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ABSTRACT 

The work described i n t h i s t h e s i s may be d i v i d e d i n t o three p a r t s . 

The f i r s t p a r t i s an i n v e s t i g a t i o n i n t o the changes which occur i n 

the p y r i d i n e spectrum when the molecule complexes w i t h the halogens or ICN. 

I t has been shown t h a t i n t e n s i t y changes are due t o charge t r a n s f e r and 

other ( e l e c t r o s t a t i c ) i n t e r a c t i o n s . Normal co-ordinate c a l c u l a t i o n s show 

only minor changes i n v i b r a t i o n a l mixing on complexation (see below). 

The second p a r t o f t h i s work i s a d e t a i l e d i n v e s t i g a t i o n o f the changes 

i n the IX acceptor spectra on complexation w i t h p y r i d i n e , dioxan, and other 

donor s o l v e n t s . Studies on the v a r i a t i o n s of temperature and concentration 

were c a r r i e d out t o determine the nature o f the absorptions i n the very 

f a r - i n f r a r e d (<150 cm.~*) f o r these complexes. I t has been shown t h a t f o r 

the 'weaker' i n t e r a c t i o n s (e.g. d i o x a n - ^ ) the bands a r i s e from a 1 c o l l i s i o n a l ' 

mechanism. However, f o r the l o n g e r - l i v e d p y r i d i n e - X ^ complexes the band i s 

composite. This i s p a r t l y due t o a w e l l - d e f i n e d v ^ n .̂̂  mode broadened by 

v i b r a t i o n a l r e l a x a t i o n i n a polar medium o f excess donor. There i s also a 

c o n t r i b u t i o n from the P o l e y - H i l l ' l i b r a t i o n * o f the complex d i p o l e i n 

s o l u t i o n . Band shape studies show t h a t the r o t a t i o n o f the p y r i d i n e donor 

i n s o l u t i o n i s considerably r e s t r i c t e d by i n t e r m o l e c u l a r f o r c e s . The acceptor 

band p r o f i l e r e f l e c t s only v i b r a t i o n a l and/or t r a n s l a t i o n a l e f f e c t s . 

The t h i r d p a r t describes normal co-ordinate c a l c u l a t i o n s f o r the ' t r i -

atomic' (D-X-Y) and 'whole molecule 1 models o f the p y r i d i n e - I X (X = C l , Br) 

complexes. The p y r i d i n e - d ^ - I X complexes were used t o c a l c u l a t e the i n t e r ­

a c t i o n constant f o r the D-X-Y system. This i n f o r m a t i o n was used w i t h the 

p y r i d i n e force f i e l d t o c a l c u l a t e the frequencies and normal co-ordinates 

f o r the 'whole complex' molecule. I t i s shown t h a t the frequency s h i f t s 

observed on complexation are caused l a r g e l y by the G m a t r i x changes when the 

X-Y molecule i s complexed. I t was found t h a t some mixing between the 



e s s e n t i a l l y D-I-X v i b r a t i o n s and the ' r i n g ' modes does occur. The p y r i d i n e 

normal co-ordinates, however, change l i t t l e on going t o the complex, and the 

massive i n t e n s i t y changes thus appear t o be due t o e l e c t r o n i c r e - d i s t r i b u t i o n 

d u r i n g v i b r a t i o n . 
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CHAPTER 1 

I n t r o d u c t i o n 

A. Scope and Objectives of t h i s Work. 

The work described i n t h i s t h e s i s can be d i v i d e d i n t o f o u r main 

s e c t i o n s . 

The f i r s t s e c t i o n deals w i t h the e f f e c t of the forma t i o n of a donor-

acceptor complex on the v i b r a t i o n a l spectra o f the donor and acceptor 

molecules. A s e r i e s o f halogens, interhalogens and the 'pseudo' halogen, 

i o d i n e cyanide }were used as acceptors complexing w i t h both strong and weak 

donors. I n p a r t i c u l a r , the e f f e c t s which the 'strong* donor p y r i d i n e and the 

'weak* donor p-dioxan have on the v i b r a t i o n a l spectra were i n v e s t i g a t e d . 

I n the case o f the p-dioxan-iodine complex a study was made t o t r y and 

e s t a b l i s h i f a ' r i g i d ' or ' w e l l - d e f i n e d ' complex e x i s t e d i n s o l u t i o n . 

The p y r i d i n e - i o d i n e monochloride complex i s u s u a l l y considered a ' w e l l -

d e f ined' s t a b l e complex. A stable complex might be de f i n e d as a complex 

which does not change chemically over the p e r i o d i t takes t o make the 

measurement. W h i l s t the iodine c h l o r i d e molecules w i l l interchange, the 

e q u i l i b r i u m constant i s large (about 146 l i t r e mole and the e q u i l i b r i u m 

Py + IC1 j > Py l C l 

w i l l be f a r over t o the r i g h t . The complex w i l l thus have a long l i f e t i m e 

r e l a t i v e t o the p e r i o d i t takes t o make v i b r a t i o n a l measurements. The 

dioxan-iodine complex, on the other hand, has a much smaller e q u i l i b r i u m 

constant (about 0°89 l i t r e mole and w i l l have a much sh o r t e r l i f e t i m e 

than the p y r i d i n e - i o d i n e c h l o r i d e complex. A search was made f o r bands due 

to the oxygen-iodine s t r e t c h i n g mode. The absorption band found i n t h i s 

region d i d not seem t o behave l i k e a normal v i b r a t i o n a l band. 

This r e s u l t e d i n the second p a r t o f t h i s work, a systematic v a r i a t i o n 

of temperature, donor c o n c e n t r a t i o n , and acceptor co n c e n t r a t i o n observing 



the change i n band shape, i n t e n s i t y and frequency. This i n f o r m a t i o n was then 

i n t e r p r e t e d i n terms of a c o l l i s i o n a l model. 

The t h i r d p a r t o f t h i s t h e s i s deals w i t h a normal co-ordinate study 

on p y r i d i n e and the p y r i d i n e complexes t o f i n d out how much the changes 

i n v i b r a t i o n a l spectra were due t o the mass e f f e c t , how much due t o f o r c e 

constant (chemical) changes and how much due t o mixing o f the donor and 

acceptor v i b r a t i o n s . 

F i n a l l y , t h e i n o r g a n i c chemistry of halogen complexes i s very i n t e r e s t i n g 

and the f o u r t h p a r t deals w i t h the pr e p a r a t i o n of a number o f i o n i c complexes 

not mentioned i n the l i t e r a t u r e . Unfortunately, most of the complexes 

prepared decomposed i n s o l u t i o n . However,the v i b r a t i o n a l spectra i n the s o l i d 

were observed and an attempt made t o e x p l a i n the s t r u c t u r e i n terms o f the 

spectra. 

B. In s t r u m e n t a t i o n i n the F a r - I n f r a r e d Region. 

(1) Fourier Theory. 

The f a r - i n f r a r e d spectra recorded over the region 50-400 cm.~* were 

obtained using a Beckman-RIIC L t d , FS720 I n t e r f e r o m e t e r . The i n t e r f e r o g r a m 

was recorded on e i g h t t r a c k paper tape and then analysed using the computer 

program given i n Appendix A, The computation was c a r r i e d out using the 

I.B.M. 360/67 computer j o i n t l y owned by the U n i v e r s i t i e s o f Newcastle and 

Durham. 

Fourier theory was o r i g i n a l l y developed by J.B.J. F o u r i e r ^ t o solve 

the one-dimensional h e a t - d i f f u s i o n equation. However, t h i s theory has 

a p p l i c a t i o n s f a r beyond the bounds o f heat transmission. Michelson'' 

discovered t h a t the i n t e r f e r e n c e p a t t e r n from a two beam i n t e r f e r o m e t e r as 

a f u n c t i o n o f the path d i f f e r e n c e between the two beams i s the Fourier 

transform o f the o p t i c a l power spectrum of the source i l l u m i n a t i n g the 

i n t e r f e r o m e t e r . Before the advent of o p t i c a l d e t e c t o r s and e l e c t r i c a l 



- 3 -

data recording the technique was i m p r a c t i c a b l e because the i n t e n s i t y and 

number of f r i n g e s had t o be estimated v i s u a l l y . 

The f u l l theory of the a p p l i c a t i o n o f Fourier theory to i n t e r f e r o m e t r i c 

spectroscopy i s beyond the scope o f t h i s t h e s i s . There are, however, a 
3-6 „ 

number o f e x c e l l e n t papers on t h i s t o p i c i n the l i t e r a t u r e . Only a 

general o u t l i n e of the technique w i l l be discussed here. 

I t i s f i r s t important t o understand the meaning o f some o f the mathematical 

expressions and theorems f r e q u e n t l y encountered. 

(a ) Fourier's Theorem. 

Any p e r i o d i c f u n c t i o n f ( x ) can be expressed as the sum o f a s e r i e s of 

s i n u s o i d a l f u n c t i o n s which have wavelengths which are i n t e g r a l sub-multiples 

of the wavelength X o f f C x ) . 

f ( x ) = C + C.,cos(^?^ + a , ) . . . . + C C O S ( 2 t t ? " + a ) •••• f l . l l o 1 A 1 n A n J 

The n's are c a l l e d 'orders o f the terms' which are harmonics. 

( b ) F o u r i e r A n a l y s i s . 

T h i s i s the name given t o the determination o f amplitude and the phase 

angle i n Eqn. [ l . l ] , F ourier theory has an extension t o non-periodic f u n c t i o n s 

based upon the concept o f the Fourier transform. A beam o f l i g h t i s a p e r i o d i c 

f u n c t i o n , so expressing a beam o f l i g h t i n terms of a Fourier s e r i e s , would be t o 

express i t as a sum o f waves each w i t h a p a r t i c u l a r and X/n corresponding 

to the frequencies o f the component beams. 

(c ) The Fourier Transform. 

Fourjer's'theorem r e f e r s t o p e r i o d i c f u n c t i o n s . By d e f i n i t i o n the 

f u n c t i o n f ( x ) i s p e r i o d i c , i f f ( x + p ) = f ( x ) , f o r every x, where p i s the p e r i o d . 

The Fourier s e r i e s must be modified t o cover the case o f a continuous 

spectrum o f wavelengths o f l i g h t . Since an i n t e g r a l i s the l i m i t o f a sum, 

the Fourier s e r i e s ( i . e . a sum o f terms) i s replaced by a Fourier i n t e g r a l . 

http://fl.ll
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The Fourier i n t e g r a l represents a continuous spectrum of frequencies. 
The Fourier transform of a f u n c t i o n f ( x ) i s defined as, 

+ 00 

a ( k ) = J f ( x ) e x p ( i k x ) d x [ 1 . 2 ] 
—CO 

The Fourier transform of a Four i e r transform i s the o r i g i n a l f u n c t i o n m u l t i p l i e d 

by 2n. 

(d) The Convolution Theorem. 

The convolution o f two f u n c t i o n s ( f ( x ) and g ( x ) ) i s d e f i n ed by the f u n c t i o n 

+ 0 0 

F(x) = J f ( x ' ) g ( x - x')dx' [ 1 . 3 ] 
_ o o 

where F(x) i s c a l l e d the convolu t i o n of f ( x ) and g ( x ) and x* i s the 'dummy' 

v a r i a b l e . I t i s the sum o f the product of the two f u n c t i ons over the region 

where they both have values. The Fourier transform o f the convolu t i o n of 

two f u n c t i o n s i s the product o f t h e i r i n d i v i d u a l transforms. 

Functions which can be most e a s i l y Fourier-transformed w i t h the help 

o f the convolution theorem,include f u n c t i o n s which can be expressed as the 

product of two simple f u n c t i o n s , and whose transforms are t h e r e f o r e w r i t t e n 

as a c o n v o l u t i o n . An observed spectrum i s the true o p t i c a l spectrum,convoluted 

w i t h the s l i t f u n c t i o n . 

( e ) The 6 Function. 

The 6 f u n c t i o n i s the l i m i t o f a square pulse as i t s w i d t h h goes t o zero, 

but i t s enclosed area Hh (H i s the h e i g h t ) remains a t u n i t y . I t i s t h e r e f o r e 

zero everywhere except a t x = O, where i t has i n f i n i t e value. The transform o f 
7 

a 6 f u n c t i o n at the o r i g i n i n one dimension i s a constant. 

t 
H 
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(2) Fourier Transform Spectroscopy. 

Fourier transform spectroscopy i s dependent upon the f a c t t h a t i n a two 

beam i n t e r f e r o m e t e r the i n t e n s i t y of the c e n t r a l l i g h t f r i n g e i s the Fourier 

transform o f the i n c i d e n t o r i g i n a l power spectrum. The s p e c t r a l i n t e n s i t y 

G(v) a t any frequency v cm. * w i t h the measured i n t e r f e r o g r a m i n t e n s i t y I ( x ) 

i s given ( n e g l e c t i n g the imaginary p a r t ) by> 

X = c o 

G(v) = £ [ I ( x ) - I - £ ^ ] C o s ( 2 n v x ) d x [ 1 . 4 ] 

x=0 

where x i s the o p t i c a l path d i f f e r e n c e o f the two terms and I ( o ) i s the 

int e r f e r o g r a m i n t e n s i t y a t zero path d i f f e r e n c e . The i n t e n s i t i e s o f the 

in t e r f e r o g r a m are measured a t d i s c r e t e values o f o p t i c a l path d i f f e r e n c e 

nAx up to some maximum value NAx where n i s an i n t e g e r equal t o 0,1,2,3,4 ... N 

and Ax i s the i n t e r f e r o g r a m sampling i n t e r v a l . The value o f Ax must be such t h a t 

Ax < i [ 1 . 5 ] 

where ( v ^ - v^) ^ s ^ e t o t a l range o f frequencies i n c i d e n t upon the d e t e c t o r . 

Special f i l t e r s (e.g. black polythene) are used t o r e s t r i c t the range o f 

frequencies i n c i d e n t upon the detecto r from 0 t o v , where v i s the h i g h 
max' max 0 

frequency cut o f f , i . e . = 0 . 

Ax < i — [ 1 . 6 ] 
2 V 

max 

This ensures t h a t the highest frequency present i s sampled a t l e a s t once every 

h a l f c y c l e . 

Equation [ 1 . 4 ] becomes approximated t o the sum, 

n=N 
G(v) = £ [K n A x ) - iI(o)]Cos(2TTvnAx)Ax [ 1 . 7 ] 

n=0 

when n = 0 

G(v) = ^ p * . 
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The output of the d e t e c t o r i s a m p l i f i e d and converted t o binary 

numbers. The range o f the d i g i t i s e r i s from 2 t o 2 . The value of | l ( o ) 

i s obtained by t a k i n g the average value o f the i n t e r f e r o g r a m and must be 

subtracted from a l l values o f I ( x ) before Fourier transform computations 

begin. The computed s p e c t r a l i n t e n s i t i e s G(v) are d i r e c t l y p r o p o r t i o n a l t o 

the measured amplitudes o f the i n t e r f e r o g r a m f u n c t i o n , i . e . 

[ i ( n A x ) - ^ ] 

and the f i r s t term i n the summation makes a constant c o n t r i b u t i o n t o the 

whole spectrum and i s independent of v. However, the Fourier transform depends 

only upon the o s c i l l a t i o n o f the f u n c t i o n and there i s no t h e o r e t i c a l reason 

why I ^ ° V 2 should be su b t r a c t e d . However, i n p r a c t i c e s u b t r a c t i n g *^°^/2 

reduces the size o f the f i g u r e s i n the array t o be transformed and saves 

computing time. The transform program w i l l o n l y transform arrays which are 

o f the size 2 n where n i s an i n t e g e r . This i s because our program uses the 

Cooley-Tukey A l g o r i t h m * ^ (see below). 

Because a f i n i t e sampling i n t e r v a l i s involved a l l interferograms w i l l 

c o n tain a phase e r r o r depending upon how near the sampling p o i n t has come t o 

the exact zero path p o s i t i o n . Corrections f o r phase e r r o r due t o t h i s must 

be made. 

The o p t i c a l r e s o l u t i o n Av o f the i n t e r f e r o m e t e r i s r e l a t e d t o the 

distance (D) t r a v e l l e d by the moving m i r r o r . 

sin^TTCv-v' ) D l 
Av = 2D[ S^L-J] [ 1 . 8 ] 

[2TT(V-V' )D] L max J 

where the t o t a l path d i f f e r e n c e D = NAx, v ^ a x i s the frequency o f the peak 

at i t s maximum and the w i d t h at h a l f h e i g h t i s (v - v 1 ) . 
° max 

This equation has the l i m i t i n g c o n d i t i o n t h a t the smallest i n t e r v a l 

resolved i s approximately 
- 0*7 1 

Av *** /D u s u a l l y f u r t h e r approximated t o /D 
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Since the computed spectrum i s the convolut i o n of the a c t u a l spectrum 

w i t h the i n s t r u m e n t a l f u n c t i o n , the s u b s i d i a r y side lobes o f the l a t t e r cause 

o s c i l l a t i o n s t o be seen near regions where r a p i d changes i n absorption are 

o c c u r r i n g . These o s c i l l a t i o n s give r i s e t o 'noise' which should be e l i m i n a t e d 

as f a r as p o s s i b l e . The process of weighting the i n t e r f e r o g r a m values 

[ K nAx) - ^ I o ] so th a t the modulation o f the i n t e r f e r o g r a m goes t o zero a t 

maximum path d i f f e r e n c e D, (NAx) i s known as 'apodisation'. Apodisation 

u s u a l l y involves modifying the scanning f u n c t i o n so t h a t i t takes no negative 

values and the side lobes are reduced. Although the c e n t r a l band i s made 

much broader, i . e . 
s i n ^ n ^ - v ' )D] 

Av = 2D[ S ^ l — i ] [ L 1 0 ] 
OiCv-v' )D] L max J 

and the p r i c e o f reducing side bands i s lower r e s o l u t i o n . The 

r e s o l u t i o n i s reduced t o 

Av » 2/D t 1 * 1 1 ] 
I n t h i s work normal runs were 1024 p o i n t s w i t h a sampling i n t e r v a l o f 

8 microns. This gave a r e s o l u t i o n of 2*5 cm, * since a l l the interferograms 

were apodised. 

The angular beam spread o f o f f a x i s rays due t o imperfect c o l l i m a t i o n 

o f the f i n i t e source aperture w i l l also reduce the r e s o l u t i o n . I f the source 
4 

subtends a s o l i d angle f l a t the c o l l i m a t i n g m i r r o r then the maximum value 

of R i s given by 

* - K " 8 < f > 2 " h £i.i2] 

where d i s the source diameter and f i s the f o c a l l e n g t h of the c o l l i m a t i n g 

m i r r o r . 

The FS720 has source apertures o f 3, 5 and 10 mm. which give r e s o l v i n g 
4 3 3 powers o f 10 , 4 x 10 and 10 r e s p e c t i v e l y . 
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The f a c t t h a t the source beam has a f i n i t e w i d t h r e s u l t s i n the o f f 

a x i a l rays of l i g h t having t o t r a v e l s l i g h t l y f u r t h e r than the a x i a l rays. 

This leads to a l l the c a l c u l a t e d frequencies being over-estimated by a f a c t o r 

o f the order of ( 1 + . The true frequencies can be obtained from the 

c a l c u l a t e d frequencies by the formula, 

- = Vale=•) [1.13] 
t r u e n } 

4TT 
-4-I n p r a c t i c e t h i s f a c t o r i s only o f the order o f 10 v, -> and only v c a l c . ) 

becomes important where high r e s o l u t i o n i s r e q u i r e d a t high frequencies. I n 

t h i s research t h i s was not a problem as most o f the work was c a r r i e d on broad 

bands a t low frequency. 

The region over which measurements can be made depends on the thickness 

o f the beam s p l i t t e r . U n f o r t u n a t e l y a beam s p l i t t e r w i t h a transmittance and 

r e f l e c t a n c e o f 50% does not e x i s t . I n p r a c t i c e a Melinex (polyethylene 

t e r e p h t h a l a t e ) beam s p l i t t e r i s used because i t has a high p e r m i t t i v i t y and 
g 

a r e f r a c t i v e index o f 1*85 i n the f a r i n f r a r e d . The beam s p l i t t e r e f f i c i e n c i e s 

a t v a rious thicknesses are shown i n Figure 1.1. 

I f 50% o f the l i g h t were r e f l e c t e d and 50% t r a n s m i t t e d the beam s p l i t t e r 

would reach i t s t h e o r e t i c a l l y i d e a l value o f 25% ( i . e . the p r o d u c t ) . I n 
9 10 

p r a c t i c e m u l t i p l e i n t e r n a l r e f l e c t i o n s reduce the beam s p l i t t e r e f f i c i e n c y . ' 

The o v e r a l l e f f i c i e n c y o f the beam s p l i t t e r i s given by 
E a (2TTvd*) [ i ' H ] 

where E i s the e f f i c i e n c y 

V i s the frequency o f i n c i d e n t r a d i a t i o n 

d' i s the apparent thickness o f the beam s p l i t t e r m a t e r i a l . 

I n the FS720 where the beam s p l i t t e r i s a t 45° t o the two Michelson m i r r o r s 

d' i s given from the r e f r a c t i v e index n and t r u e thickness d. 

d« = d / F - § [1.15] 
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By choosing the beam s p l i t t e r o f appr o p r i a t e thickness i t i s possible t o 

o b t a i n spectra throughout the f a r - i n f r a r e d r e g i o n . 

I t i s advisable t o use o p t i c a l f i l t e r s t o r e s t r i c t the energy f a l l i n g 

on the detect o r t o the frequency range o f i n t e r e s t . The t a b l e below l i s t s 

some t y p i c a l beam s p l i t t e r and o p t i c a l f i l t e r combinations. 

Table 1.1. 

'Frequency' Range/ 
-1 

cm. 

Beam S p l i t t e r 
Thickness 

F i l t e r 

140-350 6 microns Black lens 
(25 gauge) 

300-500 A\ microns Yoshinaga f i l t e r , 
(15 gauge) white lens 

20-220 12 microns Black lens 
(50 gauge) 

The d e t e c t o r i n the FS720 was a Golay pneumatic d e t e c t o r . A chamber 

c o n t a i n i n g gas o f low thermal c o n d u c t i v i t y i s sealed at one end w i t h a 

diamond window through which r a d i a t i o n reaches a t h i n absorbing f i l m . 

The absorbing f i l m has a low thermal c a p a c i t y and responds r e a d i l y t o 

i n f r a r e d r a d i a t i o n , i n t u r n warming the gas w i t h which i t i s i n co n t a c t . 

A r i s e i n temperature o f the gas i n the chamber produces a corresponding 

r i s e i n pressure and t h e r e f o r e a d i s t o r t i o n o f the m i r r o r membrane w i t h 

which the other end o f the gas chamber i s sealed. To prevent changes i n 

room temperature from a f f e c t i n g the de t e c t o r a f i n e leak i s provided which 

connects the d e t e c t o r chamber w i t h a b a l l a s t i n g r e s e r v o i r o f gas on the other 

side o f the m i r r o r membrane. I n the absence o f a changing r a d i a t i o n s i g n a l 

pressures are the same on both sides o f the membrane which remains f l a t . 

An a l t e r n a t i n g r a d i a t i o n o f f cycles per second w i l l produce a 

corresponding deformation o f the m i r r o r membrane at f cycles per second 



- 11 -

which by a s u i t a b l e o p t i c a l system and p h o t o c e l l can be converted i n t o an 

a l t e r n a t i n g v o l t a g e . 

Colay d e t e c t o r s " have a s i g n a l t o noise r a t i o of 30 - 50 on g r a t i n g 

instruments but t h i s i s increased t o over 150 on i n t e r f e r o m e t e r s f o r a 

r e s o l u t i o n o f 2 cm. 1 

Therefore i t i s c l e a r t h a t the g r a t i n g instrument has few advantages over 

the i n t e r f e r o m e t e r except t h a t the i n t e r f e r o g r a m requires computation before 

a spectrum can be obtained. However, t h i s poses few problems where good 

computing f a c i l i t i e s are a v a i l a b l e , 

3. Advantages o f I n t e r f e r o m e t e r s over G r a t i n g Instruments. 

( i ) Sources i n the f a r - i n f r a r e d region are very weak. The source used 

i n t h i s work was a high pressure mercury discharge i n a s i l i c a 

envelope. Since s i l i c a absorbs above 70 cm. * the lamp i s j u s t 

a hot s i l i c a rod f o r most of the f a r - i n f r a r e d region (40-400 cm. 

Using an i n t e r f e r o m e t e r the whole s p e c t r a l range f a l l s simultaneously 

upon the d e t e c t o r at a given time r a t h e r than a s i n g l e r e s o l u t i o n width 

as w i t h a g r a t i n g instrument. Thus the i n t e r f e r o m e t e r receives 

i n f o r m a t i o n about the f u l l s p e c t r a l range during an e n t i r e scan 

w h i l e a g r a t i n g instrument receives i n f o r m a t i o n only i n a narrow 
7 

band a t a given time. (This i s the F e l l g e t t advantage ) . 

( i i ) To cover the f a r - i n f r a r e d region s e v e r a l g r a t i n g s would be r e q u i r e d 

w i t h a s e r i e s o f f i l t e r s f o r removing unwanted orders o f d i f f r a c t e d 

r a d i a t i o n and ' s t r a y ' l i g h t . With a monochromator i t i s also 

necessary t o halve the s l i t widths i n order t o double the r e s o l u t i o n 

and t h i s reduces the s i g n a l t o noise l e v e l by a f a c t o r o f f o u r . 

Thus, i t would take s i x t e e n times as long to maintain the same s i g n a l 

t o noise r a t i o by i n c r e a s i n g the time constant on a g r a t i n g 

instrument as an i n t e r f e r o m e t e r . I n order t o double the r e s o l u t i o n 
i 

on an i n t e r f e r o m e t e r one has only t o double the distance t r a v e l l e d 

( i . e . double the time taken). 
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The f a c t t h a t the spectrum i s c a l c u l a t e d does i n i t s e l f have some 

advantages because c e r t a i n mathematical improvements can be made i n the data 
12 

t o produce a more accurate spectrum. These include :-

( i ) A p o disation. This smoothes out noise r i p p l e s g i v i n g more accurate 

transmission data. (For a f u r t h e r discussion see the f o l l o w i n g 

s e c t i o n on Computing). 

( i i ) A l i a s i n g . The equation [ 1 . 7 ] f o r G(v) does not give the tru e 

spectrum G^Cv) because a f i n i t e sampling i n t e r v a l Ax has been used. 
14 

I t has been shown t h a t 

G(v) = Qj.C^xD' [1-16] 

where D' i s the transform of the d i r a c comb f u n c t i o n D. D* = 

f ( v , A x , 6 ) . 
However i f v < ; r r — max 2Ax 

G(v) = G^Cv) [1.17] 

Therefore by f i l t e r i n g o f f a l l frequencies g r e a t e r than v the ' ° max 
computed spectrum i s made i d e n t i c a l w i t h the tru e spectrum. 

The FS720 i n t e r f e r o m e t e r used i n t h i s work had 2 sampling 

i n t e r v a l s a v a i l a b l e ( i . e . 4 and 8 microns) w i t h a l i a s i n g frequencies 

o f 1250 and 625 cm. 1 r e s p e c t i v e l y . I n most cases the 4 micron 

sampling i n t e r v a l was used because o f the 'oversampling advantage* 

making the approximation of G(v) more accurate. I n p r a c t i c e l i t t l e 

d i f f e r e n c e was observed using the two sampling i n t e r v a l s . F i l t e r i n g 

out frequencies above 450 cm. * was done using a black polythene 

f i l t e r . For work between 400-550 cm. - 1 a Yoshinaga f i l t e r was used 
-1 

t o remove frequencies above 550 cm. No measurements 
have been done i n t h i s work above 550 cm."1 using the FS720. 

( i i i ) T r u n c a t i o n . The e f f e c t of only being able t o i n t e g r a t e t o a maximum 
14 

path d i f f e r e n c e D instead o f to i n f i n i t y may be expressed as 
G T(v) = G(v)C 
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C i s a crenel f u n c t i o n which i s u n i t y f o r |x| < nAx and zero f o r x > nAx. 

C* i s the transform of the c r e n e l f u n c t i o n . This means th a t any f i n e 

s t r u c t u r e i n the spectrum G(v) comparable i n magnitude to the r e s o l u t i o n 

w i l l be b l u r r e d out. The maximum t r a v e l allowed on the FS720 i s 10 cms. 

which gave a t h e o r e t i c a l r e s o l u t i o n of 0*1 cm. ^ In f a c t since the 
-1 1 7 -1 bands studied were > 20 cm. wide a r e s o l u t i o n o f 0°2 x 20 = 4 cm. 

i s a l l t h a t i s r e q u i r e d . Computation using 1024 p o i n t s gives a t r a v e l 

distance o f 0°82 cms. (sampling i n t e r v a l 8 microns) g i v i n g a t h e o r e t i c a l 

r e s o l u t i o n of about 1*2 cm. * 

( i v ) N o r m a l i s a t i o n . As explained i n the s e c t i o n on Computation (see p. 14) 

the n o r m a l i s a t i o n c o r r e c t i o n s i s used to give the t r u e percentage 

transmission, c o r r e c t i n g f o r the n o r m a l i s a t i o n of sample and background. 

(v) Noise i n the I n t e r f e r o g r a m . A l a r g e spike' transforms t o give a sine 

wave and t h i s spectrum must be r e j e c t e d . There i s also a danger o f 

n o r m a l i s i n g to'peak*noise l e v e l r a t h e r than 'mean' noise l e v e l . The 

e f f e c t s of noise can be reduced by removing frequency components outside 

the range over which the spectrum i s r e q u i r e d . 1 ^ 

( v i ) A u t o c o r r e l a t i o n Procedure. This i s explained i n the Computation Section 

( p . 1 4 ) , i t e l i m i n a t e s the problem o f phase e r r o r . 

( v i i ) Padding. Transforming a padded i n t e r f e r o g r a m i s sometimes valuable 

when the number o f padded p o i n t s added i s s m a l l . The number o f p o i n t s 

transformed can only be m u l t i p l e s o f 2 n w i t h the Cooley-Tukey algorithmic 

Thus i f 1012 p o i n t s were present on a tape, 1024 or 512 p o i n t s would 

have t o be analysed. To add on e x t r a 12 p o i n t s would a l l o w a l l the data 

to be used. However t o add f u r t h e r p o i n t s i s a waste o f computing 

time since the padded p o i n t s contain no e x t r a i n f o r m a t i o n . 

From the above discu s s i o n i t can be seen t h a t i n t e r f e r o m e t r i c data can be 

analysed t o a high degree o f p r e c i s i o n . The raw i n t e r f e r o g r a m does a t l e a s t 
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i n d i c a t e whether r e a c t i o n or c e l l leakage has occurred. High frequency bands 

give sharp r i p p l e s and low frequency bands broad r i p p l e s . This i s because the 

i n t e r f e r o g r a m i s the Fourier transform o f the power spectrum. I n other words 

the i n t e r f e r o g r a m i s the time domain of the o p t i c a l spectrum. Fast o s c i l l a t i o n s 

represent f a s t v a r i a t i o n s (sharp r i p p l e s ) i . e . high frequency, slow o s c i l l a t i o n s 

(broad r i p p l e s ) represent low frequency bands. (This i s shown i n Figs. 1.2A and 1.2B), 

4. Computation. 

The i n t e r f e r o g r a m , i n pure binary form, i s recorded on 8 t r a c k paper tape. 

The tape' i s spooled on t o a magnetic disc using program DCL99SPY. This program 

converts the bi n a r y numbers t o decimal numbers (format 14) and then stores these 

i n arrays o f 20 as card images on a magnetic d i s c . 

The program most f r e q u e n t l y used i n t h i s work was f i l e d as DCH05277. This 

employed an a u t o c o r r e l a t i o n phase c o r r e c t i o n and a Cooley-Tukey t r a n s f o r m a t i o n . ^ 

For convenience the program was w r i t t e n as a se r i e s o f sub-routines l i n k e d t o 

a main program. 

A b r i e f d e s c r i p t i o n o f the program w i l l now be given e x p l a i n i n g the main 

f u n c t i o n o f each s e c t i o n . The program i s l i s t e d i n Appendix A. 

The Main Program. 

This s e c t i o n defines the size o f the arrays and c a l l s the various sub­

r o u t i n e s . Further i n f o r m a t i o n i s s e l f - e v i d e n t from the comment cards i n the 

program. 

The Sub-routines. 

( i ) Sub-routine TPREAD (Tape Read). 

This sub-routine reads the M decimal numbers of the i n t e r f e r o g r a m from the 

dis c i n t o array A(J) where J = 1,M. Arrangements are provided t o read a second 

tape i f a r a t i o e d spectrum i s r e q u i r e d . 

( i i ) Sub-routine AMX. 

This r o u t i n e f i n d s the maximum value of the i n p u t data i . e . the nearest 

p o i n t t o the top of the i n t e r f e r o g r a m c e n t r a l f r i n g e . I t then p r i n t s out the 
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maximum value of the i n t e r f e r o g r a m and the values close t o i t . I f the number 

o f p o i n t s M i s less than the number N t o be transformed the program puts i n N-M 

po i n t s equal t o the value. AMX a l s o c a l c u l a t e s the average value of the array 

by summing a l l the elements o f the i n t e r f e r o g r a m and d i v i d i n g by the number o f 

p o i n t s . 

( i i i ) Sub-routine SUBDH (Data Handling). 

This r o u t i n e c a l l s AMX ( a r r a y A maximum value) which gives the maximum 
N 

value i n the array and the average value. The r o u t i n e there s e l e c t s /2 p o i n t s 

on each side of the maximum value. The copied i n t e r f e r o g r a m i s then p r i n t e d 

out. The a r r a y i s reduced by removing the average value from each data p o i n t . 

The reduced i n t e r f e r o g r a m i s then p r i n t e d out as C(K) - K going from 1 t o N. 

The reduced i n t e r f e r o g r a m i s next a u t o c o r r e l a t e d t o remove phase e r r o r . 

A u t o c o r r e l a t i o n i s a process o f displacement m u l t i p l i c a t i o n of the i n t e r f e r o g r a m 

C(K) f o l l o w e d by summation o f the s e r i e s . This process always r e s u l t s i n a 

f u n c t i o n which i s symmetrical about the maximum value and hence phase e r r o r s 

are e l i m i n a t e d . This produces a f u n c t i o n as i n Figure 1.3. 

A(K) 

256 

512 

» N 

F i g - *- 3 
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I n i t i a l l y the large c e n t r a l values o f the i n t e r f e r o g r a m are i n phase w i t h 

each other and are thus m u l t i p l i e d by each other, hence a t small values o f 

N the summation has a maximum value. As N increases the f u n c t i o n reaches a 

minimum as the maximum values are now m u l t i p l i e d by what i s e s s e n t i a l l y ^ ^ 2 . 

As N -* K the two arrays are n e a r l y 360° out o f phase and the f u n c t i o n approaches 

a maximum again. 

Taking 512 poi n t s as an example the array i s almost symmetrical when one 

p l o t s A257 -* A 5 1 2 and A l -• 256. The i n t e r f c r o g r a m maximum value i s A ( l ) . 

The r o u t i n e AMX i s then r e c a l l e d t o f i n d the l a r g e s t value i n the array 

and t o check i t s p o s i t i o n . The i n t e r f e r o g r a m i s normalized by d i v i d i n g by 

the l a r g e s t value A ( l ) and the normalized array i s p r i n t e d out. The auto-

c o r r e l a t e d i n t e r f e r o g r a m i s store d w i t h the l a r g e s t number i n element 1 o f the 

ar r a y . 

The i n t e r f e r o g r a m must be apodised before t r a n s f o r m a t i o n otherwise a 
1 2 

s i n u s o i d a l r i p p l e appears on the computed spectrum. The apodisation f u n c t i o n 

used i n t h i s work was, 
APOD = Cos2TT(|=|) [1-18] 

N 

where K goes from 1 t o /2. 

The maximum a t zero path d i f f e r e n c e i s not a f f e c t e d since i f K = 1 , then 

APOD = 1 . The apodisation f u n c t i o n reaches a very small value a t i t s extremes 

as i l l u s t r a t e d by Table 1.2. 
( i v ) Sub-rout ine TM (Tra n s f o r m a t i o n ) • 

T h i s c a r r i e s out a Fourier transform by the Cooley Tukey A l g o r i t h m . ^ 

The s p e c t r a l d i s t r i b u t i o n i s obtained from a 'one-sided' Fourier cosine 

t r a n s f o r m and hence must c o n s i s t o f a symmetric f u n c t i o n about zero path 

d i f f e r e n c e . This i s why the a u t o c o r r e l a t i o n procedure by co n v o l u t i o n o f the 

i n t e r f e r o g r a m w i t h i t s e l f g i v i n g a completely symmetric i n t e r f e r o g r a m i s used 
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Table 1.2. 

N K APOD 

512 1 1 
512 35 0*9574 
512 86 0*750 
512 137 0*448 
512 171 0*250 
512 205 0*095 -
512 239 0*0108 
512 256 0 

i n SUBDH. The spectrum was not computed using a double-sided power transform 

because i t has the disadvantage t h a t the s i g n a l / n o i s e r a t i o i s poorer i n 

regions of low energy. 

( v ) Sub-routine PT ( P l o t ) . 

The r e s u l t s of the Fourier transform over the s p e c t r a l r e g i o n are selec t e d , 

the square r o o t of the i n t e n s i t i e s taken (since the a u t o c o r r e l a t i o n procedure 

e f f e c t i v e l y squares the i n t e n s i t y data) and the transmission value i s 

normalized by d i v i d i n g by the maximum value. The sub-routine c a l l s the sub­

r o u t i n e LP ( l i n e p r i n t e r ) which p r i n t s the scale on the transmission axis 

p r i o r t o p r i n t i n g the spectrum on the l i n e p r i n t e r using sub-routine GP 

(graph p l o t ) . 

( v i ) Sub-routine GP. 

A p l o t o f the spectrum on the l i n e p r i n t e r i s produced together w i t h cards. 

( v i i ) Sub-routine COR. 

This deals w i t h the gain c o r r e c t i o n s . Before the normalized s i n g l e beam 

spectrum can be r a t i o e d i t i s necessary t o c o r r e c t f o r the n o r m a l i z a t i o n 

constants employed and the d i f f e r e n t gain s e t t i n g s used. The r a t i o e d 

transmission values are m u l t i p l i e d by a n o r m a l i z a t i o n f a c t o r NF given by 
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N C ( T ) 

N F = N C ( T ) x NC(R) C1'19! 

N C ( T O ) = n o r m a l i z a t i o n constant i n background array 

N C ( T ) = " " " sample 

NC(R) = " " " r a t i o e d 

NF gives the r a t i o o f the o r i g i n a l transmission values. 

I n order t o compensate f o r the d i f f e r e n t gains employed t o o b t a i n T and T Q 

a gain c o r r e c t i o n which depends on the d i f f e r e n c e s i n gain s e t t i n g s i s used. 

V ! 
l d b = 2 0 l o g 1 0 ( — ) 

2 
or 

V l ,2-303 dB, .... r i , — = exp( ) = a m p l i f i c a t i o n [1.20 J 
2 20 

where and are the a m p l i f i e r output and i n p u t voltages. 

The gain c o r r e c t i o n f a c t o r i s the r e c i p r o c a l o f the gain increase 

c a l c u l a t e d . 

Thus a reading o f 5 dB corresponds t o an a m p l i f i c a t i o n o f 1*776, and 

reading of 10 dB corresponds t o an a m p l i f i c a t i o n o f 1*40 (3*17 - 1*77) so the 

gain c o r r e c t i o n t o m u l t i p l y by the r a t i o e d transmission values would be 

Vl*40 » 0*71. 

A t y p i c a l example i n t h i s work would be f o r p y r i d i n e - i o d i n e monobromide i n 

chloroform which had gains of about 35*15 dB and 36*60 dB f o r the solvent 

and s o l u t i o n r e s p e c t i v e l y . This r e s u l t s i n a gain c o r r e c t i o n f a c t o r of 0*848. 

I t i s t o be noted t h a t as the detector aged the gains had t o be increased i n 

order t o b r i n g the i n t e r f e r o g r a m l e v e l ( f a r from zero path) t o 50% on the 

recorder. However, the d i f f e r e n c e i n gain between sample and background i s 

independent o f the age of the d e t e c t o r since i t only represents the v a r i a t i o n 

i n a b s o r p t i o n o f sample t o background. 



- 21 -

C. In s t r u m e n t a t i o n i n the Near I n f r a r e d Region. 

The Grubb-Parson's GS2A. Near i n f r a r e d measurements were c a r r i e d out using 

a Grubb-Parson's model GS2A. This instrument covers the s p e c t r a l region between 

2 and 25 microns and i s f u l l y described i n the appr o p r i a t e Grubb-Parson's 

Spectrometer Manual. This i s a conventional g r a t i n g (12,000 l i n e s per inch) 

double beam spectrometer w i t h a Nernst glower source. V e r t i c a l l y o s c i l l a t i n g 

m i r r o r s a ct as a chopper separating reference and sample beams so t h a t they f a l l 

a l t e r n a t e l y on the d e t e c t o r . The detector i s a thermocouple. Potassium 

bromide and calcium f l u o r i d e prisms are used t o s e l e c t the orders o f the 

g r a t i n g . 

The GS2A works on the p r i n c i p a l o f the o p t i c a l n u l l balance. A metal 

comb w i t h 'v-shaped' t e e t h i s provided i n the reference beam. This comb i s 

a u t o m a t i c a l l y adjusted by means of a servo system t o produce a t the wavelength 

s e l e c t e d absorption equal t o t h a t o f the sample i n the other beam. 

As long as the energy received by the spectrometer from each beam i s 

equal there w i l l be no change i n energy received by the detecto r w h i l e the 

m i r r o r s are r e c i p r o c a t i n g . When the sample absorbs energy, more energy i s 

received from the reference than from the sample beam so t h a t as the m i r r o r s 

r e c i p r o c a t e there i s an a l t e r n a t i n g component produced i n the energy reaching 

the thermal detector i n the spectrometer. The r e s u l t i n g A.C. output from 

the d e t e c t o r i s a m p l i f i e d and used t o c o n t r o l the servo motor which d r i v e s 

the comb i n t o the reference beam u n t i l balance i s r e s t o r e d . I f the sample 

ab s o r p t i o n now becomes l e s s , an A.C. output i s again produced but o f opposite 

p o l a r i t y , and t h i s d r i v e s the servo motor i n the opposite d i r e c t i o n u n t i l 

balance i s again r e s t o r e d . As the absorption produced by the comb i s a l i n e a r 

f u n c t i o n o f i t s displacement i t s p o s i t i o n a t balance provides a d i r e c t measure 

o f the absorption of the sample. The pen o f the recorder i s mechanically 

coupled t o the comb so t h a t a d i r e c t record o f sample ab s o r p t i o n i s obtained 
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on the c h a r t . Any n o n - l i n e a r i t y of the scale i s due t o n o n - l i n e a r i t y of the 

comb and i s u s u a l l y s m a l l . 

( i ) I n s t r u m e n t a l Factors t o be Optimised t o Obtain the most Accurate Results 

Possible i n the N e a r - I n f r a r e d Region. 

The response time o f the spectrometer i s the time i t takes the chart 

recorder t o record the s i g n a l from the d e t e c t o r . The o p t i c a l n u l l system 

has the disadvantage t h a t the motor d r i v i n g the pen goes p r o g r e s s i v e l y slower 

as balance p o i n t i s reached. Further, the pen takes a f i n i t e time t o reach the 

'proper' transmission value and t h i s leads t o ' t r a c k i n g ' e r r o r . The ' t r a c k i n g ' 

e r r o r can be checked by s w i t c h i n g o f f the g r a t i n g and c h a r t d r i v e on the side o f 

a band. The distance the pen moves before i t comes t o a step i s the ' t r a c k i n g ' 

e r r o r . However, s w i t c h i n g on or o f f caused an e l e c t r i c a l 'spike' t o appear on 

the c h a r t so t r a c k i n g e r r o r i s d i f f i c u l t t o assess. The ' t r a c k i n g * e r r o r was 

reduced t o a minimum by a d j u s t i n g the gain and the g r a t i n g speed so t h a t the 

time taken t o scan the steepest p a r t o f the band was a t l e a s t twice the time i t 

takes the pen t o r i s e or f a l l t h a t d i s t a n c e , when the beam i s s u d d e n l y blocked 

o f f . Normally, speeds o f one micron i n 30 minutes were adequate. Each band was 

scanned twice and the d i f f e r e n c e i n peak height should be no more than the 

t r a c k i n g e r r o r . I n most cases the ' t r a c k i n g ' e r r o r seemed to be o f the order o f 

0*5% transmission value a t transmission value 30%. At 5% transmission the e r r o r 

was about 0*8% and a t 50% transmission the e r r o r was l e s s than 0*5%. 

The formulae f o r c a l c u l a t i n g the i n t e n s i t y are s t r i c t l y only c o r r e c t i f 

the s l i t i s assumed t o be o f zero w i d t h - which i s e x p e r i m e n t a l l y impossible. 
17 

Normally the r e s o l u t i o n i s adequate i f the s l i t w i d t h i s less than 

0»2Av^ where Av| i s the observed half-band w i d t h . 

The instrument may be operated w i t h a programmed s l i t and i n t h i s mode of 

o p e r a t i o n the energy f a l l i n g on the d e t e c t o r i s kept approximately constant. 

However, f o r the narrow bands i n the p y r i d i n e complexes i t was necessary t o 



- 23 -

go t o the narrowest s l i t w i d t h a v a i l a b l e c o n s i s t e n t w i t h a s a t i s f a c t o r y amount 

of n o i s e - f r e e energy f a l l i n g on the d e t e c t o r . The o p t i c a l w i d t h (S) i s 

l a r g e r than the geometric s l i t w i d t h (d)because the l i g h t i s not a p o i n t 

source so i t has a s o l i d angle a t the sample l a r g e r than the s l i t area; 
/ » 2 

i n f a c t S 400d/nX 

where d = geometrical s l i t w i d t h i n mm. 

X = wavelength i n microns 

n = the order of the g r a t i n g defined below:-

' Order Range Prism 

1 5 - 25 mu. KBr prism 

2 3*6 - 5 mu. CaF 2 " 

3 2«5 - 3*7 mu. CaF 2 " 

4 2 - 2*5 mu. CaF 2 

-1 18 

I n the case o f the 1012 cm. band i n the p y r i d i n e - I C l complex the i n t e n s i t y 

i s constant up t o s l i t widths o f 0-5 Avf although the shape changes considerably 

as the s l i t i s narrowed. For l a r g e r s l i t widths the i n t e n s i t y f a l l s and 

the band-width increases considerably. 
17 

The Ramsay procedure was f o l l o w e d ; decreasing the s l i t w i d t h manually 

u n t i l the peak hei g h t o f the band reaches a maximum showing t h a t S i s lower 

than Av|. As the s l i t i s closed the gain must be increased so a compromise 

must be reached between increased noise and small s l i t . 

E l e c t r i c a l d r i f t was minimised by b l o c k i n g both beams and a d j u s t i n g the 

balance so t h a t over a p e r i o d o f 10 minutes (the time t o run a band) 

transmission v a r i a t i o n s were less than 1%. 

( i i ) The Perkin-Elmer 577 

A number o f measurements were made using the Perkin-Elmer 577 i n 1974 f o r 

the f o l l o w i n g reasons:-

(a) Measurements i n the 500 cm. 1 (twenty micron) region are d i f f i c u l t 

w i t h the GS2A or the FS720. 
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Both the polythene and melinex have s t r o n g absorptions i n t h i s 

region so using the FS720 l i t t l e energy was a v a i l a b l e i n t h i s r e g i o n . 

The d e t e c t o r i n the GS2A i s not accurate enough f o r i n t e n s i t y 

measurements over about 17 microns. 

(b) The GS2A i s l i n e a r i n microns. Since absorption bands are expressed 

i n wave-numbers, and many of the bands overlapped f o r the systems 

s t u d i e d , i t i s f a r easier t o f o l d over the non-overlapped p o r t i o n 

of the band t o determine the band p r o f i l e and i n t e n s i t y i f the 

measurements are made i n wave-numbers. 

(c ) The PE577 i s f i t t e d w i t h a n i t r o g e n 'flush' which e l i m i n a t e s water 

vapour a b s o r p t i o n , t h i s f a c i l i t y i s absent i n the GS2A, 

(d) Measurements on a second machine w i l l give some i n d i c a t i o n o f 

the systematic e r r o r and the r e p r o d u c i b i l i t y o f the r e s u l t s . 

The s l i t = 2 was used as the compromise between s l i t w i d t h and energy 

reaching the d e t e c t o r . I n a l l cases f o r the measurement o f i n t e n s i t y the 

expansion 25, gain d i v i s i o n 5 and automatic time constant were used. 

The source does not emit the same amount o f energy a t a l l wavelengths. 

To compensate f o r t h i s and other i n s t r u m e n t a l f a c t o r s the s l i t widths are 

programmed, t o maintain the energy f a l l i n g on the d e t e c t o r a t approximately 

constant s i g n a l - t o - n o i s e r a t i o . At s l i t = 2 h a l f the normal program s l i t 

w i d t h and one quarter the normal program energy i s used. 

The transmission values a t 2000 cm. * (approximately the average frequency 

s t u d i e d ) were checked using l i n e a r t y d i s c s . The r e s u l t s are t a b u l a t e d below. 

T h e o r e t i c a l Value 
Disc 

Observed 
Value 

6-3 6*0 
13*6 13-1 
25»1 25-4 

50«0 50'0 

70-0 70*0 
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D. I n t e n s i t y Measurements i n the Near- and F a r - I n f r a r e d Regions. 

