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p o s s e s s t o e n t e r a h o l e 

9 t h e e x p e r i m e n t a l f r a c t i o n a l s u r f a c e c o v e r a g e d e f i n e d by 
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t h e c h e m i c a l p o t e n t i a l of t h e i - t h a d s o r b e d l a y e r 
v t h e v i b r a t i o n a l f r e q u e n c y of t h e a d s o r b e d m o l e c u l e i n 

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

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

V 
s y s 

W. 
1 

t h e a p p a r e n t volume of t h e s y s t e m when t h e sample i s 
a t room t e m p e r a t u r e ; t h i s i n c l u d e s a l l t h e volume 
be tween s t o p c o c k s 1 and 3 i n F i g u r e k 

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

t h e m o l a r t w o - d i m e n s i o n a l l a t t i c e e n e r g y of t h e 
a d s o r b a t e i n submono layer a d s o r p t i o n 

t h e c o o r d i n a t i o n number of t h e l a t t i c e 

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



GLOSSARY OF ABBREVIATIONS ( C o n c l u d e d ) 

S u b s c r i p t s : 

a d s o r b e d p h a s e 

c r i t i c a l ; a l s o c o l d 

g a s l i k e p h a s e 

h o t 

l a y e r n u m b e r 

s o l i d l i k e p h a s e 

a d s 

c 

g 

h 

i 

s 
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SUMMARY 

T h i s work i s c o n c e r n e d w i t h t h e i n t e r a c t i o n of k r y p t o n atoms 
o 

w i t h g r a p h i t i z e d c a r b o n b l a c k ( S t e r l i n g F T ( 2 7 0 0 ) ) i n t h e t e m p e r a t u r e 

r a n g e f rom a b o u t 6 7 K t o 7 9 K. Both submonolayer and m u l t i l a y e r 

work i s r e p o r t e d , and t h e phenomenon of t w o - d i m e n s i o n a l c o n d e n s a t i o n 

i s o b s e r v e d . 

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

t y p e which m e a s u r e s t e m p e r a t u r e s , p r e s s u r e s , and v o l u m e s . The p r e s s u r e 

m e a s u r i n g s y s t e m c o n s i s t s of a U - t u b e manometer , a McLeod gauge , and a 

G r a n v i l l e - P h i l l i p s c a p a c i t a n c e manometer . The U - t u b e manometer and 

McLeod gauge a r e u s e d t o c a l i b r a t e a l l volumes and t o measure t h e gas 

d o s e s . The McLeod gauge i s a l s o used t o c a l i b r a t e t h e c a p a c i t a n c e 

manometer , which i n t u r n i s used t o measure t h e e q u i l i b r i u m k r y p t o n gas 

p r e s s u r e s above t h e g r a p h i t e s a m p l e . 

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

s t r u c t u r e s t h e o r y of l i q u i d s i s d e v e l o p e d . T h e o r e t i c a l i s o t h e r m s and 

h e a t s of a d s o r p t i o n f o r t h e k r y p t o n - S t e r l i n g F T ( 2 7 0 0 ° ) s y s t e m a r e 

o b t a i n e d from t h i s t h e o r y . The t h e o r y shows s t e p s i n t h e i s o t h e r m s 

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

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

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

of a b o u t 6 9 . 6 ° K i s p r e d i c t e d by t h i s model f o r t h e k r y p t o n - S t e r l i n g 

F T ( 2 7 0 0 ° ) s y s t e m . T h i s i s q u i t e c l o s e t o o u r e x p e r i m e n t a l l y o b s e r v e d 

v a l u e . 
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C H A P T E R I 

I N T R O D U C T I O N 

T H E A D S O R P T I O N I S O T H E R M 

"WHEN A G A S C O M E S I N C O N T A C T W I T H A S O L I D M A T E R I A L , A P R O C E S S 

C A L L E D A D S O R P T I O N C A N O C C U R . T W O T Y P E S O F A D S O R P T I O N P R O C E S S E S A R E 

P O S S I B L E : C H E M I S O R P T I O N A N D P H Y S I C A L A D S O R P T I O N . C H E M I S O R P T I O N I S A 

C H E M I C A L R E A C T I O N O C C U R R I N G B E T W E E N T H E S O L I D S U R F A C E A N D T H E G A S . 

E X A M P L E S O F T H I S P R O C E S S A R E C O M M O N A N D N U M E R O U S , N O T A B L E E X A M P L E S 

B E I N G O X I D A T I O N O F A M E T A L L I C S U R F A C E A N D T H E R E A C T I O N O F C A R B O N 

M O N O X I D E W I T H A M E T A L S U R F A C E . T H E H E A T S O F C H E M I S O R P T I O N A R E O F T H E 

O R D E R O F T H O S E F O U N D I N N O R M A L C H E M I C A L R E A C T I O N S . C H E M I S O R P T I O N W I L L 

N O T B E C O N S I D E R E D F U R T H E R I N T H I S W O R K . P H Y S I C A L A D S O R P T I O N I S 

C H A R A C T E R I Z E D B Y A H E A T C H A N G E O F T H E S A M E O R D E R O F M A G N I T U D E A S T H A T 

E V O L V E D W H E N A G A S L I Q U I F I E S , R A R E L Y B E I N G A B O V E 5 0 0 0 C A L O R I E S P E R M O L E . 

A S T H E N A M E I M P L I E S , T H E F O R C E S I N V O L V E D I N T H I S P R O C E S S A R E " P H Y S I C A L " 

O R " V A N D E R W A A L S " T Y P E F O R C E S . T H I S W O R K I S C O N C E R N E D W I T H T H E 

P H Y S I C A L A D S O R P T I O N O F R A R E G A S E S O N I N E R T S O L I D S . 

T H E P H A S E R U L E F O R T W O - D I M E N S I O N A L P H Y S I C A L A D S O R P T I O N I S 

F O R M U L A T E D B Y D E B O E R A N D B R O E K H O F F ( L ) A S 

( i ) 
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W H E R E V I S T H E V A R I A N C E O F T H E S Y S T E M , C I S T H E N U M B E R O F 

C H E M I C A L C O M P O N E N T S , P I S T H E N U M B E R O F D I S T I N G U I S H A B L E T H R E E 

D I M E N S I O N A L P H A S E S , A N D N I S T H E N U M B E R O F T W O - D I M E N S I O N A L P H A S E S 

P R E S E N T A T T H E S A M E S U R F A C E . T H I S E Q U A T I O N I S V A L I D F O R A N Y N U M B E R 

O F I N D E P E N D E N T , T W O - D I M E N S I O N A L P H A S E S S T A C K E D O N T O P O F E A C H O T H E R 

A N D A D S O R B E D O N A S O L I D S U B S T R A T E . A S S U M E T H A T W E H A V E A S O L I D 

A D S O R B E N T W I T H O N L Y O N E T Y P E O F F A C E , A N D A D S O R B E D O N T H I S S O L I D I S 

O N E T W O - D I M E N S I O N A L P H A S E . F R O M E Q U A T I O N ( L ) T H E V A R I A N C E F O R T H I S 

S Y S T E M I S T W O ; T H U S , I F A N Y T W O O F T H E T H E R M O D Y N A M I C V A R I A B L E S A R E 

F I X E D , T H E S T A T E O F T H E S Y S T E M I S F I X E D . T H E U S U A L P R O C E D U R E I N 

S U R F A C E C H E M I S T R Y I S T O F I X T H E T E M P E R A T U R E A N D T H E G A S P H A S E P R E S S U R E 

A B O V E T H E S O L I D A D S O R B E N T , T H U S D E T E R M I N I N G T H E T O T A L S T A T E O F T H E 

S Y S T E M . I T I S T H E N C O M M O N T O R E P O R T T H E R E S U L T S A S T H E A M O U N T O F G A S 

A D S O R B E D A S A F U N C T I O N O F G A S P R E S S U R E A T A G I V E N T E M P E R A T U R E ; T H I S I S 

C A L L E D A N A D S O R P T I O N I S O T H E R M . 

C H A R A C T E R I S T I C S O F T H E T W O - D I M E N S I O N A L S T A T E 

S U R F A C E C H E M I S T S U S U A L L Y S E P A R A T E P H Y S I C A L A D S O R P T I O N I N T O T W O 

C L A S S E S : S U B M O N O L A Y E R A N D M U L T I L A Y E R A D S O R P T I O N . A D S O R P T I O N L I M I T E D 

T O O N E M O L E C U L A R L A Y E R O R L E S S I S K N O W N A S S U B M O N O L A Y E R A D S O R P T I O N , 

W H I L E M U L T I L A Y E R A D S O R P T I O N I S T H E A D S O R P T I O N O F M O R E T H A N O N E 

M O L E C U L A R L A Y E R . 

A S C H E M A T I C M U L T I L A Y E R I S O T H E R M F O R K R Y P T O N A D S O R B E D O N G R A P H -

I T I Z E D C A R B O N B L A C K I S S H O W N I N F I G U R E 1 . H E R E Q I S D E F I N E D A S 

9 = <2) 
M 



o 1 

P r e s s u r e 

F i g u r e 1 . A Schemat ic M u l t i l a y e r A d s o r p t i o n I s o t h e r m f o r 
K r y p t o n on G r a p h i t e . 



where V , i s t h e volume o f t h e gas a d s o r b e d a t STP, and V i s ads & ' m 

t h e vo lume o f t h e a d s o r b a t e a t STP w h i c h i s n e c e s s a r y t o f o r m a 

c o m p l e t e s u r f a c e l a y e r . 

S t e p s a r e c l e a r l y v i s i b l e i n t h e i s o t h e r m i n F i g u r e 1 . I t c a n be 

seen t h a t t h e s t e p s , t a k e n as b e i n g s u c c e s s i v e a d s o r b e d l a y e r s , b e g i n 

and end a t n e a r i n t e g r a l v a l u e s o f 0. The h e i g h t o f each s t e p i s 

a b o u t e q u a l , and r e p r e s e n t s t h e amount o f gas needed t o c o m p l e t e t h a t 

p a r t i c u l a r l a y e r . 

We have a l r e a d y seen t h a t t h e phase r u l e a p p l i e s t o t h e a d s o r b e d 

s t a t e . I n f a c t , a w h o l e c l a s s o f c l a s s i c a l t h e r m o d y n a m i c s f o r p h y s i c a l 

a d s o r p t i o n has been d e v e l o p e d b y s e v e r a l w o r k e r s , and a d s o r p t i o n phenom­

ena a r e o f t e n i n t e r p r e t e d i n t h i s manner . O t h e r thermodynamic b e h a v i o r 

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

tems has been seen o r p r e d i c t e d f o r a d s o r b e d t w o - d i m e n s i o n a l s y s t e m s . 

Such b e h a v i o r i n c l u d e s phase changes on t h e s u r f a c e , t w o - d i m e n s i o n a l 

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

t r i p l e p o i n t s . D a v i s and P i e r c e ( 2 ) , who s t u d i e d a d s o r p t i o n o f p o l y ­

a t o m i c m o l e c u l e s on S t e r l i n g MT, a g r a p h i t i z e d c a r b o n b l a c k , summar ized 

t h e b e h a v i o r o f t h e s t e p w i s e i s o t h e r m as f o l l o w s : 

1 . The h e i g h t o f t h e v e r t i c a l r e g i o n i n a s t e p d e c r e a s e s w i t h 

t e m p e r a t u r e . 

2 . The p r e s s u r e a t w h i c h t h e v e r t i c a l r e g i o n o c c u r s i n a s t e p 

i n c r e a s e s w i t h t e m p e r a t u r e . 

3 . Above a c r i t i c a l t e m p e r a t u r e , t h e v e r t i c a l r e g i o n i n a 

s t e p d i s a p p e a r s . 

O t h e r w o r k e r s ( 3 ) have made s i m i l a r o b s e r v a t i o n s . The o c c u r r e n c e o f 
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p h a s e t r a n s i t i o n s a n d t r i p l e p o i n t s h a v e a l s o "been s e e n i n c o m p u t e r 

g e n e r a t e d t w o - d i m e n s i o n a l f l u i d s ( 4 ) . 

M o d e l s o f t h e T w o - D i m e n s i o n a l S t a t e 

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

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

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

a d s o r p t i o n . 

S u b m o n o l a y e r A d s o r p t i o n 

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

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

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

some w o r k e r s ( 5 , 6 ) i n t h e p a s t h a v e d e v i s e d k i n e t i c m e c h a n i s m s o f 

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

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

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

a d s o r p t i o n i s o t h e r m " d e r i v e d f r o m c l a s s i c a l t h e r m o d y n a m i c s . T a b l e 1 

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

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

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

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

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

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

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

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

m e c h a n i c s i s a t h e o r y d e v i s e d b y M c A l p i n a n d P i e r o t t i ( 7 , 8 ) c a l l e d t h e 



T A B L E 1 . M O D E L S O F P H Y S I C A L A D S O R P T I O N 

M O D E L I S O T H E R M E Q U A T I O N 

M O B I L E F I L M W I T H N O L A T E R A L 
I N T E R A C T I O N I N T H E A D S O R B E D L A Y E R P = K ^ " E X P ^ 
( V O L M E R E Q U A T I O N ) 

T W O - D I M E N S I O N A L V A N D E R W A A L S 
E Q U A T I O N * " \ 1 - 9 ) V L - Q " K T P V p = k \i-^e) E X P L L - T T " K T W 

L O C A L I Z E D F I L M W I T H N O L A T E R A L _ / 6 ^ 
I N T E R A C T I O N S ( L A N G M U I R E Q U A T I O N ) ~ \ 1 - 9/ 

L O C A L I Z E D F I L M W I T H I N T E R A C T I O N P = K 0 ^ E X P (^- Ĵp-) 



S I G N I F I C A N T S T R U C T U R E S T H E O R Y O F A D S O R P T I O N . T H E I S O T H E R M E Q U A T I O N 

F O R T H I S M O D E L C A N B E W R I T T E N ( 9 ) 

l n P . . £ . 2 9 l n i L ( B £ ) ( l + z { i ^ } ) ] + ^ E I ^ . ^ + , . 

T H I S T H E O R Y W I L L B E D I S C U S S E D I N M U C H G R E A T E R D E T A I L I N C H A P T E R I I . 

F O R N O W , I T W I L L S U F F I C E T O S A Y T H A T E Q U A T I O N ( 3 ) P R E D I C T S T W O -

D I M E N S I O N A L C O N D E N S A T I O N , C R I T I C A L T E M P E R A T U R E S , A N D I S O T H E R M T E M P E R ­

A T U R E D E P E N D E N C E , A L L I N T E R M S O F I N T E R M O L E C U L A R P O T E N T I A L . 

M U L T I L A Y E R A D S O R P T I O N 

O F T H E V E R Y F E W T H E O R I E S O F M U L T I L A Y E R A D S O R P T I O N E X I S T I N G A T 

T H E P R E S E N T T I M E , T H E B E T T H E O R Y (10) I S T H E M O S T D I S C U S S E D , A N D 

A C C O U N T S O F I T A R E G I V E N I N A L M O S T A N Y B O O K D E A L I N G W I T H A D S O R P T I O N . 

T H E B E T T H E O R Y H A S N O D O U B T S T I M U L A T E D A G R E A T D E A L O F R E S E A R C H A N D 

T H O U G H T I N s u r f a c e C H E M I S T R Y . D e s p i t e T H I S , T H E m o d e l I S e x t r e m e l y 

C R U D E , B E I N G B A S E D O N T H E L A N G M U I R M O D E L , A N D I T G I V E S N O I N F O R M A T I O N 

O N A M O L E C U L A R L E V E L . 

P A C E ( L L ) H A S D E V E L O P E D A S T A T I S T I C A L M O D E L O F M U L T I L A Y E R 

A D S O R P T I O N B A S E D O N T H E L A T T I C E V A C A N C Y T H E O R Y , A N D T H I S W O R K H A S 

B E E N F U R T H E R E X T E N D E D B Y P I E R O T T I ( 1 2 ) . T H E H E A T S O F A D S O R P T I O N 

P R E D I C T E D B Y T H E M O D E L A R E I N G O O D A G R E E M E N T W I T H E X P E R I M E N T F O R 

A R G O N - L I K E M O L E C U L E S A D S O R B E D O N G R A P H I T I Z E D C A R B O N . T H E T H E O R E T I C A L 

I S O T H E R M S W H I C H T H E M O D E L P R E D I C T S A R E N O T A S R E A L I S T I C , H O W E V E R . 

P I E R O T T I A N D T H O M A S (12) H A V E O U T L I N E D S O M E O T H E R A P P R O A C H E S 
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T O T H E M U L T I L A Y E R P R O B L E M . 

S T A T E M E N T O F T H E P R O B L E M 

T H E P U R P O S E O F T H I S W O R K I S T O I N V E S T I G A T E T H E P H Y S I C A L 

A D S O R P T I O N O F K R Y P T O N O N G R A P H I T I Z E D C A R B O N B L A C K O V E R A F A I R L Y W I D E 

T E M P E R A T U R E R A N G E A R O U N D T H E T W O - D I M E N S I O N A L C R I T I C A L T E M P E R A T U R E . 

S T E R L I N G F T ( 2 7 0 0 ) I S T H E T Y P E O F C A R B O N B L A C K U S E D A N D B O T H S U B ­

M O N O L A Y E R A N D M U L T I L A Y E R R E G I O N S A R E I N V E S T I G A T E D . T H I S K R - S T E R L I N G 

F T S Y S T E M H A S B E E N S T U D I E D V E R Y L I T T L E P R E V I O U S L Y , A N D T H E R E I S S O M E 

D O U B T I N O U R M I N D A S T O T H E V A L I D I T Y O F S O M E O F T H E W O R K W H I C H H A S 

B E E N D O N E O N T H I S S Y S T E M . O F P A R T I C U L A R I N T E R E S T T O U S A R E T W O -

D I M E N S I O N A L C O N D E N S A T I O N , C R I T I C A L T E M P E R A T U R E S , A N D T H E D E P E N D E N C E 

O F T H E I S O T H E R M S O N T E M P E R A T U R E . 

T H E A P P A R A T U S W H I C H W A S U S E D T O M A K E T H E S E M E A S U R E M E N T S I S A 

M O D I F I C A T I O N O F A V O L U M E T R I C A P P A R A T U S P R E V I O U S L Y U S E D B Y P I E R O T T I ( 1 3 ) 

A N D L E V Y ( l h ) . 

A T H E O R Y T O T R E A T A D S O R P T I O N I N A L L R A N G E S , B O T H S U B M O N O L A Y E R 

A N D M U L T I L A Y E R , I S D E V E L O P E D . T H I S T H E O R Y I S 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 T H E O R Y B A S E D O N T H E S I G N I F I C A N T S T R U C T U R E S T H E O R Y O F L I Q U I D S . 

T H E R E S U L T I N G I S O T H E R M E Q U A T I O N I S T E S T E D W I T H T H E D A T A O B T A I N E D F O R 

T H E K R Y P T O N - S T E R L I N G F T S Y S T E M A N D M O L E C U L A R P A R A M E T E R S A R E O B T A I N E D 

F O R T H E S Y S T E M . 

T H I S W O R K W I L L N O W B E P R E S E N T E D I N T H E F O L L O W I N G P A G E S , 

B E G I N N I N G W I T H T H E D E V E L O P M E N T O F T H E T H E O R E T I C A L M O D E L I N C H A P T E R I I . 
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C H A P T E R I I 

I F H O W E V E R , T H E R E I S A N I N T E R M O L E C U L A R P O T E N T I A L B E T W E E N T H E M O L E C U L E S 

I N T H E C E L L S , A S A F U N C T I O N O F P O S I T I O N I N T H E C E L L , T H E N T H E T O T A L 

V O L U M E O F T H E C E L L I S N O L O N G E R A V A I L A B L E T O T H E C E N T R A L M O L E C U L E . 

D E V E L O P M E N T O F T H E S I G N I F I C A N T S T R U C T U R E S 

T H E O R Y O F M U L T I L A Y E R A D S O R P T I O N 

I N T R O D U C T I O N 

T H E D I R E C T E V A L U A T I O N O F T H E C L A S S I C A L C O N F I G U R A T I O N A L I N T E G R A L 

F O R A R E A L L I Q U I D I S N O T P O S S I B L E . C E L L T H E O R I E S O F T H E L I Q U I D S T A T E 

A R E M E R E L Y A W A Y O F D I V I D I N G T H E C O N F I G U R A T I O N A L I N T E G R A L I N T O N 

S O L V A B L E I N T E G R A L S , W H E R E N I S T H E N U M B E R O F C E L L S I N T H E S Y S T E M . 

T H E P A R T I T I O N F U N C T I O N I S T H E N A P R O D U C T O F T H E N I D E N T I C A L C O N -

F I G U R A T I O N A L I N T E G R A L S F O R E A C H C E L L . 

I N T H E C E L L T H E O R Y , E A C H M O L E C U L E I S A S S U M E D T O B E C O N F I N E D T O 

A C E R T A I N R E G I O N O F S P A C E I N T H E E N T I R E V O L U M E , V , O F T H E L I Q U I D . 

T H E S E R E G I O N S O F S P A C E , O R C E L L S , A R E F O R M E D B Y T H E N E A R E S T N E I G H B O R S 

O F T H E M O L E C U L E . I F T H E R E A R E N S U C H C E L L S , T H E N E A C H C E L L H A S A 

V O L U M E V = V / N . I F W E A S S U M E T H E R E A R E N O I N T E R M O L E C U L A R F O R C E S B E T W E E N 

M O L E C U L E S , T H E N T H E C O N F I G U R A T I O N A L I N T E G R A L , Z , I S ( 1 5 ) 



T H E R E I S I N S T E A D A " F R E E " V O L U M E T H R O U G H W H I C H T H E M O L E C U L E C A N M O V E 

T H E C O N F I G U R A T I O N A L I N T E G R A L I S N O W 

N 
( 5 ) 

W H E R E V I S T H E " E F F E C T I V E " O R " F R E E " V O L U M E . B Y A S S U M I N G S O M E S O R T O F 

T H E M O S T S U C C E S S F U L O F T H E C E L L T H E O R I E S I S T H E S O C A L L E D 

S I G N I F I C A N T S T R U C T U R E S T H E O R Y , O R I G I N A L L Y D E V E L O P E D B Y E Y R I N G A N D 

C O - W O R K E R S ( l 6 ) A N D L A T E R M O D I F I E D B Y H E N D E R S O N ( 1 7 ) . T H E T H E O R Y 

I S A L O G I C A L E X T E N S I O N O F T H E O R I G I N A L C E L L M O D E L , W I T H T H E I D E A O F 

A N E M P T Y C E L L , O R H O L E , B E I N G A D D E D . A S T H E T H E O R Y I S B A S E D P A R T L Y O N 

E X P E R I M E N T A L E V I D E N C E A N D P A R T L Y O N I N T U I T I O N , T H E L A C K O F R I G O R I N 

I T S D E V E L O P M E N T I S T H E M O S T F R E Q U E N T L Y U S E D A R G U M E N T A G A I N S T I T . I T S 

S U C C E S S I N A C C O U N T I N G F O R T H E P R O P E R T I E S O F F L U I D S I S , H O W E V E R , 

E X C E L L E N T . 

