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Electrospinning of 1D Fiber-Like Block Copolymer Micelles
with a Crystalline Core

Charlotte E. Ellis, Christian Hils, Alex M. Oliver, Andreas Greiner,* Holger Schmalz,*
and Ian Manners*

Electrospinning is a simple, low-cost, and high throughput technique that
allows for the processing of polymers into fibers. The process can be
controlled to allow access for well-defined continuous fibers that are of
interest for a wide range of applications including as tissue scaffolds, as
nanowires in optoelectronic devices, and in catalysis. Conventional
electrospinning processes use polymer solutions with high molecular weights.
Here, the electrospinning of 1D fiber-like block copolymer micelles containing
a crystalline core is reported. The successfully accessed core-shell microfibers
in which 1D micelles containing a crystalline poly(ferrocenyldimethylsilane)
(PFS) core are immobilized on a polystyrene microfiber via coaxial
electrospinning. Furthermore, efforts to extend this approach to the use of 1D
micelles comprising of a crystalline, 𝝅-conjugated poly(di-n-hexylfluorene)
(PDHF) core are described. Electrospinning is also successfully used to
prepare microfibers consisting solely of 1D micelles with a PFS crystalline
core, the first examples where a template material is not required.
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1. Introduction

The solution self-assembly of amphiphilic
block copolymers (BCPs) has been recog-
nized as a valuable bottom-up approach to
yielding a vast range of micelle morpholo-
gies including spheres, worms, lamellae,
and vesicles.[1,2] In particular, 1D micelles
are of considerable interest in fields such
as catalysis,[3,4] optoelectronics,[5,6] and
nanomedicine.[7–13] Non-spherical nanos-
tructures, such as 1D fiber-like micelles,
are often challenging to access via the self-
assembly of BCPs with amorphous cores
as these morphologies with low interfacial
curvature typically only exist in restricted
regions of the phase space.[2] In the self-
assembly of BCPs with a crystallizable
core-forming block, however, crystalliza-
tion provides an additional driving force
for the formation of 1D micelles.[14] This

phenomenon is termed crystallization-driven self-assembly
(CDSA). CDSA yields polydisperse micelles with a lack of length
control resulting from the slow and random nature of self-
nucleation events which overlap with the growth/elongation
step.[1] Low dispersity micelles can be accessed by circum-
venting the spontaneous (homogeneous) nucleation step of
CDSA and performing the self-assembly in the presence of
preformed seeds, which act as efficient initiators for the
growth/elongation step.[15] Seed micelles are prepared through
sonication and fragmentation of polydisperse 1D micelles.[16,17]

This seeded-growth process is termed “living” CDSA[18,19]

and has been achieved using a variety of crystalline core
chemistries such as poly(ferrocenyldimethylsilane) (PFS),[1,15,20]

poly(di-n-hexylfluorene) (PDHF),[21–23] poly(𝜖-caprolactone),[24,25]

polyethylene,[26,27] and poly(p-phenylenevinylene) and related
materials.[28–30]

Recent advances have led to further developments of CDSA
protocols which have allowed for the upscaled production
of 1D micelles with crystalline cores, to help realize their
potential applications.[31–35] For example, a process termed
polymerization-induced CDSA (PI-CDSA) whereby the BCP syn-
thesis and self-assembly occur in situ allows access to 1D micelles
at up to 25 wt%.[31,32] As a result of the diverse range of crystalline
core and coronal chemistries compatible with CDSA protocols,
1D micelles prepared using these methods are of interest for a
wide range of applications.

