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ABSTRACT: This research investigates the modification and dis-
persion and of pristine multiwalled carbon nanotubes (MWCNTs)
through a simple solution mixing technique based on noncovalent
interactions between poly(phenylene ethynylene)-based conjugated
polyelectrolytes functionalized with cationic imidazolium solubilizing
groups (PIM-2 and PIM-4) and MWCNTs. Spectroscopic studies
demonstrated the ability of PIMs to strongly interact with and
efficiently disperse MWCNTs in different solvents, mainly due to π
interactions between the PIMs and the MWCNTs. Transmission
electron microscopy and atomic force microscopy revealed the coating
of the polyelectrolytes on the walls of the nanotubes. Scanning electron
microscopy (SEM) studies confirm the homogeneous dispersion of
PIM-modified MWCNTs in the poly(methyl methacrylate) (PMMA)
matrix. The addition of 1 wt % PIM-modified MWCNTs to the matrix
has led to a significant decrease in DC resistivity of the composite (13 orders of magnitude). The increase in electrical
conductivity and the improvement in the thermal and mechanical properties of the membranes containing the PIM-modified
MWCNTs is ascribed to the formation of MWCNT networks and cross-linking sites that provided channels for the electrons to
move in throughout the matrix and reinforced the interface between MWCNTs and PMMA.

KEYWORDS: multiwalled carbon nanotubes, MWCNTs, conjugated polyelectrolytes, CPEs, poly(methyl methacrylate), PMMA,
dispersion, electrical conductivity, composites

■ INTRODUCTION

With a unique combination of electrical, mechanical, and
thermal properties, carbon nanotubes (CNTs) have drawn
significant attention since their discovery in 1991.1−5 CNTs can
act as excellent nanofillers in the field of polymer nano-
composites.6−9 In the past few years, interest in polymer/CNT
composites has grown significantly due to their numerous
applications, including use in passive and active electronic and
optoelectronic materials and devices.10,11 Polymer/CNT
composites combine the good processability of polymers and
the unique electrical, mechanical, and thermal properties of
CNTs, affording low-cost polymer materials with improved
properties.12−14

Nevertheless, real-world applications of CNTs still face
challenges. A key challenge to application is the poor miscibility
between polymers and CNTs.15,16 Due to van der Waals
attraction and π−π stacking, CNTs are thermodynamically
driven to form aggregates and clusters. The weak interfacial
interaction between CNTs and polymers makes CNTs
immiscible in the polymer phase, which decreases the

improvement of the polymer properties dramatically.16−22 To
overcome these problems, we segregated nanotubes out of their
aggregated bundles by utilizing either covalent or noncovalent
functionalization to modify their surface properties.23−26

Chemical functionalization of CNTs involves the covalent
attachment of functional groups (often polymer chains) to the
open end and sidewalls. This covalent functionalization of
CNTs can improve CNT dispersion in solution and polymer
matrices. Furthermore, covalent functionalization can also be
used to modify and control the CNT/polymer interface for
composite properties by varying the chemical functional-
ity.27−29 However, a notable drawback of covalent functional-
ization is the disruption of the extended π conjugation in the
nanotubes, which thus affects their electronic properties.
In contrast, when CNTs are noncovalently functionalized,

their structural integrity is preserved and, consequently, their
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properties are not disrupted, which is essential for their
postsynthetic applications.30−32 Noncovalent functionalization
involves utilizing specific molecules or polymers that adsorb
onto the CNT surface to separate the CNT aggregates and
improve the dispersion of CNTs in solution or a polymer
matrix. A library of established noncovalent functionalizing
agents exists in the literature. Previous studies have examined
the effect of low-molecular-weight molecules, surfactants, and
polymers including chitosan, sodium dodecyl sulfate (SDS),
sodium cholate, and conjugated polmers.33−36 Among these
agents, conjugated polymers exhibit some of the best dispersing
and solubilizing properties for CNTs. The strong π−π
interaction between conjugated polyarylenes and CNTs allows
the backbone of these polymers to wrap CNTs efficiently.37−39

Von Bargen et al. suggested that the wrapping of poly[p-{2,5-
bis(3-propoxysulfonicacid sodium salt)}phenylene]ethynylene
(PPES) around single-walled carbon nanotubes (SWCNTs) is
not solely due to π−π interactions between the conjugated
backbone and the CNTs.40 They suggest that it also arises from
the presence of the propoxysulfonate side chains that interact
with the nanotubes and the solvent, resulting in the helical
wrapping of the polymer around the nanotubes.40 Examples
also include poly(3,4-ethylenedioxythiophene)/poly-
(styrenesulfonate) (PEDOT/PSS), which adsorbs onto the
surface of multiwalled carbon nanotubes (MWCNTs), thus
improving the dispersion and electrical properties of the
nanocomposite.41 A hallmark study by Deria et al. showed that
poly[2,6-{1,5-bis(3-propoxysulfonic acid sodium salt)}-
naphthylene]ethynylene (PNES) is able to helically wrap
SWCNT with a periodic and constant morphology when a
phase transfer catalyst such as 18-crown-6 is used.42 Our group
has also reported poly(9,9-dioctyfluorenyl-2,7-diyl) (PFO)
dispersing MWCNTs in a poly(ether imide) (PEI) matrix.
The electrical conductivity of PEI was dramatically increased by
the PFO/CNT dispersion.43

