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ABSTRACT: The facile preparation of poly (IN-vinyl carbazole)
(PVK) and multiwalled carbon nanotubes (MWNTs) solution
and conjugated polymer network (CPN) nanocomposite film is
described. The stable solutions of PVK/MWNT were prepared
in mixed solvents by simple sonication method, which enabled
successful deaggregation of the MWNTs with the polymer
matrix. MWNT was most effectively dissolved in N-cyclohexyl-
2-pyrrolidone (CHP) compared to other solvents like N-methyl
pyrrolidone (NMP), dimethyl formamide, and dimethyl sulfox-
ide (DMSO). The composite solution was relatively stable for months with no observable precipitation of the MWNTs.
Thermogravimmetric analysis (TGA) revealed the thermal stability of the nanocomposite while the differential scanning calorimetry
(DSC) showed an increasing melting (T,,) and glass transition (T,) temperatures as the fraction of the MWNTS in the nanocomposite
was increased. Cyclic voltammetry (CV) allowed the electrodeposition of the nanocomposite film on indium tin oxide (ITO) substrates
and subsequent cross-linking of the carbazole pendant group of the PVK to form CPN films. Ultraviolet—visible (UV—vis),
fluorescence, and Fourier transform infrared (FTIR) confirmed film composition while atomic force microscopy (AFM) revealed its
surface morphology. Four-point probe measurements revealed an increase in the electrical conductivity of the CPN nanocomposite film
as the composition of the MWNT's was increased: 5.53 x 10~ * (3% MWNTs), 0.53 (5%),and 1.79 S cm ™' (7% ). Finally, the interfacial
charge transfer resistance and ion transport on the CPN nanocomposite film was analyzed by electrochemical impedance spectroscopy
(EIS) with a measured real impedance value of ~48.10 Q for the 97% PVK and 3% MWNT ratio of the CPN nanocomposite film.
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B INTRODUCTION the polymer backbone around the sidewalls of the CNTs that
causes its dispersion.

The formation of a homogeneous film of polymer/CNT
nanocomposite has remained a great challenge because of the
tendency of the CNTs to remain agglomerated. As the proces-

Polymer nanocomposites containing carbon nanotubes (CNTs)
have received much interest due to its unique properties, such as
high electrical conductivity, robust thermo-mechanical proper-
ties, and the potential to create new materials with improved - 5 ) - e
characteristics coupled with a good chemical stability.lfs The sing of CNT is .generally hindered by th?ll‘ 1nsol}1b1hty in most
CNTs used for these nanocomposites could either be single-walled common organic solvents, only ¥0W weight/weight (,W/ w) or
nanotubes (SWNTSs) or multiwalled nanotubes (MWNTS), the weight/volume (w/v) concentrations are usually obtained. For

) . . . PP
latter being more commercially relevant. However, effective optimum transparent film preparation by casting, Itis necessary
utilization of the excellent properties of CNT-based composites to obtain 2 homogeneous dispersion of CNT in an organic
depends on the quality of their dispersion and the level of sglvent. Oge approach that has been commonly employed is the
polymer/CNT interfacial contact through covalent or noncova- direct grafting of smal'l fn'olecules or ps)lyrpers on thl% surfac'e of
lent interactions. The use of 77-conjugated polymers provides a the CNT’ &8 sur.face-lmuated'polyrnerlzatlon (SIP), "but witha
tailored structure to interact with CNTs by means of m—m resulting disruption c.)f the p rimary structure of the na.notubes.
electronic interactions, which promotes better dispersion of Another procedure 1nyolves sol}ltlon moang of a d1§p ersant
CNTs*~7 Tang and co-workers also suggested that the en- polymer and CNT. This method is a convenient and facile route

hanced solvating power of sr-electron rich polymers for CNTs

can be ascribed to the donor—acceptor mechanism, which results Received:  February 22, 2011
to the intimate contact of the polymer to the walls of the CN'Ts.*” Accepted:  June 8, 2011
The additive effects of these interactions lead to the wrapping of Published: June 08, 2011
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Scheme 1. Schematic Representation Describing CNT Dispersion and CPN Nanocomposite Film Formation
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and is highly desirable because the surface of the CNT is
preserved during the process (i.e., the dispersant is only non-
covalently adsorbed on the CNT).>'*~ ">

The combination of the unique properties of CNT and organic
polymers like poly(N-vinyl carbazole) (PVK) makes it an interest-
ing composite material for the development of practical semi-
conductor devices. PVK is well-known for its high chemical and
thermal stability, photoconductivity, and opto-electronic proper-
ties, e.g., hole transporting properties.”> "¢ It has been established
that CNT could exhibit an amphoteric behavior by exchanging
electrons with electron acceptors or electron donors to form the
corresponding positive or negatively charged counterions.'”'®
Thus, the incorporation of CNT into the PVK matrix may be one
of the interesting ways to extend the electro-optical properties of
PVK and vice versa. Several studies have reported the preparation
and characterization of different types of PVK/CNTs nanocom-
posites through chemical and electrochemical methods.'”™ >

The use of PVK to form the polymer/CNT nanocomposite
could not only contribute to the unique properties of the com-
posite but could also serve as a precursor polymer to electro-
deposit a homogeneous film of nanocomposite on conducting
surfaces. The Advincula group have reported a series of methods
for depositing high optical quality ultrathin films of 77-conjugated
polymer network (CPN) system on a flat conducting substrate
through the precursor polymer approach,”'*** including
electronanopatterning.”“Combining this approach with the
CNT nanocomposite film preparation would be of advantage
because PVK can serve as both CNT dispersant and surface
immobilizer at the same time.

