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the composite electrode in other electrolytes, such as 
H2SO4, other promising metal fibers must  be explored. Ap- 
plications involving batteries and fuel cells also appear 
feasible using the flexibility offered by the composite elec- 
trode fabrication techniques described above. 
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ABSTRACT 

Electrochemical oxidation of o~-diamines on carbon fibers allows the bonding of these molecules to the carbon fibers. 
The conditions leading to this surface modification are described, and the influence of the different parameters is dis- 
cussed. The structure of the bonded layer is studied by voltammetry, XPS, and SIMS. A mechanism is proposed which 
involves the coupling of a radical cation to the fiber. Toughness of carbon-epoxy composites is improved when prepared 
from these modified fibers. 

Among the numerous composite materials involving an 
organic matrix, those obtained from carbon fibers and 
epoxy resins are of particular interest; their use has under- 
gone a large development in the aerospace industry. The 
mechanical properties of composite materials depend on 
that of the components, but  also on that of the interface, 
therefore the treatment of carbon fibers is an important 
step in the fabrication process. 

Industrial  treatments involve the electrochemical oxida- 
t ion in aqueous solution of the surface of carbon fibers at a 
potential positive to the decomposition of water; in this 
way oxygenated groups such as - - C ~ H ,  - -C~O,  
--COOH are formed on the carbon surface. This type of 
treatment leads to a high interfacial adhesion which is nec- 
essary to insure a good load transfer from the matrix to the 
fibers and to take advantage of the excellent tensile 
strength of the fibers (1). However, with this treatment the 

1 Present address: SEP, Le Haillan, 33165 St. M~dard en Jalles, 
France. 

choice of the surface groups is rather limited and as is also 
the means to improve the weak toughness of carbon- 
epoxy composites. 

A possible way to improve the toughness of such com- 
posites would be the grafting of ~-diamines to establish a 
continuous succession of covalent bonds from the carbon 
fiber surface to the epoxy resin. For this purpose we de- 
cided to investigate the electrochemical oxidation of ~-di- 
amines with the hope that one extremity would react upon 
oxidation with the carbon fibers and that the other one 
would remain free and therefore able to be reacted later on 
with the epoxy groups of the resin (2-5) (the chemical func- 
tions of epoxy resins hardeners are amino groups). This 
procedure is sketched in Scheme I. It  should prove more 
versatile than the classical oxidation procedure quoted 
above, and it should permit the increase of the adhesion of 
the carbon fibers to the matrix by comparison with the un- 
treated fibers (4, 5). Modification of the carbon fiber sur- 
face will be observed by cyclic voltammetry, specific 
chemical blocking, and surface analysis (XPS and SIMS). 
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Scheme 1 

The  de ta i l ed  X P S  a n d  SIMS resu l t s  a n d  t he  m e c h a n i c a l  
m e a s u r e m e n t s  wil l  be  p u b l i s h e d  e l sewhere .  

Experimental 
C a r b o n  f ibers  are  h i g h  t ens i l e  s t r e n g t h  C o u r t a u l d s  X A U  

a n d  in  one  case  a h i g h  m o d u l u s  C o u r t a u l d s  HMU.  The  
e p o x y  res in  u s e d  to p r e p a r e  t he  c o m p o s i t e  is N a r m c o  5208 
(a m i x e d  res in  c o n t a i n i n g  m a i n l y  t e t r a g l y c i d y l m e t h y l e n e -  
d i an i l i ne  r e t i cu la t ed  by  d i a m i n o d i m e t h y l s u l f o n e ) .  Aceto-  
n i t r i l e  (ACN) was  of  ana ly t i ca l  quaf i ty  a n d  was  d r i ed  ove r  
3A m o l e c u l a r  s ieve  be fo re  use,  i ts  w a t e r  c o n t e n t  m e a s u r e d  
b y  IR  was  0.05% vo l um e ;  th i s  wa te r  c o n t e n t  d id  no t  in- 
c rease  u p o n  a d d i t i o n  of  t h e  s u b s t r a t e  (also d r i ed  on  molec-  
u la r  sieve) a n d  s u p p o r t i n g  e lectrolyte .  T he  g lassy  c a r b o n  
e l ec t rodes  we re  p r e p a r e d  f rom 3 m m  d i a m  c a r b o n  rods  
(Tokai  Corpo ra t i on )  e m b e d d e d  in  e p o x y  res in  a n d  care- 
fu l ly  p o l i s h e d  be fo re  e a c h  u s e  w i t h  d i a m o n d  pas t e  d o w n  to 
1 ~ m  a n d  t h e n  r i n s e d  in e t h a n o l  w i t h  an  u l t r a s o n i c  cleaner �9 
E t h y l e n e  d i a m i n e  1 a n d  t r i e t h y l e n e  t e t r a m i n e  4 we re  of  
c o m m e r c i a l  or ig in  a n d  d is t i l led  be fo re  use.  T he  o t h e r  com-  
p o u n d s  we re  of  c o m m e r c i a l  or ig in  a n d  u s e d  as rece ived .  
N- (2 -aminoe thy l ) -4 - f luorobenzamide  3 was  p r e p a r e d  (20) 
b y  r e f lux ing  for  8h  a t o l uene  so lu t ion  c o n t a i n i n g  s toichio-  
m e t r i c  a m o u n t s  of  e thy l -4 - f luorobenzoa te  w i t h  e t h y l e n e  di- 
amine .  O n  coo l ing  a p r o d u c t  p rec ip i t a tes ,  w h i c h  is iden-  
t if ied as t he  di(4-f luorobenzoyl)  de r iva t ive  of  e t h y l e n e  
d i amine .  Th i s  c o m p o u n d  is f i l tered,  w a s h e d  w i t h  e ther ,  
a n d  t he  f i l t rate e v a p o r a t e d  u n d e r  v a c u u m  a n d  dist i l led.  
T h e  pa le  yello~v oil w h i c h  is o b t a i n e d  crys ta l l izes  in  m e t h y -  
l ene  ch lo r ide  to give a w h i t e  solid,  m p  50~ N M R  (CDCI3, 
TMS);  a 2.6-31 (m, 2H); a 3-5 (t, 2H); 5 7-9 (m, 7H, a romat ics ,  
NH,  NH2). A m i n o m e t h y l - 9 - a n t h r a c e n e  7: 4g (0.02 mole)  o f  
9 - c y a n o a n t h r a c e n e  a n d  0.8g of  LiA1H4 (0.02 mole)  are 
a d d e d  to a b e n z e n e / e t h e r  (50/50) so lu t ion  w h i c h  is r e f luxed  
for  2h. Af te r  cool ing,  w a t e r  is a d d e d  a n d  t he  d r i ed  o rgan ic  
l ayer  is e v a p o r a t e d  to give a ye l low sol id  w h i c h  is recrys-  
ta l l ized in  benzene :  m p  I06~ Der iva t i za t ion  of  b o n d e d  
e t h y l e n e  d i a m i n e  molecu les :  t h e  c a r b o n  f ibers  w h i c h  h a v e  
b e e n  t r e a t e d  b y  e t h y l e n e  d i a m i n e  a re  i m m e r s e d  in  a solu- 
t ion  of  p y r i d i n e  at  0~ c o n t a i n i n g  a n  exces s  of  4-fluo- 
r o b e n z o y l  chlor ide .  Af te r  15 m i n  t he  f ibers  are  w a s h e d  
w i t h  a c e t o n e  a n d  lef t  for  12h in a v a c u u m  o v e n  at  50~ 

