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ABSTRACT: In this article, we present a facile method
for the synthesis of an azo-group-bound silica (SiO2–azo)
initiator. The azo groups were introduced onto the surface
of silica (SiO2) nanoparticles via facile condensation
between 4,40-azobis-4-cyanopentanoic acid and the alkyl–
hydroxyl groups - immobilized on the SiO2 nanoparticle
surface under ambient conditions. The polystyrene (PS)
chains were grafted onto the SiO2 nanoparticle surface by
in situ polymerization with the resulting SiO2–azo as an
initiator, and then, the SiO2–PS composite was prepared.
The syntheses and properties of the SiO2–azo initiator and
the composite were characterized by Fourier transform

infrared spectroscopy, X-ray photoelectron spectroscopy,
thermogravimetric analysis, gel permeation chromatogra-
phy, and differential scanning calorimetry techniques. The
results confirm that the SiO2–azo initiator and the compos-
ite were synthesized successfully. Styrene was polymer-
ized with the initiation of SiO2–azo, and the resulting PS
domain accounted for 48.6% of the total amount of
composite. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121:
454–461, 2011
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INTRODUCTION

Recently, organic–inorganic hybrid materials have
been considered a kind of innovative advanced ma-
terial in the fields of ceramics, polymer chemistry,
organic and inorganic chemistry, mechanics, and
electrochemistry.1–3 Polymer-encapsulated inorganic
nanoparticles are important hybrid materials, and
the design and synthesis of polymer/inorganic com-
posites is a fascinating area with numerous scientific
and technological applications in the fields of optics,
mechanics, ionoelectronics, and biology.4,5 Polymer/
inorganic composites can be divided into two dis-
tinct classes with respect to the chemical nature of
their polymer–inorganic interface. In class I compo-
sites, polymer and inorganic components are mixed
together, and only ionic or weak bonds (hydrogen,
Van der Waals, etc) govern the cohesion of the
whole structure. In class II composites, the polymer–
inorganic phases are linked together through strong
chemical bonds (covalent or ionocovalent bonds).6,7

Chemically bound polymer–inorganic composites
can be synthesized by chemical grafting techniques.
Generally, chemical grafting techniques include the
grafting-to and grafting-from methods. The method
of grafting to involves the reaction of appropriate
end-capped functional groups or side pendant
groups in polymers with the inorganic particles.
This method is simple, but the graft density is fairly
low because the diffusion of polymer chains to the
surface of the particles is hindered sterically.8–10 This
limitation can be circumvented by the grafting-from
method, in which initiating groups are anchored
onto the surface of the particles followed by in situ
polymerization. Because the chain radicals are con-
sistently on the surface of the grafted polymers, and
the diffusion of smaller monomers is relatively eas-
ier. Consequently, the graft density is determined by
the density of the initiating groups, and generally, a
higher graft density can be achieved.11,12 A variety
of polymerization techniques can be used in the
grafting-from method, including conventional free-
radical polymerization,13,14 cationic polymerization,15

anionic polymerization,16 ring-opening polymeriza-
tion,17 atom transfer radical polymerization,18–20

nitroxide-mediated polymerization,21 and reversible
addition fragmentation chain-transfer polymeriza-
tion.22 In a previous study, poly(methyl methacry-
late) chains were successfully grafted onto the sur-
face of silica (SiO2) nanoparticles by direct facile
esterification condensation between carboxyl-termi-
nated poly(methyl methacrylate) and alkyl–
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hydroxyl-terminated SiO2 nanoparticles under mild
conditions, such as ambient temperature and mois-
ture and atmospheric pressure.23 In this research,
azo-group-bound SiO2 (SiO2–azo) initiator was syn-
thesized via esterification condensation between 4,40-
azobis-4-cyanopentanoic acid (ACPA) and alkyl–
hydroxyl groups of SiO2 nanoparticles under similar
mild conditions. Then, the resulting SiO2–azo nano-
particle was used as an initiator, and SiO2–polysty-
rene (PS) composites were prepared.

