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ABSTRACT: 

Isotherms of the f e r r i c chloride-graphite system have 

been determined at 300°C, 310°C, and 350°C. I t was found that 

C^PeClg i s formed at a l l three temperatures, and i n addition 

C l g P e C l 3 i s formed at 350°C. 

C^PeClg has been i s o l a t e d by preparing i t i n a bomb. 

Mossbauer studies on i t showed that electron transfer i s from 

graphite to ir o n chloride, and that a l l of the iron i s i n the 

same oxidation state. 

I t has been shown that intercalated f e r r i c chloride can 

be reduced to ferrous chloride by hydrogen at 375°C. 

Studies on graphite containing f e r r i c chloride or chromyl 

chloride have shown that the threshold pressure f o r i n t e r c a l a ­

t i o n of Brg, IC1, or CrOgClg i s higher than f o r pure graphite. 

I t has been found that the uptake of chromyl chloride by 

graphite i s dependent on the rate of pressure increase, and 

that i n addition natural c r y s t a l s of graphite vary i n t h e i r 

r e a c t i v i t y with chromyl chloride. 
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INTRODUCTION: 

The p u r p o s e o f t h i s work was t o d e t e r m i n e c o m p o s i t i o n 

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

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

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

s i m i l a r s y s t e m s . 

E a r l y r e s u l t s f o r t h e " b r o m i n e - g r a p h i t e s y s t e m g a v e v a r y ­

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

C g B r , C ^ p B r , and C 1 3 B r h a d "been r e p o r t e d f o r t h e c o m p o s i t i o n 

s t a b l e a t s a t u r a t i o n ( l ) ( 2 ) ( 3 ) . D e t e r m i n a t i o n o f t h e com-

p l e a t e i s o t h e r m "by H o o l e y (4 ) f o r s e v e r a l k i n d s o f g r a p h i t e 

a n d a t d i f f e r e n t t e m p e r a t u r e s showed t h a t t h e compound f o r m e d 

i s C g B r w i t h c r y s t a l l i n e n a t u r a l g r a p h i t e and t h a t e a r l i e r 

v a r i a t i o n s were p r o b a b l y due t o c a p i l l a r y c o n d e n s a t i o n o n 

d i f f e r e n t s i z e r a n g e s o f g r a p h i t e . I n a d d i t i o n he showed t h a t 

C g B r i s s t a b l e o n d e s o r p t i o n f r o m 1 .0 t o 0 . 5 p a r t i a l p r e s s u r e 

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

C g B r i s s t a b l e o n l y a t s a t u r a t i o n ( 5 ) . A n o t h e r r e s u l t was t h a t 

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

w h i c h i s 0 . 0 5 r e l a t i v e t o s a t u r a t i o n ( f o r n a t u r a l g r a p h i t e ) . 

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

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

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

g r a p h i t e ( 6 ) . 

The d e t e r m i n a t i o n o f t h e i s o t h e r m o f t h e I C l - g r a p h i t e 

s y s t e m (4 ) a t 2 0 ° C showed t h a t two compounds a r e f o r m e d : 

C , _ I C 1 a n d C 0 I C 1 . 



A n e a r l i e r r e p o r t ( 7 ) h a d s t a t e d t h a t t h e c o m p o s i t i o n was 

C g . ^ I C l a t s a t u r a t i o n — a r e s u l t w h i c h "by e x a m i n a t i o n o f t h e 

i s o t h e r m c a n "be s e e n t o h e p r o b a b l y due t o c a p i l l a r y c o n d e n ­

s a t i o n . The e x i s t e n c e o f two compounds o f IC1 and g r a p h i t e 

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

i s o t h e r m o f t h e s y s t e m . 

T h e r e a c t i o n o f C r Q g C l g w i t h g r a p h i t e was v a r i o u s l y 

r e p o r t e d t o y i e l d C - ^ C r O g C l g (8 ) , . C ^ g C r O g C l g o r c_3o G r 02 C 12 
( 7 ) , d e p e n d i n g on r e a c t i o n c o n d i t i o n s . D e t e r m i n a t i o n o f t h e 

i s o t h e r m (4 ) o f t h e s y s t e m a t 2 0 ° C showed t h a t t h e compound 

f o r m e d i n v a p o r i s C g g C r O g C l g . I n a d d i t i o n , i t was shown 

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

l a s t e d a d a y o r m o r e . The i s o t h e r m a l s o showed t h a t t h e t h r e s ­

h o l d p r e s s u r e f o r i n t e r c a l a t i o n o f C r O g C l g i s 0 . 2 5 r e l a t i v e t o 

s a t u r a t i o n , c o m p a r e d t o 0 . 0 5 a n d 0 . 0 3 f o r b r o m i n e a n d i o d i n e 

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

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

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

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

a n d showed t h e i r p r e s s u r e s t a b i l i t y r a n g e s . I n a d d i t i o n , i n t e r ­

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

s t a n d i n g o f t h e m e c h a n i s m o f r e a c t i o n ( 6 ) . H e n c e , i t a p p e a r e d 

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

w o u l d p r o v e o f s i m i l a r v a l u e . 

F e r r i c c h l o r i d e was f i r s t shown t o r e a c t w i t h g r a p h i t e b y 

T h i e l e ( 9 ) . A d e t a i l e d s t u d y b y R u d o r f f a n d S c h u l t z ( 1 0 ) c l a i m e d 

t h a t two compounds a r e f o r m e d : C ^ g F e C l ^ b e t w e e n 1 8 0 ° C and 3 0 9 ° C 

and C 3 0 F e C l g b e t w e e n 3 2 5 ° C and 4 0 0 ° C , b o t h a f t e r a c i d w a s h i n g 

o f t h e p r e p a r a t i o n . 
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C r o f t ( l l ) l a t e r s t a t e d t h a t C^QPeC lg i s a d e c o m p o s i t i o n 

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

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

c h l o r i d e p r e p a r a t i o n s , C o w l e y and I t e r s ( 12 ) showed t h a t 

C 1 2 P e C l 3 c o n s i s t s o f 17% f r e e g r a p h i t e . T h e y a l s o showed 

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

l e s s P e C l g p e r l a y e r . F u r t h e r m o r e , t h e y f o u n d t h a t i f C ^ g P e C l g 

i s h e a t e d t o 3 0 0 ° C , f r e e g r a p h i t e d i s a p p e a r e d . 

A l l o f t h e s e w o r k e r s p r e p a r e d g r a p h i t e - f e r r i c c h l o r i d e "by 

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

24 h o u r s a t t e m p e r a t u r e s f r o m 1 8 0 ° C t o 3 5 0 ° C f o l l o w e d "by r a p i d 

c h i l l i n g a n d w a s h i n g w i t h H C l t o r emove u n r e a c t e d f e r r i c c h l o r i d e . 

T h e y t h u s l a c k e d a s s u r a n c e t h a t t h e i r p r e p a r a t i o n s were n o t 

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

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

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

o f t h e s y s t e m * 

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

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

H e n n i g made ( 1 3 ) e l e c t r i c a l m e a s u r e m e n t s o n g r a p h i t e - f e r r i c 

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

a n d p r o p o s e d t h e f o r m u l a C ^ ' P e C l g - S F e C l g . To d a t e , h o w e v e r , 

t h e r e h a s b e e n no d i r e c t e v i d e n c e f o r t h e e x i s t e n c e o f two 

o x i d a t i o n s t a t e s o f i r o n r e q u i r e d b y t h e above f o r m u l a . I t 

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

M8ssbauer s p e c t r o s c o p y m i g h t p r o v i d e e i t h e r an i n d e p e n d e n t 

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

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

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

©r f e r r i c c h l o r i d e . Some p r e v i o u s wo rk ( 14 ) showed t h a t 

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

s a t u r a t i o n . The t h r e s h o l d p r e s s u r e f o r IC1 was h i g h e r t h a n 

f o r g r a p h i t e and t h e I G l u p t a k e a t h i g h e r p r e s s u r e s was o n l y 

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

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

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

f e r r i c c h l o r i d e . 

F i n a l l y , a n i n t e r e s t i n g o b s e r v a t i o n t h a t s l o w l y r a i s i n g 

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

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

( 15 ) f o r m e d t h e b a s i s f o r some f u r t h e r s t u d i e s . T h e s e s t u d i e s ; 

were b a s e d o n t h e d e t e c t i o n o f r e a c t i o n b y e x p a n s i o n o f t h e 

g r a p h i t e n o r m a l t o t h e l a y e r p l a n e s . 
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EXPER IMENTAL : 

A . CHEMICALS : 

( a ) B r o m i n e : R e a g e n t g r a d e m a t e r i a l was d i s t i l l e d i n t o t h e 

b a l a n c e r e s e r v o i r , t h e m i d d l e f r a c t i o n "be ing r e t a i n e d . 

(b ) I o d i n e m o n o c h l o r i d e : B r i t i s h D r u g House r e a g e n t g r a d e 

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

t h e f r a c t i o n c o m i n g o v e r a t 1 0 1 ° C a n d 760 mm p r e s s u r e 

b e i n g r e t a i n e d . 

( c ) C h r o m y l c h l o r i d e : The C r O g C l g was s u p p l i e d b y t h e A l l i e d 

C h e m i c a l a n d Dye Company o f New Y o r k . The f r a c t i o n d i s ­

t i l l i n g a t 1 1 6 ° C a n d 760 mm p r e s s u r e was r e t a i n e d . 

