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ABSTRACT: A novel approach to chemically functionalize
multiwalled carbon nanotubes (MWCNTs) for making
superior polyetherimide (PEI) nanocomposites with poly-
fluorene polymer is presented. In this approach, MWCNTs are
non-covalently functionalized with poly(9,9-dioctyfluorenyl-
2,7-diyl) (PFO) through π−π stacking as confirmed by UV-vis,
fluorescence, and Raman spectra. Atomic force microscopy as well as scanning and transmission electron microscopy shows the
PFO coated MWCNTs, which provides excellent dispersion of the latter in both solvent and PEI matrix. The strong interaction
of PFO with PEI chains, as evidenced from fluorescence spectra, supports the good adhesion of dispersed MWCNTs to PEI
leading to stronger interfacial interactions. As a result, the addition of as little as 0.25 wt % of modified MWCNTs to PEI matrix
can strongly improve the mechanical properties of the composite (increase of 46% in storage modulus). Increasing the amount of
MWCNTs to 2.0 wt % (0.5 wt % PFO loading) affords a great increase of 119% in storage modulus. Furthermore, a sharp
decrease of 12 orders of magnitude in volume resistivity of PEI composite is obtained with only 0.5 wt % of PFO modified
MWCNT.

KEYWORDS: polyetherimide (PEI), poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO), multiwalled carbon nanotubes (MWCNTs),
uniform dispersion, interfacial interaction, conductivity

1. INTRODUCTION

Since their discovery in 1991, carbon nanotubes (CNTs) have
drawn lots of interest due to their impressive physical and
chemical properties.1 Their excellent electronic, mechanical,
and thermal properties make them great candidates as advanced
reinforcing fillers for high-strength, lightweight, and functional
polymer nanocomposites.2−7 Polymer−CNTs composites
combine the good processability characteristics of the polymers
and the excellent functional properties of CNTs, generating
novel light weight low cost material that can be widely applied
in different fields such as the electronic industry, aerospace, and
the auto industry.
Achieving efficient dispersion of CNTs in polymer matrices

remains a challenge, given that they are thermodynamically
driven to aggregate by van der Waals forces and π−π stacking.
Moreover, the weak interfacial adhesion of pristine CNTs to
polymer matrices dramatically decreases the improvement on
polymer properties. Thus, understanding the interfacial
interactions between the nanofiller and polymer matrix is
important to improve the design and manufacture of polymer
nanocomposites. Recent studies have focused on the influence
of CNT dispersion on strengthening CNTs−polymer matrix
interface interaction, but no generalizations were made in this
direction.8,9 Covalent modifications of CNTs are frequently
used in order to improve the weak interfacial adhesion. A
notable drawback of covalent functionalization is the disruption
of the extended π conjugation in nanotubes, which has a
profound effect on their electrical properties.10−14 Non-

covalent functionalization15−21 has a significant advantage that
the chemical groups can be introduced to the CNT surface
without disrupting the intrinsic structure and electronic
network. Using a polymer or surfactant (including some ionic
liquids) to modify CNTs with noncovalent functionalization
takes an effective improvement on dispersion of CNTs in
solution and polymer matrix.22−29 Such noncovalent inter-
actions can avoid the destruction of the chemical structure and
retain the electric and mechanical properties of CNTs. When
molecular surfactants are utilized in the modification process,
they can easily form micelles on the surface of nanotubes.
However, compared to using polymers, the latter can reduce
the entropic penalty of micelle formation30 and enhance the
interaction energy with nanotubes. In fact, as dispersing
material, conjugated polymers31,32 have proved they can
enhance the solubility of CNTs in solvent and the resultant
composites showed significant improvement in mechanical and
electrical properties.33−35

