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Abstract

Nanocomposites of polystyrene-b-polyisoprene (PS-b-PI) copolymer with layered-smectite clays (organically modified
montmorillonite) and nanostructured clay-carbon nanotube hybrids were prepared. The diblock copolymer was synthe-
sized by anionic polymerization using high-vacuum techniques and was molecularly characterized by size exclusion chro-
matography. Carbon nanotubes were developed on clay-supported nickel nanoparticles by the CCVD method. Nanotubes
attached on the clay platelets were then chemically modified to create ester groups on their surfaces. PS-b-PI nanocompos-
ites at various polymer to reinforcement loadings were prepared by solution intercalation. The final nanocomposites were
characterized by powder X-ray diffraction, FT-IR spectroscopy, thermal analysis, and scanning electron microscopy. The
experiments complemented with viscometry measurements reveal the successful incorporation of the reinforcements in the
polymer mass.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In polymer nanocomposite research, the basic
aim is to enhance several properties of polymeric
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components using molecular or nanoscale reinforce-
ments. Polymers have been filled with several syn-
thetic and/or natural compounds in order to
increase tensile strength, modulus, heat resistance,
impact resistance and electrical conductivity [1].
One area of research has focused on using layered-
smectite clays as the reinforcing part of the matrix
[1–3]. The presence of two dimensional platelike
silicate layers in the matrix of a polymer was of
major interest due to the significant gains in thermal
.
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stability [4], mechanical [5,6] and barrier properties
of the resulting nanocomposites [7,8]. Depending
on the strength of interfacial interactions between
the polymer matrix and the layered silicate (modi-
fied or not), three different types of nanocomposites
are thermodynamically achievable: (1) conventional
composites, where packages of silicate layers, keep
their stacking, creating a conventional phase sepa-
rated composite (microcomposite), (2) intercalated
nanocomposites, where the polymer chains are
intercalated between the silicate layers, therefore
increasing their gallery height but maintaining their
layered stacking, resulting in a well ordered multi-
layer with alternating polymer/silicate layers, (3)
exfoliated nanocomposites, in which the individual
clay layers lose their stacking and are exfoliated
and dispersed in the continuous polymeric matrix
[9]. Typical preparation methods of these nanocom-
posites include solution, melt intercalation, and
in situ polymerization [9]. Solution intercalation
has been very effective in incorporating exfoliated
clays into polymers[10].

Equally promising reinforcement, for the crea-
tion of polymer nanocomposites, are carbon nano-
tubes. Since their discovery [11], carbon nanotubes
(CNTs) have attracted unlimited attention due to
their unique properties such as extremely high
mechanical strength, high electrical and thermal
conductivity [12,13]. This superior properties offer
many opportunities for new composites. In this field
of carbon nanotubes-based composites belong poly-
mer/CNT composites, which combine exceptional
mechanical, surface and multi-functional properties
and strong interactions with the matrix resulting
from the nano-scale microstructure and the large
interfacial area [14,15]. However, CNTs are gener-
ally insoluble in common solvents and polymers,
easy to agglomerate, bundle together and entangle,
leading to many defect sites in the composites [16].
Several techniques have been applied to achieve
homogeneous dispersion of CNTs in the polymer
matrices such as: optimum physical blending,
in situ polymerization and chemical functionaliza-
tion [17]. Side-wall chemical functionalization is
one of the most effective techniques for homoge-
neous dispersion of CNT in polymer matrices since
strong interface adhesion is achieved between the
functionalized carbon nanotubes and the surround-
ing polymer chains [18–22].

In addition, carbon nanotubes rooted on smec-
tite layers are particularly attractive for polymer
reinforcing applications. One would expect that
the combined action of clay-carbon nanotubes in
polymer matrixes would provide outstanding func-
tionalities to the resulting composite materials.
Towards this aim, Zhang et al. [23] demonstrated
that the incorporation of CNT–clay hybrid system
into nylon-6 by simple melt blending lead to exfoli-
ated nanocomposites with excellent mechanical
properties. Compared with neat polymer, the tensile
modulus and the tensile strength of the composite
were greatly improved, by about 290% and 150%
respectively, by the incorporation of only 1 wt%
CNT–clay hybrid reinforcement.

