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ABSTRACT: Polyaniline (PANI)/porous silica MCM-41
(MCM-41) composite was synthesized according to surface
polymerization theory, and it was confirmed through com-
paring with PANI/solid silica (SiO2) by TGA and XPS tech-
niques. The morphology and composition of the composite
were also characterized by some techniques such as small-
angle XRD, N2-adsorption isotherm, SEM, FTIR, and UV–
vis. The thermal stability for the PANI/MCM-41 composite
was enhanced when compared with that of pure PANI. With
the increase in the concentration of HCl, the doping degree

increased and UV-absorption peak at about 700 nm showed
a red shift. The conductivity of the composite was enhanced
by increasing the concentration of HCl. The results of FTIR
showed that there was a strong interaction between PANI
and MCM-41. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101:
2088–2094, 2006
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INTRODUCTION

Polyaniline (PANI), one of most important conducting
polymers, has attracted considerable interest because
of its advantages such as easy synthesis and good
environmental ability as well as its electronic, biolog-
ical, and optical properties.1–4 However, PANI is in-
soluble in common solvents and not molten in nature,
which limits its applications. To compensate the de-
fects, PANI should be modified by incorporation of
inorganic materials. Because PANI/inorganic nano-
composites combine the merits of PANI and inorganic
nanoparticles, extensive research has been carried out
in this field.5 Various inorganic materials for the de-
velopment of the PANI/inorganic composites have
been reported.6–11

Among those inorganic materials, silica nanopar-
ticles have received great attention because of their
unique properties and wide applications.12 Primarily,
the objective of the research is to keep the conducting
polymer in a stable colloidal form, and this was pio-
neered by Armes et al.13 They succeeded in incorpo-
rating big silica particles (�1 �m) into the core of
PANI. Aniline was polymerized by ammonium per-
sulfate in the presence of silica colloids at low concen-

tration of monomer and oxidant. The purpose of this
technique is to slow down the rate and degree of
polymerization and promote the polymerization on
the colloidal surface rather than in bulk. Effectively,
the outer PANI layer of PANI/SiO2 colloids is soluble
to some extent. Repeat experiment was preformed by
using ultrafine colloidal silica (diameter less than 40
nm).14,15 The high-resolution TEM images confirmed
that the PANI/SiO2 composite had an unusual “rasp-
berry” morphology. These dispersions had good long-
term colloidal stability. Wang16 prepared the PANI/
SiO2 hybrids by using sol–gel process. The resultant
hybrids had a good dispersibility and self-assembly of
the conductive PANI network in the inorganic net-
work. The electrical conductivity of the hybrids with
20 wt % silica was four times higher than that of the
pure PANI. The PANI/SiO2 composite conductive
capsules and hollow spheres had recently been pre-
pared by using monodispersed polystyrene particles
as template.17 The resultant samples were self-stabi-
lized and doped in situ without external additives. By
incorporating silica into PANI host shell, the hybrid
capsules and hollow spheres became strong while
keeping the same conductivity level. Porous silica pos-
sesses high surface area, and the size of pores can be
tuned from 2 to 10 nm in a narrow diameter distribu-
tion by changing the experimental conditions. De-
pending on the channel arrangement, the mesoporous
silica is further divided into hexagonal mobile compo-
sition of matter (MCM)-41, cubic MCM-48, and lamel-
lar MCM-50.18 Synthesis of PANI in the porous silica
channels has attracted more and more attention. Wu
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and Bein19 fabricated a conductive filament of PANI in
MCM-41 by using MCM-41 host that was contacted
with aniline gas at 313 K for 24 h, which showed
significant conductivity. Cho et al.20 also synthesized
the PANI/MCM-41 composite using the same method
with that of Wu. This composite shows the property of
electrorheology more than that of MCM-41 or PANI
alone as a result of the anisotropic polarization of the
PANI/MCM-41 composite. PANI/SBA-15 composite
was also reported.21 The impedance of the composite
is found to be sensitive to humidity. The range of the
variation of the impedance for PANI/SBA-15 is obvi-
ously higher than that of bulk PANI. However, both
the above composites are prepared by using aniline
gas, which is not beneficial to the environment.