Polyetherimide (PEI) is an amorphous polymer with
excellent mechanical and thermal performance, such as heat,
chemical, fire, and impact resistance. As a thermoplastic, it can
be easily reformed after heating and performs successfully in
aerospace and auto industries. PEI applications remain limited
due to its extremely low conductivity, atmospheric moisture
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absorption, and poor fluidity at high temperature. Different
nanofillers including CNTs have been employed to improve
PEI properties;36−42 however, the aggregation, poor load
transfer, and interfacial interactions have prevented PEI−
CNT nanocomposites from reaching their full potential on an
industrially relevant scale.
Current research mainly focuses on improving CNTs

dispersion with little to no emphasis on the interfacial adhesion
of CNTs to the polymer matrix or the interaction between the
solubilizer and the polymer matrix. In this Article, polyfluorene
polymer, poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO), is em-
ployed to disperse multiwalled carbon nanotubes (MWCNTs)
into commercial PEI matrix. PFO has a significant improve-
ment on dispersion of CNTs in organic solvents since it forms a
stable hybrid system that wraps the nanotube surface
selectively.43−47 Moreover, both PFO and PEI have aromatic
moieties; thus, a good intermiscibility is expected to introduce
or mediate the strong interfacial adhesion of MWCNTs into
PEI matrix. The resulting PFO−MWCNTs hybrids showed
superior interfacial adhesion to the PEI matrix, which drastically
enhanced the mechanical and electrical properties of the whole
composite. Samples with different PFO−MWCNTs concen-
trations are prepared, compared, and fully characterized using
AFM, SEM, and TEM. Conductivity studies, as well as
mechanical and thermal properties of PEI−MWCNTs−PFO
composites, are also reported and discussed.

2. EXPERIMENTAL SECTION
2.1. Materials. Polyetherimide (PEI) pellets were supplied by

SABIC Innovative Plastics under the trade name of Grade ULTEM
1000P. MWCNTs were purchased from Nanolab Inc. (USA) with
diameters of 10−30 nm, lengths of 5−20 μm, and purity of 90%
(industrial grade). Poly(9,9-dioctyfluorenyl-2,7-diyl) (PFO) (research
grade, average Mn ∼ 15 834) was purchased from Sigma-Aldrich and
used as received. Figure 1 shows the structures of PEI and PFO.
Dichloromethane (DCM), a good solvent for dissolving both PEI and
PFO at room temperature, was purchased from Sigma-Aldrich and
used without further treatment.

2.2. Preparation of Composite Film. The overall process of
preparing PFO−MWCNTs hybrids and PEI−MWCNTs−PFO
composite films is presented in Figure 2. PFO fine powder with
yellow color was completely dissolved into DCM after stirring for 0.5
h (the obtained homogenous solution is pale yellow). Pristine
MWCNTs were first dispersed into DCM under bath-type sonication
for 0.5 h and then mixed with PFO solution by sonication for 1 h to
form a homogeneous suspension (Figure 2b). PEI chips were
dissolved into DCM after stirring for 2 h at 25 °C and then mixed
with PFO−MWCNTs solution. The mixture was then stirred for 1 h
at room temperature before being treated under bath-type sonication
for 1 h. The obtained solutions were casted on a clean glass plate
followed by solvent evaporation at room temperature for 24 h. The
samples with about 0.3 mm thickness were dried at 80 °C for 24 h to
remove any remaining solvent. A series of PEI nanocomposites with
different PFO−MWCNTs hybrid concentrations were obtained
following the same procedure. The PFO concentration was kept at
0.5 wt % in PEI solid contents, while the concentration of MWCNTs
varied from 0.1 to 2.0 wt % in composites. The obtained composite
film can be bent without any observed damage (Figure 2f).

2.3. Characterization. Spectroscopy. Raman spectroscopy was
performed with an ARAMIS UV (HORIBA) Raman Microscope,
which is equipped with a 100 mW diode laser with an excitation
wavelength of 785 nm. The samples were obtained from thin films
casting from their hybrid solution of DCM. The UV-vis spectra were
taken in DCM solutions of the samples from 200 to 600 nm using UV-
vis spectrophotometer (Varain Cary 5000) at 30 °C. The fluorescence
spectra and synchronous fluorescence spectra were obtained from a
fluorescence spectrophotometer (Varian Cary Eclipse). Synchronous
fluorescence is used to scan the excitation wavelength and emission
wavelength at the same time, and then, the fluorescence intensity
signal can be obtained. The synchronous fluorescence spectrum has
higher selectivity than the common fluorescence spectrum as it can
distinguish between similar aromatic polymers. In this study, it was
used to investigate the interaction between PFO and PEI.

