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Chapter 1 

INTRODUCTION 

Considerable interest has been shown for tlie study of molecular dy­

namics in liquids, liquid crystals, polymers (in bulk and solution) and 

biopolymers all of which exhibit relaxation phenoniena at diff'ercnit fr(>-

quencies.The relaxation, scattering and absorption spectroscopy pro­

vide useful information about the molecular motion in liquids. The 

molecular motion may be illustrated by the study of vibrational re­

laxation, orientational relaxation, dielectric relaxation, quasielastic 

scattering and others. The study of vibrational relaxation in con­

densed phase has been considered a way of investigating dynamic 

processes^"''^. 

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 relatively poorly under­

stood. The basic idea of research in molecular liquids consists in a 

careful analysis of the bandshajDe of the isotropic (liso) and anisotropic 

(laniso) compoueuts of the Raman band of the molecule^"^'^^"^^. The 

sensitivity of Raman peak position and band width (fwhm) on the 

environment has been demonstrated by the solvent dependent studies 

which have been useful in obtaining the information on the dynamics 

of liquids. 

Theoretical models for bandshape may often be applied to data 

obtained by different techniques such as N M R , ESR and vibra­

tional spectroscopy. Each model has adjustable parameters and 

could be used to fit the data. In these cases the electromagnetic 

field causes a change of state in a reference system of nuclear spin 

or electronic spin states or the vibrational modes (vibrational energy 

levels) of molecules. The reference system (molecule) immersed in 

a liquid will have many degrees of freedom of the bath (rotational 

and translational). Thus the states of the reference system will have 

a hnite lifetime and energy width. This amounts to a decay of tin; 

time correlation function corresponding to the reference transition'\ 



The baiidsliape may give valuable iiii'orinatioii about the intcuactious 

of the reference molecule with its environment. In addition, it may 

provide information about the dynamics of the bath. 

The vibrational and rotational frequencies of molecules can be stud­

ied by Raman spectroscopy as well as by IR spectroscopy. It is, 

however, the laser Raman scattering experiment which provides 

a detailed information about a specific dynamic pr()C(!ss in the li(jiiid. 

In order to understand the vibrational relaxation, one has to study 

the well isolated vibrational modes. The vibrational relaxation can be 

understood from the analysis of Raman band profiles of polarized 

and depolarized configurations, by calculating the intensity of the 

isotropic component^^. Only vibrational processes contribute to li^^^^ 

whereas both vibrational and reorientational processes contril)ute to 

^aniso-

For any given system the isotropic Raman band is broadcn(!d and 

the broadening may be influenced by several mechanisms^. The two 

dominant ones are energy relaxation and phase relaxation. The 

energy relaxation involves vibrationally inelastic processes and corre­

sponds to what is called Ti relaxation for spin system, while phase 



relaxation involves only quasielastic interactions of the molecules with 

their surroundings leading to perturbation of the phase of the vibra­

tional wavefunctions without changing their quantum states. Vibra­

tional phase and energy relaxation times can be as short as a few pico 

seconds and may thus be comparable to the bath relaxation times. 

This has important consequences for the dynamics of the coupled 

system. However, phase relaxation (dei)hasing) in lic^uids normally 

occurs much faster than energy relaxation. 

Experimental measurements of vibrational phase and energy relax­

ation may be carried out in either the time or frequency domain. Pop­

ulation (energy) relaxation measurements in the time domain involve 

pulsed excitation (by stimulated Raman scattering or IR absorption) 

followed by detection of level populations after a time delay t. In this 

way relaxation times have been measured ranging from seconds to 

picoseconds. Picosecond spectroscopy may be used to measure; phase 

relaxation. Frequency domain studies of vibrational enc^rgy relaxation 

involves either ultrasonic absorption or Brillouin line width measure­

ments. Frequency domain measurements of phase relaxation are (luite 

extensive. 



Different theoretical niodels^'^''^^ on vibrational dcpliasing have been 

developed, examples of which are isolated binary collision (IBC) 

model̂ "̂ '̂ '* , the hydrodynamic model̂ ^" '̂̂ , the cell model and 

the model based on resonant energy transfer'^"''^''*. hi the IBC' 

model the transition rate is assumed to be the product of the collision 

rate in the liquid and the transition probability per collision in the 

gas phase. Litovitz^^ approximated the time between collisions to IM-

an Enskog time for the rate of binary collision of hard spheres using 

cell model. Oxtoby^'^'^^ has shown that the relaxation time of the ran­

dom force is responsible for the viscosity dependence of the diffusion 

coefficient. Fluctuations with wavelengths longer than a molecular di­

ameter decay hydrodynamically with rates characterized by the liquid 

viscosity but for shorter wavelengths the simple nature is lost. 

One of the most important mechanism that may contribute signif­

icantly to dephasing processes in liquids is the coupling between the 

similar modes of identical molecules that results in resonant energy 

transfer^. In some theoretical models long range forces are involved, 

the collisional events that are considered are those which hav(! too 

short a time of action to influence cosiderably the dephasing time. 



The molecular haniioiiic oscillator couples to tlie heat bath through 

translational diffusion; effects of coupling of rotations to vibrations or 

translations are neglected. When dipole-dipole interactions and dis­

persion forces are included there are three contributions to the line 

broadening^'*: the first is indicated as 'self term' ; the second is named 

the 'exchange term' and a 'cross self exchange term' is also present. 

The 'exchange term' is due to the transfer of vibrational (iuantnin 

states between two identical molecules through corresponding normal 

modes. This mechanism is normally referred to as resonant (̂ ncjrgy 

transfer. It is possible to single out this particular kind of dephasing 

by performing dilution measurements. 

An important coupling mechanism is transition dipole - transi­

tion dipole ( T D - T D ) type^ which is possible when strong IR active 

transitions are present. The resonant transfer mechanism is identified 

by dilution experiments with solvents which reduces the couphug. 

Such experiments may exhibit band narrowing when dilution studi(!s 

are carried out^^. 

The basis of the detailed study of vibrational dephasing is band-

shape and solvent induced frequency shift as a result of a competetion 



between slowly varying attractive forces and rapid collisional forces 

in a weak coupling regime. It has been observed in cases of many 

molecules that the peak frequencies of the Raman bands correspond­

ing to the isotropic and anisotropic components do not coincide in 

liquid state^^"^^. The difference in peak positions may sometimes 

be about 15 cm"^ or even more. This non-coincidence in Raman 

spectrum has been observed for many IR, active mochas. The solvent 

dependent studies have shown that the magnitude of the splitting 

decreases with increasing concentration of the solvent and tends to 

vanish in the limit of infinite dilution. The effect is widely observed 

for example in the CO stretches in carboriyls^^~'^\ SO stretches in 

sulphones^, CN in nitriles^^ CH stretch of chloroform"^^ and several 

others. The non-coincidence effect has been attributed to the reso­

nant transfer of vibrational excitation in the presence of local order 

due to strong interactions between permanent dipole moments. The 

most common source of resonant transfer relevant to the effect is du(̂  

to transition dipole - transition dipole (TD-TD) coupling. 

The non-coincidence effect can arise simply from an angular de­

pendent interaction potential which preferentially weights the relative 



alignment of a pair of molecules between which resonant excitonic 

transfer can occur. This concept does not contradict the dynamic 

nature of the liquid phase, since it is only necessary that the lifetime 

of the quasicrystalline regions (local ordering) be long compared to 

the vibrational period. 

Although the vibrational resonance coupling due to the TD-TD in­

teraction may be important in some polar modes, it has been pointed 

out earlier by Wang and McHale'* that the vibrational resonance cou­

pling Hamiltonian may originate from quadrupole-quadrupole inter­

action or any other type of intermolecular interactions. The Hamil­

tonian which determines the time evolution of the dynamic variables 

is written as 

H = Hose 4- HB + H 

Where Hose is the sum of harmonic oscillator Hamiltonian, HB is the 

bath Hamiltonian and H' is the })art of the Hamiltonian which couples 

the internal vibrational coordinates of the bath mokundes. 

In order to understand the nature of the intermolecular interac­

tions and molecular dynamics, there is a definite need for additional 

systematic studies on vibrational relaxation, reorientational motion. 

8 



frequency shifts and band shapes in various liquids. The information 

content of the solvent effects on frequency shifts and shapes of various 

vibrational bands has not yet been fully explored. In particular tli(̂  

cuiisotropy shift and variation of band width in dipolar liciuids may 

offer new information about strong inter- and intra-molecular inter­

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

parameters is of permanent importance not only in connection with 

molecular structure and liquid dynamics, but also with solution kinet­

ics. For analyzing the anisotropy shift and dcphasing results w(> have 

chosen C = 0 symmetric stretching mode. Its normal mode presents 

particular characteristics that make its study of great importance: 

(i) It lies at high frequencies, so the condition huj > > /cflT is always 

true, 

(ii) Usually it is little mixed and/or coupled with other vibrations. 

which means that its normal coordinate can be considered as a pure 

one. 

(iii) It is a well separated mode in all the mol(K:ules und(!r study. 

Therefore it is particularly suitable for probing the mol(K;ular envi­

ronment. 



A simple tliooiclical appioacli'̂ ''''̂ ''* to the bt^liaviour of various hand-

shape parameters in terms of dipole-dipole interactions has been worked 

out in the frequency domain. The structural effect seems to play an 

important role in influencing the bandshape of polar Raman bands 

in liquids with dipole-dipole interaction energies of the order of kT. 

The asymmetry of the lyy component of the band was explained 

on the basis of the change in the orientation jHobability distribution 

into the direction of energeticalUy favourable orientations. However, 

the theoretical approach is too simple to allow more than a quali­

tative interpretation of the experimental data. Moreover, when th(> 

dipole sizes are comparable with those of solvent molecules, the fun­

damental problem lies in the determination of an effective electric 

permittivity of the medium. The explanation for vibrational relax­

ation and non-coincidence for complex molecular systems, sometimes 

cannot be given on the basis of a macroscopic perception of the solute-

solvent system. The two interacting situations, in the pure solute 

and when dissolved in a solvent differ markedly especially at high 

dilution. The solvent electric field influences the bandshape of a ref­

erence mode significantly. In the present work we have studied the 

10 



Ramaii baiidsliape of several molecules and tried to explain tli(! ex­

perimental results by taking into consideration the concept of mi-

croenvironment, the role of various multipolar interactions and the 

concept of effective van der Waals' volume. The non-coincidence 

effect has been studied in p-methylacetophenone and benzaldehyde 

molecules by taking into account the screening factor related to per­

manent and transition dipoles. The isotropic band width of Raman 

band and the dephasing process have also been studied for the two 

molecules to develop a microscopic picture of the processes involved 

in liquids. The anisotropic component of the Raman band gives 

information about the angular dependence of intermolecular poten­

tials. Therefore the anisotropic band width has been studied for the 

molecules p-methylacetophenone (PMA), benzaldehyde (BH), cyclo-

hexanone (CH), N,N-dimethylacctamide (DMA), N,N- dimethylfor-

mamide (DMF) using different solvents by considering the van der 

Waals' volume of the sphere of influence in solution. The study of Ihc 

spectral properties of Raman bands has contributed in a major way 

to our understanding of the processes involved. 
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Chapter 2 

THEORETICAL ASPECTS 

INTRODUCTION 

Tlic vibrational relaxation lias been consi(l(T(!(l a way (^i'inve.sti;',^il-

ing dynamic processes in liquids. Vibrational relaxation time can be 

of tlie order of picoseconds. This has important consequences for tlH> 

dynamics of the coupled systems^"^. In small molecules reorientation 

provides the primary relaxation mechanism for allowed transitions 

(energy relaxation). For larger molecules, vibrational relaxation plays 

an increasingly important role. Measurements of vibrational l)and-

sliape and the corresponding relaxation studies can potentially reveal 

a great deal of information about dynamics of molecules in licjuid 

phase. In particular, studies of vibrational ralaxation processes lead 

to an understanding of the interactions between a vibrating molecule 

15 "^^% . 



aiui its suiroiiiulings. 

Considering the molecule as an isolated active oscillator, we can 

characterize its vibrational wavefunction by a quantum state and a 

phase. When the oscillator is perturbed by the external environment, 

its wavefunction can be modified in two ways: (i) The quantum state 

changes; in this case the energy difference between the vibrational 

excited state and the ground state is dissipated to the l)atli (rotations 

and translations); and we have a vibrational energy r(,'laxati(jn (also 

named population relaxation). This is the analouge of a Ti process in 

NMR. (ii) The perturbation conserves the vibrational energy of the 

considered oscillator causing only a shift in its phase, which is called 

vibrational dephasing process. This is the analouge of T2 in NMR. In 

the liquid phase, population relaxation events usually need relativ(;ly 

long lifetime in comparison with phase relaxation events. Sometimes 

both processes contribute to the whole vibrational relaxation. How­

ever, in most cases vibrational bandshapes are mainly determined by 

dephasing process. 

The key idea of the general approach"^"^ to the vibrational de-

phasing process is the partitioning of the degrees of freedom of tli(> 

16 



molecule and tlie suiiouiidiiigs into two groups, the exchanging group 

and the reservoir. In most cases a clear distinction may be made 

between vibrational degrees of freedom in liquids, on the one hand 

and rotational and translational degrees of freedom on the other. Vi­

brational frequencies are typically in much larger range of frequencies 

(500 - 4000 cm~^) whereas at room temperature, the thermal en­

ergy ksT corresponds to 200 crn~^ As a result only a few states 

are thermally populated. On the other hand, rotational and transla­

tional modes have lower frequencies so that more states are thermally 

populated and it is not very meaningful to describe them as discrete 

levels. Vibrational dephasing then occurs through the coupling of a 

quantum vibrational system to a classical heat bath of rotational and 

translational degrees of freedom. The microscopic Hamiltonian of a 

dephasing system can generally be written as 

H = HQ -\- HB + Hcoup 2.1.1 

where HQ is the Hamiltonian for the isolated active oscillator, Hn 

includes the translational and rotational degrees of frecxlom of tlie 

bath and Hcoup describes the coupling of the vibrations to the bath. 

17 



2.1 ORIGIN OF VIBRATIONAL RELAXATION PROCESSES JN 

MOLECULAR LIQUIDS: 

Vibrational dephasing originates from a variety of rneclianisnis, 

which include inhomogeneous line broadening, vibrational energy re­

laxation and redistribution as well as pure homogeneous dephasing 

process. Vibrational phase relaxation leads to broadening of the 

isotropic Raman band. Gordon^ showed that this decay is givcui l)y an 

autocorrelation function which is the fourier transform of the Raman 

bandshape. 

For a well separated vibrational transition there are three primary 

sources of line broadening and thus of phase relaxation:(i) Lifetime 

broadening which arises due to the uncertainity principle. This un-

certainity broadening generally makes small contribution to the band 

width, (ii) Environmental broadening which arises from the fact that 

the vibrational frequency of a molecule i is perturbed by its intc^rac-

tion with other molecules and therefore has a component AuJi{t) wliich 

fluctuates with time^"^. The isotropic Raman bandshape is given by 

the Fourier transform of the vibrational co-ordinate autocorrehiti(jii 

huictiou{Qi{t)Qi{0)) where the angular brackets define an ensemble 

18 



average vibrational co-ordinate Qi at time t and differs from Qi{0) \)y 

a pliase factor exp[(f)i{t) — (f)i{0)]. Tfie pliase difference is given by 

(0z(O - V-'i(o)) =Cdt-\- dt'AuJiit') 2.1.2 

where Co is the average vibrational transition frequency in the licinid 

and ALUi{t) gives the fluctuation in frequency due to the environment. 

The vibrational phase relaxation is then given by^''^, 

{Qi{t)Qi(0)) = (exp[i I dt'Auji(t')]\ 2.1.3 

and depends on the statistical properties of Auji{t). If we consider the 

autocorrelation function of ALJi{t), i.e., {AuJi{t)AuJi[0)), the batli 

relaxation time may then be defined^ through 

Jo (Aw/) 

The nature of the bandshape (h^pends on tliĉ  r(;lativ(; magnitude of 

the two characteristic frequencies {Auf)^^"^ and T~^ .We can define 

a modulation regime depending on the value of {Au!'f)^^'^Tc. When 

{Aujf)^^'^Tc > > 1, the active molecule undergoes a perturbation for a 

19 



long time. If it were possible to iieeze the eiiviioiiiii(;iit at a jjaitic-

ular time, one would observe a distribution of frequency shift; and 

a broadened vibrational bandshape (Gaussian) is obtained. This is 

referred to as static limit. While when {/S.^fY^'^Tc << 1, we have the 

rapid modulation limit where there is a perturbation for a short time 

on the active molecule and the band is narrowed to a Lorentzian curve 

with full width at half maximum ( in cm~') given by 

fwhjti = (Acjf) TJTTC 2.1.5 

(iii) The third contribution to vibrational line broadening is reso­

nance transfer, or excitonic broadening which usually appears in pure 

liquids. If two identical molecules are brought together, the energy 

levels which were earlier degenerate will now split; with one moving 

higher and the other lower.If a large number of molecules are brought 

together this splitting gives rise to a broad excitonic band. 