Electrospinning is a simple, low-cost, and high throughput
method for fabricating continuous fibers with inherently high
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surface-to-volume ratios.[36–39] The electrohydrodynamic phe-
nomenon depends on a complex interplay of factors such as sur-
face tension, viscosity, and electrical charge.[36] These factors in-
teract in various ways to affect the electrified jet of polymer so-
lution which is ejected from the electrospinning nozzle.[36] Ex-
amples of electrospinning high molecular weight polymer so-
lutions are ubiquitous, however, the concept has recently been
extended to supramolecular assemblies and crystallizable block
copolymers.[40,41]

Coaxial electrospinning is a process that employs a specialized-
designed core-shell nozzle containing distinct core and shell
solutions for electrospinning.[3,42–46] High molecular weight
polystyrene (PS) is often employed as the core since fibers can
be easily accessed and optimized, allowing for facile templating
of the shell material. When a voltage difference is applied be-
tween the collector plate and the nozzle, the solutions are drawn
out to form fibers with a core-shell structure. This technique
is a cost-effective and high throughput method of processing
and preparing fibers for use in devices.[3,47,48] Electrospun and
coaxially electrospun fibers have various applications such as in
biomedical engineering as tissue scaffolds,[49–51] or in optoelec-
tronics as nanowires.[41,52]

One of our groups and also others have previously demon-
strated that coaxial electrospinning can be used to prepare
polystyrene microfibers with a sheath of 1D polyethylene-core
micelles,[3,43,45,53] yet the scope has not been extended beyond this
crystalline core chemistry. Herein, we explore the electrospin-
ning of a variety of different 1D fiber-like micelles by both coaxial
and conventional electrospinning methods to access microfibers
either exhibiting a core-shell structure or consisting solely of 1D
micelles, respectively.

2. Results and Discussion

2.1. Coaxial Electrospinning of PFS-Based 1D Micelles with PS

Coaxial electrospinning allows for the preparation of core-shell
microfibers and assists the electrospinning of materials by using
a carrier, most commonly high molecular weight PS (Scheme 1).
The use of a carrier or template is of significant importance for
the electrospinning of materials that would typically form parti-
cles by “electrospraying”.[3,45] BCP micelles generally form elec-
trosprayed particles in electrospinning processes,[54] leading to
several challenges in the preparation of fibers containing these
nanostructures. Therefore, high molecular weight PS (Mn = 1.4×
106 Da) was employed as the carrier in this work, since this poly-
mer forms well-defined fibers without “beading” (Figure S1, Sup-
porting Information).[3,45] The chemical structures of all BCPs
utilized in this study are shown in Figure S2.

We first investigated the coaxial electrospinning of polydis-
perse PI192-b-PFS27 1D micelles (PI= polyisoprene, indices corre-
spond to number average degree of polymerization of the respec-
tive block) which were prepared via PI-CDSA (Ln = 500–3000 nm,
Wn = 9 ± 1 nm, Figure S3a, Supporting Information).[31,32] For
use as the shell, a dispersion of PI192-b-PFS27 micelles (2.8 wt%
in 20 vol% THF/hexanes; THF = tetrahydrofuran) was prepared.
The electrospinning jet was extremely stable under the condi-
tions studied (Table S1, Supporting Information) resulting in the
production of well-defined microfibers with relatively monodis-

Scheme 1. Preparation of core-shell microfibers by coaxial electrospinning
of PS (core, grey) and dispersion of 1D micelles (shell, orange).

perse widths (Figure 1). Adhesion of 1D polydisperse micelles
to the PS fiber surface was detected by SEM (Figure 1c). Gen-
erally, long micelles that are oriented along the long axis of the
core PS fiber were observed. However, some short (ca. 100 nm)
micelles were also discerned, indicating that some fragmenta-
tion may have occurred during the coaxial electrospinning pro-
cess. The preferred orientation along the long axis of the fiber is
presumably a result of shear forces during the electrospinning
process.[3,45]

To further characterize the microfibers prepared via coaxial
electrospinning, and to determine the coverage of PI192-b-PFS27
micelles on the PS fiber surface, Raman spectroscopy was per-
formed (Figure 2). The PI192-b-PFS27 micelles were found to be
dispersed evenly over the PS fiber surface by Raman imaging
(Figure 2c). This is supported by the presence of specific bands
at Raman shifts of 316 and 1645 cm−1 in the respective Raman
spectrum extracted from the imaging data (Figure 2e, red spec-
trum), which can be clearly assigned to the PI192-b-PFS27 micelles
(Figure 2e, green spectrum). It is noted that due to the smaller
diameter of the micelles compared to that of the excited confocal
volume, the micelle spectrum is always superimposed with the
PS spectrum. Accordingly, on the surface of the coaxially spun
fibers, a mixed PS/PI192-b-PFS27 micelle phase is detected by Ra-
man imaging (Figure 2c,e).

