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Gold nanoparticles (Au NPs) stabilized with polyamidoamine dendrimers (Au-PAMAM) or sodium citrate (Au-CITRATE) were
synthesized and complexed with polyaniline emeraldine-salt form (ES-PANI). The complexes were characterized using structural
and morphological techniques, including X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Zeta Potential analyses,
and Fourier-Transformed Infrared spectroscopy (FTIR). When the Au-CITRATE NPs are added to the polymeric solution, the
formation of a precipitate is clearly observed. The precipitate exhibited a different morphology from that found for ES-PANT and
Au-CITRATE NPs, suggesting the formation of ES-PANI coating over the surface of Au-CITRATE NPs. On the other hand, when
the Au-PAMAM NPs are incorporated into the ES-PANI solution, none interaction was observed, probably due to the repulsive
electrostatic interactions, being the organization of the ES-PANI chains unaffected by the presence of the Au-PAMAM NPs.

1. Introduction

The discovery and development of new semiconducting
polymers have brought a number of technological applica-
tions. In general, the ability to combine the electrical prop-
erties of semiconductors with the versatility and proces-
sability of polymers is the basic concept behind the devel-
opment of intrinsically conducting polymers (ICPs) [1-5].
Polyaniline (PANI) is one of the most important con-
ducting polymer due to its easy preparation and doping
process and environmental stability [6]. The fully reduced
leucoemeraldine-base form (LB-PANI, y = 1) and the fully
oxidized pernigraniline-base form (PB-PANIL, y = 0) are
nonconducting forms of PANI. The partially oxidized emer-
aldine-base (EB-PANI, y = 0.5) is a semiconductor, which
becomes the conducting emeraldine-salt form (ES-PANI)
after protonation [6-8].

Conducting polymer/inorganic nanoparticle composites
has attracted attention due to their great potential for appli-
cations [9-15] such as nanoelectronics [16], gas sensors [17,
18], biosensors [19-21], capacitors [22], and catalysts [23].
Among the inorganic nanomaterials, gold nanoparticles have

received great attention because of their unique electrical
and optical properties, as well as their extensive applications
in biomedical areas [24]. Composites containing organic
polymers and inorganic nanoparticles provide a completely
new class of materials with novel properties [25-29].

In this study, there was made a structural characterization
of hybrid complexes based upon Au NPs and ES-PANI. Two
different Au NPs had been used, stabilized with polyami-
doamine dendrimers (Au-PAMAM) or sodium citrate (Au-
CITRATE). We aimed at investigating the interactions
between Au NPs and ES-PANI in solution and their corre-
lation with complex stability.

2. Experimental

2.1. Synthesis of Au NPs. Au NPs were chemically synthesized
using two stabilizers, namely, polyamidoamine dendrimer
PAMAM—generation 4, or sodium citrate in order to obtain
positively and negatively charged nanoparticles. Au-PAMAM
nanohybrids were prepared using 5 mL of KAuCl, solution
(1 mmol-L7!) added to 5mL of PAMAM (0.07 mmol-L~1)
and 5mL of formic acid (1 mmol-L~!') [30]. Au-CITRATE
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FIGURE 1: (a) TEM images of the Au-PAMAM NPs and (b) Histogram of the Au size distribution.

nanoparticles were prepared using 5 mL of HAuCly (2g-L7!)
dissolved in 40 mL of water and 100 mg of sodium citrate
(salt form) dissolved in 5 mL of water [31]. Addition of the
sodium citrate solution to the gold solution was followed by
increasing the temperature to 95°C and continuous stirring
for 1 h. A clear red solution was formed during the addition
of sodium citrate solution. The final Au NPs solutions were
kept in the dark during 4 h before using.

2.2. Synthesis of Emeraldine-Salt Polyaniline (ES-PANI) and
Samples Characterization. Aniline (Aldrich) was used after
distillation. HCI (aq), acetone, and (NH4),S,0g were com-
mercially obtained (Aldrich) and used without further
purification. Synthesis of ES-PANI was performed based
on the method described by Bhadra et al. [32] with some
modifications. Distilled aniline (0.2M) was dissolved in
500 mL of HCI (1.0M) at room temperature. A stoichio-
metric calculated amount of ammonium persulfate (11.5g)
was dissolved in 200 mL of HCI (1.0 M), placed in a burette,
and added drop by drop to the above solution for 2h.
The system was kept under constant stirring for 3h. The
dark green precipitate resulting from this reaction (20 mg)
was solubilized in 10 mL of distilled water, sonificated for
0.5h, and filtered. The resulting solution was separated in
aliquots of 1.5mL, in which were added volumes of 50, 100,
and 500 mL of Au-PAMAM NPs. The same procedure was
repeated for the additions of Au-CITRATE NPs.
Transmission Electron Microscopy (TEM) images for
Au-PAMAM and Au-CITRATE NPs solutions were obtained
on a Philips CM120 electron microscope operating at an
acceleration voltage of 120kV. Samples were ultrasonically
dispersed for 1h and then a drop of each one suspension
was placed in a carbon-coated copper grid, which was left to
stand for 24 h. Scanning Electron Microscopy (SEM) images
were obtained using a Supra 35, Carl Zeiss, 3.0 kV. Powder
samples were deposited on a carbon tape and the surface
morphology was obtained at room temperature.

