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ABSTRACT: In the preparation of high-quality polymeric carbon nanocomposites, the full compatibility
of carbon nanotubes as the filler with the matrix polymer is required. For such a purpose, an amino-
terminated polyimide, specifically designed to be structurally identical to the matrix polymer, was
synthesized and used in the functionalization of carbon nanotubes. The functionalized carbon nanotube
samples were analyzed and studied by using a series of techniques, and the results are presented and
discussed. These nanotube samples and the matrix polyimide are soluble in the same organic solvents,
allowing their intimate mixing in solution and the subsequent fabrication of polyimide-carbon nanotube
composite films via wet-casting. According to results from the spectroscopic and electron microscopic
characterizations, the carbon nanotubes are homogeneously dispersed in the nanocomposite films.
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Introduction

The use of single-walled (SWNT) and multiple-walled
(MWNT) carbon nanotubes in polymeric composites to
materialize their superior properties has been attracting
much recent attention.1~6 These nanocomposite materi-
als are explored to attain enhanced mechanical features
for efficient load transfer and tear resistance and to
achieve certain levels of electric conductivity through a
percolation network for charge mitigation and electro-
magnetic shielding.2:5~° However, since carbon nano-
tubes are generally insoluble and severely bundled, their
homogeneous dispersion in desired polymer matrices
represents a significant challenge. Several approaches
have been proposed and experimented, including the
direct suspension of carbon nanotubes in the polymer
solution via sonication,°~15 the in situ polymerization
in the presence of carbon nanotubes,'®17 and the chemi-
cal modification of carbon nanotubes for their solubiliza-
tion.18728 For example, several research groups have
recently reported the termination of living polymer
chains on the carbon nanotube surface or the living
polymerization from nanotube-bound initiators, result-
ing in carbon nanotubes functionalized with polymers
of various structures and molecular weights.?4—28

In the dispersion of carbon nanotubes for high-quality
polymeric carbon nanocomposites, an important issue
is the selection of dispersion agents such as surfactants
in the sonication-based methods and functionalities in
the solubilization with chemical modifications. The most
desirable way is obviously the use of polymers that are
structurally and property-wise identical or close to the
matrix polymer in the dispersion or solubilization of
carbon nanotubes because it ensures compatibility of the
dispersed carbon nanotubes with the polymer matrix
to avoid “impurities” associated with the dispersion
agents and any potential microscopic phase separation
in the nanocomposites.2°21 For example, Zhu et al. used
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acid-etched and fluorinated SWNTSs in the preparation
of epoxy resin-based nanocomposites, where both nano-
tube-bound carboxylic acids and fluorines could react
with the end groups of epoxy resin or the curing
reagents under the curing conditions.?? This was equiva-
lent to the dispersion of epoxy resin-functionalized
SWNTs in the matrix of the same resin, and the im-
proved nanotube—matrix compatibility resulted in en-
hanced composite performance. Sun and co-workers
have also shown that polystyrene copolymers with pen-
dant hydroxyl or amine moieties can be covalently
attached to carbon nanotubes via the esterification or
amidation of the nanotube-bound carboxylic acids and
that the soluble functionalized carbon nanotubes can be
homogeneously dispersed in polystyrene polymer thin
films.20 More recently, they reported the preparation of
poly(vinyl alcohol)—carbon nanocomposite films via sol-
ution-casting, in which the carbon nanotubes were func-
tionalized with the matrix polymer for solubility and
“impurity-free” dispersion.?! These nanocomposite films
are of high optical quality and exhibit improved me-
chanical properties.

Aromatic polyimides are candidate polymers for a
variety of applications due to their useful properties
such as low color, flexibility, high glass transition
temperature, excellent thermal stability, and radiation
resistance.?® These polymers serve as excellent matrices
for polymeric carbon nanocomposite materials.822° Here
we report on the homogeneous dispersion of both
SWNTs and MWNTSs into polyimide matrix for high-
qguality nanocomposites. The carbon nanotubes were
functionalized with a specially synthesized low-molec-
ular-weight polyimide that is structurally identical to
the matrix polymer. Results from the characterization
of the soluble polyimide-functionalized carbon nano-
tubes and the fabrication of polyimide—carbon nano-
composite films are presented and discussed.

