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Introduction

Carbon nanotubes (CNTs)/polymer composites have been
widely investigated to use the excellent properties of CNTs,
such as electrical, thermal, and mechanical properties.'?
Recently, electrical properties of CNT/polymer composites
have been studied for potential applications, such as fuel
cell, sensor, transparent electrode for electric devices, and
so on.** Especially, the CNT/polymer composite film with
excellent electric conductivity is a promising candidate for
industrial applications, such as electromagnetic interference
(EMI) shielding material." EMI shielding materials have
been paid an attention to develop the long lifetime and the
high efficiency of equipment in various fields, such as tele-
communication, computer, military and aerospace, etc.
Although metals have conventionally been used for EMI
shielding, they have many defects such as corrosion, heavy
weight and high hardness. To overcome these problems,
the CNT/polymer composite was considered as promising
EMI shielding material because of light weight, easy pro-
cess and flexibility."

However, the uniform dispersity of CNTs in polymer
matrix is a challenge for applications because of aggregation
by strong van der waals forces among CNTs. To improve
the dispersity of CNTs in polymer matrix, some approaches
have already been suggested, such as, using efficient mixing
apparatus, functionalizing CNTs, and mixing surfactants
(dispersants), and so on.'*'¢

In this study, to enhance the dispersity of CNTs in poly-
mer matrix, CNTs coated polymer particles were used as
building block for CNT/polymer composite films. The Layer-
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by-Layer (LbL) self-assembly was used to fabricate CNTs
coated polymer particles because LbL self-assembly readily
controlled the amount of CNTs on polymer particles by
changing the number of adsorption cycles.

The CNTs coated polystyrene (PS) particles were synthe-
sized by LbL self-assembly method with functionalized
multiwall CNTs (fMCNTs) and polyelectrolytes (poly(dial-
lyldimethylammonium chloride) (PDDA), poly(sodium 4-
styrenesulfonate) (PSS)). To prepare negatively charged PS
particle as core particle for LbL self-assembly, PS particles
were chemically reacted with sulfonic acid. The amount of
CNTs on the surface of PS particles was precisely controlled by
the stepwise growth of fMCNT/polyelectrolyte multilayers
on polymer particles. Composite particles with different
quantity of fMCNTs were changed to fMCNT/PS compos-
ite films by hot press. The morphologies of fMCNT/poly-
electrolyte self-assembled particles and fIMCNT/PS composite
films were observed by SEM. And fMCNT/polyelectrolyte
multilayer on PS particles was confirmed by zeta potential
analysis. In addition, the electrical conductivity and EMI
shielding effectiveness of fMCNT/PS composite films were
measured. It was suggested that electrical properties of
fMCNT/PS composite films were efficiently adjusted by
controlling the number of self-assembled multilayers on the
surface of particles.

Experimental

Materials. Purified multiwall carbon nanotubes (MCNTs,
CVD, 95%) were obtained from Iljin Nanotech Inc. Sulfuric
acid (95%) and nitric acid (60-62%) were obtained from
Junsei Chemical. Poly(diallyldimethylammonium chloride)
(PDDA, 20 wt% in water, M,, = 100,000 - 200,000), poly(sodium
4-styrenesulfonate) (PSS, M, =70,000) and poly(methyl
methacrylate) (PMMA, M, = 120,000) were purchased from
Aldrich. Styrene monomer (Junsei) was purified through a
removing column before use and ethanol (EtOH, 99.9%, J.
T. Baker) and methylene chloride (99.9%, J. T. Baker) was
regent grade. Poly(vinyl pyrrolidone) (PVP-40T, weight average
molecular weight (M,) = 4.0 x 10* g'mol”', Sigma) and di-2-
ethylhexyl ester of sodium sulfosuccinic acid (Aerosol-OT,
Wako) were purchased. 2,2-azobis(isobutyronitrile) (AIBN,
Junsei) was recrystallized from methanol.

