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Abstract

®
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Encapsulation of carbon nanotubes (CNTs) by amphiphilic block copolymers is an efficient way
to stabilize CNTs in solvents. However, the appropriate dosages of copolymers and the
assembled structures are difficult to predict and control because of the insufficient understanding
on the encapsulation process. We encapsulate multiwalled CNTs with polystyrene-block-poly (4-
vinyl pyridine) (PS-b-P4VP) by directly mixing them in acetic acid under sonication. The
copolymer forms a lamellar structure along the surface of CNTs with the PS blocks anchoring on
the tube wall and the P4VP blocks exposed to the outside. The encapsulated CNTs achieve good
dispersibility in polar solvents over long periods. To increase our understanding of the
encapsulation process we investigate the assembled structures and stability of copolymer/CNTs
mixtures with changing mass ratios. Stable dispersions are obtained at high mass ratios between
the copolymer and CNTs, i.e. 2 or 3, with the presence of free spherical micelles. Transmission
electron microscopy and thermal gravimetric analysis determine that the threshold for the
complete coverage of CNTs by the copolymer occurs at the mass ratio of 1.5. The coated
copolymer layer activates the surface of CNTs, enabling further functionalization of CNTs. For
instance, atomic layer deposition of TiO, produces conformal thin layers on the encapsulated

CNTs while isolated TiO, bumps are produced on the pristine, inert CNTs.

Keywords: carbon nanotube, amphiphilic block copolymers, functionalization, atomic layer

deposition

(Some figures may appear in colour only in the online journal)

1. Introduction

Carbon nanotubes (CNTSs) have attracted tremendous interest
and have been investigated for applications in diverse fields
due to their superior mechanical strength, electrical con-
ductivity, thermal stability, chemical resistance, etc [1-3].
However, despite these remarkable features of CNTs, their
potential application in many fields, e.g. composite materials,
is frequently hindered by their low solubility and poor dis-
persion in solvents. As-synthesized CNTs are prone to
aggregate into insoluble bundles or randomly stacked

0957-4484/15/325601+10$33.00

networks due to the van der Waals interaction between the
tube walls. To address such issues and to tune their properties,
various methods have been utilized for dispersing bundled or
networked CNTs into individual nanotubes by high-energy
sonication, covalent and noncovalent modifications to the
surface of CNTs [4-6]. In addition, simulation works have
also been done to explore the interactions between CNTs and
polymers. For example, Ruckenstein and coworkers
employed molecular dynamics simulations and dissipative
particle dynamics simulations to investigate the phase beha-
vior between CNT-like particles and polymers [7-9].

© 2015 I0OP Publishing Ltd  Printed in the UK
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Covalent modifications typically generate unwanted tube
defects upon the destruction of the continuous z-electronic
structure, thus jeopardizing their intrinsic electronic and
mechanical properties. Alternatively, the noncovalent
adsorption of either low-molecular-weight surfactants [10] or
bulky polymeric chains [11-13] onto tube walls has been
applied as a mild and effective approach for the dispersion of
CNTs; this approach maintains the pristine structure of CNTs
to the largest extent.

