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ABSTRACT: This article describes an ultrasonically
assisted in situ interfacial dynamic inverse emulsion poly-
merization process of aniline in the presence of multi-
walled carbon nanotubes (MWNT) in chloroform. During
polymerization, MWNT are coated with polyaniline
(PANI) forming a core-shell structure of nanowires, as evi-
denced by cryogenic transmission electron microscopy.
Thermogravimetric analysis curves and conversion mea-
surements provided important knowledge regarding the
unique polymerization method. Scanning electron micros-
copy images and surface resistivity imply that PANI/
MWNTs are characterized by a structural synergistic

effect. The PANI coating of MWNT leads to a remarkable
improvement in separation and dispersion of MWNT in
chloroform, which otherwise would rapidly coagulate and
settle. The presented interfacial dynamic polymerization
process is very fast, reaching 82% conversion within 5 min
of sonication and produces stable clear dispersions of
doped PANI in chloroform. © 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 120: 676-682, 2011
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INTRODUCTION

Polymeric nanocomposites consist of nanoparticles
imbedded in organic polymers comprising a new
class of materials. Homogeneous dispersions of
nanoparticles in polymers using conventional proc-
essing techniques are difficult to produce because
nanoparticles tend to agglomerate. Thus, efficient
methods for agglomerate breakdown have been
sought in recent years. Researchers have focused on
methods of in situ polymerization of monomers in
the presence of carbon nanotubes (CNTs) such
as sol-gel and intercalation polymerization proc-
esses.'™® Many reports appear in the literature
regarding CNTs, polymerization of aniline, prepara-
tion of polyaniline (PANI)/CNT nanocomposites,
and various applications, including thin, transparent,
and electrically conductive films.” "

Emulsion polymerization is a process used for
radical chain polymerization in systems comprising
water, monomers, and surfactants. The monomers
polymerize within micelles and form stable colloidal
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dispersions, i.e., emulsions.'” Emulsion polymeriza-
tion can also be carried out by an inverse emulsion
polymerization procedure. Here, the continuous
phase is the organic phase containing the monomer,
while the aqueous solution containing the surfactant
and initiator is emulsified by the surfactant. Inverse
emulsion polymerization can be used for various
monomers, including aniline.

CNTs have drawn much attention in recent years,
since their first observation by Tijima.'”> CNTs pos-
sess a remarkable combination of properties, i.e.,
high strength and stiffness along with flexibility
accompanied with high electrical and thermal con-
ductivity, thus offering opportunities for develop-
ment of new nanocomposites.” Because CNTs have
poor “solubility” in most solvents and poor compati-
bility with polymeric matrices, fine dispersions are
difficult to achieve.

PANI is one of the most studied conducting poly-
mers because of its simple preparation, high conduc-
tivity, and environmental stability."* Many produc-
tion methods of PANI are reported in the literature,
as described by MacDiarmid et al.'’: “there are as
many different types of PANI as there are people
synthesizing it.” Indeed there are many methods for
production of PANI: in organic, or aqueous phase,
using agitation or sonication methods, static interfa-
cial, emulsion, and inverse emulsion polymerization.
The following section provides a brief description of
the various approaches for preparation of PANI/
CNT nanocomposites.
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Ginic-Markovic et al.” described a method of ultra-
sonic emulsion polymerization of aniline in the pres-
ence of CNTs. This process decreases agglomeration
of CNTs, creating a micelle structure around the
CNTs, which becomes “soluble” in water for a cer-
tain period of time. This in situ polymerization
method allows the production of wrapped and stabi-
lized nanotubes by PANI.

Konyushenko et al.'® Guo and Li,"” and Zhang
et al.'® also described multiwalled CNTs (MWNT)
coating with PANI via an in situ polymerization
method. There are several methods of production of
PANI, one of which presented by Soares et al.'’
describes an inverted emulsion polymerization
method of aniline in toluene.

In this article, a new sonicated in situ inverse
emulsion polymerization method of aniline is
described. The reaction conducted in the presence of
the MWNTs is very fast, resulting in PANI-coated
MWNTs, which exhibit improved properties.

EXPERIMENTAL
Materials

Aniline monomer was used after purification
(Aldrich, St. Louis, MO). (#)Camphor-10-sulfonic
acid (B) (CSA) (Riedel de-Haén, Sigma-Aldrich, Ger-
many) was used as received without further purifi-
cation. Chloroform was used as the solvent (Bio Lab
Ltd., Israel). The studied Nanocyl 7000 MWNT has
an average diameter of 9.5 nm and average length of
1.5 pm (Nanocyl, Belgium). Ammonium peroxydi-
sulfate (APS) was used as received (Riedel de-Haén,
Sigma-Aldrich).

