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ABSTRACT: A new kind of initiator, 3-(2-bromo-2-meth-
ylacryloxy)propyltriethysiliane (MPTS-Br), was prepared
with a simply hydrobrominated commercial silane cou-
pling agent (3-methacryloxy-proplytriethysilane, MPTS). It
has been one-step self-assemble onto the surface of atta-
pulgite (ATP) nanorods in the dispersion system, and by
using this initiator-modified nanorod (MPTS-Br-modified
ATP nanoparticles, ATP-MPTS-Br) as macroinitiator for
atom transfer radical polymerization (ATRP). Structurally
well-defined homopolymer polystyrene (PS) and block
polymer poly(styrene-b-methyl methacrylate) (PS-b-

PMMA) chains were then grown from the needle-shaped
nanorods surface to yield monodispersed nanorods com-
posed of ATP core and thick-coated polymer shell (ATP
and PS). The graft polymerization parameters exhibited
the characteristics of a controlled/’’living’’ polymerization.
The PS-grafted ATP nanorods could be dispersed well in
organic solvent with nanoscale. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 2876–2883, 2011
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INTRODUCTION

The surface functionalizations of nanomaterials by
grafting of polymer are expected to play important
roles in the designing of novel organic/inorganic
nanocomposite materials. The grafting of polymer
onto inorganic particles, such as silica, clay, carbon
black, and ferrite, is an effective means to improve
surface properties, because the surface-grafted poly-
mer chain can interfere with the aggregation of these
particles and increase their surface affinity for or-
ganic solvents and polymer matrixes.1–4 However,
conventional surface-initiated free radical polymer-
ization, especially when confined to a thin layer,
leads to a wide molecular weight distribution of the
grafted polymer, largely due to termination reac-
tion.5 Moreover, this approach is not suitable for
preparing block copolymer. So, there has been

increasing research activity concerning the use of
‘‘living’’ polymerization, such as cationic,6,7 ani-
onic,8,9 ring-opening,10 nitroxide-mediated,11,12 re-
versible addition fragmentation chain transfer,13 and
atom transfer radical polymerization (ATRP),14–19 to
grow polymer from the nanoparticle surface. Of
these methods, surface-initiated atom transfer radical
polymerization (SI-ATRP) is preferred, because it
does not require stringent conditions and is tolerant
of functional groups and impurities that are detri-
mental to other ‘‘living’’ polymerization.20 ATRP is a
robust and versatile technique to accurately control
the chain length and polydispersity index (PDI ¼
Mw/Mn) of the polymer and can be used to synthe-
size well-defined copolymer. There are a number of
reports in the literatures of studying the mechanism,
monomer, initiator, ligand and metal catalyzer, and
some comprehensive reviews in this field have been
published as well.21–24

Attapulgite (ATP) is a hydrated magnesium alu-
minum silicate, which is a type of natural fibrillar
clay mineral of densely packed fibrous clusters in
appearance with the diameter of a single rod less
than 100 nm and the length of a rod from several
hundreds of nanometers to several micrometers. Dif-
ferent from the spherical or layered silicates nano-
particles reported, the needle-shaped particle has the
enormous aspect ratio; a strong van der Waals
attraction force appeared among ATPs, resulting in
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the formation of large compact bundles crystals so
that it is difficult to be dispersed well in organic sol-
vent with nanoscale or single rod. Nevertheless, the
high aspect ratio of the ATP fibers with good me-
chanical strength and thermal stability make it very
useful in reinforcement of polymeric materials as
reinforcing fillers.25–32 In the preparation of poly-
mer/ATP nanocomposite, the most important step is
the activation of the ATP fibers, which enables active
organic groups or polymer (to react or graft) onto
the surface of the fibers.31 After surface activation,
the organic groups or the long polymer chains could
be efficient in preventing ATPs from flocculating in
polymer matrix, improving its dispersibility in poly-
mer matrix.

