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PREFACE AND ACKNOWLEDGEMENTS 

The investigation. pre.ented in this the.is 
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8ity, during 1971-'76, while working as Lecturer in 

Physic8 at the Maharaja'. College, Ernakula., Cochin. 

This thesis deal. with ao.e studies in mole

cular mechanic. u8ing 8pectroacopic data. It includes 

an improve_ent in the para.eter technique for the evalu

ation of exact force fields, the introduction of a new 

and simple algebraic method for the force field calcu

lation and a atudy of asymmetric variation of bonding 

force8 along a bond. 

Chapter I ia a general introduction in 

which the various type. of .sau.ed molecular force 

fields in use and different method8 of calculation of 

force const.nts are reviewed briefly_ 

Chapter 11 deal. with the problem of deter

mination of force constants uaing isotopic frequencies. 

Of the many.attempta mad., one of the l.t.at and pro

bably the most elegant one aee •• to be the parameter 



method. In this attempt a graphical method, aaking 

use of isotopic frequenciea, ia followed. It haa been 

obaerved that many timea it is not possible to have a 

unique solution, eepecial11 if the number of isotopic 

apecies exceeda two. In the firet psrt of tha chapter 

criteria for the selection of correct solution, aut of 

the many probable onea, ere laid and applied to a few 

molecules. In the second part of the chapter, within 

the framework of peremeter for.aliam, a new method and 

111 

the relevant theory for the determination of exact force 

field from isotopic frequenciea are put forward. The 

merits of the new method and its superiority above the 

other existing methode are discuesed. 

The re.aining chaptera, except tha last one, 

deal with the atudy of the apatial distribution of 

bonding forces between ato.e in a .olecule. Such a 

study hae not bean made till now. To characterise the 

non-aymmetric variation of binding forcea at the centre 

of a bond (b), a bond asy.metry para.eter ia defined 

in terma of cartesian force conatants. Theoretical 

expressions for the aeymmetry parametera are derived 

with particular reference to the bent XY2' planar XY3 , 

pyramidal XY3 and tetrahadral XY. typa molecular modals. 

Resulta obtained in the caae of typical molecules for 

which established valence force fielda exist indicate 
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that the asymmetry perameter ia related to .olecular 

properties and the parameter hes definite charecteristic~ 

such as epproximate invariance in the caee of XY3 (D3h ) 

end XY4 (Td ) molecules, for each molecular .odel. On 

the basia of the relationehip between the bond asymmetry 

perameter and molecular properties. the force fields of a 

number of molecules have been evaluated, thereby bringing 

out the significante role this newly formulated para

meter can play in the determination of force field. 

The la.t chapter of the the.ie deale with the 

IR .pectruM of Coumarin and an explanation for the dou

blet nature of the carbonyl bond is given. 

The original contributions contained in the 

thesis are the following. 

1. Additional criteria for the selection of 

exact solution out of the many probable onea obtained 

in the graphical method in parameter formaliam are put 

forward. The validity of these criteria is tested~ 

2. A new algebraic msthod is formulated to 

employ isotopic frequency data in the determination of 

molecular force field. The advantages and euperiority 

of this method are brought out. 

3. An asymmetry parameter to characterize 

the non-symmetric variation of binding forces et the 



centre of a bond is defined. 

4. General theoreticel expression for the 

bond asymmetry para.eter is derived. 

5. The theory thus developed is applied to 

different molecular species and general conclusions 

regerding its properties end the usefulne •• of eaym-

metry parameter in molecular force field determinetion 

are drawn. 

6. IR spectrum of Coumarin is recorded and 

an explanation for the doublet nature of the carbonyl 

bond is given. 

A part of the investigations carried out by 

the author has been pUblished in the following papers. 
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CHAPTER I 

I N T ROD U C T ION 

A concise review of the various type. 

of a.sumed molecular forca field. in 

use and different .ethods of calcu

lation of force con.tants i. Made. 



CHAPTER I 

INTRODUCTION 

1. Introduction ------------
In the course of the last fifty years very 

considarable progress has be.n .ade in the inveatigation 

and theoretical interpretation of molecular spectra, and 

molecular spectroscopy ha. e.erged a. one of the most 

important, if not the Most i.portant, tool for investi-

gating molecular structure. With the discovery of 

Raman effect in 1928 and with the introduction of very 

soph~aticated instrumants, significant amount of work 

has been done in the application of infrared and Raman 

spectra of molecules for the elucidation of Molecular 

structure. Many approximation techniques that have 

been developed made it possible to use the .xperimantal 

data for getting a clearer underatanding of the nature 

of the chemical bond. 

A Molecule may be regarded a. a group of 

atoms bound together by cert.in forcea. The •• forc •• 

acting between the ato.. tend to keep the molecule in 

equilibrium. Small o.cillationa of atoma about their 



equilibrium positione in the molecule ceuse the appear

ance of infrered and Raman spectra. The fundamental 

vibrational frequencies are determined by the geometry 

of the molecule, atomic masses and the restoring forces. 

An analysis of the vibrational epectra of polyatomic 

molecules provides much valuable information about tha 

electronic binding and the nature of the interatomic 

forcea. Considerable work has been done in the deter-

mination of the molecular force field from the observed 

vibrational frequencies, obtained fro. the infrared and 

Ra.an spectra. However, to the present, no attempt 

has been reported in the literature, envisaging a study 

, 

of the spatial distribution of binding forces between atoms 

in a molecule. Such an attempt i. made an~ the results 

obtained are reported in the present work. In the fol

lowing pages a brief review of the theory of molecular 

vibrations and different methods developed for the deter

mination of molecular force fields is made. 

The mathematical analysis of molecular vibra

tions [1-3] requires, .a the first step, the formulation 

of expressions for kinetic and potential energies of tha 

molecule in any convenient .et of co-ordinates. In the 

course of a vibration, the change on the equilibrium 



configuration of a molecule may be represented by a set 

of cartesian displacement co-ordinates qi (i - 1, 2, 

• • • ., n) where n - 3N for an N-atomic Molecule. 

for small displacements, the potential energy V of 

the Molecule, which depends only on the internal con-
( 

figuration, is a homogeneous quadratic function of the 

displacements of the atoms about their equilibrium 

positions. This constitutes the well known harmonic 

approximation in the theory of small vibrations. Th. 

potential energy i. accordingly written in the form 

••• (1.1) 

kij are the force conatants. The kinetic energy T 

of the molecule may be written as a quadratic function 

4 

of the time derivatives of these displacement co-ordinates. 

1 
T --L. 

2 
q. 

1 
••• (1.2) 

the coefficients Cij are constants related to atomic 

masses. These two sets of coefficients kij and Cij 

control the frequencies and modes of the normal vibra-

tions. The numerical values depend on the choice of 

co-ordinates. The cross terms in the kinetic and 

potential energy expressions can be eliminated by a 

linear transformation of the displacement co-ordinates 

q to a set of normal co-ordinates Q. The expressions 

for V and T then take the form 
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1 
L. Q 2 V - Ak 

2 k k 
••• (1.3) 

1 
• 2 T a- ~ Q
k 2 k 

••• (1.4) 

Substitution of these expressions in the Lagrangs 

equations of motion results in the set of equations • 

. . 
• •• (1.5) 

It can hence be shown that the A. t. are 

1\ 
given by the root. of the determin~tal equation 

a 0 

• • • • • • • • • • • • • •• ••• ••••• 

• • • • • • • • • • • • • •• ••• ••••• 

••• (1.6) 

This secular equation ia a polynomial of degree n 

(i.e., 3N) in A. with n real roots, A ke E.ach 

normal co-ordinate Qk corresponds to an independent 

mode of vibration of the molecule and ha. 8 characteri-

stic parameter A k. The frequency parameter .'A, k i. 

related to the vibrational frequency ~ k .s 



A k - 4 ~ 2 ~ 2 
k 

••• (1.1) 

A normal co-ordinate Qk can represent a genuine 

vibration of the molecule, only if its characterietic 

frequency parameter A k ~ 0 • 

On solving the secular equation, we get, 

in general, 3N-6 non-zerO real roots, (3N-S for linear 

molecule.), equal in number to the vibrational degrees 

of freedom. The zero roots of the secular equation 

represent ths translational and rotational modes of the 

molecule. 

The internal configuration of the ato.s in 

the molecule can be completely specified by 3N-6 

(IN-S for a lineer molecule) internal displacement co-

ordinates, which are changes in bond lengths, interbond 

angles and other geometrical parameters from their 

equilibrium values. Expressing the potential and 

kinetic energies of the molecule in terme of the.e 

internal co-ordinates, we get a aecular equation of 

degree IN-6 (IN-S for a linear molecule) which does not 

possess any zero-root. The characteristic root. and 

vectors of the secular determinant determine the funda-

mental vibrational frequencies and the for.s of the 

normal mode. of vibration. 

6 



In practica, using experimentally observed 

fundsmental vibrational frequencies, the secular equation 

is solved for the force constants and nor.al modes. Ae 

the number of unknown force con.tants far exceede the 

number of normal frequencies, a unique solution is not 

possible using the vibrational frequencies alone. 

Usually the interpretation of the molecular 

potential function is based on some simplified model, 

employing an approximate force field so as to reduce 

the number of unknown force constants. The ideas 

underlying some of these force fields are given below. 

3. ~ee!~~!~~~!_!2!E!_!!!!2! 

In the central force field (eff) approxi

mation, the forces in the molecule are acting along 

the lines joining the atoms, irrespective of whether 

they are connected by a valence bond or not [ .. , 5]. 

The number of force constants in this model is smaller 

than that of the vibrational frequencies, and the evalu

ation of force constants is made trivielly easy. But 

this assumption holds only if the atoms are held by 

ionic interactions. Moreover the force field does not 

account for the bending vibrations of 8 linear molecule 

and the out-of-plane vibrations of 8 planar one. Now-

7 



a-day. the practicel application of this force field 

is very little. 

The valence force field (VFF) poatulated 

by BjerrulII [4 J ie superior to the cent:.:al force field 

and ie chemically more meaningful. According tothi. 

model, the restoring farce. oppose the change. in valence 

co-ordinate., like bond length. and inte:.:bond angle •• 

Here also the number of force constant. i. less then 

that of the vibrational frequencie •• Hawever, inter-

actions between stretching end banding of different bond. 

in the molecule are not considered. Th. valuence force 

a.sumption is of fundament.l importance end is close to 

the correct ona, eventhough the correct reproduction of 

vibrational frequencies is not always po •• ibla. 

To give mora accurate vibrational frequencie., 

aeverel model force fields have been proposed and widely 

used ea modifications of VfF and eFf. the two major 

earlier attempts. A combination of central snd valence 

type force fields ha. been poetulated by Mecke [6] for 

XY2 molecule •• Taking into account Pauling's idea 

that the stability of a molecule ia due to the overlap 

of the orbitals of the bonded ato •• , Wilson and Howerd 

formulated a modified valence force field (MVff) for 

XY 3 type molecules [ 7 J • 
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Based on the idea of directed valenc., Linnet 

and Heath introduced a new force field [8-10 J called 

the orbital valence force field (OVff). In this lIodel, 

the electron density in each bond ia represented by loca-

lized molecular orbital •• This assumption take. into 

consideration the effect of change in hybridization during 

a vibration and ia assumed to be due to the angular defor-

mation of the .olecule. The bond stretching force constant 

is taken aa independent of the change in hybridization. 

Hence in this theory no interactions between bond-

.tretching and bond-bending co-ordinate. are included. 

But the properties of bonds in a molecule are well related 

to the inter-bond angles (11, 12 J • The hybrid bond 

force field (HBfF),. modification of OVff based on the 

correlation of bond strength with bond angle, is succees

fully applied to ammonia molec ule [13 J • 

Another widely used mod~l is the Urey-Bradley 

force field (UBf'f') (14 J which taka. into account the 

valenca force. between bonded atom. and also the central 

forces between non-bonded ato ••• Thi. modal .atis-

factorily reproduce. the vibrational frequencie.. f'orce. 

d. 
acting between the non-boned ato •• are of the Vander 

I' 

Waal's type and the value. calculated using the UBf'f' 

agree well with the force. computed from the Lennard -

Jane. potential. Shi.anouchi [15-16J ha. demon.trated 
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the general validity of the UBff. The number of force 

constant. is not too many. The tran.ferability of 

Urey-Bredley force constant. ha. been pointed out by 

several workers. But the UBff doss not sccount properly 

for the interaction between different internel valence 

co-ordinate •• In several cases, it is found that UBff 

fails to reproduce some of the observed data. 

