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ABSTRACT: Multiwalled carbon nanotubes (MWNTs) have high intrinsic con-
ductivities and are thought to be ideal fillers for electrically conductive composites.
However, so far, simple solution casting or blending of nanotubes has not been
highly successful in producing highly conductive composites, because of the poor
dispersion and low loading of the nanotubes. We show that, by using a novel
poly(amic acid) (PAA) containing a rigid backbone with hydroxyl pendant groups,
as both the nanotube dispersant and the matrix precursor, we can increase the
nanotube content in the solution-cast polyimide (PI)-based composite to as high as
30 wt % and achieve ultrahigh composite electrical conductivity as well as high
mechanical properties. The electrical conductivity of the MWNT/PI composites
reaches a value of 38.8 S cm ™' at a nanotube loading of 30 wt % and the MWNT
concentration for achieving the percolation threshold of conductivity of the
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composites is 0.48 wt %. These are, respectively, the highest and among the lowest reported values for any conventional
solution-processed nanotube composites. The 30 wt % MWNTs composite has a higher Young’s modulus (9.43 £ 0.14 GPa) and
tensile strength (179.2 & 9.7 MPa) than other nanotube-reinforced polyimide composites. The high conductivity, as well as tensile
properties, of the composite films is attributed to the good nanotube dispersion and strong nanotube—polymer interfacial adhesion
achieved through use of a single polymer to perform the dual functions of nanotube dispersant and matrix precursor. The excellent
properties, combined with the facile conventional solution-casting technique, make this MWNT/PI composite film a promising
material for many potential applications. We have also demonstrated that uniform MWNT (30 wt %)/PI composite coatings can be

deposited onto glass and aluminum substrates.
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B INTRODUCTION

Because of their excellent electrical conductivity (10°—
10° S cm™ '), ultrahigh strength, large aspect ratio, and low
density, carbon nanotubes (CNTs) are considered to be an ideal
additive for making high-performance conductive polymer
composites.”> On the other hand, polymer composites used in
engines, ducts, machinery, aircraft parts, etc. often must be
electrically conductive, as well as lightweight and structurally
strong and stiff, in order to confer antistatic and electromagnetic
shielding properties. Many studies on increasing the electrical con-
ductivity of CNT/polymer composites have been published.’”
Very high electrical conductivities (17—200 S cm™')*~7 have
been obtained in some composites with a CNT content above
75 wt %; however, these employed special nanotubes” and/or non-
conventional composite processing techniques, such as vacuum
filtration>® or coagulation spinning,” which allow high nanotube
content and alignment. However, typical composite processing
techniques such as casting, resin transfer molding, etc. often must
be employed to make composites, because of cost, shaping,
functional, or other requirements. With these techniques, the
electrical conductivity achieved with CNT loading has generally
been modest. Few studies®® have reported composites with
electrical conductivities of >1 S cm™'. Ramasubramaniam et al.
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reported a conductivity of 4.81 S cm™ " with polycarbonate,® and
Grossiord et al. reported a conductivity of 10 S cm ™" with vertically
aligned nanotubes.® Furthermore, high-performance conductive
composites made from solution casting have not been reported.
Polyimides (PIs) are an important class of structural polymers
that are widely used in the microelectronics and aerospace
industries, because of their outstanding thermal stability and
mechanical properties. The electrical conductivities achieved in
polyimide/CNT composites have typically been low. Jiang et al.”
reported a conductivity of ~10~" S cm ™' for a nanotube/
polyimide composite with S wt % nanotubes. Further improve-
ment in electrical conductivity in solution-processed polyimide/
CNT composites, like most other similarly processed compo-
sites, has been hampered by low CNT content (<10 wt %)° '*
and poor dispersion of the CNTs. It has generally been thought
that highly electrically conductive composites can be achieved if
the CNT content is high and the nanotubes are well-dispersed
within the polymer matrix, so that they are percolative. To
debundle and disperse the CNTSs as individual tubes, covalent
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and noncovalent approaches can be used; "> however, noncovalent
functionalization is preferable, because it preserves the graphene
structure of the nanotubes and, consequently, their intrinsic
electrical and mechanical properties. We and other researchers have
explored polymers as noncovalent dispersants of CNTs.'>'7'®
However, most work on CNT composites has utilized a poly-
meric dispersant that is distinct from the matrix.>'*"*" This
approach tends to limit the CNT loading in the matrix to low
content (e.g,, 10 wt %), since, at high CNT loading and, there-
fore, polymeric dispersant loading, incompatibility between the
dispersant and matrix promotes CNT's aggregation, particularly
during removal of the solvent used to dissolve the matrix and the
dispersed CNTs. We hypothesize that the use of a single poly-
mer, which can serve as both nanotube dispersant and matrix (or
matrix precursor), is a more effective way to achieve composites
with high CNT content. The polymer must be able to disperse
the CNTs and also provide the desired properties of the matrix.
This method should yield the best possible compatibility
between the CNTs and the polymer matrix, and therefore
would prevent CNT aggregation during the processing of high-
nanotube-content composites.

