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SYNOPSIS 

DISTORTION INDUCED IR AND RAMAN ACTIVITY AND RELATED ASPECTS 

OP VIBRATIONAL DYNAMICS OF MOLECULAR UNITS IN CRYSTALS 

In tha last few years/ a significant niorriber of papers 

(Luty and Rohleder 1972; Pimentel and McClellan 1952; Pimentel 

et. al. 1955; Suzioki et, al. 1968; Yamada and Person 1964) and 

reviews (Califano et, al« 1981; Person and Steele 1974) have 

appeared on the subject of Raman and infrared intensities of 

bands due to vibrational modes of molecular units in crystals. 

The main objective of all these reports has been to study : 

(i) the relative intensity of Davydov splitting -(dichroic ratios) / 

(ii) the change in intensity on condensation and (iii) the 

intensity of bands due to lattice modes. However/ no attention 

seems to have been paid to formulate a quantitative theory of 

the phenomenon that activates the forbidden modes of a molecular 

unit which attains distorted structure and occupies a lattice 

site of symmetry lower than that of its free state. The 

phenomenon is associated qualitatively with the lowering of 

local symmetry of the unit and modified selection rules are 

derived using well known group theoretical techniques viz, the 

unit cell (Bhagavantam and Venkatarayudu 1939) and local 

symmetry approaches (Halford 1946; Hornig 1948; Winston and 

Half orxi 1949) . Thus the main aim of this thesis is to give a 



( i i ) 

quantitative theory of the phenomenon, using group theory and 

perturbation methods. It has been revealed that these transitions 

become active due to structural distortion of the unit and they 

need to be ascribed as distortion induced transitions. Such 

transitions of different symmetry species are characterised by 

different order of distortion induced activity (DIA), i.e. 

DIA-I/DIA-II/,,,./DlA-h representing first/second/..,./higher 

order effect of distoartion. Normally/ the transition occ\aring 

only as first order effect in the polar type of distortion are 

expected to gain observable intensity; others may result in 

perceptible intensity in exceptional situations. Therefore, for 

the better understanding of the observed IR and Raman spectra 

it is highly desirable to know the type and order of 

Tiiŝ :̂ ortion induced activity (DIA) of the forbidden modes 

of a moleciolar unit. The usefulness of the theory in the 

study of the forbidden rtKDdes of molecrular units in liquids and 

gases (under high pressure) has also been discussed. The 

intensity of such transitions has been quantitatively associated 

with the type and magnitude of distortion which is useful in 

understanding the microscopic mechanism of strTactural phase * 

transition. 

The thesis is divided into six chapters. Chapter I, 

presents various aspects of vibrations of molecules and 

crystals, IR and Raman spectroscopy, etc, relevant to the 

present investigation. 



( i i i ) 

Chapter II, reviews the work pertaining to the 

vibrational selection rules for molecules in their gaseous 

as well as in crystalline states. It discusses at length the 

two well known techniques (alongwith their merits and demerits) 

i.e. the unit cell approach and the local symmetry approach 

applied to crystalline solids for determining IR and Raman 

active species. The application of these techniques has been 

illiistrated by an example of our study and analysis of the IR 

and Raman spectra of Rochelle Salt (NaKC.H 0 .4H 0); this 

includes the details of experimental set up and techniques 

used for sample preparation and recording of the spectra. 

Chapter III, describes the formulation of the theory 

of distortion induced activity (DIA) of forbidden modes of 

molecular units in crystals. The polar and non-polar site 

symmetry cases are discussed separately. The central idea of 

the work is that the crystal field which is non-uniform in 

strength serves as the soiorce of perturbation and distorts 

the unit and hence modifies its dynamics and selection rules; 

the resCLts have been analysed \ising group theory. 

Chapter IV, presents the symmetry classification of 

forbidden modes of molecular units belonging to different 

point groups attaining first/second/*,,./higher order of 

DIA; in each case the results have been analysed for all 

possible site symmetries. 

file:///ising


(iv) 

Chapter V, discusses the usefulness of the theory 

in the study of structiiral phase transition in crystals. 

The scope and the usefulness of the theory in determining 

the effective symmetry and the IR and Raman activity of 

molecular units in liquids and gases (iinder high pressure) 

has also been discussed. 

Chapter VI, presents the summary of the work 

alongwith the important conclusions. 



CPiAPTER 

INTRODUCTION 

1 , 1 GENERAL 

The vibrational spectroscopy dealing with absorption 

(IR absorption) and inelastic scattering (Raman scattering) 

of photons has been used to make significant contributions 

in understanding the complex structure and dynamical behaviour 

of polyatomic systems. It provides valuable information 

pertaining to the nature as well as the magnitude of several 

physical parameters (such as intra- and inter-molecular 

forces, bond length, bond angle, identification of functional 

groups in compounds) and thermodynamic properties (specific 

heat, entropy, free energy, dissociation energy, heat of 

formation etc), In order to obtain these informations more 

importance has generally been given to the allowed modes in 

ccnp3Xisoi> to the so called forbidden modes, which generally 

appear with weak intensity in the spectra, particularly, 

of solids, liquids and high pressure gases. However, the study 

of forbidden modes has drawn much more attention in recent 

years. It would be interesting to study the conditions under 

which the forbidden modes become active with significant 

intensity accessible to experimental observation. This type of 



investigation may shed light on the local effective symmetry 

of any molecular unit in solids, liquids and gases. It has 

been found to be of great significance in the study of microscopic: 

mechanism of the structural phase transition in crystals like 

(NH ) SO and (NH ) BeF , However/ no quantitative theory is 

available for understanding the activity of forbidden modes 

of molecules in different environments - solids, liquids and gases 

•under high pressure. It is, therefore, the aim of the present 

thesis to-present a systematic quantitative theory of the 

IR and Raman activity of forbidden modes of molecular units 

in different states under different conditions. The various 

topics and concepts related to the present investiigation axe 

briefly introduced in this chapter, 

1,2 DYNAMICS OF A MOLECULE 

The dynamics of a N-atcroic molecule can be described 

in terms of 3N degrees of freedom or modes of motion (3 trans­

lations + 3 rotations + (3N-6) vibrations for a non-linear 

molecule and 3 translations + 2 rotations + (3N-5) vibrations 

for a linear molecule) (Colthup et. al, 1975; Herzberg 1945; 

Wilson et, al, 1955), In a crystal, all the 3N degrees of 

freedom of the molecule become oscillatory. The oscillatioris 

arising from translations and rotations of the molecule are 

known as translatory and libratory lattice vibrations. 



respectively. These translatory and libratory vibrations are 

often referred to as external vibrations to distinguish them 

from the so-called internal vibrations of the individual 

molecule. In general/ all these vibrations in a crystal are 

governed by inter- and intra-molecular interactions, which 

decide most of the microscopic and macroscopic properties of 

the molecule in isolation as well as in bulk. Although/ the 

dynamics of a molecule or a solid appears to be complex/ it may 

be described in terms of simple modes of motion known as 

normal modes (3N in number) . / '̂  '- ' 

•' 1.3 NORMAL MODE OF VIBRATION 
I ~ ' 

1 - A normal mode of vibration has the following properties 
r 
I •'• 

^̂ ; " (Chang 1971; Colthup et. al. 1975; Herzberg 1945; Wilson et, al, 

1955) 5 Each atom of the system executes simple harmonic 

oscillation about its equilibrivim position with same frequency 

and phase. The relative amplitude of oscillation and velocity 

j of atoms depend on .their mass and the nature of vibration; 

they may have different magnitude and direction satisfying 

the fact that the molecule neither rotates nor its centre of 

gravity translates. 



1.4 IR ABSORPTION 

The IR absorption is a phenomenon involving interaction 

between electromagnetic radiation and matter. To a first order 

approximation, it arises due to change in electric dlpole 

moment (A<) of the molecular unit during its excitation to a 

higher energy state. It may, however, also arise due to change 

in electric moments of higher order, magnetic moments, etc., 

but the absorption induced by such interactions is negligibly 

weak. For example, if a typical transition induced by the 

electric dipole moment is assumed to take place at a rate of 

10 sec" , the transitions induced by magnetic dipole and 

electric quadrupole moments are expected to take place at a 

3 1 

rate 10 and 1 sec" , respectively (Schutte 1976). The intensity 

of an IR absorption band is proportional to the square of the 

change in dipole moment caused by the molecular vibration 

(Herzberg 1945), Since frequencies of vibrations of molecules 

and solids fall in IR range of electromagnetic radiations, 

enough informations (such as force constants, nature of intra-

and inter-molecular interactions, symmetry and structure, etc.) 

about these systems can be obtained from IR absorption spectra. 

1.5 RAMAN SCATTERING 

Raman scattering is an inelastic scattering of photons 

by molecular systems. In this process the frequency of scattered •.•' 



light shifts from the incident.frequency.-; by a quant-um necessary 

for certain kind of excitation of the sample. The excitation 

may be translational (e.g. lattice modes of crystal)/ rotational/ 

vibrational or electronic in nature. The importance of the 

phenomenon lies in the fact that the difference between the 

frequencies of scattered and incident radiations carries 

information about the dynamics and structure of the scatterer. 

When scattered frequencies are found to be lower than the 

frequency of incident light, the phenomenon is known as Stokes 

Raman scattering/ whereas^ if the scattered frequencies are 

fovmd to be higher than the frequency of incident light it. is 

known as anti-Stokes Raman scattering. These events are shown 

schematically in Figure 1,1, Since anti—Stokes emission depends 

on the number of molecules in the initial excited state, which 

according to Boltzmann statistics is less than that in the 

ground state, it is weaker than Stokes emission. The Stokes 

and anti-Stokes Raman scattering can be explained in terms of 

energy transfer between the scattering system and the incident 

radiation. When a system (in groujid state) interacts with 

radiation of wavenumber iJ., it makes an upward transition from 

its lower energy level E to an upper energy level E (Figxore 1,1a.) 

In the process the system gains energy, AE = E - E , from 

the incident radiation. If the wave n\imber difference associated 

with two levels is j/' , then AE = he l) . This energy is made 

available by annihilation of a photon (E = he i).) of incident 



radiation and creation of a photon of smaller energy/ hci 1^^ - V^) f 

in the process the system is excited to a higher state. On the 

other hand, the interaction of incident radiation with the 

system in excited state may cause a downward transition from 

a higher energy level E to a lower energy level E^ (Figure 1,1b). 

In this case, an amount of energy E - E^ = hey is made 

available by the system. In the process a photon of energy he )^. 

is annihilated and another photon of energy he ( V^ + ̂ ^ i^ cxrearted; 

and the system deexcites to its lower energy state, 

1 Raman scattering is usually ,weak in intensity)hence a 

strong source of incident radiation is needed for its obser­

vation. Stimulated interest in its study and applications 

therefore arose only after the invention of high power and 

highly monochromatic continuous laser sources. Developments in 

the field have since been very fast and several" new phenomena, 

such as resonance-, surface-enhanced-, stimulated-, hyper-/ 

inverse-, coherent anti-Stokes*^coherent Stokes-Raman scattering 

have been discovered. Stimulated Raman gain spectroscopy, photo-» 

acoustic Raman spectroscopy, Raman-induced Kerr effect 

spectroscopy, asterisk spectroscopy, etc, have also been 

developed (Beattio and Black 1977; Bist et, al. 1985; Long 1977/ 

Tobin 1971), 



1.6 IR AND RAMAN SELECTION RULES 

The transition moment M„. for the transition between 
fi 

initial state |i> and final state If> is given by 

M^^ = <f/M|i> ... (1.1) 

where, "M is the transition operator. An allowed transition is 

characterised by non~zero value of WL., In general, it is 

difficult to find out exact eigenfunctions lf> and li> of a 

system, and so the value of M- , Group theoretical methods are, 

therefore, used to predict its zero or non-zero value. M_. attains 

non-zero value when the product of the symmetry species 

(i.e. Tf (x) j M (x)}^^ ) of the functions appearing in the term 

<f>M<i> have at least one component which is totally symmetric. 

When this condition is not satisfied M-. vanishes and the 
fi 

transition is said to be forbidden. Generally the transitions 

which take place from the vibrational groiond state are 

considered to be of prime importance. In such a case ii> 

belongs to the totally symmetric species. Hence, the transition 

is allowed only if lf> has the symmetry of one of the several 

conponents of M. 

For IR absorption, M is /Jjt> ( /^ = x, y or z) ; whereto 

is electric dipole moment of the molecule. The symmetry 

behaviour of // , ^ and li is same as that of x, y and z 

components of a translational vector, respectively (Herzberg 1945). 
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Therefore/ If> belonging to the symmetry species of x/y/z 

are IR allowed. 

For Raman scattering/ M is CXp^ ^ P- ^* Y or z and 

6 = X/ y or z); where OCn/- is the polarizability tensor. The 

six corrponents o(^/ 0(^4 ci^^' ̂ xy' '^yz "̂"̂  ^zx °^ ̂ ^® 

polarizability tensor transform like the products xx/ yy, zz/ xy, 

yz and zx respectively (Herzberg 1945) and Raman allowed modes 

belong to the symmetry species of these products. 

It is clear from the above discussion that Raman 

scattering and IR absorption are governed by different selection-

rules. They are obviously complementary techniques for getting 

information about the molecular dynamics, A mode which is not 

obsejrved in IR absorption may be seen in Raman scattering and 

' vice versa. Thus, for the' better understanding of the molecular 

dynamics a study of both the IR absorption and Raman scattering 

is necessary. 

1,7 IR BAND INTENSITY 

The intrinsic absorption corresponding to- a transition 

between lf> and |i> states is given by 

dl (:}» = - hc}yi(y) B^^(N^ - N^)dl ... (1,2) 

where, B . is the Einstein co-efficient related with the 



transition moment as 

sn^ s t /. . -̂  . .N 1 2 

V=l<^. = (Ê  - E.)/hc. N. and N_ are the nximber of molecules 

per unit volume in the initial and final states< respectively^ 

I(V') is the Intensity of light beam at frequency V after 

traversing a distance dl in the absorbing medixim and dl ("î) is 

/ 'the absorbed intensity at the same frequency/. 

Since/ the population of excited centres U can be 

considjered to be negligibly small compared to N., equation (1.2) 

can be recast as 

di ()))•=_ he V I()J) B^^ N^ dl ... (1,3) 

Moreover, equation (1,3) can also be expressed in terros of 

absorption coefficient â , at frequency '}J as 

d K ^ ) = - lO') a^ dl ... (1.4) 

oomparing equations (1,3) and (1.4) â * can be' written as 

1 . dI(V) _ . • , p .J, 

... (1,5) 

On integrating, equation (1,5) becomes 

1{\J) = IQ(2^) Exp (-a^l) ... (1.6) 
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where, I ()) ) i s the t o t a l incident i n t ens i t y a t frequency y . 

The equation (1,6) i s known as Beer-Lanibert law (Banwell 1972), 

Prom equation (1,5) we have 

1 To ^ o ( ^ ) 2.303 . ^ ^oO^) 
^v - T i°9^ iTvT = —1 ^°^io iJJjfT-

and 

(1.7) 

^V = ^°^10 ITVT" = 2.303 ^» • 1 = ^ - 1 

. . . (1.8) 

.Bunsevi "RoLscoe 

where A.i is absorbance and k is/extinction coefficient. 

In developing equation (1.7)/ it was assumed that the 

' — ^ 

absorption due to the transition i—> f gives rise to an infinitely 

sharp spectral line. However,a spectral line is always broadened 

due to the uncertainty, the Doppler effect, and the influence 

of intermolecular forces (Turrell 1972), Hence, every transition 

is having some finite width and the integrated absorption over 

the full band has more significance than the peak absorption. 

Consequently, the absorption coefficient, a._̂  is usually 

integrated over the full absorption band and expressed in 

absolute unit as r 
^int a^ dlJ 

J 
band 
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= 2 .303 
— - , • • • - l o 

J 
band 

= 2,303 « 
1 ^ in t 

I' 

i°Sio i % t - ^^ 

... (1.9) 

where, A^^^ = J A_ĵ  d̂ii) . 

Most of the commercially available double beam IR 

spectrometers measvire the quantity I(V) (c.f, equation (1,6) ), 

except some spectrometers which measure the quantity Ay 

(c.f. equation (1,8) ), The computation of a. . from spectra 

obtained on either type of the spectrometers becomes cotnpJLLcated 

because of the difficulties encountered in measurements of 

I (V) and/or 1. However, A. can easily be deduced from the 

spectra recorded on the latter type of the spectrometers, 

A. . is only of relative importance. Its approximate value can 

be found by multiplying peak absorptivity with full width at 

half maximum intensity (FWHMI), Moreover, A. , can also be 

estimated by counting the squares on the graph paper or 

measuring the area of bands-' using a planimeter. 

1,8 RAMAN BAND INTENSITY 

In terms of polarizability theory of Raman intensity, 

developed by Placzek (1934), Raman scattering arises from the 

ground state polarizability v/hich depends on molecular 

vibrations, Hester (1967) and ''toodward (1967) have discussed the 
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band polarizability theory in later years. Tang and Albrecht 

(1970) have reviewed the svibject in detail. 

In single crystal studies, tl̂ e Raman band intensity is 

generally treated in terms of scattering efficiency S defined 

as (Sherwood 1972; Smith 1948) 

where, N (^)j^ represents the niimber of' photons of frequency 

-^/^ produced per unit time per unit cross-sectional area of the 

crystal in the solid angle dil about the direction of obser­

vation and N ( "i/ ) represents the number of incxd̂ exî p̂hotons of 

frequency y/. per unit time per unit cross-sectional area. 

