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SUMMARY

The principal task of this thesis was to develop theoretical 

expressions which would enable the Rayleigh and Raman optical 

activity of any chiral molecule to be calculated. This was carried 

out by generalising an existing theoretical construct- the so-oalled 

simple two-group model. The generalised two-group model is based 

on a bond polarizability scheme: with the appropriate bond polariza

bility data together with a reliable normal coordinate analysis of 

a chiral molecule its Rayleigh and Raman optical activity'-can be 

calculated.

The theory was first applied to a small chiral moleoule, 

(+)-R-bromochlorofluoromethane. This substance has not been resolved 

in sufficient quantity for its Raman optical activity to be measured 

but the results were compared with those calculated by the atom- 

dipole interaction model of Rayleigh and Raman optical activity, the 

major alternative to the generalised two-group model. The oomparison 

yielded no correlation. A short exposition of this atom-dipole inter

action model is given, considering it in relation to the generalised 

two-group model.

The second moleoule to be subjected to a calculation was (+)- 

(3R)-methylcyclohexanone. Apart from limited success with carbon- 

hydrogen bending vibrations, the agreement between observed and 

calculated results was disappointing, mainly due to the poor quality 

of the force field for the normal coordinate analysis. When an accurate 

force field becomes available it will be a simple matter to repeat 

the calculation.

Finally, in a different vein from the preceding part of the 

thesis, the Raman optical activity speotra of several series of related

2



molecules were studied - menthols, pinenes and carenes. Several 

stereochemical correlations were pointed out involving, in 

particular, hands characteristic of the isopropyl and gem-dimethyl 

groups, methyl torsions and out-of-plane olefinic hydrogen defor

mations.
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CHAPTER 1

INTRODUCTION

Vibrational optical activity is a powerful new technique for

studying the stereochemistry of optically active substances. At

present, research into the subject involves two complementary

techniques, namely, infrared circular dichroism and vibrational

Raman optical activity. This work deals with this latter effect.

S everal excellent reviews of both techniques have been written

recently covering the theoretical and experimental development of
1-9

both branches of vibrational optical activity. Possibly the most 

exciting development at the present moment is the advent of extreme

ly sophisticated instrumentation - Fourier transform infrared
10 11-13 

spectrometers and multi-channel laser Raman photon counting systems.

These will enable more subtle effects to be detected, providing 

more detailed and reliable data to inspire new theoretical advances 

and allow existing theories to be stringently tested.

Briefly, infrared circular dichroism is an extension of ordinary 

visible circular dichroism into the infrared region of the electro

magnetic spectrum. A small difference in the extinction coefficients 

using right and left circularly polarized radiation is measured 

for the vibrational transitions of a chiral molecule. Raman optical 

activity, on the other hand, is a scattering phenomenon. The chiral 

molecule now exhibits a difference in the intensity of scattered 

Raman (and Rayleigh) radiation using left and right circularly 

polarized visible light.

This thesis presents a generalisation of the "two-group" model 

of Barron and Buckingham (see Chapters 3 and 4) enabling Rayleigh

6



and Raman optical activity spectra to be calculated for any chiral 

molecule. This theory, based on a bond polarizability model, is used 

to calculate the Rayleigh and Raman optical activity of selected 

molecules (Chapters 6 and 7)»

A comparison of the generalised two-group model is given 

with the "atom-dipole interaction” model - the other major method 

for calculating Rayleigh and Raman optical activity (Chapter 3).

In Chapter 8 some speculations are made as to the origins of 

several features in the Raman optical activity spectra of a series 

of related organic molecules. "While most of the molecules studied 

are too large and complicated for an application of the theory 

developed in this thesis, useful stereochemical information may 

be obtained by examining spectral features that obviously have the 

same origins in a number of structurally related chiral molecules.
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CHAPTER 2

THE BASIC EQUATIONS OE RAYLEIGH AND RAMAN OPTICAL ACTIVITY

Formulae for the electric and magnetic moments induced

in a molecule by the action of the electromagnetic field of

a light wave may be deduced using time-dependent perturbation 
1'

theory. Most of the effects of interest to a chemist are

adequately dealt with by considering the perturbation as the

purely classical coupling energy of the molecule's electric and

magnetic multipole moments with those of the light wave. This

procedure yields expressions for the induced moments in terms

of various property tensors of the molecule, from which the

intensity of the radiation scattered by the molecule may be

obtained. The most familiar of these property tensors is the,

electric dipole-electric dipole polarizability tensor. For a

chiral molecule one may then obtain formulae for the difference

in scattered intensity using left and right circularly polarized
2

light as a function of the property tensors. The relevant equations 

are given below. First, let us define the experimental set-up, 

(Figure 2.1). The most convenient method of measuring differential 

scattering is to observe the scattered radiation at 90° to the 

direction of the incident light. All the expressions in this work 

will be for 90° scattering.

If circularly polarized light propagates in the positive 

direction of the z-axis and the scattered radiation i3 analysed 

by a detector along the y-axis we have several experimental 

quantities that can be measured:

9
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figure 2.1. The Experimental Arrangement for the Observation 
of Raman Optical Activity.

R = Right circularly polarized light 
L = Left circularly polarized light



1) with no analyser present, the total intensity of scattered 

radiation;

2) with an analyser admitting only light polarized in the xy-plane, 

the polarized scattering intensity, 1^;

3) with an analyser admitting only light polarized in the yz-plane, 

the depolarized scattering intensity, Ix .

The expressions for I* and Iz involve different combinations 

of the property tensors so that additional information is gained 

by making intensity measurements with an analyser present. We 

will always quote results for both polarized and depolarized 

scattering. If required, unpolarized intensities may be simply 

obtained*by summing the depolarized and polarized contributions.

A convenient quantity which has been used to describe Rayleigh

and Raman optical activity is the circular intensity difference, 

A  3 defined as

in right and left circularly polarized light, respectively.
k

An alternative quantity has been proposed recently, the chirality 

number, q, which is defined using differential scattering cross- 

sections. The advantage of the chirality number is that it refers 

to an enantiomerically pure sample. However, in order to be 

consistent with the substantial amount of theoretical work carried 

out in the field, we retain the use of the circular intensity 

difference. Ho confusion is likely to arise from doing this.

For enantiomerically pure substances the two quantities are 

related by

3

a *  = ( i . - x l : ) / ( z \ (2-1)
where I* and I* are the scattered intensities with o<-polarization

(2.2)

10



Before going any further, it should he mentioned that cartesian 

tensor notation is used here. G-reek subscripts denote vector 

or tensor components and can be equnl to x, y, or z. A repeated 

Greek suffix implies a summation over the three cartesian com

ponents. The Kronecker delta, and the unit alternating tensor,
5

, have their usual meanings.

The perturbation theory calculations outlined above give
2

us, for Rayleigh scattering from an isotropic fluid (in SI units)

A * .  =

(2.3a)#

b  7L ' 4-C —  Qtyiu Q'pf -  3 ̂  A y Sp)
2>oC>p C*

(2.3b)

where is the electric dipole-electric dipole polarizability

tenspr, G ’ is the electric dipole-magnetic dipole optical activity

tensor, A is the electric dipole-electric quadrupole optical

activity tensor, CO is the angular frequency of the incident

radiation, and c is the speed of light. The explicit forms of 
1

the tensors are

c O p  = %  Z W j rtC w j B* - w ^ e ( < * l p * l j 7 < o l  jJ p | « »
Jf

~ & JJctf (2.4a)

Ck jJ
(2 .4 b )

Cdj*(wjvi "(O ) R d£<* l / V  Ij
j * n  *

(2.4c)

11



where Re and Im denote real and imaginary parts, respectively, 

and is the angular frequency of the transition

from state n to state j. The summations are over all the excited 

states of the molecule. The operators Ĵ[ , and C3 are the

electric dipole, magnetic dipole and electric quadrupole moments, 

respectively, and are defined as

|)©t = %-A e; Vr,‘̂  (2.5a)

r Z  (€ i/2vM0  r,’f t ^ r  (2.5^)

©trfj* ? % £a 6 1 ( 3 /'j'p " ̂ ;9 Sotp) (2.5o)

#
where the sums are over all particles, i, of the molecule each 

having position vector r,* , charge e ’, mass m • and linear momentum

£<•
The same expressions (2.3a&b) apply to Raman scattering if 

the tensor products are replaced by the appropriate tensor transition
^ imoment products. For example, instead of J we would have

\ (oj>) M p  i j31 o y , where lo/  is the ground
vibrational state and tip? is the vibrational state in which all 

the normal modes are in the ground state except normal mode Qp 

which is in its first excited state. The tensors are now operators 

connecting vibrational states and are dependent on the normal co

ordinate.

If we had accurate wavefunctions for all the eigenstates 

of a chiral molecule we could calculate £  , and _A directly

as functions of Q and so obtain values for the Rayleigh and 

Raman circular intensity differences. Unfortunately, for molecules 

large enough to be chiral, accurate wavefunctions, in general, 

are a long way off. Hence, the task for anyone wishing to calculate

12



circular intensity differences is to find an empirical, or at 

least semi-empirical, model with which to obtain reliable estimates 

of the tensor quantities involved.

Since the quest is for a theory based on some empirical 

method, the exact quantum-mechanical forms of the property tensors, 

as given in (2.Aa,b,&c), are of limited use at the moment.

One very important aspect of the tensors, though, is their symmetry
7

properties, and these can be deduced from (2.4a,b,&c). The

polarizability tensor, transforms as the product of two

dipole moments, Since the dipole moment is a polar vector

(it changes sign under inversion), we can see that the sign

of the product of two dipole moments, and hence o(.»p, will be

unchanged under inversion and is therefore a second rank polar

tensor. The optical activity tensor, G'*p ,on the other hand,

transforms as the product of an electric dipole moment and a

magnetic dipole moment, p©<Mp . Since does not change sign

under inversion (an axial vector), p«iMp , and hence G-Vp > changes

sign under inversion and is therefore a second rank axial tensor.

Although Arfpif does not transform like G-Vp > the product A y j p ,

the form in which the tensor always appears in the formulae for

the circular intensity difference, does transform as a second

rank axial tensor.

Rayleigh optical activity is dependent on products like 
? |

G)Cf > where the same components of >C and Grf are

involved. The symmetry requirements for to be non-vanishing

is that the totally symmetric representation of a molecule’s 

point group contains identical components ofoi and G-’. The only

13



occasion this is possible is when the molecule belongs to a 

chiral point group (which contains only proper rotation elements) 

where polar and axial tensors are not differentiated.

Similarly, for Raman optical activity, which is dependent 

on products like J tfycy CQf>) 1 Ip 7^1 j> j (Op^o > , the same 

1(Qp) must transform identically to the 

normal coordinate and again this is only possible in the 

chiral point groups.

components of e((Qp)and &

14
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Figure ’The Simple Two-Group Model : Differential
Scattering is Generated through Interference 
between Waves Independently Scattered from 
the Two Groups.



2
in the molecular property tensors

°*oi (3-2a)
_  ) | |
Uc/p ► G<*p * 7-1** £ !&■&• $ £ (3*2b)

A^jjy ' A 0, p ' 3/2 <?p**,y -3/2£ if̂ p  + Z s X j s S p t
(3.20)

If we take two neutral achiral groups chirally disposed to 

each other, as in Figure 3»1> assuming no electron exchange 

"between them, then we may write the molecular property tensors as 

sums of group property tensors referred to local origins including, 

where necessary, their origin-dependent parts. Choosing the 

molecular origin to he at the local origin of group 1 we have

■ + (3 .3a)

G  i*/p A g ’̂  - 2 U) K a(y < * 3 ^ (3 .3b)

At^p* + A^e/pv 4 ^2o<V *

+ £ j3 " S p r (3.30)

where and Aivpv^i = 1>2) are the property tensors of

group i referred to a local origin on group i and R*i = R a - R, is 

the vector from the origin on group 1 to that on group 2.

In writing (3*3a-c) we have assumed there is no static 

or dynamic coupling between the groups.

Using (3*3a-c) we can ’write down the relevant tensor products 

required in the expressions for the Rayleigh circular intensity 

difference (2.3a&b). These are

:L* -- - k  '**pG«»p " ” 7. S ̂ 2|y ̂ iwji o'|^pCawp'V ^pGjyp
y } (3.4a)
3  CO A y $ p  *= ~ d  U) £ p v j  rfi-'p <*1 ici

+ i ujK'i./p A 2b sp *
(3.4b)

17



In order to make the expressions involving the optical 

activity tensors manageable we must impose some symmetry restrictions 

on the groups. We have already stipulated that the groups are 

achiral. If, on top of this, they have threefold or higher rotation

symmetric. Since the ordinary polarizability is always symmetric,

intrinsic group optical activity tensors are zero. This fact 

is used throughout this work. Similarly, optical activity- 

polarizability transition tensor products are zero in the Raman 

case. Since, at present, we always consider these'pseudo- 

oylindrical groups, which in the general theory become bonds, 

we can construct a theory which requires a knowledge of the 

form and behaviour of solely the group polarizability tensors.

If the principal axes 1, 2 and 3 of pseudocylindrical group 

i are associated with unit vectors s;, t ’ and u; , its polarizability 

tensor may be written

axes (here taken to be the 3 axis) the second rank axial tensors 

G-'wp and have components that are either zero or anti-are either zero or anti-

all the optical aotivity-polarizability ts“involving

(3.5)
where

(3.6a)

(3.6b)

18



Figure 3*2. Simple Two-Group Geometry with Group 
Symmetry Axes in Parallel Planes.



Raman case if the ordinary tensors are replaced "by transition 

tensor integrals, for example, p — ^ \ J i y  where i and

f label initial and final vibrational states, respectively.

We now present the procedure leading to simple two-group Raman
1,3

circular intensity differences.

