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ABSTRACT: A facile method for free radical graft polymerization of styrene onto the surface of nano-sized silica
was developed by using a one-pot method. The initiator (2,2′-azobisisobutyronitrile, AIBN), the coupling agent (vinyl
triethoxylsilane, VTEOS), styrene and the nano-sized silica were mixed and reacted in toluene medium. The two reac-
tions, the copolymerization of VTEOS and styrene and the coupling reaction of the ethoxyl groups in the side chains of
the copolymer and the silanol groups on the surface of the nano-sized silica, were occurred synchronously in the prepar-
ing procedure.The effects of the amount of AIBN and VTEOS, the polymerizing temperature and the polymerizing time
on the conversion of styrene (C), the percentage of grafting (PG), the grafting efficiency (GE) and the average relative
molecular masses (Mn and Mw) of the grafted polystryrene (PSg) and the non-grafted polystyrene (PSn) were discussed.
IR and XPS showed that the surface of the nano-sized silica had been covered partially by PS and TEM showed that the
dispersibility of PS grafted nano-sized silica in organic solvent was improved.
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Nano-sized silica has attracted increasing attention
for its superior properties over conventional microme-
ter particles.1 It has been widely used as filler in the
manufacture of paints, rubbers, plastics, binders, func-
tional fibers, anti-virus materials, and so on. However,
its agglomeration and incompatibility with the organic
matrix are impeding problems, which limit its efficient
use. It is known that surface modification by grafting
of polymers onto nano-sized silica is an effective way
to improve its dispensability in an organic polymeric
matrix and its compatibility with the polymeric matrix,
thus enhancing the properties of the composite materi-
als.2, 3

There were a variety of attempts to achieve polymer
grafted nano-sized silica composite.4 In-situ disperse
polymerization was one of the most effective methods.5

Before the in-situ disperse polymerization, initiators or
polymerable groups should be introduced onto the sur-
face of the nano-sized silica. Peroxide groups,6, 7 azo
groups8–10 and redox initiators11 had been introduced
onto the surface of nano-sized silica for the free rad-
ical polymerization of styrene and methyl methacry-
late. Acylium perchlorate groups12 had been immobi-
lized onto the surface of the nano-sized silica for the
cationic polymerization of styrene, cyclic ethers and
lactone. Styrene,13–16 methyl methacrylate13 and butyl
methacrylate17 had been initiated for the atom trans-
fer radical polymerization (ATRP) on the surface of the
nano-sized silica. In our previous work, the nano-sized

silica had been modified with γ-methacryloxypropyl
triethoxysilane for the introduction of a polymerable
group, methacrylate group. Then the methacrylate
group free radical copolymerized with styrene to pre-
pare polystyrene (PS) grafted nano-sized silica via
a solvent polymerization method.18, 19 These methods
were all time-consuming and troublesome because of
the two steps of reactions.

In the present work, the PS grafted nano-sized sil-
ica was prepared with a one-pot method. Styrene was
copolymerized with coupling agent, vinyl triethoxyl-
silane (VTEOS), in the presence of nano-sized sil-
ica, initiated by 2,2′-azobisisobutyronitrile (AIBN).
There were two reactions occurred synchronously in
the preparing procedure. One was the copolymerization
of styrene and VTEOS. The other was the coupling re-
action of the VTEOS and the surface silanol groups of
nano-sized silica. The proposed method for PS grafted
nano-sized silica was simpler than other preparation
methods.

EXPERIMENTL

Materials
Nano-sized silica used, MN1P, was obtained from

Zhoushan Mingri Nano-materials Co. Ltd., Zhejiang,
China. The surface area, particle size and silanol group
content were 640 m2 g−1, 10 nm and 48%, respectively.
It was dried in vacuum at 110◦C for 48 h before use.
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Figure 1. Preparation procedure of the PS-grafted nano-sized
silica.