X - R A Y D A T A S H O W T H A T T H E N E A R E S T N E I G H B O R D I S T A N C E I N L I Q U I D S , 

S U C H A S A R G O N , I S N O T G R E A T L Y D I F F E R E N T F R O M T H E N E A R E S T N E I G H B O R 

D I S T A N C E I N T H E S O L I D . T H E M O L A R V O L U M E O F T H E L I Q U I D I S , H O W E V E R , 

A B O U T 1 2 P E R C E N T G R E A T E R T H A N T H A T O F T H E S O L I D . S H O R T R A N G E O R D E R 

I S A L S O K N O W N T O E X I S T I N A L I Q U I D . T H E S E F A C T S S U G G E S T T H A T A F L U I D 

C O U L D P O S S I B L Y B E R E P R E S E N T E D B Y A P S E U D O - L A T T I C E S T R U C T U R E I N W H I C H 

T H E L A T T I C E S I T E S A R E E I T H E R M O L E C U L E S O R H O L E S . A C C O R D I N G T O E Y R I N G 

( l 8 ) , T H E S E H O L E S C O N T R I B U T E G A S L I K E P R O P E R T I E S T O T H E F L U I D A N D T H E 

F L U I D T H E R E F O R E H A S S O L I D L I K E Q U A L I T I E S F R O M T H E F I L L E D C E L L S A N D 

I N T E R M O L E C U L A R P O T E N T I A L , C A N T H U S B E F O U N D . 
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g a s l i k e q u a l i t i e s f r o m t h e h o l e s , A n o t h e r degree o f f r e e d o m w h i c h 

must be c o n s i d e r e d i s t h e p o s i t i o n a l d e g e n e r a c y due t o t h e p r e s e n c e o f 

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

t h e o r y one chooses t h e s e t h r e e s t r u c t u r e s as t h e i m p o r t a n t ones w h i c h 

c h a r a c t e r i z e t h e l i q u i d s t a t e and i g n o r e s a l l o t h e r s t r u c t u r e s . I n 

w r i t i n g a p a r t i t i o n f u n c t i o n f o r a s i g n i f i c a n t s t r u c t u r e s f l u i d , one 

must i n c l u d e 

1 . S o l i d l i k e d e g r e e s o f f r e e d o m 

2 . P o s i t i o n a l d e g e n e r a c y d e g r e e s o f f r e e d o m due t o t h e p r e s e n c e 

o f h o l e s 

3 . G a s l i k e d e g r e e s o f f r e e d o m . 

A p a r t i t i o n f u n c t i o n w h i c h s a t i s f i e s t h e s e r e q u i r e m e n t s i s ( 1 9 ) 

V s N ( V - V S ) N 

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

f u n c t i o n . The t e r m m u l t i p l y i n g Q i n e q u a t i o n (6) i s t h e t o t a l number 
s 

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

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

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

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

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

f r a c t i o n V g / V o f t h e d e g r e e s o f f r e e d o m s h o u l d be s o l i d l i k e , where V 
and V a r e t h e m o l a r vo lumes o f t h e l i q u i d and o f t h e s o l i d , s 



1 2 

R E S P E C T I V E L Y . ( V - V ) / v I S T H E F R A C T I O N O F T H E D E G R E E S O F F R E E D O M 
S 

O F T H E F L U I D W H I C H S H O U L D H E G A S L I K E . 

A N Y S U I T A B L E P A R T I T I O N F U N C T I O N S D E S I R E D C A N H E U S E D F O R Q 

A N D Q . E Y R I N G ( 1 8 ) C H O S E T O U S E T H E I D E A L G A S P A R T I T I O N F U N C T I O N 

F O R Q A N D T H E E I N S T E I N S O L I D P A R T I T I O N F U N C T I O N F O R Q . G S 

M C A L P I N A N D P I E R O T T I ( 7 , 8 ) W E R E T H E F I R S T W O R K E R S T O T R E A T 

P H Y S I C A L A D S O R P T I O N W I T H T H E S I G N I F I C A N T S T R U C T U R E S T H E O R Y . T H E Y 

P O I N T E D O U T T H A T A T W O - D I M E N S I O N A L A D S O R B E D P H A S E I S A B E T T E R C A N D I D A T E 

F O R T R E A T M E N T B Y A L A T T I C E O R H O L E T H E O R Y T H A N I T S T H R E E - D I M E N S I O N A L 

C O U N T E R P A R T . T H E I D E A O F F I L L E D S I T E S A N D E M P T Y S I T E S , O R H O L E S , H A S 

L O N G B E E N A C C E P T E D I N S U R F A C E C H E M I S T R Y , W H E R E A S I N L I Q U I D S T H E I D E A O F 

A H O L E S E E M S S O M E W H A T A R T I F I C I A L . B Y A S S U M I N G T H A T T H E S T R A I N E N E R G Y 

W A S Z E R O , M C A L P I N A N D P I E R O T T I ( 7 , 8 ) A R R I V E D A T A T W O - D I M E N S I O N A L 

P A R T I T I O N F U N C T I O N F O R A D S O R P T I O N L I M I T E D T O O N E M O L E C U L A R L A Y E R . 

T H E I R P A R T I T I O N F U N C T I O N I S 

N A 

Q A D S = fes] A LQ2g] 

N(A - A s ) 

A 
( 7 ) 

W H E R E Q A D S > Q ^ S ' A N ( I ^ 2 G A R E T H E P A R ' T I " B I O N F U N C T I O N S F O R T H E A D S O R B E D 

P H A S E , T H E T W O - D I M E N S I O N A L S O L I D L I K E S T R U C T U R E , A N D T H E T W O - D I M E N S I O N A L 

G A S L I K E S T R U C T U R E . A I S T H E M O L A R A R E A O F T H E T W O - D I M E N S I O N A L S O L I D , 

A N D A I S T H E M O L A R A R E A O F T H E A D S O R B E D P H A S E . N I S T H E N U M B E R O F 

M O L E C U L E S A D S O R B E D . M C A L P I N A N D P I E R O T T I ( 7 ) U S E D T H E E I N S T E I N C R Y S T A L 
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mode l f o r t h e s o l i d l i k e d e g r e e s o f f r e e d o m and t h e i d e a l gas m o d e l 

f o r t h e g a s l i k e d e g r e e s o f f r e e d o m . T h e i r r e s u l t s were i n good 

agreement w i t h e x p e r i m e n t . M c A l p i n ( 8 , 9 ) a l s o u s e d t h e c e l l m o d e l 

o f D e v o n s h i r e f o r t h e s o l i d l i k e d e g r e e s o f f r e e d o m . T h i s i s p r o b a b l y 

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

i n t e r m s o f E , t h e L e n n a r d - J o n e s i n t e r a c t i o n p a r a m e t e r , i n s t e a d o f 

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

c o m p l e t e c a n o n i c a l p a r t i t i o n f u n c t i o n f o r t h e a d s o r b e d f i l m i s ( 1 2 ) 

Q ads 
A-2 f U ° Y I 

m 
8 I f 

m 

* ^ ) ] (8) 

0N ( 1 -
. 0 nr A e-, 

x 
m 

- Q -

and t h e r e s u l t i n g i s o t h e r m e q u a t i o n i s (9) 

— L ( £ X * • ' ( H * ) ) ] * T^TJe - - ( F ) * 1 (9) 

where 

„ ~ (2TTmkTx\ / ¥ 



1-e kT 

?= s t a n d a r d c h e m i c a l p o t e n t i a l o f t h e gas phase 

z - c o o r d i n a t i o n number o f t h e assumed l a t t i c e 

a^ = f r e e a r e a o f t h e a d s o r b a t e 

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

A ° = a r e a p e r m o l e c u l e a d s o r b e d a t m o n o l a y e r c a p a c i t y 

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

s u r f a c e 

U q = m o l a r g a s - s u r f a c e i n t e r a c t i o n p a r a m e t e r 

and a l l t h e o t h e r symbols have t h e i r common m e a n i n g s . T h i s e q u a t i o n 

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

phenomena. T a b l e 2 shows some p a r a m e t e r s p r e d i c t e d b y t h i s t h e o r y 

as compared t o some e x i s t i n g v a l u e s . 

The agreement w i t h e x i s t i n g v a l u e s i s g o o d . The s i g n i f i c a n t 

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

t e m p e r a t u r e s t h a n does e i t h e r t h e c e l l mode l o f D e v o n s h i r e ( 2 2 ) o r 

t h e t w o - d i m e n s i o n a l v a n d e r Waals t h e o r y . Our e x p e r i e n c e i n d i c a t e s 

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

s t r u c t u r e s t h e o r y a r e much more i n l i n e w i t h e x p e r i m e n t , a t l e a s t i n 
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T a b l e 2 . A d s o r p t i o n P a r a m e t e r s f o r S i g n i f i c a n t 
S t r u c t u r e s T h e o r y as Compared w i t h 
Some E x i s t i n g V a l u e s 

System U o v x l O ' ^ s e c " 1 ) e / k ( ° K ) q 2

 A m 
( c a l / m o l e ) (A / m o l e c u l e ) 

A r - C 220^ a 2 . 1 3 a 110 a lk.6e 

2200 b 1.28° 9 6 b 15,1*. 

2120° 2 . 3 - 2 . 7 ° 

A r - BN 1900 a l . l 6 a 1 1 2 a 

I 9 5 0 d 15 .k 

a . S i g n i f i c a n t s t r u c t u r e s t h e o r y v a l u e ( R e f e r e n c e 9) 

b . R e f e r e n c e 20 

c . R e f e r e n c e 21 

d. R e f e r e n c e 13 

e . O b t a i n e d f r o m l i q u i d d e n s i t i e s 
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t h e sys tems we have s t u d i e d . 

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

t h e a r e a o f s u b m o n o l a y e r a d s o r p t i o n , we have e x t e n d e d t h e t h e o r y i n t o 

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

e q u a t i o n s w i l l now be d e v e l o p e d , and t h e r e s u l t i n g e q u a t i o n s w i l l t h e n 

be t e s t e d w i t h e x p e r i m e n t a l d a t a i n C h a p t e r V I . 

The M u l t i l a y e r T h e o r y 

The M o d e l 

The m o d e l used h e r e i s one where t w o - d i m e n s i o n a l l i q u i d l i k e 

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

s u r f a c e imposes no s t r u c t u r e on t h e a d s o r b e d l a y e r s . Each l a y e r i s 

t h u s assumed t o be i n a h e x a g o n a l c l o s e - p a c k e d , o r t r i a n g u l a r , 

c o n f i g u r a t i o n . The number o f s i t e s f o r a d s o r p t i o n i n t h e i ^ 1 a d s o r b e d 

l a y e r i s ^ , where U ^ i s t h e number o f m o l e c u l e s a d s o r b e d i n t h e 

( i - l ) l a y e r . The number o f a d s o r p t i o n s i t e s on t h e s u r f a c e i s N Q . 

The e n e r g y o f a m o l e c u l e i n a l a y e r i s made up o f t w o c o n t r i ­

b u t i o n s : l ) s i t e e n e r g y and 2 ) l a t e r a l i n t e r a c t i o n e n e r g y . The s i t e 

e n e r g y i s t h e e n e r g y an i s o l a t e d m o l e c u l e i n t h e i ^ 1 l a y e r d e r i v e s 

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

t h 

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

a d s o r b a t e i n t e r a c t i o n , o r l a t e r a l i n t e r a c t i o n , i n any l a y e r i s assumed 

t o f o l l o w a L e n n a r d - J o n e s 6 - 1 2 p o t e n t i a l and i s assumed t o be p a i r w i s e 

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

s u r f a c e a r e assumed t o be t h e same i n e v e r y l a y e r . A quantum m e c h a n i c a l 

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



1 7 

z d i r e c t i o n . J u s t as i n t h e submono layer c a s e , each a d s o r b e d l a y e r 

i s assumed t o have t h r e e s i g n i f i c a n t s t r u c t u r e s , o r d e g r e e s o f f r e e d o m : 

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

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

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

z e r o . 

The P a r t i t i o n F u n c t i o n 

t h 

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

t h e m o d e l c a n be w r i t t e n as 

where q _ i s i s t h e m o l e c u l a r p a r t i t i o n f u n c t i o n f o r t h e s o l i d l i k e 

s t r u c t u r e i n t h e i ^ l a y e r and q . i s t h e c o r r e s p o n d i n g m o l e c u l a r 
I G 

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

m o l e c u l e s i n t h e i ^ 1 l a y e r , and ^ i s t h e number o f m o l e c u l e s i n t h e 

( i - l ) l a y e r . The m o l e c u l e s a r e a l s o t h e number o f a d s o r p t i o n 

s i t e s a v a i l a b l e t o t h e m o l e c u l e s i n t h e i ^ h l a y e r . The e x p r e s s i o n 

t h 
f o r i s seen t o have t h e r i g h t l i m i t s . When t h e i l a y e r 

a p p r o a c h e s c o m p l e t i o n , ( N ^ / N ^ ^ ) a p p r o a c h e s 1 and ( N ^ JT^I^I 1^ 

a p p r o a c h e s 0 . The s o l i d l i k e d e g r e e s o f f r e e d o m t h e n d o m i n a t e and 

t h i s i s c e r t a i n l y e x p e c t e d . When t h e i ^ * 1 l a y e r i s j u s t b e g i n n i n g t o 

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

0 . . T h i s a l s o i s t h e c o r r e c t b e h a v i o r , 
l 
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F o r q _ i s we use t h e p a r t i t i o n f u n c t i o n f o r t h e c e l l mode l as 

g i v e n b y D e v o n s h i r e ( 2 2 ) , w h i c h a l s o i n c l u d e s a t e r m f o r t h e c o n f i g u -

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

o f f r e e d o m i n t h e i ^ * 1 l a y e r i s t h e n 

,U. + W. 

The f i r s t t e r m on t h e r i g h t o f e q u a t i o n ( l l ) i s t h e p a r t i t i o n f u n c t i o n 

f o r a L e n n a r d - J o n e s and D e v o n s h i r e t w o - d i m e n s i o n a l f l u i d , where a ^ 

i s t h e f r e e a r e a i n t h e i ^ * 1 l a y e r and i s g i v e n b y 

- 6e s 

a f . = m 2 £ e X p [ ( ^ i ) { 2 m s ( y ) - l s ( y ) } > y (32) 

where 

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

i s t h e L e n n a r d - J o n e s i n t e r a c t i o n p a r a m e t e r i n t h e 

i ^ * 1 a d s o r b e d l a y e r 

m ( y ) , 1 ( y ) a r e p o l y n o m i a l s whose f o r m i s g i v e n b y L e n n a r d - J o n e s 
s s 

and D e v o n s h i r e 

y = ( r / a ) where r i s t h e d i s t a n c e f r o m t h e c e l l c e n t e r t o 

m o l e c u l e 

The second t e r m i n e q u a t i o n ( l l ) i s a c o r r e c t i o n f o r e n e r g y 



1 9 

ze ro , which i s taken as a molecule a t r e s t i n f i n i t e l y removed from the 

s u r f a c e . i s the molar adsorp t ive p o t e n t i a l , or t he molar s i t e 

energy f o r an i s o l a t e d molecule i n the i - t h l a y e r . inc ludes both 

an adsorba te -adsorben t i n t e r a c t i o n term and the i n t e r a c t i o n of the 

molecule wi th a l l the molecules i n the ( i - l ) l a y e r s below the i - t h 

l a y e r . i s the molar two-dimensional l a t t i c e energy of the adsorba te 
th 

i n the i adsorbed l a y e r . i s obtained by assuming pa i rwi se i n t e r ­

a c t i o n s hold and summing the Lennard-Jones 6 - 1 2 p o t e n t i a l func t ion over 

t h e assumed l a t t i c e . More w i l l be sa id of t h i s i n Chanter VI . 

The t h i r d term in equat ion ( l l ) i s t h e degeneracy f a c t o r fo r 

the s t r a i n e d s o l i d s t a t e . Eyring ( 2 3 ) expresses n as 

where n i s a p r o p o r t i o n a l i t y c o n s t a n t . The o the r terras have been 

h 

n(V - V ) 
x s 7 

( 1 3 ) V 
s 

defined p r e v i o u s l y . Following McAlpin ( 9 ) we l e t TL be expressed as 

V 

where z i s the coo rd ina t i on number (6 f o r t r i a n g u l a r l a t t i c e ) , 

A^ i s the a rea per molecule i n the i - t h l a y e r , and A° i s t h e a rea 

p e r molecule i n t he i - t h l a y e r when the i - t h l aye r i s f i l l e d t o c a p a c i t y . 
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The l a s t term in equa t ion ( l l ) i s the quantum mechanical 

harmonic o s c i l l a t o r p a r t i t i o n func t ion fo r t he v i b r a t i o n in t he z 

d i r e c t i o n normal t o the s u r f a c e . I t i s assumed t o be the same i n a l l 

l a y e r s and i s w r i t t e n as 

where v I s the v i b r a t i o n a l f requency. 

The molecular p a r t i t i o n func t ion f o r t h e g a s l i k e s t r u c t u r e i n 

t he i^*1 adsorbed l a y e r i s 

The meaning of the symbols has been expla ined p r e v i o u s l y . The f i r s t 

term on the r i g h t s ide of equa t ion (l6), q } i s a g a s - s o l i d i n t e r -
Z 

t h 

a c t i o n term where the molecules i n the i l a y e r a r e v i b r a t i n g i n a 

p a r a b o l i c p o t e n t i a l w e l l whose minimum i s U\ c a l o r i e s p e r mole below 

the energy z e r o . The l a s t term on the r i g h t s ide of equa t ion (l6) i s 

t he p a r t i t i o n func t ion f o r an i d e a l , two-dimensional gas molecule . 

The express ions f o r q. and q. , equa t ions (l6) and ( l l ) , 
I G I S 

are now combined wi th equa t ion (10) t o f ind Q^. S u b s t i t u t i n g i n the 

express ion f o r n i n equa t ion (l4) we f ind t h a t 

(15) 

(16) 
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P Q r /U. + W . M / z ( A . - A ? ) N ^ ± ( N . J 

N. 
N. _-N. l - l l 

\ Ms;} A" 2vJ 1 

Combining t e r m s we f i n d t h a t 

o r 

U N i W O X N. 

1 + 

N. 
l 

z (A. -AV) x - , iVN: , l i y A I i - l 

A ? 
1 

( 1 8 ) 

X T A . e l 1 

L i J 

If. n - N. i - l l 
N i - l 

i s 

The t o t a l p a r t i t i o n f u n c t i o n , Q , f o r a l l i a d s o r b e d l a y e r s 

Q = R R . Q . 

l l 
( 1 9 ) 

l n Q = > I n Q 

1 

( 2 0 ) 

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

T h e o r e t i c a l I s o t h e r m s 

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

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

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

t o each o t h e r and t o t h e c h e m i c a l p o t e n t i a l o f t h e gas p h a s e . T h i s 

p r o c e d u r e y i e l d s i e q u a t i o n s i n i unknowns , where i i s t h e number 

o f l a y e r s assumed. The i unknowns a r e t h e r a t i o s o f ^ / ( i ^ L 

N i _ 1 / ( N i _ 2 ) , . . . . N-^ /NQ. I n t h e m u l t i l a y e r s i g n i f i c a n t s t r u c t u r e s 

t h e o r y , we d e f i n e t h e c o v e r a g e i n t h e i ^ 1 l a y e r , 0^ , as 

N. 
— f o r i = 1 , 2 , 3 , . . . • ( 2 1 ) 

N i - 1 

A s e t o f 0 i ' s a r e t h e n t h e s o l u t i o n o f t h e t h e o r e t i c a l i s o t h e r m 

e q u a t i o n s . The t o t a l s t a t i s t i c a l c o v e r a g e , 0 , i s 

9 = (^) 1
 N i ( 2 2> 

i = l 

or 

6 - Gr) I H i - i e i • < 2 3 ) 

i = l 

The s t a t i s t i c a l c o v e r a g e , 0 , i s one p a r a m e t e r w h i c h w i l l be u s e d 

i n c o m p a r i n g t h e t h e o r y t o e x p e r i m e n t . The e x p e r i m e n t a l c o v e r a g e has 
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a l r e a d y been m e n t i o n e d i n e q u a t i o n ( 2 ) ; t h i s c o v e r a g e i s r e a l l y an 

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

u n c e r t a i n . 

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

t o e x p e r i m e n t i s t h e gas phase p r e s s u r e , P . I n t h e m u l t i l a y e r s i g n i ­

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

gas p h a s e , a w h o l e s e t o f 0^'s c a n be d e t e r m i n e d f r o m t h e s e t o f i 

e q u a t i o n s . By t h e n v a r y i n g P a t a g i v e n t e m p e r a t u r e one c a n g e n e r a t e 

a t h e o r e t i c a l m u l t i l a y e r i s o t h e r m . 

E q u a t i o n ( 2 0 ) can be expanded as 

l n Q = I n Q ^ N Q , ^ ) + l n O ^ N ^ N g ) + I n Q ^ N ^ N ) + . . . + (2*0 

l n Q 1 ( N i _ 1 , N ± ) . 

F rom e q u a t i o n ( 1 7 ) i t i s o b v i o u s t h a t t h e l o g a r i t h m o f t h e p a r t i t i o n 

f u n c t i o n f o r each l a y e r i s a f u n c t i o n o f t h e number o f m o l e c u l e s i n 

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

b e n e a t h , as shown i n e q u a t i o n (2*0 . The chemjcal p o t e n t i a l o f t h e 

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

^ 1 
kT ( 2 5 ) 
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t h 
I t s h o u l d h e n o t e d t h a t t h e c h e m i c a l p o t e n t i a l i n t h e i l a y e r i s 

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

t h 

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

b e s e e n t h a t 

I f t h e g a s p h a s e i s t a k e n t o b e a n i d e a l m o n a t o m i c g a s , t h e c h e m i c a l 

p o t e n t i a l i s ( 2 ^ ) 

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

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

T h e One L a y e r C a s e 

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

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

g o o d w a y t o b e g i n a t e s t o f t h e m o d e l . F o r o n e l a y e r i t i s s e e n f r o m 

e q u a t i o n ( 2 0 ) t h a t 

T 
( 2 6 ) 

h 
( 2 7 ) 

l n Q = l n Q. 
'1 * ( 2 8 ) 
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Let us now make the f o l l o w i n g d e f i n i t i o n s : 

- 2 fVi> X. = A q z e x p ^ ; ( 2 9 ) 

Y i = a f i M s ^ l 1 + — ^ r H 
A 

( 3 0 ) 

Z . = A.e 
1 l 

(31) 

F o r one l a y e r we can now w r i t e 

( V 
I n Q = Ii, In X, + - » = — In Y n + N l n 

( N x ) ' 
" I X " A I T T — " X I T " ! - " I Z A - I J 

0 i 

In Z . ( 3 2 ) 

th 
Both and Z.̂  c o n t a i n A ^ the a r e a p e r molecu le i n the i l a y e r . 
A. can a l s o he w r i t t e n a s l 

A° N. , 
A l - N. (33) 

U s i n g e q u a t i o n ( 2 6 ) a l o n g wi th t h e e x p r e s s i o n f o r i n e q u a t i o n ( 3 3 ) , 
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W E C A N D E T E R M I N E T H E C H E M I C A L P O T E N T I A L O F T H E A D S O R B E D L A Y E R T O H E 

/ ' S L N Q \ 

2N 

N T 
I N 1 + 6 ' 

6N 
+ L N H C -

2 H l n F

A I H 0 N H l 

E Q U A T I N G T H I S C H E M I C A L P O T E N T I A L T O T H A T O F T H E G A S P H A S E A S G I V E N B Y 

E Q U A T I O N ( 27 ) , v < 2 O B T A I N , 

U 2N , A , 
I N P = - I N A + L N ( K T ) - In ^ - i - ^ m (35) 

0 A.̂  

^ W ^ ^ N . , 2N 5 N l X 6N 
F L Y 1 ' 1 , / 1 \ , 1 N O 

" V E T - A I T / " H ^ - L N K 6 " B Q " 7 + 6 H 0 - 5 H X ' L N A I 

' N I \ N I 
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U s i n g t h e d e f i n i t i o n s o f Q a s g i v e n i n e q u a t i o n s ( 2 1 ) , ( 2 2 ) , a n d 

(23) we f i n d t h a t 

E q u a t i o n (36) i s t h e i s o t h e r m e q u a t i o n f o r o u r m u l t i l a y e r m o d e l w i t h 

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

i d e n t i c a l t o t h e e q u a t i o n d e v e l o p e d b y P i e r o t t i a n d M c A l p i n w h i c h i s 

e q u a t i o n (9) i n t h i s c h a p t e r . 

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

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

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

t h e c h e m i c a l p o t e n t i a l i n e a c h l a y e r . F o r t h e f i r s t l a y e r ( t h e o n e 

n e x t t o t h e s u r f a c e ) we f i n d u s i n g e q u a t i o n (26) t h a t 

I n P = - i n A + l n ( k T ) - l n ^ - ^ - 201n^- (36) 

+ I n Q + 6. 

Two L a y e r C a s e 

( 3 7 ) 



Then using the expression for as given by equation (17) we find 
that 

- § - lnkA"2e*p(A)] 
r ,U. 