Experimental Section

Materials. 4,4'-(Hexafluoroisopropylidene)diphthalic an-
hydride (99%) was purchased from Aldrich, 1,3-bis(3-ami-
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nophenoxy)benzene was from TCI, 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDAC, 98+%) was pur-
chased from Alfa Aesar, and bromobenzene, 4-(dimethylami-
no)pyridine (DMAP, 99%), and 1-methyl-2-pyrrolidinone (NMP)
were from Acros. Toluene, dimethylformamide (DMF), and
other solvents were obtained from Mallinckrodt. NMP and
DMF were distilled over sodium hydride before use. Deuter-
ated solvents for NMR measurements were supplied by
Cambridge Isotope Laboratories. The polyimide based on 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride and 1,3-bis-
(3-aminophenoxy)benzene (also referred to as LaRC CP-2,
Scheme 1) was provided by SRS Inc. (M, ~ 17 100 and M/M,
~ 3.2 according to GPC using polystyrenes as standards).

SWNT and MWNT samples were produced by using the arc-
discharge®® and chemical vapor deposition (CVD) methods,3!
respectively, in Prof. A. M. Rao’s laboratory (Physics Depart-
ment, Clemson University). Both samples were purified via
oxidative acid treatment.?>%? In a typical purification, a
nanotube sample (1 g) was suspended in an aqueous HNO;3;
solution (2.6 M, 1.5 L) and refluxed for 48 h. Upon vigorous
centrifuging, the supernatant was decanted, and the remaining
solids were washed repeatedly with deionized water until
neutral pH and then dried under vacuum.

Measurements. NMR measurements were performed on
a JEOL Eclipse +500 NMR spectrometer. UV/vis/near-IR
absorption spectra were recorded on Shimadzu UV3100 and
Thermo-Nicolet Nexus 670 FT-NIR spectrometers. Raman
spectra were obtained on a Renishaw Raman spectrometer
equipped with a 50 mW diode laser source for 785 nm
excitation and a CCD detector. Thermogravimetric analysis
(TGA) was carried out on a Mettler-Toledo TGA/SDTA851e
system. Scanning electron microscopy (SEM) images were
obtained on a Hitachi S4700 field-emission SEM system.
Transmission electron microscopy (TEM) analyses were con-
ducted on Hitachi HF-2000 TEM and Hitachi HD-2000 TEM/
STEM systems, both with the digital imaging capability.

Amine-Terminated Polyimide (PI-NH). 1,3-Bis(3-ami-
nophenoxy)benzene (0.512 g, 1.68 mmol) was dissolved in dry
NMP (10 mL) in a round-bottom flask. After the solution was
cooled in an ice bath for 15 min, 4,4'-(hexafluoroisopropy-
lidene)diphthalic anhydride (0.66 g, 1.47 mmol) was added
with vigorous stirring. The ice bath was removed after 1 h,
and the reaction mixture was maintained at room temperature
for 36 h. After the addition of toluene (4 mL), the flask
containing the reaction mixture was attached to a condenser
with a toluene-filled Dean—Stark trap and then heated to 150
°C. When the amount of water removed by the azeotrope
reached ~0.05 mL, the reaction mixture was cooled to room
temperature. Upon the removal of toluene and some NMP on
a rotary evaporator, the mixture was precipitated into a large
amount of methanol (60 mL). The product as solid precipitate
was collected and dried under vacuum at 60 °C (0.98 g, 90%
yield). 'H NMR (500 MHz, DMSO-de) ¢: 8.14 (d, J = 6.9 Hz),
7.93(s), 7.70 (s), 7.57—7.47 (m), 7.47—7.30 (m), 7.27—7.07 (m),
6.98 (t, J = 7.8 Hz), 6.94-6.62 (m), 6.33 (d, J = 8.2), 6.22 (s),
6.15 ppm (d, J = 7.8 Hz).

