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Block copolymers continue to attract a great deal of interest since they allow the formation of
microphase-separated domains, useful for nanopatterning/templating. Herein, we present the drastic
effect of microphase separation of a diblock copolymer on the electrical properties of polymer
nanocomposites. Microphase-separated poly(styrene-b-2-ethylhexyl acrylate) (P(St-b-EHA)) block
copolymers having different block lengths were synthesized and utilized as templates for multi-walled
carbon nanotubes (MWCNTSs). The percolation threshold of the films decreased from 0.46 to 0.19 vol%
with decreasing styrene phase fraction. More importantly, we observed a non-linear and unique
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Introduction

The incorporation of carbon nanotubes (CNTs) in polymeric
materials to obtain enhanced electrical properties has been of
significant interest from both the fundamental and engineer-
ing points of view for the last couple of decades. The improve-
ment in electrical performance of the composites makes them
potential candidates for various applications in the area of
electronics, such as dielectrics for charge-storage capacitors,’
antistatic materials,” electromagnetic shielding,® piezoresistive
sensors,” and shape-memory polymer (SMP) materials.>® Nano-
composites of polymers and CNTs exhibit a sharp increase in
their electrical conductivity with increasing nanofiller content
above a percolation threshold that is described as a critical
value to form an interconnected touching conductive network
in 3D space.

Additionally, the insulator-conductor transition of polymers
by the incorporation of CNTs can be achieved at a low percola-
tion threshold depending on the degree of CNT alignment and
uniform spatial distribution of individual CNTs. Nevertheless,
MWCNTs tend to form agglomerates and bundles in either
liquid or solid media due to high electron delocalization
induced by van der Waals interactions between nanotubes.

“ Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK.
E-mail: Gokhan. Topcu@warwick.ac.uk, gt162@Ileicester.ac.uk
b International Institute for Nanocomposites Manufacturing (IINM), WMG,
University of Warwick, Coventry, CV4 7AL, UK
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2sm01277d

This journal is © The Royal Society of Chemistry 2023

reduction in percolation threshold with transforming the phase into lamellar structures.

Therefore, the vast majority of the studies have focused on
reducing the percolation threshold via advanced chemical and
manufacturing approaches.”® To eliminate CNT agglomera-
tion, surface modification has been widely studied and can
be grouped into two categories: covalent bonding of functional
groups,”’® non-covalent wrapping, or adsorption of mediating
molecules onto the CNT surfaces.'*™* Covalent functionaliza-
tion such as with acid treatment, esterification, or amidation
reactions facilitates the separation of nanotube bundles into
individual tubes or smaller bundles. However, the translational
symmetry of the CNTs is disrupted by changing the hybridiza-
tion of carbon atoms from sp® to sp®, which leads to an
interruption in electronic and transport properties. In contrast,
the non-covalent functionalization approaches typically use n-n
interactions to homogenize CNTs without creating defect sites
on the CNT surface. Further approaches in attempts to achieve
homogeneous CNT spatial distribution, such as double perco-
lation, have been widely reported to reduce the percolation
threshold by taking advantage of selective localization of CNTs
in multi-component immiscible polymer systems.'* Compared
to the homogenous distribution of CNTs in a single medium,
this approach leads to two respective scenarios requiring co-
continuous polymer morphologies; (i) the localization of fillers
directly at the interface and (ii) the selective filling of only one
of the phases. Even though the former case may be a theoretical
ideal state to reach the lowest possible percolation threshold, to
date it has s been difficult to achieve due to the very high aspect
ratio of CNTs. Therefore, the latter scenario is considered more
practical to govern particle distribution. In this sense, the
double percolation concept has been extensively implemented
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for a wide variety of polymer systems including physical blends
or block copolymers which enables the formation of conductive
pathways with significantly reduced CNT content within the
continuous phase.”>™° To tailor composite morphology, the
utilisation of melt mixing and application of shear forces has
been effectively adopted.**>**!

