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We report here the formation and structural characterization of optically responsive, highly birefringent
electrospun nematic liquid crystal (LC) microfibers. The LC microfibers are electrospun from a solution of
polylactic acid (PLA) and low molecular weight 4-pentyl-4-cyanobiphenyl (5CB) in chloroform/acetone
solvent. In the electrospinning process, the low molecular weight 5CB phase-separates and self-
assembles to form a planarly aligned nematic core within a PLA shell. The solubility limit of 5CB in PLA
and the degree of phase separation of LC in the 5CB/PLA core/sheath fibers is determined using the phase
transition enthalpies associated with LC and polymer components. Structural analysis revealed that the
LC core and dissolved LC in the fibers promote the formation of the a-form of PLA crystals and increase
the degree of crystallinity of the PLA shell in 5CB/PLA fibers from 6.6% to 52%. Competition between 5CB
droplet formation and PLA fiber formation is observed as a function of spinning solution composition and
applied electrospinning voltage. Alignment of the 5CB within the PLA core is confirmed by polarizing

optical microscopy.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

LC materials and LC/polymer composites have been extensively
utilized in a variety of flexible light modulating devices [1-3].
Recently researchers have prototyped reflective cholesteric liquid
crystal displays on fabric substrates by sequential coating of func-
tional layers on a planarized surface [4]. Other display technologies
have also been incorporated into fibers, such as light emitting diode
(LED) illuminated optical fibers [5] and organic-light-emitting-diode
(OLED) coated glass fibers [6]. Nevertheless, most of the previously
reported prototypes negatively impact the physical characteristics of
textiles by, for instance, reducing flexibility and breathability.

Polymeric liquid crystal materials have been formed into fibers
to utilize some of the unique properties, such as mesophase
properties, self-ordering at the molecular level, birefringence, and
exceptional mechanical properties. The electrospinning of liquid
crystalline elastomers has also been studied for potential use as
mechanical actuators because of the anisotropic physical charac-
teristics associated with this class of materials [7—9]. The electro-
spinning of liquid crystalline polysiloxane with a cholesterol side
chain and a low molecular weight LC has been reported [10]. No
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phase separation of polysiloxane and the low molecular weight LC
was observed. In other approaches, the solutions of polymers
mixed with additives have generally been implemented by
a coaxial electrospinning to ensure the partitioning of the small
molecules in the core [11], rather than on the surface [12], of the
fibers. For example, Lagerwall et al. reported on the coaxial elec-
trospinning of nematic LCs into a poly(vinylpyrrolidone) (PVP)/TiO;
sheath in order to obtain fibers with a low molecular weight LC core
and polymeric shell [13]. In this method, LC material was pumped
via a separate channel into the core of the fiber. Even though these
previous studies show methods for creating birefringent fibers,
they do not provide insight into optical, structural, and morpho-
logical characteristics of the core-shell LC microfibers, or the effect
of a LC core on the properties of a fiber shell.

Here we successfully demonstrate the self-assembly of low
molecular weight liquid crystals in the core of a microfiber during
electrospinning. The information obtained from the structural
analysis of the fully flexible and electrospun 5CB/PLA microfibers
are correlated to the optical properties of fibers. In addition, the
optical characterization of the ordered LC fibers provides additional
information to show the light modulating properties of the LC fiber
arrays. Electrospinning of a homogeneous LC/polymer solution
results in highly birefringent and optically responsive LC micro-
fibers. We present the optimization of the optical properties and
the morphology of LC fibers by varying the concentration of LC
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material and altering the electrospinning parameters. Polarized
optical microscopy (POM) and thermal analysis are used to confirm
that 5CB is phase-separated and self-assembled in the core of the
PLA at above 28 wt.% 5CB. We also studied how the soft matter
properties of 5CB affect the crystallinity of the PLA shell by using
wide angle X-ray diffraction (WAXD) and differential scanning
calorimetry (DSC).

