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Abstract
The mechanism governing the electrical properties for phase separating
blends containing multiwall carbon nanotubes (MWNTs) is unravelled by
tuning the compatibilization efficiency. Thereto, compatibilization by interfacially segregated block and random copolymers (cp) of poly(styrenerandom/block-methyl methacrylate)(PS-r/b-PMMA) was achieved in phase
separating blends of poly[(α-methyl styrene)-co-acrylonitrile]/poly(methyl
methacrylate)
(PαMSAN/PMMA) undergoing spinodal decomposition. A systematic study
of the effects of copolymer architecture and molecular weight on the percolating network of selectively localized MWNTs is performed. Effective compatibilization is achieved with block cp irrespective of the ability of the blocks
to entangle, whereas for random cp only long random cp having the ability
to effectively entangle with the homopolymers are as efficient as long block
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cp. With increasing copolymer concentration, an increase and subsequent
saturation of the electrical conductivity is attained. This originates from an
increased connectivity and refinement of the MWNT laden PαMSAN phase,
as confirmed by optical microscopy and the linear viscoelastic response of
the blends. An effective compatibilizer led to a interfacial tension mediated
suppression of an interfacial coarsening of the PαMSAN phase during phase
separation, subsequently leading to percolation of MWNTs selectively localized in the PαMSAN phase. Furthermore, the copolymer having the ability
to promote the development of a percolated network of MWNTs also allowed
the network to be formed at a lower copolymer concentration as compared
to that of blends with copolymers leading to restricted improvement in the
connectivity of MWNTs. Our robust and simple procedure to tune the blend
morphology via the efficiency of the compatibilizers can be used to achieve a
synergistic increase in conducting properties.
Keywords: Polymer blends, phase separation, compatibilization,
copolymer architecture, electrical conductivity, MWNTs.
1. Introduction
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Research into strategies to develop immiscible polymer blends with
synergistic properties has focussed on the role of compatibilizers, such
as block [1] and random copolymers [2], in tailoring and stabilizing the
bi-phasic morphology. In the polymer community, compatibilization bears
relevance from a fundamental as well as practical point of view [3]. In the
context of thermodynamic compatibilization, the compatibilizer reduces
the number of unfavorable contacts between the components, resulting in
mediation of enthalpic interactions. Thereby, it enhances the degree of
compatibility and thus reduces the interfacial tension [4]. The practical
relevance of compatibilization originates from the ability of a copolymer to
promote interfacial adhesion between the two constituents, and to refine and
stabilize the bi-phasic morphology [4].
The role of various physical characteristics of compatibilizers in governing
their efficiency has frequently been addressed. Experimental studies have
elucidated the effects of the copolymers molecular weight and concentration
[5, 6], composition [7], architecture [8], polarity [9], and sequence distribution
of the various blocks [3] on the interfacial properties and thermodynamics of
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a compatibilized polymer blend. Using self-consistent mean field methods,
it was inferred that diblock copolymers are the most efficient at reducing
interfacial tension for a fixed molecular weight among all linear and branched
copolymers. In addition, their efficiency increases with molecular weight
[10]. It was also predicted that long random copolymers are more efficient
than short diblocks [10]. The ability of the former to reduce the interfacial
tension was driven by the number of interfacial entanglements (Nent ), which
was contingent on the ratio of the interfacial thickness and the average
length required for an entanglement [11]. Even though the comparison
of random and block copolymer for compatibilization has been addressed
both experimentally and theoretically, a comprehensive and unambiguous
understanding has been elusive. Nevertheless, it is clear that varying
the copolymer type, Mw and concentration allows for a wide variation in
compatibilization efficiency.
The effectiveness of the compatibilizer in refinement and stabilization of
the bi-phasic morphology not only depends on its activity at the interface
but also its ability to reach the interface plays a role. Even though increasing
the Mw of the copolymer can increase its effectiveness as a compatibilizer,
due to the reduced mobility to reach the interface at high copolymer Mw , intermediate Mw copolymers can show optimal performance [12]. In addition,
there is a difference between morphology refinement in flow and quiescent
morphology stabilization. In this regard, Macosko et al. [13] showed the
principal role of a low concentration of short Mw PS-b-PMMA block cp
on preventing coalescence during melt mixing of 30/70 PS-PMMA blends,
leading to smaller droplets. On the other hand, a higher concentration of
long block cp was required to provide size stability during thermal annealing.
The former effect is governed by the diffusion of copolymers to the generated
interface during melt mixing. The latter effect essentially requires high
coverage and entanglement of the copolymer blocks with the homopolymers
[13]. Interestingly, compatibilization of a co-continuous 50/50 PS/HDPE
morphology by a PS-PE block copolymer resulted in coarsening suppression
during annealing by interfacial saturation of the copolymer irrespective
of its Mw , but the reduction in domain size during blending was strongly
contingent on the Mw [12]. These studies show that the outcome of the
delicate balance between the different mechanisms governing copolymer
efficiency can vary with the system and process conditions. Finally, in phase
separating blends, copolymers can also affect the phase behavior. Barham
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et al. [14] reported an increased temperature range of miscibility in PS-PB
blends containing symmetric copolymers, whereas asymmetric copolymers
had the opposite effect.
In our previous work, compatibilization of a phase separating
PαMSAN/PMMA blend with 0.5 wt% MWNTs by an interfacially
segregated long random cp was used to steer the formation of a bicontinuous network of MWNTs in the PαMSAN phase, which resulted in
an increase of the blend conductivity by 4 decades upon addition of only
0.25 wt% copolymer [15]. The goal of our present research is to
study the effect of the type (block versus random) and molecular
weight of the copolymers on the morphology and the resulting
electrical conductivity of phase separating blends with MWNTs
at various concentrations of copolymer. The synergistic increase in
the dc conductivity was linked to the role of the various copolymers in
improving the connectivity of the PαMSAN phase laden with MWNTs. Our
findings will be pivotal for developing a rational design of cost-effective high
performance bi-phasic polymer blends with improved conductivity.

