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Well-defined poly(methyl methacrylate)-silica nanocomposites were produced by “grafting
through” using reversible addition-fragmentation chain transfer (RAFT) polymerization. The
surface of silica nanoparticle was modified covalently by attaching methacryl group to the surface
using 3-methacryloxypropyldimethylchlorosilane. Polymerization of methyl methacrylate (MMA)
using the 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid RAFT agent, produced the
PMMA-SiO, nanocomposites. Characterization of these well-defined nanocomposites included FT-IR,
gel permeation chromatography (GPC), thermogravimetric analysis (TGA), differential scanning calo-
rimeter (DSC), transmission electron microscopy (TEM) and dynamic mechanical analysis. These
results show that the Ty values are higher and the mechanical strength of the PMMA-SiO, nano-
composites is slightly improved when compared to bulk PMMA. Further, the molecular weight of the
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PMMA (up to My =100,000) is controlled and the SiO, are well dispersed in the PMMA matrix.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The spectrum of applications of a particular polymer can be
broadened significantly by embedding filler nanoparticles into that
polymer matrix. Such materials are called polymer nanocomposites
[1,2]. The size of the nanoparticles can greatly affect the nano-
composite properties. Typically, smaller sized particles, which
provide greater surface area, increase the volume fraction of the
polymer matrix that interacts with the surface of the particles
compared to larger particles. Thus, smaller particles can have
significant effects on the properties of the nanocomposites at
relatively low filler loadings (e.g. 1-5% vs. 30-50%) [3,4]. However,
in order to optimize these effects, the nanoparticle should be well
dispersed in the polymer matrix, which in turn is heavily depen-
dent on the chemistry of the polymer-nanoparticle interface.

Well-dispersed polymer nanocomposites can be prepared by
organically modifying the surface of the inorganic nanoparticles
and then attaching polymer chains covalently to the modified
surface - a process called grafting. Grafting techniques include the
“grafting to”, “grafting through” and “grafting from” methods. In
the “grafting to” method, functional groups either at the chain end
or pendant groups along the chain back bone are attached to the
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nanoparticle via reaction with complimentary functional groups at
the nanoparticle surface [5]. This method is relatively easy, but once
polymer chains populate the surface, it becomes hard for suc-
ceeding polymer chains to react with the surface of the particle, this
results in relatively low grafting densities [6,7]. On the other hand,
in the “grafting from” method, the surface of the particle is first
modified with an initiating group followed by polymerization. In
contrast with the “grafting to” method, the “grafting from” method
results in high grafting densities with relatively little cross-linking
[8,9]. In the “grafting through” method the surface of the particle is
modified with a polymerizable group. The graft density may be
relatively high compared with the “grafting to” method, but since
the monomer-modified particle is multifunctional cross-linking
between polymer chains may occur.

Several polymerization methods such as conventional radical
[10], anionic [11,12], cationic [ 13-16], ring opening [ 17-20] and living
radical polymerization (LRP) [21-27] have been used to graft poly-
mers on various solid surfaces. Among the different methods, LRP is
a versatile technique because large number of monomers can be
polymerized with precise molecular weight and with narrow poly-
dispersities. Out of the three most common LRP methods, nitroxide
mediated polymerization (NMP), atom transfer radical polymeriza-
tion (ATRP), reversible addition-fragmentation chain transfer (RAFT)
polymerization, RAFT is arguably the most applicable technique,
since most of the monomers that can be polymerized by conven-
tional radical polymerization can be polymerized through RAFT,
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which is not possible with other LRP methods. The conditions for
RAFT polymerization are similar to that of a conventional radical
polymerization except for the addition of a RAFT agent [28-32].

Previous work has used the RAFT polymerization technique to
graft polymers to silica particles either by using “grafting to”
[33,34] or “grafting from” method [35-38]. Alternatively, only few
papers in the literature have used the “grafting through” method
[39-43] to graft polymer on the silica and none of these papers
used RAFT polymerization. In this paper we report the synthesis,
using the “grafting through” method (Scheme 1) and character-
ization of poly(methyl methacrylate) (PMMA)-silica (diameter
~20 nm) nanocomposites. To the best of our knowledge this is the
first report of grafting polymer to the surface of silica by “grafting
through” method using RAFT polymerization.

