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ABSTRACT
Multi-phase amphiphilic copolymers of poly(dimethylsiloxane)-block-poly(methylmethacrylate) (PDMS-bPMMA) were synthesized and the solution electrospinning process of these materials containing graphene was
investigated. Block copolymers with well-defined structures and different PDMS content were obtained by Atom
Transfer Radical Polymerization (ATRP) using bromine end-capped PDMS (PDMS-Br) as the macroinitiator. The
synthesized block copolymers were successfully electrospun into nanofibers using dimethylformamide/chloroform
mixture (60:40 vol%) as electrospinning solution medium. Graphene oxide (GO) of different loading was then
added to the copolymer solution and the resultant nanocomposites were also electrospun into nanofibers.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) showed the successful
formation of the electrospun fibers obtained from the PDMS-b-PMMA amphiphilic copolymers and their
graphene-based nanocomposites with dimensions in the nanometer range. Excellent dispersion of the GO
nanosheets within the obtained electrospun fibers was achieved. X-ray diffraction (XRD) indicated that the
electrospinning of PDMS-b-PMMA/GO nanocomposite made from short PDMS (1000 g/mol) resulted in fibers
with exfoliated structures (i.e., GO nanosheets were highly expanded) only at low GO content. At relatively high
GO content the fibers showed mainly intercalated morphologies. In contrast, when PDMS-b-PMMA containing
longer PDMS blocks were used (5000 and 10000 g/mol), the PDMS-b-PMMA/GO nanocomposites resulted in
fibers with fully exfoliated structures, irrespective of the GO filler loading. Examination of the nanocomposite
fibers by TEM proved the formation of fibers with an exfoliated morphology.
Keywords: Electrospinning, polymer nanofibers, block copolymers, graphene.

1.

Introduction

Electrospinning uses a high voltage electrical charge to draw very fine fibers (typically on the micro or nano
scale) from a liquid or molten polymer precursor. The process occurs when the electrical force (i.e., electrostatic
repulsion) at the surface of a droplet of polymer solution or melt exceeds its surface tension. This results in a
stream of liquid that erupts from the droplet surface, which can be rapidly ejected to form an electrically charged
polymer jet. When the polymer jet dries, solid polymer fibers remain that are still electrically charged. The obtained
charged fibers can be then accelerated and directed by the applied electrical force, which can be collected on a
1
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grounded collecting plate. Over the years, electrospinning has become a widely used and a successful technique
to process polymer materials and their composites into micro- and nanofibers. The technique was originally
developed by Formhals, who described the method in a sequence of patents between 1934 and 1944 [1, 2]. In 1996,
the name electrospning was popularised by Reneker and Chun who showed that various types of polymers could
be electrospun to produce micro- and nanofibers [3]. The authors showed that more than 20 polymers, including
polyethylene oxide, nylon, polyimide, polyaramid and polyaniline could be successfully electrospun from solution
or melt. Since then, polymer fibers with diameters ranging from few nanometers to several micrometers using
solutions of both polymers and polymer composites have been successfully synthesized [4-6].
Despite the exponential growth in reports on the use of the electrospinning process over the last decades [7, 8],
there still exists opportunities for new research areas in which the method can be applied. This is particularly true
when it comes to using the technique on complex multi-phase copolymers and their nanocomposites in order to
produce electrospun fibers. An interesting aspect, which has not received much attention is the electrospinning of
amphiphilic copolymer materials. These amphiphilic copolymers could have a unique properties due to the
different chemical nature of their constituents segments [9]. For instance, they can self-assemble into a variety of
aggregate structures in solution, including spherical or rod-like micelles, lamellar, vesicular or complicated
network structures [10, 11]. This could significantly influence the electrospinning process of these materials,
resulting in fibers with different structures and very interesting properties. It was recently shown in our group that
amphiphilic graft copolymers of poly(dimethylsiloxane) (PDMS) with polyacrylonitrile (PAN) (PAN-g-PDMS)
and poly(methylmethacrylate) (PMMA) (PMMA-g-PDMS) could be successfully electrospun to obtain fibers with
a very unique properties. Bayley and Mallon were the first to reveal how amphiphilic solutions of PAN-g-PDMS
copolymers could be electrospun to produce fully porous fibers [12].
First isolated by Geim and Novoselov [13] in 2004, graphene is an allotrope of carbon that is densely packed in a
2-D hexagonal lattice. In the exfoliated state, graphene has many characteristic chemical and physical properties,
including good mechanical, thermal and electrical properties. This makes it indeed the material of choice as an
excellent candidate for polymer reinforcement [14, 15]. Despite the wide interest in the resultant polymer/graphene
composites [16, 17], it is surprising to see very little information currently in open literature on the electrospinning
of nanocomposites based on graphene. Few articles have been published to date on the electrospinning of some
polymer/graphene composites based on only homopolymers to afford electrospun fibers [18, 19]. Authors were
able to show that various functional composite fibers could be fabricated by the electrospinning technique, where
graphene was fixed to the polymer fibers. It has also been shown that by changing the added amount of graphene,
the mechanical and electrical properties of the composite fiber can be adjusted. However, the electrospinning of
nanocomposites based on graphene finely dispersed in multi-phase copolymers such as block copolymers, where
the different constituent molecules are covalently bonded has not received such interest. Here, we aim to study the
effect of the amphiphilic nature of the obtained block copolymer on the final nanocomposite morphology and if
the morphology is affected by the presence of the PDMS domains. We also investigate the effect of the addition
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of different amounts of graphene oxide (GO) to the electrospun block copolymer fibers. We intend to determine
whether or not it is possible to exfoliate the GO nanosheets in the electrospun fibers, and if the degree of exfoliation
is affected by the presence of more GO loading.
2.

