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Abstract
We have carried out scanning electron microscopy (SEM), differential scanning calorimetry (DSC), small angle X-ray scattering
(SAXS), electrical conductivity, and 1HNMR studies as a function of temperature on single-walled carbon nanotubes (SWCNTs)
dispersed aqueous triblock copolymer (P123) solutions. The single-walled carbon nanotubes in this system aggregate to form
bundles, and the bundles aggregate to form net-like structures. Depending on the temperature and phases of the polymer, this
system exhibits three different self-assembled CNT-polymer hybrids. We find CNT-unimer hybrid at low temperatures, CNT-
micelle hybrid at intermediate temperatures wherein the polymer micelles are adsorbed in the pores of the CNT nets, and another
type of CNT-micelle hybrid at high temperatures wherein the polymer micelles are adsorbed on the surface of the CNT bundles.
Our DSC thermogram showed two peaks related to these structural changes in the CNT-polymer hybrids. Temperature depen-
dence of the 1H NMR chemical shifts of the molecular groups of the polymer and the AC electrical conductivity of the composite
also showed discontinuous changes at the temperatures at which the CNT-polymer hybrid’s structural changes are seen.
Interestingly, for a higher CNT concentration (0.5 wt.%) in the system, the aggregated polymer micelles adsorbed on the
CNTs exhibit cone-like and cube-like morphologies at the intermediate and at high temperatures respectively.
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1 Introduction

Block copolymers in aqueous solution are used to disperse
carbon nanostructures like carbon black nanoparticles [1], ful-
lerenes [2], and carbon nanotubes [3–5]. Block copolymers
incorporated with magnetite nanoparticles are used in con-
trolled drug-targeting delivery [6]. It is suggested that the
end-functionalized block copolymer-coated carbon nanotubes
can be manipulated and placed in a desired location on a
surface which will be useful in many technological applica-
tions [7]. Considering the importance of the nanostructure-
polymer system, it is essential to understand the interaction
between the constituents. The amphiphilic block copolymers
poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene
oxide) PEOyPPOxPEOy or Pluronic block copolymers self-
assemble in water into micelles consisting of hydrophobic

PPO core and solvated PEO corona [8]. Though the dispersion
of colloidal particles like carbon black in polymer solution do
not affect the self-assembly of polymer molecules and the
structure of the formed micelles, the dispersion of carbon
nanotubes in polymer solution is found to modify the temper-
ature, enthalpy, and dynamic behavior of polymer self-
assembly [8]. Florent et al. studied the self-assembly and ag-
gregation of block copolymers in dispersion of single-walled
carbon nanotubes by spin probe electron paramagnetic reso-
nance (EPR) spectroscopy [9]. They reported that in the pres-
ence of dispersed SWCNTs, self-assembly and aggregation of
polymer molecules occur on the nanotube and result in the
formation of a new type of hybrid SWNT-polymer nanostruc-
ture. It is seen that in these systems, free polymer micelles do
not form and aggregation takes place on the surface of the
dispersed SWNT, and these aggregates are larger than those
formed in the native solutions of pluronics [9].

Amphiphilic block copolymers are excellent dispersants
for SWCNTs in aqueous environments, where their
noncovalent attachments do not alter the structural, electronic,
and mechanical properties of the tubes [10]. The stabilization
of the SWCNTs is due to the hydrophobic blocks being
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attached to the nanotube surface, and the hydrophilic blocks
emanate into the solvent, creating an entropic (steric) repul-
sion between the tubes [10]. The strength of the repulsion
increases with increasing the length of the PEO chains and
surface coverage [11]. For short PEO chain lengths (< 100),
polymers tethered at low surface coverage present a rather
weak repulsion [11]. Nativ-Roth et al. obtained a stable dis-
persion of 0.1 wt.% SWCNT in 0.15 wt.% of F127 in water,
and the HRTEM image of the diluted dispersion with a poly-
mer concentration of 0.035 wt.% on drying showed individual
nanotubes [12]. We are interested to study the SWCNT dis-
persions of P123 polymer in water wherein the number of PO
units is the same as F127 (70 units), but the number of EO
units (20 units) is smaller with respect to that of F127
(106 units). We obtained a stable SWCNT dispersion in
2.5 wt.% of P123 in water for two different SWCNT concen-
trations, namely, 0.25 and 0.5 wt.%. We analyzed these sam-
ples using scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), small angle X-ray scattering
(SAXS), electrical conductivity, and 1H NMR studies as a
function of temperature. Depending on the temperature and
phases of the polymer, this system exhibits three different self-
assembled CNT-polymer hybrids. We find CNT-unimer hy-
brid at low temperatures, CNT-micelle hybrid at intermediate
temperatures wherein the polymer micelles are adsorbed in the
pores of the CNT nets, and another type of CNT-micelle hy-
brid at high temperatures wherein the polymer micelles are
adsorbed on the surface of the CNT bundles. Interestingly,
for a higher CNT concentration (0.5 wt.%) in the system, the
aggregated polymer micelles adsorbed on the CNTs exhibit
cone-like and cube-like morphologies at the intermediate and
at high temperatures respectively.

