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Hydroxypropyl cellulose (HPC) is a sustainable, cost-efficient, and bio-compatible
cellulose derivative that forms cholesteric liquid crystalline phases in
highlyconcentrated water solutions that reflects colour in the visible range.
While there have been studies exploiting HPC's structural coloration and
transferring the cholesteric order of the solutions into solid form via cross-
linking, there is still lack of understanding on the thermotropic mechanisms
that enable the transfer of the structural ordering of the pure HPC at higher
temperatures. In this work, we demonstrate the balance between the
temperature, humidity, and film thickness to achieve a full color palette of pure
HPC. We reveal that at the early stages of the evaporation, formation of a dense
skin over the lyotropic phase facilitates the thermal expansion of the HPC during
the heat treatment. Increasing the thickness, applying higher drying temperatures,
and exposing the samples to higher humidity during the evaporation all result with
increased pitch values that cause a red-shift in coloration in the solid state. Our
analysis of the HPC samples dried in controlled temperature and humidity
conditions at a fixed thickness provided an understanding of the dominance of
the thermal expansion which drives the final structural organization in the solid
cholesteric phase. When the thickness of the films was varied against fixed
temperature and humidity conditions, the color shift from red to violet follows
the thickness gradient of the sample due to the change in the drying time required
to reach the solid form.

KEYWORDS

hydroxypropyl cellulose (HPC), cholesteric phase, liquid crystal, structural color,
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1 Introduction

Hydroxypropyl cellulose (HPC), a derivative of cellulose with hydroxypropyl groups on
the cellulose backbone, is widely used in both food and pharmaceutical industries due to its
biocompatibility, ease of processing, and cost-efficiency (Diirig et al., 2019; Kapoor et al.,
2020). In highly concentrated water solutions, HPC forms cholesteric mesophases that
exhibit right-handed helicoidal arrangement which act as a filter that reflects right handed
circularly polarised (RCP) light, Figure 1. There are a number of other cellulose derivatives
that exhibit similar lyotropic and thermotropic cholesteric liquid crystal behaviour with the
ability to demonstrate coloration in the visible range such as side functionalised HPC and tri-
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FIGURE 1

Color tuning of the HPC aqueous solutions as a function of varying HPC concentration between 62 wt% and 69 wt% and temperature between 5°C
and 25°C. The pitch (p) is described as a full 360° rotation of the cholesteric pseudo layers. Following the color changes shown, the cholesteric pitch is
compressed as the water concentration and/or temperature are decreased. Conversely, an increase in the water concentration and/or temperature

results in an elongated cholesteric pitch.

o-(p-methoxyethoxy) ethyl cellulose (Hayata and Furumi, 2019;
Yamagishi et al, 1990). The ability of HPC mesophases to
exhibit structural coloration has attracted interest to promote
HPC as a responsive photonic material with applications ranging
from strain sensors to electronic skins (Kamita et al., 2016; Liang
et al,, 2018; Chan et al,, 2019; Zhang et al., 2020). In the viscous
liquid form, the HPC mesophases are able to reflect iridescent
metallic coloration, which spans across the visible wavelength
range, from ultraviolet (UV) to red and infrared (IR) (Werbowyj
and Gray, 1980; Balcerowski et al., 2023). The manifested color can
be controlled as a function of temperature, ionic strength, and
concentration by tuning the helicoidal pitch of the HPC, Figure 1
(Werbowyj and Gray, 1980; Bhadani and Gray, 1983; Fortin and
Charlet, 1989; Nishio et al., 2002; Balcerowski et al., 2023). Much
work has been carried out into transferring the structural coloration
of HPC mesophases via cross-linking (Suto et al., 1990; Chan et al.,
2022) by highly toxic cross-linkers such as glutaraldehyde, or
emulsion method via surfactant systems (Ming et al., 2023).
While an understanding of the mechanisms causing the
structural transformation of the HPC during evaporation and
phase transformation has been quite established, i.e., the removal
of the water should cause a blue shift in the coloration due to the
reduction of the pitch (Chan et al., 2019). The combined effect of
additional factors such as heat treatment profile, thickness of the
films, and the humidity of the heating environment have not been
fully explored in combination before. In this work, for the first time,
we report the structural coloration of HPC in solid phase without
cross-linking whilst achieving a full color palette by just tuning the
physical conditions of the evaporation process. Our method uses no
other chemical modification or additives and thus ensures that HPC