Several modific.tion. have been suggested for 

the UBff introducing different concepts like bond flexi

bility, trans interaction and trans and gauche inter

action 1:17, 1 B, 19 J. One such modi ficetion, accounting 

for the presence of lone pair electrons in the molecule 

has been shown to yield a useful force fiald model r 20 J • 

A more complete picture of the intramolecular 

force field is presented by the general valence force 

fiald (GVff), which include., in addition to tha velence 

force constants, all possible interactions between stret

ching and stretching, bending end bending and atretching 

and bending. The GVff furnishes the mast general end 

physically meaningful model and many a nor.al co-ordinata 

analysis ha. been carried out using this picture. In 

the present investigation the general valence force field 

is emplciyed. The force constants are evaluated using 

Wilson·. fG matrix method r 21, 22 J • The principal 
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merit of this Method is that by expioiting molecular 

symmetry, the vibrational secular equation can ba 

factored into lower orders. 

4. The fG matrix method 

In terms of the internal valence co-ordinate. 

[231 the potential energy of a molecule i. written as 

2V ••• (1.8) 

where the summation extende over all the internal co-

ordinates. In matrix form the above equation becomee 

2V • '" r f r ••• (1.9) 

where f is the force constent metrix, and r repre.ent. 

the set of internal co-ordinates. 

Applying group theoretical methods, the number 

of genuine normal vibrations belonging to each symmetry 

species is found. The internal co-ordinates rare 

transformed into an orthonormal set of symmetry co-

ordinates, which are linear combinations of the internal 

co-ordinates and are constructed in such a way that they 

traneform eccording to the characters of the vibration 

type of the point group to which they belong. The 

sMmmetry co-ordinates are defined by the tran.formation 

s • U r ••• (1.10) 
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where U is en orthogonal matrix. In symmetry co-

ordinates the expression for the potential snergy is 

#>J 

2 V - S f s ••• (1.11) 

where f is the .atrix of symmetry force constants. 

f ia related to f by the equation 

,., 
f • U f U • •• (1 .12 ) 

The corresponding expression for the kinetic energy of 

the molecule is 

2 T 
"'l' -1 . 

• r g r 

'" ,-1 . - S 5 • •• (1.13) 

,., 
where , - U g U • •• (1.14) 

The kinetic energy matrix G- 1 is determined by the 

geometry of the molecule. The method for the formulation 

of the inverse kinetic energy metrix G is reported in 

literature [23 .. 27]. The elements for a non-

degenerate species are of the form 

L 
p 

,..up 9 p 

and for a degenerate species 

1 

- -;- [;Up gp 
P 

S t 
i 

S t 
j 

(s.t 
1a 

t t 
+ Sib Sjb + •••• ) 

••• (1.15) 

• •• (1. 16) 



where p refers to a eet of equivalent ato.s, t a 

typical ato., Jp the reciprocal .ass of the atom, 

gp the number of equivalent ato.s in the th set. and p 

d is the degree of degeneracy. The 5 vectors in the 
-. 

above expressions are given by 

st 
i • 1: Uik Skt . ~ . (1.17) 

k 

Here i represents the ith symmetry co-ordinate and 

the coefficient of the th k internal co-ordinate 

in it. Expressions for the Skt vector. are given by 

Wil.on, Decius and Gras. C. 3 J and by Meister and 

Cleveland C 24 J • 

In terms of the symmetry force constant matrix 

f and inverse kinetic energy matrix G, the secular 

equation may be written a. 

I f • 0 .' •• (1.18) 

or 

l Gf E A I • 0 ••• (1.19) 

where E is a unit matrix. A ia related to the 

observed vibrational frequency ~ 

• 4 ~ 2 • • • 

~ is in cm- 1 and e the velocity of light. 

l' 



for an f matrix of order n the difficulty 

is thet there are n(n +1)/2 force constants, whereas 

there sre only n values of '" • Hence a unique 

calculation of r matrix using only the G matrix and 

a set of observed A values is not possible. 

Th. normal co-ordinste transformation matrix 

L plays a significant role, in the analysis of the 

molecular force field. The normal co-ordinates Q are 

related to the symmetry co.ardinate. S through the 

transformation matrix L 

14 

5 • LQ ••• (1.21) 

In normal co-ordinate., the potentiel and kinetic enargies 

are expressed as 

.., 
(1.22) 2 V - Q 1\ Q • • • 

".. . 
( 1 • 23 ) 2 T • Q Q • • • 

Introducing the matrix L, it can be shown that ['3l 

,.. 
( 1.24 ) L f L • " • •• 

-LL • G • • • (1.25 ) 

The resulting characteristic equation i. of the form 

G f L • L A • • • (1.26) 

The roots "i. of the equation repre.ent the normal 

frequencies and the eigenvector. Li , the normal mode. 



·of vibration. The force constant .atrix f i. given 

by 

f - ••• (1.27) 

s. Parameter representat~on 
-----------------------~ 

Taylor [28 J ha. shown th at the eigenvector 

matrix l can be written in parametric far. as 

l • • • • (1.28) 

where l. is an approximate nor.al ca-ordinate trane-

forMation matrix and X an~ arbitrary orthogonal matrix 

containing -t- n (n-1) free parameters. The matrix 

l. ie selected ea ee to satisfy the condition 

• Ii. • •• (1.29) 

The l. matrix may be identified, far example, with 

a triangular matrix T, in the model based an the 

shear method c: 29 J • If the frequencies are ordered in 

the sequence ". > 1\2, > 1\ n' the lower triangular 

matrix corresponds to the made of vibration of highest 

frequency being uncoupled, while the upper triangular 

matrix represents the uncoupling of the sy.metzy made of 

lowest frequency (30 J. 

15 

The orthogonsl matrix X in terms of -t- n(n-1) 

free parameters can be formulated in different ways. 

The nature and characteristics of the matrix X does not 

impose any restriction upon the farce con.tant matrix f 



(28,31, 32J. A widely used representation of X i. 

in terms of angle parameters cc: ij' 

n-1 " 
X ( 0( ) - "IT 1T Aij ( ~ .. ) .h(1.30) 

l.J 
1-1 j-i+1 

Aij are elementary rotational matrices in the 

ij-plane. The iith and jjth elementa are cos 0< ij 

jith element and the ijth element ia -sin ~ ij and 

is sin oc: ij. All oth er diagonal element. are unity and 

off-diagonal element. zero. 

With the parametric for. of L matrix, the 

correaponding parametrized r matrix can be written Ba 

-

16 

f - X A X ••• (1.31) 

-t- n (n+1) element. of this symmetric matrix r of order 

n are controlled by the n eigenvalues A~ and the 

-t-n (n-1) free parameters of the orthogonal matrix I. 

All possible solutions of the force constant matrix f 

which reproduce the fraquenciea lie on a -t- n (n-1) 

dimentsional hyper surface defined by the systematic 

variation of -i-n (n-1) parametera. With tha help of 

aome additional data or employing some constraint, the point 

in the parameter space correaponding to the proper forca 

field can be fixed. With the given parametars, numerical 



computation of the force constant matrix is made. In 

recent years the parameter technique ha. become very 

popular in the study of molecular force fields. 

6. Use of additional data 
~~-----~-----~--~-----

Additional experimental data such as isotopic 

frequencies, Corioli. coupling constants, mean ampli

tudes of vibration, and centrifugal distortion constants 

are often made use of, in addition to vibrational fre

qusncies, to fix the exact force field.' 

Under the Born-Oppenheimer approximation, the 

molecular force field is unaltered by isotopic sUbsti-

17 

tution, as the force field is a function of the electronic 

structure of the molecule. But, due to the change 

in atomic masses, the inverse kinetic energy matrix G 

and hence the secular equation are altered. An extra 

set of equations connecting the same force constants 

to the observed isotopic frequencies is obtained. 

The Coriolis coupling coefficients t , 
represent the mutual interaction of pairs of normal 

vibrations due to Coriolis forces which arise when a 

system of particles sre both vibrating and rotating 

siMultaneously. Two vibrational states can couple 

through Coriolis interaction only if the product of the 

corresponding species contains a rotational species [ 33J. 



Because of the Coriolis interaction, the band positions 

are shifted or the degeneracies are removed. According 

to the thaory outlined by Heal and Polo [34J , the 

Coriolis constants r6C are given by the relation 

- ••• (1.32) 

The elellents of the matrix cO( can be calculated fro", 

the geo.etry of the .olecule and atomic masses [35-37J 

using the relation 

- L 
a 

Mean amplitudes of vibration, obtained froll 

electron diffraction data, are also of help in deter-

mining the force constants. The atoms constituting the 

molecule are vibrating at all temparatures and each 

interatomic distance for bon.ed or nonbonded atoll 

18 

pairs is associated with a mean square amplitude quanti.*y 

2 < (R - Re ) >where R represents the equilibriUM e 

interatomic distance and (R - R ) the instentaneous • 
deviation from the equilibrium value. Cyvin ll. !.l. 

[35. 36] have made a detailed theoretical analysis and 

the mean square amplitudes are evaluated in terms of the 

mean square amplitude matrix L • L is related to the 

vibrational frequencies ro
i 

through the equation 

,.., 

- L 6 L • •• (1.34) 
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where A i8 a diagonal matrix with ele .. ents 

A·· i.t - h 
colh 

hc ~ i ••• (1.35) 

k T 

Here h is Planck's constant, T the absolute temper-

ature and k Boltzmann's constant. 

Using the bond polarizability theory [38, 393 

which relates the overall molecular properties such e. 

polarizability, dipole moment etc. to bond propertie., 

a physically meaningful set of force cons tents can be 

evaluated. The method is known as the relative Raman 

intensitie. approach (40, 41J. 

Centrifugal distortion constants obtained from 

microwavs spectra of .. olecules ere yet another additional 

input thet is utilised. i<ivelson and Wilson (42, 43J, 

and later, Cyvin ~.~. [44, 45J have formulated theore-

tical expressions for these constant. as functions of 

forcs constants. Attempts have been made in the case 

~f XY2 type molecules to obtain a set of force constant. 

simultaneously making use of the vibrationsl frequencies 

and centrifugal distortion constants L .6, 41 J • 

1. Approximation methods 
-~~----~--~~-~-------

Many attempts have been made, in recent years, 

to develop a method, based on some mathematical constraint, 
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to determine an approximate force field from the vibrational 

frequencies alone. An excellent survey of approximation 

methods for the calculation of force constants is made 

by Alix U . .!.l. [48]. 

Iterative methods. A number of such methods are 
------~~---------
iterative. In this approech one starts with sn approxi-

mate inverse kinetic energy matrix G. and force constant 

matrix f •• The trsnsformation from' f. to the true 

f matrix "which reproduces the experimentel frequencies, 

is achieved by an iterative procedure. In the method 

proposed by fadini and Sawodny (49-51] the choice of the 

initial set of force constants correeponds to e complete 

neglect of the kinematic coupling of the vibrational 

modes. the true G matrix without the Off-diagonal 

elements is taken as the initial G. matrix and the 

corresponding f. matrix is given by 

- I\. exp G -1 • ••• (1.36) 

The finel true force constant matrix f is determined 

by a stepwise introduction of the Off-diagonal elements 

of the G matrix. At each atep a correction A f to 

the force constant matrix is calculated by solving a 

system of equations based on the Cayley - H&miltcn 

theorem. According to this theorem, which states that 

a square matrix satisfies its awn characteristic equation, 

the secular equation for the n x n matrix [G f J ie 

written as 



n 

L - o .••• (1.31) 

i.1 

The experimental vibrational frequencies determine the 

coefficients c i • Far the kth .tep of iteration 

the equation is of the fora 

( F
k

_
1 - 0 

••• (1-.38) 

Neglecting the higher powers of the correction tar. 

A Fk ' a linear equation is obtained for the solution 

of A f k. 

Starting with the .aMe initial set of matrice., 
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Becher and Mattes [52] al.o suggested a stepwise coupling 

method, in which the final f matrix is calculated by 

simple Matrix multiplication. The iteration i. Made 

possible by the successive application of the relation 

(1.21). 

f • 
The approximate f matrix at each step is used to 

formulate the eigenvEctor matrix l of tha next step. 

for the kth step lk is calculeted from the secular 

Equetion 

- ••• (1.39) 



The same eigenvector method has been formulated inde

pendently by Johansen [53] • 

Taking into account the different symmetry 

representations and the possible interdependence of 

force constants Chacon and Hatzke (541 formulated a 

modified approach for the transformation to the final 

set. 

In the •• st.pwis. coupling methods, the final 

result depends on the choic. of the initial set of 

F. and G. matrices and on the method of introducing 

tne off-diagonal elements of G (SS-S8J. These methods 

impose no restrictions or conditions on the choice of 

the co-ordinate system. As such one can use a co-ordi

nate system in which the complste G matrix i. diagonal. 

