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While coaxial polymer sheath—-liquid crystal core fibres attract interest for fundamental research as well
as applied reasons, the main method for achieving them so far, electrospinning, is complex and has
significant limitations. It has proven particularly challenging to spin fibres with an elastic sheath. As an
alternative approach, we present a microfluidic wet spinning process that allows us to produce liquid
crystal core—polyisoprene rubber sheath fibres on a laboratory scale. The fibres can be stretched by up
to 300% with intact core—sheath geometry. We spin fibres with nematic as well as with cholesteric liquid
crystal in the core, the latter turning the composite fibre into an elastic cylindrical photonic crystal.
Iridescent colours are easily observable by the naked eye. As this coaxial wet spinning should be
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amenable to upscaling, this could allow large-scale production of innovative functional fibres, attractive
through the various responsive characteristics of different liquid crystal phases being incorporated into
an elastic textile fiber form factor.
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Introduction

The field of smart textiles and wearable technology is a fast-
growing domain of research. An interest in this field is to incorporate
sensors and sensing-capable materials that do not rely on electrical
power into fibres to be used in yarns and other textiles. Many
methods exist for the production of coaxial fibres consisting of a
polymer sheath with a functional heterocore, such as a liquid crystal.
These range from phase separation techniques, where a heterocore
separates from the sheath as a result of a change in solution
composition during production,'™ to coating techniques which coat
a passive textile with a responsive/reactive material,” and coaxial
electrospinning, which produces core-sheath fibres by drawing
materials from co-flowing liquids using an electric field.*™® These
techniques aim to produce fibres with continuous cores during the
fibre production process itself without the need for later filling of the
fibre, in direct contrast to processes employed in commonly-used
techniques for producing liquid metal core fibres.'® In addition to
the simultaneous spinning being a much simpler one-step process,
spinning both the fibre sheath and core simultaneously also
expands the possible range of accessible fibre sizes. Simultaneous
spinning allows the achievement of extremely thin fibres that
cannot be created through simple capillary filling, with diameters
of as small as a few micrometres."*"”
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Some of the advantages of electrospinning are that the set-ups
are readily adapted to laboratory settings and that it allows the
incorporation of liquid crystals,**'*'” liquids that show anisotropic
physical properties thanks to long-range orientational ordering of
molecules that are anisotropic in shape, into fibres with diameters
as low as hundreds of nanometers. Thanks to the strong respon-
siveness and sensitivity of liquid crystals which results from the
ease of influencing the orientational ordering and thus their
macroscopic physical properties, these composite fibres can then
be used as platforms for sensing of various stimuli, ranging from
temperature to biological or chemical analytes.>®7%*82°

On the other hand, the range of polymers suitable for
electrospinning is somewhat limited,> with minimal success
achieved by using elastomers, in part due to the volatile, non-
polar solvents needed to dissolve them.*"** This reveals a need
for a technique better suited to spinning fibres with an elastomeric
sheath and a functional heterocore.

Wet spinning techniques are a less-explored option for the
production of coaxial fibres. Wet spinning techniques pump a
polymer dope (a solution of a polymer and its solvent from
which fibres are obtained) into a coagulation bath tuned to
extract the dope solvent, leaving a continuous polymer fibre
behind.>*® Careful tuning of ratios between the flow rates of
the polymer dope and the coagulation bath and composition of
the coagulation bath are necessary to produce the desired
outcomes of a jet that leads to continuous fibres.>*>** Jetting
results from a balance between interfacial tension forces, which
favour the collapse of a jet into droplets due to Plateau-Rayleigh
instability, and inertial and viscous forces that promote jet
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stability and dampen the propagation of instabilities along the
jet length.>”*® Wet spinning is a technique that scales well to
industrial production, already being employed in the production
of textile fibres from materials such as acrylics®® and polyamides.*
To our knowledge, however, no work has been undertaken in the
production of core-sheath fibres using a wet spinning approach,
particularly those incorporating a liquid crystalline core.

In this work, we present a protocol for microfluidic wet
spinning of fibres that incorporate both a rubbery polymer into
the sheath and a liquid crystal into the core. This protocol shows
both the production of microscale elastomer fibres within the
scale of an ordinary chemistry laboratory and the incorporation of
the heterocore into the same. The combination of an optimised
coagulation bath and balanced spinning parameters help to
solidify the fibre.

