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ABSTRACT: Achieving fibers that change color with temperature may be
promising for applications such as sensors and smart wearable textiles (woven
and nonwoven). In this study, temperature-responsive cholesteryl ester liquid
crystal formulations were blended with polycaprolactone or polystyrene using
chloroform as a solvent for electrospinning to achieve thermochromic
nonwoven products. Using polystyrene, beaded fibers were achieved and the (&
thermochromic behavior was only observed under polarized light microscopy.
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To achieve fibers with visible thermochromic behavior observed by a video

camera or smart phone, polycaprolactone was used as a carrier polymer. The comparison between polystyrene and polycaprolactone
provides insight into polymer/solvent selection achieving responsive materials via blend processing. High loadings of liquid crystal
were achieved with polycaprolactone, blends of 10 wt % polycaprolactone with 15 wt % liquid crystal formed fibers (fiber contained
60 wt % liquid crystal). Colored fibers could be achieved by varying the formulation of the liquid crystal. For example, liquid crystal
formulations that were green at ambient conditions resulted in fibers that were green at ambient conditions (22 °C). Nonwoven
fibers with dynamic color with temperature were also demonstrated. For example, liquid crystal formulations were colorless at
ambient conditions and underwent a reversible color change from red to blue when heated and cooled between 32 and 37 °C. When
incorporated into fibers, the fiber mats changed from white at ambient conditions to red at 32 °C to blue at 37 °C. The color change

was reversible over multiple cycles.
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Bl INTRODUCTION

Smart, responsive fibers have many potential applications in
health care, personal protection, etc.”> A wide range of
materials that undergo reversible physical/chemical change in
their properties upon exposure to light, magnetic fields,
electricity, temperature, pH, and chemical stimuli have been
studied and incorporated into fibers for soft robotic and
sensing applications.””>* Such fibers, their fabrication, and their
applications have been recently reviewed elsewhere."” Fibers
on the order of 10—100 um' can be woven® or knit into
traditional textiles.” For example, temperature-responsive fibers
have been achieved by coating black filament with
thermochromic liquid crystals.”” The ~100 um fibers could
then be woven or knit into larger structures.”” Reducing fiber
size can enhance the dynamic properties of the responsive
materials (e.g., response time).1 Electrospinning is a versatile
approach to achieving smart fibers (nanofiber to micron)." The
reduced diameter and higher specific surface area can facilitate
interactions with the external environment and high
sensitivity.! Furthermore, electrospinning has enabled use of
inorganic and organic functional materials.”® Advanced fiber
structures, e.g,, porous and hollow fibers, coaxial and triaxial
fibers, and Janus fibers with various capabilities, have also been
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demonstrated.®~'® Commercial products based on electrospun
fibers have included filters, masks, and wound dressings.H
Electrospinning temperature-responsive fibers could enable
innovative face mask design,12 e.g.,, color change indicator of
respirator fit'> or fever'* based on changes in temperature.
Thermotropic liquid crystals (LCs) have been widely used in
temperature indicators based on visual observation of their
structural color.">'® Their temperature-dependent structural
color arises from the molecular, helical structure of the
cholesteric phase with a temperature-dependent pitch
length.ls’16 When the pitch length is on the order of the
wavelength of visible light, the LC phase reflects visible light
due to Bragg reflection'"** leading to strong iridescent color."’
Changes in temperature result in twisting and untwisting of the
helical structure resulting in reversible changes in the pitch
length and thus the reflected color. However, electrospun fiber
mats are highly scattering due to the many interfaces, which
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Figure 1. Overview of the preparation and characterization of thermochromic polymer/LC fibers using PCL or PS.

can affect the visual appearance of electrospun fibers
containing thermochromic material.® Thus, achieving thermo-
chromic nonwoven products with visible dynamic color
remains an important challenge toward producing functional
stimuli-responsive materials (e.g., color-changing masks for
fever detection). The goal of this work is to incorporate
thermotropic liquid crystals into electrospun fibers and
demonstrate visual observation of their dynamic color using
a video camera/smart phone.

LCs have been successfully incorporated into polymer fibers
via electrospinning. Coaxial electrospinning has been used to
encapsulate LC in core—shell fiber cores.”” ** For example,
nematic LCs such as MBBA,** E7,> SCB,22232526 mixtures
of nematic LCs with a chiral dopant,”” > and have been
coaxially electrospun with a poly(vinyl pyrrolidone) (PVP)
shell. Cholesteric LCs have also been coaxially electrospun
with a PVP shell and the individual fibers colored when viewed
under polarized light microscopy, but the visible color of the
fiber mat was not demonstrated.’® Further, the scale-up of
coaxial electrospinning is more complex than single-needle
electrospinning due to the multiple solutions in separate
layers.”*" So, although there have been many commercial
products based on single-needle electrospinning, no core-
sheath fiber products have been commercialized to date.”'
Alternatively, blend electrospinning (co-electrospinning) in
which the LC can be dissolved with a polymeric solution for
electrospinning from a single needle can be used to incorporate
LC in polymer fibers.*” In blend processing, the polymer and
LC can be combined in a common solvent."”**** Upon
processing and solvent evaporation, phase separation of the
polymer and LC occurs during fiber formation and the
resulting fiber contains LC domains dispersed in a polymer
matrix.'”**** For example, various liquid crystal polymer
blends SCB, 6CB, or 7CB blended with PAN in DMF.>>*° The
resulting fibers show birefringence and may be useful for light-
modulating devices.>® Chiral dopant R5011/PVA bends in
DMF/H,0 have been electrospun and used to modulate the
reflectance properties of LC devices.”” Using blend electro-
spinning, cholesteric LCs incorporated in PCL fibers were
visibly colored at a fixed temperature.®® However, the

3066

thermochromic response was not investigated®® and the
dynamic color of the fibers has not been established.

Overall, the focus of this work was (1) establishing
electrospinnable polymer/LC blends using single-needle
electrospinning and (2) demonstrating the visual dynamic
color of the resulting nonwoven fibers observed with a video
camera/smart phone. In this study, cholesteryl ester-based LCs
were blended with PCL or PS. The appropriate polymer
concentration and ratio of LC to polymer to achieve fibers
without bead defects were investigated. The effect of fiber
processing on the resulting thermochromic properties was
investigated. The thermochromic properties of the individual
fibers and fiber mats were demonstrated and compared. The
reversibility of the visible color change was examined.

B MATERIALS AND METHODS

Materials. Polycaprolactone (PCL) (molecular weight (number
average) = 80,000 g/mole, >99.5% purity) and polystyrene (PS)
(molecular weight (number average) = 170,000 g/mol), >95% purity
were obtained from Sigma-Aldrich (St. Louis, MO). Chloroform
(ACS reagent grade, >99.8% purity) was obtained from Fisher
Scientific (St. Louis, MO). Cholesteryl oleyl carbonate (COC, quality
level 100 (purity not specified)) and cholesteryl benzoate (CB, 98%
purity) was obtained from Sigma-Aldrich (St. Louis, MO); cholesteryl
pelargonate (CP) was obtained from either Sigma-Aldrich (St. Louis,
MO, 97% purity) or Alfa Aesar (Ward Hill, MA, >95% purity). All
materials were used as received.