In this case the stepwiss transition from G. to G 

is of little meaning (S9J. It is also pointed out 

against the Becher and Mattes method that the Gk and 

Fk matrices at each step, automatically reproduce the 

vibrational frequencies. Fedini's method yield. reas

onable diagonal force constants, but it shows • tendency 

to minimize the values of the Off-diagonal elements [60] • 

22 

Based on the same principle of stepwise coupling 

and transferability of the eigenvectors from an approximate 

solution to the exact solution of the secular equation, 
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Alix ~.A!. presented the matrix polynomial expansion 

method I: 56-58 J • In this approach a com.utation relation 

of the forlR 

Gk A fk J. 0 • •• (1.40) 

exists between the solutions of the kth and k_1 th 

eteps. With the use of the Cayley - Hamilton theorem, 

this commutation relation yielde a unique solution of the 

correction terms The formulation of the eigen-

vector matrix L at each step, in accordance with the 

assignment of frequencies"is not necessary [61]. from 

the practical point of view the method is identical to 

the Logarithmic steps Method [62 J • In problems of 

large kinematic coupling, application of this polynomial 

method fails (63] • 

Non-iterative methods. In some of the important non-
------~-----~--------
iterative methode, constraints are imposed on the values 

of the ele.ents of the force constant matrix f. In the 

f-trace approach [64-66] the eigenvector lRatrix L is 

considered in the para.etric for. 

L - V T' Y2 X • • • (1.41) 

where r denotes the matrix of eigenvala.e of G. The 

approximation is based on the assumption thet the seme 

orthogonal matrix diagonalises the matrices f and G. 

The proper orthogonal matrix corresponds to the extTemal 
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value. of the aUII of the diagonal force constants. Using 

the Lagrangian multipliers, the stationary value of tr f 

is reduced to the for • 

tr • . r 1"-1 s . 1\ . 
i 1. t. 

••• (1.42) 

The value of tr f is a minimuM on choosing the eigen

values in the increasing sequance and ri in the decreasing 

sequence. for the reverse ordering tr f is found to 

be a lIaxiIRum. 

By a graphical method Strey ( 67] haa investi-

gated the ext~.mal properties of force constants in 

n • 2 casea, varying the angls parameter ~ ayste.ati-

cally over the range According to 

Strey, the constraint that the force constant f ia a 
r 

maximum with respect to the parameter, gives good farce 

fields for hydrides. for many other types of molecules 

the condition f< minimum represents a satisfactory 

force field. 

External values of Off-diagonal force constants 

have also been exploited for approximating the Molecular 

force field [68-72 ] • The necessary condition aasuMed 

is that the Jacobian J, whose elementa are given by J ij 

• 2 
Lji ' is aingular. Successful formulation of a COII-

plete set of f matrix element. is obtained only for the 

second and third order cases. However, the method doee 



25 

not always yield a physically meaningful set of force 

constants. 

In another approach [73-77 ] based on the extre-

mal values of tr L, the constraint employed i. that the 

mixing of different symmetry co-ordinates in sny normal 

co-ordinate is small. According to this approxi.ation, 

the proper L matrix i. the one with .aximuM trace and 

smaller off-diagonal elements. The corresponding ortho-
;.., 

gonal matrix X ' is shown to· be V. for problems of 

small mass-coupling the method is found to be successful. 

According to Pulay and Torok [74-75], the characteristic 

matrix L must be such that the sum of the distance. 

between the co-ordinates Qi and Si is minimUM. On 

imposing this condition, 

I Qi - si1 i m n - n + tr G - 2 (tr L max.1 

••• (1.43). 

the proper L matrix is then shown to be GY2• The 

result in n - 2 cases is equivalent to the assumption 

that - but this is not true in all cases (7B1. 

The f.trace and L-trace approaches do not possess the 

property of invariance under scaling [66, 74, 79, 80a. 

Muller U.~. [81-85] developed the 'L matrix 

approximation methDd', imposing the condition Lij - 0 i ~ j. 

The method is equivalent to Torkington'. r. 86, 87 J 
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approximation 

(G f) ij • 0 i <j • •• (1.44) 

If the vibration. are characteristic, the approach yields 

reasonabla force constant. (81-85 J • The method ha. been 

8uccessfully applied to n - 3 ca.e. [85] and widely 

investigated in second order problem. [80-85, 88-91 J • 

Thia .pproximation i. found to be phy.ically reasonable 

for molecules exhibiting amall •••• coupling, where a 

high .tretching and a low bending vibration occur in the 

aeme specie •• for atrongly coupled vibration. aeveral 

empirical ilRprovements have been reported (92, 93]. 

In the extended L matrix approximation method 

(for n - 2 case.) Muller 11.51. [9.J a.aumed the general 

mixing of the two normal modes. from an empirical study 

of ths L matrix elements, determined from the exact force 

field data, the ratio L12 / L21 is found to have a 

.peeial dependence on the kinematic coupling, bearing 

a constant value for the molecules of a particular poi~t 

group. Empirical values havs bean reported for the type. 

In the para-

metric form of L Matrix, the approximate mass dependence 

of ths orthogonal matrix X is reported [95 J • 

According to the approximation method formu

lated by Reddington and Aljibury [96J , the constraint. 



are made directly on the restoring forces acting on a 

molecule in any displaced position, and not on the force 

constant matrix. The basic assu.ptions of this method 

rest on considerations of .ini.um potential energy. 

The parametrized restoring force Mk is assumed to be 

parallel to the corresponding internal co-ordinte. It is 

also .ssumed that the restD%ing force exerted by the 

molecule for each internal co-ordinate is as large as 

21 

possible •. The condition to maximise the restoring forces 

for all displacements simultaneously is achieved through 

the virial theorem. The balancing condition for minimum 

potential energy is expressed as a relation. 

n aMk aE - ~ a E • 0 ••• 
a t

ij 1 aMk 
at .. 

l.J 

i, j • 1 •••• n i < j 

connecting the molecular energy E to ...l- n (n-1) 
2 

(1.45) 

arbi trary parameters 4.>ij. a E is calculated through 

aHk 

the virial theorem using the geometrical paraaetere of 

the molecule. The method ie found to be euiteble for 

obtaining reliable sete of force constante for epecies 

with no redundant symmetry co-ordinate. 

Wilson hae shown that a higher order secular 

equation can be approximately reduced to one of lower 

order C 3 J • The truncated lower order secular equation 

is solved with the help of additional data such as 



Corialia constants or isotopic frequency shifts. Using 

ths formaliam af the 'separation of high and low frequen

ciea t • the characteristic high or low group frequency ia 

aeparated. reducing the order of the equation by one. 

The method is particularly useful in n - 3 casea and he. 

been successfully applied to different types of molecule 

[97,98]. 
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CHAPTER 11 

DETERMINATION Of fORCE fIELD 
fROM ISOTOPIC fREQUENCIES 

The graphical method of parametric 

approach for the determination of 

exact force field is applied to SOMe 

XY4 type Molecules and ions. In thoae 

casea where a unique force field can

not be determined, Methods for arriving 

at an acceptable force field are out

lined. Also a limit of uncertainty in 

the valuea of forca constants obtained 

using graphical method i. defined. In 

the latter part of this chapter a etri

kingly siMple but accurate algebraic 

.ethod is put forward. The theory 

developed is applied to several mole

cula. and the results obtained are com

pared with the best known values of 

force constants 80 as to bring out 

the superiority of this algebraic 

method. 
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CHAPTER 11 

DETERMINATION Of fORCE fIELD fROM 

ISOTOPIC fREQUENCIES 

1. Introduction -_ ..... _-----.... 

froM the preceding chapter it is clear that, 

in normal co-ordinate analysis. a unique solution of 

force constants is not possible, since the number of 

unknown force constants far exceeds that of vibrational 

frequencies. Under the Born-Oppenheimer approximation. 

the molecular force field is unaltered by isotopic sub-

etitution. but because of changes in atomic ~asscs. the 

vibrational frequencies are different. Also the inverse 

kinetic energy matrix G is altered. This yields addit-

ionel equations for the force constants in terms of the 

observed isotopic vibrational frequencies. With the 

help of these equations the force constants can be eva-

luated. Several authors have investigated the problem 

of using isotopic frequencies as additional date in 

evaluating force constants I: 1-6 J • 

Recently the problem of determination of force 



con,tants u8ing isotopic frequencies in the parameter 

formalism has been attempted by Ananthakrishnan ~.~. 

(5 J • They have formulated a graphical method for 

evaluating the force constants in n - Z CBsea. 

u8e 'of the general expression for the peremetrized f 

matri~ (1.31), these authors have expressed each force 

constant f
ij 

as a function of • parameter c 

- 1 2 {kij 
I 1 +c 

c .. mij } ••• (2.1) 

wher~ and are functions of atomic 

massee and molecular parameters. for different i80-

topic species, di8tinct solutions of the paxameter are 

obtained. for different valuea of the parameter c 

of a given i80topic 8pecies the f ij ( i, j • 1, Z) 

equations are solved for the parameter c* of another 

i80topic specie8. The parameter (c - c*) curves for 

each pair of isotopic epecies are plotted and inter-

sections sought. If isotopic invariance is to hold, 

there should exist a unique point of intersection of all 

the three parameter curve8 corresponding to the three 

fij elements and the force constants corresponding to 

this point mU8t be the 8ame for all the isotopic aubsti-

,., 

tuents. Because of the quadratic nature of these equations 

there exists two intersections of which one is found to be 

in the neighbourhood of the origin (CA) and the other 



far away from it (cV). The force constants corre.pon-

ding to the remote intersection Cv yield an inverse aasign

ment of frequencies and hence may be Gelled virtual forca 

constants whilE the set obtained from the intersection near 

the origin corresponds to the actual force field. However, 

in many casea unique intersection a of parametar curves do 

not exist because of the inaccuracies in experi.ental data. 

When the curves intersect forming amall islands, the force 

con stante have b •• n evaluated as the mean of the values 

corresponding to the extreme points of the ieland. 

By conaidering three isotopic apeciea rather 

than two, an improve.ent is made over the original approach 

and ia applied to 80lle pyramidal XY 3 typa moleculea r 6 1 • 

P.rameter curvea ara p10ttsd in separate two dimenaional 

epacea, taking a pair at a tim •• With the in cr •••• in the 

number ~f the i.otopic specie., a large number of inter-

section. have b •• n obtained. To select the correct 

point from the multiplicity of intersections near the origin, 

a principle call.d the method of equel co-ordinate. has 

be.n .pplied. This principle may be stated as follows. 

If A. B, c, are isotopic speciea of the •••• 

molecule, tha intersection. of parameter curves for 

the pair. A - B and B - C should be such that 

B i. represented by equal co-ordinates in the para-

and The acceptable 



intersections are those for which the common isotope is 

represented by equal co-ordinates in the two parameter 

spaces. 

In the present investigation, 

the above technique has been applied to the following 

molecules and ionsl 

B f; and N H4 +,· all of which have Td symmetry. The 

vibrational frequencies are taken from references [3, 7-12J. 

The symmetry co-ordinates and G matrix elements used in 

theee calculations ere the same 8S those reported by 

Cyvin [12J • The symmetry co-ordinates of the Td _ole-

cular model are listed as follows. 

51. (1
2

) _ ....L ( 
2 ~ r 1 - I::.. r 2 + I::.. r3 - b. r 4 ) 

52. (f 2) 
1 

• 72 r ( A oC'24- - A 0<: 13) 

S1b (f
2

) • -L ( 
2 A r 1 ... A r 2 - Ar3 - A r 4 ) 

5
2b 

(f
2

) -...L r ( A oc 34 - AoC 12) J2 

S1c (f 2) -...L (- A r 1 
... A r 2 

... A. r3 - lfar4 ) 
2 

5
2c 

(f
2

) • -L r ( A oc 14 AoC
23 

) 
,,/2 

••• (2.2) 

where A r and A 0<: ere internal co-orciinatee which are 

changes in bond lengths and bond angles. (see fig.2.1) 
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The G .atrix elements and the symmetric force constants 

F, 

6
'1 

G
'2 

G
22 

corresponding to 

--L 
~ 3 

-..L 
~ 3 

-2 ( ..L 
3 

-
- - J 2 

the f2 

+ .l"y 

~ 

f rr 

(f 
r~ 

f~oc 

+ 

specie. vibrations are. 

~ ) • • • (2.3) 

f' ) 
r~ 

••• (2.4) 

Only one parameter space is considered for 

With three isotopic spscie. 

three separate two dimensional parameter spaces era 

In the case of ammoni-

um ion, a8 the number of isotopic species considered is 

four, the parameter curves have been plotted in six 

separate two dimensional space •• for all isotopic 

pairs a wide range in parameter space (-1 0 ~ c ~ 10) 

ha. been scanned for intersections of para.eter curve •• 

The value of the parameter c is systematically varied, 

from -10 to -1 at steps of 0.5, from -1 to +1 at 

steps of 0.01 and from +1 to +10 at steps of O.S. 



figures 2.1 to 2.2' show the parameter curves obtained 

for these molecules and ions and their isotopic substi-
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tuents. These graphs are drawn in such e manner that for 

a pair of isotopic species A and B, the parameter c 

for A is plotted along the x-axis and that for B along 

the y-axis. Co-ordinates corresponding to the inter-

sections of c - c* curves are sought. The region near 

the origin has been plotted separately using a .agnified 

scale to enable clear and exact identification of the 

intersections. Some of these graphs ere shown along 

with the main graphs. The details revarding the inter

sections of the parameter curves are presented in tables 

2,1 to 2.4. for each intersection, the parameter val~es 

are given and the corresponding intersecting curves ars 

identified. 

