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ABSTRACT 

The a v a i l a b i l i t y o f m o l e c u l a r s t r u c t u r a l and 

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

g a s t h e r m o d y n a m i c f u n c t i o n s C ° , S ° , ( H ° - H ° ) / T , - ( F ° - H ° ) / T f o r 
p 7 7 o 7 o 

t h i r t y e i g h t h a l o g e n a t e d b e n z e n e s . The t h e r m o d y n a m i c f u n c t i o n s 

a r e g i v e n f o r t e m p e r a t u r e s b e t w e e n 2 7 3 . 1 5 ° K. and 1 5 0 0 ° K., a t 

one a t m o s p h e r e . 

The c o n t r i b u t i o n o f t h e a n h a r m o n i c i t y e f f e c t t o t h e 

t h e r m o d y n a m i c p r o p e r t i e s i s d i s c u s s e d . A d d i t i o n a l l y , a method 

i s d e s c r i b e d f o r making r e a l g a s c o r r e c t i o n s t o t h e i d e a l g a s 

t h e r m o d y n a m i c f u n c t i o n s , hov/ever, o n l y o v e r a l i m i t e d r a n g e o f 

p r e s s u r e and t e m p e r a t u r e (15 atm„ t o 0.25 a t m „ , 2 7 3 . 1 5 ° K. t o 

1 0 0 0 ° K . ) . T h i s method, b a s e d on t h e B e r t h e l o t e q u a t i o n o f 

s t a t e , r e q u i r e s t h e c r i t i c a l t e m p e r a t u r e and p r e s s u r e , w h i c h 

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

b e n z e n e s . As an example o f t h e method, t h e r e a l g a s t h e r m o ­

d y n a m i c f u n c t i o n s f o r f l u o r o b e n z e n e a r e shown, a t p r e s s u r e s 

b e t w e e n 10 atm. and 0.25 atm. F i n a l l y t h e t h e r m a l s t a b i l i t y 

o f t h e h a l o g e n a t e d b e n z e n e s i s d i s c u s s e d and t h e t e m p e r a t u r e s 

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

a r e i n d i c a t e d . 



i i 

TABLE OF CONTENTS 

Page 

Afo S t IT c L C t o o e o o o o o o o o o e o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o ^" 

L l S t Of" I ? c l l D l S S o o o o o o o o o © o o o o o o o o © o « © o o o o o o e © o o o o o © © 

I J I S t O f r l C J U J T G S © e e o o o o o o o o o o o o o o o o o o o o o o o o o o o o © * © © * ^ 

/ V C i C l l O W 1 6iClCf GinS-H t © o © © © © o o o © © © © o o © « o « © © © © © e © o © e © o © © © o © 

I l l t i r O O U C t i O n © o © © © o © © © © © o o © o e o © o © © © © © © o o © o © « © © © o © o O © ' ^ 

T O G O y • o e o » & o o « o o c o o o o o o o a o o o o e » o o o c » e o o c o o o o » o o o o e o ^ 

A. e Tn6 SxrnpXo C3 . S G o © © < » © © © o © © © « > © o © o o © © o o o © © © © © © 0 * » ^ 

Bo C a l c u l a t i o n o f Moments o f I n e r t i a .. ......... ^ 

C. A n h a r m o n i c i t y C o r r e c t i o n s . . . . . . . . . . . . . . . . e . r . « ^ 

D © J . n t S J T D 3.1. R o t c t t l O l l o o o o o o o o o o o o o o o o o o o o o o o o o o o o o 2̂4* 

E. D a t a R e a u i r e d t o C a l c u l a t e T h e r m o d y n a m i c 
F l _ m C t l O I " l S . o o © © © © . o o © . . o o © © o © o © o o © © o o © © © © © © . © © © * 

R e a l Gas C o r r e c t x o n s . o © © . © o o © o o o o © o o o © © © © o © o o o . o . o o ^ 

A© Tne L Q u a t i o n o f S t a t e o © o © © o © © © ' o o o © © o o o © o o © © o © o 

B. T h e r m o d y n a m i c F u n c t i o n s f o r R e a l G a s e s o o © . © . . © 3& 

T h e r m o d y n a m i c F u n c t i o n s a t H i g h T e m p e r a t u r e s ....„©© ^ 

D i s c u s s i o n o f t h e C a l c u l a t i o n s 45 

A. G e n e r a l D i s c u s s i o n o . = . . . . . . . o o . . . . 

3 o D l S C L l S S i o n O f C J I T X T O I T S OOOOOOOOOOOOOOOOOOOOOOOOOO 7̂  

C o n c l u s i o n a n d R e c o m m e n d a t i o n s f o r F u r t h e r S t u d y .© © 75 

i\ o C O i l C l V l S I L O n OODOOOOOOPOOOOOOOÔ OOOOOOOOOOOOOOOOO 73 
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CHAPTER I 

INTRODUCTION 

The aim o f t h i s work v/as t o c a l c u l a t e t h e t h e r m o ­

d y n a m i c f u n c t i o n s , C ° , S°. ( H ° - H ° ) / T , - ( F ° - H ° ) / T o f t h e 
' p o 7 o 

h a l o g e n a t e d b e n z e n e s f r o m 2 7 3 . 1 5 ° K". t o 1 5 0 0 ° K. , u s i n g t h e 

methods o f s t a t i s t i c a l t h e r m o d y n a m i c s and a v a i l a b l e s p e c t r o ­

s c o p i c and m o l e c u l a r s t r u c t u x - a l d a t a . The compounds i n v e s ­

t i g a t e d i n c l u d e d mono- t o h e x a h a l o b e n z e n e s and some unsyramet-

r i c a l d i h a l o b e n z e n e s . To do t h i s , a s u r v e y was made o f t h e 

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

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

l a t i o n s . The a c c u r a c y and s c o p e . o f t h i s work i s bound by i t s 

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

t a b l e s f o r u s e I n c h e m i c a l e n g i n e e r i n g p r o b l e m s . 

A t p r e s e n t , t h e most commonly i n d u s t r i a l l y u s e d 

h a l o b e n z e n e s a r e t h e c h l o r o b e n z e n e s . C h l o r o b e n z e n e i s t h e 

s t a r t i n g p o i n t f o r t h e p r o d u c t i o n o f DDT. S h r e v e (114) g i v e s 

t h e a n n u a l p r o d u c t i o n i n t h e U n i t e d S t a t e s as 537 m i l l i o n l b . 

( 1 9 6 4 ) . A n i l i n e i s p r o d u c e d i n d u s t r i a l l y f r o m c h l o r o b e n z e n e 

by t r e a t m e n t w i t h ammonia a t 4 8 0 ° K. u n d e r p r e s s u r e , u s i n g a 

c o p p e r c a t a l y s t ( 1 1 4 ) . P h e n o l i s p r o d u c e d i n a c a t a l y t i c 

v a p o r p h a s e r e a c t i o n a t 7 0 0 ° K. (114) by t h e a c t i o n of. st e a m 

on c h l o r o b e n z e n e . The c h l o r o b e n z e n e f o r t h i s p r o c e s s i s a l s o 

made i n t h e v a p o r p h a s e a t 5 0 0 ° K. by c o n t a c t i n g HCI and a i r 

w i t h b e n z e n e v a p o r ( 1 1 4 ) . C h l o r o b e n z e n e h a s many o t h e r i n d u s t -
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r i a l u s e s (11) s u c h as i n s o l v e n t s , dye i n t e r m e d i a t e s , e t c . 

H e x a c h l o r o b e n z e n e i s h y d r o l y s e d b y a l k a l i t o g i v e p e n t a c h l o -

r o p h e n o l , w h i c h i s u s e d t o t r e a t l u m b e r t o p r e v e n t b l u e i n g 

and m i l d e w ( 9 1 ) . O r t h o - d i c h l o r o b e n z e n e i s u s e d a s a s o l v e n t 

and t h e p a r a i s o m e r (moth r e p e l l a n t ) i s u s e d t o p r o t e c t f r u i t 

t r e e s f r o m t h e p e a c h b o r e r . A n n u a l U.S. p r o d u c t i o n o f p a r a -

d i c h l o r o b e n z e n e was 30,000 t o n s i n 1953 ( 9 1 ) . 

R e c e n t l y t h e f l u o r o - s u b s t i t u t e d b e n z e n e s h a v e 

a t t a i n e d more i n d u s t r i a l and t h e o r e t i c a l i m p o r t a n c e ( 2 7 , 8 0 , 1 0 7 ) . 

The p e r f l u o r i n a t e d a r o m a t i c s a r e among t h e s t a b l e s t o r g a n i c 

compounds known ( 5 3 ) ; a p e r f l u o r o p o l y p h e n y l p o l y m e r d e r i v a t i v e 

h a s b e e n shown t o be v e r y t h e r m a l l y s t a b l e ( 7 6 ) . The s t a r t i n g 

p o i n t f o r t h e s e s u b s t a n c e s i s h e x a - o r p e n t a f l u o r o b e n z e n e . 

H i g h t e m p e r a t u r e l u b r i c a n t s h a v e a l s o b e e n made f r o m f l u o r i n ­

a t e d b e n z e n e s ( 1 0 7 ) . Pummer and W a l l e x p e c t t h a t "as b e t t e r 

m e thods f o r i n d u s t r i a l s y n t h e s i s a r e d e v e l o p e d , t h e f l u o r o -

b e n z e n e s w i l l f i n d new and u s e f u l a p p l i c a t i o n s " ( 1 0 7 ) . 

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

v a p o r p h a s e r e a c t i o n s and t h e s i g n i f i c a n c e o f t h e compounds 

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

r e a g e n t s , i t was f e l t t h a t a s y s t e m a t i c p r e s e n t a t i o n o f t h e r m o ­

d y n a m i c f u n c t i o n s f o r t h e h a l o b e n z e n e s w o u l d be u s e f u l . Up t o 

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

m o n o h a l o b e n z e n e s , t h e d i f l u o r o - and d i c h l o r o b e n z e n e s and h e x a -

f l u o r o b e n z e n e ( 1 4 , 6 4 , 8 1 , 6 1 , 7 7 ) . 

I n a s s e s s i n g any p r o p o s e d p r o c e s s i n v o l v i n g a v a p o r 
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p h a s e r e a c t i o n i t i s e s s e n t i a l t o know t h e h e a t c a p a c i t i e s 

i n v o l v e d as w e l l as t h e p o s s i b l e e q u i l i b r i u m c o m p o s i t i o n s . 

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

r e a c t i o n AF°/T a t t h e r e a c t i o n t e m p e r a t u r e . T h i s v a l u e c a n 

e a s i l y be f o u n d i f t h e f r e e e n e r g y f u n c t i o n - ( F ° - H ° ) / T i s 

known f r o m s t a t i s t i c a l m e c h a n i c a l ( o r o t h e r ) c a l c u l a t i o n s . The 

h e a t o f f o r m a t i o n A H ° c a n a l s o be f o u n d , u s u a l l y f r o m h e a t o f 

c o m b u s t i o n d a t a . S i m i l a r l y , t h e s t a n d a r d h e a t o f r e a c t i o n 

A H ° c a n be c o mputed i f t h e e n t h a l p y f u n c t i o n ( H ° - H ° ) / T , and 

A H ° , a r e known. The methods f o r t h e s e c a l c u l a t i o n s a r e g i v e n 

i n t h e r m o d y n a m i c s t e x t b o o k s ( 8 3 , 8 4 ) . 

An e x a m p l e o f t h e u s e o f t a b u l a t i o n s s u c h as t h o s e 

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

o r t h o - , m e t a - and p a r a - d i f l u o r o b e n z e n e . G r e e n , K y n a s t o n and 

P a i s l e y ( 5 4 ) , who h a v e c a l c u l a t e d t h e t h e r m o d y n a m i c f u n c t i o n s 

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

o f t h e t h r e e i s o m e r s a t t e m p e r a t u r e s b e t w e e n 2 7 3 . 1 5 ° K. and 

1 5 0 0 ° K. 

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

d y n a m i c d a t a . C a l o r i m e t r y c a n be u s e d t o d e t e r m i n e h e a t c a ­

p a c i t i e s ( v a p o r f l o w c a l o r i m e t r y ) and h e a t s o f c o m b u s t i o n 

(bomb c a l o r i m e t r y ) . The b e s t c a l o r i m e t r i c r e s u l t s a r e c o n ­

s i d e r e d by G r e e n (4) t o be a c c u r a t e t o a b o u t - 0.02 %, w h i l e 

W h i f f e n (58) s t a t e s e x p e r i m e n t a l e r r o r may be as l a r g e as 

- 3 %. ? o r . t h e d e t e r m i n a t i o n o f e n t r o p i e s , and t h u s f r e e 

e n e r g i e s , t h e s o c a l l e d " t h i r d law c a l c u l a t i o n s " must be made. 
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T h e s e c o n s i s t o f i n t e g r a t i o n u n d e r t h e h e a t c a p a c i t y c u r v e 

f r o m 0° K. t o t h e t e m p e r a t u r e d e s i r e d , i n c l u d i n g t h e e n t r o p y 

c h a n g e s a s s o c i a t e d w i t h t h e p h a s e t r a n s i t i o n s : 

r A H , , T f 
T l f A 1 2 

S = ( C / t ) d t + 
lf 0 J P X l T x 

( C / t ) d t + ~ + (C / t ) d t 
P 1 i .T> I P 

where S r n i s t h e e n t r o p y a t t e m o e r a t u r e T,. and C i s t h e h e a t 
i f x P 

c a p a c i t y a t t e m p e r a t u r e t . The T^ a r e t h e t e m p e r a t u r e s o f t h e 

p h a s e c h a n g e s and t h e AH^ t h e e n t h a l p y c h a n g e s ( l a t e n t h e a t s ) . 

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

i t y r i g h t t o 0° K., and u s u a l l y a Debye f u n c t i o n (84) i s u s e d 

t o d e s c r i b e p a r t o f t h e f i r s t i n t e g r a l i n E q u a t i o n 1. 

As v / e l l as by d i r e c t " t h i r d lav;" m e a s u r e m e n t s , t h e 

t h e r m o d y n a m i c f u n c t i o n s c a n be c o mputed f r o m e x p e r i m e n t a l 

m o l e c u l a r s t r u c t u r a l and s p e c t r o g r a p h i c d a t a . When t h e p r o b l e m 

o f m o l e c u l a r m o t i o n and a t t r a c t i v e and r e p u l s i v e f o r c e s c a n be 

s o l v e d b y quantum m e c h a n i c s , t h e n b o t h v i b r a t i o n a l ( s p e c t r o ­

g r a p h i c ) and s t r u c t u r a l d a t a w i l l be c a l c u l a t e d , r a t h e r t h a n 

e x p e r i m e n t a l l y d e t e r m i n e d . 

From t h e s t r u c t u r a l i n f o r m a t i o n t h e moments o f 

i n e r t i a o f a m o l e c u l e may be c a l c u l a t e d t o d e t e r m i n e t h e 

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

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

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

u s i n g t h e h a r m o n i c - o s c i l l a t o r r i g i d - r o t a t o r a p p r o x i m a t i o n . 

I f t h e m o l e c u l e h a s a g r o u p o f atoms w h i c h u n d e r g o e s " i n t e r n a l 

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

a n d s i z e o f t h e b a r r i e r t o i n t e r n a l r o t a t i o n o r by i s o m e r i z a -

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

known. I f s e m i - e m p i r i c a l a n h a r m o n i c i t y c o r r e c t i o n s a r e n o t 

u s e d , t h e e r r o r a s c r i b e d t o t h e r e s u l t s o f t h i s work, u s i n g 

t h e s e m e t h o d s , i s b e t w e e n - 0.5 % and - 1.5 % o f t h e t h e r m o ­

d y n a m i c f u n c t i o n s , d e p e n d i n g on t h e a c c u r a c y o f t h e i n p u t d a t a . 

T h e s e e r r o r l i m i t s r e f e r t o t h e t e m p e r a t u r e r a n g e where e x p e r ­

i m e n t a l d a t a i s u s u a l l y a v a i l a b l e ( v i z . < 5 0 0 ° K . ) . F 0 r t h e 

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

r e a s o n a b l e and a r e more a c c u r a t e t h a n o t h e r p r e d i c t i v e methods 

( 2 , 8 3 , 1 0 2 ) . 

F o r p r a c t i c a l u s e , r e a l g a s c o r r e c t i o n s t o t h e i d e a l 

g a s t h e r m o d y n a m i c f u n c t i o n s may be r e q u i r e d . I n C h a p t e r I I I 

an e q u a t i o n o f s t a t e ( B e r t h e l o t ) i s p r o p o s e d f o r t h e s e c o r r e c ­

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

p r e s s u r e o n l y . 

The a b o v e methods a r e t h o u g h t t o be t h e b e s t way t o 

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

b e n z e n e s . Methods h a v e b e e n d e v e l o p e d f o r c o r r e l a t i o n s o f 

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

a l i z e d v i b r a t i o n a l c o n t r i b u t i o n s ( 2 , 8 3,102) b u t i t i s t h o u g h t 

t h a t t h e s e methods w i l l be l e s s a c c u r a t e t h a n t h e s t a t i s t i c a l 

t h e r m o d y n a m i c a p p r o a c h . 
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CHAPTER I I  

THEORY 

A * The S i m p l e C a s e 

I t h a s b e e n shown ( s e e f o r ex a m p l e H e r z b e r g , r e f . 8 5 ) 

t h a t t h e m a c r o s c o p i c t h e r m o d y n a m i c f u n c t i o n s C ° , S ° , ( H ° - H ° ) / T , 

and - ( F ° - H ° ) / T c a n be c a l c u l a t e d f r o m t h e p r o p e r t i e s o f t h e 

m o l e c u l e s o f t h e g a s . T h i s f o r m s a p a r t o f s t a t i s t i c a l t h e r m o ­

d y n a m i c s w h i c h r e l a t e s s t a t i s t i c a l m e c h a n i c s t o t h e t h e r m o ­

d y n a m i c s as u s e d by t h e e n g i n e e r . 

The f i r s t a s s u m p t i o n made t o d e r i v e t h e f o r m u l a e 

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

i d e a l ( s i g n i f i e d i n t h e n o m e n c l a t u r e a b o v e by a ! !o" s u p e r s c r i p t ) . 

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

s i d e r s e a c h m o l e c u l e as an i n d e p e n d e n t e n t i t y , s u b j e c t o n l y t o 

i t s own i n t e r n a l e n e r g y . I n a r e a l g a s t h e m o l e c u l e s i n t e r a c t 

w i t h o r e x e r t f o r c e s on one a n o t h e r . P r e s e n t l y , t h e s e i n t e r ­

a c t i o n s c a n n o t be d e s c r i b e d q u a n t i t a t i v e l y f o r p o l y a t o m i c 

m o l e c u l e s . 

The M a x w e l l - B o l t z m a n d i s t r i b u t i o n lav; g i v e s t h e 

p a r t i t i o n f u n c t i o n o f t h e ( m o l a l ) g a s s y s t e m , Q, w h i c h i s 

p r o p o r t i o n a l t o t h e t o t a l number o f m o l e c u l e s N. I f i t i s 

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

number o f m o l e c u l e s f\ r

n i n an e n e r g y s t a t e £ n and a d e g e n e r a c y 

g n , t h e n i t may be w r i t t e n t h a t N 7
n i s p r o p o r t i o n a l t o 

g n exp ( - ^ n A T) ( 8 5 , 9 4 ) . The t o t a l p a r t i t i o n f u n c t i o n i s 

t h e sum o v e r a l l t h e s t a t e s : 
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= ^ g n exp ( - ( n / k T) (2) 

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

p a r t i t i o n f u n c t i o n ( 8 4 , 8 5 , 9 4 ) : i f t h e p a r t i t i o n f u n c t i o n o f 

t h e g a s c a n be q u a n t i t a t i v e l y e x p r e s s e d , s o c a n t h e t h e r m o ­

d y n a m i c f u n c t i o n s . 

The t o t a l e n e r g y £ n o f t h e m o l e c u l e s i n s t a t e n c a n 

be d e s c r i b e d as t h e sum o f t h e t r a n s l a t i o n a l and i n t e r n a l 

e n e r g i e s f n ~ £t + ^ i n t ° B e c a u s e t h e s e e n e r g i e s a r e a d d i ­

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

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

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

Q = Q t * Q i n t (3) 

I n t h e s i m o l e c a s e s t h e " i n t e r n a l " p a r t i t i o n f u n c t i o n , Q. , , 
^ ' m t ' 

c a n be s e p a r a t e d a g a i n i n t o t h e p r o d u c t o f c o n t r i b u t i o n s due 

t o t h e v i b r a t i o n a l , r o t a t i o n a l and e x c i t e d e l e c t r o n i c d e g r e e s 

o f f r e e d o m o f t h e m o l e c u l e . 

The v i b r a t i o n a l p a r t i t i o n f u n c t i o n ( 8 4,85,86,87) 

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

o f t h e m o l e c u l e . The m o l e c u l e ' s atoms may be t h o u g h t o f as 

p o i n t masses a t t a c h e d t o s p r i n g s w h i c h f o l l o w Hooke's law, 

i n w h i c h t h e r e s t o r i n g f o r c e on t h e mass i s p r o p o r t i o n a l t o 

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

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

m o l e c u l e , t h e s e p o i n t masses v i b r a t e i n a c o m p l i c a t e d manner. 

I f t h e h a r m o n i c o s c i l l a t o r a s s u m p t i o n i s v a l i d , t h e a t o m i c 
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m o t i o n s c a n be r e s o l v e d i n t o n o r m a l v i b r a t i o n s , a l l o r t h o g o n a l 

t o e a c h o t h e r . Some o f t h e t h i r t y n o r m a l v i b r a t i o n s f o r 

f l u o r o b e n z e n e a r e shown i n F i g u r e 1 ( 5 8 ) . 

Figure T: Some Normal Vibrations of Fluorobenzene 

Two c l a s s e s o f m o l e c u l a r v i b r a t i o n s a r e a p p a r e n t : 

s t r e t c h i n g a l o n g ' t h e a x i s o f a b o n d , and d e f o r m a t i o n , i n w h i c h 

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

a x i s . T h e s e v i b r a t i o n s o c c u r a t c e r t a i n c h a r a c t e r i s t i c 

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

o f t h e same f r e q u e n c y i s i n c i d e n t on t h e m o l e c u l e , e n e r g y i s 

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

i n c r e a s e d . F o r an o b s e r v a b l e a b s o r p t i o n o f i n f r a - r e d e n e r g y , 

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

d i p o l e moment o f t h e m o l e c u l e ( 8 5 ) . H e r z b e r g ( 8 5 ) , W i l s o n , 

D e c i u s and C r o s s (88) and Wu (89) h a v e g i v e n v i b r a t i o n a l 

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

t i o n s a r e o b s e r v a b l e b y t h e i n f r a - r e d a b s o r p t i o n m e t h o d . 
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I t h a s b e e n shown t h a t ( 85,94) a m o l e c u l e w i t h n 

atoms h a s 3 n d e g r e e s o f f r e e d o m : t h r e e o f t h e s e d e s c r i b e t h e 

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

p o s i t i o n o f t h e c e n t e r o f g r a v i t y ; t h e r e m a i n i n g 3 n - 6 

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

t i o n a l modes. T h u s f o r a b e n z e n e t y p e m o l e c u l e t h e r e a r e 

t h i r t y f u n d a m e n t a l v i b r a t i o n s . As i n d i c a t e d a b o v e n o t a l l o f 

t h e s e 3 n - 6 modes a r e i n f r a - r e d a c t i v e . O t h e r methods t h a n 

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

v i b r a t i o n s . I n s e v e r a l c a s e s t h o s e f r e q u e n c i e s t h a t a r e i n ­

a c t i v e i n t h e i n f r a - r e d a r e a c t i v e i n t h e Raman s p e c t r u m ( 1 0 1 ) , 

w h i c h m e a s u r e s t h e s c a t t e r i n g o f i n c i d e n t i n f r a - r e d . r a d i a t i o n , 

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

b a n d s may o c c u r i n b o t h i n f r a - r e d and Raman s p e c t r a , b e c a u s e 

o f t h e p r e s e n c e o f h a r m o n i c o v e r t o n e f r e q u e n c i e s ( i n r e d u c e d 

i n t e n s i t y ) . T h e s e may o c c u r a t t w i c e o r t h r e e t i m e s t h e wave 

number, as c o m b i n a t i o n b a n d s o f t h e sum o f two f r e q u e n c i e s 

and as d i f f e r e n c e b a n d s ( t h e d i f f e r e n c e o f two f r e q u e n c i e s ) . 

T h e s e a d d i t i o n a l b a n d s o f t e n e n a b l e t h e a s s i g n m e n t o f n o n -

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

400 cm "*"), where d i r e c t i n f r a - r e d o r Raman d a t a i s o f t e n 

l a c k i n g . Due t o symmetry i t may h a p p e n t h a t tv/o o r more o f 

t h e f u n d a m e n t a l v i b r a t i o n s h a v e t h e same f r e q u e n c y , i n v/hich 

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

To a s s i s t i n t h e a s s i g n m e n t o f a new compound o f t e n 

a " n o r m a l c o o r d i n a t e a n a l y s i s " i s p e r f o r m e d . T h i s i s a m athe-
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m a t i c a l s o l u t i o n t o t h e many-bocly p r o b l e m o f t h e m o l e c u l e , 

u s i n g t h e h a r m o n i c o s c i l l a t o r a p p r o x i m a t i o n . The atoms a r e 

a s s i g n e d an e q u i l i b r i u m d i s t a n c e f r o m e a c h o t h e r . The f o r c e 

a c t i n g on an atom i s d e s c r i b e d by t h e p r o d u c t o f i t s d i s t a n c e 

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

two atoms u n d e r c o n s i d e r a t i o n . I f t h e m a s s e s o f t h e atoms 

( a s s u m e d p o i n t m a s s e s ) a r e known and t h e h a r m o n i c o s c i l l a t o r 

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

t h e atoms ( r e s o l v e d i n t o t h e n o r m a l d i r e c t i o n s ) c a n be c a l ­

c u l a t e d . A n o r m a l c o o r d i n a t e a n a l y s i s h a s b e e n done f o r t h e 

c h l o r o b e n z e n e s b y S c h e r e r and h i s c o w o r k e r s ( 6 3 ) . The weak­

n e s s o f t h e s e c a l c u l a t i o n s as an " a p r i o r i " method o f p r e d i c t ­

i n g f r e q u e n c i e s i s t h a t t h e f o r c e c o n s t a n t s h a v e t o be t a k e n 

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

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

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

t h e same atoms i n d i f f e r e n t m o l e c u l e s v a r y , b e c a u s e o f t h e i r 

d i f f e r i n g e n v i r o n m e n t s . F o r v e r y s i m i l a r m o l e c u l e s , h o w e v e r , 

s u c h as t h e c h l o r o b e n z e n e s , i t i s r e a s o n a b l e t o assume t h a t 

t h e r e w i l l be l i t t l e d i f f e r e n c e i n t h e f o r c e c o n s t a n t s ( 6 3 ) . 

The d e r i v a t i o n o f t h e r o t a t i o n p a r t i t i o n f u n c t i o n 

Q (84,85,86,87) u s e s s e v e r a l a s s u m p t i o n s , g i v e n b e l o w . F o r 

r i g i d m o l e c u l e s , s u c h as t h e h a l o g e n a t e d b e n z e n e s , t h e s e 

a s s u m p t i o n s a r e v e r y g o o d . The maximum e r r o r i n t h e t h e r m o ­

d y n a m i c f u n c t i o n s c a u s e d by t h e i r u s e i s g i v e n by H e r z b e r g as 

0.3 % ( 8 5 ) . The most i m p o r t a n t a s s u m p t i o n i s t h a t t h e m o l e c u l e 
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i s r i g i d and d o e s n o t c h a n g e d i m e n s i o n s ( s e e P a r t C o f t h i s 

c h a p t e r ) . The d e r i v a t i o n n e g l e c t s any v i b r a t i o n a l c r o s s p r o ­

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

t i o n f u n c t i o n i s d e r i v e d f o r s p h e r i c a l t o p m o l e c u l e s ( 8 5 ) . 

However i t may a l s o be u s e d f o r t h e s y m m e t r i c and a s y m m e t r i c 

t o p m o l e c u l e s w h i c h a p p e a r i n t h i s work ( 8 5 ) . 

The m o l e c u l a r s h a p e f a c t o r tf a p p e a r s i n t h e r o t a ­

t i o n a l p a r t i t i o n f u n c t i o n . I t i s t h e number o f i d e n t i c a l > 

p o s i t i o n s i n w h i c h t h e m o l e c u l e c a n be r e p l a c e d by r o t a t i o n s 

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

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

f u n c t i o n t o a c c o u n t f o r r o t a t i o n a l d e g e n e r a c y ( 8 5 , 9 0 ) . The 

m o l e c u l a r symmetry number (f d o e s n o t t a k e i n t o a c c o u n t t h a t 

t h e i d e n t i c a l n u c l e i i may n o t h a v e z e r o s p i n . T h a t i s , i t i s 

a ssumed t h a t a l l t h e r o t a t i o n a l l e v e l s h a v e t h e same w e i g h t 

i n t h e sum o f r o t a t i o n a l s t a t e s . U s u a l l y t h e n u c l e a r s p i n c a n 

be n e g l e c t e d i n c a l c u l a t i o n s , s i n c e f o r a l l m o l e c u l e s e x c e p t 

h y d r o g e n a t low t e m p e r a t u r e s ( 8 5 ) , i t h a s no d e t e c t a b l e e f f e c t 

on t h e t h e r m o d y n a m i c f u n c t i o n s . I n t h e s e c a l c u l a t i o n s o f t h e 

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

s p i n may be s a f e l y n e g l e c t e d . 

F o r most m o l e c u l e s a t low t e m p e r a t u r e s t h e e l e c ­

t r o n i c s t a t e i s a s i n g l e quantum l e v e l ( v/hich i s a s s i g n e d as 

t h e z e r o s t a t e ) . I n t h i s c a s e t h e e l e c t r o n s o f t h e m o l e c u l e 

a r e p a i r e d t o g i v e z e r o e l e c t r o n i c s p i n and z e r o o r b i t a l 

a n g u l a r momentum. Thus t h e e l e c t r o n i c p a r t i t i o n f u n c t i o n i s 
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1 and t h e r e i s no e l e c t r o n i c c o n t r i b u t i o n t o t h e t h e r m o d y n a m i c 

f u n c t i o n s . A t h i g h e r t e m p e r a t u r e s t h e h i g h e r e l e c t r o n i c : 

s t a t e s may become f i l l e d , b u t P i t z e r and B r e w e r (84) h a v e 

shown t h a t f o r most d i - and p o l y a t o m i c m o l e c u l e s ( e x c e p t , 

NC>2, NO ) t h e e l e c t r o n i c p a r t i t i o n f u n c t i o n may be t a k e n 

as u n i t y t o a b o u t 2 0 0 0 ° K. I t i s n o t e x p e c t e d t h a t e l e c t r o n i c 

e f f e c t s w i l l be i m p o r t a n t i n t h e r a n g e o f t e m p e r a t u r e s u s e d 

i n t h i s work ( s e e C h a p t e r I V ) . 

The e q u a t i o n s r e l a t i n g t h e p a r t i t i o n f u n c t i o n and 

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

e n t r o p y a r e g i v e n i n t h e l i t e r a t u r e ( 8 4 , 8 5 , 8 6 , 8 7 ) . U s i n g t h e 

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

c o n t r i b u t i o n s o f t h e t r a n s l a t i o n a l , r o t a t i o n a l and v i b r a t i o n a l 

d e g r e e s o f f r e e d o m c a n be d e r i v e d , and t h e t h e r m o d y n a m i c f u n c ­

t i o n s c a n be c a l c u l a t e d . T h e e n t h a l p y f u n c t i o n ( H ° - K ° ) / T may 

be f o u n d f r o m t h e d i f f e r e n c e * 

( H ° - H ° ) / T = S ° + ( F ° - H ° ) / T (4) o o 
T a b l e I shows t h e d e r i v e d f o r m u l a e f o r t h e i d e a l g a s t h e r m o ­

d y n a m i c f u n c t i o n s , a c c o r d i n g t h e t h e o r y a b o v e . The nomen­

c l a t u r e f o r t h e s e f o r m u l a e i s f o u n d ' i n A p p e n d i x A. 

* N o t e t h a t H 0 i s t h e z e r o p o i n t (0 K.) e n t h a l p y w h i c h i s 
e q u i v a l e n t t o t h e z e r o p o i n t i n t e r n a l e n e r g y Ug ( o r E g , 
as i s s o m e t i m e s f o u n d i n t h e l i t e r a t u r e ) . The f r e e e n e r g y 
and e n t h a l p y f u n c t i o n s mav i n some c a s e s be b a s e d on 2 9 8 ° K, 
r a t h e r t h a n 0 ° K. The c o n v e r s i o n o f - ( F ° - H ? ) / T t o 
- ( F ° - H ^ Q 8 ) / T i s e a s i l y done ( 8 4 ) , by t h e f o r m u l a 

U - r i 2 9 g ; / ~ - U * 0 > / ± U i 2 9 8 o ; / * 



TABLE I 

Contributions of the Separate Degrees of Freedom* to the Thermodynamic Functions 

degree of 
freedom 

heat capacity f r e e energy 

_(F°-H°)T 

entropy 

S° 

t r a n s l a t i o n 5 R / 2 R (3/2 l n M + 5/2 I n T) - 7.283 R (3/2 In M + 5/2 l n T) - 2.315 

r o t a t i o n 3 R / 2 R(l/ 2 l n I A B C x 1 0 1 1 7 + 3/2 In T - I n C ) 
-3.014 

R(l/ 2 l n I A B C x 10u-7+ 3/2 In T - l n CT ) 
- 0.033 

v i b r a t i o n R 
_(e U - 1)2 

- R In ( 1 - e" u) 
R - l n (1 - e~ u) 

_( e u - l ) 

u n i t s cal/gmole °K. cal/gmole °K. E. U. 

where u = h c V / k T 

see Appendix A f o r a l i s t of nomenclature used 

These formulae have been programmed, i n FORTRAN IV 
see Appendix B and C f o r these computer programs 

To obtain the t o t a l i d e a l gas thermodynamic function 
the contribution of each degree of freedom i s summed. 
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B . C a l c u l a t i o n o f t h e Moments o f I n e r t i a 

I t i s s e e n t h a t t h e f o r m u l a e f o r t h e r o t a t i o n a l 

c o n t r i b u t i o n s t o t h e e n t r o p y and f r e e e n e r g y , g i v e n i n T a b l e I , 

i n c l u d e t h e p r o d u c t o f t h e p r i n c i p a l moments o f i n e r t i a , I 

T h i s p r o d u c t i s t h e v a l u e o f t h e d e t e r m i n a n t : 
A B C 

"ABC 

I - I - I XX xy x z 
- I I - I 

x y y y y z 
- I - I i 

x z y z z z 

(5) 

I f t h e o r i g i n o f C a r t e s i a n c o o r d i n a t e s i s a t t h e c e n t e r o f 

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

f o r m 

I = > m. ( y . + z. ) xx << 1 J l 1 (6a) 

and t h e o f f - d i a q o n a l e l e m e n t s h a v e t h e f o r m 

"xy = > m. x . y. (6b) 

Godnev (87) s t a t e s , "To d e t e r m i n e t h e mai n c e n t r a l 

moments o f i n e r t i a , i t i s v e r y i m p o r t a n t t o d e t e r m i n e t h e 

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

c a l c u l a t o r s o f moments o f i n e r t i a f o r m o l e c u l e s (73,74) t o 

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

i s n o t n e c e s s a r y . Any o r i g i n o f c o o r d i n a t e s c a n be u s e d 

p r o v i d i n g t h a t , b y t h e t h e o r e m o f P a r a l l e l A x e s ( 8 5 ) , a 

m o d i f i c a t i o n t o t h e e l e m e n t s o f t h e d e t e r m i n a n t i n E q u a t i o n 5 

i s made. Then t h e d i a g o n a l e l e m e n t s become 

x x x = £ m i ( ^ i + z i 5 - \ ( £ m i y i ) 2 - \ ( £ m i z i ) 2 ( 7 a ) 
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and t h e o f f - d i a g o n a l e l e m e n t s a r e m o d i f i e d t o h a v e t h e f o r m 

V - £ m i
 xi y± - i ( £ m i V ( S m i V (7b) 

where t h e n o m e n c l a t u r e i s as i n A p p e n d i x A. 

I n t h e s i m p l e c a s e , where t h e r i g i d r o t a t o r , h a r ­

m o n i c o s c i l l a t o r a p p r o x i m a t i o n i s u s e d , o n l y t h e p r o d u c t I A B C 

i s n e e d e d . I n o t h e r c a s e s h o w e v e r i t i s n e c e s s a r y t o f i n d t h e 

i n d i v i d u a l p r i n c i p a l moments o f i n e r t i a 1^, I g and I c . T h e s e 

moments a r e u s e d i n c a l c u l a t i o n s i n v o l v i n g i n t e r n a l r o t a t i o n s 

and may be u s e d as a c h e c k on m i c r o w a v e s t r u c t u r a l d a t a , w h i c h 

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

I t i s p o s s i b l e b y a r o t a t i o n and t r a n s l a t i o n o f 

a x e s t o make a l l t h e c r o s s p r o d u c t t e r m s C l a i 3 e t c . ) z e r o i n 

t h e d e t e r m i n a n t I . n „ . I n t h i s c a s e t h e d e t e r m i n a n t w i l l b e 

ABC 

I 0 xx 
0 

0 
YY 
0 I 

0 

0 

zz 

(8) 

where 1 = 1 , 1 = I and I = I r , t h e p r i n c i p a l moments 

o f i n e r t i a . A f t e r t h i s r o t a t i o n ( a n d t r a n s l a t i o n i f t h e 

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

t h e p r i n c i p a l a x e s A, B and C, c o r r e s p o n d i n g t o I A , I g and I ^ , 

w i l l be t h o s e w h i c h h a v e t h e g r e a t e s t symmetry v / i t h r e s p e c t 

t o t h e atoms o f t h e m o l e c u l e . 

* The r o t a t i o n a l c o n s t a n t s may be c o n v e r t e d t o moments o f 
i n e r t i a by A = h / (8 TT c I ), o r , when A i s i n 
K c / s e c , I A = 5.05531 x 1 0 s / K. ' A 



16 

A m o l e c u l e o f 1-2-4-5- t e t r a c h l o r o b e n z e n e i s shown 

i n F i g u r e 2 v / i t h i t s o r i g i n o f c o o r d i n a t e s and a x e s X Y and Z. 

The a x e s f o r w h i c h t h e m o l e c u l e h a s t h e g r e a t e s t symmetry a r e 

A B and C, t h r o u g h t h e c e n t e r o f g r a v i t y , as i n F i g u r e 2. I n 

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

a x e s . The A and B a x e s h a v e r e s u l t e d f r o m a t r a n s l a t i o n and 

r o t a t i o n o f t h e o l d X and Y a x e s . S i n c e t h e m o l e c u l e i s 

p l a n a r t h e Z o r C c o o r d i n a t e s , r e m a i n u n c h a n g e d . 

M a t h e m a t i c a l l y t h i s r o t a t i o n and t r a n s l a t i o n i s 

done by s o l v i n g f o r t h e e i g e n v a l u e s o f t h e d e t e r m i n a n t I ^ 3 C > 

s u c h t h a t 

I - A I I 
XX x y x z 

I i -X I x y YY y z 
I I I 
x z y z z z -X 

T h e r o o t s o f E q u a t i o n 9 a r e X = I , X= I „ , X = I ~ . T h e 
a 7 B' C 

d e t e r m i n a n t i n E q u a t i o n 9 y i e l d s a c u b i c e q u a t i o n i n X and 

i s s o l v e d by K e w t o n - R a p h s o n i t e r a t i o n , w h i c h h a s b e e n done by 

C r o s s (73) and B r y c e ( 7 4 ) . T h i s s o l u t i o n i s a r e s u l t o f t h e 

C a y l e y - H a m i l t o n t h e o r e m w h i c h s t a t e s (95) t h a t i f A i s a s q u a r e 

m a t r i x ( a n d s i m i l a r t o a d i a g o n a l m a t r i x ) , w i t h c h a r a c t e r i s t i c 

p o l y n o m i a l f ( X ) , t h e n f (A) = 0. I n t h i s c a s e t h e m a t r i x 

o f E q u a t i o n 5 i s s i m i l a r t o t h e m a t r i x o f E q u a t i o n 8, w h i c h 

i s a d i a g o n a l m a t r i x . 

