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Abstract: To improve the mechanical strength and electrical conductivity of poly-
carbonate (PC)-based composites with multi-walled carbon nanotubes (MWCNT),
poly(methyl methacrylate) (PMMA)-grafted MWCNT (PMMA-MWCNT) was first
prepared by polymerizing the monomer MMA on MWCNT that was functionalized
with 3-(trimethoxysily)propylmethacrylate. A composite of PCand MWCNT was then
produced by melt extrusion to examine its mechanical properties; another composite
was also fabricated from solution to explore the dispersion of MWCNT and the elec-
trical conductivity. The measured adhesion energy of the PC and PMMA-MWCNT
was the highest value that could be obtained with PC and MWCNT, which guaran-
teed the strongest adhesion and the most uniform dispersion of the MWCNT in the com-
posite. When compared to the PC/MWCNTs composite, the PC composite with
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PMMA-MWCNT exhibited improved interfacial adhesion and dispersion of the MWCNT, resulting in better mechanical and electri-

cal properties.
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1. Introduction

Carbon nanotubes (CNT) have been widely explored for appli-
cation as a reinforcement material in polymer composites
because of their excellent inherent properties.”* Polymer com-
posites containing CNT are expected to have an immense tech-
nological and commercial impact because the composites are
expected to have superior electrical conductivity and mechanical
strength.>* However, there is a limit to the development of com-
posites with superior properties owing to CNT entanglement
and poor adhesion at the interface of CNT and polymers. More-
over, CNTs easily aggregate because of the strong interactions
among them and their high aspect ratio.** To overcome these
problems, many techniques, including CNT functionalization
with organic moieties and polymer grafting on CNT, have been
developed to prepare composites of CNTs and polymers.>!
Bisphenol-A polycarbonate (PC) has received much atten-
tion because of its high thermal resistance, impact strength,
and transparency.’? PC is widely used in many industrial fields,
including housings of electrical devices and automotive parts,
but its use is often limited by its low mechanical strength and
issues related to electrostatic dissipation.”*'* These weaknesses
of PC might be overcome by blending with CNT. The prepara-
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tion of an effective filler for reinforcement and electrostatic dis-
sipation requires fine CNT dispersion and excellent adhesion at
the PC and CNT interface. The PC composites with modified
CNTs have been explored for this purpose.*'! For example,
CNTs that were functionalized with hydroxyl, carboxylic acid,
and acyl halides and CNTs that were grafted with polymers
were prepared. Examination of composites of these modified
CNTs and PC revealed mechanical and electrical properties
that were improved from those of composites of PC and pris-
tine CNTs.

Polymer grafting onto CNT can be a more effective strategy
than CNT functionalization in improving mechanical and elec-
trical properties of the PC/CNT composite because of the inev-
itable chain entanglement between the grafted polymer and
matrix polymer. Composites of PC and poly(styrene-co-acrylo-
nitrile) (SAN)-grafted CNT have been studied,” but effective chain
entanglement between PC and SAN might not be feasible because
of their immiscibility.'>*¢

In this study, poly(methyl methacrylate) (PMMA)-grafted
multi-walled carbon nanotubes (MWCNTSs), hereafter referred
to as PMMA-MWCNT, were prepared by radical polymerization,
and the properties of their composites with PC were explored.
It is known that PMMA is nearly miscible with PC.}"*® A higher
level of chain entanglement at the interface between PC and
MWCNTs is expected because of the miscibility of PC with PMMA.
The adhesion energies at the PC and MWCNT interface were
calculated by analyzing the shape of PC droplets formed on the
MWCNT. The electrical conductivity and mechanical strength
of the PC composites with MWCNT were also examined.
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2. Materials