Liquid Crystal (LC) Formulation. Thermochromic LCs were
formulated based on previous reports.”’>*” Briefly, ternary mixtures of
cholesteryl oleyl carbonate (COC), cholesteryl benzoate (CB), and
cholesteryl pelargonate (CP) were combined at ambient conditions.
The components were heated in an oil bath at 80—90 °C for 20 min
to fully melt the components (Figure 1). Upon melting, the resulting
blends were clear and macroscopically homogeneous. The LC
formulation was cooled to ambient conditions before further use.
Three different compositions were made based on previous studies;
the composition affects the thermochromic behavior. At constant CB
concentration, varying the ratio of COC to CP impacts the
mesophase transition temperature and the resulting temperature at
which color is observed.*” Thermochromic behavior (color transitions
between blue and red upon cooling) were expected to begin between
25, 30, and 43 °C for LC-1 (60 wt % COC/30 wt % CP/10 wt %
CB), LC-2 (45 wt % COC/4S wt % CP/10 wt % CB), and LC-3 (30
wt % COC/60 wt % CP/10 wt % CB), respectively.”’ To further
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depress the color transition temperature so that LC formulation
appeared colored at ambient conditions, the COC content was
increased to 80 wt % COC at constant CB concentration. Overall, the
formulation was 80 wt % COC/10 wt % CP/10 wt % CB.

Electrospinning. For electrospinning, blends of polymer and LC
were prepared by combining the solid polymer with the LC
formulation at ambient conditions in various mass ratios. Chloroform
was then added. Typically, the polymer concentration was 5—25 wt %
and the LC formulation was 0—30 wt % of the total blend. The blends
were stirred overnight (18—30 h) at ambient conditions until
macroscopically homogeneous before electrospinning. Samples were
stored at room temperature before further use. All samples were used
within 1 week of preparation.

Electrospinning was performed using a point-plate configuration in
which the polymer/LC blend was loaded into a syringe fitted with a
stainless-steel needle (0.508 mm L.D.) and attached to a power supply
(Matsusada Precision, Inc, model AU-40R0.7S with positive
polarity). The blend was pumped at a flow rate of 0.5 mL/h using
New Era Pump Systems syringe pump NE-300. Typical, spinning
parameters were a tip-to-collector distance of 10 cm and applied
voltage (positive polarity) of 7 kV. Electrospinning was performed at
ambient conditions, i.e., temperatures between 19 and 23 °C, and
relative humidity between 10 and 45%. Fibers were spun onto glass
coverslips for analysis by PLM. Electrospinning was performed for 1
to 2 h to obtain samples that were sufficiently thick enough to remove
from the foil for video analysis. An overview of the blend preparation,
electrospinning, and fiber mat characterization is provided in Figure 1.

Fiber Characterization. Polarized Light Microscopy (PLM). The
structure and thermochromic properties of the electrospun fibers were
investigated using polarized light microscopy (PLM) (Nikon
Instruments, Inc.) Eclipse 150N with Epi Rotatable Polarizer; L-AN
analyzer with CFI60-2 TU Plan FLUOR BD objective lenses. To
characterize the thermochromic properties, a microscope stage heater
(Bioscience Tools, nominal accuracy of 0.1 °C) was used to heat the
fiber samples which were electrospun onto glass coverslips placed
onto the heat stage to 55 °C and held for 15 min at that temperature
monitored with a thermocouple. Videos were recorded at 30 frames/s,
using a DS-Fi3 (Nikon Instruments, Inc.) (2880 X 2048 pixels) as the
sample was cooled to ambient conditions (68—74 °F/20—23 °C)
under polarized light.

Scanning Electron Microscopy. Further analysis of the fiber
structure was performed with scanning electron microscopy (SEM)
(Hitachi Ultra High-Resolution Analytical FE-SEM SU-70) at 5 kV
accelerating voltage at a 15 mm working distance. Fiber samples spun
on aluminum were prepared for SEM analysis by sputter coating with
carbon using a Denton Vacuum Desk V TSC JP Cold Sputtering
Platform under § X 1072 Torr pressure and at 75 amps for 12 s. The
average diameter of fibers for each sample was determined from 100
measurements with Image]J software (U.S. NIH).

DSC. Physically, the LC was expected to change color due to the
Smectic A to twisted nematic phase transition. This mesophase
transition temperature was measured using differential scanning
calorimetry (Q100, TA Instruments). Samples were prepared by
placing 4 to 6 mg samples of fibers containing LC into aluminum
sample pans. An empty sample pan was used as a reference. To erase
the previous thermal history and cool the sample to an initial
“standard state”,"’ the samples were first annealed by heating to 50 °C
at a rate of 20 °C/min, held at 50 °C for 10 min, then cooled to —30
°C at a rate of 20 °C/min, and held isothermally for 15 min at —30
°C. These conditions were selected, so the mesophase transition
temperatures could be compared to previous reports using the same
procedure.” For analysis, the samples were heated from the initial
“standard state” of —30 to 70 °C at a rate of 10 °C/min based on
previous analysis of PCL blends.*" Based on the measured heat flow
as a function of temperature, the endothermic melting peak ~25 to 30
°C attributed to the Smectic A to twisted nematic phase transition of
the LC was determined using Universal Analysis 2000 software.
Samples were prepared in triplicate; the average and standard
deviation are reported as previously described.’® The average value of
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random error represents the accuracy of the results measuring the
mesophase transition temperature of blends.*

FTIR Spectroscopy. PCL with and without LC were analyzed by
Fourier transform infrared (FTIR) spectroscopy. Small sections of
electrospun mats (1 X 2 cm?) were mounted onto a FTIR holder.
Spectra were obtained using a Nicolet iS50 FT-IR spectrometer
(Thermo Scientific) and analyzed with Omnic 9 software for FTIR.

UV-Vis Reflectance. To characterize the thermochromic behavior
of the bulk fiber mats, 2 X 2 cm? sections were removed from the foil.
The fiber mats were mounted on a black-coated, aluminum sheet.
Fiber mats were then heated to 55 to 60 °C for 15 min. Samples were
removed from the heat and analyzed as they cooled to ambient
conditions (68—74 °F/20—23 °C) using ultraviolet—visible (UV—vis)
reflectance spectroscopy. Specifically, UV—vis reflectance spectra
(350—1200 nm) of the samples were obtained with an Ocean Optics
(Largo, FL.) Flame spectrometer (FLAME-S-VIS-NIR-ES) equipped
with a tungsten-halogen light source (HL-2000-HP-FHSA, 20 W
output) and a reflectance probe (RPH-1). The fiber mat was used as a
reference. Measurements were taken every 10 s. Simultaneously,
temperature measurements were taken with a thermocouple mounted
near the fiber mat every 10 s HH802U Digital Thermometer with
800_multi_software for data logging (Omega Engineering, Stamford,
CT). For each time point, wavelengths between 380 and 760 nm were
further analyzed. The color corresponding to the reflectance spectra
was defined using ISO 21348. The position of the leading peak was
tracked as a function of time. The color transition temperatures (blue
start, red start, red end) were determined as previously described.”

Visual Analysis. Alternatively, as the samples cooled, the sample
was viewed from a 90° viewing angle and video was recorded
(Panasonic HC-V180 High-Definition video camera, 1920 X 1080
pixels, 30 frames per second) for visual analysis. Frame-by-frame
analysis was performed manually to estimate the color transition
temperatures (blue start, red start, red end). Samples were prepared in
triplicate; the average and standard deviation of the transition
temperatures were reported.

