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A novel polyaniline—anionic spherical polyelectrolyte brushes (PANI/ASPB) nanocomposite was synthesised by means of chemical oxidative
polymerisation. Different characterisation and analytical methods involving scanning electron microscopy, Fourier transform infrared
spectroscopy, X-ray diffraction and thermo-gravimetric analysis confirmed that anionic spherical polyelectrolyte brushes served both as a
dopant and as a template. While polyaniline (PANI) nanocomposites have a ‘rod-like’ or fibrillar morphology, the PANI/ASPB
nanocomposite displayed a sphere-like structure. The room temperature electrical conductivity of the PANI/ASPB nanocomposite was
26.3 S/cm, which is higher than that of PANI (7.1 S/cm). In addition, PANI/ASPB nanocomposites possessed enhanced thermal stability

and good solubility properties.

1. Introduction: With the development of radio-frequency
identification (RFID) technology, the applications of printed
electronics have attracted great interest [1-3] recently. The RFID
tag is a typical example of a comprehensive application of
electronic technology and substrates, to achieve communication
between the substrates and the computer. The printing method of
RFID tags by conductive ink is environmentally friendly, efficient
and of low cost [4]. Therefore, the excellent properties of
conductive ink and efficient printing are the focus of our
research. On one hand, among the extensive studies of
conducting polymers, polyaniline (PANI) is of particular interest
because of its ready availability, easy synthesis, excellent physical
and chemical properties, and good environmental stability [5, 6].
However, pristine PANI is insoluble and infusible because of the
rigidity of its molecular chains of a m-conjugated structure,
leading to limited application on a large scale [7]. To overcome
these shortcomings, the synthesis of PANI with suitably modified
structures by both electrochemical [8, 9] and chemical routes
[10-12] has been performed. On the other hand, as the fastest
growing printing technology in recent years, inkjet printing is one
of the easiest technologies to achieve miniaturisation. The digital
information in the computer can be directly sprayed onto
materials of any shape. The production of RFID tags includes
inkjet printing and gilding, avoiding the materials being cut and
saving costs. At the same time, the printing ink of RFID tags
needs to have good liquidity to prevent the nozzle from clogging
[13]. In view of this, anionic spherical polyelectrolyte brushes
(ASPBs) may be a template for and a novel dopant of conducting
polymers, not only because of their spherical structure, which can
provide the growth of spherical morphology for conducting
polymers, but also because of their charged chains. The thermal
stability, electrical conductivity and the solubility of the
composites are enhanced by controlling the thickness of brush
layers and/or the proportion of ASPBs in the composites.

In this Letter, we present a facile method for the synthesis of
PANI/ASPB nanocomposite by chemical oxidative polymerisation.
For comparison, PANI and ASPBs were synthesised ahead. An
ASPB is poly(sodium-p-styrenesulfonate) (PSS)-coated SiO, [14].
The morphology of the resulting PANI/ASPB nanocomposite was
studied by scanning electron microscopy (SEM). Information
about its bonding structure was obtained from Fourier transform
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infrared spectroscopy (FTIR) and X-ray diffraction (XRD) tech-
niques were useful in understanding its crystallographic structure.
The room temperature electrical conductivity, thermal stability
and solubility of PANI and PANI/ASPB nanocomposites were
investigated by a four-point probe apparatus, thermo-gravimetric
analysis (TGA) and a DDS-12A Digital Conductivity Meter,
respectively.

2. Experimental: The preparation method of ASPBs is described
elsewhere [14]. In a typical procedure, 51 mg of ASPBs was first
added into 21 ml of 2M HCI (aq), and then the mixture was
dispersed by an ultrasonic dispersion machine for 20 min. After
adding 1.0 ml of aniline, the mixture was cooled to 5°C and
degassed under a flow of nitrogen for 20 min followed by the
addition of 2.5 g of ammonium persulphate. The reaction was
maintained for 6h. The products were then collected via
filtration, and washed three times using ethanol and distilled H,O
before finally being vacuum dried at 60°C for 24 h.

