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ABSTRACT: The well-known problems of electrospinning hygroscopic polymer fibers in
humid air are usually attributed to water condensing onto the jet mid-flight: water enters
the jet as an additional solvent, hindering solidification into well-defined fibers. Here, we
show that fiber fusion and shape loss seen at the end of the process may actually stem from
water already condensing into the Taylor cone from where the jet ejects, if the solvent is
volatile and miscible with water, for example, ethanol. The addition of water can radically
change the solvent character from good to poor, even if water on its own is an acceptable
solvent. Moreover, and counterintuitively, the water condensation promotes solvent
evaporation because of the release of heat through the phase transition as well as from the exothermic mixing process. The overall
result is that the polymer solution develops a gel-like skin around the Taylor cone. The situation is significantly aggravated in the
case of coaxial electrospinning to make functional composite fibers if the injected core fluid forms a complex phase diagram with
miscibility gaps together with the polymer sheath solvent and the water condensing from the air. The resulting phase separation
coagulates the polymer throughout the Taylor cone, as liquid droplets with different compositions nucleate and spread, setting up
strong internal flows and concentration gradients. We demonstrate that these cases of uncontrolled polymer coagulation cause rapid
Taylor cone deformation, multiple jet ejection, and the inability to spin coaxial fiber mats, illustrated by the example of coaxial
electrospinning of an ethanolic polyvinylpyrrolidone solution with a thermotropic liquid crystal core, at varying humidities.

KEYWORDS: Taylor cone, atmospheric humidity, coaxial electrospinning, multicomponent fluids, phase separation, water condensation,
liquid crystals, hygroscopic polymer

1. INTRODUCTION

Electrospinning and electrospraying methods continue to be
popular for quickly producing composite fibrous membranes
and particles with high specific surface area and with tuned
multifunctionality enabled by coaxial modifications.1−3 Here, a
functional fluid, that is not readily spinnable on its own, is spun
as a core inside a polymer solution, where the latter transforms
into a solid cylindrical/spherical sheath during the spinning/
spraying process, retaining and confining the core fluid in the
final fiber/particle. The last two years have shown that these
techniques are becoming more widely used, for example, in the
fields of biotechnology and medicine to produce tissue
scaffolds,4 capsules for wound healing,5 for diagnostic
imaging,6 and for conducting multicomponent drug release
studies.2,7,8 In the field of materials science, coaxial electro-
spinning is also a popular means of fabricating nonwovens that
are responsive to external stimuli9 such as temperature
changes,10−13 light,14,15 gas exposure,16−19 or sound waves20

thanks to incorporated functional core liquids.
Considering the broad interest in, and large potential of,

coaxial electrospinning/electrospraying, it is imperative to have
a good understanding of the complex phenomena that may
occur when the different precursor liquids are brought together
during the process. However, such an understanding is still
lacking, in particular, regarding the composite Taylor cone,21,22

the electrostatically deformed droplet from which the jet
making the fibers or particles is ejected. Here, the core and
sheath liquids are in contact for several seconds prior to jetting.
Both electrospinning and electrospraying are initiated from the
Taylor cone, its formation being the initial response of the
spinning/spraying fluid(s) to the electric field, imposed by
applying an external potential (on the order of ∼10 kV) onto a
metal capillary through which the spinning liquids flow, with a
grounded collector plate placed at a distance of ∼10 cm away.
When the surface tension of the liquid in the Taylor cone is
overpowered by the electrostatic forces, a charged fluid jet
shoots outward from the cone apex at a speed on the order of
10 m/s,23 eventually discharging onto the collector plate as
fibers or particles. In case of coaxial electrospinning or
spraying, the core liquid must undergo the same distortion
process inside the Taylor cone and get ejected from it together
with the confining polymer sheath solution as the core of a
composite jet. When this succeeds, fibers and particles with
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unique functionality can be produced. For instance, composite
fibers with a liquid crystal (LC) core inside a polymer sheath
produced by electrospinning comprise a versatile form factor
enabling novel applications of these highly responsive
liquids.9,13,14,16,17,19,24−26

Although scaling laws for tuning coaxial Taylor cones exist,
based on the key electrospinning operating parameters and the
chemical properties of the liquids,27−29 these studies do not
consider the possibility that the core and sheath liquids, or
components thereof, mix, setting up concentration gradients
and potentially leading to complex phase diagrams. Likewise,
the full impact of water in humid air condensing onto the
Taylor cone, coaxial or single-phase, as it cools down because
of solvent evaporation is not taken into account. In fact,
surprisingly many electrospinning activities are carried out with
almost no attention to the Taylor cone and many reports give
no information about its characteristics. The goal of this paper
is to show that this approach misses a vital piece of information
because instabilities in the Taylor cone, here triggered by
humid air, can dramatically impact how the jetting progresses
during spinning.
We first demonstrate that a single-phase Taylor cone formed

by an ethanolic solution of polyvinylpyrrolidone (PVP) loses
its shape stability and emits multiple jets if the ambient relative
humidity (RH) surpasses values of about 70%, as a result of gel
formation at the Taylor cone surface. We argue that the
phenomenon arises because of heat release and deterioration
of solvent quality as the water condenses from the humid air
into the Taylor cone. We then move on to the case of coaxial
electrospinning with an LC core, revealing that the presence of
the core can render the spinning even more sensitive to water
condensation, further reducing the maximum acceptable
atmospheric humidity. We show that the liquid crystallinity
per se is not the cause, instead attributing the effect to
uncontrolled phase separation taking place when the core LC
exhibits a broad miscibility gap in the phase diagram with
ethanol and water. As many liquid combinations have such
phase diagrams, in particular, the ternary phase diagrams
arising when water is added to a nonaqueous solution, similar
behavior can be expected with other functional core liquids.
While we only examine the case of electrospinning of fibers,
our results should apply equally to particle production by
electrospray.