The a b o v e t h r e e r e a g e n t s we re s t o r e d i n s u d u e d l i g h t . T h e y 
—5 

were d e a e r a t e d u n t i l t h e y c o n t a i n e d l e s s t h a n 3 x 10 cm Hg 

a i r p r e s s u r e * 

( d ) A n h y d r o u s F e r r i c C h l o r i d e : A n h y d r o u s f e r r i c c h l o r i d e was 

p r e p a r e d b y d i r e c t r e a c t i o n o f i r o n ( 9 9 . 8 5 % F e , B a k e r and 

A d a m s o n S t a n d a r d i z a t i o n G r a d e ) w i t h c h l o r i n e g a s d r i e d b y 

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

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

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

s e a l s . A f t e r t h e v i a l s were f i l l e d w i t h f e r r i c c h l o r i d e , 

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

a n d t h e v i a l s were pumped w i t h a m e r c u r y d i f f u s i o n pump 

-4 

t o l e s s t h a n 10 cm H g . The v i a l s were t h e n s e a l e d o f f 

u n d e r v a c u u m . 

( e ) G r a p h i t e : s e v e r a l t y p e s were u s e d . 

( i ) N a t i o n a l S p e c t r o s c o p i c G r a d e S P - 1 . S u p p l i e d b y t h e 

N a t i o n a l C a r b o n Company , C l e v e l a n d , O h i o . 



T h i s i s a h i g h l y p u r i f i e d n a t u r a l g r a p h i t e and was 

u s e d w i t h o u t f u r t h e r p u r i f i c a t i o n . F l a k e s i z e was 

0 . 0 2 t o 0 .1 mm a c r o s s . 

( i i ) M a d a g a s c a r g r a p h i t e . T h i s h a d "been p r e v i o u s l y 

p u r i f i e d "by a l t e r n a t e e x t r a c t i o n s f r o m HF and H C l . 

The s i z e r a n g e e m p l o y e d was 60—70 m e s h , 

( i i i ) New Y o r k g r a p h i t e . A c i d e x t r a c t e d f r o m m a r b l e 

d e p o s i t s i n E s s e x c o u n t y , New Y o r k . I n d i v i d u a l 

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

e x t r a c t i o n , and h a d b e e n t r e a t e d w i t h a l t e r n a t e 

e x t r a c t i o n s w i t h HF and H C l . The f l a k e s i z e e m p l o y e d 

was a b o u t 3 mm d i a m e t e r ( p a r a l l e l t o t h e l a y e r p l a n e s ) 

a n d 0 .1 t o 0 . 7 mm t h i c k . 

( i v ) P y r o l y t i c g r a p h i t e . P o l y n u c l e a t e d a t 2 1 5 0 ° G , d e n -

s i t y 2 .21 gm/cm , and s u p p l i e d b y H i g h T e m p e r a t u r e 

L a b o r a t o r i e s , B o s t o n , M a s s . The s a m p l e e m p l o y e d i n 

t h i s s t u d y c o n s i s t e d o f 10 d i s c s o f d i a m e t e r 2 . 6 mm 

and 1 .0 mm t h i c k n e s s . T h i s g r a p h i t e was d e s i g n a t e d 

PG-1 i n an e a r l i e r s t u d y (6 ) a n d w i l l b e so d e s i g n ­

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



B. EQUIPMENT; 

The i'sotherms with bromine, Iodine monochloride, and 

chromyl chloride were studied i n a recording vacuum thermo-

balance equipped with a recording spoon gage, (16) (17). 

The s e n s i t i v i t i e s employed were about 6 mv/mg or 1 mv/mg f o r 

weight and 60 mv/cm f o r pressure. 

Before admission of a reactant, the system was pumped with 
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a mercury d i f f u s i o n pump to less than 10 mm (as measured with 

a McLeod gage), and i t was v e r i f i e d that i t would hold t h i s 

vacuum overnight. Taps i n contact with the reactant vapors 

were greased with Kel-F; a l l other taps and joints were greased 

with Apiezon-N. Pressure was reduced by opening the system to 

a trap cooled i n l i q u i d nitrogen. The reactor tube was held 

at 20° by a thermostatted bath. 

Expansion studies were made i n an apparatus which held 

graphite samples with t h e i r layer planes normal to the viewing 

axis of a microscope f i t t e d with a micrometer eyepiece (6). 

Magnifications employed were x37.5 or x75, depending on the 

sample s i z e . Except when the samples were act u a l l y being 

viewed, the sample tube was surrounded with a thermostatted 

jacked at 20°. 

Isotherms with f e r r i c chloride were made.in a modified 

version of the recording thermobalance, (16) diagrammed i n 

fig u r e 1. A l l parts of the apparatus containing PeClg were 

heated by•resistance furnaces. The pressure of PeClg was 

con t r o l l e d by varying the temperature of the PeClg r e s e r v o i r , 

and was measured by the pyrex s p i r a l gauge. 



The P e C l g r e s e r v o i r , t h e p y r e x s p r i n g , and t h e s a m p l e were 

e a c h t h e r m o s t a t t e d t o w i t h i n 0 . 5 ° C "by " P r o p o r t i o n u £ E 1300 

S e r i e s " t e m p e r a t u r e c o n t r o l l e r s , s u p p l i e d "by C o l e - P a r m e r 

I n s t r u m e n t a n d E q u i p m e n t Company . The s e n s i n g e l e m e n t s were 

P l a t i n u m r e s i s t o r s . . The f u r n a c e s were c o n s t r u c t e d w i t h two 

w i n d i n g s : t h e "bu lk o f t h e h e a t i n g was s u p p l i e d "by h e a v y 

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

h e a t i n g . 

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

t e m p e r a t u r e m o d e l ( # 0 6 0 X S - P T ) , s u p p l i e d "by S c h a e v i t z E n g i n e e r ­

i n g , L t d , o f N. J e r s e y . I t was s u s p e n d e d f r o m two i r o n r i n g s 

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

r i n g was s u p p o r t e d on t h e f i r s t "by t h r e e "b rass s c r e w s , " A " , 

and h a d t h r e e more s c r e w s , " B " , w h i c h p a s s e d t h r o u g h h o l e s i n 

t h e s e c o n d r i n g . ( S ee d e t a i l d r a w i n g o f f i g u r e l ) B S i l i c a 

f i b r e s s u s p e n d e d f r o m t h e s e s c r e w s "B " ' we re h o o k e d o n t o a 

g l a s s s u p p o r t r i n g a t t a c h e d t o t h e L V D T . The s c r e w s t h e 

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

f i b r e l e n g t h s . The o t h e r t h r e e s c r e w s " A " a l l o w e d f o r m o v i n g 

t h e w h o l e L V D T up o r down r e l a t i v e t o t h e c o r e . T h e y were 

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

t o a d j u s t t h e LVDT when t h e f u r n a c e was h o t . The s i l i c a 

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

t h e r m o b a l a n c e ( 1 6 ) . The s e n s i t i v i t y o f t h e b a l a n c e was a b o u t 

1 mv/mg i n t h e r a n g e 3 0 0 ° C - 3 5 0 ° C . A l l t e m p e r a t u r e s we re 

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

t h e r m o c o u p l e s , s t a t e d t o b e w i t h i n l/3/o o f t h e t e m p e r a t u r e 

r e a d i n g i n C e n t i g r a d e d e g r e e s as d e t e r m i n e d f r o m NBS 



c a l i b r a t i o n tables. An i c e bath was used to cool the r e f e r ­

ence junctions. 

Samples were introduced into the balance by lowering the 

spring, LVDT core, sample bucket and connecting s i l i c a f i b r e s 

into the balance tube. The connecting tube and FeCl^ reservoir 

(complete with an unopened PeClg v i a l ) were then blown onto 

the top of the balance tube and connected to the vacuum 
-4 

system. The system was pumped to less than 10 cm using a 

mercury d i f f u s i o n pump. The FeClg v i a l ' s breakseal was then 

broken with a magnetic hammer. The system was sealed off under 

vacuum at the point indicated on the diagram (figure l ) . The 

balance tube was then brought up to the temperature selected 

f o r the isotherm (300°C, 310°C, or 350°C i n this work), leaving 

the f e r r i c chloride unheated. As soon as thermal equilibrium 

was reached, the LVDT was adjusted to give a suitable output, 

and the lamp f o r i l l u m i n a t i n g the s p i r a l gage's mirror was 

adjusted. The f e r r i c chloride reservoir was then heated to 

give a desired vapor pressure. The pressure was measured by 

admitting a i r to the envelope of the s p i r a l gage to return 

the r e f l e c t e d spot of l i g h t from the gage to a n u l l point, and 

then measuring the a i r pressure with a mercury manometer. At 

the conclusion of a run, a i r was re-admitted by c a r e f u l l y 

cracking the balance tube and admitting a i r to the envelope 

at the same rate. 

The spring—LVDT combination was c a l i b r a t e d by replacing 

the pyrex s p i r a l gage section of the balance tube with a 

support tube. A long s i l i c a f i b r e hung from the core and 

passed through the bottom of the furnace into a p l a s t i c box. 
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The box served to keep drafts from a f f e c t i n g weight readings. 

The balance was then c a l i b r a t e d by adding known weights to a 

small glass pan hung from the s i l i c a f i b r e . The temperature 

of the spring and LVDT were kept as close as possible to the 

temperatures they would be at during isotherms. It was found 

that the s e n s i t i v i t y of the balance decreased with increasing 

temperature, so c a l i b r a t i o n s were made f o r the actual temper­

atures used. S i l i c a springs are known to contract on increas­

ing temperature, so the spring was kept at a constant temper­

ature during a run. 