From the video, freeze frames were selected and the color of the
sample was analyzed. Specifically, chromaticity as a function of
temperature was determined from the images. For a given frame, the
RGB values of a given frame were obtained using a 40 X 40-pixel area
from the center of the fiber mat samples in Image] software. To
quantify the perceived brightness of the colored sample in the image,
the CIE Y value (a measure of luminance) was calculated using RGB
values and eq 1

Y = 02162 Ry, + 0.7152 Gy + 0.0722 By

1

The RGB values were then converted into Y, values using Python
colormath.** Chromaticity plots were based on the CIE 1931 color
space™ and using a 2° viewing angle and CIE Dy Standard
Iluminant.'**

The reversibility of the color change was evaluated over multiple
cycles. Four samples (1 X 2 cm” fiber mat) were removed from the
foil and mounted on a black-coated, thin aluminum sheet. Fiber mats
(PCL/LC-3) were heated to SS to 60 °C, removed from the heat at
allowed to cool to 28 °C, then reheated to 36 °C, and cooled
repeatedly from 36 to 28 °C. Complete cycles, cooling then reheating,
took approx. 6—7 min. Videos were recorded at a 90° viewing angle
(Panasonic HC-V180, 30 frames per second) for visual analysis.
Freeze frames (i.e., images) were taken from the videos as the samples
cooled at expected blue start (36.5 °C) and red stop (33.5 °C)
temperatures, and the color of the sample in the image was
analyzed.® For a given frame, the RGB values of a given frame
were obtained using a 40 X 40-pixel area from the center of the fiber
mat samples in Image] software. The average RGB values were
converted to CIE L¥a*b* values using Python colormath.* Changes
in chroma, calculated from a and b eq 2,* were monitored over
multiple cycles. Chroma provided an indication of how dull or close
to gray a color was. An increase in chroma or vividness represented
color farther from gray.*’

c*= ()
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Figure 2. Effect of LC loading on PCL blends. The PCL concentration was held constant at 10 or 5§ wt % while LC-3 loading was increased from
ratios of 1:0 to 1:2 PCL/LC-3. (A) 10 wt % PCL/0 wt % LC, (B) 10 wt % PCL/10 wt % LC, (C) 10 wt % PCL/15 wt % LC, (D) 10 wt % PCL/20
wt % LC, (E) 5 wt % PCL/0 wt % LC, (F) 5 wt % PCL/5 wt % LC, (G) 5 wt % PCL/7.5 wt % LC, (H) 5 wt % LC/10 wt % LC. Scale bars are 100
pm.

B RESULTS AND DISCUSSION
Polymer/Liquid Crystal (LC) Blend Fiber Processing.

The goal of this work was to produce a nonwoven material that
visibly changed color with temperature. Based on previous
reports, LC formulations cannot be electrospun directly.
Rather, the LC sprays into droplets when the electric field is
applied.®® LC has been incorporated into nonwoven fibers
through coaxial electrospinning.*® Color change in individual
fibers was observed under a polarized light microscope.®
However, visual color change of the resulting nonwoven fiber
mat was not demonstrated. Furthermore, scale-up of coaxial
electrospinning is more complex than single-needle electro-
spinning due to the multiple solutions in separate layers.** So,
although there have been many commercial products based on
single-needle electrospinning, no core-sheath fiber products
have been commercialized to date.”** Blending a material that
cannot be electrospun (e.g,, LC) with a polymer that can be
electrospun has been a promising approach to achieve fibers
from biopolymers for tissue engineering”*’ as well as
reinforced composites”*® using single-needle electrospin-
ning9’47’48 Thus, the focus of this work was (1) establishing
electrospinnable polymer/LC blends using single-needle
electrospinning and (2) demonstrating the visual dynamic
color of the resulting nonwoven fibers observed with a video
camera/smart phone (overview, Figure 1).

In single-needle electrospinning of blends of polymer and
liquid crystal (LC) from a common solvent, solvent
evaporation during electrospinning can induce phase separa-
tion of the polymer and LC during fiber formation (Figure
1)."3%3* To perform single-needle electrospinning, a common
solvent for the polymer and liquid crystal must be used and the
composition of the blend is an important consideration.
Chloroform was identified as an appropriate solvent for the
liquid crystal formulation.’® Additionally, chloroform has
previously been used in electrospinnin% polymer/LC blends
and phase separation has been observed.'”*** Next, polymers
that could be electrospun from chloroform were identified.
Both PCL* and PS°*° have been electrospun using chloroform
as the solvent.

To establish electrospinnable polymer/LC blends using
single-needle electrospinning, PCL or PS in chloroform were
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used as carrier polymers. In electrospinning, a carrier polymer
is a high-molecular-weight polymer that is blended with a
material that cannot be directly electrospun.’>> The polymer
provides chain entanglement and can enable electrospin-
ning.>"*> PS and PCL have been commonly used carrier
polymers.>>*

To start, electrospinning of PCL and PS in chloroform was
briefly investigated. In electrospinning, the polymer concen-
tration is an important consideration. In this work, the focus
was investigating blend compositions (polymer concentration,
LC-to-polymer ratio) that could be electrospun into uniform
fibers at constant parameters. The tip-to-collector distance was
held constant at 10 cm based on previous studies.’®**° The
flow rate was held constant at 0.5 mL/h. Lower flow rates led
to a visibly beaded Taylor cone and beaded fibers (Figure S1);
higher flow rates led to needle clogging. At a flow rate of 0.5
mL/h and a tip-to-collector distance of 10 cm, the voltage was
varied to achieve electric field strengths between 0.1 and 1.5
kV/cm. Visual observations indicated that Taylor cones
achieved electric field strengths at 0.7 kV/cm. Below this
threshold, the electric field strength could not overcome the
surface tension of the polymer solution resulting in needle
clogging, which prevented uniform fiber formation. At higher
electric field strengths, Taylor cones formed elongated droplets
with multiple fiber strands at the needle tip, which produced
beaded fibers. This procedure was consistent with previously
established methods.”” Based on this procedure, electro-
spinning process parameters including flow rate of 0.5 mL/h,
tip-to-collector distance of 10 c¢m, and voltage of 7 kV at
ambient temperature and humidity were used for electro-
spinning.

Using these process parameters, the polymer concentration
that would produce uniform fibers was determined. For PCL,
the concentration was varied from 1 to 18% and the effect of
polymer concentration on fiber morphology was investigated.
Beaded fibers were observed at S wt % PCL. With increasing
concentration to greater than 10 wt % PCL, fibers without
bead defects were achieved (Figure S2). This transition from
beaded fibers to fibers without bead defects fibers has typically
been attributed to polymer entanglement.*>>* At low polymer
concentrations, there are insufficient entanglements to with-

https://doi.org/10.1021/acsapm.3c00222
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stand the stretching that occurs in the jet of fluid as it travels
from the spinneret needle to the collector and it breaks apart
into droplets as it travels.*>** Thus, a PCL concentration of 10
wt % was used to achieve fibers without bead defects. The
effect of polystyrene (PS) concentration in chloroform on fiber
morphology was also investigated. Beaded fibers were achieved
at 5 wt % PS. With increasing PS concentration, fibers without
bead defects were achieved at concentrations of 10 wt % PS
and 15 wt % PS (Figure S3).