L Z 

2Ni 1 rafi /Vl + N , " A : 

2N 
mf 6 -

5 \ \ 

6N. 

1 
0 J r 

,A?N, - , ^ -. / 10 
6N -5NJ + l n V " N 

Nl /N2N n Taf2 r

W2Vj 
0 X 

Recalling the definition of 0. this last equation is rewritten as 

" kT = l n A qzexp 
A l 

+ In Ax -in - (e2y 
! m[-"f2 

o 
(W2Vi 

2 r 6 ( e ?) 1 - (e2) m (6 - 5e2) + br^-J + 92 



F o r t h e second l a y e r , e q u a t i o n (26) shows t h a t i f o n l y two l a y e r s 

a r e c o n s i d e r e d t h e n 

u 2 /d lnQg 

kT \§N 
2 N ^ N ^ T 

U s i n g t h e e x p r e s s i o n f o r Q , e q u a t i o n (17), we f i n d t h a t 

M2 ( -2 ^U2\l Paf2 //W2\1 

6e, 

B y n o w l e t t i n g 

and 

kT = kT 

2̂ ^ 
kT kT 
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where n i s given by equa t ion ( 2 7 ) , we ob t a in the i so therm equa t ions 
S 

f o r t he two l a y e r case of a d s o r p t i o n . The equa t ions a re 

I U P R A F I ' W R 1 / 6 0 1 \ I " I #
 +

 2 0 i L N L # ^ R T V J + 2 0 i l n < 6 - ^ i > " (S557J 
A i 2 

U X U . 

RT ( ^ ) 

O r A F P / W P ' M P R 6 ( 0 P ) I 
( E 2 ) 2

L N [ - F e x p ( ^ ) J + ( E / m ( 6 - 5 E 2 ) - [ ^ F - ] 

Mr,, ; 6 0 O \ r-o, / P \ L / P N' 

2 E 2 L N L 7 R + 2 E 2 L N ( 6 " 5 E

2 ) " \ ^ B l ) 6 2 " 2 6 

and 

In P = - l n A + l n (kT) - i n ^ - ~ - 2 © 2 (^3) 

N / 2 W P ^ 

- 2 0 2 l n ( 6 - 5 0 2 ) +Ua 0 2 - l n A° - l ^ F J ^ 

R 6 E 2 

Equat ions ( ^ 2 ) and ( V 3 ) t aken t o g e t h e r form t h e two l a y e r s i g n i f i c a n t 

s t r u c t u r e s i so therm e q u a t i o n s . One could j u s t as e a s i l y have equated 
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u / k T t o u / k T i n s t e a d o f t o u / k T as we have d o n e . T h i s 

p r o c e d u r e , h o w e v e r , w o u l d have p u t b o t h 0^ and 0^ i n t h e e q u a t i o n 

i n v o l v i n g t h e p r e s s u r e . U s i n g o u r m e t h o d , o n l y 0^ i s i n v o l v e d i n 

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

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

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

i s o t h e r m e q u a t i o n s i s e x a c t l y t h e same as i n t h e t w o l a y e r c a s e • F i r s t , 

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

u s i n g e q u a t i o n s ( 2 6 ) and ( L 7 ) » Then t h e i s o t h e r m e q u a t i o n s can be 

f o u n d b y l e t t i n g 

T h r e e L a y e r Case 

kT 

kT 

and 

1 2 = I S . 
kT kT 

The e q u a t i o n s d e t e r m i n e d i n t h i s way a r e 
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a n d 

I n p = - I n /V + l n ( k T ) - I n q, 

- 20„ I n (6-50 ) + i n eo - I n A. o 
"3 3 

+ + 0 3" 

E q u a t i o n s (Ml-), (^5)> a n d (MS) t a k e n t o g e t h e r f o r m t h e t h r e e 

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

a d s o r b e d l a y e r . E q u a t i o n (1+5) c o n t a i n s p a r a m e t e r s f r o m t h e s e c o n d 

a n d t h i r d l a y e r s . E q u a t i o n (h-k) c o n t a i n s p a r a m e t e r s f r o m a l l t h r e e 

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

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

b e s e e n i n C h a p t e r V I . 

g a s p r e s s u r e , e q u a t i o n (1+6), h a s o n l y p a r a m e t e r s f r o m t h e t h i r d 
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CHAPTER I I I 

EXPERIMENTAL APPARATUS 

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

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

i t measures t e m p e r a t u r e s , p r e s s u r e s , and v o l u m e s . The r a n g e and 

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

ment d e s i g n . 

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

h i g h vacuum a p p a r a t u s b u i l t e n t i r e l y o f p y r e x g l a s s and mounted on a 

F l e x a f r a m e r a c k . H i g h vacuum s t o p c o c k s a r e employed as v a l v e s , u s i n g 

A p i e z o n N g r e a s e . T h i s i n s t r u m e n t i s v e r y s i m i l a r t o t h e BET a p p a r a t u s 

d e s c r i b e d b y Young and C r o w e l l ( 2 5 ) w h i c h i s u s e d t o make s u r f a c e a r e a 

d e t e r m i n a t i o n s . 

The i s o t h e r m p r e s s u r e r a n g e one has i n mind d e t e r m i n e s t h e 

p r e s s u r e m e a s u r i n g e q u i p m e n t u s e d . T h i s p a r t i c u l a r i n s t r u m e n t i s 

d e s i g n e d t o measure i s o t h e r m p r e s s u r e s a t a b o u t 1 m i c r o n Hg, o r b e l o w . 

The b a s i c a p p a r a t u s was i n i t i a l l y b u i l t b y P i e r o t t i ( 1 3 ) , and was 

t h e n u s e d b y Levy ( l * f ) « B o t h w o r k e r s u s e d t h e a p p a r a t u s p r i m a r i l y t o 

s t u d y m u l t i l a y e r i s o t h e r m s , w h i c h i s f a i r l y h i g h p r e s s u r e w o r k . I t 

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

S t e r l i n g FT ( 2 7 0 0 ) . The o r i g i n a l e q u i p m e n t was n o t d e s i g n e d f o r s u c h 

l o w p r e s s u r e m e a s u r e m e n t s ; t h u s , t h e a u t h o r ' s t a s k was t o r e d e s i g n t h e 

e q u i p m e n t . The m a i n p a r t s o f t h e s y s t e m and t h e o r d e r i n w h i c h t h e y 
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w i l l b e d i s c u s s e d a r e t h e v a c u u m s y s t e m , t h e d o s i n g s y s t e m , t h e c y r o -

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

V a c u u m S y s t e m 

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

6 —T 

s y s t e m i s b e t w e e n 10 mm H g a n d 10 mm H g . A s p o i n t e d o u t b y 

P i e r o t t i a n d T h o m a s (12) , t h e g r e a t e r t h e s u r f a c e a r e a o f t h e s a m p l e , 

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

s y s t e m h a s a s a m p l e s i z e o f 0.2482 g , w h i c h c o r r e s p o n d s t o a s a m p l e 

2 - 6 

s u r f a c e a r e a g r e a t e r t h a n 2 ,5 m , t h e r e s i d u a l p r e s s u r e o f 10 mm H g 

s h o u l d b e m o r e t h a n a d e q u a t e . 

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

p u m p a n d a W e l c h D u o - S e a l m e c h a n i c a l p u m p . A t r a p i s p o s i t i o n e d 

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

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

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

A n o t h e r W e l c h D u o - S e a l m e c h a n i c a l pump i s u s e d t o o p e r a t e a n 

a u x i l l i a r y l o w p r e s s u r e m a n i f o l d . T h i s m a n i f o l d ' s purpose i s t o 

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

M c L e o d g a u g e , t h e T o e p p l e r p u m p , a n d t h e g a s b u r e t ; i t i s o t h e r w i s e 

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

D o s i n g S y s t e m 

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

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

S t e r l i n g F T (2700° ) . S i n c e a n i s o t h e r m i s a p l o t o f t h e q u a n t i t y o f 

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

sample c e l l . The d o s i n g s y s t e m i s diagrammed i n F i g u r e 2 . 

The gas samples i n F i g u r e 2 a r e a s s a y e d - r e a g e n t g r a d e gases 

w i t h i n d i v i d u a l mass s p e c t r o n i c a n a l y s i s r u n t o i n s u r e p u r i t y . The 

t h r e e gases on t h i s s y s t e m a r e k r y p t o n , h e l i u m , and a r g o n ; t h e y come 

i n g l a s s f l a s k s p r o v i d e d w i t h a b r e a k o f f s e a l . The f l a s k s a r e f u s e d 

d i r e c t l y t o t h e s y s t e m , and gas i s i n t r o d u c e d t o t h e s y s t e m b y means 

o f s t o p c o c k s 1 , 2 , and 3 i n F i g u r e 2 . 

I f , f o r i n s t a n c e , a dose o f k r y p t o n i s d e s i r e d , t h e gas i s f i r s t 

i n t r o d u c e d i n t o t h e T o e p p l e r pump b y o p e n i n g s t o p c o c k k3 w h i c h , a l o n g 

w i t h s t o p c o c k 5 , i s a t w o - w a y s t o p c i c k . Now by o p e n i n g s t o p c o c k k i n 

t h e o t h e r d i r e c t i o n , t h e k r y p t o n gas can go f r o m t h e T o e p p l e r pump 

i n t o t h e gas b u r e t . The T o e p p l e r pump i s used t o s t o r e t h e gas o f 

i n t e r e s t . The p r e s s u r e o f t h e gas i n s i d e t h e T o e p p l e r pump can be 

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

pump. The p r e s s u r e o f a dose c a n t h e n be v a r i e d when t h e T o e p p l e r 

pump i s used i n c o n j u n c t i o n w i t h t h e gas b u r e t . 

F i g u r e 2 shows t h e gas b u r e t t o be a s e r i e s o f f o u r g l a s s b u l b s 

w i t h s t o p c o c k 5 , a t w o - w a y s t o p c o c k , s i t u a t e d on one end o f t h e b u r e t , 

and a m e r c u r y r e s e r v o i r s i t u a t e d on t h e o t h e r e n d . F o u r gas v o l u m e s 

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

any o f t h e f o u r p o s i t i o n s d i r e c t l y b e l o w e a c h b u l b . V a l v e 6 i n F i g u r e 

2 i s a Nupro b e l l o w s v a l v e w h i c h i s u s e d i n c o n j u n c t i o n w i t h t h e 

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

gas b u r e t . 

P i e r o t t i ( 1 3 ) c a l i b r a t e d each o f t h e f o u r v o l u m e s o f t h e gas b u r e t 



F i g u r e 2 . The D o s i n g S y s t e m . 
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p r e v i o u s l y . These v o l u m e s were c a l i b r a t e d o u t s i d e t h e s y s t e m u s i n g a 

m e r c u r y w e i g h i n g t e c h n i q u e . 

The gas b u r e t i s s u r r o u n d e d b y a w a t e r j a c k e t t o m i n i m i z e 

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

0 . 0 1 C i s u s e d t o measure t h e t e m p e r a t u r e o f t h e w a t e r b a t h , and t h u s 

t h e t e m p e r a t u r e o f t h e d o s e . 

As an example o f how t h e gas b u r e t w o r k s , suppose a dose o f 

-4 

a b o u t 1 x 10 moles o f gas i s d e s i r e d . The m e r c u r y l e v e l i n t h e gas 

b u r e t i s p l a c e d on t h e mark b e t w e e n t h e t o p b u l b and t h e second b u l b . 

S t o p c o c k 5 i s opened t o t h e T o e p p l e r pump and t o t h e p r e s s u r e m e a s u r i n g 

d e v i c e s . S i n c e t h i s vo lume i n t h e b u r e t i s 1 0 . 6 6 7 c c , t h e p r e s s u r e o f 

gas d e s i r e d i s g i v e n b y 

n RT _ 1 x 10"^ x 8 2 . 0 5 x 2 9 8 
y - 1 0 . 6 6 7 

P = Yjk mm H g . 

Thus enough gas s h o u l d be r e l e a s e d f r o m t h e T o e p p l e r pump so t h a t t h e 

p r e s s u r e i s a b o u t 174 mm H g . S t o p c o c k 5 i s now c l o s e d and 1 x 10 

mo les o f gas i s t r a p p e d i n t h e gas b u r e t . By o p e n i n g s t o p c o c k 5 t o 

t h e sample c e l l , t h e 1 x 10 mo les o f gas can be i n t r o d u c e d i n t o t h e 

sample c e l l . T h i s i s a c c o m p l i s h e d b y o p e n i n g v a l v e 6 and r u n n i n g t h e 

m e r c u r y l e v e l t o t h e t o p o f s t o p c o c k 5 • A g r e a t v a r i e t y o f dose s i z e s 
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a r e a t t a i n a b l e b y u s i n g d i f f e r e n t c o m b i n a t i o n s o f p r e s s u r e a n d b u r e t 

v o l u m e s . 

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

U - t u . b e m a n o m e t e r o r a h i g h p r e c i s i o n M c L e o d g a u g e . O r d i n a r i l y , g a s 

p r e s s u r e s o f 1 cm Hg o r g r e a t e r a r e m e a s u r e d b y t h e m e r c u r y U - t u b e 

m a n o m e t e r , a n d p r e s s u r e s b e l o w 1 cm Hg a r e m e a s u r e d w i t h t h e M c L e o d 

g a u g e . T h e M c L e o d g a u g e i s u s u a l l y u s e d t o m e a s u r e d o s e p r e s s u r e s , 

s i n c e s m a l l d o s e s a r e n o r m a l l y u s e d . T h e M c L e o d g a u g e i s a l s o u s e d i n 

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

C r y o s t a t a n d S a m p l e C e l l 

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

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

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

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

g o i n t o i t s c o n s t r u c t i o n . F i g u r e 3 s h o w s t h e s a m p l e c e l l a n d c r y o s t a t 

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

h i g h l y r e l i a b l e . L i q u i d n i t r o g e n , l i q u i d o x y g e n , o r a m i x t u r e o f t h e 

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

0 o 
A n y t e m p e r a t u r e f r o m a b o u t 6 5 K t o 9 0 K c a n b e o b t a i n e d w i t h t h i s c r y o -

o 

s t a t a n d i n a d d i t i o n c a n b e m a i n t a i n e d a t ± 0 . 0 5 K o r b e t t e r . One i s 

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

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

F i g u r e 3 s h o w s t h e s a m p l e c e l l c o n t a i n i n g t h e S t e r l i n g F T 
o 

( 2 7 0 0 ) s a m p l e . T h i s s a m p l e c e l l i s a f l a t b o t t o m e d g l a s s b u l b w h o s e 

d e s i g n w a s f i r s t s u g g e s t e d b y C l a r k ( 2 6 ) . T h e s a m p l e , w h i c h i s 0 . 2 4 8 2 

http://U-tu.be
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to gas buret 

\- to capacitance manometer 
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solenoid 2 

sample Dewar flask 

It aux, 

solenoid I 9 relay 
helium vacuum 

F i g u r e 3» T h e C r y o s t a t and T e m p e r a t u r e R e g u l a t i n g S y s t e m . 
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grams in size, is spread over the flat bottom, allowing more rapid 

equilibrium times during an isotherm run. 

Two glass tubes go to the sample bulb. Both of these enter 

through the top of the vacuum jacket surrounding the sample cell, form­

ing an air tight seal with the jacket. One tube is a k mm I.D. glass 

tube which comes from the gas buret and also goes to the capacitance 

manometer. The purpose of this tube is to deliver the krypton doses 

from the gas buret to the sample. The other tube also goes into the 

sample bulb, but it is sealed off inside the sample bulb - this is, it 

does not open into the sample bulb. This tube is part of a closed 

system of argon gas which acts as a vapor pressure thermometer. The 

argon vapor pressure thermometer will be discussed in detail later. 

The sample cell and the tubes coming into it are all surrounded 

by a vacuum jacket, which is simply a tapered ground glass joint, 

sealed on with Apiezon N grease. The vacuum jacket is thus easily 

removed, exposing the sample cell and thus enabling one to bake out or 

remove the sample. The vacuum jacket is connected to the main manifold 

of the system through stopcock k in Figure 3* By opening stopcock k, 

the jacket is evacuated. About 1 mm of helium gas is then put into the 

jacket and stopcock k is closed. The vacuum jacket, with the low gas 

pressure, acts as an insulator for the sample cell against short term 

temperature fluctuations in the Dewar flask during isotherm runs. The 

bath temperature inside the Dewar flask is controlled in such a way 

that it is always oscillating up and down. The sample cell, however, 

does not see as much oscillation due to the low pressure inside the 

vacuum jacket. 
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C r y o s t a t t e m p e r a t u r e c o n t r o l w i l l n o w b e d i s c u s s e d . F i g u r e 3 

s h o w s t h r e e t u b e s w h i c h g o i n t o t h e c r y o s t a t t h r o u g h t h e P l e x i g l a s 

p l a t e . T h e t w o t u b e s w h i c h g o t o s o l e n o i d v a l v e s 1 a n d 2 a r e m a d e 

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

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

g l a s s t u b e i s s e a l e d t o t h e P l e x i g l a s p l a t e w i t h A p i e z o n Q w a x . T h e 

D e w a r f l a s k i s a l s o s e a l e d t o t h e P l e x i g l a s p l a t e u s i n g A p i e z o n Q w a x . 

B y p u m p i n g o n t h e c o o l a n t i n s i d e t h e D e w a r f l a s k w i t h a m e c h a n i c a l p u m p 

t h r o u g h s o l e n o i d v a l v e 1 , t h e t e m p e r a t u r e o f t h e c o o l a n t , a n d t h u s 

t h e s a m p l e , i s l o w e r e d . 

T h e t u b e w h i c h g o e s t o m a n o m e t e r B i n F i g u r e 3 i s p a r a l l e l t o 

t h e v a c u u m j a c k e t a n d e x t e n d s i n t o t h e c o o l a n t a s f a r a s t h e b o t t o m 

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

w i t h a r g o n g a s . A t t h e t e m p e r a t u r e s u s e d i n t h i s s t u d y , a r g o n e x i s t s 

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

t e m p e r a t u r e . T h e r e f o r e , w h e n o n e p u m p s o n t h e b a t h t h r o u g h s o l e n o i d 1 

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

a r g o n d e c r e a s e s . T h e m e r c u r y l e v e l i n t h e r i g h t a r m o f U - t u b e m a n o m e t e r 

B t h e n c o m e s d o w n u n t i l i t b r e a k s c o n t a c t w i t h t h e r e l a y i n F i g u r e 3 « 

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

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

c o m p l e t e t h e c i r c u i t o n t h e r e l a y . H o w e v e r , w h e n t h e a r g o n v a p o r 

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

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

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

i n c r e a s i n g , r a i s i n g t h e v a p o r p r e s s u r e o f t h e s o l i d a r g o n u n t i l 
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F I N A L L Y C O N T A C T I S M A D E A G A I N W I T H T H E R I G H T A R M O F M A N O M E T E R B . T H E 

R E L A Y T H E N O P E N S S O L E N O I D V A L V E 1 I N T H E P U M P L I N E A N D T H E C Y C L E S T A R T S 

A G A I N . I N T H I S M A N N E R T H E T E M P E R A T U R E O F T H E B A T H I S M A I N T A I N E D C O N ­

S T A N T . 

S O L E N O I D V A L V E 2 C O N N E C T S A H E L I U M T A N K T O T H E B A T H . T H E L I N E 

F R O M S O L E N O I D 2 G O E S I N T O T H E C R Y O S T A T A N D C O I L S A R O U N D A T T H E B O T T O M 

O F T H E C R Y O S T A T . T H I S C O P P E R C O I L H A S S E V E R A L P I N - H O L E S W H I C H A L L O W 

H E L I U M G A S T O B U B B L E U P T H R O U G H T H E C O O L A N T . W H E N P U M P S O L E N O I D 1 I S 

I N T H E O N , O R P U M P , P O S I T I O N , H E L I U M S O L E N O I D 2 I S I N T H E O F F , O R 

C L O S E D P O S I T I O N . B U T W H E N P U M P S O L E N O I D 1 I S I N T H E O F F P O S I T I O N , 

H E L I U M S O L E N O I D 2 I S I N T H E O N P O S I T I O N . T H U S A S M A L L A M O U N T O F 

H E L I U M G A S I S A L L O W E D T O B U B B L E T H R O U G H T H E C O O L A N T I N T H E D E W A R F L A S K , 

B U T T H E H E L I U M F L O W I S S T O P P E D W H E N P U M P I N G B E G I N S . T H E P U R P O S E O F 

T H E H E L I U M I S T O K E E P T H E C O O L A N T S T I R R E D A N D P R E V E N T T E M P E R A T U R E 

G R A D I E N T S I N S I D E T H E B A T H , A N D A L S O T O H E L P C O O L T H E B A T H , A S W I L L 

B E D I S C U S S E D N E X T . 

T H E O N E D R A W B A C K O F T H E A B O V E S Y S T E M I S T H A T I T I S I N A D V I S A B L E 

T O P U M P O N L I Q U I D O X Y G E N . I N S U C H C A S E S O N E M A Y O M I T T H E P U M P I N G A N D 

U S E A M E T H O D S U G G E S T E D B Y L Y T H E A N D S T O N E R ( 2 7 ) • H E R E H E L I U M G A S I S 

B U B B L E D T H R O U G H T H E C O O L A N T , W H I C H C A N B E E I T H E R L I Q U I D O X Y G E N O R 

L I Q U I D N I T R O G E N . T H E C O O L A N T E V A P O R A T E S I N T O T H E G A S B U B B L E S . T H I S 

E V A P O R A T I O N L O W E R S T H E T E M P E R A T U R E O F T H E B A T H A N D T R I P S T H E R E L A Y I N 

T H E S A M E W A Y A S A B O V E , C L O S I N G T H E S O L E N O I D V A L V E I N T H E H E L I U M L I N E , 

T H U S S T O P P I N G T H E H E L I U M F L O W . T H E B A T H T H E N H E A T S U P A N D T H E C Y C L E 

S T A R T S A N E W . T H E B A T H I S A L S O S T I R R E D B Y T H E H E L I U M B U B B L E S . T H I S 

M E T H O D I S S I M P L E , B U T S U R P R I S I N G L Y E F F E C T I V E C O N S I D E R I N G T H A T T H E B A T H 



t e m p e r a t u r e c a n be l o w e r e d as much as 10 K b e l o w t h e n o r m a l b o i l i n g 

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

used i n o b t a i n i n g t h e d a t a i n t h i s w o r k . 

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

w h i l e d i s c u s s i n g t h e sample c e l l . T h i s i s used i n a c t u a l l y d e t e r m i n i n g 

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

o f manometer A i n F i g u r e 3 and t h e t u b e g o i n g f r o m manometer A i n t o 

t h e sample b u l b . T h i s t u b e i s f i l l e d w i t h a b o u t 6 5 cm o f a r g o n gas 

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

t h e sample c e l l , t h e a r g o n i n t h e p r o b e w i l l be a s o l i d . T h u s , a 

measure o f t h e s o l i d a r g o n v a p o r p r e s s u r e on U - t u b e manometer A t e l l s 

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

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

The s o l i d a r g o n v a p o r p r e s s u r e d a t a o f C l a r k , D i n , and Robb ( 2 8 ) i s 

used i n d e t e r m i n i n g sample t e m p e r a t u r e s . 

P r e s s u r e M e a s u r i n g Sys tem 

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

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

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

used i n t h i s r e s e a r c h i s d e s i g n e d t o measure e x t r e m e l y s m a l l gas 

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

gas p r e s s u r e s o f s e v e r a l m i l l i m e t e r s o f m e r c u r y j u s t as e a s i l y . I t 

i s t h u s p o s s i b l e w i t h t h i s a p p a r a t u s t o measure i s o t h e r m s f r o m s u b ­

m o n o l a y e r c o v e r a g e up t o t h e c o m p l e t e l y s a t u r a t e d s t a t e . The p r e s s u r e 

m e a s u r i n g d e v i c e s a r e t w o m e r c u r y U - t u b e manometers , one McLeod gauge , 

and one c a p a c i t a n c e manometer , a l l shown i n F i g u r e k. 



McLeod gauge 

F i g u r e 4 . The A d s o r p t i o n S y s t e m . 



