
diagrams. T h a n k s are also due t o D r . H . DERFLER for 
discussions a n d Miss C. WALLNER f o r t y p i n g the m a n u -
script . 

1 W . P . ALLIS, S. J . BUCHSBAUM a n d A . BERS, W a v e s in 
A n i s o t r o p i c P lasmas , M . I . T . Press , Cambr idge , Massa-
chuset ts 1963. 

2 A . W . TRIVELPIECE, S l o w W a v e P r o p a g a t i o n in P l a s m a 
W a v e g u i d e s , San Franc i s co Press I n c . 1967. 

3 A . W . TRIVELPIECE a n d R . W . GOULD, J . A p p l . P h y s . 
30, 11 [1959J. (This artic le is also c o n t a i n e d in R e f . 2 . ) 

4 B . O 'BRIEN, R . W . GOULD a n d J . V . PAKKER, P h y s . 
R e v . Let ters 14, 630 [1965] . 

5 0 . GEHRE, H . M . MAYER a n d M . TUTTER, P h y s i c s 
Let ters 28 a, 35 [1968J. 

6 O . GEHRE, H . M . MAYER a n d M . TUTTER, 9 th Inter -
nat ional Conference o n I o n i z a t i o n P h e n o m e n a in Gases, 
B u c h a r e s t 1969. 

This w o r k was under taken as par t o f t h e j o i n t research 
p r o g r a m m e b e t w e e n the M a x - P l a n c k - I n s t i t u t f ü r P l a s m a -
phys ik a n d E u r a t o m . 

7 W e shall see t h a t s o m e o f o u r results can easily b e 
mod i f i ed t o inc lude t h e case where £2 has a c o n s t a n t 
va lue 4= 1-

8 A . SOMMERFELD, Vor l e sungen über theoret i sche P h y s i k 
B a n d I I I , E l e k t r o d y n a m i k , Die ter i chsche Ver lagsbuch -
handlung , W i e s b a d e n 1948. 

9 J . D . JACKSON, Classical E l e c t r o d y n a m i c s , J . W i l e y , 
N e w Y o r k 1962. 

1 0 I n a subsequent pub l i ca t i on w e will s h o w t h a t (5 is t h e 
q u a n t i t y w h i c h determines the Fresnel e f f e c t i.e. t h e 
„ d r a g , , e x e r t e d o n t h e phase v e l o c i t y w h e n the re f rac -
t i v e m e d i u m is g i v e n a t rans latory axial v e l o c i t y in t h e 
l abora tory sys tem. 

1 1 T h e error f o r m o s t coef f i c ients in this a n d t h e f o l l owing 
tables m a y b e e x p e c t e d t o b e less t h a n 10 percent . 

Infrared Spectroscopy and Hydrogen Bonding: 
Complexing of y-Butyrolactone with o-Cresol 

G . N A G A R A J A N 

Department of Physics and Astronomy, Valdosta State College, Valdosta, Georgia, U S A 

(Z. Naturforsch. 27 a, 221—228 [1972] ; received 20 September 1971) 

Investigations to study the effect of different solvents on the frequency, intensity, and band width 
of the carbonyl band of y-butyrolactone were carried out on the basis of the mixed solvent tech-
niques with carbon tetrachloride, being the inert solvent. The solvent used for such investigations 
is o-cresol. The results establish the existence of the 1 : 1 and 1 : 2 complexes at fairly low concen-
trations for the y-butyrolactone-o-cresol system. The formation constants for these complexes were 
determined and used to resolve the observed carbonyl bands into the spectra of individual com-
plexes. The observed large frequency shift for the 1 : 2 complex favours a structure in which two 
molecules of o-cresol are directly bonded to the carbonyl group. The free energies of formation at 
25 ° C by using these formation constants show that the strength of the interaction increases in 
going from the 1 : 1 complex to the 1 :2 complex of the same y-butyrolactone-o-cresol system. 
These results have been discussed in relation to the frequency shift, intensity changes, and half 
width changes. 

Introduction 

E x p e r i m e n t a l a n d t h e o r e t i c a l i n v e s t i g a t i o n s o f 

s o l v e n t s h i f t s f o r t h e v a r i o u s c h a r a c t e r i s t i c i n f r a r e d 

a b s o r p t i o n b a n d s h a v e b e e n e x t e n s i v e l y c a r r i e d o u t 

b y m a n y i n v e s t i g a t o r s b u t w i t h r e s u l t s o f c o n f l i c t -

i n g n a t u r e o n t h e s o l v e n t i n d u c e d f r e q u e n c y s h i f t a s 

w e l l a s t h e v a r i a t i o n i n i n t e n s i t y a n d b a n d w i d t h . 

A f e w i n v e s t i g a t o r s 1 - 4 i n t e r p r e t e d t h e f r e q u e n c y 

s h i f t s o n t h e b a s i s o f t h e b u l k d i e l e c t r i c p r o p e r t i e s 

o f t h e s o l v e n t s , w h i l e BELLAMY a n d W I L L I A M S 5 d i d 

s o o n t h e b a s i s o f t h e s p e c i f i c ( l o c a l i z e d ) s o l v e n t -

s o l u t e i n t e r a c t i o n s . I n t e r p r e t a t i o n s o f t h e s o l v e n t in -

d u c e d f r e q u e n c y s h i f t s w e r e l a t e r g i v e n b y C A L D O W 

a n d T H O M P S O N 6 b y t a k i n g i n t o a c c o u n t b o t h t h e s e 

b u l k d i e l e c t r i c e f f e c t s a n d s p e c i f i c i n t e r a c t i o n e f f e c t s . 

A c o m p r e h e n s i v e r e v i e w o f t h e c u r r e n t t h e o r i e s o f 

s o l v e n t s h i f t s a n d t h e i r e x p e r i m e n t a l v e r i f i c a t i o n s 

h a s r e c e n t l y b e e n p u b l i s h e d b y W I L L I A M S 7 . H O R Ä K 

a n d h i s a s s o c i a t e s 8 ' 9 e x p l a i n e d t h e c o n d i t i o n s f o r 

the a p p l i c a b i l i t y o f v a r i o u s t h e o r i e s o f s o l v e n t s h i f t s 

o f c h a r a c t e r i s t i c b a n d s b a s e d o n t h e r e a c t i o n field 

m o d e l , p r o p o s e d a n e w p r o c e s s k n o w n a s t h e c o l l i -

s i o n c o m p l e x e s , a n d p r o v i d e d e v i d e n c e f o r t h e e x i s -

t e n c e o f w e a k c o m p l e x e s o f p h e n o l w i t h n o n p o l a r 

s o l v e n t s . O n t h e b a s i s o f t h e m i x e d s o l v e n t tech-

n i q u e s i n i t i a t e d b y B E L L A M Y a n d H A L L A M 1 0 , 

W H E T S E L a n d K A G A R I S E N > 1 2 c a l c u l a t e d t h e in -

d i v i d u a l s p e c t r a o f 1 : 1 a n d 1 : 2 c o m p l e x e s b y s t u d y -

i n g t h e d i f f e r e n t t y p e s o f s o l u t e - s o l v e n t ( w e a k as 

w e l l as s t r o n g ) i n t e r a c t i o n s a n d c o n c l u d e d that t h e 

n o n - d i p o l a r i n t e r a c t i o n s s u c h as t h e d i s p e r s i o n f o r -
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c e s a r e a l s o , i n a d d i t i o n t o t h e b u l k d i e l e c t r i c e f f e c t s 

a n d s p e c i f i c i n t e r a c t i o n e f f e c t s , r e s p o n s i b l e f o r t h e 

s o l v e n t i n d u c e d f r e q u e n c y s h i f t s . 