XRD Study. The X-ray powder diffraction (XRD) patterns were
obtained for MWCNTs and PFO hybrids by a Bruker D8 Advance (40
KV, 40 mA) with Cu Kα (λ = 1.5406 Å) irradiation at a scanning rate
of 2°/min in the 2θ range of 10−50°.

Microscopy. The dispersion of PFO mixed with MWCNTs in
DCM was studied using a transmission electron microscope (TEM,
Tecnai T12, FEI Company) operated at accelerated voltage of 120 kV.

Figure 1. Chemical structure of (a) poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO); (b) polyetherimide (PEI).

Figure 2. Preparation of PEI−MWCNTs−PFO nanocomposites. (a) Pristine MWCNT precipitate in DCM solvent (0.5 mg/mL MWCNTs in
DCM); (b) homogenous solution of PFO−MWCNTs hybrids in DCM (0.5 mg/mL MWCNTs and 0.5 mg/mL PFO in DCM), stable for one
month; (c) neat PEI dissolved in DCM (yellow color, 10 wt % PEI concentration); (d) PFO dissolved in DCM (light yellow color, 1.0 wt % PFO
concentration); (e) PEI−MWCNTs−PFO solution, the concentration of PFO and MWCNT in PEI solid content is 0.5 wt %; (f) the obtained
PEI−MWCNTs−PFO nanocomposite membrane.
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A drop of the dilute solution (0.02 mg/mL) of the homogenous
mixture on the carbon-coated copper grid was dried in air at room
temperature for 2 days. The morphological study of the composite was
conducted on a FEI Quanta 600 (USA) scanning electron microscope
(SEM). The cryo-fractured surfaces were coated with a thin layer of
gold (5 nm). Atomic force microscope (AFM) images were obtained
by imaging dried film of dilute suspension on silica using an Agilent
5400 SPM instrument (USA).
Thermal Study. Thermal behavior of the nanocomposites was

studied using a differential scanning calorimeter (DSC 204 F1
Phoenix, Netzsch, Germany). The heating rate was 10 °C/min under a
nitrogen atmosphere with a flow rate of 20 mL/min. The
decomposition behavior was measured by the thermogravimetric
analysis (TGA) using Netzsch TG 209 F1 Iris at a temperature range
of 30−800 °C under N2 flow with a heating rate of 10 °C/min.
Mechanical Properties. Dynamic mechanical thermal analysis

(DMA) was performed on DMA 242C (Netzsch, Germany) in the
tension mode, at a constant frequency of 1 Hz, with the static force at
0.3 N, the dynamic force at 0.2 N, the heating rate of 2 K/min, and in
the temperature range of 30 to 250 °C.
Conductivity. Samples for conductivity measurement were prepared

in a dimension of 30 × 10 × 0.3 mm3. 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 (USA) electrometer. The results were obtained by averaging
the conductivities from three different specimens for each nano-
composite film.

3. RESULTS AND DISCUSSION

3.1. Characterization of PFO−MWCNTs Dispersion.
PFO is a typical conjugated polymer with the fluorene structure
as part of their repeat unit leading to the formation of a stiff
backbone. As shown in Figure 2, PFO can be dissolved
completely in dichloromethane (DCM) and it can provide a
good dispersion for MWCNTs in solvent. The solution of
PFO−MWCNTs hybrids was homogenous and stable, and no
precipitate of black agglomeration was observed after one
month.
Figure 3a shows the UV-vis absorption spectra of PFO

dissolved in DCM and PFO−MWCNTs hybrid solutions with
varying MWCNT concentrations. It is apparent that neat PFO
solution has two peaks at 390 and 436 nm, respectively, which
was also observed in other reports.48−50 The strong absorption
at 390 nm belongs to the amorphous structure (α phase) of
PFO, indicating PFO exists as a disordered dispersion in DCM.
Moreover, the absorption at 390 nm significantly increases by
adding MWCNTs into PFO solution, and the peak becomes
broader with increasing MWCNT concentrations. The increase
of absorption could be caused by the absorbing nature of
MWCNTs, and the peak broadening may be related to the
interaction of MWCNTs and PFO.48 The second peak at 436
nm is called β phase, ascribing to the crystal structure of PFO,
which is a partial aggregation of PFO chains.50 The inset in
Figure 3a shows an enlarged view of the β phase in UV-vis
absorption spectra of PFO−MWCNTs in DCM solutions with
varying MWCNT concentrations. It can be observed that β
phase peak is suddenly weakened and even disappears with
increasing MWCNT concentrations. This transformation
indicates that the addition of MWCNTs disturbs the previous
structure form of PFO in DCM, and PFO polymer chains
become more disordered in DCM with the damage of its partial
crystalline phase. The strong interaction of MWCNTs with
PFO can be further confirmed by a fluorescence spectrum. As
shown in Figure 3b, the fluorescence of PFO is gradually
quenched upon addition of MWCNTs. The significant decrease