In this paper, we demonstrate a high performance multiwalled
carbon nanotube (MWNT)-reinforced polyimide composite
film prepared by solution casting with excellent conductivity
and high mechanical properties. A novel poly(amic acid) (PAA)
(see Figure la) was designed and synthesized to act as both
the MWNT dispersant and matrix precursor. Solution-cast and
thermally imidized MWNT /PI composite film with 30 wt % nano-
tubes has an electrical conductivity of 38.8 S cm™ ' (compared to
an electrical conductivity of 3.5 X 107" S em ™' for the neat
polyimide). This composite has a Young’s modulus of 9.43 =+
0.14 GPa and a tensile strength of 179.2 &= 9.7 MPa, both of
which are higher than other reported values for polyimide.
Uniform MWNT(30 wt %)/PI composite coatings were also
successfully deposited on glass and aluminum substrates.

B EXPERIMENTAL SECTION

Materials. MWNTSs with a diameter of 10—15 nm and a
length of 10—20 um were supplied by Iljin Nano Tech, Korea.
They were purified via thermal oxidation at 350 °C for 2 h in
air, followed by refluxing in 6 M HCI solution overnight. 3,3'-
Dihydroxy-4, 4’-diaminobiphenyl (HAB, 97%) was purchased
from Tokyo Chemical Industry and purified by recrystallization
from N,N'-dimethylformamide (DMF) /ethanol mixture. 3,3,4,4’ -
biphenyltetracarboxylic dianhydride (BPDA), poly(vinyl pyrrolidone)
(PVP, M,, = 29 000), N,N'-dimethylacetamide (DMAc), and all
other chemicals were obtained from Sigma—Aldrich. BPDA was
purified via sublimation under reduced pressure. DMAc was dis-
tilled over calcium hydride. All other chemicals were used without
purification.

Synthesis of Poly(amic acid) (PAA). Typically, a solution of
HAB (2.16 g, 10 mmol) in freshly distilled DMAc (51 mL)
was added into a 100-mL three-necked flask under flowing argon.
After the HAB was completely dissolved, BPDA (2.94 g,
10 mmol) was added at 0 °C and the mixture was mechanically
stirred at room temperature for 24 h. The resulting viscous PAA
solution was kept in a freezer until use. The molecular weight of
PAA determined by GPC was M,, = 1.97 x 10° g/mol with a
polydispersity index of 1.96.

Fabrication of MWNT/PlI Composite Films. A measured
quantity of MWNTSs was added into DMAc (the concentration
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Figure 1. (a) Synthesis of poly(amic acid) (PAA) and the strategy for
fabricating MWNT /polyimide composites. (b) 'H NMR spectra of PAA
and MWNTSs/PAA (mass ratio of 1:2) in DMSO-dg.

of MWNTs in DMAc was fixed at 1 mg/mL), and the mixture
was sonicated with a high-power tip sonicator (500 W, 35%,
Vibra-Cell Sonics) for S min. Different quantities of PAA
solution then were mixed with the MWNT/DMAc suspension
and sonicated with the tip sonicator for another S min, followed
by further sonication in a low-power sonication bath (S30H,
Elma) for 30 min at 0 °C. MWNT /PAA dispersions with <10 wt %
MWNTs were directly cast into films. Dispersions with 10—
30 wt % MWNT's were prepared with a large amount of DMAc,
some of which was slowly evaporated in a glass dish before film
casting. No obvious nanotube aggregates were observed by eye
and via optical microscopy (200 magnification) (see Figure S1 in
the Supporting Information) during this process. The MWNT/
PAA dispersions were cast onto glass slides, which were heated on
a hot plate at 50 °C. After the removal of most of the DMAc, the
glass slides were transferred to a vacuum oven and dried at 80 °C
under vacuum for 3 h to remove residual solvent. Finally, the as-
prepared MWNT /PAA films were imidized under argon at 100 °C
for 2 h,200 °C for 1 h, 300 °C for 1 h, and 350 °C for 20 min. The
thickness of the resulting films was measured to be 15 &+ 1 m. The
MWNT volume fraction was computed from its mass fraction,

4150 dx.doi.org/10.1021/cm200909x |Chem. Mater. 2011, 23, 4149-4157



Chemistry of Materials

based on the MWNT true density (2.15 g cm ™) and the polyimide
density (1.4 g cm ™).