Experimental
Materials and methods

Fabrication of spinneret devices. Microfluidic spinneret
devices were assembled using techniques for the fabrication of
glass capillary-based flow-focussing devices frequently employed in
droplet and shell generation.”*® In brief, cylindrical borosilicate
glass capillaries (Drummond Microcaps, 700 pm inner diameter)
were pulled using a pipette puller (Sutter P-100) and then cut to
varying orifice diameters. Generally, an orifice diameter of 60-
110 pm is desirable when working with liquid crystal cores:
while the orifice diameter is the limiting factor for the diameter
of the core (the diameter of the core usually cannot be less than
the diameter of the orifice), smaller injection capillaries are
prone to blockage and clogging. The capillaries were then
flushed with dried, compressed air before silanisation treat-
ment to create hydrophobic surfaces. The silanised capillaries
were dried under vacuum before being assembled into devices
on glass microscopy slides. We produced devices by nesting a
tapered core injection capillary and an untapered collection
capillary within a square capillary, leaving a separation of
approximately 300 um between the injection and collection
capillaries. Cut metal cannulas (Braun) to introduce solvents
were then placed above the seams. Lastly, the device was sealed
with two-part epoxy to prevent leaking. The assembled devices were
left overnight for the epoxy to dry prior to their use in experiments.
Once dried, small amounts of water and reagent-grade isopropanol
were flushed through each device to check for leaks and device
failure. A schematic of such a device is presented in Fig. 1.

Polymer dopes. Polymer dopes used as the middle phases
were prepared from cis-1,4-polybutadiene (PB, M,, = 0.5 Mg mol )
and cis-1,4-polyisoprene (PI, M,, = 1 Mg mol "), structures of which
are presented in Fig. 2. These polymers are readily soluble in
alkanes, such as n-hexane and n-decane; in toluene; and in tetra-
hydrofuran (THF), but largely insoluble in N,N-dimethylformamide,
ethyl acetate, and 2-butanone. Details about the polymer dope
preparation methods are outlined in the ESL¥

Coagulation baths. As the outermost phase, the coagulation
bath material should be miscible with the polymer dope solvent

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

Fig. 1 Schematic of the microfluidic spinneret device in use, showing
injection ports for (a) the bath; (b) the polymer sheath dope; and (c) the
core material. The materials are flowed through the spinneret by using
syringe pumps.

n (a) n (b)

() (d)  “ceHs

Fig. 2 Structures of the materials used in this work. (a) cis-1,4-poly-
butadiene (PB), (b) cis-1,4-polyisoprene (Pl), (c) 4-cyano-4'-pentylbiphenyl
(5CB), and (d) R-2-octyl 4-[4-(hexyloxy) benzoyloxy] benzoate (ZLI-3786/R811).

while not being a solvent for the polymer in the dope itself.
When dissolving the polymer in THF, a water-miscible solvent,
water can be used as the primary solvent for the coagulation
bath; for alkanes and toluene, however, ethanol is necessary, as
the dope solvents are immiscible with water.

For the experiments described in this paper, the coagulation
bath contained, apart from the solvent, 10% w/w polyvinyl-
pyrrolidone (PVP, M,, = 1.3 Mg mol ', Aldrich), which functions
as a flow stabiliser by counteracting the Rayleigh instability by
means of its very high molar mass and the resulting entangle-
ments between chains, as well as by increasing the viscosity of
the bath. We also added a salt, either magnesium sulphate
(MgS0,, Aldrich), lithium bromide (LiBr, Aldrich), or calcium
chloride (CaCl,, Merck) in order to create a diffusion gradient to
better drive the extraction of the dope solvent.*' PVP is preferred
over stabilisers such as poly(vinyl alcohol) due to the latter’s
insolubility in ethanol, the main component of the coagulation
bath when working with organic dope solvents. MgSO, is sparingly
soluble in ethanol, with a maximum concentration of 0.1% w/w,
whereas LiBr and CaCl, are both readily soluble at concentrations
of at least 10% w/w. The coagulation baths were left to stir gently
(120-200 rpm) at approximately 30-40 °C overnight until a
macroscopically homogeneous solution was obtained.