For unpolarized light and right angle scattering 

Sxaith (1948) has conputed 

3h L d ri ( y ^ - y ) ^ 
s = 

(1*11) 

wheire, *>/= ^^t - (E^ - E ) / l ic , L i s the ef fec t ive length of 

the crystal from which the scattered radiations are received 

at the slit of the spectrometer/ (S is the density of scattering 

centres, K is the Boltzmann's constant and T is the absolute-

terrperature. 
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Although/ the experimentally observed Raman band 

intensity can be correlated to the value of S, it is only 

of relative importance and better result can be derived by 

considering the integrated intensity of a band instead of 

considering only the peak intensity. The approximate value 

of the integrated intensity of a band can be found out by 

multiplying peak intensity with full width at half the 

maximvim intensity (FWHMI) of the band, 

1.9 DEPOLARIZATION RATIO FOR LIQUIDS 

Information regarding the symmetry of normal modes 

can often be obtained from Raman experiments if we can 

determine the ̂ egree of) depolarization ratio ̂  ^ of the 

scattered light. The depolarization ratio is defined as the 

ratio of the intensity of the scattered light polarized 

perpendicular to the XY plane, Ii, to that polarized parallel 

to this plane, I,., when the incident light approaches along 

the Z-axis and the scattered light is observed at right angle 

to the Z-axis (c.f. Figure 1,2) (Herzberg 1945), 

/0= •• V •' • ... (1.12) 

plane 
when the incident light is / polarized and the required 

intensities are computed and averaged over all possible 

orientations of the molecule, for- Raman scattering /O is found 

to be. 
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3(0( )2 
p= ._„,,,^ _^ ^ . ^ ... (1.13) 

s a 

L^i 

( where, /x and iX are respectively, the symmetric (or isotropic) 
m*̂ " --.— -. 

and asymmetric (or anisotropic) part of/derivative^ of the 

polarizability. According to equation (1,13)/ this means that 

P for all vibrations which are not of the totally symmetric 

ŝpecies will be 3/4, while only those of the totally symmetric 

species can have a value of /<5 less than 3/'4. This property 

is extremely useful, in identifying the totally symmetric 

vibrations, particularly in liquid phase spectra, 

1.10 BAND SHAPES 

For bands well isolated from their neighbouring 

bands, most commonly used functions for describing band 

shapes are Gaussian j(Tobin 1971) i.e. 

1 V 

^- I C^) = I ( V^) Exp -
2 

•^ L ^ 'o' ^ ] a } 
(1.14) 

or Lorentzian i.e. 

I (li) = 1 iV) 
b^ 

b^ + (y-yQ)2 

(1.15) 



These fionctions are symmetrical around 2^ of the band peak, 

I (y ) is the maximum intensity at V' •/ and a and b are o -' o 

adjustable parameters. For Gaussian band the full width at 

half the maximum intensity (FWHI^) issja log 2 while that 

for Lorentzian is 2b. 

1.11 PHONONS 
I 

The elastic waves in solids having quantized energy are 

known as phonons (Beattie 1977; Kittel 1977; Turrell 1972), 

For any excited mode of vibration of a molecule in liquid or 

gaseous state, disturbances are confined only to the single 

molecule, while they propagate in all directions in solids, 

I X / 
Yy ^ Thus the vibration of a free molecule looses its identity to 

a large extent in solids 

The acoustic phonons are those in which all atoms/molecules 

in unit cell execute vibration with same phase and same 

anplitude. There are only three such phonon branches in a 

crystal,' On the other hand, the optical phonons are charac­

terized by vibrations of particles in the unit cell causing 

no movement of centre of mass of the cell. Hence, there are 

3N-3 such branches in the N-atomic unit cell. 

The longitudinal and transverse phonons are respectively 

characterized by the displacements of the particles along and 

perpendicular to phonon wave vector. The energy transfer 
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between a ĵ honon and photon is governed by the law of conser­

vation of momentiim and energy. Sincey the electromagnetic 

radiations are transverse in natvire/ they can not interact with 

longitudinal phonons. Therefore, only transverse phonons can be 

studied in.transmission spectroscopy. However/ in Raman 

scattering and reflection spectroscopy one can study both types 

of phonons, 

1,11.1 CONSERVATION LAWS FOR PHONONS 
• • W ^ 1 1 — — •••• ^ » — — ^ M ^ ^ ^ — • • • • . ^ ,1 I M l I II MM — g » 1 — •!•! 

The conservation laws pertaining to the momentvun and 

energy of phonons are mathematically expressed by 

—> ^ \ + —* 
k + nG = 7 - ^i ••• (1.16) 

and 

hcV = \ i he J/ ,., (1,17) 

where, k and hc")y are the wave vector and energy of the 

inaident photons, respectively; q. and he V'. a.re the corres­

ponding quantities for an ith phonon; G is the reciprocal lattice 

vector and n is an integer. Positive and negative signs 

represent the emission and absorption processes, respectively. 

Since for IR photon k ^^ 0, we have 

nG = > i '5'̂  ... (1.18) 
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For single phonon process n has to be zero. Obviously, k = g.^.O 

and such a process occurs at the centre of Brillouin zone. 

On the other hand, for multiphonon processes n = 0/- 1, etc, 

and the phonons involved may have finite wave vectors. 

Therefore, spectra due to multiphonon processes must be 

continuous; however, some structure may be observed due to 

singularities in dispersion curves, 

1.11.2 LONGITUDINAL AND TRANSVERSE SPLITTING 

The longitudinal and transverse phonon branches of a 

mode have same frequencies except for polar modes where the 

longitudinal branch generally has higher frequency than the 

transverse branch. According to Born and Huang (1954) this 

happens due to the presence of long range electrostatic 

interaction. Thus large splittings are observed in ionic 

crystals. 

According to Lyddano-Sachs-Teller (LST) relation, the 

split frequencies are related to the static- dielectric constant 

^ and high frequency dielectric constant €oc through the 

relation 

^ (LP) _ r ̂  ^^ n IQ̂  

where, the product over i includes' every]polar modê i'' 

C' K 
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1,12 APPROXIMATION METHODS 

The physics of a system is theoretically described 

by Schrbdinger equation and its solution. The time-independent 

Schrodinger equation for a system is written as (&haUk and LoWaMal̂ '̂'l̂  I'̂V/)̂  

^ - Is V'-^vJ7u^(r) = E ^ u ^ (r) 

(l,2o) 

or/ in short 

H u (r) = E u^(r) ,,, (1,21) 
a a a 

This equation is also known as an eigenvalue equation. Here 

the u is an eigenfunction defining an eigenstate of energy E a a 

of Hamiltonian H, There arc only few physical situations for 

which Schrbdinger equation can be exactly solved. For the 

large majority of systems of physical interest^ this presents 

great mathematical difficulties. Therefore, approximation 

methods are used to find app3?oximate solutions that describe 

the physics of the system as accurate as possible. There are 

several such methods (e,g, time-dependent perturbation method, 

time-independent perturbation method, variational method, the 

WKB (Wentze-l-Kramer-Brillouin) method) which are selectively 

used depending upon the nature of the problem. These methods 

are discussed by several authors (Avery 1972; Dicke and 

Wittke 1973; Dirac 1958; Ghatak and lokanathan 1977; Gottfried 
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1966; Landau and Lifshitz 1974; Merzbacher 1961). In the 

following, we summarize only the technique of the time-indepen­

dent perturbation/ used in the present work. 

Time-independent Perturbation Msthod 

In this technique the Hamiltonian is broken into two 

parts, such that 

H = H° + H^ ... (1,22) 

Here, H is much larger than H , i.e., the energy of the system 

in its possible states, defined by H , is much larger than 
/ o 

that accoxinted for by H, Further, H is such that the 

Schrodinger equation can be exactly solved and we have 

HP I a> = E° ! a"> ... (1.23) 

' / a ^ 

Here, ja^ stands for an eigenfunction defining a state of 

eigenvalue E , However, la)' is not the correct eigenf unction 

and does not describe the system accurately. In order to get 

more accurate description of the system,correction to (a")* 

is necessary. This correction depends upon H which is treated 

as perl^urbation Over the system defined by H . The first order, 

second order correction introduced by H in energy eigenvalue 

and eigenfunction are added together to get more accurate 

energy eigenvalue and eigenfunction. In otherwords, we have i^^e.yy i97i)^ 

E = E° -;- E^ -r E^ -!- c (1.24) 

|a>=la°> + |a-̂ > + la^> + ... (1.25) 
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here^ the superscripts 1/2/,..etc. signify correction of first 

order/ second order,.,.etc. respectively. A simple mathematical 

derivation leads to (Aye-n 1972), 

E^ = <a}Hta> ... (1.26) 

'̂ '> =Z l'̂> 0^ - '̂ -̂^ 
k/a ^ ̂ a •" \^ 

U2v _y^ V" lk> <klĤ lm> <m|HV> 
L- h- (^"^ - E?) (E° - E°) 
k?ca rriT̂ a a k a m 

| m > < m | H | a > < ( a | H ' | a > 

rn/a 
(E° - E°) 2 
a m 

(1.29) 

The condition for perturbation series (equation (1,24) 

an4 (1.25) to converge is that the successive terms must become 

smaller and smaller i.e., the second order correction must be 

smaller than the first order correction and so on. In general/ 

the perturbation series will converge when the matrix elements 

of the perturbation operator are smaller compared with 

differences in the zeroth order eigen values. In other words, 

the required condition is that (Avery 1972), 

t<H«1^>| < C° - E° ! ... (1.30) 
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CHAPTER II 

SYMMETRY ANALYSIS OF MOLECULAR VIBRATIONS AlO SELECTION RULES : 

APPLICATION TO THE STUDY OF ROCHELLE SALT. 

ABSTRACT 

The work pertaining to the vibrational selection rules 

for molecules in their gaseous as well as in crystalline states 

is reviewed. The two well known techniques i.e. the unit cell 

approach and the local symmetry approach/ applied to crystalline 

solids for determining IR and Raman active species are 

discussed at length. The application of these techniques has 

been illustrated by an example of o\ar study and analysis of 

the IR and Raman spectra of Rochelle salt (NaKC.H.0.,4H_0), 
4 4 D 2. 

ThQ work presented in this Chapter has appeared as a brief 
report in - Proceedings of the Third Symposium on Lasers 
and Applications (IIT, Kanpur^ Dec. 1983) 311. 
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2.1 INTRODUCTIOISJ 

If a vibrational mode of a molecule belongs to the 

symmetry species of some component of electric dipole moment 

(//-) (or translational vector) / it is said to be allowed in 

the IR absorption spectrum. Similarly^ if the mode has the 

symmetry possessed by some component of electric polarizabllity 

symmetric tensor pi.) , it is said to be allowed in Raman 

scattering. These statements describe what are known as IR 

absorption and Raman scattering selection rules« These rules 

play an important role in iinderstanding the observed spectra of 

molecxiles in gaseous, liquid and solid states. In the light 

of these rules, the knowledge of the symmetry behaviour (with 

respect to the symmetry operations of the point group to which 

the system belongs) of /^p^ /̂  = X/y^z) ^ ^/C-s^ P*^ ~ ^/Y/Z) 

and different vibrational modes become essential. Different 

methods (with and without use of group theory) of determining 

the symmetry behaviour of these functions have been discussed in 

several texts on IR and Raman spectroscopy (Bhagavantam and 

Venkatarayudu 1939; Dennison 1931; Fateley et. al. 1971, 1972; 

Halford 1946; Herzberg 1945; Hornig 1948; Rosenthal and Murphy 

1936; Winston and Halford 1949), However, only the group 

theoretical techniques are now-a-days used because they are 

simple and more informative. In this chapter, wc discuss these 

techniques for isolated molecules as well as for crystals. 
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We also present our study and analysis of the vibrational 

spectra of Rochelle salt as an example which illustrates the 

application of these techniques, 

2.2 CHARACTER REPRESENTATION OF TliE SYMi'-ETRY l-OIi:T 

GROUP AND MOLECULAR MODES 

In order to determine the symmetry species of vibra­

tional modes, the character representation of the molecular 

point group is determined. This is achieved by using the 

following facts (Colthvp et, al, 1975), 

Only those atoms which remain invariant under symmetry 

operation (R) contribute to the character X- (R) to which a 

single invariant atom contributes, - 1 -f 2 Cos p^; where R 

represents a symmetry operator which could either be a proper 

rotation (identity or a p~fold rotation) or an improper rotation 

(inversion, reflection or reflection rotation) defined by an 

angle p„; +1 and «-l respectively account for proper and 

improper rotations. This follows from the following discussion. 

We take the 'example of H O iixjlecule. The molecule has 

C^^ point group symmetry as shown in Figure 2,1; this point 

group has four symmetry operations, i.e. E, Q , ^ , o , Arrows 

in the figure indicate the cartesian displacements X,Y and Z of a 

H and 0 atoms. These displacements are transformed to x , Y and 

Z by the symmetry operations. 
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For the operator/ say 6 (the reflection in the plane 

of the page) v/e have (c.f. Figure 2,1) 

X. = -X, X, 2 
T 

2 

= -X. 

= Y, 

= Z, 

X 

Y 

Z 

= -X, 

> ... (2,1) 

where, co-ordinates X , Y and Z stand for one H atom; 

X^, Y and Z stand for the other£'While X , Y^ and Z^ stand 

for 0 atom. These nine equations can be written as 

^1 
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X, 

.. <2̂ 2> 
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Thus the symmetiry operator ^ i s represented by 

- 1 0 0 

0 1 0 

0 0 1 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 - 1 0 0 0 0 0 

0 0 0 0 1 0 0 0 0 

.. <2.3a) 

< ^ 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

- 1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

Similexly, the operators E, 6^ and Cs. can he represented as 

E = 

1 0 0 

0 1 0 

0 0 1 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

1 0 0 

0 1 0 

0 0 1 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

loo 

0 1 0 

0 0 1 

... (2.3b) 
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C, 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

L 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

- 1 0 0 

0 - 1 0 

0 0 1 

0 0 0 1 0 0 

0 0 0 0 - 1 0 

0 0 0 0 0 1 

1 0 0 0 0 0 

0 - 1 0 0 0 0 

0 0 1 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 - 1 0 0 

0 0 0 0 - 1 0 

0 0 0 0 0 1 

- 1 0 0 0 0 0 

0 - 1 0 0 0 0 

0 0 1 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

. . (2 .3c ) 

. . . (2 .3d) 
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An important property of such matrices is that their 

trace (i.e. the sxim of/diagonal elements) does not change 

under symmetry transformations. This trace is defined as the 

character. Thus, the character representation of C point 

group with H„0 co-ordinates as the bases would be 

E C ^ (< 

? X rll__ ... (2.4) 
+9 ~1 +1 +3 

'^^0 

We clearly notice that only atoms left unmoved by a symmetry 

operation contribute to the character representation. 

In order to evaluate the contribution of a single 

unmoved atom to (R)/ we need to examine the transformation 

properties of X, Y and 2 of an atom under R. Figiire 2,2 illus­

trates these components of the displacement vector r on the 

XY" plane. If r is rotated through an angle j25 about the Z-axis, 

its Z-comrponent remains unchanged. However/ X and Y components 

change to X and Ŷ  and we have 

X' = X cos ^^ ~ Y sin 0^ 

Y'' = X sin ^^ + Y cos 0^ ,,. (2.5) 

Z^ = Z 

These eguations can be recast in the matrix form as 
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cos p - sin ^ 
R 

sin ^ 
R 

R 

cos j25, 
R 

0 

0 

1 

X 

Y 

Z 

(2.6cL ) 

Similarly, for an improper rotation (i,e, rotation followed 

by a reflection in a plane perpendicular to the axis of 

rotation), we have 

(2.6b) 

X^' 

y 
Z 

— -̂  

zz. 

cos 0^ 

sin ^^ 

0 

- s in <^^ 

cos p^ 

0 

0 

0 

- 1 

X 

Y 

•v 
i^ 

From equation (2,6a) and (2,6b) R (for proper and improper 

rotation) can be expressed as 

R = 

cos p^ - sin p_ 
R 1-

sin p, 
R 

cos j2J 
R 

0 0 

0 

0 

-1 

(2,7) 

Thus, the character contribution for R is 

X(R) = ( ~ 1 -I- 2 cos pĵ ) (2.8) 

Here X, Y and Z, three components of the displacement vector^ 

r, form the bases of the matrix form of R (equation (2,7) ) . 



31 

2 . 3 SYFJ/IETRY ANALYSIS OF TI-IS MODES OF ISOLATED NON-LINEAR 

MOLSCULSS 

In view of section 2,2 the character representation 

of a point group with 3N normal modes of a N-atomic molecule 

as bases can be evaluated from 

%m = ̂  ( i 1 + 2 cos 13^) ... (2.9) 

where N^i s the number of invariant atoms under the symmetry-

operator R. The angle 0^ = 0° for identity (E) ̂  - ^ for p - fold 

rotation (c ), ~~^ for p-fold reflection rotation (s ) , 0° for 

reflection (6) and 180° for inversion (i). 

To the value of A^(N)/ the contributions of the pure 

translations (X^ (R) ) and ptxre rotations (X ^̂ ) ) of the 

molecule are (Colthup et, al. 1975; i'erraro and Ziomerk 1975) 

\^(R} = ( - 1 + 2 cos iZJĵ) ... (2.10) 

and 

X.̂ -̂ ^̂  = ( 1 I 2 cos 0^) ... (2,11) 

The character contribution X ^ (R) ^^e to vibrationaJ. irtodes- is 

Xv̂ ^̂  =X(R) -/"^(^(R) -̂X̂ CR) J? 

. . . (2 .12) 

To determine the number of frequencies of each species 

the reduction formula is used. It is given by (Colthup et, al. 
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1975; Ferraro and Ziomcrk 1975) 

n̂  = -^ y nX.'X-^ ... (2.13) 

where, n is the number of irreducible representations 

(corresponding to the symmetry species s) present in the 

reducible representation/^(^, and 7v • are the characters 

of ith class of operators describing reducible representation 

and irreducible representation (s species), respectively, 
x-r. 

n. is the order of i class and n„ is that of the molecular 

symmetry group. 

2,3.1 IR AND RAMAN ACTIVE FUNDAMENTALS 

The transition moment M^. for a transition between 

initial state |i> and final state jf> is given by (c,f, 

equation (1.1) ) 

Mf^ =<f|MJi> 

where, M is the transition operator. iJormolly tha transitions 

observed in the spectra are those which take place from the 

vibrational ground state }i> to some fundamental state |f^ , 

The vibrational ground state of a molecule belongs to the 

totally symmetric species. Consequently, a transition is 

allowed only if |f> has the symmetry of one of the several 

components of M, For IR absorption, M is the electric dipole 

Ol 
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— » 

moment (/̂) of the molecule and for Raman scattering it is 

the polarizability tensor (0(! ) , 

To determine which fundamentals are active in IR 

absorption we have to determine the symmetry species of /Ar,» 

In terms of character representation, kX is characterized by 

X^(R) = - 1 + 2 cos iZiĵ  _ . (2.14) 

—• 
when the symmetry of If ̂  is the same as the symmetry of yUp / 

it is said to be allowed in IR absorption. 