Ionic liquids have also been demonstrated to be good
dispersion agents for CNTs via noncovalent functionalization.
In a recent study, we reported a simple and scalable method for
dispersing MWCNTs in a poly(ether imide) (PEI) matrix using
an imidazolium-based ionic liquid (IL). The strong interactions
between the CNTs and the IL led to the formation of “bucky
gels” that, when dispersed within PEI, yield films with excellent
conductivity and thermal stability.44

Herein, we seek to combine the excellent dispersion
capability of conjugated polymers and imidazolium solubilizing
groups. Specifically, a set of conjugated polyelectrolytes (CPEs)
featuring imidazolium side groups have been designed and
prepared (Figure 1). The design of these polymers takes into
consideration the idea that the poly(phenylene ethynylene)
backbone will adsorb onto with the CNT surfaces, and the
pendant imidazole groups will act as solubilizing and stabilizing
units, giving rise to the ability to disperse the modified CNTs in
solvents and polymer matrices. We characterize the interaction
between the CPEs and MWCNTs by using optical spectros-
copy and electron and atomic force microscopy, and the
electrical, thermal, and mechanical properties of PMMA
composites with the CPE modified CNTs are then explored.
The results show that the imidazole-conjugated poylelectrolytes
serve as excellent solubilizing and dispersing agents for
MWCNTs, giving rise to composites that exhibit moderate
DC conductivity and improved thermal and mechanical
properties.

■ EXPERIMENTAL METHODS
Materials. PMMA in a fine powdered form was supplied by SABIC

Innovative Plastics (average Mw of approximately 990 000). MWCNTs
were purchased from Sigma-Aldrich with a purity of >95%. The
diameter of the MWCNTs used is 6−9 nm, and the length is 2−5 μm.
Dimethylformamide (DMF) was purchased from Sigma-Aldrich and

Figure 1. Chemical structure of (a) PIM-2, (b) PIM-4, and (c) poly(methyl methacrylate) (PMMA).

Scheme 1. Preparation of PMMA/PIM-MWCNTs Nanocomposites.a

a(i) Sonication of PIM with MWCNTs for 90 min followed by stirring for 12 h. (ii) Sonication of PMMA with the obtained PIM/MWCNTs
dispersion for 1 h followed by stirring for 12 h.
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used as received. The conjugated polyelectrolytes PIM-2 and PIM-4
were prepared and characterized as described elsewhere.45

Preparation of Conjugated Polyelectrolyte-Coated
MWCNTs. PIM-2 or PIM-4 were dissolved in DMF under bath-type
sonication for 90 min and then stirred for 12 h at room temperature to
obtain a homogeneous pale yellow solution. Pristine MWCNTs were
mixed with the PIM/DMF solution and then sonicated for 90 min to
form a homogeneous suspension. Mixtures of different concentrations
of PIM/MWCNT were prepared and studied.
Preparation of the PMMA/PIM/MWCNTs Nanocomposites.

PMMA was dissolved in DMF and allowed to stir at room temperature
for 1 h until a clear solution was obtained. PMMA was then added to
the PIM/MWCNT solutions to obtain different mixtures of PMMA/
PIM/MWCNT. The PMMA/PIM/MWCNT dispersions were
sonicated for 1 h and then stirred for 12 h. The mixtures were then
cast into a glass Petri dish and followed by solvent evaporation at 50
°C in a vacuum oven for 24 h to obtain the desired polymer
nanocomposite membrane. The resulting membranes were 0.1 mm
thick, and they were heated at 70 °C for 24 h to eliminate any
remaining solvent. This process is shown in Scheme 1.
Instrumentation and Methods. Ultraviolet−visible (UV−vis)

absorption spectra were completed in DMF solutions using Varian
Cary 5000 UV−vis−near infrared absorption spectrometer at room
temperature. Fluorescence spectra were measured using a Varian Cary
Eclipse fluorescence spectrometer.
High-resolution transmission electron microscopy (HRTEM)