EXPERIMENTAL

Materials

SiO2 nanoparticles, with a mean size of 80 nm, were
synthesized according to the well-known Stöber
et al.24 method and dried in vacuo at 110�C for 24 h
before use. 3-Glycidoxypropyl trimethoxysilane (GPS)
and 4,40-azobis-4-cyanopentanoic acid (ACPA) were
received from Aldrich and were used as received.
4-(Dimethylamino) pyridine, p-toluenesulfonic acid,
and N,N0-dicyclohexylcarbodiimide (DCC) were pur-
chased from Sinopharm Group Chemical Reagent
Co., Ltd. (Shanghai, China) and were used as
received. Toluene and 1,2-dichloroethane, analytical
grade, were dried with 3A molecular sieves before
use. Tetrahydrofuran (THF), N,N0-dimethylforma-
mide, ethanol, acetone, toluene, and 1,4-dioxane were
from BASF Chemical Engineering Co., Ltd. (Shanghai,
China). Styrene (St; Sinopharm Group Chemical
Reagent Co., Shanghai, China) was treated with 5 wt
% aqueous NaOH to remove the inhibitor, dried over
anhydrous calcium chloride, and then stored at low
temperature before use.

Synthesis of 4-(dimethylamino) pyridinium-
p-toluenesulfonate (DPTS)

The DPTS catalyst was prepared by the reaction
between equimolar p-toluenesulfonic acid and 4-
(dimethylamino) pyridine in a warm benzene solu-
tion. The resulting suspension was filtered and puri-
fied by recrystallization from dry 1,2-dichloroethane.
The detailed procedure was described in a previous
article.25 Finally, white needles with a melting point
of 165�C were obtained.

Introduction of epoxy and alkyl–hydroxyl groups
onto the SiO2 nanoparticle surface

The epoxy-group-grafted SiO2 nanoparticles, SiO2–
GPS, was prepared by the modification of the SiO2

nanoparticles with epoxy-group-containing silane
(GPS). The detailed procedure was described in a
previous article.23 The typical procedure was as fol-
lows: SiO2 nanoparticles and GPS were refluxed in
dry toluene for 8 h under an N2 atmosphere, and

the resulting suspension was centrifuged and redis-
persed in dry toluene and anhydrous ethanol,
respectively. The obtained precipitate, SiO2–GPS,
was dried in vacuo.
The introduction of alkyl–hydroxyl groups onto

the surface of the SiO2 nanoparticles was achieved
by the refluxing of SiO2–GPS in an ethanol solution
of hydrochloric acid (1.6M). In this case, the epoxy
groups on the surface of the SiO2 nanoparticles were
converted into alkyl–hydroxyl units.26 The resulting
suspension was centrifuged and rinsed with distilled
water thoroughly until the pH was 7. Finally, the
precipitate was redispersed in ethanol and then cen-
trifuged again. The treated SiO2 nanoparticles are
abbreviated as SiO2AROH.

Synthesis of the SiO2–azo initiator

The SiO2 initiator, SiO2–azo, was prepared by the
grafting of carboxyl-terminated ACPA, which con-
tained azo groups and could be used as an initiator,
onto the nanosized SiO2 surface. This reaction was
accomplished via a direct one-step esterification
reaction by the use of DCC as an activating agent
and DPTS as a catalyst under extremely mild condi-
tions, that is, ambient temperature and atmospheric
pressure, just as in the synthesis of macrozaoinitia-
tors.27,28 A typical synthesis procedure was as fol-
lows: SiO2AROH (3.0 g), ACPA (1.5 g), and DPTS
(0.045 g) were charged into a 250-mL, round-bottom
flask containing mixed solvents (60 mL of THF and
18 mL of N,N0-dimethylformamide) and ultrasoni-
cated for 10 min. Then, a solution containing 0.09 g
of DCC and 30 mL of THF was added drop by drop
under magnetic stirring. After this addition was fin-
ished, the reaction was carried out at room tempera-
ture for 24 h. The resulting suspension was centri-
fuged, and the collected precipitate was redispersed
with ultrasonication and extracted extensively with
THF and toluene, respectively, to remove the unreacted
ACPA and other substances. Finally, the product was
dried at room temperature in vacuo to a constant
weight, and a white powder with a yield of over 80%
was obtained. The resulting SiO2 initiator, abbreviated
as SiO2–azo, was stored in the dark below 0�C.
The schematic procedure for synthesis of SiO2–azo