2. EXPERIMENTAL SECTION
2.1. Electrospinning Setup. All electrospinning experiments are

carried out using a setup previously described in refs,16,17 with
schematics and photos shown in the Supporting Information. In brief,
a stainless steel capillary with an outer diameter of 1.10 mm and inner
diameter of 0.70 mm, and a polyimide-coated silica capillary with
outer and inner diameters of 360 and 250 μm, respectively, are used
to form the coaxial spinneret. The polymer sheath solution flows in
the stainless steel capillary, whereas the LC core fluid flows in the
silica capillary. While spinning the pure PVP fibers, the silica capillary
is also physically present, but no core fluid is pumped through it. The
steel capillary is electrically connected to a high-voltage power supply
(Gamma High Voltage, Ormond Beach (FL), USA), and a sheet of
aluminum foil (roughly 20 μm thick) is used as the grounded counter
electrode (collector). Fibers are picked up for microscopic
investigation on glass slides attached to the aluminum foil. The
spinneret-to-collector distance is maintained at 12 cm, and the applied
voltage is 9 kV for single-phase polymer fiber spinning and raised to
9.5 kV when the LC core is included. The spinneret is mounted
horizontally in one wall of a Plexiglas box with dimensions 50 cm
(height) by 45 cm (width) by 45 cm (length), and the whole box is

placed within a fumehood. The ambient RH is tuned from 23 to 72%
by inserting a humidifier (TaoTronics TT-AH002) inside the box
such that it does not obstruct the path of the jet during spinning. The
temperature is in the range of 21−23.8 °C. The temperature and
humidity levels of the spinning area are monitored using a digital
thermo-hygrometer (TFA Dostmann, model 30.5002).

The polymer solution and the LC fluids are kept in separate glass
vials closed with septa-equipped caps. Each cap was punctured twice
to allow for the delivery of air to the vial and to connect the tubes for
flowing the LC fluid and polymer solution to the coaxial spinneret. A
diagram of this coaxial setup with the solutions connected during use
is shown in Figure S7 of the Supporting Information. Briefly, a
hypodermic needle connected via a rubber tube to one channel of a
pneumatic microfluidic control unit (MFCS-EZ, Fluigent, Paris,
France) is inserted into the headspace of the polymer solution vial to
pressurize it as desired. At the same time, another hypodermic needle
connected via a polytetrafluoroethylene tube leading to the coaxial
spinneret is inserted into the vial so that it is fully in contact with the
polymer sheath solution. When the vial overpressurizes, the solution
flows into the appropriate channel of the spinneret. The same process
for flowing the LCs to the coaxial spinneret is also performed, with
the only difference being that instead of a hypodermic needle being in
contact with the LCs in the vials, the silica capillary, mentioned
previously, flows the LCs directly from the vials to the spinneret. The
polymer solution is flowed at a rate of 1.1 mL/h, for single-phase as
well as coaxial spinning, and the LC flow rate is set at 0.55 mL/h. The
combination of flow rates, voltage, and spinneret-to-collector distance
was chosen to be well within a window of reliable spinning conditions,
for the single-phase and coaxial cases, respectively, when the
atmosphere is dry (RH < 50%).

2.2. Chemicals and Mixtures. PVP (weight average molar mass
Mw = 1.3 × 106 g/mol, most commonly atactic30) is obtained from
Sigma-Aldrich and dissolved in anhydrous ethanol (ethanol for
molecular biology ≥99.8% purity, Merck, CAS #: 64-17-5) to create a
12.5% by mass solution. As reference, Asawahame et al. reported the
surface tension of a 12% solution of the same quality of PVP in
ethanol to be ∼26 mN/m,31 Cengiz Çallioǧlu and Kesici Güler
reported 19 mN/m for 12% PVP with Mw = 0.36 × 106 g/mol in
ethanol,32 and Forward and Rutledge reported 23 mN/m for 8% PVP
with Mw = 1.3 × 106 g/mol in ethanol33 (none of the studies reported
the measurement temperature). These figures can be compared to the
surface tension of pure ethanol, 22.1 mN/m (http://www.surface-
tension.de), suggesting a marginal effect of the PVP. The
corresponding reported electrical conductivities and viscosities,
respectively, were 11.9 μS/cma and 1.2 Pa s,31 8.6 μS/cm and 0.46
Pa s32 and 0.28 μS/cmb and 0.07 Pa s.33

The three LCs used were 4-cyano-4′-pentylbiphenyl (5CB), E7,
and ROTN-403. All three LCs have a nematic phase at room
temperature, but only 5CB is a single component, while E7 and
ROTN-403 are mixtures (thus, they are only known by their
commercial names). Significantly, E7 is partially comprised of 5CB,
47 mol % of the mixture being this molecule. While the other
components are also molecularly similar, all containing cyano end
groups, longer aliphatic chains or additional phenyl rings enable the
nematic to isotropic transition temperature (clearing point, Tc) of the
mixture to be much higher, expanding its nematic temperature range.
The components of ROTN-403 are not fully known to us, as it is a
proprietary commercial mixture, but it is miscible with 5CB and E7 at
room temperature and its components are structurally similar.34 5CB
and E7 were purchased from SYNTHON Chemicals GmbH, and
confirmed to have, respectively, Tc

5CB = 35.6 °C and Tc
E7 = 58 °C (start

of the transition, which here is extended in temperature as E7 is a
mixture). This was carried out using a Linkam T95 series LTS120E
temperature control stage. The ROTN-403 mixture (Tc

ROTN = 81.5
°C; start of the transition) is no longer commercially available but was
originally purchased from Hoffmann-La Roche.