Next, blends of polymer (PCL or PS) and LC were
investigated and the ratio of LC to polymer was studied. To
introduce the LC formulations, compositions that formed
single-phase blends (i.., clear, macroscopically homogeneous
mixtures of LC formulation and polymer) were examined.
With increasing polymer and/or LC concentration, phase
separation into a polymer-rich and solvent-rich phase can
occur. Generally, phase separation was observed when total
solids (polymer + LC) concentration was over 30—35 wt % for
PCL blends and over 35—40 wt % for PS blends. Phase-
separated blends were not further processed; single-phase
blends were electrospun (Figure 1). PS blends and PCL blends
that formed a single phase and were appropriate for
electrospinning are summarized in the Supporting Information,
Tables SI and S2, respectively.

In order to establish polymer/LC blends that would
electrospin and form fibers without bead defects, the effect
of LC concentration at constant polymer concentration was
examined using LC-3 as a model formulation. A polymer
concentration with sufficient entanglement to spin fibers
without bead defects was selected (i.e,, 10 wt % PCL, Figure
2A). Introducing LC at a 1:1 PCL/LC ratio (by weight) did
not significantly affect formation (Figure 2B). Further
increasing the LC content to 1:1.5 PCL to LC by weight
was possible without affecting the fiber quality (Figure 2C). As
expected, increasing the solids concentration increased the
fiber size. Specifically, the fiber diameter increased from 6.3 +
3.8 pm for PCL alone to 13.4 + 13.7 pm for the 1:1.5 PCL to
LC-3 ratio (10 wt % PCL/1S wt % LC-3) (Table S3). Further
increasing the LC content (i.e., 1:2 ratio of PCL to LC by
weight) disrupted fiber formation and flake structures were
observed rather than fibers (Figure 2D). Similar results were
observed when adding LC to PS fibers. Higher LC loadings
were possible using PS without disrupting fiber formation.
Specifically, PS fibers without bead defects were achieved using
10 wt % PS. Fibers were achieved when LC was added to 10 wt
% PS using LC content up to 1:3 PS/LC-3 by weight (Figure
S4). Increasing the LC loading at constant 10 wt % PS
concentration affected the fiber size. For example, the fiber size
for 10 wt % PS spun alone was 5.7 + 3.5 um. Introducing 10
wt % LC loading (1:1 polymer/LC) loading increased the
average fiber diameter to 16.6 & 8.1 ym. Further increasing the
LC loading to 30 wt % (1:3 polymer/LC) increased the
average fiber diameter to 84 # 37 um (Table S3). Further
increasing the LC loading resulted in phase separation of the
blend prior to electrospinning and the blend could not be
spun. Based on these results, LC can be incorporated in
electrospun fibers by adding it to 10 wt % PCL or PS (polymer
concentrations that form fibers without defects) and both PCL
and PS appear to be effective carrier polymers for
incorporating LC into electrospun fibers.

Nguyen et al.*® previously reported that introducing LC to
beaded PS-only fibers improved the uniformity. Thus, the
effect of LC concentration in the blend at a lower polymer
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concentration was also examined. Polymer concentrations that
produced beaded fibers when electrospun alone (i.e., 5 wt %
PCL and 5 wt % PS) were selected. For example, S wt % PCL
formed fibers with beads when electrospun from chloroform
(Figure 2E) and LC was added. Introducing LC up to 1:2 by
weight did not improve uniformity and only beaded structures
were obtained from 5 wt % PCL blends containing LC (Figure
2F—H) (blend compositions tabulated in Table S2). Similar
results were observed with PS. At S wt % PS, bead-on-a-string
morphologies were observed and the surface of the beads
appeared wrinkled (Figure SS). Similar morphologies have
been previously reported and attributed to solvent evaporation
during electrospinning. Upon introducing LC, the linear
density of bead defects appeared to increase up to LC loadings
of 1:5 PS/LC. With further increases in LC concentration (1:6
PS/LC) a transition from beaded fibers to flake-like structures
outside the fiber (Figure SS). The effect of LC concentration at
both 10 wt % polymer and S wt % polymer results further
supports the observation that when using chloroform as the
solvent, PCL and PS act as carrier polymers for the LC
formulation. The carrier polymer is blended with a material
(LC in this case) that cannot be directly electrospun and
provides chain entanglement to facilitate fiber formation.’">*
Based on these results, for polymer/LC blend preparation, the
polymer concentration in the solvent (common with the LC
formulation) must be sufficient to form fibers without bead
defects to provide sufficient molecular entanglement to act as a
carrier polymer.>”>> These results are consistent with using
carrier polymers to electrospin conductive materials®' as well
as proteins and polysaccharides.*’

To confirm that the LC was incorporated into the fibers,
FTIR spectroscopy of the electrospun PCL and PCL/LC-3
fiber mats was performed (Figure 3). PCL had a double peak
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Figure 3. FTIR spectra of PCL (black) and PCL/LC-3 (blue). The
inset highlights the differences between PCL/LC-3 and PCL.

at 2970 and 2960 cm™' representing asymmetric and
symmetric stretching of CH,, respectively.”> PCL/LC-3 also
had a double peak in this range, but the second peak was
shifted slightly to 2940 cm™", which can be attributed to the
presence of the LC.® A shoulder peak was also observed at
1764 cm™' for PCL alone and may be attributed to the
carbonyl stretching of the amorphous portion of the PCL.*"*
Upon blending with LC, the shoulder is indistinct from the
peak at 1720 cm™. Shifts to lower wavenumbers in PCL
blends have been attributed to hydrogen bonding between the
PCL chain and hydroxyl groups (of the LC components).*"*”
Additionally, upon addition of the LC formulation, additional
peaks were noted in the PCL/LC sample that were not seen in
the PCL-only sample at 1020 and 801 cm™'. Further, an
increase of intensity and shift in one of the double PCL peaks
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Figure 4. SEM images of electrospun fibers PCL fibers with various LC formulations. (A) 10 wt % PCL (10 xm scale bar), (B) 10 wt % PCL/LC-1
(50 um scale bar), (C) 10 wt % PCL/LC-2 (50 um scale bar), (D) 10 wt % PCL/LC-3 (50 pm scale bar).

(731/706 cm™) to 731/713 cm™" was observed. Peaks in this
region can most likely be attributed to nonplanar bonding of
ring-associated C—H bonds, which have been noted for CP.**
Since PCL has no ringed structures, the additional peaks can
be attributed to the LC-3 blend of COC, CP, and CB and
suggest the presence of LC in the polymer/LC blend fibers.
The results (presence of LC peaks) are consistent with
previous reports of electrospun blends of PAN and 7CB.*

Building on these results, the effect of LC formulation on
electrospinning to vary the thermochromic properties of the
resulting fibers was investigated. The focus of this work was to
achieve fibers with comparable fiber size with different LC
formulations. The observed color change for a set of samples at
a constant polymer-to-LC ratio and comparable fiber proper-
ties could be compared to understand the effect of the LC ratio
on the dynamic color. The observed color change in the fiber
could be compared to the LC alone to understand the effect of
the fiber structure on dynamic color.

Thus, the PCL and LC concentration was held constant at
10 wt % PCL and 15 wt % LC and blends were prepared with
three different LC formulations (summarized in Table S2).
The different LC formulations contain a constant amount of
CB (10 wt %) and various ratios of COC/CP to tune the
thermochromic properties.’”” The LC formulations were
prepared first and then blended with the polymer and
chloroform (Figure 1). In the electrospinning blends with
the different formulations, the total solid (polymer + LC)
concentration was held constant similar to other studies of
electrospinning multicomponent blends.””~®' SEM images of
the three different LC formulations: LC-1, LC-2, and LC-3 are
shown in Figure 4B—D. Based on the SEM images, the fibers
were free from bead defects. The surface roughness of the
fibers is consistent with other polymer/LC blend fibers and
was considered an indication of in situ phase separation.’®
Average fiber diameters for 10 wt % PCL/1S wt % LC with the
different LC formulations were comparable (Table 1).

