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The PS-grafted multiwalled carbon nanotubes (MWNTs) were produced by the bromo-ended PS (PS-Br)
and pristine MWNTs in 1,2-dichlorobenzene at 110 �C for 72 h via atom transfer radical polymerization
(ATRP). Bromo-ended PS (PS-Br) used as an initiator for the functionalization of MWNTs was synthesized
with styrene by ATRP conditions using CuBr and N,N,N0 ,N0 ,N00-pentamethyldiethylenetriamine as catalyst.
The PS-grafted MWNTs were fully characterized by 1H-NMR, FT-IR, DSC, TGA, and SEM. The PS-grafted
MWNTs were found to be highly soluble in a variety of organic solvents. The PS was chemically attached
to the surfaces of MWNTs via ATRP approach, and the grafting amount of PS was 40–90%. From TGA and
DSC measurements, the PS-grafted MWNTs were decomposed at lower temperature compared to that of
PS-Br, and the functionalization of MWNTs increased the glass-transition temperature (Tg) of the grafted
PS. The PS/PS-grafted MWNTs nanocomposites were prepared with PS and PS-grafted MWNTs by
solution mixing in dimethylformamide (DMF). The resulting nanocomposites were found to be the
homogeneous dispersion of PS-grafted MWNTs in PS matrix via aromatic (p–p) interactions between PS
and PS-grafted MWNTs as determined by SEM and TEM.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

It is well-known that carbon nanotubes (CNTs) have outstanding
mechanical and electrical properties, which provide potential in
nanotechnology and electronic nanodevices [1,2]. Recently, poly-
mer/CNTs composites have attracted considerable attention be-
cause the individual properties of the two components can be
combined to give novel hybrid nanomaterials with good mechanical
strength, unique multifunctional properties, and excellent proc-
essability [3,4]. However, despite excellent properties of polymer/
CNTs composites as mentioned above, the poor solubility and self-
aggregation of CNTs with strong van der Waals forces disturb the
improved properties of polymer/CNTs composites, which has been
still remaining as a challenge for both academia and industry [5].
Therefore, the major issues for preparing the polymer/CNTs com-
posites are the homogeneous dispersion and interfacial compati-
bility with the polymer matrix without agglomeration and
exfoliation of CNTs bundles.

Thus, many research groups have focused on the functionali-
zation of CNTs with various organic, inorganic, and organometallic
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structures using both non-covalent and covalent approaches [6].
Non-covalent interactions such as p–p interactions, p–cation
interactions, and ionic interactions between CNTs and polymers
enable the attachment of polymers onto the surfaces of CNTs [7–
11]. The covalent functionalization of CNTs with polymers includes
effective both ‘‘grafting-from’’ and ‘‘grafting-to’’ approaches. For
the ‘‘grafting-from’’ method, polymers are in-situ grown from CNTs
commonly using surface-initiated polymerization such as atom
transfer radical polymerization (ATRP) [12–19], and reversible
addition–fragmentation chain transfer polymerization [20,21]. For
the ‘‘grafting-to’’ method, preformed polymers are grafted to CNTs
through special reactions such as esterification and amidization
between suitable functional groups of CNTs and polymers [22–25].

In the present report, we describe the use of ATRP to prepare
well-defined, narrow polydispersity polystyrene (PS), followed by
its attachment to the surfaces of multiwalled carbon nanotubes
(MWNTs) using ATRP one more time. That is, PS-grafted MWNTs
were synthesized by the reaction of bromo-ended PS (PS-Br) and
purified MWNTs using the novel ‘‘grafting-to’’ approach via ATRP
two times, by which method PS-Br synthesized by ATRP was
allowed to react directly with MWNTs in 1,2-dichlorobenzene
under ATRP conditions using CuBr and N,N,N0,N0,N00-pentam-
ethyldiethylenetriamine as catalyst system. In the general ‘‘graft-
ing-to’’ method, some defects are that low polymer loadings onto
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Scheme 1. Synthesis of PS-grafted MWNTs.
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the surfaces of CNTs are possible due to a steric repulsion between
grafted and reacting polymer chain, and practical application of
CNTs suffers from the poor solubility caused by a low degree of
surface functionalization. In addition, several synthetic steps to
make MWNTs-supported initiator for in-situ polymerization of
various monomers must be needed in the normal ‘‘grafting-from’’
method, by which characterization of the incorporated polymer on
the MWNTs is impossible. To address some problems derived from
both normal ‘‘grafting-from’’ and ‘‘grafting-to’’ approaches, our
new ‘‘grafting-to’’ approach for PS-grafted MWNTs was favored
because it allows for the higher degree of the grafted polymer
chains and clear characterization of polymer structure before the
grafting step. Furthermore, this novel approach makes it easier to
achieve our final goal which is homogeneous dispersion of PS-
grafted MWNTs in PS matrix.