is shown in Scheme 1.

Synthesis of the SiO2–PS composites

In a further step, SiO2–azo was used to initiate St to
polymerize, and the polymerization was carried out
in a three-necked flask under an N2 atmosphere.
The typical process was as follows: first, 5.0 g of St
was dissolved into 5 g of 1,4-dioxane in a flask, and
then, the temperature was increased to 50�C. Second,
1.0 g of SiO2–azo was charged into the flask, and
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then, the mixture was kept at 70�C for 12 h under
stirring. After the graft polymerization process, the
resulting suspension was isolated by slow precipita-
tion with methanol. Next, the collected precipitate
was redispersed in 1,4-dioxane with ultrasonication,
and then, the suspension was precipitated again.
Finally, the white powder composite, which was
denoted as SiO2–PS, was dried in vacuo at 40�C to a
constant weight.

Cleavage of the grafted PS from the SiO2

nanoparticles

PS chains fixed at the SiO2 nanoparticles were cleaved
as described in a reference procedure.29 The SiO2–PS
composite (0.5 g) was vigorously stirred in a polyeth-
ylene flask containing 15 mL of toluene and 10 mL of
20 wt % aqueous hydrofluoric acid, along with Ali-
quat 336 as a phase-transfer catalyst. The aqueous
layer was removed after 2 h, and 10 mL of 20 wt %
hydrofluoric acid containing Aliquat 336 was added
and stirred for another 2 h. This procedure was
repeated until no impurities could be detected by gel
permeation chromatography (GPC). The PS contained
in the organic layer was recovered by precipitation in
methanol and vacuum filtration through a fine-grain
glass frit. Finally, the white powder PS was obtained.

Characterization

Fourier transform infrared (FTIR) spectroscopy
analysis

The chemical structure of the samples was meas-
ured by FTIR spectroscopy with a VERTEX 70 FTIR

spectrometer (Bruker, Karlsruhe, Germany) in the
range 400–4000 cm�1, and the KBr pellet technique
was used.

Differential scanning calorimetry (DSC)
measurement

DSC measurements were conducted on a Shimadzu
DSC-60 instrument (Kyoto, Japan) calibrated with
indium and n-octane. The sample, with a weight of
about 10 mg, was heated from 25 to 160�C at a
heating rate of 10�C/min. The glass-transition tem-
perature (Tg) was determined from the midpoint of
the change in the heat capacity.

Gel permeation chromatography (GPC)
measurement

The molecular weight and its distribution were meas-
ured by GPC (PL-50, Polymer Lab, Church Stretton,
UK). THF was used as the eluent, and narrow PS was
used as the calibration standard.

X-ray photoelectron spectroscopy (XPS)
measurement

The surface composition of the resulting samples
was investigated by XPS with a PHI-5702 multifunc-
tional spectrometer (Perkin-Elmer Physical Electron-
ics, Foster City, USA) with an Al Ka X-ray source
under 14.0 kV, 2500 W, and a less than 10�6 Pa ana-
lyzer chamber pressure. Narrow-scan spectra of C1s,
O1s, and Si2p were collected at a pass energy of
29.35 eV, and peak analyses were performed with
Multipak software (Multipak 6.0, Perkin-Elmer Phys-
ical Electronics, Foster City, USA). A binding energy
(BE) of C1s of 285.0 eV was used as a reference.