When the number of isotopic epecies exceeds two 

there is a multiplicity of intersections. But in e 

given parameter space, the.e intersections lie in e small 

region. As the parameter for the true force field 

should lie inside this range, the size of this range 

may be teken as a .easure of the uncertainty in fixing 

the true co-ordinate. With the help of ~ore than~o 

parameter spaces, the extent of uncerteinty can be reduced. 

The minimum value of the uncertainty obtained from an 

analysis of the graphs c~rresponde to the smallest rang. 



., 

common to all the parameter spaces. This is also in 

agreement with the method of equal co-ordinates. The 

mean of the value. for the extre.e points of the common 

range along with the extent of the uncertainties is taken 

ae the true parameter. All points of intersection, 

whether unique or not, outside the corresponding common 

range are taken a. apurious ones and are automatically 

eliminated. 

Acceptable parameter values for the various 

molecular species, selected according to the methods 

explained above, together with the force constants are 

entered in Table 2.5. The two sets of force constants 

corresponding to the two aolutions are capabla of repro- . 

ducing the vibrational frequenciea of the corresponding 

iaotopic speciea, but only that aet obtained frOM the 

intersection near the origin he. any physical signifi

cance. With the predominance of bending mode the second 

set turns out to be unphysical. The final set of actual 

force constants ia entered in Table 2.6. 

with valuea taken from literature. 

and compared 

Eventhough the graphical Method, discussed 

above, yields good results, the approach is not easy in 

the sense that it involves too much numerical computation. 
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Moreover the accuracy of the final selected value of the 

parameter c varies with the scale used for the graph. 

As the curve. are of irregular shape, the parameter space 

is to be scanned in regular small steps of the parameter 

values. A simple algebraic method i. suggested below to 

employ isotopic frequency data in the determination of the 

molecular force field. 

for a vibrational species of the th n order, 

N - n (n -1) /2 parameters • • deter-

mine the force field. Let ~J ~,. • • • denote K iso-

topic species of a molecule (K ~ 2 ~ N). In Wilson's 

f G matrix formalism, there is the trace reletion 

tr - L 
i 

oC. 
1\. 

i. 

where G cC is the inverse kinetic energy matria, 

••• (2.5) 

f ( c~, • • • • c~ ) the f matrix parameterised in terms 

of the N parameters c ~ , • • • and 

cc 2 oc: 2-
AC; - 4 ~ c (w&..) for the isotopic species labelled 

• Let us introduce the differences 

AGDC~ - GO<: - G~ • • • (2.6) 

and 

A I\~ ~ - I\~ I\.~ ••• (2.7) 
" 

&. (.. 

Consequently, froll the K equations (2.5), the following 

set of difference equations is obtained. 



45 

tr AGO< ~ f ( c ~, • • • • cN ) - L A ,,~~ ••• (2.8) 

These constitute a sufficient set of simultaneous equa-

tions for the determination of the parameters 

In the case n - 2, the force constants are 

expressed in terms of a parameter c, defined in the range 

-1 ~ c ~ 1, as follows I 

factorizing Wilson's G matrix into a tri-
-' 

angular matrix T and its transpose, G - T Ti 

The normal co-ordinate transformation matrix L is 

given by L - T A where A is an orthogonal matrix. 

Taking A in the form 

cos 9 sin 9 

-sin 9 cos 9 ••• (2.9) 

a parameter c - tan e is introduced in the l matrix. 

fro 1ft (1. 3 1 ) f - L- i 1\ l-! 

(1\2 
2 1\ ) c 2 IGI ... '12 1 

f11 -
G11 I G I ( 1 ... c 2 ) 

2G12 ( ", - "2.) c 
... 

Y2 G11 IG) ( 1 + c 2 ) 

IGI 
+ 

IGI ( 1 ... c 2 ) 

••• (2.10) 



.6 

G
12 "1 

2 
J G J Y2 (At - "2)C + G12 "2 c + 

f12 -
( 1 + c 2 ) I G J 

••• (2.11) 

G
l1 

( "t C
2 + " 2) 

f22 - + c 2 ) 
• • • (2.12) 

IGI ( 1 

In the second order case with two isotopic species the 

trace relation expressed by (2.8) is of the form 

A G
11 f11 + 2 A G12 f12 + /l, 6

22 fZ2 

••• (2.13) 

When the number of isotopic specie. considered exceeds 

two, the data corresponding to all the species can be 

incorporeted in the S8me difference equation. With K 

isotopic species (oC,~, ••••• K) the equation i. 

of the form 

K 

= 

+ 2 A G o<k 
12 

, •• (2.14) 

Because of the quadratic nature of the expression on the 

left side of (2.13) or (2.14), there exist two .olutions 

for the parameter c. The solution nearer to zero i. 



the acceptable one, since the other solution, which 

often lies outside the natural range of definition of 

c, invariably leads to unphysical force constants and 

an inverse assignment. 

The algebraic method is applied to all the 

molecules, studied above graphically. In Table 2.7 

the solutions obtained by computation are compared 

with those obtained by the graphical method. It may 

be noted that there is excellent agreement between the 

two sets of values. Using the algebrsic approach the 

force constants of some typical molecules (belonging to 

the XY2' XY3 and XY4 types) are also evaluated. The 

results are shown in Table 2.8. Previous results are 

given in the last column for comparison. 

The results obtained in this investigation 

show that the new algebraic method can be used success

fully for the determination of exect force field using 

41 

isotopic frequencies as additional data. The simplicity 

of the method coupled with the accuracy of the result 

obtained is its remarkable feature and in that respect 

it is superior to all similar methods proposed earlier 

in the literature. 



fIG. 2.2 to 2.27. c - c· parameter 

curves for different isotopic pairs. 

In all these figures for an (A - B) pair, 

parameter c for the isotopic speci.s 

A i. plotted along the x-axis and that 

for B along the y-axis. 

• " M M curve fro. '11 

• • • curve, from f12 

curve fro. f22 
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TABLE 2.6 

'ORCE CONSTANTS Of SOME XY 4 TYPE MOLECULES AND IONS 

force constants in mdyn / A 
Molecule 
or ion Rresant Result Previous Result 

f11 6.4559 6.489 6.22 + 0.25 
C f4 -

'12 -0.820a -0.827 [3}0.S4 [8] 

f22 1.0115 1.010 1.01 

f 11 6.3701 + 0.0453 6.480 -
Xe 04 f12 0.2379 + 0.0516 0.110 [10J -

f22 0.3722 + 0.0065 0.359 -
f11 6.3388 6.36 6.201 

Si f4 f12 -0.2593 -0.269 [9]..0.194 [13] 

'22 0.-4396 0.439 0.445 

f11 3.0305 3.032 

Si H4 f12 -0.0163 -0.025 [aJ 

f22 0.2401 0.240 

f11 4.7915 3.88 5.094 

B f4 f12 -0.9933 + 0.0050 -0.53 ~4}0 .. 8712 (15] -
f22 0 .. 6454 0.72 0.699 

f11 6.0224 

N H4 f 12 ;,0.0667 

f22 0.5599 
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CHAPTER III 

BOND ASYMMETRY PARAMETER - THEORY AND 

APPLICATION TO BENT XY2 TYPE MOLECULES 

A bond asymmetry parameter ~b is 

defined in an ettempt to study the 

spatial diatribution of bonding 

forces about a chemical bond. This 

quentity ia expreasible in ter.s of 

the symmetry force constants. The 

theory developed i. applied to bent 

XY2 molecular model. Numerical 

results are obtained in a number of 

cases. Bond angle versus YJb and "?b 
versus percentege p-charecter curves 

are •• ooth. The force fi.ldeof same 

molecules are evaluated on the basis 

of the ?b value, determined from the 

ryb -bond angle graph and are found 

to be in good agreement with calcu

lations previously reported in the 

literature. 

." 
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CHAPTER III 

BOND ASIMMETRI PARAMETER - THEORY 

AND APPLICATION IQ BENT Xli TIPE MOLEkULEi 

1. Introduction 
~-~~~-----~~ 

Nora.l co-ordinate analy.i. provida. a conve

nient aethod for the calculation of etrength. of che.ical 

bond •• Such analy •• e do not, however, reveal any kind 

of a.yaa.try that might be pre •• nt in the constitution of 

bond •• Quantua .echanical .tudi •• of the el.ctronic 

• tructur. of aolecul •• [1,2] indicate that the ch.aical 

bond i8 not, after all, a homogeneous geometrical entity, 

but ia to b. interpreted froa a probability .tand point 

that favour. a heterogeneous cOMpo.ition. Typical aaong 

the factors affecting the bond homogeneity ar. electrG

negativity, X bonding and hybridization. Becaus. of tha 

anormoua complexity of ~ initio calculatione u.ing 

.olecular orbital., the inforaation currently availabla 

regarding tha forea field. of even .i.ple .olecul •• is 

inCOMplete and con.equantly, a.y •• etrie. in bond .trangth 

in a plane at right angle. to a bond are not obtaine. 

by this approach. However, a .tudy of the diractional 

aaym.etry in bond .trength ia fe •• ible within the fra •• -

work of carteaian force con.tants. Introducing an .ay •• etry 
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para.ater, a atudl of the .patial di.tribution of bonding 

force. b.tween ato •• in a .al.cula ha. be.n att •• pt.d. 

In the pre.ant chapter e. well •• in the .ucce.ding on •• 

the theorl of the a.l •• etry para •• ter i. appli.. to .ev

eral .i.ple .olecular model •• 

In Wil.on'. FG .atrix for.ali ••• the general 

expre.sion for the vibrational potantial energy of a 

.olecula, in ey •• etr¥ CD-ordinate. 5. ia of the for. 
N 

2V - Sf 5 (1.11). The a¥ •• etry co-ordinate. 5 can be 

tran.for.e. into a •• t of cart •• ian di.place.ent co-ordi

nate_ $ referred to the ato.-fixed co-ordinate .,v.te. 

which i. orient.d parallel to the principal ax •• thr,vh 

the relation 

5 • Q,3E ••• (3.1) 

where G i. the tran.for.ation .atrix which dep.nd. on 

the ge •• etry of the .Dl.cule an~ i. con.tructe. in ter •• 

of Wil.on'. • vac tore r: 3 J • The ~ .atrix el ••• nt. 

ar. tha co.pon.nt. of the • vector.. U.ing tha tran.-

for.ation relation (3.1). the potential energ,v of the 

Mol.cule i. writtan in ter •• of the cart •• ian di8p1a08-

2V • • • • (3.2) 



Here 4> given by 

• ••• (3.3) 

definee e .y •• etr'. force ten.or of IN x 3N carte.ian 

force constant. in the c ••• of an N-ato.ic .alacula. 

Fro. the .atrix representation of ths force tensor ~ , 

blocks aasoci.tad with each of the ato.s, and blacka 

connecting one ato. with another can be extracted sepa-

rately. The block corresponding to any ata. X and 

the block connecting an ato. X with another et.. Y 

have the following atructure. 

x X 
q,~%., <P.. , :z.x. 

q,X X q,~~1 • CP. 2:' 

4>;z' q,~ 

c:p~~ qt,-y .. 
z.:z. z-x 

<pXY
• 4>~Y" X2. 

~Xy 
:x!~ .. 

-~~" 4>XY 
:Y'-'C." 

The labelling is such that ~x 
zz. 

<p':' , 
zy 

q,x, , 
:JC.y ••• (3.4) 

q,:~, 

q,XY 
z':/" 

~Y 
4> oX >," • • • (3.5) 

xY 
<PY'y" 

19 
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the force tensor e •• ociated with ato. X. and It -
co-ordinate .y.t ••• ere associeted with ata.. X and Y. 

The.e carteeian force conet.nt. are thue linear 

cOMbinetion. of the generalised valence force constent. 

and they repre.ent the spatial di.tributian of bonding 

force. around ato.. in a .olecule. 

the cpherically .y •• etric potential environ.ent i. indi-

cated by 4>zz • <P.xx.. CPyy. for an a.y •• etrical envi-

ron.ent, the COMponent •• ay not be of equal .agnitude and 

the differencee .ay be takan .a a .aaaure .f tha d.viation 

fro •• pherical .,vM.etry. 