The apparent i n t e g r a t e d i n t e n s i t y can be obtained from 

1 T 

T\ (apparent) = ^ J L n ( ^ ) d(Lnv) i1-21] 
band 

or T 

B i(apparent) = ^ J L n ( ^ ) d5 [1.22] 

band 

where C i s the co n c e n t r a t i o n , 1 the path l e n g t h , T q the apparent t r a n s m i t t e d 

r a d i a t i o n i n t e n s i t y of the reference m a t e r i a l or c e l l , T the apparent 
t r a n s m i t t e d r a d i a t i o n i n t e n s i t y of the sample and where the two i n t e n s i t i e s 

1Q 
are r e l a t e d by 

B. « r * v . [1.23] 

i l l L J 

The best value o f or i s obtained by p l o t t i n g the band area against 

Cl f o l l o w e d by a l e a s t squares an a l y s i s i f s u f f i c i e n t data are a v a i l a b l e . 

To o b t a i n a value o f the t r u e i n t e g r a t e d i n t e n s i t y one must use 

1 

A i = k j ^ f V v f 1 - 2 5 ^ 
band 

[where I i s the i n c i d e n t r a d i a t i o n i n t e n s i t y and I the t r a n s m i t t e d r a d i a t i o n L o 
i n t e n s i t y ] i t i s then necessary t o p l o t B^ against C l and ex t r a p o l a t e t o 

19 20 
Cl = 0. ' This e x t r a p o l a t i o n i s only s t r i c t l y v a l i d f o r constant i n c i d e n t 

19 
r a d i a t i o n and r e s o l v i n g power over the wid t h o f the band. 

1. Using the GS2A. 

Output from the ch a r t recorder (0-50 m i l l i v o l t s c a l e ) was monitored 

on a S o l a r t r o n d i g i t a l voltmeter, model LM1450. 

A S o l a r t r o n data t r a n s f e r u n i t measured t h i s voltage every 4 seconds 

and p r i n t e d the time and voltage out on a Westroe ASR33 t e l e t y p e u n i t . These 

voltages were a l s o recorded on paper tape. These tapes were then sto r e d on a 
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magnetic d i s c i n the usual manner. The GS2A program f i l e d as DCH0514 had 

read i n t o i t the s t a r t i n g value i n microns, the speed of the wavelength d r i v e 

i n microns per second and the values from the tape. I t was then able t o c a l c u l a t e 

the r a t i o e d spectrum. 

This method was used t o reduce the tedium o f feeding i n data by hand. 

A number o f band areas were c a l c u l a t e d by the program and by hand using a 

planimeter, the values were i n agreement up t o about one decimal place. 

Table 1.3. 

1010 cm." 1(Band PyrlBr/CHCl ) 

Area (from Area(hand- % D i f f e r e n c e No. of No. o f 
tape) done) p o i n t s p o i n t s 

(hand) (tape) 

2*81 2*63 8% 10 30 
2*78 15 

2*90 2»75 6% 10 32 
2«85 15 

6»84 6*85 0-4% 27 48 

The t a b l e above compares hand values and tape values. The tape values 

were s l i g h t l y more accurate because more p o i n t s were taken. However, 

e s t i m a t i o n by hand i s e q u a l l y as good i f enough p o i n t s are taken near the 

central maximum. For hand values t o be meaningful the separation between two 

p o i n t s must be approximately a s t r a i g h t l i n e otherwise the Simpson's r u l e 

c a l c u l a t i o n f o r the area i s not v a l i d . 

2. Using the 577. 

The transmission o f sample and background read o f f a t one wave-number 

i n t e r v a l s was w r i t t e n on t o NUMAC sheets, typed out onto cards and fed i n t o 

program DCH0514. This program then worked out the area and ( i f required) p l o t t e d 

out the r a t i o e d spectra i n a s i m i l a r manner as f o r the GS2A. This method 

had the advantage t h a t the base l i n e could be b e t t e r estimated by eye than w i t h 
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the tape output where e d i t i n g o f the tapes i s extremely d i f f i c u l t . 

A displacement of 1 % i n the base l i n e ( T D ) curve can r e s u l t i n a change 
21 

of band area of between 3 and 10% depending on the t o t a l band area and the 

shape of the base l i n e . For s o l u t i o n work i t i s normal t o employ the pure 

solv e n t as reference. Sometimes, however, the pure solvent does not f i t the 

wings of the complex band. This i s because:-

( i ) Absorption by the complex i n the wings due t o other bands 

i n the same reg i o n . 

( i i ) Changes i n solvent concentration due t o the presence o f 

complex i n s o l u t i o n . This i s probably most important w i t h 

s t r o n g s o l u t e bands. 

( i i i ) Small changes i n the r e f r a c t i v e index which leads t o d i f f e r e n t 
22 

r e f l e c t i v e p r o p e r t i e s when the complex i s removed, 

( i v ) Changes i n the solvent band i n t e n s i t y due t o i n t e r a c t i o n w i t h 

the donor, acceptor or complex species, 

e.g. The la r g e s o l u b i l i t y o f p y r i d i n e - i o d i n e monobromide i n the ' i n e r t s o l v e n t ' 

chloroform i s p a r t i a l l y due t o hydrogen bonding w i t h chloroform; t h i s causes 

an increase of the C-H i n t e n s i t y . This p e r t u r b a t i o n i s of the order o f , or 

greater than, the i n t e n s i t y of the C-H v i b r a t i o n s of a saturated s o l u t i o n o f 

the complex. (The v,,, „ N band i n t e n s i t i e s i n the complexes are l o w ) . 

For t h i s reason i t i s impossible t o carry out any measurements of the C-H 

pyridine-halogen complex bands i n chloroform. 

3. Using the FS720. 

Card output c o n t a i n i n g the percentage transmission and wavelength at 

s u i t a b l e i n t e r v a l s ( u s u a l l y 2°5 cm. - 1) was f e d i n t o DCH0514 and the i n t e n s i t i e s 

evaluated i n the usual way. 

I n conclusion i t can be s a i d t h a t i f the precautions o u t l i n e d i n the 

above discussion are taken, i n t e n s i t i e s can be evaluated t o b e t t e r than 90% 

of the ' t r u e ' value. 



- 28 -

CHAPTER 2 

T h e o r e t i c a l Background 

A. I n f r a r e d S p e c t r a l Studies on Donor-Acceptor Complexes. 

1. I n t e n s i t y Changes Due t o Charge Transfer from Donor to Acceptor on 

Complexing. 

The extreme case o f charge t r a n s f e r occurs when an e l e c t r o n on the donor 

i s t r a n s f e r r e d t o the acceptor t o produce two independent i o n s : 

D: + A > D + , + A" 

solv solv 

Intermediate cases occur when p a r t i a l t r a n s f e r occurs r e s u l t i n g i n 

p a r t i a l bonding. The degree o f charge t r a n s f e r w i l l depend upon t h e : 

( i ) i o n i z a t i o n p o t e n t i a l o f the donor, 

( i i ) the e l e c t r o n a f f i n i t y of the acceptor, 

( i i i ) the p o l a r i t y of the so l v e n t . 

A polar solvent w i l l encourage the form a t i o n of i o n i c species. 

However, the above discussion assumes a s t a t i c s i t u a t i o n . As the molecule 

v i b r a t e s the i o n i z a t i o n p o t e n t i a l o f the donor and e l e c t r o n a f f i n i t y o f the 

acceptor w i l l change. The e f f e c t i v e centres o f g r a v i t y of p o s i t i v e and 

negative charge w i l l change. The sizes of the charges may a l s o vary. The 

d i p o l e moment i s given by the charge m u l t i p l i e d by the distance separating the 

charge. Since both these q u a n t i t i e s are changing the d i p o l e moment w i l l change, 

which r e s u l t s i n an absorp t i o n i n t e n s i t y . Furthermore, the l a r g e r the i n i t i a l 

charge t r a n s f e r , the l a r g e r the d i p o l e moment change (assuming the same charge 

displacement takes place on v i b r a t i o n ) , so one would expect t h a t the stronger 

the complex,the g r e a t e r the observed i n t e n s i t y . 
23 

According t o M u l l i k e n the d i p o l e moment change determines the extent o f 

charge t r a n s f e r from base t o aci d which i s i n t u r n a f u n c t i o n of the i o n i z a t i o n 

energy of the base. This was v e r i f i e d by p l o t t i n g the frequency of charge 
24 25 

t r a n s f e r absorption bands against i o n i z a t i o n energy of the bands. ' 
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Since, 

I v = V - V = iK'(Q-Q^) 2 - i K ( Q - Q o ) 2 [2.1] 
v . . . . 

I = v e r t i c a l i o n i z a t i o n energy. 

Q q = normal co-ordinate f o r the p a r t i c u l a r v i b r a t i o n under c o n s i d e r a t i o n i n the 

i s o l a t e d donor. 
Q' = normal co-ordinate f o r the p a r t i c u l a r v i b r a t i o n under c o n s i d e r a t i o n i n the o 

donor c a t i o n . 

K* = f o r c e constant f o r the v i b r a t i o n under c o n s i d e r a t i o n i n the donor c a t i o n . 

K = f o r c e constant f o r the v i b r a t i o n i n the i s o l a t e d donor. 

^-1 = K'(Q - Q') [2.2 ] 
b 7 Q = Q o 0 0 J 

Thus from measurements on the f i r s t e l e c t r o n i c a l l y e x c i t e d s t a t e the 

values f o r the donor c a t i o n may be estimated and an approximate value o f the 

v a r i a t i o n i n v e r t i c a l i o n i z a t i o n energy ( i . e . d l ) obtained. 
23 

M u l l i k e n assumes a wavefunction l/)^ f o r the ground s t a t e of the complex 

= **o + ^ 1 [ 2 , 3 J 
a 1 b « a 

lb = wave f u n c t i o n f o r a non bonded s t a t e . v o 

j/)^ = " " " " d a t i v e s t a t e i n which an e l e c t r o n has been 

t r a n s f e r r e d from the base t o the a c i d . 

Neglecting overlap and s e t t i n g the energy o f the no bond s t a t e equal 

t o zero, p e r t u r b a t i o n theory gives, 

H , 
- = - — ..... [ 2 . 4 ] 

where H q 1 = J t f K ^ d t 

W l = l V " EA " C t 2 - 5 ] 

= v e r t i c a l e l e c t r o n a f f i n i t y of the acceptor. 

C = Coulomb energy o f the p a i r . 
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Assuming H and C are f a i r l y constant w i t h respect t o changing acceptor, 

these q u a n t i t i e s can be estimated from the e l e c t r o n i c spectra o f complex. 

S u b s t i t u t i n g values of H . C and the e q u i l i b r i u m value o f the i o n i z a t i o n " o l b 
energy, the e q u i l i b r i u m value of the mixing c o e f f i c i e n t s — may be obtained 

EL e 
and since 

6 [aW + 1] L e e J 

the e q u i l i b r i u m value b g can be evaluated. R e - s u b s t i t u t i n g w i t h the perturbed 

value of the i o n i z a t i o n energy ( I + d l ) a new value o f b i . e . b' i s evaluated. 

Thus db = b g - b' which i s the change o f mixing c o e f f i c i e n t on v i b r a t i o n . 

The d i p o l e moment o f the complex i s given by, 

V- = b 2 ^ [ 2 . 7 ] 

where u.̂  £ s t n e d i p o l e moment of the d a t i v e s t a t e . 

du. = 2b gdbu. 1 [ 2 . 8 ] 

The i n t e g r a t e d i n t e n s i t y A. i s given by 

where 

bQ / xz \bQ J xy 

s u b s t i t u t i n g [ 2 . 8 ] i n t o [ 2 . 9 ] . 

»i • *K3L(SST [2-10] 

Thus i t can be seen t h a t the i n t e n s i t y depends upons-

( i ) The v a r i a t i o n i n v e r t i c a l i o n i z a t i o n energy o f the donor, 

( i i ) The e q u i l i b r i u m value of the mixing c o e f f i c i e n t b which i s i n t u r n 

c o n t r o l l e d by the e l e c t r o n a f f i n i t y o f the acceptor, the i o n i z a t i o n 

energy o f the donor and the resonance i n t e g r a l HQ^. 

( i i i ) The change i n overlap d u r i n g v i b r a t i o n . 
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2 6 

Ferguson et a l . have shown t h a t , since the resonance i n t e g r a l 1-1 

w i l l be t o a f i r s t approximation p r o p o r t i o n a l t o the overlap i n t e g r a l S i 
where S „ = [i/> l!> dT [2.J1] 

o l J o 1 L J 

then the mixing c o e f f i c i e n t b g w i l l be p r o p o r t i o n a l to the overlap i n t e g r a l S^. 

Hence a v a r i a t i o n of donor and acceptor wavefunctions during v i b r a t i o n w i l l 

give r i s e t o a b s o r p t i o n . He a l so observed that v a r i a t i o n s i n the Coulombic term 

i n equation [2. 5 ] w i l l be n e g l i g i b l e i f the v a r i a t i o n i n mean donor acceptor 

distance i s not v a r i e d by donor v i b r a t i o n ( f o r donor bands). I t i s i n t e r e s t i n g 

t o note t h a t the overlap i n t e g r a l depends on the geometry of the complex 

u n l i k e the i o n i z a t i o n energy and e l e c t r o n a f f i n i t y v a r i a t i o n s . 

In view o f the high e l e c t r o n e g a t i v i t y of the halogens i t i s b e l i e v e d t h a t 

i n donor-halogen complexes the e l e c t r o n a f f i n i t y of the acceptor and o r b i t a l 

overlap seems c e r t a i n t o increase w i t h i n c r e a s i n g halogen i n t e r - n u c l e a r 

distance so t h a t the two e f f e c t s should be a d d i t i v e i n the i n f r a r e d i n t e n s i t y , 

i . e . 
Aobs " d t > 2 = [ d b ( o v e r l a P > + d t ) ( E A ^ ] 2 [2.12] 

2 
The i n t e n s i t y o f donor v i b r a t i o n s w i l l a l s o depend upon db which i s i n 

t u r n dependent on the change i n i o n i z a t i o n energy. The i o n i z a t i o n energy o f the 
26 27 

donor v a r i e s when the s i z e of the molecule i s v a r i e d . ' Thus v i b r a t i o n s 

where the form of the normal co-ordinates i n v o l v e a change i n molecule s i z e 

w i l l be perturbed i n i n t e n s i t y . 

Some donor molecules w i l l be able t o d e l o c a l i z e the p o s i t i v e charge over 

the c o n s t i t u e n t atoms. This movement of charge w i l l cause a v a r i a t i o n o f the 

t r a n s i t i o n d i p o l e moment r e s u l t i n g i n a change o f i n t e n s i t y . V i b r a t i o n a l 

modes o f the donor which i n v o l v e a v a r i a t i o n o f overlap between the donor and 

acceptor molecule d u r i n g v i b r a t i o n w i l l a l s o be perturbed i n i n t e n s i t y . This 

would be expected t o be more important f o r 'strong' complexes than weak ones 

since i n a weak complex one would expect no r e l a t i v e movement o f the donor and 
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acceptor molecules should occur during v i b r a t i o n s of the donor. 

F i n a l l y , from equation [ 2 . 5 ] i t can be seen th a t db w i l l be dependent on 
28 

the change o f Coulomb energy (dC) of the p a i r . M u l l i k e n and Person have 
shown t h a t /fcQ should be zero i f there i s no change i n the donor acceptor 

28 
distance during v i b r a t i o n . M u l l i k e n and Person take the view t h a t f o r weak 

?)C 

complexes the D-A distance does not change and t h a t /bQ w i l l only a f f e c t the 

D-A low frequencies i n the 'stronger* complexes. 

2. Frequency Changes on Complexation. 

The s t r u c t u r e o f the complex between the donor molecule D and the i n t e r -

halogen acceptor IX can be described i n terms o f two s t r u c t u r e s : 

D I - X (A) 

[D - I ] + X" (B) 

For weak complexes the no bond s t r u c t u r e (A) i s important but as the 

s t r e n g t h o f i n t e r a c t i o n increases the i o n i c s t r u c t u r e (B) becomes more important. 

This model p r e d i c t s a f a l l i n k ^ ^ and a r i s e i n k ^ The increase of 

c h a r g e - t r a n s f e r (which o s c i l l a t e s d u r i n g the v i b r a t i o n ) w i t h i n c r e a s i n g 

i n t e r a c t i o n p o i n t s t o an increase i n i n t e n s i t y f o r the v ^ n and ^ bands. 
29 

Person et a l . pointed out a second model which explains the observed 

s i t u a t i o n e q u a l l y w e l l . 

D I - X (A') 

D* [ I - X ] - (B«) 

The s o l i d l i n e represents a covalent bond; the d o t t e d l i n e represents 

van der Waals f o r c e s . 

The e l e c t r o n i n B' spends p a r t o f i t s time i n an aa(pr ao*)molecular 

o r b i t a l o f the halogen, and hence reduces the I - X bond order and the 

observed f o r c e constant and frequency. The i n t e n s i t y i s explained by the 

i o d i n e v i b r a t i n g towards a [D - l ] + X" s t a t e . Person et a l . , 2 9 using 

a very crude model, have estimated t h a t p y r i d i n e - i o d i n e monochloride has a 

s t r u c t u r e which i s h i g h l y i o n i c . 



- 33 -

A b e t t e r estimate of the e l e c t r o n i c charge d i s t r i b u t i o n may be obtained 

from N.M.R. and N.Q.R. s t u d i e s . N.M.R. studies on the s u b s t i t u t e d p y r i d i n e 
30 

i o d i n e monochloride complexes i n d i c a t e the e l e c t r o n i c r e d i s t r i b u t i o n i s not 

in f l u e n c e d by s t e r i c e f f e c t s and t h e r e f o r e by the extent of overlap between 

the molecules. Assuming t h a t the double bond character and s o r b i t a l 

h y b r i d i s a t i o n o f the halogen molecule are zero the charge d i s t r i b u t i o n s f o r 

i o d i n e c h l o r i d e and the p y r i d i n e complex have been estimated from N.Q.R. 

Cl a s s i c a l e l e c t r o s t a t i c forces thus appear t o play a dominant r o l e i n 
31 

complex s t a b i l i s a t i o n . Fleming and Hanna have also given an i n t e r e s t i n g 

d i s c u s s i o n on the charge t r a n s f e r s t r u c t u r e o f p y r i d i n e - i o d i n e c h l o r i d e which 

w i l l be r e f e r r e d t o i n Chapter 3. 
32 

A recent study has been made on p y r i d i n e - i o d i n e monochloride using 

E.S.C.A. These r e s u l t s suggest a t r a n s f e r o f 0*1 el e c t r o n s from the n i t r o g e n 

t o i o d i n e atom i n the C.T. complex. However, the d i f f e r e n c e from the N.Q.R. 

data can be explained as due t o the f a c t t h a t the E.S.C.A. measurements were 

made i n the vapour phase. 

To summarise, the v i b r a t i o n a l spectra of the complex are i n t e r p r e t e d from 

the spectra of the i s o l a t e d molecules and from the p r e d i c t e d spectra o f D + 

and A". 

3. Changes i n the Acceptor Spectra on Complexation. 

Where the e l e c t r o n i s accepted i n t o a l o c a l i s e d o r b i t a l i n v o l v i n g the X - Y 

bond o f acceptor X - Y - Z then changes should occur mainly i n the X - Y 

frequency w i t h much less change i n the Y - Z frequency. 

E l e c t r o n i c rearrangements occur f o r v i b r a t i o n s which 
v 

( i ) change the v e r t i c a l e l e c t r o n a f f i n i t y E., 

st u d i e s . 31 

+0*32 
I 

-0*32 
Cl 

+0*26 
N 

/ 
+0«35 -0*61 
•• I - Cl 
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( i i ) Change the overlap between donor and acceptor atomic o r b i t a l s . 

The value of the mixing c o e f f i c i e n t b i s r e l a t e d approximately t o the 
Ak 33a r e l a t i v e change o f force constant /k by the expression 

Ak.. « b 2 + a S , [2.13] 
/k b o l L J 

where i s the overlap i n t e g r a l . 

Thus a change i n b w i l l produce an increase i n i n t e n s i t y of the acceptor 

V/-Y v\ band and a r e d u c t i o n o f the band frequency. (X — Y) 

4. Changes i n the Donor Spectra on Complexation. 

The spectra o f D and D + would be expected to be s i m i l a r , the l o s s of 

p a r t of one bonding e l e c t r o n i s spread over several bonds i n aromatic donors 

or the e l e c t r o n comes from non-bonding o r b i t a l s ( i n the case o f p y r i d i n e or 

dioxan f o r example). 

E l e c t r o n i c rearrangements occur f o r v i b r a t i o n s which: 
v 

( i ) Change the v e r t i c a l i o n i z a t i o n energy I . For donor-acceptor 

i n t e r a c t i o n the i o n i z a t i o n energy i n t e r a c t i o n i s d i r e c t i o n a l so only 

t o t a l l y symmetric ( i . e . on the a x i s of X - Y i n t e r a c t i o n ) v i b r a t i o n s 

w i l l do t h i s . 

( i i ) Change the overlap between donor and acceptor atomic o r b i t a l s . 

V i b r a t i o n s o f the donor which have displacement co-ordinates along the 

a x i s o f i n t e r a c t i o n between donor and acceptor i n t h e i r respective symmetry 

co-ordinates w i l l be expected t o be the most perturbed on complexation. 
5. Hydrogen Bonding and Charge-Transfer Complexes. 

Since chloroform was f r e q u e n t l y used as a sol v e n t i n these s t u d i e s and 

chloroform i s known to i n t e r a c t w i t h p y r i d i n e forming a hydrogen bonded 
33b 

complex i t i s important to make some mention o f hydrogen bonding. I n the 

hydrogen-bonded complex the l i g h t hydrogen atom i s moving w h i l s t the heavy 

donor and atoms attached t o the hydrogen atom are approximately s t a t i o n a r y . 
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Tsubomura estimated the i n t e n s i f i c a t i o n o f 0-H bond s t r e t c h i n g v i b r a t i o n 

and reached the conclusion t h a t charge t r a n s f e r (as a v i b r o n i c c o n t r i b u t i o n ) 

i s the most important f a c t o r determining the change i n i o n i z a t i o n energy d l . 

Thus, a v a r i a t i o n of the v e r t i c a l e l e c t r o n a f f i n i t y w i t h respect t o the i n t e r n a l 

co-ordinate i s also t o be expected f o r the X-H bond j u s t as f o r halogen 

complexes, so the explanation f o r the i n t e n s i f i c a t i o n o f the X-H s t r e t c h i n g 

v i b r a t i o n upon hydrogen-bond for m a t i o n i s probably e x a c t l y the same as f o r the 

halogen s t r e t c h i n g v i b r a t i o n . 
6 6" 

Chloroform w i l l s t a b i l i z e semi-polar species o f the type D •••• I ••••CI 

by hydrogen bonding but t h i s i s u s u a l l y j u s t considered as a general solvent 

e f f e c t . 
6. Reasons f o r the Appearance of I n f r a r e d I n a c t i v e Bands on Complexation. 

A f t e r the discovery of the Cl-Cl s t r e t c h i n g band i n the i n f r a r e d spectrum 
35 

of a s o l u t i o n of c h l o r i n e i n benzene by C o l l i n and D'Or i t was assumed t h a t 
the c h l o r i n e molecule was i n an unsymmetrical l o c a t i o n . However, t h i s i s not 

26 . 

n e c e s s a r i l y the case as Ferguson and Matsen pointed out. The c h l o r i n e 

molecule may be i n a symmetrical environment and the e l e c t r o n v i b r a t i o n causes 

the appearance o f the bands. Hence there i s no i n f o r m a t i o n to be gained about 

the geometry from the appearance o f a halogen-halogen s t r e t c h i n g band. 

Apart from ensuring t h a t no new bands formed on complexation were due t o 

i m p u r i t i e s , no studies were made on the Raman bands of the donor which were 

observed on complexation. 
7. I n t e n s i t y Changes Due t o Changes i n Symmetry and Normal Co-ordinates 

on Complexation. 

Only a b r i e f mention w i l l be made here as t h i s i n t e n s i t y change w i l l 

be explained f u l l y i n Chapter 6 on normal co-ordinates. The normal co-ordinates 

o f D or A may change from t h e i r values i n the f r e e molecule causing i n t e n s i t y 

changes to occur. These changes may be due to mixing o f i n t e r n a l D (or A) 

co-ordinates w i t h the new DA co-ordinates. I n the event o f a symmetry change 
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on complexation mixing of i n t e r n a l D (or A) co-ordinates together may occur. 

The appearance o f a band ( i n e.g. the donor) which appears i n the complex 

w i l l obey an i n t e n s i t y sum r u l e mixing w i t h an allowed band t o gain i n t e n s i t y 

at the expense of the allowed band. However p o l a r i z a t i o n and v i b r o n i c e f f e c t s 

w i l l also a f f e c t the i n t e n s i t i e s so a r e d u c t i o n i n i n t e n s i t y may not be 

observed. 

8. I n t e n s i t y Changes Due t o E l e c t r o s t a t i c I n t e r a c t i o n s Other than Charge 
rp £ 36 

Transfer. 

Even though D and A may be non-polar molecules, D and A may become 

p o l a r i z e d i n the c o m p l e x so t h a t s t r e t c h i n g causes a d i p o l e moment change. 

Also,the p o l a r i z a t i o n i s expected t o change sharply w i t h changing D-A distance 

causing a f u r t h e r l a r g e e l e c t r o s t a t i c c o n t r i b u t i o n to^^/bQ. The bending 

v i b r a t i o n s w i l l be expected t o be a f f e c t e d t o a lesser e f f e c t by these 

p e r t u r b a t i o n s . V i b r a t i o n s which occur along the axis o f i n t e r a c t i o n should be 

the ones most enhanced by t h i s process. 
37 

The p o l a r i z a t i o n forces i n order o f s t r e n g t h are ( i ) i o n i c ; ( i i ) i o n -

d i p o l e ; ( i i i ) d i p o l e - d i p o l e ; ( i v ) dipole-induced d i p o l e ; ( v ) London 

d i s p e r s i o n . 
( i ) I o n i c . 

This i s the a t t r a c t i o n o f ions due t o the Coulomb energy of a t t r a c t i o n E 
q,q p 

E = - -~r t 2 - 1 4 ^ 

and are the i o n i c charges, 

r i s the separation. 

Repulsive forces p r o p o r t i o n a l t o prevent c o a l i t i o n . 
r 

( i i ) Ion-Dipole A t t r a c t i o n . 

This i s the a t t r a c t i o n of a charged ion t o a molecular d i p o l e . 
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The energy of i n t e r a c t i o n E i s given by 

B = • [2.15] 
r r 

charge- p o l a r i s e d 
d i p o l e molecule 

a = p o l a r i z a b i l i t y of the molecule. 

e = charge of the i o n . 

( i i i ) D ipole-Dipole A t t r a c t i o n . 

The energy of i n t e r a c t i o n o f two d i p o l e s u.̂  and Uv, i s given by 

E = - —^f [2.16] 
r 

The o r i e n t a t i o n of the d i p o l e s should be l i n e a r , i . e . + - + - e t c . 

( i v ) Dipole-Induced Dipole A t t r a c t i o n . 

The i n t e r a c t i o n energy E i s given by, 

E = - 2 c ^ 2 / r 6 [2.17] 

u, i s the permanent d i p o l e moment and a i s the p o l a r i z a b i l i t y of the molecule 

i n which the d i p o l e i s induced. 

( v ) London-Dispersion Forces. 

An instantaneous d i p o l e due t o v i b r a t i o n i n the donor induces an instantaneous 

d i p o l e i n the acceptor and v i c e - v e r s a . The net e f f e c t i s a tendency t o 

synchronize the e l e c t r o n motion i n both atoms. 

E = - 3/2 ( c ^ a y r 6 ) [ I 1 I 2 / ( I 1 + I 2 ] [2.18] 

and are the p o l a r i z a b i l i t i e s o f donor and acceptor. 

I ^ j l g a r e the r e s p e c t i v e i o n i z a t i o n p o t e n t i a l s o f donor and acceptor. 

Thus i t can be seen t h a t even wit h o u t charge t r a n s f e r considerable 

e l e c t r o s t a t i c f orces may be operative between molecules. 
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9. Solvent E f f e c t s on Absorption I n t e n s i t y and Frequency. 

The ground s t a t e s o f most 'charge-transfer*complexes appear to i n v o l v e very 

l i t t l e t r a n s f e r o f charge when the complexes e x i s t i n s o l u t i o n i n a solvent o f 

low i o n i z i n g power. I f a solvent o f high i o n i z i n g power i s chosen i o n i z a t i o n o f 

the e s s e n t i a l l y non-ionic complex w i l l occur. The d r i v i n g f o r c e i s the s o l v a t i o n 
c . 38,39 of i o n s , ' 

DA + solvent D + , + A" 

s o l v solv 

When the D - A complex forms i n s o l u t i o n i t may be considered as the de-

s o l v a t i o n o f D and A f o l l o w e d by the f o r m a t i o n of DA (s o l v a t e d ) . 

D(S) + A(S) ^=±DA(S) 

The p r o p e r t i e s o f the complex measured i n s o l u t i o n give the d i f f e r e n c e 

between the D,A i n t e r a c t i o n and the D,S and A 9S i n t e r a c t i o n s . 

For the D - X - Y complexes the two low frequency bands (see Chapter 3) are 
40 41 42 

solvent s e n s i t i v e g e t t i n g closer together ' ' as the p e r m i t t i v i t y o f the 

so l v e n t increases. This e f f e c t has been a t t r i b u t e d to the increase o f the 

p o l a r D +[X - Y] c o n t r i b u t i o n to the ground s t a t e o f the complex. I f t h i s were 

the case one would expect the band i n t e n s i t i e s t o increase by the app r o p r i a t e 

amount. 

Where an increased i n t e n s i t y i s not observed increased v i b r a t i o n a l c oupling 

o f the low frequency modes may have r e s u l t e d i n an i n t e n s i t y r e d i s t r i b u t i o n . 

Part of the frequency s h i f t may be due t o an increase i n 'bulk d i e l e c t r i c ' e f f e c t 
45 

due t o n o n - s p e c i f i c i n t e r a c t i o n s . However, the frequency s h i f t s p r e d i c t e d 
43 44 

by the Kirkwood-Bauer-Magat ' eq u a t i o n : 
£ - = C(c - llu + 2,™^P^> [2.19] 
v \ / ( € + 2 ) ( n 2 + 2) 

.(where 

. i s the wavenumber i n the gas phase 

C i s p r o p o r t i o n a l t o the i n t e n s i t y o f the v i b r a t i o n a l band 

v_ i s the wavenumber i n s o l u t i o n 
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£ i s the p e r m i t t i v i t y of the sol v e n t , and 

n i s the r e f r a c t i v e index o f the solvent) 
_1 due t o a change o f r e f r a c t i v e index i s very small (about 3 cm. ) compared w i t h 

the observed s h i f t s . 

A great deal o f e m p i r i c a l work has been done on solvent s h i f t s ; , r e l a t i n g 
46 

the s o l v e n t s h i f t t o ( i ) the separation of the i n t e r a c t i n g species , ( i i ) the 
47 48 49 48 heat of f o r m a t i o n of the complex ' ' , ( i i i ) the a s s o c i a t i o n constant , 

( i v ) the pK o f the d o n o r ^ , ( v ) the pK o f the acceptor"* 1, ( v i ) T a f t and 
a D 

52 

Hammett parameters. 

Since good c o r r e l a t i o n i s u s u a l l y only observed provided comparison i s 

r e s t r i c t e d to a p a r t i c u l a r chemical type o f donor and acceptor d i s c u s s i o n on 

t h i s w i l l be l e f t t o the a p p r o p r i a t e chapters. I t seems c l e a r t h a t solvent 

e f f e c t s depend to some extent on a l l the standard thermodynamic p r o p e r t i e s 

which are i n d i c a t i v e o f bond f o r m a t i o n because o f the very d i f f u s e nature o f 

the i n t e r a c t i o n . Only by cons i d e r i n g which thermodynamic p r o p e r t y i s most 

s u s c e p t i b l e t o v a r i a t i o n under the c o n d i t i o n s s t u d i e d can some s o r t o f 

semi-empirical r e l a t i o n s h i p between frequency s h i f t and the p h y s i c a l p r o p e r t y 

be b u i l t up. 

B. Band Shape Studies. 

1. I n t r o d u c t i o n . 

I n t e r e s t i n band shape a n a l y s i s arose i n t h i s work from the need t o 

i n t e r p r e t changes i n h a l f band w i d t h and shapes observed i n the s t u d i e s o f band 

i n t e n s i t i e s o f pyridine-halogen complexes. For example the 1586 cm. - 1 band 

o f p y r i d i n e i n chloroform has an apparent h a l f band w i d t h o f 11 cm."1; i n the 

iodine-bromide complex the band has s h i f t e d up t o 1601 cm. - 1, the i n t e n s i t y i s 

p r a c t i c a l l y unchanged and the h a l f band w i d t h i s halved a t 6 cm. _ i For i o d i n e 

c h l o r i d e i n cyclohexane (presumably a 'non-complexing' s o l v e n t ) the v , T r i » has 
( I — C I ) 

a h a l f band w i d t h o f 15 cm. 1 I n the p y r i d i n e complex the v, T _ ^ band has a 
Q X—OlJ 
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h a l f band w i d t h of 25 cm. \ an increase o f 10 cm. * 

I t was also found t h a t i n the case of p-dioxan-iodine the band frequency, 

shape and i n t e n s i t y (assuming the e q u i l i b r i u m law holds) had a dependence on 

the c o n c e n t r a t i o n of dioxan (see Chapter 5 ) . 

These e f f e c t s are not due t o a change i n bulk e l e c t r i c a l p e r m i t t i v i t y 
53 

( i . e . i n c r e a s i n g medium p o l a r i t y ) because dioxan e x i s t s 98% i n the c h a i r form 

and cyclohexane i s g e n e r a l l y regarded as an ' i n e r t ' non-polar s o l v e n t . 

However,cyclohexane i s not ' i n e r t ' compared t o n-heptane, i t has been 
54 

shown i n a recent p u b l i c a t i o n t h a t the i n t e n s i t y i n cyclohexane f o r IBr and 

I C l i s considerably l a r g e r than i n n-heptane, t h i s can only be accounted f o r 

by the lower i o n i z a t i o n p o t e n t i a l of cyclohexane i n d i c a t i n g t h a t cyclohexane 

does t o some extent compete w i t h the d i s s o l v e d donor t o i n t e r a c t w i t h the 

acceptor. This i s also supported by the higher value f o r the benzene-iodine 

e q u i l i b r i u m constant i n n-hexane as opposed t o cyclohexane. 

However, an i n d i v i d u a l dioxan molecule as i t v i b r a t e s i n s o l u t i o n w i l l , d u e 

t o the d i s t o r t i o n s produced by v i b r a t i o n s , lose i t s symmetry and have a 

considerable t r a n s i e n t d i p o l e moment. This i m p l i e s t h a t l o c a l f i e l d e f f e c t s on 

the environment of the 'average molecule' as i t moves through s o l u t i o n w i l l 

have an e f f e c t on the c h a r a c t e r i s t i c s o f the band. 

Therefore a systematic study of the experimental v a r i a b l e s i . e . 

c o n c e n t r a t i o n , i n c i d e n t energy (e.g. microwave, Raman, f a r - i n f r a r e d e t c . ) on 

the c h a r a c t e r i s t i c s of the observed bands should throw some l i g h t on which 

mechanisms are predominant. 

Thus, i n order t o understand these e f f e c t s i t i s f i r s t necessary t o discuss 

the v a r i o u s models and mechanisms t h a t have been put forward t o e x p l a i n band 

shapes and i n t e r m o l e c u l a r i n t e r a c t i o n s i n the gas-phase and s o l u t i o n . 
2. E f f e c t s on Band Shape o f Condensation from Gas-Phase to L i q u i d . 

For a diatomic molecule i n the gas-phase the nuclear energy i s given b y ^ 

e t o t a l ~ C r o t + € v i b E 2- 2°J 
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Where, 

C t o t a l = B J ( J + X ) + ( v + 5>v e - x e ( v + i ) 2 v e 

Figure 2.1. shows the s i t u a t i o n diagrammatically. 

Fig. 21 i 

tTOT 

v-.l 

\ 
Fig. 21 i ) rotational 

levels 

J 

Internuclear distance * 

Av = 0, 1 l , ± 2 AJ = - 1 

and A€ ¥ = v = v + 2Bm f 2 . 2 l ] 
J f V spec o L • J 

m = ± 1, + 2 

V q i s the band centre. (2,21 neglects the anharmonicity f a c t o r x g ) . 

Hence the gas spectrum has a band centre at frequency V q and a r o t a t i o n a l 

f i n e s t r u c t u r e o f separation 2B, B being the r o t a t i o n a l constant. 

On going t o the s o l u t i o n the f i n e s t r u c t u r e i s g e n e r a l l y l o s t and a broad 

band i s observed. The molecules i n s o l u t i o n p e r t u r b one another so s t r o n g l y 

t h a t they are unable t o r o t a t e f r e e l y and t h i s leads t o a collapse o f the 
r o t a t i o n a l f i n e s t r u c t u r e making the bands much sharper. Sometimes a r e s i d u a l 

57 
r o t a t i o n a l s t r u c t u r e i s r e t a i n e d i f there i s a weak i n t e r a c t i o n w i t h the 

57 

s o l v e n t . Jones and Sheppard, i n the case o f methyl c h l o r i d e i n carbon 

t e t r a c h l o r i d e , o b s e r v e d t h a t c e r t a i n bands were considerably broader than o t h e r s . 
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This was due t o a r e s i d u a l r o t a t i o n a l s t r u c t u r e showing t h a t the methyl 

c h l o r i d e had r e t a i n e d i t s a b i l i t y to r o t a t e about a p a r t i c u l a r a x i s , i . e . the y 

H CI 
H 

axis i n t h i s case. 
I t i s necessary to d i v i d e the v i b r a t i o n s i n t o those which change the 

d i p o l e i n t o : 

( i ) p a r a l l e l t o 

and ( i i ) perpendicular t o the main symmetry a x i s which 
i s the Ĉ  a x i s about which the top r o t a t e s . 

57 

Accordingly Jones and Sheppard observed t h a t bands due t o ' p a r a l l e l ' modes 

were much narrower than those due t o 'perpendicular' modes due t o suppression 

of r o t a t i o n about an axes perpendicular t o the C-Cl a x i s o f symmetry. The 

top w i l l i n any case spin more e a s i l y about the C-Cl a x i s due t o i n e r t i a l 

e f f e c t s . 

3. Relaxation Processes i n S o l u t i o n . 

Relaxation may be d e f i n e d as the l a g i n response o f a system t o changes 

i n the forces t o which i t i s s u b j e c t . These e x t e r n a l forces are of the 

form o f A.C. f i e l d s , whether t h i s be a conventional A.C. f i e l d between the 

poles o f a magnet or an o s c i l l a t i n g electromagnetic wave e.g. i n f r a r e d 

r a d i a t i o n . 

( i ) Microwave Region. 

The d i e l e c t r i c p r o p e r t i e s o f polar m a t e r i a l s a r i s e from the a b i l i t y o f 

t h e i r d i p o l e s t o r e - o r i e n t a t e i n an a p p l i e d e l e c t r i c f i e l d . This a b i l i t y 

i s normally r e t a i n e d i n the gaseous or l i q u i d s t a t e s even when the f i e l d 

reverses 10^ times per second. On s o l i d i f i c a t i o n the molecules normally 

become anchored i n the s o l i d l a t t i c e so t h a t they can no longer r o t a t e . This 

leads t o the marked f a l l i n p e r m i t t i v i t y shown by most po l a r m a t e r i a l s on 
r . 58 f r e e z i n g . 
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Another means e x i s t s f o r e l i m i n a t i n g d i p o l e o r i e n t a t i o n i n the l i q u i d ; 

i f the frequency o f the electromagnetic f i e l d i s r a i s e d s u f f i c i e n t l y 
12 -1 

(«* 10 s ) the molecules w i l l no longer be able t o r o t a t e appreciably before 
the f i e l d d i r e c t i o n i s reversed. Accordingly there w i l l be a f a l l i n the 

6 12 — 1 
p e r m i t t i v i t y as the frequency increases from 10 t o 10 s From t h i s i t can 

-12 

be seen t h a t 'the average molecule r e q u i r e s more than one picosecond (10 s) 

to r o t a t e 180°; 

A low frequency f i e l d causes the molecules t o p a r t l y r e - o r i e n t a t e before 

the f i e l d reverses. This r e - o r i e n t a t i o n o f the d i p o l e s t r a n s m i t s the energy 

through the medium and so c o n s t i t u t e s an e l e c t r i c c u r r e n t (displacement c u r r e n t ) . 

For no lag between molecular r e - o r i e n t a t i o n and a p p l i e d v o l t a g e v a r i a t i o n s the 

displacement c u r r e n t w i l l be 90° ahead o f the a p p l i e d v o l t a g e . This f o l l o w s 

because the displacement c u r r e n t i s at a maximum when the a p p l i e d e.m.f. 

changes the most r a p i d l y . I n an i d e a l d i e l e c t r i c there i s no j o u l e heating 

e f f e c t as the current has no component w i t h the e.m.f. 

As the frequency i s increased up t o microwave values the r o t a t i o n o f 

the molecules w i l l l a g behind the voltage o s c i l l a t i o n s . Thus the phase 

y d 

E.M.F. EM.F. 
deal Dielectric High Frequencies 

Fig. 22 . 

£" 
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displacement d e l t a (6) causes the current t o acquire a component ( i s i n S ) 

i n phase w i t h the vo l t a g e and so d i s s i p a t i o n o f energy as j o u l e h e a t i n g . 

Also the p e r m i t t i v i t y f a l l s a t very high frequencies t o t h a t o f a non-polar 

molecule. 

Under these c o n d i t i o n s the p e r m i t t i v i t y i s expressed by a complex q u a n t i t y 

e * 

C* = €' + i f " [2.22] 

€ 1 = r e a l p a r t o f the p e r m i t t i v i t y . 

C" = the d i e l e c t r i c loss f a c t o r . 

I n order t o c a l c u l a t e the p e r m i t t i v i t y as a f u n c t i o n o f frequency the 

r e l a t i o n s h i p between the s u s c e p t i b i l i t y - also a f u n c t i o n o f frequency i s 

used. 

€ ( v ) = C Q + 4nx(v) [2.23] 

To c a l c u l a t e x ( ^ ) the v a r i a t i o n of | J.(t)-the d i p o l e moment as a f u n c t i o n 

o f time-must be considered. I t i s assumed t h a t the r a t e o f approach o f p,(t) t o 

e q u i l i b r i u m w i l l be p r o p o r t i o n a l t o the d e v i a t i o n from e q u i l i b r i u m . When a 

steady f i e l d E has been ap p l i e d f o r a long time the d i p o l e moment w i l l be 

r e l a t e d by E t o the s t a t i c s u s c e p t i b i l i t y , t h a t i s , f o r zero frequency 

u.(») = X<°) E [2.24] 

At time t u,(t) w i l l n ot have reached the steady s t a t e so 

ftn(t) _ - i x ( t ) 
bt T [2.25] 

l y T i s the constant o f p r o p o r t i o n a l i t y , T i s c a l l e d the RELAXATION TIME. I f 

the f i e l d i s now made a l t e r n a t i n g 

E ( t ) = E o e x p ( i v t ) [2.26] 
h u ( t ) + ^ X ( o ) B o e x p ( i y t ) 
bt T T 

Hence s o l v i n g f o r u.(t) 
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Y E e x p ( i v t ) 
K t ) = -r-2"—^ [2.27] 
*^ Z J ( 1 + i v t ) 1 J 

Since X ( v ) = , , X [ o ) . - ^ ^ ( l + i v t ; 

| i . ( t ) = x ( v ) E ( t ) 

Since e * = € l . = € + 4 n X = € ' + i e " obs o 
4 T * ( o ) 

CV = - ( ° 2 2 [2-29] 

1 + V T 

At very low frequency the observed p e r m i t t i v i t y tends towards the s t a t i c 

d i e l e c t r i c constant. 

e« -» C + 4ny [2.30] 

C" -• o as V -• o [2.31] 

A t very high frequency the molecule i s completely unable t o respond t o the 

r a p i d l y changing f i e l d and 
€ * -» C as V -» 0 0 

o 
£ 2 - ° 

Fig. 2.3. 

Frequency dependence of the dielectric constant in a medium 
dominated by relaxation processes . 
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T = [2.33] 

I n between these two l i m i t s there i s a gradual change i n e 1 and an 

absorpt i o n band around a frequency. 

v = ^ [2.32] 

The E f f e c t o f Temperature on the Relaxation Dispersion i n the Microwave Region. 
59 

Debye has shown, assuming a s o l u t i o n o f polar molecules i n a non-polar 
solvent r o t a t i n g against the viscous drag o f the surroundings t h a t , 

3 
i 

kT' 

j) = v i s c o s i t y o f f l u i d a t temperature T. 

a = the radius o f the hard sphere which experiences the same f r i c t i o n a l couple 

as the molecule under the same c o n d i t i o n s . I n order t o overcome the l o c a l 

viscous forces the molecule must overcome the potential'hump'V i n order t o 
K 

r o t a t e . The value o f V depends on the degree o f i n t e r a c t i o n w i t h the polar 
K 

60 
molecule. The v a r i a t i o n o f v i s c o s i t y w i t h temperature f i t s the equation, 

"VR 
j) ^ const exp( /kT) [2.34] 

P l o t s of r e l a x a t i o n time against the r a t i o o f v i s c o s i t y t o temperature are l i n e a r 

a l s o supporting the above theory. 

( i i ) Relaxation Processes Observed i n the I n f r a r e d Region. 

The i n t e n s i t y of absorp t i o n i n the i n f r a r e d depends on the change i n d i p o l e 

moment w i t h normal c o - o r d i n a t e . This change depends upon a v i b r a t i o n a l t r a n s i t i o n 

which occurs very r a p i d l y compared t o the time taken t o a l i g n i n an e l e c t r i c 

f i e l d . Therefore one would expect t h a t r e l a x a t i o n processes observed i n the 

i n f r a r e d t o be r a p i d compared t o the microwave re g i o n . 

From the previous d i s c u s s i o n i t i s c l e a r t h a t the shape o f an i n f r a r e d 

a b s o r p t i o n depends upon the processes leading t o a b s o r p t i o n . These ares-
(a) a r o t a t i o n a l c o n t r i b u t i o n , 
(b) a v i b r a t i o n a l c o n t r i b u t i o n , 
( c ) a t r a n s l a t i o n a l c o n t r i b u t i o n . 

I n the i n f r a r e d i t i s not p o s s i b l e t o s p l i t these three components. 
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However, non-polar i n e r t molecules would be expected t o have a greater 

freedom and hence a greater r o t a t i o n a l p a r t than molecules experiencing e l e c t r o n 

donor-acceptor f o r c e s , or dipole-induced d i p o l e i n t e r a c t i o n s . I n the case o f 

i o d i n e complexes w i t h l i g h t e r molecules the sheer mass o f the atoms would 

s e r i o u s l y reduce the r a t e o f o r i e n t a t i o n causing the bands t o be dominated by 

v i b r a t i o n a l and/or t r a n s l a t i o n a l e f f e c t s . 
61 

Bratos et a l . has given a mathematical treatment t o e x p l a i n the p r o f i l e 

o f a diatomic molecule as i n f l u e n c e d by a p a r t i c u l a r mechanism, the most 

important mechanisms are :-

(a) V i b r a t i o n a l Relaxation Via T r a n s l a t i o n a l D i f f u s i o n . 

This i s one of the mechanisms by which the v i b r a t i o n a l energy i s relaxed 

i n t o the medium. The motion consists o f jumps between s i t e s separated by an 

energy b a r r i e r V^. I t i s necessary t o decide whether the environment o f the 

molecule changes d u r i n g the v i b r a t i o n . As explained p r e v i o u s l y , r e l a x a t i o n 

c o r r e l a t i o n times are a measure of the r a t e o f change from the steady s t a t e . 

I n t h i s case the t r a n s l a t i o n a l c o r r e l a t i o n time gives the r a t e of change o f 

environment of the molecule. I f t h i s i s much greater than the l i f e - t i m e o f the 

v i b r a t i o n ( i . e . the r e c i p r o c a l frequency converted t o picoseconds) the solvent 
61 

a c t i o n w i l l be s t a t i s t i c a l . Estimates f o r from d i f f u s i o n c o e f f i c i e n t s 
i n d i c a t e t h a t T t 10 ^ s f o r HCl i n CCl^ where weak i n t e r a c t i o n occurs ( i f 

-1 -12 the frequency o f absor p t i o n i s 10 cm. the l i f e - t i m e i s about 3 x 10 s ) . 

the v i b r a t i o n a l l i f e - t i m e 

Hence the above hypothesis i s confirmed where weak solvent i n t e r a c t i o n s occur. 

I t seems c l e a r t h a t f o r a s t a t i s t i c a l treatment t o work one must assume a 

la r g e number o f independent solvent molecules modulating the v i b r a t i o n . Bratos^ 1 

e t a l . found f o r a l a r g e number o f solvent molecules i n t e r a c t i n g i n the absence 

o f v i b r a t i o n a l mixing t h a t the v i b r a t i o n a l c o n t r i b u t i o n should be Gaussian. 