Similarly, for Raman allowed fundamentals, we have to 

determine the symmetry species of OCQ/ • '^e character 

representation of o( is given by 

X^(R) = 2 i 2 cos ;2fĵ  + 2 cos 2 Ĵ R •• - (2.15) 

when the symmetry of |f>- is the same as that of OC/s^' -'-̂  ^^ 

said to be allowed in Raman scattering, 

2 . 4 VIBRATI03SIAL SPECTRA OF CRYSTALS 

A molecule in the 'free' state generally has vanishingly 

small interaction with other molecules. Its potential energy 

is expressed entirely in terms of the internal parameters. 

However, in the condensed phase, the molecules interact with 

each other and the potential energy of the nuclei depends not 

only on the internal force field but also on its external 
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configuration. As a result, several changes in the vibrational 

spectrum are induced, (i) Nev7 bands of low frequency arising 

from hindered rotations and freezing of the translations would 

be observed along with others due to forbidden modes becoming 

active due to change in structure and symmetry of the molecule. 

(ii) Changes in width and frequency of bends are also expected, 

There are two methods to determine the selection rules 

of IR absorption and Raman scattering of a crystal. The unit 

cell approach is developed by Bhagavantam and Venkatarayudu 

(1939)/ considering the unit cell as a largo molecule and 

applying group theoretical methods, to predict the vibrational 

soiection rules. The other method known as site/local symmetry 

approach is developed by Halford (1946) and Hornig (1948) 

considering the local potentials mainly responsible for the 

change in the dynamics of the mono- and polyatomic groups in 

the crystal, Winston and Halford (1949) derived both methods 

by considering the motions of a crystal segment composed of an 

arbitrary number of unit cells and subjected to the Bom-Van 

Karman boundary conditions. Fateley et. al. (1971/ 1972) 

tabulated readymade results for most of the crystal symmetries 

and thus simplified the procedure of determining the species 

of various phonon modes; the use of these tables does not 

require rigorous knowledge of group theoiry. 
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The potential energy associated with the unit cell 

can be written, in harmonic approximation, as (Krimm 1963) 

V = > (V° + v".) + ) (V̂ - + V^ .) + V 'I^^?^I 
-' •'• (2.16) 

where, the sximmation extends over all the molecules in the unit 

cell. 

2_ (V. + V. ) represents the sum of internal potential 

energies of individual molecules in the unit cell. Vj. leacis 

to the static field splitting (site symmetry splitting); V 

is the potential energy of the free j molecule, v' represents 

the perturbation due to cirystal field at the molecular site, 

V.̂  contains all cross terms between the internal 

co-ordinates of different molecules and therefore represents 

dynamic coupling of the vibrations of different molecules. 

Both degenerate and non-degenerate vibrations may split, since 

the potential energy differs if the vibrations of identical 

units in the cell are in-phase or partly out-of-phase. This 

splitting is often called the correlation or dynamic field 

splitting (or Davydov splitting), It is different from the 

site or static field splitting of degenerate modes, 

V represents the interaction between external and 

internal modes. This may lead to the splitting of degenerate 

internal modes but generally this term is negligibly small 
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because of large frequency separations between internal and 

external modes. 

V represents the lattice potential. It contains 
LI 

terms involving the relative displacements and rotational 

orientation of molecules with respect to each other and 

therefore govern the translatory and rotatory (or librational) 

modes. 

2.4.1 THE UNIT CELL APPROACH 

In this approach the problem of classification of ^,^L 

3nN modes of whole crystal (containing n unit cells of N atoms) 

is reduced to the problem of classifying 3N modes of the unit 

cell. This simplification is based on the assvuxption that atoms 

or molecules at equivalent lattice positions are in the same 

state of motion without any phase difference. Following 

procedure is used for determining the symmetry species of 

different vibrational modes imder this approach. 

(i) The unit cell symmetry is known from crystallo-

graphic data. 

(ii) The total character representation for the unit 

cell JLS determined by using equation (2,9) ; i.e. 

Xm = N^ ( i 1 + 2 cos p^) 
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(iii) The nioiriber of modes of each symmetry species are 

determined using the standard reduction formula (c.f. equation 

(2.13) K 

In general the unit cell of a crystal may have say N^ 

atomic units and N molecular units. Therefore, the 3N modes 
m 

of the \init cell account for 3 (N + N ) translatory modes, 
a m 

3N libratory modes and 3N - 3N - 6N internal modes, m a m 

The reduci±)le representation with bases as translational/ 

librational or internal modes can also be obtained separately 

using 

X(t) =N^(t) Z"i 1 + 2 cos ;Z(̂  J? ^̂ ^ (2̂ 7̂j 

for translational lattice modes, 

%(!) = N^(l) /"l i 2 cos 0 ^ ... (2.18) 

for librational lattice modes, and 

X(i) = X(N) ~ ^ %m + X ( 1 ) _7 — -(2*19) 

for internal modes. 

Where (t), the total number of both atomic as well 

as polyatomic groups {counting a polyatomic unit as one), 

and (1) / the number of only polyatomic groups, remain 

invariant xander R, 

file:///init
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2.4.2 SITE SYMMETRY APPROACH 

A site in the crystal is defined as a point which is 

left invariant by some operations of the crystal space group. 

These operations form a symmetry group generally referred as 

site group. The site group is a subgroup of molecular symmetry 

as well as of crystal symmetry. Each atomic/polyatomic unit 

occupies some such point in the crystal. In using the above 

said approach/ the site symmetry of eaĉ i unit is determined 

from symmetry operations passing through it. 

Having determined the site group for each unit, the 

symmetry classification of the normal modes of the unit into 

species of local symmetry is determined by correlating the 

species of free state symmetry to those of the local symmetry. 

The correlation between the symmetry species of the site group 

and those of the factor group provide the desired symmetry 

species of different phonon modes. The number of modes of a 

particular symmetry species of factor group follows automa­

tically from the multiplicity of equivalent sites in the unit 

cell. The net classification of modes thus obtained does not 

differ from that determined from unit cell approach. 
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2.4.3 r^RITS AND DEMERITS OF UNIT CELL APPROACH AMD 

SITE SYMMETRY APPROACH 

In the unit cell approach/ all the atoms/molecules are 

considered to foima a large molecule. Consequently, the method 

often becomes cumbersome and sometime even tedious (particularly 

when the order of the factor group as well as that of reducible 

representation becomes very large). On the, other hand in the 

site symmetry approach, attention is focussed upon the individual 

atom/molecule within the crystal. The method is simpler 

particularly because, the correlation between the species of an 

isolated molecule and those of crystal through site group can 

readily be established by comparing character tables of these 

groups. In the process of this approach, we always have the 

knowledge about the origin of each mode of the crystal which 

however does not become apparent in the unit cell approach. 

Thus the site symmetry analysis makes a better picture of the 

crystal dynamics. However, since the translatory lattice modes 

of the crystal can not be attributed to the translatory degrees 

of freedom of an individual atom or molecule because they are 

highly mixed modes. Obviously, a better picture is presented 

by the unit cell approach. 
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2,5 APPLICATION OF PHOMON SYKiI-'ETRY CLASSIFICATION IN 

UNDERSTANDING THE IR AND RAMAN SPECTRA OF ROCHELLE SALT 

Rochelle salt (RS) ̂  'Sel de la Seignette' or Sodixim 

Potassium tartrate tetrahydrate, Na.OOC - (OH)CH ~ CH(OH) -

COO.K. 4H O is one of the most iiiportant ferroelectric materials 

to be discovered» The vibrational spectra of RS have been 

investigated by several authors (Aleshin 1968; Baker and Webber 

1957; Bolard 1965; Chapelle 1946/ 1948a/b; Chapelle and Galy 1952; 

Chavan et, al. 1974; Chisler 1963; Kaneko et, al, 1984; Laroche 

and Chapelle 1957; Malineau et. al. 1972; Stekhanov and 

Gabrichidze 1963; Taylor et. al. 1984; Viblyi et. al. 1973; 

Winterfeldt 1980) . Despite this fact^ a systema.tic and conplete 

analysis of its phonon modes in the full spectral region is 

not available. 

In the present investigation^ we, therefore^ present 

a detailed analysis of the IR and Raman spectra of RS in view 

of the symmetry analysis determined through the unit cell and 

the site symmetry approaches, 

2,5,1 CRYSTAL STRUCTURE 

The four formula unit cell of RS in para-electric phase 

(below T^^ = -18°C and above T^^ = 24°C) belongs to orthorhombic 

2 — 3 — 
^2 Z ^ P̂ ^i 2- 2 ) _ / space group symmetry (Frazer et. al, 1954; 

KSnzig 1957; Mazzi et. al. 1956; Rao et. al. 1953). 
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The unit cell dimensions (above T^^) of RS are given 

in Table 2.1 which designate the crystal axes in the order 

b'^a'^ Co The microscopic structure depicting the atomic 

arrangement in the unit cell projected in (O 0 l) plane is 

shown in Figure 2»3, For the convenience different atoms 

(K, Na, C, H, 0 of COOH, 0 of OH and 0 of HO) have been 

shown in the figure by circies of different sizes (not to be 

related with their atomic sizes)• 

2.5.2 PHONON BRANCHES IN THE CRYSTAL 

The dynamics of RS (NaK C.H^O^.^H^O) crystal containing 
4 4 6 Z 

N (= 112) atoms per unit cell can be described in terms of 

3N (= 336) phonon branches (333 optical + 3 acoustical) under 

the \anit cell approach. These branches arise from different 
2- -i- H-normal modes of C H 0, ^ Na , K and H^O, 

H_0 molecule in its free state has C_ symmetry. It has 

three internal modes ( V̂ "̂  (A^),. V̂ "̂  (Â ) and V^"^ (B^) ) 

and six external modes /"translational, t (A.), t (B̂ ) and 
*- c 1 a 1 

t^(B2)7 and rotational R^ (Â ) ̂  R^ (B̂ ) and R^ (̂ 2̂ -̂ * ^^ ^2v 

symmetry, species A .Â B and B are Raman active; species 

A , B and B are IR active (Herzberg 1945)« The number of 

file:///anit
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phonon modes arising from different degrees of freedom of 

4 X 4 H2O molecules in the unit cell are 144. 

The structure of tartrate ions have been determined in 

Sodium tartrate dihydrate (Ambady and Kartha 1568)/ Rochelle 

Salt (Frazer et. al. 1954; Kanzig 1957; Mazzi et, al. 1956; 

Rao et, al. 1953), Calcium tartrate tetrahydrate (Ambady 1968) 

and Ammonium tartrate (Yadava and Padmanabhan 1973) by x-ray 

diEfraction, In all cases the tartrate ion has its chain of 

carbon atoms almost exactly in a plane as reported also by 

Kaneko et. al, (1984). The planes of two C-CO groups are 

inclined nearly at 60° to the plane of the carbon atoms. C. 

symmetry has therefore been assumed for the tartrate ion in 

aqueous solution (Kaneko et. al. 1984)• The normal modes of 

vibrations are then classified into two symmetry species A and 

B, both active in the IR and Raman spectra. In Raman spectra 

A-modes appear as polarized bands while B-modes as depolarized 

bands (Colthup et. al, 1975; Herzberg 1945). The number of 

phonon modes arising from different degrees of freedom of foiir 

2— C^H 0 ions in the unit cell would be 168, 

+ + The Na and K ions separately have three translational 

degrees of freedom. These ions would therefore contribute 24 

phonon modes. 
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2,5.3 CLASSIFICATIOIsI OF PHQNQNS 

2 5 3a ' ̂ "i"'̂  Cell Approach 

The classification of 336 phonons using the unit cell 

approach has been worked out in Table 2»2 for the paraelectric 

(above T ) phase of the crystal. The nvirnber of atoms found 

invariant under different operations of D point group are shown 

against N^ in the table. The crystallographlc data (c.f, Table 

2,1 and Figure 2,3) reveal that only K goes at C_ (c) site and 

other atoms at C^ site. Therefore^ 112 atonis remain invariant 

under E and 4 under C (c), Considering each of the atomic as 

well as- polyatomic ions/molecules as single partjcle, the 

number of invariant particles are found to be 28 under E and 4 

under C2 (c) operations. This accounts for the n\:miber (Nn(t) ) 

of invariant particles for the external transletory vibrations. 

Now excluding atomic particles, the number IST (I) of invariant 

polyatomic particles is found to be 20 under E and none under 

other operations. This has been used to determine the number and 

symmetry of external libratory vibrations. From these values 

of N^, N^(t) and N^ (1) wo computed the reducible representations 

X(N) = N^ ( i 1 + 2 cos ;ZSĵ) , X (t) = r/̂  (t) ( i 1 + 2 cos 0^) and 

X d ) = N^(l) (1^2 cos 0J, All the 336 phonon modes form the 

bases of /V. (N) while 84 translatory and 60 libratory external 

modes form the bases of A. (t) and A^(^) / respectively. 
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Reduction of these representations into irreducible represen~ 

tations of D point group provides number of phonon modes 

belonging to different species (c.f. Table 2.2, column 6- 9)» 

2,5,3b Site Symmetry Approach 

There are two types of crystallographically inequivalent 

K ions, though both §o at C site symmetry. Na , ^^APS 

and H O occupy points of C. symmetry. The correlation schemes 

deduced for different symmetry species of relevant molecular 

and crystal point groups is given in Table 2,3, The symmetry 

species and the number of phonons arising from a definite mode 

of Na , K' , C .H.O- " and H^O h a v e b e e n s\immarized i n T a b l e 2 , 4 . 
4 4 5 2 

It may be observed that the total classification of 336 phonon 

modes of the crystal determined by using unit cell and site 

symmetry approaches is found to be identical. 

2.5.4. THE FORM OF RAMAN TENSOR COMPONENTS 

The Raman tensor conponents of the Raman active 

species A, B , B and B of the symmetry group D of RS 

have the following form (Tinkham 1974), 

A = 

XX 0 0 

0 yy 0 

0 0 22 i 

B^(2) = 

0 xy 0 

yx 0 0 

0 0 0 
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B3(y) = 

0 0 X2 

0 0 0 

zx 0 0 

B3(x) 

0 0 0 

0 0 yz 

0 zy 0 

It shows that all the six components of tho Gyrainetric 

polarizability tensor are independent. Six different spectra 

having characteristics of these components would, therefore, be 

sufficient to describe the Raman active phonons in the crystal» 

2,5,5 EXPERIMENTAL 

2,5,5a Sample preparation 

Analar grade RS obtained from 'S.D, £in©-ct>em Pvt̂ ^ itxi*' 

were further purified by recrystallization of aqueous solution 

at room temperature. Good quality crystals were picked up every 

time and were dissolved in fresh double distilled water. 

The deuterated RS was obtained by crystallization from 

D O solution'of the anhydrous salt in vacuum system shown in 

Figure 2,4, The hydrated compound was first heated in a 

furnace at 150°C for about four hours. Then it was taken out 

of the furnace and transferred soon into a dry flask. The 

flask was then connected to the vacuum system at F (c,f, 

Figure 2,4) as soon as possible. Precautions were taken to 

avoid the absorption of atmospheric water by anhydrated RS, 
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Using vacuiim distillation method,D^O was then transferred into 

the flask from the -one connected at F , When the corrpound was 

dissolved completely in D O , the D O was -evaporated and trans­

ferred to another flask at F- by using the same procedure. 

Crystal piece of orthorhombic shape (haAr.ing sides 

/parallel to the crystallographic axes) and size^-^S x 2 x 1,5 mm 

was cut from a large single crystal of size/'v2.5 x 2 ::ic 2.5 cm -̂̂  

(a typical photograph of which is shown in Figure 2.5) for 

recording the Raman spectra in different orientations. The 

crystallographic axes were identified by the external morphology 

of the crystal. The simple seed suspension technique (Holden and 

Singer 1960) was employed to grow the large single crystals 

from aqueous solution. The crystal piece was polished on a 

polishing kit using polishing powders of 302%/ 303 and 303% 

grades (obtained from British American Optical Conpany, USA) in 

succession with CCl^ drops. The crystal was finally polished 

with finer alumina powder and glycerene, 

2,5.5b Raman Spectra 

Raman scattering from the crystal of RS was excited by 

514,5 nm radiation from the Spectra Physics 5w Ar ion laser, 

A Spex 1403 dOTible monochromator equipped with a chilled 

photo-multiplier-C 31034 t\abe and a Spex digital photon counting 
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(DPC-2) system was used to analyse the scattered radiation with 

the usual right angle geometry. The six different geometries^ 

viz. Z(XX)Y^ Z(YY)X, Y(ZZ)X^ Z (YY) X, Z (XZ) X and Z (YZ) X were 

used to record the Raman spectra of the RS single crystal; the 

laboratory axes, X, Y and Z refer to the crystallographic axes 

a, b and c, respectively. 

The finely ground pure sample taken in a non-flucrescent 

pyrex capillary was used to record Raman scattering from 

powdered RS and Deuterated RS (DRSi, 

A quartz tube was used for recording the Raman spectra 

of RS in H O and D O solutions. The spectra for both the 

parallel (//) and perpendicular (i.) polarizations were monitored 

to determine the depolarization ratio of the bands. The usual 

90° geometry was used for recording the spectra of both the 

powder and liquid sanples. 

The Raman spectra of RS single crystal in different 

orientations are shown in Figure 2.6(a) and those of RS in 

H-0 and D-0 solutions, powdered RS and DRS are shown in 

Fig\ire 2.6 (b). 

2,5,5c IR Spectra 

The IR spectra of RS were recorded on a high performance 

Perkin-Elmer-983 do\able beam four-grating IR spectrophotometer 

~1 covering the 4000 to 180 cm range. 
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The nujol mull technique was used in the present investi­

gation. In this technique, the solid sample is first ground 

into a fine powder and then dispersed in a mulling agent to 

get a slurry or mull. The commonly used mulling agent is nujol, 

which is a high boiling fraction from petrole-um. Other mulling 

agents are hexachlorobutadiene, perfluoro-kerosene (fluorolube)/ 

etc. In the present investigation, the mulling agent used was 
j ^ -

nujol and the'"plane polished CsBr windows were used for 

recording the IR spectra. 

The IR spectra for KBr pellets were also measured. However, 

-1- + 
the ion exchange in which Na is replaced by K of KBr seems 

to affect the observed spectra. 