Thermogravimetric analysis (TGA)

TGA was performed on a Netzsch STA 449C ther-
mogravimetric instrument (Selb, Germany). The tem-
perature ranged from 30 to 1000�C, with a heating
rate of 20�C/min under an argon atmosphere.

RESULTS AND DISCUSSION

Introduction of epoxy and then alkyl–hydroxyl
groups onto the SiO2 nanoparticle surface

It is well known that silanol groups on the SiO2 sur-
face can react with a silane coupling agent to readily
form surface-functional groups. In our experiment,
epoxy-group-modified SiO2 was achieved by the
treatment of SiO2 with GPS, and it was possible to
approach a reproducible preparation of a covalently
bound thin layer of GPS on the SiO2 particle surface.
The successful preparation of epoxy-group-modified

Scheme 1 Procedure of the synthesis of SiO2–azo.
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SiO2 nanoparticles was confirmed by FTIR and XPS
measurements.

FTIR was used to confirm the successful grafting
of azo groups, as shown in Figure 1. Figure 1(a)
shows the FTIR spectrum of the untreated SiO2. The
absorption peak at 1020–1110 cm�1 was assigned to
SiAOASi asymmetric stretching vibrations, and the
peaks at 960 and 800 cm�1 were ascribed to the
asymmetric bending and stretching vibration of
SiAOH, respectively. By contrast, the new absorp-
tion of the ACH stretching vibration at 2800–2950
cm�1 was present in the FTIR spectrum of SiO2–GPS
[Fig. 1(b)]. Meanwhile, Figure 1(b) shows the asym-
metrical deformation vibration of the epoxy groups
at 1500 cm�1; this indicates that the epoxy groups
were successfully fixed onto the SiO2 nanoparticle
surface. In addition, there were also absorption
peaks around 1640 and 3000–3600 cm�1 for both
spectra; these were assigned to the bending mode of
physically absorbed water molecules.

The resulting SiO2–GPS was also characterized
with XPS, as shown in Figure 2. Figure 2(a) shows
the survey scan spectrum of SiO2–GPS. The major
peak component at a BE of 532.8 eV was attributable
to O1s, and the minor peak component at a BE of
285.0 eV was assigned to C1s. Meanwhile, peaks at
BEs of 154.4 and 103.2 eV corresponded to Si2s and
Si2p, respectively. The peak of Si2p could be curve-
fitted with two peak components with BEs of 103.6
and 101.7 eV, and these two peaks were attributable
to OASiAO and OASiAC species, respectively, as
shown in Figure 2(b). In addition, the full widths at
half-maximum of the curve-fitted peaks were 1.71
and 1.69, respectively; this showed the rationality of
the curve fit. Thereupon, it was proven that GPS
was covalently bound to the SiO2 nanoparticle
surface.
The epoxy groups at the surface of the SiO2 nano-

particles could be converted into alkyl–hydroxyl
groups through the refluxing of SiO2–GPS in an
ethanol solution of hydrochloric acid, and then,
SiO2AROH resulted. The successful synthesis of
SiO2AROH was also characterized with the FTIR
and XPS techniques, and results similar to those of
SiO2–GPS were obtained.

Synthesis of the SiO2–azo initiator

The azo compound is a commonly used radical ini-
tiator, and it can initiate the vinyl monomer to poly-
merize. In our research, carboxyl-terminated ACPA
was adopted to react with the alkyl–hydroxyl groups
on the SiO2 surface to introduce azo groups at the
SiO2 surface, and then, the SiO2 initiator, SiO2–azo,
was prepared. The successful preparation of SiO2–
azo was confirmed by techniques such as FTIR spec-
troscopy, XPS, and DSC.
Figure 1(c) shows the FTIR spectrum of the result-

ing SiO2–azo. Similarly, the ACH absorption peak
was present at 2800–2950 cm�1. More importantly,

Figure 1 FTIR spectra of (a) the untreated SiO2, (b) SiO2–
GPS, (c) SiO2–azo, and (d) SiO2–PS.