To the best of our knowledge, there is no report in the literature
regarding the use of well-defined PS-Br obtained by ATRP as an
initiator instead of MWNTs-supported initiator and its grafting to
the convex walls of MWNTs by ATRP one more time. The obtained
PS-grafted MWNTs showed that PS was chemically grafted onto the
surfaces of MWNTs, and the grafting amount of PS was 40–90%
from TGA results. This extremely high grafting efficiency is sur-
prising because several reports dealing with the functionalization
of CNTs using normal ‘‘grafting-to’’ approach show that the
maximum grafting amount of polymer is around 8–48% [26,27].
The resulting PS-grafted MWNTs exhibit a high solubility in various
organic solvents except water, which indicate that well-defined PS
is successfully attached to the surfaces of MWNTs. The higher
incorporation of PS onto the MWNTs and good solubility of PS-
grafted MWNTs using the novel ‘‘grafting-to’’ approach is necessary
for the homogeneous hybrid nanocomposites with PS and PS-
grafted MWNTs. The PS/PS-grafted MWNTs hybrid nanocomposites
are prepared by solution mixing of PS and PS-grafted MWNTs in
DMF. For the composites containing PS and pristine MWNTs,
several aggregated masses of MWNTs are easily observed on the
morphology, whereas PS-grafted MWNTs are spatially well
Fig. 1. 1H-NMR (400 MHz) spectra of (A) PS-Br and (B) PS-grafted MWNTs in CDCl3.
Asterisks show the peak due to solvents.
dispersed in PS matrix through aromatic (p–p) interactions
between PS and PS-grafted MWNTs.

2. Experimental section

2.1. Materials

Pristine MWNTs were obtained from the Iljin Nanotech Inc.
(diameter: 10–20 nm, length: 10–50 mm, >90 vol% of purity). Poly-
carbonate membrane (pore size: 200 nm) was obtained from the
Whatman International Ltd. Styrene was dried over CaH2, and
distilled under vacuum. Benzyl bromide (BB) was distilled before
use. Copper (II) bromide (CuBr) was washed subsequently by acetic
acid and ethanol and then dried under vacuum. 1,2-Dichloro-
benzene (DCB) was distilled over CaH2 under vacuum. Tetrahy-
drofuran (THF) was distilled from LiAlH4 under nitrogen.
N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETAM), meth-
anol, and nitric acid (HNO3) were purchased from Aldrich.

2.2. Measurements

1H-NMR spectra were obtained on a 400 MHz AVANVE 400FT-
NMR (BRUKER) spectrometer. Fourier transform infrared (FT-IR)
spectra were recorded on a FTS-6000 (BIO-RAD) spectrometer. The
thermal behavior was examined with differential scanning calo-
rimetry (DSC) (DSC 2010, TA Instruments) and thermogravimetric
analysis (TGA) (TGA S-1000, SCINCO) under nitrogen atmospheres,
respectively. Raman spectrophotometer (NRS-3200, JASCO) was
used to confirm and characterize PS-grafted MWNTs which was
formed after the modification of pristine MWNTs under ATRP con-
dition. The morphologies and structures of PS/PS-grafted MWNTs
nanocomposites were observed by scanning electron microscopy
(SEM) (JSM-6700, JEOL) and Energy Filtering Transmission Electron
Microscope (EF-TEM) (Libra 120, ZEISS). For EF-TEM observation,
Fig. 2. FT-IR spectra of (A) pristine MWNTs, (B) PS-Br, and (C) PS-grafted MWNTs
with KBr.
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Fig. 5. TGA thermograms of (A) pristine MWNTs, (B) PS-Br, and (C) PS-grafted MWNTs
with a heating rate of 10 �C/min under nitrogen atmosphere.
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PS/PS-grafted MWNTs nanocomposites were redissolved in chloro-
form and the solution was dropped onto a copper grid and then
dried under vacuum. Polymer molecular weight and polydispersity
index (PDI) were estimated by gel permeation chromatography
(GPC) using an Agilent Technologies 1200 series. Polystyrene
standards were used for calibration, and tetrahydrofuran (THF) was
used as the eluent at a flow rate of 1.0 mL/min.