In the present study, we developed nanocompos-
ites of polystyrene-b-polyisoprene with organically
modified montmorillonite and hybrid systems of
clays with functionalized carbon nanotubes at vari-
ous polymer to reinforcement loadings. The block
copolymer used in this research work was chosen
to be a diblock copolymer of the PS-b-PI type, since
such materials have been extensively studied and
their molecular and morphological behavior is
widely known [24,25]. The resulting nanocomposites
were characterized by a combination of powder
X-ray diffraction, FT-IR spectroscopy, thermal
analysis, size exclusion chromatography, scanning
electron microscopy, and viscometry measurements.

2. Experimental

2.1. Synthesis of diblock copolymer (PS-b-PI)

The diblock was prepared by anionic polymeriza-
tion using high-vacuum techniques in evacuated,
n-BuLi-washed, benzene-rinsed glass vessels. The
purification of styrene (Merck), isoprene (Fluka),
and benzene (Merck) to the standards required for
anionic polymerization have been described else-
where [26,27]. Additions were made through break
seals and removals were accomplished through heat
sealing of constrictions. sec-BuLi, prepared in vac-
uum from sec-butyl chloride and a lithium disper-
sion, was the initiator.

2.2. Organic modified clay (C16-SWy)

The clay used in this work was a natural Wyo-
ming montmorillonite (SWy-1) obtained from the
Source Clay Minerals Repository, University of
Missouri, Columbia with a cation-exchange capac-
ity (CEC) of 76.4 meq/100 g clay. The clay was frac-
tionated to <2 lm by gravity sedimentation and
purified by standard methods in clay science [28].



2100 K. Litina et al. / European Polymer Journal 42 (2006) 2098–2107
Sodium-exchanged samples were prepared by
immersing the clay into 1 N solution of sodium
chloride. Cation-exchange was complete by washing
and centrifuging four times with dilute solution of
NaCl. The samples were finally washed with dis-
tilled-deionized water, transferred into dialysis tubes
in order to obtain chloride free clays and then dried
at room temperature.

To prepare the organoclay, a solution of the sur-
factant (hexadecyl-trimethyl ammonium bromide)
in water (1.5 times the CEC of the clay) was added
slowly to an aqueous 1 wt% clay suspension under
vigorous stirring. The mixture was stirred for 24 h,
centrifuged, washed with water three times, and
air-dried by being spread on a glass-plate.

2.3. Clay/carbon nanotube hybrids

(SWy-CNT-esters)

Suspension 1 wt% of montmorillonite was
reacted with NiCl2 Æ 6H2O aqueous solution in order
for the ratio of [NiCl2]/[clay] to be approximately 5.
The solution was stirred for 3 h and then the clay-
catalyst was rinsed repeatedly with distilled-deion-
ized water, separated by centrifugation, dried at
room temperature and finally calcined at 450 �C
for 4.5 h. Carbon nanotubes were synthesized by
catalytic decomposition of acetylene over Ni-clay
in a fixed bed flow reactor at a temperature of
700 �C [29,30]. About 100 mg of the catalyst were
placed in an alumina boat within a quartz tube, with
an inner diameter of 2.2 cm and length of 90 cm,
located in a resistance furnace. The sample was
heated up to 700 �C at nitrogen atmosphere. At this
temperature acetylene as a carbon precursor was
admixed with the carrier gas (N2) at a flow rate of
10 cm3/min and 90 cm3/min, respectively. Forty
minute later, the C2H2 gas flow was stopped, and
the ceramic boat was cooled down to room temper-
ature in the nitrogen atmosphere. The deposited
materials were finally collected from the ceramic
boat.

The produced carbon nanotubes, developed on
the clay surfaces, were functionalized as follows:
600 mg of clay/CNT were suspended in 80 ml of
concentrated sulfuric acid/nitric acid mixture (3:1
(v/v)) and sonicated for 3 h. The suspension was
then centrifuged and washed six times with water,
in order to remove the excess of sulfuric and nitric
acid, and dried at 50 �C in vacuum overnight. Sixty
milligram of the purified nanotubes developed on
clay surfaces, were sonicated in 90 ml of an aqueous
solution NaOH 10 mM for 2 min in order to be con-
verted into the sodium salt form. Hundred milli-
gram of tetra-n-octylammonium bromide (TOAB)
and 1.5 mL of hexadecyl-bromide were added in
the black homogeneous suspension and the mixture
was refluxed at 80 �C for 4 h under vigorous stirring
[18]. The precipitation was collected, resuspended in
CHCl3, centrifuged, washed with ethanol and dried
at 50 �C in vacuum overnight.