2. Experimental
2.1. Materials

3-Methacryloxypropyldimethylchlorosilane and acetoxyethyl-
dimethylchlorosilane were purchased from Gelest. Tetrahydrofuran
(THF) was dried over calcium hydride overnight and distilled under
nitrogen. n-Dodecylthiol, sodium hydride, diethyl ether, iodine,
sodium thiosulfate, sodium sulfate, 4,4’-azobis(4-cyanopentanoic
acid), and ethyl acetate purchased from Aldrich. The synthesis of
4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid
followed the literature [32]. Methyl methacrylate (MMA) was
passed through a basic alumina column to remove inhibitor and
distilled under vacuum. Azobisisobutyronitrile (AIBN) purchased
from Aldrich was recrystallised from methanol. Colloidal silica
particles (30 wt%) with diameter of 20 nm, dispersed in methyl
ethyl ketone (MEK-ST) purchased from Nissan Chemicals.

2.2. Instrumentation

NMR spectra were recorded using a Bruker Avance 400 MHz
spectrometer. FT-IR spectra were recorded using a 2020 Galaxy
series FT-IR instrument by the diffused reflectance (DRIFT) method.
Molecular weights and molecular weight distributions or poly-
dispersities (PD) were determined using gel permeation chroma-
tography equipped with a Waters 515 pump, Waters auto-sampler,
2 Polymer Labs THF GPC columns, and a Viscotek LR 40 refrac-
tometer. Thermal gravimetric analysis (TGA) was performed on
a Perkin Elmer Pyris1 TGA. The samples were dried at 80 °C for 12 h
under vacuum and TGA was performed by heating from 30 °C to
900 °C at 10 °C/min under nitrogen atmosphere at 40 mL/min flow
rate. Differential scanning calorimetry (DSC) was performed on
a TA Instruments Q100. Before doing DSC, all the samples are dried
under vacuum at 80 °C for 12 h. During the runs, first the samples
were cooled to 25 °C and then heated to 250 °C at 10 °C/min and
then cooled to 25 °C at 10 °C/min and then again heated to 250 °C
at 10 °C/min. Transmission electron microscope images (TEM) were
acquired using a Hitachi H-7100FA TEM instrument operating at
100 kV. Samples were sectioned at room temperature using
a Reichert-Jung Ultracut S ultramicrotome. Dynamic mechanical
analysis (DMA) was performed on a UBM Co., LTD. Rheogel-E-4000
DMA instrument, with temperature ranging from —150 to 200 °C at
a heating rate of 3°/min, frequency of 11 Hz in tensile mode. The
samples were prepared by placing 0.4 g of powder sample between
Polyimide sheets, and put it between steel plates (1 mm thickness).
The samples were then pressed (up to 50 kgf) and release 4 times at
200 °C to de-gas, and then pressed again with 90 kgf at 200 °C for
15 s to form the film. Specimen strips for DMA analysis were cut
from the press film and measured 1.5 cm long and 0.5 cm wide.
Dynamic light scattering (DLS) was performed using a Brookhaven
Instruments Corp. 90Plus particle size analyzer.

2.3. Preparation of acetoxy-functionalized
colloidal silica nanoparticles

Acetoxyethyldimethylchlorosilane (0.153 g), colloidal silica
particles (20 mL), and 3 mL of dry THF were added to a 250 mL
three necked round bottom flask and heated in a 70 °C oil bath
overnight under N;. The reaction mixture was cooled to room
temperature and precipitated into hexane (400 mL). The particles
were recovered by centrifugation at 3500 rpm for 20 min and dis-
solved in acetone (22 mL). The particles were reprecipitated in
hexane (400 mL). Small quantities of acetoxy-functionalized silica
particles were dried under vacuum overnight for analysis. The
remaining particles were dispersed in dry THF (50 mL) under a N,
atmosphere [36].

2.4. Preparation of methacrylate-functionalized
colloidal silica nanoparticles

3-Methacryloxypropyldimethylchlorosilane (0.192 g), colloidal
silica particles (24 mL), and 3 mL of dry THF were added to
a 250 mL three necked round bottom flask and heated in a 70 °C oil
bath overnight under N». The reaction mixture was cooled to room
temperature and precipitated into hexane (400 mL). The particles
were recovered by centrifugation at 3500 rpm for 20 min and dis-
solved in acetone (22 mL). The particles were reprecipitated in
hexane (400 mL). Small quantities of methacrylate-functionalized
silica particles were dried under vacuum overnight for analysis. The
remaining particles were dispersed in dry THF (40 mL, 20 wt%)
under a N, atmosphere [36].

