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ABSTRACT: In this article, a facile strategy was devel-
oped to prepare BA-MMA-GMA/MWNTs (multiwalled
carbon nanotubes) hybrid nanoparticles as nanofillers in
rubber by single-step grafting technique. First, a new mac-
romolecular surface modifier butyl acrylate (BA)-o-methyl
methacrylate(MMA)-glycidyl methacrylate (GMA) terpoly-
mer was synthesized via radical copolymerization. After-
ward, this terpolymer modifier was covalently grafted
onto the surface of crude MWNTSs by single-step grafting
technique. The structure, surface properties, and thermal
stability of modified MWNTs were systematically investi-

gated by FTIR, TGA, and TEM. FTIR results showed that
BA-MMA-GMA terpolymer was successfully grafted onto
the surface of MWNTs. TGA indicated that the optimum
mass fraction of macromolecular modifier coated on the
surface of MWNTs was 9 wt %. TEM images revealed that
an organic coating layer was formed and the modified
MWNTs showed good dispersibility in acetone. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 119: 282-289, 2011
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INTRODUCTION

Since their discovery in 1991, carbon nanotubes
(CNTs) have been a hot research topic because of their
unique architecture, good mechanical properties, and
broad-based potential applications."* The mechanical
properties and high aspect ratios of CNTs suggest
that they can be used as reinforcing fillers in nano-
composites for which stiffness, strength, and weight
are the important considerations.>® When CNTs are
applied in preparing polymer nanocomposites,” '
they must be available in large volumes at low cost
and dispersible in the bulk material matrix, also the
strong interactions between CNTs and the surround-
ing matrix should be formed. However, a number of
challenges have to be met before nanotubes can be
exploited for most of these notional applications that
include expanding synthetic approaches to large-scale
production and developing chemical techniques for
manipulating CNTs.'® Commonly, single-walled car-
bon nanotubes (SWNTs) exhibit simpler structures
and are more easily controllable compared with mul-
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tiwalled carbon nanotubes (MWNTSs). Therefore, most
of the previous academic studies on CNTs including
functional chemistry focused on SWNTs. The high
price of SWNTs severely restricts its commercial
applications. Fortunately, MWNTs have been realized
in industrial production in recent years."”'®

More recently, the “grafting from” approach has
been developed to functionalize MWNTs and
SWNTs,"* by which polymer chains can be in situ
grafted more densely onto the convex walls of CNTs.
Initially, by in situ radical polymerization, polystyrene
was grafted onto the MWNTs by Shaffer.** The “graft-
ing from” approach relies on the immobilization of ini-
tiators at the surface of CNTs, followed by in situ sur-
face-initiated polymerization to generate polymer
chains. Initiators for the controlled free radical polymer-
ization of butyl methacrylate, methyl methacrylate, N-
isopropylacrylamide, and styrene by atom transfer rad-
ical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) have also been co-
valently attached to the CNTs’ surface.’*>* The
“grafting to” technique involves the bonding of pre-
formed end functionalized polymer chains to the sur-
face of CNTs.**>® Whereas, the forementioned designs
for the functionalization of CNTs usually consist of
multistep syntheses. Sometimes, the preparation ways
are rigorous and time-consuming, such as in situ radical
polymerization,*?>%73® polycondensation,® living ani-
onic polymerization.”! The most obvious drawback is
that the prepared carbon nanotube composites are only
on a milligram scale. This precludes their widespread
applications, such as blending with conventional
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Figure 1 Synthesis route of BA-MMA-GMA terpolymer.

polymers, and the preparation of homogeneously dis-
persed conducting layers within electroluminescent
devices, etc. Therefore, it is still a big challenge for rele-
vant scientists and engineers to functionalize CNTs in a
much simpler and more economical manner. A new
method that connects the functional polymer with sur-
face of CNTs has been developed.*** Shinkai et al.*’
reported that poly(ethylene oxide) (PEO), soluble in
both water and many organic solvents, is grafted onto
SWNTs, and aggregation behaviors of the resulting
PEO-graft-SWNT in solutions and in Langmuir-Blodg-
ett (LB) films are investigated. Haddon et al.*! used pol-
y(aminobenzene sulfonic acid) (PABS) and polyethyl-
ene glycol (PEG) to attach SWNTs covalently to form
water-soluble graft copolymers.