Assuming identical groups, if each group i is associated 

with a totally symmetric internal coordinate Sj (see Appendix) 

which preserves the pseudocylindrical symmetry of the group 

we can formulate idealized normal modes which arise from the 

symmetric and antisymmetric combinations of the internal 

coordinates.(if the groups are simply bonds, the Sj would be 

bond stretch coordinates.) Call these normal modes Q+ and Q,., 

respectively. We have the following relations

Q +  ' ( si + S») (3.10a)

^  1 & ( * ,  - S,) (3-lOb)

5, '  (3 .1 0 c )

; -JVO-v - Q - )  (3.10a)

The required transition tensor integral products are

C ° I p 1 J ± ̂  C I i I 1 O ^ "

^  oo<(o io^p / io y
^  /

(3•11a)
Co I P O i l U  X 1 ± 1 ^ !  0 >  c 0  (3.11b)

<Oj I ± i 1 'C* p ̂ 0  ̂  ~ ^ ° )*\ *p I U  I 0 ̂
•I C o  \-i 7< U |  j 0 ^  * 2 - C o !  * ^ 3 1 !i Js. { 1 0  ̂

r (3.11c)

20



 ̂ lo7 " < 0 (tjfX1* I <**̂ 1 0 7
* 4o\ ̂ZpL̂  U ^<1 i I «̂ .jjj31 o >  + 2.<o \°t\/j I ,±Xl±l^j.j?^lo'/> 

(3.114)

where jo}■ is the ground vibrational state and f 1.7and | l_7are the 

first excited states of the symmetric and antisymmetric normal 

modes, respectively. Again, we have taken the groups to have 

threefold symmetry axes which enables us to omit the intrinsic 

optical activity tensors. Note also that the optical activity- 

polarizability tensor transition moment involving the origin- 

dependent part of A is identical to that involving the origin- 

dependent part of G-’.

We may treat the polarizability as a function of the normal 

coordinates and write it in a power series -

/ C
<0

where a zero subscript denotes a quantity evaluated at Q* s 0.

4 ( 5 1 7 )  Q *  * • • • • (3.12)

Using the fact that only terms linear in the normal coordinate
4

give a non-zero matrix element for fundamental transitions, the 

calculation now devolves upon the calculation of /c)Qj)# =

/ J Q * ) .i 1 *
We have that

o'*}* 
<S ©i
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Employing (3«10c&d) this gives

(*'*>*?) = A  (3.14a)
'  d Q t  1 ^  w S ,  Jo

* ± J_ /c/^x^pN (3.14b)
 ̂c)Qt jo ^[dSy jo

The relevant equations, (3»ll)» "become

■+ '% Ca3 0 I ̂ lo/a \ 1 1 <*3 J* ̂  O ^  -

+. | U) I < °  I Q ±  I >* > i 3 £frs

(3.15a)
Co I 1 1* ) <  11 1 o<rfp 1 o J ~
i W« 1 o,1 >ll [ (g.f|,

^̂r).{%7)} (3-i5k>

< ^ o \ < * ^ l u X l i U Fpl o >  -

i  I < o , 0 j  , U 7  I'1 [ ( < £ , , j |  ( £ r f ) , ( £ . )  I V f f )

o a V 1 j

t  <3 I Ĵ j p A  (3.150)

\ ^ S ,  / o V J S a

Remembering that we are dealing with vibrations which do not 

change the orientations of the groups, using (3*5)> the local 

group derivatives are

! ~  J s ;  i  (  1 "  W l) + 3 ^ i k t* CJt a 0,'p
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Substituting (3-16) in (3»15a-c), seeing that the transition 

integral factors cancel, the following circular intensity dif

ference expressions are obtained for the molecular geometry in 

Figure 3-2

We should point out that in this analysis it is assumed 

that the two formally degenerate normal modes are split 

sufficiently for the Raman optical activity to appear (other

wise it would cancel out), yet not so much as to significantly 

change the make-up of the normal modes. For a real molecule this 

splitting might result from vibrational coupling to other internal 

coordinates.

This analysis has been extended to the case where the two- ■

3

(3.17a)

A * Sir S*a 2 T  

7 X (\ - cos ft)
■(3.17b)

7  tt s ia* r
^  (.S' + 3  COS x  )

(3.l7o)

A '  Z -  2 n  <U| (3.17d)
Cl - C o S l t )

groups do not lie in parallel planes (although the C g,. symmetry
3,5



still exists). Reference 5 also derives expressions for the 

important case of both symmetric and non-symmetric vibrations 

of groups with Cj,v symmetry. For these groups the intrinsic j&* 

tensors must be brought in.

Analytic forms for the circular intensity differences 

associated with the torsional vibration of the two-group structure
6>3

have also been derived. They are (for geometry in Figure 3»2)

3-4 , The Raman Optical Activity of the Bending Vibrations of 

Simple Two-G-roup Structure

To complete the set of simple vibrational motions of the 

two-group structure we now derive expressions for the in-phase 

and out-of-phase combinations of the angle-bending internal 

coordinates associated with the two angles <̂> and (see Figure 

3.3). The normal modes are

If I, J j K are unit vectors along the positive directions 

of the x-, y- and z-axes, respectively (shown in Figure 3»3)>

A x  -- - <?7r C2I Si/U j. X. (3.18a)
1  \  ( l - C o S l t )

'A 1  = —  2 ^  ^  ^ *** ̂  ^
3X(i - cosZt)

(3.18b)

(3.19a)

(3.19b)
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Figure 3*3- General Geometry for Simple Two-Group Model.



we have that

U , rf -  <f, S n U 'j . 'U  4 3 ^ , 5 ^  4, c°s>1 + k^C oScji ,  ̂j • ̂USL j
°l<* * - I o < S ^ 4 % 5 t ^  i x  4- J U  S l * N ^ C o s i t -  k ^ d o s ^

(3.201a)
giving

c Ie*Ip ^ W\  ̂  4 t S\A*̂ % **" 2 - C x ^ X p  ^ X y T p ) *

Svvn^i 5vvvX + 2* £ Xc*K p -* 2 <j5, 6 ^  z X-

•*■ i(x^ ̂ p ■» ĉdXp) 5^2.4, Cos ix + *
SW * 7  4>J C o S ^ X  •+• ^  iCp C o ^ a cj>( (3.21a)

^2 cC^Hp s 5ww 4>v S Ua ̂  ̂  X< —  X- C X ^ X p  4 Ip ) *

S w v ^ S v v nX  + iC^o/!^p 4- k p / T p j s i A A ^ s i ^ i :

~  2- ( K p, +  k ,/ T p  }  5( aa 2(j>7 CoS \ X  + XV  X p  x 

. S v v v ^ ^ C o S ^ ^ T  4- K *  K p  C o S ^ j .  (3 .21b)

This gives us the form of the group polarizabilities using 

(3*3)* Although we-ultimately consider only the case where 4>̂  * 4 *  

we derive the equations in a general manner. If the equations 

were to he used with 4, 4 4 X the normal modes would not 

just he simple symmetric and antisymmetric combinations of the 

internal coordinates and suitable adjustments would have to be 

made to (3.19).

In a completely analogous fashion to the preceding section 

the group polarizability derivatives required are £ )
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2-• These are obtained by first letting (J),* —1* 4>('+Acf>* 
in the group polarizability expressions and then differentiating 
with respect to • Assuming that ol; and U; are constant during 
the angle bending, this results in

( g > a c ^ )  " So/jUji r * T p 5 i ^ 2 c£J 6'(AAi i /c

+ 4 3"* ) £  tAA 2-4*! S W A  X  + (X,< kp 4- k ^ T p  ̂  X
CoS 2 4 ,  SiAA ^  X  4 C J x k p  *  k *  JTp )  CoS 2 4 ,  CoS

+  ^  SU a 2<^, Cb S 2 4- X  — k < x k p 5 l A A 2 ^ > ,  J (3 .2 2 a )

*

f Ĉ 3 e/P >\ c. 3of?w t ̂  Tlo/3 q 5 m a 2 4>2'S ̂  x.X„
\ J A<j>a L

"  2- ( ^ - c < ^ p 4 ^  )  s 'AA 2c fx S VAA X  +  (  X *  k p  4- k ^ J p  )  y

- C o S 3.cj> S -1aa 2. X  ~ C ^ k p  + k ^  Jp CoS 2<)>2, Co£ \  x

4." X ^ T p S u k  2ci>x C o S ai2.'X “  ^ k p S u U  2<)>%  ]  (3.22b)

(  ) -  °  (3 .22o )t) A-4, /0 k j ̂cL // d

The relevant tensor products are then (see last section)

^ol<^o/p I I i  y * \  { 1 1 C w p  ( o J  *■ 2 (O ( o  l^^plli I £ * * £  4 y f p f o ^

^ 4 Z ^  £pv£ V | I* I I o ^

^  ^ o  l Q  jl j I ̂  ^  | (a j R ^ i ^
(  ~  $ 1AA 2 4 ^ 1 ^ 2 ^ ^  iAA 2 T .  +- CoSl<j>]CoS2<}>2_ S ^ z )

(3 .2 3 a )

26



<o!ltfo^ 1 lj ^ < l4 lGpp) o 7  p o (3.23b)

^  o 1 ̂ (o/p 1 *i 7 0 i  ! 6 >  ' <f« 1 1 U  I o J

4 <(o ! *0^ U S ̂ 2.*p!o "> 4* 2 <o!o/,̂ p I I* Ijl ) ̂ 70/p lo7
^  C\ \ < 0 \ Q h \ \ j L ' ? \ * < } ^ U [ X V V S '  t

[  SlAA^-cb, SlAA ( I 4 C o S 2 X  )

—  ^  Cos C o S ^ j > 2  CoS'Z ] J (3.23c)

< o l ^ ^ ! ! i > < l i  l ^ l o )  - O  (3.23d)

Finally, letting c|> = (^ ~ <j> , c/| = c/̂  and W, * k x we have for
the polarized and depolarized Raman circular differences (from 

3.23a-d and 2,3a&b)

^ j < 4 lo 71
. I c ^ o  1 ^>p I I i 7 0 *  1 o ^

•(3-24a)

~ 4  <Co i 1 < i ~ 7 ^ U l C ^ p l o 7
t oi I 1 ^ > ji I

(3.2415)

giving

* 4 “Jir(?n t~ i s k * 1 2 4 > s 2.*C +■ Cos 2.4' S u A ’C)

£ 2 1 sia^ s-4 (i + cos'H) + 2cos12.<j>oj t  J
(3.25a)

-- -4 2 -n £ „  ( - j  *4> s u A a - n  •* C o s 9^  ŝ 'l)
3 > [ 2  ± S i m 1,2<}» ( U  Cos'1t)'3 2.Coj',2-4« CoS x j

(3.25t>)
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3-5 Discussion

We now forward some general points about the simple two- 

group model.

An important result to have come from the simple two-group 

equations is that the model produces circular intensity differences 

that are of the correct order of magnitude, that is, about 10 10“^.

This may be seen by inserting realistic values for the parameters 

in the circular intensity difference equations. For example, 

putting R-j,} = 0.13 nm, X  = ^  and X = 500 nm into (3*17c) we 

get that A* = 2.51* 10_Zf .
The most appealing feature of the simple two-group model 

is that in certain cases, as illustrated above, no polarizability 
derivative data are required. Indeed, in the theory of section 

3.3? applicable to bond-stretch vibrations, only A ^  requires 

such knowledge. A useful piece of information can also be gained 

by looking at the numerators of A * and : their magnitudes

are equal, so that, if this mechanism is operative, there should 

be a conservative couplet produced in the unnormalized (I* - Iu) 

circular intensity difference spectrum. For the angle bending 

case we see that in the polarized and depolarized equations no 

polarizability data are required and the expressions reduce to 

purely geometrical considerations. Note here that conservative 

couplets are predicted for the unnormalized (l^ - 1̂ )

polarized and depolarized Raman optical activity spectra.

There are, however, some difficulties to be overcome before 

one may use the simple two-group model with any confidence and 
which account for the paucity of useful applications of the
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theory. Firstly one must identify a pair of internal ooordinates 

which produce symmetric and antisymmetric combinations. Then 

one has to pick out the appropriate hands in the Raman spectrum. 

There is no simple rule with which to predict the frequency ordering 

of the two hands although Raman polarization measurements may 

help here. Finally, one must convince oneself that the chosen 

internal coordinates are the major contributors to the Raman 

optical activity of the normal modes. There is no reason to 

suppose that, in general, the internal coordinates that make 

the major contribution to a normal mode make the major contribution 

to its Raman optical activity. Having taken the above factors 

into consideration, and with a knowledge of the molecular con

formation, one may then put the simple two-group model to use.

In conclusion, the main importance of the simple two-group 

model so far has been conceptual - it has enabled workers to 

obtain a feeling”for the mechanism whereby Raman optical activity 

is generated. As we show in the next chapter, it has also provided 

the basis of a more complete, general theory for the circular 

intensity difference.
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CHAPTER 4

A GENERAL TWO-GROUP MODEL OF RAYLEIGH AND RAMAN OPTICAL ACTIVITY

4.1 Introduction

We now turn to the task of finding the relevant equations 

to calculate the Rayleigh optical activity, and the Raman optical 

activity in all the normal modes, of a completely general chiral 

molecule. In doing so it was found that, for the Raman effect, 

slightly more was required than simply summing all the two-group 

interactions possible using the equations of Chapter 3* A new 

term is required which has been called the "inertial” contribution

to Raman optical activity. Its presence is necessary to ensure 

a complete and origin-independent description of the effect.

In this chapter we present first the general Rayleigh expressions.

by a derivation of the general Raman optical activity expressions 

and an overall critique of the theory.

4.2 The Rayleigh Theory

The Rayleigh theory is quite straightforward. No complications 

appear and the final expressions are simply summations over all 

terms in the molecule given by (3*8)'•

1

theory of the bond polarizability model followed

.’•J. (4.1a)

U (4.1b)
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(4.10)

The Rayleigh circular intensity differentials are easily obtained 

by substituting (4«la-c) into (2.3).