2. Experimental section
2.1. Materials

Polylactic acid (M, = 186,000, M,y,/My = 1.76) was supplied by
Cargill Dow LLC (Minnetonka, MN). Chloroform and acetone were
purchased from Sigma—Aldrich (St. Louis, MO) and used without
further purification. 4-pentyl-4’-cyanobiphenyl (5CB) was obtained
from EM Chemicals, Merck.

2.2. Electrospinning process

The electrospinning apparatus is composed of a high-voltage
supply (Gamma High Voltage Research Inc., FL), a programmable
syringe pump (KDS Model 100), and a collection plate mounted on
a stage. The collection plates used in this study include a copper
plate, a diamond-shaped Aluminum mesh, an indium-tin-oxide
(ITO) coated glass substrate (Corning, 1.1 mm thick), and a cover slip
(Fisher Scientific, 0.1 mm thick) attached to the copper plate. The
5 mL glass syringe (Popper Micro-mate) was purchased from VWR
Scientific (West Chester, PA). The electrospinning unit was arranged
in a horizontal fashion to collect fibers onto a collection plate placed
6 — 16 cm away from the needle tip. The electrospun composite
fibers of 5CB/PLA were prepared as follows. First, PLA and 5CB were
mixed together, and then chloroform/acetone solvent (3:1 volume
ratio) was added. The 5CB/PLA/solvent mixture was mechanically
stirred on a plate (Fisher Model 210T) for a day at room tempera-
ture. The concentration of PLA in chloroform/acetone solvent was
7.3 wt.% for all samples. Next the polymer solution was drawn into
the glass syringe and injected with a metal needle using a syringe
pump. Both pure PLA and 5CB/PLA fibers were electrospun with
a metallic needle of 24 gauge (0.41 mm in diameter). The electric
potential difference (10—22 kV), the collection distance (6—16 cm),
and the feeding rate (0.1-1mL/h) were varied to modify the
morphology of the composite fibers.
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2.3. Characterization of the fibers

The optical textures, morphology, and fiber diameter for the
electrospun PLA and composite 5CB/PLA fibers were examined
with a polarized optical microscope (POM) (Olympus BX60) after
collection onto a glass cover slip (15 x 15 mm). The optical images
were captured by MGI Video Wave 4 Software under the crossed
polarizers. Morphology and fiber diameter were examined using
a Leica 440 SEM at 25 kV. The samples were coated for 30 s with
Au—Pd (gold—palladium) using Ar (argon) inert gas plasma prior to
imaging. The thermal characteristics of electrospun 5CB/PLA fibers
were studied using a Modulated DSC 2920 (TA Instruments) in
a nitrogen atmosphere. The electrospun fiber mats were sealed in
aluminum pans, and an empty sealed aluminum pan was used as
a reference. For all DSC experiments, samples were first cooled
down to 10 °C and kept there for 10 min before heating at a rate of
5 °C/min. TA Universal Analysis software was utilized to locate peak
maxima for establishing the phase transition temperatures, as well
as the enthalpy changes, for these transitions. For DSC character-
ization, the electrospun 5CB/PLA non-woven mats were collected at
20 kV, 10 cm, and a 0.6 mL/h feeding rate. The concentration of the
5CB was varied from 6.6 wt.% to 86 wt.%. A pure 5CB sample was
heated from 10 °C to 75 °C with a 5 °C/min heating rate. 5CB/PLA
fiber samples were heated from 10 °C to 190 °C with a 5 °C/min
heating rate. WAX diffraction patterns of electrospun 5CB/PLA non-
woven fabrics were measured with a Scintag PADX diffractometer
scanning from 20 = 2—40° at a rate of 3°/min using copper Ko
radiation, 45 kV, and 40 mA. %crystallinity of the samples was
calculated using JADE 7 software (X-Ray Materials Data, Inc.). Two-
dimensional (2D) X-ray diffraction (2DXRD) (Bruker AXS D8
Discover X-Ray) with 2D image processing and 2D diffraction
patterns was utilized to characterize 5CB/PLA fibers at elevated
temperatures.