Nanotube Functionalization. In a typical reaction, EDAC
(400 mg, 2.1 mmol) was dissolved in DMF (10 mL). To the
solution was added purified SWNTSs (51.1 mg), and the mixture
was sonicated (VWR Aquasonic 150 HT) for 2 h. To the mixture
was added a solution of PI-NH; in DMF (100 mg/mL, 5 mL),
followed by sonication for another 48 h. The suspension was
centrifuged at 3000g to separate the dark-colored supernatant
from the insoluble residue (unfunctionalized or underfunc-
tionalized nanotubes). Upon solvent removal on a rotatory
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evaporator, the crude product was redissolved in THF (10 mL)
for dialysis in a PVDF membrane tubing (cutoff molecular
weight ~250 000) against THF for 3 days. The removal of the
solvent THF yielded PI-NH,-SWNT as a black solid.

The same procedure was applied to the functionalization of
MWNTs with PI-NH,. The PI-NH,-MWNT sample is also a
black solid.

Nanocomposite Films. In a typical experiment, the matrix
polyimide (1 g) was dissolved in DMF (2 mL) to form a
homogeneous solution. To the solution was added dropwise a
DMF solution of PI-NH-functionalized carbon nanotubes
under constant stirring. The resulting solution was further
stirred in a flowing nitrogen atmosphere to slowly evaporate
the solvent DMF until the total volume reduced to ~3.5 mL.
The viscous solution thus obtained was cast onto a glass
substrate with an adjustable film applicator (Gardco). The
films were kept in flowing nitrogen atmosphere in a drybox
at room temperature for 24 h and then in a vacuum oven at
50 °C for 48 h. The film thickness was measured by using a
digital height gage (Nikon Digimicro Stand MS-11C with a
MFC-101 digital display device).

Results and Discussion

Polyimide Functionalization of Carbon Nano-
tubes. The amine-terminated polyimide PI-NH, was
synthesized by controlling the reaction conditions in the
condensation polymerization of 4,4'-(hexafluoroisopro-
pylidene)diphthalic anhydride and 1,3-bis(3-aminophe-
noxy)benzene. A dianhydride:diamine molar ratio of 7:8
was used for PI-NH, with targeted seven repeating
units and a molecular weight of ~5200.3 According to
the NMR end group analysis, namely the integrations
of the IH NMR signals for terminal aniline rings at 6.98,
6.33, 6.22, and 6.15 ppm vs those of other aromatic
protons, molecular weights of the several batches of P1—
NH, are in the range 5000—6000, consistent with the
synthetic target. FT-IR results of the PI-NH; samples
exhibit the characteristic imide peaks at 1787, 1730,
1369, and 721 cm™! and phenolic amine peaks at 3510
and 3400 cm~1.34

The amine-terminated polyimide PI-NH; was used to
functionalize SWNTs and MWNTSs in carbodiimide-
activated amidation reactions with sonication.*3> The
PI-NHz-functionalized carbon nanotube samples are
soluble in many polar solvents, such as THF, DMF, and
DMSO, to form dark-colored homogeneous solutions.
Since PI-NHj3 is nearly colorless, the dark solution color
serves as a visual indicator for the presence of carbon
nanotubes. Shown in Figure 1 is an optical absorption
spectrum of the functionalized SWNT sample in DMF
solution. The spectrum features absorption bands at
1820 and 1040 nm, corresponding to electronic transi-
tions associated with the van Hove singularities for
semiconducting SWNTSs (S1; and Sy», respectively) and
a weak band at ~700 nm for metallic SWNTs (My;).3¢
These absorption features are typical of SWNT samples
produced via the arc-discharge method.3¢ Thus, the
results seem to suggest that the nanotube electronic
structures are largely preserved in the functionalization,
consistent with the functionalization being targeted at
the defect sites on nanotubes. The solution was also
dropped onto a glass slide, followed by the evaporation
of DMF, to form a dark-colored transparent thin film.
The absorption spectrum of the film shows similarly the
characteristic features (Figure 1).