U - t u b e Manometers 

B o t h m e r c u r y U - t u b e manometers have a l r e a d y been m e n t i o n e d . 

Manometer A i n F i g u r e h i s used s o l e l y as t h e a r g o n v a p o r p r e s s u r e 

t h e r m o m e t e r , w h i l e manometer C i s used t o measure dose p r e s s u r e s i n 

t h e gas b u r e t o f 1 cm m e r c u r y o r more and a l s o i n t h e c a l i b r a t i o n o f 

t h e sample c e l l v o l u m e . The c a l i b r a t i o n w i l l be d i s c u s s e d t h o r o u g h l y 

i n C h a p t e r k. 

B o t h U - t u b e manometers c a n h a n d l e gas p r e s s u r e s up t o one 

a t m o s p h e r e . The b o r e o f t h e manometer t u b i n g i s w i d e enough t o 

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

t h e s e manometers and i n t h e McLeod gauge a r e r e a d w i t h a G a e r t n e r 

U n i v e r s a l C a t h e t o m e t e r , Number 7 2 7 3 0 , p u r c h a s e d f r o m C e n t r a l S c i e n t i f i c 

Company. 

McLeod Gauge 

The McLeod gauge on t h i s s y s t e m has t h r e e p u r p o s e s : l ) t o 

measure dose p r e s s u r e s , 2 ) t o c a l i b r a t e t h e c a p i c i t a n c e manometer 

as a d i r e c t r e a d o u t i n s t r u m e n t , and 3 ) t o measure i s o t h e r m e q u i l i b r i u m 

p r e s s u r e s t h a t a r e g r e a t e r t h a n a b o u t 1 0 0 m i c r o n s . 

The McLeod gauge was b u i l t and c a l i b r a t e d by P i e r o t t i ( 1 3 ) . 

The i n s t r u m e n t c a l i b r a t i o n was t h e n c h e c k e d a g a i n s t a CVC McLeod gauge 

b y M c A l p i n ( 9 ) , and t h e agreement be tween t h e t w o gauges was f o u n d t o 

be w i t h i n e x p e r i m e n t a l e r r o r i n a l l r a n g e s . 

The McLeod gauge i s a p r e c i s i o n p r e s s u r e m e a s u r i n g i n s t r u m e n t . 

F o r e x a m p l e , i t c a n be shown t h a t a gas p r e s s u r e o f 0 . 5 m i c r o n s c a n 

be measured t o w i t h i n 1 p e r c e n t w i t h t h i s McLeod g a u g e , a s s u m i n g 

t h a t t h e p r e c i s i o n o f t h e c a t h e t o m e t e r i s ± 0 . 0 5 mm. I t s h o u l d be 
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p o i n t e d o u t h e r e t h a t a l l manometer r e a d i n g s t a k e n w i t h t h e c a t h e t o -

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

t e m p e r a t u r e and g r a v i t y e f f e c t s . The McLeod gauge a l s o has a 

c a p i l l a r y c o r r e c t i o n . 

F i g u r e k shows t h e McLeod gauge i n r e l a t i o n t o t h e r e s t o f t h e 

s y s t e m . A good d i s c u s s i p n o f McLeod gauges and U - t u b e manometers i s 

f o u n d i n Ross and O l i v i e r ( 2 9 ) -

C a p a c i t a n c e Manometer 

A c a p a c i t a n c e manometer i s used e i t h e r as a d i f f e r e n t i a l p r e s ­

s u r e m e a s u r i n g d e v i c e , o r when c a l i b r a t e d , as a d i r e c t p r e s s u r e measur ­

i n g d e v i c e . The manometer h e a d , shown i n F i g u r e 5* c o n t a i n s a t h i n 

m e t a l d i a p h r a g m and a p r o b e . I f t h e p r e s s u r e on one s i d e o f t h e 

d i a p h r a g m exceeds t h e p r e s s u r e o n t h e o t h e r s i d e , t h e d i a p h r a g m i s 

d i s p l a c e d r e l a t i v e t o t h e p r o b e . The movement o f t h e d i a p h r a g m changes 

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

r e s u l t i n g i n an AC s i g n a l w h i c h i s a m p l i f i e d and d i s p l a y e d on an 

i n d i c a t o r m e t e r . A r e c o r d e r i s a t t a c h e d t o t h i s m e t e r and t h e s i g n a l 

i s r e c o r d e d . 

The c a p i c i t a n c e manometer used i n t h i s w o r k i s a G r a n v i l l e -

P h i l l i p s S e r i e s 2 1 2 , M o d e l 0 3 . T h i s i n s t r u m e n t has f i v e p r e s s u r e 

r a n g e s o f I X , 0 . 3 X , 0 . 1 X , 0 . 0 3 X , and 0 .01X , where X i n d i c a t e s t h e f u l l 

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

means t h a t on t h e 0 . 0 1 X r a n g e , a p r e s s u r e d i f f e r e n t i a l o f 0 . 0 1 mm Hg 

a c r o s s t h e m e t a l d i a p h r a g m w i l l d e f l e c t t h e r e a d o u t m e t e r b y 2 0 0 u n i t s , 

w h i c h i s f u l l s c a l e . 

The c a p a c i t a n c e manometer i s used t o measure t h e e q u i l i b r i u m 
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Figure 5« The Capacitance Manometer Head. 



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

l i n e a r on a l l s c a l e s b u t t h e I X , t h e c a p a c i t a n c e manometer i s 

c a l i b r a t e d a g a i n s t t h e McLeod gauge and i s u s e d as a d i r e c t r e a d o u t 

i n s t r u m e n t f o r p r e s s u r e s f r o m a b o u t 0 t o 100 m i c r o n s . F o r i s o t h e r m 

gas p r e s s u r e s above 100 m i c r o n s , t h e c a p a c i t a n c e manometer i s u s e d 

as a n u l l i n s t r u m e n t and t h e i s o t h e r m p r e s s u r e s a r e measured on t h e 

McLeod g a u g e . I n e i t h e r c a s e , t h e McLeod gauge and t h e c a p a c i t a n c e 

manometer a r e l i n k e d t o g e t h e r . The c a l i b r a t i o n and use o f t h e 

c a p a c i t a n c e manometer and McLeod gauge w i l l be d i s c u s s e d i n d e t a i l i n 

t h e n e x t c h a p t e r . 
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CHAPTER I V 

EXPERIMENTAL PROCEDURES 

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

I n t h i s w o r k , t w o t y p e s o f e x p e r i m e n t s a re p e r f o r m e d : 

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

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

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

ments . There a r e , h o w e v e r , c e r t a i n p r e l i m i n a r y p r o c e d u r e s w h i c h must 

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

t h e r m s w h i c h w i l l now be d i s c u s s e d i n t h e o r d e r i n w h i c h t h e y o c c u r 

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

I s o t h e r m T e m p e r a t u r e C o n t r o l 

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

i s a t w h a t temperature the measurements w i l l be made. Then b y u s i n g 

t h e d a t a o f C l a r k , D i n , and Robb ( 2 8 ) , t h e v a p o r p r e s s u r e w h i c h s o l i d 

a r g o n w i l l e x h i b i t a t t h a t t e m p e r a t u r e i s d e t e r m i n e d . Suppose , f o r 
o 

e x a m p l e , t h a t a sample t e m p e r a t u r e o f 7 5 , K i s d e s i r e d . The p r e s s u r e 

i n t h e a r g o n v a p o r p r e s s u r e t h e r m o m e t e r , manometer A i n F i g u r e s 3 

and h, s h o u l d be 1 2 7 mm. The c o o l a n t , i n t h i s case p u r e l i q u i d 

n i t r o g e n , i s added t o t h e Dewar f l a s k s u r r o u n d i n g t h e sample c e l l . 
0 

The t e m p e r a t u r e o f t h e sample c e l l i s now somewhat o v e r 7 7 K, t h e 

n o r m a l b o i l i n g p o i n t o f l i q u i d n i t r o g e n , and t h e b a t h t e m p e r a t u r e must 

t h e r e f o r e be l o w e r e d . The r e l a y i n F i g u r e 3 i s now c o n n e c t e d t o a 
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s e t o f l e a d s on manometer B, m a k i n g c o n t a c t t h r o u g h t h e m e r c u r y and 

o p e n i n g s o l e n o i d v a l v e 1 t o a vacuum pump. The pump l o w e r s t h e 

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

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

manometer A i s a b o u t 1 2 7 mm, i n d i c a t i n g a t e m p e r a t u r e o f a b o u t 7 5 K. 

A t t h e moment t h e d e s i r e d t e m p e r a t u r e i s r e a c h e d , s t o p c o c k 3 i s c l o s e d 

and s t o p c o c k 1 i s opened on manometer B . A i r i s l e a k e d i n t o t h e 

r i g h t arm o f manometer B t h r o u g h l e a k v a l v e 2 , c a u s i n g t h e m e r c u r y t o 

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

s o l e n o i d v a l v e 1 and s t o p s t h e p u m p i n g a c t i o n . The b a t h t e m p e r a t u r e 

t h e n s t o p s f a l l i n g . A t t h i s moment l e a k v a l v e 2 i s c l o s e d and s t o p -
o 

c o c k 1 i s c l o s e d and t h e d e s i r e d b a t h t e m p e r a t u r e o f a b o u t 7 5 K has 

now been o b t a i n e d . T h i s t e m p e r a t u r e c a n be m a i n t a i n e d as e x p l a i n e d 

i n t h e c r y o s t a t s e c t i o n o f C h a p t e r I I I , The sample c e l l c a n be 

b r o u g h t up t o r o o m t e m p e r a t u r e and r e t u r n e d t o t h e s e t t e m p e r a t u r e as 

o f t e n as d e s i r e d so l o n g as t h e a i r p r e s s u r e i n t h e r i g h t arm o f 

manometer B i s n o t c h a n g e d . 

Volume D e t e r m i n a t i o n s 

When a gas i s i n t r o d u c e d i n t o t h e sample c e l l , p a r t o f t h e 

gas i s a d s o r b e d on t h e s u r f a c e o f t h e a d s o r b e n t , and p a r t o f t h e gas 

r e m a i n s i n t h e gas phase above t h e s a m p l e . E v e r y t h i n g e l s e b e i n g 

c o n s t a n t , t h e amount o f gas r e m a i n i n g i n t h e gas phase above t h e sample 

depends on t h e vo lume a v a i l a b l e t o t h e gas p h a s e . I t i s n e c e s s a r y t o 

know t h i s vo lume t o f i n d how much o f a gas i s a d s o r b e d and how much 

r e m a i n s i n t h e gas p h a s e . 
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H e l i u m i s employed as t h e c a l i b r a t i n g gas t o d e t e r m i n e t h e 

v o l u m e s . H e l i u m i s p a r t i c u l a r l y s u i t e d f o r t h i s s i n c e i t i s n o t 
0 

a d s o r b e d a p p r e c i a b l y a t t e m p e r a t u r e s g r e a t e r t h a n 3 0 K ( 3 0 ) . 

The f i r s t vo lume w h i c h i s d e t e r m i n e d i s V , t h e a p p a r e n t 
s y s ' 

vo lume o f t h e s y s t e m when t h e sample i s a t room t e m p e r a t u r e . T h i s i s 

t h e vo lume o f t h e t u b i n g between s t o p c o c k s 1 and 3 i n F i g u r e k and 

i t i n c l u d e s t h e sample and one s i d e o f t h e c a p a c i t a n c e manometer . 

F i r s t t h e s i z e o f a dose o f h e l i u m gas i s d e t e r m i n e d as d i s c u s s e d i n 

C h a p t e r I I I . T h i s dose s h o u l d be l a r g e enough so t h a t t h e U - t u b e 

manometer can be u s e d . S t o p c o c k 3 i s c l o s e d and 2 i s o p e n e d ; t h e 

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

r u n n i n g t h e m e r c u r y l e v e l i n t h e gas b u r e t t o t h e t o p o f s t o p c o c k 1 

i n F i g u r e h. The c a p a c i t a n c e manometer i s used as a n u l l i n s t r u m e n t . 

T h a t i s , when t h e gas p r e s s u r e on one s i d e o f s t o p c o c k 3 i s e q u a l t o 

t h e gas p r e s s u r e on t h e o t h e r s i d e o f s t o p c o c k 3 . t h e c a p a c i t a n c e 

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

c o c k s 6, 7 and 1 1 and o p e n i n g s t o p c o c k s K, 5 a n d 8 , h e l i u m gas i s 

l e a k e d i n t o manometer C i n F i g u r e k t h r o u g h l e a k v a l v e 9» T h i s i s 

c o n t i n u e d u n t i l t h e c a p a c i t a n c e manometer r e a d o u t i n d i c a t e s z e r o 

p r e s s u r e d i f f e r e n t i a l a c r o s s s t o p c o c k 3 « The p r e s s u r e o f t h e gas 

i n V i s now r e a d f r o m manometer C. Then 

V 
n R T d r 

sys P (V7) 
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where e q u a l s t h e number o f moles i n t h e d o s e , i s t h e room temper ­

a t u r e , and P i s t h e p r e s s u r e as r e a d f r o m U - t u b e manometer C. 

V s h o u l d r e m a i n c o n s t a n t so l o n g as t h e s y s t e m i s n o t a l t e r e d , sys 

The c o o l a n t i s now added t o t h e Dewar f l a s k s u r r o u n d i n g t h e 

sample c e l l and t h e p r e v i o u s l y s e t t e m p e r a t u r e i s o b t a i n e d . L e t V c 

be t h e vo lume o f t h e sample c e l l b u l b and as much o f t h e t u b e c o m i n g 

t o t h e b u l b as i s u n d e r t h e l i q u i d c o o l a n t l e v e l . T h i s vo lume i s a t 

t e m p e r a t u r e T , where T c i s t h e sample t e m p e r a t u r e . i s d e f i n e d 

as a l l t h e volume o f t h e s y s t e m f r o m s t o p c o c k 1 t o s t o p c o c k 3> 

e x c e p t f o r t h a t vo lume c o n t a i n e d i n V . Thus 
^ c 

V = V, + V . (kQ) sys h e 

S i n c e we a r e d e a l i n g w i t h a r a r e gas a t e x t r e m e l y l o w p r e s s u r e s , 

t h e i d e a l gas l a w i s a good a p p r o x i m a t i o n . We c a n t h e n w r i t e t h e l a s t 

e q u a t i o n as 

n RT n RT . 

sys P P K y j 

where n e q u a l s t h e number o f moles o f gas i n V , , and n e q u a l s 
h h e 

t h e number o f moles o f gas i n V*c • O b v i o u s l y 
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where e q u a l s t h e number o f moles o f t h e d o s e . E q u a t i o n s ( 4 9 ) 

and ( 5 0 ) c a n be combined t o g i v e 

n RT. n RT, n RT 
- c n + c 0

 = y • ( 5 1 ) 
P P P sys K ? ' 

A known dose o f h e l i u m , n ^ , i s i n t r o d u c e d i n t o t h e sample c e l l w h i c h 

i s now a t t e m p e r a t u r e T^ . The c a p a c i t a n c e manometer i s z e r o e d , 

i n d i c a t i n g z e r o p r e s s u r e d i f f e r e n t i a l a c r o s s s t o p c o c k 3 i n F i g u r e 4 . 

The p r e s s u r e o f t h e gas i s r e a d o n manometer C g i v i n g P i n e q u a t i o n 

( 5 1 ) ; n c i s now f o u n d f r o m e q u a t i o n ( 5 1 ) , a n d n^ i s f o u n d f r o m 

e q u a t i o n ( 5 0 ) . V and V a r e now d e t e r m i n e d b y u s i n g t h e i d e a l gas l a w , 

T h a t i s 

n RT. n RT 
V h = V 1 ^ \ = - V s . ( 5 2 ) 

I t w i l l l a t e r be shown how V, and V a r e used t o f i n d t h e number 
h c 

o f moles o f k r y p t o n gas r e m a i n i n g i n t h e gas phase d u r i n g an i s o t h e r m . 

A n o t h e r vo lume o f i n t e r e s t i s t h e vo lume o f t h e sample s i d e o f 

t h e c a p a c i t a n c e manometer . T h i s i s d e s i g n a t e d V , where V e q u a l s 
cm cm 

t h e vo lume o f t h e c a p a c i t a n c e manometer b e t w e e n s t o p c o c k s 2 and 3 i n 

F i g u r e 4 . V" c m i s seen more c l e a r l y i n F i g u r e 5* I t i n c l u d e s a l l t h e 

vo lume f r o m s t o p c o c k s 2 and 3 up t o t h e m e t a l d i a p h r a g m . VQm ^ s P a *"t 
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o f V and i s d e t e r m i n e d when V i s d e t e r m i n e d . A f t e r V 
v s y s sys sys 

has been d e t e r m i n e d , s t o p c o c k 2 i s c l o s e d and 3 i s opened i n F i g u r e 4 . 

S t o p c o c k s 4 , 7 and 8 a r e a l s o opened and i s e v a c u a t e d . A f t e r 

e v a c u a t i o n i s c o m p l e t e , s t o p c o c k 3 i s c l o s e d and s t o p c o c k 2 i s o p e n e d . 

The c a p a c i t a n c e manometer i s now r e z e r o e d , and t h e new p r e s s u r e 
i n s i d e V i s o b t a i n e d f r o m manometer C. L e t t h e new p r e s s u r e be P 0 sys 2 

and l e t t h e p r e s s u r e i n s i d e V b e f o r e V i s e v a c u a t e d be P.. . 
* sys cm 1 

Tha number o f moles o f h e l i u m w h i c h r e m a i n i n V a f t e r V i s 
sys cm 

e v a c u a t e d i s 

n = ^ - . ( 5 3 ) 
r 

Thus ( n . - n ) i s t h e number o f moles pumped f r o m V . Thus v d cm 

( n - n)RT 
a r V = - ^ 5 E . ( 5 4 ) 

cm P w ' 

The use o f V » V, , V , and V i n d e t e r m i n i n g an a d s o r p t i o n sys- 7 t r c ; cm ° * 

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

Bake Out o f Sample 

The n e x t s t e p t o w a r d r u n n i n g an a d s o r p t i o n i s o t h e r m i s t h e sample 
o 

bake o u t . S t e r l i n g FT ( 2 7 0 0 ) o u t g a s s e s r e a d i l y a t room t e m p e r a t u r e 

and a sample bake o u t i s p r o b a b l y n o t n e c e s s a r y . However , a sample 
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"bake o u t a t 2 5 0 C f o r a t l e a s t 1 2 h o u r s i s a l w a y s made b e f o r e each 

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

same f o r each i s o t h e r m . A c y l i n d r i c a l h e a t e r f i t s a r o u n d t h e sample 

c e l l t o o u t g a s t h e s a m p l e . The c a p a c i t a n c e manometer i s a l s o u s u a l l y 
o 

baked o u t a t t h e same t i m e as t h e s a m p l e . A t e m p e r a t u r e o f a b o u t 3 0 0 C 

i s used t o bake o u t t h e c a p a c i t a n c e manometer , a h e a t i n g t a p e b e i n g 

u s e d f o r t h i s p u r p o s e . D u r i n g bake o u t p r o c e d u r e s a l l s t o p c o c k s 

c o m i n g t o t h e c a p a c i t a n c e manometer and sample c e l l a r e opened t o t h e 

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

vacuum ( a t l e a s t 1 0 ^ mm) i s o b s e r v e d on t h e McLeod g a u g e . 

C a l i b r a t i o n o f C a p a c i t a n c e Manometer 

The c a p a c i t a n c e manometer i s used as a n u l l i n s t r u m e n t when 

m e a s u r i n g gas p r e s s u r e s o f a b o u t 1 0 0 m i c r o n s o r m o r e . T h i s use o f t h e 

c a p a c i t a n c e manometer has been r e f e r r e d t o p r e v i o u s l y and w i l l now be 

e x p l a i n e d i n more d e t a i l w i t h t h e a i d o f F i g u r e 4 . Assume t h a t t h e 

p r e s s u r e on t h e sample s i d e o f s t o p c o c k 3 i s 1 5 0 m i c r o n s , and t h e 

p r e s s u r e o n t h e vacuum s i d e i s z e r o ( 1 0 ^ mm H g ) . The c a p a c i t a n c e 

manometer has been p r e v i o u s l y z e r o e d , mean ing t h a t t h e r e a d o u t i s 

z e r o on a l l r a n g e s f o r z e r o p r e s s u r e d i f f e r e n t i a l a c r o s s s t o p c o c k 3 » 

S t o p c o c k s 1 1 , 5 and 7 a r e n ° v c l o s e d , and s t o p c o c k s 8 , k and 6 r e m a i n 

o p e n . The c a p a c i t a n c e manometer r e a d o u t i s p l a c e d on t h e I X range 

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

t o add enough h e l i u m gas t o t h e vacuum s i d e o f s t o p c o c k 3 "to b r i n g 

t h e r e a d o u t b a c k t o z e r o p r e s s u r e d i f f e r e n t i a l . So on t h e I X r a n g e , 

h e l i u m i s l e a k e d s l o w l y i n t o t h e s y s t e m u s i n g l e a k v a l v e 9 u n t i l t h e 
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r e a d o u t r e t u r n s t o z e r o . I f t o o much gas i s l e a k e d i n , i t c a n be 

removed w i t h l e a k v a l v e 1 0 . A f t e r z e r o i n g on t h e I X range i s c o m p l e t e , 

t h e c a p a c i t a n c e manometer i s s w i t c h e d t o t h e O . I X range and i s now 

z e r o e d on t h i s more s e n s i t i v e range u s i n g t h e same p r o c e d u r e as on t h e 

I X r a n g e . F i n a l l y t h e r e a d o u t i s s w i t c h e d t o t h e 0 .01X r a n g e , t h e 

most s e n s i t i v e r a n g e , and a g a i n i s z e r o e d ; t h e p r e s s u r e d i f f e r e n t i a l 

a c r o s s s t o p c o c k 3 i s now assumed t o be z e r o . Thus t h e p r e s s u r e i n 

t h e McLeod gauge ( o r U - t u b e manometer ) i s assumed t o be e q u a l t o t h e 

p r e s s u r e on t h e sample s i d e o f s t o p c o c k 3 -

On a l l s c a l e s b u t t h e I X r a n g e , t h e c a p a c i t a n c e manometer r e a d ­

o u t i s l i n e a r i n p r e s s u r e w h i c h means t h a t any p r e s s u r e b e l o w a b o u t 

100 m i c r o n s i s d i r e c t l y p r o p o r t i o n a l t o t h e c a p a c i t a n c e manometer 

r e a d o u t . T h e r e f o r e , i n p r i n c i p l e one s h o u l d be a b l e t o z e r o t h e 

manometer , add doses o f gas t o t h e sample c e l l , and r e a d t h e 

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

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

successful. On a l l t h e r e a d o u t ranges, p a r t i c u l a r l y t h e 0 .01X r a n g e , 

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

means t h a t t h e p o s i t i o n o f t h e r e a d o u t n e e d l e f o r z e r o p r e s s u r e 

d i f f e r e n t i a l a c r o s s s t o p c o c k 3 i n F i g u r e k changes c o n t i n u a l l y w i t h 

t i m e . 

What i s needed i s a method o f r e z e r o i n g t h e c a p a c i t a n c e mano­

m e t e r d u r i n g an i s o t h e r m r u n . T h i s c a n be done as w i l l now be e x ­

p l a i n e d w i t h t h e a i d o f F i g u r e k. Suppose a gas p r e s s u r e o f , s a y , 

- 6 

2 m i c r o n s i s on t h e sample s i d e o f s t o p c o c k 3 , w i t h z e r o ( 1 0 mm Hg) 

p r e s s u r e on t h e vacuum s i d e o f s t o p c o c k 3- The c a p a c i t a n c e manometer 
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r e a d o u t i s p l a c e d on t h e 0 .01X r a n g e , and t h e r e a d o u t i s a d j u s t e d t o 

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

p o i n t on t h e r e a d o u t . A r e c o r d e r w i t h a 5 w f u l l s c a l e range i s 

a t t a c h e d t o t h e r e a d o u t . A b a s e l i n e i s e s t a b l i s h e d on t h e r e c o r d e r . 