3. Results and discussion

3.1. The effect of voltage and the concentration of 5CB on the LC
fiber morphology

The concentration of 5CB in PLA was varied from 6.6% to 86% (w/
w). Fibers can be formed with up to 70 wt.% 5CB (Fig. 1a). At 86% 5CB
the initial solution was very turbid, and did not form a homoge-
neous solution even after several hours of mixing. Electrospinning
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Fig. 1. Effect of the wt.% of 5CB on the morphology of the electrospun 5CB/PLA fibers are shown under crossed polarizers (a—c) and under parallel polarizers (d—f). (a) & (d) 70%,
(b) & (e) 58%, and (c) & (f) 40% 5CB. The inset scale bar corresponds to 50 um. These fibers are collected at 20 kV, 0.6 mL/h, and at 10 cm.
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Fig. 2. The birefringence of the 5CB/PLA fibers by utilizing POM equipped with a first order retardation plate (RP). The weight % of 5CB was (a) 0%, pure PLA fibers; (b) 6.6%; (c) 17%;
(d) 40%; (e) 58%; (f) 70%. A 530 nm RP was added between the polarizer and analyzer. When the slow axis of RP coincides with the slow axis of LC, it results in the additive
retardation and interference color shifts towards shorter wavelengths. Otherwise, the relative retardation decreases and shifts towards longer wavelengths.

of this solution gave rise to “LC-polymer islands” surrounded with
nematic 5CB. However, at lower concentrations of 5CB, electro-
spinning of 5CB/PLA resulted in the formation of beaded and bire-
fringent composite fibers. As shown in POM images in Fig. 1, the
optical textures of the electrospun 5CB/PLA core/shell fibers
(70—40% 5CB) were examined under both crossed polarizers
(Fig. 1a—c) and parallel polarizers (Fig. 1d—f). All the fibers were
electrospun with an applied voltage of 20 kV. At 70 wt.% 5CB,
electrospinning gave rise to mostly spherical LC droplets and a few
very thick birefringent fibers throughout the sample. However,
electrospinning of 70% 5CB/PLA at lower voltages (15.5 kV) gave rise
to very thick core-shell microfibers (~2.5 um thick) as well as
spherical droplets of LC domains. From OM images shown in Fig. 1a
and d, it is clear that the LC material is contained in a polymer shell,
although some of the LC material covers the surface of the fibers. As
the 5CB ratio decreases, beads also decrease in size, all LC material
are contained within the fibers, and the fiber morphology becomes
more uniform. Also at 5CB concentrations below 40%, a low overall
birefringence is evident with no obvious separation into a highly
birefringent core surrounded by a more weakly birefringent shell

(Fig. 2a—c). The changes in the birefringence of the fibers were
determined by utilizing POM equipped with a first order retardation
plate (RP). A 530 nm RP was added between the polarizer and
analyzer. At 5CB concentrations of 40% and 58%, however, the 5CB/
PLA core/shell structure is obvious, with strong 5CB birefringence
evident in the core of both fibers and beads (Fig. 2d—f).

Influence of electrospinning process parameters on the fiber
morphology was also explored. Varying the collection distance
(6—16 cm) did not result in any significant difference in fiber size,
shape, or uniformity (not shown here). The variation in applied
voltage (14—25 kV) altered the morphology of the composite LC
fibers significantly, as illustrated in the POM images of 58% 5CB
fibers in Fig. 3a—e. For these samples, the concentration of 5CB, the
feeding rate of the polymer solution, and the collection distance
were kept at 58 wt.%, 0.6 mL/h, and 10 cm, respectively. Particularly,
the application of higher voltages above the threshold voltage
(~14 kV) generated a noticeable change in the size and shape of LC
fibers, as shown in SEM images of the fibers in Fig. 4. Voltage drop
between the spinning needle and the collector is the major driving
force in electrospinning and the increase in voltage drop results in

Fig. 3. POM images of 58% 5CB/PLA fibers collected at 0.6 mL/h, 10 cm, (a) 14 kV, (b) 18 kV, (c) 20 kV, (d) 22 kV, and (f) 25 kV. A 10x objective was used and inset scale bars indicate