Fabrication of MWNT/PI Composite Coatings. Ultrathin
MWNT/PAA coatings on the glass and aluminum substrates
were fabricated from MWNT (30 wt %)/PAA dispersion (nano-
tube concentration of 0.1 mg/mL) using an air brush (Badger,
model 100LG). During the spray process, the substrates were
kept on a hot plate at ~170 °C, in order to accelerate the
evaporation of DMAc. The nozzle was kept at a distance of
20—30 cm from the substrates, and the dispersion was sprayed,
one spray at a time, onto the substrates. A thick MWNT (30 wt %)/
PAA coating on the aluminum was prepared by solution casting.
MWNT/PI coatings were obtained after thermal imidization.

Characterization. "H NMR spectra of PAA and MWNTSs/
PAA were obtained with a Bruker Avance 300 NMR spectro-
meter, using deuterated dimethylsulfoxide (DMSO-dy) as the
solvent and tetramethylsilane as the internal standard. The weight-
average molecular weight (M,,) and polydispersity (PDI) of
poly(amic acid) was measured via gel permeation chromatogra-
phy (GPC) that was performed with a Shimadzu LC-20A Series
GPC system equipped with a pump, a BC-PL gel mixed column,
and a RID-10A refractive index detector, using DMF with 0.02 M
LiBr as eluent and polystyrene standards as reference. Raman
characterization was carried out on a Renishaw Ramanscope with
HeNe laser at an excitation wavelength of 633 nm. The absorp-
tion spectra of PAA- or PVP-dispersed MWNT dispersions, and
the transmittance of an ultrathin composite coating on glass, were
measured by a Varian Cary 5000 UV—vis—NIR spectrophot-
ometer. Atomic force microscopy (AFM) was conducted, using a
MEP 3D microscope in ac mode. A pristine MWNT suspension
or MWNT/PAA (mass ratio = 1:2) dispersion in DMAc was
prepared via sonication and then deposited onto a clean silicon
wafer by spin coating. High-resolution transmission electron
microscopy (TEM) images were obtained using a JEOL Model
3010F analytical electron microscope operating at an accelerat-
ing voltage of 300 kV. TEM samples were prepared by placing
several drops of pristine MWNT suspension or MWNT/PAA
(mass ratio = 1:2) dispersion in DMAc on a carbon-coated
copper grid and drying at room temperature. Field-emission
scanning electron microscopy (FE-SEM) analysis was performed
with a JEOL Model JSM-6700F microscope operating at S kV.
Composite films were fractured in liquid nitrogen, and the
cryofractured surfaces were sputter-coated with gold. Tensile
tests of cast films were conducted with an Instron Model 5543
mechanical tester at ambient temperature, with a gauge length of
20 mm and a crosshead speed of 2 mm/min. At least five
specimens from each batch were tested. Electrical conductivity
was measured by a two-probe method using a Keithley Model
610C electrometer at room temperature. Silver paste was applied
onto two ends of measured samples to ensure good electrical
contact between the electrodes and the sample.

B RESULTS AND DISCUSSION

Design and Synthesis of PAA. The PAA (Figure la) was
synthesized from HAB and BPDA, using stoichiometric amounts
of these compounds to achieve the highest molecular weight
possible. High molecular weight enables more contact points
between the polymer molecules and CNTs, to increase the CNT
dispersion efficacy.”>** The biphenyl diamine and dianhydride
polymerize to a rigid and unbent PAA backbone, which facilitates
the stacking of the dispersant molecules onto the conjugated

MWNT surface via 77— interaction,”* to promote PAA adsorp-
tion and produce a relatively strong bond between the dispersant
and the MWNTs. The pendent —OH and —COOH groups
provide the functionalized MWNTs with good solubility in
organic solvents and a polymer matrix precursor.

