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Artigo

Polyaniline-silica composites made with mesoporous silica have been reported to improve the mechanical properties of the free

polymer. However, there are not many studies about the effect of the chemical and physical properties of the inorganic material

used as hosts over the final properties of polyaniline and the composites. Here, polyaniline-silica composites, exhibiting electrical

conductivity, were synthesized using different types of SBA-16 mesoporous silica as hosts. The effects of the characteristics of the

hosts in the polymerization kinetic, molecular weight and electrical conductivity of the final polymer were studied. The composites

showed higher electrical conductivity in comparison with polyaniline synthesized under similar conditions of this work but in the

absence of silica. The use of silica allowed to obtain composites with defined morphology, which did not occur in the absence of

these hosts. From the results of this work, it can be concluded that SBA-16 mesoporous silica hosts have a bifunctional role in the

formation of polyaniline-silica composites: the hosts behaved like nucleation sites, which favors polymerization of high molecular

weight polyaniline and they catalyzed the polymerization reaction, especially when aluminum is present in the structure of the host.
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INTRODUCTION

An organized porous structure, large pores and uniform thickness
pore walls characterize mesoporous silica materials. The first fam-
ily of this kind of materials, designated like M41S, was obtained by
Mobil Corporation in 1992, by using a cationic surfactant in basic
medium.'? Since their discovery, other kinds of families of silica
have been reported.** The SBA-15 and SBA-16 silica type have a
hexagonal and cubic porous structure, respectively. They have inter-
connected pores, larger pore size, higher wall thickness, thermal and
mechanical stability compared with the M41S silicas.?

The SBA-16 silica is a mesoporous material with 3D cubic pore
arrangement corresponding to Im3m space group.®” In this body-
centered-cubic structure, each mesopore is connected with its eight
nearest neighbors to form a mesoporous network, which is also con-
nected with micropores. The combination of high surface area and
thermal stability with 3D structure of the SBA-16 silica allows its use
as a host for the synthesis of composite materials. A 3D structure is
also a desired property in electronic applications because it offers a
more efficient interconnection.®® However, the silica is an insulator
material, which has motivated the synthesis of composite materials by
adsorbing electrical conductive polymers in its walls, which permitted
to combine silica properties such as stiffness, thermal and mechanical
stability with advantages of the polymer such as flexibility, electri-
cal conductivity, ductility and processability.!’ Polyaniline (PANT)
is one of the most studied polymers in the last years and it has been
used in many devices such as rechargeable batteries,!' fuel'>"* and
solar cells,'*!” coatings'®!"” and sensors.?*?! PANI exhibits different
advantages like the simple process of synthesis,?? low cost and high
electrical conductivity, which can be modulated by changing the
oxidation and protonation degree.?

Some examples of PANI-silica composites include those prepared
with colloidal silica, maintaining the conductivity of the polymer in a
stable colloidal form and improving the mechanical behavior of the
material.* PANI-silica composites made with MCM-41 or SBA-15
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silica show better electrorheology and impedance properties than
the free polymer.>>%

Annunziata et al.” researched the effect of the presence of sodium
or aluminium in the adsorption of aniline into the SBA-16 silica. But
they did not worry about the polymerization process and the electrical
conductivity properties of the composite materials.

Thus, our goal is to investigate the effect of the porosity (surface
area and pores sizes) and chemical properties of the SBA-16 hosts on
the yield and kinetic of aniline polymerization and their correlation
with PANI molecular weight and conductivity properties of the com-
posite materials. The use of hosts with large pore size and surface area
favoured the polymerization rate and the efficiency of the reaction.

EXPERIMENTAL
Materials

Pluronic F-127, cetyltrimethylammonium bromide (CTABr),
tetraethylorthosilicate (TEOS, 98%), aniline (99.5%), sodium fluo-
ride (NaF), hydrocloric acid (HCl), ammonium persulfate (APS) and
N-methylpyrrolidone (NMP) were purchased from Sigma-Aldrich.
Sodium aluminate (Na,Al,O,) from Merck.

Synthesis of the mesoporous silica hosts

The reference SBA-16 material, designated as S host, was syn-
thesized according to the reported method,” by using a mixture of
nonionic block copolymer Pluronic F-127 and CTABr surfactants
as porous structure directing agents, and TEOS as silica source. The
molar ratio was 1TEOS: 0.005 F127: 0.020 CTABr: 495 H,0: 3.5HCI.
The mixture was aged at 95 °C for 5 days. After that, the mixture was
filtrated, washed and dried at 60 °C. The surfactant was removed for
a calcination process at 540 °C.

