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Abstract

Wearable technology in general has increasingly gained interest in the last few decades and

textile with incorporated functional component constitute one form of it. There are multiple

ways to produce polymer fibers on both laboratory and industrial scales, and one of them is

core–sheath electrospinning, which is a powerful method for producing advanced composite

fibers. Liquid crystals (LCs), are materials that readily exhibit optical response to fluctua-

tions and change in their immediate environment. By incorporating LC within polymer fibers

through electrospinning, it is possible to create responsive LC-polymer fiber mats. However,

incorporating a functional core has proven challenging for certain combinations of materials.

This thesis explores and addresses some of the concerns involved in the coaxial electrospinning

of fibers incorporating LCs from several standpoints.

Firstly, the effect of solvents on the electrospinning process was systematically studied. Fol-

lowing this, an optimum viscosity with pure and mixed solvents for successful electrospinning

was identified and uniform fibers with different solvent combinations was produced. Using the

knowledge gained, core-sheath electrospinning with LC as the core was carried out. One of

the key findings of this work, the identification of a suitable means to reduce the interfacial

tension between the core and sheath fluid to prevent break up of the jet and produce uniformly

filled fibers, while at the same time avoiding complete mixing between core and sheath. These

findings can be applied to any combination of core and sheath materials and should appeal to

a large community of researchers.

Eventually, to achieve the durability of the LC-functionalized electrospun fiber mats for use

in wearable technology, the sheath polymer of the fiber were crosslinked after spinning. The

resultant crosslinked fibers were easily manipulated by hand and even fully immersed in water

without dissolving and without losing their functional LC core.
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Chapter 1

Motivation & Scope

Electrospinning is a powerful technique to produce micro and even nano scale fibers. Combining

electrospinning with the responsiveness of liquid crystals (LCs) opens up wide opportunities

and it has been previously proposed for developing smart wearables [10]. The main motivation

for this study was to produce textile grade flexible polymer fibers with LC in the core. The

idea was to use the responsiveness of the LC, to make fiber mats that function as sensors. For

instance, it was demonstrated that LC-core fiber mats can be used as gas sensors [9].

Though electrospinning is a technique to produce nanofibers mostly [12, 13], our interest lies

in producing micro scale fibers instead. The LC core at nano scale would not show the same

effect (partly because the effect of birefringence would be weak) and hence the responsiveness of

LCs cannot be utilized. Initial attempts focused on using poly (styrene-block-butadiene-block-

styrene) (SBS) as the sheath due to the highly stretchable, properties of fibers made from this

elastomer [14,15], but it was difficult to encapsulate LC in the core(Figure 1.1). One outcome

of this thesis is the realization that the failure was due to the solvent required for dissolving

SBS being too good a solvent also for the LC core, and that the LC acts as plasticizer for the

SBS.

Previous studies (Table 2.1) of core sheath electrospinning do not discuss the miscibility between

core and sheath. We incorporate partial miscibility between core and sheath fluid to lower the

interfacial tension between the two fluids to successfully and uniformly fill the fibers with LC.

Poly(acrylic acid) (PAA) offers an interesting choice of polymer, as it is soluble in water as well

as in ethanol and it can be crosslinked to the point where it may be regarded as textile grade;

which can be incorporated into garments. Here we focus on crosslinking PAA with poly vinyl

alcohol (PVA), to spin fibers that are insoluble. PVA and PAA are both water soluble making

1



2 Chapter 1. Motivation & Scope

Figure 1.1: Result of coaxial electrospinning with a sheath solution of 15%w/w styrene-
butadiene-styrene in tetrahydrofuran(THF)-dimethylformamide(DMF)(7-3 w/w) and 5CB as
the core. Scale bar: 50µm.

them user friendly solvents to work with from a health and safety point of view.



Chapter 2

Electrospinning

2.1 What is Electrospinning?

Electrospinning (or electrostatic spinning) is a technique to produce continuous fibers from

different polymer solutions and melts of micrometer down to nanometer scale in diameter. The

first patent related to electrospinning came out in 1934, where Formhals revealed an apparatus

for producing polymer filaments [16]. Despite the early discoveries, the process only gained

more attention in the early 1990s when several research groups (in particular, Reneker and

coworkers at the University of Akron) demonstrated the fabrication of thin fibers from a broad

range of organic polymers [13,17]. It was during this time that the term electrospinning became

more widely accepted and replaced the formerly used ”electrostatic spinning” [18]. The past two

decades have seen a significant increase in electrospinning research (Figure 2.1) in both industry

and academia and the fibers produced are being utilized in a diverse range of applications such

as in sensing, sound damping, self healing coatings, filtration, wound dressing, drug release and

protective clothing to name some [9,19–29].

In a typical electrospinning experiment, a high voltage is used to create an electrically charged

jet of a polymer solution or melt which solidifies into a polymer fiber on a grounded collector [13].

In a classic electrospinning setup (sketched in Figure 2.2), there are three major components

needed to carry out the process successfully: a high voltage power supply, a needle or a spinneret

and a grounded collector.

The polymer solution or melt is fed into the spinneret by a syringe pump or a pneumatic flow

control unit (as in my case a Fluigent pressure control unit described in section 7.1.2) at a

constant rate. The solution (from now on I consider only polymer solutions, since I did not

work with melt spinning in my thesis work) pendant drop hangs at the orifice of the spinneret

3



4 Chapter 2. Electrospinning

Figure 2.1: The annual number of publications on the subject of electrospinning increasing over
the years. Search carried out using keywords ”electrospinning” and ”electrospun”. For 2021
there are 1276 publication before August 27. (Source: ISI Web of Science)

until a high voltage is applied to it. The resulting electric field on the pendant drop induces a

charge separation within the solution and adds excess charges that distribute evenly over the

surface [30–32]. The accumulation of the charges distorts the shape of the pendant drop and

transforms it into a cone called the Taylor cone [33, 34]. On further increasing the voltage at

a critical value, the electrostatic forces overcome the surface tension and a jet erupts from the

apex of the Taylor cone (Figure 2.3). As the polymer jet travels towards the collector and the

solvent evaporates, it undergoes stretching and whipping due to bending instabilities arising

from the self repelling surface charges [35,36], leading to the formation of long, thin fibers.

Electrospinning is closely related to electrospraying, where a continuous stream of droplets

is produced from low viscosity fluids through an applied electric field. The understanding

of electrospraying is well-established and has diverse applications in processing of paints and

emulsions, formation of dispersions and in mass spectroscopy [37]. In electrospraying, the vis-

coelastic forces of the solution are not high enough to suppress the Rayleigh Instability (chapter

5) and therefore the Taylor cone ejects droplets or a jet that eventually breaks into droplets.

However, in electrospinning the polymer solution or melt needs to have a higher viscosity to

suppress the Rayleigh instability and form a cylindrical jet instead of breaking into droplets.

One of the challenges in electrospinning is not the dearth of fundamental understanding but

the involvement and balancing of several variables/parameters.



2.2. Effects of various parameters on electrospinning 5

Figure 2.2: Schematic illustration of a basic electrospinning setup and of fiber formation, re-
drawn from [1].

Figure 2.3: Transition behavior of the polymer solution as a result of the applied voltage. (a)
An actual image and (b) sketch of the pendant drop hanging from the spinneret orifice in the
absence of applied voltage. (c) When the voltage is applied, the drop deforms into a Taylor
cone and (d) on increasing the voltage further at the critical value a thin jet erupts at the apex
of the Taylor cone. (e) A real image of jet erupting from the Taylor cone corresponding to
the sketch (d). Both the real images (a) and (e) are single fluid electrospinning of 10% w/w
poly(acrylic acid) (PAA) solution in anhydrous ethanol.

2.2 Effects of various parameters on electrospinning

There are several different parameters regulating the electrospinning process and affecting the

production and the morphology of the resultant fibers. These are broadly classified into: so-
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lution, operational and ambient parameters. The solution parameters include the properties

of the solution (both polymer and solvent) like viscosity, solvent volatility, conductivity and

surface tension. The operational parameters include the ones that can be controlled by the

operator in real time such as applied electric field, distance from spinneret tip to collector and

the flow rate. Lastly, the ambient parameters encompass humidity and temperature of the

electrospinning environment.

2.2.1 Solution parameters

Solution viscosity, measured at low shear rate, is one of the important parameters for electro-

spinning. A minimum viscosity (that depends on the chosen polymer and solvent) is necessary

for electrospinning to occur. The solution viscosity reflects the number of polymer chain entan-

glements and the number of entanglements has to be sufficient for stretching the polymer jet

without breaking, otherwise droplets are formed. However, a solution with excessive viscosity

will be difficult to pump into the spinneret and will less likely undergo stretching induced by

electric field [38]. Surface tension, mostly a function of solvent [39, 40] and to a lesser ex-

tent, of polymer concentration [40,41], plays a critical role in determining fiber morphology. A

solution with high surface tension (and low viscosity) yields beaded fibers as Rayleigh instabil-

ity (driven by surface tension) promotes the jet break up and if there are insufficient forces to

stretch the jet, the resultant fibers are beaded. Since electrospinning is an electrohydrodynamic

process, the conductivity and (surface) charge density are important parameters. Both

depend mostly on the chosen solvent and added salts [12, 42]. For electrospinning to occur

successfully a minimum conductivity is required; however, at higher conductivity the electric

field experienced by the bulk liquid will be lower as the ions at the surface will screen the ap-

plied electric field producing an unstable Taylor cone, which disrupts the spinning [31, 43]. In

the intermediate optimum conductivity window, a higher conductivity and/or charge density

marks a rise in Coulombic repulsion and electrostatic forces causing the jet to be more stretched

and producing thinner fibers. All the parameters mentioned above are interdependent and to

understand the effect of one, the rest of the parameters should be considered constant.

Smooth and non-beaded fibers are produced as a result of an interplay between solution viscos-

ity, surface tension and charge density. Surface tension favors the jet to be broken into droplets

because of Rayleigh instability, and electrostatic repulsion between the charges on the surface

tends to increase the surface area and favors formation of jet. In addition, viscoelastic forces

also supports stretching and formation of a jet.

The fiber jet travels from the spinneret tip towards the collector and solvent is evaporated during

this short time. Therefore, solvent volatility is an important parameter to be considered.
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When the fibers hit the collector and not all the solvent has evaporated, the resultant fibers are

fused. In the other case for a highly volatile solvent an inhomogenous drying can take place.

The solvent from the outer surface evaporates while the solvent is still present in the inside of

the fiber. When the remaining solvent from the inner part of the fiber evaporates through the

outer layer, the volume on the inside of the fibers decreases drastically giving it a ”wrinkled”

or ”reptile skin” like structure [44] or a hollow tube which collapses into a ribbon [45].

2.2.2 Operational parameters

There should be a balance between the rate at which the solution is introduced into the spinneret

and the rate at which it is drawn out. Therefore, the solution flow rate is important. If all

other parameters are kept constant, a lower flow rate would result in a smaller or even depleted

Taylor cone (Figure 2.4 (a)) as there is a greater volume of solution drawn out from the spinneret

compared to the volume fed in. On the other hand, a too high flow rate results in an overfed

and often a dripping Taylor cone (Figure 2.4 (b)) because more solution is pumped into the

spinneret and this volume of solution is not transported away fast enough resulting in wet or

fused fibers (Figure 2.5(a)).

Figure 2.4: The effect of flow rate on the Taylor cone, when all the other parameters remain
constant. (a) A depleted Taylor cone as a result of low flow rate and (b) an overfed Taylor cone
as a result of high flow rate.

The effect of applied voltage is crucial in the electrospinning process as only above a threshold

voltage the jet is initiated from a pendant drop as explained in the preceding sections and

presented schematically in Figure 2.3.
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There have been conflicting reports regarding the effect of voltage on fiber diameter at fixed

flow rate. In most cases, a higher voltage induces more surface charges into the solution which

requires more surface area to distribute the charges resulting in jet elongation resulting in fibers

with reduced diameter [39]. Other studies have concluded that a higher voltage there is more

polymer ejection and this results in fibers with larger diameter [46, 47].

At a constant voltage and flow rate, the spinneret tip to collector distance is another op-

erational parameters to control the morphology of the fibers. First, the distance has critical

impact as it is the electric field (voltage divided by distance), not the voltage per se, that drives

the spinning. Hence, a constant electrostatic condition requires the distance to be increased

(decreased) in conjunction with a voltage increase (decrease), and vice versa, a distance change

requires a corresponding voltage adjustment. A smaller distance also gives the solvent less time

to evaporate resulting in wet or fused fibers (Figure 2.5 (a)). On the other hand, a large distance

between the spinneret tip and the collector, gives the fiber more time to stretch resulting in

thinner fibers. However, if the distance is increased further, the fibers are already dried before

reaching the collector and no difference is noticed for different distances [46].

Figure 2.5: A micrograph of wet or fused fibers produced from 10% w/w polyacrylic acid in an-
hydrous ethanol. The fibers generated can be wet or fused as an effect of multiple parameters.
(i) Solvent volatility: If the solvent has not evaporated completely. (ii) Humidity: Electrospin-
ning in highly humid environment. (iii) Electrospinning distance: When the tip to collector
distance is too low. (iv) Flow rate: When the flow rate is high and the Taylor cone is overfed.
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2.2.3 Ambient parameters

The humidity of the electrospinning atmosphere affects the evaporation rate of the solvents.

A hygroscopic polymer in a humid atmosphere absorbs more water which leads to slower so-

lidification. This means the elongation and thinning process can continue for longer and the

resultant fibers are thinner. This effect of humidity on fiber diameter was noticed by de Vrieze

et al [48] for PVP and Reneker et al for PEO [49]. However, if the humidity is extremely high,

there will be a greater absorbtion of water, and not all of it is evaporated before deposition on

the collector. As a result the fibers formed will be wet and fused (Figure 2.5). For polymers

which do not dissolve in water, a highly humid environment results in fibers with increased di-

ameter. For example, de Vrieze et al [48] observed that for cellulose acetate, water absorption

causes faster precipitation of polymer in the jet opposing the elongation and thinning during

electrospinning. In addition to humidity, the temperature also has a role in evaporation of

the solvent. Moreover, other solution parameters like viscosity and surface tension are affected

by temperature; therefore, it is challenging to predict the effect of change in temperature on

fiber morphology and diameter.

2.3 Coaxial electrospinning

Coaxial electrospinning first came into light when Loscertales et al. [50] pumped two immiscible

fluids through concentric needles in a spinneret to generate a compound Taylor cone by applying

high voltage (Figure 2.6). However, in this study they could not generate core-sheath fibers but

instead electrosprayed mono dispersed compound droplets with one liquid encapsulated inside

the other. Interestingly, they demonstrated that, to successfully develop a compound Taylor

cone, the voltage need not be applied to the inner fluid, but just the outer fluid. Soon after, the

first core-sheath fibers were reported by Sun et al. [51], where two different polymer solutions

were electrospun. A major advantage of this process is that the inner fluid can even be a low

molecular weight compound that normally could not be electrospun on its own [52,53].

Composite fibers are not only produced by coaxial electrospinning but have also been obtained

using single fluid electrospinning by phase separation during the process [6, 10, 54, 55]. There

are contrasting results from different studies about the miscibility of core and sheath fluids.

Several groups report successfully spinning core and sheath that are miscible [56–58] while

others maintained that core and sheath should be immiscible [50, 59]. Table 2.1 presents an

overview of coaxial spinning and spraying studies with a comment on the miscibility of core

and sheath fluids. This is interesting especially in relation to our work [60] pointing out the

importance of partial miscibility of core and sheath for uniform filling of fibers.
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Figure 2.6: Schematic illustration of a coaxial electrospinning setup with spinneret having an
inner and outer needle for core and sheath fluids. Inset: An image of the a compound Taylor
cone generated during electrospinning with both fluids labeled (Scale 1 mm). Electrospinning
schematic redrawn from [1]

Table 2.1: An overview of some important coaxial spinning and spraying research papers

Sheath Core
Authors’ comments

about core-sheath miscibility
Outcome Article reference

1. Somos

(UV-curable polymer

or reactive monomer liquid)

2. Olive oil

1. Ethylene glycol

2. Water
Core and sheath should be immiscible Core-sheath droplets. Loscertales et al (2002). [50]

1: PAN-co-PS in DMF

2. PVA in water

3. PEO in water

1: PAN in DMF

2. PAni in water

3. Silk in water

Common solvent (thus miscibility) Core-sheath fibers. Yu et al. (2004). [56]

PVP + Ti(OiPr)4

in ethanol + acetic acid
Mineral oil Core and sheath should be immiscible Hollow tubes. Li et al (2004). [52]

PVP + Ti(OiPr)4

in ethanol + acetic acid
Hexa- and octadecane and eicosane The core should not be soluble in the sheath solvent Core-sheath fibers but not continuous filling. McCann et al. (2006). [61]

PLA in 2:1(w/w) chloroform:acetone
Tetracycline hydrochloride (TCH)

+ 1% PLA in 2:1 (w/w) of methanol:chloroform
Core and sheath can be miscible or immiscible Core-sheath fibers. He et al. (2006). [62]

PVP + Ti(OiPr)4

in ethanol + acetic acid
Paraffin oil Core and sheath fluids are immiscible Symmetric multi-core fibers. Zhao (2007). [63]

PMMA in 3:1 (w/w)

chloroform + ethanol
Mineral oil, toluene, octane and water, respectively. They demonstrate immiscibility Hollow fibers. Chan et al. (2008) [64]

PVP in DMF PDMS No comments Beaded fibers. Park et al. (2009) [65]

PLA in HFIP TCH (drug) in HFIP Common solvent (thus miscibility) Core-sheath fibers. He et al. (2009). [66]

1.PVP + Ti(OiPr)4 in

ethanol + acetic acid or

2.PS in DMF

1.Middle fluid was water-in-oil emulsion and

inner core was the identical to sheath.

2.Middle fluid was paraffin oil and

inner solution was PAN in DMF.

Immiscible or poorly miscible Rod inside a hollow tube. Chen et al. (2010). [67]

PVP + Ti(OiPr)4 in

ethanol + acetic acid
Mineral oil with Ag nanoparticles. No comments Core-sheath fibers. Yuan et al. (2011). [68]

PS in DMF
PU in DMF+THF and then

PS in DMF inside this.
No comments PS-in PU-in PS. Jiang et al. (2014). [69]

PVP in ethanol and

0.5% NaCl.
Thermotropic cholesteric LC. Core and sheath should be immiscible Core-sheath fibers. Lin et al. (2016). [59]

PAN in DMF
Paraffin wax in

kerosene.
No comments Core-sheath fibers. Lu et al. (2019). [70]

PVP in EtOH with

0.5% NaCl.
5CB with or without azobenzene. No comments Core-sheath fibers Thum et al. (2021). [11]
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Liquid crystals

3.1 What are liquid crystals?

From the popularity and success of liquid crystal displays (LCD), one might have come across

the word, liquid crystal, at least once. Although the liquid crystal display technology evolved

later, the discovery of liquid crystals was made by the Austrian botanist Friedrich Reinitzer in

1888 when he noticed that a cholestrol derivative unusually showed two ”melting points” upon

heating [71].

Liquid crystals (LCs) are distinct states of matter that appear between strongly organized solids

and isotropic liquids (Figure 3.1). A crystalline solid has long range positional and orientational

order, while a regular liquid has neither. LCs are unique in the sense that they exhibit both

properties of crystals (from solids) and liquids [72,73]. They are anisotropic fluids, which means

their molecules are mobile and LCs are flowing materials but on the other hand, they are partly

ordered, leading to anisotropy in their properties. Because of their intermediate presence and

behavior they are identified as mesophases and the molecules making them are called mesogens.

3.2 Classes of liquid crystals

Liquid crystals are largely classified into thermotropic and lyotropic. The difference between

the two lies in the parameters that regulate the liquid crystalline phase. Thermotropic LCs, as

the name suggests (from Greek, thermos, meaning heat) show temperature dependent phase

behavior. On heating, a mesophase appears at a temperature above the melting point (Tm)

(crystalline solid to LC transition temperature) and, on heating further to above a clearing

11



12 Chapter 3. Liquid crystals

point (Tc) (LC to isotropic liquid transition temperature), the material exists as isotropic liquid

(Figure 3.1). The terminology of the clearing point is based on the fact that a turbid liquid

crystal turns into a clear liquid, as Reinitzer first observed. Lyotropic LCs, on the other hand,

are more concentration dependent. They are formed from amphiphilic molecules dissolved in

appropriate concentration of a suitable solvent. An example of occurrence of these phases in

everyday life is soap solutions and shampoo. Since lyotropics are not part of this research study,

they will not be further discussed in this thesis, but a brief introduction and basic concepts can

be found for example in [74,75].

Figure 3.1: A 2D schematic showing the occurrence of liquid crystals (LC) between crystalline
solids and disordered isotropic liquids. The transition temperature from solids to LC is the
melting point (Tm) and the LC to isotropic liquid transition temperature is the clearing point
(Tc).

3.3 Liquid crystalline phases

The properties of LCs are related to the shape anisotropy of their mesogens. The molecular

structure is such that, not all the principle symmetry axes are equivalent [76]. In most cases,

rod-shaped (also called calamitic) [73] and disc-shaped (called discotics) [77] molecules poten-

tially form liquid crystalline phases, but other molecular shapes, such as, banana [78, 79] or

pear [80] can also form mesophases.

Within calamitic thermotropic LCs, the most commonly encountered and well-studied mesophase

is the nematic phase (from Greek nýma, or ”thread”, referring to thread-like inclination lines

visible in polarizing optical microscopy (section 7.2), where molecules align with long range

orientational order without corresponding positional order. The rod-like molecules orient with
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their long-axis along a common direction, called the director, defined by a unit pseudovector,

denoted by n̂ [81]. In addition to the nematic, another classification is a smectic phase (from

Latin smecticus, or ”soap”, referring to structure found in soap films), where molecules addi-

tionally segregate into layers producing a two-dimensional fluid where they can flow within the

layers but less easily across them.

Cholesterics or chiral nematics, are the chiral configuration of nematic liquid crystals. These

are formed either by an inherently chiral molecule or doping an achiral LC host with a chiral

dopant [82,83], often with a structure similar to the host LC. Chiral nematics are abbreviated

as N∗ where chirality is marked with an asterisk to distinguish it from achiral phases. As in

nematic LCs the building blocks lack positional order but are oriented along the director. The

director rotates in a helical manner with the twist axis perpendicular to the director. When

well-aligned, this helical structure gives rise to striking colors due to Bragg reflection [84]. The

reflected color is adjusted by tuning the concentration of the chiral dopant.

3.4 Orientational order parameter

Although the molecules of nematic LCs tend to orient along the director n̂, the thermal fluctua-

tions lead to angular deviations. This orientational distribution of individual nematic molecules

is quantified by the scalar order parameter, S:

S =
1

2
⟨3cos2θ − 1⟩, (3.1)

where θ is the deviation angle between the long axis of the individual molecule and the director.

The order parameter lies in the range, –1
2
≤ S ≤ 1, with S=0 implying random orientation

order in the isotropic phase and S=1, referring to perfect order in crystalline phase, meaning

all the molecules are perfectly aligned in a single direction. The negative order parameter

range corresponds to molecules avoiding the director, the extreme value, S = –1
2
, meaning that

the molecules are randomly distributed in a plane without any preferred orientation, all being

perpendicular to the director [85–87]. Typically, for a nematic LC, the scalar order parameter

is positive and lies in the range of 0.4-0.6 [81].

3.5 Optical anisotropy in LCs: birefringence

Normally, anisotropy in a material means their properties are different in different orientations.

The long range orientational order of the LCs give rise to such anisotropy, most easily seen in the
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Figure 3.2: Sketch of the orientation of nematic LC molecule, preferentially along the director
n̂ and θ is the angle between the molecule and the director.

optical domain. Before proceeding further, it is important to define the optic axis. It indicates

an axis of full rotation symmetry and when propagating along it, the light does not experience

any anisotropy. In general, based on the number of optic axes, there are two categories of LCs:

uniaxial and biaxial, possessing one or two optic axes, respectively. The work carried out in

this research study only focuses on uniaxial LCs. The long range order of rod-shaped molecule

of a uniaxial nematic LC causes the light to interact differently with light polarized along the

director n̂ as opposed to across it. This translates to two distinct indices of refraction each

corresponding to orthogonal polarizations [88]. The refractive index for the polarization of light

perpendicular to the director is denoted by n⊥, and for the light polarized along the director

(which is equivalent to the optic axis) we denote it by n∥. Because of this double refraction,

the optical anisotropy of LCs (and optically anisotropic solid crystals) is called as birefringence,

which is quantitatively defined as the difference between the two refractive indices:

∆n = n∥ − n⊥. (3.2)

As mentioned, light passing through a birefringent medium is split into two beams with different

refractive indices. They consequently travel at different velocities and on coming out of the

medium they recombine but with a phase shift(∆ϕ) defined by [89]:

∆ϕ =
2π

λ
(∆n)d (3.3)

where λ is the vacuum wavelength of the light and d is the distance traveled in the medium or the

sample thickness. For simplicity, I have here assumed that the light is incident perpendicular to

the director, such that full birefringence (∆n), is experienced. This is the sample configuration
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I use when studying LCs in this thesis. The sample thickness (d) times birefringence (∆n) is

the optical path difference.

