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STRUCTURAL STUDY OF GRAPHITE OXYFLUORIDE AND T H E I R  
D E R I V A T I V E  COMPOUNDS 

ANDRE HAMWI and ISMAIL AL SALEH 
L a b o r a t o i r e  de Chimie des  S o l i d e s ,  URA 4 4 4  CNRS 
U n i v e r s i t e  B .  Pascal-Clermont-Fd, 63111 Aubiere ,France.  

A b s t r a c t  From X-ray  and 1 3 C  NMR s t u d i e s ,  a new 
s t r u c t u r a l  model f o r  g r a p h i t e  o x y f l u o r i d e s  and t h e i r  
r e l a t e d  compounds,  g r a p h i t e  o x i d e  a n d  g r a p h i t e  
f l u o r i d e ,  i s  p roposed .  s p 3  and s p 2 - h y b r i d i z e d  ca rbon  
r a t i o  are d i s c u s s e d  f o r  d i f f e r e n t  compounds. 

For  a l ong  t i m e  it i s  w e l l  known t h a t  g r a p h i t e  can b e  

s t r o n g l y  o x i d i z e d  by f l u o r i n e  ( a t  h i g h  t e m p e r a t u r e )  o r  

oxygen ( u s i n g  oxygenated oxyacid)  t o  form g r a p h i t e  f l u o r i d e  

(GF)  o r  g r a p h i t e  ox ide  ( G O )  , r e s p e c t i v e l y .  Both compounds 

show d i s t o r t e d  l a y e r  s t r u c t u r e s  and are c h a r a c t e r i z e d  by C-F 

o r  C - 0  cova len t  bonds.  S e v e r a l  s t r u c t u r a l  models have been 

p roposed1~2 ,  i n  p a r t i c u l a r ,  concerning t h e  g r a p h i t e  oxide3-5, 

because of  t h e  d i v e r s i t y  of t h e  band n a t u r e ,  such a s  C=C, 

C-OH, and C-0-C.  

O u r  r e c e n t  success w i t h  t h e  p r e p a r a t i o n  of  g r a p h i t e  

f l u o r i d e  a t  room t empera tu re6 ,  i n  which t h e  graphene layers  

remain p l a n a r  and t h e  C-F bond i s  s e m i - i o n i c ,  l e d  u s  t o  

i n v e s t i g a t e  g r a p h i t e  o x y f l u o r i d e s 7 .  These compounds a r e  
n o t e d  h e r e a f t e r  GFO o r  GOF depending on t h e i r  s y n t h e s i s ,  

e i t h e r  from oxygenat ion of GF o r  from f l u o r i n a t i o n  of  GO,  

r e s p e c t i v e l y .  I n  t h i s  p a p e r ,  we p r e s e n t  some s t r u c t u r a l  

models based on t h e  o b s e r v a t i o n  of X-ray d i f f r a c t i o n  and I 3 C  

NMR s t u d i e s .  I n  a d d i t i o n ,  c o n c e r n i n g  r e l a t e d  GO and GF 

compounds, supplementary d a t a  was o b t a i n e d  s u g g e s t i n g  a new 

s t r u c t u r a l  model a long t h e  c a x i s .  
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362 A. HAMWI AND I . A .  SALEH 

EXPERIMENTAL 

G r a p h i t e  o x y f l u o r i d e s  GFO and GOF were p r e p a r e d  r e s p e c t i v e l y  

by  two d i f f e r e n t  ways: 1- oxygena t ion  o f  a f l u o r i n e - u n s a t u -  

r a t e d  GF. 2 -  f l u o r i n a t i o n  o f  a o x y g e n - u n s a t u r a t e d  G O .  More 

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

compounds c a n  be found  i n  a p r e v i o u s  p u b l i c a t i o n 7 .  The 

compounds o b t a i n e d  a r e  washed s e v e r a l  t imes w i t h  water and  

d r i e d  a t  80 O C  f o r  one  day.13C NMR measurements  were c a r r i e d  

o u t  u s i n g  MAS and CPMAS t e c h n i q u e s .  The spectra o b t a i n e d  by 

t h e  two t e c h n i q u e s  were v e r y  s imi l a r .  