2. Experimental Section
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2.1. Materials
The blend components poly[(α-methyl styrene)-co-acrylonitrile]
(PαMSAN) (Luran KR2556) and poly(methyl methacrylate) (PMMA)
(Lucryl G77) were obtained from BASF. The lower critical solution temperature (LCST) PαMSAN-PMMA blend is miscible at low temperatures and
undergoes a transition to a phase separated state by spinodal decomposition
at around 165 ◦ C for blends containing 60 wt% PMMA [16]. Amine
functionalized multiwall carbon nanotubes (NH2 -MWNTs) were obtained
from Nanocyl (NC3152). The surface free energy of MWNTs lies in the
range of 27.8 - 45.3 mN/m [17], depending on the surface chemistry and
the % polarity. The surface free energy was determined to be 25.9 mN/m
for PMMA and in the range of 27.4-34.5 mN/m for PαMSAN at 220
◦
C [18]. Hence, as the surface free energy of the polar NH2 -MWNTs is
closer to that of PαMSAN, the NH2 -MWNTs would thermodynamically
be driven to localize in the PαMSAN phase, which was experimentally
confirmed by Bose et al. [19] in 40/60 PαMSAN/PMMA blends. This
4
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selective localization also confirms that the effects of possible
specific interactions between the amine groups of the MWNTs
and the ester groups of PMMA are not significant. We have
chosen both random and block copolymers for compatibilization of the
phase separated blend. The physical characteristics of the homopolymers
and random and block copolymers used in the study are compiled in Table 1.
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Table 1 Physical characteristics of the homopolymers and copolymers.
Component
PαMSAN
PMMA
PS-r-PMMA
PS-r-PMMA
PS-r-PMMA
PS-b-PMMA
PS-b-PMMA

105

110

115

120

Company
BASF (Luran KR2556)
BASF (Lucryl G77)
Polymer Source (P9128A-SMMAran)
Polymer Source (P9128E-SMMAran)
Polysciences (15783-250)
Polymer Source (P9910-SMMA)
Polymer Source (P10128-SMMA)

Mw (kg/mol)
82.0
88.0
33.8
192.0
270.0
36.8
291.0

Mw /Mn
2.4
2.1
1.3
1.6
5.0
1.18
1.18

chemical composition (Mw (kg/mol))
70% PαMS 30% PAN
95% PMMA, 5% PMA
MMA
S
= 20.3
= 13.5, MP
MP
w
w
S
P MMA
=
61.5,
M
= 130.5
MP
w
w
PS
P MMA
Mw = 189.0, Mw
= 81.0
P MMA
PS
= 18.4
Mw = 18.4, Mw
PS
P MMA
Mw = 145.5, Mw
= 145.5