The "H NMR spectrum of PAA in DMSO-dj (see Figure 1b)
confirms its successful synthesis with the characteristic aromatic
proton peaks at 0 7.1—7.2 ppm (peaks b and c) and 7.8—
8.3 ppm (peaks d, f, g, and h), the phenolic —OH and —NH
protons peaks at 0 9.7—9.9 ppm (peaks a and e) and the
—COOH proton peak at 0 13.0 ppm (peak i). Interaction with
the nanotube 7 cloud is known to cause 'H NMR signal
broadening.”’zo’25 Such broadening is evident in the MWNT's/
PAA (mass ratio = 1:2) spectrum (see Figure 1b). The interac-
tion between MWNT's and PAA is so strong that PAA cannot be
completely washed away by DMAc, which is a good solvent for
PAA (which is evident from Fourier transform infrared (FT-IR)
spectra, shown in Figure S2 in the Supporting Information). The
percentage of PAA that cannot be washed away was calculated to
be ~23%, from thermogravimetric analysis (TGA) (see Figure
S3 in the Supporting Information).

PAA converts to PI after thermal imidization. The differential
scanning calorimetry (DSC) curve of PAA film (seeFigure S4 in
the Supporting Information) shows that the imidization process
mainly occurs in the temperature range of 150—180 °C, which is
covered by our heating range (from 100 °C to 350 °C). We
heated to a temperature of 350 °C, to maximize the degree of
imidization. It is necessary to note that further heating to 400 °C
should be avoided, because the —OH groups in PI can result in
thermal conversion of PI to polybenzoxazole upon heating over
this temperature in an inert atmosphere.”®?” There is no observa-
tion of cross-linking reaction between pendant —OH groups,”’
which is possibly due to the strong steric hindrance.

Dispersion of MWNTs/PAA in DMAc. When pristine
MWNTs are dispersed in DMAc and allowed to stand for one
week, the MWNTs mostly settle at the bottom of the vial (see
Figure 2, vial a). The addition of PAA (Figure 2, vial b) results in
homogeneous dispersions of MWNTs/PAA without visible ag-
gregates anywhere in the vial, even after several months of standing
(Figure 2, vials ¢ and d). The maximum MWNT concentration
that can be dispersed with PAA was determined to be ~2.8 mg/mL,
which is comparable to the hioghest reported values with other
dispersants (2.5—3 mg/mL).2 23

The efficacy of PAA at dispersing MWNTs in DMAc was
quantitatively evaluated and compared with that of poly(vinyl
pyrrolidone) (PVP), which is a commercially avaliable dispersant
for nanotubes,*® through absorbance measurements and the
Beer—Lambert law. Nanotube concentration can be determined
by the Beer—Lambert law,

A= ¢l

where A is the absorbance at a particular wavelength, & the
extinction coefficient, ! the light path length (I = 1 cm for our
cell), and ¢ the nanotube concentration.”* To determine the value
of ¢, the absorbance spectra of very dilute and well-dispersed
MWNT/PAA (mass ratio 1:2) dispersions at different concen-
trations were measured (see Figure 3a) and the absorbance at
500 nm was plotted against nanotube concentrations (see inset
in Figure 3a). The linear-least-squares fit to the data gave a slope
of 0.04704, so the extinction coefficient was calculated to be
0.04704 L mg7l cm™ !, whichis in agreement with those found at
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Figure 2. Photographs of (a) pristine MWNTs, (b) PAA solution, (c and d) PAA-functionalized MWNT dispersions, (e and f) MWNT/PI composite films with
nanotube loadings of 0.25 wt % (panel e) and 30 wt % (panel f), and (gand h) MWNT/PI coatings on glass substrates (panel g) and aluminum substrates (panel h).
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Figure 3. (a) Absorption spectra of MWNTSs/PAA (mass ratio = 1:2) in DMACc at different nanotube concentrations. Inset shows the absorbance of
these dispersions at 500 nm. The straight line is a linear-least-squares fit to the data. (b) MWNT concentrations of MWNTs/PAA (mass ratio = 1:2) and
MWNTs/PVP (mass ratio = 1:2) under different conditions: immediately after sonication, after standing for 3 days, after centrifugation at 6000 rpm for

1 h, and after centrifugation at 14 000 rpm for 1 h.

