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a b s t r a c t

In this work, poly(methyl methacrylate) (PMMA) was grafted onto amine treated multi-walled carbon

nanotubes (NH-MWNTs) and the physical and rheological properties of the NH-MWNTs–g-PMMA

nanocomposites were investigated. The graft reaction of NH-MWNTs and the PMMA matrix was

confirmed from the change of the N1S peaks, including those of amine oxygen and amide oxygen, by

X-ray photoelectron spectroscopy (XPS). The thermal and mechanical properties of the NH-MWNT–g-

PMMA nanocomposites were enhanced by the graft reaction between NH-MWNTs and PMMA matrix.

In addition, the viscosity of the nanocomposites was increased with the addition of NH-MWNTs.

Storage (G0) and loss modulus (G00) were significantly increased by increase in the NH-MWNT content

compared to acid-treated MWNTs/PMMA nanocomposites. This increase was attributed to the strong

interaction by the grafting reaction between NH-MWNTs and the PMMA matrix.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have emerged as materials of funda-
mental importance and great application potential due to their
high aspect ratio, exceptional electrical and thermal conductivities,
mechanical properties, and thermal stability [1–3]. Among various
applications, CNTs have been studied as filler for polymer nano-
composites to improve thermal, mechanical, electrical, and rheo-
logical properties. Therefore, the CNTs/polymer nanocomposites
are potentially valuable in semiconductors, flexible electronic
systems, thin film transistors, automobiles, aerospace, etc. [4–7].

In CNTs/polymer nanocomposites, the key point is the disper-
sion of CNTs and interaction between polymer matrix and CNTs,
because the attractive vander Waals interactions of CNTs lead to
the aggregation of CNTs in the polymer matrix, resulting in the
decrease of various properties of the nanocomposites. In addition,
the incompatibility between polymer and smooth surface CNTs is
the main factor in the defects of the nanocomposites [8–11].

Therefore, several approaches have been developed to improve
the dispersion of individual CNTs in the polymer matrix, including
in-situ polymerization, surface modification, ultrasonic treat-
ment, etc. Among these, surface modification of the CNTs is one
efficient approach to increase their dispersion and compatibility
with polymer [12–14].

Currently, chemically non-covalent and covalent functionali-
zation methods have been developed to modify CNTs. The
chemical functionalization is the process in which functional
ll rights reserved.
groups are covalently linked to the CNTs’ surface and the linkage
is permanent and mechanically stable. However, the noncovalent
functionalization linkage is not as strong as the covalent bonding
formed in the chemical functionalization methods. Also, the
‘grafting to’ technique, which is a chemical graft reaction between
functionalized CNTs and polymer, has been reported recently to
enhance the dispersity and compatibility of CNTs [15–17].

In the present study, poly(methyl methacrylate) (PMMA),
which is one of the most widely used thermoplastics due to its
many excellent physical and optical properties, is used as the
matrix. Before nanocomposite processing, multi-walled carbon
nanotubes (MWNTs) were amino-functionalized using diethylene
triamine (DETA). Amino functionalized MWNTs (NH-MWNTs)–g-
PMMA nanocomposites were prepared by graft reaction. The
effect of the NH-MWNTs on physical and rheological properties
of PMMA-based nanocomposites is discussed.
2. Experimental

2.1. Materials

PMMA was obtained from LG MMA. Multi-walled carbon
nanotubes (MWNTs) produced by chemical vapor deposition
(CVD) process were obtained from Nanosolution Co. (Korea).
The properties of the MWNTs were: purity 495 wt% and average
diameter 10–25 nm. Thionyl chloride and diethylene triamine
(DETA) were supplied from Aldrich. All other organic solvents
used in this study were of analytical grade and used without
further purification.
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Fig. 1. Schematic diagram showing the preparation of the NH-MWNTs and NH-MWNT–g-PMMA.
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2.2. Preparation of amine treated MWNTs

For the surface treatment, the MWNTs were acid-reacted with
a sulfuric acid and nitric acid (3:1) mixture that was stirred for 6 h
at 80 1C. They were then washed and dried at 80 1C. In the next
step, the acid-treated MWNTs (A-MWNTs) were put in an excess
amount of thionyl chloride and the mixture was stirred at 70 1C
for 24 h. The excess thionyl chloride was decanted and the acyl-
derivated MWNTs (MWNTs-COCl) were washed by THF and dried
under a vacuum at room temperature. Finally, the MWNTs-COCl
was reacted with excess DETA at 80 1C for 12 h and then washed
by ethanol and dried at 80 1C. It was termed NH-MWNTs.