Block copolymers offer remarkable high-ordered architec-
tures with readily designed chemical structures; therefore, they
are good candidates for templating CNTs. Upon appropriate
conditions, polymer chains spontaneously self-assemble to
form nanostructures in various geometry. From this perspec-
tive, the self-organization properties enable a possible route to
the elimination of additional processing methods due to fab-
rication being relatively easy and reproducible. The thermo-
dynamic driving force leading to the separation of the two (or
more) chemically discrete blocks is the main reason for self-
assembly on the nanoscale. The geometry, size, and symmetry
of the structure are highly governed by the volume fraction of
blocks, overall degree of polymerization, and incompatibility of
the constituent monomers (Flory-Huggins parameter, y).
Recently, several studies of CNTs with block copolymer compo-
sites were reported, which examine the dispersion of
CNTs and the electrical properties of composites.”*> Staudin-
ger et al. reported styrene-butadiene-styrene (SBS) triblock
copolymer and MWCNT composites.>” They stated that shor-
tened MWCNTSs are more easily to be localised in one phase/
interface but also tend to aggregate easier. Tzounis et al
showed that the CNTs can be aligned through the phase
separation of SBS by applied shear force.>* On the other hand,
Santos et al. presented MWCNT/SBS composites showing
enhanced conductivity with a concentration of 0.1 vol%, which
indicates block copolymers may enhance the percolation
threshold.”® Nevertheless, the vast majority of recent studies
only rely on the composites based on SBS, which are restricted
in terms of phase control due to constant block fractions. A
systematic investigation of block copolymers to enhance the
electrical properties of CNT composites by controlling mor-
phology hasn’t been attempted. Therefore, to further examine
this electrical improvement, control over the microphase
of block copolymers by using a precise chemical toolbox
(i.e. controlled living radical polymerisation) is crucial which
leads to the design of new types of polymers having better
performance.

In this study, we enable a decrease in percolation threshold
and a slight increase in electrical conductivity by controlling
the microphase of diblock copolymers from one to another.
As a template, P(St-b-EHA) diblock copolymers were synthe-
sized in various block fractions to control MWCNT percolation.
By tailoring the volume fraction and dimensions of the con-
tinuous phase, we examine the change in morphology from
spherical to lamellar and AC conductivity of the nanocompo-
site. Our work suggests a generalizable strategy to improve the
electrical properties of composites of block copolymers and
CNTs having microphase separation and selective localization,
thus, it may guide the way for the effective use of CNTs at
optimum levels.
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Experimental
Materials

Styrene (97%, Acros Organics) and 2-ethylhexyl acrylate (98%,
Sigma-Aldrich) were purchased and purified by passing
through basic aluminium oxide before usage as a monomer.
BlocBuilder MA (Nitroxide initiator, Arkema) was supplied and
used as received. All solvents including toluene, methanol,
acetone, and chloroform used were in analytical grade. The
MWCNTs (>98% carbon basis, Sigma-Aldrich, O.D. x L
6-13 nm X 2.5-20 pm) were used as a dispersion in chloroform.
Before use, the conductive nanotubes were vigorously dispersed
in an ultrasonic bath for 4 h.

Synthesis of polystyrene macroinitiator

Polystyrene (PSt) macroinitiator (MI) was synthesized using
NMP in an oil bath. Monomer (10 mmol), initiator (0.2 mmol),
and toluene (2 ml) were mixed and loaded into a glass reactor.
The mixture was degassed under nitrogen for 30 min. The
reaction was maintained at 110 °C for various time scales for
kinetic studies in different batches, and each was stopped at
different time intervals. To use as MI, the reaction was stopped
after 150 min to have more active radical end-groups that
correspond to approximately 50% conversion according to
kinetic studies. The reaction mixture was precipitated in cold
methanol, dried under vacuum at room temperature for 8 h,
and stored in a freezer.

Synthesis of P(St-b-EHA) copolymers

The molar concentration of EHA is varied between 25 to 200
equivalent to MI. The monomer from (0.13 ml to 1 ml), MI
(200 mg), and toluene (2 ml) were mixed and degassed under
nitrogen for 30 min. Subsequently, the reaction was conducted
at 110 °C in an oil bath for 4 h. All reaction mixtures were
cooled down to end the reaction. The polymers were precipi-
tated in excess cold methanol, filtered, and dried at 40 °C under
a vacuum overnight.

Preparation of composite films

All synthesized block copolymers (BCPs) were prepared as a
solution (in chloroform, 20%) to fabricate as a film by using a
spin coater. The desired concentration of MWCNTs in the
composites was calculated and the MWCNT dispersion was
diluted with chloroform to mix with the BCPs. The mixture
was sonicated for 4 h to obtain surface-modified nanotubes.
The surface cleaning procedure is as follows: placing an
ultrasonic bath in a detergent solution for 15 min, rinsing
with deionized water, washing with acetone, and finally
drying under nitrogen. An aliquot of the polymer solution
was either spun cast (250 pl, 1000 rpm, 1 min) or drop-cast
(1 ml) onto glass slides. Afterwards, thin films were dried
in ambient conditions overnight and then annealed in a
sealed chamber filled with solvent chloroform vapour for
2 days.