I f the number o f solv e n t molecules i n t e r a c t i n g i s small the s i t u a t i o n i s much 

more complex. 
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The f u n c t i o n Ĝ  describes the r e l a x a t i o n o f the v i b r a t i o n a l energy and i s 
6 2 

c a l l e d the v i b r a t i o n a l r e l a x a t i o n f u n c t i o n . Morowitz and E i s e n t h a l showed 

t h a t one can w r i t e 

Gy = e x p ( - p y t ) [2.35] 

where 3^ i s the v i b r a t i o n a l damping constant. 
The band h a l f - w i d t h f o r pure v i b r a t i o n a l r e l a x a t i o n based on t r a n s l a t i o n a l 

1 

d i f f u s i o n i s about P y
2« I f a large Gaussian component i s present then 

v i b r a t i o n a l e f f e c t s must be important. However the converse i s not t r u e . 

(b) R o t a t i o n a l D i f f u s i o n . 

The mathematical treatment o f B r a t o s ^ 1 et a l . considers the r o t a t i o n a l 

r e l a x a t i o n f u n c t i o n G R as w e l l as the v i b r a t i o n a l r e l a x a t i o n f u n c t i o n Ĝ . 
The form o f GD i s determined by two f a c t o r s : K 

( i ) Two types o f r o t a t i o n a l movement are p o s s i b l e depending on the h e i g h t 

of the p o t e n t i a l b a r r i e r opposing r o t a t i o n V . I f V « kT the 
K K 

molecule executes a motion s i m i l a r t o f r e e r o t a t i o n . I f V » kT 
K 

the molecule does not have the energy t o r o t a t e and the molecule 

tumbles through s o l u t i o n executing random ' f l i p s ' ; t h i s i s 

r o t a t i o n a l d i f f u s i o n . I f V R kT the motion i s complex although i t 

can be approximately l i k e n e d t o a f r a c t i o n f r e e l y r o t a t i n g and a 

f r a c t i o n undergoing r o t a t i o n a l d i f f u s i o n , 

( i i ) Whether the r e - o r i e n t a t i o n a l c o r r e l a t i o n time ( t h e time i t takes 

f o r the molecule t o d i s s i p a t e i t s energy throughout the system) 

i s long compared w i t h the time taken f o r one complete r o t a t i o n 

o f the molecule. (The time f o r one r o t a t i o n being the r e c i p r o c a l 

o f the angular v e l o c i t y . ) This a l s o c o n t r o l s whether the 

o r i e n t a t i o n a l motion i s s i m i l a r t o a ' f r e e ' r o t a t i o n or a r o t a t i o n a l 

d i f f u s i o n process. 
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I f T » time f o r one r o t a t i o n , f r e e r o t a t i o n s occur, 
R 

I f T « time f o r one r o t a t i o n , r o t a t i o n a l d i f f u s i o n occurs. 
R 

62 
For a l i n e a r molecule i t has been shown t h a t 

G R = 1 - a t 2 + b t 4 .... 
k T / T 

rfhere a = / I 

b = ^ y ) 2 + ( 2 4 I 2 ) " 1 < ( W ) 2 > 

k = Boltzmann constant 

T = absolute temperature 
I •= moment of i n e r t i a 
2 

< (OV) > i s the mean square torque due t o the other molecules. 

A l l o w i n g f o r v i b r a t i o n a l r e l a x a t i o n b r i n g s i n two new c o e f f i c i e n t s : = a • -r 
b' = b + a (-2-) + 

At t = 0, G R = 1 

When^* t « T ( f r e e r o t a t i o n c o r r e l a t i o n time) 
R 

G R = e x p [ ( - k T / I ) t 2 ] 

which i s Gaussian i n form, i . e . f r e e r o t a t i o n gives a Gaussian component. 
i 

I f t » T r ( f r e e r o t a t i o n c o r r e l a t i o n time) 

G R = e x p ( - o R t ) [ 2 . 

= damping constant f o r r o t a t i o n a l d i f f u s i o n . 

I f r o t a t i o n a l d i f f u s i o n i s predominant the band p r o f i l e i s Lorentzian 

i n the centre and exponential i n the wings. The s t r o n g l y temperature dependent 

h a l f band w i d t h i s double the d i f f u s i o n c o e f f i c i e n t . 

Free r o t a t i o n would, o f course, give a spectra s i m i l a r t o the gas-phase 
4kT A 

w i t h side bands and a halfband w i d t h o f the order o f ( — — ) 2 . 
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( c ) The L i t o v i t z Model f o r C o l l i s i o n a l Complexes Undergoing R o t a t i o n a l 
D i f f u s i o n 

63 

L i t o v i t z et a l . have given a somewhat d i f f e r e n t model f o r the p i c t u r e 

o f the mechanism of r e - o r i e n t a t i o n . He denotes some l i q u i d s as ' s t r u c t u r e 

l i m i t e d ' where a molecule remains i n a f i x e d p o s i t i o n f o r a 'Residence time' 
T and then r e - o r i e n t a t e s i n a time o f f l i g h t T . The residence time being res " f l ° 
much l a r g e r than the time of f l i g h t . He describes other l i q u i d s as ' c o l l i s i o n a l 

l i m i t e d ' the molecule r e - o r i e n t a t e s continuously the i n d i v i d u a l steps being 

l i m i t e d by c o l l i s i o n s w i t h neighbours. The average time d u r a t i o n o f the 

i n d i v i d u a l steps i s the time between c o l l i s i o n s , T^ c» L i q u i d s composed of 

hydrogen-bonded or s t r o n g s t e r i c a l l y hindered molecules are ' s t r u c t u r e l i m i t e d ' . 

L i q u i d s composed of s p h e r i c a l or small symmetric top molecules are c o l l i s i o n 

l i m i t e d , e.g. CCl 4, CS2, CH3CN, C ^ and C H 

L i t o v i t z i n t e r p r e t e d the f a l l i n frequency w i t h i n c r e a s i n g temperature (as 
64 

observed by Pardoe f o r p o l a r l i q u i d s ) as being due t o the density dependence 

° n Tbc* 

V = r r ^ T [2.41] 
v ( r - a) 

l 8kT 2 where v = (——) [2.42] 
Tfm L J 

k = Boltzmann constant 

T = absolute temperature 

m = mass o f the molecule 

r = average distance between neighbours 

a = the diameter o f the molecule -it) 'A 2 

V = molar volume 

N = Avogadro number 

f o r CS [2.43] 
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* = [ ^ | ] 3 f o r CC1 4 and C ^ [2.44] 

T i s the r e c i p r o c a l of the observed frequency max 
since T a T. 

max be v 
constant or T = constant T. = = max be v o 

V a ;= thus as the temperature f a l l s the frequency r i s e s which i s what was 
° / r 

64 
observed by Pardoe. 

For non-polar l i q u i d s L i t o v i t z c a l c u l a t e d t h a t f o r a c o l l i s i o n a l mechanism 

v 5s const Sr. o 

Therefore i f the main cause of the f a r - i n f r a r e d absorption i n non-polar l i q u i d s 

i s the c o l l i s i o n mechanism only a s l i g h t s h i f t of v w i l l be e x h i b i t e d with increase 
o 

i n temperature. 

The L i t o v i t z model has been used i n a recent paper^^ t o c a l c u l a t e the 

approximate r e t a r d a t i o n of v e l o c i t y o f an I B r molecule on i n t e r a c t i o n w i t h 

benzene. The most probable r e t a r d a t i o n mechanism i s a ' s t i c k y ' c o l l i s i o n . The 

r e t a r d a t i o n i s found t o be severe and would e f f e c t i v e l y reduce the v e l o c i t y by 

about 50% d u r i n g the f i r s t picosecond of i n t e r a c t i o n . A s i m i l a r s o r t of 

r e t a r d a t i o n i s expected f o r I C l . The d i f f e r e n c e i n behaviour o f the auto­

c o r r e l a t i o n f u n c t i o n s o f I C l and IBr were then i n t e r p r e t e d as being due t o the 

f a c t t h a t the v ^ j band p r o f i l e i s c o n t r o l l e d by n o n - r o t a t i o n a l processes 

and c o l l i s i o n a l broadening w i t h some v i b r a t i o n a l r e l a x a t i o n c o n t r i b u t i o n t o the 

band shape. I n the I C l case r o t a t i o n a l d i f f u s i o n a l so c o n t r i b u t e s t o the band 

p r o f i l e . 

4. The C a l c u l a t i o n of C o r r e l a t i o n Functions by the Fourier Transformation of 

the Observed Absorption. 

From the previous discussion i t can be seen th a t an observed a b s o r p t i o n 

i n the i n f r a r e d can a r i s e from mechanisms which i n d i v i d u a l l y would have given 

r i s e t o a Gaussian or a L o r e n t z i a n band contour. A Lorentzian band has the 

r e l a t i o n s h i p , 
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LoSio\T- Z = ,r. r.,2. .2 [ 2 - 4 6 J 10\I / v (v - v ) 2 + b 2 

o 
where 2b = Av^; £ 2 = ^ B ^ i 2 ) -

I = i n t e n s i t y o f i n c i d e n t r a d i a t i o n o 
I = i n t e n s i t y o f emergent r a d i a t i o n 

Mathematically a Gaussian Curve i s described by 

II \ f [ ( v - v ) 2 l n 2 l ] 

HT)- - — s § — - \ ^ 
I f A ( t ) and B ( t + T ) are any two vectors d e s c r i b i n g some s t a t e s o f the 

system at times t and t + T and t + T r e s p e c t i v e l y then the c o r r e l a t i o n f u n c t i o n 

i s given by the vector product. 

0 A B ( t , T ) = < A(t).BCt + T ) > [2.48] 

The brackets i n d i c a t i n g an ensemble average. I f A and B r e f e r t o the same 

vec t o r p r o p e r t y ^^^t,r) i s an a u t o c o r r e l a t i o n f u n c t i o n . I f the vector 

p r o p e r t y i s a property o f the molecule and not the system as a whole there w i l l 

be no cross terms due t o molecular i n t e r a c t i o n s and C^^is o f the type 

< A ^ ( t ) A ^ ( t + T ) >. I f the a u t o c o r r e l a t i o n f u n c t i o n i s de f i n e d f o r a given 

environment the d i s t r i b u t i o n w i l l not vary w i t h time and 

0 ( t , T ) = 0 ( o , T ) = 0 ( T ) = < A ( o ) . A ( t ) ) > [2.49] 

Gordon and S h i m i z u ^ ' ^ ( l a t e r extended by Bratos and h i s co-workers)^ 1 

have e s t a b l i s h e d t h a t the Fo u r i e r transform of the frequency spectrum y i e l d s a 

t r a n s i t i o n d i p o l e time a u t o c o r r e l a t i o n f u n c t i o n Gf(t) from which the nature and 

r a t e o f molecular r e l a x a t i o n processes i n p r i n c i p l e may be i n f e r r e d . This i s 

de f i n e d by, 
00 

0 ( t ) = < u ( o ) . u ( t ) > = Jk(u))exp[i(jjt]d(u [2.50] 
—CO 

where uj = uu - S 
o 
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u = unit" vector p o i n t i n g along the d i r e c t i o n o f the t r a n s i t i o n moment, 

u) = angular frequency. 

Normally only the r e a l p a r t o f the a u t o c o r r e l a t i o n f u n c t i o n i s c a l c u l a t e d , 

the imaginary p a r t being very s m a l l . ^ 

S u b s t i t u t i n g wavenumber v f o r angular frequency and n o r m a l i s i n g by 

d i v i d i n g by the band i n t e n s i t y one ob t a i n s , 

I t may be seen t h a t at low values o f t the main c o n t r i b u t i o n t o 0 ( t ) 

comes from values o f (v - v ) which are la r g e (and v i c e versa at high values 

of t ) . Thus a t low t values the 0 ( t ) value i s c o n t r o l l e d by data i n the 

wings of the band. 

A Lorentzian absorption transforms t o give a 0 ( t ) curve which f a l l s 

e x p o n e n t i a l l y w i t h t and the slope from the Log0(t) v. t graph i s p r o p o r t i o n a l 

t o the h a l f band w i d t h . A Gaussian frequency curve transforms t o a 

Gaussian time c o r r e l a t i o n f u n c t i o n whose decay r a t e i s p r o p o r t i o n a l t o the 

quarte r band w i d t h of the frequency curve. Hence a Gaussian curve o f 

eq u i v a l e n t h a l f band w i d t h and maximum absorption w i l l have a Log0(t) v. t 

curve which f a l l s o f f twice as f a s t as t h a t i n t h e Lorentzian case. 

J k(v)Cos[2TT C(v v ) t ] d v 
o J band 0 ( 1 ) < u ( o ) . u ( t ) > 

j k ( v ) d 
[2.51] 

band 

t > 

X 

\ 

\ 
\ 
\ 
\ 
\ Observed 

7> 

Log 0 ( t ) 
'Lorentzian 

Gaussian 

Fi g . 2.4 
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Figure 2.4. shows the real s i t u a t i o n where there i s a mixture of 

Gaussian and Lorentzian components. 

The physical i n t e r p r e t a t i o n of the autocorrelation function i s as 

follows. For a specific molecule at time t = O the t r a n s i t i o n dipole u(o) w i l l 

be aligned at a specific d i r e c t i o n . For a b r i e f i n i t i a l period free r o t a t i o n 

w i l l determine the k i n e t i c s of the dipole rotation and 0 ( t ) w i l l be governed by 
66 67 

the i n e r t i a l properties of the molecule. Gordon and Shimuzu ' showed 0 ( t ) 

should follow a Guassian decay rate. At longer times disruptive c o l l i s i o n s 

occur and the o r i e n t a t i o n of the specific molecular dipole w i l l be governed 
59 

by molecular c o l l i s i o n s as developed by Debye. Here the orientation i s 

characterised by an exponential decay constant and a Lorentzian frequency 

spectrum. The correlation function describes the decay of knowledge about 

a system as i t approaches a random s t a t i s t i c a l d i s t r i b u t i o n . 

During the v i b r a t i o n a l t r a n s i t i o n period of about 3 ps (at 1000 cm. 

the molecule w i l l 'move' via t r a n s l a t i o n a l and r o t a t i o n a l d i f f u s i o n . Thus, 

the r e s u l t i n g c o l l i s i o n s allow the excited v i b r a t i o n a l state to be coupled 

to the other degrees of freedom i n the system. Accordingly 0 ( t ) has two 

contributions one v i b r a t i o n a l and one r o t a t i o n a l , and can be w r i t t e n ^ * 

0 ( t ) = GR.Gy [2.52] 

Now Equation [2.35] Gy = e x p C - ^ t ) 

and Equation [2.40] GR = expC-c^t) 

These equations assume the t r a n s l a t i o n a l correlation time i s much larger 

than the v i b r a t i o n a l l i f e - t i m e , and the time scale involved i s much larger 

than the 'free r o t a t i o n ' correlation time. 

Combining Equations [2.35] and [2.40] we get 

0 ( t ) = exp(-o Rt).exp(-9 vt) 

= e x p [ - (c^ + 3 y ) t ] [2.53] 
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In the s o l i d <=» O, since most s o l i d bands are very much sharper than 

i n solution. I t i s often assumed that f o r the l i q u i d phase, 

In most cases the I.R. band p r o f i l e i s dependent on both v i b r a t i o n a l 

and r o t a t i o n a l effects which are inseparable. By studies on the isotropic 

and anisotropic parts of the scattered l i g h t i t i s possible to separate 
6 8 

these effects i n the Raman, since molecular re-orientation contributes 

only to the depolarised scattering so that the spectral d i s t r i b u t i o n of the 

polarised part i s used as a basis f o r removing a l l other effects on the 

band shapes. Since no Raman band shape studies were made i n t h i s work no 
furth e r discussion w i l l be made on the very i n t e r e s t i n g accounts published 

70-72 
to-date. 
5. Mechanisms for Broadening of Vibrational Bands. 

In view of the extreme broadness of the bands studied i t seems worth­

while to review the theory to-date on t h i s topic. 

The Bratos dephasing mechanism described i n the section on 

tra n s l a t i o n a l d i f f u s i o n (p. 56) results i n a broadening of the band because 

the v i b r a t i o n a l t r a n s i t i o n takes place much faster than the molecular motion. 

The changing environment s l i g h t l y a l t e r s the shape of the v i b r a t i o n a l state 

energy curve which leads to a range of frequencies and hence band broadening. 

This i s a r e l a t i v e l y slow process because the average molecule has to go 

through a l l the d i f f e r e n t environments returning to the o r i g i n a l one before 

correlation i s l o s t . The extent of t h i s i n t e r a c t i o n depends on i t s strength 

( i . e . the change i n intermolecular potential) and the s u s c e p t i b i l i t y of 

the v i b r a t i o n to int e r a c t i o n ( i . e . a symmetry or 5Q term) (Figure 2.5b). 
73 

I n fact according to Bratos the energy of inte r a c t i o n i s proportional 
to where V i s the intermolecular p o t e n t i a l . Since Q changes from one 

mode to another t h i s contribution i s expected to be d i f f e r e n t from one 
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absorption band to another. The ori e n t a t i o n a l contribution, on the other 

hand i s expected to be the same for each v i b r a t i o n of the same class ( i n 

the absence of vi b r a t i o n / r o t a t i o n interaction) e^a,b 

Figure 2.5. Mechanisms of Vibrational Broadening 

Homogeneous part Inhomogeneous part 

-> r 

(a) 

= 1 
uncertainty in excited 
state lifetime due to 
relaxation of vibrational 
energy. 

v = 0 
r (small) fast process 

Uncertainty broodening 

(b) 

3 range of excited levels 
due to changing 
environment. 

T ' ( la rge) slower process 
Bratos dephasing mechanism 
I proportional to 63^Q) 

This i s not an energy relaxation. The effec t i s one of phase loss 

due to the d y n a m i c nature of the interactions, the potential V being 

d i f f e r e n t f o r each configuration. 

Uncertainty Broadening (Fig. 2.5a). 

In order to make any measurement on a system i t i s necessary to 

disturb that system i n some way. A v i b r a t i n g molecule w i l l be changing 

s l i g h t l y . I t w i l l take a f i n i t e time fo r the incident radiation to be 

absorbed and the re-emitted radiation to be transmitted to the detector. 

The uncertainty p r i n c i p l e states that we cannot simultaneously measure 

exactly both position and momentum of an object but rather Apx&x ̂  "h 
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where Ax i s the uncertainty in position of an object and Ap x i s the 

corresponding uncertainty i n the momentum along the x di r e c t i o n , Ap^Ax ̂ . h. 

A similar relationship holds between AE and At, v i z , 

AEAt^-h [ 2-54] 

where AE i s the uncertainty in energy and At the time uncertainty. 

In v i b r a t i o n a l spectroscopy uncertainty broadening may occur because 

of the f i n i t e l i f e - t i m e of the excited v i b r a t i o n a l state, e.g. a v i b r a t i o n a l l y 

excited state l i f e - t i m e (At) of 1 p.s. leads to a broadening (AE) of « 5 cm. 1 

This i s an e n t i r e l y feasible broadening process i f the complex studied has a 

l i f e - t i m e of the same order ( 1 - 2 p.s.). 

Another way to consider t h i s is to consider that i f bonding a l t e r s s l i g h t l y 

due to electron vibration then the vi b r a t i o n a l p r o f i l e of the Morse function 

w i l l change, since the Morse function depends on the dissociation energy and 

amplitude of v i b r a t i o n . One would expect the v^ n x^ absorption to be the 

most susceptible to t h i s f l u c t u a t i o n . This may be part of the reason why 
V(D X) a D S O rP*^ O T 1 ^ s always much broader than v^ absorption. 

I f there i s more than one complex present each with a s l i g h t l y d i f f e r e n t 

absorption frequency ( i n general we may have n :m complexes present) t h i s w i l l 

lead to band broadening. In t h i s s i t u a t i o n the overlapping of several 
74c 

Lorentzian bands leads to a band which i s more Gaussian. 

A reduction of rotation due to intermolecular forces ought to lead to 

a reduction i n band width ( r o t a t i o n a l relaxation gets longer). The fact 

that complex formation in t h i s work always caused band broadening underlines 

the importance of v i b r a t i o n a l e f f e c t s . 

Rotational Broadening. 

For a ' r i g i d ' complex an increase in moment of i n e r t i a should lead to slower 

ro t a t i o n and the autocorrelation function w i l l decay more slowly. The band w i l l 

become narrower. The fact that t h i s i s not always observed supports the 

p o s s i b i l i t y in many cases of a c o l l i s i o n a l mechanism where each c o l l i s i o n 

t o t a l l y destroys the correlation causing a very rapid drop i n 0 ( t ) and hence 
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the h a l f band width w i l l increase i n size. 

Doppler Broadening. 
75 

Due to the Doppler effect the observed frequency w i l l r i s e when 
a molecule i s t r a v e l l i n g towards the detector and f a l l when i t i s t r a v e l l i n g 

76 

away. Townes and Schawlow deduced from a consideration of the resolved 

components of v e l o c i t i e s that 
^ = p|!s2. [ 2.55] 
v v mc 

77 -1 Chantry quotes a value of 0*2 cm. for a t y p i c a l i n f r a r e d absorption. 

From equation [2.55] i t can be seen that i t w i l l be smaller in the 

low frequency infrared region. Since the resolution i s at best 1 cm. 1 i t 

can safely be ignored i n these studies. 

6. Predictions of Variations i n Band Shape Due to Alterations i n the 

Intermolecular Forces. 

( i ) An increase of mass or moment of i n e r t i a w i l l lead to slower r o t a t i o n a l 

d i f f u s i o n and to a l o g 0(t) slope which i s decreased. The overall band width 

decreases. (Since the d i f f u s i o n c o e f f i c i e n t depends upon the slope). 

( i i ) Increase i n intermolecular forces acting on the molecules w i l l lead to 

a slower r o t a t i o n a l d i f f u s i o n and hence slower decay of the corr e l a t i o n 

function, since i f broadening effects are predominant t h i s r o t a t i o n a l (and 

t r a n s l a t i o n a l ) motion i s hindered and the band width decreases. 

( i i i ) Gordon et a l . ^ has pointed out that v i b r a t i o n a l relaxation leads to a 

shortening of the v i b r a t i o n a l state l i f e - t i m e and a broadening of the band. 

The slope of the l o g 0(t) plot i s proportional to the ha l f band width of the 

absorption and much faster decay of the autocorrelation function occurs. 
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Vibrational relaxation clamping is caused by the coupling of the excited 

v i b r a t i o n a l state with the other degrees of freedom i n the system (e.g. by 

c o l l i s i o n with other molecules). 

7. Analysis of Observed Band Shapes. 

A series of computer programmes ( i n Fortran IV) f o r the analysis of 

v i b r a t i o n a l band shapes using the techniques described previously were supplied 

by the courtesy of Dr. Norman Jones of the National Research Council of 

Canada i n Ottawa. These are contained i n N.R.C. Bulletins 11, 12 and 13 

published by Dr. R.N. Jones and his co-workers. 

By feeding in the band frequency and absorbance at constant wavenumber 

in t e r v a l s the 0 ( t ) and Log0(t) curves were plott e d out d i r e c t l y . 

A n o t h e r p r o g r a m was available to generate pure Lorentzian and 

Gaussian band shapes by inputing the observed maximum i n t e n s i t y and h a l f band 

width. From the mathematical functions the curves were calculated and plotted 

out, and output from t h i s program could then be fed i n t o the autocorrelation 

program and the calculated autocorrelation curves compared with the observed 

ones. 

C, Models Used to Describe the Systems Studied. 
78 

In spite of a great deal of work on donor-halogen systems a suitable 

model has not been developed which i s applicable to a l l regions of the 

spectrum. This appears to be due to the d i f f e r i n g time scales involved. 
79 

In the u l t r a - v i o l e t region satisfactory Benesi-Hildebrand plots on the 
charge-transfer band have been obtained f o r dioxan iodine solutions i n normal 

80 
heptane to evaluate the equilibrium constant of the 1 si'complex'. 

D + A ;— f c DA 
DA 

A 
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At equilibrium the rate of the forward reaction equals the rate of backward 

reaction 

^forward ^ [ D ] [ A ] 

^backward ~ k 2 ^ ^ J 
k l 

and K = -— the r a t i o of two rate constants. 
k2 

+ 12 
I f the forward rate constant i s equal to the c o l l i s i o n frequency about 10 — 1 80 sec. then, since the equilibrium constant for the dioxan iodine reaction i s 
known to be about 1 l.mol. \ we have, 

K2 

-12 
and k^ = 10 sec. 

This indicates that the dioxan/iodine complex has a l i f e - t i m e of one pico­

second. In the u l t r a v i o l e t region where these measurements were made a t , say, 

20,000 cm.~* the observation time i s about 0*16 x lO -*^ sec. I f lO -*^ sec. 

i s available before the complex disintegrates, then 600 t r a n s i t i o n s may take 

place i n the complex l i f e - t i m e . In the f a r - i n f r a r e d region at e.g. 200 cm. * 

only 6 vibrations may take place during the complex l i f e t i m e . Hence i t i s not 

r e a l l y surprising that a 'complex' may appear to have a very d i f f e r e n t 

' s t a b i l i t y ' from measurements in the u l t r a v i o l e t region as opposed to the f a r -

in f r a r e d . 

I t i s d i f f i c u l t to describe the term 'complex' because of i t s wide and 

varied usage. Sometimes i t i s used to describe the product of the weak 

reversible i n t e r a c t i o n between two or more components, and at other times 

i t has described the product of strong interactions where new covalent (o~) 

bonds are formed. 



- 61 -

(1) Charge Transfer Complexes. 
81—83 

The theory ~ uses a valence bond structure involving only charge-

transfer forces even though dispersion,dipole and similar forces may be 

important. In many so-called 'charge-transfer' complexes charge-transfer 

forces do not provide the major contribution to the binding forces i n the 

ground state. Measurements of halogen pure-electrical quadrupole resonances 

for complexes of benzene-bromine suggest that there i s l i t t l e or no transfer 

of charge i n the ground state of these complexes. 

Charge-transfer complexes usually involve simple i n t e g r a l r a t i o s of the 

components; the enthalpy of formation i s a few k i l o j o u l e s per mole, the 

r a t e s of formation and decomposition appear to be instantaneous by normal 

techniques. An extra absorption from the donor to acceptor i s usually 

observed. 
(2) C o l l i s i o n a l Complexes. 

Whilst the charge transfer model works f o r the high frequency spectra 
84 

the c o l l i s i o n a l model explains the f a r - i n f r a r e d spectra. High resolution 
8 5 

Raman studies show no trace of a 'free* iodine band i n the benzene/iodine 
85 

system although somewhat better donors e.g. mesitylene/iodine have a free 

iodine band. 

This implies only one type of iodine i s present since from the 

equilibrium constant of the benzene/iodine complex an appreciable amount of 'free' 

iodine should have been present under the conditions used. The only 
86 

p o s s i b i l i t y i s a c o l l i s i o n a l complex. Hanna's calculations show that both 

classical e l e c t r o s t a t i c and charge-transfer forces are important. 

However the existence of a doublet for benzene-ICl at 375 and 355 cm.-1 

would seem to indicate the presence of free and uncomplexed iodine chloride 

so that perhaps the l i f e - t i m e i n t h i s case i s large enough for one to t a l k 

about a complex - although not necessarily a charge-transfer one. 
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In conclusion a complex can only be described with respect to the time-

scale one i s considering. Thus in the u l t r a v i o l e t region a stable long-lived 

complex may e x i s t , as regards the charge-transfer t r a n s i t i o n , w h i lst i n the 

f a r - i n f r a r e d region a donor- and acceptor-molecule may not interact together 

long enough to give rise to conventional absorption. I t i s generally held 

that at least 10 vibrations should occur i n the time-scales involved. Other­

wise the detector w i l l only pick-up a blurred average. Furthermore,a normal 

infrared v i b r a t i o n i s part of a r i g i d system during the time-scales involved. 

For t h i s reason v i b r a t i o n a l spectroscopy has been explained i n terms of 

masses connected together by springs. I f the complex i s non-rigid i t i s not 

surprising that the normal laws of v i b r a t i o n a l spectroscopy no longer hold 

because the concept of a force constant becomes untenable. 
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CHAPTER 3 

Infrared Spectral Studies on Pyridine and i t s Complexes with the Acceptors 
XY (X = I . Br; Y = CI. Br. I . CN) 

I . The Donor Vibrations. 

A, Introduct ion. 

In t h i s chapter, we s h a l l deal mainly w i t h the changes which occur 

i n the i n f r a r e d spectrum of the pyridine molecule when i t i s complexed 

with the molecules IX (X = Cl, Br, CN). Such 'complexes* are usually formed 

by the reaction Pyr + IX Pyr-IX i n s o l u t i o n , i n a non-polar solvent, 

and are regarded as being 'strong' complexes, f o r the following reasons: 

(a) They can usually be isolated as s o l i d s . 

(b) The equation above has f o r X = Cl, Br a large equilibrium constant 

0* 10 5 l . m o l . - 1 ) . 

(c) The complex has a r e l a t i v e l y long l i f e - t i m e , which, must (on the 

basis of the equilibrium constant) be of the order of 10~ - 10~ 

sec. (see Section 2). 

As explained i n Chapter 2, both the v i b r a t i o n a l spectrum of the donor 

and the acceptor change on complexation with a halogen or 'pseudo' halogen. 

A great deal of work has been carried out on the changes of band frequency 
87-94 

of the pyridine molecule, but only two papers have ( p a r t i a l l y ) dealt 
. . 95.96 with the donor band i n t e n s i t i e s . 

B. P u r i f i c a t i o n of Chemicals and Preparation of Complexes. 

*Analar' pyridine was dried thoroughly over molecular sieves, but was 

not further p u r i f i e d . The infrared spectrum was i d e n t i c a l with the spectrum 

quoted i n 'Selected Infrared Spectral Data', published by the American 

Petroleum I n s t i t u t e , showing no impurity bands. The iodine bromide and iodine 

chloride were reagent grade from Hopkin and Williams Ltd., and the 
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complexes were prepared by the published method. ' 

The method used was to burette s l o w l y the stoichiometric amount of 

the halogen to the pyridine solution ( i n the f l a s k ) , with constant s t i r r i n g . 

The solvent normally used was carbon tetrachloride, i n which the complexes 

are only s l i g h t l y soluble. The complexes precipitated out i n about 90% 

y i e l d . The complexes were r e c r y s t a l l i s e d from carbon tetrachloride. A 

carbon, hydrogen, and nitrogen analysis was carried out to determine the 

pu r i t y , and the melting point taken for each complex. Typical values found 

are recorded i n Table 3.1. 

Table 3.1. 

Ana l y t i c a l Data f o r Pyridine-IBr and Pyridine-ICl 

Complex % Carbon % Nitrogen % Hydrogen m.p./ 
°C 

Reference 

Pyridine-ICl 
Expected 24*81 5*73 2*07 133 97 
Observed 24*84 5*72 2*16 132 

Pyridine-IBr 
Expected 20*97 4*91 1*83 116 101 
Observed 20*93 4*89 1*75 115 

Solutions of the complex were made up by weighing i n t o a small 

volumetric f l a s k ; and making up with the appropriate volume of dried solvent. 

A l l measurements were made within 3 hours of making up the sol u t i o n . 

Usually, during t h i s time, no special changes were observed. I f the 

spectrum changed i n in t e n s i t y during the time of scanning i t was discarded 

and the results not used. The c e l l used i n the near-infrared was a 

demountable solution c e l l with KBr plates. The path length was determined 
16a 

using the interferometric method. As an additional check, the path length 

was also measured using a micrometer. The interferometric value was normally 

used as i t should be more accurate. The precautions concerning the use of 
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the instrument, such as s l i t width etc. were carried out as outlined i n 

Chapter 1. The iodine cyanide used was obtained from B.D.H. Ltd. I t was 

re c r y s t a l l i s e d from carbon tetrachloride to give white cr y s t a l s . M.p. i n a 

sealed tube = 142°C ( L i t . 144-146°C, J. Chem. Phys.. 1957, 27, 1211). 

The infrared spectra of the solvents used were confirmed to agree with 

the spectra quoted i n 'Selected Infrared Spectral Data 1, published by the 

American Petroleum I n s t i t u t e . The main impurity bands occur i n the spectrum 

of 'Spectrosol' chloroform, supplied by Hopkin and Williams Ltd. Before 

drying over type 4A molecular sieves (these are small porous beads of 

sodium alumino s i l i c a t e ) the spectrum showed very strong absorptions at 1015 

and 1100 cm. - 1 This i s due to the ethanol (about 2%), added to the chloroform 

t o prevent the formation of phosgene. 

CHC13 + |0 2
 S U n l i S h t » C0C12 • HC1 

The exact function of the ethanol i s not quite clear. According to some authors 

i t retards the decomposition of the chloroform. This i s supported by the 
99 

fa c t that infrared measurements of chloroform/oxygen/ethanol mixtures 

show the absence of the carbonyl frequency. 

However, aft e r a few days of standing over molecular sieves the impurity 

bands at 1100 and 1015 cm.~* disappear. 
C. The Systems Studied and Experimental Points of Special Importance. 

1. Pyridine i n Chloroform. 

Chloroform absorbs strongly i n the regions 3000 - 3200 cm. \ 1150 -

1250 cm.-1 and 650 - 820 cm. - 1 at a thickness of 0*5 mm. For t h i s reason, 

i t was not possible to make measurements on pyridine ^ stretching modes 

in chloroform. I n i t i a l l y , i n t h i s thesis, the pyridine assignments quoted 
113 

by J.C. Duinker (Ph.D. Thesis, Amsterdam, 1964) w i l l be used. The chloroform 

absorption also prevented measurements on the v, ( a . ) , v l f i ( b . ) , and v~, ( b _ ) , . 



- 66 -

V25 a b s o r P t i o n s a t 1 2 1 7 i 1212, 698 and 745 cm. - 1 respectively. 

2. Pyridine-ICl Solutions. 
12 

Yarwood has advocated the use of pyridine-ICl as an i n t e n s i t y 

standard. A few runs were made on t h i s system, mainly to establish the 

re p r o d u c i b i l i t y of the r e s u l t s , and to carry out measurements on ^ 

stretching modes. These modes have not been examined to date. 

3. Pyridine-IBr Solutions. 

.Apart from being more soluble than the pyridine-ICl, the pyridine-IBr 

complex i n solution was very similar to the pyridine-ICl. There were no 

problems with reactions, and no s i g n i f i c a n t changes i n the spectrum over a 

period of 4 hours. Because both complexes have very large association 

constants, a l l the pyridine was complexed with the acceptor. No 'free' 

pyridine bands were observed i n the donor spectrum in chloroform solutions. 

4. Pyridine-ICN. 

The pyridine vibrations are only s l i g h t l y perturbed i n frequency, 

although quite considerably i n i n t e n s i t y , on complexation. Because of the 

overlap of the 'free donor', and 'complexed donor' bands, i t i s d i f f i c u l t 

to separate them. For t h i s reason an attempt was made to complex as 

much as possible of the donor, with the acceptor, by keeping the acceptor 

concentration i n excess. The equilibrium constant has been estimated 

t o be about 51 l i t r e mole - 1 (see Table 3.2.). However, the s o l u b i l i t y of 

Table 3.2. 

Association Constants f o r the Pyridine-Halogen Complexes 

Complex Solvent Association 
Constant _^ 
K / l i t r e mole~ c 

Reference 

Pyridine-ICl 4 4 "8 x 10 5 97 
Pyridine-IBr CCl,, 4 1*3 x 10 4 97 
P y r i d i n e - I 2 CCl 

4 
105 97a 

Pyridine-ICN CCl 
4 

51 121 
P y r i d i n e - B ^ C 6 H 6 97 137 
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ICN i n a 4% pyridine solution in chloroform, estimated using a burette, i s 

about 40 grams/litre ( i . e . 0«24M). Therefore one i s l i m i t e d by the ICN 

s o l u b i l i t y , and i t i s only possible to vary the path length 1 over a l i m i t e d 

range of values. 

Furthermore, i t i s important not to increase the concentration of ICN 

too much, as reaction may take place with the KBr plates. At the end of 

a series of runs on i n t e n s i t y measurements the whole region was scanned to 

ensure that no reaction had occurred. 

5. Pyridine-Cl?,. 

The stoichiometric quantities of pyridine and chlorine, dissolved i n 

carbon tetr a c h l o r i d e , were mixed i n a glove-box to give a white s o l i d . 

This rapidly began to change to yellow and the appearance of the HCl 

v i b r a t i o n a l spectrum indicated that the chlorine had attacked the pyridine 
100 

r i n g . The probable reaction i s : 
C 5 H 5 N + C l 2 * [ C 5 H 5 N C 1 ] + * C l ~ 

[C 5H 5NCl] + »• C5H5N + C l + 

C H N + C l + • CrH C1N + H + 

5 5 5 4 
H+ + C l " • HCl 

Hence, the HCl spectrum i s observed. 

Weak solutions of chlorine i n carbon tetrachloride, did not appear to 

react (no evidence of HCl spectrum). Apart from noting the frequencies of 

the s h i f t e d bands ( f o r a possible normal co-ordinate calculation) no fu r t h e r 

work was carried out on t h i s system. 

6. The Pyridine-B^ Complex i n Carbon Tetrachloride. 

Certain 'sensitive modes' are the most perturbed on complexation. 

These are, as usual, the v 4, v &, v ?, v<j, v 1 0 , v 1 4 and modes. The C-H 

stretching frequencies are reduced i n i n t e n s i t y . However, the lack of 
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frequency s h i f t makes studies on these bands more d i f f i c u l t . Most of the 

studies w i l l be l i m i t e d to the 'sensitive' modes. 

Great care must be taken with bromine as i t i s extremely v o l a t i l e , 

and escapes slowly from the c e l l . I f the peak maxima on fast scan 

d i f f e r e d by more than 2% from the maxima on 25X expansion, the spectrum was 

rejected, and the c e l l r e f i l l e d . I t was not possible to get a l l the 

pyridine complexed, as the high concentration of bromine required would result i n 

reaction taking place. Band shape studies are thus only possible on 

s h i f t e d bands. I t i s important to point out that whilst carbon tetrachloride 

i s regarded as an i n e r t solvent, t h i s i s very much a r e l a t i v e term. For 

any molecule to dissolve in solution there must be some i n t e r a c t i o n . 
102 

Anderson and Prausnitz showed that carbon tetrachloride forms a weak 
charge-transfer complex w i t h benzene and with mesitylene. For 1:1 

_3 
complexes the association constants are, respectively, 9 x 10 and 1*13 x 

10 1 l i t r e mole 1. 

In order to avoid the p r e c i p i t a t i o n of insoluble ionic bromide 

complexes, when the pyridine solution was added to the bromine, the bromine 

solution was made up i n carbon tetrachloride and added to the pyridine 

solution i n carbon tet r a c h l o r i d e . 
7. P y r i d i n e - ^ Complexes i n Carbon Tetrachloride. 

A known weight of pyridine, i n a known volume of carbon tetrachloride, 

was added to iodine weighed out i n a volumetric f l a s k . The f l a s k was made 

up to the mark with the pyridine/carbon tetrachloride solution. Iodine 

being the least reactive of the halogens, no problems of side reactions 

were encountered. Since the pyridine was i n such a vast excess, the pyridine 

i n carbon tetrachloride was used as background. 

A more complete description of the inorganic chemistry of the pyridine-

halogen complexes, w i l l be given i n Chapter 7. The i n t e n s i t i e s were 
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determined as described i n Chapter 1. 

8. Deuterated Pyridine with Acceptors. 

I t was important to carry out studies on the vi b r a t i o n a l spectrum of 

pyridine-d,. complexes to determine the frequencies for the normal co­

ordinate calculation (Chapter 6). Int e n s i t y studies are also of value to 

confirm the assignments since one would expect the pyridine-d^ bands to 

behave i n a similar manner to the pyridine-h^ ones. This assumes, of 

course, that the changes i n normal co-ordinates between the complexed 

pyridine, and complexed pyridine-d^ are small. 

In the case of pyridine-ICl and pyridine-d^-ICl the highest 

i n t e n s i t i e s were observed fo r the v ^ , Vg, V7, V4, V^Q, bands and 

thus t h i s confirmed the assignments f o r these bands. The frequency results 

are summarised i n Table 3.3. 

By su b s t i t u t i n g the atomic weight of deuterium f o r hydrogen i n the G 

matrix, and using the same F matrix i t should be possible to calculate the 

frequencies of the vibrations i n the pyridine-d^-halogen complexes. Since 

'chemically* deuterium, and hydrogen, are i d e n t i c a l , one would expect the 

force constants to be i d e n t i c a l i n the two complexes. The deviation of the 

calculated, from the observed frequencies, i n the pyridine-d^-halogen 

complexes, should give an extra check on the accuracy of the force f i e l d . 

9. Studies on the Modes. 

The halogen complexes are prepared from solutions i n carbon te t r a c h l o r i d e . 

A contact f i l m of carbon tetrachloride shows two very intense absorptions 

at 785 and 795 cm. * Even the smallest trace of carbon tetrachloride 

(< 0*01%) w i l l give spurious absorptions at these frequencies. For t h i s 

reason, the complex was re c r y s t a l l i s e d from carbon disulphide, before use, 

when measurements are made i n the 600 - 700 cm.-1 region. The carbon 
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tetrachloride impurity did not affe c t the melting point, because i t s 

b o i l i n g point at 77°, resulted i n i t being d i s t i l l e d out of the melting 

point tube, long before the complex melts. I t i s not advisable to store 

pyridine-IBr i n a vacuum desiccator, which would remove the carbon 

tetrachloride, because pyridine-IBr loses IBr on pumping. (For further 

d e t a i l s see the experiment discussed i n Chapter 7). 

D. Frequency and I n t e n s i t y Changes on Complexation. 

1. Frequency Changes. 

The frequency data are summarised i n Table 3.4. 

Whilst a number of attempts have been made to assign the bands i n the 
103,105,105a U A 4-U • 4- <- y. 

pyridine spectrum, ' ' no-one has proved the assignment to be 

correct. Since quite dramatic changes occur i n frequency, and i n t e n s i t y , 

on complexation some evidence may be obtained to confirm, or r e j e c t , a 

pa r t i c u l a r assignment. Furthermore, the pyridine-d^ vibrations would be 

expected to give exactly the same pattern of frequency and i n t e n s i t y s h i f t s 

as pyridine-h^ on complexation, provided v i b r a t i o n a l mixing (Chapter 6), i s 

not a major influence on the i n t e n s i t i e s . 

The infrared spectrum of pyridine and pyridine-d,. has been assigned by 
103 104 Corrsin, Fax and Lord. Long, Murfin and Thomas have carried out a force 

f i e l d calculation on pyridine and the mixed deuterated derivatives. They 

transferred Whiffen's^^ i n t e r n a l force constants from benzene d i r e c t l y 

to pyridine. Zerbi et a l . ^ ^ a have analysed the planar normal co-ordinates 
106 

of the same molecules using a Urey Bradley force f i e l d . Both Long 
et a l . , and Zerbi et a l . , disagree w i t h the Wilmshurst and Bernstein 

107 
assignment, which was derived using both i n f r a r e d and Raman spectra. 

108 
McCullough calculated thermodynamic properties and reassigned some of the 

fundamental frequencies i n order to get a better f i t between calculated and 

observed frequencies. Although, of course, the f i t w i l l , to a large extent, 

depend upon the o r i g i n a l frequencies used i n the calculation. 
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As explained i n Chapter 2, the enormous i n t e n s i t y perturbation on 

complexation i s due to 'electron v i b r a t i o n ' . Because of the 1 — J contribution 

to the charge-transfer mechanism (see Chapter 2), one would expect the a^ class 

vibrations to be the most affected i n i n t e n s i t y on complexation. This, of 

in solution. 

I t i s extremely d i f f i c u l t to make measurements on the C-H stretching 

bands i n the case of the complexes wi t h iodine, bromine, chlorine and 

iodine cyanide, because i t i s impossible to ensure that a l l the pyridine i s 

complexed. Any free pyridine present would have a much greater i n t e n s i t y 

than the complexed pyridine. Only i n the pyridine-ICl and pyridine-IBr 

cases was i t possible to look at the C-H stretching bands. 

When a spectrum of a pyridine solution was compared with a spectrum of 

the same pyridine solution with a known weight of acceptor added, important 

differences were observed between the two spectra. The bands a r i s i n g from the 

v 6, v ?, Vg, v 1 Q , v & (also v 1 & ) , and v ? (also v l g ) modes were considerably 

increased i n i n t e n s i t y . The bands a r i s i n g from the v., v„, v„, v, modes 
J. c* «3 0 

are considerably reduced i n i n t e n s i t y . This i s i n good agreement with the 

expected large perturbation for the a^ modes, and supports the assignment. 

The bands a r i s i n g from the and Vg modes are only s l i g h t l y increased i n 

i n t e n s i t y . The band does at least show a considerable frequency 

perturbation. The v Q band, however, shows only a small frequency and 
o 

i n t e n s i t y perturbation. The normal co-ordinate calculation (see Chapter 6) 

shows that t h i s band has about 90% contribution from the Aa co-ordinates, 

i n the free pyridine and the complex. This shows that the v Q v i b r a t i o n 
o 

involves r i n g d i s t o r t i o n . Further discussion of t h i s band w i l l be l e f t to 

Chapter 6. 

The corresponding pyridine-d 5 band, at 877 cm.-*, i s s i m i l a r l y 

unperturbed i n i n t e n s i t y on complexation. This does at least indicate that 

ft) 

course, assumes that the geometry of the s o l i d complex 109 i s the same as that 
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the two bands have similar orientation of t h e i r t r a n s i t i o n dipoles. The 

assignment of the V J Q band at about 7 2 0 cm. \ as suggested by McCullough 1 0 8 

i s neither confirmed, nor rejected, by these studies. 
3 3 - 1 The lack of complex bands near 1 1 3 9 and 8 8 4 cm. rules out the 

1 1 0 
assignment of these bands to a^ modes, as suggested by Kline and Turkevich. 
There i s no evidence to suggest that the band appears at 1 2 0 0 or 1 2 8 8 cm, 1 

1 0 8 

as suggested by McCullough or Wilmshurst and Bernstein, respectively. 

The out-of-plane b^ class of vibrations contains two ring vibrations 

giving r i s e to bands at 6 7 5 and 4 0 5 cm."1. The 4 0 5 cm."1 band shows a 

considerable perturbation on complexation i n frequency but not i n i n t e n s i t y . 

The 6 7 5 cm. - 1 absorption i s less affected. The frequency i s not changed. 

The bg class also contains three bands a r i s i n g from C-H out-of-plane 

bending at 9 4 2 , 7 4 9 and 7 0 3 cm. 1 respectively. The reason for the extreme 

weakness of the 9 4 2 cm. 1 absorption i s not clear. I t i s s l i g h t l y increased 

i n i n t e n s i t y i n the complex. 
2. Studies on the Intensity Changes of the Pyridine Band on Complexation 

wit h the Halogens. 

( i ) sl^ + Vibrations of Pyridine-IBr and Pyridine-ICl. 

A f u l l i n t e n s i t y study was made on the perturbed bands of pyridine-IBr. 

Work on the other halogen complexes was r e s t r i c t e d to a less rigorous survey, 

to see i f they followed the same trend as pyridine-IBr. 

In view of the great care needed to obtain i n t e n s i t y r e s u l t s , and the 

fa c t that pyridine-ICl has been suggested as an i n t e n s i t y standard, the 

author f e l t i t to be worthwhile to measure the i n t e n s i t y of a few of the 

bands i n the pyridine-ICl spectrum. Provided the results agreed with the 
9 6 

l i t e r a t u r e values, t h i s would ensure that the correct experimental procedure 

was being carried out. 

The i n t e n s i t y results for pyridine-ICl i n chloroform are l i s t e d i n 

Table 3 . 5 . The results agree w i t h i n the error of the l i t e r a t u r e v a l u e s ^ i n 
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i n t e n s i t y . The bands are s l i g h t l y narrower. This could be due to 

instrumental factors, e.g. narrower s l i t and a d i f f e r e n t instrument, or a 

solvent concentration e f f e c t , since the Cl value used i s twice the highest 
96 

value i n the l i t e r a t u r e . Studies on the broader pyridine bands are i n 

better agreement since there were fewer problems due to s l i t width (see 

Table 3.6.). The i n t e n s i t y values of pyridine i n carbon tetrachloride 

and chloroform were confirmed (see Table 3,6.). The i n t e n s i t y of the 

V/r. u\ stretching modes i n carbon tetrachloride were measured for the f i r s t 

time; I t was not possible to make inte n s i t y measurements on the ^ 

bands i n chloroform because the solvent absorbs strongly and masks the 

C-H absorption. 

As can be seen from Table 3.6. the pyridine i n t e n s i t i e s i n chloroform 

agree w i t h i n 20% of the values i n carbon tetrachloride. I t would seem 

reasonable to assume that t h i s would also be the case f o r the ^ band 

i n t e n s i t i e s i n chloroform and carbon tetrachloride. Unfortunately, i t i s not 

possible to measure the i n t e n s i t i e s of v,n bands of the pyridine-IBr 

and pyridine-ICl complexes i n carbon tetrachloride because of th e i r very low 

s o l u b i l i t y . The ^ band i n t e n s i t i e s for the pyridine-IBr complex i n 

chloroform-d was measured. Chloroform-d does not absorb i n the 3000 - 3150 

cm. * region and thus allowed measurements on the ^ bands to be made. 