The IR spectra of powdered RS, DRS and anhydrous RS 

(ARS) are shown in Figure 2,7, 

2,5,6 RESULTS AND DISCUSSION 
• • i ^ — » • ' • # i« 

The peak positions of the observed bands are given in 

Table 2,5 (a) and (b) alongwith our assignments. The estimated 

+ —1 erxrcr in the frequencies are - 1 cm for well developed bands 

+ -1 
and - 5 cm for shoulders and diffused bands. 

The notations used for internal and external modes of 

tartrate ion and water molecules and their description as well 

as expected number of bands for each type are given in Table 2,6, 
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The three internal modes of HO have been represented by 

standard notations (viz., V^^, V^ and Vo^)• The bond stretch, 

angle deformation, bond bending and torsion of a bond/group 

in the tartrate ion have been represented by ^ , o / /3 * and 

C respectively. The superscripts a and s (wherever they 

appear) with this notation, refer respectively to the anti­

symmetric and symmetric nature of the mode; the subscripts 

indicate the bond/group mainly involved in the mode. 

The interesting feature of the spectra of RS is that the 

bands due to the internal modes (excluding some skeletal modes) 

2-

of C H 0 ion appear as doxiblets. This seems to arise due to 

interaction between two identical Oscillations of two identical 

groups in COO.(HO)HC-CH(OH)COO^" and/or due to crystallographically 

distinguishable sites for two identical oscillators. In our 

discussion we do not distinguish between two such oscillations 

and represent them by single symbols (c.f. Table 2,5 (a) and 

(b) ) against the pair of frequencies corresponding to a doublet. 

It is to be noted that the average of all IR and Raman 

pea)c frequencies observed for a mode would normally be used as 

a reference in the discussion pertaining to the assignment of 

different modes and such frequency numbers have been underlined, 

FWHMI would refer to the full width at half the maximum 

intensity of a band. Whenever we talk about the polarization 

(p)/depolarization (dp) nature of a band it would irrply that the 
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inference has been drawn from the Raman spectra of the aqueous 

solution of RS. 

2o5a6a Assignment of V Q H ' '^1 ^^^ ^3 ° 

The assignment of V„„ becomes uncertain due to its 
Uri 

overlap with V-i^ and V-^ expected to fall in the same region. 

As a whole^ under the unit cell approximation 40 OH oscillators 

are expected to appear in this region; it may be remarked that 

Winterfeldt's (1980) expectation of a total of 30 OH oscillators 

is erronious. As stated by others (Kaneko et, al, 1984; Taylor 

et, al. 1984), it is definitely difficult to identify the 

bands due to different modes of H_0 molecules and OH groups of 

tartrate ion. However, very broad and intense band around 
-1 

3304 cm observed in the IR spectrum of ARS gives a clue to 

the approximate value of '̂̂ T̂T and we assign this mode to the 

bands appearing in 3250-3300 cm region of the spectra. The 

J:>ands peaking at about 35_2_1/ 3_46J7, and 3393 cm are associated 

with the y^^ and ^ ^ modes. In the light of Slew's (1968) 

relation, viz.. 

(3657- y^^) = 0.8333 (3758- V^^) 

it appears that bands around 3521 and 3467 cm"'̂  (c.f. column 13 

of Table 2.5 (a) for average frequency) arise, respectively, 

due to ]./ and y modes of one water molecule. These modes 
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of other water molecules seem to fall at 3467 and 3393 cm" 

w respectively; y of this water molecule seeniS to fall very 

close to V^ of the former oneo We do not observe even eight 

separate bands as expected for two stretch modes of 4 crystallo-

graphically different water molecules. In fact the observations 

seem to indicate that spectroscopically one pair of H O 

molecules does not differ much from the other pair, though four 

water molecules are crystallographically different. 

The broad structure and large frequency shift of the band 

due to ^̂ Qtr reveal that OH group in the tartrate ion should 

exhibit strong hydrogen bonding. The bands of H-0 molecules, are, 

however/ found to have low frequency shift and relatively 

sharp structure v/hich are indicative of weaker H~bonding, 

Similar inference has been made by Baker and Webber (1957) 

on the basis of their IR studies. These assignments are in 

agreement with the observation of 3380 cm" band, due to ̂ XQU 

and at 3516, 3485 and 3415 cm"''" bands due to '}J ^ and V^^ modes 

of different H.O molecules in the spectra of di-potass-ium 

tartrate hemi-hydrate (Srivastava et, al, 1982), 

Lippincott and Schroeder (1955) have reported some 

empirical relations and graphs useful for estimating O-H(r) and 

0...0(R) bond lengths and H-bond energy (E) from the measured 

frequency shift (A ^QH^ * ^^ Table 2.7, we have given these 

characteristic data about H-bonds in RS. It reveals that the 
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H-bond exhibited by OH~group of tartrate ion is stiX)ngest 

among all H-bonds in the crystal. 

2 6 5.6b Assignment of }-^^°. 

The CH valence bands are located in the region from 

1 —1 
2800 to 3000 cm"' . The two prominent sharp (FWHMI :2:i 20 cm ) 
bands observed in Raman spectra of almost all orientations of 

—1 
the single crystal of RS aroiind 2983 and 2939 cm arise due to 

V CH* ^" "^^^ Raman spectra of aqueous solution of RS only one 

band is observed at about 2944 cm" , It is found to be relatively 

weak in intensity and broad (FWHMI :r: 60 cm ) in strvuoture. 

This assignment is consistent with the results of Winterfeldt 

(1980), Kaneko et. al. (1984) and Taylor et. al. (1984). 

2 , 5. 6c As s ignment • of V'o w 

In 1750-1500 cm""̂  region of the IR spectra, a shoulder 

at about 1652 cm" is observed with a strong and broad 

(FWHMI2i 150 cm""̂ ) band peaking at about 1600 cm"-'-. Corresponding 

band in Raman spectra gets resolved into three components 

peaking at about 1665, 1620 and 1592 cm ; all these conponents 

have low intensity. This shoulder does not show up in the IR 

—1 spectrum of DRS, At about 1665 cm there is no band observed 

in the Raman spectrum of DRS. However, it seems to be related 

with a weak band appearing at about 1238 cm" in the Raman 
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-1 

spectrum of DRS, This indicates that the bands at aboui. 1662 cm 

are associated with V^ . This assignment is in line with the 

observation of Kaneko et, al. (1984), 

2o5,6d Assignment of ^QQ a-̂d V ^ Q : 

In view of the above observations bands falling around 

CO 1621 and 1596 cm seem to be associated with . This is 

corroborated by the fact that V^^Q and VZ-JQ niodes of carboxylic 

group in carboxyl salts generally show up in the region 

—1 —1 
1650-1540 cm and 1450-1360 cm / respectively (Colthup et. al, 

—1 1975), Hence^ bands around 1433 and 1411 cm seem to be due to 

^CO ' '^®S6 assignments are in line with the fact that ̂ ^ Q 

mode shows relatively intense bands in the IR and weak bands in 

the Raman spectra in contrast to those arising from ^Y-Q • 

In the Raman spectra of agueous solution of RS/ only single 

component bands at about 1600 and 1422 cm are observed due to 

'̂̂  CO ^^'^ ^cn ^respectively. The latter band is found to be 

polarized, while the former one is depolarized. We agree with 

Kaneko et, al, (1984) that Bolard's (1965) assignment of V^Q 

to 1368 cm is in error because this band shifts to around 
-1 1050 cm in the Raman spectra of RS in D O solution. 



54 

2.5 o5e Assignment of '-^ QQU' 

This mode has been assigned to the pair of bands observed 

around 1390 and 1̂ 347. cm , These bands shift on deuteration 

to around 1056 and 1032 cm , respectively^ as is revealed 

from the conparative study of Raman spectra of powdered RS and 

DRS, This assignment is consistent with the nature of this 

mode. In the IR spectrum of powdered RS these bands are found 

to be broad (PWHMI~35 and 40 cm" , respectively) and intense. 

The corresponding band observed at about 1374 cm in the 

Raman spectra of aqueous solution of RS is found to be polarized, 

This assignment is in line with that reported by Kaneko et, al, 

(1984). 

2.5.6f Assignment of /SprrS 

In the IR and Raman spcx:tra of di-potassium tartrate 

hemi-hydrate the bands in the region 1325-1208 cm are reported 

to be due to the /3pTT mode of tartrate ion (Srivastava et al 

1982), We also observe two pair of bands in this region of the 

spectra of RS, These bands are found to be sharp (FWHMIii10-20cm ) 

and moderate to weak in intensity, both in IR and Raman 

spectra and this observation goes in line with the nature of 

p . Hence the pair of bands observed at about 1316/ 1290 and 

1245/ 1211 cm are assigned to /'"prr modes of tartrate ion. 
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The Raman spectra of aqueouc solution of RS reveals that the 

-1 
orresponding bands at about 13 25 cm is polarized while those 

-1 at about 1296 and 1220 cm are depolarized; the band at about 

1244 is masked by strong neighbouring bands and its polarization 

character could not be ascertained. Kaneko et, al. (1984) have, 

however/ not reported the observation of 1296 cm band which 

appears clearly in the perpendicular (X) polarization of the 

Raman spectra of aqueous solution of RS, We strongly believe 

that the assignment of these modes io a band at 890 cm by 

Winterfeldt (1980) is in error. 

2,5.6g Assignment of Vp (•QON S 

—1 This mode is generally observed in the 1075-1150 cm 

range as a strong band in the IR as well as in the Raman spectra 

(Colthup et, al, 1975) of secondary alcohols, v/hich also have 

the /• CHOH group. Hence, the bands observed around 1119 and 

—1 1072 cm in both the IR and Raman spectra as strong bands, are 

associated with y^ /̂ .TTN . These bands shift to around 1^36 and 

1084 cm respectively in the spectra of DRS, Apparently this 

does not go in line with the normal expectation where bands 

shift to lower frequencies on deuteration. However, such an 

observation is not unique in itself, We note that V ,^ ^ of 

CH^OD (1041 cm"-'-) is higher than >c (OH) °^ CH^OH (1034 cm"-"") 

(Hadzi 1963). The bands at about 1122 and 1071 cm" in the 



56 

Raman spectra cf aqueous solution of RS are observod to be 

polarized and depolarized, respectively. This assignment is in 

accord with that reported by ICaneko et, al, (1984), In view 

of the above discussion we find that the assignment of anti-

symmetric CO valence vibration to 1116 cm band by Winterfeldt 

(1980) is also in error. 

2a5,6h Assignment of i/̂ p• 

Three sharp bands observed in the IR and Raman spectra 

around 992/ 920 and 89_2_ cm"" seem to be associated with three 

'̂'̂  modes of the tartrate ion. These peaks have different 

-1 intensity behaviour. The 920 cm peak is found to have very 

low intensity in Raman but moderate intensity in IR spectra; 

the remaining two bands have good intensity in Raman, while 

9_92 cm peak is very weak in IR spectra. The first and last. 

baixJs are pcxlarlzed, while the middle one is depolarized. 

In the IR and Raman spectra of DRS the _99_2 cm band is observed 

to shift to a lower frequency i.e.'̂ -'943 cm , This deuteration 

shift is not expected from a band due to }-̂ p. As discussed 

—1 above, higher frequency shift (15-19 cm ) is observed in the 

case of 'y / V mode. It appears that y , . and X-,p modes 

are strongly coupled and this coupling is responsible for the 

unexpected behaviour of these two modes. Hence, the inference 

of Kaneko ot, al, (1984) that the vibrational modes of 996, 920 
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and 897 cm"''' in a tartrate ion are considerably different from 

those of 95 2/ S90 and 874 cm in a deuterated tartrate ion, 

seem to be logical because in one case one of the mixing 

component is V̂ ^ ̂ QUN and in the other case ! ) ^ /̂ v̂ . The origin 

of such a significant mixing of î f-. and 1^ .^^^ modes seems 

to rest in the fact that both modes are bond stretch modes 

falling at close by frequencies, 

_ i 

Following Colthup et. al. (1975) the highest (992 cm ) 

and lowest (892 cm" ) frequencies have been associated with 

(C-^ C-^—C-^—C) and (C-—- C-^-C-^-C) respectively, while 

the middle one (820 cm"*-̂ ) is attributed to ( C - ^ C — ^ C-^—C) 

(e and c stand for expansion and contraction of bonds 

respectively), 

0 
2,5.6i Assignment of O ^ Q O * 

This mode has been assigned to bands around 845 and 
-1 

816 cm • This assignment is suggested on the basis of 

following observations; (i) in anhydrous alkali metal oxalates/ 

where frequencies for ^/-IQQ can be more uniquely decided/ it 

is found to fall at about 800 cm (Shippey and Shirley 1979) 

(ii) in lithiiom formate monohydrate O - is identified at 

790 cm (Galzerani et, al, 1977) and (iii) in di-potassium 

tartrate hemi-hydrate these bands are observed around 849 and 

817 cm" (Srivastava et.al. 1982), Kaneko et.al. (1984) have alsc 
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-1 assigned this mode to bands around 845 and 816 cm in RS, 

The former band is observed to be depolarized while the latter 

one is polarized, 

2,5,6j Assignment of Lib,(HO), C^^ and ^coo* 

In anhydrous alkali metal oxalates/ the ^QQQ modes 

fall in the 600-450 cm""̂  range (Shippey and Shirley 1979) . 

The Lib.CH^O)/ T and '^rnn ^°^^^ ^^^ assigned in the region 

735-475 cm in di-potassium tartrate hemi-hydrate by Srivastava 

et. al. (1982). Thus, the Lib.(H^O), '^ Q^ and ^^QQ are expected 

-1 to fall in the region 800-450 cm of the IS and Raman spectra 

of RS. 

In the IR spectrum of powdered RS, a broad shoulder at 

-1 -1 

about 765 cm is observed with a peak at about 722 cm . The 

intensity of this shoulder is found to be reduced in the IR 

spectrum of DRS. In the IR spectrum of ARS its intensity is 

found to be further reduced and it takes the shape of a weak 

band. The frequency of this shoulder is found to be very well 
-1 correlated with the weak band observed at around 512 cm in 

the IR spectrum of DRS. Hence, this shoulder is likely to be 

due to one of the three librational modes of the H-0 molecule • 

Kaneku et, al. (1984) have also observed this band at the 

same position. 
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In the Raman spectrum of powdered RS two bands (not 

well separated) peaking at about 544 and 612 cm are observed; 

~1 -1 

the intensity of 612 cm band is more than that of 644 cm 

band. In the Raman spectrum of DRS the Intensity of the former 

one remains almost same, while that of the latter one is found 

to be reduced; the latter band correlates very well with a 
-1 very weak and broad new band at about 448 cm , In the IR 

spectrum of powdered RS this band appears as a broad 

—1 —1 

(PWHMI —' 40 cm ) band at about 612 cm .In the IR spectrtim 

of DRS, though 612 cm" band does not show significant decrease 

in intensity, a new broad and very weak band appears at about 
-1 445 cm . In the IR spectrum of ARS observable decrease in tne 

intensity of this band is seen. Hence, the band at about 

-1 
613 cm which correlates very well with the band at about 

—1 
447 cm may be associated with another Lib.(HO)• Kaneko et, al. 

—1 
(1984), however, report that the band at 645 cm is associated 

with a Lib.(HO); it may be because they did not measure the 

Raman spectrum of DRS in solid form. 

Probably, due to the weak intensity and overlapping 

by nearby bands, the bands due to '^QU was not observed in our 

recorded IR and Raman spectra, Kaneko et, al, (1984) also do 

not report the observation of ^^QIT* However, at liquid N 

temperature, they report to observe this mode in the IR spectrum 

-1 
at 5 45 cm , 
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In viev7 of tho abovG discussion, tha remaining bands in 

-1 
800-450 cm region which do not shift on deuteration seem to 

bo associated with the three ^^oo mo^^s (i.e. rocking, wagging 

and twisting of COO group), 

In the Raman spectra of aqueous solution of RS, the 

bands at about 612 and 532 cm are observed to be polarized. 

-1 While, bands at about 704 and 488 cm are observed to be 

dopoiafiaed, 

2.5.6k Assignment of /^g^Q^^, ^CCC^* ^ CCC^' '^CCC^"^ 

external lattice modes s 

The p , s (in-plane and out of plane) modes in phenol 
C (OH) 

arc observed at 40 3 and 242 cm respectively (Bist ot, al. 
,̂  (J a. > s 

1967) . In butane the "̂ V̂ p̂ and "̂'pp̂-. modes are estahlishe^i at 

421 and 271 cm""̂ , respectively (Colthup et. al. 1975), Thus 

these modes in RS are expected to be observed in the region 

425-240 cm""̂ . 

The ^crr """̂  tartrate ion, corresponds to the twist of 

the central C-C bond. To both these C-atoms, heavier groups 
like -COO and -OH are attached. As a result, the CC-twist is 

expected to fall at a frequency even lower than those of r^ C(OH) 

and Q ppp. Hence, the bands observed at about 3_82, 355, 376_/ 
-1 O. 

267, 252 and 240 cm are associated with both /-="„ /Q„S and 

^ ^P^ modes. Individual assignments of these modes are not 
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possible because they are expected to intermix considerably. 

A single broad (PWHMi:^50 cm ) and polarized band is observed 

in this region at about 364 cm" in the Raman spectra of the 

aqueous solution of RS, 

-1 'T 
Bands observed below 240 cm are associated with ^QQQ 

2— mode and external lattice modes of C.H.O^ ion, H^O molecules^ 
4 4 o ^ 

K and Na ions. 

2.5,61 General Observation 

As stated earlier internal modes (excluding some skeletal 

modes) of C H 0 ion appear as doublets,/̂ 'in the spectra of RS 

due to the interaction between two identical oscillators of 
2-

t-wo identical groups in COO(OH)i-iC-CH (OH)COO and/or crystallo-

graphically distinguishable sites for two such oscillators. 

However, the doublets due to ^ ̂ ^, ^^^ , -^^ , ^^^^ ^..^ ^^^ 

become singlet having relatively large width in the Raman 

spectra of RS in aqueous solution. On the otherhand I ny,t 

y c,(c\vs\ ^̂ *̂  ̂ ron '̂ '̂̂ ^̂  retain their doublet band structure 

in the Raman spectra recorded for aqueous solution of RS, This 

reveals that the doublet structure for the former set of modes 

arise mainly due to crystallographically distinguishable sites 

for two identical oscillators. While same for the latter set 

rf modes originates dominantly due to resonance interaction 

between two identical oscillators of two identical groups. 
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This inference follows from the fact that in the solution 

identical oscillators of two identical groups have identical 

surrounding. Srivastava et. al, (1982) also observed similar 

doublets in the spectra of di-potassium tartrate hemi-"hydrate. 