In this work, we report the preparation of PVK/MWNT
nanocomposites by sonication-dispersion of the MWNTs with
PVK in a mixed solvent, spin-coating, and subsequent electro-
deposition on surface by cyclic voltammetry (CV) (Scheme 1).
The latter procedure leads to the formation of a CPN

2301

nanocomposite film. The method for accomplishing this result
depends on an optimized dispersion of PVK and MWNT in a
highly miscible solvent for both. This procedure involved a slow
and continuous addition of dissolved PVK in a MWNT solution
with the expectation that the PVK polymer chains wrap around
the MWNT. These dispersions were then used to form spin-
casted films that are electro-immobilized by CV to form cross-
linked CPN nanocomposite films. The spectral properties of the
PVK/MWNT nanocomposite were examined by UV—vis and
fluorescence spectroscopy while thermal properties were ana-
lyzed using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The formation of the PVK/MWNT
nanocomposite film was investigated by CV, UV—vis, electro-
chemical impedance spectroscopy (EIS), ATR spectroscopy, and
atomic force microscopy (AFM). Four-point probe test was also
used to probe conductivity behavior of the prepared films.

B MATERIALS AND METHODS

A. Materials. The MWNTs (purity >=95%) used in this study were
obtained commercially from Baytubes (C150 P). The prepared
MWNTs from Baytubes were produced in a high-yield catalytic process
based on chemical vapor deposition (CVD). The outer and inner
diameter, length, and density of the MWNT's were 13 nm, 4 nm, 1 xm,
and 130—150 kg/m?, respectively. The obtained MWNTs were further
purified by heating at 200 °C for 6 h prior to use. Poly (N-vinyl
carbazole) (PVK) was purchased from Sigma-Aldrich Chemicals (USA)
(ca. MW = 50 000 g/mol). All solvents were of analytical grade and used
without further purification and purchased from Sigma-Aldrich Chemi-
cals or VWR: N-cyclohexyl-2-pyrrolidone (CHP), N-methyl pyrroli-
done (NMP), dichloromethane (DCM), dimethyl formamide (DMF),
and dimethyl sulfoxide (DMSO). Indium tin oxide (ITO)-coated glass
plate (1 in. X 0.5 in.) was used as the substrate for PVK/MWNT
nanocomposites and CPN film fabrication. The ITO-coated glass plates
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were cleaned by sequentially sonicating the plates in deionized water,
isopropanol, hexane, and toluene, each for 15 min, and the substrates
were dried in an oven. The ITO-glass substrates were plasma cleaned for
3 min prior to their use.

B. Synthesis of PVK/MWNT Nanocomposites. The PVK/
MWNTs nanocomposites were prepared using a solution mixing
process. In a typical dissolution experiment, separate solutions of PVK
in DCM and MWNTs in CHP with weight/volume (mg/mL) (w/v)
concentration were first prepared. The purified MWNTs (S mg/mL)
was dissolved in CHP and ultrasonically agitated for 4 h. The PVK was
dissolved in DCM using a sonication process for 30 min to disperse
the PVK in the solvent. An appropriate amount of the PVK solution
was slowly mixed to the MWNTS solution, which was followed by 1 h
sonication. The PVK/MWNT dispersion was subjected to a high-speed
centrifugation (4400 rpm, 1 h) and the black precipitate (mostly
aggregates of MWNTs) obtained after centrifugation was removed.
Methanol (S mL) was then added to the remaining solution of the PVK/
MWNTs dispersion. The mixture was then again placed in a high-speed
centrifugation (4400 rpm, 30 min) and another batch of black precipitate
was obtained. From the initial mass of PVK and MWNT used and the small
amount of MWNT's that were removed after sonication/centrifugation, the
final mass ratio of PVK to MWNT is 1:1. The above PVK/MWNT's
precipitate was redispersed in CHP (mg/mL) followed by 20 min of
ultrasonication, which produced a very stable PVK/MWNT solution.

C. PVK/MWNT Nanocomposite Film Fabrication. The PVK/
MWNT nanocomposite solution was spin-coated on ITO substrate
prior to its electrodeposition on the substrate. The spin-coating speed
was decided depending on the viscosity of the prepared solutions. In a
typical run, a thin PVK/MWNT film was spin-coated onto the ITO
surface at arate of S00 rms for 60 s and 1500 rms for 30 s consecutively to
deposit a film on the ITO substrate surface. After spin-coating deposi-
tion, the PVK/MWNT nanocomposite films were thoroughly dried in
vacuum oven for 24 h at 70 °C to remove any solvent.

After the deposition of the PVK/MWNT film through spin-coating,
the film was electrochemically cross-linked using CV. CV experiments
were carried out on a Princeton Applied Research Parstat 2263 using a
three-electrode setup from a solution of 0.1 M LiClO, dissolved in
acetonitrile (ACN). The coated ITO glass substrate was used as the
working electrode (WE), Pt wire as the counter electrode (CE), and
Ag/AgCl as the reference electrode (RE). Electrochemical cross-linking
of PVK and MWNTSs nanocomposite film was accomplished by
repeatedly cycling the electrode potential between the potential range
of 0 to 1.4 V for up to 50 cycles at a potential scan rate of 50 mV/s. The
highly cross-linked nanocomposite film was thoroughly washed with
ACN and was dried in nitrogen before its analysis.

