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Abstract

Two kinds of polyelectrolyte: polyacrylic acid (PAA) and poly(sodium 4-styrenesulfonate) (PSS), were grafted onto the convex surfaces
of multiwalled carbon nanotubes (MWNTs) by surface-initiating ATRP (atom transfer radical polymerization) from the initiating sites
previously anchored onto the convex surfaces of MWNTs. The grafted polyelectrolyte can be efficiently quantified by the feed ratio of
monomer to MWNT-based macroinitiator, and the maximum amount of grafted polymer is higher than 55 wt%. The polyelectrolyte-coated
MWNTSs resembled core-shell structures justified by the TEM images of the samples obtained, which provided direct evidence for the
covalent modification of MWNT. FTIR, '"H NMR and TGA were used to determine the chemical structure of the resulting products.
Comparison of UV-Vis spectra demonstrated that the products were water-soluble, and that PSS was more effective for improving the water
solubility of carbon nanotubes. Using the polyelectrolyte- and carboxylic acid-functionalized MWNTs as templates, and poly(2-(N,N-
dimethylaminoethyl) methacrylate (PDMAEMA)/hyperbranched polysulfone amine (HPSA) and PSS as polycation and polyanion,
respectively, layer-by-layer (LbL) electrostatic self-assembly was conducted in order to explore the application of the functionalized
nanotubes. It was found that the functionalized MWNTSs have a high efficiency for loading polyelectrolytes by the LbL approach (the
adsorbed polymer quantity is higher than 10 wt% in one assembling step). TEM observations showed that the assembled polymer shell on the

MWNT surfaces was very even and flat.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Various compounds and strategies have been used to
functionalize carbon nanotubes (CNTs) in order to improve
the solubility and processing of this promising tubular
nanomaterials [1-5]. Easily soluble macromolecules,
anchored to carbon nanotubes, have been shown to be
more effective to improve the solubility, just like the ‘life
jacket’ worn by carbon nanotubes.

To bond macromolecules to the surface, the ‘grafting to’
approach was firstly employed, by the esterification or
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amidation of the carboxylic groups on the surface of acid-
treated CNTs, and thereby various polymers were success-
fully attached to the CNTs surfaces [1-6]. Recently, the
‘grafting from’ approach was newly developed to realize
more effective functionalization of CNTs, which opens a
possible route to well-controlled functionalization of CNTs,
making the high density and even grafting easily accessible
[7,8]. Significantly, atom transfer radical polymerization
(ATRP) [9-11], a very powerful technique in functional
macromolecular design and new material preparation, was
successfully applied to the controlled functionalization of
CNTs. Depending on ATRP, some homopolymers and
copolymers such as poly(methyl methacrylate) (PMMA),
poly(n-butyl acrylate) (PnBA), polystyrene (PS), and
poly(methyl methacrylate)-block-poly(hydroxyethyl metha-
crylate) (PMMA-b-PHEMA) were grown on the surface of
CNTs, including singlewalled carbon nanotubes (SWNTs)
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and multiwalled carbon nanotubes (MWNTSs) [8]. Thus,
such in situ surface initiating ATRP provides us with a
remarkable route to tailor the structure and properties of the
modified CNTs and to construct novel CNT-based hybrid
nanomaterials [8a].

Among polymers selected to bond with CNTs, water-
soluble polymers are very attractive because the functions of
both polymer and CNTs can be tailored to create one object
and the as-prepared water-soluble nanocomposites have
potential and versatile bioapplications [12]. Thus, cationic
polyamines such as poly(propionylethylenimine-co-ethyl-
enimine (PPEI-EI) [13], oligomeric and polymeric species
containing poly(ethylene glycol) (PEG) blocks [14], poly
(vinyl alcohol) (PVA) [15] and its copolymer poly(vinyl
acetate-co-vinyl alcohol) (PVA-VA) [13a], and poly(m-
aminobenzene sulfonic acid) (PABS) [16] were employed to
functionalize CNTs, resulting in water-soluble CNT-poly-
mer adducts. However, these macromolecules are attached
to the surfaces of CNTs by the ‘grafting to” approach, which
is limited as regards grafting density, polymer quantity, and
synthesis control-ability.

In this paper, two kinds of water-soluble anionic
polyelectrolyte: polyacrylic acid (PAA) and poly(sodium
4-styrenesulfonate) (PSS), were grafted onto the surfaces of
MWNTs by the ‘grafting from’ approach. The process was
conducted by the surface-initiating ATRP from the initiat-
ing sites previously anchored to MWNTs. The grafting
polymer amount can be efficiently controlled by the feed
ratio of monomer to MWNT-supported macroinitiator
(MWNT-Br). Ford and co-workers [17] have tried to
functionalize SWNTs with PSS by free radical polymeriz-
ation initiated with potassium persulfate. However, the
loaded polymer quantity cannot be well controlled with such
method.

