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ABSTRACT: Poly(methyl methacrylate) (PMMA)/single-
walled carbon nanotube (SWNT) composites were synthe-
sized by the grafting of PMMA onto the sidewalls of
SWNTs via in situ radical polymerization. The free-radical
initiators were covalently attached to the SWNTs by a
well-known esterification method and confirmed by means
of thermogravimetric analysis and Fourier transform infra-
red spectroscopy. Scanning electron microscopy and trans-
mission electron microscopy were used to image the
PMMA-SWNT composites; these images showed the pres-
ence of polymer layers on the surfaces of debundled, indi-
vidual nanotubes. The PMMA-SWNT composites

exhibited better solubility in chloroform than the solution-
blended composite materials. On the other hand, com-
pared to the neat PMMA, the PMMA-SWNT nanocompo-
sites displayed a glass-transition temperature up to 6.0°C
higher and a maximum thermal decomposition tempera-
ture up to 56.6°C higher. The unique properties of the
nanocomposites resulted from the strong interactions
between the SWNTs and the PMMA chains. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 119: 452—459, 2011
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INTRODUCTION

Polymer nanocomposites are a new class of organic
polymer materials with nanosized filler domains
finely dispersed in a polymer matrix. Nanosized fill-
ers at a few weight percentage in reinforced polymer
nanocomposites strongly influence the macroscopic
properties of the polymer. The resulting polymer
nanocomposites can result in a significant improve-
ment in some of their properties, such as a higher
heat distortion temperatures, an enhanced flame
resistance, an increased modulus, better barrier
properties, a reduced thermal expansion coefficient,
and altered electronic and optical properties.'” Since
the discovery of carbon nanotubes,® carbon nano-
tube-based polymer composites have become a focal
point of nanocomposite research because of the
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unique properties of carbon nanotubes, including
their high electrical conductivity, large aspect ratio,
mechanical strength, and chemical stability.”'" The
Young’s modulus of carbon nanotubes can reach 1
Tpa,'" whereas their strength has been measured at
up to 63 Gpa.'? This allows the fabrication of materi-
als such as supertough polymer-nanotube composite
fibers."?

However, single-walled carbon  nanotubes
(SWNTs) are very difficult to disperse in polymeric
matrices because of their large surface area and van
der Waals forces, which can lead to the formation of
strongly bound nanotube aggregates.'* Various
methods, including the solution mixing of polymer
and SWNTs,">'® melt blending'” and the use of sur-
factants to aid dispersion,'® to obtain the homogene-
ous and efficient dispersion of SWNTs in the poly-
mer matrix have been investigated. The use of
functionalized SWNTs to improve the mechanical
properties in polymer/SWNT composites has also
been reported.'”?® In addition, some authors have
also reported the in situ polymerization of methyl
methacrylate (MMA) monomer in the presence of
pristine nanotubes.”’ * This can result in the cova-
lent attachment of nanotubes to the polymer via the
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SWNT surface n-bond opening by the initiator.
However, because only a small amount of initiators
can attach to the surface of SWNTs, it is not easy to
achieve efficient dispersion and the formation of a
strong interface between the nanotubes and the
polymer matrix.

In this article, a novel method for preparing poly-
(methyl methacrylate) (PMMA)/SWNT nanocompo-
sites by in situ polymerization is presented. Free-rad-
ical initiators with difunctional carboxyl groups
were covalently attached to hydroxyl-functionalized
single-walled carbon nanotubes (SWNT-OHs) by
esterification. The free-radical initiators attached on
the surfaces of the SWNTs were used to polymerize
the MMA monomer; this resulted in the covalent
attachment of the polymer on the surfaces of the car-
bon nanotubes. As a result, the nanotubes were
debundled, and the PMMA-grafted SWNT was dis-
persed efficiently in the PMMA matrix. Additionally,
we investigated the morphology and solubility of
the PMMA-SWNT nanocomposites and their me-
chanical properties and thermal stability.

