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the composite electrode in other electrolytes, such as
H,SO,, 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 w-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-
tion 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—OH, —C=O0,
—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

! Present address: SEP, Le Haillan, 33165 St. Médard 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 w-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 w-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 1. 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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The detailed XPS and SIMS results and the mechanical
measurements will be published elsewhere.

Experimental

Carbon fibers are high tensile strength Courtaulds XAU
and in one case a high modulus Courtaulds HMU. The
epoxy resin used to prepare the composite is Narmco 5208
(a mixed resin containing mainly tetraglycidylmethylene-
dianiline reticulated by diaminodimethylsulfone). Aceto-
nitrile (ACN) was of analytical quality and was dried over
3A molecular sieve before use, its water content measured
by IR was 0.05% volume; this water content did not in-
crease upon addition of the substrate (also dried on molec-
ular sieve) and supporting electrolyte. The glassy carbon
electrodes were prepared from 3 mm diam carbon rods
(Tokai Corporation) embedded in epoxy resin and care-
fully polished before each use with diamond paste down to
1 pm and then rinsed in ethanol with an ultrasonic cleaner.
Ethylene diamine 1 and triethylene tetramine 4 were of
commercial origin and distilled before use. The other com-
pounds were of commercial origin and used as received.
N-(2-aminoethyl)-4-fluorobenzamide 3 was prepared (20)
by refluxing for 8h a toluene solution containing stoichio-
metric amounts of ethyl-4-fluorobenzoate with ethylene di-
amine. On cooling a product precipitates, which is iden-
tified as the di(4-fluorobenzoyl) derivative of ethylene
diamine. This compound is filtered, washed with ether,
and the filtrate evaporated under vacuum and distilled.
The pale yellow oil which is obtained crystallizes in methy-
lene chloride to give a white solid, mp 50°C; NMR (CDCI;,
TMS); 3 2.6-31 (m, 2H); 3 3-5 (t, 2H); 5 7-9 (m, 7H, aromatics,
NH, NH,). Aminomethyl-8-anthracene 7: 4g (0.02 mole) of
9-cyanoanthracene and 0.8g of LiAlH, (0.02 mole) are
added to a benzene/ether (50/50) solution which is refluxed
for 2h. After cooling, water is added and the dried organic
layer is evaporated to give a yellow solid which is recrys-
tallized in benzene: mp 106°C. Derivatization of bonded
ethylene diamine molecules: the carbon fibers which have
been treated by ethylene diamine are immersed in a solu-
tion of pyridine at 0°C containing an excess of 4-fluo-
robenzoyl chloride. After 15 min the fibers are washed
with acetone and left for 12h in a vacuum oven at 50°C.

The equipment of cyclic voltammetry is composed of a
Tacussel GSTP4 signal generator, a home-built potentio-
stat provided with ochmic drop compensation (21) and a
Ifelec 2502 paper recorded or a 7313 Tektronix oscillo-
scope. The experimental setup for the oxidative bonding
of ethylene diamine to carbon fibers included a 100 ml cy-
lindrieal cell, a cylindrical platinum grid used as the cath-
ode, a saturated calomel electrode used as a reference and
separated from the solution by a bridge containing ACN
and the supporting electrolyte, and a 4 cm long bundle of
24,000 carbon fibers used as the anode (Fig. 1). The poten-
tial of the anode was controlled by a Tacussel PRT 100-1X
potentiostat. The solution was maintained under argon.
XPS data was obtained using a Riber LAS4000 apparatus
with a magnesium anode (hv = 1253.6 eV). SIMS profiles
were recorded on parts of bundles using a Riber LAS4000
apparatus, and on a single fiber using a Cameca IMS 3F.

Electrochemical Behavior of w-Diamines

Ethylene diamine NH;—CH,—CH,—NH, 1 presents by
cyclic voltammetry (on a glassy carbon electrode in ACN)
a single broad irreversible peak located at about
+1.3 V/SCE (see Fig. 2).