2.4. Preparation of the nanocomposites

Diblock copolymer nanocomposites containing
1, 3, 5 and 7 wt% filler (organoclay or clay-CNT-
esters) were prepared as follows: appropriate
amount of the diblock copolymer was diluted in tol-
uene (10 ml), and the solution was reacted with ali-
quots of the corresponding filler suspension in
toluene as well (5 ml). The mixture was then stirred
for 3 h, precipitated with methanol and air-dried by
being spread on glass plates. Finally the solid sam-
ples were heated for 2 h under vacuum at 140 �C
for the efficient removal of the solvent. The later
was controlled with DSC measurements (not shown
here).

2.5. Characterization

Size exclusion chromatography (SEC) experi-
ments were carried out at 30 �C using a Spectra Sys-
tem PL 1000 pump, a Shodex RI 101 refractive
index detector, and a Spectra System UV-1000
detector. Three mixed-C (Polymer Laboratories,
with porous for efficient separation of molecules
varying from 2000 to 4 · 106 g/mol) columns were
used, thermo stated in a Lab Alliance column oven
at 30 �C. THF, distilled over CaH2 and sodium, was
the carrier solvent at a flow rate of 1 mL/min. The
X-ray powder diffraction data were collected on a
D8 Advanced Bruker diffractometer by using CuKa

(40 kV, 40 mA) radiation and a secondary beam
graphite monochromator. The patterns were
recorded in a 2h range from 2� to 40�, in steps of
0.02� and counting time 2 s per step. Infrared spec-
tra were measured with a FT-IR 8400 spectrometer,
in the region of 400–4000 cm�1, equipped with a
DTGS detector. Each spectrum was the average of
32 scans collected at 2 cm�1 resolution. Samples
were in the form of KBr pellets containing ca.
2 wt% sample. Thermogravimetric (TGA) and dif-
ferential thermal (DTA) analysis were performed
using a Perkin Elmer Pyris Diamond TG/DTA.
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Fig. 1. Differential refractive index vs. elution volume for the
precursor (PS) and the final diblock copolymer (PS-b-PI).

Table 1
Results from size exclusion chromatography

Sample Mw ð�10�3 g=molÞ Mn ð�10�3 g=molÞ I

PS 29.3 28.9 1.014
PS-b-PI 38.2 36.9 1.035
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Samples of approximately 5 mg were heated in air
from 25 to 850 �C, at a rate of 5 �C/min. Scanning
electron images were recorded using a JEOL JSM-
5600V scanning electron microscope (SEM). The
samples were coated with a thin film of conducting
metal (Au) to avoid charge problems at the pictures.
The images are typical and representative of the
samples under observation. The viscometry mea-
surements were accomplished by using a type 0c
Ubbelohde suspended level dilution viscometer
(suitable only for toluene) at a thermo stated water
bath of 35 �C. Toluene is a common good solvent
for both segments of the copolymer. The solvent
was refluxed over CaH2 for 24 h and was fraction-
ally distilled prior to use.

3. Results and discussion

The diblock copolymer was synthesized with
anionic polymerization techniques using sequential
addition of the monomers in the solvent under
high-vacuum. The reactions used are shown in
Scheme 1. The major advantage of the sequential
addition of monomers is that the final copolymer
is synthesized quickly, when compared with other
synthesis approaches (e.g., linking reaction of the
two different chains), without any side-reactions
and with narrow polydispersity indices (I < 1.1).
The precursor (PS) and the final diblock copolymer
(PS-b-PI) were monitored via SEC in order to dis-
tinguish the polydispersity index I (I ¼ Mw=Mn;
Mw is the average molecular weight per weight
and Mn is the average molecular weight per number)
of both polymers (Fig. 1). From the graphs differen-
tial refractive index (DRI) vs. elution volume, it is
clearly understood that both macromolecules are
model, thus exhibit compositional and molecular
homogeneity [27]. It is clearly understood from
CH2 CH +   sec-BuLin
C6H6

25 ºC
PS(-)Li(+)

CH2 C

CH3

CH CH2m +   PS(-)Li(+)