The fiber size distributions compared to 10 wt % PCL are
shown in the Supporting Information (Figure S6). As seen in
the fiber size distributions, the largest fiber diameters observed
on the SEM were 70—90 pm (Table S4), while the majority of
fibers were less than 30 um in diameter. With the 10 wt %

Table 1. Effect of LC Formulation on Fiber Diameter for 10
wt % PCL/1S wt % LC Samples”

electrospun blend fiber diameter (um) (ave. + std. dev.)

10 wt % PCL/15 wt % LC-1 14 + 12
10 wt % PCL/15 wt % LC-2 13 + 11
10 wt % PCL/1S5 wt % LC-3 13 + 14

“Using PCL and an LC-to-polymer ratio of 1.5:1, the average fiber
diameters were comparable for the different blends.
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PCL/15 wt % LC blends, the LC formulations could be varied
with comparable fiber properties. The observed color change
for this set of samples at a constant polymer-to-LC ratio and
comparable fiber properties could be examined to understand
the effect of the LC composition on the dynamic color. The
observed color change in the fiber could be compared to the
LC alone to understand the effect of the fiber structure on
dynamic color.

For PS, the highest LC loading that could be achieved while
achieving uniform fibers was 10 wt % PS and 30 wt % LC-3.
Thus, the PCL and LC concentration was held constant at 10
wt % PS and 30 wt % LC, and blends were prepared with three
different LC formulations. All three LC formulations formed
uniform fibers generally free of bead defects (Figure S7). The
fiber size distributions for the 10 wt % PS and 30 wt % LC
samples with LC-1, LC-2, and LC-3 compared (Figure S8) to
10 wt % PS are provided in the Supporting Information
(Figure S8). With a 3:1 ratio of LC/PS, the fiber size in all
three cases was larger than polystyrene alone. This increase in
fiber size is expected when increasing the total solids
concentration from 10 wt % with PS alone to 40 wt % (PS
+ LC). Examining the effect of LC formulation on fiber size,
LC-1 (at the same concentration) had the smallest fibers and
lowest coeflicient of variation compared to LC-2 and LC-3,
whereas LC-3 had the highest values (ie., broadest fiber size
distribution) (Table SS). These results indicate that increasing
the CP content in the fiber (LC-3 has the highest CP content)
increases the fiber diameter in PS/LC fibers spun from
chloroform (Figure S9). In contrast, in the PCL/LC fibers, the
LC formulation did not significantly affect fiber size. The ratio
of LC to polymer was higher in the PS system (3:1 for PS
compared to 1.5:1 for PCL); thus, the effect of LC formulation
on size may also be affected by polymer as well as LC-to-
polymer ratio. In this work, comparing the thermochromic
properties of 10 wt % PCL/1S wt % LC fibers using different
LC composition would be especially valuable for physically
understanding the role of processing the LC formulations into
fibers on the observed properties since the fiber sizes are
comparable.

A potential disadvantage of using carrier polymers is that the
resulting fibers may not show the desired functional Pro]perties,
in this case, thermochromic properties of the LC.**" Thus,
the focus of this work was establishing polymer/LC blends that
could be electrospun into fibers without bead defects and
demonstrating the visual color change of the resulting
nonwoven fiber mats. Since blends using 10 wt % PCL and
all three different formulations could be electrospun into fibers
generally free of bead defects at constant LC content and
comparable fiber properties, these samples were further
analyzed. The observed color change for a set of samples at
a constant polymer-to-LC ratio and comparable fiber proper-
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Figure S. Polarized optical light microscopy (PLM) images of 10 wt % PCL/1S wt % LC for LC-1, LC-2, and LC-3 formulations. Samples were
heated and imaged upon cooling to ambient conditions. Blue to green to red color transition was observed for all LC formulations as temperature

decreased. Scale bars are 200 pm.

ties could be compared to understand the effect of the LC
composition on the dynamic color. The observed color change
in the fiber could be compared to the LC alone to understand
the effect of the fiber structure on dynamic color.
Thermochromic Characterization of Fibers. The
thermochromic properties of the electrospun fibers were
investigated. A summary of the fiber blends selected for
thermochromic characterization based on the electrospinning
results is provided in Table S6. As an initial indication of
thermochromic properties, polarized light microscopy (PLM)
was used to observe the resulting fibers (single fiber analysis).
The fibers were heated to 5SS °C (above the expected
mesophase transition temperature)’® and observed as the
fibers cooled to ambient conditions. Upon cooling, a color
transition was observed in the 10 wt % PCL and 15 wt % LC
fibers from blue to red for all LC blends (Figure S). This color
transition can be attributed to the LC, specifically the Smectic
A to twisted nematic (S,*—N*) phase transition.”’ Specifi-
cally, at higher temperatures, the LC helical coil tightened so
that the pitch is shorter. The shorter pitch caused the polarized
light from the microscope to selectively reflect shorter
wavelengths in the blue range. As the fiber continued to
cool, the helix relaxed more so that longer wavelengths were
reflected; thus, green and red and finally out of the visible
spectrum (colorless) were observed (Figure S). The blueshift
upon heating due to pitch contraction has been attributed to a
“pretransition” in which the Smectic A and twisted nematic (or
chiral) phases are mixed near the mesophase transition. In the
“pretransition” mixed phase, the pitch of the CLC is effectively
infinite and contracts to finite values resulting in an apparent
blueshift."® The color change with temperature that was
observed was intrinsic to the liquid crystal formulation (i.e.,
helical twisting power of the chiral component(s))."¢
Interestingly, the color change under PLM was observed to
be uniform in contrast to previous reports using coaxial
electrospinning in which fiber diameter caused slight differ-
ences in inherent pitch lengths because of radial confine-
ment.®” This result was notable because LC incorporated into
electrospun fibers via coaxial electrospinning has been
previously observed, and no color change was observed in
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fibers prepared via blend electrospinning of PS/LC from a
toluene/acetone solvent mixture.*’

For 10 wt % PS, 30 wt % LC (as well as 10 wt % PS, 15 wt %
LC), no thermochromic behavior using PLM was observed
(Figures S10 and S11). These results were consistent with
previous reports blend electrospinning with liquid crystal.*
Interestingly, at lower polymer concentrations and higher LC
content S wt % PS, 25 wt % LC when the fibers were heated to
55 °C and observed as the fibers cooled to ambient conditions,
a color transition from blue to red was observed (Figure S12).
There were several differences between the results presented
here using S wt % PS/2S wt % LC (thermochromic) and 20 wt
% PS/20 wt % LC (no thermochromic behavior observed
under polarized light microscopy). The liquid crystal-to-
polymer ratio was 5:1 compared to 1:1. Another important
difference was the volatility of the solvent:chloroform
compared to toluene/acetone. In a polymer blend, the phase
morphology can be affected both by the rate of solvent
evaporation and by the blend composition.”> Both a higher
LC/polymer ratio and more volatile solvent would promote in
situ phase separation during fiber formation.”> Such phase
separation may be important to maintaining the thermochro-
mic properties of the LC in the electrospun fiber. Another
difference between 5 wt % PS/25 wt % LC (thermochromic)
and 20 wt % PS/20 wt % LC (no thermochromic behavior
observed under polarized light microscopy) is the fiber
morphology. The 5 wt % PS/25 wt % LC electrospun from
chloroform fibers had bead defects, whereas the 20 wt % PS/20
wt % LC electrospun from toluene/acetone did not have bead
defects. For electrospun fibers, both fiber size®* and fiber
spacing® have been shown to affect reflectance properties due
to interfiber and inner-fiber scattering. Thus, the difference in
fiber morphology may also impact the apparent thermochro-
mic properties. Leveraging the fiber mat structure to further
tune the thermochromic properties may be possible. In this
work, the focus was on the effect of LC formulation in fibers
without bead defects.