2 Experimental

A PEO-PPO-PEO block copolymer, pluronic P123 and deu-
terium oxide (99.9%), and 2,2-dimethyl-2-silapentane-5-sul-
fonate sodium salt (DSS) were purchased from Sigma-Aldrich
and used without further purification. Single-walled carbon
nanotubes (P2-SWCNT) were purchased from Carbon
Solutions, Inc. (USA), and used as it is. Pluronic P123 has a
molecular weight of 5800 and PEO content of 30%. On the
basis of the molecular weight and chemical composition,
P123 can be represented by EO20PO70EO20. An aqueous
2.5 wt.% of P123 was prepared by dissolving 34 mg of
P123 in 1.3 g of D2O. This solution was stirred and sonicated
for 10 min for uniformmixing. A stock solution of 0.6 MDSS
in D2O was prepared. For 1H NMR measurements, a 2-μl
stock solution of DSS is added to 1.2 ml of aqueous polymer
solution for calibration purposes. The solution was sonicated
for 10 min and then transferred to a 5-mm NMR sample tube
and stored in a refrigerator before use. For the preparation of

the CNT-polymer composites, appropriate amounts of
SWCNTs were added to the aqueous polymer solution con-
taining DSS, and the composite is stirred and sonicated for
15 min for uniform mixing and a uniform black solution indi-
cating a homogeneous dispersion of CNTs in the polymer
solution was obtained. The CNTcontaining polymer solutions
was transferred to the 5-mm NMR sample tubes and stored in
the refrigerator. 1H NMR measurements were carried out on a
500 MHz Bruker Avance spectrometer. Sample temperatures
were varied using a Bruker variable temperature accessory
(AH 0020). NMR data was collected in the heating cycle
starting from 20 °C after the sample reaches the equilibrated
desired temperature. For scanning electronmicroscopy (SEM)
study, for specific stable temperatures, a small portion of
P123/water/SWCNT sample was transferred to a solid sub-
strate (indium tin oxide-coated glass plate) and dried in an
oven (about 60 °C), and SEM images were taken at room
temperature using Carl Zeiss SMT ULTRA plus scanning
electron microscope (Germany). DSC studies were carried
out on this sample from 16 to 50 °C by varying the sample
temperature at the rate of 1 °C/min using a Perkin-Elmer
DSC-7 instrument under N2 gas flow. NMR, SEM, and DSC
experiments were repeated to ascertain reproducible results.
For SAXS studies, the sample was filled in a glass capillary of
1-mm diameter and flame sealed. The sample temperature was
controlled using a computer-controlled temperature controller.

The diffraction data was collected while heating the sample
(0.5 °C/min). The details of the experimental setup for SAXS
measurements were given elsewhere [13, 14]. AC electrical
conductivity measurements were carried out using a conduc-
tivity meter PC Testr 35 (Eutech Instruments, Singapore)
while heating the sample. For conductivity measurements,
the CNT/polymer/water systems were prepared using deion-
ized (Millipore) water.

3 Results and Discussion

Figure 1 shows the SAXS pattern of 0.25 wt.% SWCNTs
dispersed in aqueous (D2O) solution containing 2.5 wt.%
P123 at two different temperatures 25 and 45 °C (Fig. 1a, b,
respectively). The SAXS pattern exhibits peaks in the ratio
1:√3:2:√7 indicating a 2D hexagonal structure similar to the
SAXS pattern reported for SWCNT bundles [15, 16]. This
indicates that in our P123/CNT/D2O system, the dispersed
single-walled carbon nanotubes exist as bundles. We find that
these CNT bundles aggregate to form net-like structures
(Fig. 2). The SAXS peaks shift marginally towards higher q
values at higher temperature (Fig. 1b). We believe that this
may be due to some marginal changes in the hexagonal order-
ing of the nanotubes forming bundles at higher temperatures.

