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Abstract
We present that high birefringent nematic liquid crystal, 4–n–pentyl–4’–cyanobiphenyl, was incorporated into the polyacryloni-
trile precursor which has a strong polar cyano group so as to produce electrospun nano-fibers, as the first time. Optical textures of
nano-fibers were taken by polarized optical microscopy with different angles to determine the orientation degree of liquid crystal
molecules in the center of the fiber. The molecules of liquid crystal self-ordered within the core of the fiber. Variation in
morphology of liquid crystal/polymer nano-fibers were examined by utilizing both scanning electron microscopy and polarized
optical microscopy depending on liquid crystal concentration in precursor and application voltage during electrospinning.
Morphology of nano-fibers was significantly affected by electrospinning parameters and liquid crystal/polymer ratio. To under-
stand phase separation and thermal stability of nano-fibers, calorimetric and thermogravimetric analyses were performed.
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Introduction

Liquid crystals (LCs) are an important type of materials that
exhibit anisotropic properties and give materials various phys-
ical properties. In addition to this, LCs have specific phase
behavior which has both weak molecular ordering and rheo-
logic properties likewise solid crystals and ordinary liquids,
respectively [1]. This phase can be changed and controlled in
different ways, such as surface interactions [2]. Despite liquid
crystals that are generally researched in cell type samples for
investigating optical properties and dynamics of defects [3, 4],
they are quite suitable materials to be examined by combining
them with various geometries and different types of materials.
LCs may be prepared in much morphologies by merging with
different materials such as azo dyes, polymers, and nano-

particles [5–7]. Thereby, various occasions/reasons arise to
investigate the unique physical properties of LCs [8].

A great deal of work has been focused on improving ther-
mal, optical, and structural properties of LCs by composing
with polymers. LC/polymer composites are utilized in several
applications such as artificial muscles [9], mirrorless lasing
[10, 11], and a variety of flexible light–modulating devices
[12–14]. In order to benefit some of the physical properties,
such as anisotropy, self-ordering at the molecular level, and
birefringence, LC/polymer composites are able to be formed
in fiber. LCs have been produced in fiber structure as the core
of a fiber by using different production techniques, for exam-
ple, single-needle electrospinning, coaxial electrospinning,
and airbrushing. The diameter of the fiber which is produced
by electrospun and airbrushing is ordinarily less than 10 μm,
thus limiting the diameter of the LC core to a couple of micron
dimensions [15].

Recently, owing to generate microscale fibers with a core-
sheath structure in which a liquid crystal or polymer core is
encapsulated with a surrounding polymer shell, the
electrospinning technique has been frequently used as a simple
method [8, 16–19]. Reyes et al. [20] reported that electrospun
mats of liquid crystal core fiber sensed the organic volatile
vapors by responding to the optical changes. Also, electrospun
LC/polymer fibers were reported as to have potential for
some applications such that drug delivery, gas sensors,
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electronics [21–23], actuators in soft robotics and responsive
textiles [10], and semi-flexible material [24]. Aside from
electrospinning, it was reported that a solid polymer cylindri-
cal core was separately submerged in both polymer and LC
solutions as a new type of LC/polymer fiber production way,
thus obtaining a three-layer cylindrical polymer/LC/polymer
core-sheath structure fiber [15].

In this study, we showed that thermotropic LC/polymer
core-sheath fibers are produced by single-needle
electrospinning technique and how their optical, thermal,
and structural properties change depending on LC/polymer
ratio. Because of quite important benefits, polyacrylonitrile
(PAN) was preferred for a polymeric host in our experiments:
(i) that mean refractive index of PAN which is 1.53 at 25°C
[25] is close to 1.60 at 23°C [26] of 5CB. Therefore, we
expected transparent sheath to be achieved. (ii) PAN has polar
cyano groups, in this way, it can influence and enhance some
physical properties of LCs [27]. In previous studies, PANwas
used several times with LCs or liquid crystalline materials for
making a composite for altering the properties of LCs. Salim
et al. [28] reported that PAN was used as a host in the precur-
sor for producing liquid crystalline graphene oxide
microfibers which were made by wet-spinning process. In
[28], instead of LC, a quasi-liquid crystal material was used
as a dopant, and microfibers were produced by using different
methods from electrospinning. Chino et al. [29] reported that
pure PAN was electrospun without mixing with any LC and
collected over an ITO covered glass as a fiber mat and this
deposited glass assembled with another glass as a type of
sandwich cell; thereafter, LC was injected into the cell by
capillary effect and was investigated under the influence of
an electric field. Hence, LC/polymer structure has not been
formed in [29]. In another study, some LCs and PAN were
mixed to form a kind of polymer/gel structure, and the electro-
optical properties of the structure were examined, but the fiber
structure was not formed and/or focused [27]. In our research,
the thermotropic nematic LC 5CB was incorporated into the
core of PAN fibers by way of electrospinning in order to
obtain nano-fiber for the first time.We successfully performed
the self-assembly of the 5CB, which is widely used in re-
searches and exhibits a liquid crystalline phase at room tem-
perature, in the core of a nano-fiber by electrospinning pro-
cess. Optical properties were given in order to determine the
degree of birefringence of electrospun 5CB/PAN nano-fibers
and these were related to the ability of the fibers to modulate
light. Also, we performed structural characterization of nano-
fibers to reveal the effects of electrospinning parameters and
LC/polymer concentrations on the structure. Structural prop-
erties are pretty related to optical parameters of LC/polymer
nano-fibers. In addition, thermal properties of nano-fibers
were studied so as to determine how the 5CB concentration
in composite affects the nematic-isotropic (N-I) phase transi-
tion temperature and to see the mass change of the nano-fiber