4.3 The Raman Theory

4.3.1 The Inertial Term
In the simple two-group model the formulae for the transition 

moment product <o\oOp l u X ^  l e l p l o  7  was taken to be 

J- 'iu>£jJY£ (o ' i Jo^where the intrinsic GJ

terms have been omitted, (3.11a). This implies that the vector ^>1 

does not change with the vibration. However, for the vibration 

of a real molecule this will not, in general, be the case and 

the variations of the inter-group vectors will have to be accounted 

for. In effect, this means that the quantity £>1 must be brought 

inside the transition moment integral thus

 * -f Jq- LO \ M i  y*\ 'i I ^9.1 y °L% Sot |oy  (4.2)

The quantity is eventually expressed in a power series

in the normal coordinate resulting in a new term dependent on

. The quantity resulting from this term 

has been called the inertial contribution to Raman optical activity.
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4.3.2 Initial Formulation of the General Theory

Omitting intrinsic optical activity tensors, the Raman 

optical activity of the fundamental (l 0 ) transition of normal 

mode Q p depends on

<01 Ip > < '  |» I G t p  t o J
■> 3 U> “s0 ' ̂  ̂  I 1 p 7 O  p | £ A  -j J ,} | O  7
5 " j U  ( o |  I i p X i p !  L 2-byj y

1 1  1 1 (4.3)

where the summations are over the honds in the molecule. Rj 

is the vector from an arbitrary molecular origin to the local 

origin of bond j. We now express the quantities in the transition 

integrals as a power series in Q^ (as in 3.12). Technically, 

this series should be over all the normal modes of the molecule, 

but if 0 p is the only normal mode that is being excited, then 

it is., only the terms involving Qp that can produce non-zero 

results. We then have

Y w  = (£i r U  )„ + (*J * )„ / i f  0 sA 4
V d O p  /„ '

( Q p  +• ' • • (4.4b)
V 1 ® f  K  ’

Only terms linear in Q« can effect a fundamental transition.
2

Thus, rearranging and using the following matrix elements

Q.

(4.4a)
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we can write (k»3 ) as

i * p /^'O j* 1 C  ê 3 | O

^ --K

i £_, (0/3Se,)o /jftjx \ "] (4>S)
1 ^ <)s>? / d V JOf /

If required, this equation may be taken one step further by using

the relation between the normal coordinates and the internal 00-2
ordinates j S<j , which comprise it:

~ !— (4.7)

where 3N - 6 is the number of normal modes of the chiral molecule 

containing TT atoms. The coefficients Lqo of the matrix L are ob--------------  -jj —'
tainecL, from a normal coordinate analysis of the molecule (see 

Appendix ).

Equation (4*6) now becomes

- - Ky
4-

r

£ f « \  ! . ( * * , ) .  [ £ . ( ^ p | L , f ] «

[ 1 j (i.e)
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In a similar fashion, the polarizahility products required are

 ̂° i p \ ' p y K i p j ! o 7

= "B 2_. ( f Y
a w p  i v  4 Q f I  j \ . J Q r I

(4.9a)

<^0 \ X  I I p 7  ̂  5 j? I ^pjl 1 O ^

'=■ 5  £j ( ( iffj p p ^
•, c)QP '  j,  ̂^0p ' /,

r

(4.9b)

4*3*3 The Bond Polarizahility Theory Proper

In this section we derive the final form of the various vector

and polarizahility derivatives which were given in the last section.
3

This part of the work is all conventional, hut it will he given 

again in a notation which suits our calculation.

The -polarizahility of a pseudocylindrical hond, i , is given 

By (3*7)

°f} o/|3 ~ ^ 4)t|j (4*10)

where we have replaced °(\\\ ~ • r̂ le derivative with

respect to the normal coordinate Q ̂  is

] - I J

L
*  ( J A ; \  ( u j o ;  p )

J. ” 1

+. A; \ X u p u .-p)
~J£>
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Z o  ) ( u i^0ia)c
1 I iS., 4 1 \ <)s<, I r

4 4 . ^ <) (oiv Uijj)] ? I (4.11)
e) S<J

From now on, for conciseness, we drop all zero subscripts. This 

results in no ambiguities.

In the most simple form of the bond-polarizability theory 

we assume that the only internal coordinate which changes the 

internal electronic structure of the bond (hence oCx and ) 

is the stretch coordinate associated with that bond. We can now 

write

( ~ +• u »v u i^ p

- - - - - - - - - - - - + A )  £ , [  J ^ o ^ . o ; p )  L 1(S (4 .1 2)

I f
where U\L and A d e n o t e  the derivatives of the quantities 

c^j^and A; with respect to the stretch coordinate of the bond.

The stretch coordinate of bond i has the associated L-matrix ele

ment L;P for the normal coordinate Qp . The summationr r t
is over all internal coordinates. We are now left with the problem 

of handling the derivatives of the unit vectors. This is done in 

the following fashion. We can say that

(%) - (£;X,*r
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where the "bond has "been defined hy the two atoms a and h such that
0 , o •\Jj - 'jjx  ̂J j /'a - j , *4 and being the equilibrium 

position vectors of the two atoms. The vectors ra and inA-"*
(4 .13) are the cartesian displacement coordinates of the atoms.

It can be shown that for any atom, m , of a molecule, its cartesian
r 3displacement coordinate <«ipmay be given by

C m ft ~ ^  ) S k (4.14)
' f j k *

where Sv» is the inverse mass of atom m, represents Wilson’s

s-vector associated with atom m and internal coordinate S., and 

4^ is an element of the inverse of the G—matrix (also see 

Appendix).' The summation is over all the internal coordinates.

Using (4.14) we can say that

£0 ts Sl (O'1 )+ (4.15a)jr.,5 = o. /+<t
() Scj /

( $ r )  • (4.15t>)

If the atomic displacements are very small it is straightforward
4

to show that

N K a | j /  W  C>|3 /  (4.16)

where O'J is the reciprocal of the equilibrium bond length of 

bond i. Putting (4*1-5) and (4*16) into (4.13) we get

~ ~ ^  £-b ^4^
’ + ' (4 .17)
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From the last term of (4*12) we need 

" <3 S«l J 11

• a  ^ U ^ h f  " Hr 0“ 18>
Inserting (4.17), (if. 18) becomes

A ,  U p
1 1 L c)S<j t

* ^  ^ ’1 ( ^*tp S^g ^ ^

^ - C ^ -  £ b S +b S ) L U - %  h r
+ h#

' "̂i C  p j +■ u i * S p & —  2. ^ »* Oi* p U  j j ) . ^

^ ( ^ o ^ q S  ^ ^ b S b$ ) ( L ')fp (4.19)

2
where we have>' used the relation

\

= £ J (cl-,4 « , h f  (4-2°)
where ( ^ ^ i s  the element of the inverse of the vibrational L- 

matrix associated with internal coordinate t and normal coordinate

Q |» •
Future equations are more concisely written if we introduce 

the following notation. Let

4* c 4 4
Cl; 51 - t. S b  (4.21a)*—. *■ ^  ^ ^

A + -- - +
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Introducing (4*21) and putting (4.19) into (4.12) we have finally
that

* ^A^LfUijs d f5< + U; d ; p ~ (J;p ) ( i- ,j)+p
4 (4.22)

Before giving the final form of the Raman optical activity equations 

we need an expression for 

product of Equation (4.8). The situation is made more easy if 

we chose one of the atoms in the bond as the local origin (although 

we are completely unrestricted in our choice of the position as 

long as it is on the bond axis). If we choose each bond’s atom b 

(introduced in (4 .13)), then we may write, using (4.1*0 and (4.20)

1 ^ ^ S ; y ( u - ) 7  (4.23)

Tn the next section, analogous to (4.2l), we will use

d b  " (4.24)

as a simplification.

We may now proceed to give the final form of the Rayleigh 

and Raman optical activity expressions.

4.3.4 The Pinal Form of the 'General Bond Polarizahility Theory 

of Raman Optical Activity

Using the results of the preceding section in Equation (4.8)

we get that

/d^j%)j/ _ _ ) y|L.A>which occurs m  the second
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] Ip ~/Klp I £,^£/4y$ji| O 7

p« ) ^  *j:» t ^C jS,'p)H r ]f  H%y)h]
l *J 1

f I
Spv5  ̂ Hjtg Ĉi'x Ŝ|J + Uĵ u,'p Aj ) Lj»-•ftw

4CO,3

^ ^  { C ̂ « p iot ^ ^ ic* cl i p ^ U i , o ; p A ^

[  ( H i  i ^  +  ° j S  v j *  A 'j ) L if +  ° J  A J ( H i « d j s 
* yjs d jr  ̂ -  Z u j S Uj„, AJ )  0 ) r(, ]  + .

/L> \ (. H j .  +  u i'o< u ia ^ |  ") L i p  *"
ji *ir . i ’ 1 i

A. t (  U ipdjy 4- o id d i p  - Z  u ls, u,p A ,-y(*-',<)<jpj ^

Aj Hi S Hi«/ îJTT Aj> j  (4.25)

All the products involving the Kronecker delta are zero so the 
ahove simplifies to

! °Op I ' p 7  O  j>! 1 o  7  ~

\  %-* \ v X j  £  u iV u,*p L i p
4oOj? I ![J. 1»r 1

»

h  a .-, C ^ ip  c t L  +

L H)S Hi" Aj Ljp + Bj A j CHL ctjj v Hisdi* ~ 

Z u j g  ujrf Aj ) ( L ’) ^  j + ^  ^  [ H ’rfU.ji A- Lj|

u  ioc d I* Z  L),̂  u ,-.j A;^ )( L OopJ y

AO



+  c7; A ;  (  u.'p ct,-̂  4- u . ' ^ d l p  -  %  u ; *  u , p  A *  ) J *

)A j  S ( L’' 4 p  j  "f (4.26)

The required polarizability-polarizability products (4.9a&b) become

| l|, 7 <  !j> I I O  7  

3  [  L<jP ] [  ; L 1 .  ( i ^ p )  l ^p ]
2 oop L < 1 4 ^ 5 ^  / fr J  L j •" v  J S, / ' J

tL   ̂ ^  ^-j £ + u,y <J,‘ii ^ •' ^ ^'f 4% ? ( »jJ *}| V- ' 1

^  ^ ^ t p Of i + 4) f ̂  d  ^  * U/p £ j| ^

C  ̂* j jl  ^  UJp ) Wf> +

j Aj ( Ojp o|j^ 4- (J^ p  ^  U Ojj* Aj )(l- )r̂cr.
(4.27a)

1 oO,/ !I j) 7*C I p I I o "T1 -

) * '

*  U (  i. ^  + u;* <■>,•„, A.,- ) L;p x
>ul_ lit »2 u )f  MJ

( < j  J, Spp + Apjji Ujp ) Ljj> J

*L + a/ ) ] (4.27b)
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.̂.h Discussion

The information necessary to initiate a general two-group 
calculation falls into two categories. First there is the infor

mation from the normal coordinate analysis: the s-vectors which 

are required to 'set up the vibrational G- matrix, and the L andA* *

matrices, all of which may be obtained routinely from normal 

coordinate analysis programs. If a redundant set of internal co

ordinates is used (i.e. a number greater than 3N - 6) the L matrix 

will not be square and hence a normal inverse cannot be defined. 

Nonetheless, it can be shown that a unique L matrix satisfying

(h.20) can be defined and produced without difficulty by a normal
5

coordinate analysis computer package.

The second type of information is the bond polarizahility 

data. For the 'Raman calculation, in the general case, we need 

three parameters per bond i, namely , A  f ^j . In total, 

this requires 3(N - l) parameters where N is the number of atoms 

in the molecule (plus an extra 3 for each ring system).

These parameters are obtained from bond polarizahility studies
3,6

on absolute Raman intensities. Since we are using exciting radiation 

of visible freauency we expect that it will be possible to t-ke 

information from static polarizahility studies for the quantities

Ai ( = - «'x) •
One problem in using bond-polarizability derivatives obtained 

from Raman studies is that since ordinary Raman intensity depends 

on polarizability-polarizability products involving the same tensor 

indices there can be a sign ambiguity associated with the bond- 

polarizability derivatives. Should the bond polarizahility theory

to



of Raman optical activity prove to tie an adequate description 

of the effect (in certain types of molecules, at least), then an 

examination of the Raman circular intensity differences could 

help resolve this sign problem. This is because the two-group 

model uses polarizability-polarizability products involving different 

tensor indices. One can envisage a bond-polarizability study for 

which one chooses a series of similar molecules one or more of 

which is chiral and shows a measurable circular intensity difference 

spectrum. The bond-polarizabilities produced would not only have 

to reproduce the ordinary Raman intensities but also give the 

correct signs of the circular intensity differences. Two possible 
series whe^e this type of study could be carried out are illustrated 

in Figure 4.1.

2 .

Figure 4.1. Two Series of Related Compounds Suitable for the

1.

Bond Polarizahility Study Mentioned in Text:
1. Cyclohexane and Various Methylated Derivatives;
2. Ethylene Oxide and Various Methylated Derivatives.
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1
A recent publication used the inertial term to derive expressions 

for the torsional oscillation of a methyl group. The model molecule 

this dealt with resulted in all the optical activity coming from 

the inertial term. However, for almost all molecules this circum

stance will not obtain and both the two-group and inertial terms 

must be considered. It may be simply shown that both the two-group 

and inertial terms are required to preserve origin invariance of 

the theory. If we take, for example, a "molecule" consisting of 

only two bonds, 1 and 2, and assign the molecular origin to be 

at the local origin of bond 1, we may use Equation (4.8) to produce 

an expression for (.o \ pfc'p | ) p 1 Ck o/p 1 G 'y . If we move

the local origin on group 2 along the bond axis by a vector a

( = au-j, ) then the change in the Raman optical activity expression, 

from (4 .8), is

+

If we now substitute into the above

(3.5)

we get the change equal to

—  (X t\ CO g v
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*  [  3 « ; w • u ; p \  *  g / k;  \  y  ]

d Q y  / \ JQj, / I

(^•29)=  o

where we have used the general relation, for arbitrary vectors 

A, B and C,

A p  C s = - B p y g  C p  6 ^  A s  (4 .30)

(this is just the vector triple product rule, A .'J& AC 1*-£•?£*£] 
in tensor notation). In (A.29) we see that the latter product, 

arising from the change in the inertial term, cancels out the 

former which arises from the change in the two-group term.