Among different types of polymeric dispersants to
CNTs, block copolymers (BCPs) are unique and have
received particular interest because of their great flexibility
in molecular architecture design and the consequent tun-
ability in the functionality of the coated CNTs [13-15].
BCPs are composed of two or more chemically distinct
homopolymer chains which are covalently linked together.
To serve as an effective dispersant to CNTs, BCPs should
contain at least one block having specific interactions to tube
walls [16, 17]. Amphiphilic BCPs containing both hydro-
phobic blocks and more hydrophilic blocks are frequently
used. Typical examples include triblock copolymers of
polyethylene oxide-block-polypropylene oxide-block-poly-
ethylene oxide (PEO-b-PPO-b-PEO) [18, 19], and diblock
copolymers of polystyrene-block-polyacrylic acid (PS-b-
PAA) [20-22], and polystyrene-block-poly(2 or 4-vinyl
pyridine) (PS-b-P2VP, PS-b-P4VP) [23-25], etc. However,
most works simply use significantly excessive BCPs to
ensure the complete coverage of BCPs on CNTs and suffi-
cient dispersibility because of the insufficient understanding
on the coating process of BCPs on CNTs. Overdosed BCPs
produce undesired byproducts, typically micelles, which are
mixed with the BCP-coated CNTs. The byproducts waste
BCPs and even worse, they contaminate the coated CNTs
and would bring adverse effects in the applications of the
coated CNTs. Tedious efforts are needed to purify the coated
CNTs by removing these byproducts from the mixture. For
example, Taton et al coated single-walled CNTs by PS-b-
PAA and empty micelles without CNTs were also produced.
They had to use three or more consecutive cycles of cen-
trifugation to remove the empty micelles from the coated
CNTs [20]. Therefore, it is highly desired to have a detailed
understanding on the encapsulation process of CNTs by
BCPs and to obtain the threshold point for the complete
coverage of CNTs with BCP molecules, which allows us not
only to produce dispersible CNTs with high purity by
eliminating the formation of the byproducts but also to use
BCPs in a more economical way. In this work, we study the
direct encapsulation of multiwalled CNTs by poly(styrene)-
block-poly(4-vinylpyridine) (hereafter denoted as S4VP)
with an emphasis on the detailed investigation of the
threshold of the encapsulation, which is helpful for an in-
depth understanding on the encapsulation process as well as
for the formulation of CNT-involved nanocomposites. In
addition, we demonstrate that the coated S4VP layers
modulated the atomic layer deposition of TiO, on CNTs.

2. Experiment

2.1. Materials

Block copolymer of S4VP (M, (PS)=12000g mol ™,
M, (P4VP)=1700 g mol™', M,/M,=1.09), was purchased
from Polymer Source Inc. and used as received. CNTs (out-
side diameter: 10+1nm, inside diameter: 4.5+0.5 nm,
length: 3—-6 um) with purity higher than 98% were obtained
from Sigma-Aldrich and used without any pretreatment.
Titanium isopropylate (TIP) with a purity of 98% used as the
precursor for the ALD of TiO, was purchased from Aladdin
Reagents. Acetic acid (AA) and ethanol with purity >99.5%
were obtained from local suppliers.

2.2. Encapsulation of CNTs by S4VP

We mixed CNTs and S4VP at three different mass ratios.
First, 5 mg of CNTs were added into 10 g of AA and soni-
cated for 30 min at the power of 350 W. Then 5, 10, or 15 mg
of S4VP were added into the CNTs previously suspended in
AA and sonicated for another 2 h at the power of 100 W, thus
obtaining S4VP/CNTs in AA mixtures with the mass ratio
between BCP and CNTs (mpcp/ment) of 1, 2, and 3,
respectively. The prepared S4VP/CNTs mixtures were diluted
with ethanol or water for different folds, if necessary.

2.83. Atomic layer deposition of TiO» on pristine CNTs and
S4VP-coated CNTs

For the ALD of TiO,, the ethanolic suspensions of pristine
CNTs and S4VP-coated CNTs were separately deposited on
carbon-coated copper grids and dried at 40°C for 2h to
evaporate the solvent. The deposition was performed in an
ALD reactor (Savannah 100, Cambridge) at 80 °C under the
pressure <2 torr and nitrogen was used as both the carrier and
purge gas at the flow rate of 20 sccm. Deionized water and
TIP were used as the precursors. In a typical ALD cycle, the
pulse time for TIP and water was 0.03s and 0.015s,
respectively, and for both precursors, the exposure and purge
time were 5s and 30s, respectively. Both the pristine and
S4VP-coated CNTs were subjected to TiO, ALD for 100
cycles.