Materials and methods

Monocarbinol terminated poly(dimethyl siloxane) (Gelest Inc., Mw: 1000; 5000; 10000 g/mol) with narrow
dispersity was used as received. Methyl methacrylate (MMA, Sigma-Aldrich, >99%) was purified by washing
with aqueous 0.3 M KOH solusion, followed by distillation at 40 C under reduced pressure prior to polymerization.
α-Bromoisobutyryl bromide (98%),

N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA, 99%) and

Triethylamine (TEA, 99.5%) were purchased from Sigma-Aldrich and used as received without any further
purification. Dichloromethane (DCM, Sasol, Class 3), Hexane (Sasol, Class 3), ethanol (Sasol, Class 3) and
Methanol (Sasol, Class 3) were also used as received. Copper(I) bromide (CuBr, >99%) (obtained from SigmaAldrich) was stired in glacial acetic acid (100%, Merck), washed with ethanol and then dried under vacuum at
room temperature. Magnesium sulfate (MgSO4, Reagent plus, anhydrous), Toluene (anhydrous, 99.8%),
Tetrahydrofuran (THF, anhydrous ≥99.9%), Natural graphite (99.5%) was obtained from Graphit Kropfmühl AG
(Hauzenberg, Germany), which was used without any further purification. Distilled and deionized (DDI) water
was obtained from a PURELAB Option S-R water purification system. The PDMS-b-PMMA copolymers was
obtained via atom transfer radical polymerization (ATRP) as described in the literature [20, 21]. The preparation
of GO was done by treating natural graphite powder with potassium permanganate in the presence of sulfuric acid,
following the method of Hummers et al. [22].
3.

Instrumentation and characterization

The electrospinning apparatus consisted of a variable high voltage supply (built in-house and capable of a voltage
up to 50 kV) that was used to apply a potential difference between the spinneret and the grounded collector plate.
A Hamilton SGE gas tight syringe used as the spinning solution reservoir was placed in a Kent Scientific (model:
Genie Plus) pump which fed the polymer solution through a needle (gauge 26) at a constant predetermined rate of
0.008 ml/min. DMF/chloroform mixture (60:40 vol%) was used as the electrospinning solution and the
electrospinning was achieved at ambient temperature and humidity, which was carried out at the department of
Chemistry and Polymer Science (Stellenbosch University, South Africa). The applied voltage was kept constant at
15 kV with a tip-to-collector distance of 15 cm, which gives an electric field strength of 1kV/1cm. For SEM
analysis, fiber samples were carefully mounted on the top of sample holders (stubs), which were then coated with
a single layer of gold in a gold sputter in order to make the sample surface electrically conducting. Analysis was
performed using a Leo 1430VP scanning electron microscope (Zeiss, Germany) fitted with backscatter, cathod
oluminescence, variable pressure and energy dispersive detectors, as well as a Link EDS system and software for
microanalysis. The coated samples were loaded into the chamber of the SEM instrument and images were recorded
under vacuum at 7 kV voltage between 500 and 40000 magnifications. Bright field TEM images were recorded
using a LEO 912 Omega TEM instrument (Zeiss, Germany), at an accelerating voltage of 120 kV. The fibers were
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placed on 300-mesh copper grids, which were then transferred to the TEM unit. Portions of the PDMS-bPMMA/GO nanocomposite fibers were also embedded in an epoxy resin, which were cured at 60 C for 24 h. The
embedded fiber samples were then ultra-microtomed with a diamond knife on a Reichert Ultracut S ultramicrotome, at room temperature. This resulted in sections with a nominal thickness of approximately 100 nm. The
sections were transferred from water to 300-mesh copper grids, which were then transferred to the TEM apparatus
for analysis.