The coupling agent, vinyl triethoxylsilane (VTEOS)
(Gaizhou Chemical Industrial Co. Ltd., Liaoning,
China) was chemical pure grade and used as received.
Styrene was washed with dilute alkali solution, dried
over barium oxide, and distilled twice under reduced
pressure. The initiator, 2,2′-azobis(isobutylonitrile)
(AIBN) (Tianjin Chemicals Ltd. Co. Tianjin, China)
was re-crystallization in ethanol. Toluene and tetrahy-
drofuran (THF) were refluxed over sodium and distilled
before use. Methanol and hydrofluoric acid (HF) used
were all analytical reagent grade.

Graft Polymerizing and Coupling Procedure
The polymerization was according with the classical

solvent polymerization method.20 The recommended
method was as followed: Into a 250 mL flask, 30
mL styrene, 40 mL dried toluene, 1.0 g nano-sized sil-
ica, 2.0 g VTEOS and 0.45 g AIBN were charged and
the mixture was dispersed with ultrasonic vibrations
for 30 min, bubbling with helium. Then the mixture
was heated to 70 ◦C and stirred with a magnetic stir-
rer for 3 h at the temperature. Helium was bubbling
throughout the polymerizing period. After cooling to
the room temperature, the reaction mixture was poured
into 500 mL methanol and the precipitate was dried in
vacuo at 40 ◦C. The preparation procedure of the PS
grafted nano-sized silica was showed in Figure 1.

The resulting product was dispersed in toluene with
ultra sonic vibration and the dispersion was centrifuged
at 1.0× 104 rpm for 1 h. The ultra fine particles were
extracted with THF using Soxhlet apparatus until no PS
was eluted in the refluxing solvent. The final product
was the PS grafted nano-sized silica.

Characterizations
Elemental analysis (EA) of C and H was performed

on Elementar vario EL instrument. Bruker IFS 66 v s−1

infrared spectrometer was used for the diffuse re-
flectance IR analysis. The morphology of the nano-
sized silica and PS grafted nano-sized silica were char-
acterized with a JEM-1200 EX/S transmission elec-
tron microscope (TEM). The powers were dispersed
in toluene in an ultrasonic bath for 5 min, and then
deposited on a copper grid covered with a perforated

Scheme 1. Treatment of the mixture to separate the PSg and
the PSn.

carbon film. X-Ray photoelectron spectroscopy (XPS)
was accomplished using a PHI-5702 multi-functional
X-ray photoelectron spectrometer with pass energy of
29.35 eV and an Mg Kα line excitation source. The
binding energy of C 1 s (284.6 eV) was used as a refer-
ence.

The average relative molecular masses of the PSg

and the PSn were determined by gel permeation chro-
matography (GPC) with a HP1100 instrument using bi-
nary liquid chromatography pump and ultra-violet de-
tector, so as to determine the average relative molecular
masses of the samples. THF was used as the eluent at
a flow rate of 1 mL min−1. The PSg was obtained by
the following procedure:21 The PS grafted nano-sized
silica hybrid was immersed with 20% aqueous HF so-
lution and stirred slowly at room temperature for 12 h.
Then the organic compound was washed with distilled
water until the washing was neutral. The organic com-
pound was extracted with toluene and the solvent was
vaporized under vacuum at the room temperature. The
sample was treated according to Scheme 1.

Measurement of Grafting Parameters
The grafting parameters were estimated from the

weight of the samples before and after grafting. The
conversion of styrene (C), the percentage of grafting
(PE) and the grafting efficiency (GE) were calculated
according to the following relationships:

C (%) = Total PS (g) / Monomer used (g) × 100%
PE (%) = Grafted PS (g) / Nano-sized silica used (g)

× 100%
GE (%) = Grafted PS (g) / Total PS (g) × 100%

RESULTS AND DISCUSSION

Effect of the Amount of AIBN
The effect of the amount of AIBN on C, PG, GE,

and the average relative molecular masses were was in-
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Figure 2. The effects of the amounts of AIBN on the conver-
sion (C), the percentage of grafting (PG) and the grafting efficiency
(GE). Styrene, 30 mL; dried toluene, 40 mL; VTEOS, 2.0 g; nano-
sized silica, 1.0 g; 70 ◦C for 3 h.

