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The effective chemical binding of polymeric chain with inorganic materials has a
crucial impact on improving the integrative property of the composite. In this
study, potassium diperiodatocuprate (Cu3+) was used as an initiator to prepare

poly(methyl acrylate)/TiO2 composites (PMA/TiO2) by in situ graft copolymerization in
an alkaline medium. TiO2 particles were at first modified by aminopropyltriethoxysilane
(KH550) before polymerization process in order to obtain the covalent bonds of PMA
chain with TiO2 particles. The three synthetic parameters including the monomer 
conversion, grafting percentage and grafting efficiency were systematically evaluated
as functions of temperature, initiator concentration, pH and reaction time. The graft
parameters were increased first and then decreased with increases in temperature,
Cu3+ concentration and pH value of polymerization. It was also found from the experi-
mental results that Cu3+ was a highly efficient grafting initiator for the copolymerization.
The grafting efficiency was as high as 95% and the graft percentage was readily 
controlled within 460%. In addition, the highest graft parameters were observed at pH
13.08 when the temperature was controlled at 30-40ºC. The structure of PMA/TiO2
composite was characterized using the thermal gravimetric analysis (TGA), X-ray 
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). The IR 
measurements clearly suggested that the PMA chains were effectively grafted onto
TiO2 surface. A single-electron-transfer mechanism was proposed to illustrate the 
generation of radicals by the redox reaction and the formation of PMA/TiO2 composite. 

INTRODUCTION

Inorganic/organic polymer com-
posite is a special class of material
having unique physical properties
and wide applications in various
areas [1-3]. The composite is 
usually obtained by the successful
incorporation of an organic poly-
mer and an inorganic component
into one single material. The inor-
ganic component in the composite
includes some minerals [4], metal

particle [5] and metal oxide [6].
The organic polymers incorporated
into the composites are polystyrene
[7], polymethyl methacrylate [8],
polypropylene [9], polyethylene
[10], etc. In comparison with a 
single component system, the 
composites often show many
unique appealing properties such as
enhanced mechanical property
[11], fire retardance [12], excellent
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thermal stability [13] and gas barrier property [14].
For example, the aramid/layered silicate nano-
composites were prepared by solution intercalation 
technique and the tensile strength of this composite
film was increased to 70 MPa from 52 MPa for 
the pure aramid [11]. Cerezo et al. [13] found 
that [poly(propylene)-g-maleic anhydride]-layered
expanded graphite oxide composites compared to
poly(propylene)-g-maleic anhydride (PP-g-MA) had
a higher thermal stability temperature because of the
action of graphite particles as a thermal barrier 
material for PP-g-MA.

Among the inorganic particles, TiO2 was often
selected as the inorganic components in the 
composite preparation because of its excellent
weatherability, chemical stability, thermal stability
and intensive ultraviolet absorption. To date, in situ
polymerization [15-18], physical blend [19], etc.,
have been used to prepare polymer-TiO2 composites.
By the above methods, some polymer chains were
produced with neither mechanical blending of an
inorganic component nor by incorporation of 
inorganic particles by chemical bonds in the grafting
reaction. Obviously, the grafting reaction of
monomers or the binding between polymer chain and
some inorganic particles is also an effective strategy
to prepare the corresponding organic/inorganic 
composites. The composite materials were prepared
by the copolymerization of organic monomer from
the inorganic substrate surface. Additionally, the
direct reaction of the polymer chain with inorganic
component also led to the formation of the 
corresponding composite. For instance, Yang et al.
[15] reported that the modification of TiO2 by the
silane coupling agent is crucial to ensure the covalent
bond bindings between PMMA chain with TiO2
particles during the preparation of poly(methyl
methacrylate)/titanium oxide composite. A polymer/
silica composite was also synthesized via the grafting
copolymerization of the polymers having pendant
peroxycarbonate groups and the silica with azo
groups in the presence of vinyl acetate [18]. 

