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ABSTRACT: SiO,/Poly(3-aminophenylboronic acid) (PAPBA)
composites were synthesized under different experimental
conditions, using ultrasonic irradiation method. Polymer-
ization was carried out in the presence of sodium fluoride
and D-fructose to anchor 3-aminophenylboronic acid
groups on to SiO, surface. The SiO,/PAPBA nanocompo-
site prepared by NaF and p-fructose in the polymerization
medium was found to show different morphology, electri-
cal properties, thermal behavior and structural characteri-
zation in comparison to the nanocomposites prepared
under other conditions. Ultrasonic irradiation minimizes
the aggregation of nanosilica and promotes anchoring of
PAPBA units over SiO, surface. The morphology of PAPBA/
SiO, nanocomposite was investigated by using trans-
mission electron microscopy, UV-visible spectroscopy;
thermogravimetric analysis, Fourier transform infrared

spectroscopy, and X-ray diffraction analysis were used for
characterization. Transmission electron microscope of the
nanocomposites observation shows that SiO,/PAPBA
composite, prepared with p-fructose and NaF under ultra-
sonication has a core-shell morphology. The thermal and
crystalline properties of core-shell SiO,/PAPBA nanocom-
posite was prepared via ultrasonication method is differ-
ent from the SiO,/PAPBA nanocomposite prepared via
conventional stirring method, in which SiO, nanoparticles
are submerged in PAPBA. Conductivity of the composite
prepared via ultrasonication shows around 0.2 S/cm.
© 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104: 2743-2750,
2007
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INTRODUCTION

Conducting polymer-based nanomaterials have been
proved to be suitable for applications in electrical, op-
tical, and sensor devices.'” Various techniques and
methods such as nanolithography,® the Langmuir—
Blodgett technique,” chemical or electrochemical poly-
merization using templates like membrane,® porous
silica,” surfactant aggregates,'® liquid crystals,'" and
metal nanoparticles as templates'? etc., have been
developed for the preparation of these type of nano-
materials. Further, it is well documented that various
conducting polymers and oligomers can self-assemble
into supramolecular structures both in solution and at
interfaces.'*'* However, architecturing functional
properties in these nanomaterials are still challenging
aspect in-depth investigations. Ultrasonic irradiation
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can be effectively utilized for the preparation of con-
ducting polymers with functional properties.

Ultrasonic irradiation, in the frequency range from
20 kHz to 1 MHz, has been widely used in chemical
synthesis as it provides suitable environment and an
increased rate for many chemical reactions''® etc.
Advantages of using ultrasonication in comparison
with other methods for the preparation of nanomateri-
als include a higher reaction rate, ability to disperse
particles, and higher yield of products.'” Ultrasonic
irradiation generates a large number of microbubbles
that grow, collapse, and create localized hot spots in a
very short time, about a few microseconds. The cav-
ities provide energy to cause chemical and mechanical
effects.'® These conditions have been successfully
employed for the preparation of nanoparticles of
amorghous metal alloys,'® carbides,'® oxides,® sul-
fides,”! proteinaceous nanospheres,” and nanocrys-
talline materials.”>*°

Most recently, ultrasonication induced functionali-
zation of carbon nanotubes and formation of nano-
composite with metal nanoparticles have been
reported.”**® Preparation of Ag,S/polyvinylalcohol
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(PVA) and CuS/PVA composite have been prepared
by ultrasonic irradiation.”” Wang et al.** reported one-
dimensional growth of poly(styrene) within the gal-
leries of montmorillonite. Ultrasonicaiton was used to
break the aggregates of nanosilica in an aqueous me-
dium to prepare stable poly(n-butyl acrylate)/nano-
SiO, composite.’® Polyaniline (PANI) and several
other polymer based composites have been synthe-
sized by using ultrasound.”®>* Ultrasonic irradiation
has also been utilized for the preparation of nanocom-
posites of conducting polymers with metal nanopar-
ticles and improved properties of resulting composite
material.*>”

