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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 
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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 . 
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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 
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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 



- 20 -

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. 
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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. 
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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 . 
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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 
























































































































































































































































































































































































































































































