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Abstract Single-walled carbon nanotubes (SWNTs) were dis-
persed in pure water with a thermo-responsive amphiphilic
PNIPAM; 50-F108-PNIPAM 5o pentablock terpolymer in com-
parison with its precursor PEO;35-PPO4s-PEO;3¢ (F108) tri-
block copolymer. The stability, dispersibility, and thermo-
responsive behaviors of the polymer/SWNT hybrids were char-
acterized by UV—vis—NIR spectroscopy, thermal gravimetric
analysis, viscosity measurement, Raman spectroscopy, and
high-resolution transmission electron microscopy. The
pentablock/SWNT hybrids showed superior ability in stabili-
zation over F108/SWNT hybrids, and no sign of sedimentation
was found at room temperature for 6 weeks or even 2 months of
storage. The pentablock terpolymer can efficiently disperse
SWNTs into individual tubes or small bundles with average
diameter of about 5 nm, and their chains were helically
wrapped onto the nanotube surface, whereas the larger bundles
of the nanotubes with sizes of 15-25 nm were observed in
F108/SWNT hybrids. Moreover, the pentablock/SWNT hy-
brids switched reversibly between the well-exfoliated and the
aggregated states when cyclically increasing and decreasing
temperature.
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Introduction

Since their discovery in 1993 [1], single-walled carbon
nanotubes (SWNTs) have attracted great interdisciplinary in-
terest due to their extraordinary optical, thermal, mechanical,
and electronic properties [2—5]. Their versatile properties fur-
nish them a wide scope of prospective applications, such as
electronics [6, 7], sensors [8, 9], composite fibers [10-12], and
medicinal materials [13—15]. For the pursuit of these applica-
tions, a solution-based SWNT process would be exceptionally
useful. However, SWNTs usually tend to form bundles and
clusters owing to the high aspect ratios and the strong
intertubular van der Waals interaction, leading to their notori-
ously poor solubility and dispersibility in most solvents, espe-
cially in pure water, and thus severely impeding their further
processing and end uses [10, 16]. To overcome these vital
deficiencies, two main strategies have been developed in recent
years: covalent functionalization of SWNTs with solvophilic
molecules [17-22] and non-covalent surface coating by am-
phiphilic molecules [23—27]. The covalent method can notably
improve the dispersion efficiency and solubility of SWNTs.
Unfortunately, the covalent functionalization, typically carbox-
ylation of the nanotubes, usually requires reaction under strong
acidic conditions [20]. Thus, this procedure would inevitably
destroy the electron conjugation system and create defects in
the nanotube lattice, which can reduce their thermal and elec-
trical conductivity and compromise their mechanical properties
[10].

Compared to the covalent procedure, non-covalent interac-
tions show the advantage of no disruption of the intrinsic
structure, and thus, they can preserve the inherent properties
and integrity of SWNTs [9]. It has been reported that surfactants
[28, 29], polymers [24, 30, 31], as well as small molecules [9,
32] can disperse and improve the solubility of SWNTs in water
through physical wrapping or encapsulation. In comparison
with other functionalizing agents for SWNTs, amphiphilic
block polymers [11, 33, 34] display superior dispersibility and
solubility because their hydrophobic parts are oriented toward
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the surface of nanotubes while their hydrophilic parts extend
into solvents and prevent nanotubes from aggregating. Park and
coauthors [34] dispersed SWNTs in various organic solvents
using amphiphilic polystyrene-b-poly(4-vinylpyridine) diblock
copolymer and found that the stability is superior to that by
either surfactants or high molecular weight homopolymers, and
no precipitation was observed after a 2-month standing. They
also demonstrated that the block copolymer micelles are phys-
ically adsorbed onto the surface of SWNTs and thus hindered
their aggregation. In addition, the amphiphilic Pluronic (PEO-
PPO-PEO) triblock copolymers were also reported good can-
didates for dispersing SWNTs in aqueous solutions for bio-
related applications [29, 35-39].