images were obtained using a Titan CT (FEI Company) operating
at 300 kV and equipped with a 4 × 4 k CCD camera (Gatan).
Standard (TEM) images were collected using a Tecnai G2 Spirit
TWIN 20−120 kV/LaB6. The PIM/MWCNT solution was drop cast
on a lacy copper grid stabilized with carbon (300 MESH, EMS) and
dried for 6 h in a desiccator prior to the analysis. Atomic force
microscopy (AFM) data were obtained by depositing the sample onto
a freshly cleaved mica surface using an Agilent 5400 SPM instrument
(USA). Scanning electron microscopy (SEM) images were taken using
an FEI Nova Nano 630 FEG high-resolution scanning electron
microscope equipped with a through-the-lens detector (TLD) (USA).
In addition, the samples were cryofractured and mounted vertically for
cross-sectional imaging.
Dynamic mechanical analysis (DMA) was conducted using a DMA

242C (Netzsch, Germany) in the thin tension mode at a constant
frequency of 1 Hz, static force of 0.5 N, dynamic force of 1 N, heating

rate of 2 k/min under air atmosphere, and temperature range of 30−
160 °C.

The decomposition behavior of the composites was studied using a
thermogravimetric analyzer (TGA) (TG 209 F1 Iris, Netzsch,
Germany) under nitrogen from 30 to 500 °C with a heating rate of
10 °C/min. The thermal behavior of the nanocomposites was studied
using a differential scanning calorimeter (DSC) (DSC 204 F1 Phoenix,
Netzsch, Germany). The heating rate was 10 °C/min under a nitrogen
atmosphere with a flow rate of 40 mL/min.

A 4-point probe from MDC (CMT-SR2000N) was used to measure
samples with resistivity lower than 105 Ω cm. For the composites with
higher resistivity, a constant voltage of 100 V DC was applied across
the specimen using a Keithley model 248 high voltage supply (USA).
The current was monitored with a Keithley 6517B electrometer
equipped with an 8009 test fixture (Keithley Instruments Inc.). The
samples had a diameter of 8 cm and a thickness of 0.1 mm. The
average value of three measurements is obtained for each different
nanocomposite. Finally, the ζ potential was measured using Zetasizer
Nano ZS from Malvern.

■ RESULTS AND DISCUSSION

Study and Characterization of CPE/MWCNT Disper-
sion. We used two conjugated polyelectrolytes in the present
investigation (PIM-2 and PIM-4) as shown in Figure 1. These
polymers feature a PPE-conjugated backbone that is function-
alized with alkyl imidazolium side groups. The polymers differ
in the ratio of imidazolium to the phenylene ethynylene (PE)
repeats: PIM-2 features two imidazolium units for every two PE
units, whereas PIM-4 features two imidazolium units on every
PE repeat. As a result of this difference, PIM-4 features a higher
charge density on the PPE backbone compared to that of PIM-
2. Both of the polymers are blue-violet absorbing, and they emit
strong blue-green fluorescence.46 PIM-2 and PIM-4 are easily
dissolved in water, alcohols, and polar organic solvents, and
interestingly, it is found that when their solutions are mixed in
various ratios with MWCNTs, they are able to disperse the
nanotubes in various organic and aqueous solvents. For
example, as shown in Figure 2a, the dispersions of PIM-2/
MWCNTs in DMF solvent are homogeneous and have no

Figure 2. (a) Homogenous dispersions of PIM-2-MWCNTs in DMF. Sample a is 110 μg/mL of PIM-2 and samples b−f have MWCNT
concentrations of 11, 27.5, 55, 82.5, 110, 220, 440, and 660 μg/mL, respectively, corresponding to the following ratios of MWCNT/PIM-2 (wt:wt):
0.1:1, 0.25:1, 0.5:1, 0.75:1, 1:1, 2:1, 4:1, 6:1. The solutions are stable for more than 8 months on the bench at room temperature. (b) UV−visible
absorption spectra of PIM-2/MWCNTs dispersions in DMF. The concentration of PIM-2 was fixed while the concentration of MWCNTs was
increasing. (c) Fluorescence spectra of PIM-2/MWCNTs with increasing concentration of MWCNTs in DMF. Note that for the ratios 4:1 and 6:1,
the solution is diluted 5 more times.
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evidence of MWCNT precipitation observed after more than 8
months, indicating the high stability of the dispersion.
To probe the physiochemical interactions between the

imidazole CPEs and the MWCNTs, we used optical spectros-
copy to examine changes that occur when the species are
mixed.47,48 Thus, the UV−visible absorption spectra were
recorded for PIM-2 (22 μg/mL) in DMF as reference solution
and for the PIM-2/MWCNTs dispersions with varying
concentrations of the MWCNTs (Figure 2b). The major
absorption band observed for PIM-2 has a λmax value of
approximately 417 nm, which is characteristic of the PPE
backbone.49 With increased MWCNT concentration, the
overall absorption increases due to the broad visible absorption
by the nanotubes; the absorption peak due to PIM-2 is clearly
visible but becomes less resolved as the overall absorption
increases above 2 absorbance units.50