This peak remains irreversible: no cathodic peak can be
observed on the reverse scan when the scan rate is in-
creased up to 20 Vs, indicating that the species obtained
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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.

after the first electron transfer undergoes a chemical reac-
tion. It disappears on a second scan due to the passivation
of the electrode (6) (as we shall see later on, this passivation
is related to the grafting of ethylene diamine on the elec-
trode). The same phenomenon is evidenced by the sudden
decrease in the current during the treatment of carbon fi-
bers. It is therefore necessary to polish again the electrode
before each scan. The transfer coefficient o was deter-
mined from the peak width: a = 0.23. Once a is known it is
possible to estimate from the peak current i, the number
of electrons per molecule, n, exchanged in the reaction (7)

ip = 2.99 X 10°n(any)2ACDY3p12

(A: electrode surface; D: diffusion coefficient; v: scan rate;
n, =1 is the number of electrons involved in the rate-
determining step as always in aprotic solvents). Taking as
an approximate value of D the value derived from the peak
current of the reversible wave of ferrocene, one obtains a
value of n = 1.8 + 0.2 electron per molecule. These num-
bers (a and n) should be used with some caution as they
are obtained from Butler-Volmer kinetics and that ad-
sorption is present in our case. They are, however, in
agreement with the values obtained for other amines (see
below). A similar behavior (E, = +1.45 V/SCE) is observed
in the case of hexamethylene diamine (NH,—(CH;)¢—NH,)
2. Two different behaviors can account for such a bielec-
tronic transfer on ethylene diamine: (i) either a bielectron-
ic transfer to a single amino group or (ii) two monoelec-
tronic transfers on each of the amino functions. In the first
case the observation of a single peak would imply that the
second electron transfer be easier than the first one; the
mechanism would be of the ECE type, the C step being a
deprotonation as proposed by Mann (6) for primary amines

-1 —H* -1
R—CH,NH, =% R—CH,—NH, == RCHNH, === RCH—'NH,

Products

In the second case the observation of a single peak would
result from two electronic transfers to two identical and
electronically independent amino groups with closely
spaced redox potentials as in the case of 4,4'-dinitro-
phenylethane (AE° = 46.1 mV) (8).

In order to distinguish between these two cases we in-
vestigated, under the same conditions, two related mole-
cules: a primary amine isobutylamine and a derivative of
ethylene diamine with one of the amino groups blocked by
a 4-fluorobenzoyl group: NHy—CH,—CH,—NH—-CO—
CeH,—F 3. Isobutylamine presents a single monoelec-
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tronic peak at E;, = +1.50 V/SCE. Compound 3 also shows
a single monoelectronic peak at E, = +1.6 V/SCE. [This
peak is not that of the amide group; amides are oxidized at
more positive potentials, i.e., benzamide E,;; = 2.15 V/SCE
(9). The shift of the peak from 1.3 to 1.6V may be due to in-
tramolecular hydrogen bonding of the amino group with
the carbonyl of the C¢H;CO group.] For both compounds
no corresponding cathodic peak can be observed on the re-
verse scan.

The most likely scheme for the oxidation of ethylene dia-
mine in aprotic medium is thus

—2e ot ot
NHZ—CHZ—CHZ—NHZ —> NHZ—CHZ—CHZ—NHZ

The following polyamines have also been investigated in
cyclic voltammetry as we intended to appraise their effects
on the mechanical properties of composites. Triethylene
tetramine 4 shows two peaks, respectively, at +0.97 and
+1.25 V/SCE. Diaminobenzidine 5 shows a more compli-
cated voltammogram with four anodic peaks, but on repet-
itive scanning a single reversible peak remains at
Eyc = E,, = +0.6 V/SCE. On electrolysis at +1.1 V/SCE a
thick flaky deposit is observed by scanning electronic mi-
croscopy on the carbon fibers. This behavior is indicative
of the formation of a conducting polymer on the electrode
as in the case of aniline (10). This deposit is responsible for
the poor mechanical properties of the composite prepared
from these modified fibers. In spite of its electrochemical
interest, diaminobenzidine was not investigated any
further.

Influence of Different Parameters on the Grafting of
Ethylene Diamine on High Tensile Strength Carbon
Fibers

These treatments have been carried out in the specially
designed preparative cell shown on Fig. 1. In this cell the
anode is composed by a 4 cm long bundle of 24,000 fibers.
In order to control the homogeneity of grafting, after elec-
trolysis this bundle was cut into three parts referenced by
their abscissa Z as shown on Fig. 1. Each fragment is inde-
pendently analyzed by XPS.