100 pm.
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10 pm

Fig. 4. SEM images of 58% 5CB/PLA collected at 0.6 mL/h, 10 cm, (a) 14 kV, (b)20 kV, and (c) 22 kV.

increasing mass throughput and large fibers. The fiber diameters
between beads increased from 500 nm to 2 um with increasing
voltage. Additionally, the competition between surface tension
driving the polymer solution to form droplets (aspect ratio ideally
1) and the electrical and rheological forces extending the polymer
solution into fibers (aspect ratio infinite) are evident in the change
in the bead shape with increased voltage [14]. The length to width
ratio of the beads on the fibers increased from approximately 2.0 to
4.0 as the applied voltage was increased from 14 kV to 25 kV.
Corresponding SEM images (Fig. 4a—c) confirm both the elongation
of the bead shapes and the core/shell structure of the fibers. Fibers
and beads have collapsed under vacuum applied in the SEM as 5CB
evaporates and leaves behind the PLA sheath. Fig. 5 shows the
comparison of 5CB/PLA fibers (Fig. 5a—c) to pure PLA fibers
(Fig. 5d—f) that were electrospun at the same conditions. Both PLA
and 5CB/PLA fibers have very similar morphologies as the applied
voltage is increased from 14 kV to 22 kV; however, the aspect ratio

of the beads and the flattening of the beads are quite different, as
seen from OM images. The statistical analysis of the aspect ratio and
the flattening of the beads and the aspect ratio of the beads are
plotted in Fig. 5g, showing that the beads are larger in size and less
flat for 5CB/PLA fibers than pure PLA fibers. Likewise, as we
increased the applied voltage, the bead size distribution for 5CB/
PLA fibers becomes larger than that of pure PLA fibers. (The flat-
tening is f = (semimajor — semiminor)/semimajor; f = (a/2 — b/2)/
a/2; the aspect ratio = L = a/b). These results prove that we can
easily modify the size and shape, as well as the LC texture, in
composite LC fibers by changing the electrospinning parameters.

3.2. Thermal analysis of the LC fibers
Here we probed the temperature dependent first order phase

transition characteristics of 5CB confined in the fiber cavities by
using DSC. Above the nematic-isotropic phase transition
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Fig. 5. OM images of electrospun PLA/5CB fibers (top row) and pure PLA fibers (bottom row) collected at 0.6 mL/h, 10 cm, (a)—(d) 14 kV, (b)—(e) 20 kV, and (c)—(f) 22 kV and shown
under parallel polarizers. (g) The degree of flattening “f” and the aspect ratio “L” of the beads of electrospun fibers versus applied voltage.
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Fig. 6. DSC curves for pure 5CB, pure PLA, and 5CB/PLA non-woven fabrics. The weight
percent of 5CB was varied from 0 to 70%. Dashed lines indicate the nematic-isotropic
phase transition (Ty;), the glass transition (T), the cold crystallization (T¢), and the
melting (T,) peaks.

temperature (Ty; ~ 35 °C for 5CB), 5CB is an isotropic liquid. The
DSC thermographs for electrospun 5CB/PLA fibers, pure PLA fibers,
and pure 5CB are shown in Fig. 6. The effect of PLA on Ty is plotted
in Fig. 7a. Above 40% 5CB in fibers, Ty; does not change, indicating
that the nematic LC mesophase completely phase-separated and
self-assembled in the cavities of PLA shell. On the other hand, below
40% 5CB, Ty; for 5CB/PLA fibers was lower than that of pure 5CB. The
depression of Ty likely results from trace amounts of solvents or
polymer present in the cavities of the fiber. The plot in Fig. 7a
intercepts the x-axis at 28.8% 5CB, which can be taken as the liquid
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crystal solubility limit “A” in PLA. Below 30% of 5CB, we did not
obtain any Ty peak.