S t r o n g o r s p e c i f i c i n t e r a c t i o n s r e s u l t i n t h e f o r -

m a t i o n o f m o r e o r l e s s s t a b l e c o m p l e x e s o f p o l a r 

s o l u t e s w i t h p o l a r l i q u i d s . T h i s k i n d o f i n t e r a c t i o n 

is u s u a l l y o f t h e d o n o r - a c c e p t o r t y p e a n d h a s b e e n 

the s u b j e c t o f n u m e r o u s i n v e s t i g a t i o n s 1 3 . C o m p l e x e s 

o f t h i s t y p e m a y p o s s e s s a m o r e o r l e ss w e l l - d e f i n e d 

g e o m e t r y a n d t h e s t o i c h i o m e t r i c r a t i o o f s o l v e n t t o 

s o l u t e m o l e c u l e s i n t h e c o m p l e x is 1 : 1 . A r a t h e r 

l a r g e i n t e r a c t i o n e n e r g y , m o r e o r l e ss e q u i v a l e n t t o 

the e n e r g y o f d o n o r - a c c e p t o r b o n d w i l l b e i n v o l v e d 

i n t h e f o r m a t i o n o f s u c h c o m p l e x e s . T h e w i d t h o f 

t h e c h a r a c t e r i s t i c b a n d i n t h e s p e c t r u m o f t h e c o m -

p l e x is v e r y b r o a d a n d t h e r e w i l l b e a c o n s i d e r a b l e 

l o w f r e q u e n c y s h i f t f r o m the v a l u e o f t h e f r e e g r o u p . 

W e a k o r n o n s p e c i f i c i n t e r a c t i o n s b e t w e e n p o l a r s o -

lu tes a n d n o n p o l a r o r w e a k l y p o l a r l i q u i d s s t u d i e d 

p a r t i c u l a r l y b y B E L L A M Y a n d W I L L I A M S 1 4 r e s u l t i n 

the f o r m a t i o n o f w e a k c o m p l e x e s o f p o l a r s o l u t e s 

w i t h e v e n s o l v e n t s w h i c h a r e c o n s i d e r e d t o b e q u i t e 

n o n p o l a r . It i s , o n t h e b a s i s o f t h e m i x e d s o l v e n t 

t e c h n i q u e s , a i m e d h e r e t o s t u d y t h e e f f e c t s o f o - c r e s o l 

( a s t r o n g p r o t o n - d o n o r ) o n t h e c a r b o n y l b a n d o f 

; ' - b u t y r o l a c t o n e , t o d e t e r m i n e t h e f o r m a t i o n c o n -

s tants , a n d t o c a l c u l a t e t h e s p e c t r a o f t h e i n d i v i d u a l 

c o m p l e x e s . F r o m s u c h d a t a , it s h o u l d b e p o s s i b l e 

to a c c u r a t e l y p r e d i c t t h e p o s i t i o n a n d n a t u r e o f t h e 

s p e c t r a o f d i f f e r e n t s p e c i e s p r e s e n t in t h e y - b u t y r o -

l a c t o n e - o - c r e s o l s y s t e m , a n d a l s o t o g e t a b e t t e r i d e a 

a b o u t t h e m o s t i m p o r t a n t q u a l i t a t i v e c h a r a c t e r i s t i c s 

o f the b o n d f o r m a t i o n , i . e . , t h e e n e r g y c h a n g e that 

is i n v o l v e d i n the r e a c t i o n . 

Experimental Section 

T h e m e a s u r e m e n t s o f the s p e c t r a w e r e m a d e in the 
c a r b o n y l r e g i o n of y - b u t y r o l a c t o n e a n d in the h y d r o x y l 
r e g i o n o f o - c r e s o l wi th a P e r k i n - E l m e r M o d e l 5 2 1 S p e c -
t r o p h o t o m e t e r . T h e a t m o s p h e r i c water v a p o u r w a s re-
m o v e d f r o m the s p e c t r o p h o t o m e t e r h o u s i n g b y flushing 
wi th d r y n i t r o g e n . I n the h i g h f r e q u e n c y r e g i o n , the in-
s t r u m e n t w a s c a l i b r a t e d in the usua l m a n n e r 1 5 . T h e 
f r e q u e n c i e s r e p o r t e d h e r e are e x p e c t e d to b e a c c u r a t e 
to bet ter than 2 c m - 1 f o r s h a r p b a n d s , b u t the re lat ive 
f r e q u e n c y sh i f t s s h o u l d b e c o n s i d e r a b l y better . 

T h e s a m p l e o f y - b u t y r o l a c t o n e w a s o b t a i n e d f r o m 
G e n e r a l A n i l i n e a n d F i l m C o r p o r a t i o n , N e w Y o r k and 
dist i l led u n d e r r e d u c e d p r e s s u r e . P u r e s a m p l e o f o - c re -
sol d is t i l l ed u n d e r r e d u c e d p r e s s u r e and at c ons tant 
b o i l i n g po in t w a s u s e d . S p e c t r o q u a l i t y c a r b o n tetra-

ch lor ide f r o m M a t h e s o n C o m p a n y , I n c . , E a s t R u t h e r -
f o r d , Newr Je rsey w a s d i r e c t l y u s e d w i t h o u t p u r i f i c a t i o n . 
T h e m i x e d so lvent t e c h n i q u e w a s u s e d wi th c a r b o n 
te trach lor ide , b e i n g the inert so lvent , a n d c a r e f u l c o n -
s iderat ion w a s g iven to intens i ty e f f e c t s as w e l l as the 
f r e q u e n c y shi f ts . T h e g a i n , slit p r o g r a m , at tenuator , 
s c a n n i n g t ime , s u p p r e s s i o n , a n d s ca l e e x p a n s i o n w e r e 
k e p t cons tant at 3 . 0 , 1 0 , 1 1 , 0 . 1 6 , 0 , a n d I X , r e s p e c -
t ively, in r e c o r d i n g the s p e c t r a . A l l t h e m e a s u r e m e n t s 
w e r e m a d e on a p p r o x i m a t e l y 0 . 0 4 M so lu t i ons o f y - b u -
t y r o l a c t o n e in a 0 .2 m m p a t h l e n g t h c e l l e q u i p p e d wi th 
N a C l w i n d o w s . 

Results and Discussion 

I n o r d e r t o d e t e r m i n e t h e f o r m a t i o n c o n s t a n t s , 

t h e m e t h o d s d e v e l o p e d b y B R O W N a n d K U B O T A 1 6 , 

a n d W H E T S E L a n d K A G A R I S E 1 1 h a v e b e e n f o l l o w e d . 