Buoyancy due to f e r r i c chloride vapor was compensated 

f o r by corrections derived from a blank run with the balance 

completely assembled, but without a sample. The decrease i n 

the apparent weight of the sample bucket with increasing 

f e r r i c chloride vapor pressure was observed and assumed to be 

due to buoyancy. 

Several preparations of g r a p h i t e - f e r r i c chloride were 

also made i n bombs. Some of the bomb preparations were ca r r i e d 

out i n s t a i n l e s s s t e e l #304 bombs which were loaded with a 

weighed sample of graphite plus anhydrous f e r r i c chloride i n 

a dry box with an oxygen-free nitrogen atmosphere. The sealed 

bomb was then heated to 300°C f o r 24 hours, aft e r which i t was 

opened and the product washed free of excess f e r r i c chloride 

by washing on a f r i t t e d glass funnel with 6N, HGl u n t i l the 

washings gave no red colour with KSCN solution. This method 

was found to give irreproduceable re s u l t s when more than 100 

mg of graphite was employed. Accordingly, a modified technique 

was employed: an inverted U-shaped glass reactor was sealed 
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t o a v a c u u m l i n e ; one a rm c o n t a i n e d a w e i g h e d s a m p l e o f g r a p h ­

i t e , t h e o t h e r a 10% e x c e s s o f i r o n w i r e n e c e s s a r y t o f o r m 

C ^ P e C l g ( p r e v i o u s l y shown t o h e t h e m o s t c o n c e n t r a t e d c o m ­

p o u n d f o r m e d b e t w e e n g r a p h i t e and f e r r i c c h l o r i d e ) . The 

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

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

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

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

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

w i t h c h l o r i n e , t h e c h l o r i n e was c o n d e n s e d i n t o a t r a p c o o l e d 

i n l i q u i d n i t r o g e n , and t h e a p p a r a t u s was pumped t o l e s s t h a n 
-4 

10 cm w i t h a m e r c u r y d i f f u s i o n pump a n d s e a l e d o f f . I t was 

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

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

c h l o r i d e a r m s . 

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

C ^ F e C l g t o f e r r o u s c h l o r i d e were c a r r i e d o u t w i t h s a m p l e s 

p l a c e d i n a z i r c o n i a b o a t w i t h i n a s i l i c a t ube h e a t e d t o 3 7 5 ° C 

i n a s t r e a m o f h y d r o g e n (22). The h y d r o g e n h a d b e e n p u r i f i e d 

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

t u r n i n g s a t 5 0 0 ° C , f o l l o w e d b y p a s s a g e o v e r p h o s p h o r u s ; p e n t -

o x i d e . 

X - r a y powder p h o t o g r a p h s o f s e v e r a l o f t h e g r a p h i t e -

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

p u r p o s e s o n l y . C u K a r a d i a t i o n a t 35 kV and 15 mA u s i n g 

0 . 5 mm c a p i l l a r i e s we re u s e d f o r a l l p h o t o g r a p h s . E x p o s u r e 

t i m e s were 8-15 h r . 



M o s s b a u e r s p e c t r a o f s e v e r a l o f t h e g r a p h i t e - f e r r i c 

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

57 

D r . J . R. Sams.. The gamma r a y s o u r c e was Co i n a c o p p e r 

m a t r i x . A l l o f t h e d a t a a r e shown i n t a b l e I. A l l f i g u r e s 

a r e i n mm/sec r e l a t i v e t o N. B. S . s t a n d a r d s o d i u m n i t r o -

p r u s s i d e ( N a p F e C C N ^ N O ^ H p O ) , N . B. S. s t a n d a r d m a t e r i a l #725. 
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RESULTS : 

FERR IC CHLORIDE ISOTHERMS ON GRAPHITE 

The i s o t h e r m o f f e r r i c c h l o r i d e on SP-1 a t 3 0 0 ° C f r o m 

z e r o p r e s s u r e t o s a t u r a t i o n i s shown i n f i g u r e 2 . A t e a c h 

p r e s s u r e , i t was f o u n d t h a t a b o u t 24 h o u r s were r e q u i r e d t o 

r e a c h a w e i g h t c o n s t a n t t o + 1%., N o t e t h a t t h e t h r e s h o l d 

p r e s s u r e was b e l o w t h e p r e s s u r e g a g e ' s s e n s i t i v i t y w h i c h was 

0 . 2 5 cm H g , t h a t C _ F e C l g i s t h e o n l y p r e s s u r e i n d e p e n d e n t 

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

r a t i o ( c / F e C l g ) o f 2 5 . B e f o r e t h e b a l a n c e was o p e n e d , t h e 

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

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

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

d u p l i c a t e d . F i n a l l y , a f r e s h s a m p l e o f SP-1 g a v e e x a c t l y t h e 

same i s o t h e r m as shown i n f i g u r e 2. 

S i n c e an e a r l i e r r e p o r t ( 10 ) h a d i n d i c a t e d t h a t o n l y 

C 3 0 F e C l 3 i s f o r m e d a b o v e 3 0 9 ° C , 3 an i s o t h e r m a t 3 1 0 ° C was r u n 

on S P - 1 . The r e s u l t i n g i s o t h e r m was s i m i l a r t o f i g u r e 2 w i t h 

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

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

a b o u t 0 . 7 5 cm H g . The o n l y p r e s s u r e i n d e p e n d e n t c o m p o s i t i o n 

was C ^ F e C l g , as b e f o r e , a n d t h e m o l e r a t i o o f t h e r e s i d u e 

( C / F e C l g ) was 3 3 — s o m e w h a t h i g h e r . 

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

p a r t o f t h e i s o t h e r m b y r u n n i n g an i s o t h e r m a t 3 5 0 ° C ( f i g u r e 3 ) . 

The i s o t h e r m r u n s f r o m z e r o p r e s s u r e t o one a t m o s p h e r e , r a t h e r 

t h a n t o s a t u r a t i o n w h i c h i s 7 a t m o s p h e r e s a t t h i s t e m p e r a t u r e 

( 1 8 ) . T h i s l i m i t a t i o n was i m p o s e d b y t h e i n a b i l i t y o f t h e 
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g l a s s s y s t e m t o h o l d 7 a t m o s p h e r e s p r e s s u r e . The t h r e s h o l d 

p r e s s u r e i s a b o u t 1.5 cm H g , and C l g P e C l 3 i n t h e r a n g e 20-40 

cm Hg ( 0 . 0 4 - 0 . 0 8 r e l a t i v e t o s a t u r a t i o n ) . A b o v e t h e l a t t e r 

p r e s s u r e C ^ F e C l g i s f o r m e d . N o t e t h a t t h e f a i l u r e t o o b s e r v e 

C ^ g F e C l g i n t h e 3 0 0 ° C a n d 3 1 0 ° C i s o t h e r m s may h a v e r e s u l t e d 

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

t h i s r a n g e w o u l d b e a b o u t 1 cm Hg a t 3 0 0 ° C . On d e s o r p t i o n 

G 1 0 P e C l g i s a p r e s s u r e i n d e p e n d e n t c o m p o s i t i o n i n t h e r a n g e 

12-8cm H g . T h i s d e c o m p o s e s t o a r e s i d u e whose m o l e r a t i o o f 

C t o P e C l „ i s 5 0 . A s e c o n d r u n was made on t h i s r e s i d u e b e -o 

f o r e o p e n i n g t h e b a l a n c e a n d c o n f i r m e d t h e C ^ g F e C l g P l a " t e a u » 

P r o m t h e a b s o r p t i o n c u r v e s a t 3 0 0 ° C , 3 1 0 ° C , a n d 3 5 0 ° C 

A r r h e n i u s p l o t s a t c o m p o s i t i o n s 0 . 0 2 0 , 0 . 0 4 0 , and 0 . 0 6 0 

( P e C l g / C ) were made . The t h r e e s l o p e s g a v e an i s o s t e r i c 

h e a t o f 1 3 . 0 _ 1 .0 k c a l / m o l e w i t h no t r e n d w i t h c o m p o s i t i o n . 

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

l e s s p e r f e c t g r a p h i t e t h a n SP-1 o n t h e i s o t h e r m ( 6 ) . The 

i s o t h e r m o f P e C l g o n a PG-1 s a m p l e a t 3 0 0 ° C i s shown i n f i g u r e 

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

" E x p e r i m e n t a l " ) * N o t e t h a t t he t h r e s h o l d p r e s s u r e i s a b o u t 

15 cm H g , and t h a t t h e p r e s s u r e i n d e p e n d e n t c o m p o s i t i o n i s 

a b o u t G ^ g P e C l g w h i c h d e c o m p o s e s t o a r e s i d u e compound o f mo l e 

r a t i o ( C / P e C l g ) 31 a t a b o u t 0 . 5 cm H g . The s a m p l e h a d s p l i t 

i n t o t h i n d i s c s d u r i n g t h e r u n . I t i s o f i n t e r e s t t o n o t e 

t h a t PG-1 a l s o s p l i t s i n t o t h i n d i s c s d u r i n g r e a c t i o n w i t h 

b r o m i n e (6) j . The a p p a r e n t i n c r e a s e i n w e i g h t o n d e s o r p t i o n 

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

s u r e i n t h e s y s t e m f e l l t o z e r o when t h e t e m p e r a t u r e was f i n a l l y 

r e d u c e d t o 2 0 ° C a t t h e e n d o f a r u n . T h e r e i s h e n c e no C l g 

l e f t i n t h e gas p h a s e a n d t h e r e f o r e t h e i r o n i n t h e g r a p h i t e 

i s t h e r e a s F e C l g o r 2 F e C l g + C l g . T h e r e was a l s o no e v i d e n c e 

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

T h i s means t h a t t h e i r o n i s i n t h e g r a p h i t e as FeCl^ and n o t 

as a m i x t u r e o f FeCl-g, a n d C l g . 