The ~ .atrik can be transfar.ed te.eoriall.v 

with a rotation .atrix R into a for. referred to a bon. 

b •• ed .et of ake. with the z axis along the bond. R 1. 

can.tructed in block far. by giving a cam.on rotation te 

all ato.-fixed axee .0 a. to orient the. parallel to the 

bond-ba.ed .at of ake. under cansideration. The force 

ten.or in a .yate. with the z akia alon9 the bond XY i. 

given by 

"J. Rq,R ••• (3.6) 

J i. called the bond for.. teft.or. Thw. for .ach bond 
x 

there i. an J .etrix .uch that ~zz i. the tensor cD.ponent 

x x 
along the bond at X atOM and "3-yy and '].x~ are the CDr-

re.ponding perpendicular ca_ponent.. The COMponent along 

the bond is, naturally, the large.t ane. 



In the theory of nuclear quadrupole resonanca 

[4-6], an electric field gradient q is .ssuMed to be 

existing at a nucleus, due to the a.ymmetrical distri-

bution of electrons. Referred to an arbitrary set of 

axes, the components of q can be arrenged in tensor 

form .. 

• •• (3.7) 

Here qx'x' represents the field gradient along tha x' 

-a 2 
V axi8 given by q - - - , V being the electric 

x' x' a.x' 2-

potential. Transforming to the principal system of 

axes, the three principal COMponents, which ara ordered 

as q > q ~ q , ers obtained. zz - yy xx From these compo-

nents an asymmetry parameter 1 is defined for the field 

gradient at the nucleus. 

7 • • •• (3.8) 

such that 

By a similar approach, an asymmetry para-

meter is introduced for the distribution of bonding 

forces within a molecule. The cartesisn forcs const-

81 
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ant. 1oc~ (oc • ~ - x, y, z), being the second deri-

vatives of the vibrational potential energy V, can be taken 

to b. the components of a tensor similar to q. 

Therefore, a bond asymmetry parameter ~ is defined 

to characterise the non-symmetric spatial distribution 

of bonding forces around the centre of a bond b 

between two atoms X and Y ae. 

~ {1: + 

{J~x + J:x } - '{ 

... (3. 9) 

from the definition it is clear that limits of 

Bent symmetric XY2 type molecules belong 

to the point group C2V• The molecular geometry and the 

principal system of axes are shown in fig. 3.1. The 

y-axis is taken to be normal to the molecular plane and 

z direction i. along the C2 axis. The three possible 
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fundamental mode. of vibration. are classified a. 

The corresponding .ymmetry co-ordinates (7J 

arel 

a , .pecie •• 

1 
51 -- ( A r , + A r 2 

) 
J2 

52 - r.AoC 

b
i epecies. 

1 
53 -- ( - A r , + A r

2
) 

J2 
••• (3.10) 

where t:!. r , and A r 2 refer to changes in X -Y1 and 

X-Y 2 
bond lengths and Aoe to change in the interbond 

angle YXY. The syWlmetry f matrix eleWlent. in ter ... 

of valence force constants are written ae . , .pecies • 

f'1 • f + frr r 

'12 • J2 f roe 

'22 • f4l(; 

b, .pecie •• 

f33 • f r - frr •• .(3.11) 



Here fr is stretching force constent end the 

banding constant. frr and 

action force c~nstant&. 

a matrix 
... _-----_ .. 

f roe: are the inter-

For each symmetry co-ordinates, the compo-

nents of the s vectors, which constitute the a matrix 

are given belowl 

Atom x 

1 
sinoc 0 cOloc 

,/2 - J. 

2 lince 0 coscoc: 
J2 ,/2 

3 0 0 J2 coecoc: 

8' 
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Ato .. x y z 

1 -case<: 0 sin ec: 

2 
I 0 sinoc ICOS oc: , 
I 

3 I 0 0 -2 sinec 

, 

x z 

1 siRoc 
0 

cosoc 

J2 J2 

2 
siROC 

0 cesoc 

J2 J2 

3 - J 2 sin 0<: 0 0 ••• (3.12) 

The elements of the inverse kinetic energy matrix 

G are 

= 2 
2 __ 

~ cos -. + ~ 

= - J 2 ~ sin. QC 

= 4 Px sin 20e + 2 fly 
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• 2 f! ain 2~ + fly ••• (3.13) 

whar. );! end ~ .r. the reciproc.l •••• e. of .to.a X and 

Y reapectively. 

The force tensor ~ referred to the principal 

syst •• of ex.s ia obtein.d fro. the' and Q .atricea. 

Co.pon.nta of ~ belonging to the block corre.ponding to 

eto. 1 are of the for •• 

1 1 + f 33) sin 2< ... 2 
4>.x..x. • _ (f 11 "22 cos DC 

2 

+ J2 '12 sinoe cose< • 

1 + ('11 + 
2 

'22 sin 2DC <P:zz • '33) cos cc + 

- .J 2 '12 since: Co.cc:. 

CP:z · {i ( f 11 + '33) - f 22 } 

1 

since: cos DC 

+ J 2 '12 cos 20<: 

<P;y • 0 

f 
4>.xy • 0 

1 
4>)'Z • 0 ••• (3.1.) 

All the force tensor co.ponenta for .ta. 2 er. identic.lly 

equ.l to the corresponding ca.ponents for .to. 1 except' 

which is the neg.tiv. of 
1 

4>.x.z • This i. in .ccord-

.nc. with expectation, since identical cart.aien forc. 

caMponenta indicat. the •••• type of potenti.l .nviron •• nt 
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fo~ .y ••• trically equivalent ato •• in the .olecule. 

for atoM J only two co.ponent •• re different 

fro. zero. They a~el 

• 2 ein 2~ • 

• 

-2 .J 2 f 12 .in 20<:. • •• (3.15) 

Th. tran.for.ation of ~ to a co-ordinate .y.t •• 

with the %-axi. alonl the bond connecting .t ••• 1 and 3 i. 

accoMplished by en anticlockwi.e rotation through (2 ~ - c<: ) 

about the 1-axi •• for an etoM, if the ~ co.pon.nt. are 

arranged in the for. 

4>z.z <Pzx <Pzy 

the relevant black of the rotation .atrix R i. 

co. (2 ~ - oC) ain (2 7\ _ cc ) o 

8011 (2 ~ .. DC ) Q 

Q o 1 ••• (3.16) 

Th. reaultant farce ten.ar ~ referred to the bond - ba •• d 

.et of .xe. ia given by (3.6). The ca.ponent. of ~ along 



the three .utuell~ perpendicular direction. era 

• • • (3.11) 

The forea teneor ~oapon.ftt. for stoa. 1 end 3 

are given by the ralation. 

t 

lx.x. • 

- 4 J 2 ain 3 
c< 

2 .in oC 

• co. c< • 

1 
'J'iy. D 

3 
'1-._ • 

3 
"J'iY • 

3 

lz.z • 

~b -

'22 

0 

3 co. oc. • 

2 + ain 2oc. f 22 

• •• (3.18) 

+(f11 + f' 33 ) ••• (3.19) 

The bond e.yalllatry pera •• ter 'to i •• xpr •••• d •• 

{ :f~~ + l;':.; J {:f~~ + );~} 

{ + 

89 
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.ub.t1tut1ng the relation. (3.18) and 3.19) 

1b _{4 ('11 + '33) .in
2
.( co.

2
oe + 2 '22 

(4 ain
4
"" + 1) - 8 J 2 f 12 ein

3
0e co. oC V 

+ 1) 

••• (3.20) 

Reault. and di.cu •• ion 
-~-~-~---~~-~-~--~~---

The thaory developed above 1. applied to a 

nu.ber of XY2 aolecule. for which •• tebli.hed valenc. 

force field. exi.t [ 8-18]. The data u.ed in the inve.ti-

getion are given in Table 3.1. The bond e.y.metry parameter 

and carte.ian force conetent. refe.red to atoa-fixed exie 

are lieted in Table 3.2. The cart •• ian forc. conetante 

have been found to be in agreeaent with the King -

Zelano .quare eua rule [ l' ] . 
2. 

L J!. "0. V ••• (3.21) 
a. 

where ~i denote. the ith frequency, ~ the reciprocal 

•••• of at •• a, V~ the Laplacian for eta. a, N. the 

Avog.dro nu.ber and V the potential energy of the 
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The aagnitude of'b i. within the propoaed li",it. 

(a, 1) .nd i. found to be decre •• ing with incre ••• of 

band engl. (fig.3.2), which i. a cle.r indic.tion of the 

.ffect of h1bridization on the di.tribution of bonding 

forcee. To inveatigate this depend.nc. further, ~b i. 

plott.d ag.inst percent.ge p-character (Fig.3.3). The 

latt.r qU.ntit1 i. giv.n b1 the forlaula [1] 

" p ch.ract.r • -100 

co.2oc-1 
••• (3.22) 

where 20( i. the band .ngl.. The ~b versus percentage 

p-ch.x.ct.r curve i. a •• ooth one. It regi.ter. fir.t 

.n incr •••• in ~b and th.n a gr.du.l fl.ttening with incre-

••• of percantege p-ch.r.ct.r. Incr.ae. of~ with p-ch.r.-

cter i •• ugg •• tive of the f.ct that with the greeter 

.ixin, of p orbital. in the .olecular orbitala, the 

bonding .trength increae.. in the region aW81 froa the 

bon. axie. 

Though the ~b - 20( curve mu.t in principle inter

.ect the axis at 110· corr •• ponding to 011indrical .1 •• etr1 

about the bond axi., the actual intersection point could 

not be pr.oi.e11 determined owing to paucity of d.ta 

r.l.ting to large bond angla v.lu ••• 

Th ••• ooth graphical relation., bond a.gl. ver.u. 

~b .nd percent.ge p-character ver.u. ~b' suggeet 16 aay be 

1et another char •• teri.tic par.meter for molecul... With 
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a view to a8certaining this. force fields of seversl 

molecule. are evaluated using ~b values esti~Bted from 

the "lb - 2 0<:. graph. Tha calculation makes use of the 

parametric representation of force constants (2.10 to 

2.12) which ,yields the following expression for ?b I 

P c 2 ... Qe ... R 

~b • (3.23 ) 
P'c2 • •• 

... Q'c ... p' 

where 

{ Gll 2k2 ain 2 0(" } + (ain 2 "" 
2 

p - 2 A 1 ... ) 
Hit 

{ A2 

~ + f33 } 

4k (A 2 A ,) sin c<. sin 20<: 
• 

j G11 

2 A 2{ 
G

11 + 2k2 sin 2<><:} + (ain 2 "" )2 R -
,G I 

{ ~,: ... 
f33 } 

1 {4k< 2 ) pt /\ 2 ... G12 "2 - cos "" ... --
'11 IGI '11 

(4 4 co s .,c;: ... 1) ... f33 ( 4 sin 4 .,c;: ... 1) 



Q' • 

R' • 

k • 

3 8 cos cc: k( 1\ _" ) 
2 1 

A 
2 

4 (4 coe 0<: 

2 coe 0(;. 

+ 1 ) 

sinoc 

--------~~-- -
"1 Y2 

+ 

4 
+ f33 (4 sin 0<: 

G
12 

coea(' 

JG11 IGI Y2 

+ 1). 

With the ~ value obtained from the graph, 

(3.23) can be solved for the parameter c, from which 

the force constants are calculated. The resulte are 

entered in Table 3.3. and compared with values 

reported earlier. Rea.onable agreement between the 

two seta of values indicates that ~b ie another mole

cular parameter that can be us.d with advantage in 

molecular fore. field problems. 

9' 
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CHAPTER IV 

BOND ASYMMETRY PARAMETER - APPLICATION 
TO PLANAR XY3 TYPE MOLECULES 

The theory of bond asymmetry para.eter 

introduced in Chapter III to characterise 

inhomogeneities as.ociated with ch.mical 

bonds, is applied to planar XY3 type mole

cula.. Numerical calculations show that 

this molecular type has a constant value 

(0.48) for the band 8symmetry para.eter~b. 
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CHAPTER IV' 

BOND ASYMMETRY PARAMETER - APPLICATION 

TO PLANAR XY3 TYPE MOLECULES 

Planar symmetrical XY3 type moleculea aelong 

to the point group D3h e The Molecular geometry and the 

principal system of axes are shown in fig. 4.1. The 

y-axis is taken to be normal tc the molecular plane and 

the z-axis lies along the bond connecting atOMS 4 and 1. 

With three apecies of normal vibrations, the fundamental 

modes ere clasaified.s 1a' + 1a" + 2e'. The symmetry 

cc-ordinates used ara. 

·1 species. 

1 
S1 - - ( A r

1 + t1 r 2 + A r 3 ) 
./3 

a
2 

species. 

52 - A Y1 + A Y2 + A Y3 .. 3 t1 .Y4 

s' spscies. 

1 
( 2 Il 53G - r - Il r 2 - A r 3 ) 

J6 1 

1 
5

4a - r (2 1:1 CC 23 - A oC 13 A oC 12) 
J6 

1 
S3b - ( A r 2 - A r 3 ) 

J2 

102 



x 

t 
I 

- -7 z 

FIe. 4.1. Planar XT~ moleoular model. Internal .. 
oo-ord1nate.1 anli sy'Jtea of axe. 
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1 
• r ••• (4.1) 

J2 

where A r l' 

lengths and 

bond angles. 