The effective shear viscosities at room temperature of the three LCs
range between 0.02 and 0.05 Pa s,35 making them comparable to
vegetable oils in terms of flow properties. Thus, they are all easy to
flow at room temperature. The electrical conductivity of 5CB in the
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isotropic phase was measured earlier by us to be 1.03 nS/cm,9 thus 4
orders of magnitude lower than that of the PVP solution. The
conductivities of the two LC mixtures are expected to be in the same
range; hence, we can safely conclude that the PVP solution is the
driving fluid, that is, the charges building up in the Taylor cone during
electric field application segregate to the PVP solution−air interface,
and it is the electrostatic Maxwell stress on the outer solution that
drives the spinning, requiring it to be viscous enough to bring the LC
core with it into the jet.28

All three LCs are completely insoluble in water. In anhydrous
ethanol, 5CB is fully soluble and E7 partially soluble, whereas ROTN-
403 has low solubility. We can thus expect very low interfacial tension
between 5CB and E7 with the ethanolic sheath solution, while it may
be somewhat higher for ROTN-403. Still, a very high interfacial
tension is not expected, as the molecular structures are qualitatively
similar in all LCs.34 A detailed comparison of the LC miscibility in six
solvents is shown in Figure S1 in the Supporting Information.
2.3. Taylor Cone Characterization. To monitor the Taylor cone

in each experiment, a digital camera (Zarbeco, model: ZC-505-O2)
was attached to a macro lens by c-mount, and this unit was suspended
about 25 cm above the coaxial spinneret. Additionally, an external
portable headlight (Fenix, model: HL23, 150 lumen) was arranged in
front of the spinneret to illuminate the coaxial flow while decreasing
the brightness setting in the camera software. This is why some of the
backgrounds of the coaxial Taylor cone images appear dark (the
experiments were all conducted in a room with normal white light).
The strong scattering characteristic of an unaligned bulk nematic
phase9 makes each LC easy to distinguish from the clear, isotropic
polymer solution, provided that the mixing with the sheath fluid is not
too strong.

3. RESULTS
3.1. Non-Coaxial PVP−Ethanol Taylor Cone in High

Humidity. While here we use ethanol as solvent for PVP, this
polymer is also fully soluble in water. If the RH is high, water
will condense onto the Taylor cone as it cools because of
ethanol evaporation, and one might expect that the water
condensation would simply make the PVP solution more fluid,
without adversely affecting the Taylor cone. Indeed, between
27 and 65% RH, the spinning process is stable. A continuous
single jet ejects from a steady, non-dripping Taylor cone to
produce dry, well-defined, and non-meshed PVP fibers, as
shown in Figure 1a−c and Movies S1, S2, and S3. The
scanning electron microscopy (SEM) images of the fibers
reveal no significant external morphological variations. The
corresponding images of the Taylor cone reveal half-angles
from the apex to the base that decrease from 41° at RH = 37%
to 34° at RH = 65%, an ideal range for promoting fiber
formation22,36−38 (see the Supporting Information for details).
However, if the RH is raised to ∼72% (Figure 1d and Movie

S3), the Taylor cone loses stability and deforms, with negative
consequences for the fiber spinning process. In studying the
dynamic behavior of the Taylor cone (Movie S3), we see signs
of the polymer separating from the solution as a gel-like skin.
This forming skin temporarily causes the Taylor cone to
elongate into a tubular shape, followed by tip deformation, the
jet pulsing in random directions, and finally, the ejection of two
jets simultaneously. If not for the electrical potential being
turned off in Movie S3, the fluctuating Taylor cone would have
continued to eject multiple jets and intermittently pulse. We
can thus conclude that a RH greater than ∼70% renders
electrospinning of pure PVP fibers unreliable, not because the
water keeps the jet in a fluid state, buton the contrary
because the water condensation dries out the polymer solution
in the Taylor cone before it has been spun out as a jet. We will
return to discuss the origin of this phenomenon in Section 4.1;

but first, we will see how the situation can dramatically worsen
in case of coaxial electrospinning, for which even lower levels
of humidity can disrupt the fiber production catastrophically.

3.2. Coaxial LC-In-PVP + Ethanol Taylor Cone in High
Humidity. At first glance, one might expect that a core fluid
within a Taylor cone will not impact the cone’s sensitivity to
humid air while coaxially electrospinning or spraying because it
is only the sheath solution that is in direct contact with air. The
truth turns out to be quite different: depending on which core
fluid is injected, the maximum acceptable RH may drastically
decrease, deteriorating the Taylor cone and rendering the
spinning process at even moderate RH levels impossible. An
example of a core that has this effect is 5CB (probably the
most commonly employed LC in research), as demonstrated in
Figure 2. The figure shows the Taylor cone with 5CB injected
into a standard anhydrous-ethanolic PVP sheath solution, at
RH = 24 and 63%, respectively. The dynamic process is shown
in Movies S4 and S5, respectively, in the Supporting
Information. While the coaxial nature of the Taylor cone is
easy to see at RH = 24%, with a single jet stably being ejected
from the Taylor cone tip, the warped structure resulting at RH
= 63% can hardly be considered a Taylor cone at all; rather
than a well-defined coaxial two-phase flow, we see random
texture variations and a large number of jets ejecting in all
directions, even from behind the orifice because the liquids
creep up along the outside of the metal capillary of the

