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SYNOPSIS 

L.QS.̂-i-T _Rarn_an_ Scattering .s.tu'±ics__u ±_ |vljy€!_tĵ onji_l_ relroxation and 

Non-coinciafencQ. effect _uf _thc isytrvjpic and anisotropic Raman 

-Ssoctral,. components \^f._ mo 1 ocular_1 iqujxis. 

The above mentioned tliesis is based on the results of 

studies which involved the vibrational relaxation studios 

of liquid N,N-Dimethylacetamide, N^N-Dimcthylformamide and 

Cyclohexanone. Particularly, studies in which solvents were 

used as an experimental variable have contributed in a 

major way to our understanding of vibrational relaxation 

mechanism in liquids. The thesis is limited to Laser Raman 

scattering studies of liquids with some help from IR band 

intensities. Raman scattering studies are restricted usually 

to simpler liquids but provide detailed information about 

specific dynamic processes in liquids. The main goal of this 

thesis is to show that solvent is an essential experimental 

variable in all stueies that atterupt to improve our basic 

understanding of the liquid state and the effect of environ­

ment on the molecular vibrations and coupled oscillators. 

Chapter I presents a brief introduction to the work embodied 

in the thesis. It highlights the importance of laser Raman 

scattering studies of vibrational relaxation, the importance 

of analysing the experiû -̂nt̂ .lly mer sured lineshapes of the 

isotropic and anisotropic ĉ. mponents of the Raxaan Bpectjrum 

of a molecular liquid. The careful investigation of Raman 
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spectra shows that the peak frequenciGS of the isotropic and 

anisotropic components do not coincide and lead to the non-

coincidence effect. These studies are jperformed for the 

totally synnrcietric 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 stuaies have been limited 

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

Chapter II gives the general theoretical background in order 

to understand the different types of mechanisms involved in 

vibrotional relaxation and parameters affecting the band shape 

of the Raman active vibrations of totally symmetric type. 

In liquids with strong intermolccular interactions, broadening 

parameters normally taken into account are second moment 

/ A 00^^ ari"̂  the linewidth (FfrfflH) . Soruetimes the shift of the 

maximura frequency or the first moment of the band against the 

gas frequency is also taken into consideration. Theoretical 

background for all these parameters has been outlined and 

the relation to the intermolecular potential mainly of the 

dipole-dipole type has been given. The various types of 

potential and the intermolecular 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 manner which has been attempted 

in this Chapter. 

Chapter III deals with the experimental aspects and describes 

the various aspects which have to be taken into consideration 

for accurate measureraents of the lincshapes of the Raman bands. 

Mention has been 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 

(l̂ _-) component of the Raman spectrum. The spectrometer used 

and the importance of the slitwidth etc, on the Raman band has 

also been indicated. 

Chapter IV gives an account of tiie experimental work performed 

by us on the N,N-Dimethyl acetamide (DMA) molecule in neat 

liquid and uncer varying environmental conditions by varying 

solvents. The solvents chosen wore acetonitrile (CH_CN), 

chloroform (CHCl-), carbontetrachloride (CCl.) and benzene 

(C,H,) . These four solvents v/ore found suitable after consider-
O D 

able screening taking into consideration, no overlapping bands, 

avoiding Strong hydrogen bonding effects. Out of these four 

solvents two (CHCl^ and CH^CN) solvents belong to the category 

of polar molecules and two (CCl̂ , and C^Hg) are non-polar in 

nature. ITne dipolar effects mcy be studied using CHC1-. and 

CH^CN and these solvents are tiiî refore quite effective 
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in reducing the interactions between the solute molecules. 

Besides tlie dipolar intersections/ 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 absent 

here. In case of polar molecules all the three typos of 

interactions arc effective. The screening effects due to 

the dielectric constant of the iaediuin may also be investigated 

using these four solvunts as their dielectric constants are 

quite different from each other. The studies on dilute solutions 

are especially of considercble importance as it deals with the 

situation v/here the solute molecule is surrounded mainly by 

solvent molecules. Under these conditions the influence of the 

solvent molecules becomes quite important. The van der Waals 

attractions (dipole-dipole/ dipole-induced dipole and dispersion 

type) have hcen taken into consideration to see their role in 

the line broadening mecnoaisiu. The variation of the linewidth 

of the isotropic component/ p. ̂  (FwKIi) has been studied as a 

function of the total interaction energy involving D-D, D-ID 

and dispersion forces. It is seen th>̂ t P. varies linearly 
ISO 

as a function of the dispersion energy parameter given as 

F(n/I) = — . - •-̂ —*̂ i*'̂ j where 1., I. are the ioniza-
2n i"̂  j ^ J 

tion potential of the molecules i end j,<>̂ ./*C are the polariza-

billties and n is the refractive 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-CHCl^^ DMA-CH^CN, DMA-CCl^ 

and DMA-CgHg taking into consideration the dielectric constant 

and refractive index of the medium. These calculation*clearly 

show that the dispersion . energy is the most significant 

one even in case of polar solvent molecules due 1;o the presence 

of high dielectric constant in the denominator of I>-B and D-ID 

energy expressions. The solvent dependence has also shown 

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

is the main coupling mechanism responsible for the noncoinci-

dence effect in DMA molecule. 

Chapter V deals with the vibrational relaxation studies on 

N,N-Dimethylformamide (DMF) molecule. This molecule is 

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

in place of the methyl group near the C=0 bond. The hydrogen 

bonding effect may therefore be present in linear chain* 

This system is quite interesting from intconolecular interaction 

point of view. The studies were performed in dilute solutions 

using the polar and nonpolar solvents which clearly show 

same type of behaviour of P. in dilute solutions. The 
ISO 

relation between the P. and the dispersion energy parameter 

is linear here too indicating that dispersion forces override 

all other forces (electrical forces) so far as the line broade­

ning is concerned. Ono v̂ r̂y interesting thing which we have 
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investigated in ceise of DMF molecule is the combined effect 

of the parameters related to the hydrodyncmic force, and 

dispersion force on the lineshape. For the hydrodynamic force/ 

Tl/ the dynamic viscosity, and for the dispersion force the 
2 

n 1 
quantity — w — , which comes from Lorentz's local field have 

2n'̂ +l 
been taken into consideration. The vibrational relaxation 
rate C?^," ) =7^c P. /̂ is found to bo clearly related to a 

V ISO' - - -' 
/ m 1 \"* 

parameter f (f,^/n) =fJ7(—-^^^j in a linear fashion, where 
2n>l 

being the density and n is tiie refractive .index of the medium. 

This is an interesting empirical finaing as it takes care of 

many aspects related to the molecular parameters. The solvents 

have been varied from polar to non-polar and it has been found 

that t is a linear function of f (f ̂ l̂̂ n) for dilute solutions. 

The TD-TD type of interactions arc again seem to be responsible 

for noncoincidence effect in DMF, In addition we have studied 
2 2 —1 

the variation of 5V ( 2 ^ + n ) ^ as a function of voliame 

fraction of solute {<f). It is soon that this variation is 

also linear in nature. This correlation 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 effect of tne dispersion energy parameter 

on linebroadening in a system v/her̂  tlio dipole moment of the 

entire molecule is almost concontra tt;d on the C=0 bond only. 

The C=0 is the only polar group in cyclohexanone molecule. 

The dipole, as well as the transition-dipole both will be in 
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the same direction in this case. Th^ system is considered to be 

in thu chair conformation. It is quite interesting to see 

that the relationship v/hich we observed in case of N̂  N-Dimethyl-

acctomide and N/N-Dimethylformamiae are also holding good in 

this molecule. The dispersion energy parameter is well 

correlated with the P. _̂  and the parameters fi'f/V/ n) is found 
J.0O * 

/y -1 

to be very well fitting with the c in a linear fashion. 

The non-coincidence effect is agdn very well explained in 

terms of TD-TD interactions. 

The lost Chapter VII gives the conclusions drawn from 

the present work. 

tatarby 
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SYNOPSiS 

Ijes_er Ramcin Ŝ cattcring studies y± vibrcitione.1 relaxation and 

Non-coincidfencG., eff£;ct_y£ the iŝ t̂rupic and anisotropic Raman 

j5p_octral .comp̂ qnQnts of molQcular liqujxls, 

The above mentioned thesis is based on the results of 

studies which involved the vibrational relaxation studies 

of liquid N, N-DimethylacetamidO/ N̂  N-JJimcthylformamide and 

Cyclohexanone. Particularly, studies in which solvents were 

used as an experiraontal veriablc have contributed in a 

major way to our understanding of vibrational relaxation 

mechanism in liquids. The thesis is limited to Laser Kaiiian 

scattering studies of liquids with some help from IR band 

intensities, Raman scattering studies are restricted usually 

to simpler liquids but provide detailed information about 

specific dynamic processes in liquids. The main goal of this 

thesis is to show that solvent is an essential exporimcntal 

variable in all stueies that atterapt to improve our basic 

understanding of the liquid state and the effect of environ­

ment on the molecular vibrations ana coupled oscillators. 

Chapter I presents a brief introduction to the work embodied 

in the thesis. It highlights the importance of lasor Raman 

scattering studies of vibrational relaxation, the importance 

of analysing the experiruontally mc'.sured lineshapes of the 

isotropic and anisotropic C'. mponcnts of the Roraan spectrum 

of a molecular liquid. The careful investigation of Roman 



spec t ra  shows t h a t  the  peak frcquc:ncies of the i so t rop ic  and 

anisot ropic  cornpononts do not  coincide and lead  t o  +he non- 

coincidence e f f ec t .  Thesc s tud ies  a r c  perfomed f o r  t h e  

t o t a l l y  s p l e t r i c  ri~odes of the molecules. The important 

aspects  of t h e  mechanism 02 v ib ra t iona l  re laxat ion have been 

mentioned and t h o  r o l e  of Transi t ion dipole-Transition d ipo le  

in teract ior ls  i n  the  dephasing process has been indicated.  

In case of po la r  Raman bands such a s  C=O s t re tch ing  v ibra t ion  

it is poss ible  t o  separa te  t h e  v ib ra t i ona l  re laxat ion from 

reor ien ta t iona l  e f f e c t s ,  hence the  s tud i e s  have been l imi t ed  

t o  t he  C=O s t re tch ing  node v ibra t ions  of the  po la r  molecules, 

Chapter I1 gives t h e  g c n ~ r a l  t h s o r c t i c a l  background i n  o rder  

t o  understand t h e  d i f f e r e n t  tyl3es of mechanisms involved i n  

v ib rz t i ona l  re laxat ion and p a r m c t e r s  a f f ec t ing  the band shape 

of t h e  Raman ac t ive  v i b r a t i ~ n s  of t o t a l l y  symmetric type. 

I n  l i q u i d s  with strong in te rn~olecu la r  in te rac t ions ,  broadening 

p a r m e t e r s  normally taken i n t o  account a r e  second moment ' .  

(awx>and the linewidth ( F w ~ )  . Soiiietines the. s h i f t  of 

maximum frequency o r  the  f i r s t  n~orncnt of the band against the 

gas frequency i s  also taken i n t o  consideration. Theoret ical  

background f o r  a l l  thesc  parameters has been out l ined and 

the  r e l a t i o n  t o  t h e  intemtolecular  p o t e n t i a l  mainly of the  

dipole-dipole type has been given. T h e  various types of 

po t en t i a l  and tne intcrr t~olccular  p o t e n t i a l  parameters have 

been discussed. The van dcr  ~ ~ a a l  t2pe of i n t e r ac t ions  and 
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their role in the bandshpo broadonino and other effects has 

to be considered in a detailed. laanuer which has been attempted 

in this Chapter. 

Chapter III deals with the experinicntal aspects and describes 

the various aspects which have to be taken into consideration 

for accurate measureraents of the lineshapes of the Raman bands. 

Mention has been made for the errors involved in the measurement 

of tlie depolarization ratio which h^s to be kept in mind in 

order to separate the isotropic component from the polarized 

(I ) component of the Raman spectinim. The spectrometer used 

and the importance of the slitwidth etc. on the Raman band has 

also been indicated. 

Chapter IV gives an account of tlie experimental work performed 

by us on the N, M-Diniethyl acetamide (DMA) molecule in neat 

liquid and unaer varying environmental conditions by varying 

solvents. The solvents chosen were acetonitrile (CHoCN)/ 

chloroform (CHC;L2) / carbontetrachloride (CCl.) and benzene 

(C,H,) . These four solvents v/ere found suitable after consider­

able screening taking into consideration, no overlapping bands, 

avoiding strong hydrogen bonding effects. Out of these four 

solvents two (CHCl ana CH-CN) solvents belong to the category 

of polar molecules ana two (CCl, and C,H^) are non-polar in 
U Do 

nature. The dipol̂ .̂r effects m<̂ y be studied using CHCl^ and 

CH^CN and these solvents are tiierefore quite effective 
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in reducing the inter<2Ctions 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 absent 

here. In case of polar molecules all the three types o± 

interactions arc effective. The screening effects due to 

the dielectric constant of the inedium, may also be investigated 

using these four solvents as their dielectric constants are 

quite different from each other. The studies on dilute solutions 

are especially of considercble importance as it deals with the 

situation where the solute molecule is surrounded mainly by 

solvent molecules. Under those conditions the influence of the 

solvent molecules becomes quite 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 mecnenism. The variation of the linewidth 

of the isotropic component, \~^. (FVvKH) has been studied as a 

function of the total int̂ rê ction energy involving D-D, D-UD 

and dispersion forces. It is seen that f"? varies linearly 
ISO 

as a function of the dispersion energy parameter given as 

F(n, I) = . -r'^Ji—o^i^j where I., I. are the ioniza-
2n'̂  ̂ i^^j ^ J 

tion potential of the molecules i and j o(.,(/ are the polariza-

bilities and n is the refractive index of the medixim. This 

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



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

carried out for the systems DMA-CHC1-, DMA-CH CN, DJ:4A-CCl̂  

and DMA-C,Hg taking into consideration the dielectric constant 

and refractive index of the medium. These calculations clearly 

show that the dispersion . energy is the most significant 

one even in case of polar solvent molecules due to the presence 

of high dielectric constant in the denominator of D-D and D-ID 

energy expressions. The solvent dependence has also shovm 

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

is the main coupling mechanism responsible for the noncoinci-

dence effect in DMA molecule. 

Chapter V deals with the vibrational relaxation studies on 

N/N-Dimcthylformamide (DMF) molecule. This molecule is 

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

in place of the methyl group near the C=0 bond. The hydrogen 

bonding effect may therefore be present in linear chain. 

This system is quite interesting from intcrmolecular interaction 

point of view. The studies were performed in dilute solutions 

using the polar and nonpolar solvents which clearly show 

same type of behaviour of H in dilute solutions. The 
•̂  ISO 

relation between the H and the dispersion energy pararaetor 
ISO 

is linear here too indicating thct dispersion forces override 

all other forces (electrical forces) so far as the line broade­

ning is concerned. One very interesting thing which we have 
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investigated in case of DMF molecule is the combined effect 

of the parameters related to tl-ie hydrodynomic force, and 

dispersion force on the lineshape. For the hydrodynomic forcc/ 

^/ the dynamic viscosity, and for the dispersion force the 

n^-1 quantity — ^ — , which comes from Lorentz's local field,have 
an'^+l 

been taken into consideration. The vibrational relaxation 

rate ( "C ~ ) = 7\ c F?^^* is foxind to be clearly related to a 

parameter f (f,>),n) =f^f-™^) in a linear fashion, where P 
' ' 2n>l ' 

being the density and n is tiie refractive index of the mediijia. 

This is an interesting empirical finding as it takes care of 

many aspects related to the molecular parameters. The solvents 

have been varied from polar to non-polar and it has been found 

that t* is a linear function of fi^ff\fn) for dilute solutions. 

The TD-TD type of interactions are again seem to be responsible 

for noncoincidenco effect in DMP, In addition we have studied 
0 0 1 

the variation of v̂* (26 + n ) e" as a function of volume 

fraction of solute ( d? ). It is seen that this variation is 

also linear in nature. This correlation 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 effect of tne dispersion energy parameter 

on linebroadening in a system v/hero tlitj dipole moment of the 

entire molecule is almost concentrats:jc' on the C=0 bond only. 

The C=0 is the only polar group in cyclohexanone molecule. 

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 see 

that the relationship v/hich we observed in case of N, N-Dimethyl-

acetomide and N/N-Dimethylfomiamide are also holding good in 

this molecule. The dispersion energy parameter is well 

correlated with the R and the parameters fiff^, n) is found 

-1 to be very well fitting with the "C in a linear fashion. 

The non-coincidence effect is agĉ in very well ê qslained in 

terms of TD-TD interactions. 

The last Chapter VII gives the conclusions drawn from 

the present work. 



CH£iPTEri_I 

Introduction 

The study of ayncjnical behaviour in molecular liquias 

is very difficult since in the liquid state the molecules 

are in a state of chaotic motion. However, some progress 

has been made towards a better understanding of the molecular 

motions in liquids on the basis of experimental and theore­

tical work. The NMil relaxation experiments provide information 

about molecular motions and intermolecular interactions in 

liquids. Laser Raman scattering experiments, however, provide 

detailed information about a specific dynamic process in the 

1-9 liquid. During the past decade vibrational relaxation and 

molecular reorientation processes in liquids have been studied 

by analyzing " ' " the line shape of the isotropic (I.^Q) 

and anisotropic (I^^^^^) components of the RaiTian band of the 

molecule. The sensitivity of the Raman peak position and 

linewidth (FWHH) on the environment hds 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 stc.te in a reference system of nuclear 
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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 pf the reference 

system will have a finite lifetime and energy width. This 

amounts to a decay of the time correlation function corres­

ponding to 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 (̂ ŷrr) and depolarized 

(l ) Rainan bandshapes, one can obtain the isotropic scattering 
VH 

intensity, I. (w), and the anisotropic scattering intensity, 

13 I . (c«3) , Only vibrational processes contribute to Ij---, C**) / aniso ISO 

whereas both vibrational and reorientational processes 

contribute to I . ^^> 

aniso 

The broadening of isotropic Raman bandshapes may be 

influenced by several mechanisias. ' The two dominant ones 

are the energy relaxation and phase relaxation. The energy 
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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 molecules with their 

surroundings/ leading to perturbation of the phases of the 

vibrational wave functions without changing their quantum states. 

Both mechanismshave been investigated and it has been foUnd 

that phase relaxation (dephasing) in liquids occur much faster 

15 than energy relaxation. Many different theories of dephasing 

have recently been developed, examples of which are the isolated 
1fi 17 18 

binary collision (IBC) model, ' the hydrodynamic model, 
the cell model and the model based on resonant energy transfer 

Different theoretical models have been used to predict 

rate constants for vibrational relaxation process. In the IBC 

model, the transition rate is assximed to be the product of the 

collision rate in the liquid and the transition probability per 

collision in the gas phj.sc. The probability per collision may 

be obtained either from scattering calculations oJt by independent 

experiments on low-density gases. Various models have been 

20 

proposed for the collision ratĉ  in liquid phase. Litovitz. 

approximated the time between collisions to an Enskog time for 

the rate of binary collision of hard spheres using cell model. 
15 Oxtoby has shown that the relaxation time of the random force 

is responsible for the viscosity dependence of the diffusion 

coefficient. Fluctuations 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, i*n important coupling mechanism is 

the transition dipole-transition dipole (TD-TD) type which is 
5 

possible when strongly infrared active transitions are present , 

The resonance transfer mechanism is identified by dilution 

experiments with inert solvents, which reduces the coupling. 

Such experiments exhibit line narrowing when dilution studies 

are carried out with isotopically substituted species. 

It has been observed of many molecules that the 

peak frequencies of the Raman bands corresponding to the 

isotropic and anisotropic compont̂ nts do not coincide in liquid 

state. The differences in the peak positions may sometimes 

be even more than 10 cm . This noncoincidence has been 
obseirved for many IR active modes such as SO stretch of 

2 21 
sulfoxides and sulfones / tlie OH stretch of carbonyls / 

1 22 

CN stretch of nitriles and NH stretch of amines . The 

concentration studies have shown that the magnitude of the 

splitting decreases with decreasing concentration of the 
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23 solvent and may go to zero in the limit of infinite dilution 

This effect is often, but not always associated with vibrational 

modes having large dipole moment derivatives. Facts such as 

these have led some investigators to attribute the noncoin-

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 dynamic 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 whetirier 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 
4 

the noncoincidence effect is necessary, wang and McHale 

presented the results of the calculation of the first moments 

of the isotropic and anisotropic Roman spectral compocents of 

a molecule with an axially symmetric polarizability tensor. 