This journal is © The Royal Society of Chemistry 2023
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Characterization

GPC was utilised to determine molecular weight averages and
polymer dispersity. GPC measurements were performed on an
Agilent 390-LC system equipped with a PL-AS RT autosampler,
2 PL gel 5 um mixed-C columns (300 x 7.5 mm), a PL gel 5 mm
guard column (50 x 7.5 mm), and a differential refractive index
(DRI). The system was eluted with THF containing 2% trimethy-
lamine (TEA) at a flow rate of 1 mL min~" and the DRI was
calibrated with linear narrow poly(methyl methacrylate) stan-
dards. The molecular structure of polymers and reaction con-
version was examined by NMR (Bruker Avance III HD 300 MHz
instrument). The morphology of microphases was visualised by
AFM (Bruker Dimension Icon instrument) in Quantitative
Nanomechanical (QNM) in Air mode using silicon tip on nitride
lever. Small-angle X-ray scattering (SAXS) measurements were
performed on polymer films coated on Kapton tape by using a
Xenocs Xeuss 2.0 instrument equipped with a micro-focus
Cu_Ka source collimated with Scatterless slits. The scattering
was measured using a Pilatus 300k detector with a pixel size of
0.172 mm®.

Results and discussion

To achieve polymer templates, we systematically synthesized
diblock copolymers of styrene and EHA by using Nitroxide-
Mediated Polymerization in two steps, the first synthesis of a
styrene macroinitiator, then the respective extension of the
EHA block.?®*” Regarding the synthesis of the macroinitiator,
the reaction was stopped at earlier stages to ensure high chain-
end fidelity. The monomer conversion was approximately 50%
and based on the kinetic studies (Fig. S1, ESIf) the poly-
merisation was stopped at 150 minutes. Therefore, the initial
monomer amount was doubled compared to kinetic studies to
obtain a poly(styrene) macroinitiator consisting of 50 units.
Afterwards, P(St-b-EHA) block copolymers were synthesized by
using the styrene macroinitiator and altering the molar concen-
tration of EHA from 25 to 200 equivalents to MI. Therefore, this
method enables having a controlled second block length,
namely controlled volume fractions while keeping the first
block length the same. The detailed monomer composition,
molar mass and dispersity information regarding the obtained
polymers are presented in Table 1.

A systematic investigation of molecular weight was carried
out by GPC. The GPC traces show a clear and gradual shift in

Table 1 Degree of polymerisation, molar mass, dispersity and volume
fraction of styrene are listed

Nyix NEHA M, Gpc

Sample  (mmol) (mmol) (gmol™) P Sstiheo  fstexp
PSt MI — — 7900 1.17 — —
P1 0.025 0.625 9700 1.24 0.62 0.81
P2 0.05 1.25 10400 1.28 0.46 0.76
P3 0.05 1.875 10600 1.32 0.36 0.74
P4 0.05 2.5 10900 1.34 0.30 0.72
P5 0.05 3.75 12200 1.41 0.22 0.64
P6 0.05 5 14 500 1.43 0.17 0.53

This journal is © The Royal Society of Chemistry 2023
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lower retention time with increasing EHA fraction (Fig. 1a).
Similarly, the "H NMR SCspectra show a peak at 3.91 ppm
arising from EHA and gradually increasing in intensity
(Fig. 1b). This increase in the EHA fraction is slightly smaller
than the theoretical value since the polymerization of the
second block undergoes around 40% conversion. Therefore,
the experimental styrene fraction is higher than the theoretical
counterpart. Besides, increasing M, with increasing EHA,
inherently, the volume fraction of styrene ( fs¢) in the resulting
block copolymer gradually decreases to 0.53 (Fig. 1c). To obtain
thin films and examine microphase separation, polymer solu-
tions in chloroform were spin-coated, thereafter, solvent-
annealed (chloroform) for 2 days in a sealed chamber.

The implication of solvent vapour on polymer film provides
a partial swelling that promotes the self-assembly of polymer
chains.?®° The microphase separation was examined by AFM,
and the corresponding images for all block copolymers having
various ratios are presented in Fig. 2a. The phase separation
can be observed for the samples in different shapes according
to volume fraction. The image of the block copolymers having
the highest styrene volume fraction (fs: 0.81) exhibits an
amorphous and homogeneous structure without any phase
separation. In the sample varying fs. between 0.75 and 0.72
fractions, the separation of two blocks can be identified
ambiguously and EHA appears as small black spheres that
refer to lower height and non-continuous fraction. For lower
styrene fractions (fs: 0.64 and 0.53), the phase separation
distinctly appears in the lamellar shape.