The different parameters are summarized in TableI
along with the results-of XPS analysis. XPS survey-scan
spectra of untreated and treated fibers exhibit three major
peaks: C;s, O5, N)5. We characterize our fiber treatments
semi-quantitatively through atomic “pseudo” concentra-
tions computed from the peak areas by taking into account
analyzer transmission, photoelectron mean free path, and
photoelectron production cross section and considering
that the material surface is only made up of carbon, oxy-
gen, and nitrogen (fluorine in some cases; hydrogen is not
detected). The derived concentrations are indeed pseudo
concentrations since they would correspond to an hypo-
thetical situation where (i) concentrations are uniform
over the analyzed depth and (ii) the sample is flat. Condi-
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Fig. 2. Electrochemical oxidation of ethylene diamine
(7.4 X 1073M). Solvent: ACN. Electrode: glassy carbon. Supporting
electrolyte: 10~'M NBu,BF,. Scan rate: 0.2 Vs,

tion (i) is not satisfied as confirmed by SIMS profiles, nei-
ther is condition (ii) owing to the fibers geometry. Never-
theless, such pseudo concentrations are very useful for
comparing surface treatments.

The percentage of nitrogen on untreated fibers meas-
ured by XPS is 2.2% and that of oxygen 9.8% (experiment
0, Table I). The treatment (experiment 1, Table I) increases
the amount of nitrogen but this increase in nitrogen is un-
even, being higher at the free extremity of the bundle
(Z = 3, see Fig. 1) (N%: 20.6) than at the base of the bundle
where fibers are tightened together (Z = 1) (N%: 7.3). This
difference is due to the fact that convection is more impor-
tant at the free end of the fibers which are agitated by the
bubbles of argon; on the contrary the access to the other
extremity where the fibers are tightened together is more
difficult. Besides electrostatic screening of internal fibers
certainly takes place at Z = 1. A small increase in the
amount of oxygen is also observed, a mean value of 12%
being observed after the treatment. This may be due to the
oxidation of residual water contained in the solvent (al-
though it is previously dried over a molecular sieve; see
experimental part below) or to water which is adsorbed
after the treatment. It may also come from some carbon-
ation of the amino groups on carbon fibers surface. As the
treatment is carried out for a longer ahd longer time (ex-
periment 2) the percentage of nitrogen becomes more and
more homogeneous along the carbon fibers varying only
from 14.1 to 22.2% after 5 min. It should be noted that the
maximum amount of nitrogen does not increase signifi-
cantly. The amount of oxygen remains approximately con-

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

C S E Time T XPS
Experiment M/ Supporting electrolyte W) (s) ©C) nitrogen %
0 _ —_— — — — 2.2
1 0.2 LiCl0, +1.6 90 20 aZ=1"173
0.2M aZ=2 15.7
2Z=3 2086
2 0.2 LiCIO, +1.6 300 20 Z=1 14.1
0.2M Z=2 201
NB F +1.6 90 50 = .
3 02 0.12]“'1\? ' Z=2 213
Z=3 203
4 0.2 NBw,BF, +2.0 90 20 Z=1 182
0.2M Z=2 182
Z=3 214
5 1 LiClO, +1.6 90 20 Z=1 122
0.2M