A s  p r e v i o u s l y  mentioned7,  many d i f f e r e n t  c o m p o s i t i o n s  o f  GFO 

and  GOF compounds have  been  o b t a i n e d .  T a b l e  I c o l l e c t s  t h o s e  

samples on which d i f f e r e n t  measurements  were pe r fo rmed  f o r  

t h i s  s t u d y ,  namely, GOF, GFO, and  t h e i r  r e l a t e d  compounds GO 

and  GF r e s p e c t i v e l y .  

X-ray d i f f r a c t i o n  s t u d i e s  show v e r y  s imilar  r e s u l t s  f o r  

a l l  compounds (GO, GOF, GF, and  GFO) under  d i f f e r e n t  c o n d i -  

t i o n s .  Fo r  example,  F i g u r e  1 r e p r e s e n t s  t h r e e  X-ray p a t t e r n s  

f o r  t h e  same GOF sample  a t  d i f f e r e n t  s t eps :  t h e  f i r s t  one 

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

1 - a ) .  I t  shows o n l y  o n e  b r o a d  p e a k  i n d i c a t i n g  h i g h  

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

absence  of 100 (d  = 2.15  A)  and 1 1 0  (d  = 1 . 2 4  A )  r e f l e c t i o n s  

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

TABLE I Chemical formula  of  s t u d i e d  compounds. 

Compound Formula C o x i d a t i o n  number 

GO c 4 0 0 . 5 6  (OH) 0 . 9 6  0 .52  

GOF C400.92F1.32 (OH) 0 . 5 6  0 . 9 3  

GF C4F1.77 (HF) 0.39 0 . 4 4  

GFO C400.12F1.76 (OH) 0 . 4 8  0 .62  
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GRAPHITE OXYFLUORIDE AND THEIR DERIVATIVE COMPOUNDS 363 

a 

FIGURE 1 X-ray p a t t e r n s  o f  GOF. FIGURE 2 X-ray p a t t e r n s  

A f t e r  w a s h i n g  w i t h  w a t e r  and d r y i n g ,  t h e  X-ray p a t t e r n  

( F i g u r e  1-b) shows a h i g h e r  c r y s t a l l i n i t y .  The main peak  a t  

a b o u t  6 . 2  A must  c o r r e s p o n d  t o  t h e  i n t e r l a y e r  d i s t a n c e  

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

f i r s t  s t a g e  GF where it i s  s y s t e m a t i c a l l y  i n d e x e d  as  a 0 0 1  

r e f l e c t i o n .  However, a f t e r  a l o n g  c o n s e r v a t i o n  per iod  o f  

a b o u t  two months i n  a d r y  a t m o s p h e r e  a t  room t e m p e r a t u r e  

( F i g u r e  1-c) , t h e  X-ray p a t t e r n  shows a n a r r o w e r  main peak  

a n d  t h e  a p p e a r e n c e  o f  a v e r y  weak one  a t  a b o u t  1 2 . 4 0  A .  
These  f e a t u r e s  i n d i c a t e  a h i g h e r  c r y s t a l l i n i t y  o f  t h e  com- 

pound s u g g e s t i n g  t h a t  t h e  main peak ,  a t  a b o u t  6 . 1  A, may b e  
i n d e x e d  002 ( i n s t e a d  o f  0 0 1 )  c o r r e s p o n d i n g  t o  Ic = 1 2 . 2 0  A .  
F i g u r e  2 e x h i b i t s  p a t t e r n s  o f  a l l  compounds (GO, GOF, GF, 

and  GFO) o b t a i n e d  a t  t h i s  l a s t  s t e p  and  t h e  same i n t e r p r e -  
t a t i o n s  can  b e  p r o p o s e d .  The a v e r a g e  v a l u e s  o f  Ic are  1 2  A 
f o r  GO, GOF, and  GFO and 11 .47  A f o r  GF. 