As can be seen from Tables 3.6 and 3.7. there i s a dramatic drop i n 

i n t e n s i t y on complexation of the ^ bands. The band at 3010 cm. * 
103 

has been interpreted as a combination band ( i . e . + v ^ ) . However, 

one would expect t h i s band to have moved up i n frequency to (1578 + 1452) = 

3030 cm. * on complexation (assuming the anharmonicity i s the same). The 

nearest band to t h i s i s the band at 3025 cm. 1 which i s very weak. I f t h i s 

i s the correct i n t e r p r e t a t i o n , the combination band has f a l l e n i n i n t e n s i t y 

by over 1 0 0 % and t h i s would appear to be u n l i k e l y . The assignment i s not 

easily explained by the perturbation on complexation. Group theory predicts 

f i v e v ^ c _ H j vibrations Oa.̂  + 2 ^ ) . None of the a.^ or b,̂  fundamentals should 
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be degenerate, but the normal co-ordinate calculation predicts that the 

(C-H) v i b r a t i o n a l frequencies are quite close together. So i t seems 

possible that two vibrations occur at the same frequency by chance. 

In any event, one thing i s certain. There i s an enormous drop i n 

int e n s i t y on complexation. I f the 3010 and 3080 cm. 1 bands are V(£_ H) 

fundamentals, two bands are f a r more intense than the other three. 

Spectrum 3.1. shows pyridine-IBr i n chloroform-d and carbon disulphide 

i l l u s t r a t i n g t h i s decrease i n i n t e n s i t y , while Spectra 3.2A. and 3.2B. show the 

3000 cm. 1 region i n more d e t a i l . 

As explained i n Chapter 2, the i n t e n s i t y depends upon the change in 

dipole moment with normal co-ordinate. Since the frequency perturbation 

on complexation i s small, one would expect the normal co-ordinates not to 

change very much on going from the 'free' donor to the complexed donor. 

(This i s confirmed by the calculations described i n Chapter 6). Also the 
V l ' V 2 ' V3' V4' V12 v^^ r a*^- o n s a r e a* m u c n higher energy than the highest 

band positions of those which arise from ring modes. Whilst the symmetry 

co-ordinates of the f i v e vibrations mix with each other, our calculations 

show that mixing with the other symmetry co-ordinates i s less than 5% (see 

Chapter 6). 

Chapter 2 showed that enormous i n t e n s i t y perturbations are best 

interpreted i n terms of the 'electron v i b r a t i o n ' i . e . the change i n dipole 

moment due to changes in charge transfer with atomic displacement, determines the 

i n t e n s i t y . The dipole moment u, i s the charge C m u l t i p l i e d by the separation, s. 

In other words, the above equation means that the i n t e n s i t y depends on 

the size of the charge v i b r a t i n g C, and the change of charge dC, during the 

du, = Cds + sdC 

= C.s [3.1.J 

[3.2.] 
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course of the v i b r a t i o n . Assuming the change of charge dC i s not very 

d i f f e r e n t i n pyridine and the complex, then the i n t e n s i t y change w i l l depend 

upon the charge C on the atoms i n the free donor, compared with those on 

the complexed donor. The size of the t o t a l charge C donated from pyridine 
31 

can be estimated from n.q.r. studies. However, in order to assess the 

trend i n i n t e n s i t y , one requires to know the charge d i s t r i b u t i o n i n pyridine-

IBr and py r i d i n e - I C l . Whilst the n.q.r. of pyridine-ICl has been determined, 
114 

the pyridine-IBr n.q.r. has only been p a r t l y established at the time of 

w r i t i n g . 

I n any case, the n.q.r. data would only determine the t o t a l charge on 

the donor. No information on the charge d i s t r i b u t i o n i n the r i n g would be 

given. However, i f the charge donated from the pyridine ri n g was greater 

f o r the ICl complex than f o r the IBr complex, one would expect the frequencies 

i n the ICl complex to be the most perturbed. 

However, the f a l l i n i n t e n s i t y of the f i v e ^ bands (v^, v^, v^, 

v ^ , V22^' ° n c o mPl e x at^- o n» can be explained by the following very crude 

model. Pyridine has a similar structure to benzene with the same 'aromatic' 

structure. However, the lone-pair on the nitrogen, to a f i r s t approximation, 

i s not involved i n bonding. HUckel theory predicts the following electronic 

arrangement i n benzene and pyridine. 

a - 0*840 

a + 0*840 

a + 1*170 

a + 2*110 

a - 28 

_ a - 0 

_ a + 8 

a + 20 

11 
a = Coulomb i n t e g r a l , H 

0 = Resonance i n t e g r a l , H 
12 



- 85 -

ne Charge D i s t r i b u t i o n 

0«95e 

l«004e 

l'195e 

: o: 
I p , Benzene = 9*24 eV 
I p , Pyridine = 9*27 eV 

In the free pyridine the C-H bonds w i l l be polarised according to the 
115 6" 6 + 

atomic electronegativities i .e. C«— H. This p o l a r i t y w i l l be reduced due 

to the positive charge deiocalised i n the ring on complexation (see Fig. 3.1.). 
4 

I 
J _ 
CI 

N 
f 
c r 

Fig. 3.1. 

Bond No, of Canonical Forms with 
Double Bond Character 

1-2 1 
2-3 3 
3-4 2 
4-5 2 
5-6 3 
6-1 1 

Table 3.8. 

) 
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This model uses the mesomeric e f f e c t t o exp l a i n the i n f l u e n c e of the 

p o s i t i v e charge on the r i n g v i b r a t i o n s . I f the p o s i t i v e charge was more 

l o c a l i s e d on the n i t r o g e n atom, then the e l e c t r o n d e n s i t y on the carbon 

atoms would be more i n f l u e n c e d by the i n d u c t i v e ( d i s t a n c e ) e f f e c t . 

The n.m.r. spectra should give some i n f o r m a t i o n on t h i s q u e s t i o n . This 

i s because, when placed i n a magnetic f i e l d , the e l e c t r o n s surrounding the 

nucleus tend t o c i r c u l a t e , t o produce a f i e l d opposing t h a t a p p l i e d . 

I n f a c t , i t can be shown t h a t : 
/ 

( r e f . 56, p.248) 

H £ = H z ( 1 - o 0 [ 3 . 3 . ] 

where i s the f i e l d experienced by a p a r t i c u l a r nucleus i , whose s h i e l d i n g 

constant i s o\ and H z i s the f i e l d a p p l i e d . 

I n the complex, one would expect from the mesomeric mechanism, t h a t the 

e l e c t r o n d e n s i t y about the hydrogen atom, i n the a + y C-H bonds should be 

lower, than i n the 3 C-H bonds. I t would thus be expected t h a t the 

s h i e l d i n g constants should be such t h a t , 

aCH ( 3 ) > oCH (a + y) 

Thus the f i e l d experienced by the hydrogen nucleus i n the a + y p o s i t i o n s i s 

greater than at the nucleus i n the 3 p o s i t i o n . Equation 3.3. shows t h a t , 

i n order t o come t o resonance w i t h r a d i a t i o n o f a p a r t i c u l a r frequency, an dandy 

C-H hydrogen requires a greater a p p l i e d f i e l d , than a p* C-H hydrogen. 

I t should be noted t h a t e l e c t r o n d e n s i t y i s not the only f a c t o r 

determining the value o f the s h i e l d i n g constant. The f i e l d - i n d u c e d 

c i r c u l a t i o n o f e l e c t r o n s i n neighbouring p a r t s of the molecule may give r i s e 

t o small magnetic f i e l d s a c t i n g i n o p p o s i t i o n or i n the same d i r e c t i o n as 

the a p p l i e d f i e l d . Thus,changes i n the magnetic an i s o t r o p y o f the n i t r o g e n 
147 

should cause an u p f i e l d s h i f t o f the a protons, when the n i t r o g e n lone 

p a i r e l e c t r o n s take p a r t i n a s p e c i f i c i n t e r a c t i o n , i . e . the n i t r o g e n lone 

p a i r e f f e c t i v e l y deshields the a carbon atoms i n the f r e e p y r i d i n e . 
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148 I n the absence of r e a c t i o n f i e l d e f f e c t s , i t would appear t o be 

reasonable t o i n t e r p r e t an a-proton downfield s h i f t , as a r i s i n g from the 

d e s h i e l d i n g e f f e c t of e l e c t r o n d e n s i t y r e d i s t r i b u t i o n i n the complex, which 

i s g r e a t e r than the p r e d i c t e d r e l a t i v e s h i e l d i n g e f f e c t s caused by n i t r o g e n 

atom magnetic an i s o t r o p y and n i t r o g e n atomic d i p o l e changes. 
30 

Thus, Yarwood observed a downfield s h i f t o f the p y r i d i n e protons on 

complexation w i t h IC1. The downfield s h i f t s of the a-, I3-, and Y-Pr°tons 

were 11, 19, and 30 c/s r e s p e c t i v e l y . So, a l l o w i n g f o r the lone p a i r 

e l e c t r o n s becoming i n v o l v e d i n a s p e c i f i c i n t e r a c t i o n the a value i s r e a l l y 

l a r g e r than 11 c/s. The Y - v a l u e i s d e f i n i t e l y l a r g e r than the 13-value. 

Therefore, the n.m.r. data tends t o support the predominance o f the mesomeric 

mechanism although i n d u c t i v e e f f e c t s are c l e a r l y o p e r a t i v e as w e l l . 

W h i l s t the resonance s t r u c t u r e makes a l a r g e c o n t r i b u t i o n t o the i n t e n s i t y , 

the c o n t r i b u t i o n t o the frequency i s very much smaller. Considering as an 

example the band a r i s i n g from the v i b r a t i o n i n p y r i d i n e , the i n t e n s i t y 

i s increased by 700%, w h i l s t the frequency i s only changed by 0*2% on 

complexation w i t h IC1. One would expect the resonance s t r u c t u r e s i n 

Table 3.8. t o a l t e r the f ^ c ^ and f ^ ^ f o r c e constants (see Chapter 6 ) . 

However a change of 0*2 millidynes/A° o f the f ^ ^ and f ^ ^ f o r c e 

constants does not s i g n i f i c a n t l y a f f e c t the frequencies of the + 

v i b r a t i o n s . I t would thus appear t h a t the resonance s t r u c t u r e s are not very 

important i n p e r t u r b i n g the donor frequencies. 

The low i n t e n s i t y o f the v ^ c H ^ bands, and the f a c t t h a t the p y r i d i n e - I C l 

complex i s only a t h i r d as s o l u b l e as the p y r i d i n e - I B r complex i n chloroform-d, 

meant t h a t work was i n i t i a l l y confined t o the p y r i d i n e - I B r complex, i n the 

3000 - 3100 cm. 1 r e g i o n . Measurements made i n 3000 - 3100 cm.~* r e g i o n at 

the time o f w r i t i n g i n d i c a t e ( i n carbon d i s u l p h i d e where very large path 

lengths may be used (about 4 mm.)) t h a t the absorptions are very weak, i . e . 

s i m i l a r t o the p y r i d i n e - I B r a b s o r p t i o n s . (Spectrum 3.2.). 
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I t i s i n t e r e s t i n g t o note t h a t i n the benzene case bonding e l e c t r o n s 

are d i r e c t l y i n v o l v e d i n the complex. The p e r t u r b a t i o n of the benzene 

v i b r a t i o n s on complexation w i l l be weaker than the p y r i d i n e case because: 
116 

(a) the i o n i s a t i o n p o t e n t i a l o f benzene i s higher ( l e s s charge 

t r a n s f e r ) , 

( b ) the p o s i t i v e charge w i l l n ot be l o c a l i s e d on the ortho and para 

p o s i t i o n s , so the i n t e n s i t y p e r t u r b a t i o n w i l l be less concentrated 

on p a r t i c u l a r modes. 

At the present time o n l y two groups o f papers ( p a r t i a l l y ) deal w i t h the 
117 118 

benzene halogen complex donor v i b r a t i o n s . ' These support the above 

p r e d i c t i o n ; however, no measurements have been made on the C-H s t r e t c h i n g 

modes i n the benzene-halogen complexes. 

As can be seen from Table 3.9. the i n t e n s i t i e s o f p y r i d i n e - I B r and 

p y r i d i n e - I C l i n chloroform are very s i m i l a r . The bands obey Beer's Law, 

a t y p i c a l Beer-Lambert Law graph i s shown ( f o r the V^Q band o f p y r i d i n e - I B r i n 

benzene) i n Figure 3.2. Provided a la r g e number o f p o i n t s are taken the 

i n t e n s i t i e s are rep r o d u c i b l e t o w i t h i n 10%. 

Apart from the , V2» V3, v ^ , v^g, v^, v^g bands the other bands i n 

the donor bands a r i s i n g from the a^ + b^ v i b r a t i o n s are increased i n i n t e n s i t y , 

and narrowed on complexation. The IBr complex bands are s l i g h t l y broader 

and s l i g h t l y weaker i n i n t e n s i t y , but the d i f f e r e n c e i s only about 10% f o r the 

most s e n s i t i v e bands. The frequencies o f the two complexes are al s o 

p r a c t i c a l l y i d e n t i c a l . The chloroform i n t e r a c t s w i t h the p y r i d i n e complexes 

t o some ex t e n t , presumably w i t h the o v e r a l l d i p o l e o f the molecule by 

hydrogen bonding t o the negative end (see Chapter 4 ) . For t h i s reason the 

complexes are more s o l u b l e i n chloroform than carbon t e t r a c h l o r i d e . 

The bands are narrowed by the suppression o f o r i e n t a t i o n a l motion about 

the two axes perpendicular t o the C_ a x i s . I f o r i e n t a t i o n a l motion c o n t r o l s 
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the band shape, expressions such as Chapman's equation**^* 3 show t h a t the 

d i f f u s i o n c o e f f i c i e n t D f a l l s as the molecular mass increases. 

Hence f a l l i n value o f the d i f f u s i o n c o e f f i c i e n t causes a re d u c t i o n 

i n a and hence a re d u c t i o n i n band width (see s e c t i o n 2 ) . 

I n s o l u t i o n the complex experiences d i p o l e - d i p o l e , dipole-induced d i p o l e 

and e l e c t r o n donor-acceptor forces between the molecules. However, i f the 

molecule (and the d i p o l e ) r o t a t e about the a x i s , then these f o r c e s w i l l 

be unaffected t o a f i r s t approximation. 

I c ( b 2 species) 

( b ^ species) 

I A ( a 2 species) 

P y r i d i n e 85*36 amu A* 

B 

88*04 173*4 
I C > I A ~ I B 

OBLATE 

P y r i d i n e - I C l 88*04 amu A 1189*80 1277*84 

*A < I B ^ I C 
PROLATE 

Figure 3.3. 

Since the moment o f i n e r t i a about the C^ a x i s i s p r a c t i c a l l y u n a l t e r e d 

on complexation one would expect a s i m i l a r r a t e of r e o r i e n t a t i o n a l motion 

about the C^ a x i s . The sheer b u l k of the molecule combined w i t h the 

in t e r m o l e c u l a r forces w i l l hinder the r o t a t i o n a l d i f f u s i o n about axes 

perpendicular t o the a x i s . 
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On going from p y r i d i n e t o p y r i d i n e - I B r , the g r e a t e s t narrowing appears 

t o occur f o r most o f the a^ v i b r a t i o n s . T his i s probably because the 

t r a n s i t i o n moment f o r the a^ modes l i e s along the a x i s . The b^ modes 

show v a r i a b l e narrowing as the t r a n s i t i o n d i p o l e i s a t an angle t o the I 
D 

axi s (see Figure 3.3.). 

However, i t must be noted t h a t two opposing e f f e c t s are probably 

o c c u r r i n g . F i r s t l y , narrowing w i l l occur due t o the reduction o f the 

o r i e n t a t i o n a l c o n t r i b u t i o n t o the band shape. Secondly, broadening due t o 
v i b r a t i o n a l r e l a x a t i o n . Our normal co-ordinate a n a l y s i s (see Chapter 6 ) , 

shows t h a t the V^Q band a t 603 cm. 1 shows a l a r g e Q change i n the complex. 
73 

Since the Bratos mechanism p r e d i c t s t h a t v i b r a t i o n a l broadening i s 
dependent on I — ) t h i s explains why t h i s band shows the l e a s t narrowing 

\°Q/ 

(assuming t h a t the change i n by °n complexation a f f e c t s a l l modes i n a 

roughly s i m i l a r f a s h i o n ) . 
( i i ) Other Bands Observed Not Assigned t o Fundamentals. 

The n o n - r e s t r i c t i v e nature o f the s e l e c t i o n r u l e s f o r the C_ p o i n t 
2v 

group, together w i t h the l a r g e number o f fundamental frequencies and 

u n c e r t a i n t y about the amount o f anharmonicity, makes i t impossible t o e x p l a i n 
combination 

the observed bands w i t h o u t d i f f i c u l t y . Table 3.10. i n d i c a t e s the l a r g e 
combina t i o n 

number of bands observed, most o f which are perturbed i n i n t e n s i t y t o 

some e x t e n t . This was observed by running sample and background on the same 
combination 

c h a r t on slow scan. Mention w i l l only be made o f those bands which show 

the l a r g e s t p e r t u r b a t i o n . They are a l l w i t h i n an order o f magnitude o f the 

i n t e n s i t y of the 1355 cm."1 band. These are l i s t e d i n Table 3.11. 

The band a t 1242 cm. 1 may be a fundamental. One would expect the 

frequencies o f the p y r i d i n e v i b r a t i o n s t o be perturbed on complexation. The 

band i s not observed i n the uncomplexed p y r i d i n e a t the concentrations used. 

The band at 1212 cm. * has been assigned t o both an a ( v , ) and a b, ( v , , ) 
1 6 1 16 

v i b r a t i o n a l mode. 
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Table 3.11. 

Pyr/I„ i n Carbon Disulphide 

Frequency Assignment Calculated Comments 

1635 V 1 0 + v 8 ° r V 9 + V19 1650, 1610 

1525 Observed. 
Not assigned 

I n CCl 
4 

1375 V 1 0 + v22 1364 

1260 V19 + V 1 0 1272 

1242 V 1 0 + V20 1295 Large i n t e n s i t y 
increase on 
complexation 

1285 V10 + V 2 0 1295 

810 2 V 2 4 CSg obscures 2 V 2 4 
V24 
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The n e a r e s t assignment q u o t e d 1 0 3 to 1242 cm. 1 f o r overtones i n p y r i d i n e g i v e s 

a c a l c u l a t e d frequency 30 cm."1 too high, and a weak absor p t i o n i s found only 

12 cm. 1 from the c a l c u l a t e d frequency. 
112 -1 Green et a l . a s s i g n e d the v,, v i b r a t i o n a l mode a band a t 1288 cm. He 16 

made the proposed change to bring the v a l u e of i n t o l i n e w i t h that f o r 

benzene and the monosubstituted benzenes. The same arguments hold f o r 

i n c r e a s i n g the value of from 1217 to 1242 cm. 1 Furthermore, the v a l u e s 
113 

obtained from the u n r e f i n e d zero order f o r c e f i e l d c a l c u l a t i o n s g i v e a 

v a l u e of 1291 cm. The l e a s t a c c u r a t e value where the assignment i s not 

open to doubt was the v,„ mode which was i n e r r o r by 59 cm. 1 So v., = 

15 l o 

1291 — 59 cm. t a k i n g a v a l u e of 1242 cm. - 1 i s w e l l w i t h i n the e r r o r 

e s p e c i a l l y as t h i s i s a band which may be perturbed i n frequency on complexation 

I t i s worth no t i n g t h a t the a b s o r p t i o n has a shoulder a t about 

1205 cm. - 1 i n both the complex and ' f r e e ' p y r i d i n e i n CCl^. However, t h i s may 

be a hot band and not a fundamental. The v„, v 1 4 } band showed no s h o u l d e r s . 
7 18 

T h i s i s p o s s i b l y p a r t l y why i t i s narrower than the v^, band, 

( i i i ) Summary. 

We can summarise the f i n d i n g s from t h i s p a r t o f t h e work as f o l l o w s : 

(a) The i n t e n s i t i e s of the v , v 9 , v , v and v bands, due to 

p r i m a r i l y ^ s t r e t c h i n g , have been e x p l a i n e d by e l e c t r o ­

n e g a t i v i t y e f f e c t s a l o n e . T h i s i s because the e f f e c t s of a change 

o f i o n i s a t i o n p o t e n t i a l and normal c o - o r d i n a t e e f f e c t s a re lower 

f o r the \. N modes. 

(b) The a^ modes a r e more perturbed i n i n t e n s i t y than the b^ modes 

because they have two e x t r a c o n t r i b u t i o n s to the i n t e n s i t y . 

( 1 ) The t r a n s i t i o n moment of the a^ modes l i e s along the a x i s 

so does the molecular d i p o l e moment. There w i l l thus be a 

l a r g e r c o n t r i b u t i o n to the i n t e n s i t y from d i p o l e - i n d u c e d d i p o l e 

i n t e r a c t i o n s . The b^ modes l i e along t h e Ig a x i s (see F i g . 3.3.) 
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and should be much l e s s perturbed than the a modes. 

2. A c o n t r i b u t i o n from thef ^ — j term to the i n t e n s i t y . 
A p a r t from the f i v e v / r p s bands most of the other bands 

( ) 
v (C-H) 

a r i s i n g from the a^ and b^ fundamentals were i n c r e a s e d i n 

i n t e n s i t y . There were ex c e p t i o n s however, the band a t 

1484 cm. 1 i n p y r i d i n e appears a t 1478 cm. i n the complex. 

The band was too weak and no i n t e n s i t y measurements could be made. 

The v band a t 1035 cm. ~ i s unchanged i n i n t e n s i t y , but i s 

c o n s i d e r a b l y sharpened on complexation. 

( c ) There i s some evidence f o r the assignment of the mode to a band a t 

1242 cm. 1 

( i v ) S t u d i e s on the b^ Modes of P y r i d i n e - I B r . 

The b^ and b^ modes a r e expected to have the s m a l l e s t r o t a t i o n a l 

c o r r e l a t i o n times ( g r e a t e s t v a l u e s o f a ) , and the a^ modes to have the 

l a r g e s t r o t a t i o n a l c o r r e l a t i o n times. T h i s i s because as Figure 3.3. shows, 

the t r a n s i t i o n moment of the b^ modes l i e s along the 1^ a x i s . Thus i t can 

s t i l l be a f f e c t e d by motion about the C^ a x i s . 

The b 2 bands a r i s e a t 942, 882, 745, 698 and 400 cm. - 1 f o r l i q u i d 

p y r i d i n e . Most s t u d i e s on the p y r i d i n e - I C l complex have been made i n c h l o r o ­

form and carbon t e t r a c h l o r i d e . Solvent a b s o r p t i o n p r e v e n t s measurements on the 

698 and 745 cm. 1 bands. Table 3.4. shows t h a t the v 2 - 7 mode i s u n a l t e r e d i n 

i n t e n s i t y on complexation. The frequency i s s h i f t e d to 421 cm. 1 T h i s i s 

presumably due to mixing of the e x t r a out-of-plane v i b r a t i o n s w i t h the 

o r i g i n a l donor v i b r a t i o n s . The i n t e n s i t y of the V27 band i s unchanged on 

complexation (Table 3 . 4 . ) . 
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Both carbon d i s u l p h i d e and dioxan are f r e e o f absorption i n the 700 -

800 cm.~* re g i o n . However, s o l u t i o n s of p y r i d i n e - I B r i n dioxan decomposed 

t o give a doublet o f almost equal i n t e n s i t y f o r the v 2 ^ band. This shows 

t h a t the p y r i d i n e - I B r e q u i l i b r i u m constant i s much lower i n dioxan. See 

Spectra 3.3. and 3.4. 

Py r l B r ^==i Pyr + I B r 

The experiment was repeated i n carbon d i s u l p h i d e . A doublet was again 

observed f o r the v„, band but t h i s time the f r e e p y r i d i n e absorption had a 

peak maximum only about 10% o f the complexed p y r i d i n e (see Spectrum 3.5.). 

Assuming the bands are symmetric about the c e n t r a l maximum, i t was po s s i b l e 

t o estimate the i n t e n s i t y of the complexed p y r i d i n e by doubling the h a l f 

band area. 

I t can be seen from Table 3.12. t h a t the b 2 modes have a large 

p e r t u r b a t i o n on complexation. The v2fc band i s d r a s t i c a l l y narrowed and reduced 

i n i n t e n s i t y . W h i l s t the v 2 ^ band i s increased i n i n t e n s i t y and only s l i g h t l y 

narrowed. However, by c a r e f u l i n s p e c t i o n o f the bands i t could be seen t h a t 

the wings f e l l o f f more q u i c k l y i n the complexed bands, i . e . the bands became 

more gaussian. 

The l a c k o f dependence on the d i r e c t i o n of the t r a n s i t i o n moment, and 

l a r g e gaussian component f o r these bands i n d i c a t e s t h a t : the r e s u l t s do not 

f i t i n w i t h those expected on the basis o f o r i e n t a t i o n a l r e l a x a t i o n making 

a predominant c o n t r i b u t i o n . I t i s t h e r e f o r e c l e a r t h a t v i b r a t i o n a l e f f e c t s 

predominate f o r the p y r i d i n e - I B r complex. The decomposition i n t o f r e e 

p y r i d i n e and IBr prevented any studies on the H j s t r e t c h i n g modes. 

I n conclusion i t can be seen t h a t although Raman data are necessary 

before r o t a t i o n a l and v i b r a t i o n a l e f f e c t s can be unambiguously separated 

i n f r a r e d data alone can provide valuable i n f o r m a t i o n on the r e l a t i v e importance 

o f these f a c t o r s . 

( v ) I n t e n s i t y s tudies on the a^ and b.̂  v i b r a t i o n s of p y r i d i n e w i t h some o f 

the weaker halogen acceptors. 
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Table 3.12. 

Studies on the Modes 

Mode Solvent Acceptor Band posn./ 
-1 

cm. cm. 
s - l 

I n t e n s i t y / 
darks 

'23 

24 

'25 

'26 

'27 

C S 2 

Dioxan 

CS„ 

Dioxan 

Dioxan 
C S 2 
C S 2 
Dioxan 

Dioxan 

C S 2 
C S 2 

Dioxan 

Dioxan 

Dioxan 

Dioxan 

IB r 
IBr 

IBr 

942 
940 
940 

Not 
observed 
Not 
observed 

Very Weak 

Solvent has 0% transmission 850 - 910 cm. 

IC1 

-1 

I B r 

Dioxan 

IB r 

I B r 

IBr 

IC1 

756 
746 

750 

752 

758 

702 

696 

711 

700 

695 

408 

Broad as two bands overlap 
4-5 

40 

8-0 

4-0 

1200 

2870 

6500 

3809 

('Free' p y r i d i n e a t 709 cm.-*) 

6-0 
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Introduction. 
In view of the small difference i n i n t e n s i t y and frequency on complexation 

of the pyridine-IBr and pyridine-ICl donor spectra, i t was decided to l i m i t 

t h i s work to a b r i e f survey of the pyridine-B^, pyridine-ICN and p y r i d i n e - ^ 

donor spectra. 

The s i m i l a r i t y i n i n t e n s i t y indicates, assuming charge transfer i s the 

predominant mechanism, that the electron a f f i n i t y of IBr and ICl are about 

equal. The electron a f f i n i t y of IBr has not been measured. 

Table 3.13. 

Halogen Electron 
A f f i n i t y / e V 

h 
1-7 1 0-5 

1*2 - 0-5 

C l 2 1-3 - 0-4 

ICl 1*7 1 0*6 

However, the electron a f f i n i t i e s available (see Table 3.13.) show no 

d e f i n i t e trend and do not disprove t h i s suggestion, 

(a) Pyridine-B^ i n Carbon Tetrachloride. 

Unfortunately no studies have been made on pyridine-ICl i n carbon 

tetrachloride. However, the band i n t e n s i t i e s i n chloroform should be similar 

since the band i n t e n s i t i e s of pyridine i n chloroform and carbon tetrachloride 

agree w i t h i n 20% (see Table 3.6.). 

Table 3.14. shows that ( i ) the pyridine-bromine bands are considerably 

broader and weaker than they are for pyridine-ICl. The lower i n t e n s i t y can 

be accounted for because of the lower electron a f f i n i t y of bromine as opposed 

to I C l (see Table 3.13.). 

The normal co-ordinate calculation described i n Chapter 6 on the 

pyridine-ICl and pyridine-IBr complexes explains the frequency s h i f t s i n 

terms of the mass effects and v i b r a t i o n a l mixing. This i s probably also true 

f o r the pyridine-Br_ complex. 
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Table 3.14. shows the donor vibrations f o r the pyridine-Br 2 complex. 

The bands arisin g from the v„ and v,. vibrations are stronger than i n the ° 9 14 
p y r i d i n e - ^ complex. Some of the other bands appear to be weaker, but t h i s i s 

probably a 'solvent' e f f e c t , since the V^Q band in p a r t i c u l a r i s very 

sensitive to the pyridine concentration. However, a f u l l study on the v a r i a t i o n 

of band in t e n s i t y with d i f f e r e n t pyridine and halogen concentrations would be 

necessary to confirm t h i s . 

In spite of the lower electron a f f i n i t y and p o l a r i s a b i l i t y of bromine 

than iodine, the pyridine-Br 2 complex i s stronger than the pyridine-iodine 

complex. The f a r - i n f r a r e d and dipole moment data (see Chapter 5) are decisive 

in confirming t h i s . The frequency s h i f t s of the and V^Q bands and 

i n t e n s i t i e s of the v and v support t h i s . More data on solvent effects 

etc. are necessary before the perturbations of the other vibrations can be 

interpreted. Rather surprisingly the absorption at 1033 cm. assigned to 

v^, was reduced in i n t e n s i t y in the pyridine-Br 2 complex. This was observed 

by running the spectrum on expansion X25, and comparing i t with the spectrum 

of the uncomplexed pyridine. Since pyridine was present in large excess, 

and the frequency s h i f t was very small, i n t e n s i t y measurements were not 

attempted on t h i s band. The concentration of bromine could not be increased 

because of the dangers of reaction with the pyridine and the KBr plates. 

(b) The P y r i d i n e - I 2 Complex i n Carbon Tetrachloride. 

The pyridine-IBr and pyridine-ICl complexes have high equilibrium 

constants and can be considered as r i g i d complexes. On the other hand, the 

pyridine-I,, and pyridine-Br 2 complexes have much smaller equilibrium constants, 

and are less r i g i d and have lower l i f e - t i m e s . 

5 Since the band shape i s controlled by the factor where v i b r a t i o n a l 

relaxation i s important, one would expect 5y to be quite d i f f e r e n t i n a weak 
complex to a strong one. This accounts fo r the width of the bands. 
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The v JO band at 6 2 2 cm. 1 i n the p y r i d i n e - ^ complex has a higher 

i n t e n s i t y than the v band at 6 3 1 cm. 1 i n the pyridine-ICl complex. This 

i s probably accounted for by the polar solvent effect (see Chapter 4 ) , since 

the pyridine i s present i n a large excess. In the pyridine-ICl complex the 

pyridine:acceptor r a t i o i s , of course, 1 : 1 . 

(c) Pyridine-ICN i n Carbon Tetrachloride. 

The previous discussion has shown that weak acceptors perturb the 

a^and b^ modes less i n i n t e n s i t y than the strong acceptors. I f the same 

trend follows one would expect that the ^ stretching modes would be 

correspondingly larger with a weak acceptor. 

Accordingly a 6 : 1 excess of iodine cyanide with pyridine i n carbon 

tetrachloride was used. From the i n t e n s i t y of the free pyridine, and the 

in t e n s i t y observed for the complexed and free pyridine a very approximate 

estimation of the i n t e n s i t i e s of the absorptions at 3 0 8 8 cm."1 and 3 0 1 0 cm."'' 

were made. The i n t e n s i t i e s are estimated i n calculations 3 . 1 . and 3 . 2 . 

Calculation 3 . 1 . 

Complex band at 3 0 8 8 cm.-1 

Area observed = 5 * 2 cm.-* 

[ICN] = 4 4 * 8 3 x 1 0 " 3 mole l i t r e " 1 

[Pyridine] = 7 * 5 9 4 7 x 1 0 ~ 3 mole l i t r e " 1 

1 2 1 1 - 1 Since K = 5 1 [Pyridinejcomp = 5 * 0 8 x 1 0 mole l i t r e 
—3 —1 [PyridineJuncomp = 2 * 5 1 x 1 0 ~ mole l i t r e 

- 3 - 1 Cl (comp) = 3 * 5 5 6 x 1 0 mole l i t r e cm. 
- 3 - 1 Cl(uncomp) = 1 * 7 5 7 x 1 0 mole l i t r e cm. 

as 1 = 7 mm. 
3 

The i n t e n s i t y of free pyridine = 1 * 4 7 x 1 0 darks 

Area due to uncomplexed pyridine *» 2 * 5 5 cm."1 

" " " complexed " « 2 * 6 5 cm."1 

as area observed = 5 * 2 cm."1 
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_3 .'. Intensity of complexed pyridine with ICN «« 0*7 x 10 darks 
_3 

Intensity of complexed pyridine with IBr 0*2 x 10 darks 
(calculated previously) 

Calculation 3.2. 

Complex band at 3010 cm. 1 

Area observed = 2*497 cm. 1 

Area due to uncomplexed pyridine 1*35 cm. * as 
_3 

B£ 0*77 - 0«90 darks x 10 
Area due to complexed pyridine 1*14 cm. ^ 

_3 
Int e n s i t y of complexed pyridine 0*3 x 10 darks 

(with ICN) 
Int e n s i t y of complex pyridine w i t h IBr 0°1 x 10 1 darks 

(calculated previously) 

These calculations are in reasonable agreement with the above prediction. 

However, i t must be noted that the 3010 cm. - 1 band has been assigned to a 

combination mode (v ̂  + V14^* 

No i n t e n s i t i e s are quoted for the other donor absorptions because, wh i l s t 

they seemed to be somewhat less than the p y r i d i n e - ^ complex, the inconsistency 

between results was more than 10% (the expected e r r o r ) . This i s probably 

p a r t l y due to the f a c t that no r e l i a b l e equilibrium constant i s available. 
121 

The value of Kc = 51 — 5 litres/mole quoted by Person et a l . i s calculated 
from three values of the v ^ j ^ absorbance with pyridine concentrations 

-2 -2 -1 ranging from 7»5 x 10 - 12 x 10 moles l i t r e . I t i s probably only w i t h i n 

the error 51 i. 5 litres/mole f o r the range of pyridine concentrations 
-2 -2 -1 7*5 x 10 - 12 x 10 moles l i t r e . Whilst i t i s very easy to complex a l l 

the ICN by keeping the pyridine i n excess, the reverse i s extremely d i f f i c u l t 

due to the low s o l u b i l i t y of ICN. Furthermore, solvent perturbations of 

the i n t e n s i t i e s seem to be more important f o r the pyridine-ICN complex than 

for the p y r i d i n e - ^ complex. This i s possibly because: 
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(a) ICN interacts with the solvent ( i t d e f i n i t e l y does i n the chloroform 

case (see Chapter 4 ) ) . The v^ c H^ absorption of chloroform i n a 

mixture of chloroform/carbon tetrachloride i s considerably increased 

in i n t e n s i t y and broadened when ICN i s added. In t h i s case the 

chloroform i s acting as the acceptor and the ICN as the donor. 

(b) Solvent effects due to changing the pyridine concentration appear to 

be more important i n this complex. This seems to be because ICN 

can behave as a donor, or an acceptor and the solvent competes for 

the ICN molecules. However, without further information the 

discussion must cease here. 

In conclusion, the order of complex 'strength' using the donor frequency 

and i n t e n s i t y perturbation appears to be: 

Pyridine-ICl « Pyridine-IBr > Pyridine-Br 2 P y r i d i n e - I 2 > Pyridine-ICN 
5 4 

This follows the equilibrium constants which are 4*8 x 10 , 1*3 x 10 , 
2 -1 1-46 x 10 , 90*, 56 l i t r e mole (see Table 3.1.). The narrowing of the a.̂  

and b^ modes has been explained as due to suppression of orientation about 

the two axes perpendicular to the axis. Some information i s given about 

the d i r e c t i o n of the t r a n s i t i o n moment. However, t h i s r i g i d molecule model 

appears to break-down fo r the weaker complexes (which i s not too su r p r i s i n g ) . 

Without further data i t would be pointless to speculate about the i n t e n s i t y 

trend f o r the b 2 modes. Table 3.12 shows that the v 2 6 band i s d r a s t i c a l l y 

narrowed and reduced i n i n t e n s i t y . One can at least say that v i b r a t i o n a l 

relaxation seems to be making a strong contribution to the band shape, 

because of the more Gaussian p r o f i l e . 

E. Suggestions for Further Work. 

In spite of the experimental d i f f i c u l t i e s , measurements on the ven „N 

stretching bands may give the most information on the extent of electron 

* The pyridine-Br 2 value was measured i n benzene, the others i n carbon 

tetrachloride which may account fo r the difference. 
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interaction i n the donor molecule. The pyridine-ICN H^ stretching bands, 

are d e f i n i t e l y much stronger than the corresponding pyridine-IBr bands although 

a f u l l study and Beer's Law plots would be needed to establish the exact 

i n t e n s i t i e s . 
117 118 

I t would be very in t e r e s t i n g to repeat the work of Ferguson et a l . ' 

on the halo-substituted benzenes, and also carry out measurements on the methyl 

halo-substituted benzenes. Ferguson did not make measurements on the ^ 

stretching bands. Furthermore, i n the methyl halo-benzenes one would expect 

differences between the a l k y l C-H band i n t e n s i t i e s and the ring C-H band 

i n t e n s i t i e s . I n f a c t , studies on the changes of H j band i n t e n s i t i e s may be 

worthwhile on systems where i t i s impossible to use the n.m.r. spectrum because 

i t i s too complex. 

For the weaker complexes i n t e n s i t y studies are not possible without 

accurate equilibrium constants. These are not available at present, or were 

determined from the u l t r a - v i o l e t region and the concentrations are much lower. 

I t would be very i n t e r e s t i n g to measure the equilibrium constant of the 

pyridine-ICN complex using a l l the infrared bands of the donor and acceptor. 

From a series of measurements a series of K values could be determined. 
c 

S t r i c t l y speaking the equilibrium constant f o r the inte r a c t i o n of a 

donor, D, with an acceptor A to form a complex, C, i s 
aC K = = K K [3.4.1 a a Da A c Y 

c c 

where K = —7: [ 3^5.] 
c T A 

YC 
and K = [3.6.1 

Y Y DY A
 J 

The symbols a, C and y represent a c t i v i t y , concentration and a c t i v i t y 

c o e f f i c i e n t , respectively. 
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79 I t i s generally assumed that i s unity. However, the above 
experiment would determine how f a r deviated from t h i s . I t i s also possible 

that 2:1 complexes are present, e.g. the aromatic hydrocarbon-tetracyano-
119c 

ethylene complexes contain 2:1 species as well as 1:1. There i s also 

evidence**^ of a 2:1 benzene-I 2 complex at high benzene concentrations. 

Chapter 7 also confirms the existence of ( p y r i d i n e ^ - I C l and ( p y r i d i n e ^ - I B r 

complexes in the s o l i d state. The u.v. determinations of should discover 

whether these complexes exist i n solution. 

Chapter 5 shows that the l i f e - t i m e of the 'complex* i s c r u c i a l i n 

determining the band shape i n the f a r - i n f r a r e d . Since the equilibrium constant 

i s a crude measure of the l i f e - t i m e , i t would be i n t e r e s t i n g to compare the 

equilibrium constant measured i n the u.v. region and the f a r - i n f r a r e d region 

at the same concentrations. Further consideration of these results would 

give information on the solvent effects on a p a r t i c u l a r band. Table 3.15. 

shows that t h i s i s considerable f o r the v ^ b a n d of the p y r i d i n e - ^ complex. 

The 'solvent e f f e c t ' on the pyridine-IBr complex i n dioxan i s quite 
4 -

dramatic. I t would appear that has f a l l e n considerably from 10 m o l e / l i t r e 

i n carbon te t r a c h l o r i d e . Work continues i n t h i s laboratory to determine the 

exact value of K̂ , both from infrared and u.v. measurements f o r the pyridine-IB 

and pyridine-ICl complexes i n dioxan. 

I t would also be worthwhile to t r y and determine the equilibrium constants 

and other physical parameters for the donor-solvent and acceptor-solvent 

interactions. I t should then be possible to correct f o r base l i n e errors, 

which are a major source of error i n i n t e n s i t y measurements. 

Fin a l l y , i t would be of value to carry out Raman studies on the pyridine-

ICl vibrations to separate the r o t a t i o n a l and v i b r a t i o n a l contributions. This 

would be especially helpful to establish the mechanism f o r the b0 modes which 

seem to have a large gaussian component. This i s , of course, linked to the 
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standard techniques of band shape analysis, i . e . (a) band f i t t i n g , 

(b) curve resolving where applicable, (c) calculation of correlation curves, 

(d) moment analysis. A b r i e f discussion of these techniques has been given 

i n Chapter 2. 
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CHAPTER 4 

I I . Studies on the Acceptor Vibrations and External Modes 

A. Introduction. 

Studies of the changes in the v i b r a t i o n a l spectra of the donor (D) and 

acceptor (A) molecules, when they combine to form a complex, have been a 
122 

powerful aid i n determining the nature of the in t e r a c t i o n . 

With the development of e f f i c i e n t interferometers, i t i s possible to 

make measurements more-or-less routinely i n the f a r - i n f r a r e d region of the 

spectrum. This has resulted i n i t being comparatively easy to measure the 
vibrations of the donor against the acceptor. There are now a large number 

123 

of papers i n the l i t e r a t u r e dealing with the spectra of the pyridine 

bases with the halogens. 

The aim of t h i s work i s to extend the knowledge available on frequency 

changes of the acceptor spectra on complexation, to include information on 

i n t e n s i t i e s and band shapes. The correlation function (see Chapter 2) of an 

infrared band consists of an orientational part and a v i b r a t i o n a l part. 

Whilst i t i s impossible to separate these i n the infrared, quite d i f f e r e n t 

effects on the correlation function occur i f either the orie n t a t i o n a l or 

v i b r a t i o n a l part predominates. 

A study of the temperature and concentration dependence on the band 

shape, coupled i f possible with a comparison of the 1st overtone band of the 

same v i b r a t i o n , should establish which mechanism predominates. Furthermore, 

the v i b r a t i o n a l part depends on the v i b r a t i o n / r o t a t i o n i n t e r a c t i o n , and i s 

independent of the d i r e c t i o n of the t r a n s i t i o n moment, whilst the reverse 

i s true f o r the or i e n t a t i o n a l part. Therefore absorption modes which belong 

to the same symmetry class, having a predominantly o r i e n t a t i o n a l 

contribution, should have very similar correlation functions. The reverse 

i s not necessarily true f o r bands controlled by a v i b r a t i o n a l mechanism. 
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I t should therefore be possible to gain more understanding of the 

mechanism, or mechanisms, which give r i s e to absorption i n the f a r - i n f r a r e d 

region. Absorptions at higher energy ( i n f r a r e d region), and lower energy 

(microwave) have mechanisms which are now wel l understood. The microwave 

absorptions are well interpreted i n terms of pseudo pure ro t a t i o n and 

trans l a t i o n of the ove r a l l dipole moment of the molecule. Near in f r a r e d 

absorptions are explained as being due to molecular vibrations. 

Systems such as dioxan-^ and benzene-I^ were o r i g i n a l l y considered as 

well-defined charge transfer complexes i n view of moderately severe, and quite 
125 

sp e c i f i c , perturbations of the benzene and iodine v i b r a t i o n a l spectra. 
126 

However, Hanna considers that benzene and iodine interact only by means 
126 

of classical e l e c t r o s t a t i c forces giving a c o l l i s i o n a l complex with a much 

shorter l i f e - t i m e . This i s supported by the observation of a low frequency 

absorption, which i s f a r better explained by a c o l l i s i o n induced mechanism, 

than as a normal v i b r a t i o n a l mode (see Chapter 5 ) . 
Experimental. 

The complex solutions were prepared as described i n Chapter 3. The more 
124 

deeply coloured c r y s t a l l i n e impurity described by Yarwood and Person 

(found i n crystals of the complex) was separated from the complex by washing 

with the chloroform and i d e n t i f i e d (see Chapter 7). The y i e l d of the impurity 

was 1% from the pyridine-ICl complex and about 10% for the pyridine-IBr complex. 

The c e l l used was a demountable solution c e l l w i t h polythene plates. 

Usually i t was possible to measure the path length of t h i n spacers i n t e r -

f e rometrically. For thicker spacers, where compression of the Teflon i s less 

important, a micrometer was used to measure the path length. 

For measurements on the I-C and C-N stretching vibrations of iodine 

cyanide KBr plates were used with the P.E. 577 and G.S.2A spectrometers. 

Caesium iodide plates must not be used as reaction takes place with the plates 
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to produce ionic species. With d i l u t e solutions reaction i s much slower 

with the KBr plates, and the bands were reproducible over the two or three 

hours taken to scan the spectra. Apart from the need to polish the plates 

frequently reaction was not a problem. The instrument and plates used w i l l 

be indicated i n the tables following. 

B. Frequency and Inte n s i t y Studies. 

I t i s possible to explain the i n t e n s i t y perturbation of the donor 

spectrum i n terms of the strength of the charge-transfer i n t e r a c t i o n . This i s 

reflected by the electron a f f i n i t y of the acceptor, where the l a t t e r are 

available. The complex 'strength* i s also reflected i n the size of the 

equilibrium constant. As seen i n Chapter 3 the size of the i n t e n s i t y 

perturbation followed the order of the equilibrium constants, i . e . 

pyridine-ICl > pyridine-IBr > p y r i d i n e - I 2 > pyridine-Br 2 > pyridine-ICN. 

The aim of the frequency and i n t e n s i t y studies i s to see i f t h i s trend 

i s r e flected i n the acceptor spectra. 

It The Pyridine-ICl complex. 
124 

Yarwood and Person have carried out measurements on the complexes of 

IC1 with pyridine, 3-picoline, and 2,6-lutidine i n benzene. I t was f e l t to be 

worthwhile to carry out a number of measurements on pyridine-ICl i n benzene, 

and a few other solvents, to ensure that the results are reproducible. I t 

i s also worth checking, that solvent effects are not the predominant factor 

i n determining i n t e n s i t i e s . 

Table 4.1. shows the results f o r py r i d i n e - I C l . Band shape analysis data 

where available i s included in a l l tables. The discussion on the band shape 

data w i l l be found i n the section following. 

Spectrum 4.1. shows pyridine-ICl i n benzene. I t i s apparent that the 
V(I-C1) a n £* V ( N - I ) bands b o t n have very s i m i l a r shapes. 
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The r e s u l t s are w i t h i n the e r r o r quoted by Yarwood and Person. They 

are s l i g h t l y lower, perhaps, because they used a g r a t i n g instrument w i t h a 

low s i g n a l - n o i s e r a t i o , and a c e r t a i n amount o f noise was a m p l i f i e d and 

included i n the i n t e g r a t i o n . 

Solvents a f f e c t the i n t e n s i t y but only by about 10% o f the i n t e g r a t e d 

v a l u e . More polar solvents appear t o favour more polar species ( i . e . more 

d e l o c a l i s a t i o n of charge). This r e s u l t s i n a higher C.ds term i n the the 

expression f o r do- and hence a greater i n t e n s i t y . (For a d i s c u s s i o n o f t h i s 

theory see equation 3.2. o f Chapter 3 ) . 

Somewhat s u r p r i s i n g l y the bands are broader i n chloroform than t e t r a -

hydrofuran ( e s p e c i a l l y the v ^ j band). This broadening may be explained 

by the d i f f e r e n t nature o f the solvent i n t e r a c t i o n w i t h the complex d i p o l e . 

Chloroform i n t e r a c t s by hydrogen bonding f a v o u r i n g the negative end o f the 

complex d i p o l e ( i . e . the c h l o r i n e atom). Whilst t e t r a h y d r o f u r a n favours the 

p o s i t i v e end, i . e . the r i n g and i o d i n e atom. The broadening,in general, i s 

explained by v i b r a t i o n a l r e l a x a t i o n due t o c o l l i s i o n w i t h the surrounding 
31 

so l v e n t molecules. I t would appear from the N.Q.R. data t h a t chloroform 

w i l l s o l v a t e the c h l o r i n e atom because of the large negative charge l o c a l i s e d 

on the c h l o r i n e atom. 

T h i s , of course, a f f e c t s the v ^ j v i b r a t i o n more than the 

e x p l a i n i n g why the v ^ j band i s broader than the v ^ N i n chloroform. 

However, more data i n a range of hydrogen-bonding s o l v e n t s , and studies i n a 

range o f other solvents w i t h v a r y i n g donor ( i . e . i o n i s a t i o n p o t e n t i a l s ) powers, 

w i l l be needed t o prove or disprove t h i s suggestion. 

Solvent absorption prevented measurements on the v ^ j s t r e t c h i n g 

v i b r a t i o n i n dioxan. However,it appears t h a t the more pol a r the solvent the 

more s t r u c t u r e s o f the type r ^ " " * ^ are favoured. This i n d i c a t e s t h a t , 
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as the p o l a r i t y of the solvent increases the v (N - I ) frequency r i s e s and the 

V ( I - C 1 ) frequency f a l l s . The Table 4.2. shows the d i p o l e moments of the 

molecules used i n t h i s work. 

The p y r i d i n e - I C l r e s u l t s i n benzene, t e t r a h y d r o f u r a n and chloroform 

agree w i t h t h i s t r e n d . The value o f the v 

anomalous ( v / M , v = 150 cm. 
(N-I) frequency i n dioxan i s 

Dioxan has zero d i p o l e moment i n the c h a i r form, as the two lone p a i r 

moments cancel each other out. However, the molecule probably has a l a r g e 

instantaneous d i p o l e on c o l l i s i o n . This i s the reason, why even i n pure dioxan, 

the c o l l i s i o n a l mode can be observed a t 70 cm. * i n the f a r - i n f r a r e d spectrum. 