500 nm for MWNTs in chloroform (0.04220 L mgfl em ™ )*
and o-dichlorobenzene (0.04600 L mg71 cm™').” The nano-
tube concentrations of MWNTs/PAA (mass ratio = 1:2) and
MWNTSs/PVP (mass ratio = 1:2) under different conditions,
determined using absorbance at 500 nm and the Beer—Lambert
law, are shown in Figure 3b. Immediately after sonication, both
MWNTs/PAA and MWNTs/PVP have nanotube concentra-
tions of ~20.0 mg/L. After standing for 3 days, centrifugation at
6000 rpm for 1 h and centrifugation at 14 000 rpm for 1 h, the
nanotube concentration of MWNTSs/PAA decreases to 19.3,
10.8, and 5.5 mg/L, respectively, which is higher than that of
MWNTs/PVP (17.5, 7.2, and 3.2 mg/L, respectively), suggest-
ing higher efficacy of our PAA than PVP at dispersing MWNT's
in DMAc.

TEM images further show the high efficacy of PAA at dispersing
MWNTs (Figure 4). Pristine MWNTs, which are used as controls,
form large aggregates (see Figure 4a), while the majority of the
PAA-dispersed MWNTs are observed as individual tubes (see
Figure 4c). At the higher magnification, the pristine MWNT surface
is quite clean (see Figure 4b), while there is an amorphous coating
layer with a thickness of 1—2 nm in MWNTs/PAA (see Figure 4d).
We interpret this feature of Figure 4d to be a layer of PAA that has
self-assembled onto the nanotube surface, which contributes to
long-term stability and individually dispersed MWNTs.

The capability of PAA at dispersing MWNTs into individual
tubes was also manifested by the AFM image. As shown in
Figure 5, most of the PAA-dispersed MWNT's have lengths of

4152

Figure 4. TEM images of (a and b) pristine MWNTs and (c and d)
PAA-dispersed MWNTs.

>2 um, indicating that noncovalent functionalization of MWNT's
with PAA does not significantly reduce the nanotube length.
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Figure 5. AFM images of (a) pristine and (b) PAA-dispersed MWNTs deposited on silicon wafers by spin coating.

The measured height of the MWNTSs is in the range of 8—15 nm,
which is close to the diameter of pristine MWNTs (10—1S5 nm),
suggesting that the MWNTs are dispersed as individual tubes.
We attribute the high efficacy of PAA at dispersing MWNT's to its
unique structure. The rigid unbent highly aromatic backbone of
PAA has a strong affinity via 77— interaction to the highly
conjugated graphene-like surface of nanotubes, while the pen-
dent —COOH and —OH groups provide MWNT's with solubi-
lity and keep them from reaggregation.

MWNT Dispersion and MWNT-PI Interfacial Bonding in
Composite Films. Figures 2e and 2f show representative photo-
graphs of composite films containing 0.25 wt % and 30 wt %
MWNTs. The composite with 0.25 wt% MWNTs possesses
good transparency and uniformity, while the composite with
30 wt% MWNTs is completely opaque. Even under 200x
magnification in optical microscopy, no visible aggregates were
observed in the MWNT/PI composite films, indicating homo-
geneous MWNT dispersion (see Figure SS in the Supporting
Information).

To further examine the nanotube dispersion in composite film,
MWNT(1 wt%)/PAA film without thermal imidization was
redispersed in DMAc with only mild shaking. This dispersion
was then filtered through a 0.2-ym Al,O3 membrane and washed
with a large quantity of DMAc to remove free polymer. FE-SEM
images of the MWNTs on the Al,O; membrane (Figure 6) show
that the MWNTSs are well-dispersed without significantly re-
duced length. The diameter of MWNT's, which were coated with
a layer of gold before FE-SEM observation, is ~14—20 nm. This
value is only 4—5 nm larger than that of pristine MWNTSs
(10—15 nm), indicating that MWNTs in Figure 6 are dispersed
individually. We confirmed that MWNT' cannot be dispersed by
PAA with only mild shaking (data not shown), so Figure 6
exhibits the nanotube dispersion state in composite film. The
nanotube morphology in Figure 6 suggests that MWNTSs can
generate a conductive network for electron transport, leading to
high electrical conductivity for the final MWNT/PI composite
film, which will be discussed below.

50,000 — 200 nm

Figure 6. FE-SEM images of MWNTs: (a) MWNT(1 wt%)/PAA
composite film on 0.2-um Al,O; filter membranes after removal of free
polymer, and (b) enlarged image of a selected region in panel a.