I f  w e  now c o n s i d e r  bond l e n g t h s  and Van d e r  Waals r a d i i  

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

i n t e r l a y e r  d i s t a n c e  f o r  oxygen a n d / o r  f l u o r i n e - s a t u r a t e d  

s p a c e s :  d l  = 6.04  A f o r  GO, GOF, a n d  GFO and 5 . 7 7  A f o r  GF. 
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364 A. HAMWI AND LA. SALEH 

The d2 values,  f o r  unsaturated sys t ems  a r e  c e r t a i n l y  lowerl .  

This suggests  a s t r u c t u r a l  model along t h e  c a x i s  i n  which 
t h e r e  i s  a sequence of two successive i n t e r c a l a t e d  spec ies  
l aye r s  of d i f f e r e n t  d e n s i t i e s  o r  r a t i o s .  Accordingly, t he  Ic 

parameter i s  given by t h e  sum of t h e  i n t e r l a y e r  spacing of 
h igher  dens i ty  d l  and t h a t  of t h e  lower one d2. This can 

well  explain the  presence of t h e  f i r s t  weak peak. This model 

can be supported by t h e  f a c t  t h a t  t h e  compound i s  formed 
a f t e r  an in te rmedia te  formation of a 2nd stage-GIC, a s  it 

has been found e f f e c t i v e l y  during t h e  formation of g raph i t e  

ox ide .  For example, by Brodie method prepara t ion ,  a second 
s t age  H N 0 3 - G I C  i s  formed and, i n  t h e  presence of K C l O 3 ,  t h e  

g r a p h i t e  oxygenation can be achieved s t a r t i n g  by t h e s e  

occupied spaces  and t h e n  i n  t h e  unoccupied ones of t h e  
second s tage  G I C  a f t e r  HN03 i n t e r c a l a t i o n .  So, t h e  oxygena- 

t i o n  r a t i o  of two successive i n t e r l a y e r  spaces i s  k ine t i ca l -  

l y  d i f f e r e n t  and it w i l l  have d i f f e r e n t  d e n s i t i e s .  

The I 3 C  NMR spec t r a  of a l l  compounds a r e  repor ted  i n  
Figure 3 .  Four l i n e s  l abe l l ed  a, p, y, and ll a r e  observed. A 

s imi l a r  spectrum has been obtained f o r  GO samples by o ther  
a u t h o r s = .  In agreement with t h e i r  resu l t s ,  t he  a, and 5 
l i n e s  a r e  assigned t o  carbon bonded t o  ether-oxygen ( C - 0 - C ) ,  

t o  hydroxyl groups (C-OH) , and t o  sp2-hybr id ized  carbon 

( C = C ) ,  r e spec t ive ly .  The G F  compound e x h i b i t s  two resonance 
l i n e s ;  y and Tl. The second l i n e  ‘Tl can be assigned t o  carbon 

bonded t o  f l u o r i n e  ( C - F ) .  Table I1 r e p o r t s  t h e  chemical 
s h i f t s  f o r  a l l  compounds. 

TABLE I1 Chemical s h i f t s  and assignment of NMR l i n e s  

Line a P rl Y 

Carbon type C - 0  C-OH C-F c=c 

Chemical s h i f t  60 7 1  128 GO 
(ppm/TMS) 60 73 87 GOF 

84 132 GF 
60 70 83 133 GFO 
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GRAPHITE OXYF'LUORIDE AND THEIR DERIVATIVE COMPOUNDS 365 