On the other hand, in many potential applications such as
SWNT-based switching sensors, drug and gene delivery sys-
tems, it is highly desirable for controlling the dispersion and
aggregation states of SWNTs in solvents with external stimuli
[30, 40-44], and the earlier reports showed that the resulting
SWNTs are not only dispersible but also well controlled by
environmental stimuli. However, few attempts [44—46] have
been made so far to tune the dispersion of SWNTs using
thermo-responsive polymers through the non-covalent meth-
od. Although poly(N-isopropylacrylamide) (PNIPAM) is a
well-known thermo-responsive polymer with LCST close to
human body temperature [47], it has only modest physical
affinity to the nanotubes, which is insufficient to stabilize and
disperse nanotubes in pure water [44]. In this respect, incorpo-
ration of an amphiphilic component to PNIPAM would be a
possible way to improve its affinity to the nanotubes without
affecting its thermo-responsive behavior.

In a previous work [48], we have synthesized a series of
thermo-responsive amphiphilic pentablock terpolymers,
poly(N-isopropylacrylamide)-b -poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide)-b-poly(N-
isopropylacrylamide). Here, one of such pentablock terpoly-
mers, PNIPAM|5p-PEO34-PPOy45-PEO,35-PNIPAM 59, was
chosen to disperse SWNTs in water. To better clarify the effect
of different molecular structures on dispersibility and thermo-
responsive properties, its triblock precursor, the commercially
available PEO;34-PPO45-PEO; 34 (F108) copolymer, was also
examined for comparison.

Experimental
Materials

SWNTs (purity >90 %; OD 1-2 nm; length 5-30 pum) pre-
pared by chemical vapor deposition (CVD) procedure were
kindly provided by Timesnano (Chengdu, China) and used
without further treatment. Pluronic F108 (PEO;35-PPOys-
PEO, 3, M,=1.46%10* g mol_l) was purchased from
Sigma-Aldrich and used without further purification. The
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pentablock terpolymer, PNIPAM|50-PEO;36-PPO45-PEO34-
PNIPAM, 5 (M,=4.91x10* g mol ', PDI=1.23) was synthe-
sized and characterized as previously reported [48]. Their
molecular structures are shown in Fig. 1. Other chemicals
with the highest grade of purity were used as received, and
water used was doubly distilled.

Sample preparation

Stock aqueous solutions were obtained by dissolving 0.1 g
F108 or PNIPAM,50-F108-PNIPAM; 5, in 5 mL deionized
water, respectively. The mixtures were stored for 24 h at room
temperature to get homogeneous polymer solutions. Then,
5.0 mg of SWNTs was added into the 5-mL polymer solu-
tions, followed by sonication (KQ-100, Kunshan Ultrasound
Instrument Company, China) at 100 W and 40 kHz for 1 h at
room temperature. The resulting suspensions were centrifuged
at 4,000 rpm for 10 min to give the homogeneous polymer/
SWNT hybrids. After removing the supernatant, we found
0.5 mg of insoluble precipitate left. Deducting such insoluble
precipitate, actually ca. 4.5 mg of SWNTs that was dispersed
in water, i.e., the supernatants contain 0.1 g polymer and
4.5 mg of SWNTs. Such supernatants were stored at room
temperature prior to further measurements.

Characterizations

UV-vis—NIR measurements were carried out on a computer-
manipulated dual-beam spectrometer (UV—vis 4100, Hitachi,
Japan) operated at a resolution of 1 nm at 25 and 50 °C, respec-
tively. According to the previously reported measurement [30,
49], the absorbance in the wavelength range of 400-1,600 nm
was recorded. However, the wavelength range of 400—1,300 nm
was finally selected because the absorbance intensity of UV—vis—
NIR spectra of our polymer/SWNT hybrids at a wavelength
higher than 1,300 nm was beyond the measurement range of
the instrument. The polymer/SWNT hybrids were diluted four-
fold with deionized water prior to measurements, and the pure
polymer aqueous solutions were used to get the baselines in
corresponding measurements, respectively.

A Tecnai G2 F20 S-TWIN high-resolution transmission
electron microscope (HR-TEM, FEI Co. Ltd., USA) equipped
with a Schottky field emission gun at an accelerating voltage
of 200 kV was used to characterize the dispersion of both
hybrids. A drop of preheated (25 or 50 °C) supernatant was
placed on ultrathin carbon-coated copper grids and dried in the
oven for half an hour prior to observation.