C: concentration of ethylene diamine
E: electrolysis potential, V/SCE
2 Fragment number, see Fig. 1.
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stant. Changing the temperature from 20° to 50°C (experi-
ment 3) allows one to obtain a homogeneous coverage of
nitrogen all along the fibers. From one extremity of the fi-
bers to the other the percentage of nitrogen remains at the
highest level precedingly observed, i.e., about 20%. This re-
sult is obtained after only 45s of treatment. The effect of
temperature may be related to an increase of the kinetics
of electron transfer and to an increase of the diffusion coef-
ficient by a factor of 3 [D = kT/6 IIna (k: Boltzmann con-
stant; a: radius of the molecule; q: viscosity of ACN which
decreases with the temperature), Ref. (11).] When the oxi-
dation potential is set at +2.0 V/SCE (experiment 4) the
percentage of nitrogen on the fibers is also increased along
with a small increase of oxygen, as observed in the previ-
ous experiments. Changing the concentration of ethylene
diamine from 0.2 to 1M (experiment 5) only produces a
small increase of the percentage of nitrogen, as shown by
XPS on the Z = 1 fragment. With a 0.2M concentration of
ethylene diamine the electrolysis cell contains 0.02 mole of
substrate while grafting of a monolayer on the 24,000 bun-
dle of fibers would necessitate about 4 - 107 mole. Two dif-
ferent supporting electrolytes LiClO, and NBu,BF, were
used without any change in the results and further experi-
ments were performed with NBuB¥, for safety and con-
vience reasons. Several experiments similar to experi-
ment 2 were carried out to test the reproducibility and the
percent N varied from 20 to 24% with NBu,BF,. From the
results of Tablel it appears that a maximum value of
20-24% N is attained whatever the parameter and seems to

J. Electrochem. Soc., Vol. 137, No. 6, June 1990 © The Electrochemical Society, inc.
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Fig. 3. Voltammograms of anthracene methanamine 7. Solvent:
ACN. Electrode: glassy carbon. Supporting electrolyte: 107'M
NBu,BF,. Scan rate: 0.2 Vs~'. A and B: 7 in solutionc = 6 - 1073M; C:
7 bonded to the electrode, (a), (b), {c); first, second, and third scan.

correspond to a saturation of the surface which is modified
(but this maximum value is attained after different times).

Thus, it clearly appears that the electrochemical oxida-
tion of ethylene diamine brings about a modification of the
carbon fibers surface which can be evidenced by an in-
creased amount of nitrogen as measured by XPS.

Structure of the Modifying Layer
We first checked that a strong, most likely covalent bond
is established and that ethylene diamine is not only physi-
cally adsorbed on the surface. A Courtaulds high tensile
strength XAU bundle immersed in pure ethylene diamine,
rinsed, and analyzed by XPS does not show any increase
in nitrogen. Conversely, if carbon fibers treated according
to experiment 2 are thermo-desorbed in high vacuum
(107? torr) at 110°C for 1h the percent N does not decrease.
To answer the question of a possible cleavage of the mol-
ecule during the treatment we oxidized a primary amine

with a sulfur atom 2-amino-4-methyl thiazole 6

CHz

I

o C—-NHz 6
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Sulfur can be easily recognized and quantified by XPS. 6
presents a voltammetric behavior (E, = +0.9 V/SCE) simi-
lar to that of isobutylamine. After a treatment under the
same conditions as experiment 2 at +1.4 V/SCE the nega-
tive SIMS spectrum shows a peak at M/Z = 32 indicating
the presence of sulfur on the surface of the fibers. Besides,
measurement of the area of N1s and S2p photoelectron
peaks shows that the nitrogen over sulfur ratio equals two
as could be expected if 6 was entirely bonded to the fibers
without undergoing any cleavage at the level of the C—N
bond of 6.

The next question we addressed was the measurement
of the surface density of amines on carbon fibers. For this
purpose we used two molecules 7 and 8 with both an oxi-
dizable amino group and a reducible function