of PFO fluorescence can be attributed to the transfer of energy
from PFO to MWCNTs, supporting a strong interaction
between MWCNTs and PFO chains.51,52 It is also plausible
that CNT absorption of the exciting light or absorption of the
emitted light is contributing to the decrease in fluorescence;
however, fluorescence quenching caused by electron transfer
when PFO is mixed with other additives is heavily supported in
the literature.53,54

TEM images of PFO coated MWCNTs are shown in Figure
4. Compared to pristine MWCNT in Figure 4a, a thick layer of
polymer coating is observed on the surface of MWCNT in
Figure 4b,c. This can be attributed to the π−π interactions
between conjugated benzene rings of PFO chain and graphitic
structure of MWCNT, known for less curvature, as evidenced
from UV-vis and fluorescence spectra. This result agrees well
with reports of using other aromatic polymers to disperse
MWCNTs.42,54 Moreover, the long aliphatic chains of PFO can
improve the overall dispersion of MWCNTs.21,25

Atomic force microscopy (AFM) studies further confirm the
TEM results. A clear evidence of polymer coating (thicker
diameter) on the surface of MWCNT is reported in Figure 5a.
The height profile in Figure 5b is consistent with coated
MWCNT. In order to avoid AFM tip-induced broadening, the
heights are used to analyze the surface of MWCNT rather than
width or diameter. From this profile, we can conclude that the
diameter of MWCNT is about 40 nm, and the thickness of
polymer wrapping on the MWCNT surface is about 35 nm.
Three characteristic bands of pristine MWCNT in the

Raman spectrum, 1362, 1581, and 2722 cm−1, can be used to
estimate the apparent structural changes that were caused by
MWCNT functionalization with PFO (Figure 6a,b; Raman
spectrum of pristine PFO is reported in Figure S2, Supporting

Figure 3. (a) UV-vis spectra of PFO−MWCNTs hybrids in DCM
solutions with different PFO−MWCNT weight ratios, keeping the
same PFO concentration of 0.2 mg/mL; inset shows the enlarged view
of β phase. (b) Fluorescence result of PFO solutions with different
MWCNT concentrations.
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Information). The peak at 1362 cm−1 is assigned as a disorder-
induced mode (D-band). It has been demonstrated that various
disorders, such as confined shapes, edges, disorder between two
layers, doping, and atomic defects, give rise to the D-band.55

The peak at 1581 cm−1 is a longitudinal optical (LO) phonon
mode, originating from the opposite vibration of carbon atoms
in graphite basal layer. This is called G-band using the first
letter of “graphite”. It is taken as a fingerprint to identify the
existence of ordered hexagonal structures in carbon-related
materials.56−58 As shown in Figure 6a, compared to the D-band

of pristine MWCNT, the ones for PFO−MWCNTs hybrids
exhibited a noticeable Raman shift in the D-band, which
became broader probably due to the strong π−π interaction
between PFO and MWCNT. With increasing PFO to hybrid
ratio, the D-band shifted to a lower wavenumber, from 1362
cm−1 of pristine MWCNT to 1358 cm−1 of a complex with a
ratio of 2:1 of PFO to MWCNT. The shoulders near D-band at
around 1250 and 1420 cm−1 and the shoulder near G-band at
around 1715 cm−1 were also observed in PFO−MWCNTs
hybrids. Interestingly, a new peak at 1715 cm−1 in the mixture

Figure 4. TEM images of (a) pristine MWCNTs; (b) individual MWCNT coated by a layer of PFO; (c) MWCNTs modified with PFO.