Viscosity of the hybrids as a function of shear rate was
measured using a Physica MCR 301 (Anton Paar, Austria)
rotational rheometer equipped with concentric cylinder geom-
etry CC27 (ISO3219). The rheometer was equipped with a
Peltier temperature system that allows accurate control of
temperature within £0.01 °C. A solvent trap was used to
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Fig. 1 The molecular structures of triblock copolymer (F108) and pentablock terpolymer (PNIPAM; 5,-F 108-PNIPAM; 5)

minimize changes in concentration due to water evaporation
during the measurements.

Thermal gravimetric analysis (TGA) was conducted on a 299-
F1 thermal analysis system (TA Instruments Q500), scanning
from 15 to 600 °C at 10 °C min™' under nitrogen atmosphere.

Raman spectra were registered on a LabRAM-HR Raman
spectrometer (HORIBA Co., Ltd., France) using He—Ne laser
as the light source at 785 nm. To gain the hybrids for TGA and
Raman spectra analysis, the supernatants were filtered through
a PTFE microporous membrane (220 nm), and the polymer/
SWNT hybrids left on the membrane were then washed by
deionized water and freeze-dried for 24 h before measurements.

Results and discussion
Dispersion of polymer/SWNT hybrids

The thermo-responsive behaviors of F108 copolymer and
PNIPAM, 50-F108-PNIPAM, 5o, pentablock terpolymer in
aqueous solutions were thoroughly examined previously
[48], and it was found that the pentablock terpolymer
exhibited thermo-induced phase transition while no such be-
havior was found in F108 in the existing experimental condi-
tions and the transition temperatures for pentablock terpoly-
mer and F108 solutions were 35 and above 100 °C at
20 mg mL ", respectively. To check if such phase-transition
behavior still exists in both FIO8/SWNT and pentablock/
SWNT hybrids, we firstly made naked-eye observation on
the resulting suspensions at 25 and 50 °C (Fig. 2), respective-
ly. As we know, the visual observation was frequently
employed to determine the dispersion of the nanotubes in
solvents [33, 44]. The F108/SWNT hybrids are homogeneous
with no visible sedimentation and present a stable black
solution at 25 °C for 2 weeks of storage (Fig. 2a), but partial
sedimentation of the nanotubes is evidenced after 3 weeks.

When the temperature was increased to 50 °C, still no obvious
thermo-induced phase transition is witnessed (Fig. 2b). Sim-
ilar to FI08/SWNT hybrids, the pentablock/SWNT hybrids
are also completely dispersed with a stable black solution for
6 weeks or even 2 months of storage at 25 °C (Fig. 2¢) because
the terpolymer chains are fully dissolved and able to interact
with the nanotubes. However, when the temperature increased
up to 50 °C (Fig. 2d), the SWNTs settled down in water due to
the shrinkage and collapse of the terpolymer chains. As the
temperature decreased again to 25 °C (Fig. 2e), the hybrids are
re-dispersed with a homogeneous black solution due to the re-
extension of the terpolymer chains. Thus, the dispersion/
aggregation states of pentablock/SWNT hybrids can be re-
versibly switched by temperature stimulus.

In parallel with the visual observation, HR-TEM, a well-
established technique for observing the microstructures of the
nanotubes [5], was conducted to further get more accurate
thermal-responsive dispersion/aggregation information of the
polymer/SWNT hybrids. Presented in Fig. 3 are the HR-TEM
images of pentablock/SWNT and F108/SWNT hybrids in
water at 25 and 50 °C, respectively. As shown in Fig. 3a, the
pentablock/SWNT hybrids are well exfoliated with individual
ones or small bundle tubes. So that the dispersion of SWNTs
can be observed more clearly, the higher magnifications for
the pentablock/SWNT hybrids are displayed in Fig. 3b. It can
be seen that the small bulges on the sidewall of the nanotubes
are ascribed to the helical wrapping of pentablock terpolymer
chains. As is well known, SWNTs usually tend to form large
bundles and ropes due to the strong intertubular van der Waals
interaction; however, the nanotubes coated with pentablock
terpolymer dispersed uniformly and individually rather than
ropes. The observed diameters of the dispersed nanotubes are
about 5 nm, three times larger than that of the pristine tubes,
indicating that the nanotubes are surrounded by a thick poly-
mer layer. Nevertheless, when the temperature is increased to
50 °C, the hybrids exhibit a heavily bundled and networked
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Fig. 2 Appearance of F108/
SWNT hybrids in water at 25 (a)
and 50 °C (b) after 2 weeks of
storage and pentablock/SWNT
hybrids in water at 25 (¢), 50 (d),
and 25 °C (e) after 6 weeks of
storage, respectively. The
polymer concentration is