D. Characterization of PVK/MWNT Nanocomposites and
Films. All UV—vis spectra of the PVK/MWNT nanocomposite films and
solutions were recorded using an Agilent 8453 spectrometer. Fluores-
cence spectra were obtained on a Perkin-Elmer LS-45 luminescence
spectrometer. Thermal stability measurements of the prepared PVK/
MWNT nanocomposites were performed using thermogravimetric anal-
ysis (TGA). The samples were heated from 20 to 900 °C at a heating rate
0f 20 °C/min on a TA Instruments 2950 thermogravimetric analyzer. All
experiments were operated under a N, atmosphere at a purge rate of
80—90 mL/min. DSC measurements were carried out on all samples from
20 to 600 °C at a heating rate of 20 °C/min. TGA and DSC data were
analyzed using TA Instruments’ Universal Analysis software.

Attenuated total reflection (ATR) spectra were obtained using an
FTS 7000 Digilab Spectrometer within the 700—4000 cm ™' range in
multiple ATR geometry at the surface of the waveguide prism equipped
with a liquid N,-cooled MCT detector. The morphology before and
after the electrodeposition of the PVK/MWNT nanocomposite on ITO
substrates were characterized by atomic force microscopy (AFM). AFM
imaging was done under ambient conditions with a PicoSPM II (PicoPlus,

Molecular Imaging - Agilent Technologies) using an intermittent contact
mode. Scanning Electron Microscopy (SEM) was also used to determine
the surface morphologies of the PVK/MWNT nanocomposite films. The
micrograph images were observed by performing SEM investigation on a
LEO 550 scanning electron microanalyzer. Silver sputtering of PVK/
MWNT nanocomposite films were done using a silver coater to enhance
the conductivity of the sample. Afterward, it was placed on copper stubs
with carbon tape. The microscope chamber was maintained at a pressure
below 1 x 10~° Torr. The SEM filament was set at a voltage of 10 kV and
a current of $ nA using 200K X magnifications. The water contact angle of
the films was measured using a KSV CAM 200 instrument utilizing a
bubble drop method with water.

Electrochemical impedance spectroscopy (EIS) (Princeton Applied
Research Parstat 2263) was used to investigate the ion-transport and
dielectric/impedance properties of the PVK/MWNT nanocomposite and
cross-linked PVK/MWNTs CPN films. EIS measurements were per-
formed under an open circuit potential in an AC frequency range from
100000 to 0.01 Hz with an excitation signal of S mV. All electrochemical
experiments were carried out at room temperature. The DC conductivity
of the PVK polymer alone and PVK/MWNT nanocomposite films were
measured by an Alessi four-point probe method at room temperature
(Keithley 2400). For the four-point probe test, a fixed current is injected
into the substrate through the two outer probes and a voltage is measured
between the two inner probes. The measured resistances were converted
into conductivity first by multiplying the constant 4.532. The product is
the sheet resistance in €2/square of the film being measured. The
calculated sheet resistance was multiplied by the film thickness to get the
resistivity of the prepared film. Then the conductivity value was determined
by taking the reciprocal of the resistivity. The data were represented by

mean measurement values from at least 10 trials for every sample.

B RESULTS AND DISCUSSION

Solution Characterization and Mixing Optimization.
CNTs have unique structural, mechanical, thermal, and electronic
properties, and have extensive applications in many fields."**~>*
However, the manipulation and processing of CNT's have been
limited by their insolubility in most common organic solvents
and their tendency to aggregate. UV—vis spectroscopy was first
employed to gain insight on the developed solution-mixing and
sonication method to disperse the MWNTSs as visual-optical
inspection of dispersions only indicates the presence or absence
of particles that are larger than 10 um. The UV —vis spectra were
obtained under identical conditions and were diluted by the same
factor so that qualitative comparisons between the different
solvents could be made. The UV—vis absorbance of MWNT
solutions using different solvents is presented in Figure 1a. All the
solutions had the same starting concentration of MWNT's and
the observed increase in absorbance indicates an increase in
concentration of the unbundled MWNTSs remaining in the
solution after the sonication/centrifugation process. Different
organic solvents (CHP, NMP, DMF and DMSO) demonstrated
stable dispersions of MWNTs. From the UV—vis spectra
(Figure la), however, it can be observed that CHP exhibited
the highest absorbance as compared to NMP, DMF, and DMSO,
signifying that CHP would be the most suitable solvent for the
dispersion of MWNTs. The AFM image of the spin-casted
solution of MWNT/CHP on mica depicts the deaggregation
of the individual MWNT as shown in Figure 1b (see Figure S1 in
the Supporting Information for comparison of MWNT in CHP
before and after sonication).