When a molecule is surrounded by isotopically substituted molcuniles 

the potential will change slightly while the vibrational frequency may 

be shifted sufficiently out of resonance to ehminate the excitonic 

broadening. The resonance energy transfer (RET) and environmental 

20 



broadening contributions are not independent. In fact th(^ resonance 

transfer may even lead to a narrowing of the isotropic Ranian band. It 

has been experimentally verified that for vibrational modes involving 

RET the position of the peak frequencies for isotropic and anisotropic 

Raman band components differ from each other.This is termed as 

anisotropy shift or non-coincidence effect (NCE). It has been found 

that for pure substance the Raman frequency of the anisotropic profile 

is blue shifted with respect to the isotropic profile. 

The /aniso(^) component reflects the angular dependence of the in-

termolccular potential, while Iiso{i^) detects only the si)herically sym­

metric average value of the potential. Because of these differcait depen­

dences, the Iiso{i') and /aniso(^) will not only exhibit different shapes 

but their positions will also be shifted to a different extent leading to 

a nonvanishing splitting factor 

bv = u{aniso) — v{iso) 2.1.6 

The phase relaxation peocess involves only quasielastic interactions 

of the molecules with their surroundings leading to perturbation of the 

21 



phase of the vibrational wavefunctions without changing their (quan­

tum states. Vibrational energy relaxation (population relaxation) in­

volves inelastic processes and transfer of energy between the vibra­

tional degrees of freedom and the bath. The energy transfer niay 

be partial or complete to, or from the bath. Partial energy transfer 

includes both intra and intermolecular transfer. ^ 

In order to explain the mechanism of vibrational relaxation and 

non-coincidence effect one needs the detailed knowledge about the 

perturbing coupling potential between the niolc'cules and the bath. A 

number of approaches have been suggested recently. It has been seen 

that bandshape cannot be described simply by models of harmonic 

oscillator in liquids^. Computer simulations are much more usefid 

because they allow essentially exact calculations of phase relaxation 

rates and bandshapes for well defined potentials. 

Collisional model 

In isolated binary collision (IBC) model proposed by Fischer and 

Laubereau^, phase shifts and therefore bandshapes are obtained us­

ing a repulsive potential surface which was subsequently modified by 

22 



Oxtoby et aJ} with the introduction of anharmonicity and by Tanab(> 

and Jonas^ for use in binary mixtures. 

Assuming that the colhsions are not correlated, it is possibk' to 

describe the general expression of the vibrational relaxation rate as a 

sum of two contributions 

r-'= r;'^-T:^' 2.1.7 

where T~^ is the dephasing term due to pure dephasing caused only 

by quasielastic collisions, and r£^ is the energy relaxation time. How­

ever this model does not reflect the whole complexity of the licjuid 

environment because of difficulties in estimating some parameters lor 

complex molecules. For complex systems the values of anharmonic­

ity constants and the reduced mass of the molecules are not alwa>'s 

available. 

The hydrodynamic model 

The hydrodynamic calculations prescuitcd by Oxtoby' which in­

cluded the anharmonicity effects was essentially an opposite apjjroach 

to that of Fischer and Laubereau^. In hydrodynamic approach a \\-

brating molecule is modelled as a macroscopic body embedded in a 

23 



viscoolastic coiitiiiuuiii. In the limit of weak coupling of the vilnation 

to the bath, collective effects are involved producing a viscosity de­

pendent collision frequency. The expression for the dephasing rate for 

polyatomic system is of the form 

T-^ocT^r 2.1.8 

showing the dependence on viscosity rj and temperature T. 

The model given by Schweizer and Chandler (SC)^ illustrates the 

the importance of a detailed description of the liquid state structure 

in determining the dephasing process. This model simultaneously 

examines both the broadening mechanisms and the frequency shifts. 

The SC model also shows how the potential may be separated into a 

rapidly varying short range part and a slowly varying long range part. 

Refinement of SC theory were proposed by Ben Amotz et a/"\ coiu-

petitive short range repulsive and long rang(; attractive* forces were 

invoked to reproduce solvent- and pressure- induced frec^uency shifts. 

A cavity distribution function was introduced to describe the repul­

sive frequency shift, while a van der Waals' mean field approximation 

was used for the attractive contribution. 

24 



Resonant energy transfer 

The coupling potential V can be expanded in a Taylor series in 

vibrational coordinates^^ 

'J 

2.1.9 

The first three terms are similar to the potential of a harmonic oscilla­

tor corresponding to a normal coordinate Qi. By chosing the energy 

of the equilibrium configuration to be zero, VQ may be eliminated. 

The last term is responsible for resonant energy transfer from one 

oscillator to another and leads to anisotropy shift or non-coincidence 

effect. 

Since V « HQ, the first order pdturbation calculation for the 

frequency difference between the ground and the first excited state 

can be performed leading to the expression 

A£= ( g ) ((i|g|i))-({o|«|o))+i(gj)^({i|Q^|i))-{(oK^^|o)) 

+ (^)„(<^l'^l"»' + 
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Where Q is the normal coordinate of the molecule and(llQ|())is the (ex­

pectation value of the normal coordinate in the transition state which 

is same for molecules i and j as we are considering similar vibrational 

modes of both molecules.The first two terms in equation (2.1.9) give 

the main contribution to the lineshift. The term ((1|Q|1)) — ((0|C^|0)) 

vanishes for a harmonic oscillator, but in real molecule we deal with 

anharmonic oscillators. 

For a diatomic oscillator, the potential governing the vibrational 

motion can be expressed as 

V = ^KQ'' + KzQ^ + lUQ"" 2.1.11 

where the first term is the harmonic potential and the higher terms 

represent mechanical anharmonicity. In the harmonic oscillator ap­

proximation overtones and combination tones are forbidden. Me­

chanical anharmonicity is one factor that might give them int(!nsity 

through violating the A/y = ±1 selection rul(\ There; is another j)()s-

sible cause for this, however, which might operate even when the 

oscillator is perfectly harmonic. It is electrical anharmonicity. The 
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transition nioniont R can be written in the I'orin 

/ Ipv'lllpy", R= ii>v'Uil>v", dr 2..12 

The (instantaneous) dipole moment fi varies during the vibration. It 

can be expanded in Taylor series at the equilibrium geometry: 

/ ^ - / ^ e + f l ^ l Q + ( ^ Cf + ... 2.1.13 
^6Q/ " \SQ 2 

/ e 

where the sum of the higher than linear terms is called electrical 

anharmonicity. 

Thus electrical anharmonicity is the nonlinear part of the variation 

of the dipole moment with normal coordinate. It can give intensity to 

overtones and combination tones. In the general case both mechan­

ical and electrical anharmonicities contribute to the intensity. Thus 

in equation (2.1.10) the first term corresponds to mechanical anhar­

monicity, second term to electrical anharmonicity and the last term 

corresponds to resonance interaction. The resonance interaction term 

is given by 

AEres = {S''V/6QiSQj){{l\Q\0))'' 2.1.14 
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For Transition dipole-Transition dipole (TD-TD) interaction, ec^ua-

tion (2.1.14) takes the form^^ 

6fi\ / A', 
AEro.ro =y-^) {j^JWQW 2.1.15 

where Rij is the distance between the molecules and Kij is a factor 

describing the relative orientation of the two dipole moment vectors. 

This term is responsible for the splitting factor due to dipole-dipole 

coupling and V was given by 

V = ^ K „ 2.1.1G 

Almost all the experimental work on RET assumes that the cou­

pling mechanism is due exclusively to TD-TD interactions. At infinite 

dilution the isotropic and anisotropic Raman components tend to co­

incide. 

It has been shown that for dipole-dipole interaction the splitting 

factor is given by 

6i>cx{Kij/JR-j)i6fi/6Q)^ 2.1.17 

For different relative orientations, the anisotropic component of the 

band is shifted to various degrees depending upon the values of Kij. 
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It is usually very difficult to calculate tlu^ (juantity {Kij/Ii'j ) and 

tlieiefoie, one may reduce above relatonsliip to the proportionality, 

6i><x {Sfi/SQf 2.1.18 

As mentioned previously, besides the frequency shift, fieciucuicy 

splitting is also observed in most liquids and in some liquids the si)lit-

ting is cpiite large. Sinc(> the (juantity {^li./^(^) is ])roportioiial to llic 

infrared absorption coefficient for a given vibration, Raman l^ands cor­

responding to the strong IR absorption shoud show a large anisotropy 

shift. 

Bratos and Tarjus '̂̂ '̂ '̂  assume that the full difference in the relax­

ation rate on going from the pure liquid to isotopic dilution is due to 

the distinct term whereas according to Doge et al, it is mainly th(^ s(4f 

term which is affected via transition dipole interactions. 

Logan^^"^^ developed the Bratos approach for bringing out th(> con­

sequences of isotopic dilution on frequency shifts and bandshapes, i.e 

the first and second frequency moments respectively. In Logan's ap­

proach the contributions to the self, distinct and total vibrational 
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correlation functions arising from a dipolar contribution to the to­

tal liquid Hamiltonian is examined explicitly. In addition to TD-TD 

resonant energy transfer, dipolar interactions also contribute to the 

bath-vibration coupling terms in the vibrational Hamiltonian, which 

give rise to environmentally induced frequency fluctuations. Perma­

nent dipolar interactions further contribute to the bath Hamiltonian 

which determines the liciuid structure and in turn strongly influences 

the vibrational dynamics. 

Logan's approach^'^'^^ considers general binary mixture of poly­

atomic molecules, diluted in an isotopic or nonisotopic solvent; the mi­

croscopic model adopted is that of point dipoles. The non-coincidence 

effect is assumed to be the result of a resonant excitonic transfer of vi­

brational excitation between the same normal mode of different solute 

molecules. Logan's theory is surely the most detailed and satisfactory 

one for the modelling of the RET process; however, it does not always 

give good approximations for the dispersion effect. Logan's approach 

assumes only point dipoles whereas it is necessary to account for tlu^ 

dipoles of a Knite length and repulsive interactions should also be con­

sidered. 
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Screening effect 

Mirone and coworkers^^"^^ hypothesised that the aiiisotro])y shift 

is tlie result of microscopic local order in the liquid phase, owing to 

the strong interaction between permanent dipolcs; which permits a 

vibrational coupling through neighbouring transition dipoles. Macro­

scopic properties are involved in the equations proposed by Mirone 

and coworkers to reproduce the behaviour of /{go and /amso hi the pure 

liquid on dilution: 

1 - $0^1^ + 62(1 - $ ) 

Az/ = 0 , $ < $ o 2.1.20 

where ei and €2 are the dielectric constants of the pure solute and the 

solvent, $ is the volume fraction 

(l)A = nAVA/[{nAVA + nBVB)] 2.1.21 

and $0 is a concentration threshold. If $ < $0 energy relaxation 

mechanisms are assumed to bc> active, whereas if <1> > <!>() Ihcic is 

process of resonance intermolecular vibrational coupling. Wang and 

Mc Halê "̂ '̂ "* developed a general expression for a coupling Hamilto-

nian and concluded that local short range order is not of fundanuuital 
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importance for the NCE.Its existence can modify the shift between 

isotropic and anisotropic maxima. The essential condition for a reso­

nant energy transfer (RET) process is the angular dependence of the 

interaction potential. It is also demonstrated that AI/'NCE = âniso — îso 

can take positive or negative values depending on the physical prop­

erties involved. In TD-TD interactions AI^'NCE is always positive. Mc 

Hale '̂* has derived an expression for /S.v 

^•"^-^ = 2,.VLT<P.„V,. ( ^ j ^' 2.1.22 

where Q and VQ are the normal coordinate and the wavenumber of (he 

chosen vibrational mode between two molecules of dipole moment //,, 

coupled through their ^ , V^ is the molar volume, c is the velocity of 

light and Âo is the Avogadro's number. $ is the volume fraction of 

the solute and S is the screening factor of the interacting transition 

dipoles. 

Mc Hale proposed S = e~^, where e is the static dielectric constant 

of the solution. Mirone'^^ corrected Mc Hale's assumi)tion })r()p()siiig 

S= ^ , e 2.1.23 
V2e + n27 
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where n is the refractive index of the solute species. 

According to Giorgini etal^'^, tlie screening factor S coniprisc^s two 

factors, Sp and 5(, related to the interaction of permanent and tran­

sition dipoles.Tlie first term is given by 

and the second term is given by 

[u' + 2] 
'' = I 9 ^ I 2.1.2 

which comes after substituting 

e = n' 

Here e is the dielectric constant of the medium. 
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Kubo model of correlation function 

A general theory of relaxation mechanism as developed by Kubc^^ 

has also been adapted by several workers to explain vibrational relax­

ation. Using this theory, the correlation function^^ that involves the 

process of pure dephasing is given by the expression 

0 , (0 = exp [-{Aco^) (r^ [e''/^^ - l } + tr^) 2.1.2G 

{Acof) is the second frequency moment. It measures the magnitude 

of the random frequency modulation, i.e., the range of frequency dis­

tribution due to the various molecular interactions. 

{AiJ^) = -̂ "̂"̂  ' ' ° ; \ 2.1.27 
./band ^ i s o « ^ 

Tc is the correlation time related to the time scale of the molecular 

fluctuations in the medium. It can be identified with the averages time 

between perturbative events. Expression(2.1.34) can be modified in 

two extreme cases of short and long times.The vibrational relaxation 

time can then be defined as 

/•OO 

Ty= (j)^{t)dt 2.1.28 
Jo 
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for the long time approximation, and for the fast modulation regime 

r^ = (-Kcfwhrn)-^ 2.1.29 

where, fwhm = full width at half height [ of I(iso)I and c is the speed 

of light. 

For slow modulation limit 

r„ = ((Aa;?>re)"^ 2.1.30 

The great advantage of Kubo representation is that it permits us to 

confront the problem, how is the vibrational dephasing determined. In 

the case of long range dipolar interactions TC is directly proportional 

to dynamic viscosity. Therefore, Ty is expected to depend on the 

viscosity of the medium. So far the bandshapes considered are for 

simple, well separated transitions. If other transitions are nearby or 

overlap, there can be further contributions to phase relaxation and 

spectral broadening^^-^^. 

Although considerable progress has been made towards the under­

standing of vibrational relaxation processes, there is clearly a need for 

further experimental as well as theoretical studies in this direction. 
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2.2 DIELECTRIC THEORY: 

When a iiiatcrial is brought into an external ii(U(l, every particle of 

the material is subjected to an internal field Ei proportional to the 

electric field E. This internal field is defined as the total electric fi(!ld 

at the position of the particle minus the field due to the particle itself. 

Furthermore, the applied field tends to direct the permanent dipoles. 

In both cases the electric field gives rise to a dipole density; in other 

words, the electric field polarizes the dielectric. The polarization P 

and the macroscopic field E are related as'"* 

P = eoxE 2.2.1 

If the material contains N dipoles per unit volume, then 

P = NaEi 2.2.2 

and from equations (2.2.1) and (2.2.2) the relative dielectric suscep­

tibility is given by 

no: Ei 
Y = —- Z.Z.6 
^ €0 E 

Equation (2.2.2) is vaUd for liquids and gases in static or low frequency 

fields of moderate intensity. At moderate intensity the electric field 
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gives rise to a dipole density by translation and rotation eliect. Tiie 

polarization P may be assumed to be divided into two parts: The in­

duced polarization P^, caused by the translation effects and the dipole 

polarization P^, caused by the orientation of the permanent dipoles. 

At higher field intensities, the field tends to direct an anisotropic 

particle to an orientation such that its axis of highest polarizability 

coincides with the direction of the external field: and the chemical 

equilibria with different permanent dipole moments arc shifted by the 

electric field in favour of the component with a high permanent dipole 

moment"^^ The induced polarization may be written as 

Pa = ^Nkak{Ei)k 2.2 A 
k 

where A'' is the number of particles per cm"̂ , 

a is the scalar polarizability and 

Ei is the average electric field strength acting upon the particle. 

The orientation polarization can be written as 

^/' = 5Z^^/''^(^')'t 2.2.5 
k 

where fl^ is the value of the permanent dipole vector av(!raged over 
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all orientations. 

The average moment per dipole in the direction of the applied field 

is given by 

M = ^ E , 2.2.G 

Hence equation (2.2.5) can be written as 

For ^Ed > > ksT^ orientational saturations are appreciable. 

Now using equations (2.2.4) and (2.2.7) we have, 

47r 

e - 1 

' ^ =Pa + P, 

•E = Y,Nk 
in 

k 

OKBI 
2.2.8 

Equation (2.2.8) is the fundamental equation for the dielectric con­

stant for various polar and nonpolar dielectrics. 

The homogeneous field of the permanent dipole of a mohicule po­

larizes its environment. When a molecule with a permanent dipole 

strength /i is surrounded by other particles, moments proportional 
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to the polarizability are induced in the surrounding particles and if 

these particles have a permanent dipole moment their orientation is 

influenced. 