According to previous experimental and theoretical
studies,**? the equilibrium phase behaviour of diblock copo-
lymers is governed by f'and the segregation strength, N, where
N is the overall degree of polymerization. The energy of inter-
actions between the two polymer blocks leads to microphase
separation and the formation of various geometries. In order to
predict the phase behaviour of block copolymers, Self-
Consistent Field Theory (SCFT) is a practical and powerful tool
that can help define critical transition points of yN as a
function of £**?* At this critical transition (ie. the order-
disorder transition), yN can be given by:

N =g(f) = Cot 3G S —05)7 W
i=1

where, the coefficients (C;), are obtained by fitting this equation
to the SCFT results from the literature (Table S1, ESIT).** The
fitted curves are given in a phase diagram in Fig. 2b. The
synthesized P(St-b-EHA) copolymers in this work were charac-
terized by fs; and N, whereas y is calculated to be 0.186 by using
Liebler theory and the SAXS pattern (Fig. 2¢).>>*° The corres-
ponding points for each polymer are shown on the diagram
with experimentally observed phase types. According to these
data points, SFCT clearly defines the order-disorder transition
while P1 is in the disordered area and the others are inside the
boundary. P2, P3, and P4 correspond to the spherical region
while P6 is in the lamellar zone in the diagram. On the other
hand, there is slight mismatching between experimental and

Soft Matter, 2023,19, 1109-1114 | 1M
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Fig. 1 (a) GPC traces and (b) 'H NMR spectra of P(St-b-EHA) block copolymers with increasing EHA fraction. (c) Correlation between regent content
(nena) and, M, and experimental volume fraction of styrene (fs), respectively.

Fig. 2
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(a) AFM images of thin films of P(St-b-EHA) block copolymers having different block fraction after solvent annealing. The scale bar is 200 nm. (b)

Self-Consistent Field Theory (SCFT) phase diagram of a diblock copolymer with theoretical phases labelled and corresponding points of synthesized P(St-

b-EHA) block copolymers. (c) SAXS patterns of P6 film with/without CNT.

theoretical phase-type for P5, which is expected and negligible
due to experimental variables (i.e. time, temperature, or sol-
vent). The P(St-b-EHA)/MWCNT composite free-standing films
were prepared by drop-casting of the pre-sonicated mixture and
followed by annealing. The minimum continuous domain of
styrene, namely the lamellar domain size of P(St-b-EHA) films,
is found to be 20.1 nm (2n/q). MWCNTs having diameters of 6-
13 nm were blended with block copolymers to achieve success-
ful dispersion and distribution of the nanotubes in the poly-
mer. SAXS pattern of nanocomposite of P6 also shows a similar
scattering signal that hints morphology is still preserved.
Nevertheless, a higher baseline also refers to CNT existing in
various conformations instead of lying throughout the domain
direction.

Both P(St-b-EHA)/MWCNT composite films were covered by
conductive silver paste (1 x 1 cm?) and placed between 2 copper
electrodes in the measurement cell. The AC conductivity of the
composite films was recorded in the 1 Hz-1 MHz range. The
conductivity of the PSt homopolymer composites with chan-
ging CNT content is presented in Fig. 3a. The conductivity
increases with increasing CNT content and reaches 10 > Sm™"
at 2.5 vol%. The reason for the different behaviour is in part
related to the increase in energy of free electrons with increas-
ing frequency that can direct the electrons into conductivity for

112 | Soft Matter, 2023, 19, 1109-1114

more insulating materials through the formation of an inter-
connected CNT network. Similarly, the conductivity of P6
composites, namely the lamellar-shaped counterparts,
increases with increasing CNT content (Fig. 3b), however, this
is more distinct and attains a higher (4 orders of magnitude
higher) conductivity value of ~0.13 S m™'. The relation
between CNT content and conductivity for all polymer samples
is presented in Fig. 3c. The plots show an increase in exponen-
tial decay as CNT content increases. This increase is attributed
to the number of percolated interconnected CNT networks that
have formed conductive pathways. After saturation, a further
increase in CNT content is ineffective in increasing conductiv-
ity, new conductive paths are unable to form. For higher CNT
contents (1.25 and 2.5% vol.), the conductivity is enhanced by 2
orders of magnitude in block copolymers having a lamellar
phase. However, more importantly, very low percolation is
obtained for P5 and P6, i.e., while fs. lowers.