completely pure, edible
in this work, we demonstrate the complex

mesophase is and cost-efficient.
Furthermore,
relationship between the visual coloration as a function of the
thickness of samples as well as tuning of the drying conditions
(temperature and humidity). Our work highlights that starting from

a uniform HPC solution, when sample constructs are cast in varying
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thicknesses, the color shifts from blue to red with increasing
thickness. Moreover, the thickness dependence has a well-defined
relationship with the temperature and humidity gradients due to a
finely tuned color trapping mechanism. For example, at a fixed
thickness, evaporating the water at higher temperatures may cause a
red-shift due to faster evaporation kinetics. Interestingly, when
humidity was accounted for, the same sample could display a
red-shift in coloration with increasing humidity, which indicates
a competition between the thermodynamic expansion of the
consecutive layers and kinetically driven compression of the
layers during evaporation. To the best of our knowledge, this
study is the first to showcase the ability to tune the structural
coloration of the HPC within a full color palette by simply
adjusting the drying conditions without further functionalization
routes.

2 Experimental methods
2.1 HPC solution preparation

All chemicals were used without further purification. HPC
solutions were prepared from HPC powder (SSL grade, MW 40k,
Nisso Chemicals, JP) mixed with the appropriate amount of MilliQ
water (18.2 MQ cm, Suez Fusion 320) to attain the required weight
percentage to demonstrate the color tenability in the solution phase. For
the evaporation studies a 64 wt% HPC solution was used throughout
this work. Homogeneous HPC solutions were prepared by mixing them
repeatedly with hourly intervals. The solutions were centrifuged at
6,000 rpm for 5 min to remove the air bubbles, each-time they were
mixed. The cycle of mix and centrifuge process was repeated at least
three times daily. To observe the uniform color appearance in the
solution form, the HPC solutions were kept at room temperature
overnight to reach their phase equilibrium. Prior to the use of 3d
printing, the HPC solutions were transferred into printing cartridges
and centrifuged for at least 10 min at 6,000 rpm to remove air bubbles.
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2.2 Fabrication of HPC thickness gradients

The thickness of the casted HPC films were adjusted using three
different set-ups, as shown in Supplementary Figure S1, An initial
set-up to vary the thickness of the samples was based on half filling
the HPC solutions in a 35 mm Petri dish, which was then placed at
an angle without lid, Supplementary Figure SIA. The slight tilt
(between 5° and 20°) allowed accumulation of the HPC solution and
formation of a thickness gradient. For these samples the following
naming convention was used: CP-HPC-drying temperature (°C)-
drying humidity (%).

Separately, a 3d printing set-up was used to produce HPC
constructs with uniform thickness, where the extrusion pressure,
nozzle size, and the number of layers applied were optimized. In this
paper, all the 3d printed samples were prepared using a robocaster
1&J7300-LF bench robot model of Fisnar intertronics with nozzles of
21 gauge and at a printing pressure of 6 bars. Using the 3d printing
set-up, two types of samples were produced; first the HPC solutions
were 3d printed following a staircase pattern by gradually stacking
layers on top to make a uniform thickness gradient, Supplementary
Figure S1B. The naming convention of the staircase-printed samples
is SP-HPC-drying temperature (°C)-drying humidity (%). In the
final design, the HPC solutions were 3d printed on a flat surface with
merged layers to make uniform thicknesses where the thickness is
controlled by the number of merged layers. The naming convention
of the flat-printed samples is FP-HPC-drying temperature (°C)-
drying humidity (%), Supplementary Figure S1C.

To explore the effect of drying temperature, the samples were
dried at 70°C-90°C in the oven (Genlab Prime Range Oven PRO/50/
TDIG) immediately after printing until they were entirely dry
(usually 4-5h). The effect of the humidity during drying was
tested using an environmental chamber (Memmert humidity
chamber HCP105) at 70°C and with controlled humidity values
fixed at 10% relative humidity (RH), 30% RH, 50% RH and 70% RH.
The samples were dried in such conditions overnight and until their
weights plateaued.