Figure 1. Video frames of the Taylor cone (left; from Movies S1, S2,
and S3) together with corresponding representative SEM images
(right) showing the morphology of fibers electrospun from a solution
of 12.5 mass-% PVP in anhydrous ethanol in environments with low,
27% (a), and high, >50% (b−d), RH. A stable, non pulsing, and
axisymmetric Taylor cone for each set of fibers produced up to RH =
65% has the following half-angles (a) 41.1, (b) 39.5, and (c) 33.9°.
(The brightness and contrast of the Taylor cone images were slightly
enhanced to provide better visibility of the cone profiles.)
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spinneret. Although the PVP solution in contact with air is
roughly the same as in Figure 1c, where RH is 2% higher, the
result is completely different. By introducing the 5CB core, the
Taylor cone becomes much more sensitive to moisture in the
air, RH > ∼50% rendering coaxial electrospinning impossible.
What is going on? To test whether the liquid crystallinity of

the core is the problem, we conducted a series of spinning tests
at high RH, where the cores used were, respectively, 5CB, E7,
and ROTN-403. The much higher clearing points of the two
mixtures, compared to 5CB, means that they have stronger
liquid crystalline character. Figure 3 shows sequential screen-
shots of the first 33 s of Taylor cone evolution just before
commencing, and directly at the start of, the electrospinning
process once the electrostatic potential is applied to the co-
flowing PVP−ethanol sheath solution with 5CB, E7 and
ROTN-403 core, respectively. The potential is applied by
switching on the power supply, already set to 9.5 kV; thus,
there is a discrete potential jump rather than a continuous
ramping-up from 0 V as is otherwise often the case during
electrospinning. All experiments are conducted at RH ≈ 64%.
For reference, the corresponding images for the PVP−ethanol
solution without any core are shown in the first row. The
images shown are still frames from Movies S2 (row a), S6 (row
b), and S7 (rows c, d) in the Supporting Information.
What is immediately clear is that the catastrophic spinning

failure is only seen with 5CB in the core. While a few small side
jets and minor distortions of the Taylor cone do occur with E7
and ROTN-403 cores, a primary jet remains stable, allowing

continuous fibers with good LC core−polymer sheath
geometry to be produced. With ROTN-403 as LC, the
core−sheath separation also remains fully intact within the
Taylor cone, as easily seen in Figure 3d from the difference in
scattering between core and sheath phases. The ROTN-403
mainly occupies the center of the conical PVP−ethanol
droplet, moving toward the front without spreading outward;
hence, it is easily carried out into the coaxial jet, well contained
by the PVP solution. With the E7 core, the separation between
core and sheath is not as good, with considerable mixing
apparently taking place within the droplet, as may be expected
considering the large content of 5CB. Nevertheless, the greater
nematic phase stability of the mixture supports the spinning
process once the field is applied, indicating that it is not the
liquid crystalline nature of the core that causes problems. In
fact, it even appears to have a stabilizing effect.
Fibers can be collected for all three LC cores, even at high

humidity, but the quality varies greatly, as shown in Figure 4.
Optical microscopy reveals well-formed beaded and non-
beaded coaxial PVP fibers containing E7 (b) and ROTN-403
(c) in the cores. In contrast, the fibers spun with 5CB core at
this humidity level are ill-formed and partially fused, and most
of the 5CB is deposited directly on the substrate, outside the
fibers.
Another interesting observation in Figure 3 is that it is only

with the 5CB core that the Taylor cone wets the outside of the
electrified coaxial spinneret, as shown in Figure 2. The droplet
creeps back some 5−6 mm along the metal capillary before it
gets so large that gravitational pull detaches it. This is not seen
with any of the other combinations. To further study this
difference, we filmed the behavior of the protruding droplet
also without applying an electric field, as shown in Figure 5.
The still frames show droplet production within 10 s, taken
from supporting Movies S8 (5CB), S9 (E7), and S10 (ROTN-
403), respectively. In each case, the drop shown is not the first,
but the second drop to emerge from the capillary. The drop
containing 5CB is the only one that does not cleanly detach
from the capillary orifice. While the same difference in wetting
is seen also at low RH, the consequences of the wetting are
much more severe if RH > ∼60% because the residues that
apparently form on the sides of the metal capillary dry much

Figure 2. Screenshots of a coaxial Taylor cone with 5CB injected into
a PVP−anhydrous ethanol solution, dramatically distorting from its
stable, axisymmetric form with a single jet in dry air [(a) RH = 24%,
supporting Movie S4] to a warped unstable shape with multiple jets
and constant dripping (b) when the ambient humidity is increased to
RH = 63% (supporting Movie S5). In both cases, the temperature is
23 °C. Scale bar: 0.5 mm.

Figure 3. Evolution of the Taylor cone over the first 33 s after a fresh droplet emerges at the coaxial spinneret orifice (time t0, first column), with
the electric field turned on abruptly at t = t0 + 27 s (third column). Row (a) shows the pure PVP-in-anhydrous ethanol mixture spun at 65% RH.
The same PVP−ethanol solution is used as sheath in the following rows, where an LC core is injected, comprised of 5CB (b), E7 (c), and ROTN-
403 (d), respectively. In rows (b−d), RH is 64%. The spinning is conducted horizontally, with the camera filming the process from the top. Gravity
thus acts into the paper plane.
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faster, leaving behind a sticky, nontransparent film of polymer
mixed with 5CB.