u 0 0 I NOz
l ~ ~
c!:Hz l\°l J
NH2 (in
NH:
7 8

Oxidation of the amino group with a carbon electrode
should allow the molecule to be bonded to the carbon.
Once the molecule is bonded it should be possible to ob-
serve its reduction. From the area of the reduction peak of
the voltammogram one can deduce the number of mole-
cules which are bonded. The oxidation and reduction vol-
tammograms of 7 are shown on Fig. 3A and B on a glassy
carbon electrode. The oxidation of 7 is monoelectronic and
irreversible (as in the case of 1) while the reduction is
monoelectronic, reversible, and involves a fast electronic
transfer (AE, = 100 mV). 7 is bonded to glassy carbon by
treatment similar to those already described (E =
+1.1 V/SCE during 5 min). The electrode is then care-
fully rinsed in an ultrasonic cleaner and transferred to a
new solution containing only the solvent (ACN) and sup-
porting electrolyte (NBu,BF, 10-'M). The reduction vol-
tammogram of Fig. 3C is then observed. Most of the
reversibility has been lost and upon successive scans the
voltammogram slowly disappears, increasing the scan rate
from 0.2 to 2 Vs, slows down the decrease of voltammo-
gram. The loss of reversibility and the disappearance of
the voltammogram can be ascribed to the protonation of
the radical anion by residual water; in the case of Fig. 3C
and at the difference of what is observed in Fig. 3B, no dif-
fusion occurs which can bring new molecules of substrate
to the electrode. From the area of the first voltammogram
(corrected for the background current) the number of mol-
ecules which have undergone a monoelectronic reduction
can be deduced. Knowing the apparent area of the elec-
trode (which is probably somewhat smaller than the real
one) a concentration of 1.2 X 10~ mol/em? can be calcu-
lated which corresponds to a surface of 14A? occupied by
each molecule. This number is in fair agreement with the
surface of 17A2 which can be obtained from molecular
models for molecules standing up on the surface. The sur-
face density is also in good agreement with the values of
about 107? mol/ecm~2 generally given by Murray (12) for
monolayers. These results show that on glassy carbon an
approximately monolayer of 7 is bonded to the carbon sur-
face, and it is likely the same occurs for 1.

The same experiment was performed with 8. Its reduc-
tion and oxidation voltammograms are shown on Fig. 4A
and B. A single 5 mm long carbon fiber was treated under
the conditions of experiment 2 with NBu/BF, at
+1.7 V/SCE and transferred to a new (ACN, NBu,BF,) so-
lution. The voltammogram of Fig. 4C was obtained, from
which a surface coverage of 7.3 x 1072 mol/cm? could be
calculated which corresponds to a value of 23A2 per mole-
cule. The approximate area occupied by a molecule of 8
standing up on the surface is 24A? as measured from mo-
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lecular models and 52A? for a molecule lying on the sur-
face. These results point to a monolayer of molecules
standing up on the carbon (both on glassy carbon and on
the fiber). These measurements are in good agreement
with the results of SIMS experiments performed on a sin-
gle fiber. The secondary ion profiles display the presence
of nitrogen and show that the thickness of the grafted layer
is compatible with the voltammetric measurements, tak-
ing into account that an ionic profile depends on the sur-
face topography (height of asperities, micropores) and on
the atomic stirring up produced by the primary ion beam.
(As noted heretofore the detailed XPS and SIMS results
and the mechanical measurements will be published else-
where.)

The next problem related to the structure of the bonded
layer is the stereochemistry of bonded ethylene diamine.
Does it bind by one end, the other one being free in the so-
lution (situation «) or does it bind by both ends to the car-
bon surface in a bridge configuration (situation g) (13, 14)

NHz
CHz
(‘ZHz o or CHz-CHz2 B
l‘lIH NH NH
| | |
\_\C‘_ \Tr\ N SRR \r‘
AN NUSUTUNUTERARRANRN

To determine the relative amount of each configuration a
bundle of fibers was treated as in experiment 2 with
NBu,BF, aéld then reacted with 4-fluoro-benzoyl chloride

(F—Ce¢H,—C—C19), a protecting reagent for amino groups
which can be identified by XPS through its fluorine atom
(15). The fluorine to nitrogen ratio ¥/N of treated fibers is
defined as

%F in treated fibers
%N in treated fibers — % in untreated fibers

F/N =

(Untreated fibers contain about 2.2% nitrogen and no fluo-
rine.)

The results are given in Table II. Similar results are ob-
tained if the reaction with 9 is carried out under sonication
to improve the penetration of the reagent between the fi-
bers. If one assumes, which is likely, that it is mainly the
NH; groups of unbridged ethylene diamine molecules (a

Table Il. XPS measurements on Courtaulds XAU fibers

Ato‘;;lic ESCA

Fiber C N (o] F F/N
a 64.7 22.4 12.9 — —
b 68.2 16.0 14 19 0.138¢

a, Treated as in experiment 2 (0.2 M/liter of ethylene diamine, in
ACN with NBuyBF, 0.2 M/liter, E = +1.6 V/IECS, t = 300s at 20°C)

b, Treated as above and further reacted with ¥—Cz;H,COCL

¢ F/N = %Fn fivers /% Nin ibersb — %Nin untreated fibers-

Table Ill. Mechanical data for carbon-epoxy composites

Fibers Epoxy resin Gic (J/m?) 74 (MPa)
XAU, untreated NARMCO 5208 400 88.5 + 5
XAS, commercial NARMCO 5208 315 ~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 mm.