A r 2 and A r3 refer to changes in bond 

6 0<: 12' A 0< 13 and A 0<:. 23 to changes in 

Being a kind of out of plane bending, ths 

symmetry co-ordinates S2 (a"2) is expressed in ter.s of 

cartesian displacements. 

The sym.etry f matrix elements are givsn by the 

following expressions. 

f11 • fr + 2 frr 

a" species. 

• 

e' epecies. 

• 

• 

• 

f 
r~ 

••• (4.2) 

Here f~ is the out-of plane bending force constant and 

fr is the stretching force constant, f~ the bending 

force constant and the rest are interaction constants. 



The interaction conatant f rot 
involv.a an angle and a 

bond which doea not form one aide of the angle end f' r-c 

involve. an engle and a side which far •• one aide of the 

angle. 

i matrix 

Th. a vectors, connecting tha carteaian dis-

placement co-ordinates and the symmetry co-ordinate., 

which conatitwt. the ~ matrix are given below. 

~ 

Ata. x z 

1 
1 0 0 -

J3 

2 1 0 ....L 
2 2J3 

3 -1 0 - ...L 
2J3 

4 0 0 0 

t05 
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Atoll x y z 

1 o 1 o 

2 o 1 o 

3 o 1 o 

o -3 o 

53. 

Atoll X Z 

j2 
1 0 0 

/3 
1 1 

2 0 
2J2 2/6 

1 1 
3 0 

2J2 2J6 

J3 
0 0 --

J2 
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AtoM x y z 

1 0 0 0 

J3 3 
2 2J2 

0 
2J2 

./3 3 
3 -- 0 

2./2 2J2 

...L 
4 0 0 - ./2 

Atom x z 

1 0 0 0 

J3 1 
2 - 0 --2J2 2J2 

J3 1 
3 0 

2J2 2J2 

./3 
4 -- 0 0 

./2 
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x y z 

1 J2 0 0 

1 J3 
2 0 

2/2 2J2 
1 J3 

3 0 
2J2 2J2 
3 

4 -- 0 0 
J2 

••• (4.3) 

The ' G matrix elements er • 

• ,. specieal 

-
-2 speci.s. 

G22 - 3 ( 31! + ~ ) 

e· species. 

G33 
3 

J;. + fA"y - -2 

G34 
3J3 

~ .. 
2 

G44 - ...L 
2 ~ + 3 f"y ••• (4.4) 



where ~ and ~ .re the reciprocal •••••• of the central 

.tom X and the end atom Y respectively. 

The forc. tensor 4? referred to the principal 

aystem of axes i8 derived from the f and ~ matricee. 

Here .s the principal z-direction i8 taken along one of 

the bonds. XY 1 (fig. -4 .1 ). the bond force tensor l- i8 the 

same as carte.i.n force tensor ~. 

The carteaian force tensor components for the 

ato.s 4 and 1 are given by the relationsl 

i 
'~ - 2 f44 .xx. 

t 
4>yy • f22 

f ...L ...L '<Pzz - 3 f11 + 3 f33 

.... ...L ... -2-4>.x.x • f33 '44 ... 3J3 '34 2 2 

.... 
CPzz. • .....L ..L. 

2 f 33'" 2 f 44 ... 3 J 3 ••• (4.5) 

t09 
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All the other coaponent. of ~ .re zero. Using these 

relations the bond a.ymmetry parameter ~ is expressed a • 

••• (4.6) 

Result. and diacussion 
~------~--~-----------

The expression for the bond a.ymmetry parameter 

derived above is utilised to calculate this quantity far 

same molecules for which established vslence farce fields 

exist. The data used in the investigation are given in 

Table 4.1. The calculated values of the cartesian force 

constant. and the aaymmetry parameter are tabulated in 

Table 4.2. It can be aeen from the table that the '1b 

value remain. constant far all the molecules belonging to the 

planar XY3 model. The average of the last column is 

0.48 and it can be taken a. the characteristic value of 

1b for molecule. of XY3 type belonging to D3h point 

group. Such a constant value of ?b is in accordance 

with expectation since all planar XY3 molecule. have the 

.ame bond angle. 



tt1 

Making use of the characteristic constant value 

0.48 for ~b' the force constants of soma planer XY3 ., 
molecules have been evaluated. With the aid of the perame,ic 

repreaentation of force constants (2. 10 to 2.12) and 

inserting the constant value into the expreasion for 

~b a quadratic equation is obtained. 

... m - o 

where 

2.76 "4 
k - ... 

633 

60 "2 -
6 22 

1 - (A l -

m - 2.76 1\ 3 
+ A 4 (;« - 0.48 b ) 

633 

60 A2 0.96 "1 

G22 G11 

9 G34 
2 -- 18 v' 3 634 633 

... 

633 I 6 I 

39 

9.36./3 } 

IGI Y2 

G33 
2 



-
Of the two values of Ct the one which i. within the 

acceptable range (-1. 1). i. u.ed to calculate the force 

constants. The results are tabulated in Table 4.3. 
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TABLE 4.3 

SYMMETRY fORCE CONSTANTS tmdyn./A ). 

Symmetry force constant. 
Molecule 

f33 f34 f44 

10 Bf 
3 6.6499 - 0.3622 0.5106 

10 B Cl 
3 3.4844 - 0.2590 0.2514 

10
SBr3 2.9059 - 0.2280 0.1880 

10 
B 13 2.3220 - 0.1993 0.1278 

Ga el3 2.6165 - 0.1899 0.0867 

·C S3- 2.8915 0.2732 0.3918 
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CHAPTER V 

BOND ASYMMETRY PARAMETER - APPLICATION 

TO PYRAMIDAL XY3 TYPE MOLECULES 

The theory of bond 

developed in Chapter 

.aymmetry 

III ia 

parameter 

app.J,.ied to 

pyramidal XY3 type moleculea. Numerical 

resulta are obtained in a number of ca ••• 

for which eatabliehed valence force field. 

exiat. There is •• ooth relationahip bet

ween YJb and hybridi.ation a. brought out 

by the graph between 1b and percentage p

character. 

t17 



CHAPTER V 

BOND ASYMMETRY PARAMETER -

APPLICATION TQ PYRAMIDAL XY3 TYPE MOLECULES 

Pyra.idal XYl type .olecules belong to the 

There are two spacies of nar.a1 

vibrations which sr. clsssified into 2a , • 2.. The 

geo •• try of this .odel and th. principal ayst •• of 

ax.s ar. shown in fig. 5.' •• nd fig. 5.1b. 

lowing sy ••• try co-ordinat.s ars used in the analysis 

of the vibrations. 

a, epeci.s. 

1 
5, • - (Ar, .. A r 2 • A 1:3 ) J3 

I: 

52 • - (Aoc"2 • ~oc 23 • AOC ,3 ) 
./3 

• species. 

1 
53a • - (2 A 1:, - A r 2 - A 1:3 ) 

./6 
r 

5.a • 7r (2 AOC23 - AoC 13 -AoC ,2 ) 

1 
53b • (Ar

2 - A r 3 ) -
/2 
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5.b • 71- (AoC.
'3 

- A OC,2 ) ••• (5.1) 
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where r represents the equilibriu. distanc. X - Y. 

A Z'1' A r 2 and A r3 are changes in bond length. ane 

A0<:12' AoC 23 and AoC 13 changes in bond angl.s. 

Th. ay ••• try , el ••• n'. corre.ponding to thes. 

ay ••• try co-ordinatea are giv.n by 

a
1 

apecie •• 

'11 • ., + 2frr r 

• 
'12 • 2' + , 

rce roe 

'22 • 'c:oe • 2' cC oe. 

e epecie •• 

• .,. - f roe roe 

· , cC 
- , 

cC..c. ••• (5.2) 

Here 'r is the atretching force constant, foe the 

banding conatent and all the re.t are interectiDn 

conetants. 

a .atrix 

The 'ollDwing co.ponents of • vectors con.ti

tut. the a .atrixI 
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1 -t aln~ 
-L aln~ 2 2 

3 D 

o 

1 - ~ 

2 

3 o 

o 

1-.. 2J3 alnp ...L - J3 cosp 

-L 1 ...L - 2J3 a np- J3 cuap 

Ji- alnp 

o 

o 

...L - J3 cuap 

J3 cQa~ 

..L 
Jl " 

..L 
/3 H 

-2/3" 
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53. -
Ata. )( 

1 ..L .. ,,/2 a1np - *a1n, .i:L .. Jl coa~ 

2 -m ain~ m a1nli' Tcoap 

3 0 - rinp Tco.~ 

~ a1n~ 
J3 0 I ,/2 ii'2 ai" fP 

S.-. 
At •• a 

1 ,r~ .11 !J 
./, " /3 

2 -J T ..L .I, H 

3 -J3 K ,t- § ,t-H 

3J ./3 J 0 



12' 

Atoll z 

1 0 0 0 

2 1L- 1 ..L 
2/2 ain~ -2 J 28in p ... 42 coa~ 

3 0 -F ainp ..L J2 coap 

4 
./3 -272 .in~ 3 2J2 sin~ 0 

Atoll 

1 K ... J3K 0 

2 U J ... Jt H 

3 K #' -L 
J2 H 

-J3J 3J 0 

••• (5.3) 



wh.r. ~ 1. the acut. .ngle that the bona •• k •• with 

-'- D<: 
the z-ax1. .nd 1t 1e given by .1n p • Jl .1n -2 

and 

~ 
.in ~ (1 + 2 co.o<: ) 

• 
2 .1no<: 

co.p (1 - co. 0<: ) 
H • .1n 0<: 

a1n ~ (1 - co.co<: ) 
J • 

2J2 .1no<: 

J3 .in~ 
K • 

2./2 .inD'C 

ain~ (5 + co.cc ) 
T • 

2 J 6 a1n oc 

./3 .1n fi (1 + co.cc ) 
U • 

2 J 2 .1n oC 

Th. , •• tr1x .l •• ent. ar. of the following 

., .peci ••• 

• AA + ~ (1 + 2 co. 0('. ) ry x 

(, + 2 co.o<: ) (1 - co. ~ ) 
• - 2~ .x .1n oc 

- 2 (1 ... co. ~ ) (2 co. oc: + 1) 

x [2 (, ... co. CIC ) ~ + ~ ] 

1 
.1n 2~ 



• epeei.a. 

• ~ • ~ (1 - co. c< ) 

},1 (1 - cO.P<: )2 
• 

• 

aift oc: 

(2 • coac<) f{. + (1 _ ':0.0<: )2 ~ 

(1 + coaoc ) 

••• (5 ... ) 

where~ and fAy denote the reciprocal .a.se. of the a~Q. 

X ana Y r.epectively. 
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The force ten.or c:p given by 4> • e , B i. 

conetructed fro. the , and B .atrice. and ita el •• enta 

are of the for •• 

2 
.. If '4 .. 

• •• (5.5) 

• 'J 2 f 3.. J .in ~ 



2 
• • '11 co. ~ 

2 
+ 12 H '22 - 12 H '12 

126 

co.~ 

••• (5.6) 

To g.t an id.a of the directional •• y •• etry 

of bonding force., the fore. tensor ~ ref.rred to 

principal .x •• i. tran.for •• d into a bond-ba.ad co

ordinate ay.te.. In the pre •• nt inv •• tigation, the 

I-axi. i. oriented along the bond connecting ato •• 

3 and 4. ~ i. tren.for •• d into the new co-ordinat • 

• y.t •• by giving en anticlockwi •• rotation about the 

x .xis, through an engl. p. Th. re.ulting bond forc. 

tensor J aan be .xpr •••• d in block for. for each ato •• 

Co.pon.nta of ~ .long and p.rp.n~icular to the bond for 

a giv.n ato. ar. 

2 
lzz • <Pzz co. ~ - 4>2y .in 2 ~ 

3yy • cp:z~ .in 
2 ~ + CPzy .in 2 fa 

2 
+ <Pry .in ~ 

+ <Pyy 00s2 ~ 

••• (5.7) 

The bond a.y ••• try pera.et.r 11, i. defined by 

{'J~x + l!x} { J!y + J;y} 
..• (5.8) 

+ 

With the h.lp of (5.') and el.7) this can b •• xpr •••• ~ 

a. 
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1b - {-;- Un 
3 

• 3 R "3 • • - (L • N) " •• 
2 

- 3 A '11 + 12 B "12 - (12 D + 1 M)f22 } / 

{C++ +E) "33 •. l R '3. ..L • 2 L r •• 

+ (..L. 
3 • 3 V) '11 - 12 ID '12 + 12 Q ,. 22] 

••• (5.9) 

whera 

A • ain2~ CQa2~ 

B ain 2p coa2~ 0<: 

• tan -2 

'D .1n2~ CD.
2(9 tan2 cc. 

