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Exfoliated Nanocomposite from Polyaniline Graft Copolymer/Clay
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ABSTRACT: Exfoliated polyaniline (PANI)/clay nanocomposites were prepared by in-situ polymerization
of aniline onto pre-exfoliated water-soluble poly(styrenesulfonic acid-co-aminostyrene) (P(SSA-co-AMS))/
clay nanocomposite or by simple blending of poly(styrenesulfonic acid-g-aniline) (PSSA-g-PANI) with clay.
When an aqueous mixture of P(SSA-co-AMS) and clay was treated with 1 M HCI (aq), clay layers are
exfoliated into the polymer matrix due to the electrostatic interaction between the positive charge of
nitrogen (NHs") in P(SSA-co-AMS) and the negatively charged surface of clay layers. The electrical
conductivity of the nanocomposite is slightly lower than that of pure PSSA-g-PANI, but the thermal

stability and coatability of the nanocomposite become better compared with PSSA-g-PANI.

Introduction

Conducting polymers have become a popular basic
material for advanced applications such as electrode,!
static electricity dissipation,? and metal anticorrosion
and marine-fouling prevention.?* Polyaniline (PANI) is
one of the most technologically important materials
because of its environmental stability in a conducting
form, easiness and low cost of synthesis, unique redox
properties,® and high conductivity.® However, the physi-
cal properties of PANI are not satisfactory for practical
applications. In this regard, PANI/clay nanocomposite
may open a way to construct novel organic—inorganic
hybrid systems showing electrical conductivity as well
as good physical properties.”

Several methods to prepare PANI/clay nanocomposite
have been reported. One commonly used method to
prepare the nanocomposite is intercalation of aniline
into the gallery of clay layers followed by in-situ
polymerization.®~13 Emulsion polymerization is also
used for preparation of PANI/clay nanocomposite,415
where the emulsifier in the emulsion system contributes
to maximization of the affinity between hydrophilic host
(clay) and hydrophobic guest (aniline).

Although many studies on PANI/clay nanocomposites
have been carried out as mentioned above, they obtained
the intercalative structure. Since exfoliated nanocom-
posites have better physical properties such as stiffness,
strength, and barrier property with far less inorganic
content than intercalative nanocomposites, it is ratio-
nalized that the higher the degree of exfoliation in
polymer/clay nanocomposites, the greater the enhance-
ment of these properties. Recently, it has been reported
that PANI/clay nanocomposites with exfoliated silicate
layers are successfully prepared using an organically
modified clay.'® However, the method for the organo-
philic modification of clay is so complicated that the
process for preparation of nanocomposite is less eco-
nomical.
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In our previous study!” we successfully synthesized
a novel conducting PANT graft copolymer, poly(styrene-
sulfonic acid-g-aniline) (PSSA-g-PANI), which is soluble
in both water and polar organic solvent. Since the PSSA-
g-PANI copolymer is soluble in water, it is likely
expected that the graft copolymer could be homoge-
neously mixed with silicate layers dispersed in water,
and as a result the PANI/clay nanocomposite with
exfoliated structure could be prepared. Here, we report
that an exfoliated PANI/clay nanocomposite without
organophilic modification of Na*—MMT is first prepared
using both in-situ polymerization and simple blending
of water-soluble PSSA-g-PANI with Na*-MMT.

Experimental Section

Preparation of in-Situ PSSA-g-PANI/clay Nanocom-
posite. Poly(sodium styrenesulfonate-co-tert-butoxycarbonyl-
aminostyrene) (P(SSNa-co-BOC-AMS)) was synthesized by
copolymerization of sodium styrenesulfonate (SSNa) and tert-
butoxycarbonyl-aminostyrene (BOC-AMS).!” Na*—MMT (Closite
Na': Southern Clay Products Inc.; water content < 2.0 wt %,
aspect ratio = 100—1000) (0.15 g) and P(SSNa-co-BOC-AMS)
(0.8 g) were dissolved in 30 mL of 1 M HCl aqueous solution
and then sonicated for 3 h using an ultrasonic generator for
swelling of the Na*—MMT. The swelling procedure under
acidic conditions not only helps a polymer chain to penetrate
into the gallery of clay layers but also eliminates the BOC
groups from P(SSNa-co-BOC-AMS) to yield P(SSA-co-AMS).

