solvent concentration on linewidth has bcen studied.
The vibrational relaxation rate has been shown to be linecarly
dependent upon the product of the density, viscosity and a

dispersion energy dependent tcrm,

o - - . -

Part of this work has been acceptcd for presentations
4. Purkay.stha and K. Kumar, Symposium on Quantum

Electronics (1985).
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CHe.PTLR V
5.1 Intrcduction

In recent ycars considerable progress has been made
tow.rds a deeper understinaing of the vibrational relaxation
and wolecular reoricntation in liquids on the basis of

1-5 It is well known that

theoretical and experi.cntal work.
laser Raman scattering experinents provide much inform.tion
about local structurc and molccular wocions in ligquids. &«
considerable wmount c¢f inforination cbout vibrational relaxation
andu reorientational motcion can be obt-ined by analyzing the
experimentally mecsured lineshapces of the isotropic and
anisotropic components of the Raman spcctrum of a molecular

liquid.®—?

MNoreover the microscoupic cnvironment affects the
behavicur of a vibrational mode ¢f a reference molecule., In
a liquid mixture the lineshape of tnec reference mode is

influenced by the concentration fluctuations of the environment.

In few liquids thc peak frcquencices of the isotropic
and anisotropic bands differ from cach cther., The difference
in peak positions may sometimes "be worce than 10 cm-l. 4,10-13
This nconcoincidencce effect has becn interpreted as due to the
coupling between vibrations of ncighboring molecules with
strongly polar modes by intermolceccular dipole interactions

4,11,13

in the liguid phasc, slthough scveral papers have been

devoted to this subject, & systcuwatic analysis of the solvent
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dependence of noncoincidence cffoct. and vibrational lincwidth
is lucking. The present poper reports waacn data for N, N-
dimethylformamide (Lrif*) in neat liguid and in solvents of

varying diclectric cunstent and wipole mouwent,

N, R-dimethylformamide Z"Fig. 5,1_7 was chosen as an
example of a liquid with large dipolce woment (3.82 D) and rather
strong intermolccular intercuctions. waides are important
becausc of their high dielectric constant ana their biological
applications., The effect of solvent on the noncoincidence
between the isotropic and anisotropic componcnts of the amide
I band of bi was studicd by Fini anc mironelo and Giorgini
et al.12 However the vibrational relaxation and molecular
reorientation in DMF have not been rcported and the effect of
solvent has also not been studied on thce relaxation parameters.
The dependence of relaxation times on hydrodynamic properties
viz. viscosity and the molecular forces is an important area
to be taken into considcration. we have thereforce undertaken
a detailed investigation of thc vibrationcel lincshape as a
function of the hydrodyncimic parawcter, viscosity (V) ) and
dispersion cnergy paramncter which arc expected to play a major
rolc in the line broadening mechanism. In the present investi-
gation we have tried to interpret the veriation of vibrationcl
relaxation time in teras of both the aoove mentioned parameters
and the results arc prescnted. « thecrctical model has also

becen developed to explain the experiwmcntal data,
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5,2 Experimcntal

The samplc of DMk and the solvents CH3CN, CHC13, CCl4
and C6H6 were obtaincd commercially and vere used without
further purification. Reman meusureaacnts were made for the
amide I band of DMF in various solvents as a function of
solvent concentration. The experiwments werce performed with
a Spex Ramalog 1403 doublc monochromator equipped with datomate.
The 51454° and 48804° lascr linces from opcétra Physics model
165 4r’ laser were used s cxciting source with a power of
~ 900 mw., The slit width cmployed was ~ 4 cm—l for all recorded

spectra. In order to recgister the I and IVH components of

LAY
the scattered rRaman radiation an analy<er was placed in the

path of the scattcred radiation. The isotropic line shape was
detcrnined from the usual expression Iiso(u)) = IVV(w) - % IVH(“»
which gives inforination about the spherically symmetric part

of intre-~and intcrmolecular forces. The anisotropic lineshape
can be obtezined directly £from IVH(u)) component and it gives

the knowledge about the anisctropic forces and molecular
reorientetion. Thc finitc slit width effect on the observed
lincwidth was correctcd by the usunl formula (3.4). The
accuracy of measurcunents is believed to be + 1 cm—1 for Raman
spectral measurcnents. he Infrarced spectra were recorded as

2 thin film of liquid between the two KBr plates using Perkine

Elmer 983 Infrared Spoectrophotometer,
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5.3 Results and Discuscion

The isotropic Romwn lincshape is dependent upon the
vibrational phasc relaxetion and fur well separated vibrational
transition therc are vorious sources of line broadening. The
three primary sources are considerced to be the life time
brouadening, cnvironmental broadening (pure dephasing) and the
resonance transfcr, The explanation for vibrational phase
rclaxation requi:es the knowledge of the potential energy
functions. The coupling potential V between the vibrations
and beth which may arisc due to dispersion interactions,
dipole-~dipole interactions, multipole interactions, repulsive
forces etc.,, may be expanacd in Taylor's scries in vibrational

coordinate Q; / Eqn. 2.1 /. 1In this cxpression the term

2
% = =§E§%ET~ takes carc of thc coupling between the
ij i ™3
fundamentals of the same mode in the two molecules i and j.