The MWCNTs (JC-170, average length: 1.7 um, average diame-
ter: 13 nm) were supplied by Jeio Co. (Seoul, Korea). Polycar-
bonate (GP-100L, M, =22,000 g/mol, M,, =43,000 g/mol) that
was synthesized by interfacial polymerization between bisphe-
nol-A and phosgene was purchased from LG Chemicals (Seoul,
Korea). Hydrogen peroxide (H,0,) and 3-(trimethoxysily)pro-
pylmethacrylate (g-MPS) was used as reactants to functional-
ize MWCNTs, ammonium hydroxide was used as a catalyst for
the coupling reaction between the hydroxyl terminated MWCNT
and y-MPS; n-hexane, methanol, and tetrahydrofuran (THF) were
used as solvents; these reactants, catalyst, and solvents were
supplied by Sigma-Aldrich. Methyl methacrylate (MMA) was
used as the monomer for the synthesis of PMMA that would be
grafted on MWCNTSs and azobisisobutyronitrile (AIBN) was used
as an initiator for polymerization; both them were purchased
from Junsei Chemicals (Tokyo, Japan).

3. Experiment
3.1. Fabrication and characterization of modified MWCNTs

The route for the fabrication PMMA-MWCNT is shown in Fig-
ure 1. First, MWCNTSs containing hydroxyl groups (MWCNT-OH)
were prepared by reacting MWCNT and H,0,. The aqueous solu-
tion (500 mL) containing 25 mol% of H,0, and 0.5 g of MWCNT
was heated to 60 °C and then left for the components to react for
24 h to form the MWCNT functionalized with hydroxyl groups.
The resulting MWCNTSs were collected by vacuum filtration. The
MWCNT-MPS, which contained carbon-carbon double bonds
as chain end-groups, was prepared through the reaction between
MWCNTs-OH and »+MPS. An aqueous solution (deionized water:
40 mL) containing methanol (10 mL) and ammonium hydroxide
(0.1 mol) was mixed with MWCNT-OH at 30 °C for 30 min under
sonication. After »-MPS (4 g) was added to the aqueous solu-
tion, the reaction proceeded at 80°C for 12 h.

To prepare the PMMA-MWCNT, AIBN (0.2 g) was added to
MMA (100 mL) containing MWCNT-MPS (0.5 g). The polymer-
ization reaction then proceeded at 80 °C for 30 min. Note that
the concentration of converted MMA remained at 10 wt%. THF
(300 mL) was added to the product and then the resulting
MWCNTs were collected by vacuum filtration. This process was
repeated seven times to completely separate ungrafted PMMA
and remaining MMA.

The structure of the modified MWCNTs was analyzed by Fou-
rier-transform infrared (FT-IR; Magna 750, Nicolet, Wisconsin,
USA) spectra and X-ray photoelectron spectra (XPS; VG Micro-

‘—OH H,0, McOH

pristine

tech, ESCA2000, UK). The morphologies of various MWCNTs
and their composites with PC were observed with high-resolu-
tion transmission electron microscopy (HR-TEM; JEM 2000EXII,
JEOL, Tokyo, Japan) and field-emission scanning electron micros-
copy (FE-SEM; Sigma, Carl Zeiss, Oberkochen, Germany). The
amount of PMMA in the PMMA-MWCNT was estimated with a
thermogravimetric analyzer (TGA; TGA-2050, TA Instruments,
Newcastle, Delaware, USA) under purging nitrogen.

3.2. Preparation and characterization of composites

The preparation of composites containing PC and MWCNTSs was
described in our previous work.** The PC and MWCNT compos-
ites were produced by melt extrusion using a twin extruder (BA-
11, Bay, Seoul, Korea) with a length-to-diameter ratio of 40. The
temperatures of the feeding zone, melting zone, mixing zone,
and exit die of the twin extruder were 260, 280, 300, and 300 °C,
respectively. The extruded composites were immersed in water
and then pelletized with a chopper. Injection molding was per-
formed to prepared tensile specimens (specification ASTM D-638).
The pelletized composite was dried in an air-circulating oven at
100 °C for 2 h before injection molding. The temperatures of the
mixing zone and the nozzle of the injection molding machine
were 280 and 290 °C, respectively. The tensile properties of the
specimens were measured with a universal testing machine
(UTM-301, R&B Co, Daejon, Korea) at a cross-head speed of 5
mm/min. The average tensile values calculated from the test-
ing results with seven specimens were reported.