25 ºC

C6H6
PS-b-PI(-)Li(+)

PS-b-PI(-)Li(+)   +   CH3OH
C6H6

25 ºC
PS-b-PI   +   CH3OLi

Scheme 1. Synthetic pathway of the diblock copolymer.
Fig. 1 that the SEC graph of the PS block is bimo-
dal, as a result of the unsuccessful termination of the
living PS(�)Li(+) ends, due to the fact that MeOH
(termination reagent) was not well degassed. The
dimer peak is approximately �3% of the whole
chromatograph [27]. The molecular characterization
results are exhibited in Table 1. The weight fraction
is 0.78 for PS and 0.22 for PI, values that lead to
hexagonally closed packed cylindrical domains of
PI in a PS matrix if morphological characterization
occurs via transmission electron microscopy (TEM)
and small angle X-ray scattering techniques
(SAXS). Such results are already reported in the lit-
erature [24] for linear diblock copolymers in the
weak segregation regime (low molecular weight
copolymer leading to vN � 28, where v is the
Flory–Huggins interaction parameter between the
two different segments [25] and N is the degree of
polymerization for the copolymer).

Evidence for the successful bonding of alkyl-
ated ester groups to the surfaces of CNTs, in the
clay-CNT composite, is provided by thermal
defunctionalization results [31,32]. Thermal defunc-
tionalization is based on the observation that the
necessary temperature for elimination of functional
groups bound to nanotubes is considerably lower
than for the nanotube itself, enabling in this way
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selective removal of the functional groups in a ther-
mal analysis scan. Fig. 2 shows the DTA–TG curves,
under air, of the SWy-CNT composite before and
after the chemical functionalization. Clay/carbon
nanotubes, before the functionalization, show only
one exothermic peak at 620 �C due to the oxidation
(destruction) of the nanotubes [33]. From the weight
loss in the TGA curve it is calculated that the
carbon nanotubes correspond to about 45 wt% of
the total mass while in the purified-functionalized
sample the CNT content is lower (�30–35 wt%).
After the chemical modification and the creation
of ester groups on the surface of the nanotubes this
Fig. 2. TGA and DTA curves of (a) SW
exothermic peak is shifted at lower temperature
(576 �C), providing evidence for the successful
chemical functionalization. The second exothermic
peak (at 303 �C), in the diagram of SWy-CNT-esters,
could be attributed to the loss of aliphatic ester groups
bonded to nanotubes. The weight loss due to ali-
phatic groups can be estimated to about 10 wt%,
giving an approximate degree of functionalization.

The intercalation capability of the diblock
copolymer PS-b-PI was evaluated by XRD mea-
surements. A series of XRD patterns recorded from:
the sodium-montmorillonite (SWy), the organoclay
(C16-SWy), the diblock copolymer (PS-b-PI) and
y-CNT and (b) SWy-CNT-esters.
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the hybrid systems PS-b-PI/1% C16-SWy, PS-b-PI/
3% C16-SWy, PS-b-PI/5% C16-SWy and PS-b-PI/
7% C16-SWy are shown in Fig. 3. An increase of
the basal spacing (d001) of the clay mineral is
observed after the insertion of the organic surfac-
tant. More specifically, the pristine Na-montmoril-
lonite shows a d001-spacing of 12.5 Å which
correspond to an intersheet space D = 12.5 �
9.6 = 2.9 Å, where 9.6 Å is the thickness of the clay
layer, in the case of organo-modified clay, the basal
spacing d001 becomes 18.8 Å, due to an intersheet
separation of 18.8 � 9.6 = 9.2 Å. This 9.2 Å dis-
tance of the organoclay arises from a conformation
where the organic chains are inclined (at a certain
angle) to the surface. The nearly constant d001 val-
ues at 16.9, 16.9, 16.7 and 17.28 Å for the PS-b-PI
nanocomposites loaded with 1, 3, 5 and 7 wt%
C16-SWy respectively indicates a considerable
decrease in the d001 distance of the organoclay (the
wide peak at 2H = 19.2� comes from the copoly-
mer). The decrement in the d001-spacing after mixing
with the polymeric mass may be attributed to a
decrease in the mobility of the long carbon chain
of the surfactant with a concomitant reduction from
their arrangements in the clay layers. The presence
of d001 peak in the XRD patterns of the nanocom-
posites indicates probably the formation of interca-
lated structures, where the organically modified
silicate layers are kept in order with a new part of
the PS-b-PI chains to be hosted in the clay galleries,
while the major amount of these surround the sili-
cate layers. The viscometry results (see below) gave
additional evidence for the existence of these inter-
calated hybrid structures.
Fig. 4 shows the XRD patterns of the parent
materials and the copolymer nanocomposites with
the clay-CNT-esters in different loadings. The dif-
fraction pattern of Ni-montmorillonite-450 �C
shows a peak at 2H = 9.25�, which correspond to
d001-spacing of Ni-montmorillonite after calcination
in air. In the same pattern the presence of nickel-
oxides originating from the exchangeable metal cat-
ions, during thermal treatment, is also observed.
After the CCVD process for the production of
CNTs the XRD pattern shows the appearance of
a new peak at 2H = 26.4�, which correspond to
the 002 reflection of graphite structure and reveals
the successful production of CNTs [34]. The same
peak is also observed in the pattern of clay-CNT
sample after the chemical functionalization. The
existence of this reflection in the diffraction patterns
of all polymer nanocomposites clearly proves the
appearance of CNTs in the final polymeric compos-
ites. On the other hand, the absence of the d001 dif-
fraction peak, characteristic of the Ni-clay, in the
patterns of the final nanocomposites indicates that
the ordered structure of the layered mineral is effec-
tively eliminated after mixing with the polymeric
mass. A schematic illustration showing the proce-
dure of growing CNTs on Ni-clay, the purification
and chemical functionalization step and finally the
incorporation of clay-CNT-esters into PS-b-PI poly-
mer is presented in Scheme 2.