The entanglement molecular weight (Me ) of PαMS, PMMA and PS are
12.80 [20], 13.75 [20] and 19.1 [21] kg/mol, respectively. In this respect, the
molecular weight of the copolymers encompasses a weight of the components
in block or random varying from the Me to a weight higher than that of the
components which they compatibilize.
2.2. Blend processing
PαMSAN/PMMA blends of 40/60 (wt%/ wt%) composition were prepared with or without 0.5 wt% NH2 -MWNTs and 0, 0.25, 0.5 and 2 wt%
copolymer by melt mixing. All the components were added together in a
15 cm3 DSM microcompounder at 200 ◦ C with a rotational speed of 60 rpm
for 20 min under inert nitrogen conditions. The torque limitations of the
mini-extruder did not allow the processing of the blends below their phase
separation temperature of 165 ◦ C [16]. Hence, after processing above the
cloud point temperature (200 ◦ C), the bi-phasic extrudates were compression molded below the phase separation temperature (160 ◦ C) for 8 min
under 50 MPa using a laboratory press (Collin). After this compression, the
blends without MWNTs were transparent, and hence mono-phasic. Furthermore, blends with MWNTs were verified to be mono-phasic after compression
moulding by Bose et al. [19] using DMTA.
2.3. Characterizations
The linear viscoelastic properties of the blends were characterized with an
AR2000 stress-controlled rheometer (TA Instruments) using a parallel plate
5

geometry of 25 mm diameter and at 1.5 mm gap distance under inert nitrogen
0
atmosphere. The time evolution of the storage modulus (G ) at a fixed frequency (ω) of 0.1 rad/s and 1 % strain (within the linear viscoelastic regime)
was studied above the spinodal temperature for 40/60 PαMSAN/PMMA
blends (at 220 ◦ C) [19], in order to monitor the formation of the MWNT
network during phase separation. Completion of the phase separation induced MWNT network formation was inferred from the time independence
0
of the storage modulus (G ). After a steady state was attained, the linear
viscoelastic properties of the blends were discerned by performing small amplitude oscillatory measurements as a function of frequency at 1 % strain.
Dielectric measurements were performed with a rheo-dielectric setup by employing a Novocontrol Alpha analyzer in combination with an MCR501 stress
controlled rheometer (Anton Paar). Measurements were performed on the
compression molded samples (25 mm diameter and 1.5 mm thickness), placed
between the parallel plates of the rheometer, which act as electrodes for dielectric measurements. High temperatures were maintained with a CTD450
convection oven under nitrogen atmosphere. A temperature calibration was
performed for both rheometers to avoid measurement errors due to temperature mismatch between the devices used for rheological and dielectric
measurements. Dielectric spectroscopy measurements were conducted in the
frequency range of 10-2 to 107 Hz, and the data were analyzed by calculating the dielectric permittivity and the real part of the conductivity from the
complex impedance values and the sample dimensions [22, 23].
To examine the morphology of the bi-phasic blends, compression molded
mono-phasic samples (pressed below the phase separation temperature at 160
◦
C) were annealed using disposable parallel plates at 220 ◦ C in the AR2000
rheometer. After completion of the phase separation process, the bi-phasic
blends were quenched in cold water to freeze the morphology. Henceforth, 1
µm thick sections were prepared for light microscopy with a diamond knife
mounted in an ultramicrotome (RMC MTXL). The morphology was analyzed by means of an inverted light microscope using a 20X magnification
objective. For 85/15 (wt%/ wt%) PαMSAN/PMMA bi-phasic blends, ultrathin sections of 100 nm were cut with a diamond knife mounted in an
ultramicrotome (RMC MTXL). The ultrathin sections were mounted on a
carbon film coated Copper-TEM grid of 150 mesh. The morphological study
of the sections was performed using a scanning electron microscope (SEM,
FEI Nova NanoSEM 450) operating in STEM mode at an accelerating voltage of 20 kV, as it provided better contrast between the phases compared
6

to conventional SEM modes. The volume average radius Rv of the droplets
in these 85/15 blends was estimated by calculating the average radius of a
sphere with the same area as the droplets, in which Rv was calculated using:
P

Rv =

i
P
i

Ni Ri4
Ni Ri3

(1)