The PI-NH>-SWNT and PI-NH,-MWNT samples were
characterized by resonance Raman spectroscopy. How-
ever, the Raman spectra are subject to strong lumines-
cence interference, similar to those found in other
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Figure 1. Optical absorption spectra of PI-NH,-SWNT in
DMF solution (—) and as a solid-state sample deposited on a
glass substrate (- - -).

3 (ppm)

Figure 2. 'H NMR spectra (500 MHz, DMSO-dg) of PI-NH,
before (bottom) and after (top) the functionalization with
SWNTs.

functionalized carbon nanotubes.* After the thermal
treatment of these samples at 800 °C in a nitrogen
atmosphere to partially remove the functional groups,
the luminescence interference becomes less significant.
For example, the Raman spectrum of the thermally
treated PI-NH,-SWNT sample shows the characteristic
radial breathing mode at 169 cm~1, D-band at 1312
cm~1, G-band at 1590 cm~?, and D*-band at 2566 cm™1.

The solubility of PI-NH,-functionalized carbon nano-
tubes enabled high-resolution NMR characterization in
solution. Compared in Figure 2 is a comparison of the
proton NMR spectra of PI-NH2,-SWNT and PI-NH..
Both spectra were acquired at the same solution con-
centration of 3 mg/mL in deuterated DMSO at room
temperature. The signal broadening for PI-NH,-SWNT
may be attributed to the attachment of the polyimide
to nanotubes as species of high molecular weight and
low mobility.#20.21.37 In addition to the broadening effect,
the nanotube also changes chemical shifts of the protons
close to the amide linkages. For the protons of the
terminal aniline moiety in PI-NH, at 6.4—6.0 ppm, there
are upfield shifts of 0.2—0.3 ppm upon the linkage of
the polyimide to nanotube (Figure 2).38As a result, the
three signals move into the 5.9—6.1 ppm region, which
is unusual for aromatic protons in substituted benzenes.
It is known that the formation of amide linkages results
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Figure 3. 3C NMR spectra of PI-NH; before (bottom) and
after (top) the functionalization with SWNTSs.

in downfield shifts of the adjacent aromatic protons.3°
At the same time the large aromatic ring currents in
carbon nanotubes strongly influence the protons in close
proximity to cause upfield shifts in the corresponding
NMR signals.11154041 Apparently, in this case the
competition between the two opposing effects is in favor
of net upfield shifts for those protons.

The effects of amide linkages and nanotube ring
currents on carbon NMR signals of the terminal aniline
units in PI-NH; are illustrated in Figure 3. The carbon
NMR data also suggest significant changes in chemical
environment and/or mobility for terminal aromatic
fragments in PI-NH; resulting from interactions with
the attached nanotubes. The 3C NMR spectra of PI-
NH, before and after the amidation reaction are mostly
similar, with the spectrum after the reaction being
somewhat broader. However, the signals at 104.7, 106.8,
and 151.0 ppm corresponding to the terminal aniline
carbons in free PI-NH, are not observed at their original
positions in the spectrum of PI-NH>-SWNT. These
signals could be either broadened beyond detection or
shifted to other regions where their overlap with more
intense signals from repeating aromatic units makes
their identification impossible.

The nanotube dispersion in the solubilized samples
was examined by TEM. The TEM specimen was pre-
pared by depositing a drop of the sample solution onto
a carbon- or holey carbon-coated copper grid, followed
by solvent evaporation. As shown in Figure 4, the TEM
image of a PI-NH,-MWNT suggests the presence of
amorphous materials on the nanotube surface, which
may be attributed to the polyimide functionalities.*? The
functionalized MWNTs of different lengths and diam-
eters are apparently well dispersed in the solubilized
sample (Figure 4, inset). The nanotubes appear not
significantly shortened despite the amidation reaction
condition involving continuous sonication for an ex-
tended period of time.35

The TEM imaging of functionalized SWNTSs is intrin-
sically more difficult because of the poor contrast
between the nanotube and the heavy coating of func-
tional groups. Despite repeated attempts in the TEM
analysis of PI-NH>-SWNT, there was no success to
achieve the kind of imaging quality comparable to that
for PI-NH,-MWNT. Instead, a typical TEM image of the
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Figure 4. TEM images of the PI-NH,-MWNT sample at
higher (top, scale bar = 15 nm) and lower (inset, scale bar =
200 nm) magnifications and the PI-NH,-SWNT sample (bot-
tom, scale bar = 10 nm).