Synthesis of modified mesoporous silica hosts (S-NaF or S-Al)

The S-NaF material was synthesized following the same
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procedure for the S host obtention but adding NaF in the reaction
mixture (ITEOS: 0.002 NaF).

The S-Al host was obtained by a post-synthesis alumination: the
calcined S host. This material was treated with 0.20% wt/v Na,Al,O,
aqueous solution, following the procedure described on the literature
(theoretical relation Si/Al= 20).28%

Polymerization of Aniline (ANI) in the hosts

The hosts were activated at 200 °C for 2 h. Then, they were put in
contact with pure liquid aniline at 25 °C for 2 h (4 g ANI: 1 g host).
The samples containing aniline adsorbed in the host were named
ANI-S, ANI-S-Al or ANI-S-NaF. A solution of 1.0 mol L' APS was
added to the mixture as initiator agent for the aniline polymerization
(1 ANI: 0.26 APS molar ratio). The reaction mixture was magnetically
stirred for 2 h. The final material was filtered and washed with 0.1
mol L'HCI and distilled water, and dried at 60 °C for obtaining the
PANI-host composite materials. They were denoted as P-S, P-S-Al
and P-S-NaF, where P stands for the PANI polymer in each host.

Characterization

The total surface area, average pore diameter and porous volume
of the hosts and PANI-host composites were calculated according to
BET and BJH models from nitrogen adsorption isotherm at 77 K,
obtained with a Micromeritics ASAP 2020 apparatus. The samples
were degassed at 250 °C for 12 h prior to analysis.

The chemical surface of the hosts was determined from Infrared
analysis (FTIR) in transmittance mode on Spectrum One PerkinElmer
equipment (4000-500 cm™). For determining the presence of alumi-
num in the structure, the hosts were saturated with pyridine for 2 h at
room temperature and their FTIR spectra were scanned in the range of
1400-1700 cm''. The ¥’ Al solid-state nuclear magnetic resonance (*’Al
NMR) was recorded using a Bruker solid state spectrometer in order
to determine the kind of incorporated aluminium. The spectra were
recorded at 100 K, spin rate was 8000 Hz and the relaxation delay
was 600 s to ensure the system was completely relaxed to equilibrium.

The ANI and PANI mass percentage in the composites materials
were determined by thermogravimetric analyses (TGA, Q500 TA
Instruments), under air atmosphere in the ANI-hosts and PANI-hosts
composites. The ANI or PANI mass percentages were calculated in
dry base using the thermal event between 100-160 °C and 200-600
°C, respectively.

Morphology of the hosts and PANI-host composites was seen by
using Scanning Electron Microscope (SEM) Philips XL-30 equip-
ment. Before the measurements, the samples were degassed and
coated with gold.

The statistics of particle sizes were determined using the Image]
program.

The kinetic of ANI polymerization in the three different hosts
were monitored by recording the temperature and pH changes
throughout time, since the polymerization of aniline is exothermic
and sulfuric acid is produced.

The average molecular weight (M,) of the PANI polymer was
determined by the intrinsic viscosity method following the report of
Mark-Kuhn-Houwink-Sakurada, which consider , where K and o are
constants equal to K = 1.95x10°, oo = 1.36 for the PANI and is the
intrinsic viscosity.* Firstly, the interference of hosts was eliminated
by washing the composite material with a 40% HF solution. Solutions
of PANI in NMP (0.002-0.006 g cm™) were prepared by an ultrasonic
treatment because the PANT is slightly soluble in NMP.*! The Ostwald
viscometer was used for measuring the falling time (t) of the solutions
with different PANI concentration (c¢) at 30 °C.*
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The intrinsic viscosity ( was obtained from the relative viscosity
(M= t*t; "), where t, is the falling time for the solvent. When the
polymer concentration is near to zero, 1, can be related with inherent
viscosity (M;,=(In(M,)) * ¢!) and reduced viscosity (N,eq-(M,y-1) * )
for building the Kraemer (1, vs ¢) and Huggins (0.4 vs ¢) graphs. The
interception between these two graphs gives the intrinsic viscosity.
The measurements were performed by duplicate.

The type of PANI was determined by UV-Vis spectroscopy
for solutions of PANI in NMP, by using a PerkinElmer equipment
(200-1000 nm).