The resulting inhomogeneous polarization of the environment will 

give rise to a field R and R will be proportional to /i so long as no 

saturation effects occur"^^ Thus 

R = fli 2.2.9 

The factor / is called the factor of the reaction field. R will have the 

same direction as /i. 

Using Onsager approximation, 

-7riVa^ = l 2.2.10 

where Â  is the number of particles per cm"̂  and a is the radius of 

the spherical cavity where the ideal dipole moment /i is placed. The 

value of a is generally considered to be approximately (Mjual t(; the 

molecular radius. 

The reaction field for a nonpolarizable point dipole is then given 

by 

1 2 e - 1 
i? = - - - — / i 2.2.11 

a"̂ 26 4- 1 
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Comparing this equation with (2.2.9) we see that 

1 2 e - 1 
/ = 

a^ 2e + 1 

The field in the dielecric can be described as the field of a virtual 

dipole /ig at the centre of the cavity, which was called by Onsager as 

the external moment of the immersed dipole and is given by 

36 
Lie = - -u 2.2.12 

In the case of polarizable permanent dipole, having an average 

polari'zability a the reaction field 11 induces a dipole «R and satislics 

the equation 

R = f{f2 + aR) 2.2.13 

where /i is the permanent dipole moment. Therefore 

R=-J--fi 2.2.14 
I - fa 

Eliminating / and substituting Onsager approximation (2.2.10) and 

using the relation 

a î) + 1 
a^ 7i|, + 2 
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where njj is the index of refraction, in equation (2.2.14) we have 

3 2e + n2, 3 ^ 

N is the number of particles per cm^ and can be computed from 

^ = ¥̂ ^ 

where M is the molecuhir weiglit of the substance, d is tlie density 

and Na is the Avogadro's number. 

Under the influence of the reaction field the dipole moment in­

creases considerably; the increased moment is 

fi* = fi-\-aR 2.2.17 

Comparing equations (2.2.17) and (2.2.14) we have 

1- fa 

Using the value of / in the above equation 

a* = 2 2 19 
^ a3 2t+l 
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Again substituting ^ from equation (2.2.15) in the above equation we 

obtain 

u* 2e 4- 1 nl + 2 
— = ^ 0 \— 2.2.20 
/i 2e + iijj 3 

When the dipole is not surrounded by the molecules of the same 

kind, the reaction field and the ratio ^ are changed. The changes in 

R and in ^ , when the environment of the dipole is changed, results 

in a change of the factor ^7^ hi equation (2.2.15) and a change of 

the factor ^rj^ in equation (2.2.20) respectively. 

2.3 THE INTERNAL AND DIRECTING FIELDS FOR NON PO­

LAR AND POLAR DIELECTRICS - ONSAGER EQUATION: 

For a nonpolar system the fundamental equation (2.2.8) for dielec­

tric constant simplifies to"̂ ^ 

k 

The internal field for nonpolar dielectric can be taken as the sum of 

the spherical cavity field Ec and the reaction field R of the; inducer I 
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dipole given by 

Ei = Ec-\-R 2.3.2 

where 

£c = ^ ^ 2.3.3 

For polar molecules the internal field can also be built up from the 

cavity field and the reaction field. The reaction field in this case is the 

total dipole moment of the molecule. The reaction field R does not 

influence the direction of the dipole moment of the molecule under 

consideration as in a spherical cavity the permanent dipole moment 

and the reaction field caused by it will also have the same directicjii. 

Thus the reaction field contributes to the internal field £",, because it 

polarizes the molecules and does not contribute to the directing field 

Ed- As a result there is a difference between the internal field Ei and 

the directing field Ed and is given by the value of the reaction field 

averaged over all orientations of the polar molecules. 

Ei - Ed = R 2.3.4 

The directing field Ed can be obtained by eliminating the (•()ntril)ut ion 

of R to Ei by removing the permanent dipole of the molecule and is 
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given by the equation 

Ed = Ec + faEd 2.3.5 

where Ec is the cavity Held given by the eciuation (2.3.3), / is th(̂  r(>a(-

tion field factor and a is the polarizability. Thus combining equations 

(2.3.3) and (2.3.5) we find 

Ed = . \ / ' £; 2.3.6 
1 — /Qf2e + 1 

In the case of a dielectric consisting of different kinds of molecules we 

have, for the A;th kind of molecule, the directing field as 

1 Q 

(Ed)k = z , ^ ' E 2.3.7 
1 - fkak 26 + 1 

with 

1 2 ( 6 - 1 ) 

â  2e + 1 A = - T o , / 2.3.8 

where e is now the dielectric constant of the mixture and Uk the radius 

of the cavity belonging to the particle of the A;tli kind. The internal 

field is now found from equation (2.3.4) 

Ei^Ed + R 2.3.9 
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where 

R f 
1-fa /^ 2.3.10 

in wliicli fj, is tlie value of /j, averaged over all orientations. 

/ i = 
M̂  

3kBT 
Ed 

Hence for a mixture of different kinds of molecules the internal field 

for A;th kind of molecule 

1 + 
fk A 1 3e 

1 - fkc^k ^kijTj 1 - f 1,(11, 2f + 1 
E 2.3.11 

Now substituting ecpiation (2.3.7) and (2.3.11) in the fundamental 

equation (2.3.1) we then find 

127re E^^rn fkOik 
otk + 

1 M? 
SknTl - fk^k 

2.3.12 

Taking Onsager approximation for the radius of cavity 

47r 
Nkol = 1 2.3.13 

and the polarizability given by 

(eoo)jfc - 1 47r 
2.3.14 
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where Coo is the dielectric constant characteristic for the induced po­

larization, we obtain 

(2± _ (fcx̂ )̂ . - 1 

"2 (<'oo);t + ^ 
2.3.15 

From this we find 

1 [(eoo)A- + 2][2f+l] 

1 - fkC^K 3[2e -f {€oo)k] 
2.3.1G 

Hence equation (2.3.12) can be written as 

€- 1 

47rf =i:̂ '̂  (goo)fc+2 

+ (fcx,)^-
<̂ fr + 

[(eoo)^ + 2][2e+l] /4 
3[2r+(r^,),] V,-„T\ 2.3.17 

For pure dipole liquids we find, 

e - 1 _ 36 eoo - 1 _̂  (6oo + 2)2(26 + 1)6 N^^ 

47r 47r2e + 6oo 26 + 600)̂  9kT 
2.3.18 

which after simplifying and rearranging gives 

, ^ 9kT (6 - 6oo)(2f + foo) 

'̂ 47r7V e(6oo + 2)'-̂  
2.3.19 

Equation (2.3.19) is the Onsager equation. 
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Following Maxwell's relation, for most dielectrics the dielectric c;on-

stant will be equal to the square of the index of refraction n, so that 

too = n^ 2.3.20 

In dilute solutions of a dipolar solute in a non-polar solvent, the 

polar molecules are far apart so that the interactions between them 

can be neglected. There will, however, be an interaction between the 

polar molecules and the molecules of the solvent, and this interaction 

can be taken into account approximately by using the form of Lorentz 

local field. 

2.4.KIRKWOOD-FR(9HLICH DIELECTRIC MODEL: 

For the representation of a dielectric with dielectric constant f, 

consisting of polarizable molecules with a permanent dipole moment, 

Frohlich introduced"^^ a continuum with dielectric constant Coo iu which 

point dipoles with a moment \Xd are embeded. In this model each 

molecule is replaced by a point dipole \.id having the same non-electrostatic 

interactions with the other point dipoles, while the polarizability of 

the molecules can be imagined to ioxiw a continuum with dielectric 

constant e^\ the polarization P will now split into two parts, tlie 
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induced polarization 

too - 1 
Prnd = —, E 2.4.1 

47r 

and the orientation polarization 

Par = ^{Md.e) 2.4.2 

where 

N/ 

Md = ^ M z 2.4.3 
i=i 

and 

j dx^'exp {-j^) 
2.4.4 

is the average component of the moment due to the dipoles in the 

sphere. U is the energy of the dipoles in the sphere consisting of 

(i) the energy of the dipoles in the external field 

(ii) the electrostatic interaction energy of the dipoles 

(iii) the non-electrostatic interaction ciu^rgy between the molecules 

which is responsible for the short range correlation between orienta­

tions and positions of the molecules. 
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In this model the spherical cavity is situated in a di(?l(H:tiic witli 

dielectric constant e. The cavity field with a contimiuni dielectric 

constant 600 will be equal to the external fi(;ld, which will be called 

Frohlich field Ep and is given by 

Ep = —^—E 2.4.5 
2e + eoo 

The general expression for the dielectric constant in this case can be 

written as 

€ - 1 / 6 
',\-t ind "r -' or j 

47r \6E / ,^0 

After substitution of (2.4.18) and (2.4.19) and rearrangement 

- - = ¥(AM..„ 
Rewriting with Ep instead of E as the independent variable 

• — T ( t ) „ ( 4 ' H „ "° 
Since in this case, 

SU 

bEi-
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we obtain 

'"~ V \SEJ„,^„ 3kT 

Equation (2.4.7) is the expression for the dielectric constant in Frolilich 

model. Using equation (2.4.5) we can write 

. - . _ l ! L _ ^ l _ i M ) 0 OAR 
^ ^ ^ F 2 6 + eoo 3kT ^-^-^ 

, kTV ( 6 - f o o ) ( 2 6 + 6oo) 

Evaluating the average of (Mj)o we now ol)t,ahi 

(^-^-)(^^ + -̂> = 4-, A 2.4.10 
127re 3/cr-^' "^ 

g is the correlation factor introduced by Kirkwood which takes into 

account the correlation between the orientation due to the short range 

order. 

/ ' , / = — ^ — / / • 2.4.11 

where /i is the moment of the molecules in the gas phase. Substituting 

equation (2.4.11) into equation (2.4.10) and after rearrangement we 
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obtain 

Equation (2.4.12) is called Kirkwood-FrOhlich equation which can be 

seen as the generalization of the Onsager equation. Equation (2.4.29) 

gives the relation between e, the dielectric constant Coo, the dielectric 

constant of induced polarization, the temperature, the density, and 

the permanent dipolc moment. 

Dielectric constant measurements yield the Kirkwood correlation 

factor g for polar liquids. This factor is a measure of the short range 

effects which tend to orient a molecule with respect to its neighbours. 

If the correlations are not negligible detailed information about the 

molecular interactions is required for the calculation of g.For systems 

in which intermolecular forces orient neighbouring dipoles in a i)arall(^l 

fashion, g is greater than unity; for an antiparallel configuration of 

dipoles g is less than unity. If there are no specific correlations one 

has g = 1. g can be formally defined by the relation 

^ = 1 + ^ / cosjexp (r^) dWdV 2.4.13 
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where A^A is the Avogadro's number, VM is the molar vohime and 

7 is the angle between the dipole moments of an arbitrary pair of 

molecules, W is the potential average force and the integration ex­

tends over all relative orientations and positions of the centre of grav­

ity of the pair within a sphere^ of volume Vo, outsid(^ of wliicli the local 

dielectric constant equals the macroscopic dielectric constant. Now, 

if dipolar forces only are acting, it is possible even in the presence of 

a certain degree of order, that some positions give a positive and oth­

ers a negative contribution to the integral, thus leading to a g value 

close to unity. This would be the case of compounds containing C=() 

stretching region. For associating compounds, where the association 

between the molecides makes relevant the assumption that only cer­

tain specific angles between the dipoles of neighbouring molecules are 

possible, the molecular interactions may be rei)rcsent(Hl by simplified 

models. 

2.5. INTERMOLECULAR INTERACTIONS IN LIQUIDS: 

The interactions of two molecules or atoms may be r(^i)resented'̂ '̂  •*' 

by treating the molecules as rigid and jx-rfeetly elastic spheics and 
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taking into account the fact tha t molecules a t t rac t each other at longer 

distances and repel each other at shorter distances. The functional 

form of the intermolecular potential is given by"''̂ "'*'̂  

V = A€ ay2 
r J r 

2.5.1 

where e is the well depth and a is the distance between atoms or 

molecules at which V = 0. r is the distance between atoms or 

molecules. This is called the Lennard-Jones (L-J) potential . It is 

also referred as G - 12 potential being a numb(>r of tlu; family given as 

V = A 
r r 

, in > n 2.5.2 

m and n being the integers. The potentials are zero at r = oo and 

r = a and have a minimum at 

2.5.3 

For larger values of /• the L-J potential is asymptot ic to an r~ '̂ curve 

and therefore it has the correct form to reproduce the long range 

dispersion energy between closed shell a toms and molecules. 
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A most commonly employed potential contains the exponential 

term and is given by the following relation 

V = -— + Bexp{-(rr) 2.5.4. 

which is usually called the exp-6 potential. A, B and a are constants. 

The merit of this function is that the long range attraction and short 

range repulsion are supported by theoretical analysis. 

When two molecules are sufficiently far apart that the overlap of 

their charge clouds is negligible, a part of the interaction energy can 

be integrated as being electrostatic and due to Coulomb forces be­

tween the two charge clouds. This contribution to the interaction 

energy arises even for rigid (non-polarizable) molecules, and can be 

evaluated classically by calculating the held acting on one molecule 

due to the other. This held is usually approximated by a multipole 

scries, which is valid if the distance r between the two molecular cen­

tres is greater then dimension of the molecular charge clouds. The 

multipole interactions can be attractive or repulsive depending on the 

relative orientations of the two molecules. 

For molecules with no internal rotations, and which are in their 
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ground electronic and ground vibrational states, the pair potential can 

be assumed to depend only on the interrnolecular separation and on 

the molecular orientations. At long range the interaction energy can 

be classified as multipolar (electrostatic), dispersion and induction 

energy and at short range as overlap (electrostatic and exchange ) 

energy. 

The total multipolar (electrostatic) interaction energy of two rigid 

charge clouds is given by^^ 

K = T «* 2.5.3 

where i and j run over the charge distribution 1 and 2 rt;sp(!ctivcly 

and Tij is the separation between qi and q^ . If the two charge distri­

butions do not overlap, we can resolve equation (2.5.5) into multip(.)l('-

multipole constituents V/j i^, in which the multipole of order /i of dis­

tribution 1 interacts with the multipole of order I2 of distribution 2. 
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Using spherical tensor expansions, tlie total interaction energy 1)(>-

tween the charge distributions is thus given by 

y = Yl^'^'^ 2.5.G 

where 

m\ ,m2,m 

2.5.7 

Qlm are the space-fixed multipole moments . Vi^^i^ is the electrostatic 

interaction energy between the nmltipoles of orders l\ and I2 of charge 

distributuins 1 and 2., respectively; V\\ l)eing the (lii)ole-(lipoie inter­

action, V12 being the dipole-c^uadrupole interaction, and so on. 

The potential function can b(̂  ("xpresscnl in dilferent ways so far as 

the charge distribution of the molecules do not overlap. The align­

ment theory of Keesom considers molecular a t t rac t ions as a direct 

interaction between stat ic multipoles within the molecule. The Kee­

som interaction is impor tant whenever the molecules have permanent 

dipole moments . The alignment effect in its simplest form can \)v 
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expressed by 

V = — [2cos6i62 + sin0ism9'2,cos[(j)\ — </>2)] 
<v» O 

3 
—-^{\Q\^i2{cosd2 + 2cos6\sinO\sinQ2Cos{(i)\ — 02) — 3cos^^icos^2)] 

—/J'iQ2 [cosOi + 2cos92sin62sin9icos{(f)i — ^2) — 3co5''̂ ^2C06'6 î]} 

3 
+ T T { Q I Q 2 [ 1 - 50052(91 - 5cos'^e2 - l^cos'^eicos'^e2 

+2(4cos^icos^2 — sin9\sin92)cos{4>i — ^2)]} 

—{C>i/i2[(12 - 2{)cos^9^)cos9^cos92 
2r 

+(15cos ^1 — 2))sin9\sin92Cos{4>\ — (f)2)\ 

+/^i^2 [(12 — 20cos'^92)cos9icos92 + {15cos'^9i — 2>)sin02sin9\cos{(j)\ — (i>2)]} 

+terms of order r~^etc. 2.5.8 

where //i, Qi and Oi denote the dipole moment , quadrupoki moment 

and octupole moment respectively of molecules 1 and /i2, Q2 <iii<l O2 

are respectively the corresponding moments of molecule 2.The mean 

value of V is zero if and only if all orientations of molecules are ec^ually 

probable. 
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The interaction potential between two molecules of dipole moment, 

Hi and fij at positions r̂  and rj which tend to align both molecules is 

given by 

Kririj) = /ii.Vi.Vj In - rjl" .11 j 2.5.9 

This orientation is the parallel alignment oi the two molecules'^^. The 

interaction energy [or such a system can be written as 

Vor = - ' ^ J o r kuT « ^ 2.5.10 
ij ij 

and 

where the orientation effect of both tlu; dipoles have be(>n considered 

leading to the doubling of the interaction energy(Fig.2.1). The ori­

entation effect vanishes for molecules which donot possess permanent 

dipoles. Due to the thermal motion any alignment vanishes at high 

temperature. 