A c c o r d i n g l y , f o r t h e y - b u t y r o l a c t o n e - o - c r e s o l s y s t e m 

i n w h i c h the f o l l o w i n g e q u i l i b r i a 

A + B ^ A B a n d A B + B ^ A B 2 

e x i s t , the f o r m a t i o n c o n s t a n t s a r e g i v e n as 

K 1 1 = [ A B ] / [ A ] [ B ] a n d K12 = [ A B 2 ] / [ A B ] [ B ] , 

w h e r e A r e p r e s e n t s y - b u t y r o l a c t o n e a n d B r e p r e s e n t s 

o - c r e s o l i n t h e m o n o m e t r i c f o r m . H e r e , t h e v a l u e s 

o f [ A B ] a n d [ A B 2 ] a r e , i n t e r m s o f c o n c e n t r a t i o n s 

a n d f o r m a t i o n c o n s t a n t , e x p r e s s e d i n t h e f o r m 

[ A B ] = p / ( l + 2 Kv2 b) a n d [ A B 2 ] = ( p - [ A B ] ) / 2 , 

w h e r e p i s the to ta l c o n c e n t r a t i o n o f o - c r e s o l p a r -

t i c i p a t i n g i n t h e c o m p l e x f o r m a t i o n a n d b is the 

e q u i l i b r i u m c o n c e n t r a t i o n o f o - c r e s o l i n t h e m o n o -

m e r i c f o r m . 

M e a s u r e m e n t s i n the h y d r o x y l r e g i o n w e r e m a d e 

to d e t e r m i n e t h e p a n d b v a l u e s b y t h e m e t h o d o f 

W I D O M , PHILIPPE, a n d HOBBS 1 T . A c a l i b r a t i o n 

c u r v e ( F i g . 1 ) f o r t h e f r e e O — H b a n d n e a r 3 6 0 0 

Fig. 1. Absorbance versus total concentration for the free 
O — H band of o-cresol in carbon tetrachloride. 



c m - 1 w a s p r e p a r e d b y p l o t t i n g a b s o r b a n c e v e r s u s 

to ta l c o n c e n t r a t i o n o f o - c r e s o l i n c a r b o n t e t r a c h l o -

r i d e . A n o t h e r c u r v e ( F i g . 2 ) w a s a l s o p r e p a r e d b y 

p l o t t i n g a b s o r p t i v i t y v e r s u s c o n c e n t r a t i o n , f r o m 

w h i c h t h e a b s o r p t i v i t y o f t h e f r e e 0 — H b a n d w a s 

d e t e r m i n e d b y e x t r a p o l a t i n g t h e l i n e to t h e z e r o 

c o n c e n t r a t i o n . T h e c o r r e s p o n d i n g v a l u e ( £ m ° ) w a s 

f o u n d t o b e 3 . 7 5 / / , w h e r e I i s t h e t h i c k n e s s o f t h e 

ce l l u s e d ( F i g . 2 ) . T h e n , t h e v a l u e s o f 6 w e r e d e -

Fig. 2. Absorptivity versus total concentration for the free 
0 — H band of o-cresol in carbon tetrachloride. 

t e r m i n e d f r o m t h e r e l a t i o n b = a b s o r b a n c e / £ m ° , 

w h e r e a b s o r b a n c e is o f t h e 0 — H b a n d ( o - c r e s o l 

m o n o m e r ) o f v a r i o u s c o n c e n t r a t i o n s i n t h e y - b u -

t y r o l a c t o n e - o - c r e s o l s y s t e m i n c a r b o n t e t r a c h l o r i d e . 

T h e c o n c e n t r a t i o n s c o r r e s p o n d i n g t o t h e a b s o r b a n -

c e s o f 0 — H b a n d o f o - c r e s o l o f d i f f e r e n t c o n c e n -

t r a t i o n s i n t h e s y s t e m w e r e f o u n d f r o m t h e a b s o r -

b a n c e - c o n c e n t r a t i o n c a l i b r a t i o n c u r v e ( F i g . 1 ) . T h e 

to ta l c o n c e n t r a t i o n o f t h e f r e e a n d se l f a s s o c i a t e d 

o - c r e s o l at e q u i l i b r i u m w a s e a s i l y d e t e r m i n e d f r o m 

the a b s o r b a n c e o f t h e f r e e 0 — H b a n d a n d t h e c a l i -

b r a t i o n c u r v e ( F i g . 1 ) . T h e d i f f e r e n c e b e t w e e n the 

v a l u e o b t a i n e d a n d the to ta l a m o u n t o f o - c r e s o l 

a d d e d w a s e q u a l t o p , t h e t o ta l a m o u n t o f o - c r e s o l 

c o m p l e x e d w i t h y - b u t y r o l a c t o n e . 

D i f f e r e n t v a l u e s o f p a n d b w e r e d e t e r m i n e d f o r 

a s e r i e s o f s o l u t i o n s i n w h i c h t h e c o n c e n t r a t i o n 

( 0 . 0 4 M ) o f y - b u t y r o l a c t o n e w a s c o n s t a n t a n d that 

o f o - c r e s o l v a r i e d u p t o 1 . 8 M . U s i n g t h e s e v a l u e s 

o f p a n d b, a n d t h e a s s u m e d v a l u e s o f K12, the 

v a l u e s o f [ A B ] a n d [ A B 2 ] w e r e d e t e r m i n e d f r o m 

t h e e q u a t i o n s g i v e n a b o v e . F r o m t h e v a l u e s o f [ A B ] , 

a n d [ A B o ] , a n d K12 , t h e v a l u e s o f [ B ] w e r e t h e n 

e a s i l y c a l c u l a t e d . T h e v a l u e s o f [ A ] w e r e t h e n o b -

t a i n e d b y s u b t r a c t i n g the s u m s o f [ A B ] a n d [ A B 2 ] 

f r o m the i n i t i a l c o n c e n t r a t i o n ( 0 . 0 4 M ) o f y - b u -

t y r o l a c t o n e . F r o m t h e v a l u e s o f [ A ] , [ B ] , a n d 

[ A B ] , the v a l u e s o f K n w e r e e a s i l y o b t a i n e d , a n d 

t h e y w e r e t h e n p l o t t e d a g a i n s t the c o n c e n t r a t i o n o f 

o - c r e s o l a d d e d to the s a m p l e s . T h i s p r o c e d u r e w a s 

r e p e a t e d w i t h d i f f e r e n t a s s u m e d v a l u e s o f Kl2 to 

y i e l d a s e r i e s o f l i n e s w i t h d i f f e r e n t s l o p e s a n d in ter -

c e p t s . T h e s l o p e s a n d i n t e r c e p t s o f t h e s e l i n e s w e r e 

then p l o t t e d a g a i n s t the a s s u m e d v a l u e s o f K12 

( F i g . 3 ) . T h e v a l u e o f Kl2 w h i c h g a v e a l i n e o f 

z e r o s l o p e w a s c h o s e n as t h e b e s t v a l u e f o r t h i s c o n -

stant (K12 = 5 0 1 / m o l e ) a n d the i n t e r c e p t o f this 

l i n e m u s t b e t h e f o r m a t i o n c o n s t a n t f o r the 1 : 1 

c o m p l e x (K1X = 8 1 / m o l e ) o f the y - b u t y r o l a c t o n e - o -

c r e s o l s y s t e m . T h i s i s t h e m o s t r e l i a b l e m e t h o d o f 

g e t t i n g the f o r m a t i o n c o n s t a n t s . 
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Fig. 3. Formation constants for the 1 : 1 and 1 : 2 complexes of 
y-butyrolactone and o-cresol in carbon tetrachloride. 