Some methods for the preparation of PANI/silica
composites such as sol–gel process,16 ultrasonic irra-
diation,22 graft polymerization of aniline,12 and tem-
plate method17 were reported. Surface polymerization
is another powerful method for fabricating the PANI/
inorganic composite. The polymerization of aniline at
the available surface precedes the precipitation poly-
merization in the bulk.23–25

In the present study, we synthesized PANI/
MCM-41 composite by using the surface polymeriza-
tion method. The morphology and composition of the
resultant composite were characterized by SEM, FTIR,
UV, TGA, XPS. Small-angle XRD and N2-adsorption
isotherms were used to demonstrate that the polymer-
ization of aniline took place not only on the surface
but also in the pores of MCM-41. In addition, we
investigated the effect of different concentrations of
HCl-doped PANI on the optical and electrical proper-
ties of PANI/MCM-41 composite.

EXPERIMENTAL

Materials

Aniline, ammonium persulfate (APS), tetraethylsilox-
ane, and cyltrimethylammonium bromide were pur-
chased from Shanghai Chemical Reagent Co. (Shang-
hai, China). Aniline was distilled under reduced pres-
sure, and other reagents were used as received
without further purification.

Synthesis of PANI/MCM-41 composite

Preparation of MCM-41 was performed according to
Ref. 26. The PANI/MCM-41 composites doped with
different concentrations of HCl were synthesized by
surface polymerization of aniline. For example,
PANI/MCM-41 doped with 1M HCl was synthesized
as follows: 0.1 mL of aniline was mixed with 20 mL of
1M HCl under vigorous stirring at room temperature
for 30 min. About 0.2 g of MCM-41 was added to the
above solution, and the solution was kept vigorous

stirring for 30 min to obtain a uniform suspension
containing MCM-41. Finally, 5 mL of 1M HCl aqueous
solution of APS was introduced into the above mix-
ture, and the resulting mixture was allowed to react
under gentle stirring for 12 h. The PANI/MCM-41
precipitate was centrifuged and washed with distilled
water and ethanol till the filtrate became colorless and
then dried at 40°C for 24 h. In the experiment, the
molar ratio of aniline to APS was retained at 1:1.
PANI/MCM-41 composites doped with other concen-
trations of HCl (10�1, 10�2, 10�3, 10�4, and 10�5M)
were synthesized using a similar method. Meanwhile,
PANI/MCM-41 composites doped with 1M of HCl
were also synthesized by using different amounts of
aniline (0.05, 0.1, and 0.2 mL) for a comparative study.

Furthermore, solid silica (SiO2) nanospheres with
the size of about 150 nm were fabricated as described
by Stöber et al.27 The PANI/SiO2 composites doped
with different concentrations of HCl were synthesized
by a similar method as that of PANI/MCM-41. Mean-
while, HCl-doped homo-PANI particles for the com-
parison were also synthesized by using the conven-
tional oxidation polymerization of aniline. A solution
of aniline (0.1 mL) monomer in 1M HCl (20 mL) was
stirred at room temperature for 30 min. About 5 mL of
1M HCl aqueous solution of APS was added to the
above solution, and the reaction was maintained for
additional 12 h. The molar ratio of aniline to APS is
1:1. The resulting PANI precipitate was washed with a
large amount of distilled water. Finally, the product
was dried at 40°C for 24 h.