Core phases. As core materials, we used the liquid crystal
4-cyano-4’-pentylbiphenyl (5CB, >99%, Xinhua Yantai, China);
the liquid crystal mixtures RO-TN 615, RO-TN 651, or Sudan
Black-doped RO-TN 605 (F. Hoffman-La Roche, Basel, Switzerland);
or one of two cholesteric liquid crystals prepared from a mixture of
25% w/w R-2-octyl 4-[4-(hexyloxy) benzoyloxy| benzoate (ZLI-3786/
R811, Jinan Type Chemical Corp., China) with the liquid crystal
mixtures E55 + 0.05% CB15 (BDH, United Kingdom) or RO-TN 615
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to produce a red-reflecting cholesteric mixture. Structures of 5CB
and ZLI-3786 are presented in Fig. 2.

Spinning of fibres. Materials were flowed into the spinneret
device using syringe pumps (Cronus, LabHut, and neMESYS,
Cetoni GmbH). Prior to spinning, the devices were first cleaned
by using alternating rinses of ultrapure water and reagent grade
isopropanol. Cleaned borosilicate glass syringes (ILS, Luer
Lock) were filled with the materials to be flowed and allowed
to stand for at least ten minutes to remove visible air bubbles.
They were then loaded into the syringe pumps and connected
via flexible plastic tubing to the spinneret device. The device
was first flushed with coagulation bath to remove air and
residual cleaning solvent and obtain a stable flow before
sequentially introducing the polymer dope and, when applic-
able, the core material, stabilising the flow in each step before
introducing a new fluid. After being ejected from the spinneret,
the fibres were then collected for further analysis, either
directly from the exit of the spinneret device or after feeding
the fibres through a length of PTFE tubing (normally 15 to
30 cm). An image of the jetting/spinning process, as viewed
microscopically and macroscopically, is shown in Fig. 3, and
can additionally be seen in Videos S1 and S3 (ESIY).

To collect the fibres, we additionally prepared hydropho-
bised glass slides: as reported by Kim et al.** and by Kye et al.,?
the use of hydrophobic substrates is necessary to avoid fibre
collapse during the drying process. This was done by the
silanisation of the glass surfaces, similar to the method used
for treating the glass capillaries, followed by baking at 115 °C

Fig. 3 Jetting of poly-cis-isoprene in a bath of 10% PVP (w/w) and 7% LiBr
(w/w) in ethanol without a heterocore, viewed (a) under the microscope
and (b) macroscopically, with the Pl fibres visible in the form of a thin, spiralling
white helix exiting the spinneret device. The flow rates are 2.0 mL h~* outer
phase and 0.55 mL h™* inner phase. Scale bars are 200 um in (a) and
25 mm in (b).
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under vacuum for at least 30 min and then left to dry overnight
at room temperature.

Results and discussion
Pure elastomer fibres

Spinning process. Fibres containing solely the elastomer,
either PB or PI, are easily and consistently obtainable by
spinning the polymer dope through the spinneret device into
an ethanol coagulation bath, either using LiBr or CaCl, as the
salt. Similar to the case of other wet-spinning processes,***¢-3*
the presence of a salt is necessary to extract enough solvent from
the jet within the length of the spinneret before the onset of
Rayleigh instability, which breaks the jet into droplets. Without
the presence of a salt in the coagulation bath, no separate fibres
were readily obtainable within the length of the spinneret or
additional tubing.

The choice of solvent for the polymer dope is important.
When using n-hexane or toluene as the solvent for the elastomer
and ethanol in the coagulation bath, fibres were readily obtained.
The optimum concentration of polymer in solution was, in the
case of PI, 14% w/w in n-hexane and 12.5% w/w in toluene,
with the lower required concentration in toluene being a result
of toluene being a better solvent for the polymer compared to
n-hexane. In contrast, THF and n-decane are not suitable candidates,
and each for a different reason. In the case of n-decane, even in the
presence of salt, it does not get extracted from the jet quickly enough
to produce fibres before the onset of Rayleigh instability, which is
likely a consequence of the aliphatic chain length of n-decane and its
poorer miscibility with ethanol. On the other hand, THF is extracted
too quickly, consistently clogging the spinneret devices. The polymer
concentration within the spinning dope also was important to
control: for concentrations of greater than approximately 14% w/w
PB or PI in #-hexane or 12.5% w/w in toluene, the solution could not
be spun into fibres using our microfluidics set-up, the viscosity
being too high. Similarly, at concentrations below about 11% w/w,
the relatively low viscosity of the dope solution led to a fast
development of Rayleigh instability between the bath and the
dope in the jet.