T h e  e q u i p m e n t  of  cycl ic  v o l t a m m e t r y  is c o m p o s e d  of  a 
Tacusse l  G S T P 4  s igna l  genera to r ,  a h o m e - b u i l t  po ten t io -  
s ta t  p r o v i d e d  w i t h  o h m i c  d rop  c o m p e n s a t i o n  (21) a n d  a 
I fe lec  2502 p a p e r  r eco rded  or a 7313 T e k t r o n i x  oscillo- 
scope.  T h e  e x p e r i m e n t a l  s e tup  for t h e  ox ida t ive  b o n d i n g  
of  e t h y l e n e  d i a m i n e  to c a r b o n  f ibers  i n c l u d e d  a 100 m l  cy- 
l indr ica l  cell, a cy l indr ica l  p l a t i n u m  grid  u sed  as t he  ca th-  
ode,  a s a t u r a t e d  ca lomel  e l ec t rode  u s e d  as a r e f e r ence  a n d  
s e p a r a t e d  f rom t h e  so lu t ion  b y  a b r idge  c o n t a i n i n g  ACN 
a n d  t h e  s u p p o r t i n g  e lectrolyte ,  a n d  a 4 c m  long  b u n d l e  of  
24,000 c a r b o n  f ibers  u sed  as t he  a n o d e  (Fig. 1). T h e  po ten-  
t ial  of  t h e  a n o d e  was  con t ro l l ed  b y  a Tacus se l  P I t T  100-1X 
po ten t io s t a t .  The  so lu t ion  was  m a i n t a i n e d  u n d e r  argon�9 
X P S  da ta  was  o b t a i n e d  u s i n g  a R i b e r  LAS4000 a p p a r a t u s  
w i t h  a m a g n e s i u m  a n o d e  (hv = 1253.6 eV). S IMS profi les  
we re  r e c o r d e d  on  pa r t s  of  b u n d l e s  u s i n g  a R i b e r  LAS4000 
appa ra tu s ,  a n d  o n  a s ingle  f iber  u s i n g  a C a m e c a  IMS 3F. 

Electrochemical Behavior of eo-Diamines 
E t h y l e n e  d i a m i n e  NH~--CH~--CH2--NH2 1 p r e s e n t s  by  

cycl ic  v o l t a m m e t r y  (on a g lassy  c a r b o n  e l ec t rode  in ACN) 
a s ingle  b r o a d  i r r eve r s ib le  p e a k  loca ted  at  a b o u t  
+ 1.3 V/SCE (see Fig. 2). 

Th i s  p e a k  r e m a i n s  i r revers ib le :  no  ca thod ic  p e a k  can  b e  
o b s e r v e d  o n  t he  r eve r se  s c a n  w h e n  t he  s can  ra te  is in- 
c r ea sed  u p  to 20 Vs-~, i n d i c a t i n g  t h a t  t he  spec ies  o b t a i n e d  

tentiostat[ 

ArgOn 

- i  

I~V 

C 
I 

L- R e c o ~ /  

Fig. 1. Electrochemical cell for the treatment of carbon fiber bundles. 
R.E.: SCE; F: bundle of carbon fibers used as anode; C: platinum cath- 
ode; Z = 1,2, 3, see text. 

af ter  t he  first  e l ec t ron  t r ans f e r  u n d e r g o e s  a c h e m i c a l  reac- 
t ion.  I t  d i s a p p e a r s  on  a s e c o n d  s can  due  to t he  pa s s iva t i on  
of  t h e  e l ec t rode  (6) (as we  shal l  see  la te r  on, th i s  passix/at ion 
is r e l a t ed  to t h e  g ra f t ing  of  e t h y l e n e  d i a m i n e  on  t he  elec- 
t rode) .  T h e  s a m e  p h e n o m e n o n  is e v i d e n c e d  b y  t h e  s u d d e n  
d e c r e a s e  in t h e  c u r r e n t  d u r i n g  t he  t r e a t m e n t  of  c a r b o n  fi- 
bers .  I t  is t he re fo re  n e c e s s a r y  to po l i sh  aga in  t he  e l ec t rode  
be fo re  each  scan.  The  t r ans f e r  coeff ic ient  a was  deter -  
m i n e d  f rom t h e  p e a k  wid th :  ~ = 0.23. Once  ~ is k n o w n  it  is 
pos s ib l e  to e s t ima te  f rom the  p e a k  c u r r e n t  ip t he  n u m b e r  
of  e l ec t rons  pe r  molecu le ,  n, e x c h a n g e d  in  t he  r eac t ion  (7) 

ip = 2.99 • 105n(c~na)l12ACDl12v :/2 

(A: e l ec t rode  surface;  D: d i f fus ion  coeff icient ;  v: scan  rate;  
na = 1 is t h e  n u m b e r  of  e l ec t rons  i n v o l v e d  in t he  rate-  
d e t e r m i n i n g  s tep  as a lways  in apro t ic  solvents) .  T a k i n g  as 
a n  a p p r o x i m a t e  va lue  of  D t he  va lue  de r ived  f rom the  p e a k  
c u r r e n t  of  the  r eve r s ib l e  wave  of  fe r rocene ,  one  ob ta ins  a 
v a l u e  of  n = 1.8 +_ 0.2 e l ec t ron  pe r  molecu le .  T h e s e  n u m -  
be r s  (~ a n d  n) s h o u l d  be  u s e d  w i th  s o m e  cau t i on  as t h e y  
are  o b t a i n e d  f rom B u t l e r - V o l m e r  k ine t i c s  a n d  t h a t  ad- 
s o r p t i o n  is p r e s e n t  in  our  case. They  are, howeve r ,  in  
a g r e e m e n t  w i t h  t he  va lues  o b t a i n e d  for o t h e r  a m i n e s  (see 
below).  A s imi la r  b e h a v i o r  (Ep = + 1.45 V/SCE) is o b s e r v e d  
in  t h e  case  of  h e x a m e t h y l e n e  d i a m i n e  (NHz--(CH2)c--NH2) 
2. Two d i f fe ren t  b e h a v i o r s  c an  a c c o u n t  for s u c h  a bie lec-  
t r o n i c  t r a n s f e r  o n  e t h y l e n e  d i amine :  (i) e i t h e r  a b i e l ec t ron -  
ic t r a n s f e r  to  a s ingle  a m i n o  g r o u p  or  (ii) two  monoe l ec -  
t r o n i c  t r ans fe r s  o n  e a c h  of  t h e  a m i n o  func t ions .  In  t he  first 
case  t h e  o b s e r v a t i o n  of  a s ingle  p e a k  w o u l d  i m p l y  t h a t  t he  
s e c o n d  e l ec t ron  t r a n s f e r  b e  eas ie r  t h a n  t he  first  one;  t h e  
m e c h a n i s m  w o u l d  b e  of  t h e  ECE type,  t h e  C s tep  b e i n g  a 
d e p r o t o n a t i o n  as  p r o p o s e d  b y  M a n n  (6) for  p r i m a r y  a m i n e s  

- l e  ~-H -H+ �9 - l e  R--CH2NHz ~ R- -CHr-  2 ~ RCHNHz ~ RCH~+NH2 
Products 

In  t he  s e c o n d  case  t he  o b s e r v a t i o n  of  a s ingle  p e a k  w o u l d  
r e su l t  f rom two e lec t ron ic  t r ans fe r s  to two  iden t i ca l  a n d  
e lec t ron ica l ly  i n d e p e n d e n t  a m i n o  g r o u p s  w i t h  c losely  
s p a c e d  r e d o x  po t en t i a l s  as in  t he  case  of  4 ,4 ' -dini t ro-  
p h e n y l e t h a n e  (AE ~ = 46.1 mV)  (8). 