The birefringent nature of LCs allow them to be characterized by polarizing optical microscopy

(POM)(section 7.2). A LC sample observed between crossed linear polarizers (where the polar-

izer axes are perpendicular to each other) will be bright or dark depending on the orientation

of the LC with respect to the polarizer axes. If light propagates along the director, there would

be no birefringence (as the incoming beam, by virtue of the transverse nature of light, must be

polarized perpendicular to the director, hence it would experience only one refractive index)

and the sample would appear dark. As mentioned above, in this thesis I consider only the

standard configuration where the director is instead perpendicular to the light propagation,

and for this situation we may write that, generally, for LC samples between two polarizers, the

transmitted intensity of light is formulated as:

I = I0sin
22φsin2∆ϕ

2
(3.4)

where I0 is the light intensity after passing through the first polarizer and φ is the angle between

the optic axis and the analyzer (the second polarizer for the outbound light). As indicated by

equation 3.4, the maximum intensity is observed when the sample is aligned at φ = 45◦ with

respect to both polarizer and analyzer, while the minimum intensity is at φ = 0◦ and φ = 90◦.

The minimum intensity implies that the optic axis is either parallel or perpendicular to the

polarization axis of each polarizer (Figure 3.3).
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Figure 3.3: Schematic illustration of transmission of light through a uniaxial birefringent sample
(in this case, a nematic LC) placed between crossed polarizers, with its optic axis in the plane of
polarizers. (a) No sample is placed between the crossed polarizers to modulate the polarization
of the light and therefore, no light is permitted through the analyzer (second polarizer). (b)
A LC sample is placed in between the crossed polarizer with the director along either the
polarizer or the analyzer axis, the polarization is not changed and no light passes through the
analyzer.(c) A LC sample placed between crossed polarizers with the director oriented at 45◦

with respect to the polarizer (and analyzer) produces a maximum birefringence condition with
maximum intensity of light observed. Image adapted from [2] and reproduced with permission.
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Polymers

4.1 What are polymers?

The term polymer derives from poly, the Greek prefix for ”many”, and meros, Greek for ”part”.

Polymers, or macromolecules, can be defined as chains built up by linking together a large

number of repeated functional units. These units that combine together to form a polymer

molecule are termed as monomers. Compounds where fewer monomer units are in a chain can

be termed as oligomers(from oligos, Greek for ”few”). However, there is no clear distinction

between an oligomer and a polymer. Polymers are broad in scope and appear all throughout

nature from genetics and life (proteins, DNA, RNA) to what we use on daily basis (such as

cellulose, nylons, rubbers, polyacrylamides) to high end materials like Kevlar.

4.2 Polymer structure and function

Polymers are synthesized through different processes, the most important ones of which are

addition polymerization, where one monomer at a time is added to the end of the growing chain,

and condensation polymerization where two units (either monomers, oligomers or polymers or

any combination thereof) react into a single product.

Polymers can be either hard and brittle or soft and rubbery separated by the glass transition

temperature Tg, below which the polymer will be in a glassy state. For temperatures between Tg

and the melting temperature Tm (when this is defined, i.e., when the polymer can crystallize to

some extent), the polymer is instead rubbery and shows a viscoelastic behavior [72]. This is a

combination of viscous behavior, where on a long time scale the polymer ”flows” and, an elastic

17
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response acting on a short time scale, where the polymer goes back to its original configuration

on release of stress.

The total mass of a polymer molecule is its molecular mass or molecular weight, but, the

polymerization is rarely uniform, and it is common to report as weight-average molecular weight

(MW ) and the number average molecular weight (MN). These are defined as

MN =

∑
NiMi∑
Ni

(4.1)

MW =

∑
NiMi

2∑
NiMi

(4.2)

where Mi is the given molecular weight for a molecule with i monomers and Ni is the number

of molecules in the sample with that size. The ratio between the two is called polydispersity

index (PDI = MW

MN
). It is an indicator of the distribution of molar mass in the polymer sample.

For a non disperse or monodisperse sample the PDI = 1 and for a disperse or a polydisperse

sample, the PDI > 1 (which means there is considerable variance in polymer chain size).

The long-range structure of the molecules of a polymer in a liquid state (molten or dissolved)

is more like a bowl of spaghetti where the backbones of polymers twist and turn in a random

fashion. This means that the “length” of a polymer is never the actual distance between the

end groups in a stretched-out polymer. The dimensional space occupied by a polymer molecule,

in its typical random coil conformation, is best described by one of the two parameters, the

average end-to-end distance, ⟨r⟩, and the radius of gyration ⟨rG⟩ defined by [90]:

⟨rG⟩ = l ·
√
N

6
(4.3)

where N is the number of monomers and l the effective monomer size.

The arrangement of a polymer molecule can be modeled in number of ways, with the simplest

being an ideal random coil behavior (sometimes also referred to as a random walk distribution)

[91]. In this model, the polymer is described as a long chain of randomly oriented segments

without interacting or being affected by the neighbors.
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4.3 Polymer dissolution: Good, bad & theta solvents

The dissolution of a polymer into a solvent involves two transport processes, namely solvent

diffusion and chain disentanglement. There are three distinct cases for polymer in a solvent. For

a good solvent, the interactions between the solvent molecules and the polymer chains are more

favorable than the interaction of the polymer chains with themselves. These interactions cause

the polymer chain to swell, increasing its effective size with a shell of solvent molecules due to

excluded volume interactions (space where the other polymer chains are not allowed to enter).

In the case of a poor solvent, the polymer chains prefer themselves over the solvent molecules.

A theta solvent is one where solvent molecules and polymer chains have no preference for each

other meaning the solvent-polymer and polymer-polymer interactions are equally favorable.

Thus when a polymer is added to a theta solvent it will maintain the same average end-to-end

distance as in its own melt, unlike in a poor solvent, where this distance is reduced, or in a

good solvent where this length increases. The theta conditions for a polymer-solvent system

are very narrow, requiring both specific solvent and specific temperature [2, 92].

Figure 4.1: Poly(vinyl alcohol) (10%w/w): (a) dissolved in water producing a clear solution.
Water is a good solvent for PVA where the polymer chain prefers the water molecules and (b)
in 1,4-Dioxane, where PVA molecules prefers itself over the solvent and precipitates, thus a
case of poor solvent.

4.4 Chain entanglements

Due to their large size, polymer chains tend to entangle in the liquid state. In case of poly-

mer solutions, the degree of entanglement is related to the concentration, molecular weight

and the polymer-solvent system. It affects solution viscoelastic properties and is required for

electrospinning of fibers [93–95]. High molecular weight polymers are more likely to form en-

tanglements.

At a certain concentration, called the critical overlap concentration (c∗) chain overlap is ini-

tiated and the solution transitions from dilute (Figure 4.2(a)) to semi-dilute regime (Figure

4.2(b) and (c)). In the semidilute unentangled regime (Figure 4.2(b)) the concentration is high

enough to have some chain overlap (c >c∗) but not enough to cause any significant degree of
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entanglement. On increasing the concentration further, entanglements in the solution is initi-

ated and the solution enters the semidilute entangled regime (Figure 4.2(c)). The crossover of

concentration from the semidilute unentangled to semidilute entangled regime is referred to as

the critical entanglement concentration (ce), and it marks the distinct onset of significant chain

entanglements in solution, and thus suitability for electrospinning [96].

Figure 4.2: A schematic of a polymer solution representing three different regimes, (a) dilute,
(b) semi-dilute unentangled and (c) semi-dilute entangled. Image redrawn from [3].

4.5 Crosslinking of polymers

Crosslinking in general refers to the process of forming chemical bonds to join polymer chains

together. The bridges formed between chains leading to a three-dimensional network are ”cross-

links”, which can be induced by a number of ways such as photo crosslinking using a photo

initiator [97, 98], heat [99] or adding a crosslinking agent [100]. The process is carried out to

improve the resilience and strength of polymers and prevent them from flowing or dissolving.

If the degree of crosslinking is high, the material becomes more rigid. The motivation of the

thesis is to spin fibers which can be used as wearable textiles. One way of accomplishing this

is to use polymers, like poly(vinyl alcohol) (PVA) and poly(acrylic acid) PAA, which are water

soluble on their own, allowing them to be electrospun with low environmental impact, but

which can then be crosslinked after spinning to make them durable and insoluble. For the

case of PVA-PAA crosslinking, this is done via heat induced esterification (Figure 4.3), where

the hydroxyl group (-OH) from PVA and carboxyl group(-COOH) from PAA form an ester

linkage. Once crosslinked, the fibers resist water (Figure 4.4) and become a suitable candidate

for applications.
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Figure 4.3: Heat induced esterification reaction between poly(acrylic) acid and poly(vinyl al-
cohol) to create a crosslink. The sample should be heated at 130◦ for 30 minutes.

Figure 4.4: Macroscopic samples of mats spun from hybrid PVA/PAA fibers, both cross-linked
(left: (a) and (a’)) and not cross-linked (right: (b) and (b’)). The fiber sample, (a’) at 72 h
after immersion contracted without a supporting frame, compared to the uncrosslinked fiber.
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Surface and Interfacial tension

5.1 Interfacial tension

An interface is the area which separates two phases from each other, for e.g if we consider

the solid, liquid, and gas phase we immediately get three combinations of interfaces: the

solid–liquid, the solid–gas, and the liquid–gas interface. Interfaces can also separate two im-

miscible liquids such as water and oil. The terms surface tension (usually denoted by σ) and

interfacial tension (usually written as γ) are often used interchangeably. Surface tension is gen-

erally used for an air-liquid interface and interfacial tension is used when there is a liquid-liquid

interface. The presence of an interface between two phases has an energy cost associated with

it.

A definition of interfacial/surface tension can be considered in terms of energy. To explain, we

consider a frame with a fixed and mobile side of length L, in which a film with surface tension γ

is drawn, as shown in Figure 5.1. The film is relatively thick, so that the distance between the

back and front surfaces is large enough to avoid overlapping of the two interfacial regions. The

force exerted by the film on the movable slide is counterbalanced to maintain a stable state.

Since there are two sides of the film, the force needed to maintain the surface area on one side

is half the total force, thus interfacial tension is defined as [101]:

γ =
1

2

F

L
(5.1)

where F is the force applied and L is the length of the frame as illustrated in Figure 5.1.

The unit of surface/interfacial tension is N/m. For convenience they are usually given in mN/m
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(or 10−3) N/m), where the first “m” stands for “milli”. The term “surface tension” is tied to

the concept that the surface stays under a tension.

Figure 5.1: A diagram to verify and define surface tension, deriving from expansion of film
between (a) and (b) by displacement of the frame length L. Image adapted from [2] and repro-
duced with permission.

On a molecular level, surface tension can also be defined as the property of a liquid that allows

it to resist an external force at the surface, due to the cohesive forces of its molecules, as

illustrated in (Figure 5.2). At the surface, molecules are only partially surrounded by other

molecules and the number of adjacent molecules is less than in the bulk. The molecules at the

surface of the liquid do not experience cohesive forces from the air at the liquid-air interface and

the neighboring molecules on either side at the surface contribute to a net downward force over

the molecules within the liquid below. Because of this force the surface resists being broken

and holds the liquid together to minimize the surface area. [2, 102].

Figure 5.2: Sketch illustrating the origin of surface tension in a liquid. Image redrawn from [4].

5.2 Plateau-Rayleigh instability

One of the effects of surface tension is the Rayleigh instability, which helps explain why cylin-

drical columns of fluid break up into droplets [103]. There are small instabilities and wavelike
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perturbations developed on the surface of the column, which then propagate over the length of

the column/jet and lead to breaking up into droplets. To form an interface between a flowing

liquid and air costs energy and to create a boundary with large surface area costs even more

energy. The fluid will thus assume a shape that minimizes this energy cost, and the shape of

sphere satisfies this condition as opposed to cylinder. The driving force here is that liquids, by

virtue of their surface tensions, tend to minimize their surface area. Plateau and Rayleigh both

first witnessed and explained this phenomena once they realized that freely falling columns

(streams) of water in air eventually break up into droplets [104,105].

In case of electrospinning (as described in chapter 2) surface tension and Rayleigh instability

promote jet breakup, but they can be balanced out by applied voltage and viscoelastic forces

of the polymer solution.
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State of the art & beyond

The encapsulation of LC in an electrospun polymer sheath was first carried out by Lagerwall

and team using coaxial electrospinning to produce a composite fiber of PVP/TiO2 as the

sheath and a room temperature nematic LC as the core [22]. Independently, Buyuktanir et

al. achieved LC-functionalized fibers by in-situ phase separation during spinning [106]. Later,

Enz and Lagerwall, in their work, [5] produced polymer composite fiber encapsulated with a

short-pitch cholesteric liquid crystal. These fibers, due to selective reflection from the LC, show

a blue reflected color, as shown in Figure 6.1.

Figure 6.1: PVP fiber mat filled with cholesteric LC shows visible colors even macroscopically.
In this image the fiber mats is viewed in (a) reflection, (b) transmission and (c) reflection after
heating the LC to the isotropic phase. The image is reproduced from [5] with permission.
Copyright 2010, Royal Society of Chemistry.

Electrospinning core-sheath fiber with LC core has attracted a lot of interest and attention in the

past decades with a some exciting research being undertaken in this field [9,19,21,60,107–110].

The incorporation of LC within a polymer fiber matrix has not just been limited to coaxial

electropsinning, but has also been achieved with single-fluid electrospinning.
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6.1 Electrospinning with in situ phase separation

Apart from coaxial electrospinning, LCs have been successfully incorporated in fibers using

an in situ phase separation technique. These fibers are electrospun from one homogeneous

solution of the LC and the polymer dissolved in a common solvent. During electrospinning, the

solvent evaporates, leading to LC phase separation and polymer solidification. West et al [6]

in their work, studied a system each of 5CB/PVP and 5CB/PLA, (Figure 6.2) and concluded

that phase separation can be used to control the morphology of the electrospun LC/polymer

composite fibers. Some of the parameters with which the morphology can be tuned are the

humidity, the solvent, the concentration of polymer and LC, and the polymer feed rate.

Figure 6.2: In the work of West et al., 5CB/PVP (a & a’) and 5CB/PLA (b & b’) fibers are
produced from single fluid electrospinning using phase separation, in different relative humidi-
ties and observed using a POM. Images (a) and (b) were pictured between linear polarizers,
while images (a’) and (b’) were captured between crossed polarizers. Image adapted from [6],
reproduced with permission.

In situ phase separation has been actively used to produce LC-filled polymer fibers to study the

morphology and optical properties of the fibers [54,106,109,111]. The production of core-sheath

fibers through phase separation can also be employed to methods other than electrospinning,

such as airbrushing.

6.2 Air brushing

Based on the in situ phase separation West et al [7,8] successfully produced LC filled PVP and

PLA fibers (Figure 6.3) using a commercial airbrush. The LC and polymer are dissolved in a

common volatile solvent (chloroform and acetone in this case) and a high velocity air stream

produced from the airbrush deforms and drags the solution into jets. The solvent evaporates
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during the process and the jet solidifies into fibers. An image of the airbrush used by West et

al is shown in Figure 6.3 (c-e). The diameter of the fibers was controlled using the solution

composition and conditions.

Figure 6.3: Top row: POM image of E7/PVP fibers produced using an airbrush by West et al.
(a) between parallel polarizors and (a’) crossed polarizers [7]. Bottom row: The airbrush used
for producing LC filled PVP fibers. (c) Picture of used airbrush; (d) Cross-sectional sketch of
airbrush; and (e) Microscope image of opening area between needle and tip. Image (a) and (a’)
reproduced from [7] and (c-e) from [8], with permission.

6.3 Applications demonstrated by LC-filled fibers

Some works [9,110,112] have successfully demonstrated the response of LC filled polymer fibers

to the exposure of volatile organic vapors at room temperature. Since these fibers function

non-electronically, requiring no power source, they offer potential opportunities to be used as

gas sensors. Reyes et al [9], in their work show a non-woven mat made of PVP fibers, filled with

the LC 5CB, that changes its optical properties within seconds when exposed to toluene vapor,

as shown in Figure 6.4, visible to the unaided eye. On exposure to toluene gas, the clearing

point of the LC is reduced, inducing a phase transition to isotropic at room temperature, Figure

6.4(b). This is a reversible response and the LC-filled fibers return to an opaque texture within

seconds of ceasing vapor exposure, Figure 6.4(c). In their work, they observed no visible change

in the response when storing fibers for a month, indicating the stability of the sensing of the

fibers over a long period of time.

In addition to gas sensing, Wang and coworkers used the responsive character of LC for chemical

sensing [10]. In their work, they showed 5CB filled PLA fibers appear milky white due to strong

light scattering when there is no chemical exposure but they become more transparent in the

presence of a VOC as shown in Figure 6.5. This is the same effect observed, demonstrated and

explained by Reyes et al [9].
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Figure 6.4: Toluene vapor sensing with electrospun 5CB/PVP fiber mat: (a) Before toluene
vapor exposure, showing a scattering state; (b) On toluene exposure, the area exposed to vapor
rapidly transitions from scattering to transparent due to a nematic-isotropic phase transition.
When the toluene exposure is stopped, the fiber mat returns to its scattering state, as in (a).
The corresponding POM images on the right column shows LC in the fibers responding to
toluene exposure. The scale bar on the left column is 10 mm and on the POM images in the
right column is 80 µm. Reproduced from [9] under a Creative Commons License.

Figure 6.5: LC filled polymer fibers show visible response to chemicals and can be used as a
chemical sensor. Reproduced with permission from [10], Copyright 2018, Elsevier.

Furthermore, when doped with azobenzene, the nematic to isotropic phase transition of LC can

be initiated photochemically. Thum and coworkers [11] electropun PVP fibers with azobenzene-

doped LC in the core and successfully demonstrated a reversible photo-induced phase transition

upon irradiation with UV light at room temperature, figure 6.6. From an application point of

view, this marks an important step for developing LC-filled electrospun fibers towards advanced

textiles and photo displays.
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Figure 6.6: Azobenzene doped 5CB-filled electrospun PVP showing a reversible photo-induced
phase transition at room temperature. Reprinted with permission from [11], Copyright 2021
American Chemical Society

6.4 What are the challenges?

Although core-sheath electrospinning is a powerful tool to produce composite fibers with LC

core, it poses its own challenges. There are many materials and material combinations that are

difficult to spin together. Firstly, most of the polymers used in the studies for encapsulating

the liquid crystal core have poor mechanical properties and are not feasible from an application

point of view. PLA is a biodegradable polymer which can be and has been used as a textile grade

polymer because its mechanical properties are similar to that of polyethylene terephthalate

(PET) [113]. However, it is stiff at room temperature with a low glass transition temperature

(Tg=55-60◦C) and a comparatively low melting point (Tm=170◦C) [114]. Moreover, PLA is

also prone to hydrolytic degradation, especially in an aqueous high temperature and alkaline

conditions [115]. This makes it uncertain if PLA can be considered as a candidate for textile

based applications.

The choice and availability of solvents to prepare the polymer solutions for core-sheath electro-

spinning poses a separate challenge. Some solvents (like THF, DMF, chloroform and acetone)

used to make a polymer solutions are volatile, flammable and hazardous to health. Moreover,

during electrospinning, a good solvent dissolves the LC in the core, thus preventing the for-

mation of a distinct core-sheath structure in the fibers. In addition, it turns the core into a

coagulation bath for the sheath solution, resulting in the gelation of the Taylor cone and thus

disrupting the electrospinning process. On the other hand, a polymer solvent that does not at

all dissolve the LC leads to break up of the core and even prevents the core from entering the

jet during electrospinning due a relatively high interfacial tension between the core and sheath

fluids. Our work [60] discusses this issue in depth and addresses the challenges encountered by

the choice of solvents.
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6.5 This research

The research covered in this thesis focuses on addressing the issues and challenges discussed

in the preceding sections. The following subsections will briefly introduce the objectives of the

three peer-reviewed publications establishing a link between the results presented in the papers.

6.5.1 Publication 1: Stable Electrospinning of Core-Functionalized

Coaxial Fibers Enabled by the Minimum-Energy Interface

Given by Partial Core Sheath Miscibility

A uniform filling of LC in the core of a PVP sheath was previously achieved by coaxial elec-

trospinning and other techniques. Since PVP does not offer good mechanical properties for

use as textiles from an application point of view, an alternative choice of polymer was needed.

The first choice, SBS, showed that the solvents used are miscible with core and dissolve the

LC; hence, there is no core-sheath structure formed. A second alternative, PVA, uses water

as the solvent, which is immiscible with core and thus has a high interfacial tension between

the two fluids, resulting in a beaded or absent core in the spun fibers. We eventually found

PAA, a polymer that dissolves both in water and ethanol (also a solvent for LC), and can be

crosslinked with PVA (which is soluble in water and sparingly so in ethanol) to create fibers

that are amenable for application.

A common solvent adds partial miscibility between the core and sheath to lower the interfacial

tension, which eventually helps in stabilizing the Taylor cone and filling the fibers. Interestingly,

the effect of interfacial tension has seldom been discussed in core-sheath electrospinning and

this paper sheds light on requirement to balance the need for a low interfacial tension with

sufficiently low miscibility.

6.5.2 Publication 2: Electrospinning Ethanol–Water Solutions of

Poly(Acrylic Acid): Nonlinear Viscosity Variations and Dy-

namic Taylor Cone Behavior

After outlining the effect of solvents in the previous study, this paper further investigates in-

depth, the importance of the solvent (and solvent mixtures) on electrospinning. A publication

based on fundamental science, this work is a new contribution towards the understanding of

polymer-solvent interaction and its role in electrospinning of smooth and uniform fibers. The
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solvent and solvent mixture ratio shows unsystematic behavior, suggesting a change in the

concentration of the polymer, PAA in this case, for each ratio of the mixed solvents. Therefore,

a PAA concentration for each solvent ratio was outlined using interpolation of the viscosity

values and the solutions were electrospun to assess the suitability of PAA solution in each

solvent mixture.

6.5.3 Publication 3: Combining responsiveness and durability in liq-

uid crystal-functionalised electrospun fibres with crosslinked

sheath

Building on the findings of publications 1 and 2, this paper discusses the research to make the

fibers amenable for application so that they can be used in wearable technology. The recipe

to crosslink the fibers is detailed in this paper and, after crosslinking, the fibers are shown to

be sturdy enough to be manipulated by hand and to survive water immersion. Up until the

previous publications, a nematic LC was used in my work, so a polarizing optical microscope

(POM) was always needed to observe the fiber and validate the LC filling in the core. Here,

fibers with cholesteric LC core were produced by coaxial electrospinning with the aim to observe

colors with the naked eye. Furthermore, the fibers are immersed in an index matching liquid

(water in this case), making the sheath swell and become transparent, offering an excellent

opportunity to study the effect of confinement within fiber sheath.
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Experimental setups

7.1 Electrospinning setup

The electrospinning setup, of vertical geometry, used for the experiments employed a high volt-

age power supply (Gamma High Voltage, model ES30R-5W/DAM/RS232) to apply the electric

field. The polymer solution to be spun was pumped to the vertically mounted spinneret using

a microfluidic pressure controller (Section 7.1.2). The Taylor cone was imaged using a digital

camera (Pixelink D755) equipped with a macro lens (Tokina AT-X Pro). The movable collector

was grounded and the spinning distance was adjusted using a cogwheel. The temperature and

relative humidity were monitored during all experiments and the fibers were collected either

freely hanging on an untreated copper wire frame or on a glass slide. The whole setup was

housed inside an acrylic box with ventilation to vent out the volatile solvents. A schematic

illustration of the electrospinning setup is presented in Figure 7.1.

7.1.1 Spinneret

For spinning core-sheath fibers a stainless steel dual-phase spinneret consisting of concen-

tric needles (external/internal diameter of the inner needle: 0.9/0.6 mm; of the outer needle:

1.7/1.4 mm), manufactured by Y-Flow was used (Figure 7.1, inset). The outer needle of the

spinneret has dents to keep the inner needle in the center and, at the same time, to provide an

ohmic contact between the two needles that ensures they are at the same electrical potential.

The spinneret was stored in ethanol when not in use and, prior to and after experiments, was

thoroughly rinsed with fresh 96% w/w ethanol to remove any material residues. Before start-

ing the electrospinning process, the spinneret was carefully dried to avoid any possible cross

32
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contamination from the lower-grade ethanol used for cleaning. For single fluid electrospinning,

an 18-gauge blunt-tipped disposable stainless steel needle with outer diameter of 1.20 mm

purchased from VWR was used.