In space-fixed axes the dipole-dipole term V̂ n is 

Vn = ( - / ' i / '2/r ' ) (3CiC2 - Cn) 2.5.12 
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Figure 2.1 The orientational configuration of two dipoles 



where Ci is the cosine of the angle between //, and /• and C12 is tlie co­

sine of the angle between /xi and fi2- The direction of /• is chosen from 

molecule 1 and 2 in the intermolecular frame with i)olar axis along /•. 

For axially symmetric molecules (for molecules with atleast threefold 

symmetry axes), the dipole-quadrupole term Vu in the space-hxed 

axes the result is 

Vv2 = l{^iiQ2/r') (Ci(5C2 - 1) - 2C,,C,) 2.5.13 

The quadrupole-quadrupole interaction energy can be derived simi­

larly in space-fixed axes as 

V22 = ^ {QiQ2/r^) (1 - 5C2 - 5Cl + 2CI2 + yoC'iCl - 2OC1C2C1,) 

2.5.14 

The minimum energy orientations for the three interactions Fn, V\2 

and V22 are shown in Fig.(2.2). 

For dispersion interactions the preferred orientation''' at lixed /• is 

end-to-end, as opposed to the T orientation for ciuadrupole-quadrupole 

interactions. The induction energy is often small for isolated molecu­

lar pairs, and therefore for low density gases. For licjuids it turns (jut 

that induction interaction can make a significant contribution to (he 
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Figure 2.2 Minimum energy orientation for 
(a) dipole - dipole 
(b) dipole - quadrupole 
(c) quadrupole - quadrupole 



the free energy and pressure even when the contribution to internal 

energy is small. Multibody induction interactions are also important 

in liquids and can enhance these effects. 

The molecular shape influences the preferred orientations by con­

trolling the distance of closest approach. For specific molecules there 

are often additional competing interactions, sucli as dispersion wliicli 

may lead to preferred orientations different from those favoured purely 

electrostatically. 

Another very important type of potential which has to bo taken 

into consideration is H - bonding type. The main contribution to the 

binding energy of H atom to the electronegative atoms comes from 

the electrostatic energy between the dipolar A-H bond and a par­

tial negative charge on the electronegative atom B. For the strong(!r 

complexes, however, there is a significant contribution arising from 

the overlap of orbitals of A-H bond with those of B. This interaction 

leads to a partial transfer of electrons from B to the A-H bond. 
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2.6 RAMAN ACTIVITY: 

The Raman effect is an inelastic scattering phenomenon in which 

the il luminated sample absorbs a photon and simultaneously emits 

another photon of different frequency. When the emit ted i)liot()n is 

of lower frequency than the absorbed photon, the procc^ss is termed 

as Stokes Raman scattering, while if the emit ted photon is of liiglicr 

frequency than the absorbed photon, the process is termed as Anti-

Stokes Raman scattering (Fig.2.3). The dashed line in the diagram 

indicates the virtual electronic s tates of the molecule and states o and 

p represent lowest lying excited electronic levels of the molecuk'. The 

levels in and n are most of't(ni molecular vibrational lev(>ls for wiiicli 

the transit ion frequencies are much smaller than the optical excitation 

frequencies. The resonance Raman effect arises when the excitation 

frequencies are equal to the frequencies of out; j)hoton allowed tran­

sition between the s tates n or m and s ta tes o or p as shown in the 

Fig.2.3(B). The process depicted in Fig.2.3(A) is often referred to as 

spontaneous R a m a n scattering. 

The phenomenon of Raman effect arises because molecular vibra­

tions modula te the frequency of the dipole induced in a molecuk^ by 
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an incident field. The electric dipolemoment induced in a molecule 

by the electric field E can be expanded in a power scries''^' 

fi = aE-\-(3E'^-\-jE'^ 2.G.1 

Of is the polarizability tensor of rank 2, while /i, 7, etc. are the liy-

perpolarizabilities of rank 3, 4, etc. Spontaneous Raman scattering 

arises due to the linear term in equation (2.6.1). 

Although a quantum mechanical treatment is necessary for a com­

plete explanation of Raman scattering, many aspects of the plie-

nomenon can be described reasonably well by the classical (;l(!ctr(jmag-

netics of the induced dipole and the molecular vibration. The classical 

electromagnetism also reveals the principal selection rul(} for Raman 

scattering. Following the treatment of Placzek, the polarizability can 

be expanded in a Taylor s(;ries as a function of the vibrational uonnal 

coordinate q as^'^ 

fba\ 1 f6'^a\ 2 . . . 
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For a particular vibrational mode to be Raman active, the (l(>riva-

tive of the polarizability with respect to the normal coordinate^ evalu­

ated at the equilibrium position must be non-zero (i.e., a'-j ^ 0, wherc^ 

z, j = X, y^ 01 z ) . The polarizability tensor is a symmetric one for 

normal Raman effect and therefore only six components have to be 

taken into account. 
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Chapter 3 

EXPERIMENTAL ASPECTS 

Introduction 

The Raman scattering is a very weak phenomenon compared to 

Rayleigh scattering (f̂  10~^ of the intensity of Rayloigli hght) and 

only a small fraction of photons are scattered by Raman scattering. 

The majority of the scattered light is similar to the original incident 

light in terms of photon energy. In a standard Raman experiment, 

an intense monochromatic radiation is focnssed onto the samj)l('. I h c 

scattered light is gathered by the collecting oj)tics and is directed lo a 

dispersive system (usually a double monochromator) which selects the 

scattered light of particular fre(|ueiicy range. The signals arc detected 

by a photomultiplier tube and are recorded by the DATAAIATE (Fig. 

3.1). 
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3.1 S o u r c e of E x c i t a t i o n : 

The Spectra Physics model 165 Ar"^ hiser and the Licoiiix model 

4240 He-Cd laser are the laser sources used for recording the Raman 

s])(X'tra. 

3.2.1 S p e c t r a P h y s i c s M o d e l 165 Ar^ Laser: 

The Spectra Physics model 165-09 Ar"^ laser is a continuous wave 

(CW) laser. It essentially consists of a laser head and an excitcn-

(Spectra Physics model 265). The laser head consists of a Berrylium 

oxide p lasma tube closed at each end by the brewster angle winchnvs. a 

solenoid and an optical resonator. The optical resonator is fornuHi by 

a reflector (spherical) at the output end together with a prism assisted 

by a flat rc>llecting mirror at (lie baclv cnid. llw prism is ijlaccd in (lie 

optical pa th of the resonator in such a way tha t it selects the correct 

wavelength. The plasma tube is positioned exactly along the central 

line of the mirror. External thumb wheel controls are providcnl for 

the selection of wavelength of the emit ted radiat ion and for changing 

the intra-cavity aper ture . The emit ted light from this laser source is 
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Block diagram of a Raman instrument 



polarized and the plane of polarization can be changed to any (U^sired 

plane by using the A/2 plate. 

The Spectra Physics model 265 Exciter contains the necessary elec­

tric and electronic circuitries in order to create, sustain and monitor 

the ionic discharge in the plasma tube. It also monitors and con­

trols the output power and regulates the solenoid curicnt of the \('>^) 

Ar"*" laser head. The 2G5 exciter runs on a 230 volts three j)hase 

power line which is provided by a power transformer suj^jjlied with a 

three phase 400 volts stabilized power from the main line. The ini)ul 

power stabilization was achieved with the help of three single j)lias(^ 

8.3 KVA (each) Nelco voltage stabilizers connected in the star (Y) 

configuration. Both the 1G5 Ar"^ laser head and tlu> 205 exciter jirr 

continuously cooled by flowing chilled deionised distilled water at a 

constant tempera ture of 15"C and at a pressure of 40 PSIC from the 

Neslab HX-500 (air cooled) water chiller i)lant. 

3.2.2 L icon ix m o d e l 4240 H e - C d Laser 

Liconix model 4240 He-Cd laser' essentially consists of a laser head 

and a power supply, The oj)tical section of the las(>r head is formed 
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by two mirrors mounted on adjustable plates and held at a precise 

separation by three invar rods that run along the length of the laser 

tube made of pyrex glass, the mirrors are adjusted to reflect the lascT 

light down the bore of the laser tube and to allow the emission of a 

precise amount of light as an output beam. The laser head is an air 

cooled system and requires no external coohng device. The output 

power at 4416 Ais about 40 mW. 

In order to maintain the photon producing conditions the helium 

pressure and the cadmium vapour pressure must be maintained within 

a certain limit. Cadmium vapour pressure is maintained by electroni­

cally controlling the temperature of a heater surrounding the cadmium 

reservoir. Helium is consumed by entrapment in the cathode and un­

der cadmium deposits inside the laser tube. The cleaned up helium is 

replaced and pressure is maintained by us(> of a luuit controlled leak 

between a small (higher pressure) bottle and the helium ballast. The 

helium gas heater is electronically controlled, using the voltage drop 

across the tube as pressure indicator. 

The power supply model 4240 PS utilizes AC power from the pri­

mary source and converts it into different DC levels for maintaining 
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a constant output power by controlling the gas pressure. 

3.3 Optics around the sample 

A laser filter or the lasermate is kept in the light path before it en­

ters the focussing system. The laser filter is a small grating monochro-

mator which allows the excitation wavelength to j)ass througli l)u(, 

blocks weaker nonlasing lines from the laser plasma. It is therefore 

able to provide a clean Raman spectrum uncluttered by the las(^r-

plasma lines, especially for a strong scattering sample^. 

The filtered laser beam is deflected upward through 90" by a mir­

ror and is focussed onto the sample to a spot of diameter of around 

10 /im by the fused silicon condensing lens. Scattered radiation from 

the sample passes through a polarization analy/xu', a device^ bas(>(l on 

bir(4ringen(x^ and total rc^llectiou or on dicluoisiii. Tlw. ])()laii/al,i()ii 

analyzer transmits light of a particular polarization depending on the 

orientation of the polarizer. Use of polarization analyzer tlierefor(; 

provides direct information regarding the state of polarization of the 

observed plasma band. The scattered radiation is collected by an 

elliptical mirror which ascertains a large solid angle about the focal 
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volume and hence collects the optimum amount of scattered light. 

Fig.3.2 shows the optical diagram of the light scattering system. 

3.4 The Spectrometer: S P E X Ramalog model 1403 Double 

Monochromator: 

The function of the spectrometer is to s(^j)arate the spatially scat­

tered photons from the sample on the basis of their ireciucuicy. TIK; 

light dispersing process is repeated by linking two single monochroma-

tors to form a double monochromator. The double monochromator 

also separates the Raman photons from the overwhelming number of 

Rayleigh photons. 

All the Raman spectra in the present study have been recorded with 

the help of SPEX Ramalog 1403 double monochromator'^ coupled with 

a water cooled photomultii)lier tube RCA C-31034-02. 

The SPEX Ramalog 1403 double monochromator is f/7.8 instru­

ment with a spectral coverage from 3.1X10'^ cm"' to 1.1X10'̂  cm""'. 

An accuracy of Jr. 1cm"' in the 10,000 cm~' range, a, resolution of 

0.15 cm~^ and a spectral repeatabihty of 4-0.2 cm"' can be achic^ved 

by this instrument. The 1800 grooves/mm holographic gratings are 
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used in this instrument. The gratings are mounted on a modified 

Czerny-Turner mount as shown in Fig.3.3. 

The fundamental grating equation"^ as appHed to Czerny-Turner 

mount is 

d{sina + sinj3) = rn\ 3.4.1 

whore m = ord(U', A = wavelength, d — grating sj)a(:iug, (\ = angle 

of incidence and (3 = angle of diffraction. In case of 1403 instrument 

this formula may be expressed as 

2dsin6cos(j) = n\ 3.4.2 

where 0 = 10°: hence cos0 = 0.984. 

Equation (3.4.2) was obtained by substituting 

and 

i3 = e-(l) 

Here 6 denotes the angle of rotation of the grating from zero as il­

lustrated in the Fig.3.3 and 0 represents the constant angle which 

depends on the design of the instrument. 
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The scattered radiation focussed onto the entrance sUt of the spec­

trometer gets dispersed by the 1800 grooves/mm holographic gratings. 

Nearly monochromatic radiation of frequency i> for a particular tuning 

of the spectrometer reaches the exit slit of the double monochromator 

by the grating mirror combination. 

The theoretical resolving power B/p is given by 

Rr = —- = -^ = 2sinecos(j)W/\ = niN 3.4.3 

where 

A = wavelength. 

p = wavenumber 

N = total number of grating grooves 

W = width of grating ruling and 

m = order of diffraction. 

Factors influencing resolution: 

Source: From equation (3.4.1), since resolution depends linearly on 

the grating width (i.e. optical path difference), resolution deteriorates 

if the source illuminates less than the full width of the grating. As a 
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result, the source or condensing lens should fully illuminate the colh-

mating mirror. This can usually be checked visually by opening the 

spectrometer or, in the case of energy outside the visible spectrum, 

by making certain that throughput is reached when the edges of the 

coUimating mirror are obstructed. 

Slit width: Spectral bandpass is a function of the reciprocal linear 

dispersion which, in turn, depends on the wavelength, the grating 

constant, the focal length of the instrument and the spectral order. 

Slit height: Increase in the heights of straight slits reduces the in­

strumental resolution. As the height of the slits is increased the ends 

of the exit slit begin to pass portions of adjoining wavelengths. 

3.5 Collection of s c a t t e r e d radiation: 

A standered sampling platform is supplied with the SPEX 1459 

illuminator. The 14318 liquid cell of 1 ml. capacity with 1431 N 

holder was used for holding the sample.The sample is illuminated 

with laser radiation and then the laser focus control is adjusted un­

til the brightest image is observed at the sample. The image of the 
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sample scattered radiation is deflected on the target. The imaging 

of the scattered radiation on the entrance slit of the spectrometer is 

done by an elliptical collection mirror (f/1.4). The image is centred 

on the cross wires with the lateral adjustments and focus adjustment 

is turned until the sharpest image is achieved. By rotating the swing 

away mirror counter clockwise the sample scattered radiation is al­

lowed to pass into the spectrometer. The signal is now peaked photo-

electrically between the focus and lateral adjustments 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 scrambler 

is a wedge of birefringent material. The two components of polar­

ized light passing through it will be thrown out of phase as with a 

A/2 plate. The retardation will vary from place to place and is not 
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exactly A/2; hence the emerging radiation will be depolarized. It can­

cels variation 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 interposful in 

pathway may transmit the light cither perpendicularly polarized or 

parallel polarized, depending on the orientation of the analyz(;r. In 

both the cases the same scrambler is employed in front of the entrance 

slit of the monochromator to depolarize the radiation. 

3.6 Photon counting detect ion 

The detection system consists of a RCA C31034-02, Il-stage QUAN-

TACON type photomultiplier tube (PMT) with S-20 response in the 

photon counting mode. The C31034-02 is designed sp(>cih(;ally for use 

at reduced temperatures, e.g., -SCC. Cooling reduces the dark count 

caused by the thermionic emission to ?« 10 cps. Spex DATAMATE-

DM1 and DM3000 software were used for recording the sjx'ctra 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 
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can be processed in real time to subtract away background, take ra­

tios, integrate or convert to logerithm for absorption states. DATA-

MATE photon counting results are expressed as and normalized to 

counts/sec. The DATAMATE also suppHes high voltage (0-2000 volts 

D.C. -ve) to PMT. The high voltage is CPU selectable in 10 volts in­

crement. The output current is variable from 0-2 mA. The linc^arity 

is better than 0.01% over full range. The noise level is 0.015% peak 

to peak at full load, the input in photon counting - DAM mode is -ve 

going pulse 0.1 mV amplitude or greater. The gain of the amj)liher is 

400 and the rise time is 10 ns. The pulse pair resolution is less than 

25 ns. The discreminator 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%) full 

scale and resolution is one part in 4000. 

3.7 The photomultiplier tube: 

RCA C-31034-02 photomultipher tube, cooled to -30°C by a ther­

moelectric cooling device was used for obtaining the Raman spectral 
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data. The photomultiplier tube having an almost Hnear absolute re-

sponsivity 3000 Awavelength range was operated for a current gain 

of 10^ with a maximuni dark pulse summation of 12 cps. The RCA 

C-31034-02 photomultiplier tube consists of a gallium arsenide chip 

placed at its photocathode, an ultraviolet transmitting glass window 

and an inline copper berylhum dynode structure consisting of elevcin 

dynodes. 

The raw data is obtained from the output of the preamplifier (pc 

Dam) of gain 400. The anode of the PMT is the in])ut of the pc Dam. 

The high voltage of 1750 volts required for operating the PMT is sup­

plied by the datamate with a stability of +0.002% after 30 minutes 

of warm up. 

3.8 Sampling techniques: 

A laser beam, being a narrow and unidirectional, entity, can be 

manipulated in a variety of sample cell configurations thus providing 

considerable ingenuity in exercising the design and use of sample cells. 

A substantial advantange stemming from the geometric simphcity of 
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the Raman experiment, is that samples may be examined in any phys­

ical states. For liquid samples, which we have used more frequently 

a cell consisting of around 1 cm path length is adequate, provided 

the cell bottom is transparent. In order to minimise the amount of 

scattered light from the interface reaching the spectrometer, the cell 

should bo toped around the meniscus. 