This term allows the resonant cnergy transfer from one mode

t¢ anothor,

The transition dipcle~transition dipole interactions

cause resonance encrgy transfer between oscillators on

, 14 s .
adjacent moleculces™ . The transiticn mowment for transitions

betwcen state /0> and /1) is
¢ M
M . e . , 5
where 6?5“6>O is rclated to the infrared intensity data.

The intermolecular potenticl Vij is assumed to be given by,
410 3 i
R S A AU S R

Vij Ryyd i (F) o> Ryyd

ceee (5.2)
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where Kij describes the rcelative oricntacions of the coupled
oscillators and Rij is the intermolcecular distance. The inter-

action cnergy betwcen the two transition dipoulces is given as

co (2] Bt
AE = - (”‘B.Q o -‘i'*n:‘p"(;‘ <“l;:. "3"> eee (5.3)

1]
In case of DMF molcculc also it is very aifficult to
K., .
calculate the quantity<§543> therefore the anisotropy shift
ij
(JY) is given by the proporticnality rclation
2
J‘y “ ‘?;ﬂ__ e s e (504)
2

2
The quantity (u%fé) is proportional to the infrared absorption

coefficient and thcrcfore has to be proportional to infrerced
band intensity. Sincc the infrared absorption band for the amide
. . s -1
I band of DMF is quite strong, the anisotropy shift =~ 14 cm

/ Fige 5.2_7 in DMF molecules mey be associcted with lerge

dipole moment derivatives,

The observed band shape also cepends on a modulation
time (c which depends on the rate £ rclatcive reorientational

motions of the surrounding moleculco,

The dibolu»dipole interactions give risc to spectral
broadening because for an anharmonic ©s¢illator, the time
average of the dipole mowment in the two states /0P and /1)
is different. This mcuns t.aat the incceraction of the vibrating
nolecules with the surrounaing pcriaanent dipoles influences
the energy of the transition 14« 0. The dipoule moment

difference for the Ffundemental iwocde (v = 1 & ) 4>01/“
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depends on the extent of boutn the mcchenical and electricsal

anharmunicity wnc ic given by the expression

, , > 2 2
L\Ol/‘«=(~%%-;>’kl/u/l> - L/ D) 5 “-a"df)ogl/g />

~{0/0%/0>] ... (5.5)

The isotropic~anisctrepic seporoetion of the amide 1
(lawinly C=0 stretching) stretching v.ni of DMF was mewsured

at several concentraticns in Gifferent mixturcs of CH.CN,

3
3+ CCl, and C_H_ / Fig. 5.3 /. The Raman spectra for a

polar (CH3CN) and a ncenpolar (C6H6) sulvent are shown in

CHC1

Fig, 5.4 and Fig. 5.5 respectively. The sclvents cover a
wide range of aielectric constant (€ ). In order to test the
validity of equation (4.17) the quantity &¥ (2&-&-:12)2 el was
plotted against ¢ and it is shown in Figs. 5.6 and 5,7.

The scrcening factor St does not vary much12 over the whole
compousition range in the mixtures wnd its omission or inclusion
does not significantly mocify the agrcement with the experi-

mental data.

It appears that the graphs of JV (2(r+n2)2 é:1 are

lincar with %)vdthin the experiment:l uncertainty. Thus it
secms that the cuncentration dependence of the noncoincidence
effect is explained at lecest us a first approximation, by the
simple diclectric model of Onsaeger-Frohlich, &slternatively
one couuld think that the agrececouacnt of the experimental results
with the predictions of the dielcctric model even in the high

concentration range could result froem the fortuitous cancelleotion
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of errcrs resulting from the different wpporoximations. The
assumption of point dipoles shculd be fair fur not too small
molecules since the dipoele length i.e. the aistince between
the centcrs of gravity of the pusitive -nd negative charges
is at least one order of magnitude sualler than the molecular
dimensicns. The hypothesis that 8% depends linearly on the
concentration is supported by its bechaviour in mixtures of
liquids having ncarly idcntical dielectric constant, where

it is reasonable to expect thi-t the diclectric properties do
not vary significantly witn the composition.

The general corrclation function may be expanded14 in

tcerms ¢f the frequency moments of the experimental intensity

distribution., The normalised moments are given as

n
fband(w—wo) (w4 ) dw

Mn = T se s (5t6)

band 1 (w‘wo> de

where o is a suitubly chuesen band origine. The seroth moment
(MO) is the total integrated intensity cof the band and M1 is
equal to the frequency at the maximum. The second moment

M2 is indicative of the width of thce bend. In case of vibra-
tiovnal correlation function it may e represented as (MZ)V'
This second moment is related to the vibrational rcelaxation
time ('tv) in case of repid moculaticn limit, using Kubo model

for lineshape. It is given by the cxpression
Y Y 1

T = (M2)V T ceee (5.7)
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For reorientational/translational motions depending mainly on
long range dipolar inter;ctions-cc is dircctly proportional

to the dynumic viscosity Since thc sccend woment is directly
proportional to the liquid density the relation for the vibro-

tionzl relaxation rate at o constunt temperature is given as

T b4 fv, eees (5.8)

The current thecories on vibr.oticndl dephasing predict
the following bchoviour four these two arameters under different

experimental conditiun.