4. DISCUSSION

4.1. Non-Coaxial Case: Water Condensation Accel-
erates Ethanol Evaporation and Deteriorates Solvent
Quality. While a popular study by De Vrieze et al.39 already
reported that PVP−ethanol solutions cannot be reliably
electrospun in humid atmospheres (RH > 60%), the behavior
of the Taylor cone was not examined. The authors focused
solely on the jet and the final fibers produced, reasoning that
condensed water mixes into the spinning solution, dilutes it,
and delays the drying of the hygroscopic PVP polymer jet. At
high humidity, the still wet jet cannot solidify completely
before landing on the collector, thus, creating a film of fused
wet PVP fibers. If one only has access to data such as Figure 4,
this conclusion is perfectly understandable, but we now know
that water condensation impacts the spinning much earlier
than the flight of the jet, already at the Taylor cone stage.
In our study, we use 3.6 times higher molar mass PVP than

that used by De Vrieze et al., ensuring that sufficient polymer
chain entanglements are achieved to sustain coaxial spin-
ning.28,40−42 However, it also increases the demands on the
solvent quality and this is, in fact, the first critical impact of the
water condensation. As demonstrated by Guettari et al.,43

ethanol is a good solvent for PVP (chains take on an expanded
coil conformation) while water is a theta solvent (ideal chain
conformation) at 25 °C, but the solvent quality always
deteriorates when the two solvents are mixed. The effect is
dramatic, the polymer−polymer interaction parameter becom-
ing negative (attractive) for molar fractions of ethanol 0.1−
0.35, meaning that the polymer chains undergo a coil-to-
globule transition if the water content in ethanol reaches this
critical mixing regime.
The problem is further aggravated by the fact that water

condensation at high RH counterintuitively accelerates the
evaporation of ethanol. Latent heat is released when water
vapor from the air condenses into the liquid of the Taylor
cone, driven by the initial cooling of the latter when ethanol
first evaporates. At the same time, heat is also released from the
exothermic mixing reaction of water and ethanol. This
surprisingly complex process was studied quantitatively by
Law et al., investigating the time it took to evaporate methanol

Figure 4. Polarizing optical microscopy images (top rows: crossed
polarizers; bottom rows: analyzer removed) of fibers resulting from
coaxial electrospinning at RH = 62−63% of the ethanolic PVP
solution as sheath and LCs 5CB (a), E7 (b), and ROTN-403 (c),
respectively, as the core. Scale bars: 50 μm (yellow), 100 μm (blue).

Figure 5. Droplets containing the PVP−anhydrous ethanol solution being slowly pumped out through the metal capillary to form the outer sheath,
while the inner silica tube of the coaxial spinneret injects 5CB (a), E7 (b), and ROTN-403 (c), respectively, as a function of time t after the
detachment of a previous drop at t = t0. The coaxial spinneret is horizontal, and it is filmed from above; hence, gravity promotes the droplet hanging
below the capillary, eventually detaching along a direction into the paper plane. RH = 65% in all images and no electric field is applied. With E7 and
ROTN-403 cores, the droplets do not wet the edge of the capillary. They grow in size until pulled away by gravity because of their own weight. This
starkly contrasts the behavior of PVP−ethanol droplets into which 5CB is injected, where the compound droplet creeps back along the capillary on
both sides. Screenshots correspond to Movies S8, S9, and S10 in the Supporting Information.
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and ethanol droplets of controlled volume in environments
that were either completely dry (RH = 0%) or saturated with
varying levels of moisture (RH = 65%, 73% and 100%,
respectively).44,45 In particular, the two values at 65 and 73%
RH are very relevant for comparisons with our study.
Law et al. found that the temperature of a droplet of

methanol formed at RH = 65% rapidly decreases from 300 to
∼277 K in about 10 s, after which the temperature gradually
increases again, until reaching about 287 K after another 2 min.
The reason for this variation is that, initially, the droplet, which
in the study was not replenished after production, rapidly cools
because it must provide latent heat for methanol evaporation.
However, the decrease in temperature promotes water from
the humid air to condense onto the droplet, which then releases
latent heat. The effect is significant because of the very high
specific latent heat of water, 2.26 MJ/kg at standard pressure,
2.6 times that of ethanol, 0.86 MJ/kg. This is the reason for the
temperature in the droplet increasing after 10 s of initial
cooling.
The temperature variation correlates very well with the

evaporation rate of the droplet, which was monitored as a
function of time by Law et al. for slightly higher humidity, RH
= 73%. During the first 30 s, the methanol evaporated faster
than it would in dry air at the start of the process. The overall
behavior was explained by the latent heat provided by the
condensing water primarily being used for evaporating the
more volatile methanol and only secondarily for heating up the
droplet. The evaporation rate of the droplet in high humidity
eventually became slower than in dry air because the water
content continuously increased through condensation, the
droplet consisting of only water after about 2.7 min. While the
experiments on ethanol droplets were not as detailed, the data
show that the effects are significant also with ethanol in humid
air. Law et al. found high volatility as well as miscibility with
water to be critical for the effect to occur, nonpolar solvents
such as hexane showing almost no influence by the ambient
humidity, despite high volatility. An aspect not considered by
Law et al., which should further enhance the effect is the
additional heat released from the exothermic mixing of water
diffused into ethanol or methanol.
The non-coaxial Taylor cone in our electrospinning

