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ABSTRACT: A simple polymerizable polysoap was synthesized for the functionalization of multiwalled
carbon nanotubes (MWNTs) by “grafting to” method, which greatly enhances the grafting efficiency (i.e., the
ratio between the quantity of grafted polymer and the total polymerized monomer). Self-assembly of MWNTSs
with the polysoaps in a 1,4-dioxane/water mixture results in the formation of micellized MWNTs; then, by a
single step of polymerization of the polysoaps or copolymerization of the polysoaps with methyl methacrylate
(MMA), the polymer layer of the micellized MWNTs is permanently cross-linked and covalently bonded to
the nanotube surface. For the poly(polysoap-co-MMA) modified MWNTs, the grafting efficiency can be as
high as 65.7%. The functionalized MWNTs are robust, readily redispersible in water and some organic solvents,
and increase the dynamic mechanical properties of epoxy resin more effectively than oxidized or noncova-

lently modified MWNTs.

Introduction

In recent years, carbon nanotubes (CNTs), including both
single-walled carbon nanotubes (SWNTSs) and multiwalled car-
bon nanotubes (MWNTSs), have been continuously attracting
wide interests from both scientific and technological areas, due to
their unique mechanical, electrical and thermal properties.1 Sur-
face modification or functionalization of CNTs has been actively
pursued, which is crucial for preventing the aggregation of CNTs
in solutions or polymer matrices and fully utilizing their unique
properties. Both covalent and noncovalent functionalizations of
CNTs have been developed for this purpose.'?

In comparison with covalent functionalization, noncovalent
functionalization of CNTs is relatively facile; for example, CNTs
can be decorated by surfactants,®* lipids,” pyrene derivatives,®
block copolymers,” water-soluble polymers and derivatives,® and
polysoaps” ' in selective solvents under very mild conditions.
Polysoaps, as amphiphilic polymers with a hydrophilic backbone
and hydrophobic side chains attached at regular intervals along
the backbone,'" are effective for wrapping CNTs in water. For
example, Chen et al.” reported a polysoap synthesized by func-
tionalizing the side chain of poly(styrene-a/t-maleic acid) with
aminopyrene, which can disperse SWNTs in water more effec-
tively than DNA. However, different from covalent functionali-
zations, noncovalent functionalizations are often associated with
relatively weak interactions between the nanotubes and the amphi-
philic coatings. Under certain conditions, the coatings can be de-
tached from the nanotube surfaces, leading to a reagglomeration.
This s especially undesirable for the usage of CNTs as reinforcing
agents for polymers.

By covalent functionalization, robust functionalized CNTs
can be readily obtained. For instance, grafting macromolecular
chains onto the surface of CNTs through either “grafting to”'> 17
or “grafting from”'®?° routes have been proven to be effective
for the functionalization of CNTSs. For the “grafting to” methods,
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it has been demonstrated that both small molecular'' and macro-
molecular free radicals'® can be covalently attached to the side-
wall of CNTs, while the grafting efficiency, i.e., the ratio between
the quantity of grafted monomer and the total polymerized mono-
mer, is usually relatively low. For example, the grafting efficiency
by direct free radical addition in the fgood solvents of the grafted
polymers is below 1% for MWNTs'* and ranges from 0.6% to
13.4% for SWNTSs. ' The lower grafting efficiency for MWNTs is
because of the much smaller specific surface area and lower reactivity
of MWNTs in free radical addition reaction. As is generally accepted,
the reactivity of CNTs largely depends on the curvature the
sidewalls, and CNTs with larger diameters are less reactive.'® The
low grafting efficiency means that an extremely high monomer/
CNTs ratio (typically 20:1—200:1)'*!% is necessary to produce
polymer-grafted CNTs with a satisfactory grafting amount of the
polymers. An exception is the method reported by Wang et al.,'”
in which poly(methyl methacrylate) (PMMA) is grafted onto
SWNTs in poor solvents of PMMA. Different from the poly-
merization in good solvents or solvent-free polymerization, the
method increases the grafting efficiency up to 40% for SWNTs.

Compared with most “grafting to” methods, “grafting from”
methods exhibit significantly higher grafting efficiencies (especially
for living polymerization), because the polymer chains can be
grafted more densely onto the convex walls of CNTs."*72° As
reported by Baskaran and coauthors,'® the grafting efficiency for
living anionic surface-initiated polymerization of styrene and
isoprene on MWNTs can be even as high as 100%. By in situ
atom transfer radical polymerization (ATRP) or reversible addi-
tion and fragmentation chain transfer (RAFT) polymerization
on MWNTs, the grafting efficiencies are 20—40%," also much
higher than by “grafting to” methods. Nevertheless, the “grafting
from” methods usually involve two or more chemical steps, because
initiators or catalysts must be immobilized onto the nanotube
surfaces first before the graft polymerization.

In this study, we report a new “grafting to” method for the
functionalization of MWNTs exhibiting high grafting efficiency
under mild reaction conditions, basing on the combination of free
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radical polymerization with the noncovalent functionalization of
MWNTs by a new polymerizable polysoap, namely, a polysoap
containing polymerizable vinyl groups. MWNTs are first micel-
lized by the polymerizable polysoap in a selective solvent, then, by
a single-step in situ polymerization of the polysoap or the copoly-
merization of the polysoap with a monomer methyl methacrylate
(MMA) on the surface of MWNTs, robust and soluble polymer-
encapsulated MWNTs are obtained. In comparison with com-
mon surfactants used for the noncovalent decoration of CNTs,
the polymerizable polysoap is not only very effective for the
micellization of MWNTSs but can also be polymerized or copoly-
merized, thus, can be covalently bonded to the sidewall of CNTs.
The grafting efficiency, i.e., the ratio between the quantity of
grafted polymer and the total added polysoap and monomer,
obtained by this method is much higher than that by conventional
“grafting to” methods. Also, compared with noncovalently func-
tionalized MWNTs, our modified MWNTs exhibit a greatly im-
proved structural stability, redispersibility in water and organic
solvents, and can more effectively improve the dynamic mechan-
ical properties of epoxy resin. Different from some other chemical
modifications of MWNTs, this method is facile, mild, and does
not use harsh chemicals throughout the preparative procedure.