over time as the temperature changes. Depending on the re-
sults obtained, LC/polymer nano-fibers may be used in poten-
tial applications such as light-modulating devices and optical
actuators or in different optical device applications.

Experimental

Materials

As a LC core, 4–n–pentyl–4’–cyanobiphenyl (5CB) which
was purchased from TCI Inc. was used as a LC. Scheme 1a
demonstrates the molecular structure of 5CB. It shows nemat-
ic phase between 22 and 35°C temperature interval in the
event of bulk state, and has a 0.18 birefringence at 23°C
[30]. Phase transition temperatures may change depending
on research conditions. The cyano group in the molecular
structure of 5CB which can be regarded to be along the mo-
lecular long axis determines the dipolar moment and polariz-
ability of its molecule [30, 31]. Therefore, 5CB is a compound
of a high optical anisotropy and chemical stability in the ne-
matic mesophase that makes it particularly favorable for LC/
polymer structures.

Polyacrylonitrile (PAN) was used as an electrospinning
host material and purchased from Sigma–Aldrich. The mo-
lecular weight of PAN is on average 150,000 wt (typical).
PAN molecule consists of a strong nitrile group so it could
serve polar structure and increase the interaction with other
polar molecules. Since PAN becomes rigid into an amor-
phous state and shows a very low birefringence (≈ 0.01)
[32], it can efficaciously be used as the sheath part of nano-
fiber. Owing to be transparent in/ below micron-scale,
PAN is quite suitable for LC/polymer fibers as a transpar-
ent sheath [27] in nanoscale. Dimethylformamide (DMF)
is Reagent Plus grade, purchased from Sigma–Aldrich and
used without further purification. DMF is as a strong polar
solvent as so as to dissolve PAN.

Solution preparation

5CB/PAN precursors were prepared in five different concen-
trations, 8.88%, 19.17%, 42.86%, 49.91%, and 69.36%, and
called M1, M2, M3, M4, and M5, respectively, and also tab-
ulated in Table 1. Firstly, 7.6wt% PAN+DMF solution was
prepared and 5CB/PAN precursors were prepared by adding
the required amount of 5CB to the PAN+DMF solution in
order to have 5CB/PAN ratios such as 8.88%, 19.17%,
42.86%, 49.91%, and 69.36%, and by stirring gently for a
day—24 h. In each precursor, the 7.6wt% ratio was kept con-
stant in PAN+DMF solution and it is used as a sixth precursor
named M0.
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Electrospinning system

PAN/5CB precursor was electrospun by using the Inovenso
electrospinning device as depicted in Scheme 2. It is a com-
pact device consisting of a programmable syringe pump with
an accuracy of 0.001ml/h, a 0.0–40.0 kV adjustable high volt-
age supply, and a needle target set up in a horizontal fashion;
the needle is set as a positive pole and the target as a negative
pole. The standard deep green syringe needle of 0.8 mm outer
and 0.5 mm inner diameter was used as the needle throughout
the experiments. After covering the metal target, a 20-μm-
thick aluminum foil and glass substrates attached to the foil
were used as a collector. The distance between the needle and
collector, z, was set and kept at 23.0 cm for all electrospinning
processes. The LC/polymer composite was collected under
different electrospinning voltages that were 12.0, 15.0, 18.0,
21.0, and 24.0 kV and corresponding E-fields of 521.7, 652.2,
782.6, 913.0, and 1043.5 V/cm, respectively. During the col-
lection, in order to obtain a fine-spinning jet, the flow rate of
the precursor was adjusted from 0.15 to 3.00 ml/h depending
on the concentration and the electrospinning voltage. All pro-
cesses were performed at room temperature.

Polarized optical microscopy (POM)

Optical and morphological properties of pure PAN and LC/
PAN nano-fibers were studied by using Olympus BX-51P
polarized optical microscopy (POM) which is equipped with

optical retarders. In order to obtain textures of nano-fibers,
firstly, samples of electrospun nano-fibers were collected over
microscope slides; then, microphotographs of samples were
taken by integrated Canon 6D camera between the crossed
polarizers of POM in transmission mode.