20 mg mL™', and the
concentration of SWNTSs is

0.9 mgmL™"

microstructure (Fig. 3c). These results suggest that the
intermolecular hydrogen bonding between the polymers and
water molecules is predominant at low temperature, and the
terpolymer chains are extended and soluble in water, leading
to SWNTs being soluble in water. However, at high temper-
ature, the intramolecular hydrogen bonding between C=0 and
N-H groups and stronger hydrophobic attraction forces of
PPO groups result in a compact and collapsed conformation

of the terpolymer chains, which makes SWNTs difficult to be
soluble in water [50, 51].

In regard to the dispersion of SWNTs by F108, much larger
bundles (15-25 nm) are observed (Fig. 3d), suggestive of poor
exfoliation of the nanotubes. At 50 °C, the crowded and larger
bundled SWNTs are also clearly observed (Fig. 3¢), which has
similar morphology as appears in Fig. 3d, implying that the
influence of temperature on F108/SWNT hybrids is negligible.

Fig. 3 HR-TEM images of pentablock/SWNT hybrids in water at 25 (a, b) and 50 °C (c¢), and F108/SWNT hybrids in water at 25 (d) and 50 °C (e),

respectively
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This is in accordance with the macroscopic observation as
described above.

In order to better interpret the effect of temperature on
the dispersion state, UV—vis—NIR spectroscopy, a well-
recognized useful technique for characterizing the
nanotubes [21, 52], was employed to monitor the variation
of the absorbance of both the hybrids. Displayed in Fig. 4
are the UV—vis—NIR absorption spectra of the pentablock/
SWNT and F108/SWNT hybrids in water at 25 and 50 °C,
respectively. It was found that the strong absorptions with
several sharp peaks located in the region of 750-890 nm
are observed at 25 °C for pentablock/SWNT hybrids
(Fig. 4, curve a), implying a favorable dispersion ability
of the nanotubes. However, at 50 °C (Fig. 4, curve b), the
characteristic peaks of pentablock/SWNT hybrids complete-
ly disappeared, indicating that the bundled nanotubes are
re-formed. As displayed in curves ¢ and d of Fig. 4, the
several sharp peaks in the region of 750-890 nm are also
observed for FIO8/SWNT hybrids, and the absorption in-
tensity at 25 °C has similar values to that at 50 °C,
suggesting the dispersing ability is not influenced by tem-
perature. It should be noted that the average spectroscopic
features of SWNTs are observed because their diameter and
helicity are polydispersed, especially those prepared by
CVD procedure [16, 53], just like the SWNTs used in this
work, and the characteristic absorption bands (750—-890 nm)
are corresponding to the absorption features of the van
Hove transition semiconducting tubes, indicative of the
well-exfoliated SWNTs [21].
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Fig. 4 UV—vis—NIR absorption spectra of pentablock/SWNT hybrids in

water at 25 (a) and 50 °C (b) and F108/SWNT hybrids in water at 25 (¢)

and 50 °C (d), respectively. The polymer concentration is 5 mgmL ', and
the concentration of SWNTs is 0.225 mg mL ™'
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So that the typical absorption of SWNTs is observed
more clearly, the absorption intensities in the 750-890-
nm regions for both the hybrids are magnified and
inserted into Fig. 4. One can find that the pentablock/
SWNT hybrids (the inset curve a) show well-resolved
absorption peaks compared to the F108/SWNT hybrids
(the inset curve c) at 25 °C, and the absorbance inten-
sity of the former hybrids is ca. twice as high as that of
the latter case. As reported previously [30, 54], the
sharpness of absorption peaks reflects the level of iso-
lation of the nanotubes, and the absorption intensity is
proportional to the amount of dispersed nanotubes, in-
dependent of whether they are isolated or bundled.
Thus, these results reveal that more effective exfoliation
of SWNTs is achieved by the pentablock terpolymer
than F108 at low temperature; in other words, the
pentablock terpolymer is superior to F108 in dispersing
SWNTs. This may result from the incorporation of
PNIPAM groups in pentablock terpolymer, which en-
hances the hydrophobic interaction between the terpoly-
mer chains and the nanotubes [55].