Figure 2 shows the SEM images of 0.25 wt.% (Fig. 2a–c)
and 0.5 wt.% (Fig. 2d–f) single-walled carbon nanotubes
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dispersed aqueous (D2O) solution containing 2.5 wt.% P123
as a function of temperature (the temperatures of the samples
are specified in the figure). Net-like CNTstructures are seen in
the images. We find some bright spherical regions or domains
(of 25 nm diameter) in the images. We attribute this to the
aggregated polymer molecules associated with the CNT nano-
structures. We believe that the observed domains at low tem-
peratures (Fig. 2a, d) are related to the adsorbed P123 unimers
(2.5 wt.% P123 in D2O exhibits unimer to micellar transition
at 20 °C as seen from our DSC data). They are mostly
adsorbed in the pores of the CNT net-like structures. We attri-
bute the bright domains at intermediate and high temperatures
(Fig. 2b, c) to the adsorbed P123 micelles. At intermediate
temperatures, the micelles are adsorbed in the pores of CNT
net (Fig. 2b). However, at high temperatures, the micelles are

adsorbed on the outer surface of the CNT bundles (Fig. 2c).
We also find that increasing the temperature results in a de-
crease in the packing of the CNT bundles or loosening of the
CNT net-like structure (Fig. 2a–c). In the case of 0.5 wt.%
CNT, the images exhibit cone-like (Fig. 2e) and cube-like
(Fig. 2f) morphologies associated with CNT nets. We believe
that these cone-like and cube-like structures are due to the
aggregation/self-assembly of the polymer micelles in the sys-
tem. The polymer cones seem to emerge from the pores of the
CNT net-like structure (Fig. 2e), resulting in a flower-like
pattern (Fig. 2e) whereas the polymer cubes seem to be
adsorbed on the surface of the nanotube bundles (Fig. 2f). In
general, the average bundle diameter of the CNTs decreases
with increasing temperature. For 0.25 wt.% CNT, the average
bundle diameters are 12 and 9 nm at 17 and 50 °C, respec-
tively. For 0.5 wt.%CNT, the average bundle diameters are 17
and 6 nm at 17 and 50 °C respectively. It is known that above
the critical micellar temperature (CMT), dense adsorption of
polymer molecules occurs on the CNT surface [17]. This may
lead to an increase in the repulsion between the nanotubes at
higher temperatures resulting in a decrease in the SWCNT
bundle diameter.

Figure 3a shows the DSC thermogram on heating for the
native polymer solution (2.5 wt.% P123 in D2O). The thermo-
gram exhibits an exothermic peak at 20 °C. We believe that
the peak is related to the unimer to micellar phase transition of
the polymer. Figure 3b shows the DSC thermogram on
heating for 0.25 wt.% SWCNT dispersed polymer solution.
The thermogram exhibits two exothermic peaks, one at 20 °C
and another at 45 °C. We believe that the peaks are related to
the structural changes in the CNT-polymer hybrids in the sys-
tem. The low-temperature peak is related to the transition of
the CNT-unimer hybrid to the CNT-micelle hybrid wherein
the micelles are adsorbed in the pores of the CNT net-like
structures and the high-temperature peak is related to the tran-
sition of the CNT-micelle hybrid to another type of CNT-
micelle hybrid wherein the micelles adsorbed on the surface
of the CNT bundles. Briefly, using our SEM and DSC results,
we infer that this P123/D2O/SWCNT system, depending on
the temperature and phases of the polymer, exhibits three dif-
ferent CNT-polymer hybrids. Below 20 °C, the system ex-
hibits a CNT-unimer hybrid. In the temperature range 20 to
45 °C, it exhibits a CNT-micelle hybrid, and above 45 °C, it
exhibits another type of CNT-micelle hybrid.

Figure 4a, b shows the 1H NMR spectra for an aqueous
(D2O) solution containing 2.5 wt.% P123 as a function of
temperature. The NMR spectra corresponding to the PO-
CH3 groups of the polymer are shown in Fig. 4b. The peak
corresponding to the PO-CH3 groups occur near 1.1 ppm.
With increasing temperature, the peak shifts upfield. The
NMR spectra corresponding to the EO-CH2 and PO-CH2

groups of the polymer are shown in Fig. 4a. A sharp peak at
about 3.7 ppm is seen which is attributed to the protons of EO-