3. Results and discussion
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3.1. Morphology
The effect of the various copolymers on the bi-phasic blend morphology
of 40/60 PαMSAN/PMMA blends will first be discussed. Fig. 1
provides the optical micrographs of the neat blend as well as blends with
0.5 wt% MWNTs without and with 2 wt% of various random and block
copolymers. Phase separation by spinodal decomposition initially leads
to co-continuous structures [24]. Rapid coarsening of PαMSAN during
the late stages of phase separation disrupts its continuity, which upon
further coarsening and breakup results in dispersed domains of PαMSAN
in the blends, as shown in the optical micrographs in Fig. 1a. Fig. 1b
shows that the addition of 0.5 wt% MWNTs has hardly any effect on the
morphology. This was expected as the MWNTs selectively localize in the
PαMSAN phase and have a limited effect on the component rheology at
this concentration [15]. Upon addition of 2 wt% random cp, a progressive
increase in the connectivity and refinement of the PαMSAN domains with
MWNTs is apparent with increasing Mw of the random cp (Fig. 1c-e).
Interestingly, addition of 2 wt% short block cp (37 kg/mol) (Fig. 1f) leads
to a pronounced increase in connectivity and refinement of the PαMSAN
domains with MWNTs, which is similar to the effect of long random cp (Fig.
1e) or long block cp (Fig. 1g). Due to the limited resolution of optical
microscopy, only MWNT aggregates can be visualized, which are
clearly localized in the PαMSAN phase. STEM images of 40/60
PαMSAN/PMMA blends with the MWNTs selectively localized
in the PαMSAN phase for blends with 2 wt% MWNTs and long
random copolymer have been shown in Bharati et al [15].
In order to understand the role of the various copolymers in the refinement
of the blend morphology, their behavior at the interface is studied. A flowinduced coalescence study using a simple shear protocol [15] is performed
here for blends with a droplet-matrix morphology (85/15 PαMSAN/PMMA)
7

Fig. 1. Optical micrographs of annealed 40/60 PαMSAN/PMMA blends:
neat blend and blends with 0.5 wt% MWNTs and 2 wt% of various random
cp and block cp. Dark and light phases represent PαMSAN and PMMA
respectively. The number in the copolymer name indicates its molecular
weight (kg/mol).
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containing 0.5 wt% short block or random cp and long random cp to elucidate their compatibilization efficiency at the interface. After reducing the
shear rate from a relatively high (0.6 s−1 ) value to a low (0.06 s−1 ) value,
the flow is intermittently stopped to perform a small amplitude oscillatory
0
shear test. The storage modulus G is then fitted with the Palierne model
for polymer blends [25]. The evolution of the Palierne fitting parameter,
the ratio of volume average radius (Rv ) to interfacial tension (α), with
coalescence time is shown in Fig. 2. It is clear from this figure that the
neat blend displays substantial flow-induced coalescence. A nearly complete
suppression of the growth in droplet size Rv during shear in the presence of
short block cp as compared to blends with short random cp suggests that
the short block cp is more effective in preventing flow-induced coalescence.
From the STEM micrographs of the blends after the shear protocol in Fig. 2,
the estimated Rv of the droplets decreased from 1.25 µm for the neat blend
to 0.59 µm for the blend with short block cp. From Rv and the Palierne
fitting parameter Rv /α, a 25 % reduction in α from 2.0 mN/m to 1.5 mN/m
was calculated for the blend with short block cp. In the presence of short
random cp, α was nearly unaffected (1.9 mN/m). A twofold reduction of
the interfacial tension (from 2.0 mN/m to 1.1 mN/m) was observed for
PαMSAN/PMMA blends with 0.5 wt% long random cp [15]. This reduction
slowed down both the breakup and retraction of PαMSAN domains during
annealing and thus allowed to retain cocontinuity in Fig. 1e. Hence, in
terms of interfacial activity, the block cp is already effective at low Mw ,
whereas the random cp only has a significant effect at high Mw .
As mentioned in the introduction, several mechanisms and properties of
the copolymers and conditions interact in determining the final effects of
the copolymers on the blend morphology. A random and block cp with approximately the same number of monomer units require nearly similar time
to diffuse to the blend interface after which the adsorption, rearrangement
and entanglement of the copolymer occurs along and across the interface.
Thus, an understanding of the ability of the various copolymers to restrict
the interfacial tension driven coarsening process entails a comment on the
interfacial activity of the copolymers. The interfacial behavior of a copolymer is contingent on its architecture, molecular weight and concentration.
A random cp whose Mw is less than the Me of the components it stabilizes
will have the least expansion and attains a pancake conformation at the
interface [3]. This results in fewer entanglements and the random cp is
less efficient than copolymers exhibiting expanded structures, like block
9