A l t e r n a t i v e l y any one o f t h e methods f o r f i n d i n g 

s y m m e t r i c m a t r i x e i g e n v a l u e s may be u s e d . T h e s e methods a r e 
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i n g e n e r a l f a s t e r and more w i d e l y a p p l i c a b l e . I t was f o u n d 

i n t h i s work t h a t t h e i t e r a t i v e method d o e s n o t c o n v e r g e i f a 

m o l e c u l e h a s h i g h symmetry ( e . g . b e n z e n e , h e x a h a l o b e n z e n e s ) , 

i n v/hich c a s e i d e n t i c a l e i g e n v a l u e s a p p e a r , w h i c h c a n n o t be 

h a n d l e d by i t e r a t i o n . * I n t h i s work, H o u s e h o l d e r ' s method was 

u s e d t o f i n d a ' t r i - d i a g o n a l m a t r i x ' (96,97) and S t u r m 

s e q u e n c i n g (96,97) v/as u s e d t o i s o l a t e t h e i n d i v i d u a l moments 

o f i n e r t i a ( e i g e n v a l u e s ) . * * The m a t h e m a t i c a l i n a c c u r a c y o f 

t h i s method (96,97) i s e x p e c t e d t o be l e s s t h a n t h e i n a c c u r ­

a c y c a u s e d by t h e u n c e r t a i n t i e s i n t h e b o n d l e n g t h s and a n g l e s . 

T h e a c c u r a c y o f t h e i t e r a t i v e method i s c o n s i d e r e d t o be g o o d , 

where i t c o n v e r g e s . 

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

a t o m i c w e i g h t rru o f e a c h atom and i t s c o o r d i n a t e s x s , y ^ and 

z ^ w i t h r e s p e c t t o some a x i s a r e n e e d e d . I n t h i s work, on t h e 

h a l o g e n a t e d b e n z e n e s , t h e c e n t e r o f c o o r d i n a t e s was t a k e n as 

o n e o f t h e c a r b o n atoms i n t h e b e n z e n e r i n g . The b o n d 

d i s t a n c e s and a n g l e s v/ere u s e d t o c a l c u l a t e t h e c o o r d i n a t e s 

f r o m t h i s o r i g i n . F i g u r e 2 shows a m o l e c u l e t y p i c a l o f t h o s e 

d e s c r i b e d i n t h i s work: 1-2-4-5- (sym) t e t r a c h l o r o b e n z e n e . 

T h i s i s n o t as s e v e r e a drav/back as i t may seem, s i n c e t h e 
a x e s o f symmetry a r e o b v i o u s i n t h i s c a s e and c a n be c h o s e n 
"by h a n d " g i v i n g d i r e c t l y t h e d e t e r m i n a n t w i t h c r o s s t e r m s 
( I e t c . ) as z e r o , xy 

* See A p p e n d i x B f o r a d e s c r i p t i o n o f t h e c o m p u t e r p r o g r a m 
w h i c h f i n d s t h e p r i n c i p a l moments o f i n e r t i a by 
H o u s e h o l d e r ' s method and S t u r m s e q u e n c i n g . See A p p e n d i x C 
f o r a c o p y o f t h e p r o g r a m . 
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Figure 2: 1-2-4-5- Tetrachlorobenzene Molecule 
( not to scale ) 



1 9 

F o r t h i s c a s e s t r u c t u r a l d a t a was t a k e n f r o m t h e v a p o r 

e l e c t r o n - d i f f r a c t i o n e x p e r i m e n t s o f S t r a n d ( 6 6 ) . 

The bond l e n g t h s and a n g l e s u s e d i n t h i s work a r e 

g e n e r a l l y o b t a i n e d by one o f two t e c h n i q u e s . v a p o r e l e c t r o n -

d i f f r a c t i o n m e a s u r e m e n t s ( s u c h as t h o s e m e n t i o n e d a b o v e ) a r e 

o f t e n u s e d . The i n f o r m a t i o n i s a l s o f o u n d by m i c r o w a v e s p e c ­

t r o s c o p y ( f o r e x a m p l e , R o s e n t h a l and D a i l e y , r e f . 1 ) , w h i c h 

u s u a l l y a l s o g i v e s t h e r o t a t i o n a l c o n s t a n t s A-, B and C. The 

" T a b l e s o f I n t e r a t o m i c D i s t a n c e s " by S u t t o n ( 8 0 ) a r e o f t e n 

u s e f u l , a l t h o u g h more r e c e n t d a t a may be a v a i l a b l e i n t h e 

l i t e r a t u r e . I t s h o u l d , be n o t e d f o r what a g g r e g a t e s t a t e t h e 

s t r u c t u r a l d a t a h a s b e e n f o u n d , s i n c e b o n d l e n g t h s may c h a n g e 

w i t h c h a n g e s o f s t a t e . B o t h e l e c t r o n - d i f f r a c t i o n and m i c r o ­

wave m e a s u r e m e n t s may be made on compounds i n t h e v a p o r s t a t e , 

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

on v a p o r s . 

I n s e v e r a l c a s e s i n t h i s work ( s e e C h a p t e r V ) 

e x p e r i m e n t a l l y d e t e r m i n e d s t r u c t u r a l d a t a v/as u n a v a i l a b l e . 

I n t h e s e c a s e s t h e s t r u c t u r e was a s s i g n e d u s i n g data, on 

s i m i l a r compounds whose s t r u c t u r e was known. O t h e r methods 

t h a t may h e l p i n t h e d e t e r m i n a t i o n o f moments o f i n e r t i a a r e 

u l t r a - v i o l e t s p e c t r o s c o p y and X - r a y d i f f r a c t i o n t e c h n i q u e s . 
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C. A n h a r m o n i c i t y C o r r e c t i o n s 

The u s e o f t h e a s s u m p t i o n s o f t h e p r e v i o u s s e c t i o n 

g i v e s r i s e t o d i f f e r e n c e s b e t w e e n t h e t h i r d l a w ( e x p e r i m e n t a l l y 

o b s e r v e d ) f u n c t i o n s and t h e c a l c u l a t e d f u n c t i o n s . T h i s d i f f e r ­

e n c e i s g e n e r a l l y a s c r i b e d t o " a n h a r m o n i c i t y " . S t r i c t l y , 

a n h a r m o n i c i t y r e f e r s t o d e v i a t i o n s f r o m h a r m o n i c (Hooke's lav/) 

v i b r a t i o n i n t h e m o l e c u l e . I f , f o r e x a m p l e , t h e f o r c e F on 

an atom i s g i v e n by 
2 

F = k-̂  x + k 2 x + .... (10) 

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

p o s i t i o n and t h e k i a r e f o r c e c o n s t a n t s d e s c r i b i n g t h e a toms' 

i n t e r a c t i o n s , a n h a r m o n i c v i b r a t i o n s r e s u l t . The a n h a r m o n i c 

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

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

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

L i s s a j o u s (85) m o t i o n t h a t r e s u l t s c a n n o t be s e p a r a t e d i n t o 

n o r m a l v i b r a t i o n s . T h e n t h e t o t a l e n e r g y i s no l o n g e r t h e 

sum o f i n d e p e n d e n t ( e v e n t h o u g h a n h a r m o n i c , as i n t h e d i a t o m i c 

c a s e ) v i b r a t i o n s . T h u s t h e c o n c e p t o f i n d i v i d u a l f u n d a m e n t a l 

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

e f f e c t o f a n h a r m o n i c i t y i s l a r g e . A s t o n and F r i t z (86) show 

r e s u l t s f o r HCN and t h e a n h a r m o n i c i t y c o n t r i b u t i o n s f o r 

d i a t o m i c m o l e c u l e s a r e shown by P i t z e r and B r e w e r ( 8 4 ) . 

I f a r i g o r o u s d e v e l o p m e n t i s f o l l o w e d ( 8 5 ) , t h e 

v i b r a t i o n a l - r o t a t i o n a l i n t e r a c t i o n t e r m s must be i n c l u d e d i n 

t h e p a r t i t i o n f u n c t i o n . T h i s i n t e r a c t i o n i s c a u s e d by t h e 
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v i b r a t i o n s c h a n g i n g t h e s i z e and s h a p e o f t h e m o l e c u l e , a l t e r ­

i n g I A B £ , w h i c h f i g u r e s i n t h e r o t a t i o n a l p a r t i t i o n f u n c t i o n . 

An i n t e r a c t i o n b e t w e e n v i b r a t i o n a l and r o t a t i o n a l e n e r g i e s 

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

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

e a c h r o t a t i o n a l l e v e l . When t h e r e a r e a l a r g e number o f 

r o t a t i o n a l l e v e l s and t h i r t y v i b r a t i o n a l l e v e l s ( a s t h e r e a r e 

i n t h e h a l o g e n a t e d b e n z e n e s ) t h i s becomes m a t h e m a t i c a l l y 

c o m p l i c a t e d . 

A r e l a t e d e f f e c t w h i c h c h a n g e s t h e r o t a t i o n a l 

p a r t i t i o n f u n c t i o n i s r o t a t i o n a l s t r e t c h i n g o f t h e m o l e c u l e . 

A t h i g h t e m p e r a t u r e s t h e m o l e c u l e r o t a t e s f a s t e r and t h e 

c e n t r i f u g a l f o r c e t e n d s t o i n c r e a s e t h e moments o f i n e r t i a . 

T h i s c a n be t r e a t e d f o r s i m p l e m o l e c u l e s (85) b u t a g a i n i s t o o 

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

u l e s . I t i s p o s s i b l e t h a t t h i s e f f e c t c o u l d be a l l o w e d f o r 

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

a compound a t a s e r i e s o f t e m p e r a t u r e s and o b t a i n i n g t h e 

d e o e n d a n c e o f I . on t h e t e m p e r a t u r e . T h i s e m p i r i c a l r e s u l t 
A B C c 

c o u l d t h e n be i n c o r p o r a t e d i n t o t h e f o r m u l a e i n T a b l e I . 

O c c a s i o n a l l y i n c l u d e d u n d e r t h e h e a d i n g o f " a n -

h a r m o n i c i t y " may be t h e c o n t r i b u t i o n o f t h e h i g h e r e l e c t r o n i c 

s t a t e s . As has a l r e a d y b e e n m e n t i o n e d (34) t h i s i s n o t 

i m p o r t a n t f o r tnost m o l e c u l e s u n d e r 2 0 0 0 ° K. and e v e n f o r 

i n o r g a n i c m o l e c u l e s s u c h as K^C, 0 2 e t c . , f o r w h i c h t h e 

e l e c t r o n i c s t a t e s a r e i m p o r t a n t ( 8 4 ) , K e r z b e r g (35) has shown 
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t h a t t h i s e f f e c t i s o n l y a p p a r e n t a b o v e a b o u t 1 0 0 0 ° K. 

P e n n i n g t o n and Kobe (14) h a v e c a l c u l a t e d a p p r o x i ­

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

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

a n d c e n t r i f u g a l d i s t o r t i o n . The c a l c u l a t i o n d e p e n d s o n a 

k n o w l e d g e o f c o n s t a n t s d e r i v e d f r o m s p e c t r o s c o p y ( 1 4 ) , w h i c h 

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

( 1 4 ) h a v e c a l c u l a t e d t h e a n h a r m o n i c i t y c o n t r i b u t i o n s f o r 

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

a n h a r m o n i c p o t e n t i a l f u n c t i o n . I n o r d e r t o a p p l y t h e work o f 

P e n n i n g t o n and Kobe t o p o l y a t o m i c m o l e c u l e s M c C u l l o u g h , F i n k e 

a n d t h e i r c o w o r k e r s ( 16) h a v e g i v e n a s e m i - e m p i r i c a l e x ­

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

f o l l o w i n g f o r m u l a e f o r t h e t o t a l c o n t r i b u t i o n s o f "anharmon­

i c i t y " t o t h e t h e r m o d y n a m i c f u n c t i o n s . 

Sanh .= Z(C7Rw) (H°- hg/RT ) (11) 

H°-HS- Z fH°-H°\ (2C°M°-H°0) Tahh 2w\ RT / I R RT J 
where w = h c f / k T and t h e v a l u e s C ° / R a n d ( H ° - H ° ) / R T 

o 

a r e t h o s e f o r a n h a r m o n i c o s c i l l a t o r o f f r e q u e n c y V • The 

p a r a m e t e r s 2 and V a r e a d j u s t a b l e s o t h a t t h e o b s e r v e d 

" a n h a r m o n i c i t y " may be a c c o u n t e d f o r . T h e r e i s d a n g e r , how­

e v e r , i n p u t t i n g t o o much r e l i a n c e i n f o r m u l a e o f t h i s s o r t , 
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s i n c e t h e " c a l c u l a t e d r e s u l t s " c a n be made t o f i t t h e 

e x p e r i m e n t a l d a t a by a s i m p l e a d j u s t m e n t o f t h e a n h a r m o n i c i t y 

p a r a m e t e r s Z and ^ ) * . I t may be t h a t an o b s e r v e d d i f f e r e n c e 

i n e x p e r i m e n t a l and c a l c u l a t e d p r o p e r t i e s i s due t o an i n ­

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

c i e s ( s e e C h a p t e r V ) , i n c o r r e c t s t r u c t u r a l d a t a o r i n c o r r e c t 

i n t e r n a l r o t a t i o n a l d a t a ( i f a n y ) . S c o t t and M c C u l l o u g h and 

t h e i r c o w o r k e r s h a v e u s e d E q u a t i o n s 10 i n c a l c u l a t i o n s o f t h e 

t h e r m o d y n a m i c f u n c t i o n s o f b e n z e n e t h i o l ( 1 5 ) , b e n z o t r i f l u o r i d e 

( 8 ) , t o l u e n e (9) and 4 - f l u o r o t o l u e n e ( 6 9 ) , 1-2- d i f l u o r o b e n z e n e 

(41) and f l u o r o b e n z e n e ( 1 1 ) . The a n h a r m o n i c i t y c o n t r i b u t i o n 

i s l e s s t h a n 2 % o f C ° and S ° a t 1 5 0 0 ° K. f o r most o f t h e s e 
P 

compounds ( f o r f l u o r o b e n z e n e , i n t h i s v/ork, l e s s t h a n 1 % ) , Th 

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

Z and d o e s n o t go t o h i g h e r t e m p e r a t u r e s t h a n 5 0 0 ° K. T h u s i t 

i s d i f f i c u l t t o a s s e s s w h e t h e r t h i s 2 % c o n t r i b u t i o n a c t u a l l y 

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

t r u e v a l u e s . A t t e m p e r a t u r e s b e l o w 5 0 0 ° K. t h e a n h a r m o n i c i t y 

c o n t r i b u t i o n s a r e v / i t h i n t h e e x p e r i m e n t a l e r r o r , w h i c h may 

v a r y , up t o 3 % ( 5 8 ) . I t i s n o t e x p e c t e d t h a t t h e h a l o g e n a t e d 

b e n z e n e s w i l l show more a n h a r m o n i c i t y t h a n t h e more l o o s e l y 

c o n n e c t e d t o l u e n e d e r i v a t i v e s , s u c h as t h o s e m e n t i o n e d a b o v e . 
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D. I n t e r n a l R o t a t i o n 

I n t h e d e v e l o p m e n t o u t l i n e d i n P a r t A o f t h i s 

c h a p t e r , i t i s assumed t h a t t h e m o l e c u l e s a r e r i g i d and t h a t 

t h e g r o u p s o f atoms do n o t r o t a t e a b o u t t h e i r b o n d a x e s . T h i s 

i s t h e s i t u a t i o n i n t h e c a s e o f t h e h a l o g e n a t e d b e n z e n e s , w h i c h 

a r e r i g i d l y b o n d e d . I n some m o l e c u l e s h o w e v e r , i n t e r n a l 

r o t a t i o n s o f g r o u p s o f atoms may a p p e a r . F o r e x a m p l e i n 

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

I n g e n e r a l t h i s r o t a t i o n i s n o t f r e e , b e c a u s e o f s t e r i c and 

e l e c t r i c e f f e c t s and t h e n a t u r e o f t h e a x i a l b ond i t s e l f . 

I f t h e r e i s an i n t e r n a l r o t a t i o n a l d e g r e e o f f r e e ­

dom and t h e p o t e n t i a l b a r r i e r t o r o t a t i o n i s v e r y h i g h , t h e n 

a v i b r a t i o n ( u s u a l l y <200 cm""*") w i l l be c a u s e d b y t h e 

t o r s i o n a l o s c i l l a t i o n ( 6 ) , and t h e c o n t r i b u t i o n t o t h e t h e r m o ­

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

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

t h e t o r s i o n a l o s c i l l a t i o n . 

I n o t h e r c a s e s P i t z e r ' s and Gwinn's method (76) may 

b e u s e d : P i t z e r ' s method o f t r e a t i n g i n t e r n a l r o t a t i o n s (76, 

7 7,78,34,85,90,102) assumes t h a t a p o t e n t i a l b a r r i e r t o f r e e 

r o t a t i o n e x i s t s , v/hich may be d e s c r i b e d as a f u n c t i o n o f t h e 

a n g l e o f r o t a t i o n by 

V = 3j v (1 - c o s n' rf) (12) 

where V i s t h e p o t e n t i a l b a r r i e r , rf i s t h e a n g l e o f r o t a t i o n 

and n' i s t h e number o f e q u i v a l e n t p o s i t i o n s i n one r e v o l u t i o n . 
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P i t z e r (.76.) h a s g i v e n t h e p a r t i t i o n f u n c t i o n f o r f r e e 

r o t a t i o n , Q̂ ., and h a s c a l c u l a t e d t a b l e s w h i c h g i v e t h e 

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

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

b u t i o n s a r e e x p r e s s e d as f u n c t i o n s o f V / R T and 1/ Q^. The 

v a l u e o f Q f i s g i v e n by E q u a t i o n 13 ( 8 4 , 8 5 ) : 

Q f . i / s ^ r _ J c j r } * ( 1 J ) 

The r e d u c e d moment o f i n e r t i a I r , w h i c h a p p e a r s i n E q n . 13 

(8 4 , 8 5 ) i s 

= I ( l -I. 
C ,2 

i = A 

\ 

(14) 

where I i s t h e moment o f i n e r t i a o f t h e r o t a t i n g t o p , 1^ i s 

t h e p r i n c i p a l moment o f i n e r t i a o f t h e m o l e c u l e and oc^ i s t h e 

d i r e c t i o n c o s i n e b e t w e e n t h e a x i s o f r o t a t i o n and t h e i 

p r i n c i p a l a x i s v / i t h i = A, B, C. A c o m p u t e r p r o g r a m h a s b e e n 

w r i t t e n by C r o s s (73) and m o d i f i e d b y t h e a u t h o r , t o c a l c u l a t e 

t h e r e d u c e d moment o f i n e r t i a and t h e d i r e c t i o n a l c o s i n e s . 

T h i s p r o g r a m i s d e s c r i b e d i n A p p e n d i x B. 

A method o f t r e a t i n g i n t e r n a l r o t a t i o n s b y assum­

i n g a m i x t u r e o f i s o m e r s h a s b e e n p r o p o s e d b y L i e l m e z s and 

B o n d i ( 6 , 9 9 ) . F o r e x a m p l e , B u t l e r and L i e l m e z s h a v e 

c a l c u l a t e d t h e t h e r m o d y n a m i c f u n c t i o n s o f 1-1-2-2-

t e t r a b r o m o - e t h a n e by t h i s method ( 1 0 0 ) . The t h e r m o d y n a m i c 

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

e r t i e s o f t h e m i x t u r e o f t h e two i s o m e r s a r e c o m p u t e d . T h i s 
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method r e q u i r e s v i b r a t i o n a l f r e q u e n c y a s s i g n m e n t s and 

s t r u c t u r a l d a t a f o r b o t h i s o m e r s and t h e i s o m e r i z a t i o n e n e r g y . 

The L i e l m e z s - B o n d i method h a s b e e n s u c c e s s f u l l y u s e d f o r 

s e v e r a l compounds ( 2 , 3 , 6 , 1 0 0 , 1 0 3 , 1 0 4 ) . 

I n t h i s b r i e f m e n t i o n o f t h e i n t e r n a l r o t a t i o n a l 

p r o b l e m , an o u t l i n e o f two u s e f u l methods ha s b e e n g i v e n , i n 

o r d e r t o show what d a t a i s r e q u i r e d f o r t h e c a l c u l a t i o n s o f 

t h e c o n t r i b u t i o n s t o t h e t h e r m o d y n a m i c f u n c t i o n s . A summary 

o f a l l t h e d a t a r e q u i r e d f o l l o w s i n t h e n e x t s e c t i o n . 
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E. D a t a R e q u i r e d t o C a l c u l a t e T h e r m o d y n a m i c F u n c t i o n s 

T a b l e I I , b e l o w , s u m m a r i z e s t h e d a t a w h i c h must be 

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

f u n c t i o n s C ° , S ° , ( H ° - H ° ) / T , and - ( F ° - H ° ) / T f o r p o l y a t o m i c p 7 7 o 7 o 

m o l e c u l e s , a c c o r d i n g t o t h e methods g i v e n i n t h i s c h a p t e r . 

The t a b l e i s d i v i d e d i n t o t h r e e s e c t i o n s : f i r s t , t h e d a t a 

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

t i o n s ; s e c o n d , t h e d a t a r e q u i r e d i f c o r r e c t i o n s a r e t o be made 

f o r a n h a r m o n i c i t y , u s i n g E q n s . 11 (method o f M c C u l l o u g h , 

S c o t t e t a l . ) ; t h i r d , t h e d a t a f o r i n t e r n a l r o t a t i o n a l 

c a l c u l a t i o n s ( P i t z e r - G w i n n method and L i e l m e z s - B o n d i m e t h o d ) . 

Computer p r o g r a m s t o do t h e c a l c u l a t i o n s w i t h t h e 

d a t a i n T a b l e I I a r e c o n t a i n e d i n A p p e n d i x C, and e x p l a i n e d 

i n d e t a i l i n A p p e n d i x B. The c a l c u l a t i o n o f t h e t h e r m o d y n a m i c 

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

s t a n c e o f t h i s work, was done on t h e U n i v e r s i t y o f B r i t i s h 

C o l u m b i a IBM 7040 c o m p u t e r , w i t h t h e s e p r o g r a m s , w h i c h a r e 

w r i t t e n i n F o r t r a n I V . 



Table I I : Data Required f o r Ideal Gas Thermodynamic Function Ca l c u l a t i o n s 

DATA USED TO FIND WHERE USUALLY FOUND 

simple case: 
fundamental v i b r a t i o n a l 
frequencies ( 3 n - 6 ) 

v i b r a t i o n a l c o n t r i b u t i o n to 
thermodynamic functions 

i n f r a - r e d and Raman spectra 
normal coordinate a n a l y s i s 

r i g i d r o t a t o r 
harmonic o s c i l l ­
ator approx. 

molecular symmetry group molecular symmetry number as above or by ins p e c t i o n r i g i d r o t a t o r 
harmonic o s c i l l ­
ator approx. molecular weight t r a n s l a t i o n a l c o n t r i b u t i o n to 

the thermodynamic functions 
bond lengths ?'nd angles of 
molecule (molecular structure) 

coordinates of atoms of 
molecule and. thus I A pc 

e l e c t r o n - d i f f r a c t i o n 
microwave, X-ray spectra 

anharmonicity 
c o r r e c t i o n s 

experimental t h i r d law data 
to e m p i r i c a l l y determine the 
anharmonicity co n t r i b u t i o n 

V*and. Z 
(see Equations 11) calorimetry 

i n t e r n a l 
r o t a t i o n s 
P i t z e r -
Gwinn ( 7 6 ) 

height of p o t e n t i a l b a r r i e r V Q 

and number of equivalent 
p o s i t i o n s i n 3^0°, n 

(see Equations 12) 
microwave spectra 
i n f r a - r e d spectra 
others - see r e f . 79 

i n t e r n a l 
r o t a t i o n s 
P i t z e r -
Gwinn ( 7 6 ) 

bond lengths and angles of 
molecule (molecular structure) 

reduced moment of i n e r t i a I 
r 

e l e c t r o n - d i f f r a c t i o n 
microwave, X-ray spectra 

i n t e r n a l 
r o t a t i o n s 
Lielmezs-
Bondi ( 9 9 ) 

"simple case" data (above) f o r 
each isomer of compound. 

i n t e r n a l 
r o t a t i o n s 
Lielmezs-
Bondi ( 9 9 ) isomerization energy of the 

isomers 
used i n isomer mixture 
c a l c u l a t i o n s 

sound absorption 
microwave, i n f r a - r e d , 
and Raman spectra 
e l e c t r o n - d i f f r a c t i o n 
e l e c t r i c dipole moment 
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CHAPTER I I I . 

REAL GAS CORRECTIONS 

A # The E q u a t i o n o f S t a t e 

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

t i o n s i n w h i c h t h e i d e a l g a s a s s u m p t i o n i s u s e d n e e d some 

m o d i f i c a t i o n i n o r d e r t o o b t a i n t h e p r o p e r t i e s o f a r e a l g a s . 

I t i s w e l l known t h a t a t h i g h p r e s s u r e s and low t e m p e r a t u r e s 

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

t i o n s f r o m t h e i d e a l g a s lav/ where P V = R T, f o r one m o l e o f 

g a s . V u k a l o v i c h and N o v i k o v (28) i n an e x c e l l e n t p a p e r on t h e 

T h e r m o d y n a m i c P r o p e r t i e s o f I m p e r f e c t G a s e s h a v e s u r v e y e d how 

and why " r e a l g a s " e f f e c t s o c c u r . I t i s f o u n d (28) t h a t t h e 

m o l e c u l e s o f a g a s a s s o c i a t e i n t o g r o u p s o f two, t h r e e o r more 

m o l e c u l e s . The p r i n c i p a l r e a s o n f o r t h i s i s a Van d e r W a a l s 

t y p e (28) i n t e r a c t i o n o f m o l e c u l e s o f t h e g a s . I t c a n now 

e a s i l y be s e e n why t h e i d e a l g a s t h e r m o d y n a m i c f u n c t i o n s do n o t 

d e s c r i b e t h e r e a l g a s . The f o r m u l a e f o r t h e i d e a l g a s a r e 

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

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

p a r t i c l e s c h a n g e s , and t h e r o t a t i o n a l d e g r e e s o f f r e e d o m o f 

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

( 2 8 ) , w h i c h t e n d s t o r e d u c e t h e e n t r o p y . A t 1 atm. and a t t h e 

t e m p e r a t u r e s c o n s i d e r e d i n t h i s work ( 2 7 3 . 1 5 ° t o 1 5 0 0 ° K.) r e a l 

g a s c o r r e c t i o n s a r e s m a l l ( s e e f o r e x a m p l e , r e f s . 1 1 , 5 0 ) . I n 

d e s i g n p r o b l e m s , h o w e v e r , p r e s s u r e s g r e a t e r t h a n one a t m o s p h e r e 

may o c c u r , and i n t h i s c a s e r e a l g a s e f f e c t s may be i m p o r t a n t . 
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R e l a t i o n s b e t w e e n t h e t h e r m o d y n a m i c p r o p e r t i e s and t h e P - V - T 

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

b e e n d e v e l o p e d ( 2 3 , 8 3 , 8 4 , 9 0 , 8 7 , 8 5 , 1 0 2 ) . 

The t e x t b o o k s and o t h e r l i t e r a t u r e g i v e v a r i o u s 

e q u a t i o n s o f s t a t e , v/hich g e n e r a l l y f a l l i n t o two c a t e g o r i e s . 

The v i r i a l e q u a t i o n o f s t a t e , f i r s t u s e d t o f i t e x p e r i m e n t a l 

d a t a b y K a m m e r l i n g h Onnes, e x p r e s s e s d e v i a t i o n f r o m i d e a l 

b e h a v i o u r as a power s e r i e s i n P o r 1/V. I n t h i s work 

E q u a t i o n 1 5 w i l l be u s e d as t h e v i r i a l e q u a t i o n o f s t a t e . 

P V = R T + B ' P + C P 2 + . . . . ( 1 5 ) 

A t r e a s o n a b l y low p r e s s u r e s t h e h i g h e r t e r m s d r o p o u t and o n l y 

t h e s e c o n d v i r i a l c o e f f i c i e n t n e e d be c o n s i d e r e d ( 8 3 , 8 4 , 9 0 , 1 0 2 ) 

F o r e x a m p l e L e w i s and R a n d a l l ( 8 4 ) show f o r n i t r o g e n a t 2 7 3 ° K. 

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

e x c e l l e n t a p p r o x i m a t i o n up t o 1 0 atm., w h i l e i n e r r o r a b o u t 

1 . 5 % a t 1 0 0 atm. The method o f v i r i a l c o e f f i c i e n t s h a s a 

t h e o r e t i c a l b a c k g r o u n d , w h i c h c o n s i d e r s t h e i n t e r m o l e c u l a r 

f o r c e s , and w h i c h h a s b e e n w e l l d e s c r i b e d b y K i r s c h f e l d e r , 

C u r t i s s and B i r d ( 9 0 ) . U n f o r t u n a t e l y t h e s e methods c a n n o t be 

u s e d f o r t h e h a l o g e n a t e d b e n z e n e s s i n c e t h e r e i s l i t t l e o r no 

d a t a on i n t e r m o l e c u l a r p o t e n t i a l s , s u c h as t h e L e n n a r d - J o n e s 

o r S t o c k m a y e r p o t e n t i a l s ( 1 0 2 ) . E x p e r i m e n t a l d a t a on t h e 

P-V-T p r o p e r t i e s o f g a s e s i s u s u a l l y p r e s e n t e d ( 1 1 , 4 1 , 5 0 ) 

u s i n g t h e v i r i a l e q u a t i o n . 

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

f o r m s o f t h e c o r r e s p o n d i n g s t a t e s e q u a t i o n , s u c h as t h o s e o f 
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Van d e r W a a l s , D i e t e r i c i , B e r t h e l o t , B e n e d i c t , R u b i n and Webb, 

B e a t t i e and Bridgeman. and many o t h e r s . ( 8 3 , 8 4 , 9 0 , 1 0 2 ) . T h e s e 

e q u a t i o n s a t t e m p t t o d e s c r i b e t h e P-V-T b e h a v i o r o v e r as l a r g e 

a f l u i d r a n g e as p o s s i b l e . I n t h i s t h e s i s i t a p p e a r e d t h a t 

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

s t a t e s e q u a t i o n c o u l d be u s e d . A two c o n s t a n t e q u a t i o n was 

r e q u i r e d , f o r two r e a s o n s . F i r s t l y , t h e e v a l u a t i o n o f 

c o n s t a n t s f o r m u l t i p l e c o n s t a n t e q u a t i o n s , s u c h as t h e B e a t t i e 

B r i d g e m a n e q u a t i o n , r e q u i r e s s e v e r a l p a r a m e t e r s (84,102) w h i c h 

a r e n o t a v a i l a b l e f o r t h e h a l o g e n a t e d b e n z e n e s . S e c o n d l y , 

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

u s u a l l y o f t h e o n c e - o n l y t y p e : s u c h c a l c u l a t i o n s o c c u r i n t h e 

d e s i g n o f p r o p o s e d p r o c e s s e s . T h i s t y p e o f c o r r e c t i o n must be 

done "by h a n d " , and s i n c e c o m p u t e r s a r e a l m o s t e s s e n t i a l i n t h e 

more c o m p l i c a t e d e q u a t i o n s , s i m p l i c i t y i s i m p o r t a n t . 

The s i m p l e tv/o c o n s t a n t e q u a t i o n s were t e s t e d t o 

s e e w h i c h w o u l d b e s t f i t t h e a v a i l a b l e P-V-T d a t a f o r t h e 

h a l o g e n a t e d b e n z e n e s . The Van d e r W a a l s , D i e t e r i c i and 

B e r t h e l o t e q u a t i o n s h a v e two c o n s t a n t s , w h i c h c a n be e x p r e s s e d 

as f u n c t i o n s o f t h e c r i t i c a l t e r r m e r a t u r e T (° K. ) and t h e 
c 

c r i t i c a l o r e s s u r e P (atm.) ( 1 0 2 ) . The s e c o n d v i r i a l 
c 

c o e f f i c i e n t B i s e x p r e s s e d i n t e r m s o f t h e s e f u n c t i o n s i n 

E q u a t i o n s 16, 17, 18 ( 8 3 , 8 4 , 9 0 , 1 0 2 ) . T h i s e n a b l e s a com p a r ­

i s o n b e t w e e n t h e e x p e r i m e n t a l v i r i a l c o e f f i c i e n t B and t h a t 

c a l c u l a t e d f r o m t h e e q u a t i o n s o f s t a t e . 
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Van d e r W a a l s : 

B b - a/RT 

D i e t e r i c i : 

B ' = b - a/RT 

B e r t h e l o t : 

where 

where 

a/R = 27 R T /64 P c c 

V-b = R T / 8 P c c 

a/R = 16 R T / 29.85 P c c 

b = 4 R T / 29.35 P c c 

(16) 

(17) 

9 
128 

R T ( 

P ( 1 - 6 (T / T ) 2 ) (18) 

T h e s e e x p r e s s i o n s f o r B ( E q u a t i o n s 16, 17, 18) may be u s e d i n 

t h e v i r i a l e q u a t i o n 

P V = R T + B P (19) 

where t h e g a s c o n s t a n t R = 82.06 c c atm / K. gmole and t h e 

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

E x p e r i m e n t a l d a t a f o r t h e c o e f f i c i e n t B v/as a v a i l ­

a b l e f o r f l u o r o b e n z e n e ( 1 1 ) , 1-2- d i f l u o r o b e n z e n e (41) and 

h e x a f l u o r o b e n z e n e ( 5 0 ) . I n e a c h c a s e B was d e t e r m i n e d f r o m 

h e a t o f v a p o r i z a t i o n and v a p o r p r e s s u r e m e a s u r e m e n t s . 

* N o t e t h a t a l t h o u g h t h e v i r i a l e q u a t i o n o f C o u n s e l l , G r e e n , 
H a l e s and H a r t i n i s e x p a n d e d i n t e r m s o f P (50) and t h e 
e q u a t i o n u s e d by S c o t t and h i s c o w o r k e r s (11,41) i s e x ­
p a n d e d i n t e r m s o f V, t h e v a l u e s o f B a r e i d e n t i c a l ( 8 4 ) . 
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U n f o r t u n a t e l y no c r i t i c a l d a t a f o r 1-2- d i f l u o r o b e n z e n e was 

f o u n d so no c o m p a r i s o n c o u l d be made f o r t h i s compound. The 

c r i t i c a l d a t a u s e d i n E q u a t i o n s 16, 17, 18 was t a k e n f r o m 

C o u n s e l l , G r e e n , H a l e s and M a r t i n (50) f o r h e x a f l u o r o b e n z e n e ; 

f o r f l u o r o b e n z e n e t h e c r i t i c a l d a t a g i v e n b y R e i d and Sherwood 

(102 ) was u s e d . The e x p e r i m e n t a l d e t e r m i n a t i o n o f C o u n s e l l 

and h i s c o w o r k e r s o f t h e s e c o n d v i r i a l c o e f f i c i e n t o f h e x a -

f l u o r o b e n z e n e was f i t t e d by t h e e q u a t i o n (50) 

B = -477 - 15.78 exp (1470 / T) ( 3 1 5 ° - 3 5 3 ° K.) 

and f o r f l u o r o b e n z e n e S c o t t and h i s c o w o r k e r s h a v e f o u n d (11) 

B = 212 - 158.6 exp (750 / T) ( 3 1 8 ° - 5 0 0 ° K.) 

P a t r i c k and P r o s s e r (5) h a v e a l s o e x p e r i m e n t a l l y d e t e r m i n e d 

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

p r e s s u r e and h e a t o f v a p o r i z a t i o n d a t a f o r t h e s e compounds. 

The v a l u e s o f B c a l c u l a t e d by t h e e q u a t i o n o f s t a t e 

( E q u a t i o n s 16, 17, 18) and t h e e x p e r i m e n t a l d a t a c i t e d a b o v e 

a r e shown i n T a b l e 3, f o r s e l e c t e d t e m p e r a t u r e s . 

F o r h e x a f l u o r o b e n z e n e C o u n s e l l ' s v a l u e s (50) a r e 

c o n s i d e r a b l y h i g h e r t h a n t h o s e o f P a t r i c k and P r o s s e r ( 5 ) . 

F o r f l u o r o b e n z e n e b o t h w o r k e r s ' e x p e r i m e n t a l d a t a i s a b o u t 

t h e same. The e q u a t i o n o f s t a t e v a l u e s (B , ) a r e g e n e r a l l y 

l o w e r t h a n t h e e x p e r i m e n t a l v a l u e s . The b e s t f i t i s t h a t o f 

t h e B e r t h e l o t e q u a t i o n , w h i c h a g r e e s w e l l w i t h . a l l t h e 
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e x p e r i m e n t a l d a t a e x c e p t t h a t o f C o u n s e l l and h i s c o w o r k e r s . * 

TABLE I I I 

S e c o n d V i r i a l C o e f f i c i e n t ( c c / g r n o l e ) f o r F l u o r o b e n z e n e and 

H e x a f l u o r o b e n z e n e 

H e x a f l u o r o b e n z e n e 
Temp . 

(° K.) 
e x p t 

C o u n s e l l 
e x p t 

P a t r i c k 

B -i c a l c 
W a a ls 

B , c a l c 
D i e t e r i c i 

c a l c 
B e r t h e l o t 

298.2 -2664 -1540 -775 -1044 -1518 
320.0 -2033 -711 -974 -1306 
353.5 -1489 -1090 -678 -854 -1054 

F l u o r o b e n z e n e 
Temp. 
(° K.) 

e x p t 
S c o t t 

B . e x p t 
P a t r i c k 

c a l c 
W a a ls 

c a l c 
D i e t e r i c i 

B , c a l c 
B e r t h e l o t 

318.4 -1460 -637 -842 -1272 
357.9 -1077 -1070 -553 -735 -992 
382.4 -916 -509 -678 -861 

P a t r i c k and P r o s s e r (5) i n t h e i r p a p e r h a v e a l s o s t a t e d t h a t 

t h e B e r t h e l o t e q u a t i o n c o m p a r e s v e r y s a t i s f a c t o r i l y w i t h e x ­

p e r i m e n t a l m e a s u r e m e n t s on h e x a f l u o r o - , p e n t a f l u o r o - , f l u o r o ­

b e n z e n e and b e n z e n e i t s e l f . T h i s i s a l s o b o r n e o u t b y T a b l e I I I . 

No s p e c i f i c i n f o r m a t i o n on t h e maximum p r e s s u r e a t 

w h i c h t h e B e r t h e l o t e q u a t i o n i s a c c u r a t e c o u l d be f o u n d , e x c e p t 

* See t h e p a r a g r a p h o n h e x a f l u o r o b e n z e n e i n C h a p t e r V, v/hich 
g i v e s a d i s c u s s i o n o f t h e r e l i a b i l i t y o f t h e s e e x p e r i m e n t a l 
r e s u l t s , w h i c h may be i n e r r o r s i n c e ( d S / %T) i n c r e a s e s 
w i t h T r a t h e r t h a n d e c r e a s i n g as w o u l d be e x p e c t e d f r o m t h e 
g e n e r a l t h e o r y . 
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t h a t i t i s g o od f o r m o d e r a t e p r e s s u r e s . ( 8 3 , 8 4 , 9 0 ) . I n v i e w 

o f t h e d a t a on n i t r o g e n (84) g i v e n above and t h e d a t a o n 

s i m i l a r g a s e s g i v e n b y Guggenheim (20) i t m i g h t be t h o u g h t t h a t 

t h e B e r t h e l o t e q u a t i o n w o u l d be r e a s o n a b l y a c c u r a t e (- 2 %) up 

t o , s a y , 100 atm. However t h e c r i t i c a l p o i n t o f t h e h a l o -

b e n z e n e s ( s e e T a b l e I V ) i s t y p i c a l l y a t 5 0 0 ° - 7 0 0 ° K., 

30 - 40 atm. The B e r t h e l o t e q u a t i o n o f s t a t e i s n o t e x p e c t e d 

t o be a c c u r a t e i n t h e v i c i n i t y o f t h e c r i t i c a l p o i n t ( 9 0 ) . 

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

l i m i t o f a p p l i c a b i l i t y f o r p r e s s u r e i s t h a t t h e B e r t h e l o t 

e q u a t i o n s h o u l d be a g o od a p p r o x i m a t i o n up t o 15 atm. The 

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

0.25 atm., s i n c e e x p e r i m e n t a l d a t a f o r f l u o r o b e n z e n e (11) and 

h e x a f l u o r o b e n z e n e (50) show t h a t t h i s e q u a t i o n i s g o o d a t t h a t 

p r e s s u r e . 