3.9 The polarized and depolarized components of scattered 

light: 

In order to measure the depolarzation ratio accurately, the polar­

ization of the exciting laser beam is kept constant and the analyzer is 

placed after the sample'^. Suppose the polarization of the laser beam 

is parallel to the Z axis (Fig.3.4) and the direct transmission of tlie 

analyzer is turned from Y to Z direction to nu'asur(; /yn and /yy 

respectively. The intensity of the 7VH component is proportional to 

IvH ex 37'' 3.9.1 

and that of /vv component is proportional to 

/vv oc ( 4 5 a ' H- 47' ' ) 3.9.2 
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2 2 

where the factors 6L and 7' are defined by the derivatives of the 

polarizabiUties as, 

1 
Q̂ ' = 3 (Q^XX + Q̂YY + « z z ) 3.9.3 

7 = 2 L 
' N2 

(axx - a W ) + (»YY - cî zz) + («zz - «xx) 

/ ,2 ,2 /2 \ 

+6 (̂ QxY + «YZ + Q̂ZX j 3.9.4 

Since the constant factor is same for the fixed experimental conditions, 

the depolarzation ratio is 

P = 
/ vv 37'̂  
/yil 45(5'' + 47' 

3.9.5 

If the Raman scatter is known for the directions X and Y, its intensity 

in any direction 0 of the X-Z phxne may be calculated from 

/((/>) = Ixcos (/) + Iz^'ifi^(l> 

The angle dependent intensities after the anlyzer are 

3.9.6 

IVHW OC 37' 3.9.7 

IvvW oc f45a ' + 47' ' ) cos^cj) + Sy'^sin'^cf) 
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= (45a' ' + y ' ) cos^(f) + 37'' 3.9.8 

The observed depolarization ratio is 

0̂̂  
Pobs = p-^pil-p)-j 3.7.9 

For p « 0.75, p{l — P)Y ^^ ^^ ^^e order of magnitude of 0. Tims 

the measured depolarization ratio p^hs will be larger thai the true 

depolarization ratio, p. 

If an angle (f) = 10° (=0.175 rad) is needed to measure a depolar­

ization ratio of p = 0.01, in the case of highly polarized band, this 

method will produce a systematic error of 

(1 -p^)~^ I0-'orl% 
o 

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 (j) = lO'' will be 

0 .19X10-V0.3% 

Therefore we see that measured depolarization ratio is always larger 

than the theoretically expected value. 
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The intensity of isotropic and anisotropic components of Raman 

band can be calculated by using the s tandped relationship 

4 
Iiso{i>) = Ivv{y) - -^IvH(i^) 3.9.10 

(i>) = IvH{i>) 3.9.11 
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Chapter 4 

SOLVENT D E P E N D E N T 

A N I S O T R O P Y SHIFT IN 

p - M E T H Y L A C E T O P H E N O N E 

AND BENZALDEHYDE: ROLE 

OF REPULSIVE FORCES 

INTRODUCTION 

Raman baiidsliape analysis is relevant to understanding in detail 

the solute-solvent system especially at the microscopic level. The de­

pendence of band width and frequency of Raman vibrational bands on 

environment provides useful information regarding the solut,(; solvĉ Tit 

interactions and intermolecular forces. The analysis of the Raman 

spectra of several molecular liquids indicates that the j)eak frcK ûcni-

cies of the isotropic and anisotropic components of totally synnnetric 
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mode do not coincide (non-coincidence effect)^ ^°. This anisotro])y 

shift has been found in some Hquids, to be as large as 10 cm~^ or even 

more. Several theoretical models have been proposed for the expla­

nation of non-coincidence effect, notably by Wang and McHale"'"^, 

Fini and Mirone ^^~^^^ Doge etal '̂̂ '̂ ^ and Logan^^""^^. The theory 

proposed by Wang and McHale has taken into account several mech­

anisms which contribute to the non-coincidence (;ftoc(, such as hydro­

gen bonding, ciuadrupole-quadrupole coupling, dip(jle-dipole coupling 

and transition dipole-transition dipole [bji/bQ]^'^'^^'^^'^'^ interactions. 

Logan's approach assumes non-coincidence effect to be the result of a 

resonant excitonic transfer of vibrational excitation between the same 

normal mode of different solute molecules. Mirone and coworkers hy­

pothesised that the anisotropy shift is the result of microscopic local 

order in the liquid phase, owing to the strong interaction between per­

manent dipoles; which permits a vibrational coupling through neigh­

bouring transition dipoles. The neighbouring molecules are orientcxl 

and form aggregates with a lifetime longer than the vibrational \)v-

riod. The difference between the peak frequencies are expected to 

give information on the intermolecular forces and liquid structure. 

In the theory proposed by Mirone and coworkers macrosccjpic pr(;]>-

ertics are involved to reproduce the behaviour of isotropic (/̂ .s-o) and 
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anisotropic (laniso) components on dilution of liquid under study. How­

ever, it is sometimes not possible to understand clearly the compli­

cated nature of the processes involved in complex molecular systems 

on the basis of macroscopic perception of the solute-solvent system, 

as it is progressively diluted. In an attempt to have a detailed infor­

mation about the processes involved in complex molecular systems, j)-

metliyl acetophenone (PMA) and benzaldehyde (BH) mol(!cules have 

been chosen by taking the C=() stretching vibration as the icIcrciKc 

mode. The C = 0 stretching vibration of both PMA and BH is well 

isolated from other modes of vibration and the dipole moment is also 

concentrated on the C = 0 bond of the molecule. 

2 .EXPERIMENTAL: 

The sample of PMA and BH and the solvents were obtained com­

mercially and were used without further purification. Raman spectra, 

of PMA and BH in different solvents were recorded in 90" scatter­

ing geometry with a SPEX Ramalog 1403 double monochromator 

equipped with a cooled RCA 31034 photomultiplier and a photon 

counting arrangement. The spectrometer control and data processing 

were achieved with the help of DM-3000 software. Excitation wave-­

length of 4416 Aprovided by a liconix model 4240 He-Cd laser was 
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used for BH and that of 4880 Aprovided by Spectra Physics modvl 

165 Ar"*" laser was used for PMA. The Hquid sample was taken in a 

quartz cell [(2-3)ml] and the laser beam was made to strike at the 

bottom of the cell very near to its perimeter. The reported Raman 

spectral measurements are accurate to ±0.5 crn~^ Other spectral con­

ditions were adjusted to get the best possible spectra. The isotrof)ic 

component was obtained by using the formula 

Irso{i^) = Ivv{i>)-^IvH{i>) 4.2.1 

and 

Ianiso{i>) = Ivn{i>) 4.2.2 

where Ivv{i^) and IVH{^) represent the polarized and depolarized Ra­

man spectra respectively, i) is the frequency in wave number. 

The dielectric constant of PMA and BH were obtain(;d experimen­

tally using DM01 (WTW GmbH, Germany) dipolemeter equipped 

with a cylindrical gold plated condenser cell (Type DFL2). The n(;at 

liquid was placed in the c(;ll and the instrument was operated on a 

superposition (beat) method with a measuring sensitivity of Af = 

10"^. The temperature of the liquid in the cell was maintained by an 

internal thermostat at 20°C (293 K). 
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3.RESULTS A N D DISCUSSION: 

The non-coincidence effect is tlie plienomenon where the pealc hv-

quencies of the isotropic (iso) and the anisotropic (aniso) components 

of Raman bands do not coincide. The frequency difference Az> is 

defined by the equation 

^i> = J^aniso ~ i>i.so 4 . 3 . 1 

The Raman spectra of pure PMA and BH sliow the liso ^nd lanisa 

components with tlie pealc of laniso component shifted to a higher 

frequency position (Figs.4. la and 4.1b). In the present work,the band 

profiles have been assumed to be symmetric and in this case the first 

moment and the peak position of a band coincide. 

The origin of the non-coincidence effect in liquid polar molecul(!s 

is mainly due to the orientationally dependent intermolec;ular forces. 

The intermolecular forces modulate the vibration of a synnntitrical 

mode and split into in phase and out-of-phase components. The 

isotropic component of vibration is governed by the angular indepen­

dent inter- and intra-molecular potentials, whereas the anisotroi)ic 

component of vibration is affected by angular dependent inter- and 

intra-molecular forces. The bands corresponding to isotropic and 

anisotropic components differ not only in the shape, but also in the 
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peak frequencies The non-coincidence elfect is mostly associated with 

symmetric vibrational modes of polar molecules and is very pronounced 

for the modes which have strong IR band. In case of polar modes vi­

brational resonance coupling due to transition dipole-transition dipole 

(TD-TD) interaction may be the most important mechanism for per­

turbation of vibration. However, induction forces and dispersion 

forces etc. may also be important. The differences between the peak 

frequencies are expected to give information on the intermolecular 

forces and liquid structure. 

The non-coincidence of the isotropic and anisotropic frequency 

maxima may be explained by taking into consideration the resonant 

coupling due to transition dipole - transition dipole (TD-TD) inter­

actions of the vibrations of two adjacent molecules. The study of 

the non-coincidence effect needs considerations of the infiuenc(; of 

the intermolecular forces, viz., dispersion forces, induction forces, and 

multipole-multipole interactions. The dispersion type of interactions 

usually explain the general additive attractions between arbitrary 

atoms and molecules. The dispersion energy has higher value ev(>n 

in the case of solvent molecules having a dipole moment, which is 
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mainly because of e"^ dependence of the dipole-dij^ole and the dipole-

induced dipole type of interactions for the solvents of high dielec­

tric constant. The contributions to the observations duo to induction 

forces are supposed to be present in bo th types of systems as a result 

of the dipolarity of the solute molecules under investigation, even for 

non-dipolar solvent molecules . The polarity of the solvent is also an 

impor tant factor as it contributes to the potential field per turbing the 

vibration. This is particularly true at high dilution. The explanation 

that the anisotropy shift is an effect due to resonant coupling is sup­

ported by the experimental da t a related to the effect of solv(!nt on the 

Raman band of P M A and BH molecules. This effect tends to vanish 

at high concentration of the solvents (Fig.4.2 and Fig. 4.3). The sep­

aration between the isotropic and anisotropic max ima of the Raman 

bands in different solvents varies with the concentration of the active 

substance. 

If it is possible to separate the vibrational degrees of freedom from 

degrees of freedom of l)ath, because t)f the s('j)a,rati(Hi in rjcciueiicics, 

the vibrations will respond almost adiabatically to the changes in the 

environment. The coupling potential V can be expanded in a Taylor 
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series in vibrational coordinates. 

—(S),,-KliL«'- -
The last term in the above expression is responsible for resonance en­

ergy transfer and leads to anisotropy shift or non-coincidence effect. 

Since V << HQ, where HQ is the Haniiltonian for the vibrational de­

grees of freedom, the first order perturbation calculation for energy 

difference (leading to frequency difference) between the ground and 

first excited states leads to the expression (2.1.9). The main inter­

action term that couples the fundamentals of the i/tli mode of the 

molecules i and j can be written as'̂ '̂ "^ '̂'̂ '̂ , 

^^res = TTTTTrQoi.Qoij 4..3.3 

where Qoi = (1|Q|0) is the expectation value of the normal coordinate 

in the transition state. For transition dipole-transition dipole (TD-

TD) interaction, 

Ai?,™-™, = ( g ) ' / ^ \ ( ( l |g |0))^ 4.3.4 

For PMA and BH , the dipole-dipole interaction predominates in 

the liquid phase as far as C=:() mode is concc^rned. Considering only 
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pair interactions and the first order term, the frcK^uency shift is ex­

pressed by the proportionality relationsliip 

where Rij is the distance between the molecules and Kij is a factor 

describing the relative orientation of the two dipole nuHncnit vcH.tors. 

This term is responsible for the splitting factor due to dipole-dipole 

coupling and the coupling potential V was given by 

V = I ^ 1 A-, 4.3.6 

The coupling potential may originate from various interactions such as 

dipole-dipole, transition dipole-transition dipole (TD-TD), hydrogen 

bonding etc. 

If a vibrational mode of an active material interacts with the same 

mode of an identical neighbouring molecule, this is called resonant in-

termolecular vibrational coupling. Then the pair of interacting active 

molecules vibrate in-phase or out-of-phase. In case of an out-of-phase 

motion the isotropic part of the transition probability tensor of the 

molecular pair vanishes. The in-phase mode has a transition proba­

bility for i, tropic as well as anisotropic Raman scattering, wher(!as 
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the ()ut-of-plias(^ mode (•()ii(iil)nt(\s only to (he lathM'. 

If wc consider (lipole-di})ole coupling to \)c i(\spoiisil)lc lor (lie inter­

actions leading to orientational order IxUween the molecules of PMA 

or BH, this causes a si)litting of the vibrational mode into an in-

phase and out-of-phase vibrations. The frequency of the completely-

polarized (in-i)hasc) vibration corresponds to the band ((^jlre of the 

isotropic component whereas the frcHiuency of the depohui /ed (oiit-

of-})hase) vibration is nearly ecjual to the ceiili(' of the aiiisol topic 

band. It was shown by McHale that tli(^ anisotro])y shift Au can be 

expressed by the relation'"^ 

Az/ = — ^—^-^^——(f)— 4 3 7 

where NQ is Avogadro's number, <& is the volume fraction of the so­

lute, /-'() is the ^•ibrationaI li-e(|ii(Micy of the isohiled iiiolecnie, d is I he 

mininnnn intermolecidar distance, V^ is the moUu' vohime of the so­

lute, kT is the thermal energy. // is the dipole moment , (} is the mass 

weighted normal coordinate and ( ^ ) is t,li(> t lansit ion moment. 1 lie 

term -̂  may be considered as the screening factor S. i.e.. 
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The expression for A/> then becomes 

AD = , , / " , , , , <I>5 4.3.8 
257r^c^i>okTd'^VM 

According to Giorgini et af^, the screening factor S comprises two fac­

tors, Sp and St, related to the interaction of permanent and transition 

dipoles^^.The first term is given by 

and the second term is given by 

St = 
9n2 

which comes after substituting e = n'^. Here € is the diek)ctric constant, 

of the medium and n is the refractive index of the solute. Since the 

refractive index does not vary much with the variation of the solvent. 

the term St may be considered to be constant. Therefore considering 

only the term Sp and following the dielectric model given by Onsager-

Frolich, which treats the dielectric as continuum, the equation for Ai/ 
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takes the form 

2 

The quantity [ | ^ ) is proportional to IR band intensity and the Ra­

man band corrsponding to IR band lor PMA and Bll inolccules under 

study are very strong which indicates that the spHtting factor for th(!S(; 

molecules should be quite large. 

The vibrational frequencies of peak maxima for lyy and lyj-i com­

ponents of C = 0 stretching mode of both PMA and BH were measured 

in case of pure liquid as well as when dissolved in different solvents, 

both polar and nonpolar. The experimental results in case of iivnt 

liquid show the non-coincidence of the isotropic and anisotropic fre­

quency maxima of the order of 5 cm~^ in case of PMA (Fig4.1a.) i\]\(\ 

that of 10 cm~^ in case of BH (Fig.4.lb). When dissolved in dif­

ferent solvents the separation between the isotropic and anisotropic 

peak maxima of the Raman bands varies with the concentration of 

the active substance and tends to vanish at high concentration of the 

solvent 

As the concentration of the solvent is increased, the observed peak 

frequencies of both isotropic and anisotropic bands aj)p(;ar at high(;r 
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fiociucncios ((•oiiinioiily known as blue sliiR) which is atlrihulcd lo at­

tractive intermolecular forces.The frequency shift and the non-coincidence 

effect may be explained by taking into account the resonant coupling 

due to transition dipole-transition dipole interactions of the vibrations 

of two adjacent molecules. 

The dielectric constant of PMA and BH were experimentally mea­

sured and found to be 16.25 and 17 respectively. The dielectric con­

stant of the solution was calculated by using the relation 

^solution = ^I'-e.so/u^r + (1 " *^^) •(".solvrvl 'L.'MO 

The quantity F = Av (2e-)- n'̂ ) e~^ was plotted as a function of 

the volume fraction $ in different solvents (Fig.4.4a and 4.5a). The 

figures clearly show that the data points do not lie on a stright linĉ  

for the entire range of dilution. It is, however, seen that the data 

points ht rather well in two straight lines with a discontinuity around 

$ = 0.5 in case of PMA dissolved in various solvents. In case of BH 

dissolved in various solvents the discontinuity arises around <& = 0.6. 

