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Abstract

When examined with polarized optical microscopy(POM), liquid crystals display
interference colors and complex patterns that depend on the material’s microscopic
orientation. That orientation can be manipulated by application of external fields, a
feature that provides the basis for applications in optical display and sensing technolo-
gies. The color patterns themselves have a high information content. Traditionally,
however, calculations of the optical appearance of liquid crystals have been performed
by assuming that a single-wavelength light source is employed, and reported on a

monochromatic scale. In this work, the original Jones matrix method is extended to
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calculate the colored images that arise when a liquid crystal is exposed to a multi-
wavelength source. By accounting for the material properties, including the local
orientation, the visible light spectrum, and the CIE (International Commission on
Ilumination) color matching functions, we demonstrate that the proposed approach
produces colored POM images that are in quantitative agreement with experimen-
tal data. Results are presented for a variety of systems, including radial, bipolar, and
cholesteric droplets, where results of simulations are compared to experimental images.
The effects of droplet size, topological defect structure, and droplet orientation are ex-
amined systematically. The technique introduced here generates images that can be
directly compared to experiments, thereby facilitating machine learning efforts aimed
at interpreting LC microscopy images, and paving the way for the inverse design of
materials capable of producing specific internal microstructures in response to external

stimuli.
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Introduction

When confined between a pair of linear polarizers, liquid crystals (LCs) can display a wide
range of interference colors and complex patterns owing to the material’s optical birefringence
(i.e. the difference between refractive indices parallel and perpendicular to the director). '
The brightness and color hues are sensitive to the local molecular order, which can be con-
trolled through external stimuli, including electric fields, magnetic fields, flows, chemical
cues and temperature.'™" On account of their responsive nature and large optical birefrin-
gence, LCs are widely used in optical devices, ranging from mature technologies such as

liquid crystal displays to state-of-the-art sensors that can detect toxins, biomolecules, and



microplastics.” "

Liquid crystals are generally characterized using polarized optical microscopy (POM),
which provides a direct measure of the material’s alignment and and is able to identify any
misalignment that might arise in a sample.®''™"" The alighment can be described by the
director (n) which is a vector field indicating the mean-field average direction of the LC
molecules local to its spatial coordinate (r). In confined LC systems, large spatial distor-
tions in the order field can develop on account of the incompatibility between surface and
bulk orientations, leading to distinct POM images. The realignment of a confined L.C can be
triggered by altering the balance between elastic and surface energies; a minute change in the
external environment can completely change the material’s appearance under POM. 51617
Sensing and display devices often rely solely on the transition between configurations that ex-
hibit different topological defects (such as bipolar and radial), which are identifiable through
the brightness profile. The substantial color changes that accompany such transitions are
rarely exploited.'>'® Understanding how the POM color patterns of LCs correspond to a
particular molecular alignment is of interest not only from a fundamental perspective, but
also for development of next-generation optical and sensing devices. '*+?

One method to understand the color texture of POM images is to rely on the Michel-Levy
chart, which tabulates the interference color as a function of thickness and birefringence. *'~**
That method, however, is limited to a uniform orientation of the director field, and is inca-
pable of predicting the interference color in confined geometries where the alignment exhibits
large spatial variations. In addition, the POM images can change with light sources and view-
ing angles, making it difficult to match the color patterns with the underlying order field
and hindering comparisons to experiments with different setups.

More generally, POM images are calculated without color information using the Ondris-
Crawford method, which produces the brightness profile corresponding to the LC order

field.?* 2% In this method, the sample is first discretized into layers whose thickness is much

smaller than the wavelength. Subsequently, the propagation of light is modeled by mul-



tiplying the Jones matrix of each layer, which computes the retardation according to the
local LC alignment. The method is versatile and easy to implement. It has been applied
to many geometries, including droplets and toroids, where it is possible to reproduce the
brightness profile of both nematic and cholesteric LCs.'"?"?® The Ondris-Crawford method
can be viewed as the standard approach for comparisons between experimental POM images

3.17.29-32 . . . .
L 15,17,29732° A major limitation, however,

and model predictions with numerical simulations.
is that the original formulation assumes a single wavelength, and it is difficult to compare
a monochromatic brightness profile with the color images that are typically obtained from
a white light source with a distribution of wavelengths in the range between 400-680nm.
Note that the effect of having a broadband light source has been discussed in several ex-
perimental and simulation studies, but reports that include simulated colored POM images

2878135,3% An exception is provided by the work of Yoshioka et al., who pre-

are limited.
sented several colored POM images from calculations that showed good agreement with
experiments.”” Unfortunately, few details regarding the calculation of the color images were
provided in that report. The colored POM images in many other reports demonstrate clear
visual discrepancies compared to experimental images, likely due to simplified assumptions
of the material optical properties or the RGB signal conversion process. While the under-
lying physics of obtaining POM images are well-known, an accurate simulation of colored
POM images requires the proper considerations of nuanced material properties and the basic
knowledge of color science.

In this work, we present a systematic methodological study of the computational gener-
ation of POM images (and an accompanying software package), which is validated through
quantitative comparisons to experimental data for a variety of systems. The colored POM
images are calculated by introducing a color matching function that combines the information
corresponding to multiple wavelengths to produce RGB values equivalent to the colors per-

36—

ceived by the human eye.*°*” In addition, we take into consideration the emission spectrum

of the light source, the dependency of refractive indices on wavelength, and the reflection at



the droplet interface. The accuracy and the applicability of our method are demonstrated
by comparing simulated and experimental POM images of radial, bipolar, and cholesteric
droplets. Lastly, we demonstrate that one can extract meaningful physical properties of the
nematic phase from the color information, enabled by the accurate dataset generated from
the simulations. We anticipate that the open-access LCPOM Python package developed
in this work will facilitate experimental and theoretical research efforts aimed at designing

advanced LC-based materials.