2.3. Purification of MWNTs

Multiwalled carbon nanotubes (MWNTs) were heated and
refluxed in 100 mL of 60% HNO3 aqueous solution for 3 h. After
cooling to room temperature, it was diluted with 400 mL of
deionized water and then vacuum filtered through a 200 nm
polycarbonate membrane. The solid was washed with deionized
water until neutral pH value, and then dried under vacuum.

2.4. Synthesis of bromo-ended polystyrene (PS-Br)

A 50 mL round-bottom flask was charged with benzyl bromide
(0.31 g, 1.8 mmol), CuBr (0.40 g, 1.8 mmol), and N,N,N0,N0,N00-pen-
tamethyldiethylenetriamine (0.94 g, 5.4 mmol). Then the solution
was sealed with a rubber septum. After the mixture was degassed
three times, the monomer styrene (20.0 g, 0.19 mol) was added
using flamed syringe. The mixture was charged under dry nitrogen
for 30 min and the flask was placed into a 110 �C oil bath. The
reaction was allowed to proceed for 12 h, and the reaction mixture
was dissolved in THF and then precipitated by dropwise addition of
Fig. 4. Solutions of MWNTs samples in various solvents: (A) purified MWNTs in
CH2Cl2/H2O; (B) PS-grafted MWNTs in CH2Cl2/H2O; (C) PS-grafted MWNTs in THF; (D)
PS-grafted MWNTs in CHCl3.
the solution into methanol. The precipitate was redissolved in THF
and the solution was filtered through a neutral alumina column to
remove the catalyst. The polymer was recovered by precipitation
with a large excess of methanol and dried under vacuum. The
product was analyzed by GPC (Mn¼ 11,000 g/mol, PDI¼ 1.33).
1H-NMR (400 MHz, CDCl3): d 7.06 (broad), 6.50 (broad), 1.86
(broad), and 1.43 ppm (broad).

2.5. Synthesis of PS-grafted MWNTs

0.5 g of purified MWNTs and 50 mL of 1,2-dichlorobenzene were
introduced into a 250 mL flask, and the mixture was sonicated for
30 min. Then PS-Br (12.0 g), CuBr (0.22 g, 0.99 mmol), N,N,N0,N0,N00-
pentamethyldiethylenetriamine (0.67 g, 3.9 mmol), and 100 mL of
1,2-dichlorobenzene were charged. After stirring 2 h at room
temperature to form a black suspension, the glass was fitted with
a condenser and the mixture was stirred at 110 �C under nitrogen
for 72 h. After cooling to room temperature, the reaction mixture
was diluted with 200 mL of 1,2-dichlorobenzene, and then the
mixture was sonicated for 40 min. The mixture was collected by
filtering through a 200 nm pore polycarbonate membrane while
washing thoroughly with 1,2-dichlorobenzene and methanol, and
then the purified product was dried under vacuum overnight.
Fig. 6. DSC thermograms of (A) PS-grafted MWNTs and (B) PS-Br with a heating rate
of 10 �C/min under nitrogen atmosphere.



Fig. 7. FE-SEM images of (A, B) pristine MWNTs and (C, D) PS-grafted MWNTs on Si-wafer.
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The 1H-NMR (400 MHz, CDCl3): d 7.08 (broad), 6.52 (broad), 1.83
(broad), and 1.45 ppm (broad). The content of grafted PS onto the
surfaces of MWNTs was 40–90% as determined by TGA.