In this work, a novel simple method was devel-
oped for immobilizes the a-bromoester initiator on
needle-shaped ATP nanoparticles. The commercial
silane coupling agent, 3-methacryloxyproply-triethy-
silane (MPTS), has been simply modified by hydro-
bromination to form 3-(2-bromo-2-methylacryloxy)-
propyltriethy-siliane (MPTS-Br), followed by one-
step self-assemble initiator onto the surface of ATP
nanoparticles according to conventional classic
method, using reactive-OH groups on ATP surface,
and to form the MPTS-Br-modified ATP nanopar-
ticles (ATP-MPTS-Br). The tertiary a-bromoester on
the surface of the nanoparticles could serve as ATRP
initiator. Compared with surface initiator was immo-
bilized onto nanoparticles usually in a multistep het-
erogeneous process mentioned above,14–24,33,34 which
technique often leads to low-grafting density and
low-film thickness, because the multistep heteroge-
neous process give rise to the low density of the ini-
tiator on the nanoparticles. Surface-tethered a-bro-
moester initiator with our method only underwent
one-step heterogeneous process, the initiator density
on the ATP nanoparticles was high. Therefore, struc-
turally well-defined, densely grafted, and thick-
coated polymer layer by SI-ATRP could be obtained.
The morphology and the dispersibility in organic
solvent of the polymer-graft ATP particles and some
properties of polymer brushes were discussed.

EXPERIMENTAL

Materials and methods

Styrene (St) and methyl methacrylate (MMA) were
purchased from Lanzhou Chemical Corporation
(Lanzhou, China) and purified by treating with 5 wt
% aqueous NaOH to remove the inhibitor and then
washed with distilled water until pH ¼ 7, which
was dried over by anhydrous calcium chloride for
24 h and then stored at low temperature before use.
ATP nanofibrillar clay with the average diameter of
325 meshes was provided by Gansu ATP (Gansu,

China). It was dried in a vacuum at 110�C for 48 h
before use. MPTS (Gaizhou Chemical Industrial,
Liaoning, China) and 2,20-bipyridine (bipy) (Tianjin
Chemical, Tianjin, China) were used as received.
Cu(I)Br (Tianjin Chemical, Tianjin, China) was puri-
fied by stirring in acetic acid, filtered, washed with
ethanol, and dried in turn. Hydroquinone (Beijing
Chemical Factory, Beijing, China), hydrogen fluoride
(HF), ethanol, toluene, tetrahydrofuran (THF),
dichloromethane, and all other reagents used were
analytical grade.

Preparation of the macroinitiator and graft
polymerization

Preparation and immobilization of initiator

The macroinitiator, ATP-MPTS-Br, was prepared as
the following procedure: 30 mL (0.11 lmol) of MPTS
was dissolved in 150 mL of anhydrous dichlorome-
thane and placed in a 500-mL three-necked flask
with a magnetic stirrer. Hydroquinone (0.3 g) was
added as an inhibitor and a little p-methylbenzene
sulfonic acid was added as the catalyst. Dry HBr gas
was introduced into the mixture in an ice water
bath. The mixture was stirred at 0�C for 2 h before
the flow was stopped, then the HBr-saturated mix-
ture was sealed and stirred overnight. The MPTS-Br
dissolved in dichloromethane was obtained. Then,
2-g ATP nanofibrillar was charged, and the mixture
was dispersed with ultrasonic vibration for 30 min,
and then stirred at room temperature for 12 h. After
the self-assembly procedure, the mixture was centri-
fuged, and the precipitate was washed with
dichloromethane and ethanol thoroughly. The result-
ing precipitation ATP nanofibrillar modified by
MPTS-Br, ATP-MPTS-Br, were immediately used for
surface polymerization after being dried in vacuum
at the room temperature.

Synthesis of polymer brushes

A typical polymerization process St from the surface
of the ATP macroinitiator was described as follows:
0.8-g ATP-MPTS-Br nanoparticles and 80-mL toluene
were charged into a 150-mL dry flask equipped with
a reflux condenser and a magnetic stirrer. The flask
was ultrasonicated for 30 min, 0.187 g (1.2 mmol)
bipy, and 0.063 g (0.44 mmol) Cu(I)Br were added to
this flask after that. It was subsequently evacuated
and flushed with nitrogen three times and then
degassed monomer, St, 6 mL (5.5 g) was injected.
The mixture was stirred rapidly under nitrogen and
placed in oil bath at 110�C. Parts of the mixture
were taken out after a certain polymerization time.
The products were separated by centrifugation and
washed thoroughly with toluene, ethanol, and water
in turn, which removed unreacted St, ungrafted
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polystyrene (PS), and virtually all the remaining Cu-
salts. The final products, ATP-g-PS, was dried in
vacuum at room temperature.

Hybrid nanocomposite, ATP-g-(PS-b-PMMA), pos-
sessing PS-b-PMMA block copolymer was prepared
using the similar general procedure as described
above, except with ATP-g-PS hybride nanorods as
macroinitiator to SI-ATRP of MMA.

