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We present a valuable in situ fabrication process for synthesizing high electrical conductive polyimide/
multiwalled carbon nanotube (PI/MWCNT) composite films. The success of this process was achieved
the addition of 2,6-diaminoanthraquinone (DAAQ). The DAAQ is not only an excellent dispersion agent
to stably disperse pristine MWCNTSs in solvent but also a monomer to directly synthesize PI. The strong
interaction between DAAQ with MWCNT was verified by FTIR, UV-Vis, Raman, and fluorescence spectra.
The highest value of electrical conductivity of 55.6 S/cm are achieved by the PI composite containing
40 wt.% of MWCNT. Moreover, the electrical conductivity of this film further enhanced to 106 S/cm after
the thermal compression process. The MWCNT content at the percolation threshold of conductivity is
0.50 wt.% (or 0.32 vol.%) and the critical exponent is equal to 2.52. The developed in situ fabrication pro-
cess through DAAQ-derived molecules can also be applied to synthesize other polymers requiring dia-
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1. Introduction

Polyimides (PIs) are widely used in the microelectronics
industry such as flexible printed circuit boards, photoresists or
dielectric interlayers in integrated circuits, aligning films in li-
quid crystal displays [1-3]. Many groups have made efforts in
fabricating PI/CNT nanocomposites that with improved mechan-
ical and electrical properties [4-9]. Carbon nanotubes (CNTs) ex-
hibit excellent mechanical [4], electrical [5], thermal properties
[10], and chemical stability [11-13], The strong van der Waals
force among CNTs [14] leads to the aggregation of CNTs in com-
posites or solutions and makes the homogeneous dispersion of
CNTs in polymer matrix as a big challenge. To debundle and dis-
perse the CNTs as individual tubes, many physical treatments
and chemical modifications on CNTs have been published in lit-
eratures including acid modification [6,10,12-19], free-radical
grafting [20-24], plasma treatment [25,26], and microwave irra-
diation [27-29]. Although the dispersion of CNT in polymer ma-
trix may be greatly improved by those chemical treatments, the
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mechanical strength and electrical conductivity of the CNT are
usually decreased significantly because of the shortened length
of CNTs and the increased number of defects. In contrast, the
physical method, by using surfactants has been widely applied
to debundle and disperse CNT in polymer matrix [11,13,30-34]
because the inherent property of CNTs can be maintained and
the wetting ability of CNTs in composites will be increased.
However, the remaining surfactants in the composites might de-
grade other properties of the composites. Yuan et al. [35] re-
ported that CNTs disperse well in a specific poly(amic acid)
(PAA) with hydroxyl groups on diamine monomer, and the resul-
tant PI composite containing 30 wt.% of CNT shows a high elec-
trical conductivity of 38.8 S/cm. Dispersion of CNTs is also
affected by the types of solvent. N,N’-dimethylacetamide (DMACc)
is a fair solvent to disperse and debundle CNTs because of the
proper interaction between the alkyl amide groups and CNTs
[36]. However, the CNT content is limited to low CNT
concentration.

The aromatic diamine 2,6-diaminoanthraquinone (DAAQ) has
been applied to produce self-assembly carbon nanofibers for field
emission due to its strong intermolecular hydrogen bonding and
7—7 interactions [37,38]. The presence of 7-orbitals or 7-electrons
on CNTs makes the n-7 interactions between pristine CNTs and
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DAAQ molecules possible. Hence, in this paper a time saving, en- 2. Experimental