EXPERIMENTAL
Materials

The SWNT-OHs (length = 5-30 um, specific surface
area = 407 m*/g) used in this study were purchased
from Cheap Tubes, Inc. (Brattleboro, VT). Their pu-
rity was greater than 95 wt %, and their OH content
(3.96 wt %) was confirmed by X-ray photoelectron
spectroscopy. Tetrahydrofuran (THF), dimethylfor-
mamide, 4,4'-azobis(4-cyanovaleric acid) (75%), 4-
(dimethylamino) pyridine (DMAP; 99%), and N,N'-
dicyclohexyl carbodiimide (DCC; 99%) were pur-
chased from Aldrich and were used as received.
MMA was purchased from Aldrich (St. Louis, MO)
and was distilled from CaH, in vacuo.

Preparation of the initiator-attached single-walled
carbon nanotubes (SWNT-Is)

The SWNT-OHs were treated with free-radical initia-
tors having difunctional carboxyl groups by a well-
known esterification method with DCC/DMAP.”
Typically, 0.13 g (OH content = 0.303 mmol) of
SWNT-OHs was dispersed in 40 mL of dimethylfor-
mamide and sonicated for 1 h at room temperature.
Carboxylic acid (0.147 g, 0.393 mmol) and DMAP
(0.0033 g, 26.7 pmol) of DMAP were added to a
stirred SWNT-OH suspension. DCC (0.063 g, 0.303
mmol) was added to the reaction mixture at 0°C and
then stirred for 10 min at 0°C and for the next 12 h
at room temperature and for 1 h with excess dis-
tilled water. The precipitate was filtered and washed
with excess distilled water until the pH value
reached 7.0. The final products (SWNT-Is) were col-
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lected and dried in vacuo. The contents of the initia-
tor in the SWNT-Is (22.7 wt %) was determined by
elemental analysis.

Preparation of the PMMA-SWNT nanocomposites

The SWNT-based PMMA nanocomposites were pre-
pared by in situ polymerization in a solution. MMA
monomer (20 mL) and the SWNT-Is (96.4 mg) were
sonicated in 10 mL of THF for 3 h at room tempera-
ture. The reaction flask and reaction mixture were
purged with dried N, for 1 h before they were
immersed in a silicon oil bath at a reaction tempera-
ture of 60°C. Polymerization was carried out with
continuous stirring for 24 h under the protection of
an N, atmosphere. The reaction was terminated by
the addition of an acidified methanol solution. The
polymer was precipitated and dried under a vac-
uum at 60°C for 24 h. The PMMA-grafted nanotube
(PMMA-¢g-SWNT) was separated from the polymer
matrix by refluxing in THF for 24 h, repeated wash-
ing with THF, and finally, vacuum filtration through
a 0.2-pm Teflon membrane. The final product of
the PMMA-g-SWNT composite, free of ungrafted
PMMA, was dried overnight in vacuo.

In addition, pure PMMA was prepared by a free-
radical initiator [4,4’-azobis(4-cyanovaleric acid)]:
20 mL of the MMA monomer and 10 mL of THF,
along with 0.12 wt % of the free-radical initiator,
were added to a reactor. The reaction solution was
purged with dried N, for 1 h. Other procedures
were same as for the polymerization of the PMMA-
SWNT composites.

A control sample (a PMMA-SWNT blend) was
made by the sonication of a mixture of neat PMMA
and SWNT-OHs in chloroform. For accurate compar-
isons, the same loading of SWNTs to PMMA, as in
the case of the PMMA-SWNT composites, was used.