Cleavage of the graft polymer from the ATP
nanoparticles

PS chains grown from the ATP nanorods were
cleaved as describe in the reference procedure:35 0.4
g of sample was vigorously stirred in a poly(ethyl-
ene) flask containing 14-mL toluene, 10-mL 20 wt %
aqueous HF solution, along with Aliquat 336 as a
phase transfer catalyst. After 2 h, the aqueous layer
was removed, and 10-mL 20 wt % HF containing
Aliquat 336 was added and stirred for another 2 h.
This procedure was repeated until no impurities
could be detected by gel permeation chromatogra-
phy (GPC) measurement. The PS contained in or-
ganic layer was recovered by precipitation into
methanol and vacuum filtration through fine-
grained glass frit, yielding white powder.

Characterization

Elemental analysis (EA) of C, N, and H was per-
formed on Elementar Vario EL instrument. Fourier
transform infrared spectra (FTIR) were performed
using a Bio-RA FTS-165 spectrometer. X-ray photo-

electron spectroscopy (XPS) measurements were car-
ried out with a PHI-5702 multifunctional spectrome-
ter. The morphologies of the polymer graft nanorods
were observed with a HITACHI H-600 transmission
electro microscopy (TEM), which was used operat-
ing at 100 kV. The samples dispersions were diluted
and ultrasonized and then dried onto carbon-coated
copper grids to examine. The glass transition tem-
perature (Tg) were obtained by the differential scan-
ning calorimetry (DSC) analysis with a Perkin-Elmer
Saphire, between 30 and 190�C at a heating rate of
10�C min�1. A nitrogen purge was applied. Molecu-
lar weight and molecular weight distribution were
measured by GPC on a Waters GPCV2000 system
using THF as eluent.

RESULTS AND DISCUSSION

Preparation and immobilization of initiator

Scheme 1 illustrated the self-assembly procedures of
the macroinitiator, ATP-MPTS-Br, and the ATRP
‘‘grafting from’’ approach used to synthesize the
tethered polymer brushes. First, a monolayer of
ATRP initiator was deposited on the ATP nanorods
surface by cohydrolyzing the triethyoxysilane of
MPTS-Br with the surface reactive-OH groups on
the ATP nanorods. Unreacted initiator was washed
from the particles by repeat suspension, centrifuga-
tion, and decanting of the supernatant. The FTIR
spectra (Fig. 1) of the immobilized initiator (ATP-
MPTS-Br) showed a CAH stretching vibration at
2950 cm�1, which was not present in spectrum of
unmodified ATP nanorods. Comparing with the

Scheme 1 The self-assembly of the macroinitiator and synthetic rout to the ATP-g-PS and ATP-g-(PS-b-PMMA).
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naked ATP, the peak shape of ATP-MPTS-Br around
1600–1750 cm�1 area attributed to C¼¼O stretching
vibration were also changed. The XPS was also used
to confirm the formation of the initiator monolayer.
Figure 2(a) showed the survey scan spectrum of the

modified ATP nanoparticles. The successful immobi-
lization of bromoester initiators on the surface was
verified by the appearance of the peak of Br3d (71
ev). Beside the peak of Br3d was observed around 71
ev [Fig. 2(a,b)], Figure 2(c) showed the peak of Si2p of
ATP-MPTS-Br could be curve fitted with two peak
components having binding energy at 103.3 and 101.6
ev, attributable to the SiAO and SiAC species, respec-
tively. The high-resolution C1s spectrum of ATP-
MPTS-Br was consistent with five different carbon
environments owning binding energy at 282.9, 285.0,
286.4, 287.2, and 289.1 ev, which were one by one at-
tributable to the CASi, CAC/CAH, CABr, CAO, and
C¼¼O. The peak area components were 2425 : 5887 :
1736 : 1813 : 1518, compared with the theoretic ratio
(1 : 3 : 1 : 1 : 1), the content of CASi was much bigger,
which was caused by contaminated carbon often
appears at lower binding energy, and it was always
inevitable [Fig. 2(d) and Table I].

The characteristic of SI-ATRP of St

The tertiary a-bromoester on the surface of the mac-
roinitiator was known to be an effective initiator for

Figure 1 FTIR spectra of (a) bare ATP, (b) ATP-MPTS-Br,
and (c) ATP-g-PS.