In  o rde r  to  d i s t i n g u i s h  b e t w e e n  t h e s e  two cases  we  in- 
ves t iga ted ,  u n d e r  t he  s a m e  cond i t ions ,  two  re la ted  mole-  
cules:  a p r i m a r y  a m i n e  i s o b u t y l a m i n e  a n d  a de r iva t ive  of  
e t h y l e n e  d i a m i n e  w i t h  one  of  t he  a m i n o  g roups  b l o c k e d  b y  
a 4 - f luorobenzoyl  g roup:  N H ~ - - C H r - - C H 2 - - N H - - C O - -  
C6H4--F 3. I s o b u t y l a m i n e  p r e s e n t s  a s ingle  monoe l ec -  
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t r o n i c  p e a k  at  Ep = + 1.50 V/SCE. C o m p o u n d  3 also s h o w s  
a s ing le  m o n o e l e c t r o n i c  p e a k  a t  Ep = + 1.6 V/SCE. [This 
p e a k  is no t  t h a t  of  t he  a m i d e  g roup;  a m i d e s  are  ox id ized  a t  
m o r e  pos i t ive  po ten t ia l s ,  i.e., b e n z a m i d e  E1~2 ~ 2.15 V/SCE 
(9). T h e  sh i f t  of  t h e  p e a k  f rom 1.3 to 1.6V m a y  b e  due  to in-  
t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  of  t h e  a m i n o  g r o u p  w i t h  
t h e  c a r b o n y l  of  t h e  C6H5CO group.]  Fo r  b o t h  c o m p o u n d s  
no  c o r r e s p o n d i n g  ca thod i c  p e a k  can  b e  o b s e r v e d  on  t he  re- 
v e r s e  scan.  

T h e  m o s t  l ike ly  s c h e m e  for t he  ox ida t i on  of  e t h y l e n e  dia- 
m i n e  in  apro t ic  m e d i u m  is t h u s  

NH2--CH2--CH~--NH2 - 2 e  - +  . +  NHz--CH2--CH2--NH2 

The  fo l lowing  p o l y a m i n e s  h a v e  also b e e n  i n v e s t i g a t e d  in 
cycl ic  v o l t a m m e t r y  as we i n t e n d e d  to app ra i se  t he i r  ef fects  
o n  t he  m e c h a n i c a l  p rope r t i e s  of  compos i t e s .  T r i e t h y l e n e  
t e t r a m i n e  4 s h o w s  two  peaks ,  r espec t ive ly ,  a t  +0.97 a n d  
+ 1.25 v / S e E .  D i a m i n o b e n z i d i n e  5 s h o w s  a m o r e  compl i -  
c a t ed  v o l t a m m o g r a m  w i t h  four  a n o d i c  peaks ,  b u t  on  repe t -  
i t ive  s c a n n i n g  a s ingle  r eve r s ib l e  p e a k  r e m a i n s  a t  
Epc = Epa = +0.6 v / S e E .  On  e lec t ro lys is  at  +1.1 v / S e E  a 
t h i c k  f laky depos i t  is o b s e r v e d  b y  s c a n n i n g  e l ec t ron ic  mi-  
c r o s c o p y  on  t h e  c a r b o n  fibers. Th i s  b e h a v i o r  is i nd i ca t i ve  
of  t h e  f o r m a t i o n  of  a c o n d u c t i n g  p o l y m e r  on  t h e  e l ec t rode  
as in  t h e  case  of  an i l i ne  (10). Th i s  depos i t  is r e s p o n s i b l e  for  
t h e  poo r  m e c h a n i c a l  p r o p e r t i e s  of  t he  c o m p o s i t e  p r e p a r e d  
f r o m  t h e s e  mod i f i ed  fibers.  I n  sp i t e  o f  i t s  e l e c t r o c h e m i c a l  
in te res t ,  d i a m i n o b e n z i d i n e  was  n o t  i n v e s t i g a t e d  a n y  
fu r ther .  

Influence of Different Parameters on the Grafting of 
Ethylene Diamine on Hig.h Tensile Strength Carbon 

Fibers 
T h e s e  t r e a t m e n t s  h a v e  b e e n  ca r r ied  ou t  in  t h e  spec ia l ly  

d e s i g n e d  p r e p a r a t i v e  cell s h o w n  on  Fig. 1. In  th i s  cell  t h e  
a n o d e  is c o m p o s e d  b y  a 4 c m  l o n g  b u n d l e  of  24,000 fibers.  
I n  o rde r  to con t ro l  t h e  h o m o g e n e i t y  of  graf t ing,  a f te r  elec- 
t ro lys i s  t h i s  b u n d l e  was  cu t  in to  t h r e e  pa r t s  r e f e r e n c e d  b y  
t h e i r  ab sc i s s a  Z as s h o w n  on  Fig. 1. E a c h  f r a g m e n t  is inde-  
p e n d e n t l y  ana lyzed  b y  XPS .  

T h e  d i f f e ren t  p a r a m e t e r s  are  s u m m a r i z e d  in  Tab le  I 
a long  w i t h  t h e  r e su l t s -o f  X P S  analysis .  X P S  s u r v e y - s c a n  
spec t r a  of  u n t r e a t e d  a n d  t r e a t ed  f ibers  e x h i b i t  t h r e e  m a j o r  
peaks :  Cls, O1s, Nls. We cha rac t e r i ze  our  f iber  t r e a t m e n t s  
s e m i - q u a n t i t a t i v e l y  t h r o u g h  a tomic  " p s e u d o "  c o n c e n t r a -  
t i ons  c o m p u t e d  f rom t h e  p e a k  a reas  b y  t a k i n g  in to  a c c o u n t  
ana lyze r  t r a n s m i s s i o n ,  p h o t o e l e c t r o n  m e a n  free pa th ,  a n d  
p h o t o e l e c t r o n  p r o d u c t i o n  cross  sec t ion  a n d  c o n s i d e r i n g  
t h a t  t h e  ma te r i a l  sur face  is on ly  m a d e  u p  of  ca rbon ,  oxy- 
gen,  a n d  n i t r o g e n  ( f luor ine  in  s o m e  cases;  h y d r o g e n  is no t  
de tec ted) .  T h e  de r ived  c o n c e n t r a t i o n s  are  i n d e e d  p s e u d o  
c o n c e n t r a t i o n s  s ince  t hey  w o u l d  c o r r e s p o n d  to a n  hypo-  
t he t i c a l  s i t ua t ion  w h e r e  (i) c o n c e n t r a t i o n s  are  u n i f o r m  
ove r  t h e  ana lyzed  d e p t h  a n d  (it) t h e  s a m p l e  is flat. Condi -  

i(#A) 