It is recognized that polyelectrolyte is the term used to
classify macromolecules that have many charged or
chargeable groups when dissolved in a polar solvent:
predominantly water. Polyelectrolytes such as poly
(methacrylic acid) (PMAA), PAA, PSS and their block
copolymers, have been widely used in the construction of
organic—inorganic hybrid materials, nanostructured
materials, and self-assembly [18]. Because of potential
applications in separation technology, controlled drug
delivery and release, and smart catalyst separation technol-
ogy, polyelectrolytes have become one of the key knots in
connecting material science, pharmacy, biochemistry and
polymer science [18]. Hence, we believe that the con-
trollable functionalization of MWNTs with water-soluble
anionic polyelectrolytes will widely expand the applied
fields of CNTs.

Furthermore, as an example of applied research for the
polyeletrolyte-functionalized MWNTs, this paper has
systematically investigated the layer-by-layer (LbL) self-
assembly behavior with the functionalized MWNTs as the
nano-substrate using linear poly(2-(N,N-dimethylamino-
ethyl) methacrylate (PDMAEMA) or hyperbranched poly

(sulfone-amine) (HPSA) as polycations and PSS as poly-
anions, respectively. It was demonstrated that the MWNT
surfaces have an extremely high efficiency for loading
polyeletrolytes by this LbL self-assembly strategy, which
will pave the way for CNTs to apply in the gene-delivery or
other micro/nano transferring systems.

2. Experimental
2.1. Materials

Chemical vapor deposited (CVD) MWNTs were
purchased from Tsinghua-Nafine Nano-Powder Commer-
cialization Engineering Centre in Beijing. Carboxylic acid-
functionalized MWNTs (MWNT-COOH) was prepared by
oxidation of crude MWNTs with concentrated aqueous
HNOj according to the previous procedure [8a]. TGA
measurements indicated that the MWNT-COOH sample
contained ca. 8 wt% of carboxylic acid groups. tert-Butyl
acrylate (rfBA) was purchased from Aldrich, the inhibitor
having been removed by passage through an alumina
column and distillation in vacuo. CF;COOH, sodium 4-
styrenesulfonate (NaSS) and ethyl 2-bromoisobutyrate were
purchased from Aldrich and used as received. Cu(I)Br was
obtained from Aldrich and purified by washing with glacial
ethanoic acid, followed by ethanol and diethyl ether.
N,N,N'.N' N"- pentmethyldiethylenetriamine (PMDETA)
was purchased from Acros and used as received. The
0.22 p polycarbonate membrane filter was purchased from
the Shanghai Reagents Company. N,N-dimethyl formamide
(DMF) and other organic reagents or solvents were obtained
from the Shanghai Reagents Company. The MWNT
supported macroinitiator (MWNT-Br), containing
0.421 mmol initiator groups per gram MWNT-Br, was
prepared following the published method [8a].

poly(2-(N,N-dimethylaminoethyl) methacrylate
(PDMAEMA), with a number-average molecular weight
(M) of 18,500 and a polydispersity index (PDI) of 1.5, was
synthesized according to the published procedure with ethyl
2-bromoisobutyrate as initiator [11]. Hyperbranched poly
(sulfone amine) (HPSA) with a M,, of 23,500 (PDI=1.38)
and a degree of branching (DB) of 57%, was synthesized by
reaction of divinyl sulfone with 2-(1-aminoethyl)piperazine
[19].

2.2. Instrumentation

FTIR spectra were recorded on a PE Paragon 1000
spectrometer. '"H NMR spectra were recorded on a Varian
Mercury Plus 400 MHz spectrometer. Transmission elec-
tron microscopy (TEM) analysis was performed on a JEOL
JEL2010 electron microscope at 200 kV, and Hitachi
H-7100 at 100 kV. The photograph of the samples placed in
a solvent was recorded on a digital camera (Sony, DSC-S70).
Thermal gravimetric analysis (TGA) was conducted on a PE
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Table 1

The polymerization conditions and some results for grafting polymers from MWNT surfaces

Code MWNT-Br [T)/[Cu(D))/ Solvent Temp. (°C) Time/h fo%" Conv. (%)° M, PDI
mg/mmol [L)Y/[M]

MWNT-PrBA1 50.3/0.0212 1:2:2:40 DMF 60 48 52 63 3,200°

MWNT-PrBA2 50.8/0.0214 1:2:2:100 DMF 60 48 75 60 7,600°

MWNT-PAAL CHCl, RT 24 30

MWNT-PAA2 CHCl, RT 24 35

Pure PSS 1:1:1:100 DMF 130 30 88 18,500 1.50

MWNT-PSS1 51.2/0.0216 1:2:2:20 DMF 130 30 25 27

MWNT-PSS2 50.1/0.0211 1:2:2:50 DMF 130 30 39 30

MWNT-PSS3 49.6/0.0209 1:2:2:100 DMF 130 30 68 36

? The polymer quantity of the product calculated from TGA data.