Figure 3. The effect of the amount of AIBN on the average rel-
ative molecular masses of the PSg and the PSn. Details as Figure 1.

vestigated in the range of 0.15 g to 0.75 g. The results
were showed in Figures 2 and 3. It was found from Fig-
ure 2 that C, PG, and GE achieved the maximum val-
ues when 0.45 g AIBN was charged. However, the aver-
age relative molecular masses were the maximum when
0.30 g AIBN was charged, as Figure 3. The Mn of the
grafted PS was as much as that of the non-grafted PS.
But the Mw of the grafted PS was bigger than that of the
non-grafted PS markedly. It may be due to the chain-
transfer reaction between the copolymers of styrene and
VTEOS in the certain microenvironment.

0.45 g AIBN was used in the further experiments
as comprise although the average relative molecular
masses achieved the maximum when 0.30 g AIBN was
charged. The amount of AIBN used was more than
the conventional amount (0.15 g)20 probably because
of the reaction between the primary radicals resulted
from the decomposition of AIBN and the superfluous
charges of the nano-sized silica surface,22 VTEOS or
the trace impurity in VTEOS. Because of the more ini-
tiator used than that in our present work,18 the average
relative molecular masses of the PSn and the PSg were
all smaller.
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Figure 4. The effect of the amount of VTEOS on the conver-
sion (C), the percentage of grafting (PG) and the grafting efficiency
(GE). AIBN, 0.45 g, other details as Figure 1.

Figure 5. The effect of the amount of VTEOS on the average
relative molecular masses of the PSg and the PSn. Details as Fig-
ure 3.

Effect of the Amount of VTEOS
The more amounts of VTEOS would increase PG

and GE of PS. But it might decrease C of styrene be-
cause of the poor copolymerizing ability of VTEOS and
styrene. So the effect of the amount of VTEOS was
investigated as Figures 4 and 5. It was found that C
decreased slightly with the amount of VTEOS increas-
ing from 1.0 g to 2.0 g and decreased obviously with
the amount of VTEOS increasing from 2.0 g to 3.0 g.
PG, GE, and the average relative molecular masses
achieved the maximum values when 2.0 g VTEOS was
added. So 2.0 g VTEOS was added as coupling agent
in the further experiments.

Effect of the Polymerizing Temperature
The higher polymerizing temperature is propitious

to the coupling reaction between VTEOS and the sur-
face silanol groups of the nano-sized silica. However,
it would result in the faster decomposition of AIBN so
as to decrease the conversion of styrene. The effect of
the polymerizing temperature on C, PG, GE, and the
average relative molecular masses of the PSg and the
PSn was investigated and the results were showed in Ta-
ble I. It was found that C, PG, and GE decreased with
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Table I. Graft copolymerizing at different temperaturesa

Polymerizing Temperature (◦C) 70 80 90
C (%) 73.0 53.7 52.6
PG (%) 17.1 16.3 15.9
GE (%) 9.40 6.93 5.76
Mn of PSn (104) 0.9741 0.5755 0.4713
Mw of PSn (104) 1.929 1.305 1.172
Mn of PSg (104) 0.9558 0.9793 0.7929
Mw of PSg (104) 2.842 1.728 1.594

aOther reaction conditions: styrene, 30 mL; dried toluene,
40 mL; VTEOS, 2.0 g; AIBN, 0.45 g; nano-sized silica, 1.0 g;
3 h.

Table II. Graft copolymerizing with different timesa

Polymerizing Time (h) 1 3 5
C (%) 59.3 73.0 81.9
PG (%) 15.1 17.1 17.3
GE (%) 7.86 9.40 9.66
Mn of PSn (104) 0.9420 0.9741 0.9802
Mw of PSn (104) 1.896 1.929 1.907
Mn of PSg (104) 0.9543 0.9557 0.9564
Mw of PSg (104) 2.792 2.842 2.837

aOther reaction conditions: styrene, 30 mL; dried toluene,
40 mL; VTEOS, 2.0 g; AIBN, 0.45 g; nano-sized silica, 1.0 g;
70 ◦C.

the increase of the polymerizing temperature. With
the increase of the copolymerizing temperature, the life
of the radicals was shortening. So the average rela-
tive molecular masses of the PSn and the PSg were de-
creased. Therefore, 70 ◦C was used as the polymerizing
temperature in the further experiments.