For graft copolymerization of aniline (ANI) onto P(SSA-co-
AMS) in P(SSA-co-AMS)/Nat—MMT solution, ANI (0.2 g) was
first added to the solution for 0.5 h during stirring, and then
20 mL of ammonium persulfate (0.49 g)/1 M HCI aqueous
solution was dropwise added to the solution at 0 °C to yield
PSSA-g-PANI/Na*—MMT. After 6 h of reaction a dark green
solution was obtained and further purified by dialysis using a
semipermeable membrane (molecular weight cutoff, 3500) to
remove low molecular weight compounds. The resulting solu-
tion was concentrated and precipitated into acetone. The
precipitate was filtered and dried under vacuum at 60 °C for
24 h. Elemental analysis shows that the PANI content in
PSSA-g-PANI/clay nanocomposite is 56 mol %. The chemical
structures of polymers used in this work are represented in
Figure 1.

Simple Blending of PSSA-g-PANI and Clay. Nat—MMT
(0.15 g) and PSSA-g-PANI (1.0 g; the PANI content, 54 mol
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Figure 1. Chemical structures for (a) P(SSNa-co-BOC-AMS),
(b) P(SSA-co-AMS), and (c) PSSA-g-PANI.

%) were dissolved in deionized water and then sonicated for 3
h using an ultrasonic generator for swelling of the Na™—MMT.
The solution was concentrated and precipitated into acetone.
The precipitate was filtered and dried under vacuum at 60 °C
for 24 h.

Characterization. The change in basal spacing of the
nanocomposites was measured using an X-ray diffractometer
(MAC Science, MXP 18XHF') with Ni-filtered Cu Ka radiation
(A = 0.1542 nm; 40 KV; 30 mA). Transmission electron
microscopy (TEM) (JEOL-200CX) was used with an accelera-
tion voltage of 120 kV. The samples for TEM were prepared
by evaporation of a drop of diluted aqueous solution of in-situ
composite or simple blending of PSSA-g-PANI and clay onto
a 200 mesh copper grid. FT-IR spectra were recorded on a
Perkin-Elmer FT-IR 1725X spectrometer, and UV—vis spectra
of PSSA-g-PANI/clay nanocomposite were obtained using a
Perkin-Elmer UV/VIS/NIR spectrophotometer (Lambda-6).
The electrical conductivity of PSSA-g-PANI/clay nanocompos-
ite was measured in a compressed pellet (1.5 cm diameter x
0.05 cm thick) at room temperature by the four-probe tech-
nique using an electrometer. Details for measuring electrical
conductivity have been described in an earlier paper.'® Ther-
mogravimetric analysis (TGA) was carried out at a heating
rate of 10 °C/min under nitrogen atmosphere. The surface
morphologies of PSSA-g-PANI and PSSA-g-PANI/clay nano-
composite film as spin coated on silicon wafer were observed
using a field emission scanning electron microscope (FESEM)
(JSM-6630F).

Results and Discussion

As the BOC group is removed from P(SSNa-co-BOC-
AMS) in P(SSNa-co-BOC-AMS)/clay nanocomposite to
yield P(SSA-co-AMS), a new peak is observed at 2623
cm~! due to NH3" stretching vibration, as can be seen
in Figure 2a and b. This new peak at 2623 cm™!
disappears when aniline (AN]) is graft polymerized onto
P(SSA-co-AMS) in P(SSA-co-AMS)/clay solution, indi-
cating that PANI is successfully grafted onto P(SSA-
co-AMS). When the FTIR spectrum of in-situ PSSA-g-
PANTI/clay nanocomposite (Figure 2¢) is compared with
that of simple blending of PSSA-g-PANI and clay
(Figure 2d), it is realized that the two spectra are
identical, indicating that the PSSA-g-PANI in in-situ
composite has the same chemical structure as the PSSA-
g-PANI in the simple blending and has all the charac-
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Figure 2. FTIR spectra of (a) P(SSNa-co-BOC-AMS)/clay
nanocomposite, (b) P(SSA-co-AMS)/clay nanocomposite, (¢) in-
situ PSSA-g-PANI/clay nanocomposite, and (d) simple blending
of PSSA-g-PANI and clay.
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Figure 3. XRD patterns of (a) Na™-MMT, (b) P(SSNa-co-BOC-
AMS)/clay nanocomposite, (¢) P(SSA-co-AMS)/clay nanocom-