I n t h e a b s e n c e o f s u f f i c i e n t c r i t i c a l p o i n t and 

v a p o r p r e s s u r e d a t a t o t e s t t h e o t h e r members o f t h e h a l o g e ­

n a t e d b e n z e n e s , and on t h e b a s i s o f t h e a b o v e e v i d e n c e , i t i s 

assumed t h a t t h e B e r t h e l o t e q u a t i o n d e s c r i b e s t h e P-V-T 

p r o p e r t i e s o f t h e s e compounds r e a s o n a b l y w e l l , w i t h i n t h e 

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



36 

B. The T h e r m o d y n a m i c F u n c t i o n s f o r R e a l G a s e s 

We h a v e s e e n t h a t t h e P-V-T b e h a v i o r c a n be e x ­

p r e s s e d f u n c t i o n a l l y by t h e e q u a t i o n o f s t a t e . The d i f f e r e n c e s 

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

e q u a t i o n i s P V = R T) and t h e r e a l f u n c t i o n s (where a t moder­

a t e p r e s s u r e s , P V = R T + B P ) c a n be d e r i v e d ( 8 3 ,94,90,102) 

f r o m E q u a t i o n s 20, w h i c h r e l a t e P-V-T p r o p e r t i e s t o t h e 

t h e r m o d y n a m i c f u n c t i o n s . 

(20) 

I f t h e v i r i a l e q u a t i o n o f s t a t e i s u s e d , i t h a s 

b e e n shown t h a t (84) t h e d i f f e r e n c e ( d e p a r t u r e ) i n e n t h a l p y 

a t a t e m p e r a t u r e T i s 

( H - H ° ) T = (B - T P + (c _ T f§) | ^ + .... (21) 

t o o b t a i n t h e h e a t c a p a c i t y c o r r e c t i o n t h e e n t h a l p y c o n t r i b u ­

t i o n i s d i f f e r e n t i a t e d (84) t o g i v e E q u a t i o n 22 

(C - C ° ) = - J^* P

 + ^ f c P 2
 + \ ( 2 2 ) 

P P ^ d T 2 d T 2 2 ) 

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

( S ° - S ) T = R I n P + + [ ~ ] | 2 + (23) 

The i d e a l g a s s t a t e i s d e f i n e d as b e i n g a t " z e r o p r e s s u r e " , 
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b u t l i m S• = CO. I n o r d e r t h a t a f i n i t e e n t r o p y may be 
p -»o 

t a b u l a t e d S ° i s d e f i n e d as b e i n g t h e i d e a l g a s e n t r o p y a t one 

a t m o s p h e r e . The t e r m R l n P i n E q u a t i o n 2 3 a c c o u n t s f o r t h e 

d i f f e r e n c e i n p r e s s u r e b e t w e e n z e r o and one a t m o s p h e r e s ( 8 4 ) . 

The f r e e e n e r g y f u n c t i o n d e p a r t u r e may be f o u n d by t h e d i f f e r ­

e n c e i n E q u a t i o n 4. When t h e t h i r d v i r i a l c o e f f i c i e n t i s z e r o 

( a s f o r m o d e r a t e p r e s s u r e s i t may be assumed t o b e ) , t h e t e r m s 

i n C i n E q u a t i o n 21, 22 and 23 d r o p o u t . 

p r e s s e d i n t e r m s o f t h e c o r r e s p o n d i n g s t a t e s e q u a t i o n s , t h e 

" i d e a l - r e a l " t h e r m o d y n a m i c f u n c t i o n d i f f e r e n c e may a l s o be 

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

p a r a m e t e r s o f t h e more c o m p l i c a t e d e q u a t i o n s o f s t a t e ) . 

G o d nev has d e r i v e d t h e r e s u l t s f o r t h e B e r t h e l o t e q u a t i o n ( 8 7 ) . 

E q u a t i o n s 24, 25 and 26 a r e u s e d i n t h i s work.* 

S i n c e t h e s e c o n d v i r i a l c o e f f i c i e n t may be e x -

128 
9 R T 

P c 
•c (24) 

(C - C ° ) = 
P P 

81 
32 

3 
R T c 
P T P (25) 

Godnev (87) and R e i d and Sherwood (102) h a v e a l s o g i v e n 
methods f o r t h e c a l c u l a t i o n o f t h e t h e r m o d y n a m i c f u n c t i o n s 
o f l i q u i d s and s o l i d s f r o m t h e i d e a l gas. p r o p e r t i e s . .. 
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( S ° - S ) T * * = | | ?-2a^ + R I n P (26) 
P c T 

S i m i l a r f o r m u l a e t o t h e above may be d e r i v e d f o r o t h e r e q u a ­

t i o n s o f s t a t e u s i n g E q u a t i o n 20. 

The u s e o f t h e B e r t h e l o t e q u a t i o n i n t h i s work h a s 

b e e n g e n e r a l l y j u s t i f i e d i n P a r t A o f t h i s c h a p t e r ; i t s u s e 

o v e r t h e t e m p e r a t u r e r a n g e T / T c = 0.3 t o T / T c = 2 h a s a l s o b e e n 

j u s t i f i e d by H i r s c h f e l d e r , C u r t i s s and B i r d ( 9 0 ) . The 

c r i t i c a l t e m p e r a t u r e s o f the' h a l o g e n a t e d b e n z e n e s ( s e e T a b l e I V ) 

f a l l i n t h e r a n g e 5 0 0 ° t o 8 0 0 ° K. D e p e n d i n g on T , t h e t a b l e s 

o f i d e a l g a s t h e r m o d y n a m i c f u n c t i o n s . i n A p p e n d i x D c a n be 

c o r r e c t e d by t h i s e q u a t i o n a t l e a s t up t o 1 0 0 0 ° K. 

A n o t h e r p o s s i b l e method o f m a k i n g r e a l g a s c o r r e c ­

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

d e p a r t u r e t a b l e s ( 8 7 , 1 0 2 ) . The maximum i n a c c u r a c y o f t h i s 

method i s g i v e n (84) as 15 % . However, a t t h e p r e s e n t t i m e 

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

e f f e c t i v e l y u s e d . 

T h e s e methods f o r r e a l g a s c o r r e c t i o n s r e q u i r e 

e i t h e r e x p e r i m e n t a l d a t a f o r B as a f u n c t i o n o f t e m p e r a t u r e , 

** The R l n P t e r m i s n o t g i ^ e n i n Godnev's f o r m u l a e . However 
i n t h e n o t a t i o n u s e d i n t h i s work S i s t h e i d e a l g a s 
e n t r o p y a t 1 atm. The R I n P i s a c o r r e c t i o n t h a t must be 
made t o o b t a i n t h e i d e a l g a s e n t r o p y a t p r e s s u r e P, b e f o r e 
t h e n o n - i d e a l i t y c o r r e c t i o n ( t h e f i r s t t e r m i n E q u a t i o n 26) 
i s a p p l i e d . Some t e x t s (85) i n c l u d e i t i n t h e f o r m u l a e 
g i v e n i n T a b l e I i n t h i s t h e s i s . 
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o r c r i t i c a l d a t a . The a v a i l a b l e c r i t i c a l d a t a f o r t h e 

h a l o g e n a t e d b e n z e n e s i s shown i n T a b l e I V . Where t h e r e i s no 

c r i t i c a l d a t a a v a i l a b l e , t h e c r i t i c a l c o n s t a n t s may be e v a l u ­

a t e d a p p r o x i m a t e l y by t h e methods g i v e n i n t h e l i t e r a t u r e 

( 8 3 , 8 4 , 9 0 , 9 2 , 1 0 2 ) . 

TABLE I V 

C r i t i c a l D a t a f o r t h e H a l o g e n a t e d B e n z e n e s 

compound 
T 
( ° C K . ) 

P 
c 

(atm.) 

V 
c 

( c c / g m o l e ) 
R e f . 

b e n z e n e 562.1 48.6 260 102 
f l u o r o b e n z e n e 560.1 44.6 271 102 
c h l o r o b e n z e n e 632.4 44.6 308 102 
b r o m o b e n z e n e 670.2 44.6 324 102 
i o d o b e n z e n e 721 44.6 351 102 
1-2- d i c h l o r o b e n z e n e 697.3 40.5 368 7 
1-3- d i c h l o r o b e n z e n e 684.0 38.3 359 7 
1-4- d i c h l o r o b e n z e n e 684.8 38.6 372 7 
1-2-4- t r i c h l o r o b e n z e n e 735.0 39.4 385 7 
h e x a f l u o r o b e n z e n e 516.7 32.6 385 50 
c h l o r o p e n t a f l u o r o b e n z e n e 571.0 31.8 52 
b r o m c p e n t a f l u o r o b e n z e n e (601) (30) 52 
p e n t a f l u o r o b e n z e n e 532.0 34. 7 52 

A c o m p u t e r p r o g r a m ( s e e A p p e n d i x B) has b e e n w r i t t e n 

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

t h e i d e a l g a s t h e r m o d y n a m i c f u n c t i o n s w i t h E q u a t i o n s 24, 25 

and 26. I n A p p e n d i x E t h e r e a l g a s t h e r m o d y n a m i c f u n c t i o n s 

o f f l u o r o b e n z e n e a r e t a b u l a t e d a t s e v e r a l p r e s s u r e s b e t w e e n 

0.25 atm. and 10.0 atm. T h e s e r e s u l t s a r e t h o s e o f T a b l e D - l 

(a r e c a l c u l a t i o n o f t h e work o f S c o t t e t a l . ) ( 1 1 ) , c o r r e c t e d 

u s i n g , t h e B e r t h e l o t e q u a t i o n o f s t a t e . The h e a t c a p a c i t i e s 

C , f i t t h e e x p e r i m e n t a l d a t a o f S c o t t and h i s c o w o r k e r s o v e r 
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i t s r a n g e o f a p p l i c a b i l i t y . The d e v i a t i o n b e t w e e n t h e two 

v a l u e s r a n g e s f r o m - 0 . 2 8 % a t 5 0 0 . 2 0 ° K . . a n d 0 . 2 5 atm., t o 

- 1 .90 % a t 3 8 9 . 2 0 ° K . and 2 . 0 atm. The d e v i a t i o n i n t h e r e a l 

v a p o r e n t r o p y o f f l u o r o b e n z e n e v a r i e s f r o m + 0 . 0 3 % a t 3 8 2 . 2 0 ° K 

and a t 2 . 0 atm. t o a d e v i a t i o n o f - 0 . 1 4 % a t 3 1 3 . 4 0 ° K . a t 

0 . 2 5 atm. The e x p e r i m e n t a l e n t r o p y a c c u r a c y i s s t a t e d (11) 

t o be a b o u t - 0 . 2 0 % , 

As h a s b e e n m e n t i o n e d , a t 1 atm. t h e r e a l g a s 

e f f e c t s a r e s m a l l , s i n c e t h e r e a r e few i n t e r m o l e c u l a r f o r c e 

e f f e c t s . As t h e t e m p e r a t u r e i n c r e a s e s , t h e t h e r m o d y n a m i c f u n c ­

t i o n s f o r t h e r e a l g a s a p p r o a c h t h o s e f o r t h e i d e a l gas more 

c l o s e l y . F o r f l u o r o b e n z e n e a t 1 atm. ( T a b l e s D - l and E - 4 ) t h e 

r e a l g a s c o n t r i b u t i o n s t o t h e e n t r o p y a r e 0 . 2 5 E.U. and 0 . 0 1 E. 

•at 2 9 8 . 1 5 K. and 1 0 0 0 ° K., a t 1 atm. The c o n t r i b u t i o n s t o t h e 
o o h e a t c a p a c i t y a r e 0 . 7 5 c a l / g m o l e K. and 0 . 0 2 c a l / g m o l e K. 

a t 2 9 8 o l 5 ° and 1 0 0 0 ° K. r e s p e c t i v e l y . 

The r e a l g a s c o r r e c t i o n method, u s i n g t h e B e r t h e l o t 

e q u a t i o n o f s t a t e , f o r w h i c h a c o m p u t e r p r o g r a m was w r i t t e n 

by t h e a u t h o r , g i v e s a c c u r a t e r e s u l t s o v e r t h e r a n g e where 

e x p e r i m e n t a l d a t a i s a v a i l a b l e . F o r t h e p u r p o s e s o f e n g i - . 

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

r e s u l t s f o r a l l t h e h a l o g e n e t e d b e n z e n e s , b e t w e e n 2 7 3 ° K. and 

1 0 0 0 ° K. and a t p r e s s u r e s b e t w e e n 0 . 2 5 and 15 a t m o s p h e r e s . 
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CHAPTER I V 

THE THERMODYNAMIC FUNCTIONS AT HIGH TEMPERATURES 

I n t h e n e x t c h a p t e r ( C h a p t e r V ) , a d e s c r i p t i o n o f 

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

t h e h a l o g e n a t e d b e n z e n e s i s g i v e n f o r t e m p e r a t u r e s up t o 

1 5 0 0 ° K. I t i s d o u b t f u l t h a t t h e s e p r o p e r t i e s w i l l h a v e any 

p h y s i c a l s i g n i f i c a n c e f o r most o f t h e s e compounds a t t h i s 

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

. t e m p e r a t u r e t h e r m o d y n a m i c p r o p e r t i e s c a n n o t be a n s w e r e d w i t h ­

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

t h e s e compounds at. e l e v a t e d t e m p e r a t u r e s . The a v a i l a b l e d a t a 

on t h i s s u b j e c t i s g i v e n b e l o w . 

J o h n s , M c E l h i l l and S m i t h (53) h a v e shown t h a t 

h e x a f l u o r o b e n z e n e , w h i c h i s an e x c e p t i o n a l l y s t a b l e compound, 

shows no s i g n s o f d e c o m p o s i t i o n a t t e m p e r a t u r e s as h i g h as 

9 2 0 ° K. Pummer and W a l l (107) s t a t e d t h a t a t 1 0 7 0 ° K. h e x a -

f l u o r o b e n z e n e c h a n g e s t o y i e l d p e r - f l u o r o d i p h e n y 1 . B e n z e n e 

decomposes a t t h e r a t e o f 1 mole % p e r h o u r a t . 8 7 0 ° K. (53) 

and h e x a c h l o r o b e n z e n e a t t h e same r a t e a t 7 9 0 ° K. ( 5 3 ) . 

A c c o r d i n g t o J o h n s e t a l . ( 5 3 ) , t h e p a r t i a l l y h a l o g e n a t e d 

b e n z e n e s , w h i c h c o m p r i s e t h e m a j o r i t y o f compounds f o u n d i n 

t h i s t h e s i s , a r e n o t as s t a b l e as b e n z e n e . On t h e . o t h e r h a n d , 

C u l l i s and F r i d a y (108) f i n d t h a t c h l o r o b e n z e n e and d i c h l o r o -

b e n z e n e s t a r t t o decompose a t 9 3 0 ° K. and 9 2 0 ° K. r e s p e c t i v e l y . 

T h e s e t e m p e r a t u r e s a r e a f f e c t e d .by t h e methods and a p p a r a t u s 

of. t h e e x p e r i m e n t ( 5 3 ) , b u t do i n d i c a t e t h e g e n e r a l r a n g e where 
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t h e r m a l d e c o m p o s i t i o n may be e x p e c t e d . 

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

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

t h e compound ( 5 3 ) : t h e r a t i o o f h y d r o g e n t o a l k y l f r a g m e n t s i n 

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

l i q u i d ( 5 3 ) . The d e c o m p o s i t i o n p r o d u c t s o f t h e h a l o g e n a t e d 

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

( 1 0 8 ) , h y d r o g e n h a l i d e s , h a l o g e n a t e d a l k y l f r a g m e n t s , m o l e c u l a r 

h y d r o g e n and h a l o g e n s ; a t h i g h e r t e m p e r a t u r e s ( a b o v e 1000 K.) 

a t o m i c h a l o g e n s and h y d r o g e n and f r e e r a d i c a l s a r e e x p e c t e d ; 

a t s t i l l h i g h e r t e m p e r a t u r e s , o u t s i d e t h e r a n g e o f t h i s work, 

i o n i c phenomena, become p r e d o m i n a n t . 

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

d y n a m i c f u n c t i o n t a b l e s g i v e n i n A p p e n d i x D may be v a l i d a t 

t e m p e r a t u r e s h i g h e r t h a n t h o s e a b o v e ; i f s h o r t r e a c t i o n t i m e s 

a r e I n v o l v e d few d e c o m p o s i t i o n p r o d u c t s w i l l be e v o l v e d . I f , 

h o w e v e r , m i x t u r e s o f s e v e r a l c o m p o n e n t s a r e p r e s e n t , due t o 

t h e r m a l b r e a k d o w n , t h e p r o p e r t i e s must be c a l c u l a t e d u s i n g t h e 

m e t h o d s f o r m i x t u r e s g i v e n i n t h e l i t e r a t u r e ( 9 0,102,109,110, 

1 1 1 , 1 1 2 ) . 

F o r t e m p e r a t u r e s above 1 0 0 0 ° K., s e v e r a l methods o f 

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

m i x t u r e s o f g a s e s h a v e been p r o p o s e d (109,110,111,1.12). F o r 

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

u s i n g t h e p a r t i t i o n f u n c t i o n and i n c l u d i n g t h e e l e c t r o n i c s t a t e s 

w h i c h a r e r e l e v a n t f o r atoms and i o n s a t h i g h t e m p e r a t u r e s , h a s 
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b e e n shown by K w a n g - T i e n S h i h and h i s c o w o r k e r s ( 1 0 9 ) . W o o l l e y 

( 1 1 1 ) h a s a p p l i e d i o n i c s o l u t i o n t h e o r y t o t h e h i g h t e m p e r a t u r e 

g a s e s . B r i n k l e y (110) c a l c u l a t e d t h e e q u i l i b r i u m c o m p o s i t i o n s 

and t h e r m o d y n a m i c p r o p e r t i e s o f m u l t i - c o n s t i t u e n t s y s t e m s . 

F o r N2-O2-A m i x t u r e s , S h i p l e y (112) h a s d e v e l o p e d c o m p u t e r 

p r o g r a m s f o r t h e t h e r m o d y n a m i c p r o p e r t i e s f o r t e m p e r a t u r e s up 

t o 5 0 , 0 0 0 ° K. However, t h e a b o v e methods c a n o n l y be u s e d f o r 

s i m p l e g a s m i x t u r e s , where t h e d i s s o c i a t i o n p r o d u c t s a r e known. 

F o r t h e h a l o g e n a t e d b e n z e n e s , where t h e h i g h t e m p e r a t u r e 

p r o d u c t s a r e unknown and may v a r y c o n s i d e r a b l y , t h e s e methods 

c a n n o t be u s e d . 

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

c o e f f i c i e n t becomes f e l t ( 9 0,112) diae t o t h e e n e r g y b e c o m i n g 

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

n o t i c e a b l e e f f e c t on t h e P-V-T p r o p e r t i e s ( 9 0 ) . I n d e e d , i f a 

g a s i s a t a h i g h enough t e m p e r a t u r e t o be i o n i z e d , t h e v i r i a l 

e q u a t i o n o f s t a t e may d i v e r g e ( 1 1 3 ) . S h i p l e y (112) l i s t s t h e 

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

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

r a n g e o f a p p l i c a t i o n . 

As d a t a c o n c e r n i n g t h e d e c o m p o s i t i o n p r o d u c t s and 

t e m p e r a t u r e s v/as n o t a v a i l a b l e f o r t h e h a l o g e n a t e d b e n z e n e s , 

and as t h e a v a i l a b l e methods (109,110,111,112) were n o t 

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

m o l e c u l e s , no c a l c u l a t i o n s c o u l d be made f o r t h e c o m p l e x h a l o g e n ­

a t e d b e n z e n e d e c o m p o s i t i o n e q u i l i b r i u m . I t a p p e a r s t h a t t h e 
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h a l o g e n a t e d b e n z e n e s p r o b a b l y s t a r t t o decompose a t a b o u t 

8 0 0 ° K., 1 atm. P r a c t i c a l l y , t h i s i s n o t a p r o b l e m , s i n c e no 

p r o c e s s e s a r e a p p a r e n t w h i c h u s e t e m p e r a t u r e s above 8 0 0 ° K., 

s i n c e d e c o m p o s i t i o n o f t h e compounds w o u l d t e n d t o d e f e a t t h e 

p u r p o s e o f any s y n t h e s i s . 
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CHAPTER V 

DISCUSSION OF THE CALCULATIONS 

A. G e n e r a l D i s c u s s i o n 

I n t h i s c h a p t e r t h e s o u r c e s o f t h e d a t a f o r t h e 

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

g i v e n , w i t h t h e a d d i t i o n a l i n f o r m a t i o n on how t h e c o m p u t a t i o n s 

were made, An a t t e m p t w i l l be made t o g i v e an I n d i c a t i o n o f 

t h e r e l i a b i l i t y o f t h e r e s u l t s ( f o r a d i s c u s s i o n o f e r r o r s , 

s e e P a r t B o f t h i s c h a p t e r ) . E a c h page o f t h e A p p e n d i x D 

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

h a l o g e n a t e d b e n z e n e s . T h o s e w i t h n o r m a l b o i l i n g p o i n t s b e l o w 

4 0 0 ° K. a r e g i v e n o v e r a t e m p e r a t u r e r a n g e o f 2 7 3 . 1 5 ° t o 

1 4 0 0 ° K. and t h o s e w i t h b o i l i n g p o i n t s a b o v e 4 0 0 ° K. a r e 

g i v e n b e t w e e n 2 9 8 . 1 5 ° and 1 5 0 0 ° K. The f u n d a m e n t a l f r e q u e n c i e s 

(cm~^) u s e d i n t h e v i b r a t i o n a l p a r t i t i o n f u n c t i o n c a l c u l a t i o n 

a r e shown, as a r e t h e p r i n c i p a l moments o f i n e r t i a I . , I-,, lr 

2 

(amu A ) ? t h e m o l e c u l a r symmetry number Cf and t h e m o l e c u l a r 

w e i g h t ( g / g m o l e ) . A l i s t o f r e f e r e n c e s u s e d i n t h e c a l c u l a ­

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

numbered c o n s e c u t i v e l y f r o m T a b l e D - l t o T a b l e D-38. 
The M o n o h a l o b e n z e n e s 

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

b e n z e n e , c h l o r o b e n z e n e , b r o m o b e n z e n e and i o d o b e n z e n e h a v e b e e n 

c a l c u l a t e d by o t h e r w o r k e r s ( 1 1 , 3 3 , 5 8 ) . I n t h i s work some new 

s t r u c t u r a l d a t a v/as a v a i l a b l e , m a k i n g a r e c a l c u l a t i o n w o r t h ­

w h i l e . The d a t a o f S c o t t and h i s c o r w o r k e r s (11,35) f o r 
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f l u o r o b e n z e n e was u s e d , w i t h t h e e x c e p t i o n o f t h e m i c r o w a v e 

s t r u c t u r a l d a t a o f Bak, C h r i s t e n s e n , H a n s e n - N y g a a r d , and 

Tannenbaum ( 1 2 ) . The a n h a r m o n i c i t y c o r r e c t i o n s o f M c C u l l o u g h , 

S c o t t e t a l . were a l s o e m p l o y e d i n t h i s c a l c u l a t i o n . T he 

r e s u l t s a r e s i m i l a r t o t h o s e o f S c o t t and h i s c o w o r k e r s and • 

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

o n e may r e f e r t o t h e o r i g i n a l work ( 1 1 ) . 

The d a t a o f W h i f f e n (53) was u s e d t o c a l c u l a t e t h e 

t h e r m o d y n a m i c f u n c t i o n s f o r c h l o r o b e n z e n e , b r o m o b e n z e n e and 

i o d o b e n z e n e . The r e s u l t s ( T a b l e s D-2, B-3 and D-4) a g r e e w i t h 

W h i f f e n ' s work ( 5 8 ) . The p r i n c i p a l moments o f i n e r t i a u s e d f o r 

b r o m o b e n z e n e were t a k e n f r o m t h e m i c r o w a v e measurements o f 

R o s e n t h a l and D a i l e y ( 1 ) . T h e s e w o r k e r s g i v e t h e moments o f 
79 81 i n e r t i a f o r i s o t o p e s CrUc B r and C,H r B r . The a v e r a q e fob b D 3 

m o l e c u l a r w e i g h t o f b r o m i n e i s 79.909 g / g m o l e . The 

a v e r a g e moments o f i n e r t i a were c a l c u l a t e d by i n t e r p o l a t i o n 

b e t w e e n t h e moments o f t h e two i s o t o p e s . I t i s c o n s i d e r e d t h a t 
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t h i s i s a c c u r a t e s i n c e t h e d i f f e r e n c e i s o n l y 1.2392 x 10 

g cm v e r s u s 1.2628 x 10~ g cm . F o r i o d o b e n z e n e t h e 

v a p o r m i c r o w a v e s t r u c t u r a l d a t a o f J o h a n s s o n , O l d e n b e r g and 

S e l e n (42) were u s e d . A l l o t h e r d a t a , i n c l u d i n g t h e f r e q u e n c y 

a s s i g n m e n t s , on t h e m o n o h a l o b e n z e n e s , and c o m p a r i s o n w i t h 

e x p e r i m e n t a l work, i s g i v e n b y W h i f f e n ( 5 8 ) . 
The P o l y f l u o r o b e n z e n e s 

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

z e n e s h a v e b e e n c a l c u l a t e d by o t h e r w o r k e r s (41,54) b u t a r e 
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a g a i n i n c l u d e d t o c o m p l e t e t h e s e r i e s . S c o t t and h i s g r o u p 

(41) h a v e made e x p e r i m e n t a l m e a s u r e m e n t s and c a l c u l a t i o n s o f 

t h e p r o p e r t i e s o f 1-2- ( o r t h o ) d i f l u o r o b e n z e n e . T he c a l c u l a ­

t i o n s i n t h i s work were made u s i n g t h e d a t a o f S c o t t and h i s 

c o w o r k e r s (41) w h i c h i n c l u d e s t h e s e m i - e m p i r i c a l a n h a r m o n i c i t y 

c o r r e c t i o n ( E q u a t i o n s 1 1 ) . The r e s u l t i n g t h e r m o d y n a m i c f u n c ­

t i o n s ( T a b l e D-5) f o r 1-2- d i f l u o r o b e n z e n e a r e i d e n t i c a l w i t h 

S c o t t ' s f i g u r e s a t low t e m p e r a t u r e s b u t a t h i g h t e m p e r a t u r e s 

( > 1 0 0 0 ° K.) a r e somewhat l o w e r : t h e e n t r o p y a t 1 0 0 0 ° K., 

S 1 0 0 0 ' ^ n ^ - s w o r ^ i s 0.12 % l o w e r t h a n i n t h e o r i g i n a l work.* 

I t i s assumed t h a t t h i s d i f f e r e n c e i s due t o s l i g h t l y d i f f e r e n t 

c a l c u l a t i o n m e t h o d s . I n T a b l e V t h e v a l u e s o f C ° and S ° 
P 

c a l c u l a t e d i n t h i s t h e s i s ( s e e T a b l e D-5) a r e co m p a r e d w i t h 

s e l e c t e d v a l u e s f o u n d by c a l o r i m e t r y r e p o r t e d b y S c o t t and 

h i s g r o u p ( 4 1 ) . 

G r e e n , K y n a s t o n and P a i s l e y (54) h a v e c a l c u l a t e d 

t h e t h e r m o d y n a m i c f u n c t i o n s f o r t h e d i f l u o r o b e n z e n e s . F o r t h e 

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

a c c o r d i n g t o G r e e n i s 6.414 x 10 g ^ c m ° v e r s u s 

6.113 x I 0 ~ g cm g i v e n b y S c o t t and h i s c o w o r k e r s . S c o t t ' s 

I„-,„ a o r e e d w i t h t h a t c a l c u l a t e d by t h i s a u t h o r u s i n o t h e bond 

l e n g t h s and a n g l e s g i v e n by S u t t o n ( 8 0 ) . G r e e n , K y n a s t o n and 

P a i s l e y u s e t h e v a p o r s t a t e f r e q u e n c i e s , w h i l e S c o t t e t a l . 

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

* T h i s may a l s o be n o t i c e d i n t h e t h e r m o d y n a m i c f u n c t i o n s , 
o f f l u o r o b e n z e n e ( T a b l e D - l ) 
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T a b l e V: H e a t C a p a c i t y and E n t r o p y o f 1-2- ( o r t h o ) 
d i f l u o r o b e n z e n e 

Temp. (°K.) 
C ° ( c a l / a m o l e ° K.) 
P S ° (E.U.) 

Temp. (°K.) 

t h i s work 
e x p t l . 
r e f . 41 t h i s v/ork 

e x p t l . 
r e f . 41 

326.90 79.39 79.38 

345.61 80.96 80.94 

355.20 29.68 29.69 

367.07 82.75 82.71 

418.20 33.90 33.93 

459.20 36. 36 36.41 

500.20 33.60 38.66 

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

i n t h e two p a p e r s . * I n t h i s work t h e f r e q u e n c i e s o f S c o t t 

(41) a r e u s e d . 

The c a l c u l a t i o n s f o r t h e 1-3- (meta) d i f l u o r o ­

b e n z e n e ( T a b l e D-6) h a v e b e e n made u s i n g t h e v a p o r s t a t e 

v i b r a t i o n a l f r e q u e n c y d a t a o f F e r g u s o n , C o l l i n s , N i e l s e n 

and S m i t h ( 3 4 ) , as c o r r e c t e d b y G r e e n , K y n a s t o n and P a i s l e y 

( 5 4 ) . A few f r e q u e n c i e s v/ere n o t a v a i l a b l e i n t h e v a p o r 

s t a t e , i n v/hich c a s e t h e l i q u i d s t a t e f r e q u e n c i e s were u s e d . 

* I t may be n o t e d t h a t t h e work o f S c o t t e t a l . a g r e e s more 
c l o s e l y w i t h t h e e x p e r i m e n t a l d a t a b e c a u s e o f t h e u s e o f 
t h e a n h a r m o n i c i t y c o r r e c t i o n ( E q u a t i o n s 1 0 ) , t h e p a r a m e t e r s 
o f w h i c h c a n be c h o s e n so t h a t a d e f e c t b e t w e e n t h e 
c a l c u l a t e d and " t h i r d l a w " p r o p e r t i e s c a n be a c c o u n t e d f o r . 
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G r e e n , K y n a s t o n and P a i s l e y h a v e r e p o r t e d t h a t t h e s t r u c t u r a l 

d a t a f o r 1-3- d i f l u o r o b e n z e n e g i v e n by S u t t o n i n h i s T a b l e s o f  

I n t e r a t o m i c D i s t a n c e s (80) g i v e s a p r o d u c t o f moments o f 

i n e r t i a o f = 7.255 x 10 g cm . T h i s work u s i n g t h e 
ABC 

-113 
same s t r u c t u r a l d a t a h a s f o u n d a p r o d u c t I A B C = 7.4137 x 10 
3 6 

g cm . I t i s f e l t t h a t a c a l c u l a t i o n e r r o r was made i n t h e 

o t h e r work. The m o l e c u l a r symmetry number f o r t h e 

symmetry g r o u p (34) i s C = 2, i n a c c o r d a n c e w i t h H e r z b e r g ( 8 5 ) . 

The r e s u l t s o f t h i s a u t h o r ' s c a l c u l a t i o n s o f t h e t h e r m o d y n a m i c 

f u n c t i o n s a r e v e r y c l o s e t o t h o s e o b t a i n e d by G r e e n e t a l . ( 5 4 ) , 

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

s t a t e f r e q u e n c i e s v/ere u s e d and t h e s t r u c t u r e o f t h i s compound 

(a n d t h u s I . D O ) i s w e l l known ( 8 0 ) . 

The v i b r a t i o n a l f r e q u e n c i e s f o r 1-4- ( p a r a ) d i f l u o ­

r o b e n z e n e ( s e e T a b l e D-7) a r e t h o s e o f F e r g u s o n , H udson, 

N i e l s e n and S m i t h ( 3 2 ) , as c o r r e c t e d . b y S t o j o l j k o v i c and 

W h i f f e n ( 2 5 ) . The o n l y m a j o r d i f f e r e n c e b e t w e e n t h i s a s s i g n ­

ment and t h a t o f G r e e n , K y n a s t o n and P a i s l e y i s t h e a s s i g n m e n t 

o f 163 c m - 1 t o a b £ u f u n d a m e n t a l f r e q u e n c y , w h e r e a s p r e v i o u s l y 

i t v/as a s s i g n e d as 186 cm"*"*" ( s e e a l s o r e f . 4 7 ) . T h i s 

c o r r e s p o n d s t o a d i f f e r e n c e o f a b o u t 0.03 c a l / g m o l e ° K . i n 
C ° and a b o u t 0.22 E.U. i n S ° a t 2 7 3 . 1 5 ° K. As t h e t e m o e r a t u r e 
P 

i n c r e a s e s , t h e h e a t c a p a c i t y d i f f e r e n c e becomes e v e n s m a l l e r 

and t h e e n t r o p y d i f f e r e n c e r e m a i n s a b o u t t h e same. The 

s t r u c t u r a l d a t a f o r 1-4- d i f l u o r o b e n z e n e was t a k e n f r o m S u t t o n 

( 8 0 ) . The p r o d u c t o f t h e moments o f i n e r t i a c a l c u l a t e d i n 
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— 1X 3 3 6 
t h i s work, 6 » 3 4 6 4 x X0~ g cm i s c X o s e t o t h a t g i v e n b y 

X X 3 3 E> 

G r e e n , K y n a s t o n and P a i s l e y , w h i c h i s 6.364 x 10" g cm . 

T h i s m o l e c u l e b e l o n g s t o t h e V symmetry g r o u p (32) w h i c h 

c o r r e s p o n d s t o (f= 4 ( 8 5 ) . A g a i n , t h e r e s u l t s a r e c l o s e t o 

t h o s e c a l c u l a t e d by G r e e n , K y n a s t o n and P a i s l e y ( 5 4 ) . Un­

f o r t u n a t e l y no e x p e r i m e n t a l d a t a i s a v a i l a b l e , b u t t h e a c c u ­

r a c y o f t h e s e t h e r m o d y n a m i c f u n c t i o n s i s a b o u t t h e same as f o r 

t h e meta i s o m e r . 

F o r 1-3-5- t r i f l u o r o b e n z e n e , t h e v a p o r s t a t e 

f u n d a m e n t a l f r e q u e n c i e s o f N i e l s e n , L i a n g and S m i t h ( 2 2 ) , 

c o r r e c t e d by t h e work o f F e r g u s o n (46) and S c h e r e r , E v a n s and 

M u e l d e r (55) v/ere u s e d t o c a l c u l a t e t h e v i b r a t i o n a l c o n t r i b u ­

t i o n s . * The m o l e c u l a r symmetry g r o u p i s D^^ (46) g i v i n g 

Cf = 6. T h e r e was no a v a i l a b l e s t r u c t u r a l d a t a , so p l a n a r 

b o n d d i s t a n c e s v/ere assumed, by a n a l o g y v / i t h t h e o t h e r h a l o ­

g e n a t e d b e n z e n e s . T h i s i s j u s t i f i e d s i n c e i t h a s b e e n f a i r l y 

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

m o l e c u l e s , w i t h i n t h e p r e c i s i o n o f p r e s e n t m e a s u r e m e n t s (46, 

6 5 , 6 6 , 6 7 , 1 0 3 ) . F o r 1-3-5- t r i f l u o r o b e n z e n e a l l bond a n g l e s 

a r e 120": i t i s n o t e x p e c t e d t h a t t h e r e i s r e p u l s i o n o f 

f l u o r i n e atoms and r e s u l t a n t d i s t o r t i o n o f bond a n g l e s ( w h i c h 

may be a p p a r e n t (80) i n o r t h o b o n d s ) s i n c e t h e s e bonds a r e n o t 

a d j a c e n t on t h e c a r b o n r i n g . The C-F b o n d d i s t a n c e was assumed 
O 

t o be 1.30 A, as i n m e t a - and p a r a - d i f l u o r o b e n z e n e ( 8 0 ) . * * 

* See a l s o S t e e l e (51) and Nonnenrnacher (61) f o r v i b r a t i o n a l 
d a t a . 

** I t i s f o u n d t h a t i f t h e atoms o f t h e m o l e c u l e a r e c r o w d e d , as 
o * 

i n o r t h o compounds, t h e C-F bond i s s t r e t c h e d t o 1.35 A ( 4 1 ) . 
I n h e x a f l u o r o b e n z e n e t h e bond i s s t r e t c h e d t o 1.32 7 A ( 5 0 , 7 5 ) . 
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The C-C b o n d d i s t a n c e i s assumed t o be 1.397 A, w h i c h i s t h e 

most common d i s t a n c e i n t h e h a l o g e n a t e d b e n z e n e s ( 1 2 , 5 0 , 6 6 , 6 7 , 
o 

7 5 ) . The most common d i s t a n c e f o r t h e C-H b o n d , 1.08 A, i s 

a l s o u s e d . The moments o f i n e r t i a were c a l c u l a t e d w i t h t h e s e 

d i s t a n c e s , u s i n g t h e c o m p u t e r p r o g r a m d e s c r i b e d i n A p p e n d i x B 

o f t h i s t h e s i s . The a c c u r a c y o f t h e r e s u l t s i s e x p e c t e d t o be 

g o o d ( s e e P a r t B o f t h i s c h a p t e r ) , s i n c e t h e f r e q u e n c i e s u s e d 

were d e t e r m i n e d f o r t h e v a p o r s t a t e , p r o v i d e d t h e r e a r e no 

e r r o r s i n a s s i g n m e n t s . 

The o n l y a v a i l a b l e v i b r a t i o n a l a s s i g n m e n t f o r 

1-2-4- t r i f l u o r o b e n z e n e i s t h e work o f F e r g u s o n , Hudson, N i e l ­

s e n and S m i t h (36) who o b t a i n e d l i q u i d i n f r a - r e d and Raman 

s p e c t r a . V a p o r - l i q u i d f r e q u e n c y s h i f t s may c a u s e e r r o r s i n t h e 

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

a r e s m a l l ( P a r t B, t h i s c h a p t e r ) . A g a i n , i t was assumed t h a t 

t h e m o l e c u l e i s p l a n a r and t h a t t h e bond, a n g l e s a r e 1 2 0 ° . The 

o r t h o f l u o r i n e s a r e t h o u g h t t o be c o n n e c t e d t o t h e r i n g by 

b o n d s o f t h e same t y p e as f o u n d i n o r t h o - d i f l u o r o b e n z e n e 
o 

( i . e . C-F = 1.35 A) and t h e "4 p o s i t i o n " f l u o r i n e atom i s 

b o n d e d by C-F = 1.30 A, as i n t h e o t h e r d i f l u o r o b e n z e n e s ( 8 0 ) . 

As b e f o r e , C-H = 1.08 A and C-C = 1.397 A. The m o l e c u l e i s o f 

t h e C g symmetry g r o u p (36) w h i c h g i v e s (T' = 1. T h e s e d a t a were 

u s e d t o c a l c u l a t e t h e t h e r m o d y n a m i c f u n c t i o n s i n T a b l e D-9. 

E r r o r s may be c a u s e d by t h e l i q u i d s t a t e f r e q u e n c i e s (36) b u t 

t h e r e s u l t s a r e p r o b a b l y w i t h i n - 1 % o f t h e t h e r m o d y n a m i c 

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



52 

S t e e l e (51) has a s s i g n e d t h e f u n d a m e n t a l f r e q u e n ­

c i e s f o r two o f t h e t e t r a f l u o r o b e n z e n e s . Where p o s s i b l e t h e 

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

work t o f i t h i s i n f r a - r e d v a p o r o b s e r v a t i o n s , r a t h e r t h a n t h e 

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

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

s p o n d i n g t o 115 7 cm ^ i n CgFg o r t h e b ^ f r e q u e n c y c o r r e s p o n d ­

i n g t o 215 cm "*" i n CrFro However, t h e s e f r e a u e n c i e s a r e 

a s s i g n e d i n t h i s work by a n a l o g y v / i t h t h e o t h e r f l u o r o s u b ­

s t i t u t e d b e n z e n e s , as shown by S t e e l e i n h i s p a p e r ( 5 1 ) . The 

r e q u i r e d a-^ f r e q u e n c y i s b e t w e e n 1245 cm"""'" and 115 7 c m ~ \ T h i s 

f r e q u e n c y i s a r b i t r a r i l y a s s i g n e d as 1200 c r a " \ An e r r o r o f 

i 40 cm"''' i n t h i s f i g u r e w o u l d c h a n g e C ° by l e s s t h a n 

0.02 c a l / g m o l e ° K . and S ° by 0.01 E.U. a t 2 7 3 . 1 5 ° K.; a t 

1 0 0 0 ° K. t h e c h a n g e s w o u l d be l e s s t h a n 0.03 c a l / g m o l e ° K . and 

0.05 E.U. r e s p e c t i v e l y . The u n a s s i g n e d b ^ f r e q u e n c y i s b e t w e e n 

249 cm""'" and 215 cm""1" ( 5 1 ) . S i n c e t h e e f f e c t o f t h e low 

f r e q u e n c y v a p o r - l i q u i d s h i f t (72) s h o u l d be c o u n t e r a c t e d i f 

p o s s i b l e , t h e f r e q u e n c y a s s i g n e d i n t h i s v/ork v/as 220 cm""'". 