PI-NH2-SWNT specimen shows composite-like struc-
tures (Figure 4), with individual or thin bundles of
SWNTSs covered with amorphous materials. Again, these
amorphous materials may be attributed to the polyimide
functionalities.*?

The thermal defunctionalization behavior of the poly-
imide-functionalized carbon nanotube samples was
investigated by TGA. However, because of the thermal
stability and unique thermal decomposition pattern of
the free polyimide, the thermally selective removal of
the functional groups from the nanotube surface has
proven to be difficult. In fact, neat PI-NH, in a nitrogen
atmosphere has a thermal decomposition onset higher
than 500 °C, with a substantial amount of residue (close
to 60%) remaining at the end of the TGA scan (1000
°C). The TGA trace of PI-NH,-SWNT is rather similar
to that of neat PI-NH, (Figure 5), namely that the
decomposed polyimide is still associated with the nano-
tubes in the thermal defunctionalization process. For
PI-NH2 and PI-NH2-SWNT in air, their TGA traces are
also similar. Thus, the polyimide is obviously very
different from other polymers such as polystyrene? and
poly(vinyl alcohol),?* which could be thermally decom-
posed and removed to allow the recovery of the nano-
tubes. Consequently, the TGA estimate of nanotube
contents used successfully for many other functionalized
carbon nanotubes*202143 js not applicable to the poly-
imide-functionalized samples.

The nanotube contents in the polyimide-functional-
ized carbon nanotube samples were estimated in terms
of quantitative NMR signal integrations in reference to
internal standards. Both 'H NMR (4,4'-dimethoxyben-
zophenone as internal standard) and *°F NMR (trifluo-
roacetic acid as internal standard) were used, and the

Macromolecules, Vol. 37, No. 16, 2004

100

90

80

70

Relative Weight

60

50 | 1

40 1 1 1
400 600 800 1000

Temperature (°C)

Figure 5. TGA trace of the PI-NH,-SWNT sample (—) is
compared with that of the neat PI-NH; sample (- - -).

NMR results (signal integrations of the samples vs those
of the internal standards) suggest that the average
nanotube contents in the PI-NH2-SWNT and PI-NH,-
MWNT samples are 15—30% (w/w). In addition, the PI1-
NH2-SWNT sample was submitted for elemental analy-
sis, and the fluorine content thus determined is in
reasonable agreement with that of the 1°F NMR mea-
surement.

The results presented above show that both SWNTs
and MWNTSs are functionalized by the polyimide to yield
functionalized samples soluble in common organic sol-
vents. The solutions of these functionalized carbon
nanotubes can be used with a traditional wet-casting
method to prepare polyimide—carbon nanocomposites
in which the nanotubes are homogeneously dispersed.

Nanocomposite Films. The polyimide based on 4,4'-
(hexafluoroisopropylidene) diphthalic anhydride and
1,3-bis(3-aminophenoxy)benzene is a polymer of many
desirable properties, such as high optical transparency,
thermal stability, solubility in many common solvent
systems for solution-phase processing, and especially the
durability in the space environment.8929 As discussed
earlier, the PI-NH, was designed to be structurally
identical to this polyimide and thus fully compatible
with the polymer matrix of the nanocomposites. The
common solubility of the PI-NHz-functionalized carbon
nanotubes and the matrix polyimide also makes the
solution casting easier.