In the simple two-group bending calculation in Section (3.4) 

we avoided using the inertial term by choosing as the local origins

the point where the bonds pivot during the vibration so that the 

0 £:/o'Q) are zero. This means that the results of that section 

only strictly apply when the two atoms chosen as origins are much 

heavier than the atoms that effectively perform the vibrational 

motion. It is ideally suited for C-H or 0-H deformations but not 

for, say, a Br-C-C-Br two-group skeleton.

lTe are of the opinion that most schemes that could be considered 

to upgrade the theory in this chapter would prove to be unprofitable. 

One could for example, go to the next more complicated formulation
3

of the bond-polarizability theory (the ’’first order” theory as 

opposed to the ’’zero order” theory used here). This would involve, 

in part, letting a bond’s electronic structure change as it under-
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goes a "bending motion. This procedure would "bring the number of 

bond parameters to an unacceptable level. We mention here that 

although the zero order bond-polarizability theory of ordinary
3,6

Raman intensity is known to have its shortcomings, (it has met 

with only limited success), this need not prevent us from having 

high expectations for its usefulness in Raman optical activity.

The signs of the larger effects in a molecule's Raman optical 

activity spectrum would be considered a major success.

Any lowering of the symmetry of the bonds would also bring 

in more polarizability parameters together with the problem of 

handling origin-dependent intrinsic G-' and A tensors whose com-, 

ponents, In general, are now non-zero and/or non-antisymmetric.

We have been assuming throughout that there is no static 
8

or dynamic coupling between the bonds. It would be a relatively 

straightforward matter to introduce these effects into our model 

using the theory given in Reference 8 , for example. We are of 

the opinion, however, that the discrepancies arising from the neglect 

of static and dynamic coupling are of the same or a lesser mag

nitude as those arising from the basic failings of the bond- 

polarizability scheme we have used.

There will, of course, be situations where coupling is important 

(and hence the bond-polarizability approach of lesser use). These 

will be where a molecule consists wholly or partly of large groups 

with polarizable fT" -electrons; benzene rings, for example. Such 

a molecule for which this type of analysis might be necessary, 

oi-phenylethylisocyanate, is shown in Figure A.2.
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H bs—  c — «* KCO

ti
C H 3

Figure 4*2. (S)-0(-Phenylethylisocyanate: Chiral Molecule
in which Static and Dynamic Coupling are Expected 
to he Significant.

The circular intensity difference spectrum of this molecule has
---------9

"been published. It is very likely that there are dominant static 

and dynamic interactions between the isocyanate group and the 

benzene ring. This is evidenced by the large Raman optical activity 

effects in normal modes that are localized on the benzene ring.

In general, however, dt may be said that coupling models should 

be of less importance in vibrational optical activity than they 

have been for electronic optical activity. The situation for the 

former is more akin to the inherently chiral chromophore model 

of electronic optical activity since we usually have a chiral 

vibrational mode embracing extended parts of the molecule.

h i
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CHAPTER 5

THE ATOM-DIPOLE INTERACTION MODEL OE RAYLEIGH AND RAMAN OPTICAL 

ACTIVITY

5.1 Introduc t ion

The atom-dipole interaction model is the other major method
1-A

for calculating Rayleigh and Raman optical activity. The complete

theory is presented in Reference 3* correcting an earlier error

in References 1 and 2. The approach is fundamentally different

from the two-group model and the two should provide some interesting

comparisons. Indeed, the two molecules subjected to a general

two-group calculation in this work (Chairs 6 and 7) have already
3,5

been treated using the atom-dipole theory. This chapter provides 

a brief-de-scription of the atom-dipole model, including some criticism 

of the' aspects that we consider unfavourable.

5.2 The Theory of the Atom-Dipole Interaction Model of Rayleigh 

and Raman Optical Activity
The two-group model is based on a Raman intensity theory which

uses bonds as its basic molecular subunit. In contrast, the atom-

dipole interaction model is based on atomic rather than bond properties

the atoms in a molecule are each assigned a spherical polarizability

which are then allowed to interact via the atomic dipole moments
7-11

induced by the dynamic electric field of the exciting radiation.

Using this approach both the polarizability and optical activity 

tensors (and their derivatives) may be calculated.

If each atom i in an N-atom molecule has associated with



it a spherical (isotropic) polarizability ĉ,' , then the induced 

electric dipole moment on each atom, p,* , is given hy

p.v * <*•, ( tip - jjj2f) (5.!)

where E \ is the electric field of the light wave at atom i, and
12

T !i is the familiar dipole-dipole coupling tensor given by

T'i “ 4rTe0 C S p y  r,j - (5.2)

in which rj; is the vector from atom i to atom j, and £ is the 

permittivity of free space. If the assumption is made that the 

electric field is constant over the dimensions of the molecule 

we may put E[ = E for all i. Equation (5*1) may then be rearranged 

to give

(5.3)
j* "i

This may be written in matrix form:
— W 11-( °̂\ / Oatp--^/ |5 -i-1 >

' * ■ * *</« pJw'
" 5 *  "

£/p
i pi*

- T

T ' 1 . . . .  L v p * - (ô f) -  p ; * - -

(5.4)

Labelling the coefficients of the first matrix factor on the left
u
l?

of (5*4) by cj^ we have

C ,J

c,v

L«i)

j
vp- '

Equation (5.4) may now be written as

(5-5a)

(5.5t)

i % i »4 (5.6)
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If we denote by B ^  the elements of the inverse of the matrix formed
hy the we have

p!o< * I = f( nJ (5*7)
The quantity is then an effective polarizability

for each group i. Thus we have that

- * j *1 (5.8a)

(5.8b)

where is the total molecular polarizability. The matrix formed

by the is known as the relay tensor matrix.
i*

As before, the optical activity tensors G* and A may-be written 

as a sum over all the intrinsic atom tensors plus their origin- 

dependent parts. .

 %rCk\cL^ ~  iuD (5.9)

For spherically symmetric groups the intrinsic G’ are identically 

zero, so

£'.<0 - - 5 . W  G 'r f f  (5 .10)
1 'li '

The A tensor may be handled in a similar fashion. In this case,
| i i

however, the relation ^o<pCe/j3 - 3 ^ c a n n o t  be

used since this relies on the group polarizabilities being symmetric.

In the atom-dipole model the group polarizabilities (the£s,jp )

are not, in general, symmetric although the total polarizability

(ZiS^'Jis, indeed, symmetric as it must be for molecules with 
5 j ^

a non-degenerate ground state using exciting radiation of freauency
13

far from any molecular transitions.

ot j t>CP

p

L su'
1 *si

h  s'ip
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Knowing ^  , Grf and A., the Rayleigh circular intensity difference
may he calculated.

jj or the Raman case use is made of the following relationship 

for the derivative with respect to the normal mode Qp

The problem of evaluating the polarizability tensor derivatives

(and hence the optical activity tensor derivatives) devolves upon

calculation of the derivatives of (5.5a&b). In an early version

of the theory the spherical polarizability derivatives, (tjci ,* /c)Op ) ,
were set zero and the change in the polarizability came about

solely through the changes in the T'J . The 4/«^Op) are easily
~  10 

calculated using Equation (4.23). However, this produced poor results

and it was required to introduce non-zero derivatives of the spherical

at om._jpolaztLsabiJ.it ies which are then treated as empirical parameters#

Presently there are two different ways of doing this.

^he first way is to make the atom polarizabilities dependent

on the bond stretching internal coordinates in which they are
11

involved:

« ;  ■ (*,)' *
° \ () Qj> I

^  1 4 -d s ,) „H r° r (5.12)

in which the are the bond stretching coordinates only. The value

of (otef) j <) $<j ) is zero unless atom i is one of the atoms forming 

. The non-zero )0 are adjusted to give the best fit
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i:o the experimental data available and are considered transferable 

from one atom to another of the same type in a different molecule, 

so long as tne atoms are in similar chemical environments. This 

method has the obvious drawback in that, for a molecule such as 

bromochlorofluoromethane, the carbon atom has to be assigned four 

different polarizability derivatives, one for each bond it forms 

a part of. In practice, these four derivatives of tetrahedrally 

substituted atoms have been made equal - not a very satisfying 

approximation.

The second way of dealing with the spherical polarizability 

derivatives, and the way in which all the Raman optical activity 

calculations have been carried out, is to specify the derivatives 

with respect to cartesian displacement coordinates. Each atom i 

is assigned a cartesian derivative matrix

xi, XTL
J olctf*

h \

< M y '
c) i\

,J nr 
Jot j’ j j i *

d * i

Jy.

n ;

t y F

'it-<u,
j "2- j

where ***, J  and o(f are the diagonal polarizability components 

of atom i, and x * , y t* , z ,• are its cartesian displacement coordinates. 

To cut down the number of parameters in a calculation the matrix

(5.13) is assumed to be symmetric. In terms of this symmetric 

matrix the derivative of the atomic polarizability of atom i with 

respect to the normal coordinate may eventually be calculated.

In this approach there are seven input parameters per atom - one 

spherical nolarizability and six cartesian derivatives.- •



In contrast to the first method of dealing with the atomic

polarizability derivatives, the second one has the result that

an atomic polarizability does not retain its spherical symmetry

during the normal mode excursion. In this way, it is claimed,
14

"non-following” electronic effects may be approximated. We have 

doubts, however, that this second procedure is physically correct.

We are of the opinion that if the atom polarizability is spherical 

in its equilibrium position then it must stay so. If this is the 

case then there are only three derivative parameters associated 

with each bond i,^i a n d T h e  spherical symmetry

is thus preserved. This approach has been considered before but it 

was dismissed as involving an approximation which was too restrictive.

On a general point about cartesian atomic polarizability deriv

atives, in whatever form, we find it difficult to consider them 

transfej^JiLeJhfldbw.een identical atoms in different molecules. For 

example-, changing a molecule by isotopic substitution will change 

its principal cartesian coordinates while leaving its electronio

structure, to a first approximation, unchanged.
3

It has been stated that the two-group model is inferior to 

the atom-dipole interaction model due to the former’s neglect of 

intramolecular dynamic coupling. This was substantiated by the fact 

that when the symmetric and antisymmetric parts of the effective 

group polarizabilities are considered separately the antisymmetric 

parts contribute to the Raman optical activity on an equal footing 

with the symmetric parts. We feel that the conclusions reached by 

this argument have no real significance. Before dynamic coupling, 

a molecule in the atom-dipole interaction model is completely iso—



tropic. All the dynamic coupling is required to reproduce the full 

anisotropy of the "real” molecule. Looking at tha Raman optical 

activity generated solelyj^the symmetric parts of the effective 

polarizabilities is equivalent to looking at a version of the "real" 

molecule which does, not have the full (symmetric) anisotropy that 

the model finally gives it. The full anisotropy only appears when 

the antisymmetric parts are combined to give the complete molecular 

polarizability, 2*'*j r
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CHAPTER 6

A GENERAL TWO-GROUP MODEL CALCULATION ON (-f)-R-BROMOCHLOROFLUORO-
METHANE

6.1 Introduction

We now present a Raman optical activity calculation using the

theory of Chapter k* Bromochlorofluoromethane was chosen for a number

of reasons: it is a small molecule and the calculation is relatively
1

straightforward; a reliable force-field had been published; work

had been done on the bond polarizability derivatives of various
2,3

halogenated alkane molecules and, finally; a substantial amount

of work, mdinly theoretical, had been done on the vibrational optical
4 3 , 6

activity of the molecule, both infra-red and Raman. The unfortunate 

point about bromochlorofluoromethane is that, as yet, it has only 

been partially resolved and no complete Raman optical activity 

spectrum has been obtained so far.

6.2 Normal Coordinate Analysis

All the information necessary to perform the analysis - the 

molecular geometry and a simplified general valence force field- - 

are given in Reference 1. We will not duplicate this information 

here. We do, however, define the internal coordinates used (Table 6.1 

and Eirure 6.1). 1
Table 6.2 gives the observed and calculated frequencies of 

the 9 normal modes of bromochlorofluoromethane. Also given are percentage

figures for the potential energy distribution (see Appendix ) of 

the internal coordinates which make the major contribution to each 

normal mode. Thus, internal coordinate 1 (see Table 6.1) makes a



H

6

F

Figure 6.1. The Internal Coordinates of 
Bromochlorofluoromethane.



Table 6. Internal Coordinate Definitions for Bromochloro
fluoromethane (see Figure 6.1)

Number
of Definition

Coordinate

1 A  Yen

2

3
4

5 A 0 Hp

6 A ^ U c U

7 ^
8 A

9 A 0 6r(=

10 ^l2>rCL
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Table 6.2. The Observed and Calculated Normal Modes of 
Bromochlorofluoromethane

Wavenumber Percentage
Mode Observed Calculated P.E.D. Contributions

x 3026 3039 1(99)

2 1311 1302 6(26) ,  7(68)

3 1205 1203 5(50) ,  7(45)

4 - 1078 1074 4( 95)

5 788 794 3 (8 2 ), 8 (22)

6 684 670 2(56) ,  9(21) ,  10(17)

7 427 425 8(50)

8 ' 315 310 2(42) ,  9(50)

9 226 224 3 (1 1 ), 8 (2 1 ), 10(65)



99% contribution to the potential energy distribution of the first 
normal mode.