S t o p c o c k 2 i n F i g u r e k i s now c l o s e d and s t o p c o c k 3 i s o p e n e d . The 

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

amount d i r e c t l y p r o p o r t i o n a l t o t h e p r e s s u r e w h i c h was c o n t a i n e d i n 

V . T h i s d e f l e c t i o n i s o b s e r v e d and r e c o r d e d on t h e r e c o r d e r . W i t h cm 

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

u s e d . What r e m a i n s i s t o d e t e r m i n e how t h e r e c o r d e d c a p a c i t a n c e 

manometer d e f l e c t i o n i s p r o p o r t i o n a l t o t h e p r e s s u r e i n V . Once 
* * cm 

t h e p r o p o r t i o n a l i t y i s known, t h i s method o f f i n d i n g p r e s s u r e s c a n 

be used i n i s o t h e r m d e t e r m i n a t i o n s . 

The method o f c a l i b r a t i n g t h e c a p a c i t a n c e manometer as a d i r e c t 

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

k. F i r s t o f a l l , t h e s c a l e s one w i s h e s t o c a l i b r a t e a r e s e t on b o t h 

t h e c a p a c i t a n c e manometer readout and on t h e recorder. Such s c a l e s 

m i g h t be t h e O.OUC range w i t h t h e 5 mv range o f t h e r e c o r d e r , t h e 

0 .01X and 10 mv r a n g e , o r t h e 0 . 1 X and 10 mv r a n g e . A l l c o m b i n a t i o n s 

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

be c a l i b r a t e d . A f t e r a s e t o f s c a l e s a r e d e c i d e d o n , s t o p c o c k s 2 , 7, 

5 and 1 1 i n F i g u r e k a r e c l o s e d and s t o p c o c k s 8 , 3 , 4 and 6 r e m a i n 

o p e n . A s m a l l dose o f h e l i u m i s a d m i t t e d t h r o u g h l e a k v a l v e 9-

A f t e r t h i s gas has e q u i l i b r a t e d t h r o u g h o u t t h e s y s t e m , s t o p c o c k 3 i s 

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

T h i s i s t h e same p r e s s u r e as t h a t o f t h e gas t r a p p e d i n V b e t w e e n 
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s t o p c o c k s 2 and 3 . The vacuum s i d e o f s t o p c o c k 3 i s t h e n pumped o u t . 

The c a p a c i t a n c e manometer r e a d o u t i s a d j u s t e d t o r e a d z e r o p r e s s u r e 

d i f f e r e n t i a l and a b a s e l i n e i s e s t a b l i s h e d w i t h t h e r e c o r d e r . S t o p c o c k 

3 i s now o p e n e d , i n s t a n t l y p u m p i n g o u t V • A d e f l e c t i o n i s o b s e r v e d 

on t h e c a p a c i t a n c e manometer r e a d o u t and i s r e c o r d e d on t h e r e c o r d e r . 

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

p r e s s u r e i n V • Thus r cm 

P = K D ( 5 5 ) 

where P e q u a l s t h e p r e s s u r e as r e a d f r o m t h e McLeod gauge, D e q u a l s 

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

p r o p o r t i o n a l i t y c o n s t a n t . 

A number o f d e t e r m i n a t i o n s g i v e s an a v e r a g e v a l u e o f K. A l l 

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

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

P r o c e d u r e s f o r R u n n i n g I s o t h e r m s 

The sample t e m p e r a t u r e has been s e t , a l l vo lumes d e t e r m i n e d , and 

t h e c a p a c i t a n c e manometer has been c a l i b r a t e d . An i s o t h e r m r u n may 

now be b e g u n . 

M o n o l a y e r I s o t h e r m 

A p p r o x i m a t e l y 1 5 d a t a p o i n t s a r e d e s i r e d f o r e a c h s u b m o n o l a y e r 

i s o t h e r m . I f V , t h e vo lume o f a m o n o l a y e r , i s assumed t o be 3 . 1 5 cc 

(STP) p e r gram ( 3 1 ) o f a d s o r b e n t f o r S t e r l i n g FT ( 2 7 0 0 ° ) , t h e n each 

dose f o r o u r sample s h o u l d be a b o u t 0 . 0 5 3 cc ( S T P ) , o r a b o u t 2 . 3 x 1 0 - ^ 
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m o l e s . T h i s dose s i z e i s e a s i l y o b t a i n e d u s i n g t h e gas b u r e t and 

McLeod g a u g e . R e f e r r i n g t o F i g u r e 4, s t o p c o c k 2 i s opened and 3 i s 

c l o s e d . The vacuum s i d e o f s t o p c o c k 3 i s a t z e r o p r e s s u r e ( 1 0 ^ ram H g ) . 

Dose 1 i s now i n t r o d u c e d i n t o t h e sample c e l l . The c a p a c i t a n c e 

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

r e a d o u t i s back n e a r i t s o r i g i n a l p o s i t i o n . Thus t h e a d s o r p t i o n 

p r o c e s s can be f o l l o w e d on t h e c a p a c i t a n c e manometer . A s u f f i c i e n t 

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

w i t h t h e s o l i d a d s o r b e n t . The p r e s s u r e i n t h e a r g o n v a p o r p r e s s u r e 

t h e r m o m e t e r i s now measured u s i n g t h e c a t h e o t o m e t e r and t h i s r e a d i n g 

i s r e c o r d e d u n d e r dose 1 . One c a n now measure t h e i s o t h e r m p r e s s u r e . 

A f t e r t h e p r o p e r range s e l e c t i o n s on t h e r e a d o u t and r e c o r d e r a r e made, 

t h e c a p a c i t a n c e manometer r e a d o u t i s s e t t o z e r o and a base l i n e i s 

e s t a b l i s h e d on t h e r e c o r d e r . S t o p c o c k 2 i n F i g u r e k i s c l o s e d , 

i s o l a t i n g V c m f r o m t h e sample c e l l . Then s t o p c o c k 3 i s opened , V c m 

i s pumped o u t , and t h e c a p a c i t a n c e manometer r e a d o u t and r e c o r d e r 

d e f l e c t s b y an amount p r o p o r t i o n a l t o t h e p r e s s u r e i n V . T h i s 
cm 

d e f l e c t i o n , a l o n g w i t h t h e room t e m p e r a t u r e , i s r e c o r d e d . S t o p c o c k 

3 i s c l o s e d and 2 i s o p e n e d . One p o i n t on t h e i s o t h e r m has now 

been c o m p l e t e d . I t s h o u l d be n o t e d t h a t t h e c a p a c i t a n c e manometer i s 

c a l i b r a t e d i n e x a c t l y t h e same way i s o t h e r m p r e s s u r e s a re m e a s u r e d . 

The e q u i l i b r i u m k r y p t o n p r e s s u r e i s f o u n d f r o m e q u a t i o n ( 5 5 ) . 

T h i s p r o c e s s i s r e p e a t e d f o r doses 2, 3, ^ e t c . , u n t i l V m i s 

r e a c h e d . 

M u l t i l a y e r I s o t h e r m 

A m u l t i l a y e r i s o t h e r m h e r e i s t a k e n t o be one w h i c h b e g i n s w i t h 
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a s u r f a c e c o v e r a g e o f one m o l e c u l a r l a y e r o f k r y p t o n . The s i z e o f 

t h e doses used i s a b o u t t h e same as i n t h e m o n o l a y e r w o r k , o r a b o u t 

2 x 10 ^ m o l e s . A v e r y d i f f e r e n t p r o c e d u r e i s u s e d , h o w e v e r , t o 

measure t h e e q u i l i b r i u m k r y p t o n p r e s s u r e s . Assume t h a t t h e sample 

t e m p e r a t u r e i s s e t and enough k r y p t o n has p r e v i o u s l y been added so 

t h a t t h e sample c o v e r a g e i s g r e a t e r t h a n a m o n o l a y e r . S t o p c o c k 2 i s 

c l o s e d and 3 i s opened i n F i g u r e 3 « S t o p c o c k s 2 and 3 have been i n 

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

A new dose o f k r y p t o n gas i s now a d d e d . The c a p a c i t a n c e manometer , 

w h i c h s t i l l has z e r o p r e s s u r e on b o t h s i d e s , i s z e r o e d on a l l r a n g e s . 

Then s t o p c o c k 3 i s c l o s e d and 2 i s o p e n e d . A f t e r enough t i m e t o 

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

r e z e r o e d i n c o n j u n c t i o n w i t h t h e McLeod g a u g e . The p r e s s u r e i s t h e n 

measured w i t h t h e McLeod. gauge and a t t h e same t i m e t h e a r g o n v a p o r 

p r e s s u r e r e a d i n g i s t a k e n . The room t e m p e r a t u r e i s n o t e d , and one 

p o i n t on t h e m u l t i l a y e r i s o t h e r m i s c o m p l e t e . S t o p c o c k 2 i s now 

c l o s e d and t h e n s t o p c o c k 3 i s o p e n e d . The c a p a c i t a n c e manometer i s on 

t h e 0 .01X r a n g e . Any d e f l e c t i o n o f t h e r e a d o u t when s t o p c o c k 3 i s 

opened i s n o t e d and used as a c o r r e c t i o n t o t h e p r e s s u r e measured on 

t h e McLeod gauge , s i n c e any d e f l e c t i o n i n d i c a t e s t h a t t h e r e z e r o i n g 

was n o t e x a c t . A new dose i s now added t o t h e sample c e l l , and t h e 

p r o c e s s i s r e p e a t e d . 

T r e a t m e n t o f D a t a 

The d e s i r e d r e s u l t o f any s e r i e s o f i s o t h e r m measurements i s t h e 

amount o f gas a d s o r b e d as a f u n c t i o n o f e q u i l i b r i u m gas p r e s s u r e a t 
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a g i v e n t e m p e r a t u r e . The raw d a t a must now he t r e a t e d t o r e a c h t h i s 

e n d . F o r each k r y p t o n dose added , t h e raw d a t a c o n s i s t s o f t h e 

f o l l o w i n g q u a n t i t i e s : dose s i z e , room t e m p e r a t u r e , e q u i l i b r i u m 

p r e s s u r e , and a sample t e m p e r a t u r e . The f i r s t s t e p i s t o c o r r e c t 

t h e measured i s o t h e r m p r e s s u r e s f o r an e f f e c t c a l l e d t h e r m a l 

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

When t w o p a r t s o f a c l o s e d s y s t e m o f gas c o n n e c t e d by a 

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

d e v e l o p s a c r o s s t h e c a p i l l a r y ; t h i s phenomenon i s known as t h e r m a l 

t r a n s p i r a t i o n . T h u s , t h e p r e s s u r e measured i n an i s o t h e r m i s n o t 

t h e t r u e e q u i l i b r i u m p r e s s u r e , b u t must somehow be c o r r e c t e d f o r 

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

p r e s s u r e . 

Two r e g i o n s o f t h e r m a l t r a n s p i r a t i o n a r e f a i r l y w e l l u n d e r s t o o d : 

t h e Knudson r e g i o n and t h e n o r m a l r e g i o n . The Knudsen r e g i o n i s t h e 

r e g i o n when t h e amount o f gas i n t h e s y s t e m i s so s m a l l t h a t g a s - g a s 

i n t e r a c t i o n s a r e u n i m p o r t a n t compared t o g a s - w a l l i n t e r a c t i o n s . The 

n o r m a l r e g i o n o c c u r s a t h i g h e r gas p r e s s u r e s when no p r e s s u r e 

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

The t r a n s i t i o n r e g i o n b e t w e e n t h e s e t w o e x t r e m e s i s v e r y 

d i f f i c u l t t o u n d e r s t a n d . T h i s d i f f i c u l t r e g i o n i s t h e one where some 

i s o t h e r m measurements a r e made. M i l l e r ( 3 2 ) has d e v e l o p e d an e q u a t i o n 

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

M i l l e r ' s e q u a t i o n i s 



6 3 
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1 -

0 . 0 3 0 0 y 2 + 0 . 2 ^ 5 y + 
1 + 2 Y ) J 

- 1 

( 5 6 ) 

where P^ e q u a l s measured i s o t h e r m p r e s s u r e , P^ e q u a l s c o r r e c t e d 

i s o t h e r m p r e s s u r e , e q u a l s room t e m p e r a t u r e , T.^ e q u a l s sample 

2 ^ 

t e m p e r a t u r e , y e q u a l s (Pgda / 2 . 3 3 T ) x 1 0 , d e q u a l s i n s i d e d i a m e t e r 

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

s p h e r e d i a m e t e r , and T e q u a l s ( T ^ + T^)/2. P^, Tg , and a r e 

known q u a n t i t i e s , and P^ i s c a l c u l a t e d f r o m e q u a t i o n ( 5 6 ) . 

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

o r m u l t i l a y e r d a t a i s c o r r e c t e d u s i n g e q u a t i o n ( 5 6 ) . To f i n d t h e 
o 

amount o f gas a d s o r b e d on t h e s u r f a c e o f t h e S t e r l i n g FT ( 2 7 0 0 ) f o r 

e a c h d o s e , one needs t o know how much gas r e m a i n s i n t h e gas phase 

above t h e sample a f t e r each d o s e . R e c a l l i n g t h a t i s t h e p a r t 

o f V a t room t e m p e r a t u r e , and t h a t V i s t h e p a r t o f V 
s y s jr ^ c sys 

a t sample t e m p e r a t u r e , l e t n^ ^ e q u a l t h e t o t a l number o f moles o f 

k r y p t o n i n t h e gas phase and a d s o r b e d on t h e s u r f a c e a f t e r dose i i s 

a d d e d . I f dose i i s t h e l a s t dose e n t e r e d i n t h e s y s t e m , t h e n 

t h e r e a r e n^ ^ t o t a l number o f moles i n t h e gas phase and a d s o r b e d 

on t h e s u r f a c e . The number o f moles o f gas a d s o r b e d o n t h e s u r f a c e i s 

n . where 

n . = n, . - n 
s , x t , 1 g , 1 
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o r 

P V P V 
i = n - 1 > ± c - 2 ^ h ( 5 8 ) 
s , i t , i RT RT K J J 

where n . e q u a l s t h e t o t a l number o f moles o f k r y p t o n a d s o r b e d on s , 1 

t h e a d s o r b e n t a f t e r dose i i s a d d e d , n . e q u a l s t h e t o t a l number 

o f moles o f k r y p t o n r e m a i n i n g i n t h e gas phase a f t e r dose i i s 

s s u r e a d d e d , P 0 . e q u a l s t h e measured e q u i l i b r i u m k r y p t o n gas p r e 

a f t e r dose i i s a d d e d , and P^ ^ e q u a l s t h e c o r r e c t e d e q u i l i b r i u m 

k r y p t o n gas p r e s s u r e by e q u a t i o n ( 5 6 ) a f t e r dose i i s a d d e d . Thus 

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

n . , a r e d e t e r m i n e d f o r dose i f r o m e q u a t i o n s ( 5 6 ) and ( 5 8 ) . B u t s , 1 

i n d e t e r m i n i n g P^ ^ , V" c m i s pumped o u t as e x p l a i n e d p r e v i o u s l y . 

The l o s s o f k r y p t o n f r o m V i s t a k e n i n t o a c c o u n t f o r n, _ by 
cm t , i + l 

P 0 .V 
2,1 Cm / r -^ \ 

n t , i + i = n t , i + n i + i - - t f g — ( 5 9 ) 

where n . e q u a l s t h e t o t a l number o f moles o f k r y p t o n i n t h e gas 

phase and a d s o r b e d on t h e a d s o r b e n t a f t e r dose ( i + l ) i s a d d e d , n ^ + ^ 

e q u a l s t h e t o t a l number o f moles o f k r y p t o n gas i n dose ( i + l ) , and 

P 2 i ^ c n / R T 2 e ( l u a l s t n e number o f moles o f k r y p t o n gas pumped f r o m V c m 

i n d e t e r m i n i n g P 0 . . 

One now has f o r a g i v e n T a g r o u p o f n . 1 s and c o r r e s p o n d i n g 
2 s > 1 

P, , ' s , w h i c h i s t h e d e s i r e d r e s u l t . 1,1 
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CHAPTER V 

EXPERIMENTAL DATA 

Submonolayer D a t a 

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

i s o t h e r m s on g r a p h i t i z e d c a r b o n b l a c k as f o u n d i n t h e l i t e r a t u r e . 

Ross and W i n k l e r ( 3 3 ) e x t i m a t e d t h e t w o - d i m e n s i o n a l c r i t i c a l t e m p e r -
O O 

a t u r e f o r k r y p t o n on P - 3 3 ( 2 7 0 0 ) t o be a b o u t 8 5 K. They measured 
O 

an i s o t h e r m a t 7 7 - 8 K and f o u n d a v e r t i c a l r e g i o n o f c o n s t a n t p r e s s u r e 
O 

b u t upon m e a s u r i n g a n o t h e r i s o t h e r m a t 9 0 - 1 K, f o u n d no v e r t i c a l 

r e g i o n . On t h e b a s i s o f t h i s w o r k t h e t w o - d i m e n s i o n a l c r i t i c a l 
O 

t e m p e r a t u r e o f k r y p t o n a d s o r b e d on P - 3 3 ( 2 7 0 0 K) does seem t o be some-
O 

where a r o u n d 8 5 K. C l a r k ( 2 6 ) a l s o f o u n d t h a t k r y p t o n a d s o r b e d on 

P - 3 3 ( 2 7 0 0 ) a t 7 0 K shows e v i d e n c e o f a t w o - d i m e n s i o n a l phase 

t r a n s i t i o n i n b o t h t h e f i r s t and second a d s o r b e d l a y e r s . 

P i e r o t t i was t h e f i r s t w o r k e r t o f i n d a d i s c r e p a n c y i n t h e 

k r y p t o n d a t a . He measured an I s o t h e r m o f k r y p t o n on P - 3 3 (27OO ) a t 
O 

7 ^ . 6 K and f o u n d no r e g i o n o f v e r t i c a l d i s c o n t i n u i t y i n t h e f i r s t 

l a y e r ( l 4 ) . I n t h e c o u r s e o f h i s w o r k Levy a l s o measured i s o ­

t h e r m s o f k r y p t o n on P - 3 3 ( 2 7 0 0 ° ) a t 7 I 4 - . 5 6 . 1 K and 7 6 . 9 1 ° K b u t saw no 

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

P i e r o t t i ' s i s o t h e r m i s shown i n F i g u r e 6 . I t i s o b v i o u s t h a t 

no v e r t i c a l r e g i o n o f t w o - d i m e n s i o n a l c o n d e n s a t i o n e x i s t s i n t h i s 

i s o t h e r m . 

http://7I4-.56.1K


1 1 1 1 i 1 
1.0 

-
~* 

T = 74.6°K 
— 

-
0 . 5 -

- 1 -

1 1 I 1 1 1 

-

0.0 1.0 2 .0 3.0 4.0 5.0 6.0 
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F i g u r e 6. P i e r o t t i ' s A d s o r p t i o n o f K r y p t o n on G r a p h i t e a t ?4 .6 K. 
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One o f t h e p u r p o s e s o f t h i s s u b m o n o l a y e r w o r k i s t h u s t o s t u d y 

t h e a d s o r p t i o n o f k r y p t o n on g r a p h i t i z e d c a r b o n o v e r a number o f 

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

c r i t i c a l t e m p e r a t u r e . The sample used i s S t e r l i n g FT (2700 ) 
o b t a i n e d f r o m G o d f r e y L . Cabot I n c . , B o s t o n . P r e n z l o w and c o w o r k e r s 

(34) have shown t h a t S t e r l i n g FT (2700°) and P-33 (2700°) a r e 

v i r t u a l l y i d e n t i c a l . Our d a t a c a n t h u s be compared t o any t a k e n on 
o 

t h e P-33 (2700,) s y s t e m . The s u b m o n o l a y e r d a t a o b t a i n e d i s shown a t 

s i x d i f f e r e n t t e m p e r a t u r e s i n F i g u r e s 7 t h r o u g h l4 as p l o t s o f t h e 

volume o f gas a d s o r b e d p e r gram o f a d s o r b e n t a t STP v e r s u s t h e 

e q u i l i b r i u m gas p r e s s u r e i n m i c r o n s o f m e r c u r y . 

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

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

so v e r y o b v i o u s , h o w e v e r , e x a c t l y where t h e c r i t i c a l r e g i o n o c c u r s . 

The i s o t h e r m s a t 74.6 K, 75.6°K, and 79.5°K seem t o be d e f i n i t e l y 

above t h e c r i t i c a l t e m p e r a t u r e ; t h e i s o t h e r m a t 69-6°K has a d e f i n i t e 

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

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

72.4 K, 72.5 K, and 73• 5 K may o r may n o t have v e r t i c a l r i s e r s . A t 

any r a t e t h e i s o t h e r m s a t t h e s e t h r e e t e m p e r a t u r e s appear t o be v e r y 

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

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

o f b e t w e e n a b o u t 82°K and 85°K (33). 
I t i s n e c e s s a r y , t h e n , t o examine t h e r e s u l t s o b t a i n e d i n t h i s 

r e s e a r c h more c l o s e l y and t o t r y t o d e t e r m i n e t h e maximum e r r o r i n 

t h e measurements t o see i f t h i s c o u l d i n some manner be r e s p o n s i b l e 
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P r e s s u r e ( M i c r o n s Hg) 

F i g u r e 7 . Submonolayer A d s o r p t i o n o f K r y p t o n on G r a p h i t e at 6 9 . 6 ° K . 
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Pressure (Microns Hg) 

Figure Ik. Submonolayer Adsorption of Krypton on Graphite at 7 9 « 5 K. 
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f o r t h e d i s c r e p a n c i e s . F i r s t , assume t h a t t h e vo lume o f gas a d s o r b e d , 

V -, , i s c o r r e c t as g i v e n i n t h e d a t a . E r r o r s i n t h i s v a r i a b l e a re a d s ' 

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

t e m p e r a t u r e s and p r e s s u r e s a re t h e i m p o r t a n t q u a n t i t i e s . 

The method o f d e t e r m i n i n g i s o t h e r m p r e s s u r e s i s g i v e n i n 

C h a p t e r I V . By u s i n g e q u a t i o n ( 5 5 ) . w h i c h i s t h e c a l i b r a t i o n e q u a t i o n 

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

d e t e r m i n e d . U n c e r t a i n t i e s i n t h e p r e s s u r e a r e i n t r o d u c e d by 

1 . e r r o r s i n t h e c a l i b r a t i o n o f t h e c a p a c i t a n c e manometer 

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

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

3 . e r r o r s i n t h e r e a d i n g o f t h e c a p a c i t a n c e manometer r e a d o u t 

m e t e r . 

E r r o r s i n t h e c a l i b r a t i o n o f t h e c a p a c i t a n c e manometer come f r o m a 

number o f s o u r c e s , i n c l u d i n g t h e McLeod gauge , t h e c a t h e o t o m e t e r , and 

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

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

d e t e r m i n a t i o n o f T 2 C ' r^[ie i s o " t n e r m p r e s s u r e u n c e r t a i n t y , Zip, i s t h e 

i m p o r t a n t q u a n t i t y t o c o n s i d e r . T h i s u n c e r t a i n t y i s b r o u g h t a b o u t by 

f a c t o r s ( 2 ) and ( 3 ) a b o v e , w h i c h w i l l now be d i s c u s s e d . 

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

o f t h e c r y o s t a t , s i n c e an o n - o f f t y p e o f c o n t r o l i s u s e d . As p o i n t e d 

o u t i n C h a p t e r I I I , however , t h e s e f l u c t u a t i o n s a r e g r e a t l y m i n i m i z e d 

b y t h e vacuum j a c k e t s u r r o u n d i n g t h e s a m p l e . I n t a k i n g t h e i s o t h e r m 

d a t a , i t s h o u l d be emphas ized t h a t t h e sample t e m p e r a t u r e s were t a k e n 

j u s t b e f o r e each i s o t h e r m p r e s s u r e measurement . I t was f o u n d t h a t t h e 
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sample t e m p e r a t u r e n e v e r v a r i e d i n any i s o t h e r m more t h a n 0 . 0 5 K j 

i n most c a s e s , i n f a c t , t h e sample t e m p e r a t u r e n e v e r d r i f t e d more t h a n 
o 

a b o u t 0 . 0 2 K. U s i n g a s i m i l a r c r y o s t a t , P i e r o t t i ( 1 3 ) f o u n d t h a t t h e 
o 

sample t e m p e r a t u r e c o u l d be m a i n t a i n e d t o w i t h i n ± 0 . 0 5 K. T h e r e f o r e , i n 

t r y i n g t o e s t a b l i s h AP we l e t t h e t e m p e r a t u r e u n c e r t a i n t y , AT, be 
o 

0 . 0 5 K. A C l a p e y r o n t y p e e x p r e s s i o n , e q u a t i o n ( 6 0 ) , i s used t o 

d e t e r m i n e how AP i s a f f e c t e d by AT. 

f = (6°) 
RT 

where P e q u a l s t h e i s o t h e r m p r e s s u r e , T e q u a l s t h e i s o t h e r m 

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

i s o s t e r i c h e a t i s b o t h a f u n c t i o n o f t e m p e r a t u r e and sample c o v e r a g e . 