Fibres are obtainable with relatively low flow rates of both
bath and dope, ranging from 0.75-1.75 mL h™" bath flow rate
and 0.25-1.00 mL h™" dope flow rate. When spinning PI, lower
dope flow rates than those needed to spin PB were needed,
most likely due to the higher molecular weight creating more
entanglements, thus suppressing the onset of Rayleigh instability.
The strategy of selecting polymers with longer chains, when
possible, is similar to the case in electrospinning and other fibre
spinning techniques, where the use of high-mass polymers can
improve the spinning process.** The higher molar mass is why we
prefer to produce fibres from PI, which will be the primary
material used in the fibres presented in this article.

A relatively high flow rate for the bath is used to better and
more continuously refresh the solution, helping to drive the
extraction of solvent from the dope. Since our fibre production
technique relies on the extraction of solvent from the dope,

This journal is © The Royal Society of Chemistry 2019
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constantly renewing the bath prevents it from becoming saturated
with dope solvent, allowing for a faster and more continuous
solvent removal. On the other hand, a high flow rate of bath
solvent, if solvent extraction does not happen quickly enough,
thins the jet to the point of breaking. This is akin to the process of
droplet generation in flow-focussing geometries.>*® We found the
best jetting, where robust fibres capable of being easily handled
were obtained within the length of the tubing, to be with flow rate
ratios between the bath and polymer dope around 4:1. We could
obtain extremely thin fibres with flow rate ratios of bath to dope of
as high as 20: 1, but the resulting fibres were fragile and difficult to
handle, and incorporating a liquid crystal core into such a thin
fibre is extremely difficult. An example of such jetting can be seen
in Fig. S1, S2 and in Videos S1, S2 (ESIt).

We explored several methods of collecting the fibres. Continuous
fibres could be collected on copper wire frames, directly drawn on
the surface of an ethanol bath, or collected on a hydrophobised
collector, such as a silanised glass slide. We observed that fibres
stored on hydrophilic glass, such as an untreated glass slide, would
collapse and be largely undetachable from the substrates, as noted
also in previous work by Kim et al.**> and Kye et al.® In contrast, the
polymer fibres can more easily be removed from hydrophobic
substrates, even after drying for over a week. The use of hydro-
phobised glass as supporting substrates, the collection and storage
of fibres in an ethanol bath, and freely-hanging storage all were
found to be suitable methods for keeping intact elastomer fibres for
observation. In contrast, storage on copper wire frames consistently
led to fibre breakage: this is likely a consequence of a strong tension
that develops as the fibre dries, which thus leads to breakage.

Characterisation of fibres. As expected from the material,>’*®
when initially collected and in an unstretched state, the fibres
are not birefringent. Upon even very slight strain, though, due to
the chain alignment created by stretching the polymer, the
polyisoprene fibres show visible birefringence when observed
between crossed polarisers. Only a small amount of stretching is
needed to induce birefringence, as there is some alignment
already of the polymer chains from the flow. An extinction of
brightness is observed upon rotation by 45° to align the fibre
with one of the polariser axes. Such a birefringent fibre is shown
in Fig. 4.

Thinning the fibres by additional manual stretching showed
greater birefringence within the length of the fibre, though
the observed birefringence overall was uniformly coloured and

Fig. 4 A PI fibre spun from a solution of 14% w/w Pl in n-hexane, slightly
stretched and freely-hanging without a supporting substrate. Scale bars
indicate 100 pm. (a) A fibre viewed with linearly polarised light without an
analyser. (b) The same fibre in (a) viewed between crossed polarisers;
arrows indicate the direction of the linear polarisers. (c) As (b), but upon 45°
clockwise rotation to align the fibre along the direction of the polariser,
showing a complete extinction of the birefringence.

This journal is © The Royal Society of Chemistry 2019
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corresponded to the lower orders described by the Michel-Lévy
diagram. Using the Michel-Lévy diagram, we can estimate the
birefringence of a typical fibre with a diameter of 30 um as
0.004.%° This value, while low, makes sense due to a completely
unstretched fibre not showing any visible birefringence: the
anisotropy induced by stretching is quite low, so the corres-
ponding birefringence should also be of a low magnitude.