E(VvsSCE) 
o ds ~!o l!s 

Fig. 2. Electrochemical oxidation of ethylene diamine 
(7.4 • 10 3M). Solvent: ACN. Electrode: glassy carbon. Supporting 
electrolyte: 10-1M NBu4BF4. Scan rate: 0.2 Vs -1. 

t i on  (i) is no t  sat isf ied as c o n f i r m e d  b y  S I M S  profiles,  nei-  
t h e r  is c o n d i t i o n  (it) o w i n g  to t h e  f ibers  geomet ry .  Never -  
the less ,  s u c h  p s e u d o  c o n c e n t r a t i o n s  are v e r y  use fu l  for  
c o m p a r i n g  sur face  t r e a t m e n t s .  

T h e  p e r c e n t a g e  of  n i t r o g e n  o n  u n t r e a t e d  f ibers  meas -  
u r e d  b y  X P S  is 2.2% a n d  t h a t  of  o x y g e n  9.8% ( e x p e r i m e n t  
0, Tab le  I). The  t r e a t m e n t  ( e x p e r i m e n t  1, Tab le  I) i nc r ea se s  
t h e  a m o u n t  of  n i t r o g e n  b u t  th i s  i nc rease  in  n i t r o g e n  is un-  
even,  b e i n g  h i g h e r  at  t h e  f ree  e x t r e m i t y  of  t h e  b u n d l e  
(Z = 3, see  Fig. 1) (N%: 20.6) t h a n  a t  t he  b a s e  of  t h e  b u n d l e  
w h e r e  f ibers  are  t i g h t e n e d  t o g e t h e r  (Z = 1) (N%: 7.3). Th i s  
d i f f e rence  is due  to t h e  fac t  t h a t  c o n v e c t i o n  is m o r e  impor -  
t a n t  a t  t h e  free e n d  of  t h e  f ibers  w h i c h  are  ag i t a t ed  by  t h e  
b u b b l e s  of  argon;  o n  t he  c o n t r a r y  t he  access  to  t he  o the r  
e x t r e m i t y  w h e r e  t he  f ibers  are  t i g h t e n e d  t o g e t h e r  is m o r e  
difficult .  Bes ide s  e lec t ros ta t i c  s c r e e n i n g  of  i n t e rna l  f ibers  
ce r t a in ly  t akes  p lace  at  Z = 1. A smal l  i nc r ea se  in  t he  
a m o u n t  of  o x y g e n  is also obse rved ,  a m e a n  v a l u e  of  12% 
b e i n g  o b s e r v e d  af te r  t he  t r e a t m e n t .  Th i s  m a y  b e  d u e  to t h e  
o x i d a t i o n  of  r e s idua l  w a t e r  c o n t a i n e d  in  t he  so lven t  (al- 
t h o u g h  it  is p rev ious ly  dr ied  over  a m o l e c u l a r  sieve;  see  
e x p e r i m e n t a l  pa r t  be low)  or  to  w a t e r  w h i c h  is a d s o r b e d  
a f te r  t he  t r e a t m e n t .  I t  m a y  also c o m e  f rom s o m e  ca rbon -  
a t ion  of  t he  a m i n o  g r o u p s  on  c a r b o n  f ibers  surface.  As  t h e  
t r e a t m e n t  is ca r r i ed  ou t  for  a l onge r  a n d  longe r  t i m e  (ex- 
p e r i m e n t  2) t he  p e r c e n t a g e  of  n i t r o g e n  b e c o m e s  m o r e  a n d  
m o r e  h o m o g e n e o u s  a long  t h e  c a r b o n  f ibers  v a r y i n g  o n l y  
f rom 14.1 to 22.2% af ter  5 min .  I t  s h o u l d  be  n o t e d  t h a t  t h e  
m a x i m u m  a m o u n t  of  n i t r o g e n  does  n o t  i nc rease  signifi-  
cant ly .  T h e  a m o u n t  of  o x y g e n  r e m a i n s  a p p r o x i m a t e l y  con-  

Table I. Electrochemical treatment of carbon fibers 
(Courtaulds XAU. Solvent ACN) 

C S E Time T XPS 
Experiment (M/l) Supporting electrolyte (V) (s) (~ nitrogen % 

0 - -  - -  - -  - -  - -  2.2 
1 0.2 LiC104 +1.6 90 20 aZ = 1 7.3 

0.2M a Z = 2  15.7 
Z = 3 20.6 

2 0.2 LiC104 +1.6 300 20 Z = 1 14.1 
0.2M Z = 2 20.1 

Z = 3 22.2 
3 0.2 NBu4BF4 +1.6 90 50 Z = 1 19.9 

0.2M Z = 2 21.3 
Z = 3 20.3 

4 0.2 NBu4BF4 +2.0 90 20 Z = 1 18.2 
0.2M Z = 2 18.2 

Z = 3 21.4 
5 1 LiC104 +1.6 90 20 Z = 1 12.2 

0.2M 

C: concentration of ethylene diamine 
E: electrolysis potential, WSCE 

Fragment number, see Fig. 1. 
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Fig. 3. Voltammograms of anthracene methanamine 7. Solvent: 
ACN. Electrode: glassy carbon. Supporting electrolyte: IO-~M 
NBu4BF4. Scan rate: 0.2 Vs -T. A and B: 7 in solution c = 6 �9 10-3M; C: 
7 bonded to the electrode, (a), (b), (c); first, second, and third scan. 

stant.  Changing the  t empera tu re  f rom 20 ~ to 50~ (experi- 
m e n t  3) allows one to obtain a homogeneous  coverage of 
n i t rogen all along the  fibers. From one ext remity  of the  fi- 
bers  to the  other  the  percentage of n i t rogen remains  at  the  
h ighes t  level precedingly observed, i.e., about  20%. This re- 
sult  is obta ined after only 45s of t reatment .  The effect of 
t empera tu re  may be related to an increase of the  kinetics 
of electron t ransfer  and  to an increase of the  diffusion coef- 
ficient by  a factor of 3 [D = kT /6  I I~a  (k: Bol tzmann  con- 
stant;  a: radius of the  molecule; ~: viscosity of ACN which  
decreases wi th  the  temperature) ,  Res (11).] When the  oxi- 
da t ion potent ia l  is set  at  +2.0 V/SCE (exper iment  4) the  
percentage  of n i t rogen on the  fibers is also increased along 
wi th  a small  increase of oxygen, as observed in the  previ- 
ous exper iments .  Changing the  concent ra t ion  of e thylene 
d iamine  from 0.2 to 1M (exper iment  5) only produces  a 
small  increase of the  percentage of nitrogen, as shown by 
X P S  on the  Z = 1 fragment.  With a 0.2M concent ra t ion  of 
e thylene  d iamine  the  electrolysis cell contains 0.02 mole of 
subs t ra te  while  graft ing of a monolayer  on the  24,000 bun- 
dle of fibers would necessi tate  about  4 - 10 -7 mole. Two dif- 
ferent  suppor t ing  electrolytes LiC104 and NBu4BF4 were 
used wi thout  any change in the  results  and  fur ther  experi- 
men t s  were performed with NBu4BF4 for safety and  con- 
vience reasons. Several  exper iments  similar to experi- 
m e n t  2 were carried out to test  the  reproducibi l i ty  and the  
percen t  N varied from 20 to 24% with NBu4BF4. F rom the  
results  of Table I it appears  tha t  a m a x i m u m  va lue -o f  
20-24% N is a t ta ined whatever  the  parameter  and  seems to 

cor respond to a saturat ion of the  surface which  is modified 
(but  this  m a x i m u m  value is a t ta ined after different times). 