2.3. Preparation of NH-MWNT–g-PMMA nanocomposites

The NH-MWNT–g-PMMA nanocomposites were prepared
with different NH-MWNT contents using a graft reaction. The
NH-MWNTs concentrations were 0.5, 1, 2, and 3 wt% of the total
PMMA weight. In this process, PMMA was dissolved in chloroform
and NH-MWNTs were then dispersed in the PMMA solution with
sonication for 3 h. Finally, the NH-MWNTs and the PMMA were
reacted for 24 h at 80 1C while stirring. NH-MWNT–g-PMMA
nanocomposites were prepared in a solution casting method
and were then dried in an oven at 80 1C. The product was then
dried in a vacuum oven at 80 1C for two days. The preparation
procedure of the NH-MWNTs and NH-MWNT–g-PMMA is pre-
sented in Fig. 1.

2.4. Measurements

Structural characterization of pristine MWNTs and NH-
MWNTs was determined using an FT-Raman (RFS 100S, Bruker).

Electrophoretic mobility and z-potential distribution of pris-
tine MWNTs and NH-MWNTs were measured with a Zeta poten-
tial analyzer (ELS-Z, Photal otsuka).

MWNTs, NH-MWNTs, PMMA, and NH-MWNT–g-PMMA were
characterized by Fourier transform infrared spectrophotometer
(FT-IR 4200, Jasco) and X-ray photoelectron spectroscopy (XPS,
K-Alpha) using a VG Scientific ESCALAB MK-II spectrometer
equipped with an MgKa (1253.6 eV) X-ray source, and a high-
performance multichannel detector that was operated at 200 W.

The morphologies of the NH-MWNTs, A-MWNT/PMMA, and
NH-MWNT–g-PMMA nanocomposites were observed by scanning
electron microscopy (SEM, S-4200, Hitachi) and transmission
electron microscope (TEM, JEM2100F, JEOL).

The electrical conductivity of the NH-MWNT–g-PMMA nano-
composites was measured at room temperature using a four-
probe digital multimeter (MCP-T610, Mitsubishi Chem.).

The thermal stability of pure PMMA, A-MWNT/PMMA, and
NH-MWNT-g-PMMA nanocomposites was measured by means of
thermogravimetric analyses (TGA, DuPont TGA-2950 analyzer)
from 30 to 850 1C at a heating rate of 10 1C/min in a nitrogen
atmosphere. Number of the measurement of all samples was
three times.

The mechanical properties of the A-MWNT/PMMA and
NH-MWNT–g-PMMA nanocomposites were measured using the
tensile strength method on a universal testing machine (UTM,
Lloyd, LR5K). Each sample was tested at a crosshead speed of
2 mm/min at room temperature.

Dynamic rheological measurements of the nanocomposites
were taken using an AR 1000 rheometer (TA instrument). The
measurements were obtained via oscillation and steady shear
tests. All measurements were performed at 230 1C. Frequency
sweeps between 0.1 and 100 rad/s were carried out at low
strain (5%).
3. Results and discussion

3.1. Characterization of NH-MWNTs

Fig. 2 shows the Raman spectra of pristine MWNTs and NH-
MWNTs. The D peak (at 1290 cm�1) and G peak (at 1590 cm�1)
indicate the characteristics of the MWNTs, which are attributed to the
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Fig. 2. Raman spectra of pristine MWNTs and NH-MWNTs.

Table 1
Zeta potential values of the A-MWNTs and NH-MWNTs.

Sample Zeta potential (mV) Mobility (cm2/Vs)

A-MWNTs �24.63 �3.25�10�5

NH-MWNTs 58.18 7.67�10�5
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Fig. 3. FT-IR spectra of pristine MWNTs, NH-MWNTs, PMMA, and NH-MWNT–g-

PMMA nanocomposites.
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Fig. 4. XPS N1S spectra of (a) NH-MWNTs and (b) NH-MWNT–g-PMMA

nanocomposites.

K.-S. Kim, S.-J. Park / Journal of Solid State Chemistry 184 (2011) 3021–3027 3023
hexagonal framework of the MWNT wall. As shown in Fig. 2, the
intensity ratio (ID/IG) of the D peak and G peak is weakly changed after
functionalization of the MWNTs. ID/IG of the NH-MWNTs (1.95)
increases with amine treatment of pristine MWNTs (1.75) by
chemical reaction. This indicates that the acid treatment and the
acylation of the MWNTs lead to the formation of sp3 hybridized
carbon defect sites and then that amine groups increase after
chemical reaction with DETA [18].