4.

Results and discussion

4.1

Synthesis of the PDMS-b-PMMA copolymers

PDMS has a wide range of applications due to its well-established surface modifying properties, very low glass
transition temperature (Tg), thermally stable properties, low surface energy, and solubility parameter [23, 24]. The
synthesis of PDMS-based copolymers of methacrylates and methyl methacrylates has been reported before [25,
26]. In the current work, PDMS has been specifically selected as the copolymer since it has a very low Tg and is
highly hydrophobic, which makes the final copolymer highly amphiphilic. This could have a big influence on the
final morphology of the nanocomposite, which will be influenced also by the higher Tg PMMA blocks. Three
different PDMS-b-PMMA copolymers with various PDMS block lengths (i.e., 1000, 5000 and 10000 g/mol) were
synthesized. The molar masses of the obtained copolymers must be sufficiently high to achieve a certain degree
of chain entanglement required for electrospinning. Therefore, copolymers with relatively high molar masses were
synthesized. Table 1 shows the molar masses and dispersity (Ð) of the synthesized copolymers obtained from
various PDMS-Br macroinitiator. It can be seen that all copolymers were synthesized with relatively high molar
masses between 62000-86000 g/mol. Furthermore, the ATRP polymerization resulted in copolymers with
controlled molecular weights (i.e., narrow Ð).
Table 1: Molar masses and dispersity results of PDMS-b-PMMA copolymers.

4.2

PDMS-Br (g/mol)

Mn (g/mol)

Mw (g/mol)

Ð

1000 g/mol

86000

101000

1.17

5000 g/mol

62000

78000

1.25

10000 g/mol

80000

92000

1.15

Electrospinning of PDMS-b-PMMA/GO nanocomposites

GO of different loading was added to the copolymer solution and the electrospinning of the resultant
nanocomposites was studied. In the case of 1000 and 5000 g/mol PDMS, 18 wt% concentration was used while
15 wt% concentration was used for 10000 g/mol PDMS. Different GO content was used: 0.5, 1.0, 2.0, 4.0 and 8.0
wt% relative to the mass of the copolymer in the solution. Figures 1 and 2 show the SEM images of PDMS-bPMMA nanocomposite fibers with 8 wt% GO loading and 18 wt% solution concentration , obtained from 1000
and 5000 g/mol PDMS, respectively. The rapid stretching during the electrospinning was shown to exfoliate and
4
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align the GO filler nanoplatelets along the fiber axis. Figure 3 shows the SEM images of PDMS-b-PMMA
nanocomposite fibers with the same GO loading of 8 wt% and different solution concentration of 15 wt%, obtained
from 10000 g/mol PDMS.
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Figure 1: SEM images of PDMS-b-PMMA fibers (PDMS = 1000 g/mol) at 18 wt% concentration and 8 wt%
GO relative to polymer: a), b) different sample area, c) fiber diameter distribution diagram of images a)
and b).
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Figure 2: SEM images of PDMS-b-PMMA fibers (PDMS = 5000 g/mol) at 18 wt% concentration and 8 wt%
GO relative to polymer: a), b) different sample area, c) fiber diameter distribution diagram of images a)
and b).
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Figure 3: SEM images of PDMS-b-PMMA fibers (PDMS = 10000 g/mol) at 15 wt% concentration and 8
wt% GO relative to polymer: a), b) different sample area, c) fiber diameter distribution diagram of images
a) and b).
From the images in Figures 1, 2 and 3, it is clear that there is no GO coagulation on the surface of the nanofiber
mats, which indicate that the GO nanosheets are well dispersed in the polymer matrix. However, in the case of
nanocomosites made from 1000 and 5000 g/mol (see Figures 1 and 2), nanocomosite fibers with different
diameters were formed (i.e., fibers are not uniform). This was attributed to the fact that when GO is added to the
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PDMS-b-PMMA solution, the solution viscosity increased slightly. It has been shown recently that by adding a
small amount of graphene, the solution properties (i.e., viscosity, surface chemistry, and electrical properties) of
polymers can be changed remarkably [27]. Figure 1, 2 and 3 also show that no beadings were formed in all fibers
made from different PDMS macrointiators.The edges of graphene nanosheets are clearly visible as straight and
cut edges (highlighted in blue circles in Figure 2 and 3) rather than the smooth surface normally observed when
beading occurs. In the current study, even at 0.5wt% GO loading, the nanocomposite solutions formed slightly
more viscous material than that of the pure copolymer solution. This increase in viscosity effect can be attributed
to the interaction between the functionalized GO and the other functional groups of the PDMS-b-PMMA
copolymer. The GO nanosheets could behave as physical cross-linking points between the block copolymer
molecules, thus producing a more viscous material. The increased viscosity interrupted the flow of nanocomposite
through the needle, resulting in the formation of fibers with broad fiber diameter distribution. However, in the case
of 10000 PDMS, relatively lower polymer concentrations of 15 wt% were used (i.e., the optimum concentration
for this copolymer) as was discussed previously. The addition of GO had a slight effect on the nanocomposite
solution viscosity; however this did not affect the ability to electrospin the solution. As seen in Figure 3, PDMSb-PMMA/GO resulted in fibers that are uniform and smooth with narrowest fiber diameter distribution even at
relatively high GO loading of 8.0 wt%.
4.3