Figure 7.1: Schematic illustration of the electrospinning setup used for the producing mi-
crofibers. Inset: Image of the coaxial spinneret in the electrospinning process to spin core-
sheath fibers.

7.1.2 Pressure based flow

A pressure based microfluidic flow control unit (Fluigent, model MFCS-EZ, maximum pressure

1034 mbar, uncertainty ± 0.3 mbar) was used for controlling the rates at which the polymer

solution was introduced into the spinneret. As opposed to the traditional syringe pumps one

advantage of using a pneumatic control is that fluids can be contained in any sample container.

However, since this is a pressure based flow control, the flow rate needs to be calculated from

the pressure readings using the Hagen-Poiseuille equation:

∆p =
8ηLQ

πR4
(7.1)

where ∆p is the pressure difference between the ends of the tube, Q the volumetric flow rate, η

the viscosity, R the cross-sectional radius of the tube, and L its length. Simple rearrangement

allows us to express Q in terms of the input parameters (most notably, ∆p, L, and R):

Q =
∆pπR4

8ηL
(7.2)
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7.2 Polarizing optical microscopy (POM)

To investigate the optical properties of the fibers a light microscope was used with two ad-

justable polarizers set in crossed configuration, i.e., with their transmission directions perpen-

dicular to each other. It works on the basic principle that light exiting the first polarizer can

exit also the second one (called the analyzer) only if it interacts an optically anisotropic sample

between the two polarizers. The sample changes the polarization and the strength of the effect

depends on the wavelength of the light, hence this results in interference colors. Thus, the

isotropic part of the sample appears dark and the anisotropic parts in color. The presence of

liquid crystals (LCs) in the fibers was verified using POM. The images were taken in transmis-

sion mode using Olympus (BX51) optical polarizing light microscope. The details on working

and importance of crossed polarizers are discussed in chapter 3.

Figure 7.2: Sample POM image of a PAA fiber with LC core, spun from a 10 % w/w of PAA in
anhydrous ethanol sheath solution, observed (a) without and (b) in between crossed polarizors.
Because of the optical birefringence of LC, the fibers appear brighter, when observed between
crossed polarizors.

7.3 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to

generate a detailed image from the electron-sample interaction revealing information including

the morphology of the sample.
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7.3.1 Sample preparation

Since the SEM uses electrons, the sample must be conductive to avoid charging. Charging,

in SEM, is a term used to describe the situation when there are insufficient electrons flowing

from top of the sample to the ground (the sample holder) as the SEM beam scans the sample.

This results in accumulation of charge at the surface of the sample and the image produced is

blurred. The electrospun fibers in this study are not conductive and hence needed to be coated.

The sample was glued to a stub and placed in a sample holder and coated with a 5nm gold

layer using the Quorum Q150RS sputter coater.

After coating, the morphology of the electrospun fibers was characterized using the JEOL JSM-

6010LA Scanning Electron Microscope (SEM, Akishima, Japan). The fibers were imaged at

multiple locations with different magnifications. Since the samples were attached to the sample

holder, only top view of the fiber was captured.

Figure 7.3: Sample SEM image of PAA fibers spun from a 10% w/w PAA in anhydrous ethanol
solution captured at different magnifications: (a) at 400x and (b) at 2000x.

7.4 Viscosity measurements: Rheometer

The viscosity (η) of the polymer solutions was measured using an Anton Paar rheometer (MRC-

102) with a parallel plate (one stationary and the other rotating) geometry and controlled by

Rheocompass software. While in operation the rheometer measures the torque and speed with

high accuracy. The measuring head of the rheometer contains the drive motor and encoder to

measure and set the torque and speed. The viscosity of the polymer solution is not measured

directly but calculated according to the viscosity law from the quotients of the shear stress (τ)

and shear rate (γ̇) using equation 7.3.
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η =
τ

γ̇
(7.3)

The shear stress correlates with the torque and shear rate with the speed. In addition, the

temperature, an important parameter is measured by the equipment as well.

7.5 Interfacial tension measurement

The surface and interfacial tension (γ) measurements were performed at room temperature

using the pendant drop tensiometer (OCA 15EC from Dataphysics). The equipment setup

(figure 7.5) includes a camera, a movable stage, a syringe (filled with the sample fluid) and a

needle. The whole system is connected to a computer and controlled with a dedicated software.

A pendant drop is formed at the tip of the needle and its shape results from the relationship of

two forces between the surface or interfacial tension and gravity. This drop is imaged from a

camera and from its shape and size, surface (against air) or interfacial tension (against a liquid)

is measured using the equation 7.4 mentioned below. To measure the interfacial tension, a bath

of an ambient or surrounding liquid is prepared and the needle inserted in the bath to generate

the pendant drop inside the bath. For optical analysis the ambient phase or surrounding bath

has to be transparent.

γ = ∆ρg
R0

β
(7.4)

where γ is the surface/interfacial tension, ∆ρ is the density difference between fluids, g is the

gravitational constant, R0 is the drop radius of curvature at the apex and β is the shape factor,

which can be defined through the Young-Laplace equation expressed as three dimensionless

first-order equations as shown in the figure 7.4.

Figure 7.4: Pendant drop schematic and measurement for surface/interfacial tension. Schemat-
ics adapted from the Dataphysics equipment user manual.
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7.5.1 Sample preparation

The software to measure the surface and interfacial tension, requires density of the solutions

to entered for a correct and accurate measurement. In this study, the density of the polymer

solutions and LC was measured (at room temperature) using Mettler Toledo DE45 Delta range

density meter.

The needle used for the experiment should be clean of all the impurities. In the experiments

used for this study the needle was first flushed with ethanol, rinsed with water to wash off all the

ethanol, then sonicated in a bath for 20 mins, rinsed with water and dried with compressed air at

room temperature before using it for the measurements. For interfacial tension measurements

a bath of polymer solution was prepared in 3.5 mL quartz cuvette and the needle was dipped

inside the bath. The drop phase, LC, was slowly introduced into the bath or ambient phase at

a low flow rate (on the scale of 0.01-1 µL/s) and the corresponding pendant drop was formed

was imaged and the value was measured using the software.
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Figure 7.5: A sketch of the equipment used for surface and interfacial tension measurements
with labelled parts. Surface tension measurements were carried out against air and the ambient
phase bath was used only for interfacial tension measurements. The diameter of the stainless
steel needle used was 0.51 mm, and it was provided by the manufacturer, Dataphysics. Schemat-
ics adapted from the Dataphysics equipment user manual.
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Summary & outlook

This thesis aims at contributing to the fundamental understanding of the effects of partial

miscibility and solvent combinations on coaxial electrospinnability, Taylor cone stability, and

resultant core-sheath structural integrity. Three different systems, one each of completely

miscible, partially miscible and immiscibile core-sheath were studied. Their Taylor cones were

systematically analyzed during electrospinning and their interfacial tensions were measured. We

showed that production of fibers with continuous core sheath morphology could be achieved

using partial miscibility. A common solvent for core and sheath imparts partial miscibility and,

reduces the interfacial tension between the two producing a distinct core–sheath interface that

can be maintained throughout the spinning process. Complete miscibility eliminates the core-

sheath morphology, while immiscibility causes the core to break-up inside the Taylor cone and

even preventing it from entering the fiber-producing jet because of a relatively high interfacial

tension. Even though our experiments were performed with LC cores we believe that our

conclusions are applicable to any other core-sheath combination.

Electrospinning of polymer solutions to produce multifunctional composite fibers is a delicate

balance of multiple parameters, including mixtures of multiple solvents, to achieve the desired

outcome. In this context, poly(acrylic acid) is interesting, as it is readily soluble in water as well

as ethanol. Viscosity is a good probe for solvent-polymer interaction and the electrospinnability

changes when poly(acrylic acid) (PAA) is dissolved in ethanol–water mixtures at varying mixing

ratio. There was a pronounced peak noticed in the viscosity values at a water-to-ethanol molar

ratio of about 2:1, possibly due to the partial deprotonation of carboxylate groups by water

while the ethanol dissolves the remaining uncharged polymer fraction. An optimum viscosity

window was identified for consistent electrospinning of any water-ethanol solvent ratio.

Finally, PAA and PVA were combined (with equal number of functional groups to get the

maximum crosslinking) in the sheath using a mixed solvent of water and ethanol. The fibers
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produced were thermally crosslinked after spinning, and were easily manipulated by hand and

even fully immersed in water without dissolving and losing their functional LC core. In addition

to the nematic LC, PVA/PAA fibers with cholesteric cores were also successfully produced with

the core remaining intact after thermal crosslinking. However, to spin fibers with cholesteric

cores, the solvent had to be changed from ethanol to 1,4-dioxane as the chiral dopant to

prepare the cholesteric mixture, CB15, is chemically similar to 5CB, resulting in a problematic

isotropic–isotropic phase separation in mixtures with ethanol and water. The cholesteric filled

fibers were thin (diameter 1-5 µm) and the selective reflection was not observed with the

unaided eye but the core presence was confirmed using a POM. The core’s appearance was

more pronounced upon immersion in water, due to the removal of sheath scattering.

Though a lot was achieved in this thesis, it still leaves scope to continue the research further.

Cholesteric-filled PVA/PAA fibers of higher diameter need to be electrospun and crosslinked

to observe the colors with naked-eye, eliminating the need for microscope. This could be a

positive leap in the direction of LC wearable sensors. The current recipe of using equal number

of carboxyl and hydroxyl functional groups to achieve maximum crosslinking makes the fibers

stiff and brittle. Ideally, the degree of crosslinking can be lowered by tuning the number of

functional groups to electrospin a cholesteric filled stretchable fiber mat.

Apart from being fascinating, electrospinning is also a simple(r) fiber production methods. The

components to build a setup for electrospinning can be assembled using basic tools. From this

point, two important areas to further dive in would be to study the challenges of upscaling

from a laboratory-based spinning setup to an industrial scale production. The setup used for

the experiments for this research was home built in the laboratory. Therefore, upgrading it to

an industrial scale and the challenges encountered, including technical, scientific and logistical

and more could also make an interesting research topic. Finally, following Prof Manu Prakash's
inspiration of frugal science [116], an interesting study would to make electrospun fibers using

everyday basic tools. For example, a kitchen ladle or sieve can serve as collectors, to deposit

the fibers and then analyzing them with a smartphone as a microscope [117]. The idea is

to formulate a setup or protocol where everybody (including non-technical people) could spin

useful and functional fibers with basic tools available.

The spinneret design plays an important role in producing a symmetrical Taylor cone and filling

of the fibers in general, especially the position of the core needle in the spinneret. Another

interesting study could be to observe and analyze the effects of positioning of the inner needle

in the spinneret (shorter, inline and longer than the outer needle). A systematic study of how

it affects the shape of Taylor cone and filling of the fibers would be valuable.
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ABSTRACT: Core−sheath electrospinning is a powerful tool for
producing composite fibers with one or multiple encapsulated
functional materials, but many material combinations are difficult
or even impossible to spin together. We show that the key to
success is to ensure a well-defined core−sheath interface while also
maintaining a constant and minimal interfacial energy across this
interface. Using a thermotropic liquid crystal as a model functional
core and polyacrylic acid or styrene-butadiene-styrene block
copolymer as a sheath polymer, we study the effects of using
water, ethanol, or tetrahydrofuran as polymer solvent. We find that
the ideal core and sheath materials are partially miscible, with their
phase diagram exhibiting an inner miscibility gap. Complete
immiscibility yields a relatively high interfacial tension that causes core breakup, even preventing the core from entering the fiber-
producing jet, whereas the lack of a well-defined interface in the case of complete miscibility eliminates the core−sheath morphology,
and it turns the core into a coagulation bath for the sheath solution, causing premature gelation in the Taylor cone. Moreover, to
minimize Marangoni flows in the Taylor cone due to local interfacial tension variations, a small amount of the sheath solvent should
be added to the core prior to spinning. Our findings resolve a long-standing confusion regarding guidelines for selecting core and
sheath fluids in core−sheath electrospinning. These discoveries can be applied to many other material combinations than those
studied here, enabling new functional composites of large interest and application potential.

■ INTRODUCTION

Although the idea of making fibers by electrospinning is
approaching its centennial anniversary,1 it has only been in the
last two decades that the technique has truly flourished.2−8

The introduction of core−sheath electrospinning using nested
capillary spinnerets, often coaxial, has led to an explosion of
creativity, with a diversity of functional nano- and microfibers
with a variety of internal morphologies being successfully
electrospun.9−13 Pioneering contributions in demonstrating
the potential of dual-phase coaxial electrospinning for making
controlled core−sheath fibers were published by Sun et al.,14

Yu et al.,15 and Li and Xia.16 The latter was the first paper to
spin coaxial fibers where the core was a nonpolymeric and
nonvolatile liquid, thus defining a cylindrical core that could
easily be removed after spinning to make hollow tubes. The
authors emphasized that the core and sheath liquids must be
immiscible for reliable results. This contrasted with the results
of Sun et al. and Yu et al., which both were obtained with
miscible core and sheath liquids.
While the mineral oil used as core liquid by Li and Xia was

largely a sacrificial fluid, its presence ensuring tube-like fiber
morphology, several subsequent electrospinning studies
incorporated more precious liquids, e.g., phase change

materials,17−19 liquid crystals (LC),20−36 and shear thickening
fluids,37 to remain as a functional core inside the fibers. These
specially selected core liquids enhance the composite fibers
with dynamic and responsive performance that the sheath
polymer itself is incapable of, while the coaxial fiber geometry
provides a powerful means of encapsulating the liquidswhich
are unspinnable on their ownin a flexible form factor with
high surface-to-volume ratio. Several modifications of the
fundamental core−sheath electrospinning process have been
explored, such as triple-phase coaxial electrospinninga, enabled
by adding a third nested capillary, which can yield fibers with
an intermediate layer between the innermost core and the
outermost sheath.38−41 With noncoaxial electrospinning using
multiple bundled capillaries inside an outer capillary that flows
the sheath solution, fibers were produced with multiple core
channels, consisting of identical42 or different18,27 materials.
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Core−sheath fibers were also obtained using single-phase
electrospinning, relying on radial phase separation during
spinning.23,28,32,35,36 Using the different variations of core−
sheath fiber electrospinning, functional composite fibers have
been produced for a variety of application scenarios, such as
sustained release of drugs,11,40,43−52 growth factor,53,54

genes,54,55 or live cells;56−58 enhanced thermal insulation;17−19

sensing of volatile organic compounds;25,29,32,59 generation of
wavy polymer structures;60 or sound damping.37

Despite the strong interest in core−sheath electrospinning,
the answer to the critical question of whether the core and
sheath liquids should be miscible or not remains elusive. The
original confusion remains, with different teams publishing
conflicting views on the matter, both for core−sheath
electrospinning and for the closely related challenge of core−
sheath electrospray. Several papers reported on spinning cores
and sheaths that are fully miscible,14,15,37,41,43−46,49,53,58,61,62

some emphasizing the importance of low interfacial tension,
γcs, between the two liquids.15,63 Others have maintained that
cores and sheaths should be immiscible,16−18,30,42,55,64−66 often
referring to the original Li and Xia work, which even showed
evidence of loss of core−sheath structure when miscible fluids
were spun.16 In our own research, we have encountered
problems with both approaches, frequently failing to produce
core−sheath fibers either due to excessive γcs between
immiscible liquids or due to miscible liquids without a well-
defined interface fusing together, leaving no core−sheath
structure in the produced fibers. Given the scarcity of

publications of negative results, we believe other teams may
have faced similar issues without reporting them.
The purpose of this paper is to clarify the situation by

conducting a thorough and systematic investigation of core−
sheath interfacial phenomena and how they are affected by
(im-)miscibility between the two liquids, using a liquid crystal
(LC) mixture as a model fiber-functionalizing core fluid that is
nonvolatile and nonpolymeric, and three representative
polymer solutions for the sheath. We focus particularly on
the quality of the Taylor cone, of fundamental importance to
the success of any electrospinning process, since the jet that
will form the fiber emanates from the Taylor cone apex. We
recently demonstrated that humidity in the spinning environ-
ment can ruin the quality and stability of the Taylor cone and
that certain core fluids during coaxial electrospinning can
amplify this sensitivity to humidity.67 We now move the
attention from the Taylor cone outside to the core−sheath
interface, where we find that neither complete miscibility nor
complete immiscibility is advisable: the former triggers sheath
gelation and loss of core−sheath structure; the latter gives rise
to core breakup in the jet, often already in the Taylor cone.
The ideal is partial miscibility with a miscibility gap creating a
distinct core−sheath interface, yet its interfacial tension γcs is
much reduced since the two bounding phases contain the same
constituents, only at different compositions. The low γcs allows
an uninterrupted core flow from the inner spinneret needle to
the Taylor cone apex, where it enters the jet that forms the
fiber, and it also prevents the Rayleigh−Plateau instability from
breaking up the continuous core within the jet. We also believe

Figure 1. Chemical structures of (a) poly(acrylic acid) (PAA) and (b) polystyrene-block-poly-cis-butadiene-block-polystyrene (SBS).

Figure 2. Schematic representation of the electrospinning setup. MFCS is the pressure control unit that controls the liquid flow. Inset: The
spinneret used for the experiments.
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that solutal Marangoni flow, to the best of our knowledge not
previously discussed in the context of core−sheath electro-
spinning, can have a highly disruptive influence, and we find
that the problem can be avoided by premixing a small fraction
of sheath solvent into the core prior to electrospinning.

■ EXPERIMENTAL SECTION
Polymer Solutions and Liquid Crystals. Poly(acrylic acid)

(PAA; Mw 450 kg/mol, Figure 1a), a polymer soluble in both water
and ethanol, was purchased from Sigma-Aldrich and either dissolved
in anhydrous ethanol (purchased from VWR) to prepare a 10% w/w
solution or in ultrapure deionized water (Sartorius Arium system,
resistivity 18.2 MΩ·cm) to make an 11.5% w/w PAA−water solution.
Polystyrene-block-poly-cis-butadiene-block-polystyrene (SBS; 30% w/
w styrene; Mw 140 kg/mol, Figure 1b) was also purchased from
Sigma-Aldrich and dissolved in tetrahydrofuran (THF, from Sigma-
Aldrich) to prepare a 10% w/w solution. For the core material, we
used the multicomponent nematic liquid crystal mixture RO-TN 651
(proprietary composition), sourced from F. Hoffman-La Roche
(Basel, Switzerland), on its own or mixed with 10% w/w of ethanol.
We measured the surface tension of pure RO-TN 651 to be 32.33 ±
0.02 mN/m (at 20 °C); the surface tension of ethanol (at 20 °C) is
22.31 mN/m.68 We could not measure the surface tension of the
mixture of RO-TN 651 with 10% w/w ethanol because this mixture
wets the needle used to make a pendant drop (even when a needle
made from poly(tetrafluoroethylene), PTFE is employed). Never-
theless, we expect that the surface tension of the ethanol/RO-TN 651
mixture falls within the range of 22−32 mN/m, bounded by the
values corresponding to the pure components. All materials were used
as received without further purification.
Electrospinning Parameters. The dual-phase spinneret used for

electrospinning, consisting of coaxially mounted stainless steel needles
(external/internal diameter of the inner needle: 0.9/0.6 mm; of the
outer needle: 1.7/1.4 mm), was purchased from Y-Flow. The outer
needle of the spinneret has dents to keep the inner needle in the
center and, at the same time, to provide an ohmic contact between the
two needles that ensures they are at the same electrical potential. The
spinneret was stored in ethanol when not in use and, prior to and after
experiments, was thoroughly rinsed with fresh 96% w/w ethanol to
remove any material residues. Before starting the electrospinning

process, the spinneret was carefully dried to avoid any possible cross
contamination from the lower-grade ethanol used for cleaning. This
was achieved by flushing the spinneret with compressed air and
storing it at 25 °C for a few hours.

Figure 2 shows a schematic representation of the electrospinning
setup. It is housed inside an acrylic box, with a mobile collector
wrapped in aluminum foil and the spinneret inserted with vertical
needle orientation from the top. The fluids are pumped to the
respective spinneret needle through tubes connected to fluid vials
pressurized by a microfluidic pressure unit (Fluigent, model MFCS-
EZ, maximum pressure 1034 mbar, uncertainty ± 0.3 mbar), and the
electrical potential of the spinneret is controlled by connecting the
outer needle to a high-voltage power supply (γ High Voltage, model
ES30R-5W/DAM/RS232). The Taylor cone was imaged using a
macro lens (Tokina AT-X Pro) mounted on a camera (Pixelink
D755). Representative still frames were extracted from the movies
and then digitally enhanced for clarity using “Adjust image” in
Keynote (Apple), setting Saturation at −100%, the right-most Levels
parameter to 53%, and the middle one to 40% (Figures 3, 5, and 6) or
47% (Figure 7). In Figures 3, 5, and 6, Exposure and Shadows were
additionally adjusted to 100%.

Fibers were collected freely hanging on a copper wire frame and on
hydrophobized glass microscopy slides to avoid wetting and collapse
of the filled fibers.27,69 These slides were prepared by cleaning 25 mm
× 75 mm borosilicate glass microscopy slides (Carl Roth) with
alternating rinses of isopropanol and ultrapure deionized water before
surface activation with a handheld corona generator for at least 30 s.
The plasma-treated slides were then immediately immersed in an
aqueous solution of 2% v/v N,N-dimethyl-[N-octadecyl-3-
aminopropyl]trimethoxysilyl chloride (DMOAP, 42% in methanol,
Sigma-Aldrich) and allowed to stand for at least 15 min, with gentle
shaking halfway through the soaking procedure to ensure that the
solution adequately coated and functionalized the glass slides. The
slides were then removed from the treatment solution, rinsed several
times with deionized water, and dried under vacuum at 120 °C for at
least 30 min.

Establishment of Phase Diagram between RO-TN 651 and
Ethanol. Vials of volume 2 mL were half-filled with each mixture,
prepared by measuring out target volumes of first LC and then
ethanol using Eppendorf pipettes and weighing the sample after each
addition step. To minimize evaporation of ethanol and condensation
of water, the vials were closed immediately after addition of the

Figure 3. Top row: Taylor cone at different stages during electrospinning the LC core into an 11.5% w/w PAA-in-pure water sheath solution. The
images are extracted from Supporting Information Movie S1, the time stamps relating to the start of the movie. The outer needle of the spinneret
(1.7 mm diameter) appears slightly inclined at the top of every image because the camera was not oriented perfectly; in reality, the spinneret was
vertically oriented. Bottom row: polarizing optical microscope (POM) images (l: without analyzer; m: between crossed polarizers) of the best-
quality fiber produced during this experiment, exhibiting regularly spaced beads filled with LC. Scale bars are 20 μm.
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ethanol. After all samples had been prepared, each vial was shaken
vigorously for about 1 min on a vortex mixer to ensure complete
mixing. After this, the series of sealed vials were left to stand overnight
in an air-conditioned lab with the temperature set to 21 °C, before the
photograph shown in Figure 4 was captured.
Optical Characterization. Once collected, the fibers were

optically characterized using a polarizing optical microscope (POM;
Olympus BX-51) with a camera (Olympus DP73). POM character-
ization was carried out in transmission mode between crossed
polarizers or with the analyzer removed.
Interfacial Tensiometry. Interfacial tension measurements were

performed using a pendant drop tensiometer (Goniometer OCA
15EC from Dataphysics). The density of the solutions for interfacial
tensiometry was measured using a Mettler Toledo DE45 Delta range
densitometer. Both density and interfacial tension measurements were
performed at room temperature.