To further investigate the behavior of PFS-based micelles in
coaxial electrospinning, we repeated the procedure using mi-
celle dispersions containing BCPs with different corona-forming
blocks, ran-PI124/PtBS125-b-PFS37 (ran-PI/PtBS= random copoly-
mer of isoprene and 4-tert-butylstyrene), Figure S3b, Support-
ing Information) and PtBS257-b-PFS38 (Figure S3c, Supporting
Information), while keeping the corona-to-core block ratio con-
stant (ca. 7:1). Under the conditions studied (Table S1, Support-
ing Information), microfibers akin to those when using PI192-
b-PFS27 micelles were afforded (Figure S4, Supporting Infor-
mation). However, the 1D micelles were not clearly discernible
by SEM analysis (Figure S4b,d, Supporting Information).
The microfibers obtained when using ran-PI124/PtBS125-b-PFS37
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Figure 1. a) Low magnification and b,c) high magnification SEM images of microfibers prepared via coaxial electrospinning of 1D PI192-b-PFS27 micelles
(2.8 wt% in 20 vol% THF/hexanes, shell) with PS (7 wt% in dimethylformamide (DMF), core). The inset box on (b) shows the location of the c) high
magnification image. Arrows depict the adhesion of 1D PI192-b-PFS27 micelles to the PS core fiber. Micelles can be observed over the whole PS fiber
surface. Scale bars = 10 μm, 2 μm, and 200 nm were stated.

Figure 2. a) Overlay of optical microscopy image with component distribution from Raman imaging for a microfiber prepared via coaxial electrospinning
of PI192-b-PFS27 micelles (2.8 wt% in 20 vol% THF/hexanes, shell) with PS (7 wt% in DMF, core). Polystyrene-rich areas are colored in blue b) and PI192-
b-PFS27 rich in red c), respectively. Consequently, mixed phases in the combined distribution d) appear purple. e) Raman spectra of PS (blue) and the
mixed PS/PI192-b-PFS27 micelle phase (red) derived from true component analysis. In addition, the spectrum of neat PI192-b-PFS27 micelles measured
separately is displayed in green for comparison. In the Raman spectrum of the mixed PS/PI192-b-PFS27 micelle phase, the characteristic peaks at Ũ =
316 and 1645 cm−1 (indicated by dashed lines) prove the presence of the PI192-b-PFS27 micelles.

micelles or PtBS257-b-PFS38 micelles as the shell solution also
exhibited a texture and morphology more similar to that of PS
microfibers prepared via conventional electrospinning processes
(Figure S1c, Supporting Information).[3] This indicates that coax-
ial electrospinning was ineffective under these conditions. This
could be due to the corona-forming segments, ran-PI124/PtBS125
and PtBS257, exhibiting more PS-character than that of PI192,
causing the core and shell solutions to partially mix upon drying
of the electrospinning jet during the course of coaxial electrospin-
ning and deposition on the collector. This could lead to the fiber-
like micelles being buried in the PS fiber due to greater coronal
compatibility, preventing the formation of a core-shell fiber.