® The conversion of monomers, calculated from the yield of the corresponding product. For the samples of MWNT-polymer, conv.% =wt. of (polymer

grafted MWNT-MWNT-Br)/wt. of monomer.

© Calculated from the integration ratio of terminal CHBr- to residual CH- of corresponding 'H NMR spectra.
4 Calculated from the integration ratio of terminal CHBI- to residual CH- of corresponding "H NMR spectra.

TGA-7 instrument with a heating rate of 20 °C/min in the
nitrogen flow (10 mL/min). The molecular weight was
measured on PE Series 200 gel permeation chromatography
(GPC) with PSS as standards using HPLC-grade H,O as
eluent at a flow rate of 1 mL/min.

2.3. Synthesis of MWNT-PtBA

Typically, 50.3 mg of MWNT-Br (0.021 mmol Br),
6.0 mg (0.042 mmol) of CuBr, 7.3 mg (0.042 mmol) of
PMDETA and 0.25 mL of DMF were placed in a 10 mL
flask. After evacuating and thrice filling with Ar, 100.6 mg
(0.78 mmol) of rBA were injected into the flask using a
syringe. The flask was immersed in an oil bath at 60 °C. The
mixture was stirred for 48 h, then diluted with CHCI; and
vacuum-filtered using a 0.22 p polycarbonate membrane.
The filtered mass was dispersed in CHClj, then filtered and
washed with CHCI;. After drying overnight under vacuum,
MWNT- PrBA1 (see Table 1) was obtained.

2.4. Synthesis of MWNT-PAA by hydrolysis of MWNT-PtBA

MWNT-PAA products were obtained by hydrolysing the
PrBA blocks into PAA in the presence of CF;COOH at
room temperature [20,21]. Typically, 20.0 mg of as-
prepared MWNT-PrBA and CHCl; (5 mL) were added to
a 10 mL flask. Then CF;COOH (0.5 mL) was added to the
flask with a syringe. After 24 h, the product of MWNT-PAA
was separated by evaporation of the solvent under vacuum,
then dried in a vacuum overnight at 40 °C.

2.5. Preparation of pure PSS using ATRP

The ATRP polymerization of NaSS was carried out in
DMF at 130 °C [11]. To a flask, 2.062 g (10 mmol) of SSNa,
143 mg (0.1 mmol) of CuBr, 17.3mg (0.1 mmol) of
PMDETA and DMF (4 mL) were added. The flask was
sealed with a rubber bung, then evacuated and filled thrice
with Ar. 19.5 mg (0.1 mmol) of ethyl 2-bromoisobutyrate

dissolved in 0.1 mL of DMF was injected into the flask
using a syringe. The flask was immersed in an oil bath at
130 °C, and the solution became dark brown. After 30 h, the
solution was cooled and exposed to air. It was then diluted
with 20 mL water and passed through an alumina column.
The polymer was obtained by precipitation in acetone.

2.6. Preparation of MWNT-PSS

Typically, MWNT-PSS1 (Table 1), 51.2 mg of MWNT-
Br, 7.0 mg (0.05 mmol) of CuBr, 8.6 mg (0.05 mmol) of
PMDETA and DMF (0.5 mL) were placed in a 10 mL dry
flask, which was then sealed with a rubber bung. The flask
was evacuated and filled thrice with Ar. NaSS (50.0 mg,
0.24 mmol) dissolved in 0.5 mL of DMF was injected into
the flask using a syringe. The flask was immersed in an oil
bath at 130 °C, and the contents stirred for 30 h. The mixture
was subsequently diluted with water and thrice vacuum-
filtered using a 0.22 p polycarbonate membrane. To ensure
that no un-grafted polymer was mixed with the product, the
filtered mass was dispersed in, then filtered and washed with
water. The PSS-coated MWNT sample was obtained by
filtration and drying overnight under vacuum.

2.7. LbL self-assembly on functionalized CNTs

We used as-prepared MWNT-COOH, MWNT-PAA and
MWNT-PSS as the substrate, and PDMAEMA or HPSA
and PSS as polycations and polyanioins, respectively, to
investigate the LbL self-assembly behavior on the nano-
surfaces. Taking sample LbL1 in Table 3 as a typical
example to describe its preparation process, PDMAEMA
(0.15 g), NaCl (5.8 g) and 100 mL of deionized water were
placed in a 250 mL flask and stirred until PDMAEMA were
completely dissolved. The pH value of the solution was
adjusted to 3.7 by adding 2 M HCI. MWNT-COOH (80 mg)
was then added to the as-prepared solution of PDMAEMA.
The mixture was placed in an ultrasonic bath (40 kHz) for
3 min and stirred gently for 30 min. Then the solid was
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separated by filtration through a 0.22 p Millipore poly-
carbonate membrane filter and washed with deionized water
three times. The resulting solid was added to 100 mL of an
aqueous solution of PSS (1.5 g/L) and NaCl (1 M), followed
with the same steps: ultrasonic dispersion, gently stirring,
filtration and washing as described above. The subsequent
sample was added to the HCl-treated aqueous solution of
PDMAEMA (1.5g/L) and NaCl (1 M) (pH=3.7) and
repeated the above steps. The ultimate sample (LbL1) was
obtained by drying overnight in a vacuum at 50 °C.