Even very thin polymer fibres were extremely stretchable,
capable of undergoing a maximum strain of well over 500%
before breaking. However, upon release of stretching, the fibres
would restore only to an already-stretched state of about
300-400% strain. This is probably because the stretching of
these fibres disentangles the polymer chains without a sufficient
restoring force to restore the original configuration. The unstretched
fibres started with diameters of about 70-100 um and could be
readily thinned by stretching to 25-40 pm without breaking. An
example of the high degree of stretching achievable with a fibre is
shown in Video S4 (ESIt).

Fibres with liquid crystal cores

Non-chiral nematic liquid crystals. The incorporation of a
liquid crystal, such as an RO-TN-class mixture, E55, or 5CB, into
the coaxial jet is clearly visible during the spinning process. We
can observe, during the spinning process, the liquid crystal
being drawn into the jet of the polymer solution, both at the
spinneret, as shown in Fig. 5, and after the onset of coagulation
and solvent extraction.

Extraction of the dope solvent into the coagulation bath
proceeds similarly here to the case when no core was spun into
the fibres. The difference is that the solvent for the sheath is
miscible with both the liquid crystal core phase and the
coagulation bath. This additional solubility can have a drastic
effect on the outcome of the spinning process, since the addition
of solvent to a liquid crystal can have a significant impact on its
phase diagram, with even a small amount of solvent (such as
ethanol or hexane) substantially decreasing the clearing point
and potentially triggering phase separation, leading to an iso-
tropic liquid without any visible birefringence or colour.®*° The
addition of salt to the coagulation bath helps to solve this issue,

Fig. 5 Jetting of a core of RO-TN 651 within a sheath of 12.5% Pl in
n-hexane and a coagulation bath of 7% LiBr and 10% PVP in ethanol, as
viewed between (a) uncrossed polarisers and (b) crossed polarisers. The
birefringent jet in (b) comes from the jetting of the RO-TN. Scale bar 200 pm.
Flow rates are 1.25 mL h~* bath, 0.45 mL h™* polymer, and 0.60 mL h™* liquid
crystal.
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as the dope solvent is more likely to diffuse along the gradient
into the region of higher solute concentration (here, the salt) and
the salt, in turn, is not significantly soluble in the dope solvent.*!
We are also able to further mitigate the effect of core and sheath
solvent miscibility by the use of an RO-TN-class mixture as the
core when ethanol is used as the bath solvent due to the reduced
miscibility of RO-TN mixtures with ethanol compared to that of
5CB. The result is that the leaching of core material into the
ethanol bath is much less favourable than the extraction of
hexane into the same, thus promoting the maintenance of core
contiguity.

The readiness of the liquid crystal to remain within the cores
of the fibres is also very much a consequence of the balancing
of the parameters influencing the jetting. As reported by Utada
et al.”” and by Castro-Hernandez et al.,”® the transition between
a regime where the jet breaks apart into droplets and where the
jet continues unbroken requires a balance of inertial or viscous
forces against interfacial forces. In non-turbulent flows, such as
in the spinneret device, the relevant balance is between the
viscous forces which dampen the propagation of Rayleigh
instability within the jet against the interfacial forces which
contribute to it.>® While it may appear at first that miscibility of
the core with the sheath polymer solvent is not desirable for
keeping a continuous core, Lacaze et al. reported that a small
degree of miscibility between the phases drastically reduces
the interfacial tension,*? on the order of 1077 mN m™'. This
extremely low interfacial tension allows the viscous forces to
dominate, resulting in jetting as opposed to instability and
break-up: this phenomenon contributes to the jet stability at
both the bath-dope and dope-liquid crystal interfaces, though
the stability at the former is additionally assisted by the solvent
extraction from the polymer dope.

Verification of core contiguity takes place by viewing the
fibre spinning process between crossed linear polarisers: since
the polymer solution shows no birefringence in the microfluidic
device, even under flow, any visible birefringence observed between
crossed polarisers would come solely from the liquid crystal. The
most contiguous cores were observed with flow rates of 0.60 mL h™"
and 0.75 mL h™" core with a dope flow rate of 0.45 mL h™"
(corresponding to flow rate ratios of 4:3 and 5:3 of liquid crystal
to dope, respectively). With a liquid crystal to dope flow rate ratio
closer to 2: 1, we saw that there was additionally some leakage of the
liquid crystal from the jet, which explains the additional bright
signal in that image (images of the process are presented in the
ESIt).