2.2. Extension of Coaxial Electrospinning Approach to
PDHF17-b-P2VP250 1D Micelles with PS

The emergence of 1D nanoparticles based on BCPs with a 𝜋-
conjugated crystalline core has led to considerable interest in
their application as nanowires in devices.[6,55–57] In this work, our
attention turns to the use of 1D micelles containing a PDHF crys-
talline core prepared via CDSA.[21] Long-range exciton transport

(> 200 nm) that is far superior to that of thin-films of conjugated
polymers has been achieved for PDHF-containing nanofibers,
owing to the highly ordered crystalline core.[21] Recent studies
have further demonstrated the promise of 𝜋-conjugated polymer
nanofibers containing the donor PDHF crystalline core for op-
toelectronic applications,[22] such as energy-funneling which en-
abled a four-fold enhancement of quantum rod emission.[23]

It has been demonstrated that the alignment of 1D micelles
with a 𝜋-conjugated poly(3-hexylthiophene) crystalline core can
greatly enhance charge-carrier mobility.[57] In electrospinning
processes, shear forces are exerted on the solution as it passes
through the needle, causing BCP micelles to align along the
long axis of the resulting fiber.[3] This phenomenon was demon-
strated in the coaxial electrospinning of PI192-b-PFS27 micelles
(Figure 1c) as well as in previous work.[3,45] We were there-
fore interested in exploring the potential alignment of PDHF-
containing micelles with the ultimate future aim of preparing
electroactive fibers.

We studied the coaxial electrospinning of PDHF17-b-P2VP250
1D micelle (Ln = ca. 2600 nm, P2VP = poly(2-vinylpyridine),
Figure S5, Supporting Information) dispersions (1.0 wt% in
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Figure 3. Confocal fluorescence microscope images of microfibers prepared via coaxial electrospinning of PDHF17-b-P2VP250 1D micelles (1.0 wt% in
25/25/50 vol% THF/MeOH/DMSO) with PS (7 wt% in DMF) in which the micelles form a) the core or b) the shell of the fiber. Inset are representations
of the core-shell microfiber structure composed of PS (grey) and PDHF17-b-P2VP250 micelles (green). Scale bars = 4 and 20 μm where stated.

Figure 4. High magnification SEM images of microfibers a) fiber surface and b) beading formed via coaxial electrospinning of PDHF17-b-P2VP250 1D
micelles (1.0 wt% in 25/25/50 vol% THF/MeOH/DMSO, shell) with PS (7 wt% in DMF, core). Scale bars = 1 μm.

25/25/50 vol% THF/MeOH/DMSO; MeOH = methanol, DMSO
= dimethyl sulfoxide) with PS (Mn = 1.1× 106 Da, 7 wt% in DMF)
as a carrier material. The PDHF17-b-P2VP250 1D micelles were
employed as either the core (Figure 3a) or shell (Figures 3b and 4)
of the coaxially electrospun fiber. The conditions of the coaxial
electrospinning experiments were optimized to stabilize the jet
formation and yield fibers with minimal beading (Table S2, Sup-
porting Information). Fluorescence images indicated a relatively
even distribution of PDHF17-b-P2VP250 micelles throughout the
core (Figure 3a) and shell (Figure 3b) of the coaxially electrospun
fibers, compared with a drop-cast micelle dispersion (Figure S6,
Supporting Information). On closer inspection, SEM analysis in-
dicated that large populations of micelles exist as beads rather
than being evenly distributed over the fiber surface when the mi-
celles were used as shell material (Figure 4b). Beading of fibers
results from various factors including low solution viscosity, the
high net charge density of the jet, and high surface tension.[58]

Moreover, the polar P2VP corona of the micelles is not compati-
ble with the non-polar PS carrier fiber, presumably limiting ac-
cess to uniform fibers via coaxial electrospinning and instead
resulting in bead formation. There was not sufficient evidence
from SEM analysis to determine whether the PDHF17-b-P2VP250

micelles aligned during the coaxial electrospinning process, as
individual 1D micelles could not be identified.