2.3 Characterization

Digital images were taken by a Panasonic LUMIX DMC-LX15
digital camera. The optical imaging and spectroscopy were
performed using a custom-modified polarized optical microscope
(Olympus BX53MTRF) coupled to an Ocean Insight Flame
spectrometer by Ocean Insight 50 um UV-Visible Optical Fiber.
Unpolarized light from an LED lamp was coupled into
a x20 objective (Olympus, MPLFLN-BD 10) with a numerical
aperture NA = 0.3. Part of the transmitted signal was coupled
into a 50-um core optical fiber (Ocean Optics) mounted in
confocal configuration to achieve a spatial resolution of
approximately 20 um, and the results were captured by the
Ocean View 2.0 spectroscopy software. Circular Dichroism
spectroscopy  results

spectrometer (wavelength range 350-700 nm). Scanning electron

were obtained by a Chirascan CD

microscopy (SEM) was performed using a Zeiss Sigma VP FEG SEM
system. Prior to SEM imaging, the samples casted on a Petri dish
were cut across the thickness gradient through the middle axis with a
razor to capture the cross-section morphology to retain the relative
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error for measuring the pitch constant and then fixed on sample
substrates with a 90° chamfer with the side wrapped with thin copper
tape. The fracture surfaces were then deposited with Au/Pt using a
Quorum sputter-coater QI150R Plus prior to imaging (an Au/Pt
target 80:20 was used at 50 mA current for 8s).

The UV-Vis spectra were smoothed by applying a locally
(LOWESS) method. The
thickness of the films is taken as the average of measurements
from a five-point sampling method. The pitch of the HPC

weighted  scatterplot smoothing

cholesteric mesophase is taken as the average of measurements
from a five-lines sampling method.

3 Results and discussion

Photonic HPC constructs with a thickness ranging between
0.5 and 5 mm were prepared by casting HPC solutions of 64 wt%
in petri dishes. The constructs were immediately dried at
temperatures between 70°C and 90°C (see the “Experimental
Methods”). To introduce a thickness gradient, the samples were
kept at a tilt angle between 5 and 20 degrees during the heat
treatment. All HPC solutions were in equilibrium and formed a
cholesteric phase prior to the film casting (Figure 1).

At equilibrium, the reflection wavelength of the cholesteric
phase can be described by following the modified Bragg equation
(Dumanli et al., 2014; Ryabchun and Bobrovsky, 2018; Kamita et al.,
2023),

A=npcosé, (1
And
Ngy = nHPC(/’HPC + nWater¢wuter (2)

where 7 is the average refractive index, and p is the cholesteric pitch
(where the consecutive pseudo layers undergo a 360° rotation of the
cholesteric structure) and 6 is the angle of incidence of light with
respect to the normal. Considering the average refractive index is
constant and can be calculated using Eq. 2, the reflection wavelength
is linearly dependent on the cholesteric pitch of the HPC solutions.
HPC refractive index is reported as nypc = 1.485 — 1.533 (Onogi
and Nishijima, 1986; Anyfantakis et al., 2020; Ragab et al., 2021;
Barzic et al., 2022), in this paper, we used ngpc = 1.5. In the solution
form, the concentration of the HPC defines the pitch value, Eq. 3 and
the wavelength dependence follows Eq. 1 irrespective of the sample
thickness. The reduction in the thermodynamic pitch p follows the
volume fraction (¢) of the HPC, with a power-law exponent
described as (Fried et al., 1983; Werbowyj and Gray, 1984;
Godinho et al., 2017; Chan et al., 2019).

px¢™, 1.4<m<3.0. (3)