They suggested that the resonance interaction between identical 

oscillators as the cause for this observation without considering 

the site effect. However, this does not appear to be the case 

in view of our observations. Identical modes of identical groups 

in different crystalline environment are known to have different 

frequencies (Hadzi 1963) • 

The IR and Raman spectra of RS is expected to comprise 

a large number of peaks because of the large nxiJiiber of atoms 

(N = 112) in its unit cell. The dynamics of RS crystal can be 

described in terms of 3N (=336) phonon branches (333 optical + 

3 acoustical) under the unit cell approximation. These 

2- + 
branches arise from different normal modes of C H 0 , Na , 

K and H_0. The number of phonon modes arising from different 

2-
degrees of freedom of 4 x 4 H O molecules/ 4 C H 0, ions 

+ -!-
are 144 and 163/ respectively. The Na and K ions separately 

have three translational degrees of freedom; thus the 4 ions 

of each type/ contribute a total of 24 phonon modes. 

There are two types of crystallographically inequi-

+ + 2-
valent K ionS/- both having C site symmetry. Na , C H 0 

and H O occupy points of C. symmetry. Hence, all the 333 optical 
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phonon branches are IR and Raman active. However/ the observed 

IR and Raman spectra show only 48 bands in the region in which 

about more than two hundred bands are expected in view of the 

unit cell approximation. It appears that the factor group split 

components of most of the modes do not have frequency separation 

that can be resolved. As such the single molecule approximation 

appears to be sufficient to discuss the observed spectra 

of internal lattice modes/ particularly/ of powdered samples. 

One may observe such a situation for several crystalline systems. 

We thus find that the detailed analysis of the phonon symmetry 

looses its relevance and one can understand the (^served spectra 

of the powdered samples in terms of the modes of a single 

molecule. However, to understand the spectra of the single 

crystal/ the detailed symmetry analysis uncter unit cell 

approximation remains essential. It is clearly noted that the 

two approaches are useful to predict which mode would be allowed 

or forbidden. But at the ame time they fail to predict the 

magnitude of intensity/ a mode could be expected to gain. 

For this aspect one has to rely on correlations with 

established facts known for identical modes of almost 

i d e n t i c a l m o l e c u l e s , but for iorhidaen modes one may now use tHe 

theoiry discusiccfl in the fovthcoiontnrf chapters. 
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T' 

TABLE 2.1 

Crystal structural data of Rochelle Salt 

(NaK C^H^Og.4H20) 

para electric phase 
(above T ^ ) c^ 

Crystal system Orthorhombic 

Space group 
3 j-„3 

^2 /"V P̂ 2^2^ 2) J7 

Unit cell dimensions 

11.878 A 

14.246 A 

6,218 A 
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TABLE 2,4 

Classification of phonons in RS crystal 

(A site symmetry approach) 

67 

Modes 

B. 

Species 

B, B, N^ 

2-
4 4 6 

Internal 

2 X y^^ (A) 

2 X y„^ (B) 

4 

2 

15 

15 

4 

2 

15 

15 

4 

2 

15 

15 

4 

2 

15 

15 

16 

8 

60 

60 

Total 36 36 36 36 144 

'=4"4°6 

External 

t^(A) 

t^(B) 

% 
(B) 

1 1 1 1 

1 1 1 1 

1 1 1 1 

4 

4 

4 

T o t a l 

1 1 

1 1 

1 1 

1 

1 

1 

1 

1 

1 

4 

4 

4 

IT 
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1 

Na"" ^ a ' ^ ' ^ c 

To t a l 

3 

3 

2 

3 3 

3 3 

3 

3 

3 

12 

12 

K-̂  t 

a 
2 

2 

2 

2 

4 

4 

4 

Total 2 4 12 

Internal 

>W 

) W 

^3 <«2' 

4 4 4 4 

4 4 4 4 

4 4 4 4 

16 

16 

16 

Total 12 12 12 12 48 

«2° 
External 

4 4 4 4 

4 4 4 4 

4 4 4 4 

16 

16 

16 

,•,,contd,. 
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''c < ^ ' 

• ^ ' ^ l ' 

«a<V 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

16 

16 

16 

Total 

Grand Total 

24 

83 

24 

83 

24 

85 

24 

85 

96 

336 

V number of phonon modes, 
;al C C^ >/ represents six skeletal C C^ internal modeS/ i.e. two 

y,„ (A) , V ^ (B), C ̂ ^^^ (A), 6 ^ (B) and cc-twist (A) , three 
^'CC •'̂ CC '-̂  CCC ' CCG 
librations corresponding to R (A), R (B) and R^ (B) ̂  three 

translators lattice modes corresponding to t (A), t (B) and t. (B) 

^^ ̂ 4"4°6^" i°^-

•y - represents 30 non-skeletal internal modes, however, these 

can be grouped into 15 pairs of identical oscillators from pairs 

of identical groups such as CH, OH etc in COO.CH(OH)-CH(OH)COO^~ 

Ion. Thus effectively there are 15 types of different modes, 

each having an in-phase (A) and an out-of-phase (B) combination 

of two identical oscillations in identical groups. 
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;î ^ 

VD E 
CM H 

r-i m 

VD e 
ro > 
•* x: 
I - l CO 

ro 
^ O 
r S CO 

CM 12 
ro % 
<=t x : 
T-i CO 

^ CO 
ro % 
"* x: 
r H CO 

VD S 

00 H 

r-i to 

IS 
CO > 
o -
•^ i-l 

CO t> 
O N 

O ^ 

•># U 
rH X̂  

rH •. 

rH ^ 

- * IS 
rH % 

CM > 
r H % 
^ U 
rH ^ 

IS 
CM > 
r H N 
-^ U 
rH Xi 

g 
•H 

O 

o 



72 

n 

CM 

O 

a\ 

Q) 

g 
-H 

O 

o 

•sl< 

en 

CM 

€ » - - • 

o 
CTi 
n 
rH 

t^ 
cr> 
ro 
T-H 

o 
u 

y^_ 

o e 
o «• 

O CO 

o «. 

n o 
r H CO 

« * CO 
CD N 

CO 15 
CO N 

^ > 
CO N 

CO 
KO > 
00 N. 

T H CO 

^^ > 
CO -v 

T H CO 

IS 
' ^ > 

ro M 

en E 

ro U 

r o CO 

ro U 

O ^ 
IT) v 
ro U 
r-i Xi 

CO e 

CO M 

• s 
•= * > 

ro U 
>-H Xi 

CO CO 
"* s 
ro ^ 
^ Xi 

C M ^ 

ro t̂  

ro i-i 

VD 

ro O 
rH CO 

VO 

ro 

O 
a\ 
CM 
r H 

CM > 
rH N 
ro JC 
T-\ CO 

LD > 

ro 4:; 
rH CO 

yD CO 
r H ^ 

ro x: 
rH CO 

CM 15 
00 •. 
ro j:: 
TH to 

S 

2 

:s 
CM > 
CTi % 
CM x : 
TH CO 

CM 5 
CTv -
CM x : 
rH CO 

15 
o > 
oj x: 
r H CO 

00 E 
00 V 
CM x : 
r H CO 

CM e 
en •» 
CM x : 
rH CO 

CO ? 
CO H 
CM x : 
r H CO 

12 
VD > 
CO ^ 
CM , C 
rH CO 

in 
d̂' 

CM 
rH 

rH 
rH 
CM 
rH 

OJ 

- X ' M V. 

CO 
ro 
CM 
rH 

U 
XI 

CM 

•s i ' 

CM 

> 

x: 
(0 

> 

x: 
CO 

vo > 

CM x : 
rH CO 

CM > 
r H •» 
CM x: 
rH CO 

CO 
0 
CM 
rH 

CO 
0 
og 
rH 

e 
% 

x; CO 

IS 
% 

x: CO 

CM ^ 
rH % 
CM X^ 
r H CO 

ro ^ 
r H N 
CM x : 
rH CO 

O S 
rH s 

rsi x: 
r H CO 

;s 
ro > 
rH -
CM x: 
r H CO 

c 
• H 
-p 
c 
o 
o 



73 

CM 

-~.. 

00 

0^ 

CM 

o 

t -

13 

a 

O 

o 

CM 

Q) 
iH 

-§ 

CD 

vo 

i n 

^ 

en 

CM 

r^ 

m e 
U o (̂  

n € o E o e 
n -k (M H r~- •» 

V£) CO 
« - • -

T H CO 

r H CO 

cr^ CO 

o x: 
t - l to 

CD s 
O 1-1 
^ Xi 

O to 

o x: 
r H CO 

O X\ 
rH (0 

8 
u 

00 e 

O JH 

en e 

o 5H 

vo £ CN 
CD •* ro 
c> x: o o 
r H CO r H CO 

CM 

a\ 
a\ 

o CM 
CJN 

CM 
<Jl 
CO 

IT) 
^ 
CO 

_ 5: > 
0\ Xi rH ^ 
CTi CO CTV CO 

CO > 
CM H O s 
a\ x: CM x: 
Ch CO e n CO 

O N 
cn x: 
e n CO 

o 
en 
en 

CO 

> 
•» 

xi 

E 
CM «. 
en x: 
0 0 CO 

CD 
CM •>. 

en x: 
0 0 CO 

> 
00 * 
ro x: 
CO to 

00 

CO to 

to 
O s 
CM x: 
en to 

CO 
ro % 
en x: 
CO (0 

CO 
00 s 
en x; 
CO t o 

vo 
rH 
CO 

CO 
O * 
r H x : 
00 CO 

E 
CM > 
rH XI 
0 0 CO 

E 
rH x; 
CO t o 

E E 
C3̂  s O N 

•* ^ ^ x: 
CO to CO to 

CO 
CM s 
- f x: 
CO to 

c 
• H 

c o o 



74 

rH 
o 
o 
r-

LT) 
00 
in 

CO 
t ^ 
-v}* 
^ 

M 

o CM 
X 

•H 
r H 

o 
O 
u ^ -

o 
o 
u 

CM 

•H 
-H 

o 
o 
u 
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Table 2.6 Notations used for internal and external modes of 

tartrate ion and water and expected nvunber of 

each type of such modes. 

„ , , . T̂  J 4- • Number of each type 
Notation Decription ^ , --u 4--

^ of vibration 

2-
Internal modes of C.H.O^ ion 

4 4 D 

'COH 

OH stretch 2 

'̂  Qtr OH torsion 2 
(out of plane) 

COH angle deformation 2 
(in plane) 

^ C (OH) ^ ̂ °"^ stretch 2 

/^C (OH) ^ ^°^^ bond bending 
(a) in plane 2 

(b) out of plane 2 

>{:H 

PCH 

Xco' 

'̂coo 

^ coo 

CH stretch 

CH bond bending 

(a) in plane 

(b) out of plane 

CO symmetric stretch 

CO asymmetric stretch 

OCO angle bending 

COO Torsion 

(a) Twist 

(b) Rock 

(c) V«/ag 

2 

2 

2 

2 

2 

2 

2 

2 

2 
contd, 
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y. cc 
f ccc 
ccc' 

(3p—a 

<-^ccc 

cc stretch 

CC twist 

CCC asyinmetric angle 
deformation 

CCC symmetric angle 
deformation 

2-External modes of C.H.O^ ~ ion 4 4 6 

R 
a 

% 

R c 

t a 

% 

t 

libration along a 

libration along b 

libration along c 

translation along a 

translation along b 

translation along c 

Jjiternal modes of H^O 

1 OH syrranet-ric s t r e t c h 

HOH bending 

OH asymmetric stretch 

External modes of H O 

lib. (Ĥ O) 

trans. (Ĥ O) 

libration 

translation 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

Total 51 
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Table 2o7 Characteristic data about 0-H ... 0 bonds 

0-H. ,0(w) 179 

233 

2.96 

2.91 

.982 

.986 

307 2.86 .990 

2.50 

2.56 

2.63 

0-H. .0(t) 440 2.78 1,006 2.75 

0~H..0 (w/t) refers to the bond of H 0/tartrate ion. 
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CliAPTî R III 

THEORY OF DISTORTION INDUCED ACTIVITY (DIA) 0? FORBIDDEN 

MODES OF MOLECULAR UNITS IN CRYSTALS. " 

ABSTRACT 

Using the principles of group theory and approximation 

methods/ a quantitative theory of distortion induced IR and 

Raman intensity due to forbidden modes of molecular lonits 

at polar and non-polar site symmetries in crystals has been 

discussed. The centrals idea of the work is that the crystal electric 

field (generally non-uniform in strength) serves as the source 

of perturbation which distorts the unit and modifies its 

dynamics and selection rules. It is inferred that for polar 

site symmetries the forbidden modes belonging to f M (x)) IR 

* 

The work presented in this Chapter has been published in 

' '''J. Phys, C s Sjlid State Phys. _18, 5299 (1985) ; 

, Mol. Phys, 57, 379 (1986) 
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attain distortion induced activity of first order (DIA-I)^ 

while those belonging to , M i;x, • IR ,•>! \ IR attain that of second 

urder (DIA-II)« For non-polar site symmetries, modes of 

o( ^. and M 6c C<^" 6̂  I'X̂^ species attain DIA-I and DIA-II 

respectively, where 0<. • • is the component of anisotropic 

polarizability tensor. Forbidden modes,which do not become 

active as DlA-I and DIA-II,attain DIA of higher order (DIA-h)• 

In general, only the forbidden modes becoming active as first 

order effect of polar distortion are expected to gain 

observable intensity. 

3,1 INTRCDUCTION 

In the last few decades, a significant number of 

papers duty and Rohleder 1972; Pimentel and McClellan 1952; 

Pimentel et, al. 1955; Suzuki et, al. 1968; Yamada and Person 

1964) and reviews (Califano et, al, 1981; Person and Steele 

1974) have appeared on the subject of Raman and IR intensities 

of bands due to vibrational modes of molecular units in 

crystals. The main objective of all these reports has been to 

study : (i) the relative intensity of Davydov splittings 

(dichroic ratio), (ii) the change in intensity on condensation 

and (iii) the intensity of bands due to lattice modes. However, 

no attention seems to have been paid to formulating a quantitative 
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theory of the phenomenon that activates the forbidden modes of 

a molecular unit that attains distorted structure and occupies 

a lattice s.ite of symmetry lower than its free state. The 

phenomenon is associated qualitatively with the lowering of 

local symmetry of the unit and modified selection rules are 

derived using well known group theoretical techniques/ viz,/ 

the unit cell approach (Bhagavantam and Venkatarayudu 1939) 

and local-symmetry approach (Halford 1946; Hornig 1948; 

Winston and Halford 1949). Fateley et, al. have simplified 

the procedure involved in these techniques by devicxng a method 

which could easily be used without having rigorous knowledge 

of group theory (Fateley et. al. 1971, 1972). Jain and co-workers 

(Jain et, al, 1973/ Jain 1974; Jain and Bist 1974, 1975a) made 

an interesting use of the temperature variation of IR absort)anca 

of bands due to forbidden modes of the SO ion in (NH.)pSO. 
2-

and those of the BeF ion in (Nl-i.) ̂ BeF to make conclusions 

about the microscopic mechanism of the structural phase transition 

in these crystals. They correlated the change in the absorbance 

with the change in the amount of distortion in the structure 

of the relevant molecular ion» Although the qualitative 

character of this relation appears to be rational and correct, 

its real form has still to be discovered.Using the principles 

of group theory and approximation methods we have worked out a 

quantitative theory of the phenomenon being presented in 

this Chapter. 



94 

3,2 FORMULATION OF THEORY 

3.2«1 DEFINITION OF POLAR AND NON-POLAR SYFIT'IETRY 

Iff r is the space vector and ja^ represents the 

ground, state of the jnolecular unit^ then che site symmetry 

of the unit commensurate with the relation 

<̂ a I"? | a ^ fi 0 ••' (3.1) 

is known as polar symmetry, Smch symmetries are C / C and C , 

These symmetries are called polar symmetries since a vmit in 

such a case is expected to acquire permanent dipole moment. 

The remaining symmetries" eg, C.. D , D etc, are obviously 

incommensurate with equation (3.1) and they are known as 

non-polar symmetries. Units at such sites are expected to have 
the 

any moment higher than/dipole moment. 

3,2.2 PERTURBATION 

The central idea of the theory is that the crystal 

field serves as the source of perturbation that distorts the 

unit and hence modifies its dynamics. In most cases this 

field is electrostatic in nature and non-uniform in strengtl^. 

This may be accounted for by a potential V(r), whose interaction 

with the charge distribution in the unit leading to a first 
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order energy of interaction H, is given by 

^(r) V(r) df ••• (3.2) / 
H = 

In a space-fixed co-ordinate system we may express 

V(r) as (Kroto 1975) 

jT ^ • ij J ^ 

(3.3) 

where^ V = imiform constant potential 

(c )_ = E , the ith component of the electric 

^ field at r = 0 

( ̂ r.>r.^Q ^ T r ^ ' ̂ ^^ field gradiant 

etc,,, etc,.. 