Thus, it clearly appears  tha t  the  electrochemical  oxida- 
t ion of e thylene d iamine  br ings about  a modificat ion of the  
ca rbon  fibers surface which  can be evidenced by an in- 
creased amoun t  of n i t rogen as measured  by XPS. 

Structure of the Modi fy ing l a y e r  
We first checked tha t  a strong, most  likely covalent  bond  

is es tabl ished and  tha t  e thylene d iamine  is not  only physi- 
caUy adsorbed on the  surface. A Courtaulds h igh tensile 
s t reng th  XAU bund le  immersed  in pure  e thylene  diamine,  
r insed,  and  analyzed by X PS  does not  show any increase 
in nitrogen. Conversely, if carbon fibers t reated according 
to exper imen t  2 are thermo-desorbed  in h igh vacuum 
(10 -9 torr) at  110~ for l h  the  percent  N does not  decrease. 

To answer  the  quest ion of a possible cleavage of the  mol- 
ecule dur ing the  t r ea tmen t  we oxidized a pr imary  amine  
wi th  a sulfur a tom 2-amino-4-methyl thiazole 6 

CHs 
\ 

C .... N 

I1 II 
C C 
\ /  

S 

NH2 6 
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S u l f u r  c an  b e  easi ly  r e c o g n i z e d  a n d  quan t i f i ed  b y  X P S .  6 
p r e s e n t s  a v o l t a m m e t r i c  b e h a v i o r  (Ep = +0.9 V/SCE) simi- 
lar  to  t h a t  of  i s o b u t y l a m i n e .  Af te r  a t r e a t m e n t  u n d e r  t h e  
s a m e  c o n d i t i o n s  as e x p e r i m e n t  2 a t  + 1.4 V/SCE t h e  nega-  
t ive  S I M S  s p e c t r u m  s h o w s  a p e a k  at  M / Z  = 32 i n d i c a t i n g  
t h e  p r e s e n c e  of  su l fu r  o n  t h e  su r face  of  t he  fibers.  Bes ides ,  
m e a s u r e m e n t  of  t h e  area  of  N l s  a n d  S2p p h o t o e l e c t r o n  
p e a k s  s h o w s  t h a t  t he  n i t r o g e n  over  su l fu r  ra t io  e q u a l s  two  
as  cou ld  b e  e x p e c t e d  i f  6 was  en t i r e ly  b o n d e d  to t he  f ibers  
w i t h o u t  u n d e r g o i n g  a n y  c leavage  a t  t h e  level  of  t he  C - - N  
b o n d  of  6. 

T h e  n e x t  q u e s t i o n  we  a d d r e s s e d  was  t h e  m e a s u r e m e n t  
of  t h e  su r face  dens i t y  of  a m i n e s  on  c a r b o n  fibers.  Fo r  t h i s  
p u r p o s e  we  u s e d  two  mo lecu l e s  7 a n d  $ w i t h  b o t h  a n  oxi- 
d i zab le  a m i n o  g r o u p  a n d  a r e d u c i b l e  f u n c t i o n  

----'~'~0/[ NO2 

CH= 14) 
I J 
NH2 CH2 

i 
NH2 

7 8 

O x i d a t i o n  of  t h e  a m i n o  g r o u p  w i t h  a c a r b o n  e l ec t rode  
s h o u l d  a l low the  m o l e c u l e  to  b e  b o n d e d  to t h e  ca rbon .  
O n c e  t he  m o l e c u l e  is b o n d e d  i t  s h o u l d  b e  pos s ib l e  to  ob- 
se rve  its r educ t ion .  F r o m  t h e  a rea  of  t he  r e d u c t i o n  p e a k  of  
t h e  v o l t a m m o g r a m  one  can  d e d u c e  t he  n u m b e r  of  mole-  
cu les  w h i c h  are  b o n d e d .  T h e  ox ida t i on  a n d  r e d u c t i o n  vol- 
t a m m o g r a m s  of  7 are  s h o w n  on  Fig. 3A a n d  B on  a g lassy  
c a r b o n  e lec t rode .  T h e  o x i d a t i o n  of  7 is m o n o e l e c t r o n i c  a n d  
i r r eve r s ib l e  (as in  t he  case  of  l )  wh i l e  t h e  r e d u c t i o n  is 
m o n o e l e c t r o n i c ,  revers ib le ,  a n d  invo lves  a fas t  e l ec t ron ic  
t r a n s f e r  (hEp = 100 mV). 7 is b o n d e d  to g lassy  c a r b o n  b y  
t r e a t m e n t  s imi la r  to t h o s e  a l r eady  d e s c r i b e d  (E = 
+1.1 V/SCE d u r i n g  5 min).  T h e  e l ec t rode  is t h e n  care- 
ful ly r i n s e d  in  a n  u l t r a son ic  c l e ane r  a n d  t r a n s f e r r e d  to a 
n e w  so lu t ion  c o n t a i n i n g  on ly  t h e  s o l ven t  (ACN) a n d  sup-  
p o r t i n g  e lec t ro ly te  (NBu4BF4 10-1M). T he  r e d u c t i o n  vol- 
t a m m o g r a m  of  Fig. 3C is t h e n  obse rved .  Mos t  of  t he  
r eve r s ib i l i t y  ha s  b e e n  los t  a n d  u p o n  succes s ive  s cans  t h e  
v o l t a m m o g r a m  s lowly  d i sappear s ,  i n c r e a s i n g  t he  s c a n  ra te  
f r o m  0.2 to 2 Vs  -~, s lows d o w n  t he  dec rea se  of  v o l t a m m o -  
gram.  T h e  loss  of  r eve r s ib i l i ty  a n d  t he  d i s a p p e a r a n c e  of  
t h e  v o l t a m m o g r a m  can  b e  a s c r i b e d  to t h e  p r o t o n a t i o n  of  
t h e  rad ica l  a n i o n  b y  r e s idua l  water ;  in  t h e  case  of  Fig. 3C 
a n d  at  t h e  d i f f e rence  of  w h a t  is o b s e r v e d  in  Fig. 3B, no  dif- 
fu s ion  o c c u r s  w h i c h  can  b r i n g  n e w  m o l e c u l e s  of  s u b s t r a t e  
to  t h e  e lec t rode .  F r o m  t he  a rea  of  t he  f irst  v o l t a m m o g r a m  
(co r rec t ed  for  t he  b a c k g r o u n d  cur ren t )  t h e  n u m b e r  of  mol-  
ecu les  w h i c h  h a v e  u n d e r g o n e  a m o n o e l e c t r o n i c  r e d u c t i o n  
c a n  b e  d e d u c e d .  K n o w i n g  t he  a p p a r e n t  area  of  t h e  elec- 
t r o d e  ( w h i c h  is p r o b a b l y  s o m e w h a t  sma l l e r  t h a n  t h e  real  
one)  a c o n c e n t r a t i o n  of  1.2 x 10 -9 m o l / c m  2 can  b e  calcu-  
l a t ed  w h i c h  c o r r e s p o n d s  to a su r face  of  14A 2 o c c u p i e d  b y  
e a c h  molecu le .  Th i s  n u m b e r  is in  fa i r  a g r e e m e n t  w i t h  t he  
su r face  of  17A 2 w h i c h  can  b e  o b t a i n e d  f r o m  m o l e c u l a r  
m o d e l s  for  m o l e c u l e s  s t a n d i n g  u p  o n  t h e  surface.  T he  sur-  
face d e n s i t y  is also in good  a g r e e m e n t  w i t h  t he  va lues  of  
a b o u t  10 -s m o l / c m  -2 gene ra l ly  g iven  b y  M u r r a y  (12) for  
mono laye r s .  T h e s e  r e su l t s  s h o w  t h a t  o n  g lassy  c a r b o n  a n  
a p p r o x i m a t e l y  m o n o l a y e r  of  7 is b o n d e d  to t h e  c a r b o n  sur-  
face, a n d  i t  is l ike ly  t h e  s a m e  occu r s  for  1. 