3. Results and discussion

3.1. Preparation of MWNT-PtBA and MWNT-PAA

Scheme 1 shows the synthesis of MWNT-PAA from
MWNT-supported macroinitiators (MWNT-Br). The exper-
imental conditions and some results relating to the
preparation of MWNT-PrBAs and MWNT-PAAs are
summarized in Table 1.

The chemical structure of the polymer moieties on the
MWNTs was determined by 'H NMR and FTIR. In the 'H
NMR of MWNT-PsBA (Fig. 1), the unique proton signal of
terminal units (CHBr) linked with the bromine atom can still
be detected at ~4.15 ppm. The fert-butyl groups and
tertiary-carbon protons of PIBA were identified as peaks at
1.43 and 2.21 ppm, respectively. Depending on the relative
peak areas of the tertiary-carbon protons and proton signal
of terminal units, the average degree of polymerization
(DPs) for PrBA chains made with feed ratios (monomer/Br)
of 40/1 and 100/1 were calculated to be 25 and 59,
respectively, corresponding to the molecular weights of
3200 and 7600. Therefore, the chain length of PrBA
building blocks coated on MWNTs can be efficiently
controlled by the feed ratio. After hydrolysis of the PIBA
blocks with CF;COOH, the tert-butyl group peaks were
hardly detectable in the corresponding '"H NMR spectrum,
which indicated the complete hydrolysis of tert-butyl
groups and the realization of polyelectrolyte (PAA) grafted
MWNTs.

The characteristic absorption bands (e.g., Vvc—c, Vc—o,
vc_p) for the resulting samples were found in their FTIR
spectra (Fig. 2). For instance, the strong C=0 stretch (ca.
1730 cm '), the characteristic carbonyl peak introduced by
PrBA, obviously appeared in the spectrum of MWNT-P/BA,

while only a weak absorption peak at ~1730 cm™ ! was

CuBr/PMDETA
—_— >

/I\ 60°C,48h
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o~0. n >

tBA MWNT-PtBA
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Fig. 1. "H NMR spectra of MWNT-P/BA1 in CDCl; (A), MWNT-P/BA2 in
CDCl; (B), MWNT-PAA1 in DMSO-dg (C), and MWNT-PAA?2 in DMSO-
ds (D).

found in the spectrum of MWNT-Br. When the PrBA was
hydrolized to PAA, a wide absorption band assigned to
hydroxyl groups around 3440 cm™' was significantly
observed in the FTIR spectrum of MWNT-PAA. All these
absorption data further suggested that the synthesis of
MWNT-PtBA and the hydrolysis of PfBA had been
successful.

The TGA measurements provided further evidence
regarding the content and species of grafted polymer on
the surfaces of MWNTs, because the polymer and MWNTs
parts have different thermal-stability [20,22]. In the TGA
curve of MWNT-PrBA, the weight loss in the 160-290 °C
range (onset ~232 °C) was attributed to decomposition of
the fert-butyloxygen moieties of PfBA blocks, and the
weight loss between 290 and 460 °C assigned to the
degradation of residual PfBA segments. In the TGA curve
of MWNT-PAA, a continuous weight loss tendency was
detected which indicated that PAA segments had much
lower thermal stability as compared with PfBA ones
because of their carboxylic acid groups resulting from
hydrolysis of tert-butyl groups [20].

One of the merits of this in situ ATRP approach is the
even grafting on the surfaces of MWNTSs [8a,22]. Here, the

ey

g, CFaCOOH

24h

o
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MWNT-PAA

Scheme 1.
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Fig. 2. FTIR spectra of MWNT-PtBA1 (a), MWNT-PrBA2 (b), MWNT-
PAAT1 (c), and MWNT-PAA2 (d).

morphological structure of MWNT-PAA was also recog-
nized by TEM (see Fig. 3). It was also found that the tubes
were coated evenly with polymer grafts, and that all of the
tubes were wrapped drastically if compared with the crude
MWNTs. Such ideal coating resulted from the covalent
linkage of polymer layers in this in situ polymerisation
strategy. If the polymer was only mixed with MWNTs, such
complete wrapping was not observed in our experiments,
and the individual phases of polymers and MWNTs were
generally found during TEM observation.