6.3 The Raman Optical Activity Calculation

6.3.1 The Bond Polarizability Data

The 12 bond polarizability parameters used in the calculation

are given in Table 6.3 . The information per bond is given in the

form of the anisotropy, A  , the derived anisotropy, A* , and

the derived mean polarizability, (/ . The use of and o( ' is
. / / /entirely equivalent to that of A  and , the derived transverse 

polarizability, which the theory in Chapter 1+ uses. Since •*

we have that ‘ (3*'- A1 )/3 . We give 0̂ ' here since this is 

the quantity usually reported in bond polarizability studies.

The polarizability anisotropy for the C-Br, C-Cl and C-F bonds 

were taken from Reference 8, a review of molecular refractivity 

and polarizability. The anisotropy for the C-H bond is quoted in this 

article as zero. But this was for C-H bonds in aliphatic hydrocarbons 

so we use what we think to be a more realistic value taken from
9

a bond polarizability study on some halogenated methane derivatives.
We also took the derived bond anisotropies for the C-H, C-Cl and

C-Br bonds from the same source. Values for derivatives of the mean

bond polarizabilities for all four bonds have been worked out in

a bond polarizability study of the totally symmetric vibrations
2

of the series of trihalogenomethanes CXaH where X = Cl,F,Br. This 

now leaves only a value for the derived anisotropy of the C-F bond.

By an educated guess we ascribed to this the value of 2.Ox lO'^nm*' . 

Adjusting this value by 4 1.0 x 10'*nm% did not alter any of the
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Table 6.3* Bond Polarizability Data for Bromoohlorofluoromethane

oO Ck A rBond
* 10 2 nm2 *10 3 nm3 x. 10 2 nm2

C-H 1.08 0.20 2.13

C-Br 2.07 3.40 2.40

C-Cl 2.00 2.10 2.14

C-P 1.00 0.80 2.00
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signs predicted by the calculation.

6.}.2 The Calculated Circular Intensity Differences of (+)-R-Bromo 
chlorofluoromethane

Table 6.4 presents the calculated polarized and depolarized

circular intensity differences of all the normal modes of (+)-R-

bromochlorofluoromethane.

Since all pairs of bonds in the molecule have a plane of symmetry

the predicted Rayleigh optical activity is zero. In fact, dynamic

coupling is required to produce differential Rayleigh scattering

using a two-group approach.

The results show effects of the correct order of magnitude.

On the whole, though, the circular intensity differences are smaller

than those predicted for the other molecule studied, 3-roethylcyclo-

hexanone. This is because bromochlorofluoromethane is a relatively

small molecule. Inspection of the simple two-group equations shows

that Raman optical activity, according to this model, increases

with increasing separation of the bonds involved.

The C-H stretching vibration at 3039 cm”'1' produces a very small

calculated effect. This is consistent with the general observation

with present instrumentation that no Raman optical activity has
-1been observed for any normal modes above 2300 cm

There is not much else one can say about these results, having 

no experimental data with which to compare them. Still, the incentive 

is now that little bit greater to resolve the molecule.

In Table 6.5 we compare the results of this calculation with
5,6

those of the atom-dipole interaction model calculation. As can be 

seen, the results are quite different and if this state of affairs



Table 6.4* The Calculated Polarized and Depolarized Circular 
Intensity Differentials of (+)-(R)~Bromochloro- 
fluoromethane.

Normal Polarized Depolarized
Mode CID CID

Wavenumber 10^ >C 10^

3039 0.00 0.00

1302 O.83 0.54

1203 0.15 0.13

1074 -O.65 -0.42

7%  0.10 0.11
670 0.13 0.22

425 -0.86 -0.77

310 0.77 0.64

224 0.37 0.28
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, Table 6.5. Comparison of the Circular Intensity Differences 
°2 (+)-(£)-3romochlorofluoromethane Calculated 
by the General Two-Group (GT&) Model and the 
Atom-Dipole Interaction (ADI) Model?

Normal Polarised CID Depolarised CID
Mode
renumber GTG *ioZf

r ADI GTG yio^ ADI

3039 0.00 -0.08 0.00 0.46
1302 O.83 -5.16 0.54 -8.16

1203 0.15 3.01 0.13 5.77
107^ -0.65 0.35 -0.42 0.88

794 0.10 -2.01 0.11 -1.41
670 0.13 -1.90 0.22 -2.25

425 -0.86 -7.67 -0.77 -10.9
310 0.77 7.64 0.64 34.3

224 0.37 -6.16 0.28 -4.74

a. Reference 6.



is general "then it should make it easier to decide which model 

provides a better description of the effect.
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CHAPTER 7

A GENERAL TWO-GROUP MODEL CALCULATION ON (+)-(3R)-METHYLCYCLOHEXANONE

7.1 Introduction

After the bromochlorofluoromethane calculation, chosen for its

simplicity, it was decided to study 3-niethylcyclohexanone. This
1

molecule’s Raman optical activity spectrum has been measured and is 

very rich in effects (Figure 7.1). The molecule contains a carbonyl

and a methyl group - both very interesting from the viewpoint of
1-3

Raman optical activity. Although no directly applicable force field

was at hand, a thorough normal coordinate analysis of cyclohexanone
4

itself was available, whose force field could be adapted for the 

methylated molecule. This adaptation, unfortunately, was not very 

successful. Nevertheless, the path has been paved for the future when 

a good, reliable force field has been developed.

7.2 The Normal Coordinate Analysis of 3-Methylcyclohexanone

7.2.1 Molecular Geometry.

The molecule 3-mfethylcyclohexanone in solution is known to exist
3

predominantly in the equatorial conformation. Hence the calculation 

was restricted to this conformation (Figure 7*2).

As a slightly better alternative to obtaining the molecular 

geometry by taking measurements from a model, the molecule (in the

equatorial conformation) was subjected to a molecular mechanics cal-
6

culation. The results of this calculation, in the form of cartesian 

coordinates referred to principal inertial axes, are given in Table 

7.1. The numbering used is shown in Figure 7.3*
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o
• Figure 7*2. The Equatorial Conformation of (+)-(3R)

Methylcyclohexanone.

<2o

Fi’gure 7.3* The Atom Numbering System for 3-Methyl-
cyclohexanone.



Table 7*1* The Principal Cartesian Coordinates of* (+)—(3P)~ 
Methylcyclohexanone

Atom No. X nm Y nm Z nm

1 -0.02589 0.11697 0.22327
2 0.01024 0.04783 0.12676

3 0.03253 0.10906 -0.00968

4 0.14037 0.11615 -0.02665

5 -0.00798 0.21068 -0.01042

6 -0.03191 0.02769 -0.12345
*

7 -0.14056 0.02845 -0.10909

8 -0.00152 0.08795 -0.26188

9 -0.03778 0.19113 -0.26434

10 0.10660 . O.O858I -0.27843

11 -0.05228 0.02871 -0.33357

12 0.01767 -0.11784 -0.11291

13 0.12695 -0.12079 -0.11913

14 -0.02244 -0.17656 -0.19618

15 -0.02899 -0.17921 0.02028

16 0.00141 -0.28424 0.02612

17 -0.13836 -0.17593 ' 0.02449

18 0.02864 -0.10155 0.14001

, 19 0.13595 -0.12146 0.14754

20 -O.OI856 ' -0.13631 0.23250

68



7.2.2 Internal Coordinates

The definitions of the internal coordinates and the nomenclature 

of the resulting force constants not involving the carbonyl group 

follow "Reference 7 closely. Those involving the carbonyl group are 

the same as given m  Reference 4. The 67 internal coordinates chosen 

are illustrated in Figure 7.4. The set comprises 20 bond stretch 

coordinates V  )> 39 valence angle bend coordinates

), 1 out-of-plane bend coordinate 

( f? ), and 7 torsion coordinates ( T ) .  The torsions were defined 

as the sum of all the possible torsion coordinates about the centre 

bond involved.

#
7.2.3 The Molecular Force Field

All the non-zero force constants are shown in Table 7-2. The 

major part of the force field was obtained from that of cyclohexanone 

given in Reference A. The remainder, involving new coordinates brought 

about by, the presence of the methyl group, was obtained from a general 

valence force field for hydrocarbons given in Reference 7.

7.2.4 Results of the Normal Coordinate Analysis

The normal mode frequencies predicted by the normal coordinate

analysis are shown in Table 7»3 along with the potential energy
8distribution coefficients (see Appendix) of the major contributors 

in each mode.
Table 7*4 shows the measured Raman and infrared band frequencies. 

The laser spectrometer used for the Raman frequencies has been des —
9

cribed in.the literature. An internal calibration procedure was carried 

out by illuminating the spectrometer with a neon lamp. The atomic 

transition frequencies of neon are known exactly and these were used
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a.

as

v+7

b.

Figure 7*4* The Internal Coordinates of 3-Methylcyclo- 
hexanone.
a. Coordinate Type
b. Coordinate Number



Table 7.2. Values of the 
Cyclohexanone

Force Constants for 3-Methyl-

Type Value 
m  DA0"*

Type Value 
no DA0'1

Diagonal H xU\ 0.008
Stretch

H-v (p) 0.093
K«i [«) 4. 685 ^TU) 0.093
Kdcp) 4.610 0.657 *
^4 (KJ 4.533 H * 0.540 *
Kv 9.723 H |3 0.645 *

4.564 H </, 1.084 *
H 12. t f 4.186 H r 0.024 *
K atV) 4.136 Interaction
K^cp1) 4.337 * Stretch-Stretch
Krî vi) 4.337 * 0.006
Ks 4.588 *

*v 0.101
5* 4.387 * Fr 0.043 *
K r 4.699 * Stretch-Bend
Bend •̂C.40 0.417
HgtoO 0.554 0.328
K$t?) -0.567 0.079

H S(*) 0.579 0.417
H * [Oil O.628 ^ ft*- 0.417
H ̂4[J) 0.679 Bend-Bend

1.068 y I* -0.021

H 40 c p 1.024 y vis' 0.012

Hoott) 1.024 y+vt 0.127
H * 1.111 yy, -0.005

H * 0.919 F y uj -0.031

Hp 0.534 F yoo
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Table 7«2. (cont.)

Type Value
nD/T1

F

F
'ihj

p/i

F ii'

F cidt

F.V

K V

»«■
F

-0.052 

-0.012 * 

0.012 * 

-0.041 * 

-0.014 * 

-0.025 * 

0,002 * 
0.009 * 
0.002 * 

0.009 * 

0.049 * 
-0.052 *

* Denotes force oonstant taken from Reference 7 . 
The rest are from Reference 4*



Mode
No.

1

2

3

4

5

6

7
8

9 
10 
11 
. 12”

13

14 

13 
16
17
18 

19 
•20 
21 
22 

23 
22,
25
26

Table 7.3. Calculated Vibrational Frequencies and Potential 
Energy Distribution of 3-Methylcyclohexanone

"Wavenuraber Potential Energy Distribution

2967 5(29) 8(30), 7(19), 8(20)

2965 5(19) 6(19), 7(29), 8(30)
2963 9(52) 10(47)
2963 9(15) 10(18), 11(67)

2943 3(49) 4(48)
2920 1(47) 2(46)

2905 12(80

2900 5(33) 6(31), 7(15), 8(12)

2899 5(18) 6(17), 7(30), 8(28)

2881 9(32) 10(33), 11(32)

2877 3(49) 4(50)

-2855“ 1(50) 2(49)

1711 20(75

1497 21(64 , 22(12)

1468 22(13 , 25(19), 26(45)

1465 25(37 ,27(52)

1463 21(11 , 22(54), 26(13)

1436 23(41 , 24(35)

1434 23(40 , 24(41)

1402 13(11 , 33(12), 34(15), 35(13)

138O 18(12 , 31(19)

1360 25(15 26(13), 27(17), 28(15), 29(24), 30(17)

1343 38(12 40(13), 41(16)

1319 38(14 39(19)

1303 36(10 37(13)

1272 . . 35(10), 46(13), 47(15)



Table 7•’5. (cont.)

Mode
No.

Wavenumber Potential Energy Distribution

27 1257 33(12), 48(20), 49(25)
28 1236 16(19), 17(26), 53(14)
29 1224 42(11), 43(12)
30 1207 16(11), 38(13), 45(12)
31 1142 13(14), 18(17)
32 1108 31(18), 32(13), 46(13)
33 1107 41(11)

34 1091 19(43)

35 1045# 14(33), 15(16), 19(15)
36 979 13(13), 15(13), 30(18)

37 964 28(21), 29(14)

38 920 18(19)

39 877 ' 14(22), 15(27)

40 848 47(16)

41 830 14(11), 43(H), 45(11)

42 819 13(20), 16(17), 17(19)

43 743 13(14), 16(17)

44 632 59(33)

45 . 511 56(11), 57(23), 58(16).

46 495 51(14), 58(15), 59(13)

47 44 5 50(10), 60(24)

48 425 54(16)

49 382 54(27)

50 315 55(34), 56(31)

51 243 50(13), 51(16), 56(13), 63(15)

52 147 53(14), 66(20)

53 133 64(14), 65(14), 67(17)

54 110 67(82)
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Table 7«4« The Measured Raman and Infrared Spectra of
3-Methylcyc1ohexanone

Raman Infrared

Wavenumber Strength Wavenumber Strength

2957 s 2954 s
2929 s 2927 s

2914 ■ m(sh)
2897 s

.2882 w
2869 s '2870 m
2850 s(sh) 2850 w
2826 s(sh) 2828 w
2737 w
2730 w
2711 w
2647 W
2628 w .
2602 w

' 2541 W
2497 W
1739 w
1716 s(sh) 1717 m
1707 s 1711 m
1677 w
1666 w
l67)8 w
1610 w
1459 s 1456 m
1451 m(sh) 1447 m
1428 m 1427 m
1421 m 1420 m
1381 w 1377 w
1361 m 1360 w

1345 w
1335 m 1334 v
1317 “ m 1317 w
1304 m 1303 w
1279 w(sh) 1275 m
1268 m
1252 w 1251 w
1225 m 1225 m
1206 m 1206 w
1187 w
1177 w
1123 s 1119 m

1115 • m
1108 m

1092 w(sh)
1081 m 1080 m
IO56 m IO56 m
1044 m 1045 m
1023 w 1023 w
969 m 970 m
961 m 960 m
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Table 7*4- (cont.)