■ RESULTS AND DISCUSSION
Coaxial Spinning with Aqueous PAA Sheath and LC

Core: Impact of Excessive Interfacial Tension. When
attempting to electrospin the LC RO-TN 651, which has
negligible miscibility with water, as a core inside the PAA−
water sheath solution, the relatively high γcs (measured to be
9.13 ± 0.3 mN/m at 20 °C; see Supporting Information Movie
S5) causes significant problems, as seen from a detailed frame-
by-frame analysis of Supporting Information Movie S1,
showing the Taylor cone dynamics during a run with flow
rates optimized for maximum fiber filling. Representative still
frames are shown in Figure 3a−k. It is still possible to spin
fibers with encapsulated LC in this way (Figure 3l−m), but we
cannot get a continuous LC core and it is a very lossy process
since the required overfilling of the Taylor cone with LC (to be
explained below) means that the majority of the LC pumped
to the spinneret never makes it into the jet.
We initially pump only the sheath solution, starting the

injection of the LC core solution once a stable PAA−water
Taylor cone with consistent spinning has been established. As
seen at the beginning of Supporting Information Movie S1 and
in Figure 3a, the LC pumped from the inner needle forms a
nearly spherical droplet inside the external sheath solution,
hovering far above the Taylor cone apex from which the jet is
ejected. The fibers produced at this stage of the process are
thus devoid of LC since no LC makes it into the jet. Because
we use a high LC flow rate, the inner droplet and the overall
Taylor cone continuously grow in volume and, about 2 s into
the movie, the jet stops: most likely, there is too large a voltage
drop from the spinneret to the bottom of the droplet at this
size. Now both sheath and core droplets grow until ∼6 s into
the movie, when the sheath droplet rapidly elongates before it
is cleaved (Figure 3b). The cleavage process detaches the

entire LC droplet from the spinneret, and most of itbut not
allleaves the Taylor cone together with the detached sheath
solution.
The remainder of the LC separated from the spinneret forms

a small droplet near the bottom of the Taylor cone, from which
a stable jet is again ejected. The suction from the jet pulls the
bottom LC droplet toward it until that in Figure 3c connects to
the Taylor cone apex such that the jet is now injected with LC.
In the meantime, a new top droplet of freshly injected LC has
started growing from the spinneret. Once this has become
large enough to touch and merge with the bottom LC droplet,
we have a brief moment with a single LC volume that extends
continuously from the inner spinneret needle all the way to the
jet, thus yielding an ideal coaxial Taylor cone (see Figure 3d).
However, this shape of the LC volume does not minimize the
core−sheath interface area, and therefore the interfacial
tension (γcs = 9.13 ± 0.3 mN/m; see the Supporting
Information) renders this an unstable equilibrium. The
continuous LC flow very quickly collapses into a geometry
with a bottom LC drop again detached from the spinneret
needle; see Figure 3e. At the same time, the jet moves from the
bottom of the Taylor cone to the boundary between LC and
sheath solution.
The lower LC dropletwhich is now larger than before due

to the merger with the new LCmoves to the left, detaching
from the jet, which thus again contains no LC (Figure 3f). A
new droplet grows from the inner spinneret needle until it
merges with the lower LC droplet (Figure 3i), which thereby
acquires a size large enough that it extends past the cone apex,
hence now LC is again fed into the jet. This cycle of new LC
droplet growing from the spinneret needle until it is large
enough to merge with the LC droplet residing at the bottom of
the Taylor cone, thereby separating from the spinneret and
leaving an increasingly larger lower LC droplet, repeats itself
another five times, the last two steps shown in Figure 3h−i.
Throughout this stage, the jet is continuously fed with LC as
the Taylor cone apex is fully covered by the lower LC droplet.
However, since the process requires overfeeding of the Taylor
cone with LC, the process makes the inner LC droplet, and
thus the overall Taylor cone, increasingly heavier, and in Figure
3j, another cleavage event occurs, removing most of the LC
from the Taylor cone. Again, a fraction is left at the bottom of
the Taylor cone (Figure 3k) and the full cycle repeats itself.
While this trick of overfeeding the Taylor cone with LC thus

leads to core injection into the jet a large fraction of the time, it
comes at the cost of very significant loss of LC every time a
droplet is pinched off from the Taylor cone, in addition to the
problems that the macroscopic drop may cause if it lands on

Figure 4. Sequence of vials with RO-TN 651 and gradually increasing concentration of anhydrous ethanol from left to right; the indicated
percentages at the top refer to the mass fraction of ethanol. Because the nematic phase is turbid and sinks to the bottom, it is easy to recognize,
although the phase separation had not completed in the 8.0% sample at the time of photography (about 20 min after the last sample preparation).
We conclude the existence of a miscibility gap extending from around ∼7.5% w/w to around ∼11% w/w ethanol.
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the fiber mat. Note that horizontal electrospinning cannot be
used in this mode, since we rely on gravity to push the
detached lower LC droplet on top of the jet. Moreover, even
during the period when the jet is fed with LC, the relatively
high γcs continues to cause problems within the jet, triggering
an internal Rayleigh−Plateau instability that breaks up the
continuous core into a train of discrete LC droplets. The result
is that the best fibers produced with this core−sheath
combination are beaded, with discrete pockets of LC regularly
spaced along the fibers; see the example in Figure 3l−m.
Replacing Water with Ethanol in the Sheath Solution.

While RO-TN 651 is practically insoluble in water, the mixture
is partially soluble in ethanol. Figure 4 shows that about 7.5%
w/w anhydrous ethanol destabilizes the nematic phase at room
temperature, and the miscibility gap between the ethanol-poor
nematic phase and ethanol-rich isotropic phase extends to
between 9.2 and 12.0% w/w. Although we cannot establish the
mole percentages since we do not know the composition of the
commercial RO-TN 651 mixture, the miscibility gap appears to
be somewhat narrower than that of ethanol and the commonly
used single-component LC 5CB, which at room temperature
extends from ∼13 to ∼23 mol %.70 At no point do we see two
isotropic phases in coexistence in Figure 4. The partial
miscibility of RO-TN 651 and ethanol, and the miscibility gap
starting at low ethanol concentrations, render an experiment
using PAA dissolved in ethanol as sheath and RO-TN 651 as
core highly interesting. The miscibility gap ensures that a
transient, yet well-defined interface exists between core and
sheath, even if they start mixing, as the core is continuously
replenished with fresh LC from the spinneret. At the same
time, the nonzero miscibility means that the phases on both
sides of the interface contain the same chemical substances,
only at different concentrations. We can thus expect a much
lower γcs than the ca. 9 mN/m measured for the case where

water-dissolved PAA is the sheath solution. We indeed confirm
this while attempting to measure the interfacial tension of a
pendant RO-TN 651 drop in a bath of a PAA/ethanol
solution. Although a stable RO-TN 651 drop cannot be
formed at equilibrium, a drop with a well-defined fluid
interface is formed while the LC phase is ejected from the
needle into the polymer solution. When the LC flow is
stopped, the LC drop slightly increases in size (presumably due
to ethanol from the bath mixing with the LC) and the
boundary between the two fluids becomes decreasingly sharp
(see Figure S1, Movie S6, and the corresponding discussion).
The result can be seen in Supporting Information Movie S2,

with representative still images collected in Figure 5, showing
that the situation is still far from ideal. Initially (Figure 5a−c),
the inner LC core can be distinguished, as being surrounded by
an increasingly turbid mixed phase that grows with time from
bottom to top of the Taylor cone. During this stage, the core
LC appears to be disconnected from the jet, leading to its
continuous increase in volume until it connects to the jet in
Figure 5d. The jet suddenly broadens greatly as much of the
collected LC is ejected from the Taylor cone which rapidly
diminishes in size (d−f). Around 10 s into the movie (Figure
5g−h), flow patterns are clearly seen, and the LC droplet
appears to disconnect from the jet. The LC is still attached to
the spinneret, however, so the droplet hovers further and
further above the apex of the Taylor cone as the latter
continues to grow in size (i, j). The LC eventually detaches
from the spinneret 26.5 s into Supporting Information Movie
S2 (Figure 5k), settling at the bottom of the Taylor cone in
Figure 5l, after which the jet is again fed with LC. The situation
now resembles that of Figure 3, with a bottom LC droplet
resting on top of the jet ejection point and a top droplet
attached to the spinneret needle growing in size until the two

Figure 5. Top row: Taylor cone at different stages during electrospinning the LC core into a 10% w/w PAA in pure ethanol sheath solution. The
images are extracted from Supporting Information Movie S2, the time stamps relating to the start of the movie. The outer needle of the spinneret
(1.7 mm diameter) appears at the top of every image, slightly inclined because the camera was not oriented perfectly; in reality, the spinneret was
vertically oriented. Bottom row: POM images (m: without analyzer; n: between crossed polarizers, as indicated by double-headed arrows) of the
best-quality fiber produced during this experiment, exhibiting regularly spaced beads filled with LC. Scale bars are 50 μm.
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LC volumes merge and/or the Taylor cone becomes so large
that it detaches from the spinneret.
We believe that the problems seen in this experiment arise

because γcs is not constant within the Taylor cone: we expect a
continuous gradient in γcs from the top of the spinneret, where
pure LC comes in contact with pure PAA/ethanol solution, to
the point further down along the core−sheath interface where
enough mixing of the two liquids should have occurred to
reach the miscibility gap. From this level and downward, we
can expect an extremely low γcs between the coexisting nematic
and isotropic phases. As a result of this spatial variation in γcs
along the axis defined by the spinneret, we anticipate that the
solutal Marangoni effect71,72 sets up a new internal flow along
the internal LC−polymer solution interface. Since this flow is
directed from low to high γcs, it is counter-directed to the top−
down flow from the spinneret (assuming that the LC droplet is
in contact with both the spinneret and the apex of the Taylor
cone). We thus get a circular flow pattern around the core−
sheath interface, with the innermost LC moving downward
while the interface is moving upward, promoting mixing and
disturbing the interface, in turn causing new Marangoni
stresses. This circular flow can be visualized in Supporting
Information Movie S2.
In parallel, we expect to have another Marangoni effect-

driven flow at the outer surface of the Taylor cone (i.e., at the
air−PAA/ethanol interface). Cooling due to evaporation of
ethanol leads to water condensation from the atmosphere,67

rendering the surface tension between sheath solution and air,
γsa, higher at the bottom of the air−PAA solution interface
than at the top, where fresh ethanol solution without water
emerges from the spinneret. This flow is from the top to the
bottom (along the outer interface), thus reinforcing the natural

flow within the sheath solution. In summary, we thus have the
pressure-induced downward-directed flow at the very center of
the Taylor cone where fresh LC is injected as core liquid;
upward-directed flow at the core−sheath interface thanks to
the solutal Marangoni effect; and downward-directed flow at
increased speed along the Taylor cone outside, given by the
sum of the pumped-out sheath solution and the thermal
Marangoni effect. We can thus expect a highly complex process
with multiple vortices within the Taylor cone, in combination
with mixing of water into the sheath solution from the outside
and a certain degree of mixing with core at the inside.
Elaborate flow visualization experiments are needed to draw
clear conclusions about the features of both the solutal and
thermal Marangoni flows (e.g., their strength) and their
interplay with the other hydrodynamic patterns inherently
involved in the electrospinning process; while such experi-
ments would be highly interesting, they are beyond the scope
of this study.
The produced fibers are again beaded, with LC within the

beads; see Figure 5m,n. This suggests that the mixing of
ethanol from the sheath into the LC core is not fast enough to
significantly reduce γcs below the level where it triggers the
Rayleigh−Plateau instability within the jet prior to sheath
solidification. Indeed, when preparing the experiment in Figure
4, we noticed that diffusion of LC and ethanol across the
nematic−isotropic phase boundary is slow, motivating the
active vortex mixing. Even if the Marangoni effects induce
some active mixing in the Taylor cone, this is not enough to
give the core and sheath fluids forming the compound jet so
much of each other’s constituents that γcs loses its impact. To
reach that state, we need to adjust the core composition
already prior to spinning.

Figure 6. Top row: Taylor cone at different stages during electrospinning a core of LC with 10% w/w of ethanol added into a 10% w/w PAA in
pure ethanol sheath solution. The images are extracted from Supporting Information Movie S3, the time stamps relating to the start of the movie.
The outer needle of the spinneret (1.7 mm diameter) appears at the top of every image, slightly inclined because the camera was not oriented
perfectly; in reality, the spinneret was vertically oriented. Bottom row: POM images (m: without analyzer; n: between crossed polarizers, as
indicated by double-headed arrows) of the best-quality fiber produced during this experiment, exhibiting continuous filling of LC. Scale bars are 50
μm.
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Optimum Spinning Conditions by Adding Ethanol
also to the Core. To reduce the impact of Marangoni flow,
we add 10% w/w of ethanol to RO-TN 651 and fill this into
the vial for core liquid. Note that this has brought us more than
halfway into the miscibility gap; hence, we can expect a
minimum γcs between the nematic phase and its coexisting
isotropic phase. It also means that we have phase separation in
the reservoir from which the core liquid is pumped, but we
know that we are pumping only the nematic phase as core
because we use pneumatic pumping rather than syringe pumps,
and we place the tip of the needle taking the core liquid at the
bottom of the vial. Based on the experiment in Figure 4, we
can estimate the amount of ethanol in the nematic phase in the
miscibility gap, which is our core liquid in this new experiment,
to be about 7.5% w/w. The advantage of this approach is that
γcs is significantly reduced already when the two liquids first
come into contact, a slight further reduction happening on the
way down from the spinneret orifice as LC diffuses out into the
ethanol-PAA solution, bringing its composition closer to that
of the equilibrium isotropic phase bounding the miscibility gap.
A gradient in γcs, inducing Marangoni flow, thus still exists, as
visible in Supporting Information Movie S3 (showing the full
experiment) and in Figure 6 (summarizing the key
observations), but it is not strong enough that the induced
flow can disrupt the coaxial spinning. The effect could
probably be canceled out completely by adding LC to the
sheath solution until it has the composition of the isotropic
phase in the miscibility gap, but as the LC is not a good solvent
for PAA, this would cause other problems. We find that tuning
the core composition to that of the miscibility gap boundary,
while keeping the sheath solution free of LC, is sufficient to
produce good coaxial fibers.
From an applied point of view, the single most important

observation in Supporting Information Movie S3 is that the LC
flow is uninterrupted throughout the entire experiment: we can
easily confirm a continuous stream of LC from the inner
spinneret needle orifice to the Taylor cone apex, and from
there into the jet, in every frame. This is despite the fact that
we exchanged the collector about halfway into the movie,
causing significant temporary alterations of the electric field
profile with strong shape changes of the overall Taylor cone
shape. However, the experiment actually contains much more
information, revealing important data on the phase separation
and the interfaces present within the Taylor cone, as the
following detailed analysis highlights.
When the core enters the Taylor cone, it quickly builds up a

turbid volume from the bottom of the Taylor cone, filling most
of it in Figure 6a. Over the next few seconds, the overall Taylor
cone grows vertically downward, the lower turbid LC volume
retaining a roughly constant size and moving downward, with a
narrower stream of core flow connecting it to the inner
spinneret needle; see Figure 6b−d. At the same time, it
becomes increasingly clear that a near-horizontal boundary
between two isotropic phases exists, separating the nearly pure
sheath solution freshly emerged from the outer spinneret
needle from the lower Taylor cone part, which has an air
interface with weaker curvature just below the boundary, best
seen in panel (b). We thus have two phase boundaries in the
Taylor cone: a lower one between nematic and isotropic
phases, rich and poor in RO-TN 651, respectively, and an
upper boundary between two phases that are both isotropic.
The latter type of phase separation is not present in the
mixtures of RO-TN 651 and pure anhydrous ethanol, as seen

in Figure 4. We conjecture that the presence of PAA in the
sheath solution creates a small second miscibility gap, between
the pure PAA-in-ethanol sheath solution emerging from the
spinneret and the slightly LC-enriched isotropic ethanol-PAA
solution that is in equilibrium with the nematic core. Another
possibility is that water condensing onto the Taylor cone from
the air67 shifts the phase diagram to such an extent that an
isotropic−isotropic phase separation takes place at very low
LC concentration, similar to what is seen with 5CB−ethanol
solutions.70 Importantly, with RO-TN 651 as core, neither
phase boundary destabilizes the spinning process, so the
interfacial tension of each boundary must be very low.
The LC flow is generally clearer at the top than at the

bottom, probably because of shear alignment of the director as
the LC exits the spinneret, but this alignment is lost when the
core flow hits the boundary to air near the Taylor cone apex,
leading to strong light scattering. The boundary between the
isotropic phases moves upward and is almost flush with the
spinneret in panels (c)−(d), but, in panel (e), it has moved
down a bit. Around this time in the experiment, we switched to
a different collector, temporarily yet considerably distorting the
electric field. As a result, the Taylor cone gets smaller and, in
panel (f), the symmetry is broken, the jet moving to one side.
The Taylor cone distortion reaches its extreme situation in
panel (g). In panel (h), the new collector is in place and the jet
moves down to the bottom of the Taylor cone, which is now
nearly cylindrically symmetric. Over the next few seconds, the
Taylor cone shrinks somewhat again, adopting a true cone
shape in panel (i), where the horizontal upper phase boundary
is easily distinguished. The Taylor cone fluctuates slightly in
size after the collector switch, reaching its minimum size in
panel (j). In panel (k), the final steady-state situation is shown,
with a Taylor cone that is largely conical in shape, a distinct
horizontal isotropic−isotropic boundary just below the
spinneret orifice, and an LC core flow that is almost cylindrical
throughout the top two-thirds of the Taylor cone, broadening
only near the bottom.
Throughout the whole process, the core flow is unin-

terrupted, and the jet only experiences the moving-around at
the height of the disturbance due to the collector change. Apart
from this moment (lasting about a second), a continuous
core−sheath jet is ejected from the apex of the Taylor cone.
Also the produced fibers are continuouslyand richlyfilled
with LC (Figure 6l−m), demonstrating that γcs is too low to
trigger the Rayleigh−Plateau instability within the jet. Our
attempts to measure γcs of this system using a pendant
ethanol/RO-TN 651 drop in a PAA/ethanol bath failed: a
stable drop could not be formed (see Supporting Information
Movie S8 and the discussion in the Supporting Information).
Nevertheless, the very low effective interfacial tension is clear
from the nonminimizing behavior of the interface. Since any
remaining ethanol in the core is easily evaporated after
spinning, its presence during the spinning process will not
affect the behavior of the LC core when the fibers are used.

Case of Complete Core−Sheath Miscibility. If one only
considers the impact of γcs, the best option might appear to be
to eliminate the interface entirely by choosing a core and a
sheath that are fully miscible, as then a smooth concentration
gradient can form all the way from pure sheath to pure core
without any discontinuity. Without an interface, there is also
no interfacial tension and the problems encountered so far will
not arise. However, this option leads to other problems: first of
all, the loss of core−sheath structure that already Li and Xia
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noted in their pioneering work.16 This is particularly critical
whenas in the present workthe core is a low molar mass
liquid, since then we cannot rely on the low miscibility of
polymeric solutes to prevent or at least slow down core−sheath
mixing. Even more critically, if core and sheath are fully
miscible but the core is not a good solvent for the sheath
polymer (typically the case with functional core materials like
LCs), then the loss of sheath solvent into the core and core
liquid moving into the sheath will rapidly deteriorate the
quality of the sheath solution from the perspective of dissolving
the polymer. The core effectively becomes an internal
coagulation bath, as used in traditional wet spinning to rapidly
solidify the polymer. If the sheath solvent is volatile, the
polymer concentration in the sheath solution also rapidly
decreases and/or water is condensed from the air, adding yet
another nonsolvent for many polymers. The combined result is
that the Taylor cone is strongly distorted and often clogged
within seconds or minutes, disrupting the spinning process.
To demonstrate these problems, we choose styrene-

butadiene-styrene (SBS) block copolymer dissolved in
tetrahydrofuran (THF) as a relevant example of a sheath
solution that is highly miscible with RO-TN 651. This sheath
is interesting because several groups have successfully electro-
spun SBS dissolved in THF (and co-solvents) into highly
stretchable elastomeric fiber mats,73 which may then serve as a
basis for stretchable electronic composites,74 light-emitting
diodes (LEDs),75 or wearable organic vapor sensors.76 We
have ourselves tried to use SBS as a sheath for LC core-
functionalized fibers (with and without addition of dimethyl-
formamide (DMF) as a co-solvent), but without success. In the

experiment shown in Supporting Information Movie S4 and
Figure 7, the reasons for the failure are clearly revealed.
During the first 10 s of the experiment, only sheath solution

is spun and we initially see an excellent Taylor cone in Figure
7a. However, even without any core being injected, we see that
THF as the sole solvent is not ideal: some 2 s into the movie,
the tip of the Taylor cone starts elongating (b), clearly
demonstrating that it is no longer in a fully liquid state. The
volatile THF evaporates too quickly, and probably the
consequent cooling of the Taylor cone also induces
condensation of water,67 which dissolves in THF but is a
nonsolvent for SBS. The result is gelation of the Taylor cone
toward its apex, which, in panel (c), even gives it a clearly
asymmetric distortion.
Because of the gelation, the spinneret is wiped clean (seen in

Supporting Information Movie S4) and directly afterward (d)
we start the injection of the LC core, easily recognized inside
the Taylor cone by its turbid character. This initially stops the
ejection of the jet and the compound Taylor cone grows in size
(e) until the sheath breaks, without breaking off the core (f).
Directly afterward, at 10.9 s into the movie (Figure 7g), a good
core−sheath Taylor cone can be seen, with the core extending
continuously from the spinneret orifice to the Taylor cone
apex, from which a compound jet is ejected. However, already
in panel (g) one can notice a horizontal boundary of the sheath
just below the spinneret orifice, and in panel (h), we clearly see
that the Taylor cone curvature is different above and below
this boundary. This suggests that the sheath solution starts to
gel below the boundary, allowing the Taylor cone to extend
more vertically here than above the boundary. Importantly, this
boundary was never seen prior to injecting the LC (see panels

Figure 7. Top row: Taylor cone at different stages during electrospinning a core of RO-TN 651, with 10% w/w added THF, into a 10% w/w SBS
in THF sheath solution. The images are extracted from Supporting Information Movie S4, the time stamps relating to the start of the movie. The
outer needle of the spinneret (1.7 mm diameter) appears at the top of every image, slightly inclined because the camera was not oriented perfectly;
in reality, the spinneret was vertically oriented. Bottom rows: POM images (l, n, p, r: without analyzer; m, o, q, s: between crossed polarizers, as
indicated by double-headed arrows) of the spinning product collected at 3, 4, 6, and 7 cm below the spinneret, respectively. Scale bars are 10 μm.
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a−c); hence, it is the core acting as coagulation bath that is
causing this deterioration of the Taylor cone.
In panel (h), we can even start distinguishing a second

boundary further down, which becomes very clear in panel (i).
Below the second boundary, the Taylor cone loses its
cylindrical symmetry and it distorts leftward in the image.
The distortion increases in size over the next few seconds (j)
until that in panel (k) is so strong that reliable spinning from
the Taylor cone is no longer possible. We wipe the spinneret
clean just after (k), but it takes less than 4 s until the Taylor
cone again deforms so strongly that spinning is stopped; see
Supporting Information Movie S4. Although the rapid
evaporation of the volatile THF already causes problems for
the single-phase spinning (this is probably why Fong and
Reneker73 and Park et al.74 used THF−DMF solvent mixtures
for spinning), we see that the situation is dramatically
worsened by the introduction of the core liquid that is fully
miscible, without any miscibility gap, with the sheath solvent.
The elimination of core−sheath interface in the Taylor cone

indeed has the advantage that the core is drawn very well into
the jet, even when the Taylor cone is as distorted as in Figure
7k. But this is of little use to us: first, because it is only a matter
of seconds until spinning is stopped due to Taylor cone
gelation, and, second, because the core−sheath structure is lost
in the jet. This is seen in panels (l)−(s), showing samples that
have been collected on glass slides at different distances below
the spinneret. A slide held at only 3 cm below the spinneret
shows continuous ribbons, but they are very broad as no
significant jet stretching could take place and much liquid still
remains in the fiber; see Figure 7l−m. Importantly, there is no
trace of a core−sheath structure, and the image between
crossed polarizers (m) reveals that there is no liquid crystalline
behavior at any point in the ribbon.
Moving further down to 4 cm below the spinneret (n−o),

the ribbon has strongly undulated edges, indicating that the
Rayleigh−Plateau instability is about to break it into droplets.
Indeed, several droplets surround the broad ribbon that runs
across the image from left to right. As before, there is neither
any sign of core−sheath structure nor of liquid crystalline
behavior. At a 6 cm distance (p−q), the instability has entirely
broken up the jet and we see only large droplets, and at 7 cm
(r−s), we see some smaller droplets and some larger regions
where nearby droplets have apparently merged withas
usualno sign of core−sheath structure or of liquid crystalline
behavior. Note that much of the volatile THF should have
evaporated at this point, and, in experiments without an LC
core, we have indeed frequently succeeded in spinning SBS
fibers in this way. However, with an LC core, its complete
miscibility with the sheath solution and its non-solid state
mean that the sample remains liquid, removing any trace of
fibers at this stage. While the LC is not a good solvent for SBS,
it is compatible enough to act as a plasticizer.
Comparison with Earlier Studies. We end by briefly

revisiting some of the previously published papers discussed in
the beginning in light of the new knowledge brought about by
experiments. Considering first the early papers with miscible
solvents by Sun et al.14 and Yu et al.,15 we note that both deal
with polymer solutions as cores, with the exception of one
experiment by Sun et al. where the core was a THF solution of
palladium(II) acetate. The entangled nature of polymer
solutions and the general difficulty to mix two different
polymers makes it credible that no significant mixing between
core and sheath polymers takes place during the residence time

in the Taylor cone when core and sheath are both polymeric.
We also note that the solvents of the core and sheath solutions
can be grouped into three categories: (i) identical solvents or
solvent mixtures (all cases in ref 15 belong to this category),
(ii) immiscible solvents (e.g., water and chloroform) but with
the addition of a co-solvent that is miscible with both other
solvents (in the same example ethanol in water), and (iii)
different miscible solvents, but neither is a nonsolvent for any
polymer (e.g., a PLA-dichloromethane sheath solution was
used with the palladium acetate-THF core solution in one of
the experiments of Sun et al.,14 but PLA is soluble also in
THF). Cases (i) and (iii) obviously give no relevant γcs,
whereas case (ii) has γcs greatly reduced by the presence of the
co-solvent soluble in both phases.
We can thus conclude that these situations all avoid phase

separation and Rayleigh−Plateau instabilities by keeping γcs
very low; gelation is avoided by not using any nonsolvents for
the polymers used; and loss of core−sheath structure is
avoided by ensuring that the time from core and sheath
meeting until the fiber sheath solidifies is kept much shorter
than the characteristic mixing time of core and sheath
solutions. Also the fabrication of hollow tubes and rods in
tubes by Zussman et al.61 used polymeric core as well as sheath
in identical solvents (DMF), but here also acetone was added
as a co-solvent for the poly(methyl methacrylate) (PMMA)
core solution. This is interesting since acetone is a nonsolvent
for the PAN in the sheath; hence, the core acted as an internal
coagulation bath, speeding up the solidification of the sheath.
Obviously, some fine tuning is required to prevent this
coagulation from starting prematurely in the Taylor cone; this
may be why 40% DMF was included in the PMMA core
solution.
In this context, a most interesting study is that by Luo and