.^*n important feature of the derivation is that it is not necessary 

to postulate short-range order to explain the noncoincidence 

effect; a strong angular dependent intoriaolecular potential 

is predicted to give rise to the concentration dependent isotro-
5 

pic and anisotropic peak frequencies. Recently, McHale 

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 
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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 transition 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 reaonence coupling due to the 

TD-TD interaction may be important in some polar modes, it has 

25 been pointed out earlier by Wang that the vibrational 
I (2) 

resonance coupling Hamiltonian given by the form ig ̂  . V. . 

Q. Q. may originate from quadrupole-quadrupole interaction/ 

hydrogen bonding interaction, or any other type of intermolecular 

interactions. Here i and j designate moleculos/ and ,Q. and Q. 

refer to the same vibrational mode of molecules i and j/ 

respectively. The prime on the siimmation sign indicates the 

summation of the term with i = j to be excluded. This coupling 

term provides a pathv/ay for an efficient exchange of vibrational 

energy between vibrational normal modes of the same symmetry 
11 but of different molecules. The Hamiltonian which determines 

the time evolution of the dynamic variables is written as 

H = H^sc -i-.Ĥ  -r K' 

where Hose is the sxom of the harmonic oscillator HamiltonianS/ 

H is the Hamiltonian for the/rotational and translational 
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degrees of freedom (the bath molecules) and H' is the part of . 

the Hamiltonian which couples the internal vibrational coordi­

nates of the bath molecules. Considering the total potential 

V as a Taylor series expansion about all D^ = 0, H* is written 

where V^^^^ = ( ^'/^Q^). and V^ . (2) ̂  ,^(,2^/^^^ ̂ ^.^^ 

(2) 

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

the concentration dependent resonance transfer effects. The 

diagonal terms V..^ ' along with V. are also expected to 

make a contribution to the linewidtii which results from 

dephasing due to fluctuations in the vibrational frequency. 

It was shown that V. ^ and V. / do not affect tlie first 

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

the second moment or the linewidth, 

Fini and Mrone showed for the first time that the 

C = 0 stretching mode frequency for liquid ethylene carbonate 

and propylene carbonate is higher in IR spectrxom than the 

Raman one. The difference in frequency being 13 cm for 
X 

ethylene carbonate at 313 K. Later, it was shown by them 

that for the pure liquids the RaiTian anisotropic component of 

the C = 0 stretching mode falls at a higher frequency than the 

isotropic one. The IR band maxiiaiora rppeĉ rs almost at the same 

frequency as the Raman anisotropic comxoonent. In some cases 

IR band may be resolved into two components/ the stronger 
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coinciding with the anisotropic and the weaker with the isotropic 

Raman component. 

The.coincidence of the isotropic and anisotropic Ramon 

band components of few polar molecules like acetone/ N^N-

dimethylfojrmamide, T-butyrolacetono and dimethylsulfoxide 

(23) have been studied by I4irono et al, as a function of solvent 

concentrations in various solvents. The noncoincidence effect 

reduces with dilution and ultimately almost disappears on high 

dilution. With increasing temperature/ a decrease in anisotropy 

shift is observed. This behaviour is explained on the basis 

of the coupling between the transition dipole moments 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 linearly on the ratio 

between the vol\:tme fraction and the static dielectric constant 

of the solution. It may become zero at a finite concentration. 

It has been suggested that this concentration threshold is 

related to vibrational energy relaxation. 

The benzaldehyde molecule has been studied by Yarwood 

27 

and iirndt who observed that the I.̂ ^ component of the C = 0 

stretching mode gives an asymmetric shape whereas I.̂ ^ component 

is almost symmetric with its maximum shifted to higher wavenum-

bers. For 98 mole per cent dilution of benzaldehyde in carbon-

disulfide solvent the I^^ component narrows to a symmetric 

band and its maximum frequency coincides with the I,̂ ^ component. 
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The asymmetry of the I component (or anisotropy shift) is 

explained as due to the TD-TD interactions. On dilution the 

effects of resonant transfer of vibrational energy due to TD-TD 

interactions on the band shape are reduced as the benzaldehyde 

molecules become separated. The isotopic dilution studies of 

benzaldehyde in benzaldehydc-d^ show that with increasing 
b 

dilution the anisotropy shift decreases from -^4.5 cm to 

'̂ 1 cm in tbc^most dilute solution, 

A Raman study of the C = 0 stretching vibration band of 

28 

liquid methyl-ethyl-ketone has been carried out by Scheibe 

A simple theoretical approach to the behaviour of various band 

shape parameters in terms of dipole-dipole (D-D) interactions 

has been worked out in the frequency domain. The structural 

effects seem to play an important role in influencing the band 

shape of polar Raman bands in liquids with dipole-dipole inter­

action energies of the order of kr. The asymmetry of the lyy 

component of the band was explained on the basis of the change 

of the orientation probability distribution into the direction 

of energetically favourable orientations. However, the theore­

tical approach is too simple to allow more than a qualitative 

interpretation of the experimental data. Therefore further 

theoretical and experimental work is required in this direction. 

The relative role of slowly varying attractive interact­

ions and rapidly varying repulsive interactions on the frequency 

shifts and dephasing process in liquids has been studied by 
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Schweizcr end Chandler . Their thcort-ticcil model correctly 

predicts the isothermal density dependence of C = CH bandwidth 

in isobutylene end the C = 0 bandwidth in acetone, Schindler 

30 and JoBas , however found a very different density dependence 

for the frequency shifts of the C = CH and C-CH modes in 

isobutylene. They have also shown th,:t cxnisotropy shift for 

the ^̂2 "*" 2 ^ bands of ethylene carbon-ite is proportional to 

( ^h/ ^Q) which clearly indicates that TD-TD Coupling is 

responsible for thu observed effect. 

31 Recently tjteiger et. al. have studied the Raman 

spectrum of trimethylchlorosilane and have observed the 

anisotropy shift C -̂ 3 cm"-̂ ) for the î CSiCl) bond. The non-

coincidence of tho Raman frequencies of the two scattering 

components indicates a local clustering of the molecules for 

at least a certain time (-̂  0.1 ps), Further investigations are 

however needed to confirm the influences drawn by tiiese authors. 

The influence of vibrational resonance coupling on 

spectral linewidths has been discussed by a niomber of investi-

(32-35) 

gators , It is generally recognised now that the problem 

of deducing the separate vibrational and reorientational corre­

lation functions from experimental band shapes is not as 

simple as it was once tliought to be. In order to investigate 

the expected concentration trends of the half-widths of vibra-
4 

tional spectra/ Wang and McHale evaluated the second moments 
of infrared, polarized and depolarized Raman spectra. It is 
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shown thet the interxnoleculer forci.s which are stxong enough 

to result in ooncoincidence effect may also be responsible for 

the Roman and IR band-width dependence on concentration. 

Concentration dependent IR band-widths have been reported for 

both the bending and asymmetric stretching modes of CSg/ and 

have been attributed to the effects of resonant transfer of 

32 

vibrational energy . iilthough the full band shape and half-

widths are not accounted for \inless all the spectral moments 

are evaluated, the results should provide a basis for further 

investigation of the effects of intormolecular vibrational 

coupling on Reiman linewidths. 

In order to understand the nature of intcrmolocular 

interactions and molecular dynojnics, there is a definite need 

for additional systematic studies on vibrational relaxation, 

reorientational motion and frequency shifts in various liquids. 

The information content of temperature and solvent effects on 

frequency shifts of various vibratxonnl oands has not yet been 

fully explored. In particulcr/ the onisotropy shift in dipolar 

liquids may offer new information about strong dipolar inter­

actions. The study of tho influence of solvents on the band 

shape parameters is of paramount importance not only in conne­

ction with molecular structure and liquid dynamics but also 

in connection with solution kinetics. The N,N-dimethylacetamide 

(DKA) / N, N-dimethylfom^imide (DI4F) end cyclohexanone ntdecules 

were chosen for the vibrational relaxation studies as these 

file:///inless
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moleculcs contcin 0 = 0 bond which is highly polar in nature. 

The Di'lA. and DFiF ere r.lso of greet valuo because of thCiir 

biophysicel significance. The amide I band of DMA and DMF 

provide vital information regarding the protein molecules. 

The solvent dependent studies of Rajnc n band shape parameters 

may also serve as a model for the environmental effects on the 

vibrational modes. The Raman expcrirncntdil data on the protein-

ligand interactions especially enzyme-substrate interactions where 

line bracidoning or froqutncy shifts are observed may also be 

interpreted in these linos to provide information about the 

nature of the interacting site in proteins. It may help in 

the mapping of the active site of the enzyme where the substrate 

is bound during the catalytic process. These studies eire 

therefore expected to thz-ow light on the nature of the inter-

molecular forces playing key role in tlie interactions of great 

biophysical significance. 
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CHAPTER .1.1 

Theoretical aspects 

In recent years there hcs been e resurgence of interest 

in the study of vibrationr.! relaxe.tion in liquids and conside­

rable progress has been made through experiment/ theory and 

computer simulation towards e deeper understanding of the 

physical processes involved. The vibrations of 'a molecule are 

sensitive probes of local structure and dynamics in molecular 

liquids/ and therefore provide microscopic information about 

a state of matter which is still r.-latively poorly understood. 

Vibrational relaxation occurs through the coupling of a quantum 

vibrational system to a classical "hect bath" of rotational and 

translational degrees of freedom , Vibrational phase and 

energy relaxation time can be as short as few picoseconds and 

may thus be compareible to bath relaxation time. This has 

important consequences for the dynamics of the coupled systems. 

In small molecules / reorientation pro villus the primary relaxation 

mechanism for allowed transitions. For larger molecules/ 

vibrational relaxation mechanisms plav an increasingly important 

2 
role . Laser Raman scattering experii.ionts are used to provide 
detailed information -..bout a specific dynamic process in liquids. 

2.1 Vibrational relaxation in liquids 

In case of totally symmetric vibration, the contribution 

to the band shape from rocrientational motion can be separated 

from the contribution arising from vibrational relaxation by 
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appropriatfe choice of scattering geometry. This provides the 

opportunity to study the relative iraportr.ncc of two processes 

end the mechanism of reorientationcl and vibrational relaxation. 

The vibrational relaxation process is generated by a large 

variety of inter and intra-molecular forces including dipole-

dipole, dipole-induced dipole, dispersion/ short range repul-

sion^ centrifugal and Coriolis forces"̂ ' ". Vibrational relaxa­

tion originates cither in tlie dephasing of molecular vibrations 

or in the depopulation of vibrational l̂ v̂ l̂s, or sometimes a 

combination of tV70 processes. The former process is analogous 

to the T^-typo spin-spin end tliv- latter to the T-̂ -type spin-
5 

lattice relaxation in N̂ 'JR . 

In order to explain the mechanism of vibrational 

relaxation, one has to consider the coupling potential between 

the molecules and the bath/ which includes rotational and 

translational degrees of freedom ' ^' . There are different 

mechanisms that may lead to coupling i-otcntial and contribute 

in this process. The dipole and multipolo interactions/ 

dispersion interactions/ repulsive forces etc. are some of the 

important ones. The coupling potential V may be expanded in 

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

V = v„ .(|̂ ,.}„0; .1 i±L-\^^ 

d^V 

'^ (2.1) 
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The first t±irac terms aro simiic.r to the potential of 

a harmonic oscillator corresponding tc' a normal co-ordinate Q.. 

By choosing the zero of energy so that the energy of the 

equilibrium configuration is zero, Vg may be eliminated. The 

last term is responsible fur -die resonant energy transfer from 

one oscillator to another and this is tĥ - term which leads to 

different shifts of the isotropic and anisotropic components 

of the Raman (vibrational) band. This frequency splitting is 

known as -anisotropy shift or non-coincidence effect. 

The Hamiltonian has the form 

H = Ho -}- Hg v V, (2.2) 

where Hj, is the HaiTiiltonian for tnc vibrational degrees of 

freedom (independent harmonic oscillator in the scattering 

volume)/ H^ is the bath Hamiltonian (translational and reta­il 

tional degrees of freedom) and V is the coupling potential. 

The interaction potential V provides for the coupling of the 

oscillators to the bath r.nd to one another. Before going into 

the details of perturbing potential v/e may discuss in brief 

the harmonic oscillator. 

2.1a. The vibrational energies of a harmonic oscillator 

The classical Hamiltonian for the harmonic oscillator 
7 

described by a single co-ordinate x and a parameter depending 

on the masses and structure of the system is given by the 

expression/ 
2 ^ 

H = Px +h kx ....(2.3) 
2m 
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The motion of tlio harmonic oscillator is governed by the Hooke's 

lciv7 thc.t the force is - kx. The px is the momentum conjugate 

to the co-ordinate x. The expression (2,3) is the quantum 

mechanical Hamiltonian for the system if the variables px and 

X satisfy the quantum conuition /~q./ p. _7 = i <''• •/ which they 
> -' 

do if p = - i -̂r—-; * Two variants of our basic Hamiltonian are, 

H = ±5 Cp^ +,C^ Q^), (2.4) 

where Q = ̂'rn x andcO =/k/m̂  and H ~ !^ CO {^p + q ) .... (2,5) 

where q = Jm x. î  general simple hannonic oscillator 

expression may be written aS/ 

H = oip^ -'r^^. (2.6) 
. 2 

where the associited frequency (,̂) = 2/n(f6 or g(,B = ^ 6u> . 

The Hamiltonian (2.4) is closely related to the general 

expression for vibrational energy in terms of normal co-ordinates, 

The H represented by (2,5) ma^ be factorized as 

H = ij CJ(F— F+ î  1) v/here J'-'-̂q ± ip are the shift operators. 

F"* ladders down through eigenfunctions which have eigenvalues 

successively reduced by units of u) . The set of functions 

i '({r "V hQs Q lower bound function witii an energy ^^ known 

as zero point energy. Laddering up by successive applications 

of F" allows us to generate the infinite sets of eigenfunctions 

each separated by energy quanta ofcJ. Note that 

i f^fdt E CF^ / v> ) ' F"̂  IV> = < V I F-F+ / V > 

(2.7) 
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Tht general enorgy-lovGl oxprussions can be written as, 

E (v) = cc> (v V >2), (2.8) 

where wc can now specify the cigenfunction by a quantiam number 

V, The diagonal matrix of H may bu. uetermined/ where <v/H/v^ 

= E (v) which can be written 

H 

<o:.( 

<i 1 

<2 I 

jp> 112 

o a.'-̂'i o 

o 

o o 5^2 . (2.9) 

The m a t r i x p r o p e r t i e s of p einClq can be determined from 

+ those of F —. Vve have 

F^jv> = N ^ i v - 1 > (2.10) 

"Where H . i s a nuiTiber. A s e l f c o n s i s t e n t s e t of numbers, 
1.' 

Hw / can be determined for a normalised set of functions 

1V;> (i.e. < V I v> =1 ) <v 1 i"F'I v> = \ * \ (2.11) 

Note that F— are not Hermitian and that (F ~)T = F ̂ . It can 

be seen that (N^ ) ̂  =iv {?Sl ^i | v)= 2v (2.12) 

ia. similar procedure can b^ applied tc derive the appropriate 

factor for F". Thus we see that 

<'v-l j F"*" ( V > = y2v<;v+l I F*"I v> = / 2 (v+l) (2.13) 

The matrix elements of p and q arc now directly obtainable as 

q (F" + F"̂ ) and p = H± (F" F''") . Thema. t r ic-s can be 
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writton as 

q 

0 /l 

jT o 

O D 

0 

0 

/ 3 

• 

, 

• • 

• • 

/3 ' 

0 • 

• 

i'A 

, 

c 

1 

G 

« 

P 

-î  
0 

Ji 
0 

« 

0 

"î  
G 

i3 
• 

0 

0 

•j^ 

0 

• 

.C2.14J 

The matrices of p r.nd g cn^ nut diagonal but thoy arc 

Hermitian. The matrix elements are obtained by having the 
-j r 

convention satisfying INI = ^̂  O ° and iii fact has been shown 

to zero. We woulc obtain the m̂ .trij; ̂ i q imaginary instead 

of p if we had chosen en imaginary Jh j ^ convention. The 

explicit expressions for the matrix cl^uicnts are listed in 

Toble^ A-^.TA Matrix c_lemo_nts_ jDf_ĵ j_n_u_ĵ ^ 

/v/q%+2> 

<v/qVv-a> 

<v/q Vv > 

<;v/q^/V"l> 

i;v/q"/v-2> 

<:v/q/v> 

K^ v̂;- 1 

^ j"̂  

X v/q /v> 

,̂ - '(v+1) Cvf2) 

(2 v+1) 

0^ yv(v-l) 

c/v= 
V= 



-^^-

In genorel the harraonic cscill tor potential may be 

expanded in Taylor series in vibrr.tiv̂ nal co-ordinate Q, 

,3 3 
._, _. ) ^ .j- . . , „ „ . , \^/L, I D ; 

- -"i 

The subscript zero indicates the position of minimiom energy 

so tliat ( -TTT" •) = 0 . The quantity V̂ , is a constant 

indt-pendent of Q. and may be ignored since it docs not affect 

the vibrational frequencies (or the constant V,, may be taken 

as zero), The force constant F^^ is defined by, 

X̂:X = -^—--2~~ ^2.16) 

The selection rule for a vibrational transition to be induced 

by electromagnetic radiation is 

î V = V 1, (2.17) 

v/here v i s the vibr- 'cional qu.ant̂ lra nioraber. I t can now be 

recognized t h a t t h i s implies t h a t only for Ziv = 1; 1, can 

<^n//x /mj> f o r a v i b r a t i o n a l t r a n s i t i o n (from a s t a t e m 

t o n) b e non z e r o . / i may be e q u a l t o A E f o r Raraan t r a n s i t i o n , 

•A b e i n g t h e p o l a r i z a b i l i t y and E i s t h e e l e c t r i c f i e l d . 

2 , 1 b . ^ i n i s o t r o p y s h i f t o r n o n - c o i n c i d o n c e e f f e c t ; . 

Coming b a c k t o e q n . ( 2 . 1 ) f o r t h e c o u p l i n g p o t e n t i a l 

and c o n s i d e r i n g t h e t h e o r y b a s e d on p > ^ r t u r b a t i o n c a l c u l a t i o n , t h e 

f r e q u e n c y d i f f e r e n c e betv/een t h e g round ( jO^) ajid f i r s t e x c i t e d 

3 8 
( jl_> ) s t a t e s c a n be w r i t t e n a s , ' 
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2 

^^-\M)W-^^^> " ^̂ -/w ô>) ~^i {---f) ( < I /QVI> 
2 

- < 0 / D V O > ) - i-(^- |"-)o ( <l / .U/0: ) 2 , - (2.18) 
i j 

The- term ( •; l/iJ/l> -(O/Q/O ;> ) represents mechanical 

anharmonicity and it vanishes for a hanaonic oscillator; t>ut 

in real molecules we deal with anharmonic oscillators. The 

second term contains the electrical anhermonicity which arises 

if dipole moment is not a linear function of nonaal co-ordinate 

Q, Let us consider the Kamiltonien for tlie vibrational degrees 

of freedom/ Ho aS/ 

^o = ô<«< c^ + ^...x Q ^ .... ( 2 . 1 9 ) 
where F̂ -̂  is the princiroal force ccnatant and '^^^^^ is the 

anharmonic force constant associated \.:.th the isolated molecule. 

For an isolated vibration of the diatomic molecule with 

reduced laass m / the quantuiu mechanicu.l value is given as: 

( < ; i / i y i > - < 0 / . Q / 0 > ) c ^ . ^ . ^ . ^ . („3^fej-- . ) (2.20) 
r -^g •^'"• 

( < 1 / Q V I > - < 0 / D V O > )<^_ .A. - (2.21) 
m V 

r •^g 

where y denotes the gas frequency. Therefore the frequency 

shift of the band relative to the unperturbed gas frequency, 

y) , is proportional to, 

&M^ .) cX^-A ["„ 3IW.- ( .^'1 ^^y•^^ .... (2.22) 
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Thc usctulnuss of cqn. (2.22) to interpret the experi­

mental dc'.te will ruquirvi. tnc cissumptiî n for the functioncl 

radial and angular dopen-̂ encL. wf V. It ĥ .s to be then averaged 

over the configure.tion space. Th^s^. typo of calculations are 

almost impossible ana approximate results can be best obtained 

through computer simulation studies. For most of the liquids 

the computer simulations are much mor>- complicated. In order 

to examine eqn. (2,22)/ it must be extreiuely simplified. It 

9 10 
has been shown by Drickriiiar and co-workurs ' that dispersxon 

and dipolar forces produce a red-shift (decrease in frequency) 

whereas repulsive forces lead to blû _ shift (increase in 

frequency). 