posite, (d) in-situ PSSA-g-PANI/clay nanocomposite, and (e)
simple blending of PSSA-g-PANI and clay.

teristic peaks of PSSA-g-PANI and clay. This provides
evidence that PANTI is successfully in-situ grafted onto
P(SSA-co-AMS) in the P(SSA-co-AMS)/clay solution,
considering that PANI homopolymer is not soluble in
water. Characteristic peaks of doped PANI are observed
at 1563, 1474, 1303, 1230, 804, and 518 cm™!, corre-
sponding to Ox-pg (quinoid ring structure), on—p (ben-
zenoid ring structure), vc-n, ve-NT, dc-n, and On—g (out-
of-plane bending), respectively, and characteristic peaks
of Na™—MMT are also observed at 1036 and 465 cm™!
(vsi—o and Jgi-0), as shown in Figure 2c.

X-ray diffraction (XRD) has often been used for
determining the degree of intercalation and/or exfolia-
tion of clay in the polymer matrix. When XRD patterns
for pristine clay (Nat—MMT), P(SSNa-co-BOC-AMS)/
clay, P(SSA-co-AMS)/clay, in-situ composite of PSSA-
g-PANI/clay, and simple blending of PSSA-g-PANI and
clay are compared with each other, as shown in Figure
3, the following facts are realized. First, the d-spacing
of Na*—MMT in P(SSNa-co-BOC-AMS)/clay increases
from 9.8 A in pristine clay to 19.4 A, as shown in Figure
3a and b, indicating that P(SSNa-co-BOC-AMS) chains
are intercalated into the gallery of clay layers. The
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Figure 4. TEM images of (a) in-situ PSSA-g-PANI/clay
nanocomposite, (b) simple blending of PSSA-g-PANI and clay,
(¢c) P(SSA-co-AMS)/clay nanocomposite, and (d) P(SSNa-co-
BOC-AMS)/clay nanocomposite.

increase of ca. 10 A in d-spacing corresponds roughly
to intercalation of one or two polymer chains into each
gallery of clay layers. Second, P(SSA-co-AMS)/clay does
not show any discernible peak in the XRD pattern
(Figure 3c), indicating that most of clay layers are
exfoliated in the polymer matrix. Since P(SSA-co-AMS)
obtained after elimination of BOC group from P(SSNa-
co-BOC-AMS) in acidic aqueous media has positively
charged nitrogens (NH3") in its structure, it is expected
that an ionic interaction between positively charged
nitrogen in P(SSA-co-AMS) and the negatively charged
surface of clay layers attributes to exfoliation of clay
layers in the polymer matrix. Third, in-situ composite
of PSSA-g-PANT/clay shows an exfoliated structure, as
can be seen in Figure 3d. This indicates that the
exfoliated structure of P(SSA-co-AMS)/clay is preserved
while in-situ composite of PSSA-g-PANT/clay is prepared
by in-situ graft copolymerization of ANI onto P(SSA-
co-AMS)/clay. Here, it is noteworthy that the protonated
imine nitrogen in grafted PANI is more favorable to
interact with negatively charged surface of clay layers
than the positively charged nitrogen in P(SSA-co-AMS).
Finally, simple blending of water-soluble PSSA-g-PANI
and Nat™—MMT also yields exfoliated structure, as
shown in Figure 3e.
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To more clearly identify exfoliated structures of the
nanocomposites, we obtained TEM images of the com-
posites, as shown in Figure 4, where dark stripes
represent the clay layers and the gray/white area
represents the polymer matrix. TEM images of in-situ
composite of PSSA-g-PANI/clay (Figure 4a), simple
blending of PSSA-g-PANI and clay (Figure 4b), and
P(SSA-co-AMS)/clay (Figure 4c) show fully exfoliated
structures, i.e., the nanosized clay sheets are uniformly
dispersed in the polymer matrix. On the other hand,
the TEM image of P(SSNa-co-BOC-AMS)/clay (Figure
4d) shows that the composite has a considerable amount
of stacked layers in which polymer chains are interca-
lated, which is consistent with the result of X-ray
diffraction (Figure 3b).