It is a l s o p o s s i b l e t o d e t e r m i n e t h e f o r m a t i o n c o n -

stant f o r t h e 1 : 1 c o m p l e x b y the N A S H m e t h o d 1 8 . 

A c c o r d i n g l y , a c u r v e Y a g a i n s t X w a s p l o t t e d ( F i g . 

4 ) , w h e r e Y is e q u a l to 1 / 6 , the r e c i p r o c a l o f t h e 

c o n c e n t r a t i o n o f o - c r e s o l m o n o m e r at e q u i l i b r i u m ; 

a n d Z = l / [ 1 - (A/A0)], w h e r e A Q a n d A a r e t h e 

a b s o r b a n c e s o f y - b u t y r o l a c t o n e at a g i v e n f r e q u e n c y 

in the a b s e n c e a n d in the p r e s e n c e o f o - c r e s o l , re -

s p e c t i v e l y . T h e i n t e r c e p t o f t h e p l o t o f Y a g a i n s t X 

is the n e g a t i v e v a l u e o f the f o r m a t i o n c o n s t a n t f o r 
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Concentration of o-crosol, M 



the 1 : 1 c o m p l e x . T h i s va lue ( K n = 9 1 /mole ) o b -
ta ined here ( F i g . 4 ) is in g o o d agreement wi th the 
va lue (KTL = 8 1 /mo le ) o b t a i n e d f r o m the p r e v i o u s 
m e t h o d ( F i g . 3 ) . 

Fig. 4. Formation constant for the 1:1 complex of y-butyro-
lactone and o-cresol in carbon tetrachloride. 

F i g u r e 5 s h o w s the c a r b o n y l a b s o r p t i o n o f 0 . 0 4 M 
so lu t i ons o f y - b u t y r o l a c t o n e in c a r b o n tetrachlor ide 
c o n t a i n i n g v a r i o u s a m o u n t s o f o - c r e s o l . In the p u r e 
so lvent a s ing le b a n d is f o u n d at 1 7 7 2 c m - 1 . T h e 
value o f this b a n d in the v a p o u r phase 1 9 has been 
f o u n d at 1 8 1 6 c m - 1 . W h e n the c o n c e n t r a t i o n o f o -
c reso l increases , the intensity o f the o r i g ina l b a n d 

decreases and the hal f w i d t h increases . T h e inten-
sity was ca lcu lated in the usual m a n n e r f r o m the 
re lat ion o f m o l e c u l a r e x t i n c t i o n c o e f f i c i e n t 

£ m a x = ( 1 / c I) \og10(djd) ,.max, 

where c is the c o n c e n t r a t i o n o f the solute in g r a m 
m o l e s per liter, I i s the path length in c m , and d0 

and d are the aparent intensit ies o f the inc ident and 
transmitted rad ia t i on w h e n the s p e c t r o p h o t o m e t e r is 
set at f r e q u e n c y v. T h e f r e q u e n c y shi f t , intensity , 
and half w id th o f the c a r b o n y l b a n d o f y - b u t y r o -
lactone with v a r y i n g c o n c e n t r a t i o n o f o - c r e s o l in 
c a r b o n tetrachlor ide are g i v e n in T a b l e 1. A n e w 
b a n d appears at 1 7 6 4 c m - 1 at a c o n c e n t r a t i o n o f 
a b o u t 0 . 1 4 M o f o - c r e s o l . T h e hal f w id th o f the or i -
g inal b a n d is 3 2 c m - 1 and that o f the n e w o n e is 
4 8 c m - 1 . T h u s , the hal f w i d t h is i n c r e a s e d b y 1 6 
c m - 1 . T h e intensity o f the n e w b a n d increases as 
the o - c reso l c o n c e n t r a t i o n is increased u p to 0 . 5 M . 
T h e o r i g ina l b a n d s h o w s a g r a d u a l dec rease in in-
tensity with an i sosbest i c p o i n t near 1 7 7 0 c m - 1 . 
Th i s s h o w s the ex is tence o f an e q u i l i b r i u m system 
invo lv ing t w o spec ies , p r o b a b l y f r ee y - b u t y r o l a c t o n e 
and a h y d r o g e n - b o n d e d c o m p l e x o f y - b u t y r o l a c t o n e 
and o - c r e s o l . H o w e v e r , the c u r v e s in F i g . 5 are 

Wave Number, cm ' 

Fig. 5. Spectra of y-butyrolactone in mixtures of o-cresol and carbon tetrachloride. 
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Table 1. Frequency shift, intensity, and 
Intensity Halt h a l b w i d t h o f t h e c a r b o n y l b a n d o f y . 
i n widtn butyrolactone with varying concentra-
l m o l e - 1 c m - 1 tions of o-cresol in carbon tetrachloride. 

Environment Carbonyl A v 
frequency v 103 

in c m - 1 

Vapour 1816 — — 

In carbon 
tetrachloride 1772 24.23 1.187 
In o-cresol 
at 0.08 M 1770 25.33 0.514 
In o-cresol 
at 0.14 M 1764 28.63 0.475 
In o-cresol 
at 0.2 M 1758 31.94 0.509 
In o-cresol 
at 0.5 M 1754 34.14 0.534 
In o-cresol 
at 1.4 M 1751 35.79 0.556 
In o-cresol 
at 1.8 M 1751 35.79 0.556 

s h o w n f a r apar t a n d n o t c o n s e c u t i v e l y wi th t h e in-
c r e a s e in c o n c e n t r a t i o n in o r d e r to d e m o n s t r a t e the 
d i f f e r e n c e s i n intens i ty a n d h a l f w i d t h o f the b a n d s 
wi th v a r y i n g c o n c e n t r a t i o n s . 