BOMB PREPARATIONS OF GRAPHITE-FERRIC CHLORIDE 

I n o r d e r t o s t u d y some p r o p e r t i e s o f t h e compounds o b s e r v e d 

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

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

a t u r e . 

A s t a i n l e s s s t e e l #304 bomb was l o a d e d w i t h 0 . 1 gm SP-1 

a n d 1 gm F e C l g i n a d r y n i t r o g e n a t m o s p h e r e . A f t e r 24 h o u r s 

a t 3 0 0 ° C , i t was c h i l l e d r a p i d l y i n c o l d w a t e r , o p e n e d and 

washed f r e e o f e x c e s s P e C l g w i t h 6M H C 1 . I n a s e c o n d r u n , 

t h e bomb was c o o l e d a t 1 0 ° C p e r h o u r f o r 24 h o u r s ( a f t e r h a v i n g 

b e e n h e a t e d a t 3 0 0 ° C f o r 24 h o u r s ) . B o t h p r o d u c t s we re 

C-^gFeClg w h i c h i s t h e a p p r o x i m a t e c o m p o s i t i o n r e p o r t e d b y 

p r e v i o u s w o r k e r s ( 10 ) ( l l ) ( 2 8 ) . A p p a r e n t l y , t h e s e two r a t e s 

o f c o o l i n g gave t h e same amounts o f k i n e t i c t r a p p i n g i n t h e 

c e n t r a l r e g i o n o f t h e g r a p h i t e c r y s t a l s ( 14 ) (19 ) . . The 

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

l a t e r ( t a b l e l ) „ 

A t t e m p t s t o p r e p a r e more C-^gFeClg i n t h e same bomb u s i n g 

500 mg SP-1 and 1500 mg P e C l g g a v e p r e p a r a t i o n s o f c o m p o s i t i o n s 

C g Q _ 3 Q F e C l 3 * I t was c o n c l u d e d t h a t t h e 3 cm o f g r a p h i t e i n t h e 
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bomb b u c k e t was so deep t h a t f e r r i c c h l o r i d e was n o t a b l e t o 

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

24 h o u r s e x p o s u r e . 

A s d e s c r i b e d i n " E x p e r i m e n t a l " a l l o f t h e p r e p a r a t i o n s 

i n s t a i n l e s s s t e e l bombs were l o a d e d i n d r y o x y g e n - f r e e 

n i t r o g e n a t m o s p h e r e . T h e p o s s i b i l i t y t h a t t h e r e s u l t i n g two 

a t m o s p h e r e s p r e s s u r e o f n i t r o g e n ( a t a b o u t 6 0 0 ° K ) w o u l d s l o w 

d i f f u s i o n o f f e r r i c c h l o r i d e i n t o t h e f i n e l y p o w d e r e d SP-1 

was e l i m i n a t e d b y u s i n g e v a c u a t e d g l a s s bombs w i t h t h e f e r r i c 

c h l o r i d e p r e p a r e d i n s i t u . G l a s s bombs a l s o h a d t h e p o s s i b l e 

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

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

f r o m t h e p e r i p h e r a l a r e a s o f t h e g r a p h i t e c r y s t a l s and a l l o w 

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

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

a h i g h e r c o m p o s i t i o n ( 1 4 ) ( 1 9 ) . A t h i r d p o s s i b l e a d v a n t a g e 

was t h e e l i m i n a t i o n o f m e t a l l i c i r o n w h i c h c o u l d r e d u c e 

F e C l g t o P e C l g . A r u n t o c h e c k t h i s l a s t p o s s i b i l i t y showed 

t h a t a p i e c e o f s t a i n l e s s s t e e l #304 o f t h e same s u r f a c e a r e a 

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

l e s s s t e e l , a f t e r 24 h o u r s e x p o s u r e t o f e r r i c c h l o r i d e a t 

3 0 0 ° C , was c o a t e d w i t h b r o w n f e r r o u s c h l o r i d e . 

S e v e r a l p r e p a r a t i o n s i n g l a s s bombs w i t h a i r c o o l i n g d i d 

g i v e C ^ P e C l g a f t e r a c i d w a s h i n g . T h i s p r o d u c t h a d a M o s s b a u e r 

s p e c t r u m s i m i l a r t o t h a t o f a n h y d r o u s f e r r i c c h l o r i d e (.33,) (34;) 

i n t h a t i t c o n s i s t e d o f a s i n g l e p e a k . T h i s p e a k was s h i f t e d 

f r o m 0 . 6 9 mm/sec o f FeGl^ ( a t r oom t e m p e r a t u r e ) t o 0 . 7 7 mm/sec 

( a l s o a t r oom t e m p e r a t u r e ) . 
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The 002 a n d 004 l i n e s o f g r a p h i t e we re a b s e n t f r o m t h e X-ray-

powder p h o t o g r a p h o f t h i s C ^ F e C l g . A s h e r and W i l s o n ( 3 2 ) h a v e 

s t a t e d i f as l i t t l e as 5% f r e e g r a p h i t e were p r e s e n t t h e n t h e s e 

i n t e n s e l i n e s w o u l d show i n t h e powder p h o t o g r a p h . I n a d d i t ­

i o n -the p o w d e r p h o t o g r a p h o f t h i s C ^ P e C l g h a d no l i n e s c o i n ­

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

A n a t t e m p t t o r emove more F e C l g f r o m C ^ P e C l g b y e x t r a c t ­

i n g w i t h 6M HC1 i n a S o x h l e t f o r 24 h o u r s r emoved l e s s t h a n 

1 mg f r o m 700 mg o f c o m p o u n d . T h i s r e s u l t c o u l d b e e x p l a i n e d 

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

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

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

more f e r r i c c h l o r i d e t o d i f f u s e o u t d u r i n g c o o l i n g . A c c o r d ­

i n g l y , a g l a s s b o m b , a f t e r h e a t i n g f o r 24 h o u r s a t 3 0 0 ° C , was 

c o o l e d a t 1 0 ° C / h o u r f o r 24 h o u r s . The p r o d u c t , h o w e v e r , was 

a g a i n C ^ P e C l g , e v e n a f t e r 4 h o u r s w a s h i n g w i t h b o i l i n g 6M H C 1 . 

S l o w e r r a t e s were n o t u s e d . 

I t was d e c i d e d t o a t t e m p t p r e p a r a t i o n o f t h e C-^gPeClg 

o b s e r v e d d u r i n g t h e 3 5 0 ° C i s o t h e r m . T h i s was p r e p a r e d i n an 

i n v e r t e d U- tube r e a c t o r . One a r m , c o n t a i n i n g t h e S P - 1 , was 

m a i n t a i n e d a t 3 5 0 ° C ; t h e o t h e r , c o n t a i n i n g f e r r i c c h l o r i d e , 

was m a i n t a i n e d a t 2 9 5 ° C ( a t w h i c 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 f e r r i c c h l o r i d e i s 30 cm H g , t h e m i d d l e o f t h e C-^gPeClg 

p l a t e a u o b s e r v e d i n t h e i s o t h e r m ) . A f t e r 24 h o u r s t h e t u b e 

was c o o l e d i n a i r , o p e n e d a n d a c i d e x t r a c t e d w i t h 6M HC1 

u n t i l t h e w a s h i n g s g a v e no r e d c o l o u r a t i o n w i t h K S C N . T h e 

p r o d u c t was C ^ g P e C l g . 
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Two attempts were made to prepare C^gFeClg by subliming 

FeClg o f f C^FeClg and then acid washing (10). The inverted 

U-tube reactor described abcvewas used. After heating the 

graphite at 300°C and the f e r r i c chloride at 295°C for"24 

hours (a combination known (see figu r e 2) from the isotherm 

to give C^FeClg).the arm not containing graphite was c h i l l e d 

i n an a i r b l a s t u n t i l no more FeClg could be seen condensing. 

Thus, pressure was reduced rapid l y without c h i l l i n g the 

sample. A f t e r t h i s , the other arm was cooled to room temper­

ature over a period of 15 minutes. According to Rudorff (10) 

t h i s procedure should y i e l d an acid-washed product of 

G^gFeClg. The product, however, was C^FeClg after acid washing. 

C^FeClg was reduced at 375°C i n oxygen-free hydrogen i n 

two d i f f e r e n t runs (22). The X-ray powder photograph of the 

product i n each case was si m i l a r but not i d e n t i c a l to that of 

C^FeClg: several of the l i n e s were s h i f t e d s l i g h t l y , and the 

i n t e n s i t y r a t i o s of the l i n e s had changed. There was no 

evidence of either free graphite (no graphite 002 or 004 

l i n e s ) or of free f e r r i c chloride. The Mossbauer spectrum 

was very d i f f e r e n t from that of C^FeClg, and resembled that 

of ferrous chloride (24).= 

ISOTHERMS OF BROMINE, IODINE MONOCHLORIDE, AND CHROMYL CHLORIDE 
ON GRAPHITE-CHROMYL CHLORIDE AND GRAPHITE-FERRIC CHLORIDE 
RESIDUES 

F e r r i c chloride and chromyl chloride are unique i n that 

th e i r amounts i n graphite at saturation can be retained on 

reducing the pressure to zero. The e f f e c t of this retention 

on the absorption properties of graphite was the subject of 

this study. Bromine, iodine monochloride, and chromyl chloride 



were u s e d f o r t h e c o m p a r i s o n "because t h e y c o v e r a r a n g e o f 

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

g r a p h i t e . 