From equation (3̂ 2) and (3,3)/ we have 

(0) V V ^̂ i 
" = ^^ •*- / _ A ^i ^ ! _ %• - j ^ •" 

i ij 

(3.4) 

where, q is the electrostatic charge of the unit 

/̂ i = /Q(r) r. d'(',, ith component of the dipole 

moment of the unit. 
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Q. . = pir) r.r. d'l , the ij component of the quadrupole 

moment Q of the unit. 

we have that 

H , H ^ H , etc, can obviously be interpreted as the 

interaction energy of different multipoles induced in the \init 

by the crystal field, H , the potential of charge q is 

independent of space coordinate r./ r. etc. It should obviously 

"" (1) 
not perturb the structxare and the dynamics of the unit, H 

(2) 

and H are the interaction energies of the electric dipole 

and quadrupole moments of the unit, respectively, (a) For the 

local symmetry of polar nature/ the interaction energy of 

moments other than the dipole moment may be considered 

insignificant. Thus, the effective perturbation is 

i 

Here, we define a parameter or as the measure of distortion 

(in magnitude as well as in direction) in the structxjre of the 

unit. Or can be evaluated from the position co-ordinates of 

the atoms in an appropriately formulated relation. For example, 

for AB (tetrahedral unit) R.nd AB (octahedral anit) one may 

file:///init
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use (Jain and Bis t 1974) 

3 
g? = y ' S?. = y - y- (A, -"B;."̂ ) . . . (3.7) 

1 1 m 

m where/ B. and A are the i-th component of position vectors 

respectively of m-th B atom and A atom. Since, the dipole moment 

W. should be proportional to Olo, the effective pertxirbation 

equation (3»6) can be recast in the form 

Ĥ ^̂  = - KV" hr^ Ê  .... (3.8) 
i 

where K is a constant, (b) For non-polar local symnietry of the 

unit, the interaction energy of dipole moment vanishes. The 

(2) effective pertirrbation should therefore be H \ the interaction 

energy of quadrupole moment. We have 

3 be 
(2) _ v^ . , ^'"i„ , 

ij 
^̂ ^̂  =21 °ij ^TT-^r ••• (3.9) 

3»2»3 TRANSITION MOMENT 

A mode of vibration \±y is said to be forbidden 

if (Herzberg 1945) 

<f I MJg> = 0 ... (3.10) 

where,|g^ is the ground state wave function of the molecular 

unit and M is the transition operator. When the molecular unit 
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is subjected to a distortion as a result of perturbation H , 

functions! f^ and jg)>get modified. The modified functions can 

be evaluated using perturbation methods, if H is such that 

(Avery 1972) 

where, E (with siA)script a/k) stands for the energy in the 

a/k-th eigen state of the unperturbed Hamiltonian H ; similar 

meaning would stand here-after for all E with different 

ŝ ubscripts, -

The modified functions j f y and j q^y can be expressed as 

lf"> = N^ Z"|f°> + if^>+ if2> + ... J 

... (3.12) 

and 

j g ^ = Ng / - | g O > + | g l > + jg2; , + . . . J 7 

. . . (3 .13) 

1 1 

wheire, N and N are the normalJ-zation factors; jf > and ]g y 

are the first order corrections and jf y and )g y are the 

second order corrections in the respective functions. The 

transition moment <̂ f|M|g'> in the changed situation need not 

be zero. It may rather attain a non-vanishing finite value 

revealing that the transition becomes active. Such a transition 
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may rightly be called as distortion induced transition. Using 

the fact that <^f|M|g\ = 0 (equation (3.10) ), vre have 

<flMJg''> = Ng N^ /"<;fJMJg^N, + <f'! M!g> 

+ <f|M|g2_> + <. f^ |M|g^> 

+ <f2jMJg> + . . . _7 

. . . (3 .14) 

The svm of the first two terms in the equation (3,14) 

gives the first order transition moment, 

<f |Mlg> (1> = Ng<l) N^^l) Z~<f |M(g^> + <f^JM|g> V 

. . . (3 .15) 

while/ the sum of the next three terms ̂ ive second order 

transition moment 

... (3.16) 

the sum ofytest of the terms give higher order transition 

moments and are dropped. 

The first and second order distortion induced activity 

of forbidden modes of molecular units in polar and non-polar 
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site symmetry cases are discussed separately in the following 

sectionso 

3,2.4 POLAR CASE 

3•2,4a First Order Approximation 

The first order correction |a ̂  to a wave function |a^ 

is given by (equation V.12 of Avery 1972) 

Following this, equation (3»15) is written as 

<f|MlgS ̂ '̂  = N.̂ l̂ N (l)ry"<f)Mli><ilH^^Mq>, 

xyiq g i 

Z- ^ 0 ^ 0 . ^ E^" - E. 
3̂ f f J 

... (3.18) 

A non—vanishing finite value of <̂ fJMjgNj, would represent a 

distortion induced transition of first order. But this demands 

that at least one of the several terms in the summation 

(c.f, equation^3,18) e.g. <f|MJs\» «(s{Ĥ  M, g> for a choice 

i = s, should have non-vanishing value. Consequently the terms 



•̂ 'fJMls')). and <(sj H lgj> should attain non-vanishing finite 

value simultaneously. From group theory (Tinkham 1974), we know 

that a term like <^f|M|s^ or <̂ sj H j g^ attains non-zero 

value only when the product of the symmetry species of three 

functions appearing in the term should at least have one 

component of totally symmetric species. We note that the 

• / ' S | H j g \ = / s j - k ^ ^ r . E , j g \ has non-zero value only 

whenIs^ belongs to the symmetry species of the non-zero 

component(s) of or (i.e. dz for C (n]̂  2) and C . ox. and OY/ 

for C / and oX/ OY and 6z for C site symmetry). Thus js> 

shoTild belong to for C (n'̂  2) and C , | (x/'y) for C , 
I » I 1 

and I (x, y, z) (full IR active species ( IR ) for C local symmetry* 

This gives a clear idea of the symmetry of |s^ needed for 

non-zero value of (!S\H [g\ , Consequently, for the distortion 

of symmetry as low as C the terra <̂ f['MJŝ  î sJH j g))- is 

non-zero only when | f )> belongs to a species that appear in the 

representation M (̂  IR, This irtplies that a forbidden mode 

belonging to a species outside the break-up of j M(x) IR does 

not become active as first order distortion induced transition. 

For such modes/ we have to consider higher order approximation (s)« 

3,2,4 ,b Second Order Approximation 

The second order correction [a X in the wave function 

ja^ is given by (equation V<,16 of Avery 1972) 
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a^X = y y lk> <klHll> <l|Hla> 

k^^a l/^a a k a 1 

|in> <mlHla> <a iHla> 
(E 0-E 0 ) 2 

(3 .19) 

Using this relation to deduce the second order correction | f y 

and|g \ , and then putting them in equation (3,16), we have 

the distortion ind\icad txansition moment of second order as 

<flMlg^^2) ̂ ^ (2)^ (2fy yM£ii^><KiHi'^LlKL]j^^ 

M g iT̂ g ^ ^ ^ ^ 

y- <f|-Mll^^liH(^Ma><aiH^^Ma> 

i?̂ g 

/ (E 0-E.O) (E 0 „ E ; 
^-— f J g 1 

.") 

+ 

JT̂ f i/g 

<flH^^^{m> <mlH^^^n> <nlMlq> 

f » I ^..'i ••• (E O.E 0) (E 0-E 0) 

Z_ (E ° - E 0) 2 
n^f ^ ^̂  

... (3.20) 
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An analysis of the terms appearing in equation (3,20) (using 

group theoretical principles) on the same lines that were 

used in analysing <̂ f | Mjg)> reveals that the distortion 

induced transition of second order is possible ifjf]^ belongs 

to one of the species that appear in the break-up of 

JM 0 |S r j ^ 0 | S r . or in general that appearing injM (x) (x ) [^ 

for local symmetry as low as C , 

An analysis of equation (3.18) and (3,20) reveals that 

the forbidden modes become active due to mixing of different 

vibrational modes. As such this mixing is a consequence of 

(1) distortion but, for the fact that H , the polar kind of 

interaction of the unit with the crystal field/ is responsible 

for the phenomenon/ it may be called as polar mixing. 

For polar distortion/ among all forbidden modes only 
p—, , 

those which belong to | M 0 IR, attain DIA-I (/A), Others 

belonging to M (x) 0 I IR' attain DIA-II (jii ) ; however/ some 

of tlj&̂ e may be common to M (x) I IR , Modes not included in 

these two sets may gain only DIA-h^ (distoirtion induced activity 

of higher order) ', 

Specifically/ the distortion induced activity of first 

order, DIA-I, is attained by a forbidden mode when it mixes 

with allowed modes and/or the ground state mixes with some 

mode \±y which are connected to jf^ through M, with 

^flMJi^ / 0, Similarly/ mixing occurs for non-zero value of 
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DIA-II (c»f» equation (3,20) ). However/ it comes through an 

additional mode of the unit. It can easily be seen that more 

additional modes would be involved as a via medium in the 

mixing of modes leading to a non-zero value of DIA-h, 

3,2,5 NON-POLAR (QUADRUPOLAR) CASE 

3,2.5a First Order ApproMmation 

Using the standard form of the first order correction 

(equation (3,17) ) the first order distortion induced transition 

moment \f|M|g^ (c.f, equation (3,15) ) for quadrupolar case 

can be written as 

/ -^ <fiM|g<>. 
f g 

<flMli> <rilH^^>}a.^ 

E O -E.O 
a 1 

V <f!H^^Ml><ilMia>" 
+ I 

L- E^^ - I E / - E 0 

(3.21) 

we note that 

(2) ^ E , 

has non-zero value only when 1 s)> belongs to the symmetry 

species of the non-zero component (s) of Q.. /^ The non-vanishing 

indepent components of the quadirupole moment are (xX/ yy, xy, yz 

and zx)/(xx, yy and xy)/(5;z) for symmetries (C,, C.)/(C t'^^'^lh'^ 
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{• nv (nV2), C (n>2), C (n = 3,4,6), D (n = 2,3,4,6), 
n nh n 

nd 
(n = 2,3,4,6), D (n = 2,3,4,6), S., S^, S_ > in order 

nh 8 
(Califano et, al, 198!)__/« In other words, j s> should form a 

basis of j Q. . • For such a choice of j s )> the term 

\f|M)s^ t'sjH |g^ is non-zero only when j f )> belongs to 

species that appear in the representation. M (5c) 
Qij °^ 

j M (x)l(X. . as the components of quadrupole moment and 

anisotropic polarizability tensor (CX." ) transform identically 

(Long 1977). Hence, jf)> should belong to a species falling in 

|M (X) 10(. . • In general, this would imply that a forbidden 

mode belonging to a species out side the break-up of M (̂  

does not become active as a first order distortion indioced 

transition. For these cases we have to consider higher oirder 

approximation, 

3.2.5b Second Order Approximation 

Using the standard form of the second-order correction 

(equation (3,19) ) , the transition moment, ^(flMJg^, 

(c.f, equation (3,16) ), characterising distortion induced 

transitions of second order in quadrupolar distortion can be 

given by 

< / | M ) g ' > (2) = N ^2) ^ (2) 
f g 

V y <flMtk> < k|H^2))3_N^ < l | H ^ ^ ^ q \ 
Z__ Z__ ,^ 0 ^ Ov /^ 0 ^ Ov 
k^g l?^g 

^ \ ~ \ ) ^% E,^) 
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+ 

i^g 

iT̂ g i?^f 

< f | M l l > < l l H ^ 2 ) | g V ^ 

< f ! H ^ 2 ^ | i > < i ( M ( i > 

< q l H ^ 2 ) , ^ ^ 

< i ! H ^ 2 ) , ^ ^ 

(E/-E.O) (Eg°-E^O) 

m/f n̂ f̂ 

(2) (2) <f|H^-^Mm><m|H^^Mn> <nlM|q> 

( E / - E 0) (E 0-E 0) 
f m f n 

n?̂ f 

(2) (2) <flH^^Mf> <flH^^^|n> <nlMlq> 

(E °-E 0) 
f n 

(3.22) 

Ar> analysis of the terms appearing in equation (3,22) (using 

group theoretical principles) on the same lines that were used 

in aralysing -^fjMjg y reveals that the distortion induced 

transition of second order is possible^ if |f> belongs to one 
I 1 

of the species that appear in the break-up of M (X o^ij (x)(a^ ±j • 

The mixing of modes responsible for DIA in non-polar 

case is clearly a consequence of the distortion which is 

(2) 

mathematically accounted for by H as perturbation. This 

mixing may obviously be called as quadrupolar mixing. For 

quadrupolar distortion^ among all forbidden modes only those 

which belong to I M (x 

• ^ n 

belonging to M (x 
T̂T 

CiT: attain DIA-1 (Q) while those 

>an ex. . attain DIA-II (Q); some 
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of these may be common to both. Modes not included in the tv/o 

sets may attain DIA-h, 

3.3 ORDER OF INTENSITY FOR DIFFERENT ORDERS OF DIA 

If a typical transition induced by the electric dipole 

moment is assumed to take place at a rate of 10 sec , the 

transition induced by magnetic dipole and electric quadmpole 

moments is expected to take place at a rate 10 and 1 sec** ̂  

respectively (Schutte 1976)» A rough estimate of the strength 

of distortion induced transitions on this scale can be made as 

follows. An examination of equations (3.18) and (3,20) reveals 

that in <f|M|g''> "̂'•V <f'|M'|ĝ > ̂ ^̂  a typical term such as 

\ J [ H jk"^/(E. -E, ) appears once/twice in product with 

the normal transition moment <^iJM|j\ , We note that the 

typical value of frequency separation between different split 

components of the degenerate modes of most molecular units in 

crystals fall arovmd 5% value of the fiindamental frequency of 

the modes. This indicates that the typical value of 

<̂  j|H^-^^{k>/(E °~E^°) should lie around 5 x lo"^. Obviously, 

the probability of distortion induced transition of first and 

—4 —8 

second order should, respectively, be 25 x 10 and 625 x 10 

times the normal transition probability. Thus on the scale of 

10 sec for normal dipole transition, the rate of transitions 

due to DIA-I (Ĥ -"-̂ ) and DIA-II (Ĥ -'-M should be 10^ (as 10® x 25 

lO""'̂::::̂  10^) and 10"̂  (as 10^ x 625 x lO""̂ ::̂  10"̂ ) sec'"-'-. On the 
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same scale the rate of distortion induced transition (first 

(2) V ^^i 
order approximation with effective perturbation H = / Qii'/»jr"' 
(equation (3o9) ) is roughly estimated to be equal to 

3 -1 (2) 

10 sec because H is expected at least to be an order 

of magnitude weaker than H in strength. In view of these 

niombers, it can be concluded that the distortion induced 

transitions due to DIA-I (H^^) (i.e. DIA-I (̂ )") are the only 

transitions that can be expected to appear in the IR/Raman 

spectra with observable intensity,as the rate of other 
3 —1 transitions is equal to or less than 10 sec ,—the rate of 

magnetic dipole transitions which are normally not observed 

(1) 

in phonon spectra. In exceptional cases, if DIA~II (H ) 

(i.e. DIA-II (M) ) and DIA~I (H^^M (i.e. DIA-I (Q) ) transitions 

could be observed, this observation would be indicative of 

strong crystalline field and field gradient respectively. 

A forbidden mode of a molecular unit in a crystal may 

also become active due to the effects of lattice vibrations; 

these effects are linearly related to their amplitude 

(Homig 1948). This mechanism becomes Uhef f ective at low 

temperature because the amplitxide of lattice modes reduces 

'almost to a minimum^ Thus at low temperature a forbidden mode 

is only expected to appear due to struct\iral distortion. One 

could therefore examine whether DIA-II (/J), DIA-I (Q) and 
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DIA-II (Q) really remain negligibly small or attains 

perceptible magnitude by studying forbidden moc3es of 

molecular units at low temperatureo 
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CHAPTER IV 

SYM'^ETRY CLASSIFICATION OF FORBIDDEN MODES OF MOLECULAR 

UNITS BELONGING TO DIFFERENT POINT GROUPS ATTAINING 

DIFFERENT ORDERS OF DIA. 

ABSTRACT 

IR and Raman forbidden species of different, point 

groups which are expected to attain first/second/,../higher 

order of distortion d.nduGed activity (DIA) are classified, ̂ nd 

tabulated in Table 4,1, In-each case the results have been 

rnalysed for all possible site symmetries. It is revealed 

that the key component of distortion that affects the selection 

rules is one which is not present in the free state structure 

of the molecule. And even for the distortion commensurate 

with C symmetry not all forbidden modes of the unit attain 

first order or even second order activity in all cases. 

Results reported in this chapter, are arranged in the form of 

a technical report of the department (1986) bearing the same 

title and are available on request for reference. 
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4.1 INTRODUCTION 

When a molecular unit occupies a site of lower symmetry 

in a crystal its several modes of vibrations (forbidden in the 

free state) become active. The well known group theoretical 

techniques viz, unit cell approach (Bhagavantam and Venkatarayudu 

1939) and site symmetry approach (Halford 1946; Homig 1948; 

Winston and Halford 1949)/ provide a way to determine which 

of these modes become active and which of them remain forbidden. 

They do not provide any idea pertaining to the order of 

intensity of such modes and it becomes impossible to decide 

whether the mode is expected to attain observable intensity 

or not. The mechanism which activates the forbidden transition 

of molecular units in crystals also remainyunclear. However, 

the theory discussed in Chapter III helps in solving these 

problems. It classifies such transitions into categories of 

DIA-I/DlA-II/etc, and provides the nature of mechanism (polar/ 

quadrupoiar/octupolar/etc, type mixing of modes) which activates 

a given mode. This classification helps in deciding the order 

of band intensity of the mode in comparison with a normally 

allowed mode. Obviously/ we can have a better understanding of 

observed IR and Raman spectra, if we know the type and order 

of distortion induced activity of the forbidden modes of the 

molecular unit. As discussed in Chapter H I , transition allowed 

as first order effect of polar type of distortion (barring few 
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exceptions) arc only expected to gain observable intensity. Thus, 

the normal techniques of determining the selection rules do not 

provide effective selection rules for practical purposes. It is 

in this context that the DIA analysis becomes much more important 

and useful. 

In this chapter, we therefore, provide the detailed 

results of the DIA analysis for determining the effective 

selection rules as well as the type and order of DIA mechanism 

activating a particular forbidden species in case of all 

important and frequently encountered symmetry point groups which 

can serve as ready reference. These results are summarized in 

Table 4.1. 

4.2 DISCUSSION 

Table 4,1, presents different molecular symmetries, 

their HV^amaa forbidden species, possible site symmetries 

alongwith the type and order of DIA that activates a particular 

forbidden mode. In column 5, the symbol /^/Q refers to polar/ 

quadrupolar distortion for activating the species registered 

in column 6 and 7; superscript I/II stands for first/second 

order effect of distortion. Other effects such as DIA-III (yU), 

DIA-II (Q), DIA-I(O) (first order effect of octupolar distortion), 

etc, has been identified by symbol h (higher order effect). 

However, for all practical purposes these effects are not expected 
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to result in observable band intensity as concluded in 

Chapter III, The symmetry species common in the results of a 

lower as well as a higher order are only shown in the row of 

lower order. 