In recent years, the applications of the high-
valence transition metals such as Cu3+, Ag3+ and
Ni4+ have been studied extensively in the graft 
polymerization [20-25]. For example, potassium
diperiodatonickelate (Ni4+) was successfully

employed to initiate the graft copolymerization of
sodium acrylate onto organophilic montmorillonites
[20]. Also, the graft copolymer with high reactive
groups from methyl acrylate and poly(vinyl alcohol)
was prepared by potassium diperiodatonickelate
(Ni4+) or potassium diperiodatoargentate (Ag3+)
[23,25]. In the grafting copolymerization, the radicals
were formed by the redox reaction of high valence
metal ions with some reductive groups of the 
substrates. A two-step single electron-transfer
occurred in the redox reaction of the metal ions, 
leading to the formation of radicals. When the high-
valence metal ions are used to initiate the poly-
merization of common monomers onto some 
inorganic materials such as montmorillonite, TiO2,
glass fibre and kaolin, the corresponding composites
are formed in situ in the graft copolymerization.

In this study, potassium diperiodatocuprate (Cu3+)
was used as an initiator for the preparation of
PMA/TiO2 composite via in situ grafting copolymer-
ization. Before polymerization, TiO2 particles were
modified by KH550 in order to obtain the effective
copolymerization of MA monomer on TiO2 particle
surface. The synthetic parameters for composites
were evaluated by varying the temperature, monomer
concentration and initiator concentration. The 
experimental results have shown that potassium
diperiodatocuprate (Cu3+) is an efficient initiator for
the synthesis of PMA/TiO2 composite via the grafting
copolymerization. The merit of this method is the
highly efficient grafting in composite preparation,
which ensures the covalence-binding between 
substrate and polymer chains. Theoretically speaking,
PMA/TiO2 composite can be directly used as a new
potential blend compatibilizer in modification of
some polymers with inorganic minerals.

EXPERIMENTAL

Materials
Methyl acrylate (MA) from Fuchen Chemical
Reagents Factory (Tianjin, China) was distilled under
reduced pressure prior to use. TiO2 was purchased
from China Nonferrous Metal Research Institute of
Chemical. The coupling agent, aminopropyltri-
ethoxysilane (KH550), used for modification of TiO2,
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was from Harbin Chemical Research Institute. The
grafting initiator, potassium diperiodatocuprate
(Cu3+) was prepared and characterized according to a
reported procedure [26,27]. The other chemicals were
analytical grades without further purification. 

Measurements
The structures of PMA/TiO2 and TiO2 were 
characterized by Fourier transform infrared 
spectroscopy with an FTS-40 spectrophotometer
(BIORAD, USA) in potassium bromide pellets. 
X-Ray diffraction patterns of the PMA/TiO2
composites and modified TiO2 were carried out with
a Yaa 900 X-ray diffractometer (Dandong Ray
Apparatus Corp., China). The thermogravimetric
analysis (TGA) curves were completed with a
Shimadzu DGC-40 DTATG apparatus (Shimadzu,
Japan) in N2 atmospheric at a heating rate of
20ºC/min. The pH value for reaction medium was
determined by PHS-3C pH (Shanghai, China).

Modification of TiO2 Particles
Aminopropyltriethoxysilane (KH550) was selected as
a modifier for TiO2 in this investigation. Amino
groups, as the grafting sites, were introduced into the
surface of TiO2 during the reaction of KH550 and
TiO2 in the presence of water. An amount of 30 g
TiO2, 50 mL tetrahydrofuran, 4 g KH550 and 1.0 g
water were added into a flask with a condenser. The
reaction mixture was stirred magnetically and heated
to 60ºC for 6 h. Then, the TiO2 particles modified
with amino groups were filtered and dried at 60ºC for
5 h to a constant weight. 