Figure 5. (a) AFM image of individual MWCNT coated by a layer of PFO; (b) height profile along the red dashed line in (a).

Figure 6. (a, b) Raman spectra of pristine MWCNTs and PFO−MWCNTs hybrids with different PFO−MWCNTs ratios; (c) XRD spectra of
pristine MWCNTs, PFO, and their hybrids, respectively; (d) TGA weight loss curves for pristine MWCNTs, PFO, and their hybrids, respectively.
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was observed (not found in neat PFO and pristine MWCNT),
which a previous report by Heinz et al. suggested that it may
belong to the layer-breathing mode vibration between graphene
layers.59 In our system, PFO chains can form a coplanar
arrangement, resulting in an increased π-conjugation.48 This
layer-breathing mode vibration might be observed due to the
interaction between the extensively conjugated PFO layer and
MWCNT graphitic wall. Another possible reason is that the
interaction between PFO chains and MWCNT side-walls
influences the vibration of MWCNT layers, which makes the
layer-breathing mode vibration visible after modification with
PFO. Both scenarios confirm the strong interaction between
PFO and MWCNTs. The relative intensity between the D- and
the G-bands is known to be a good indicator of the quantity of
structural defects. For pristine MWCNTs, the D-band is higher
than the G-band, indicating there are many defects in our as-
received MWCNTs. The ratio of D-band and G-band of
pristine MWCNT is 0.378 and that of PFO−MWCNTs
hybrids with mass ratio of 1:1 and 2:1 of PFO to MWCNTs is
0.384 and 0.386, respectively, indicating that non-covalent PFO
wrapping had no destructive effects on the surface of CNTs.
The higher-order peak that appeared at 2710−2730 cm−1 is
assigned to a 2D-band, in which the peak position and shape
indicates the number of graphene layers. As shown in Figure
6b, compared to pristine MWCNT, the 2D position in
MWCNTs wrapped with PFO shifted gradually to lower
wavenumber with increasing PFO ratio supporting a strong
interaction between MWCNTs and PFO polymer chain.

From XRD patterns of Figure 6c, it can be seen that the
diffraction peak at 2θ = 20.0° in neat PFO disappeared in the
PFO−MWCNTs hybrid with 1:1 ratio of PFO to MWCNTs,
indicating the damage of β phase (crystal structure of PFO) by
compositing with MWCNTs. Meanwhile, the characteristic
diffraction peaks of pristine MWCNT were maintained after
compositing with PFO, indicating the MWCNTs structure is
unchanged after functionalization with PFO.
In Figure 6d, the TGA thermograms of pristine MWCNTs,

PFO, and PFO−MWCNTs hybrid are presented. PFO has a
low decomposition temperature near 390 °C and a 50 wt %
weight loss at 800 °C, which means that PFO has poor thermal
stability compared with pristine MWCNT which is still stable at
high temperature. Compared to neat PFO, the PFO−
MWCNTs hybrid has a much better thermal stability. The
decomposition temperature of hybrid with 1:2 ratio of PFO to
MWCNTs is increased to 415 °C, and the retention rate of the
complex at 800 °C still remains above 95 wt %. Therefore, the
thermal stability of PFO hybrid is improved as a result of PFO
interaction with MWCNTs surface. This further supports the
presence of strong interaction between PFO and MWCNTs.
Meanwhile, the functionalized MWCNTs can maintain the
thermal stability, which is helpful for improving the thermal
properties of the composite.

3.2. Characterization of PEI−MWCNTs−PFO Compo-
sites. Morphology of PEI−MWCNTs−PFO Composites.
Scanning electron microscopy (SEM) was employed to study
the morphology of the fracture surface for the PEI composite