Measurements of the zeta potential have long been used to
study the surface chemistry of solid types. Zeta potential is
calculated according to the Smoluchowski equation [19]

B¼ 4pZU

e ð1Þ
where Z is the viscosity, e the dielectric constant, and U the ion
mobility; U is given by

U ¼ V=E ð2Þ

B¼ LVl
2nðSiny=2Þ

ð3Þ

where E is the electric field, V the mobile velocity, n the refractive
index, LV the Doppler-shift, l the wavelength, and y the
scattering angle.

The effect of surface treatment using DETA on the electro-
phoretic characteristics of the carbon nanotube dispersants in
ethanol is determined using zeta potential measurements; the
values are shown in Table 1.

Zeta potential value and electrophoretic mobility of the
NH-MWNTs are increased with chemical surface treatment com-
pared with pristine MWNTs, indicating fairly stable dispersion of
NH-MWNTs relative to pristine MWNTs in ethanol. This stable
dispersion is attributed to the formation of an electrical double
layer that is an ionic volume of a few angstrom thicknesses that
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prevents the particle aggregation and thereby stabilizes the
suspension. In the present case, the dissociation of amine groups
increased by chemical treatment in the presence of ethanol leads
to the formation of the electrical double layer around the
particles, preventing the aggregation and resulting in the increase
of the zeta potential value [20,21].

3.2. Grafting of PMMA onto NH-MWNTs

Fig. 3 shows the FT-IR spectra of pristine MWNTs, NH-MWNTs,
PMMA, and NH-MWNT–g-PMMA nanocomposites. There are no
characteristics of pristine MWNTs. In NH-MWNTs, the appearance
of a weak and broad band at 3400 cm�1, carbonyl stretching at
1720 cm�1, and absorbance at 1560 cm�1 are, respectively,
attributed to hydroxyl groups, carbonyl groups, and amino groups
on the surface of the NH-MWNTs, resulting from the functiona-
lization of the MWNTs. The PMMA and NH-MWNT–g-PMMA
nanocomposites show a strong carbonyl peak at 1730 cm�1 and
NH-MWNT–g-PMMA nanocomposites exhibit amino groups at
1560 cm�1, like NH-MWNTs. It indicates that PMMA is grafted
onto the NH-MWNTs [22].

The grafting of PMMA onto the NH-MWNTs is confirmed by
XPS analysis, as shown in Fig. 4. The N1S peak of the NH-MWNTs
can be curve-fitted with three component peaks, as shown in
Fig. 4(a). The lower binding energy peak at 398.7 eV is attributed
to the amine nitrogen. The higher binding energy peaks at 400.0
and 401.5 eV are attributed to the amide nitrogen by the electron-
withdrawing carbonyl group. Fig. 4(b) shows the N1S spectrum of
the NH-MWNT–g-PMMA nanocomposites after the graft reaction.
The N1S peak can also be curve-fitted with two component peaks,
one at 400.0 eV and the other at 401.5 eV. The absence of an
amine nitrogen peak at 398.7 eV reveals that all the amine groups
of the NH-MWNTs have reacted with the PMMA.
Fig. 5. SEM images of (a) pristine MWNTs, (b) NH-MWNT–g-PMMA nanocompo

nanocomposites.
3.3. Electrical properties of the nanocomposites

The microstructure of NH-MWNTs and NH-MWNT–g-PMMA
nanocomposites is confirmed using SEM, and is shown in Fig. 5. It
can be seen that the NH-MWNTs exhibit diameters in the range of
about 20–60 nm and length of a few micrometers. Also, they are
entangled and randomly oriented. After nanocomposite proces-
sing, NH-MWNTs are uniformly dispersed in the PMMA matrix
without aggregation, which is attributed to the strongly inter-
facial interaction between NH-MWNTs and PMMA throughout
graft reaction. The dispersion of A-MWNTs and NH-MWNTs in
the PMMA matrix is further observed using TEM images, as
shown in Fig. 5(c) and (d). In A-MWNT/PMMA, A-MWNTs display
localized aggregation, whereas the NH-MWNTs is highly dis-
persed in PMMA without aggregation between MWNTs. It is
indicated that the more effective surface modification of MWNTs
lead to the decrease of a size of the clusters with less entangled
MWNTs, resulting from the decrease of strong p–p interaction
between individual MWNTs and the increase of the interaction
between NH-MWNTs and PMMA matrix. Moreover, NH-MWNTs
dispersed in the PMMA matrix form an interconnected network,
resulting in an electrical conductive pathway in nanocomposite
system [9].