PANI is unique among conducting polymers as it
possesses well-behaved electrochemistry, good envi-
ronmental stability, and electrochromism.” The use
of PANI for applications is restricted because of its
poor solubility, less thermal stability, loss of conduc-
tivity at high temperature, and poor processability
both in melt and solution conditions.”” Substituted
PANI with functional groups such as —SOsH,
—COOH or doped with functional protonic acids,
such as camphor sulfonic acid, dodecylbenzenesul-
fonic acids, etc. are having better solubility and pro-
cessability over PANIL*®¥4 However, only limited stud-
ies are available on the preparation of PANI deriva-
tives with boronic acid as substituent.*' It has been
shown that polymerization of 3-aminophenylboronic
acid (APBA) occurs through a fluoride-catalyzed reac-
tions.**** In an another report,** boronate groups
were self-assembled on glassy carbon electrode and
used for recognizing glycoprotein peroxide. Pristine
PANI does not show the electroactivity at neutral and
physiological pHs. This restricts the use of PANI for
developing biosensors. However, substituted PANI
derivatives exhibit characteristics that are suited for
biosensor applications. Poly(3-aminophenylboronic
acid) (PAPBA) has been used in the detection of fluo-
ride, saccharides, dopamine, and biosensing technol-
ogy due to high redox activity, conductivity in neutral
pH solutions, and switchability between self-doped
and nonself-doped states.**’ In addition, incorpora-
tion of metal nanoparticles into conducting polymers
can enhance the conductivity, thermal stability, sensi-
tivity, and selectivity for molecules that are required
for a sensor materials.”””!

SiO, nanoparticles received recent attention because
of their superior properties over the microsize par-
ticles.”>® However, its nanocomposites with organic
polymers, SiO, generally exists as agglomerates. It
becomes important to disperse the SiO, particles in
the nanocomposites with other polymers for utilizing
the synergic properties and fluid applications. Owing
to the many uses of silica,”*** various polymer-silica
composites have been studied. Tang and coworkers™*
reported the phase morphology and particle structure
of a poly(ethyl acrylate)-SiO, composite. Poly(ethyl-
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er1e-2,6—naph’thalate)—SiOz,55 polyimide—SiOz,56 ethyl-
ene-propylene-diene-terpolymer/SiO,,”” polypyrrole—
SiO,”® hybrids etc. have been prepared. Nanocompo-
sites of SiO, with conducting polymers are expected
to be suitable for applications like sensors, catalysts,
etc.

In the present study, nanocomposites of SiO, with
poly(3-aminophenylboroni acid), PAPBA were pre-
pared under different experimental conditions. Nano-
composites were prepared by the polymerization of
aminophenylboronic 3-acid by keeping SiO, nanopar-
ticles, p-fructose, and sodium fluoride in the medium.
The mixture was subjected to ultrasonication during
polymerization. Morphology, electronic properties,
thermal behavior of the SiO,/PAPBA nanocomposites
prepared by keeping p-fructose, and NaF in the me-
dium of polymerization were compared with the
nanocomposites prepared under other conditions.
Further, transmission electron microscopy (TEM),
UV-visible spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric analysis, and
X-ray diffraction (XRD) analysis were used for the
characterization of nanocomposites.

EXPERIMENTAL
Chemicals

Tetraethyl orthosilicate (TEOS) and m-APBA were
received from Sigma-Aldrich (St. Louis, MO). Ammo-
nium peroxydisulphate, ammonium hydroxide, so-
dium fluoride, and fructose were used as received
(DC chemicals, Seoul, Korea).

Synthesis
Synthesis of SiO, nanoparticles

SiO, nanoparticles were prepared by mixing TEOS
(1.7 mL) with ethanol solution (50 mL) containing
ammonium hydroxide (1.5 mL) under vigorous stir-
ring. The mixture was sonicated for 3 h. A white
mass was isolated by centrifugation (4000 rpm, 30
min), washed with ethanol and dried under reduced
pressure.