Experimental Section

Materials. MWNTSs (purity >95 wt %, length ranges from
510 15 um, BET surface area =216 m?*/g) was supplied by Shenzhen

Scheme 1. Synthesis of the Polymerizable Polysoap and Preparation
of the Functionalized MWNTs*
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“ Abbreviations: SMA, poly(styrene-co-maleic anhydride); HEMA,
hydroxyethyl methacrylate; SMA-g-HEMA, SMA grafted with HEMA, i.e.
the polymerizable polysoap; BPO, benzoyl peroxide; MMA, methyl methac-
rylate.
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Nano-Technologies Port Co. Ltd. Styrene, MMA, maleic anhy-
dride (MAn), benzoyl peroxide (BPO), 2,2'-azobis(isobutyro-
nitrile) (AIBN), toluene, and 1,4-dioxane were purchased from
China Medicine Group (Shanghai, China) and were reagent
grade. Styrene and MMA were .purified by washing with an
aqueous solution of sodium hydroxide (5 wt %) three times and
deionized water repeatedly until the pH value of the washing
water was reduced to 7, dried over anhydrous magnesium sul-
fate overnight, and then distilled over calcium hydride under
vacuum. MAn, BPO, and AIBN were purified by recrystalliza-
tion from chloroform or ethanol. Toluene and 1,4-dioxane were
dried over calcium hydride for 1 week and then distilled over
calcium hydride under vacuum. Hydroxyethyl methacrylate
(HEMA, 97%) was purchased from Aldrich and used as received.
(Heptadecafluoro-1,1,2,2-tetrahydrodecyl) triethoxysilane ( >95%)
was purchased from Alfa Aesar. A liquid diglycidyl ether of bis-
phenol A-type epoxy resin (E-44), was purchased from Heli Resin
Co., Ltd. (Suzhou, China). Triethanolamine (TEA, >98%), the
hardener, was purchased from China Medicine Group (Shanghai,
China). Two types of poly(styrene-co-maleic anhydride) (SMA)
were used for the synthesis of the polymerizable polysoap in this
study. One was a commercial product (M, = 1600, styrene:maleic
anhydride = 1.3:1, cumene terminated, Aldrich, denoted as SMA1
in this article), the other one (SMA2, M,,=3.4 x 10*, M,/M, =
1.74) was synthesized by the copolymerization of styrene and
MAn in toluene with AIBN as the initiator (see Supporting Infor-
mation, Figure S1).

Synthesis of the Polymerizable Polysoap. As schematically
shown in Scheme 1, the polymerizable polysoap was synthesized
by grafting the side chain of SMA1 and SMA2 with HEMA by
esterification reaction in anhydrous 1,4-dioxane (see Supporting
Information for detail). A few drops of concentrated H,SOy4
were added as a catalyst. The polysoaps are denoted as SMA1-g-
HEMA and SMA2-g-HEMA, respectively.

SMAI-g-HEMA. Yield 78%."H NMR (500 MHz, dg-DMSO,
ppm): 6 = 1.85 (s, 3H, CHs3), 4.10—4.35 (m, 4H, CH,-0), 5.70
(s, 1H,CH=),6.05(s, IH, CH=). FTIR (KBr,cm "): 1169 (acrylic
C—0), 1638 (C=C), 1718 (C=0). M,=2.6 x 10>, My,/M,=1.8I.

SMA2-g-HEMA. Yield 71%. "HNMR (500 MHz, ds-DMSO,
ppm): 6 = 1.85 (s, 3H, CH3), 4.10—4.35 (m, 4H, CH,—0), 5.70
(s, IH, CH=),6.05 (s, 1H, CH=). FTIR (KBr): 1176 (acrylic C—0),
1630 (C=C), 1725 (C=0). M,,=4.9 x 10*, M/M,=2.26.

Synthesis of the Functionalized MWNTs. The recipe for the
preparation of the functionalized MWNTs (-MWNTs) is sum-
marized in Table 1. MWNTs functionalized by SMA1-g-HEMA
and SMA2-g-HEMA and by copolymerizing SMA2-g-HEMA
with two different amounts of MMA were denoted as f1-MWNTs,
f2-MWNTs, f3-MWNTs and f4-MWNTs, respectively. As shown
in Scheme 1, MWNTs, SMA-g-HEMA, the initiator BPO, and
MMA (for 3-MWNTs and f4-MWNTs) were mixed in 1,4-dioxane
(50 g) and magnetically stirred at room temperature overnight.
When 0.15 g of ammonium hydroxide (26 wt %) was added to
the suspension, precipitation appeared immediately. Then, 150 g
of deionized water purged with high purity nitrogen for 30 min was
added and the suspension was magnetically stirred for 24 h and
sonicated for 60 min in a bath sonicator (EQ-50E, 50W, 40 kHz,
Shumei, Kunshan, China). Uniform and stable black-colored

Table 1. Recipe for the Preparation of f1-MWNTs, f2-MWNTs, f3-MWNTs, f4-MWNTs, c1-MWNTs, and ¢2-MWNTs

amount (g)

component fI-MWNTs f2-MWNTs f3-MWNTs f4-MWNTs cl-MWNTs c2-MWNTs
MWNTs 0.5 0.5 0.5 0.5 0.5 0.5
SMA1-g-HEMA 1.0 1.0
SMA2-g-HEMA 1.0 0.6 0.6 1.0
MMA 0.4 0.8
BPO 0.02 0.02 0.02 0.02
1, 4-dioxane 50 50 50 50 50
H,O 150 150 150 150 150
NH;-H,O 0.15 0.15 0.09 0.09 0.15 0.15
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suspensions were thus obtained, in which MWNTs were noncova-
lently modified by the polymerizable polysoap or the polysoap/
MMA mixture due to the hydrophobic effect in water. The
suspension was then heated to 80 °C and kept stirring for 24 h
under the protection of nitrogen to obtain the functionalized
MWNTs.