(1) Variaticn of (M2)V in purc liquid: increascs with increasing
density at constant tempcerature.,

(2) Variation of z , in the purc liquid and in mixtures:

(¢) for long range dipolar interczctiuns T is proportional

to at counstant temperaturc, (b) for short range repulsive

forces r, is prop.rtional to l/w .

(3) Variztion of (lvxz)V in mixturcs: (a) for band broadened by
resonant trunsfer of vibrational ecncr.y: decrcase on isotupic
dilutiun, (b) for band broadcned by dipclar interactions:
decrease on dilution in a non~poler solvent and increase on
dilution by solvent wich = highcr dipole moment. (c¢) for band
brocdencd by a specific interaction: Jdecrease by dilution

with o sclvent in whicn inweroection is smaller or is removed.

To anterpret tne experiumcental results of o study of the

vibrational relaxation of a particulur band in the pure liquid
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it is thercfore useful tc perform dilution studies in various
solvents with the aim of chonging the type of interaction of
the active molecules with their ncighbours. In this way one can
expect to get information about thc interactions that influence

the band shape in the pure liquid.

The variation of the lincwiath (Ilso) as a function of
dispersion energy parametcr hes been studied for DMa moleculc
as mentioned in Chapter IV, It has also been studied for DMF
molecule and the relationship is found tu be almust linear
(Frg. 5.8) as in case of DMa molecule., Now that the relation-
ship with dispersion forces is cstablished, we therefore
considered it worthwhile to include the dispersion force
parameter in the vibrational relaxation time relationship
as it is related tg the IZso by the relation (4.21). We
thereforc tried tc correlate the parameter(&i~:l~ in conjun-

2n~ +1

ction with ¢7 so that a relation with all these parameters may

be cbtained. This pacrameter has bcen chosen because the

Lorentz's reacticn field is given by the expression15
2
A -
E = "2'3'““" "ré".z"J:‘_' eooe (5-9)
a 2n+1

whcre4/g is thc dipole momecnt of tne solute molecule and a is
the radius ¢f the spherical cavity and n is the refriactive
index of the medium. The dipule moment in the reaction
field expression (egn. 5.9} is corresponding to the solute
molecule and is thereforc constant wihen only solvent is

2
changed. The parametcr(ll;jLQ is thus solvent dependent,

2n2+1
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2 -1
It was seen that the parameterf (Eﬁ%&—u) is best fitting with

2n +1 16

the linewidth ( [,_ ). This rclationship has some resemblance

iso
with the dielectric relaxation timce and the dielectric constant
parameter where instcad of n® the permittivity of the medium(¢)

is used., The relation e—=n2 is to bc used for high frequencics

~ 1014 Hz. We heve therefore obteined an empirical relationship
2 -1
'-l n '-1 s e (5.10)
T L PN
ve £ 2n +1)

The lincwidths (FwHH) for the amime I band of DMF in

various solvents at varying concentrations were obtained and

their variations are shown in Fig. 5.9. The values of -1

.as calculated (Table V.1l) using the formula (4,21) are

2
plotted as a functiun of the paramecter { (f,q, n) =(n ;1 ) £
2n"+1

This variation is shown in Fig. 5,10. The almost linear

dependcnce oftjvjl ip case of thrce sclvents (CH,CN, CHCL

3 3

and CCl4) is clearly indicative of the validity of the expression
and the assumptions involved in deriving it. The data points
correspond to the 90% solvent ana the mélecular parameters

for the solvent mclecules arc used for correlation. The
fractional positive chargrel'7 on thc nitrogen atom of the amide
group may interact with the /T-delocalized electron cloud of the
benzene ring and may lcad to the linc broadening. This is in
addition to the dispersion forces énd therefore the data point
for benzene solvent may not lie on thc straight line which is
representing mainly the dispersion force dependence., Thuos

vibrational relaxation time (‘Cv) is shown to be a function
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of thc product of the hydrodynemic and dispersion force para-
metcrs. It is a very dapertent and wcw information obtained

for the first time in thce prescent investigation.
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Fig. 5.1 The structure of N,N-Dimethylformamide molecule
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various solvents.



Fig. 5.9 The variation of Filli as a function of solvent (s8) concentration.
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CH&aPTLR VI

VIBRATIONAL RELALATION ~NL NONCOINCIDENCE EFFECT IN LIQUID

*
CYCLOHEXANONE

LBSTRACT

The vibrational relaxation and noncoincidence effect
in liquid cyclohexanone molecule have been studied and
explzined in terms of molecular attraction parameters and
van der Waals interactions. The line broadening of the
isotropic component of the C=0 stretching mode of cyclohe-
Xanone in different solvents is explained on the basis of
dispersion forces. The perametcecr involving viscosity, density
and refractive index has been correlated with the vibrational

relaxation rate.