The DSC thermograph of a pure electrospun PLA fiber mat shows
the endothermic glass transition (Ty ~ 59 °C) and the exothermic
cold crystallization peak (T ~ 93 °C), followed by the endothermic
melting transition (T, ~ 167 °C) of PLA [15]. Fig. 7b—d shows the Tg,
T, and Ty, of the 5CB/PLA fibers with respect to the weight percent
of 5CB. In the presence of 5CB in the PLA fiber structure, the Tg, T,
and Ty, of pure PLA fibers are depressed by 17.6 °C, 30 °C, and
20.4 °C, respectively, as the LC content is increased from 0% to 70%
in the fibers. The onset of T, was calculated using the half-step
method [16]. As the fraction of 5CB is increased up to the solubility
limit (~28%) in PLA, T; declines linearly, suggesting that the dis-
solved LC material enhances the segmental molecular mobility of
PLA. However, as the nematic mesophase of 5CB phase-separates at
concentrations above 28% in the core of the fiber, T; increases by
7—10 °C. T. appears due to the existence of crystallizable free
amorphous regions of electrospun PLA fibers. In 5CB/PLA fiber
mats, it is observed that T, decreases almost linearly up to 28% 5CB,
and then becomes almost constant, even at the highest load of 70%
5CB. The decrease in T can be attributed to the heterogeneous
nucleation of PLA in the presence of 5CB. The T. value of PLA
continues to decline as the 5CB content is increased within the
fibers until the 5CB solubility limit is reached. Similar heteroge-
neous nucleation affects on PLLA crystallization have been
observed in PLLA/Polycaprolactone blends with limited miscibility
[17]. Only Ty, continues to decline without reaching a plateau. The
steady decrease in Ty, indicates the formation of smaller, but less
organized and imperfect, PLA crystalline structures. This type of
behavior in electrospun PLA systems was previously reported by
Zhou et al. [15]. Heck et al. also reported a detailed study on the
effect of low-molar-mass diluents on the melting point depression
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Fig. 7. (a) Dependence of Ty; on the weight % of 5CB. Dependence of (b) T, (c) Ty, and (d) T, of PLA on the weight % of 5CB in the 5CB/PLA non-woven fabrics.
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and the polymer crystallization [18]. They found that polymer
crystallization is a multi-stage process and the crystal thickness is
largely affected in the presence of diluent molecules, leading to
intermediate mesomorphic phase.

The value of A was also found by using the nematic-isotropic
enthalpy (AHp;) derived from DSC thermographs (Fig. 6) for
composite fibers with a phase transition peak. Fig. 8a illustrates the
linear dependence of AHy; with respect to the weight% of 5CB of
fiber mats. The AHy; values were corrected for the weight fractions
of 5CB present in the mixtures of 5CB/PLA. Both the value of A and
the fraction of phase separated LC (f) were calculated based on the
Equations (1)—(3) reported by Smith et al. [19]. Russell et al. [20]
also utilized the same approach to analyze polymer dispersed
liquid crystal (PDLC) systems prepared by a polymerization-
induced phase separation method.

The relationship between the nematic-isotropic enthalpy of
mixtures AHni(X) and the enthalpy of pure liquid crystal AHy(LC) is
given as follows,

AHNn(X)  X-A (1)
AHn(LC) 100 —A

in which X is the weight percent of LC in 5CB/PLA fibers. The frac-
tion of phase separated LC material f in these systems was calcu-
lated first by using Eq. (2),

100 AHp(X)
¢ =% AHy;(LO) (2)

¢ can also be expressed by combining Eq. (1) and Eq. (2),

100 (X —A)

¢—Tm (3)

Using Eq. (3), f was next calculated and plotted with respect to X,
as in Fig. 8b. The A value was found as 28.2 wt.% 5CB by a linear fit
and extrapolating the data to zero. Although dissolved LC in PLA
does not contribute to AHyj, the value of f and AHy; increase with LC
concentration, as plotted in Fig. 8a and b, respectively. The value of f
depends on temperature, as well as the solubility parameters of the
polymer matrix and LC. It is desirable to choose a polymer with
a solubility parameter that is different than that of LC core in order
to increase the phase separated LC amount in the core.