Preparation of Noncovalently Functionalized MWNTs. Two
noncovalently functionalized MWNTSs were prepared as control
samples for comparison. SMA1-g-HEMA and SMA2-g-HEMA
were simply mixed with MWNTs at a weight ratio of 2:1 in the
1,4-dioxane/water mixture to obtain c1-MWNTs and c2-MWNTs,
respectively. BPO was not added, and the suspension was also
not heated for polymerization.

Purification of the Samples. The as-prepared suspensions were
diluted in distilled water to a solid content of about 0.1 wt % and
then vacuum filtered through poly(vinylidene fluoride) micro-
filtration membranes with an average pore size of 0.45 um. The
filtered solids were collected and redispersed in a 0.2 wt %
aqueous solution of NaOH (a good solvent of SMA-g-HEMA)
by stirring for 10 min and sonication (50 W) for about 60 s. After
the filtration and redispersion were repeated S times under ambi-
ent conditions, the products were washed by deionized water
until the pH of the filtrate reached 7 and finally vacuum-dried
at 70 °C for 24 h. It should be noted that, for c1-MWNTSs and
c2-MWNTs, especially for the first three cycles of filtration and
redispersion, the filtration rate decreases rapidly with time, there-
fore, microfiltration membranes were changed about every 1 h.

Preparation of Epoxy/f-MWNTs Nanocomposites. Three types
of nanotubes were used to prepare epoxy nanocomposites for a
comparison study. One is the oxidized or carboxylated MWNTs
prepared by the well-known oxidizing method in a mixture
of concentrated nitric acid and sulfuric acid. The second one is
c2-MWNTs, the noncovalently functionalized MWNTSs. The third
one is f3-MWNTs. The content of the nanotubes in all three
samples is fixed to be 1 wt %. The MWNTs and epoxy (10 g) were
mixed in acetone (10 g) by mechanical stirring and sonication.
Acetone was removed by drying at 60 °C overnight and then
vacuum drying at 90 °C for 3 days. The curing agent TTA was
rapidly added and rigorously stirred. The mixtures were heated to
100 °C and poured into steel molds, degassed, and then heated to
160 °C for 6 h to complete the curing reaction. To observe the
dispersion of the nanotubes in the nanocomposites by optical
microscopy, a drop of the mixtures was sandwiched between two
glass slides and pressed into thin films with a thickness of about
0.1 mm, and heated to 160 °C for 6 h to obtain the thin film of the
composites.

Characterization. The chemical structures of pristine MWNTs
(p-MWNTs) and the functionalized MWNTs (fI-MWNTs,
f2-MWNTs, f3-MWNTs and f4-MWNTSs) were characterized by
Fourier transform infrared (FTIR) spectroscopy using KBr pellets
on a Vector-22 FTIR spectrometer (Bruker, Germany). A spec-
trum of KBr pellet was recorded as a reference. Hydrogen nuclear
magnetic resonance ('H NMR) measurements were carried out on
a Varian Mercury Plus 500 MHz spectrometer. The morphologies
of the specimens was observed by field emission scanning electron
microscopy (FE-SEM, S4800, Hitachi, Japan) at an accelerating
voltage of 10 kV and transmission electron microscopy (TEM, JEM
1230, JEOL, JP) operated at 120 kV. Photographs were taken with
a digital camera (Kodak, P850). The average diameter and diam-
eter distribution of p-MWNTs, cI-MWNTs, c2-MWNTs,
fI-MWNTs, f2-MWNTs, f3-MWNTs, and f4-MWNTs were deter-
mined by image analysis of the SEM images using an Image-Pro
Plus 5.0 software (Media Cybernetics, USA). Raman spectra were
recorded by an ALMEGA-Dispersive Raman (Thermo Nicolet,
USA) with 514.5 nm excitation. The solubility of the functiona-
lized MWNTs in deionized water was determined as follows: 0.2 g
of fMWNTSs was added to 50 mL of deionized water and soni-
cated at 50 W for 2 h to obtain a saturated aqueous solution of the
f-MWNTs. The suspensions were allowed to stand 3 days at ambient
temperature. Five mL of the suspension of the upper layer was
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Figure 1. FTIR spectra of the polysoaps and the polymerizable deriv-
atives: (a) SMAL, (b) SMAIl-g-HEMA, (c) SMA2, and (d) SMA2-
¢-HEMA.

taken out with a syringe and vacuum-dried at 80 °C until a con-
stant weight was achieved. Thermogravimetric (TG) analysis was
performed on a Pyris 1 thermogravimetric analyzer (Perkin-Elmer,
USA) under nitrogen atmosphere. The samples were first heated to
100 °C from room temperature and maintained for 10 min to
remove adsorbed water, and then heated to 800 °C at a rate of
20 °C/min. The TG curves for pristine MWNTs, pure polysoaps,
the poly(polysoap)s and poly(polysoap-co-MMA)s prepared in
the absence of MWNTs were recorded as the references when
calculating the weight percent of grafted polymer. It should be
noted that, different from some polymers that are pyrolyzed almost
completely at 800 °C in nitrogen, the polysoaps, poly(polysoap)s,
and poly(polysoap-co-MMA)s have relatively high residual weights
at 800 °C that can not be totally ignored; therefore, the weight
percent of the grafted polymer (Wyratied polymer) ON the surface of
the functionalized MWNTs is calculated according to

RWy —nwnrs — RWe - awns

x 100 (1)

W, rafted polymer =
gra polymer
° R Wp —MWNTs — R Wpure polymer

in which, RW mwntss RWemwnTs, and RWpyre polymer are the re-
sidual weight percent at 800 °C of pristine MWNTs, the function-
alized MWNTs, and their corresponding pure poly(polysoap)s or
poly(polysoap-co-MMA)s prepared in the absence of
MWNTs, respectively.

The grafting efficiency (E) is calculated by

Wgrafted polymer Wp-MWNTs

E

x 100 (2)

100 — Wgrafted polymer Wpolysoap + monomer

in which wy mwnts @and Wpolysoap+monomer are the weight of
pristine MWNTs and the total weight of the added polysoap
and monomer.