experiment, initially comprising 87.5% ethanol by mass, will
undoubtedly experience similar effects of water condensation
and mixing at the surface, especially if exposed to humidity
above ∼60%. The diameter of the hanging drop seen before
electrospinning, and the widest part of the Taylor cone it
transforms into, is roughly 1 mm, very similar to the droplets
studied by Law et al. However, two significant differences
between our study and that of Law et al. exist. First, in our
study, the content of the hanging drop which converts to a
Taylor cone during electrospinning is continuously replenished
with fresh ethanol from the flowing PVP solution; hence, the
orifice likely has a constant cold ethanol rich surface onto
which water rapidly condenses as this surface flows forward to
the tip of the Taylor cone. In that process, we can always
expect very rapid ethanol evaporation, as in the initial stages of
droplet evaporation in the studies by Law et al. Second,
because we extrude a concentrated ethanol solution of high
molar mass PVP that is close to its gelation point (necessary
for enabling fiber formation), the PVP concentration increases
as the ethanol evaporates along the Taylor cone surface. We
thus have the triple critical effects of (1) the polymer
concentration increasing prematurely (before jet formation),

(2) water being introduced to the solution with a consequent
reduction of solvent quality, and (3) this reduction being sped
up by the evaporation of the ethanol. It is now easy to
understand why we may quickly reach a situation where the
solution no longer easily flows, essentially gelling. This is the
reason why we see periodic tubular elongations of the Taylor
cone in Movie S3, followed by the cone pulsing and eventually
multiple jets emerging from the gelled droplet front.
These conclusions are by no means restricted to the case of

PVP dissolved in ethanol. The observations of Law et al. on
solvent evaporation enhanced by water condensation should
apply to any volatile solvent miscible with water, such as
tetrahydrofuran (THF, specific latent heat at standard pressure
0.41 MJ/kg) or acetone (0.52 MJ/kg), and as water is an
extreme solvent in terms of its four hydrogen bonds per
molecule, we can expect strong effects on solvent quality also
in other solvent−water mixtures, similar to the case of
ethanol−water.43 We note, for instance, that Yan and Yu46

and Yan et al.47 reported a greatly distorted Taylor cone when
spinning solutions of cellulose acetate with acetone as
dominant solvent at high ambient humidity (RH > 60%).
The authors overcame their problems by replenishing their
actively spinning solution with excess solvent spun as a sheath
around the spinning solution, but a simpler solution might
have been to reduce the atmospheric humidity. We hope that
our study can contribute to raising the awareness of the impact
of atmospheric humidity on the stability of the Taylor cone
and thus prompt follow-up studies allowing the generality of
the effect for electrospinning to be assessed.
It is also interesting to compare our results with previous

studies of electrospinning of water-insoluble polymers at high
humidity nevertheless dissolved in water-miscible solvents such
as THF and dimethylformamide (DMF). Based on the Law et
al. studies, especially, the volatile THF should promote
significant water condensation yet the water will here act as
a nonsolvent for the polymer, in contrast to our case of being a
theta solvent for PVP. Casper et al.48 and Lu and Xia49 both
carried out systematic studies of polystyrene fibers electrospun
from THF and/or DMF solutions as a function of ambient
humidity. Regrettably, neither report gave any information
about the Taylor cone; most of the experiments were carried
out at humidity lower than the 72% found to be critical in our
study. While the maximum humidity studied by Casper et al.
was a broad RH range from 60 to 72%, Lu and Xia did not go
beyond RH = 62%. Nevertheless, both studies found profound
impact of humidity, in the form of a highly porous structure,
increasing in prominence with rising RH, that can be traced
back to phase separation induced by the presence of water as a
nonsolvent.
While both studies attributed the porosity to water

condensing onto the jet during flight, we believe, at least
when the highly volatile THF is used, that the water
condensation must have started already in the Taylor cone.
The water nonsolvent would thus be present in the jet already
as it leaves the Taylor cone, and the phase separation yielding
the porous fiber surface morphology would result from the
nonsolvent to solvent ratio rapidly increasing as THF leaves
the jet. Indeed, Huang et al. used exactly this type of
nonsolvent-assisted phase separation, adding the nonsolvent in
a controlled fashion already to the original polymer solution, to
create highly porous or surface-modulated spheres as well as
fibers of polycaprolactone by electrospraying and electro-
spinning, respectively.50 Their porous surface morphologies are
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very similar to those of the fibers produced by Casper and by
Lu and Xia, respectively. We may speculate that the reason that
neither Casper nor Lu and Xia reported data for higher
atmospheric humidities could have been that spinning failed at
higher humidities, at least for the case of THF-dissolved
polymer. Considering the observations of Law et al. and our
own observations here, this could be expected, as strong water
condensation into the Taylor cone at high humidity could lead
to premature phase separation prior to jet ejection, because of
the concentration of nonsolvent within the Taylor cone
becoming too high.
In summary, the idea that electrospinning fails in humid

environments because of water condensation onto the jet in
flight, diluting a jet with the water-soluble polymer and
preventing it from drying into solid fibers, or causing phase
separation in the case of the water-insoluble polymer is valid
but incomplete. Although water indeed condenses onto the jet,
if it forms, it does so already at the stage of the Taylor cone,
where the impact may be much more critical. From the studies
by Law et al. we know that water condensation onto a water-
miscible solvent can release so much latent heat that the rate of
solvent evaporation increases, and even if water is a solvent for
the polymer, the mixed solvent may not be so. In our case, the
effect is the formation of a gel-like skin of overconcentrated
PVP solution that prevents controlled electrospinning. The
same argument holds for water condensation on the jet in
flight, but here the impact is different, as the jet has already
formed and the much greater surface-to-volume ratio also
affects the process. Such differences may be worth studying in
the future using computer simulations, as jet diameters
exponentially reduce and are quite dynamic.
4.2. Coaxial Case: Miscibility Gaps between Co-