-

*
Part of this work has been acceptced for presentation:

4 Purkayastha and K., Kumar, International Conference on

Laser applications in Spectroscopy cnd Optics, Madras (1987)
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CHAPTER VI
6.1 Introduction

The vibrational relaxatiun and reorientational motion
in molecular liquids have been the subjcct of many theoretical
and experimental stuwies in reccnt yearsln6. These studies
include the solvent dependence of the vibrational linewidth
and frequency shifts in associated and non-associated liguids.
Howevef a systematic analysis c¢f the effect of solvent on the
structural and dynamic propertics of the solute molecules is
lacking. The analysis of the isotropic and anisotropic compo--
nents c¢f the Raman bapds of a liquid can provide much infor-
mation on the molecular structurc and the vibraticnal and
rotational motiuns of molecules.4"10 Careful experimental
studies indicate that in the rRanan spectrum of some strongly
polar molecules, the anisotropic component falls at a higher
frequency than the isotropic CUmponent4’1l'12. This noncoin-
cidence between the isotropic and anisotropic components was
interpreted as due to the couupling between vibrations of
neighboring molecules with strongly ocvlar wmodes (due to dipole-

dipole interactions) in the ligquid ph:oe4’l3.

So far, the vibrational relaxation and nonccincidence

cffect have been studied extcensively in some aldehydes, ketones

and amides4’6’ll’12’l4. In this work thce cyclohexanone

(C6H100) molecule was choscn for cexperimcntal study. The C=0

stretching mode ¢of cyclohexancvne is a good example of a moleculaer
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vibration which mcy show rather strong interucticns. This
molecule has not been investigated from the point of view of
rclaxation mechanism although scme work related to conformatio-
nal equilibrium has been done wnere it is shown thot chair
configuration is energctically morc fuvourablels. The ncn-
couincidence between the isotrepic and anisotroupic components
of the C=0 stretching mcde f cyclohexcnone was first reported
by Fini and Miruncll. L nave donc an extensive study c¢f the
intermolecular intercections in this mclecule, The solvent
depcndence of the vibraticnal rclaxation time, frequency
shifts and linewidth (FwHii) ¢f cyclohexanoune has been investi-
gated., Raman spectrcl mcasurcments were mode for the purce
liquid phuasce 2nd in varicus solvents as a function of concen-
tration., The infrered spectrum of the corresponding band

was «lso recorded four the purc liguid. The cxperimental
results were interpreted in terms of molecular attraction

peramcters, dipule~dipole intercctions, dispersion forces etc.
6.2 Experimentcl

4+ Celer

CHCl3 and CHBCN were obtoined comercially and were used

without further purificaticn. Ranan spoectra were recorded

The samplc of cyclohexanune ond the solvents CCl

on a Spex Ramalog 1403 doublc rioncchroum~tor with datamate
equipped to use the 4880 4° linc of a Spectra-Physics model
165 Ar+ laser as the excitetion source., The experiments were

performed with a maeximum power of @bout 500 myye The slit
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width euployed was ~ 4 cmi for 211 reccorded spectra. The
polarized end depolarized ports of the band werc obteined by
changing thc orientation _f thc cnelyzer placed in the scattered
beam, The intensity of thc isctrupic cumponent wos calculated
by using thc¢ stondard formula
Iigo W) = I, - 53L Tyg(@ and I_ . (W) = I (@).
For the cascs where the depolirizaticn retio is very small
Iiso(u);z Ivv(w). The finite slitc width effceect on the cobserved
linewidth was corrccted accurding co the usual formula (cqn.3.4).
The accurccy of measurcicnts is belicved to be 4+ 1 cm—1 for
Raman spectral mecsurements. The Infrored spectra were recorded
28 a thin film of liquid between two KBr plotes using Perkin-
Elmer 983 infrecred spcctruphotometer,
6.3 Results and Discussicn

The geometry of the cyclcohcxanonc in the encrgetically
favoured chcir configurction has been described by Tai and
Allingerls. The optimel bond lcngths and valence angles are

shcwn in Fig.6.1 where the ctoms cre nunpbercd orbitrarily

from 1 to 17 starting with oxygenl6.

The geometry assumed for cyclohexanone possesses
single elcment of symmetry, a plcnce threugh atoms 1,2,5,8,9.
This yields two spccices of vibretions «f ond &% which are respe-
ctively symmetric andG antisymuetric to the symmetry plane.