Results and Discussion

Characterization of the Polymerizable Polysoap. The chem-
ical structure of SMA and the polymerizable polysoap obtained
by the esterification reaction between SMA and HEMA was
characterized by FTIR, as shown in Figure 1. For SMA1, the
adsorption bands at about 1860 and 1780 cm ™' can be ascribed
to the cyclic anhydride C=0 of the maleic anhydride unites, and
1220 cm ™" can be ascribed to the cyclic C—O—C group of the
maleic anhydride unites. After the esterification reaction, these
bands disappear, and the new bands appeared at 1718, 1638,
and 1169 cm ™' can be ascribed to the ester (C=0), vinyl (C=C),
and acrylic C—O groups of the grafted HEMA, respectively.
This result confirms the formation of the polymerizable poly-
soap SMA1-g-HEMA. Similar result is obtained for SMA2
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Figure 2. '"H NMR spectra of the polysoaps and the polymerizable deriv-
atives: (a) SMAL, (B) SMA1-g-HEMA, (c) SMA2, and (d) SMA2-
g-HEMA.

and SMA2-g-HEMA (Figure 1). Furthermore, in the spectra
of the polymerizable polysoaps, the carbonyl stretching band
at about 1718 cm™ ' is due to both esters from HEMA and
esters from HEMA adding to MAn. The broad OH stretching
band from about 3600 to about 2800 cm ™" in all spectra could
be due to small amounts of water and to carboxylic acid groups
before and after incorporation of HEMA.

The "H NMR spectra in Figure 2 clearly show the bands of
vinyl protons (CH,=) at 5.70 and 6.05 ppm, the methyl groups
(—CHj3) at 1.85 ppm, and the methylene protons (CH,—O) at
4.10—4.35 ppm, further confirming the grafting of HEMA
onto SMA macromolecular chains. Moreover, according to
the "H NMR spectra, the molar ratio of HEMA attached to
the side chain of SMA can be quantitatively calculated from
the integration ratio of the peak at 6.5—7.5 ppm (aromatic
ring hydrogens of styrene) and those at 5.7 and 6.05 ppm.
The molar ratios of HEMA to MAn in the copolymers are
about 68 mol % and 53 mol % for SMAl-g-HEMA and
SMA2-g-HEMA, respectively.

To determine whether the polysoap is polymerizable, 2.0 g
of SMA1-g-HEMA or SMA2-g-HEMA and 0.02 g of BPO
were resolved in 10 g of 1,4-dioxane and heated to 80 °C under
nitrogen protection, and the polymerization was allowed to
proceed for 24 h. For both SMA1l-g-HEMA and SMA2-
g-HEMA, gels formed (Supporting Information, Figure S2),
confirming that the two polysoaps are polymerizable and
cross-linkable because there are multiple double bonds in
their macromolecules.

Peng et al.

Figure 3. TEM image of a MWNT encapsulated by a thin layer of
SMA1-g-HEMA. The inset shows photographs of the suspensions of
SMAI1-g-HEMA and MWNTs in the 1, 4-dioxene/water mixture before
(1) and after (2) polymerization. The suspension remains stable during
the polymerization procedure. All other samples are also stable through-
out the polymerization procedure.

The polymerizable polysoaps does not dissolve directly
in water, but is soluble in some organic solvents, such as 1,
4-dioxane, acetone and ethanol. By the solvent-exchange meth-
od, polysoap-micellized MWNTs can be obtained by the self-
assembly of MWNTs and the polysoaps. MWNTs were first
dispersed in the 1,4-dioxane solution of the polysoaps and
then added to the diluted aqueous solution of ammonia.
MWNTs are thus micellized by the polysoaps, because of the
hydrophobic effect in the selective solvent and possible 7—
interaction between the nanotube sidewall and the poly-
soaps. Figure 3 presents a typical TEM image of a nanotube
encapsulated by SMA1l-g-HEMA, in which the ratio be-
tween SMA1-g-HEMA and MWNTs is 0.8:1. It is shown
that the polysoap can form a very uniform thin coating on
the surface of MWNTSs. This presents an evidence for the
formation of polysoap-micellized MWNTs. Because of the
strong repulsion between the negatively charged surfaces, the
polysoap-micellized MWNTs suspend stably in the 1,4-dioxane/
water mixture. It was observed that when the weight ratio
between the polysoaps and MWNTSs is above 0.6:1, the ink-
like suspensions are very uniform and stable. Adding appro-
priate amount of monomer MMA for the preparation of
f3-MWNTs and f4-MWNTs does not bring about instability
of the suspension. Moreover, all the suspensions remain stable
throughout the followed polymerization procedure, and no
precipitation or agglomeration of the MWNTs could be
observed, as shown in the inset of Figure 3.

Characterization of the Functionalized MWNTs. Previous
studies have shown that both small molecular and macro-
molecular free radicals can be covalently attached to the
sidewall of CNTs.!~!3 Because there are multiple double bonds
in the molecules of the polysoaps, it is reasonable to expect
that upon polymerization/copolymerization, the poly(polysoap)
or poly(polysoap-co-MMA) coating on the surface of MWNTs
is not only cross-linked but also covalently attached to MWNTs
by free radical addition reaction, giving rise to robust polymer-
functionalized MWNTs. In addition, Raman spectroscopy was
widely used to demonstrate the covalent bonding of chemicals
on the surface of carbon nanotubes. The peaks at about 1328
and 1588 cm™ ! of the Raman spectra belong to the D- and
G-bands, respectively. Generally, the G-band is attributed to
the crystalline graphitic carbon in CNTs, while the D-band
is attributed to the defects in the graphite sheets, sp> carbon
or some other impurities. The D- to G-band intensity ratio
(Ip/Ig) is increased as the result of covalent grafting of free
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Figure 4. 'H NMR spectra of fI-MWNTs, f2-MWNTs, f3-MWNTs,
and f4&-MWNTs after rigorous purification. fl-MWNTs and f2-MWNTs
are grafted with SMA1-g-HEMA and SMA2-g-HEMA, respectively.
f3-MWNTs and f4-MWNTs are grafted with the copolymer of MMA
with SMA1-g-HEMA and SMA2-g-HEMA, respectively.