Flowing Fluids Cause Polymer Gelation throughout
the Taylor Cone. Figure 3 and the corresponding movies
clearly show that the introduction of a liquid crystalline core
fluid makes the Taylor cone even more sensitive to humidity,
acceptably in the case of E7 or ROTN-403, catastrophically in
the case of 5CB. We first analyze the former two cases. Both
mixtures are partially miscible with ethanol, in particular E7, as
it is comprised of roughly 50% 5CB. However, a phase
boundary between the isotropic PVP solution on the outside,
near the orifice, and the scattering nematic phase in the middle
is always clearly visible in Movie S7. Even if the internal
interface between the LC core and PVP sheath solution is
somewhat blurred by their partial mixing, the Taylor cone
retains a coaxial two-phase structure throughout the spinning
process. This partial miscibility with ethanol, and the fact that
no LC is a solvent for PVP, allows the LC in the core to act
somewhat like an “internal coagulation bath”, as in traditional
wet spinning processes, which draws some solvent from the
sheath solution into the core. Such core fluid-induced internal
polymer coagulation has been reported to stabilize tubular
fibers produced by coaxial electrospinning,51,52 and Luo and
Edirisinghe even reported that the effect can trigger fiber
spinning, where the same polymer solution in the absence of a
core only leads to electrospraying.53 While all these studies
were carried out at low to moderate humidity and no report
discussed potential impact of water condensation into the
Taylor cone, these reports make it perfectly understandable
that coaxial electrospinning with ROTN-403 and E7 cores is
successful.
But why is the situation so dramatically different with 5CB

in the core? In this case, there is no visible phase boundary

between the isotropic PVP solution and the nematic LC.
Instead, the whole Taylor cone scatters light similar to milk.
While an unaligned nematic phase shows such scattering, this
should not be misunderstood as if the whole droplet were
nematic. Quite on the contrary, the droplet is largely isotropic,
as the clearing point of 5CB is so low that nematic order is
already lost with rather little ethanol diffusing into the core.
The scattering instead arises because of strong separation into
multiple distinct isotropic liquid phases with different refractive
indices that spread throughout the Taylor cone. Apart from the
optical scattering evidence, we base this conjecture on a
previous study of ours of mixtures of 5CB and ethanol.54 It
turns out that the 5CB−ethanol mixture diagram has a very
large miscibility gap, which in the presence of a small amount
of water (see below) spans a molar mixing ratio range of
almost 50% at room temperature, as shown in Figure 6. The

large gap between the binodal lines in the phase diagram
triggers phase separation between two different isotropic
phases, one containing a lower fraction of water and ethanol
and more 5CB, the other being rich in ethanol. However, while
both phases are isotropic, they also contain all three liquid
components, and even the “ethanol-poor” phase contains some
50 mol % ethanol. This must of course come from the original
ethanol solution; hence, very strong flows are initiated by the
phase separation, causing significant concentration gradients
and a highly dynamic behavior.
In the electrospinning situation, also the PVP is added to the

mixture. As described in much detail, in our previous work,54

the phase separation is rapid, on a time scale much faster than
the slow dynamics of a very high molar mass polymer solution.
Strong concentration gradients arise throughout the Taylor
cone as the phase separation produces many small droplets of
new liquid phases; see the illustration in Figure 7. There will be

Figure 6. Phase diagram for 5CB in aqueous ethanol, that is,
anhydrous ethanol with 3 vol % water added, as a function of mixing
ratio and temperature. The three points of interest highlighted
indicate the critical point of spinodal decomposition between the two
isotropic liquid phases (1), the eutectic point of the intermediate
isotropic phase, also the lowest temperature of equilibrium for the
coexisting isotropic phases (2), and the lowest 5CB content possible
for a 100% nematic LC phase (3). Reprinted in part with permission
from ref 54. Copyright 2019 Royal Society of Chemistry.
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sudden jumps from about 90% ethanol in one isotropic phase
to about 50% in the other one, to some 20% in regimes that
maintain a composition giving nematic order. As a
consequence, some regions will locally have very high PVP
concentration, to the point where PVP is likely to precipitate
or at least gel. Because small nucleating new phases may also
prefer to form without dissolved PVP (this is suggested by
complementary experiments described in the Supporting
Information), the polymer may also find itself squeezed into
regions between growing nuclei, effectively creating a network
of the coagulated polymer. The overall result is very rapid
gelation of PVP solution throughout the formation of Taylor
cone, near the core as well as at the surface, yielding strong
shape distortions with the applied electric field, with jets
ejecting in all directions. Moreover, the strong wetting of the
5CB−ethanol mixture, most likely a result of the phase
separation carrying a 5CB-rich phase with low surface energy
(5CB has a weak amphiphilic character; see its molecular
structure in the Supporting Information) in contact with the
metal capillary, extends the surface area. This speeds up solvent
evaporation, drying out the polymer even further. We no
longer have a well-defined core−sheath structure in the Taylor
cone, and the spinning process is out of control.
Note that this detrimental form of phase separation can only

be reached at temperatures below 0 °C if no water is present.54

This explains why the spinning is quite stable at low RH: such
a low temperature is not met when spinning in dry air, allowing
successful fiber production from a Taylor cone that remains
coaxial. However, the effect of even a very small amount of
water is dramatic: as little as 3−4 vol % of water allows the
phase separation to occur at room temperature and well above,
as high as up to ∼55 °C.54 This is also why the impact of air
humidity is so extreme when 5CB is in the core, as it enables
the phase separation at the temperature of the experiment,
while significantly lower temperatures would be required
without water.