The composite films were fabricated by solvent casting to
examine the MWCNT dispersion in the composites and the electri-
cal conductivities of the composites. The MWCNTs were dispersed
in a THF solution containing PC (5 wt% of THF) under sonica-
tion. The resulting solution was poured onto a glass plate and
cast with a casting knife with thickness of 200 pm. The resulting
film was dried in a vacuum oven at 100 °C for 24 h after most of
the solvent had evaporated in an air-circulating oven at 50 °C
for 24 h. The electrical conductivities of the composites fabri-
cated by solvent casting were measured by the four-point probe
method.

The adhesion energies of PC and various MWCNTs were cal-
culated from the PC contact angles on MWCNTSs using Young'’s
equation.” The details obtaining adhesion energy from the
contact angle were previously reported.”**"* The contact angle
was evaluated by analyzing the PC droplet-shape generated on
the MWCNTs. To generate a PC droplet on a MWCNT, a THF
(200 mL) solution that consisted of PC (10 mg) and MWCNTs
(10 mg) was precipitated using n-hexane as a nonsolvent. The
PC-covered MWCNTs were recovered by vacuum-filtration

MWCNT MWCNT-OH MWCNT-MPS PMMA-MWCNT
Figure 1. Synthesis route for PMMA-MWCNT.
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and annealed at 310 °C for 30 min to form PC droplets. The PC
droplets encapsulating MWCNT were observed with the FE-SEM
to obtain its contact angle on the MWCNT surface. The average
value of the contact angles measured from five droplets was
reported.

4. Results and Discussion
4.1 Characteristics of the modified MWCNTs

The FT-IR spectra of MWCNT and MWCNT functionalized with
the hydroxyl groups were almost the same, with both showing
a peak at 3405 cm™ originated from the hydroxyl groups and a
peak at 1650 cm™ originated from sp* carbon in the MWCNTs,
as shown in Figure 2. MWCNT contains carbon and oxygen atom
as listed in Table 1. Oxygen atoms in MWCNT existed in the
forms of oxygen containing functional groups such as carbonyl
and hydroxyl groups.®* The characteristic peaks originating from
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| (c) MWCNT-MPS

—— (d) PMMA-MWCNT
S
8
@
3]
c
©
Q2
1
o
17
Ko
<

-CH; c.o0 C-0C
4000 3000 2000 1000

Wave number (cm™)
Figure 2. The IR spectra of pristine and modified MWCNTs.

Table 1. Atomic mole ratios of pristine and modified MWCNTSs

Cls O1ls Si2p
pristine MWCNT 98.25 1.75 0
MWCNT-OH 93.89 6.11 0
MWCNT-MPS 89.27 7.78 1.07
PMMA-MWCNT 84.43 13.02 0.60

C-H stretching vibration of methylene groups (2850-2950 cm™)
and carbonyl groups (1715 cm™), which do not appear in the
spectrum of the MWCNT functionalized with the hydroxyl groups,
were observed in the MWCNT-MPS spectrum. The features
originated from C=C in »MPS (1640 cm™) and sp? carbon in the
MWCNTSs (1650 cm™) appear at similar positions. As shown in
Figure 2, all peaks originating from PMMA are present in the
PMMA-MWCNT spectrum.

Figure 3 presents XP spectra of pristine and modified MWCNTs;
the atomic ratios calculated from Figure 3 are listed in Table 1.
A Cls peak and an O1s peak were observed in all spectra, and a
Si2P peak that originated form j-MPS was observed in the
MWCNT-MPS and PMMA-MWCNT spectra. The ratio between the
O1sand C1s peaks in the spectrum of MWCNT-OH (6.1:93.9) was
greater than that in the spectrum of pristine MWCNTs (1.8:98.2)
because of hydroxyl groups on the MWCNT-OH. The molar
fraction of Si-O groups in the MWCNT-MPS (1.1%) was greater
than that of the PMMA-MWCNT (0.6%) because of the PMMA
grafting.