Characterization

FTIR measurements of the samples were performed
on Bruker Fourier transform spectrometer model
VECTOR 22 using KBr pressed discs. UV–vis spectra
were measured on a UV-2401PC UV–vis recording
spectrophotometer. The composites were dispersed in
distilled water through ultrasound irradiation. Pow-
der X-ray diffraction (XRD) data were recorded using
a Shimadzu XD-3A diffractometer with Cu K� radia-
tion (� � 0.15418 nm). The morphologies of the prod-
ucts were measured using a JSM-5610LV scanning
electron microscope (SEM). Before SEM measurement,
the samples were sputtered with thin layers of plati-
num. X-ray photoelectron spectroscopy (XPS) analysis
was carried out using ESCALAB MK II X-ray photo-
electron spectroscope. The amount of PANI within the
composites was determined using Shimadzu TGA-50
instrument from room temperature to 800°C with a
heating rate of 10°C/min in air atmosphere. The con-
ductivities of the samples were measured by a two-
probe method using a DT9205 digital multimeter. For
each of the conductivities reported, at least three mea-
surements were averaged. N2-adsorption isotherms
were determined at 77 K using nitrogen in a conven-
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tional volumetric technique using a Micromeritics
ASAP 2020 surface area and porosity analyzer. Before
experiment, the samples were evacuated for 12 h at
120°C. The BET surface area was calculated based on
adsorption data in the partial pressure (P/P0) range
0.01–0.36.

RESULTS AND DISCUSSION

Polymerization of aniline on the surface of MCM-
41

The oxidative polymerization of aniline with APS pro-
ceeding in aqueous medium has two distinct steps: an
induction period, in which the oligomeric species are
the main products, followed by the polymerization.8

In the induction period of aniline polymerization, the
oligomeric species mainly exist around the silica and
adsorbed by the surface of silica because the polymer-
ization of aniline can be catalyzed by the available
surface. The polymerization of aniline has an autocat-
alytic effect and it is enhanced by the present PANI.28

Therefore, the aniline polymerization takes place on
the surface of silica preceding in the bulk, which re-
sults in the formation of PANI-coated silica composite.
If the theory of surface polymerization of aniline is
correct, the rate of aniline conversion to PANI should
be higher in the PANI/MCM-41 system than that of
PANI/SiO2 because the BET surface area is much
larger than that of SiO2.28 According to the surface
polymerization theory, Stejskal and coworkers28,29 hy-
pothesized that the polymerization of aniline could be
catalyzed by the adsorption of an oligomeric interme-
diate at the available surface, and further, they tested
that the surface of silica had a catalytic effect on the
initiation of aniline polymerization. Porous silica with
different BET surface area was used to test this hy-
pothesis. In their experiment, the external surface area
of the particles rather than the total surface area af-
forded by the pores had a key effect on the catalysis of
the reaction. The pores of silica have less effect on the

polymerization of aniline because the aniline inside
the pores is less accessible to the oxidant. In the
present experiment, a gentle stirring was used to make
the dispersion of the oxidant in the whole solution.
The doping PANI can make all the white MCM-41
particles become green even though the concentration
of aniline is very low because the aniline polymeriza-
tion takes place on the surface of MCM-41 including
the pores of MCM-41.

The SEM images of MCM-41 and PANI/MCM-41
are shown in Figure 1. The surface of the pristine
MCM-41 is smooth, as shown in Figure 1(a). A char-
acteristic “raspberry” morphology of PANI/MCM-41
is observed in Figure 1(b), because many pores are
present on the surface of MCM-41, which lead to the
formation of the “raspberry” morphology.

Small-angle XRD patterns of MCM-41 and PANI/
MCM-41 are shown in Figure 2. An intense (100) peak,

Figure 1 SEM images of (a) MCM-41 and (b) PANI/MCM-41. Synthetic conditions: aniline 0.1 mL, [An]:[APS] � 1:1,
MCM-41 0.2 g, [HCl] � 1M, reaction time 12 h, reaction temperature 25°C.

Figure 2 Small-angle XRD patterns of (a) pristine MCM-41
and PANI/MCM-41 synthesized with different amounts of
aniline: (b) 0.05 mL, (c) 0.1 mL, and (d) 0.2 mL. Synthetic
conditions: [An]:[APS] � 1:1, MCM-41 0.2 g, [HCl] � 1M,
reaction time 12 h, reaction temperature 25°C.
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followed by minor (110) and (200) peaks, correspond-
ing to a highly ordered hexagonal structure of
MCM-41 [Fig. 2(a)] is observed for pristine MCM-41.
An obvious reduction in the peak intensities takes
place after aniline polymerization as shown in Figures
2(b)–2(d) because of the inclusion of the polymeriza-
tion of aniline in the channels. Moreover, with the
increasing amount of aniline, the decreasing level of
the intensity for the (100) peak is more significant. The
minor (110) and (200) peaks disappear when the
amount of aniline is 0.2 mL.