Fibres are collectable with the same techniques as collecting
the pure polymer fibres, though we found that storing the
fibres under ethanol resulted in the liquid crystal and, where
present, the dye (such as Sudan Black) leaching from the fibres,
resulting in the loss of the functional core as indicated by the
greatly reduced birefringence. This is most likely a result of the
liquid crystal swelling the rubber, which is predicted from the very
similar solubility parameters of PI and common liquid crystals: by
using methods suggested by Fedors*® and Hansen**** and data
from Araya et al,*® the solubility parameters of, for example, 5CB
(as a representative liquid crystal) and PI suggest some miscibility
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of the 5CB with the PI and consequent swelling of the polymer by
the liquid crystal. Similarly, the ZLI-3786 also may induce swelling
of the PI, as suggested by its structure (detailed calculations of the
Hansen solubility parameters can be found in the ESI}). Thus,
although ethanol is not a solvent of PI, it comes into contact with
the 5CB/liquid crystal since the material is present in both the
sheath and the core. As the sheath-dissolved 5CB is then
dissolved into the ethanol, more 5CB diffuses from the core
into the sheath to take its place, eventually depleting the fibres
of the liquid crystal.

Similar to the pure elastomer fibres, collection of fibres on
hydrophobised substrates was found to both prevent fibre
collapse and keep the core relatively intact for short periods,
but the swelling of the liquid crystal into the polymer itself
shortened the lifespan of the available fibres for collection
(when stored on glass slides, fibres could be kept for up to a
week). We presume this is at least partly due to the liquid
crystal acting as a plasticiser for the elastomer, causing it to
become softened with time:'® its solubility in the elastomer
additionally contributes to the softening phenomenon we see.

Birefringence due to the liquid crystal was seen throughout
the fibre, as viewed between crossed polarisers. A filled fibre is
presented in Fig. 6. Regardless of the diameter of the fibres, if
liquid crystals were incorporated into the fibre during the
spinning process, the observed birefringence was markedly
different from that of the fibres spun without a liquid crystal
core, displaying bright, higher-order colours from the Michel-
Lévy diagram,*® corresponding to higher first order up to second
order, throughout the length of the fibre. Very thick (>80 pm)
fibres did not show strong alignment of the liquid crystal
contained within the core, though there was often enough
aligned material where the brightness became visibly reduced
upon rotation between crossed polarisers. Some samples of
these thicker fibres are shown in Fig. 7. The liquid crystal-
filled fibres were generally thicker than the unfilled fibres, the
likely source of this being the thickness of the jet of liquid
crystal in the spinneret: from a spinneret with an orifice of
60 pm, for example, the minimum jet diameter appeared to be
100 pm. With a smaller spinneret diameter, it would conceivably
be possible to produce thinner cores and thinner fibres, but
smaller orifices become clogged more easily.

Upon stretching the fibres with thinner cores, provided the
fibre itself remained intact, the core remained so as well: in

Fig. 6 A PI fibre spun from a 14% w/w Pl in n-hexane dope with a core
consisting of the liquid crystal mixture RO-TN 615. Scale bars indicate
100 pm. (a) A fibre viewed under a single polariser. (b) The same fibre in
(a) viewed between crossed polarisers; arrows indicate the direction of the
linear polarisers. (c) As (b), but upon 45° clockwise rotation, showing
birefringence that differs from Fig. 4(b) in being of higher order.>

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Samples of thicker PI fibres spun from 14% Pl in n-hexane dope
and filled with RO-TN 615. Scale bars 200 um. Bottom images correspond
to the upper images, with the sample rotated by 45° counterclockwise,
showing a substantial brightening when the fibre no longer lies along
either of the polariser axes. Both (a) and (b) represent different fibre
samples without stretching.

fact, the alignment in the core became significantly improved.
This is most likely due to the aligning effect from the sheath
being much stronger in thinner cores combined with a better
alignment of the polymer chains upon stretching, in part due to
PI promoting a degenerate planar anchoring. Because the PI is
a weakly anchoring substrate, the alignment promoted by the
polymer is not readily sustained through the diameter of the fibre.