F i g u r e s  3-a and  3-b show t h e  s p e c t r a  o f  GO and  t h a t  o f  
f l u o r i n a t e d  GOF i n  which t h e  "f l i n e  c o m p l e t e l y  d i s a p p e a r s ,  
and  t h e  l i n e  a p p e a r s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  

chemica l  c o m p o s i t i o n  o f  t h e  compound and  w i t h  t h e  i n c r e a s e  
o f  c a r b o n  o x i d a t i o n  number which  a p p r o a c h e s  1 ( 0 . 9 3 ) ,  t h e  
v a l u e  f o r  c a r b o n  a l i p h a t i c  s p 3 - h y b r i d i z e d .  W e  c a n  a l s o  
c l e a r l y  o b s e r v e  an  i n c r e a s e  o f  t h e  a l i n e  r e l a t i v e  t o  t h a t  
o f  p i n d i c a t i n g  an i n c r e a s e  of  C-0-C ca rbon  r e l a t i v e  t o  C-OH 

ca rbon  a f t e r  f l u o r i n a t i o n  o f  GO h y d r a t e d  compound. T h i s  can  
be e x p l a i n e d  by  t h e  two f o l l o w i n g  r e a c t i o n s  (1) a n d  ( 2 ) :  

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

o x y g e n a t i o n  of GF as  conf i rmed  by  chemica l  fo rmula  g i v i n g  a 
c a r b o n  o x i d a t i o n  number much l o w e r  t h a n  1 ( 0 . 6 2 )  . I n  

a d d i t i o n ,  it s h o u l d  n o t  b e  r u l e d  o u t  t h a t  some f l u o r i n e ,  -F, 

may be r e p l a c e d  by  -OH and  -0- g r o u p s .  Such phenomena o c c u r  

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

F i n a l l y ,  it seems t h a t  13C NMR measurements  made w i t h  
p r o t o n  d e c o u p l i n g  a l o n e  d o  n o t  p r o v i d e  i n f o r m a t i o n  on re la-  
t i v e  amounts  o f  v a r i o u s  c a r b o n  f u n c t i o n s  f rom t h e  i n t e n s i -  
t i e s  o f  t h e  c o r r e s p o n d i n g  l i n e s  f o r  f l u o r i n e  c o n t a i n i n g  
compounds. T h i s  r e q u i r e s  j o i n t  f l u o r i n e  d e c o u p l i n g  t h a t  h a s  

n o t  y e t  been  accompl i shed .  
I n  c o n c l u s i o n ,  f o r  GO, G F ,  GOF, and  GFO w e  p r o p o s e  a 

new s t r u c t u r a l  model a l o n g  t h e  c a x i s  based on a sequence  of 

t w o  s u c c e s s i v e  i n t e r c a l a t e d  species  l a y e r s  o f  d i f f e r e n t  den- 
s i t i e s .  F l u o r i n a t i o n  o f  o x y g e n - u n s a t u r a t e d  GO g i v e s  GOF, a 
h i g h l y  s a t u r a t e d  compound; ca rbon  i s  i n  s p 3 - h y b r i d i z e d  form.  
However, o x y g e n a t i o n  o f  f l u o r i n e - u n s a t u r a t e d  G F  d o e s  t a k e  

p l a c e  b u t  a l a r g e  p a r t  of ca rbon  r ema ins  i n  s p 2 - h y b r i d i z e d  
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366 A. HAMWl AND I .A .  SALEH 

150 100 50 0 -50 
PPn/rnS 

FIGURE 3 I3c NMR s p e c t r a .  F I G U R E  4 S t r u c t u r a l  model. 

@ : F p  0: 01 0 : O H  

form. F i n a l l y ,  it seems t h a t  t h e  C-F bond charac te r  i s  
r a t h e r  c o v a l e n t  i n  GOF and GFO.  The p resence  of t h e  c o v a l e n t  
bond  c h a r a c t e r  e n v i r o n m e n t  o f  oxygen  p r o m o t e s  t h i s  

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

s t r u c t u r e  shown i n  F igu re  4. - 
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