Scanning electron microscopy (SEM)

The morphology and diameter of the nano-fibers were ob-
served using an SEM (JEOL JSM-7600F; JEOL Ltd.,
Tokyo, Japan). All samples were sputtered for 60 s with a
layer of gold under argon inert gas prior to SEM observation
to get rid of charging effect and produce better quality images.

Differential scanning calorimetry (DSC)

DSC measurements were performed using a Perkin Elmer,
DSC 8000 equipment to determine the temperature-
dependent first-order phase transition characteristic of nano-
fibers. Samples were sealed in aluminum pans. Empty alumi-
num pans with a weight of 0.02 mg were used as a reference
for eachmeasurement. Scanning rate of heating in the range of
30 to 50 °C was 5 °C/min. Measurements were carried out
under nitrogen gas with a flow rate of 20 ml/min. The mass
temperature precision is stated as ±0.008% and the mass tem-
perature accuracy is stated as ±0.05%.

Scheme 1 Chemical structure of
(a) 5CB and (b) polyacrylonitrile
(PAN)

Scheme 2 A schematic drawing
illustrating of single-needle
electrospinning system

Colloid Polym Sci



Thermogravimetric analysis (TGA)

TGA was carried out using a Perkin Elmer, TGA 4000 equip-
ment in the temperature range from 30 to 900 °C with a
heating rate of 10 °C/min. Samples were placed in ceramic
sample pans for the measurement. Measurements were carried
out under nitrogen gas with a flow of 20 ml/min to determine
the thermal properties of the nano-fibers. The initial masses
used for measurement were determined as 5 mg for each sam-
ple. The mass measurement precision is stated as ±0.01%.

Results

Optical properties of nano-fibers

According to our claim, we expected that LC within the nano-
fiber solution should be self-settled inside electrospun nano-
fiber as a cylindrical core and should be surrounded by poly-
mer sheath. It has been reported in the literature that different
techniques are used to determine whether there is LC in the
fiber structure and whether the LC is oriented [12, 24, 33].
Lagerwall et al. [33] produced fibers in core-sheath structure
by combining a liquid crystal with TiO2 doped PVP polymer
by coaxial electrospinning method. Polarized Raman spec-
troscopy was used to detect the presence and orientation of
the liquid crystal within the fiber. The presence of peaks in
Raman spectra of bulk LC at the same wavenumber as also
observed in the LC/polymer fiber validated the existence of
LC in the fiber structure [33]. As we indicated in “Materials,”
5CB shows high optical anisotropy and birefringence (0.18 at
23°C), whereas PAN shows very low birefringence (0.01 at
23°C). The existence of 5CB in fiber could be determined by
considering the comparison of differences between the bire-
fringence of PAN and 5CB. In order to prove our claim, we
took textures of nano-fibers in various LC concentrations
which were stayed between crossed polarizers with an addi-
tional 530-nm optical retarder and without any optical retarder
under POM (Fig. 1). Textures of pure PAN fibers (M0) were
also taken with the samemethod, as seen in Fig. 1. Textures in

Fig. 1 were obtained using POM in transmission mode with
×40 magnification lens and with fixed incident light intensity.
Depending on 5CB ratio in solution, birefringence changed.
In Fig. 1a, the M0 nano-fibers are clearly observed by adding
530-nm retarder; however, they are not appearing under
crossed polarizers since pure PAN does not exhibit birefrin-
gence (Fig. 1e). Figure 1b demonstrates that the M1 sample
which has an 8.88% 5CB ratio has apparent electrospun nano-
fibers by using optic retarder, but these nano-fibers shadowy
appeared under crossed polarizers owing to having low LC
concentration as seen in Fig. 1f. As the birefringence of PAN
and 5CB is considered, it is quite normal that no birefringence
could be observed for M0 at ×40 magnification in comparison
with the birefringence exhibited by M1 containing 8.88% liq-
uid crystal. By increasing 5CB ratio from 8.88 to 69.36%, the
brightening of nano-fibers noticeably increased because of
high birefringence (Fig. 1e–h). With rising LC concentration,
globules grew in size up. The reasons behind the formation of
globules and their dependence on spinning parameters will be
given in detail in “Morphological properties of nano-fibers.”
Hereby, globules which are filled with LC are pretty visible
under crossed polarizers (Fig. 1h). Additionally, with increas-
ing the collection time of nano-fiber, the surface of the micro-
scope slide was almost wholly covered by nano-fibers; thus,
the samples which stayed between crossed polarizers ap-
peared quite bright (SI 1). As a result, it is clear that LC/
polymer homogenei ty proceeded throughout the
electrospinning process.