2.6. Fabrication of hybrid PS/PS-grafted MWNTs nanocomposites

The PS/PS-grafted MWNTs nanocomposites were prepared by
solution mixing in DMF. 6.0 mg of PS-grafted MWNTs and 20 mL of
DMF were added into a 50 mL flask and sonicated for 2 h at room
temperature to obtain homogeneous solution. Then 6.0 g of PS was
added into the solution. The mixture was further stirred for 1 h and
sonicated for 1 h, and then precipitated by dropwise addition of the
solution into methanol. The precipitate was filtered through
a 200 nm pore membrane and dried under vacuum. (PS/pristine
MWNTs composites were prepared by same procedures used for
PS/PS-grafted MWNTs nanocomposites).
Scheme 2. Fabrication of PS/PS-grafted MWNTs nanocomposites and
3. Results and discussion

To prepare PS-grafted MWNTs with PS that is more densely
grafted, well-defined PS-Br as an initiator was prepared by well-
known ATRP which is one of the most promising polymerization
approaches to control molecular weight and its distribution within
the resulting polymers [28,29]. The PS-Br having a molecular
weight of 11,000 g/mol and a polydispersity of 1.33 was obtained.
The PS-grafted MWNTs were synthesized by PS-Br and MWNTs via
ATRP process (Scheme 1). That is, our new approach, novel
‘‘grafting-to’’ method contains multiple ATRP process (two times)
for the functionalization of MWNTs. The advantages of our novel
approach are that high polymer loading onto the surfaces of
MWNTs and good solubility of polymer-grafted MWNTs resulted in
the homogeneous dispersion of MWNTs in polymer matrix which is
still difficult problem to solve so far.
PS/pristine MWNTs composites, respectively, by solution mixing.



Fig. 8. FE-SEM images of (A–D) PS/pristine MWNTs composites and (E, F) PS/PS-grafted MWNTs nanocomposites on Si-wafer.

J.-H. Jeon et al. / Polymer 50 (2009) 4488–44954492
Fig. 1 depicts the 1H-NMR spectra of PS-Br used an initiator for
the functionalization of MWNTs and PS-grafted MWNTs. Two
spectra are nearly identical, clearly illustrating that PS was attached
to the external walls of MWNTs. Both of the spectra show the
expected aromatic signals for PS at 7.06 and 6.50 ppm as well as the
backbone signals at 1.86 and 1.43 ppm.

Fig. 2 presents the FT-IR spectra of pristine MWNTs, PS-Br, and
PS-grafted MWNTs. The spectrum of pristine MWNTs shows a weak
absorption peak at 1632 cm�1, which is related to the C]C
stretching vibration of MWNTs backbones. The spectrum of PS-Br
shows CH stretching peak of the aromatic ring at 3020 cm�1, CH
Fig. 9. FE-SEM images of cryogenically fractured surfac
asymmetric stretching peak of the CH2 group at 2920 cm�1, C]C
stretching vibration of the aromatic ring at 1600–1440 cm�1, and
mono-substitute at 690–760 cm�1. After surface modification of
MWNTs, new absorption peak for aromatic ring in the region of
1600–1440 cm�1 occurred as a result of grafted PS onto the surfaces
of MWNTs. As shown in Fig. 2C, for PS-grafted MWNTs, there
appeared three new peaks at 1600, 1490, and 1448 cm�1 that are all
characteristic of PS-Br and are not seen in the spectrum of pristine
MWNTs.

Raman spectroscopy provides qualitative information about the
polymer-modified MWNTs. Raman spectra of pristine MWNTs and
es of PS/pristine MWNTs composites on Si-wafer.



Fig. 10. FE-SEM images of cryogenically fractured surfaces of PS/PS-grafted MWNTs nanocomposites on Si-wafer.
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PS-grafted MWNTs display two obvious peaks as shown in Fig. 3.
This shows characteristic G-mode or the tangential mode peaks at
1580 cm�1 and a disorder transition D band peaks at 1345 cm�1 for
pristine and PS-grafted MWNTs, respectively. In general, the in-
tensity of the D band is used to probe the degree of modification.
Fig. 3B shows that the intensity enhancement of D band in PS-
grafted MWNTs proves the covalent bonding of PS onto the
MWNTs. The ratio of the intensity of the disordered (D band) to the
ordered (G band) transition, which indicates the generation of
surface defects due to modification, increases from 0.97 (pristine
MWNTs) to 1.01 (PS-grafted MWNTs).