In this study, a novel macromolecular modifier
BA-MMA-GMA terpolymer was synthesized via
radical polymerization. The synthesis route is shown
in Figure 1. The side group —CH,(CHOCH, ) on
this terpolymer’s main chain may react with —OH
and —COOH groups, which are on the surface of
MWNTs nanopowders at the existence of catalyst
triethylamine. When several groups on each BA-
MMA-GMA macromolecular chain are chemically
bonded because of the strong covalent bonding with
the surface of MWNTs, an arch like chain struc-
ture®®** will form on the surface. Thus, the BA-
MMA-GMA terpolymer was grafted onto the surface
of MWNTs with a single step.

This surface modification method of MWNTs can
be used to prepare MWNTs/polymer composites.
The entanglements between the long chains of ter-
polymer and polymer matrix will substantially
enhance the interactions between them and improve
the compatibility accordingly. Importantly, this strat-
egy above is available and economical owing to easy
operation in industry.

EXPERIMENTAL
Materials

Multiwalled carbon nanotubes were obtained from
Chengdu Organic Chemicals Co. They were manu-
factured by the chemical vapor deposition method

(purity > 95%, 20-30 nm overall diameter) and used
without further purification. Commercial monomers:
butyl acrylate (BA); o-methyl methacrylate (MMA);
glycidyl methacrylate (GMA).

Synthesis of BA-MMA-GMA terpolymer

In a four-mouth flask holding a nitrogen inlet, me-
chanical stirrer, reflux-condenser, constant-pressure
funnel, and thermometer, optimum toluene is
added.*** Then butyl acrylate (BA), methyl methac-
rylate (MMA), glycidyl methacrylate (GMA), 2,2-azo-
diisobutyronitrile (AIBN), dodecyl mercaptan, and
toluene are slowly dropped into the flask through
the constant-pressure funnel. The prescription of ter-
polymer is shown in Table I. After the solution was
heated at 50°C about 1 h, the reaction continues for
2 h to yield a viscous terpolymer solution with the
increasing temperature to 65°C. The residual mono-
mers are removed from the product by the method
of vacuum drying. The solid content of the terpoly-
mer solution is about (30 = 1)% by mass fraction
and the monomer conversion is 96.5%.

Characterization of BA-MMA-GMA terpolymer

The structure of BA-MMA-GMA terpolymer was
characterized by FTIR (Neuxs-830, Nicolet) and 'H-
NMR, *C-NMR (Bruke CAV400, Switzerland). Mono-
mer conversion is determined by gravimetric method.
The molecular weight of terpolymer was determined
using a gel permeation chromatograph (GPC-244
WATERS). M,, = 22,600; M,, = 7800; PDI = 2.9.

The epoxy value of terpolymer was determined
according to the method in GB1677-81

The theoretical value X = 0.067 and the experi-
mental value X = 0.0691, the agreement of theoreti-
cal and experimental values indicates that the mono-
mer GMA react basically according to the
proportion of raw materials.

Oxidation of crude MWNTs

The crude MWNTs were refluxed in the mixture of
H,SO4-HNOj3 (volume ratio: 3 : 1) at 120°C for 8, 10,
12, 14, 16, 20, 24 h, respectively. Then the mixture was
diluted, filtered, and washed under vacuum with

TABLE I
Prescription of Terpolymer BA-MMA-GMA

Reactant Reactant ratio
GMA 12
BA 25
MMA 8
dodecyl mercaptan 2
AIBN 1
toluene 70

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The single-step graft route of BA-MMA-GMA /
MWNTs Hybrid Nanoparticles.

deionized water to remove the solvent and the excess
acid from this solution. The resulting materials were
dried overnight at 100°C in a thermostat oven.

Titration

The titration procedure is exemplified below for the
sodium bicarbonate analysis of carboxylic groups of
MWNTs (MWNTs-COOH). A back titration was
used to ensure the reliability of the results.

Forward titration

MWNTs-COOH+NaHCO5; (excess) — MWNTs-
COO Na"+NaHCO; (determined by titration)

Backward titration

MWNTs-COO Na® + HCl (excess) — MWNTs-
COOH + HCI (determined by titration)

The calculating formula of carboxylic groups’con-
tent is shown below.