Hainan Infrared

Wavenumber Strength Wavenumber Strength

946 m 946 m
913 w

886 m 886 m
873 w
867 w 866 m
824 m

818 m
804 w(sh)
782 w 782 w
752 m 751 m
743 m(sh) 745 m(sh)
672 m 672 w
641 m 641 • m
547 w 546 w
514 m 514 m
490 m 490 m

462 w
439 w ' 439 m
427 w 427 w
398 m
388 m 386 m

369 w
562__ w 363 ’ ’ w
344 w 345 w
298 w 299 w
258 w 259 w
142 w

(sh) denotes shoulder
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l.0 calculate reliable Raman frequencies. Frequencies measured below

about 500 cm-1 are slightly more inaccurate than those above due to

the paucity of good calibration marks in this region. Overall, the

Raman frequencies are probably accurate to about ±1 cm-1, perhaps

slightly greater than this for the lower frequencies. The infrared

spectrum was measured (by the infrared service at this department)

on a Perkin-Elmer 58O spectrometer. The results are of similar

accuracy to those in the Raman case.

Table 7*5 compares the observed and calculated frequencies.

The more obvious combination/overtone bands have been omitted but

some undoubtedly remain and thus complicate the comparison. As this

table shows, the agreement between observed and calculated frequencies *

is not startling. There is, however, a region from about 400-1700 cm"T 

in which the agreement is passable and it is only for this range that 

we will compare observed and calculated circular intensity differences. 

This is not too restrictive since Raman optical activity'is not ob

served with carbon-hydrogen stretching vibrations. Even in the trun

cated range several rogue calculated bands are evident - noticeably 

those at 1497 and 1402 cm

7.3 The Rayleigh and "Raman Optical Activity Calculations

7.3.1 The Bond Polarizability Data
Figure 7.5 shows the numbering used for the 20 bonds of the

molecule. The bond polarizability data are given in Table 7*6.

These data were taken from several sources: bond polarizability studies
10 11

of acetone (for bonds 5-8,16,17,20); cyclohexane (for bonds 1-4,12-15,
12

18); and ethane (for bonds 9-11,19)* The isotropic bond polarizabilities
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Table 7*5» Comparison of Observed (Raman) and Calculated
Vibrational Frequencies of 3-Methylcyclohexanone

Calc. Obs. Calc. Obs. Calc. Obs,

Wavenumbers

2967 2957 1272 1268 672
2965 1257 1252 632 641
2963 1236 547
2963 1224 1225 511 514

2943 1207 1206 495 490
2920 2929 1187 445 438

2905 1142 1176 425 426

2900 ' 1108 1123 397

2899 2897 1107 382 387
2881 1091 1092 361

2877 2869 1081 ‘315 ,343

1711 1707 1055 297

1497 1045 1044 243 258

1468 1023 147 142

1465 1459 979 967 133

1463 1451 964 961 110

1436 1428 920 946

1434 1421 886

1402 877 872

1380 1381 848 867

1360 1361 830 824

1343 1355 819 804

1319 1317 782

1303 1304 752

1279 743 745
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Figure 7*5» The Bond Numbering System for 3-Methyl- 
cyclohexanone.



Table 7*6. Bond Polarizability Data for 3-Methylcyclohexanone

Bond c& A A #

V 10^, nin-5 *102 • nm2 < 10 ̂  nm^ VlO2 1

1 0.64 1.30 0.32 2.20
2 0.64 1.30 0.32 2.20

3 0.64 1.30 0.32 2.20

4 0.64 1.30 0.32 2.20

5 0.64 1.13 0.11
{ ..

1.25
6 0.64 1.13 0.11 1.25

7 0.64s 1.13 0.11 1.25
8 0.64 1.13 0.11 1.25

9 0.64 1.13 0.11 2.04
10 0.64 1.13 0.11 2.04

11 O.64 1.13 0.11 2.04

12 0.64 1.30 0.32 2.20

13 0.51 0.92 0.05 1.46

14 0.31 0.92 0.05 1.46

15 0.51 0.92 0.05 1.46

16 0.31 ’ 0.99 0.18 2.78

17 0.51 0.99 0.18 2.78

18 0.51 0.92 0.05 1.46

19 0,51 0.99 0.18 2.78

20 1.39 1.83 1.20 2.80
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for the Rayleigh case and the polarizability anisotropies are from 

Reference 13. At the moment, this scavenging procedure is the only 

means available for a molecule as large as this one.

The carbonyl group poses a problem. It is obvious that the assump

tion of a cylindrical bond in this case is very poor. The acetone 

study, from which the carbonyl data was taken, used the next order 

bond polarizability approach so that each bond was completely 

anisotropic giving two values for the anisotropy, - flCj and 

corresponding to the two transverse polarizability elements ôj, and 
oCjd. It turns out that the use of either value of (oC„- 0^) or 

in the calculation does not affect the sign of any of the predicted 

circular intensity differences and so the arbitrary choice of the 

larger value was made, fortunately, the values given in Reference 10 

for the two derived anisotropies are equal.

7.3.2 The Calculated Circular Intensity Differences of (+)-(3R)«
Methylcyclohexanone

Table 7.7 displays the calculated polarized and depolarized 

circular intensity differences for all the normal modes of the molecule 

The observed depolarized circular intensity difference spectrum 

(figure 7.1) is expressed in tabular form in Table 7,8. The dimension- 

less magnitude of each effect is quoted along with the Raman band 

or bands producing it. These former quantities were obtained by simply 

measuring peak heights (in terms of photon counts, Figure 7.1) of 

respective bands in the depolarized sum and difference spectra and 

taking their quotient. The information in Tables 7.7 and 7.8 is 

synthesised in Table 7.9 to give a comparison of observed and calcu

lated results for the region 400-1700 cm"1.

Useful criticism of the results is made difficult by the



Table 7»7« The Calculated Polarized and Depolarized Circular
Intensity Differences of (+)-(3R)-Methylcyclohexanone

Normal Polarized
CIDMode

Navenumber

2967

2965
2963

2963

2943
2920

,2905
2900
2899
2881
2877

2852

1711

1497
1468
1465

1463

1436

1434
1402
1379
1360

1343

1319

1303

^  10 ̂

0.02
0.40

- 0.81

0.13
1.38

-1.54
- 0.06
0.30

- 0.11
0.00

0.01
-0.02

-0.15

-3.75
8.01

2.84
-1.10

-0.44

-1.28

-1.42

0.37

0.19

-0.13

5.92

-0.86
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Depolarized
CID

X 10 ̂

0.01 

0.24 
- 0.48 
0.07; 
0.82 

-0.95 
. - 0.26 

4.10 

-0.07 
0.00 

0.07 

-0.07 

-0.15 
- 2.68 

4.83 
1.66 

- 0.66 
- 0.28 

-1.37 
-0.92 

0.24 
0.20 

-0.07

3.46 

-0.53



Table 7*7. (continued)

Normal
Mode

Wavenumber

1272

1257
1236

1224

1207

1142
1108

1107

1091

1045

979
 964---

920 

877 
848 

830 

819 

743 
632 

511 

494 

' 445

425 
382 

315 

243

Polarized
CID

>C 10 k

-8.89
-1.26

0.60

-1.46

-1.13
-8.23

O.64

-1.12

2.10

-13.5
-0.48
-3-28

-3.25

5.34

-0.34

-0.95
8.21

-0.50

-0.20

-1.26

-2.51

0.33
4.81

6.14

4.49

O.63
81

Depolarized
CID

x i o v

-7.34;

-0.77

0.35
-2,29*
-0.67: 

-4.84 

0.47 
-1.21 

, 1.40 

-20.9 

-0.29 
-3.06 

-4.29 

8.77 
-0.52

-3.3s

5*44

-1.65

-0.54

-1.39
-1.68

0.25
5.28

5.47

2.69

0.37



Table 7*7* (continued)

Normal
Mode

Wavenumber

Polarized 
CID 
10 ̂

Depolarized 
CID 
# 10 *»■

147

133
110

3.59
-0.30

2.61

2.09

-0.17
1.52
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Table 7*3. Observed Depolarized Circular Intensity Differences
of ( + )-(3R)-Methylcyclohexanone

Observed
CID

Wavenumber

1459

1425

1327

1311
1265

1240

1112

1094
1076

1059

1029
968

942

825

752

648

630

539

513

491

465

433

423

412

400

Associated 
Raman Band(s) 
Wavenumber

1459

1427

1334

1317
1304
1268

1252

1110

1092

1081

1056
1045
1023

969
961
946

824
818
752

640

620

547

514
490

461

439

427
sh on band 
at 398
398

CID

0.21 

-0.31 

-0.73 
-0.28 

-0.30 

-0.50 

-0.59 
-1.50 

-0.95 
- 0.40 
-0.3 4 ; 
0.56 

-0.58 

0.38 

0.77 
0.83 

-0.18 

-2.29 
-1.11 

0.93 
1.00 

0.14 

-0.53 
0.30 

O.63
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Table 7*8. (continued)

Observed Associated CID
CID Raman Band(s) X  10'̂

Wavenumber Wavenumber

385 388 -0*47

300 298 -0.66

276 sh on band -2.00 .
at 258

262 258  ̂ -2.29 V

238 -2.00
sh on band

22/+ at 238 -2.00

145 142 +re

112 obscured +ve
by. Rayleigh

100 wing +ve
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Table 7.9. Comparison of Observed and Calculated Depolarized 
Circular Intensity Differences (400-1700 cm”1 ) of 
(+) - (3D) -Me t hy 1 cy c 1 oh ex anone

oserved Associated Calculated ObservedCID Observed Raman CIDrenumber Raman Band(s) Wavenumber 
Wavenumber * 10Zv

1459 1459 1465
I463

2.1
3-425 1427 1436

1434
-3.1

1327 1334 1343 r7.3
1311 1317

1304
1318
1303

-2.8

1265 1268 1272 -3.5
1240 1252 1257 -5.0
1112 1110 ■ 1108

1107
-5.9

1094 1092 1091 -15.0
1076 1081 -9.5

1059 1056
1045 1045

-4.0

1029 1023 -3*4

.96 8 969
961

979
964

5.6

942 ,946 920 -5.8

825 824 
■ 818

830
819

3.8

752 752 743 7.7

648 640 8.3

630 620 632 -1.8

539 547 -22.9

513 514 511 -11.1

491 490 494 9.3

465 461 10.0

433 439 445 1.4

423 427 425 -5.3

412 412 3.0

400 ' 398 382
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6.3

Calculated
CID

^ 1 0 4

1.7
-0.7
-0.3
-1.4
-0.1

3.5
-0.5
-7.3
-0.8

0.5
-1.2
1.4

r!3.5

-0.3
-3.1
-4.3
-3.4
5.4

-1.7

-0.5.

-1.4

-1.7

' 0.3 

5.3

5-5



unreliability of the vibrational analysis. Overall, the agreement 

between observed and calculated effects leaves a lot to be desired.

One significant point, though, is that the success of the calculation 

becomes poorer as we move to lower frequencies. Above 1200 crn*"-̂-,

5 out of 6 effects are predicted with the correct sign. Below 1200 cm-1, 

however, tne statistic is a miserable 7 out of 1A correct. One might 

expect poor results at lower frequencies for two reasons. First and 

foremost is that at lower frequencies the normal modes become much 

more complicated and the unreliability of the normal mode calculation 

is more likely to be significant. The second reason is that at lower 

wavenumbers the contribution to normal modes of internal coordinates 

which involve the carbonyl group becomes greater. The completely 

anisotropic polarizability of the carbonyl group produces effects 

not accounted for in the theory, as mentioned before. Nonetheless, 

there are significant failures: notably the prediction of two negative 

effects for the couplet observed at 950 cm“ .̂ The measured Raman 

spectrum indicates that the couplet is associated with 3 bands. The 

normal coordinate analysis, however, predicts only 2 bands in this 

vicinity so it is not surprising that no success is registered here.

We must also note the failure to predict the massive effects at 1334 

and 1070 cm-1. Again, Ne can point to the shortcomings of the normal

coordinate analysis.
On the whole, at must oe said that the results are inconclusive.

We take heart at the relative success at higher wavenumbers and must 

await a thorough, full-blooded normal coordinate study of this very

important molecule.
The polarized and depolarized Rayleigh circular intensity

-6differences of ( + )-(3R)-methylcyclohexanone are 0.25)(10“ and
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0.11 * 10’"-7’ , respectively. At the present time it is not possible 

to measure Rayleigh optical activity due to the presence of the 

high background intensity of the Rayleigh wing. There seems to he 

no obvious connection between the calculated Rayleigh and Raman 

optical activity.
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CHAPTER 8

RAMAN OPTICAL ACTIVITY SPECTRA OF RELATED MOLECULES

In addition to the main hody of research involving the two-

group model some work was carried out in. which the spectra of

some similar molecules were analysed to establish stereochemical
1,2correlations. The results obtained have been published and this 

chapter consists of copies of these papers.



1164 J.C.S. Perkin II
>

Raman Optical Activity of Menthol and Related Molecules
By L a u re n c e  D . B arron  * and Brian  P. C lark, Chemistry Department, The University, G lasgow  G 12 8Q Q

Raman circular intensity difference spectra betw een  8 0  and 2 0 0 0  c m - 1 of ( -) -m e n th o l, ( -) -m e n th y la m in e ,  
( )-menthylI chloride, ( - ) - is o p u le g o l, ( -) -m e n th o n e , (-)-3 ,3 -d im e th y lcy c lo h ex a n o l, (+ )-p u le g o n e , ( - ) - l im o n -  
en e, and (+ )-ca rv o n e  are presented. Several stereochem ical correlations are pointed out involving, in particular, 
bands characteristic of the isopropyl and pam -dim ethyl groups, methyl torsions, and ou t-o f-p la n e  oiefinic hydrogen  
deform ations.