So the e f f e c t i v e ' l o c a l * d i p o l e moment i s probably q u i t e l a r g e . 

The i n t e n s i t y o f the v ^ N band i n dioxan may be low due t o d i s s o c i a t i o n 

o f the complex i n t o p y r i d i n e and I C l . This d i s s o c i a t i o n i s q u i t e s i g n i f i c a n t 

i n the p y r i d i n e - I B r complex (see Chapter 3 ) . I t i s not c l e a r a t present why 

the i n t e n s i t y i s not g r e a t l y increased i n chloroform i n l i n e w i t h the l a r g e r 

frequency p e r t u r b a t i o n , as compared t o say benzene. I t i s worth n o t i n g t h a t 

solvent bands appear weakly on the r a t i o e d spectrum. I n p a r t i c u l a r a 

chloroform band at 261 cm. 1 and a benzene band a t 300 cm. * This must be 

due t o the solvent bands being increased i n i n t e n s i t y due t o i n t e r a c t i o n w i t h 

the complex. These bands appear t o increase i n i n t e n s i t y as the conc e n t r a t i o n 

o f complex i s increased. They appear t o be stronger f o r the p y r i d i n e - I B r 

than the p y r i d i n e - I C l complex - presumably because o f the gr e a t e r d i p o l e 

moment o f the former complex. No q u a n t i t a t i v e s t u d i e s were made on these bands. 

2. The P y r i d i n e - I B r and 2,6-Dimethylpyridine-IBr Complexes. 
30 

Yarwood observed f o r the methyl p y r i d i n e s u b s t i t u t e d complexes, t h a t 

even one a-methyl group, causes a s i g n i f i c a n t decrease i n the 'overlap* 

between the two molecules, as measured by the i n t e n s i t y and frequency 

p e r t u r b a t i o n s o f the v , M ,* bands. Even though the e q u i l i b r i u m constant 
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Table 4.2. 

Donor Dipole* 5 

Moment 
Acceptor Dipole 

Moment 
Complex Dipole 

Moment 

P y r i d i n e 2«1D 
h 

0 P y r i d i n e - I 2 4-5D 
2,5-Meg p y r i d i n e 2«1D 

B r 2 0 Pyri d i n e - B r 6-37D 
Trioxane 2«08D C 1 2 0 
A c e t o n i t r i l e 3'2D •IC1 2"OD 
D i e t h y l Sulphide 1'5D I Br 4'32D 
D i e t h y l Ether 1«2D ICN 3«72D 
Chloroform 1'05D 
p-Dioxan 0*02D 
Tetrahydrofuran 1«8D 
Carbon Disulphide 0 
Benzene 0 
Dimethyl Sulphaxide 3«8D 

Et h y l a c e t a t e 1'78D 

( i n benzene). J. D'Hondt, T.H. Zeegers-Huyskens, Journal of Molecular 

S t r u c t u r e , 1971, 10, 135. 

From Landolt BIJrnstein, Auflage 6, Band 1, T e i l 3 (Springer-Verlag, 1951). 
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136 changes d r a m a t i c a l l y only f o r the 2,6-dimethyl p y r i d i n e complex. Indeed 

the s t u d i e s on the I C l , I B r and 1^ complexes o f the methyl p y r i d i n e s show, 

t h a t K £ increases from the value f o r p y r i d i n e complexes when one a-methyl 

group i s int r o d u c e d . Thus i f the i n t e n s i t y o f the band i s determined 

p r i m a r i l y by the degree o f 'overlap' between the complexing molecules, i t seems 

t h a t the values are increased by the e l e c t r i c a l c o n t r i b u t i o n more than they 

are depressed by the s t e r i c or entropy c o n t r i b u t i o n . I n the case where two 

a-methyl groups are present the entropy c o n t r i b u t i o n t o K c i s predominant. 

The frequency maximum and i n t e n s i t y f o r the ^ band are a very 

s e n s i t i v e measure o f base-halogen i n t e r a c t i o n . The changes i n the v ^ N ^ 

frequency, show t h a t the i n t e r a c t i o n i s weakened by i n s e r t i n g two methyl 

groups, w h i l s t i n terms o f f r e e energy of i n t e r a c t i o n there i s a much smaller 
136 

change. 

I t was decided t o c a r r y out a b r i e f i n t e n s i t y and band shape study on 

the 2,6-dimethyl p y r i d i n e - I B r t o see i f the same p a t t e r n i s f o l l o w e d as f o r 

the 2,6-dimethyl p y r i d i n e - I C l complex. 

Table 4.3. shows the i n t e n s i t y and band shape data f o r the p y r i d i n e - I B r 

and 2,6-dimethyl p y r i d i n e - I B r complexes. The j . ^ band i n the 2,6-dimethyl 

p y r i d i n e - I B r complex, showed the same f a l l i n frequency and i n t e n s i t y compared 
t o the p y r i d i n e - I B r complex. In view of the s i m i l a r i t y w i t h the study by 

30 

Yarwood on the analogous I C l complexes, i t was decided not t o pursue t h i s 

t o p i c any f u r t h e r . 

The solvent e f f e c t s on the frequency and i n t e n s i t y f o l l o w no d e f i n i t i v e 

p a t t e r n . The band p o s i t i o n i s at a lower frequency i n dioxan than 

i n benzene. This i s the reverse of the s i t u a t i o n i n the p y r i d i n e - I C l complex. 

I have no explanation f o r t h i s a t present. 

I n the abs ence o f a f u l l N.Q.R. study one would expect that less negative charge 

would be l o c a l i s e d on the bromine atom, than the c h l o r i n e atom. On the Pauling 
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scale the e l e c t r o n e g a t i v i t i e s are bromine, 2*8; c h l o r i n e , 3'0. This would 

i n d i c a t e a smaller solvent e f f e c t on the bromine atom i f the previous argument 

holds. The p y r i d i n e - I B r complex decomposes i n t o p y r i d i n e and IBr i n dioxan 

(see Chapter 3 ) . For t h i s reason an i n t e n s i t y was not quoted. The e f f e c t 

o f a small amount o f p y r i d i n e on the frequency and i n t e n s i t y o f the complex 

has not been i n v e s t i g a t e d a t the time o f w r i t i n g . There was no evidence i n 

the spectrum o f the presence o f a band due t o I B ^ - (178 cm."*) - the most 

l i k e l y product o f decomposition. 

PylBr + PylBr ; * P v
2

I + + I B r 2 ~ 

Spectrum 4.2. shows p y r i d i n e - I B r i n benzene which i l l u s t r a t e s how the 

V , X T T \ band i s s i g n i f i c a n t l y broader than the v,_ „ * band. ( N - I ) ° ' ( I - B r ) 

3. E f f e c t s o f A l t e r i n g the Concentration o f Donor and Temperature on the 

Frequency and I n t e n s i t y . 

During the course o f t h i s work i t became apparent t h a t the r e s u l t s 

obtained i n the study on the p y r i d i n e - ^ halogen complex i n cyclohexane 
134 

d i f f e r e d very s i g n i f i c a n t l y from those obtained by Lake and Thompson. 

This was because Lake and Thompson assumed t h a t i f the p y r i d i n e was i n excess 

over the i o d i n e c o n c e n t r a t i o n , a l l the i o d i n e would be complexed. They then 

expected the f a r - i n f r a r e d 'complex' bands t o a r i s e from the ^ and v ^ j . ^ 

s t r e t c h i n g modes. 

I t was decided t o c a r r y out a systematic i n v e s t i g a t i o n on the two 

experimental f a c t o r s which could account f o r the discrepancies. These are 

changes o f temperature, and donor c o n c e n t r a t i o n . I n the case o f the p y r i d i n e - I C l 

and p y r i d i n e - I B r complexes only temperature s t u d i e s were c a r r i e d out. I t i s 

inherent i n the nature o f the 1:1 complex t h a t the donorracceptor c o n c e n t r a t i o n 

r a t i o w i l l be 1:1. 

The r e s u l t s of the temperature v a r i a t i o n s t u d i e s are shown i n Table 4.4. 

f o r the p y r i d i n e - I 2 , p y r i d i n e - I C l and p y r i d i n e - I B r complexes. Spectrum 4.3. 
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shows the e f f e c t o f excess p y r i d i n e concentration on the p y r i d i n e - ^ spectrum 

i n cyclohexane. 

I t can be seen from Table 4.4. t h a t f o r the three complexes the low 

frequency band shows a s h i f t t o higher wave number as the temperature i s lowered. 
128 

This i s c o n s i s t e n t w i t h the work of Pardoe who found f o r polar molecules 

t h a t as the temperature i s lowered the frequency increases. He found f o r 

dichloromethane a f a l l o f 0*19 cm. - 1/°C. The value f o r the ^ v i b r a t i o n 

i n the p y r i d i n e - I C l complex o f 0*14 cm.~V°C i s c o n s i s t e n t w i t h a p o l a r 

r i g i d complex, the i o d i n e complex value i s the l e a s t c o n s i s t e n t and the IBr 

i s i n t e r m e d i a t e . 

For non-polar l i q u i d s Pardoe found a very small s h i f t to lower frequencies 

(a r i s e of 0*033 cm.~V°C). The band f o r p y r i d i n e - I C l i s not behaving 

as though i t arose from a c o l l i s i o n a l mechanism. Rather, the behaviour i s 
129 

more c o n s i s t e n t w i t h what i s expected from the Poley H i l l a b sorption 

mechanism (which considers the abso r p t i o n as due t o the damped r o t a t i o n of the 

complex d i p o l e i n a cage o f solvent molecules). However, f o r both p o l a r and 

non-polar molecules Pardoe observed a drop i n half-band w i d t h o f the low 

frequency band on c o o l i n g . The reverse i s observed i n the p y r i d i n e - I C l 

and IBr cases, w h i l s t a bsorption f o r p y r i d i n e - I 2 f o l l o w s the same t r e n d . 

I n the p y r i d i n e - I C l and p y r i d i n e - I B r cases a small decrease o f the acceptor 

frequency occurs on lowering the temperature. The corresponding increase i n 

the donor-I frequency i n these cases i n d i c a t e s , a strengthening o f the complex 

as the temperature i s lowered w i t h more e l e c t r o n donation. The v ^ j ^ 

absorpt i o n i s remarkably r e s i s t a n t t o frequency change w i t h both s t r o n g and 

weak donors. This p o s s i b l y i m p l i e s t h a t most o f the temperature e f f e c t i s 

i n f l u e n c i n g the l i b r a t i o n a l motion o f the complex. 

The above r e s u l t s i n d i c a t e t h a t no one mechanism can describe the 

p r o p e r t i e s o f the low frequency bands. At l e a s t three e f f e c t s are suspected 

t o be present:-
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(a) the change o f d i p o l e moment of the complex due t o the continuous 

change i n the molecular environment during v i b r a t i o n , 

(b) a char g e - t r a n s f e r d e l o c a l i s a t i o n moment due to changing molecular 

overlap during v i b r a t i o n , 

( c ) absorption caused by the 'complex* d i p o l e l i b r a t i n g i n a cage of 

solve n t molecules. 

The e f f e c t of v i s c o s i t y changes on the frequency i s not c l e a r . As the 

temperature i s lowered the v i s c o s i t y increases. According t o Moelwyn-Hughes^ 

the v i b r a t i o n a l - c o l l i s i o n a l frequency f o r molecules i n the l i q u i d phase i s 

thought t o increase as the v i s c o s i t y increases. No st u d i e s were made on 

v i s c o s i t y changes i n t h i s work. However, the values l i s t e d below taken from 

the 'Handbook o f Chemistry and Physics' published by the Chemical Rubber Co. 

1966, shows t h a t the v i s c o s i t y of chloroform does change q u i t e s i g n i f i c a n t l y 

w i t h i n the temperature range s t u d i e d . 

133a 

Temperature/ 
°C 

V i s c o s i t y / 
Centipoise 

-13 0*855 
0 0*700 
8*1 0*643 

15 0*596 
20 0*58 
25 0*542 
30 0*514 
39 0*500 

The hindered r a t t l i n g o f the permanent d i p o l e i n a cage o f solv e n t 
129 

molecules ( o r Poley H i l l a b s o r p t i o n ) can t h e o r e t i c a l l y be derived from the 

Gordon formula,^® A = F , (— + —) , 2 '-z N I 3c x 
[4. 1 . ] 

]?_ i s the d i p o l e moment along the molecular a x i s . 
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I and I are the moments o f i n e r t i a perpendicular t o t h i s a x i s . This gives x y 
-1 -2 

about 140 1 mole cm. f o r the low frequency band i n the p y r i d i n e - I 2 

complex. There would appear to be a very small c o n t r i b u t i o n to the band 

i n t e n s i t y , but the formula probably does not apply since a r i g i d 'complex* 

i s not present. 
own The p y r i d i n e - I 2 complex acceptor and f a r - i n f r a r e d ^ bands are kn 

132 

t o be q u i t e s e n s i t i v e t o the solvent used. The r e s u l t s are summarised i n 

Table 4.5. I f the increase o f frequency o f the ^ v i b r a t i o n and re d u c t i o n 

o f the v i b r a t i o n a l frequency, w i t h increase of p y r i d i n e c o n c e n t r a t i o n , 

was due t o increased complex s t a b i l i s a t i o n , one would expect a p a r a l l e l 

increase o f i n t e n s i t y as the amount o f p y r i d i n e i s increased. 

W h i l s t the i n t e n s i t y o f the v ^ j . band increases s l i g h t l y the low 

frequency band i s p r a c t i c a l l y constant i n i n t e n s i t y . T his i s c o n s i s t e n t 

w i t h Pardoe's r e s u l t s . Both bands broaden as the medium becomes more p o l a r . 

I t i s i n t e r e s t i n g t o note t h a t the a d d i t i o n o f excess p y r i d i n e or 

the use of benzene produces the same s o l v a t i o n e f f e c t , i . e . both bands 

broaden and the frequencies approach each o t h e r . T h i s would imply t h a t the 

s o l v a t i o n o f the complex i s due t o the p y r i d i n e molecules* however^the 

exact mechanism i s not c l e a r . 

I t must be noted t h a t the concentrations o f p y r i d i n e used would favour 

a 2:1 complex. One would expect the e q u i l i b r i u m constant of a 2:1 complex, 

t o be much smaller than t h a t of the 1:1 complex. I f the e q u i l i b r i u m constant 

was o f the order o f 1 l i t r e mole" 1, there would be a considerable c o n c e n t r a t i o n 

o f the 2 - p y r i d i n e - I 2 complex, at a r a t i o o f p y r i d i n e t o iodine o f 250:1. 

However, i t should be possible to t e s t f o r t h i s by seeing i f the i n f r a r e d 

i n a c t i v e band a t 374 cm. 1 i n p y r i d i n e appears on complexation. I f the 2:1 

complex was o f the form, 
6+ 

CCH_N****I****NC H 
5 5 I . 5 5 

I 6 " 
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t h i s would e x p l a i n the large i n t e n s i t y of ^ band w i t h excess p y r i d i n e . 

However,without f u r t h e r data the discussion must end here. 

I t may be noted i n passing t h a t e q u i l i b r i u m constants measured i n the 

u l t r a - v i o l e t r egion, would favour the 1:1 complex as the s o l u t i o n s used were 

very d i l u t e . The n :m i n t e r a c t i o n s may r e s u l t i n frequency s h i f t s s u f f i c i e n t 

only t o produce band-broadening e f f e c t s . 

There i s p l e n t y o f evidence (see Chapter 7) o f 2:1 and 1:2 complexes of 

p y r i d i n e w i t h the halogens i n the s o l i d s t a t e . However,these s o l i d complexes 

are i o n i c i n nature and decompose i n s o l u t i o n . For the concentrations s t u d i e d 

there was no evidence of the polyhalogen anions t h a t these complexes give i n 

s o l u t i o n , i n the f a r - i n f r a r e d spectra. I t would appear t h e r e f o r e t h a t i f 

there i s a n:m i n t e r a c t i o n the species present i s not i o n i c . I t i s very 

d i f f i c u l t t o d i s t i n g u i s h between bulk solvent e f f e c t s , and s p e c i f i c s o l u t e -

s o l v e n t e f f e c t s w i t h the techniques a v a i l a b l e a t present. 

One f i n a l p o i n t i s t h a t the i n t e n s i t y o f the bands appears t o be 

dependent upon the i o d i n e concentration as w e l l as the p y r i d i n e . This f o l l o w s 

the same p a t t e r n a t f o r d i o x a n - ^ (see Chapter 5 ) . However, f u r t h e r data 

i s needed to e s t a b l i s h t h i s c o n c l u s i v e l y as the d e v i a t i o n i n Table 4.5. may 

j u s t be experimental e r r o r . This has probably not been observed p r e v i o u s l y 

because ( i ) the s o l u b i l i t y of i o d i n e i s low, t h i s has r e s u l t e d i n measurements 

being made at e f f e c t i v e l y about one c o n c e n t r a t i o n o f iodine (0*02 ±.0«02M); 

( i i ) the high s o l u b i l i t y o f p y r i d i n e i n cyclohexane, which allows a l a r g e 

range o f concentrations masking charges due t o d i f f e r e n t i o d i n e concentrations 

( i i i ) the d i f f i c u l t i e s o f avoiding the f o r m a t i o n o f i o n i c s o l i d s a t h i g h 

i o d i n e c o n c e n t r a t i o n s . 

4. Studies on the Pyridine-ICN Complex. 

Measurements i n the 100 - 500 cm.~* region were c a r r i e d out using the 

FS720 i n t e r f e r o m e t e r . Measurements on the v,_. M * band i n the 2200 - 2300 cm. 
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regi o n were c a r r i e d on the modified GS2A as described i n Chapter 1. 

ICN i s a l i n e a r t r i a t o m i c molecule w i t h symmetry C . Table 4.5A. shows 

the fundamental frequencies, 

v ( i - c ) s 1 ~**-c-N 

V(C-N) 1 - C -

I -
l 

-N 
1 

Table 4.5A 

Frequency Data f o r the ICN Complex 

State - . - 1 v./cm b W 
-1 -1 

cm cm. 
a L i q u i d 470 321 2158 
b S o l i d (-180°C) 452 329 2176 

Benzene s o l n . 320 2167 
Pyridine/CHC1 3 426 338 2156 
Pyridine/n.heptane 440 346 2166 
Dioxan s o l n . 466 329 2165 
Cyclohexane s o l n . - 310 -
Et2S/cyclohexane s o l n . - 321 -• 

Acetone/cyclohexane 466 - -
Chloroform s o l n . 473 321 2171 

N. West and M. Farnsworth, Journal Chemical Physics. 1933, 1_, 402. 

W. F r e i t a g and E.R. Nixon, Journal Chemical Physics. 1956, 24. 109, 

Iodine cyanide appears, at f i r s t i n s p e c t i o n , t o be a very i n t e r e s t i n g 

s u b j e c t f o r band shape a n a l y s i s and i n t e n s i t y s t u d i e s . The f r e e acceptor has 

three v i b r a t i o n s , a l l i n f r a r e d and Raman a c t i v e . The normal co-ordinate 

c a l c u l a t i o n i n Chapter 6 shows t h a t the p e r t u r b a t i o n o f the donor frequencies, 

a t l e a s t f o r the IBr and IC1 complexes, can be explained i n terms o f the G 
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m a t r i x (mass e f f e c t ) and L m a t r i x ( v i b r a t i o n a l mixing) v a r i a t i o n s . P y r i d i n e 

i s considered t o complex a t the i o d i n e atom which explains the f a l l o f the 
140 

v ^ j frequency on complexation. However, the band i s known t o show 

d r a s t i c i n t e n s i t y p e r t u r b a t i o n s on complexation. The ^ frequencies do not 

change much w i t h d i f f e r e n t donors (see Chapter 5) but the C-N bond s t r e t c h i n g 
141 

f o r c e constant i s high and so the v i b r a t i o n i s l o c a l i s e d w i t h i n the bond t o 

a considerable e x t e n t . However, a t the time o f w r i t i n g there appears t o be no 

i n f o r m a t i o n on the band shape i n the l i t e r a t u r e . This i s p o s s i b l y because 

of the great experimental d i f f i c u l t i e s of making accurate measurements on the 

band shape i n t h i s system. 

The i n t e n s i t y and band shape r e s u l t s f o r the pyridine-ICN complex are 

shown i n Table 4.6. 

The band i n t e n s i t y shows a dramatic f a l l on complexation w i t h 

p y r i d i n e i n chloroform and the band appears t o broaden. However, c a r e f u l 

i n s p e c t i o n o f the band shows that i t may be a 'doublet' (spectrum 4.4.) since 

there i s asymmetry on the low energy s i d e . This i s presumably because there i s 

i n t e r a c t i o n between chloroform and ICN. This CHCl^-ICN 'complex' causes a very 

s i g n i f i c a n t increase i n the C-H i n t e n s i t y i n chloroform. I t was found t h a t when 

a 10% s o l u t i o n (by weight) o f chloroform i n carbon t e t r a c h l o r i d e was saturated 

w i t h ICN, a considerable increase i n the v,,, band i n t e n s i t y was observed. 

The band a l s o became broader. 
142 

According t o Thomas and O r v i l l e Thomas the f o l l o w i n g hydrogen bonded 

s t r u c t u r e s are important. 

I-C=N"»'°H-CC1 3 

+ -
I-C=N«"H-CC1 3 

+ -
I-C=N-H"«°CC1 3 
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As the CN bond i s s t r e t c h e d due to the hydrogen bond the increased 

e l e c t r o n i c charge on the n i t r o g e n i s s t a b i l i s e d by increased d e l o c a l i s a t i o n 

energy. The i n t e n s i t y increase must then be p a r t l y due t o the increased 

importance o f the i o n i c form and p a r t l y due t o the f a c t t h a t the l e n g t h o f the 

d i p o l e i n the i o n i c form i s increased as a r e s u l t o f the d e l o c a l i s a t i o n o f 

the e l e c t r o n s . 

An attempt was then made to study the band of the pyridine-ICN 

complex i n carbon t e t r a c h l o r i d e . The band was s t i l l asymmetric. I t would 

appear t h a t ' f r e e ' ICN i s s t i l l present w i t h a 10:1 excess o f p y r i d i n e t o ICN 

t h a t the asymmetry i s due t o environmental ( o r o t h e r ) e f f e c t s . The problem i s 

made worse by the f a c t t h a t the ^ band belonging t o the complex w i t h 

p y r i d i n e i s d r a m a t i c a l l y reduced i n i n t e n s i t y . The band corresponding 

t o the ICN 'solvated' i n carbon t e t r a c h l o r i d e (or 'complexed' i n chloroform) 

i s e f f e c t i v e l y increased i n i n t e n s i t y , compared t o the 'complexed' band. 

This causes base-line problems to be very severe. A p o s s i b l e way o f avoiding 

t h i s problem i s discussed i n 'suggestions f o r f u r t h e r work'. 

Even more powerful e l e c t r o n i c i n f l u e n c e s may be present. According t o 
143 

Townes and D a i l e y i n BrCN and ICN there i s a s i g n i f i c a n t c o n t r i b u t i o n from 
5 4 + 

the resonance s t r u c t u r e I=C=N. ICN w i l l thus have a d i p o l e moment ICN. 

However, i n the complex, c o n t r i b u t i o n s from s t r u c t u r e s o f the type (A) w i l l be 

more important as the negative charge w i l l tend to be l o c a l i s e d on 

(r 

9 

N 
(A) 

the carbon. The t r a n s i t i o n moment o f the v,„ „ N v i b r a t i o n w i l l be 
(C-N) 

r e d u c e d or even r e v e r s e d i n d i r e c t i o n . This accounts f o r the 
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f a l l i n i n t e n s i t y . However sthere seems no s a t i s f a c t o r y explanation o f the 

l a c k o f i n t e n s i t y p e r t u r b a t i o n o f the bending (v^) band on going from strong 

donors t o weak donors. 
141 

N.Q.R. measurements on the f r e e acceptor support the hypothesis t h a t 

p y r i d i n e - I [CN]~ c o n t r i b u t e s s i g n i f i c a n t l y t o the pyridine-ICN complex. 

The f o l l o w i n g canonical forms c o n t r i b u t e t o the mesomeric s t a t e . 
I-C=N 1=C=N lc=N 

I I I I I I 

• 95% 1 % 4% 

I n view o f the s i g n i f i c a n t c o n t r i b u t i o n o f s t r u c t u r e I I I t o the f r e e 

acceptor, one would expect an even greater c o n t r i b u t i o n i n the complex. 

Whether the broadening o f the band i n the pyridine-ICN complex on 

going from heptane t o chloroform i s a general solvent e f f e c t or a more s p e c i f i c 

i n t e r a c t i o n i s not c l e a r . The s t r u c t u r a l a nisotropy o f the solvent molecules 

could be a f a c t o r i n broadening the complex v i b r a t i o n a l bands, the complex 

molecule being i n d i f f e r e n t environments according t o which 'sides' or 'ends' 

of the solvent molecules are turned towards i t . 

The v ^ j band shows the normal l a r g e increase i n i n t e n s i t y on 

complexation. The e x t e r n a l mode i s included f o r the sake of completeness. 

I t i s worth commenting a t t h i s p o i n t what a s e n s i t i v e measure the ^ 

i n t e n s i t y i s o f the complex s t r e n g t h i n the s e r i e s p y r i d i n e - I C l , p y r i d i n e - I B r , 

p y r i d i n e - I 2 and pyridine-ICN, i . e . 3,700, 2,800, 2,000, 1,100 darks. 

5. Studies on the Pyridine-Bromine Complex. 

Studies on the p y r i d i n e bromine complex were l i m i t e d to c o n f i r m i n g 

t h a t the i n t e r m o l e c u l a r N««°«Br s t r e t c h i n g v i b r a t i o n occurred a t a higher 

frequency than the N"«I s t r e t c h i n g v i b r a t i o n . This piece o f i n f o r m a t i o n was 

important i n comparing the frequency p e r t u r b a t i o n o f bands i n the donor spectrum 

o f the p y r i d i n e - B ^ and p y r i d i n e - ^ complexes. 
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The Br-Br and N-Br s t r e t c h i n g bands occurred a t 230 and 124 cm."1 

r e s p e c t i v e l y f o r the p y r i d i n e - B ^ complex i n benzene. This i s i n good 
137 

agreement w i t h the values obtained by D'Hondt and Zeegers-Huyskens. 
A weak absorption was a l s o observed a t 189 cm."1 corresponding to a n t i -

— 138 symmetric s t r e t c h i n g o f the Br^~ i o n . According t o Ginn et a l . the 

f o r m a t i o n of Br^ i s due t o the f o l l o w i n g e q u i l i b r i u m . 

2 P y r - B r 2 = = i P y r 2 B r + + B r 3 " 

D'Hondt and Zeegers-Huyskens also observed absorptions a t 168 and 140 cm. 1 

i n v o l v i n g a n t i symmetric and symmetric s t r e t c h i n g o f the N-Br-N p o r t i o n of 
+ 

the P y ^ B r c a t i o n . However, a t the concentrations used i n t h i s work, they 

were too weak t o be observed. Spectrum 4.5. shows the p y r i d i n e - B ^ complex 

i n benzene measured using the FS720 w i t h a 50 gauge beam s p l i t t e r . 
139 

The i n t e n s i t y o f the benzene-B^ 'complex' has been measured and a value 3 -1 -2 -1 o f 420 dm. mole cm. quoted f o r the v,„ „ N band a t 305 cm. This i s QBr-Br) 
considerably higher than f o r the benzene-iodine complex. Wh i l s t a number 

134 137 

of workers ' have looked a t the frequencies o f the p y r i d i n e - B ^ complexes, 

no one seems to have quoted i n t e n s i t i e s . The i n t e n s i t i e s measured are quoted 

i n Table 4.7. They are greater than the p y r i d i n e - ^ values as was observed i n 

the benzene-B^ and benzene-I^ complexes. The i n t e n s i t i e s a l so seem t o be 

dependent on the donor c o n c e n t r a t i o n . 

Why the i n t e n s i t y should be l a r g e r i s not immediately obvious. The d i p o l e 

moment i s l a r g e r i n the p y r i d i n e - B ^ complex than f o r p y r i d i n e - ^ (see 
120 

Table 4.2.). However, i f Person's values are c o r r e c t the e l e c t r o n a f f i n i t y 
119 

o f bromine i s lower than i o d i n e . Hanna a l s o considers the p o l a r i s a b i l i t y 

o f bromine to be less than i o d i n e . The a v a i l a b l e p o l a r i s a b i l i t i e s are quoted 

i n Table 4.8. 
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Table 4.7. 

Studies on the Pyridine-Bromine Complex 

Mode Solvent Band posn./ 
-1 

cm. 
2 
-1 

cm. 

i 
m o l e - l i t r e 
[ p y r i d i n e ] 

m o l e - l i t r e 
[Bromine] 

I n t e n s i t y / 
xDarks' 

V(N-Br) Benzene 120 34 0*2513 0*1002 3652 

Chloro­
form 

124 34 0*3396 0*07312 4536 

V(Br-Br) Carbon 
T e t r a ­
c h l o r i d e 

246 24 0*4721 0*09725 6669 

Benzene 230 21 0*2513 0*1002 5720 
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Table 4.8. 

Molecule P o l a r i s a b i l i t y 
cm. x 10 

175 
I C l 136 
B r 2 99*5 
Cl 66 

2 

C. Band Shape Studies. 

The Fourier transform of an observed a b s o r p t i o n band gives the time 

dependent c o r r e l a t i o n f u n c t i o n 0 ( t ) (see Chapter 2 ) . Spectroscopists normally 

o b t a i n two parameters from the c o r r e l a t i o n f u n c t i o n t o c h a r a c t e r i s e i t , and 

t o compare i t w i t h the c o r r e l a t i o n f u n c t i o n s determined from other bands. 

These parameters are:-

( i ) The T w Values. 1/e 

1-0 
0 ( t ) \ 

Fi g . 4.1. 

> 
t/ps 
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The Figure 4.1. shows how the c o r r e l a t i o n f u n c t i o n decays w i t h time. 

The Gaussian component, which a f f e c t s the c o r r e l a t i o n f u n c t i o n f o r a l l values 

o f t , has the g r e a t e s t c o n t r i b u t i o n at short times. The v i b r a t i o n a l r e l a x a t i o n 

mechanism gives a large Gaussian c o n t r i b u t i o n t o the band p r o f i l e , so i f a l a r g e 

r e a l Gaussian component i s present then v i b r a t i o n a l e f f e c t s must be important. 

However, the absence of a Gaussian component does not i n d i c a t e a t o t a l l a c k o f 

v i b r a t i o n a l e f f e c t s . 
73 

This i s because^whilst the 'Bratos Dephasing Mechanism* gives a d i s t o r t e d 

Gaussian component t o the band p r o f i l e , there are a t l e a s t two other v i b r a t i o n a l 

r e l a x a t i o n mechanisms^^^ which need not give a Gaussian component t o the band 

p r o f i l e . These are v i b r a t i o n a l energy d i s s i p a t i o n w i t h the cage o f s o l v e n t 

molecules and resonance energy t r a n s f e r . 

V i b r a t i o n a l energy d i s s i p a t i o n i s due t o permanent d i p o l e - t r a n s i t i o n 

d i p o l e i n t e r a c t i o n s between the molecules considered and the molecules ( l i k e 

or u n l i k e ) i n the surrounding environment. This process should t h e r e f o r e be 

dependent upon the ' p o l a r i t y ' of the surrounding medium and the broadening caused 

by such e f f e c t s are expected to be removed on d i l u t i o n w i t h a non-polar s o l v e n t . 

This e f f e c t i s q u i t e l i k e l y t o be present f o r some o f the complexes s t u d i e d here. 

Resonance energy t r a n s f e r i s a ki n d o f t r a n s i t i o n d i p o l e - t r a n s i t i o n 

d i p o l e i n t e r a c t i o n between the absorbing molecules. There i s a 'chain 

excitement e f f e c t ' from one molecule to another i n the dynamically surrounding 

environment which leads t o energy r e l a x a t i o n between the molecules and an 

associated broadening. 

The T j y e value o f the a u t o c o r r e l a t i o n curve i s the time i t takes 0 ( t ) t o 

f a l l t o ^ o f i t s o r i g i n a l values. Since the f u n c t i o n i s normalised ( i . e . 

a t t = O, 0(0) = 1) T ] y e i s the time taken f o r JZ)(t) t o f a l l from 1 t o 0«378. 
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For very accurate data i t i s b e t t e r to use the absolute c o r r e l a t i o n time, i . e . 

T = J 0 ( t ) d t 
_00 

t h i s i s the time f o r 0 ( t ) t o f a l l from 1 to 0. 

( i i ) The slope (a) o f the Log 0 ( t ) v. t p l o t i s equal to ( o ^ + a y ) 

(see Chapter 2 ) . I f ( r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t ) i s much l a r g e r 

than a v one may approximate the slope a t o a^. This approximation i s t r u e f o r 
145 

l i g h t molecules such as a c e t o n i t r i l e . 
Where r o t a t i o n a l e f f e c t s predominate expressions of the t y p e : 

( A v j ) observed ~ 6 + Aexp(-U A T ) [4»2«J 
(where 6 i s the r e s i d u a l w i d t h ) o 

131 

have been used t o c a l c u l a t e the mean r e - o r i e n t a t i o n p o t e n t i a l b a r r i e r , UQ̂ . 

The above equation p r e d i c t s t h a t the band w i d t h should f a l l as the temperature 

i s lowered. 

Where the data was accurate enough a values are quoted as they may be 

of use t o other workers i n the i n f r a r e d group a t Durham. With the exception 

o f the ICN complex disc u s s i o n w i l l be l i m i t e d to the T,, values. 
1/e 

I f r o t a t i o n a l motion i s predominant i n the ICN molecule the f o l l o w i n g 

d i s c u s s i o n r e l a t e s the a values t o the d i f f u s i o n c o e f f i c i e n t s . The d i f f u s i o n 

c o e f f i c i e n t i s a measure o f the r a t e o f r o t a t i o n a l damping about a p a r t i c u l a r 

a x i s . One would expect t h a t the a value obtained f o r the vfr M . band would be 

the same as t h a t d e r i v e d f o r the v ^ j ^ band. 
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This i s because r o t a t i o n a l motion observed i s the same f o r the two v i b r a t i o n s . 

For the s t r e t c h i n g modes the d i f f u s i o n c o e f f i c i e n t s obtained (D = D ) are ° y z 
the same, i . e . 

D y = °z = V V < I - C ) ° r V(C-N)J / 2 £4.3.] 

Because o f i t s high moment of i n e r t i a about the I and I axes the 
y z 

molecule w i l l spin p r e f e r e n t i a l l y about the x a x i s . 

The observed a^(bend) w i l l thus lead to a value o f v i a , 

D x = W - D z t 4' 4-J 
1. On the P y r i d i n e - I C l Complex. 

Temperature studies on the and v ^ j showed t h a t the band w i d t h 

d i d not obey equation 4.2. I t was decided t o t r y and e s t a b l i s h whether the 

absorptions at 140 cm. 1 and 290 cm. 1 were c o r r e c t l y assigned t o ' v i b r a t i o n s ' . 

Chapter 5 shows the existence o f a benzene-ICl complex i n cyclohexane 

and th a t the l i f e - t i m e i s > 1*6 ps. This i n f o r m a t i o n i s provided by the 

observation o f both ' f r e e ' and complexed v ^ j bands i n the mixed s o l v e n t . 

Thus the band i s d e f i n i t e l y due t o a v i b r a t i o n a l mode. 

The l o g a r i t h m i c c o r r e l a t i o n curves f o r the p y r i d i n e - I C l complex were 

s l i g h t l y curved probably due t o the i s o t o p i c s p l i t t i n g o f the two low 

frequency bands. The two bands have approximately the same w i d t h (Av\ = 
2 

22 cm. ) . The a values o f -0*92 p s " 1 and -0'98 p s - 1 and T j y e values of 

0*64 and 0*82 ps are c o n s i s t e n t w i t h t h i s (see Table 4.1. and F i g . 4.2.). 

The great s i m i l a r i t y i n shape o f the two bands suggests t h a t they arose 

from the same mechanism, i . e , the absorp t i o n a t 140 cm. - 1 i s due t o the v,.t _» 
(N - I ) 

v i b r a t i o n . 
2. Studies on P y r i d i n e - I B r and 2,6-Dimethyl P y r i d i n e - I B r . 

For p y r i d i n e - I B r the c o r r e l a t i o n curves are not c o i n c i d e n t . The a values 

are 0*7 and 1*3 p s " 1 w i t h T J y g values o f 1»2 and 0*7 ps. Th i s i m p l i e s t h a t 

the ^ ( N _ j j band i n the p y r i d i n e - I B r complex i s composite or the band shape 
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i s c o n t r o l l e d by v i b r a t i o n a l r e l a x a t i o n which i s independent of the d i r e c t i o n 

o f the t r a n s i t i o n moment. 

The probable answer i s t h a t the increased mass o f the bromine suppresses 

the r o t a t i o n s l i g h t l y more than i n the I C l complex since the bands are s l i g h t l y 

narrowed but t h a t v i b r a t i o n a l r e l a x a t i o n has the main c o n t r i b u t i o n t o the band 

shape i n both cases. 

The p y r i d i n e d^-IBr and the 2,6-dimethyl p y r i d i n e - I B r f a r - i n f r a r e d bands 

had very s i m i l a r shapes t o the p y r i d i n e - I B r complex. The increased moment 

of i n e r t i a o f the 2,6-dimethyl p y r i d i n e showed no e f f e c t on the band shape 

compared t o the p y r i d i n e - I B r complex. 

One must conclude, t h e r e f o r e , t h a t r o t a t i o n about the axes perpendicular 

t o the C^ ax i s are completely suppressed i n p y r i d i n e - I B r . The a-values are 

l i k e l y t o be mainly v i b r a t i o n a l damping constants, and are not a measure o f 

the r a t e o f d i f f u s i o n . Since i s independent of the t r a n s i t i o n moment, t h i s 

accounts f o r the d i f f e r e n c e i n shape o f the two bands. 

I t i s worth n o t i n g t h a t i f the f a r - i n f r a r e d spectra o f the p y r i d i n e - I C l 

and p y r i d i n e - I B r complexes, are c o n t r o l l e d by v i b r a t i o n a l r e l a x a t i o n , the f a c t 

t h a t the T, , values are the same f o r the v,., T» and v,_ bands i n the l/e v.N-1; Ql-Cl; 
p y r i d i n e - I C l complex may be c o i n c i d e n t a l . T his i s because the Bratos mechanism 

shows t h a t CT^^) v i b r a t i o n a l i s independent o f the d i r e c t i o n of the t r a n s i t i o n 

moment. T h u s , i t i s not too s u r p r i s i n g t h a t the T^ye i s s i g n i f i c a n t l y d i f f e r e n t 

f o r the two v i b r a t i o n s i n the p y r i d i n e - I B r complex. The f a c t t h a t ^^ye f o r 

the v ^ j JJ v i b r a t i o n i s higher for the p y r i d i n e - I C l complex, than f o r p y r i d i n e -

I B r , may be due t o the longer l i f e - t i m e o f the former complex. This i s 

r e f l e c t e d by the higher e q u i l i b r i u m constant o f the p y r i d i n e - I C l complex. 

3. Studies on the P y r i d i n e - I 2 Complex. 

As can be seen from Table 4.5. both bands have i n c r e a s i n g t o t a l h a l f -

band wi d t h s , as the medium becomes more p o l a r . This i s r e f l e c t e d by the auto-
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c o r r e l a t i o n curves f o r the v ^ j ^ bands (see Figures 4.3 and 4.4). The slope 

a, i s r e l a t e d t o the damping constant a y o f the v i b r a t i o n , since one would expect 

t h a t the heavy iodine molecule would be r o t a t i n g only s l o w l y at room temperature. 

The strong c o n c e n t r a t i o n dependence o f i s c o n s i s t e n t w i t h a v i b r a t i o n a l 

r e l a x a t i o n mechanism. 

The size of the t r a n s l a t i o n a l c o n t r i b u t i o n to a i s not c l e a r . fc Yarwood 6 5 . 

has c a l c u l a t e d very approximately t h a t the IBr molecule should s u f f e r a 50% 

drop i n v e l o c i t y on c o l l i s i o n w i t h a benzene molecule, d u r i n g the f i r s t picosecond. 

This i n d i c a t e s t h a t the t r a n s l a t i o n a l c o r r e l a t i o n f u n c t i o n changes q u i t e 

r a p i d l y , over the p e r i o d under c o n s i d e r a t i o n (0-5 p s ) . 

As can be seen from Table 4.9., T ^ y e increases as the p y r i d i n e c o n c e n t r a t i o n 

increases. This v i b r a t i o n a l r e l a x a t i o n i s slowed down as the p y r i d i n e 

c o n c e n t r a t i o n i s increased. This must be due t o the environment becoming more 

i s o t r o p i c , due t o s p e c i f i c 1:1 i n t e r a c t i o n s . T h i s i s the same argument used 
146e 

by R o t h s c h i l d , to e x p l a i n the i n c r e a s i n g value f o r q u i n o l i n e , on going 

from gas t o l i q u i d , t o carbon d i s u l p h i d e s o l u t i o n , t o c r y s t a l l i n e s o l i d . 

T h i s suggests t h a t the i n c r e a s i n g p y r i d i n e c o n c e n t r a t i o n causes an increase 

i n T j y e because io d i n e c o l l i d e s more f r e q u e n t l y w i t h p y r i d i n e molecules. One 

very i n t e r e s t i n g phenomena tha t occurs i s t h a t the same frequency s h i f t occurs 

using a l e s s i n e r t solvent w i t h a smaller p y r i d i n e c o n c e n t r a t i o n , e.g. 0»24M 

p y r i d i n e s o l u t i o n i n benzene gives a very s i m i l a r c o r r e l a t i o n curve t o a 1*21M 

p y r i d i n e s o l u t i o n i n cyclohexane w i t h the same iodine c o n c e n t r a t i o n i n both 

cases (see Figure 4.4.). The exact mechanism f o r t h i s process has yet t o 

be e s t a b l i s h e d . 

D. Suggestions f o r Future Work. 

I t would seem t h a t v i b r a t i o n a l r e l a x a t i o n processes are predominant i n 

the pyridine-halogen complexes. However, one f u r t h e r t e s t can s t i l l be a p p l i e d 

t o throw more l i g h t on t h i s . B r a t o s 6 1 has c l e a r l y shown t h a t i n the case o f 

r a p i d v i b r a t i o n a l modulation, the T . value ought to depend c r i t i c a l l y on 
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Table 4.9. 

P y r i d i n e - I o d i n e Band Shapes 

Mode Solvent Band P o s i t i o n / 
-1 

a/ 
- 1 

T i y 'e / 
cm. ps. ps. 

VCI-D Cyclohexane 183 0*39 i n c r e a s i n g VCI-D 
182 ,0*43 p y r i d i n e ,0*43 conc e n t r a t i o n 
172 0*65 
171 0*66 -

VCN-I) Cyclohexane 90 1*08 0-59 in c r e a s i n g VCN-I) 
103 1-3 0*76 , p y r i d i n e 

c o n c e n t r a t i o n 



- 153 -

the e x c i t e d s t a t e quantum number. Thus by comparison of ^ o r * n e 

fundamental band and f i r s t overtone the dependence on v' may be determined. 

Since the frequency i s doubled, a naive p i c t u r e suggests the time scale, and 

hence Tjy e» also t o be doubled, on comparing the f i r s t overtone w i t h the 

fundamental. However, w h i l s t some dependence on v* was observed T j y e
 w a s not 

doubled f o r I B r i n benzene. 

Another valuable reason f o r l o o k i n g a t overtone bands i s t h a t i t would give 

more i n f o r m a t i o n on t h a t very d i f f i c u l t problem, of a f u l l assignment of the 

p y r i d i n e bandsj since the assignment o f the overtones has not been f i r m l y 

e s t a b l i s h e d , and overtones i n simpler molecules are used t o assign the 

fundamentals. The above discussion a l s o explains why the overtones are some­

times broader than the fundamentals. 

No work appears t o have been done on the band shape o f sum and d i f f e r e n c e 

bands. I t would seem to be very worthwhile t o gain more i n f o r m a t i o n on these 

bands, i n order t h a t a t h e o r e t i c a l model could be b u i l t up. 

I t would be very i n t e r e s t i n g t o see i f the band shape, and i n t e n s i t y , o f 

the low frequency bands of the p y r i d i n e - I 2 spectrum depend on the i o d i n e 

c o n c e n t r a t i o n . The analogous dioxan-Ig 'complex' i n t e n s i t i e s do depend on the 

i o d i n e c o n c e n t r a t i o n (see Chapter 5 ) . Also does the low frequency band i n the 

p y r i d i n e - I g complex reach some l i m i t i n g w i d t h before r e a c t i o n takes place? 

This occurs i n pure p y r i d i n e , i . e . 

2Pyr + 2 I 2 ^ = f P y r l 2 + P y r l 2 ^ p y r 2
I + + J 3 ~ 

I t i s s t i l l not c l e a r i f the frequency increase o f the low frequency 

band, i n the p y r i d i n e - I 2 complex, i s due t o chemical or solvent p o l a r i t y e f f e c t s . 

I t may be possible to t e s t f o r t h i s by comparing two s o l u t i o n s o f equal 

conductance. One c o n s i s t i n g o f p y r i d i n e / I 2 i n cyclohexane, the other p y r i d i n e / I ^ 

cyclohexane, plus a p o l a r solvent added, to b r i n g the conductances equal t o 

o r i g i n a l s o l u t i o n . 
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For the pyridine-ICN complex, the problem i s t o ensure t h a t a l l the ICN 

molecules are complexed. This should e l i m i n a t e doublets i n the acceptor 

spectrum. 

Since i n t e n s i t i e s found by Thomas and O r v i l l e Thomas i n CCl^ are 

always gre a t e r than those i n c
2

C l 4 > perhaps C^Cl^ solvates the ICN molecules 

less than CCl^. Presumably the d i f f e r e n c e i s due t o the C-Cl bonds having 

d i f f e r e n t p o l a r i t i e s i n the two molecules, owing t o the d i f f e r e n t valence 

s t a t e s o f the carbons causing d i f f e r e n t i n t e r a c t i o n s w i t h the ICN. Ho p e f u l l y , i f 

measurements were c a r r i e d out i n C_C1. as s o l v e n t , the v i b r a t i o n a l bands o f 
2 4 ' 

ICN would be s i n g l e t s . 

I f the experimental problems could be overcome i t should be very 

i n t e r e s t i n g t o compare the v i b r a t i o n a l spectra o f the se r i e s of acceptors, 

ClCN, BrCN, and ICN. I n e x p l a i n i n g the observed nuclear quadrupole coupling 

constants of the halogen atoms i n XCN molecules, reasonable agreement was 

obtained by making the assumption t h a t some degree o f s-p h y b r i d i z a t i o n was 

present both f o r the halogen and n i t r o g e n atoms. The f o l l o w i n g canonical 
forms were the major c o n t r i b u t o r s t o the mesomeric s t a t e : 

X-C=N X=C=N x£=N XC=N 

I I I I I I IV 
143 

The r e l a t i v e importance of these forms was then determined. 

I I I I I I IV 

ClCN 85 8 7 O 

BrCN 97 3 0 0 

ICN 95 1 0 4 I t would be very i n t e r e s t i n g t o compare the i n t e n s i t i e s and other s p e c t r a l 

p r o p e r t i e s i n view o f the d i f f e r e n t h y b r i d i z a t i o n o f the c e n t r a l carbon atom. 

The importance o f form IV i n ICN, gives support t o the strong c o n t r i b u t i o n o f 
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i n the complex s t r u c t u r e . However, t h i s may not be the case f o r the p y r i d i n e -

BrCN and pyridine-ClCN complexes. 

I n conclusion i t can be seen t h a t i n t e n s i t y s t u d i e s , l i n k e d t o band shape 

a n a l y s i s , can give valuable i n f o r m a t i o n on the mechanisms o f i n t e r a c t i o n i n 

s o l u t i o n . The h a l f band w i d t h i s too crude an estimate of band shape. 

The technique gives i n f o r m a t i o n on charge t r a n s f e r , d i p o l e - d i p o l e i n t e r ­

a c t i o n s and solvent e f f e c t s . Some estimate can be made o f which resonance form 

predominates. 

F i n a l l y systematic use o f the above methods may be the only way t o o b t a i n 

a complete assignment of the v i b r a t i o n a l spectrum of a large molecule. 
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CHAPTER 5 

Studies on the V i b r a t i o n s o f the Acceptor and E x t e r n a l Modes w i t h Weak Donors 

A. I n t r o d u c t i o n . 

The scope o f t h i s work f a l l s i n t o two p a r t s . I n the f i r s t p a r t a 

large range o f donors were complexed w i t h halogen and interhalogen acceptors. 

The f a r - i n f r a r e d spectra were compared, t o see i f there were any d r a s t i c 

v a r i a t i o n o f acceptor spectrum on v a r y i n g the donor. 

Where solvent absorption d i d not prevent i t , a search was made t o see i f 

the low energy absorption corresponded t o a v i b r a t i o n a l band or a c o l l i s i o n a l 

band. I n most cases the lack o f s i m i l a r i t y i n band shape o f t h e ' v ^ ^ and 
V ( X Y) k a n c* s i n d i c a t e d t h a t the ' v ^ ^ band was much broader than the Y^ 

band, and d i d not obey the Beer-Lambert Law. (The e f f e c t o f a temperature 

v a r i a t i o n was a l s o anomalous.) I t can be seen from spectrum 5.1. t h a t even 

as weak a 'donor' as cyclohexane gives r i s e t o a ' c o l l i s i o n a l 1 band a t about 

110 cm.~* w i t h cyclohexane. 