The 64 wt% HPC solutions self-assemble into cholesteric
order spontaneously with a pitch value of 434nm that
corresponds to orange to red color at room temperature with
a reflection wavelength of 624 nm, Supplementary Figure S3;
Supplementary Table S3 in Supplementary Material. When the
HPC solutions are fabricated uniformly using different methods
such as laminated between two glass slides, 3d printed, or casted
using doctor blade, all these uniform constructs would show a
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homogeneous reflection throughout the sample regardless of
the sample thickness (Chan et al., 2019). And dried samples at
room temperature exhibit transparent appearance without
color, Supplementary Figure S4; Supplementary Material.
Interestingly, for the fabrication of the HPC in solid form
using higher temperatures between 70°C and 90°C, Eq. 3 is
no longer applicable. At the same time, our experiments
revealed that, upon drying at the given temperature, the
samples demonstrated a significant color shift with changing
thickness. As shown in Figure 2A, the color of the HPC samples
changes gradually from violet to red following the thickness of
the casted films. To quantify the color shift, the thickness data
was correlated with the reflectance measurements and a linear
relationship was identified between sample thickness and
reflection wavelength, which can be described as:

Ai=cr-d+A (4)

where A, is the observed reflection wavelength in nm of a
defined thickness d which is expressed in mm, cr is the
temperature coefficient and A, is the theoretical minimum
reflection wavelength in nm, where thickness is infinitely
close to zero. The observed color shift in the angle casted
and staircase printed samples was confirmed by measuring
the cholesteric pitch as a function of the film thickness by
the SEM analysis, Figure 3; Supplementary Figure S5;
Supplementary Material.

Thickness (mm)

258
242
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212
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1.80
1.77
1.69
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1.29
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1.1
1.03
1.02

FIGURE 2
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The SEM micrographs in Figure 3 demonstrate the highly
ordered HPC phases regardless of the thickness of the sample. A
correlation of the reflected color was found with the periodic
cholesteric structure, which was measured directly. At the left
edge of the film, the film thickness was measured to be
approximately 1.8 mm and the pitch was measured at p;/2 =
223 nm with a corresponding wavelength of A; = 668 nm, which
is consistent with the film’s red visual appearance. When the film
thickness reached to 1.2 mm, the pitch value gradually decreased to
P2/2 = 193 nm with green-yellow reflection at A, = 0.5 mm. Finally,
as the thickness reached a value of 200 pm, the pitch value decreased
to p3/2 = 142 nm with violet as the macroscopic appearance (A3 =
426 nm). Both samples CP-HPC-80°C and CP-HPC-70°C exhibited
such behavior, measured using cross-sectional microstructural SEM
images. Therefore, as the thickness increases, the pitch shifts to
larger values with a color transformation from violet to red.

The drying temperature difference between the samples labelled
as CP-HPC-80°C in Figure 3 and CP-HPC-70°C in Figure 2 leads to
a visible red-shift. From this observation, it is worth noting that the
thickness gradient alone is not the main factor in the tuning of the
coloration and the changes in sample size should be also accounted
for. For example, the specular reflection values recorded for the
1 mm region in the sample CP-HPC-70°C and the sample CP-HPC-
80°C are 450 and 558 nm, respectively, Supplementary Figure S2;
Supplementary Material. Our systematic work demonstrated that
two HPC films in solid form could display the same color at a
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The color tuning analysis of the HPC film casted on a tilted Petri dish and dried at 70°C with slope of approximately 8° (CP-HPC-70°C). (A)
Photography of CP-HPC-70°C and labels of the measured points 1-15. The scale bars represent 10 mm. (B) Optical microscopy images of the
corresponding points on the sample following the visible color range 1-15. The scale bars represent 100 um. (C) Reflectance measurements of the
corresponding points on the sample following the visible color range 1-15 (the color of the spectra is correlated with the color of the points
measured). (D) Linear fitting of the reflection wavelength as a function of measured thickness of the sampling points 1-15. The fitting for the CP-HPC-
70°C sample is represented with squares and has an R-square parameter of 0.95301. The fitting was repeated for the CP-HPC-80°C sample and is

represented using triangles and has an R-square parameter of 0.95352.
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FIGURE 3

Cross-sectional SEM micrograph and the corresponding pitch and wavelength values matching to the coloration of the zones. (A) SEM micrograph
of the solid sample CP-HPC-80°C. The scale bar is 500 um. (B—D) higher-resolution SEM micrographs and fast-Fourier-transform (FFT) of the SEM
micrographs of the areas with red, green, and blue reflection, respectively. The scale bars are 1 um.