2.4. Characterizations

Transmission electron spectroscopy (TEM) was conducted on
a JEM-2100 microscope (JEOL) operated at 200kV or G2
F30 S-TWIN microscope (Tecnai) operated at 300kV. The
samples in liquid suspensions were prepared by depositing
droplets of the suspension onto lacey carbon copper grids,
allowing the grids to dry at the temperature of 40 °C for 3 h.
The ALD-deposited samples were already supported on
copper grids and they were used for TEM examination
directly after deposition. Thermal gravimetric analysis (TGA)
was performed in nitrogen on a TG209F1 thermal analyzer
(NETZSCH) with a heating rate of 10°C min~'. Before the
TGA tests, the S4VP/CNTs mixture was pre-filtered by a
PVDF membrane with a nominal pore diameter of 0.22 ym to
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eliminate the S4VP micelles coexisting with the coated CNTs.
Raman spectroscopy was measured on an HR800 Raman
spectrometer (Horiba) using the excitation laser with the
wavelength of 514 nm and the spectral resolution of 1.7 cm™.
The absorbance of S4VP-coated CNTs mixtures with differ-
ent dilution rates was obtained from a NanoDROP 2000C
UV-Vis spectrometer (Thermo Scientific). X-ray photoelec-
tron spectroscopy (XPS) was carried out on an ESCALAB
250 XPS system (Thermo Scientific) employing a mono-
chromatic Al K, x-ray source. The samples were prepared by
drop-casting of S4VP in chloroform solution and S4VP-
coated CNTs in ethanol suspension onto silicon substrates,
followed by drying at the temperature of 40 °C for 2 h.

3. Results and discussions

3.1. Dispersion of CNTs in polar solvents with the assistance
of S4VP

Pristine CNTs cannot be directly dispersed in polar solvents
like AA even under strong sonication for hours because of the
strong intertube interactions. As shown in figure 1(a), pristine
CNTs added into AA started to precipitate immediately after
terminating sonication. Introduction of the amphiphilic block
copolymer of S4VP improved the dispersibility of CNTs in
AA and the improvement was dependent on the dosage of
S4VP, or in other words, the mass ratio of S4VP and CNTs,
mpcp/Ment. At mgep/ment=1 CNTs were suspended in AA
as large aggregates. At higher values of mpcp/mcent, for
instance, 2 or 3, CNTs were homogeneously dispersed in AA
and remained stable for more than six months when stored at
room temperature.

With the presence of adequate of S4VP, CNTs exhibited
good dispersion in polar solvents and can be diluted with
many solvents including ethanol and water without losing
their dispersibility. We diluted the S4VP/CNTs in the AA
mixture with mgcp/mcnt =2 with ethanol by 15-50 times and
examined their dispersion by monitoring the change of their
absorption. The same concentration of the S4VP solution was
used as reference to eliminate the absorbance of S4VP in the
mixture. A calibration line that correlates the solution absor-
bance at the wavelength of 500nm as a function of the
relative concentration of the S4VP/CNTs mixture was line-
arly fitted (figure 1(b)), which implies that CNTs are well
dispersed and stabilized in AA with the presence of the suited
amount of S4VP. Figure 1(c) displays the absorbance of the
S4VP/CNTs mixtures with different dilution folds after stor-
ing for different periods up to 1 month. Comparing to the as-
prepared mixture, the absorption intensity barely changed,
suggesting the long-term stability of the S4VP/CNTs mix-
tures with different concentrations.

3.2. Mechanism for the stabilization of CNTs by S4VP

We first used TEM to investigate the morphology of CNTs
collected from their mixtures with S4VP in AA. The
morphologies of the pristine CNTs and the S4VP-coated

CNTs prepared at mgcp/ment =2 were characterized and the
images with different magnifications are shown in figure 2. It
can be clearly seen from figures 2(a) and (b) that the pristine
CNTs possess the morphology of hollow tubes and consisted
of approximately 10 layers of graphene sheets with the total
wall thickness of around 3.0 nm. The average diameter of the
entire tubes is reasonably well distributed with an average
diameter of 10.9 nm (figure 2(a), inset). With the presence of
S4VP at mpcp/mcent=2 a core/shell composite structure
appears and CNTs are judged to be residing in the center of
the composite structure as their crystalline lattices remain
clearly visible. An amorphous shell is conformally coated
along the outer surface of the CNTs. The amorphous shell can
only be the S4VP copolymer and it exhibits a very uniform
thickness of a few nanometers, forming a complete coating
layer along the wall of CNTs. The S4VP-coated CNTs dis-
play an integrated outer diameter of 20.2 nm and the thickness
of the S4VP shell can be deduced to be 4.7 nm considering
that CNTs have a diameter of 10.9nm. The inset of
figure 2(c) demonstrates the relatively narrow diameter dis-
tribution of the coated CNTs, confirming the uniform thick-
ness of the S4VP coating layer and the complete coverage of
CNTs by S4VP.

