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Abstract: Synthesis of polyaniline in the presence of fullerene nanotubes (nanocarbons) in water
was carried out with oxidative polymerization. The surface of the sample showed metallic emerald
green color in bulk like the brilliance of encrusted gemstones. The composite showed unique
magnetic behavior, such as microwave power-dependent magnetic resonance as magnetic spin
behavior and macroscopic paramagnetism with a maximum x value at room temperature evaluated
with superconductor interference device. Surface structure of the composite was observed with
optical microscopy, circular polarized differential interference contrast optical microscopy, scanning
electron microscopy, and electron probe micro analyzer. Polymer blends consisting of polyaniline,
nano-carbons, and hydroxypropylcellulose or acryl resin with both conducting polymer and carbon
characters were prepared, which can be applied for electrical conducting plastics. The combination
of conducting polymer and nano-carbon materials can produce new electro-magneto-active soft
materials by forming a composite. This paper reports evaluation of magnetic properties as a new
point of nanocarbon and conducting polymer composite.
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1. Introduction

Nanocarbon has been studied from both fundamental aspects and applications in
new technologies. Especially, carbon peapods are a product of nanotechnology and an
interesting carbon-based material in which spherical fullerenes exist in tubular carbon [1].
The carbon peapods containing fullerene exhibit characteristic physical behavior, such as
the movement of fullerenes inside the carbon tubes and electronic interactions between the
carbon nanotubes and fullerenes [2-8].

Since the discovery of polyacetylene films with a metallic reflection, conducting
polymers have been developed and applied in a research field of plastic electronics.
n-Conjugated polymers, as a precursor for conducting polymers before doping, have been
applied in electroluminescent devices, solar cells, and sensors. General m-conjugated poly-
mers can be synthesized in organic solvents using the following coupling polycondensation
reactions: Migita—Kosugi-Stille coupling, Mizoroki-Heck reaction to prepare polyarylene-
vinylene, Negishi coupling reaction, and direct arylation method recently developed by
Kanbara [9,10] using a Pd complex catalyst. The Sonogashira-Hagihara reaction can pre-
pare conjugated polymers with triple bonds using Cu and Pd complex catalysts. Ni-based
catalysts can be used to prepare conjugated polymers using the Kumada-Tamao-Corriu
coupling reaction [11]. A Ta-based catalyst is useful for preparation of polyacetylene
derivatives [12]. Electrochemical polymerization in chiral liquid crystal can be prepared
electro-optically active polymers [13].
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Polyaniline (PANI) is one of the representative conducting polymers. The electrical
conduction mechanism and synthesis method of PANI are unique in conjugated polymers.
The conductivity of PANI can be explained by a combination of m-electron-based electrical
conduction via the movement of polarons (radical cations) and bipolarons (dications)
upon doping and ionic conduction support. The production of PANI is environmentally
friendly because the synthesis of PANI has been performed in a water medium. In addition,
the aniline monomer has been used as a raw material of dyes and is inexpensive and
readily available.

In this report, a composite of fullerene nanocarbons and PANI is prepared by the
polymerization of aniline in the presence of the nanocarbons. The polymerization reaction
occurred on the surface of the nanocarbon reaction field. The resulting PANI is grown
and adhered to the surface to form a carbon/PANI composite. We report the synthesis
of the composites showing metallic structural color and the magnetic property for the
development of conducting polymer and nanocarbon science.

2. Synthesis

Aniline was polymerized in the presence of carbons in water using ammonium perox-
odisulfate (APS) as an oxidant for this synthesis. A solution of nanocarbons 5 mL (4 g/L
water solution, tubes@rice, fullerene nanotubes), 1.020 g of aniline as a monomer, 1.032 g of
sulfuric acid, and 0.993 g of APS in water was stirred at 0 °C. After 24 h, the solution was
filtered and washed with a large volume of methanol, followed by drying in vacuum to
obtain 0.114 g of a powders of metallic emerald green color in bulk like the brilliance of
encrusted gemstones. The resulting product is abbreviated as C/PANI. Scheme 1 presents
the synthesis of C/PANIL

H,S Oy, carbon, APS
QNHZ > C/ NHEl-
Water n

C/PANI

Scheme 1. Preparation of the C/PANI composite. APS: Ammonium peroxydisulfate. PANI: Polyani-
line. Carbon: Fullerene nanotubes.