Measurements on the i n t e n s i t y o f ^ band on v a r y i n g the donor 

co n c e n t r a t i o n s u f f e r from the problem t h a t most donors are polar i n nature. 

A non-polar molecule (e.g. n-heptane) does not form a strong enough complex 

w i t h a non-polar acceptor (e.g. i o d i n e ) t o give bands o f appreciable i n t e n s i t 

However, i n the case o f dioxan, the c o l l i s i o n a l band was strong enough t o be 

observed, both f o r the ' f r e e ' donor, and f o r the iodine complex. 

This leads t o the second part o f t h i s work. An i n t e n s i v e i n v e s t i g a t i o n 

o f the low energy band f o r the dioxan-Ig complex t o t r y and f i n d out what 

laws c o n t r o l l e d i t s ' v i b r a t i o n a l ' spectroscopic p r o p e r t i e s . This system also 

has the advantage t h a t , since dioxan i s non-polar, the 'polar solvent e f f e c t s 

(which may be ope r a t i v e f o r , say, t e t r a h y d r o f u r a n ) are u n l i k e l y t o be 

important. 
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Spectrum 5.2. F a r - i n f r a r e d spectrum o f a dio x a n / I /cyclohexane mixture 
band at 205 cm.-l and the band showing the v ( I - I ) ( D - I ) 

a t 80 cm 
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Spectrum 5.2. shows the two low frequency bands f o r a d i o x a n / ^ / 

cyclohexane m i x t u r e . 

B. The Acceptor Spectra. 

1. I o d i n e Chloride Complexes w i t h Weak Donors. 

Since IC1 i s h i g h l y r e a c t i v e most o f t h i s work was concentrated on the 

les s r e a c t i v e acceptors, i . e . 1^, IBr and ICN. However, the i n t e n s i t y o f 

' f r e e ' I C l i n cyclohexane was measured, as t h i s i s important i n the discussion 

o f the normal co-ordinate c a l c u l a t i o n (Section 6B). I t was al s o important t o 

t r y and e s t a b l i s h t h a t the I C l band i n the benzene complex was a v i b r a t i o n a l , 

and not a c o l l i s i o n a l , a b s o r p t i o n . 

I f a c o l l i s i o n a l mechanism i s predominant one would not expect t o see 

' f r e e ' and 'complexed' halogen i n a mixt u r e , since any 'complex' present 

must have a very short l i f e - t i m e ( i . e . only ' s t i c k y * c o l l i s i o n s ) . I f one 

approximates the r a t e o f forward r e a c t i o n t o the c o l l i s i o n frequency, the 

e q u i l i b r i u m constant i s a rough measure o f the complex l i f e - t i m e . This assumes 

o f course, t h a t the complex l i f e - t i m e ( T
c ) i s g r e a t e r than the c o l l i s i o n 

frequency converted t o seconds ( T
c oj)» Varying the co n c e n t r a t i o n of donor or 

acceptor should j u s t act as a solvent e f f e c t , i n a collisional complex. However, 
85 

h i g h r e s o l u t i o n Raman stu d i e s showed no tr a c e o f ' f r e e ' i o d i n e expected 
from an e q u i l i b r i u m mixture o f f r e e and complexed components. On the other 

85 

hand, a f r e e i o d i n e band i s observed f o r somewhat stronger i n t e r a c t i o n s 

(e.g. between mesitylene and I _ ) . 

As explained i n Chapter 2, the complex l i f e - t i m e s from d i p o l e moment 

st u d i e s are of the order o f one p.s. Hence, the ' s t a b i l i t y ' o f the complex 

depends upon the time scale one i s co n s i d e r i n g . I n the u l t r a v i o l e t r e g i o n 
( a t , f o r example, 40,000 cm."1) the observation time f o r one t r a n s i t i o n i s 

-4 
8 x 10 p.s. Hence, the complex may appear t o be very s t a b l e when examined 
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i n the u l t r a v i o l e t r e g i o n . I n the f a r - i n f r a r e d , however, ( a t say 40 cm. 

the time f o r one t r a n s i t i o n i s 0*8 p.s. i . e . g r e a t e r or as great as the 

complex l i f e - t i m e . Thus, the complex could not ' v i b r a t e ' w i t h a frequency 

equivalent t o 40 cm. - 1 i f i t s l i f e - t i m e i s o f the same order of magnitude. 

The f a r - i n f r a r e d spectrum o f a mixture o f benzene/ICl/cyclohexane showed 

both ' f r e e ' (375 cm."1) and 'complexed' (355 cm. - 1) v ^ j bands. This means 

t h a t the complex l i f e - t i m e i s greater than the r e s o l u t i o n (20 cm. 1 ) r e q u i r e d 

t o separate them, i . e . g r e a t e r than 0*16 p.s. The f a c t t h a t one could 

resolve a band a t 355 Cm.-1 supported the assignment of t h i s band t o a v ^ j 

v i b r a t i o n (see Spectrum 5.3.). 

The Table 5.1. summarises the data obtained on the I C l complexes s t u d i e d . 
144 

The values obtained are i n reasonable agreement w i t h Person et a l . I n 

view o f the dependence o f the complex bands on both the donor and acceptor 

concentrations (see Chapters 3 and 4 ) , i t i s probable t h a t i n t e n s i t i e s are 

only e x a c t l y r e p r o d u c i b l e i f the same c o n c e n t r a t i o n o f donor and acceptor are 

used. 

At f i r s t glance, one would expect a c e t o n i t r i l e w i t h i t s l a r g e r d i p o l e 

moment t o form a stronger complex than p y r i d i n e (on purely e l e c t r o s t a t i c ' 

grounds), g i v i n g a v ^ j frequency < 291 cm. 1 ( t h e p y r i d i n e v a l u e ) . I n 

f a c t the reverse i s the case (see Table 5.1.). This can be understood by 

consid e r i n g the s t r u c t u r e o f the cyanide i o n . The CN~ i s i s o e l e c t r o n i c w i t h 

n i t r o g e n . The t r i p l e bond i n the CN~ i o n i s weaker than the N-N t r i p l e bond, 

because both the a and TT bands are unsymmetrical, and are p o l a r i z e d towards 

the more e l e c t r o n e g a t i v e n i t r o g e n . The 2 o"c o r b i t a l i s a 2s2p h y b r i d 

l o c a l i z e d on the carbon atom. This i s o f the highe s t energy and i t s e l e c t r o n s 

can thus be donated i n o-bond f o r m a t i o n . 
K: N: CH- C N 

CD 3 Q 
FREE ION P o l a r i s a t i o n t o the n i t r o g e n 

:C=N rC=N: 
A B 



- 163 -

Bonding o f another group through the carbon (as i n a c e t o n i t r i l e ) favours 

s t r u c t u r e A causing the n i t r o g e n lone p a i r t o be p a r t i a l l y withdrawn, hence 

the n i t r o g e n i s a poor e l e c t r o n donor, and a c e t o n i t r i l e - I C l a weak complex. 

The i n t e n s i t i e s f o l l o w the i o n i z a t i o n p o t e n t i a l o f the donor, as the 

charge t r a n s f e r model p r e d i c t s . A c e t o n i t r i l e i s the exception, but here 

d i p o l e moment f o r c e s w i l l also c o n t r i b u t e t o the i n t e n s i t y . 

2. I o d i n e Bromide Complexes w i t h Weak Donors. 

The i n t e n s i t y and band shape data i s summarised i n Table 5.2. I t can be 

seen t h a t the i n t e n s i t i e s f o l l o w the i o n i s a t i o n p o t e n t i a l o f the donor. The 

lower the i o n i s a t i o n p o t e n t i a l the greater the e l e c t r o n i c i n t e r a c t i o n , and 

hence the l a r g e r the i n t e n s i t y . The one exception i s d i e t h y l ether w i t h a 

s l i g h t l y higher i o n i s a t i o n p o t e n t i a l , and higher i n t e n s i t y than benzene. 

However,this molecule possesses a d i p o l e moment, u n l i k e benzene, and so d i p o l e -

d i p o l e i n t e r a c t i o n s w i l l also c o n t r i b u t e t o t h e i n t e n s i t y , accounting f o r the 

s l i g h t l y higher i n t e n s i t y i n ethe r . 

IBr i s such a la r g e heavy molecule t h a t the value o f ( o r ) i s 
Ve 

expected t o be l a r g e , and the spectrum should be predominantly c o n t r o l l e d by 

v i b r a t i o n a l and t r a n s l a t i o n a l e f f e c t s , ^ both o f which w i l l be a f f e c t e d by 

in t e r m o l e c u l a r i n t e r a c t i o n s w i t h the s o l v e n t . 

As explained i n Chapter 2 v i b r a t i o n a l r e l a x a t i o n i s induced by v a r i a t i o n 

o f the i n t e r m o l e c u l a r p o t e n t i a l V on a dynamically surrounded s o l u t e molecule. 
bV 

The extent o f r e l a x a t i o n , i s p r o p o r t i o n a l t o where Q i s the p a r t i c u l a r 

normal co-ordinate considered, and thus t h i s c o n t r i b u t i o n to the band p r o f i l e 

i s expected t o be d i f f e r e n t f o r each mode considered. (Since Q changes from 

one mode t o another.) A s h i f t t o higher or lower frequency f o r the v,- D N 

( I - B r ) 

band p r o f i l e i s caused by a change o f f o r c e constant, and hence normal co­

o r d i n a t e Q. Since bV i s unknown, however, i t i s d i f f i c u l t t o estimate what 

change i s expected. 
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Table 5.2. shows t h a t the band w i d t h decreases (and T increases) on 
Ve 

going from cyclohexane t o solvents w i t h b e t t e r donor p r o p e r t i e s . I t would 

appear th a t v i b r a t i o n a l r e l a x a t i o n i s considerably slowed down i n d i e t h y l ether 

and d i e t h y l s ulphide. T his must be due t o the environment becoming more 

i s o t r o p i c , due t o the s p e c i f i c 1:1 i n t e r a c t i o n s . This i s not too s u r p r i s i n g , 

since d i e t h y l sulphide seems t o form strongest complex as judged by the 

i n t e n s i t y and frequency p e r t u r b a t i o n s . 

However, i t i s not clear' how much broadening occurs due t o weak 

i n t e r a c t i o n s i n s o l u t i o n w i t h a s t a t i s t i c a l d i s t r i b u t i o n o f complexes o f 

d i f f e r i n g s t o i c h i o m e t r y . These would, i n general have n:m s t o i c h i o m e t r y 

according t o 

nA + mB -—* AnBm 

and would be r e l a t i v e l y s h o r t - l i v e d . Such a s i t u a t i o n would give r i s e t o 

overlapping o f a number o f i n d i v i d u a l bands, which d i f f e r only s l i g h t l y i n 

frequency l e a d i n g t o band broadening. 

A recent paper on band shape s t u d i e s ^ o f the I C l and IBr complexes i n 

benzene has shown t h a t t r a n s l a t i o n a l e f f e c t s are a l s o very important. I n 

the f i r s t picosecond of i n t e r a c t i o n w i t h a benzene molecule, the I B r molecular 

v e l o c i t y i s reduced by about 50%. The experimental data shows a 40% decrease 

i n c o r r e l a t i o n time on going from cyclohexane t o benzene. A s i m i l a r s o r t o f 

i n t e r a c t i o n i s expected f o r I C l . However, o r i e n t a t i o n a l d i f f u s i o n probably 

a l s o c o n t r i b u t e s t o the band p r o f i l e . 

3. Iodine Cyanide Complexes w i t h Weak Donors. 

The r e s u l t s f o r the three d i f f e r e n t fundamental v i b r a t i o n s o f i o d i n e 

cyanide are presented i n Table 5.3. The values are i n reasonable agreement 
149 

w i t h Person et a l . The weak band observed i n the dioxan-ICN spectrum by 

Person a t 442 cm. * was a l s o observed i n t h i s work a t the same frequency. 

The band was again observed i n the spectra o f dioxan w i t h I» and I B r . 
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V i b r a t i o n a l s p e c t r a l s t u d i e s 1 ^ on dioxan shows t h a t dioxan has a centre 

o f symmetry i n the vapour phase and i n the l i q u i d , since there i s mutual 

e x c l u s i o n between i n f r a r e d and Raman bands. Thus, the spectra are i n t e r p r e t e d 

i n terms o f symmetry. The band a r i s i n g a t 440 cm. 1 i n t h e complex i s 

probably the i n f r a r e d i n a c t i v e a mode, observed by E l l e s t a d et a l . 1 ^ a t 

435 cm.~* i n the Raman spectrum. 

The v,-. r v band shows the c h a r a c t e r i s t i c f a l l i n frequency, and increase 

i n i n t e n s i t y as the s t r e n g t h o f the complex increases. 

The v. band does hot show any systematic change on complex f o r m a t i o n , b 

Most s u r p r i s i n g l y t h i s band has an i n t e n s i t y , and frequency, which i s 

remarkably independent of donor. Furthermore, one would expect the degeneracy 

of the band t o s p l i t i n the complex. One would expect at l e a s t a broadening 

on complexation w i t h p y r i d i n e . I n f a c t , the band i f anything narrows i n 

chloroform s o l u t i o n . The f a l l i n i n t e n s i t y o f v,„ „ x band and dramatic r i s e 
(C-N; 

o f the band must i n d i c a t e a large change o f the bond moments on 

complexation. 

The only explanation at present a v a i l a b l e f o r the lack o f p e r t u r b a t i o n o f 

the bending mode appears t o be as f o l l o w s . The large amount o f charge 

s i t u a t e d on the three atoms causes the bending mode to be h e a v i l y damped 

by i n t e r m o l e c u l a r f o r c e s . One would expect the s t r e t c h i n g modes t o be less 

a f f e c t e d by i n t e r m o l e c u l a r f o r c e s . The h i g h s o l u b i l i t y i n c h l o r o f o r m , 

benzene and dioxan i n d i c a t e s t h a t strong f o r c e s are present. I n other words 

the increased i n t e n s i t y expected from the l a r g e r moments i n the complex, are 

cancelled out by a r e d u c t i o n i n bending motion due t o stronger f o r c e s , i . e . 

a l a r g e r C but smaller ds term i n equation 3.2.. V i b r a t i o n a l mixing w i t h the 

donor i s not as great as i n the p y r i d i n e - I C l case, since the 405 cm. 1 band 

i n p y r i d i n e i s only s h i f t e d t o 415 cm. * i n the ICN complex. I t i s increased 

t o 420 cm. * f o r the p y r i d i n e - I C l complex i n chloroform. This i s i n s p i t e 

of the e x t r a ICN bending mode which gives r i s e t o band r e l a t i v e l y nearby at 

330 cm. * Therefore, c o n t r i b u t i o n s from v i b r a t i o n a l mixing can be ignored 

t o a f i r s t approximation. 
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I t i s worth commenting a t t h i s stage how valuable a whole complex 

molecular o r b i t a l c a l c u l a t i o n would be. Here the e l e c t r o n d e n s i t i e s on the 

r i n g , and the halogen atoms can be assigned i n an unambiguous way. However, 

the a c t u a l computation i s at present too complex. I n the absence o f t h i s , 

n.q.r. measurements would be o f value. 
31 

For the p y r i d i n e - I C l complex Hanna (from n.q.r. measurements) s t r i c t l y 

d e f i n e s the no bond s t a t e as I , where the e l e c t r i c f i e l d o f the p y r i d i n e 

6-
Cl 

- i + 

( I - C l ) " 

I I I 

lone p a i r has induced an a d d i t i o n a l d i p o l e i n I C l . The charge t r a n s f e r 

complex i s s t r i c t l y d efined as I I . An n.q.r. study o f pyridine-ICN complex 

would be most valuable t o give some idea o f the charge d i s t r i b u t i o n i n the 

acceptor. 

I t can be seen t h a t the band i n t e n s i t y i s q u i t e s e n s i t i v e t o the 

solvent used. Both n-donor and n-donor so l v e n t s produce a decrease i n 

i n t e n s i t y , w h i l s t the hydrogen bonding solv e n t chloroform produces an increase 

i n i n t e n s i t y . The s i t u a t i o n i s reversed f o r the v. and v , T n^ bands. 

T h i s appears t o i n d i c a t e t h a t b^ or n -• ICN i n t e r a c t i o n occurs a t the 

i o d i n e end o f the ICN molecule w h i l e hydrogen bonding occurs a t the N-atom 

(however, see Chapter 4 f o r f u r t h e r d i s c u s s i o n o f t h i s i n t e r a c t i o n ) . Donor 

a c t i o n by the CN group leads, o f course, t o an increase i n i n t e n s i t y o f the 

V(C-N) b a n d * 
Work i n t h i s l a b o r a t o r y shows t h a t the band shape o f the ^ band i n 

54 

benzene i s only weakly temperature dependent. This i n d i c a t e s t h a t the band 

shape i s c o n t r o l l e d by v i b r a t i o n a l r a t h e r than o r i e n t a t i o n a l e f f e c t s . 
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As explained i n Chapter 4 the d i f f u s i o n c o e f f i c i e n t s about the three 

axes o f ICN are as f o l l o w s : 

D = D = OL (v y z ti ( I - C ) or v (C-N) )/2 

D = a D ( v . ) - D ( f o r r o t a t i o n about the symmetry a x i s x) 

(assuming 0 ( t ) = e x p [ - ( a R + p y ) t ] ) a t long t ; » p 

(where the symmetry axis i s designated by x ) . 

The d i f f u s i o n c o e f f i c i e n t s measured i n t h i s work are.shown i n Table 5.4. 

The apparent d i f f u s i o n c o e f f i c i e n t s i n d i c a t e t h a t , u n l i k e a c e t o n i t r i l e , f o r 

weak donors, motion o f ICN about the x ax i s i s about the same 'tumbling' motion 

about the y and z axes. This i s not what i s expected f o r ICN from considerations 

o f moment o f i n e r t i a alone (which would obviously favour motion about the x 

a x i s ) . 

The d i f f u s i o n c o e f f i c i e n t s are l a r g e r i n chloroform than i n benzene. 

This i m p l i e s t h a t the ICN molecule i s r o t a t i n g f a s t e r i n chloroform than i n 

benzene. However, the r e - o r i e n t a t i o n a l e f f e c t s are probably small since the 

value f o r D i s higher f o r p y r i d i n e than benzene ( c a l c u l a t e d from vfr. „» y (C-NJ 
bands). The negative values obtained f o r the strong complexes ( c a l c u l a t e d 

from v ^ j £^ bands) are p h y s i c a l i m p o s s i b i l i t i e s . This shows t h a t v i b r a t i o n a l / 

t r a n s l a t i o n e f f e c t s are important w i t h p o s s i b l y some v i b r a t i o n a l / ( r e s i d u a l ) 

r o t a t i o n a l i n t e r a c t i o n . 

I n conclusion i t can be seen t h a t ICN w i t h i t s l a r g e d i p o l e moment 

(3*72D), and high moment o f i n e r t i a has v i b r a t i o n a l band p r o p e r t i e s which are 

very s u s c e p t i b l e t o i n t e r m o l e c u l a r f o r c e s . One o f the reasons why the 

complexed p y r i d i n e bands had lower i n t e n s i t i e s (see Chapter 3) f o r the p y r i d i n e -

ICN complex i n carbon t e t r a c h l o r i d e than i n chloroform may be due t o the 

chloroform i n t e r a c t i n g w i t h the ICN, and reducing i t s e f f e c t i v e f u r t h e r 

complexing a b i l i t y . Thus, i t may only be possible t o consider complexing 
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p r o p e r t i e s i n a p a r t i c u l a r s o l v e n t . I t i s c l e a r , at l e a s t f o r ICN, t h a t 

i n t e r m o l e c u l a r forces and v i b r a t i o n a l r e l a x a t i o n are predominant i n 

c o n t r o l l i n g the band shape. The r e l a t i v e l y long p e r i o d of 'free r o t a t i o n ' 

(before the l o g 0 ( t ) v s t p l o t becomes l i n e a r ) o f 1*2 ps. supports the 

conclusions o f R o t h s c h i l d t h a t the f o r m a t i o n of ' c l u s t e r s ' i n the l i q u i d 

phase i s u n l i k e l y t o have a s i g n i f i c a n t e f f e c t on the i n i t i a l p a r t o f the 

a u t o c o r r e l a t i o n curve. 

4. Studies on Iodine Complexes w i t h Weak Donors. 

The o r i g i n a l aim of t h i s work was t o extend the study o f Yarwood and 

P e r s o n * ^ on i o d i n e complexes, i n order t o o b t a i n more i n f o r m a t i o n on the 

s p e c t r a l p r o p e r t i e s o f the v ^ s t r e t c h i n g modes. 

However, i t was found t h a t both low frequency bands i n the d i e t h y l 

s u l p h i d e - ^ and d i o x a n - ^ complexes do not obey the Beer-Lambert Law. I t 

i s worth commenting t h a t Yarwood and Person obtained t h e i r most c o n s i s t e n t 

r e s u l t s f o r the benzene-^ complex. This was probably because, as benzene 

was used as s o l v e n t , the donor concentration was kept constant at 13*3M. 

I n a s i m i l a r f a s h i o n t o the p y r i d i n e - ^ complex i n Chapter 4, the v ^ j 

band i n t e n s i t y changed by over a 100% depending on the donor c o n c e n t r a t i o n . 

This was e s p e c i a l l y t r u e o f donors w i t h a d i p o l e moment. I n the absence o f a 

f u l l c o n c e n t r a t i o n study i t i s only v a l i d t o discuss one band as being more 

intense than another, i f the r a t i o o f the two i n t e n s i t i e s i s greater than 2:1. 

F o r t u n a t e l y f o r the i n t e n s i t i e s found i n Table -5.5. t h i s i s u s u a l l y t r u e . 

For the non-polar donors; benzenei dioxan and carbon d i s u l p h i d e , the 

i n t e n s i t i e s f o l l o w the expected dependence on i o n i s a t i o n p o t e n t i a l . The bands 

tend t o narrow as the i o n i s a t i o n p o t e n t i a l increases, which i s what i s 

expected f o r a strong complexation. However, the frequency p e r t u r b a t i o n i s i n 

the reverse d i r e c t i o n . 

There seems l i t t l e c o r r e l a t i o n between any well-known p h y s i c a l parameter 

and the frequency s h i f t . D r a g o 1 5 1 has attempted t o p r e d i c t the e n t h a l p i e s o f 
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adduct f o r m a t i o n i n the gas-phase and i n p o o r l y s o l v a t i n g media by, 

-AH = E AE B + C AC B [ 5 . 1 . ] 

The s u b s c r i p t s A and B i n d i c a t e acceptor and donor, r e s p e c t i v e l y , w h i l e E and 

C are two e m p i r i c a l l y d e r i v e d parameters assigned t o each donor and acceptor. 

Drago then considers the p o s s i b i l i t y t h a t C i s r e l a t e d t o 'softness* and 
152 

E t o 'hardness' o r i g i n a l l y developed on the 'hard' a c i d ' s o f t * base model. 

The Drago E and C model p r e d i c t s t h a t the l a r g e r the E and C values o f the donor, 

the more s t r o n g l y the i n t e r a c t i o n w i t h the a c i d . For the weak ( s o f t a c i d ) I 2 , 

since 'soff p r e f e r s 'soft'and'hard'prefers'hard', the C term should be the more 

important. 

Table 5.7. 

Complex Band 
Position/cm." 

CB EB 

D i e t h y l S u l p h i d e - I 2 171 7*4 0-339 

P y r i d i n e - ^ 183 6*4 1-17 
Dimethyl S u l f o x i d e - ] ^ 194 2*85 1*34 
Tet r a h y d r o f u r a n - I g 202 4-27 0*978 
Benzene-I 2 204 0*681 0*525 
D i e t h y l E t h e r - I 2 204 3*25 0*963 
D i o x a n - I 2 205 1*74 0*975 

Table 5.7. shows the c o r r e l a t i o n w i t h the Drago parameters. The 

c o r r e l a t i o n seems reasonable except f o r benzene and D.M.S.O. However the 

t a b l e p r e d i c t s the benzene frequency t o be > 206 cm. - 1 Since the equation 5.1. 

i s f o r a d i l u t e s o l u t i o n , and a 13*3M s o l u t i o n was used, t h i s does not seem 

unreasonable. The t a b l e p r e d i c t s a D.M.S.O. frequency o f 205 cm.-*, which 

again seems reasonable f o r a more d i l u t e s o l u t i o n . 

This method does a t l e a s t show one t h i n g . The frequency s h i f t must be 

i n t e r p r e t e d by two or more parameters. However, much more data i n d i l u t e 

s o l u t i o n s i s r e q u i r e d t o determine i f the c o r r e l a t i o n i s f o r t u i t o u s . 
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The i n t e n s i t i e s f o l l o w the i o n i s a t i o n p o t e n t i a l s expected f o r benzene 
and D.M.S.O., which are lower than would be expected from t h i s approach. The 
low value i n benzene i s almost c e r t a i n l y due t o the f a c t t h a t benzene i s non-
p o l a r , and has a much smaller e l e c t r o s t a t i c c o n t r i b u t i o n to the i n t e n s i t y . 

The donor-acceptor bonding molecular o r b i t a l i s described*^* as a 

l i n e a r f u n c t i o n o f covalent ( c h a r g e - t r a n s f e r ) and e l e c t r o v a l e n t wave f u n c t i o n s . 

$ = aj|) + b# , [5 . 2 . ] 
v c o v * e l L J 

Therefore, a molecule w i t h an appreciable d i p o l e moment, and no low 

energy' acceptor o r b i t a l s , w i l l i n t e r a c t best w i t h donors which have the 

l a r g e s t lone p a i r d i p o l e moment ( i . e . , b 55> a, i n equation 5.2.). 

I o d i n e i n t e r a c t s best w i t h those donors t h a t have low i o n i s a t i o n p o t e n t i a l s , 

i . e . a » b. This i s because i o d i n e has zero d i p o l e moment, and has an 

e s s e n t i a l l y covalent i n t e r a c t i o n . For t h i s reason the best c o r r e l a t i o n was 

obtained between i n t e n s i t y and i o n i z a t i o n p o t e n t i a l f o r those molecules which 

have zero d i p o l e moment ( i . e . causing smaller induced d i p o l e s i n the i o d i n e ) . 

F i n a l l y , l e t us consider the band observed at 147 cm.~* f o r the d i e t h y l 

s u l p h i d e - I ^ complex. Yarwood and P e r s o n * ^ were r e l u c t a n t t o assign t h i s 

band t o the because of the p o s s i b i l i t y o f r e a c t i o n t o give I ~ . However, 

i t i s not now considered t h a t t h i s i s the case because: 

(a) the c o r r e l a t i o n f u n c t i o n s from the band f o r p y r i d i n e - ^ and 

d i e t h y l s u l p h i d e - I g are c o i n c i d e n t . This i s r e f l e c t e d i n s i m i l a r 

h a l f band widths and T values. This i m p l i e s t h a t both absorptions 
7 e 

a r i s e from the same r e l a x a t i o n mechanisms. 

( b ) the v^g j j and v ^ j ^ bands which were separated manually, have 

i n t e n s i t i e s which can be explained i n terms o f the charge-transfer 

theory, i . e . they have high i n t e n s i t i e s , and because o f the small 

frequency separation ' i n t e n s i t y borrowing' by the v,„ band has 
\5— 1) 

occurred, or pos s i b l y I ^ i m p u r i t y i s also present. 
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( c ) The half-band w i d t h o f the a b s o r p t i o n a r i s i n g from antisymmetric 

s t r e t c h i n g of the I ~ ion i s 10*5 cm. - 1, obtained from a spectrum o f 

I ~ i n pure acetone. One would not expect solvent broadening t o 

increase t h i s t o 30 cm. 1 (Table 5.5). 
153 -1 

(d) Yamada et a l . , have assigned the bands at 149, and 195 cm. to the 
V ( S mode f o r the d i e t h y l s u l p h i d e - I B r and I C l complexes 

r e s p e c t i v e l y . Using a range of donors they assigned bands between 

95 and 205 cm. 1 t o the v^g ^ mode. 
The f i n a l question i s why the v^g ^ frequency i s so hi g h . Possible 

r o l e s f o r d - o r b i t a l s i n chemical bonds were discussed at len g t h i n 1954 by 
154 

Craig, Marcol, Nyholm, Orgel and Sutton. They concluded t h a t the d - o r b i t a l s 

c o n t r a c t as a r e s u l t o f p e r t u r b a t i o n by the l i g a n d s . Craig and Magnusson^"* 

showed how d i f f u s e d - o r b i t a l s would c o n t r a c t , and t h e i r energies would drop, 

i n the f i e l d o f a set of p o s i t i v e charges surrounding the sulphur atom. 
156 

Craig and Z a u l i published key work on SF^. They considered the 

e f f e c t on the sulphur 3s,3p and 3d o r b i t a l s o f the f i e l d o f s i x n e u t r a l 

f l u o r i n e atoms, s i t e d i n the octahedral p o s i t i o n s , a t an S-F distance o f 

3*0 a.u. (1*595). Their c a l c u l a t i o n was p u r e l y e l e c t r o s t a t i c , and no account 

was taken o f pos s i b l e overlap d e n s i t i e s i n bonds or exchange terms. They 
o o 

found t h a t the mean radius o f the d - o r b i t a l c o n t r a c t s from 3*0A t o 1'5A. 

One must conclude f o r the d i e t h y l sulphide-halogen complexes, th a t the 

more e l e c t r o n e g a t i v e the s u b s t i t u e n t s the more the d - o r b i t a l s are involved 

i n bonding. This accounts f o r the increase i n frequency of the v^g ^ band 

i n the I ^ , IBr and I C l complexes. F i n a l l y the p o s s i b i l i t y o f mixing o f 

modes (reference 36, p.34) cannot be r u l e d o u t . 

C. Studies on the E x t e r n a l Modes o f the Dioxan-Halogen Complexes. 

1. I n t r o d u c t i o n . 

I n view o f the dependence o f the v ^ j ^ band i n t e n s i t y on s o l v e n t , 

c o n c e n t r a t i o n o f donor, and concentration o f acceptor (see also Chapter 4 ) , 
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i t was decided t o i n v e s t i g a t e the s p e c t r a l p r o p e r t i e s o f the v ^ D mode 

i n a weak donor. This absorption i s expected t o occur below 100 cm. * 

Dioxan was chosen as donor, because i t i s non-polar and a good solvent 

f o r the halogens. Dioxan, i n the absence o f an acceptor, shows an absorption 
-1 157 a t about 70 cm. This absorption i s thought t o be caused by c l a s s i c a l 

quadrupole-induced d i p o l e i n t e r a c t i o n s ( i n general multipole-induced d i p o l e 

i n t e r a c t i o n s ) . The mechanism g i v i n g r i s e t o t h i s a bsorption i s regarded as 

c o l l i s i o n a l f o r non-polar molecules such as dioxan. 

On the other hand, i n polar molecules the molecular d i p o l e ' l i b r a t e s ' 

i n a 'cage* o f surrounding molecules ( e i t h e r the same species or s o l v e n t ) . 
129 157 158 This P o l e y - H i l l model i s s i m i l a r t o the idea ' o f a r e s i d u a l r o t a t i o n 

o f the molecular d i p o l e i n the l i q u i d phase. There i s l i t t l e d i f f e r e n c e 

between a P o l e y - H i l l l i q u i d phase absor p t i o n and a pressure broadened gas-

phase spectrum. For the system p-dioxan XY/cyclohexane (X = Y = I , Br, C I ; 

X = I , C l , Br, CN) a low frequency absorption i s observed which i s s i m i l a r 

t o t h a t observed f o r p y r i d i n e - ^ i n the same s o l v e n t . (See S p e c t r a 5.4. and 

5.5.). W h i l s t , the pyridine-halogen complexes are thermodynamically q u i t e 
134 

s t a b l e , the corresponding dioxan complexes are very much weaker, and the 

bands observed should probably not be assigned t o the motion o f a ' r i g i d * 

complex. These bands are even observed w i t h as weak a donor as carbon 

d i s u l p h i d e . (See Spectrum 5.4.). 

2. Discussion. 

I t i s questionable i f a w e l l - d e f i n e d v ^ ^ j band e x i s t s f o r these 

'complexes*. The complex l i f e - t i m e i s o f the order o f 1 ps, and there may be 
no more than a few v i b r a t i o n a l periods d u r i n g the complex l i f e - t i m e . K e t t l e 

84 

and Price have shown t h a t the d i p o l e moments measured f o r mixtures o f non-

po l a r donors w i t h non-polar halogens, can be e n t i r e l y accounted f o r by the 

mutual c l a s s i c a l van der Waals i n t e r a c t i o n o f the components. I t can be seen 



- 178 -

from Table 5.6. t h a t the i o d i n e complex has the l a r g e s t i n t e n s i t y . Since I 

has the l a r g e s t p o l a r i s a b i l i t y , t h i s again supports the induced d i p o l e theory. 

Table 5.6. shows t h a t the non-polar dioxan and give r i s e t o a d i p o l e 
130 

moment o f ID i n the complex. Gordon has deduced a formula f o r the 

i n t e n s i t y o f a condensed phase ' r o t a t i o n a l * band o f a r i g i d complex. 

. Ntt -h> 2 ,1 1 . r_ „ 
A = 77 ^ Z

 ( T- + r } t 5- 3-] 
3c x y 

Equation 5.3. only depends on the d i p o l e moments u.̂  and moments o f i n e r t i a 
I and I . The estimated i n t e n s i t i e s are shown i n Table 5.6. The very much x y 7 

l a r g e r i n t e n s i t i e s observed appear t o a r i s e from a c o l l i s i o n induced 

mechanism - the dioxan having l a r g e l o c a l d i p o l e s despite having only a very 

small o v e r a l l permanent moment. 

One would expect t h a t v would be p r o p o r t i o n a l t o the c o l l i s i o n 
max 

frequency. For u n l i k e molecules, A and B, v i s p r o p o r t i o n a l t o 
' ' max r 

1 1 1 

( j j j — + j j j — ) 2 . The constant of p r o p o r t i o n a l i t y f o r the dioxan-X^ systems i s 
A B 

shown i n Table 5.6. Reasonably good agreement i s obtained, the value o f v 
' max 

f o r dioxan-Cl^ could be increased by a chloroform solvent e f f e c t . 

The s i t u a t i o n i s more complicated f o r systems c o n t a i n i n g IX molecules, 

since dipole-induced d i p o l e f o r c e s lead t o a stronger i n t e r a c t i o n , and the 

complex becomes more ' r i g i d ' . (There may even be a P o l e y - H i l l c o n t r i b u t i o n 

t o the i n t e n s i t y . ) The frequencies and i n t e n s i t i e s of the observed bands 

tend t o decrease as the d i p o l e moment o f the 'complex' increases. From 

equation 5.3. one would expect a large increase o f i n t e n s i t y , so presumably 

induced d i p o l e f l u c t u a t i o n s have a considerable impact on the i n t e n s i t y . 

The i n t e n s i t y o f the mode depends upon the c o n c e n t r a t i o n o f donor 

and acceptor. I t was decided t o make a r i g o r o u s study o f the ^ band i n 

the d i o x a n - I 2 complex. This complex was chosen because (a) i t has the most 

intense band o f the dioxan-halogen s e r i e s (see Spectrum 5.5.); (b) since 
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Spectrum 5.5. F a r - i n f r a r e d spectra o f 1*3M dioxan i n cyclohexane w i t h added 
halogen. Concentrations o f halogen are ( 1 ) zero; ( 2 ) I 0 , O054M; (3) Br, 
0145M; (4) C l 2 , cone, not known; (5) I C l , 0-132M; ( 6 ^ I B r , 0-082M; 
(7) ICN, O084M. 
(N.B. I n cases 2-7 the spectrum of 1*3M dioxan has been subtracted o f f ) . 
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Table 5.8. 

E f f e c t s o f Changing p-Dioxan and Iodine Concentrations on the F a r - I n f r a r e d 
Band Area 

[Di o x a n ] / 
m o l e / l i t r e " 

[ i o d i n e ] / 
m o l e / l i t r e " 

. -1 v /cm. max A v i / 
2 - l cm. 

Band Area/ 
- 1 

cm. 

0-23 0*058 88 54 7*0 

0*38 0*056 - - 8*8 

0-68 0*055 83 52 12*0 

1-28 0*054 80 - 11*7 

2*81 0*054 78 44 28*0 

11*38 0*054 76 - 70*0 

3-44 0*032 78 54 13*9 

3*44 0*067 75 52 30*0 

3-44 0*123 77 56 56*0 

3*44 0*136 84 50 78*0 

3*44 0*169 78 55 78*0 

3*44 0*209 78 - 118 '0 
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both dioxan and iodine are non-polar dipole-induced dipole forces should be 
less. 

3. A Systematic Study of the Dependence of the Intensity of 'v^ D j ^ ' Mode i n 

the Dioxan-I^ Complex on Concentration of Donor and Acceptor. 

The i n t e n s i t i e s in Table 5.6. depend upon what one considers to be the 

concentration of the complex. Since dioxan i s present i n a 25:1 excess, one 

would expect most of the halogen to be complexed (K^ = Or89 mole l i t r e * ) . 

However, the band does not obey the Beer-Lambert Law. 

The absorption thus appears to be due to sticky c o l l i s i o n s ( i . e . contacts) 

rather than a 'well-defined'complex. I f the band were due to a mode 

of a 'well defined 1 complex, one would expect an inte n s i t y dependent only on 

the iodine concentration (as long as [Dioxan] » [ i o d i n e ] ) . For a c o l l i s i o n 
64 

induced band one would expect. 

Total Area = [donor] [halogen] + K.^[donor] [donor] + K 3[Halogen] [Halogen] 

+ terms from a 'sticky' c o l l i s i o n ... [5.4. 

Table 5.8. shows the effect of changing p-dioxan and iodine concentrations 

on the f a r - i n f r a r e d band area. 

Spectrum 5.5. shows dioxan solutions containing a halogen molecule. The 

spectra have been obtained i n the double beam mode by r a t i o i n g the solution 

spectrum against a 'blank' containing the same concentration of dioxan. Areas 

measured from bands obtained i n t h i s fashion should have eliminated most of 

Kg [donor][donor] term i n equation 5.4. At small halogen concentrations the 

t h i r d term can be neglected. One would therefore expect the area to be a 

function of [ d i o x a n ] X [ l ] y . To test t h i s we kept the concentration of I and 

dioxan constant i n turn. In each case the area was measured over a range 

of either dioxan or iodine concentration (see Table 5.8.). Graphs of the 

Log 1 Q(Area) v [ l 2 ] and Log 1 Q(Area) v [Dioxan] were then pl o t t e d . Graphs 

5.1. and 5.2. show that x = 0*55; y = 1*2. 
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Equation 5.4. assumes the path length 1 i s constant. S t r i c t l y we should write 

AREA „I-t>. nXrT ny — = K[Dioxan] [l^ 

or AREA = l K [ D i o x a n ] X [ l 2 ] y 

Since 1 was kept constant at 6*5 mm. 

AREA = K 1 [ D i o x a n ] X [ l 2 ] y 

or at constant [ ^ J * 

Log (Area) = x Log [Dioxan] • K.^ 
at constant [Dioxan] 

Log (Area) = y Log [ l 2 ] + 1^ 

where K, K̂ , and are a l l constants. This does show conclusively that 

the band does not obey the Beer Lambert Law. However, t h i s experiment would 

have to be made with a range of iodine complexes before a complete 

i n t e r p r e t a t i o n of the data could be made. 

D. Suggestions f o r Future Work. 

I t i s clear that an i n t e n s i t y study must be carried out at constant donor 

and constant acceptor concentrations. A temperature v a r i a t i o n study i s 
64 

desirable f o r the weak complexes, as a c o l l i s i o n induced band i s l i k e l y to 

be more sensitive to temperature than an in t e r n a l v i b r a t i o n . 

The extreme width of the low frequency band has not been explained 

q u a n t i t a t i v e l y . Far i n f r a r e d band widths have been a t t r i b u t e d to 

(a) coupling of intermolecular motion with i n t e r n a l v i b r a t i o n a l 
160 

modes, 

(b) anharmonic nature of the resonances 'involved,**** 

(c) overlapping of a series of damped resonances of similar energy, 

the range of energies being caused by Brownian d i f f u s i o n of the 
162 

in t e r a c t i n g molecule, 
(d) c o l l i s i o n a l broadening. 
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I f the l i f e - t i m e s f o r weak complexes are about 1 ps then the uncertainty 

broadening could be of the order of 5 cm. * 

The frequency v a r i a t i o n may be of l i t t l e significance, because the band 
163 

width i s of the same order as the frequency. The broadness of the bands 
i s reflected i n the T values. For the dioxan halogen complexes the 

Ve 
value was 0»3 - 0*4 p.s. 

I t i s clear that more data i s required on range of donors (strong and 

weak) coupled with temperature studies, before the exact nature of the 

c o l l i s i o n a l mechanism can be elucidated. The great s i m i l a r i t y of the band 

shape of the low frequency mode, with a range of weak donors and acceptors, 

does at least show that i t arises from the same mechanism, and i s not an internal 

v i b r a t i o n . 

In conclusion the frequency s h i f t and increase i n i n t e n s i t y on 

complexation i s f a i r l y w ell explained by the charge transfer mechanism for 

strong donors. For weak donors where the dipole-dipole, induced-dipole etc. 

forces are r e l a t i v e l y more important the s i t u a t i o n i s much less well understood. 
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CHAPTER 6 

Normal Co-ordinate Studies on Pyridine-Halogen Complexes 

A. Introduction. 

The aim of the work described i n t h i s chapter was to extend the 

pyridine force f i e l d to produce one suitable f o r the pyridine-halogen 

complexes. In t h i s way i t was hoped to account f o r the changes i n frequency 

of the pyridine molecule on complexation, and to evaluate ^ / b S j , t h e change 

of t r a n s i t i o n moment with symmetry co-ordinate. The ^VbSj values give some 

idea of the electronic r e - d i s t r i b u t i o n during v i b r a t i o n , and the nature and 

extent of v i b r a t i o n a l mixing. 

The force f i e l d arises from changes i n the po t e n t i a l energy of the 

molecule during v i b r a t i o n and, in p r i n c i p l e , i t can be calculated by 

solving the electronic wave equation, and hence determining t h i s energy as 

a function of molecular configuration. However, at present, the mathematical 

d i f f i c u l t i e s are too great, and we attempt to deduce the force f i e l d by 

calculation from the observed v i b r a t i o n a l frequencies, and thus obtain 

empirical information on the electronic binding i n the molecule. 

Most infrared spectroscopic analyses used by organic chemists are based 

on the premise that assignments for stretching frequencies can be approximated 
164 

by the application of Hooke's law. Equation 6.1. shows the relationship 

between frequency of o s c i l l a t i o n , atomic masses, and the force constant 

of the bond ( s t r i c t l y ) o n l y true f o r a diatomic molecule. 

2TTC \U, ) [6.1.] 

where v = the v i b r a t i o n a l 'frequency' (cm. ) 

c = ve l o c i t y of l i g h t (cm./sec.) 

f = force constant of bond (dynes/cm.) 
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M M 
u. = the reduced mass („x..^) where M and M are the atomic masses. ^ M«-M x y 

x y 
The value of f i s approximately 5 x 10^ dynes/cm. f o r single bonds and 

approximately two and three times t h i s value f o r double bonds and t r i p l e 

bonds, respectively. 

However, when two bond o s c i l l a t o r s share a common atom they seldom behave 

as ind i v i d u a l o s c i l l a t o r s , unless the indi v i d u a l o s c i l l a t i o n frequencies are 

widely d i f f e r e n t . This i s because there i s mechanical coupling or i n t e r ­

action between the o s c i l l a t o r s . 

The requirements f o r ef f e c t i v e i n t e r a c t i o n are: 

(a) The vibrations usually belong to the same symmetry species. 

(b) Strong coupling between stretching vibrations requires a common 

atom between the groups. 

(c) Interaction i s greatest when the coupled groups absorb, 

i n d i v i d u a l l y , near the same frequency. 

(d) Coupling between stretching and bending vibrations can occur 

i f the stretching bond forms one side of the changing angle. 

(e) A common bond i s required for coupling of bending vibrations. 

Usually, l i t t l e or no int e r a c t i o n occurs between groups separated by two 

or more bonds. 

The f u l l normal co-ordinate calculation for the pyridine-XY complexes 

w i l l determine how much the frequency s h i f t s of the donor and acceptor on 

complexation are due to mass e f f e c t s , and how much to changes i n the force 

constants (chemical bonding e f f e c t s ) . A normal co-ordinate calculation i s 

also of value i n the assignment of v i b r a t i o n a l bands• This should be 

p a r t i c u l a r l y useful i n the pyridine case where some vibrations are doubly 

assigned (Chapter 3). Unfortunately, force f i e l d calculations are s t i l l not 

accurate enough to give a d e f i n i t e assignment for a l l the molecular 

vi b r a t i o n s . 
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The v i b r a t i o n a l frequencies of a molecule depend upon two terms. The 

f i r s t term i s the atomic masses and geometry of the equilibrium configuration. 

The second term i s the force f i e l d which restores the molecule to i t s 

equilibrium configuration. This represents the in t e r a c t i o n between nuclear 

and electronic motion. The main problem i n determining force constants from 

observed frequencies i s that, a N-atomic molecule has 3N-6 fundamental 
. (3N-6)(3N-5) . . . . c v i b r a t i o n a l frequencies, but there are ; - independent force 

constants. Whilst molecular symmetry reduces the number of independent 

force.constants, the number s t i l l usually exceeds the number of observed 

frequencies. 

The problem of calculating force constants from observed data f o r the 

complexes studied here i s not soluble, unless certain simplifying assumptions 

are made. Since the ^ band frequency i n pyridine-IX complexes (X = CI, 

Br; see Chapter 4), and methyl pyridine-ICl complexes(where s t e r i c effects 
30 -1 are not important )are very similar (130 — 10 cm. , see Chapter 4) the 

inte r a c t i o n terms (between the N-I-X part and the pyridine ring) a f f e c t i n g 

t h i s v i b r a t i o n are expected to be small. I t was therefore decided, i n the 

f i r s t instance, to approximate the pyridine-IX complexes (X = Cl, Br) to 

linear triatomic molecules. 

B. General Outline of the Theory. 

The Wilson GF matrix t h e o r y 1 ^ ' *^»^8 £ s a p p i i c a b i e to any molecule. 

However, calculations f o r large molecules are exceedingly complex, and a 

computer i s essential to determine the v i b r a t i o n a l frequencies. The p r i n c i p l e 

equations used i n the theory w i l l be quoted i n t h i s thesis without proof. 

In order to explain the general method, the theory w i l l then be used to 

derive the equations for the linear triatomic molecule. We s h a l l then go 

on to determine the force constants of the triatomic molecule model. 
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The problem i s solved i n a set of symmetry co-ordinates,S, given by, 

S = UR [6.2.] 

These symmetry co-ordinates, which transform according to the molecular 

point group under consideration, are linear combinations of the atomic 

displacement co-ordinates (R). U, of course, i s the matrix which relates S 

and R. Having w r i t t e n down or calculated (see below) the po t e n t i a l energy 

( f ) and k i n e t i c energy (g) matrices i n terms of the co-ordinates R one can 

then calculate, 

F = UfU T [6.3.] 

and, 
G = UgU T [6-4.] 

The F and G matrices are the ones used to determine the potential (V) and 

k i n e t i c energies (T) of the molecule i n terms of the symmetry co-ordinates, 

2V = S TFS [6.5.] 

2T = s V ^ S [6.6.] 

The p o t e n t i a l and k i n e t i c energies are related to the v i b r a t i o n a l 

frequencies, X, by a set of normal co-ordinates, Q, i n terms of which the V 

and T matrices are diagonal. 

So we write 2V = Q .A-Q [&-7«] 

and 2T = Q TEQ [6.8.] 
• dQ 

where Q = — and ^\ i s a diagon a l matrix of v i b r a t i o n a l eigenvalues. 
The normal co-ordinates, Q, are related to the symmetry co-ordinates S, 

by the 'mixing' matrix, L by, 

S = LQ [6.9.] 

I t can be shown that these matrices are then related by 

L .A. = GFL [6.10.] 

or |GF - E/V|L = 0 [6.11.] 

and t h i s i s the secular determinantal equation must be solved. 
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I t i s often convenient to calculate the g matrix from a B matrix where 

B represents the transformation from Cartesian displacement co-ordinates, 

x, to i n t e r n a l co-ordinates R, i.e. 

R = Bx [6.12] 

g i s then calculated from, 

g = BM - 1B T [6.13] 

where M * i s a diagonal matrix of the reciprocal masses. 

The g matrix can be calculated from general formulae given i n such works 

as r e f . 68 (p.206) or r e f . 168. The g matrix elements w i l l only be non-zero 

i f i t couples two i n t e r n a l co-ordinates which have one or more common 

nuclei. 

Taking as an example the linear triatomic molecule XYZ 

(1) 
X 

Al, 

12 

(2) 
- Y -

Ae 

Al, 

23 

(3) 
z 

Fig. 6.1. 

The g matrix i s w r i t t e n as shown in Table 6.1. 

Table 6.1. 