In the film fabrication, the use of carefully dried DMF
and the maintenance of a dry environment throughout
the experiment are critical because the polyimide films
are sensitive to any moisture contamination. The nano-
composite films obtained without moisture contamina-
tion in the fabrication appeared optically transparent
(even with a dark color in film of a high nanotube
loading) and stable under ambient conditions. The films
of 25—100 um in thickness were cut to 1 in. x 3 in.
pieces for characterization and other measurements.
Shown in Figure 6 is a picture of a series of polyimide—
SWNT composite thin films with different nanotube
contents.

The optical absorption spectra of the films are similar
to those of the solutions with different nanotube con-
centrations, suggesting that there are no fundamental
changes in the PI-NH,-functionalized carbon nanotubes
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Figure 6. Pictures of four polyimide—SWNT composite films
of different nanotube contents (increasing from left to right)
over a paper printed with the Clemson logo (to demonstrate
that the films are optically transparent).
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Figure 7. Optical absorption spectrum of a polyimide—SWNT
composite film (—) is compared with that of PI-NH,-SWNT in
DMF solution (---). Shown in the inset are plots of the
absorbance vs the nanotube content from a series of composite
films at 500 (OJ), 1000 (O), and 1800 nm (<).

upon their dispersion into the polyimide matrix. The
spectra of the films are also featured by the character-
istic S11 and Sy, absorption bands, with the observed
absorbance increases proportional to nanotube contents
in the films (Figure 7).

Raman spectra of the polyimide—SWNT composite
films, similar to that of the functionalized SWNT sample
discussed earlier, contain strong luminescence contribu-
tions. The luminescence interference is consistent with
the fact that the SWNTs are well dispersed in the
polymer matrix.44* After the correction for the lumi-
nescence background, the G-band and D-band charac-
teristic of SWNTs can be observed in the Raman
spectra.

The dispersion of carbon nanotubes in the polyimide
matrix was evaluated more directly by TEM imaging.
The specimen were prepared from the microtome of the
nanocomposite films in the cross-sectional direction into
slices of ~100 nm in thickness. Because of the difficulty
with TEM imaging of SWNTs in the presence of polymer
matrix, the analysis was concentrated on the polyim-
ide—MWNT composite film. According to the TEM
image of the microtomed specimen shown in Figure 8,
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Figure 8. TEM image of the microtomed specimen of a
polyimide—MWNT composite film (scale bar = 50 nm).

Figure 9. SEM images of the edges resulted from stretching
a polyimide—MWNT composite film to failure (top, scale bar
= 1000 nm; bottom, a closer look, scale bar = 300 nm).

the MWNTSs are apparently well-dispersed at the indi-
vidual nanotube level in the polyimide matrix.

The same polyimide—MWNT composite film was
stretched to failure, and the fractured edges were
investigated by SEM. The specimen for the SEM
analysis was coated with a thin layer of Pt/Au to
minimize surface charging effect. As shown in Figure
9, there are abundant well-dispersed MWNTSs protrud-
ing out of the polymer matrix near the edge. These
protruded nanotubes appear well-wetted by the poly-
imide, which might be considered as evidence for
efficient load transfer between the polymer matrix and
filler nanotube in the stretching of the nanocomposite
film 545

In summary, both SWNTs and MWNTSs were solubi-
lized by the functionalization with a specifically de-
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signed amine-terminated polyimide. The solubilized
carbon nanotubes were dispersed into the polyimide
matrix via solution-phase mixing and then wet-casting
by taking advantage of the common solubility of the
functionalized carbon nanotubes and the polyimide in
DMF. The design of the amine-terminated polyimide to
share the same structural units with the polyimide
polymer ensured the full compatibility between the
functionalized carbon nanotubes and the polyimide
matrix. According to the electron microscopy charac-
terization, the carbon nanotubes are nanoscopically
well-dispersed in the polyimide matrix. As a result, the
polyimide—carbon nanotube composite films thus ob-
tained are of a high quality, optically transparent, and
homogeneous. The reported work demonstrates that a
rational design of polymeric functionalities in the solu-
bilization of carbon nanotubes is highly plausible for the
fabrication of desirable polymeric carbon nanocompos-
ites.
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