Figure 2 XPS spectra of SiO2–GPS: (a) the survey scan spectrum and (b) the Si2p core-level spectrum.
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the characteristic absorption band of the carbonyl
group at 1740 cm�1 was present; this manifested
that the esterification reaction between ACPA and
alkyl–hydroxyl-modified SiO2 took place effectively
under the selected mild conditions. As a result, the
SiO2–azo initiator was synthesized.

Figure 3(a) shows the XPS survey scan spectrum
of the resulting SiO2–azo. Compared with the scan
spectrum of SiO2–GPS [Fig. 2(a)], an N1s peak at
405.4 eV was observed on the wide XPS spectrum;
this indicated that the azo groups were successfully
grafted onto the SiO2 surfaces. As further proof for
this conclusion, the typical high-resolution C1s spec-
trum of SiO2–azo was consistent with five different
carbon environments because of their BEs at 282.9,
285.0, 285.7, 286.7, and 288.9 eV, as shown in Figure
3(b) and Table I, which were attributable to peaks A
(CASi), B (CAC/CAH), C (CAN), D (CAO), and E
(C¼¼O), respectively. The appearance of the compo-
nent peak CAN showed that the reaction between
the alkyl–hydroxyl groups on the SiO2 surface and
the carboxyl-terminated ACPA indeed occurred, and
the azo groups were undoubtedly immobilized on
the SiO2 surfaces. As a result, a kind of SiO2–azo ini-
tiator was prepared.

DSC was used to determine the content of azo
groups introduced onto the SiO2 nanoparticle sur-
face by comparison with the exothermic peak area of
SiO2–azo and ACPA. Figure 4(a–c) shows the DSC

curves of the untreated SiO2, ACPA, and SiO2–azo,
respectively. There was no exothermic peak on the
DSC trace of the untreated SiO2 [Fig. 4(a)]. By con-
trast, the DSC traces of both ACPA [Fig. 4(b)] and
SiO2–azo [Fig. 4(c)] showed a distinct exothermic
peak at the temperature 120–140�C, respectively, due
to the decomposition of azo groups. This also con-
firmed the successful introduction of azo groups
onto the SiO2. Finally, the content of the azo groups
introduced onto the SiO2 was determined to be 0.25
mmol/g.

Synthesis of the SiO2–PS composite

The SiO2–azo was used as an initiator to initiate the
polymerization of St. In the polymerization process,
azo groups bound to the SiO2 surface produced both
surface radicals and primary (fragment) radicals.
The surface radicals initiated the graft polymeriza-
tion and brought on the grafted PS, whereas the

Figure 3 XPS spectra of the SiO2–azo: (a) the survey scan spectrum and the (b) the C1s core-level spectrum.

TABLE I
C1s Core-Level Spectrum Parameters for SiO2–Azo

Peak BE (eV)
Full width

at half-maximum
Peak
area

A (CASi) 282.9 1.42 6915
B [CAC(H)] 285.0 1.52 41907
C (CAN) 285.7 1.47 3971
D (CAO) 286.7 1.45 7811
E (C¼¼O) 288.9 1.50 3600 Figure 4 DSC curves of (a) the untreated SiO2, (b) ACPA,

and (c) SiO2–azo.
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fragment radicals produced free linear PS (ungrafted
PS), just as shown in the schematic diagram of the
polymerization initiated with SiO2–azo in Scheme 2.
Because the ungrafted PS was not removed in the
experiment, the SiO2–PS composite resulted.