For highly polar molecules the interaction energy for 

the two interacting dipoles (Fig. 2.1) of dipole moments yi . 

and yt< . is given by the relation; 

o r y ^ y^'± Mif K 
"Rr.3 ' ij . , (2.23) 

where K. . = /~-2 cos6. Cos (-9. -t- Sin 6'- în̂ J*. Cosi6.-:di,)_7 

(2.24) 

is the orientatioai f<..ctor for point d iodes . This interaction 

energy v/ill exceed thî  r .ndoiiiizing th^r.iu 1 energy, !<£, for 

strong dipole-dipole type imcoractions a.nd i t may predominate 
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in noet liquid ph'_se. If only p?:ir interactions arc considered 

cind the first order terra is the only one taken into account 
3 

the frequency shift may bw given as , 

Since tlic evaluation of the factor ij is not possible 
~ "R. .'f 

the simplified proportionality relation-' may be written as, 

£^^ ^ r /̂  -1-4" ....(2.26) 
The frequency splitting may be observ̂ .d in most liquids^ 

besides the shifting of the frequency and tlie term (S'p,""';57̂ "/" 

Q. Q. is believed to be responsible fox: this feature. 

It is this term v/hich couples the sara,, vibrational mode of 

two different molecules i and j. Th^ i-<aman band shape reflects 

the modulation of the oscillator foi-ce constant by intermolecular 

interactions. The I. ('-̂̂ ) reflects only the spherically 
ISO J. xf J. 

symmetric average value of the potential/ whereas I . (cO) ^ -̂  ^ ' anxso 

detects the angular dependence of the intermolecular potential. 

In view of these different dependences, the I . (<J-">) and 
•̂  a m so 

I. (cO) will not only exiiibit diffL,rent shapes^ but their 

positions will also bo shifted to diffcẑ ent extents leading 

to a nonvanishing splitting factor 

(aniso) - }J (iso) .... (2.27) 

iilthough it has been shown by r̂feng ana l-icilo.lo ' that the 

frequency splitting £),) can occur for any angular dependent 
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intermolcjcular interaction, wo may limit our discussion to 

dipole-dipole coupling. The interc.ction lec3.ds to orientationel 

order between molecules and causes a splitting of the vibretio-

nal mode into an in-phasc and out-of-phase vibrations. The 

frequency of the completely polarized in-phasc vibration is 

equal to the isotojopic Raman line centre while the frequency 

of the depolarized out-of-phase vibration is nearly equal to 

the center of the VH band. The splitting factor for dipole-

dipole coupling is given by the relation 

^ y ~ V (out-of~phaso)- y (in-phase) 

^ R. . 3 ^ -• o* ^ / 

The angxilar brackets indicat<-- an ensemble aver.-ige which reflects 

the fact -that for different relative orientations where the 

out-of-phase mode is active the anisotropic component of the 

band is shifted to various extents depending upon the magnitude 

of the oricntational factor K... Because of the fact that it 
Ĵ K. . 

is not possible to evaluate the factor / 5~̂ -j 7 one has to be 

satisfied with the proportionality relationship, 

Sy« '^•^-) 2 ... (2.29) 

The quantity /-••—'-•v-- I is the square L.t the dipole mom.cnt 

derivative which is responsible for the infrared intensity 

of the vibrational band. Therefore {-y is proportional to 

the intensity of the IR band and this leads to tbc conclusion 

that the splitting will be large for vibrations which give 
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risu to strong IR bands. It has inciweu been observed in many 

molecules, 

2.2 Kubo lineshc-po and relaxation timi_ 

Kubo developed a general theory of relaxation processes 

that has been adapted to vibrational relaxation by several 
11-. 14 

research v/orkers , Using this theory it can be shown that 

correlation functions that involve the process of "pure dcphasing" 

are given by the following expression, 

?pp( ̂ ^ = --P / " V > ? t Te - C , ' exp (^)- r^^i.? 

(2.30) 

The process of dephasing is orientation dependent unless the 

intermolecular potential is orientation independent (for example 

in case repulsive forces arc predouiinant) . The cqn. (2.30) 

can be modified in th^ tv/o extreiae cas«-s of long and short times. 

In case t ^-^ J^ the oscillators vibrate with random 

pĥ .ses in a "quasi-static" cnviromaen-c x/hich has not had time 

to chemge. In this case the decay of •-f' (t) is expected to 
?P 

follow the Gaussian distribution of .-nvironiiiontal interactions. 

One obtains the following relations 

^ (t) ^ exp (- î  < ^^> t^ ) (2.31) 

For t yyTJ i.e. if time is much longer tlian the 

correlation time of tne i~>orturbation, it is evident that 

(p (t) will be represented by an exponential/ 
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9^pp^^^ "= ^^^ (-<̂ '̂̂ / ^'c t) = cxp (- -S~ ) ...(2.32) 

where (r )-^= <-^^^^ "̂ ^ ,..(2.33) 

ThoreforL- depending upon thu rate of the moduletion pro{£ess 

(due to the fluctuntions u± the interiaolecular potentials) 

one may predict the band profile. 

In the limit c <̂ CJ > '' ">"-> 1/ known cis slow-

modulation limit, th^ perturbation effectively lasts for a 

long time 2nd tiie pht̂ .se memory of th'̂  oscillators is rapidly 

lost. The d> (t) function therefore r''ocays rapidly and has 

essentially Gaussian form witli c siiiall lung time exponential 

tail. 

„ . T 1 T ̂ . / •>-//>20/ - 1) the perturbation For rapid modulation ( c < CO > vv ^ 

due to fluctuations in the intcrmoloculcr potential rapidly 

decays and the phase mcmury of the oscillators is retained 

for longer times. 0.' (t) therefore "̂ c-iys more slowly and 

hence the band profile significantly iicrrows and for time 

t "> 27 an exponential decay is obs._rved. The band profile 

is obtained .̂by the fourier trcnsforr.-.i.tion of egn. (2.32); 

,/ f 4_ \ _ --t/r and has the -̂ jr«̂ nt2ian shape given as, 

1 ̂  T ) 
I (/̂ >C0) = - ^ V T ~9—f ' (2,34) 

where 7^ = <^CO y Ti t is the bandwidth of the band under 

consideration. Since TI \<~J^ ^ <(< 1 it follows that 

'Y'yy y cr>^>^ '̂ ^̂  ̂  "motional narr.:/ing" is observed. 

However, at short times (high frequcnc-' displacements from 

the band centre) the ^ (t) function will eventually reflect 
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a GaussiGn distribution of intensity. It is necessary to 

retain the correct behaviour of bend moments (because there 

is no definite second or higher moment for iorentzian profile 

of the band). 

Since C represents a modulation time it is related 

to the time scale of the molecular fluctuations in the medium. 

The second moment measures the range of frequency distribution 
2 

duo to the various molecular interactions. The C and ^co y' 

contain valuable information about th^ nature of the intertnolo-

cular potential, 
2,3 Isotropic and anisotropic kcuiian bands 

In case ĵf the Raiaan spcctri observed with the vertically 

polarized laser source/ tlie parallel (ITTTT) and perpendicular 

(l^) components (Fig. 2,2) of the scattered light are related' 

to the isotropic and anisotropic parts of the scattering 

tensor by, 

îsô -̂̂ ^ = ^W^^^^ - 4/3 zj'^^ (2.35) 

^aniso^^^ = ^ V H ( ^ ) ' ^2.36) 

where-. ^^^ = TfT f ^ < u(0)'^(t)> exp (iu>t) dt 

'̂  ,... (2.37) 

or inversely, 

^Q (0)ii(t)> = f\so^'^'^ ^""^ ^'^'^""^ '^'^ "" ^^'^^^ 
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SimilarlY/ the Fourier transform ef the normalized Xyjj 

band gives 

<Tr /"^ (o)/5(t)„7> <fi(o)Q(t)> 

= /"^ IvH*(<^) ^^P (-î ^̂ t) cit, (2.39) 
— <X) 

where/i< is the anisotropic part of the polarizability. The 

QUto correlation function <̂ Ii. (o) D (t) ̂  is usually known as 
•'• i 

the vibrational relaxation function, but it must be kept in 

mind that this function encompasses all non-orientational 

contributions to the decay of the total correlation function. 

This will include the various possible ways of vibrational 

relaxation and collision induced effects. 

>ilthough there may be some complicated factors that 

lead to problems in separating vibrational relaxation and the 

reorientational correlation functions, it has been shown that 

in case of polar Roman bands arising due to totally symmetric 

vibration/ the vibrational and reorientational contributions 

may be separated and tlie bands for which the value of depola­

rization ratio, /=; 0 there is no contribution from the aniso­

tropic part of the scattering tensor. 

2,4 Roman activitys 

The expression for transition moment for Raman transi­

tions is given as 

jfn"<''fm <ar = ^/^n^y;. -^C (2.40) 
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For considering selection rule wc ere concerned with 

ŷ  o(>- )^ d^. The selection rule for Remcin scattering 

iriGy be stated ass " ̂  transition between states (Fig, 2.3) 

characterized by the wave functions ^ and ^ is forbidden 

in Raman scattering unless for at l^ast one of the components 

0{ .. of the molecular polarizability tensors (i or j = x,y or z) 

the product ^ 0{ . . y/ belongs to a representation whose 

structure contains the totally symmetric species". The compo­

nent o( . . transforms in the sarae way as does the product of the 

transfoniiations T. and T. and tlie species of the components of 

oc or in some cases some suitable linear combination of them 

are normally given in the point group character tables. It is 

therefore easy to read the selection rules for normal mode of 

vibration of any species. 

The polarizability o( is a tensor of nine components. 

The electric polarizability is a function of normal coordinate 

and this may be expanded in a Taylor series v/ith respect to 

the normal coordinates, '.JC thus obtain 

0{ =(K + (-^~2L) Q, '1- higher terms .,,. (2.41) 

This expansion is for tne kUi normal m̂ d̂e. Here oCg is the 

polarizability at tnc .equilibrium configuration of the molecule, 

I ""STi— / -. ^^ ''-̂'-̂  derived polarizability (which is also for 
c>*»v ' k~'̂  

the k th normal mode) at cquilibriura configuration. The 

condition for the normal m^dc k to b^ Raman active is that 

/ —iJ— I i:^ • Q^ where i or j = x, y or z. If <..ny one of 
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the components o(^, .o(^^r <K^^^ o<^^, <A^^, c<^^ is non-zero 

the vibre.tion will bo Reman active. The polarizability tensor 

is Q symmetric ono. for nonaal Rcu'nnn effect and therefore only 

six components have to bo taken into consideration. 

2,5 Theory of Roman effect-

The intensity of scattered light for a Raman transition 

20 between two states i and f of a scattering system is given by / 

«̂ /• (2.42) 

where I,, is the intensity of the incident radiation of wave-

niomber y, V^. is the wavenumber associated with the R̂ iman 

transition -f ^— i, ^<, is the pen"nitcivity of free space, and 

/" ex'/:,„___7̂ . is the/c- th element of th.- transition polarizabillty 

tensor, 

' J r > ri ^ o / r ^ rf •̂ o I y 

(2,43) 

Here\fy^!^/r / is the z;'th coiuponent of the transition 

dipole inoment associated v/ith tliqftr. .ni:;ition f^r, /^/7 is the 

dipole moment operator in the P direction, and i |T- is a 

damping factor related to the lifutiuiv̂  *_jf the state r . The 

summation is over all stat>_-s r of the system, with the exclusion 

of i and f, the initial and final ones. The coordinate 

suffixes p and (y— refer te the molecule-fixed cartesian 
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vectors x̂  y and z and it follows tlic/c tho trcnsition polari-

zabilit^ tensor is of second rcuik, possessing nine components, 

which may conveniently be represented in matrix form 

0(. 
XX 

CX yx 

0< 

a 

^y 

yy 

c/ 
zx a zy 

CX 

o< 

0{ 

xz 

yz 

zz 

The nature of the Roman effect is determined by the initial 

end final eigenstates | i)> and | f^and by the proximity of 

the wavenumber of the exciting radiation to that of any 

electronic transition of the system, i.e. the magnitude of 

y . ~ •̂- I • ^t i^ossiblc to distinguish electronic and 

vibrational Roman effects from each other if the eigenstates 

I i^ , ^f^and j ry are factorized into electronic and 

vibrational parts and substituted into eqn. (2,43), The 

Kromers-Heisenberg dispersion formula provides detailed 

knowledge of the selection rules, band intensities and polari­

zation properties of electronic Rrman scattering. 

In the adiabatic B̂ rn-Oppenhei-'fier approximation, the 

eigenstates /i>,/f^ and /r> mry b̂ ^ expressed as products 

of electronic and vibrational states and if the system is 

initially in the ground electronic state g, we may write: 

\±> = 

(f> = 

j gm > = 

j an> = 

I g > ! m>/ 

( <= > I V /, 

(2.44) 
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whore 1a^ and ( e> are excited electronic states and m, n 

and V represent vibrational quantum numbers. This enables the 

transition polarizobility to be written in the form 

.... C2.45) 

{^/^f^J7^^ is the pure electronic transition moment/ <:̂a //<//?/oJ> / 

associated with the electronic transition a,<=— e. Under the 

conditions for which the adiabatic - Born - Oppenheimer appro­

ximation is valid, the dependence of such an electronic tran­

sition moment on the nurmai cootdinates of the system, Q, , is 

small. It may be expressed as a rapidly converging Taylor series 

expanded around the equilibrium position/ the Herzberg - Teller 

expansion y^ 

s ^ e k ^ s -̂  
% - ^ ... 

C2.46) 

where h^„ = <fe / —-sr-r— / sS- « 0 

s being a second excited state. The zero superscripted transi­

tion moments refer to their values at the equilibrium position, 

defined by Q-̂  a 0 for all k. Higher order terms in the Taylor 

expression are normally sufficiently small to be neglected 
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Sxibstitution in oqn. (2.45) and simplification of the resulting 

expressions taking into account that the electronic transition 

moments and the integral h do not, under the conditions for 

which Born-Oppenheirnor approximation is valid, operate on the 

vibrational wavefunctions, we, therefore, may write, 

/"^/fc^an, g m = ^ - i - B + C + D, (2.47) 

The expressions for the ^̂ , B, C,D terms arje given in 

Jippendix .. In the ideal limit of the normal, i.e. non-reson­

ance, Roman effect the waveniaiAiber of the exciting radiation is 

far from that of any region of electronic excitation, that is 

y jK / / ye>v ^'^^ "̂̂ ^ ®^' '-̂̂•̂'~'' ^̂"'̂  following approximations 

may be made: 

(1) The denominators in the transition polarizability are 

large and insensitive to tlic vibrational quantum numbers 
^ • ^ 

m, n, V. Differi jnces bcjtwcen tac v a r i o u s L̂  may 
*^ cv, gm •* 

tlierefore be n^jglocted. 

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

-^ 4 
number is governed solely by the j,/ dependence, 

y^^ 'N^ ^V/ ^-^ 

(3) Since ( V* , -K) and ( >^_ . + )Z) are much larger 
ev gm 0 ev, an *^0 

than the damping factor, i /"̂  the latter may be neglected. 
ev, 

(4) A large number of states s will bu contributing to the 

B,C and D terms such that it is virtually impossible to 

determine the relative magnitudes of each contribution. 

For this reason, in the non-reson-'^nce situation we express 



-36-

the Taylor expansion QS 

(2.48) 
_ / 

whore ///^/S_7^ incorporatus the vibronic coupling of ĝ  a and 

e to other states. It is a corollary of assumption (l) that/ 

since the states v represent a complete orthonormal set, the 

sums in A/ B, Ĉ  D terms may be evaluated by invoking the 

closure thoojrem provided that the v dependence may be stated 

as 

Xyv>Cv/a 1 (2.49) 
and arises from the matrix product rule 

Introducing these approximations loads to the following 

simplified equations for the contributions to the transition 

polarizability % 

j^c ev -V' -^ — — ' - ~ -'- -̂  ' 
^eg - V^ ^^^ + ^^, 

^ (2.51) 

B ,. C = .i. :Sfr//VL7^o^>^Xg-^^"-^^7ae C/^^Z/ 
he G k - - ^ 

Dg 

y 4- / -^ , (2.52) 
ea 0 / / 

he e k, ^ r- '̂•̂f'̂- . f/̂ . - ""̂ ĝ̂  + ^^r^S^--^ T^ei ^/ -̂̂  eg 

<n/Q3̂ fl]̂ "i> ... (2.53) 
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For vibration \1 Rrati n scattering tho transition termi­

nates in the ground electronic state and therefore wc put a = g 

in the above equations. Since n and m then become vibrational 

guant\am numbers of the some {±.<-., ground) electronic state 

the vibrational overlap integral, <^n/m^ ^ can only be non­

zero if n = m, in which case it has the value unity. This is 

a consequence of the orthonormality of /n^ and /m^if they belong 

to the some electronic st^te and it follows that the J^ term 

may contribute to Raylcigh scattering but not to vibrational 

Raman scattering. The integral <^n/Q^mJ> is non-zero if 

n = m + 1, and has the value /H (m-l-l)/8/n ^'>{^_7 ̂  ^^^ 

n = m -j- 1 and /"hm/8 77 c p, / '•* for n = m-1. Thus the (B-j-C) 

term is responsible for Stokes and anti-Stokcs fundamental 

vibrational Roman sc^.ttering. The JJ> term is responsible for 

the first overtonu (k * k') and binary combination tone {'k^'k') 

vibrational Raman scattering, but is usually so small compared 

to the (B-i-C) term/ tliaijCvertones and combination bands are 

rarely observed in normal Rojnan scattering) . Higher order 

overtone and combination bands x/ould, of course, be controlled 

by the higher terms in eqn. (2.48). Examination of the (B-{-C) 

and D terms reveals that when a = g (as it must for vibrational 

Raman scattering) the magnitudes of these terras are unchanged 

when tho coordinate suffixes /-̂  and (7— arc trr.nsposed. It 

therefore follows theit for vibration^.1 R^man scattering excited 

off resonance 0(,-, = °(^/) , i.e. tr .nsition polarizability 
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tcnsor is symmetric about thu Icciding aiagonal end has only 

six independent components. 

2,6 The intcnrioleculer potential functions 

A simple pair potential for atoms is tlio hard-sphere 

function in which tht̂  atom is modelled by a hard sphere of 

diameter d (Fig 2,4a). The potential will be zero for R'>d 

and infinity for R <̂  d with a discontinuity at R = d, where 

R is the distance between the centres of the two atoms or 

molecules. The hard sphere potential when introduced into 

statistical theories, reproduces qualitatively many of the 

properties of a fluid: tlie theriTial conductivity and viscosity 

are two examples and the valuti of d can be chosen to give the 

best fit to such properties. The particular properties mentio­

ned are primarily dependent on the repulsive part of the poten­

tial and for such proporties tlic van dcr Waals attractive well 

is not much important and thereforo hard sphere model can 

successfully explain them. It should however not be implied 

that the hardsphere potential is an accurate representation of 

the potential. 

It isnecessary to uso o potential which has a minimum so 

as to obtain a liquid-gas phase change. The simplest potential 

which possesses this projpcrty is a combination of square v/ell 

attraction (Fig, 2,4b) with the hard-sphere repulsion. Unfor­

tunately this potential is longway from being a realistic 
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potential and its use in theories of fluids has been very 

difficult. 

The potential which has b̂ ^̂ n the basic one for many 

studies of atomic fluids and which is also reasonably close 

21 22 
t o the r e a l p o t e n t i a l s (Fig . 2,4c) has t h e fo l lowing forra ' , 

^ - ^ C i l ^ R ^ - ^ R ^ „ / . _ . . (2.54) 

I t i s c a l l e d the Lennard-Jones (L~J) p i ^ t cn t i a l a f t e r i t s 

o r i g i n a t o r . Hany t im^s i t i s r e f e r r e d as 6-12 p o t e n t i a l 

be ing a member •̂ •f the fojaily givv^n a s , 

U = i ^ ( -^f .- ( - § - ) ' ' _7 , ra>n . . . . (2.55) 

where m and n are integers. These potentials arc zero^at 

R =J^ and R = d and have a minirtium at R . = d ("̂ ) '̂""̂  

mm ^ n 

(2.56) 

of deptl-i U^^^ = A^- ( -^ -^ ) m-n - ( "^; •) m-n J (2.57) 

Por th^ L-J p o t e n t i a l / 

R . = 2 1/^ d 
mm 

m m -̂̂  

For large values of R thio L-J potential is asymptD.tic to an 

R" curve and therefor-_ it has the correct form to reproduce 

the long-range dispersieu <.;nergY betv/'-en closed shell atoms 

and molecules. For R .'̂' d th>̂  first t^na in the potential 
-12 

dominates and making this proportional to R ensures a sharp 

rise in the repulsive branch of oio Curve. There is no physical 

significance in putting m = 12, but ;. uiathematical advantage 
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is there in having m = 2r^or L.hi_ evaluation of certain intcgrels 

that enter tlie cclculation of fluid properties, 

Jr^ most commonly employca potential (Ĵ 'ig. 2.4d) contains 

the exponential term and is given by th<̂  following relation 

U = - ̂  • -i- B exp (-CR) (2.58) 

v/hich is usually called as the (exp-6) potential. The merit 

of this function is that both thî- long-range attraction and 

short range repulsion arc functions tluat are supported by 

theoretical analysis. 