Synthesis of 5iO,/PAPBA nanocomposites

A typical procedure for the preparation of SiO,/
PAPBA-NCs is outlined. 0.1 g of SiO, nanoparticles
was added to an aqueous (18 mL) solution containing
0.372 g of APBA, 0.01 g of NaF, and 0.1 g of b-fructose.
The mixture was deoxygenated by passing nitrogen
for 10 min. A solution (2 mL) of 0.5M ammonium per-
oxydisulphate was added drop wise and the solution
was subjected to sonication for 1 h with a high-inten-
sity ultrasonic probe (Sonics and Materials, VC-600,
20 KHz, Ti horn, 100 W cm %) at 5°C. A green color so-
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lution was obtained. Ethanol was added to the green
colored solution and the precipitate (green color) [des-
ignated as SiO,/PAPBA-NC (p-fructose, NaF)] was
filtered, washed with ethanol, and dried in vacuum.
The nanocomposites were also prepared by adopting
a similar procedure but in the absence of NaF and p-
fructose in the reaction medium. The SiO,/PAPBA
nanocomposites prepared by keeping p-fructose and
NaF in the polymerization under ultrasonication, was
designated as SiO,/P APBA-NC1. The SiO,/PAPBA
composites prepared in the absence of NaF and p-
fructose under ultrasonication is designated as SiO,/
PAPBA-NC2. SiO,/PAPBA nanocomposite was also
prepared via conventional stirring method in the pres-
ence of p-fructose and NaF under similar conditions
as described procedure for SiO,/PAPBA-NC1.

Structural characterization

FTIR spectra were recorded on a Bruker IFS 66V FTIR
in the region of 4004000 cm ' using KBr pellets. UV~
visible spectra were recorded in DMF by using
Beckman UV-visible (DU7500) spectrophotometer.
Morphology measurements and particle size determi-
nation were made for SiO,/PAPBA-NCs by using
Phillips CM-30 TEM with an accelerating voltage of
100 kV. Thermo gravimetric analysis (TGA) of SiO,
nanoparticles and SiO,/PAPBA-NCs was made using a
Dupont 9900/2100 TGA at a heating rate of 10°C/min
under a nitrogen atmosphere over a temperature
range of 30-800°C. XRD patterns of nanocomposites
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were recorded, using Rigaku Diffractomer with
Nickel filtered Cu Ko radiation. Room temperature
conductivity was measured on pressed pellets of the
composites, using standard four-probe method.

RESULTS AND DISCUSSION
Morphology of SiO,/PAPBA nanocomposites

Polymerization was performed in the presence ultra-
sonication for a mixture having 3-amionophenylbor-
onic acid (APBA) and SiO, nanoparticles under differ-
ent experimental conditions. We have selected few
experimental conditions for the polymerization that
facilitated complexation between aromatic boronic
acid groups and SiO, nanoparticles. Complexation
between the hydroxyl groups in SiO, nanoparticle
and boronic acid groups in APBA predominantly
occurs at neutral medium and influenced by F~ ions.
We have carried out polymerization of APBA in the
presence of SiO, nanoparticles under ultrasonication,
in which medium was maintained with/without
using combination of NaF and p-fructose. Morphol-
ogy of the SiO,/PAPBA-NCs was found to depend on
the conditions used for polymerization. Typically, a
careful comparison of TEM images (Fig. 1) reveals a
clear difference in morphology was noticed bet-
ween SiO,/PAPBA-NC1 and SiO,/PAPBA-NC2. TEM
images (Fig. 1) reveal that SiO,/PAPBA-NC1 has a
core-shell type morphology, while SiO,/PAPBA-NC2
shows the presence of mixture of PAPBA and SiO,
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Figure 1 TEM micrographs of (a) SiO,/PAPBA-NC1 and (b) SiO,/PAPBA-NC2 prepared via ultrasonication, (c) SiO,
nanoparticles, and (d) SiO,/PAPBA-NC1 composite prepared via conventional stirring method.
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Fluoride-D-fructose-APBA complex

Scheme 1 Formation of APBA-fluoride-p-fructose com-
plex in the absence of SiO, nanoparticles.

nanoparticles. While pristine SiO, nanoparticles [Fig.
1(c)] are spherical, a core-shell type morphology can be
seen for SiO,/PAPBA-NC1 [Fig. 1(a)]. SiO, nanopar-
ticles have smooth outer surfaces and the average di-
ameter of particles is ~10 nm [Fig. 1(c)]. On the other
hand, SiO,/PAPBA-NC1 has smooth and uniform
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coating of PAPBA (~10 nm) over the SiO, nanopar-
ticles (~10 nm) and the average size of 5iO,/PAPBA-
NC1 is ~20 nm. However, SiO, nanoparticles are sub-
merged in the mass of PAPBA for SiO,/PAPBA-NC2
[Fig. 1(b)].