With PS as the polymer, using a polymer concentration high
enough to produce fibers without defect resulted in fibers that
did not show thermochromic properties. This result suggests
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that PS entanglement may affect the apparent thermochromic
properties of the resulting blend fibers. Further, comparing PS/
LC fibers to PCL/LC fibers at 10 wt % fibers without bead
defects, no color transitions were observed in the PS fibers,
whereas color transitions were observed in the PCL fibers. The
lack of color transitions for PS a may have to do with the lower
chain mobility of PS, as lndlcated by its high glass-transition
temperature, T, = 95 °C,% in contrast to PCL, with a T, of

—60 °C.%’ Anisotropic LC interactions with PS (vm 1 chain vs
side chains) may also affect the LC assembly®® and the
resulting thermochromic properties. Practically, when using
PS, there is a trade-off between achieving bead-defect-free
fibers and thermochromic behavior. The 10 wt % PCL, 15 wt
% LC blends were the only system that appeared to form fibers
without bead defects with thermochromic properties observed
on the PLM. Overall, selecting a polymer electrospinnability in
a solvent that is miscible with the LC formulation and low
glass-transition temperature appears to be important consid-
erations for blend electrospinning.

For quantitative evaluation of the thermochromic properties
of the 10 wt % PCL, 15 wt % LC fibers, frame-by-frame video
analysis was performed manually to determine the (1) blue
start, (2) red start, and (3) red end transition temperatures.
These color transition temperatures for the fibers containing
the different LC formulations are summarized in Table S2. For
example, for 10 wt % PCL/15 wt % LC-3, the blue start
temperature was 36.9 + 0.6 °C, the green start temperature
was 33.9 + 0.6 °C, and the red end temperature was 32.0 + 0.5
°C. The start of the color transition (i.e. the blue start
temperature) for the three formulations is slightly above the
mesophase transition temperature of the LC in the fiber
measured by DSC. For example, for 10 wt % PCL/15 wt %
LC-3, the blue start temperature was 36.9 + 0.6 °C and the
mesophase transition temperature of the LC in the fiber
measured by DSC was 35.1 #+ 0.1 °C (Table S7). This result
was expected because the thermochromic behavior occurs
physically due to Smectic A to the twisted nematic phase
transition (measured by DSC).* Similar results were observed
with the LC alone.*

Interestingly, the mesophase transition temperature for the
LC in the PCL fibers was comparable to the LC alone (Table
§7).* For example, the mesophase transition temperature of
LC-3 alone was 36.1 + 0.1 °C, and that for LC-3 in the 10 wt
% PCL/1S wt % LC fiber was 35.1 + 0.1 °C (Table S2). This
result indicates that fiber processing and confinement within
the polymer fiber did not significantly affect the transition
temperature. In contrast, the clearing point of nematic LCs has
shifted significantly (e.g., 15 K compared to the bulk LC) when
incorporated into coaxially electrospun fibers.”*** The effect
has been modulated by the presence of surfactants in the PVP
electrospinning solution.”> The presence of surfactant at the
LC polymer interface was thought to affect LC alignment and
ultimately the energy required for the phase transition.”> The
cholesteric phase transition may be less affected than the
nematic transition. Additionally, blend electrospinning may
affect the phase transition less than coaxial electrospinning
which typically involves a nonsolvent for the LC. Importantly,
the phase behavior of the LC in the polymer/LC blend fiber
can be predicted by the behavior of the LC formulation, an
important practical consideration when formulating and
processing blends for product development.

Thermochromic Characterization of Fiber Mats. When
incorporating cholesteric LCs into electrospun fibers, temper-
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ature-dependent 1r1descent properties have been observed in
single fibers using PLM.®* However, mats of the fibers have
been considered highly scattering due to the many interfaces.’
Thus, achieving thermochromic nonwoven products with
visible dynamic color remains an important challenge toward
producing functional stimuli-responsive materials (e.g,, color-
changing masks for fever detection). Thus, the focus of this
work was to visualize the color change of the nonwoven fiber
mats using a video camera or smart phone without specialized
equipment (i.e., microscopes, polarizers).

Sections of fiber mats were mounted on a black-coated, thin
aluminum sheet and heated to 55 to 60 °C (above the
mesophase transition temperature of the LC). The sample was
observed as it cooled to ambient conditions; videos were
recorded at a 90° viewing angle. As fiber mats cooled, fiber
mats transitioned from bright purple color, to blue, green,
yellow, orange, red (Figure 6A), and back to colorless/white.
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Figure 6. (A) Visual analysis of 10 wt % PCL/1S wt % LC fiber mats
demonstrating thermochromic properties. Samples were heated and
video recorded as they cooled to ambient conditions. Representative
images showing the color transitions from purple to red during
cooling with a 1 cm scale bar. (B) From the images, CIE Y values as a
function of temperature were calculated as a measure of perceived
sample brightness. The CIE Y increases as the samples brightened in
the blue region and then faded in the red region (intrinsic to the LC).
(C) Representative chromaticity plot (CIE 1931) for PCL/LC-3
demonstrating the colors observed upon sample cooling (D)
reversibility of the color change demonstrated by the chroma values
for PCL/LC-3 at blue start, 36.5 °C, and red stop, 33.5 °C over
multiple heating and cooling cycles (E) UV—vis reflectance spectra of
PCL/LC-3 as the sample cooled. The reflectance peak shifted to
higher wavelengths due to the transition from purple to red.
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Slight variations in color across the sample from left to right
can be observed and may be attributed to nonuniform heating
(using a hot plate). Interestingly, colors observed during the
color transition were visually brighter for LC-1 and LC-2 than
for LC-3.