Let us now Consiuer pv^tential curvos v/hich have no 

discontinuities in tn̂ -ir corivatives e,g, 6-exp or 6~12. The 

most common potentials of tiiis kind now used are those of 

Kitaigorodsky , Hendrickson , Liquori et al. / Scott and 

26 27 

Scheraga / and Flory et al. . The EE. exists about ten other 

independent procedures for obtaining parameters of the potential 

curve/ but they are less r^liablo. 
28 The universal potential of Kitdigorodsky 

VCR) = 3.5 /"8600 exp (-13 -^-) - 0.04 ( |°") ̂ ^7 

(2.59) 

e o n t a i n s on ly one para inetcr , th^ oqTJilibriiam distc .nce R©. 

28 

Ramichindran et al„ have shô >m that ^ven with such limitations 

on the 6-oxp potenti.al parajiieters, CL nf ̂n'aational calculations 

of peptides especially sû ârs yield quite good results. iiS 
35 

Shown in tlie C'-So of universal potential it is most important to 
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choosc the R© equilibrium clist̂ mcu. If the choice is good 

it only remains to find two pe.rcjneturs fs_r the 6-oxp potential 

and one for 6-12 potential. Two sots of pararaeters wore 

considered, A, B and C satisfying the Kitaigorodsky potential 

i-e, K and K . The first set K was found assuming that 

V(R) = 0 when R is equal to the sum '.^f the van der iValls radii 

The second set K^ is found on the assumption that in that point 

the potential curve nas its minimum. The values of the minimum 

28 

contacts between nonbonded atoms are given in tJie Table 11,2 '. 

and the equilibrium distances f̂ r the universal potential 

of Kitaigorosky are given in the T<able II. 3. 

In case of crystals the closet atoms belonging to 

different molecules are as a rule located at distances shorter 
Of: 2 7 

than equilibrium ones, Scott and Scherega and Flory et al. 

obtained R by adding O.Zk to the mean value of the intermolecular 

contacts found by Bondii (the difference is likely to be 0,3 ~ 
o 

0,4 -a). These authors derived the second parameter indispensable 

to their potentials from some experimental data based on the 

theory of dispersion forces. In the case of 6-12 potentials 

the constants found i.e. J. and R are sufficient where J\ is 
o 

the coefficient at R~ in the 6-exp or 6-12 potential. 
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T a b l e IT, 2 V a l u e s of i^iinimuan c c n t . _ c t s bctv/ccn Nonbonded Atoms 

Type of contact 

H,, ,H 

H. ..0 

H».,N 

H, , ,C 

o,,.o 

0...N 

0...C 

N...N 

N. ..C 

^ » • • ̂  

Normal limits 

2.0 

2.4 

2.4 

2.4 

2.7 

2.7 

2.8 

2.7 

2.9 

3.0 

"(2'"" Extreme limits ̂ ) 

1.9 

2.2 

2.2 

2.2 

2.6 

2.6 

2.7 

2.6 

2.8 

2.9 

Table I i 3 Equilibrixim iJist.'.nces for the Universal Po ten t i a l 

of Kitaigorodsky 
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3. 

.66 

,06 

.00 

,22 

.39 

.44 

.39 

.61 

.U. 
0 

. ) 

2, 

2. 

2. 

2, 

3, 

3. 

3. 

3. 

) 

40 

,75 

,70 

.90 

,05 

,10 

,05 

25 

Int 

N.. 

0.. 

0.. 

0.. 

c.. 

c.. 

CK3 

oraction 

.CH3 

.0 

.c 

.CH3 

.c 

.CH3 

. . . C H 3 

Ro 

^ 1 

3. 

3, 

3. 

3. 

3. 

3. 

4. 

,78 

,33 

,56 

,72 

,78 

,94 

,11 

U) 1 
K. 

3. 

3. 

3. 

3. 

3. 

3. 

3. 

) 

40 

00 

20 

35 

40 

55 

77 



-43-

J4not±icr very iraŷ rt-.nt type of potontial v/hich has to be 

tcikon into considuration is H-bonding type*'In casu of hydrogen 

bonding the H atom is partly bonded to two olectro::inegp-tive 

atoms most commonly N^ 0 or halogen c.tom. The hydrogen is more 

strongly bound to onv:- atom than the other. The main contri­

bution to the binding energy comes from tho electrostatic energy 

between tl'ie dipolar ^-H bond n.n<l. a partis.1 negative charge on 

the electronegative atom u. For the stronger complcx-eS/however/ 

there is a significant contribution arising from the overlap of 

orbitals ofA-H bond with those ^f JJ. This interaction leads 

to a partial transfer of ulectrens from J to the A-H bond. 

v-i. potential well for hydrogen bond can be described 

by a parabola cut off at tho point of intersection with the 

abscissa or a curve of th^ r'lorse potential type etc. It appears 

probable tiiat the a&itrary configiar-iticn of the potential will 

affect but slightly tlie results ^f th.. calculation of 

optimiom molecular conformation or pacJcings. The coordinates 

of the potential well bottom are tne only parcimcters of 

importance. 

As an example we take the use --.f OH-O bonding. If we 

consider atom-atom potential model tĥ - ̂ -o-ocndenco Of the 

hydrogen bond energy o.n the Orl-..G angle is affected automatically. 

The deflection of the angle from 180* ot constant 0-H and 
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H...0 distcincc results in a sharp rise cf energy due to 0 

atom repulsion. 

The hydrccjon bond potential curves has been studied 

2 9 
by Lippinz:cott Schrooder and particulr>rly by Rcid, ' The 

0-H. ,,0 potential was tructod as a SUHT of the three components; 

0-H interaction, H..,0 intcractiun, end 0.,,0 interaction. 

Reid's potential has the £c>rrn, 

V (r^R ) = D« / " i - e x p ( :^^^:£2.J J 

+ CD^ / " 1 - e x p r£ilEfir£=£aJ. ^ 
2c(Ro-r) 

+ 2^9^ . 4.55 X 10^ e"^-^ ^'^ ... (2.60) 

where Rp is the equilibriuiXi 0..,0 distance, r is the 0-H 

distance and r^ is the K...0 dist?nc^. The constants are 

empirical in nature. 

2,6a. The interacting iTiultip̂ lv̂ b 

The potenti^^l energy V can b^ expressed in different 

22 

ways so far as the charge distributi^ :L ^t the interacting 

molecules do not overlap. The align̂ iient theory of Keesom 

considers molecular attractions as a eirect interaction between 

static multipoles within the molecule. Tht̂  Keesom interaction 

is important whenever tho molecules li v^ permanent dipole 

moments. The alignmcnr. effect in ics simplest form can be 

expressed by the potential energy V which takes the form, 

Sch^ /"-2Cosa CosQ.-i- a'n-e^Sin ^^ Cosij!^-tf^)J^ V 
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+ 3 ̂JQ^ // /"cos 6" -r 2 COS 9. Sin 0 oin &2 cos(^. - cf^ 
2R (̂  

2 " 
- 3cos 0^ cos0-2_̂ / " ,/( -Q2 /cose. -;- 2003^2 ^^'^ ^0 ^^" ®i 

cos (̂^ - ̂ 2^ " ^ Gos^92COs9^_7/- + -^^ ̂ 3_Q2 
( 2 7 "'2 "̂"̂  2 
f 1-5 cos 9 ^ - 5 cos 9^ - 15cos 9. cos &_ -{-

2 /4 cose^ COS92 ~ ^^^^1 Sin©2 003(9^^-^2^ -^ ̂ '' 

+ ~^{0i/^2 ^̂ "̂ ^ " ^° cos^9- ) cosO, cosO 2R' 

'r (15 COS e^ - 3) Sin0-^ Sine-2 cos(ŷ ' - (^^) J 

•^ P 1^2 /"" ̂ 12-20 003^92) cosQ^ cose2 

+ (15 003^02-3) Sine2 Sin9^ cos{.^^-(/.^)_7^ 

+ terms of order R~ etc. (2,61) 

wherey?-/ D^ and 0- denote the dipole x̂ aoincnt, quadrupolc 

moment and octi:^olc moment respectively of molecule 1 and 

similarly//2/ On •̂'̂^ ̂ 2 •̂̂^̂ '̂'̂'̂  ^^'^ corresponding moments of 

molecule 2. The i anc ̂  are thw polar co-ordinates of the 

molecular axis as shewn in ii'ig. 2. Id. 

The mean value of V is zero if all orientations of 

molecule are equally probable. The Boltzmann distribution 

function however increases tiie \,7ex̂ nt of attractive orientations 

and this tlierefore gives a potential energy which may be an 

appreciable fraction of the van aer /̂ aal's interaction energy. 

2.6b, l^ipole-dipole interaction 

The strength of a dipolo-dipol^ interaction depends 

on tne separation of the dipole centcrc and their relative 

orientations. In order to derive an c.iprossion for tlie energies 
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involvod^ it is ncccsscry tu co-lculatu only the energy of 

interaction between all p>_iirs of chi-rgos onci tlien to sum the 

results. The potential energy wf interaction for the hcad-to-

tnil configurGtion depicted in i;'ig. 2,1a. for two identical 

dipules with tlicir centers separated by a distance R is given 

, 30 by 

U = -^A /" _2_ 1 l' / (2.62) 
tot j_2 ^ R ~ R+T " RTT 

For the parallel Configuration of two identical dipolcs 

as shown in Fig. 2.1b, the potential energy is given as 

U- 2̂ 1̂  f ^ L ...1 7 ....(2.63) 
^ ~ 3_2 (R̂  -r 1^)-^ ^ " 

The length of the dipole as well as the strength of tho 

dipolo moment is needed for the calculation. However, if 

2 2 —i? —1 
1 <<.R and the term (R V 1 ) is approximated as R {1-h 

——rr- ) the energy of intor^ction (Fig. 2.1a) is given as 
^ 2 

U = - -̂ -'̂ v- (2.64) 

In a c,oneral s i t ua t ion cjivon in tlie Fig. 2 .1(c) / the i n t e r ac t i on 

energy assumes the fcrm 

Xj = _ ^ (2 Cos e^ Cos ©-2 " ^^^ fif Si>̂  ®2^ (2.65) 
^12 

The above formula, however, is for a configuration where the 

dipoles rotate in one plane (e.g. tho plane of the paper). 

In a three dimensional configuration \/here the dipoles with 

their orientations shovm in Fig. 2.Id and angles defined. 
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t h e i n t e r a c t i o n energy 

li --i.*.:^„ (-2 Cos©-̂  Cos.©2 + Sine,S;«^os(^.^2^ (2.66) 

The molecules i^ a liquid are in random motion due to 

the thermal energy .to and their interaction energy with the 

electric field is/jiven as//.E which is negative. In order to 

calculate the extent to which molecules are directed by the 

electric field E, we find out the average value/Cos& along 

the direction of the field E where/< is the dipole moment of 

the molecule and © is -che angle between the dipole and tlie ele~ 
30 31 ctric field E. The average value is given by the relatioij, ' 

/, cose = ^-'^ -̂̂ ^ '- ^'-r>^-^-

6 

(2.67) 

/, E 

substituting zr=^ - a and Cos 0 = x 
•"Ci _a 

r^ ax 
J ^ x ax we get/^Coe 0 =M -'-^-^^^-f^-}^. =/< L (a); ... (2.68) 

/ / J ox -, • 
1 -• 

W^ere L(a) = / Cotha — —• / is called the Lanaevin 
- a •-

function and has a limiting value of i which is also expected 

as the maximum value of Cos 6 is 1, 'Tlie exponential in the 

expression for Cos S can be developed in the follov̂ îng series 

Cos 0 = 
^•^ na 
n = 0 , 2 , 4 (n -i- 1) 1 

^ " n 
n = 1, 3 , 5 -rr-|—' 

_ 1/3 + 1/30 a^ 'r 
- ^ 1 -i- 1/6 a^ 4- , . 

(2.69) 
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For small values of a, the quadratic and liigher terms may be 

neglected and therefore cos 8 is line-„.r ±a E. 

cos e = I = l y ^ . if uv̂ 'a x/ ..•' (2.70) 

However, for la"»W3r values of a v̂ e must take into account other 

terms in the series developiuont for -b (a) . 

Lfa) =-i a- 1 3 , 2 5 / o TI ̂  

The function L(a) is cuiaparee v/ith--̂ - for small values 

of a and its deviation has also beexi tabulated (Table II.4). 

It can be seen tliat for a = 0.2, the deviation is only 0,3%. 

The approximation L(a) =—^- a inâ ' therefore be safely used as 

•' 0 1 k T 
long as a =/' E/um 'x 0,1 or E<^-^'-*-- -- . The strengths of tlie 

electric field at room tenperature (SOO^K) may be calculated 

which v;ill satisfy -tl'iis condition for a particular dipole 

raoiaent. 

0.1 kT = 3x10^ V For/f = 4 Dehye, the value —'--
cm 

In usual dielectric measureiaents the electric field E is much 

5 a 
smaller than 10 V and therefore the c^quation L(a) = -̂  may 

cm 
be used. 

The polarisiirf influence of the electrio: field appears 

in the average of Cos Q and does not appear as an appreciable 

change in the direction of the inaivî -lual dipole moments. 

Normally cos Q is uiuch sia^ller than 0.01 which means that if 

we could think of a picture ^ i die u.ip^le vectors of a nuiiober 
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of molecules at the certain time, it "./ould be imposible to 

see in that picture that the dipolss x^refer a certain direction. 

Only an accurate measurement of the angles S would show that 

the value of Cos G differs slightly froai the zero. 

Table II.4 The comparisun of the function L(a) with a/3 

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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2,6G. Van der Waals type of interactions 

32 3 3 
The van der Waals theory ' oĴ ntenrioleciilar attractions 

deals with a situati'̂ n where the molecules are separated large 

enough so that tiie electronic oroitals do not overlap. Depen­

ding on the nature of the molecules which are interacting/ 

the van der V̂ agls type of interactions may 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 moments â. and^. and at positions 

R. and R.̂  which tends to align both molecules is given by^ 

V or ^^ij^ =/i- ^i^j '̂ i - ̂ j-r'./^j .... C2.72) 

This orientation is the parallel alignment of tlie 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, 

V = -/i /̂ j /"IT^ - "'-̂  R. . = ~-#-^J~ (2.73) 

for tliermal energy, kT <f<̂ -l_i - j. , The averaging over 
^ R Y'3 

all orientations <.'f the interaction energy is reqiaired 

if kTj>>/'. /' ./R. .3 ana the interaction energy may then 

be calculated. The resulting expression for the intera­

ction energy may be written as, 
2 2 

U = - 2 ^ i / j (2.74) 
or —'— 

3 JLT R. .6 
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where the orientational effect -^f both the dipoles have 

been considered leading tc the dwuloling of the interaction 

energy. The orientation effect vanishes for molecules 

whicn do not possess perntanent dipoles. Due to tiie thermal 

motion any alignment vanishes at high temperatures. 

(2) Debye forces; Debye, in order to find the interaction 

which does not vanish with increasing temperature, pointed 

out that polar molecules not only align but also polarize 

each other. The induced diiDole simultaneously rotates 

with the inducing dipoles and tiaî rcfore the interaction 

energy is teraperature independent. The interaction potential 

of the two dipolesyt*. and n. is 

V.,CR..)=-i5/!.'^/. S/ . R-.~'̂ .o<!'..\7.\7. R. .""'"./<. m d ^2.3 ^/ i ^1 ^ j xj ^j ^2 i- IJ / ^ 

... ( :2.75) 

where(X- is the polorizability of molecule ., 
J J 

If the molecule j also exhibits a peniianent dipole /« ., a 
'-/. 

potential similar to U. ., given ab̂ v̂e by eqn. (2.75), results 

by interchanging molecules i and j. At. low temperatures, the 

permanent and the induced dipoles align along the joining 

vector R,. to give an interaction energy 

"ind ^^If^'AU^lA ....{2.76; 
R. .6 

i*t high temperature all orientations contribute according to 

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

Ti _ .-^ : -1 AJA ' •.-. (2.77) 
ind ~ R^.6 

Vjlth increasing temperature the induction effect decreases, 

but it docs not vanish. >J.though/ this effect explains the 

attractions even at high temperatures but fails to explain 

the attraction between non-polar molecules. 

ijondon (•'-'ispersion) forces; 

The existence of attractive forces as evident from the 

departures of all substances froi.i the ideal gas law was a 

paradox for the classical physics. The explanation came 

through the quantum mechanical ccnsiaeration as following. 

Everywhere in the space the quantized radiation is present and 

the photons are moving randomly. These moving photons are 

constantly scattered by any particle which are present so that 

the instantaneous dipolcs arc fonacd. These instantaneous 

dipolesare able to proouce rapidly fluctuating fields which 

in turn polarize the other molecules. Consider that each 

instantaneous dipolc A. * of molecule i induces a dipolo 

Aj ^^-' of molecule j. The interaction potential of both 

molecules is obtained by substitutimg the instantaneous dipole 

i * for^. into the eqn, 2,75 and averaging over the time 

V (n ) - l^r inst. _ _ -i „ -1 inst.v 
V s ^^ij ̂  - - '̂</- i . N/ i ̂/j ̂ i j • '> j • ̂ /j -̂ i ̂ i j • ̂  i > av 

... (2.78) 
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The coupling ijarameter between photons and molecules is the 

molucular polarizability o<', , The final expression for tlie 

dispersion forces can be expressed by^ 

u = - 3 hjliViL ,y ^ 

Dispersion forces arc often estin;uted based upon this siniple 

forraulu/ for the polarizabilities .̂.f raost molecules are known. 

J^s to h.p. and h "j/. it is found that energies corresponding to 

the ionization energies I. and I.^ften approximate them to 

a reasonable extent. The dispersion energy occurs between 

any two molecules and it increases v/ith the increase in tem­

perature. The relations betv«feen photon scattering and molecular 

interaction led to -tiic name dispersion effoc^. This interaction 

is known as "London- van der i/va.-.ls interaction" because the 

original quantura mechanical treatraont was given by London, 

It is this dispersion type interaction which can explain the 

general additivft- attraction between arbitrary atcms or molecules. 

The orientation effect is not necessarily additive between three 

molecules and in many cases tlie third molecule may be repelled 

than attracted. The inductive effect is also greatly reduced 

when many molecules superimpose their polarizing field from 

different sides. It is f'̂a* these reas^^ns that orientation. 

and induction effects arc usually overshadowed by dispersion 

effects. 
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2,7 i'iffusion properties of the molecular liquids 

The molecular moti--'ns in Q liquid are difficult to 

visuali'Sc as the molecules of a liquid- arc almost as close as 

in the crystalline solid. There is approximately 10% expansion 

on melting which leads to somo looseness and randomness in the 

34 

liquid structure . The hiolecules of a liquid are in a poten­

tial well which is however, somewhat flcttcned one. This 

confinement is usually referred tw as the '•*eolvcnt cage effect". 

The molecule is considered as vibrating against tiie walls of the 

cage, that is against its iinraediate neighbours with occasional 

escape to the position adjacent to it. The solvent cage is 

depicted in the Fig. 2.5a whore the molecules are shown as 

roughly spherical in shape. The cage model is supported by 

the successful treatiiicnt of diffusion in liquids in which the 

random diffusional motion of molecules in a liquid is taken 

to occur as a sequence cf jumps from one position to another. 

Tho ele mentary jump uistance s is about Ir^, where r^ is the 

radius of the molecule. 'iTne diffusii^n coefficient is given as 

D = --- .... (2.80) 
2 -C 

where -c is the average time between jumps, and it therefore 

has the value X^ -— .... (2.81) 
2D 

If we treat the liquid as having a quasi-crystalline structure, 

with moru or loss definite molecular sites, it turns out 

that a somewhat more accurv^tc treatruent should give the relation 
-,2 
o 
'6b 

2 .,2 
D = -^-^ or f = -|r., (2.82) 

6 r 
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For the small molecules a reosenablu Volue ^f S which is taken 

as 2ro is about 4A . The solventaigo is a sufficiently loose 

one and ttie average vibrational energy is 3d?, Vibrations 

against the wall of thv̂  cage occur at intorv...ls of /.^ or 

~13 about 1.5x10 sec at 25°C. i.e may tiierefore conclude that 

—11 —13 

the molecule in a solution vibratos about 2.5x10 /l.5xlO 

or approximately 200 times against its iinmediate neighbours 

before escaping to a nev/ position and new neighbours. 

This picture is also applicc:ble to solute molecules. 