XRD analysis of PDMS-b-PMMA/GO nanocomposite fibers

Figure 4 shows the XRD patterns for PDMS-b-PMMA/GO nanocomposite fibers containing different GO loadings.
The measurements were performed on nanocomposites with 0.5, 1.0, 2.0, 4.0, and 8.0 wt% GO loading relative to
polymer. The broad peak at 2 = 13 observed in the XRD scattering pattern corresponds to amorphous halo of
PMMA in the nanocomposites. The PDMS contributes an additional amorphous region observed as a very broad
peak at 2 = 7.5. This is more evident from Figure 4 c), which shows that a more pronounced peak is observed
when a longer PDMS block was used (10000 g/mol). XRD also indicted that GO was well dispersed in the
nanofibers. No diffraction peak of GO nanoplates was observed in all nanocomposite fibers made from 5000 and
10000 g/mol PDMS (see Figure 4 b) and c). The absence of the characteristic peak of GO 2  ≤ 12 suggested that
the layered GO had been completely exfoliated by the copolymer molecules during the electrospnning. The
exfoliation of GO could be attributed to the increased chain lenghts of PDMS, where more amporphous material
resulted in a better graphene expansion. Similarly, Figure 4a) shows that no diffraction peak of GO nanoplates was
observed in the nanocomposite fibers, which was made from 1000 g/mol PDMS, except when relatively high GO
loading was used (8.0 wt%). This indicates that the electrospnning resulted in the formation of fibers with mainly
exfoliated structures only at relatively low GO loading. When higher GO content of 8.0 wt% was used, the XRD
showed a very sharp peak at 2 = 12, indicating that fibers with an intercalated structure were formed at high GO
content of 8.0 wt%. The rapid stretching during the electrospinning resulted in the expansion of GO nanoplatelts.
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Figure 4: XRD patterns of PDMS-b-PMMA/GO nanocompsoite fibers containing different GO loading
obtained from various PDMS: a) 1000, b) 5000 and c) 10000 g/mol.
4.4

TEM analysis of PDMS-b-PMMA/GO nanocomposite fibers

TEM was used to directly visualize the synthesized PDMS-b-PMMA/GO nanocomposite fibers at the nanometer
level. Figure 5 shows the TEM images of PDMS-b-PMMA/GO fibers (made from 1000 g/mol) containing 4 wt%
GO relative to polymer. Figure 6 shows the TEM images of PDMS-b-PMMA/GO fibers (made from 10000 g/mol)
containing 4 wt% GO relative to polymer. The images show fibers with sizes in the nanometer range, which is in
a good agreement with SEM images (see Figure 1, 2 and 3)). Some GO nanosheets are seen in the TEM images as
dark lines attached to the fibers (see Figures 4 and 5). The polymer matrix appears as relatively bright domains.
The absence of GO sheets outside the fibers indicate that GO was finely dispersed in the polymer matrix, which
was electrospun into fibers.

a)

b)