Based on the images, the differences in brightness between
PCL/LC-1, PCL/LC-2, and PCL/LC-3 observed in the
images were verified quantitatively by calculating the CIE Y
value (a measure of relative luminance or perceived sample
brightness) for PCL/LC fiber mats. As shown in Figure 6B, for
all of the formulations, as the color transition occurred, there
was an increase in the CIE Y value after the first color was
observed. This observation is consistent with the LC alone.”
Levit et al. also reported that the LC samples brightened in the
blue region and faded in the red region.”” The increase in CIE
Y corresponded to the LC initially increasing in brightness in
the blue region, and then the CIE Y values decrease as the
sample fades in the red region. Thus, the changes in CIE Y are
likely intrinsic to the LC formulation visualized in a confined
(tubular geometry). Also, the temperature of the color
transition for the fiber mat was comparable to the LC alone
and thus can be attributed to the mesophase transition
temperatures of the LC formulations (Table S7). Further, as
the COC content in the formulation decreased, the peak in
CIE Y decreased and PCL/LC-1 showed the highest peak
corresponding with the brightest appearing sample (Figure
6B). Thus, the quantitative assessment of perceived sample
brightness matched the visual observations captured in the
images (Figure 6A). In the videos, the same trend in CIE Y
values for LC alone (i.e., the color transition was brighter for
LC-2 than LC-3) was observed (Figure S13). Physically, color
brightness of LCs is affected by the anisotropy of LC layers and
samples with reduced brightness have lower reflective index
differences between layers.”” The different formulations may
have different brightness due to the composition. COC has a
bent cis-configuration with an alkene side chain that limits
folding, whereas CP has a linear conﬁguration.71 The high the
COC content (ie, LC-1), the more layers the bent cis-
configuration introduces, and thus more the pitch anisotropy."”
As the ratio of the amount of COC is reduced and CP is
increased, pitch anisotropy is increased, reducing brightness.
The layering of the LC may be further affected by
incorporation in PCL fibers. Interestingly, these visual
observations were not consistent with observations made
using PLM by Levit et al.>” In contrast, Levit et al. observed
that the color transition of LC-3 was brighter than LC-2. This
difference can be attributed to the difference in method, i.e.,
visual observation under ambient lighting compared to
observation under dark-field PLM. Specifically, viewing the
samples using cross-polarizers increases the contrast between
the colorless and brightest observed blue (Figure S13). This
result demonstrates the importance of performing visual
analysis in parallel with more specialized methods of analysis
(e.g, PLM) as the findings may change. Performance using
visual methods under ambient lighting conditions is important
for practical applications.

Since the color transition was comparable, but most difficult
to see (least bright) for LC-3, it was used for further analysis.
Notably, the first color observed for the PCL/LC mats was
purple compared to blue typically reported for the LC
alone.">'”* The visual observation (Figure GA) was
confirmed using a chromaticity diagram in International
Commission of Ilumination (CIE) 1931 color space**”* to
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demonstrate the range of colors observed during cooling
(Figure 6C). Representative images from the video analysis of
PCL/LC-3 were analyzed and compared to representative
images of LC-3 (Figure S14). The differences in perceived
color between the color start and red end were quantified using
the color difference (AE).***® For PCL/LC-3, the calculated
difference in perceived color in CIE L*A*B* color space
between the color start and the red end was 29, whereas the
difference for the LC-3 sample was only 12. This result
indicates that the dynamic color (color start to red end) is
more noticeable in the fibers than the LC formulation
alone.***

Additionally, the visually observed color changes (Figure
6A) were confirmed with UV—vis reflectance. As the sample
cooled, the peak in reflected wavelength shifted from 380 to
760 nm. Representative changes in UV reflectance spectra as
the sample cooled are shown in Figure 6E. For example, the
reflectance peak in Figure 6F shifted from 422 nm at 37.3 °C
(purple) to 465 nm at 35.8 °C (blue), to 525 nm at 34.5 °C
(green), to 593 nm at 34.0 °C (orange), and to 703 nm at 33.1
°C (red). Colors are based on ISO 21348 definitions. The
reflectance peaks decreased in intensity and broadened as the
fiber mats cooled. Broadening of the reflection peak has been
attributed to nonuniform pitch distribution of the LCs within
multilayer polymer/LC system.”* Nonuniform pitch distribu-
tion may be attributed to variations in fiber size as well as slight
temperature gradients within the sample between the solid
surface and the surface exposed to ambient conditions. The
decreases in intensity are consistent with the observed
decreases in brightness as the sample transitioned from blue
to red. These results are comparable to the results reported for
the LC alone.” The changes in UV reflectance are consistent
with the observed color changes and are indicative of an
increase in the helical pitch length of the LCs as the sample
cooled. Despite the peak broadening and decreases in intensity,
the color change is visible when observed using a video
camera/smart phone.

Based on the video analysis, the color transition temper-
atures were estimated. The transition temperatures were
compared to the transition temperatures measured by UV
analysis, and the results with UV reflectance confirm visual
results. For example, for LC-3 using visual analysis, the blue
start temperature was 383 + 0.5 °C, the green start
temperature was 352 + 1.3 °C, and the red end temperature
was 33.0 £ 0.5 °C. Using UV reflectance, the blue start
temperature was 36.9 + 0.5 °C, the green start temperature
was 33.8 + 1.3 °C, and the red end temperature was 33.2 + 0.4
°C. Slight discrepancies were observed for the blue start
transition temperature, whereas no significant differences were
observed in the red start and red end temperatures (Table S8).
The slight difference may be attributed to the visual transition
from purple to blue being more subtle than yellow to red or
red to colorless. Further, the transition temperatures of the
fiber mats were comparable to the single fibers. For example,
using visual analysis of single PCL/LC-3 fibers under PLM, the
blue start temperature was 36.9 + 0.6 °C and the red end
temperature was 32.0 + 0.5 °C (compared to a blue start of
36.9 + 0.5 °C and the red end temperature was 33.2 & 0.4 °C
for the fiber mats). The observed differences are relatively
minor (Tables S7 and S8) and may be attributed to structural
differences between individual fibers and bulk fiber mats as
mats are anisotropic and made up of a range of fiber diameters
(Table S3), which is known to affect the color of the fiber.'%*
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The transition temperatures using UV analysis were used for
further analysis of the thermochromic properties of the fiber
mats, i.e,, color transitions using “color bandwidth” and “color
play” values.'”’

Bandwidth is the difference between the blue start (first
occurrence of A, between 450 and 500) and red start (first
occurrence of A, between 610 and 760 nm) temper-
atures.”* Based on the UV reflectance measurements, the
bandwidths for PCL/LC-1, PCL/LC-2, and PCL/LC-3 were
1.6 + 0.5, 2.4 + 0.32, and 2.2 + 0.6 °C, respectively. These
values were the same (statistically) as the bandwidth values
measured by Levit et al.: 2.5 + 1.4 °C for LC-2 alone and 2.3
+ 1.6 °C for LC-3 (Student’s t-test, a = 0.05).*”

The “color play” domain represents the entire temperature
range of visible color, from the first appearance of color to its
disappearance. The “color play” is affected by the intrinsic
cholesteric pitch length and helical twisting power. The color
play of the LC in the single fibers for LC-2 (3.9 & 0.6 °C) and
LC-3 (4.9 + 0.8 °C) was comparable to previously reported
values for the LC formulations (4.5 + 1.5 °C for bulk LC-2
and 6.1 + 1.6 °C for bulk LC-3); no statistical difference was
observed using a Student’s t-test, @ = 0.05 (Table 2). This

Table 2. “Color Play” Analysis to Describe Thermochromic
Properties of the Fiber Mat Compared to the Single Fiber
and LC Alone

LC color pla color play PCL/LC color play PCL/LC
formulation ~ LC (°C)* single fiber (°C) fiber mat (°C)
LC-1 n/a n/a 7.5 £ 0.7
LC-2 45+ 15 39 + 0.6 10.2 £ 0.9
LC-2 6.1 + 1.6 49 + 08 9.7 £ 1.1

result suggests that fiber processing and confinement within
the fiber did not significantly affect the intrinsic cholesteric
pitch length of the LC. In the case of PCL/LC fiber mats,
“color play” was determined based on the UV reflectance
measurements by finding the difference in temperatures
between temperatures at purple start (i.e., first occurrence of
Amax between 360 and 450 nm) and red end (last occurrence of
Amax between 610 and 760 nm). Interestingly, the color play
range for the mats was significantly wider, with 10.2 + 0.9 °C
for PCL/LC-2 and 9.7 = 1.1 °C for PCL/LC-3, in contrast to
UV values of 4.5 + 1.5 °C for bulk LC-2 and 6.1 + 1.6 °C for
bulk LC-3 (Student’s t-test, @ = 0.05) (Table 2).% Broadening
of the color play region in the fiber mats may be ascribed to the
layered, anisotropic configuration of the electrospun fibers.
Several studies have found that layering of cholesteric LCs”*”>
or natural cholesteric structures’® of differing pitch has the
effect of broadening the wavelength bandgap. Taken together,
these results suggest that in the individual fibers, the intrinsic
pitch length was not affected, and layering multiple fiber layers
may affect the structural color and visual dynamic temperature
response of the resulting fiber mats.