( V a p o r s t a t e f r e q u e n c i e s v/ere n o t a v a i l a b l e b e l o w 440 cm""'".) 

The symmetry g r o u p o f t h i s m o l e c u l e i s C 2 v ( 5 1 ) , g i v i n g rf = 2. 

No p u b l i s h e d data, f o r t h e s t r u c t u r e o f t h e t e t r a -

f l u o r o b e n z e n e s c o u l d be f o u n d . F o l l o w i n g t h e p r e v i o u s d i s ­

c u s s i o n t h e m o l e c u l e s were assumed t o be p l a n a r v / i t h a l l bond 
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a n g l e s 120 . * By a n a l o g y w i t h t h e c h l o r o b e n z e n e s i t was 

assumed t h a t t h e b o n d l e n g t h s w o u l d be a p p r o x i m a t e l y t h e same 

as f o r t h e t e t r a - and h e x a - compounds. Thus t h e C-F bond 

d i s t a n c e o f 1.327 A f o u n d i n h e x a f l u o r o b e n z e n e (50,75) v/as t h e 

d i s t a n c e f o r t h e t e t r a f l u o r o b e n z e n e s a l s o . T h e o t h e r bond 

d i s t a n c e s u s e d were C-C = 1.394 A. ( 5 0 ,67,75) and C-H = 1.08 A. 

as i n t h e o t h e r h a l o g e n a t e d b e n z e n e s . 

The f u n d a m e n t a l v i b r a t i o n a l a s s i g n m e n t f o r 1-2-4-5-

t e t r a f l u o r o b e n z e n e h a s b e e n made by F e r g u s o n , Hudson, N i e l s e n 

and S m i t h ( 3 3 ) . L a t e r , s e v e r a l c h a n g e s h a v e b e e n p r o p o s e d by 

S t e e l e and W h i f f e n ( 3 1 ) , v/hich a r e a d o p t e d i n t h i s work. 

W h e r e v e r p o s s i b l e t h e v a p o r s t a t e f r e q u e n c i e s h a v e b e e n u s e d . 

A g a i n , two f r e q u e n c i e s a r e u n a s s i q n e d i n t h e most r e c e n t work 

( 3 1 ) : t h e s e a r e a s s i g n e d by a n a l o g y w i t h t h e known v i b r a t i o n a l 

f r e q u e n c i e s o f t h e same mode. 

The f i r s t unknown f r e q u e n c y i s an X (X = F , C l , B r , I ) 

s e n s i t i v e a^ f u n d a m e n t a l v i b r a t i o n . I n F i g u r e 3, i t i s s e e n 

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

t h e s e r i e s o r t h o - , meta-, p a r a - t e t r a f l u o r o b e n z e n e . I n t h i s 

n omograph, t h e f u n d a m e n t a l f r e q u e n c y c o r r e s p o n d i n g t o 443 cm-"1' 

i n C ^ F , . i s p l o t t e d a g a i n s t t h e i n c r e a s i n g s e q u e n c e o f i s o m e r s 

1-2-4-5- ( p a r a ) , 1-2-3-5- (meta) and 1-2-3-4- ( o r t h o ) , g i v i n g 

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

.* The v a l i d i t y o f t h e a s s u m p t i o n o f 1 2 0 ° b o n d a n g l e s ' i s 
d i s c u s s e d b e l o w , i n t h e p a r a g r a p h s on t h e d i b r o m o b e n z e n e s . 
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315 cm" v i b r a t i o n f o r C g F g « T h e s e f r e q u e n c i e s f o r t h e 1-2-3-5-

and 1-2-3-4- i s o m e r s a r e 445 cm ^ and 460 cm"^ r e s p e c t i v e l y . 

I n F i g u r e 3 t h e s t r a i g h t l i n e b e t w e e n t h e p o i n t s g i v e n b y t h e s e 

two known f r e q u e n c i e s i s e x t r a p o l a t e d t o p r e d i c t t h e d e s i r e d 

a, f r e q u e n c y f o r t h e 1-2-4-5- i s o m e r as ^ 420 cm"''.* 

1-2-4-5- 1-2-3-5- 1-2-3-4-
F i g u r e 3: Nomograph t o p r e d i c t t h e unknown f r e q u e n c y f o r 

1-2-4-5- t e t r a f l u o r o b e n z e n e , b y a n a l o g y w i t h 
s i m i l a r f r e c m e n c i e s o f same mode. 

T h i s i s a r e a s o n a b l e v a l u e i f c o m p a r e d v / i t h t h e v a l u e s o f 
t h e same f u n d a m e n t a l f r e q u e n c y f o r s i m i l a r m o l e c u l e s CfiHF,-, 
C g D F 5 , CgFg as shown b y S t e e l e ( 3 1 ) . 
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The o t h e r p r e v i o u s l y u n a s s i g n e d v i b r a t i o n a l f r e q u e n c y was 

a p p r o x i m a t e d , by t h e same method, as 2 70 c n i " \ 

The moments o f i n e r t i a o f t h i s m o l e c u l e were 

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

b e n z e n e s . The m o l e c u l e h a s symmetry g r o u p (31) w h i c h c o r r e ­

s p o n d s t o a symmetry number C = 4. The t h e r m o d y n a m i c f u n c t i o n s 

f o r 1-2-4-5- t e t r a f l u o r o b e n z e n e ( T a b l e D - l l ) may h a v e a 

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

c i e s (420,270,140 and 240 c m - 1 ) u s e d i n t h e v i b r a t i o n a l 

c o n t r i b u t i o n c a l c u l a t i o n a r e o f d o u b t f u l a c c u r a c y (31). T h e s e 

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

w h i c h t h e r e i s no d i r e c t e x p e r i m e n t a l e v i d e n c e . I t I s s t i l l 

e x p e c t e d , however:,, t h a t t h e e n t r o p y S ° i s w i t h i n - 1.5 % o f 

t h e e x p e r i m e n t a l " t h i r d lav/" v a l u e s . 

S t e e l e (51) h a s a s s i g n e d most o f t h e f u n d a m e n t a l 

v a p o r p h a s e f r e q u e n c i e s o f 1-2-3-4- t e t r a f l u o r o b e n z e n e . How­

e v e r , o n l y one o f t h e f i v / e &2 v i b r a t i o n s h a s b e e n a s s i g n e d by 

S t e e l e . The r e m a i n i n g f o u r h a v e b e e n a s s i g n e d i n t h i s work, 

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

a s s i g n e d ) a2 v i b r a t i o n , o v e r t h e s e r i e s o- CgH^D2, 1-2-3-4-

C - F . H 0 and CrF^., v/hich i s a l s o u s e d f o r c o m p a r a t i v e p u r o o s e s 6 4 2 6 o -

b y S t e e l e ( 5 1 ) . The nomograph i n F i g u r e 4 i s u s e d t o p r e d i c t 

t h e s e f r e q u e n c i e s . I n F i g u r e 4 t h e y - a x i s i s f r e q u e n c y , t h e 

l e f t hand v e r t i c a l l i n e ( d a s h e d l i n e ) r e p r e s e n t s t h e f r e q u e n ­

c i e s o f o- CgH^D2, t h e r i g h t hand l i n e ( d a s h e d l i n e ) r e p r e s e n t s 

the. f r e q u e n c i e s o f C^F^. S t e e l e ' s e x p e r i m e n t a l l y o b s e r v e d a2 
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Figure 4 
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f r e q u e n c i e s a r e 982 cm and 714 cm r e s p e c t i v e l y . The 

c o r r e s p o n d i n g f r e q u e n c y f o r 1-2-3-4- t e t r a f l u o r o b e n z e n e i s 

922 cm"*"'" ( 5 1 ) . A v e r t i c a l l i n e ( c o n t i n u o u s l i n e ) was drawn 

on F i g u r e 4 so t h a t t h e s e t h r e e f r e q u e n c i e s w o u l d f o r m t h e , 

u p p e r m o s t s t r a i g h t l i n e on t h e p l o t . I t was t h e n assumed t h a t 

t h e o t h e r f r e q u e n c i e s w o u l d f o l l o w a s i m i l a r p a t t e r n : a l i n e 

c o u l d be drawn b e t w e e n t h e two known f r e q u e n c i e s , t o c r o s s t h e 

1-2-3-4- t e t r a f l u o r o b e n z e n e l i n e and t h u s i n d i c a t e i t s a p p r o x ­

i m a t e f r e q u e n c y . The t h r e e a 2 v i b r a t i o n a l f r e q u e n c i e s p r e d i c t -
-1 -1 -1 

ed b y F i g u r e 4 were 820 cm , 685 cm and 570 cm . The l o w e s t 

f r e q u e n c y , c o r r e s p o n d i n g t o 175 cm"'1" i n C^F^, v/as p r e d i c t e d by 

t h e a b o v e method as 335 cm"*' b u t was a s s i g n e d as 305 cm"* s i n c e 

i t was o b s e r v e d t h a t t h e l o w e r f r e q u e n c i e s ( 500 cm"*) f o r 

1-2-3-4- t e t r a f l u o r o b e n z e n e were r e l a t i v e l y c l o s e r t o t h o s e o f 

CgFg t h a n t h e h i g h e r f r e q u e n c i e s . The s t r u c t u r a l d a t a ( a s 

shown a b o v e ) f o r t h e t e t r a f l u o r o b e n z e n e s was u s e d t o c a l c u l a t e 

t h e moments o f i n e r t i a . The m o l e c u l a r symmetry number o f t h i s 

m o l e c u l e i s 0"' = 2, f r o m t h e C n symmetry g r o u p ( 5 1 ) . The 

f r e q u e n c i e s a s s i g n e d by t h e above method a r e o n l y a p p r o x i m a t e 

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

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

1-2-3-4- t e t r a f l u o r o b e n z e n e s h o u l d n o t be g r e a t e r t h a n - .1.5 %. 

P e n t a f l u o r o b e n z e n e f u n d a m e n t a l v i b r a t i o n s h a v e b e e n 

a s s i g n e d by S t e e l e and W h i f f e n (31) and Lon g and S t e e l e (43) 

h a v e p e r f o r m e d a n o r m a l c o o r d i n a t e a n a l y s i s . Where a v a i l a b l e , 

t h e v a p o r s t a t e f r e q u e n c i e s were u s e d i n t h e c a l c u l a t i o n s . 
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S t e e l e and W h i f f e n do n o t a s s i g n t h e h i g h e s t a 2 v i b r a t i o n b u t , 

f o l l o w i n g s i m i l a r compounds C g H 2 F ^ , C^DF^ and Cg Fg> s u g g e s t 

t h a t i t i s 600 cm"*. I n t h e b ^ mode t h e r e a r e two u n a s s i g n e d 

f r e q u e n c i e s . T h a t c o r r e s p o n d i n g t o 249 cm * i n h e x a f l u o r o ­

b e n z e n e i s a s s i g n e d as 300 cm"*, f o l l o w i n g t h e r e c o m m e n d a t i o n 

o f S t e e l e and W h i f f e n t h a t i t must be l o w e r t h a n 350 cm"* and 

h i g h e r t h a n t h e c o r r e s p o n d i n g C g F g f r e q u e n c y . U s i n g s i m i l a r 

r e a s o n i n g t h e l o w e s t a 2 f r e q u e n c y c o r r e s p o n d i n g t o 175 cm"* i n 

C ^ F r i s a s s i g n e d as 200 cm"*. The s t r u c t u r a l d a t a f o r oent-a-

f l u o r o b e n z e n e i s t h e same as f o r h e x a f l u o r o b e n z e n e ( s e e b e l o w ) 

w i t h C-H = 1.08 A. The C 2 v symmetry g r o u p p r e d i c t s (T= 2 f o r 

t h i s m o l e c u l e . The a c c u r a c y o f t h e t h e r m o d y n a m i c f u n c t i o n s . 

( T a b l e D-13) c a n n o t be p u t a t l e s s t h a n - 1.5 % due t o t h e 

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

a s s i g n e d i n t h i s work. 

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

f l u o r o b e n z e n e ( T a b l e D-14) h a v e b e e n c a l c u l a t e d f r o m s p e c t r o ­

s c o p i c and t h i r d lav/ d a t a by C o u n s e l l , G r e e n , H a l e s and M a r t i n 

( 5 0 ) . T h e s e w o r k e r s have r e v i s e d t h e v i b r a t i o n a l f r e q u e n c y 

assignments.-made by S t e e l e and W h i f f e n ( 3 9 ) . The m a j o r 

d i f f e r e n c e i s i n t h e a s s i g n m e n t o f t h e l o w e s t - e 2 mode ( d o u b l y 

d e g e n e r a t e ) f r e q u e n c y t o 125 cm * as o p p o s e d t o t h e S t e e l e , and 

W h i f f e n v a l u e o f 175 cm"*. T h i s h a s b e e n j u s t i f i e d by C o u n s e l l 

a n d h i s c o w o r k e r s (50) by t h e f a c t t h a t t h i s f r e q u e n c y b r i n g s 

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

ment o v e r a 30 K . ° e x p e r i m e n t a l r a n g e , f r o m . 2 9 0 ° K. t o 3 2 0 ° K., 
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and b y i t s a g r e e m e n t w i t h t h e n o r m a l c o o r d i n a t e a n a l y s i s 

c a l c u l a t e d v a l u e s o f 1 2 1 cm"""*" ( 3 9 ) and 1 1 9 cm~^ ( 6 1 ) . The same 

s t r u c t u r a l d a t a ( 7 5 ) was u s e d i n t h i s work as v/as u s e d by 

C o u n s e l l e t a l : C-C = 1 . 3 9 4 A, C _ F = 1 . 3 2 7 A, i n a p l a n a r 

m o l e c u l e h a v i n g bond a n g l e s o f 1 2 0 ° . I n t h i s work, ho w e v e r , 

t h e c a l c u l a t e d 1 A B C = 1 0 . 9 0 0 7 x lO""^" 1" 2 g^ crn^. An e r r o r i s 
1 1 2 3 6 

s u s p e c t e d i n t h e v a l u e o f I A B C = 8 . 8 7 0 x 1 0 " G cm , r e p o r t ­

ed by C o u n s e l l , G r e e n , H a l e s and M a r t i n . I f t h e p r o p o s e d 

l a r g e r v a l u e o f t h e p r o d u c t o f t h e p r i n c i p a l moments o f i n e r t i a 

i s u s e d , i t i s f o u n d t h a t t h e l o w e s t e 2 u mode f r e q u e n c y t o g i v e 

t h e b e s t f i t t o t h e e x p e r i m e n t a l S ° i s 1 3 3 cm ^, n o t 1 2 5 cm ^ 

as was r e p o r t e d b y C o u n s e l l and h i s a s s o c i a t e s ( 5 0 ) , U n t i l 

e x p e r i m e n t a l work i s done i n t h e low f r e q u e n c y i n f r a - r e d r e g i o n 

f o r h e x a f l u o r o b e n z e n e v a p o r , t h e a s s i g n m e n t o f t h e l o w e s t 

f r e q u e n c y i s a m a t t e r o f a r b i t r a r y c h o i c e : i n t h i s work i t was 

a s s i g n e d as 1 3 3 cm ^. T h i s f r e q u e n c y , w i t h t h e h i g h e r v a l u e 

o f I n ~ n , g i v e s a s l i g h t l y b e t t e r f i t t o t h e e x p e r i m e n t a l C ° 

( 5 0 ) o v e r t h e e n t i r e e x p e r i m e n t a l r a n g e , f r o m 2 9 0 ° t o 3 2 0 ° K. 

The f i t to' t h e e x p e r i m e n t a l S ° i s a b o u t t h e same o f t h a t o f 

C o u n s e l l e t a l . , b u t s l i g h t l y b e t t e r a t low t e m p e r a t u r e s and 

s l i g h t l y p o o r e r a t h i g h t e m p e r a t u r e s i n t h e e x p e r i m e n t a l r a n g e . 

F i g u r e 5 shows t h e c u r v e f o r 3 ° a t one a t m o s p h e r e 

c a l c u l a t e d i n t h i s work ( c o n t i n u o u s l i n e ) , t h a t c a l c u l a t e d by 

C o u n s e l l e t a l . ( d a s h e d l i n e ) and t h a t e x p e r i m e n t a l l y d e t e r m i n e d 

u s i n g t h e t h i r d law o f t h e r m o d y n a m i c s by C o u n s e l l e t a l . 

( h e a v y . l i n e ) . I t i s s u g g e s t e d t h a t t h e r e i s an e r r o r i n t h e 
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Figure 5: S° for Hexafluorobenzene 
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e x p e r i m e n t a l work, m a k i n g S t o o l a r g e a t t h e h i g h e r t e m p e r a ­

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

r e s u l t s ( 5 0 ) , ( b s / ^ T ) p i s i n c r e a s i n g w i t h t e m p e r a t u r e r a t h e r 

t h a n d e c r e a s i n g , as w o u l d be e x p e c t e d f r o m t h e g e n e r a l t h e o r y 

and f r o m e x p e r i m e n t a l r e s u l t s f o r o t h e r compounds. I t i s a l s o 

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

h e x a f l u o r o b e n z e n e as w e l l known and as a c c u r a t e as t h e y a r e , 

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

c a l c u l a t e d and t h e " t h i r d lav/" v a l u e s as i s shown i n F i g u r e 5. 

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

c h l o r o - , bromo- and i o d o - p e n t a f l u o r o b e n z e n e ( T a b l e s D-15, 

D-16, D-17) u s i n g t h e l i q u i d s t a t e f u n d a m e n t a l f r e q u e n c i e s 

a s s i g n e d by Hyams, L i p p i n c o t t and B a i l e y ( 5 9 ) , who i m p r o v e d 

on t h e v/ork o f L o n g and S t e e l e ( 4 8 , 4 9 ) . F o r t h e s e compounds 

t h e r e a r e two u n a s s i g n e d f u n d a m e n t a l f r e q u e n c i e s , an a n ^ a 

b ^ mode. F o l l o w i n g t h e s u g g e s t i o n o f Hyams, L i p p i n c o t t and 

B a i l e y , t h e h i g h e s t &2 f r e q u e n c y was a s s i g n e d as 600 cm ^ f o r 

a l l t h r e e compounds, s i n c e t h e &2 f r e q u e n c i e s a r e n o t 

X - s e n s i t i v e (.59). The b ^ f r e q u e n c y , w h i c h i s a l s o X - i n s e n s i -

t i v e , was a s s i g n e d as 550 cm"'1' s i n c e i t s h o u l d be a b o u t 50 c t r " ^ 

lov/er t h a n t h e c o r r e s p o n d i n g C r H r v a l u e ( 6 9 ) . The bond 
1 o o 

d i s t a n c e s and a n g l e s u s e d f o r t h e s e compounds were t h o s e o c c u r -

i n g i n h e x a f l u o r o b e n z e n e . The C - C l d i s t a n c e u s e d , 1.717 A, 

v/as t h a t f o u n d i n h e x a c h l o r o b e n z e n e (66) and. t h e C-Br = 1.879 A 

v/as t a k e n f r o m S t r a n d ' s (67) d a t a f o r h e x a b r o m o b e n z e n e . The 

. o n l y i n f o r m a t i o n f o u n d on C-I bonds was f o r iod'obenzene (42}, 

where C-I = 2 . 0 8 A. I t i s p r o b a b l e t h a t due t o c r o w d i n g o f 
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t h e h a l o g e n atoms t h i s d i s t a n c e i s i n c r e a s e d i n C g F ^ I , b u t 

t h e r e i s no d a t a t o v e r i f y t h i s . A n a l a g o u s l y t o t h e o t h e r 

h a l o g e n s u b s t i t u t e d b e n z e n e s , 2.10 A. was c h o s e n as a r e a s o n a b l e 

c a r b o n - i o d i n e bond l e n g t h . A l l t h e s e m o l e c u l e s b e l o n g t o t h e 

C 2 v
 s y m m e ^ r y g r o u p ( 5 9 ) , g i v i n g a m o l e c u l a r symmetry number o f 

(f= 2. The u s e o f l i q u i d s t a t e f r e q u e n c i e s p u t s an a c c u r a c y 

o f - 1 % on t h e t h e r m o d y n a m i c f u n c t i o n s f o r c h l o r o - and bromo-

p e n t a f l u o r o b e n z e n e . I n v i e w o f t h e u n c e r t a i n t y i n t h e s t r u c ­

t u r e o f i o d o - p e n t a f l u o r o b e n z e n e , - 1.5'% i s a r e a s o n a b l e l i m i t 

o f e r r o r f o r t h i s compound. 

The U n s y m m e t r i c a l D i h a l o b e n z e n e s . . 

N i e l s e n ' s g r o u p h a v e m e a s u r e d and a s s i g n e d t h e 

s p e c t r a ( 1 7,57,104) o f t h e 1-2-, 1-3-, 1-4- i s o m e r s o f c h l o r o -

f l u o r o b e n z e n e ( T a b l e s D-13, D-19, D - 2 0 ) . A l l t h e f u n d a m e n t a l 

v i b r a t i o n s e x c e p t t h e low f r e q u e n c i e s a r e f o r t h e v a p o r s t a t e . 

The symmetry numbers o f t h e s e m o l e c u l e s a r e 1, 1, and 2 

r e s p e c t i v e l y . The o n l y p u b l i s h e d d a t a f o r t h e s e compounds i s 

t h e v a p o r m i c r o w a v e measurement o f Rachman (43) f o r t h e 1-3-

i s o m e r . The moments o f i n e r t i a , g i v e n i n Rachman's p a p e r a r e 

u s e d i n t h i s work. I n t h e o r t h o ( 1 - 2 - ) i s o m e r i t was assumed 

t h a t some b o n d s t r e t c h i n g t a k e s p l a c e , due t o c r o w d i n g o f t h e 

a t o m s . The bond d i s t a n c e s were assumed t o be as f o l l o w s : 

C-F = 1.33 A, C - C l = 1.71 A, C-C = 1.39 7 A and C-H = 1.08 A, 

where a l l t h e a n g l e s a r e 1 2 0 ° i n a p l a n a r - c o n f i g u r a t i o n . To 

c a l c u l a t e t h e p r i n c i p a l moments o f i n e r t i a f o r p a r a . ( 1 - 4 - ) 

c h l o r o f l u o r o b e n z e n e , bond d i s t a n c e s s i m i l a r t o t h o s e o b s e r v e d 



63 

by Rachman f o r t h e m eta i s o m e r (43) were assumed, s i n c e i n 

g e n e r a l meta and p a r a h a l o b e n z e n e s h a v e s i m i l a r b ond l e n g t h s : 

t h e C-C and C-H b o n d s were as a b o v e f o r t h e o r t h o i s o m e r , t h e 
o o 

C - C l = 1.699 A and C-F = 1.329 A, a g a i n i n a p l a n a r m o l e c u l e . 

Of t h e s e t h r e e s t r u c t u r e s t h a t o f t h e m eta i s o m e r i s t h e most 

r e l i a b l e , and t h e assumed o r t h o s t r u c t u r e t h e most d o u b t f u l , 

as i t i s d i f f i c u l t t o p r e d i c t what e f f e c t c r o w d i n g o f t h e two 

h a l o g e n atoms h a s on t h e m o l e c u l a r s t r u c t u r e . A l l t h e v i b r a ­

t i o n a l d a t a i s c o n s i d e r e d r e l i a b l e ( 1 7 , 5 7 , 1 0 4 ) , p r o v i d i n g 

t h e r e a r e no l a r g e v a p o r - l i q u i d s h i f t s i n t h e low f r e q u e n c i e s . 

An a c c u r a c y o f - 1.5 % i s e s t i m a t e d f o r t h e t h e r m o d y n a m i c 

f u n c t i o n s o f 1-2- c h l o r o f l u o r o b e n z e n e : t h e o t h e r s s h o u l d be 

a c c u r a t e t o w i t h i n - 1 % . 

I n t h e c a l c u l a t i o n s f o r t h e o r t h o compounds bromo-

f l u o r o - , f l u o r o i o d o - and b r o m o c h l o r o b e n z e n e ( T a b l e s D-21, D-22, 

D-2 3) t h e v i b r a t i o n a l a s s i g n m e n t s o f K r i s h n a m a c h a r i (71) a r e 

u s e d . T h e s e l i q u i d f i l m m e a s u r e m e n t s a r e a s s i g n e d by a n a l o g y 

w i t h s i m i l a r s u b s t i t u t e d b e n z e n e s , u s i n g i n f r a - r e d v a p o r p h a s e 

c o n t o u r s , Raman l i n e s and t h e r e l a t i v e i n t e n s i t i e s o f t h e 

s p e c t r a . No i n d i c a t i o n o f t h e p o s s i b l e a c c u r a c y o f t h e s e 

a s s i g n m e n t s i s g i v e n and s i n c e t h e r e a r e no v a p o r phase, f r e ­

q u e n c i e s shown i t i s d i f f i c u l t t o a s s e s s what may be t h e v a p o r -

l i q u i d s h i f t . P u b l i s h e d s t r u c t u r a l i n f o r m a t i o n was l a c k i n g 

f o r t h e s e compounds, so b o n d l e n g t h s v/ere assumed a n a l o g o u s l y 

t o t h e o t h e r d i s u b s t i t u t e d b e n z e n e s . As w i t h o t h e r compounds 

t h e C-C bond was t a k e n as 1.39 7 A and C-H = 1.08 A. A l l t h e 
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m o l e c u l e s were assumed t o be p l a n a r and t o h a v e bond a n g l e s o f 

1 2 0 ° . The o r t h o C-F d i s t a n c e , l i k e t h a t f o r 1-2- d i f l u o r o -
O 

b e n z e n e (SO) was 1.35 A ; t h e C - C l d i s t a n c e l i k e t h a t f o r 1-2-
o 

d i c h l o r o b e n z e n e ( s e e b e l o w ) was 1.71 A ; s i m i l a r l y C-Br v/as 

c h o s e n as 1.883 A ( 6 7 ) . The C - I d i s t a n c e f o r t h e s e o r t h o 
o 

compounds was assumed t o be 2.10 A , u s i n g t h e same r e a s o n i n g 

as s t a t e d f o r i o d o - p e n t a f l u o r o b e n z e n e ( s e e a b o v e ) . F o r a l l 

t h e s e compounds t h e m o l e c u l a r symmetry number i s o n e . I t i s 

e x p e c t e d t h a t t h e maximum e r r o r s w i l l be l e s s t h a n 2 % o f . t h e 

t h e r m o d y n a m i c f u n c t i o n s . 

The P o l y c h l o r o b e n z e n e s 

I n a m a j o r work, S c h e r e r and E v a n s (62) h a v e 

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

c h l o r o b e n z e n e s and h a v e p r e s e n t e d n o r m a l c o o r d i n a t e a n a l y s e s 

f o r t h e s e compounds ( 6 3 , 1 0 5 ) , and h a v e s u r v e y e d t h e e x i s t i n g 

l i t e r a t u r e on t h e c h l o r o b e n z e n e s ( 6 2 ) . T h i s t h e s i s u s e s t h e 

l i q u i d s t a t e f r e q u e n c i e s o f S c h e r e r and E v a n s . The symmetry 

number i s d e t e r m i n e d .(85) f r o m t h e symmetry g r o u p o f t h e m o l e ­

c u l e , v/hich i s g i v e n w i t h t h e f r e q u e n c y a s s i g n m e n t s . 

Godnev and S v e r d l i n (39) h a v e c a l c u l a t e d t h e t h e r m o ­

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

c a l c u l a t e d h e r e u s i n g t h e more r e c e n t v i b r a t i o n a l d a t a 

r e f e r r e d .to a b o v e . F o r 1-2- d i f l u o r o b e n z e n e t h e C - C l d i s t a n c e 

i s 1.71 A (39), f o r t h e 1-3- and 1-4- i s o m e r s C - C l =. 1.69 A (39). 

The p r o d u c t s o f moments o f i n e r t i a c a l c u l a t e d . b y t h e p r o g r a m 

d e s c r i b e d i n A p p e n d i x B a g r e e w i t h t h o s e c a l c u l a t e d by Godnev 
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a n d S v e r d l i n ( 3 9 ) . The m o l e c u l a r symmetry number (T i s 2, 2 

and 4 f o r t h e o r t h o , meta and p a r a f o r m s r e s p e c t i v e l y . The 

t h e r m o d y n a m i c f u n c t i o n s ( T a b l e s D-24, D - 2 5 , D-26) a l s o a g r e e 

v / i t h t h o s e c a l c u l a t e d by Godnev and S v e r d l i n ( 3 9 ) , e x c e p t f o r 

t h e c a s e o f t h e e n t r o p y o f 1-4- d i c h l o r o b e n z e n e , where t h i s 

work f i n d s an e n t r o p y a b o u t 0.5 E.U. h i g h e r . The h e a t 

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

o f Godnev and S v e r d l i n (by 0.04 c a l / g m o l e ° K . ) . B u t I A 3 C i n 

t h i s work i s 2.5591 x IO -*''" 2 g^ cm^ v e r s u s 2.5942 x 10 ** 2g^cm^ 

i n t h e o t h e r p a p e r , so Godnev's r o t a t i o n a l c o n t r i b u t i o n t o 

e n t r o p y i s t h e l a r g e r . The r e a s o n f o r G o d n e v ' s c a l c u l a t e d 

e n t r o p y b e i n g s m a l l e r t h a n S ° i n t h i s work i s t h a t t h i s v/ork 

u s e s l o w e r "low f r e q u e n c i e s " (125 cm" 1 and 226 cm"* v e r s u s 

200 cm"* and 240 cm"*), a s h i f t w h i c h c a u s e s a l a r g e c h a n g e i n 

t h e e n t r o p y b u t h a s l i t t l e e f f e c t on t h e h e a t c a p a c i t y ( 9 3 ) . 

T h e s e t h e r m o d y n a m i c f u n c t i o n s ( T a b l e D-26) s h o u l d be a c c u r a t e 

s i n c e t h e d a t a u s e d i s w e l l e s t a b l i s h e d ( 21,24,25,39,62,68,70.) 

S c h e r e r , E v a n s , M u e l d e r and O v e r e n d (82) h a v e g i v e n 

t h e v i b r a t i o n a l a s s i g n m e n t o f 1-3-5- t r i c h l o r o b e n z e n e . T h r e e 

o f t h e f r e q u e n c i e s u s e d i n t h e a s s i g n m e n t ( ™ o d e ) a r e t h e 

c a l c u l a t e d ( n o r m a l c o o r d i n a t e ) v a l u e s and a r e o f v e r y l i m i t e d 

r e l i a b i l i t y . T he b o n d l e n g t h s u s e d v/ere as i n m e t a - and p a r a -

d i c h l o r o b e n z e n e . The t h e r m o d y n a m i c f u n c t i o n s ( T a b l e D-2 7) a r e 

c o n s i d e r e d a c c u r a t e t o - 1.5 % . 

F o r 1-2-3- and 1-2-4- t r i c h l o r o b e n z e n e S c h e r e r ' s 

and E v a n ' s ( 6 2 ) v i b r a t i o n a l f r e q u e n c y d a t a was u s e d . The bond 
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l e n g t h s a r e as i n o r t h o - d i c h l o r o b e n z e n e f o r a d j a c e n t C - C l b o n d s , 

o t h e r bond l e n g t h s b e i n g t h e same as t h o s e g i v e n a b o v e . The 

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

( T a b l e s D-28, D-29) i s - 1.5 % . 

F o r 1-2-4-5- t e t r a c h l o r o b e n z e n e t h e v a p o r e l e c t r o n -

d i f f r a c t i o n d a t a o f S t r a n d and Cox (66) g i v e s C-C = 1.395 A, 

C - C l = 1.724 A, and C-H = 1.08 A, where t h e r a d i a l a n g l e 

b e t w e e n t h e C - C l b o n d s i s 6 2 . 8 ° , as o p p o s e d t o t h e s y m m e t r i c 

6 0 ° . E x p e r i m e n t a l d a t a f o r t h e o t h e r t e t r a c h l o r o b e n z e n e 

i s o m e r s was l a c k i n g , so C-C and C-H bond, d i s t a n c e s as i n t h e 

1-2-4-5- i s o m e r were assumed. S i n c e t h e C - C l b o n d s i n t h e 

1-2-3-4- f o r m a r e c l o s e r t h a n i n t h e 1-2-4-5- i s o m e r , i t i s 

e x p e c t e d t h a t t h e C - C l d i s t a n c e w i l l be c l o s e r t o t h a t o f 
o 

h e x a c h l o r o b e n z e n e . C - C l = 1.721 A was c h o s e n . I t i s a l s o 

e x p e c t e d t h a t t h e two o u t e r C - C l b o n d s w i l l be a t a g r e a t e r 

r a d i a l a n g l e t h a n 6 0 ° , b u t t h i s h a s b e e n n e g l e c t e d i n t h e 

c a l c u l a t i o n c f t h e moments o f i n e r t i a , s i n c e i t h a s b e e n shown 

t h a t a n g u l a r c h a n g e s s u c h as t h i s h a v e a n e g l i g i b l e e f f e c t on 
t h e ( s e e 1-2- c i b r o m o b e n z e n e , b e l o w ) . A g a i n , b a s e d on ABC ' J ' 
t h e work o f S t r a n d and Cox (67) t h e bond d i s t a n c e s c h o s e n f o r 

o 

1-2-3-5- t e t r a c h l o r o b e n z e n e were 1.722 A f o r t h e 1, 2 and 3 

c h l o r i n e atoms and 1.725 A f o r t h e 5 p o s i t i o n c h l o r i n e atom. 

The t h e r m o d y n a m i c d a t a f o r t h e t e t r a c h l o r o b e n z e n e s ( T a b l e s D-30 

.0-31, D-32) a r e e x p e c t e d t o be a c c u r a t e f o r t h e 1-2-4-5- i s o m e r 

end a c c u r a t e t o w i t h i n - 1 % f o r t h e o t h e r i s o m e r s . 
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F o r p e n t a c h l o r o b e n z e n e ( T a b l e D-33) a s e l e c t i o n o f 

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

h e x a c h l o r o b e n z e n e (66) was u s e d : C-C = 1.40 A, C - C l = 1.72 A, 
O Q 

C-H = 1.08 A. I t was assumed a l l bond a n g l e s v/ere 120 and t h a t 

t h e m o l e c u l e i s p l a n a r . S c h e r e r ' s and E v a n ' s l i q u i d s t a t e 

f r e q u e n c i e s (62) v/ere e m p l o y e d . F o r h e x a c h l o r o b e n z e n e , t h e 

s t r u c t u r a l d a t a u s e d t o c a l c u l a t e 1 A 3 £ was t a k e n f r o m t h e p a p e r 

o f S t r a n d and Cox ( 6 6 ) . The a c c u r a c y o f t h e r e s u l t s o f t h e 

c a l c u l a t i o n s i s e s t i m a t e d as -• 1 % . 

•The P o l y b r o m o b e n z e n e s 

S h u r v e l l , D u l a u r e n s and P e s t e i l (56) h a v e a s s i g n e d 

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

n o r m a l modes and shown t h e m o l e c u l a r symmetry g r o u p . F o r 1-2-

d i b r o m o b e n z e n e S t r a n d (67) g i v e s t h e s t r u c t u r a l d a t a as f o l l o w s : 

C-C = 1.402 A, C - 3 r = 1.883 A and t h e r a d i a l a n g l e b e t w e e n t h e 

^ - B r b o n d s as 6 3 . 6 ° . U s i n q t h i s d a t a t h e I»,-,„ v/as c a l c u l a t e d 
ABC 

t o be 12.555 x 10" g cm . To d e t e r m i n e , t h e e f f e c t o f 

n e g l e c t i n g t h e d i s t o r t i o n o f t h e s t r u c t u r e due t o t h e r e p u l s i o n 

o f t h e b r o m i n e atoms, t h e I , D ~ v/as a l s o c a l c u l a t e d u s i n g a 

r a d i a l a n g l e o f 6 0 ° b e t w e e n t h e b o n d s . T h i s g a v e 
I..,^ = 12.562 x 10""" g cm . The d i f f e r e n c e b e t w e e n t h e s e ABC ^ 
two v a l u e s o f I,„„ i s s m a l l enough f o r i t t o h a v e a n e q l i o i b l e 

A B C j -

e f f e c t o n . t h e t h e r m o d y n a m i c f u n c t i o n s . T h i s a p p r o x i m a t i o n v/as 

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

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

r e p u l s i o n , • b u t where e x p e r i m e n t a l d a t a i s n o t a v a i l a b l e . 
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F o r 1 - 4 - d i b r o m o b e n z e n e h o w e v e r , t h e d a t a o f 

S h u r v e l l , D u l a u r e n s and P e s t e i l d o e s n o t g i v e t h e two l o w e s t 

f r e q u e n c i e s . A more r e c e n t work by G r i f f i t h s and Thompson 

(68 ) g i v e s t h e s e f r e q u e n c i e s as 103 cm~* (b-jij) a n c i c m ~ 1 

( b g ^ j ) . U n f o r t u n a t e l y t h e s e v a l u e s a r e f o r s o l i d s o l u t i o n s o f 

1 - 4 - d i b r o m o b e n z e n e and t h e r e may be an a p p r e c i a b l e f r e q u e n c y 

s h i f t b e t w e e n t h e s e and t h e n e e d e d v a p o r s t a t e v i b r a t i o n a l 

f r e q u e n c i e s . The s t r u c t u r a l d a t a ( g a s e o u s e l e c t r o n - d i f f r a c t i o n ) 

o f B a s t i a n s e n and H a s s e l (70) and S t r a n d (67) e n a b l e d t h e 

c a l c u l a t i o n o f t h e p r i n c i p a l moments o f i n e r t i a . 

S i n c e t h e bond l e n g t h s i n o r t h o and p a r a - d i b r o m o -

b e n z e n e a r e t h e same ( 6 7 , 7 0 ) , i t was assumed t h a t t h e y w o u l d 
o 

be u n c h a n g e d i n t h e meta i s o m e r . Thus C-C = 1.402 A, and 

C - B r = 1.883 A were u s e d t o c a l c u l a t e I . The v i b r a t i o n a l 

f r e q u e n c i e s o f S h u r v e l l and h i s c o w o r k e r s (56) were e m p l o y e d . 

F o r o r t h o - and m e t a - d i b r o r n o b e n z e n e t h e a c c u r a c y o f t h e r e s u l t s 

i n T a b l e s D-35, D-36 i s e s t i m a t e d t o be - 1 S; f o r t h e p a r a 

i s o m e r h o w e v e r , due t o t h e u s e o f two s o l i d s t a t e f r e q u e n c i e s , 

an a c c u r a c y o f o n l y - 1.5 % c a n be a s c r i b e d t o t h e t h e r m o ­

d y n a m i c f u n c t i o n s ( T a b l e D - 3 7 ) . 

The v i b r a t i o n a l a s s i g n m e n t o f S c h e r e r , E v a n s and 

H u e l d e r (55) was u s e d f o r 1-3-5- t r i b r o m o b e n z e n e ( s e e a l s o 

r e f . 6 4 ) . T h i s a s s i g n m e n t a g r e e s w e l l w i t h t h e f u n d a m e n t a l 

f r e q u e n c i e s g i v e n by Konnenmacher and I-lecke ( 6 1 ) . F o r t h e 

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

n o r m a l c o o r d i n a t e c a l c u l a t i o n r e s u l t s (55) were a s s i g n e d . . To 
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c a l c u l a t e t h e p r i n c i p a l moments o f i n e r t i a t h e C - Br d i s t a n c e 
o 

was assumed t o be 1.88 A. ( 5 5 ) . T h i s v a l u e i s i n t e r m e d i a t e 

b e t w e e n t h e b o n d d i s t a n c e s i n d i - and h e x a b r o m o b e n z e n e ( 6 7 , 7 0 ) . 

The C-C and C-H b o n d l e n g t h s were t h o s e f o u n d i n d i b r o m o b e n z e n e 

( 6 7 ) . A g a i n i t i s assumed t h a t t h e atoms a r e c o p l a n a r and t h e 

b o n d a n g l e s a r e 1 2 0 ° . The a c c u r a c y o f t h e r e s u l t s ( T a b l e D-38) 

i s e s t i m a t e d t o be g r e a t e r t h a n - 1.5 %. 
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B. D i s c u s s i o n o f E r r o r s 

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

f u n c t i o n s f o r t h e h a l o g e n a t e d b e n z e n e s , t h e r e s u l t s o f w h i c h 

a r e c o n t a i n e d i n A p p e n d i x D, t h e r e may a r i s e t h r e e t y p e s o f 

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

l a t e d p r o p e r t i e s and t h e " a c c u r a t e " p r o p e r t i e s e x p e r i m e n t a l l y 

d e t e r m i n e d by c a l o r i m e t r y and t h e t h i r d law o f t h e r m o d y n a m i c s . 