To investigate the dispersion and morphology of nanotubes
in fully imidized MWNT /PI composites, composite films were
dipped into liquid nitrogen and then broken. FE-SEM images of
cryofractured surfaces of composites with nanotube contents of
1, 10, and 30 wt % are shown in Figure 7. For all three loadings,
MWNTs are dispersed homogeneously throughout the surfaces
without any obvious aggregates (Figure 7a—f). With 1 wt % MWNTs
(Figures 7a and 7b), MWNTs are broken on the surface
(indicated by arrows), suggesting strong polymer-nanotube
interfacial adhesion. The diameter of the MWNTs in Figure 7b
(~40—60 nm) is much larger than that in MWNT (1 wt %)/PAA
composite after removal of polymer (~14—20 nm; see Figure 6b),
suggesting a thick cladding of polymer on the surface of the
nanotube.””*' The FE-SEM images of MWNT(10 wt%)/PI
materials (Figures 7c and 7d) reveal more MWNTs on the
surface, compared to the MWNT(1 wt%)/PI sample. Some
MWNTs are partially pulled out from the surface, but most
MWNTs are broken on the surface and well-wetted by the PI
matrix, which is again reflected in the large diameter of the
polymer-clad nanotubes (see Figure 7d). As the MWNT content
increases to 30 wt % (Figures 7e and 7f), there are more MWNTs
“competing” for the matrix, leading to less polymer cladding on
the MWNT surface, as reflected in the reduced diameters of the
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Figure 7. FE-SEM images of cryofractured surfaces of MWNT/PI
composite films with MWNT loadings of (a and b) 1 wt%, (c and d)
10 wt %, and (e and f) 30 wt %. Images to the right (panels b, d, and f)
show enlarged views of selected areas in the images to the left (panels a,
¢, and e).

polymer-clad MWNTs (~18—33 nm) and, consequently, more
pulled-out MWNTs.

It has been shown that the wrapping of polymer around nano-
tubes can result in a shift toward higher freguencies of the peak of
the tangential vibrational mode (G-band),”** because of charge
transfer from the CNTs to the polymer dispersant.*® Figure 8
shows the Raman spectra of pristine MWNTs and MWNT/PI
composites with nanotube contents of 30 wt %, 20 wt %, 10 wt %,
and 5 wt %. The disorder mode (D-band) and the tangential mode
(G-band) of MWNT are seen at ~1335 cm™ ' and ~1600 cm ™',
respectively. The G-band peak of pristine MWNTs is located at
1596 cm ™' (spectrum a), while that of MWNT/PI composites
with a MWNT content of 10—30 wt % are located at ~1611 cm ™"
(spectrab—d). The observed 15 cm ™' Raman upshift in MWNT/
PI composites confirms the presence of strong 77— interaction
between PI and MWNTSs. Moreover, the Raman peaks become
less distinct as the MWNT content in composites decreases from
30 wt % to 10 wt %. In MWNT/PI composites with nanotube
loadings of 0.25—5 wt %, the Raman spectra features are over-
whelmed by the strong broad luminescence background and the
characteristic peaks of MWNTs are undetectable (here, we show
only the spectrum of the S wt % MWNT sample, spectrum e),
which has also been observed in other functionalized CN'Ts.****
It has been suggested that a better nanotube dispersion enhances
the luminescence, leading to more-significant interference in
Raman measurements.>® Thus, the strong luminescence ob-
served in our composites with 0.25—S5 wt % MWNT's suggests
good nanotube dispersion without significant aggregation.

Intensity (a.u.)

T T T T T T T T T T T
1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

Figure 8. Raman spectra of (a) pristine MWNTs, and MWNT/PI
composites with MWNT loadings of (b) 30 wt %, (c) 20 wt %, (d) 10
wt %, and (e) S wt %.
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Figure 9. Log DC conductivity, measured at room temperature, as a
function of MWNT mass fraction for MWNT/PI composites. The inset
shows the best fit to the conductivity data using the equation described
in the text for the determination of percolation threshold.

Electrical Conductivity. Figure 9 and Table 1 show the DC
conductivity of MWNT/PI composites, measured at room
temperature, as a function of MWNT loading. The conductivity
of neat PLis 3.5 x 10 '® S cm ™' and no obvious increase is ob-
served with the addition of 0.25 wt % MWNTSs. As the MWNT
loading increases from 0.25 wt % to 0.5 wt %, the conductivity
exhibits a sharp increase of ~8 orders of magnitude, from 6.8 X
10 *Sem 't08.3 x 10 ¥Sem Y, indicating the formation of a
percolating network. Percolation theory predicts that the com-
posite conductivity versus nanotube volume fraction obeys the
power law:>’

oo (v—r) for v > v,

where 0 is the composite conductivity, v the nanotube volume
fraction, v, the percolation threshold, and ¢ the critical exponent.
The best fit of our experimental electrical conductivity data to the
above equation gives a value of v. = 0.31 vol % (i.e.,, 0.48 wt %)
and t = 2.8 with a correlation coefficient of 0.9954, as shown in
the plot of log(0) versus log(v—v,) in the inset in Figure 9.
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Table 1. Mechanical and Electrical Properties of Neat PI and