The sonication process has been proven to be necessary in
dispersing MWNT's in a solvent. However, excessive sonication
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Figure 1. (a) UV—vis spectra of MWNT solution using different solvents at a concentration of S mg/mL. Spectra were taken after 24 h the solution had
been sonicated for an hour. (b) The AFM image of a spin-cast dilute solution of CHP on mica.

has been reported to damage and cut the MWNTSs.>**” To
monitor the dispersion as a function of sonication time used in
this work, UV—vis spectroscopy was also carried out as a
function of time. With the increasing sonication time up to 4 h,
the intensity of the whole spectral region increased and the
dispersion of MWNTSs became better (data not shown). Increas-
ing the sonication time to S h, showed no significant difference in
the absorbance as compared to 4 h sonication, which indicates
that the concentration of the unbundled MWNT's in the solution
approaches the solubility limit at this period. The SEM (see
Figure S2 in the Supporting Information) and AFM analysis of
the dispersed CNTs (Figure 1b) showed disentangled and long
CNTs indicative that after sonication cutting was not observed in
MWNTs (also see Figure S1 in the Supporting Information).
Upon monitoring the absorbance of the sonicated MWNT in
CHP for 4 h, it was observed that the dispersion was stable only
up to 10 days (see Figure S3 in the Supporting Information),
where the absorbance decreased after 11 days because of
aggregation.

It has been identified that one of the most promising
approaches to effectively disperse CNTs is through its functio-
nalization with polymers that could prevent its agglomeration.
However, this approach requires several tedious synthetic steps.
The dispersion of MWNTs in PVK solution is an attempt to
increase the solubility of MWNT's without going through the
surface functionalization route but to induce adsorption through
the wrapping of the PVK chains on the MWNTs. The polymer as
a dispersant is usually more effective for MWNTS in organic
solvents compared to small molecules or monomers. In this case,
the carbazole units are expected to have better 77— stacking
properties on the benzenoid rings of the MWNTSs surface and
should have greater compatibility in terms of electro-optical
properties. Thus, the dispersion containing well-dispersed and
exfoliated MWNTSs should lead to the preparation of PVK/
MWNTs nanocomposites through a strong 77— stacking inter-
action. One critical element is the formation of a homogeneous
PVK/MWNT solution. The UV—vis of the PVK/MWNT
nanocomposite in different organic solvents (CHP, DMSO,
DMF, and NMP) are presented in Figure S4, showing distinct
peaks between 320 and 350 nm assigned to the 7—s* and n- 77*
band of the carbazole moieties in PVK, which were not found in
the MWNT solutions alone (Figure 1a). As described above,
CHP is the most effective solvent for the MWNTSs. CHP is also

miscible with DCM, which is a good solvent for PVK. By first
preparing separate solutions of the MWNT's in CHP and PVK in
DCM, relatively high concentrations of each component can be
made. The solution composed of MWNTSs, PVK, and the two
miscible solvents was also aided by sonication, which plays a
significant role in improving the interaction between the
MWNTs and PVK. The homogeneity of the solution was proven
by the clear and stable solution in mixed solvents (see Figure SS
in the Supporting Information). A possible explanation for the
stable dispersion of MWNT's in the mixed solvent of CHP/DCM
is that the PVK polymer chains are adsorbed to the MWNTs
sidewalls due to strong 71—t electronic interactions between the
aromatic pendants and the MWNT's surfaces.*” Another reason
is the donor—acceptor interaction between the PVK (donor)
and the MWNTs (acceptor).®® These interactions keep the
MWNTs from its aggregation. Furthermore, the affinity of the
polymer chains with the solvent leads to a more dispersed
MWNTs in the organic solvents as presented in Figure SS in
the Supporting Information. The solution was stable for months
without MWNT's precipitating out, which indicates effective
solubilization of MWNT's by using PVK as the dispersant. The
absorbance of PVK/MWNTs solution as a function of days was
found to be stable even after 90 days of incubation of the
prepared solution. The PVK/MWNTSs nanocomposites also
showed a good dispersion with other organic solvents (see
Figure S6 in the Supporting Information).

The dispersion of PVK/MWNTs in mixed solvent system was
affected not only by sonication time but also by the percentage
weight of the final PVK/MWNTs solutions. The different
percentages of MWNTs in PVK (3, S, and 7%) were investigated
in terms of dispersion and adherence on ITO glass substrate
using the spin-coating technique as discussed in the next sections.

Analysis of the PVK/MWNT Nanocomposites in Solid-
State or as Bulk Material. To confirm the formation (mixing)
and the macromolecular interactions of the PVK/MWNTSs
solutions, TGA and DSC analyses of PVK/MWNTs of pure
MWNTs, pure PVK, and different ratios of the PVK/MWNTs
were conducted. The TGA thermograms of the pure MWNTs,
pure PVK and different ratios of PVK/MWNTs nanocomposites
were recorded under N, atmosphere scanned in the range of
20—900 °C (Figure 2). The TGA thermogram of pure PVK
exhibited 2 degradation steps. The first degradation step takes
place at 260 °C and then the polymer showed a fast second

2303 dx.doi.org/10.1021/am200233k |ACS Appl. Mater. Interfaces 2011, 3, 2300-2308



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

100
80
- === 93% PVK/7% CNTs
q o o= 95% PVK/5% CNTs
S 60, [—osmpvkmONTs 0= 97% PVKI3% CNTs
- & 20 —— 95% PVK/5% CNTs ¢ ——
< % |——97%PVKI3% CNTs J} pure PYK
=) 3 15— pure PVK ¥ =t pure CNTs
o 40 - 8 |——pureCNTs
; 3 10
§ 05
20 3 2
100 200 300 400 500 600 - - ,
Temperature ('C) 2
0 —
T T T T T T T T
0 200 400 600 800
0
Temperature ('C)