Fluorescence spectroscopy was also used to probe the
electronic interaction between PIM-2 and the MWCNTs. The
fluorescence spectrum of PIM-2 exhibits a strong fluorescence
emission with a band maximum at λmax = 450 nm (Figure 2c).
Upon the addition of MWCNTs into the PIM-2 solution, the
fluorescence is progressively quenched as the concentration of
the MWCNTs is increased. More than 40% of the PIM-2
fluorescence emission is quenched by MWCNTs for a 1:1 mass
ratio (MWCNT:PIM-2), and the emission is entirely quenched
at a 6:1 mass ratio. This significant quenching of the PIM-2
fluorescence is likely due to either energy, electron transfer, or
both from PIM-2 to the MWCNTs.51,52 (To confirm that the
fluorescence quenching is not due to self-absorption, we
repeated the quenching experiment with optically dilute
samples; see Figure S5 in the Supporting Information.) The
finding clearly indicates the presence of strong interactions
between the CNTs and the PIM-2 backbone and is also

considered to suggest the existence of π−π stacking between
PIM-2 and the MWCNTs.53,54 Another important point to
note is that the quenching trend in the fluorescence spectra
obtained from our measurement is distinctive as that which is
typically seen arising from the quenching of CPEs due to
interchain aggregation (red shift accompanying reduction in
intensity), and thus further suggests the unique interaction
between the MWCNTs and PIM-2.
ζ potential measurements were used to characterize and

compare the PIM-2/MWCNT and PIM-4/MWCNT disper-
sions. This experiment relates the dispersion to the magnitude
of electrostatic interactions between CPE-modified
MWCNTs.55,56 As seen in Figure S1 in the Supporting
Information, pristine MWCNTs are nonionic, and their ζ
potential is 0 in neutral solutions. However, when the
MWCNTs are coated with the polyionic CPE chains, they
acquire a charge and consequently display a surface potential in
which the sign reflects the charge on the polyelectrolyte. As
seen in Figure S1 in the Supporting Information, the ζ potential
values are +45 mV for 4:1 MWCNT/PIM-2 (wt:wt) and +90
mV for 4:1 MWCNT/PIM-4 (wt:wt). The positive values are
indicative that a positive potential is imparted to the MWCNTs
as a result of the adsorption of the imidazolium CPEs.57

Interestingly, the ζ potential of the PIM-4-coated MWCNTs is
twice that of the PIM-2-coated MWCNTs. This increase in the
potential is a result of the higher charge density on the PIM-4
backbone; the doubling of the ζ potential for PIM-4 suggests
that the two polyelectrolytes adsorb with similar surface
coverage (on the basis of the number of phenylene ethynylene
repeat units) on the MWCNTs. The effect of the different
surface potential imparted by PIM-2 and PIM-4 on the
dispersion of the MWCNTs and the conductivity of the

Figure 3. TEM images for (a) pristine MWCNTs, (b) PIM-2-modified MWCNTs, and (c) PIM-4-modified MWCNTs. (d) HR-TEM for pristine
MWCNTs; the magnified area in the box shows the smooth surface of the walls of the nanotube. (e) HR-TEM for the PIM-2-modified MWCNTs;
the magnified area in the box shows the walls of the nanotube with a thin layer of the coating polymer on the surface. (f) HR-TEM for the PIM-4-
modified MWCNTs; similar to (e), the magnified area in the box shows the walls of the nanotube with a thin layer of the coating polymer on the
surface.
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PMMA/PIM/MWCNTs composites is discussed later in this
paper.
Transmission electron microscopy (TEM) was used to

characterize the interaction between the CPEs and MWCNTs
by the real-space imaging of the morphology of the CPE-
wrapped MWCNTs. Figure 3 compares the TEM images of
pristine and CPE-modified carbon nanotubes. First, a
comparison of the wide-field images (Figure 3a−c) reveals
the improved dispersion of the PIM-2- and PIM-4-modified
MWCNTs compared to that of the pristine sample.
Interestingly, the results also suggest that the PIM-4-modified
sample is better dispersed compared to the PIM-2 sample (part
a versus part b in Figure 3), consistent with the expectation on
the basis of the greater surface potential for the PIM-4 modified
sample. Figure 3d−f compares high-resolution TEM (HR-
TEM) images of the pristine and the PIM-2- and PIM-4-
modified MWCNTs. Here it is possible to visualize what
appears to be a disordered, continuous thin coating layer (1−3
nm) on the surface of the CPE-modified MWCNTs (Figure
3e,f) as compared to the surface morphology of the pristine
sample, which appears distinct and smooth (Figure 3d).52,58