The f i r s t t y p e o f e r r o r i s due t o t h e l a c k o f 

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

f o r m u l a e i n T a b l e I . T h i s has a l r e a d y b e e n d i s c u s s e d i n P a r t C 

o f C h a p t e r I I u n d e r t h e h e a d i n g " a n h a r m o n i c i t y " . T h e s e e f f e c t s 

a r e v e r y s m a l l a t t e m p e r a t u r e s b e l o w , s a y , 5 0 0 ° K., w h i c h i s 

t h e r e g i o n i n w h i c h e x p e r i m e n t a l d a t a i s u s u a l l y a v a i l a b l e . As 

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

p a r t i t i o n f u n c t i o n a t h i g h e r t e m p e r a t u r e s may be l a r g e r ( 1 4 ) , 

s u c h as 2 % a t 1 0 0 0 ° K. The e r r o r l i m i t s w h i c h h a v e b e e n 

a s c r i b e d t o t h e t h e r m o d y n a m i c f u n c t i o n s i n P a r t A o f t h i s 

c h a p t e r do n o t i n c l u d e t h e c o n t r i b u t i o n o f a n h a r m o n i c i t y . 

T h e s e e r r o r l i m i t s , w h i c h a r e a l l l e s s t h a n 2 %, e s t i m a t e t h e 

t h i r d t y p e o f e r r o r , w h i c h i s e x p l a i n e d b e l o w . S i n c e t h e 

a n h a r m o n i c i t y e f f e c t i s g e n e r a l l y f e l t l i t t l e b e l o w 5 0 0 ° K., 

t h e s e e r r o r l i m i t s may be t a k e n as t h e p o s s i b l e e r r o r o f t h e 

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

i s t o s a y , b e l o w 5 0 0 ° K. 

The s e c o n d t y p e o f e r r o r may be c a l l e d t h e "mathe­

m a t i c a l e r r o r " . A g a i n , t h e s e e r r o r s a r e s m a l l compared t o t h e 
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t h i r d t y p e , and t h e y s h o u l d c o n t r i b u t e v e r y l i t t l e t o t h e 

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

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

c o n t r i b u t i o n s and i n t h e moments o f i n e r t i a . 

T he most i m p o r t a n t t y p e o f e r r o r , and t h e most 

l i k e l y i n t h e r e s u l t s i n t h i s t h e s i s , i s due t o e r r o r s i n t h e 

m o l e c u l a r and s t r u c t u r a l d a t a n e e d e d t o c a l c u l a t e t h e t h e r m o ­

d y n a m i c f u n c t i o n s . ( F o r a. summary o f t h e d a t a r e q u i r e d , s e e 

T a b l e I I . ) T h e r e a r e e x p e r i m e n t a l and p e r h a p s t h e o r e t i c a l 

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

f r e q u e n c i e s , t h e b o n d l e n g t h s and a n g l e s o f t h e m o l e c u l e . 

I n t h e compounds f o r w h i c h t h e r e i s d i r e c t e x ­

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

t h e b o n d l e n g t h s i s u s u a l l y w i t h i n - 0.01 A ( 1 2 , 6 6 , 6 7 ) , 

a l t h o u g h f o r some o f t h e r e s u l t s i n T a b l e s o f I n t e r a t o m i c 

D i s t a n c e s , e d i t e d b y S u t t o n ( 8 0 ) , - 0.05 A i s r e p o r t e d . F o r 

t h e compounds whose b o n d l e n g t h s h a v e b e e n p r e d i c t e d i n t h i s 

t h e s i s , b y a n a l o g y v / i t h knov/n bond d i s t a n c e s , t h e e r r o r s 

s h o u l d n o t be much g r e a t e r t h a n - 0.05 A a l s o . I n most c a s e s 

t h e d a t a i s s u f f i c i e n t t o make a c c u r a t e p r e d i c t i o n s : f o r 

e x a m p l e , t h e s t r u c t u r e o f p e n t a c h l o r o b e n z e n e c a n q u i t e 

r e a s o n a b l y be p r e d i c t e d i f t e t r a c h l o r o - and h e x a c h l o r o b e n z e n e 

s t r u c t u r e s (67) a r e knov/n. E r r o r s i n t h e bond l e n g t h s s h o u l d 

n o t g r e a t l y c h a n g e t h e c a l c u l a t e d t h e r m o d y n a m i c p r o p e r t i e s . * 

* The e f f e c t o f a n g u l a r d i s t o r t i o n s h a s a l r e a d y b e e n 
i n d i c a t e d t o be n e g l i g i b l e , by t h e c a l c u l a t i o n r e p o r t e d f o r 
1-2- d i b r o m o b e n z e n e , i n P a r t A o f t h i s c h a p t e r . 
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An e r r o r o f 10 % i n I A B C i n 1-2- d i f l u o r o b e n z e n e c h a n g e s t h e 

e n t r o p y S ° by i 0.09 E.u., o r a b o u t - 0.12 % a t 2 9 8 . 1 5 ° K. and 

i 0.07 % a t 1 0 0 0 ° K. E r r o r s l a r g e r t h a n 10 % i n I n D _ a r e v e r y 
a b c 

u n l i k e l y . 

The e r r o r s i n t h e f r e q u e n c y a s s i g n m e n t s may be o f 

two k i n d s . F i r s t t h e e r r o r s due t o t h e u s e o f l i q u i d s t a t e 

f r e q u e n c i e s i n s t e a d o f t h o s e f o r t h e v a p o r s t a t e ; s e c o n d e r r o r s 

due t o i n c o r r e c t a s s i g n m e n t s . The s e c o n d k i n d o f e r r o r i s 

u n l i k e l y i n most a s s i g n m e n t s , s i n c e t h e a p p r o x i m a t e l o c a t i o n o f 

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

w i t h s i m i l a r compounds and b y n o r m a l c o o r d i n a t e a n a l y s i s 

r e s u l t s . M o s t a u t h o r s ( s u c h as S c h e r e r , r e f . 62) a l s o g i v e 

t h e a s s i g n m e n t o f t h e c o m b i n a t i o n b a n d s o b s e r v e d i n t h e s p e c t r a , 

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

R e g a r d i n g t h e f i r s t t y p e o f e r r o r , F a t e l e y , M a t s u b u r a and 

W i t k o w s k i (72) h a v e i n v e s t i g a t e d low f r e q u e n c y v a p o r - l i q u i d 

s h i f t s f o r h a l o g e n a t e d t o l u e n e s and o t h e r a r o m a t i c compounds. 

T h e y c o n c l u d e t h a t f o r most compounds t h e f r e q u e n c y s h i f t f r o m 

l i q u i d t o v a p o r d e c r e a s e s t h e f r e q u e n c y (cm"'1') f o r v i b r a t i o n s 

b e l o w 700 cm~^" and i n c r e a s e s t h e f r e q u e n c y a b o v e t h i s . By t h i s 

a u t h o r ' s o b s e r v a t i o n t h e h i g h e r f r e q u e n c y s h i f t s , when t h e y 

o c c u r a t a l l , a r e u s u a l l y l e s s t h a n +5 cm"^ a b o v e 700 cm"^". 

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

c o n t r i b u t i o n t o t h e v i b r a t i o n a l p a r t i t i o n f u n c t i o n . On t h e 

o t h e r h a n d , t h e low f r e q u e n c y s h i f t s may be as l a r g e as 

10-20 c m - 1 ( 7 2 ) , w h i c h w o u l d c a u s e a n o t i c a b l e c h a n g e i n t h e 

t h e r m o d y n a m i c f u n c t i o n s , s i n c e t h e low f r e q u e n c i e s c o n t r i b u t e 
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more t h a n t h e h i g h e r f r e q u e n c i e s ( 9 3 ) . 

The p e r c e n t a g e e r r o r s a s c r i b e d t o t h e t h e r m o ­

d y n a m i c f u n c t i o n s i n P a r t A o f t h i s c h a p t e r a r e a somewhat 

s u b j e c t i v e e s t i m a t e , s i n c e i t i s i m p o s s i b l e t o s a y w i t h o u t 

e x p e r i m e n t a l m e a s u r e m e n t s , i f an a p p r e c i a b l e v a p o r - l i q u i d 

f r e q u e n c y s h i f t t a k e s p l a c e i n any g i v e n compound ( 9 , 7 2 ) . 

Where no n u m e r i c a l e s t i m a t e h a s b e e n g i v e n i n P a r t A, o r t h e 

r e s u l t s a r e r e f e r r e d t o as " a c c u r a t e " , t h e e x p e c t e d p o s s i b l e 

e r r o r i s l e s s t h a n - 0.5 % o f t h e t h e r m o d y n a m i c f u n c t i o n s i n 

t h e r e g i o n where e x p e r i m e n t a l d a t a i s u s u a l l y a v a i l a b l e ( 5 0 0 ° K „ ) : 

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

a v a i l a b l e and t h e s t r u c t u r e i s b a s e d on known d a t a . Where t h e 

a s s i g n m e n t o f f r e q u e n c i e s i s c o n s i d e r e d r e l i a b l e , b u t where 

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

e s t i m a t e d as - 1 %. H a l f o f t h i s e r r o r (- 0.5 %) c o r r e s p o n d s 

t o a p o s s i b l e v a p o r - l i q u i d s h i f t o f 10 cm * i n s i x f r e q u e n c i e s 

s p a c e d e v e n l y b e t w e e n 110 c m - 1 and 700 cm"-*. U s u a l l y , i n t h e 

h a l o g e n a t e d b e n z e n e s , t h e r e a r e a b o u t s i x t o t e n f r e q u e n c i e s 

b e l o w 700 cm"*, b u t i s n o t e x p e c t e d t h a t t h e y a l l h a v e v a p o r -

l i q u i d s h i f t s ( 7 2 ) . I f low f r e q u e n c i e s a r e a s s i g n e d , i n t h i s 

work, by methods o f a n a l o g y w i t h o t h e r compounds o r o t h e r 

f r e q u e n c i e s o f t h e same mode ( s e e F i g u r e s 3,4) o r t h e s t r u c t u r e 

i s d o u b t f u l , - 1.5 % i s a s s i g n e d as t h e e r r o r l i m i t . T h i s 

c o r r e s p o n d s t o a p o s s i b l e e r r o r o f 20 cm"* i n s i x f r e q u e n c i e s 

b e l o w 700 cm *„ I n t h e c a s e o f c a l c u l a t i o n s u s i n g l i q u i d 

s t a t e f r e q u e n c i e s i t i s p r o b a b l e t h a t t h e a s s i g n e d e r r o r s w i l l 
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t a k e t h e i r p o s i t i v e v a l u e s r a t h e r t h a n t h e n e g a t i v e : s i n c e t h e 

low l i q u i d f r e q u e n c i e s w i l l be t o o h i g h , t h e e n t r o p y and t h e 

h e a t c a p a c i t y w i l l t e n d t o be t o o low. 

I t i s a g a i n m e n t i o n e d t h a t t h e s e e r r o r l i m i t s do 

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

2 % a t 1 0 0 0 ° K., b u t a r e s m a l l a t l o w e r t e m p e r a t u r e s . I n 

s e v e r a l c a s e s , t h e r e s u l t s i n A p p e n d i c e s D, and E c o n t a i n more 

s i g n i f i c a n t f i g u r e s t h a n i s w a r r a n t e d by t h e i r a c c u r a c y . T h i s 

h a s b e e n done t o m a i n t a i n i n t e r n a l c o n s i s t e n c y i n t h e t a b l e s . 
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CHAPTER V I 

CONCLUSION AND RECOMMENDATIONS FOR FURTHER STUDY 

A, C o n c l u s i o n 

In t h i s t h e s i s t h e t h e r m o d y n a m i c f u n c t i o n s o f 38 

h a l o g e n a t e d b e n z e n e s h a v e b e e n c a l c u l a t e d , by s t a t i s t i c a l 

m e t h o d s . The " h a l o g e n a t e d b e n z e n e " s e r i e s i n t h i s work d o e s 

n o t i n c l u d e t h e more h i g h l y s u b s t i t u t e d bromo- and i o d o -

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

b e n z e n e s . However, i t i s f e l t t h a t most o f t h e i n d u s t r i a l l y 

i m p o r t a n t and p o t e n t i a l l y i m p o r t a n t h a l o b e n z e n e s a r e i n c l u d e d . 

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

500° K., less t h a n - 2 %, and b e t w e e n 500° and 1000° K., a 

p o s s i b l e maximum a d d i t i o n a l e r r o r o f - 2 % may be c a u s e d i n 

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

A b o v e a b o u t 1 0 0 0 ° K. t h e r e s u l t s c a n n o t be u s e d w i t h c e r t a i n t y , 

s i n c e d e c o m p o s i t i o n o f t h e compounds t a k e s p l a c e , and t h i s 

p r o c e s s c a n n o t be q u a n t i t a t i v e l y t r e a t e d . B o t h t h e s e e r r o r s 

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

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

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

d a t a f o r tv/o o f t h e h a l o g e n a t e d b e n z e n e s w i t h t h a t p r e d i c t e d 

b y t h e B e r t h e l o t e q u a t i o n o f s t a t e was made. R e a l g a s c o r r e c - r 

t i o n e q u a t i o n s d e r i v e d f r o m t h i s e q u a t i o n o f s t a t e were shown. 

T h e s e c o r r e c t i o n s may be u s e d f o r t h e compounds i n t h i s t h e s i s 

o v e r a l i m i t e d r a n g e o f t e m p e r a t u r e and p r e s s u r e ( 2 7 3 ° K. t o 

1 0 0 0 ° K. and 0.25 atm. t o 15 a t m . ) . T h e i r a c c u r a c y i s e x p e c t e d 
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t o be s u f f i c i e n t f o r e n g i n e e r i n g c a l c u l a t i o n s o c c u r r i n g i n 

p r o c e s s e s i n v o l v i n g t h e s e compounds. 



77 

B • R e c o m m e n d a t i o n s f o r F u r t h e r S t u d y 

(1) T h e r e r e m a i n many o f t h e h a l o g e n a t e d b e n z e n e s f o r 

v/hich t h e r m o d y n a m i c f u n c t i o n s h a v e n o t b e e n c a l c u l a t e d , i n d e e d 

n o t a l l o f v/hich h a v e e v e n b e e n s y n t h e s i z e d . Whenever 

s p e c t r o s c o p i c and m o l e c u l a r s t r u c t u r a l d a t a become a v a i l a b l e 

f o r any o f t h e s e t h a t may be i n d u s t r i a l l y i m p o r t a n t , t h e 

a p p r o p r i a t e c a l c u l a t i o n s may be made. 

(2) The r e s u l t s o f t h i s t h e s i s may p r o v i d e c o r r e l a t i o n s 

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

d i s t i n g u i s h i n g e l e m e n t s o f t h e compounds. Thus t h e e f f e c t o f 

t h e number and t y p e o f h a l o g e n atoms and t h e i r r e s p e c t i v e 

p o s i t i o n s on t h e r i n g ( w h e t h e r o r t h o , meta, 1-3-5-, 1-2-3- &c) 

c o u l d be i n v e s t i g a t e d . A s h o r t e x a m p l e o f t h e p o s s i b i l i t i e s 

f o r t h i s t y p e o f s t u d y i s g i v e n b e l o w . 

I n t h i s work t h e t h e r m o d y n a m i c f u n c t i o n s f o r 1-2-3-

t r i f l u o r o b e n z e n e h a v e n o t b e e n c a l c u l a t e d , b e c a u s e d a t a was n o t 

a v a i l a b l e . However t h e e n t r o p y o f 1-2-3- t r i f l u o r o b e n z e n e c a n 

be p r e d i c t e d by a n a l o g y v / i t h o t h e r t r i h a l o b e n z e n e s . The 

n omograph i n F i g u r e 6 p r e d i c t s t h e e n t r o p y o f t h i s compound by 

a method s i m i l a r t o t h a t u s e d f o r p r e d i c t i n g f r e q u e n c i e s i n 

F i g u r e 4. I t i s f o u n d t h a t t h e e n t r o p y a t 2 9 8 . 1 5 ° K. o f t h e 

t r i c h l o r o b e n z e n e s i n c r e a s e s t h r o u g h t h e i s o m e r i c s e r i e s 1-3-5-, 

1-2-3-, 1-2-4-. The v e r t i c a l l i n e s i n t h e nomograph a r e 

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

i n c r e a s e l i n e a r l y . The known v a l u e s o f S ° o f 1-3-5- and 

1-2-4- t r i f l u o r o b e n z e n e a r e p l o t t e d on t h e i r r e s p e c t i v e ( d a s h e d ) 
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l i n e s . The s t r a i g h t l i n e j o i n i n g t h e s e p o i n t s c r o s s e s t h e 

v e r t i c a l 1-2-3- i s o m e r l i n e , i n d i c a t i n g t h e d e s i r e d e n t r o p y , 

81.0 E.U. T h i s c o r r e l a t i o n assumes t h a t t h e e n t r o p y o f t h e 

i s o m e r s o f t r i c h l o r o b e n z e n e and t r i f l u o r o b e n z e n e i n c r e a s e s i n 

a s i m i l a r way t h r o u g h t h e s e r i e s 1-3-5, 1-2-3-, 1-2-4-. T h i s 

t y p e o f nomograph m i g h t be drawn f o r e n t r o p i e s a t o t h e r 

t e m p e r a t u r e s , and f o r o t h e r t h e r m o d y n a m i c f u n c t i o n s . 

°298 

(E.0.) 

90 

85 

80 

75 

1-3-5 1-2-3- 1-2-4-
Figure 6: Prediction of S 4 9 B for 123 Trifluorobenzene 
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O t h e r r e g u l a r i t i e s i n i s o m e r i c s e r i e s o f t h e h a l o ­

g e n a t e d b e n z e n e s may a p p e a r , and may h e l p i n p r o d u c t i o n o f a 

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

more a c c u r a t e t h a n e x i s t i n g methods ( 8 3 ) . 

(3) A r e a l g a s c o r r e c t i o n method s h o u l d be d e v e l o p e d , 

t o be u s e f u l a t p r e s s u r e s h i g h e r t h a n t h e u p p e r l i m i t o f 

p r e s s u r e (15 atm.) i n t h i s work. T h i s w o u l d r e q u i r e e x p e r i ­

m e n t a l P-V-T m e a s u r e m e n t s o v e r t h e r a n g e o f t e m p e r a t u r e and 

p r e s s u r e c h o s e n , and c h o i c e ( o r d e v e l o p m e n t ) o f a s u i t a b l e 

e q u a t i o n o f s t a t e f o r t h e h a l o g e n a t e d b e n z e n e s . The i d e a l gas 

t h e r m o d y n a m i c f u n c t i o n s computed i n t h i s t h e s i s w o u l d t h e n be 

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

( 4 ) A l t h o u g h t h e c a l c u l a t i o n o f h i g h t e m p e r a t u r e t h e r m o ­

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

p r o c e s s e s , i t i s n o t a t p r e s e n t t h o u g h t t o be i m p o r t a n t f o r 

t h e h a l o g e n a t e d b e n z e n e s . The h a l o b e n z e n e s a r e m a i n l y u s e d 

f o r s y n t h e s i s o f more c o m p l e x a r o m a t i c s . A t t e m p e r a t u r e s where 

t h e h a l o g e n a t e d b e n z e n e s become t h e r m a l l y u n s t a b l e , t h e y l o s e 

t h e i r a r o m a t i c c h a r a c t e r , v/hich i s n e c e s s a r y i n t h e s y n t h e s i s 

o f h i g h e r a r o m a t i c compounds. I t i s s u g g e s t e d t h a t more work 

be d o n e . t o d e t e r m i n e t h e t e m p e r a t u r e s a t v/hich t h e compounds 

s t a r t t o decompose, a t v a r i o u s p r e s s u r e s . I t i s n o t deemed 

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

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

p r o p e r t i e s f o r t h i s e q u i l i b r i u m , a t l e a s t w h i l e t h e r e a r e .no 

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



80 

LITERATURE CITED 

1. R o s e n t h a l , E „ , D a i l e y , B.P. : 
J . Chem. P h y s . 43, 2093 (1965) 

2. Morqan, J . P . , L i e l m e z s , J . : 
I . and E.C. F u n d a m e n t a l s 4 333 (1965) 

3. H i g g i n s , E.R., L i e l m e z s , J . : 
J . Chem. E n g . D a t a 10 178 (1965) 

4. G r e e n , J.H.S. : 
Q u a r t e r l y R e v i e w s ( L o n d o n ) XV (2) 125 (1961) 

5. P a t r i c k , C R , , P r o s s e r , • G.S. : 
T r a n s . F a r a d a y S o c . 60 700 (1964) 

6. L i e l m e z s , J . , B o n d i , A.A. : 
Chem. E n g . S c i . 20 706 (1965) 

7. D r e i s b a c h , R.R. : P h y s i c a l P r o p e r t i e s o f C h e m i c a l  
Compounds 
A m e r i c a n C h e m i c a l S o c i e t y , W a s h i n g t o n , D.C. (1955) 

8. S c o t t , D.W., D o u s l i n , D.R., M e s s e r l y , J . F . , T o d d , S.5., 
H o s s e n l o p p , I.A., K i n c h e l o e , T.C., M c C u l l o u g h , J . P . : 
J . Am. Chem. S o c . 81 1015 (1959) 

9. S c o t t , D.W., G u t h r i e , G.B., M e s s e r l y , J . F . , T o d d , S.S., 
B e r o , W.T., H o s s e n l o p p , I.A., M c C u l l o u g h , J . P . : 
J . P h y s . Chem. 66 911 (1962) 

10. Cohen, E.R., Dumond, J.W.M. : 
R e v i e w s o f Modern P h y s i c s 3_7 537 (1965) 

1 1 . S c o t t , D.W., M c C u l l o u g h , J . P . , Good, W.D., M e s s e r l y , J . F . , 
P e n n i n g t o n , R.E., K i n c h e l o e , T.C., H o s s e n l o p p , I.A., 
D o u s l i n , D.R., W a d d i n g t o n , G. : 
J . Am. Chem. S o c . 78 5457 (1956) 

12. Bak , B. , C h r i s t e n s e n , D. , Hansen-Nygaard,. L . , Tannenbaum, E, 
J . Chem. P h y s . 26 134 (1957) 

13. Narasimham, N.A. , N i e l s e n , J.R,, T h e i r n e r , R. : 
J . Chem. P h y s . 2_7 740 (1957) 

14. P e n n i n g t o n , R.E., Kobe, K.A. : 
J . Chem. P h y s . 22 1442 (1954) 



81 

15. S c o t t , D. V/., M c C u l l o u g h , J . P . , H u b b a r d , W.N., M e s s e r l y , J . F . , 
H o s s e n l o p p , I.A., Frow, F.R., W a d d i n g t o n , G. : 
J . Am. Chem. S o c . 78 5463 (1956) 

16. M c C u l l o u g h , J . P . , F i n k e , H.L., H u b b a r d , W.N., Good, 17.D., 
P e n n i n g t o n , R.E., M e s s e r l y , J . F . , W a d d i n g t o n , G. : 
J . Am. Chem. S o c . 76 2661 (1954) 

17. H a r r i s , F.W., Narasimham, N.A., N i e l s e n , J.R. : 
J . Chem. P h y s . 24 1232 (1956) 

18. P i t z e r , K.S., S c o t t , D.W. : 
J . Am. Chem. S o c . 6_5 803 (1943) 

19. P l y l e r , E.K., A l l e n , H.C., T i d w e l l , E.D. : 
J . R e s e a r c h N.B.S. 58 2 55 (195 7) 

20. Guggenheim, E.A. : T h e r m o d y n a m i c s 
I n t e r s c i e n c e P u b l i s h e r s , New Y o r k (19 50) 

21. S a e k i , S. : B u l l e t i n Chem. S o c . J a p a n 3_3 1021 (1960) 

22. N i e l s e n , J.R., L i a n g , C Y . , S m i t h , D.C. : 
D i s c . F a r a d a y S o c . 9 177 (1950) 

23. Delsemme, A.H. : J . Chem. P h y s . 18 1680 (1950) 

24. K r u s e , K.M.M. : J . Chem. P h y s . 25 591' (1956) 

25. S t o j i l j k o v i c , A., W h i f f e n , D.H.' : 
S p e c t r o c h i m . A c t a 12 47 (1958) 

26. S t o j i l j k o v i c , A., W h i f f e n , D.H. : 
S p e c t r o c h i m . A c t a 12 5 7 (1958) 

2 7. T a t l o w , J . C . : E n d e a v o u r 22 89 (1963) 

28. V u k a l o v i c h , M.P., N o v i k o v , I . I . : " P r o c e e d i n g s o f t h e 
J o i n t C o n f e r e n c e on T h e r m o d y n a m i c and T r a n s p o r t P r o p e r t i e s 
o f F l u i d s " , I n s t i t u t i o n o f M e c h a n i c a l E n c i n e e r s , L o n d o n 
(1958) 

29. S t e e l e , D., W h i f f e n , D.H. : 
T r a n s . F a r a d a y S o c . 5_5 369 (1958) 

30. T a y l o r , W.J., Wagman, D.D., W i l l i a m s , M.G., P i t z e r , K.S., 
R o s s i n i , F.D. : 
J . R e s e a r c h N.B.S. 3_7 95 (1946) 

31. S t e e l e , D., W h i f f e n , D.H. : 
S p e c t r o c h i m . A c t a 16 368 (1960) 



82 

32. F e r g u s o n , E . E . , Hudson, R.L., N i e l s e n , J.R., S m i t h , D.C. : 
J . Chem. P h y s . 21 1457. (1953) 

33. F e r g u s o n , E . E . , Hudson, R.L., N i e l s e n , J.R., S m i t h , D.C. : 
J . Chem. P h y s . 21 1464 (1953) 

34. F e r g u s o n , E . E . , C o l l i n s , R.L., N i e l s e n , J.R., S m i t h , D . C . : 
J . Chem. P h y s . 21 1470 (1953) 

35. S m i t h , D . C , F e r g u s o n , E . E . , Hudson, R.L. , N i e l s e n , J.R. : 
J . Chem. P h y s . 21 1475 (1953) 

36. F e r g u s o n , E . E . , Hu d s o n , R.L., N i e l s e n , J.R., S m i t h , D.C. : 
J . Chem. P h y s . 21 1727 (1953) 

37. F e r g u s o n , E . E . , Hudson, R.L., N i e l s e n , J.R., S m i t h , D.C. : 
J . Chem. P h y s . 21 1731 (1953) 

38. Godnev, I.N., S v e r d l i n , A.S. : 
Z h u r n a l F i z i c h e s k o i K h i m i 24 807 " (1950) 

39. Godnev, I.N., S v e r d l i n , A.S. : 
Z h u r n a l F i z i c h e s k o i K h i m i 24 670 (1950) 

40. Good, W.D. , L a c i n a , J . L . , S c o t t , D.W., M c C u l l o u g h , J . P . : 
J . P h y s . Chem. 66 1529 (1962) 

4 1 . S c o t t , D.W., M e s s e r l y , J . F . , To d d , S.S., H o s s e n l o p p , I.A., 
O s b o r n , A., M c C u l l o u g h , J . P . : 
J . Chem. P h y s . 38 532 (1963) 

42. J o h a n s s o n , K., O l d e n b e r q , H., S e l e n , H. : 
A r k i v f o r F y s i k 29 5 31 (1965) 

4 3 . Rachrnan, A. : A r k i v f o r F y s i k 23 291 (1962 ) 

44. S e l e n , H. : A r k i v f o r F y s i k 13 81 (1957) 

4 5 . W h i f f e n , D.H. : P h i l . T r a n s . R o y a l S o c . A248 131 (1955) 

46. F e r g u s o n , E . E . : J . Chem. P h y s . 21 886 (1953) 

47. S t e e l e , D., K y n a s t o n , W., G e b b i e , H.A. : 
S p e c t r o c h i m . A c t a 19 785 (1963) 

48. L o n g , D.A., S t e e l e , D. : 
S p e c t r o c h i m . A c t a 19 1947 (1963) 



83 

4 9 . L o n g , D.A., S t e e l e , D. : S p e c t r o c h i m . A c t a 19 1955 (1963) 

50. C o u n s e l l , J . F . , G r e e n , J.K.S., H a l e s , J . L . , M a r t i n , J . F . : 
T r a n s . F a r a d a y S o c . 61 212 (1965) 

51. S t e e l e , D. : S p e c t r o c h i m . A c t a 18 915 (1962) 

52. E v a n s , F.D., T i l e y , P.F. : J . Chem. S o c . (B) 1966 134 (1966) 

53. J o h n s , I .B., M c E h i l l , E.A., S m i t h , J.O. : 
J . Chem. E n g . D a t a 7 277 (1962) 

54. G r e e n , J.H.S., K y n a s t o n , W. , P a i s l e y , H.M. : 
J . Chem. S o c . 1963 473 (1963) 

55. S c h e r e r , J.R., E v a n s , J . C , M u e l d e r , W.W, : 
S p e c t r o c h i m . A c t a 18 1679 (1962) 

56. S h u r v e l l , H.F., D u l a u r e n s , B., P e s t e i l , P. : 
S p e c t r o c h i m . A c t a 22 333 (1962) 

57. K a r a s i m h a m , N.A., N i e l s e n , J.R. : 
J . Chem. P h y s . 24 433 (1956) 

58. W h i f f e n , D.H. : J . Chem. S o c . 1956 1350 (1956) 

59. Hyams, I . J . , L i p p i n c o t t , E.R. : 
S p e c t r o c h i m . A c t a 22 695 (1966) 

60. G r e e n , J.H.S., K y n a s t o n , W., G e b b i e , H.A. : 
S p e c t r o c h i m . A c t a 19 807 (1963) 

61. Nonnenmacher, G., Mecke, R. : 
S p e c t r o c h i m . A c t a 17 1049 (1961) 

62. S c h e r e r , J.R., E v a n s , J . C : 
S p e c t r o c h i m . A c t a 19 1739 (1963) 

63. S c h e r e r , J.R. : S p e c t r o c h i m . A c t a 20 345 (1964) 

64. Mooney, E . F . : S p e c t r o c h i m . A c t a 19. 844 (1963) 

65. G a f n e r , G., H e r b s t e i n , F.H. : 
M o l . P h y s . 1 412 (1958) 

66. S t r a n d , T.G., Cox, H.L. : 
J . Chem. P h y s . 44. 2426 (1966) 



67. S t r a n d , T.G.,: J . Chem. P h y s . 44 1611 (1966) 

68. G r i f f i t h s , P.R. , Thompson, H.W. : 
P r o c . R o y a l S o c . ( S e r . A) 296 (1452) 51 (1967) 

69. S c o t t , D.W., M e s s e r l y , J . F . , T o d d , S.S., H o s s e n l o p p , I.A., 
D o u s l i n , D.R., M c C u l l o u g h , J . P . : 
J . Chem. P h y s . 3_7 867 (1962) 

70. B a s t i a n s e n , 0., H a s s e l , 0. : 
A c t a C h e m i c a S c a n d i n a v i c a 1 489 (1947) 

71. K r i s h n a m a c h a r i , S.L.N.G. : 
- C u r r e n t S c i . ( I n d i a ) _ 2 6 144 (1957) 

72. F a t e l e y , W.G., M a t s u b u r a , I . , W i t k o w s k i , R,E. : 
S p e c t r o c h i m . A c t a 20 1461 (1964) 

73. C r o s s , J . 3 . : B.A.Sc. T h e s i s , Chem. E n g . No. 863, 
U n i v e r s i t y o f B r i t i s h C o l u m b i a , V a n c o u v e r , B.C. (1966) 

74. B r y c e , H.W. : B.A.Sc. T h e s i s , Chem. E n g . No. 934, 
U n i v e r s i t y o f B r i t i s h C o l u m b i a , V a n c o u v e r , B.C. (1967) 

75. A l m e n n i n g e n , A., B a s t i a n s e n , 0., S e i p , R., S e i p , H.M. : 
A c t a C h e m i c a S c a n d i n a v i c a 18 2115 (1964°) 

76. P i t z e r , K.S., G t ^ i n n , W.D. : 
J . Chem. P h y s . 10 428 (1942) 

77. Gwinn, W.D., P i t z e r , K.S. : 
J . Chem.- P h y s . 16 303 (1948) 

78. P i t z e r , K.S., K i l p a t r i c k , J . E . : 
J . Chem. P h y s . 17 1064 (1949) 

79. H e r s c h b a c h , D.R.. : B i b l i o g r a p h y f o r H i n d e r e d I n t e r n a l  
R o t a t i o n and M i c r o w a v e S p e c t r o s c o p y UCRL 10404 
E r n e s t 0. L a w r e n c e 
R a d i a t i o n L a b o r a t o r y , B e r k e l y , C a l i f . ( 1962) 

8 0 . S u t t o n , D.R., ( e d ) : T a b l e s o f I n t e r a t o m i c D i s t a n c e s 
and C o n f i g u r a t i o n i n M o l e c u l e s and I o n s 
The C h e m i c a l S o c i e t y : S p e c i a l P u b l . No. 11 L o n d o n (1964) 



85 

8 1 . E r l a n d s s o n , G. : A r k i v f o r F y s i k 8 341 (1954) 

82. S c h e r e r , J.R. , E v a n s , J . C . , M u e l d e r , V/., O v e r e n d , J . : 
S p e c t r o c h i m . A c t a 18 57 (1962) 

8 3 . Hougen, O.A., Watson, K.M., R a g a t z , R.A. : 
C h e m i c a l P r o c e s s P r i n c i p l e s , P a r t I I , T h e r m o d y n a m i c s 
J o h n W i l e y and S o n s , New York" (1964) 

84. L e w i s , G.N., R a n d a l l , M.: r e v i s e d b y P i t z e r , K.S., 
B r e w e r , L . : 
T h e r m o d y n a m i c s M c G r a w - H i l l Book Co. New Y o r k (1961) 

8 5 . H e r z b e r g , G. : M o l e c u l a r S p e c t r a and M o l e c u l a r S t r u c t u r e 
I I . I n f r a r e d and Raman S p e c t r a o f P o l y a t o m i c M o l e c u l e s 
D. Van N o s t r a n d , P r i n c e t o n , New J e r s e y (1945) 

8 6 . A s t o n , J .G., F r i t z , J . J . : T h e r m o d y n a m i c s and S t a t i s t i c a l 
T h e r m o d y n a m i c s 
J o h n W i l e y and S o n s , New Y o r k (1959) 

8 7 . Godnev, I.N. : C a l c u l a t i o n o f T h e r m o d y n a m i c F u n c t i o n s f r o m 
M o l e c u l a r D a t a S t a t e P u b l i s h i n g House o f T e c h n i c a l and 
T h e o r e t i c a l L i t e r a t u r e - U.S.A., W a s h i n g t o n , D.C. 
(AEC - t r - 3855) 

88. W i l s o n , E.3., D e c i u s , J . C . , C r o s s , P.C. : M o l e c u l a r V i b r a ­
t i o n s M c G r a w - H i l l Book Co., New Y o r k (1955) 

89. Wu, T a - Y o u : V i b r a t i o n a l S p e c t r a and S t r u c t u r e o f P o l y ­ 
a t o m i c M o l e c u l e s 
N a t i o n a l U n i v e r s i t y o f P e p i n g , Kun M i n g , C h i n a (19 39) 

9 0 . H i r s c h f e l d e r , J.O., C u r t i s s , C F . , B i r d , R.B. : 
M o l e c u l a r T h e o r y o f G a s e s and L i q u i d s 
J o h n W i l e y and S o n s , New Y o r k (1964) 

91 . M u l d o o n , H.C., B l a k e , M.I. : S y s t e m a t i c O r g a n i c C h e m i s t r y 
M c G r a w - H i l l Book Co., Mew Y o r k " ( 1 9 5 7 7 

92. Weber, H . C , M e i s n e r , H.P. : T h e r m o d y n a m i c s f o r C h e m i c a l 
E n g i n e e r s J o h n W i l e y and S o n s , New York" (19637" 

9 3 . H i l s e n r a t h , J . , Z e i g l e r , G.G. : T a b l e s o f E i n s t e i n F u n c t i o n s 
N a t i o n a l B u r e a u o f S t a n d a r d s Monograph No. 49, W a s h i n g t o n , 
D.C. (1962) 

94. S c h r o d i n g e r , E . : S t a t i s t i c a 1 T h e r m o d y n a m i c s 
C a m b r i d g e U n i v e r s i t y P r e s s , C a m b r i d g e "(1952 ) 



86 

95. M u r d o c h , D.C. :. L i n e a r A l g e b r a f o r U n d e r g r a d u a t e s 
J o h n W i l e y and S o n s , New Y o r k (1957) 

96. R a l s o n , A. : A F i r s t C o u r s e i n N u m e r i c a l A n a l y s i s 
M c G r a w - H i l l Book Co., New Y o r k (1965 ) 

9 7. F r o b e r g , C E . : I n t r o d u c t i o n t o N u m e r i c a l A n a l y s i s 
A d d i s o n - W e s l e y Co. R e a d i n g , M a s s . (1965) 

98. U n i v e r s i t y o f B r i t i s h C o l u m b i a C o m p u t i n g C e n t e r L i b r a r y 
P r o g r a m *' MLEW " V a n c o u v e r , B.C. (1966) 

99. L i e l m e z s , J . , B o n d i , A.A., " R o t a t i o n a l I s o m e r s i n Thermo­
d y n a m i c C a l c u l a t i o n s " S h e l l D e v e l o p m e n t Co., 
T e c h n i c a l R e p o r t No. 208-58-R (1958) 

100. B u t l e r , J . B . , L i e l m e z s , J . :. a c c e p t e d f o r p u b l i c a t i o n i n 
J . Chem. E n g . D a t a (1967) 

101. Bak, B. : E l e m e n t a r y I n t r o d u c t i o n t o M o l e c u l a r S p e c t r a . 
I n t e r s c i e n c e P u b l i s h e r s , New Y o r k J1954 ) 

102. R e i d , R . C , Sherwood, T.K. : The P r o p e r t i e s o f Ga s e s and 
L i q u i d s s e c o n d e d . M c G r a w - H i l l 3ook Co. New Y o r k (1966) 

103. G a f n e r , G., H e r b s t e i n , F.H. : A c t a C r y s t . 13 706 (1960) 

104. Narasimham, N.A., E l - S a b b a n , M.Z., N i e l s e n , J.R. : 
J . Chem. P h y s . 24 420 (1956) 

105. S c h e r e r , J.R. : S p e c t r o c h i m . A c t a 2JL 321 (1965 ) 

106. B u t l e r , J . B . : U n p u b l i s h e d Computer P r o g r a m , D e p a r t m e n t 
o f C h e m i c a l E n g i n e e r i n g , U n i v e r s i t y o f B r i t i s h C o l u m b i a , 
V a n c o u v e r , B.C. (1967) 

107. Pummer, V / . J . , W a l l , L.A. : J . Chem. E n g . D a t a 6 76 (1961) 

108. C u l l i s , C F . , P r i d a y , K. : P r o c . R o y a l S o c . ( L o n d o n ) 224 
544 (1954) 

109. S h i h , K.T., I b e l e , W.E., W i n t e r , E.R.F., E c k e r t , 2.R.G. : 
"Thermodynamic P r o p e r t i e s o f C a r b o n - N i t r o g e n M i x t u r e s a t 
H i g h T e m p e r a t u r e s " R e p o r t ARL 64-149, A e o r s p a c e 
R e s e a r c h L a b o r a t o r i e s , W r i g h t P a t t e r s o n A.F.B., O h i o (1964) 



87 

110. B r i n k l e y , S.R. : A p a p e r g i v e n a t 1 6 t h C a n a d i a n C h e m i c a l 
E n g i n e e r i n g C o n f e r e n c e , W i n d s o r , O n t a r i o (1966) 

111. W o o l l e y , H.W. : " C a l c u l a t i o n o f t h e T h e r m o d y n a m i c 
P r o p e r t i e s o f Gases, a t H i g h T e m p e r a t u r e s " T e c h n i c a l 
D o c u m e n t a r y R e p o r t No. AFSWC - TDR - 62 - 21, A i r F o r c e 
S p e c i a l Weapons C e n t e r , K i r t l a n d A.F.B., New M e x i c o (1962) 

112. S h i p l e y , K.L. : " C a l c u l a t i o n o f t h e T h e r m o d y n a m i c 
P r o p e r t i e s o f a N i t r o g e n - O x y g e n - A r g o n Gas M i x t u r e " 
R e p o r t No. SC - RR - 66 - 394 S a n d i a C o r p o r a t i o n , 
A l b u q u e r q u e , New M e x i c o (1966) 

113. H a a r , D., W e r g e l a n d , H. : 
A s t r o p h y s i c a N o r v e g i c a 9 233 (1964) 

114. S h r e v e , R.N. : C h e m i c a l P r o c e s s I n d u s t r i e s T h i r d e d . 
M c G r a w - H i l l Book Co., New Y o r k (1967) 



88 

APPENDIX A 

N o m e n c l a t u r e 
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= d i r e c t i o n a l c o s i n e b e t w e e n a x i s o f r o t a t i o n and t h e i ^ 1 

p r i n c i p a l a x i s , where i = A, B, c 

B = s e c o n d v i r i a l c o e f f i c i e n t ( c c / g m o l e ) 

C = t h i r d v i r i a l c o e f f i c i e n t ( c c / g m o l e - a t r r u ) 

C ° = i d e a l g a s h e a t c a p a c i t v a t c o n s t a n t p r e s s u r e ( c a l / g m o l e 
P ° K . ) 

c = s p e e d o f l i g h t i n vacuum (2.99793 x 10*^ cm/sec) 

_ ( F ° _ H ° ) / T = i d e a l g a s f r e e e n e r g y f u n c t i o n ( c a l / g m o l e ° K . ) 

H ° = h e a t o f f o r m a t i o n ( c a l / g m o l e ) 

H ° , = s t a n d a r d h e a t o f r e a c t i o n ( c a l / g m o l e ) 

( H ° - H ° ) / T = i d e a l g a s e n t h a l p y f u n c t i o n ( c a l / g m o l e ° K . ) 

-27 
h = P l a n c k c o n s t a n t (6.6256 x 10 e r g s e c ) 

I = moment o f i n e r t i a o f r o t a t i n g t o p i n a m o l e c u l e 
w i t h i n t e r n a l r o t a t i o n (g cm^ o r amu A*) 

2 ° 2 
I = r e d u c e d moment o f i n e r t i a (g cm o r amu A ) r 

o 2 
1.. = e l e m e n t o f "moment o f i n e r t i a " d e t e r m i n a n t (amu A ), 

where i , j = x, y , z 

2 0 2 p r i n c i p a l moment o f i n e r t i a (g cm o r amy A ) 

3 6 
I = o r o d u c t o f p r i n c i p a l moments o f i n e r t i a (g cm o r ABC 1 ,,3 ib\ ' amu J A ) 

k = B o l t z m a n n c o n s t a n t (1.38054 x 10*^ e r g / ° K . ) 
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\ = e i g e n v a l u e o f "moment o f i n e r t i a " d e t e r m i n a n t 

M = m o l e c u l a r w e i g h t ( g / g m o l e ) 

rru = a t o m i c mass o f t h e i atom i n a m o l e c u l e (amu) 

n' = number o f e q u i v a l e n t p o s i t i o n s i n one r e v o l u t i o n o f a 
g r o u p o f atoms w i t h i n t e r n a l r o t a t i o n ( r o t a t i n g t o p ) 

n = number o f atoms i n m o l e c u l e 

P = p r e s s u r e (atm.) 