Edirisinghe of nonpolymeric core liquids, including water and
glycerol, stabilizing electrospinning of polymer solutions as
sheaths, when the same polymer solutions without a core only
electrospray.77 They conducted a thorough study of miscibility
of the components, finding that high γcs can lead to well-
defined fibers. While they also pointed out initially that a high
γcs promotes the Rayleigh−Plateau instability, they drew the
conclusion that the fiber formation was supported by the high
γcs, although the mechanism for this was not clear. In light of
our results and those of Zussman et al.,61 we believe that the
main reason for the transition from electrospray to electro-
spinning when using water as core liquid is that it acted as an
internal coagulation bath, since the sheath solvent was miscible
with water. This was not the case when using glycerol as core,
but here the much greater viscosity, 3 orders of magnitude
greater than that of water, is likely to be important.
The encapsulation of an industrial oil (Elf SAE-15W50) as a

core inside DMF-dissolved PVP by Diáz et al.63 and Diáz
Goḿez et al.,62 as well as inside water-dissolved PEO by Diáz
Goḿez et al.,62 is interesting, as Diáz et al. point out that low
γcs is required,63 yet the oil−water interface when using
aqueous PEO as sheath should have quite significant γcs.
However, the industrial oil actually contains surfactants;63

hence, this is an example where surfactant addition is a viable
means of reducing γcs. This approach is unfortunately not
straightforward to use when working with LC cores because
surfactants can strongly impact the LC alignment and even
bring in emulsified water, with strong impact on the LC phase
behavior.27 Despite the low γcs (values on the order of 1 mN/
m were mentioned), the produced fibers were strongly beaded,
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but this may also be due to a mismatch in elongational
viscosities between core and sheath.
The approach to use identical solvents in sheath and core to

minimize γcs was used also by He et al.44 (PLA in
hexafluoroisopropanol, HFIP, as sheath and the drug TCH
in HFIP as core), but here the nonpolymeric nature of TCH
could be expected to make retained core−sheath structure
more difficult. The authors used a very high electric field (4
kV/cm), kept the core flow rate low, and let the inner needle
protrude beyond the end of the outer needle in the coaxial
spinneret. These are all features that minimize the residence
time of core and sheath in the Taylor cone, which probably
was kept small by the high electric field (no information about
Taylor cone was provided). While Loṕez-Rubio et al. also used
the same core and sheath solventwaterin their study of
bacterial inclusions in PVA sheath fibers, this fact was not
discussed explicitly.58 However, since they obtained similar
results using single-phase as with coaxial electrospinning, it is
not obvious that a distinct core−sheath structure prevailed. In
both cases, beaded fibers with bacteria contained in the beads
were observed, but, given the size of the bacteria, this structure
may have been driven by the bacterial cargo rather than by the
coaxial spinning approach. Several studies with miscible or
partially miscible cores and sheaths have made no detailed
comments on the problems related to core−sheath stabil-
ity,30,34,37,41,43,45,46,49,53 but we note that several fall into
category (ii) or (iii) above, and it is not unlikely that the
particular combinations were found empirically by trial and
error.
Returning to the paper by Li and Xia,16 finally, which

strongly promoted immiscible core and sheath, we note that
the mineral oil used as core is actually not immiscible with the
ethanol used as sheath solvent. The Food and Agriculture
Organization of the United Nations states that mineral oil is
“sparingly soluble in ethanol”,78 which means that this
combination of core and sheath is ideal, as they are neither
fully miscible nor immiscible, but have a miscibility gap, as with
RO-TN 651 and ethanol studied by us here. Since the same
holds for paraffin oil/wax, and also for chloroform and DMF as
solvents, this explains the success of all other coaxial
electrospinning papers stating a need for immiscible core and
sheath,17−19,38,42,66 inspired by the original paper by Li and
Xia. We can also conclude that these studies did, in fact, not
work with immiscible, but with partially miscible liquids, but
the significance of this distinction was not clear at the time.
Other papers that emphasize the needs for immiscible core and
sheath liquids, such as the microtube electrospinning by Dror
et al.65 or the gene delivery fibers spun by Saraf et al.,55 achieve
success by using mixed solvents, giving a common or at least
miscible component between core and sheath.

■ CONCLUSIONS
By comparing core−sheath electrospinning of a nonpolymeric
and nonvolatile LC core in three different sheath solutions
(one miscible, one immiscible, and one partially miscible with
the LC), we have demonstrated that the optimum combination
is partially miscible core and sheath liquids. When the two
liquids have a miscibility gap in the phase diagram that does
not reach all the way to either pure component, a distinct
core−sheath interface can be maintained throughout the
spinning process, yet the interfacial tension γcs can be kept very
low, since both liquids contain the same chemical constituents,
only at different compositions. This prevents phase separation

in the Taylor cone, droplet formation due to a Rayleigh−
Plateau instability in the jet, as well as loss of core−sheath
structure due to complete mixing. In this way, the production
of fibers with continuous core−sheath morphology can be
ensured, of great value when the core adds functionality to the
fiber. Importantly, the core should not be spun pure, but
enough of the sheath solvent should be added to reach the
miscibility gap of the phase diagram: otherwise, strong
Marangoni stresses and, in turn, complex flow patterns can
arise in the Taylor cone as a consequence of local variations of
γcs, preventing stable core−sheath spinning. While our
experiments were conducted with an LC core, these
conclusions are perfectly applicable to any other core−sheath
combination.

■ ASSOCIATED CONTENT
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Interfacial tension characterization of the spinning
solutions; snapshots of the interfacial tension measure-
ments using the pendant drop technique of RO-TN 651
to a solution of 10% w/w PAA in anhydrous ethanol
(Figure S1); electrospinning parameters and conditions
(Table S1) (PDF)
Taylor cone recorded during electrospinning RO-TN
651 as core and an aqueous solution of 11.5% w/w PAA
as sheath (Movie S1) (MP4)
Taylor cone recorded during electrospinning RO-TN
651 as the core and a solution of 10% w/w PAA in
anhydrous ethanol as sheath (Movie S2) (MP4)
Taylor cone recorded during electrospinning of 10% w/
w anhydrous ethanol in RO-TN 651 core and a solution
of 10% w/w PAA in anhydrous as sheath (Movie S3)
(MP4)
Taylor cone during electrospinning of 10% w/w THF in
RO-TN 651 as the core and a 10% w/w SBS in THF, as
sheath solution (Movie S4) (MP4)
Interfacial tension measurement using the pendant drop
technique with a drop of RO-TN 651 injected at 0.5μL/
s into a bath of aqueous solution of 11.5% w/w PAA
(Movie S5) (MP4)
Interfacial tension measurement using the pendant drop
technique with a drop of RO-TN 651 injected at 0.1μL/
s into a bath of 10% w/w PAA solution in anhydrous
ethanol (Movie S6) (MP4)
Interfacial tension measurement using the pendant drop
technique with a drop of RO-TN 651 injected at
0.05μL/s into a bath of 10% w/w PAA solution in
anhydrous ethanol (Movie S7) (MP4)
Interfacial tension measurement using the pendant drop
technique with a drop of 10% w/w anhydrous ethanol in
RO-TN 651 injected at 0.1μL/s into a bath of 10% w/w
PAA solution in anhydrous ethanol (Movie S8) (MP4)
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■ ADDITIONAL NOTE
aSome refer to this as “triaxial” spinning, but this is
unfortunately an incorrect and even misleading terminology;
both the spinnerets and the fibers are uniaxial, as indeed
required by a coaxial geometry.
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Discussion about interfacial tension experiments

RO-TN 651-(PAA/water) system

To measure the interfacial tension of the RO-TN 651-(PAA/water) system, we used a stain-

less steel needle to make a pendant drop of the LC phase inside a bath of a PAA/water

solution (11.5% w/w). The experiments were performed at 20�C. From three indepen-

dent measurements (i.e., using three different drops), we measured an average value of

9.13±0.30 mN/m (the error is the standard deviation).

The SI Movie 5 shows a representative example of such a drop. Even at very large volumes

(up to 35 µL; beyond this volume the drop profile exceeds the imaging window), the drop is

neither strongly deformed by gravity, nor can it be detached by the needle (unless we perturb

it mechanically). This is attributed to the very low density difference between RO-TN 651

(1.0469 g/cm3) and the PAA/water solution (1.0358 g/cm3), respectively, which minimizes

the effect of gravity on the drop. After we measured the interfacial tension in the stationary

drop, we performed a few cycles of first pushing the needle against the drop, and then pulling

it away from the drop. It can be clearly seen in SI Movie 5 that the drop responds to these
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perturbations by quickly relaxing into its equilibrium quasi-spherical shape, indicating that

9 mN/m is indeed a significant (albeit generally low) interfacial tension.

RO-TN 651-(PAA/ethanol) system

To perform interfacial tension experiments with the RO-TN 651-(PAA/ethanol) system,

we used a stainless steel needle to create a pendant drop of the LC phase inside a bath

of a PAA/ethanol solution (10.0% w/w). The experiments were performed at 21�C. SI

Movie 7 shows the production of LC drops inside the polymer solution bath. Even by

employing a very low flow rate (0.05 µL/s), a stable drop cannot be formed. Instead, a

series of small drops connected by a transient LC jet are produced. The LC jet seems to

progressively dissolve in the PAA/ethanol solution, leading to individual RO-TN 651 drops

that move towards the bottom of the sample cell due to gravity. Interestingly, drops that

come into contact do not coalesce (within the time of the experiment), indicating some

extent of stabilization, presumably by PAA chains adsorbing onto the LC-polymer solution

interface. In addition, the ejected drops seem to slightly increase in size as they sediment.

This suggests that swelling of the LC drop due to ethanol diffusing into its interior might

take place. This is further supported by the observation that the drop-solution interface

becomes less well-defined, macroscopically, as seen from the decreasing sharpness of the fluid

boundary. This qualitative picture is in accordance with the phase behavior of the RO-

TN 651-(PAA/ethanol) system (Fig.4) that shows that the two phases are fully miscible at

very low ethanol concentrations; the pendant drop experiment described here is analogous to

this case, considering that we have droplets with volumes on the order of microliters inside

a bath with volume on the order of a few milliliters.

Even if we stop dosing the LC after a first drop is formed, this drop does not remain

stable; the LC keeps flowing, even though there is no external pressure imposed on the

syringe. The inability to make a stationary drop prevents us from measuring the equilibrium

interfacial tension of the RO-TN 651-(PAA/ethanol) system. SI Movie 6 shows the early
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stage of the formation of a LC drop, under the optimum conditions we identified (target

drop volume 1 µL, flow rate 0.1 µL/s); higher flow rates led to a pronounced ejection of LC

drops connected by a LC jet, whereas lower flow rates resulted in the case where the LC

drop is not in full contact with the whole orifice of the needle. Under these experimental

conditions, a well-defined drop can be formed, which is followed by the formation of a second

drop that is however highly non-spherical (due to the broken jet created in its front). Fig. S1

shows snapshots from the formation of the first drop, with t = 0 s corresponding to the time

where the first image of the shown series was recorded. Clearly, the drop shape analysis

cannot give reliable interfacial tension values because the pendant drop is not stationary

(pendant drop tensiometry requires a stationary drop, the shape of which is dictated by

the balance of surface tension and gravity). Despite this fact, we show in Fig. S1 fits of

the drop profile; as can be seen, we can fit reasonably well the shape of the pendant drop

recorded in the first two images (i.e., 0 and 0.46 s), while the fitting becomes worse for longer

times. Although the calculated, transient interfacial tension values (about 3 mN/m) cannot

be trusted absolutely, we get an idea about their order of magnitude; they are very low. This

picture of a diminishing interfacial tension between the RO-TN 651 and the PAA/ethanol

phases is consistent with what would one expect for an interface formed by two phases

consisting of the same chemical constituents, but at different compositions.

(RO-TN 651/ethanol)-(PAA/ethanol) system

To conduct interfacial tension experiments with the (RO-TN 651/ethanol)-(PAA/ethanol)

system, we used a stainless steel needle to make a pendant drop of the ethanol-containing

LC phase inside a bath of a PAA/ethanol solution (10.0% w/w). The experiments were

performed at 21�C. A few problems that prevent the formation of a well-defined, stable

pendant drop of LC are shown in SI Movie 8. First, as the LC phase is pushed through

the needle, a soft, solid-like phase of irregular shape emerges first. We believe this is highly

concentrated (and perhaps gelled) PAA/ethanol solution that was previously left at the
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opening of the needle. This can be due to drying of a portion of this solution that was left

at the tip of the needle while it is removed from the solution bath in order to be cleaned.

Without this cleaning cycle, we are not able to form a pendant drop at all. Furthermore,

as more LC is flushed through the needle, an irregularly shaped LC drop emerges which

surrounds the solid-like polymer solution phase. At longer times, and with more LC emerging

from the orifice, more drops are formed that are initially separated from the first LC drop

before they eventually merge to form a large, irregularly-shaped LC drop. The difficulty

in merging, in conjunction with the irregular shape of the LC-polymer solution interface

(which is nevertheless well-defined), suggests that the LC phase is stabilized by the polymer

solution, presumably by PAA chains adsorbing onto the fluid interface. While interesting,

these observations clearly show that pendant drop tensiometry is not an appropriate method

to measure the interfacial tension of this highly complex system.

Figure S1: Snapshots of the interfacial tension measurements using pendant drop technique
of ROTN 651 to a solution of 10% w/w PAA in anhydrous ethanol. These still frames
are extracted from SI movie 6, the outer diameter of the stainless steel needle used for the
measurements is 0.51 mm.

Electrospinning Parameters

Table S1 gives the electrospinning parameters used in the experiments.
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Table S1: Electrospinning parameters and conditions.

Relative
Humidity(%)

Temperature
(� C)

Distance
(cm)

Voltage
(kV)

Flow rate
(ml/h)

Sheath Core Sheath Core
11.5% w/w PAA in

water RO-TN 651 25 22.6 15 9.8 5.1 0.24

10% w/w PAA in
anhydrous ethanol RO-TN 651 24 22.1 15 6.9 19.68 0.24

10% w/w PAA in
anhydrous ethanol

10% w/w anhydrous
ethanol in RO-TN 651 36 22.6 15 5.4 15.3 0.42

SI Videos

SI Movie 1: Movie of the Taylor cone recorded during electrospinning RO-TN 651 as core

and an aqueous solution of 11.5% w/w PAA as sheath. The outer diameter of the spinneret

needle is 1.7 mm and the electrospinning parameters and conditions are listed in the Table

S1. This movie corresponds to Figure 3.

SI Movie 2: Movie of the Taylor cone recorded during electrospinning RO-TN 651 as the

core and a solution of 10% w/w PAA in anhydrous ethanol as sheath. The outer diameter of

the spinneret needle is 1.7 mm and the electrospinning parameters and conditions are listed

in the Table S1. This movie corresponds to Figure5.

SI Movie 3: Movie of the Taylor cone recorded during electrospinning of 10% w/w anhy-

drous ethanol in RO-TN 651 core and a solution of 10% w/w PAA in anhydrous as sheath.

The outer diameter of the spinneret needle is 1.7 mm and the electrospinning parameters

and conditions are listed in the Table S1. This movie corresponds to Figure 6.

SI Movie 4: Movie of the Taylor cone during electrospinning of 10% w/w THF in RO-

TN 651 as the core and a 10% w/w SBS in THF, as sheath solution. The outer diameter of

the spinneret needle is 1.7 mm. This movie corresponds to the Figure 7.

SI Movie 5: Interfacial tension measurement using pendant drop technique with a drop of

RO-TN 651 immersed in a bath of aqueous solution of 11.5%w/w PAA. The flow rate of the

pendant drop is 0.5 µL/s and the diameter of the stainless steel needle used is 0.51 mm.
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SI Movie 6: Interfacial tension measurement using pendant drop technique with a drop of

RO-TN 651 immersed in a bath of 10%w/w PAA solution in anhydrous ethanol. The flow

rate of the pendant drop is 0.1 µL/s and the diameter of the stainless steel needle used is

0.51 mm.

SI Movie 7: Interfacial tension measurement using pendant drop technique with a drop of

RO-TN 651 immersed in a bath of 10%w/w PAA solution in anhydrous ethanol. The flow

rate of the pendant drop is 0.05 µL/s and the diameter of the stainless steel needle used is

0.51 mm.

SI Movie 8: Interfacial tension measurement using pendant drop technique with a drop of

10% w/w anhydrous ethanol in RO-TN 651 immersed in a bath of 10%w/w PAA solution

in anhydrous ethanol. The flow rate of the pendant drop is 0.1 µL/s and the diameter of

the Teflon needle used is 0.8 mm.
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Electrospinning Ethanol–Water Solutions of Poly(Acrylic
Acid): Nonlinear Viscosity Variations and Dynamic Taylor
Cone Behavior
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and Jan P.F. Lagerwall*

Electrospinning of polymer solutions is a multifaceted process that depends
on the careful balancing of many parameters to achieve a desired outcome, in
many cases including mixtures of multiple solvents. A systematic study of
how the solution viscosity 𝜼—a good probe of solvent–polymer
interactions—and the electrospinnability change when poly(acrylic acid)
(PAA) is dissolved in ethanol–water mixtures at varying mixing ratio is carried
out. A pronounced maximum is found in 𝜼 at a water-to-ethanol molar ratio of
about 2:1, where the solvent mixture deviates maximally from ideal mixing
behavior and partial deprotonation of carboxyl groups by water coincides
synergistically with dissolution of the uncharged protonated PAA fraction by
ethanol. The PAA concentration is tuned as a function of water–ethanol ratio
to obtain a common value of 𝜼 for all solvent mixtures that is suitable for
electrospinning. For high PAA content, the Taylor cone grows in volume over
time despite minimum solution flow rate, even experiencing surface gelation
for ethanol-rich solutions. This is attributed to the hygroscopic nature of PAA,
drawing excess water into the Taylor cone from the air during spinning.
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1. Introduction

Benefiting from its versatility, small equip-
ment footprint, and ease in combining
multiple materials within one and the
same fiber, electrospinning[1–5] has be-
come a popular technique for producing
nonwoven mats of responsive and func-
tionalized polymer fibers with very high
specific surface area.[6,7] The diversity of
properties is greatly expanded by incor-
porating functional liquids that are not
spinnable on their own to make multi-
functional composite fibers,[8–18] using
coaxial electrospinning[19–22] or in situ
phase separation.[23–25] Exhibiting manifold
properties and significant tunability, these
fibers are attractive to apply across many
areas, for example, in sensing,[12,15,26–29]

sound damping,[30] dynamic patterning,[31]

thermal insulation via phase-change
materials,[32,33] self-healing coatings,[34]

or drug release.[35–39] However, success in spinning multifunc-
tional composite fibers requires careful optimization of the poly-
mer solvent with respect to the functional additive: otherwise,
phenomena such as phase separation and gelation can disrupt
the electrospinning process.[6,40] A common strategy (also in
single-phase spinning) is to use mixtures of solvents, but many
papers report only a fix solvent composition, without includ-
ing any systematic study of how the polymer solution proper-
ties change with solvent mixing ratio. Given that a change in
solvent composition can strongly affect the polymer–solvent in-
teractions, there is good reason to carry out such a systematic
study.

In this context, poly(acrylic acid) (PAA, Figure 1) is interest-
ing, as it is readily soluble in water as well as ethanol,[41,42] al-
lowing a complete study of how mixing these two solvents af-
fects the PAA solution and its electrospinnability. Moreover, PAA
is available in high molar mass suitable for electrospinning (as
confirmed by several groups reporting successful PAA nano-
/microfiber production[43–45]) and it can be made insoluble af-
ter spinning via chemical crosslinking,[43,44] of value for making
fiber mats that withstand liquid immersion. The system of PAA
dissolved in a water–alcohol mixture is also highly illustrative of
the complexities that can arise with polymers dissolved in mixed
solvents.
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Figure 1. The structure of poly(acrylic acid) (PAA).

Studying water–ethanol solutions of polyvinylpyrrolidone
(PVP), Guettari et al.[46] found that pure ethanol is a good solvent
and water is a theta solvent (at the border between good and
bad), while mixing reduced the performance in both directions,
leading to a maximally poor solvent at about 70 mol% water. The
same phenomenon was seen with water–methanol solutions
of polyethylene oxide (PEO) by Shankar et al.,[47] who also
demonstrated that the minimum of solvent quality coincides
with a minimum of viscosity of the polymer solution. Both
articles attributed the behavior to the solvent mixtures exhibiting
a maximum deviation from ideal mixing behavior at a 2:1 molar
ratio of water to alcohol due to competitive hydrogen bonding
and formation of clusters with different solvent compositions
at the molecular scale. In contrast to PVP and PEO, PAA is
a polyion, that is, its pendant groups (carboxyl) are ionizable,
and this can yield an even stronger sensitivity to the solvent
properties. The high dielectric permittivity 𝜀w ≈ 78 of water
generally leaves polyions largely ionized,[48] giving rise to poly-
electrolyte behavior.[49] Ethanol has a much lower permittivity
than water, 𝜀e ≈ 25, and we can thus expect significant coun-
terion condensation and largely neutral PAA if it is dissolved
in ethanol.

An interesting interplay between multiple phenomena should
thus take place when electrospinning PAA dissolved in water–
ethanol mixtures of varying compositions, because of the com-
bined effects of a solvent changing character in a nonlinear way
and the change from polyelectrolyte to neutral behavior of the so-
lute. As a primary probe of solvent quality, we measure the shear
viscosity 𝜂 at low shear rate as a function of ethanol–water mix-
ing ratio, confirming highly nonlinear behavior. To our surprise,
however, PAA behaves opposite to PVP and PEO, with a max-
imum in 𝜂 at intermediate solvent composition. This indicates
that the mixed solvent has optimum properties for dissolving
PAA, a finding that we attribute to the polyelectrolyte character
of PAA when water is present in the solvent. We attempt to iden-
tify a PAA concentration cPAA for each solvent composition that
yields a value of 𝜂 appropriate for electrospinning. The resulting
variation in PAA concentration reveals the impact of yet another
characteristic of PAA: its highly hygroscopic nature leads to sig-
nificant water condensation from the air at high cPAA, changing
the ethanol–water balance in the Taylor cone, with strong impact
on electrospinnability.

2. Results

2.1. Viscosity of PAA Solutions

The molar mass of our PAA is the same as that used by Li and
Hsieh, who measured 𝜂 as a function of cPAA in pure water.[43]

Replotting their data on a log–log scale (Figure S2, Supporting

Information), a change of slope is easily recognized when cPAA
increases from 5% to 6% w/w. Fitting a power law function
to the data, we find that the 𝜂(cPAA) data are well reproduced
with an exponent of 2 for cPAA in the range 2–5% w/w, while,
in the range 6–10% w/w, the exponent is 4.1. These exponents
are well in line with the expectations for semidilute unentan-
gled to semidilute entangled behavior, respectively[50]; hence we
take ce, wPAA ≈ 5.5% w/w as the critical entanglement concentra-
tion for PAA in water. This leads us to conduct our experiments
with cPAA ≥ 6% w/w in order to have entangled solutions suitable
for electrospinning.