2.3. Electrospinning of PI192-b-PFS27 1D Micelles

With the aim of developing microfibers formed exclusively of
fiber-like BCP micelles, without the use of a template poly-
mer, electrospinning of PI192-b-PFS27 1D micelle dispersions
was investigated. As previously mentioned, BCP micelle dis-
persions typically form particles by electrospray in conventional
electrospinning procedures,[54] as a result of the many parame-
ters and conditions which require optimization to produce well-
defined fibers. We began by exploring the electrospinning of poly-
disperse PI192-b-PFS27 micelles (Ln = 500–3000 nm,) prepared
by PI-CDSA at various concentrations (5–20 wt%) in 20 vol%
THF/hexanes (Figure S3a, Supporting Information).[31,32] Elec-
trospinning experimental parameters are detailed in Table S3,
Supporting Information.

At lower concentrations (≤ 10 wt%), electrospraying of the 1D
micelle dispersions was observed (Figure 5a,b), resulting in al-
most exclusively particle formation. This is likely a result of the
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Figure 5. Optical microscope images of structures formed via electrospinning of PI192-b-PFS27 1D polydisperse micelle dispersions in 20 vol%
THF/hexanes at a) 5 wt%, b) 10 wt%, and c,d) 20 wt% formed at the c) centre, and d) edge of the substrate. Scale bars = 100 μm.

low viscosity of the micelle dispersions at these concentrations
preventing electrospinning.[54] At 5 wt%, large particles of diam-
eter 76 ± 26 μm were obtained. On increasing the dispersion con-
centration to 20 wt%, however, a mixture of fibers and particles
was detected (Figure 5c,d). Interestingly, on the edge of the elec-
trospinning substrate, the formation of short fibers dominated
that of particles (Figure 5d). Although these results were promis-
ing, further optimization was required to access longer continu-
ous electrospun fibers as well as to minimize beading.

Since fiber formation was favored at increased concentration,
we looked to further optimize electrospinning conditions us-
ing micelle dispersions at high concentrations of 16–20 wt%.
First, electrospinning of the polydisperse 1D micelles (Ln = 500–
3000 nm) at 20 wt% was performed at lower voltages (Figure
S7 and Table S3, Supporting Information) with the aim of in-
creasing the stabilization of the jet and promoting improved
electrospinning.[59] Fibers were successfully formed via electro-
spinning, however, the widths varied and some beading was also
observed (Figure S7, Supporting Information).

To prevent localized evaporation and therefore minimize bead-
ing, a solvent with a higher boiling point (Tb) than the current
system, 20 vol% THF/hexanes (Tb ≈ 66–69 °C), was explored.
DMF (Tb = 153 °C) has been commonly used as a solvent for
the electrospinning of polymeric materials and was therefore em-
ployed in this work. However, DMF is a poor solvent for both the
PI corona-forming segment and the PFS core-forming segment,
meaning only low volume fractions could be studied to prevent
precipitation of the micelles. Therefore, micelle dispersions were
diluted to 16 wt% with DMF, resulting in a solvent system con-

sisting of 9 vol% DMF and 18 vol% THF in hexanes. Under these
conditions (Table S4, Supporting Information), long continuous
fibers with relatively monodisperse widths (ca. 3 μm) and the ab-
sence of beading were accessed (Figure 6). This is likely a result of
an increase in the stabilization of the electrospinning jet caused
by the presence of DMF, which increases the boiling point of
the solvent system. Although individual fiber-like micelles could
not be discerned on the microfiber surface by SEM (Figure 6d),
we performed a control experiment whereby PI273 homopolymer
was electrospun (20 wt% in 10 vol% DMF/hexanes) to investi-
gate whether microfibers were formed in the absence of a PFS
crystalline core. It was found that, in the absence of 1D PFS
crystalline cores, PI273 homopolymer did not form electrospun
fibers and instead produced particles by electrospraying (Figure
S8, Supporting Information). To the best of our knowledge, this
work is the first example of electrospun fibers comprising solely
of BCP micelles.