P = c r i t i c a l p r e s s u r e (atm.) c 

= t r a n s l a t i o n a l p a r t i t i o n f u n c t i o n 

Q = r o t a t i o n a l p a r t i t i o n f u n c t i o n r 

Qy. = v i b r a t i o n a l p a r t i t i o n f u n c t i o n 

Q n̂̂ _ = " i n t e r n a l e n e r g y " p a r t i t i o n f u n c t i o n 

Q̂ . = f r e e i n t e r n a l r o t a t i o n p a r t i t i o n f u n c t i o n 

R = g a s c o n s t a n t (82.06 c c atm./gmole ° K . ) 

S ° = i d e a l g a s e n t r o p y (E.U.) 

Q' = m o l e c u l a r symmetry number 

T = t e m p e r a t u r e (° K.) 

T = c r i t i c a l t e m p e r a t u r e (° K.) c 

"̂y) = f u n d a m e n t a l v i b r a t i o n a l f r e q u e n c y (ctn"^) 

\* -• —1 
y - a d j u s t a b l e " a n h a r m o n i c i t y p a r a m e t e r , Equations 11 (cm ) 
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V = P i t z e r ' s (76) " p o t e n t i a l b a r r i e r t o i n t e r n a l r o t a t i o n " 
( c a l / g m o l e ) 

V = P i t z e r ' s (76) "maximum h e i g h t o f p o t e n t i a l b a r r i e r " 

( c a l / g m o l e ) 

V = v o l u m e ( c c ) 

V = c r i t i c a l v o l u m e ( c c ) 

c o o r d i n a t e s o f t h e i atom o f a m o l e c u l e (A) 

2 = a d j u s t a b l e " a n h a r m o n i c i t y " p a r a m e t e r , E q u a t i o n s 11 
( c a l / g m o l e ° K . ) 
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APPENDIX B 

D e s c r i p t i o n o f FORTRAN I V P r o g r a m s f o r IBM 7040 

Computer u s e d i n t h i s T h e s i s 
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1. P r o g r a m f o r C a l c u l a t i o n o f I d e a l Gas T h e r m o d y n a m i c F u n c t i o n s 

P r o g r a m No. 1 (THERMO) i n A p p e n d i x C e v a l u a t e s t h e 

t h e r m o d y n a m i c f u n c t i o n s u s i n g t h e e q u a t i o n s i n T a b l e I , 

C h a p t e r I I . I t a l s o h a s b u i l t i n t o t h e a n h a r m o n i c i t y c o r r e c ­

t i o n e q u a t i o n s o f M c C u l l o u g h , S c o t t e t a l . (16) ( E q u a t i o n s 1 0 ) . 

The v a l u e s o f t h e f u n d a m e n t a l c o n s t a n t s a r e t a k e n f r o m t h e 

c o m p i l a t i o n o f Cohen and Dumond ( 1 0 ) . A s a m p l e o f t h e f o r m a t 

o f t h e i n p u t d a t a c a n be f o u n d i m m e d i a t e l y f o l l o w i n g t h e 

p r o g r a m i t s e l f i n A p p e n d i x C. E x a m p l e s o f t h e o u t p u t o f t h e 

p r o g r a m may be f o u n d i n A p p e n d i x D. The u n i t s o f t h e t h e r m o ­

d y n a m i c f u n c t i o n s t h a t t h e p r o g r a m c a l c u l a t e s a r e c a l . , ° K. 

and g . m o l e . 

The n o m e n c l a t u r e i n t h i s p r o g r a m f o l l o w s t h a t o f 

A p p e n d i x A as much as p o s s i b l e , b u t s i g n i f i c a n t d i f f e r e n c e s 

w i l l be m e n t i o n e d i n t h e i n s t r u c t i o n f o r t h e u s e o f t h e 

p r o g r a m , on t h e f o l l o w i n g p a g e ( T a b l e B - l ) . 

I t i s p o s s i b l e t o g e t e i t h e r p a p e r - p r i n t e d o u t p u t 

o r c a r d - p u n c h e d o u t p u t f r o m t h i s p r o g r a m , b y d e f i n i n g MOUT as 

t h e number o f t h e a p p r o p r i a t e o u t p u t u n i t ( f o r t h e UBC IBM 7040, 

6 g i v e s p a p e r o u t p u t and 7 g i v e s p u n c h e d c a r d o u t p u t ) . MOUT 

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

The f i r s t d a t a c a r d must a l w a y s be a c a r d w h i c h 

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

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

b l a n k t h e a n h a r m o n i c i t y c o r r e c t i o n e q u a t i o n s w i l l be o m i t t e d 

f r o m t h e c a l c u l a t i o n . 
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TABLE B - l 

I n p u t D a t a C a r d s f o r THERMO 

c a r d v a r i a b l e d e f i n i t i o n and e x p l a n a t i o n f o r m a t c o l u m n 

0 NDATA number o f d a t a s e t s f o l l o w i n g 15 1-5 

1 NF 
NT 

SPOT 

number o f f r e q u e n c i e s 
number o f t e m p e r a t u r e s 
name o f compound 

15 
15 

6A6 

1-5 
6-10 

12-47 

2 I A 
I B 
I C 
M 

S I G 

I (amu A 2 ) o 2 

I n (amu A ) 0 

I c (amu A ) 
m o l e c u l a r w e i g h t ( g / g m o l e ) 
symmetry number CT 

F10.3 
F10.3 
F10.3 
F10.3 
F10.3 

1-10 
11-20 
21-30 
31-40 
41-50 

3 
a 

V ( I ) r e a d s NF f r e q u e n c i e s ( c m - * ) 
14 on e a c h c a r d 

14 F5.0 

a 
e 
• 
• 
• 

T ( I ) r e a d s NT t e m p e r a t u r e s (° K.) 
a t w h i c h t h e t h e r m o d y n a m i c 
f u n c t i o n s a r e r e q u i r e d , 7 on 
e a c h c a r d 7 F10.5 

l a s t 
c a r d 

Z 

w 

a n h a r m o n i c i t y c o n s t a n t 
Z ( c a l / g m o l e K.) 
a n h a r m o n i c i t v c o n s t a n t 
)}* ( c m - 1 ) 

F10.3 

F10.3 

1-10 

11-20 

2. P r o g r a m f o r C a l c u l a t i o n o f R e a l Gas T h e r m o d y n a m i c F u n c t i o n s 

T h i s p r o g r a m i s b a s i c a l l y t h e same as P r o g r a m N o . l . 

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

m a i n p r o g r a m , b u t b e f o r e t h e y a r e p r i n t e d a c a l l i s made on 

s u b r o u t i n e REALGA. T h i s s u b r o u t i n e makes t h e r e a l g a s 

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

B e r t h e l o t e q u a t i o n o f s t a t e ( a s shown i n C h a p t e r I I I ) . 
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T h e s e c o r r e c t i o n s r e q u i r e t h e p r e s s u r e (PR) and t h e c r i t i c a l 

t e m p e r a t u r e and p r e s s u r e ( T C , P C ) . The i n p u t d a t a c a r d s f o r 

t h i s p r o g r a m a r e i d e n t i c a l t o t h o s e o f P r o g r a m N o . l , e x c e p t 

t h a t c a r d 2 c o n t a i n s t h e c r i t i c a l t e m p e r a t u r e (° K.) i n 

c o l u m n s 51-60 and t h e c r i t i c a l p r e s s u r e (atm.) i n c o l u m n s 61-70. 

C a r d 3 c o n t a i n s t h e p r e s s u r e (atm.) a t w h i c h t h e p r o p e r t i e s a r e 

d e s i r e d , i n c o l u m n s 1-10. The o t h e r c a r d s f o l l o w as d e s c r i b e d 

i n T a b l e B - l . S a m p l e s o f t h e o u t p u t o f t h i s p r o g r a m may be 

f o u n d i n A p p e n d i x E . 

As a b o v e , t h e f i r s t c a r d a f t e r t h e SENTRY c a r d must 

a l w a y s s p e c i f y t h e number o f d a t a s e t s (NDATA) t h a t t h e p r o g r a m 

i s r e q u i r e d t o p r o c e s s . 

3. P r o g r a m f o r C a l c u l a t i o n o f P r i n c i p a l Moments o f I n e r t i a 

T h i s p r o g r a m was o r i g i n a l l y w r i t t e n by C r o s s ( 7 3 ) , 

b u t has b e e n c h a n g e d i n t h i s t h e s i s , and u s e s a more e f f i c i e n t 

method o f s o l v i n g E q u a t i o n 9 i n C h a p t e r I I . Where C r o s s u s e d 

a Newton-Raphson i t e r a t i v e t e c h n i q u e , t h i s p r o g r a m u s e d l i b r a r y 

s u b r o u t i n e MLEW (98) f o r t h e s o l u t i o n . U s i n g t h e c o o r d i n a t e s 

x i ' ^ i a n < ^ z j _ w i t h r e s p e c t t o an a r b i t r a r y o r i g i n and t h e mass 

m^ o f atom " i " , t h e p r o g r a m c a l c u l a t e s t h e e l e m e n t s o f t h e 

m a t r i x i n E q u a t i o n 5, by t h e f o r m u l a e i n E q u a t i o n 7 ( P a r t 3, 

C h a p t e r I I ) . The v a l u e o f t h i s d e t e r m i n a n t (ABC1I) i s computed 

and p r i n t e d i n t h e o u t p u t . The c e n t e r o f g r a v i t y c o r r e c t i o n s 

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

and p r i n t e d , w i t h t h e m o l e c u l a r w e i g h t , o b t a i n e d by summing t h e 
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a t o m i c m a s s e s m^. 

When t h e e l e m e n t s o f t h e d e t e r m i n a n t I n r ) r . h a v e b e e n 

f o u n d , t h e e i g e n v a l u e s ( P r i n c i p a l moments o f i n e r t i a ) a r e 

computed by s u b r o u t i n e MLEW. The p r i n c i p a l moments o f i n e r t i a 

(X1,X2,X3) a r e p r i n t e d i n two s y s t e m s o f u n i t s , amu A and i n 
2 

g cm , and t h e r e s p e c t i v e p r o d u c t s 1 A S C (ABC2I,ABC3I) i n 
3 6 3 6 

amu A and g cm . T h e s e v a l u e s o f I . D / - s h o u l d a g r e e v / i t h t h e 
AoC 

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

t h e t e r m s o f t h e d e t e r m i n a n t . 

The i n s t r u c t i o n f o r u s e o f P r o g r a m 3 i s f o u n d i n 

T a b l e B-2. T h i s p r o g r a m w i l l c o n t i n u e t o s o l v e s e t s o f d a t a 

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

A c o p y o f P r o g r a m 3 may be f o u n d i n A p p e n d i x C, 

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

T h i s p r o g r a m (MOMENT) may be a d a p t e d t o c a l c u l a t e t h e r e d u c e d 

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

T h i s was done b y C r o s s i n t h e o r i g i n a l p r o g r a m ( 7 3 ) , and a 

m o d i f i e d p r o g r a m h a s b e e n v / r i t t e n by t h i s a u t h o r ( 1 0 6 ) . 

TABLE B-2 

I n p u t D a t a C a r d s f o r MOMENT 

c a r d v a r i a b l e d e f i n i t i o n and e x p l a n a t i o n f o r m a t c o l u m n 

1 N 
C l 

number o f atoms i n m o l e c u l e 
name o f t h e m o l e c u l e 

15 
6A6 

1-5 
7-43 

2 A ( I , J ) 
0 

r e a d s (amu), x^, y ^ and (A) 4F10.5 

3 A ( I , J ) o 
r e a d s m 2 (amu) x^, y 2 and z 2 ( A ) 4F10.5 

e t c . 
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APPENDIX C 

FORTRAN IV Computer Programs for IBM 7040 Computer, used in this Thesis 
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PROGRAM 1 

A Program for Ideal Gas Thermodynamic Functions of Polyatomic Molecules 
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J BUTLER THDY. PROPS. FORTRAN SOURCE LIST 
ISN SOURCE STATEMENT 

0 SIBFTC THERMO 
T * C CALCULATION OF IDEAL GAS THERMODYNAMIC FUNCTIONS 

* C FREE ENERGY CALCULATED BY DIFFERENCE 
1 * 40 FORMAT (7F10 .3 ) 

1 2 * 41 F0RMAT(2I5 ,6A6) 
V 3 * 42 FORMAT (14F5 .0 ) 

4 * 43 FORMAT ( 8 X . 5 F 1 2 . 2 ) 
V 5 44 FORMAT(1H1/1H-,7X»36HIDEAL GAS THERMODYNAMIC FUNCTIONS OF, 

* 
* 

1 6A6 / 1 H - , 1 4 X , 4 H T E M P , 9 X , 2 H C P , 8 X , 7 H ( H - H ) / T , 5 X , 
2 7 H ( H - F ) / T , 8 X , 1 H S / ) 

6 45 FORMAT ( /1H- ,9X ,23HFREQUENCIES USED (1/CM) / ) 
• •> 7 

* 
46 FORMAT (1H- ,9X ,21HPRINCIPAL MOMENTS . . . , 3 F 1 0 . 3 / 1 H 0 , 9 X , 

1 21HSYMMETRY NUMBER » F7 .0 /1H0,9X» 

V 

* 
* 

2 21HM0LECULAR WEIGHT . . . . , F 1 0 . 3 / 1 H O , 9 X , 

4 28HUNITS ARE IN CAL/DEG KELVIN , 
5 30HM0LE - PRESSURE ONE ATMOSPHERE, / / / 1 H - , 9 X , 

10 47 FORMAT ( 8 X , 5 F 1 2 . 0 ) 
t- C IF M0UT=6, GET PRINT OUT, IF M0UT=7, GET CARD OUTPUT 

11 * MOUT = 6 
12 * REAL I A , I B , I C , K, M 
13 * DIMENSION V ( 6 0 ) , T ( 4 0 ) 

>- 14 DATA C , H , R , K / 2 . 9 9 7 9 3 E 1 0 , 6 . 6 2 5 6 E - 2 7 , 1 . 9 8 7 1 9 , 1 . 3 8 0 5 4 E - 1 6 / 
15 * READ ( 5 , 4 1 ) NDATA 
17 DO 27 IJ=1,NDATA 

>- 20 READ (5 ,41 ) NF,NT,SPOT,THE,DOG,WAS,BLACK,WHITE 
23 READ ( 5 , 4 0 ) I A , I B , I C , M , S I G 
24 * READ (5 ,42 ) ( V ( I ) , 1 = 1 , N F ) 
31 * READ ( 5 , 4 0 ) ( T ( I ) , 1 = 1 , N T ) 
36 READ ( 5 , 4 0 ) Z,VV 

> 37 WRITE (MOUT,44) SPOT,THE,DOG,WAS,BLACK,WHITE 
40 DO 26 JJ=1,NT 
41 * P=T(JJ ) 
42 * 0 = I A * I B * I C / 2 1 8 . 4 9 3 5 4 1 6 7 
43 * CV=0. 
44 * HV=0. 
45 * SV=0. 
46 DO 25 J=1,NF 
47 U = .299793 * 6 .6256 * V ( J ) / (1 .38054 * P) 
50 CV=CV+ U * * 2 * E X P ( U ) / ( ( E X P ( U ) - l . ) * * 2 ) 
51 * HV=HV+U/(EXP(U)-1 . ) 
52 * 25 S V = S V + U / ( E X P ( U ) - l . ) - A L O G ( l . - E X P ( - U ) ) 
54 * CP=R*(4.+CV) 
55 H0=R*(4.+HV) 
56 S = R * ( A L 0 G ( P * * 4 * M * * 1 . 5 * S Q R T ( D ) / S I G ) + S V ) - 2 . 3 4 7 
57 F=S-HO 
60 * CPO=CP/R 
61 H00=H0/R 
62 * F0=F/R 
63 * SO=S/R 
64 IF ( Z . E Q . O . O . A N D . V V . E Q . 0 . 0 ) GO TO 26 

* C •ANHARMONICITY CONTRIBUTIONS' TO THE THERMODYNAMIC 
C FUNCTIONS, TAKEN FROM R-25 . . . MCCULLOUGH ET A L . 
C USING FOLLOWING SEMI-EMPIRICAL EQUATIONS. NOTE 
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J E5UTLER THDY. PROPS. FORTRAN SOURCE LIST THERMO 
ISN SOURCE STATEMENT 

* C THE NEW VALUES OF THE FUNCTIONS INCLUDE THE 
* C ANHARMONICITY CONTRIBUTION. 

67 UV= H * C * V V / ( K * P ) 
70 * C A = ( U V * * 2 * E X P ( U V ) / ( ( E X P ( U V ) - l . ) * * 2 ) ) * R 
71 * H A = ( U V / ( E X P ( U V ) - 1 . ) )*R 
72 CP= C P + Z * ( C A / R ) * ( ( 3 . * ( C A / R ) / U V ) - ( 1 . + 2 . / U V ) * H A / R 
73 S= S + ( Z / U V ) * ( C A/R ) * ( H A/R) 
74 * H0= H0+ ( Z / ( 2 . * U V ) ) * ( H A / R ) * ( 2 . * ( C A / R ) - ( H A / R ) ) 
75 * 26 WRITE (MOOT,43) P , C P , H O , F , S 
77 * WRITE (M0UT,45) 

100 * WRITE {MOOT,47) {V( I ) ,1=1 ,NF) 
105 * 27 WRITE (M0UT,46) I A , I B , I C , S I G , M 
107 * STOP 
110 * END 

NO MESSAGES FOR ABOVE ASSEMBLY 
23HRS 34MIN 19.4SEC 

i 
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EXAMPLE OF DATA FOR PROGRAM 1 

1 
30 21 1-3- CHLOROFLUORO BENZENE 
147.575 429.661 577.312 130.550 1.000 

245. 408. 517. 691. 892.1007.1061.1081.1128.1157.1228.1264.1292.1435. 
1478.1596.3030.3082.3189. 191. 245. 382. 443. 489. 673. 774. 862. 990. 
1600.3082. 

273.150 298.150 300.000 350.000 400.000 450.000 500.000 
550.000 600.000 650.000 700.000 750.000 800.000 850.000 
900.000 950.000 1000.000 1100.000 1200.000 1300.000 1400.000 

0.000 0.000 

TIME 23HRS 33MIN 52.3SEC 

00 AJ092 
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PROGRAM 2 

A Program for Ideal Gas Thermodynamic Functions, Corrected to the Real Gas 

State, using the Berthelot Equation 



P L E A S E R E T U R N TO T H E C H E M I C A L E N G I N E E R I N G B U I L C I N G 103 

J O B NUMBER 1 6 0 8 6 C A T E G O R Y F 

J O B S T A R T 2 2 H R S 3 2 M I N 3 6 . 0 S E C 

$ J O B 1 6 0 8 6 J B U T L E R T H D Y . P R O P S . R E A L 

$ P A G E 2 0 

S F O R T R A N 

$ I B F T C R E A L O 

U S E R ' S N A M E - J B U T L E R 

V 9 M 0 1 1 

1 
2 
3 
4 
5 

6 
7 

10 

11 
12 
13 
14 
15 
16 
17 
20 
21 
22 
23 
24 
25 
26 
27 
30 
31 
32 
33 
34 
35 
36 
37 
4 0 
41 
42 
43 
44 

F 9 . 2 / 1 H - / / 9 X , 
/ / ) 

G E T C A R D O U T P U T 

C C A L C U L A T I O N OF I D E A L G A S F U N C T I O N S , C O R R E C T E D TO T H E R E A L 
C F R E E E N E R G Y C A L C U L A T E D BY D I F F E R E N C E 

4 0 F O R M A T ( 7 F 1 0 . 3 ) 
41 F 0 R M A T ( 2 I 5 , 6 A 6 ) 
42 FORMAT ( 1 4 F 5 . 0 ) 
43 F O R M A T { 8 X . 5 F 1 2 . 2 ) 
44 F 0 R M A T ( 1 H 1 / 1 H - , 7 X , 3 5 H R E A L G A S T H E R M O D Y N A M I C F U N C T I O N S O F , 

1 6 A 6 / I H - , 1 4 X , 4 H T E M P , 9 X , 2 H C P , 8 X , 7 H ( H - H ) / T , 5 X , 
2 7 H ( H - F ) / T , 8 X . 1 H S / ) 

45 FORMAT ( / I H - , 9 X , 2 3 H F R E Q U E N C I E S U S E D ( 1 / C M ) / ) 
4 6 F O R M A T ( I H - , 9 X , 2 1 H P R I N C I P A L MOMENTS . . . , 3 F 1 0 . 3 / 1 H 0 , 9 X , 

1 2 1 H S Y M M E T R Y NUMBER , F 7 . 0 / 1 H 0 , 9 X , 
2 2 1 H M 0 L E C U L A R W E I G H T . . . . , F 1 0 . 3 / 1 H O , 9 X , 
3 2 1 H P R E S S U R E ( A T M ) , F 9 . 2 / I H 0 , 9 X , 
4 2 1 H C R I T I C A L T E M P E R A T U R E , F 9 . 2 / I H 0 , 9 X , 
5 2 1 H C R I T I C A L P R E S S U R E . . 
6 2 1 H T A B L E NUMBER 

47 F O R M A T ( 8 X , 5 F 1 2 . 0 ) 
C IF M 0 U T = 6 , G E T P R I N T O U T , I F M 0 U T = 7 , 

MOUT = 6 
R E A L I A , I B , I C , K , M 
COMMON R f P C , T C , P R 
D I M E N S I O N V ( 6 0 ) , T ( 4 0 ) 
D A T A C , H , R , K / 2 . 9 9 7 9 3 E 1 0 , 6 . 6 2 5 6 E - 2 7 , 1 . 9 8 7 1 9 , 1 . 3 8 0 5 4 E - 1 6 / 
R E A D ( 5 , 4 1 ) N D A T A 
DO 2 7 I J = l t N D A T A 
R E A D ( 5 , 4 1 ) N F , N T , S P O T , T H E , D O G , W A S , B L A C K , W H I T E 
R E A D ( 5 , 4 0 ) I A , I B , I C , M , S I G , T C , P C , P R 
R E A D ( 5 , 4 2 ) ( V ( I ) , I = I , N F ) 
R E A D ( 5 , 4 0 ) ( T ( I ) , I - 1 , N T ) 
R E A D ( 5 , 4 0 ) Z , V V 
WRITE ( M O U T , 4 4 ) S P O T , T H E , D O G , W A S , B L A C K , W H I T E 
DO 26 J J = 1 , N T 
P = T ( J J ) 
D = I A * I B * I C / 2 1 8 . 4 9 3 5 4 1 6 7 
cv=o. 
HV = 0 . 
SV = 0 . 
DO 25 J = 1 , N F 
U = . 2 9 9 7 9 3 * 6 . 6 2 5 6 * V ( J ) / ( 1 . 3 8 0 5 4 * P ) 
C V = C V + U * * 2 * E X P ( U ) / ( ( E X P ( U ) - 1 . ) * * 2 ) 
H V = H V + U / ( E X P ( U ) - 1 . ) 

2 5 SV=SV + U / ( E X P ( U ) - l . ) - A L O G ( l . - E X P ( - U ) ) 
C P = R * ( 4 . + C V ) 
H 0 = R * ( 4 . + H V ) 
S = R * ( A L O G ( P * * 4 * M * * l . 5 * S Q R T ( 0 ) / S I G ) + S V ) - 2 . 3 4 7 
F = S - H 0 
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4 5 C P C = C P / R 
4 6 H C 0 = H O / R 
4 7 F O = F / R 
5C S O = S / R 
51 IF ( Z . E Q . O . O . A N D . V V . E C . 0 . 0 ) GO TO 26 

C ' A N H A R M O N I C I T Y C O N T R I B U T I O N S ' TO T H E T H E R M O D Y N A M I C 
C F U N C T I O N S , T A K E N FROM R - 2 5 . . . M C C U L L O U G H ET A L . 
C U S I N G F O L L O W I N G S E M I - E M P I R I C A L E Q U A T I O N S . N O T E 
C T H E NEW V A L U E S OF T H E F U N C T I O N S I N C L U D E T H E 
C A N H A R M O N I C I T Y C O N T R I B U T I O N . 

5 ? UV= H * C * V V / ( K * P ) 
53 C A = ( U V * * 2 * E X P ( U V ) / ( ( E X P ( U V ) - l . ) * * 2 ) ) * R 
54 H A = ( U V / ( E X P ( U V ) - I . ) ) * R 
55 C P = C P + Z * ( C A / R ) * ( ( 3 . * ( C A / R ) / U V ) - ( I . + 2 . / U V ) * H A / R ) 
56 S= S + ( Z / U V ) * ( C A / R ) . * ( H A / R ) 
57 H0= H0+ ( Z / ( 2 . * U V ) ) * ( H A / R ) * ( 2 . * ( C A / R ) - ( H A / R .) ) 
6 0 C A L L R E A L G A t P , C P , HO , F , S) 
61 26 W R I T E ( M O U T , 4 3 ) P , C P , H O , F , S 
62 W R I T E ( M O U T , 4 5 ) 
63 W R I T E ( M O U T , 47.) ( V ( I ) , I = I, NF ) 
64 27 W R I T E ( M O U T , 4 6 ) I A , I B , I C , S I G , M , P R , T C , P C 
65 S T O P 
66 END 

6 7 S U B R O U T I N E R E A L G A { T , C P , H O , F , S ) 
C R E A L G A S C O R R E C T I O N S TO I D E A L GAS T H E R M O D Y N A M I C 
C F U N C T I O N S , U S I N G B E R T H E L O T E Q U A T I O N OF S T A T E , 
C A P P L I C A B L E FOR M O D E R A T E P R E S S U R E S O N L Y TO THE 
C H A L O G E N A T E D B E N Z E N E S . 

70 COMMON R , P C , T C , P R 
71 H0 = H G + 9 . * R * T C * P R * - ( 1 . - 1 8 . * T C * * 2 / T * * 2 ) / ( 1 2 8 . * P C * T ) 
72 C P = C P + 8 1 . * R * T C # * 3 * P R / ( 3 2 . * P C * T * * 3 ) 
73 S = S - 2 7 . * R * T C * * 3 * P R / ( 3 2 . * P C * T * * 3 ) - R * A L O G ( P R ) 
74 F = S - H Q 
7 5 . R E T U R N 
76 END 

S E N T R Y 
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PROGRAM 3 

A Program for Calculation of Principal Moments of Inertia of Molecules 
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JTLER MOM FORTRAN SOURCE LIST 

ISN SOURCE STATEMENT 

0 * $IBFTC MOMENT 
* C MOMENTS OF INERTIA CALCULATIONS FOR RIGID MOLECULES 
* C WEIGHTS READ AS G/GMOLE INTERATOMIC DISTANCES READ AS ANGSTROMS 
* C N = NO. OF ATOMS IN MOLECULE 

1 * 10 FORMAT (I5.6A6) 
2 * 15 FORMAT (40H AT.WT. X-COORD Y-COORD Z-COORD ) 
3 * 20 FORMAT (4F10.5) 
4 * 25 FORMAT (/ 24H ELEMENTS OF DETERMINANT/ ) 
5 * 35 FORMAT { 3 ( E 2 0 . 8 , 5 X » E20.8 ,5X,E20.8/ )) 
6 * 45 FORMAT(45H PRODUCT OF PRINCIPAL MOMENTS OF INERTIA = ,E18.6/ ) 
7 * 56 FORMAT (3F10.5 ,32X,F10.3) 

„, 10 * 65 FORMAT(/36H PRINCIPAL MOMENTS OF INERTIA (MLEW) /) 
11 * 75 FORMAT(8H IA = ,F10.5,27H X(10**-39) GRAM-CM SQUARED/6X,2H= ,F11 

* 1.4.21H AMU—ANGSTROM SQUARED) 
12 * 81 FORMAT (1H1/1H-/ 31H MOMENT OF INERTIA CALCULATIONS,6A6/ ) 
13 * 83 FORMAT(30H CENTER OF GRAVITY CORRECT IONS,30X,16HM0LECULAR WEIGHT/) 
14 * 85 FORMAT(8H0 IB = ,F10.5,27H X(l0**-39) GRAM-CM SQUARED/6X,2H= ,F11 

* l .4 ,21H AMU-ANGSTROM SQUARED) 
15 * 86 FORMAT(45H0PRODUCT OF PRINCIPAL MOMENTS OF INERTIA /F18 .4 , 28H 

* 1 X(10**-117) GRAM-CM SQUARED ,E18.6,21H AMU-ANGSTROM SQUA 
* 1RED) 

16 * 95 FORMAT(8H0 IC = ,F10.5,27H X(10**-39) GRAM-CM SQUARED/6X,2H= ,F11 
* 1.4,21H AMU-ANGSTROM SQUARED) 

17 * 205 FORMAT (1H1) 
20 * DIMENSION A(40,4) ,ABCI(10) ,B(3,3) ,VEC(3,3) ,EXTRA(3,5) 
2 1 * EQUIVALENCES 1,1) , G ) , (B( l ,2) , R ) , (B( 1,3) ,S) , (B(2,2) ,H) , 

* 1 ( B ( 2 , 3 ) , T ) , ( B ( 3 , 3 ) , C ) , (EXTRA(1,1) .XI) . (EXTRA(2,1),X2) , 
* 2 (EXTRA(3,1),X3) 

22 * 1 READ (5,10) N,Ql,Q2,Q3 f Q4 t Q5,Q6 
24 * IF (N .NE. 0) GO TO 3 
27 * WRITE (6,205) 
30 * STOP 
31 * 3 WRITE (6,81) Ql,Q2,Q3,Q4,Q5,Q6 
32 * READ (5,20) ( ( A ( I , J ) ,J = l , 4 ) , 1 = 1 , N ) 

* C CARD READS AT. WT., X-COORD, Y-COORD, Z-COORD 
43 * WRITE (6,15) 
4 4 * WRITE (6,20) ( ( A ( I , J ) , J = I , 4 ) , I = 1 , N ) 
55 * YZSQM=0.0 
56 * XZSQM=0.0 
57 * XYSQM=0.0 
60 * XM=0.0 
61 * YM=0.0 
62 * ZM=0.0 
63 * XYM=0.0 
64 * XZM=0.0 
65 * YZM=0.0 
66 * TMASS = 0.0 
67 * DO 2 1=1,N 
70 * YZSQM=YZSQM+A(I,1)*(A(I,3)**2+A(I,4)**2) 
71 * XZSQM=XZSQM+A(I,1)*(A(1,2)**2+A(I,4)**2) 
72 * XYSQM=XYSQM+A(I,1)*(A(I,2)**2+A(I,3)**2) 
73 * XM=XM+A(I,1)*A(I,2) 
74 * YM=YM+A(IT1)*A(I,3) 
75 * ZM=ZM+A(I,1)* A l l , 4 ) 
76 * XYM= XYM+A(I,1)*A(I,2)*A(I,3) 

-I 
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'jTLER MOM FORTRAN SOURCE LIST MOMENT 
' » ISN SOURCE STATEMENT 

77 * XZM = X Z M + A ( I , 1 ) * A ( I , 2 ) * A ( I , 4 ) 
100 * YZM= Y Z M + A I I , 1 ) * A ( I , 3 ) * A ( I , 4 ) 
101 * TMASS=TMASS + A ( I , 1 ) 
102 * 2 CONTINUE 
104 * G=YZSQM-YM**2/TMASS-ZM**2/TMASS 
105 * H=XZSQM-XM**2/TMASS-ZM**2/TMASS 
106 * C=XYSQM-XM**2/TMASS-YM**2/TMASS 
107 * D = XYM-XM*YM/TMASS 
110 * E=XZM-XM*ZM/TMASS 
111 * F=YZM-YM*ZM/TMASS 

• * 112 * R=-D 
113 * S=-E 
114 * T=-F 
115 + A B C 1 I = G * H * C - G * F * F - C * D * D - 2 . * D * E * F - H * E * E 
116 * WRITE (6 ,25 ) 
117 * WRITE (6 ,35 ) G , R , S , R , H , T , S , T , C 

> 120 + WRITE (6 ,45) ABC1I 
121 * WRITE (6 ,83 ) 
122 * XO=XM/TMASS 
123 * YO=YM/TMASS 
124 * ZO=ZM/TMASS 
125 * WRITE (6 ,56 ) XO,YO,ZO,TMASS 
126 * 4 CALL MLEW ( 3 , B , V E C , E X T R A ) 
127 * A I = X l / 6 . 0 2 3 
130 * B I=X2 /6 .023 
131 * C I = X 3 / 6 . 0 2 3 
132 * WRITE (6 ,65) 
133 * WRITE (6 ,75 ) A l ,X1 
134 * WRITE (6 ,85 ) B l ,X2 
135 * WRITE (6 ,95 ) CI , X 3 
136 * ABC2I=A I *8 I *C I 
137 * ABC3I=X1*X2*X3 
140 * WRITE (6 ,86 ) ABC2I ,ABC3I 
141 * GO TO 1 
142 * END 

NO MESSAGES FOR ABOVE ASSEMBLY 
IS" 32MIN 4 9 . 1SEC 
i -

r 



MOMENT OF INERTIA CALCULATIONS 1-2- CHLOROFLUORO BENZENE 

AT • WT. X- COORD Y- COORD z- COORD 
12. OllOO - 0 . 00000 - 0 . OOCOO - 0 . 00000 
12. 01 ICO - 1 . 20980 0.69850 - 0 . 00000 
12. 01 ICO - 1 . 20980 2. 09550 - 0 . 00000 
12. 01100 - 0 . 00000 2. 79400 - 0 . 00000 
12. 01100 1. 20980 2. 09550 - 0 . 00000 
12 .Oi l CO 1. 20980 0. 69850 - 0 . 00000 
1. 008C0 -0.00000 - 1 . 08000 - 0 . 00000 
1. 008C0 - 2 . 14510 0. 15850 - 0 . 00000 
1. 008CO - 2 . 14510 2. 63550 - 0 . 00000 

3.5. 453C0 - 0 . OCOOO 4. 50400 - 0 . 00000 
18. 998C0 2. 36160 2. 76050 - 0 . 00000 
1 . 008C0 2. 14510 0.15850 - 0 . 00000 

ELEMENTS OF DETERMINANT 

0.32461208E 03 
-0.15216606E 02 
-O.00O00OOOE-38 

-0.L5216606E 02 
0.17621898E 03 

-0.00000000E-38 

PRODUCT OF PRINCIPAL MOMENTS OF INERTIA = 

CENTER OF GRAVITY CORRECTIONS 

0.32711 2.41050 -O.OCCOO ' 

PRINCIPAL MOMENTS OF INERTIA (MLEW) 

IA 

IB 

IC = 

83.15309 X(10**-39) GRAM-CM SQUARED 
500.8311 AMU-ANGSTROM SQUARED 

54.15181 X(10**-39) GRAM-CM SQUARED 
326.1564 AMU-ANGSTROM SQUARED 

29.00128 X(l0**-39) GRAM-CM SQUARED 
174.6747 AMU-ANGSTROM SQUARED 

-0.00000000E-38 
-0.O00OOOOOE-38 

0.50083106E 03 

0.285330E 08 

MOLECULAR WEIGHT 

130.549 

o 
CO 

PRODUCT OF PRINCIPAL MOMENTS OF INERTIA 
130589.5632 X(10**-117) GRAM-CM SQUARED 0.285330E 08 AMU-ANGSTROM SQUARED 
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APPENDIX D 

Ideal Gas Thermodynamic Fractions for the Halogenated Benzenes 
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LIST OF COMPOUNDS IN APPENDIX D 

D-l . FLUOROBENZENE 

D-2 CHLOROBENZENE 

D-3 BROMOBENZENE 

D-4 IODOBENZENE 

D-5 1-2- DIFLUOROBENZENE 

D-6 1-3- DIFLUOROBENZENE 

D-7 1-4- DIFLUOROBENZENE 

D-8 1-3-5- TRIFLUOROBENZENE 

D-9 1-2-4- TRIFLUOROBENZENE 

D-10 1-2-3-5- TETRAFLUOROBENZENE 

D - l l 1-2-4-5- TETRAFLUOROBENZENE 

D-l 2 • 1-2-3-4- TETRAFLUOROBENZENE 

D-l 3 PENTAFLUOROBENZENE 

J)-l4 j HEXAFLUOROBENZENE 

D-15- CHLOROPENTAFLUOROBENZSNE . 

D-l 6 BROMOPENTAFLUOROBENZENE 

D-l 7 ( IODOPENTAFLUOROBENZENE . 

D-l 8 1-2- CHLOROFLUOROBENZENE 

D-19 1-3- CHLOROFLUOROBENZENE 

D-20 1-4- CHLOROFLUOROBENZENE 



I l l 

SD-21 1-2- BROMOFLUOROBENZENE • 
D-22 1-2- FLUOROIODOBENZENE 

D-23 1-2- BROMOCHLOROBENZENE 

D-24 1-2- DICHLOROBENZENE 

D-25 1-3- DICHLOROBENZENE 

D-26 1-4. DICHLOROBENZENE 

D-27 1-3-5- TRICHLOROBENZENE 
D-28 1-2-4- TRICHLOROBENZENE 
D-29 1-2-3- TRICHLOROBENZENE 
D-30 .1-2-3-5- TETRACHLOROBENZENE 

D-31 1-2-4-5- TETRACHLOROBENZENE 
D-32 1-2-3-4- TETRACHLOROBENZENE 

D-33 PENTACHLOROBENZENE 

D-34. HEXACHLOROBENZENE 
J 

D-35 1-2- DIBROMOBENZENE 

D-36 1-3- DIBROMOBENZENE 
v ' • • • -

1-4- UIEROMDBENZENE D-37 

1-3- DIBROMOBENZENE 
v ' • • • -

1-4- UIEROMDBENZENE 
D-38 I - 3 - 5 - TRIBROMOBENZENE 



1 1 2 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 20.62 12.18 58.25 70.43 
298.15 22.54 12.97 59.35 72.32 
300.00 22.69 13.03 59.43 72.46 
350.00 26.44 14.68 61.56 76.24 
400.00 29.94 16.37 63.63 80.00 
450.00 33. 11 18.06 65.65 83.72 
500.00 35.96 19.71 67.64 87.36 
550.00 38.49 21.30 69.59 90.90 
600.00 40.75 22.83 71.51 94.35 
650.00 42. 77 24.29 73.39 97.69 
700.00 44.58 25.67 75.24 100.93 
750.00 46.21 26.99 77.05 104.06 
800.00 47.68 28.24 78.83 107.09 
850.00 49.02 29.42 80.57 110.02 
900.00 50.25 30.54 82.28 112.86 
950.00 51.37 31.61 83.96 115.61 

1000.00 52.39 32.62 85.60 118.27 
1100.00 54.21 34.51 88.80 123.35 
1200.00 55.75 36.21 91.86 128.14 
1300.00 57.07 37.77 94.82 132.65 
1400.00 58.21 39. 19 97.66 136.92 

:QUENCIES USED (1/CM) 

519. 808. 1008. 1022. 1157. 
1220. 1499. 1596. 3044. 3067. 
3101. 405. 614. 1066. 1157. 
1236. 1323. 1460. 1603. 3058. 
3091. 405. 826. 970. 242. 
500. 685. 754. 894. 997. 