3.3. WAXD results and crystallinity
In addition to DSC, the structural changes induced by 5CB in the

PLA fibers were measured utilizing a WAXD technique in order to
identify the degree of polymer chain ordering in the crystalline
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lamellae and the types of crystals formed in PLA fibers in the
presence of 5CB. The results of the WAXD shown in Fig. 9a confirm
that the PLA crystal growth in fibers is affected by the phase
separated 5CB. The PLA crystallization in the presence of the
orientationally ordered LC phase indicates that the phase separated
liquid crystal domains enhance the nucleation process or act as
heterogeneous nucleation sites for amorphous PLA chains. A strong
crystalline peak at 260 = 16.9° and a smaller peak at 20 = 19.2°
appeared in the WAXD patterns of the composite fiber mats when
the LC content was above 30%. These peaks are consistent with the
a-crystalline polymorph of PLA, as previously reported [21—23]. On
the other hand, only a broad peak is observed for lower concen-
trations of electrospun 5CB/PLA and for pure PLA non-woven
fabrics. The a-form of PLA crystal is characterized by antiparallel
chains packed in an orthorhombic unit cell with lamellar folded
chain morphology. The detailed information about the a-form of
PLA can be found in a comprehensive review by Pan et al. [24]. It is
clear that both dissolved LC and the LC core in PLA fibers promote
the formation of three dimensional ordered crystallites.

The intensity of the diffraction peak of PLA also increased with
increasing LC content. The %crystallinity () for each 5CB/PLA
sample was obtained from DSC and WAXD data and plotted in
Fig. 9b. WAXD data analysis shows that the orientationally
ordered nematic phase modifies the crystallization process of PLA
and increases the crystallinity of the fibers up to ~52% in the
presence of 70% 5CB. %y was calculated per gram of PLA present
in these samples by dividing the y value of 5CB/PLA fiber mat by
the weight fraction of PLA. Likewise, by utilizing the enthalpies
for cold crystallization AH. and melting AH, from DSC curves, the
apparent crystallinity is calculated from Eq. (4). Both AH. and
AHp, are normalized to the PLA weight fraction in the fiber mats.
%y is given as,

. AHpy, — AH.
x(%) = A, x 100 (4)
where AH is the heat of fusion for 100% crystalline PLA, and its
value is reported as 93.1 ]/g [25,26]. Even though the interaction of
the 5CB core with PLA lowers the Ty, value of PLA, the apparent
degree of crystallinity of PLA increases dramatically from 16% (pure
PLA) to 54% (70% 5CB).

No distinct peaks, only diffuse spots, have been reported for
WAXD measurements of 5CB in the nematic phase due to lack of
long-range positional order [27,28]. Even though the surface-
induced smectic layering in confined systems has been observed
only in LC materials possessing a smectic phase with quasi-long
range positional order in 2D [29], we wanted to confirm our find-
ings at elevated temperatures. In addition to WAXD, we utilized
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Fig. 8. (a) Dependence of AHy; (the nematic-isotropic enthalpy) on the weight % of 5CB in the 5CB/PLA nonwoven fabrics. (b) The fraction of phase separated LC material (¢) versus

the weight % of 5CB in the 5CB/PLA non-woven fabrics. f is calculated based on Eq. (3).
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Fig. 9. (a) Wide angle X-ray diffraction patterns for the electrospun pure PLA and the composite 5CB/PLA non-woven fabrics. The weight % of 5CB was varied from 0% to 70%. (b) The
plot of apparent degree of crystallinity based on DSC curves and WAXD data versus the weight % of 5CB. (c)—(d) 2DXRD maps collected for a 5CB/PLA (70/30 wt.%) fiber mat: (c) at
room temperature after 5 min; (d) at 70 °C after 1 min; (e) at 70 °C after 5 min data collections. Arrows on the images point to the crystallization peaks of PLA. The area detector
displays the two-dimensional diffraction pattern into a two-dimensional image frame with a color scale.