Taken together, the results indicated that the apparent
thermochromic properties of the resulting nonwoven product
can affect the structure of the mat. For electrospun fibers, both
fiber size and mat thickness®* as well as fiber spa\cingé5 have
been shown to affect reflectance properties due to interfiber
and inner-fib er scattering. Thus, it is possible that mat
properties such as fiber size and mat thickness could be used to
further tune the thermochromic properties of the resulting
fiber mat. A careful design of experimental study to further
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elucidate how to tune fiber size (processing parameters, blend
composition, etc.) and the resulting optical properties of the
resulting fiber mat (e.g., refs 77, 78) could be useful in product
design as a future direction.

For practical applications such as temperature monitoring
based on visual color detection, reversible color change can be
important.”” SEM was performed after color change. Heating
and cooling did not appear to significantly affect the fiber
morphology (Figure S15). The average fiber size was also
comparable: 13 + 14 um (as spun) and 1S + 21 pm after color
change. Thus, the reversibility of the thermochromic behavior
of the fiber mats was investigated using visual detection. As
proof of concept, 10 wt % PCL/15 wt % LC-3 was video
recorded as it was heated, cooled, and reheated for multiple
cycles. For analysis, chroma values were compared at the blue
start temperature (36.5 °C) and red end temperature (33.5
°C) as a measure of the perceived color.’® Chroma values
decreased as the sample fades and turns from red to blue upon
heating, and they increased as the sample brightens and turns
from blue to red upon cooling. For example, at the blue start
temperature (36.5 °C), the average chroma value was 31.5 +
1.7 over five cycles, and at the red end temperature (33.5 °C),
the average chroma value was 4.0 + 0.3. The chroma values
were consistent with multiple cycles (Figure 6D), indicating
the color change (i.e., blue to red, as well as the changes in
brightness) was repeatable over multiple heating and cooling
cycles. This result demonstrated the changes in the helical
pitch of the LC after fiber processing remained reversible.
Thus, these materials could be used for temperature
monitoring based on visual color detection,”*" e.g., smart
masks for fever detection.'>™*

Using LC-1, LC-2, and LC-3, the fiber mat was white at
room temperature; color appeared when the sample was
heated (e.g, Figure 1). Achieving fibers that are structurally
colored at room temperature has been of interest for avoiding
fiber dying processes that produce significant amounts of
wastewater.””®! Thus, a proof-of-concept experiment to
demonstrate structurally colored fibers at ambient conditions
was investigated. The goal of this experiment was to achieve
visually colored fibers at ambient conditions (captured with a
smart phone camera). An LC formulation with a lower
mesophase transition temperature so that the formulation
appeared colored at ambient conditions was developed. Thus,
the COC content in the formulation was increased while
holding the CB concentration constant at 10 wt %. By
increasing the COC content to 80 wt % (formulation 80 wt %
COC, 10 wt % CP, 10 wt % CB), the resulting formulation was
spread on a glass slide and appeared blue at ambient conditions
(~71 °F/22 °C) (Figure 7A). The nonuniform color may be
attributed to differences in thickness when the sample was
spread on the glass slide affecting the apparent local
temperature of the LC at ambient conditions. In contrast,
the other LC formulations were colorless or white at ambient
conditions (Figure S16) and changed color when heated.
Using this formulation, PCL/LC fibers using 10 wt % PCL/15
wt % LC were electrospun. Based on SEM, the fiber
morphology was comparable and generally free of bead defects
(Figure S17). The average fiber diameter was 17 + 13 um,
comparable to the other electrospun PCL/LC fibers (Figure
S17 and Table S4). The resulting fibers, in Figure 7B, were
visibly colored (green) at ambient conditions (22 °C),
consistent with the color of the LC formulation under
comparable conditions. The slight variation in color may be
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Figure 7. LC formulation tuned to show color at ambient conditions.
(A) LC spread on a glass slide mounted on a black surface and (B)
electrospun 10 wt % PCL fibers, 15 wt % LC fibers at ambient
conditions (22 °C). Images captured with a smart phone; scale bar
represents 1 cm.

attributed to the distribution in fiber size and fiber-to-fiber
spacing affecting the apparent local temperature of the LC at
ambient conditions. The thermochromic properties were
observed as the ambient temperature fluctuated. Specifically,
the fibers appeared blue at 73 °F/23 °C, green at 73 °F/23 °C,
and red at 69 °F/21 °C (Figure S18). This dynamic response
was observed over a much narrow temperature range than
observed with cellulose-based liquid crystals;*" a green to
orange transition was observed between 20 and 40 °C.*°
Further characterizing the thermochromic properties of these
fibers, e.g, red-end temperature below ambient temperature,
may be useful as part of future studies. These results
demonstrate that visually colored fibers can be achieved
using this approach.

Overall, these results demonstrate that electrospinning PCL/
LC blends can result in nonwoven products that visibly change
color with temperature (captured with a video camera/smart
phone). The dynamic properties can be tuned by varying the
LC formulation and no crosslinking is required (a potential
advantage as crosslinking can affect the reversibility of LC
color change).** Achieving responsive nonwoven products may
enable products such as face masks for fever detection and are
complementary to other approaches coating filament for
woven products (100—300 um diameter),’ and extruding
filament (500 um filament diameter)®”®* for three-dimensional
(3D) printed parts and other applications.”

Bl CONCLUSIONS

Electrospun PS/LC and PCL/LC fibers without bead defects
and nonwoven fiber mats have been achieved utilizing single-
needle blend electrospinning. Using electrospinnable polymer
concentrations was necessary to produce LC-loaded fibers
without bead defects. LC loadings (up to 60 wt % LC in PCL)
were achieved without negatively impacting fiber morphology.
Higher LC loadings were possible using PS (83 wt % LC in
PS). Both fiber systems were temperature-responsive when
observed under the PLM (i.e., single fiber analysis). Only the
PCL fibers resulted in nonwoven materials that visibly changed
color with temperature (captured with a video camera/smart
phone). When selecting a polymer, fiber formation in a solvent
that is miscible with the LC formulation and low glass-
transition temperature appear to be important considerations
for blend electrospinning. DSC and single fiber analysis
indicate that the mesophase transition temperature and
intrinsic pitch of the LC within a single fiber are not
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significantly affected by fiber processing and confinement
within the fiber. Color analysis of the fiber mats indicates that
layering of the fiber mat affects the structural color; the
dynamic color is more noticeable (larger AE) and the “color
play” is extended over larger temperature ranges than the LC
alone. Colored fibers were achieved by tuning the transition
temperature of the LC formulation. Such structurally colored,
temperature-responsive nonwoven products may be useful for
applications such as smart face masks.
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