For the electrical conductivity properties of the PANI-hosts
composites, a paste was manually prepared by mixing an amount
of polymer particles with epoxy resin. Then, the paste was com-
pacted by using pressure for obtaining a 0.4 mm of thickness. The
electrical conductivity of the PANI-host composites was obtained
by using the Ohm’s law, from potential applied (V) vs. current
(I) curve, which was measured using a potentiostat-galvanostat
Autolab® PGSTAT101.

RESULTS AND DISCUSSION
Characterization of hosts

Figure 1 shows the FTIR spectra of the hosts. All spectra exhibit
typical absorption bands for silica materials: 3484 cm™ (bonded
Si-OH stretching and physisorbed water) and 1121 cm™ (Si-O-Si
asymmetric stretching).’ The signal at 1653 cm! is due to the pres-
ence of adsorbed water.”® Signal at 969 cm™ and 962 cm™! for S-NaF
and S hosts, respectively, are assigned to asymmetric stretching of
Si-O neighboring to Si-OH.* Martinez et al.  attributed the absence
of these signals to the interaction of surface silanol groups with Al
species forming Si-O-Al bonds. This signal is not observed in the
S-Al material, indicating that the incorporation of aluminum into
the silica network was accomplished. This is corroborated by the
presence of 1600 cm™ and 1446 cm™! bands in the FTIR spectra for
the pyridine adsorbed in the hosts. These bands are due to pyridine
interacting with hydrogen-bonded and free weakly acidic silanol
groups, respectively (Bronsted groups).****

The signal around 1633 cm™ for S-Al samples is assigned to
pyridine interacting with tetrahedral or octahedral Al in Bronsted
and Lewis sites, respectively.** The Al NMR was used to dif-
ferentiate the coordination of the aluminium atom in the structure
(Figure 2). The >’ Al NMR spectrum shows just a signal at 53 ppm
typically assigned to tetrahedral aluminium atoms suggesting the
formation of Bronsted groups, because of the formation of Al-O-Si
bonds in the structure.’” The presence of this aluminium confers
more acidic properties to the S-Al material compared with the S
and S-NaF materials.?®

The nitrogen adsorption-desorption isotherms and BJH distri-
butions for hosts are shown on Figure 3. All isotherms are IV type
with H2 hysteresis type. This kind of isotherm is characteristic of
mesoporous materials such as SBA-16 silica, due to the interconnec-
tivity of its pores. The S-Al and S-NaF samples exhibit isotherms
with lower amount of adsorbed nitrogen and smaller surface areas
than the S host (Table 1).

In the case of S-Al host, a partial collapse of the porous structure
during the treatment with Na,Al,O, can be responsible of the decrease
of the pore volume and the surface area compared with the original S
host. On the other hand, the differences in the porous characteristics
for S and S-NaF silica are due to the changes induced for the presence
of F-ions in the reaction mixture. The F-species play a catalytic role,
increasing the TEOS hydrolysis and the polycondensation rates. The
F ions also induce changes in the mechanism formation of silica



Vol. 39, No. 7

% Transmittance
1

1653

3478 121

Polymerization of aniline in different SBA-16 silica hosts

— 800
962

969

\

T T T T T T T T
4000 3500 3000 2500 2000

Wavenumbers (cm'1)

T T
1500

T T 1
1000 500

847

N
1

e

Kubelka-Munk (KM)

1600

1633 1446

f

1
1400

T T T T T
1700 1650 1600 1550 1500 1450

Wavenumbers (cm'1)

Figure 1. FTIR spectra: (a) S-Al, (b) S, (¢) S-NaF hosts; and (d)S-NaF; (e) S-AL (f) S hosts after adsorption of pyridine
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Figure 2. Al NMR spectrum for S-Al sample

Table 1. Porous properties of samples

BET Area B.JH Pore  Total Porous Particle sizes
Sample (m® &) diameter volume (um)
& (nm) (cm® g) H
S 1283.0 5.8 1.09 34+1.8
P-S 292.3 1.9 0.47
S-NaF 524.0 44 0.66 04+0.3
P-S-NaF 583.7 1.9 1.01
S-Al 469.0 6.6 0.62 2.1%+1.2
P-S-Al 572.2 1.9 0.93
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particles, because they modity the interaction between the surfactant
and siliceous species. All these effects lead to the seen changes on
the porous properties.*

Besides, the use of NaF in the synthesis leads to the formation of
spherical particles in the S-NaF host (Figure 4c¢) with particle sizes (<
1um) smaller than those observed in the S and S-Al silica materials
(Figures 4a and 4b). Meanwhile, the alumination process does not
generate changes of the particle morphology in comparison with the
S silica materials (Figure 4b).