Measurement of electrical conductivity is important to qualify
the conductive polymer composites, and is influenced by filler
content, filler type, and dispersion of filler. In this work, to
improve the dispersity of MWNTs and interaction between
MWNTs and polymer matrix, the chemically functionalized
MWNTs using DETA are used.

Electrical conductivity of the PMMA nanocomposites as a
function of NH-MWNT content is listed in Table 2. The electrical
conductivity of neat PMMA is not detectable (over the limit of
equipments). The electrical conductivity of the nanocomposites is
sites, and TEM images of (c) A-MWNTs/PMMA and (d) NH-MWNT–g-PMMA



Table 2
Electrical conductivity of the nanocomposites as a function of MWNT content.

MWNTs (wt%) A-MWNTs/PMMA (O cm) NH-MWNTs–g-PMMA (O cm)

0.5 – 9.3�105

1 4.0�104 4.9�104

2 4.1�103 1.4�104

3 1.6�103 2.5�103
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steadily increased with increase in MWNT content. It is noted that
MWNTs are homogeneously dispersed in the PMMA matrix and
form an interconnected MWNT network, resulting in the forma-
tion of a conductive network. Also, the densely conductive net-
work is formed with the increase of MWNT content, leading to the
increase of the electron pathway. However, the electrical con-
ductivity of the NH-MWNT–g-PMMA is lower than that of
A-MWNT/PMMA over 0.5 wt% MWNTs due to the higher disper-
sity and shorter length and aspect ratio of NH-MWNTs after
chemical functionalization [23].

3.4. Physical properties of the nanocomposites

The thermal stabilities of pure PMMA, A-MWNTs/PMMA, and
NH-MWNTs–g-PMMA are shown in Fig. 6. The initial decomposed
temperature (IDT) of the A-MWNT/PMMA (166 1C) and NH-
MWNT–g-PMMA nanocomposites (171 1C) is higher than that of
the pure PMMA (126 1C). The NH-MWNT–g-PMMA nanocompo-
sites become degraded near 373 1C, which is a higher temperature
compared to the degradation temperature of pure PMMA (359 1C)
and A-MWNT/PMMA (363 1C). This is attributed to the grafting
between the NH-MWNTs and PMMA, which causes a trammel
effect of the movement of the PMMA chains. In addition, no
significant weight change was observed at temperatures in excess
of approximately 430 1C; moreover, the residual weight percent
of the nanocomposites is higher (1.8–2.1%) than that of the pure
PMMA (0.6%). These results indicate that the difference in the
total weight loss is most likely due to the excellent thermal
stability of the NH-MWNTs dispersed in the PMMA matrix [24].

Fig. 7 shows the tensile strength and modulus of the PMMA
nanocomposites as a function of MWNT content. The tensile
strength of the nanocomposites is improved by increasing the
MWNT content. The maximum value of the tensile strength is
shown in 1.0 wt% A-MWNTs and NH-MWNT loading and is higher
by about 29% and 50%, respectively, than that of pure PMMA.
Likewise, the maximum tensile modulus values are obtained with
1.0 wt% A-MWNTs and NH-MWNT loading, and is about 9% and
26% greater than that of pure PMMA, respectively. It is clear that
although the physical properties of A-MWNT/PMMA are higher
than that of pure PMMA by highly dispersed A-MWNTs in PMMA
matrix, NH-MWNTs are more effective reinforcement for the
PMMA nanocomposites, resulting from strong intermolecular
interaction via the grafting between NH-MWNTs and the PMMA
matrix (see Fig. 1). Above 1.0 wt% MWNTs, the mechanical
properties of the nanocomposites are slightly decreased due to
the accumulation of MWNTs. However, the decrease of the tensile
strength of NH-MWNT–g-PMMA nanocomposites is lower than
that of A-MWNT/PMMA for over 1.0 wt% MWNTs. It is suggested
that the chemical functionalization of the MWNTs causes a higher
dispersity in the PMMA matrix, resulting in enhanced interfacial
bonding between MWNTs and the PMMA matrix [25].