radicals onto the sidewall of carbon nanotubes due to the
increase of sp® bond fraction.'? Figure S3 presents the Raman
spectra of pristine MWNTs and the functionalized MWNTs
after purification. It is shown that the intensity ratios of the
D- to G-bands increase from 1.18 to 1.34—1.42 after the poly-
merization of the polysoaps or the copolymerization between
the polysoaps and MMA. Because the -MWNTs were pre-
pared under very mild conditions and no harsh oxidants were
used, the obviously increased Ip/Ig values should be asso-
ciated with the increase of sp® bond fraction on the graphite
sheets of the functionalized MWNTs resulting from the
covalent grafting of the polysoap and poly(polysoap-co-
MMA) onto MWNTs by free-radical addition reaction.
The existence of the grafted poly(polysoap)s or poly-
(polysoap-co-MMA)s on the surface of MWNTs after rig-
orous purification is further demonstrated by FTIR and
"H NMR spectra as shown in Figure S4 and Figure 4, respec-
tively. The new band at about 1725 cm ™" in Figure S4, which
obviously increases for the functionalized MWNTSs espe-
cially for f3-MWNTs and f4-MWNTs, can be ascribed
to the ester C=0 groups in the polysoap and MMA (for
f3-MWNTs and f4-MWNTs). Note that all the samples have
been strictly purified. This again confirms the existence of
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grafted poly(polysoap)s and poly(polysoap-co-MMA)s on
the surface of functionalized MWNTs.

The "H NMR spectra in Figure 4 shows that the bands at
5.70 and 6.05 ppm (vinyl protons) of the functionalized MWNTs
become much smaller than those of pure polysoaps (Figure 2).
This suggests that the vinyl groups are consumed by the poly-
merization and copolymerization. For fI-MWNTs and f2-
MWNTs, only a part of the vinyl groups is consumed, because
of the low reactivity of the polysoaps and the low conversion
of their homopolymerization. This result is similar to pre-
vious studles show the low reactivity of some other macro-
monomers.”! In contrast, for f3-MWNTs and f4&-MWNTs,
the bands at 5.70 and 6.05 ppm almost disappear, indicating
that almost all vinyl groups take part in the copolymerization
with MMA. The strong peak appears at 3.6 ppm is due to the
methyl protons (—COOCHs3) of the PMMA segments in f3-
MWNTs and f4-MWNTs. Before polymerization, the peak
at 1.85 ppm is for the methyl groups (—CHs3) attached to the
vinyl groups (Figure 2). After polymerization, it becomes
smaller while a new peak at 0.74 ppm becomes much stron-
ger, because of the polymerization of the vinyl groups.
In addition, the bands at 7.1—7.5 ppm (benzene rings) for
f3-MWNTs and f4-MWNTs is also relatively smaller than
those of the polysoaps, fI-MWNTs and f2-MWNTs. These
phenomena definitely confirm the occurrence of copolymer-
ization between the SMA-g-HEMA and MMA in f3-MWNTs
and f4-MWNTs. Besides the cross-linked copolymer between
the polysoap and MMA, the homopolymer of MMA may
also exist in the shells of the functionalized MWNTs.
Because the amount of MMA s close to that of polysoap, and
the chemical structure of the methacrylate groups of the poly-
soap is the same with that of MMA, the amount of homo-
polymer of MMA should be limited. Moreover, some of the
homopolymers should be grafted to the nanotube surface,
while some of them should be not grafted. Further investiga-
tion is necessary to illuminate the details on the composition
of the polymeric coatings on the surface of functionalized
MWNTs.

Morphology of the Functionalized MWNTs. In this study,
MWNTs are first noncovalently functionalized by the assem-
bly of MWNTs and the polymerizable polysoaps in the selective
solvent. The micellized MWNTs exhibit good suspendability
in the 1,4-dioxane/water mixture. However, as is well-known,
the interaction between CNTs and the amphiphilic coatings
of such noncovalently functionalized CNTs is relatively weak;
therefore, the noncovalently functionalized CNTs may be
not satisfactory for applications as fillers of polymeric nano-
composites.

On the other hand, supramolecular chemistry has shown
that micelles, vesicles, nanofibers or ultrathin films can be pre-
pared by the self-assembly of surfactants (including both com-
mon surfactants and polymerizable ones), block copolymers,
and amphiphilic polymers through weak and reversible non-
covalent intermolecular forces, such as electrostatic or hydro-
gen bonding, metal coordination, hydrophobic or van, der Waals
forces, and 77—z interactions. Numerous studies”? have de-
monstrated that covalent cross-linking or polymerization is
effective for the permanent stabilization of the structure of
the assemblies. Murphy et al.>* reported the use of a poly-
merizable surfactant for the decoration of gold nanoparticles
or nanorods. After “fixing” the surfactant bilayer by poly-
merization, the final nanoparticles or nanorods with the poly-
merized bilayer showed remarkable stability against dialysis,
centrifugation-resuspension cycles, and extraction with
organic solvent. To overcome the low structure stability of non-
covalently modified CNTs, Taton et al.,** in their study of
poly(styrene)-block-poly(acrylic acid) encapsulated SWNTs
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prepared 32)

Figure 5. TEM images of (al, a2) fl-MWNTs, (b1, b2) 2-MWNTs,
(cl, ¢2) f3-MWNTs, (d1, d2) f4-MWNTs, before (left row) and after
(right row) rigorous purification; (e and f) purified cI-MWNTs and
purified c2-MWNTs, respectively (scale bar = 50 nm).

in a water/dimethylformamide mixture, permanently cross-
linked the poly(acrylic acid) shells by adding a water-soluble
diamine linker and a carbodiimide activator, which led to
the stabilization of the structure of the micelle encapsulated
nanotubes. The lyophilized products could be easily redis-
persed in some organic solvents and polymer solutions with
brief sonication. Choi et al.®> modified SWNTSs by in situ free
radical polymerization of small molecular weight cationic
surfactants that have polymerizable counterions. The SWNTs
are encapsulated by the polymerized surfactant layer. The
freeze-dried SWNTs are highly dispersible and exist mostly
as individually isolated nanotubes in water or alcohols.
These studies demonstrate that the structure of noncova-
lently functionalized CNTs or other nanomaterials can be
stabilized by the cross-linking or polymerization of the
polymer layer.