The formation of core—shell morphology for SiO,/
PAPBA-NC1 is explained as follows. There can be
chemical interactions between boronic acid or boro-
nate groups and anions (hard bases) like F~ to result
adducts. While forming such adducts, sp* h1ybridiza—
tion in form changes to sp® hybridization.” ' Further,
boronic acids have tendency to form complexation
(tetrahedral boronate esters) with compounds having
hydroxyl groups or diol or polyol moieties at pH =7
in the presence of F~ ions. In the present study, we
envisage binding of SiO, nanoparticles to APBA via
complexation (as described in Schemes 1 and 2).
APBA molecules that are bound to SiO, nanoparticles
undergo polymerization to result core-shell SiO,/
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Scheme 2 (a) Typical representation showing the anchoring of APBA-fluoride-D-fructose complex onto SiO, nanopar-
ticles, (b) polymerization of APBA-F -p-fructose complex in the presence of SiO, nanoparticles, and (c) formation process
of core-shell SiO,/PAPBA-NC1 via ultrasonication.
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PAPBA type nanocomposite. On the other hand, there
is no core-shell morphology for SiO,/PAPBA-NC2
[Fig. 1(b)]. Hence, it is concluded that core-shell type
5i0,/PAPBA nanocomposite resulted only in the
presence of F~ ions. Now, the role of ultrasonication
on the composite formation is explained. Under ultra-
sonication the SiO, nanoparticles are dispersed and
present as individual nanoparticles. The SiO, nano-
particles form complexes with APBA in the presence
of F~ ions and p-fructose (Schemes 1 and 2). Polymer-
ization of APBA that is complexed to SiO, nanopar-
ticles, a core-shell type nanocomposite, SiO,/PAPBA-
NC1 is resulted. To ascertain the influence of ultraso-
nication on the morphology of SiO,/PAPBA-NC1, the
nanocomposite SiO,/PAPBA was prepared under
similar conditions but in the absence of ultrasonica-
tion (polymerization was performed with conven-
tional stirring). SiO,/PAPBA nanocomposite pre-
pared in the absence of ultrasonication was present as
aggregates [Fig. 1(d)]. The difference in the morphol-
ogy of the composites [Fig. 1(a,c, and d)] reveals that
core-shell composite [Fig. 1(a)] was obtained when
polymerization of APBA was carried out in the com-
bined presence of F~ ions and p-fructose under ultra-
sonication. With other conditions, SiO, nanoparticles
were entrapped into PAPBA.

Ultrasonic irradiation in reaction system induces
transient cavitations: the formation, growth, and
implosive collapse of bubbles.'” During the collapse
of the bubble in the vicinity of SiO, nanoparticles sus-
pended in reaction solution, a high-speed microjet
and intense shock-waves with high pressure are gen-
erated at their liquid-solid (SiO,) interface. As a
result, effective mass transfer at the interface can hap-
pen that could increase the reaction activity.'® Hence,
it can be expected that such speed microjets with high
pressure shock waves would influence the mass trans-
port of polymer to the overall surface of the SiO,
nanoparticles. As a result, a precise coating of PAPBA
(shell) on the SiO, (core) would be achieved in the
presence of F~ and p-fructose under ultrasonication
[Scheme 2(c) and Fig. 1(a)]. Such core-shell morphol-
ogy was not obtained when composite prepared in
the presence of conventional stirring. Probably in the
presence of ultrasonication high intense ultrasonic
waves could push the silica nanoparticles into interior
part of polymer. Also, in the presence of ultrasonica-
tion, the time of polymerization is minimum. On the
other hand, conventional stirring leads to aggregation
of composite particles as shown in Figure 1(d). The
composites prepared in the presence of conventional
stirring method has aggregated morphology as
reported earlier.®*®* Interestingly, SiO,/PAPBA-NC1
showed difference in electrical properties, structural
characteristics, and thermal behavior in comparison to
the SiO,/PAPBA-NC2. Results from FTIR spectros-
copy, UV-visible spectroscopy, XRD analysis, and
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thermogravimetric analysis reveal the differences in
the structural, optical, morphological, and thermal
characteristics between SiO,/PAPBA-NC1 and SiO,/
PAPBA-NC2.