Displacement 
co-ordinates 

A l l A l 2 Ae 

A 1 l he + ^y "^y 0 

A 1 2 + ^z 0 

A6 0 0 g(Ae-ae) 
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Ref. 68 shows, from standard formulae, that, 

gCAe.Ae) = 9\2 u.x + + n y ( p ^ 2 + P^3 - 2 p l 2 p 2 3 c e ) 

(where CO = CosO). 

p. . = ~ — since 0 = 180°, CosO = -1 and SinO = O. U 1.. 

g(Ae.A6) = \ + \ * (l[2 * I? * 2 l j l ' * ) n y 

1 1 12 

gCA^Alg) = CosG = -u. 

g(Al 1A6) = -—SinBjj, 
2 y 

= 0 

Therefore, i t can be seen in p r i n c i p l e how the g matrix can be evaluated 

for any molecule. Having calculated the G and F matrices the equation 6.11. 

can be solved f o r X the frequencies of v i b r a t i o n . The calculation f o r 

molecules with a small number of atoms can be done manually. For larger 

molecules a computer i s essential. 

C. Calculation f o r the Linear Triatomic Model. 

The linear triatomic molecule XYZ has two stretching frequencies 

V(X Y) a n d V(Y Z) a n d t h r e e f ° r c e constants; k^ x Y^ (or f 1 2 ) , k ( Y _ Z ) ^ o r "̂ 23̂  

and the in t e r a c t i o n force constant Isotopic substitution should only 

affec t the G matrix. Therefore, one has two extra stretching frequencies for 

X(deuterated) YZ, and XYZ molecules, and i t should be possible to evaluate k 

The triatomic molecule calculation f o r pyridine-h^-IBr and pyridine-d^-IBr 

has been published i n the Journal of Molecular Structure, 1971, 10. 147-153, 

and the paper i s included i n Appendix B. 

An outline of the method and the main findings i s a l l that w i l l be 

included i n t h i s chapter. 
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The t o t a l p o t e n t i a l energy of the molecule may be w r i t t e n as, 

2 V = f 1 2 A 1 l 2 + f 2 3 A 1 2 2 + k 1 3 A 1 l A 1 2 + f e ' A 0 2 [6.14. 

There are two frequencies and three force constants so isotopic 

C13' substitution or other information is necessary to calculate k 0. A suitable 

set of symmetry co-ordinates which transform as the point group C are, 

S1=R1 = A l , 

S 2 ^ 2 = A 1 2 
S 3 ^ 3 " ^ i h ^ 

w r i t i n g t h i s i n matrix form. 

Al ( 1 1 2) 2AG 

Thus we have, U = E ( u n i t matrix). 
T T G = U gU = E gE = 

F = EfE = f 

The f matrix i s , 
A 1 l A 1 2 (1 1 1 2 ) 5 A 0 

A 1 l f l 2 k13 0 

A 1 2 
( i 1 i 2 ) 2 A e 

k13 f23 0 A 1 2 
( i 1 i 2 ) 2 A e 0 0 f e 

The g matrix i s as i n Table 6.1. Expanding equation 6.11. f o r '(X-Y) 
V(Y Z) v ^ D r a t ^ o n s ' 

11 

21 

12 

22 

11 

21 

12 

22 

0 

1 

i.e. ( G 1 1 F 1 1 + G 1 2 F 2 1 ) 

( G21 F11 + G 2 2 F 2 1 ) 

C G11 F12 + G12 F22 ) 

C G21 F12 + G22 F22 ) 

and 

0 

O 
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(_ X)2 + (_ X) ( G 1 1 F n * 2F 1 2G 1 2 • F 2 2G 2 2) 

+ ( F11 F22 ~ F 1 2 2 ) ( G11 G22 - G12 2> = ° 
2 2 2 -1 \ = 4TT C u) where cu is the frequency i n cm. 

On substituting with our g and f matrices we obtain, 

0.058893(0^ + „ 2
2) = ( f ^ + 2 k 1 3 ) ^ y 

r + f 1 0 u . + f0,M.„ [6.15] 
f = md/A u = a.m.u. 12 z 23 x 

and (0-058893(1) I (D 2) 2 = U 1 2 ^ 2 3 - * 1 3 1 <^/ y
 + ^ 2

 + ŷM-z ) [6.16] 

Our computer program calculates f ^ 2 and f ^ over a range of k^-j' 

Equation 6.16 i s the equation of an ellipse and the force constant ellipses 

f o r the series pyridine-IX (X = I , Br, Cl) were plotted out with the ellipses 

f o r the corresponding pyridine-d,. complexes. The largest frequency change 

was observed f o r the band i n the pyridine-IBr complex. The IC1 and 1^ 

complexes showed changes of 4 and 3*5 cm. ̂  (see Appendix B) respectively, 

which was not enough to give d i s t i n c t crossing points. The two crossing 

points correspond to k ̂  = 0*1 - 0'2 md/A and k ̂  = 0*5 - 0*6 md/A so i t is 

necessary to choose the correct solution before calculating the transition 

moment Kit/frS^. Gayles 1^ found^for similar trimethylamine complexes, that k ^ 

was negative. This i s not possible f o r the pyridine complexes since as the 

D-I bond is stretched the I-X bond i s strengthened (the halogen becoming more 

similar to the free molecule) and we would expect k ^ to be positive i f the 

charge-transfer model is v a l i d . 

The values obtained i f k ^ = 0'6 md/A are, 

(a) £>1± _ htL 
h R I - X h RD- I 

which is expected i f vibrational mixing i s not predominant i n determining the 
169 ° i n t e n s i t i e s . This i s i n l i n e with previous estimates of k ^ «* 0*4 md/A. 
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(b) The data are i n the order IC l IBr > I _ 

(c) The rlr d a t a a r e i n t h e order ICl > I _ > IBr 
& R D - I 2 

The values obtained i f k 1 3 = 0*1 md/A are 

ftRD-] 
( i ) The data are i n the order IBr > ICl > I 2 

( i i ) The ^ data are i n the order 
h R I - X 

ICl > IBr > I„ which i s expected on thermodynamic grounds. 

( i i i ) (Jjy ) « (Jg ) f o r pyridine-ICl 
h R D - I B R I - X 

^ > 7̂ 7 for pyridine-IBr 
h R D - I b R I-X 

ftRD-I h R I J C 

I t can be seen that neither value of gives 

vhR yI-X ^R-'D-I 

-* -» 
and the values of ( ^ ) j _ x and C ^ ) D _ j respectively 

following the series ICl > IBr > I ^ , which i s what i s expected on thermo­

dynamic, i n t e n s i t y and frequency perturbation grounds. From the data one 

cannot say conclusively whether k ^ = 0»1, or 0°6 md/A. A value of 0*1 -

0»2 md/A f i t s better with a value of 0*22 md/A obtained using Badger's 
123 b 

r u l e . However, Badger's rule can often be greatly i n error. 

Watari has also estimated the following force constants f o r the 

pyridine-ICl complex: k I C l = 1*18 md/A; ^ j = ° ° Q 1 md/A; k 1 3 = 0*22 md/A. 

He calculated kj. ^ from Badger's rule and solved f o r k ^ using the observed 
V ( I - C l ) a m * V(N I ) D a n d positions at 265 and 170 cm. - 1 in a p a r a f f i n mull. 
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In conclusion,it can be seen that the value of k ^ i s either 0*1 or 0*6 

md/A i n the pyridine-IBr complex. Person ( r e f . 78, p.41) favours the value 

of 0*6 md/A f o r k ^ reasoning from the change of k^ ̂  and k^ ̂  w i t h other 

strong donors. One of the aims of the whole molecule's normal co-ordinate 

calculation was to determine which value of k ^ i s the correct one. 

D. Whole Molecule Calculation. 

1. Force Field Calculations on Pyridine. 

Before attempting to carry out a force f i e l d calculation on pyridine-XY 

complexes i t i s necessary to repeat the force f i e l d calculation for pyridine. 

This i s because force f i e l d calculations involve a large number of terms 

and great care must be taken to avoid errors. However, there are a number of 

checks which can be made i f the pyridine calculation i s successfully repeated. 

F i r s t l y , the U matrix w i l l transform the f and g matrices in t o two 

smaller sub-matrices for the class A^ and B^ vibrations. Secondly, i f the 

calculated frequencies from the force f i e l d agree with the published values 

t h i s ensures that the correct force f i e l d i s being used. 

There are at least two force f i e l d s for pyridine i n the l i t e r a t u r e . 
104 

Long et a l . have calculated the v i b r a t i o n a l frequencies f o r pyridine and 
pyridine-d^. They transferred Whiffen's^"* i n t e r n a l force constants d i r e c t l y 

113 
from benzene to pyridine. Duinker has used a d i f f e r e n t force f i e l d to 

Long and Thomas. In p a r t i c u l a r , the diagonal C-C stretching force constant 

fo r the Duinker force f i e l d i s 7*015 md/A, whereas Whiffen calculates 5*553 

md/A. Duinker argued that the value of 7*015 md/A. for the f ^ ^ i n benzene, 

was i n better agreement with the values f o r the corresponding force constants 

i n ethane (5 md/A), ethylene (10 md/A), and acetylene (15 md/A). However, 

the supplementation of either force f i e l d by the extra terms included f o r the 

pyridine-XY complex should indicate which donor frequencies are 'sensitive' 

to complexation, and whether they increase or decrease. 
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Long et a l . have quoted the G and F matrices f o r pyridine and 

pyridine-d^. In spite of a great deal of work checking our arithmetic, we 

were unable to reproduce the published pyridine frequencies from these 

matrices. Duinker has discussed some of the inconsistencies (reference 113, 

p.125). Furthermore, Long and Thomas used the benzene ( D^ n) symmetry co­

ordinates. Whilst the point group f o r pyridine (Cg-y) * s a sub-group of 

benzene (P,,), and hence the symmetry co-ordinates appropriate to the pyridine on 
molecule may be correlated w i t h those of benzene. We f e l t i t to be best, 

from the i n t e r p r e t i v e point of view, to use the simplest symmetry co­

ordinates possible. 
171 

These are the Nielsen-Berryman symmetry co-ordinates which do not 

mix i n t e r n a l co-ordinates from d i f f e r e n t equivalent sets. These are shown 

i n Table 6.2. Two and one redundant co-ordinates are i m p l i c i t l y 

contained i n these co-ordinates. The existence of a redundancy implies that 

at least two of the deformation co-ordinates are dependent on one another. 

However, as Steele emphasizes ( r e f . 68, p.69) the extra co-ordinates results 

i n zero roots which the program outputs as zero frequencies. The redundancy 

was not eliminated as i t was neither necessary nor worthwhile. 

The geometry of pyridine and the force constants (shown in Table 6.3.) 

were supplied to the program 'LINDA' (supplied by courtesy of Dr. D. Steele 

of Royal Holloway College, University of London). The frequencies obtained 

are shown in Table 6.4. For reasons which w i l l become apparent i n the 

subsequent section, the G matrix was also evaluated by using a program 
174 

o r i g i n a l l y w r itten by J.H. Schachtschneider. The G matrix was then fed 

int o 'LINDA' which had been modified to accept i t . The frequencies obtained 

were i d e n t i c a l (see Table 6.4). The s l i g h t deviation of the Long and Thomas 

values are probably because part of t h e i r calculation was Vianual*, and 

'rounding errors' resulted. From t h i s one can conclude t h a t : 
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Table 6.2. 

Normalised Nielson and Berryman Symmetry Co-ordinates for 
Pyridine 

A l 
s l y = < A R i + A R 6 ) 

S2 J(AR 2 • AR 5) 

S3 
S4 A r 4 

S 5 ^ 2 + A r 6 } 

S6 
S7 R o 6 a l 
S8 Ro A°4 

S9 y | ( A a 2 * A a 6 ) 

S10 

S l l 

S12 i(AP_3 - *v 
S13 y | ( A R 1 - AR6) 

S14 I(AR, - AR ) 
/2 2 5 

S15 

S16 ^ 2 - A V 

S17 

S18 

V 

S20 AP4 
S21 i<AB 2 • AB,) /2 2 6 

S22 ±<AB, • A8.) 
42. 5 
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Table 6.3. 

I n d i v i d u a l Force Constants f o r P y r i d i n e and Pyridine-XY 

In-plane Constants 
fR 5-553 
fRoR 0-633 

fRmR 0*113 
fRpR 0*573 
f 
r 

5*093 
f 
r o r 

0*025 
f 
rmr 

0*008 
f 
r p r 

-0*040 

f 8 0*864 
f8oB 0*012 

f8mB -0*018 
£BPB -0*019 
f 
a 

1*031 
f 
aoa 

0*185 

^Roa -0*180 
fRo8 0*043 

fRm3 -0*063 

fR PS 
0*043 

fao8 -0*127 

UNITS: xlO dynes/cm. 

ALL OTHER CONSTANTS ASSUMED ZERO 
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Table 6.4, 

Py r i d i n e Frequencies ( a l l given i n cm."1) 

Mode 
i 

Observed Calculated using 
'LINDA 1 program 

Using 
SchachtSchneider 
G m a t r i x program, 

Long and 
Thomas 
( r e f . 
104) 

v i b r a t i o n s 

v l 3054 3076 3076 3075 

V 2 3054 3053 3053 3052 
V3 3036 3069 3069 3069 
V4 1580 1600 1600 1597 
V 5 1482 1487 1487 1486 
V6 1218 1175 1175 1178 
V7 1069 1031 1031 1030 
V8 1030 1007 1007 1007 
V 9 990 985 985 981 
V 1 0 603 605 605 605 

v i b r a t i o n s 

v l l 3083 3078 3078 3078 
V12 3054 3045 3045 3044 
V13 1572 1576 1576 1575 
V14 1436 1426 1426 1420 
V15 1375 1313 1313 1311 
V16 1217 1251 1251 1249 
V17 1148 1155 1155 1154 
V18 1068 1052 1052 1056 
V19 652 615 615 615 
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( a ) the Schachtschneider program gives the c o r r e c t G m a t r i x , 

( b ) the c o r r e c t f m a t r i x i s being used (see t a b l e 6.3). 

I n view o f the s i m i l a r i t y of the p y r i d i n e and p y r i d i n e - I X complexes 

the numbering of atoms, co-ordinates, group theory, and the c a l c u l a t i o n of 

the g m a t r i x , w i l l be l e f t t o the next s e c t i o n . 

2. C a l c u l a t i o n f o r P y r i d i n e - I X Complexes. 

( i ) Group Theory. 

Both p y r i d i n e and p y r i d i n e - I X belong t o the p o i n t group C 2 v' a n t* P o s s e s s 

the f o l l o w i n g elements o f symmetry: E, C and 2o^r. 

P y r i d i n e . 

The v i b r a t i o n a l r e p r e s e n t a t i o n reduces as, 

r = 10A + 3A„ + 9B, + 5B„ (27 v i b r a t i o n s ) v i b 1 2 1 2 
The A 2 v i b r a t i o n s are i n f r a r e d i n a c t i v e but a l l v i b r a t i o n s should be Raman 

a c t i v e . 

P y r i d i n e - I X Complexes. 

The v i b r a t i o n a l r e p r e s e n t a t i o n reduces as, 

r .. = 12A, + 11B. + 3A„ + 7B 0 (33 v i b r a t i o n s ) v i b 1 1 2 2 
The e x t r a v i b r a t i o n s on complexation are, 

2 A 1 + 2 B 1 + 2 B 2 
Pyridine-XYZ Complexes. 

r = 13A, + 3A_ + 12B. + 8B„ (36 v i b r a t i o n s ) 
VID 1 & 1 £ 

The extra v i b r a t i o n s on complexation are 3A^ + 3B^ + 38^ 

( i i ) Numbering o f Atoms and Co-ordinates. 

The geometry o f the p y r i d i n e molecule has been determined from microwave 
172 

spectroscopy. I t was found t h a t there was a s i g n i f i c a n t d e v i a t i o n from 

the s t r u c t u r e o f a r e g u l a r hexagon. The C-N and C-C distances are 1*340 and 

1»394A r e s p e c t i v e l y (see Figure 6.2.). The numbering system i s a l s o shown 

i n Figure 6.2. 
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Zupo 
04 

H 5 « 4 
*3 35 

c 5 c 3 <*-3 

c 2 
r6 R- Origin 

1 
<*1 H6 H 

N 

ALL INTER-BOND ANGLES 120 8 1 * 

1 

PYRIDINE-IX MOLECULE (Civ) *2 

FIG. 62 © 
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The f u l l set o f geometric parameters i s as f o l l o w s , 

a x = 116°50' 

a. = 118°20' 4 
a 5 = 118°32' 

a = 123°53' o 
8 5 = 121°18' 

B. = 115°53' ' 6 
R„ = 1-3944A tA = 1-0773A 4 4 
R 5 = 1'3945A r 5 = 1-0805A 

R,, = 1-3402A r , = 1-0843A 6 6 
I n view o f the approximations made i n the f o r c e f i e l d i t was decided 

t o assume a r e g u l a r hexagonal shape f o r the r i n g . I n order t o be c o n s i s t e n t 
173 » w i t h the work o f Crawford and M i l l e r C-C and C-H bond lengths o f 1-39A 

and 1*08A r e s p e c t i v e l y were used. Furthermore, the geometry of the complex i n 

chloroform s o l u t i o n (where the f r e e donor and f r e e acceptor frequencies were 

compared w i t h the complex frequencies) i s unknown. In the absence o f any 

f u r t h e r i n f o r m a t i o n , the 'regular hexagon approximation' seems a reasonable 

approximation. 

( i i i ) Symmetry Co-ordinates Used. 

The symmetry co-ordinates used f o r p y r i d i n e are shown i n Table 6.2. and 

have been discussed above. I n the p y r i d i n e - I X complex f o u r extra symmetry 

co-ordinates are r e q u i r e d , f o r the 2a ̂  + 2b^ e x t r a planar v i b r a t i o n s . 

The e x t r a co-ordinates used were as shown i n Table 6.5. 

( i v ) O u t l i n e o f the C a l c u l a t i o n o f the g M a t r i x . 

I n order t o read the geometry of the molecule i n t o the program a system 

o f axes and an o r i g i n must be chosen. The choice i s a r b i t r a r y . I n order 
104 

t o be c o n s i s t e n t w i t h Long and Thomas we have used the same numbering 

system. Our choice o f o r i g i n was the c r o s s i n g p o i n t of the b i s e c t o r of the 
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l i n e j o i n i n g atom C w i t h atom C (see Figure 6.2.). From Figure 6.2. i t can 
& O 

be seen t h a t the Cartesian co-ordinates o f the atoms are as given i n Table 6.6. 

Table 6.5. 

Extra Nielson-Berryman Co-ordinates f o r the P y r i d i n e - I X Complex 

Mode 

A _ 1 
S23 A 1 l 
S24 A 1 2 

\ -

S25 
S26 i ( A 6 - AG ) 

y i 1 2 

Table 6.6. 

Cartesian Co-ordinates f o r P y r i d i n e and P y r i d i n e - I C l 

Atom No. X/A Y/A Z/A 
N 1 0 -0*695 A l l zero 
c. 2 -1*205 0 since 
2 molecule 

C 3 3 -1*205 1*39 i s planar 
C 4 4 0 2*085 
C 5 5 1*205 1*39 
C 6 6 1*205 0 
H 2 7 -2*141 -0*504 
H 3 8 -2*141 1*894 
H 4 9 0 3*165 
H 5 10 2*141 1*894 
H 6 11 2*141 -0*504 
I 12 0 -2*955 
Cl 13 0 -5*465 
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(v ) Evaluation of the g M a t r i x . 

The program 'LINDA' supplied by courtesy of Dr. Steele had sub-routines 

to describe the AR, Ar, Aa, and AR co-ordinates. These sub-routines are used 

i n the c a l c u l a t i o n o f the v i b r a t i o n a l frequencies. The c a l c u l a t e d frequencies 

o f p y r i d i n e have been discussed p r e v i o u s l y and are l i s t e d i n Table 6.4. 

Unf o r t u n a t e l y 'LINDA' d i d not possess a sub-routine t o describe the 

AOg co-or d i n a t e . This i s the l i n e a r inplane bending o f the N-I-X pa r t of the 

molecule. 

For t h i s reason we had t o r e s o r t t o the c a l c u l a t i o n o f the G m a t r i x 

using the program o r i g i n a l l y w r i t t e n by J.H. Schachtschneider. The program 

evaluates B and G m a t r i x elements f o r s i x types o f i n t e r n a l co-ordinates 

f o r c o n f i g u r a t i o n s o f up t o 29 atoms, and f o r an a r b i t r a r y number o f i s o -

t o p i c a l l y m o d i fied molecules. The i n p u t data a r e : the masses and Cartesian 

co-ordinates o f the atoms, a c o n t r o l card d e s c r i b i n g each i n t e r n a l co­

o r d i n a t e , and a U m a t r i x . 

The c o n t r o l card d e s c r i b i n g the i n t e r n a l co-ordinate i s p r a c t i c a l l y 

i d e n t i c a l t o the analogous one used i n 'LINDA*. There are 8 parameters on 

the card i . e . N I , NCOD, N l , N2, N3, N4, N5 and N6. NI gives the number 

assigned t o the i n t e r n a l c o - o r d i n a t e , NCOD i s a code number i d e n t i f y i n g the 

type o f i n t e r n a l co-ordinate, and N l , N2, N3,N4, N5 and N6 give the 

numbers o f the atoms d e f i n i n g the i n t e r n a l co-ordinates. 

The B m a t r i x i s evaluated by the s vector method. Unit vectors along 

the bonds are expressed i n Cartesian co-ordinates. 

6 i j = [ ( X J " X i } ^ + ( y j " + ( Z j ~ z i } ^ / r i j 
The g ma t r i x i s r e l a t e d t o the s vectors by, 

3N 
g i j = ^ i k ' V ^ t 6 - 1 7 ] 

k = l 

I n view o f the problems caused by the l i n e a r valence angle bending co-ordinate 

a very b r i e f d e s c r i p t i o n of the s vectors r e f e r r i n g t o t h i s co-ordinate 
* i t 1 7 4 f o l l o w s . 
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Linear Valence Angle Bending, r. . A0, 

u 

e 

O^O^—o 
F i g . 6.3. 

Let U be a u n i t v e c t o r t o p o i n t A perpendicular t o i - j - k , and UP a u n i t 

v e c t o r perpendicular t o the plane o f A-j-k (see Figure 6.3.) 

then, 
— > - * 
UP = e., x U 

The s vectors f o r the i n plane perpendicular bending co-ordinates are 

"s.(0) = _ r. . tJ/ r . . 
1 I X j x J l 

"5.(6) = - r . . U/r k I X j x j k 

t . = -("s\(0) + t . ( 6 ) ) 
J 1 _ K 

The G matrices f o r p y r i d i n e , p y r i d i n e - I B r and p y r i d i n e - I C l obtained 

using the Schachtschneider program were used w i t h the programme 'LINDA' 

as explained p r e v i o u s l y . E x a c t l y the same geometry as f o r the p y r i d i n e 

molecule was used i n both the p y r i d i n e , and complexed p y r i d i n e c a l c u l a t i o n s . 
The IX acceptor was assumed t o l i e along the ax i s as i n d i c a t e d by the 

109 

c r y s t a l s t r u c t u r e . The e x t r a i n f o r m a t i o n r e q u i r e d on the N-I and I-X 

distances are shown i n Table 6.7. 

(vi) The f M a t r i x Used. 

The f i r s t 22 rows and columns o f the f m a t r i x i n Table 6.8. represent 

the f m a t r i x used f o r p y r i d i n e . Rows 23, 24, 25, 26 co n t a i n the a d d i t i o n a l 

f o r c e constants r e l a t i n g t o the p y r i d i n e - I X complex. The f o r c e constants 

f o r the D-I and I-X bonds were c a l c u l a t e d as described i n Appendix B (using 
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Table 6.7. 

Complex N-I Distance/ 
A 

I-X 
Distance/ 
A 

Reference 

P y r i d i n e - I C l 2*26 2-51 109b 
•Free' I C l 2*32 109b 
P y r i d i n e - I B r 2*26 2*66 109a 
Free-IBr 2*47 109a 

the t r i a t o m i c molecule approximation). The i n t e r a c t i o n f o r c e constant k ^ 

was also evaluated although a completely unambiguous r e s u l t f o r k ^ was not 

obtained. I t was not found necessary t o a l t e r the p y r i d i n e f o r c e f i e l d t o 

get a good frequency f i t . I t was however, necessary t o introduce a few 

small cross terms i n columns 23 - 26 (see discussion below). 

( v i i ) The Program Used t o Calculate the V i b r a t i o n a l Frequencies from the 

Force F i e l d 

Modern computing r o u t i n e s and programs f o r d e r i v i n g eigenvalues and 

eigenvectors lend themselves t o the s o l u t i o n of symmetric matrices. I t i s 

th e r e f o r e necessary t o convert the problem i n t o an a l t e r n a t i v e form i n which 

the matrices are symmetric. This also has the advantage t h a t any redundant 
175 

co-ordinates need not be e l i m i n a t e d . Gussoni and Z e r b i have o u t l i n e d a 

method o f e l i m i n a t i n g the redundancies. This i s necessary where the secular 

equation i s set up i n the form | f ~ G *./\-| L = 0 because problems w i t h the 
zero r o o t s occur. 

The f l o w diagram reproduced by kin d permission from 'Theory o f 
68 

V i b r a t i o n a l Spectroscopy' by D. Steele i n d i c a t e s the stages i n the program 

( F i g . 6.3.). 

(a) The Cartesian co-ordinate system, as described p r e v i o u s l y f o r 

p y r i d i n e , i s read i n on cards. The computer i s thus informed o f 

the r e l a t i v e p o s i t i o n s i n space o f the atoms. 
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Read number o f atoms 

Read co-ordinales o f nuclei 

Read nuclear masses m a m i i 

Read number o l 1.(1.= \ „ 

I 
Begin c\cle 1. N„ 

7 

\

Read index determining / 
co-ordinate t>pe = K / 

J u i i d M r e i c h 

\ ng l e bend 

Torsion 

etc 

Bond plane 

deformation * deturmation 

Read numbers of nuclei 

involved in deformation 

Form unit vectors between 

bonded nuclei involved 

I 
[ F o r m s vectors 

Compile B matrix row 

No 
Cvcle completed 

Yes 

\ ^ Read F (all in m. dynes A radian units) 
s • » 

1 Form D ' F D 
1 1 ' 

[Evaluate eigenvalues and ei|{en\ecu>is | 
1 

[Compute l . = DY 
1 T 

[ O u t p u t = I SOL''I A 1 " a n d L 

Fig. 6.3. 

Reproduced by permission from Ref. 68. 

file:///Read
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(b) . The appr o p r i a t e s vectors f o r each co-ordinate are c a l c u l a t e d and 

the B m a t r i x i s then c a l c u l a t e d f o r the molecule and p r i n t e d out. 

Hence the G m a t r i x i s evaluated and p r i n t e d f o r examination. 

( c ) The eigenvalues and eigenvectors are then evaluated using the 

method described by Steele ( r e f . 68, pp. 26-28 and pp. 100-102). 
176 177 

The method ' involves d i a g o n a l i s i n g the m a t r i x G g i v i n g 

a set o f eigenvalues, A.*, and eigenvectors, A 

GA = A A' 
The secular determinant then takes the form 

WTFWY = Y W 
- T T where W = A A * 2 (WW = G). The m a t r i x W FW i s symmetric and 

has the same eigenvalues as GF and eigenvectors (Y) given by 

L = WY. 

(d) F i n a l l y , the p o t e n t i a l energy m a t r i x i s c a l c u l a t e d from the 

m a t r i x L FL (- t h i s i s a l s o normalised) and t h i s i s p r i n t e d i n a 

way which shows the c o n t r i b u t i o n from each symmetry co-ordinate to 

a given normal mode. 

( v i i i ) Results and Discussion. 

The r e s u l t s o f the c a l c u l a t i o n s made on the whole complex molecule 

are shown i n Tables 6.9 - 6.12 (on the f o l l o w i n g pages). The d i f f e r e n t 

f o r c e f i e l d employed i n attempts t o get b e t t e r f i t s t o the observed 

frequencies are i n d i c a t e d below and are r e f e r r e d t o by a 'set No.' i n 

Table 6.11 and 6.12. The basic i n i t i a l f o r c e f i e l d o f Long and Thomas 

f o r p y r i d i n e ( f o r c e constants given i n Table 6.3) was employed throughout 

w i t h the exception o f the change i n f p described below. 
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Pyridine-ICl ( a l l values i n md/H). 

SET 1, k13 = 0-6 f R = 5-55 

SET 2, k13 = 0-1 f R = 5-55 

SET 3, k13 = 0-1 f R = 5-70 

SET 4, k13 = O'l f R = 5-70 and 

SET 5, same as Set 4 with f =0-1 
1 

SET 6, same as Set 5 with f _ = O-lm.f _ = 0«1 
1 ^ 2 

Pyridine-IBr ( a l l values in md/A) 

SET 1, k 1 3 =0-6 f R = 5-55 

SET 2, k 1 3 = 0«1 f R = 5-55 

SET 3, k 1 3 = 0-6 f R = 5-55, f R l i = 0.1, = 0-5 

SET 4, k l 3 = 0-6 f R = 5.70,f R = 0-1, f = 0-05, f = 0-1 
J. & J. 

SET 5, same as Set 4 with f R Q = O-l, f ^ = 0*1 

(a) Explanation of the Frequency Changes. 
I t can be seen from Tables 6.9. and 6.10. that s h i f t s i n frequency on 

going from pyridine to the complex can mainly be accounted f o r by changes i n 

the G matrix. With the exception of the mode for the pyridine-ICl complex 

(which i s p r a c t i c a l l y unaltered) a l l the a^ class frequency s h i f t s are 

either reproduced q u a n t i t a t i v e l y or are p a r t i a l l y reproduced i n the correct 

d i r e c t i o n . I t i s worth noting that the agreement i s best for those 

frequencies where the agreement between calculated and observed values 

was best i n the Long and Thomas calculation on pyridine, i . e . the and V ^ Q 

vibrations. The difference between calculated and observed values i s 

probably due to errors i n the Long and Thomas force f i e l d . 

I t i s interesting to note that two of the three vibrations with the 

largest C-C stretching contributions (v^ and v^) are increased i n frequency 

on complexation. This could be due to an increase i n the C-C bond force 
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constant ( i . e . f„). However, th i s would imply stronger bonding i n the 

pyridine r i n g , and the charge transfer model implies that the opposite may 

occur, i.e. electrons are removed to some extent from the ri n g . In the 

absence of a molecular o r b i t a l calculation i t i s pointless to speculate 
113 ° fur t h e r . Duinker considers the f D force constant should be *» 7 md/A i. e . K 

much higher than the Long and Thomas value. Increasing f D from 5*55 md/A to 

5*7 md/A leads ( f o r pyridine-ICl) to a small increase i n the v ? and values 

in the correct d i r e c t i o n . The value i s explained very well without an 

increase in f n and the increase of th i s constant to 5'7 md/A. leads to a v K 4 
value which i s too large. However, the C-N and C-C force constants have been 

assumed to be equal, and th i s i s probably not e n t i r e l y r e a l i s t i c . I f one 

assumes that most of the positive charge i n the pyridine ring i s localised 

on the nitrogen i n the pyridine-IX complexes then one would expect the C-N 

bond force constant to be reduced. The resonance structure: 

C l " 

would then tend to give an increase of the force constants between positions 2 

and 3 and 5 and 6. One would then expect that the vi b r a t i o n a l contribution 

of the symmetry co-ordinate (see Tables 6.9. and 6.11.) would reduce the 

frequency whilst a contribution from the symmetry co-ordinate would increase 

the frequency. This i s probably the reason why the band i s unaltered 

i n frequency, since i t has the largest S 1 contribution (30%) and the smallest 

S 2 (0%) (see Table 6.11A.) and neither of these contributions a l t e r s 

very much on going to the complex. The v^, vQt v 1 Q vibrations with 
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large S contributions, show large frequency increases. Of these normal 

modes only shows very large changes of normal co-ordinate on going to the 

complex and i n that instance the contribution from S2 decreases while that 

from increases. I t i s not clear therefore that such an argument can alway 

account fo r frequency s h i f t s observed. 

b. Effect of A l t e r i n g k.^. 

The effect of increasing k _ from O'l to 0'6 m d/I," without allowing any 

force constant cross terms between i n t e r n a l co-ordinates of the N-I-X part 

and the pyridine ring (Sets 1 and 2) i s to increase the mixing between these 

modes and v_, v o J v i r. vibrations of pyridine. The mixing i s , however, only 7 o 1U 
of the order of 3% for the most sensitive (V ^ Q) donor mode (see Tables 6.11. 

and 6.12.). In general, the frequency s h i f t s calculated with the two 

d i f f e r e n t interaction constants are unchanged. I t i s therefore not possible 

to say from t h i s data which value of i s preferred. 

c. Change of Normal Co-ordinates i n the Complex. 

As expected only small changes occur i n v i b r a t i o n a l mixing on going 

from pyridine to the complex. (This can be seen by r e f e r r i n g to Tables 6.9. 

6.10. - 6.12). The changes i n mixing between vibrations of donor molecule 

are also f a i r l y small on going to the complex. The main changes f o r 

pyridine-ICl on complexation are as follows: 

( i ) The v i b r a t i o n shows a decrease i n ri n g bending (Aa) character. 

( i i ) The v e v i b r a t i o n shows a decrease i n the carbon-carbon stretching o 
character and a small increase i n the Aa bending character. 

(See f o r example, Tables 6.9. and 6.11.). 

I t i s i n t e r e s t i n g to note i n passing that the two a^ modes which show 

the least frequency change on complexation (v_ and v„), should show the 
7 o 

largest normal co-ordinate change. The effects of normal co-ordinate 
may cancel each other out i n these cases because the increase of Aa bending 
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character would reduce the frequency, whilst increase of the C-C stretching 

character would increase the frequency (assuming, that i s , that a pure ring 

bending mode have a lower frequency than a C-C stretching mode). 

d. Effect of Introducing Cross Terms i n the f Matrix. 

The Long and Thomas force f i e l d has quite large cross terms for the 
o 

pyridine molecule, i . e . f^Q^ = 0*633 md/A 
f_ _ =0-573 md/A 
KpK f_ = -0*18 md/A Rod 

f = -0-127 md/A crop 
(see Table 6.3.). 

One would therefore imagine that f o r the pyridine-ICl complex there 

would be s i g n i f i c a n t cross terms with the acceptor co-ordinates. One would 

expect that f R o l > ^ i Q i = k i 3 ^ a n d f0 op» a t l e a s t > might be quite 

s i g n i f i c a n t . The cross terms described i n t h i s section do not represent the 

f i n a l set, but rather the state of knowledge on the force f i e l d at the time 

of w r i t i n g . 

Introduction of small cross terms f and f (representing i n t e r -
R 1 1 R 1 2 

action constants between the i n t e r n a l co-ordinates AR, or AR, and Al , or 
1 o 1 

Alg) at 0-1 and 0-05 md/A gives r i s e to small frequency changes and small 

changes i n normal co-ordinate. Table 6.13 shows some of the effects of 

introducing cross terms. 

Table 6.13. 

Effect of Introducing Cross Terms i n f Maxtrix (Pyridine-ICl) 

Mode Set 3 
k13 = 0 , 1 

No cross terms 

Set 5 
k13 = 0 4 1 . 
With cross terms 

V7 1039 1037 
V10 622 625 
V 1002 998 
V4 1616 1614 
V8 1013 1013 
V5 1494 1492 
V ( N - I ) 133 133 
V(I-C1) 294 294 



- 2 2 3 -

As can be seen from Table 6 . 1 1 A , apart from the V ^ Q mode at 6 2 5 cm."*", 

the calculated frequencies tend to make the agreement worse. 

The changes of normal co-ordinate can be summarised as follows. The 

v.„ _.. component becomes more mixed with the normal co-ordinates corresponding (N-I) 
t o Qg and Q ^ Q . There i s also a small decrease i n the v^ N ^ character f o r 

the normal co-ordinates Q_ and Q . This correlates with the observed data 
7 o 

to the extent that the v„ and v Q vibrations are r e l a t i v e l y unperturbed i n 
7 o 

frequency, w h i l s t the and V ^ Q bands show large perturbations, i . e . the 

and Vg, and and V ^ Q vibrations are affected i n the same way. The 

normal co-ordinate for the and v ^ j vibrations are unchanged except 

f o r a difference i n the CCC bending character of the v^ N -Q v i b r a t i o n . 

However, and v ^ j are s i g n i f i c a n t l y mixed with Q̂ , Qg and 

without any cross terms ( i . e . through the k i n e t i c energy matrix). 

In view of the closeness of the V ^ Q frequency to the frequency 

i t was decided to introduce a small ( 0 * 1 md/A) cross term f o r the CCC and 1 ^ 

stretch i n t e r a c t i o n . This resulted (Set 5 ) i n a large frequency increase 

(of 7 cm."*') f o r the Q ^ Q mode. However, the Qg mode at 1 0 3 4 cm."''" i s also 

increased i n frequency. On complexation the observed QQ mode shows only 
o 

a small frequency increase (observed 3 cm. \ calculated 8 cm. *) so the 

value of 0 * 1 md/A i s probably too high. There i s also a frequency decrease 

i n the -Q mode with a large increase of the Ŝ  contribution. 

The Vg and V ^ Q move in the correct d i r e c t i o n , but the frequency 

moves away from the 1 4 0 cm."1 observed value. The available data i s 

summarised i n Table 6 . 1 4 . 

I t was found that the frequencies and normal co-ordinates of the b^ 

modes are r e l a t i v e l y insensitive to the i n t e r a c t i o n constants introduced 

i n order to obtain a better frequency f i t f o r the a^ modes. When the 

appropriate f R ^ or f n a cross terms were introduced, the a, modes suffered 
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a greater perturbation than the modes. The e f f e c t was strongest on the 

low frequency Vg - modes. 

Table 6.14. 

Effect of f , Cross Term on Normal Co-ordinates of Pyridine-ICl 
S i l 

Mode Freq. Freq. Contribution from 
Set 4/ 

-1 
cm. 

Set 5/ 
-1 

cm. 
S7 S8 S13 

V8 1013 17*9 17*5 0*8 V8 1021 16*2 15*7 1*0 
v10 625 21*2 23*7 3*2 v10 634 19*1 25*0 3*1 
V ( N - I ) 133*2 4*5 0*7 89*4 

129*1 8*1 0*9 82*7 
v. 1614 5*0 5*3 0*1 
4 1616 S'2 5*2 0*2 

In conclusion i t can be seen that the frequency s h i f t s on complexation 

are adequately accounted f o r by the mass e f f e c t and by the introduction of 

the force constants, j ^ , k ^ x^ and k^-j- I t i s not necessary to change 

the i n t e r n a l pyridine force f i e l d , although some 'cross terms' of the type 

f j j , ^ and fj^Q may be needed. The vi b r a t i o n a l mixing i s what would be 

expected, i . e . the acceptor (low frequency modes) mix most with the low 

frequency modes of the donor of the same symmetry class. This i s 

i l l u s t r a t e d by the fact that the ^ mode (band at 135 cm.""1) i s much 

more mixed with the v^j. x^ mode at 200 cm. - 1 f o r the pyridine-IBr complex, 

than f o r the pyridine-ICl complex (Table 6.12A) even though the two 
V(N I ) c a^ c u^- a* e c' frequencies are s i m i l a r . I t i s int e r e s t i n g to note that 

the b^ mode calculated at 1251 cm.~* for pyridine moves to 1264 1. 4 i n the 

complex. This mode shows the largest frequency perturbation of the b^ modes. 

Therefore t h i s i s good evidence f o r the assignment of the band at 1247 cm. - 1 

to the v ^ , mode. This conclusion was suggested by the i n t e n s i t y studies 

(see Chapter 3 ) . 
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E. Suggestions for Future Work. 

I t i s clear that a better f i t can be obtained from more studies on the 

cross terms i n the f matrix. Work continues on t h i s topic i n the laboratory. 

Having solved the 'G matrix problem* i t i s now possible to carry out a normal 

co-ordinate calculation on any pyridine-XY molecule. The frequency data 

are given i n t h i s thesis f o r p y r i d i n e - ^ , pyridine-Br 2, and pyridine-Cl^ 

complexes. I t would also be very easy to extend this calculation to any 

pyridine complex with a linear acceptor. This suggests calculations on 

complexes such as pyridine-lCN, pyridine-INC, pyridine-ICNO. Chapter 3 also 

contains information on the pyridine-ICN complex which could be used in t h i s 

work. 

Finally i n Chapter 5 i t was shown that the v^g frequency f o r the 

complexes, diethyl-sulphide-I,,, diethyl-sulphide-IBr, and diethyl-sulphide-

ICl i s exceedingly high. This must be mirrored i n the v̂ <, force constant 

which w i l l , i n turn, a f f e c t the donor frequencies. I t would therefore be 

extremely i n t e r e s t i n g to study the donor vibrations of the diethyl-sulphide 

molecule to see i f the perturbation on complexation i s greater than for 

the pyridine complex. 

I t would then be i n t e r e s t i n g to carry out a normal co-ordinate 

calculation on diethyl-sulphide-halogen complexes. The triatomic molecule 

approximation should be w e l l worth carrying out with (C H ) S-ICl and 
Ct J Ci 

(C 2D 5) 2S-IC1 as outlined at the beginning of t h i s chapter. The ICl complex 

i s chosen as i t would be expected to be the most ' r i g i d ' . One would expect, 

because the mass difference i s 10 units,a more d e f i n i t i v e 'crossing point' 

f o r the force constant e l l i p s e s . [Care must be taken to keep the donor 

and acceptor concentrations i d e n t i c a l when the vfc . frequencies f o r the 

(C 2H 5) 2S-IC1 and (C 2D 5) 2S-ICl complexes are measured. This i s to avoid 

•solvent* e f f e c t s ] . 
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The force f i e l d f o r diethyl-sulphide has been determined by Geiseler and 
178 179 Hanschmann. Tranquille et a l . have calculated the force f i e l d f o r the 

very similar molecule dimethyl-sulphide. Thus i t can be seen that t h i s 

calculation only requires the extra terms i n the force f i e l d due to the 

acceptor molecule. This assumes, of course, that the donor force f i e l d i s 

r e l a t i v e l y unchanged as i n the pyridine-ICl and pyridine-IBr complexes. 

r 
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CHAPTER 7 

Studies on Solid Complexes of ICl and IBr 

A . Introduction. 

Whilst not being part of the main project discussed i n t h i s thesis, the 

inorganic chemistry of donor-acceptor complexes i s a fascinating f i e l d i n i t s 

own r i g h t . I t became apparent during the preparation of the pyridine-IBr and 

pyridine-ICl complexes that more than one product was present. I t was f e l t t o 

be worthwhile to investigate t h i s f u r t h e r . Pyridine seems capable of forming 
180 

1:1, 1:2, 2:1 complexes with acceptors. Whittaker has, f o r example, 

prepared the following series of complexes w i t h ICl . 

Complex Melting Point/°C 
Pyridine-2IC1 3 140 
Py r i d i n e - I C l 3 69 
2Pyr i d i n e - I C l 3 168 

The analogous complexes were also made using pyridine and IBr. 

B. The Pyridine-2IBr Complex. 

This was prepared by adding pyridine in carbon tetrachloride to an excess 

of IBr (also i n carbon t e t r a c h l o r i d e ) . The a n a l y t i c a l data i s given i n 

Table 7.1. along with that f o r the other complexes prepared. 

The complex ( i n the form of a brown powder) was analysed by using the 

'Schoniger oxygen f l a s k ' technique as described i n 'Organic Elemental 

Analysis' by G. Ingram (Chapman H a l l , 1963). The t o t a l halogen was estimated 

potentiometrically using Ag/AgCl electrodes i n an aqueous acetone medium. 

I t can be seen that the compound i s almost c e r t a i n l y pyridine-2IBr. The 

melting point (52°C) i s i n good agreement with the value obtained (53°C) by 
181 

Whittaker from freezing point curves. In solution the compound behaved 
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exactly l i k e a mixture of pyridine-IBr and IBr. The Raman spectrum was 

.kindly obtained by Dr. P.L. Goggin of B r i s t o l University and i s shown i n 

Spectrum 7.1. I t was not possible at room temperature to obtain a spectrum 

because the sample absorbed too strongly. However, on cooling to l i q u i d nitrogen 

temperatures bands were observed at 180, 194, 211, 219, 231, 236 (sh), 384, 

389, 392, 395, 402, 408, 426, 432, 439, 444 and 450 cm. - 1 The spectrum i s 

obviously very complex. I t can be seen from Spectrum 7.2. that, whilst the infrared 

s p e c t r a of pyridine-IBr and pyridine-ICl are p r a c t i c a l l y the same, the r e l a t i v e 

i n t e n s i t i e s are very d i f f e r e n t f o r the py^i^ine_-_2IBr_c.omplex. _The,bands i n 

the f a r - i n f r a r e d (Spectrum 7.3.) follow the same pattern as those i n the Raman 

spectrum and comparison with the spectrum of the 1:1 complex ( i n Spectrum 7.4.) 

shows clearly that a quite d i f f e r e n t compound has been made. 

" I f the compound follows the reaction path of pyridine and iodine 

then we expect: 

2Pyr + 4IBr • Pyr-,I + + I-,Br~ 
2 3 4 

analogous to 2Pyr + 4 I 2 • Yyr^l+ + I ~ 
and one would expect the anion to have a complex f a r - i n f r a r e d spectrum. 

• 93 183 Furthermore, the (Pyr^I) cation i s expected ' to absorb at 636 and 

435 cm."1 Absorptions are i n fact observed at these frequencies (Spectrum 

7.2.). At the time of w r i t i n g Professor J. Smith of London University i s 

attempting to obtain a bromine n.q.r. spectrum of t h i s compound i n an attempt 

to get more information on the nature of the anion. 

I f the anion i s I^&i^ i t was hoped that by pumping on the compound over 

a few days and weighing regularly one could obtain the series of anions: 

I3Br~ > IBr • 1 ^ 

J 2 B R 3 * I B r + I B r2~ 
However, the spectrum obtained by t h i s method could be only interpreted 
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i n terms of a mixture of p y r i d i n e - I B r and p y r i d i n e - 2 I B r . 

C. The P y r i d i n e - 2 I C 1 Complex. 

When the p r e p a r a t i o n d e s c r i b e d above was repeated w i t h I C l i n s t e a d of 

I B r , a red o i l was obtained (m.p. « 7°C). T h i s experiment was repeated i n a 

c o l d room a t -5° and a brown powder was then obtained. However, attempts to 

o b t a i n an i n f r a r e d spectrum a t room temperature f a i l e d due to the l o s s of 

I C l . 

D. The 2 P y r i d i n e - I C l and 2 P y r i d i n e - I B r Complexes. 

_These__compounds- were, e x t r a c t e d from f r e s h l y — p r e p a r e d pyr-idine-IGl-and 

p y r i d i n e - I B r by washing w i t h chloroform. The 1:1 complex d i s s o l v e d much more 

r e a d i l y i n the chloroform. The a n a l y s i s i s shown i n T a b l e 7.1. The 2:1 

2 P y r - I C l complex was a white powder and the 2 P y r - I B r was an orange powder. 
+ _ + — 

One would assume the s t r u c t u r e s are P y ^ 1 C l and P y r 2
I o n D a s i s °^ 

the l a c k of a b s o r p t i o n i n the f a r - i n f r a r e d r e g i o n ( a p a r t from ^ a n c l a t 

375 cm. ^) which i s c o n s i s t e n t w i t h presence of only a X anion ( s e e Spectrum 

7 . 5 . ) . W h i l s t the n e a r - i n f r a r e d s p e c t r a o f the c a t i o n s are i d e n t i c a l , the 

' c h a r a c t e r i s t i c ' f r e q u e n c i e s of P y r 2 I + a t 636 and 435 cm.~* were not observed. 

The n e a r e s t band was a t 662 cm. - 1 ( s e e Spectrum 7 . 6 . ) . 

E . S o l i d Complexes of I o d i n e . 

From a s o l u t i o n of i o d i n e d i s s o l v e d i n dioxan, red c r y s t a l s were obtained. 

However, these r a p i d l y decomposed i n the s o l i d s t a t e to g i v e a b l a c k powder. 

T h i s a n a l y s e d as d i o x a n / I ^ . I n the p y r i d i n e c a s e , golden c r y s t a l s were 

obtained from a s o l u t i o n o f p y r i d i n e / c y c l o h e x a n e / i o d i n e . These c r y s t a l s 

r a p i d l y l o s t p y r i d i n e to give the p y r i d i n e - 2 1 ^ . The f a r - i n f r a r e d spectrum of 

the 1^ ion i s shown i n Spectrum 7.7. Spectrum 7.8. shows that the 

c h a r a c t e r i s t i c f r e q u e n c i e s a t 636 and 435 cm. * a r e p r e s e n t . T h i s compound 
+ - 182 

i s known to c o n t a i n P y r _ I I _ u n i t s . 
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F. The P y r i d i n e H + I C l 2 ~ Complex. 

Although the I C l ^ anion i s known to have very s t r o n g bands i t was 

decided t o determine the i n t e n s i t y from a known compound. T h i s was to ensure 

t h a t the weak I C l ^ " i m p u r i t y bands observed i n some d o n o r / I C l s o l u t i o n s were 

r e s p o n s i b l e f o r only a s m a l l amount of decomposition. The compound was 

prepared u s i n g : 

P y r - I C l + HC1 * P y r + H + I C 1 2 " 

i n chloroform s o l u t i o n . The i o n i c compound was d i s s o l v e d i n t e t r a h y d r o f u r a n . 

The bands at 224 and 260 had i n t e n s i t i e s of 20,400 and 2,370 darks 

r e s p e c t i v e l y . The f i r s t 101^ band i s thus the s t r o n g e s t one s t u d i e d i n t h i s 

work. (See Figu r e 7 . 9 . ) . 