ergy saving, and cost saving (TEC) process is proposed to prepare

polymer/CNT composite with the assistant of DAAQ. CNTs were 2.1. Materials

first well dispersed in solvent DMAc with the presence of DAAQ,

followed by the addition of dianhydride to perform in situ poly- 4,4'-(4,4'-isopropylidenediphenoxy)bis(phthalic anhydride)
merization. The poly(amic acid)/CNT (PAA/CNT) solution will (IDPA, 97%, Aldrich) was purified by recrystallization using acetic
transform to PI/CNT composites after imidization. The resultant anhydride (99.8%, Tedia). Molecular sieves (4 A) were used to re-
PI/CNT film containing 40 wt.% of CNT exhibits a high electrical move the water from the solvent. N,N'-dimethylacetamide (DMAc,
conductivity of 106 S/cm after thermal compression process. To HPLC, Tedia). 2,6-Diaminoanthraquinone (DAAQ, 97%) was pur-
the best of our knowledge, this is the highest value among other chased from Aldrich, pyromelliticdianhydride (PMDA) and oxydi-
literature reported ones. The stabilization of dispersed CNTs in aniline (ODA) from Taimide Technology (Taiwan) and
polymer matrix is important because CNTs tend to re-agglomerate Multiwalled carbon nanotubes (MWCNTSs, diameter: 40-90 nm
during the nanocomposites fabrication [39,40]. The DAAQ on  and length: >10 pm) from Golden Innovation Co. (Taiwan) were
MWCNTSs can react with anhydride (one of starting materials for stored in desiccators and used as received.

PI), preventing the dispersed MWCNTs from re-agglomeration

due to the formation of protection layer on MWCNT surface. In 2.2. Fabrication of PI/MWCNT composite films

our design the DAAQ molecule not only can well disperse CNT

but also can be used in other synthetic reaction requiring diamines The preparation procedure of PI/MWCNT composites is shown
as the monomer or curing agent, such as the polymerization of in Fig. 1 MWCNTs were ultrasonication-assisted dispersed in DMAc
polyurethanes, epoxy and polyamide. Hence, the TEC in situ fabri- for 30 min at a concentration of 3 mg/mL. Subsequently, stoichi-

cation process can widely be applied in preparing highly electrical ometric amount of diamine DAAQ was added into the above
conductive polymer/CNT composite films. The highly electrical solution under ultrasonication for another 15 min to obtain a
conductive polymer/CNT composites have potential applications homogeneous MWCNT-DAAQ suspension. Equalmolar dianhy-

in photovoltaic devices [41], sensors [42], supercapacitors [43,44] dride IDPA was divided into six fractions and each batch was
and thermal diffusion materials. sequentially stirred-mixed with the above mixture at room
== DAAQ
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Fig. 1. Reaction scheme for synthesizing polyimide/MWCNT composite films.
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temperature to obtain PAA/MWCNT solution. The above solution
was then cast and step-wise thermal-imidized to 350 °C to acquire
PI/MWCNT composite films. The sample is encoded PI-X, where X
stands for the weight percentage of MWCNT in each sample. The
photos of pure PI and PI/MWCNT composite films are shown in
Fig. 1 PI-0.5 is transparent and PI-40 remains good flexibility. To
investigate the effect of packing density on the electrical conduc-
tivity of the composite films, thermal compression was carried
out on each film under the pressure of 3 kg/cm? at 350 °C for 1 h.

2.3. Characterization

UV-Vis absorption spectra were determined with a UV-Vis
spectrometer (Shimadzu, UV1800). Fourier transform infrared
(FTIR) spectra of PI, DAAQ and DAAQ-coated MWCNT were ac-
quired by using a FTIR spectrophotometer (Nicolet, Protégé-460).
Field emission scanning electron microscope (FE-SEM, JEOL,
JSM-6700) and transmission electron microscope (TEM, JEOL,
JEM-2010) were performed to observe the morphology of samples.
Dynamic mechanical analyzer (DMA, TA Instruments, DMA 2980)
was used to measure the storage modulus (E’) of samples under
the frequency of 1 Hz and the heating rate of 3 °C/min from 60 °C
to 300 °C. The electrical conductivities of PI/MWCNT composites
were measured using a four-point probe electrical measurement
device. A He—Ne laser with a wavelength of 632.8 nm was used
as the light source in Raman spectroscope (Horiba Jobin-Yvon).
Densities were measured in a density balance at 25 °C by weight-
ing the samples in air (w,;;) and then in water with the density
of pwater (Wwater)- The density of the sample (psampie) Was calculated
from the EX]JI'ESSiOIl Psample = Pwater (Wair/(wair_wwater))-