3. Results
3.1. Fourie Transform Infrared

Figure 1 shows the Fourie transform infrared (FI-IR) absorption spectrum of C/PANI
MacDiarmid et al. reported various doping states of PANI [14]. The characteristic ab-
sorptions of PANI, the C=C stretching vibrations due to the quinonoid structure (Q) and
benzenoid structure (B) (Figure 2), were observed at 1561 cm ! and 1491 em 1, respectively,
due to the Q-B-Q sequence structure. The as-prepared PANI fraction was doped by H,SO4
during polymerization. The doped PANI consisted of benzenoid and quinonoid units
at the molecular level. The C=N stretching vibration due to the Q-B—Q structure was
observed at 1298 cm ™!, and the CN stretching vibration due to the B-B-B structure was
exhibited at 1243 cm~!. Thus, PANI could be synthesized in the presence of the carbons.
The absorption of the carbons in the composite overlapped with the benzenoid structure of
PANI. In addition, the PANI signal occupied the entire absorption caused by the surface of
the carbons being covered with the PANI layer.
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Figure 1. Fourie transform infrared spectrum of C/PANIL

Benzenoid (B) Quinonoid (Q)
Figure 2. Benzenoid (B) and quinonoid (Q) units in PANI.

3.2. Ultraviolet-Visible

Figure 3 shows the Ultraviolet-visible (UV-vis) absorption spectrum of the C/PANI
dissolved in N-methyl pyrrolidone (NMP). The absorption band due to the 7—7t* transition
of the main chain of polyaniline was observed at 324 nm. The absorption band originating
from a polaron as a doping band appeared at 629 nm. The spectral shape can be emeraldine
base as a half-doped form of soluble fraction in NMP. The absorption band of the pristine
PANI was observed at 637 nm in the previous study [15]. The blue shift of the C/PANI
may be related to interaction between PANI and the carbons [16].

Absorbance (arb. units)

300 400 500 600 700 800
Wavelength (nm)

Figure 3. Ultraviolet-visible optical absorption spectrum of C/PANI in N-methyl pyrrolidone solution.

3.3. Surface Image

Appearance of sample images after filtration in the purification process of the C/PANI
is displayed in Figure 4, showing the brilliance of encrusted gemstones. Figure 4a shows
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a magnified image of a metallic purple part of the sample. Figure 4b,c show further
magnification of the metallic emerald green part. The C/PANI displays various reflection
colors, such as emerald green, purple, bronze, and metallic emerald green. This may be due
to the fact that the as-prepared C/PANI is a doped form with free electrons. Interaction
between carbon and PANI can increase electron mobility in the bulk for showing plasma
reflection like polyacetylene. Further, dispersion of the nanocarbon component in the
C/PANI composite may exhibit structural color. The combination of the plasma like
reflection and sample structural color with intrinsic color of the doped PANI element
resulted metallic emerald color, as a form of metallic emeraldine of PANI. Previously, PANI
has been defined as the emeraldine forms. The present research realized a metallic color
emeraldine in bulk.

PrLLE S
«* a,

—

Figure 4. Appearance of C/PANI. (a) Surface image of C/PANI after filtration in the purification.
(b,c) Magnifications of the metallic emeraldine part.

Figure 5 shows a circular polarized differential interference contrast optical microscopy
(C-DIM) image of the metallic emeraldine part of the C/PANI sample, showing a col-
orful surface. The surface color can be due to metallic reflection and structural color
of the C/PANI.
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Figure 5. Circular polarized differential interference contrast optical microscopy (C-DIM) image of
the emerald green part of C/PANIL.