2.5. Polymerization of MMA using acetoxy-functionalized
silica nanoparticles

The RAFT agent 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl
pentanoic acid (0.0376 g), AIBN (0.0030 g), and MMA (10 mL) (molar
ratios MMA:RAFT:AIBN = 1000:1:0.2), acetoxy-functionalized colloi-
dal silica nanoparticles (5.46 mL, 7 wt% of 10 mL of MMA) and 6 mL of
THF were added to a Schlenk flask and subjected to 4 freeze-
pump-thaw cycles. The flask was placed under a N, atmosphere, and
then in a 60°C oil bath. The polymer was dissolved in THF and
precipitated into methanol.

2.6. Polymerization of MMA using 4-cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic
acid RAFT agent by “grafting through”

The RAFT agent 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl
pentanoic acid (0.0185 g), AIBN (0.0015 g), and MMA (5 mL) (molar
ratios MMA:RAFT:AIBN = 1000:1:0.2), methacrylate-functionalized
silica particle suspension (2.184 mL, 7 wt% of 5 mL of MMA) and
4.7 mL of THF (total 5 mL = 0.3 mL of THF from MMA anchored silica
particle suspension + 4.7 mL dry THF) were added to a schlenk flask
and subjected to 4 freeze—pump-thaw cycles. The flask was placed
under a N, atmosphere, and then in a 60 °C oil bath for 15 h. The
polymer was dissolved in THF and precipitated into methanol. Three
different samples with 10%, 17% and 23% silica were prepared by
varying the quantities of methacrylate-functionalized silica particle
suspension.

2.7. HF etching PMMA-silica nanocomposite samples

0.25 g of PMMA-silica nanocomposites were dissolved in 15 mL
of toluene and 75 mg of Aliquot 336 was added. 10 mL of 5%
aqueous HF was added and the mixture was stirred for 2 h. The
organic layer was removed and the polymer was isolated by



5638 PS. Chinthamanipeta et al. / Polymer 49 (2008) 5636-5642

o
) J
c- 2

methacryloxypropyldimethylchlorosilane ~ 2

(MCPDCS)

PMMA + SiO, nanocomposite

Si0,-MMA

RAFT Polymerization

MMA + AIBN

Scheme 1.

precipitation from methanol, filtered and dried under vacuum
overnight.

3. Results and discussion
3.1. Preparation of methacrylate-functionalized silica nanoparticles

Methacrylate-functionalized silica nanoparticles were prepared,
as shown in Scheme 1, by heating 3-methacryloxy-
propyldimethylchlorosilane and silica in THF. Fig. 1 shows the FT-IR
of unmodified silica particles (Fig. 1a) and methacrylate-function-
alized silica particles (Fig. 1b). The alkyl C-H stretching at
2968 cm~! and carbonyl vibration band at 1720 cm~! and peak at
1650 cm ™! due to C=C stretching clearly suggest the presence of
methacrylate group on the silica surface. The unmodified silica
shows a small peak at ~2960cm™! indicative of alkyl C-H
stretches. This is likely to be due to residual solvent still present on
the particle surface. The methacrylate-modified silica is similar,
although the C-H stretch peak is more pronounced. Thus, the data
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Fig. 1. FTIR of (a) unmodified silica nanoparticles, (b) methacrylate-functionalized
silica nanoparticles and, (c) PMMA-silica nanocomposite with 23% silica.

are not conclusive that the surface was modified with the meth-
acrylate moiety, but is consistent with the surface being
methacrylated.

Fig. 2a shows the TGA curve of unmodified silica nanoparticles
and Fig. 2b shows the TGA curve methacrylate-functionalized silica
nanoparticles. It is evident that there is 5% weight loss. The amount
of methacrylate groups on the silica particles was determined by
TGA following the same calculations used by Bartholome et al.
[44,45] and was determined to be 263.6 pmol/g which corresponds
to 1.1 methacrylate groups/nm? with the assumption that density
of the methacrylate-functionalized silica particles was comparable
to that of bulk silica (2.07 g/cm?) and no weight loss occurs from
silica before grafting the methacrylate group.

Table 1 shows the size of the modified and non-modified
nanoparticles as determined by dynamic light scatter (DLS). These
data show that the mean diameter is about 25nm for the
unmodified, methacrylate-modified SiO, and acetoxy-modified
SiO; (vide infra). Fig. 3 shows the TEM image of the methacrylate-
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Fig. 2. TGA of (a) unmodified silica nanoparticles, (b) methacrylate-functionalized
silica nanoparticles, PMMA-silica nanocomposites with (c) 23% silica (d) 17% silica (e)
10% silica, PMMA derived from nanocomposites with (f) 10% silica (g) 23% silica and,
(h) 17% silica.