T h e h i g h f r e q u e n c y b a n d c o n t i n u e s to d e c r e a s e 
in intens i ty as the c o n c e n t r a t i o n o f o - c r e s o l is in-
c r e a s e d b e y o n d 0 . 1 4 M a n d o n l y a s h o u l d e r a p p e a r s 
i n the s p e c t r u m o f the s o l u t i o n c o n t a i n i n g 0 . 5 M 
o - c r e s o l ( c u r v e <11 in F i g . 5 ) . T h e l o w f r e q u e n c y 
b a n d b e c o m e s m o r e a n d m o r e in tense as t h e c o n -
c e n t r a t i o n o f o - c r e s o l i n c r e a s e s a n d shi f ts to a l o w e r 
f r e q u e n c y . A t a c o n c e n t r a t i o n o f 0 . 1 4 M o - c r e s o l , 
the hal f w i d t h o f the b a n d i s 4 8 c m - 1 a n d th i s is 
d i s t inc t ly g r e a t e r than it is e i t h e r at l o w e r o r h i g h e r 
c o n c e n t r a t i o n s o f o - c r e s o l . It is s h o w n in F i g . 5 
that an init ial a s y m m e t r y o n t h e l o w f r e q u e n c y s i d e 
is r e p l a c e d b y a s y m m e t r y o n the h i g h f r e q u e n c y 
s i d e w i t h i n c r e a s e d c o n c e n t r a t i o n o f o - c r e s o l . T h e 
hal f w i d t h g r a d u a l l y d e c r e a s e s as the c o n c e n t r a t i o n 
o f o - c r e s o l i n c r e a s e s u p to 1 . 0 M . T h e n , the ha l f 
w i d t h s u d d e n l y i n c r e a s e s at 1 . 4 M o - c r e s o l . I n c r e a s -
i n g the c o n c e n t r a t i o n o f o - c r e s o l f r o m 0 . 5 M to 
1 .4 M h a s little a d d i t i o n a l e f f e c t o n the in tens i ty o f 
the b a n d . T h e b a n d at 1 7 6 4 c m - 1 n o w d i m i n i s h e s 
i n intens i ty a n d o n l y o n e b a n d at 1 7 5 1 c m - 1 ap -
pears f o r 1 . 4 M o - c r e s o l . T h i s c l e a r l y i n d i c a t e s the 
ex i s t ence o f t w o o r m o r e c o m p l e x e s o f o - c r e s o l w i t h 
y - b u t y r o l a c t o n e at o - c r e s o l c o n c e n t r a t i o n s g r e a t e r 
than 1 . 4 M . 

T h e a m o u n t o f d i f f e rent s p e c i e s present in the 
s y s t e m o f y - b u t y r o l a c t o n e - o - c r e s o l c o u l d a l so b e ca l -
c u l a t e d . A g r a p h b e t w e e n the to ta l c o n c e n t r a t i o n o f 
o - c r e s o l a n d t h e re la t ive c o n c e n t r a t i o n o f t h e three 
y - b u t y r o l a c t o n e s p e c i e s was p l o t t e d ( F i g . 6 ) . W i t h 
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a total y - b u t y r o l a c t o n e c o n c e n t r a t i o n o f 0 . 0 4 M , the 
f r a c t i o n present as the 1 : 1 c o m p l e x a p p e a r s to reach 
a m a x i m u m o f a b o u t 6 3 % as the o - c r e s o l c o n c e n t r a -
t i o n a p p r o a c h e s 0 . 1 5 M . T h e re la t ive c o n c e n t r a t i o n 
o f 1 : 2 c o m p l e x at this p o i n t is a b o u t 5 8 % a n d still 
i n c r e a s i n g . T h e c u r v e 11 o f F i g . 5 s h o w s that there 
is v e r y little f r e e c a r b o n y l a b s o r p t i o n at 0 . 5 M o - c r e -
sol a n d the s p e c t r u m i n d i c a t e s that a h i g h f r a c t i o n 
o f t h e c o m p l e x e d y - b u t y r o l a c t o n e is p resent as the 
1 : 2 s p e c i e s . W h e n the c o n c e n t r a t i o n o f o - c r e s o l is 
f u r t h e r i n c r e a s e d t o 0 . 8 M a n d a b o v e , the 1 : 2 spe-
c i es is p r e d o m i n a n t b u t t h e c o n v e r s i o n o f the 1 : 1 
s p e c i e s to the 1 : 2 c o m p l e x is n o t r a p i d . O n the b a s i s 
o f the n a t u r e o f t h e c u r v e s in F i g . 6 , it is seen that 
the s p e c t r u m o f the 1 : 1 c o m p l e x c a n n o t b e e x p e r i -
m e n t a l l y o b t a i n e d b e c a u s e o f the i n t e r f e r r i n g a b -
s o r p t i o n o f the f r e e y - b u t y r o l a c t o n e a n d the 1 : 2 
c o m p l e x . It is a lso seen f r o m the n a t u r e o f the c u r -
ves in F i g . 5 that the i n t e r f e r e n c e s f r o m h i g h e r c o m -
p l e x e s o r f r o m the b u l k d i e l e c t r i c e f f ec ts thus b e -

1.2-

Concentration of o-cresol, M — 

Fig. 6. Relative abundance of free and complexed y-butyro-
lactone in mixtures of o-cresol and carbon tetrachloride. 



c a m e i m p o r t a n t b e f o r e the 1 : 1 c o m p l e x is c o m p l e -
tely c o n v e r t e d into the 1 : 2 c o m p l e x . 

T h o u g h the s p e c t r u m o f the 1 : 1 c o m p l e x c a n n o t 
e x p e r i m e n t a l l y b e o b t a i n e d b e c a u s e o f the inter-
f e r r i n g a b s o r p t i o n o f y - b u t y r o l a c t o n e a n d the 1 : 2 
c o m p l e x , the s p e c t r a o f the i n d i v i d u a l spec i e s c o u l d , 
h o w e v e r , b e c a l c u l a t e d 1 1 b y u s i n g the f o r m a t i o n 
c o n s t a n t s o f the c o m p l e x e s as wel l as t h e spec t ra o f 
y - b u t y r o l a c t o n e ( s o l u t e ) in p u r e c a r b o n tetrachlo-
r i d e , a n d in c a r b o n t e t r a c h l o r i d e c o n t a i n i n g two d i f -
f e r e n t c o n c e n t r a t i o n s o f o - c r e s o l . T h e re lat ive c o n -
c e n t r a t i o n s o f f r e e ( s o l u t e ) y - b u t y r o l a c t o n e and the 
1 : 1 a n d t h e 1 : 2 c o m p l e x e s in the t w o s o l u t i o n s c o n -
t a i n i n g o - c r e s o l w e r e o b t a i n e d f r o m the c u r v e s in 
F i g u r e 6 . T h e v a l u e s o f the re lat ive c o n c e n t r a t i o n s 
o f y - b u t y r o l a c t o n e a n d the 1 : 1 a n d 1 : 2 c o m p l e x e s 
in the t w o s o l u t i o n s c o n t a i n i n g 0 . 0 8 M o - c r e s o l a r e 
0 . 7 1 , 0 . 5 8 , a n d 0 . 4 4 , r e s p e c t i v e l y ; a n d s i m i l a r l y 
they are 0 . 5 2 , 0 . 6 6 , a n d 0 . 6 2 , r e s p e c t i v e l y , f o r the 
s o l u t i o n c o n t a i n i n g 0 . 1 8 M o - c r e s o l . T h e n , the ab -
s o r p t i o n o f f r e e y - b u t y r o l a c t o n e in each so lu t i on 
w a s thus c a l c u l a t e d a n d s u b t r a c t e d f r o m the m e a -
s u r e d s p e c t r u m o f the s o l u t i o n . T h e r e m a i n i n g spec -
tra r e p r e s e n t t h e to ta l a b s o r p t i o n o f the t w o c o m -
p l e x e s in the s o l u t i o n s . T h e spec t ra w e r e then re-
s o l v e d into t h o s e f o r t h e i n d i v i d u a l c o m p l e x e s b y 
s i m u l t a n e o u s s o l u t i o n o f the f o l l o w i n g e q u a t i o n s : 

^0.08 = 0 . 5 8 ^ + 0 . 4 4 A 
a n d y 4 0 1 8 = 0 . 6 6 A* + 0 . 6 2 A.-, 

w h e r e A0 0 8 a n d A0 1 8 a re the a b s o r b a n c e s f o r the 
r e m a i n i n g s p e c t r a at a g i v e n f r e q u e n c y , a n d A x a n d 
A o a r e the a b s o r b a n c e s o f 0 . 0 4 M s o l u t i o n s o f the 
1 : 1 a n d 1 : 2 s p e c i e s , r e s p e c t i v e l y , at the s a m e f r e -
q u e n c y . S o l u t i o n o f the a b o v e e q u a t i o n s y i e l d s to 
the f o l l o w i n g Ax a n d A2 v a l u e s : 

At = 8 . 9 5 9 5 AQ Qg - 6 . 3 5 8 4 A0_18 

a n d A.2 = 8 . 3 8 1 5 A0.18- 9 . 5 3 7 6 ^ 0 . 0 8 . 