The frequency with which two solute molecules A and U will by 

the process uf diffusion accidently become neighbours may be 

obtained (Fig. 2.56), This oroceso is known as encounter and 

the estimation of encounter frequencies is central to much of 

solution kinetics. However., tlie connlicated structure of .the 

liquid makes tlie problem quite difficult. Therefore/ one may 

make tlie approximation tnut tlie molecules of the solvent and 

solute are of the same size and are also spherical in shape 

which then leads to about 12 nearest neighbours. On each 

jump the solute molecule finds about 6 new molecules. These 

considerations are of great value in studying the solute-

solvent interactions. 

2,8 Dielectric properties wf materials-

The statistical mecht_nics pre vities a way of obtaining 

macroscopic quantities v,rhen -the properties of the molecules 
31 and the molecular interactions are known , In the statistical 

mechanical theories of dielectric constant, simplifie d models 
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are often used for the niolGcules and the interinolecular forces 

to make the CQlculations tractable, u-^ molecule is normally 

represented by an ideal uipole and a scalar polariaability or 

by an ideal dipole in the contru of a dielectric sphere and 

the molecular interaction is taken to follow a hard~sphere 

or a Lennard-Jones potential. The system consists of a large 

23 number of molecules ('̂ 10 ) exerting long-range (dipole-dipole) 

forces on each other. The statistical-mechanical theories of 

dielectric constant start fi'om the consideration that the 

polarisation P is given by, 

P = D -e^E, (2.83) 

where D = ̂ .̂E/ in •i±ie dielectric material and P is also known 

as dipole density. The influence of higher multiroole densities 

are neglected. 

The polarizatioii 9 may be divided into four categories 

depending upon the nature of the dipole moment v/hich is 

established/ 

P = P + P. -h P V P„ (2.84) 

or 1 e a 

The orientational polarization (P ) is exhibited by the polar 

dielectrics and arises due to the orientation (rotation) of 

the dipoles in the direction of the electric field. The electric 

field introduces a. certain araount of orderlines in the position 

of polar molecules which are in chaotic motion due to the 
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therroal energy ass^cictei-: with the molecules. The orientational 

polarization is therefore temperature dependent. This polari­

zation (P ) can appear t̂ nly in geses, liquids and amorphous 

viscous bodies. The ionic polarization (P.) arises due to 

the mutual displacement ^f ions einC, atoms. The time required 

for the process of ionic polarisation is of the order of 

picoseconds. The electronic polcrization(^ccurs in all atoms 

or ions and is observed in all dielectric materials. The 

specific nature of the electronic polarization is that it 

— 15 occurs during a very brief inteirval tf tiiae ( 10 seconds). 

The space charge pv-darization (P ) arises because of the 

presence of lov/er resisLivity materials within the dielectric. 

The induced dipolo raoment P of a polari^cd molecule 

is equal to the pr.. duct •_ f the polarizability (o( ) of the 

molecule and the int^n^lty ^f "tno applied electric field E, 
« 

However, the internal intensity .f the field where the molecule 

exists surrounded by other x̂ olr.risod molecules is not equal to 

the external intensity .̂f the J ield. The internal field also 

called the local field (D, ) at any molecule is a geometrical 

sum of the external field (ii ) and th^ field E of dipoles 
o 

created by the neighbouring molecules. This local field 

known as lorentz field "' "* is given by 
E, = E + 1/3 / - , (2.85) 
lOC o 'K'O 

The polarization P in case of solids cnC liquids may be 

presented by the equation/ P = N ̂  E, ,,.. (2,86) 
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where N is the nuxiiber of moleculos in a unit volume. The 

substitution of the value for Ê  leads to the formula for 
Ice 

polarization as, 

^ " fiT:?^^- =^c.(*:-i)E, .... (2.87) 

Therefore tlie dielectric constant is a function of the density 

of the material through N and tlio polarizability. 

I, = 1 -̂  ̂ ^ /' ( ̂  - NO</J (2.88) 

The polarizability of the at>-ms (and molecules) of nonpolar 

matter in the CGS system of units is the magnitude of the 

order of the cube of the radius of the atoms. Therefore tlie 

magnitude, 

4^p(= ^ r^ (2.89) 

should represent the volume of the atoms or molecules. 

The local microscopic field acting on a molecule will be 

a function of tiie macroscopic average field together with fields 

arising from its own induced dipclo .moment and those of 

neighbouring polarized iaoleculos. The dipolar field intensity 

experienced by a noighDourinij raolecule will be of the order of 

yO/A-n ^3 where/is tho mclocular dipole moment and r is a 

representative intermolecular spacing. In this way since// =o(E, 

then in order for £-,._= E wo must have 
XoC 

4n ^0 ^ 
3 « 1 ' (2.90) 
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1/i/hcn tlio incequality of oquati^n is not sctisfiecl then 

E-j_ g, ̂  E. The local ficlc. acting -̂ n a specific molecule will 

be greatly influenced by the electric fields of other molecules. 

The local field Ei^c ^^y ^^ calculated by considering the 

dielectric material to be composed of two regions, a small 

spherical region centered around the molecule for which the 

E-j_ is to be calculated and the rchiaining part of the dielectric, 

The radius of the sphere is considered to be largo in comparison 

with the dimensions ĉf the dielectric material. The molecules 

within the spherical cavity arc interacting like point parallel 

dipoles and the molecules outside the sphere are considered 

to form a Continuous medium. The l^cal field E, is given by, 

^loc = ^1 -̂  ̂ 2 •••• ^2.91) 

v/here E is the field intensity due to the material outside 

the sphere and E2 is the field intensity due to dipoles inside 

the sphere. It can be shov/n than 

E^ = E -iyj- = C-̂ -̂ -̂ )S (2.92) 

where E is the externally applied electric field. 

The calcul<..tioii of E î iiot so easy but it can be shown 

that if the molecules v/ithin the sphere form a simple cubic, 

fee or bcc lattice about the central molecule of interest 

then E = O. This result also h^lds for a completely random 

arrangement of molecules \/itiiin the sphere. For isotropic 

materials such as liquids E^ < E. ariL. to a good approximation 

^1 = (̂ -—3-- )^ (2.93) 
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s^ that one obtains 

1(1_--1) = _iL.^ .... (2.94) 
i&l- 2) <^o 

which on rcerrengcmcnt leads to r . __ N(X/ ê ' ....(2.95) 

which predicts tliat as the density wf the material approaches 

the value N = —.ii ^ the permittivity tends to infinity so that 

a small applied field strength would result in an infinite 

polarization of the material, -̂..s no such effect is observed 

the equation is not valid. Onsagcr was the first to provide 

a satisfactory expiation by replacing the cavity with one being 

of the same size as the molecule whose dipcle moment ^ xs, 

assumed to occupy only a small region located at the centre of 

the molecule, -According to this scheme, tlio local field takes 

the follov/ing forxii. 

E^ = (X E -i- /g m .... (2.96) 

where (\ E represents the cavity field and /<? m is the reaction 

field. The cavity field is that part of the local field that 

remains unaltered if the molecule in question has its dipole 

moment removed. The reaction field is the component of the 

local field that now results v/hen the dipole moment is restored 

to the molecule. The dipo-lo moinent cannot ccntribute to its 

own local field directly but it can do so indirectly by inducing 

polarization in the neighbouring molecule which in turn modify 

the local field. This roaction field will have no orienting 

cffoct on the molecule since it v/ill .l»/ays be parallel to the 
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dipolc moment/*. Following Onsager truabTient, the local 

field is given by, 

E- 3_«t_E .___ ^ 2(^-1) Yl/' ,„ Q„^ 
loc ~ (2'fc+i) '(2:ev 1) ' 3e 

o 

The interaction t^mns corresponr.ing to s>_lute solvent 

interactions are usually calculated aoupting Onsagcr's reaction 

31 
field model which treots the systeia as a rigid dipclo moment 

A at the centre of a spherical cavity ^f radius a imiiicrscd 

in a homogeneous (solvent) continuum v/ith dielectric constant 

fc and refractive index n. The ŝ l̂vent acts .,n the solute 

molecule as an effective electric fiuld, tlie reaction field F, 

arising from the orientation in<.. inductive polarizations ^f the 

dielectric continuum by the solute- dipole. The treatment is 

based on the expression for the ruoction field, arising from 

both orientation and inouctive P'^larizctions of the solvent 

dielectric due tj tlic s^^luce's dipc Ic ̂  

F =^Aj^^ , where f ^ ^(^,"vJ- ) .... (2.98) 

The reaction field (F. -) due solely oo tJie induction p^.lari-
xno ^ ^ 

sation is given by a simil..r cx.^r^ssi^n, witla <c replaced by the 

square oftho refractive ii:i-.ox n (optical ..dielectric constant) i 
F. . = ht , whcr^ f r=-4-/ n̂ '-l •\ (^ „„> 
xna /• n n — 3 f - --A-- ) ... (2.99) 

' ^ 2n^ -r 1 
Thus, the effective fiel̂ l r_uu tw ca^ ^rient^-tion polarization, 

i.*̂ , the contribution -̂ f cho ^̂ oruî noat Ss^lvent aipolt-s is; 

F = F-F. , = (i - { ) = . . . ^ ' ^ Y - ^ - alr-^ ^ ...(2.10) 
or m d \ ^u _3 U e-i- 2 sn^ + 1, 
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2.9 Effect of Solvent ^ î  nisotr^x^y shift 

The cnisotropy shift xs rcl-_t<̂ e ct least in a first 

approximation, to ch^ porraenent eip^los of the dissolveJ 

39 

molecules . otartmy frofu this hypotnosis anu making the 

assumption uf o. c^uplinc, uiochû nism through transition aipcles 

HcHale derivea th«i,oretic^lly the fallowing expression for 

the anisotropy shift, Jĵ  s 

Co •_ 2y<^( ^^'/dQ)^ Uo rf ^, (2.101) 

^ 25 r,^ c^ ^K i^c? '̂i; ^ 

where/< is the oipule inoraont, >' ano XJ arc the Wv_ve number and 

the normal coorein^^te of tho vibr-ti n..! mode uneer consideration, 

A is the minimum intermolccular oist.nce. No is i-*vogadro's 

number, V is the molar v^ lurne of tho Solute, and finally S is 

a screening fuctor for th^ interaction energy of two dipoles. 

-f-*ctually b coinprisos two f. ctort,, S ana S , rclatod 

respectively to the int^r .ction of permanent and transition uipole. 

»^ccording to the cielectric mcuol of unsay or -- Frohlich, the 

40 first has the forra 
2 2 

r̂. =f '^'-•n'^ t (2.102) 

where n is bho rof r ctivo inoex ^ f thv̂  soluto and fe is rhe 

stetic dielectric Constant of the uieoiuia. S has a similar 

2 
form, excopt that ^ is rv^placed by •'> - n , the dielectric 

constant at infinite f requ^nc^^. u\/iny .̂̂  the several appro­

ximations involvod in th^ Onsagcr - i^r.nlich model, one sh_.uld 

expect that the validity of oqn. (2,101) is limitod "Co dilute 

soluti 
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2»10 Simpli^ oivT. r.ss^cicitcd mclcculc.r l iqu ids 

The "simple l iqu ids" rnay bo considered as the licjuidg. fDir 

which the o r i en ta t ion dejpcndent inter?-Cticns are Siiialler than 
11 

the thermal energy kT . This Conditiv_'n for d ipolar i n t e r -
molecular i n t e r ac t ions may be giv^n ...s (for i den t i c a l molecules)/ 

^6^ y R. .^ <^<C KT, (2.103) 

wherti yu- is the p(_rm. .nunt dip.^le moment and R. . is the inter-

molecular distance. The laolecular interactions may be studied 

by determining the vibrational relaxation functi^^ns calculated 

from the isotropic part of the band profiles measured from 

spontaneous Roman scattering experiment. The parameters 

related to molecular intere-cticns laay, in case of Lorentzian 

band shape, be calculated using simplo formulae given elsewhere. 

The term "associated liquids" may be applied to liquids 

for which the orientation dcp^jndent intermolecular interactions 

are considoraoly greater th-n k.T. The condition for non-random 

distribution ^f the nioleeulcs due to the effect of dipolar 

fv^rces is fulfilled foi~ str>-.n<jly pv-̂ lar m«jleculcs. The 

influence '~>f tiiis cjlfv̂ ct en thiv, is..tropic part of the Rc.man 

band may be investigo.toc by studying the solvent dependence 

of the line shape c-C the 3;;i;iTii'notric stretching vibration. The 

effects ^f resonant cransfoi a£ vi]3r',.tî nal energy due to 

transition dipole-transltion dije 1^ intei-acti^.ns on the b...nd 

shape are minixaized .„s tn^ solute n^i^cules became separated. 
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Thcx^ w i l l , h(_.Wv,v̂ r", b^ an inc^rrictlcn o^twcon the p^ 1 r 

iixlv^Gulcs ciiu t n , lawl^culcs ^i. buc OL.lv~^n'c, .mi-. tJriis i n tu rcc t i< a 

ccn bi_ tc.kcn i n t » c c c u n t epprw^vimctoly u s i n g the form <.£ the 

Lcrcn t s 1'. C'-.! tii^l^,. g iven b^ cqn, ( 2 , 9 3 ) . In thi& wcy eqn, (2.94) 

c^n ccsil ;^ b^ gon(_r£.lx^>-'J. t .̂ (.IcGcrijje t n c p e r m i t t i v i t ] ^ . . f a 

mix ture w£ u u l c c u l u s ^f vcri^uG k i n e s . 
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FLg 2,1 The orlentational configuration of two cHpol»a: 

(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) 
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Fig, 2,5 (a) The solvent cage (b) Plffuslonal encounter between 

A and B molecules. 



CHAPTER III 

EXPERIMENTAL 

3.1 Vibrational relaxation time measurement 

The vibrational relaxation time can be obtained from 

the analysis of Raman band profiles of polarized and depolarized 

configurations, by calculating the intensity of the isotropic 

and anisotropic components using the standard relationships: 

The lyy and I^M 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. \\ 2 direction. The scattered radiation is detected in 

t«i»o orientations by rotating the analyzer parallel to the 

direction of the incident radiation ( lyy = lyy ) and 

perpendicular to the direction of the polarization of the 

incident radiation ( Î y = ^wu )• 
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Assuming the band profile to be Lorentzian in shape 

the vibrational relaxation time (T ) can be calculated by 

the relation : 

"̂v = ( TT c r^3^)'^ ( 3.3) 

where r̂ ĝ ^ is the full width at half height ( FWHH) of the 

isotropic component and c is the velocity of light. In order 

to accurately determine these quantities one must record the 

band profiles with as high spectral resolution as possible. 

The finite slit - width effect on the observed Raman 

2 
linewidth was corrected according to the formula , 

6. = 6̂  [1 -^ ~r ' ] , ... ( 3.4 ) 

where fi. is the corrected linewidth ( FWHH), 6 is the 

observed linewidth and S is 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" of the intensity of the 

Rayleigh light ). The majority of the scattered light is 



-71-

similar to the original incident light in terms of photon 

energy. As the ratio of incident light to Raman scattered 
g 

light sometimes exceeds 10 , high spectral purity is needed 

to anveil 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 Raman scattering 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 Innova - 90 K, Liconix 

model 4240 B He - Cd laser and Spectra - Physics model 365 

dye laser, pumped with Ar laser aro available. In order 

to study the solvent dependence at very dilute concentrations, 

high powers are required. He- Cci laser with a power of 

about 80 mW ( at 4416 8 ) is suitable for neat liquids but 

for dilute solutions no remarkable spectra with good S/N 

ratio could be obtained. Since high powers were availaUe 

with the 4880 8 and 5145 8 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 0.2Si. 
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(b) Noise current control RMS, lOHz - 2 MHz 1%, 

(c) Stability light control in any 30 minute period 

after 2 hour warm up + 0.5?o. 

(d) Stability current control in any 30 minute period after 

2 hour warm up + 3%. 

(e) Frequency stability 60 MHz /°C 
2 

(f) Beam diameter 1.25 mm at 1/e 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 esseetial 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 monochromatnr ( Fig. 3.2) has 

holographic gratings of 1800 gr/mm blazed at 5000 8 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 ym and 3 mm by twisting the barrel of 

micrometer atop the housing ( 1 div = 1 ym ). On the entrance 

housing is a graduated push - pull slide to open the slit 

hsight to 0.2, 1 and 2 cm, or to position 3 Hartmann 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 fundamental grating equation as applied to 

Czerny - Turner mount ( Fig 3.3) is ^ 

d ( s i n a + s i n 6 ) = m X , (3.5) 

where m s order, \ - wavelength, d = grating spacing, 

a - angle of incidence and 3 = angle of diffraction. In 

case of 1A03 instrument this formula may be expressed as: 

2d sin 9 cos cp = mX , ... ( 3.6 ) 
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where <p = 10° ; hence cos cp r 0.984. 

e = grating rotation measured from zero, its position at the 

direct image, and the following relations hold: 

a = e + ( p , 6 = e - ( p ... ( 3.7) 

The theoretical resolving power of the grating is given as, 

Rj -\ /dX =v / dv = 2 sin6 cos cp j = mN, ... (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 , though if 

resolution is expressed as Av , it is independent of the 

wavelength or frequency observed. 

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 deteriorates 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 

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



-75-

function of recsprocal 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 = w D"^ = w [ f - ^ ] ' ^ , ... ( 3.9 ) 

where D" is the reciprocal linear dispersion, w is the 

mechanical slit width, f is the focal length of the 

collimator and do/ dX is the angular dispersion 

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

LA a\ 

For example at 19435 cm" (5145 8 ) the reciprocal linear 

dispersion for 1403 spectrometer ( 1800 gr/mm grating) is 

10 cm~ /mm. Thus a 50 \xm slit will give a spectral band pass 

or slit width 

S = 50 X 10" mm x lOc^/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 8 . 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 
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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 opened 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 

slits/should 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 20SD wider than the cntcance and exit slit 

settings. The slit setting should be varied 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 height 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 



-77--

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. In 

most cases this will increase flux at the detector as a 

quadratic function. When using photoolectric detection the 

combinations of slit widths and grating order can often pay 

large dividends in throughput. 

The Table III.l gives the approximate spectral 

band passfor 1800 gr/mm gratings in a 1403 spectrometer. 

Table III.l. The relationship between the mechanical 
slit width and the spectral slitwidth for 
different excitation wavelengths 

Spectral slitwidth Mechanical slit width ( y ) 

( cm" ) 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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3,2c Collection of scattered radiation 

A standard sampling platform is supplied with the 

SpBK 1459 illuminator. The 1431B liquid cell of 1 ml. capacity 

with 1431 M holder was used for holding the sample. The saroplv 

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 ssmple scattered 

radiation is deflected on the target. The imaging of the 

scattered radiation on the entrance slit of the specbnmeter 

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 achieved. By rotating the swing away mirror countee-

clockwise the sample scattered radiation is allowed to pass 

into the spectrometer. The signal is now peaked photoelectrica-

lly 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 
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total reflection or on dichroism. The scrambler is a 

wedge of birefringent material. The two components of . 

polarized light passing through it will be thrown out of 

phdSe as with a X/2 plate. The retardation will vary from 

place to place and is not exactly X/2jhence the emerging 

radiation will be depolarized. 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 employed in front of the entrance slit of 

the monochromator to depolarize the rarliation. 

3.2d. The polarized and depolarized components 

of scattered liqht 

In order to measure the depolarization ratio 

accurately, the polarization of the exciting laser beam is 
4 

kept constant and the analyzer is placed after the sample. 

Suppose the polarization of the laser beam 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 I^u ^^^ 
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lyy respectively. The intensity of the lyj, component is 

proportional to 

ly^ cc 3 Y ' .. (3.11) 

and that of ly^ component is proportional to 

— 2 , ^>2 
lyyoc ( 45 a^ + *,^ ) ... (3.12) 

where the factors a"* and y"* are defined by the 

derivatives of the polarizability as, 

•* 2 2 
= ^ [ ( a « - "Jy ' * < <"yy • "j^ > 

Since the constant factor is same for the fixed experimental 

conditions, the depolarization ratio is 

'2 

P = 
VH 

3 Y 

VV 45a-'^+ 4 Y " ^ 
(3.15) 

If the Raman scatter is known for the directions 

X and Z, its intensity in any direction tp of the X-Z plane 

may be calculated from 

2 2 
I ( (p ) = I cos cp + I sin (p 

(3.16) 
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The angle dependent intensities after the analyzer are: 

2 
IVH ( <P ) "= 3 Y ' .. (3.17) 

_ 2 2 2 ,2 2 
^VV ( ? ) " (̂ 5 a' + 4 Y ' ) cos (p + 3 Y ' sin <p 

2 2 2 
= (45 a' + Y^ ) cos^cp + 3Y' ... (3.18) 

The observed depolarization ratio is 

Pobs = tf^^^VH^^) <i<p/ Sj ly,ji<p) ^9 .. (3.19) 

We may approximate pQhs ^^* 

Pobs =P + P (1-P ) 9^/3 .. (3.20) 

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

of p . Thus the measured depolarization ratio p . will be 

larger than the true depolarization ratio,p . 