In general, the maximum strain before breaking of a fibre
with liquid crystal filling was much lower than the maximum
strain of a liquid crystal-filled fibre: generally, about 250-300%
strain was achievable. The lower maximum strain is likely a
consequence of the polymer sheath being significantly thinner
compared to the thickness of the pure polymer fibre. The
increased fragility may also be a function of the plasticisation
caused by the liquid crystal in the core leaching into the fibre
sheath with time.

Cholesteric liquid crystals. A fibre filled with non-chiral
liquid crystal would typically require specialised equipment or
microscopy for probing its status optically, as its optical properties
are dominated by birefringence, requiring crossed polarisers for
investigation.>*”*® Cholesterics, or chiral nematics, including
mixtures of a non-chiral host phase and a chiral dopant, however,
self-organize into a helical arrangement that reflects light by Bragg
reflection:**" if the pitch of the cholesteric helix is properly
tuned, the result is striking, brilliant colour visible to the unaided
eye’®” and often tuneable by temperature or other external
stimuli.>® Our interest, therefore, was to produce an elastomer
fibre containing such a cholesteric liquid crystal. Fibres incor-
porating a blue-reflecting cholesteric have been achieved by
Enz et al. through electrospinning using a PVP sheath.'®"*
However, PVP is a mechanically delicate material and it lacks
the flexibility of an elastomer as a result of its higher glass
transition temperature (T, ~ —70 °C for PL> compared to
180 °C for PVP®®).

This journal is © The Royal Society of Chemistry 2019
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Flow rates and ratios to obtain cholesteric filling in the
fibres were very similar to those used to spin PI fibres with
nematic liquid crystal cores. Macroscopically, we were able to
obtain fibres that generally reflected green colour under ambient
light conditions, as seen in Fig. 8. Unusually, while the liquid
crystal was prepared to have a reflection in the red region of the
UV-Vis spectrum (as viewed by sandwiching a sample of the
liquid crystal between two glass slides and observing it along
the sample normal), the resulting fibres, as shown, reflect green.
To explain this, we propose the following tentative model for the
arrangement of the liquid crystal molecules in the core of the
fibre. The liquid crystal molecules organize helically, with a
constant pitch determined by the chiral dopant concentration,
but the orientation of the helix axis can vary within the sample.
Near the interface of the liquid crystal with the polymer sheath,
the molecules are expected to adopt a planar alignment, with the
helix axis aligned orthogonal to the interface, much as is the case
with the alignment of liquid crystal molecules on a rubbed polymer
substrate (with the ‘rubbing’ here coming from the striations of the
polymer sheath that appear upon shearing during jetting).”” The
aligning effect of the liquid crystal is progressively lost as we move
towards the centre of the fibre; thus, the helix orientation, which has
no impact on the free energy in the absence of an aligning field,
varies more or less randomly. The helix pitch, in contrast, remains
constant throughout the bulk, as the pitch enters the free energy
expression. The bulk of the liquid crystal core is thus analogous to
a ‘powder-like’ multidomain, polycrystalline material containing
crystallites with different orientations, although the liquid nature
of the cholesteric phase means that there are no grain boundaries,
but rather continuous variations. Fig. 9 shows a schematic of the
proposed liquid crystal configuration, where we for simplicity have
drawn discrete ‘snippets’ of helix orientation and we have ignored
the freedom to orient the helix out of the paper plane.

As suggested in the proposed configuration, the optical
response comes from Bragg reflection from both the ‘powder-
like’ interior and the well-aligned ‘shell’ next to the interface,
but we believe the dominant reflection is from the powder-like
interior. Red reflection will, for our cholesteric mixture, only
occur for vertical helix alignment, which we expect at significant

Fig. 8 Along (~20 cm) sample of a P fibre filled with a mixture of 25% w/w
ZL1-3786 in RO-TN 651, viewed under ambient room lighting.
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Fig. 9 Simplified cross-section schematic of the proposed configuration
of a fibre with a polymer sheath (15-25 pum thick) surrounding a cholesteric
liquid crystal core of up to 200 pm in diameter. This core shows radial helix
alignment close to the interface with the polymer, but the correlation in
helix orientation quickly decays in the interior of the core. For simplicity, a
two-dimensional structure is presented; however, the helix axis is free to
orient in all three dimensions, also along the length of the fibre.