Fig. 5 shows the FT-IR spectra of the nanocom-
posite PS-b-PI/5% C16-SWy, in comparison with
the pristine clay, organoclay and the neat copoly-
mer. The spectrum of the PS-b-PI/5% C16-SWy
hybrid presents all the characteristic bands of the
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(d) nanocomposite with 5 wt% C16-SWy.
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copolymer PS-b-PI and of the organo-montmoril-
lonite, without significant changes, confirming the
presence of the organoclay mineral in the final nano-
composite. The appearance of the peaks at 466 and
1036 cm�1 which correspond to Si–O and Si–O–Si
vibrations of the clay lattice are indicative of the
existence of the phyllomorphous mineral in the final
composite. Similar spectra were observed for all the
series of nanocomposites (not shown here).

The mean radius of gyration [35] for polymers of
known molecular weight can be approximately cal-
culated by using the method of viscometry for dilute
solutions. In this method through the determination
of the intrinsic viscosity of the polymer, the calcula-
tion of the radius of gyration is possible. The flow
time of the solvent (t0) and the polymer (ti) in the
viscometer under stable temperature, in various
concentrations is being measured. Through the flow
time the relative viscosity (gr) and the specific viscos-
ity (gsp) are determined from Eqs. (1) and (2) respec-
tively, which are indicated below:

gr ¼ ti=t0 ð1Þ
gsp ¼ ðti � t0Þ=t0 ¼ gr � 1 ð2Þ
Using Huggins and Kraemer equations, as exhibited
in relations (3) and (4) respectively, the plots of gsp/C
Scheme 2. Schematic illustration of the synthetic steps used for the
and ln gr/C vs. polymer concentration (C) can be ob-
tained. From the mutual extrapolation to infinite
dilution (C! 0) of both equations the intrinsic vis-
cosity, [g], can be calculated.

gsp=C ¼ ½g� þ KH½g�2C ð3Þ
ln gr=C ¼ ½g� þ KC½g�2C ð4Þ
preparation of the PS-b-PI/clay-CNT-esters nanocomposites.
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Finally by using Flory’s equation (5) the polymer’s
radius of gyration is calculated. [g] is the intrinsic
viscosity, Mw is the average molecular weight per
weight of the PS-b-PI copolymer and U is Flory’s
constant and equal to 2.5 · 1021 when [g] is given
in dL/g units and does not differ for the two differ-
ent components, as is the case for PS and PI poly-
meric chains. From the literature [36–39] values
for intrinsic viscosities and mean radius of gyration
can be provided for both homopolymers of PS and
PI.

