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facts that the 5CB core clearing point was not intermediate be-

tween the clearing points of pure 5CB and E7, and that the two

cores cleared at distinctly different temperatures, remaining in-

tact also after cooling back to room temperature, give a clear in-

dication that there had been no mixing between the two cores

during or after spinning and that the wall separating the cores

was sufficiently stable to keep the different liquid crystals sepa-

rated also during heating and cooling.

While the results in Fig. 3 and Fig. 4 are strongly encourag-

ing, as they confirm that it is possible to endow fibers with mul-

tiple levels of responsiveness via multi-core liquid crystal coaxial

electrospinning, provided that the fibers are not picked up on hy-

drophilic substrates, we note that the clearing points of the cores,

measured during the experiment in Fig. 4, are actually much too

low as compared to the clearing points of pure 5CB and pure

E7, respectively. It is important to note that both clearing points

have decreased, ruling out mixing of the two cores as an expla-

nation, since that would have given a decrease only of the E7

clearing point, while that of the 5CB core should have increased.

We can also rule out the confinement within the fiber as the ori-

gin of the decreased clearing points, because the smooth contin-

uous cylindrical environment provided by the electrospun fibers

enhances liquid crystalline order. For thin fibers the clearing point

can be considerably increased, for thick fibers the bulk behavior

is found,23,37,38 but a decrease in clearing point is never seen.

The reason for the considerable decrease in clearing point must

thus be contamination of both cores, and the cause for this can be

found in the sheath solution used in these experiments.

3.3 The influence on the liquid crystal cores of surfactant in

the sheath solution

To identify the source of contamination we scrutinized the com-

position of the sheath solution, which must either provide or fa-

cilitate the entrance of the contaminant. Eventually we realized

that it does both, and that the critical component is the ionic sur-

factant that was added to reduce the sheath fluid surface tension

and increase its electrical conductivity. The assumption was that

the surfactant would end up at the sheath outside, with its hy-

drophilic head group towards the polar ethanol-PVP solution and

its non-polar end chains directed outwards. This scenario might

have been appropriate in an absolutely dry spinning atmosphere,

but it is well known that under normal conditions, water from the

air condenses on the fiber due to the rapid cooling as the solvent

(here ethanol) evaporates. In fact, this water is a prerequisite for

the hydrolysis of the Ti(OiPr)4 precursor, added to the polymer

solution prior to spinning, into TiO2.34

In other words, water is both on the surface and within the

sheath component of the jet during spinning. This means that the

surfactant molecules added to the sheath solution may well mi-

grate to the internal interface with the liquid crystal cores, where

the hydrophobic end chains find an ideal environment in the liq-

uid crystal while the polar heads are surrounded by a water-

ethanol solution. Moreover, with the condensed water entering

the sheath solution, the surfactant can even carry water into the

liquid crystal core, distributed in small droplets at the centers of

Fig. 5 Transmission polarizing microscopy images of single-core fibers

with 5CB (top row) and E7 (bottom row), heated until the core turns

isotropic. Both fiber series were spun with surfactant in the sheath

solution.

inverse micelles that diffuse into the cores. Their small size and

spherical symmetry strongly disturbs the long-range orientational

order of the liquid crystal,39 explaining why the cores clear at

much lower temperature than the pure samples of each liquid

crystal.

To corroborate this assumption we first spun also single-core

fibers with 5CB and E7 in the core, respectively, using the same

surfactant-containing sheath solution. Each of these samples ex-

hibited clearing points close to the corresponding reduced transi-

tion temperatures seen in the dual-core fiber, about 28◦C for the

5CB core fiber and about 45◦C for the fiber with E7 in the core, cf.

Fig. 5. Again, these transition temperatures are greatly below the

well-known clearing temperatures of the pure bulk liquid crystals,

in line with the expectation of surfactant and/or inverse micelles

having entered also the single cores.

Finally, we spun fibers without any surfactant added to the

sheath solution, in single-core format with 5CB and E7, respec-

tively, as well as in dual-core 5CB/E7 version. When testing the

clearing points in these fibers (cf. Fig. 6 and 7) they were very

close to the bulk values of each pure liquid crystal, providing a fi-

nal confirmation that the previous suppression of clearing points

was indeed due to the surfactant in the sheath solution, most

likely bringing with it condensed water in the form of inverse mi-

celles.

4 Conclusions

We have shown that coaxial electrospinning with dual core chan-

nels containing different liquid crystals can be used to fabricate

multifunctional responsive fibers in a one-step process, for in-

stance with photonic crystal selective reflection from one core

and regular birefringence in another, and with different response

to temperature variation. However, in order to ensure core in-

tegrity one must first of all avoid collecting fibers on a hydrophilic

substrate, because in that case post-deposition core mixing will

result due to capillary forces acting from the water condensed

during spinning, as it spreads away from the fiber sheath on the

hydrophilic substrate. In case a hydrophobic polymer is used as

sheath material, an alternative option is to spin free-hanging mats

between split electrodes,13 as the fibers are then in contact only

with each other. Moreover, surfactants should not be added to
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Multifunctional responsive fibers are produced by dual-core coaxial electrospinning, with distinctly different 
liquid crystals in adjacent core flows.  
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