3.2. Preparation of MWNT-PSS

Scheme 2 shows the synthesis for grafting PSS from the
surfaces of MWNTs. The experimental conditions and some
results of MWNT-PSS are summarized in Table 1. It was
demonstrated that NaSS is an ATRP-active monomer [11].
In our comparable blank experiment, the pure PSS made
from a typical ATRP condition without MWNT-Br had a M,,
of 18,500 and a PDI of 1.50. The monomer conversion
exceeded 85%. However, the monomer conversion in the
preparation of MWNT-PSSs initiated from MWNT-Br was
only ~25-40%, i.e. much lower than that of pure PSS.

Again, the grafted polymer amount of MWNT-PSSs can
be calculated from corresponding TGA curves (Fig. 4). The
weight loss below 500 °C for the pure PSS sample is 37.5%,
which corresponds to the decomposition of the main chains
and benzene rings. With the weight loss of pure PSS below
500 °C as the reference, the calculated polymer amounts,
MWNT-PSSs, were ~25, 39, and 68 wt%, respectively.
Therefore, the grafted PSS quantities can be also well
controlled by this ‘grafting from’ strategy. It should be
noted that some of the weight loss below 200 °C may be due
to adsorbed water, and thus the calculations based on the
TGA data had a probable error of 5-10%.

Fig. 5 illustrates the FTIR spectra of crude MWNTSs and
MWNT-PSSs. Compared with the MWNTs, the PSS grafted
MWNTs showed quite different spectra. The aromatic C—H
stretch was observed as peaks at 3098 and 1580-1602 cm ™ !

Fig. 3. TEM images of MWNT-PAAI at low magnification (a) and high
magnification (b).

and the aliphatic C—H stretch of the polymer backbones was
observed at 2921 and 2848 cm ™ '. The absorption peaks of
the O=S=O0 stretch appeared at 1208 and 1156 cm ™~ '. The
S-O and C-S stretches appeared at 663 and 641 cm™ ',
respectively. Because MWNT-PSS can form a complex
with water, or adsorb water, a strong O-H stretch was
observed at 3436 cm ™~ ! for MWNT-PSS samples.

To answer the question whether the PSS had been
covalently grafted onto the convex surface of MWNT or
not, TEM was one of the most directly powerful tools. Two
typical TEM images of sample MWNT-PSS2 are shown in
Fig. 6. In the lower magnification image (Fig. 6(a)), it can be
seen that almost all of the tubes were evenly covered with a
polymer shell. In the high-resolution image (Fig. 6(b)), the
core-shell structure of a polymer-functionalized tube was
clearly observed. The core with graphite sheets corre-
sponded to the tubes and the shell layer attached tightly to
the outer graphite sheet attributed to the polymer grafts. In
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O3Na

MWNT-Br NaS$S

CuBr/PMDETA
130°C,30h

O3Na

MWNT-PSS

Scheme 2.

this image, the thickness of the grafted polymer layer is
~ 6 nm for the top side and ~3 nm for the bottom. Some of
the polymer chains may be partially stretched out from the
tube surface due to the high grafting density, resulting in
such high thickness of polymer layer.

3.3. Solubility of the polyelectrolyte-functionalized MWNTs

The solubility or dispersibility of the functionalized
MWNTs strongly depends on the structure and amounts of
the grafted organic moieties [22a]. As implied by the
structure of the bonded polymers, the MWNT-PrBA
displayed relatively good solubility in weakly polar and
nonpolar solvents such as THF, CHCl; and toluene, but poor
solubility in strongly polar solvents such as DMF and water.
In contrast, after hydrolysis of the PrfBA blocks, the MWNT-
PAA can be dissolved easily in water, but is not soluble in
weakly polar and nonpolar solvents, as anticipated.
Similarly to the MWNT-PAA, MWNT-PSS samples
showed good solubility in water and poor solubility in
organic solvents, especially the weakly polar and nonpolar
solvents, because of the grafted polyelectrolytes.

To assess the water solubility of the resulting MWNT-
based polyelectrolytes, aqueous solutions of the samples at a
certain concentration were prepared. Black and stable
solutions appeared (Fig. 7, inset), indicating that the
polyelectrolytes grown from MWNTs had good solubility
in water, and the covalent linkage of hydrophilic PAA or
PSS chains to the MWNT altered the interfacial property of
carbon nanotubes. The soluble brush-like polymer chains
pull the relatively huge MWNT backbones into the water
phase and help enhance the solubility of carbon tubes. But

100+

90

80

70
a: MWNT-PSS1
60+ b: MWNT-PSS2
c: MWNT-PSS3
504 d: pure PSS (Mn = 18 500, PDI = 1.5)

Weight (%)

40

100 200 300 400 500 600
Temperature (°C)

Fig. 4. TGA curves of PSSNa, MWNT-PSS1, MWNT-PSS2, and MWNT-
PSS3.

when a beam of light spread through the solution, the
‘Tyndall effect’ could be observed. The diameter of some
nanocomposite particles must be larger than 200 nm, which
demonstrated the existence of aggregation between func-
tionalized nanotubes.