Finally, the size and surface morphology of the PIM-2-
modified MWCNTs were characterized using atomic force
microscopy (AFM).59,60 The AFM images were obtained on
PIM-2/MWCNTs dispersed in DMF and then deposited onto
a mica substrate. Figure 4 shows the AFM image of the sample,
along with several plots of the z-axis height profile for specific
regions. The z-axis scans collected in Figure 4b show that the
diameter of PIM-2/MWCNTs falls in the range 9−14 nm,
which is 3−5 nm greater than that of the original pristine
MWCNTs (6−9 nm as reported by the supplier). Moreover,
the z-axis scan shown in Figure 4c, which was taken along the
surface of a single nanotube, reveals an irregular height profile
that is consistent with the notion that PIM-2 exists on the
nanotube surfaces as a continuous but irregular coating. Note
that this morphology is distinct from the “helical” wrapping that

has been reported by Therien and co-workers for the wrapping
of single-walled CNTs by a helical CPE.37,38,40

Morphology of PMMA/PIM-2/MWCNTs Nanocompo-
sites. Composites consisting of PIM-2/MWCNTs within a
PMMA matrix were fabricated by using a solution casting
method in which PMMA was mixed and sonicated with the
previously modified PIM-2/MWCNTs and then cast into a
glass Petri dish. The objective of this work is to obtain a
uniform dispersion of the PIM-2/MWCNTs within the PMMA
matrix, leading to enhanced properties of the PMMA
composite (e.g., conductivity, mechanical strength, and thermal
stability).
HR-SEM was used to image the dispersion of the PIM-2-

modified and the pristine MWCNTs within a PMMA matrix
(Figure 5). The morphology of a cryofractured PMMA
nanocomposite sample with 1 wt % pristine MWCNT is
shown in parts b and c of Figure 5. In comparison, parts d and e
of Figure 5 show a cryofractured PMMA composite that
contains a dispersion of PIM-2/MWCNT (1 wt % each relative
to PMMA, 1:1 wt ratio of PIM-2/MWCNT). For a point of
reference, Figure 5a indicates that the cross-sectional
morphology of 1 wt % PIM-2 in PMMA is smooth and flat
with no obvious phase separation. First, as seen in parts b and c
of Figure 5, the addition of 1% of the nonmodified MWCNTs
to PMMA results in a clear deformation in the fractured surface
of the PMMA composite, with observable phase separation (see
arrows highlighted in Figure 5b). It is evident that there is
relatively poor dispersion of the pristine MWCNTs in the
PMMA phase because the number of dispersed nanotubes
within the polymer matrix is relatively low. Moreover, a closer
inspection of the structure of the pristine MWCNT/PMMA
composite clearly reveals the presence of MWCNT aggregates
(see circle highlighted in Figure 5c). In comparison, upon
dispersing PIM-2-modified MWCNTs within the PMMA
matrix, an obvious enhancement in the nanotube dispersion
within the polymer matrix is noticed (Figure 5d). The images
show good uniformity and dispersity of the modified

Figure 4. (a) Phase images resulting from the intermittent contact mode AFM experiment of 2:1 PIM-2/MWCNT from an aqueous suspension on
the mica surface. (b) Height profiles of the MWCNTs in the AFM image. (c) Height profile of the modified MWCNT (line 6) in the AFM image.
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MWCNTs as compared to that in the composites with the
pristine MWCNTs. Moreover, almost no phase separation is
observed, and as a result, a homogeneous surface is obtained.
Moreover, Figure 5e shows a number of contacts between the
adjacent nanotubes in the composite matrix. This contact could
facilitate electron transport, enhancing the overall electrical
conductivity of the composites, as discussed below.
Conductivity of PMMA/PIM-2/MWCNTs Composites.

A series of experiments were performed to explore the DC
resistivity of PMMA/MWCNTs composites. A 4-point probe
was used to measure the samples with resistivity lower than 105

Ω cm, and a Keithley model 248 was used for samples with
higher resistivity. The studied samples had a diameter of 8 cm
and a thickness of 0.1 mm. The average value of three different
measurements was obtained for each nanocomposite. These
experiments were carried out using samples that contained a
fixed amount of PIM-2 or PIM-4 relative to that of PMMA
(0.25−1 wt %) and a varying loading of MWCNT (0−2 wt %).
The results of these measurements are compiled in Figure 6,
which illustrates the variation of the DC resistivity as a function
of MWCNT wt % for different PIM loadings. Note that in the
process of forming the composites with pristine MWCNTs, the