From the morphology examination, we understand that
the presence of a coating layer of S4VP on the surface of
CNTs enables their dispersion and stabilization in polar sol-
vents. The functions of S4VP should be originated from its
amphiphilic nature and the two constituent blocks of S4VP
are playing different roles. The hydrophobic PS blocks anchor
on the surface of CNTs while the relatively hydrophilic P4VP
blocks are solvated and extended in polar solvents. Because
the two blocks are covalently bonded together the solvated
P4VP blocks prevent the entire S4VP-coated CNTs compo-
site structure from aggregation or precipitation. Accordingly,
it is expected that the S4VP chains possess a lamellar struc-
ture along the surface of CNTs with PS connecting both
CNTs and P4VP blocks and P4VP existing as the outermost
layer. We tried to observe such a lamellar structure under
TEM after staining the S4VP-coated CNTs with iodine, as the
structure would be selectively enriched in the PAVP domains
[26]. However, as the volume fraction of P4VP is much less
than that of PS and the total thickness of the S4VP layer is
extremely thin down to 4.7nm (figure 2(d)), we cannot
clearly discern the stained P4VP phase from the composite
structure. Alternatively, we used XPS to reveal the pre-
ferential segregation of PAVP chains on the outermost surface
of the S4VP-coated CNTs. We compare the surface content of
nitrogen of a solution-casted S4VP film and the S4VP-coated
CNTs. The S4VP film was casted from its solution in
chloroform and was believed to have a balanced surface with
minimal selective segregation of either block, as chloroform
is a good solvent for both the PS and P4 VP block [27]. Weak
signals of nitrogen appear on the XPS spectrum of both the
casted S4VP film and the S4VP-coated CNTs. However, the
atomic ratio of N to C (N/C) of the S4VP-coated CNTs is
2.99%, being noticeably higher than that of the casted S4VP
film (1.60%). Higher N/C in S4VP-coated CNTs implies that
the selective segregation of P4VP chains on the outermost
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Figure 1. (a) Photographs of CNTs dispersion in AA with different mass ratios between S4VP and CNTs. To have a better view, the mixtures
were filled into capillary tubes. (b) Absorption intensity at the wavelength of 500 nm of the S4VP/CNTs mixtures (mpcp/ment=2) with

different concentrations. The green line is a linear fit the experimental data. (c) The absorbance at the wavelength of 500 nm of the S4VP/
CNTs mixtures (mpcp/mcent =2) with changing dilution times after storage for different periods.

surface of the coated CNTs as nitrogen only exists in the
P4VP blocks and its content directly indicates the con-
centration of P4VP chains.

The PS blocks in S4VP mediate the attachment of S4VP
chains on the surface of CNTs through the -z stacking
interaction between the benzyl rings and CNTs, which is
confirmed by Raman spectroscopy. As can be seen from
figure 3, the Raman spectrum of pristine CNTs is featured
with the G band locating at 1577 cm™" and the D band at
1342cm™, corresponding to the graphitic and disordered
phases of CNTs, respectively [28]. In the Raman spectrum of
the S4VP-coated CNTs, the two bands remain but are evi-
dently shifted to 1590 and 1354 cm™', respectively. Such a
shift in the characteristic bands of CNTs indicates the
attachment of polymer chains onto the surface of CNTs and it
has been observed that characteristic Raman bands of CNTs
will shift to higher frequencies upon being incorporated into a
polymeric matrix [29]. The presence of S4VP in the coated
CNTs is also evidenced by another band centering around

1106 cm™ which is the characteristic band of S4VP as this
band also appears at the same frequency in the spectrum of
the pure S4VP. Moreover, no new bands can be discerned in
the spectrum of the S4VP-coated CNTs, suggesting that the
interaction between CNTs and S4VP is exclusively the z-7
stacking-dominated surface interaction.