different thickness or display different visual coloration even though
they are prepared at the same thickness (more see Supplementary
Table S1, Supplementary Material). Such overlap in the visual
coloration for different thicknesses implies that the main driving
force for the final coloration arises from thermodynamic and
evaporation kinetic effects and the thickness of the samples play
a secondary role in color tuning. By applying linear fit parameters in
Eq. 2; Figure 2D and Supplementary Table S2, Supplementary
Material, we can calculate the reflection wavelength for CP-HPC-
70°C as Ay_ygoc = 113-d +335 (nm) and for CP-HPC-80°C,
Misooc = 130 - d + 416 The
wavelength is altered significantly by the temperature which

(nm). minimum of reflection
indicates that temperature may be a key factor that determines
the cholesteric pitch.

As the HPC both possess lyotropic

thermotropic liquid crystalline behavior, the pitch of the HPC

solutions and
can be altered by the temperature at a fixed concentration as
shown in Figure 1 (Fortin and Charlet, 1989; Balcerowski et al.,
2023). Such color variation implies the polymeric degree of
to define the
equilibrium state of the HPC solutions in a way that allows

freedom as a function of temperature
the compression of the pseudo cholesteric layers at lower
temperatures (blue shift) and stretching the cholesteric order
at higher temperatures (red-shift) (Schiitz et al., 2020). The
orientation of the axis of the HPC polymer chains rotates by
an angle of 2 every period of the cholesteric helix, therefore the

Frontiers in Photonics

rotation angle of the axis of the molecule in the pseudo planes can
be defined as
_2m,

= 5
‘P’p (5)

where ¢ is the rotation angle of each cholesteric plane and p is the
pitch of the cholesteric helix. (Belyakov et al., 1979) From our initial
of the HPC
demonstrated in Figure 1, the solutions with shorter pitch values
(68 wt% and 69 wt%) show a stronger blue-shift even with a 5°C
change in temperature. This implies that ¢, has an inverse

analysis solutions at different temperatures

relationship with the temperature, ie., ¢, increases more when
the environment is at a lower temperature. When the solution
drying conditions are considered, at higher temperatures, ¢,
should conform into a different equilibrium state by relaxing the
rotation angle and thus larger pitch values can be achieved. We can
define the pitch expansion driven by heat as thermal expansion of
the cholesteric structure (Saeva and Wysocki, 1971).

The effect of temperature and the rate of water evaporation were
analyzed by subjecting the HPC samples to different drying
temperatures between 70°C and 90°C with 2.5°C intervals,
Figure 4. The samples used for this purpose were 3d printed on
a glass substrate to attain comparable thickness values with uniform
coloration. As the digital images and the CD spectra summarize, the
final coloration of the flat 3d printed HPC constructs showed a
significant variance from violet to red. The CD spectrum also
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Color shift in the HPC as a function of the drying temperature. Photographs and CD spectra of FP-HPC-70°C, FP-HPC-72.5°C, FP-HPC-75°C, FP-
HPC- 77.5°C, FP-HPC-80°C, FP-HPC-82.5°C, FP-HPC-85°C, FP-HPC-87.5°C, and FP-HPC-90°C. The samples are 1.15 (+0.21) mm thick.

confirms two key structural traits of the cholesteric HPC phases
produced via 3d printing; the first key observation of these systems is
the chiro-optical response of the HPC, which has shown the pure
RCP reflection observed from these constructs. Such pure right-
handed signal demonstrates the high degree of laminar arrangement
of the helicoidal structure.

The cholesteric phase in the aqueous HPC is right-handed
following its molecular chirality and at normal incidence it is
expected to reflect only RCP light. However, in many works
investigating both the solution and solid phases of the HPC, it
was reported that the HPC constructs reflect a large amount of RCP
light as well as left-handed circular polarization (LCP) light. Such
optical impurity was caused by the distortion of the cholesteric
phases, as well as the presence of highly tilted domains leading to
helical sense inversion (Rivera and Reyes, 2007; Chan et al., 2019;
Frka-Petesic et al., 2019; Kragt et al., 2019; Chan et al., 2022). Our
observation of pure RCP signal in the flat 3d printed samples
confirms the additional linear arrangement caused by the shear
forces (Balcerowski et al, 2023). Furthermore, the reflection
wavelength of the CD peak follows the visual color trend that
increases from 370 nm for the sample dried at 70°C to 612 nm
for the sample dried at 90°C.