74: debonding stress as measured by a pull-out test (18).

(1), Treated with ethylene diamine as in experiment2 with
NBuBF, 0.2M.

(2), Treated with triethylene tetramine as in experiment 2 with
NBuBF, 0.2M.
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Fig. 4. Voltammograms of 4-nitrobenzylamine 8. Solvent: ACN. Sup-
porting electrolyte: 10~'M NBu,BF,. Scan rate: 0.2 Vs™'. Aand B: 8 in
solution ¢ = 6 - 1073M. Electrode: glassy carbon. C: 8 bonded to the
electrode. Electrode: single carbon fiber (5 mm) Courtaulds XAU, suc-
cessive scans.

configuration) which react with 9, the secondary —NH
groups of both a and B 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 B configuration. This resuit
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; (iii) 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
NHz -CHz ~CHz —NH:z >
CHz-CHz CHz-CHz
W N ® ,Im/ "
| | A
PRSURNENANANY AR
NHz -CHz ~CHz -NH2 '—-'e->

NE =\
\%C‘Nﬂz ~CHz-CHz-NHz —— \C-NH-CHz~CHz-NHz

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 consumption of electrons would be

n=34x2+14x1=175

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 o+ B . ~e +
R-CHz~NH2 ——» R-CHz~NHz ——)> R-CH-NHz ——> R-CH=NHz --->

£ R
RCHz + NH2

Route A is excluded in our case (we have shown that the
molecule 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 B 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, c).

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

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

\ Ui

\

A ? 1) NHz-CHz-CHz-NHz 1 \Cﬂz Q
\C—C-Cl + —_— | +\C—C—NK—CH=-CHz'NH-C—CS}hF
2) Cl-C-CoHsF 9 p CHz I
\ g \\\C—C—NH
N 4 3/4 1/4
Scheme 2. Mechanism of bonding between ethylene diamine and
o}

glassy carbon surface covered with —C groups.

Cl
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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, ¢) 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 (9¢).

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

|

\C"NH-CHZ -CHz-NHz + CHz-CH-CHz-Cl —— \C-NK—CHz —CHz-NH— CHz -CH-CH2C1
%1

\ N

o

When untreated carbon fibers are reacted with epichlor-
hydrine at 120°C for 22h in a sealed tube and then carefully
rinsed and dried, they evidence the following XPS analy-
sis: C: 94%, O: 5.3% C1: 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: 713.7%, O: 20.8%, N: 4.3%, and Cl: 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 (=1km). A pilot cell has been
constructed which permits a continuous electrochemical
grafting of carbon fibers (5, and our other work). XPS anai-
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

N
AN ~e-H* \l
\N + NHz-CHz-CHz-NH-CO-CeHeF —— §-NH-CH2-C32-NH-CO-C3H4F
D
9N NHs g
D §-N}{-CH2-CH2-NH2
Scheme 3

1763

Fig. 5. Double cantilever beam test measurement of strain energy re-
lease rate G for unidirectional composite materials P¢: 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, Gyc (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 74 between fiber and matrix, as shown
on Fig. 6. A single filament (¢ =~ 7 pm) is embedded in a
layer of resin. When the force F, applied on its free end
reaches the debonding force Fy then the fiber is pulled out.
The mean value of 14 is given by Fy/pl (p: fiber perimeter, I:
embedded length). Using Greszczuk theory (22) one can
calculate 4.

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
o-diamines 1 and 4 leads to a good adhesion smaller, how-
ever, than that obtained with industrial treatments

(Table III).
-
Fo

Fiber

(0)

iy

// /

Fig. 6. Geometry of pull-out test; F,: applied force, I: embedded
length, 7: interfacial shear stress. Debonding occurs when v = 74 at
I=0.

—
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On-Line Mass Spectrometric Insights Into Electrochemical
Reactions: Oxidation of Thiopurines

Kevin J. Volk,' 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 +0.40V, 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 try (EC/MS) has become a powerful tool which allows fast

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-
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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