A. CHROMYL CHLORIDE RES IDUES 

The maximum u p t a k e o f C r O g C l g "by g r a p h i t e f r o m t h e v a p o r 

a t 2 0 ° C i s C g g C r O g C l g ( 4 ) . R e s i d u e compounds c o n t a i n i n g one-

h a l f ( C g ^ C r O g C l g ) a n d o n e - t h i r d (C-^QQCrOgClg) were p r e p a r e d 

"by r e a c t i n g 60-70 mesh M a d a g a s c a r g r a p h i t e i n c h r o m y l c h l o r i d e 

v a p o r f o r 48 h o u r s a t a p r e s s u r e known t o g i v e t h e s e r a t i o s 

as e q u i l i b r i u m c o m p o s i t i o n s . M a d a g a s c a r g r a p h i t e was u s e d 

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

s i z e a n d h i g h p u r i t y o f t h i s g r a p h i t e . L a r g e s a m p l e s were 

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

w o u l d b e a v e r a g e d o u t . 

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

compounds w o u l d i n t e r c a l a t e more C r O g C l g when t h e v a p o r was 

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

C g ^ C r O g C l g i n w h i c h c h r o m y l c h l o r i d e v a p o r was a d m i t t e d d i r e c t l y 

t o s a t u r a t i o n , a n d t h e n l o w e r e d j u s t b e l o w t h a t p r e s s u r e gave 

a n u p t a k e b r i n g i n g t h e t o t a l t o C ^ g C r O g C l g , s t i l l b e l o w t h e 

e q u i l i b r i u m v a l u e o f C g g C r O g C l g f o r u n r e a c t e d g r a p h i t e * 

I C l r e a c t e d w i t h b o t h c h r o m y l c h l o r i d e p r e p a r a t i o n s . The 

i s o t h e r m s a r e shown i n f i g u r e 5 a n d f i g u r e 6 . A t h r e s h o l d 

p r e s s u r e o f 0 .1 cm Hg was o b s e r v e d f o r b o t h . One p r e s s u r e -

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

r e s i d u e . The m o l e r a t i o s were ( C / l C l ) 16 f o r C ] _ o o G r ^ 2 G 1 2 

a n d 25 f o r C 6 4 C r 0 g C l g * 



B r o m i n e a l s o r e a c t e d w i t h "both c h r o m y l c h l o r i d e r e s i d u e s . 

The t h r e s h o l d p r e s s u r e f o r i n t e r c a l a t i o n was 2 . 0 cm Hg f o r ^ 

"both r e s i d u e s . A g a i n , one p r e s s u r e - i n d e p e n d e n t c o m p o s i t i o n 

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

were ( C / B r ) 12 i n C 1 0 0 C r O g C l g and 16 i n C 6 4 C r O g C l g . N o t e t h a t 

no b r o m i n e i s t a k e n u p b y C g g C r O g C l g ( 4 ) . 

I t was d e c i d e d t o a t t e m p t p r e p a r a t i o n o f a more c o n c e n ­

t r a t e d c h r o m y l c h l o r i d e - g r a p h i t e c o m p o u n d , C - ^ C r O g C l g , a c c o r d ­

i n g t o C r o f t ' s m e t h o d ( 8 ) . The p u r p o s e o f p r e p a r i n g t h i s more 

c o n c e n t r a t e d compound was t o f i n d t h e t h r e s h o l d p r e s s u r e f o r 

i n t e r c a l a t i o n o f IC1 i n i t . T h r e e a t t e m p t s u s i n g v a cuum d i s ­

t i l l e d c h r o m y l c h l o r i d e a t 1 0 0 ° C i n a g l a s s bomb w i t h t h e 

r e a c t i o n c a r r i e d o u t i n d a r k n e s s f o r 24 h o u r s r e s u l t e d i n 

f o r m a t i o n o f o n l y C 4 0 C r Q g C l g . T h i s s u g g e s t s t h a t C r o f t ' s 

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

r a t h e r t h a n C r O g C l g a l o n e . 

B. FERR IC CHLORIDE RES IDUES 

C ^ F e C l g p r e p a r e d i n a g l a s s bomb f r o m SP-1 f o r m e d t h e 

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

was f o u n d t h a t C r O g C l g d o e s n o t r e a c t w i t h C ^ F e C l g . IC1 

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

t h a t f o r t h e p u r e g r a p h i t e . The i s o t h e r m i s shown i n f i g u r e 9 . 

The t h r e s h o l d p r e s s u r e f o r i n t e r c a l a t i o n i s 0 . 1 5 cm H g , h i g h e r 

t h a n f o r t h e o r i g i n a l g r a p h i t e ( 4 ) . T h e r e i s no e v i d e n c e f o r 

t h e f o r m a t i o n o f C ^ I C l o r C Q I C 1 on a b s o r p t i o n o r d e s o r p t i o n . 

C ^ Q I C I f o r m s on d e s o r p t i o n . A r e s i d u e C ^ I C l i s l e f t a f t e r 

r e d u c t i o n o f p r e s s u r e t o z e r o , w h i c h i s a b o u t t h e same as t h e 

r e s i d u e l e f t b y IC1 o n p u r e g r a p h i t e ( 4 ) . 
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B r o m i n e a l s o r e a c t s w i t h C ^ F e C l g . The i s o t h e r m i s shown 

i n f i g u r e 1 0 . N o t e t h e i n i t i a l w e i g h t d e c r e a s e as b r o m i n e 

was a d d e d . A s s u m i n g t h e t h r e s h o l d p r e s s u r e t o b e whe re t h e 

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

a b o u t 9 cm H g . T h e r e i s no p r e s s u r e - i n d e p e n d e n t c o m p o s i t i o n . 

The r e s i d u e h a s a m o l e r a t i o ( C / B r ) o f a b o u t 5 0 , r o u g h l y t h e 

same as i n p u r e g r a p h i t e ( 4 ) . A s e c o n d r u n o n t h i s r e s i d u e 

f a i l e d t o show s i g n i f i c a n t u p t a k e . 

STUDIES OP THE REACTION OP C r 0 o C l o WITH GRAPHITE 

S e v e r a l s t u d i e s o f t h e e x p a n s i o n o f New Y o r k g r a p h i t e 

i n C r O g C l g v a p o r were made w i t h t h e p u r p o s e o f i n v e s t i g a t i n g 

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

s a t u r a t i o n p r e v e n t s m e a s u r e a b l e i n t e r c a l a t i o n ( 1 5 ) . H o o l e y 

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

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

p r e s s u r e b e l o w t h e n o r m a l t h r e s h o l d p r e s s u r e o f 0 . 4 cm Hg ( 4 ) , 

t h e r e i s no e x p a n s i o n n o r m a l t o t h e l a y e r p l a n e s . T h e y a l s o 

showed t h a t t h e a c t i o n o f t h e c h r o m y l c h l o r i d e mus t b e on t h e 

p e r i p h e r a l r e g i o n s o f t h e c r y s t a l s , f o r i f t he New Y o r k g r a p h ­

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

e d g e - t r i m m e d and t h e n e x p o s e d t o s a t u r a t e d C r O g C l g v a p o r t h e y 

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

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

l a y e r was e l i m i n a t e d i n t h i s s t u d y b y h e a t i n g s e v e r a l New Y o r k 

g r a p h i t e c r y s t a l s t o 1 1 0 0 ° C w h i l e p u m p i n g w i t h a m e r c u r y 

d i f f u s i o n pump: c h r o m y l c h l o r i d e v a p o r was t h e n a d m i t t e d a t 

t h e a b o v e r a t e . T h e r e was a g a i n no e x p a n s i o n . 



Attempts to duplicate these observations were only p a r t i a l l y 

successful. Although i t was always found that r a i s i n g the press­

ure slowly prevented any measureable expansion, edge trimming 

did not restore every c r y s t a l ' s a b i l i t y to expand when exposed 

to saturated CrOgClg vapor. As these measurements were made 

at the l i m i t of the o p t i c a l system's s e n s i t i v i t y , i t was decided 

to construct a more sen s i t i v e device to measure expansion before 

continuing. A recording expansion meter i s now being developed, 

and has been employed i n some preliminary studies (21) on the 

bromination of graphite. 

The above v a r i a t i o n i n the behavior of New York c r y s t a l s 

i n chromyl chloride vapor promoted a study to check on an 

e a r l i e r claim (22) that New York graphite c r y s t a l s thicker than 

0.4 mm (normal to the layer planes) do not expand when exposed 

to saturated chromyl chloride vapor., I t was found that i f 

chromyl chloride i s admitted i n one step to saturation, even 

New York c r y s t a l s as thick as 0.75 mm normal to the layer planes 

would expand to about 150% of their o r i g i n a l length. I t was 

found that exposing a cyjrstal so expanded (and held i n CrOgClg 

vapor f o r 24 hours) to bromine at 14.5 cm Hg caused no further 

expansion. Exposure of a c r y s t a l previously expanded i n 

chromyl chloride to ICl vapor at 0.3 cm Hg caused no further 

expansion; r a i s i n g the I C l pressure to 1*9 cm Hg caused the 

c r y s t a l to expand a further 20% of i t s o r i g i n a l length. These 

res u l t s are i n q u a l i t a t i v e agreement with the res u l t s of Hooley 

(4) on isotherms of bromine and iodine monochloride on 

C„ o C r 0 o C l o referred to i n the Introduction. 
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T h i s f i n d i n g t h a t t h i c k c r y s t a l s w i l l e x p a n d when e x p o s e d 

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

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

"beg ins i n t h e end p l a n e s o f n a t u r a l g r a p h i t e c r y s t a l s . The 

m e t h o d u s e d was t h a t o f H o o l e y , G a r b y , a n d V a l e n t i n ( 6 ) . A 

t h i c k New Y o r k c r y s t a l h a d two m a r k i n g s o f ZnO a n d Dow C o r n i n g 

" S i l a s t i c " a d h e s i v e p a i n t e d on i t s s i d e , s p l i t t i n g t h e l e n g t h 

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

On e x p o s u r e t o s a t u r a t e d c h r o m y l c h l o r i d e v a p o r , a l l t h r e e 

s e c t i o n s "began e x p a n d i n g a t t h e same t i m e , h u t a t d i f f e r e n t 

r a t e s . T h i s r e s u l t may s t i l l b e c o n s i s t e n t w i t h i n t e r c a l a t i o n 

" b e g i n n i n g i n t h e e n d p l a n e s , p r o v i d e d t h e r e a r e v a r i a t i o n s i n 

i n t e r l a y e r b o n d i n g w i t h i n s i n g l e c r y s t a l s o f New Y o r k g r a p h i t e ( 6 ) . 