The brightness of a birefringent material oriented along a
single direction depends on the angle between the crossed
polarizers and the optical axis [34]. 5CB has positive birefrin-
gence and is uniaxial material. The polarization state of line-
arly polarized light coming to the LC, located in between
crossed polarizer, changes after passing through LC and be-
comes elliptically polarized. Since elliptically polarized light
has two components and only one component can pass
through the analyzer, LC appears bright when observed by
way of POM. The mathematical expression of the intensity
of transmitting light from LC is given below:

I ¼ I0sin22 φ sin2
δ
2

ð1Þ

where I0, φ, and δ are the light intensity after the polarizer, the
angle between the analyzer and the projection of the optical
axis of LC molecules onto the sample plane, and phase differ-
ence between ordinary and extraordinary waves, respectively.
The first sine term is substantially associated with the
variation in the intensity of transmitting light [34]. In order
to show the LC orientation in the fiber, one can perform an
experiment which is birefringence as a function of the angleφ.
In another approach, in Lagerwal’s study, it is proved that LC
molecules settled along fiber direction by Raman spectra

Table 1 The code of nano-fiber samples according to %5CB concen-
tration in the precursor

The code of sample % 5CB in precursor

M0 0

M1 8.88

M2 19.17

M3 42.86

M4 49.91

M5 69.36
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obtained in different polarization directions [33]. In our study,
when the LC sample is rotated around the angle φ of 45° and
0° with respect to the analyzer, the first sine term becomes
maximum and minimum, i.e., the texture of LC appears
brightest and darker, respectively. In Fig. 2a, some of the
electrospun 5CB/PAN nano-fibers which are oriented 45°
with crossed analyzer are observed pretty bright. By
counter-clockwise rotating the sample, the brightness of ori-
ented nano-fibers decreases (Fig. 2b–c) and finally nano-
fibers seem completely dark coupled with fiber orientation
parallel to the analyzer (Fig. 2d). It reveals that 5CB is
planarly self-ordered within the core of PAN sheath because

of the great ordering strength affecting the spinning. The LC-
polymer phase separation (core-sheath structure) in fibers
spun by different generating technique was observed by
Jakli’s and West’s research group [35–38]. In [35], the fibers
were spun by single-needle electrospinning as we performed,
and the change in the morphology of the fibers depending on
relative humidity, solvent parameters, and production param-
eters was investigated. The proof of phase separation in fibers
was demonstrated by POM analysis by utilizing the anisotro-
py properties of the LC [35]. In our study, temperature-
dependent optical measurement was carried out to show that
the core-sheath structure was formed. As is known, although

Fig. 1 POM images of nano-fibers collected on microscope glass are
given in a to d between crossed polarizers with 530-nm optic retarder
and e to hwithout retarder. a and e for sampleM0 (pure PAN), b and f for
sample M1, c and g for sampleM3, and d and h for sampleM5. All nano-

fibers were electrospun at 12.0-kV application voltage, 23.0-cm collec-
tion distance, one-minute collection duration. The scale bar represents
100 μm

Fig. 2 Optical textures of M3
sample taken between crossed
polarizer and analyzer are given
in order to observe the variation of
birefringence depending on the
angle where LC molecules were
oriented with respect to the
analyzer. Textures were shot by
rotating counter-clockwise at a
45°, b 30°, c 15°, and d 0°, with
respect to the analyzer. The posi-
tion of the polarizer and analyzer
is given at b. Nano-fibers were
spun at 24-kV application volt-
age, 23-cm collection distance, 1-
min collection duration. The scale
bar means 40 μm
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LCs exhibit anisotropy within a certain temperature range,
they behave like isotropic liquids above this temperature range
[1]. In order to take advantage of the property of LCs, optical
textures of the nano-fibers were taken below and above the N-
I phase transition temperature (TNI) between crossed
polarizers. These temperature values are 28°C and 42° C,
respectively. In Fig. 3, there are textures of M2, M4, and M5
samples taken at 42° C in the upper row. Nano-fibers with LC
in the core do not appear in textures taken above the TNI. Only
in areas where the fibers are dense and thick are they very
poorly visible due to the weak birefringence of PAN. In Fig.
3, in the lower row, there are textures of the same samples
taken at 28°C. In these textures taken below the TNI, the nano-
fibers are clearly visible and shine under the cross-polarizer
due to the high birefringence of the 5CB. This experiment,
which was carried out by making use of the anisotropic be-
havior of the liquid crystal, also shows that the 5CB self-
embedded in the fiber core. The mechanism of core-sheath
formation may have occurred as follows: nematic LCs (such
as 5CB that we used) are affected by external electric field [1].
Under high electric field, nematic LC molecules tend to align
in the direction of the electric field. Considering this peculiar-
ity, by inducing molecular orientation of LC under electric
field during electrospinning, continuous LC/polymer nano-
fibers through the electric field of electrospinning may be
spun. In the electrospinning process, it is well known that
the solvent evaporates very quickly in the high-speed
electrospinning process with respect to fiber production with
traditional drawing method. In this case, experimental studies
reported in the literature show that there is not enough time for
the molecular organization of liquid crystal molecules, and
thus LC-polymer phase separation, revealed in core-sheath
structure in our study, does not occur [39]. The DMF we used
in our study has a low vapor pressure and the needle-collector
distance was kept relatively high as z = 23.0 cm compared to