To obtain a semi-quantitative result for the water
solubility of the products, a UV-Vis spectrophotometer
was used to record the absorbance in water solution (see Fig.
7). The absorbance (A) of the polyelectrolyte-grafted
MWNTs in water is much higher than that of acid-treated
MWNT (MWNT-COOH), and the greater the bonded
polymer amount, the higher the absorbance. The absorbance
values at 600 nm (Aggp) for the resulting samples are given
in Table 2. It is found that the absorbance of MWNT-PSS is
significantly higher than that of MWNT-PAA because of the
higher solubility of PSS in water than that of PAA grafts.

Fig. 8 displays the absorption spectra of MWNT-PSS3 at
different concentrations. The absorbance is in direct
proportion to the sample concentration, in agreement with
Beer’s law.

3.4. LbL self-assembly on the functionalized MWNT
surfaces

Because of their high water-solubility and high anion
density, the resulting polyeletrolyte-functionalized MWNTs
have potential applications in biomaterials and micro-/
nono- devices and materials, etc. [12,18]. As an important
application aspect, this work used the polyeletrolyte-
functionalized MWNTs as templates for further surface

Transmittance (a. u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm”)

Fig. 5. FTIR spectra of MWNT (a), MWNT-PSS1 (b), MWNT-PSS2 (c),
and MWNT-PSS3 (d).
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Fig. 6. TEM images of MWNT-PSS2 at low magnification (a) and high
magnification (b).

functionalization by the LbL self-assembly approach on the
basis of their surface charges.

The LbL approach, based on the electrostatic attraction
between oppositely charged species, is a crucial method for
fabricating new compounds and novel structures, for
synthesizing hybrid materials, and for modifying solid
surfaces [23]. One of its major advantages is allowing
precise and uniform control over the thickness and proper-
ties of the assembled layers because the thickness of the
multilayer structure generally increases linearly with the
number of adsorbed layers. Two- and three-dimensional

(A) 20
a: MWNT-COOH ™
b: MWNT-PAA1
3 c: MWNT-PAA2
5 15
&
(4]
e
“ 1 .0
o]
[
[]
0
< o5t b
'/\ a
0.0 .

200 300 400 500 600 700 800
Wavelength (nm)

—_—
o
N

a: MWNT-COOH
5 b: MWNT-PSS1
c: MWNT-PSS2
d: MWNT-PSS3

Absorbance (a. u.)

()~ a

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 7. (A) UV-Vis spectra of MWNT, MWNT-PAAIL, and MWNT-PAA2
in water solution; (B) UV-Vis spectra of MWNT-PSS1, MWNT-PSS2, and
MWNT-PSS3 in water solution. Insert of (A): the photographs of the
sample CS MWNT-PAAL (left) and MWNT-PAA2 (right) placed in water
at a concentration of 1 mg sample per 5 mL water. Insert of (B): the
photographs of the samples MWNT-PSS1 (left), MWNT-PSS2 (middle)
and MWNT-PSS3 (right) placed in water at a concentration of 1 mg sample
per 5 mL water.

substrates such as silicon wafer, silica flat, gold colloid and
other nanoparticles, have been widely employed as the
supporters or templates in the LbL self-assembly [24].
Evidently, one-dimensional CNTs can play two different
roles in the LbL processing: substrates to load polyelec-
trolytes on or polyanions to coat polycation-modified films.
As regarding nanosubstrates, Smalley and coworkers [25]
have reported that certain polyelectrolytes can adsorb
directly on CNTs, but the formed hybrids were unstable as
usual and leached with time. Therefore, Noy et al. [26]
introduced charged species (amino groups) on CNT surfaces

Table 2

The absorbance at 600 nm (Aggo) of the samples with a concentration of 1 mg sample per 5 mL water

Item MWNT-COOH MWNT-PAAIL MWNT-PAA2 MWNT-PSS1 MWNT-PSS2 MWNT-PSS3
Asoo 0.055 0.36 0.82 0.86 1.42 2.85

Reoo* 1.00 6.55 14.91 15.64 25.82 51.82

? The ratio of Aggo of the sample to Aggg of acid-treated MWNT (MWNT-COOH).
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Fig. 8. UV-Vis absorption spectra of MWNT-PSS3 in water solution at
concentrations of 0.025 (a), 0.05 (b), 0.10 (c), and 0.20 (d) mg/mL. Insert:
the absorbance at 600 nm of MWNT-PSS3 as a function of concentration.