According to this scenario, it is expectable that polymer-
ization of the polysoap or copolymerization of the polysoap
with MMA on the nanotube surface will also increase the struc-
tural stability of the functionalized MWNTs in this study.
The aformentioned Raman, FTIR, and "H NMR results have
demonstrated that the poly(polysoap)s and poly(polysoap-
co-MMA)s have been grafted onto the surface of MWNTs.
To further understand the influence of polymerization/
copolymerization on the structural stability of the function-
alized MWNTs, we observe the morphologies of the func-
tionalized MWNTs by TEM before and after rigorous
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Figure 6. Morphology of (a) fI-MWNTs, (b) f2-MWNTs, (c) f3-
MWNTs, (d) f&-MWNTs, (¢) cI-MWNTs, and (f) c2-MWNTs, solution-
cast from their as-prepared suspensions and dried at 80 °C. The insets
present the profile of water droplets on the surfaces after fluoroal-
kylsilane treatment. The volume of water droplets is fixed to 4 uL.

purification and compared with those of the controll samples,
as shown in Figure 5. Before purification, the functionalized
MWNTs are encapsulated by a very uniform layer of light-
colored polymer sheath. The thickness of the polymer sheath
of f4-MWNTs is obviously larger than those of other samples.
This is because the amount of polysoap and MMA of f4-
MWNTs is larger than of other samples. The polymer sheath
becomes deformed and less uniform after the rigorous pur-
ification and drying, most likely because the polymer sheath
contains large amount of hydrophilic groups, thus can be
swelled by water. But fortunatly, the polymer sheaths are not
detached seriously from MWNTs. On the contrary, as shown
in Figure 5e and 5f, the control samples cI-MWNTs and
c2-MWNTs become clean after purification, suggesting that
the polymer sheaths are mostly removed by washing because of
the instability of the noncovalently adsorbed polymer sheaths.
This result demonstrates that the structural stability of the
polysoap-functionalized MWNTs is greatly increased by the
polymerization of the polysoaps or the copolymerization
between SMA-g-HEMA and MMA in situ on the surface of
MWNTs.

SEM was used to further observe the morphologies of the
functionalized MWNTs and control samples after their as-
prepared suspensions were solution-cast on aluminum foils
and dried at 80 °C directly. The functionalized MWNTs
(Figure 6a—d) in the cast films are fibrous with a diameter some-
what larger than that of pristine MWNTs (see the Suporting
Information). This surports the sepculation that the polymer
sheath on the nanotubes are cross-linked. Moreover, it
should be noted that almost no free polymer globules can be
observed in the SEM images. This suggests that the poly-
merization of the polysoaps or the copolymerization of the
polysoaps and MMA occurs primarily on the surface of
MWNTs, or in other words, the amount of free polymers
(i.e., polymers not attached covalently to the nanotube surfaces)



Article

-
o
(=]

[(A)

o]
(=]
T

[o2]
(=]
T

1. p-MWNTs
2. SMAl-g-HEMA
3. SMA2-g-HEMA
4. c1-MWNTs, as-prepared

[ 5. c2-MWNTs, as-prepare
6. c1-MWNTS, purified 3
7. ¢2-MWNTs, purified 2
L L N

D
o

N
(=]

Residual Weight /wt%

o]
(=]
T

[e2]
(=]
T

I

1. poly(SMA1-g-HEMA)
2. poly(SMA2-g-HEMA)
3. fI-MWNTs, as-prepared
F4. 2-MWNTs, as-prepared
5. fl-MWNTs, purified
6. 2-MWNTs, purified

[(©)

N
(=]

|

_. Residual Weight /wt%
D
o
-N

o
o

[e ]
o

[2]
o

6—__]
5 ——

[ 1. poly(polysoap-co-MMA) for f4-MWNTs
2. poly(polysoap-co-MMA) for f3-MWNTs
3. f4-MWNTs, as-prepare

[4. f4-MWNTs, purified

5. f3-MWNTs, as-prepared 2
6. f3-MWNTs, purified !

0 200 400 600 800
Temperature /°C

39

Residual Weight /wt%
N H
o o

0

Figure 7. TG curves for (A) pristine MWNTs, the polysoaps, and cl-
MWNTs and ¢c2-MWNTSs before and after purification, (B) the pure
poly(SMA1-g-HEMA), poly(SMA2-g-HEMA), and fI-MWNTs and
f2-MWNTs before and after purification, and (C) the pure poly-
(polysoap-co-MMA)s (i.e., the copolymers of MMA and SMA2-
g-HEMA) for f3-MWNTs and f4-MWNTs, as well as f3-MWNTs and
f4-MWNTs before and after purification.

in the reaction system should be rather limited. As to the
control samples, in contrast, the polysoaps detach from the
nanotube surface, and fuse into continuous phase, in which
the nanotubes are embedded (Figure 6e,f), because the poly-
mer is not cross-linked and not grafted onto the surface of
MWNTs.

In considering that the fibrious polysoap-encapsulated
MWNTs form a highly porous network morphology, which
can be used as a platform for constructing superhydrophobic
coatings, we coated the surfaces of cast films with a fluoro-
alkylsilane. As expected, the cast films exhibit superhydro-
phobicity with water contact angles (WCAs) above 159 4 2°
(Figure 6 insets). On the contrary, the cast films of the con-
trol samples are not superhydrophobic after the fluoroal-
kylsilane treatment, because the film surfaces are not highly
porous (Figure 6e.f). This result further confirms the sig-
nificantly increased structural stability of the cross-linked
sheath of the polysoap functionalized MWNTs upon drying,
and suggests that the functionalized MWNTSs can be used as
new building blocks for constructing superhydrophobic sur-
faces by simple brush coating or spraying, followed by coating
with low surface energy materials.