Characterization

Fourier transform infrared (FTIR) spectra were
obtained with a MAGNA-IR 560 (Madison, WI) with
a resolution of 4.0 cm™' at room temperature. The
KBr pellet method was used. The viscosity measure-
ments were performed in a benzene solution with
an Ubbelohde capillary viscometer at 25°C. The av-
erage molecular weight was calculated with the
Mark-Houwink relation:*® [n] = 0.55 x 10~* Mno'%,
where M, is the viscosity-average molecular weight.
A Nanoindentor Snstron8848 was used for the mea-
surement of the Young’s modulus of the neat
PMMA and SWNT-PMMA composites. Scanning
electron microscopy (SEM) observations were per-
formed with a LEO 1455 VP microscope (Cam-
bridge, England) with samples being mounted on
aluminum stubs with an adhesive carbon tape and
then gold-coated in a sputter coater. A transmission
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electron microscope (Phillips CM20) operated at an
acceleration voltage of 120 kV was used to observe
microstructures of the samples. The glass-transition
temperature (T,) was determined with a TA2000 dif-
ferential scanning calorimeter at a heating rate of
10°C/min from 30 to 200°C. Two continuous scan-
ning cycles were performed to remove the influence
of the thermal history; the data obtained from the
second scanning were accepted. The thermal decom-
position temperature (T;) was determined by ther-
mogravimetric analysis (TGA) in a temperature
range from 40 to 900°C at a scanning rate of 20°C/
min under the protection of N, flow. The dynamic
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properties of the nanocomposites were measured
with a dual cantilever from 30 to 200°C at a heating
rate of 5°C/min with a frequency of 1 Hz. The sam-
ples were molded to a size of 10 x 30 x 2 mm® at
200°C for 10 min at 4000 psi.

RESULTS AND DISCUSSION

Immobilization of the free-radical initiator onto the
SWNT-OHs

After treatment with the difunctional free-radical ini-
tiator, the surfaces of the SWNTs were covalently
bound to species of radical initiator as follows:

CN o
CN Q
H ¢N
N OH
0. N

OH

5 i N OH

- CN

OH DCC/DMAP

(SWNT-OH)

The thermal properties of the SWNT-OHs, radical
initiator [4,4’-azobis (4-cyanovaleric acid)], and
SWNT-Is were studied by TGA, as shown in Figure
1. The SWNT-OHs showed a high thermal stability.
The total weight loss was only 3.80 wt % at 900°C.
This small percentage of weight loss corresponded to
the removal of the hydroxyl group on the outer
surfaces of the SWNTs (3.96 wt %). On the other hand,
the pure initiator underwent a dramatic weight loss
around 125°C; this indicated the decomposition of the
azo group and the evolution of Nj; the initiator
further decomposed over the experiment temperature
range. As expected, the SWNT-Is showed a rapid
decomposition at the same temperature as the
initiator and then a similar degradation profile to that
of the pure initiator; this indicated that the initiator
was attached to the surfaces of the SWNTs. The total
weight loss of the SWNT-Is was 26.0 wt % at 900°C;
this supported the conclusion that the content of the
attached initiators and remaining hydroxyl groups
was about 26.0 wt %. However, elemental analysis
showed that the initiator attached to the surfaces of
the SWNTSs accounted for 22.7 wt % of the content. We
calculated that 34.8% of OH groups on the SWNT-
OHs had reacted with the free-radical initiator.

FTIR analysis further confirmed the existence of
free-radical initiators on the surfaces of the SWNTs.
The IR spectrum of the SWNT-OHs [Fig. 2(a)]
showed a strong absorbance at 3300-3600 cm ™' due
to the hydroxyl group on the surfaces of the SWNTs,
and C=C functional groups appeared at 1600 cm .
However, as expected, the spectra of the SWNT-Is
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[Fig. 2(b)] showed the initiator characteristic absorp-
tion peak of the C—H bond at 3060-2900 cm ', the
C=O0 (esteric group) bond at 1720 cm ', the C=N
(nitrile) bond at 2243 cm ™!, and the C—O bond at
1300-1000 cm ™. In the IR spectrum of the SWNT-Is,
the presence of the characteristic group frequencies
of both the initiator and the SWNTs were found.
The existence of the ester carbonyl band indicated
that the initiators were covalently bound to the
SWNTs, not just physically adsorbed on the side-
walls of the SWNTs.