This system belongs to tnc puint greup CD, and the 17 atoms

are assvciated with 45 nondegencroete normel vibrations. Of
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these, 25 belong to the ' specics and 20 to the 4" specics.
The three interncl coorainctes associated with the carbonyl
group are the stretch, the in~plaace bena anc the out-of-planc
bend (Fig 6.2). « priori, thrce correspenaing group frequen-
cies might be expccted, The stretch plcys a major part in
organic structure analysis, but thc twe other vibraticns have
only minor volue for structurcl diegnosis, It is to bc
emphasizced that in this context “in--plone” and “out-of-plone®
relate tc the local sitc symmetry of thce C-CO-C group and

not to thc symmetry pl.nc of cyclochexanone,

The '"C=0 strctching b.nd® is cclculated for C6HlOO at
1715 cm“1 and obscrved ot 1718 cm-l in the infrored and at
1710 cm_l in the Ramon spectrunﬂe The potential cenergy coeffi-
cients indicaetc that five internel coordinates participate
significantly in thc 1715 cm™? mode. The contribution from
the C=0 stretch coordinate is cbout 75% with the uther contri--
butions coming from the symwactric stretch of the ~CC bonds 2,
two symuetric anglc bends 3,4 anu the C=0 in plane deformation

5. Therc are no significent contributions froum bonds more

rawote than the —Cﬂz groups.

The vibretions of ncighboering molcecules with strongly
polar Raman benus «ere couplew 0y intermolecular interactions.,
The wnelysis of the lineshgepe of the isctrepic end anisotropic
cemponents of Raman bands cf o liquid gives informaticn about

the spherically symmetric part of inter, intramoleculcr forces
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and cnisotrupic fcrces respectively. The information cbout
vibraticnal rclaxation and nolecul "r rceericentation processes

way boe obtained by the anclysis of lineshapes of the isctropic

anG anisotropic coumponcnts of Raman band, The Ramen spectra

of the cyclohexanonce molecule saow that the anisotropy shift

is ¢of the order of 7 cm"1 (Fig. 6.3) in acat liquid. The infrared
ebsorption b.nd correspending to tnce Rouman buand under study is
2lso very stroung which indicatces tanct the splitting f.octor is

indeced releted to the intensity of the infrorced band.

The laser Ramon spectrum of purc cyclohexanvne (Fig.6.3)
also shuws that the IVV cumponent of thce spectrum corresponding

to the carbonyl strcectching band has o shoulacer whereecs the IVH
(anisotropic) component is very symuctric with its peak shifted
tc higher frequencies. The differonces between the peak frequen-

, -1
cies (~ 7 cm 7) and tac asymactry of the I compounent may be

A%
explained by taking inte cunsider.tion the resonant coupling
duc to transition dipole--transiticn cipcle (TD-TD) intcractions
cn the rRoman band shape. This cxplanation that the two frequen-
cies diffcr due to resonant coupling is supported by the
experimentel deta relnted to the cflicet of sulvent on the

Raman band of cyclonexancene molcecculc. This diffcrence in the
frequencies decrcascs as the concentration of the solvent is
increascd irrespective ¢f the naeturce _f tanc sulvent (Fig. 6.4).
This is perticulocrly explained vn thic basis of the deta for

the incrt sclvents wherce othcer interocticns ore supposed to bo
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minimun and the solvents are expected to turn off the resonant
coupling between the cyclohexanone wwolecules for the carbonyl

stretching mode of vibrution.

The variations of the peck freguency and linewidth of

the C=0 stretching mode of cyclohexanone (C6H100) are shown as

a function of the concentration of CM3CN, CHCl3, CCl4 and

c6ﬂ6 solvents in Figs. 6.4 and 6,5. The behaviour of C=0 band
may

in different solvents/be summarized as follows:

CHBCN - CGHlOO system

—.—— e

In CH3CN the maxiioum frequency of the isotropic component
increases linearly to higher wuvenuubers compared to the pure
liquid, whereas the anisotropic .iaximum decreuses linearly.
There is an almost lineur decrease of both the isotropic and
anisotropic half width as the coicentration of solvent is
increased, CH3CN being a polar solvent is able to almost

substitute for the cyclohexancne wolecules.

CHCl3 - C6H100 syst?m

———

On dilution with CHC1 the isotropic maximum tends to

31
increase in the beginning (swall coucentration of the solvent).
However, in CﬂCl3 there is a vossibility of the formation of
hydrogen bona with the C=0 group of cyclohexanone., As a result,
with increasing dilution the isotropic part shifts to lower
wavenumbers upto 404 concentrztion. This shift however,

decreases on further dilution as the effect of resonant transfer

of vibrational energy due to transition dipole~transition dipole
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interaction on the band shape is removed. The anisotropic
maximum frequency, on the other hand decreases linearly with
dilution. Both the isotropic and anisotropic bands are found

to be broadened at around 40% dilution.

6 10 6 6 61

e co —— > noe raw 4 e o>

CCld - CH.  .Oand CH_ - C_H OO systeias

The behaviour of C=0 stretching band in these two solvents
is very similar. Wwith increasing concentration of the solvents,
the isotropic maxinuin frequency shifts to higher wavenumbers.

The anisotropic maximum fregquency, however, remains almost

constant, (in C6H6) or increases a little (in CC14) in the

region of high dilution. The anisotropy shift tends to vanish

towards higher dilution in CClA, whereas in C6H6 the two

frequencies coincide at about 90% solvent concentration. In

CCl4 solvent, there is not much change in the FWHH of both

the components upto a certain concentration (70% solvent).