Figure 7. SEM images showing the morphology of the cryo-fractured surface of nanocomposites: (a) PEI nanocomposite with 2.0 wt % pristine
MWCNTs; (b) the aggregation of MWCNTs in PEI matrix; (c) PEI nanocomposite with 0.5 wt % PFO and 2.0 wt % MWCNTs; (d) the individual
dispersion of MWCNTs in PEI matrix. The red circles show MWCNTs connecting the surface of microcracks.
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film containing 2.0 wt % pristine MWCNTs and 2.0 wt %
MWCNTs together with 0.5 wt % PFO modification. As shown
in Figure 7a, the obvious phase separation is observed in the
composite with 2.0 wt % pristine MWCNTs, while the
morphology (cross section) of neat PEI is found to be
homogenous and smooth (Figure S3, Supporting Information).
Aggregation of MWCNTs is dominant in PEI matrix as shown
in Figure 7b. However, the addition of PFO strongly improves
the dispersion of MWCNTs in PEI matrix (Figure 7c). The
morphology of the fracture surface is also homogeneous. In
Figure 7d, individual dispersed MWCNT is found in PEI−
MWCNTs−PFO composite and throughout the polymer
matrix. The individual MWCNT is observed with several
micrometers of length in the matrix, indicating no obvious
structural damage. The diameter of carbon nanotube coated
with polymer is more than 100 nm, which is much bigger than
the size of pristine MWCNTs. As shown in TEM and AFM
images, the thickness of coated PFO is about 30−40 nm and
the size of individual PFO−MWCNTs hybrids is less than the
nanotube complex observed in PEI composite. One possible
reason is the strong interaction between PEI molecular chain
and PFO backbone. Thus, PEI is involved in the coating of
MWCNTs surface together with PFO chains and, so, forms a
thick polymer complex layer in the nanocomposite. In Figure
7d and S4, Supporting Information, the well-dispersed and
coated MWCNTs show good alignment in PEI matrix and act
as a bridge across the microcracks, which are the defects of PEI
matrix. This linkage of MWCNTs between microcracks
provides a release of stress and absorption of energy, which
results in a good toughness of PEI nanocomposite.
Interaction between PFO and PEI. As was stated, the two

key points for MWCNTs improving polymer composite
properties are the MWCNTs being dispersed well in composite
matrix and the strong interfacial adhesion of MWCNTs to
polymer matrix. SEM and TEM images have directly proved
the good dispersion of MWCNTs in PEI matrix, and the strong
interaction of MWCNTs with PFO has been disclosed via
spectroscopy. In order to understand the interface of modified
MWCNTs with PEI, the interaction between PFO and PEI has
been investigated by a synchronous fluorescence spectrum. As
shown in Figure 8, both characteristic peaks of PEI and PFO
clearly shift after mixing. The main characteristic peak of PEI at
448 nm shifts to 445 nm, and the characteristic peak of PFO at

398 nm shifts to 404 nm, respectively. The noticeable Raman
shift of PFO and PEI after mixing indicates an existence of
strong interaction between PEI and PFO chains, which may
result from the π-conjugation structures of PFO backbone
interacting with an aromatic amide group of PEI main chain.
The existence of this strong interaction between PEI and PFO
provides sufficient support for good adhesion of MWCNTs
onto PEI matrix. PFO acts as a medium or bridge for strongly
linking the MWCNT surface to PEI matrix.

Thermal Behavior of Composites. As shown in Figure 9a,
DSC curves present the distinct glass transition (Tg) of PEI and

its nanocomposite membranes. Compared to neat PEI (Tg =
216.9 °C), the Tg is enhanced after incorporating PFO−
MWCNTs hybrids, and it can increase further by adding more
MWCNTs. There is a 4.6 °C increase in PEI nanocomposite
with 0.5 wt % PFO and 2.0 wt % MWCNTs. While in PEI
composite with only 2.0 wt % pristine MWCNTs, Tg decreased
slightly. The compatibilizer PFO acts as a good interfacial
adhesion agent between MWCNTs and PEI matrix, and it plays
an important role for dispersing MWCNTs in PEI matrix. The
mobility of polymer chains will be reduced due to the
constraint effect of MWCNTs. Therefore, the better dispersion
of MWCNTs in PEI matrix and higher MWCNT concen-
trations will bring an increase of Tg, while the aggregation of
MWCNTs in polymer matrix could not take any effect on
enhancing the stiffness of the polymer; on the contrary, it will
reduce its thermal property.
The thermal stability of neat PEI and its composites was

studied by TGA analysis. Two stages are observed in N2
atmosphere thermal degradation of all samples, as shown in
Figure 9b. The first stage between 160 and 210 °C is caused by
the presence of labile methyl group present in PEI structure.
The weight loss of composites at the same temperature range is

Figure 8. Synchronous fluorescence spectra of PFO, PEI, and PEI−
PFO mixture in DCM solvent; inset shows the magnified view of the
PEI main characteristic peak. The concentration of PFO in DCM is
0.2 mg/mL, and PEI in DCM is 5 mg/mL.