Figure 6a shows scanning electron microscopy (SEM) image of the C/PANI. The
surface pebble structure is observed. Figure 6b displays electron probe micro analyzer
(EPMA) observation results for carbon element of the C/PAN]I, indicating that pebbles on
the surface contain high concentration of carbon. The EPMA profile of the carbon in the
C/PANI confirmed distribution of the carbon in the sample. The carbon element in the
sample and surface bulk structure may be the cause for the appearance of the surface color.
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Figure 6. (a) Scanning electron microscopy image of C/PANI. (b) Electron probe micro analyzer
(EPMA) results of carbon element for C/PANI. (c) The EPMA profile of carbon in C/PANI
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3.4. Synchrotron X-ray Diffraction

Synchrotron X-ray diffraction measurements for a pure PANI as a reference and
C/PANI were carried out, as shown in Figure 7. The pure PANI showed diffractions at 13.8,
10.1,6.1,4.3,3.5,3.3, and 3.1 A as typical diffractions of the emeraldine salt (PANI/ES).
C/PANI exhibits diffractions at 10.7, 6.2, 4.4, 3.5 3.4, 3.24, and 3.23 A (inset of Figure 7).
Especially, diffractions at 3.24 and 3.23 A of C/PANI can be derived from carbon element
in the C/PANI composite.

188 A 33A 31A
43 A
\10.1 A 61A ¥
3.23 A
324 A Y

Intensity (arb. units)

175 18
26 (deg)
C/PANI

5 10 15 20 25
20 (deq)

Figure 7. Synchrotron X-ray diffraction measurement results for pure PANI (PANI-ES) as a reference
and C/PANI.

3.5. Electron Spin Resonance (ESR)

Figure 8 presents the ESR measurements for the C/PANI powder with a microwave
power of 2.81 mW at 25 °C. The shape of the ESR signal differed from the symmetri-
cal Lorentz-type. This may be due to the dielectric relaxation of carbon nanotubes and
fullerenes in the PANI matrix. The signal intensity decreased with increasing microwave
power (Figure 9). The resonance intensity changes with microwave power for the composite
may lead to the development of devices that can detect low power microwaves. Electrical
conductivity of C/PANI was 3.3 S/cm.

2.81 mwW

Intensity (arb units)

328 3285 320 3205 330
Magnetic Field (mT)

Figure 8. Electron spin resonance (ESR) measurement result for the C/PANI powder. Microwave
power: 2.81 mW.
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Figure 9. Change in the ESR intensity of C/PANI as a function of the microwave power.

3.6. Superconducting Quantum Interference Device Measurements

Figure 10a presents the x vs. T and the xT vs. T plots for C/PANI, where x is mag-
netic susceptibility. The magnetic behavior of C/PANI showed normal paramagnetism
at low temperatures because xT vs. T in the Curie plot is constant. Figure 10b shows the
magnification of the x vs. T. The maximum of the x value appeared at 265 K. The 1/x
plots, as a function of temperature, exhibit a maximum at 105 K (Figure 7b, inset). This
magnetic behavior was combined with the magnetic properties of PANI as Pauli’s para-
magnetism derived from polarons, the carbons, and electromagnetic interaction between
PANI and the carbons.
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Figure 10. (a) x vs. T and xT vs. T plots for C/PANI. (b) Magnification of x vs. T; inset shows 1/%.
X: Magnetic susceptibility. T: Temperature.

3.7. I-V Character

Figure 11 displays current (I) as a function of applied voltage (E) of C/PANI. Increase of
applied voltage to C/PANI increased current, indicating typical ohmic property, confirming
electrical conducting function of C/PANI. Although the current is proportional to the
voltage, the slight deviation from the linearity of the I-V (I-E) below —4 V may be caused
by Joule heat.
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Figure 11. Current (I) as a function of applied voltage (E) of C/PANI

4. Applications

Polymer blends consisting of PANI, carbon, and hydroxypropyl cellulose (HPC) or
acryl resin were prepared. We previously reported facile synthesis of PANI in the presence
of iodine in organic solvents [17,18]. The preparation of PANI in organic solvents can
produce polymer plastic blends during the polymerization process of aniline. Further,
addition of carbons in the polymerization reaction allows us to prepare C/PANI/ plastics.
Based on this concept, we prepared two plastic blends consisting of PANI, carbon, and
HPC or acryl resin.