The chemical composition of PANI/ASPB nanocomposites was
investigated by an energy dispersive X-ray diffraction (EDX)
spectrometer attached to a Quanta 200 (FEI, The Netherlands)
scanning electron microscope operated at 30 kV. FTIR spectro-
scopy was recorded on a Nicolet AVATAR 360FT spectrometer
(USA). XRD patterns of samples were obtained using a piece of
equipment (Shimadzu XRD-6000, Japan) operating at a voltage
of 40kV and a current of 40 mA with Cu K, radiation, A=
1.54060 A. A continuous scan mode at 5-50° (26) with a scanning
rate of 5°/min was conducted. TGA was carried out on a
SETSYS-1750 instrument at a constant rise of temperature
(10°C/min) under N, atmosphere.

The electrical conductivity was measured in a four-point probe
(RTS-4, China) apparatus at room temperature. After being
vacuum dried at 60°C for 24 h, the samples were compressed into
a circular tablet with a diameter of 13 mm and a thickness greater
than 1 mm at 20 MPa. The thickness ¥ of each tablet was measured
accurately using a Vernier Caliper. F' (W/S) and F (D/S) (S=1),
which denote the width correction coefficient and the diameter
correction coefficient, respectively, were taken from a reference to
calculate the source current / according to the formula (1) [15]

I =F(W/S)x F(D/S) x W x 0.1 (1)

175
© The Institution of Engineering and Technology 2015


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

The room temperature resistivity p was then obtained from the four-
point probe apparatus. Since conductivity (o; S/cm) = 1/p, the elec-
trical conductivity of products could be calculated.

The solubility of the samples is reflected by the conductivity of
the saturated solution (7'=25 °C and pH = 6), which was measured
using a DDS-12A digital conductivity meter (Hubei Provincial
Institute of Measurement and Testing). The process is as follows:
10 mg of samples was dissolved in 4 ml of ethanol, stirred and
heated to boiling, followed by removal of the supernatant and
soluble impurities. The method described above was repeated
twice. To make the samples fully dissolved, 10 ml of ethanol was
added and heated to boiling. The sample was placed in a constant
temperature bath for 20 min to precipitate the solid and 3 or 4 ml
of supernatant was then taken into the beaker for fear of affecting
the test result because of the solid particles suspended in the elec-
trode. The conductivity of the saturated solution of ethanol was
required to determine references.

3. Results and discussion: For the purpose of obtaining a clear
insight into the morphology of the resulting PANI/ASPB
nannocomposite, a SEM test was carried out. Fig. 1 displays the
morphologies of PANI (Fig. la), PANI/ASPB nanocomposite
(Fig. 1b) and ASPBs (Fig. 1c). The chemical composition of the
PANI/ASPB nanocomposite was determined by simultaneous
EDX spectroscopy (Fig. 1d). As observed from Fig. la, PANI
shows a typical ‘rod-like’ or a fibrillar structure [16]. The
structure of PANI is stretched with a length of ca. 700 nm,
diameter of (100£10) nm and with a narrow diameter
distribution. The micrograph of the PANI/ASPB nanocomposite
(Fig. 1b) shows a spherical-like structure. This may be because
the addition of ASPB with uniform spherical structure (Fig. 1c¢)
provides the space factors for the orderly growth of PANIL
ASPBs serve as a template for the synthesis of the PANI/ASPB
nanocomposite. EDX analysis was used to investigate the
chemical composition of the PANI/ASPB nanocomposite
(Fig. 1d). The signal corresponding to silicon appears on the
spectrum, indicating that the doping of ASPBs in a PANI matrix
has indeed taken place.