Amberg , Spencer , and Beebe ( 3 5 ) f o u n d b y c a l o r i m e t r i c s t u d i e s t h a t 

q , f o r l o w v a l u e s o f sample c o v e r a g e i s a b o u t hOOO c a l o r i e s p e r mole 

f o r k r y p t o n on P - 3 3 ( 2 7 0 0 ) . T h i s v a l u e i s p r o b a b l y h i g h , b u t f o r o u r 

p u r p o s e s i s a good v a l u e o f q , t o e s t a b l i s h maximum e r r o r s i n t h e 

o 

d a t a . A t 7 0 K and a t a p r e s s u r e o f 0 . 2 m i c r o n s , t h i s e r r o r i s a b o u t 

0 . 0 0 4 m i c r o n s , an amount c o n s i d e r e d as q u i t e s m a l l . 

A n o t h e r e r r o r c o n t r i b u t i n g t o AP i s t h e u n c e r t a i n t y i n t h e 

r e c o r d e d c a p a c i t a n c e manometer o u t p u t w h i c h d e t e r m i n e s D i n e q u a t i o n 

( 5 5 ) • Any e r r o r h e r e i s l e s s e n e d g r e a t l y when t h e p r e s s u r e i s 

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

r e c o r d e r c h a r t c a n be r e a d t o w i t h i n two o f i t s s m a l l e s t u n i t s , w h i c h 
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c o r r e s p o n d s t o a p r e s s u r e u n c e r t a i n t y o f a b o u t ± 0.025 m i c r o n s ; t h i s 

i s b y f a r t h e m a j o r c o n t r i b u t i o n t o AP. T h i s e r r o r i s added t o t h a t 

c o n t r i b u t e d f r o m AT as g i v e n b y e q u a t i o n (60) and t h e i s o t h e r m s a t 

72.4°K, 72.5°K, 73-5°K, and rjk.6°K a r e shown i n F i g u r e s 15 t h r o u g h 19 
w i t h t h e t o t a l u n c e r t a i n t y AP i n c l u d e d . 

o 

Even w i t h t h e u n c e r t a i n t i e s i n c l u d e d , , t h e i s o t h e r m a t "jk.o K, 

F i g u r e 19, i s d e f i n i t e l y above t h e c r i t i c a l t e m p e r a t u r e . F i g u r e s 15, 

l6, YJ, and 18, t h e i s o t h e r m s a t 72.4°K, 72.5°K, and 73-5°K, c o u l d be 

t a k e n as b e i n g e i t h e r s u p e r c r i t i c a l o r s u b c r i t i c a l . We b e l i e v e , 

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

t w o - d i m e n s i o n a l c r i t i c a l t e m p e r a t u r e f o r k r y p t o n on S t e r l i n g FT (27OO ) 
o 

i s a b o u t 69.6 K. 
o 

There i s , t h e r e f o r e , a d i f f e r e n c e o f 10 K o r more b e t w e e n o u r 

c r i t i c a l t e m p e r a t u r e and t h a t o f Ross and W i n k l e r (33)* We f e e l t h a t 

w i t h t h e d a t a p r e s e n t e d h e r e and w i t h t h e w o r k done b y P i e r o t t i and 

L s v y (l4), we can o n l y c o n c l u d e t h a t o u r c r i t i c a l t e m p e r a t u r e i s c o n ­

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

The i s o t h e r m a t 79*5 K, F i g u r e lk, d e s e r v e s s p e c i a l a t t e n t i o n . 

One c a n see t h a t t h i s i s o t h e r m b e g i n s v e r y much l i k e t h e i s o t h e r m s a t 
o o 

7̂ .6 K and 75•© K. T h a t i s , i t i s above t h e t w o - d i m e n s i o n a l c r i t i c a l 

t e m p e r a t u r e and t h e p r e s s u r e i n c r e a s e s t h r o u g h o u t t h e i s o t h e r m . However , 

up n e a r 2.55 cc (STP) a d s o r b e d , a v e r y s t r a n g e phenomenon o c c u r s - a 

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

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

t y p e o f phase t r a n s i t i o n t h a n t h e one w h i c h o c c u r s a t 69.6 K. A phase 
o 

t r a n s i t i o n s u c h as t h e one o c c u r r i n g a t 79*5 K has been p r e d i c t e d 













t h e o r e t i c a l l y b y T s i e n and H a l s y ( 3 6 ) . On s t u d y i n g sys tems o f k r y p t o n 

a d s o r b e d on e x f o l i a t e d g r a p h i t e , D u v a l and Thorny ( 3 7 ) have o b s e r v e d 

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

The phase t r a n s i t i o n w h i c h o c c u r s a t 6 9 . 6 K i s u s u a l l y t h o u g h t 

o f as a g a s l i k e t o l i q u i d l i k e t r a n s i t i o n on t h e s u r f a c e . Hence we 

speak o f t h e c r i t i c a l t e m p e r a t u r e , j u s t as i n t h r e e - d i m e n s i o n a l sys tems 

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

The b e h a v i o r seen i n t h e 79 • 5 K i s o t h e r m i s p r o b a b l y due t o a l i q u i d l i k e 

t o s o l i d l i k e t r a n s i t i o n on t h e s u r f a c e . S u p p o s e d l y one c o u l d f i n d an 

i s o t h e r m where t h e g a s l i k e - l i q u i d l i k e - s o l i d l i k e phases a r e a l l i n 

e q u i l i b r i u m on t h e s u r f a c e . T h i s w o u l d be t h e t w o - d i m e n s i o n a l t r i p l e 

p o i n t , w h i c h D u v a l and Thorny ( 3 7 ) c l a i m t o have f o u n d i n t h e i r s y s t e m . 

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

M u l t i l a y e r D a t a 
o 

M u l t i l a y e r a d s o r p t i o n i s o t h e r m s f o r k r y p t o n on S t e r l i n g FT (2700 ) 

w e r e r u n a t s i x t e m p e r a t u r e s b e t w e e n 6 7 . 7 K and 7 7 . 8 K. These i s o t h e r m s 

a r e seen i n F i g u r e s 20 and 2 1 as p l o t s o f vo lume a d s o r b e d p e r gram i n 

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

o f m e r c u r y . l e t us f i r s t examine t h e second a d s o r b e d l a y e r , w h i c h 

o c c u r s b e t w e e n a b o u t 3cc (STP; and 7 c c (STP) i n F i g u r e s 20 and 2 1 . 

The f e a t u r e s o f t h e second l a y e r a r e v e r y much l i k e t h e f i r s t l a y e r . 

The h e i g h t o f t h e second l a y e r i s a l m o s t t h e same as t h e h e i g h t o f t h e 

f i r s t l a y e r . Assuming t h a t t h e f i r s t l a y e r i s c o m p l e t e somewhere on t h e 

f i r s t p l a t e a u , o r a b o u t 3«2cc ( S T P ) , t h e second l a y e r I s seen t o end a t 

a b o u t t h e c o r r e s p o n d i n g p l a c e on t h e second p l a t e a u , o r a b o u t 6 . 4 c c ( S T P ) . 



I I I I I I I I 
0 100 200 3 0 0 4 O O 5 0 0 6 O O 7 0 0 

P r e s s u r e ( M i c r o n s Hg) 

F i g u r e 2 0 . M u l t i l a y e r A d s o r p t i o n o f K r y p t o n on G r a p h i t e a t 6 7 . 7 ° K , 7 1 . 2 ° K , 
and 7 4 . 6 K. 
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T h i s c o r r e s p o n d s t o a p p r o x i m a t e l y t h e same amount o f k r y p t o n t o 

c o m p l e t e each l a y e r . 

I t i s i n t e r e s t i n g how s h a r p l y each o f t h e p l a t e a u s e n d , 

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

t h e v e r t i c a l r i s e r i n t h e second l a y e r becomes more and more r o u n d e d 

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

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

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

n o t g r e a t . 

The second l a y e r seems t o be p a s s i n g t h r o u g h a phase t r a n s i t i o n . 

The i s o t h e r m s a t 7 3 • 4 K a n d b e l o w have d e f i n i t e v e r t i c a l r e g i o n s , 

whereas t h e i s o t h e r m s a t 7 ^ » 6 K and 7 7 • 8 K have no v e r t i c a l r e g i o n i n 

t h e second l a y e r . The t w o - d i m e n s i o n a l c r i t i c a l t e m p e r a t u r e i n t h e 

second a d s o r b e d l a y e r i s t h e n a b o u t 7 4 K. The f a c t t h a t t h e c r i t i c a l 

t e m p e r a t u r e i n t h e second l a y e r i s h i g h e r t h a n i n t h e f i r s t l a y e r i s 

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

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

l a y e r number . T h i s i s a n o t h e r r e a s o n we b e l i e v e t h a t t h e c r i t i c a l 

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

W i n k l e r ( 3 3 ) o f b e t w e e n 8 2 , K and 8 5 . K i s n o t c o r r e c t . Our d a t a seems 

t o be c o n s i s t e n t on t h i s p o i n t . 

The d a t a w i l l now be a n a l y z e d i n t e r m s o f t h e m u l t i l a y e r 

s i g n i f i c a n t s t r u c t u r e s t h e o r y as d e v e l o p e d i n C h a p t e r I I . 
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CHAPTER V I 

APPLICATION OF THE MULTILAYER SIGNIFICANT 

STRUCTURES THEORY TO THE KRYPTON - STERLING FT ( 2 7 0 0 ° ) SYSTEM 

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

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

i n C h a p t e r I I . I n t h i s c h a p t e r t h e e q u a t i o n s o f t h e m u l t i l a y e r 

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

S t e r l i n g FT a d s o r p t i o n s y s t e m . O n l y t h e "Three L a y e r Case" w i l l he 

used i n t h i s t r e a t m e n t , w h i c h i s g i v e n b y e q u a t i o n s ( 44 ) , (45) , and 

(46) i n C h a p t e r I I . I t s h o u l d be emphasized t h a t t h e t o t a l a d s o r p t i o n 

p r o c e s s c a n be d e s c r i b e d w i t h t h e "Three L a y e r C a s e " . No d i s t i n c t i o n 

i s made b e t w e e n t h e s u b m o n o l a y e r and m u l t i l a y e r r e g i o n s i n t h e t h e o r y ; 

t h a t i s , t h e same mode l a p p l i e s t o a l l r e g i o n s o f a d s o r p t i o n . When 

e q u a t i o n s ( 44 ) , (45 ) , and (46) a r e s o l v e d s i m u l t a n e o u s l y , t h e s o l u t i o n 

i s t h e t o t a l i s o t h e r m f r o m z e r o c o v e r a g e up t o t h r e e l a y e r s . 

To d e m o n s t r a t e how a s o l u t i o n t o t h e s e t h r e e e q u a t i o n s i s 

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

a r e known f o r t h e e q u a t i o n s . Then u s i n g e q u a t i o n ( 46 ) , t h e p r e s s u r e P 

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

0 ^ ' s i s t h e n s u b s t i t u t e d i n t o e q u a t i o n (45) t o f i n d t h e s e t o f 

c o r r e s p o n d i n g 6^s. F i n a l l y t h e s e t o f 6^ - O^s so o b t a i n e d i s s u b s t i ­

t u t e d i n t o e q u a t i o n (44) t o f i n d t h e c o r r e s p o n d i n g 0 ^ ' s . The t o t a l 

s t a t i s t i c a l c o v e r a g e 6 i s f o u n d f r o m e q u a t i o n ( 2 3 ) . I n t h i s case 
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6 = 61 + 9162 + ei02°3' 

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

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

v a l u e s . T h i s i s t h e t h e o r e t i c a l i s o t h e r m w h i c h w i l l be compared t o t h e 

d a t a . 

S e l e c t i o n o f T h e o r e t i c a l P a r a m e t e r s 

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

e q u a t i o n s , a s e t o f m o l e c u l a r p a r a m e t e r s need t o be k n o w n . The method 

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

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

i s o t h e r m , namely t h a t a t 73.5 ° K . T h i s s e t o f p a r a m e t e r s i s t h e n used 

t h r o u g h o u t v a r y i n g o n l y t h e t e m p e r a t u r e t o o b s e r v e how w e l l t h e t h e o r y 

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

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

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

Each p a r a m e t e r needed i n t h e "Three L a y e r Case" w i l l now be 

c o n s i d e r e d t o f i n d how i t i s o b t a i n e d f o r t h e i s o t h e r m a t 73.5 ° K . 

The f o l l o w i n g p a r a m e t e r s a r e needed i n o r d e r t o f i t t h e 73'5 U K 

i s o t h e r m : A ? , v , ( e / k ) . , a _ . , W. , and U . . 
1' 1 fi' 1 1 

A r e a P e r M o l e c u l e 

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

o 2 A^, i s assumed t o be t h e same i n e a c h l a y e r and i s t a k e n t o be 19 - 5 A . 

T h i s i s a p r e v i o u s l y used v a l u e f o r k r y p t o n ( 3 8 ) . 
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V i b r a t i o n a l Frequency 

The v i b r a t i o n a l frequency in the z d i r e c t i o n i s taken t o be the 

same i n each l a y e r and i s obta ined by a method ou t l i ned by McAlpin ( 9 ) . 

In t h i s method equa t ion (9 ) i s used and a p l o t i s made of the q u a n t i t y 

l n ( c ) - 21n (T) versus l /T fo r the submonolayer d a t a . This r e s u l t s i n 

a s t r a i g h t l i n e and the v i b r a t i o n a l frequency i s determined from the 
- 1 2 - 1 

i n t e r c e p t . This method r e s u l t s i n a value of 0 . 8 x 10 sec f o r 

the v i b r a t i o n a l frequency f o r t he k r y p t o n * S t e r l i n g FT system. 

Adsorbate-Adsorbate I n t e r a c t i o n Parameter 

The Lsnnard-Jones i n t e r a c t i o n parameter ( e / k ) ^ f o r the adso rba t e -

adsorba te i n t e r a c t i o n i n the i - t h l a y e r i s not a func t ion of t empera ture , 

but i s a func t ion of l aye r number. T h e o r e t i c a l l y the i n t e r a c t i o n 

should inc rease as the l a y e r number i n c r e a s e s . As w i l l be shown l a t e r , 

( e / k ) ^ determines the shape of the t h e o r e t i c a l i so therm i n the i - t h l a y e r ; 

t h a t i s , the c r i t i c a l p r o p e r t i e s a re determined by ( e / k ) ^ . In t h i s 

work ( e / k ) ^ i s given a value of 130 K. This va lue i s chosen t o give 

the t h e o r e t i c a l i so therm the b e s t shape i n the f i r s t l a y e r . For the 

second and t h i r d l a y e r s , ( e / k ) 2 and ( e / k ) ^ a re given the gas phase 

va lues of 171°K ( 3 9 ) . This i s probably a f a i r l y good choice f o r the 

second and t h i r d l a y e r va lues s ince t he gas - su r face i n t e r a c t i o n i s 

r e l a t i v e l y weak in these l a y e r s . 

Free Areas 

Af te r the va lues of ( e / k ) i have been chosen, f i nd ing the f r e e 

a rea i n each l a y e r , a ^ , i s simply a ma t t e r of so lv ing equa t ion ( 1 2 ) . 

The f r ee a r eas a re a funct ion of tempera ture and are s l i g h t l y d i f f e r e n t 

f o r each i so the rm. 
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L a t t i c e E n e r g y 

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

W^, i s o b t a i n e d b y assuming p a i r w i s e i n t e r a c t i o n s h o l d and summing 

t h e L e n n a r d - J o n e s 6 - 1 2 p o t e n t i a l o v e r t h e assumed t r i a n g u l a r l a t t i c e . 

I n t h i s w o r k t h e summat ion i s p e r f o r m e d d i r e c t l y o v e r t h e f i r s t 3 6 

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

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

i s 6 . 7 2 ( e / k ) ^ c a l o r i e s p e r m o l e . 

M o l a r S i t e E n e r g y 

The m o l a r s i t e e n e r g y , u \ , f o r an i s o l a t e d m o l e c u l e i n t h e i - t h 

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

i n t e r a c t i o n o f t h e m o l e c u l e w i t h a l l t h e m o l e c u l e s i n t h e ( i - l ) l a y e r s 

b e l o w t h e i - t h l a y e r . u \ d e t e r m i n e s t h e r e l a t i v e p o s i t i o n o f t h e i - t h 

s t e p i n t h e t h e o r e t i c a l i s o t h e r m . V a l u e s o f u\ i n t h i s w o r k a r e c h o s e n 

t o b e s t f i t t h e p o s i t i o n s o f t h e s t e p s i n t h e i s o t h e r m a t 7 3 * 5 K. u\ 

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

T a b l e 3 shows t h e v a l u e s o f t h e p a r a m e t e r s used t o f i t t h e 7 3 . 5 K 

i s o t h e r m . I t w i l l be r e c a l l e d t h a t t h e e x p e r i m e n t a l c o v e r a g e , 0 , i s 

t h e r a t i o o f t h e volume o f k r y p t o n a d s o r b e d t o t h e vo lume o f a c o m p l e t e 

m o n o l a y e r , V m « A v a l u e o f 3 » 2 2 C C (STP) p e r gram i s used f o r V m t o 

o b t a i n t h e b e s t o v e r a l l f i t o f t h e e x p e r i m e n t and t h e o r y . ' T h i s i s a 

v e r y t y p i c a l v a l u e o f V m f o r k r y p t o n on g r a p h i t i z e d c a r b o n , f a l l i n g 

v e r y c l o s e t o t h e v a l u e used b y S i n g l e t o n and H a l s e y ( 3 L ) « 
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T a b l e 3- M o l e c u l a r A d s o r p t i o n P a r a m e t e r s D e r i v e d f r o m t h e 
M u l t i l a y e r S i g n i f i c a n t S t r u c t u r e s T h e o r y f o r t h e 
K r y p t o n - S t e r l i n g FT System a t 7 3 - 5 ° K 

P a r a m e t e r V a l u e 

V 0.8 x l O ^ s e c " 1 

A 0 A ° A° ^2_> 2' 3 1 9 . 5 A 2 

130 *K 

( « / k ) 2 , ( « / k ) 3 1 7 l ° K 

a „ 
f l 

0.2062 A 2 

a f 2 ' a f 3 
0 .1620 A 2 

W l 
874 c a l / m o l e 

w 2 , w 3 114-9 c a l / m o l e 

U l 2910 c a l / m o l e 

U 2 I67O c a l / m o l e 

U 3 
l 625 c a l / m o l e 

V m 3 .22 cc ( S T P ) / g 
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F i t o f t h e M u l t i l a y e r T h e o r y t o t h e D a t a 

A d s o r p t i o n I s o t h e r m s 

The i s o t h e r m a t 7 3 * 5 K w i l l f i r s t he d i s c u s s e d , s i n c e t h i s i s 

t h e i s o t h e r m used t o f i n d t h e p a r a m e t e r s i n T a b l e 3 « F i g u r e 2 2 shows 

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

The s u b m o n o l a y e r r e g i o n i s a t such a l o w p r e s s u r e t h a t i t l i e s on t h e 0 

a x i s o f F i g u r e 2 2 . F i g u r e 2 3 shows t h e s u b m o n o l a y e r r e g i o n expanded 

so t h a t t h e d e t a i l can be s e e n . 

The t h e o r e t i c a l f i r s t l a y e r c u r v e , F i g u r e 2 3 , i s seen n o t t o 

be v e r t i c a l , j u s t as t h e d a t a p o i n t s a r e n o t v e r t i c a l . The second 

l a y e r , F i g u r e 2 2 , i s v e r t i c a l i n b o t h t h e t h e o r y and t h e d a t a . The 

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

t y p e l o o p . T h i s l o o p i s n o t shown i n F i g u r e 2 2 , o r i n any o f t h e 

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

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

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

l a y e r a c l o s e d s y s t e m . I t s h o u l d be emphas ized t h a t a l o o p i s seen o n l y 

i n t h e t h i r d l a y e r and t h a t any v e r t i c a l r e g i o n i n t h e t h e o r e t i c a l 

f i r s t o r second l a y e r s i s n o t t h e r e s u l t o f a v a n d e r Waals t y p e l o o p . 

The p a r a m e t e r s i n T a b l e 3 a**e now used t o p r e d i c t t h e i s o t h e r m s 

a t t h e o t h e r t e m p e r a t u r e s used I n t h i s s t u d y . F i g u r e s 2k' t h r o u g h 3 3 

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

c u r v e s . The s u b m o n o l a y e r s c a l e s a re a g a i n expanded i n o r d e r t o see t h e 

d e t a i l . 

The b e h a v i o r o f t h e f i r s t l a y e r seems t o be p r e d i c t e d most 

a c c u r a t e l y b y t h i s t h e o r y as t h e t h e o r e t i c a l c u r v e s c o i n c i d e v e r y 
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F i g u r e 2 2 . Compar ison o f t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t 
S t r u c t u r e s M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e 
a t 7 3 - 5 ° K ; Run I . 



0 - 2 0 . 4 0 . 6 0 . 8 

P r e s s u r e ( M i c r o n s Hg) 

F i g u r e 2 3 . Compar ison o f t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s 
M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e a t 7 3 - 5 K; Submonolayer 
R e g i o n . 
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0 . 0 

F i g u r e 2k. 

0 . 0 5 0 . 1 0 

P r e s s u r e ( T o r r ) 

0 . 1 5 

Compar ison o f t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t 
S t r u c t u r e s M u l t i l a y e r T h e o r y f o r K r y p t o n o n G r a p h i t e 
a t 6 7 . 7 K. 
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P r e s s u r e ( T o r r ) 

F i g u r e 2 5 . Comparison of t he Exper imental D a t a t o the S i g n i f i c a n t 
S t r u c t u r e s Mul t i l aye r Theory f o r Krypton on Graphi te 
a t 6 9 . 6 K. 
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I 1 I I I I I 
0.0 0.1 0.2 0.3 

P r e s s u r e (Torr ) 

F igure 26 Comparison of the Experimental Data t o the S i g n i f i c a n t 
S t r u c t u r e s M a l t i l a y e r Theory fo r Krypton on Graphi te 
a t 71.2 K. 
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F i g u r e 2 7 . 

0 . 4 0 . 6 

P r e s s u r e ( T o r r ) 

Comparison of t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t 
S t r u c t u r e s " M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e 
a t 7 4 . 6 K. 



F i g u r e 2 8 . Compar ison o f t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t 
S t r u c t u r e s M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e 
a t 7 7 . 8 K. 



, 0 0 . 2 0 . 4 0 . 6 

P r e s s u r e ( M i c r o n s Hg) 

0 . 8 1 . 0 

F i g u r e 2 9 . Compar ison o f t h e E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s 
M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e a t 6 9 . 6 ° K : Submonolayer 
R e g i o n . 



F i g u r e 3 0 . 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 D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s 
M u l t i l a y e r T h e o r y f o r K r y p t o n on G r a p h i t e a t 7 2 . 4 K; Submonolayer R e g i o n . 