T h e  s a m e  e x p e r i m e n t  was  p e r f o r m e d  w i t h  8. I t s  r educ -  
t i on  a n d  o x i d a t i o n  v o l t a m m o g r a m s  are  s h o w n  o n  Fig. 4A 
a n d  B. A s ingle  5 m m  long  c a r b o n  f iber  was  t r e a t e d  u n d e r  
t h e  c o n d i t i o n s  of  e x p e r i m e n t  2 w i t h  NBu4BF4 at  
+1.7 V/SCE a n d  t r a n s f e r r e d  to a n e w  (ACN, NBu4BF4) so- 
lu t ion .  T h e  v o l t a m m o g r a m  of  Fig. 4C was  ob ta ined ,  f rom 
w h i c h  a sur face  cove rage  of  7.3 • 10 -~~ m o l / c m  2 cou ld  b e  
ca l cu la t ed  w h i c h  c o r r e s p o n d s  to a v a l u e  of  23/~ 2 p e r  mole-  
cule.  T h e  a p p r o x i m a t e  area  o c c u p i e d  b y  a m o l e c u l e  of  8 
s t a n d i n g  u p  o n  t h e  sur face  is 24A 2 as m e a s u r e d  f r o m  mo-  

1761 

l ecu la r  m o d e l s  a n d  52A 2 for  a m o l e c u l e  ly ing  on  t he  sur-  
face. T h e s e  r e su l t s  p o i n t  to a m o n o l a y e r  of  m o l e c u l e s  
s t a n d i n g  u p  o n  t he  c a r b o n  (bo th  on  glassy  c a r b o n  a n d  on  
t h e  fiber). T h e s e  m e a s u r e m e n t s  are  in  good  a g r e e m e n t  
w i t h  t h e  r e su l t s  of  S IMS e x p e r i m e n t s  p e r f o r m e d  on  a sin- 
gle fiber. T h e  s e c o n d a r y  ion  profi les  d i sp lay  t he  p r e s e n c e  
of  n i t r o g e n  a n d  s h o w  t h a t  t h e  t h i c k n e s s  of  t h e  g ra f t ed  layer  
is c o m p a t i b l e  w i t h  t h e  v o l t a m m e t r i c  m e a s u r e m e n t s ,  tak-  
ing  in to  a c c o u n t  t h a t  a n  ionic  profi le  d e p e n d s  o n  t h e  sur-  
face t o p o g r a p h y  (he igh t  of  asper i t ies ,  m ic ropore s )  a n d  on  
t h e  a t o m i c  s t i r r ing  u p  p r o d u c e d  b y  t h e  p r i m a r y  ion  beam.  
(As n o t e d  he re to fo re  t h e  de ta i l ed  X P S  a n d  S I M S  resu l t s  
a n d  t h e  m e c h a n i c a l  m e a s u r e m e n t s  wil l  b e  p u b l i s h e d  else- 
where . )  

T h e  n e x t  p r o b l e m  re la t ed  to t h e  s t r u c t u r e  of  t h e  b o n d e d  
layer  is t h e  s t e r e o c h e m i s t r y  of  b o n d e d  e t h y l e n e  d i amine .  
Does  i t  b i n d  b y  one  end,  t h e  o the r  one  b e i n g  free  in  t h e  so- 
l u t i o n  ( s i tua t ion  a) or does  i t  b i n d  b y  b o t h  e n d s  to t he  car- 
b o n  sur face  in  a b r i d g e  con f igu ra t ion  ( s i tua t ion  13) (13, 14) 

NHz 

t 
CIt2 

I 
CItz 
I 

Nit 

I 

or jClh-C~... [3 

NH NH 

l [ 
----C f~-- 

,,, ,\ \ ,\ ,\, \\\\\\\ 

To d e t e r m i n e  t h e  re la t ive  a m o u n t  of  e a c h  con f igu ra t i on  a 
b u n d l e  of  f ibers  was  t r e a t ed  as in  e x p e r i m e n t  2 w i t h  
NBu4BF4 a n d  t h e n  r eac t ed  w i t h  4-f luoro-benzoyl  ch lo r ide  

O 
H 

(F--C6H4--C--C1 9), a p r o t e c t i n g  r e a g e n t  for  a m i n o  g r o u p s  
w h i c h  can  b e  ident i f ied  b y  X P S  t h r o u g h  its f luor ine  a t o m  
(15). T h e  f luor ine  to n i t r o g e n  ra t io  F/N of  t r e a t e d  f ibers  is 
de f ined  as 

F / N -  
%F in  t r e a t ed  f ibers  

%N in  t r e a t e d  f ibers  - % in  u n t r e a t e d  f ibers  

( U n t r e a t e d  f ibers  c o n t a i n  a b o u t  2.2% n i t r o g e n  a n d  n o  fluo- 
rine.)  

The  re su l t s  are  g iven  in  Tab le  II. S imi la r  r e su l t s  are ob-  
t a i n e d  i f  t he  r eac t i on  w i t h  9 is ca r r i ed  ou t  u n d e r  s o n i c a t i o n  
to i m p r o v e  t he  p e n e t r a t i o n  of  t he  r e a g e n t  b e t w e e n  t he  fi- 
bers .  I f  one  a s sumes ,  w h i c h  is l ikely,  t h a t  i t  is m a i n l y  t he  
NH2 g r o u p s  of  u n b r i d g e d  e t h y l e n e  d i a m i n e  m o l e c u l e s  (ez 

Table II. XPS measurements on Courtaulds XAU fibers 

Atomic ESCA \ %  
Fiber ~ C N O F 

a 64.7 22.4 12.9 - -  
b 68.2 16.0 14 1.9 

F/N 

0.138 c 

a, Treated as in experiment 2 (0.2 M/liter of ethylene diamine, in 
ACN with NBu4BF4 0.2 M/liter, E = +1.6 V/ECS, t = 300s at 20~ 

b, Treated as above and further reacted with F--C6H4COC1. 
r F/N = %Fin fibers b/%Nm fibers b -- %Nin untreated fibers. 