It has been inferred in Chapter III that s (i) forbidden 

modes belonging to |M (x)|or or M (x)j.IR, attain DIA-I and 

those belonging to j M (x) llR. (x) j .IR attain DIA-II, for 

polar distortion, Here^ KIR', is (z) for C (n>.2) and C 
— • • 1 

(x,y) for C ; and (x^y^z) for C site symmetries, 

(ii) for quadrupolar distortion, modes belonging to j M (x) Q.. 

M 0 O L • attain DIA-I and those belonging to jM ^0^^^ 0'r^i? 
attain DIA-II. Here, 0<. • for symmetries (C , C.)/(C , C^, C^^)/ 

t Ĉ ^̂  (nX2), C (n>2), C , (n = 3,4,6), D^ (n = 2,3,4,6), 
nv <^ ' ' n -^ ' nh / # ' # ĵ  

D^^ (n = 2,3,4,6), D^^ (n = 2,3,4,6), S^, S^, Sg \ are (xx, 

YY/ '^I yz and zx)/ (xx, yy and ^ ) / (zz) in order and 

<iii> modes not included in these sets gain DIA-4T., 33ias© products 

have been evaluated to generate Table 4,1 for almost all 

important and frequently encountered symmetries in case of all 

possible site symmetries, 

A distort-ion does not contribute to the intensity of 

forbidden modes unless,̂ '-one of its non-zero components forms 

the basis of one of the non—totally symmetric species of 

londistorted structure; because, if the component of distortion 

((A.) belongs to a totally symmetric species, I M (x) (̂ ) can 

£S. stands for polar as well as for non-polar distortion 
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not lead to a species other than the allowed species M , In 

other v7ordS/ the key component of distortion that gives rise 

to the modified selection rules is one which is not present 

in the free state structure of the molecule. I?or example, when 

a molecule of C symmetry (c.f. Table 4«1, C ) goes to C 

sitBy the A species does not become active in IR due to 

DIA (yU) of any order, because, C site does not have other 

than the z-component of polar distortion already existing in 

C,^ structure. Note that the z~cornponent of polar distortion 

belongs to totally symmetric species of both C and C point 

groups. Consequently, A species is activated by DIA-I (Q) 

due to additional cfuadrupolar distortion Q (belonging to A„ 

species of C ) which the molecule acquires in C site. In all 

such cases of polar sites, results of only first order quadmpoldr 

distortions have been tabulated in the table. As another example 

of the similar situation one may examine the case of a molecule 

of D structure going to D site. It is observed that no 

forbidden mode of the molecule becomes active due to quadrupolar 

distortion (Table 4,1, D ) since its all non-zero components 

(xx, yy and zz) in D structvire belong to totally symmetric 

species (A ) of D̂ , symmetry. It is further observed that the 

non-zero component of octupolar distortion 0 (in D structvire) 

belonging to the non-totally symmetric A species of D point 

group, activates the modes. Taking this as a key factor. 
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^ , 

it can be shown that modes belonging to Raman @!A (i.Go A , 

B. . B„ and B^ ) species should become Raman active and those lu' 2u 3u ^ 

belonging to jIR' (x) j A (i.e. B ^ B and B ) species should 

become IR active as first order effect of octupolar distortion; 

the modes of A and A species remain IR forbidden, g u -̂  

The normal group theoretical analysis for the molecular 

\init attaining C site symmetry reveals that all modes of the 

unit (without any distinction) should become active in IR and 

Raman spectra. However/ the present work classifies these into 

categories of modes attaining DIA-I, DIA-II and DIA-h, For 

example, take a molecule of symmetry 0, going to site Ĉ  

(c.f. Table 4,1/ Q, ) % In Ramon spoG-trTim>forbidden-modes of 

•species A„ / P / E and F„ attain DIA-I; A and P, attain 

DIA-II; and A attains DIA-h, And in IR spectriim, the forbAddexx 

modes of species A / E / F and F attain DIA-I; A . '̂ Ou' 

E and P^ attain DIA-II; and A^ attains DIA-h, Thus/ even for u 2u 2g ' 

the distori:ion commensurate with C. symmetry not all forbidden 

modes of the \init attain first-order or even second-order 

activity in all cases. This gives a fair idea of the relative 

intensities of bands arising due to distortion induced transitions, 

Thus for the first time we note that some modes of certain units 

particularly of high symmetry may not appear in the IR/Raman 

spectra even when they are calculated to be allowed according 

to the conventional selection rules. From this analysis we also 

file:///init
file:///init
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get an idea about the relative intensity of such modes; e,g, 

modes attaining first-order activity should be more intense 

than those attaining second~order activity. This would obviously 

help in getting a better understanding of the IR/Raman spectra 

of complex crystals^ and in appreciating, the importance of 

what we define as effective selection rules. 
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Table 4.1 Symmetry Species of forbidden modes (of molecular 
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V Îg ̂2g 

A^ A^ E, E^ 
Ig 2g Ig 2g 

^lu ̂ lu ̂ 2u ̂ 2u 

B-, B^ Ig 2g 

contd, 



D̂ , continued 
6h 

133 

7 

B 2g ^2g 

A, 2u 

B 

B 

E lu 

E 

E 
ig 

2̂g 

lu lu 

B. 
lu lu 

2u ^2u 

E, 2u 2u 

C 
c C^h) s 

A 

c (̂ Td) 
S 

^ 

C^ (<Ar) 

< 

S 

i 

/^^ 

h 

^ ^ 

h 

' A ^ I 

^ 1 1 

h 

> ' 

Q^ 

h 

lu 
B 
2u 

^2^ 

A, 
2g 

^2g 

^2u 

2g 

lu 

'̂ 2U 

^au 

ig 

2u 

lu 

"ig 

^2u 

"ig 

^ u 

^ig 

^ u 

^lu 

^2u 

2̂g 

^2U 

=2g 

B^ B^ 
lu 2U 

^2g 

^2u 

^2g 

'̂ 2u 

Ig 

^lu 

^ig 

^ g 

^lu 

^ g 

ig 

^\u 

^ig 

ig 

B. lu 

2g 

2g 

^ g 

^2g 

*2g 

"2g 

^2g 

^2g 

"ig 

•'au 

=ig 

Ig 

S2U 

^ig 

^au 

^ig 

^2u 

^2g 

^2u 

2g 

=2U 

^2g 

^au 

^2g 

^2u 

contd,,,. 



D^ cont inued 
G J I — 

134 

/ / 

= 2V 

S 

=2 

S 

^6 

(c^) 

< 

< 

1 

< 

f 

{ 

1 

<f 

/^^ 

M"' 

h 

> - ^ 

/Jl^=^ 

h 

' ^^' 

h 

' F-' 
h 

' /i^ 

Q" 

h 

S2U 

^2g 

*2g 

^2u 

^2g 

^2g 

'̂ 2U 

^2g 

*lu 

^^2^ 

* 2 , 

'̂ 2u 

^ g 

^lu 

''2U 

^ g 

"ig 

'̂ 2U 

•'ig 

^ g 

^u 

«ig 

^u 

^lu 

lu 

^lu 

^ g 

^ u 

^ u 

^2u 

"2g 

"2g 

^2u 

2g 

"2g 

^2u. 

"2g 

^2u 

^2u 

^2u 

"2g 

^2u 

ig 

lu 

lu 

B, 
ig 

• ig 

lu 

^ g 

Ig 

^2g 

^2g 

^2u 

^ g 

*2g 

*lg 

^lu 

"ig 

^^2, 

•'lu 

^2g 

'̂ ag 

^lu 

^2g 

^ig 

^ig 

^2U 

"ig 

^ u 

"ig 

^2u 

"2g 

"ig 

«2u 

^2U 

Ig 

S2U 

S2U 

^2g 

l̂u 

"2g 

contd. 

^2g 

^2u 

"2g 

2u 

2u 

• • • 



D^, cont inued 6h — 

135 

= 2 v < = 2 ' 

< 

S v ' 4 > 

1 

< 

f^ 

^ ^ 

h 

M " 

h 

\f 
h 

Sv''̂ "5'J)U^ 

=6v 

h 

^^ 

^ 2 g 

'̂ ag 

•32U 

^ 2 g 

'^2g 

^2U 

" 2 g 

'"^2u 

B, 
i g 

^ 2 u 

^ 2 u 

^ g 

" i s 

^2U 

l u 

" i g 

\ u 

^ u 

hu 

•^au 

•^lu 

^ 2 u 

" 2 g 

" 2 g 

^ 2 u 

=2g 

^ 2 g 

E 
2u 

2 u 

E 
2u 

^ i g 

^ i v . 

" 2 g 

i g 

l u 

l u 

I g 

I g 

2g 

^ g 

^ g 

^ g 

^ g 

''au 

S2n 

^2U 

^ 2 g 

'^2U 

"2U 

^ 2 u 

^ g 

" 2 g 

^ i g 

^ 2 g 

^ g 

^ i g 

" i g 

•^lu 

S2U 

2g 

2g, 

^ 2 u 

^ 2 u 

c o n t d . 4 , , 



D̂ , continued 
6h .—— 

136 

Q 2g Ig 2g ^lu ^lu ®2u ^2u 

Q̂̂  V % 2̂g 
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CHAPTER V 

USEFULNESS AND SCOPE OP THE THEORY OF DISTORTION INDUCED 

ACTIVITY (DIA) OF FORBIDDEN MODES OF MOLECULAR UNITS IN 

CRYSTALS 

ABSTRACT 

The usefulness and the scope of DIA theory are discussed. 

This is used to establish a relation between the intensity 

of forbidden modes with the amount of distortion in the unit. 

To illustrate its application in understanding the microscopic 

mechanism of structural phase transition an example of the 

IR absorbance due to IR forbidden }J. mode of SO ~ ion in 

(NH )_S0 crystal has been discussed. We also discuss its 

scope in determining the effective symmetry of moleculaj; units 

in liquids and gases (under high pressure), This point is 

demonstrated by discussing examples of molecules such as 

C H (liquid) , C D (liquid), CCl (liquid) and CF (liquid) 

and gas), 

Part of the work presented in this chapter is included in 

the publications % J. Phys, C % Solid State Physics 18^ 

5299 (1985) I Mol. Phys. 57, ''379 (1986), 
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5.1 INTRODUCTION 

Jain and co-workers (Jain et, al, 1973; Jain 1974; 

Jain and Bist 1974, 1975a) correlated the temperature variation 

of the IR absorbance of bands due to forbidden modes of the 

2 2— 

SO ~ ion in (NH )^^0 and those of the BeF^ ion in (NH^)2S®^4 

with the change in the amount of distortion in the structure 

of the relevant molecular ion. Although/ the qualitative; 

character of this relation appears to be rational and correct, 

its real form remained unclear. In this chapter, we have 

investigated this relationship using DIA theory. 

Forbidden modes of molecular units in liquids and 

gases (under high pressure) have also been observed by-

several groups e.g. Bucaro and Litovitz (1971), Fournier et, al» 

(1968), Gabelnick and Strauss (1967, 1968), Gruebel and 

Clayton (1967), Ingold et. al. (1936, 1946), Jones (1963), 

Mair and Hornig (1949), Miller (1956), Narten et. al. (1967), 

Placzek (1931), Rosenberg and Birnbaum (1968), Wilson et, al, 

(1955), Woltz and Nielsen (1952), In this chapter we also 

demonstrate that this observa±ion is related with the distortion 

in the structure of molecular units. In addition, we discuss the 

scope of the theory in determining effective symmetry of 

molecules in these phases by illustrating the examples of the 

spectra observed for C-H, (liquid), C D (liquid), CCl (liquid) 

CF (liquid and gas), 
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5.2 INTENSITY OF FORBIDDEN MODES 

At a given temperature the band intensity^ ""-nm' ^^ 

Raman scattering and IR absorption (absorbance scale) may be 

given by (Overand 1963) 

Î ĵ  = A I <̂ n! Mlm>!^ ... (5.1) 

obviously/ the intensity of the forbidden mode to the first 

(1) 
order approximation/ I^ , for polar distortion case would 

be given by 

Ifĝ ^̂  = A KfiMjg). ̂^̂1 2 ... (5.2) 

In view of the relation, equation (3,18)/ we have 

fg 
^ (1) ( D V " <flMii> <llH^^^q> <:flH^^^1><1tMjq>{ 

f g Z_. E ° - E ° E / - E . ° 

... (5.3) 

It can easily be seen that non-zero magnitude of each term (such 

as <(f JĤ -̂ Î jN> , <̂ iJĤ -'-̂  jg)> / etc, in equation (5.3) should be 

proportional to the magnitude of distortion parameter hr 

(equation (3.7) ). Hence 

Similarly/ I^ for second order approximation would be 

I.J=> =A'2)|C^,4 ... (5.5) 

where/ A and A are constants that depend on the molecular 

unit and the mode jf> in question. Equations (5,4) and (5,5) 
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are found to be quite useful in as much as they relate the 

intensity of forbidden modes with the amount of distortion 

which can be evaluated easily from the crystal structural 

data using relations such as (equation 3.7), 

5.3 STRUCTURAL PHASE TRANSITION 

A molecular unit in a crystal may undergo a change in 

the stiructure and symmetry when the crystal undergoes a 

structural phase transition. To detect such change, Jain and 

co-workers (Jain et. al. 1973; Jain 1974; Jain and Bist 197^, 

2- 2-197Sn.)used IR absorbonce of forbidden modes of SO /BeF ion 

in (NH ) SO /(NH ) BoF crystal (which undergoes a ferroelectric 

phase transition at 2 23/165K) arguing that the absorbance 

should be a measure of the distortion in the structure of the 

ions, DIA theory establishes a quantitative relation (between 

these two quantities (Cof. equation (5,4) ) v/hich is in 

agreement with their contention as discussed belo;w. 

Table 5,1 (column 2) gives the IR-absorbance ( in 

arbitrary unit) of V. mode of SO "" in the (NH ) ̂ SO measured 

by Jain and co-workers (Jain et, al, 1973; Jain 1974) at 

several temperatures. These data have been used in equation 

(5,4) to calculate the distortion (in arbitrary unit) as well 

as relative distortion (c,f, colximn 3 and 4) in the ion; the 
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relative distortion has been defined as 

C-. i S?(T) or 
^^^ |S?(133K)! 

Use of equation (5,4) for this purpose is justified in view 

of the facts that (i) V. (SO ") mode can be presumed to 

2— 
be harmonic to a good approximation (ii) the SO. ion 

occupies polar site symmetry in both phases of (NĤ ) 2̂ '̂ 4 crystal 

As discussed in Chapter HI/ distortion in T ion can also be 

calculated with the help of equation (3,7) i.e./ 

h.7 = V V (X. _i*.^) 

using •crystal stxiictural data. Recently, Hasebe (1981) 

measured the crystal structural data of (NH ) SO at 233, 224,5/ 

219,5, 209, 183 and 133K. The values of S F and |5r'(̂ g-L 

calculated from these data are given in column 6 and 7 of 

Table 5,1. The two sets of values of ( i'r'j -,, so calculated 

from the two independent experimental results, have been plotted 

in Figure 5,1 (b), we note that they match very closely. This 

provides not only an experimental support to equation (5,4) but 

also demonstrates its usefulness in the study of structural 

phase transitions in crystal like (NH )2SO , Minor difference 

between the two curves in the temperature range above T can 

easily be understood. Two important reasons responsible for 
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(1) this are: (i) the proportionality constant A , in equation 

(5,4) has been presumed to remain unchanged at temperatures 

above and below T , (ii) the IR absorption band due to V^ 

(so ) above T is not so well developed as on the other side 

and the base-line above which the absorption has been evaluated 

might have not been very accurately chosen. 

A molecular unit in the crystal may also attain distortion 

when the crystal is svibjected to pressure. The change in 

distortion with the change in pressure may be studied by 

monitoring the change in the IR and Raman intensities of 

forbidden modes. This may help in understanding the propagation 

of the effects of pressure down to the molecular level and in 

discovering a relation between the distortion parameter and the 

applied pressure. Good systems for such studies may be molecular 

units doped in crystals such as alkali halides. This shows that 

equation (5,4) may prove to be useful for studying structural 

phase transition induced by any parameter such as temperature, 

pressure, etc. if the crystal has molecular units and the 

phase transition is triggered by change in the structure of 

individual unit, 

5,4 EFFECTIVE SYMMETRY OF MOLECULAR UNITS 

5,4,1 CRYSTALLINE SOLIDS 

According to the x-ray crystallographic studies, the 

crystal structure of benzene is known to belong to the space 
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15 group D , ^ v/ith four molecules in a unit cell. All the 

molecules are inferred to occupy C. site (Cox 1958; Turrell 1972), 

Consequently, only the ungerade species are expected to appear 

in IR spectrum and gerade species in Raman spectnim (Herzberg 

1945) , 

According to Swenson and Person (I960) the band 
-1 

observed in IR spectrum of crystalline benzene at 987 cm is 

due to the fundamental band V^ (A. ) , They have convincingly 

argued that it is not due to an imp\irity. In addition, 

Ito (1965) in his study of the Raman spectrum of benzene 

-1 
crystal at 77 and 195K has observed a weak band at 1012 cm ; 

the laser excited spectra also confirm the presence of the 

band (Gee and Robinson 1969) , He (Ito 1965) has attributed it 

to the fundamental V-, ̂  (B-, ) mode. These authors (Ito 1965, 

Swenson and Person 1960) have independently came to the conclusion 

that these are clear indications of the violation of the 

selection rules. Swenson and Person (1960) suggest that 

existing theories of spectra in condensed phase must be 

modified to predict different behaviour of each fundamental 

vibrations, Ito (1965) also suggests that the selection rules 

for the vibrational spectrum of the crystal is not strict for 

polyatomic substances. Pertaining to these observations, we 

can make the following comment in view of our theory. The crystal 

structure of benzene determined by x-ray diffraction method may 
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quite likely have some errors with respect to the position of 

H-atoms/ because of lov/ scattering cross-section. It is possible 

that C, site is a correct inference for t?ie positions of 
1 

C-atoms^ while it may not be true for H-atoms, There arc 

several examples of crystals which show this kind of anomalies. 