I t d o e s a p p e a r t h a t New Y o r k g r a p h i t e c r y s t a l s do v a r y i n 

t h e i r " b e h a v i o r i n c h r o m y l c h l o r i d e p e r h a p s ^ o f v a r y i n g amounts 

o f i n t e r l a y e r " bond ing o r o t h e r i m p e r f e c t i o n s . I t a l s o a p p e a r s 

t h a t t h e r e i s a s l o w r e a c t i o n o v e r a p e r i o d o f a b o u t 24 h o u r s 

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

f u r t h e r i n t e r c a l a t i o n . 
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DISCUSSION.: 

The isotherms at 300°C and 310°C f o r the reaction 

of PeClg with SP-1 show that C 7 F e C l 3 i s the only 

observable compound formed between zero pressure and 

saturation, both on absorption and desorption. It i s 

possible that less concentrated compounds exis t over 

narrower pressure ranges than the pressure increments 

measured during the isotherm. The isotherm at 350°C 

raised this p o s s i b i l i t y f o r C-^gFeClg was formed at this 

temperature before C^PeClg* I t i s , therefore, possible 

that less concentrated compounds might be observed by , 

running higher temperature isotherms. Prom the above 

resu l t s i t can be seen that the glass bomb preparations 

suceeded i n retaining the maximum uptake of f e r r i c 

chloride within the graphite. Possible structures that 

are often postulated f o r the compositions CgM and C-̂ gM 

(where M i s an adduct and every layer i s occupied) (26): 

0 8M 



C ^ P e G l g w o u l d r e s u l t f r o m t h e above s t r u c t u r e f o r C QM i f t he 

s t r u c t u r e were d i s t o r t e d i n s u c h a manne r thsrt one f e r r i c 

c h l o r i d e m o l e c u l e f o r e v e r y f i f t y - s i x c a r b o n a toms was a d d e d . 

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

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

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

T h e s e a r e : 1 3 . 0 ± 1 .0 k c a l / m o l e f o r F e C l g on S P - 1 , 1 1 . 6 + 0 . 5 

k c a l / m o l e f o r IC1 o n SP-1 ( 4 ) , a n d 13 + 0 . 9 k c a l / m o l e f o r 

C r O g C l g o n SP-1 ( 4 ) . The i s o s t e r i c h e a t o f i n t e r c a l a t i o n f o r 

b r o m i n e o n SP-1 a p p e a r s n o t t o h a v e b e e n m e a s u r e d , b u t i t i s 

known t o b e a b o u t 1 1 . 7 k c a l / m o l e f o r B r g o n n a t u r a l g r a p h i t e 

(27). T h e s i g n i f i c a n c e o f t h e s e i s unknown s i n c e t h e i s o t h e r m s 

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

s i b l e . I n a d d i t i o n i t as y e t unknown w h e t h e r t h e same c o m p o ­

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

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

c h l o r i d e , a n d b r o m i n e on SP-1 a r e a l l o f t h e same o r d e r o f 

m a g n i t u d e . T h e s e a r e ( r e l a t i v e t o s a t u r a t i o n ) : 0 . 0 1 f o r 

P e C l 3 ( m e a s u r e d f r o m t h e 3 1 0 ° i s o t h e r m ) , 0 . 0 3 f o r IC1 ( 4 ) , 

and 0 . 0 5 f o r B r g ( 4 ) . The maximum u p t a k e s ( d i s c o u n t i n g 

c a p i l l a r y c o n d e n s a t i o n ) a r e i n t h e same o r d e r : C ^ P e C l g , C g l C l , 

and C-^gBrg. The o r d e r o f t h r e s h o l d p r e s s u r e s and maximum u p ­

t a k e s shows t h a t f e r r i c c h l o r i d e e n t e r s g r a p h i t e more r e a d i l y 

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

t h a n b r o m i n e . The s i g n i f i c a n c e o f t h i s v a r i a t i o n i s as y e t 

u n k n o w n . H o w e v e r , one c a n e l i m i n a t e s e v e r a l f a c t o r s t h a t m i g h t 

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

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

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

seem t o b e v e r y i m p o r t a n t , f o r i o d i n e m o n o c h l o r i d e i s t h e mos t 

p o l a r o f t h e t h r e e . 

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

o f F e C l g i n t o PG--1 i s h i g h e r t h a n f o r SP-1 i s i n t h e q u a l i t a ­

t i v e a g r e e m e n t w i t h t h e f i n d i n g s o f H o o l e y , G a r b y , and V a l e n t i n 

(6 ) t h a t i n c r e a s e d i n t e r l a y e r b o n d i n g i n c r e a s e s t h e t h r e s h o l d 

p r e s s u r e . The r a t i o o f t h e t h r e s h o l d p r e s s u r e s o f PG-1 t o 

SP-1 a t 3 0 0 ° C i s 3 5 . F o r b r o m i n a t i o n a t 2 0 ° C i t i s 8 . 4 ( u s i n g 

a PG-1 s a m p l e o f t h e same d i m e n s i o n s ) . T h i s r a t i o m i g h t b e 

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

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

g r a p h i t e s . A p o s s i b l e r a t i o n a l i z a t i o n i s o f f e r e d . C o n s i d e r 

t h e t h r e s h o l d p r e s s u r e t o a r i s e f r o m two f a c t o r s : ( l ) t h e 

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

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

b e n d a s i d e when a r e a c t a n t e n t e r s t h e g r a p h i t e . Q u a l i t a t i v e l y , 

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

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

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

more e l e c t r o n s w i l l b e a v a i l a b l e f o r t r a n s f e r t o t h e e n t e r i n g 

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

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

a l i g n m e n t o f • n e i g h b o r i n g c r y s t a l l i t e s (6 ) c a n b e a n n e a l e d 

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

a l l i t e s i s known n o t t o t a k e p l a c e b e l o w 2 5 0 0 ° C . On t h i s 



basis, the threshold pressure of a graphite with r e l a t i v e l y 

few i n t e r l a y e r bonds l i k e SP-1 should be much more affected 

by temperature than a graphite l i k e PG-1 where i n t e r l a y e r 

bonding i s probably a major factor i n determining the thresr? 

hold pressure. The o v e r a l l r e s u l t would be that the r a t i o of 

threshold pressures f o r PG-1 to SP-1 should increase with 

increasing temperature—as observed. I t i s , of course, pos­

s i b l e that the r a t i o of threshold pressures f o r PG-1 to SP-1 

varies from reactant to reactant. This could be checked by 

measuring the r a t i o f o r a t h i r d reactant at 20°C. 

The apparent weight increase of PG-1 on desorption 

(figure 4) may be explained by postulating that the sample, 

i n analogy to i t s behavior i n bromine (6), s p l i t into t h i n 7^ 

discs at i t s threshold pressure. Further subdivision continued 

slowly. As the length of the discs normal to the layer planes 

decreased, more f e r r i c chloride was intercalated. Hence, the 

high pressure points of the isotherm are not true equilibrium 

p o i n t s — h a d the sample been l e f t longer slow disc production 

would have allowed more f e r r i c chloride to in t e r c a l a t e . I t 

appears that the isotherm should be repeated i n the future, 

spending more time on the absorption points above the thres­

hold pressure. 

The l i m i t e d pressure s t a b i l i t y range of C-^gFeClg observed 

i n the 350°C isotherm on SP-1 makes i t improbable that this 

product would be recovered from a bomb containing the maximum 

uptake of G^FeGlg. Yet many investigators (10) ( l l ) (12) (28) 

have reported compositions from bomb preparations of ( - ' ] _ o_i2 P e C 1 E 

a f t e r acid washing th e i r preparations. The explanation f o r the 
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l o w e r c o n c e n t r a t i o n s f o u n d b y o t h e r w o r k e r s c o m p a r e d t o t h e 

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

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

SP-1 u s e d i n t h i s s t u d y c o n s i s t e d o f f l a k e s 20 t o 100 m i c r o n s 

i n d i a m e t e r ( 4 ) . The s a m p l e u s e d b y C o w l e y and I b e r s ( 12 ) 

was 4 4 m i c r o n s and l e s s i n d i a m e t e r (-325 m e s h ) . B a r k e r and 

C r o f t u s e d a s amp l e o f f l a k e s i z e 208 t o 295 m i c r o n s and o b ­

t a i n e d a 5 5 . 5 % u p t a k e ( same as C-^Q g P e C l g ) , b u t t h e y h a d 

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

f l a k e s . R u d o r f f and S c h u l t z (10 ) u s e d a 120 t o 140 m i c r o n 

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

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

t h a t when t h e s a m p l e c o o l s , some P e C l g w i l l d i f f u s e o u t f r o m 

t h e e d g e s . More f e r r i c c h l o r i d e w o u l d b e e x p e c t e d t o b e l o s t 

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

w e i g h t — i e , f r o m s m a l l e r c r y s t a l s o r f r o m c r y s t a l s t h a t h a v e 

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

H e n c e , t h e 4 4 m i c r o n and l e s s f l a k e s o f C o w l e y and I b e r s s h o u l d 

and do l o s e more f e r r i c c h l o r i d e t h a n t h e 20 t o 100 m i c r o n 

c r y s t a l s o f t h e p r e s e n t s t u d y ( t h e y r e p o r t e d 5 5 . 5 % u p t a k e ) . 