MWNT/PI Composite Films

——Neat PI
- = = MWNTSs (0.5 wt%)/P|
—=- MWNTSs (2 wt%)/PI

(a) 250

CNT Loading
modulus strength elongation  conductivity

[wt%] [vol %] [GPa] [MPa] [%] [Sem™]
0 0 6374013 1512451 45402 35x10'°
0.25 016 7304009 1750+63 62403 68x10 ¢
0.5 033 7.68+012 1881+34 59404 83x10°
0.75 049 8154009 193.6+65 56+02 72x10°
1 0.65 847+0.17 2067+68 54+03 56x10"*
2 131 888+ 0.11 2154+52 50403 18x 107
N 331 9214007 221.3£63 44£03 027

10 675 955+£0.12 2284+52 414+02 35

20 1400 997 +£0.13 2066+40 32401 133

30 2182 943+£0.14 1792£97 25+03 388

Our percolation threshold (0.48 wt%) is much lower
than most relported values for CNT/polyimide composites
(>1 wt %)."° #1353 In most reported methods of preparation
of CNT/PI composites, CNTs are modified by acid treatment,
which has been shown to reduce CNT intrinsic electrical conduc-
tivity, because of the introduced structural defects. Furthermore,
decreased nanotube length and aspect ratio of acid-treated CNT's
lead to a higher CNT fraction needed to form a continuous charge
carrier channel in composites. As a result, relatively high percola-
tion thresholds were observed in these studies. In our method, the
designed PAA molecular chains are adsorbed onto the MWNT
surface to disperse nanotube bundles into individuals without any
substantial damage to the MWNT length and structure. The
original aspect ratio and intrinsic electrical properties of the
MWNTs are better preserved. Compared to other reported
methods, the MWNTSs in our research are better suited to form
a conducting interconnected nanotube network in the polymer
matrix, to which we attribute the low nanotube loading threshold
for the formation of a conductive network.

Moreover, the absolute conductivities of our MWNT /PI compo-
sites are much higher than the reported values of CNT/PI compo-
sites with the same nanotube loading. For example, for nanotube/
polyimide composites with 5 wt % nanotubes, the reported con-
ductivities are in the range of 107°—10 *Scem™ 110121383 hich
is ~3—8 orders of magnitude lower than our value (0.27 S cm™").
Our conductivity reaches 13.3 S cm ' at 20 wt% MWNT
loading and 38.8 S cm~ ' at 30 wt % MWNT loading, which is
~17 orders of magnitude higher than that of neat PL. These
values are the highest values reported yet for CNT/PI
composites.'"'>** The electrical conductivity of the composite
with 30 wt% MWNTs (38.8 S cm '), to the best of our
knowledge, is the highest value ever reported for a solution-
processed nanotube composite. The electrical conductivity of
our MWNT/PI composites is tunable from 107" $ em™" to
38.8 S cm ' by varying the nanotube content. At a loading of
0.75 wt %, the conductivity reaches 7.2 X 107° S cm™ !, which
satisfies the requirements of electrostatic dissipation applications
(107° S em™"). The conductivity of the composite with 5 wt %
MWNTs (0.27 S cm™ ') is adequate for electromagnetic inter-
ference (EMI) shielding applications (0.1 S cm™").

Mechanical Properties. The tensile properties of neat PI
and MWNT/PI composite films with various MWNT loadings
are summarized in Table 1 and Figure 10. Figure 10a presents
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Figure 10. (a) Representative stress—strain curves of neat PI and
MWNT/PI composites with MWNT loadings of 0.5, 2, 10, and
20 wt %. Comparison of (b) Young’s modulus and (c) tensile strength
of composites prepared in this study with published values for other
CNT/PI composites. The tensile data for other CN'T/PI composites
were reprinted with permission from these noted references.