by the so-called —m stacking between pyrene rings and
CNTs using 1-pyrenepropylamine hydrochloride (PyrNHj3)
as the ‘bridges’, following adsorption of polyanions and
polycations, in order to obtain robust and stable nanohy-
brids. This improvement definitely set up a novel route to
functionalize CNTs, and open a door to fabricate CNT-
based nanodevices and nanomaterials by electrostatic self-
assembly on CNT surfaces [26]. However, three limitations
are concomitant with this route. Firstly, the non-covalently
adsorbed pyrene derivative-anchors on CNT surfaces would
de-adsorb sometimes, especially in the case of loading extra
masses, which leads to de-functionalization and uneven
coating [27]. Secondly, the adsorbed polymer shell is rough
because of the low coverage of pyrenes on CNT surfaces,
which significantly influences the uniformity of the
assembled layers [26,28]. Finally, it is relatively difficult
to achieve high quantity as well as highly even coating due
to the aforementioned de-functionalization and rough
coating. On the other hand, CNTs can also play the role
of polyanions because the tubular surfaces can be oxidized
to generate plenty of carboxylic acid groups. Taking
advantage of the strong attractions between oxidized
CNTs and cationic compounds, as well as the outstanding
mechanical strength of CNTs, Mamedov et al. prepared
CNT-based composites with good mechanical properties
[29]. Therefore, high density and highly even assembled
nanowires would be expected by the LbL approach using
the covalently ionic CNTs, rather than noncovalently
functionalized ones, as the templates. This topic will be
systematically discussed by the following contents of this
article. In addition, it is easy to understand that the linear
polymer chains can adsorb smoothly along the tubular
surface. A question appears immediately: what’s the result
for the CNT-supported electrostatic self-assembly if three-
dimensional dendritic macromolecules [30] are used as the
polyeletrolytes? This question will also be answered in the
following discussions.

The LbL self-assembly procedure on MWNT surfaces is

Table 3
Depositing polyelectrolyte layers on MWNT surfaces via layer-by-layer
electrostatic self-assembly approach

Sample Substrate Polycation S %"
PDMAEMA HPSA
(mg/mL) (mg/mL)
LbL1 MWNT-COOH 1.5 40
LbL2 MWNT-COOH 1.7 36
LbL3 MWNT-PAA1 1.5 75
LbL4 MWNT-PAA1 1.7 70
LbL5 MWNT-PSS1 1.5 78
LbL6 MWNT-PSS1 1.7 72

* The weight loss fraction of polymers calculated from TGA results.

shown in Scheme 3. Three kinds of functionalized CNTs:
MWNT-COOH, MWNT-PAA1 and MWNT-PSS1, were
employed as the templates. Linear PDMAEMA and
hyperbranched poly(sulfone amine) were selected as
polycations to compare their electrostatic self-assembly
efficiency.

The loaded polymer quantity was determined by TGA
measurements. The results are summarized in Table 3. As a
typical example, Fig. 9 displays the TGA weight loss curves
of crude MWNTs, MWNT-COOH, and samples LbL.1 and
LbL2. The first weight-loss stage occurs below ~220 °C,
which is assigned to the decomposition of carboxyl groups
of MWNT-COOH. The second weight-loss stage between
220 °C and 460 °C is attributed to the decomposition of
PDMAEMA (for LbL1), HPSA (for LbL2) and PSS. 40%
and 36% weight losses were observed for LbL1 and LbL2,
respectively, although only three alternating adsorption
steps were carried out. This indicates that, (1) MWNTSs have
extremely high efficiency for loading polyeletrolytes by the
LbL approach, and over 10 wt% of polyelectrolytes can be
loaded on CNT surfaces in one adsorption step; (2) globular
hyperbranched macromolecules can also be assembled on
the nanotube surfaces with a high efficiency, but the loaded
quantity is a little lower than that of linear polycations (ca.
2-3 wt% per step); and (3) entanglement between tube and
polymer chains can facilitate the LbL self-assembly, but the
electrostatic attraction between opposite charges plays the
key role. These outcomes are further approved by other
experiments (LbL3-LbL6) (see Table 3).

The chemical structure of samples was characterized by
FTIR (Fig. 10). The characteristic peak C-H strecting
appears at 2950 cm ™~ ! in the spectra of LbL1 and LbL2,
while no absorption band is found in this area in the
spectrum of MWNT-COOH (Fig. 10(A)). The C=0
stretching absorption band of PDMAEMA is observed in
the spectrum of LbL1. Compared with the spectrum of
MWNT-COOH, the bands at ca. 1100 cm™! of LbL1 and
LbL2 are much stronger, which results from the contri-
bution of C-O (PDMAEMA) and O=S=0 (HPSA)
absorption of polyelectrolytes. In the spectra of LbL3-
LbL6, obvious absorption bands at ca. 1100 cm ™! are also
observed, which corresponds to C-O (PDMAEMA) or
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The effect of the LbL
CNTs can be evaluated by TEM and SEM measurements.