PRINCIPAL MOMENTS ... 89.230 196.642 285.949 

SYMMETRY NUMBER ..... 2. 

MOLECULAR WEIGHT .... 96.100 

REFERENCE (S) 11, 12 35 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

ANHARMONICITY Z « 0 . 1 5 4 ^ = 5 5 0 . 

TABLE NUMBER D-l 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF CHLORO BENZENE 

TEMP CP (H -HJ /T ( H - F ) / T S 

273 .15 21 .54 12 .90 6 0 . 17 7 3 . 0 7 
2 9 8 . 1 5 2 3 . 4 2 13 .70 6 1 . 3 3 75 .04 
300 .00 2 3 . 5 6 13.76 6 1 . 4 2 7 5 . 18 
3 5 0 . 0 0 2 7 . 22 15 .43 6 3 . 6 6 79 .09 
400 .00 30 .62 17 .12 6 5 . 8 3 8 2 . 9 5 
4 5 0 . 0 0 33 .71 18 .79 6 7 . 9 5 86 . 74 
5 0 0 . 0 0 36 .48 20 .42 70 .01 9 0 . 4 4 
550 .00 3 8 . 9 5 22 .00 7 2 . 0 3 9 4 . 0 3 
6 0 0 . 0 0 4 1 . 1 4 23 .50 74 .01 9 7 . 52 
6 5 0 . 0 0 4 3 . 11 24 .94 7 5 . 9 5 . 100 .89 
7 0 0 . 0 0 4 4 . 8 7 26 .30 7 7 . 8 5 104.15 
7 5 0 . 0 0 4 6 . 4 5 27 .59 79 .71 107.30 
800 .00 4 7 . 8 9 28 .82 8 1 . 5 3 110.34 
850 .00 4 9 . 2 0 29 .98 83 .31 113 .29 
900 .00 5 0 . 3 9 3 1 . 0 8 8 5 . 0 6 116.13 
950 .00 51 .48 3 2 . 1 2 8 6 . 7 6 118 .89 

1000 .00 52 .47 3 3 . 1 2 88 .44 121 .55 
1100 ,00 5 4 . 2 4 34 .96 9 1 . 6 8 126 .64 
1200 .00 5 5 . 7 3 3 6 . 6 3 9 4 . 8 0 131.42 
1300 .00 57 .01 38 .15 9 7 . 7 9 135 .94 
1400 .00 5 8 . 11 3 9 . 5 4 100 .67 140 .20 

FREQUENCIES USED (1/CM) 

3069 . 
1582 . 
1267. 
1003 . 

740 . 
7 0 1 . 

3 0 5 0 . 
1581 . 
1174 . 

9 8 6 . 
6 8 2 . 
4 1 7 . 

3029. 
1478, 
1157. 

965. 
616. 
297, 

3 0 7 1 . 
1444 . 
1068 . 

9 0 2 . 
4 0 0 . 
4 6 7 . 

305 2. 
1324, 
1025. 

831 . 
1084. 

196. 

PRINCIPAL MOMENTS . . . 89 .190 

SYMMETRY NUMBER 2 . 

MOLECULAR WEIGHT . . . . 112 .560 

REFERENCE(S) 58 

320.500 409 .800 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-2 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF BROMOBENZENE 

TEMP CP (H-H./T (H-FJ/T 

2 73.15 21.98 13.33 62.42 
298.15 23.82 14. 13 63.63 
300.00 23.95 14.19 63.71 
350.00 2 7. 54 15,85 66.03 
400.00 30.90 17.52 68.25 
450.00 33.95 19. 18 70.41 
500.00 36.69 20.80 72.52 
550.00 39. 13 22.35 74.57 
600.00 41.30 23.84 76.58 
650.00 43.25 25.26 78.55 
700.00 44.99 26.61 80.47 
750.00 46.57 27.89 82.35 
800.00 47.99 29.10 84.19 
850.00 49.29 30.25 85.99 
900.00 50.47 31.34 87.75 
950.00 51.55 32.38 89.47 

1000.00 52.54 33.36 91.15 
1100.00 54.29 35.19 94.42 
1200.00 55.78 36.84 97.55 
1300.00 57.06 38.35 100.56 
1400.00 58. 15 39.73 103.46 

75.75 
77.76 
77.91 
81.87 
85.77 
89. 59 
93. 31 
96.92 

100.42 
103.81 
107.08 
110.24 
113.29 
116.24 
119.09 
121.85 
124.52 
129.61 
134.40 
138.91 
143.18 

FREQUENCIES USED (1/CM) 

3067. 
1579. 
1264. 
1001. 
736. 
671. 

3050. 
1578. 
1175. 
989. 
681. 
315. 

3029. 
1473. 
1159. 
963. 
615. 
254. 

3069. 
1443. 
1068. 
904. 
409. 
459. 

3056. 
1321. 
1021. 
832. 

1071. 
181. 

PRINCIPAL MOMENTS ... 89.190 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 157.020 

REFERENCE ( S ) It 58 

510.492 599.747 

UNITS ARE IN CAL/DEG KELVIN MOLE PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-3 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF IODOBENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 22. 28 13.69 64.13 77.82 
298.15 24.09 14.49 65.37 79.85 
300.00 24.23 14.54 65.46 80.00 
350.00 27.78 16.18 67.82 84.01 
400.00 31.10 17.84 70.09 87.93 
450.00 34. 13 19.49 72.29 91.78 
500.00 36.85 21.09 74.42 95.52 
550.00 39.27 22.64 76.51 99.14 
600.00 41.43 24.11 78.54 102.65 
650.00 43.36 25.52 80.53 106.05 
700.00 45. 10 26.86 82.47 109.33 
750.00 46.66 28.13 84.36 112.49 
800.00 48.08 29.33 86.22 115.55 
850.00 49.37 30.47 88.03 118.50 
900.00 50.54 31.56 89.80 121.36 
950.00 51.62 32.58 91.54 124.12 
1000.00 52.61 33.56 93.23 126.80 
1100.00 54. 35 35.37 96.52 131.89 
1200.00 55.83 37.02 99.67 136.69 
1300.00 57. 10 38.52 102.69 141.21 
1400.00 58. 19 39.88 105.60 145.48 

FREQUENCIES USED (1/CM) 

3067. 3050. 3031. 3064. 3048. 
1573. 1573. 1471. 1436. 1320. 
1258. 1176. 1156. 1068. 1016. 
998. 988. 963. 904. 836. 
730. 684. 613. 398. 1060. 
654. 266. 220. 449. 166. 

PRINCIPAL MOMENTS ... 88.225 673.320 763.527 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 204.020 

REFERENCE ( S ) 42, 58 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-4 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- DIFLUORO BENZENE 

TEMP CP (H-H)/T (H-FJ/T 

27 3.15 23.51 13.87 60.93 
298.15 25.45 14.76 62. 19 
300.00 25.59 14.82 62.28 
350.00 29.31 16.63 64.70 
400.00 32.74 18.43 67.04 
450.00 35.83 20.20 69.31 
500.00 38.59 21.90 71.53 
550.00 41.04 23.53 73.69 
600.00 43.22 25.08 75.80 
650.00 45.16 26.55 77.87 
700.00 46.89 27.95 79.88 
750.00 48.45 29.26 81.85 
800.00 49.86 30.51 83.78 
850.00 51.14 31.68 85.66 
900.00 52.30 32.80 87.50 
950.00 53.36 33.85 89.29 

1000.00 54.33 34.85 91.05 
1100.00 56.03 36.70 94.45 
1200.00 57.48 38.37 97.70 
1300.00 58.71 39.89 100.82 
1400.00 59.78 41.28 103.81 

74.80 
76.94 
77. 10 
81.33 
85.47 
89.51 
93.43 
97.22 

100.89 
104.43 
107.84 
111.13 
114.30 
117.36 
120.32 
123.18 
125.94 
131.20 
136.14 
140.79 
145.18 

FREQUENCIES USED (1/CM) 

296. 567. 762. 1024. 1155. 
1200. 1279. 1518. 1605. 3080. 
3080. 436. 548. 855. 1102. 
1212. 1252. 1464. 1622. 3080. 
3080. 240. 585. 703. 855. 
969. 197. 451. 750. 929. 

PRINCIPAL MOMENTS ... 155.618 225.363 380.981 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 114.094 

REFERENCE ( S ) 41, 5 4 , 80 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

ANHARMONICITY Z = 0 . 9 7 = 1 2 5 0 . 

TABLE NUMBER D-5 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3- DIFLUORO BENZENE 

TEMP CP (H-HJ/T {H-FJ/T S 

273.15 23.51 13.62 60.74 74.36 
298.15 25.50 14.53 61.97 76.50 
300.00 25.64 14.60 62.06 76.66 
350.00 29.41 16.45 64.45 80.90 
400.00 32.84 18.29 66.77 85.06 
450.00 35.92 20.08 69.03 89. 11 
500.00 38.66 21.80 71.23 93.04 
550.00 41.08 23.45 73.39 96.84 
600.00 43.22 25.01 75.50 100.50 
650.00 45. 12 26.48 77.56 104.04 
700.00 46.81 27.88 79.57 107.45 
750.00 48.33 29.19 81.54 110.73 
800.00 49.69 30.43 83.46 113.89 
850.00 50.92 31.60 85.34 116.94 
900.00 52.04 32.70 87. 18 119.88 
950.00 53.06 33.75 88.98 122.73 

1000.00 53.99 34.74 90.73 125.47 
1100.00 55.61 36.56 94. 13 130.69 
1200.00 56.99 38.21 97.38 135.59 
1300.00 58. 15 39.70 100.50 140.20 
1400.00 59.15 41.05 103.50 144.55 

FREQUENCIES USED (1/CM) 

3087. 
1008. 
599. 
952. 

1604. 
852. 

3096. 
1068. 
879. 

1120. 
514. 
674. 

3049. 
1279. 
251. 
459. 
1339. 
862. 

524. 
1256. 
3096. 
1497. 
478. 
331. 

736. 
1449. 
1157. 
1616. 
771. 
253. 

PRINCIPAL MOMENTS ... 

SYMMETRY NUMBER 

MOLECULAR WEIGHT .... 

REFERENCE(S) 

134.104 286.907 421.010 

2. 

114.094 
34, 54, 80 

UNITS ARE IN CAL/DEG KELVIN MOLE PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-6 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-4- DIFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 23.98 13.77 59.34 73. 11 
298.15 26.06 14.71 60.59 75.30 
300.00 26.21 14.78 60.68 75.46 
350.00 30. 12 16.70 63.10 79.80 
400.00 33.66 18.60 65.45 84.06 
450.00 36.79 20.45 67.75 88.20 
500.00 39.54 22.23 70.00 92.23 
550.00 41.94 23.91 72.20 96. 11 
600.00 44.06 25.50 74.35 99.85 
650.00 45.92 27.00 76.45 103.45 
700.00 47.57 28.41 78.50 106.92 
750.00 49.05 29.74 80.51 110.25 
800.00 50.37 30.99 82.47 113.46 
850.00 51.56 32.17 84.38 116.55 
900.00 52.64 33.2 7 86.25 119.53 
950.00 53.62 34.32 88.08 122.40 
1000.00 54.51 35.31 89.87 125.17 
110.00 10.87 8.73 49.67 58.40 
1200.00 57.39 38.76 96.62 135.38 
1300.00 58.51 40.24 99.78 140.02 
1400.00 59.47 41.58 102.81 144.39 

FREQUENCIES USED ll/CM) 
3084. 
451. 
1142. 
935. 
737. 
3088. 

1245. 
800. 
507. 
370. 
1012. 
1437. 

1617. 
3080. 
692. 

3028. 
509. 
1212. 

859. 
1285. 
887. 
1183. 
833. 
350. 

840. 
635. 
375. 
1511. 
186. 

1085. 

PRINCIPAL MOMENTS .. 

SYMMETRY NUMBER ..... 

MOLECULAR WEIGHT ... 

REFERENCE(S) , 

88.932 352.903 441.834 

4. 

114.094 
2 5 . 3 2 . 4 7 , 5 4 , 80 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-7 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3-5- TRIFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 26.33 15.22 61.13 76.36 
298.15 28.33 16.24 62.51 78.75 
300.00 28.48 16.31 62.61 78.93 
350.00 32.23 18.32 65.28 83.60 
400.00 35.61 20.28 67.85 88. 13 
450.00 38.62 22.15 70.35 92.50 
500.00 41.27 23.93 72.78 96.71 
550.00 43.60 25.62 75.14 100.76 
600.00 45.65 27.20 77.44 104.64 
650.00 47.46 28.69 79.67 108.37 
700.00 49.06 30.09 81.85 111.94 
750.00 50.49 31.41 83.97 115.38 
800.00 51.76 32.64 86.04 118.68 
850.00 52.91 33.80 88.05 121.85 
900.00 53.94 34.89 90.02 124.91 
950.00 54.87 35.92 91.93 127.85 
1000.00 55.71 36.89 93.80 130.68 
1100.00 57. 18 38.67 97.40 136.06 
1200.00 58.41 40.26 100.83 141.09 
1300.00 59.44 41.70 104.11 145.81 
1400.00 60.32 43.00 107.25 150.25 

FREQUENCIES USED (1/CM) 

578. 
595. 

1122. 
595. 

1122. 
847. 

1010. 
847. 
1473. 
84 7. 

1473. 
214. 

1350. 
326. 

1618. 
326. 
1618. 
564. 

3080. 
505, 

3115. 
505. 
3115. 
1294. 

253. 
995. 
253. 
995. 
664. 

1165. 

PRINCIPAL MOMENTS ... 

SYMMETRY NUMBER ..... 

MOLECULAR WEIGHT .... 

REFERENCE(S) 

286.894 288.038 

6. 

132.084 

2 2 , 4 6 , 55 

574.932 

UNITS ARE IN CAL/DEG KELVIN MOLE PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-8 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-4- TRIFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

2 73.15 26.79 15.45 64.72 80. 18 
298.15 28.85 16.49 66.12 82.61 
300.00 29.00 16.57 66.22 82.79 
350.00 32.82 18.62 68.93 87.55 
400.00 36.24 20.61 71.55 92.16 
450.00 39.26 22.52 74.09 96.61 
500.00 41.91 24.33 76.56 100.89 
550.00 44.22 26.03 78.96 104.99 
600.00 46.25 27.64 81.29 108.93 
650.00 48.02 29.14 83.56 112.70 
70 0.00 49.60 30.54 85.77 116.32 
750.00 50.99 31.86 87.93 119.79 
800.00 52.23 33.10 90.02 123.12 
850.00 53 . 35 34.26 92.06 126.32 
900.00 54.35 35.34 94.05 129.40 
950.00 55.25 36.37 95.99 132.36 

1000.00 56.08 37.33 97.88 135.22 
1100.00 57.50 39. 10 101.53 140.63 
1200.00 58.69 40.69 105.00 145.69 
1300.00 59.70 42.11 108.31 150.43 
1400.00 60.55 43.40 111.48 154.88 

FREQUENCIES USED (1/CM) 

288. 341. 441. 503. 586. 
728. 781. 835. 964. 1098. 

1143. 1204. 1250. 1308. 1376. 
1441. 1518. 1628. 3062. 3094. 
3094. 161. 238. 377. 456. 
602. 688. 808. 856. 932. 

PRINCIPAL MOMENTS ... 166.027 399.072 565.099 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 132.084 

REFERENCE(S) 36 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-9 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-3-5- TETRAFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 29.10 17.01 65.64 82.66 
298.15 31.08 18.11 67.18 85.29 
300.00 31.22 18.19 67.29 85.48 
350.00 34.88 20.32 70.26 90.58 
400.00 38. 16 22.35 73.10 95.45 
450.00 41.06 24.27 75.85 100.12 
500.00 43.62 26.08 78.50 104.58 
550.00 45.87 27.78 81.07 108.84 
600.00 47.84 29.37 83.55 112.92 
650.00 49.57 30.86 85.96 116.82 
700.00 51. 10 32.25 88.30 120.55 
750.00 52.45 33.55 90.57 124.12 
800.00 53.65 34.77 92.78 127.55 
850.00 54.72 35.91 94.92 130.83 
900.00 55.68 36.99 97.00 133.99 
950.00 56.54 37.99 99.03 137.02 
1000.00 57.31 38.94 101.00 139.94 
1100.00 58.65 40.67 104.80 145.47 
1200.00 59.75 42.22 108.40 150.62 
1300.00 60.67 43.60 111.84 155.44 
1400.00 61.44 44.85 115.11 159.97 

FREQUENCIES USED (1/CM) 

3090. 1642. 1531. 1405. 1200. 
1130. 1000. 787. 580. 465. 
310. 845. 645. 205. 3080. 
1642. 1466. 1249. 1179. 1056. 
640. 843. 707. 610. 368. 
220. 185. 508. 334. 258. 

PRINCIPAL MOMENTS ... 290.247 408.629 698.877 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 150.074 

REFERENCE ( S) 51 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-10 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-4-5- TETRAFLUORO BENZENE 

TEMP CP (H-HJ/T (H-F)/T S 

273.15 29.65 17.37 64.54 81.90 
298.15 31.62 18.48 66. 11 84.59 
300.00 31. 76 18.56 66.22 84. 78 
350.00 35.40 20.71 69.25 89.96 
400.00 38.66 22.76 72. 15 94.90 
450.00 41.55 24.69 74.94 99.63 
500.00 44.09 26.50 77.64 104.14 
550.00 46.32 28.21 80.24 108.45 
600.00 48.27 29.80 82.77 112.56 
650.00 49.97 31.29 85.21 116.50 
700.00 51.48 32.68 87.58 120.25 
750.00 52.80 33.97 89.88 123.85 
800.00 53.98 35.19 92. 11 127.30 
850.00 55.03 36 . 33 94.28 130.60 
900.00 55.97 37.39 96.38 133.78 
950.00 56.81 38.39 98.43 136.82 
1000.00 57.56 39.33 100.43 139.76 
1100.00 58.87 41.05 104.26 145.31 
1200.00 59.94 42.58 107.90 150.48 
1300.00 60. 84 43.95 111.36 155.31 
1400.00 61.59 45. 19 114.66 159.85 

FREQUENCIES USED (1/CM) 

3097. 
487. 

1125. 
600. 
420. 
1277. 

1335. 
417. 
240. 
140. 
700. 

1534. 

1374. 
1196. 
669. 

3088. 
461, 
853. 

748. 
1643. 
871. 
1222. 
869. 
270. 

280. 
635. 
295. 

1439. 
240. 

1164. 

PRINCIPAL MOMENTS ... 223.028 

SYMMETRY NUMBER 4. 

MOLECULAR WEIGHT .... 150.070 

REFERENCE ( S ) ^" 33 

491.971 714.999 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-l l 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-3-4- TETRAFLUORO BENZENE 

TEMP CP (H-HJ/T (H-F)/T S 

273.15 28.48 16.46 64.87 81.33 
298.15 30.47 17.55 66.36 83.91 
300.00 30.62 17.63 66.47 84. 10 
350.00 34.30 19.75 69.34 89. 10 
400.00 37.61 21.78 72. 12 93.90 
450.00 40.55 23.71 74.79 98.50 
500.00 43.14 25.52 77.39 102.91 
550.00 45.43 27.23 79.90 107.13 
600.00 47.44 28.83 82.34 111.17 
650.00 49.21 30.33 84.71 115.04 
700.00 50.77 31.74 87.01 118.74 
750.00 52.15 33.05 89.24 122.29 
800.00 53.37 34.29 91.41 125.70 
850.00 54.47 35.44 93.53 128.97 
900.00 55.45 36.53 95.58 132.11 
950.00 56.33 37.55 97.59 135.13 

1000.00 57.12 38.51 99.54 138.04 
1100.00 58.48 40.26 103.29 143.55 
1200.00 59.61 41.83 106.86 148.69 
1300.00 60.55 43.23 110.27 153.50 
1400.00 61.34 44.50 113.52 158.02 

iQUENCIES USED (1/CM) 

3090. 1634. 1525. 1331. 1192. 
1165. 1050. 682. 460. 325. 
268. 3070. 1606. 1517. 1402. 

1239. 993. 748. 489. 310. 
291. 802. 597. 374. 170. 
922. 820. 685. 570. 305. 

PRINCIPAL MOMENTS ... 241.875 424.738 666.612 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 150.074 

REFERENCE (S) 51 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-12 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF PENTAFLUORO BENZENE 

TEMP CP (H-H)/T (H-FJ/T S 

273.15 32.3 7 18.94 67.77 86.71 
298.15 34.29 20.15 69.48 89.63 
300.00 34.43 20.24 69.61 89.84 
350.00 37.94 22.52 72.90 95.42 
400.00 41.05 24.65 76.05 100.69 
450.00 43.80 26.62 79.07 105.69 
500.00 46.22 28.47 81.97 110.43 
550.00 48.34 30.18 84.76 114.94 
600.00 50.20 31.77 87.46 119.23 
650.00 51.83 33.25 90.06 123.31 
700.00 53.26 34.63 92.58 127.21 
750.00 54.52 35.92 95.01 130.93 
800.00 55.63 37.11 97.37 134.48 
850.00 56.61 38.23 99.65 137.88 
900.00 57.49 39.28 101.87 141.14 
950.00 58.27 40.26 104.02 144.27 
1000.00 58.96 41.18 106.10 147.28 
1100.00 60. 15 42.85 110.11 152.96 
1200.00 61.12 44.33 1 13.90 158.23 
1300.00 61.91 45.66 117.50 163.16 
1400.00 62.58 46.84 120.93 167.77 

FREQUENCIES USED (1/CM) 

3105. 1648. 1514. 1410. 1286. 
1075. 718. 578. 470. 325. 
272. 600. 391. 171. 838. 
697. 556. 300. 217. 200. 

1648. 1540. 1268. 1182. 1138. 
953. 688. 436. 304. 247. 

PRINCIPAL MOMENTS ... 343.112 491.808 834.921 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 168.064 

REFERENCE ( S ) ........ j>i, **o, o 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF HEXAFLUORO BENZENE 

TEMP CP (H-H) /T { H - F ) / T S 

2 7 3 . 1 5 3 5 . 5 3 21 .19 6 7 . 1 6 88 .34 
2 9 8 . 1 5 3 7 . 4 0 22 .47 69 .07 91 .54 
3 0 0 . 0 0 3 7 . 5 3 22 .56 69 .21 91 .77 
3 5 0 . 0 0 4 0 . 9 0 24 .95 72 .87 97 .81 
4 0 0 . 0 0 4 3 . 8 6 2 7 . 13 7 6 . 3 4 103.47 
4 5 0 . 0 0 4 6 . 4 8 2 9 . 14 7 9 . 6 5 108 .79 
500 .00 4 8 . 7 7 30 .99 8 2 . 8 2 113.81 
5 5 0 . 0 0 5 0 . 7 9 32 .70 8 5 . 8 6 118 .56 
6 0 0 . 0 0 5 2 . 5 5 3 4 . 2 8 88 .77 123 .05 
6 5 0 . 0 0 54 .08 35 .75 91 .57 127.32 
700 .00 5 5 . 4 2 37 .11 9 4 . 2 7 131.38 
750 .00 5 6 . 5 9 38 .37 9 6 . 8 8 135 .24 
8 0 0 . 0 0 57 .62 3 9 . 5 4 9 9 . 3 9 138 .93 
850 .00 58 .52 4 0 . 6 3 1 0 1 . 8 2 142 .45 
9 0 0 . 0 0 59 .31 4 1 . 6 5 1 0 4 . 1 7 145 .82 
950 .00 60 .01 42 .59 1 0 6 . 4 5 149 .04 

1000 .00 6 0 . 6 3 4 3 . 4 8 108 .66 152.14 
1100 .00 6 1 . 6 7 4 5 . 0 9 1 1 2 . 8 8 157.97 
1200 .00 62 .51 46 .51 1 1 6 . 8 6 163.37 
1300 .00 63 .18 4 7 . 7 6 1 2 0 . 6 4 168 .40 
1400 .00 6 3 . 7 3 4 8 . 8 9 124 .22 173 .10 

FREQUENCIES USED (1 /CM) 

1655 . 1655 . 1530 . 1530 . 1490 . 
1323 . 1 2 5 3 . 1157. 1157. 1006. 
1006 . 714 . 6 9 1 . 6 4 0 . 5 9 5 . 

5 9 5 . 5 5 9 . 4 4 3 . 4 4 3 . 3 7 2 . 
372 . 3 1 5 . 315 . 2 6 4 . 264 . 
2 4 9 . 2 1 5 . 2 0 8 . 1 3 3 . 1 3 3 . 

PRINCIPAL MOMENTS . . . 491 .971 492 .005 983 .976 

SYMMETRY NUMBER 12 . 

MOLECULAR WEIGHT . . . . 186 .054 

REFERENCE ( S ) 39. 50, 75 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-14 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF CHLOROPENTAFLUORO BENZENE 

TEMP CP (H-H) /T ( H - F ) / T S 

2 7 3 . 1 5 3 6 . 5 3 22 .06 72 .57 9 4 . 6 3 
2 9 8 . 1 5 38 .37 23 .35 74 .55 97 .90 
3 0 0 . 0 0 3 8 . 5 0 23 .44 7 4 . 7 0 9 8 . 14 
3 5 0 . 0 0 4 1 . 8 0 25 .84 7 8 . 4 9 104 .33 
4 0 0 . 0 0 4 4 . 70 28 .02 82 .09 110.11 
4 5 0 . 0 0 4 7 . 2 4 30 .02 85 .51 115.52 
5 0 0 . 0 0 4 9 . 4 7 31 .85 8 8 . 7 6 120 .62 
5 5 0 . 0 0 5 1 . 4 2 33 .54 9 1 . 8 8 125 .43 
6 0 0 . 0 0 5 3 . 1 2 35 .11 9 4 . 8 7 129.97 
6 5 0 . 0 0 54 .61 36 .55 9 7 . 7 4 134 .29 
7 0 0 . 0 0 5 5 . 9 0 37 .89 1 0 0 . 4 9 138.38 
7 5 0 . 0 0 5 7 . 0 3 3 9 . 13 1 0 3 . 1 5 142.28 
8 0 0 . 0 0 5 8 . 0 2 40 .28 105 .71 145 .99 
850 .00 5 8 . 8 8 4 1 . 3 5 108 .19 149 .53 
900 .00 5 9 . 6 5 42 .34 1 10.58 152 .92 
9 5 0 . 0 0 6 0 . 3 2 43 .27 112 .89 156.17 

1000 .00 60 .91 4 4 . 14 115 .14 159.27 
1100 .00 6 1 . 9 2 45 .71 119 .42 165 .13 
1200 .00 62 .71 4 7 . 1 0 123 .46 170 .55 
1300 .00 6 3 . 3 6 4 8 . 3 2 127 .27 175 .60 
1400.00 6 3 . 8 9 4 9 . 4 2 130 .90 180.31 

QUENCIES USED (1/CM) 

1643 . 1518 . 1448. 1300 . 1102. 
8 8 2 . 5 8 9 . 5 1 6 . 3 9 4 . 310 . 
277 . 6 0 0 . 3 9 7 . 116. 6 2 2 . 
5 5 0 . 3 5 7 . 217 . 178 . 116. 

1643 . 1518 . 1274 . 1153 . 9 8 6 . 
716 . 4 4 1 . 3 1 0 . 2 1 7 . 2 0 2 . 

PRINCIPAL MOMENTS . . . 1169.170 677 .518 491 .650 

SYMMETRY NUMBER 2 . 

MOLECULAR WEIGHT . . . . 202 .509 

REFERENCE(S) . . . . . . . . ^ ' ^ ' 5 9 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF BROMOPENTAFLUORO BENZENE 

TEMP CP ( H - H ) / T ( H - F ) / T S 

2 7 3 . 1 5 3 7 . 0 9 2 2 . 7 4 7 4 . 7 5 9 7 . 4 9 
2 9 8 . 1 5 3 8 . 8 9 2 4 . 0 2 7 6 . 8 0 1 0 0 . 8 2 
3 0 0 . 0 0 3 9 . 0 2 2 4 . 1 1 7 6 . 9 5 1 0 1 . 0 6 
3 5 0 . 0 0 4 2 . 2 5 2 6 . 4 8 8 0 . 8 4 1 0 7 . 3 2 
4 0 0 . 0 0 4 5 . 0 9 2 8 . 6 3 8 4 . 5 2 1 1 3 . 1 5 
4 5 0 . 0 0 4 7 . 5 9 3 0 . 6 0 8 8 . 0 1 . 1 1 8 . 6 1 
5 0 0 . 0 0 4 9 . 7 8 3 2 . 4 1 9 1 . 3 3 1 2 3 . 7 4 
5 5 0 . 0 0 5 1 . 7 0 3 4 . 0 8 9 4 . 5 0 1 2 8 . 5 8 
6 0 0 . 0 0 5 3 . 3 7 3 5 . 6 2 9 7 . 5 3 1 3 3 . 1 5 
6 5 0 . 0 0 5 4 . 8 3 3 7 . 0 4 1 0 0 . 4 4 1 3 7 . 4 8 
7 0 0 . 0 0 5 6 . 1 0 3 8 . 3 6 1 0 3 . 2 3 1 4 1 . 5 9 
7 5 0 . 0 0 5 7 . 2 1 3 9 . 5 8 1 0 5 . 9 2 1 4 5 . 5 0 
8 0 0 . 0 0 5 8 . 18 4 0 . 7 1 1 0 8 . 5 1 1 4 9 . 2 2 
8 5 0 . 0 0 5 9 . 0 3 4 1 . 7 7 1 1 1 . 0 1 1 5 2 . 7 8 
9 0 0 . 0 0 5 9 . 7 8 4 2 . 7 5 1 1 3 . 4 3 1 5 6 . 1 7 
9 5 0 . 0 0 6 0 . 4 4 4 3 . 6 6 1 1 5 . 7 6 1 5 9 . 4 2 

1 0 0 0 . 0 0 6 1 . 0 3 4 4 . 5 1 1 1 8 . 0 2 1 6 2 . 5 4 
1 1 0 0 . 0 0 6 2 . 0 1 4 6 . 0 6 1 2 2 . 3 4 1 6 8 . 4 0 
1 2 0 0 . 0 0 6 2 . 8 0 4 7 . 4 3 1 2 6 . 4 1 1 7 3 . 8 3 
1 3 0 0 . 0 0 6 3 . 4 4 4 8 . 6 3 1 3 0 . 2 5 1 7 8 . 8 9 
1 4 0 0 . 0 0 6 3 . 9 5 4 9 . 7 1 1 3 3 . 9 0 1 8 3 . 6 1 

FREQUENCIES USED ( l / C M ) 

1 6 3 9 . 
8 3 4 . 
2 3 9 . 
5 5 0 . 

1 6 3 9 . 
7 1 4 . 

1 5 1 5 . 
5 8 3 . 
6 0 0 . 
3 5 0 . 

1 5 1 5 . 
4 4 0 . 

1 4 2 6 . 
4 9 6 . 
3 7 8 . 
2 1 7 . 

1 2 6 8 . 
3 1 0 . 

1291 , 
360 , 
114, 
156. 

1154. 
217 . 

1093. 
280, 
618. 
114. 
976 . 
151. 

PR INCIPAL MOMENTS . 

SYMMETRY NUMBER . . . . 

MOLECULAR WEIGHT . . 

R E F E R E N C E ( S ) 

1 5 2 0 . 7 2 0 1 0 2 9 . 0 7 0 

2 . 

2 4 6 . 9 6 5 

48, 49. 59 

4 9 1 . 6 5 0 

UNITS ARE IN C A L / D E G K E L V I N MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-16 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF IODOPENTAFLUORO BENZENE 

TEMP CP (H-H) /T ( H - F ) / T S 

2 7 3 . 1 5 3 7 . 3 7 2 3 . 1 3 76 .46 9 9 . 5 9 
2 9 8 . 1 5 3 9 . 15 24 .40 7 8 . 5 4 102 .94 
3 0 0 . 0 0 3 9 . 2 8 24 .49 7 8 . 6 9 103.19 
3 5 0 . 0 0 4 2 . 4 8 26 .84 8 2 . 6 5 109 .49 
4 0 0 . 0 0 4 5 . 30 28 .97 86 .37 115 .35 
4 5 0 . 0 0 4 7 . 7 7 3 0 . 9 3 8 9 . 9 0 120 .83 
5 0 0 . 0 0 4 9 . 9 5 32 .72 9 3 . 2 5 125.98 
550 .00 5 1 . 8 5 34 .38 9 6 . 4 5 130 .83 
6 0 0 . 0 0 53.51 35 .91 99 .51 135.41 
6 5 0 . 0 0 54 .96 3 7 . 3 2 102 .44 139.76 
7 0 0 . 0 0 5 6 . 2 2 38 .62 1 0 5 . 2 5 143.88 
7 5 0 . 0 0 5 7 . 32 3 9 . 8 3 1 0 7 . 9 6 147 .79 
8 0 0 . 0 0 58 .28 4 0 . 9 6 1 1 0 . 5 7 151.52 
850 .00 5 9 . 12 4 2 . 0 0 113 .08 155 .08 
9 0 0 . 0 0 59 .87 4 2 . 9 7 115 .51 158 .48 
950 .00 6 0 . 5 2 4 3 . 8 8 1 1 7 . 8 6 161 .74 

1000.00 6 1 . 1 0 4 4 . 7 3 120 .13 164.86 
1100 .00 6 2 . 0 7 4 6 . 2 6 124 .47 170 .73 
1200 .00 6 2 . 8 5 47 .61 1 2 8 . 5 5 176.16 
1300 .00 6 3 . 4 8 48 .81 132 .41 181.22 
1400 .00 6 4 . 0 0 49 .88 136 .07 185.94 

FREQUENCIES USED ( l / C M ) 

1633 . 1507 . 1406 . 1296. 1083 . 
8 0 5 . 5 8 1 . 4 8 9 . 3 4 9 . 2 7 8 . 
204 . 6 0 0 . 3 8 1 . 110 . 6 0 0 . 
5 5 0 . 3 4 9 . 217 . 133 . 114. 

1633 . 1517 . 1263 . 1149. 977 . 
7 1 4 . 4 3 8 . 3 1 1 . 2 1 5 . 129 . 

PRINCIPAL MOMENTS . . . 1870.300 1378.640 491 .650 

SYMMETRY NUMBER 2 . 

MOLECULAR WEIGHT . . . . 293 .960 

REFERENCE { S ) l*8' ^ ' 59 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-l 7 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- CHLOROFLUORO BENZENE 

TEMP CP (H-H)/T (H-FJ/T S 

273.15 24.52 14.51 63.99 78.51 
298.15 26.46 15.43 65. 30 80.74 
300.00 26.60 15.50 65.40 80.90 
350.00 30.27 17.35 67.93 85.28 
400.00 3 3.61 19.18 70.37 89.54 
450.00 36.61 20.95 72.73 93.68 
500.00 39.28 22.65 75.02 97.68 
550.00 41.63 24.27 77.26 101.53 
600.00 43.72 25.81 79.44 105.25 
650.00 45.57 27.26 81.56 108.82 
700.00 47.22 28.63 83.63 112.26 
750.00 48.70 29.92 85.65 115.57 
800.00 50.03 31.13 87.62 118.76 
850.00 51.23 32.28 89.54 121.83 
900.00 52.33 33.36 91.42 124.79 
950.00 53.32 34.39 93.25 127.64 

1000.00 54.23 35.36 95.04 130.40 
1100.00 55.82 37.15 98.50 135.64 
1200.00 57. 16 38.76 101.80 140.56 
1300.00 58.30 40.22 104.96 145.18 
1400.00 59.28 41.55 107.99 149.54 

FREQUENCIES USED (1/CM) 

231. 375. 497. 552. 684. 
826. 1030. 1068. 1130. 1157. 

1237. 1264. 1287. 1450. 1481. 
1589. 1597. 3025. 3066. 3083. 
3155. 167. 269. 443. 535. 
703. 750. 795. 850. 935. 

PRINCIPAL MOMENTS ... 500.831 326.156 174.675 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 130.550 

REFERENCE ( S) . 57 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-18 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3- CHLOROFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 24.44 14.58 64.22 78.80 
298.15 26.30 15.48 65.54 81.02 
300.00 26.44 15.55 65.63 8 . 1 . 1 8 
350.00 30.01 17.36 68.16 85.53 
400.00 33.31 19.15 70.60 89.75 
450.00 36.29 20.89 72.96 93.85 
500.00 38.96 22.57 75.25 97.82 
550.00 41 .33 24.17 77.47 101.64 
600.00 43.43 25.69 79.64 105.33 
650.00 45.30 27. 13 81.76 108.88 
700.00 46.97 28.49 83.82 112.30 
750.00 48.46 29.77 85.83 115.59 
800.00 49.81 30.98 87.79 118.77 
850.00 51.03 32.12 89.70 121.82 
900.00 52.13 33.21 91.57 124.77 
950.00 53. 14 34.23 93.39 127.62 
1000.00 54.06 35.20 95.17 130.37 
1100.00 55.67 36.99 98.61 135.60 
1200.00 57.03 38.60 101.90 140.50 
1300.00 58.19 40.07 105.05 145.11 
1400.00 59.18 41.40 108.07 149.46 

FREQUENCIES USED ll/CM) 
245. 408. 517. 691. 892. 

1007. 1061. 108L. 1128. 1157. 
1228. 1264. 1292. 1435. 1478. 
1596. 3030. 3082. 3189. 191. 
245. 382. 443. 489. 673. 
774. 862. 990. 1600. 3082. 

PRINCIPAL MOMENTS ... 147.575 429.661 577.312 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 130.550 

REFERENCE ( S ) 1 7 . ^3 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-l 9 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-4- CHLOROFLUORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 23. 17 13.33 61.46 74.78 
298.15 25. 19 14.24 62.66 76.90 
300.00 25.34 14.31 62.75 77.06 
350.00 29. 17 16. 16 65.10 81.25 
400.00 32.67 18.01 67.37 85.38 
450.00 35.80 19.81 69.60 89.42 
500.00 38.57 21.56 71.78 93.33 
550.00 41.02 23.22 73.91 97. 13 
600.00 43. 18 24.79 76.00 100.79 
650.00 45.09 26.28 78.04 104.32 
700.00 46.78 27.69 80.04 107.73 
750.00 48. 30 29.01 82.00 111.01 
800.00 49.66 30.26 83.91 114.17 
850.00 50.89 31.44 85.78 117.22 
900.00 52.01 32.55 87.61 120.16 
950.00 53.02 33.60 89.40 123.00 
1000.00 53.95 34.60 91.15 125.74 
1100.00 55.57 36.43 94.53 130.96 
1200.00 56.94 38.08 97.77 135.86 
1300.00 58.10 39.58 100.88 140.46 
1400.00 59.09 40.94 103.87 144.81 

FREQUENCIES USED (1/CM) 

376. 680. 815. 1017. 1096. 
1153. 1246. 1490. 1592. 3076. 
3184. 336. 419. 630. 1123. 
1270. 1287. 1402. 1592. 3101. 
3152. 267. 498. 691. 750. 
830. 936. 368. 839. 868. 