Adsorption of aniline in hosts

Figure 5 shows the TGA thermograms obtained for ANI-host
composites, from which it is possible to calculate the mass percentage
of incorporated aniline. In general, one loss event for the ANI-host
composites is observed in the thermograms, in which the overlapping
of two signals is appreciated. It could be due to the presence of aniline
in the surface of the hosts and aniline inside of their pores. The later
desorbs to a higher temperature.

Figure 6 summarizes the results for the mass percentage of ANI
and PANI incorporated in the hosts. In theory, for the used hosts in
this work, having a pore volume of 1.09-0.62 cm® g™, they could ac-
commodate about 1.27-0.73g of ANI, which represent about 69.5-39.5
%owt ANI inside the pores. These results are obtained using the molar
volume of ANI calculated by GAUSSIAN program (79.45 cm® mol™).
The mass percentages of incorporated ANI obtained experimentally
(Figure 6) are higher than theoretical values, which indicate that ANI
is either inside of the pores and in the external surface area of the
particles. However, it is expected that the higher quantity of ANI is
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Figure 3. Nitrogen adsorption-desorption isotherms of (a) S, (b) S-Al, (c¢) S-NaF and BJH distributions of (d) S, (e) S-NaF; (f) S-Al of hosts
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inside the pores due to the high pore volume and the surface area of
the hosts (Table 1).

The differences in the chemical surface of the hosts contributed
to the different mass percentage of the adsorbed ANI in each host
and the posterior polymerization degree (Figure 6).
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Figure 6. Mass Percentage of ANI and PANI in the S, S-Al and S-NaF hosts
Polymerization of aniline in hosts

The ANI adsorbed in the host is polymerized, resulting in PANI-
host composites that have ANI mass percentage between 43 — 48 %wt
(Figure 6). The polymerization yield is higher for the P-S-NaF and
P-S-Al samples than for P-S one, showing the beneficial effects of
the silica modification with aluminium or NaF.
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The ANI-host and PANI-host composite FTIR spectra are com-
pared in Figure 7 for corroborating the polymerization. The signals at
1622 cm' (H-N-H bending) and 1468 cm™! (benzenoid C-C stretching)
are observed for ANI-host samples indicating the presence of the
aniline in the host. The absence of signals around 1600 cm™ in the
spectra for PANI-host composites and the appearance of new bands at
1445 cm! and 1402 cm™ due to C=N of head-coil and N=N head-head
polymerization, respectively,**#! indicate the aniline polymerization.

Porous properties of the PANI-host composites are compared
with the free hosts (Table 1). The decrease of the pore diameter in the
PANI-host composites, compared with the respective host, (Table 1)
indicates that the ANI polymerization is occurring inside the pore of
the hosts. This kind of polymerization in confined systems has been
observed by Stejskal.** However, the polymerization in the external
surface in the host particles cannot be completely neglected, as it is
shown by the surface area and the pore volume increase in these com-
posites materials especially for P-S-NaF and P-S-Al. These results are
corroborated by the SEM analysis (Figure 4). PANI-host composites
showed a similar morphology to the pristine hosts, indicating that
the polymerization generally resulted inside of the pores. However,
the presence of imperfections in the borders of particles confirms
also the presence of polymerized aniline surrounding the particles.
This effect is more evident when S-Al and S-NaF hosts were used.
It may indicate that the polymerization of ANI outside of the pores
results in the formation of additional porosity, which is not dependent
of the host porosity.

The obtained PANI in the composites is mainly emeraldine type
(Figure 8). The use of HCI for washing the PANI-host composites
generates a doped emeraldine with deprotonated oxidized repeat
units, resulting in a @ delocalization in the polymer backbone.* Two
absorption peaks for the UV spectra are observed (Figure 8). The first
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Figure 7. FTIR of (a) S, (b) P-S, (c) ANI-S, (d) S-Al, (e) ANI-S-Al, (f) P-S-Al, (g) S-NaF, (h) ANI-S-NaF, (i) P-S-NaF
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peak around 293 nm is associated with the forbidden transition to an
excited homopolar state in the substituted benzene rings. The second
peak (373 nm) is associated with polyaniline in state of emeraldine
assigned to m—7* excitation of the substituted benzenoid ring.**
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Figure 8. UV-Vis spectra of PANI-hosts materials: (a) P-S, (b) P-S-Al, (c)
P-S-NaF

Effect of the host in the polymerization kinetic of aniline and
molecular weight of polyaniline

Polymerization of aniline mediated by APS is an exothermic
process and protons are produced, increasing the acidity in the reac-
tion medium. Thus, the polymerization reaction was followed by
the temperature and pH changes, in function of the presence of the
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host in the reaction system (Figure 9). According to the pH at the
beginning of the process (pH>5) and taking into account the pKa of
aniline (4.6), neutral aniline molecules are the main species in the
reaction mixture.