the distances reported in other studies [10, 40, 41]. Thus,
either the solvent DMF did not evaporate rapidly or DMF
had an enough travel time to move away from the structure
by keeping the z distance wide, 23.0 cm. Therefore, 5CB LC
might be oriented as a core inside the fiber due to the high
elongational forces affecting the spinning jet. The optical bi-
refringence study shown in Fig. 2 proved that the 5CB was
arranged in planar orientation along the fiber. Yao et al. [42]
reported that liquid crystal monomers (reactive mesogens)
were oriented inside the fiber as a core in the core-sheath
structure with the technique we used (single-needle
electrospinning). Moreover, several interference colors which
are incorporated by birefringence obviously appear within
globules in Fig. 2. The second sine term in the Eq. 1 is respon-
sible for these colors of the nano-fibers. It is the evidence of
the existence of 5CB encapsulated by PAN.

Morphological properties of nano-fibers

In this part, we examined the morphological properties of
5CB/PAN nano-fibers depending on LC concentrations and
applied voltages during the electrospinning process. Several
factors, e.g., viscosity, surface tension, applied voltage, con-
centration of the solution, injection rate, and distance between
the needle and collector, may affect the morphology of
electrospun nano-fibers [39, 43]. We specified 5CB concen-
tration in PAN and applied voltage as 8.88% - 19.17% -
42.86% - 49.91% - 69.36% by weight percentage and
12.0 kV - 15.0 kV - 18.0 kV - 21.0 kV - 24.0 kV, respectively.
All samples were studied by using POM and SEM.

In Fig. 4, optical textures of samples in various concentra-
tions captured between crossed polarizers and also by using
137-nm optical retarder are shown. During capturing textures
in Fig. 4, although applied voltage and distance between
collecting plate and electrospinning needle were kept fixed

Fig. 3 Optical textures of M2, M3, and M5 samples taken between crossed polarizer and analyzer are given in order to observe the variation of
birefringence depending on temperature. The scale bar means 60 μm
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12 kV and 23 cm, respectively, the injection rate of the LC/
polymer solutionwas altered depending on the LC concentration
in order to gain fine-spinning jet. The final fiber structure is
strongly dependent on how fine is the spinning jet. The final
fiber structure is highly dependent on the spinning quality and
smoothness of the jet. What the quality and the smoothness
meant is non-pulsed and dropletless jet, fromTaylor cone, which
we call a fine-spinning jet. Also, the collection time of nano-
fibers was set to 1 min for each sample. Figure 4 shows that
electrospun nano-fibers generated non-woven fiber mats with
random fiber orientation. According to Fig. 4, the amount of
electrospun nano-fiber per unit surface area increases relatively
by raising 5CB concentration in structure. This result may be due
to several reasons: as the ratio of 5CB in precursor increased, the
viscosity of precursor decreased. The decrease in viscosity in-
creased the spinning jet speed [39]. Moreover, regarding the
decrease in viscosity, the increase in the injection rate caused
the solution to exit the needle faster and the spinning jet speed
to increase [44–46]. In our study, the injection rate was increased
with the increase of 5CB in order to obtain a fine-spinning jet, as
mentioned above. In addition, the viscosity decreased with the
increase of 5CB in the precursor. For these reasons, it caused the
solution to come out faster from the needle. Thus, in different
precursors which had various 5CB concentration electrospun for
the same time interval, the fiber density collected in the collector
was also different. In addition, experimental results revealed that
globules in different shapes existed along pure PAN and 5CB/
PAN nano-fibers in various sizes. The electrospun nano-fibers
exhibit discontinuities which are distributed relatively unsystem-
atic; also, the 5CB is encapsulated in globules and in the 5CB/
PAN nano-fiber cores. Despite very small globules that were
determined at M1 (Fig. 4b), as the 5CB concentration increased,
bigger globules were seen in the nano-fibers (Fig. 4c–f). By
increasing the 5CB concentration, globules increase in size and
the fiber morphology becomes non-uniform. At M5 sample
which has the maximum LC ratio in structure, the LC globules

clustered too much and tear the polymer sheath in some regions,
causing the structure to deteriorate (Fig. 4f). When the textures
taken for different applied voltages were examined, similar re-
sults were indicated (SI 2). The authors thought that the increase
in the size of globules by increasing 5CB concentration may be
due to the decrease of precursor viscosity. In the literature, the
formation of beading structures was also dependent on solution
viscosity. In the studies conducted, as the viscosity decreased,
while the application voltage and needle-collector distance was
kept constant, it is concluded that the beading structures formed
and grew [39, 44, 47]. In our study, the solution viscosity de-
creased as the 5CB ratio increased in the solution. In this context,
globules were expected to increase regularly in size with the
increase in 5CB concentration (resulting decrease in viscosity).
In Figs. 4 and 5, it is clearly seen that the size of the beading
structures increased.