Free-radical polymerization of MMA
from the SWNT-Is

The free-radical polymerization of MMA was carried
out in THF at 60°C with the initiator plus the MMA
monomer in a 0.12% weight ratio, as shown in Table
I. The MMA polymerization with the SWNT-Is as an
initiator showed a low conversion (23.5%) compared
to that of the pure initiator (75.0%), and the molecu-
lar weight of PMMA in its SWNT composites was
greater than that in neat PMMA. Generally, every
initiator molecule could produce two radicals for the
MMA polymerization. However, every initiator mol-
ecule attached on the SWNTs may have produced
fewer than two radicals because of the SWNT
effects. So, the molecular weight of SWNT-PMMA
was larger than that of neat PMMA, and a low con-
version of MMA polymerization with SWNT-Is was
observed. The extraction of PMMA chains from the
PMMA-SWNT composites was carried out with
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Figure 1 TGA curves of the (a) SWNT-OHs, (b) SWNT-
Is, (c) SWNT-g-PMMA, and (d) radical initiator [4,4"-azobis
(4-cyanovaleric acid)]. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

THF refluxing in a soxhlet extractor for 24 h. The
results show that only a fraction of the PMMA was
extracted, whereas the neat PMMA initiated by the
pure initiator was totally extracted; this indicated
that the PMMA chains in its SWNT composite were
attached to the surface of the SWNTs. Because the
initiator was attached to the surface of the SWNTs,
the PMMA chains connected the SWNTs by initiator
radicals. When PMMA attached to the SWNTs, it
could not completely dissolve by THF because the
PMMA chain motion was restrained by interfacial
interaction between the PMMA chains and the
SWNTs. The size of the filter in the extractor was
smaller than the size of the nanotube, so the undis-
solved composites could not pass through the filter.
As shown in Figure 1(c), the TGA curve of SWNT-g-
PMMA (free from neat PMMA) gave a residual
weight of 18.3% at 900°C, which was ascribed to the
residual SWNTs because all of the initiator moieties
and the polymer (PMMA) were believed to be ther-
mally consumed before 900°C. As a result, the con-
tent of PMMA in composite was calculated to be
81.7 wt %. In addition, the peaks in the IR spectrum
of SWNT-g-PMMA [Fig. 2(c)] were clearly assigned
to the C—H bond at 3020-2900 cm !, the esteric
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Figure 2 FTIR spectra of the (a) SWNT-OHs, (b) SWNT-
Is, and (c) SWNT-g-PMMA.

group bond at 1731 cm ', and the C—O bond at
1300-1000 cm™'; this indicated the presence of
PMMA chains in the PMMA-SWNT composite.

Microstructures of the PMMA-SWNT composites

The microstructures of the PMMA-SWNT compo-
sites were further studied by SEM and transmission
electron microscopy (TEM). As shown in Figure 3(a),
the pristine SWNT-OHs existed as bundles or ropes
with a wide diameter distribution. Figure 3(b) shows
an image of the dispersion of the nanotubes in their
PMMA matrix; the carbon nanotubes were embed-
ded and tightly held in the PMMA matrix. Some
polymers were coated on the surface of the SWNT.
The SWNTs were considered to have good wettabil-
ity for PMMA. The lack of compatibility may have
led to some agglomerated SWNT clusters. The TEM
observation revealed that the SWNT-OHs existed in
big bundles or ropes, whereas the carbon nanotubes
in the PMMA-SWNT composite remained in smaller
bundles or were separated, as shown in the high-re-
solution TEM images in Figure 4(a,b). The SWNT
size increased because the SWNTs were coated in
PMMA chains. Therefore, the SWNTs were not sim-
ply mixed up or blended with the PMMA, but they
were rather glued or bound by the PMMA chains.
These results indicate that PMMA could be grafted

TABLE I
Polymerization Results for MMA Catalyzed with the Initiator Only and with SWNT-Is

Run Initiator Conversion (%)

SWNT fraction (wt %)

Extracted by THF (%) M, (x107°)

1 " 75.0 0
2 SWNT-Is 23.5 217

100 1.1
79.3 1.4

Polymerization conditions: [Initiator]/[Monomer] = 0.12% (weight ratio), 10 mL of THF
as the solvent, 20 mL of MMA as the monomer, temperature = 60°C, and polymerization

time = 24 h.