However when the concentration of CCl1 is increased further,

£ - asing. ; ' .
he FWHH starts decreasing In C6H6' rlso remains almost

constant upto 60% solvent concentration, cn the

r.aniso,

other hand, decreases a little in the beginning of dilution
and later it remains constant upto a concentration of 70%.

Further as the amount of solvent is increased, both rlso

and f; starts decreasing.

niso
The validity of equation (4.17) was tested by plotting

nz)z -1

the quantity & (2e+ ¢~ as a function of the volume

fraction (?) of the solute. The screening factor S, does not
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vary much with the variation of the solvent and therefore may
even be treated as constant. The variations are shown in Fig.6.6
and 6,7. Since tue plots are almost lincar it is clear tnat

the equation holds good in case of cyciohexanone molecule also.

The van der waals attractions arce very important in case

of ligquids. For the case of largc separations one may consider

mainly three types of van der waals intcractions, as discussed
in Chapter IV, depending upon whethcr the interacting molecules
possess permanent dipoles or not. 1he total interaction energy
in a mediwa of dielectric constunt ¢ and refractive index n may
be given by,

E = — 1 Z-A B c"7' se e (601)

where a = m/_‘_‘;h/“j .1

=3 1 i3 o £ =

The above three interwcticn terms are expected to play
role in the full width at half hcight (FwHH) of isotropic
component ( rzso) of the Raman band. Their relative contribu-~
tionshave to be calculated by taking into considcration the
molecular parametcrs (€, n, Mo anc 1). It is expected that
these three terms will give aw iuca about long~range interactions
and its role in line broadening. “Yho values of the interaction

CN, C_.H, O -~

energy parameters for the systems C6H100 - CH 6H10

3
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CHC13, C6H100 - CL,J_ZL and CGHlOO - C6h6

It can be seen frowm the table VI.1 that for all the interacting

are given in Table VI,1,

éystems involving diffcrant solvents, the dispersion encrgy
parameter has the maxinum valuc even in case of solvent molecules
with dipole moment. It is mainly because of theé;2 dependence
of dipole-dipole and dipole~induced dipole type of interactions
for the solvents of high dielectric constant. Even in the case
of highly polar solvents thc dispersion energy is going to play
a very important role. The variation of r;so as a function of
dispersion energy paramicter in the four solvents was studied at
90% solvent concentration and is shown in Fig.6.8. It is a
straight line which explains thc experiucntal observation, by
taking into consideration only thc contribution from dispcrsion

type long range forces.

The linewidth measurencnts may bc of: considerable value
in order to understand the molecular Gynamics. The inhomogeneous
and homogencous contributions to the linewidths may be separated
by time dependent techniquesl‘lo. Th. collisions with solvent
molecules lead to homogencous broadening., The randomization
of vibrational phase due to elastic collisions leads to line
broadening. This mcchanism of linc broadening is called pure

dephasing. The discrimination betwecen inhomogeneous (static)
and hormwogeneous (dynamics) broadening is arbitrary in nature

to some extent. The broadening mechanisias are inhomogeneous

(slow modulated) or howmogeneous (fast modulated) depending upon
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whether <Au2> ;Z(C > 1 or @wz) % c‘_’c<<l . The lineshape is
Lorentzian in cuse of howogencous browdcning ((sz) EC << 1),
ﬂ&m345w§ “ and lA:C denote frequency shift and the rate of
change between the various inhomogcncous components. The

vibrational relaxation tiics werc calculated assuming Lorentzian
lineshapes for Raman band under study. The following relations17

were used for calculation purpose;

-1
= n e e 00 e .2
CT,=@cl? ) (6.2)
where rlso is the FUWHH of the isotropic colwponent.,

The variation of the Zv"l as « function of f((,q,n), the
parameter which is dependent upon the viscosity, density and
refroctive index as mentioned in Chaptzer V i3 shown in Fkg.6.9.
It is very clearly a linecr variatio.: and the fitting of the
parametcer in case of the four sclven:. is quite good. This
thercfore informed enpirically tnat t... linewidth ort&“l is a
function of all thesc poruaeters. This result is quite
encouraging as it cupgports thce idca ~.esented in Chapter V
in conncction wita e il vibrotlionil relaxation studies.,

The role of the h,drodynandic forc. gdrameter‘q and the disper-

2 -1 )
sion force parametcr~(££€?;) thorefore seems to bc signi-

. 2n"+1
ficant in the line brocuening acch nism of the cyclohexanone

molecule,
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Table VI.l. The ci_ole--dinole, dipole-induced dipole and

dispcrsion cncrygy porancters for various solvent

systaiis,

3 | D Teem——— H
Molccular : L 6 ! 4 6 ! C 6
system } /(erxgs-cm™) | /(ergs~cm ) !/(ergs-cm )

] — 3 — ] -

b x 10700 b x 10760 1% 10”0

] - - ]

C6H100—CH3CN 1.36 0.15 195.5
CGHIOO-—CHCl3 6.14 3.71 282,48
C6H100--Ccl4 0.0 16,71 318.63
C _H. .0~-C_H 0.0 15.4¢ 259,94

6 10 6 6

- e e g a = > me




(a)