If an angle <p = 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 

( 1-p^) q)̂ /3 =* 10"* or 1?̂  

However, if a completely depolarized band is to be 

measured for which the depolarization ratio is p = 0.75, the 

systematic error by using the same collecting angle 

cp s 10° will be 

0.19 X 10"^ or 0.3S;. 
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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 amplificE'tion of ~ 10 . Spex 

DATAMATE - DM1 is used for scanning the spectrometer and also 

for the acquisition of the data. The central processing unit 

(CPU) of the DATAMATE is a 8-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 expressed 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 0.01S5 over full ran^e. 

The noise level is 0.015SJ peak to peak at full load. The input 

in photon coun^ting - 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 

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

( Y-axis) is 0.3?D 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 signal - 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 
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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.A. Resolution check 

The resolution of the Raman spectrometer is checked 

by observing the symmetric stretchinri vibration, v., of 

carbon - tetrachloride ( CCl.). There are so many Raman lines 

because of various naturally occuring isotopes of chlorine. 

CCl^ contains 75.53% •'̂ Cl and 24.47% ^^Cl. Thus the naturally 

occuring CCl^ is a mixture of c'^Cl^, C^^Cl^-'^Cl, c'^Cl2''^Cl2, 

C CI CI, and C CI.. Resolving such closely spaced Raman 

bands requires a high resolution Raman spectrometer. If the 

resolution is not good A(462.4 cm" ) and B(459,3 cm" ) bands 

tend to overlap (Fiq 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 lines from the Ar laser in the neighbourhood of 

the Raman bands. The frequencies from standard measurement 

of the wavelengths of the Ar"*" laser plasma emission lines, 

corrected to frequencies in vacuo were used for the calibration 
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purposes. The Ar"*" laser wavelengths and frequencies are given 

in Table III.2. Since for excitation purposes only 4880A and 

51458 lines were used the plasma lines indicated in the 

table III.2. were used for calibration purposes. 

Table III.2. The Ar"*" laser lines and their frequencies 

Laser source Wavelenqth Frequency 

(8) ( cm-^ ) 
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 
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3.6. Infrared spectral measurements 

Ihe infrared spectra were recorded using Perkin-

Elmer model 983 IR spectrophotometer which consists of F 4.2 

monochromator. It has four gratings and 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. 

******* 
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Fig. 3,3 The Czemy-Turner grating monochromator. To scan 

tlie grating i^ pivoted about point C and the angle 

d^is fixed. 
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CHAPTEjj^IV 

VIBRATIOM.-X RE]>./WiTIOlM >iND NONCOINCIJJENCE EFFECT IN LIQUID 

N^ W-DL^iETHYL^ACETi-JMIDE* 

The Raraan linewidth and the non-coincidence effect in 

N,N-dimethylacetamide (DMA) molecule have been studied and 

explained in terms of molecular attraction parameters. The 

transition dipole-transition dipole (TD-TD) interaction is 

probably the predominant mechanism responsible for non-

coincidence effect. The line brocdening of the isotropic 

component is explained on the basis o1 dispersion type of 

interactions. 

Paper based on this work is to appear: 

A, Purkayastha and K. Kumar, Spcctrochim, Acta A (in press) 
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CE^^'TtlR^ Iy 

4,1 Introduction 

The isotropic and anisotropic coraponents of the Raman 

spectmjxii of a liĉ uia contain inforraation about vibrational 

relaxation and reorientational laotions. The analysis of the 

Raraan spectrum of several molecular liquids indicate that the 

peak frequencies of the isotropic and anisotropic components 

of totally synuaetric modes do not coincide. According to a 

1--3 
model " , which considers angular dependent intermolecular 

force^ the neighboring molecules are oriented and form aggce--

gates with a lifetime longer than the vibrational period. 

In case of polar modes, vibr<_xtional resonance coupling due to 

transition dipole-transltion dipole (x'î -TD) interactions may 

be the most important mechanism for perturbation of the vibra­

tions, riowever inductive forces and dispersion forces etc. 

may also be importĉ nt. The aifiercce between tlie peak frequ­

encies are expected to yive inforn. ̂  .on on the intermolecular 

forces and liquid structure. 

The vibrational relaxation nn-.. reorientational motion 

have been studied for C=:0 stretcn̂ n̂g ..lOdes of few aldehydes 

and ketones"' . --•ilthough noncoincic.c:_Ge effect has been 
1 

observed for N/l\l~dimeth;i Iforiiiaraiae , this important class of 
If 

molecular liquids with strong interactions have not been 

investigated carefully from tlie point of view of relaxation 



-90-

mechanism. In order to understand the mecnanism of vibrational 

relaxation and reorientational motion in these biophysically 

important molecular systems/ the N^N-dimethylacetamide (DMA) 

molecule (Fig. 4.1) was chosen. This molecule is free from 

hydrogen bonding in pure liquid 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 concentration. These 

studies may be of considerable significance in londerstanding 

the mechanism of binding of small molecules to proteins parti­

cularly the Enzyme-substrate interactions. The interpretation 

of the experimental data has been carried out using molecular 

attraction parame-ters and simple theoretical models. 

4,2 Experimental 

The N^N-diioethylacetamide (DMA) and the solvents CCl^/ 

C^H,/ GHClo and CH-CN were commercially available products and 

were used without further purification. Raman spectral measure­

ments were made for the amide I band of DMA in the pure liquid 

and in solvents CCl , C^H,, ^HCl^ and CH^CN. The experiments 

were performed using Spex Rai'aalog 1403 double monochromator 

with datamate and Spectra Physics model 165 Ar' laser as 

excitation source. The 5145 A line was used with maximum 

power of about IW, The polarization measurements were made 

by changing the orientation of the analyzer placed in the 
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-1 
scattered beaia. The slit width was - 1 era . The accuracy of 

-•1 measureraents is believed to be v 1 cm " . Despite the small 

depolarization ratio iP:^ .15) the isotropic line intensity was 

obtained using the usual formula l^go^*^^ ~ •'"VV 3 "Ŝ î  '*̂ *̂ 

The infrared spectrum of liquid film of Di-iA 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 
fi 7 

of the isotropic Raman lineshape ' , 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 broadening. The first one is life-time broadening which 

is because of the finite lifetime of a quantum state. However 

in case oi; liquids where this broadening may be estimated, it 

generally makes a ratlier small contribution to the linewidth. 

It is therefore not considered here furtlier. The second contri­

bution to vibrational phase relaxation may be referred to as 

pure dephasing or environmental broadening. It arises from the 

fact that the vibrational frequency of a molecule is perturbed 

by its interaction with other molecules and therefore has a 

component ^^, (t), which fluctuates with time. If one considers 

the freezing of the environraent at a p^^rticular time one would 
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observe a distribution of frequency shift and therefore a 

broadened lineshape. This is referred to as the static limit. 

However the -time dejpendence of the environment is important 

and therefore the line is atteast partially "motionally narrowed" 

from the static limit. 

The isotropic Raman lineshape may be quantitatively 

given by the fourier transform of the vibrational co-ordinate 

autocorrelation function/ ^Q.{t) D.(0)> , where the angular 

brackets define an ensemble average. The vibrational co-ordinate 

Q at a time t differs from Q. (0) by a phase factor exp^i {«(. (t)-

.̂ (0)j _7» If we represent the fluctuations in frequency due 

to environment by 4tL) (t) and define a characteristic time C 

(the bath relaxation time) then tlie relationship between A(^. 

and "C is given by 

,06 

....(4.1) 

where <̂ u>.(t) Aio.(0)> is the autocorrelation function of 

^iw.. The nature of lineshape depends on the relative magnitudes 

of the ̂ two characteristic frequencies <^CJ. ;> '̂  and -c "" , 

2 ^ When <AIA;. > ^ » ) / we have the 'static limit/ while when 

2 h 

^A <*J •!> c: ̂ <'<̂< we have the rapid modulation limit where the 

line is narrowed to a Lorentaian with full width at half height 

(FWHH) given by, 
FWHH =<Auo^^ r .,.,(4,2) 

c 
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The third contribution to vibrational line broadening 

is resonant transfer or excitonic broadening which apioears in 

pure liquids 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 nuxTi)er of molecules are 

brought together this split level takes the shape of an excitonic 

band. The resonant transfer contribution may be studied by 

isotropic substitution or by making use of solvents. 

If it is possible to separate the vibrational degrees of 

freedom from bath degrees of freedom because of the separation 

in frequencies, the vibrations v/ill respond almost adiabatically 

to the changes in environraent. The coupling potential V /eqn, 

(2.1) 7 expressed in Taylor series as a function of normal 

co-ordinate is very small compared to H , the Hamiltonian for 

the vibrational degrees of freedom (V « H ), Therefore the first 
^ o 

order perturbation calculation for the energy difference 

(leading to frequency difference) be-uwcen the ground and first 

excited states can be performed. The expression obtained is 

given by , 
2 

E * C- I^)n « l / f i / l > - <0/Q/0> ) + ,̂ f ^ - ^ ) ( <1/Q^/1 -
0/cVo)>) +( ^^S-Q-) o ^ ^ V Q / 0 » 2 -i-

i j 

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

of the >'th mode of two molecules i ana j can be written as 

"^res rTT̂ -h-'-̂ - .. ,. Q i,, (4.4) 
^^i i -^ 

where Q - - <1/Q/0> is the expectation value of the 

normal co-ordinate in the transition state, tiince for Dl-Uithe 

dipole moment ^ = 3.8X I), the dipolo-dipole interaction predo­

minates in the liquid phase. Considering only pair interactions 

and the first order term the frequency shift is expressed as 

Since it is impossible to evaluate the average (K../R..3) for 

DMA, we will simplify eqn, (4.5) to the proportionality relation. 

^^ -^ ^^c^o< A 1'^^ .•• (4.6) 

The coupling potential may originate from various interactions 

such as diioole-dipole, transition dipolo-transition dipole, 

quadrupole-quadrupolO/ hydrogen bonding etc. The angular depen­

dent intermolecular force modifies the force constants of the 

harmonic oscillator,yielding an anisotropic frequency distri­

bution and Raman bandshapes reflect the modulations. The 

isotropic Raman scattering process sarnples the average of this 

frequency distribution, while the anisotropy of the frequency 

distribution is detected by depolarized Raman scattering. The 

first spectral moments of the two scattering spectral components 

are necessarily different giving rise co a nonvanishing splitting 
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1 

factor $^ ~ i'Caniso) - V(iso), ,as discussed by Hironc et.al. 

I. 5 9 

and Doge and cO"Workcrs ' we assuiae aipolo-dipole coupling to be 

responsible for the interactions leaaing to orientational order 

between the DJViArnolecules. This causes a splitting of the 

vibrational mode into an in-phase and out-of-phase vibrations. 

The frequency of the completely polarized (in-phase) vibration 

corresponds to the line centre of the isotropic component whereas 

the frequency of the depoleirized (out-of-phase) vibration is 

nearly equal to the center of the VH band. In case transition 

dipole-transition dipole (TD-TD) interaction is the main coupling 

mechanism eqn, (4.4) reads 
(AS ) =?ia> . = ( ..̂ ZL.)2 i,̂  2 <K /R ^>, ... (4.7) 
^ TD-TD^Res ij S Q̂  01 -̂  "̂-̂  

where R.. is the intermolccular distance and K.. is a function 

of the mutual orientation of the molecules i and j. For point 

dipoles the orientation factor K . is, 

K. . = - 2 Cos <9. Cos (9. + Sin ©. Sin Q. Cos cf. ., .... (4.8) 

where (9, is the angle between the dipolo moment vector of 

molecule i and the ij vector which connects molecules i and j. 

d, . is the angle between the perpendicular components of the 

dipole moments of the molecule;j i and j. 

Although it is impossible to evaluate the value /• ij v 
R. ."3̂  

for DMA moleculeS/ in cuse of dilute solutions when separation 
2 

, , -, y^ //k.T, one m.jy substitute the average 
becomes large and LT" V 

ij 
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. 5 
value of th.£; orientation factor and get the following expression 

for TD~TD interactions/ 

/cO = £ - ^ / 5 > / M ^ ( 4 . 9 ) 
3~KT ^'^R^'76 '^••9L ^ 

10 McHale has obtained the exrjression for the first moment 

as: 

ŷ  o o 

where n = o when ̂  = iso, n - 1 when )v - IK and n - 2 when 

A = aniso. V. . _ / "̂  ij '\ is the interaction of two 

ttansition dipoles and the bath averages over positions and 

orientation are governed by the interaction of permanent dipole 

moments. The averaging of <̂  V. , P (Cos Q. .) y „ recruires 

a knowledge of the potential of tlic liquid as a function of all 

the molecules in the solvent system. These tejcms are hov/ever, 

impossible to treat adequately. If all laolecular orientations 

were equally probable, a straightforward integration over 

d-o.. d-o. = Sin Q. dfi). d.tf. Sin ©. dg. d rt>. causes the average 

<̂  ij P (Cos <9 . .) X-i_ to vanish and lio concentration dependence 
n ij 

of the first moments is expected. However, the existence of 

(2) 
V, . , precludes tiie possibility of oil orientations being 

•i-j 

equally probable. For uiolecules v/ith l.jrge permanent dipole 

moments, the dipole-dipole interactions (Û )̂is the dominant 

terra in the long-range part of the intennolecular potential. 

We will consider tliis term to be the i:.ain term responsible for 

positional and orientational pair C'. rrClations^o that the averages 
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^ y Q can be p e r f o r m e d . I n t h i s approx i iac i t ion we h a v e 

• <^V. .^^^ P (Cos (9. .) > ^ 

roo fi.T) rn /•xn rii X. , . ~1PT C2> n 

(oo f*-" rr r^c .Ti _ foT 
0 0 0 -/^ J* ^ 

(4.11) 

This approach of averaging over inturmolecular distance 

and orientations is expected to yield only approximate results. 

In order to simulate short range repulsion/ the lower limit on 

the integral over r is taken to be non-zero. It is valid to 

U ^ , U 
I 

performing the integration are then; 

expand exponential exp (- or w ) ^ 1 or . The results of 

.^ (2). _ 2 A'^ JM)o 

< V. . ^2^ Cos (9 . .> ,, = o 

<V^,(2) ^^ (Cos«.,.)^,= 

Here V is the sample volume. 

In the transition dipolc coupling model, the splitting 

« • • « 

-4 ym: 
'•" QL" IcTd^V 

( 4 . 1 2 ) 

. ( 4 . 1 3 ) 

. ( 4 . 1 4 ) 

o*^ — l^ , - (ji>. is predicted to be 
aniso ISO ^ 

- «>' ' -¥~^l £ ° - ^ .... <4.15) 
25 mcj^ kT d-" V̂,- (^ ' 

where N is the Arogadro's number, ffl is the volume fraction of 
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the solute, m is the effective mass for the mode, o^ is the 

vibrational frequency of the iaolatod molecule, d is the 

minimum interrnolecular distance and V is the molar volume 
2 

of the solute. The term 1/^ may be considered as the screening 

factor and substituting o, we have, 

ĝ  = 8 ^ 1 L - „ J M ) 1 ^n f ^ ^4.16) 

according to Giorgini et. alo the screening factor 3 comprises 
two factors, S and o, , related to tlie interaction of permanent p t 

and transition dipoles. Follov/ing the dielectric model of 

Onsager - Frohlick, the first tcrro''"̂  S = (̂ ™;r-—̂ -2) ^ ^̂'̂^ 

(n^ ... 2)2 ^ the second tsirm S = v^-^A<. which comes after substituting 
t y n 

2 
6* = n , Here ^ is the dielectric constant of the medium and 

n is the refractive index of the solute. 

Since several approximation^re involved in the Unsager -

Frohlich model (e.g. the aielectric is treated as a continuum, 

polarizability being isotropic and the dipoles are point like) 

one may expect that the validity of the eqn. (4.16) is limited 

to dilute solutions. This inodel has been tested for the 

carbonyl stretching vibration of <-.cetone, acetophenone etc, 

in several mixtures of known dielectric constant, '̂i/ith one or 

two exceptions, this explanation holds even in the high concen­

tration range. 

The expression (4.16) may be raodified to read as following 

when the permanerat dipole interactions are considered. 
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S)?!̂ ,̂̂ --.!̂ )-̂  = l ^ L , ^ . )?,... NQ ^ (n^ + 2)^ ... (4.17) 
^ 25 TT'^C^ V ^ kT d^ ^M ^ 

Ono may therefore plot the graph of^ 

(TP 2̂ 6: -;- _n _)_ as a funetion of Q) vniich hus been found to be 

elmost linear by Giorgini et. al. for ccetonu/ acetophenone etc. 

The quantity (^) is proportion;.! to infrared band 

intensity and for Di-oA molecule tiie infrared band corresponding 

to the Roraan band under stud/ (amide I band) is very strong 

which indicates that splitting factor for 'Di'-U:^. molecule should 

be quite large and it is indeed so, tl:ie anisotrop.V:: shift being 

13 cm in neat liquid (Fig. 4,2). 

The Raraon spectra of Jji'-uA raolcculc (Fig. 4.2) show tiiat 

the I,̂-̂  component of the oiriide I band in pure liquid has a 

clear shoulder whereas the anisotropic .jart, I.̂ ^ is almost 

symraetric with its peo.k shifted to higlier wavenioiTibers. The 

difference between the maximum frequencies of I _. and lyy, is 
-1 of the order of 13 cm . This difference in maximiom frequency 

may be interpreted^s the effect of resonant transfer (due to 

TD~TD interactions) on the band shape« 

In Fig. 4.3 the trends in tlie amide I band of DhiA are 

shown as a function of diffî rent concentrations of solvents 

CH_CN^ CHC1_/ CCl. and C,H_. 3 3 4 6 5 

The values of the isotropic and anisotropic peak frequen­

cies FWHH and the vibration.j.1 rolâ ietion time ("̂y) for various 
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solutions arc given in Tables IV.1 - IV.4. The experimental 

data for these mixtures can be explained in the following way: 

With increasing concentration of CH^CN, the isotropic 

frequency first increases and later it remains almost constant. 

The anisotropic frequency on the other hand, decreases continuo­

usly and ultimately coincides with the isotropic frequency. 

In CHCl- - DM^system the maximum frequency of the isotropic 

part shifts to lower v/avenumbcrs upto 50/o concentration of 

solvent compared with the pure liquid. with increasing 

concentration of solvent (aiorc tlian 50/b) this shift decreases 

due to the effect of decoupling. The maximum of the anisotropic 

component shifts linearly towards louver wcvenumbers. The 

anisotropy shift tends to vanish on very high dilution of DMA 

in CKC1-. 

In CCl and C-H^ solvents there is a relatively slow 

increase of the isotropic and anisotropic maxim-um frequencies 

with the increasing solvent concentration. But the curve of 

concentration dependent maximxim shift is not linear. The 

anisotropy shift in these solvents decreases very slowly which 

shows that dipole-dipole interactions in DhUi. are broken only 

at very high solvent concentration. 

In all the above systems it has Joeen seen that the 

anisotropy shift decreases as the concentration of the solvent 

is increased. In CH CN the anisotropy shift vanishes at about 

80% dilution, CHC1_ may form hydrogen bonds with the C = 0 
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group. This gives rise to a large shift relative to the gas ^ ^ ^ 

phase frequency. >-s a result maximum frequency of the isotropic 

component shifts towards lower v/avenuxabers compared v/ith the 

pure liquid frequency. Due to the effect of decoupling one 

may however expect the shift into the opposite direction. 

Although in C'Cl and C H solvents the anisotropy shift decreases 

slowly with dilution in the beginning, on higher dilution there 

is ra'ther strong changes of the anisotropy shift, 

j^l these results therefore support the assumption that 

the anisotropy shift is an effect due 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 

DFiA, the quantity Jp (2 ̂  -i- n ) e* was plotted against rf) , 

The variations are shown in ^'igs. 4,4 and 4,5 for polar and 

non-polar solvents re si:) actively. The linear variation of the 

quantity <iv'(2fe+ n ) (̂  as a function of ($ is indicative, of 

the validity of the eqn. (4.17) within tiie approximations. 

The van der waals type of attractions deal with a situation 

where interacting particles are separated by a distance such 

that electronic orbitals do not overlap ' , The intermolecular 

interaction energy mĉ y consist of the terms mainly related to 

dipole-dipolC/ dipole-induced dipole and instantaneous dipole-

induced dipole type of inter-^^ctions. 

The dipole-dipolo interactions are expected to be 

important for polar solvents. The interaction energy between 
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two molecules or atoms o£ dipole moiaunts A. and /< . is given by 

the expression U^ ̂  = - y2 V^/j^ 1 f^^ "̂-̂ sÂ L ...(4.18) 
^ 3 kT ^ R"''6 "" "^ij-^ 

where R.. is the distance between the point dipoles^ kP is the 

thermal energy and 6: is the dielectric constant of the medium. 