This discontinuity may be due to the structure breaking eflect and 

local fluctuations^*^'^^ in liquid solution. The plot in the Fig.4.3a may 

be described by the non-linear relationship 

F ( $ ) = A'(*o - *)Fi 4- î 2A'(cI> - *o) ^-3.12 
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whore ([>o = O.G. The splitting given by eciuation (4.3.9) was i)re(rK:t,c(l 

by the T D coupUng model and this expression was expected to be 

valid only for dilute solutions. At higher solute concentration the in­

teractions are expected to occur more among solute molecules than 

solute-solvent interactions. The present study indicates that in order 

to explain the non-coincidence effect in comj)lex mohxular systems 

like PMA and BH, where the effects of dispersion interaction, multi­

polar interaction etc. are likely to vary from solvent to solvent, the 

screening effect may not be as elective as envisaged by the Onsager-

Frohlich model.Tlie theories which use the continuum approach for the 

environment of the molecules may not be applicable as such. T h e r o 

fore the methods of statistical mechanics may be used which provide 

a way of obtaining microscopic quantities when the properties of the 

molecules and the molecular interactions are known. In statistical 

mechanical theories of dielectric constant, simplihed models are often 

used for the molecules and the intermolecular forces. For example, a 

molecule is represented by an ideal dipole at the centre of a dielectric 

sphere and the molecular interaction is taken to follow a hard sphere 

of Lennard-Jones potential. 

However, the plot of the quantity InF vs. $ shows a linear graph 

as shown in Figs.4.4b and 4.5b. This kind of relationship whereby 
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a InF vs^ $„.graph has been found to be linear may be indicativf^ 

of the repulsive potential function^^ of the type e~"^ playing an im­

portant role. Here R is the appropriate distance of closest appro^ich 

and depends upon the fraction of the solute present and a is a con­

stant. The different multipolar interactions which are repulsive in 

nature may be playing a significant role in such complex riiolexijilar 

systems containing benzene ring. For such cases where the permanent 

monopole, dipole and quadrupole effects need to be considered, the 

interaction potential may be given by the equation (2.5,8). Moreover, 

when quadrupole moment is important, an induced dipole effect may 

also take place due to the molecular polarizability leading to induction 

forces. 

For molecules with a non-spherical shape the short range rei)ulsi()n 

between two non-overlapping atoms is modified significantly by the 

shape of the molecules. The molecular shape influences the preferred 

orientations by controlling the distance of closest approach. For spe­

cific molecules there are often additional competing interactions such 

as dispersion which may lead to preferred orientation different from 

those favoured purely electrostatically. 

When the dipole sizes are comparable witli those of solvent molecules, 
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the fundamental problem lies in the determination of an effective elec­

tric permittivity of the medium . The free energy dependence of the 

pair formed by the dipolar forces on solvent polarity is given by the 

equation 

AGo, = - ^ (1 + Scos'ef'cos<l> 4.3.13 

where 6 denotes the angle between the dipole fii and the line linking 

the centres of the two dipoles and 4> is the angle between /ij and 

the direction of the electric field generated by the dipole (JLJ on a 

position fii. The exj)octed free energy dej)en(lence on the inverse of 

the permittivity is rather doubtful in such cases and the agreement 

between theory and experiment may not be very useful. This idea 

based on the assumption that in strongly polar solvents (with large 

electric permittivity) the interaction between dipoles contributes little, 

to the interaction energy may, however, be used for the (jualitative 

discussion of both inter- and intra-molecular interactions responsible 

for non-coincidence effect. 

•jf'^-
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CHAPTER 5 



Chapter 5 

MICROENVIRONMENT 

DEPENDENCE OF 

VIBRATINAL RELAXATION IN 

p-METHYLACETOPHENONE 

AND BENZALDEHYDE 

l . I N T R O D U C T I O N 

The vibrational relaxation in molecular liciuids lias been the subject 

of many theoretical and experimental studies. Although considerable 

progress has been made towards a deeper understanding regarding 

the vibrational relaxation process in recent years ' , a detailed study 

is required to account for the discrete nature of the solute-solvent 

system at the microscopic level. This may involve the development 

of microscopic picture of the environment around the molecule. The 
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Raman band analysis especially the band width dependence on envi­

ronment may provide useful information regarding the intermolecular 

forces. The vibrational relaxation process which is responsibk; for 

the broadening of the isotropic Ranian coniponent^''^ may bo due to 

the contribution from vibrational dephasing, population relaxation 

and resonant energy transfer via transition dipole - transition dipok; 

(TD-TD) interactions^"^. Moreover, the microscopic environment af­

fects the behaviour of a reference molecule. In a liquid mixture the 

bandshape of a reference mode is influenced by the concentration fluc­

tuations of the environment. 

The theoretical explanation for the vibrational relaxation may be 

given by correlating the vibrational relaxation rate {T~^) with some 

molecular parameter which takes into account the efl'ect of reaction 

field (solvent electric field) on the solute^, and using the basic con­

cept of dielectric relaxation processes. To have a better picture of the 

solute-solvent systems one may consider the so called so lven t cage 

effect where the molecules of a solute are confined in a potential well 

created by solvent molecules. The molecule is considered to be vibrat­

ing against its immediate neighbours, with an occassional escape to 

its adjacent position. The explanation for the vibrational relaxation 

process in complex molecular systems, cannot be understood only on 
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the basis of a macroscopic perception of the solutc-Kolv(!iit syst(!in. A 

marked difference is Hkely between the interacting situations in tlie 

pure solute and when it is dissolved in solvents, osi>ocially at high 

dilution. For detailed information about the relaxation processes in­

volved in complex molecular systems, p-methylacetophenone (PMA) 

and benzaldehyde (BH) molecules have been choscni . The jjrescnt 

work deals with the solvent dependent studies on the Raman band 

corresponding to C = 0 stretching vibration of these two molecules. 

The C = 0 stretching Raman bands of both PMA and BH are well 

isolated from other bands corresponding to other modes of vibration. 

The dipole moment of these molecules is also concentrated on the 

C = 0 bond. 

2 . E X P E R I M E N T A L : 

Raman spectra of PMA and BH in different solvents were recorder! 

by using the excitation wavelength of 4416 Aprovided by a liconix 

model 4240 He-Cd laser for BH and that of 4880 Aprovided by Spec­

tra Physics model 165 Ar"*" laser for PMA. The liquid sample was taken 

in a quartz cell [(2-3)ml] and the laser beam was made to strike at the 

bottom of the cell very near to its perimeter. The sample of PMA and 

106 



BH and the solvents were obtained commercially and were used with­

out further purification. The Raman spectra were recorded in a 90° 

scattering geometry with a SPEX Ramalog 1403 double monochroma-

tor equipped with a cooled RCA 31034 photomultiplier and photon 

counting arrangement. The spectrometer control and data processing 

were achieved with the help of DM-3000 software. Other spectral con­

ditions were adjusted to get the best possible spectra. The isotropic 

component was obtained by using the formula 

4 
Iiso{i^) = Ivv{i^) - ^Ivii{t^) 5.2.1 

and 

Ianiso{i>) = IVH(I') 5.2.2 

where Ivv{^) and IVH{^) represent the polarized and depolarized Ra­

man spectra respectively, v is the frequency in wave number. Thc^ 

reported Raman spectral measurements are accurate to ±0.5 cm"' . 

3. RESULTS A N D DISCUSSION: 

The vibrational Hamiltonian of a dephasing system can generally 

be written as 

H = HQ -{• HB + Hcoup 5.3.1 

where HQ is the Hamiltonian for the isolated active oscillator, Hj) 
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includes the trarislational and rotational degrees of freedom of tlie 

bath and Hcoup describes the coupling of the vibrations to the bath. 

The general theory of vibrational dephasing involves calculation of tin,' 

expression for coupling, Hcoup- Experimentally measured bandshape 

of the isotropic and anisotropic components of Raman bands help 

us to know more about the spherically synnnetric and anisotropic: 

part of the intermolecular forces respectively^"^^. Vibrational phase 

relaxation leads to broadening of the isotropic Raman band. The 

spectral bandshape can be expressed by Kubo lineshape function as 

0(f) = exp(-{AuJi{t)f r, U^^' ~ 0 + ^'^' } ^-^-^ 

The vibrational relaxation may be explained on the basis of three 

mechanisms, viz.,lifetime broadening, environnunital broadc^ning and 

resonance transfer. The fluctuations in the solut(;-solvent interac­

tion forces lead to the fluctuations in the solute vibrational frequency 

which contribute to the width of the vibrational band. According 

to Fischer and Laubereau^^, the vibrational dephasing arises exclu­

sively from the repulsive component of the interaction between the 

molecules, which was later generalised by Oxtoby^ Although the sol­

vent's contribution to the vibrational frequency and band width in 

liquids is mainly due to repulsive interactions, th(> inlc^ractions (hie 

108 



to attractive forces and rotovibrational coupling components are also 

playing important role^'*"^^. The inhomogenious and homogenious 

contributions to the band width, which is required for understand­

ing the molecular dynamics, may be separated by time dependent 

techniques. 

The information regarding the spherically symmetric part of the 

intermolecular forces can be obtained from experimentally measured 

bandshape of the isotropic component of Raman band. It is possible 

to adopt a stochastic approach^^ to the dephasing process, treating 

the molecule as an active oscillator perturbed by random forces. Its 

original spectrum will be broadened around the centre by a raiidoin 

modulation giving a distribution of frequency. With the hypothesis 

that the process is a Gaussian one, the correlation function ip{t) is 

exponential given by the equation 

^l;(t) = e-'/̂ ^ 5.3.3 

and dephasings due to different physical processes are statistically in­

dependent. Different decay rates of ilj{t) leads to slow or fast processes 

of modulation. In the slow modulation limit {TC —>• oo), the active 

molecule undergoes a perturbation for a long time and its phase is 

rapidly lost. In this case Iiso{^) is a Gaussian function with t < T^. 

109 



In the fast modulation limit, i.e., for t > TC the perturbation is 

for a short time on the active molecule, so its phase is retained for 

longer times. In this case the corresponding /fso(^) i« a Lorent/ian 

curve. Thus the bandshape is Lorentzian for homogeneous broaden­

ing.. Very often dephasing rates are severely modified by inhomoge-

neous broadening and by hot or isotopic impurity bands which are 

slightly separated from the prominent band under study. For reliable 

values of dephasing rates, the chosen isotropic profile must be a sym­

metric band, not perturbed by other modes; eventual neighbouring 

bands must be subtracted, if necessary. 

In the case of long range dipolar interactions Tf. is directly i)r()p()r-

tional to dynamic viscosity and therefore, Ty is expected to depend 

on the viscosity of the medium. ̂ 1 le electrical and electronic proper­

ties of an environment consisting of solvent molecules will also play a 

role in determining the vibrational relaxation based on considerations 

similar to dielectric relaxation in disordered systems^y^ The steady 

state conductivity (a) for disordered systems is given by 

a = Nqni 5.3.4 

where A'' is the density of a moving charge q and m is the mobility. 

If we consider the correspondence between disordered systems and 
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liquids, q may be taken as a partial cliarge^^ geiieiat(Hl on the solute 

molecules by the solvent molecules. The average relaxation time r , 

for a system may be given as 

In a liquid the molecules are in a potential well and this confine­

ment is usually referred to as the solvent cage effect (Fig. 5.1). The 

molecule is considered to be vibrating against the walls of the cage, 

i.e., against its immediate neighbours with an occassional escape to 

the position adjacent to it. According to this model, the random diffu-

sional motion of molecules in the liquid is taken to occur as a sequence 

of jumps from one molecular position to the next, so that collisions 

with identical molecules are involved. With dilute solutions, the so­

lute molecule may be assumed to be in a cage of solvent molecules. 

Two different molecules (solute and solvent) that collide are likely to 

undergo successive collisions because they are surrounded by other 

molecules that tend to form a cage around them. This succession 

of collision is called an encounter. Therefore strong intermolecular 

interactions (non-bonded) are probable. These interactions may be 

diffusion controlled that is the interaction will depend upon the rate 

at which the solvent and solute can diffuse together. Accordingly 
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Fig. 5.1 (a) The solvent cage 

(b) Diffusional encounter between A and B molecules 



changes in the concentration and nature of the atoms present in the 

molecules have significant effects on the vibrational relaxation rate in 

the liquid phase. 

One may take the approximation, however, that the molecules of 

the solvent and the solute are of same size. The frequency with which 

two solute molecules will accidentally become neighbours by the pro­

cess of diffusion may then be estimated. The elementary jump dis­

tance, A, is about 2r, where r is the radius of the molecule. The 

diffusion coefficient is given by 

Â  
D = — 5.3.6 

or 

where r is the average time between collisions. In the case of polar 

molecules the hopping from one localized position to an adjacent one 

may result in a transfer of charge. This process is also associated with 

an activation of energy since the energy of a given localized position is 

different from that of another position. The conductivity due to such a 

process may depend on the hopping probability between two adjacent 

molecular positions i and j . The electrical conductivity tensor may 

be expressed abstractly by the Kubo equation as 

^ . . = r ^ r^^>^WAO))dt 5.3.7 
t^B-i- Jo 
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The conductivity therefore depends on the time correlation be­

tween a component of the current operator ji/(0) at time zero and the 

component j^{t) at some later time t, integrated for expectation value 

of the product over the equilibrium ensemble. The conductivity (a) 

may be expressed by using equation(5.3.4) as 

NqX 
o = —^ 5.3.8 

TE 

It is also related to the dynamic viscosity [rj) as^^ 

(7=—^- 5.3.9 
(T7rr/r 

Here E is the electric field, which the reaction field of the solvent 

molecules and may be taken as due to the dispersion forces at high 

frequencies given by 

where /i is the dipole moment of the solute and a is the radius of the 

spherical cavity in which the solute molecule is sitting. Elimimating 

a from equation(5.3.7) and (5.3.8) and substituting the valu(! of E \\v 

obtain 

r — ——r, 5.3.11 
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Assuming that the radius of the cavity is small enough, a may ])c 

approximated as the radius of the molecule, r. The quantity r]r may 

then be taken as the dipole moment of the solute molecule. The alnwc 

equation then reduces to 

67rr?r̂  / n^ — 1 \ 

This collision time r may be considered as the correlation time Tf.. 

Applying the Kubo correlation function r may be related to the vi­

brational relaxation time Ty a s 

The second moment {(Acof)) may be related to the density(/y) of the 

liquid as 

{{Auj^))=Ap 5.3.14 

Then equation(5.3.13) assumes the form^^ 

r,^ = -^Ap[^^^^^^j 5.3.15 

T~^ = Cmf{p,r],n) 5.3.16 
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where 

67rr^ 
C,n = —:7-A 5.3.17 

and 

/ ( ^ ' ^ ' ^ ) = ^ ^ ( ^ ^ ) 5.3.18 

The vibrational relaxation rate may then be calculated assuming a 

Lorentzian shape for the isotropic Raman component under study at 

higher solvent concentration according to the following relationship. 

T~^ — TTcTiso . 5.3.19 

where Fiso is the fwhm of the isotropic component of the Raman hand. 

In the present work the band width of the isotropic components 

^iso (fwhm) of the Raman band corresponding to tlu; C=() stretching 

mode of PMA were measured in various polar as well as nonpolar 

solvents (CH3CN, CH2CI2, CCI4, CeHe, CHCI3) at 80% concentration. 

The Tiso for BH were also measured in solvents (CH.^CN, CCl/i, CfjHf;. 

CHCI3) at 90% concentration. At these concentrations (80% for PMA 

and 90% for BH) the isotropic bandshapcs for both the systems were 

found to be Lorentzian (Figs. 5.2 and 5.3). Therefore, the vibrational 
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relaxation rates (T~^) were calculated from the isotropic band width 

using the relation (5.3.19). 

The various models proposed for examining the dephasing i)ro-

cess took into accomit the dynamic viscosity (//) wliicli is a macro­

scopic property. However, the liquid state especially a finer details of 

the liquid structure requires a microscopic mod(>l incori)orating the 

microviscosity(7y^) which may be calculated using the relation^"^"'̂ ^ 

^r Tj 0.16 + 0 •<)] 5.3.20 

^r 777 

where 

7 0.16 + 0.4 a 

is the microfriction factor. The molecular parameters used for the 

calculation and the corresponding values of fm and r~^ are given in 

Tables 5.1 and 5.2. Here a and b are the radii of the solute and the 

solvent molecules respectively. The parameter / (equation 5.3.18) 

then takes the form "̂̂ "'̂ ^ 

/ . 
n 1 

P'h 2n^ + 1 
5.3.21 
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The experimental results have been presented as the plot of the 

vibrational relaxation ra te T~^ as a function of the parameter /,„ for 

both P M A and BH molecules (Figs. 5.4 and 5.5). If we assume the 

PMA and DH molecules to be planar the (lii)ole-di])ole interaction 

may create stacking of solute molecules. The benzene molecuk? may 

move with resptn-t to the stack so fornu^d while still interac (irifi;, witli 

the molecular fragments of the P M A and BH molecules present. Due 

to molecular motion and diffusion the orientation of benzene molecule 

will not be fixed with respect to any part icular fragment. The dis­

tance of closest approach may be limited by the CH3 group presc^nt 

in the para position of tlu^ IxMr/enoid ring of P M A . T]\v aiiisotropy 

shifts in D M F , DMA, CH, BH and P M A molecules show a decreas­

ing trend (Table 5.3) which is indicative of the fact tha t the Itjcal 

order in the liquids and the alignment of the dipoles in the neat lic^-

uid is very much dependent upon the size of the subst i tuents . The 

above conclusion tha t the benzene ring may not be able to come as 

near to the benzenoid fragment in case of P M A as it would come in 

case of BH molecule was drawn in analogy with the above mentioned 

observation.The benzene ring may occupy any random position and 

may not be able to influence much through its TT el(K:tron system. 