PS. Chinthamanipeta et al. / Polymer 49 (2008) 5636-5642 5639

Table 1
DLS of non-functionalized silica particles, functionalized silica particles and PMMA
silica nanocomposites.

Sample Mean diameter (nm)
Unmodified SiO, 26.2
Methacrylate-modified SiO, 21.6
Acetoxy-modified SiO, 36.6
Nanocomposite with 10% SiO, 30.7
Nanocomposite with 17% SiO, 38.1
Nanocomposite with 23% SiO, 25.0

functionalized silica particles; after functionalization the particles
are well dispersed and with no agglomeration.

3.2. RAFT polymerization of MMA using methacrylate-
functionalized silica nanoparticles by “grafting through” and
characterization of PMMA-silica nanocomposites

As mentioned above, many papers have reported the grafting of
polymers onto the surface of the silica particles. However, only
a few papers have reported the grafting of polymers on a silica
surface using the “grafting from” method by RAFT polymerization,
and furthermore no paper has reported the “grafting through” by
RAFT polymerization. Li et al. [35,36] reported using 20 nm silica
nanoparticles and “grafting from” using RAFT polymerization by
attaching RAFT agent to the surface. Alternatively, Zhao and Perrier
[37] also reported the synthesis of silica nanocomposites by
“grafting from” using 35-70 pum silica particles, but used a different
RAFT agent. In the latter, the RAFT agent was attached to the surface
via the Z-group, whereas Li et al. used the R group of the RAFT
agent. Similarly, Pan et al. reported the synthesis of silica nano-
composites by “grafting from” using 78 nm silica nanoparticles but
used a different silane agent [38].

In each of these papers the syntheses of the polymer-silica
nanocomposites were multi-step processes. Typically, the particle
surface was modified with a silane agent and then the RAFT agent
was attached to the surface via the silane agent using either the
R-group or Z-group. This is then followed by RAFT polymerization.
Our work reports here the synthesis of polymer nanocomposites
using a simpler and more scalable process. In our approach, the
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Fig. 3. TEM images of methacrylate-functionalized SiO, particles.

Table 2

% Silica content, molecular weight and polydispersity of PMMA after HF etching.

% silica M, (after etching) My /My
10% 103,700 1.25
17% 78,800 133
23% 85,200 1.25

particle surface is modified with a polymerizable group and
dispersed in solvent. In preparing the polymer nanocomposites, the
methacrylate-modified silica nanoparticles are added to RAFT
polymerization. One of the benefits of this method is that the
methacrylate-modified nanoparticle dispersion are quite stable,
thereby reducing the possibility of aggregation which we some-
times observed when attempting the multi-step “grafting from”
approach.

A secondary benefit is that by using the “grafting through”
approach, the same silica content can be used to get various desired
molecular weight. This is contrast to the “grafting from” method
where the silica content and RAFT agent concentration are intrin-
sically linked. This means that samples of RAFT agent anchored
silica particles with various graft densities must be synthesized to
obtain the same molecular weights, or alternatively, extra unteth-
ered RAFT agent may be added. The later option, will, of course,
generate untethered polymer chains.

PMMA-silica nanocomposites were synthesized by adding the
methacrylate-functionalized silica nanoparticle suspension to
a RAFT polymerization of MMA. Three different samples were
prepared by varying the amount of the modified silica nano-
particles, keeping the ratio of monomer, RAFT agent and AIBN
constant. The molecular weight of the cleaved PMMA was
measured by GPC. Table 2 shows the molecular weight of polymer
of three samples after etching the silica with HE. In each case, the
M, was relatively high (75,000-100,000) and the M,,/My around
1.25-1.35. These are typical values for RAFT polymerization of
MMA.

Fig. 1 shows the FT-IR spectra for the unmodified silica, the
methacrylate-modified silica and the PMMA-silica nano-
composites (Fig. 1¢). Fig. 1c has a broad peak at 2900 cm ™! resulting
from large amounts of alkyl groups from PMMA, along with a peak
at 1720 cm~! indicating carbonyl stretching. Thus, the IR data show
clear evidence of polymer in the nanocomposite samples.