A s m a l l  difference in the intensity of Raman scattering 
from chiral molecules in right and left circularly polarized 
incident light provides a measure of vibrational optical 
activ ity .1"11 At this early stage in the development of 
the subject it is of interest to compare the Raman 
optical activity spectra of series of related compounds to 
see what common features emerge. Here the spectra of 
m enthol and some related molecules are presented. This 
article is a continuation of the series started by refs. 7 
and 8, where a more detailed introduction to Raman 
optical activ ity  can be found.

EXPERIMENTAL

T he in s tru m e n t used has been described previously.2-7 
T he sam ples were stud ied  as near sa tu ra ted  solutions or 
n e a t liquids. T he instrum en ta l conditions were as follows: 
laser w aveleng th  488.8 nm , laser pow er 3 W , slit w idth  
10 cm  S scan speed 1 cm"1 m in b As before,2,7 only the  
depolarized  R am an  circular in tensity  sum  (72R -f 72L) and 
difference (7tR — 7fL) spectra  betw een 100 and 2 000 cm"1 
w ere recorded , th e  difference spectra being presented on a  
scale th a t  is linear w ith in  each decade range b u t logarithm ic 
betw een  decade ranges. S and W  indicate strongly and  
w eak ly  polarized  bands; all o th e r bands are effectively 
depolarized .

DISCUSSION

Figures 1— 9 show the depolarized Raman circular 
intensity sum and difference spectra of, respectively, 
(—)-menthol, (—)-menthylamine, (—)-m enthyl chloride, 
(—)-isopulegol, (—)-menthone, (—)-3,3-dimethylcyclo- 
hexanol, (-f)-pulegone, (—)-limonene, and (-f- )-carvone.

The first three Raman circular intensity difference 
(c.i.d.) spectra in the region 1 100— 1 400 cm-1 are very 
similar; neglecting an extra positive c.i.d. at 1 210 cm"1 
in Figure 3, the positions and signs of the c.i.d.s are the 
same although relative intensities are variable. This 
correlation is gratifying because (—)-menthol, (—)- 
menthylamine, and (—)-menthyl chloride have the same 
basic skeletons with the same absolute configurations 
and are expected to have similar conformations. 
Definite band assignments in this spectral region are 
difficult due to the large number of CH and CH2 deform
ation and C~C stretching vibrations which contribute 
here. However, the isopropyl group, which is present 
in all three molecules, gives rise to group frequencies in 
this region; two bands, at ca. 1 170 and 1 140 cm"1, 
arise from an interaction between the rocking modes of 
the two isopropyl m ethyl groups together with C~C 
stretches.12 These bands are seen most clearly in
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F ig u re  1 The depolarized Raman circular in tensity  sum and difference spectra of ( — )-menthol in methanolsum
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F igure 2 The depolarized Kaman circular intensity sum and difference spectra of neat ( —)-menthylainine

( —)-m enthyl chloride (Figure 3) at 1 175 and 1 145 cm-1, 
and are associated with a c.i.d. couplet. This couplet, 
with the same sign, is also present in (—)-menthylamine 
(Figure 2) and in (—)-menthol (Figure 1), although in 
the last case the higher frequency component has all 
but disappeared. The appearance of a couplet m ay be 
due to a mechanism, described elsewhere,3,7,8 which 
involves the coupling of two local group vibrational 
modes (in this case the m ethyl rocking deformations) by

a chiral perturbation. Lending strength to this assign
ment is the absence of any such couplet in the c.i.d. 
spectrum of (—)-isopulegol (Figure 4) in which the iso
propyl group has been replaced by an isopropenyl group. 
Features appearing in the same region in the Raman 
c.i.d. spectrum of (—)-menthone (Figure 5) also probably  
originate in the isopropyl m ethyl rocking vibrations, 
but now the stereochemical environment of the isopropyl 
group is rather different on account of the adjacent ŝ >2-

Cl.'
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F ig u re  4 The depolarized Raman circular intensity sum and difference spectra of neat ( —)-isopulegol

dimethyl modes which are centred around a quaternary 
carbon atom. In (—)-3,3-dimethylcyclohexanol (Figure 
6), for example, the two gem-dim ethyl bands are 
probably those at just under 1 200 cm-1 and at I 175 
cm-1: both show a positive Raman optical activity. 
This is balanced by a negative effect associated with a 
Raman band at 1 240 cm-1 which could originate in 
stretching of the C~C bonds around the quaternary 
carbon atom. Previously published Raman c.i.d. spectra

hybridized carbon atom in the ring, so no direct cor
relations with the first three examples can be made.

The gem-dimethyl group also gives rise to two 
characteristic bands at slightly higher frequencies than 
the isopropyl group.12 The Raman optical activity  
spectra indicate that the situation is more complex than  
the isopropyl case with both bands sometimes producing 
c.i.d .s of the same sign. This is probably due to the 
increased participation of C~C stretching in the gem-
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F ig u r e  6 The depolarized Raman circular intensity sum and difference spectra of (-)-m enthone m methanol
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of camphor and related molecules 7 contain additional 
exam ples, although these were not pointed out at the 
tim e: camphor itself, for instance, shows a c.i.d. couplet 
associated w ith the Raman bands at 1 190 and 1 175 
cm-1 which were assigned in an earlier i.r. study of 
camphor to the gem-dim ethyl group.13

Several of the Raman c.i.d. spectra presented here 
show large effects in the 1 300—1 400 cm"1 region.

Some of these features almost certainly originate in  CH 
deformations at tertiary carbon atom s.12 The large 
negative c.i.d. at 1 345 cm"1 in (-f)-pulegone (Figure 7) 
might be an example: this molecule contains only one 
R3C-H group. It is worth noting that a large negative 
c.i.d. occurs at 1 340 cm"1 in ( + ) -3-m ethylcyclohexanone 
(Figure 7 of ref. 7) which might have a similar origin.

The Raman c.i.d. spectrum of (—)-3,3-dim ethylcyclo-
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F ig u r e  7 The depolarized Raman circular intensity sum and difference spectra of (+)-pulegone in methanol
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hexanol (Figure 6) shows a number of strong features 
above ca. 800 cm-1. Some of these effects, together with 
the effects in the other molecules which we have not 
assigned, are likely to be due to CH2 wagging, twisting, 
and rocking modes. These vibrations are variable in 
frequency due to  the ease with which they couple with 
other m odes (CH2 wagging and twisting are generally to 
be found in the region 1 150— 1 350 cm-1 and CH2 
rocking at 700— 1 100 cm-114).

Chiral organic molecules containing methyl groups 
often show large optical activity in broad, weak, de

polarized Raman bands below ca. 300 cm"1 that originate 
in m ethyl torsion vibrations.15 The frequencies of 
m ethyl torsion modes can be very variable so band 
assignment can be difficult. However, the assignment 
of torsion modes of m ethyl groups attached to saturated 
ring systems is reasonably certain. In m ethylcyclo- 
hexarie, the m ethyl torsion occurs at ca. 237 cm"1,18 so 
the broad, weak, depolarized band at ca. 260 cm"1 in the 
Raman spectrum of (+)-3-m ethylcyclohexanone (Figure 
7 of ref. 7), which shows a large negative c.i.d., almost 
certainly originates in the m ethyl torsion. The environ

v>c3Oo 10*co wssWWWww
oXLCL

20040060080010001200140016001800

F ig u r e  9 The depolarized Raman circular intensity sum and difference spectra of neat ( +  )-carvone
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m ent of the m ethyl group attached to the ring in (—)- 
m enthone (Figure 5) should be very similar to that in 
(4-)-3-m ethylcyclohexanone. The large negative c.i.d. 
in a weak Ram an band in (—)-menthone at ca. 260 cm-1 
(which merges w ith a large negative effect in a much 
stronger Raman band at slightly higher frequency) 
correlates w ith  the negative effect in (+)-3-m ethyl- 
cyclohexanone since the two molecules have the same 
absolute configuration in the region of the ring m ethyl 
group. The weak, depolarized Raman bands at ca. 260 
cm-1 showing large positive c.i.d.s in (—)-menthol 
(Figure 1) and (—)-m enthylam ine (Figure 2) might also 
originate in torsions of the ring m ethyl group. The 
Raman band shoulders at ca. 280 and 230 cm-1 showing 
sm all positive c.i.d.s in (—)-m enthyl chloride (Figure 3) 
m ight have similar origins. The corresponding methyl 
torsion Raman band in (—)-isopulegol (Figure 4) might 
be that at ca. 260 cm-1, which again shows a positive 
c.i.d. The Raman optical activity spectrum of (-—)- 
lim onene (Figure 8) shows a large negative effect associ
ated w ith a broad, weak, Raman band at ca. 250 
cm-1; that of (-f-)-carvone (Figure 9) shows a large 
positive effect associated with a Raman band of similar 
shape at the same frequency. These effects might 
originate in torsions of the isopropenyl m ethyl groups 
since the opposite signs correlate with the opposite 
absolute configurations of the structural features 
common to both molecules,15 and might be generated 
through an ‘ inertial ’ mechanism discussed elsewhere.17 
As m entioned above, the Raman band with a positive 
c.i.d. at 260 cm-1 in (—)-isopulegol (Figure 4) is assigned 
to  the torsion of the ring m ethyl group rather than to the 
isopropenyl m ethyl group. If this assignment is correct, 
the absence of correlatable optical activity in the torsion 
of the isopropenyl m ethyl group in (—)-isopulegol might 
be attributed to intramolecular hydrogen bonding 
(between the OH group and the 7r-electrons) holding the 
isopropenyl group in a very different conformation to 
that in limonene and carvone. Although this is specu
lative, it is worth noting that the i.r. spectrum of iso- 
pulegol in the OH stretching region indicates that 
intramolecular hydrogen bonding exists in a large 
proportion of the molecules.

It was m entioned above that CH deformations at 
tertiary carbon atoms, and also CH2 deformations, can 
show large optical activity, although the complexity of 
the Raman and Raman c.i.d. features in the appropriate 
spectral region can make it difficult to  extract useful 
stereochemical information. On the other hand, olefinic 
CH and CH2 deformations give rise to bands that are 
sufficiently well defined to be of diagnostic value in 
conventional i.r. and Raman spectroscopy,12,13 and we 
have found a number of examples of c.i.d.s in the 
corresponding Raman bands. Most of these are pre
sented elsewhere,18 but examples occur in two of the 
spectra presented here, (—)-limonene (Figure 8) and 
(_]_).carvone (Figure 9). The vinylidene CH2 out-of
plane, in-phase vibration in (—)-limonene is assigned to 
the strong, weakly polarized, Raman band at 888 cm

1169 1
(following an earlier assignment of an i.r. band at this 
frequency in limonene 13), which shows a small negative 
c.i.d. And at 885 cm-1 in the Raman spectrum of 
(-j-)-carvone a strong, weakly polarized, Raman band 
generates a small positive c.i.d. which correlates with the 
corresponding negative effect in (— )-limonene because 
in the two molecules the vinylidene CH2 groups are in 
equivalent stereochemical environments but with oppo
site absolute configurations. The out-of-plane olefinic 
CH deformation of a trisubstituted double bond occurs 
in the region 790— 840 cm-1.12 There are several clear 
examples elsewhere of Raman c.i.d.s associated with this 
mode.18 This band occurs at 802 cm-1 in limonene;13 it 
is present in Figure 8 as a shoulder on a Raman band at 
slightly lower frequency, and is associated with a positive 
c.i.d. There is a hint of a small negative effect at the 
same frequency in (-f)-carvone (Figure 9), although a 
direct correlation between limonene and carvone is not 
expected on account of the adjacent carbonyl group in 
the latter.
Although we will not speculate on their origins, other 

definite Raman optical activity correlations can be seen 
in the spectra of (— )-limonene and (+)-carvone. Note 
particularly the region at ca. 510 cm-1 where three 
Raman bands at almost identical frequencies in the two 
molecules produce the same c.i.d. pattern but with 
opposite signs; from the lower frequency end the 
relative signs in (— )-limonene are positive-negative- 
negative. The additional Raman c.i.d. structure shown 
by (-j-)-carvone between ca. 550 and 720 cm-1 could 
originate in carbonyl deformation vibrations.3,7 Also 
worth mentioning are the effects at ca. 1 010, 1 250, and 
1 325 cm'1, all of which have opposite signs in the two 
molecules.
With the exception of (— )-isopulegol and (— )-3,3- 

dimethylcyclohexanol, all of the absolute configurations 
shown were taken from ref. 19. That of (— )-3,3-di
methyl cyclohexanol was provided by Professor H. S. 
Mosher, and that of (— )-isopulegol was deduced by 
assuming that the positive Raman optical activity in 
the band at ca. 260 cm-1 in both (— )-menthol and (— )- 
isopulegol originates in the torsion of the ring methyl 
group (other features at low frequency also correlate). 
Because of an error, the absolute configuration of (— )- 
menthyl chloride shown in Figure 3 is incorrectly assigned 
to the (+)-isomer in ref. 19. This was noticed because 
it is clear from the correlation of many Raman optical 
activity features in Figures 1 and 3 that (— )-menthol 
and (— )-menthyl chloride must have the same absolute 
configuration. This indicates that correlations of abso
lute configuration from Raman optical activity data are 
reliable.