Chemical Oxidation of MCNTs. MCNTs were function-
alized by a sonification treatment in a mixture of sulfuric
acid and nitric acid (3:1) for 6 h at room temperature.'’
Functionalized MCNTs (fMCNTs) were diluted with deion-
ized water and separated by centrifugation. They were con-
tinuously subjected to repeated redispersion/centrifugation
in deionized water. Finally, fMCNTs obtained through these
procedures were diluted to 0.0005 g fMCNTs/1 g deionized
water.
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Preparation of Sulfonated PS Microspheres. Monodis-
perse polystyrene (PS) particles were synthesized by disper-
sion polymerization.'® AIBN, PVP, Aerosol-OT, styrene and
ethanol were weighted into 250 mL 4-necked glass reactor
equipped with a mechanical stirrer, a refluxing condenser
and a nitrogen inlet system. After mixing, the reactor with
homogeneous solution was dipped into oil bath. Homoge-
nous solution was polymerized at 70 °C for 24 h and stirring
speed 40 rpm. The produced particles are repeatedly centri-
fuged and dried in vacuum at ambient temperature. The PS
particles (0.5 g) were modified by mechanical stirrer with
H,SO, (50 g) at 18 h under room temperature.® The sulfonated
PS particles were finally obtained by four centrifugations
with ethanol and deionized water, and dried in vacuum at
ambient temperature.

fMCNTs/Polyelectrolyte Multilayers on PS Particles by
LbL Self-assembly. Polyelectrolyte (PDDA/PSS/PDDA) self-
assembled PS particles were fabricated by LbL assembly
method. The sulfonated PS particles (0.5 g) were mixed
through mechanical stirrer in polyelectrolyte (PDDA and
PSS) solutions consecutively. Modified PS particles were
washed by centrifugation with deionized water. Polyelectro-
lytes (PDDA and PSS) were dissolved in deionized water at
a concentration of 10 mg/mL. Prepared PS particles with
PDDA/PSS/PDDA multilayer were poured and mixed in
the amount of 6 wt% fMCNTs solution. After the exceeded
fMCNTs were removed by three centrifugations, the poly-
electrolyte/fMCNTs coated PS particles were obtained.
Desirable (PDDA/fMCNTs), multilayers coated PS particles
were fabricated by alternating adsorptions of PDDA and
fMCNTs on PS particles.

Preparation of fMCNT/PS Composite Layer on PMMA.
fMCNT/PS composite films were fabricated to measure
electrical properties. First, a PMMA substrate was prepared
by the solvent removal from the PMMA dissolved in meth-
ylene chloride. Then, fIMCNT/polyelectrolyte self-assembled
particles were dropped on the PMMA film. Finally, bilayer
films comprising of a PMMA layer and a fMCNT/polymer
(PS) composite layer were obtained by hot press method for
2 h at 120 °C.” The procedure was shown in Figure 1.

Characterizations. The sulfonic groups on the surface of
PS particles were confirmed by FT-IR (Nicolet, Mahgna IR-
550). The zeta-potential of fMCNTs/polyelectolyte self-
assembled particles was measured by zeta-potential ana-

MCNTSs composite particles

- -

PMMA Film Hot pressing

Figure 1. Schematic illustration for preparing fMCNT/PS com-
posite layer on PMMA.
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lyzer (Otsukael, ELS-8000). The morphology of fMCNTs
composite particles was observed with scanning electron
microscope (SEM, JSM-6300, JEOL). A thermogravimetric
analysis (TGA) was carried out in the temperature range of
25-800 °C at a heating rate of 10 K/min under a nitrogen
atmosphere using a SDT2960 (TA instrument, Inc.) To con-
firm electric conductivity of f/MCNTs composite films, the
four-probe method was used at room temperature in the
range of 0.1 Hz-10 MHz. In addition, electromagnetic inter-
ference (EMI) shielding effect was examined in the fre-
quency range of 50 MHz-1.5 GHz by ASTM D4935-99
method (HP 8719ES).