The PANI confined within the channels of MCM-41
is also confirmed by a nitrogen sorption measurement.
The N2-adsorption isotherm curves of both the pris-
tine MCM-41 and PANI/MCM-41 composites pre-
pared by using different amounts of aniline are rep-
resented in Figure 3. The BET surface area of the
pristine MCM-41 is 1034.9389 m2/g. When the amount
of aniline is 0.05, 0.1, and 0.2 mL, the BET surface areas
of the PANI/MCM-41 composites are 989.2947,
950.9025, and 716.9462 m2/g, respectively. The de-
crease in BET surface area and the amount of nitrogen
adsorbed volume for PANI/MCM-41 composites in
comparison with that of pristine MCM-41 clearly
shows that PANI is present in the pores of MCM-41. A
similar decrease in specific area is observed after en-
trapment of poly(diphenylamine)30 and enzymes.31

Structural characterization and confirmation of the
theory of surface polymerization

The FTIR absorption spectra of PANI, SiO2, MCM-41,
PANI/MCM-41, and PANI/SiO2 are shown in Figure
4. In the case of pure PANI, the main peaks at 1563
and 1481 cm�1 can be assigned to the stretching vi-

brations of quinone and benzene rings, respectively.
The peaks at 1298 and 1243 cm�1 correspond to the
CON stretching vibration. The in-plane bending of
COH is reflected in the 1123 cm�1 peak. The peak at
799 cm�1 is attributed to the out-of-plane bending of
COH. The SiOOOSi symmetric stretching mode of
SiO2 and MCM-41 occur at 1097 and 1086 cm�1, re-
spectively. Both the peaks at 1096 cm�1 for PANI/
SiO2 and at 1083 cm�1 for PANI/MCM-41 can be
assigned to the overlap of the in-plane bending of
COH and SiOOOSi symmetric stretching vibration.
The stretching modes of quinone and benzene rings
are located at 1579 and 1492 cm�1 versus 1568 and
1487 cm�1 for PANI/MCM-41 and PANI/SiO2, re-
spectively. The CON stretching vibrations for PANI/
MCM-41 and PANI/SiO2 appear at 1303 and 1245
cm�1, 1301 and 1245 cm�1, respectively. In addition,
the IR bands for the out-of-plane bending of COH are
in good agreement with the values of 803 and 801
cm�1 for PANI/MCM-41 and PANI/SiO2, respec-
tively. For the two composites, the absorption peaks of
quinone and benzene rings, CON stretching vibra-
tions and out-of-plane bending of COH are all shifted
to higher wave numbers compared with that of PANI
homopolymer. The results show a strong interaction
between PANI and silica, which is identical with the
results of Ref. 22. The IR data indicates that the CAC,
CON, and COH bands within the polymer are influ-
enced by the silica particles. The shifts of the adsorp-
tion peaks for these groups are directly related to the
differences in electron density. Because there are
many OOH groups on the surface of silica, the elec-
tron density may be changed when they combine with
PANI. The induction effect ofOOH leads to the shifts
to higher wavenumbers of the adsorption peaks for
these groups.

Figure 3 N2-adsorption isotherm curves of pristine
MCM-41 and PANI/MCM-41 prepared with different
amounts of aniline. Synthetic conditions: [An]:[APS] � 1:1,
MCM-41 0.2 g, [HCl] � 1M, reaction time 12 h, reaction
temperature 25°C.