) (h)

Fig. 6.1 (a) The structural parameters of cyclohexanone in chair

conformation (b) The chair conformation of cyclohexanone



‘pueq
yo3sxls TAuoqxeo sy ut Buriedroryaed sSuUoOT3IOW Hucmﬂumunﬂ, z2°9

614
z S 9 €1 St w0 grLT =P7TP%
(3) () (x) (x) (a)
S ¥ € z T
s 7 3 z T

S e



Intensity (arbitrary units)

100

b
o
|
-

0.0 l ) \
17SQ 1725 1700 1675

AT (cm )

Fig. 6.3 The Iyy and 1., components of the C=0 st. vibrational mode ¢

VH
pure liquid cyclohexanone.



100F 100f
P 5 x
Q @)
™ I
« T — 50
«U 50 L\g
X < ° o
0 | 1J 0 | |
1700 1710 1720 1700 - 1710 1720
o} 100}
..J\T w
@) I
o 50 U“’ S0
°
0 | LI | 0) 1 1
1705 1715 1725 1705 1715 1725
AY (cm ) AV (cm™)
Ve Fig. 6.4 The variation of isotropic (@) and anisotropic (x) maximum

frequencies as a function of solvent (s) concentration.



100

OIOCH3CN
(U2
o
i

0 ! 1 1
10 15 20 25
1001
S50+ x
B .
p 4
0 L ! 1
10 15 20 125
M (cm™)

1

%o CgHg

0 ' 1
10 15 25
00}
®
50
O 1 1 L
10 15 20 25

Mecm™

Fig. 6.5 The variation of isotropic (®) and anisotropic (x) FWHH

as a function of solvent (s) concentration.



£ ouD (q) .zommu (®) 3USATOS UT 33INTOS JO & UoT3IOeII
IINT A TO UOTIOUNY B Se - ) NANG + \wwv\mw 30 uoT3leTIRA 3yu3z Sutmoys dnoxb ayy 9°9 °HTI
(q) (=)

& b
0L 80 90 Y0 0 00 0L 80 90 %0 20 QO

T T T T T O T T T T T O
s 7
/
\mw ,
i 1%
7 -~
\\ 7 —‘ / —‘
s @ - y
(o \O OJ
\\\ ’ Ww
g @\ ] N
& 4 / AN
7 /
i O\ 4
7/ ; u
s ’ N
e ‘ %
/
/ ] _ m
/
,/ € ) ®
\\O / (o) ‘ /
/ 7 . x
A \@ w
’ Cd - 1
O\\ _ ..w \\ Q >
d Ve
i O\\
\@\ /
7/
1S -9




9,9, S.M.
JO uUoOF3IOUNI ® Sse -
(D)
Ol 80 90 70 [40) 00
T 1 T T Py
/
©/
/
/
6
/
@\
/
/
©,
/
/
/
/
6
/
;0
/
0%
/

80

~hv.nuo (e) 3u@ATOS Uy I3INTOS 3FO Qw UOT3IDRII BUMTOA

(®) 7

d
90

2 NANQ +22) 1 p 30 uor3zetTIeA ayy BuTMoys ydexb vn& L*9 °*OT13

T I




-1
lgolem™)

| |

10 !
180 230 280 330

C/1O_609r<_;¢s-cm6
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CHaPTES VII
Conclusions

The lescr~Raman scattering studics have been carriced
out on N,N«Dimcthylacetamiué (Drlz) , N, N--Dimethylformamicde (DMF)
and Cyclohexanon. molceculcecs., The anide I modes of DMa, DMF and
C=0 st., mude of Cycloncxenence were chescen for ¢xperimental
stuuy. Thcsce liquids have strong intermolccular interactions
and tihc solvent dependence of the Ranan band shapes were studiced,
The bands were recorded for varicus solutions as e function
of concentration., Thesc moloculo#heve nernacnent dipolce momentss
DMA (4 =3.81 D), DMF (/u3.82 D) ond Cyvclchexanonc 9M=2.79 D). It
may thercf_re bc assumcd th..t the liquid structurc is mainly
creoted by the oricntetion Jdepenucnce Gipele potential. Thercfore
only uipule inter cticnes re couasicerced for ordering of the
molecules, The intcrccticn potencicl vetween two permancnt
point dipolcs has beocn counsidcrced teoking are of the oricentation
dependent term, This petontic 1 ¢E permanent CGipoles is not
involved wircctly in tnc vibraticacl s_.ectrum, only its change
during the vibraticn is cffective. Thoercfore the interaction
poutenticl has to be congiderced as o runction of the normmal
coordinate Q of the molccules., The intcrcction of the two
transition dipcle moments of the identicnl molecules {resonont
vibretion coupling) has bccn cunsiderc!. as the mechanism for

the noncoincidence cffcct. The splitting of the frequency
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of an isvleted moleculce by interaction with an identical
neighoour (wmisotrcpy Snift) deocnds upoen the geometricel
relaticns between the twe mclceccules. This anisotropy shift
(splitting) is duc t. tnce inphrsc cnd out of phase vibration

of the two identical molecules. The magnitude of the anisotropy

shift dcpends on the magnitude of the splitting.