Figure 5. HR-SEM images displaying the architecture of the cryofractured composites. (a) PMMA with 1 wt % PIM-2 only compared to the whole
polymer matrix. (b) PMMA/MWCNTs composite with 1 wt % pristine MWCNT. The arrows show a clear deformation in the fractured surface of
the PMMA composite with observable phase separation. (c) Higher magnification image of (b) showing MWCNTs aggregates. The circle shows
MWCNT aggregates in the PMMA matrix. (d) PMMA/PIM-2/MWCNTs composite with 1 wt % PIM-2 and 1 wt % MWCNTs. (e) Higher
magnification image of (d) showing a homogeneous dispersion of the MWCNTs in the PMMA matrix.
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unmodified MWCNTs tend to aggregate in the polymer matrix
due to their substantial van der Waal interactions (Figure S3 in
the Supporting Information). Because of the MWCNT
aggregation, the MWCNT network is discontinuous within
the PMMA matrix; consequently, very low conductivity was
observed.
As expected, the volume resistivity of pristine PMMA is very

high (1016 Ω cm), which is consistent with its insulating
properties. Upon the addition of 1 wt % PIM-2 only to the
PMMA sheet (Figure 6a), the volume resistivity decreased
slightly, indicating that no substantial conductivity is added to
the PMMA matrix in the presence of PIM-2 alone. However,
the resistivity decreased sharply with the increasing concen-
tration of the PIM-2-modified MWCNTs. For 0.25 wt %
MWCNTs, the resistivity was measured as 6 × 1013 Ω cm and
compared to the value for pristine PMMA, which was 1016 Ω
cm. This high resistivity value is explained as being due to the
fact that the nanotube concentration within the PMMA matrix
is still quite low (and below the percolation threshold). We
rationalize that the MWCNTs are possibly segregated from

each other in the polymer matrix, which limits the electron
transfer and transport between the carbon nanotubes and
results in an only minimal enhancement in conductivity. In
comparison, the addition of an increased concentration of
MWCNTs to the PMMA matrix resulted in a pronounced
reduction in the volume resistivity of PMMA (to 1011 Ω cm for
0.5 wt % MWCNTs and 1.46 × 105 Ω cm for 1 wt %
MWCNTs), likely due to the formation of a percolation
network. The resistivity reached a minimum at 2 wt % loading
of the PIM-2-modified MWCNTs, in which the composite has
a resistivity of 1.6 × 103 Ω cm compared to 1016 Ω cm for that
of the pristine PMMA. Overall, the outcome of dispersing PIM-
2/MWCNTs in the PMMA matrix with 1 wt % PIM-2 is a
dramatic enhancement in conductivity, up to 13 orders of
magnitude, in comparison to that of the neat PMMA.
Upon decreasing the concentration of PIM-2 in the polymer

matrix to 0.5 wt % (Figure 6b), a similar effect on the
conductivity of the composites was observed, with a slight
increase in the conductivity values obtained. Interestingly, when
only 0.25 wt % PIM-2 was used, the conductivity was higher for
all composites concentrations, and it reached a maximum value
of 26 Ω cm for 2 wt % MWCNTs (Figure 6c). This
enhancement maybe attributed to the lower coating of the
PIM-2 on the walls of the CNTs. The presence of fewer
charges on the modified MWCNTs likely leads to less repulsion
between the MWCNTs, giving rise to improved intertube
contact and enhanced electron transfer between the nanotubes.
The DC resistivity of the composites with 0.5 wt % PIM-4

relative to MWCNT was also examined (Figure 6d). For 1 wt
% MWCNT content, the resistivity of the composite was higher
compared to that of similar PIM-2 composites, likely due to the
fact that PIM-4 has higher charge density (highlighted by the ζ
potential measurements; see above). The greater surface charge
on the PIM-4-dispersed MWCNTs leads to an increase in the
repulsion between the nanotubes (thus an increase in the
average intertube separation distance) and, consequently, less
intertube contact and less electron transfer. However, in the
presence of a higher concentration of MWCNTs (2 wt %), the
conductivity increases as a result of more CNT interaction.
Taken together, to the best of our knowledge, the results
reported here for the PIM-modified MWCNT/PMMA
composites represent the lowest reported values of DC
resistivity observed for MWCNT/PMMA composites at similar
concentrations of MWCNTs. This clearly supports the notion
that the PIM family of CPEs has remarkable properties with

Figure 6. Volume resistivity of PMMA and its composites. (a) Volume
resistivity values for composites having 1 wt % PIM-2 (compared to
the whole PMMA matrix) and increasing concentrations of
MWCNTs. (b) Volume resistivity values for composites having 0.5
wt % PIM-2 and increasing concentrations of MWCNTs. (c) Volume
resistivity values for composites having 0.25 wt % PIM-2 and
increasing concentrations of MWCNTs. (d) Volume resistivity values
for composites having 0.5 wt % PIM-4 and increasing concentrations
of MWCNTs. All measurements are reproduced several times at room
temperature, and the average values were plotted accordingly.