fractions only near the sheath at both the top and bottom of the
fibre. To assess the colour reflected from the randomly aligned
interior, we need to consider both the dependence of reflection
colour as well as dependence of the intensity of the magnitude
by which the helix tilts away from the vertical direction of the
incident light (which is also the observation direction). The
direction of tilt is unimportant, since it does not enter Bragg’s
law, nor does it affect the reflection intensity. This is akin to the
statistical description of liquid crystal molecule orientation
using an orientational distribution function (ODF) in the
so-called ‘de Vries-type liquid crystals’.>® A full analysis would
require the establishment of the ODF for the helix orientation
and integration of reflection colours and intensities weighted by
the ODF, an endeavour that is beyond the scope of this paper.
However, since the reflection intensity goes to zero for horizontal
helix orientation but the ODF will have its maximum at that tilt
angle, we can estimate that the optically most relevant tilt angle
should be at an intermediate tilt angle of some ~30-40°, corres-
ponding to a maximum strength reflection colour in the green-
blue range. This matches well the overall observed reflected colour.

We can verify the effect and dependence of the angle of
illumination on the light reflected from the fibre, as shown in
Fig. 10. With normally incident light, the reflected colours were
between red and green (a-b); as the angle of incidence increased
to about 30°-45°, the resulting reflection (still observed in the
original normal direction) shifted to green (c); and with light
incident from 70°-90° with respect to the fibre normal, the
reflected colour was mainly blue (d). This demonstrates that all
helix orientations are present within the fibre core, such that we
see significant reflection regardless of how the light is incident.
With the uncontrolled angle of incidence in the macroscopic
photo in Fig. 8, we thus see a superposition of multiple reflection
colours.

While Enz et al. found a change in normal incidence-reflected
colour as a function of fibre core thickness,'* we observed a similar
phenomenon, but this was much more subtle and less obvious to
the unaided eye. This is most likely due to the colour change of the
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Fig. 10 A Pl fibre filled with a mixture of 25% w/w ZLI-3786 in RO-TN 615.
Scale bars indicate 100 um. Viewed in reflective mode (a) without crossed
polarisers and between crossed polarisers (b) with normally incident
illumination; (c) with obliquely incident illumination from ~45°; (d) with
obliquely incident illumination from ~60°.

cholesteric liquid crystal upon heating or cooling: stretching the
fibre causes local heating due to a change in conformational
entropy between the stretched and unstretched states. We see a
similar effect when we heat the fibre by gentle blowing or the use of
a heat gun, as can be seen in Video S6 (ESI{), when the reflected
colour blueshifts before redshifting again upon cooling.

Filling of cholesteric liquid crystal into the core of the fibres
did not appear to negatively affect their tensile properties compared
to non-chiral nematic liquid crystal filling; in fact, stretching to
strains of over 300% was still achievable from a fibre of diameter
150-200 pm while the core integrity was maintained, with a
minimum diameter of approximately 35-50 um achievable.

Conclusions

We have presented a protocol for the wet spinning of elastomer
fibres incorporating a liquid crystal core, either nematic or choles-
teric, throughout its length. These fibres are highly stretchable,
maintaining their core integrity even under substantial strain.

The primary drawback of the present technique is the minimum
achievable thickness of the produced fibres from the spinneret. This
can potentially be mitigated through the use of thinner capillaries to
consequently thin the jets produced and through the use of more
viscous materials, both in polymer dopes and in the coagulation
bath, to suppress the onset of Rayleigh instability in the thinner jet.
An additional issue is material-related: the liquid crystal leaches
quite readily into the polymer sheath, which causes degradation of
the polymer properties with time (an effect which is not seen in the
pure elastomer fibres).

Further work will explore achieving thinner diameters of
fibres in addition to the incorporation of both liquid metals,
which have a considerably higher interfacial tension and lower
miscibility with many fluids, and liquid crystal elastomer materials
into the fibre cores with potential use for tensile sensors and in soft
robotic actuator applications. We will also explore polysiloxanes (e.g:
PDMS), which are much less miscible with most liquid crystals that
might be used in the core, and look at cross-linking the fibres and
exploring different materials to improve their durability.
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