Figure 5: TEM images of PDMS-b-PMMA/GO fibers (made from 1000 g/mol) containing 4 wt% GO relative
to polymer: a) low magnification image and b) higher magnification image of the same sample.
TEM images given in Figures 5 and 6 show fibers with no agglomeration of the GO sheets which suggests that
there is an excellent dispersion of GO. Even at relatively high GO loading of 4.0 wt%, the GO nanosheets are still
well dispersed as very thin layers. There is a very good affinity between the copolymer and the GO nanosheets,
which resulted in good GO dispersion. This is also evident from the high magnification. TEM image in Figures 4
and 5, which show individual GO nanosheets attached or even embedded in the polymer nanofiber. These images
also indicate that the GO was indeed of a highly exfoliated structure , which agrees with results observed from
XRD (see Figure 4) . Figure 7 show TEM images that were taken at a very high magnification of PDMS-b7
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PMMA/GO fibers (made from 5000 g/mol) containing 4 wt% GO relative to polymer. The images show that GO
nanoplatelets were indeed of exfoliated morphology, where a very thin GO nanosheets can be seen in the TEM
images. This indicates that the GO nanosheets have been successfully exfoliated with the PDMS-b-PMMA
segments of the block copolymer. This is in a good agreement with the XRD measurements (see Figure 4). To our
knowledge, images like this showing such dispersion of graphene in an amphiphilic multi-phase copolymers have
not been published to date.

a)

b)

Figure 6: TEM images of PDMS-b-PMMA/GO fibers (made from 10000 g/mol) containing 4 wt% GO
relative to polymer: a) low magnification image and b) higher magnification image of the same sample.

a)

b)

Figure 7: TEM images of microtomed cross-sections of PDMS-b-PMMA/GO fibers (made from 5000 g/mol)
containing 4 wt% GO relative to polymer: a) high magnification image and b) higher magnification image
of the same sample.
Lamastra et al. [28] investigated the synthesis of electrospun fibers of PMMA loaded with graphene nanoplatelets.
The authors showed that the synthesized electrospun fiber mats were uniform, which were constituted by defectfree fibers with an average diameter ranging between 1 and 2 μm. However, the authors observed lots of graphene
agglomeration inside the PMMA fibres mats, which they attributed to a bad adhesion between graphene and the
PMMA matrix. We hypothesize that the amphiphilic structure (due to different hydrophobicity of the two segments)
of our studied block copolymers resulted in a big improvement of the compatibility between the graphene
nanosheets and the copolymer molecules. Upon oxidation, the hydrophobic graphene nanoplatelets will be
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modified with new chemical functional groups on the edges and borders of its nanosheets. The oxygen
functionalities alter the chemistry of the graphene nanoplatelets in GO and render them amphiphilc in nature. The
difference in the hydrophobicity of the two segments of the block copolymer could improve the compatibility
between the graphene nanosheets and the copolymer chains. The PMMA blocks could interact with the hydrophilic
moiety of the GO nanosheets while the PDMS blocks interact with the hydrophobic part. This will result in a
strong graphene interaction with the polymer molecules leading to the formation of highly exfoliated structures.
5. Conclusion
Multi-phase amphiphilic block copolymers of PDMS-b-PMMA with various PDMS content and well-defined
structures were successfully synthesized using the ATRP method. GO of different loadings was added to the
amphiphilic bock copolymer solution and the resultant nanocomposites were also successfully electrospun into
nanofibers. The inclusion of GO produced fibers with similar diameters, where the GO nanosheets are well
dispersed in the polymer matrix. The electrospinning of the PDMS-b-PMMA nanocomposites containing various
loading of GO depended greatly on the chain length of PDMS used. PDMS-b-PMMA/GO containing short PDMS
resulted in the formation of fibers with very broad fiber diameter distribution. While those made from longer
PDMS resulted in the formation of more uniform fibers and better fiber diameter distribution. The degree of
graphene exfoliation was determined by XRD, which indicated the formation of mainly exfoliated structures at
relatively low GO loading irrespective of the PDMS used. When higher GO content was used, the nanocompsites
made from short PDMS showed an intercalated structures. However, when longer PDMS is used, nanocomosite
fibers with exfoliated morphologies are formed irrespective of the amount of GO added relative to copolymer as
indicated by XRD. The electrospinning of the nanocomposites produced fibers with GO nanosheets that are
completely exfoliated in the polymer matrix. TEM was used to visualize the fibers at the nanometer level, which
proved the formation of fibers with highly exfoliated structures. This was attributed to the amphiphilic structure
of the PDMS-b-PMMA copolymers, which may lead to good compatibility between GO and the copolymer chains.
We hypothesize that the difference in the hydrophobicity of the two blocks in the studied copolymers could
enhance the dispersion of GO within the copolymer matrix, resulting in complete GO exfoliation.
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