Fig. 2. Dependence of the Palierne fitting parameter Rv /α on the coalescence time for a neat bi-phasic 85/15 PαMSAN/PMMA blend and in
the presence of 0.5 wt% short random cp (34 kg/mol), short block cp (37
kg/mol) and long random cp (270 kg/mol). STEM images of the bi-phasic
blends after the shear protocol, as marked using color codes.
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copolymers. In this regard, the dumbbell-shaped conformation of the block
cp at the interface does not necessitate effective entanglements with the
blend components, due to which the short block cp is more effective than the
short random cp in reducing interfacial tension [3]. In the phase separating
blends under investigation here, the different copolymers may also have
different effects on the phase separation temperature, thereby affecting the
quench depth and thus the driving force for phase separation. An in-depth
study of all the mechanisms governing the effects of the copolymers on the
blend morphology is however beyond the scope of the present study. It
should be noted that, even though the interfacial tension values in Fig. 2 are
not quantitatively identical for the morphologies in Fig. 1 due to differences
in the amount of interfacial area and amount of added copolymer, the order
of interfacial tension reduction and coalescence suppression in Fig. 2 is
perfectly in line with the refinement effects in Fig. 1. This hints to the fact
that the main mechanism for the increased refinement and connectivity of
the PαMSAN domains is the suppression of breakup and coarsening of these
domains due to reduced interfacial tension. In summary, with respect to
the ability of the copolymer to refine and stabilize the continuous PαMSAN
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phase, a block cp is more effective than a random cp at low Mw , whereas
the difference between the random and block cp disappears at high Mw of
the copolymer.

3.2. Electrical Conductivity
Having elucidated the role of the various copolymers in the refinement and
connectivity of the PαMSAN domains, we will now shed light on the ensuing
effect of compatibilization on the long range connectivity of the MWNTs
selectively localized in the PαMSAN phase. To summarize the effect of various compatibilizers, the frequency response of the electrical conductivity of
the bi-phasic blends after steady state was reached (≈ 5 hours of annealing)
is presented in Fig. 3. The frequency independent plateau (dc conductivity) is a fingerprint of the long range connectivity of the MWNT network in
the PαMSAN phase. When comparing the dc conductivity of the bi-phasic
blends, we observe a progressive increase in connectivity of the MWNTs with
increasing Mw of the random cp for 0.25 wt% copolymer (Fig. 3a). On the
contrary, 0.25 wt% block cp with short blocks leads to a pronounced increase
in dc conductivity by over 2 decades in magnitude. Subsequently, a rather
marginal increase in the dc conductivity is observed upon increasing the Mw
of the blocks beyond the Mw of the constituents (block cp 291 kg/mol).
Hence, a short block cp is more effective in stabilizing the MWNT network
than an random cp forming partial entanglements with the homopolymer
(random cp of 192 kg/mol in which Mw of random cp is comparable with the
constituents Mw ). Interestingly, the dc conductivity for blends with long random cp (Mw of 270 kg/mol) is slightly higher than that with both the short
and long block cp in Fig. 3a. This can be attributed to the larger interfacial
coverage of the random cp as compared to the block cp of the same molecular
weight and concentration, owing to the pancake conformation of the random
cp as compared to the dumbbell-shaped conformation of the block cp at the
interface [3]. In conclusion, only a random cp with Mw higher than the Mw
of the components is effective in the network formation of MWNTs, whereas
the efficiency of the block cp is almost invariant with its chain length.
The frequency response of the electrical conductivity of the bi-phasic blends
with 2 wt% copolymer is shown in Fig. 3b. The trends in the frequency independent dc conductivity values for blends with various random/block cp
are qualitatively the same as in Fig. 3a. We emphasize the occurrence of a
frequency independent conductivity for blends with 2 wt% long random cp
11