Preparation of nanocomposites

The inverse emulsion polymerization procedure of
aniline in chloroform is conducted as shown in Fig-
ure 1: a certain amount of surfactant (CSA) is dis-
solved in 20 mL chloroform using magnetic stirring.
Different concentrations of distilled aniline are
added, and a clear solution is formed. Vibra cell
VCX 750 (Sonics and Materials Inc., Newtown, CT)
ultrasonic liquid processor was used to disperse the
MWNT during polymerization. MWNT is added in
two ways: (a) in situ where the MWNT is added
before polymerization begins and (b) ex situ where
MWNT is added after the polymerization process
ends. MWNT concentration is usually 0.1 wt % of
the aniline. Sonication to disperse the CNTs in the
chloroform/aniline solution takes about 1 min. APS
dissolved in 1 mL distilled water is added to the
chloroform/aniline solution followed by sonication
at 4°C for 1-9 min. The PANI/CNT dispersion is
then used for film formation using an air brush

*Filtration
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Figure 1 Schematic illustration of the polymerization pro-
cedure. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

instrument or coating rods. A reference sample with-
out MWNT is prepared using the same procedure.
The molar ratios of aniline : CSA : APSare1:1:1,
or 1:1:0.25, respectively.

The polymerization conversion is determined as
follows: the mass of polymerization is transferred to
a 250-mL beaker and chloroform is evaporated. A
solution of 50 mL H,O and 50 mL. NH,OH (ammo-
nium hydroxide) is added to the PANI dispersion,
where the acid reacts with the base, resulting in a
dedoped PANI. The aqueous phase is removed
using a gravitational filtration, followed by washing
with HO and drying in a vacuum oven for 2 hr.
The conversion is calculated using eq. (1).

Conversion(%) = Wdedoped PANI/ Wanitine X 100 (1)

Characterization

The PANI/CNT nanocomposite’s morphology was
studied using scanning electron microscopy (SEM;
Philips XX20, model D816). Thermal analysis was
performed using a TA 2050 thermogravimetric ana-
lyzer. Samples were heated under air, at a rate of
20°C/min, monitoring their weight loss as a function
of temperature. Two types of information can be
extracted from the thermogravimetric analysis
(TGA) thermograms: (a) the degradation tempera-
ture regions of the acid and polymer fractions, nor-
mally within 200-350°C and 400-700°C, respectively,
and (b) the nanotube’s fraction. A four-point probe
technique is used to measure the electrical conduc-
tivity at conductivity levels higher than 10™* S/cm.

Transmission electron microscopy (TEM) micro-
graphs were obtained for ultrafast cooled vitrified
cryo-TEM specimens prepared under controlled con-
ditions of 20°C and 100% relative humidity as
described elsewhere. Specimens were examined in
a Philips CM120 cryo-TEM operating at 120 kV,
using an Oxford CT3500 cooling-holder system at
about —180°C. Low electron-dose imaging was per-
formed with a Gatan Multiscan 791 CCD camera,
using the Gatan Digital Micrograph 3.1 software
package.
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Figure 2 Dispersions in chloroform of (a) PANI, (b)
PANI/MWNT, and (c) neat MWNT. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Absorbance Fourier-transform infrared (FTIR)
spectra were recorded using a Nicolet Thermo 6700
FTIR instrument equipped with a Smart iTR dia-
mond ATR device. Each spectrum was recorded at a

resolution level of 4 cm ..

RESULTS AND DISCUSSION

Figure 2 demonstrates two clear dispersions of (a)
PANI and (b) PANI/MWNT in chloroform prepared
as previously described. The dispersions were stable
for long periods of time without any visible precipi-
tation. Neat CNTs dispersed in chloroform with
CSA rapidly coagulate and settle as shown in Figure
2(c), similar to previous reports.®!

Figure 3 depicts FTIR spectra of dedoped PANI,
known as emeraldine base. The emeraldine base has
characteristic FTIR peaks, as reported elsewhere®: at
~ 1590 and ~ 1497 cm !, which represent the C=C

r 0.20

r 0.18

C=C

- 0.16

- 0.14 j

Absorbance

2000 1500 1000 500
Wave length [em™]

Figure 3 FTIR spectrum of dedoped PANL
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Figure 4 Conversion as a function of polymerization pe-
riod. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

stretching vibrations of quinoid and benzenoid
rings, respectively. The peak at ~ 1160 cm ™' repre-
sents N=Q=N, where Q is the quinoid ring. The
appearance of these peaks confirms that the unique
dynamic sonication inverse emulsion polymerization
has resulted in PANI.