Our structural analysis showed that the thermotropic behavior
of the HPC samples from their solution state indeed plays the
primary role in terms of the structural organization during
evaporation. This was especially apparent during the drying of
the 3D printed constructs, for example, the color of the samples
dried at lower temperatures led to a blue shift, whilst the color of the
samples dried at higher temperatures led to a red-shift. Such direct
correlation between the drying temperature and the color
appearance of the samples implies that the drying rate is one of
the key parameters for to modulate the pitch. To the best of our
knowledge, such tuning of the coloration in the HPC films and
coatings through alteration of the drying conditions as a method of
transferring the cholesteric phase in the visible range without using a
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cross-linker was not reported before. Therefore, this work provides
new information on controlled processing of HPC solutions to
achieve a full color palette without any additives and further
chemical processes. Furthermore, our work provides additional
insight on the force balance during the evaporation process. As
such, during the drying process, there is an expected decrease in the
pitch value due to the collapse of the cholesteric planes upon
evaporation. Indeed, when the films were dried at temperatures
below 60°C, the slow evaporation leads to compression of the pseudo
layers and complete loss of coloration due to the pitch values shifting
towards the UV region. However, when the samples were dried at
higher temperatures and hence the evaporation rate was increased
during the drying process, the faster water evaporation kinetics
avoided the collapse of the cholesteric layers, thus shifting the color
appearance to red. As discussed by Ming et al. (2023), the presence
of a lower critical solution temperature (LCST) for HPC solutions
can prove troublesome for the formation of cholesteric phases at
elevated temperatures. During the heat treatment process presented
in this work, the 64 wt% HPC solutions reach temperatures above
their LCST and therefore do not initially exist in their cholesteric
forms. However, the LCST is also concentration dependent; as the
evaporation progresses, the temperature at which a cholesteric
mesophase exists is gradually increased (Werbowyj and Gray,
1980; Balcerowski et al., 2023).

In order to explain the interactions during the drying process, we
hypothesized that an irregular trapping mechanism of HPC
conforms the cholesteric structure in solid form and is a
combination of two simultaneous processes: kinetically driven
compression and thermodynamic expansion, Figure 5.

When the HPC samples were dried at higher temperatures,
initially the freshly casted films or the 3d printed construct will form
a thin cloudy-translucent skin layer, Figures 5B, C. Our
microstructural analysis revealed that the skin layer does not
possess the cholesteric order which is most likely due to the fast
formation process Figure 5B (Balcerowski et al., 2023). Interestingly,
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(A) Graphic of the HPC drying process describing the HPC in liquid solution form and the cholesteric arrangement. During the drying process
evaporation of water causes formation of skin. During this stage exposure to higher temperatures causes water evaporation to accelerate, and the
pseudo-cholesteric layers at the surface collapse faster. At the same time, through controlling the rate of evaporation using humidity the final cholesteric
pitch can be thermally expanded. The HPC in solid state represents the final stage after water content has entirely escaped, where the cholesteric
order and the pitch is manifested denser than the inner structure. (B) SEM micrograph of a dried HPC film (SP-HPC-70°C) demonstrating the skin and

cholesteric structure.