• -2 

E • a1n·p 

• oc: 
R • a1n p tan - 2 

L • .1n·~ tan2 ~ 
2 

a1~2~ coa2~ .. • 
a1n2

0<: 

N • 
a1n·~ 

a1n 2
0<: 

V • coa4~ 

p cpa·~ tan 
00:: 

• -2 



Cl 
e>C. -2 

R •• ult •• nd di.eu •• ion -- --- ........ ---------
U.ing the ienerel vel.nc. fore. con.tant. 

reported eerli.r. the theory developed above he. be.n 

eppli.d to .everal .olecul.. beloniing to the pyra.idal 

The data taken fro. the literature are 

given ift Tebl •• 5.1e and 5.1b. Th. fore. con.t.nt deta 

given in T.ble 5.1e are be.ed on additional experi.ental 

infor.ation while the value. li.ted in Teble 5.1b have 

only the vibrational frequencie. a. their calculational 

ba.is. Th. carte.ian forc. co.ponent., of the .al.cul •• 
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er. calculat.d and tabulat.d in Tabl. 5.2. The 1b v.l.e. 

hav. be.n .valuat.d and are reported in Tabl. 5.3. It 

i. noted that the 1b valua varia. with tha bond angl •• 

A Iraphical etudy of the variation .f 1h with bond a .. gle 

0<: i. pr •• en.t.d ift f1.g ••. 5.,2 and 5.,3., The point. ar. 

ea.ily fitt.d into two dietinct .tr.ight lin... Thia 

.ee •• to .ugge.t a grouping of pyre.idal XY3 .ol.cul •• 

into hydride •• nd non-hydride •• The linear r.letio .. -

.hip. between lb and 0<: •• y be .xpr •••• d a. 

• •• (5.10) 

where • and 1 are con.tant., charaeteri.tic of the 

.traight lin •• With lb in arbitrary unit. and 0(8 i" 
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radian .eaaure, for hydride., 

m • 2.192 

and 

1 - -3."3 ••• (5.11) 

'or non-hydride. the constant. ar. 

m • 1.179 

and 

1 • -2.053 ••• (5.12) 

1b valu. of any pyramidel XY3 type Molecule can b. 

calculated froll the a.pirical relatian (5.10). 

varies with bond angle, it. dependenca an the percenta,_ 

p-character ia atudied end ahown in figs. 5 •• and 5.5. 

Unliks XY2 syste •• , a direct evaluation of the 

forca constants of a pyr •• idal XY3 type Mol.cule L. not 

po.aible from the lb valus elone. Sinc. there ara two 

.econd order vibrationel .paciee, two independant para

meters c 1 and c 2 are to be u •• d in the paraMeter 

repreaentation for the evaluation of the forca constents. 

However, if, in addition. to the 'b value, one More detu. 

other than the experimental frequencies ie .ade ua. of. 

the force field can be fixed completely. 

In the pr.eent investigation an attempt ha. 

b.en made to evaluate the foree field. of N'3 and A.'l' 



ueing the .xp.~iMentelly ob.erved co~ioli. coupling 

constent 'S.13 ( 6,7] • In this app~oach the SYM.St~, 

force constants of ths e species are deterMined first. 

The.e values are then used in conjunction wlth the ~b 

value in (5.') to evaluate the force constants of ths 

The results of thls calculation are given 

in Table 5 •• and Tabls 5.5 togethe~ with the previousl, 

repo~ted values. Ueing the present ~esults Mean a.pli-

tudes of vibration for bondsd diatances a~. also obtaln.~. 

for Nr 3 the calculated value of the .een aMplitude ls 

O. 0.791 A' and this is in good agree •• nt with the 

reported value 0.0.9 A' Cl]. In the ca.e .f Asr3 too, 

the calculated value 0.0.23 A' 18 ve~y clo.e to the 
.. 

observed value 0.0.33 Ae [ 9 ] • 
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TABLE 5.3 

BOND ASYMMETRY PARAMETER 1b. 

Molecule '7b - -...... - .. ,.. .... - -- .. 
N H3 0 •• ,33' 

P "3 .0.08511 

A. H3 .0.113.0 

Sb "3 .0.16201 

N e13 0.15"5 

P e13 0.015.7 

p f3 -0.0515' 

Ae e13 .0.0.825 

A. Br3 0.00.32 

Ae 13 0.02283 
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CHAPTER VI 

BOND ASYMMETRY PARAMETER - APPLICATION 

TO TETRAHEDRAL XY4 TYPE MOLECULES 

Theoretical expression far the bond 

.symmetry par.Meter ryb ia derived with 

particular reference to the tetrahadral 

XY4 typa molecular model. The calcu

lation of ryb value. of a number of 

.alecule •• hows an approximate invari

ance of this quantity for this molecu-

lar medel. There i. a very .mall dif-

ference in ryb value. between hydrides 

end non-hydrides. The force fields of 

• number of molecule. are evaluated 

m.king u.e of the characteristic 

value (-0.24) for hen-hydride •• 
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CHAPTER VI 

BOND ASYMMETRY PARAMETER - APPLICATION TO 

TETRAHEDRAL XY. TYPE MOLECULES 

Tetrahedral XY4 type molecules belong ~o the 

point group 'tt,. The internal co-ordinatee and the 

orientation of the axes are shown in fig. 6.1. Acco

rding to the irreducible representations of the point 

group Tel" . the' normal vibrations are classified as .1' e 

and ,f2- Of these f2 alone .is of second order, while 

a 1 end ~ are of first order. Let r be the equili

briu'lIt X- Y distance .nd -= 12 the angle between the 

The symMetry co-ordinates employed 

in this investigation are listed .s follows. 

a 1 species. 

S1 - + ( A r , + 

e speciee. 

- A 0<: 34 - A 0<: 24) 

s • ..L-(AoC 
2b 2 13 Ao<: 12 + AooC 

24 -
Ao<: ) 

34 

,., 



4 1 

Tetrahedral XI 4 moleoular model' Internal 

co-ordinates and system of axes 
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,., 
'2 speciesl 

53. • ..L ( 4 %'1 - A r 2 + A r3 - A %'.) 2 

5.e 
a -L. ( Ao< 24 - AoC,l t ./2 

5
3b • ..L ( 2 A %', + A%'2 - A. r3 - A%'. ) 

5
4b 

%' ( A~34 Ao(,12) a- -,/2 

S3c • ..L ( A r
2 + A %'3 - Ar , -A%'.) 2 

S4c -..L 
.J2 ( Ao<: 14 - A 0(23) • • • 

where A %' and AO( are the change. in bond length. end 

bond angles • The symmetry , elements are given by 

• , species. 

• 'r + 3 'rr 

e species. 

'22 • '0<: 2'ocoe: + , 'o<:oe: 

'2 species. 

, 33 • , , 
r rr 

'34 • - J2 ( , f' ) 
r~ roe: 

'44 - ,~ - "~oe: 

• •• (6.2) 



where f r ie the stretching force conatant and f DC the 

bending and the remaining constante are interaction force 

constents. The primed quentities repreaent the inter-

action between opposite co-ordinates and the unprimed 

onea, the interaction between adjacent co-ordinate •• 

Thus. ·for instance, ft represents the interaction roe 

between 1', and 0< 23 and f l' QC etands for the r 1 - C<'2 

interaction. 

The ~ matrix element. for .ach symmetry co

ordinste are displayed in the following forM. 

AtOM z 

1 1 1 -1 

2 -1 1 1 

3 1 -1 1 x 

4 -1 -1 -1 

5 0 0 0 

l 
2/3 
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Atom )C z 

1 1 1 2 

2 -1 1 -2 

3 1 -1 -2 l 
2,/2 

4 -1 -1 2 

5 0 0 0 

Atoll )C y z 

1 -./3 J3 0 

2 J3 J3 0 

3 - 013 -./3 0 )C ...L 
2.12 

4 J3 -J3 0 

5 0 0 0 



Atoll )( 

1 1 

2 1 

3 1 

1 

5 -4 

Atoll )( 

1 2 

2 2 

3 2 

2 

5 -B 

y 

1 

-1 

-1 

1 

o 

y 

-1 

1 

1 

-1 

o 

z 

-1 

-1 

1 

1 

o 

z 

1 

1 

-1 

-1 

o 

..1... 
)( 2/3 

..1... 
)( 2J3 
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Atoll )( 

1 1 1 -1 

2 -1 1 1 

J -1 1 -1 )( 
-.;.;L 
2JJ 

4 1 1 1 

5 0 -. 0 

Atom )( z 

1 -1 2 1 

2 1 2 -1 

J 1 2 1 )( 
1 

2JJ 
4 -1 2 -1 

5 0 -8 0 
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Atoll )( z 

f -1 -1 1 

2 -1 1 1 

3 1 -1 t )( ...L 
2.'3 

4 1 1 1 

5 0 0 -4 

Atom )( z 

1 1 1 2 

2 1 -1 2 

3 -1 1 2 )( l 
213 

~ -1 -1 2 

5 0 0 -8 

••• (6.3) 
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The , Metrix elements are. 

a 1 
species. 

611 - J\-
e species. 

622 - 3 Py 

f2 epeci ••• 

'33 
4 

~ + fly -,-
634 -+~ .J 

'44 - 2{+ ~ + ~y } •• .(6.4) 

where f!; end A: ar. the reciprocel maas.s of the X 
" V 

end Y etome ~e8pectively. 

The components of the force teneor q, belongini 

to the blocke correspondini to atom. 1 to 4 are equal 

in meinitude, indicating an identical potential environ-

.ent for aymmetrically equivalent ato ••• The force 

components for etom 1 erel 



1 +.xz 

1 
4iZz. 
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.. 

••• (6.5) 

For the central atcRt numbered as 5 only three components 

are different froM zero and all the three are identically 

equal. They are 

-
4 

• J F33 + 

5 
q;zz 

••• (6.6) 

The equality of the three components of cp indicates the 

existence of a spherically symmetric potential environment 

for atom 5 and this is consistent with the fact that in 

tetrahedral symmetry, etom 5 i. et the geometrical 

centre of the molecule. 
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The transformation of + to. co-ordinats 

system with the z axie along the band connecting atoma 

1 and 5 is accomplished by means of two rotations. Th. 

first one is an anticlockwise rotation through 45' about 

the z-axis and the second i. through an angle ~ in clock

wise direction about the y-axis where ~ is the acute 

angle between the band end the z direction. 

For an atom the component along the bond to 

which it ie attached, of the band force tensor l (formu

lsted in block for.) ie given by 

= 1 
3 

2 
3 

( +.x~ + 

••• (6.7) 

The corresponding perpendicular component. ar • 

• 

• ...L 
6 

....L 
3 + + ( 4» xz - 4>)'2) ••• ( 6. 8 ) 

The bond farce tensor components for atoms 1 and 5 are 

then given by 
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....L. 
• 18 f11 

...L f + if ...L. f • 6 11 -r- 22 + 2 33 + + f44 

• -f6 f11 + -'-3 f22 + 112 f + -i- f 33 3 44 ••• (6.9) 

for the central atom 5, only the three components 

"1.::c..::c., l::lY and 4-7.z. are different frolt zero and are 

identically equal. 

:1
5 

z:z. ••• (6.10) 

Accordingly, the a.y •• etry parameter lb for the 

bond is written as 

'b -{12 (f 44 - f 33 + f 22) - 4 f 11 V 
{fll + 24 f22 + 51 F33 + 192 f34 + 216 f44] 

••• (6.11) 

Results and discussion 

The theory developed in the previous section is 

applied to a number of molecules, for which force constant 

values are available in the literature. The data employed 
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are given in Table 6.1. The calculated values of the 

cartesian farce canstante and the band a.ymmetry parameter 

'b are tabulated in Table 6.2. It may be noted from the 

table that for non-hydride. ~b value i. approxiMately 

- 0.24 while far hydride. it is eraund - 0.20. Thu. 

hydrides and non-hydridest it s~ems, form two separate 

classes with different characteri.tic 1h values. 