A s an e x a m p l e , the n u m e r i c a l c a l c u l a t i o n s o f Ax 

a n d A o at 1 7 3 2 c m - 1 a re g i v e n b e l o w : T h e e x p e r i -
m e n t a l v a l u e s o f the a b s o r b a n c e s at th is f r e q u e n c y 
f o r the s o l u t i o n s c o n t a i n i n g 0 M , 0 . 0 8 M , and 0 . 1 8 
M o - c r e s o l are a p p r o x i m a t e l y 0 . 0 5 3 2 4 , 0 . 0 9 0 1 , a n d 
0 . 1 0 6 5 , r e s p e c t i v e l y ( F i g . 5 ) . F r o m these va lues 
a n d t h o s e o f the re la t ive c o n c e n t r a t i o n s o f f r e e 
y - b u t y r o l a c t o n e , o n e m a y o b t a i n the f o l l o w i n g : 

AQ Qg = 0 . 0 9 0 1 - 0 . 7 1 ( 0 . 0 5 3 2 4 ) = 0 . 0 5 2 3 , 
A0_18 = 0 . 1 0 6 5 - 0 . 5 2 ( 0 . 0 5 3 2 4 ) = 0 . 0 7 8 8 , 

Ax = 8 . 9 5 9 5 ( 0 . 0 5 2 3 ) - 6 . 3 5 8 4 ( 0 . 0 7 8 8 ) = 0 . 0 3 2 4 , 

a n d 

A 2 = 8 . 3 8 1 5 ( 0 . 0 7 8 8 ) - 9 . 5 3 7 6 ( 0 . 0 5 2 3 ) = 0 , 1 6 1 7 . 

T h e v a l u e s o f Ax and A2 w e r e d e t e r m i n e d at d i f -
f e rent f r e q u e n c i e s a n d p l o t t e d to g i v e the spec t ra as 
s h o w n in F i g u r e 7 . T h e c a l c u l a t e d spec t ra o f the 1 : 1 
a n d 1 : 2 c o m p l e x e s o f y - b u t y r o l a c t o n e e x h i b i t m a -

Fig. 7. Calculated spectra of y-butyrolactone-o-cresol com-
plexes (0.04 M in carbon tetrachloride). 

x i m a at 1 7 6 4 c m - 1 a n d 1 7 5 0 c m - 1 . E x p e r i m e n t a l l y , 
the o b s e r v e d f r e q u e n c i e s f o r these c o m p l e x e s are 
1 7 6 4 c m " 1 , a n d 1 7 5 1 c m - 1 , r e s p e c t i v e l y . T h e o b -
s e r v e d v a l u e s o f the hal f w i d t h s f o r the f r e e y - b u -
t y r o l a c t o n e , 1 : 1 c o m p l e x a n d 1 : 2 c o m p l e x are 3 2 
c m - 1 , 4 8 c m " 1 , and 4 4 c m " " 1 , r e s p e c t i v e l y , w h e r e a s 
the c a l c u l a t e d o n e s are 3 2 c m - 1 , 1 5 c m - 1 , a n d 
1 9 c m - 1 , r e s p e c t i v e l y . T h e l o w f r e q u e n c y b a n d is 
w e a k e r a n d b r o a d e r than the h i g h f r e q u e n c y o n e , 
a n d the r e a s o n m a y b e d u e to the f a c t that the l o w 
f r e q u e n c y b a n d is a l w a y s a c o m p o s i t e o f t w o o r 
m o r e o v e r l a p p i n g b a n d s . T h e ca l cu la ted v a l u e o f 
the hal f w i d t h f o r the f r e e y - b u t y r o l a c t o n e is g rea te r 
than the c a l c u l a t e d v a l u e s o f the hal f w i d t h s f o r the 
1 : 1 a n d 1 : 2 c o m p l e x e s , a n d this s i tuat ion is e x a c t l y 
r e v e r s e d f o r t h e c o r r e s p o n d i n g o b s e r v e d va lues . T h e 
c a l c u l a t e d p e a k a b s o r p t i v i t i e s o f t h e c o m p l e x e s are 
a l m o s t 5 0 % g r e a t e r than that o f the f r e e y - b u t y r o -
l a c t o n e . 

T h e f o r m a t i o n o f the c o m p l e x e s c a n g e n e r a l l y b e 
e x p l a i n e d in the f o l l o w i n g m a n n e r : T h e o x y g e n 
a t o m o f the c a r b o n y l g r o u p in y - b u t y r o l a c t o n e has 
t w o l o n e p a i r s o f e l e c t r o n s in h y b r i d o r b i t a l s w h i c h 
are o r i e n t e d at 1 2 0 ° to e a c h o ther . W h e n the c o n -
c e n t r a t i o n o f the d o n o r ( o - c r e s o l ) is i n c r e a s e d , a 



c o m p l e x b e g i n s to f o r m . D u r i n g t h e c o m p l e x f o r -
m a t i o n , t h e d o n o r h y d r o g e n a l i g n s i t se l f w i t h o n e 
o f the l o n e p a i r s t o f o r m a b o n d 0 — H . . . 0 = C . 
T h u s , i n i t i a l l y t h e 1 : 1 c o m p l e x i s f o r m e d . W h e n 
the c o n c e n t r a t i o n o f t h e d o n o r ( o - c r e s o l ) i s f u r t h e r 
i n c r e a s e d , m o l e c u l e s o f the d o n o r t e n d to c o m b i n e 
w i t h the s e c o n d l o n e p a i r s to f o r m the 1 : 2 c o m p l e x . 
B e c a u s e o f t h e d e c r e a s e in b o n d l e n g t h , t h e c a r b o n y l 
f r e q u e n c y s h i f t s t o t h e l o w f r e q u e n c y s i d e . T h e in -
t e n s i t y o f the 1 : 2 c o m p l e x r e a c h e s a c o n s t a n t v a l u e 
a f t e r a p a r t i c u l a r c o n c e n t r a t i o n o f t h e d o n o r , a n d 
t h e r e b y e s t a b l i s h e s t h e f a c t t h a t a l l t h e l o n e p a i r s o f 
the c a r b o n y l g r o u p s o f y - b u t y r o l a c t o n e h a v e b e e n 
c o m p l e t e l y s h a r e d i n t h e h y d r o g e n b o n d i n g . 