the presence of this layer is one of the key factors in regulating the
interplay between the kinetically driven compression and
thermodynamic expansion, and thus the tuning of the final color.
Since the dense skin acts as a semi permeable shield to lock the water
content, the evaporation rate from the bulk cholesteric phase slows
down. Furthermore, across the thickness of the HPC, the parts that
are closer to the surface and the areas closer to the substrate will have
a different rate of evaporation. At this stage, the encapsulated
solutions in the bulk phase are still hydrated and capable of
changing structure following the cholesteric order. Such a
difference in the evaporation rate will be more pronounced for
the samples with a non-uniform thickness profile, i.e., the samples
casted on an angle as well as the staircase 3d printed constructs. In
these samples, while the thin areas of the samples evaporate fast, the
thicker parts of the films need a longer time for the HPC solutions to
conform to their final equilibrium state before compression. Such
slow evaporation should lead to a blue shift in the pitch overall,
however intriguingly the thicker parts of the films demonstrated a
red-shift, in Figure 2A; Supplementary Figure S2A, Supplementary
Material. Retaining the higher pitch values in thicker parts of the
films is an interesting finding and clear evidence that the pitch value
at high temperatures is tuned as a function of the thermodynamic
expansion of the polymer layers and evaporation rate. During the
evaporation process at higher temperatures, due to the higher kinetic
energy applied on the HPC polymer chains, two distinct events
happen; the first one is the accelerated evaporation which means that
the cholesteric layers would have less time for relaxation and
compress to a smaller pitch. The second phenomenon is the
further expansion of the cholesteric order due to the thermal
expansion of the HPC which is a trait that is transferred from
the solution phase. In both angular casting and staircase 3d printed
samples, the sample profiles were not uniform and evaporation
happened non-uniformly along the sample profile. As expected, the

Frontiers in Photonics

thicker part took a longer time to dry and required a longer time for
the encapsulated aqueous solution to achieve -equilibrium.
Furthermore, the bubble formation in different areas of the
samples also confirms the effect of the temperature on the
structural organization. For example, the thinner areas of the
samples have much smaller sized bubbles in the range of
1.0-1.5mm for the blue region and those areas with red
coloration bubbles have much larger sizes in the range of
2-2.5 mm because of longer heating as in Figure 2A and similar
effect is observed in Supplementary Figure S2A, Supplementary
Material. While the varying thickness samples are a clear evidence to
demonstrate the effect of the thickness within the sample, this new
information can be used to tune the pitch as a function of thermal
expansion and water evaporation perspectives. Similarly, the 3d
printed samples fabricated by overlapping different number of layers
to achieve different thickness values led to red-shifted coloration as
the thickness of the samples was increased, Supplementary Figure
S6. In thermotropic liquid crystals, the pitch is formed upon
reaching such a concentration at which a cholesteric mesophase
will correspond to the temperature of the solution at that given
moment (Keating, 1969). Therefore, by increasing the temperature
at which the HPC solutions are dried, we demonstrate control over
the pitch when the solution is capable of forming a cholesteric phase
again. In turn, this temperature controlled pitch is then translated
into the solid samples presented.

In order to develop a more generalized understanding between
the factors contributing to the color tuning, we also tested the effect
of the humidity during the water evaporation and analyzed its effect
on the drying rate effect and the final structure of the HPC. Figure 6
summarizes the visual appearance and the spectral analysis. For this
part of the work, we 3d printed four different HPC samples of the
same thickness of 1.2 mm and dried these constructs at 70°C at
different relative humidity (RH) values of 10 RH %, 30 RH %, 50 RH
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Smoothed reflectance spectra and photographs of 64wt% HPC solution dried at 70°C and RH of 10%, 30%, 50%, and 70%, respectively, in the

environmental chamber. The samples are 1.25 (+0.03) mm thick.

%, and 70 RH %. The visible color change from violet to green on
these HPC samples can be seen directly Figure 6, which indicates the
role of the humidity in a way that the pitch can be shifted to larger
values as the humidity increases. Such a result might appear to
contradict the observations we report in this contribution in terms of
the evaporation time, which leads to a blue shift when the thickness
factor was considered alone as the evaporation rate slows down at
higher RH. However, from the thermal expansion perspective, at
higher RH, the slow evaporation process allows the cholesteric
structure a longer time to relax to its equilibrium at higher
temperatures and facilitates thermal expansion. This additional
time causes a fixing of the color at a longer pitch value and
reflection wavelength. A surface fitting of the data points
connecting between the effect of humidity and thickness for a
temperature  (70°C) plotted to
effectively in  Supplementary

given was connect these

parameters Figure S8,
Supplementary Material.