Effect of the Polymerizing Time
It was well known that C increased with the elonga-

tion of the polymerizing time in the free radical poly-
merization. It was expected that PG and GE would in-
crease with the increase of the polymerizing time. The
results (Table II) showed that C, PG, and GE had bigger
increases with the polymerizing time increased from 1 h
to 3 h than that from 3 h to 5 h. It was also found that
the average relative molecular masses of the PSg and
PSn had not changed with the elongation of the poly-
merizing time. So 3 h was selected as the polymerizing
time.

Characterizations
When the nano-sized silica, VTEOS, St, and AIBN

were dispersed in toluene with ultra sonic vibration,
VTEOS might be fabricated onto the surface of the
nano-sized silica (both non-covalently adsorbed and co-
valently bonded modes) and it would change the sur-
face property of the nano-sized silica. It improved the
dispersibility of the nano-sized silica in the mixture of
styrene and toluene. The diameter of the PS grafted

Figure 6. TEM images of (a) nano-sized silica and (b) PS
grafted nano-sized silica.

Figure 7. The diffuse reflectance IR of the PS grsfted nano-
sized silica.

nano-sized silica was larger than that of the nano-sized
silica without modification because of its agglomera-
tions (both soft and hard) in the stocking stage (Fig-
ure 6). The soft agglomeration could be broken into
pieces but the hard agglomeration could not. VTEOS
non-covalently adsorbed would be changed into cova-
lently bonded to the surface of the nano-sized silica
in the period of heating. The presence of the silanol
groups in the FT-IR spectra (Figure 7) showed that the
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Figure 8. XPS survey of the PS grafted nano-sized silica.

silanol groups had not reacted with VTEOS completely
in the period of ultra sonic vibration. The residual
silanol groups could not react with VTEOS because of
the big space hindrance of the copolymer of VTEOS
and atyrene. The styrene C–C vibrations can be as-
signed to 1458 and 1496 cm−1, which were not present
in the pure nano-sized silica IR spectrum. The cleaved
PS IR spectrum is very analogous to the pure PS spec-
trum in which 3061 and 3028 cm−1 are assigned to PS
aromatic C–H stretching vibrations. The peaks at 2925
and 2852 cm−1 belong to the aliphatic C–H stretch. The
XPS results showed the presence of the relevant C peak,
52.41% element content of the surface layer of the PS
grafted nano-sized silica, representing the presence of
the PS on the surface of the nano-sized silica (Figure 8).
It is interesting to note the presence of relevant Si peaks
even with the PS grafted nano-sized silica, indicating
the exposure of bare SiOx surfaces or sufficient XPS
penetration depth on the surfaces. This is consistent
with the low PG as determined by EA, where the parti-
cles are composed of nonuniformly grafted nano-sized
silica and its aggregates.

CONCLUSION

A one-pot method was developed to prepare the
PS grafted nano-sized silica via free radical copoly-
merization of styrene and VTEOS in the presence of
nano-sized silica, initiated by AIBN. Although the
space hindrance of the copolymer of VTEOS and
styrene would decrease the percentage of grafting
and the grafting efficiency, a conversion of 73.0%,
a percentage of grafting of 17.1% and a grafting ef-
ficiency of 9.40% were achieved in the optimized
polymerizing condition. With the approximate val-
ues of the percentage of grafting and the grafting ef-
ficiency compared with those in the previous works, a
higher conversion could be achieved by using the pro-

posed method. The proposed method was simpler and
more convenient than the methods reported. The higher
percentage of grafting and average relative molecu-
lar masses could be achieved by using coupling agent
which has a proper copolymerizing ability with styrene.
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