Figure 9. DSC (a) and TGA (b) curves of PEI, PEI composites with
0.5 wt % PFO and different MWCNT concentrations, and PEI
composite with only 2.0 wt % pristine MWCNTs.
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lowered to 2−6 wt % and even disappears in PEI composite
with 0.5 wt % PFO and 2.0 wt % MWCNTs loading, which
indicates that the thermal stability is improved by adding
MWCNTs modified with PFO. The second stage is the main
decomposition of PEI matrix, due to the cleavage of phenyl-
phthalimide bonds.39 The main decomposition temperature of
PEI composite with PFO−MWCNTs hybrid is increased with
increasing MWCNT concentrations, while it changes a little
with only adding pristine MWCNTs. The data is summarized
in Table 1. The thermal stability could be improved by adding

carbon nanotubes, because of its excellent thermal stability, and
it can slow down the materials’ volatilization or decomposition.
Meanwhile, the good dispersion of MWCNTs in the polymer
matrix restricts the segmental motion of polymer chain, which
results in the increase of decomposition temperature.
Dynamic Mechanical Property. DMA curves as a function

of temperature for PEI and its nanocomposites are shown in
Figure 10. The storage modulus (E′) for the PEI composites

with PFO−MWCNTs hybrids are higher than that of pure PEI,
and the storage modulus increases significantly with increasing
MWCNT concentrations (Figure 10a). The results are
summarized in Table 2. The storage modulus of composite

with 0.25 wt % MWCNTs and 0.5 wt % PFO loading is 2.75
GPa at 50 °C, and it exhibits about 41% increase compared
with neat PEI of 1.95 GPa. For the composite containing 2.0 wt
% MWCNTs and 0.5 wt % PFO, the storage modulus at 50 °C
increased to 4.04 GPa (about 106%). Moreover, the storage
modulus of PEI composites with 0.25 wt % MWCNTs and 2.0
wt % MWCNTs shows a 46.0% and 119% increase at 200 °C,
respectively. The significant improvement in storage modulus
of PEI nanocomposites is ascribed to the combined effect of
high performance and fine dispersion of MWCNT filler, as well
as the good interfacial adhesion between MWCNTs and PEI
matrix. In addition, as shown in Figure 10b, there are two
relaxation modes in DMA curves of PEI composites, and the
main peak belongs to segmental motion of PEI polymer chain,
which showed a similar result with the DSC. The other smaller
shoulder is attributed to the motion of PFO chain, which is
increased obviously by adding MWCNTs, and it can not be
observed in PEI composite with only pristine MWCNTs. Thus,
a small amount of PFO can help disperse MWCNTs very well
in polymer matrix and increase interfacial interaction and load
transfer, which enhances the mechanical properties of the
composite.

Electrical Property. The room temperature volume
resistivities of PEI and its composites with various concen-
trations of pristine MWCNTs and modified MWCNTs are
shown in Figure 11. The electrical resistivity shows two totally
different changing curves with increasing MWCNT concen-
trations, and it decreases generally with an increase in the
content of MWCNTs. For PEI composite with pristine
MWCNTs, the volume resistivity decreases smoothly with
increasing MWCNTs to 1.0 wt %, and it has a sudden decrease
at 2.0 wt % pristine MWCNTs loading. While for PEI
composite with MWCNTs modified by using PFO, it shows a
better conductivity. The volume resistivity decreases slightly
when the MWCNTs content was at 0.1 wt %, from 3.8 × 1016

to 2.8 × 1015 Ω·cm. At this low amount of MWCNTs loading,
the MWCNT could disperse separately in PEI matrix; the
channels for transporting electrons could not be formed in a
large area, which induces a little change of conductivity. With
increasing MWCNTs content, the volume resistivity further
decreases to 3.1 × 1011 Ω·cm at 0.25 wt % MWCNTs, and
then, it sharply decreases to 3.3× 104 Ω·cm at 0.50 wt %
loading of MWCNTs and 0.50 wt % PFO. The volume