We prepare solutions with cPAA = 6% , 7% , 8% , and 9% w/w in
water–ethanol mixtures at 0% , 25% , 50% , 75%, and 100% w/w
water, respectively, and measure 𝜂 in a plate–plate rheometer as
a function of oscillatory shear rate �̇� . The full data are shown in
the Supporting Information, Figures S3–S8, Supporting Infor-
mation. Based on these data, we consider 𝜂(�̇� = 2.34 s−1) a rep-
resentative low-shear viscosity; lower �̇� gives poor measuring ac-
curacy, possibly related to uncontrolled solvent evaporation dur-
ing the long measuring time, with fluctuations in the apparent 𝜂.
To get an overview of the behavior as function of water–ethanol
molar ratio xw (xw = 0 corresponding to pure ethanol) as well as
of cPAA, we plot 𝜂(�̇� = 2.34 s−1) as a function of xw in Figure 2
for cPAA = 6, 7, and 9% w/w, respectively (see Supporting Infor-
mation concerning the 8% w/w data). As an attempt to extrapo-
late between the experimental data points, we fitted a single-peak
Gaussian function to each data set, yielding a good match to the
obtained data.

The striking conclusion from Figure 2 is that all systems show
a clear maximum in 𝜂 for xw ≈ 0.65. While we thus can repro-
duce the findings of Guettari et al.[46] and Shankar et al.[47] in
terms of extreme behavior at a water–alcohol mole ratio of 2:1,
corresponding to maximally nonideal behavior of the solvent, we
see the opposite extreme of maximum viscosity, suggesting max-
imum coil expansion and thus a maximally good solvent at this
mixing ratio. We will return to the interpretation of this differ-
ence in the Discussion.

Given the strong variation in viscosity with water–ethanol ra-
tio, it is clear that a cPAA value suitable for electrospinning with
one solvent composition may no longer be adequate if the water–
ethanol ratio changes. We hypothesize that it will be possible to
spin fibers with consistent quality across the full water–ethanol
mixture window if we identify values of cPAA for each solvent com-
position that yield a common viscosity 𝜂0, which is tuned to be ap-
propriate for electrospinning. We identify 𝜂0 empirically by con-
ducting preliminary electrospinning experiments using a solvent
with water–ethanol ratio of 50:50 (by mass) and varying cPAA. The
best results (fibers with uniform diameter and few beads) are ob-
tained with 7% w/w PAA, corresponding to 𝜂 ≈ 700 − 800 mPa⋅s
at �̇� = 2.34 s−1. For the other solvent compositions, we thus inter-
polate each relevant 𝜂(�̇�) data set corresponding to Figures S3–S7,
Supporting Information using an exponential fit to identify cPAA
that will yield 𝜂0 ≈ 700–800 mPa⋅s at �̇� = 2.34 s−1. Table 1 lists the
compositions of the resulting PAA solutions prepared for electro-
spinning and Figure S9, Supporting Information shows the cor-
responding 𝜂(�̇�) curves. The data for PAA in pure ethanol and in
pure water, respectively, almost overlap at values slightly higher
than 𝜂0, while the data obtained with mixed solvents show some
variations within the range 600–950 mPa s.
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Figure 2. Low-shear rate (�̇�=2.34 s−1) viscosity 𝜂 as a function of mole fraction of water in the ethanol–water solvent used for dissolving PAA at mass
concentrations 6% , 7% , and 9% w/w, respectively. Filled symbols and continuous curves correspond to 𝜂 obtained during a scan with increasing
�̇� , whereas empty symbols and dashed curves correspond to measurements upon decreasing �̇� . The arrow highlights the solvent composition with
nw ≈ 0.65 which appears to exhibit optimum solvent properties for PAA. The error bars are a standard deviation obtained from 4 different measurements
each with increasing and decreasing shear rate.

Table 1. Concentrations (by mass) cPAA of viscosity-matched solutions with
different mole fractions xw of water (or mass fractions cw), both referring
to the mixture without PAA, tailored for comparable electrospinning con-
ditions regardless of solvent composition.

Solution cPAA [% w/w] xw cw [% w/w]

1 10 0 0

2 7.5 0.46 25

3 7 0.72 50

4 8.5 0.88 75

5 11.5 1 100

2.2. Taylor Cones and Electrospun Fibers

After identifying the target viscosity 𝜂0 and preparing PAA solu-
tions using pure water, pure ethanol, and the three solvent mix-
tures, respectively, adjusting cPAA to ensure 𝜂 ≈ 𝜂0, (Table 1), we
carried out electrospinning experiments to assess the suitability
of each solution. The parameters for each spinning experiment
are summarized in Table 2. During electrospinning, we paid par-
ticular attention to the Taylor cone appearance as a function of
time, filming it for at least 30 s (Movies S1–S5, Supporting Infor-
mation), and measuring the time that fibers are produced with-
out the operator needing to clean the spinneret (we call this dura-
tion a ”spinning cycle”). Snapshots from the beginning and end
of a cycle, respectively, are shown in Figure 3.

Looking at the top row in Figure 3, we see that a nearideal Tay-
lor cone develops quickly at the start of a cycle for every solu-

Table 2. The mean cross section diameter d̄ with standard deviation, as ob-
tained by measuring 100 individual cross sections in SEM images, of fibers
produced from each density matched solution (compositions in Table 1),
at relative humidity RH, temperature T, spinneret–collector distance L,
spinning voltage V, and flow rate Q.

Solution d̄ [𝜇m] RH [%] T [◦C] L [cm] V [kV] Q [mL h−1]

1 2.30±0.24 29 25.1 14 7.5 0.61

2 1.30±0.13 30 24.8 14 7.5 0.65

3 1.70±0.12 30 24.5 14 7.5 0.43

4 0.67±0.06 35 26.3 14 7.5 0.23

5 1.08±0.15 35 25.9 14 7.5 0.37

tion, and a stable single-jet ejection can easily be recognized in
the photos. The situation is very different toward the end of a
cycle, where only Solution 4 leads to a maintained stable Taylor
cone and continued spinning. Although the Taylor cone in (d′)
has grown in volume compared to (d), an overall stable spinning
situation is seen here. For the high-ethanol content solutions 1
and 2, an unnatural distortion and elongation of the Taylor cone
can be recognized, suggesting that gelation is taking place on the
Taylor cone surface. Indeed, this distortion is the reason why the
spinneret has to be wiped clean, ending the cycle. The distortion
is present also in the Taylor cone with Solution 3, although it is
not as apparent, and again this is the reason for terminating the
cycle by wiping the spinneret clean.

Solution 5, where pure water is used as solvent, is different.
Additionally, in this experiment, the cycle is relatively short (18 s).
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Figure 3. Taylor cone pictures of different PAA solutions (compositions in Table 1), imaged at the beginning (top row) and end (bottom row) of a
spinning cycle. The spinneret was wiped clean at the end of each cycle, just after the timestamp label in the lower row, in order to restart the cycle, except
for column d/d′, where spinning could continue well beyond the 42 s during which the Taylor cone was filmed (hence the t = 42 s + label in d′)

The reason why the spinneret has to be wiped at this point is not
gelation, but rather a rapid growth of the Taylor cone to a volume
where it is about to detach as a droplet. If it is not wiped off, it
will land on the fiber mat and ruin the previously spun fibers.
We will later return to the origin of gelation of the ethanol-rich
Taylor cones and of the dramatic volume expansion of the pure-
water-based Taylor cone (despite having the second lowest flow
rate in the entire study, see Table 2) in the Discussion.

Our hypothesis that solutions optimized for 𝜂 = 𝜂0 will pro-
duce good fibers regardless of solvent composition is supported
by the fact that all five solutions give smooth fibers that are free
of beads, as shown in the scanning electron microscope (SEM)
characterization images in Figure 4. However, there is a non-
negligible variation of the average diameter d̄ of the fiber cross
section, spanning the range 0.6–2.3 𝜇m. As can be seen in the
histograms on the right in Figure 4 and Table 2, this variation
shows a systematic correlation neither with the solvent composi-
tion xw nor with the PAA concentration cPAA. The thickest fibers
are obtained with Solution 1, with a medium PAA concentration
of cPAA = 10% w/w at one end of the solvent composition scale,
at xw = 0, but the thinnest fibers are not obtained at the opposite
end, but at xw = 0.88. The fibers at xw = 1, corresponding to the
maximum PAA content cPAA = 11.5% w/w, are among the thin-
ner in the study, contrasting significantly to those obtained with
xw = 0 although these two solutions showed almost identical 𝜂
in Figure S9, Supporting Information. The flow rate Q has sig-
nificant impact, the thinnest fibers being spun with the lowest
flow rate (Table 2), but there are inconsistencies also here. For
instance, the greatest flow rate (Q = 0.65 mL h−1) was used for
Solution 2, but this produced significantly less thick fibers than
Solution 1 pumped at Q = 0.61 mL h−1. We will attempt to re-
solve these surprising and apparent inconsistencies in the fol-
lowing section.

3. Discussion

We first address the maximum in PAA solution viscosity at in-
termediate water–ethanol mixing ratios, and the maximally ex-
panded coil size that can be assumed from this behavior. The mix-
ing of ethanol and water is a classic example of non-ideal mixing
behavior,[51–53] with a maximally negative excess volume at a wa-
ter mole fraction that is often located at xw ≈ 0.6,[53,54] although
Belda et al. report a higher value of xw = 0.75.[55] This behavior
is attributed to the clathrate caging of ethanol molecules by sur-
rounding water molecules in order to maximize the number of
hydrogen bonds of the latter, maximizing the enthalpy of mixing
at the cost of reduced entropy, as the caging reduces the config-
uration space for hydrogen bonding of the water molecules.[56]

The maximum deviation from ideal mixing behavior can also
be seen in a maximum of viscosity of ethanol–water mixtures at
xw ≈ 0.7.[57] However, this viscosity maximum is three orders of
magnitude lower than that of the PAA solutions studied here; the
impact of the viscosity of the solvent itself is thus negligible in the
context of our study.

We note that the most common value xw ≈ 0.6[54] for max-
imum non-ideal water–ethanol mixing coincides rather well
with xw ≈ 0.65 for maximum PAA solution viscosity seen in
Figure 2, as well as with the minimum of solvent quality for PVP
in ethanol–water mixtures studied by Guettari et al.[46] Based
on dielectric spectroscopy data, Sato et al. concluded that a first
critical mole fraction is xw = 0.82, at which the excess activation
free energy €GE is at a maximum, corresponding to maximum
ethanol–water interactions.[52] They argue that, for lower xw,
ethanol molecules form clusters, thus with microphase segrega-
tion taking place between water and ethanol. They found a second
critical mole fraction of xw = 0.58, near the region where most
studies find the maximum negative excess volume,[54] which they
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Figure 4. Left column: representative SEM images of the fibers produced from each of the five viscosity-matched solutions (compositions in Table 1).
Scale bar 5 𝜇m. Right column: histograms showing the distribution of cross section diameters d of fibers spun from each solution. The corresponding
Taylor cone movies are provided in Supporting Information, and key snapshots are shown in Figure 3.The error bars on the histograms represent standard
deviation.
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attribute to this microphase segregation reaching its maximum,
linking it to Ben-Naim’s identification of this mole fraction as
having maximum affinity of ethanol molecules but minimum
affinity between ethanol and water.[51] We can thus conclude
that the mole fraction where we find a maximum PAA solution
viscosity corresponds to the conditions where the ethanol–water
mixture is the furthest from ideal, with a microphase segregation
of water and ethanol which is at its maximum.

The key remaining question is why this extreme condition
yields maximum viscosity of PAA solutions, suggesting maxi-
mally expanded coils and an optimum solution behavior for PAA,
whereas the same solvent mixture shows an extreme in poor sol-
vent behavior for PVP.[46] We assume that this is related to the
ionizable acid groups of PAA and the fact that the counter ions
of the carboxyl pendants of PAA are protons (H+), rendering
the degree of ionization highly sensitive to pH. The acidic na-
ture of PAA thus itself influences its degree of deprotonation.
For aqueous PAA solutions set to pH <5 by a low molar mass
acid, Swift et al. found the deprotonation of the carboxyl groups
to be negligible.[58] In our case, pH<5 for cPAA ≥ 6% w/w for all
xw (see Figure S10, Supporting Information), which means that
the average degree of ionization of PAA must be low, explaining
why ethanol is overall the better solvent. Indeed, we find a slight
turbidity in the solutions with high water content, whereas those
with high ethanol content are clear (Figure S11, Supporting Infor-
mation). However, the low pH comes from protonation of PAA in
the first place; hence, ionization up to a saturation fraction does
occur along the chains. This gives them polyelectrolyte character
with electrostatic self repulsion along the polymer chain, increas-
ing the persistence length and therefore expanding the coil in so-
lution. As the ethanol fraction of the solvent increases, pH also
increases, reflecting the expected reduced degree of ionization
as the solvent permittivity decreases. This means a decreasing
electrolyte character, with a consequent reduced impact of elec-
trostatic coil expansion. The variation of PAA ionization should
be reflected by a corresponding variation of solution conductiv-
ity, which would suggest that the fiber thickness increases with
ethanol content, as high conductivity is known to decrease the
fiber diameter.[1–5] However, the results in Figure 4 show a de-
pendence on solvent composition that is not fully systematic, sug-
gesting that the conductivity impact is overlaid by other effects,
to be discussed below.

We conjecture that the maximum viscosity at constant cPAA
at nw ≈ 0.65 is a result of maximally expanded coils because
of all the different aspects influencing the PAA chain interac-
tions contributing synergistically at this apparently optimum sol-
vent mixture composition. The benefit of water’s ability to de-
protonate the PAA is combined with ethanol’s ability to solubi-
lize the protonated residues (in majority), and the partial charg-
ing of the polymer expands the coil via the electrostatically in-
creased persistence length. These effects are then amplified by
the fact that the entropic penalty of microphase segregation of
ethanol and water is maximized at wx ≈ 0.6.[52] The presence of
partially ionized PAA could reduce the free energy of the sol-
vent by having the water molecules interacting mainly with de-
protonated acid groups while the ethanol interacts mainly with
the protonated ones and the polymer backbone, as has indeed
been suggested by molecular dynamics simulations.[59] In other
words, the polymer–solvent interactions are particularly strong at

wx ≈ 0.6, as each fraction of the polymer, protonated and depro-
tonated, respectively, interacts preferentially with one of the two
solvent species, reducing the entropy penalty of direct ethanol–
water interaction at this maximally nonideal mixing ratio. Ham-
mouda et al. also found that a mixture of ethanol and water pro-
motes PAA dissolution[60] and they also attributed the effect to
a molecular scale solvent segregation. However, their conjecture
that water dissolves mainly the carboxylate groups—regardless of
degree of deprotonation—whereas the ethanol dissolves mainly
the backbone would suggest that water–alcohol mixtures would
be better solvents also for PVP and PEO, in contradiction with the
findings of Guettari et al.[46] and Shankar et al.[47] Future more
detailed investigations, in particular involving computer simula-
tions, are needed to gain a full understanding of the phenomena.

Next, we attempt to explain the apparently unsystematic varia-
tions in fiber cross section diameter d̄ between the five solutions
used for electrospinning seen in Figure 4 and Table 2. We believe
that this is due to the fact that the impact on the electrospinning
results of 𝜂—which is similar for all five solutions as they were
prepared—is dwarfed by the changes to the solvent composition
taking place over time in the Taylor cone. This thus gives rise to
the significant variations in cycle length and Taylor cone shape
seen in Figure 3, but it also impacts the characteristics of the
fibers that finally end up on the collector. We recently found that
the cooling due to ethanol evaporation from the Taylor cone of an
ethanolic PVP solution electrospun in a humid atmosphere leads
to significant water condensation, which—counterintuitively—
leads to gelation of the Taylor cone surface and disruption of the
electrospinning process.[40] This surprising finding can be under-
stood from the fact that water condensation actually accelerates
ethanol or methanol evaporation due to the latent heat released
when water condenses.[61]

We believe the same phenomenon is at play here, despite a
significantly lower atmospheric humidity. Most likely, the well-
known hygroscopic nature of PAA (the most common applica-
tion of PAA is as a superabsorbant material due to its ability
to absorb water and swell to many times its own volume) con-
tributes to an extreme sensitivity to humidity, the PAA effectively
promoting water condensation and thus triggering the enhanced
ethanol evaporation. This explains why the outer surface of the
Taylor cone of PAA in pure ethanol gels so quickly, terminating
the spinning cycle after about 30 s in Figure 3, and it also explains
why the Taylor cone always grows in volume over time within a
spinning cycle, despite the flow rate being slightly lower than typ-
ical for electrospinning. In fact, Q was as low as possible in all
experiments, any further reduction effectively stopping the ini-
tial Taylor cone development. If water is present in the spinning
solution from the start, the impact on ethanol evaporation is re-
duced in magnitude, but the gelation of the Taylor cone is nev-
ertheless strong enough to also terminate the cycle in spinning
experiments with Solutions 2 and 3.

With Solution 5, there is no ethanol that can evaporate, as the
solvent is pure water. In this case, consequently, the cycle is not
terminated by surface gelation of the Taylor cone, but by an ex-
treme growth of the droplet protruding from the spinneret to the
point that it can hardly be described as a Taylor cone any more and
where an operator must remove it in order to avoid dripping onto
the fiber mat. It must be emphasized that this is not due to over-
feeding because of too high flow rate; Q is the second lowest in
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the study for Solution 5. Rather, we believe it is the fact that cPAA is
the highest of all solutions, in order to reach the targeted 𝜂0 in this
nonoptimum solvent. The large PAA loading leads to maximum
impact of the hygroscopic nature of PAA, drawing in additional
water from the air as spinning proceeds. While it may seem sur-
prising that PAA could act to draw in additional water from the
air when it already is in solution, one should be aware that signif-
icant phase separation takes place during electrospinning in the
Taylor cone, near the apex from which the jet is ejected.[62] This
means that the PAA concentration can be high locally, allowing
it to absorb additional water at these locations.

We believe the low value of d̄ seen when spinning solution 4
is the one truly representative of the viscosity-matched solutions.
This solution has a quite low cPAA, reducing the impact of its hy-
groscopic nature, and a relatively low ethanol content, eliminat-
ing the risk of Taylor cone gelation due to water condensation.
The other fibers have d̄ that are more determined by the dynamic
variations of the PAA solution at the Taylor cone surface during
spinning, due to water condensing from the air.

4. Conclusion

While PAA dissolves in ethanol as well as water, or any mixture of
the two, its behavior changes in a highly nonlinear and nontrivial
way as the solvent composition is varied. Surprisingly, the viscos-
ity 𝜂 at constant PAA concentration cPAA is maximum at a water-
to-ethanol mole fraction of xw ≈ 0.65, corresponding to maxi-
mum deviation from ideal mixing behavior of water and ethanol.
We believe it provides a synergistic combination of partial depro-
tationation of carboxylate groups by water while the ethanol dis-
solves the remaining uncharged polymer fraction. Having estab-
lished how 𝜂 varies with xw we find that consistent electrospin-
ning of PAA solutions of any water–ethanol solvent ratio can be
initiated with 𝜂 ≈ 0.7 Pa s, but the fiber cross section diameter
varies in apparently inconsistent ways, and the spinneret must
be regularly wiped clean, due to an unavoidable rapid growth of
the Taylor cone and/or gelation in case of ethanol-rich solutions.
We attribute this behavior to the extreme hygroscopic nature of
PAA, leading to significant water condensation into the Taylor
cone despite a spinning atmosphere with moderate relative hu-
midity. This demonstrates the vital importance of monitoring the
Taylor cone quality over time during electrospinning and paying
attention to any unexpected processes taking place there, which
may impact the electrospinning process.

5. Experimental Section

Polymer Solutions: Poly(acrylic acid) (PAA; Mw = 450 kg mol−1) was
purchased from Sigma-Aldrich and dissolved in anhydrous ethanol (99%,
from VWR) for solutions in pure ethanol, ultrapure deionized water (con-
ductivity 0.055 𝜇S cm−1 Sartorius Arium) for solutions in pure water, or
mixtures of the two solvents. Multiple PAA solutions were prepared, with
various selected concentrations cPAA (by mass), in water–ethanol mixtures
of 0, 25, 50, 75, and 100% w/w ratio. All materials were used as received
without further purification.

Viscosity Measurements: The oscillatory shear viscosity 𝜂 was mea-
sured in plate-plate geometry (50 mm diameter, 1.0 mm gap) using an
Anton Paar rheometer (MRC-102), controlled by Rheocompass software.
The shear rate �̇� was swept from 0.1 to 10 s−1 and then back to 0.1 s−1. All

the measurements were performed at room temperature (25 ◦C), using
a solvent trap to prevent ethanol from evaporating during the measure-
ments.

Electrospinning: The electrospinning setup (vertical geometry,
schematic in Figure S1, Supporting Information) was housed inside a
closed acrylic box in order to ensure a well-defined spinning atmosphere.
An 18-gauge blunt-tipped disposable stainless steel needle (outer diame-
ter 1.20 mm), purchased from VWR, was used as the spinneret, mounted
in the top of the acrylic box. To apply the electric field to drive spinning,
the spinneret was connected to a high voltage power supply (Gamma
High Voltage, model ES30R-5W/DAM/RS232) while the collector was
grounded. The PAA solution to be spun was pumped to the spinneret
using a microfluidic pressure controller (Fluigent, model MFCS-EZ,
maximum pressure 1034 mbar, uncertainty ± 0.3 mbar). The Taylor cone
was imaged using a digital camera (Pixelink D755) equipped with a macro
lens (Tokina AT-X Pro).

For all experiments, a spinneret–collector distance of 14 cm and a spin-
ning voltage of 7.5 kV were chosen. The temperature T and relative hu-
midity RH were monitored during all experiments, and the flow rate Q
was adjusted for maximally stable spinning for each solution. Fibers were
collected freely hanging on an untreated copper wire frame.

Electron Microscopy Characterization: The fibers were characterized us-
ing a JEOL JSM-6010LA SEM (Akishima, Japan), operated at 20 kV with a
working distance of 11 mm. Prior to imaging, the fibers were coated with
gold (≈5 nm thickness) using a sputter coater (Quorum Q150R ES) for
100 s. The fiber cross section diameter was established by randomly select-
ing at least 100 fibers from the SEM images and measuring the apparent
cross section using the software ImageJ (NIH, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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A Electrospinning set-up and conditions

Figure S1 shows a schematic of the electrospinning setup discussed in the Experimental section and used
for these experiments.

Figure S1: The schematics of the setup used for electrospinning microfibers

The parameters under which spinning took place are shown in Table S1.

Table S1: Electrospinning parameters and conditions

PAA

Concentration

Relative

Humidity(%)

Temperature

(
�
C)

Distance

(cm)

Voltage

(kV)

Flow rate

(ml/h)

10% w/w 29 25.1 14 7.5 0.61

7.5% w/w 30 24.8 14 7.5 0.65

7% w/w 30 24.5 14 7.5 0.43

8.5% w/w 35 26.3 14 7.5 0.23

11.5% w/w 35 25.9 14 7.5 0.37

The flow rates indicated in Table S1 were calculated from the Hagen-Poiseuille equation (equation 1) for
the pressure drop between two ends of a pipe or tube:

�p =
8⌘LQ

⇡R4
(1)

where �p is the pressure difference between the ends of the tube, Q the volumetric flow rate, ⌘ the vis-
cosity, R the cross-sectional radius of the tube, and L its length. Simple rearrangement allows us to ex-
press Q in terms of the input parameters (most notably, �p, L, and R):

Q =
�p⇡R

4

8⌘L
(2)

The parameters used in equation 2 to calculate the flow rates are indicated in Table S2.

B PAA solutions and their viscosities

To establish the critical entanglement concentration of our PAA in water, we replot the viscosity data
from Li and Hsieh [43], obtained for the same type of PAA, in log-log scale, together with best power
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PAA

concentration (⇠w/w)

⌘

(Pa·s)
R

(m) ⇥10�4
L

(m)

� p

(mbar)

Q

(ml/h)

10% 0.86 4.0 0.343 50 0.61

7.5% 0.65 4.0 0.343 40 0.65

7% 0.73 4.0 0.343 30 0.43

8.5% 0.9 4.0 0.343 20 0.23

11.5% 0.85 4.0 0.343 30 0.37

Table S2: The measured values of the parameters used to calculate the flow rate.

law fits to these data, in Fig. S2. The linear character with twice the slope at high concentration suggest
that cPAA ⇡ 5.5 % w/w corresponds to the critical entanglement concentration.