Figure 2 XPS spectra of the ATP-MPTS-Br: (a) the survey scan spectra, (b) the peak of Br3d, (c) the Si2p core-level spec-
trum, and (d) the C1s core-level spectrum.
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ATRP of vinyl monomer.21 We chose the polymer-
ization time for the early stage and kept the conver-
sion below 40% to study, for the purpose of obtain-
ing the steepest part of the grafting parameter curve
and thereby minimizing the effect of the small
amount of termination that is unavoidable in con-
trolled/’’living’’ radical polymerization. Because,
there was no carbon element in the substrate of ATP
particles, it was possible to calculate the conversion
of the monomer (C%) and the percentage of the
grafting (PG%) from the results of EA. The C% and
the PG% were calculated according to the following
relationships:

C% ¼ PS grafted ðgÞ
Monomer usedðgÞ � 100% and

PG% ¼ PS grafted ðgÞ
ATP nanoparticles chargedðgÞ � 100%

As was shown in Figure 3(a), the C% and PG%
increased linearly with increasing polymerization
time and reached 11.4% and 17.5%, respectively, af-
ter a polymerizing time of 12 h. Information about
the molecular weight and molecular weight distribu-
tion of the grafted polymer were gained by cleaving
the ATP cores and subjected to GPC analysis. The

plot of number-average molecular weight (Mn) and
polydispersity (PDI, Mw/Mn) against conversion in
this polymerization stage were shown in Figure 3(b).
A nearly linear increasing in Mn versus monomer
conversion was obtained. The PDI values remained
low, below 1.25. The Figure 3(a,b) exhibited the char-
acteristics of controlled/’’living’’ polymerization.

Structure characterization of ATP-g-PS

Figure 1(c) showed the FTIR spectra of ATP-g-PS.
The characteristics bands of PS at 2900–3100 cm�1

and the bands of phenyl groups at 700 and 760cm�1

were observed, while they were not present in FTIR
spectra of the bare ATP and ATP-MPTS-Br [Fig.
1(a,b)]. The presence of the graft PS brush on the
surface of ATP nanorods was also verified by XPS
analysis. Figure 4 was the C1s core-level spectrum of
ATP-g-PS, which consisted of a hydrocarbon peak at
binding energy of 285.0 ev, an aromatic carbon peak
at 284.7 ev and a broad aromatic p-p* shake-up satel-
lites at shift of 6–8 ev from the hydrocarbon peak.
Moreover, in this sample, the signals of carboxyl car-
bon (C¼¼O) peaks are not detected, which are
detected in the FTIR analysis of the same sample. It
suggested that the carboxyl carbon group exist only
inside because the FTIR can analyze more inner
chemical structure than the XPS. It is concluded
from the result that well-defined polymer chains
were grown from the nanoparticle surface to yield
an ATP core and a well-defined, densely grafted
outer PS layer. The DSC analysis (Fig. 5) was con-
ducted for the ATP-g-PS after a polymerizing time
of 24 h, and a glass-transition temperature (Tg) of PS
about 133�C was found. It was higher than the nor-
mal one at 102�C [Fig. 6(a) represented the pure PS
obtained from the HF extraction of ATP-g-PS].
Because the molecular weight of the selected sample

TABLE I
C1s Core-Level Spectrum Parameters for the

ATP-MPTS-Br

Peaks
Binding

energy (ev)
Full-width at
half maximum Peak area

CASi 282.9 1.96 2425
CAC/CAH 285.0 1.38 5887
CABr 286.4 1.24 1738
CAO 287.2 1.70 1813
OAC¼¼O 289.1 3.20 1518

Figure 3 The characteristic of SI-ATRP of St: (a) the effect of the polymerizing time on the PG% and C% and (b) plots of
Mn and Mw/Mn of the cleaved PS versus monomer conversion.
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had no significant difference as judged by GPC stud-
ies (usually about 3.2 � 104 g mol�1). It was clear
that the shift of the Tg only resulted from the nature
of the ATP. Because of the extremities of the poly-
mer chain were fixed on the surface of the nanopar-
ticles, the mobility of the PS was hindered, and
more energy was needed to pass from a glassy state
to a caoutchoutic state thereby increasing the tem-
perature of the glass transition of the PS.12

Morphologies of ATP-g-PS particles

Figure 6 showed the TEM micrographs of the nano-
rods sample cast from dilute toluene solution. In
Figure 6(a), it was found that the bare ATP nanorods
were serious agglomeration and existing as compact
bundles of rod-shaped crystals in the toluene. Figure
6(b) showed the ATP-MPTS-Br, We found that ATP
can be separated into dispersed units and had slight
soft agglomeration. Because the MPTS-Br was not a
good hydrophobic group, it was insufficient to
improve and stabilize the dispersion system of ATP-
MPTS-Br in toluene. Figure 6(c) represented the
ATP-g-PS. It could be seen that after surface grafting

onto PS, the long and hydrophobic polymer chains
could be efficient in preventing ATPs from flocculat-
ing, improving its dispersibility in toluene. There
was no doubt that our synthetic method for prepar-
ing the initiator-coated ATP nanorods was effective
to form polymer brush surfaces, which effectively
decreased the interfacial tension of the inorganic
nanoparticles in organic solvent and thereby thor-
oughly broke up the soft agglomeration of particles
in toluene and promoted their dispersion in organic
solvent.