3. Results and discussions
3.1. Interaction between DAAQ and MWCNT

To compare the dispersion of MWCNTs within DMAC in the
presence of ODA or DAAQ, MWCNTs mixed with ODA and DAAQ,

respectively, were prepared. Fig. 2 exhibits the digital photographs
of pristine MWCNT, MWCNT-ODA and MWCNT-DAAQ (DAAQ-
coated MWCNT) in DMACc as a function of time. It is seen that dis-
persion of MWCNT-DAAQ hybrid is still homogeneous within one
month, whereas the aggregation of MWCNT-ODA and pristine
MWCNT occurred that coagulated bundles of tubes were presented
at the bottom of their vials. The pristine MWCNT cannot maintain
stably dispersed in DMAc but can be stably dispersed in DMAc with
the presence of DAAQ for more than one month. The adsorption of
DAAQ on the surface of MWCNT was revealed in the TEM micro-
graph (Fig. 2g) with the thickness of about 2 nm. In comparison,
the surface of pristine MWCNT in Fig. 2f is clean without any
adsorbate on it. The strong interaction of DAAQ with MWCNT
can well disperse MWCNT in DMAc and increases the long-term
stability of MWCNT suspension. The FTIR spectrum of pure PI is
shown in Fig. 3a. The characteristic peaks of the PI were observed
at 1782 cm™! (C=0 asymmetric stretch), 1720 cm™! (C=0 sym-
metric stretch), 1373 cm~' (C—N stretch), and 740 cm™! (C=0
bending), indicating the successfully synthesis of PI from DAAQ
and IDPA.

The FT-IR spectra of DAAQ, MWCNT and MWCNT-DAAQ were
shown in Fig. 3b-d. The interactions between DAAQ and MWCNT
were probed by measuring the shift in the DAAQ absorption peak
before and after mixing with MWCNT. Two characteristic peaks
near 1659 and 1627 cm~! were associated with the non-symmetric
and symmetric stretching vibration of C=0 group in DAAQ. The
non-symmetric C=0 peak shifted from 1659 cm™! for raw DAAQ
to 1657 cm~' for MWCNT-DAAQ. The absorption in the range of
3100-3650 cm~! was resulted from —OH groups of MWCNT or
—NH, of DAAQ. The broad peak of pristine MWCNT in 3200-
3650 cm~! is contributed by —OH groups. Both DAAQ and
MWCNT-DAAQ displayed three N—H group peaks with various
positions and intensities in the range of 3100-3650 cm~! and the
ratio or position of each peak changes. The peak near 3417 cm™!
is from the H-bonding-free N—H stretching, two peaks near 3325
and 3201 cm™! are associated with the H-bonding of N—H stretch-
ing, one intramolecular H-bonding and the other intermolecular

Fig. 2. Digital photographs of (a) MWCNT-ODA in DMAc for an hour, (b) MWCNT-ODA in DMAc for a month, (c) MWCNT in DMAc for a month (d) DAAQ in DMACc, and (e)

MWCNT-DAAQ in DMAc for a month. TEM images of (f) MWCNT, (g) MWCNT-DAAQ.
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Fig. 3. The FTIR spectra of (a) PI, (b) DAAQ, MWCNT and MWCNT-DAAQ. The enlarged FTIR spectra of DAAQ, MWCNT and MWCNT-DAAQ in the range of (a) 1600-1700 cm ™!

and (b) 3000-3700 cm ™.
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Fig. 4. The UV-Vis spectra of (a) DMAc, (b) MWCNT in DMACc, (c) ODA in DMAc, (d)
MWCNT in DMAc with ODA, (e) DAAQ in DMAc and (f) MWCNT-DAAQ in DMAc.

H-bonding. Comparing with the peak intensity of H-bonding-free
N—H stretching, MWCNT-DAAQ has more H-bonding N—H stretch
than MWCNT suggesting the interactions between DAAQ and
MWCNT.

The UV-Vis absorption spectra shown in Fig. 4 were utilized to
further examine the interaction of DAAQ with MWCNTs. The
absorption spectrum of pure DAAQ in DMACc solution has a peak as-
signed to the m-7* transition around 397 nm. However, the n-n*
transition band shows a red shift from 397 to 401 nm for
MWCNT-DAAQ in DMACc. The red shift is also found on other two
peaks at 332 nm and 345 nm. The n—conjugation electrons of the
dispersant can interact with those of carbon nanotube that the
-7 interaction leads to a red shift [45]. This phenomenon was
not occurred on MWCNT-0DA in DMAc.