Preparation of PMA/TiO2 Composite and its
Subsequent Qualitative Treatment
A series of PMA/TiO2 composites were prepared
according to the following steps. The graft 
copolymerization was conducted in a glass tube
equipped with a magnetic stirring bar. In this reaction,
0.5 g modified TiO2, deionized water, acetone and
MA were added into the tube. Through several 
standard cycles of evacuation and backfilling with dry
and pure nitrogen, the oxygen in the tube was
removed. Then, the aqueous Cu3+ was injected into
the system by a syringe. The volume of this reaction
system was controlled at 7.5 mL by modulation with

mixed solvents (deionized water/acetone = 3:1). The
graft copolymerization was carried out under the 
conditions of different reaction times, initiator 
concentration, pH value and temperature. When the
reaction was completed, the polymerization was
stopped by adding a little of HCl. The crude graft
copolymer was pulled out and dried at 90ºC until a
constant weight was reached. The exhaustive Soxhlet
extraction with acetone for 12 h was performed to
remove the homopolymer in the crude graft 
copolymer. Subsequently, the obtained PMA/TiO2
composite was dried at 60ºC in a desiccator under
vacuum. Additionally, each synthetic parameter was
obtained through the mean value of three recorded
data.

The synthetic parameters used in this article were
defined and calculated according to the following 
formulas:

(1)

(2)

(3)

RESULTS AND DISCUSSION

Studies on Different Reaction Parameters
Effect of pH Value
The effect of pH value on the synthetic parameters is
shown in Figure 1. In our experiments, hydrochloric
acid and potassium hydroxide were used to regulate
the pH value of the reaction system. The synthetic
parameters were evaluated under different pH in the
range of 9.0-13.05. The three synthetic parameters
increased with increased pH up to a point, and
dropped when the pH value was further increased. As
the pH value was controlled at 13.0, the three 
synthetic parameters had their maximum values. This
observation was in good agreement with the reported
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C%: monomer conversion; E%: grafting efficiency;

P%: grafting percentage

Figure 1. Effect of pH on synthetic parameters (time 3 h;
temperature 40ºC; [Cu3+] = 4.38×10-3 mol/L).

results [21,25]. Therefore, we selected the pH 13.0 as
one of the optimum conditions in preparing the 
composite. 

It has been reported that [Cu(H3IO6)2(OH)2]3-

and [Cu(H2IO6)(H3IO6)]2- as two main active forms
of the Cu3+ complexes exist in the alkaline solution
[28]. The type of the Cu3+ complex species is
dependent on the alkalinity of the reaction system. In
fact, the ionization of the important conjugant
(H5IO6) varies with the alkalinity, which leads to the
change of various forms of Cu3+ complex. More
important, the different forms of Cu3+ complexes
exhibit different reactivities in the redox reaction. To
all appearances, the H3IO6

2- and H2IO6
3- species

decrease at excessively low or high pH value, which
results in decreasing the concentration of
[Cu(H3IO6)2(OH)2]3- and [Cu(H2IO6)(H3IO6)]2-.
Therefore, the pH value plays a significant role in the
formation and the number of radicals. 

Effect of Initiator Concentration 
The effect of Cu3+ concentration on synthetic 
parameters was studied when the other reaction 
conditions were unchanged. Figure 2 shows that 
synthetic parameters are considerably dependent on
Cu3+ concentration. In the range of lower concentra-
tion, three synthetic parameters increased with high-
er Cu3+ concentration. For instance, when the Cu3+

concentration was 1.75×10-3 and 3.50×10-3 mol/L,
monomer conversion reached 82.3 from 3.86, 

C%: monomer conversion; E%: grafting efficiency;

P%: grafting percentage

Figure 2. Effect of initiator concentration on synthetic
parameters (time 3 h; temperature 40ºC; pH = 13).

grafting percentage reached 338 from 5.82 and its
efficiency reached 91.6 from 31.6. The maximum
values of three synthetic parameters were observed as
Cu3+ concentration was fixed at 4.38×10-3 mol/L. 

However, the three synthetic parameters dropped
quickly when the initiator concentration further
increased. These changes in synthetic parameters can
be ascribed to the following reasons. In the grafting
reaction, Cu3+ ions react with the amino groups on
the surface of modified TiO2 to create macro-radicals
and directly initiate the graft copolymerization. The
higher Cu3+ concentration in the reaction system is
due to higher formation of radicals. As a result, the
three synthetic parameter percentages were increased
with  Cu3+ concentration. When the excessive Cu3+

was added into the reaction system, the probability of
the collision between Cu3+ with the radicals was
greatly enhanced. The radicals produced in the 
reaction were again converted into some inert species
by the excessive Cu3+ [26]. Therefore, the partial ini-
tiation of radicals and propagation were terminated
by side reactions. It is concluded that the synthetic 
parameters are decreased with the addition of 
excessive Cu3+ ions.