PRINCIPAL MOMENTS ... 620.633 531.762 88.871 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 130.550 

REFERENCE IS) ........ 104 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-20 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1 - 2 - BROMOFLUOROBENZENE 

TEMP CP (H-H) /T (H-F )/T S 

273 .15 2 5 . 3 0 15 .06 6 6 . 2 3 81 .28 
2 9 8 . 1 5 27 .28 16 .00 6 7 . 5 9 83 .59 
3 0 0 . 0 0 2 7 . 4 3 16 .07 6 7 . 6 8 83 .75 
3 5 0 . 0 0 31 .21 17 .97 7 0 . 3 0 88 .27 
4 0 0 . 0 0 3 4 . 6 8 19 .84 7 2 . 8 3 9 2 . 6 7 
4 5 0 . 0 0 3 7 . 7 9 21 .67 75 .27 9 6 . 9 4 
500 .00 4 0 . 54 23 .42 7 7 . 6 4 101 .06 
5 5 0 . 0 0 4 2 . 9 7 2 5 . 0 9 7 9 . 9 5 105 .04 
6 0 0 . 0 0 4 5 . 10 2 6 . 6 7 82 .21 108.88 
6 5 0 . 0 0 4 6 . 9 8 2 8 . 16 84 .40 112.56 
700 .00 4 8 . 6 4 2 9 . 5 7 86 .54 116.10 
7 5 0 . 0 0 5 0 . 11 30 .89 8 8 . 6 2 119.51 
800 .00 5 1 . 4 3 3 2 . 1 3 9 0 . 6 6 122 .79 
850 .00 52 .61 3 3 . 3 0 9 2 . 6 4 125 .94 
9 0 0 . 0 0 5 3 . 6 7 34 .40 9 4 . 5 8 128 .98 
9 5 0 . 0 0 5 4 . 6 2 35 .44 9 6 . 4 6 131.91 

1000.00 5 5 . 4 9 36 .42 98 .31 134 .73 
1100 .00 5 7 . 00 3 8 . 2 3 101 .87 140 .09 
1200.00 5 8 . 2 5 39 .85 105 .26 145.11 
1300.00 59 .31 4 1 . 3 0 108.51 149.81 
1400.00 6 0 . 2 0 42 .62 111 .62 154.24 

FREQUENCIES USED (1/CM) 

157. 189 . 2 6 2 . 2 9 8 . 4 3 7 . 
4 7 1 . 5 3 0 . 5 4 6 . 6 5 3 . 6 9 5 . 
7 5 1 . 7 9 1 . 8 2 1 . 8 5 0 . 9 3 7 . 

1025 . 1049 . 1115 . 1156 . 1233 . 
1 2 6 1 . 1 2 8 5 . 1446. 1479 . 1579. 
1591 . 1 0 2 0 . 3065 . 3 0 8 5 . 3 1 7 4 . 

PRINCIPAL MOMENTS . . . 695 .490 512 .650 180.840 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT . . . . 175 .005 

REFERENCE ( S ) 71 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-21 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- FLUORO IODOBENZENE 

TEMP CP (H-H)/T (H-FJ/T S 

273.15 25. 32 15.36 67.94 83. 30 
298.15 27. 19 16.28 69.32 85.60 
300.00 27.33 16.34 69.42 85.76 
350.00 30.90 18. 17 72.08 90.25 
400.00 34.17 19.97 74.62 94.59 
450.00 37. 11 21.71 77.08 98. 79 
500.00 39.72 23.39 79.45 102.84 
550.00 42.03 24.98 81.76 106.73 
600.00 44.07 26.49 83.99 110.48 
650.00 45.89 27.91 86. 17 114.08 
700.00 47.51 29.25 88.29 117.54 
750.00 48,96 30.52 90.35 120.87 
800.00 50.26 31.71 92.36 124.07 
850.00 51.45 32.84 94.32 127.15 
900.00 52.52 33.90 96.22 130.13 
950.00 53.50 34.91 98.08 132.99 

1000.00 54.39 35.86 99.90 135.76 
1100.00 55.96 37.62 103.40 141.02 
1200.00 57.28 39.20 106.74 145.95 
1300.00 58.41 40.64 109.94 150.58 
1400.00 59.37 41.94 113.00 154.94 

FREQUENCIES USED (1/CM) 

144. 166. 252. 252. 434. 
460. 527. 541. 640. 694. 
752. 781. 819. 849. 937. 

1020. 1040. 1110. 1156. 1231. 
1259. 1279. 1443. 1472. 1581. 
1581. 3021. 3072. 3072. 3164. 

PRINCIPAL MOMENTS ... 873.570 692.040 181.530 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 222.000 

REFERENCE ( S ) 71 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-22 



134 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- BROMOCHLOROBENZENE 

TEMP CP (H-H)/T IH-FJ/T S 

273.15 26.97 16.14 67.99 84. 14 
298.15 28.85 17.13 69.45 86.58 
300.00 28.99 17.20 69.56 86.76 
350.00 32.51 19. 14 72.35 91.50 
400.00 35.68 21.01 75.03 96.05 
450.00 38.50 22.80 77.61 100.42 
500.00 40.99 24.50 80. 10 104.60 
550.00 43.18 26.10 82.52 108.62 
600.00 45. 12 27.61 84.85 112.46 
650.00 46.84 29.02 87. 12 116.14 
700.00 48.37 30.35 89.32 119.67 
750.00 49. 75 31.60 91.45 123.05 
800.00 50.99 32.77 93.53 126.30 
850.00 52. 11 33.88 95.55 129.43 
900.00 53. 13 34.92 97.52 132.44 
950.00 54. 06 35.90 99.43 135.33 

1000.00 54.91 36.83 101.30 138.13 
1100.00 56.41 38.54 104.89 143.43 
1200.00 57.67 40.09 108.31 148.40 
1300.00 58.75 41.48 111.58 153.06 
1400.00 59.68 42.75 114.70 157.45 

FREQUENCIES USED (1/CM) 

142. 165. 231. 281. 436. 
461. 522. 386. 441. 688. 
746. 807. 719. 856. 945. 

1036. 1021. 1122. 1161. 645. 
1252. 1269. 1434. 1455. 1570. 
1570. 2990. 3064. 3064. 3138. 

PRINCIPAL MOMENTS ... 808.790 513.500 295.290 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 191.460 

REFERENCE ( S ) ........ 71 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-23 



135 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- DICHLORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 27.14 16.07 65.59 81.66 
300.00 27.27 16.13 65.69 81.83 
350.00 30. 86 17.99 68.32 86.30 
400.00 34.14 19.80 70.84 90.64 
450.00 37.08 21.56 73.27 94.84 
500.00 39.70 23.25 75.63 98.88 
550.00 42.02 24.85 77.93 102.78 
600.00 44.07 26.37 80.15 106.52 
650.00 45.89 27.80 82.32 110. 12 
700.00 47.52 29.15 84.43 113.58 
750.00 48.97 30.43 86.49 116.91 
800.00 50.28 31.63 88.49 120.12 
850.00 51.47 32.76 90.44 123.20 
900.00 52.54 33.83 92.34 126.17 
950.00 53.52 34.84 94.20 129.04 

1000.00 54.42 35.80 96.01 131.81 
1100.00 55.99 37.56 99.51 137.07 
1200.00 57.31 39.16 102.85 142.00 
1300.00 58.44 40.60 106.04 146.63 
1400.00 59.40 41.91 109.10 151.00 
1500.00 60.23 43.10 I 12.03 155. 13 

FREQUENCIES USED (1/CM) 

3070. 1575. 1468. 1276. 1162. 
1130. 1041. 660. 480. 203. 
3070. 3070. 3070. 1575. 1438. 
1252. 1130. 1038. 740. 429. 
334. 975. 850. 685. 504. 
154. 934. 748. 435. 241. 

PRINCIPAL MOMENTS ... 612.330 355.870 256.460 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 147.004 

REFERENCE ( S ) 39, 65 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-24 



1 3 6 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3- DICHLORO BENZENE 

TEMP CP (H-HJ/T iH-F)/T S 

298.15 27.21 16. 13 65.95 82.07 
300.00 27.34 16.20 66.05 82.24 
350.00 30.92 18.05 68.68 86.73 
400.00 34.20 19.86 71.21 91.08 
450.00 37.14 21.62 73.65 95.28 
500.00 39. 75 23.31 76.02 99.33 
550.00 42.06 24.91 78.32 103.23 
600.00 44. 11 26.43 80.55 106.98 
650.00 45.93 27.86 82.72 110.58 
700.00 47.55 29.21 84.84 114.04 
750.00 49.00 30.48 86.90 117.38 
800.00 50.30 31.68 88.90 120.58 
850.00 51.48 32.81 90.86 123.67 
900.00 52.56 33.88 92.76 126.64 
950.00 53.53 34.89 94.62 129.51 

1000.00 54.42 35.84 96.44 132.28 
1100.00 55.99 37.60 99.94 137.54 
1200.00 57.31 39. 19 103.28 142.47 
1300.00 58.44 40.63 106.47 147.10 
1400.00 59.40 41.94 109.53 151.47 
1500.00 60.22 43.13 112.47 155.60 

FREQUENCIES USED (1/CM) 

3074. 3074. 3074. 1576. 1411. 
1124. 1068. 999. 663. 399. 
198. 3095. 1576. 1464. 1330. 

1258. 1161. 1079. 784. 430. 
364. 891. 531. 212. 966. 
869. 775. 674. 428. 176. 

PRINCIPAL MOMENTS ... 762.070 585.510 176.560 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 147.004 

REFERENCE(S) ........ 3 9 . 62 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-25 



137 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-4- DICHLORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 27.22 16.12 64.34 80.46 
300.00 27.36 16.19 64.44 80.62 
350.00 30.95 18.04 67.07 85.12 
400.00 34.24 19.87 69.60 89.47 
450.00 37.18 21.63 72.04 93.67 
500.00 39. 80 23.32 74.41 97.73 
550.00 42. 12 24.92 76.71 101.63 
600.00 44. 16 26.44 78.94 105.39 
650.00 45.98 27.88 81.12 108.99 
700.00 47.59 29.23 83.23 112.46 
750.00 49.04 30.50 85.29 115.80 
800.00 50.35 31.70 87.30 119.00 
850.00 51.53 32.84 89.26 122.09 
900.00 52.60 33.90 91.16 125.07 
950.00 53.57 34.91 93.02 127.94 
1000.00 54.46 35.87 94.84 130.71 
1100.00 56.02 37.63 98.34 135.97 
1200.00 57.34 39.22 101.69 140.91 
1300.00 58.46 40.66 104.88 145.54 
1400.00 59.42 41.97 107.94 149.91 
1500.00 60.24 43.16 110.88 154.04 

FREQUENCIES USED (1/CM) 

3070. 1574. 1169. 1096. 747. 
328. 3065. 1574. 1290. 626. 
350. 3090. 1477. 1090. 1015. 
550. 3090. 1394. 1221. 1107. 
226. 815. 934. 687. 298. 
951. 407. 819. 485. 125. 

PRINCIPAL MOMENTS ... 88.640 751.120 839.770 

SYMMETRY NUMBER 4. 

MOLECULAR WEIGHT .... 147.004 

REFERENCE ( S ) 39. 62 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-26 



1 3 8 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3-5- TRICHLORO BENZENE 

TEMP CP (H-HJ/T (H-FJ/T S 

298.15 30.80 18.54 68.10 86.64 
300.00 30.93 18.61 68.22 86.83 
350.00 34.43 20.62 71.24 91.86 
400.00 37.58 22.55 74.12 96.67 
450.00 40.38 24.38 76.88 101.26 
500.00 42.85 26.11 79.54 105.65 
550.00 45.02 27.73 82.11 109.84 
600.00 46.94 29.25 84.59 113.84 
650.00 48.62 30.68 86.98 117.66 
700.00 50.12 32.01 89.31 121.32 
750.00 51.45 33.27 91.56 124.82 
800.00 52.64 34.44 93.74 128.18 
850.00 53.71 35.54 95.87 131.41 
900.00 54.67 36.58 97.93 134.51 
950.00 55.55 37.55 99.93 137.49 
1000.00 56.34 38.47 101.88 140.35 
1100.00 57.72 40.16 105.63 145.79 
1200.00 58.88 41.68 109.19 150.86 
1300.00 59.85 43.04 112.58 155.62 
1400.00 60.68 44.27 115.81 160.08 
1500.00 61.39 45.39 1 18.91 164.29 

FREQUENCIES USED (1/CM) 

853. 662. 148. 869. 869. 
530. 530. 215. 215. 3084. 

1149. 997. 379. 1373. 1249. 
474. 3089. 3089. 1570. 1570. 
1420. 1420. 1098. 1098. 816. 
816. 429. 429. 191. 191. 

PRINCIPAL MOMENTS ... 1177.600 588.810 588.790 

SYMMETRY NUMBER 6. 

MOLECULAR WEIGHT .... 181.449 

REFERENCE(S) 82 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-27 



139 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-4- TRICHLORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 30.88 18.58 71.36 89.94 
300.00 31.02 18.66 71.47 90.13 
350.00 34.52 20.68 74.50 95. 18 
400.00 37.68 22.61 77.39 100.00 
450.00 40.48 24.44 80.16 104.60 
500.00 42.96 26.17 82.82 109.00 
550.00 45. 13 27.80 85.39 113.19 
600.00 47.04 29.32 87.88 117.20 
650.00 48.72 30.75 90.28 121.04 
700.00 50.21 32.09 92.61 124.70 
750.00 51.54 33.34 94.87 128.21 
800.00 52.72 34.52 97.06 131.58 
850.00 53.79 35.62 99. 19 134.81 
900.00 54.75 36.66 101.25 137.91 
950.00 55.62 37.63 103.26 140.89 
1000.00 56.41 38.55 105.21 143.77 
1100.00 57.78 40.24 108.97 149.21 
1200.00 58.93 41.75 112.54 154.29 
1300.00 59.90 43.11 115.93 159.04 
1400.00 60.73 44.34 119.17 163.51 
1500.00 61.44 45.46 122.2 7 167.73 

FREQUENCIES USED (1/CM) 

3094. 3072. 1570. 1562. 1461. 
1371. 1264. 1247. 1156. 1131. 
1096. 1036. 816. 677. 575. 
459. 398. 328. 211. 197. 
942. 869. 811. 688. 550. 
435. 305. 183. 117. 3072. 

PRINCIPAL MOMENTS ... 1117.970 850.220 267.750 

SYMMETRY NUMBER 1. 

MOLECULAR WEIGHT .... 181.449 

REFERENCE(S) 62 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-28 



140 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1 - 2 - 3 - TRICHLORO BENZENE 

TEMP CP (H-H) /T ( H - F ) / T S 

2 9 8 . 1 5 3 0 . 7 7 18 .57 6 9 . 9 0 88 .47 
3 0 0 . 0 0 30 .91 18 .64 7 0 . 0 2 8 8 . 6 6 
3 5 0 . 0 0 3 4 . 4 2 2 0 . 6 5 73 .04 9 3 . 6 9 
4 0 0 . 0 0 3 7 . 5 9 22 .57 7 5 . 9 3 9 8 . 5 0 
4 5 0 . 0 0 40 .41 24 .40 78 .69 103 .09 
5 0 0 . 0 0 4 2 . 8 9 2 6 . 1 3 8 1 . 3 5 107 .48 
5 5 0 . 0 0 4 5 . 0 7 2 7 . 7 5 8 3 . 9 2 111 .67 
6 0 0 . 0 0 4 6 . 9 9 29 .28 8 6 . 4 0 115 .68 
6 5 0 . 0 0 4 8 . 6 8 30 .71 8 8 . 8 0 119 .51 
7 0 0 . 0 0 5 0 . 18 3 2 . 0 4 9 1 . 1 3 123 .17 
7 5 0 . 0 0 51 .51 33 .30 93 .38 126.68 
8 0 0 . 0 0 5 2 . 70 34 .47 9 5 . 5 7 130.04 
8 5 0 . 0 0 5 3 . 7 7 35 .58 9 7 . 6 9 133 .27 
9 0 0 . 0 0 5 4 . 7 3 36 .62 9 9 . 7 5 136 .37 
9 5 0 . 0 0 55 .61 37 .59 101 .76 139.35 

1000 .00 5 6 . 4 0 38.51 103.71 142 .23 
1100 .00 5 7 . 7 8 4 0 . 2 0 1 0 7 . 4 6 147 .67 
1200 .00 5 8 . 9 3 4 1 . 7 2 1 1 1 . 0 3 152.75 
1300 .00 59 .90 43 .08 114 .42 157 .50 
1400.00 6 0 . 7 3 4 4 . 3 1 1 1 7 . 6 6 161.97 
1500 .00 6 1 . 4 4 4 5 . 4 3 1 2 0 . 7 6 166 .19 

FREQUENCIES USED (1/CM) 

3 0 7 2 . 
1050 . 
3072 . 
791. 
524 . 
500 . 

1566. 
7 3 8 . 

1566 . 
4 9 2 . 
2 1 2 . 
2 4 2 . 

1416. 
516. 

1436. 
400, 
963. 

90 . 

1161. 
352. 

1261. 
212. 
773. 

3060. 

1088. 
212. 

1192. 
896. 
697, 

1156. 

PRINCIPAL MOMENTS 

SYMMETRY NUMBER . . 

MOLECULAR WEIGHT , 

REFERENCE(S ) . . . . . 

929 .010 

2 . 

181 .449 

62 

592.080 336 .920 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-29 



141 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-3-5- TETRACHLORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 34.60 21.20 74.30 95.50 
300.00 34.73 21.28 74.43 95.72 
350.00 38. 15 23.45 77.88 101.33 
400.00 41. 18 25.49 81.14 106.63 
450.00 43.85 27.38 84.26 111.64 
500.00 46. 18 29.15 87.23 116.38 
550.00 48.21 30.79 90.09 120.88 
600.00 49.98 32.32 92.84 125.15 
650.00 51.53 33.74 95.48 129.22 
700.00 52.89 35.06 98.03 133.09 
750.00 54.09 36.29 100.49 136.78 
800.00 55.16 37.43 102.87 140.30 
850.00 56. 11 38.51 105.17 143.68 
900.00 56.96 39.51 107.40 146.91 
950.00 57.72 40.45 109.56 150.01 
1000.00 58.40 41.33 111.66 152.99 
1100.00 59.59 42.93 1 15.67 158.61 
1200.00 60.56 44.36 • 119.47 163.84 
1300.00 61.38 45.64 123.08 168.72 
1400.00 62.07 46.79 126.50 173.29 
1500.00 62.65 47.83 129.77 177.60 

FREQUENCIES USED (1/CM) 

3075. 1564. 1407. 1170. 1128. 
1048. 835. 597. 381. 326. 
206. 3076. 1546. 1377. 1250. 

1191. 810. 521. 431. 215. 
192. 871. 520. 215. 859. 
692. 560. 313. 147. 80. 

PRINCIPAL MOMENTS ... 1477.170 881.080 596.090 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 215.894 

REFERENCE ( S ) 62, 66 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER - 3 0 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-4-5- TETRACHLORO BENZENE 

TEMP CP (H-HJ/T (H-FJ/T S 
298.15 34.61 21.18 72.84 94.03 
300.00 34. 74 21.27 72.98 94.24 
350.00 38. 17 23.44 76.42 99.86 
400.00 41.20 25.48 79.68 105.16 
450.00 43.86 27.37 82.79 110.17 
500.00 46.19 29.14 85.77 114.91 
550.00 48.22 30.79 88.63 119.41 
600.00 49.99 32.31 91.37 123.69 
650.00 51.53 33.73 94.02 127.75 
700.00 52.89 35.06 96.56 131.62 
750.00 54.09 36.29 99.02 135.31 
800.00 55.16 37.43 101.40 138.84 
850.00 56.10 38.50 103.71 142.21 
900.00 56.95 39.50 105.94 145.44 
950.00 57.71 40.44 108.10 148.54 

1000.00 58.40 41.32 110.19 151.52 
1100.00 59.58 42.93 114.21 157.14 
1200.00 60.56 44.36 1 18.01 162.37 
1300.00 61.38 45.64 121.61 167.25 
1400.00 62.06 46.79 125.03 171.82 
1500.00 62.65 47.83 128.30 176.13 

FREQUENCIES USED (1/CM) 
3070. 1549. 1165. 684. 352. 
190. 1566. 1240. 868. 511. 
312. 3094. 1327. 1063. 510. 
218. 1448. 1226. 1118. 645. 
209. 348. 860. 681. 225. 
600. 80. 878. 442. 140. 

PRINCIPAL MOMENTS ... 1531.970 1088.370 433.600 
SYMMETRY NUMBER 4. 
MOLECULAR WEIGHT .... 215.894 
REFERENCE ( S ) 62, 66 
UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-31 



1 4 3 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2-3-4- TETRACHLORO BENZENE 

TEMP CP (H-HJ/T (H-FJ/T S 
298.15 34.46 21.07 73.84 94.91 
300.00 34.59 21.15 73.97 95. 12 
350.00 38.03 23.32 77.40 100.72 
400.00 41.08 25.36 80.65 106.00 
450.00 43.76 27.26 83.74 111.00 
500.00 46.10 29.03 86.71 115.73 
550.00 48. 13 30.67 89.55 120.22 
600.00 49.91 32.20 92.29 124.49 
650.00 51.47 33.63 94.92 128.55 
700.00 52.84 34.95 97.46 132.41 
750.00 54.05 36.18 99.92 136.10 
800.00 55. 11 37.34 102.29 139.62 
850.00 56.07 38.41 104.58 142.99 
900.00 56.92 39.41 106.81 146.22 
950.00 57.68 40.36 108.97 149.32 

1000.00 58.37 41.24 111.06 152.30 
1100.00 59.56 42.85 115.07 157.92 
1200.00 60.54 44.29 118.86 163.15 
1300.00 61.36 45.57 122.45 168.03 
1400.00 62.06 46.72 125.87 172.60 
1500.00 62.64 47.77 129.13 176.90 

FREQUENCIES USED (i/CM) 
3068. 
1130. 
209. 

1075. 
209. 
808. 

1557. 
834. 

3074. 
775. 
940. 
557. 

1368. 
515. 

1557. 
607, 
706. 
240, 

1247. 
332. 

1428. 
482. 
530. 
116. 

1175. 
223. 
1168. 
356. 
307. 
89. 

PRINCIPAL MOMENTS ... 1367.540 
SYMMETRY NUMBER 2. 
MOLECULAR WEIGHT .... 215.894 
REFERENCE ( S ) 6 2 

933.790 433.750 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-32 



144 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF PENTACHLORO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 38.24 23.74 77.91 101.65 
300.00 38.37 23.83 78.06 101.89 
350.00 41.71 26.15 81.91 108.06 
400.00 44.62 28.28 85.54 113.82 
450.00 47. 15 30.24 88.99 119.23 
500.00 49.34 32.04 92.2 7 124.31 
550.00 51.23 33.70 95.40 129.11 
600.00 52.87 35.23 98.40 133.64 
650.00 54.29 36.65 101.28 137.93 
700.00 55.53 37.95 104.04 141.99 
750.00 56.60 39.16 106.70 145.86 
800.00 57.55 40.28 109.27 149.55 
850.00 58.39 41.32 111.74 153.06 
900.00 59. 13 42.29 114.13 156.42 
950.00 59.78 43.19 116.44 159.64 
1000.00 60.37 44.04 118.68 162.72 
1100.00 61.36 45.57 122.95 168.52 
1200.00 62. 17 46.92 126.97 173.89 
1300.00 62.84 48.12 130.78 178.90 
1400.00 63.39 49.19 134.38 183.58 
1500.00 63.86 50.16 137.81 187.97 

FREQUENCIES USED (1/CM) 

3065. 1523. 1338. 1198. 1086. 
823. 562. 387. 344. 215. 
200. 1554. 1399. 1235. 1166. 
868. 683. 556. 320. 225. 
215. 597. 343. 80. 863. 
701. 526. 270. 147. 95. 

PRINCIPAL MOMENTS ... 1826.350 1105.960 720.340 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 250.339 

REFERENCE (S) 62, 66 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-33 



1 4 5 

IDEAL GAS THERMODYNAMIC FUNCTIONS OF HEXACHLORO BENZENE 

TEMP CP IH-H)/T (H-FJ/T S 

298.15 41.90 26.26 77.88 104.13 
300.00 42.03 26.35 78.04 104.39 
350.00 45.28 28.83 82.29 111.12 
400.00 48.07 31.07 86.29 117.36 
450.00 50.47 33.09 90.07 123.16 
500.00 52.52 34.94 93.65 128.59 
550.00 54.28 36.62 97.06 133.68 
600.00 55.78 38.15 100.31 138.47 
650.00 57.07 39.56 103.42 142.98 
700.00 58.18 40.85 106.40 147.25 
750.00 59. 13 42.04 109.26 151.30 
800.00 59.96 43.13 112.01 155.14 
850.00 60.68 44.14 114.66 158.80 
900.00 61.31 45.08 1 17.21 162.29 
950.00 61.86 45.95 119.67 165.62 
1000.00 62.34 46.76 122.05 168.80 
1100.00 63. 15 48.21 126.57 174.78 
1200.00 63.79 49.48 130.82 180.31 
1300.00 64.30 50.61 134.83 185.43 
1400.00 64.72 51.60 138.62 190.22 
1500.00 65.06 52.49 142.21 194.69 

FREQUENCIES USED (1/CM) 

1210. 
1224. 
219. 
594. 
219. 
594. 

372. 
230. 
1350. 

80. 
1350. 

80. 

1108. 
1512. 
699. 
1512. 
699. 
209. 

369. 
870. 
218. 
870. 
218. 
704. 

630. 
323. 
340. 
32 3. 
340, 
97. 

PRINCIPAL MOMENTS 

SYMMETRY NUMBER .. 

MOLECULAR WEIGHT , 

REFERENCE(S) ..... 

2225.240 1118.180 1107.060 

12. 

284.784 
62, 66 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-2- DIBROMO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 27.99 16.92 69.51 86.43 
300.00 28.13 16.99 69.61 86.61 
350.00 31.60 18.83 72.37 91.21 
400.00 34.79 20.63 75.01 95.64 
450.00 37.67 22.37 77.54 99.90 
500.00 40.22 24.03 79.98 104.01 
550.00 42.48 25.61 82.34 107.95 
600.00 44.49 27.10 84.64 111.73 
650.00 46.27 28.50 86.86 115.37 
700.00 47.86 29.83 89.02 118.85 
750.00 49.28 31.08 91.12 122.21 
800.00 50.56 32.26 93.17 125.43 
850.00 51.72 33.37 95.16 128.53 
900.00 52.78 34.42 97.10 131.51 
950.00 53.73 35.41 98.98 134.39 
1000.00 54.61 36.35 100.82 137.17 
1100.00 56.15 38.08 104.37 142.45 
1200.00 57.45 39.64 107.75 147.40 
1300.00 58.56 41.06 110.98 152.04 
1400.00 59.51 42.34 114.07 156.41 
1500.00 60.32 43.51 117.03 160.55 

FREQUENCIES USED (1/CM) 

3082. 3082. 3062. 3062. 1568. 
1560. 1445. 1429. 1267. 1255. 
1161. 1108. 1074. 1035. 1013. 
983. 943. 852. 748. 703. 
660. 643. 531. 434. 374. 
316. 257. 220. 200. 134. 

PRINCIPAL MOMENTS ... 1031.430 517.480 513.950 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 235.916 

REFERENCE(S) ........ 5$, 6? 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3- DI8ROMO BENZENE 

TEMP CP (H-HJ/T (H-F)/T S 

298.15 28.04 17.15 70.54 87.69 
300.00 28. 17 17.21 70.65 87.86 
350.00 31.59 19.03 73.44 92.46 
400.00 34.76 20.80 76.09 96.89 
450.00 37.61 22.51 78.64 101.15 
500.00 40.16 24. 15 81.10 105.25 
550.00 42.42 25.71 83.48 109.19 
600.00 44.42 27.19 85.78 112.96 
650.00 46.20 28.58 88.01 116.59 
700.00 47.79 29.90 90.18 120.07 
750.00 49.22 31.14 92.28 123.42 
800.00 50.51 32.31 94.33 126.64 
850.00 51.67 33.42 96.32 129.74 
900.00 52.73 34.46 98.26 132.72 
950.00 53.69 35.45 100.15 135.60 
1000.00 54.57 36.38 101.99 138.38 
1100.00 56.12 38.11 105.54 143.65 
1200.00 57.42 39.66 108.93 148.59 
1300.00 58.54 41.07 112.16 153.23 
1400.00 59.49 42.36 115.25 157.61 
1500.00 60.31 43.53 118.21 161.74 

FREQUENCIES USED (1/CM) 

3085. 
1564. 
1162. 
994. 
672. 
309. 

3070. 
1455. 
1112. 
894. 
648. 
288. 

3059. 
1410. 
1097. 
869, 
482. 
196. 

3059. 
1291. 
1067. 
769. 
431. 
1 5 8 . 

1573. 
1258. 
1020. 
725. 
354. 
133. 

PRINCIPAL MOMENTS .. 

SYMMETRY NUMBER .... 

MOLECULAR WEIGHT ... 

REFERENCE(S) 

1605.030 1374.040 

2. 

235.916 

56, 67 

230.990 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-4- DIBROMO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 
298.15 28.94 17.44 68.89 86.33 
300.00 29.08 17.51 69.00 86.51 
350.00 32.60 19.42 71.84 91.26 
400.00 35.78 21.27 74.56 95.83 
450.00 38.61 23.04 77.17 100.21 
500.00 41.11 24.73 79.68 104.41 
550.00 43.30 26.32 82. 12 108.43 
600.00 45.24 27.81 84.47 112.28 
650.00 46.96 29.22 86.75 115.98 
700.00 48.49 30.54 88.97 119.51 
750.00 49.86 31.79 91.12 122.90 
800.00 51.09 32.96 93.21 126.16 
850.00 52.21 34.06 95.24 129.29 
900.00 53.22 35.09 97.21 132.31 
950.00 54. 15 36.07 99.14 135.21 
1000.00 54.99 37.00 101.01 138.01 
1100.00 56.48 38.70 104.62 143.32 
1200.00 57.73 40.24 108.05 148.29 
1300.00 58.81 41.63 1 11.33 152.96 
1400.00 59.72 42.89 114.46 157.35 
1500.00 60.52 44.04 I 17.46 161.50 

FREQUENCIES USED (1/CM) 
3080. 3068. 3068. 3050. 1570. 
1570. 1468. 1381. 1251. 1170. 
1100. 1067. 1066. 1003. 950. 
935. 815. 807. 708. 685. 
623. 473. 429. 400. 307. 
271. 218. 173. 103. 623. 

PRINCIPAL MOMENTS ... 1891.210 1801.690 89.520 
SYMMETRY NUMBER 4. 
MOLECULAR WEIGHT .... 235.916 
REFERENCE ( S ) 56, 67, 68, 70 
UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER D-37 
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IDEAL GAS THERMODYNAMIC FUNCTIONS OF 1-3-5- TRIBROMO BENZENE 

TEMP CP (H-H)/T (H-F)/T S 

298.15 32.21 20.29 75.01 95.30 
300.00 32.34 20.37 75.14 95.50 
350.00 35.65 22.32 78.42 100.74 
400.00 38.66 24.18 81.53 105.70 
450.00 41. 34 25.94 84.48 110.41 
500.00 43.70 27.60 87.30 114.89 
550.00 45.78 29.16 90.00 119.16 
600.00 47.62 30.62 92.60 123.22 
650.00 49.24 31.99 95. 11 127.10 
700.00 50.67 33.28 97.52 130.80 
750.00 51.95 34.48 99.86 134.34 
800.00 53.09 35.61 102.12 137.73 
850.00 54. 12 36.67 104.31 140.98 
900.00 55.05 37.66 106.44 144.10 
950.00 55.89 38.60 108.50 147.10 
1000.00 56.66 39.48 110.50 149.99 
1100.00 57.99 41.11 114.34 155.45 
1200.00 59.11 42.56 117.98 160.55 
1300.00 60.06 43.87 121.44 165.32 
1400.00 60.86 45.06 124.74 169.80 
1500.00 61.55 46.14 127.89 174.02 

FREQUENCIES USED (1/CM) 

3073. 1115. 985. 241. 1319. 
1199. 435. 3090. 1557. 1408. 
1099. 742. 348. 118. 870. 
509. 193. 3090. 1557. 1408. 
1099. 742. 348. 118. 870. 
509. 193. 849. 659. 113. 

PRINCIPAL MOMENTS ... 2743.070 1371.780 1371.280 

SYMMETRY NUMBER 6. 

MOLECULAR WEIGHT .... 314.897 

REFERENCE(S) 55 

UNITS ARE IN CAL/DEG KELVIN MOLE - PRESSURE ONE ATMOSPHERE 

TABLE NUMBER ........ D-38 
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APPENDIX E 

Real Gas Thermodynamic Functions for Fluorobenzene from 0.25 to 10 Atmosph 

E-l 10 atm. 

E-2 5 atm. 

E -3 2 atm. 

E -4 1 atm. 

E -5 0.25 atm. 
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REAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)/T (H-F) /T S 

273.15 30.34 7.38 55.23 62.61 
298.15 30.02 9.29 55.96 65.25 
300.00 30. 03 9.42 56.02 65.44 
350.00 31.06 12.42 57.71 70. 13 
400.00 33.03 14.86 59.53 74.40 
450.00 35.29 17.01 61.41 78.42 
500.00 37. 54 18.95 63.30 82.25 
550.00 39.68 20.74 65. 19 85.93 
600.00 41.67 22.40 67.07 89.47 
650.00 43.49 23.95 68.92 92. 88 
700.00 45. 15 25.41 70.75 96. 16 
750.00 46.68 26.78 72.55 99.33 
800.00 48.07 28.06 74.32 102.39 
850.00 49.35 29.28 76.06 105.34 
900.00 50.52 30.43 77.77 108.20 
950.00 51.60 31.51 79.44 110.96 

1C00.00 52. 59 32.54 81.09 113.63 

FREQUENCIES USED (1/CM) 

519. 
1220. 
3101. 
1236. 
3091 . 

500. 

808. 
1499. 

405. 
1323. 

405. 
685. 

1008. 
1596. 

614. 
1460. 

826. 
754, 

1022. 
3044, 
1066, 
1603. 

970. 
894, 

1157, 
3067. 
115 7, 
3058, 

242. 
997, 

PRINCIPAL MOMENTS . . . 

SYMMETRY NUMBER . . . . . 

MOLECULAR WEIGHT . . . . 

PRESSURE (ATM) , 

CRITICAL TEMPERATURE 

CRITICAL PRESSURE . . . 

89.230 

2. 

96.100 

10.00 

560.10 

44.60 

196.642 285.949 

TABLE NUMBER E-1 
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REAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 25.48 9.78 55.83 65.61 
298. 15 26. 28 11.13 56.75 67.88 
300.00 26.36 11.22 56.82 68.04 
350.00 28.75 13.55 58.73 72.27 
400.00 31.48 L5.62 60.67 76.29 
450.00 34.20 17.53 62.62 80. 16 
500.00 36.75 19.33 64.57 83.89 
550.00 39.09 21.02 66.49 87.51 
600.00 41.21 22.62 68.39 91.00 
650.00 43. 13 24. 12 70.26 94.38 
700.00 44. 86 25.54 72. 10 9 7.64 
750.00 46.44 26.88 73.90 100.79 
800.00 47.87 28.15 75.68 103.83 
850.00 49.18 29.35 77.42 106.77 
900.00 50.38 30.49 79. 13 109.62 
950.00 51.48 31.56 80.81 112.37 

1000.00 52.49 32.58 82.46 115.04 

FREQUENCIES USED (l/CM) 

519. 
1220. 
3101. 
1236. 
3091. 
500. 

808. 
1499. 
405. 

1323. 
405. 
685. 

1008, 
1596. 
614, 

1460, 
826. 
754, 

1022. 
3044. 
1066. 
1603. 
970. 
894. 

1157. 
3067. 
1157. 
3058, 
242. 
997. 

PRINCIPAL MOMENTS ... 89.230 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 96.100 

PRESSURE (ATM) 5.00 

CRITICAL TEMPERATURE 560.10 

CRITICAL PRESSURE ... 44.60 

196.642 285.949 

TABLE NUMBER E-2 
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REAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)/T (H-F)/T S 

273.15 22. 56 11.22 57.19 68.41 
298.15 24.04 12.23 58.21 70.44 
300.00 24. 15 12.30 58.29 70.59 
350.00 27.36 14.22 60.33 74. 56 
400.00 30. 56 16.07 62.35 78.42 
450.00 33.55 17.85 64.35 82. 19 
5CC.0O 36.28 19.56 66.32 85. 87 
550.00 38.73 21.19 68.26 89.45 
600.00 40.93 22.74 70. 17 92.91 
650.00 42.91 24.22 72.05 96.27 
700.00 44.69 25.62 73.90 99.52 
750.00 46.30 26.95 75.71 102.65 
800.00 47. 76 28.20 77.49 105.69 
850.00 49. 09 29.39 79.23 108.63 
900.00 50. 30 30.52 80.95 111.47 
950.00 51.41 31 .59 82.62 114.22 

1000.00 52.43 32.61 84.27 116.88 

FREQUENCIES USED (l/CM) 

519. 
1220. 
3101. 
1236. 
3091. 
500. 

808. 
1499. 
405. 
1323. 
405. 
685. 

1008. 
1596. 
614. 

1460. 
826. 
754. 

1022. 
3044. 
1066. 
1603, 
970. 
894, 

1157. 
3067. 
115 7. 
3058. 
242. 
997. 

PRINCIPAL MOMENTS ... 89.230 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 96.100 

PRESSURE (ATM) 2.00 

CRITICAL TEMPERATURE 560.10 

CRITICAL PRESSURE ... 44.60 

196.642 2 85.949 

TABLE NUMBER E-3 
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REAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)/T {H-F)/T S 

273.15 21.59 11.70 58.41 70. 11 
298.15 23.29 12.60 59.47 72.07 
300.00 23.42 12.67 59.5 5 72.22 
350.00 26.90 14.45 61.64 76.09 
400.00 30.25 16.22 63.68 79.90 
450.00 33.33 17.95 65.69 83.64 
500.00 36. 12 19.63 67.67 87.30 
550.00 38.61 21.25 69.62 90.86 
600.00 40.84 22.79 71.53 94.32 
650.00 42.84 24.25 73.42 97.67 
700.00 44. 63 25.65 75.27 100.91 
750.00 46.25 26.97 77.08 104.05 
800.00 47.72 2.8.22 78.86 107.08 
850.00 49.06 29.41 80.61 110.01 
900.00 50.27 30.53 82.32 112.85 
950.00 51.39 31.60 84.00 115.60 

1000.00 52.41 32.62 85.65 118.26 

FREQUENCIES USED (1/CM) 

519. 
1220. 
3101. 
1236. 
3091. 
500. 

808. 
1499. 
405. 

1323. 
405. 
685. 

1008. 
1596. 
614. 

1460. 
826. 
754. 

1022. 
3044. 
1066. 
1603. 
970. 
894, 

1157. 
3067. 
1157. 
3058. 
242. 
997, 

PRINCIPAL MOMENTS ... 89.230 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT 96.100 

PRESSURE (ATM) 1.00 

CRITICAL TEMPERATURE 560.10 

CRITICAL PRESSURE ... 44.60 

196.642 285.949 

TABLE NUMBER 
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REAL GAS THERMODYNAMIC FUNCTIONS OF FLUOROBENZENE 

TEMP CP (H-H)AT (H-F)/T S 

273. 15 20.86 12.06 61 .05 73.11 
2 9 8.15 22.73 12.88 62.14 75.01 
300.00 22.87 12.94 62.22 75. 15 
350.00 26.55 14.62 64.34 78.96 
400.00 30.01 16.33 66.40 82. 73 
450.00 33. 17 18.03 68.42 86.45 
5G0.00 36.00 19.69 70.41 90. 10 
550.00 38.52 21.29 72.36 93.65 
600.00 40.77 22.82 74.28 97. 10 
650.00 42.78 24.28 76. 16 100.44 
700.00 44.59 25.67 78.01 103.68 
750.00 46.22 26.98 79.83 106.81 
800.00 47.69 28.23 81.61 109.84 
850.00 49.03 29.42 83.36 112.78 
900.00 50.25 30.54 85.07 115.61 
950.00 51. 37 31.61 86.75 118.36 
1000.00 52.40 32.62 88.40 121.02 

QUENCIES USED (1/CM) 

519. 808. 1008. 1022. 1157. 
1220. 1499. 1596. 3044. 3067. 
3101. 405. 614. 1066. 115 7. 
1236. 1323. 1460. 1603. 3058. 
3091. 405. 826. 970. 242. 
500. 685. 754. 894. 997. 

PRINCIPAL MOMENTS ... 89.230 196.642 285.949 

SYMMETRY NUMBER 2. 

MOLECULAR WEIGHT .... 96.100 

PRESSURE (ATM) 0.25 

CRITICAL TEMPERATURE 560.10 

CRITICAL PRESSURE ... 44.60 

TABLE NUMBER ........ E~5 