representative stress—strain curves. For neat PI films, the tensile
modulus is 6.37 &£ 0.13 GPa and the strength is 151.2 &£ 5.1 MPa.
The reported tensile values of polyimide vary widely, since they
are dependent on the diamine and dianhydride used. Our
modulus and strength are in the higher end of the published
range, because of the rigid monomers that we employed.""'>*°
As shown in Figures 10b and 10c, an increase in MWNT loading
from 0 wt % to 10 wt % leads to a continuous increase of both
tensile modulus and strength. Increasing the MWNT loading
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further to 20 and 30 wt % results in a decrease in tensile modulus
and strength. This can be attributed to the reduced distance
between nanotubes (Figure 7f), which would cause highly in-
tensified stress field between the closely spaced nanotubes*' and
increased free volume.*” However, the MWNT(30 wt%)/PI
composite still has improved tensile properties (with a modulus
0f 9.43 4 0.14 GPa and a strength of 179.2 £ 9.7 MPa), compared
to the unreinforced matrix (with respective values of 6.37 & 0.13
GPa and 1512 &+ S.1 MPa). Figures 10b and 10c also show
comparison of our tensile properties with the values recently
reported in the literature for CNT/PI composites.'®~"***3* Our
absolute tensile values at all nanotube loadings investigated
(6—10 GPa and 151—228 MPa) are higher than the reported
Young’s modulus and tensile strength of other CNT/PI compo-
sites, which are in the range of 3—5 GPa and 100—130 MPa,
respectively.

We believe that the excellent electrical conductivity and
mechanical properties achieved in this study are due to the high
CNT dispersion efficacy of the designed PAA, which functions
both as the polymer matrix precursor and as the nanotube
dispersant. The PAA has good affinity for the nanotubes and
also good solubility in the solvent. It interacts noncovalently with
nanotube surface without severe damage to their length and
conjugated 7T system. A single polymer functioning as both a
matrix precursor and a dispersant avoids any incompatibility
issue between the matrix and the dispersant, such as that which
has been encountered in some other studies. As a result, high
mechanical properties were obtained for the composite with high
nanotube loading. The MWNTSs can be uniformly dispersed
throughout the PI matrix at high nanotube content, leading to
more effective electrical network formation and increased elec-
trical conductivity.

MWNT/PI Coatings. Besides highly electrically conductive
and mechanically strong free-standing composite films, the PAA-
functionalized MWNT dispersions can also be used to fabricate
composite coatings on various substrates. Figure 2g shows a
transparent coating of MWNT (30 wt %)/PI on a glass substrate
prepared via the spraying process. The measured transmittance
of this coating is 81% =% 0.4% at 550 nm, which is calculated based
on 10 transmission scans of this coating at different spots. The
extremely low standard deviation, compared to the mean trans-
mittance value, indicates the very high uniformity of our compo-
site coating. Similar ultrathin composite coating (several
hundreds of nm) can also be deposited on an aluminum
substrate. Thicker coatings (given in micrometers) on aluminum
(see Figure 2h) can be prepared by solution casting, because of
their excellent adhesion to aluminum. Unlike neat nanotube
coatings, which may be peeled off because of their weak adhesion
to the substrates, our composite coatings have good stability and
can be easily handled. Combined with their high electrical
conductivity (~38.8 S cm '), as well as high temperature
resistance and good chemical-resistant properties, they may have
wide applications in electronics and aerospace industries.

Bl CONCLUSIONS

In summary, we have synthesized a rigid hydroxyl-functional-
ized poly(amic acid) (PAA), which is the precursor of polyimide,
and have demonstrated its ability to perform the dual functions of
a highly effective dispersant of MWNTs and a matrix material
for polymer/MWNT composites. MWNT /PI composite films
made by the conventional solution casting technique with this

dual-function PAA show outstanding electrical properties. The
electrical conductivity of the composites reaches 38.8 S cm ™' ata
MWNT loading of 30 wt % and the nanotube concentration for
the percolation threshold of conductivity of MWNT/PI compo-
sites is 0.48 wt %, which are, respectively, the highest and among
the lowest reported values for any conventional solution-
processed nanotube composites. The 30 wt % MWNT compo-
site has higher Young’s modulus (9.43 =+ 0.14 GPa) and tensile
strength (179.2 & 9.7 MPa) values than common polyimides. To
the best of our knowledge, this is also the first report of MWNT/
PI composites with MWNT loadings as high as 30 wt % made by
the solution casting technique, which is a simple and commonly
employed method. The excellent electrical and mechanical
properties, combined with the facile fabrication technique, make
this MWNT/PI composite a promising material for many
potential applications, such as electrostatic dissipation, electro-
magnetic interference shielding, and flexible printed circuit boards.
Uniform and stable MWNT(30 wt%)/PI composite coatings
have also been deposited on glass and aluminum substrates.
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