Table III. Mechanical data for carbon-epoxy composites 

Fibers Epoxy resin C~c (J/m 2) ~d (MPa) 

XAU, untreated NARMCO 5208 400 88.5 • 5 
XAS, commercial NARMCO 5208 815 ~125 

oxidized 
XAU (1) NARMCO 5208 385 117 • 5 
XAU (2) NARMCO 5208 640 107 -+ 3.5 

Gic: fracture energy release rate; a: length of the crack: 120 ram. 
Vd: debonding stress as measured by a pull-out test (18). 
(1), Treated with ethylene diamine as in experiment2 with 

NBu4BF4 0.2M. 
(2), Treated with triethylene tetramine as in experiment 2 with 

NBu4BF4 0.2M. 
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JFA (A) 

E E) 
i ! I 

0.5 1 1.5 

i#A (e) 

0 

I , E(VvsSCE) I 
-1.5 -1.0 -0.5 

i#A (c) 

e(VvsSCE) 
t I I 

-1-5 -1.O -0.5 

Fig. 4. Voltarnmogroms of 4-nitrobenzylamine 8. Solvent: ACN. Sup- 
porting electrolyte: 10-1M NBu4BF4. Scan rate: 0.2 Vs -I. A and B: 8 in 
solution c = 6 �9 10-3M. Electrode: glassy carbon. C: 8 bonded to the 
electrode. Electrode: single carbon fiber (5 rnm) Courtaulds XAU, suc- 
cessive scans. 

configuration) which react with 9, the secondary - -NH 
groups of both a and ~ configuration being sterically hin- 
dered, it follows that about one-quarter of ethylene dia- 
mine molecules are standing up in the a configuration and 
three-fourths are bridged in the ~ configuration. This result 
is in agreement with a similar experiment  of Murray (15) 
where 1 was reacted with a previously derivatized carbon 
surface (Scheme 2). 

In the previous paragraphs we have seen that: (i) the 
C--N bond is not cleaved during the oxidation; (ii) most of 
the molecules of ethylene diamine are bonded through 
both amino groups; (ii i)  ethylene diamine is oxidized in a 
close to two-electrons process while its protected analogue 
3 is oxidized by only one electron. Based on these facts the 
following scheme gives a rough picture of what may 
happen 

-2e 
NH2 -CH2 -CH2 -NH= 

CH= -CH2 H~.~ +//I ~+ -2H+ /CH=-C 

NH= NH= > NH NH 

J I 1 1 

- e  

NH2 -CH2 -CH= -NH2 > 

-NH2-CH=-CHz-NII2 ) ~C-NH-CHz-CHz-NH= 

This mechanism would imply an electron transfer con- 
certed with a bond formation. In the first set of equations, 
two bonds would be formed, at the same time, while in the 
second set a bond would be formed with an amino group, 
the other one remaining unoxidized. For such a scheme 
the eonsumption of electrons would be 

n = 3 / 4 x 2 + 1 / 4 x  1=1.75 

a value close to the value we have measured (1.80 -+ 0.2). 
This mechanism can be compared with that given by 

Barnes and Mann (6) for the oxidation of amines 

-e ,4. -H § , -e 
R-CHz-NH2 --> R-CH2-NH= --> R-CH-NH= --> R-CH=NHz ---> 

Route A is exeluded in our ease (we have shown that the 
moleeule does not cleave) and route B would lead to a 
cation and to a consumption of 3.5 electrons per molecule 
(taking in account the fact that 75% of the molecules are in 
the ~ configuration and therefore are oxidized on both ends) 
instead of 1.75. Therefore it is likely that the species which 
binds to the carbon is the radical cation. 

The possibility that the secondary amine formed by 
bonding ethylene diamine to the carbon fiber surface, as 
shown above, be oxidized at the oxidation potential of eth- 
ylene diamine should also be taken into account as, on 
platinum, secondary amines are more easily oxidized than 
primary amines (9b, e). 

However, this does not seem to occur in our ease for the 
following reasons: 

1. The oxidation of the secondary amine would con- 
sume two electrons per amino group (9b, e), i.e., between 

Scheme 2. Mechanism of bonding between ethylene diomine and 
0 

glossy carbon surface covered with - -C ~ groups. 
\ 

CI 
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two and four electrons in excess of what we have meas- 
ured. 

2. This oxidation would lead to an imine or to an imi- 
nium ion (9b, c) which would be readily hydrolyzed by re- 
sidual water (which even in dried acetonitrile is far in ex- 
cess to the surface concentration of amino groups). This 
hydrolysis would lead to the cleavage of the grafted mole- 
cule, a reaction that we have shown not to occur both by 
XPS and by cyclic voltammetry. However, it should be 
remarked that on nickel, silver, cobalt . . .  electrodes sec- 
ondary amines are more difficult to oxidize than primary 
amines (9c). 

In the case where the potential is set at +2.0 V/SCE (ex- 
periment 4) there is also the possibility that some carbon 
atoms in the fiber be oxidized to positively charged species 
(carbocation or radical cation) (16). If  this is the case it 
should be possible to bind ethylene diamine molecules to 
high modulus fibers by operating at +2.0 V/SCE. This is in- 
deed what is observed on Courtaulds HMU fibers when 
treated as in experiment  4. The following XPS analysis is 
obtained: C: 62.2%, N: 27.3%, and O: 10.5%. 

Reaction of Ethylene Diamine Modified Carbon Fibers 
with Epoxy Resins 

The amino groups bonded to the surface should be able 
to react with the epoxy groups of the resins as do the 
amino functions of hardeners. This is indeed the case as 
checked by XPS (4) by reacting previously treated fibers 
with epichlorhydrine 

OH 

+ CH=-CH-CHs-CI ----~ ~-NH-CH= -CHz-NH -- CHz-CH-CH= C1 

\o / ~ 

When untreated carbon fibers are reacted with epichlor- 
hydrine at 120~ for 22h in a sealed tube and then carefully 
rinsed and dried, they evidence the following XPS analy- 
sis: C: 94%, O: 5.3% CI: 0.7%, and no N detected. There is no 
change in the Cls  peak shape. If the same reaction is car- 
ried out with fibers previously oxidized in the presence of 
hexamethylene tetramine the following analysis results: 
C: 73.7%, O: 20.8%, N: 4.3%, and CI: 1.2%. Besides, XPS 
analysis shows a two-fold Cls  peak; the second com- 
ponent is due to contributions of various types of chemical 
bondings in the epichlorhydrine molecules grafted on the 
fiber surface (4). 

