
The grafting reaction of poly(vinylferrocene-co-methyl
methacrylate) onto carbon fiber (CF) surface was successfully
achieved by ligand exchange reaction between ferrocene moi-
eties of the copolymer and polycondensed aromatic rings of CF
in the presence of AlCl3 and aluminum powder.  The percent-
age of grafting onto CF surface reached to 46.1%. 

The properties of fiber-reinforced composite materials are
known to depend on the mechanical properties of matrix poly-
mer, the load bearing ability of fiber, and the strength of interfa-
cial regions between polymer matrix and fiber.1 Therefore, vari-
ous techniques of surface modification of high strength fibers
have been reported.1–3 We have reported the surface grafting of
polymers onto CF surface by the polymerization initiated by ini-
tiating groups introduced onto the surface.4–7 The percentage of
grafting, however, was less than 10% because CF has a few func-
tional groups for the grafting site.

On the other hand, Nesmeyanov et al. reported that the η6-
benzene-η5-cyclopentadienyliron cation could be readily prepared
by ligand exchange reaction of ferrocene with benzene in the pres-
ence of AlCl3 and Al powder.8–13 Furthermore, Miyake et al.
reported that the ligand exchange reaction is successfully applied
for the introduction of functional groups to polycondensed aromat-
ic ring, hexagonal-plane, of various carbon materials.14 In the
present paper, the grafting reaction of poly(vinylferrocene-co-
methyl methacrylate) [poly(VFE-co-MMA)] onto CF surface by
ligand exchange reaction between ferrocene moieties of the
copolymer and polycondensed aromatic rings of CF was examined
(eq 1).

CF was obtained from Toray Company Ltd.  The CF was
cut into about 5 mm in length, and washed with pure water, and
dried in vacuo at 120 °C before use.  Methyl methacrylate
(MMA) and vinylferrocene (VFE) obtained from Aldrich

Chemical Co., Inc. were purified by the ordinary methods.  AlCl3
and Al powder (particle size: 53–150 µm) were used without
further purification.  Poly(VFE-co-MMA) was prepared by rad-
ical copolymerization of VFE with MMA.15,16

The grafting of poly(VFE-co-MMA) onto CF surface was
carried out as follows.  Into a flask, 0.10 g of CF, 0.10 g of the
copolymer, 0.65 mmol of AlCl3, 0.17 mmol of Al powder, and
20.0 mL of dioxane were charged and the mixture was refluxed
for definite time with stirring.  After the reaction, to separate the
polymer-grafted CF from the reaction mixture containing ungraft-
ed polymer and Al powder, the product was dispersed in dioxane
by ultrasonication.  Then, the dispersion of polymer-grafted CF
was allowed to stand at room temperature and the Al powder pre-
cipitated was removed by decantation.  The dispersion of poly-
mer-grafted CF was centrifuged at 5.0 × 103 rpm and the precipi-
tated polymer-grafted CF was dispersed again in dioxane.  The
procedures were repeated several times to remove most of
ungrafted polymer and  Al powder.  Then, to remove ungrafted
copolymer completely, CF was allowed to extract with THF using
a Soxhlet apparatus until no more polymers could be extracted in
the solvent.  To remove Al compounds on the polymer-grafted CF
surface, the polymer-grafted CF was washed with 1.0 mol/L HCl
aqueous solution under stirring with a magnetic stirrer for 30 min.
The percentage of grafting was calculated by eq 2.

where A is copolymer grafted (g) and B is CF used (g).  The
amount of copolymer grafted onto the surface was determined by
weight loss when the polymer-grafted CF was heated at 500 °C
by use of a thermal analyzer: it was confirmed that by heating at
500 °C, the copolymer decomposed completely in leaving about
10% ash. Therefore, the amount of grafted polymer was corrected
considering of remaining ash after decomposition of grafted
copolymer. 

Table 1 shows the results of grafting reaction of poly(VFE-
co-MMA) (Mn = 2.1 × 104; VFE content = 11 mol%) with CF sur-
face under various conditions.  As shown in Table 1, even if CF
was heated with poly(VFE-co-MMA) in dioxane in the absence of
AlCl3, no grafting of the copolymer onto CF surface was
observed (Run 1).  In addition, the grafting of the copolymer onto
the CF surface was hardly observed in the presence of Al powder
alone (Run 2).  On the contrary, the grafting reaction considerably
proceeded in the presence of AlCl3 (Run 3).  In the coexistence of
AlCl3 and Al powder, poly(VFE-co-MMA) was successfully
grafted onto the CF surface and the percentage of grafting reached
to 27.6%.  The value was much higher than  that obtained from
the radical graft polymerization initiated by azo groups on the sur-
face7 or by the system consisting of CF having trichlroacetyl
groups and Mo(CO)6.
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Figure 1 shows the time–percentage of grafting curve in the
grafting reaction of poly(VFE-co-MMA) onto CF surface.  The
percentage of grafting increased with progress of the reaction,
and no longer increased after 24 h.  This may be due to the fact
that CF surface was blocked by the grafted polymer chains.

It was found that the optimum mole ratio between ferrocene
moieties, AlCl3, and Al powder is 1 vs 20 vs 5.  The percentage
of poly(VFE-co-MMA) grafting onto CF surface increased with
increasing temperature and reached to 46.1% at 80 °C.

Based on the above results, it is concluded that the grafting
of poly(VFE-co-MMA) onto CF surface proceed by ligand
exchange reaction between ferrocene moieties of the copolymer
and polycondensed aromatic rings of CF as shown in eq 1. 

The SEM aspects of poly(VFE-co-MMA)-grafted CF

(grafting = 46.1%) and untreated CF are shown in Figure 2.  It was
found that CF surface was covered with poly(VFE-co-MMA).

In summary, the grafting of poly(VFE-co-MMA) onto CF
surface was successfully achieved by ligand exchange reaction
between ferrocene moieties of the copolymer and polycon-
densed aromatic rings of CF.  The confirmation of formation of
cyclopentadine during the reaction and XPS study on the
poly(VFE-co-MMA)-grafted CF are now under investigation.

The surface grafting by ligand exchange reaction between
ferrocene moieties of the copolymer and polycondensed aro-
matic rings of CF is very effective to obtain carbon fiber with
higher percentage of grafting.
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