3.5. Rheological properties of the nanocomposites

Fig. 8 shows the viscosity obtained for the NH-MWNT–g-PMMA
nanocomposites containing different contents of NH-MWNTs at
different frequencies. Fig. 8 shows that the NH-MWNT-reinforced
nanocomposites display higher viscosity compared to pure PMMA
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and the viscosity of the PMMA increases as the NH-MWNT content
increases. The addition of a low content of MWNTs (0.5 wt%)
induces a small increase in the viscosity. This behavior is similar
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to that of PMMA, though PMMA containing relatively high content
of MWNTs (1.0–3.0 wt%) shows increased viscosity at low fre-
quency, which then gradually decreases as the frequency increases.
This indicates that the increase of the viscosity is mainly related to
the formation of an interconnected structure of the MWNTs and an
increase in the NH-MWNT content leads to an increase in shear
thinning behaviors. Also, the network of the MWNTs leads to
restraining the motion of the polymer chains [26].

Fig. 9 shows the storage modulus (G0) and loss modulus (G00) of
the A-MWNTs/PMMA and NH-MWNTs–g-PMMA nanocomposites
with different MWNT contents. As well known, in carbon nano-
tube-reinforced polymer nanocomposites, the surface modifica-
tion of the carbon nanotubes is significantly affected due to the
physical and rheological properties of the polymer, resulting from
the strong physical interaction or chemical reaction between
carbon nanotubes and polymer matrix. In our previous study [27],
we have confirmed that glycidyl methacrylate-grafted MWNTs
provides higher physical and rheological properties of PMMA-based
nanocomposites compared to conventional acid-treated MWNTs,
indicating that surface modified carbon nanotubes are resulted in
the improved compatibility between carbon nanotubes and poly-
mer, leading to good dispersion of carbon nanotubes in polymer
matrix.

In Fig. 9, the G0 value of NH-MWNTs–g-PMMA is higher than
that of A-MWNTs/PMMA, indicating the difference of dispersion
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of MWNTs and interaction between MWNTs and PMMA. Com-
pared to conventional acid-treated MWNTs, amine treated
MWNTs can provide improved dispersion, leading to the forma-
tion of the CNT’s network at relative low MWNT content and
strong interaction between MWNTs and polymer matrix by
grafting reaction, as mentioned from thermal and mechanical
properties as well as rheological property. Du et al. [28] have
reported the effect of degree of dispersion of SWCNTs on rheolo-
gical properties of SWNTs/PMMA. They indicated that higher G0

values are significantly related to the dispersion of SWNTs. In
addition, both the G0 and G00 values of the nanocomposites
increase monotonically for all frequencies, representing more
solid-like behavior as the MWNT content increases.

In carbon nanotube reinforced composite system, rheological
behaviors at low frequency is useful to examine the change of
micro- and nano-stucture of CNTs-filled polymer composites and
‘pseudo-solid like’ properties. As shown in Fig. 9c and d, at low
frequencies, G0 and G00 are significantly increased with increase
in NH-MWNT content and the effect of the NH-MWNT content on
G0 and G00 is much higher at a low frequency than at a high
frequency, indicating the transition from liquid-like to solid-like
by the formation of MWNT network in the composites. Moreover,
the increase in G0 as a function of the NH-MWNT content is larger
than that of G00. This difference indicates that the structure of the
nanocomposites is sensitively reflected on G0. Consequently, the
rheological properties of the nanocomposites are enhanced with
the addition of NH-MWNTs. This enhancement is attributed to
chemical reaction between the NH-MWNTs and PMMA during
nanocomposite processing [29].
4. Conclusion

Amine-treated MWNT-g-PMMA nanocomposites were prepared
by graft reaction. The grafting of PMMA onto the NH-MWNTs was
confirmed by means of XPS, showing that it resulted from the shift of
the N1S peaks. The electrical conductivity of the NH-MWNT–g-PMMA
nanocomposites increased as the NH-MWNT content increased due
to the increase in the number of electron conductive pathways. The
thermal and mechanical properties of the NH-MWNT–g-PMMA
nanocomposites were improved with the addition of NH-MWNTs.
It was found that the grafting of NH-MWNTs and the PMMA matrix
led to an effective reinforcement effect for the nanocomposites.
Additionally, rheological properties were remarkably increased by
increase in the NH-MWNT content, which increase was attributed to
the strong interaction between NH-MWNTs and PMMA by graft
reaction.
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