Figure 4 FTIR spectra of (a) PANI, (b) SiO2, (c) MCM-41,
(d) PANI/MCM-41, and (e) PANI/ SiO2. Synthetic condi-
tions: aniline 0.1 mL, [An]:[APS] � 1:1, SiO2 (MCM-41) 0.2 g,
[HCl] � 1M, reaction time 12 h, reaction temperature 25°C.
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The UV–vis spectra of PANI/SiO2 and PANI/
MCM-41 are shown in Figure 5. Figure 5(a) shows that
both the composites have similar features as that of
pure PANI. They exhibit three characteristic peaks: an
absorption peak at �330–370 nm represents the �–�*
transition of the benzenoid ring,32 and two absorption
peaks at �430–460 nm and �700–900 nm can be
assigned to the polaron band transitions, while the
presence of the peak at �700–900 nm also proves that
the PANI is obtained in doped state. Figures 5(b) and
5(c) show the UV–vis spectra of different concentra-
tions of HCl-doped PANI/SiO2 and PANI/MCM-41.
The absorption peak at about 700 nm shows a red shift
to 850 and 825 nm for PANI/SiO2 and PANI/MCM-41
with the increase in the concentration of HCl from
10�5 to 1M, respectively. Furthermore, this adsorption
peak becomes broader with the increase in the con-
centration of HCl. This result indicated that the dop-
ing degree was higher, and emeraldine salts were
more delocalized.33

Figure 6 shows the TGA curves of the compositions
for pure PANI, PANI/SiO2, and PANI/MCM-41 com-
posites. The residual weight percentage refers to the
weight percentage content of silica in the composite.
In general, the thermal behavior of PANI shows a
three-step weight loss process, as observed in the three

TGA curves indicating the majority weight loss for
respective steps. The first weight loss just below 100°C
is attributed to the loss of water, and the second
weight loss ranging from 200 to 300°C is believed to be

Figure 5 (a) UV–vis absorption spectra of (1) SiO2, (2) MCM-41, (3) PANI, (4) PANI/SiO2, and (5) PANI/MCM-41. Synthetic
conditions: aniline 0.1 mL, [An]:[APS] � 1:1, SiO2 (MCM-41) 0.2 g, [HCl] � 1M, reaction time 12 h, reaction temperature 25°C.
(b) Different concentrations of HCl-doped PANI/SiO2. (c) Different concentrations of HCl-doped PANI/MCM-41. Concen-
trations of HCl in (b) and (c) are 100, 10�1, 10�2, 10�3, 10�4, and 10�5M from high to low, respectively. Other experimental
conditions are identical with the former.

Figure 6 TGA curves of (a) PANI, (b) PANI/SiO2, and (c)
PANI/MCM-41. Synthetic conditions: aniline 0.1 mL, [An]:
[APS] � 1:1, SiO2 (MCM-41) 0.2 g, [HCl] � 1M, reaction time
12 h, reaction temperature 25°C.
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due to the departure of acid dopant (HCl).34 The third
weight loss starting at around 306°C is assigned to the
decomposition of PANI chains.35 As a comparison, the
third weight loss percentage content of PANI/
MCM-41 is about 18.13%, which is higher than that of
PANI/SiO2 (15.92%). The result shows that the rate of
aniline conversion to PANI in the PANI/MCM-41
composite system is higher than that of PANI/SiO2
composite system in the same experimental condi-
tions, which confirms that the surface has a catalytic
effect. Because the specific surface area of the porous
silica MCM-41 is much larger than that of solid silica
SiO2, the catalytic effect of the former is stronger than
the latter, which results in the higher content of PANI
in the PANI/MCM-41 composite. In addition, the
temperature of decomposition for PANI chains of the
two composites is higher about 45°C than that of pure
PANI. Because silica is stable in the range from room
temperature to 800°C, when it is combined with PANI,
the thermal stability of PANI would be enhanced.