Fig. 3. Steady state ac conductivity values for 40/60 PαMSAN/PMMA
blends without and with 0.5 wt% MWNTs and (a) 0.25 wt% and (b) 2 wt%
random or block cp at 220 ◦ C. The number in the copolymer name
indicates its molecular weight (kg/mol).
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and the block cp’s in Fig. 3b. This attainment of electrical percolation is a
manifestation of the formation of double percolated structures of MWNTs
selectively localized in the connected PαMSAN phase as observed in the optical micrographs in Fig. 1e-g. In addition, the values of the dc conductivity
for blends exhibiting double percolation is similar to the dc conductivity of
intrinsically percolating blends achieved upon addition of 2 wt% MWNTs
[15]. It should be noted here that the copolymer is essential since sufficient annealing time is required for the MWNTs to selectively localize in the
PαMSAN phase and to form a percolated network owing to suppression of
flow-induced coalescence of PαMSAN domains, as derived from the gradual
0
increase in G and σdc during annealing (data not shown). In summary, we
have successfully established interfacial tension mediated (Fig. 2) connectivity and morphology refinement of the PαMSAN phase laden with MWNTs
(Fig. 1) resulting in the increase in the dc conductivity of the bi-phasic
blends (Fig. 3).
To elucidate the relative effects of copolymer concentration and molecular
weight on the dc conductivity of the bi-phasic blends, the dependence of
the dc conductivity on copolymer concentration for various copolymers after
phase separation at 220 ◦ C is plotted in Fig. 4. An increase in the dc conductivity with 3 decades is achieved upon addition of 0.25 wt% long random
or block cp, whereas the increase is restricted to only half a decade for the
short random cp. Moreover, an increase in the dc conductivity of almost a
decade is achieved upon increasing the copolymer concentration to 2 wt% for
blends with long random and block cp, whereas the increase for concentrations above 0.5 wt% is rather insignificant for the other copolymer systems.
Hence, the increase in dc conductivity with increasing copolymer concentration is less significant as compared to the dependence of the dc conductivity
on the copolymers architecture and molecular weight. Negligible effects of
the concentration of the short random cp on the dc conductivity suggest that
concentration effects will not mediate the role of the copolymers architecture
in determining its efficiency. In summary, the efficiency of the copolymer in
the refinement and connectivity of the PαMSAN domains governs the σdc of
the MWNTs selectively localized in the PαMSAN phase.
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Fig. 4. Dc conductivity values at 0.01 Hz versus random and block cp
concentration for bi-phasic 40/60 PαMSAN/PMMA blends with 0.5 wt%
MWNTs at 220 ◦ C. Inset: Schematic of the bi-phasic morphology with
increasing dc conductivity, dark and light phases indicate PαMSAN and
PMMA respectively. The number in the copolymer name indicates its molecular weight (kg/mol). (Lines to guide the eye).
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3.3. Linear Viscoelastic Behavior
To gain further insight in the effect of copolymer on the degree of cocontinuity of the morphology and percolation of the MWNT network, the
elastic properties of the bi-phasic blends are shown in Fig. 5. For the neat
blend a slight deviation from the terminal behavior of the homopolymers
is observed, whose excess contribution is assigned to the elastic contribu0
tion of the interface. It can be noticed that the typical shoulder in G for
droplet-matrix morphologies [26] is absent, which can be attributed to the
wide range of relaxation times exhibited by the complex dispersed PαMSAN
domains shown in Fig. 1a. For the blends with 0.5 wt% MWNTs, a strong
0
0
enhancement of G at low frequencies is observed with G exhibiting a power
law dependency as a function of frequency. As there are negligible refinement effects for blends with 0.5 wt% MWNTs (Fig. 1b) as compared to
0
the neat blend, the increase in G is due to the pronounced elasticity of the
probed PαMSAN-MWNTs network. For blends with 0.5 wt% MWNTs and
0
2 wt% random copolymer of 34 and 192 kg/mol, a restricted increase in G
as compared to blends with 0.5 wt% MWNTs is observed in Fig. 5. This is
attributed to the marginal improvement of the connectivity and refinement
of PαMSAN laden with MWNTs upon compatibilization (Fig. 1b-d). For
blends with long random cp and long or short block cp, a decade increase
0
in the low frequency G as compared to the uncompatibilized blend with
0.5 wt% MWNTs is observed in Fig. 5. This pronounced contribution to
0
G emanates from the elastic response of the percolated MWNT network in
0
the PαMSAN phase. Moreover, the frequency dependency of G decreases
monotonically from ω 0.81 for 34 kg/mol random cp to ω 0.45 for 270 kg/mol
random cp, owing to the different length scales of the bi-continuous MWNT
network in the PαMSAN phase, resulting in a broad gamut of shape relaxation times. Remarkably, presence of 2 wt% block copolymer of 37 kg/mol
leads to a weak power law behavior (ω 0.53 ), which in the presence of high Mw
block cp becomes slightly lower (ω 0.43 ). This solid like behavior of the blends
elastic response [27] within the measurable frequency window is due to the
elastic response of the bi-continuous MWNT network in the PαMSAN phase.
In conclusion, the efficiency of the block cp to develop a bi-continuous network of MWNTs in the PαMSAN phase is not contingent on its chain length,
whereas for the random cp to be effective, the Mw of the random cp needs
to be higher than the Mw of the components they stabilize.
To compare the effects of copolymer type, molecular weight and concentration on the elastic response of the MWNT network, the low frequency
15