O n the b a s i s o f t h e c o n f i r m a t i o n o f t h e c o m p l e x e s 
o f t h e s o l u t e ( y - b u t y r o l a c t o n e ) w i t h t h e d o n o r ( o -
c r e s o l ) , t w o p o s s i b l e s t r u c t u r e s ( F i g . 8 ) h a v e b e e n , 

Fig. 8. Structures for the 1 :2 complex of the / -butyrolactone-
o-cresol system. 

in l i n e w i t h i h e e a r l i e r i n v e s t i g a t i o n s n , c o n s i d e r e d 

h e r e f o r t h e 1 : 2 s p e c i e s . I n t h e first s t r u c t u r e ( F i g . 

8 a ) , t w o m o l e c u l e s o f o - c r e s o l a r e d i r e c t l y b o n d e d 

to t h e c a r b o n y l g r o u p o f y - b u t y r o l a c t o n e a n d the 

f r e q u e n c y s h i f t c a n b e e x p e c t e d t o b e q u i t e l a r g e . 

I n t h e s e c o n d s t r u c t u r e ( F i g . 8 b ) , t h e s e c o n d m o l e -

c u l e o f o - c r e s o l i s n o t d i r e c t l y b o n d e d t o the o x y g e n 

a t o m o f y - b u t y r o l a c t o n e b u t is d i r e c t l y b o n d e d t o 

t h e o x y g e n a t o m o f o - c r e s o l ; a n d t h u s , t h e b o n d i n g 

1 M. L. JosiEN and J. LASCOMBE, C. R . Acad . Sei. Paris 239 . 
51 [1954] . 

2 J. LASCOMBE, P . GRANGE, and M . L . JOSIEN, Bu l l . S o c . 
Chim. France 1957, 773. 

o f the s e c o n d o - c r e s o l m o l e c u l e d o e s n o t d i r e c t l y 
i n f l u e n c e t h e b o n d i n g o f t h e c a r b o n y l g r o u p , s o t h e 
e x t e n t o f f r e q u e n c y s h i f t i s e x p e c t e d t o b e s m a l l . 
T h e f r e q u e n c y s h i f t o b s e r v e d f o r t h e 1 : 1 c o m p l e x 
in the y - b u t y r o l a c t o n e - o - c r e s o l s y s t e m is 8 c m - 1 , 
w h e r e a s t h e f r e q u e n c y s h i f t f o r t h e 1 : 2 c o m p l e x is 
1 3 c m - 1 f r o m t h e 1 : 1 c o m p l e x . T h u s , t h e s e r e s u l t s 
a r e i n f a v o u r o f t h e f i r s t s t r u c t u r e ( F i g . 8 a ) in 
w h i c h t w o m o l e c u l e s o f o - c r e s o l a r e d i r e c t l y b o n d e d 
to t h e c a r b o n y l g r o u p o f y - b u t y r o l a c t o n e i n c o m -
p a r i s o n to the o t h e r s y s t e m s s t u d i e d . T h e 1 : 1 a n d 
1 : 2 c o m p l e x e s a r e f o r m e d at f a i r l y l o w c o n c e n t r a -
t i o n s . I n a d d i t i o n to the c h a n g e i n t h e b u l k d i e l e c t r i c 
p r o p e r t i e s o f o - c r e s o l , t w o o r m o r e s p e c i f i c i n t e r a c -
t i o n s b e t w e e n y - b u t y r o l a c t o n e a n d o - c r e s o l m a y c o n -
t r i b u t e to t h e o v e r - a l l f r e q u e n c y s h i f t . 

T h e f r e e e n e r g i e s o f f o r m a t i o n f o r t h e 1 : 1 a n d 

1 : 2 c o m p l e x e s o f t h e y - b u t y r o l a c t o n e - o - c r e s o l s y s -

t e m w e r e c a l c u l a t e d b y u s i n g t h e f o r m a t i o n c o n -

stants f r o m t h e r e l a t i o n AG = — R T In K. T h e c a l -

c u l a t e d v a l u e s o f t h e 1 : 1 a n d 1 : 2 c o m p l e x e s at 

2 5 ° C a r e - 1 . 2 4 K c a l - d e g " 1 - m o l e " 1 , a n d - 2 . 3 2 

K c a l • d e g - 1 • m o l e - 1 , r e s p e c t i v e l y . T h u s , t h e f r e e e n -

e r g y o f f o r m a t i o n f o r t h e 1 : 2 c o m p l e x i s n e a r l y 

t w i c e the v a l u e f o r t h e 1 : 1 c o m p l e x at t h e s a m e 

t e m p e r a t u r e . T h e h i g h e r v a l u e o f t h e f r e e e n e r g y o f 

f o r m a t i o n w i t h n e g a t i v e s i g n f o r t h e 1 : 2 c o m p l e x 

o f t h e y - b u t y r o l a c t o n e - o - c r e s o l s y s t e m s h o w s that 

the d e g r e e o f i n t e r a c t i o n i n c r e a s e s in g o i n g f r o m 

the 1 : 1 c o m p l e x t o t h e 1 : 2 c o m p l e x . T h u s , t h e s e 

v a l u e s c l e a r l y e s t a b l i s h t h e r e l a t i v e s t r e n g t h o f the 

1 : 1 a n d 1 : 2 c o m p l e x e s o f t h e s a m e s y s t e m . F o r 

e v e r y c h a n g e i n t h e c o n c e n t r a t i o n o f t h e s o l v e n t , 

t h e r e a r e c o r e s p o n d i n g c h a n g e s i n t h e i n t e n s i t y , f r e -

q u e n c y , a n d h a l f w i d t h o f t h e b a n d . T h e o b s e r v e d 

l a r g e f r e q u e n c y s h i f t m a y b e d u e to b o t h t h e b u l k 

d i e l e c t r i c a n d s p e c i f i c i n t e r a c t i o n s . It is a l s o c l e a r 

f r o m t h e s e that y - b u t y r o l a c t o n e m a k e s c o m p l e x e s 

o n l y w i t h m o n o m e r o - c r e s o l m o l e c u l e s b u t n o t w i t h 

d i m e r s o r h i g h e r a s s o c i a t e d s p e c i e s . 

Acknowledgment 

T h e author is h i g h l y t h a n k f u l to D r . JAMES R . DURIG 
and the Univers i ty o f S o u t h C a r o l i n a f o r k i n d l y per -
mi t t ing h i m to use their s p e c t r o g r a p h a n d o t h e r fac i l i -
t ies . 