The Raman bands in liquids shoew @ morc or less broad
distribution of frequencies. In cosce vof isotropic part of
the rRaman band, the reerientctional motion of the moleculcs
can be ncglected. The cexcited molecule in the liquid enscmble
sces a sonicwhet different envirovnaent cond therefore a differcnt
intercction situation, the vibrotionel frequency is thereforc
perturbed by various intcraction potontials depending upon

geumetric relations., This lcads to diffcrent frequency shifts

o

and hencce broadening ¢f _hic bond (ccurs,

Lascr Rammen ne~surcaents were made of the amide I modes
of DMa and DME in thce purc liguid ool in solutions of verying
dipcle woments (M) diclectric constonts (€) and refractive
indices (n). The solvent concentroticn were veried from
about 10% (v/v) to 90, (v/v) in steps of 10% (v/v). The Iy
and IVH ccmponents of the Ronan bonds were recorded in all
the casces and the linewidth (FUWLH) was obteined. The wne-

coincidence effect 0f the isctroupic and eanisotropic cumponents

was studied as o functicn of the solvent concentreotion in polar
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as well as non-poler soulvents. The Transition dipoele-Trensition
dipole type of intcraction was consiacred to be responsible for
the anisotropy shift., It scems t¢ bc the dominent mechanism
rcsponsible for anisctropy shift in all thce three molcecules
under study because the shift gces cn reducing as the congen-
tration of the solvent is incrcesed. The solute molecules

under these ceonditicons become well scparcted and arc thercfore

not abhde to interact much.

The cffect Qf cumposition un the nonccincidence of the
iscotropic and anisofropic Raman frequencics was also considered
in detail., In this comnectioun thc parameter involving the

dielectric constant and the rcefractive index of the medium was

2, 2 2.;. 2
taken into account, Two factors S =(9...'".2__2.)@and St = (n”: %.)..
2 €+4n on

e
corresponding to the pcrmancent «nd trinsition dipoles were
considered, The factour related te the permancnt dipole is a

variable cone since it invelves the diclectric constant of the

seolvent where as the factor St rcmains almost constant for
L 2
all the sclvents. The plcet of tuc greph between '2Y LZEZIE_)

as a functicn £ ?ﬁthp volume froction of the solute is clearly
a straight line shuwing the valicity of the equation developed

by carlicr workers.

The variation of the isctrepic linewidth ( r;so) as a
function cf thc van der Waals intcraction cnergy consisting
of Dipale~Dipole (D-D), pipole~Induced Dipole (D~ID) and

Dispersion cpergy was considered by us in all the threc molecules



144

DM3, DMF ond Cyclohexancne. The calculations were performed

to get the total interaction cncrgy taking into account the
dielectric properties of the mcdium. It has becen obscrved

by us that the linewidth (r;so) is a lincar function of the
dispersion energy parametcr F(n,I) = 2n 377:?10(1 3

where the symbols have their usual mcaning Qefl%ea earlier,

It is quite an interesting result as it holds even for highly
pcler solvents. These recsults were obtained using four solvents

(CH3CN, CHC1 CClﬂ and C H ). Having cstablished this relation-

3!
ship we tried to correlate the vibratiovnael relaxation rate
(ZV~1) to the dispersicn furces. The varietion of vibretionel
relaxation rate (15—1) as o functiun of the density ond the
dynamic viscosity is known. In an attempt to put the parameter
related to thce dispersion furce we coensidered various possible
combinations and then found a lincar rceletion between the
Vibrational relaxation rote CC§~1) and a function f(f,n,n) =

(ﬂ Zn-ilul . This function takes corce of mony molecular
parametcrs and is therefore quite significant. The refractive
index term has come from the exprcssion £ixr the Lorentz field.
This relation is almust lincar in cese of DMF and Cyclohexanone
molecule and corrclation is very geod for dilute solutions.
From thesc¢ studies, it is chercefoere pessible to empirically
correlate the vibrational rclaxation rate with the hydrodynamic

and dispersicn forces. Onc very impertant and new result which

one can derive from thesce investigation is that the key role
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is played by the dispersien furces in the linc breadening
mechanism under the coenoiticns of cilute solutions of the
N, N-Dimcthylaccetamide, N,N-Dimcthylformemide and Cyclohexanone

molecules.,
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APPENDIX

The dependence of the electronic transition moment on
the normal coordinates of the system Qk is small under Born-
Oppenheimer approximation. The transition moment may be
expressed as a rapidly converging Taylor series expanded
around the equilibrium position (Herzberg-Teller expansion).
Higher order terms in the Taylor expansion are normally
sufficiently small to be necglected. The transition probability
expression may then be simplified assuning that the electroﬁic

k do not under the

approximation
conditions for which the Born—Opponheimeqfis valid, operate

transition moments and thc integral h

on the vibrational wavefunctions. Onc may therefore write,

[d“:?an, gm =4 T B+ CD
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