Fig. 5. Effect of random and block cp of various molecular weights on
0
linear elastic properties (G ) for bi-phasic 40/60 PαMSAN/PMMA blends
with 2 wt% copolymer at 220 ◦ C. The number in the copolymer name
indicates its molecular weight (kg/mol).
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G obtained at 0.01 rad/s from the linear elastic response of the blends is
presented in Fig. 6. For a random cp having a Mw less than the Mw of
0
the homopolymers it compatibilizes, a negligible increase in G as compared
to that of the uncompatibilized blends is observed, which subsequently saturates with increasing copolymer concentration. Interestingly, nearly a twofold
0
increase in G is observed for blends with short block cp, which further increases twofold in the presence of long block cp and long random cp for the
entire range of copolymer concentrations. The observed trend on the elastic response of the percolated MWNTs network in the PαMSAN phase is
qualitatively the same as that observed for the copolymer effects on the conductivity of MWNTs in the PαMSAN phase (Fig. 4). From the discerned
connectivity of PαMSAN containing the MWNTs upon copolymer addition,
a strong correlation exists between the increasing value and saturation of the
0
low frequency response of G in Fig. 6 and the increase in dc conductivity in
Fig. 4 with copolymer type and molecular weight. To get further insight in
this observed phenomenon, a quantitative comparison of various copolymers
on the electrical and rheological percolation is performed in the next section.
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Fig. 6. Effect of random and block cp of various molecular weights on
0
linear elastic properties (G at 0.01 rad/s) for bi-phasic 40/60
PαMSAN/PMMA blends with 2 wt% copolymer at 220 ◦ C. The number in
the copolymer name indicates its molecular weight (kg/mol). (Lines to
guide the eye).
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3.4. Dependence of Blend Properties on various Copolymers
We envisage a comparison of the effects of copolymer type, molecular
weight and concentration on the electrical and rheological percolation will
help to independently gauge at the role of copolymer in tuning the interconnectivity of the MWNT network and the connectivity of PαMSAN-MWNTs
in the blend. The analysis will also shed light on the role of interactions between various copolymers and MWNTs in tuning the dispersion of MWNTs.
It should be noted that the electrical conductivity (Fig. 4) is much more sensitive to the addition of copolymer than the elastic modulus (Fig. 6). This
can be attributed to the localized nature of the electrical current throughout
the percolated MWNT network, whereas stress transfer can also be mediated via intermediate MWNT-free polymer regions, which leads to a less
sharp increase at percolation. In our analysis, a percolation model for dc
conductivity and storage modulus was used [27]:
σdc ∝ (m − mc,σdc )kc,σdc
0

G ∝ (m − mc,G0 )

k

c,G

(2)

0

(3)
0

340

345

350

where σdc is the dc conductivity (from Fig. 4), G is the low frequency
storage modulus (from Fig. 6), m is the copolymer concentration, mc,σdc and
mc,G0 are the copolymer concentrations at which electrical and rheological
percolation are respectively achieved for the PαMSAN-MWNTs network,
and kc,σdc and kc,G0 are the respective critical exponents.
0
The fitted curves for σdc and G using Equations (2) and (3) for blends with
various copolymers are shown as lines in Fig. 7a and b. It is noteworthy
to mention that the power law equations for the percolation model are
based on particle concentration and the concentration obtained as the
fitting parameter is an estimation of its percolation threshold [27]. A power
law relation also provides a good estimate of the dependence of the blend
properties on the copolymer concentration for blends with a saturated
particle network, as shown in Fig. 7c and d. Hence, the framework of
classical percolation theory offers a phenomenological approach to describe
the power law dependence of rheological and electrical percolations on the
copolymer concentration. The results of the fitting using Equations (2)
and (3) are summarized in Table 2. It should be noted that, since the
percolation models are generally used to study the effects of the
19