C= (N—COOH/NC) * 100%

(C: The content of -COOH, %; N_coon: The con-
tent of -COOH on the surface of MWNTs, mol; Nc
= Mc/12, The number of moles of carbons in the
MWNTs, mol )

Preparation of BA-MMA-GMA / MWNTs hybrid
nanoparticles

Optimum crude MWNTs nanopowders were dis-
persed in acetone, and a certain amount of (3-15%
of total mass) macromolecular modifier (BA-MMA-
GMA terpolymer) and triethylamine as catalyst were
added into the flask, mixing round with high speed
at 70°C for 2.5 h. Then the above reactants were
titrated with HCl. The products were dried over-
night at 50°C in vacuum and finally were crushed
into powder. Figure 2 presents the single-step graft-
ing route.
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Characterization of MWNTs

Crude MWNTs and modified MWNTs were investi-
gated by FT-IR (Neuxs-830, Nicolet, USA), TEM
(JEM-100SX,TEOL,Japan) and TGA(Pyris-1, PE).

RESULTS AND DISCUSSION

Characterization of BA-MMA-GMA terpolymer by
FTIR

FTIR testing was performed using Neuxs-830 to
identify and characterize the structure of the terpoly-
mer BA-MMA-GMA. It can be seen from Figure 6(c)
that the peak 1732 cm ™' is related to C=0 stretching
vibration mode, and the peaks at 2955 cm ' are
related to —CH,,—CHj; asymmetric stretching mode.
The peaks at 1462 cm ! and 1377 ecm ™! are, respec-
tively, related to —CH,- symmetric and asymmetric
bending vibration. The band appears at 2880 cm '
corresponds to the stretching mode of —CH— in the
epoxy group. We observed a broad peak centered
3500 cm ™' corresponding to O—H stretching. The
skeleton vibration absorption of epoxy group is at
1250 cm ™! and the asymmetric stretching absorption
of epoxy ring is at 957 cm . These peaks are the
characteristic peaks of terpolymer BA-MMA-GMA
synthesized.

"H-NMR and "*C-NMR analysis

"H-NMR spectra of the terpolymer BA-MMA-GMA
(as shown in Fig. 3) was obtained on an AVANCE
400 nuclear magnetic resonance spectrometer, using
TMS as internal refernce and deuterated acetone
(CD5COCD;3) as solvent. 'H band for —CH,- in the
epoxy group —CH(O)CH, is 4.02 ppm and
—COOCH,- in GMA structural unit is 3.70 ppm.
The peak assigned to —CH— in the epoxy group
—CH(O)CH,; is observed at 2.95 ppm. This indicates
the existence of GMA structural unit in the
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Figure 3 'H-NMR spectrum of BA-MMA-GMA.
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Figure 4 ">C-NMR spectrum of BA-MMA-GMA.

terpolymer product. The methylene protons which
are in the main chain resonate at 1.62 ppm and
—CH; side group —COOCH,CH,CH,CHj; resonate
at 1.42 ppm and —CHj; side group which is in MMA
structural unit absorb in the chemical shift range
from 085 to 096. & = 2.04 is assigned to
>CH(C=O0)- in the BA unit.

The terpolymer structure is also confirmed by *C-
NMR spectroscopy (as shown in Figure 4 ). All
peaks in the spectrum clearly corresponded to pro-
posed structure. The peak assigned to the —COO—
is observed at 175-177 ppm, and the —OCH,; is
observed at 64 ppm and —CHj;, —CH,—, —CH< are
observed at 0-60 ppm.

The 'H-NMR and "C-NMR results further dem-
onstrate that the synthesized product is terpolymer
BA-MMA-GMA, which is consistent with the FTIR
results.

Titration results of different oxidation time

According to the references, the surface of MWNTs
can be easily oxidized with the mixed concentrated
nitric acid and sulfuric acid to form carboxyl groups.
So we compared the carboxyl group content of
crude MWNTs with that of MWNTs samples being
oxidized for different time. The mole percentages of
the MWNTs-COOH (MPM) groups are calculated by
the formula in Titrarion section. Figure 5 shows the
titration results of different oxidation time. The mole
percentage of the MWNTs-COOH groups decreased
after 16 h of oxidization. This is because the esterifi-
cation reaction of carboxylic acid groups with the
hydroxyl groups on the surface of the MWNTs in
the presence of strong acid. The mole percentage of
the MWNTs-COOH groups of the oxidized MWNTs
for 16 h is the highest value (4.13%) among all the
oxidated MWNTs samples by acid-base titration,
only 0.63% higher than that of crude MWNTs

(3.50%). So, in this article, we skip the MWNTs oxi-
dation process and use the crude MWNTs directly
to carry out the surface modification.