The n e a r - i n f r a r e d spectrum of the donor was very s i m i l a r to t h a t of 

benzene. T h i s i s not s u r p r i s i n g s i n c e C.H and C H NH+ are i s o e l e c t r o n i c . 
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MAIN 

C SPECTRAL CMC FROM FS720 DCH0527 COMPLETE AUTOCORRELATION METHOD DUPLICATE DECK 
C COOLEY-TUKEY TRANSFORMATION ROUTINE 

OOOl I M P L I C I T R E A L * 4 ( A - H , 0 , V - Z ) , I N T E G E R * 4 ( J - N , P - U ) 
0002 DIMENSION A ( 4 0 9 6 ) , C ( 4 0 9 6 ) , B ( 2 0 4 8 ) , D ( 2 0 4 8 ) , F ( 1 ) , G ( 1 ) , H ( 5 0 ) 
0003 DIMENSION O ( 2 O 4 8 ) , V ( l l ) , I ( 1 5 ) , Z X ( 2 0 ) 
0004 COMMON A , C , B , D 
0005 102 PORMAT(4F6.3) 
0006 140 FORMAT(20A4) 
0007 101 F0RMAT(3I2 ,3XA4,1XA4) 
0008 103 F0Rf.lAT(I3) 
0009 lOO F O R H A T ( I 4 , 2 X F 5 . 2 , 2 X F 7 . 2 , 2 X F 7 . 2 , 2 X I l , 2 X I I , 2 X I l , 2 X I l , 2 X I l ) 

C SET COUNTERS 
0 0 1 0 READ(8 ,103 ) NSETS 
0011 11 I F ( N S E T S ) 1 3 , 1 3 , 1 2 
0 0 1 2 12 K 7 ) = 0 
0013 K 9 ) = 0 
0014 READ(8 ,100 ) N,FSINT,FREQL,FREQH,I0PUT,NSIG, NAHS,NOLT,NCARD 

C N=NO OF POINTS TO BE TRANSFORMED,SINTV=SAMPLING INTERVAL I N MICRONS,FR£QL=LOWER 
C FREQ L I M I T I N RECCM, FREQH=UPPER FREQ L I M I T IN REC CM, 10PUT=N0 OF OUTPUT 
C POINTS PER RESOLUTION=l ,2 ,3 ,4 OR 5 ONLY 
C READS I N DATE ( 1 1 1 TO 113) AND TAPE REF NOS, ALSO GAIN CONTROL SETTINGS(V3 TO V 6 ) 
C V3 AND V4 FOR SAMPLE AND VS AND V6 FOR BACKGROUND 
C ZX I S THE T I T L E FOR EACH SPECTRUM 

0 0 1 5 R E A D ( 8 , 1 0 1 ) 1 ( 1 1 ) , 1 ( 1 2 ) , 1 ( 1 3 ) , 1 ( 1 4 ) , 1 ( 1 5 ) 
0016 R E A D ( 8 , 1 0 2 ) ( V ( J ) , J = 3 , 6 ) 
0 0 1 7 READ(8 ,140 ) ZX 
0018 WRITE(6,2CO) N , FSINT, FREQL, FREQH, IOPUT.NSIG,NABS,NOUT.NCARD 
0019 200 FORMAT(1H I 4 , 2 X F 5 . 2 , 2 X F 7 . 2 , 2 X F 7 . 2 , 5 ( 2 X , I 1 ) ) 
0020 28 I ( 7 ) = I ( 7 ) + 1 
0 0 2 1 Z=FLOAT(N) 
0022 H I = 3 . 1 4 1 5 9 2 6 5 

C CALLS SUBROUTINE WHICH READS I N BINARY DATA FROMTAPE CR SIMULATES IN-PUT FOR 
C TESTING PURPOSES 

0023 CALL TPREAD(M.NOUT) 
0024 CALL SUBDH(N,Z,M,NOUT) 
0025 J = N / 2 
0026 L=J 
0027 K=N/4 
0028 Z = Z / 2 . 0 

C J I S 1/2N TO START W I T H , L I S HALVED AT EACH SUCCESSIVE STAGE I N THE TRANS-
C FORMATION.MAX VALUE OF J I S 1024 

0029 CALL SUBTM(N,NOUr) 
0 0 3 0 CALL S U B P T ( I ( 9 ) , 1 ( 7 ) , Z , F S I N T , F R E Q L , F R E Q H , I O P U T , I ( 1 4 ) , I ( 1 5 ) , V ( 3 ) , 

I V ( 4 ) , V ( 5 ) f V ( 6 ) , I ( l l ) , I ( 1 2 ) , I ( 1 3 ) , Z X , N A B S , N O U T , N C A R D ) 
0 0 3 1 I F ( N S I G . E Q . 1 ) GO TO 31 
0032 GO TO 113 
0033 31 I F ( I ( 7 ) . l ) . G T . l ) G O TO 29 
0034 GO TO 30 
0035 30 DO 3 M=1,N 
0036 0 ( M ) = A ( M ) 
0037 3 CONTINUE 

C STORES BACKGROUND SPECTRAL ARRAY AFTER PLOTTED OUT 
0038 GO TO 28 

C GOES BACK TO PICK UP SAMPLE TAPE AND LIKE-WISE TRANSFORMS AND PLOTS 
0039 29 DO 4 M=1,N 
0040 4 A ( M ) = A ( M ) / 0 ( M ) 
0 0 4 1 CALL S U B P T ( I ( 9 ) , 1 ( 7 ) , Z , F S I N T , F R E Q L , F R E Q H , I 0 P U T , 1 ( 1 4 ) , 1 ( 1 5 ) , V ( 3 ) , 

I V ( 4 ) , V ( 5 ) , V ( 6 ) , I ( l l ) , I ( 1 2 ) , I ( 1 3 ) , Z X , N A B S , N O U T , N C A R D ) 
C RATIOS SAMPLE TO BACKGROUND AFTER 2ND TRANSFORM AND PLOT BACK-GROUND I N 
C THE ARRAY 0 AND SAMPLE I S I N ARRAY A 

0042 113 NSETS=NSETS-1 
0043 GO TO 11 
0044 13 CALL E X I T 
0045 END 
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SUBTM 

C SUBROUTINE FOR TRANSFORMATION OF DATA TO GIVE SPECTRAL OUTPUT 
C THIS PROGRAM MAKES USE OF A TECHNIQUE DUE TO J .W. COOLEV AND J . W . 
C TUKEY (MATH. OF COMPUTATION,VOL 1 9 , P G . 2 9 5 , 1 9 6 5 ) . MODIFICATIONS TO 
C THIS TECHNIQUE HAVE BEEN MADE SO THAT FOURIER ELEMENTS COME OUT 
C IN A NORMAL ORDER. THE APPROPRIATE SINES AND COSINES MAKE USE OF 
C INTERNAL MACHINE SUBROUTINES. FOR REDUCTION OF 8192 INPUT POINTS 
C TO 8192 OUTPUT POINTS, THE TIME IS ABOUT 1 MINUTE. 
C I F THIS DIMENSION IS USED, THERE IS L I T T L E ROOM FOR OTHER 
C CALCULATION, HOWEVER I T CAN OPERATE ON TAPES WHERE ORIGINAL DATA 
C HAS BEEN PRETREATED AND OUTPUT MAY ALSO BE A SEPARATE PROGRAM. 

0001 SUBROUTINE SUBTM(NMAX,NOUT) 
0002 DIMENSION T R 1 ( 4 0 9 6 ) , T I 1 ( 4 0 9 6 ) , T R 2 ( 2 0 4 8 ) , T I 2 ( 2 0 4 8 ) 
0003 COMMON T R 1 . T I 1 , T R 2 , T I 2 

C SETTING OF CONSTANTS THAT DO NOT CHANGE DURING PROGRAM 
C NMAX=NUMBEk OF POINTS TO BE PROCESSED = 2 
C I HALF USED TO KEEP TRACK OF N 
C KHALF USED TO DETERMINE WHERE PARTIAL SUMS ARE TO BE STORED 
C DURING EACH PASS 

0004 JHALF=NMAX/2 
0005 IHALF=NMAX/2 
0006 KHALF=NMAX/4 
0007 P I = 3 . 1 4 1 5 9 2 6 5 

C CLEARS ARRAY T i l READY FOR COMPUTATION 
0008 DO 10 1 = 1,NMAX 
0009 10 T I 1 ( I ) = 0 . 0 

C CHECK TO SEE I F N PASSES HAVE BEEN MADE 
0010 34 I F ( I H A L F ) 9 9 9 , 6 5 , 3 7 

C SETTING OF CONSTANTS FOR EACH PASS 
C WR.WI ARE THE REAL AND IMAGINARY PARTS OF EXP(2*PI*J*K/NMAX) 
C RESPECTIVELY AND = 1,0 AT THE START OF EACH PASS 

0011 37 JP=0 
0012 WR=1.0 
0013 W I = 0 . 0 

C I AND L ARE THE REAL INDICES OF THE LOCATIONS TO WHICH THE PARTIAL 
C SUMS WOULD BE TRANSFERRED I F TR 1 , T I 1 , T R 2 , T I 2 WERE OF 
C EQUAL LENGTH. T R 2 . T I 2 NEEDED FOR AUXILIARY STORAGE 

0014 DO 81 I = 1 , J H A L F 
0015 L=I+JHALF 

C JK=J*K AND DETERMINES PROPER FREQUENCIES DURING PASS 
0016 I F ( I H A L F - 1 ) 3 8 , 3 8 , 3 9 
0017 38 J K = I - 1 
0018 ANG= PI*F10AT(JK) /FLOAT(JHALF) 
0019 WR=COS(ANG) 
0020 WI=SIN(ANG) 
0 0 2 1 GO TO 48 
0022 39 I M O D = I - ( I / I H A L F ) * I H A L F 
0023 I F ( I M O D ) 9 9 9 , 4 8 , 4 1 
0024 41 JK=I - IMOD 
0025 I F ( J K - J P ) 9 9 9 , 4 8 , 4 3 
0026 43 ANG= P I * FLOAT( J K ) / F L O A T ( J H A L F ) 
0027 JP=JK 
0028 WR=COS(ANG) 
0029 WI=SIN(ANG) 

C IP AND IQ ARE THE LOCATIONS OF PREVIOUSLY CALCULATED PARTIAL SUMS 
C STORED I N T R 1 . T I 2 WHICH ARE TO BE USED EW PRESENT PARTIAL 
C SUM. THE RESULTS ARE TEMPORARILY STORED I N TR 1 , T I 1 , T R 2 , T I 2 
C DEPENDING IN RELATION OF I t o KHALF 

0030 48 I P = J K + I 
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SUBTM 

0031 

0032 
0033 
0034 
O035 
0 0 3 6 
0037 
0038 
0039 
0040 
OCMl 
0042 

O043 
0044 
OCX 5 
0046 
0047 
0048 
0049 
0 0 5 0 
0051 
0052 
0053 

0054 
0055 
0056 
0057 

005S 
0059 
0O6O 
0061 
0O62 
0063 
0064 
0O65 
0066 

0067 
0068 
0O69 
0 0 7 0 
0071 
0072 
0O73 
0074 
0073 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
O086 

I Q = I P * I H A L F 
C 1 AND I U ARE INDICES OF T R 2 . T I 2 WHERE RESULTS OF PARTIAL SUMS ARE 
C STORED AND CORRESPOND TO I AND L R E S P E C T I V E L Y FOR 
C I L E S S THAN OR EQUAL TO KHALF 

1 F ( I - K H A L F ) 5 1 , 5 1 , 5 3 
51 IU=I*KHALF 

AR=TR1(IP) 
A I = T I 1 ( I P ) 
B R = T R 1 ( I Q ) * H R - T I 1 ( I Q ) * W I 
BI=TR1(IQ)*WI«TI1(IQ)*WR 
TR2(I)=AR«BR 
T I 2 ( I ) = A I + B I 
TR2(IU)=AR-BR 
T I 2 ( I U ) = ! A I - B I 
0 0 TO 81 

C FURTHER CALCULATIONS DURING THIS PASS AND HENCE MAY BE USED 
C FOX TEMPORARY STORAGE OF RESULTS CORRESPONDING TO I AND L 
C R E S P E C T I V E L Y FOR I GREATER THAN KHALF 

53 I L = I - K H A L F 
I U = I L * J H A L F 
A R = T R 1 ( I P ) 
A I = T I 1 ( I P ) 
B R = T R 1 ( I Q ) * W R - T I 1 ( I Q ) *W I 
BI=TR1(IQ)*WI*TI1( IQ)*WR 
TR1(IL)=AR*BR 
T U ( I L ) = A I * B I 
TR1(IU)=AR-BR 
T I 1 ( I U ) = A I - B I 

81 CONTINUE 
C STORES PARTIAL SUMS JUST CALCULATED ( T R 1 , T I 1 , T R 2 , T I 2 ) IN T R 1 . T I 1 
C IN THE PROPER ORDER PRIOR TO NEXT PASS 

JJJ=KHALF*1 
DO 83 I K = J J J , J H A L F 
JJMK=IK-XHALF 
J J P K = I I * K H A L F 

J J P J = I K + J H A L F 
T R 1 ( I K ) = T R 1 ( J J M K ) 
T I 1 ( H C ) = T I 1 ( J J M K ) 
T R 1 ( J J P J ) = T R 1 ( J J P K ) 
T I 1 ( J J P J ) = T I 1 ( J J P K ) 
TR1(JJMK )±TR2(JJMK) 
T I 1 ( J J M K ) = T I 2 ( J J M K ) 
T R l ( J J P I C ) = T R 2 ( l O 

83 T I 1 ( J J P I C ) = T I 2 ( I K ) 
C RESETS I HALF AS A COUNTER FOR N 

IHALF=IHALF/2 
W R I T E ( 6 , 1 1 0 ) I HALF 

H O FORMAT(7H I H A L F = , I 3 ) 
GO TO 34 

65 CONTINUE 
I F ( N O U T . E Q . l ) G O T O 107 
GO TO 108 

107 WRITE ( 6 , 1 0 0 ) 
GO TO 50 

108 W R I T E ( 6 , 1 0 4 ) 
104 FORMAT (22H TRANSFORMED ELEMENTS) 

W R I T E ( 6 , 1 0 2 ) ( T R 1 ( J ) , J = 1 , J H A L F ) 
102 FORMAT(/10F12.4) 

W R I T E ( 6 , 1 0 0 ) 
100 FORMAT(26H TRANSFORMATION COMPLETED) 

GO TO 50 
999 W R I T E ( 6 , 1 0 1 ) 
101 FORMAT(42H ERROR CAUSED BY INVALID CONIROL PARAMETER) 
50 RETURN 

END 
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SUBDH 

0001 SUBROUTINE SUBDHCN.Z.M.NOIT) 
CWXJ IMPLICIT REAL'4(A-H.O.V-Z) . INTEGER-4( l -N.P-U) 
OOOJ COMMON A<jOf l6) ,C(JO0o) ,B{2CMll ) .0<X)4«) 
0004 111 F0RMAT(IX.I0FI . ! .6) 
0005 101 FORHAT( IX , I0F12.J ) 
0006 HM=I 
0007 CALL AKXdM.M.J.AMAX.AVE) 
0008 t'H/2 
0000 IF(M-N) 12.13,14 
0010 12 DO 4 K-H.N 
0011 A«)=A(M> 
0012 <> CONTINUE 
0013 00 TO 13 
0014 14 L=J-T 
0015 I F ( L . L E . O ) L=l 
0016 LL=L*N 
0017 I F ( M . L T . L L ) GO TO 16 
0018 GO TO 18 
0019 16 DO 17 K=M,LL 
0020 17 A(K)=A(M) 
0021 18 DO IS K=I ,N 
0022 A(K)=A(L»IC-1) 
0023 15 CONTINUE 
0024 WRITE(6,I06) 
0025 106 FORMAT(/54H COPIED INTERFEROGRAM ) 
0026 WRITE(6,101) ( A ( K ) , K = 1 , N ) 
0027 13 DO 3 K=1,N 
0028 C(K)=A(K)-AVE 
0020 3 CONTINUE 
0030 WRITE(b,102) 
0031 102 FORMATC/54H REDUCED INTER FEROGRAM ) 
0032 WRITE(6, 101) (C(K) ,K=1,N) 
0033 DO 4 K=1,N 
0034 ASUM=0.0 
0035 DO 5 KK=1,N 
0036 K1=KK«K-1 
0037 I F ( K l - N ) 6 ,6 ,7 
0038 7 K1=K1-N 
0039 6 ASUM=ASUM*C(UC)*C(IC1) 
0040 S CONTINUE 
0041 A(K)=ASUM 
0042 4 CONTINUE 
0043 WRITE(6, 103) 
0044 103 FORMAT(/34H A UTOCORRELATED INTER FEROGRAM ) 
0045 W R I T E ( 6 , 1 0 1 ) ( A « ) , K = 1 , N ) 
0046 CALL AMX(MM,M,J,AMAX,AVE) 
0047 DO 8 K=1,N 
0048 A(K)=A(K)/AMAX 
0049 8 CONTINUE 
0050 HRITE(6,10S) 
0051 105 FORMATC/54H NORMALISED INTERFEROGRAM ) 
0052 W R I T E ( b , l l l ) ( A ( K ) . K = l , N ) 
0053 DO 10 K=1.T 
0054 APOD=C0S(3.141593*(K-1 ) / ( N - 2 ) ) * *2 
0055 A(K)=A(K)*APOD 
0056 A(N-K*2)=A(N-K*2)*APOD 
0057 10 CONTINUE 
0058 A(1*T)=0 .0 

0059 DO 11 K=1,N 
0060 C ( K ) = 0 . 0 
0061 I I CONTINUE 
0062 WRITE(6,104) 
0063 104 FORMAT ( / 54H FINAL DATA SET LENGTH = N AFTER ADPOD I SAT ION 
0064 WRITE(6 ,10 i ) (A( IC) ,K=l ,N) 
0065 RETURN 
0066 END 

AMX 

0001 SUBROUTINE AMX(MM,M,J,AMAX,AVE) 
0002 COMMON A ( 4 0 9 6 ) , C ( 4 0 9 6 ) , B ( 2 0 4 8 ) , 0 ( 2 0 4 8 ) 
0003 AMAX=0 
0004 AVE=0 
0005 DO 1 K=1,M 
0006 AVE=AVE*A(K) 
0007 IF(A(K)-AMAX) 1,1,2 
0008 2 AMAX=A(K) 
0009 J=K 
0010 1 CONTINUE 
0011 WRITE(6,2O0) J 
0012 200 FORMAT(3H J s , 14) 
0013 L=-3 
0014 DO 3 10=1,7 
0015 XX=J»L 
0016 C ( I Q ) * A ( U ) 
0017 L=L»1 
0018 3 CONTINUE 
0019 WRITE(6, 1000) (C( I Q ) , IQ= 1,7) 
0020 1000 FORMAT(//7EI0.4) 
0021 AVE=AVE/(M-MM*1) 
0022 MRITE(6,201) AVE 
0023 201 FORMA T ( / 1H, 8HAVERAGE= F6 • O) 
0024 RETURN 
0025 END 
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SUBPT 

C SUBROUTINE FOR PLOTTING OUT SPECTRAL DATA OBTAINED BY TRANSFORMATION IN A FORM 
C WHICH CAN BE RECOGNISED AS A SPECTRUM 

0001 SUBROUTINE SUBPT(I9,17,Z, FSINT, FREQL, FREQH, IOPUT, 114,115.V3, V4, 
1V5,V6,I11,I12,I13,ZX,NABS,N0UT,NCARD) 

0002 IMPLICIT REAL*4(A-H,0,V-Z), INTEGER*4(J-N,P-U) 
0003 DIMENSION AA(4OO0) ,BB(4000) 
0004 DIMENSION H ( 5 0 ) , I ( 1 5 ) , G ( 1 ) , F ( 1 ) , V ( 1 1 ) , Z X ( 2 0 ) 
0005 COMMON A(4096),C(4096) 
0006 3 19=1+19 
0007 HRITE(6,200) 19 
0008 200 FORMAT(/6H 19 = ,13) 
0009 V ( 7 ) = l 
0010 IF ( I9 .EQ.4 ) GO TO 26 
0011 DATA H/1 .0 ,2*9 .0 ,1 .0 , 5 .0 ,60 .0 ,30 .0 ,2*4 .0 ,30 .0 ,60 .0 , 5 .0 ,7 .0 ,105 .0 , 

1 3 5 . 0 , 5 . 0 , 1 . 0 , 2 * 9 . 0 , 1 . 0 , 5 . 0 , 3 5 . 0 , 1 0 5 . 0 , 7 . 0 , 6 . 0 , 1 0 8 . 0 , 2 7 . 0 , 4 . 0 , 8 . 0 , 
184 .0 ,56 .0 ,2*7 .0 ,56 .0 ,84 .0 ,8 .0 ,4 .0 ,27 .0 , 108 .0 ,6 .0 ,16 .0 ,2*81 .0 , 
1128.0,16.0,128.0,4*125.0/ 

0012 K=41 
0013 L=l 
0014 DO 120 0=2,5 
0015 00 121 IX=2,Q 
0016 C(10*0*IX)=-H(L)/H(IC) 
0017 C(10*Q-IX)=H(1*L)/H(K) 
0018 C(30*Q*IX)=H(2*L)/H(1C) 
0019 C(30*Q-IX)=-H(3*L)/H(K) 
0020 L=4+L 
0021 K=l+K 
0022 121 CONTINUE 
0023 120 CONTINUE 
0024 DATA 1 / 1 , 2 , 3 , 5 , 4 , 0 / 
0025 GI=2*FSINT 
0026 GI=5000.0/GI 
0027 WRITE(6,201) GI 
0028 201 FORMAT(/18H FREQ INCREMENT = ,F8.4) 

C GI GIVES THE INCREMENT IN FREQ FOR THE BASIC ARRAY OF SIZE Z.G IS IN REC CM 
0029 ' FI= 5000.0/FSINT 

C FI IS THE ALIAS FREQUENCY WHICH IS 1/2*FSINT,FI IS IN REC CM 

0030 X= FREQL/GI 
0031 X=X-0.5 
0032 K=INT(X) 
0033 Y= FREQH/GI 
0034 Y=Y-0.5 
0035 Q=INT(Y) 

C THIS HAS PRODUCED AN ARRAY OF SIZE Q-K WHICH IS REQUIRED FOR INTERPOLATION OF 
C SPECTRAL DATA 

0036 Y=0 
0037 IK=K-1 
0038 L=0*1 
0039 DO 10 M=IK,L 
0040 IF(A(M).LT.Y) 00 TO 10 
0041 Y=A(M) 
0042 10 CONTINUE 
0043 WRITE(6,400)Y 
0044 400 FORMAT( 16H LARGEST VALUE=, F10.6) 

C THIS CALCULATES LARGEST A(M) IN ARRAY FROM I TO L READY FOR NORMALISATION 
0045 Y = 1/Y 
0046 40 Ml=19+7 
0047 V(MI)=Y 
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SWJFT 

ootr 
CO40 
0 0 3 0 
0 0 5 1 
0 0 J J 
OOM 
C O M 
OOS5 
OOM 

0 0 5 7 

oou 
003* 
OOsO 
O O t l 
0062 
0061 
OOM 
OOM 
aott 
OO07 
0068 
0064 
0070 
0071 
0072 
0 0 7 J 
O074 
0O73 
0 0 7 7 

O078 
O079 
OOSO 
OOS1 
0062 
0083 
00B4 
OOS5 
0086 
0087 
008S 
ooat 
0 0 9 0 
0091 
0092 
0091 
0 0 9 4 
0 0 9 3 
0096 
0097 
O098 
0099 
OlOO 
OIOI 
0102 
OI03 
0104 
0103 
0106 
0107 
O10B 
0109 
0110 
Olll 
0112 
Ol 13 
0114 
0113 

OII6 
Ol 17 
OI18 
0119 
0120 
012I 
0122 
0123 
0124 
0123 

0126 
0127 
0121 
0129 
0130 
0131 
0132 

0133 
Ol 34 
0133 
Ol 36 
0137 
0138 
OIJ4 
0140 
OI4I 
OI42 
OI43 
0144 
0143 
0146 
0147 
0148 

C THIS STORES THE NORMALISATION F 4 C T O 4 S V(*)-V(ll) 
DO I I N«lt , l 
A(N)>A(N)-V 

33 IF(IO.K).J) O O TO 3 1 
OO TO I I 

31 IF (A(N»33.33 .34 
33 A(M).o.0 

GO TO I I 
3 4 A ( N > - S Q R T < A ( N ) ) 
I I C O N T I N U E 

C C A R R I E S O U T N O R M A L I S A T I O N PROCEDURE ON A(M) S P E C T R A L E L E M E N T S BY D I V I D I N G Bl 
C THE M U I M I M V A L U E O F A ( M ) WHERE N RUNS FROM I R T O L 

I F ( I O . N E . l ) 00 TO 2o 
C W R I T E S OUT CURRENT D A T E WHEN 1 ( 0 ) . I 

12 miTE(».IO?> 1 1 1 . 1 1 2 , 1 1 } 
I O T F O R M A T ( / / S H I D A T E • . 1 2 . 1 X 1 2 . I X I 2 ) 

N R I T E ( o , 1 4 0 ) Z X 
1 4 0 F O R H A T ( 3 0 A - 1 ) 

2 6 OO T O ( 4 . 2 , 3 , 6 ) , I 9 
2 N R I T E ( 6 . 1 I 2 ) 

1 1 2 FORMATC 5 5 H N O R M A L I S E D S A M P L E SPECTRUM ) 
00 TO 300 

4 miTE(6.U3) 
111 F O R M A T ( 3 5 H N O R M A L I S E D BACKGROUND SPECTRUM ) 

CO TO 3 0 O 
3 W R T T E ( 6 , 1 1 4 ) 

1 1 4 FORMATC33H A B S O L U T E 1 M N S M I T T A N C E R A T I O O F S A M P L E / B A C K G R O U N D ) 
00 TO 3 0 O 

6 miTE<6. U S ) 
113 F O R M A T ( 5 5 H ! ( < > ) = 4 . A N ERROR HAS OCCURRED ) 
3 0 0 00 TO ( 9 . 8 ) , 1 9 

GO TO 4 8 
3 H R R T K , , ! ! ! , ; I I H 

1 1 6 F0RMAT(22H S A M P L E T A P E R E F NO = A S ) 
GO T O 4 8 

9 HRTTE(6,U7) 1 1 3 
117 FORMAT<26H BACKGROUND T A P E R E F N O = A 3 > 
48 wRrrE(6.na) Y 

118 F 0 R M A T ( 2 1 H N O R M A L I S I N G FACTOR - , F 1 0 . 6 ) 
I F ( I 9 . N E . 3 ) GO T O 4 3 
C A L L S U B C O R ( V ( 8 ) , V ( 9 ) , V ( 1 0 ) , V 3 , V 4 , V S , V 6 , V ( 7 ) ) 
I F ( N A B S . E Q . I ) GO TO 6 3 
HRITE(6,124) 

124 FORMAT(20H FREQ T R A N S M I T T A N C E ) 
G O TO 3 0 

6 3 WRTTE<6,127) 
1 2 7 FORMAT( 1 7 H FREQ A B S O R B A N C E ) 

C A L L S U B L P L 
GO TO 3 4 

43 miTE(6,l22) 
122 F O R M A T ( 1 7 H FREQ A M P L I T U D E ) 
SO C A L L S U B L F 
34 P M O M O P U T 

R»30*IOPUT 
G(D=FLGAT(!OPUr) 
G(1)'GI/G(1) 

C Gl I S THE FREQ INCREMENT W H I C H R E S U L T S I F I 0 P U T > 1 
JJ=0 
DO 61 MI-K.Q 
DO 6 2 I K - l . I O P U T 
J J = J J « 1 
X E F L O A T ( M I ) 
X - X ' G I 
IF(X.GT.Fl) GO T O 3 3 

C Fl I S T H E A L I A S FREQUENCY 
IF ( IK .GT. l ) GO TO 27 
F ( 1 ) = A ( 1 . M I ) 
Hl>-KI>*V(.> 
GO TO 29 

27 Y B F L O A T ( I K ) 
Y - Y - l 
Y-Y'G(l) 
X = X » Y 

IF(MI.EQ.Q) GO T O 3 3 0 
C CHECKS FOR END O F ARRAY K-Q 

r = A ( M I ) ' C ( P « I I ) 
E 'A(1«NI ) 'C (P - IK) 
Y"Y*E 
E«A(2*MI)'C(R«IK) 
Y'Y«E 
E»A(3Hil)'C(R-IK) 
F(1)-Y«E 
F(1)-F(1)'V(7) 

29 A A ( J J ) . X 
BB(JJ)-Fd) 

C USES I N T E R P O L A T I N G C O E F F I C I E N T S C T O G I V E CORRECTED A M P L I T U D E S F( l ) A T T H E 
C NEW FREQ I N T E R V A L GO). T H E FREQ C O R R E S P O N D I N G T O A M P L F(l) I S X 

1FU9.EQ.3) GO TO 28 

GO TO 23 
28 I F ( N A B S . E Q . I ) G O T O 6 4 

G O T O 23 
64 C A L L S U B G P L ( V ( 7 ) , X , F ( l ) , I 9 , N C A R D , N O U T ) 

CO TO 6 2 
23 C A L L S U B G P ( V ( 7 ) 1 X 1 F ( l ) 1 I 9 . N C A R D . N O U T ) 

C 24 I S B E G I N N I N G O F P L O T R O U T I N E 
62 C O N T I N U E 
61 C O N T I N U E 

330 QO-Q-I 
QQ-OO'IOPUT 
W R I T E ( 6 , I 9 0 ) Q.K.QQ.IOTUT 

140 F O R M A K S I S ) 
IP(NCARD.EQ.O) GO T O 3 5 
GO T O (301,]02) ,NCARD 

301 IP(I9.FQ.3) GO T O 3 0 2 
GO TO 33 

302 mrTE(7,IS»)(AA<JJ>,BB<JJ).JJ.I,QQ) 
»RITE(6,14I) 

1 4 1 F O R M A T ( I X ' H A S PUNCHED C A R D O U T P U T " ) 
189 P 0 R M A T ( 3 ( P 7 . 2 , F 7 . 4 , U » 

33 RETURN 
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TPREAD 

0001 SUBROUTINE TPREAD(M,NOUT) 
0002 DIMENSION A ( 4 0 9 6 ) 
0003 COMMON A 
0004 1=1 
0005 10 K = I + 1 9 
0006 R E A D ( 5 , 1 0 0 ) ( A ( J ) , J = I , K ) 
0007 DO 50 J = I , K 
0008 I F ( A ( J ) ) 2 0 , 5 0 , 5 0 
0009 50 CONTINUE 
0010 1=1+20 
0 0 1 1 GO TO 10 
0012 20 M = J - 1 
0013 I F ( N O U T . E Q . l ) GO TO 21 
0014 . W R I T E ( 6 , 1 0 1 ) ( A ( J ) , J = 1 , M ) 
0015 2 1 W R I T E ( 6 , 1 0 2 ) M 
0016 100 FORMAT(20F4.0) 
0017 101 FORMAT(/10F6.0) 
0018 102 FORMAT(19H NO OF DATA P 0 I N T S = , I 4 ) 
0019 RETURN 
0020 END 

SUBLP 

C SUBROUTINE USED TO SET UP LINE PRINTER SO THAT DATA CAN BE OBTAINED IN 
C SPECTRAL FORM 

0 0 0 1 SUBROUTINE SUBLP 
0002 DIMENSION C H A R ( l O l ) , X N U M ( 1 1 ) 
0003 DATA D 0 T , D I V / 1 H . , 1 H + / 
0004 DATA X N U M / O . 0 , 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4 , 0 . 5 , 0 . 6 , 0 . 7 , 0 . 8 , 0 . 9 , 1 . 0 / 
0005 W R I T E ( 6 , 1 0 1 ) XNUM 
0006 101 F O R M A T ( 1 7 X , F 3 . 1 , 1 0 ( 7 X , F 3 . 1 ) ) 
0007 DO 90 K = l , 1 0 1 
0008 90 CHAR(K)=DOT 
0009 DO 9 1 I Z = 1 , 2 1 
0010 I K = 1 
0011 I K = I K + 5 * ( I Z - 1 ) 
0012 91 CHAR(IK)=DIV 
0013 W R I T E ( 6 , 1 0 0 ) CHAR 
0014 100 F O R M A T C l H , 1 7 X , 1 0 l A l ) 
0015 RETURN 
0016 END 
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SUBLPL 

0 0 0 1 SUBROUTINE SUBLPL 
0002 DIMENSION C H A R ( l O l ) , X N U M ( 1 1 ) 
0003 DATA D 0 T , D I V / 1 H . , 1 H + / 
0004 DATA X N U M / 0 . 0 0 , 0 . 2 5 , 0 . 5 0 , 0 . 7 5 , 1 . 0 0 , 1 . 2 5 , 1 . 5 0 , 1 . 7 5 , 2 . 0 0 , 2 . 2 5 , 2 . 5 0 / 
0005 W R I T E ( 6 , 1 0 1 ) XNUM 
0006 101 F O R M A T ( 1 6 X , F 4 . 2 , 1 0 ( 6 X , F 4 . 2 ) ) 
0007 DO 90 K = 1 , 1 0 1 
0008 90 CHAR(K)=DOT 
0009 DO 91 I Z = 1 , 2 1 
0 0 1 0 I K = 1 
0 0 1 1 I K = I K + 5 * ( I Z - 1 ) 
0012 9 1 CHAR(IK)=DIV 
0013 W R I T E ( 6 , 1 0 0 ) CHAR 
0014 . 100 F 0 R M A T ( l H , 1 7 X , 1 0 l A l ) 
0015 RETURN 
0016 END 

SUBGPL 

0 0 0 1 SUBROUTINE SUBGPL(V7 ,X ,F l , I9 ,NCARD,N0UT) 
0002 DIMENSION C H A R ( l O l ) 
0003 DATA BLANK,PLOT,PLUS/ 1 H , 1 H . , 1 H + / 
0004 Y=F1 
0005 Y = 1 . 0 / Y 
0006 Y=ALOG(Y) 
0007 I F ( N O U T . E Q . l ) GO TO 105 
0008 DO 92 K = 2 , 1 0 1 
0009 92 CHAR(K)=BLANK 
0 0 1 0 CHAR(1)=PLUS 
0 0 1 1 I = ( Y * 4 0 ) + 0 . 5 
0012 I F ( I . G T . I O O ) GO TO 3 
0013 I F ( I . L T . l ) GO TO 5 
0014 GO TO 4 
0015 3 1=101 
0016 GO TO 4 
0 0 1 7 5 1=2 
0018 4 CHAR(I)=PLOT 
0019 W R I T E ( 6 , 1 0 3 ) X,Y,CHAR 
0020 103 F O R M A T ( l X , F 6 . 2 , 3 X , F 6 . 4 , 3 X , 1 0 l A l ) 
0 0 2 1 105 CONTINUE 
0022 11 RETURN 
0023 END 



APPENDIX B 

N o r m a l C o o r d i n a t e S t u d i e s on P y r i d i n e - H a l o g e n Complexes 



- . 2 5 1 -

FAR-INFRARED INTENSITY A N D N O R M A L COORDINATE STUDIES 
O N PYRIDINE-HALOGEN COMPLEXES 

O. W. BROWNSON AND J . YARWOOD 
Chemistry Department, University of Durham, Durham City (England) 

(Received July 13th, 1971) 

ABSTRACT 

Absolute integrated intensity data have been determined for the two low 
frequency bands due to v(D-I) and v(I -X) in pyridine-IX (X = I,CI,Br) com­
plexes. Along with the normal coordinates, calculated using a linear triatomic 
model, these data have been used to calculate dipole derivatives d]l/dRj values. 
Pyridine-rfj-IBr spectra have been used to estimate possible values of the interac­
tion force constant k13. The dipole moment change 5///3i?D_i calculated for the 
pyridine-I 2 complex using a simple model is considerably lower than that observed, 
implying that "charge-transfer" effects contribute significantly to the band inten­
sities. 

Numerous attempts have been made in the past to compare the acceptor 
strengths of the halogens and interhalogens with strong donors such as pyridine. 
From thermodynamic (Kc) measurements1,2, for example, the acceptor strength 
decreases in the order IC1 > IBr > I 2 . The same conclusion was drawn from 
studies on the frequencies of the bands 3 - 5 arising from v(I-X) and v(D-I) stretch­
ing modes of the molecule pyridine-I-X, which occur in the far-infrared region. 
Complications arise, as already pointed o u t 6 - 8 , using Kc measurements because 
the equilibrium constant includes entropy contributions, introduced, for example, 
by steric effects (reliable AH° values being unavailable to date). The dangers of 
using relative frequency shifts have also been discussed 6 - 8 and it is clear that 
changes in force constant must be compared i f one is to take account of vibrational 
mixing, especially of the two low frequency stretching modes (of species Alt i f the 
complex molecule has C 2 v symmetry). Such mixing may cause both frequency and 
intensity changes of differing amounts in going from one complex to another and it 
is desirable to compare transition moments, dfi/dR i f possible. 

Hitherto a linear triatomic model has been used 6 - 8 to estimate the normal 
coordinates and transition moments relating to the two low frequency modes 
v( I -X) and v(D-I) . This approximation should be a reasonable one in view of the 
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TABLE 1 
FREQUENCY, INTENSITY, NORMAL COORDINATE A N D TRANSITION MOMENT DATA FOR PYRIDINE -IX COMPLEXES 

Complex vy-XY v(D-lY B(I-X)* B(D-I)h * „ fci_x 
{em-1) (cm-1) (mdynA-1) (mdynA-1) 

Pyridine-ICI 292 140 I1900±200 3700±200 0.0 1.36 
(benzene) 0.1 1.41 

0.2 1.45 
0.3 1.48 
0.4 1.51 
0.5 1.52 
0.6 1.52 

0.1 

0.6 

Pyridine-IBr 206 133-35 6500±100 2800±100 0.0 1.00 
(benzene) (205)' (127)f 0.1 1.18 

0.2 1.28 
0.3 1.36 
0.4 1.40 
0.5 1.43 
0.6 1.43 

0.1 

0.6 

Pyridine-I, 183 93 2500± 40 1950± 60 0.0 1.13 
(cyclohexane) 0.1 1.27 

0.2 1.37 
0.3 1.45 
0.4 1.50 
0.5 1.54 
0.6 1.55 

Pyridine 183" 94* 2930* 2790* 0.1 1.27 
(cyclohexane) 0.2 1.37 

0.5 1.54 
0.6 1.55 

" All values are ± 1 c m - 1 . 1 
b Intensities in "darks" (cm" 1 cm 2 mmole ~ ' ) . Errors are standard errors from a least squares fit of the 

Beer-Lambert law plots. 
« Units are 10" 1 2 g*. 
• Units are D A - 1 . 
• "Corrected" values (see text). 
' Values for C 5 D s N - I B r . 
• Data of Lake and Thompson (ref. 10). 
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(mdynA-1) 
I . - , c 

1 1 

0.63 6.57 -0.88 2.68 9.36 6.61 -7.93 
0.62 6.74 -0.22 2.22 9.40 7.27 -6.93 
0.62 6.87 +0.41 1.76 9.39 7.67 -6.28 
0.64 6.97 1.02 1.31 9.34 8.12 -5.45 
0.68 7.04 1.62 0.85 9.25 8,62 -4.64 
0.73 7.08 2.21 0.40 9.13 8.92 -3.75 
0.80 7.10 2.82 -0.08 8.96 9.30 -2.73 

j 4.80" -6.80" 
I (4.7)« 

-6.80" 

| 6.62- -3.97" 
I (6.8)« 

-3.97" 

0.73 6.75 -3.92 7.08 8.93 2.02 -9.40 
0.62 8.16 -1.84 5.40 9.57 4.44 -7.80 
0.60 8.87 -0.39 4.13 9.74 5.92 -6.52 
0.62 9.31 +0.79 3.03 9.72 7.04 -5.37 
0.63 9.61 2.03 1.80 9.53 8.12 -4.07 
0.68 9.76 3.17 0.62 9.21 9.05 -2.76 
0.76 9.75 4.35 -0.66 8.72 9.80 -1.31 

I 3.83e 

-7.60 
i (3.8)« 

-7.60 

f 9.17« -1.65 
I (9.10)« 

-1.65 

0.34 9.12 -1.91 6.87 9.82 1.83 -6.31 
0.31 9.99 -0.61 5.62 9.94 3.00 -5.60 
0.31 10.51 +0.50 4.49 9.99 3.91 -4.97 
0.33 10.90 1.52 3.38 9.89 4.72 -4.31 
0.36 11.19 2.51 2.26 9.69 5.49 -3.60 
0.41 11.37 3.45 1.15 9.39 6.18 -2.89 
0.48 11.41 4.43 -0.07 8.98 6.84 -2.09 

0.32 9.92 -0.66 5.67 9.98 2.84 -6.70 
0.32 10.49 +0.47 4.52 10.00 3.93 -6.00 
0.42 11.36 3.46 1.14 9.41 6.63 -3.71 
0.48 11.42 4.43 -0.07 8.96 7.41 -2.79 

relatively high frequencies of the pyridine, Alt vibrations which are changed very 
li t t le 6 on going to the complex. There has, however, been a major problem in the 
past in that assumed values of the interaction constant kt 3

6 " 8 have had to be used. 
This problem has now been avoided by the use of pyridine-^ to obtain extra 
frequency data without changing the donor properties. We have calculated the 
force constants / I 2 and f 2 3 for a range of interaction constants and plotted the 
usual ellipses8 to find the mathematical solution for these two constants. Fig. 1 
shows these ellipses for pyridine-IBr and pyridine-rf5-IBr in the region where they 
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Fig. 1. Force constant ellipses for pyridine-IBr (a) and pyridine-cij-IBr (b) using a linear tri­
atomic model. 

cross. The two crossing points correspond tokl3 = 0.1-0.2 mdyn A " u and k l 3 = 
0.5-0.6 mdyn A - 1 , so it is necessary to choose the correct solution before pro­
ceeding to calculate the transition moment data. In view of previous estimates of 
this interaction constant (i.e. about 0.4 mdyn A " 1 ) 8 , 9 we would expect the 0.6 
mdyn A - 1 value to be more acceptable but we have obtained the normal coordinate 
matrix ( L - 1 ) and the transition moments for the whole range of k l 3 values to see 
how they vary. The results are shown for the three complexes in Table 1. It should 
be noted that we have not observed sufficient frequency shift on going to the pyri­
dine-^ complexes of iodine and iodine monochloride for a unique solution to be 
obtained so we have assumed the same values of k i 3 for these complexes. There 
is, of course, another set of solutions o f f i 2 and f 2 3 not shown in Table 1. We have 
chosen the solutions for which the force constants ellipses cross. It should be em­
phasised that the choice offorce constants made (a large/ j_ x with a small/ D _|, for 
example) depends on the assignment of the original frequencies to the normal 
vibrations of the pyridine-I-X system. It has been usual in the p a s t 3 - 1 1 to assign 
the band at higher wave number to the v(I-X) vibration and the other band to 
the intermolecular stretching mode, v(D-I). Since it is the lower frequency band 
which shows a frequency shift on isotopic substitution it seems likely that this band 
corresponds to the mode which is mostly D - I stretching. This is the opposite from 
the situation found by Gayles12 for trimethylamine-halogen complexes. The two 

• 1 mdyn A " 1 = 1 0 _ a N m" 1 in S.I. units. 
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vibrations are, of course, expected to be "mixed" and the L~l matrix elements in 
Table 1 show that this is the case. These normal coordinates also show that, as 
expected, the closer the two frequencies the more severe is such mixing. The fact 
that a significant frequency shift is observed only for the iodine monobromide 
complex can be rationalised in this way since the vibrational coupling is greatest 
for this complex (the two frequencies are closest in this case). Gayles1 2 concluded 
that, for the trimethylamine complexes, Jfc, 3 was negative. This is not the case for 
pyridine complexes and, since as the D - I bond is stretched the I - X bond is strength­
ened (the halogen becoming closer to the "free" molecule), we would expect k l 3 

to be positive 1 3. 

Intensity data for both vibrations have now been obtained for all three com­
plexes. Since there was a discrepancy between our intensity data8 for pyridine-I 2 

and those of Lake and Thompson 1 0 we have remeasured the intensities of the two 
far-infrared bands in cyclohexane over a range of pyridine concentrations. The in­
tensity of the low frequency band is again significantly different from the previous 
value 1 0 . No major variations in band intensity are apparent although we are further 
investigating the effect 1 1 of solvent polarity. The data shown in Table 1 are average 
values using ATC = 1401 m o l e - 1 (ref. 2). I t should be noted that, although the 
indeterminant signs of the dipole derivatives {dJi/dQ^ lead to two values of 
dft/dRj in each case, we have chosen the sign combination of the (dfi/dQ^Q param­
eters which leads to the two transition moments having opposite signs8. 

I n order to compare directly the values of d/i/d/?,_x for the three complexes 
it is necessary to subtract the contributions made by the "free" halogen in an 
"inert" solvent. We have recently remeasured the intensities of the v(I-Cl) and 
v(I-Br) bands for these interhalogens j n carbon tetrachloride and heptane. The 
"diatomic" contributions8 dpfdr are 2.5 D A - 1 and 0.7 D A - 1 respectively*. On 
subtracting these values from the computed dfi/dR^x values we get the "corrected" 
values shown in Table 1. The alternative is to subtract the values of (3/i/3Q,) 0 for 
the "free" halogen before computing dp.ldR{_x and d/i/d.RD_, for the complex. The 
two calculations should be roughly equivalent and do indeed lead to similar values 
corrected of djj/di?|_x for both complexes. 

I t may be seen from Table 1 that in all three cases the relative absolute value 
of the two transition moments is reversed on going from k l 3 = 0.1 to 0.6 mdyn 
A" 1 . At k l 3 = 0.6 the d£/d/?,_ x value is the greatest but at k l 3 = 0.1 the dJildR^-x 
value is now the larger. Although, at first sight, we may except dp/dRl _ x > 3/i/3/?D_| 
i t is clear that i f we accept the values for k l 3 = 0.6 then the dp/dR^x data are 
in the order IBr > I 2 > IC1 while the d^/dRD-i data are in the order IC1 > IBr > I 2 . 
There wi l l , of course, be errors in these parameters, due to the use of a simplified 
model, but the data show that the IC1 complex is the "strongest" complex using 
one transition moment and the "weakest" using the other. On the other hand, i f 

• I D A ' 1 - 3.335 x 10" 1 0 Coulomb in S.I. units. 
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we examine the data for k l 3 = 0.1 we find that the order of transition moments 
i snowlCl > IBr > I 2 using d/i/d/?D_, and IBr > IC1 > I 2 using dp/dR,-x. Since 
thermodynamically 1 , 2 the iodine complex is very much weaker than the other two 
this would appear to be the most reasonable choice of the two. Further, a value 
of fc,3 in the region of 0.1-0.2 mdyn A - 1 fits better with the value of 0.22 mdyn 
A ' 1 obtained using Badgers rule 1 4 . 

Assuming this choice to be correct the question arises whether it is reasonable 
to have d///d/?D_| > dfi/dR^x. Since the charge redistribution due to complexation 
and during vibration is hot known, predicting dipole moment changes is very diffi­
cult. It seems clear from the recent N Q R d a t a 1 5 1 6 that the halogen molecules in 
these complexes are considerably polarised and that the extent of charge-transfer 
may be smaller (about 20-30 %) than at one time thought. I t seems clear that 
polarisation forces are also involved. Table 2 shows dipole moments induced in 
the iodine molecule by pyridine, using the simplest possible model 1 9 , as a function 
of the average distance between the molecules. Pyridine is treated as a point dipole 
(of 2.2 Debye) and the polarisability of the iodine is taken as 17.5 x 1 0 " 2 4 cm 3 

(ref. 17). On this basis the observed dipole moment of the complex (4.5 D ) 1 8 

corresponds to a distance of ~ 3.2 A and the dipole moment change, dJi/dRD.u is 
2.3 D A " 1 . For k i 3 = 0.1 mdyn A " 1 this is considerably lower than the observed 

T A B L E 2 

INDUCED DIPOLE MOMENTS A N D TRANSITION MOMENTS 9/J /5J? D _/ FOR THE PYRIDINE—12 SYSTEM 

£ 1 . / 

(Debye) 
Total dipole moment1' 
(Debye) (DALl) 

2.0 9.64 11.84 
2.5 4.92 7.12 
2.6 4.36 6.56 5.6 
2.9 3.16 5.36 3.6 
3.0 2.85 5.05 3.1 
3.1 2.55 4.77 2.80 
3.2 2.34 4.54 2.30 
3.3 2.14 4.34 2.00 
3.4 1.95 4.15 1.90 
3.5 1.80 4.00 1.50 
3.6 1.65 3.85 1.50 
3.7 1.S2 3.72 1.30 
3.8 1.40 3.60 1.20 
3.9 1.30 3.50 1.00 
4.0 1.20 3.40 1.00 

* The dipole moment induced in the iodine molecule by pyridine is 

where a is the iodine polarisability and r is the average distance between the molecules19. 
* After adding pyridine dipole moment. 
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value. However, since the D - I distance in the solid complex is 2.3 A 2 0 the relevant 
distance for calculation of the induced moment using the simple model is probably 
more like 3.5-3.6 A . Here the dipole moment change is only about 1.5 D A " I t 
would appear therefore that the effects of electron "delocalisation" during vibra­
tion are important at least in determining the infrared intensities. A t present it is 
not, however, possible to be sure which transition moment should be the largest. 
We are currently working on a more sophisticated model for these complexes in 
an attempt to examine the effects of mixing of these two vibrations with skeletal 
vibrations of the pyridine ring. 

Thanks are due to S.R.C. for a studentship (to G.W.B.) and for funds to 
purchase a far-infrared interferometer. 
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