Fluorescence spectroscopy was also applied to confirm the
interaction between MWCNT and DAAQ. After being excited at a

maximum adsorption wavelength of 345 nm, the DAAQ solution
with the concentration of 1 pg/mL in DMAc exhibits the strong
characteristic fluorescence at 558 nm as shown in the black curve
in Fig. 5a. Similar spectral features are also displayed in the sus-
pension of the MWCNT-DAAQ (1 pg/mL of MWCNT) as shown in
the red curve in Fig. 5a. The fluorescence peak of MWCNT-DAAQ
is much weaker than that of the peak of DAAQ. This phenomenon
is interpreted as the n-7 interaction between DAAQ and MWCNT
that the strong fluorescence of DAAQ is efficiently quenched by
MWCNT [46]. Moreover, the position of emission peak of DAAQ
shifts by the presence of MWCNT. The emission peak shows a
red shift from 558 nm for DAAQ in DMAc to 562 nm for the
MWCNT-DAAQ in DMACc. This red shift phenomenon also supports
the -7 interaction of DAAQ with MWCNT.

In addition, Fig. 5b shows the temporal profiles of emission re-
corded at 558 nm upon the excitation at 345 nm of two samples.
The MWCNT-DAAQ shows faster emission decay and its fluores-
cence lifetime is shorten to 2.15 ns from 3.24 ns of DAAQ. It again
suggests that the DAAQ emission is quenched by MWCNTSs due to
the strong interaction [30].

The Raman spectra of the MWCNT and MWCNT-DAAQ in Fig. 6
display two characteristic bands of MWCNTs at 1354 cm™! (disor-
der mode) and 1572 cm~! (tangential mode), which are called the
D-band and G-band, respectively [47]. A G-band shift (from 1572
to 1577 cm™!) is observed. This phenomenon is contributed from
DAAQ, which modifies the electronic structure of CNTs [48,49].
The G-band at about 1572 cm™! is related to the vibration of
sp2-hybridized carbon atoms in a two-dimensional hexagonal lat-
tice, such as in a graphitic layer. The D-band around 1354 cm™! is
associated with the presence of defects in the hexagonal graphitic
layers [47]. The intensity ratio of the G-band to D-band (Ig/Ip)
serves as a measure of the degree of graphitization of the
MW(CNTs; a higher degree of graphitization shows higher conduc-
tivity of MWCNT [50]. The values of I¢/Ip are about 10.2 and 10.4 of
MWCNT and MWCNT-DAAQ, respectively. It shows that after
MCWNTSs were treated with DAAQ, the value of Ig/Ip maintains in
the same level indicating the structure of MWCNT has not been
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Fig. 6. The Raman spectra of MWCNT, DAAQ and MWCNT-DAAQ.

damaged. A little increase in the sp2-hybridization was due to the
-7 interaction.

Fig. 7a and b shows the TEM images of MWCNT in reference PI
derived from PMDA-ODA and PI-90 derived from DAAQ type. The
surface of MWCNT in Fig. 7a is clean without any PI on it, in con-
trast, the surface of MWCNT in PI-90 is homogeneously covered
with PI as shown in Fig. 7b. It means that DAAQ not only acts as
a good dispersant of MWCNT in monomer solution but also have
excellent interfacial interaction with MWCNT in the solid compos-
ite film. This result is consistent to Fig. 2g displaying 2 nm-thick
layer of DAAQ adsorbed on the surface of MWCNT and explains
why DAAQ disperses MWCNT very well in DMAc. Fig. 7 demon-
strates SEM images of the cross-section of PI/MWCNT composite
films including reference PI-0.5 (PMDA-ODA type) and DAAQ type
PI-0.5. The MWCNT in Fig. 7c has clean surface and was detached
from the PI matrix indicating the incompatibility to the PMDA-
ODA type PI matrix. In contrast, the strong attachment of MWCNTs

with PI matrix was revealed from the fracture surface of the DAAQ
type PI-0.5. The PI derived from DAAQ is wetting well on the sur-
face of MWCNT.