In order to analyze the morphology of nano-fibers, SEM
images were taken (Fig. 5a–f). Globules located along nano-
fibers are clearly observed in both pure PAN nano-fibers and
5CB/PAN nano-fibers with various concentrations. Similar to
the POM images, the size of globules was increased by in-
creasing the 5CB concentration in the nano-fibers (Fig. 5). As
we expected, in Fig. 5f which belongs to M5, the largest
globules are clearly observed. In addition to this, entangle-
ment between the nano-fibers and globules was specified in
SEM image ofM5 nano-fibers; thus, it supported the results of
POM images. Besides, we studied on the mean value of thick-
nesses of nano-fibers and aspect ratio (AR) of globules at
certain application voltage (12.0 kV) by using SEM images.
AR is identified by calculating the width (y)/length (x) ratio
depicted in Fig. 5g. Variation of nano-fiber thickness and AR
of globules versus 5CB (%) in precursor are given in the same
graph (Fig. 6). AR is a degree for being elongated of globules
along the fiber from spherical to oval shape. Although M0
(pure PAN) shows smaller globules, it shows the relatively
high AR. As soon as 5CB increases, AR of globules tends

Fig. 4 Optical textures ofM0 (pure PAN), M1,M2,M3, M4, andM5 are
correlated with a, b, c, d, and e, respectively. Textures were taken by
POM equipped with a 137-nm optic retarder, between crossed polarizes.

All samples were spun at 12-kV application voltage, 23-cm collection
distance, and 1-min collection duration. The scale bar means 100 μm
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to decrease. Even though M1 nano-fibers show a slight de-
crease of its globules, M2 nano-fibers and M3 nano-fibers
have minimum globules with AR. By maintaining 5CB con-
centration to rise, AR rapidly increases for relevant fibers and
AR of M5 nano-fibers reaches almost the same value as the
fiber of pure PAN. Moreover, the thickness of nano-fibers
exhibits interesting variation depending on a 5CB% concen-
tration in the structure. FromM0 toM2, the thickness of nano-
fiber properly increases an average from 160 to 320 nm. Then,
thickness sharply decreases to an average of 170 nm in M3
nano-fibers; also, it is the minimum value among all LC/
polymer samples. Afterwards, the thickness of nano-fibers
properly rises again up to 330 nm in M5 nano-fibers which
is the thickest, as a mean value. Regarding the variation of
fiber thickness and AR of globules, these are linearly

proportional to increasing the injection rate with constant vis-
cosity, application voltage, and needle-collector distance [44].
However, by keeping the application voltage, injection rate,
and needle-collector distance constant, they would increase
with the increase of viscosity of precursor [44, 45]. In our
study, solution viscosity decreased with the addition of 5CB
to the precursor. At the same time, in order to overcome such a
handicap, the injection rate has been increased to obtain a fine-
spinning jet with increasing 5CB in the precursor (i.e., de-
crease in viscosity). Both the decrease in the precursor viscos-
ity (expected to decrease the fiber thickness) and increase in
the injection rate (expected to increase the fiber thickness) to
achieve a fine-spinning jet have been the main factors in the
change of fiber thickness and AR of globules. Depending on
the dominance of these two factors with each other, fiber
thickness and AR may not show a regular change in Fig. 6.

The effect of applied voltage on the morphology of the
fibers was even studied. The applied voltage between conduc-
tive collector and needle during electrospinning is an impor-
tant factor in order to get homogenous nano-fibers. By in-
creasing voltage, it results in higher conductivity and fine
spinning. The higher electrostatic driving force on the fluid
jet helps the fiber to be thinner. This driving force is improved
by increasing the applied voltage. In addition, if the applied
voltage is increased further, the fiber solution leaves the nee-
dle more rapidly by spinning jet from the Taylor cone; there-
by, it is expected that the thickness of nano-fiber increases
[39]. In the literature, it has been determined both theoretically
and experimentally that the globules form and are grown with
the increase of the applied voltage for a sample whose con-
centration, viscosity, and needle-collector distance were kept
constant [44–46]. In our study, it was determined that the
globules increased with the increase in the application voltage.