The characteristics of ATP-g-(PS-b-PMMA)

To confirm the presence of active chain ends in the
PS brushes, we carried out the reinitiation experi-
ment. We used the ATP-g-PS as the anchored initia-
tor to SI-ATRP of MMA for building the hybrid
nanorods, ATP-g-(PS-b-PMMA), possessing the block
copolymer layer. The cleaved PS-b-PMMA from the
surface of the ATP particles was measured for GPC
analysis. The results were Mn ¼ 13,630 and PDI ¼

Figure 4 C1s XPS spectrum of ATP-g-PS.

Figure 5 DSC curve of (a) the PS (Tg ¼ 102�C) and (b)
the ATP-g-PS (Tg ¼ 133�C).

Figure 6 TEM micrographs of (a) bare ATP, (b) ATP-MPTS-Br, and (c) ATP-g-PS.
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1.27. The increase of Mn confirmed the presence of
living chains ends on the ATP-g-PS, and the low
PDI proved that the polymerization process had
been controlled well. Figure 7 and Table II showed
the peak-fitting curve of the C1s peak of block poly-
mer brush on the ATP nanoparticles. Comparing
with the C1s spectrum of the ATP-g-PS (Fig. 4), we
could clearly see that three additional peak at bind-
ing energy of 285.8, 287.1, and 289.1 ev, which were
attributed to the ester induced b-shifted carbon
(CACOO), the methyl side ester (CAO), and the car-
boxyl carbon (C¼¼O), respectively. Meanwhile, the
characteristic peak of PS, the broad aromatic p-p*
shake-up satellites, was also observed around 291.5
ev, which indicated the surface of hybrids nanopar-
ticles should contain two kinds of block, PS and
PMMA. To analyze quantitatively the surface com-
position of the brush, the PMMA molar concentra-
tion X at the surface was evaluated from the per-
centage of the carboxyl carbon (C¼¼O) in the C1s
envelopes. As in the brush, the relative contribution
of PMMA in the C1s intensity was 5X (five carbon
atom per PMMA repeat unite) and that of PS was
8(1 � X) (eight carbon atom per PS repeat unite), we
had

AC@O

AC
¼ X

5X þ 8ð1� XÞ rearranging; gives :

X ¼ 8AC@O=AC

1þ 3AC@O=AC
� 100%

where X was the molar PMMA surface concentra-
tion in the brush, and AC and AC¼¼O were the areas
of the C1s envelopes and ester peak, respectively.
The ester peak at 289.1 ev was specifically chosen,
because it did not significantly overlap any other
peak and contained contribution solely from PMMA.
According to the data of Table II, in the case of our
experiment, the area ratio of the ester peak carbonyl

to the C1s envelopes was found 6.4% in the ATP-g-
(PS-b-PMMA) brush. Therefore, the PMMA molar
concentration at the surface brush was 43%. In other
words, although there was long polymerization time
for the second block (24 h), the surface was not com-
pletely covered with the second layer of polymer.

CONCLUSIONS

In summary, we have demonstrated a practical
method to the facial synthesis of thick-coated poly-
mer-nanoparticles. The macroinitiator for ATRP was
obtained via simply modified ATP nanorods and
immobilized tertiary a-bromoester on its surface. Po-
lymerization of St using ATP nanorod initiators dis-
played the diagnostic criteria for a controlled/’’liv-
ing’’ radical polymerization, and the ATP-g-PS
might be used as a macroinitiator to build block co-
polymer. Well-defined polymer chains were grown
from the nanoparticle surface to yield individual
nanorods composed of an ATP core and a well-
defined, densely grafted outer PS or PS-b-PMMA
layer. Different from the spherical or quasi-spherical
cores reported, the needle-shaped particle has larger
specific surface area so that it is very difficult to be
stabilized in the organic solvent, the system is more
fragile, and the needles are easy to fall out. Here,
structurally well-defined, densely grafted, and
hydrophobic polymer core@shell structurer by SI-
ATRP could be obtained.
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