Table 1. Thermal Properties of PEI and Its Composites

sample

temp. at
10 wt %

weight loss
(°C)

temp. at
30 wt %

weight loss
(°C)

weight
loss at
400 °C
(%)

Tg by
DSC
(°C)

Tg by
DMA
(°C)

neat PEI 482 512 7.0 216.9 218.2
0.25 MWCNTsa 486 513 4.5 218.3 220.4
0.50 MWCNTsa 488 518 3.1 219.6 225.6
1.0 MWCNTsa 487 521 2.4 219.3 218.5
2.0 MWCNTsa 492 545 1.2 220.7 222.3
2.0 pristineb 488 515 5.6 216.1 217.8

aPEI composites with 0.5 wt % PFO and different MWCNT
concentrations. bPEI composite with only pristine MWCNTs.

Figure 10. Dynamic mechanical property versus temperature plots of
PEI and PEI composites. (a) storage modulus; (b) tan δ versus
temperature.

Table 2. Dynamic Mechanical Properties of Neat PEI and Its
Composites

sample

storage
modulus at
50 °C (GPa)

increase
(%)

storage
modulus at

150 °C (GPa)
increase
(%)

neat PEI 1.95 1.50
0.25 MWCNTsa 2.75 41.0 2.19 46.0
0.50 MWCNTsa 3.19 63.6 2.56 70.7
1.0 MWCNTsa 3.62 85.6 2.90 93.3
2.0 MWCNTsa 4.04 106 3.28 119
2.0 pristineb 2.08 6.67 1.66 10.7

aPEI composites with 0.5 wt % PFO and different MWCNT
concentrations. bPEI composite with only pristine MWCNTs.
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resistivity decreases dramatically about 12 orders of magnitude
when compared to neat PEI. At this point, the composite can
be considered as a semiconductor, but for PEI composite with
pristine MWCNTs, it failed to improve PEI conductivity with
0.5 wt % pristine MWCNTs. The resistivity can further
decrease with increasing the loading of modified MWCNTs,
falling down to 3.0 × 103 Ω·cm at 2.0 wt % loading of
MWCNTs and 0.50 wt % PFO. According to the percolation
theory,60 the percolation threshold of the nanocomposites with
MWCNTs modified by using PFO is between 0.25 and 0.50 wt
%, which means that with the increasing MWCNTs loading, a
network forms which provides channels for the electrons
transferring throughout the whole matrix. In addition to
network formation, the π−π conjugations of PFO structure and
the interaction of PFO with MWCNTs can also help electron
transfer between MWCNTs and polymer matrix, which result
in a better conductivity with a small amount of MWCNT
concentrations. To the best of our knowledge, our obtained
resistivity value is one of the lowest for PEI composites (with
the same MWCNTs loading) to be reported.

4. CONCLUSION
A simple and fast processing method for high performance PEI
nanocomposites based on PFO−MWCNTs hybrids is
described. MWCNTs can be separately dispersed in DCM as
solvent and homogenously dispersed in PEI matrix by using
PFO. The strong interaction between PFO molecular chain and
MWCNT and the interaction between PFO and PEI molecular
chain provide support to disperse MWCNTs well in PEI matrix
and guarantee the good adhesion of MWCNTs with PEI
matrix, which are critical for improving load transfer and the
overall properties of PEI nanocomposites. The presence of
PFO−MWCNTs improved the thermal stability and mechan-
ical property significantly with only 0.25 wt % MWCNTs and
0.5 wt % PFO loading, and these properties were improved
further with increasing modified MWCNT concentrations.
Meanwhile, the electrical conductivity was enforced by adding
PFO−MWCNTs hybrids, and the values increased dramatically
by increasing MWCNTs content. This approach provides a
straightforward processing method for production of con-
ductive thermoplastics with enhanced interfacial interaction
between the filler (PFO−MWCNTs) and the polymer matrix
(PEI) that would hopefully lead to better load transfer through
the whole composite.
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