Fig. 1 SAXS pattern of 0.25 wt.% SWCNTs dispersed aqueous (D2O)
solution containing 2.5 wt.% P123 at two different temperatures (25 and
45 °C). The SAXS pattern exhibits peaks in the ratio 1:√3:2:√7 indicating
a 2D hexagonal structure similar to the SAXS pattern reported for
SWCNT bundles
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CH2 groups remain unchanged with increasing temperature.
The observed broad peaks with clearly visible hyperfine struc-
ture (from 3.6 to 2.9 ppm) come from the PO-CH2 groups.
The observed 1H NMR spectrum agrees well with that report-
ed for P123 in D2O [18].With increasing temperature, the PO-
CH2 peaks do not change until the micellization temperature
(20 °C) is reached. At this temperature, the peaks change
drastically, the hyperfine structure disappears, the line width
of the peaks increases, and one of the peaks shifts towards the
lower parts per million values. Similar 1H NMR spectra are
reported for 1 wt.% F127 in D2O by Wanka et al. [19]. They
reasoned that the PO groups are transferred on micellization
from the aqueous medium into the hydrophobic micellar core,
and due to the aggregation process, they have a reduced mo-
bility which results in the broadening of the PO peaks.
However, most of the EO groups remain at the micellar sur-
face and in contact with the solvent water.

Figure 4c, d shows the NMR spectra for 0.25 wt.%
SWCNTs dispersed polymer solution as a function of temper-
ature. All the peaks are found to be very broad with respect to
the NMR peaks observed for the native solution. We believe
that this may be due to the formation of CNT-polymer hybrids
in the CNT dispersed solution as seen in our SEM images.
This indicates that the molecular groups of the polymer are
adsorbed on the CNT surface resulting in their reduced

mobility. The sharp EO-CH2 peak seen in the native solution
is also found to be broad in the CNT dispersed solution. This
indicates that the EO-CH2 groups of the polymer micelles
which are in contact with water in the native solution may also
be adsorbed on the CNT surface in the CNT dispersed solu-
tion. This will reduce the free movement of the EO chains
resulting in the observed broadening of the NMR peaks.

Figure 4e, f shows the NMR spectra for 0.5 wt.% SWCNTs
dispersed polymer solution as a function of temperature.
Again, we find that all the peaks are very broad with respect
to the NMR peaks observed for the native solution.
Interestingly, at higher temperatures (above 22 °C), the peaks
are found to become sharper. The sharpening of the peaks at
higher temperatures may be related to the cone-like and cube-
like ordering of polymer micelles as seen in our SEM images.
It is not clear at this stage the reason behind the observation of
ordered polymer structures adsorbed on the CNT nets when
the CNT concentration in the polymer solution is high. It is
reported that under the influence of surface pressure, the mi-
celles of block copolymers exhibit different morphologies/
structures, namely, spherical, cylindrical, and planar/lamellar
[20–22]. We believe that increasing the CNT concentration in
the micellar solution increases the surface pressure on the
micelles in the vicinity of the CNTstructures and the resulting
aggregation of the micelles leads to the observed cone-like

Fig. 2 SEM images of SWCNTs
dispersed aqueous (D2O) solution
containing 2.5 wt.% P123 as a
function of temperature for
0.25 wt.% CNTs (a–c) and
0.5 wt.% CNTs (d–f). At low
temperatures (below CMT), the
polymer unimers are adsorbed in
the pores of the net-like structures
of the CNT bundles (a, d). At
intermediate temperatures (above
CMT), the polymer micelles are
adsorbed in the pores of the CNT
structures (b, e). At higher
temperatures, the micelles are
adsorbed on the surface of the
CNT bundles. For a higher CNT
concentration (0.5 wt.%) in the
system, the polymer micelles
adsorbed on the CNTs aggregate
to form cone-like and cube-like
morphologies at the intermediate
and at high temperatures,
respectively (e, f). CNT bundle
diameter decreases with
increasing the temperature of the
system
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and cube-like polymer structures adsorbed on the CNT nets.
However, more studies are required to ascertain this inference.

Figure 5a, b shows the temperature-dependent chemical
shifts of the PO-CH3 signals of 0.25 and 0.5 wt.% SWCNTs
dispersed polymer solutions respectively. We find discontinu-
ous changes in the chemical shifts at 20 °C and about 45 °C.
We believe that the discontinuous changes are related to the
CNT-polymer hybrid structural changes.