TG Analysis. To further quantitatively determine the struc-
tural stability of the polymer sheath on the surface of MWNTs,
TG analysis is used to measure the amount of polymers attached
to the surface of the MWNTS before and after rigorous puri-
fication, as shown in Figure 7. In good agreement with the result
of TEM observation, the polymers on the control samples
cl-MWNTs and c2-MWNTs are mostly removed after the rig-
orous purification. The weight percent of the residual polymers
after rigorous purification is only 5.3 and 6.9 wt % for the
cl-MWNTs and c2-MWNTs, respectively. In contrast, the weight
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Table 2. Weight Percent (W) of Polymer on the MWNTs before
and after Purification, the Percent Retention (R) and
Grafting Efficiency (E) Calculated from the Result of

TG Analysis, and the Solubility in Water

sample /N Wp” R E solubility

code (wt %) (wt %) (%) (%) (mg/mL)
cI-MWNTs 63 5 8.4 <0.05
c2-MWNTs 78 7 9.0 <0.05
fI-MWNTs 62 16 25.8 9.5 0.36
f2-MWNTs 58 26 44.8 17.4 0.29
f3-MWNTs 58 40 69.0 32.9 1.44
f4-MWNTs 68 65 95.6 65.7 4.43

“Before purification. ® After purification.

percent of the residual grafted polymers for fI-MWNTs,
f2-MWNTs, f3-MWNTs, and f4-MWNTs are increased to
15.7,26.3, 39.1, and 64.7 wt %, respectively, which are signif-
icantly higher than of the control samples. The percent reten-
tion (R), which is defined as the ratio of the amount of poly-
(polysoap) or poly(polysoap-co-MMA) retained on MWNTs
after purification to that before purification (times 100), is cal-
culated to characterize the structural stability of the functiona-
lized MWNTs. As shown in Table 2, R is only 8.4% and 8.9%
for c1I-MWNTs and c2-MWNTs, respectively, indicating that
most polysoaps were removed from the nanotube surface after
the purification process because of the relatively weak non-
covalent interaction between the polysoap and the nanotubes. In
contrast, Risincreased to 25.3% and 45.7% for f1I-MWNTs and
f2-MWNTs, respectively, which is much higher than those of
cl-MWNTs and c2-MWNTs. In addition, the weight percent
of the grafted polymer and the grafting efficiency of fl-
MWNTs are obviously lower than of f2-MWNTs. This is
most likely because of the much lower molecular weight of
SMA1-g-HEMA, which is less favorable for the formation of
robust, cross-linked sheath of the micellized MWNTs. This is
also the reason SMA2-g-HEM A was selected to copolymerize
with MMA for the preparation of f3-MWNTs and f4-MWNTs.
Moreover, copolymerization of the polysoap with MMA
further increases R to 67.6% and 96.1% for f3-MWNTs and
fA-MWNTs, respectively, which is much higher than those of
fI-MWNTs and f2-MWNTs. These results confirm that the
structural stability of the polymer sheath is greatly improved
by the polymerization of the polysoaps and the copolymeri-
zation between the polysoaps and MMA. Obviously, MMA is
more reactive than the polysoaps in the polymerization reac-
tion and facilitates the polymerization/cross-linking of the
polymer sheath.

The differential TG (dTG) curves shown in Figure S5 in
the Surpporting Information further presents evidence for the
covalent grafting of the poly(polysoap)s or poly(polysoap-
co-MMA)s on the surface of the MWNTSs. For the control
samples, the peak pyrolysis temperature of the residual poly-
soaps on the nanotube surface is only slightly higher or even
lower (Figure SSA) than that of pure polysoaps; on the con-
trary, for the functionalized MWNTs (Figure S5B, C), the
highest peak pyrolysis temperature is higher by 11 °C or even
42 °C than their corresponding polymer sheaths in the absence
of MWNTs. Similar phenomenon is commonly observed in
previously reported polymer-grafted CNTs, and is attributed
to the covalent bonding of the polymer coatings to the graph-
ene sidewall of CNTs.

Grafting Efficiency of the Functionalized MWNTs. For
common “grafting to” modification of CNTs by free radical
polymerization, the polymerization occurs both on nanotube
surfaces and in the bulk solution, leading to low grafting effi-
ciency. In this method, MWNTs are first micellized by the
polymerizable polysoap, and because of the hydrophobic
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interaction, the monomer should be absorbed preferentially
by the hydrophobic region of the polysoap coating on the
nanotubes surface. As aforementioned, in the SEM images
of the as-prepared functionalized MWNTs, almost no free
polymer globules can be observed. This suggests that the
polymerization/copolymerization occurs primarily on the nano-
tube surface, although the polymerization/copolymerization
in the bulk solution cannot be totally excluded. Moreover,
the grafted polymer is cross-linked, such that once a part of
the polymer chains are bonded covalently to the sidewall of
the nanotubes, the whole polymer sheath is bonded to the
nanotubes. Therefore, we believe high grafting efficiency
can be obtained by this method.

The grafting efficiency, calculated as the ratio between the
quantity of grafted polymer and the total added polysoap or
polysoap/MMA, is obtained basing on the result of TG anal-
ysis. The amount of grafted polymer on the nanotube surface
before and after purification, the percent retention and the
grafting efficiency calculated from the result of TG anaylsis
are summarized in Table 2. It should be noted that the
grafting efficiency of fI-MWNTs and f2-MWNTs is 9.3%
and 17.8%, respectively, which is much higher than that
obtained by the previously reported “grafting to” methods
showing grafting efficiencies below 1% for MWNTs by free
radical addition reaction in situ in vinyl monomers or in good
solvents of the grafted polymers.'* Moreover, the grafting
efficiency for f3-MWNTs and f4-MWNTs is further in-
creased to 32.1% and 65.7%, respectively, the latter of which
is much higher than that for SWNTs grafted by polymers in
poor solvents,'” and even much higher than that for polymer-
grafted MWNTs obtained by the “grafting from” ATRP or
RAFT polymerization.'® Copolymerization of polysoap and
MMA monomer significantly increases the grafting efficiency,
which should be also mainly associated with the high reac-
tivity of the monomer. To the best of our knowledge, this
study presents the highest grafting efficiency for MWNTs by
free radical polymerization/copolymerization.