Effect of Temperature
The effect of reaction temperature on the synthetic
parameters has been investigated in the range of 
8-70ºC. As it is shown in Figure 3, all the synthetic 
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C%: monomer conversion; E%: grafting efficiency;

P%: grafting percentage

Figure 3. Effect of temperature on synthetic parameters
(time = 3 h; [Cu3+] = 4.38×10-3 mol/L; pH = 13).

parameters are remarkably increased with an increase
in the reaction temperature in the range of 8-40ºC. As
the temperature increased, the rate of radical 
formation was speeded up, leading to increased 
synthetic parameters. At higher temperature, the three
parameters showed a slight decreasing tendency. For
instance, when the reaction temperature was changed
from 40ºC to 70ºC, grafting percentage decreased to
260 from 340 and monomer conversion decreased to
81.1 from 93.9. When the reaction was carried out at
higher temperature, nearly all radicals were formed
within a short time. The bimolecular termination and
transfer reaction of the radicals occurred in the 
system, leading to useless consumption of radicals. As
a result, the synthetic parameters showed a slight
decreasing tendency in the temperature range of 
40-70ºC. The aforementioned effect of temperature on
the synthetic parameters was also observed in other
polymerization systems [20-23]. 

Effect of Reaction Time
Figure 4 indicates the effect of reaction time on the
synthetic parameters when the other conditions have
been kept constant. The synthetic parameters 
remarkably increased with prolonging the reaction
time, especially when the reaction time was less than
2 h. For example, monomer conversion, grafting 
percentage and grafting efficientcy percentage from
30.4, 108 and 74.3% levels rapidly increased to 71.5,
331.3 and 89.9%, respectively, while the reaction time 

C%: monomer conversion; E%: grafting efficiency;

P%: grafting percentage

Figure 4. Effect of reaction time on synthetic parameters
(temperature = 40ºC; pH 13; [Cu3+] = 4.38×10-3 mol/L).

was prolonged to 2 h from 0.5 h. As the reaction time
was extended beyond 3 h, no obvious changes were
found in synthetic parameters. Therefore, it may be 
concluded that the polymerization is performed for 
2 h in the other experiments.

Characterization of PMA/TiO2
FTIR Measurements
In order to illustrate the structural changes before and
after polymerization, the IR spectra of TiO2 and
PMA/TiO2 composite (grafting percentage = 240%)
were recorded in the range of 4000-500 cm-1. The
measured samples for the IR spectrum have been
extracted completely by Soxhlet extraction with 

Figure 5. FTIR spectra of TiO2 and PMA/TiO2.
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acetone for 12 h. As it is shown in Figure 5, some
bands corresponding to the characteristic adsorption
of PMA chain, such as 1727 cm-1 (νC=O), 1242 cm-1

and 1147 cm-1 (νC-O-C), were observed in the 
spectrum of PMA/TiO2. In addition, the adsorptions
including 3423 cm-1 (νO-H) and 514 cm-1, attributed
to the presence of TiO2, were also found by 
comparison with IR spectrum of original TiO2.
Accordingly, the appearance of the characteristic
bands for both PMA and TiO2 in the FTIR spectrum
indicated that PMA chains have been grafted onto the
TiO2 surface in the process of polymerization. 

TGA Analysis
The TGA of PMA and PMA/TiO2 (grafting 
percentage = 240%) has illustrated the decomposition
behaviour under heating in an inert atmosphere. As it
is shown in Figure 6, the weight loss in the first step
is observed in the range of 300-450ºC during heating
PMA/TiO2. This decomposition behaviour was 
attributed to the fracture of main chains and side
groups. The second step degradation of PMA/TiO2
composite temperature started at about 450ºC, and the
final decomposition temperature was found to be
about 580ºC. This process mainly corresponds to the
formation of volatile components by complete
decomposition of organic polymer. Compared to the
pure PMA, the initial degradation temperature of
PMA/TiO2 was decreased slightly due to the 
introduction of inorganic TiO2. According to Figure 6,
no obvious improvement in thermal stability was
observed in the initial decomposition step of

Figure 6. Thermal analyses for PMA/TiO2 and PMA.