Using the ~b value, the farce constant. of 

several XY4 type molecules are evaluated. For non

-hydride molecules of tetrahedral symmetry, taking the 

specific valua - 0.24 for ~b ' the expression (6.11) 

is rewritten as 

+ 17.76 F22 • 0 

••• (6.12) 

F11 and F22 , can be evaluated directly from the 

corresponding vibrational frequencies and the one dimen

sional G matrices. The remaining three force constant. 

ere evaluated in terms of a paraMeter c, using the 

relet ions (2.10) through (2.12). The parameter c i. 

obtained a •• solution of (6.12) which is now of the form 



f A3 "" S 0.24 1\.,. 
J c

2 ~ + + + 
'6 r 

G33 

+ °124 1\3 + 
A ... ,;t.l 46 1 °8 i "3 - "4 l E 

633 '6 I • 161 Y2 

+ 0.48 G
34 

( 1\3 - 1\4) C • o • • • ( 6.13 ) 

G
J3 

JGI Y2 

where 

• -
and 

• 

The results are reported in Table 6.3, along with other 

published values for comparison. The agreement between 

the two eets of values points to the fact that the value 

of ~b - -0.24 ie characteristic Df XY~ tetrahedral non

hydride molecule. and this value of ~b can be used as an 

additional datum for the evaluation of force fi.lds in 

these molecules. 
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TABLE 6.2 

CARTESIAN fORCE CONSTANTS AND BOND 

ASYMMETRY PARAMETER Ib-

Cartesian farce constants (md/A) 

Molecule - ~ - - - - - - ~ - ~ - - - - - - - ~b 

C f4 3.3380 9.3853 -0.2442 

Si f4 2.5311 9.4133 -0.2524 

C Cl4 1.4128 3.7826 -0.2404 

C Br4 1.0826 3.0053 -0.2432 

C 14 0.7808 2.1013 -0.2341 

Ru 04 2.5922 11 _ 4067 -0.2371 

Os 04 3.1520 13.1653 -0.2330 

Ge f4 2.1686 9.1333 -0.2359 

V Cl4 0.9622 3.9467 -0.2443 

C H4 2.3044 8.5213 -0.2180 

Si H4 1.2447 5.2343 -0.2242 

Ge H4 1.1313 4.4093 -0.2060 

N H + 
4 2.6530 10.6603 -0.1965 
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CHAPTER VII 
BOND ASYMMETRY PARAMETER -

GENERAL DISCUSSION 

The results obtained from the appli
cation of the theory of bond asymmetry 

paramater to aeveral XY type Molecular 
n 

models are reviewed and discussed. 
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CHAPTER VII 

BOND ASYMMETRY PARAMETER - GENERAL DISCUSSION 

In Chapter III a band asymmetry para.eter ~b 

has been defined in an attempt to study the variation of 

bondini forces about a chemical bond. Strictly speakini, 

1b refers to ths centrs of a bond b between two ato.s 

X and Y and is defined by 

{ 'J=," + :1:~} - { X Y } Jyy + J':I:I 

~b -
{ X Y } 'l-z'L + SZL 

whers the l- iJ. ax:e the cartesian force constants with 

the z axis oriented in the direction "it. This para.eter 

~b is expressible in terms of the symmetry farce constants. 

The theory developed has been applisd to bent XY 2 , planar 

and pyramidal XY
3 

and tetrahedral XY4 systems. The 

following conclusions are arrived at from such a study. 

1. The bond asytnmetry parameter ~b is intimately 

connected with .olecular structurs. There exists a smooth 

relationship between the asymmetry psrameter ~ end the 

hybridization of etomic orbitals involved in bond for.ation. 

In planar XY
3 

end tetrahedral XY4 type molecules, the central 

atom uses sp2 and sp3 hybridised orbitals respectively. 

As a result in these molecules the bond angles hsve the 



fixed values of 120- in XY3 and 109-28' in XV. type 

molecules. The calculation of ~b value. of a numbar of 

molecule. having these structure. ehow. that each of 

the.e molecular type. ha. a con.tant velue for the bond 

.aymmetry parameter. The fact that in tetrahedral 

mole~ulea there is a very small difference in ~b value. 

between hydride. and non-hydride •• ugge.ts th.t this 

parameter depends also to a small extent on the overlap 

of atomic orbitale. In bent XY2 and pyramidal XY3 
molecule. alao there i •• s.ooth relation. hip betwe~n 

~b end hybridi.ation, a. brought out by the graph 

between ~b and percentage p - character (fig. 3.3, 

fig. 5.4 and Fig. 5.5.") 

2. It ha. been noted in the ca •• of pyramidal 

XY3 type molecules, that all the hydride. fall on a 

straight line and the non-hydride. on another straight 

line, (figs. 5.2, page 1.31 and 5.3, page1l2). These 

.treight linea are analytically represented by the 

equation 

- m oc 9 + 1 

where ~9 i. in radians and m and 1 are constant. 

having distinct values for the hydride and non-hydride 

group. of molecules belonging to the pyramidal XY
3 

model. This implies the fact that in hydride. 
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hybridization i. more than that indicated by the band 

angle (G.R. Bird and C.H. Town... Phy. Rev. Uf 

1203 (1954)] • 

-2.053. 

for non-hydride Moleculea _ - 1.179, 1 -

If ~b i. calculated u.ing the.e value. for 

0<:.9. 27\/3 radian (0<:.120'), the value 0.416 i. 

obtained. In Chapter IV it ha. been noted that for 

planar XY3 type non-hydride., ~b ha. the characteriatic 

value of 0.48. Since ~ depend. an the bond angle, it 

is interesting to compare these values fDr the two XY3 

configurations. This establiahes a correspondence 

between the pyramidal and planar configurations of the 

The e.all difference in the two value., 

namely 0.064 (13% of the ~ value for the planar model), 

may be explained on the basie that in the pyramidal con

figuration there is a lone pair orbital while thera is 

none in the planar configuration. further, it may be 

observed that for 502 with a bond angle of 119' 19' and 

having unpaired electrons, ~b hae been found to be _qual 

to 0.421 (Table 3.2, page q7). 

Another observation from Table 5.3 is that in 

the case of some pyramidal XY3 type molecule. , i. 

po.itive while in other., it is negative. It can al.o 

be noted that \ i. positive for Molecules in which the 
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bond angle i8 le.s than 100'. If pura p orbital. ar. 

used in bond for.ation the bond angle would b. 90'. for 

ideal Bpl hybridi.ation the bond angle i8 109' 28'. It 

i8 interesting to note th.t .t about the middle of this 

rang. the bond •• ymmetry p.rameter 1b i8 nearly z.ro. 

3. In all the XY4 type molecule. studied the band 

angle. are tetrahedrel and hence ~b must have the •••• 

value. Eventhough there i. only a .mall difference in 

the ~b values for hydride •• nd non-hydride., it calls for 

an explanation. The spati.l di.position of bond •• round 

161 

the central atom is determined by the hybridization of the 

atomic orbital. of the central atom. This being the •• m., 

the angles are tetrah.dral in all the molecule.. Th. 

strength of chemical bonds depends on the overlap of the 

bonding orbitals. In hydride. these are the hybridised 

orbit.ls of the central atom and the spherically symmetrical 

is orbit ale of the hydrogen atoms. On the other hand in 

non-hydride., in place of the .pherically sym.etric.l • 

ombita18, th.re exist ••. p orbit.l of the h.logen or 

oxygen atom. Thi. difference in the nature of the bonding 

orbitals may be the re.son for the very e.all differ.nc. 

in ~b value. between hydride. .nd non-hydrides in tetr.

hedral XY4 molecul ••• 
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4. The asymmetry parameter ia proposed to be •• 

an additional datum to be used along with vibrational 

frequencies for the determination of force constants. 

The extent of usefulness of this parameter has beeninveati-

geted by calculating the force constants of molecules 

belonging to different symmetry types • In all the case. 

• tudied the resulte are found to be satisfactory. 

The bond asymmetry parameter 1b characterises 

the potential environment about the centre of a bond. 

Since the potential i. generated by the electron distri

bution, 1b turne out to be e useful index of the symmetry 

of this distribution. 1b is mass independent and is 

found to depend only on the bond angle in the XY 'ype 
n 

of molecules investigated in this thesis. Beeide. being 

an index characteristic of the molecular structure, 'he 

bond asymmetry parameter provides an additional input 

useful in normal co-ordinate analysi •• 



CHAPTER VIII 

INfRARED SPECTRUM OF COUMARIN 

Infrared spectre of coumarin in the 

.olid stete and in polar and non

polar solvents are recorded. An 

attempt to explain the observed 

splitting of the C • 0 frequency 

i8 made. Of the two .trong compo

nents of the C • 0 band, one i. 

a.signed as a combination and the 

other.. C • 0 frequency. 

169 
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CHAPTER VIII 

INfRARED SPECTRUM Of COUMARIN 

1. Introduc'ion .. ~--.. -~---~-. 
Raman spectrum of coumarin in the solid stete 

wes studied by Venketesweran [1J end Girijavellebhan end 

Venkateewarlu [21. Murti end Seehadri [3J investigated 

the Remen spectrum of this substance in the solid .tate 

es well as in various solvents. They observed that 

C - C bond frequencies of the benzene end pyron rings ere 

fairly constant. On the other hand the C - 0 frequency 

wae considerably lower in solids es compared to its value 

in polar solvents. All the previous workers observed e 

splitting of the C - 0 frequency in solid. Since the 

splitting waa absent in the spectra of solutions, Murti 

end Seshedri explained this splitting as due to inter-

molecular effects rath~r than rFsonance. With a view 

to finding out the exact reason for the splitting of the 

C - 0 frequency, a study of the infrared spectrum of the 

8ubstance was undertaken anc the results obteined are 

presented here. 

2. Result. and Discussion 
~~-----~-----------~--

All the spectra were recorded on Beckman IR 20 

infrared spectrophotometer. The infrared spectru. compared 



well with Ra.an .pectrum and in Tabl. 8.1 the frequencies 

of prominent lines are given. It may be noted that a few 

additional linea are observed in the infrerect .pectruM. 

In Table B.2 the e • 0 frequenci •• in the 

solid and solution stetes ere given along with the value. 

obtained by other workers. from this Teble •• well a. 

from fig. 8.1a through B.1e, it may be seen thet the 

e • 0 frequency aplita in solid ea well e. in solution •• 

In all cases as many a. four component. can be identified. 

Of these, two components aeem to be more inten... In non

polar solvents the linea at 1758 cm ' and 1740 cm- 1 are 

very strong while the lines at 1708 cm- 1 end 1728 c.- 1 

are very weak. In polar solvents the intense line i. at 

-1 -1 1 1728 cm. Other componenta at 1708 cm ,1740 cm-

and 1758 cm- 1 are weak. In the solid state the maxiMuM 

intense line is at 1108 cm- 1 , end the line et 1158 CM- 1 , 

171 

even though weak, resolvee out. The component at 1740 c.- 1 

is absent. 

from theae observations, the following concluaion. 

may be drawn. In non-polar solvpnt. one csn expect the 

e - 0 bond to be almost free from external influences 

that try to weeken the bond. Hence it is reesonable to 

asaume that the frequency in non-polar solvent. corresponds 

to the free chemical bond. If we assume that the line at 
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-1 1 1758 cm is a combination (of the line. et 930 cm- end 

830 cm- 1 ) line, then the e • o frequency may be taken 

aa 1740 cm-
1

• There ia good reaaon to balieve that the 

line at 1758 cm-
1 

is either an overtone or a COMbination 

since it ia present at the sa.e position in all the apectre, 

uneffected by the nature of the solvent. In poler solvents 

the e • 0 bond is weakened thro~gh co-ordination and the 

e • 0 frequency moves to 1728 cm- 1• In the solid stat. 

the lattice field effect further weakens this bond and the 

frequency shifts to 1708 The line at 1758 cm- 1 ha. 

maximum intensity in non-polar solvents in which the e • 0 

frequency is at 1740 cm- 1 and is very close to 1756 cm- 1• 

In the case of solid the e • 0 frequency is at 1708 cm- 1 

and it is well separated from 1758 cm- 1 which now hes only 

a minimum intensity. Therefore the variation in the 

intensity of the 1758 cm- 1 line is in accord with the 

assumption that it is an overtone or a combination. 

Infrared spectrum of coumarin was recorded in the 

gaseous phase by Hertwell [ 4] end ha reports 1716 cm -1 

as the frequency of the e. 0 bond.- Eventhough this 

value seems to be a bit high, the result is in agreement 

with the conclusions of this investigation. finally 

the presencs of mUltiple components may be a re.ult of 

resonance that exists in the molecule as wa. shown by 



1." 

Govinda Rao r 5 J • Splitting of fundamental frequencies 

resulting from resonance has baen reportad earlier [6-8J • 
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fIG .. 6.1a through 6.1e. THE • • 0 

frequency region in the infrared spectra 

of coumarin 

@ in C C14 

® in C6 H6 

CS) in C HJ 0 H 

@ in C H C13 

® in solid. 
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Solvent 

C C14 

C6 H6 

CH3 OH 

CH C13 

(Solid 
.tate) 

(Vapour) 

TABLE 8.2. 

SOLVENT EFFECT ON THE CARBONYL STRETCHING 
FREQUENCY OF COUMARIN 

Present study (Ref. 3) (Ref. 4) (Ref.1) (Ref. 

1708 vw 

1742 • 1742 1738 

1758 • 
1710 w 

1741 • 173' 

1758 • 
1705 w 

1730 • 1721 

1742 w 

1760 vw 

1700 w 

1728 • 1720 

1740 w 1738 

1758 w 

170B • 1708 1709 1706 

1728 w 1731 1729 1726 

1758 w 

1776 

182 

2) 
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