W e are grateful to  Professor H . S. M osher for th e  sam ple 
of ( _ ) -3 (3-dim ethylcyclohexanol, and  to  th e  S.R .C. fo r an  
equipm ent g ran t and  a  R esearch S tuden tsh ip  to  B. P . C.
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Raman Optical Activity of Pineries, Carenes, and Related Molecules
By L aurence D. B a r ro n /  and Brian P. C lark, Chemistry Department, The University, Glasgow G12 8QQ

Raman circular intensity difference spectra between 80 and 2 000 cm "1 of (+ )- and (-)-a -p inene , (-)-(J-pinene, 
( )-cedrene, (+)-car-3-ene, ( + )-car-2-ene, (-)-caryophyilene, and (-)-{3-bourbonene are presented. A stereo- 
c  emical correlation in bands originating in skeletal modes of the tw o pinenes is pointed out. Other features noted 
include effects in bands characteristic of the ^em-dimethyl group and out-of-plane olefinic hydrogen deformations.

V ib r a t io n a l  optical activ ity  spectra, obtained using the 
R am an circular intensity difference (c.i.d.) technique, of 
some pinenes, carenes, and related molecules are pre
sented and compared to  see what common features 
emerge. The basic references, together with the experi
m ental details, are given in the preceding paper.1

DISCUSSION

Figures 1— 7 show the depolarized Raman circular 
in tensity  sum  and difference spectra of, respectively, 
(+ )~  an<l  (—)-a-pinene, (—)-(3-pinene, (—)-cedrene, (+ ) -  
car-3-cne, (+)-car-2-ene, (—)-caryophyllene, and (—-)-{3- 
bourbonene. The complete Raman c.i.d. spectrum of 
(—)-a-pinene has been published previously by Hug 
et al.,2 and is virtually identical with that shown here.

B y  exam ining the Raman spectra of 13 molecules 
which all have pinane-type skeletons, Freeman and 
Mayo have discovered seven common bands between 
1 100 and 375 cm"1 which they attribute to skeletal

vibrations.3 The frequencies of these bands are given in 
the Table. The spectra of two molecules in this series, 
a- and {3-pinene, are presented here (Figures 1 and 2) 
and it is interesting to compare the Raman optical

Seven p inane-type  skeletal frequencies (cm-1) identified 
b y  F reem an and  M ayo 3

1 082 ±  3 
852 ±  13 
822 ±  4 
758 ±  17 
656 ±  26 
472 ±  12 
387 ±  12

activity of corresponding skeletal modes. Of the seven 
Raman bands in the correlation only two, at ) 082 and 
656 cm-1, do not show significant c.i.d.s in both a- and 
(3-pinene. The statistically significant parts of the 
c.i.d.s in the remaining five bands have been shaded 
black. Comparing the spectrum of the (—)-enantiomer 
of a-pinene with that of (—)-[J-pinene, both molecules

x10x10
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V / c m -1

1200140016001800

F ig u r e  1 T he depolarized R am an circular in tensity  sum  and difference spectra of n eat ( +  )- and (- ) -a -p in e n e
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F ig ure  2 The depolarized Raman circular intensity sum and difference spectra of neat (—)-|J-pinene

having ' analogous ’ absolute configurations, we see that 
four of the five Raman c.i.d.s, at 387, 472, 758, and 
822 cm"1, have the same sign in the corresponding bands 
w hile the remaining one, at 852 cm'1, changes sign. It 
would be interesting to examine the Raman optical 
activ ity  of spectra of other pinane-type molecules to 
discover if the correlations persist.

Mayo and Freeman have also published a five-band 
correlation for the Raman spectra of cedrane-type 
m olecules.4 Unfortunately, in the spectrum of (—)- 
cedrene (Figure 3), only one skeletal mode, at 780 cm"1, 
which is strongly polarized and hence particularly

sensitive to artifacts,5 shows any significant Raman 
optical activity. It is worth noting that, due to the 
considerable size of molecules with the cedrane skeleton 
and the resulting com plexity of their Raman spectra, in 
order to compile the list of skeletal vibrations an in
tensity constraint had to be imposed in which the 
empirical selection was limited to the seven most intense 
bands in the spectrum 4 It may be that the Raman 
optical activity spectra of a series of related molecules 
could be used to identify bands of similar origin, should 
this tj'pe of study be undertaken in the future.

All the molecules presented here are unsaturated, and
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F ig u r e  3 The depolarized Raman circular intensity sum and difference spectra of neat (-)-cedrene
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F ig ure  4 The depolarized Raman circular intensity sum and difference spectra of neat (-{-)-car-3-ene

we have found that vibrations involving out-of-plane 
deformations of olefinic hydrogen atoms are consistently 
producing Raman optical activity effects. A tri
substituted double bond gives rise to an out-of-plane CH 
deformation in the region 790— 840 cm-1.6 This band is 
seen clearly at 820 c m 1 in the Raman spectrum of 
( +  )-car-3-ene (Figure 4) and generates a negative c.i.d. 
The corresponding Raman band in (-f  )-car-2-ene 
(Figure 5) occurs at 830 cm '1 and, although quite 
strongly polarized, its attendant positive c.i.d. is probably 
genuine. The opposite signs of the corresponding c.i.d.s 
in (4-)-car-3-ene and (+)-car-2-ene indicate that the

intramolecular environments of the olefinic hydrogen 
atoms in the two molecules are such as to induce enantio
meric chirality in the two deformations. In larger 
molecules it is difficult to  pick out these out-of-plane 
olefinic CH deformation bands. In the case of a-pinene 
(Figure 1), Freeman and Mayo eliminate tw o bands at 
820 and 845 cm'1 as being skeletal modes,3 leaving only  
the Raman band at just under 790 cm-1 as the candidate 
for the deformation. This shows a large Raman c.i.d., 
negative in the (—)-enantiomer. However, there is 
also a Raman band at 790 cm-1 in the spectrum of 
(—)-3-pinene which shows a hint of a negative c.i.d. If

c3Ou
co0JZ01 xio

2004006008001000 
V  /  c m " 1

1200140016001800

F ig u r e  5 The depolarized Raman circular intensity sum and difference spectra of neat (+)-car-2-ene
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F i g u r e 6 The depolarized Raman circular intensity sum and difference spectra of neat ( —)-caryophyllene

appropriate region: one of them, at 820 cm"1, is a 
skeletal mode 4 and shows no c .i.d .; the remaining two 
at 805 and 835 cm-1 both show c.i.d.s, positive and 
negative respectively. There are also three candidates 
in (—)-caryophyllene: at 825, 815, and 800 cm-1, the 
first and third of which generate negative Raman c.i.d.s. 
The out-of-plane, in-phase, vinylidene CH2 deformation 
occurs within the fairly small spectral range 885— 895 
cm"1.6 This narrower range helps to identify the band. 
The three molecules in this series with a vinylidene 
group give corresponding Raman c.i.d.s. This band 
occurs at 885 cm"1 in (—-)-(J-pinene (Figure 2) as the

these tw o bands are of similar origin, it could be that the 
Raman band at 845 cm-1 is not, in fact, a skeletal mode 
but the CH deformation and that the skeletal mode 
actually occurs at 875 cm"1, although this is outwith the 
range quoted by Freeman and Mayo. This band at 
875 cm-1 shows a negative c.i.d. in (—)-a-pinene and if it 
is the skeletal mode then all five of the Raman c.i.d.s 
associated with corresponding skeletal modes in (—)-<*- 
and (—)-p-pinene have the same sign. Cedrene and 
caryophyllene, which both contain a trisubstituted  
olefinic group, have complicated Raman spectra (Figures 
3 and 6). (—)-Cedrene shows three Raman bands in the

w w  w w  w
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F igure 7 The depolarized Raman circular intensity sum and difference spectra of neat (-)-p-bourbonene
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in the same region in (—)-a-pinene (Figure 1) is limited  
to a small positive feature at ca. 1 220 cm-1. The 
couplet centred at 1 170 cm-1 in the Raman optical 
activity spectrum of (—)-caryophyllene (Figure 6) could 
originate in the gew-dim ethyl group. Cedrene (Figure 3) 
also contains a gcm-dimethyl group but the com plexity  
of the Raman spectrum and the presence of three other 
methyl groups in the molecule make band assignments 
almost impossible in th is region.

The two (-j-)-carenes (Figures 4 and 5) reveal several 
Raman c.i.d. effects of uncertain origin which correlate 
in sign. Best exam ples are the positive effects common 
to  both molecules at ca. 1 050 cm-1, the negative effects 
at ca. 990 cm"1, and the large positive effects at ca. 
780 cm"1.

Finally, we should mention that chiral organic 
molecules containing m ethyl groups often show large 
optical activity in broad, weak, depolarized Raman 
bands below ca. 300 cm"1 that originate in m ethyl 
torsion vibrations,7-8 and this could be the origin of some 
of the large c.i.d.s at low frequency in several of the 
spectra shown here.

shoulder of a lower frequency skeletal band and exhibits 
a sm all positive c.i.d. The Raman band at 890 cm"1 in 
(—)-caryophyllene (Figure 6) shows a positive c.i.d. and 
that at 890 cm"1 in (-)-p -bourbonene (Figure 7) shows a 
negative one. All that m ay be done here is to point out 
these effects; the molecules are too complex for any 
stereochemical correlations to be made at present. 
Other exam ples of Raman c.i.d.s in these olefinic CH 
and CH2 deformations are given in the preceding paper.1

The isopropyl group produces two Raman bands at 
ca. 1 140 and 1 170 cm"1 arising from an interaction of 
the tw o m ethyl rocking modes together with C~C stretch
ing.6 Raman c.i.d.s have been observed previously in 
these m odes.1 The couplet present in the optical 
activ ity  spectrum of (—)-(J-bourbonene (Figure 7) 
associated with Raman bands at 1 145 and 1 170 cm"1 
could be due to the isopropyl group.

The gem -dim ethyl group gives rise to two bands of 
similar origin at slightly higher frequencies.6 The 
Raman c.i.d.s in these bands indicate that the situation  
is more com plicated than in the isopropyl group, pre
sum ably due to increased participation of C~C stretching. 
Take the cases of (+)-car-3-ene and (+)-car-2-ene  
(Figures 4 and 5). In the former there are two relatively 
isolated bands at 1 195 and 1 220 cm"1 which we assign 
to  the gcm-dimethyl group. These generate a Raman 
c.i.d. couplet. In ( +  )-car-3-ene, however, two new 
bands occur in the region of 1 250 cm"1 and one new one 
appears just above 1 200 cm"1. I h e  result is that the 
couplet observed in car-2-ene is replaced by two positive 
effects. Coupling to the higher frequency bands at 
1 250 cm"1 could be indicated by them showing negative 
c.i.d.s. W ith two molecules as similar as a- and (S- 
pinene one might expect the Raman optical effects due 
to  their grm-dimethyl groups to  be similar also. How
ever, the com plexity of the Raman spectra in the region 
of 1 200 cm"1 in these molecules precludes any meaningful 
comparison. A c.i.d. couplet in (—)-p-pinene (Hgure 2) 
centred at 1 240 cm"1 encompasses six Raman bands 
altogether. Perplexingly, the Raman optical activity

W e are grateful to  D r. D. H . G rayson for th e  sam ples of 
(-)-)-car-2-ene and  ( +  )-ear-3-ene, to  D r. A. L . P o rte  fo r th e  
sam ple of ( —)-caryophyllene, and  to  th e  S .R .C . fo r an  
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APPENDIX

NORMAL COORDINATE ANALYSIS
1,2

The theory of normal coordinate analysis is well established

and calculations have been made routine by the availability of
3,4

comprehensive computer packages. The series of programs used here
3

were written by Snyder and Schachtsneider and are in popular use.

We now present the principal equations in the theory these
1

programs use. The general approach is known as Wilson1s E-G- method.A** A*
This produces a description of a molecule’s normal modes in terms 

of its bond stretch and angle bend internal coordinates. For a general, 

N-atom molecule, the internal coordinates are written as a linear 

combination of the 3N cartesian displacement .coordinates of the 

atoms
$  ^ £3 9C (A.l)

where S is a row vector of the internal coordinates, x is a column
—  •v''

vector.-of the cartesian displacement coordinates and is the 

transformation matrix (Wilson’s !B matrix), the elements of which 

appear in the bond polarizability theory.

The normal coordinates and the internal coordinates are related

by the L matrix
^  s  - u  Q  (A.2)r— <v

■where Q is a column vector of the normal coordinates. L , the inverse 

of L, defines the reverse relation

q  » l -' s (*.3)•V
To set up the vibrational secular equations the matrices jP and 

1 ^
G- are introduced such that

o? T  c £
* S  P  S  (A.4b)
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where T and V are the total vibrational kinetic and potential energies. 

G-, the inverse kinetic energ}?- matrix, is given by/V* t ̂
Cx = S> y 6  ( a . 5)

where M is a diagonal matrix whose elements are the atomic masses./WS
Program G-MAT in the Snyder/Schachtsneider package produces B and 

G- using the molecular geometry and the atomic masses as input. P 

is the matrix of force constants. These are empirical parameters 

chosen to give the closest fit of calculated to observed vibrational 

frermencies.

The utility of introducing P_ and is revealed by the fact that

the eigenvectors of the product matrix GP together form the transfor-/—■4

nation matrix L between the internal and normal coordinates. That is,r—
the vibrational secular equation is given by

G P U  = U A  (A-6 >
where A is the diagonal matrix of eigenvalues. Moreover, these  —  ■

eigenvalues are related by a numerical factor to the vibrational 

frenuencies of the normal modes.

The vibrational problem has thus become that of solving the fol

lowing determinant eouation

1 a  f - e > 1 * 0 (JU7)
where V  represents the eigenvalues and S is the unit matrix.

Program 7IBSEC solves the secular equation and produces the vibrational

frequencies, L and
One last item that VIBSEC produces is the potential energy

2
distribution in the diagonal force constants. This is a measure 

of the contribution of each diagonal force constant p « to the normal 

modes. It is given (here as a percentage) by



This gives the value for the potential energy distribution for 

the diagonal force constant F* • in the normal mode with eigenvalue 

)*l. The potential energy distribution is a better guide to the 

constitution of a normal mode than the elements of L since these latter 

have different units depending on whether the internal coordinate 

associated with the diagonal force constant is a bond stretoh or 

an angle bend.
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