a 2DXRD technique to study 5CB/PLA fiber mats at above Ty; to room temperature without any heat treatment. Later we heated the
observe the LC mesophase effects on the crystallization peaks of sample up to 70 °C, at which 5CB is isotropic liquid, and scanned the
PLA. As illustrated in Fig. 9c, the 5CB/PLA fiber (70/30 wt.%) mat sample again. As seen in Fig. 9d and e, after 1 min and 5 min of data
contains a crystallization peak on the 2D X-ray diffraction map at collections, respectively, the composite non-woven fabric still

Fig. 10. The polarized optical microscopy images of the uniform and the beaded electrospun 5CB/PLA (58/42 wt.%) fibers collected at (a) 25 kV and (b) 14 kV, respectively. (c) The
same fibers are collected onto a metal grid and the pictures of the oriented LC fiber array that is rotated between crossed polarizers. (d) POM images of the birefringent and ordered
5CB/PLA fibers rotated under crossed polarizers until the polarized light is blocked by the fibers 1 to 4 shown by arrows. 20x and 5x microscope objectives are used.
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showed the crystallization peaks. This result proves that the
composite fabrics possess significant PLA crystallinity, which is
induced during the electrospinning process.

However, it is not clear how the long-range orientational order
existing in nematic 5CB induces a high degree of crystallinity
(~52%) to almost amorphous PLA. Based on our thermal analysis,
we found that dissolved LC increased the segmental mobility of
PLA, and, therefore, the increased PLA crystallinity may partially be
the result of solvent-induced crystallization due to the lowered Tg.
In fact, several groups reported on the improved crystallization of
PLA matrix through solvent penetration or by addition of particles
[22,26]. For instance, PLA immersed in ethanol gave rise to ~15%
crystallinity in one study [30]. An extensive study reported by Xiao
et al. [31] on the effect of plasticizers on PLA crystallization shows
that the diffraction peaks of PLA decrease in the presence of plas-
ticizers when compared to the neat PLA. Hence, the increase in the
intensity of the peaks in 5CB/PLA fiber mats cannot be explained
only by the plasticizing effect of LC medium. The long-range
orientational order in LC mesophase may act as a nucleating site
and enhance the crystallization by providing an ordered interface
for the growth of PLA crystals.

3.4. Light modulating LC fiber arrays

The anisotropic optical properties of LCs are the basis for their
ability to change the polarization state of light [32]. The electro-
spinning of the 5CB/PLA solutions resulted in the formation of
highly birefringent and light modulating micrometer size LC fibers
at room temperature. Since 5CB is a positive birefringent material
(An ~ 0.2 at 25 °C), the nematic phase in the 5CB/PLA fibers can be
recognized from typical LC optical textures as we have shown
previously. In these optical textures, the spatial variation in light
intensity depends on the phase shift and the in-plane director
configuration [33]. On the other hand, electrospun PLA fibers
appear completely dark under crossed polarizers because of the
PLA’s very low optical anisotropy (An ~ 0.03) [25]. The ordered
fiber array collected on a metal grid shows the polarization sensi-
tivity of the fibers (Fig. 10a). Fig. 10b and c show the effect under
POM indicating that 5CB is planarly aligned within the core of PLA
shell, and, as we rotate the sample, the linearly polarized light
passing through the fibers is either blocked or transmitted,
depending on the orientation of the fibers.

4. Conclusion

In this study, we produced and characterized the electrospun
5CB/PLA microfibers composed of phase-separated and self-
assembled optically active nematic LC domains. The morphology
of the fibers was optimized to obtain uniform light modulating LC
fibers by varying the electrospinning parameters. As a result, the
optical birefringence of the liquid crystal core couples with the
cylindrical structure of the PLA shell and forms the optically
responsive 5CB/PLA composite microfibers. The optical birefrin-
gence and dielectric anisotropy of liquid crystals couples with the
elongated structure of the polymer shell to form the basis of the
light modulating properties of the LC fibers. Thermal analysis and
WAXD results showed that both dissolved and phase separated
5CB promote the PLA crystallinity significantly. The present study
provides a foundation for further formulation and optimization

of highly birefringent and stimuli-responsive composite LC fibers.
Ultimately, these results may contribute to the development of
non-woven optoelectronic textiles, ranging from sensors to
displays.
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