100 101
100

101

102

cPAA [%w/w] 

η 
[c

P]

Data from Li and Hsieh, 2005

η=1.17cPAA
2

η=0.05cPAA
4.1

η@2.34–1 s in pure water (this work)

Figure S2: Log-log plot of shear viscosity ⌘ versus PAA concentration cPAA in water, using experimental data extracted

from Li and Hsieh [43] as well as data from this study. The two power law curves are best fits to the Li and Hsieh data at

cPAA < 5.5 % w/w and > 5.5 % w/w, respectively, corresponding to unentangled and entangled solution behavior. The

error bars represent a standard deviation obtained from four different measurements, each with increasing and decreasing

shear rate.
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Figure S3: Viscosity ⌘ as a function of shear rate �̇ for different mass concentrations cPAA of PAA, dissolved in pure

ethanol. The error bars represent a standard deviation obtained from four different measurements, each with increasing

and decreasing shear rate.
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Figure S4: Viscosity ⌘ as a function of shear rate �̇ for different mass concentrations cPAA of PAA, dissolved in a mix-

ture of water and ethanol with XW = 0.46. The error bars represent a standard deviation obtained from four different

measurements, each with increasing and decreasing shear rate.
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Figure S5: Viscosity ⌘ as a function of shear rate �̇ for different mass concentrations cPAA of PAA, dissolved in a mix-

ture of water and ethanol with XW = 0.72. The error bars represent a standard deviation obtained from four different

measurements, each with increasing and decreasing shear rate.
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Figure S6: Viscosity ⌘ as a function of shear rate �̇ for different mass concentrations cPAA of PAA, dissolved in a mix-

ture of water and ethanol with XW = 0.88. The error bars represent a standard deviation obtained from four different

measurements, each with increasing and decreasing shear rate.
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Figure S7: Viscosity ⌘ as a function of shear rate �̇ for different mass concentrations cPAA of PAA, dissolved in pure wa-

ter. The error bars represent a standard deviation obtained from four different measurements, each with increasing and

decreasing shear rate.
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C Anomalous 8% w/w PAA

The reason that cPAA = 8% w/w is excluded from Fig. 2 in the main paper is that this concentration
displayed anomalous behavior during the viscosity measurements. Throughout four attempts we could
not get reproducible values, and in one attempt the instrument repeatedly produced negative ⌘. The
data at �̇ = 2.34 s�1 from all four attempts, for all five solvent compositions investigated, are shown
in Fig. S8, for both increasing and decreasing shear rate �̇. We conclude that the PAA solution in this
concentration range exhibits a behaviour outside the measurement conditions of the rheometer; hence we
do not include them in Fig. 2. A possible reason for the anomaly may be that this particular cPAA range
is subject to strong flow-induced phase separation by spinodal decomposition even at the rather low �̇

studied here, [62] yielding a highly inhomogeneous sample that the rheometer cannot handle. While the
observation is very interesting, its proper elucidation falls outside the scope of the present work.

0.0 0.2 0.5 0.8 1.0

100

200

300

400

Xw

η 
[m

Pa
·s

]

8% w/w PAA at � 2.34 s-1 

1 (↑)

1 (↓)

2 (↑)

2 (↓)

3 (↑)

3 (↓)

4 (↑)

4 (↓)

.

Figure S8: Rheometer output for the viscosity of 8% w/w PAA solutions at a shear rate of �̇ = 2.34 s
�1

, prepared with

different water–ethanol ratios. The upwards arrow with solid data points shows increasing shear rate, while the downward

arrow with hollowed data points show decreasing shear rate. The error bars represent the standard deviation calculated

from six measurements.

D Viscosities of solutions optimized for electrospinning

The variation in viscosity ⌘ at a shear rate of �̇=2.34 s�1 for the five solutions tuned to have ⌘ ⇡ ⌘0,
making them appropriate for electrospinning regardless of solvent composition, is shown in Fig. S9. The
compositions of the solutions are summarized in Table 1 in the main paper.
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Figure S9: Log-log plot of shear viscosity (⌘) vs. shear rate (�̇) for the PAA solutions in Table 1, with PAA concentration

cPAA optimized for constant viscosity regardless of water–ethanol ratio of the solvent mixture. The error bars represent a

standard deviation obtained from three different measurements.

E pH measurements

Fresh PAA solutions of 6%, 8%, and 9% w/w were prepared for the pH measurements which were car-
ried out using Hanna pH 211 Microprocessor pH meter at room temperature. The pH values for all the
PAA concentration were measured to be lower than 5.

Xw

pH

0

2

4

6

8

0.00 0.25 0.50 0.75 1.00

6% w/w

8% w/w

9% w/w

Figure S10: pH values of 6%, 8%, and 9% PAA in different mass ratios of ethanol and water. The error bars represent a

standard deviation obtained from three different measurements.
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F Visual appearance of PAA solutions with different solvent compositions

Figure S11 shows that solutions of PAA in pure water appear more turbid. As we increase the amount
of ethanol in the solution, the turbidity is reduced and the solution becomes clearer (L to R). The sam-
ples were imaged after mixing for 30 s on a vortex mixer.

Figure S11: 6% w/w PAA solutions prepared from different ratios of ethanol and water as solvent.

G SI Videos

SI movie 1: Movie of the Taylor cone recorded during electrospinning of Solution 1 (Xw = 0), as listed
in Table 1. The diameter of the spinneret needle is 1.20 mm and the electrospinning parameters and
conditions are listed in the Table S1. This movie corresponds to Figure 3 (a) and (a’).
SI movie 2: Movie of the Taylor cone recorded during electrospinning of Solution 2 (Xw = 0.46), as
listed in Table 1. The diameter of the spinneret needle is 1.20 mm and the electrospinning parameters
and conditions are listed in the Table S1. This movie corresponds to Figure 3 (b) and (b’).
SI movie 3: Movie of the Taylor cone recorded during electrospinning of Solution 3 (Xw = 0.72), as
listed in Table 1. The diameter of the spinneret needle is 1.20 mm and the electrospinning parameters
and conditions are listed in the Table S1. This movie corresponds to Figure 3 (c) and (c’).
SI movie 4: Movie of the Taylor cone recorded during electrospinning of Solution 4 (Xw = 0.88), as
listed in Table 1. The diameter of the spinneret needle is 1.20 mm and the electrospinning parameters
and conditions are listed in the Table S1. This movie corresponds to Figure 3 (d) and (d’).
SI movie 5: Movie of the Taylor cone recorded during electrospinning of Solution 5 (Xw = 1), as listed
in Table 1. The diameter of the spinneret needle is 1.20 mm and the electrospinning parameters and
conditions are listed in the Table S1. This movie corresponds to Figure 3 (e) and (e’).
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Combining responsiveness and durability in liquid crystal-functionalised 
electrospun fibres with crosslinked sheath
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ABSTRACT
Responsive functional composite fibre mats that are mechanically stable and impervious to water 
exposure are produced by coaxial electrospinning of thermotropic liquid crystal (LC) core inside 
a water-based solution of poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) forming the sheath. 
Because thermotropic LCs usually cannot be spun inside water-based solutions due to excessive 
interfacial tension γ, a n enabling step is the addition of ethanol or dioxane to the LC as a co-solvent 
compatible with both core and sheath fluids. This reduces γ sufficiently that coaxial jet spinning is 
possible. After spinning, thermal cross-linking of the PVA+PAA sheath yields LC-functionalised 
fibres that can be manipulated by hand and remain intact even upon full immersion in water. The 
LC core retains its behaviour, nematics showing well-aligned birefringence and transitioning to 
isotropic upon heating above the clearing point, and cholesterics showing selective reflection 
which is even enhanced upon water immersion due to the removal of sheath scattering. Our results 
pave the way to producing LC-functionalised responsive fibre mats using durable polymer sheaths, 
thereby enabling numerous innovative applications in wearable technology, and they also open 
new opportunities to study LCs in confinement, without visible impact of the container walls.
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1. Introduction

Non-woven mats of thin composite fibres produced by 
electrospinning, in which a polymeric sheath confines 
and protects one or several cores of liquid crystal (LC), 
have the potential to be of significant practical value [1– 
3], as they can bring the strongly responsive behaviour 
of LCs into contexts where they were previously inac-
cessible. Offering flexibility, breathability and extreme 
light weight, and combining a textile form factor, high 
surface-to-volume ratio, and the liquid fluidity yet ani-
sotropic functionality of the LC, these mats could be 

particularly suitable for clothing-integrated sensors of, 
e.g. temperature [4–6], strain [4], light [7,8] or volatile 
organic compound exposure [2,9–11], or for textiles 
with enhanced mechanical properties [12,13].

Two approaches have been followed for electrospin-
ning fibres with LC cores. Single-phase spinning can be 
used, in which polymer and LC are co-dissolved in a 
common solvent and a coaxial core–sheath structure 
arises as a result of in situ phase separation as the solvent 
evaporates in flight [9,14–16]. Alternatively, the LC and 
polymer solution are separated from the start, the LC 
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being introduced as one or multiple cores within the 
flowing polymer solution using a spinneret with nested 
channels, in a coaxial geometry for the most common 
case that only one core is targeted [2,4,17]. Several 
interesting proofs of concept have been demonstrated 
using both methods, but the transition from experi-
ments in the research lab to production of functional 
mats that can be conveniently applied in wearable tech-
nology has been slow. Two major obstacles – in many 
ways related – are of particular importance.

First, the range of polymers used for the sheath has 
been very limited, most successful experiments being 
performed with polyvinylpyrrolidone (PVP) [2,4,6– 
8,10,11]. A sheath of PVP is inappropriate for many 
applications due to its poor mechanical stability, lack 
of convenient crosslinking means, and strong sensitivity 
to humidity. The sensitivity to humidity is very much 
present also at the stage of spinning in case of the 
popular choice to use 40-n-pentylbiphenyl-4-carboni-
trile (5CB) as core LC and ethanol-dissolved PVP as 
sheath: water condensing from the air onto the Taylor 
cone raises the temperature range of a large miscibility 
gap between two different isotropic phases in the 5CB- 
ethanol phase diagram to ambient temperatures [18], 
triggering uncontrolled multi-interface phase separa-
tion that disrupts spinning [19].

The low number of polymers explored for the 
sheath is a direct consequence of the second obstacle, 
namely that many textile grade polymers are so che-
mically similar to the LC that the solvents needed to 
dissolve the polymer also dissolve the LC very well, 
and after the solvent evaporates, the LC mixes with 
the polymer as a plasticiser. Whether using single- 
phase or multi-channel spinnerets, this tends to lead 
to fibres that have a uniform cross-section rather 
than the desired core–sheath structure. The problem 
can also be the opposite, as in the case of water- 
soluble polymers like poly(vinyl alcohol) (PVA), 
yielding an excessively high interfacial tension to 
the LC that prevents spinning. Surfactants cannot 
be added to reduce the interfacial tension, because 
they may mix with the LC core, potentially even 
bringing in micellized water, either process with 
severe consequences for the LC behaviour [6].

In this paper, we present an exit strategy from these 
long-standing obstacles, replacing 5CB with LC mixtures 
that do not exhibit isotropic–isotropic phase separation 
in ethanol–water mixtures, using PVA as well as poly 
(acrylic acid) (PAA) as polymer (Figure 1), and dissol-
ving them in a mixture of water and ethanol. 
Additionally, either ethanol or dioxane is added to the 
LC core, yielding a core–sheath interfacial tension suffi-
ciently low to retain the core-sheath geometry defined by 

our dual-channel spinneret. As PVA and PAA can be 
crosslinked together after spinning [20,21], the final fibre 
mats have sufficient mechanical durability to allow 
manipulation by hand and they can even be immersed 
into water without dissolving or the LC leaking out.

2. Materials and methods

2.1. Polymer solutions and liquid crystals

Poly(acrylic acid) (PAA; �Mw¼ 450kg �mol� 1, a poly-
mer soluble in both water and ethanol, was pur-
chased from Sigma-Aldrich and dissolved in 
anhydrous ethanol (purchased from VWR). Poly 
(vinyl alcohol) (PVA, �Mw¼ 85 � 124kg �mol� 1, 85– 
87% hydrolysed, Sigma Aldrich), highly soluble in 
water but sparingly soluble (at low concentrations) 
in ethanol, was dissolved in ultrapure deionised 
water (conductivity 0.055 μS � cm� 1, Sartorius 
Arium). To achieve maximum crosslinking, a PVA- 
PAA solution containing equal number of carboxy-
late and hydroxyl groups was prepared from two 
separate stock solutions of PAA in anhydrous etha-
nol and PVA in water. The two stock solutions were 
then mixed together to form a solution with 10% w/ 
w of polymer (PVA+PAA) (see the SI for detailed 
information).

For the core materials, we used the nematic liquid 
crystal mixture RO-TN 651 (F. Hoffman-La Roche, 
Basel, Switzerland), both pure and mixed with 25% w/ 
w CB15 ((S)-4-cyano-40-(2-methylbutyl)biphenyl, 98%, 
Synthon GmbH), a chiral dopant added to produce a 
red-reflecting LC mixture (λ � 650 nm). In order to 
facilitate the spinning process, we added either anhy-
drous ethanol or 1,4-dioxane (> 99%, Sigma Aldrich) to 
the core. All materials were used as received without 
further purification.

Figure 1. The chemical structures of poly(acrylic acid) (PAA), top 
left, and poly(vinyl alcohol) (PVA), bottom left, and the esterifi-
cation reaction used to crosslink the two with each other (right).
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2.2. Electrospinning parameters

The stainless steel coaxial spinneret (inner diameter: 
0.9/0.6 mm; outer diameter: 1.7/1.4 mm) used for elec-
trospinning was purchased from Y-Flow. The outer 
needle of the spinneret has dents to hold the inner 
needle in the centre. While not in use, the spinneret 
was stored in ethanol, and prior to each experiment, the 
spinneret was carefully cleaned with rinses of 96% w/w 
ethanol to remove any residues and then thoroughly 
dried using compressed air at room temperature. The 
electrospinning setup consisted of a mobile collector 
wrapped in aluminium foil, placed inside an acrylic 
box. The spinneret, connected to a microfluidic pressure 
unit (Fluigent, model MFCS-EZ, maximum pressure 
1034 mbar, uncertainty � 0.3 mbar) and a high voltage 
power supply (Gamma High Voltage, model ES30R- 
5 W/DAM/RS232), was inserted from the top of the 
box. The Taylor cone (the electrostatically deformed 
pendant drop from which the fibre-forming jet is ejected 
in electrospinning) was imaged using a macro lens 
(Tokina AT-X Pro) mounted on a camera (Pixelink 
D755). Figure 2 shows a schematic representation of 
the electrospinning setup.

The electrospinning conditions for nematic and cho-
lesteric core are summarised in Table S2 and S3, respec-
tively. Fibres were collected freely hanging on a copper 
wire frame and on hydrophobized glass microscopy 
slides to avoid wetting and collapse of the filled fibres 
[6,22]. These slides were prepared by cleaning 25 mm �
75 mm borosilicate glass microscopy slides (Carl Roth) 

with alternating rinses of isopropanol and deionised 
water before surface activation with a handheld corona 
generator for at least 30 s. The plasma-treated slides 

were then immediately immersed in an aqueous solu-
tion of 2% v/v N,N-dimethyl-[N-octadecyl-3-aminopro-
pyl]trimethoxysilyl chloride (DMOAP, 42% in 
methanol, Sigma Aldrich) and allowed to stand for at 
least 15 min, with gentle shaking halfway through the 
soaking procedure to ensure that the solution ade-
quately coated and functionalised the glass slides. The 
slides were then removed from the treatment solution, 
rinsed several times with deionised water, and dried 
under vacuum at 120°C for at least 30 min.

2.3. Optical characterisation

Once collected, the fibres were optically characterised 
using a polarising microscope (Olympus BX-51) with 
camera (Olympus DP73) and by scanning electron 
microscope (SEM). POM characterisation was carried 
out in transmission mode with the addition of 
a Linkam heating/cooling stage (T95 series LTS120E, 
Surrey, UK) to control the temperature of the sample 
during imaging. SEM imaging of the fibres was per-
formed using a JEOL JSM-6010LA (Akishima, Japan) 
scanning electron microscope operated at 20 kV with 
working distance of 11 mm. The fibres were coated 
with gold (, 5 nm thickness) using a sputter coater 
(Quorum Q150R ES) for 100 s prior to SEM observation.

2.4. Crosslinking of fibres

After electrospinning, the unfilled and filled fibres were 
thermally crosslinked through heat-induced esterifica-
tion by heating under ambient pressure at 130°C for 
30 min in an oven (Thermo Scientific Vacutherm). 

Figure 2. (Colour online) Schematic representation of the electrospinning setup. The MFCS is the pressure control unit that controls 
the liquid flow. Inset: The spinneret used for the experiments.
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Crosslinking was verified by immersing a fibre mat 
sample in water; crosslinking was deemed successful 
when the fibres failed to dissolve after 24 hours 
immersion.

3. Results and discussion

3.1. Optimisation of the sheath solution

Inspired by the success of Truong et al. in electrospin-
ning mixed PVA–PAA single-phase fibres that could be 
crosslinked after production [21] by means of an ester-
ification reaction between the two polymers (Figure 1), 
we base our sheath solution on this mixture. In this first 
study, for simplicity, we add PVA and PAA at equimo-
lar carboxyl and hydroxyl group ratio, requiring 
a slightly higher mole fraction of PVA since it is not 
fully hydrolysed (see calculation in Supplemental 
Online Material). An advantage of using PAA as the 
crosslinking partner to PVA is that PAA – in contrast to 
PVA – can be dissolved very well in ethanol. This allows 
us to use a mixture of water and ethanol as sheath 
solvent, of great benefit to the coaxial electrospinning 
experiments, as the interfacial tension to the core is 
lower than with a purely aqueous sheath solution. 
Preliminary experiments show that 7% w/w of polymer 
(1:1 mass ratio of PVA and PAA) can be well dissolved 
in a solvent consisting of 25% w/w ethanol and 75% w/w 
water, see Supplemental Figure S1.

Before initiating experiments with LC core we spin 
single-phase fibres from the ethanol–water solution of 
PVA and PVA and test the effect of crosslinking. We 
increase the overall polymer content to 10% w/w for the 
sheath solution to be used for the coaxial spinning. 
Well-formed fibre mats can easily be spun from the 
solution and crosslinking by thermal treatment renders 
them insoluble in water: as shown in Supplemental 
Figure S2, an uncrosslinked fibre mat dissolves comple-
tely within 24 hours when water is poured onto it, while 
the crosslinked fibre mat, electrospun with identical 
parameters, shows no sign of dissolution.

3.2. Coaxial electrospinning of composite fibres 
with nematic core

While the presence of ethanol in the sheath solution 
significantly reduces the interfacial tension γ to the LC 
core compared to the case when pure water is used as 
sheath solvent, γ still appears to be too high if a pure LC 
core is used, as evidenced by incomplete fibre filling or 
difficulties to get the LC injected into the jet leaving the 
Taylor cone, from which the fibres are formed. We 
therefore add ethanol also to the nematic LC mixture 

and use the resulting mixture as core. The presence of 
ethanol in both core and sheath fluids allows fibres that 
are continuously filled with nematic core to be spun, as 
shown in Figure 3; hence, γ has apparently been reduced 
to an acceptable range.

The maximum concentration of ethanol to be added 
to the core is empirically found to be 30% w/w: a higher 
ethanol content leads to dilution of the sheath fluid once 
the two fluids come into contact in the Taylor cone, 
reducing its stability and even leading to electrospraying 
rather than spinning. This suggests that the polymer 
solution becomes insufficiently entangled to prevent 
the Plateau–Rayleigh instability from breaking up the 
jet when such a core is used. We attribute this to the 
reduction of solvent quality for the PVA as the ethanol 
content in the sheath becomes too high, leading to chain 
collapse, as well as to the overall reduction of polymer 
concentration when ethanol flows from core to sheath. 
This may be further amplified by the ability of a Taylor 
cone with a high amount of ethanol to condense water 
from the air, due to the cooling as ethanol evaporates 
[19]. To avoid these problems while minimising γ, we 
add 30% w/w ethanol to the LC unless stated otherwise.

When electrospinning challenging fluid combina-
tions like these, it is imperative to carefully monitor 
the evolution of the Taylor cone from which the fibres 

Figure 3. (Colour online) Taylor cone (a-e) and micrographs of 
the uncrosslinked (f & g) and crosslinked (h & i) PVA-PAA fibres 
filled with the nematic LC RO-TN 651, observed with transmis-
sion polarising optical microscopy between and without crossed 
polarisers (crossed double-headed arrows). Scale bars 20 µm. 
Corresponding movie of the Taylor cone attached as 
Supplemental Movie 1.
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are ejected during spinning. We show representative 
photos from a successful spinning experiment in 
Figure 3(a–e). We start by pumping only the sheath 
solution and applying the voltage, until a symmetrical 
and stable Taylor cone has been established. As the core 
is introduced, we see in Figure 3(a) that the Taylor cone 
exhibits an overall rather turbid character, rendering the 
coaxial flow somewhat difficult to see. The core is natu-
rally turbid since it is a bulk nematic phase without 
uniform orientation of its director field, and the reason 
for the sheath also becoming turbid is most likely an 
effect of ethanol diffusing from the core to the sheath. 
An increase in ethanol content significantly beyond the 
chosen 25% w/w makes the solvent increasingly poor for 
PVA, such that it approaches phase separation and 
becomes turbid. Nevertheless, the spinning situation is 
stable and the core flow extends all the way from the 
spinneret to the cone apex, where it injects into the jet to 
produce coaxial fibres well filled with LC. This is con-
firmed by studying the as-produced fibres in POM, see 
Figure 3(g/i). The fibre is uniformly birefringent 
(Figure 3(g)) with the LC director along the fibre axis. 
Supplemental Movie 2 shows that the fibre shows good 
extinction every time the fibre is oriented along either of 
the polarisers, confirming the excellent uniaxial LC 
alignment. If the LC flow rate is too high, the Taylor 
cone is overfilled with LC, growing it into 
a spherocylindrical shape in which the strong turbidity 
of the LC is clearly distinguishable from that of the 
sheath solution, as seen in Figure 3(d). The overfilling 
also affects the jet ejection, which is shifted to an off- 
centre location in Figure 3(d–e), most likely because of 
the reduction in voltage from the charged spinneret to 
the bottom of the pendant drop. The situation can be 
stabilised, however, by reducing the core flow rate until 
the Taylor cone regains appropriate size and the jet 
returns to its natural position at the cone apex.

After spinning and final solvent evaporation, the 
PVA and PAA in the fibre sheath are crosslinked using 
the protocol defined in section 2.4, and then the fibres 
are again investigated by POM, see Figure 3(h–i). The 
LC remains intact in the fibre as confirmed by the 
birefringence still being present, see Figure 3(i). 

Supplemental Movie 4 shows that the fibres are still 
brighter at 45° angle to the polarisers than when they 
are aligned with the polarisers, but clearly some loss of 
director alignment has resulted from the crosslinking. 
To confirm that the birefringence is indeed due to the 
LC and not due to crystallised sections of the PVA and/ 
or PAA, we heat the fibre above the clearing tempera-
ture Tc of the RO-TN 651 LC mixture, where it transi-
tions into an isotropic liquid phase, see Figure 4. Indeed, 
the fibres become almost perfectly black at temperatures 
greater than Tc (Figure 4(c)), demonstrating that the 
original birefringence is solely due to the LC core, 
which is isotropic and thus not birefringent at high 
temperature. Importantly, upon cooling back below 
Tc, the birefringence recovers and the texture is similar 
to the original one (Figure 4(d)), demonstrating that the 
LC order recovers as it was prior to taking the core 
through the phase transition. In these high- 
magnification images, it is clear that the local texture 
has changed somewhat as a result of the high- 
temperature treatment. It appears more compartmenta-
lised, suggesting that the crosslinking of the sheath has 
partially led to interruptions in the originally continu-
ous core channel. Since many applications of LC- 
functionalised fibres will use cholesteric rather than 
nematic liquid crystals, this loss of nematic alignment 
is not critical, and we will see in the following that the 
selective reflection of an encapsulated cholesteric core is 
intact also after crosslinking.

3.2.1. Coaxial electrospinning of composite fibres 
with cholesteric core
The addition of 25% w/w of the chiral dopant CB15 to 
RO-TN 651 to obtain a red-reflecting cholesteric LC 
mixture significantly reduces Tc, since CB15 is isotropic 
at room temperature. Adding ethanol to this mixture led 
to poor results when attempting coaxial spinning, pos-
sibly due to the similarity of CB15 to 5CB, yielding 
a problematic isotropic–isotropic phase separation in 
mixtures with ethanol and water [18,19]. For this rea-
son, we searched for an alternative solvent to be added 
to the cholesteric core which fulfils the need to reduce 
the effective interfacial tension during spinning, but 

Figure 4. (Colour online) Nematic LC-filled crosslinked PVA-PAA fibres heated above the clearing point (Tc) and cooled below it. (a) 
Before heating; (b) LC clearing as we approach Tc; (c) the LC appearing dark upon reaching the Tc; and (d) the colours reappearing on 
cooling the fibres. Scale bar 20 µm. Images are extracted from Supplemental Movie 3.
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without inducing phase separation between two isotro-
pic phases. We found 1,4-dioxane to be such a solvent 
and thus prepared the core fluid by mixing 10% w/w of 
1,4-dioxane to the cholesteric LC. When the core fluid 
comes into contact with the primarily water-based 
sheath fluid, the dioxane very rapidly mixes with the 
water in the sheath, while the opposite flow is negligible 
due to the immiscibility between the LC and water. This 
dynamic situation produces an extended composition 
gradient that results in an effective interface with low 
enough γ to allow stable coaxial spinning with the 
cholesteric LC core and the PVA–PAA solution sheath, 
see Figure 5.