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

C o w l e y a n d I b e r s t h a t h e a t i n g t h e i r 5 5 . 5 % P e C l g p r e p a r a t i o n 

t o 3 0 0 ° C c a u s e d t h e h k l l i n e s o f f r e e g r a p h i t e t o d i s a p p e a r . 

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

* I t i s r e c o g n i z e d t h a t t h i s s t a t e m e n t assumes a u n i f o r m d i s ­
t r i b u t i o n o f f l a k e s i z e s f o r S P - 1 . A s i e v e d e t e r m i n a t i o n 
showed t h a t t h e w e i g h t p e r c e n t a g e g r e a t e r t h a n 74 m i c r o n s 
(+200 mesh) i s 3 0 % — e x a c t l y t h e v a l u e t h a t w o u l d r e s u l t 
f r o m a u n i f o r m d i s t r i b u t i o n . I n a d d i t i o n , t h e s a m p l e u s e d 
b y C o w l e y and I b e r s may h a v e b e e n g r o u n d t o p a s s a 325 mesh 
s c r e e n . 
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p r e p a r a t i o n was a s k i n o f g r a p h i t e a r o u n d t h e edges o f t h e 

c r y s t a l s . When t h e 5 5 . 5 % p r e p a r a t i o n was h e a t e d , f e r r i c 

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

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

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

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

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

f e r r i c c h l o r i d e . 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 C o w l e y and 

I t e r s r e p o r t e d t h a t t h e i r 5 5 . 5 % p r e p a r a t i o n c o n s i s t e d o f 17% 

f r e e g r a p h i t e , w i t h t h e r e m a i n i n g 83% " b e i n g a more c o n c e n t r a t e d 

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

c o n c e n t r a t e d compound C g g P e C l g — a p p r o x i m a t e l y t h e maximum 

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

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

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

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

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

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

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

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

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

s t u d y . 

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

bomb r u n s i n t h i s s t u d y r e g a r d l e s s o f w h e t h e r t h e bombs were 

c o o l e d r a p i d l y b y r e m o v a l o f t h e bomb a t 3 0 0 ° C f r o m t h e f u r ­

n a c e , w h e t h e r t h e bomb was c o o l e d a t 1 0 ° C / h o u r f o r 24 h o u r s , 

o r w h e t h e r t h e g r a p h i t e - f e r r i c c h l o r i d e was h e l d a t 3 0 0 ° C f o r 

15 m i n u t e s w h i l e t h e f e r r i c c h l o r i d e p r e s s u r e was r e d u c e d t o 
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z e r o shows t h a t t h e amount o f f e r r i c c h l o r i d e r e t a i n e d b y t he 

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

r e d u c t i o n , a t l e a s t w i t h i n t h e r a n g e s s t u d i e d . H o w e v e r , t he 

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

s t e p s w h i l e t h e g r a p h i t e i s h e l d a t 3 0 0 ° C , mos t o f t h e f e r r i c 

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

r e s i d u e compound w i t h m o l e r a t i o ( C / P e C l ^ ) o f 20 t o 5 0 . I t 

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

was o f t h e o r d e r o f 250 t o 300 h o u r s , w i t h a b o u t 100 h o u r s 

s p e n t a t z e r o p r e s s u r e . 

T h e M o s s b a u e r s p e c t r u m o f C ^ F e C l g a t room t e m p e r a t u r e 

( t a b l e l ) c o n s i s t s o f a s i n g l e u n s p l i t p e a k a t 0 . 7 8 mm/sec 

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

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

c h l o r i d e a t 0 . 6 9 mm/sec . T h i s s i m i l a r i t y o f t h e M o s s b a u e r 

s p e c t r a i s i n a c c o r d a n c e w i t h C o w l e y a n d I b e r s 1 ( 12 ) o b s e r v a ­

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

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

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

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

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

c h l o r i d e . The s h i f t o f t h e p e a k t o h i g h e r v e l o c i t y i n C ^ P e C l g 

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

i t s e l f ( 2 9 ) . T h i s e f f e c t c a n b e e x p l a i n e d i f i r o n 3 d o r b i t a l s 

r e c e i v e e l e c t r o n s , t h u s d e s h i e l d i n g t h e 3 s o r b i t a l s a n d d e c r e a s ­

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

a g r e e m e n t w i t h an e a r l i e r s t u d y ( 1 3 ) b a s e d on H a l l c o e f f i c i e n t 

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

i t e t o t h e f e r r i c c h l o r i d e . However t h e i o n i c s t r u c t u r e 

C + . 3 F e C l „ s u g g e s t e d "by H e n n i g (13 ) i s c l e a r l y n o t i n a c c o r d -
n <_> 

ance w i t h t h e o b s e r v a t i o n o f a s i n g l e M o s s b a u e r p e a k a t a 

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

t h e M o s s b a u e r p e a k o f C y F e C l g a t 8 0 ° K i s a t l o w e r v e l o c i t y 

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

t u r e ( t a b l e I ) i s a m b i g u o u s . F u r t h e r s t u d y w i l l b e n e c e s s a r y 

b e f o r e a t t e m p t i n g an i n t e r p r e t a t i o n . A H a l l c o e f f i c i e n t 

m e a s u r e m e n t a t 8 0 ° K w o u l d b e h e l p f u l , s i n c e t h e i s o m e r s h i f t s 

o f C y F e C l g and F e C l g a t 8 0 ° K i n t a b l e I seem t o i n d i c a t e 

l i t t l e o r no e l e c t r o n t r a n s f e r f r o m g r a p h i t e t o f e r r i c chlorjkte. 

The a p p e a r a n c e o f two q u a d r u p o l e - s p l i t p e a k s w i t h a 

common i s o m e r s h i f t o f 1 . 46 mm/sec a t 8 0 ° K and t h e d i s a p p e a r ­

ance o f t h e p e a k a t 0 . 0 8 mm/sec a t 8 0 ° K when C ^ F e C l g was 

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

F e C l g ( t a b l e I ) . 

The p r o d u c t ' s w e i g h t l o s s was s l i g h t l y h i g h e r t h a n t h a t 

r e q u i r e d f o r c o m p l e t e r e d u c t i o n o f F e C l g t o F e C l g . T h e e x t r a 

w e i g h t l o s s was p r o b a b l y due t o s u b l i m a t i o n o f some F e C l g o u t 

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

w i t h 6N H C l i n d i c a t e d t h a t t h e i r o n m u s t s t i l l b e i n t h e g r a p h ­

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

X - r a y p o w d e r p h o t o g r a p h was s i m i l a r t o t h e o r i g i n a l C ^ F e C l g 

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

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

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

f e r r o u s c h l o r i d e (24 ) i m p l i e s t h a t t h e r e i s l i t t l e o r no 
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e l e c t r o n t r a n s f e r f r o m t h e g r a p h i t e t o t h e f e r r o u s c h l o r i d e . 

The two i n n e r p e a k s ( s e e f i g u r e I I ) h a v e t h e same q u a d r u -

p o l e s p l i t t i n g as a n h y d r o u s F e C l g ( 24 ) ( t a b l e I ) . H e n c e i t i s 

r e a s o n a b l e t o s u g g e s t t h a t t he b u l k o f t h e i r o n i n t h e g r a p h i t e 

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

l a t t i c e . The two o u t e r p e a k s h a v e a b o u t d o u b l e t h e q u a d r u -

p o l e s p l i t t i n g o f a n h y d r o u s F e C l g ( 2 4 ) . , The o r i g i n o f t h e s e 

p e a k s w i l l r e q u i r e f u r t h e r s t u d y . 

The M o s s b a u e r s p e c t r u m o f t h e C ^ g F e C l g p r e p a r e d i n s t a i n ­

l e s s s t e e l bombs ( t a b l e I ) r e s u l t s f r o m t h e s u p e r p o s i t i o n o f 

t h e M o s s b a u e r s p e c t r a o f C ^ F e C l g and t h e h y d r o g e n a t e d C ^ F e C l g . 

Hence t h e p r o d u c t p r e p a r e d i n t h e s t a i n l e s s s t e e l bombs c o n t ­

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

F e r r i c c h l o r i d e i s known t o b e i n e q u i l i b r i u m w i t h a b o u t 3 cm 

Hg p r e s s u r e o f c h l o r i n e a t 3 0 0 ° C ( 30 ) a c c o r d i n g t o t h e 

e q u a t i o n : 

F e C l g F e C l g + _ - C l g . 