When the C—N stretching vibration in the FTIR
spectrum of PSSA-g-PANI is compared with that of
PSSA-g-PANI/clay nanocomposite, it is revealed that the
C—N stretching vibration of in-situ PSSA-g- PANI/clay
nanocomposite at 1303 cm ™! is slightly higher than that
of PSSA-g-PANI at 1301 cm ™!, as shown in Figure 5a.
This is probably due to physical interaction between
PANI chain and silicate layers.415 Another important
feature to be noted from Figure 5a is that the peak of
PSSA-g-PANI at 1216 cm™!, as interpreted as C—N™
stretching vibration in the polaron structure, not only
shifts to higher frequency (1230 cm~1) but also becomes
stronger in intensity when PSSA-g-PANT/clay nanocom-
posite is prepared. This indicates that the Coulombic
interaction between the positive nitrogen of PSSA-g-
PANTI and the negatively charged surface of clay layers
affects the vibrational motion of PANI.?® When the C—N
stretching vibration of P(SSNa-co-BOC-AMS) is com-
pared with that of P(SSNa-co-BOC-AMS)/clay, it is
revealed that the C—N vibration peak of P(SSNa-co-
BOC-AMS) at 1317 cm ™! does not change, as shown in
Figure 5b. This is because P(SSNa-co-BOC-AMS) does
not have positive charges for ionic interaction with the
negatively charged surface of clay. Figure 5¢ shows that
the C—N vibration peak of P(SSA-co-AMS) shifts to
higher frequency by 4 cm~! when P(SSA-co-AMS) forms
the nanocomposite with clay. This is because P(SSA-
co-AMS) has positively charged nitrogens (NH3™) for
interaction with the negatively charged surface of clay
layer.

The UV—vis spectrum of in-situ PSSA-g-PANI/clay
nanocomposite (or simple blending of PSSA-g-PANT and
clay) shows that polaron band transitions take place at
418 and 801 nm (or 417 and 797 nm), as shown in
Figure 6b and ¢, indicating that both PSSA-g-PANTI/clay
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Figure 5. Comparison of C—N stretching vibration bands: (a) PSSA-g-PANI versus in-situ PSSA-g-PANI/clay nanocomposite,
(b) P(SSNa-co-BOC-AMS) versus P(SSNa-co-BOC-AMS)/clay nanocomposite, and (¢) P(SSA-co-AMS) and P(SSA-co-AMS)/clay
nanocomposite. Solid line and dashed line represent pure polymer and polymer/clay nanocomposite, respectively.
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Figure 6. UV—vis spectra of (a) PSSA-g-PANI, (b) in-situ
PSSA-g-PANI/clay nanocomposite, and (c) simple blending of
PSSA-g-PANI and clay.
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Figure 7. TGA curves of (a) in-situ PSSA-g-PANI/clay nano-
composite and (b) PSSA-g-PANI.

nanocomposites are in a conducting state. The peak at
770 nm for PSSA-g-PANTI shifts to 797 and 801 nm for
in-situ PSSA-g-PANT/clay nanocomposite and simple
blending of PSSA-g-PANI and clay, respectively. This
shifting of the peak to higher wavelength indicates an
increase of conjugation length, a decrease of band gap
energy, and a delocalization of electrons in the polaron
band.?° This is attributed to the more extended chain
conformation of PSSA-g-PANI in PSSA-g-PANI/clay
nanocomposite as compared to the pure PSSA-g-PANI.
The exfoliated layers of Na*™—MMT may interact with
PSSA-g-PANI, and the interaction makes the polymer
chains more extended. As a result, the polaron band
becomes more dispersed in energy.!?