Figure 7. (a) DSC curves of PMMA composites with 1 wt % pristine MWCNTs, clean PMMA, and PMMA composites with 1 wt % PIM-2 and
various concentrations of MWCNTs (0.25, 0.5, and 1 wt % MWCNTs). (b) TGA and DTGA curves of PMMA, PMMA composite with 1 wt %
MWCNTs (no PIM-2), PMMA composite 1 wt % MWCNT, and 1:1 (wt:wt) PIM-2/MWCNT.
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respect to their ability to wrap CNTs and stabilize their
dispersions.
In previous work, Zhou et al. reported the modification of

polycarbonate (PC) nanocomposites using MWCNTs coated
with a thin layer of conductive PEDOT/PSS. The resulting
MWCNT/PEDOT/PSS/PC composite had a volume resis-
tivity of (4.2 ± 1) × 109 Ω cm for a 1 wt % loading of
MWCNTs.41 In a similar manner, our lab has reported the use
of PFO to disperse MWCNTs in a PEI matrix. The resulted
PFO/MWCNT/PEI composite in this case had a volume
resistivity of 3 × 103 Ω ·cm at a 2 wt % loading of MWCNTs
and a 0.5 wt % loading of PFO.43

To demonstrate the potential application of the modified
composite membrane in electrical devices, we used a PMMA/
PIM-2/MWCNTs membrane with 2 wt % MWCNTs and 1 wt
% PIM to act as a conductor when connected in series with a
circuit for a light-emitting diode (60 mW; see Figure S4 in the
Supporting Information).
Thermal Analysis of the PMMA/PIM-2/MWCNTs

Composites. To explore the effect of the PIM-2-modified
MWCNTs on the thermal stability of the PMMA composites,
we studied the thermal properties of PMMA and the modified
composites using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) under a nitrogen atmos-
phere. Results are summarized in Figure 7, Table 1, and in the

Supporting Information. The importance of this study is to
determine the dispersion state of the modified MWCNTs
within the polymer matrix and the effect of any possible
MWCNT aggregates on the thermal behavior of PMMA.
Figure 7a compares DSC thermograms for PMMA

composites with pristine MWCNTs and with PIM-2-modified
MWCNTs. For all of the samples, a transition is observed at
approximately 120 °C, which is analogous to the glass transition
temperature (Tg) of syndiotactic PMMA.61 Literature reports
that the Tg values of neat PMMA vary widely depending on the
degree of tacticity.61,62 A sample of the neat PMMA used
herein exhibited a glass transition temperature of approximately
122 °C. However, the presence of pristine MWCNTs in the
composite results in a slightly lower glass transition temper-
ature (Tg = 121 °C) compared to that of neat PMMA. This can
be ascribed to the multiwalled carbon nanotubes that are
typically aggregates having a small influence on the Tg. In
contrast, the presence of PIM-2-modified MWCNTs in the
PMMA matrix leads to a slight but systematic increase in the Tg
of the nanocomposites. For a 1 wt % loading of PIM-2/
MWCNTs, the Tg increased 2 °C in comparison to that of the
neat PMMA. Interestingly, these findings indicating that the
PIM-2/MWCNTs lead to a slight increase in the Tg are in
concert with the findings indicating that the dispersion of

polymer-grafted graphene in PMMA leads to a slight increase in
the Tg.

63 The effect is attributed to the “attractive” interaction
between the graphene surface and the PMMA matrix, which
decreases the mobility of the chains in proximity to the
interface. It is likely that a similar effect arises in the PIM-2/
PMMA composites, which points to the fact that the PIM is a
good interface-stabilizing agent, having a favorable interaction
with the PMMA matrix.
The thermal gravimetric analyses for the nanocomposites in

comparison with the neat PMMA matrix were carried out to
examine their thermal stability. Figure S2 in the Supporting
Information and Table 1 list the TGA results obtained for
PMMA and composites with different concentrations of
MWCNTs, and Figure 7b gives a summary presentation. A
clear difference is noticed in the thermal stability of the
nanocomposites with varying concentration of the nanotubes,
and in general, the modified composites exhibited enhanced
stability compared to that of neat PMMA. The differential
thermogravimetric data (DTGA) presented in Figure 7b shows
two degradation steps for neat PMMA but only a single step in
the presence of MWCNTs. The first step (around 280 °C) is
related to bond scission at the unsaturated ends and is caused
by the loss of −CO2CH3 groups, and the second step (at 361
°C) is due to arbitrary cleavage within the polymer backbone.
For reasons that are not entirely clear, in the presence of
MWCNTs only the second weight loss is observed.64