Observation of the Taylor cone during the spinning 
process (Figure 5(a–e)) reveals that it changes shape 
over time, adopting a slightly distorted shape that indi-
cates that some gelation is taking place at the Taylor 
cone surface. This may be because dioxane is a good 
solvent neither for PVA nor PAA; hence, the sheath 
solution gels as the ethanol component evaporates and 
dioxane takes its place, and composite fibres with con-
tinuous cholesteric LC core are obtained, as shown in 
Figure 5(f–g). The obtained fibres are rather thin (dia-
meters 1–5 µm) and therefore the selective reflection of 
the cholesteric core is not observable by the unaided eye. 
However, using reflection-mode POM confirms the 

presence of the cholesteric LC in the fibres and the 
resulting red reflection. As expected for the circularly 
polarised selective reflection from cholesteric LCs, the 
colour is constantly visible as the fibre is rotated on the 
POM stage, irrespective of orientation with respect to 
the linear polarisers, see Supplemental Movie 6.

As for the nematic core fibres, the mats are cross-
linked after all solvent has evaporated, using the same 
protocol as before, and the fibres are again observed 
with reflection-mode POM to ascertain the remaining 
presence of cholesteric LC, see Figure 5(h–i). There is 
again some loss of core continuity, but it is not very 
strong. Most significantly, the red reflection colour is 
still readily observable. To obtain fibres that do not 
require microscopy to detect the reflection colour, 
further optimisation of sheath and core fluid composi-
tions is required in order to allow a greater core flow 
rate. This will allow the fibre diameter to be increased 
beyond ,5 µm, which is thick enough to allow the 
reflection colour to be seen by the naked eye, despite 
scattering from the sheath [4]. However, since the fibres 
are crosslinked and thus survive immersion in liquids 
that swell the sheath, we can remove the scattering from 
the sheath in other ways, as described below.

3.3. Confirmation of resistance to water and test of 
mechanical durability after crosslinking of the 
sheath

PAA and PVA, being water-soluble polymers, are not 
particularly suited on their own for making fibre mats 
that should be used in practical applications. With the 
two polymers crosslinked to each other in the sheath, 
however, they become very useful. In particular, cross-
linking prevents dissolution, but the hygroscopic nature 
of both PVA and PAA still allows them to swell signifi-
cantly in water. To test this, we immerse fibre mats with 
nematic as well as with cholesteric cores in water and 
study their behaviour, see Figure 6 for an example with 
nematic core. As for the preliminary experiments with-
out LC core, the crosslinked samples do not dissolve in 
water even after immersion for 72 h. The uncrosslinked 
samples, in contrast, start to dissolve in water within 
a matter of minutes. After 24 h, the uncrosslinked sam-
ple has completely dissolved in water.

It is particularly interesting to study the cholesteric 
LC-filled fibres during immersion. Since the PVA-PAA 
sheath can become highly swollen by water, its refractive 
index should become much closer to that of the water 
surrounding the fibres, meaning that the light scattering 
at the interface between sheath and surrounding water 
should largely disappear. We confirm this by observing 
a fibre mat in a Petri dish using reflection-mode POM, 

Figure 5. (Colour online) Taylor cone at (a) 0 s, (b) 3 s, (c) 10 s, (d) 
15 s, and (e) 18 s and micrographs of the uncrosslinked (f & g) 
and crosslinked (h & i) PVA-PAA fibres filled with cholesteric LC, 
observed in reflection mode with polarising optical microscopy 
between and without crossed polarisers. Scale bars 20 µm. 
Corresponding Taylor cone movie attached as Supplemental 
Movie 5.
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as the dish is filled with water, see Figure 7. Immediately 
upon immersion, the sheath indeed becomes practically 
invisible, and the fibres show only the strong red colour 
due to selective reflection from the cholesteric core 
(Figure 7(b)). The fibres remain fully intact upon 
water immersion, which further verifies the success of 
the crosslinking procedure.

Finally, we characterise the fibres (both uncros-
slinked and crosslinked) at the nanoscopic scale using 
scanning electron microscopy (SEM), to assess their 
original surface morphology and how this may change 
by crosslinking, see Figure 8. Additionally, a sample of 
crosslinked fibres that has been immersed in water is 
dried, and then observed in the SEM to test for any 
degradation from the water immersion. These investi-
gations show fibres that appear thicker after crosslinking 
than before (Figure 8(a–b)), which is surprising consid-
ering that crosslinking of polymers typically leads to 
shrinkage. We conjecture that this is due to a certain 
degree of aggregation of fibres upon crosslinking. 
Comparing the crosslinked fibres before and after 
immersion in water, we see surprisingly little change at 
the individual fibre level in these samples. However, the 
overall fibre mat was suspended on a frame during this 
experiment to prevent collapse upon drying due to the 
capillary forces acting on the fibres as the water evapo-
rates. As shown in Figure 6(c), the capillary forces leads 
to crumpling together into a dense lump if the fibre mat 
is not suspended during drying.

We also attempted basic mechanical experiments on 
the crosslinked fibre mats to test for elongation at break 
and the maximum tensile stress. Unfortunately, the fibre 
mats are of a shape that is incompatible with standard 
mechanical testers and the results were not conclusive. 
Our general observations are that the fibre mats are 
significantly more robust than uncrosslinked fibres, 
such that they can easily be handled with fingers, even 
with moist skin, in contrast to uncrosslinked fibres of 
hygroscopic polymers like PAA, PVA or PVP. The 
degree of crosslinking is high in these fibres with 

Figure 6. (Colour online) Macroscopic samples of mats spun 
from hybrid PVA/PAA fibres filled with RO-TN 651, both cross-
linked (left: a & c) and not crosslinked (right: b & d), viewed 
without polarisers. While the fibre sample (c) at 72 h after 
immersion contracted without a supporting frame, it remained 
intact, especially compared to the fibres without crosslinks in (d) 
which simply dissolved within 24 h.

Figure 7. (Colour online) Cholesteric LC-filled fibres before (a) and during (b) water immersion, as they appear in reflection POM. The 
red colour of the cholesteric LC core becomes much more prominent during water immersion, as the scattering from the sheath 
disappears (b). The fibre running largely vertical in the photo, as well as its diagonal branch, are at slightly higher level and are thus 
not immersed in water, explaining their remaining scattering. Corresponding movie attached as Supplemental Movie 7.
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equimolar carboxyl and hydroxyl group content, ren-
dering them rather stiff and brittle. More elastic fibres 
should be obtainable by changing the PVA:PAA ratio, in 
turn changing the crosslinking density, and possibly by 
adding short flexible crosslinker chains, such as hydro-
xyl-terminated oligoethylenes.

4. Conclusions and outlook

To overcome the long-standing obstacles to making 
liquid crystal-functionalised electrospun fibre mats 
that are durable enough for use in wearable technology, 
we combine PAA and PVA in the sheath such that they 
can be crosslinked after spinning, resulting in fibres that 
can be easily manipulated by hand and even fully 
immersed in water without dissolving and without los-
ing their functional LC core. Since the PVA requires 
water to be used as sheath solvent, the interfacial tension 
with the LC core needs to be reduced in order to avoid 
core break-up due to the Plateau–Rayleigh instability. 
We achieve this by mixing water and ethanol as sheath 
solvent and adding either ethanol or dioxane also to the 
LC core. With ethanol as co-solvent, the two fluids share 
a common constituent from the start, reducing the 
interfacial tension. When ethanol is not suitable for 
the core, dioxane can instead be used, its rapid diffusion 
into the aqueous sheath phase having a similar benefi-
cial effect on reducing the interfacial tension. While the 
degree of crosslinking in the sheath of the fibres pre-
sented here is higher than optimum, leading to fibres 
that are rather brittle in their dry state, the same prin-
ciple can be used to achieve fibres with 10–20% cross-
linking in the sheath. With such a modification, we may 
expect LC-functionalised fibres that are insoluble and 
mechanically durable, while also being highly flexible 
and even stretchable, truly opening the path to wearable 
technology based on electrospun fibres with liquid crys-
tal core.

An interesting side effect of the possibility to immerse 
the LC-functionalised fibres in water without dissolution, 
but with the sheath being swelled by the water, is that we 

achieve index matching between the sheath and the 
surrounding, removing the scattering from the sheath 
and thus allowing the liquid crystal optics to appear in 
full clarity. This opens doors to in-depth studies of the 
effects of the confinement within the fibre sheath on the 
LC behaviour, with much higher optical resolution and 
with less artefacts, since the undistorted LC optics can 
conveniently be studied. Cylindrical confinement effects 
can be strong and of unexpected nature, including chiral 
structures induced from non-chiral LCs, as recently 
demonstrated for lyotropic nematics in cylindrical glass 
capillaries [23–25]. Signs of similar effects on thermo-
tropic LCs in the much stronger confinement of electro-
spun fibres have been reported [26], but were not yet 
elucidated in detail, in part due to the optical complica-
tions of a visible polymer sheath.

Acknowledgments

The authors thank Mr Nicolas Tournier, Dr Hakam Agha, 
and Dr Ulrich M. Siegel for assistance in constructing the 
experimental set-up; Ms Zornitza Tosheva for helping with 
SEM imaging; and Dr Manos Anyfantakis, Dr V.S.R. Jampani, 
and Ms Katrin Schelski for fruitful discussions.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Funding for this research was provided by a European 
Research Council Consolidator Grant [INTERACT, grant 
number 648763] and by an Aide à la formation-recherche 
grant [LIMEFLOW, grant number 9784104] from the 
Luxembourg National Research Fund.

References

[1] Urbanski M, Reyes CG, and Noh J, et al. Liquid crystals in 
micron-scale droplets, shells and fibers. J Phys Condens 
Matter. 2017;29(13):133003.

Figure 8. (Colour online) SEM micrographs of filled PVA-PAA composite fibres that were (a) uncrosslinked; (b) crosslinked; and (c) 
crosslinked and dried after immersion in water. Scale bar 50 µm.

8 S. VATS ET AL.



[2] Kim DK, Hwang M, Lagerwall JPF. Liquid crystal func-
tionalization of electrospun polymer fibers. J Polym Sci 
B Polym Phys. 2013;51(11):855–867.

[3] Wang J, Jákli A, Guan Y, et al. Developing liquid-crystal 
functionalized fabrics for wearable sensors. J Soc Inf 
Disp. 2017;33(4):16–20.

[4] Enz E, Lagerwall JPF. Electrospun microfibres with 
temperature sensitive iridescence from encapsulated 
cholesteric liquid crystal. J Mater Chem. 
2010;20:6866–6872.

[5] Wang J, Jákli A, West JL. Airbrush formation of liquid 
crystal/polymer fibers. ChemPhysChem. 2015;16 
(9):1839–1841.

[6] Kye Y, Kim C, Lagerwall JPF. Multifunctional respon-
sive fibers produced by dual liquid crystal core 
electrospinning. J Mater Chem C. 2015;3 
(34):8979–8985.

[7] Thum MD, Ratchford DC, Casalini R, et al. 
Photochemical phase and alignment control of 
a nematic liquid crystal in core-sheath nanofibers. J 
Mater Chem C. 2021;9:12859.

[8] Thum MD, Ratchford DC, and Casalini R, et al. 
Azobenzene-doped liquid crystals in electrospun nano-
fibrous mats for photochemical phase control. ACS 
Appl Nano Mater. 2021;4(1):297–304.

[9] Agra-Kooijman DM, Robb C, Guan Y, et al. Liquid 
crystal core polymer fiber mat electronic gas sensors. 
Liq Cryst. 2021 Apr;48:1–8.

[10] Pschyklenk L, Wagner T, and Lorenz A, et al. Optical 
gas sensing with encapsulated chiral-nematic liquid 
crystals. ACS Appl Polymer Mater. 2020;2 
(5):1925–1932. DOI: 10.1021/acsapm.0c00142.

[11] Reyes CG, Sharma A, Lagerwall JPF. Non-electronic gas 
sensors from electrospun mats of liquid crystal core 
fibres for detecting volatile organic compounds at 
room temperature. Liq Cryst. 2016;43(13– 
15):1986–2001.

[12] Sharma A, Lagerwall JPF. Electrospun composite liquid 
crystal elastomer fibers. MDPI Mater. 2018;11(3):393.

[13] Bertocchi MJ, Simbana RA, Wynne JH, et al. 
Electrospinning of tough and elastic liquid crystalline 
polymer–polyurethane composite fibers: mechanical 
properties and fiber alignment. Macromol Mater Eng. 
2019;304(8):1900186.

[14] Ebru BA, Margaret FW, John WL. Self-assembled, opti-
cally responsive nematic liquid crystal/polymer 
core-shell fibers: formation and characterization. 
Polymer. 2010;51(21):4823–4830.

[15] Wang J, Jákli A, West J. Morphology tuning of electro-
spun liquid crystal/polymer fibers. ChemPhysChem. 
2016;17(19):3080–3085.

[16] Jasiurkowska-Delaporte M, Juszyńska-Galazka E, and 
Sas W, et al. Soft versus hard confinement effects on the 
phase transitions, and intra- and intermolecular 
dynamics of 6bt liquid crystal constrained in electro-
spun polymer fibers and in nanopores. J Mol Liq. 
2021;331:115817.

[17] Lagerwall JPF, McCann JT, Formo E, et al. Coaxial 
electrospinning of microfibres with liquid crystal in 
the core. Chem Commun. 2008;42:5420–5422.

[18] Reyes CG, Baller J, Araki T, et al. Isotropic–isotro-
pic phase separation and spinodal decomposition in 
liquid crystal–solvent mixtures. Soft Matter. 
2019;15:1–11.

[19] Reyes CG, Lagerwall JPF. Disruption of electrospinning 
due to water condensation into the Taylor cone. ACS 
Appl Mater Interfaces. 2020;12(23):26566–26576. 
PMID: 32420728.

[20] Kumeta K, Nagashima I, and Matsui S, et al. 
Crosslinking reaction of poly (vinyl alcohol) with poly 
(acrylic acid)(PAA) by heat treatment: effect of neutra-
lization of PAA. J Appl polymersci. 2003;90 
(9):2420–2427.

[21] Truong YB, Choi J, Mardel J, et al. Functional cross- 
linked electrospun polyvinyl alcohol membranes and 
their potential applications. Macromol Mater Eng. 
2017;302(8):1700024.

[22] Kim DK, Lagerwall JPF. Influence of wetting on mor-
phology and core content in electrospun core-sheath 
fibers. ACS Appl Mater Interf. 2014;6 
(18):16441–16447.

[23] Dietrich CF, Rudquist P, Lorenz K, et al. Chiral struc-
tures from achiral micellar lyotropic liquid crystals 
under capillary confinement. Langmuir. 2017;33 
(23):5852–5862.

[24] Nayani K, Chang R, Fu J, et al. Spontaneous emer-
gence of chirality in achiral lyotropic chromonic 
liquid crystals confined to cylinders. Nat 
Commun. 2015;6:8067.

[25] Jeong J, Kang L, Davidson Z, et al. Chiral structures 
from achiral liquid crystals in cylindrical capillaries. 
Proc Natl Acad Sci U S A. 2015;112(15):E1837–44.

[26] Reyes CG. Confined in a fiber: realizing flexible gas 
sensors by electrospinning liquid crystals [disserta-
tion]. Luxembourg: University of Luxembourg; 
2019.

LIQUID CRYSTALS 9

https://doi.org/10.1021/acsapm.0c00142


Supplemental Online Material for ”Combining responsiveness and

durability in liquid crystal-functionalized electrospun fibers with

crosslinked sheath”

Shameek Vats, Lawrence W. Honaker, Francesco Basoli, and Jan P.F. Lagerwall

A. Supplementary Figures

Figure S1. Test of how high ethanol fraction can be used in the solvent to dissolve an equimolar ratio of PVA

and PAA at 7% by mass. A clear solution is obtained with 25% by mass ethanol, while some phase separation

is seen at 50% by mass. At higher ethanol fractions, the samples appear a turbid white due to the strong phase

separation.
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Figure S2. Macroscopic images of pure PVA-PAA fiber mats (no LC core) both crosslinked and uncrosslinked

before (a) immersion in water and (b) 24 hours after immersion. Upon water immersion of both mats, the

uncrosslinked mat dissolves immediately while the crosslinked mat remained intact; panel (c) shows it after 12

hours of water immersion.
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B. Calculation of polymer mixture ratios

We consider masses of PVA, PAA, ethanol and water are mPV A, mPAA, mE and mW ,
respectively. The corresponding molar masses are MPV A = 44.05 g/mol, MPAA =
72.06 g/mol, ME = 46.07 g/mol and MW = 18.02 g/mol. PVA stock solutions in
water with x mass-percent and PAA stock solutions in ethanol with y mass-percent,
were prepared by i.e.:

x =
100mPV A

mPV A +mW
(1)

and

y =
100mPAA

mPAA +mE
. (2)

To have three di↵erent molar ratios R of ethanol to water, specifically, 25:75, 50:50
and 75:25. Since nE = mE/ME and nW = mW /MW , we can write:

R =
mE/ME

mW /MW
=

mEMW

mWME
, (3)

which means that:

) mW =
mEMW

RME
. (4)

Inserting (4) into (1):

x =
100mPV A

mPV A + mEMW

RME

, x(mPV A +
mEMW

RME
) = 100mPV A (5)

) mPV A(100� x) =
xmEMW

RME
) mPV A =

xmEMW

(100� x)RME

In order to optimize the crosslinking of the fibers, equal fraction PVA monomers
and PAA monomers needs to be considered. Since PVA is only 85% hydrolyzed, and
the remaining 15% polyvinylacetate is not crosslinkable with PAA. This means that
only 0.85mPV A is considered when we calculate the number of moles of each polymer.
We thus get:

nPV A =
0.85mPV A

MPV A
=

0.85

44.05
mPV A moles (6)

and

nPAA =
mPAA

MPAA
=

1

72.06
mPAA moles, (7)

provided that all masses are given in grams. to have an equimolar ratio, these must
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be set equal, thus:

0.85

44.05
mPV A =

1

72.06
mPAA ) mPV A =

44.05

0.85 · 72.06mPAA (8)

There are now two di↵erent expressions for the mass of PVA, (5) and (8), are set
equal:

mPV A =
xmEMW

(100� x)RME
=

44.05

0.85 · 72.06mPAA ) mPAA =
0.85 · 72.06xmEMW

44.05(100� x)RME
(9)

The concentration of PVA solution can be written as:

y =
100mPAA

mPAA +mE
= 100

0.85·72.06xmEMW

44.05(100�x)RME

0.85·72.06xmEMW

44.05(100�x)RME
+mE

= 100

0.85·72.06xMW

44.05(100�x)RME

0.85·72.06xMW

44.05(100�x)RME
+ 1

= (10)

=
85 · 72.06xMW

44.05(100� x)RME
· 44.05(100� x)RME

0.85 · 72.06xMW + 44.05(100� x)RME
=

=
85 · 72.06xMW

0.85 · 72.06xMW + 44.05(100� x)RME
=

6125xMW

61.25xMW + 44.05(100� x)RME

The overall polymer mass fraction P could be selected to a certain value, say 7%,
by the following calculations:

P =
100(mPV A +mPAA)

mPV A +mPAA +mE +mW
=

100( xmEMW

(100�x)RME
+ 0.85·72.06xmEMW

44.05(100�x)RME
)

xmEMW

(100�x)RME
+ 0.85·72.06xmEMW

44.05(100�x)RME
+mE + mEMW

RME

=

(11)

=
100x( 1

(100�x)RME
+ 0.85·72.06

44.05(100�x)RME
)

x
(100�x)RME

+ 0.85·72.06x
44.05(100�x)RME

+ 1

MW
+ 1

RME

=
100x( 1

(100�x)RME
+ 1.39

(100�x)RME
)

x
(100�x)RME

+ 1.39x
(100�x)RME

+ 1

MW
+ 1

RME

=

=
100x( 2.39

(100�x)RME

2.39x
(100�x)RME

+ 1

MW
+ 1

RME

To keep P and R freely choosable, keeping them independent variables, (11) can be
rewritten in order to get x as a function of P and R:

239x

(100� x)RME
= P

✓
2.39x

(100� x)RME
+

1

MW
+

1

RME

◆
(12)

, x(239� 2.39P )

(100� x)RME
= P

✓
1

MW
+

1

RME

◆
, x(239� 2.39P )

RME
= P

✓
1

MW
+

1

RME

◆
(100�x)
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, x


(239� 2.39P )

RME
+ P

✓
1

MW
+

1

RME

◆�
= 100P

✓
1

MW
+

1

RME

◆

) x =
100P

⇣
1

MW
+ 1

RME

⌘

h
(239�2.39P )

RME
+ P

⇣
1

MW
+ 1

RME

⌘i =
100

239�2.39P
RME

· 1

P
⇣

1
MW

+
1

RME

⌘ + 1
=

=
100

1 + 239�2.39P

PRME

⇣
1

MW
+

1
RME

⌘
=

100

1 + 239�2.39P

P
⇣

RME
MW

+1

⌘

We now have all we need, because we have chosen R and we have an equation for
x, so we can get y from equation (10).

As for the volumes/masses of each solution, we can freely choose mE and then
equation (4) gives us mW . Note that we do not yet have the masses of the solutions,
only of each respective pure solvent. To get the solution mass, we need to add the
polymer mass, but these are given in equations (5) and (8):

m1 = mPV A+mW =
xmEMW

(100� x)RME
+
mEMW

RME
=

mEMW

RME

✓
x

100� x
+ 1

◆
=

mEMW

RME

✓
100

100� x

◆

(13)
and

m2 = mPAA+mE =
0.85 · 72.06mPV A

44.05
+mE =

0.85 · 72.06 xmEMW

(100�x)RME

44.05
+mE = (14)

= mE


1.39

xMW

(100� x)RME
+ 1

�

Table S1. Calculated mass percentages of sheath and core used for electrospinning.

Sheath Core
Polymer Solvent LC Solvent

Nematic 10% PVA-PAA 90% 1:3 EtOH:water 70% RO-TN 651 30% EtOH
Cholesteric 10% PVA-PAA 90% 1:3 EtOH:water 90% 1:3 CB15:RO-TN 651 10% 1,4-dioxane

Table S2. Parameters and conditions for electrospinning with nematic LC core

Relative
Humidity(%)

Temperature
(�C)

Distance
(cm)

Voltage
(kV)

Flow rate
(ml/h)

Sheath Core
30 22.5 9 12.5 0.0021 0.029
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Table S3. Parameters and conditions for electrospinning with cholesteric LC mixture as the core

Relative
Humidity(%)

Temperature
(�C)

Distance
(cm)

Voltage
(kV)

Flow rate
(ml/h)

Sheath Core
31 23.6 9 7.5 0.002 0.021

C. Description of ESI movies

(1) Movie of Taylor cone while spinning with RO-TN-651 nematic LC as core. The
continuous spinning cycle with core injection is about 15 s, after which the
spinneret must be wiped clean (end of the movie) to avoid dripping of liquid
onto the fiber mat.

(2) Movie of uncrosslinked fiber with nematic LC core as it is rotated on the trans-
mission POM between crossed polarizers. The good extinction when the fiber
is along the polarizer (vertical in the movie) and the nearly uniform brightness
for orientation about 45� to the polarizer confirm the good alignment of the LC
director along the fiber axis.

(3) Movie of crosslinked fiber with nematic LC core, seen in transmission POM
between crossed polarizers, heated above the LC clearing point and cooled back
into nematic.

(4) Movie of crosslinked fiber with nematic LC core as it is rotated on the trans-
mission POM between crossed polarizers. The fiber brightness is maximum for
orientation 45� to either polarizer while it is minimum when it is along a polar-
izer (vertical or horizontal in the movie), confirming that LC director is aligned
primarily along the fiber axis, although the lack of complete extinction when
the fiber is along either polarizer shows that the alignment quality is reduced by
crosslinking.

(5) Movie of Taylor cone while spinning with cholesteric LC mixture as core. Dis-
tortion of Taylor cone shape towards the end of the movie clearly shows that
polymer gelation is taking place near the Taylor cone surface after about 15 s of
spinning.

(6) Movie of uncrosslinked fiber with cholesteric LC core as it is rotated on the
reflection POM between crossed polarizers. The red reflection color is visible
independent of orientation with respect to the polarizers, as expected since the
reflected light is circularly polarized.

(7) Movie of crosslinked fibers with cholesteric LC mixture as core, observed in
reflection POM between crossed polarizers, while the inclined fiber is being im-
mersed in water. Its sheath is imbibed with water, reducing the refractive index
contrast with the surrounding to near zero, thus eliminating the scattering. The
near vertical fiber and its branch are above the water surface and thus retain
their scattering.
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