Figure 2. TGA thermograms of pure MWNTSs, pure PVK, and PVK/
MWNTs solutions under N, at a heating rate of 20 °C/min. (Inset)
Graph of first derivative (dTGA) curves of pure MWNTS, pure PVK,
and PVK/MWNTSs nanocomposite solutions.

degradation step reaching a 98% weight loss at 408 °C and almost
total degradation at 455 °C. It is evident in the graph that the
pure MWNTs exhibited a higher stability showing only a 2%
weight loss even after heating the composite to 500 °C. For the 3
different compositions of PVK/MWNTSs nanocomposites, the
temperature of the distinct weight loss is lower compared to the
pure PVK. The 7% MWNTs in PVK showed a lower % weight
loss at 490 °C as compared to the two other ratios (5% and 3%
MWNTs in PVK), which is attributed to the presence of more
thermally stable MWNTs. It should be noted that the decrease in
the % MWNTs leads to a more weight loss due to the higher
composition of more degradable PVK at this temperature range.
The first derivative TGA (dTGA) curves of various samples are
also shown in Figure 2 (inset). The dTGA curves were added to
identify the point where significant weight loss is most apparent.
From the dTGA curves, it can be seen that there is a shift to
higher degradation temperature for the PVK/MWNTSs nano-
composites as compared to the pure PVK. Polymer chains near
the nanotubes may degrade more slowly, which helps to shift the
decomposition temperature to higher values.'” Another possible
reason is the increased thermal stability of the polymer compo-
site due to the higher thermal conductivity of MWNTSs that
facilitates heat dissipation within the composite. An improve-
ment in the thermal stability can be associated with a better
dispersion of MWNTSs, because it hinders the flux of decom-
position product and thus delay the decomposition. It is im-
portant to point out that the difference in the extent of
interaction between pure PVK and PVK/MWNT nanocompo-
sites could be responsible for the higher thermal stability of the
composites, i.e., the addition of MWNTs in PVK improves its
thermal stability to degradation as compared to PVK alone.

To understand the difference in behavior of the nanocompo-
sites as compared to pure PVK with respect to temperature, DSC
analysis was also performed. Figure 3 shows the DSC traces of
pure MWNTS, pure PVK and PVK/MWNTSs nanocomposites.
For pure PVK, the glass transition temperature (Tg) was
observed at around 190 °C while the melting temperature
(T,) is found at 420 °C. The introduction of MWNTs into
the PVK polymer matrix leads to an increase in the Ty and Ty,
which could be due to high interfacial area of interaction between
MWNTSs and PVK that may lead to the decrease in the mobility
of the outer polymer chain segments due to steric hindrance.
This observation also presents further evidence of the wrapping
around of the PVK chains to the MWNTs.

3 ——93% PVK/7% CNTs
450] e——=———=— " | =o=095%PVK/5% CNTs
1C 400 —=— Metting Temperature (Tm) 97% PVK/3% CNTsg,
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Figure 3. DSC curve of pure MWNTSs, pure PVK, and PVK/MWNTs

nanocomposites at a heating rate of 20 °C/min. (Inset) Graph showing
the increase in Ty, and T, as the MWNT's loading increases.

Electrochemical Deposition and Characterization of the
PVK/MWNTs Nanocomposite Films and CPN Nanocompo-
site Films. CV electrodeposition, cross-linking, and characteriza-
tion of the prepared PVK (control) and PVK/MWNTs
nanocomposite films were done in 0.1 M LiClO, in ACN with
potential scans between 0 and 1.2 V. The prepared solutions
were spin-casted on the ITO-glass and Au substrate to directly
measure the thickness of the film. Note that the spin-coated films
are insoluble to ACN. The electrochemical cross-linking of the
carbazole moieties was executed by employing CV. The reaction
proceeded via a radical cation mechanism, typical of carbazolic
moieties.”>*’ Figure 4 shows the cyclic voltammograms of pure
PVK and PVK/MWNTs films scanned at different scan rates. For
pure PVK (Figure 4a), an oxidation peak at about 0.9—1.0 Vand a
reduction peak at 0.7 V were observed in the voltammogram,
which suggest the formation of the of carbazolylium radical cation,
and a cross-linked material having more 7T-conjugated species
compared to the PVK precursor. This result essentially represents
the formation of a CPN control film. The scan rate dependence
studies for PVK/MWNT's with different weight % at scan rates
50—200 mV/s is shown in Figure S7 in the Supporting Informa-
tion. The current of the oxidation/reduction peaks were depen-
dent on scan rates in the range of 50—200 mV/s. The electron
transfer rate depends on the electron transfer resistance across the
electrode/conductive polymer/electrolyte layer model. The
shapes of the voltammogram were clearly different when the
MWNTs were present together with the electrochemically cross-
linked PVK. A downshift in the reduction peak was observed for
PVK/MWNTs, which could be due to the doping behavior of the
negatively charged MWNTSs. No prominent anodic peak was
observed regardless of the number of cycles employed during
the deposition of the materials on the ITO substrate. The
electrochemical cross-linking of PVK and MWNTs carried out
at different scan rates shows a good correlation with the cathodic
peak current and voltage scan rate indicating that the electron
transfer is diffusion controlled. The electron transfer rate depends
on the electron transfer resistance across the electrode/conductive
polymer/electrolyte layer model. The PVK/MWNT CPN film
exhibited a good linear relationship I and v"/2 The slope of the plot
is relative to the number of electrons in unit volume (1, cm ™),
diffusion coefficient (D, m?/s), and the concentration of electrolyte
ions (Co, mol/cm?), as indicated in the Cottrell equation