Fig. 11 shows the representative TEM images of sample
LbL1 (images a—e) and crude MWNTs (images f and g). It is

found that the assembled polymer
and even whenever in view of a large area (low

, images a—c) or local points (higher magni-
fication, images d and e). After MWNT was fully wrapped
with polymers, a core-shell structure would be formed with
MWNT and polymer as cylindrical core and hairy shell,
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Fig. 10. (A) FTIR spectra of LbL1, LbL2 and MWNT-COOH. (B) FTIR
spectra of MWNT-PAAI, LbL3 and LbL4. (C) FTIR spectra of LbL5,
LbL6 and MWNT-PSSI.

arrangement between tubes and polymers. For the samples
made by the LbL approach, such core-shell structure was
also observed clearly by TEM (images d and e). Under
HRTEM at a high magnification, the tubular structure of the
MWNT core can be detected, and the individual phases of
tubes and polymers can also be evidently distinguished from
the different gray (image e). Significantly, the outer side of
the polymer layer is quite smooth and flat, and the thickness
of the polymer shell is relatively uniform, which further
indicates that the distribution of carboxylic acid groups on
MWNT surfaces is relatively symmetrical and the LbL self-
assembly effect on the nanowires is very good. By
comparison, the images of crude MWNTs are also given

in Fig. 11 (images f and g), showing a clear surface and no
hairy shell structure.

Fig. 12 displays the representative TEM images of other
LbL self-assembly samples. Interestingly, the hyper-
branched polymers were also assembled on the tube
surfaces very evenly despite their three-dimensional
globular architecture (images a—c). Compared with the
covalent coating of hyperbranched polymers on MWNT
surfaces, this LbL assembling exhibits even a slightly better
performance in terms of uniformity because of the strong
attraction between opposite charges. Again, the core-shell
structure was distinctly observed at higher magnifications
(images b and c). For the samples templated from
polyeletrolytes-grafted MWNTs (LbL3-LbL6), the
assembled polymer quantity is so high that the polymer
becomes a continuous phase (images dl, e, f, h). Estimating
from the isolated or extended parts (images d2, e and g), we
can find that, (1) the assembled polymer shell is also quite
even and flat, (2) the thickness of the polymer shell is very
high (>10nm), and (3) the further coating effect for
previous polymer-functionalized MWNTs via this LbL
approach is also very good whenever the assembled
polymers are one-dimensional linear or three-dimensional
dendritic. Similar to the case of covalent grafting, some of
the polymer chains adsorbed on the tube surface may be
partially stretched out from the nanosurface due to the high
adsorbing density or quantity, resulting in such high
thickness of polymer layer. Clearly, detailed studies need
to be conducted to fully understand how the polymer chains
arrange on the cylindrical nanosurface.

The morphology and assembling effect were further
evaluated by SEM measurements. Fig. 13 shows the SEM
images of crude MWNTs (images a and b) and samples of
LbL1 (images c and d) and LbL.2 (images of e and f). For the
crude MWNTs, the individual tubes can be clearly viewed.
After assembling of polymers on the tube surfaces, the
resulting solid became a composite in which the tubes are
evenly dispersed. This suggests that CNT/polymer compo-
sites can be easily obtained by the LbL electrostatic self-
assembly approach. Because the dendritic polymers can
play the role of molecular vessels to load guest compounds
such as organic dyes and inorganic ions [31], this composite
has huge potential in the nano-, bio- and supramolecular
chemistry fields. The relevant work is in progress, and will
be reported later.

4. Conclusions

Two kinds of water-soluble anionic polyelectrolytes
were successfully grafted onto the surface of MWNTs by in
situ ATRP ‘grafting from’ process, resulting in the
formation of core-shell nanostructures, with the PAA or
PSS as the brush-like or hairy shell, and the MWNT as the
hard backbone. The covalent bonding of polyelectrolytes to
the MWNT dramatically improved the water solubility of
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Fig. 11. Representative TEM images (200 kV) of sample LbL1 ((a)-(e)) and crude MWNTs ((f) and (g)) at different magnification.
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Fig. 12. Representative TEM images of LbL2 (a—c, 200 kV), LbL3 (d1 and d2, 100 kV), LbL4 (e, 100 kV), LbL5 ((f) and (g), 100 kV), and LbL6 ((h) 100 kV).

MWNTs, which may shed light on the further exploring and
application of carbon nanotubes in the field of self-
assembly, drug delivery and release, smart nanomaterials,
and so forth.

Based on the MWNT-supported hybrid one-dimensional
(ID) nano-polyelectrolytes and carboxylic acid-

functionalized MWNTs, self-assembly nanowires were
easily fabricated by the well-known layer-by-layer
approach. The loading efficiency on the nanosurface is
very high, which is a higher 10 wt% of polymer quantity in
one deposition step. The assembled polymer shell on
functionalized MWNT surfaces was quite even and flat.
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Fig. 13. Representative SEM images of crude MWNTs ((a) and (b)), LbL1 ((c) and (d)), and LbL2 ((e) and (f)).

The realization of CNTs/polyelectrolytes nanocomposites
via the simple LbL approach will pave the way for the
carbon nanotubes in the applications of nanomaterials and
supramolecular chemistry.
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