Figure 7 presents the wide scan XPS spectra of
PANI/SiO2 and PANI/MCM-41. Table I shows the
binding energy and composition of every element in
the surface. The binding energy of every element is
slightly different owing to the change of environment.
The percentage of every atom in the surface of the two
composites is determined by the ratios of the peak
areas corrected by the empirical sensitivity factors.
The Si/N atom ratio on the surface of the PANI/SiO2
is 9.88 and that of PANI/MCM-41 at the same condi-
tion is 5.75, which is lower than that of PANI/SiO2.
Furthermore, the content of Cl atom is higher in the
PANI/MCM-41 composite system than in the PANI/
SiO2. The result indicates that the rate of aniline con-

version to PANI and doping level of PANI/MCM-41
composite is higher than that of PANI/SiO2 compos-
ite, which is consistent with the result of TGA. The
theory of surface polymerization of aniline is further
confirmed by the results of both TGA and XPS.

Conductivity

The conductivities of the two composites are shown in
Table II. Silica is a kind of insulator, so that when
conductive PANI and silica are combined, it forms the
conductive channels. The MCM-41 particles are ar-
ranged disorderly, and many PANI particles in the
pores of MCM-41 hinder the formation of good con-
ductive channels. Although the content of PANI is
higher in PANI/MCM-41 than that in PANI/SiO2, the
conductivity of PANI/MCM-41 is lower than that of
PANI/SiO2. The conductivities of the two composites
become higher with the increase in the concentration
of HCl.

CONCLUSIONS

PANI/MCM-41 composite was synthesized by chem-
ical oxidative polymerization of aniline on the surface
of MCM-41 in the presence of HCl. The result of FTIR
suggested a strong interaction between PANI and
MCM-41. Small-angle XRD patterns and N2-adsorp-
tion isotherms of PANI/MCM-41 showed that PANI

Figure 7 Wide-range X-ray photoelectron spectra of (a)
PANI/SiO2 and (b) PANI/MCM-41. Synthetic conditions:
aniline 0.1 mL, [An]:[APS] � 1:1, SiO2 (MCM-41) 0.2 g, [HCl]
� 1M, reaction time 12 h, reaction temperature 25°C.

TABLE I
Binding Energy of Every Element on the Surface of

PANI/SiO2 and PANI/MCM-41

Element

PANI/SiO2 PANI/MCM-41

Atomic % BE (ev) Atomic % BE (ev)

C1s 20.51 291.30 23.06 291.95
O1s 54.01 540.45 51.34 540.80
N1s 2.29 405.60 3.65 406.50
Si2p 22.63 110.90 20.99 111.45
Cl2p 0.56 203.25 0.96 203.95

TABLE II
Conductivities of Different Concentrations of HCl-

Doped PANI/SiO2 and PANI/MCM-41

Concentrations of
HCl (mol/L)

Conductivity (S/cm)

PANI/SiO2 PANI/MCM-41

100 3.76 � 10�3 3.12 � 10�5

10�1 1.68 � 10�3 1.71 � 10�5

10�2 3.79 � 10�4 1.44 � 10�5

10�3 3.18 � 10�4 4.68 � 10�7

10�4 2.97 � 10�4 2.48 � 10�7

10�5 1.31 � 10�4 1.95 � 10�7

Synthetic conditions: aniline 0.1 mL, [An]:[APS] � 1:1,
SiO2 (MCM-41) 0.2g, reaction time 12 h, reaction tempera-
ture 25°C.
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was present not only on the surface of MCM-41 but
also in the pores of MCM-41. XPS and TGA indicated
that the rate of aniline conversion to PANI in PANI/
MCM-41 composite system was higher than that of
PANI/SiO2. These results further confirmed the sur-
face polymerization theory of aniline. Furthermore,
TGA measurement confirmed the thermal stability
was enhanced after combining with MCM-41. UV–vis
spectra indicated that the doping degree was higher
and emeraldine salts were more delocalized with the
increase in the concentration of HCl. Moreover, with
the increase in the concentration of HCl, the conduc-
tivity of the composite became higher. The PANI/
MCM-41 combined the merits of PANI and silica. The
thermal stability of PANI was enhanced by incorpo-
rating it into MCM-41, and MCM-41 became conduc-
tive after combining with PANI.
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