It is known that the styrene block of copolymers will more
readily physically bond to CNTs via n-r interaction.'*'*7:37
From that perspective, CNTs tend to localize in a continuous
styrene phase, hence, a decrease in fg. provides a more dense
localization of identical CNT content that in turn enables
higher conductivity (Fig. 3d). To have a further understanding
of the effect of the CNT localization on conductivity, various

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 AC conductivity of (a) PS/MWCNT and (b) P(St-b-EHA)/MWCNT (P6) composite films between 1 Hz—-1 MHz, (c) conductivity at 10 Hz for
composites as a function of CNT content. (d) Schematic representation of possible CNT particle distribution forming percolation with changing phase-
type. (e) Logarithmic plot of conductivity versus reduced CNT content, (f) relation between percolation threshold (fitica) and fsi, and (g) relation between

conductivity per unit volume styrene.

interpretations and approaches were performed. The relation
between the composite conductivity (o), CNT conductivity
(6ent), and CNT volume fraction fonr can be given by a power
law as below;

(2)

here, the f.iticar 1S the critical volume fraction, in other words,
the percolation threshold, ¢ is the critical exponent that
depends on the electron transport mechanism. The logarithmic
plot of o versus ( f — feritica1) has a linear correlation, from which
the slope of the line is an estimate of the percolation threshold
of each P(St-b-EHA)/MWCNT composite. In Fig. 3e, all data
points are linearly fitted with R> > 0.99 for each data set. The
calculated f.ritical Values are given as a function of fg, of block
copolymers in Fig. 3f. The percolation threshold of the PSt
homopolymer composites was found as 0.0046 (or 0.46 vol%),
similar to CNT-filled many other polymers. The percolation
threshold decreases to 0.0019 (or 0.19 vol%) while fs, reaches
0.53. With a double percolation strategy, a decrease in the
volume of the continuous phase enables densification and
controlled localisation of the CNTs that allows percolation at
lower CNT content. More importantly, this correlation follows a
significantly sigmoidal-like pattern instead of a linear one. In
the beginning, the percolation threshold slightly decreases with
decreasing fs.. With changing phase change to a lamellar
structure, the decrease in percolation threshold becomes more
prominent. This sharp decrease can be attributed to this
change in block copolymer geometry that results in the pre-
ferential dispersion of the CNTs more unidirectionally in the
conduction axis. Please note that a further decrease in f5 only
slightly reduces the percolation threshold after reaching the
lamellar phase. In order to validate the uniformity of the CNTs
in both homopolymer and block copolymers, a plot of logo
versus fonr > was constructed (Fig. 3g), which yielded R%:
0.9942 and 0.9776, respectively. This linearity confirms the
applicability of the theory for selective localization since there

0 = OcNT (fCNT —fcritical)t

This journal is © The Royal Society of Chemistry 2023

is a uniform dispersion of MWCNT in both cases. However,
decreasing linearity as in P6 may hint that the CNTs in the
composite are mildly selective to styrene and can also slightly
involve the EHA phase.

Conclusions

In summary, P(St-b-EHA) copolymers were synthesized in var-
ious block length and their self-assembly characteristics were
examined. The copolymers were used to obtain electrically
conductive films by the inclusion of MWCNTSs. By selectivity
of styrene phase, MWCNTs were templated in microphase
separation and their effect on electrical properties was studied.
The distinct microphase separation properties of P(St-b-EHA)
by changing the volume fraction of blocks were successfully
visualized from disordered to ordered lamellar phase with
decreasing styrene fraction. The AC conductivity measurement
of P(St-b-EHA)/MWCNT composites showed that the phase
separation results in higher conductivity values by using lower
CNT content. Furthermore, the percolation threshold decreases
with decreasing styrene fraction. This suggests selective locali-
zation of the CNTs in the continuous styrene phase, in other
words, an increase of particles per unit styrene volume. Impor-
tantly and uniquely, the shape of block copolymer morphology
has an additional effect on conductivity. The change in phase to
a lamellar structure amplifies the conductivity of the compo-
sites as the CNTs are forced to align through-plane, i.e through-
out the percolation direction. Using microphase separation as a
strategy, more useful carbon-filled polymer conductors may be
possible for use in microelectronics.
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