@ 4,4'-Azobis(4-cyanovaleric acid) as the initiator.

Journal of Applied Polymer Science DOI 10.1002/app
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(a)

through free-radical polymerization onto the surfa-
ces of the SWNTs.

Solubility and thermal properties
of the PMMA-SWNT composites

The solubility of the PMMA-SWNT composites (co-
valently grafted) and PMMA-SWNT blend in a
CHCI; solution was also investigated. The SWNTs
were not likely to be dispersed in the CHCl; solvent.
The SWNTs (2 mg) in 10 mL of CHCl; were soni-
cated for 60 min, but sedimentation appeared 1 h af-
ter the sonication was halted, as shown in Figure
5(a). The PMMA-SWNT blend showed a result simi-
lar to that of the SWNT-OHs, as shown in Figure
5(b); this indicated poor interaction between the
SWNTs and PMMA chains. However, the PMMA-
SWNT composites (covalently grafted) were homo-
geneously dispersed in the CHCI; solvent. As Figure
5(c) shows, 2 mg of the PMMA-SWNT composites
were dispersed in 10 mL of CHCI; with the aid of
sonication for 60 min; no nanotube precipitation
from this solution was observed, even 10 days after
the sonication was ceased. Therefore, it was not dif-
ficult for us to conclude that the PMMA-SWNT
composites synthesized by free-radical polymeriza-
tion significantly enhanced the homogeneous dis-
persability of the SWNTs in organic solvents.

The thermal properties of the PMMA-SWNT com-
posites were measured by differential scanning calo-
rimetry (DSC) and TGA, as shown in Figures 6 and
7. The addition of the SWNTs increased the T, val-
ues; T, increased from 125.5°C (for neat PMMA) to
131.5°C (for the PMMA-SWNT composite) with an
SWNT concentration of 2.17 wt %. Also, the control
sample, PMMA-SWNT blend, had a T, value
(125.6°C) lower than that of the PMMA-SWNT com-
posites; this indicated that poor interaction between
the SWNTs and PMMA in the control sample could
not improve T, of the PMMA. The T, value repre-

Journal of Applied Polymer Science DOI 10.1002/app

CUI, TARTE, AND WOO

(b)

Figure 3 SEM images of the (a) pristine SWNT-OHs and (b) PMMA-SWNT composites.

sented the extent of macromolecular segment
motion. Intimate interaction between the SWNTs
and the PMMA covalently attached to the surfaces
of the nanotubes resulted in a decrease in the mobil-
ity of the polymer chains. In fact, the attachment of
the PMMA chains to the surfaces of the SWNTs pro-
vided strong interfacial adhesion between polymer
chains and nanotubes; as a result, the macromolecu-
lar segment motion was confined; this resulted in an
increase in T,.*” Figure 7 shows the thermal stability
of the neat PMMA, PMMA-SWNT blend, and the
PMMA-SWNT nanocomposite (covalently grafted).
The temperature for 5% weight loss was defined as
T.>° By comparing the curves of the PMMA-SWNT
composites (T; = 336.6°C) with that of neat PMMA
(T; = 280.0°C), we found that the T; of the nano-
composites was 56.6°C higher than that of the neat
PMMA,; this indicated that the embedding of the
SWNTs into the polymer matrix also improved the
thermal stability of the PMMA, as reported by
another group.'®®" The increase in T, was attributed
to the interaction between the polymer chains and
the surfaces of the SWNTs. On the contrary, the T,
of the PMMA-SWNT blend (296.1°C) was much
lower than that of the PMMA-SWNT composites,
although it was 16.1°C higher than that of the neat
PMMA. The thermal dynamics of the PMMA-SWNT
blend were also attributed to the interaction between
the polymer chains and the SWNTs. As shown in
Figure 5(b), interaction existed between PMMA and
the SWNTs for certain, although the SWNTs were
not efficiently dispersed in their blend.