Although the polaron band transition peak of PANI
in PSSA-g-PANI/clay nanocomposites shifts to higher
wavelength as compared to that of pure PSSA-g-PANI,
the electrical conductivities of in-situ PSSA-g-PANI/clay
nanocomposite and simple blending of PSSA-g-PANI
and clay were 4.7 x 1072 and 4.2 x 1072 S/ecm, respec-
tively, which are lower than the conductivity of PSSA-
g-PANI (1.2 x 107! S/em). This decrease of conductivity
is attributed to interruption of interchain hopping of
charges between PSSA-g-PANI chains by uniformly
dispersed clay sheets. However, the decrease is not so
significant considering that the nanocomposites contain
a large content of clay (13 wt %). Here, it should be
mentioned that the electrical conductivity of interca-
lated PANT/clay nanocomposite is reported to decrease
by at least 2 orders of magnitude as compared to PANI
by other workers.20
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Figure 8. FESEM images of (a) PSSA-g-PANTI and (b) PSSA-
g-PANI/clay nanocomposite spin-coated on silicon wafer.

Figure 7 compares the thermal stability of the PSSA-
g-PANI/clay nanocomposite with that of the PSSA-g-
PANI. Both PSSA-g-PANI and in-situ PSSA-g-PANT/
clay nanocomposite do not show any significant weight
loss up to 300 °C in the TGA curve, whereas the PANIs
doped with acid dopants are reported to decompose at
200—300 °C.2! The better thermal stability of our system
is probably because the polymeric dopant (backbone
PSSA) in our system is covalently bonded to PANI. The
weight loss starting at around 300 °C is attributed to
elimination of sulfonic acid groups, which is mostly
accompanied with evolution of SOq as reported by Gupta
and Scherer?? and Hietala et al.2? It was also reported
that the thermal decompositions starting at around 400
and 500 °C are attributed to the decomposition of PSSA
and PANI, respectievely.?425 When the TGA curve of
in-situ PSSA-g-PANI/clay nanocomposite is compared
with that of PSSA-g-PANI, as shown in Figure 7, it is
revealed that in-situ nanocomposite is thermally more
stable than that of PSSA-g-PANI. This is probably
because the attractive Coulombic interaction between
the positive nitrogen in PSSA-g-PANI and the nega-
tively charged surface of the clay layer improves the
thermal stability.

When the surface morphology of a spin-coated film
of PSSA-g-PANT/clay nanocomposite was compared with
that of PSSA-g-PANI, it is observed that the nanocom-
posite has a better coatability than PSSA-g-PANI, as
shown in Figure 8. The film of PSSA-g-PANI coated on
glass plate or silicon wafer shows surface cracks (Figure
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8a), while the film of PSSA-g-PANTI/clay nanocomposite
has a very uniform surface (Figure 8b). This is because
the clay layers are dispersed in the polymer matrix on
the nanoscale and therefore effectively reinforce the
polymer matrix.

Conclusions

Exfoliated PSSA-g-PANI/clay nanocomposites have
been successfully prepared by in-situ graft polymeriza-
tion of ANI onto pre-exfoliated P(SSA-co-AMS)/clay
nanocomposite or by simple blending of PSSA-g-PANI
and Na®—MMT. XRD patterns and TEM images clearly
show exfoliation of clay layers in the polymer matrix
on the nanoscale. Analysis of FTIR spectra reveals that
the Coulombic interaction between the positive nitrogen
in the polymer and the negatively charged surface of
the clay plays an important role in exfoliation of clays
in the polymer matrix. The electrical conductivity of
PSSA-g-PANI/clay nanocomposite (4.7 x 1072 S/cm) is
slightly lower than that of pure PSSA-g-PANI (1.2 x
1071 S/ecm). However, this drop of conductivity is not as
significant as the case of intercalated PANI/clay nano-
composite. It is observed that the PSSA-g-PANI/clay
nanocomposite has better thermal stability and better
coatability than PSSA-g-PANI.
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