It was found that the functionalization of MWNTs drastically
affected the solubility characteristics of purified MWNTs and PS-
grafted MWNTs. Fig. 4 shows the solubility of purified MWNTs and
PS-grafted MWNTs in the water and various organic solvents. For
each experiment, the concentration of MWNTs and PS-grafted
MWNTs in the solvents was 1 mg/mL. The resulting mixture was
ultrasonicated by using a bath-type ultrasonicator for 8 h. As
illustrated in Fig. 4A, the initial purified MWNTs exhibit solubility in
water before the functionalization of PS. However, after function-
alization with PS-Br via ATRP, PS-grafted MWNTs lost its solubility
in H2O and became highly soluble in organic solvents, including
CH2Cl2, THF, and CHCl3 (Fig. 4B–D). The appearance of solubility
change and high solubility made us to confirm that well-defined
PS-Br was effectively grafted to MWNTs via ATRP.

The relative amounts of grafted PS and MWNTs were deter-
mined by TGA through the thermal decomposition of PS, because PS
had a lower decomposition temperature than MWNTs. Fig. 5 shows
TGA traces of pristine MWNTs, PS-Br, and PS-grafted MWNTs in an
inert atmosphere at a heating rate of 10 �C/min. Clearly, pristine
MWNTs have good thermal stability. When the temperature is
increased up to 600 �C, there is no obvious decomposition in pris-
tine MWNTs. The PS-Br completely decomposes in the temperature
range between 355 and 460 �C. The weight of PS-grafted MWNTs
rapidly decreased near 320 �C, because of the decomposition of PS,
leaving residual MWNTs at temperature higher than 600 �C. Neat
MWNTs hardly decomposed at temperature below 600 �C. There-
fore, the TGA results can be applied to estimate the relative
amounts of the grafted PS onto the convex walls of MWNTs. The
difference in the weight loss at 600 �C between PS-grafted MWNTs
and pristine MWNTs showed that the PS grafting amount is about
40–90%. This higher well-defined PS loading onto the surfaces of
MWNTs through multiple ATRP is amazing as compared to the
previously reported literatures [26,27]. Unexpectedly, the initial
decomposition temperature of PS-grafted MWNTs was lower than
that of PS-Br. This result is possibly due to the high thermal
conductivity of MWNTs in the PS-grafted MWNTs [30].

Fig. 6 shows the DSC curves of PS-Br and PS-grafted MWNTs. The
glass-transition temperature (Tg) of the PS chains in PS-grafted
MWNTs shifts to a higher temperature (103 �C) than that of PS-Br
(98 �C). The reason is that the covalent incorporation of PS to the
surfaces of MWNTs via ATRP approach restricts the segmental
motions of PS chain.

As described above, all the characterizations effectively dem-
onstrate that the well-defined PS chains are covalently grafted onto
the MWNTs with high loading efficiency via ATRP. Measurements of
SEM images can provide further direct evidence for PS-grafted
MWNTs. Thus, SEM images of the pristine MWNTs and PS-grafted
MWNTs are shown in Fig. 7. Fig. 7A and B presents typical SEM
images of the pristine MWNTs, showing a very clean surface for all
the MWNTs. However, the functionalization of MWNTs with PS-Br
significantly alters the surface roughness of the MWNTs surface,
with a significant increase in the diameter of the MWNTs. In
addition, irregular structures observed on the MWNTs surface
reveal that the functionalization takes place in spherical shapes
present on the MWNTs surface as shown in Fig. 7C and D.

In general, MWNTs can easily aggregate each other due to the
high surface area and van der Waals attraction, which still faces the



Fig. 11. TEM images of (A, B) PS/pristine MWNTs composites and (C, D) PS/PS-grafted MWNTs nanocomposites.
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problem of good dispersion. To overcome this disadvantage, PS-
grafted MWNTs using the novel ‘‘grafting-to’’ approach via multiple
ATRP method were applied to fabricate the homogeneous hybrid
nanocomposites. The PS/PS-grafted MWNTs nanocomposites were
prepared with PS and PS-grafted MWNTs by solution mixing in
DMF. The PS (10 g) and PS-grafted MWNTs (0.01 g) were dissolved in
20 mL of DMF (Scheme 2). The solution was then dropped on Si-wafer
and the solvent was allowed to evaporate slowly. The nanocomposite
film was then dried in a vacuum oven at 50 �C for 48 h. The PS/pristine
MWNTs composites for a control experiment were prepared by same
procedures used in PS/PS-grafted MWNTs nanocomposites.