3.3. The critical mgcp/menT for the stabilization of CNTs
by S4VP

As mentioned in section 3.1, the quality of dispersion of
CNTs in AA is dependent on the dosage of S4VP and a
stable dispersion can only be achieved at sufficiently high
mpcp/ment. Therefore, there should be a threshold for
mpcp/ment above which there will be free S4VP dissolved
in the solution, not coated on CNTs. Actually, we observed
the inadequate coverage of S4VP on CNTs at low mgcp/
mentS. TEM observations on S4VP-coated CNTs prepared
at mpcp/ment=1 reveals a rough layer of S4VP with a
varying thickness up to ~3 nm formed on the CNTs’ surface
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Figure 2. TEM images of the pristine CNTs (a)—(b) and the S4VP-coated CNTs prepared at the mgcp/mcent Of 2 (c)—(d) at different
magnifications. Insets shown in (a) and (c) are the profiles of the diameter distribution of the corresponding samples.
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Figure 3. The Raman spectrum of the sonicated CNTs, the pure

S4VP, and the S4VP-coated CNTs.

(figure 4(b)). Even worse, there are some positions on the
surface of the CNTs on which no S4VP coating layer could
be observed, suggesting the incomplete coating of CNTs at
low dosages of S4VP (see the arrow in figure 4(b)). Such
incompletely coated CNTs precipitated soon from their
mixture with AA (for instance, figure 1(a)) because of the
inadequate enhancement in the affinity of the coated CNTs
toward AA. In contrast, CNTs could be well dispersed and
remained stable for a long time in AA if we used higher
dosages of S4VP, for example, mpcp/mcent=2 or 3. As
shown in figure 4(c), S4VP forms a uniform coating layer
along the surface of CNTs at mpgcp/mcnt=3 and the
thickness of the coating layer of S4VP remains unchanged
compared to that prepared at mpgcp/mcnt=2. Interestingly,
when mpgcp/mcent=3, there appear many spherical nano-
particles with a diameter of 20 nm in addition to the S4VP-
coated CNTs. Such nanoparticles could also be occasionally
observed together with S4VP-coated CNTs prepared at
mpcp/ment=2 and rarely seen at mpcp/ment=1. These
particles are micelles of the excessive S4VP molecules
which do not have the chance to be coated on CNTs. AAis a



Nanotechnology 26 (2015) 325601

X Yao et al

Figure 4. TEM images of the mixture of BCP and CNT at mpcp/mcent=1 (a), (b) and at mgcp/ment=3 ().

selective solvent to P4VP blocks and micelles are produced
following the direct micellization mechanism as the S4VP
used in this work has a relatively low molecular
weight [30, 31].

By comparing the presence of S4VP micelles and the
uniformity of the coated S4VP layers, we can roughly
estimate that the threshold of mpcp/mcnt for the complete
coating of the surface of CNTs is somewhere between 1
and 2. We performed a detailed analysis on the TEM
images of the S4VP-coated CNTs prepared at mpcp/
mcnT =2 to obtain a more accurate value for the critical
mpcp/Mcent- Based on the data of the wall thickness of
CNTs and the thickness of the S4VP shell, we can calculate
that the volume ratio of S4VP to CNTs is 3.08. Given that
the densities of graphite consisting of walls of CNTs and
S4VP are 2.2gcem™ [32] and 1.05gcem™ [33], respec-
tively, we know that the mass ratio between S4VP and
CNTs is 1.47.

Considering the big difference in the thermal stability of
S4VP and CNTs, we used TG analysis to alternatively
investigate the mass ratio between S4VP and CNTs of the
S4VP-coated CNTs prepared at mpcp/mcent=2. To avoid