Therefore, we concluded that the dominating factor contributing
to the color tuning is the thermal expansion of the HPC during the
evaporation process. The secondary factor is the rate of evaporation
that causes the compression of the pseudo cholesteric layers, which is
defined by both temperature and humidity. The final coloration
determined by the thickness is therefore a consequence of the
competition between the thermodynamic expansion of the
consecutive layers and kinetically driven compression of the layers
during evaporation. As shown in Figure 4, flat samples give only
negative signals during the CD measurements that indicates pure right
handed helicoidal order in the HPC. However, the 3d printed
constructs as well as the thick films casted in the Petri dishes both
exhibit positive signals in the CD spectra, which conflicts with the
right handed nature of the HPC mesophase (Supplementary Figure
S7). As mentioned above, similar results were reported for HPC and
other cholesteric LCs due to the angular distortion of the helicoidal
arrangement (Rivera and Reyes, 2007; Chan et al., 2019; Frka-Petesic
etal., 2019; Kragt et al.,, 2019; Chan et al., 2022). The structure of the
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kinetically arrested and physically confined HPC solutions poses high
degree of planar order, which is apparent by the intense RCP signal, as
shown in Supplementary Figures S7E, G. When these laminarly
contained HPC solutions were left to dry slowly over 9 days at
room temperature, their CD spectrum is broadened due to the
uneven water loss. However, these samples still conform their
highly ordered state exhibiting only RCP response. Such order is
broken by the drying process, where both the solvent evaporation and
the restriction of the skin lead to mechanical stress, applied vertically
on the helicoidal order at different magnitudes according to the
changing thickness (Chan et al., 2019; Frka-Petesic et al., 2019). As
a result, the ideal helicoids in the cholesteric structure are distorted
and the defects manifest various magnitudes of LCP reflection.

4 Conclusion

In conclusion, we provided a simple new method to modulate
the color in the full visible spectrum of solid HPC mesophases. This
new method accounts for the specific and inner-connected effects of
the thickness, temperature, and humidity in transferring the color
into the solid phase. During evaporation of the HPC, the constructs
form a uniform cholesteric phase. As the water concentration
decreases, the cholesteric layers would be expected to compress
and cause a blue shift of the coloration. Our work demonstrated that
increasing the thickness of the HPC construct or the drying
temperature indeed causes a red-shift in the coloration. We
proposed a gradual thermal expansion mechanism during the
drying conditions driven by the thermotropic properties of the
HPC and the increased polymer chain mobility at elevated
temperatures. During the evaporation in the first few minutes, a
dense solidified skin formed that encapsulated the HPC solution.
While the semipermeable HPC skin allowed the controlled
evaporation of the water, the cholesteric pseudo layers of the
HPC also expanded to the equilibrium state under a much

frontiersin.org


https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2023.1134807

Ren et al.

higher temperature and finally achieved a larger pitch. We explored
the relationship between the water evaporation kinetics and the
thermal expansion on the final pitch of the solid cholesteric phase
and concluded that even though there is a tradeoff between the
thickness driven evaporation kinetics and the thermal expansion,
overall, the thermal expansion is the dominant effect. We identified
that a higher drying temperature and a higher relative humidity are
both factors that drive the thermal expansion, resulting in an
increase in cholesteric pitch and red-shifted coloration. At the
same time, we concluded that as the thickness decreases, the
evaporation kinetics will drive the final structure formation with
a blue shift in the coloration. This relationship is a critical shift in the
color dependence of the HPC which is only a function of HPC
concentration and angular dependence in the solution phase. Yet, by
finely tuning the thermal process conditions we were able to
demonstrate the fabrication of solid phase of HPC with a full
color palette in the visible range. In the context of structurally
colored materials from the HPC, our work clearly signifies the
effective tuning of the evaporation conditions without any cross-
linkers and chemical modifications and establishes a key
development towards the fabrication of largescale functional
products. Keeping the HPC as a pure biocompatible polymer
without any chemical modifications elevates the potential of sing
these systems in colorimetric indicators and optical sensors for food
and pharmaceutical industries. The mechanical properties also give
possibility as food decorations without artificial colorings and edible
clay/plasticine that can be safely used by children.
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