When the APS solution is added to the reaction mixture, a fast
pH drop is observed with or without hosts, indicating the absence
of the induction period (Figure 10). The amine group of the aniline
monomers is easily oxidized because they exhibit low oxidation po-
tential under the conditions of this work. Temperature has a monotonic
increase. The amine groups are oxidation centers, and they attack the
aniline molecule to continue with the polymerization. Drop of the pH
is associated with consume of aniline and the production of H*ions,
due to the attachment of aniline to other aniline molecule. It is notice-
able that the final is a lower pH when the polymerization is made in
the presence of the S-Al host (Table 2), due to the acidic properties
of this material, which contributes to the extensive polymerization
of PANI. At the end of the polymerization process, a little increase
of pH was observed (Figure 9) because the remaining aniline reacts
with the acid and a neutralization reaction occurs.*

The average molecular weight of polymer fraction (Mv, in grams
per mole), determined from intrinsic viscosity, are given in Table 2.
The use of hosts favor the formation of polymer with high molecular
weight in comparison with the PANI synthesized in the absence of
them (Table 2). These results indicate that the surface area of the hosts
behaves like nucleation sites, which favors polymerization of aniline.
On the other hand, the hosts can behave as catalysts accelerating the
polymerization process of the aniline, as it is seen in the rate constants
(Table 2). This catalytic effect is more important with the S-Al host
because of the presence of tetrahedral aluminium, which is associated
with acidic sites. The catalitic properties have been also reported for
other aluminosilicates.*®
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Figure 9. pH and temperature profiles of (a, d) PANI-S, (b, ¢) PANI-S-Al (c, f) PANI-S-NaF and PANI without hosts (g, h)
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Table 2. Characteristics of the polymerization reaction (final pH, rate
constant), PANI molecular weight and electrical conductivity of PANI-host
composites obtained by using different SBA-16 silica hosts

Molecular  Rate constant Conductivit
Hosts Final pH weight (M,) (mol'Ls-'), (S em) y
(KDa) x102
S 3.03 697.0 £2.0 20 1.2x 10%
S-Al 0.39 183.3+7.8 260 6.6 x 107
S-NaF 2.18 3323+ 143 30 2.4 x 10
None* 1.76 4.08 £6.3 6.4 1.6x 103

*This process was made in the absence of host.

Electrical conductivity of the PANI-host composites

The electrical conductivity of PANI-host composites is obtained
from the scan of current vs potential sweeps, applying the Ohm’s law
(Figure 10) (V=R.I).
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Figure 10. Current vs. potential applied for (a) PANI without host, (b) P-S,
(c) P-S-Al and (d) P-S-NaF pellet

The PANI-host composites exhibit electrical conductivity
higher than 10°S cm’!, which is higher than the values reported
for other PANI synthesized in the literature.*® The presence of hosts
decreased the electrical conductivity values of the PANI-host com-
posites compared with the free PANI, which is expected since the
silica is an insulating material. The lower electrical conductivity
was obtained when S-Al hosts was used. This result is attributed
to the low molecular weight of the PANI when this host was used,
corroborating the dependence of the electrical conductivity with
the molecular weight.*

The electrical conductive characteristic of these composite ma-
terials confirms that emeraldine is the PANI form obtained here, as
previously discussed with the UV results. The conductivity of this
kind of PANI is attributed to the protonation of the polymer and the
partial oxidation system due to the doping of PANI with HCI.

CONCLUSIONS

In general, the polyaniline was formed into the pores of hosts,
although some imperfections in the particles of the polyaniline- host
composites were observed by SEM.

The use of hosts favored to obtain a high molecular weight poly-
mer in comparison with the polyaniline synthesized in the absence of

Polymerization of aniline in different SBA-16 silica hosts 851

hosts. Therefore, the hosts behave like nucleation sites, which favors
polymerization of aniline.

The polymerization is catalyzed by the presence of hosts, incre-
asing the polymerization rate constant. This effect is more evident
when aluminium is in the host, conferring acidic properties to the host.

Due to the emeraldine form, with high molecular weight, present
in the polyaniline-host composites, these materials are promissory for
being used in applications requiring a material with high electrical
conductivity combined with the thermal and mechanical properties
conferred by the presence of silica.
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