Fig. 5 SEM images of M0 (pure
PAN), M1, M2, M3, M4, and M5
are presented at a, b, c, d, e,
respectively. All nano-fibers were
spun at 12-kV application volt-
age, 23-cm collection distance,
and 1-min collection duration.
The scale bar means 5 μm. Also,
the scheme of how aspect ratio is
determined (AR) is shown in g

Fig. 6 Variation of nano-fiber thickness and aspect ratio (AR) vs 5CB
ratio in the precursor is plotted
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Figure 7 shows the optical textures of the M5 sample that was
taken under POM by adding a 530-nm retarder. Needle-
collector distance was kept at 23.0 cm and applied voltage
was varied from 12.0 to 24.0 kV by 3.0 kV step. The increase
in application voltage gives rise to significant differences in the
morphology of nano-fibers. There is a tentative change in glob-
ules of nano-fibers which produced under 12.0 kV and 15.0 kV
(Fig. 7a–b). However, the size of globules obviously increases
as the applied voltage continues to rise (Fig. 7c–e). The surface
tension between the needle and the fluid forces the polymer
solution to form droplets. However, the electrical and rheolog-
ical forces impel the polymer solution to form fibers. The con-
flict between these two is responsible for the variance of glob-
ules’ shape with increasing applied voltage [12, 45]. By ana-
lyzing the textures taken under 21.0 kV and 24.0 kV, it was
identified that the size of the globules rose enough to cover
neighbor nano-fibers and the nano-fibers became entangled/
distorted in some regions (Fig. 7d–e). Furthermore, some glob-
ules tore due to disruption of sheath structure and regional LC-
islands occurred. This case might be due to high electric field
strength. We studied on mean values of AR of globules at a
certain concentration depending on the application voltage by
using POM images. The change in AR of globules for M0
nano-fibers and M3 nano-fibers is exhibited in Fig. 8. It was
quite a different behavior in these two samples: although the
regime of AR was not directly proportional for M0 (pure PAN)
nano-fibers, it almost linearly increased for M3 nano-fibers. SI
3 which was taken under POM with 137-nm retarder supports
the change in the size of both globules and aspect ratio depend-
ing on the applied voltage for sample M3.

Thermal properties of nano-fibers

Thermal analysis is an important part of the research in com-
prehension of a relation between the structure and property of
polymer composite materials. Thermal analysis allows for

specifying the volatile compounds and the amount of humid-
ity in polymeric materials. Also, the shifting of phase transi-
tion temperature of LC in fiber structure can be determined by
performing thermal analysis of nano-fibers. In this sense, we
performed thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) studies for nano-fibers and 5CB.
Figure 9 shows TGA thermographs of both all nano-fiber
samples and bulk 5CB LC. TGA gives us to study the weight
loss and thermal deformation of samples. According to Fig. 9,
there are three main stages of weight loss for all nano-fiber
samples (not for bulk 5CB). In the first stage, a slender loss of
mass was observed between 90 and 150°C for M0 nano-fiber
(pure PAN). This weak decrease might be owing to leaving
water which was due to humidity from the atmosphere [28,
40]. A similar case was revealed for other samples in the first
stage. In the second stage, remarkable loss of mass which was
resulted due to pyrolytic reactions took place from about 300
to 350°C, and the rest of the amount of mass was about 60%;
also, it was possible that some volatile gases evolved in this

Fig. 7 POM images of nano-fibers which belong to M4 (49.91%) are
given by using POM between crossed polarizers with equipped 530-nm
optic retarder. All nano-fibers were spun at various application voltages

as a 12 kV, b 15 kV, c 18 kV, d 21 kV, and e 24 kV; 23-cm fixed
collection distance, 1-min fixed collection duration. The scale bar means
100 μm

Fig. 8 Variation of and aspect ratio (AR) for M0 (pure PAN) and M3
(42.86%) vs application voltage is plotted
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period [48–50]. Further mass diminishing in the second stage
was obviously indicated between 350 and 470°C for M0 and
this loss might be correlated to the evaporating of NH3, HCN,
or some other volatile products [28, 48, 51]. The third stage
tediously took place at about 470 to 900°C which was the
process limit; as a result, 25% char mass remained. Weight
loss of 5CB depending on temperature increment was dramat-
ically different fromM0 (pure PAN). There was no important
variation in loss of weight until about 200°C. After this point,
variation of loss of weight in bulk 5CB sharply dropped to 5%
of its total mass, as seen in Fig. 9. Then, total mass vanished
slowly up to the exhaustion of whole mass. Considering the
thermographs of 5CB and pure PAN (M0), by adding 5CB to
the structure and increasing its amount, the loss in fiber mass
increased from M0 to M5 in the same temperature interval.
Although the beginning of the second stage of M1 was almost
the same with M0, this initial temperature was negatively
shifted from 295 to 245°C for M2 to M5, respectively. At
the third stage, all nano-fibers monotonously lost their weight.
As the amount of LC in the precursor increased, by consider-
ing the thermographs of 5CB and pure PAN (M0), the amount
of residual mass expectedly decreased to about 14%, 11%,
9%, 6%, and 3% in the nano-fiber of M1, M2, M3, M4, and
M5, respectively.