F i g u r e 3 1 « 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 D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s M u l t i 
l a y e r Theory f o r K r y p t o n on G r a p h i t e a t 7^.6 K; Submonolayer R e g i o n . 
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P r e s s u r e ( M i c r o n s Hg) 

.gure 3 2 . C o m p a r i s o n o f the E x p e r i m e n t a l D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s 
M u l t i l a y e r Theory f o r K r y p t o n on G r a p h i t e a t 7 5 . 6 ° K ; Submonolayer R e g i 



F i g u r e 33• 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 D a t a t o t h e S i g n i f i c a n t S t r u c t u r e s M u l t i l a y e r 
T h e o r y f o r K r y p t o n on G r a p h i t e a t 79-5 K; Submonolayer R e g i o n . o 
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c l o s e l y w i t h t h e a c t u a l d a t a . The w o r s t f i t s f o r t h e s u b m o n o l a y e r 

r e g i o n a r e a t t h e t e m p e r a t u r e e x t r e m e s o f 6 9 . 0 K and 7 9 * 5 and 

even h e r e t h e shapes o f t h e t h e o r e t i c a l c u r v e s a r e c o r r e c t . 

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

c r i t i c a l t e m p e r a t u r e t o be a b o u t 6 9 . 6 K as i s seen f r o m t h e c u r v e s . 

I t was c o n c l u d e d i n C h a p t e r V f r o m an e x a m i n a t i o n o f t h e d a t a t h a t 

t h i s was t h e a p p r o x i m a t e c r i t i c a l t e m p e r a t u r e . 

The t h e o r e t i c a l m u l t i l a y e r i s o t h e r m s as compared t o t h e d a t a 

a r e seen i n F i g u r e 2 2 and F i g u r e s 2K t h r o u g h 2 8 . O v e r a l l t h e m o d e l 

does a good j o b o f p r e d i c t i n g t h e p o s i t i o n s o f t h e s t e p s . F o r 

e x a m p l e , i n F i g u r e s 2K and 2 5 , t h e i s o t h e r m p r e s s u r e s change 

t r e m e n d o u s l y f r o m t h o s e i n F i g u r e 2 2 a t 7 3 - 5 ° K . Y e t t h e t h e o r y p r e d i c t s 

t h e s e p r e s s u r e changes a d m i r a b l y , p a r t i c u l a r l y a t 6 9 . 6 K. The f i t s i n 

F i g u r e s 2 7 and 2 8 a t 7 ^ . 6 * K and 7 7 - 8 ° K a r e e q u a l l y i m p r e s s i v e . The 

f i t a t 7 1 . 2 ° K , F i g u r e 2 6 , i s n o t so g o o d , s t r a n g e l y e n o u g h , b u t s t i l l 

s a t i s f a c t o r y . 

I s o s t e r i c H e a t s 

The t h e o r e t i c a l and e x p e r i m e n t a l i s o s t e r i c h e a t s a r e shown i n 

F i g u r e 3 ^ as a f u n c t i o n o f c o v e r a g e . These h e a t s a r e d e t e r m i n e d 

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

b y u s i n g a C l a u s i u s - C l a p e y r o n t y p e e x p r e s s i o n and m a k i n g a l e a s t 

s q u a r e s f i t o f a p l o t o f I n P v e r s u s l / T f o r v a r i o u s v a l u e s o f Q. 

The agreement be tween t h e t h e o r e t i c a l and e x p e r i m e n t a l h e a t 

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

h e a t s o f a d s o r p t i o n f o r t h e k r y p t o n - P - 3 3 ( 2 7 0 0 ) s y s t e m o b t a i n e d by 

Amberg , Spencer , and Beebe ( 3 5 ) and seen a l s o i n F i g u r e 3 ^ a r e l o c a t e d 
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F i g u r e 34. T h e o r e t i c a l and E x p e r i m e n t a l I s o s t e r i c Hea ts o f A d s o r p t i o n f o r 
K r y p t o n on G r a p h i t e . 
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r i g h t i n b e t w e e n o u r e x p e r i m e n t a l and t h e o r e t i c a l h e a t c u r v e s i n 

t h e r e g i o n o f 0 e q u a l one t o 0 e q u a l t w o . I n a d d i t i o n , i t i s 

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

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

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

D i s c u s s i o n o f R e s u l t s 

The m o l e c u l a r i n t e r a c t i o n p a r a m e t e r s f o u n d i n T a b l e 3 and used 

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

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

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

o f 1 3 0 K i n t h e f i r s t a d s o r b e d l a y e r i n t h e t h e o r y . T h i s v a l u e i s 

r e q u i r e d t o g i v e t h e t h e o r e t i c a l i s o t h e r m t h e c o r r e c t shape , and a l s o 

t h e c o r r e c t c r i t i c a l t e m p e r a t u r e . The gas phase v a l u e f o r e/k f o r 

k r y p t o n i s IJl^K ( 3 9 ) ; t h e i n t e r a c t i o n p a r a m e t e r i s t h u s l o w e r e d a b o u t 

2k p e r c e n t upon a d s o r p t i o n i n t h e f i r s t l a y e r . U s i n g t h i r d o r d e r 

p e r t u r b a t i o n t h e o r y , S i n a n o g l u and P i t z e r (ko) have p r e d i c t e d j u s t 

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

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

i n t h e m o n o l a y e r w h i c h amounts t o a b o u t 2 0 t o kO p e r c e n t o f t h e i r 

gas phase p o t e n t i a l m in imum. Our agreement h e r e i s t h e r e f o r e g o o d . 

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

d r o p s o f f v e r y r a p i d l y . I n f a c t , i t i s known t h a t t h e a d s o r b a t e -

a d s o r b e n t i n t e r a c t i o n i n t h e second l a y e r i s o n l y a b o u t l / 8 t h a t o f 

t h e f i r s t l a y e r . F o r t h i s r e a s o n t h e gas phase v a l u e s o f t h e i n t e r ­

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

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

v e r y f a v o r a b l y w i t h v a l u e s f o u n d b y o t h e r w o r k e r s . U s i n g a v i r i a l 

a p p r o a c h H a l s e y and c o w o r k e r s ( 2 0 ) d e t e r m i n e d t h a t U^ i s 2 9 0 1 c a l o r i e s 

p e r mole f o r k r y p t o n a d s o r b e d on P T - 3 3 ( 2 7 0 0 ) . The v i r i a l method i s 

r e g a r d e d as a v e r y a c c u r a t e a p p r o a c h t o d e t e r m i n e such p a r a m e t e r s 

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

agreement w i t h o u r U^ i s e x c e l l e n t . 

I f U-̂  i s r e g a r d e d as b e i n g c o r r e c t as g i v e n i n T a b l e 3> t h e n 

we can e s t i m a t e c l o s e l y wha t U^ s h o u l d be b y means o f a l a t t i c e 

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

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

m o l e c u l e s i n t h e f i r s t l a y e r . I f a L e n n a r d - J o n e s 6 - 1 2 t y p e o f p o t e n t i a l 

i s assumed, t h e n t h e i n t e r a c t i o n e n e r g i e s b e t w e e n t h e second l a y e r and 

t h e f i r s t l a y e r can be f o u n d b y e q u a t i o n ( 6 2 ) . 

" - H ( . A ) L ^ ) 1 2 - < £ ) ( 6 2 ) 

Here E e q u a l s t h e i n t e r a c t i o n e n e r g y , e e q u a l s t h e d e p t h o f t h e 

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

min imum, and r e q u a l s t h e i n t e r n u c l e a r d i s t a n c e . C o n s i d e r t h e 

i n t e r a c t i o n be tween t h e g i v e n k r y p t o n a tom i n t h e second l a y e r and i t s 

t h r e e n e a r e s t n e i g h b o r s i n t h e f i r s t l a y e r i n F i g u r e 3 5 • L e t t i n g r = r 

i n e q u a t i o n ( 6 2 ) and m u l t i p l y i n g t h e r e s u l t b y t h r e e , f o r t h e t h r e e 

n e i g h b o r s , y i e l d s 
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E = B x 3 - - 3 K ( | ) . ( 6 3 ) 

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

i n F i g u r e 3 5 - E q u a t i o n ( 6 2 ) i s a g a i n used and t h e r e s u l t i s e q u a t i o n 

T h i s p r o c e s s i s c o n t i n u e d f o r t h e n e a r e s t 4 8 n e i g h b o r s i n t h e f i r s t 

l a y e r o f t h e g i v e n k r y p t o n a t o m i n t h e second l a y e r . A l l t h e 

c o n t r i b u t i o n s a r e added w i t h t h e r e s u l t b e i n g t h a t 

= - 4 . 3 2 9 < £ ) ( 6 5 ) 

f o r t h e t o t a l i n t e r a c t i o n o f t h e g i v e n k r y p t o n a t o m i n t h e second l a y e r 

w i t h i t s f i r s t 4 8 n e i g h b o r s i n t h e f i r s t l a y e r . E q u a t i o n ( 6 2 ) i s 

i n t e g r a t e d f o r t h e i n t e r a c t i o n p a s t t h e f i r s t 4 8 n e i g h b o r s , r e s u l t i n g 

i n e q u a t i o n ( 6 6 ) . 

E = - 0 . 0 1 6 R ( ^ ) . r \ k / 
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A d d i n g e q u a t i o n s ( 6 5 ) and ( 6 6 ) , t h e t o t a l i n t e r a c t i o n b e t w e e n t h e 

k r y p t o n atom i n t h e second l a y e r and a l l t h e atoms i n t h e f i r s t 

l a y e r i s where 

T = R \ i ) ' ( 6 7 ) 

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

p o s i t i v e s i g n s . 

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

i n t h e second l a y e r i s due t o t h e s o l i d s u r f a c e . T h i s c o n t r i b u t i o n 

i s a p p r o x i m a t e d b y t h e w e l l known cube l a w . T h a t i s , 

U, 
E O = ( 6 8 ) 

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

e q u a l s t h e a d s o r p t i v e p o t e n t i a l i n t h e f i r s t l a y e r , and cl /d^ e q u a l s 

t h e r a t i o o f t h e d i s t a n c e o f t h e f i r s t and second l a y e r s away f r o m t h e 

s u r f a c e . Here E i s 3 6 4 c a l o r i e s p e r mole i f t h e second l a y e r i s s 

assumed t o be t w i c e as f a r f r o m t h e s u r f a c e as t h e f i r s t l a y e r . 

T h e r e f o r e , i f a v a l u e i s g i v e n t o e / k i n e q u a t i o n ( 6 7 ) , t h e n c a n 

be e s t i m a t e d b y l e t t i n g 



H 3 

U = E + E . ( 6 9 ) 2 s ± 

I f a v a l u e o f 1 3 0 ° K i s g i v e n t o E / k , t h e n 

U 2 = i486 c a l / m o l e . 

T h i s i s t h e v a l u e o f E / k i n t h e f i r s t l a y e r as f o u n d f r o m t h e b e s t 

f i t o f t h e d a t a . S i n a n o g l u and P i t z e r ( 4 0 ) p r e d i c t , h o w e v e r , t h a t t h e 

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

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

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

g i v e n l a y e r . B u t t h e i n t e r a c t i o n be tween m o l e c u l e s i n a d j a c e n t 

l a y e r s s h o u l d be r a i s e d above t h e gas phase v a l u e , and t h e gas phase 

v a l u e o f E / k w o u l d t h e r e f o r e p e r h a p s be a b e t t e r c h o i c e i n e q u a t i o n 

( 6 7 ) . L e t t i n g E / k be 1 7 L " K we f i n d t h a t 

U 2 = 1 8 4 0 c a l / m o l e . 

Our t h e o r e t i c a l v a l u e o f I 6 7 O c a l o r i e s p e r mole f o r l i e s be tween 

t h e s e t w o e s t i m a t e d v a l u e s . 

To e s t i m a t e e q u a t i o n ( 6 7 ) i s a g a i n used f o r t h e i n t e r a c t i o n 

be tween t h e second and t h i r d l a y e r . I f E / k i s 1 7 1 K t h e n 

E T = 1 4 7 6 c a l / m o l e . 
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The cube law i s used t o e s t i m a t e t h e i n t e r a c t i o n be tween t h e t h i r d 

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

t h e o r e t i c a l v a l u e o f I 6 7 O c a l o r i e s p e r mole f o r U i s u s e d , w i t h t h e 

r e s u l t b e i n g 

E c = 2 0 8 c a l / m o l e . 
o 

We t h u s e s t i m a t e t h a t 

= E T + Eg = 1 6 8 4 c a l / m o l e . 

T h i s v a l u e compares v e r y f a v o r a b l y w i t h o u r t h e o r e t i c a l v a l u e o f 

1 6 2 5 c a l o r i e s p e r mole o b t a i n e d f r o m f i t t i n g t h e d a t a . 
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CHAPTER V I I 

CONCLUSIONS AND RECOMMENDATIONS 

I t i s c o n c l u d e d t h a t t h e k r y p t o n - S t e r l i n g FT (27OO ) a d s o r p t i o n 

s y s t e m shows some v e r y p r o n o u n c e d s t e p w i s e b e h a v i o r . Two d i m e n s i o n a l 

c o n d e n s a t i o n i s c l e a r l y seen i n t h e f i r s t and second a d s o r b e d l a y e r s 

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

6 9 . 6 K f o r a d s o r p t i o n i n t h e s u b m o n o l a y e r r e g i o n . 

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

t r a n s i t i o n may have been o b s e r v e d i n one i s o t h e r m . T h i s p a r t i c u l a r a r e a 

d e s e r v e s some v e r y c a r e f u l s t u d y , n o t o n l y f o r t h e k r y p t o n - S t e r l i n g 

FT (27OO ) s y s t e m , b u t f o r o t h e r a d s o r p t i o n sys tems as w e l l . I t i s 

a l s o recommended t h a t t h e r e be o t h e r measurements o f t h e c r i t i c a l 

t e m p e r a t u r e o f t h e k r y p t o n - S t e r l i n g FT (27OO ) a d s o r p t i o n s y s t e m . 

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

t h i n g s one w o u l d hope a m u l t i l a y e r t h e o r y w o u l d d o . I t p r e d i c t s 

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

t h e a d s o r p t i o n d a t a o f t h e k r y p t o n - S t e r l i n g FT ( 2 7 O O * ) s y s t e m f a i r l y 

w e l l and p r e d i c t s m o l e c u l a r t y p e p a r a m e t e r s t h a t have been shown t o 

be v e r y r e a s o n a b l e . 

I t i s recommended t h a t t h i s t h e o r y be a p p l i e d t o s e v e r a l o t h e r 

a d s o r p t i o n s y s t e m s . I t i s a l s o recommended t h a t t h e t h e o r y be e x t e n d e d 

t o i n c l u d e p o l y a t o m i c m o l e c u l e s . 
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APPENDIX A 

UNCERTAINTIES I N THE THEORETICAL MOLECULAR PARAMETERS 

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

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

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

o 

d e s i r e d . T h r o u g h o u t t h i s d i s c u s s i o n t h e 7 3 . 5 K t h e o r e t i c a l i s o t h e r m 

i s used as an e x a m p l e . I n F i g u r e s 3 6 and 3 7 "the p a r a m e t e r U^ i s 

changed b y 5 0 c a l o r i e s p e r mole i n a l l t h r e e l a y e r s . The i s o t h e r m 

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

b a s i c a l l y t h e i s o t h e r m shape r e m a i n s t h e same. From F i g u r e s 3 6 and 

3 7 we can make an e s t i m a t e o f t h e u n c e r t a i n t y i n b y t h e d e v i a t i o n s 

o f t h e e x p e r i m e n t a l d a t a i n C h a p t e r V I away f r o m t h e t h e o r e t i c a l 

c u r v e s . The u n c e r t a i n t y i n i s e s t i m a t e d t o be 5 0 c a l o r i e s p e r 

m o l e , i n Ug, 2 0 c a l o r i e s p e r m o l e , and i n U^, 1 0 c a l o r i e s p e r m o l e . 

These u n c e r t a i n t i e s , and t h o s e t h a t f o l l o w , r e p r e s e n t o n l y t h e 

m o d e l ' s a b i l i t y t o f i t t h e d a t a . 

I n F i g u r e s 3 8 and 3 9 r e m a i n s t h e same, b u t ( e / k ) i i s 

changed i n a l l t h r e e l a y e r s b y 1 0 " k . Chang ing ( e / k ) ^ a f f e c t s n o t 

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

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

3 9 • I n t h e second l a y e r , seen i n F i g u r e 3 8 , l o w e r i n g r a i s e s t h e 

p r e s s u r e , as e x p e c t e d , and a l s o makes t h e r e g i o n o f v e r t i c a l d i s ­

c o n t i n u i t y somewhat l e s s . I n t h e t h i r d l a y e r , l o w e r i n g e~ r a i s e s 
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t h e p r e s s u r e and makes t h e f o r m a t i o n o f t h e t h i r d l a y e r b e g i n much 

s o o n e r . I t a l s o causes t h e r e g i o n o f v e r t i c a l d i s c o n t i n u i t y t o be 

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

v e r y d i f f i c u l t t o e s t a b l i s h . P r o b a b l y a b o u t 5 K i s a f a i r e s t i m a t e 

o f t h e u n c e r t a i n t y i n ( e / k ) ^ . 

T h i s r a i s e s t h e q u e s t i o n o f how t o f i t t h e d a t a i f t h e r e a r e 

two p a r a m e t e r s , and U^, w h i c h change t h e i s o t h e r m p r e s s u r e s . We 

r e l y f i r s t on t h e shape o f t h e i s o t h e r m t o d e t e r m i n e e^. Of 

c o u r s e and a r e more d i f f i c u l t and a r e g i v e n t h e gas phase v a l u e . 

The p r e s s u r e s i n e a c h l a y e r a r e t h e n a d j u s t e d t o t h e d a t a b y means 

o f U. . 
1 

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

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

c u r v e ; t h a t i s , t h e t h e o r e t i c a l c u r v e bends o v e r much t o o q u i c k l y f r o m 

t h e v e r t i c a l r i s e r i n F i g u r e s 2 2 t h r o u g h 2 8 . One p o s s i b l e e x p l a n a t i o n 

f o r t h i s d e v i a t i o n i s t h a t t h e p a c k i n g o f t h e k r y p t o n atoms i n t h e 

second and t h i r d a d s o r b e d l a y e r s i s d i f f e r e n t t h a n t h e p a c k i n g i n t h e 

f i r s t l a y e r . T h r o u g h o u t t h e t r e a t m e n t t h u s f a r , i t has been assumed 

t h a t t h e a r e a p e r m o l e c u l e a t c a p a c i t y c o v e r a g e and t h e amount o f 

k r y p t o n needed t o c o m p l e t e a l a y e r were e x a c t l y t h e same f o r each 
l a y e r ; t h a t i s , A. i s 1 9 - 5 A 2 and V l s 3 - 2 2 c c ( S T P ) p e r g r a m . 

J ' l m 

I t i s q u i t e r e a s o n a b l e t o l e t t h e p a c k i n g be d i f f e r e n t i n each 

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

a r e so much g r e a t e r i n t h e second and t h i r d l a y e r s t h a n i n t h e f i r s t 

l a y e r . A good a p p r o x i m a t i o n i s t o l e t t h e d e n s i t y o f t h e k r y p t o n i n 

t h e second and t h i r d l a y e r s be t h e same as t h a t o f b u l k s o l i d k r y p t o n . 



1 2 2 

F o r h e x a g o n a l l y packed s o l i d k r y p t o n 

1 = 4 ( 7 ' N 7 2 U 

where a i s t h e c e l l r a d i u s and V i s t h e t o t a l vo lume o f t h e N 

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

k r y p t o n 

where a i s t h e c e l l r a d i u s and A i s t h e t o t a l a r e a o c c u p i e d b y 

t h e N a t o m s . I f t h e d e n s i t y o f k r y p t o n i n t h e t w o - d i m e n s i o n a l 

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

i n e q u a t i o n s ( 7 0 ) and ( 7 1 ) . Thus 

A t 7 3 - 5 ° K t h e d e n s i t y o f s o l i d k r y p t o n i s 2 . 9 5 grams p e r c u b i c 

c e n t i m e t e r (hi). F rom t h i s d e n s i t y v/N i s d e t e r m i n e d , r e s u l t i n g i n 

( 7 2 ) 

f . 1^.3A 2. 



1 2 3 

Thus 

A. 
3 

o 1 4 . 3 A 2 

I f t h e s e new v a l u e s o f A . a r e s u b s t i t u t e d i n t h e t h e o r e t i c a l i s o t h e r m 

e q u a t i o n s , i t w o u l d seem t h a t a w h o l e new s e t o f 0 ' s w o u l d r e s u l t . 

T h i s i s n o t t h e case h o w e v e r , as t h e t h e o r e t i c a l 0 ' s r e m a i n t h e same 

as a r e s u l t o f t h e way 6^ i s d e f i n e d . The number o f s i t e s i n t h e 

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

l a y e r : t h u s , N . c a n n e v e r exceed N . N . ° ' 7 l i - l 

S i n c e we know t h a t t h e p a c k i n g i n t h e second and t h i r d l a y e r s 

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

and i n t h e t h e o r y t o be g r e a t e r b y m u l t i p l y i n g each b y A ° / A ° , o r 

1 . 3 6 . T h a t i s 

1 

N l = 0 l N O ' 

N 2 = 0 2 N 1 X 1 , 3 6 = 0 2 9 l N O X 1 , 3 6 7 

and 

N = e x x 1 . 3 6 = e ^ e ^ x 1 . 3 6 . 



1 2 4 

Thus 

e = e1 + (e^g) 1 . 3 6 + ( 0 ^ ^ ) 1 . 3 6 . ( 7 3 ) 

The i s o t h e r m a t 7 3 . 5 ° K i n F i g u r e 2 2 i s now a d j u s t e d w i t h t h e 

new v a l u e o f 0 i n e q u a t i o n ( 7 3 ) and t h e r e s u l t i s shown i n F i g u r e kO. 

The agreement be tween t h e t h e o r e t i c a l c u r v e and e x p e r i m e n t a l d a t a i s 

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

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

t h a t t h e d e n s i t y o f t h e second a d s o r b e d l a y e r i s somewhat l e s s t h a n 

t h a t o f b u l k s o l i d k r y p t o n . 

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

i n a s i m i l a r manner , r e s u l t i n g i n c l o s e r agreement b e t w e e n t h e t h e o r y 

and e x p e r i m e n t . We d e c l i n e t o do t h i s , h o w e v e r , s i n c e t h e i d e a o f 

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

t h e p r e s e n t t h e o r e t i c a l d e v e l o p m e n t . 
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F i g u r e kO. 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 D a t a t o t h e 
T h e o r e t i c a l I s o t h e r m A f t e r C h a n g i n g t h e P a c k i n g 
i n t h e Second and T h i r d A d s o r b e d L a y e r s . 