In the case of ethylene diamine the reaction with the 
epoxy resin can take place both with primary and second- 
ary amines but, as stated before, secondary amines are 
probably less reactive due to steric hindrance. A possible 
way to increase the ratio of primary amino groups would 
be to oxidize 3 and to deprotect the primary amino group 
once the molecule is bonded to the fibers (17) (Scheme 3) 

Mechanical Properties of Composites Prepared from 
Fibers Treated with -Diamines 

Industrial preparation of composites requires high 
lengths of treated bundles (~1 ~m). A pilot cell has been 
constructed which permits a continuous electrochemical 
grafting of carbon fibers (5, and our other work). XPS anal- 
yses have shown that the grafting is homogeneous in the 
whole section of the bundle. 

Toughness of unidirectional composites has been ap- 
praised by following the opening of a double cantilever 

_e_H + 

+ NHz-CHs-CH=-NH-CO-C6H4F > 

Scheme 3 

i -NH-CH=-CH=-NH-CO-CsH4F 

~ / / / / / / / / / / / / / / / / / / / / / / / / / / r / / / / ~  

p ~  GIc = pc2 x de 

r 
Fig. 5. Double cantilever beam test measurement of strain energy re- 

lease rate Gm for unidirectional composite materials Pc: critical load 
for fracture propagation. C: double beam compliance. 

beam induced by the crack growth in a parallel direction 
to the fibers (Fig. 5). This experiment  allows one to meas- 
ure the strain energy release rate in mode I, G~c (or fracture 
toughness) (to be published, 18, 19), i.e., the energy neces- 
sary to create the unit area in delamination. A microme- 
chanical test ("pull-out test") was used to measure the de- 
bonding shear stress ~d between fiber and matrix, as shown 
on Fig. 6. A single filament (~ = 7 ~m) is embedded in a 
layer of resin. When the force Fo applied on its free end 
reaches the debonding force Fd then the fiber is pulled out. 
The mean value of Vd is given by Fd/pl (p: fiber perimeter, l: 
embedded length). Using Greszczuk theory (22) one can 
calculate ~d. 

Three amines have been used for the modification of car- 
bon fiber surfaces: ethylene diamine 1, triethylene tetra- 
mine 4, and diaminobenzidine 5. Two bundles of untreated 
XAU fibers and of industrially oxidized XAS fibers were 
taken as references. As stated before, diaminobenzidine 5 
electropolymerizes on carbon fibers and forms a thick, in- 
coherent deposit. This deposit does not improve the 
toughness of the composite. As shown on Table III ethyl- 
ene diamine 1 and triethylene tetramine 4 lead to a higher 
toughness of the carbon-epoxy composite by comparison 
with industrially treated fibers. 

Adhesion between fibers and epoxy resin is strongly in- 
creased by industrial oxidizing treatments. Grafting of 
to-diamines 1 and 4 leads to a good adhesion smaller, how- 
ever, than that obtained with industrial treatments 
(Table III). 

--F 
Fo 

Fiber 

0 

/ 

/ 
Fig. 6. Geometry of pull-out test; Fo: applied force, I: embedded 

length, ~: interfacial shear stress. Debonding occurs when T = Tj at 
I=0 .  
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Contrary to ethylene diamine 1, triethylene tetramine 4 
can give rise to multiple bridges on the surface, thus favor- 
ing an interpenetration with the epoxy polymer. It is possi- 
ble that the structure of the grafted layer of 4 promotes an 
increased interfacial toughness due to electrostatic inter- 
actions between the modified surface and the resin. This 
better interfacial toughness is responsible for the im- 
proved toughness of the composite. 

Conclusion 
Oxidation of r leads to radical cations which 

form covalent C--N bonds with the carbon fiber surface 
without any cleavage of the starting molecule. The deposit 
obtained by this method constitutes approximately a 
monolayer. The variety of molecules which can be bonded 
in this way offers a wide scope of possible surface modifi- 
cation. Among the molecules which have been tested tri- 
ethylene tetramine 4 leads to the highest toughness of the 
composite. 

Such treatments are not limited to carbon fibers, but 
may be applied to any carbon surface (massive carbon 
pieces, carbon blacks, graphites. . . ) .  This grafting process 
may be of interest not only for composite materials in the 
aerospace industry, but also for selective deionization and 
detoxication, for the concentration of very dilute sub- 
stances, for catalysis or for biotechnologies. 

Manuscript submitted June 5, 1989; revised manuscript  
received Nov. 28, 1989. 
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On-Line Mass Spectrometric Insights Into Electrochemical 
Reactions: Oxidation of Thiopurines 

Kevin J. Volk, 1 Richard A. Yost, and Anna Brajter-Toth* 

Department of Chemistry, University of Florida, Gainesville, Florida 32611 

ABSTRACT 

Electrochemistry was used on-line with high-performance liquid chromatography with mass spectrometric and 
UV-vis spectrophotometric detection to characterize the electrochemical oxidation pathways of 6-thiopurine and 6-thiox- 
anthine. At low potentials, the electrochemical oxidation of 6-thiopurine proceeds via one electron resulting in disulfide 
formation. It is proposed that purine-6-sulfenic acid is formed at potentials > +0.50V. Further oxidation of this unstable 
sulfenic acid presumably results in the formation of purine-6-sulfinate and purine-6-sulfonate. At potentials > + 0.50V pu- 
rine-6- sulfinate, purine-6-sulfinamide, and purine-6-sulfonate have been identified as the final products of 6-thiopurine ox- 
idation. On-line electrochemical studies indicate that at potentials less than + 0.30V, oxidation of 6-thioxanthine results in 
disulfide formation. The disulfide readily disproportionates to regenerate the original thiol plus small amounts of a sulfinic 
acid. At potentials > +0.30V, it is proposed that the thiol group of 6-thioxanthine is further oxidized to a sulfinic acid. Xan- 
thine and 2-hydroxypurine presumably form as a result of nucleophilic and electrophilic attack, respectively, on the sul- 
finic acid. At potentials greater than + 0.4OV, both the thiol group and the purine ring of 6-thioxanthine undergo oxidation. 
Subsequent  hydrolysis reactions produce an imine alcohol, the same intermediate which forms during uric acid oxida- 
tion, providing proof that oxidation of the purine ring occurs at potentials > + 0.40V. 

When electrochemical methods are used in combination 
with mass spectrometry (1-8), high-performance liquid 
chromatography (2, 7, 9), or molecular spectroscopy (1, 10), 
important information about the structures of electro- 
chemical intermediates, products, and the chemical reac- 
tions which may occur following electro-oxidation can be 
obtained. Electrochemistry on-line with mass spectrome- 

* Electrochemical Society Active Member. 
i Current address: CIBA-GEIGY, Ardsley, New York 10502. 

try (EC/MS) has become a powerful tool which allows fast 
identification of electrochemically generated species as a 
function of electrode potential where hydrodynamic 
EC/MS results can be obtained and compared with off-line 
cyclic voltammetry (4-8). While chemical information, in 
addition to that obtained by electrochemistry, may be ob- 
tained by other spectroscopic techniques such as on-line 
UV-vis absorption spectrophotometry (spectroelectro- 
chemistry) (10), the inherent selectivity and sensitivity of 
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