The differential thermograms exhibit an overall increase in
the decomposition temperature of the nanocomposites with 1
wt % PIM-2/MWCNTs, which maximizes at 379 °C. The
temperature is slightly lower for the composite with 1 wt %
pristine MWCNTs, which decomposes at 366 °C, and the neat
PMMA, which decomposes at 361 °C. The presence of a single
weight loss step and the increase in the decomposition
temperature of the MWCNT-modified nanocomposites can
be explained as a result of the interaction between the
MWCNTs and the polymer. The presence of MWCNTs gives
rise to restricted motion and results in less segmental mobility
of the PMMA chains. The decrease in the mobility helps in
hindering chain scission and increases the thermal stability of
the polymer.
Moreover, PMMA exhibited a 10 wt % weight loss at 245 °C,

and this temperature gradually increased with the increasing
concentration of PIM-2/MWCNTs until it reached its
maximum of 295 °C for 1 wt % PIM-2/MWCNTs. At T30
(when the material loses 30% of weight), the temperature
difference reached 55 °C between the neat PMMA and the 1 wt
% PIM-2/MWCNTs-modified composite (Table 1). It is also
observed that the composite with the pristine MWCNTs
exhibited a lower thermal stability at all temperatures compared
to that of the composite having PIM-2/MWCNTs for the same
concentration.
Overall, the results reveal that the presence of cross-linked

PIM-2/MWCNTs complex structures and the robust PIM/
MWCNT/PMMA networks can support the thermal stability
of resulted composites. This improvement is possibly due to
the excellent dispersion of the nanotubes in the PMMA matrix,
which in turn has strengthened the interfacial interactions
between the carbon nanotubes and PMMA. The effect of
additives on the thermal properties of polymers is broadly
studied in the literature. For example, in a recent study by
Gonca̧lves et al., PMMA was grafted onto graphene oxide to
give GPMMA. The GPMMA nanosheets were then used as a
filler to enhance the properties of PMMA films. The resultant

Table 1. Thermal Properties of PMMA and Its Composites

T10
a

(°C)
T30

b

(°C)
weight loss at 279

°C (%)
Tg by DSC

(°C)

PMMA 245 300 20 122
0.25 wt % MWCNTsc 285 350 8.4 123
0.5 wt % MWCNTsc 285 352 8.0 124
1 wt % MWCNTsc 295 355 7.6 124
1 wt % MWCNTs
(no PIM)

293 345 7.6 121

aTemperature at 10 wt % weight loss. bTemperature at 30 wt %
weight loss. cPMMA composites with 1 wt % PIM-2 compared to
PMMA.
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PMMA/GPMMA composites have shown an increase in the
thermal stability of the polymer thin films compared to that of
the composite with the nonmodified GO.65

Dynamic Mechanical Analysis of PIM-2/MWCNTs/
PMMA Composites. Dynamic mechanical analysis (DMA)
is an essential tool for studying the effect of additives on the
mechanical properties of a polymer composite.66 In the present
study, DMA was applied to determine the storage modulus (E′)
as a function of temperature for neat PMMA as well as the
MWCNT composites (Figure 8). The results clearly indicate an

increase in the storage modulus of PMMA upon the addition of
unmodified MWCNTs. An even greater increase in the storage
modulus is seen for the composite that contains PIM-2/
MWCNTs at low temperatures (up to 90 °C). The noticeable
enhancement in the storage modulus can be attributed to the
excellent dispersion of PIM-2-modified MWCNTs and to the
development of many physical cross-linking sites that
reinforced the interface between MWCNTs and PMMA. At
higher temperatures, the polymer chains of the PMMA/PIM-2/
MWCNTs composite are more flexible than those of the
PMMA/MWCNTs composite,which leads to a lower storage
modulus. This softening in the polymer chains can be
attributed to the good miscibility between PIM-2 and PMMA.

■ CONCLUSION
This study clearly reveals that the imidazole-functionalized
poly(phenylene ethynylene) polyelectrolytes interact strongly
with MWCNTs, as confirmed by fluorescence quenching, the ζ
potential, TEM, and AFM. The strong interaction between the
CPE chains and the CNTs likely arises from π−π (dispersion)
interaction between the phenylene ethynylene backbone and
the CNT surface, with the imidazole units acting as solubilizing
groups that also separate the individual nanotubes due to
charge repulsion. As a result of these favorable effects, the PIM-
modified MWCNTs are easily dispersed in solution as well as
into a polymer matrix, as exemplified herein by PMMA. The
resulting PIM/MWCNT/PMMA composites exhibit excellent
DC conductivity as well as improved thermal and mechanical
properties. Compared to the results from other surface active
molecules and polymers that have been used as dispersants for
CNTs,32,67,68 we believe that the results presented here
demonstrate that imidazole-conjugated polyelectrolytes are

among the leading materials for solubilizing and dispersing
carbon nanotubes.
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