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

c h l o r i n e , t h e n some c h l o r i n e f r o m f e r r i c c h l o r i d e n e a r t h e 

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

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

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

f e r r i c c h l o r i d e p r e s s u r e i n the bomb i s r e d u c e d t o z e r o b y 

c o o l i n g t h e bomb t h e n a n y f r e e c h l o r i n e w i l l r e a c t w i t h t h e 

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

o f t h e bomb and i n t h e g r a p h i t e . B u t some o f t h e c h l o r i n e 

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

b o m b . H e n c e some o f t h e f e r r o u s c h l o r i d e i n t h e g r a p h i t e 
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c a n n o t "be r e - o x i d i z e d t o f e r r i c c h l o r i d e . I t i s r e a s o n a b l e 

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

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

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

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

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

above b a s i s b e p r e d i c t e d t o b e f o u n d i n a p r o d u c t p r e p a r e d i n 

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

b y r e a c t i o n w i t h t h e w a l l s . H e n c e , as t h e g l a s s bomb p r o d u c t s 

c o o l e d , t h e y w o u l d t a k e u p t h e c h l o r i n e t h e y h a d o r i g i n a l l y 

e v o l v e d . A l s o , i t i s u n r e a s o n a b l e t o s u g g e s t t h a t t h e o r i g i n 

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

F e C l g e n t e r e d t h e g r a p h i t e a t 3 0 0 ° C s i n c e t h e v a p o r p r e s s u r e 

o f f e r r o u s c h l o r i d e b e c o m e s m e a s u r e a b l e o n l y above 6 0 0 ° C ( 3 1 ) . 

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

C ^ F e C l g may n o t h a v e r e q u i r e d h y d r o g e n : m e r e l y h e a t i n g t h e 

C ^ F e C l g t o 3 7 5 ° C i n a s t r e a m o f any u n r e a c t i v e gas m i g h t have 

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

F e C l g i n t h e g r a p h i t e . T h i s p o s s i b i l i t y i s b e i n g c h e c k e d . 

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

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

C g ^ C r O g C l g and C 1 0 0 C r O g C l g t h a n i n p u r e g r a p h i t e ( 4 ) . I t 

w i l l b e r e c a l l e d t h a t b r o m i n e d o e s n o t i n t e r c a l a t e C „ o C r 0 o C l o 

and t h a t t h e t h r e s h o l d p r e s s u r e f o r IC1 i n t e r c a l a t i o n i n t o 

C g g C r O g C l g i s a b o u t 0 . 4 cm Hg ( 4 ) . The i n t e r p r e t a t i o n o f the 

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

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

i s p o s s i b l e t h a t t h e a c t i o n o f c h r o m y l c h l o r i d e i s t o remove 
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e l e c t r o n s f r o m t h e c o n d u c t i o n "band o f g r a p h i t e so as t o make 

e l e c t r o n s l e s s a v a i l a b l e t o e n t e r i n g B r g o r I C l m o l e c u l e s . 

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

c h l o r i d e c o n c e n t r a t i o n , p r o v i d e d C r O g C l g t a k e s up a b o u t t h e 

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

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

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

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

w h i c h i f e i t h e r o f t h e s e two f a c t o r s i s i m p o r t a n t . 

The i s o t h e r m s o f B r g , I C l and C r O g C l g on C ? F e C l 3 show 

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

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

above s a t u r a t i o n . A g a i n , i t i s n o t c l e a r how t o i n t e r p r e t 

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

s p i t e o f t h e l a r g e w e i g h t i n c r e a s e s d u r i n g t he I C l and B r 2 

i s o t h e r m s , t h e r e a r e no d e f i n i t e p l a t e a u s . I t i s p o s s i b l e t h a t 

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

c o n d e n s a t i o n . T h i s c o u l d b e t r u e i f t h e C ^ F e C l g h a d a more 

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

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

p o s s i b i l i t y . 

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

r e a c t i o n o f B r g w i t h C ^ P e C l g i s i n t e r e s t i n g . I n a d d i t i o n , 

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

on t h e r e s i d u e i s p u z z l i n g . H o w e v e r , t h e s e r e s u l t s w i l l h a v e 

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

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

g r a p h i t e showed t h a t t h i s s y s t e m i s more c o m p l e x t h a n p r e v i o u s l y 

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

g r a p h i t e i s t i m e - d e p e n d e n t , i e . , t h e u p t a k e a t one p r e s s u r e i s 

n o t i n d e p e n d e n t o f t h e l e n g t h o f t i m e t h e s a m p l e h a s "been l e f t 

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

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

t h r e s h o l d p r e s s u r e o f 0 . 4 cm Hg) b e l o w t h e t h r e s h o l d p r e s s u r e , 

no u p t a k e i s o b s e r v e d . I n a d d i t i o n , t h e o b s e r v a t i o n s r e p o r t e d 

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

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

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

s y s t e m i s n e e d e d . 

The f i n a l o b s e r v a t i o n t h a t o n l y C 4 0 C r O g C l g r e s u l t s when 

c h r o m y l c h l o r i d e i s r e a c t e d w i t h g r a p h i t e a t 1 0 0 ° C i n t h e 

a b s e n c e o f a i r and w a t e r i s n o t i n a c c o r d a n c e w i t h C r o f t ' s 

r e p o r t ( 8 ) o f C-^gCrOgClg* C r o f t r e a c t e d g r a p h i t e w i t h c h r o m y l 

c h l o r i d e a t 1 0 0 ° C , b u t a p p a r e n t l y t o o k no p r e c a u t i o n s t o 

e x c l u d e a i r and w a t e r . H e n c e , i t i s p o s s i b l e t h a t some o f t h e 

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

c h l o r i d e ( s u c h as C r O g , C r g O g , e t c . ) i n s o l u b l e i n C C _ 4 ( w h i c h 

he u s e d t o wash h i s p r e p a r a t i o n s ) . 
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CONCLUSIONS: 

(1 ) F e r r i c c h l o r i d e r e a c t s w i t h g r a p h i t e t o f o r m two c o m p o u n d s , 

C 7 F e C l 5 and C - ^ e C l g . 

( 2 ) E l e c t r o n s a r e t r a n s f e r r e d f r o m g r a p h i t e t o f e r r i c c h l o r i d e . 

A l l o f t he f e r r i c c h l o r i d e i s i n t h e same o x i d a t i o n s t a t e . 

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

f e r r o u s c h l o r i d e i n h y d r o g e n a t 3 7 5 ° C . 

(4 ) The t h r e s h o l d p r e s s u r e f o r i n t e r c a l a t i o n o f " b r o m i n e , i o d i n e 

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

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

o r i g i n a l g r a p h i t e . 



- 37 

T a b l e I. I s omer s h i f t s a n d q u a d r u p o l e s l i t t i n g s f o r F e C l g , 

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

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

s t a n d a r d m a t e r i a l # 7 2 5 , S ee f i g u r e 1 1 . 

Compound T , ° K I s o m e r s h i f t s 
mm/ s e c 

Q u a d r u p o l e s l i t t i n g s 
mm/ s e c 

F e C l g 298 0 . 6 9 + 0 . 0 1 -
0 . 6 3 ± 0 . 0 5 a -

80 0 . 8 2 + 0 . 0 1 -
0 . 8 3 + 0 . 0 5 a -
0 . 8 1 5 + 0 . 0 0 5 1 3 -

C 7 F e C l 3 298 0 . 7 8 + 0 . 0 1 -
80 0 . 8 0 + 0 . 0 1 -

R e d u c e d 298 1 .35 + 0 . 0 1 0 . 8 1 8 + 0 . 0 0 5 

C ^ e C l g 1 .635 ± 0 . 0 0 5 

80 1 . 4 6 + 0 .01 1 .065 + 0 . 0 0 5 

2 . 0 7 7 + 0 . 0 0 5 

F e C 1 2 290 1 . 3 4 + 0 . 0 5 0 . 8 0 + 0 . 0 2 

78 1 . 4 8 + 0 . 0 7 1.01 + 0 . 0 2 

C 1 2 F e C l 3 

f r o m S t a i n l e s s 
S t e e l Bomb 

R e s o l v e d b y c o m p u t e r i n t o L o r e n z i a n s 
m a t c h i n g t h e p e a k s o f C „ F e C l g and 
r e d u c e d C ^ F e C l g a b o v e . 

R e f e r e n c e 34 1 3 R e f e r e n c e S3 c R e f e r e n c e 24 
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Page 1, l i n e 1 0 : s u b s t i t u t e " C o m p l e t e " f o r " c o m p l e a t e . " 

P age 5 , l i n e 1 2 : s u b s t i t u t e " s u b d u e d " f o r " s u d u e d . " 
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" i n t h e r a n g e . . . . " 

Paige 1 6 , l a s t l i n e : a d d " f o r C ^ P e C l g . " a t end o f s e n t e n c e . 

Page 2 3 , p a r a g r a p h 2 , l i n e 2 : i n s e r t " b e c a u s e " b e t w e e n 

" p e r h a p s " and " o f v a r y i n g a m o u n t s " 

P age 2 4 , l i n e 1 4 : s u b s t i t u t e " s u c c e e d e d " f o r " s u c e e d e d . " 

P age 3 1 , l i n e 2: f o r m u l a t i s " C + • P e C l " • 3 P e C l „ . " 
n o o 

l i n e 1 5 : s u b s t i t u t e " 0 . 8 0 m m / s e c " f o r " 0 . 0 8 m m / s e c . " 

l i n e 1 9 : s u b s t i t u t e " F e C l " f o r " P e C l 0 . " 
o 2 

P age 3 0 , l i n e 2 5 : s u b s t i t u t e " s h i e l d i n g " f o r " d e s h i e l d i n g . " 

P a g e 3 9 , l i n e 1 1 ( r e f e r e n c e 2 9 ) : 1967 r a t h e r t h a n 1 9 5 7 . 