Therefore^ the entire molecular volume would not be eHcctivc in the 
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Table 5.3a 

Av(cm"l) for different Molecular System 

Concentration DMF-C6H6 DMA-C6H6 CH-CeHe BH-CcHe PMA-C6H6 

of solute(v/v) 

50% 10 7 1.5 1.5 1 

70% 10 9.5 3.5 3.5 3 

80% 12 11 4.5 4.5 4 

90% 12 12 5 5 4 

Table 5.3b 

Concentration 

of Solute (v/v) 

Av(cm"'') for different Molecular System 

DMF-CCU DMA-ecu CH-CCI4 BH-CCI4 PMA-CCI4 

50% 8 6 2 1.5 

70% 10.5 10 4 3.5 2.5 

80% 11 11 4.5 4.5 3.5 

90% 12 12 



Table 5.3c 

Av(cm-1) for different Molecular System 

Concentration DMF-CHCI3 DMA-CHCI3 CH-CHCI3 BH-CHCI3 PMA-CHCI3 

of Solute(v/v) 

50% 13 9.5 1 

70% 15 12 7 7 

80% 16 13 8 8 

90% 17 14 8.5 

Table 5.3d 
/ 

Av(cm"1) for different Molecular System 

Concentration DMF-CH3CN DMA-CH3CN CH-CH3CN BH-CH3CN PMACH3CN 

of Solute (v/v) 

50% 10 1.5 1 

70% 12 11 3.5 

80% 13 12 4.5 

90% 14 13 



interaction process. It is also well known tha t the dipole-dipole inter­

action is iriaxiniuni when the dipoles are in head to tail configuration 

(Fig.5.G). Any angle between the dipoles leads to a decrease in the 

interaction energy. 

Therefore the solvent molecular radius for PMA-CgHg system can 

be taken as the H a tom van der Waals ' radius (l.OA). How(>ver, the 

benzene solvent may interact with the benzenoid port ion of the BH 

molecule in its entirety and the interaction may be governed by the 

TT electron system of the solute and solvent molecules. The solvent 

radius has therefore been chosen as the the benzene van dv.r Waals ' 

radius (1.77A) for the BH-Celif, molecul ar system^26). 

For solute-CHsCN system, the interaction is maiidy betw(!(!n the 

dipole moment of the C = 0 bond of the solute and the dipole monient 

of the solvent. In this case the dipole-dipole interaction betwe(>n tlie 

fragments of the molecules in solution are comparable to the inter­

actions in the neat liquid. The dipole of CH3CN molecule will try 

to interact with the dipole of the solute and align along the electric 

field of solute dipole. In this process it is likely tha t the dipole of an 

individual CH3CN molecule may align along one of the components 

of the quadrupole moment of the benzenoid fragment of the solute 

molecule. The solvent molecules can then easily move with r(>sj)e(t 
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to the stacks formed by the solute molecules while still interacting 

through the dipoles . The distance of closest approach will be deter­

mined by the orientation of C-C= N fragment of the solvent molecule. 

The acetonitrile molecule may be considered to have a cylindrical like 

structure so far as C-C=N portion is concerned and it may be reason-

nhlc ^o as'stirttc <haf; ^hc CiJ:\CN jnolvciilv Is fri/c'racMrif, with the di()o/f 

of the C = 0 bond by forming an antiparallel configuration. This will 

facilitate it to interact simultaneously with the dipole of C = 0 bond 

and quadrupole of benzenoid fragment. This part icular interacting 

situation may also be favoured by the motion of the solvent molecules 

with respect to the solute molecules in fluid s ta te . Hence the solv(;nt 

molecular radius has been chosen as the van der Waals ' radius'^^ of N 

a tom (I.5A) this being the largest a tom in C-C=N fragment of the 

acetonilrile molocul(\ 

In case of solute-CCl/] molecular system, wh(>n CCI/1 UKjlecide ap­

proaches the solute molecule, it acquires a net electrical charge due 

to the high polarizability of the CCI4 molecule. In addit ion, the CCI4 

has comparatively less dielectric constant than the P M A and BH 

molecules, hence it acquires a negative charge. As a result of the 

build-up of this charge an electrostatic potential is developed in the 

locality of the molecule whose value decreases with increasing distance 

H) 



between the two molecules (solute and solvent). 

Moreover, when the quadrupole moment is present in a molecule 

a quadrupole-induced dipole interaction is also likely to play an ini-

])()rtant rol(\ Tlie cpiadrupole moment of the heir/eiioid fraf^'jnciil of 

the solute molecule induces dipole moment in the solv(!nt mol(;cules 

approaching; it. This is in addition to the induced ([i])<)ie momciif 

produced by the permanent dipole moment of the C = 0 bond. 

The solute molecules P M A or BH may be assumed to have a planar 

s tructure. The spherical CCI4 molecule can then easily roll over the 

planes of the solute molecules. The CCI4 molecule is highly polarizable 

and has spherical e^hape, therefore the radius of tlic^ sphere which is the 

sum of C-Cl bond distance (1.7 A) and the van der Waals ' radius of CI 

a tom (1.8 A) has hcvu taken as the radius of the solvent molecule'^''. 

In case of PMA-CIL2CI2 molecular syst(Mn, the dielectric constant 

of the CH2CI2 solvent also has comparatively less value than that of 

PMA. Moreover, in CH2CI2 molecule the CI a tom is more polarizable 

than the H a tom. Therefore, in this molecular system the interac­

tion is more likely through the CI2 group of the solvent. Due to the 

partial negative charge acquired, the CH2CI2 molecule tends to ori(>nt 

towards the benzenoid fragment of P M A rather than the C = 0 bond. 
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A quadrupole-induced dipole interaction may as well be playing a sig­

nificant role in this system besides the usual dipole-induced dipole 

and dispersion forces. 

If we assume that the PMA molecule is planar the CH2CI2 molecule 

will have a tendency to float with its CI2 group oriented towards the 

benzcnoid fragment of PMA. The solvent and the solute molecules 

may be flowing with respect to each other and still interacting; hence 

the hydrodynamic properties may be expected to play an important 

role. Therefore the solvent radius in this molecular system has be(;n 

chosen as the van der Waals' radius (1.8 A) of the CI atom"^^. 

The solute radius in all these cases has been chosen as the van 

der Waals' radius^^ of benzene (1.77A) which corresponds to the ben-

zenoid fragment for all practical purposes. 

In case of CHCI3 and PMA or BH molecular system, the acidic 

nature of the proton in CHCI3 molecule may lead to an interaction 

where the hydrogen bonding effect may have to be taken into account. 

The solute molecules (PMA and BH) will have a tendency to form 

hydrogen bond through the carbonyl group. The CHCI3 molecule; 

while coming into proximity with the PMA or BH molecule has a 

possibility to orient itself in a head to tail configuration with the 

dipole of the C=() grou}) through the C-H bond. Ilowrver, due to 
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the molecular motion in liquid a more general case whereby tlicr(^ is 

an angle between the two dipoles is more near to the real situation 

(Fig.5.7) 

In such hydrogen bonded systems, the complex formation is not 

expected as the proton in the CHCI3 molecule is bonded to C and is 

having only an acidic nature. It may only be weakly associated with 

the C = 0 bond and the oscillations between the oxygen and carbon 

atoms may not be feasible as in the case of strongly hydrogen bonded 

systems. Nevertheless, the interaction may be sufficient to weaken 

the pair interaction at sufficiently higher concentration of the solvent 

where several chloroform molecules may surround the s(jlute in a cago 

effect fashion. 

Due to the orientation of C-H bond of CHCI3 towards C = 0 bond 

of PMA or BH, the solute radius in this case is taken as the sum of 

van der Waals' radius of O atom (1.4 A) and the C = 0 bond distance 

(1.2 A) as the entire C = 0 bond may be considered as the interacting 

system in the hydrogen bonded solute-solvent system. The solvent 

radius is taken as the van der Waals' radius''^" of II atom (1.2 A) 

as this is the atom which may be mainly the interacting one in the 

chloroform molecule due to its particular orientation in the hydrgen 

bonded structure. 
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The variation of r^ ^ with respect to fm is clearly linear which in­

dicates that the discreteness of the medium due to the solvents has a 

significant influence in such complex molecular systems. It is, ther(>-

fore, probable that the solvent microviscosity is playing a major role. 

The concept of micro environment takes into account the band broad­

ening as it is not only the microviscosity but the entire environincnt 

around the solute molecule which plays role in determining the band 

width observed in the present study. 
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Chapter 6 

R A M A N ANISOTROPIC BAND 

W I D T H D E P E N D E N C E ON 

VAN D E R WAALS' VOLUME 

OF I N T E R A C T I N G SYSTEMS 

l . I N T R O D U C T I O N 

The effect of dilution on the sliape of Raman bands of liquids has al­

ways been a subject of considerable interest. Both the usual chemical 

and isotopic solvents have been employed in many experimental works. 

Theoretical investigations initiated by Bondarev and Mardaeva' and 

later continued by Fujiyamaa, Kakimoto and Suzuki^ consider the ef­

fect of dilution in binary mixtures. These authors proposed a simple 

model in which the spectral effect of dilution in binary mixtures was 
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interpreted in terms of concentration fluctuation of particles on a ficti­

tious space lattice. Knauss^ and Wartheimer^ examined this problem 

in the framework of the Zwanzig Mori theory of Brownian motion. 

But their theory is limited to the case where the modulation of the 

solvent-induced frequency shift is fast. Bratos and Tarjus'^'^ have i)ro-

poscd a theory to interpret Raman bandshap(\s of pure van dcr Waals' 

liquids. Widely different spectral effects are predicted for chemical 

and isotopic solutions'^. Finally, Knapp and Fischer^ elaborated a ki­

netic model applicable to all modulation speeds which permitted an 

analysis of Raman band shapes of binary mixtures of van der Waals" 

liquids. 

The Raman bandshape of a reference mode in a molecule is d(̂ j)(Mi-

dent upon the microscopic environment. In liquid mixtures, the band 

shape is influenced by the concentration fluctuations of the environ­

ment. Therefore, the solvent dependent studies for the anisotropic 

Raman band corresponding to C = 0 stretching vibration of different 

molecules p-methylacetophenone (PMA), benzaldehyde (BH), cyclo-

hexanone (CH), N, N-dimethylacetamide (DMA) and N, N-dimcthyl-

formamide (DMF) were made. The C = 0 stretching mode in these 

molecules is well isolated from other modes of vibration and exhibits 

128 



strong Raman band. Therefore, it is suitable for studies involving vi­

brational relaxation. These molecules are also known to exhibit non-

coincidence effect through C = 0 stretching mode^~^^. The present 

study is concerned with the anisotropic component of the Raman 

band where the anisotropic component of the intermolecular forces 

plays role. 

2. E X P E R I M E N T A L 

The samples used for spectroscopic measurements were of either 

spectroscopic or extra pure analytical-reagent grade and were used 

without further purification. Raman spectral measurements were 

made for the totally symmetric C = 0 stretching band of PMA, BH. 

CH. DMA and DMF molecules in the solvents CH3CN and CgHf,. 

Raman spectra for different molecules were recorded in 90̂ ^ scat­

tering geometry with a SPEX Ramalog 1403 double luonochroiiia-

tor equipped with a cooled RCA 31034 Photomultiplier and photon 

counting arrangement. The spectrometer control and data proc;(!ss-

ing were achieved with the help of datamate by using either DM-01 

or DM-3000 software. Excitation wavelength of 4880Aprovided by 

a Spectra Physics Model 165 Ar"*" laser was used for recording Ra­

man spectra of PMA, CH, DMA,DMF and that of 4416 Aprovided 
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by Liconix Model 4240 He-Cd laser was used for recording Raman 

spectra of BH dissolved in different solvents. All the spectra showed 

good reproducibility and were recorded at least three times. A slit 

width of 1.5 cin~^ was used for recording the spectra. Other spectral 

conditions were adjusted to get the best possible spectra. 

The anisotropic band shape can \)e obtain(H\ from the ij/// compo­

nent as 

^aniso ^^ ^VH 

and gives information about the anisotropic forces and molecular re­

orientation. The effect of the finite slit width on the observed band 

width was corrected by the equation^^ 

Tt = Va ^- f: 
s^'' 

where Ti and Fa are the true and apparent Raman band width (full 

width at half maximum intensity, fwhm) respectively, and S is the 

spectral slit width in crn~^ The accuracy of the band width measure­

ments is believed to be ±0.5 cm~^ 

3. R E S U L T S A N D D I S C U S S I O N 

In the present work, the band width of the anisotropic component 

corresponding to the C=() stretching mode of PMA, BJl. Cil, DMA 
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and D M F were measured (Taniso) for different solvent concentrations 

varying from 10% to 90% in the solvents CH3CN and CGHG- The ol)-

served da ta for these solvents were found to be highly concentration 

dependent. It is, therefore, interesting to interpret the solv(;nt depen­

dent anisotropic Raman band width. The full width at half maximum 

(iwlim) of the anisotropic Raman band obtained w(;r(! plotttnl as a iun-

tion of the solvent concentration. The plot is quite complicated in the 

sense tha t the na ture of the curve depends upon the range of the con­

centration of the solvent. It is observed that the graph is straight line 

for higher concentration of the solvent whereas it shows a curvature? 

for lower concentration of the solvent (Figs. G.l and 6.2). Moreover, it 

is also observed tha t in case of P M A and BH dissolved in the solvents 

the curve is deep while tha t for CH, DMA and D M F the curve is shal­

low. It is apparent from such a graph tha t molecular interactions are 

quite complicated in the range of higher solute concentration. This 

may be due to the competitive nature of the interactions between the 

similar molecules of the solute and the solute-solvent molecules. The 

interpretation of the i)lot of such a complicatcMl na ture , th(>r(>f()re, may 

require an understanding of the molecular interactions. 

For a system containing N^ solute molecules and N/^ solvent molecules, 
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For a system containing Nyi solute molecules and NB solvent molecules. 

The solvent may be an isotopic variant of the spectrally active molecule 

or belong to entirely different chemical species, If the molecules of the 

species A executes anharmonic vibrations described by internal co­

ordinates r = (ri, r2, r3,....?'yv), the semiclassical Hamiltonian can he 

written^ as 

Hir,t) = 
•, NA NA NA 

z = l 1=1 i=l 

+ [y(r , t)] 6.3.1 

Here A' and / are the harmonic and anharmonic force constants re­

spectively; Pi are the momentum coordinates. 

V(r, () = E V^rir, 0 + E E K;f'"('•, t) C.3.2 
i,j-l i=l ji=\ 

where the pair potential V̂-̂- and V̂ ,̂ ' describe the solute-solute 

and solute-solvent interactions, respectively. These potentials differ 

from each other for chemicals, but coincide for isotopic solvents. 

In this inodel^ the molecules of the species A and B are consid­

ered to (wecute stochastic rotations and translations, dcsciihcd by 
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the coordinates 

(B) 
NB 

whereas the correlation between vibrations and rotations, altliough 

present is weak. Moreover, there is no colhsion induced scattering. 

The direct vibrational interactions between the solute and the solvent 

molecules are also neglected whereas the rotational and translational 

interactions are fully accounted for. Investigations by Levesque, Weis 

and Oxtoby^^ as well as by Tarjus and Bratos^ show that the use of 

assumption regarding rotovibrational coupling is legitimate and no 

definite statement can be made about collision induced scattering. 

Examination of spectral properties of isotopic solutions'^ reveals 

that the vapour-liquid frequency shift Ao; of an isotropic Raman band 

is a linear function of the concentration {^A) of the solute molecules. 

On the other hand, the position of an anisotropic Raman band is 

independent of concentration. Also the variation with concentration 

of the halfwidth of an isotropic Raman band, strongly depends on 

the speed of vibrational modulation. The slow modulation expression 
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Aufj^ and the fast modulation counterpart ^<^(n a-re given by 

Auf^, = (2M2))^/' { [ ((Afiuf)] + ^A [27V(AniiAQi2> + N'^iAUy^f)] } 

+ * ^ [N'^iAUnAQi^)] + ...}'/'' 6.3.3 

^^1/2 = {[((A(2ii)G2)] + <L>A [2N{AnnAnv2) + N''{{6UU)] 

+^\[N''{6QuAQu)n2,u]} 6.3.4 

where r is a representative correlation time and Jl is a NXN frequency 

matrix. 

One then concludes that the halfwidth AuJi/2 is a quadratic func­

tion of ^A if the vibrational modulation is fast; it depends on the 

square root of this function if it is slow; and it exhibits an inter­

mediate behaviour for intermediate modulation speeds. Moreover, 

from the wellknown Bondarev-Mardaeva expression^ one concludes 

that the halfwidth ujij2 is a linear function of ^A in the fast modula­

tion limit, it depends on the square root of ^A iii the slow modulation 

limit and it exhibits an intermediate behaviour for intermediate mod­

ulation speed. The half width of an anisotropic Raman band is, in 

practice, weakly concentration dependent. 