Fig. 2 shows the TGA curves of unmodified and modified silica,
and the PMMA-silica nanocomposites. They clearly show the three
different samples of nanocomposites with 10%, 17% and 23% silica

Heat flow (W/g)

04 1 1 1 ' 1 1 1 1
60 80 100 120 140 160 180 200 220

Temperature (°C)

Fig. 4. DSC traces of PMMA-silica nanocomposites with (a) 10% silica (b) 17% silica and,
(c) 23% silica.
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Fig. 5. DSC traces of PMMA obtained from nanocomposites with (a) 10% silica (b) 17%
silica and, (c) 23% silica (after HF etching).

loadings. The TGA data indicate that there is no weight loss up to
280 °C for the PMMA nanocomposites and completely decomposes
around 370 °C. Fig. 2a shows the TGA curve of unmodified silica
nanoparticles and Fig. 2b shows the TGA curve methacrylate-

T
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functionalized silica nanoparticles. Fig. 2c-e is the TGA curves of
PMMA-silica nanocomposites with different silica loadings, Fig. 2f-h
is the TGA curves of PMMA after removal of the silica with HF.
Fig. 2f and g shows the PMMA derived from nanocomposite
with 10% silica and 23% silica, respectively, and indicate no
silica present in these samples after etching. The curve shown
in Fig. 2h represents the PMMA derived from the nano-
composite with 17% silica and shows a small amount of silica
present, presumably due to incomplete etching with HF.

Depending on the molecular weight, the typical T, of the pris-
tine PMMA varies from 95 °C to 110 °C. Fig. 4a shows the second
heating profile of the 10% silica sample, Fig. 4b shows the 17% silica
sample and Fig. 4c shows the 23% silica sample. The T, values are
around 125 °C for each of these samples. Fig. 5 shows the DSC
curves of PMMA samples after the silica has been removed by HF
etching. In these samples, the T, values were around 120 °C. Thus,
after the removal of silica all the samples show slightly decreased Ty
values, although these are still slightly higher than the standard
literature value.

The PMMA nanocomposites all formed transparent films. Fig. 6
shows the TEM images of samples at low magnification, the silica
nanoparticles are well dispersed without aggregation. The TEM
images in Fig. 7 are at high magnification and show the sizes of the
particles range between 15 and 30 nm, again without any

Fig. 6. TEM images of PMMA-silica nanocomposites (low magnification). (a) 10% silica (b) 17% silica and, (c) 23% silica.
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Fig. 7. TEM images of PMMA-silica nanocomposites (high magnification). (a) 10% Silica (b) 17% silica and, (c) 23% silica.

aggregation. The DLS data in Table 1 also show the particles size of
the PMMA nanocomposites is in between 25 and 40 nm which
supports the conclusions from TEM that the silica are well
dispersed in the PMMA matrix.

The dynamic viscoelasticity of the nanocomposite materials was
also measured, as shown in Fig. 8. These data indicate that the
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Fig. 8. Dynamic viscoelasticity of PMMA and PMMA-silica nanocomposites.

inclusion of the silica generally lead to a small increase in both the
storage and loss modulus, and an increase in the temperature for
the tan ¢ peak. These results are in general agreement with the DSC
results reported above. Hence, in addition to improved thermal
properties, these PMMA-silica nanocomposites exhibit enhanced
mechanical properties.

3.3. Comparison between non-polymerizable and polymerizable
Si0, surface modification

It is of interest to compare the effect of having a polymerizable
group present on the surface of the SiO, nanoparticles on dis-
persability and incorporation into the PMMA matrix. To this end,
the surface of the silica particle was modified with non-
polymerizable group, acetoxyethyldimethyl silane, which should
mimic the methacrylate group previously used. These acetoxy-
modified nanoparticles were prepared in a similar way to the
methacrylated nanoparticles, and used in RAFT polymerizations of
MMA. GPC analysis of the polymer showed an M, of 72,000 and PD
of 1.29. Furthermore, we found that upon precipitation of the
resulting PMMA into methanol, no silica was present (as deter-
mined by TGA). Repeating the reaction but removing unreacted
MMA in vacuo gave similar GPC analysis but the TGA showed
a 7 wt% SiO; loading. Based on these results, we conclude that the
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acetoxy-modified nanoparticles are not covalently bound to the
polymer and after precipitation the particles are remaining in the
methanol and are not being filtered off with the polymer.

4. Conclusions

A convenient procedure was reported in which the surface of
the silica particles was successfully functionalized with methacry-
late functional group using 3-methacryloxy-propyldimethyl-
chlorosilane agent. PMMA was successfully grafted onto the silica
particles by “grafting through” using the methacrylate-function-
alized silica particles in a RAFT polymerization. The PMMA-silica
nanocomposite T values are slightly higher than neat PMMA. TEM
shows the silica particles are well dispersed and dynamic visco-
elastic data show these PMMA-silica nanocomposites exhibit
better mechanical properties in addition to improved thermal
properties.
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