It was postulated that the micelle length could also influ-
ence the structures obtained via electrospinning. The polydis-
perse PI192-b-PFS27 1D micelles were sonicated for 1 h at 0 °C
to fragment the nanostructures and allow for the study of how
micelle length affects the electrospinning process. The resulting
micelles were analyzed by TEM (Figure S9, Supporting Informa-
tion) and were determined to have a length (Ln) and length dis-
persity (Lw/Ln) of Ln = 71 nm and Lw/Ln = 1.25. On electrospin-
ning of these shorter micelles, similar results were obtained to
that of the long polydisperse micelles. Electrospraying dominated
at lower concentrations (≤10 wt%) (Figure S10a–c) and electro-
spinning was achieved at 20 wt% (Figure S10d and Table S5,
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Figure 6. a) Low magnification and b) high magnification optical microscope images and c) low magnification and d) high magnification SEM images
of microfibers formed via electrospinning of PI192-b-PFS27 1D polydisperse micelle dispersions in 9 vol% DMF and 18 vol% THF in hexanes at 16 wt%.
Scale bars = 2, 25, or 100 μm where stated.

Supporting Information for experimental details). The particles
formed via electrospraying exhibited diameters with low disper-
sity. At 5 and 7.5 wt%, the particles had comparable diameters of
5.9 ± 1.8 and 7.5 ± 2.0 μm, respectively, whereas at 10 wt% the
diameter was significantly larger (59 ± 26 μm). These findings
suggest that the entanglement of micelles in solution does not
play a dominant role on the structures obtained. Rather, it is likely
that the dispersion concentration, and possibly the formation of
a stabilizing liquid crystalline phase,[60] play a more significant
role in the electrohydrodynamic phenomenon.

Electrospinning of PFS-based micelles with different corona-
forming segments was also explored. Dispersions of ran-
PI124/PtBS125-b-PFS37 micelles and PtBS257-b-PFS38 micelles at
10 wt% in 10/10/80 vol% cyclohexane/THF/hexanes were inves-
tigated; however, the solution viscosity was too high to obtain any
electrospinning results. On dilution to 5 wt%, only electrospray-
ing to form particles was observed, similar to the case of PI192-b-
PFS27 micelles.[54]

3. Summary

The processing of 1D micelles via electrospinning techniques
(coaxial and conventional electrospinning) was investigated. Us-
ing coaxial electrospinning, core-shell fibers whereby the shell
consisted of polydisperse PFS-based 1D micelles could be ob-
tained. Coaxial electrospinning using PI192-b-PFS27 micelles as
the shell yielded fibers in which the micelles were clearly dis-
cerned on the surface via SEM analysis. Under the optimized

conditions, the electrospinning jet was extremely stable which
resulted in the production of well-defined microfibers without
beading. Furthermore, Raman imaging also confirmed the even
coverage of PI192-b-PFS27 micelles on the PS fiber.

The coaxial electrospinning of 1D PDHF17-b-P2VP250 micelles
with a 𝜋-conjugated crystalline core was also explored. In this
case, fibers containing 1D micelles as either the core or shell
could be obtained. However, coaxially electrospun fibers were
found to exhibit beading with uneven micelle distribution over
the fiber surface, presumably due to the incompatibility of the
polar coronal segment and the non-polar PS carrier fiber. Future
work will aim to optimize the coaxial electrospinning of PDHF17-
b-P2VP250 1D micelles to produce well-defined fibers for use in
optoelectronic devices.

Conventional electrospinning to produce fibers consisting
solely of 1D PI192-b-PFS27 micelles was also described. Fibers con-
sisting of either long (Ln = 500–3000 nm) or short (Ln = 71 nm)
micelles were obtained at solution concentrations of 20 wt% but
required further optimization to avoid beading. The addition of
DMF to the micelle dispersion (to make a final concentration of
16 wt%) was found to stabilize the electrospinning process and al-
low access to well-defined continuous fibers. The detailed mech-
anism by which the micelles assemble into the fibers by electro-
spinning is not clear but their ability to form lyotropic liquid crys-
tals, and therefore to potentially align under the conditions used,
may be significant.[60] To the best of our knowledge, this is the
first example of fibers prepared via electrospinning of BCP mi-
celle dispersions, without the use of a carrier or template.
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Supporting Information is available from the Wiley Online Library or from
the author.
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