Charges of the ES-PANI/Au NPs solutions were measured
using a Zetasizer Nano ZS (Malvern) and a Titrator MPT-
2. XRD patterns were collected with a Rigaku RotaFlex
equipped with a graphite monochromator, operating with
CuKue radiation, 50 kV, and 100 mA. The data collection was
recorded in the range of 20 = 5-70° with a step of 0.02° and
2 seconds/step. Fourier-Transformed Infrared spectroscopy
(FTIR) was performed in the transmission mode on a Nexus
470 FTIR spectrometer. The spectra were obtained over 32
scans.

3. Results

Figure 1(a) shows the TEM images of the Au-PAMAM NPs.
It is possible to observe that the particles are distributed in a
spherical shape. The corresponding histogram (Figure 1(b))
indicates a broad distribution ranging from 10 to 40 nm. The
largest percentage corresponds to particles between 15 and
20 nm, representing 53%. Figure 2(a) shows the TEM images
of the Au-CITRATE NPs. The corresponding histogram
(Figure 2(b)) indicates a small nanoparticles sizes variation,
showing that they are distributed, in similar percentage
(50%) between 10 and 20 nm.

The as-synthesized ES-PANI powder (Figure 3) seems
to have nanofibers morphology and showed a branched
geometry. Figure 4 shows the Au-PAMAM NPs dispersed on
the polymer chains, suggesting that the Au-PAMAM NPs, as
expected, did not interact with the ES-PANI, preserving its
chain conformation. Further, as shown in Figure 5, the com-
posite formed by the interaction between ES-PANT and Au-
CITRATE NPs presents different morphology as compared to
the pure ES-PANI (Figure 3) and Au-CITRATE NPs (Figure
2(a)). The composite particles are larger than ES-PANI and
Au-CITRATE NPs, suggesting that the polymer coated the
Au-CITRATE NPs. While the exact formation mechanism
of such nanostructures is not completely understood, SEM
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F1GURE 2: (a) TEM images of the Au-CITRATE NPs and (b) Histogram of the Au size distribution.
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FIGURE 3: SEM images of as-synthesized ES-PANI powder.

images show that the interaction between these materials
promotes a formation of new composites.

Crystalline or semicrystalline polymers are two phase
systems. The phase in which the polymer chains are ordered
in close packed array is the crystalline region. The crystalline
domains are connected to the amorphous regions. In the
XRD patterns of Au NPs, Pham et al. (2011) found peaks
at 38.21°, 44.33°, 64.58°, and 75.25°, which are assigned to
face-centered cubic bulk gold [33]. ES-PANI powder showed
broad peaks at 20 = 6, 9, 11, 15, 20, 25, 27, 29, 33, 36, and
52°, which indicate some degree of crystallinity (Figure 6(a)).
When the Au-PAMAM NPs were added to the ES-PANI
solution, the diffractogram did not present any variation
regarding the crystallinity of the polymer semicrystalline
phase (Figure 6(b)). XRD pattern of the complex containing
ES-PANI and Au-CITRATE NPS is shown in Figure 6(c). It
was observed that the addition of Au-CITRATE NPs changed
the ES-PANI structure, making it more amorphous after the
interaction. ES-PANI showed two broad peaks centered at
260 = 11.9 and 23.4°, which also are characteristic of the pol-
yaniline [34]. Additional peaks at approximately 260 = 38,
44, and 65° represent, respectively, Bragg’s reflections from
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FIGURE 4: SEM images of the Au-PAMAM NPs dispersed on the ES-
PANI chains.
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FiGure 5: SEM images of the complex formed by the interaction
between ES-PANI and Au-CITRATE NPs.

Au NPs [33] observed in addition to the peaks of ES-PANI. A
suggested formation of the complexes is depicted in Figure 7.