Fig. 8 shows the SEM microphotographs of PS/pristine MWNTs
composites and PS/PS-grafted MWNTs nanocomposites where
0.1 wt% of pristine MWNTs and PS-grafted MWNTs are incorporated,
respectively. For the composites containing pristine MWNTs, se-
verely aggregated masses of MWNTs are frequently observed on the
morphology as seen in Fig. 8A–D, whereas in case of PS/PS-grafted
MWNTs nanocomposites, PS-grafted MWNTs are spatially well
dispersed in the PS matrix as shown in Fig. 8E and F. Pristine MWNTs
were aggregated each other because there is no interaction between
pristine MWNTs and PS. The homogeneous dispersion of PS-grafted
MWNTs is ascribed to the aromatic (p–p) interactions between
phenyl groups of PS and PS-grafted MWNTs. The effectiveness of
aromatic (p–p) interactions was already supported and verified by
our reported literatures [31–33]. The much improved dispersion of
PS-grafted MWNTs in the PS matrix well corresponds to the result
investigated by SEM microphotographs of cryogenically fractured
surfaces of PS/pristine MWNTs composites and PS/PS-grafted
MWNTs nanocomposites as shown in Figs. 9 and 10, respectively.
Pristine MWNTs were lumped in the PS matrix as shown in Fig. 9,
whereas PS-grafted MWNTs were nicely, homogeneously dispersed
in the PS matrix through aromatic (p–p) interactions between
phenyl groups of PS and PS-grafted MWNTs as shown in Fig. 10. We
have found that the formation of well dispersed PS/PS-grafted
MWNTs nanocomposites can be achieved by the surface modifica-
tion of MWNTs with well-defined PS via ATRP approach.

For TEM observation, the samples of PS/PS-grafted MWNTs
nanocomposites were prepared by redissolving in chloroform and
the solution was dropped onto a copper grid and then dried under
vacuum. The morphology of PS/pristine MWNTs composites and
PS/PS-grafted MWNTs nanocomposites was characterized by TEM.
From the result of TEM measurement of PS/pristine MWNTs
composites and PS/PS-grafted MWNTs nanocomposites, we clearly
confirmed that PS-grafted MWNTs were homogeneously dispersed
in PS matrix via aromatic interactions as the same results of SEM.
For the composites containing pristine MWNTs, aggregated masses
of MWNTs are observed in the PS matrix as seen in Fig. 11A and B,
whereas PS-grafted MWNTs are spatially well dispersed in the PS
matrix as shown in Fig. 11C and D.

4. Conclusions

ATRP approach was used to prepare well-defined PS which was
covalently attached to MWNTs by using ATRP method one more
time in the presence of MWNTs, which led to PS-grafted MWNTs
with an efficient loading of PS to MWNTs sidewalls. The resulting
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PS-grafted MWNTs were highly soluble in various organic solvents
and the grafting amount of PS to MWNTs sidewalls was 40–90%.
The glass-transition temperature (Tg) of PS-grafted MWNTs was
higher than that of PS-Br, indicating that MWNTs disturbed the
segmental motions of the grafted PS. This new approach, what is
called, ‘‘grafting-to’’ method could settle the disadvantages derived
from the existing both ‘‘grafting-from’’ and ‘‘grafting-to’’
approaches. Furthermore, the PS/PS-grafted MWNTs nanocomposites
were prepared by PS-grafted MWNTs with excellent properties and
PS in DMF solution to solve the dispersion problem of MWNTs. The
PS-grafted MWNTs were homogeneously dispersed in PS matrix via
aromatic (p–p) interactions between phenyl groups of PS and
PS-grafted MWNTs, which was clearly observed in SEM and TEM
images. In this hybrid system, aromatic (p–p) interactions played
a critical role in the formation of the homogeneous hybrid nano-
composites with PS and PS-grafted MWNTs.
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