the interference of the S4VP micelles in the mixture, the
mixture was filtrated through a membrane with a nominal
pore size of 0.22 ym to separate the micelles from CNTs and
the collected CNTs were then dried and used for TG ana-
lysis. As shown in figure 5, the as-received CNTs only
slightly lose 1.7% of their weight when heated to 700 °C
whereas the CNTs sonicated in AA for hours lose 10.2% of
their weight, possibly because sonication in AA produces
some structural defects on the surface of CNTs, partially
reducing the thermal stability of CNTs. The residual weight
percentages of pure S4VP and S4VP-coated CNTs were
0.8% and 36.4 wt%, respectively. It is reasonable to assume
that CNTs in the S4VP-coated CNTs composite structure
will also experience a ~10% weight loss like the sonicated
CNTs when heated to 700 °C. Based on the above data of
residual weight percentages of different components in the
S4VP-coated CNTs, we can estimate that CNTs account for
40% of the total weight in the composite structures, that is,
the mass ratio of S4VP and CNTs is 1.50, which is in very
good agreement with the results obtained from TEM
analysis.
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Figure 5. TGA curves of as-received CNTs, sonicated CNTs, pure
S4VP, and S4VP-coated CNTs prepared at mpcp/mcent =2.

3.4. Understanding the encapsulation process of CNTs
with S4VP

As the critical mpcp/mcent 18 determined to be ~1.5, the
mixture of S4VP and CNTs in AA with mgcp/mcents higher
than this threshold will contain not only S4VP-coated CNTs
but also excessive S4VP chains which are not incorporated
into the coating S4VP layer on CNTs. These excessive S4VP
chains easily aggregate into micelles as the critical micelli-
zation concentrations of block copolymers are typically very
low [34]. Control tests reveal that mixing S4VP with AA
without the presence of CNTs yields spherical micelles dis-
playing the same morphology and diameter with the ones
found in the mixture with mpgcp/ment=2 or 3. At mpcp/
ment=2, S4VP is moderately overdosed compared to the
threshold mgcp/mcent and therefore we occasionally observed
micelles assembled from the excessive S4VP. We note that
the presence of these S4VP micelles does not affect the dis-
persion of CNTs and the micelles themselves are also well-
stabilized in AA as they possess condensed PS cores and
extended P4VP shells enabling the dispersion of the micelles
in AA [31]. At mpcp/mcnt=3 where the dosage of S4VP is
far beyond the threshold nearly half of the added S4VP is
present as micelles in the mixture and we see many more
micelles as their number is much larger than that of the case at
mgcp/MenT=2.

The driving force for the dispersion of CNTs in polar
solvents is believed to be the specific interaction between
S4VP and CNTs. S4VP is an amphiphilic macromolecule
containing both a nonpolar PS block and a comparably polar
P4VP block. When mixed with CNTs in AA under sonica-
tion, the added S4VP solids would be molecularly dissolved
to form unimers as AA will strongly solvate with the P4VP
chains (figure 6(a)). S4VP used in this work can be dissolved
in AA at room temperature, progressively generating free
S4VP unimers at the initial stage. Upon approaching the CNT
surface from the side of the PS blocks the S4VP unimers will
be arrested by CNTs as there is a strong z-z interaction
between CNTs and PS blocks, and the P4VP blocks on the

other side of the copolymer remain solvated. The solvated
P4VP blocks prohibit the energetically unfavorable contact of
the hydrophobic CNTs and PS blocks with the polar solvent
of AA, leading to the stabilization of CNTs in the solvent
(figure 6(b)). After CNTs have been completely coated by
S4VP chains, excessive unimers generated by the continuous
dissolution of S4VP solids will assemble with each other to
form aggregates, eventually forming spherical micelles with
PS chains condensed inside the micelle cores when the S4VP
unimers reaches the critical micellization concentration
(figure 6(c)).