FTIR characterization of functionalized MWNTs

Fourier transform infrared spectroscope (FTIR) was
utilized to characterize the changes of MWNTs after
being modified with BA-MMA-GMA terpolymer, as
shown in Figure 6. A broad peak at 1096 cm ™' in
Figure 6(a) is identified as the C—O stretching
mode, indicating the presence of carboxyl groups in
the crude MWNTs. The peak at 1721 cm ™' in Figure
6(b) can be assigned to the stretching mode of car-
bonyl groups, indicating the presence of BA-MMA-
GMA terpolymer chains in MWNTs. Figure 6(a)
show minimal C=O stretch as we used the much
larger diameter multiwalled CNTs (MWNTs).* In
addition, a broad shoulder band in the 3350-3600
cm ! region is attributed not only to the presence of
hydroxyethyl groups in the crude MWNTs and
modified MWNTSs containing —OH moieties but also
to traces of water in the KBr pellet used for the anal-
ysis, which is inaccessible to be fully removed.*®
Meanwhile, the amount of hydroxyethyl groups in
modified MWNTs has reduced owing to reaction of
many hydroxyethyl groups with BA-MMA-GMA
terpolymer. Carbonyl peaks have also been observed
near 1630 cm ™' in modified MWNTs as shown in
Figure 6(b). The peaks at 2930 cm ' and 2852 cm ™'
in Figure 6(b) correspond to the methylene and
methenyl groups. These peaks are the characteristic
peaks of BA-MMA-GMA terpolymer as shown in
Figure 6(c).

These proved that the macromolecular modifier
tightly absorbed at the surface of MWNTs by chemi-
sorption and it is still exist in the modified powders
even after being extracted by Soxhlet extractor
among acetone.

MPM (%)

3.5%

2/9 3.15%
2.33%

0 8 10 12 14 16 20 24
The Different Time of Oxidation (h)
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Figure 5 Titration results of different oxidation time.
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Figure 6 FTIR spectra of (a) the crude MWNTs, (b) modi-
fied MWNTs by Soxhlet extraction, (c) BA-MMA-GMA
terpolymer.

TGA measurements

It is known that the defunctionalization of MWNTs
can be realized by thermal decomposition, thermal
gravity analysis (TGA) was used to determine the
relative amount of grafted copolymer of MWNT-g-
BA-MMA-GMA. Figure 7(a,b) show the TGA traces
of crude MWNTs, BA-MMA-GMA terpolymer, and
modified MWNTs with different mass ratio (wt%) of
BA-MMA-GMA terpolymer and MWNTs under
nitrogen. Figure 7(a) shows the weight loss corre-
sponding to the crude MWNTs and BA-MMA-GMA
terpolymer at 500°C under nitrogen is 2% and 99.88
wt %, respectively. The weight-loss region (100-
250°C) in Figure 7(a) may be assigned to the decom-
position of carboxyl and hydroxyl groups on the
surface of MWNTs. From Table II we can conclude
that the weight-loss region (250-500°C) in Figure
7(a) may be connected with the decomposition of
the terpolymer backbone. Figure 7(b,c) display the
weight loss of modified MWNTs with different wt
% before and after Soxhlet extraction. The detailed
datas of Figure 7(b,c) are exhibited in Table IIL

Two weight-loss regions are also found for modi-
fied MWNTs sample. These shapes of TGA curve of
modified MWNTs before and after Soxhlet extraction
are similar with the decomposition of BA-MMA-
GMA terpolymer. This suggests that the chains of
terpolymer have linked by physical adsorption or
chemical bonding to the surface of MWNTs.

According to the references,**>! separation of the
chemical bonding and physically adsorbed fractions
is performed with the help of a Soxhlet extraction.
So it is easy to differentiate between the chemical
bonding and the unbound structures (physically
adsorbed fraction) from Figure 7(b,c). The resulting
fractions can be calculated with the following for-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 TGA curve of (a) crude MWNTs and BA-MMA-
GMA terpolymer, (b) modified MWNTs, (c) modified
MWNTs after Soxhlet extraction.

mula, which are listed in Table III. Figure 8 presents
the relationship between chemical bonding fraction,
CF, (PF) and terpolymer coated content.