1(t) = NFADY2C,/m"/*'/?
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Figure 5. EIS nyquist plot of the PVK/MWNTs nanocomposite films prepared via spin-coating in ITO glass substrate: (a) PVK/MWNTs
nanocomposites film and (b) PVK/MWNTs CPN nanocomposite films. The equivalent circuit is given in the inset graph.

The observed correlation is in agreement with the EIS analysis as
will be discussed further. Figure S8 in the Supporting Information
also shows that with increasing number of cycles, a gradual shift in
peak potentials for the reduction peaks is indicative of the doping
role of MWNTs, which would assume a negative charge.21 Such a
downshift in the cathodic peak could be due to the doping role of
MWNTs, which are known to be amphoteric in character (can be
doped with either electron donor or acceptor).*® This observation in
the CPN nanocomposite films, in which the PVK act as electron
donor and MWNTs acts as the electron acceptor, needs to be taken
into account.

Electrochemical Impedance Spectroscopy of the PVK/
MWNTs and CPN Nanocomposite Films. EIS is a well-established
and powerful tool for investigating interfacial charge-transfer in
films. It is also useful for investigating ion-transport phenomena.
The charge-transfer in nanocomposites can occur at both the
interface between the PVK and MWNTs and the PVK and the
electrodes used. To evaluate variations in interfacial properties of
PVK/MWNTs, the qualitative differences in impedance spectra
according to the different ratios of the MWNTs in PVK polymer
matrix was considered. The equivalent circuit model for the working
electrode employed and the physical significance of the components
are presented in Figure S (inset graph). The equivalent circuit for
this state is based on the modified Randles circuit, wherein the sum
of the electrolyte resistance and polymer electronic resistance, Cg
electrolyte interface, Ry, the charge-transfer resistance and Z4 a
complex circuit element is included. In this case, Rg,, is attributed
primarily to the charge transfer resistance. As the percentage of the
MWNTs in the composite increases, a 45° slope was observed
which signals the presence of the Warburg element (Z),
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representing the diffusion mass transport. At low frequencies, it is
possible to estimate the faradaic pseudocapacitance (redox), which
is associated with the capacitive behavior of a film. The physical
origin of Cgq means that its magnitude increases with the quantity of
the electroactive material deposited in the substrate. As presented in
Figure Sa, in spite of the similar shape of the impedance spectra, an
obvious difference in the diameters of the semicircles, which
corresponds to the electron transfer-limited process measured at
higher frequencies, the R, of PVK/MWNTSs nanocomposites
decreases as the loading of the MWNTs increased. The spectra
prove that the formation of the charge-transfer complex of PVK/
MWNTSs nanocomposite occurs and that charge-transfer flows
through the film. The complex plane impedance plots produced
from the analysis of PVK/MWNTs CPN nanocomposite films are
also presented in Figure Sb. The intercepts of the pure PVK and
CPN nanocomposites film with the real impedance 55.78 €2 and for
97% PVK/3% MWNTs is 48.10 €. This result shows that the CPN
nanocomposite film is 7.68 € less resistive than pure PVK. While
this result is in agreement with a conductive contribution from the
addition of MWNTs, this decrease in resistance could also be due to
the formation of a 77-conjugated CPN between the nanotubes and
PVK polymer chains.

Spectroscopic Analysis. UV—visible spectra were used to
characterize the interfacial interaction between the PVK/
MWNT nanocomposite films and after the CPN nanocomposite
film formation. As expected, no absorption peaks at the visible
region of the electro-magnetic spectrum were observed for pure
MWNTs, similar to the observation in solution. For the spin-
casted nanocomposite film (Figure 6a), the main absorption
bands occur at 331 and 345 nm, indicative of the 7—s* and
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Figure 6. UV—vis spectra of (a) the spin-casted films of pure PVK and PVK/MWNTs nanocomposite and (b) the electrochemically cross-linked PVK

and PVK/MWNTs CPN films.

n—mr* attributed to optical transitions in pendant carbazole
moieties of PVK. It can be seen from the spectra that the main
absorption peaks for pure PVK is still prominent for the PVK/
MWNTSs nanocomposite. There is also a slight red shift of
~S nm in wavelength when MWNTs is incorporated in PVK
(Figure 6a). This shifting may be attributed to the lowering of
energy because of the electronic interaction between the PVK
and MWNTs. The UV—vis absorbance after electrochemical
cross-linking showed a different spectra due to the formation of
7-conjugated oligocarbazole species (Figure 6b). The defined
peaks for spin-coated PVK/MWNT film before cross-linking at
331 and 345 nm disappeared and a new band was formed at 440
and 760 nm, which corresponds to the polaronic and bipolaronic
carbazole species.”® The observation is consistent with previous
works on electropolymerized PVK with the CPN approach."*~"*
The observed spectral red shift for the PVK/MWNTs CPN
nanocomposite film after cross-linking can be attributed to the
increase in 7T-conjugation and aided by the presence of MWNT's
(serving as electron acceptor). Clearly further studies by spectro-
electrochemistry will also be useful.