Fig. 7. Power law fits (Equations (2) and (3)) of (a) dc conductivity (σdc
0
at 0.01 Hz) and (b) storage modulus (G at 0.01 rad/s) versus copolymer
concentration for various random and block cp with increasing molecular
weights for bi-phasic 40/60 PαMSAN/PMMA blends at 220 ◦ C. Log-log
0
plots of power law fits of (c) σdc and (d) G as a function of reduced
copolymer concentration. m is the copolymer concentration (wt%), and
mc,σdc and mc,G0 are obtained as fitting parameters in Equations (2)
and (3), respectively. The number in the copolymer name indicates its
molecular weight (kg/mol).
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particle concentration, the parameters obtained from our fittings
as a function of copolymer concentration can not be directly
compared to literature values. Our finding of a requirement of low
copolymer concentrations to develop electrical and rheological percolation
is in line with our findings in a study for similar blends with long random
cp [15]. Furthermore, the copolymer concentrations required to develop
percolation of the linear viscoelastic modulus (mc,G0 ) and the electrical
conductivity (mc,σdc ) are nearly the same for every copolymer, irrespective of
the type and molecular weight of the copolymer, even though the underlying
mechanisms are dissimilar. A concurrent increase in the continuity of the
PαMSAN-MWNTs network and the conductive MWNT-MWNT pathways
respectively explains the observed phenomena. The former entails MWNTs
to come within a distance smaller than Rg of a polymer chain (15 nm for
PαMSAN) to impede the chain mobility [28], whereas the latter mandates
the MWNTs to be closer than 5 nm for electron hopping [27]. Thus, the
requirement of a nearly equal copolymer concentration for both types of
percolation indicates that the copolymer does not affect the internanotube
spacing, and subsequently the MWNTs dispersion, which is in agreement
with our findings for blends with long random cp [15]. In conclusion, only an
interfacial tension mediated suppression of coarsening of PαMSAN domains
in the presence of long random cp/short block cp leads simultaneously to a
percolated network of MWNT-MWNT and PαMSAN-MWNT in the blends.
Our estimated copolymer concentrations required for developing both types
of percolation give further insight into the ability of the copolymer to develop
a MWNT network in the PαMSAN phase. Remarkably, a strong correlation
0
exists between the ability of the copolymer to boost the σdc or G and the
estimated mc,σdc or mc,G0 (Table 2). In other words, not only an effective
copolymer stimulates the formation of a percolated MWNTs network and
paves the connectivity of PαMSAN-MWNTs during phase separation of the
blends, but also leads to the formation of both types of network at a lower
copolymer concentration. In conclusion, an interfacial tension mediated
suppression of coarsening of PαMSAN domains results in electrical and
rheological percolations, whose network formation is achieved at a copolymer
concentration depending upon the copolymers compatibilization efficiency.
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Table 2 Summary of fitting results from power law relations of σdc and G as a
function of copolymer concentration for bi-phasic 40/60 PαMSAN/PMMA
blends using Equations (2) and (3).
Copolymer type mc,σdc (%) kc,σdc mc,G0 (%) kc,G0
random cp 34
0.24
0.48
0.24
0.04
random cp 192
0.22
0.32
0.23
0.05
random cp 270
0.19
1.01
0.18
0.24
block cp 37
0.20
0.52
0.21
0.10
block cp 291
0.19
0.97
0.19
0.17
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4. Conclusions
We report for the first time the effect of compatibilizers architecture, molecular weight and concentration on the
electrical conductivity in phase separating 40/60 (wt%/ wt%)
PαMSAN/PMMA blends with 0.5 wt% MWNTs. Compatibilization
was achieved upon interfacial segregation of a block or random copolymer
(cp) of PS-PMMA, while the MWNTs selectively localized in the PαMSAN
phase. In uncompatibilized blends, rapid coarsening and breakup of the
minor PαMSAN phase during phase separation led to disconnected MWNTcontaining PαMSAN domains and low dc conductivity. Interestingly, with
increasing molecular weight of the random cp from below the entanglement
Mw to higher than the homopolymers Mw , an enhanced continuity of the
PαMSAN phase and 3 decades increase in the dc conductivity of the blends
was achieved upon addition of only 0.25 wt% copolymer. Thus, successful
compatibilization by the random cp appears to require a sufficiently high
Mw , allowing the random cp to entangle with the homopolymers. On the
contrary, an increase in the dc conductivity by 2 decades was achieved with
0.25 wt% block cp even though the blocks were too short to entangle with
the constituents. At high Mw , the compatibilization efficiency of block and
random cp was similar. In summary, the order of the compatibilization
efficiency and corresponding enhancement in electrical conductivity is long
random/block cp followed by short block cp and medium random cp,
whereas random cp with a Mw below the entanglement Mw has only limited
effects.
The compatibilization efficiency of different copolymers was fully in line
with their ability to reduce the interfacial tension, which suppressed the
coarsening of PαMSAN domains. This allowed the MWNTs to form a
22
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percolated network in the PαMSAN phase. The copolymer concentrations
required to develop a percolation of MWNT-MWNT and PαMSAN-MWNT
networks are nearly the same irrespective of the type and molecular weight
of the copolymer, implying the copolymer does not affects the state of
dispersion of MWNTs. Furthermore, the concentration of copolymer
required to develop both types of percolation was linked to the ability of
the copolymer to stabilize and generate a bi-continuous morphology. The
copolymer with the highest interfacial activity (or lowest interfacial tension)
was able to generate continuous PαMSAN domains laden with MWNTs
and thus resulted in electrical percolation at the lowest concentration of
copolymer. In conclusion, we successfully demonstrated an elegant route
to tune the blend morphology via the efficiency of the compatibilizers to
achieve a synergistic increase in conducting properties.
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