APPENDIX B 

EXPERIMENTAL DATA 
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T a b l e 4 . E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 6 9 . 6 K. 
V = 3 . 2 2 STP cc /gm 

V P 

(STP cc /gm) ( m i c r o n s Hg) 

0 . 3 1 0 0 . 0 5 3 0 . 0 9 6 
0 . 5 2 5 0 . 0 8 1 0 . 1 6 3 
0 . 7 3 3 0 . 1 2 6 0 . 2 2 8 
0 . 9 7 2 0 . 1 2 8 0 . 3 0 2 
1 . 2 5 0 . 1 1 1 0 . 3 8 7 
1 A 7 0 . 0 9 4 0 . 4 5 7 
I . 6 5 0 . 1 1 0 0 . 5 1 3 
1 . 9 2 0 . 1 3 9 0 . 5 9 5 
2 . 1 7 0 . 1 3 3 0 . 6 7 2 
2 . 4 3 0 . 1 5 2 0 . 7 5 5 
2 . 6 5 0 . 1 9 4 0 . 8 2 4 
2 . 8 6 0 . 8 1 8 0 . 8 8 7 
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T a b l e 5 • E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 2 . 4 K, 
V = 3 - 2 2 STP c c / g m 

V * P ads 
(STP c c / g m ) ( m i c r o n s H g ) 

0 . 1 7 4 0 . 0 9 3 0 . 0 5 4 
0 . 3 7 9 0 . 1 0 6 0 . 1 1 8 
0 . 8 1 8 0 . 1 4 3 0 . 2 5 4 
1.0k O . 1 3 8 0 . 3 2 4 
1 . 2 6 0 . 1 8 6 0 . 3 9 1 
1 . 4 6 O . 1 9 6 0 . 4 5 2 
1 . 7 1 0 . 1 9 1 0 . 5 3 0 
1 . 9 5 O . 2 1 5 O . 6 0 7 
2 . 2 4 0 . 2 2 1 0 . 6 9 7 
2 . 5 2 O . 2 5 6 O . 7 8 2 
2 . 8 4 0 . 6 5 4 0 . 8 8 2 



T a b l e 6. E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 2 . 5 K. 
V - 3 - 2 2 STP c c / g m 

V a d s P 

(STP c c / g m ) ( m i c r o n s Hg) 

0 . 1 7 4 O . O 9 6 0 . 0 5 4 
0 . 3 1 0 0 . 1 3 2 O . O 9 6 

0 . 5 1 5 0 . 1 7 3 0 . 1 6 O 
0 . 7 0 2 O . 1 8 9 0 . 2 1 8 
1 . 0 7 0 . 1 9 2 0 . 3 3 1 
1 . 2 6 0 . 1 9 9 0 . 3 9 1 
1 . 4 5 0 . 2 1 1 0 . 4 5 0 
1 . 6 3 0 . 2 3 4 0 . 5 0 6 
1 . 9 6 0 . 2 3 5 0 . 6 0 9 
2 . 5 9 0 . 3 2 0 0 . 8 0 3 
2 . 8 4 0 . 6 5 4 0 . 8 8 2 



1 3 0 

T a b l e 7 « E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 3 . 5 K. (Run # l ) 
V = 3 . 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s H g ) 

0 . 1 7 7 0 . 1 2 1 0 . 0 5 5 
0 . 3 7 9 0 . 1 3 0 0 . 1 1 8 
0 . 5 4 9 0 . 1 8 8 0 . 1 7 1 
0 . 7 4 0 0 . 2 1 4 0 . 2 3 0 
0 . 9 2 4 0 . 2 3 0 0 . 2 8 7 
1 . 1 0 0 . 2 1 4 0 . 3 3 9 
1 . 2 9 0 . 2 6 3 0 . 3 9 9 
1 . 4 9 0 . 2 6 8 0 . 4 6 2 
1 . 6 9 0 . 2 5 4 0 . 5 2 3 
1 . 8 8 O . 2 7 8 0 . 5 8 2 
2 . 0 2 0 . 2 8 0 0 . 6 2 8 
2 . 2 3 0 . 2 9 7 0 . 6 9 3 
2 . 4 0 0 . 3 1 4 0 . 7 4 7 
2 . 5 8 0 . 3 5 7 0 . 8 0 2 
2 . 7 5 0 . 5 0 2 O . 8 5 4 



T a b l e 8 . E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 3 . 5 ° K . (Run # 2 ) 
V = 3 . 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s Hg ) 

0 . 1 7 7 0 . 1 2 1 0 . 0 5 5 
0 . 3 8 5 0 . 1 2 9 0 . 1 2 0 
O . 6 O 4 0 . 1 5 8 0 . 1 8 8 
0 . 7 9 1 0 . 1 7 7 0 . 2 4 6 
0 . 9 6 5 0 . 1 8 2 0 . 3 0 0 
1 . 1 3 O . I 9 6 0 . 3 5 2 
1 . 3 0 0 . 1 9 9 0 . 4 0 3 
1 . 4 9 0 . 2 0 7 0 .464 
1 . 6 9 0 . 2 3 4 0 . 5 2 3 
1 . 8 7 0 . 2 6 7 0 . 5 8 1 
2 . 1 0 0 . 2 8 6 0 . 6 5 1 
2 . 2 7 O . 3 0 6 0 . 7 0 4 
2 . 43 0 . 3 7 8 0 - 7 5 3 



T a b l e 9« E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 4 . 6 K. 
V = 3 . 2 2 STP c c / g m 

V ^ P ads 
(STP c c / g m ) ( m i c r o n s Hg) 

0 . 1 7 7 0 . 1 3 3 0 .055 
0 . 3 1 0 O . I 6 5 0.096 
0 .454 O . I 8 9 o . i 4 i 
0 .593 0 . 1 8 4 0 . 1 8 4 
0 .750 0.280 0 .233 
0.968 0 .264 0 . 3 0 1 
1 . 1 6 O . 3 1 6 0 .359 
1 . 3 7 O . 3 6 1 0 .427 
1 . 6 0 O . 358 0.490 
1 . 7 7 O .386 0 .552 
2.24 0.504 0 .697 
2.41 0 .597 0 .749 
2 , 6 2 0 . 7 3 6 0 . 8 1 3 
2 .80 1 . 0 0 1 0 .868 
2 . 9 0 1 . 3 2 3 0 . 9 0 1 



T a b l e 1 0 . E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 5 . 6 K. 
V = 3 . 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s Hg) 

0 . 1 3 6 0 . 1 9 8 0 . 0 4 2 
0 . 2 8 0 0 . 2 7 4 O . O 8 7 
0 . 4 7 1 0 . 3 2 2 0 . 1 4 6 
0 . 7 2 3 0 . 3 5 3 0 . 2 2 5 
0 . 8 7 6 0.k2k O . 2 7 2 
1 . 0 8 0 . 4 3 7 0 . 3 3 5 
1 . 2 3 0 . 4 9 3 O . 3 8 2 
1 . 4 4 0 . 5 6 4 0 . 4 4 8 
I . 6 2 0 . 6 0 2 0 . 5 0 4 
1 . 7 9 O . 6 0 8 0 . 5 5 7 
1 . 9 7 O . 6 6 1 0 . 6 1 2 
2 . 1 2 O . 6 9 1 O . 6 5 9 
2 . 3 0 0 . 7 5 5 0 . 7 1 3 
2 . 4 5 0 . 8 3 4 0 . 7 5 9 
2 . 6 4 I . 0 3 0 O . 8 1 9 



T a b l e 1 1 . E x p e r i m e n t a l Submonolayer D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 9 » 5 K. 
V = 3 . 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s Hg) 

0 . 2 6 1 0 . 7 1 9 0 . 0 8 1 
0 . 5 1 8 0 . 7 5 4 - 0 . 1 6 1 
0 . 8 1 1 0 . 8 1 9 0 . 2 5 2 
1 . 0 7 0 . 9 0 2 0 . 3 3 3 
1 . 3 ^ 1 . 2 4 0 . 4 1 6 
1 . 6 0 1 . 4 5 0 . 4 9 6 
1 . 8 2 1 . 7 1 0 . 5 6 6 
2 . 0 0 1 . 8 6 0 . 6 2 1 
2 . 2 3 2 . 2 5 0 . 6 9 2 
2 . 4 2 2 . 3 4 0 . 7 5 2 
2 . 5 9 2 . 3 1 0 . 8 0 5 
2 . 7 6 2 . 3 7 0 . 8 5 8 
2 . 9 ^ 2 . 8 7 0 . 9 1 4 
3 . 1 5 3 . 9 6 0 . 9 7 9 



T a b l e 1 2 . E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 
K r y p t o n on G r a p h i t e a t 6 7 . 7 K. 
V = 3 . 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s H g ) 

2 . 1 9 0 . 1 1 8 0 . 6 8 
2 . 4 5 0 . 1 1 8 O . 7 6 
2 . 7 2 0 . 1 3 4 0 . 8 4 
2 . 9 6 1 . 3 0 O . 9 2 
3 . 2 2 2 7 . 4 1 . 0 0 
3 . 2 6 3 7 . 9 1 . 0 1 
3 . 2 9 ^ 3 . 1 1 . 0 2 
3 . 3 3 4 8 . 6 1.0k 
3 . 3 8 5 3 . 4 1 . 0 5 
3 . 4 3 5 3 . 7 1 . 0 6 
3 . V 7 5 3 . 0 1 . 0 8 
3 . 6 0 5 2 . 6 1 . 1 2 
3 . 8 4 5 1 . 9 1 . 1 9 
4 . 0 8 5 3 . 3 1 . 2 7 
4 . 3 3 5 3 . 0 1 . 3 5 
4 . 5 9 5 1 . 5 1 . ^ 3 
4 . 8 5 5 1 . 8 1 - 5 1 

V _ P ads 
(STP c c / g m ) ( m i c r o n s Hg) 

5 . 1 3 5 5 . 5 1 . 5 9 
5 . 4 2 5 5 . 6 1 . 6 8 
5 . 6 5 5 7 . 4 I . 7 6 
5 . 9 0 5 2 . 7 I . 8 3 
6 . 1 7 5 7 . 4 I . 9 2 

6 . 3 3 6 8 . 9 1 . 9 7 
6 . 4 4 8 1 . 9 2 . 0 0 
6 . 4 8 8 7 . 7 2 . 0 1 
6 . 5 2 9 1 . 3 2 . 0 3 
6 . 5 7 9 9 . 2 2 . 0 4 
6 . 6 8 1 0 6 2 . 0 8 
6 . 8 2 1 1 1 2 . 1 2 
7 . 0 5 i l l 2 . 1 9 
7 . 2 6 1 1 4 2 . 2 5 
7 . 4 9 1 1 6 2 . 3 3 
7 . 7 9 1 1 7 2 . 4 2 



T a b l e 1 3 . E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 
K r y p t o n on G r a p h i t e a t 6 9 . 6 K. 
V = 3 . 2 2 STP c c / g m 

V , P ads 
( S T P c c / g m ) ( m i c r o n s Hg) 

2 . 4 - 1 0 . 1 4 - 6 0 . 7 5 
2 . 8 8 I . 0 9 O . 8 9 

3 . 1 3 2 0 . 0 0 . 9 7 
3 . 1 6 2 8 . 6 O . 9 8 
3 . 1 8 3 6 . 8 0 . 9 9 
3 . 2 1 4 6 . 8 1 . 0 0 
3 . 2 4 - 5 6 . 9 1 . 0 1 
3 . 2 8 6 4 . 4 1 . 0 2 
3 . 3 2 7 3 . 1 1 . 0 3 
3 . 3 6 7 7 . 2 1 . 0 4 
3 . 4 - 0 7 9 . ^ 1 . 0 6 
3 - H 7 9 . 3 1 . 0 7 
3 . 4 5 8 0 . 3 1 . 0 8 
3 . 6 5 7 9 . 6 1 . 1 3 
3 . 6 8 8 0 . 3 1 . 1 4 
3 . 7 ^ 8 0 . 7 1 . 1 6 
3 . 8 5 8 1 . 3 1 . 2 0 
4 - . 0 7 8 1 . 5 1 . 2 6 
4 . 3 4 8 2 . 0 1 . 3 5 
^ • 5 9 8 3 . 6 1 . ^ 3 
4 - . 8 8 8 3 . 8 1 . 5 2 
5 . 1 5 8 4 . 2 1 . 6 0 
5 . 3 7 8 5 . 7 I . 6 7 
5 . 6 0 8 6 . 4 1 . 7 4 
5 . 8 1 8 7 . 9 1 . 8 1 
6 . 0 1 8 9 . 9 1 . 8 7 
6 . 2 4 9 6 . 9 1 . 9 4 
6 . 5 0 1 3 7 2 . 0 2 
6 . 5 5 1 4 3 2 . 0 3 

V , P ads 
( S T P c c / g m ) ( m i c r o n s Hg) 

6 . 5 9 1 4 8 2 . 0 5 
6 . 6 3 1 5 3 2 . 0 6 
6 . 7 6 1 6 4 2 . 1 0 
6 . 8 7 1 7 0 2 . 1 3 
6 . 9 8 1 7 4 2 . 1 7 
7 . 2 2 1 7 6 2 . 2 4 
7 - 4 - 9 1 7 8 2 . 3 3 
7 . 7 6 1 7 9 2 . 4 1 
8 . 0 5 1 8 2 2 . 5 0 
8 . 3 5 1 8 8 2 . 5 9 
8 . 5 8 1 9 0 2 . 6 7 
8 . 7 9 1 9 1 2 . 7 3 
9 . 0 0 1 9 6 2 . 7 9 
9 . 2 2 1 9 9 2 . 8 6 
9 . 3 8 1 9 7 2 . 9 1 
9 . 5 7 2 0 1 2 . 9 7 
9 . 7 5 2 0 2 3 . 0 3 
9 . 9 6 2 0 5 3 . 0 9 

1 0 . 1 7 2 0 7 3 . 1 6 
1 0 . 3 2 2 0 6 3 . 2 1 
1 0 . 5 3 2 0 7 3 . 2 7 
1 0 . 7 4 2 0 8 3 . 3 4 
1 0 . 9 4 2 0 8 3 . ^ 0 
H . 2 3 2 0 9 3 . ^ 9 
1 1 . 5 1 2 0 9 3 . 5 8 
I I . 7 8 2 1 0 3 . 6 6 
1 2 . 0 9 2 1 0 3 . 7 5 
1 2 . 4 2 2 1 1 3 . 8 6 
1 2 . 7 5 2 1 2 3 . 9 6 



T a b l e l4. E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 
K r y p t o n on G r a p h i t e a t 71•2 K. 
V =3.22 STP c c / g m 

TO ^ ' 0 

V , P 0 V _ P ads ads 
(STP c c / g m ) ( m i c r o n s Hg) (STP c c / g m ) ( m i c r o n s Hg) 

2 .48 O.209 
2.70 O.291 
2.92 5.55 
3.03 12.7 
3.15 48 .3 
3.24 99.2 
3.31 129 
3.38 139 
3.44 137 
3.78 1 4 5 

4.08 1 4 5 

4.34 1 4 5 

4.60 1 4 5 

4 .86 1 4 5 

5.09 146 
5.30 146 
5.57 1 4 8 

5 .84 153 
6.05 157 
6.26 179 
6.35 199 
6.43 223 
6.52 2 4 5 

6.69 273 
6 .84 287 
6.97 277 

0.77 7.15 
0 .84 7.37 
0 .91 7.62 
O.94 7.91 
O.98 8.18 
1.01 8.45 
1.03 8.72 
1.05 9.09 
1.07 9.35 
1.17 9.62 
1.27 9.91 
1.35 10.17 
1.43 10.45 
1.51 10.73 
1.58 11.01 
I.65 11.30 
1.73 11.57 
1 .81 11.81 
1.88 12.12 
1.95 12.33 
1.97 12.61 
2.00 12.88 
2.03 13.1̂  
2.08 13.41 
2.12 13.67 
2.16 

279 2.22 
282 2.29 
296 2.37 
300 2 .46 
296 2.54 
303 2.62 
324 2.71 
336 2.82 
344 2.90 
350 2.99 
357 3.08 
360 3.16 
364 3.25 
371 3.33 
383 3.42 
391 3.51 
393 3.59 
398 3.67 
417 3.76 
431 3.83 
443 3.92 
446 4.00 
434 4.08 
426 4.16 
423 4.25 



T a b l e 1 5 . E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 3 . 5 K. 
V = 3 . 2 2 STP c c / g m 

V , P 9 V , P ads ads 
(STP c c / g m ) ( m i c r o n s Hg) (STP c c / g m ) ( m i c r o n s Hg) 

2 O L 9 0 . 8 6 9 
2 . 4 1 0 . 9 5 0 
2 . 6 5 0 . 9 9 7 
2 . 8 7 4 . 4 4 
2 . 9 4 1 0 . 7 
2 . 9 8 1 2 . 8 
3 . 0 1 1 6 . 5 
3 . 0 4 2 0 . 5 
3 . 0 6 2 9 . 6 
3 . 0 9 3 9 . 6 
3 . 1 1 5 2 . 2 
3 . 1 3 6 5 . 8 
3 . 1 5 8 1 . 9 
3 . 1 7 1 0 6 
3 . 1 9 1 2 1 
3 . 2 1 1 3 7 
3 . 2 2 1 5 1 
3 . 2 5 1 7 2 
3 . 2 7 1 8 8 
3 . 3 0 2 0 1 
3 . 3 3 2 1 3 
3 . 3 5 2 2 5 
3 . 3 8 2 2 8 
3 . ^ 1 2 3 2 
3 . V 3 2 3 6 
3 . 4 6 2 3 B 
3 . 5 5 2 3 7 
3 . 7 0 2 3 7 
3 . 9 3 2 3 7 

0 . 6 8 ^ . 1 3 
0 . 7 5 ^ • 3 3 
0 . 8 2 4 . 5 6 
O . 8 9 4 . 7 8 
O . 9 1 5 . 0 0 
0 . 9 3 5 . 2 1 
O . 9 4 5 . 4 2 
O . 9 4 5 . 6 0 
0 . 9 5 5 . 7 9 
O . 9 6 5 . 9 6 
0 . 9 7 6 . 1 7 
0 . 9 7 6 . 2 7 
O . 9 8 6 . 3 9 
0 . 9 9 6 . 4 2 
0 . 9 9 6 . 4 4 
1 . 0 0 6 . 4 7 
1 . 0 0 6 . 4 9 
1 . 0 1 6 . 5 3 
1 . 0 2 6 . 5 5 
1 . 0 3 6 . 5 9 
1 . 0 3 6 . 6 1 
1 . 0 4 6 . 6 4 
1 . 0 5 6 . 6 6 
1 . 0 6 6 . 6 9 
1 . 0 7 6 . 7 1 
1 . 0 8 6 . 7 5 
1 . 1 0 6 . 9 0 
1 . 1 5 7 . 0 5 
1 . 2 2 7 . 1 8 

2 3 7 1 . 2 8 
2 3 6 1 . 3 4 -
2 3 6 1 . 4 2 
2 3 8 1 . 4 9 
2 4 0 1 . 5 5 
2 4 0 1 . 6 2 
2 4 3 1 . 6 8 
2 4 4 1 . 7 4 -
2 4 8 1 . 8 0 
2 5 1 1 . 8 5 
2 6 8 1 . 9 2 
2 9 4 1 - 9 5 
3 4 8 I . 9 8 
3 6 4 1 . 9 9 
3 7 3 . 2 . 0 0 
3 8 1 2 . 0 1 
3 9 1 2 . 0 2 
4 0 1 2 . 0 3 
4 L L 2 , 0 4 
4 2 1 2 . 0 5 
4 2 7 2 . 0 5 
4 3 3 2 . 0 6 
4 3 6 2 . 0 7 
4 4 2 2 . 0 8 
4 4 7 2 . 0 8 
4 5 4 2 . 1 0 
V 7 3 2 . 1 4 
4 8 1 2 . 1 9 
4 8 3 2 . 2 3 



T a b l e 15. C o n t i n u e d 

^ads ^ ^ ^ads ^ 
(STP c c / g m ) ( m i c r o n s Hg) (STP c c / g m ) ( m i c r o n s Hg) 

7.34 488 2.28 
7.58 490 2.35 
7.84 496 2.43 
8.06 501 2.50 
8.32 505 2.58 
8.59 512 2.67 
8.83 520 2.74 
9.05 525 2.81 
9.26 531 2.88 
9.49 536 2.95 

9.67 54l 3.00 
9.87 546 3.07 

10.11 551 3.1̂  
10.33 558 3.21 
10.55 560 3.28 
10.73 565 3.33 
11.03 572 3.43 
11.37 575 3.53 
11.66 577 3.62 
11.92 579 3.70 



T a b l e 16. E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 

v A P a d s 
(STP c c / g m ) ( m i c r o n s H g ) 

2.87 5.00 0.89 
2.89 9 .3^ O .90 
2.90 12.2 O .90 
2 .93 1 6 . 1 O . 9 1 
3.02 27.0 0.94 
3 .11 63.4 0.97 
3.18 129 0.99 
3.24 200 1.01 
3 .31 261 1.03 
3 .^1 299 1.06 
3.48 303 1.08 
3 .5^ 304 1.10 
3.64 304 1.13 
3.79 306 1.18 
4.06 308 1.26 
4.30 309 1.3^ 
4.53 310 i . 4 i 
4.73 311 1.47 
^.97 315 1.54 
5 .11 314 1.59 
5.27 315 1.64 
5.46 319 I . 7 0 
5 .61 321 1.74 
5.76 327 1.79 
5.93 332 1.84 
6.12 3^2 1.90 
6 .21 354 1.93 
6.30 387 I . 9 6 
6.38 433 I . 9 8 
6.37 427 I . 9 8 
6.46 486 2 . 0 1 
6.53 519 2 .03 

V P a d s 
(STP c c / g m ) ( m i c r o n s H g ) 

6.61 550 2.05 
6.67 573 2.07 
6.73 590 2.09 
6 .81 607 2 .11 
6 .91 623 2.15 
7.02 627 2 .18 
7.10 631 2 . 2 1 
7.28 633 2 .26 
7 .41 635 2.30 
7.57 638 2.35 
7.72 645 2.40 
7.88 642 2.45 
8.03 652 2.49 
8.23 655 2 .56 
8.44 661 2.62 
8 .61 666 2.67 
8.78 673 2 .73 
9 . 0 1 670 2.80 
9.25 684 2.87 
9.45 694 2.94 
9.69 703 3 .01 
9.93 712 3.08 

10.08 735 3 .13 
10.32 738 3 .21 
10 .51 745 3.26 
10.75 750 3.3+ 
11.09 753 3 . ^ 
U . 4 l 759 3 .5^ 
I I . 7 4 762 3.65 
12.06 764 3 .7^ 
12.46 768 3.87 

K r y p t o n o n G r a p h i t e a t "jk-,6 K . 
V = 3 - 2 2 STP c c / g m 



T a b l e 1 7 - E x p e r i m e n t a l M u l t i l a y e r D a t a f o r 
K r y p t o n on G r a p h i t e a t 7 7 . 8 K. 
V = 3 - 2 2 STP c c / g m 

ads 
(STP c c / g m ) ( m i c r o n s Hg) 

2 . 8 0 3 . 0 5 0 . 8 7 
3 . 0 7 9 3 . 3 O . 9 6 

3 . 3 1 5 3 3 I . 0 3 

3 . 5 1 6 5 1 1 . 0 9 
3 . 6 8 6 5 7 1 . 1 4 
3 . 8 7 6 6 1 1 . 2 0 
4 . 0 9 664 I . 2 7 

4 . 2 8 6 6 6 1 . 3 3 
4 . 4 7 6 7 0 1 . 3 9 
4 . 6 7 6 7 3 1 . 4 5 
4 . 8 3 6 7 4 1 . 5 0 
5 . 04 6 8 3 I . 5 6 

5 . 1 5 6 8 7 1 . 6 0 
5 . 2 6 6 9 3 1 . 6 4 
5 . 4 5 6 9 9 1 . 6 9 
5 . 6 3 7 1 0 1 . 7 5 
5 . 7 8 7 2 5 1 . 8 0 
5 . 9 2 7 4 5 1 . 8 4 
6 . 0 3 8 1 6 1 . 8 7 
6 . 1 4 946 1 . 9 1 
6 . 1 3 9 1 4 1 . 9 0 
6 . 2 5 1 0 6 1 1 . 9 4 
6 . 3 6 1 1 1 7 I . 9 8 
6 . 5 0 1 2 0 3 2 . 0 2 
6 . 6 3 1 2 7 0 2 . 0 6 
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lh5 

VITA 

D a v i d S a n f o r d Newsorae was b o r n A p r i l 13, 19̂ 3, i n C h a r l e s t o n , 

S o u t h C a r o l i n a t o N e l l i e Hayes and Mike Newsome. He was r e a r e d i n 

N o r t h C h a r l e s t o n , S o u t h C a r o l i n a and g r a d u a t e d f r o m N o r t h C h a r l e s t o n 

H i g h S c h o o l i n June 1961. He e n t e r e d t h e C o l l e g e o f C h a r l e s t o n i n 

September , 196l, and r e c e i v e d t h e d e g r e e B a c h e l o r o f S c i e n c e i n 

c h e m i s t r y i n June 1965• A f t e r c o m p l e t i o n o f h i s u n d e r g r a d u a t e w o r k he 

e n t e r e d t h e g r a d u a t e d i v i s i o n o f G e o r g i a Tech t o s t u d y f o r t h e D o c t o r 

o f P h i l o s o p h y i n t h e S c h o o l o f C h e m i s t r y . D u r i n g h i s g r a d u a t e w o r k 

he h e l d a NDEA f e l l o w s h i p f o r t h r e e y e a r s , r e c e i v e d a P r o j e c t THEMIS 

g r a n t f o r one y e a r , and was a t e a c h i n g a s s i s t a n t f o r one y e a r . 