The fluorescence spectra of the films were also obtained using
an excitation wavelength of 300 nm (see Figure S9 in the
Supporting Information). From all the prepared films, the peak
for PVK is clearly evident even in the nanocomposite films. It is
known that PVK fluorescence spectra are broad and structure-
less, which is the case observed from the spectra. The broad peak
observed is a combination of the two emissions from the radio-
active decay of two spectrally distinct excimers. The wavelength
emission at 375 nm corresponds to the partially eclipsed config-
uration of the PVK (i.e., only one carbazole moiety is aligned with
the polymer backbone or between adjacent chains). On the other
hand, the peak at 420 nm is attributed to the totally eclipsed
conformation of the carbazole pendants (i.e., carbazole groups
are aligned face-to-face in adjacent positions along the polymer
backbone).**?

ATR-IR Spectroscopy. IR spectroscopy is an important tool
for confirming the presence of the components in the nanocom-
posite film. The ATR spectra of pure MWNTs, pure PVK and
97% PVK/3% MWNTs CPN films spin-coated in ITO glass
substrate are shown in Figure 7. The presence of interactions in
the nanocomposite would shift the frequency of C—H stretching
vibration of the polymer. For pure MWNTs, the peak at
1630 cm ™' is due to the C=C stretch mode in the MWNTSs.
The main absorption peaks of pure PVK structure are shown at the
following characteristic bands at around 700—800 cm ' (out-of-
plane —C—H aromatic), 1100—1150 cm™ ' (in-plane —C—H
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Figure 7. FT-IR-ATR spectra of PVK/MWNTs CPN films: (a) pure
PVK, (b) 97% PVK/3% MWNTs CPN film, and (c) pure MWNTs.

aromatic), around 1600 cm ' (C=C stretching), 2900 cm '

(aliphatic C—H stretching), and 3050 cm ™' (aromatic C—H
stretching). The peaks of pure PVK are attributed to the following
vibrations: at 720 cm ™" (ring deformation of substituted aromatic
structure), 744 cm ™' (>CH, rocking vibration due to tail-to-tail
addition), 1159 cm ™" (out-of-plane deformation of vinylidene
group and C—H in plane deformation of aromatic ring),
1220 cm ™' (C—N stretching of vinyl carbazole), 1326 cm '
(>CH, deformation of vinylidene group), 1459 cm ™! (ring
vibration of n-vinyl carbazole), and 1626 cm ™" (C=C stretching
vibration of vinylidene group).

However, for the 97% PVK/3% MWNTs electropolymerized
CPN film material, the peaks significantly changed at 744 and
1459 cm™'. The addition of MWNTSs in the PVK solution
resulted to a new absorption band from 744 to 749 cm ',
1459 to 1449 cm™ ', and 1626 to 1620 cm ™ '. The FTIR spectra
of pure PVK and PVK/MWNTs CPN film show similar bands
with a little variation in the stretching frequencies. The shift in
the peak region between 700 and 1600 cm ™' is related to the
change in the structure of the polymer upon the addition of
the MWNTs.

Electrical Conductivity. One of the important methods to
compare the state of nanotube dispersion at a given concentra-
tion is through electrical conductivity measurements on films.
The conductivity of pure PVK and PVK/MWNTs CPN nano-
composite films at various compositions were measured using
the four point probe conductivity test. For the four-point probe
test, a fixed current is injected into the substrate through the two
outer probes and a voltage is measured between the two inner
probes. The measured resistances were converted into conduc-
tivity by first multiplying the constant 4.532. The product is the
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Table 1. DC Conductivity of Pure PVK and Various
PVK/MWNT CPN Nanocomposite Film Compositions as
Measured by the Four-Point Probe Technique

measured conductivity

sample (S/em)”
(1) pure PVK 1x10 "2
(2) 97% PVK/3% MWNTs 553 x 10°*
(3) 95% PVK/5% MWNTs 0.53
(4) 93% PVK/7% MWNTSs 1.79
(5) 91% PVK/9% MWNTSs 1.64

“Note: Mean conductivity at 10 measurements per sample.