The dipole-induced (.ipole type of interaction energy is 

dependent upon the induced dipole laoiaonts and the energy asso­

ciated with this interaction is given by the expression, 

^b-iD = - ' - ^ ^^i/«j '- '- '^j/i '>i-r.6 •••• ^4-̂ 5^ 

where cH. and p< . arc the polarizabilities of the molecules 

i and j. ("̂iee Table IV, 5 for molecular pĉ raraeters) . 

The dispersion interactions between two molecules involve 

the polarizabilities of the interacting molecules and is attra­

ctive for all orientations. The dispersion energy, U •,. / as given 

by London dispersion model is 

U = 3 1̂^ <\Ax J±1L. =-.£L(n,l2 (4.20̂  
dis 2 n r 6 -p, ̂ T- . R. .6 

^i j .̂"̂ -̂  Ĵ 

where I. and I. are the ionisation potentials of the molecules 

i and j respectively, n is the refractive index of the medium, 

and the dispersion energy parameter î 'Cn,!) = ~ — ' J- X. 

The above three interactions are supposed to play 

a role in the FwHlH of isotropic couiponent (T7_ ) of the Raman 

band. The isotropic linov/ith (FT ) is related to the vibration--

al relaxation time by the follo;-7ing expression, 
-1 

r = ( n c r. ) . . . . (4.21) 
V ISO 
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Their reletivo contributions ra._Y be calculctGd by using tlie 

above expression (Eqn,4,18-4.20). The CQlculated velues are 

given in Table IV. 6. It is clear from the values for Uj-)_ĵ /Û _-|.̂  

and U,. that in all the solvents CH.CN/ CHC1_, CCl. and C^H^ ais 3 3 4 6 6 

the dispersion energy is greater thr.n the dipole-dipolc 

interaction energy and dipolc-induced dipole (induction) 

interaction energy. It is interesting to note that the role 

of dipole-dipole interaction energy or induction energy in 

case of even polar solvents is much less as compared to 
2 

dispersion energy. It is mainly due to the presence of ^ 
4 

and n terms in various interaction energies. For solvents 

of high dielectric constants/ the dispî rsion energy is going 

to play an important role in intormulecular interactions. 

The variation of 1" ,, as a function of dispersion energy in 

different solvents (at 90% solvent concentration) is shewn 

in Fig, 4,6. It is very clearly a straight line and therefore 

the experimental data are well explained by considering only 

the contribution from dispersion forces. The dispersion 

forces therefore play the most important role in line broadening 

mechanism for the isotropic component of the amide I band of 

DMA molecule. This is a new and important finding of the 

present investigation. 
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Table IV. 6̂. Calculated values of parameters related to D~D, 

D-ID and dispersion energies for various solvents 

Molecular | 

bystem 

i ' 2̂ A Aj 2)/(e'3icr) : c î/ĵ -̂ -̂ j/̂ i ) /^^! ,J-
2 n ' I . v l 

i / l O (ergS'-cm ) 

\ a t T = 300"K 

-+-
Diyu.-CH2CN I 

DMA-CHCl, 

DM^*-CC1, 

^ ^ - ^ 6 ^ 6 

2 . 5 5 

1 1 . 4 4 

0 

0 

( /io-^° ( e r g s - c m ) « i i 

0 . 1 1 

5 . 3 1 

3 1 . 1 6 

2 8 . 8 1 

t 

1 
t 

f 
t 
» 
1 

9 

1 

f 

( 

t 

/10"^°(erg3 

cm ) 

149.43 

216.03 

243.67 

199.18 

. L. 



Fig. 4,1 ThG structure of N,N-Dimcthylacetamlde molecule 
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CHAPTER^ V 

VIBR̂ -JTIOivJj REL/*XATION ĴSID NOiSlCOIWCIDENCE EFFECT IN LIQUID 

N, N-DIMETHYLFORKyyilDE* 

The Raman band of the omidG I mode of vibration of 

N^N-dimethylformomidc (DMF) has been studied in neat liquid 

and as a function of solvent(s) concentration. The non-

coincidence effect (anisotropy shift) is explained in terms 

of transition dipole-transition dipole interactions. The 

effect of solvent concentration on linewidth has been studied. 

The vibrational relaxation rate has been shown to be linearly 

dependent upon the product of the density, viscosity and a 

dispersion energy dependent term. 

Part of this work has been accepted for presentation; 

A. Purkay>-stha and K. Kumar, Ŝ inposium on Quantum 

Electronics (1985), 

-11^-
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5.1 Introduction 

In recent years considerable pxogroos has been made 

tow'_rds a deeper underst'.nding of the vibrational relaxation 

and iQolecular reorientation in liquids on -tlio basis of 

1-5 theoretical and experi.̂ .̂ jntal work. It is well known that 

laser naman scattering experiments provide much inform>̂ tion 

about local structure and molecular laouions in liquids, ^̂  

considerable amount of information ab^ut vibrational relaxation 

ana reorientational iiiotion can be obtained by analyzing the 

experiuicntally me...sured lineshapes of the isotropic and 

anisotropic components of the Raman spectrum of a molecular 

6-9 liquid. Moreover the microscopic Ljnvironraent affects the 

behaviour of a vibrational mode of a reference molecule. In 

a liquid mixture the lineshape of tne reference mode is 

influenced by the concentration fluctuations of the environment. 

In few liquids the peak frequencies of the isotropic 

and anisotropic bands differ from each ether. The difference 

—1 4 10-13 in peak positions may sometimes "be laore than 10 cm . ^' 

This noncoincidencc effect has been interpreted as due to the 

coupling between vibrations of neighboring molecules with 

strongly polar modes by intermolecular dipole interactions 

4 11 13 in the liquid phase, ' ' Ĵ.though several papers have been 

devoted to this subject, a systematic analysis of the solvent 
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dependcnce of noncoinciclencc effect, and vibrational lincwidth 

is lacking. Thu present pap^r reports x̂ aiacn data for N^N-

dimcthylformainide (Dnf) in n^at liquid and in solvents of 

varying dielectric constant and eipolo moiaent. 

N,w-diraethylf(.irmaraido ^""Fig. 5.1_7 was chosen as an 

example of a liquid with large dipole laouient (3,82 D) and rather 

strong intermolecular interactions. /jraidcs are important 

because of their high dielectric constant and their biological 

applications. The effect of solvent on the noncoincidence 

between the isotropic and anisotropic components of the amide 

10 
I band of Di-ii' was studied by Fini ana iiirone and Giorgini 

12 
et al. However the vibrational relaxation and molecular 

reorientation in PMf have not been reported and the effect of 

solvent has also not been studied on the relaxation pareimeters. 

The dependence of relaxation times on hydrodynamic properties 

viz. viscosity and the molecular forces is an important area 

to be taken into consideration. IJQ have therefore undertaken 

a detailed investigation of the vibrational lincshape as a 

function of tlie hydrodyncmic paraiacter, viscosity (vj ) and 

dispersion energy parauioter which arc expected to play a major 

role in the line broadening mechanism. In the present investi­

gation we have tried to interpret the variation of vibrational 

relaxation time in terms of both the aoove mentioned pararaeters 

and the results are presented. -̂̂  trieorotical model has also 

been developed to explain the experijiiental data. 
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5,2 Experimental 

The sample of Dl̂'ii' and the solvents CH^CN^ CllCly CCl^ 

and C^H- were obtained coriirnorcially and -..ere used without 
6 6 

further purification, Ranian measureiaents were made for the 

aiiiide I band of DFxF in various solvents as a function of 

solvent concentration. The experiments were performed with 

a Spex Romalog 1403 double monochromcator equipped with dataraate. 

The 5145^° and 4880^" laser lines from opcctra Physics model 

165 joP laser were used as exciting source with a power of 
_ i 

^ 900 mw. The slit width employed v/as ̂  4 cm for all recorded 

spectre. In order to register the I.̂ ^ and I^^ components of 

the scattered Raman radiation an analyiier was placed in the 

patli of the scattered radiation. The isotropic line shape was 

deterrained from tiie usual expression I. (u) ) = i (w) - — I-_,Cw) 
iSO VV o Vn 

which gives inforiaation about the spherically symmetric part 

of intra-and intemiolecular forces. The anisotropic lineshape 

can be obtained directly from I (cJ) component and it gives 

the knowledge about the anisotropic forces and molecular 

reorientation. The finite slit width effect on tlie observed 

linewidth was corrected by the usual formula (3.4). The 

accuracy of measureiuents is believed to be + 1 cm for Roman 

SiDOCtral measurements. The Infrared spectra were recorded as 

a thin film of liquid between the two KBr plates using Perkin™ 

Elmer 983 Infrared Spectrophotometer. 
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5,3 Results and Discussion 

The isotropic i-lani.i.n lincshapc is dependent upon the 

vibrational phase relaxation and for vrell separated vibrational 

transition there are various sources of line broadening. The 

three primary sources are considered to be the life time 

broadening/ environmental broadening (pure dcphasing) and the 

resonance transfer. The explanation for vibrational phase 

relaxation reoulres the knowledge of the potential energy 

functions. The coupling potential V between the vibrations 

and bcth which may arise due to dispersion interactions^ 

dipole-dipole interactions, multipole interactions/ repulsive 

forces etc,/ may be expanacd in Taylor̂ s scries in vibrational 

coordinate Q. /~Eqn, 2,1 7* In this expression the term 

fundamentals of the same mode in the two molecules i and j, 

This term allows the resonant energy transfer from one mode 

to another. 

The transition dipole-transition dipole interactions 

cause resonance energy transfer betv/een oscillators on 

adjacent molecules ' . The transition moment for transitions 

between state /O > and /l/> is 

/" 10 = &^Q)O^^^^^^ ••• ^5.1) 

where (- ̂ ^QJQ is related to tlie infrared intensity data. 

The intemaolocular potential V. . is assuined to be given by, 

V..= - -d-lw. K -' /S/' > ̂  " 
i j R. . 3 i j - _ _ 

(5.2) 
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where K. . describes thu relative orien-cacions of the coupled 

oscillators and R.. is the intermolecular distance. The inter-

action energy between the two trfuisition dipules is given as 

/iE = - L2tA .^21.- /I.JJ.-X (5 3) 

ij 

In case of 'Dhl£ molecule also it is very difficult to 
K. . 

calculate the quantity<̂ g"̂ _-)> therefore the anisotropy shift 
ij 

i<5'^) is given by the proportionality relation 

Ĵ V oC {±^^ ...• (5.4) 

The quantity (--̂ ŷ is proportional to the infrared absorption 

coefficient and therefore has to be proportional to infrared 

band intensity. Since the infrared absorption band for the amide 

-1 
I band of DÎiF is quite strong^ the anisotropy shift ĉ  14 cm 

/~Fig, 5,2 7 in DtiP molecules m̂ -̂y be eissocicted with lc.rge 

dipole laoment derivatives. 

The observed band shape also cepends on a modulation 

time f which depends on the rate ..f relative reorientational 
c 

motions of the surrounding moleculco. 

The dipole-dipole interactions give rise to spectral 

broadening because for an anharmonic oscfcillator, the time 

average of the dipole moment in the two states /op> and /l^ 

is different. This mê n̂s t.iat the in"ceraction of the vibrating 

molecules with the surrounaing permanent dipoles influences 

the energy of the transition 1 *— 0. The dipole moment 

difference for the funaamental laode (v = 1 ̂ t- o) '^ni'^ 
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depencls on the extent of both the mochinical ana electricc.1 

anharmonicity ĉ na ic; givun by the expression 

-<0/QVO>] ... (5.5) 

The isotropic-anisobropic scp^ ro-tî n of the amide I 

(indnly C=0 stretching) stretching b.aiJl of DMF was meo.sured 

at several concentrations in different laixturas of CH„CN, 

CHCl^, CCl, and C^H- /~Fig. 5,3 7. The Raman spectra for a 

polar (CH CN) and a nonpolar (C ri ) solvent are shown in 

Fig. 5,4 and Fig. 5.5 respectively. The solvents cover a 

wide range of aielectric constant i. t ) , In order to test the 

2 2 —1 
validity of equation (4,17) the quantity v̂* (2^+n ) gr was 
plotted against (6 and it is shown in Figs. 5.6 and 5,7. f 

12 

The screening factor S does not vary much over the whole 

composition range in the mixtures ^nd its omission or inclusion 

does not significantly mocify the agreement with the experi­

mental data. 

It appears that the graphs of cT)̂  (2Cr+n ) cT are 

linear with /̂  within the experiracnte 1 uncertainty. Thus it 

seems that the concentration deijendenco of the noncoincidence 

effect is explained at least as a first approximation, by the 

simple dielectric model of Onsagcr-i'rohlich, j^lternatively 

one cuuld think that the agreciaent of the experimental results 

v/ith the predictions of the dielectric model even in the high 

concentration range ceuld result from the fortuitous cancellation 
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of errors resulting from tlie different approximations. The 

assiimption of point dipolcs should be fair fur not too small 

molecules since the dip'^le length i.e. the aistcnce between 

the centers of gravity of the positive -_nd negative charges 

is at least one order of magnitude siaaller than the molecular 

dimensions. The hypothesis that 5V depends linearly on the 

concontratio>n is supported by its behaviour in mixtures of 

liquids having nearly identical dielectric constant/ where 

it is reasonable to expect tn.̂ t the dielectric properties do 

not vary significantly witn tiie composition. 

14 The general correlation function may be expanded in • 

terms of the frequency moments of the experii'nental intensity 

distribution. The normalised moments are given as 

/b-.nd^'^-^r^" 1(0;-^^) du) 

-'̂  . 1(6;-^ ) dcJ band o 

where cj is a suitably chosen band origin. The 2>eroth moment 

(M ) is the total integrated intensity of the band and M^ is 

equal to the frequency at the maximxiiT:!, The second moment 

M is indicative of the width of the bc_nd. In case of vibra­

tional correlation function it may be represented as (M„) . 

This second moment is related to the vibrational relaxation 

time ( "C ) in case of rapid moaulaticn limit, using Kiibo model 

for lineshape. It is given by the expression 

^~v = ^^^^2^ ^c •••• ^^'^^ 
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For reorientational/translational motions dopcnding mainly on 

long range dipolar interactions -c is directly proportional 

to the dynamic viscosit;is Since the scc^^nd iirament is directly 

proportional to the liquid density the relation for the vibr^.-

tional relaxation rate at a const'-^nt temperature is given as 

'C ^ oi C "^ .... (5.8) 

The current theories on vibr-.tionL.l dephasing predict 

the following behaviour fur these two j.^arameters under different 

experimental condition, 

(1) Variation of (K^) in pure liquids increases with increasing 

density at constant temperature. 

(2) Variation of r in the pure liquid and in mixtures; 

(a) for long range dipolar interactions r is proportional 

to at Constant temperature, (b) for short range repulsive 

forces t is proportional to l A 

(3) Variation of (k„) in mixtures: (a) for band broadened by 

resonant transfer of vibrational ener>^y; decrease on isotopic 

dilution, (b) for band broadened by dipolar interaction; 

decrease on dilution in a non-polar solvent and increase on 

dilution by solvent wich a higher dipole moment, (c) for band 

brou-denod by a specific interaction: Jecrease by dilution 

v;ith a solvent in whicn inuerL.ction is smaller or is removed. 

To interpret "cn^ experimental results of a study of the 

vibrational relaxation of a pai-txcular band in the pure liquid 
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it is therefore useful to perform dilution studies in various 

solvents with the aim of changing the type of interaction of 

the active molecules with their neighbours. In this way one can 

expect to get information about the interactions that influence 

the band shape in the pure liquid. 

The variation of the lincwidth (JT:-.,) as a function of 

dispersion energy parameter has been studied for D M H molecule 

as mentioned, in Chapter IV. It has also hecn studied for DMF 

molecule and the relationship is found to be almost linear 

(Fig. 5,8} as in case of Dfv4 molecule. Now that the relation­

ship with dispersion forces is established, we therefore 

considered it worthwhile to include the dispersion force 

parameter in the vibrational relaxation time relationship 

as it is related tp the r7„^ by tlie relation (4.21). We 
iso 

therefore tried tc correlate the pararaeter(B—^^^^) in conjun-
2n^ +1 

ction with fyj so that a relation with all these parameters may 

be obtained- This pcraiaeter has been chosen because the 

15 
Lorentz's reaction field is given by the expression 

a'' 2n'̂ vl 

v/hcre /< is the dipole moment of the solute molecule and a is 

the radius of the spherical cavity and n is the refractive 

index of the medium. The dipole moment in the reaction 

field expression (eqn, 5.9) is corresponding to the solute 

molecule and is therefore constant when only solvent is 
2 . , 

changed. The parameter [ JLJ"J:.J is thus solvent dependent, 
2n̂ -l-l 



-122-

2 -1 
It was seen tliat the parameterPyj /IL.ri__) is best fitting with 

, ,- ^ ' 2n̂ -{-l 16 
the linewiclth C / . ) . This relationship has some resemblance 

with the dielectric relaxation time and the dielectric constant 

2 
parameter where instead of n the permittivity of the mcdixam(fe) 

2 
is used. The relation (^ =n is to bo used for high frequencies 

14 /̂  10 Hz. We have therefore obtained an empirical relationship 

C-l^^.(n!^.,)-' .... (5.10) 

^ ^ 2n'̂  +1 

The linewidths CFWHH) for the amime I band of DI'IF in 

various solvents at varying concentrations were obtained and 

their variations are shown in Fig, 5,9, The values of " 

vas calculated (Table V,l) using the formula (4,21) are 

plotted as a function of the parameter X (f/f/ ^) =("̂ ^̂ —5̂ ) fl 
2n +1 

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

dependence of tl io case of three solvents (CH_CN, CHCl-
VN. 0 0 

and CCl ) is clearly indicative of the validity of the expression 

and the assumptions involved in deriving it. The data points 

correspond to the 90% solvent and the molecular parameters 

for the solvent molecules ar- used for correlation. The 
17 

fractional positive charge on the nitrogen atom of the amide 

group may interact with the /T-delocalised electron cloud of the 

benzene ring and may lead to tlie line broadening. This is in 

addition to the dispersion forces and -cherefore the data point 

for benzene solvent may not lie on the straight line which is 

representing mainly the dispersion force dependence, Thû ; 

vibrational releixation time ( "C ) is shown to be a function 
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of the product of the hydroclynGmic and dispers ion force para­

meters. I t i s a very iiaportunt cind iicj information obtained 

for the f i r s t time in the present inves t iga t ion . 
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CHAPT£R VI 

VIBRATION^iL REL̂ ŵiJaTION ANU NONCOINCIDENCE EFFECT IN LIQUID 

CYCLOHEXANONE 

^^STRACT 

The vibrational relaxation and noncoincidence effect 

in liquid cyclohexanone molecule have been studied and 

explained 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 pereimeter involving viscosity^ density 

and refractive index has been correlated with the vibrational 

relaxation rate. 

Part of this work has been accepted for presentation: 

A Purkayastha and K. Kmnar, International Conference on 

Laser Applications in Spectroscopy and Optics/ îadras (1987) 
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6,1 Introduction 

The vibrational relaxation and reorientational motion 

in molecular liquids have been the subject of many theoretical 

and experimental stuaies in recent years "" , These studies 

include the solvent dependence of the vibrational linewidth 

and frequency shifts in associated and non-associated liquids. 

However a systematic analysis of the effect of solvent on the 

structural and dynamic properties of the solute molecules is 

lacking. The analysis of the isotropic and anisotropic compo--

nents cf the Roman bands of a liquid can provide much infor­

mation on the molecular structure and the vibrational and 

rotational motions of molecules.' " Careful experimental 

studies indicate that; in the Kai'iian spectrum of some strongly 

polar molecules, the anisotropic component falls at a higher 

frequency than the isotropic component ' ' , This noncoin-

cidence betv/oen the isotropic and anisotropic components was 

interpreted as due to the coupling between vibrations of 

neighboring molecules with strongly polar modes (due to dipole-

dipole interactions) in the liquid ph;se ' 

So far, the vibrational relaxation and ooncoincidence 

effect have been studied extensively in some aldehydes, ketones 

and amides * ' ' ' . In this work the cyclohexanone 

(C H 0) molecule was chosen f̂ r̂ exporiiacntal study. The C=0 

stretching mode of cyclohexanone is a g^od example of a molecular 
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vibration which mciy show rather strong interactions. This 

molecule has not been investigated from the point of view of 

relaxation mechanism althv^ugh some v/ork related to conformatio­

nal equilibriiom has been done wnere it is shown thct chair • 

15 

configuration is energetically more f._vourable , The ncn-

coincidence between the isotropic and anisotropic components 

of the C=0 stretching mode ct cyclohexcnonc was first reported 
11 by Pini and Mirune . k.o a^ve d^nc an extensive study of the 

intermolecular interactions in this laolcculc. The solvent 

dependence of tlie vibrational relaxation timc/ frequency 

shifts and linewidth (FVJHI-I) of cyclohexanone has been investi­

gated. Raman Sioectral measureraonts were made for the pure 

liquid phose and in various solvents as a function of conccu" 

tration. The infrared spectruia of the corresponding band 

was also recorded for the pure liquid. The experimental 

results wore interpreted in terms of molecular attraction 

parameters, dipole-dipole interactions, dispersion forces etc. 