3 N. S. BAYLISS, A. R. H. COLE, and L. H. LITTLE, Australian 
J. Chem. 8, 26 [1955 ] . 

4 A. D. E. PULLIN, Spectrochim. Acta 16, 12 [ I 9 6 0 ] . 



5 L. J. BELLAMY and R. L. WILLIAMS, Trans. Faraday Soc. 
55 , 14 [1959 ] . 

6 G. L. CALDOW and H. W. THOMPSON, Proc . Roy . Soc. Lon-
don A 254, 1 [ I 9 6 0 ] . 

7 R.L.WILLIAMS, Ann. Reports Progr. Chem. 58, 34 [1961] . 
8 M. HORÄK and J. PLIVA, Spectrochim. Acta 21, 911 [1965] . 
9 M. HORÄK, J. MORAVEC, and J. PLIVA, Spectrochim. Acta 

21 , 919 [1965] . 
10 L. J. BELLAMY and H. E. HALLAM, Trans. Faraday Soc. 55, 

220 [1959 ] . 
11 K. B. WHETSEL and R. E. KAGARISE, Spectrochim. Acta 18, 

315, 329 [ 1 9 6 2 ] . 
12 R . E. KAGARISE and K. B. WHETSEL, Spectrochim. Acta 18, 

341 [1962 ] . 

13 G. C. PIMENTEL and A. L . MCCLELLAN, The Hydrogen 
Bond, W . H. Freeman and Company. San Francisco 1959. 

14 L . J . BELLAMY and R . L . WILLIAMS, P r o c . R o y . S o c . L o n -
don A 254, 119 [ I 9 6 0 ] . 

15 Tables of Wavelengths for the Calibration of Infrared Spec-
trometers, Butterworth, Inc. , Washington, D.C. 1961. 

16 T. L. BROWN and M. KUBOTA, J. Amer. Chem. Soc. 83, 331 
[1961 ] . 

17 J. M . WIDON. R . J. PHILIPPE, a n d M . E. HOBBS, J . A m e r . 
Chem. Soc. 79. 1383 [ 1 9 4 7 ] . 

18 C. P. NASH, J. Phys. Chem. 64, 950 [1960] . 
1 9 J . R . DURIG, G . L . COULTER, a n d D . W . W E R T Z , J . M o l . 

Spectroscopy 27, 285 [ 1 9 6 8 ] . 

Thermoluminescence of ZnS 

R . GRASSER, A . M A Y * , a n d A . S C H A R M A N N 

I. Physikalisches Institut der Universität Gießen 

(Z. Naturforsch. 27 a, 228—235 [1972] ; received 8 November 1971) 

A number of zinc sulphide phosphors containing cobalt was prepared with various concentrations 
of additional impurities. Co+ +- ions in both copper and silver activated phosphors produce a charac-
teristic glowcurve, showing three distinct peaks above liquid nitrogen temperature. It was establish-
ed that the first and probably the second glowpeak is connected with distinct traps, while the third 
peak is caused by a continuous distribution of traps. Measurements of thermoluminescence spectra 
as well as investigations of energy storage capacity and temperature dependence of electron capture 
in traps pointed to a local association of traps and luminescence centres in the case of the first two 
glowpeaks, whereas electron transfer via the conduction band from traps to separated luminescence 
centers was assumed for the third peak. An already existing model was used for discussing the 
experimental results obtained. 

1. Introduction 

R e g a r d l e s s o f t h e m a n y v a r i o u s p u b l i c a t i o n s in 

t h i s field s o f a r , i t i s r a t h e r u n c l e a r e d w h a t p h y s i -

c a l p r o c e s s e s a c t u a l l y t a k e p l a c e i n t h e l u m i n e s c e n c e 

o f z i n c s u l p h i d e p h o s p h o r s . A s e r i e s o f d i f f e r e n t 

m o d e l s w a s p r o p o s e d w h i c h in m o s t c a s e s c o u l d 

o n l y p a r t i a l l y b e f u l f i l l e d b y t h e v a r i o u s e x p e r i -

m e n t s 1 _ 4 . E v e n t h e u n i f o r m l u m i n e s c e n c e m o d e l f o r 

z i n c s u l p h i d e p h o s p h o r s s u g g e s t e d i n 1 9 6 6 5 , w h i c h 

m a k e s a p a r t i c u l a r l y e a s y u n d e r s t a n d i n g c a n n o t b e 

c o n s i d e r e d final. 

T h e a i m h e r e w a s to a c q u i r e s o m e m o r e k n o w l -

e d g e o f t h e v a r i o u s l u m i n e s c e n c e c e n t r e s a n d m e -

c h a n i s m s i n Z n S . I t w a s o f s p e c i a l i n t e r e s t w h e t h e r 

a n e x p l a n a t i o n f o r the t h e r m o l u m i n e s c e n c e c o u l d b e 

f o u n d w i t h i n t h e f r a m e w o r k o f e x i s t i n g m o d e l s . 

2. Experimental 

F o r the t h e r m o l u m i n e s c e n c e m e a s u r e m e n t s an ap-
p a r a t u s d e v e l o p e d b y ROTHERMEL 6 w a s u s e d with 
s l ight m o d i f i c a t i o n s . T h e a r r a n g e m e n t a l l o w e d a 
s i m u l t a n e o u s r e c o r d i n g of the total l u m i n e s c e n c e and 
the t h e r m o l u m i n e s c e n c e spec t ra . G l o w c u r v e s c o u l d a lso 

b e reg i s tered in p l a c e o f the s p e c t r a at v a r i o u s wave -
l engths . A l l the m e a s u r e m e n t s w e r e taken at the s a m e 
p h o t o m u l t i p l i e r v o l t a g e , so that g iven intensi t ies ( p h o t o -
currents ) o f the s p e c t r a l l y u n d i s t r i b u t e d ( E M I 6 2 5 6 S ) 
as we l l as those o f the s p e c t r a l l y d i s t r ibuted g l o w c u r v e s 
( E M I 9 5 5 8 Q B , S 2 0 c a t h o d e ) are a p p r o x i m a t e l y c o m -
p a r a b l e . T h e p h o s p h o r s w e r e e x c i t e d wi th the U V - p a r t 
o f the s p e c t r u m o f a h i g h p r e s s u r e m e r c u r y l a m p 
(Schott- f i l ter U G 1 1 ) u s u a l l y to saturat ion . F l u o r e s -
c e n c e spec t ra at d i f f e rent t e m p e r a t u r e s c o u l d a l so b e 
m e a s u r e d a f ter s o m e s i m p l e a l terat ions to the d e v i c e . 
F o r m e a s u r e m e n t s of t h e e l e c t r o n p a r a m a g n e t i c reso-
n a n c e ( E P R ) an A E G 2 0 - X - s p e c t r o m e t e r w a s u s e d . 

P u r e Z n S w a s used in p r e p a r i n g the v a r i o u s p h o s -
p h o r s . T h e s e w e r e a c c o r d i n g l y d o p e d wi th n i trates and 
ch lor ides , which w e r e a d d e d in the f o r m o f h i g h l y di-
luted so lut ions . In a d d i t i o n 2 m o l e p e r c e n t N a C l w e r e 
a d d e d in the s a m e w a y 7 . 

A f t e r d r y i n g at 1 2 0 ° C the s u b s t a n c e w a s fired at 
1 0 0 0 ° C f o r an h o u r in a n i t r o g e n a t m o s p h e r e . A s 
s h o w n later b y E S R m e a s u r e m e n t s ( M n + + - s i g n a l s ) , the 
result w a s an a lmost p u r e c u b i c s t ructure 8 . A l l d o p i n g 
c o n c e n t r a t i o n s are g iven in m o l e per m o l e Z n S . 
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