Figure 4 depicts conversion as a function of poly-
merization time, where the molar ratios are aniline :
CSA : APS =1 :1:0.25. A maximum conversion, of
64%, was obtained by static polymerization, without
sonication, where polymerization took place at the
interphase region between the organic and aqueous
phases, after 45 days at room temperature. An out-
standing result is the extremely fast polymerization
process under the ultrasonic field where the conver-
sion was ~ 30% after only 5 min. Further studies of
conversion as function of the system’s parameters
has led to fast, very high conversions as is shown in
Figure 5. The present inverse emulsion polymeriza-
tion process can be described as a fast dynamic
interfacial polymerization process, in which tiny
water dispersed droplets containing APS formed by
the ultrasonic field meet the continuous chloroform
medium containing aniline and CSA. At the
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Figure 5 Conversion as a function of CSA and APS at
different molar ratios. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 6 Cryo-TEM of (a) neat MWNT, (b) neat PANI, (c) PANI/MWNT in situ, and (d) PANI/MWNT ex situ. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

interfaces, APS radicals in the aqueous droplets col-
lide with the aniline/CSA (anilinium) complex dis-
persed in the organic phase; thus, PANI forms at the
interfaces. Because a lot of interface is available, the
polymerization rate is very fast. Moreover, the high-
powered ultrasonic radiation field assists in the crea-
tion of free radicals, thus, further contributing to the
acceleration of the polymerization process.” Contrary
to the described fast process, inverse emulsion poly-
merization in the absence of sonication'” and static
interfacial polymerization® is very slow.

Figure 5 depicts conversion as a function of the
initial molar ratios of CSA and APS related to ani-
line, for polymerization periods of 5 min dynamic
followed by 30 min static each. As APS concentra-
tion increases, so does conversion, presumably
owing to higher concentrations of radicals, which
increases the polymerization rate. Moreover, as CSA
concentration increases, so does conversion. The
polymerization of aniline is dependent on the acidity
of the system.' The initial oxidation step is always

linked to the oxidation of neutral aniline molecules,
whereas short oligomers (containing phenazine) may
act as initiation centers for the subsequent polymer-
ization process. When the acidity is high (pH < 2.5),
the oligomers formed result in the formation of ini-
tiation centers, thus increasing the polymerization
rate. A maximal conversion after 5 min sonication of
~ 82% was obtained when the concentrations of
both APS and CSA were the highest.

Figure 6 depicts cryo-TEM micrographs of (a) neat
MWNT, (b) neat PANI, (c) PANI/MWNT in situ,
and (d) PANI/MWNT ex situ. Figure 6(a) shows a
small bundle of MWNT, with an average MWNT di-
ameter of ~ 10 nm, indicating poor dispersion of the
MWNT in chloroform. The dark areas in Figure 6(b)
are presumably neat PANI in chloroform. Figure
6(c) (in situ) shows a single MWNT uniformly coated
with PANI, with an average diameter of ~ 50 nm,
Similar results were observed using high-resolution
SEM® and also reported elsewhere.®”'*'® Figure
6(d) (ex situ) shows several MWNT with local darker

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 TGA and DTG thermograms in air of neat CSA,
doped PANI, water-washed doped PANI, and dedoped
PANIL [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

areas indicating discontinuous PANI coating along
the nanotube. Similar to a work reported else-
where,** it is suggested that PANI interacts and
coats the CNT. Both PANI/MWNT in situ and ex
situ have produced stable dispersions for long peri-
ods of time. Thus, PANI acts as a stabilizer for the
MWNT by interactions with the MWNT surfaces, as
shown in Figure 6(c,d).

Figure 7 depicts TGA and DTG thermograms in air
of neat CSA, doped PANI, doped PANI after washing
with distilled water, and dedoped PANI. The TGA
curves show that dedoped PANI has a single decom-
position stage, whereas both doped PANI and
washed doped PANI exhibit two decomposition
stages. The DTG curves show that the neat CSA
exhibits a single peak at 251.9°C and the dedoped
PANI exhibits a single peak at 534.2°C. However, the
doped PANI and the doped PANI after washing ex-
hibit two peaks: initially at 303°C and 294.4°C, respec-
tively, (decomposition of CSA) and then at 648.4°C