Meanwhile, in an effort to further investigate the
thermo-responsive behaviors, viscosity measurements were
also made on the F108/SWNT and pentablock/SWNT
hybrids. Figure 5 shows the viscosity as a function of
shear rate for the two hybrids at 25 and 50 °C, respec-
tively. It was found that the FIO8/SWNT hybrids show
shear-thinning behavior (i.e., decreasing viscosity with in-
creasing shear rate) at 25 and 50 °C, respectively,
suggesting bundled nanotube microstructure without a
temperature-responsive behavior [56]. However, the
pentablock/SWNT hybrids display a nearly Newtonian
behavior with little change in viscosity as a function of
shear rate at 25 °C and shear-thinning behavior at 50 °C,
respectively, suggesting a thermo-responsive behavior [46].

To better understand how the polymer chains attached
onto SWNTs, Raman spectroscopy, which offers a great
deal of useful information concerning modification of
SWNTs, was employed. Typical Raman spectra of SWNTs
exhibit three main characteristic Raman modes: the
diameter-dependent radial breathing modes (RBM, frequen-
¢y 100-300 cm™), the disorder mode (D, —1,350 cm ),
and the tangential mode (G, —1,580 cm ). The RBM
peaks are highly sensitive to the diameter but not the
helicity of nanotubes; the D mode is related to the amount
of disordered graphite, and the G mode is referred to the
tangential C—C stretching vibrations [57].

Figure 6 shows the Raman spectra of the pristine
SWNTs and the F108/SWNT and pentablock/SWNT hy-
brids, respectively. The RBM peaks for original SWNTs
with positions of about 156 and 267 cm ', which corre-
spond to a mean diameter of 1.43 and 0.84 nm, respec-
tively, according to the well-known relation between the
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Fig. 5 Viscosity as a function of shear rate for F108/SWNT hybrids (a) and pentablock/SWNT hybrids (b) at 25 and 50 °C, respectively

RBM band frequency and the diameter ¢=223.75/RBM  SWNT hybrids are observed at 160 and 267 cm '
[57]. The D peak of the pristine SWNTs can be found at  (Fig. 6b), respectively. In contrast with the RBM peak
1,310 cm !, and its G mode is located around 1,581 cm . positions of the pristine SWNTs, one can find that only
Here, three mode positions of the original SWNTs are usedto ~ the RBM peak located at 156 cm ' upshifts to 159 and
compare with those of both hybrids. As shown in Fig. 6a, the 160 cm ', respectively, indicating a reduction in the diam-
intensity and sharpness of the D modes of both hybrids have  eter and debundled process of the nanotubes [26]. Howev-
changed somewhat in contrast to those of the pristine SWNTs,  er, another RBM peak located at 267 cm ' has not been
while the spectral shift is insignificant, indicating that the non- ~ changed, implying that the polymer matrix selectively dis-
covalent modification and the sonication condition in our  perses SWNTs with a certain diameter, which is 1.43 nm in
experiments do not cause obvious destruction on the  our case. In addition, a clear trend in the spectral position
nanotubes [33]. The profile and peak positions of RBM  of the G mode can also be observed (Fig. 6¢), and the G
and G modes of both hybrids shift to higher frequencies  peaks of FI08/SWNT and pentablock/SWNT hybrids are
compared to those of the original SWNTs, and the ampli-  located at 1,585 and 1,586 cm ', respectively. Taking into
fied changes are displayed in Fig. 6b and c, respectively.  account the peak at 1,581 cm ' of the pristine SWNTs,
The RBM peaks of F108/SWNT hybrids are located at 159  their G peaks are seen to shift to higher frequency 4—
and 267 cm ', and the corresponding peaks of pentablock/ 5 cm '. This result can be explained by considering helical
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Fig. 6 a Raman spectroscopy of pristine SWNTs, F108/SWNT, and pentablock/SWNT, b the magnified radial breathing modes, and ¢ the magnified
tangential mode
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wrapping and the stronger hydrophobic attraction forces
between the polymer chains and the nanotubes [33, 58].