Figure 4 shows TGA thermograms of PMMA, MWCNT, and
PMMA-MWCNT. The MWCNT did not undergo thermal degra-
dation until 800 °C. PMMA and the PMMA-MWCNT first experi-
enced thermal degradation at 260 and 305 °C, respectively. The
thermal degradation of PMMA originated from a homolytic chain
scission of vinyl groups,” which could decelerate owing to the
PMMA grafting on the MWCNT. The PMMA-MWCNT experi-
enced a weight loss of about 24% owing to the thermal decom-
position of the PMMA bonded to the MWCNT.

Cls —> —— (b) MWCNT-OH
() MWCNT-MPS

I —

— —

(a) pristine MWCNT

PMMA-MWCNT
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Figure 3. XP spectra of pristine and modified MWCNTSs.
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Figure 4. TGA thermograms of MWCNT, PMMA, and PMMA-MWCNT.

Figure 5 shows FE-SEM and HR-TEM microphotographs of
the MWCNT and PMMA-MWCNT. The diameter of the PMMA-
MWCNT increased to 50 nm and the MWCNT surface became
rough as a result of the PMMA grafted on the MWCNTSs. These
results indicate that PMMA-MWNCT containing about 24 wt%
of PMMA were produced.

4.2. Adhesion energy at the PCand MWCNT interface

The methods commonly used for the measurement of contact
angles on planar surfaces cannot be applied to measure the
contact angles of the barrel-type PC droplets on MWCNT. The
contact angle was evaluated from a cylindrical PC droplet on a
MWOCNT using generalized drop-shape analysis.** The shape

of the PC aggregates that precipitated on the MWCNTs (Figure
6(a)) changed due to annealing. The pristine MWCNT was enclosed
by the cylindrical PC droplets (Figure 6(b)), while PMMA-MWCNT
were encapsulated by PC (Figure 6(c)) after annealing. The changes
in the shape of PC droplets were not observed with annealing
time when the annealing time is equal to or greater than 20 min.
It means that PC droplet formed on the MWCNTSs reaches equi-
librium when the PC-covered MWCNTs were annealed at 310 °C
for more than 20 min. The contact angles were estimated from
five PC droplets by generalized drop-shape analysis, and then
average value was reported. The measured errors did not
exceed 3°. The contact angle of PC with a MWCNT, determined
by generalized drop-shape analysis, was 22° and that of PC with
a PMMA-MWCNT was 0°. According to Young's equation, the adhe-
sion energy of PC and MWCNT is given by:*

W, = y(1+coséb) (1)

where 7 and 6 and are the PC surface energy and the PC con-
tact angle with MWCNT, respectively. Note that the PC surface
energy is 45 mJ/m?2® The PC adhesion energy witha MWCNT
was 86.7 m]/m? while that witha PMMA-MWCNT was 90 m]/m?,
which is the same as the cohesive energy of PC, thus indicating
that the adhesion of PC to the PMMA-MWCNT was the best that
can be attained for composites of PC and MWCNT. It is known
that PC blend with PMMA is nearly miscible."’*® Therefore, chain
entanglement of PC with PMMA grafted on MWCNT is expected
to occur at the interface, and the strong adhesion of PC to
PMMA-MWCNT at the interface was the result of the PC misci-
bility with PMMA.

The dispersion of MWCNT in the composite was examined
in films prepared by solvent casting. The shear stress applied to

Figure 6. FE-SEM images of (a) PC precipitated on a MWCNT, (b) PC droplet formed on a MWCNT, and (c) a PMMA-MWCNT encapsulated by PC.
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Figure 7. Photographs of PC composites with (a) MWCNT and (b)
PMMA-MWCNT. Both composites contained 1 wt% of MWCNT.

the composite during melt extrusion improved the MWCNT
dispersion in the composite. Since the effect of shear stress
applied to the composite during melt extrusion on the MWCNT
dispersion can be ignored by using solvent-cast films, The films
prepared by solvent casting were used in examining MWCNT
dispersion. Figure 7 shows the dispersion of MWCNT and PMMA-
MWCNT in the composites. The dispersity of PMMA-MWCNT
in the PC composite with PMMA-MWCNT was better than that
of MWCNTs in the PC composite with MWCNT, indicating that
the better adhesion of PMMA-MWCNT to PC resulted in better
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PMMA-MWOCNT dispersion in the composite.