Figure 6 shows the Arrhenius plots for native polymer so-
lutions. From the slopes of the linear region of the Arrhenius

plot, the activation energy for the conduction process is deter-
mined. The ln(σ) versus 1000/T plot for the native polymer
solution shows a discontinuous change at the critical micellar

Fig. 4 1H NMR spectra for SWCNTs dispersed aqueous (D2O) solution
containing 2.5 wt.% P123 as a function of temperature for 0 wt.% (a, b),
0.25 wt.% (c, d), and 0.5 wt.% CNTs (e, f). The spectra corresponding to
the PO-CH3 groups of the polymer are shown in the b, d, f. The spectra
corresponding to the EO-CH2 and PO-CH2 groups of the polymer are
shown in a, c, e

Fig. 3 a DSC thermogram on heating for the native polymer solution
(2.5 wt.% P123 in D2O). The thermogram exhibits an exothermic peak
at 20 °C. We believe that the peak is related to the unimer to micellar
phase transition of the polymer. b DSC thermogram on heating for
0.25 wt.% SWCNTs dispersed polymer solution. The thermogram
exhibits two exothermic peaks, one at 20 °C and another at 45 °C. We
believe that the peaks are related to the structural changes in the CNT-
polymer hybrids in the system. The low-temperature peak is related to the
transition of the CNT-unimer hybrid to CNT-micelle hybrid wherein the
micelles are adsorbed in the pores of the CNT net-like structures, and the
high-temperature peak is related to the transition of the CNT-micelle
hybrid to another CNT-micelle hybrid wherein the micelles adsorbed on
the surface of the CNT bundles
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temperature (CMT). The activation energies for conduction in
the unimer and micellar phases of the polymer are 15.6 and
10.5 kJ/mol, respectively. Interestingly, the observed activa-
tion energy for the P123 (nonionic) micelles is found to be in
the same order of magnitude of the nonionicmicelles like Brij-
35 and TX-100 micelles reported earlier [23]. In the case of
CNT dispersed polymer solution, the ln(σ) versus 1000/T plot
show discontinuous changes at the temperatures at which the
observed structural changes of CNT-polymer hybrids are seen
(Fig. 7). The high-temperature CNT-micellar hybrid the acti-
vation energy (~ 10 kJ/mol) is similar to that of the free mi-
celles observed in the native polymer solution. However, the
activation energies of CNT-unimer hybrids at low tempera-
tures and CNT-micelle hybrids at intermediate temperatures
are relatively smaller. We believe that this may be related to
the nature of adsorption of the polymer molecules in the CNT

nets. The polymer molecules are adsorbed in the pores of the
CNT nets in the low and intermediate temperatures while they
are adsorbed on the surface of the CNT bundles at high tem-
peratures as seen in our SEM images.

4 Conclusions

We have carried out scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), small angle X-ray

Fig. 5 Temperature-dependent
chemical shifts of the PO-CH3

signals of a 0.25 wt.% and b
0.5 wt.% SWCNTs dispersed
polymer solution. We find
discontinuous changes in the
chemical shifts at 20 °C and about
45 °C. We believe that the
discontinuous changes are related
to the CNT-polymer hybrid’s
structural changes

Fig. 7 Arrhenius plots for AC electrical conductivity (σ) for 0.25 and
0.5 wt% SWCNTs dispersed in aqueous triblock copolymer solution.
The plots show discontinuous changes at the temperatures at which the
structural changes of the CNT-polymer hybrid is observed. The calculated
activation energies for conduction in each of the CNT-polymer hybrids
are also shown in the figure

Fig. 6 Arrhenius plot for AC electrical conductivity (σ) for the native
polymer solution (2.5 wt.% P123 in water). The plot shows a
discontinuous change at the critical micellar temperature (CMT). From
the slopes of the linear regions of the plot, the activation energy for the
conduction process is determined. The calculated activation energies are
also shown in the figure
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scattering (SAXS), electrical conductivity, and 1H NMR stud-
ies as a function of temperature on single-walled carbon nano-
tubes (SWCNTs) containing aqueous triblock copolymer
(P123) solutions. The single-walled carbon nanotubes in this
system aggregate to form bundles, and the bundles aggregate
to form net-like structures. Depending on the temperature and
phases of the polymer, we find that this system exhibits three
different self-assembled CNT-polymer hybrids. Temperature
dependence of the 1H NMR chemical shifts of the molecular
groups of the polymer and the AC electrical conductivity of
the composite also showed discontinuous changes at the tem-
peratures at which the CNT-polymer hybrid’s structural
changes are seen. Interestingly, for a higher CNT concentra-
tion (0.5 wt.%) in the system, the aggregated polymer micelles
adsorbed on the CNTs exhibit cone-like and cube-like
morphologies.
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