To confirm the scenario of the encapsulation of CNTs
by S4VP discussed above, we first dissolved S4VP in AA
to prepare an S4VP micellar solution and then mixed CNTs
into the micellar solution with the assistance of sonication
for 30 min (mgcp/ment=2). CNTs can be well dispersed
in the micellar solution and maintained long-term stability.
As shown in figure 7, TEM examinations discover that
there is also a thin amorphous layer with a thickness of
~2-4nm along the surface of CNTs. Therefore, the sta-
bilization is also realized by the encapsulation effect of
S4VP, similar to the co-dissolution approach we used
previously in this work where CNTs and S4VP solids were
added into AA simultaneously. After adding into the S4VP
micellar solution, CNTs will attract S4VP unimers in the
solution because of the strong interaction between the PS
blocks and tube walls, leading to the reduction of the
concentration of S4VP unimers in the solution. To main-
tain the equilibrium some S4VP chains are released from
the S4VP micelles, eventually resulting in the disassembly
of some S4VP micelles. S4VP chains remain adsorbed on
the surface of CNTs with the consumption of pre-formed
S4VP micelles until the complete coverage of CNTs. Shin
and coworkers previously employed S4VP micellar solu-
tions to stabilize single-walled CNTs in ethanol and they
attributed the stabilization to the adsorption of entire S4VP
micelles on CNTs [19]. This explanation might be true as
they used S4VP copolymers with molecular weights dif-
ferent than the ones used in the current work. However,
there might also be a S4VP layer conformally coating
along the CNTs, enhancing their dispersibility, although
their TEM results were not clear enough to discern such
layers.

3.5. Modulating the atomic layer deposition of TiO, on CNTs

With the presence of polymers coated on CNTs, the surface
properties of CNTs are changed accordingly, allowing further
functionalization and modification to CNTs independent of
the chemistry of the CNTs themselves. As a demonstration
for the capability of the coated S4VP layer to tune the surface
functionality of CNTs, we showed that thin layers of TiO,
were able to be deposited on CNTs with S4VP serving as the
mediating layer. We performed ALD deposition of TiO, on
both the pristine and S4VP-coated CNTs for 100 cycles. TEM
observations reveal that TiO, is deposited on the pristine
CNTs as isolated irregular bumps (figure 8(a)) while TiO,
forms a continuous conformal layer with the thickness of
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Figure 6. The schematic demonstration of the encapsulation process of CNTs by S4VP: (a) the progressive dissolution of as-received S4VP
solids, forming S4VP unimers, (b) attaching of S4VP unimers on CNTs, and (c) formation of S4VP micelles after the completion of

encapsulation of CNTs.

Figure 7. TEM images at different magnifications of CNTs obtained by mixing as-received CNTs and S4VP micellar solution in AA (mpgcp/

ment =2) with sonication for 30 min followed by standing overnight.

~1.5nm along the surface of the S4VP-coated CNTs
(figures 8(b), (c)). The pristine CNTs possess a hydrophobic
surface and are short of active groups for the chemical
adsorption of ALD precursors. Consequently, TiO, nucleates
on the surface defects of CNTs, forming isolated particulates
in the following growth step [35]. For the S4VP-coated
CNTs, their surfaces are predominantly covered with P4VP
chains which contain chemically active pyridyl rings. As a
result, ALD precursors can be readily adsorbed on the P4VP
phases, leading to the conformal growth of TiO, layers. In
addition, the infiltration of precursors into the subsurface of
the polymer layer may also occur [36, 37] and as a result,
there is no clear boundary between the polymer layer and the
TiO, layer.

4. Conclusions

Amphiphilic block copolymers of PS and P4VP were uni-
formly coated on the surface of carbon nanotubes in solutions
of AA. The copolymer was adhered to CNTs because of the
7—r interaction between CNTs and benzene rings in PS
blocks of the copolymer. The S4VP-coated CNTs possessed a
lamellar structure with PAVP chains existing in the outermost
layer, providing good dispersibility of CNTs in AA. The
S4VP-coated CNTs remained stable in AA for long time even
after dilution with other polar solvents, i.e. ethanol and water.
Detailed studies revealed that the mass ratio between S4VP
and CNTs needed to be larger than a threshold, which was
determined to be ~1.5, to sufficiently stabilize CNTs in polar
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Figure 8. TEM images of the pristine (a) and S4VP-coated CNTs (b), (c) subjected to ALD deposition of TiO, for 100 cycles.

solvents and excessive S4VP would assemble into spherical
micelles. The presence of PAVP chains on the surface of the
CNTs provided an additional possibility for the functionali-
zation and modification of CNTs. As an example, we
demonstrated that a uniform thin layer of TiO, could be
conformally ALD-deposited on the surface of the S4VP-
coated CNTs while isolated, bump-like TiO, particulates
were produced on the inert, pristine CNTs.
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