Dynamic mechanical properties
of the PMMA-SWNT composites

Dynamic mechanical thermal analysis measures the
response of a given material to cyclic deformation as
a function of temperature. The temperature depend-
ence of the storage modulus (E’) and tan & are
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(b)

Figure 4 TEM images of the (a) pristine SWNT-OHs and
(b) PMMA-SWNT composites.

shown in Figures 8 and 9, respectively. E' of a poly-
mer decreases rapidly, whereas tan & goes through a
maximum when the polymer is heated through the
glass-transition region. The maximum of tan & is
commonly taken as T,. In both the glassy and rub-
bery regions, E' of the PMMA-SWNT composites
was much greater than those of the neat PMMA and
PMMA-SWNT blend. E’ of PMMA increased by the
stiffening effect of the covalently introduced nano-
tubes; the effect was more significant at higher tem-
peratures. Moreover, it was higher than that of the
multiwalled carbon nanotube-PMMA composites
prepared by a melt-processing method,* although a
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Figure 5 Stability in CHCl; (after sonication for 60 min)
of the (a) pristine SWNT-OHs (time = 1 h), (b) PMMA-
SWNT blend with 2.17 wt% SWNTs (time = 1 h), and (c)
PMMA-SWNT composites with 2.17 wt % SWNTs (time =
10 days). The content of SWNTs in each of the bottles was
0.2 mg/mL. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

very low SWNT content was embedded in the
PMMA matrix in our case. It was interesting that the
PMMA-SWNT blend showed dynamic mechanical
behavior different from that of the neat PMMA with
a slightly higher E’ in the glassy region and a much
higher E’ in the rubbery region. This result indicates
that the presence of carbon nanotubes in the
PMMA-SWNT blend also enabled the matrix to sus-
tain a high modulus value to higher temperature.
Figure 9 shows the tan 6 peaks of various samples.
Peaks from the PMMA-SWNT composites and
PMMA-SWNT blend obviously shifted to higher
temperatures compared to that of the neat PMMA;
this indicated that the T, of the composite increased
with the addition of the nanotubes. The relationship
between T, and the SWNTs in the PMMA matrix
was consistent with that shown by the DSC results.

Heat Flow (w/g)
o

1 L 1 L 1 R 1 L 1 L ) L 1
60 80 100 120 140 160 180

Temperature (°C)

Figure 6 DSC thermograms of the (a) neat PMMA, (b)
PMMA-SWNT blend, and (c) PMMA-SWNT composites.
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Figure 7 TGA thermograms of the weight loss as a func-
tion of temperature for the (a) neat PMMA, (b) PMMA-
SWNT blend, and (c) PMMA-SWNT composites.

CONCLUSIONS

An in situ radical polymerization grafting-from
approach was successfully applied to functionalize
SWNTs; this resulted in SWNTs grafted with PMMA
layers. Significantly, the approach can be extended
to other polymers to obtain functionalized SWNTs,
and researchers may explore and synthesize novel
carbon-nanotube-based nanomaterials and molecular
devices with tailor-made structures and properties.
Because of the grafting nature of PMMA, the SWNTs
could be more uniformly dispersed in the PMMA
matrix than a composite prepared from a PMMA so-
lution. Thus, carbon nanotubes played a reinforce-
ment role in the PMMA matrix. The results obtained
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Figure 8 Trends of E’ versus temperature for the (a) neat
PMMA, (b) PMMA-SWNT blend, and (c¢) PMMA-SWNT
composites.
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Figure 9 Tan § versus temperature for the (a) neat
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composites.

demonstrate that T,, T; and the mechanical proper-
ties of the PMMA-SWNT increased evidently.
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