In order to determine the shift of N-I phase transition tem-
perature, we studied on calorimetric measurement of nano-
fibers and bulk 5CB. Short-range DSC temperature scan for
M0, M3, M4,M5, and bulk 5CB is given in Fig. 10. DSC data
of M1 and M2 are not given because there was no phase
transition peak during scanning for mentioned samples. In
the 5CB/PAN fibers, despite that it was explained in
“Optical properties of nano-fibers” that almost all of the
DMF used as a solvent left the fiber, a tiny amount of residual
DMF (solvent) might exist in the fibers. The absence of N-I
transition temperature peak in M1 and M2 might probably
result from small quantities of the residual DMF that existed

in the nano-fiber. N-I phase transition temperature peak during
heating process evidently revealed at 35.43°C for bulk 5CB.
We did not detect any phase transition peak for the M0 sam-
ple; nevertheless, we gave the scanning data of M0 as a refer-
ence line. Relatively small transition peaks were found out for
M3, M4, and M5 at 36.06°C, 35.96°C, and 35.63°C, respec-
tively. It supports that 5CB might be completely phase-
separated and self-ordered in the core of PAN sheath. By
increasing 5CB in PAN precursor, N-I phase transition tem-
perature almost linearly approached the transition temperature
of bulk 5CB (Fig. 11). Lagerwall et al. [33] reported that N-I
phase transition temperature shifted upper temperatures by a
large number. The reason behind was evaluated as the change
in composition of the precursor. The causes finding the tran-
sition temperature so high might be coaxial electrospinning
technique and confinement of LC in the fiber core due to the
technique. Another study by Buyuktanir et al. [12] stated no
shift in transition temperature in the LC/polymer fiber which
was electrospun with a similar technique as we used. The
shifting on N-I phase transition temperature that we also ob-
served was compatible with phase-separated polymer-dis-
persed liquid crystals (PDLC) which had high liquid crystal
ratio in LC/polymer mixtures [52–54]. It has been thought that

Fig. 9 TGA thermograph for all samples is plotted

Fig. 10 Short-range DSC thermograph ofM0 (pure PAN), M3 (42.86%),
M4 (49.91%), M5 (69.36%), and also bulk 5CB is plotted. Due to any
transition peak not observed, curves ofM1 (8.88%) andM2 (19.17%) are
not presented
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the very weak decrease in N-I phase transition temperature
with the increase of 5CB ratio might be due to two different
reasons. First, it is because of the growth of globules in the
fiber structure. Second, it is because of the existence of a tiny
amount of undesired residual solvent (impurity) in fibers. This
undesired solvent which was DMF might suppress the N-I
phase transition.

Conclusion

In this article, we generated 5CB/PAN composite nano-fibers
as a core/sheath structure by using electrospinning technique
and investigated optical, structural, and thermal properties of
nano-fibers. We expected that 5CB should be self-settled inside
electrospun nano-fiber as a core and that PAN should surround
the 5CB as a polymer sheath after spinning. This expectation
was proved by benefiting the anisotropic properties of 5CB
under POM (Fig. 2). Also, taking advantage of the ability of
liquid crystals that change the polarization direction of the in-
cident light, we indicated that 5CB was planarly self-ordered
within the core of PAN sheath. Considering the results in Fig. 2,
5CB/PAN nano-fibers may be a good candidate in potential
applications such as light-modulating devices and optical actu-
ators or in different optical device applications. Morphological
properties of 5CB/PAN nano-fibers were studied depending on
5CB concentration and applied voltage. As a consequence of
concentration-dependent analyses, optical textures taken by
POM showed that oval-shaped globules existed along all
nano-fibers and they increased in size by increasing the 5CB
ratio in the precursor. Similar to the optical results of POM, the
size of globules was increased by increasing 5CB concentration
in the nano-fibers as seen in SEM images. Additionally, SEM
images revealed that when the concentration increased almost
above 50% nano-fibers and globules were entangled, so,
electrospun nano-fiber became quite non-uniform. As regards
to the shape of globules, i.e., aspect ratio, M2 and M3 nano-

fibers had the most elongated shape globules depending on LC
ratio for 12-kV certain application voltage. In our study, very
thin LC/PAN nano-fibers with 170–330 nm thickness were
obtained statistically. The thickness of nano-fibers changed be-
tween almost 160 nm of M0 and 330 nm of M5. The statisti-
cally minimum thickness of LC/polymer was 170 nm which
was observed in M3. Applied voltage crucially affected the
morphology of nano-fibers; i.e., the size of globules obviously
increased as the application voltage was raised. Eighteen-
kilovolt application voltage may be regarded as threshold volt-
age in order to prevent the globules to get entangling and cov-
ering neighbor nano-fibers. Thermal analysis was performed
and it gave quite important consequences. TGA results showed
that the loss in fiber mass increased fromM0 toM5 in the same
temperature interval, by adding 5CB to the structure and in-
creasing its amount. Moreover, since the existence of a tiny
amount of undesired residual solvent in the fiber structuremight
suppress the N-I phase transition, N-I phase transition temper-
ature weakly approached the transition temperature of bulk
5CB. Since the existence of the first-order N-I phase transition
peak of 5CB was apparently observed starting from 42.86%
LC/polymer ratio in DSC study, it is proved that 5CB could
be exactly phase-separated in nano-fibers.
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