Figure 8 shows changes in tensile properties of the PC with
MWCNT and PMMA-MWCNT as functions of the MWCNT content.
The tensile strength and modulus of the composites increased with
increasing MWCNT content. The tensile strength and modulus
of the PC/PMMA-MWCNT composite were higher than those of
the PC/MWCNT composite at a fixed composition. Figure 9 shows
the fracture surfaces of the composites under liquid nitrogen
conditions. The MWCNT was finely dispersed without MWCNT
agglomeration in both composites. The fine dispersion of MWCNT
in the composite might have resulted from the shear stress applied
during melt extrusion. However, the adhesion of PMMA-MWCNT
and PC at the interface was better than that of MWCNTSs and PC.
As shown in Figure 9, the PMMA-MWCNT was still wrapped
with the polymer at the fracture surface, indicating that the load
transfer between PC and the PMMA-MWCNT at the interface
occurred more efficiently than that between PC and the MWCNT.
The higher PC adhesion with PMMA-MWCNT resulted in the
higher mechanical strength of the PC composite with PMMA-
MWCNT.

As shown in Figure 10, the electrical conductivity of the com-
posite was increased abruptly when the PC composites with
MWCNT and PMMA-MWCNT contained about 1 and 0.7 wt%
of MWCNT, respectively. This result indicates that that MWCNT
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Figure 8. (a) Tensile strength and (b) tensile modulus of the PC composites with MWCNT and PMMA-MWCNT as functions of the MWCNT content.
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Figure 9. The fractured surface images of the PC composites with (a) MWCNT and (b) PMMA-MWCNT. Note that composites contain 1 wt% of
MWCNT.
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Figure 10. The electrical conductivities of the PC composites with
MWCNT and PMMA-MWCNT as functions of the MWCNT content.

content required to form the network was lower in the PC/
PMMA-MWCNT composite than in the PC/MWCNT composite
owing to the improved dispersion of PMMA-MWCNT in the for-
mer. As aresult, the conductivity of the former was higher than
that of the latter at a fixed MWCNT content.

5. Conclusions

MWCNT with grafted PMMA was produced to improve the
mechanical and electrical properties of the PC composites with
MWCNT. PMMA-MWCNT was prepared by reacting the mono-
mer MMA with vinyl groups in MWCNT-MPS. The formation of
PMMA-MWCNT was explored with FT-IR, XPS, FE-SEM, HRTEM,
and TGA analyses. The PC adhesion energy with the MWCNT was
estimated by calculating the PC contact angle on the MWCNT
surface by using generalized drop-shape analysis. The PC adhe-
sion energy with the PMMA-MWCNT was higher than that with
the MWCNT. In particular, the adhesion energy of PC and the
PMMA-MWCNT was the same as the cohesive energy of PC, repre-
senting the best adhesion that can be achieved in the PC/MWCNT
composites. This strong adhesion resulted from the chain entangle-
ment of PC with PMMA grafted on the MWCNT owing to the
miscibility of PC with PMMA. The PMMA-MWCNT dispersion in
the PC/PMMA-MWCNT composite was also better than MWCNT

© The Polymer Society of Korea and Springer 2017 112

dispersion in the PC/MWCNT composite. The tensile strength
and electrical conductivity of the PC/PMMA-MWCNT compos-
ite were higher than that of with the PC/MWCNT composite at
a fixed composition. In conclusion, the composites of PC with
MWCNT having improved adhesion at the interface, MWCNT
dispersion, tensile strength, and electrical conductivity could
be fabricated by using PMMA-MW(CNT.
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