TABLE II
TGA Data of BA-MMA-GMA and Crude MWNTs

Sample T; (°C)  Tmax (°C) T, (°C) Char yield (%)
BA-MMA-GMA 50 444 500 0.12 (500°C)
Crude MWNTs 100 135 250 98.0 (500°C)
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TABLE III
TGA Data of Modified MWNTs

Char yield (%) (500°C)
Sample A (Before Soxhlet B (After Soxhlet

(%) extraction) extraction) CF (%) PF (%)
3 95.01 95.90 7023  29.77
5 94.68 95.50 7530 24.70
7 94.33 95.20 76.30  23.70
9 94.00 94.45 88.75 11.25
11 93.55 94.50 78.65  21.35
13 93.09 94.46 72.09 2791
15 92.89 94.35 7143 2857

CF = (M-B)/(M-A)

PF = 1-CF

CF: Fraction of chemical bonding

PF: Fraction of physical adsorption.

M: Char yield (%) of native nanoparticles at X°C

A: Char yield (%) of modified nanoparticles before
Soxhlet extraction at X°C

B: Char yield (%) of modified nanoparticles after
Soxhlet extraction at X°C

As can be seen in Figure 8, with the increase of
terpolymer coated content, the CF increases to reach
its maximum and then declines. So, it can be con-
clude that the optimum mass fraction of macromo-
lecular modifier coated on the surface of MWNTs is
9 wt %.

Dispersibility

Figure 9 shows the dispersibility of crude MWNTs
and modified MWNTs in acetone. The dispersibility
of the terpolymer modified MWNTs is much better
than that of their totally physical mixture. The sam-
ple of physical mixture has obvious black sediment
in acetone as shown in Figure 9. In contrast to crude
MWNTs and MWNTs modified with different mass
fraction of macromolecular modifier coated on the

100, —%—CF
90+ +*
80+ , */ \*:i— PF
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Figure 8 The curves of CF and PF.
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Figure 9 The solubility in acetone of crude MWNTs and
modified MWNTs (0. physical mixture of MWNTSs and ter-
polymer modifier; 1. crude MWNTs; 2. MWNTs modified
with 3% terpolymer modifier; 3. 5% modifier; 4. 7% modi-
fier; 5. 9% modifier; 6. 11% modifier; 7. 13% modifier; 8.
15% modifier ).

surface of MWNTs, the crude MWNTs is insoluble,
while 5-15 wt % modified MWNTs can be easily
dispersed in acetone, and no sedimentation is
observed more than 3 months. This suggests that
functionalized MWNTs have excellent solubility in
acetone. The reason that 3 wt % functionalized
MWNTs prepared has black sediment may be the
content of macromolecular modifier is too little to
bring mutual exclusion and steric hindrance effect.

TEM

Figure 10 displays the TEM photographs of crude
MWNTs and modified MWNTs suspensions in ace-
tone which were prepared with ultrasonic vibrating
method. To represent detailed morphological infor-
mation of the specimens, different magnifications
were utilized for samples. The obvious agglomera-
tion can be seen in the photograph of crude MWNTs
in Figure 10(a) and the homogeneous dispersion can
be seen in the photograph of modified MWNTs in
Figure 10(b). In the TEM photographs of Figure
10(b2), the terpolymer layers are clearly shown as
the gray area, which are coated on the surface of
MWNTs and reduce the agglomerations. This sug-
gests that physical bonding or chemical bonding
have been modified successfully by BA-MMA-GMA
terpolymer. The molecular chains of macromolecular
modifier which connected with the surface of crude
MWNTs brought mutual exclusion and steric hin-
drance effect, thus the surface free energy reduced
correspondingly and the agglomeration was con-
trolled effectively.

CONCLUSIONS

A novel macromolecular modifier BA-MMA-GMA
terpolymer was synthesized and it can be used to
modify the MWNTs to prepare BA-MMA-GMA/
MWNTs hybrid nanoparticles by single-step grafting
technique. The results show that the optimum mass
fraction of macromolecular modifier coated on the
surface of MWNTs is 9 wt %. Some organic coating

Journal of Applied Polymer Science DOI 10.1002/app
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100nma2

Figure 10 TEM micrographs of (a)crude MWNTs (b)modified MWNTs, showing different morphologies.

layer formed on the surface of MWTNSs, and chemi-

cal

bond combination happens between BA-MMA-

GMA terpolymer and MWNTs surface. Modified
MWNTs possesses good dispersibility in some or-
ganic solvents such as acetone, alcohol, toluene,
THEF, etc.
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