Journal of Applied Polymer Science DOI 10.1002/app
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and 629.4°C, respectively (decomposition of the
dedoped PANI). It seems that the higher thermal sta-
bility of the doped PANI is due to interaction of
PANI with CSA. The TGA curve of doped PANI
shows that the CSA weight loss up to ~ 300°C is
roughly 50%, whereas the weight loss of the washed
doped PANI is less, approximately 30%. Because the
polymerization process was usually conducted with
excess CSA, part of it is attached to the polymeric
chains, whereas the other part remains free. Thus, the
30% weight loss of the washed doped PANI roughly
reflects the bound CSA, whereas the 50% weight loss
of the dedoped PANI is of bound and free CSA.
Figure 8 depicts TGA and DTG thermograms in air
of dedoped PANI at molar ratios of aniline : CSA :
APS =1:05:05,1:1:05,and 1:2:0.J5, ie,,
increasing CSA concentrations. The curves exhibit a
single decomposition peak, similar to the dedoped
PANI shown in Figure 7. The peaks for aniline : CSA
tAPS=1:05:05,1:1:05,and 1:2:0.5 appear at
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Figure 8 TGA and DTG thermograms in air of dedoped
PANI at molar ratios of aniline : CSA : APS=1:05:05,1:
1:05,and 1:2:0.5. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9 TGA and DTG thermograms in air of dedoped
PANI and dedoped PANI/MWNT. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

542.3, 529.2, and 509.9°C, respectively. Presumably,
the slight peak reductions as the amount of CSA
increases are due to the formation of shorter chain
lengths of PANI. As shown in Figure 5, the polymer-
ization rate of aniline increases as the acidity level
increases.'*

Figure 9 depicts TGA and DTG thermograms in
air of in situ dedoped PANI and dedoped PANI/
MWNT. Figure 9(a) shows that, as expected, the
dedoped PANI sample fully decomposes, whereas
the sample containing MWNT has a residue of ~ 4.5
wt %. The DTG curves [Fig. 9(b)] show that the
dedoped PANI has a higher thermal stability,
534.2°C compared with 509.8°C for the PANI/
MWNT sample. Because MWNTs are coated with
PANI, the interface for oxidation is larger than neat
PANI and, therefore, the thermal stability decreases.

Figure 10 depicts thin films of (a) neat PANI, (b)
PANI/MWNT, and (c) neat MWNT placed on a
glass substrate. Although the neat MWNT [Fig.

10(c)] exhibits a poor film, both PANI films [Fig.
10(a,b)] are uniform and have a transparency of
approximately 80% to visible light. Surface resistivity
measurements, conducted with the four-point probe,
showed that neat PANI and neat MWNT have high
resistivities of 222.7 and 334.3 kQ/[], respectively,
whereas the PANI/MWNT exhibited an order of
magnitude lower resistivity of 16.9 kQ/[]. The poor
conductivity of the MWNT film can be explained by
the poor film formation. MWNTSs are more conduc-
tive than PANI Because PANI interacts with the
MWNT, it reduces the contact resistivity and, thus,
increases the conductivity of PANI.

Figure 11 depicts SEM images of (a) neat, (b)
PANI, and (c) PANI/MWNT deposited on a porous
silica wafer. PANI, Figure 11(b), exhibits a smooth
surface, similar to PANI surfaces reported else-
where®; however, it includes numerous voids rang-
ing in size up to ~ 2 pm. The PANI/MWNT film
exhibits a rougher surface, however, with no visible
voids. These images explain the order of magnitude
differences in surface resistivity between the PANI
and PANI/MWNT films, as shown in Figure 10. It
seems that the PANI/MWNT combination has a

Figure 10 Thin films of (a) neat PANI, (b) PANI/MWNT,
and (c) neat MWNT. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 11 SEM images of (a) neat, (b) PANIL and (c)
PANI/MWNT deposited on a SiO, porous wafer.

characteristic structural synergistic effect because of
interactions between MWNT and the PANI chains,
thus, resulting in the full covered surface, leading to
increased surface conductivity.

CONCLUSIONS

The described in situ dynamic interfacial inverse
emulsion polymerization method of aniline was con-
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ducted in the presence of MWNT and under sonica-
tion, resulting in PANI-coated nanotubes. The disper-
sions prepared were found to be stable for several
months. To the authors’” best knowledge, this report
is the first one describing the production of stable dis-
persions of CNT in chloroform. TGA curves and con-
version measurements provided some insight regard-
ing the polymerization mechanism. Cryo-TEM
images of the composites have shown that the nano-
tubes are coated with PANI and form a network.
SEM images observation and surface resistivity
results imply that PANI interacts with the nanotubes
and, thus, exhibits synergistic effect. The polymeriza-
tion method described in this article is simple and
very fast compared with the other literature-reported
methods. Conversions of up to 82% were achieved
within 5 min of dynamic polymerization time.
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