Electronic states of SiO,/PAPBA nanocomposites

Figure 2 presents the UV-visible spectra of SiO,/
PAPBA-NC1 and SiO,/PAPBA-NC2. Clearly, there
are differences in the electronic states of PAPBA in
these composites. The UV-visible spectrum of SiO,/
PAPBA-NC1 [Fig. 2(a)] shows two bands one around
360 nm and an another around 560 nm, while the
spectrum of SiO,/PAPBA-NC2 [Fig. 2(b)] has a broad
band around 420 nm. The band characteristics in the
UV-visible spectrum of SiO,/PAPBA-NC1 corre-
spond to emeraldine salt form of unsubstituted
PANL®* In the spectrum of SiO,/PAPBA-NC1, the
absorption band at 360 nm is assigned to the m—m*
transition, which is related to the extent of conjugation
length, and the band at 560 nm is assigned to the exci-
ton transition caused by interchain or intrachain
charge transfer. Exciton transition band is absent and
n—n* transition band appeared at higher wavelength
(420 nm) in the spectra of SiO,/PAPBA-NC2 is prob-
ably due to absence of anionic boronic ester complex
structure. The presence of n—n* and exciton transition
bands in SiO,/PAPBA-NC1 suggests that PAPBA
exists in a self-doped state. The self-doping in PAPBA
arises from the formation of tetrahedral boronate com-
plex in the presence of p-fructose and fluoride
(Schemes 1 and 3). We, therefore envisage that
PAPBA in SiO,/PAPBA-NC1 exists in the emeraldine
salt form as a result of self-doping (Scheme 3). It is im-
portant to note that the self-doping of PAPBA in
5i0,/PAPBA-NC1 is quite different from the gener-
ally reported self-doping for PANI derivatives, like

Absorhance

100 500 500 100
Wavenumber (nm)

Figure 2 UV-visible spectra of (a) SiO,/PAPBA-NC1 and
(b) SiO,/PAPBA-NC2.
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Scheme 3 (a) Structure of emeraldine salt (self-doped)

form of PAPBA in SiO,/PAPBA-NC1 and (b) emeraldine
form in PAPBA in SiO,/PAPBA-NC2.

sulfonated PANI. In the sulfonated PANIs, the sulfo-
nate groups induce doping in PANI chains. However,
in the present case, the negative charge induced in
boron atom induces doping [Scheme 3(a)]. The elec-
tronic bands of PAPBA units in SiO,/PAPBA-NC2
are similar to simple PANIL Hence, we have observed
distinctly different electronic states for PAPBA in
5i0,/PAPBA-NC1 and SiO,/PAPBA-NC2.

Structural characteristics of SiO,/PAPBA
nanocomposites

FTIR spectra (Fig. 3) of SiO,/PAPBA-NC1 and SiO,/
PAPBA-NC2 provide evidences for the differences in
structural characteristics of PAPBA in the composites.
FTIR spectrum of SiO,/PAPBA-NCT1 [Fig. 3(a)] shows
few main bands that are characteristics of SiO, nano-
particles (790, 960, and 1100 cm ') and PAPBA
(~ 1630 and ~ 1510 cm™'). The bands around ~ 1630
and ~ 1510 cm ™' correspond to quinoid and benze-
noid stretching units of PAPBA, respectively.®>®
There are distinct differences in the band characteris-
tics between SiO,/PAPBA-NC1 and SiO,/PAPBA-

500 1000 1500 2000 2500 3000 3500 (Leleli]

-1
Wavenumber (cm )