Results and Discussion

The surfaces of PS particles prepared by dispersion poly-
merization were sulfonated by a reaction with sulfuric acid.
The sulfonated PS particles were confirmed by FT-IR spec-
troscopy as shown in Figure 2. The characteristic peak of
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Figure 2. FT-IR spectra of the pure PS particles (a) and sul-
fonated PS particles (b).
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Figure 3. The zeta-potential of fMCNT/polyelectrolyte self-
assembled PS particles (0: sulfonated PS particles; 1,3,5,7: PDDA;
2: PSS; 4,6,8: fMCNTs).
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sulfonic group appeared at 1250 cm™ (S=0 bond) and
3400 cm™ peaks (O-H bond).

Figure 3 shows the zeta-potential of each layer of fMCNTs
and polyelectrolytes on sulfonated PS particles. Sulfonated
PS particles had negative surface charges because of sul-
fonic groups on particle surfaces. Oppositely charged poly-
electrolytes (PDDA and PSS) were adsorbed on sulfonated
PS particles. PDDA/PSS/PDDA multilayers on sulfonated
PS particles were fabricated by the subsequent adsorptions
of polyelectrolytes and confirmed by zeta-potential analysis.

fMCNTs were adsorbed on positively charged PDDA
layer which was the utmost layer of PDDA/PSS/PDDA self-
assembled PS particles. fMCNT layers were charged nega-
tively because fMCNTs had carboxyl functional groups by
chemical oxidation of CNTs in acid solutions. When fMCNTs
and PDDA were alternately coated on particles by LbL self-
assembly, the repeating changes of negative and positive
surface charges were observed as shown in Figure 3 (from
the 4th layer to the 8th layer). These variations of zeta potential
indicated that surfaces of PS particles were successfully
coated by PDDA and fMCNTs subsequently.

The FE-SEM images of sulfonated PS particles and fMCNT/
polyelectrolyte self-assembled PS particles having different
number of PDDA/fMCNT multilayers are shown in Figure 4.
The Figure 4(a) shows that the surfaces of sulfonated PS
particles are clean. The size distribution of particle was very
narrow (average diameter: 2 zm). However, fMCNT bundles
were observed on particles after coating PDDA and fMCNT
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Figure 5. TGA thermograms of the sulfonated PS particles and
(PDDA/fMCNTs), multilayer particles.

as shown in Figures 4(b)-(d). As the number of fMCNT/
PDDA multilayers increased, the amount of fMCNTs on
particles gradually increased. Furthermore, the expansion of
fMCNT coverages on surfaces was observed with increas-
ing the number of fMCNT/PDDA multilayers. The inter-
connected networks formed by fMCNTs among particles were
observed, also.

Thermal properties of sulfonated PS and fMCNT/poly-
electrolyte coated PS particles were studied by TGA ther-

Figure 4. FE-SEM images of sulfonated PS particles (a), (PDDA/fMCNTs), self-assembled particles (b), (PDDA/fMCNTs), self-assembled

particles (c), and (PDDA/fMCNTSs); self-assembled particles (d).
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mograms as shown in Figure 5. The main degradation of all
samples appeared between 350 and 470 °C under nitrogen
atmosphere. The sulfonated PS particles were entirely
burned out over 450 °C. However, the residues of fMCNT/
polyelectrolyte coated PS remained at 500 °C because of
fMCNTs attached on particles. Therefore, the amount of
fMCNTs coated on particles was checked by removing core
polymer particles during heating at 500 °C. With increasing
the number of PDDA/fMCNT multilayers (from the 1% layer
of fMCNTs to the 3™ layer of fMCNTs), the amount of
fMCNTs on particles increased (3.6%, 7.5%, and 12.7%,
respectively). The increasing amount of fMCNTs on parti-
cles with increasing the number of PDDA/fMCNT multi-
layer was well consistent with the observation of FE-SEM
as shown in Figure 4. These results showed that the amount
of fMCNTs on the particles was successfully controlled by
LbL self-assembly.

fMCNT/PS composite films were fabricated on PMMA
substrates by using fMCNT/polyelectrolyte self-assemble
particles. When fMCNT/PS composite films were prepared
without PMMA substrates by hot press technique, produced
composite films were very brittle. Therefore, the PMMA