Figure 7. X-Ray diffraction pattern of modified TiO2.

PMA/TiO2. By comparison, however, the slower
decomposition was found above 450ºC for
PMA/TiO2. Besides, the residual weight of
PMA/TiO2 is about 31%, which is consistent with the
computation based on grafting percentage of the
measured sample. 

XRD Patterns
The X-ray diffraction patterns of modified TiO2 and
PMA/TiO2 were measured to investigate the change
of TiO2 structure after polymerization. Several 
diffraction peaks at 2θ = 24.6º, 33.9º, 47.3º, 53.4º,
54.5º and 62.0º were recorded in the XRD pattern of
modified TiO2, implying the presence of the ordered
structure of TiO2 (Figure 7). In order to further 

Figure 8. X-Ray diffraction pattern of PMA/TiO2

composite.
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illustrate the influence of polymerization on TiO2
structure, the XRD of PMA/TiO2 was also 
determined at the same 2θ range (Figure 8). Except
for a new broad diffraction peak at about 22º  and
slight change in diffraction intensity, the XRD pattern
of PMA/TiO2 was almost the same as that of 
modified TiO2 substrate. This result may suggest that
the ordered structure of TiO2 has not changed after
grafting of MA onto TiO2 surface. Additionally, the
disappearance of diffraction peak at about 34º 
possibly implies a change relative to the specific
structure of TiO2 particles. The new diffraction peak
at about 22º in the XRD pattern of PMA/TiO2 is
ascribed to the presence of PMA chains. As an 
additional proof, the PMA chains were grafted onto
the substrate TiO2 because of the complete extraction
with acetone.

Formation of Radicals and PMA/TiO2 Composites 
The generation of radicals and preparation of
PMA/TiO2 composite by in situ graft copolymeriza-
tion is shown in Scheme I. It has been reported that
Cu3+ ion is a strong oxidizing agent in the alkaline
aqueous solution [27]. First, Cu3+ ions react with
some amino groups introduced onto modified 

TiO2 surface, leading to the production of the 
corresponding radical-cations and Cu2+ ions. Then,
the macro-radicals on TiO2 surface are formed via the
reaction of the radical-cations with OH-1 group 
provided by the alkaline medium. It is clear that the
macro-radicals are the sites for the subsequent 
grafting copolymerization of monomer MA onto
modified TiO2. The MA monomers around the 
macro-radicals are initiated quickly and then the
copolymerization takes place on the modified TiO2
surface. Galaev et al. have proposed a similar 
mechanism about the radical formation and initiating
reaction by Cu3+ ions [24]. Finally, the modified TiO2
particles dispersed homogeneously in the PMA are
formed. Nearly all the PMA chains are chemically
bound to the modified TiO2 because the radicals are
generated by redox reaction of Cu3+ with amino
groups on modified TiO2. The PMA/TiO2 composites
are formed simultaneously during the graft 
copolymerization of MA onto TiO2 particles.

CONCLUSION 

In this study, a new initiator, potassium diperioda-
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tocuprate (Cu3+) was used to prepare the composite
based on TiO2 and PMA through in situ graft 
polymerization. The preparation of PMA/TiO2
composite shows considerable dependency on the
temperature, the initiator concentration and pH value
of the reaction system. The optimum synthetic 
conditions may be given as follows: pH 13; 
temperature 30-40ºC; and Cu3+ concentration of
4.38×10-3 mol/L. The experimental results suggest
that Cu3+ ion is an effective and practical initiator for
the preparation of the composite via in situ polymer-
ization. The highly efficient grafting initiator is
expected to apply in the preparation of the compos-
ites, in which the inorganic component is chemically
bound to organic polymers. The grafting of PMA
chain onto TiO2 and the change in thermal stability is 
demonstrated by IR, TGA and XRD measurements. 
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