Figure 3 FTIR spectra of (a) SiO,/PAPBA-NC1, (b) SiO,/
PAPBA-NC2, and (c) nano SiO; particles.
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NC2. FTIR spectrum of SiO,/PAPBA-NC1 [Fig. 3(a)]
shows additional bands, ~ 1340, ~ 1060, and ~ 880 cm™*
corresponding to asymmetric B—O stretching, C—O
stretching modes in fructose units, B—F stretching,
respectively. These bands indicate that SiO,/PAPBA-
NC1 has boronate ester linkages with associated
B—F groups as suggested in the Schemes 1 and 2.
However, these bands are all not present in SiO,/
PAPBA-NC2 and signify the absence of binding
between boronate groups and SiO, nanoparticles.
Also, the boronate ester formation through binding
5iO, nanoparticles to boronate groups in PAPBA in
5i0,/PAPBA-NC1 is the reason for inducing doping
in the units of PAPBA. This was evident from a com-
parison of intensities of bands of quinoid (1630 cm )
and benzenoid (1510 cm ') C—N stretching bands. A
ratio of 1.5 was noticed for SiO,/PAPBA-NC1. This
suggests that imine units are more than amine units
in PAPBA, probably due to self-doping.

Thermal properties of SiO,/PAPBA-NC
nanocomposites

Figure 4 displays the thermogram of the nanocompo-
sites, 5i0,/PAPBA-NC1 and SiO,/PAPBA-NC2 and
pristine SiO, nanoparticles. Thermograms of nanocom-
posites, SiO,/PAPBA-NC1 and SiO,/PAPBA-NC2,
show degradation characteristics of the backbone
units of PAPBA. Interestingly, PAPBA units in those
composites degrade at different temperatures. The
degradation of PAPBA units in SiO,/PAPBA-NC1
starts at a higher temperature (~ 350°C) in the com-
parison with PAPBA units in SiO,/PAPBA-NC2
(~ 310°C). The binding of boronate groups to SiO,
nanoparticles and self-doping in PAPBA as witnessed
by FTIR spectroscopy [Fig. 3(a)] may be the reason for
the increased thermal stability of PAPBA units in
SiO,/PAPBA-NCI.

Weight loss {wt %)

30

T T T T T T T
100 200 300 100 SO0 600 100 200

Tempersture [ 'C]

Figure 4 Thermogram of (a) SiO,/PAPBA-NC1, (b) SiO,/
PAPBA-NC2, and (c) nanoSiO, particles.
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Figure 5 X-ray diffraction of (a) SiO,/PAPBA-NC1 and
(b) SiO,/PAPBA-NC2.

XRD analysis

Figure 5 shows the XRD patterns of SiO,/PAPBA-
NC1 and SiO,/PAPBA-NC2. The XRD patterns of
5i0,/PAPBA-NC1 [Fig. 5(a)] show additional peaks
around 23.5°, 26°, 31°, and 48° and inform the proba-
ble induced ordering in the composite. This may be
due to the binding of boronate groups to SiO, as evi-
denced from FTIR spectroscopy (Fig. 3).

Conductivity

The conductivity of SiO,/PAPBA-NC1 and SiO,/
PAPBA-NC2 are 0.21 and 4.6 x 107° S/cm, respec-
tively. Conductivity of SiO,/PAPBA composite pre-
pared in the presence of conventional stirring was
5.3 x 1072 S/cm. It reveals that composite prepared
under ultrasonication contributes to the increase in
conductivity in comparison with the composite pre-
pared with conventional stirring. The higher conduc-
tivity of SiO,/PAPBA-NC1 over SiO,/PAPBA-NC2 is
attributed to (i) well dispersed SiO, nanoparticles
(core) in the polymer (shell) favors electronic trans-
port, (ii) enhancement of thermal stability,67 (iii) better
morphological structure, and (iv) self-doped nature of
polymer in the composite as observed from TEM,
TGA, and FTIR results.

CONCLUSIONS

Core-shell type SiO,/poly(amonophenylboronic acid)
nanocomposite was formed due to interactions
between functional groups (boronic acid) in the con-
ducting polymer and hydroxyl groups in SiO, nano-
particles. Anchoring of conducting polymers having
functional groups over the inorganic nanoparticles
influence the electronic and thermal property of the
resulting composites. Composite prepared in the pres-
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ence of NaF and p-fructose via ultrasonication has
core-shell morphology and has few interesting char-
acteristics than the nanocomposite prepared conven-
tional stirring method.

The authors acknowledge Kyungpook National University
Center for Scientific Instruments.
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