Spectral properties of solutions involving chemical solvents are much 
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more difficult to analyze than those of isotopic solutions. For chcni-

ical solutions, the peak frequencies of both isotropic and anisotropic 

Raman bands are concentration dependent. The expressions 

6.3.5 

6.3.6 

in fact are nonlinear in ^ A - The half width of isotropic and anisotropic 

Raman bands is also concentration dependent. However, this depen­

dence is complex, even in the slow and fast modulation limits. In 

chemical solutions, the solvent induced effects on the band shape are 

of a similar magnitude in isotropic and anisotropic Raman spectra. 

This behaviour is different from that found in isotopic solutions. This 

difference is due to the fluctuations of the chemical composition in 

a given site of tiie liquid and to the structure-breaking ellccts whicli 

are present in the former case and absent in the latter. The environ­

mental fluctuations of transition frequency and rotational fluctuations 

depend on $^ in chemical, but not in isotopic solutions. 

To have a more clear picture about the intermolecular interactions 

involved which are responsible for such a complicated behaviour we 

have taken into account the concept of van der Waals' volume of 

the sphere of influence in soluion. The calculation of van (l(;r Waals 
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volume {Vw) assumes a knowledge of bond distance^^, bond angl(;s 

and contact distance i.e. intermolecular van der Waals radii (r^;) and 

shapes of atoms in various molecular configurations. It has been ob­

served that for heavy atoms the van der Waals radius under the most 

drastic environmental changes, i.e., irrespective of its chemical com­

bination and of its nearest non bonded neighbours as well as of the 

phase state in which it is found remain invarient. TIK^ van d(U- Waals 

radius may thus be estimated from the point of view of the electron 

density distribution around an atom. 

The electron density •0'̂  at distance r from the core of a hydrogenic 

one electron atom is given by 

^' = C\xp Lh^A c.3.7 

where ///,. is tlu^ r(\st mass of the (>lectron, /(j is the lirst ioiii/atioii 

potential of the atom, and C is a normalization constant chosen such 

that J ip'^du = 1 of space [u). As two atoms approach each other 

from r = oo their electron clouds interpenetrate more and more. The 

Pauli exclusion principle then causes a repulsion of the two atoms in 

direct proportion to the electron density in the region of interpene-

tration. The van der Waals radius then might be defined in terms of 

that distance r-, at which this repulsion just balances the attraction 

I'M) 



force between the two atoms, But it is difficult to formulate a critical 

electron density and calculate r^j from it because of the low degree of 

accuracy. 

However,equation (2.6.1) contains a parameter h.\/nirl{), the do 

Brogiie wavelength AB of the outermost valence electron of an atom, 

which might bo related to th(̂  van der Waals radius (/„;). In fact, it 

has been observed that r^ = {const.)XB- The constant is 0.61 for the 

rare gas atoms, 0.53 for halogens and about 0.48 for the remainder of 

the non metallic elements. Deviation from this correlation are in the 

direction of predicting too large a diameter for the lightest elements. 

In general for a detailed analysis, the method used to estimate V,„ 

from bond distance 1 and from r̂ y is shown in the fig. 6.3. 

Here, 

ri,r2 = van der Waals radius 

1 = covalent bond distance 

m = auxiliary parameter 

hi. h2 = height of sphere segments 

hi = ri -\- I — ???.; }i2 = ^2 — ni 

Vi = nhl (n - ^) 
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AFs = TThl (r2 - 'f) 

V2 - T^2 

111 this simple model for calculation of van der Waals VOIUIIK; V^„ of 

molecules shown in the Fig. 6.3, care must be taken not to cut larger 

splunc segments olf the central a tom than it has volume to provide. 

Neighbouring a toms around a three or four valent central a tom would 

interpenetrate if the sphericities of their shells were preserved to the 

root. Actually they do not even squeeze each other very hard, as the 

bound a toms are probably pear shaped due to the tighter binding of 

valence electrons halfway between the two radii. Moreover, strong 

association causes sufficient deformation of the perticdpating atoms 

that it has to be taken into consideration in the selection of contact 

distance and in calculation of Vu,. 

K; « iVA ( ^ ) a' 
6 

The van der Waals ' volume of the interact ing system with solute 

dissolved in the solvents CH3CN and CQHQ has been calculated by 

using the relation 

V^ = ^V^{solute) + (1 - ^)V^{solvent) 6.3.8 

keeping in view the varying na ture of the solute-solvent distance; in a 
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solution. 

For solute-acetonitrile system, the solvent's van dciLWaalsljvohiinc 

hasJbeejL calculated by considering that the acetonitrile^moleculo has 

a cylindrical likg structiire^as far as^C;^C=J^j)jQili£jQjiii:iiiic:crnod. The 

van der Waals' yolume^^ for acetonitrile has been taken to be egual 

to the van der Waals' volume of (C — C„= T£) . 

In solute-benzene system, the van der Waals' volume of benzene''^ 

has been taken to be equal to 48.4. On the other hand the effective 

solute van der Waals' volume has been taken as the van der Waals' 

volume 11.70 of one C = 0 bond^'^, because the primary interaction is 

dominated by the dipole moment of the C = 0 bond of the molecules. 

Keeping in view the role of the van der WajilsWglumc, a quantity 

Fu, = In f -^aui J w^s defined as one of the parameter in these^systfijxus-

This quantity has been plotted as a function of the solvent concen­

tration, the graph (Figs. 6.4[a-j]) shows a straight line for the entire 

region. This nature is somewhat similar to that reported earlier in 

Chapter IV where the repulsive potential is playing a significant role'*. 

While explaining the non-coincidence effect^"^" ,̂ we have considered 

the pair interaction between the solute molecules which leads to the 
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local ordering in liquids. This leads to in-pliase and out-of-pliasc tyjje 

of vibrations. However, due to increasing concentration of the solv(?nt 

the weakening of the pair correlation may occur. This is possible if the 

interactions between the fragments of the molecules are of comparable 

nature to the interactions in the neat liquid. 

In solute-CHsCN system, the dipole-dipole interaction is likcjly to 

be strong which may lead to the weakening of the i)air interaction 

between the solute molecules. It is possible to write the torqu(» exerted 

on a dipolar molecule by a field F due to the dipole moment of the 

C = 0 bond of the solute (hearafter called as director) 

-fiFSine = e ^ + / T T 6.3.9 

where ^ is the frictional force constant and / is the molecular moment 

of inertia. 

A simplified picture of solvent effect may be obtained by consider­

ing the effect of a dipolar field upon its surroundings. The components 

of the field F due to a dipole moment /i are given by, 

F:, = ^CoseSinOCoscj) 

Fy = —C osB SitiO Sif).(j) 
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where 9 is the angle between r and the Z axis, and (j? is the angle 

between the projection of r in the XY plane and the X axis (Fig. 

6.5). /i is supposed to be at the centre of a spherical solute irioleculc. 

The dipole of CH3CN will try to align along the F of the dipolc 

of the solute molecule and thus an average component will be ther(> 

along the director. In this process for the solute molecules contain­

ing benzene ring (PMA or BH molecules), it is likely that the dipole 

of an individual CH3CN molecule may align along the quadrupole of 

the benzenoid fragment. This being a situation of minimum energy'^ 

hence may be a favourable situation for the flow of the molecules in 

the fluid state. However, this situation may lead to repulsive interac­

tion as far as the TT electron system of C = 0 and C-C=N fragments 

of the solute and solvent molecules are concerned. Moreover, the 

orientation of the PMA or BH molecule may be such that the ben­

zene rings come near to each other and form a plate like structure 

to maintain a smooth flow while still interacting (pair interaction in 

licjuids) through dipoile-dipole interactions. When PMA or BIT is 

dissolved in CH3CN, the dipole-dipole interaction between the solute-

solvent system will affect tlip pair interaction thus leading to decrease 
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Fig.6.5 Interaction situation between a dipole of acetonitrile and quadrupole 
of PMA or BH molecule 



in anisotropy shift. However, the plate hke structure leads to repulsive 

quadrupole quadrupole interaction^^. The liquid nature of the 8yst(;ni 

will mainly maintain the plate like structure because hydrodynamic 

forces may be dominant over electrical forces. The cylindrical shape of 

CH3CN molecule may not hinder in the smooth flow of the molecules. 

In case of solute-CeHg system the interaction is likely between th(> 

dipole moment of the C = 0 bond and quadrupole moment of CeH^ 

which may be responsible for weakening of the pair interaction be­

tween solute molecules. For the molecules containing ben/(>ne ring, 

viz., PMA or BH when dissolved in CQHQ, after weakening the pair in­

teraction, the benzene rings may also form a plate like structure. The 

interaction is also likely between the quadrupole moments of solvent 

CQE.Q and the benzenoid fragment of the solute. 

If we consider the simple shear flow of benzene molecule between 

two parallel planes constituted by the benzenoid portions of the molcHules 

along Z axis (Fig. G.6), hydrodynamic properties may now play sig­

nificant role. The PMA or BH molecule is assumed to be planar. The 

effective viscosity will depend on the orientation of the dipole moment 

of the solute molecule, the director. The orientation of the director 

will not be fixed in the liquid, therefore the equation of motion of the 

director will come into play in addition to the flow of the licjuid. Tlie 
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Fig. 6.6 Shear flow of benzene with respect to PIVIA or BH molecules 



equation of motion of the director can be wri t ten us 

I-TT = TF + ^isc 6.3.10 
at 

where TJT is the torque per unit vohinie on the director due to the 

electric forces 

Ty = nXh G.3.11 

h being the molecular field. Ty^sc is a torque on the director due to 

frictional forces. / is the moment of inert ia per unit volume, n is the 

director. 

If we consider the benzene ring to^ be j jerpendicular to tlie shear 

plane, then Tyisc = 0, i.e., the shear torque v a n i s h e ^ a n d a stable 

orientation exists for n which may be comparedjto the T conftguration 

for the quadrupole moments , the minimum energy configuration^^. 

For the case when the director is parallel to shear plane (when ben/ene 

ring is parallel to benzenoid port ion of th^^solute), one finds a torque 

which leads to a change in the orientation of the C = 0 bond due to 

strong quadrupole-quadrupole repulsive type of interaction. Due to 

the changed orientatipn of one of the C = P bonds in the a t t rac t ing 

pair, the interaction becomes weaker under the influence of benzene 

solvent. 

These types of interaction though very complicated in nature are 
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quite significant and are probably responsible for the anisotropy shift 

as the solutions are further diluted with benzene. These results clearly 

indicate that the repulsive type of forces are playing significant role in 

the line broadening mechanism of the Raman bands exhibiting non-

coincidence effect. 
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Chapter 7 

SUMMARY AND CONCLUSION 

The laser Raman scattering studies have been carried out on p-methy-

lacetophenone (PMA), benzaldehyde(BH), cyclohcxanone (CH), N,N-

diniethyLicetaniide (DMA) and N,N-dimethylforinaniid(; (DMF) tak­

ing the C = 0 symmetric stretching vibration as the reference mode 

in all cases. The carbonyl stretchng vibrations of these aliphatic 

and aromatic molecules have been studied mainly with regard to the 

non-coincidence effect, owing to their strong dipolar character. The 

dipole-dipole interactions are considered mainly to be responsible for 

the local order of the molecules. The interaction potential between 

two permanent dipoles has been considered taking care of the orien­

tation dependent term, 
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The experimental results for both isotropic and anisotropic com­

ponents of Raman band of pure PMA and BH molecules show non-

coincidence with the anisotropic component shifted to higher wavenum-

ber position. That the non-coincidence effect is mainly due to transi­

tion dipole-transition dipole (TD-TD) type of interaction is supported 

by experimental results as the anisotropy shift tends to vanish at high 

concentration of the solvent. 

The non-coincidence effect in PMA and BH molecules was studied 

by taking into account the screening factor related to the permanent 

and transition dipoles. The Onsager-Frohlich dielectric model has 

been employed to study the behaviour of anisotropy shift at various 

solvent concentrations. The plot of the term F = Ai> (2e -f- n^) 6~' 

with respect to the solvent concentration shows a discontinuity around 

50 to 60% concentration of the solvent. This may be due to the struc­

ture breaking effect and local fluctuations when the liquid is dilut(!(l. 

However, the plot of the quantity InF vs. solvent concentration shows 

a linear relationship for the entire range of dilution in each case. 

This study reveals that the model predicted by the TD coupling 

mechanism may be expected to be valid only for dilute solutions. The 

effect of dispersion force and various multipolar interactions are hkely 

to vary from solvent to solvent and screening effect may not b(> as 



effective as envisaged by the Onsager-Frohlidi model. Tlieref'ore, the 

methods of statistical mechanics may be used which provide a way of 

obtaining microscopic quantities when the properties of the molecules 

and the molecular interactions are known. By treating the moleculear 

interactions with hard sphere interaction model, it has been found 

that the repulsive potential function of the type e""'*^ (where li is 

the appropriate distance of closest approach and o; is a constant) is 

playing a dominant role over the attractive potential function, which 

is due to the fluctuations of diploic moments and polarizabihties. 

The Raman band in liquid shows a more or less broad distribu­

tion of frequencies. In case of isotropic part of the Raman band, the 

reorientational motion of the molecules can be neglected. The ex­

cited molecular ensemble sees a somewhat different environment, and 

the vibrational frequency is, therefore, perturbed by various inter­

action potentials depending upon geometric relations. The develop­

ment of the microscopic picture of the processes involved requires the 

knowledge of dephasing processes. The band shapes of the isotropic 

components of Raman bands at 80% solvent concentration (v/v) for 

PMA and at 90% solvent concentration (v/v) for Bll were found to \)v 

Lorentzian. This is because the perturbation on the solute molecule 

is for a short time, therefore its phase is retained for longer times. 
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The isotropic band width at these concentration were measured in 

different polar and nonpolar solvents to find the dcphasing rate ( r " ' ) . 

The theoretical explanation for the dephasing process may be given 

by correlating the vibrational relaxation rate (r~^) with some molec­

ular parameter which takes into account the effect of solvent electric 

field on the solute molecule. 

The various models proposed for explaining dephasing process takes 

into account the dynamic viscosity (?/) which is a macroscopic prop­

erty. However, a finer details of the liquid structure rec^uires a mi­

croscopic model incorporating the solvent microviscosity {rim) which 

may be calculated by estimating the appropriate values of solute and 

solvent radii. The solute and solvent radii have been estimated keep­

ing in view the orientation of the molecular fragments due to various 

intermolecular interactions as well as the hydrodynamic properties of 

the liquid. At sufficiently high concentration of the solvent, the solute 

molecule may be considered to be in a cage of solvent molecules with 

an occasional escape to the adjucont i)osition. A j)aram(!trr /,„ which 

takes into account the solvent microviscosity as well as the distance 

of closest approach of the solute and solvent molecules was defincul 

and the variation of T~^ with respect to fm was plotted. The graph 

was found to be linear which indicates that the discreteness of the 
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medium due to the solvents has a significant infiueiice on depliasing 

process in complex molecular systems. 

The ansiotropic component of the Raman band gives information 

about the angular dependence of intermolecular potentials. TIKJIC-

fore, the anisotropic band width (FWHM) corresponding to C = 0 

stretching mode of the molecules PMA, BH, CH, DMA and DMF 

were measured at different solvent concentration ranging from 10 to 

90% in the solvents CH3CN and CeHg. The observed data are found 

to be highly concentration dependent. The graph shows a curvature 

at lower concentration of the solvent and is linear at higher concen­

tration of the solvent. This indicates a competitive nature of the 

interactions between similar molecules (within pure; solute) and tlic 

solute-solvent molecules. To have a detailed information about the 

intermolecular interactions involved which are responsible for such 

a complicated behaviour, we have introduced the concept of van der 

Waals' volume of the sphere of influence in solution. The effective van 

der Waals' volume (14;) has been calculated keeping in view the vary­

ing solute-solvent distance in a solution. A quantity ln{raniso/^w} lî î  

been defined in these systems for taking into consideration the n^le of 

van der Waals' volume. The variation of this parameter with solvent 

concentration is found to the linear for the entire range of diluti(jn 
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indicating the exponential nature of the repulsive forces which plays 

role in the line broadening mechanism of the Raman band exhibit­

ing non-coincidence effect. The pair interaction between the solute 

molecules is responsible for the local order which leads to in-phasc 

and out-of-phase components of vibration. Due to increasing concen­

tration of the solvent the weakening of the pair correlation may occur. 

This is possible if the interaction between the fragments of the solute 

and solvent molecules are of comparable nature to the interaction in 

the neat liquid. However, the orientation of the solute and solvent 

molecules due to the interaction between different fragments will be 

such that the hydrodynamic forces may be dominant over (electrical 

forces, thus maintaining the smooth flow of the liquid. The present 

study indicates that the effect of entire micro environment should be 

taken into account in complex molecular systems for determining the 

different spectral properties of the Raman bands, such as frequency 

shift and band width of isotropic and anisotropic components. 
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