3.2. Characterization of PI/MWCNT composite films

Fig. 8a presents conductivity as a function of MWCNT content.
The electrical conductivity of the DAAQ type PI/MWCNT composite
films was promoted significantly by MWCNT. With the presence of
40 wt.% MWCNT in the composite film, the conductivity reaches up
to 55.6 S/cm, compared to 5 x 1071® S/cm for pure PI. Percolation
theory predicts that the conductivity of composite film versus
the volume fraction of carbon nanotube obeys the power law
[51]: ox(V=V,.)', where ¢ is the conductivity of the composite film,
V the volume fraction of MWCNT, V. the percolation threshold, and
t the critical exponent. The fitting result was shown in the inset of
Fig. 8a. The data of the composite films fitted to the above equation
of Percolation theory gives the value of 0.32 vol.% (0.5 wt.%) for V.
and 2.52 for t.

Fig. 8b displays the linear dependence of the conductivities on
MWCNT wt.% in as-prepared PI/MWCNT composites (black square)
and the PI/MWCNT composites after thermal compression (red cir-
cle). The film conductivity increased to 106 S/cm for thermally
compressed PI-40 compared to 10~'® S/cm for pure PI and 55.6 S/
cm for as-prepared PI-40. The thermal compression process can
easily enhanced the conductivity of films due to the increased film
density as shown in Fig. 9.

The ideal densities were calculated from the wt.% in the
composite films by the following equation: 1/p = (®/pmwent) +
[(1—w)/ppi], where o is weight percentage of MWCNT, pvwenr iS
the density of MWCNT and pp is the density of PI. The values of
pmwent and pp are 2.1 g/em? and 1.21 g/cm?, respectively. The film
densities of the composite films, both as-prepared and thermally
compressed films, deviate from the ideal densities as the MWCNT
wt.% is higher than 10 wt.%. The higher the MWCNT wt.%, the
greater the deviation, that is, there is more free volume in the films
with more MWCNTs. the thermal compression increases the film
density and reduces the deviation from the ideal density. Our pre-
vious study indicates that the conductivity is related to the amount
of tube-tube junctions and the packing density [52]. The packing
density and the number of tube-tube junctions are increased after
thermal compression. Hence, the higher packing density and more
tube-tube junctions of thermally compressed film endow higher
electrical conductivity.

The storage moduli (E’) of the PI and PI/MWCNT composite
films determined by DMA are shown in Fig. 10. The storage modu-
lus of the composite films is enhanced distinctively with the
increase of the MWCNT content at temperature <200 °C. The stor-
age modulus at 60 °C is increased from 1600 MPa for pure PI to
3200 MPa for PI-30 composite film. These demonstrate that the
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Fig. 7. Micrographs of TEM: (a) PMDA-ODA type PI containing 90 wt.% MWCNT and (b) PI-90 which containing 90 wt.% of MWCNT in PI derived from DAAQ. SEM images of
the cross-section of PI/MWCNT composite films: (c) PMDA-ODA type PI-0.5 and (d) DAAQ type PI-0.5.
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DAAQ-treated MWCNT promotes the mechanical modulus as well
as the electrical conductivity of the composites.

4. Conclusions

In this paper, highly electrically conductive PI/MWCNT compos-
ite films were successfully synthesized by using DAAQ monomer.
We have shown that DAAQ can well disperse MWCNT in DMAc
and stablize the MWCNT in DMACc for as long time as one month.
The strong m-7 interaction of DAAQ with MWCNT has been veri-
fied by FTIR spectra, UV-Vis spectra, Raman spectra, and PL emis-
sion. DAAQ plays dual roles of a diamine monomer and an
excellent MWCNT dispersant. The strong -7 interaction between
DAAQ and MWCNT also endows excellent interfacial compatibility
in the solid films as confirmed by TEM and SEM images. Well-dis-
persed MWCNT in PI matrix enhanced the conductivities that the
highest conductivity of 55.6 S/cm has been achieved by as-pre-
pared PI-40. The conductivity has been promoted to 106 S/cm after
thermal compression the PI-40 film due to the enhanced packing
density. Notably, these PI/MWCNT composite films display good
flexibility. This innovative process through DAAQ-derived mole-
cules can also be applied to synthesize other polymers requiring
diamine structure.
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