The highly dynamic phase separation process is impossible
to investigate during electrospinning; so to support our
conjecture, we have conducted a number of controlled
reference experiments. First, without any electric field, we
slowly pump an anhydrous ethanolic PVP solution (containing
12.5 mass-% PVP, the same used during electrospinning)
through a vertical glass capillary until it hangs from the
capillary orifice without detaching and then the flow is
stopped; see Figure 8 and supporting Movie S11. The

surrounding air is quite humid, with RH = 63%. Through an
internal piece of silica tubing, two small drops of 5CB are now
injected into the PVP solution droplet and we then study the
development.
Initially, the heavier nematic 5CB droplets sink to the

bottom, but over the course of a few seconds, mixing with
ethanol as well as water condensing from the air triggers the
phase separation. This is seen as a hazy white fog spreading
from one corner of the compound droplet to the other, which
soon becomes entirely milky. Touching the droplet with a
needle at this point, only some 10 s after injecting the 5CB,
shows that the PVP has indeed gelled, becoming sticky and
rubber-like. The droplet does not break or detach but simply
deforms and rebounds in response to the mechanical
disruption, eventually even making threads as the needle
moves away. Additional support of our interpretation is
provided by optical microscopic investigations of 5CB carefully
brought into contact with an aqueous PVP-in-ethanol solution,
as well as a long-term experiment (2 months) of the phase
separation with PVP present taking place in a separatory
funnel. Both experiments are described in the Supporting
Information.

5. CONCLUSIONS
From our systematic study examining how ethanolic polymer
solutions are electrospun in high humidity, with and without

Figure 7. Diagram showing nucleating droplets of a new isotropic
phase at the interface between the core 5CB fluid and the outer PVP−
ethanol solution as they meet at the orifice of the coaxial needle.
Water vapor from the humid atmosphere condenses onto the surface
of the drop containing ethanol, diffuses through, and eventually
reaches the 5CB core. This brings the composition at the interface to
a region of the ternary phase diagram, where a significant miscibility
gap exists, as illustrated in Figure 6, leading to many nucleating
internal droplets, with varying compositions of 5CB, ethanol, and
water. The PVP is localized throughout the Taylor cone except in the
freshly injected LC, the polymer concentration varying strongly with
location because of the strong solvent flows.

Figure 8. Phase separation seen in a hanging drop of PVP−anhydrous
ethanol solution containing two small droplets of 5CB, suspended in
humid air (RH = 63%). The droplets of 5CB are injected at time t = 0
s. In 10 s, the whole droplet turns into a scattering state and a sticky
gel-like PVP skin forms, shown by droplet deformation and fiber
formation after a needle pokes the structure and moves away in the t =
12 s frame. The whole sequence, including the needle poking the
droplet, is shown in Movie S11.
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LC core liquids, and the corresponding Taylor cone behavior,
we conclude that the impact of ambient humidity goes far
beyond influencing the ejected jet. High humidity has the
potential to distort or even completely disrupt the Taylor cone,
making the electrospinning process unsustainable and
uncontrollable. Without a stable cone, the uniformity of the
jet, and thus, fiber formation, cannot be ensured. The reason
for the instability is the condensation of liquid water onto the
ethanol-dissolved polymer because of the cooling down of the
Taylor cone as volatile ethanol evaporates. The water
condensation releases significant latent heat which accelerates
ethanol evaporation, and it strongly deteriorates the quality of
the solvent, to the extent that polymer precipitates as a gel-like
skin around the Taylor cone. This polymer skin ultimately
interferes with the replenishment of liquid needed to sustain
the Taylor cone and jet ejected from it.
When a core liquid that forms a complex phase diagram with

ethanol and water is co-flowed into the Taylor cone, the effect
can render coaxial electrospinning impossible at humidity
levels, where the polymer solution on its own can safely be
spun. We find that if a miscibility gap exists in the phase
diagram of the components mixing at the core−sheath
interface, many strong gradients in ethanol concentration
may arise between adjacent nucleating phases when the
original phase breaks down. The polymer concentration will
locally increase drastically, causing coagulation and gelation
internally that clogs the electrospinning process. Although this
was demonstrated using a liquid crystalline substance as the
core, its liquid crystalline nature was not the culprit. In fact,
this aspect had a stabilizing effect, as demonstrated with LC
mixtures with higher clearing points causing no significant
problems. Ultimately, the critical issue is if a miscibility gap
arises or not between the components combined, hence similar
phenomena while electrospinning may be expected to also
occur with non-liquid crystalline core liquids.
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Video of E7 core-PVP-in-ethanol sheath pumped
without electric field, with no significant spinneret
wetting (MOV)
Video of ROTN-403 core-PVP-in-ethanol sheath
pumped without electric field, with no significant
spinneret wetting (MOV)
Video of 5CB injected into a PVP-in-ethanol solution at
63% RH inducing phase separation, rapidly yielding
strong scattering and the formation of sticky gel-like
PVP skin (MOV)
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■ ADDITIONAL NOTES
aThe value in the paper was written 11.86 ms/cm, but we
assume that there is a typo in the unit.
bWe are uncertain about the reliability of this value, as it not
only is 1−2 orders of magnitude lower than the values in the
other papers but the same paper also, in fact, reports a
conductivity of 7.6 μS/cm for a 10% solution of PVP with Mw
= 0.55 × 106 g/mol.
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