Synthesis of the HPC-based blends is simple. Aniline as a monomer (1 g), the carbons
(1 g in a water solution), sulfuric acid (0.5 g), and HPC (5.5 g) were mixed in 5 mL of
distilled water. Then, the solution was cooled to 0 °C, and stirred with a mechanical stirrer.
APS (1 g) was added to the solution and the solution was stirred for 24 h. The solution was
dried to obtain PANI, carbon, and HPC plastic blend (C/PANI/HPC).

Synthesis of the acryl resin-based blends was carried out by mixing aniline as a
monomer (0.5 g), benzenesulfonic acid (1 g), iodine (0.03 g), acryl resin (1.8 g), the carbons
(0.9 g, in a water solution) in 10 mL of chloroform. Then, the solution was cooled to 0 °C,
and stirred with a mechanical stirrer. APS (1 g) was added to the solution and the solution
was stirred for 24 h. The solution was dried to obtain the plastic consisting of PANI, carbon,
and acryl resin (C/PANI/ Acryl).

Figure 12 displays an optical microscopy image of C/PANI/HPC with transmission
light at 25 °C, showing birefringence derived from liquid crystal form of the matrix HPC.
Green color of the polymer blend is derived from the PANI emeraldine element.
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20 um

Figure 12. Optical microscopy image of PANI, C, and HPC blend plastic (C/PANI/HPC).

Figure 13 displays a circular polarized differential contrast interference optical mi-
croscopy image of C/PANI/ Acryl with reflection light at 25 °C. A clear image of the carbons
in the plastic blend was not observed because the fine sized carbons were dispersed in the
blend. Black circles are bubbles of air in the sample with no birefringence.

Figure 13. Polarizing optical microscopy image of PANI, C, and HPC plastic blend (C/PANI/Acryl).

Figure 14a displays IR spectra of the carbons, HPC, C/PANI/Acryl. The absorption
band at 1118 cm ™! of C/PANI/HPC was derived from the absorption band of the HPC. The
absorption of C/PANI/HPC at 1648 cm ™! was also observed for the carbons, indicating
C/PANI/HPC had partly the same character of the carbons and the HPC. An absorption of
carbons at 1392 cm~! was also observable for C/PANI/ acryl (Figure 14b). C/PANI/acryl
had absorption band at 1134 cm~!, which was observed for the acryl resin. The IR of
C/PANI/acryl showed both characteristics of the carbons and acryl resin. The polymer
blends had the absorption bands from the carbons and the matrix resins.
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Figure 14. IR spectra of carbons, HPC, and C/PANI/HPC (a) and carbons, acryl resin, and
C/PANI/acryl (b).

Electrical conductivities of C/PANI/HPC and C/PANI/Acryl were 8.3 x 1073 S/cm
and 5.2 x 107> S/cm, respectively, measured by the four-probe method, indicating these
plastic blends had electrical conductivity. The plastics can be processed for making thin
films and ingots for use for conducting vessels, packages, and wrapping items with electro-
magnetic shielding functions.

5. Conclusions

PANI was synthesized in the presence of the fullerene nanotubes (tubes@rice) to
prepare C/PANI composites. The composite showed unique magnetic behavior, such as
microwave power-dependent magnetic resonance as magnetic spin behavior and macro-
scopic paramagnetism with a maximum x value at room temperature. Polymer blends
consisting of PANI, C, and HPC or acryl resin having conducting polymer and carbon
characters can be applied for electrical conducting plastics. The combination of conducting
polymer and nano-carbon materials can produce new electro-magneto-active soft materials
by forming a composite.
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