hS2i3=2 ¼ ½g�Mw

U
ð5Þ

In Table 2 results are given for the intrinsic viscosity
[g] (in mL/g units) and the mean radius of gyration
hS2i1/2 (in nm), respectively, by using the aforemen-
tioned relations for the neat copolymer, and various
composites of the copolymer with 1 wt% C16-SWy
and 1 wt% SWy-CNT-esters. From Table 2 results
it is obvious that the mean radius of gyration is
being minimized if the copolymer is in a 99:1 ratio
with various low dimensional materials when com-
pared to the neat copolymer’s value. This behavior
can be explained if one considers that the polymeric
chains are being skewed when the layered material is
added therefore decreasing the distance from the
periphery of the macromolecular entanglements, a
behavior which lowers the value of the mean radius
of gyration. Thus the copolymer behaves in the
solution almost like a theta solvent is being used de-
spite the fact that toluene is a good non-selective
solvent for both segments. Especially in the case
when C16-SWy (organoclay) is being added major
decreases are observed in the [g] and hS2i1/2 values.
Possibly some of the polymer chains are distributed
inside the layers of the organophilic materials there-
fore enhancing the flow and decreasing the flow time
in the viscometer. The decrease is almost distinct in
the case when SWy-CNT-esters are being used.
Therefore the SWy-CNT-esters are being distrib-
uted inside the polymer solution without affecting
distinctively the viscometric properties of the
Table 2
Results of the intrinsic viscosity [g] (in mL/g) and the mean radius
of gyration hS2i1/2 (in nm)

Sample [g] (mL/g) hS2i1/2 (nm)

Neat PS-b-PI 32.2 15.692
PS-b-PI/1% C16-SWy 17.8 12.878
PS-b-PI/1% SWy-CNT-esters 31.7 15.610
copolymers. Such behavior leads to the conclusion
that the SWy-CNT-esters additions are not altering
the flow of the copolymer but only in a very small
manner, leading to well distributed ceramic materi-
als inside the entanglements of the polymeric chains.

The uniform dispersion of the clay/CNTs com-
posites in the polymer mass was further revealed
using scanning electron microscopy. Fig. 6(A)
shows the SEM image of the carbon nanotubes,
embedded on the clay surface, which were first
Fig. 6. (A) Typical SEM image showing the morphology of
MWNTs, (B) SEM image showing an overall morphology of
surface for PS-b-PI nanocomposite containing 3 wt% SWy-CNT-
esters and (C) the same nanocomposite after tensile test showing
a nanotube which is stretched out of the polymer surface.
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purified and then treated with TOAB and hexade-
cyl-bromide, as described above. The tubes are ran-
domly entangled together on the surface of the clay
mineral. Fig. 6(B) exhibits the surface of the nano-
composite, which contains 3 wt% SWy-CNT-esters.
Homogeneous dispersion of the reinforcement
throughout the polymer matrix is being observed.
The fracture surface of the nanocomposite after
applying a tensile force is shown in Fig. 6(C). This
image indicates that upon failure the nanotubes
are broken rather than just pulled out of the poly-
mer matrix. More specifically, a nanotube is
observed to be stretched out of the polymer surface
with a curved end, while the other end is still embed-
ded in the matrix. This phenomenon of the CNTs
upon tensile stretching proves a strong interfacial
adhesion between CNTs and the PS-b-PI matrix.
Similar results were reported from Zhang et al.
[22] on carbon nanotubes reinforced nylon-6 com-
posite prepared by simple melt-compounding. Fur-
ther work is in progress concerning the mechanical
properties and the microscopic characterization of
the nanocomposites.

4. Conclusion

In summary, we have investigated the insertion
of two reinforcements: C16-SWy and SWy-CNT-
esters, in various percentages, into a diblock copoly-
mer PS-b-PI and the subsequent behavior of the
nanocomposites. XRD measurements showed that
in the case of SWy-CNT-esters exfoliated nanocom-
posites were obtained, while the addition of C16-
SWy leads to intercalated structures. FT-IR and
viscometry measurements confirmed the presence
of the reinforcements in the final composite materi-
als while SEC and thermal analysis were used to
examine the successful synthesis of the copolymer
and the functionalized nanotubes, respectively.
Finally SEM experiments showed the morphology
of clay-carbon nanotubes and the strong interfacial
adhesion between CNTs and the PS-b-PI chains.
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