Next, the chemical structure of samples was studied by FTIR spec-
troscopy (Fig. 2). The characteristic bands of protonated PANI,

represented by the absorption bands at 1567 and 1489 cm™', are
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Figure 1 SEM images

a PANI

b PANI/ASPB nanocomposite
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d EDX analysis of PANI/ASPB nanocomposite
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Figure 2 FTIR spectra of PANI, PANI/ASPB nanocomposite and ASPBs

assigned to the stretching vibration of the quinonoid and benzenoid
rings. The appearance of peaks at 1301 and 1203 cm™" can be attrib-
uted to C-N and C=N stretching vibrations, respectively, which is
consistent with the literature [17]. When doped with ASPBs, no
new peaks occur, which proves that the structure of PANI chains is
not affected by the dopant ions. However, the positions of the two
peaks have shifted to low frequency (1559 and 1486 cm™). The
reason may be that chemical oxidative polymerisation doping
enhances the delocalisation of charge electrons, and the bond force
constant of carbon in the quinone ring is reduced [18]. The result
further explains that the improvement of electrical conductivity of
PANI/ASPB nanocomposite is because of the delocalisation effects
of radical cations [19].

XRD experiments were performed to analyse the crystallographic
structure of the samples. It can be observed from Fig. 3 that ASPBs
only exhibit a broad characteristic peak at 26 = 24.4°, corresponding
to the SiO; reflection peak. For the XRD pattern of PANI, the char-
acteristic peaks at 260 =9°, 15.4°, 20.2° and 25° are attributed to the
structure of parallel polymer chains interlaced with vertical and
periodically oriented polymer chains [20]. For the PANI/ASPB
nanocomposite, since the ratio of [Cl]/[N] in the nanocomposite
is reduced, the intensity of the peak at 21° is increased [21] and
the location and intensity of the remaining peaks are changed.
The peaks move to 26=28.5° 15°, 21° and 25.4°, respectively.
When the diffraction peaks are 20=8.5°, 15°, 21° and 25.4°, the
interplanar distance (d) is 1.06, 0.58, 0.42 and 0.35 nm, separately
calculated by the Prague formula (24 sin € =nl). The full width at
half maximum (FWHM) of PANI at 26 =25° is 2.4°, and the PANI/
ASPB nanocomposite at 26 =25.4° is 3°. The FWHM of the PANI/
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Figure 3 XRD patterns of PANI, PANI/ASPB nanocomposite and ASPBs
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Figure 4 TGA curves
a PANIL; b PANI/ASPB nanocomposites; ¢ ASPBs

ASPB nanocomposite increases, demonstrating the nanocomposite
with low crystallinity and small particle size. As a result, the solu-
bility of the PANI/ASPB nanocomposite in ethanol improves.

The electrical conductivities of PANI and PANI/ASPB nano-
composite are determined using a RTS-4 four-point probe resistiv-
ity measurement system. The results suggest that the
room-temperature electrical conductivity of PANI is 7.1 S/cm.
However, the PANI/ASPB nanocomposite shows a high value of
electrical conductivity (26.3 S/cm). The increase in magnitude of
electrical conductivity may be due to the fact that the polyelectro-
lyte chains of ASPBs are favourable to the orderly growth of
aniline monomers, leading to a higher conjugate length. This is con-
sistent with the trends of the SEM and FTIR analysis results.

Fig. 4 displays the TGA of (a) PANI, (b) PANI/ASPB nano-
composite and (c) ASPBs under N, atmosphere at 60% RH. As
observed from Fig. 4, curves ¢ and a, the thermal stability of
ASPBs is much higher than that of PANI in the temperature
range of 35-700°C. As PANI is hygroscopic, nearly 5.9 wt% loss
has occurred at 100°C, because of the evaporation of residual
water, while there is only 1.7 wt% weight loss for PANI/ASPB
nanocomposite (see Fig. 4, curve b). As the temperature increases,
the main mass loss of PANI and PANI/ASPB nanocomposite starts
at about 200°C, corresponding to the PANI degradation [22]. As
shown in Fig. 4, curves a and b, the weight loss for PANI is
45.2%, more than that for the PANI/ASPB nanocomposite
(37.7%). The enhancement in thermal stability has been seen for
PPy/ASPB nanocomposite, which is of significance for the pre-
paration of high-performance conductive composites.