6.2 Experimental 

The sample of cyclohexanone and the solvents CCl./ C,H , 

CHCl- and CH CN were obtained ccmraercially and were used 

without further purification. Raman spectra were recorded 

on a Spex Raxnalog 1403 double ri.ncchron-'.tor with datajnato 

equipped to use the 4880 j-^° line of a Spectra-Physics model 

165 .Ar laser as tlie excitation source. The experiments were 

performed with a maximum power of ab̂ -ut 500 m^. The slit 



-130-

-1 width employed was <^ 4 cm for e.ll recorded spectra. The 

polarized end depolarized parts of the Joaiid v/ere obtained by 

chfinging the orientation -.f the analyzer placed in the scattered 

beam. The intensity of the isctropic component was calculated 

by using the standard formula 

^iso ^̂ ^ = ^W^^^ - I V̂Ĥ '̂ ^ -̂̂^̂  ̂ aniso^^^ = V H ^ ^ ^ ' 

For the cases where the dcpol^.rizaticn ratio is very small 

I-„_((AJ PJ I,_-(U;) . The finite slit width effect on the observed 

linewidth was corrected according ĉ  the usual formula (eqn,3,4). 

The accurt_cy of mcasureiaents is believed to be j; 1 cm for 

Rfjuan spectral measurements. The Infrared spectra were recorded 

as a thin film of liquid between two KBr plates using Perkin-

Elraer 983 infrared spectrophotometor. 

6.3 Results and Discussion 

The geometry of tno cyclohcxanonc in the energetically 

favoured chair configuration has been described by Tai and 

15 
^llinger , The optimal bond lengths and valence angles are 
shown in Fig,6.1 where the atoms are nuiubered arbitrarily 

1 ̂  

from 1 to 17 starting v/ith oxygen 

The geometry assumed for cyclohexanone possesses a 

single element of symmetry, a plcae through atoms 1,2,5,8,9. 

This yields two species of vibrations -r-' and A" which are respe­

ctively symmetric and antisymmetric to the symmetry plane. 

This system belongs to tne point grv-.up Ĉ  , and the 17 atoms 

are associated with 45 nondegcner<uto norraal vibrations. Of 
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thcse/ 25 belong to the J^^ species and 20 to the J-J' species. 

The three internal coorainctcs cssocif^ted with the carbonyl 

group are the stretch, th^ in-plc.ne ben̂ a anc the out-of-plane 

bond (i'ig 6,2), ^^ priori, threi„ curresponeing group frequen­

cies might be expected. The stretch plcys e mcijor pert in 

organic structure analysis, but the tv/o other vibrations have 

only minor value for structural diagnosis. It is to be 

emphasized that in this context "in-iDlanc" and "out-of-plane" 

relate to the local site symmetry of tne C-CO-C group and 

not to the symmetry pl..nc ^f cyclohexanone. 

The "C=0 stretching br_nd'' is calculated for C,H. ̂ 0 at 

-1 -1 
1715 cm and observed at 1718 cm in the infrared and at 

-1 '̂  

1710 cm in the Raman spectrum. The potential energy coeffi­

cients indicate that five internal coordinates participate 
-1 significantly in the 1715 cm mod^. The contribution from 

the C=0 stretch Cv-ordinate is abuut 75% with the other contri­

butions coming from tlie syrmaetrie str.-tch of tne -CC bonds 2, 

two symiaetric angle bends 3,4 anu tlie C=0 in plane deformation 

5, Tnerc aru no significant contributions from bonds more 

reiaote than the -Cri_ groups. 

The vibrations of neighboring molecules with strongly 

polar Raman banas are couploo. by intermolecular interactions. 

The -_.nalysis of the lineshape of the isotropic and anisotropic 

Components of Roman bands of a liquid gives information about 

the spherically symmetric part of inter/ intramolecular forces 
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and anisotropic forces respectively. The information about 

vibrational rolaxati^jn anfl luolocul ̂r reorientation processes 

laay be obtained by the an<^lysi3 of linoshapes of the isotropic 

and anisotropic coraponents ^f Raman band. The Raman spectra 

of the cyclohexanv^nc m^lcculo sn̂ ŵ that tlie anisotropy shift 

is of thu order of 7 cm (Fig. 6.3) in neat liquid. The infrared 

absorption b> .nd corresponding, to tne R̂ aaan bv̂ nd under study is 

also very strong which indicates tnat the splitting f.-Ctor is 

indeed related to the intensity of the infrared band. 

The laser Raman spectrura of pure cyclohcxano'ne (Fig,6,3) 

also shows tliat the I._̂  component of the spectrum corresponding 

to the carbonyl stretching band has a shoulaer v/here>"̂ s the I.̂ ^ 

(anisotropic) componont is very syi;-uaotric with its peak shifted 

to higher freqoiencies. The differences between the peak frequen-

cies ( -̂  7 cm ) and tiie asymiaotry of the Î .̂  component may be 

explained by taking into ĉ. nsidor^tion the resonant coupling 

due to transition dipolc-transition aipole (TD-TD) interactions 

on the Raman band shape. This explanation tliat the two frequen­

cies differ due to resonant coupling is supported by the 

experimental dĉ ta related to tho ofloct of solvtnt on tlie 

Roman band of cyclohcxanone molecule. This difference in tho 

frequencies decreases cs tho concontration of tho solvent is 

increased irrespective of the naturo ^f tno solvent (Fig, 6.4). 

This is particularly explainea on tno basis of the dcta for 

the inert solvents where other interactions are supposed to be 
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minimurn and the solvents are expected to turn off the resonant 

coupling between the cyclohexanone molecules for the carbonyl 

stretching mode of vibr>_!.tion. 

The variations of the peulc frequency and linewidth of 

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

a function of the concentration of CJri-ClJ, CHC1_, CCl and 

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

in different solvents/be sunvaarized as follov;si 

Crî CN - C,H-QO system 

In CH_CN the maximtom frequency of the isotropic component 

increases linearly to higher wa.venuiiibers compared to the pure 

liquid, whereas the anisotropic laaxiinum decreases linearly. 

There is an almost linear decrease of both the isotropic and 

anisotropic half width as the concentration of solvent is 

increased. CH_CN being a polar solvent is able to almost 

substitute for the cyclohexanone i.iolecules. 

CaCl^ - C,H.p,0 systeia 
3 _ 6_ 10̂  

On dilution with CHCl , the isotropic maximum tends to 

increase in tlie beginning (siaall concentration of the solvent) . 

However, in ChtCl- there is a possibility of the fomiation of 

hydrogen bona with the C=0 group of cyclohexanone. As a result, 

with increasing dilution the isotropic part shifts to lower 

v/avenumbers upto 40/° concentration. 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 reraoved. The anisotropic 

maximum frequency, on the other hand decredses linearly with 

dilution. Both the isotropic and anisotropic bands are found 

to be broadened at around 40% dilution, 

CCl , - C-H, ̂ 0 and C^H^ -- C^H, „0 systeias 
4 6 10 __̂_ 6 6 _̂  6 _10 ^ _ 

The behaviour of C=0 stretching band in these two solvents 

is very similar, Vi/ith increasing concentration of the solvents, 

the isotropic maximum frequency shifts to higher wavenumbers. 

The anisotropic maximuia frequency, however, remains almost 

constant, (in C^H^) or increases a little (in CCl.) in the 
b D <i 

region of high dilution. The anisotropy shift tends to vanish 

towards higher dilution in CCl^, whereas in C^H^ the two 

frequencies coincide at about 90/o solvent concentration. In 

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

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

However when the concentration of CCl is increased further, 

the FWHH starts decreasing. In C^H^, P. remains almost 
^ 6 5 ISO 

constant upto 60% solvent concentration, p . ̂  on the •̂  ' aniso, 

other hand, decreases a little in the beginning of dilution 

and later it remains constant upto a concentration of 70%, 

Further as the aixiount of solvent is increased, bo'th P. 
ISO 

and f . starts decreasing, aniso 
The validity of equation (4.17) was tested by plotting 

_ 9 9 — 1 

the qudnti ty dV (2 Cr-rn ) Gr as a function of the volume 

f rac t ion i (p) of the so lu t e . The screerrins factor 5 . does not 
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vary much with the variation of the solvent and tnerefore may 

even be treated as constant. The variations are shown in Fig.6,6 

and 6.7. Since tiie plots are almost linear it is clear tnat 

the equation holds good in case of cyclohexanone molecule also. 

The van der waals attractions are very important in case 

of liqu.ids. For the case of large seiiarations one may consider 

mainly three types of van der *<aals interactions/ as discussed 

in Chapter IV, depending upon wiietiicr the interacting molecules 

possess permanent dipoles or not. Iĥ . total interaction energy 

in a medium of dielectric constant (r and refractive index n may 

be given by, 

E = - 1 /"A 'i- B '.- C 7/ .... (6,1) 
R. .6 " 
li 

where M. - J^lX^tX. • i 
3kT ^2 ' 

, , ,c = | . 4 ^ i x .0^.^ . Ff^.iJ 
n 1 J -' 

The above three inter<̂ cticn terms are expected to play 

role in the full width at half height (FVvHH) of isotropic 
component ( P! ) of the RaiTian bana. Their relative contribu-iso 

tionshave to be calculated by taking into consideration the 

molecular parameters (̂, n,l(^o( anc. 1). It is exiDected tliat 

these three terms v/ill give au idea about long-range interactions 

and its role in line broadening. Tho values of the interaction 

energy parameters for the systems C H.^0 - CH.CN, C,H-QO -
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CHCl^, C^H.^0 - CCl , Eincl C^IL^O - C^H^ are given in Table VI. 1, 3 5 1 0 '1- olU 6 6 

rt can be seen from tliL; table VI. 1 that for all the interacting 

systeras involving different solvents^ the dispersion energy 

parameter has the rnaxiiituni value even in case of solvent molecules 
2 

with dipole moment. It is mainly because of the^ 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 the dispersion energy is going to play 

a very important role. The variation of H as a function of 

dispersion energy paraiiioter in the four solvents v̂as studied at 

90% solvent concentration and is shov/n in Fig,6,8. It is a 

straight line which explains the experimental observation, by 

taking into consideration only the contribution from dispersion 

type long range forces. 

The linewidth meaaure;acnts iiiay be of> considerable value 

in order to understand the molecular dynamics. The inhomogeneous 

and homogeneous contributions to tiic linewidths may be separated 

1 10 by time dependent techniques ' . Th^ collisions with solvent 

molecules lead to homogeneous broadening. The randomization 

of vibrational phast; due to elastic collisions leads to line 

broadening. This mechanism of line broadening is called pure 

dephasing. The discrimination betv/een inhomogeneous (static) 

and homogeneous (dynamics) broadening is arbitrary in nature 

to some extent. The broadening mechanisias are inhomogeneous 

(slow modulated) or hoiaogeneous (fast modulated) depending upon 
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whether4ak?> '̂ r >;> 1 or ̂ to > "̂  r « 1 . The lineshape is 

Lorentzian in c>use of ho:iiogeneous broL.u.uning (̂ ĉa>ir «' 1) • 

The <̂ 6J> ^ and 1/̂ ^ denote frequency shift and the rate of 

chcunge between thi_ various inhomogcnoous components. The 

vibrational relaxation tiiâ s V7orc calculated assuming Lorentzian 

17 
lineshapes for Raman band under study. The following relations 

were used for calculation purpose; 

r = (TF c r: )"^ (6.2) 
V ISO 

where X~- is the FWriH of the isotropic component. 

— 1 The variation of the r as a function of f(^,v|,n)/ the 

paraiueter which is dependent upon the viscosity, density and 

refrcaCtive index as mentioned in Cliap'zer Vis shown in Fig, 6,9, 

It is very clearly a linear variatio.i and the fitting of the 

parameter in case of tlio four solvena. is quite good. This 

therefore informed empirically truat t̂.-, linewidth orf is a 
V 

function of all these paraiaetcrs. This result is quite 

encouraging as it cupports tiio idea a-~esented in Chapter V 

in connection witii t̂ e 'unJ vibroLLoail relaxation studies. 

The role of the h,̂  drudynaiuic fore- parameter Tl and the disper-
2 "1 ' 

sion force parameter {JL~}-^\ therefore seems to be signi-
2n^Tl 

ticant m the line broaaeniny moch uiisiii of the cyclohexanone 
molecule. 
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Table VI. 1. The aî .olu--cIipolL., dirjolc-induced dipole and 

dispersion cncrg^' parciactors for various solvGnt 

systtaas. 

Molecular 
system /(ergs-cm ) /(ergs-cm ) 

X 10 

/(ergS"Cm ) 

X 10-«° 

5 lU 3 

CgH^Q0-CHCl3 

CgH^QO-CCl^ 

^e^io^-^e^e 

1,36 

6.14 

0,0 

0.0 

0.15 

3.71 

16.71 

15.4 L 

195.5 

282.48 

318.63 

259.94 
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107 17 

(a) 

(b) 

Fig. 6,1 (a) The structural parameters of eyelohĉ jcnnone in chair 

conformation (b) The chair conformation of cyclohexanone 
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CH^^ji;x^ VII 

Conclusions 

The lesor-Raman scattt^rinc, studios hf̂ vo been carried 

out on N/N-Dimcthylecotctunniue (Di-Lk) ̂  ]M,N--DimethylforrncuTiide (DMF) 

and CyclohexGnon>_ molecules. The anide I modes of DMA, DMF and 

C=0 St. mode of Cyclonexrnone were chcsen for experimental 

study. These liquids have stronc, int^rmolccular interactions 

and the solvent dependence of the Rcaaan band shapes were studied. 

The bands were recorded for vari'^us solutions as a function 

of concentration. These molecules^, ive oenaanent dipole momentss 

DMA (/=3.81 D), D̂ iF (̂ -3.82 D) end Cyclohexanone C/<=2.79 D) . It 

may therefore be assumed th,.t the liquid structure is mainly 

created by the orientrtiv.n doponoer.c dipi. le potential. Therefore 

only aipo'le inter ctio.ao r̂c coasic er^d lor ordering of the 

molecules. The interaction poto.icirl between two pcnnanent 

point dipoles has bocn considered toking aire of the orientation 

dependent term. This p^tenti. 1 of poraianent dipoles is not 

involved oirectly in tne vibrati^nrl s.octrum^ only its change 

during the vibration is effective. Th^^r^fore the interaction 

potential has to bo considered as a zunction of the normal 

coordinate Q of the moleculos. Tho in-cert ction of the two 

transition dipole moments of the iden-cical molecules X-cesonant 

vibration coupling) has been Considered as tho mechanism for 

the noncoincidence effoct. The splitting of the frequency 
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of en isolated molecule, by interaction with an identical 

noighDour Ojiisotrcpy Siiift) depends upon the geometricel 

relations between tho tv/o mc locales. This enisotropy shift 

(splitting) is due t̂  tno inph^se cn<J^ out of phase vibration 

of the two identical raolecules. The magnitude of the anisotropy 

shift depends on the magnitude of the splitting. 

The Roman bands in liquids ohow a more or less broad 

distribution of frequencies. In crse of isotropic part of 

thij Kaiaan band/ the rcorientational motion of the molecules 

can be neglected. The excitod molecule in the liquid ensemble 

sees a somewhat different onvironment and therefore Q different 

interaction situation/ the vibrational frequency is therefore 

perturbed by various interaction potentials depending upon 

geometric relations. This leads to different frequency shifts 

and hence broadening t.f -ho b>̂ nd c ccurs. 

Laser Ramrn hiô surcxiionto were made of the amide I modes 

of Di>lA and DMJF in the pure liquid aiid in solutions of varying 

dipolo moments (/** ) dielectric constants (Cr) and refractivo-

indices (n). The solvent coucontrcticn v/ere varied from 

about 10% (v/v) to 90/O (v/v) in st^ps of lO/o (v/v). The I 

and L_j components o'f the Reman b..nds were recorded in all 
Vri 

the cases and tho linewidth (fiJliH) was obt.'ined. The nun-

coincidence effect of the isotropic and anisotropic components 

was studied as a function of tho bolv̂ n̂t concentration in polar 
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as well as non-polar solvents. The Transition clipolo-Transition 

clipole type of interaction was c-nsioorod to be responsible for 

the anisotropy shift. It seems to be tiie dominant mechanism 

responsible for anisotropy shift in all the three molecules 

under study because the shift goes on reducing as the concen­

tration of the solvent is increased. The solute molecules 

under these conditions become well separated and are therefore 

not able to interact much. 

The effect gf composition •̂n tho noncoincidence of the 

isotropic and anisotropic Raman frequencies was also considered 

in detail. In this connection the parcjneter involving the 

dielectric constant and the refractive index of the medium was 

taken into account, Tv/o factors S =;/P, ?:^. . J^and S = ^ — ^ — 
^ 2 e.^rx 9n 

corresponding to tirie permanent end transition dipoics were 

considered. The factor related to the permanent dipole is a 

variable one since it involves the dielectric constant of the 

solvent where as tiie factor S remains almost constant for 
2 

all the solvents. The plot u£ the graph between o"^ -^—"yr^^ 

as a function cf (̂ t̂ĥ  volume fraction of the solute is clearly 

a straight lint; shewing the valii-iity <^f the equation developed 

by earlier workers. 
The variation of the isotropic linewidth ( ̂ _^) as a 

xso 

function of the van dor Waals interaction energy consisting 

of DipQlc-Dipole (D-D), Dipole-Induced Dipole (D~ID) and 

Dispersion energy was considered by us in all the three molecules 
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DM&^ DMF end Cyclohexancne. The calculations were performed 

to get the total interaction energy taking into account the 

dielectric properties of thi- medium. It has been observed 

by us that the linewidth ( T" ) is a linear function of the 
iSO y 

dispersion energy parameter F(n,I) = x- 4 •• ••̂•̂•̂.J.a .oC 
.̂ n X • TJ-. 1 J 

^ J 
where the symbols have their usual meaning defined earlier. 

It is quite an interesting result as it holds even for highly 

polar solvents. These results were obtained using four solvents 

(CH^CN, CHC1-, CCl, and C^H^). Having established this relation-
O O 'x DO 

ship we tried to correlate the vibrational relaxation rate 

KC ) to the dispersion forces. The variation of vibrational 

relaxation rate ("î  "" ) as a function of the density and the 

dynamic viscosity is known. In an attempt to put tlie paraiTieter 

related to the dispersion force we considered various possible 

combinations and then found a linear relation between the 

vibrational relaxation rate CCL."" ) and a function fCf/h/n) = 
pyi/IL^ r , This function takes care of many molecular 
I '̂ 2n''+l 

parameters and is therefore quite significant. The refractive 

index term has come from tlie expression fcr the Lorentz field. 

This relation is alm̂ ŝt liuciar in case of DMF and Cyclohexanone 

molecule and correlation is vory good for dilute solutions. 

From these studies, it is -dioreforo possible to empirically 

correlate the vibrational relaxation rate with the hydrodynamic 

and dispersion £orces. One very important and new result which 

one can derive from tliese investigation is that the key role 
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i s played by the dispers ion foi-ccs in the l i n e broadening 

mechcinism under the condit ions of c.iluto solut ions of the 

N^N-DirnethylQcetoiTdde, I^,K"Diraotliylforrariraide and Cyclohcxanonc 

molecules. 



i^PENDIX 



APPELgJIX 

The dependence of the electronic transition moment on 

the normal coordinates of the system Q, 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 neglected. The transition probability 

expression may then be simplified ass\araing that the electronic 

transition moments and the integral h do not under the 
approximation 

conditions for which the Born-Oppcnheimei^is valid, operate 

on the vibrational .vavefunctions. One may therefore X'/rite, 

where Q Q 

/ - 7O / - 79 
"•• ̂ ^^ae k<^_e9: <n/'v><v/m> 

Pev,an-'^>b "̂  ^"'il7 

. ^ % T y r ^ > , f s />^,7eg^es<"/V"><"/"-> 

^"h'-'tv s%e 'i;'C> '̂̂ '''̂ -> -̂̂ ^^^ '^"^-) 

C>̂s -iiX^v.an'^ib -̂  i/Tv} _ i . , 
< < < "J3:fr^ae / > ^ 7 s / e s <-i:r'̂  
- ^ \ U y s - Ve)(Vov.,gm - 11 '̂  ^ Tev) 

^ ^ ev s :̂  e 

CVs "• > y ( : ^ e v , a n '̂  >''o "' ^ Tev ) J 
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