Figure 6. FE-SEM images of fMCNT/fMCNT/PS composite
layer on PMMA (a: top view, b: side view).
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Figure 7. Electrical conductivity of fMCNT/PS composite layer
on PMMA using the different number of PDDA/fMCNT multi-
layers self-assembled particles at room temperature.

with superior flexibility was used as substrate for {IMCNT/
PS composite films. fIMCNT/polyelectrolyte self-assembled
particles were hot pressed on the PMMA substrate at
120°C. The average thickness of fMCNT/PS composite
layer on PMMA was 525 gm. Figure 6(a) shows the surface
of fMCNT/PS composite layer on PMMA. The barrier
between the PMMA substrate and fMCNT/PS composite
layer is shown in Figure 6(b). It was observed that the
PMMA layer and the fMCNT/PS composite layer were not
mixed each other during hot pressing at 120 °C.

Figure 7 shows the electrical conductivity of fMCNT/PS
composite layer on PMMA having different number of PDDA/
fMCNT multilayers. The conductivity of composite films
increased dramatically with increasing the number of PDDA/
fMCNTs multilayers (5.929 x 10~ S/cm (the 1% PDDA/fMCNT
layer), 1.153 x 10 S/cm (the 2™ PDDA/fMCNT layer), and
6.756 x 107 S/cm (the 3™ PDDA/fMCNT layer). Because the
amount of fMCNTs on the multilayers increased with
increasing the number of fMCNT/polyelectrolyte multilay-
ers, conductive pathways contributing to the conductivity of
composite layer were extended, also. It was suggested that
the enhanced conductivity of composite films were caused
by the extended fMCNT network in polymer matrix. In
addition, it was suggested that the fMCNTs may be well
dispersed in fMCNT/PS composite films films by using
fMCNT/polyelectrolyte self-assembled particles

The EMI shielding efficiency (SE) represents relation
between a transmitted power and an incident power. The
EMI SE is defined as SE(dB) =10 log P/P,=20 log E/E,
where P; is the incident electromagnetic power, P, is the
transmitted electromagnetic power, E; is the incident electric
field, and E, is the transmitted electric field.>"*
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Figure 8. EMI shielding efficiency of fIMCNT/PS composite layer on
PMMA using the different number of PDDA/fMCNT multilayers
self-assembled particles over frequency rage of 50 MHz - 1.5 GHz.

Figure 8 shows the EMI SE over the frequency range (50
MHz -1.5 GHz) of fMCNT/PS composite layer on PMMA
with the different number of PDDA/fMCNT multilayers.
The EMI SE over frequency rage of 50 MHz - 1.5 GHz was
measured to be 1-5 dB. Though the EMI SE of films was
observed as shown in Figure 8, the EMI SE was too low to
be applied for practical applications. This result may be
caused by the low aspect ratio and the surface damages of
functionalized fMCNTSs. In addition, the reduced number of
metal catalysts in fMCNTs during functionalization may be
another factor to lower the EMI SE.*

Conclusions

fMCNT/polyelectrolyte coated PS particles were synthe-
sized by LbL self-assembly to enhance dispersity of CNTs
in CNT/PS composite films. The amount of fMCNTs on
particles was efficiently controlled by adjusting the number
of PDDA/fMCNT multilayers. The electrical properties of
fMCNT/PS composite layer on the PMMA using fIMCNT/
polyelectrolyte self-assembled particles were investigated.
The fMCNT/PS composite layer on the PMMA showed the
high electric conductivity because fMCNTs were well dis-
persed in composite films. Also, EMI SE over frequency
rage of 50 MHz - 1.5 GHz was weakly measured around
1-5 dB depending on the different number of PDDA/fMCNT
multilayers. Though the EMI SE of composite films was
observed, the EMI SE was too low to be applied for practi-
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cal applications. The electrical conductivity of fMCNT/PS
composite layer on PMMA continuously increased with the
stepwise growth of PDDA/fMCNT multilayers. It was sug-
gested that electrical properties of composite films were
efficiently controlled by using fMCNT/polyelectrolyte self-
assembled particles.
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