The Zeta potentials are depicted in Table 1. This mea-
surement indicates the surface potential of the particles and
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FIGURE 6: XRD patterns of (a) pure ES-PANI, (b) ES-PANI + Au-PAMAM NPs, and (¢) complex containing ES-PANI + Au-CITRATE NPs.
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FIGURE 7: Representative structure of the complexes formation between the polymer chains and the Au-CITRATE NPs.

was analyzed as a function of nanoparticles concentration.
ES-PANI and Au-PAMAM show positive Zeta potential and
Au-CITRATE shows negative zeta potential. After addition
of Au-PAMAM to ES-PANI solution, there was observed
an increase of the Zeta potential, suggesting no interactions
due to the electrostatic repulsion. On the other hand, after
adding 50 yL of Au-CITRATE to ES-PANI solution, the Zeta
potential decreased from 42.0 to 32.2 mV, and after adding
500 uL, the values decreased to 11.4 mV, suggesting that the
ES-PANI can form a coating on the surface of the Au-
CITRATE NPs due to the attractive electrostatic interaction
between the opposite charges.

Figure 8 shows the FTIR spectra of ES-PANI, Au-
CITRATE, and ES-PANI with 50, 100, and 500 yL of Au-
CITRATE and the formed complex. The vibrational bands
observed for the ES-PANI at 1583 and 1493cm~! are
assignable to the ring stretching vibration of quinoid and
benzenoid, respectively [35, 36]. A 1299cm~! band was
assignable to the C-N stretching of a secondary aromatic
amine [37] and a 825cm™! band to an aromatic C-H out-
of-plane-bending [38]. The 1130 cm~! band is a vibrational
mode of B-NH"=Q or B-NH"-B, which is formed in doping
reactions [39]. When the concentration of Au-CITRATE was
increased, there was noted the appearance of bands located at
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TABLE 1: Zeta Potential of ES-PANI solution as a function of volume
of Au-PAMAM and Au-CITRATE NPs.

Samples Zeta Potential (mV)
ES-PANI 42.0
Au-PAMAM NPs 4.0
ES-PANI + 50 uL. Au-PAMAM 48.9
ES-PANI + 100 uL Au-PAMAM 57.7
ES-PANI + 500 uL Au-PAMAM 75.5
Au-CITRATE NPs -31.7
ES-PANI + 50 uL Au-CITRATE 32.2
ES-PANI + 100 uL Au-CITRATE 27.8
ES-PANI + 500 uL. Au-CITRATE 11.4
100 T T T T T T

ES-PANI + 100 uL Au-CITRATE

Transmittance (%)

40
ES-PANI + 500 uL Au-CITRATE
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Figure 8: FTIR spectra of ES-PANI, Au-CITRATE, and ES-PANI
with 50, 100, and 500 yL of Au-CITRATE and the formed complex.

1401 and 1584 cm™! related, respectively, to the symmetric
and antisimmetric stretching of COO~, which were not so
clearly alike in pure Au-CITRATE [40]. With respect to the
curve of the precipitate, it shows that there were interactions
between the ES-PANI and Au-CITRATE NPs, suggesting that
the formed material is a complex. These results suggest that
C-N bonds within the polymer are directly influenced by the
Au NPs, which are consistent with the donation of electron
density from the metal to the C-N bond that are strongly
perturbed by the presence of the Au NPs [41, 42].

Similarly, Figure 9 shows the FTIR spectra for ES-PANI,
Au-PAMAM, and ES-PANI with 50, 100, and 500 uL of
Au-PAMAM. When the concentration of Au-PAMAM was
increased, there was observed the appearance of bands
located at 3275 cm™! and 3072 cm™! related to the presence
of terminal primary amino groups [43]. The bands located
at 2819 and 2945 cm™! are related, respectively, to the sym-
metric and antisimmetric vibrations of CH,. The peaks at
1647 and 1562 cm™! are assigned to the stretching vibration
of amide I mainly C=O stretching vibrations and amide II
due to the coupling of bending vibrate of N—H and stretching
vibrate of C-N bands, respectively [44]. The spectra showed
no structural change when different concentrations of Au-
PAMAM are present in ES-PANT; so there was no precipitate.
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FiGure 9: FTIR Spectra for ES-PANI, Au-PAMAM, and ES-PANI
with 50, 100, and 500 uL of Au-PAMAM.

4. Conclusions

We investigated the formation of hybrid composites contain-
ing polyaniline and Au NPs. As revealed by the decrease in
zeta potential of the ES-PANI/Au-CITRATE, the polyaniline
molecules were able to coat the Au-CITRATE NPs, due to
the attractive electrostatic interaction between the oppo-
site charges. The same argument applied to ES-PANI/Au-
PAMAM indicates that the repulsive electrostatic interaction
should avoid the formation of complexes. According to these
results the interactions between ES-PANI and Au-CITRATE
led to differences in their morphologies observed by SEM
as well as the XRD pattern of the precipitate containing
ES-PANI and Au-CITRATE NPs. The Au-CITRATE caused
a structural change on ES-PANI chains, making them
less crystalline, but did not affect the crystallinity of ES-
PANI/Au-PAMAM.
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