sheet resistance in €2/square of the film being measured. The
calculated sheet resistance was multiplied by the film thickness to
get the resistivity of the prepared film. The measured conductiv-
ity which is the reciprocal of resistivity is summarized in Table 1.
A key issue in producing superior PVK/MWNTSs nanocompo-
sites is the ability to control deagglomeration and dispersion of
MWNTs in PVK matrices, which are directly correlated with the
achievable conductivity. The conductivity of PVK was about 1 X
10 % to 1 x 10 *®S/cm, whereas with increasing MWNT's level,
the conductivity increases. Dispersing the conducting filler,
MWNTs in the polymer matrix forms a conductive polymer
nanocomposite. The prepared CPN nanocomposite films of
compositions 97% PVK/3% MWNTs, 95% PVK/5% MWNTs,
and 93% PVK/7% MWNTs show conductivity values of 5.53 X
10 0.53, and 1.79 S/cm, which clearly shows a remarkable
increase in conductivity. This increase in conductivity could be
due to the formation of an interconnected network of MWNT's
with the PVK matrix, which then permits a very high percentage
of electrons to flow through a conductive path in the PVK/
MWNT composite film. However, by increasing the concentra-
tion of MWNTs in PVK solution to 9% by weight, the MWNT's
started to agglomerate (data not shown). Insulating polymers are
transformed to conductive composites by addition of MWNT's
above a critical concentration or percolation threshold. When the
positions of MWNTs in the polymer matrix form a conducting
film, the conductivity of nanocomposites greatly increased, this
may be due to the formation of a percolating network. Percola-
tion means that at least one pathway of connected MWNTSs
exists in the sample which in case of conductive fillers allows the
charge to flow through the sample. In conductive fillers like
MWNTs, electrical measurements are suitable to detect the
percolation composition. In this study, the percolation threshold
was determined to be in the range of 3—5% MWNTs. In this
range, the conductivity signigificantly increases and the compo-
sites with MWNTs content higher than 5% weight can be
regarded as electrically conductive. These values indicated that
in the presence of 5% MWNTs in the PVK matrix is enough to
form a network of conductive path. Above the percolation
threshold concentration, 3% MWNTs independent fillers tend
to link together to form conductive networks, which led to a
significant increase in the conductivity of the prepared CPN
nanocomposite films. The role of the CPN of the PVK is clear in
comparison to the PVK alone.

The conductivity study of the nanocomposites shows that
better dispersion of MWNTs in the polymer matrix greatly
enhanced the conductivity. The absence of MWNTs sidewall
damage and improved percolation in PVK/MWNTs CPN
nanocomposite films led to an improvement in its electrical
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Figure 8. AFM topography images and static water contact angles
(inset) of the ITO-spin coated nanocomposite films of 97% PVK and
3% MWNTs (a) before and (b) after electrochemical cross-linking
(50 cycles at S0 mV/s with scan range of 0—1.4 V).

conductivity. Hence, this study suggests an effective way to
improve dispersion of MWNTs into PVK matrices and also
retain the electronic structure of MWNTs that could be used in
various functional materials and coatings. In principle, utilizing
single-walled nanotubes (SWNT) should even show a more
remarkable change in conductivity and electro-optical properties
assuming the same dispersion qualities.

AFM Imaging. AFM is a very useful tool for investigating the
morphology of the modified surfaces because it provides infor-
mation regarding spatial resolution, film topology, and nano-
structure formation. The surface topography of PVK/MWNTs
nanocomposites in terms of roughness values of the interfaces
can also be analyzed by AFM. Figure 8, shows the topographies of
PVK/MWNTSs nanocomposite films deposited using spin-cast-
ing on ITO glass substrate before and after electrochemical cross-
linking. The 97% PVK/3% MWNTs nanocomposite film
(Figure 8a) showed elongated globular clusters that can be
attributed to the presence of MWNTs (3% with respect to the
composition of PVK) with an rms value of 3.11 nm. This result
suggests a homogeneous wrapping of MWNT within the PVK
polymer matrix is achieved, especially at the 97% PVK/3%
MWNTs composition since no domains of MWNT were
observed. The measured water contact angle was found to be
53.30° £ 0.6 in water. The PVK/MWNTSs CPN nanocomposite
film (Figure 8b) showed an rms value of 4.86 nm, which is also
correlated to the decrease in the surface energy of the film as
revealed in the measured WCA of 89.13° & 0.4. The increase in the
measured WCA indicates that a more hydrophobic PVK/
MWNTs CPN nanocomposite films was formed on the substrate
after the electrochemical cross-linking.

B CONCLUSIONS

PVK/MWNT nanocomposites were successfully prepared via
solvent mixing process. The said process disrupted the van der
Waals interactions between the bundled MWNTSs upon the
addition of the PVK dispersant, leading to a better dispersion
of MWNTs in the PVK polymer matrix. The electrochemical
cross-linking of the PVK/MWNTs nanocomposites may show
the possible doping role and the charge-transfer interaction of the
MWNTs in PVK/MWNT nanocomposite prepared via CPN
film formation. The EIS spectra of the PVK/MWNTSs nanocom-
posites fitted to a modified Randles circuit showed that the
charge-transfer resistance decreases as the loading of MWNTs in
PVK/MWNTSs nanocomposites increases. ATR demonstrated
the interaction between the PVK and MWNTs chains via the
shifts observed in the vibronic spectra. The prepared nanocom-
posites also exhibited better thermal stability as revealed by the
TGA and DSC data. The incorporation of a small weight
percentage of MWNTs in the PVK polymer matrix relatively
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increased the DC conductivity for all the composite systems. The
electrical conductivity in the composites showed a 3% weight of
MWNT minimum percolation threshold for the nanotubes,
which indicates a good dispersion of MWNTSs within PVK
polymer matrix. The surface topography exhibited an improved
uniformity for the nanocomposite films.
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MWNTs before and after sonication, SEM image of the un-
bundled MWNTs, UV—vis absorbance of the dispersed
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MWNTSs nanocomposite solutions, digital images of the dis-
persed nanocomposites, CV of the other PVK/MWNTs ratio
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spectra of the PVK and PVK/MWNTs nanocomposites (PDF).
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