Fig. 5 represents the solubility of the samples, which is reflected
by the conductivity of the saturated solution (7=25°C and pH = 6).
As shown in Fig. 5a, different amounts of ASPBs in the PANI/
ASPB nanocomposite (10 mg) were dissolved in ethanol (4 ml)
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Figure 5 Pictures of the conductivity of saturated solution of PANI/ASPB
nanocomposite with different amounts of ASPBs (T =25°C and pH = ¢),
and results of quantitative analysis method

a Conductivity of saturated solution of PANI/ASPB nanocomposite with
different amounts of ASPBs

b Results of quantitative analysis method
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with ultrasonic dispersion for 10 min, and left for 30 h. If the con-
ductive composite has good solubility, its solution should be green.
When 5 wt% of ASPBs is added, the solution shows green, indicat-
ing good solubility of the nanocomposite, which is consistent with
the results of the XRD. The main reason is that the resulting PANI
chains become short and small because of the PSS flexible long
chains, which makes the nanocomposite well dissolved in the
solvent. Further, the solubility of the PANI/ASPB nanocomposite
is also changed by adding different amounts of ASPBs. When 10
wt% of ASPBs is added, a dark green colour of the solution is
obtained. When the amount of ASPBs is increased to 13 wt%,
the solution becomes clear, indicating that excessive ASPBs will
make the solubility of nanocomposite to decrease. The quantitative
analysis method is also shown in Fig. 5b. The conductivity of the
saturated solution of ethanol is 0.2 uS/cm. When ASPBs are
added in amounts of 5, 10 and 13 wt%, the solution conductivities
are 8.4, 11.6 and 5.44 uS/cm, respectively. The increase in the
amount of ASPBs in the PANI/ASPB nanocomposite will
enhance the solubility of PANI, but excessive ASPBs will decrease
the solubility of PANI because of the effect of the SiO, cores [23].

Fig. 6 represents the mechanism of the reaction process. The
polymerisation reaction of aniline monomers occurs in the PSS
chains in the presence of ASPBs. We can see that the amount of
positive charge per unit length in PANI chains is much less than
the amount of negative charge per unit length in PSS chains.
Therefore, part of SO is balanced by Na'. The addition of
aniline monomer increases its effective concentration in PSS
chains by exchange of Na'. Since the influences of the density
gradient formed by densely grafted PSS chains, polymerisation
reaction take place preferentially in high-concentration aniline
monomers which are situated in the cores of the ASPBs.
According to the doping mechanism of protonic acid, reaction
occurs first at the imine nitrogen atom of polymer chains, producing
the protonated imine nitrogen atom to form a polymeric cationic.
Thus, polycations play the role of multivalent counterions in
brush layers and strong complexation between PSS and PANI
occurs. Therefore, the polymerisation reaction of aniline monomers
is fixed in the brush layers. To sum up, ASPBs serve as a template

Figure 6 Schematic representations of the mechanism of the reaction

process
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for the synthesis of PANI/ASPB nanocomposite by capturing and
controlling the type and number of ions in brush layers in the
manner of electrostatic interaction [24].

4. Conclusion: In summary, a novel PANI/ASPB nanocomposite
by means of the chemical oxidation polymerisation method has
been described. Different characterisation and analytical methods
confirm that ASPBs serve both as a dopant and as a template.
Compared with PANI, PANI/ASPB nanocomposite possesses the
appearance of a sphere-like structure, enhanced room temperature
electrical conductivity, improved thermal stability and good
solubility. The resulting PANI/ASPB nanocomposite is expected
to be applied in RFID tags and inkjet printing.
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