It is observed that about fifty compoujids (such as CaBr„6NH , 

Mg(BP.)-6NH-, CoS0.Br6NH, etc.) have K^PtCl^ type cubic 
^ 4 2 3 4 3 2 6 

— —2 + 

struct\ire in which the complex (such as / M(NH )^y ) go to 

0, site with C axes along M-N bond; M represents the metallic 

ion such as Ca f Mg etc (Ŵ rckoff 1965) . These observations 

have been analysed by Jain (1982) in a recent report and it 

has rightly been pointed out that the positions of all atoms 

other than H-atoms are consistant with Q site while the positions 

of H-atoms do clearly not conform to C site for NH molecule, 

A similar situation has been reported by Jain and Bist (1975b) 

to conclude the symmetry behavioior of the complex ion 

/"Ni (OH2) g.ŷ '̂  in 0<-NiS0^6H20 crystal. Thus it is quite likely 

that the positions of H-atoms may not be consistant with C. site 

of the benzene molecule; it should obviously have C^ site with 

polar distortion. Considering C^ site, the observation of A 

mode in IR and B^ mode in Raman is clearly understood because 

these species attain DIA-I{u) revealing that the bands can 

have observable intensity. This clearly sets an example of the 

fact that if IR and Raman spectra are understood without any 

ambiguity the DIA analysis can help in determining the correct 
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site symmetry of the molecular units and the cirystal structure 

as a whole. 

5.4.2 LIQUIDS 

Distortion in symmetry and structure of molecules in 

liquid phase has been invoked in several reports, Wilson et, al, 

(1955) state that the transition forbidden by symmetry appear 

in the spectra of liqiiids presumably due to distortion of 

symmetry by neighbouring molecules, Jones (1963) believes that 

molecules in a liquid state have no preferred orientation but a 

range of environment; they have considerable freedom of movement 

to change their position and posture. However, it is p>ossible 

that the molecular symmetry is distorted during close collisions 

with other molecules and all forbidden vibrations become IR and 

Raman active to a certain degree (Jones 1963) . Studying the 

dielectric loss in liquid CCl at far-IR frequencies Gabelnick 

and Strauss (1967) interpreted the observation at 220 cm" 

(Raman active and IR forbidden band) and additional absorption, as 

arising due to structural distortion in the molecule. They 

concluded that the distortion must be sufficiently large to 

produce a dipole moment of 0,1 - 0,2 D, In a subsequent study 

they found that the distortion accounts nicely also for the 

magnitude of observed Raman intensities. They tried to conclude 

about the natiore of distortion, but they could not present a 
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complete picture. Consequently, they concluded that an under­

standing of these aspects requires a theory which describes 

intermolecular motion as well as the postulated distortion in 

detail. On the basis of x-ray diffraction measurements of liquid 

CCl it has -been concluded, in general, that there is either 

association of the molecules, preferred packing or distortion 

of the molecules (Gabelnick and Strauss 1968, Gruebel and 

Clayton 1967, Narten et, al, 1967), Bucaro and Litovitz (1971) 

studied Rayleigh scattering in an attempt to investigate 

collisional motion in several polar and non-polar liquids. They 

concluded that the origin of the induced anisotropy responsibla 

for Rayleigh scattering is the electronic overlap in the case of 

noble liquids (viz Ar, Xe) and molecular frame distortion in 

polyatomic liquids. They argue that the electric field of a 

molecule induces a dipole moment in other molecule and the 

field of this dipole induces an additional dipole in neighboxiring 

molecule. Thus we encounter distorted molecules in liquids too, 

(i) Fournier et, al, (1968) have observed the activity 

of forbidden V^ (A ) and '}A (E) modes with weak intensity in the 

IR spectrum of liquid CF (T ), They argued that it is due to the 

anisotropy of the local field set up by neighboviring molecules 

which causes a break-down of the selection rules. However, in 

the frame work of our theory, it can further be concluded that 

CF molecule in its liquid state has polar distortion. Note 
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that for this kind of distortion only, the V^(A^) ernd V^ (E) 

modes are expected to appear with observable intensity in IR 

spectrum as the first order effect of polar distortion/ for 

the quadrupolar distortion, only P modes become active in the 

first order (c.f. Table 4,1, '̂-5) • Similarly, the appearance of 

the far-IR band at 220 cm (Gabelnick and Strauss 1967) due 

to ^2 (̂^ mode of CCl (Herzberg 1945) confirms that the 

distortion in the structure of CCl (T ) molecule in liquid 

state Is of polar type, 

(ii) Several fundamental modes of liquid benzene are 

found to appear both in IR and Raman spectra (Herzberg 1945, 

Ingold et. al.iqi36,m6; Mair and Hornig 1949; Plackzek 1931), 

In view of this observation Placzek (1931) suggests that the 

molecule can not be a plane regular hexagon, Ingold et, al, 1936, 

1946) infer that the molecule does not retain its D- structure 

in the liquid state; The cohesive forces deform the molecule 

sufficiently to cause a' break-down of the selection rules. 

However,- when the coincidence is examined in the frame work of 

the theory of distortion induced activity, we note that all the 

Raman forbidden modes /""Vii^^o * ^'^'^ ̂ "̂ ~ ̂ ''^6 ̂ 2̂u * ̂ ^^ ^"^ ^ 

Vie^^lu ° '^^^^ cm"*'*) and V̂ ĝ (E^^ : 1478 cm""-'-)J7 (Herzberg 1945; 

Ingold et, al,193fe,1946) are allowed as first order effect of polar 

distortion. Modes allowed as the second order effect of this 

distortion do not seem to attain observable intensity in Raman 
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spectra. On the other hand forbidden modes observed in IR spectrtim 

(ingold et, al. 1936^ 1946; Mair and Hornig 1949) can be 

classified into categories of first order effect /_ "2/, ^^IQ* ^^^ '^'^ ^» 

A'S ^̂ 2 ° ̂•'•̂  ^'^^^ * '̂s ^̂ 2 ' •̂ ®̂'̂ ' •'•̂ °̂  cm"-'-) , Vg (E : 1170 om"-

and )y' (E : 849 cm" )_y and second order effect ^ y\o ^̂ lu ' 

1013 cm'*-'-), y-,/,(B- s 1310 cm"-"-) , ')J.^{'5.„ : 1150 cm""'-) and 
14 ^U lb ^U 

-y-^(E_ s 975 cm"" )__7. The numbering of fxindamental frequencies 

of benzene is done in accordance with Mair and Hornig (1949). 

Analysing the IR spectrum of liquid C^D Miller (1956) fo\and 

it as an interesting observation that four forbidden modes of 

the molecule appearing in the spectrum at 577, 662/ 864 and 
-1 

945 cm were all g-type; no forbidden mode of u-type was 

observed. In view of the DIA analysis, this observation is not at 

all surprising because g-type forbidden modes appear as first 

order effect of polar distortion in this case, while u-modes as 

its second/higher order effect. As such the theory helps us to 

conclude that the C^H, and C^D^ molecules in liquid state are 
b b b b 

not only distorted but the distortion is of polar nature. In 

turn, this reveals that the intermolecular cohesive forces in 

liquid benzene are basically derived from dipole-dipole interaction. 

We also iinderstand why all forbidden modes of benzene molecule 

in its liquid state do not show up with observable intensity. 
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5,4.3 GASES (UNDSR HIGH PRESSURE) 

Like in liquid CP , forbidden V^ (2) mode has been 

observed as a weak band in the IR spectrum of gaseous CF by 

Woltz and Nielsen (1952); a meter cell with two atmospheric 

pressxire is found to be sufficient to detect this mode xŝith 

about 10 percent absorption, Pournier et, al, (1968) have 

explained this phenomenon as a collision—induced transition. 

The explanation appears to be rational but does not speak about 

the real change in the molecule. In view of the distortion 

induced activity this observation reveals that CF molecule 

attains polar distortion in gaseous state at high pressure 

because, y^ (E) mode becomes IR active as first order effect 

of polar distortion. Formulating a theory of pressure induced 

absorption Mizushima (1949) suggests that a molecular unit 

under consideration^ experiences an electric field E because 

of surrounding atoms/molecules which interact with the former 

through interparticle interactions. Therefore, on an average 

a molecule in gaseous state has some definite environment 

(the electric field), though it is free to change its location 

and posture. This justifies that the DIA theory can be applied 

to molecules in gases particularly at high pressure. Analysing 

the far-IR absorption in gaseous CF at the pressure ranging 

from 10 to 35 atom; Rosenberg and Birnbaum (1968) concluded that 

the collision induced absorption should occur due to transient 
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dipole moment induced by colliding molecule and by molecular 

distortion due to overlap interaction. This provides an 

independent evidence for the existance of polar distortion in 

the molecule« Thus the DIA theory appears to become relevant 

for understanding the activity of forbidden modes of molecules 

in high pressure gases and one should observe that the 

forbidden modes of only certain species acquire observable 

intensity, demonstrating once again the relative strength of 

DIA-I, II etc. 
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Table 5,1 Distortion and relative distortion calculated 

from IR-absorbance data (Jain et.al, 1973; Jain 1974) 

and crystal stiructure data (Hasebe 1981) 

T 

Calculated from IR-absorbance Calculated from crystal 
structure 

T 
I 

D i s t o r - I R e l a t i v e 
t i o n { D i s t o r t i o n 

Temp, 
(K) 

~ i ~ ^ 

IR-absorbanceJ D i s t o r t i o n {Re la t ive 
( a r b , U n i t ) j ( a r b . U n i t ) P i s t o r -

J }biojri 

1 2 1 

165 

184 

193 

2 0 1 

208 

218 

221 

222 

223 

230 

239 

254 

260 

297 

40 ,545 

37 .572 

3 6 . 4 9 1 

34 .463 

33 .517 

33 .517 

31 .760 

29 ,733 

2 2 . 0 2 9 

9 .461 

8 .379 

6 ,893 

5 , 2 7 1 

4 . 3 25 

1.892 

6 .367 

6 .130 

6 . 0 4 1 

5 . 8 7 1 

5 . 7 8 9 

5 .789 

5 .636 

5 , 4 5 3 

4 .694 

3 .076 

2 .895 

2 .625 

2 ,296 

2 ,080 

1.375 

1.010 

0 . 9 7 3 

0 , 9 5 9 

0 ,932 

0 . 9 1 9 

0 . 9 1 9 

0 , 8 9 4 

0 .865 

0 .745 

0 . 4 8 8 

0 , 4 5 9 

0 . 4 1 7 

0 . 3 6 4 

0 .330 

0 . 2 1 8 

133 

183 

0,055 

0,052 0 , 9 5 1 

209 0 , 0 4 9 0 . 8 9 7 

219 .5 0 ,045 0 , 8 1 6 

224 .5 0 . 0 2 1 0 ,393 

223 0 . 0 1 9 0 , 3 4 4 
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FIGURE 5,1 TEMPERATURE DEPENOENCE OF CO) IR BAND INTENSITY DUE TO THE 

V | MODE OF SC^" (ON IN CNH4)2S04 CRYSTAL C DATA FROM JAINet .a l 

1 9 7 3 ; JAIN 1974 ) AND Cb) RELATIVE DISTORTION | S?C T ) | / | S ' r Ci i3K )| 

DEDUCED FROM IR ABSORBANCE C POINTS SHOWN BY FULL CIRCLES) 

AND CRYSTAL STRUCTURAL DATA C HASEBEI98I , POINTS SHOWN BY 

OPEN C I R C L E S ) . 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The present investigation was undertaken with a view 

to formulate a quantitative theory of distortion induced IR 

and Raman intensity due to forbidden modes of molecular units 

at polar/non-polar sites in crystals. It was motivated by the 

idea of Jain and coworkers (Jain et, al. 1973; Jain 1974; 

Jain and Bist 1974, 1975a) that the intensity of forbidden 

modes is the measure of distortion in the molecular units, 

Tî ey measured the temperature dependence of the intensity of 

IR bands due to forbidden modes of the SO ion in (NH,)j^O. 

2— and BeF in (NH.)^BeP / and made an interesting use of the 

idea to \inderstand the microscopic niechanism of phase 

transition in these crystals. 

Group theoretical techniques (Herzberg 1945; Wilson 

et, al, 1955) are used to decide the IR and Raman activity 

of different vibrational modes of a molecule. The activity 

of such modes in a crystal is decided by two viell known 

techniques/ viz. the unit cell approach developed by 

Bhagavantam and Venkatarayudu (1939) and the site symmetry 

approach developed by/Hornig (1948), and "Winston and Halford 

(1949). Pateley et. al. (1971, 1972) simplified the procedure 

involved in these techniques -cmd they can bj used without 

file:///inderstand
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having rigorous knowledge of group theory. However/ these 

techniques do not reveal the magnitude of intensity of the 

allowed modes. The idea of this magnitude in case of certain 

modes can be obtained from the spectra of these modes of free 

molecules; however, sometimes this comparison does not work 

well. The situation remains particularly uncertain for forbidden 

modes which become active when the unit occupies sites of lower 

symmetry in crystals and attains distorted stjructure. Also 

these techniques do not reveal the explicit nature of the 

mechanism that activates these modes. In view of all these facts 

the importance of the present investigation is self evident. 

In the course of the present theoretical study we made 

an experimental investigation of Rochelle Salt (RS) using IR 

absorption/Raman scattering techniques (c,f, Chapter II). 

The experimental results have been analysed and discussed in 

the light of the above referred group theoretical techniques. 

The spectra are expected to comprise a large number of peaks 

because of the large number of atoms (N = 112) in its unit cell. 

The dynamics of RS crystal can be described in terms of 336 

phonon branches (333 optical -i- 3 acoustical) under the unit 

cell approximation. These branches arise from different normal 

2- -i- + modes of C H 0 , Na ^ K and H_0, The number of phonon modes 

arising from different degrees of freedom of 4 x 4 H_0 molecules 

2— + 
and 4 C H 0 ions are 144 and 168, respectively. The Na and 
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K"̂  ions separately have three translational degrees of freedom; 

thuS/ the four ions -of each type, contribute a total of 24 

phonon modes. There are two types of crystallographically 

+ + 
inequivalent K ions, - both having C site symmetry. Na , 

C H 0 and H O occupy points of C symmetry. Hence, all the 

3 33 optical phonon branches are IR and Raman active. However, 

the observed IR and Raman spectra show about 48 bands in the 

region in which more than two hundred bands are expected in 

view of the unit cell approximation. It appears that the factor 

group split components of most of the modes do not have 

resolvable frequency separation. As such the single molecule 

approximation appears to be sufficient to discuss the observed 

spectra of internal lattice modes, particularly, of powdered 

sajTplss, However, to understaxid the spectra of a single cirystal, 

the detailed symmetry analysis under unit cell approximation 

remains essential. 

The IR and Raman spectra of RS reveal that s (i) spectros-

copically one pair of H O molecules does not differ much from 

the other pair, though four water molecules are crystallo­

graphically different (ii) the H-bond exhibited by OH-group 

of tartrate ion is strongest among all H-bonds in the crystal. 

(iii) V_̂  ,Q„» and ^ modes seem to be strongly coupled 

(iv) the doioblet structure of >|̂ ĵ , ^^Q^, ̂ CQ^' - COH ^^'^ 

( piQQ modes arises mainly due to crystallographically 
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distinguishable sites for two identical oscillators/ while the 

same for '-^QO/ ">Q /QTTN and d^QQ modes originates dominantly 

due to resonance interaction between two identical oscillators 

in COO. (HO)HC-CH(OH)COO^~ ion. 

The theoretical investigation uses the principles of 

group theory and approximation methods (c,f, chapter III). 

The central idea of the work is that the static crystal field 

which is non-uniform in strength serves as the source of 

perturbation and distorts the unit and hence modifies its 

dynamics and selection rules. Thus the transitions become active 

due to structural distortion of ,the unit and they need to be 

ascribed as distortion induced transitions. Such transitions of 

different symmetry species are characterized by different order 

of distortion induced activity (DIA), i.e. DIA-I/DIA-II/,,,,/ 

DIA-h representing first/second/,,../higher order effect of 

distortion (c.f. Chapter III), This theory also gives an idea 

about the mechanism (such as dipolar (yU-)/guadrupolar (Q) mode 

mixing) which activates the modes. The theory reveals that the 

DIA-I {jJ ) are the only transitions that could in general be 

expected to appear in the IR/Raman spectra with observable 

intensity. In exceptional caseS/ if DIA-II (/i) and DIA~I(Q) 

transitions are observed, it would be indicative of strong 

crystalline field and high field gradiant respectively. 
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For almost all important and frequently encountered 

symmetries the type and order of DIA that activates a particular 

forbidden mode are tabulated for ready reference (c,f, chapter 

IV), By classifying the IR and Raman forbidden species of 

different point groups which are expected to attain different 

order of DIA, it is shown that even for the distortion commen-

siirate with Ĉ  symmetry not all forbidden modes of the unit 
or 

attain flrst^even second order activity in all cases. It also is 

revealed that a distortion does not contribute to the intensity 

of forbidden modes lonless, one of its non-zero conponents forms 

the basis of one of the non-totally symmetric species of 

undistorted structure. In otherwords, the key conponent of 

distortion that affects the ~ selection rules is one which is 

not present in the free state structure of the molecule, 

A relation between the intensity of forbidden modes and 

the amount of distortion in the structuj?© of molecular \iciit has 

been established (c,f. equcttions (5,4) and (5,5) ) , These 

results can be used effectively in the study of structural phase 

transitions in crystals (such as (NH )^^0 f (NH ) BeF , etc) 

induced by changes in parameters such as temperatxire, pressiire, etc. 

This point has been demonstrated by taking an example of the 

change in the IR absorbance due to the }A mode of SO " ion 

during structural phase transition in (NH ) SO crystal. 

file:///iciit
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The results of the theory help in understanding which 

of the forbidden modes of a molecular unit/allov/ed as the 

distortion induced effect may appear as bands of observe±)le 

intensity. Obviously, it provides with the effective selection 

rules. It can also help in correct determination of the 

symmetry of the molecular site and the crystal as a whole. 

The results can also be applied to have a better 

understanding of the IR and Raman spectra of molecular units 

in liquids and gaseous (particularly under high pressure) 

states. This point has been demonstrated by discussing examples 

of molecules such as C/d^ (liquid), C^D. (liquid), CCl. (liquid) 
fob D D 4 

and CP (liquid and gas). It is revealed that these molecules 

attain polar type of distortion in liquid and high pressure 

gaseous states (c,f, chapter V) , 

Finally, it is hoped that this work may serve as a good 

example of the application of group theory and approximation 

methods in the text of quantum mechanics and crystal/molecular 

physics. 
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