Redispersibility of the Functionalized MWNTs. The redis-
persibility of the functionalized MWNTSs is investigated. It is
found that the drying condition has strong effect on the redis-
persibility. If the functionalized MWNTs are air-dried under
ambient conditions, they can be readily redispersed in many
polar solvents, such as water, 1,4-dioxane, ethanol, acetone,
dimethylformamide (DMF) after brief sonication, forming
uniform and stable suspensions. However, after vacuum dry-
ing at 80 °C overnight, the functionalized MWNTs are not
redispersible in 1,4-dioxane, ethanol and acetone, but can still
be readily redispersed in some strongly polar solvents, such as
DMF and water (Surpporting Information, Figure S6) with
arelatively high solubility. This phenomenon should be related
to the hydrogen bonds among the carboxyl groups formed
under relatively high drying temperatures.

The ‘solubility” of the functionalized MWNTs (purified
and vacuum-dried at 70 °C for 24 h) redispersed in deionized
wateris 0.36,0.29, 1.44, and 4.43 mg/mL for fI-MWNTs, 2-
MWNTs, f3-MWNTs, and f4-MWNTs, respectively. The
“solubility” is much higher than that of the oxidized or car-
boxylated carbon nanotubes (0.03—0.15 mg/mL) prepared
by the well-known oxidizing method in a mixture of concen-
trated nitric acid and sulfuric acid.*® Moreover, f3-MWNTs
and f4-MWNTs have the higher “solubility” than f-MWNTs
and f2-MWNTs, obviously, copolymerization of the poly-
soaps with MMA significantly increases the amount of grafted
polymers and so the “solubility” of the -MWNTs. This
result is again in good agreement with the result of TG anal-
ysis and TEM.
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Figure 8. Optical images of the cured epoxy nanocomposites filled with
(al, a2) carboxylated MWNTSs, which were prepared by the well-known
oxidizing method in a mixture of concentrated nitric acid and sulfuric
acid; (b1, b2) MWNTSs noncovalently decorated by SMA2-g-HEMA by
simply mix them in acetone and then added to epoxy oligomer; and (cl,
c2) f3-MWNTs at low (left, x500) and high (right, x 1000), respectively.
The concentration of MWCNTs for all the samples are 1 wt %.

Epoxy/f-MWNTSs Nanocomposites. To investigate the ef-
fect of polymer-grafted MWNTs on the properties of poly-
mer composites, epoxy resin filled with f3-MWNTs was pre-
pared and compared with those filled with carboxylated
MWNTs (which is prepared by the well-known acid treat-
ment method), and c2-MWNTs (i.e., MWNTSs noncovalently
decorated by SMA2-g-HEMA), respectively. The dispersion
of MWNTs in the epoxy nanocomposites was observed by
optical microscopy (Figure 8). It is obvious that after the
curing reaction of epoxy, the carboxylated MWNTs and the
noncovalently decorated MWNTs aggregate into large clus-
ters of several tens of micrometers. In contrast, although f3-
MWNTs also form clusters in the matrices, the size of the
clusters is much smaller, indicating the greatly improved
dispersion uniformity of the f3-MWNTs. This phenomenon
should be related to the stabilized polysoap coatings with large
amount of carboxyl groups on the surface of f3-MWNTs.

Figure 9 presents the elastic modulus (£') and tan 0 curves
of pure epoxy and the nanocomposites filled with carbox-
ylated MWNTs, c2-MWNTs, and f3-MWNTs, respectively.
It is found that all the three type of modified MWNTs can
increase the storage modulus and the peak temperatures of
the tan d curves of their composites. However, it is noted that
f3-MWNTs increase the £’ and the peak temperature of the
tan O curve more effectively than the other two samples. The
E' value is increased by 11.8%, and the peak temperature of
the tan o curve is increased by 22.8 °C when the amount of
nanotubes is only 1 wt %. Nevertheless, the other two sam-
ples only show very limited improvement in both dynamic
mechanical properties and heat resistance. It is well-known
that the carboxyl groups of the carboxylated MWNTSs can
react with epoxy groups,”’ therefore, all the three types of
modified MWNTs should be able to react with epoxy. The
reaction between the robust polymer sheath of f3-MWNTs
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Figure 9. Storage modulus and tan ¢ curves of pure epoxy resin (1), the
nanocomposites filled with carboxylated MWNTs (2), MWNTs non-
covalently decorated by SMA2-g-HEMA (3), and f3-MWNTs (4),
respectively. The content of MWNTs in the nanocomposites is 1 wt %.

and epoxy, together with the greatly improved dispersion uni-
formity, are definitely responsible for the greatly enhanced
dynamic mechanical properties and heat resistance of the
nanocomposites.

Conclusions

By simply introducing vinyl groups to SMA by the esterifica-
tion reaction, a novel polymerizable polysoap was obtained. By a
single-step of free radical polymerization/copolymerization in situ
on the surface of MWNTSs, the poly(polysoap)s and poly(polysoap-
co-MMA)s are cross-linked and covalently attached to MWNTs.
Copolymerization of the polysoap with MMA greatly enhances
the structural stability of the functionalized MWNTs, and the
grafting efficiency can be as high as 65.7%. This method com-
bines the advantages of noncovalent functionalization (simplicity,
mild reaction conditions and ease of scale-up), and the high struc-
tural stability of covalent functionalization. Moreover, the func-
tionalized MWNTs increase the dynamic mechanical properties
of epoxy more effectively than carboxylated MWNTs and non-
covalently functionalized MWNTs. Further investigations will be
conducted to find optimal reaction conditions and recipes. Besides
MMA, this method can also be applied to many other vinyl mono-
mers. It is also believable that the carboxyl groups of SMA-g-
HEMA impart the functionalized MWNTs a high reactivity sim-
ilar to that of acid-functionalized CNTs,” which offer a wide variety
of possible reactions for further functionalization. The versatility
of this method opens up new possibilities of large-scale produc-
tion of polymer-functionalized MWNTs at low cost.
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