Polymers wrapped onto the surface of SWNTs

TGA analysis was performed on the resulting hybrids in
order to obtain the relative amounts of F108 and
pentablock terpolymer wrapped on SWNTs. Figure 7 com-
pares the TGA results of the pristine SWNTs, F108, F108/
SWNT, pentablock terpolymer, and pentablock/SWNT,
respectively. It can be seen that the pristine SWNTs start
to decompose at around 500 °C, and the approximately
4 wt% mass loss of polymers and polymer/SWNT hybrids
is observed in the region of 15-185 °C, which can be
attributed to the minor amount of adsorbed water in both
hybrids. Compared to the TGA profile of F108, the major
decomposition of F108/SWNT hybrids occurred in the
temperature range 200-450 °C corresponding to the
wrapped F108 on the surface of the nanotubes, and the
weight percentage of F108 in hybrids is ca. 14.2 wt%.
Similarly, the pentablock terpolymer is completely
decomposed at about 450 °C, from which we can get that
the weight percentage in pentablock/SWNT hybrids is
about 43.8 wt%. The result shows that the amount of
pentablock terpolymer wrapped on the nanotubes is sig-
nificantly greater than that of F108. It should be noted
that 4.5 mg SWNTs and 100 mg polymers are dispersed
in 5 mL supernatant; that is, the weight percentage of
polymers attached onto the nanotubes is about 95.7 wt%.
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Fig. 7 TGA traces for pristine SWNTs, F108, F108/SWNT, pentablock
terpolymer, and pentablock/SWNT, respectively

Nevertheless, TGA results show that the weight percent-
ages of polymer are only 14.2 and 43.8 wt% in both
hybrids, respectively. The polymer contents in hybrids
determined by TGA are much lower than the calculated
loading, implying that there is either equilibrium between
the bound and excess polymer, or an excess of polymer is
somehow needed to support SWNTs to be dispersed in
water [31].

According to the above TGA results, one can calculate the
average number of polymer chains attached onto SWNTs.
First, we presume that the polymer/SWNT hybrids are 1.0 g.
Based on the TGA analyses, the weights of pentablock ter-
polymer (W oiymer) and SWNTs (Wgwnrs) are 0.438 and
0.562 g, respectively. The average molecular weight of our
SWNTs (length 10 pm; diameter 1.2 nm) is about
17,300,000 g mol ' [42]. Then, the average number (z) of
polymer chains attached onto one nanotube can be calculated
from

Wpolymer
————— X Na
M n(polymer)

z =
WSWNTS
X NA

(1)

M n(nanotube)

where N 4 is Avogadro’s number. The z is calculated to be 275
for pentablock/SWNT hybrids. That is to say, one nanotube is
wrapped with roughly 275 pentablock terpolymer chains.
Similarly, one carbon nanotube is wrapped with approximate-
ly 196 triblock copolymer chains. It is worth emphasizing that
such a calculation is just an estimation because we cannot get
the SWNTSs with uniform length [42].

Conclusions

The stability, dispersibility, and thermo-responsive be-
haviors of SWNTs dispersed by pentablock terpolymer
and F108 were investigated. The pentablock/SWNT hy-
brids showed superior dispersion and stability in pure
water over the F108/SWNT hybrids, and the individual
tubes or small bundles were observed in the former
case, while large bundle tubes were presented in the
latter system. The pentablock terpolymer chains were
helically wrapped onto the surface of SWNTs. The
diameters of SWNTs were reduced after dispersion by
polymers due to the stronger hydrophobic attraction
forces between the polymer chains and the nanotubes.
The pentablock/SWNT hybrids exhibited switchable
dispersion/aggregation states upon temperature stimulus.
Such a kind of thermo-switchable hybrids may find
potential applications in sensor of biomedicines or drug
and gene delivery.
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