Figure 1(d) also shows the FTIR spectrum of the
SiO2–PS composite. The characteristic peaks of the
stretching vibration for ACH groups at 3020 and
2925 cm�1 were very obvious. Also, several charac-
teristic absorption peaks of the aromatic ring were
present in the spectrum. For instance, the peak at
2000–1700 cm�1 was ascribed to the overtone
absorption, the peaks at 1500 and 1450 cm�1 were
assigned to the stretching vibration of the C¼¼C
framework, and the peaks at 760 and 700 cm�1 were
characteristic absorptions of the single-replaced phe-
nyl ring. Meanwhile, the characteristic peaks at
1020–1110, 960, and 800 cm�1 for SiO2 adsorption
were also present in the spectrum; this indicated
that the resulting product was composed of PS
chains and SiO2.

Content of PS in the resulting composite

The relative amount of PS in the resulting composite
was estimated by TGA, and TGA traces of the origi-
nal SiO2 and the SiO2–PS composite are shown in
Figure 5. Figure 5(a) shows the thermogravimetric
loss process of the original SiO2. The weight loss
before 300�C was due to the loss of the adsorbed
water molecules and the release of structural water,
whereas the weight loss between the temperatures
of 300 and 600�C were due to the decomposition of
the organic groups and the rupture of SiAOH, which
came from the precursor when SiO2 was synthe-
sized. The total weight loss of the original SiO2 was
around 5.5%. Figure 5(b) shows the thermogravimet-
ric loss process of the SiO2–PS composite. Two main

ranges of weight loss were located around 300–400
and 520–580�C, respectively. The first step corre-
sponded to the decomposition of PS domains,
whereas the second one resulted from the thermal
cracking of SiAOR and SiAOH. The total weight loss
of the composite was about 54.1%. By comparison of
the weight losses of the original SiO2 and the com-
posite, we determined that the PS segment
accounted for about 48.6% of the total amount of the
composite.

Molecular weight of the resulting PS

To further demonstrate the efficiency of the initiation
and polymerization, the grafted PS chains were
cleaved from the SiO2. The recovered PS was then
subjected to GPC analysis, and the investigated GPC
trace is illustrated in Figure 6. The GPC trace of the
cloven PS was symmetrically unimodal. The weight-
average molecular weight and the molecular weight

Figure 5 TGA traces of the (a) original SiO2 and (b)
SiO2–PS composite.

Scheme 2 Schematic diagram of the two-mode polymerization initiated with SiO2–azo.
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distribution (weight-average molecular weight/num-
ber-average molecular weight) of the cloven PS were
28,100 and 1.63, respectively. This indicated that the
SiO2–azo had a high initiating efficiency. Conse-
quently, the PS chains were grafted onto the SiO2

nanoparticle surface effectively, with a very high
molecular weight.

Thermal transition temperature of the PS

The thermal transition temperatures of the obtained
composite together with the cloven PS were investi-
gated with DSC, and the measurement traces are
shown in Figure 7. The results show that the PS do-
main in the SiO2–PS composite had a Tg of about
106.5�C; this was higher than that of the cloven PS,
which was 97.3�C. This showed that the mobility of
the PS chains grafted at the particle surface was hin-
dered. Therefore, Tg of the grafted PS domain at the
surface of the SiO2 nanoparticles increased.

CONCLUSIONS

In this article, we presented the syntheses of an
SiO2–azo nanoparticle initiator along with that of the
SiO2–PS composite. The SiO2–azo nanoparticle initia-
tor was prepared by the modification of the SiO2

nanoparticle surface, first with GPS and then with
the grafting of the azo group onto the nanoparticles
via an esterification reaction under mild conditions.
The SiO2–PS composite was synthesized by the radi-
cal polymerization of St initiated by the resulting
SiO2–azo initiator. The results show that the PS do-
main accounted for 48.6% of the total amount of the
composite. Tg of the grafted PS was about 9�C
higher than that of the cloven PS domain. Addition-
ally, this facile esterification method could be
extended to the preparation of other inorganic initia-
tors, and the resulting inorganic initiators could also
be used to synthesize various inorganic polymer
composites.
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