Methods of calculating colored POM micrographs

When colored POM images are captured in the laboratory, the sample is typically illumi-
nated with a white light that has a non-uniform spectrum distribution. The light spectrum
differs between laboratories and can alter the color texture.’’ To produce an accurate color
image, the LED spectrum I(\) for experimental images produced in this work is obtained
from the manufacturer or measured by an optical spectrometer. (Figure 1A-B and Supple-
mentary Fig. S1) In the calculations presented below, the light spectrum (400 nm - 680 nm)
is discretized into NV, = 20 intervals and the intensity profile for each wavelength is com-
puted using the Ondris-Crawford method.?>*® The order field configurations are obtained
either from analytical or numerical solutions, which are then interpolated onto a regular
grid with the desired resolution. Each of the single-wavelength intensity profiles depends on
the local LC alignment and the optical birefringence (An). (Figure 1A) It is important to
note that An is not a single constant, but a function of the wavelength (A) and the order
parameter S (which is a function of temperature and spatial gradient). Overall, both the
ordinary and extraordinary refractive indices (n, and n. respectively) decrease with wave-
length and saturate in the near-IR region. The quantitative relationship can be described
by a three-band model with constants fitted to experimental measurements.”*' (Figure 1C,

see Supplementary Materials for the relevant equations).



In confined droplets, the director field is distorted and the local order parameter S is
smaller near the topological defects, leading to a drop in the local birefringence An. Based
on the Vuks equation, here we assume that An oc S where S may be taken as constant in
simple analytical director fields (such as the radial hedgehog), or contains spatial variations
informed by numerical simulations. For derivation and experimental validation of the Vuks

relation, see Horn (1978) and Li and Wu (2004)."*"* The local An, n. and n, values are

given by:
An(S) = An(S,) < 1)
ne = (n) + gAn @)
ne = (n) — %An (3)

where (n) represents the average birefringence value that stays constant for a given temper-
ature; S, and An, are the order parameter and optical birefringence of a uniform bulk taken
as the reference state. For the liquid crystal 4-cyano-4’-phentylbiphenyl (5CB) considered in
this work, the reference state is taken to be S, = 0.57 at T' = 25.1°. The refractive indices n,
and n. are plotted as a function of A for uniform alignment (S = 0.57) and near a topological
defect (S = 0.1) (Figure 1C). It is worth noting that at S = 0.57, An decreases from 0.067
to 0.051 as A increases from 0.40pum to 0.68um, which is significant enough to affect higher
order interference colors; this effect has generally been ignored in previous reports.

In addition to the interference taking place in the bulk of the liquid crystal, we also
consider the light transmission ratio at the water-LC interface. For simplicity, diffraction
and refraction at the interface are ignored. In this study, the transmission ratio Tr is
approximated from the Fresnel equation using the refractive indices of water and 5CB. """
(Details are available in Supplementary materials) Tr decreases with increasing incident
angle (0;), leading to lower brightness near the periphery of the droplet (Figure 1D).

To combine these multiple intensity profiles at different wavelengths into an RGB image,
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Figure 1: Illustration of the method and plots of key physical properties. (A)
Schematic representation of the method for calculation of a colored POM image from the
order field. In this illustration, a radial droplet with d = 20um is computed with N, = 14
wavelengths. The color indicates the angle between the local director and the y axis. (B) LED
light spectrum obtained from the manufacturer of Zeiss Axioscope. (C) Refractive indices
of 5CB as a function of order parameter S and wavelength A obtained from a semiempircal
model in literature.” (D) Transmission ratio as a function of incident light angle. Tr,,
Trs and Tr stand for transmission ratios of p-polarized, s-polarized light and the weighted
average value. See Supplementary materials for details. (E) Color matching functions z;(\)
from the CIE 1931 standard.

we consider how humans perceive color and how color images are stored in modern electronic
devices. Briefly, the human eye can sense different wavelengths of light mainly with three
types of cone cells in the retina.®® These signals are processed by an intricate neural network
to generate a perception of color in the brain. Modern-day electronics represent color images
by assigning tri-stimuli values such as RGB, XYZ, or HSV (Hue Saturation Value) to each
pixel, so that digital displays can allow the human eye to perceive colors that are relatively
independent of the device or the lighting environment. The matching functions x; (\) that
transform wavelength signals to XYZ values were originally determined by the International
Commission on Illumination (in 1931 - CIE 1931 color space), and they are still widely
employed today (Figure 1E).”"*® In this work, the intensity profiles P(r, \) at Ny wavelengths
are weighed by the light intensity /()\) and the matching functions to obtain an XYZ color

image which is then converted to the RGB color image by a linear transformation.



The image before transformation is calculated by:

X,(r) = / P, VT (v, )V I(\)z:(\)dA
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where r represents the spatial coordinate; the index 7 indicates the color channel (z;(\) =
xz(A),y(A), or z(A) corresponds to the weights of color matching function in Fig. 1E, distinc-
tive from the spatial coordinates); the weight w;; is computed independent of the director field
and shows how much the jth wavelength contributes to the ith color channel. P(r, \;) rep-
resents the single-wavelength intensity profiles obtained from the Ondris-Crawford method.
Note that the T7r term is squared because each ray passes through the water/5CB interface
twice. The formula above assumes that the droplet is illuminated with parallel rays while
ignoring refraction. Alternatively, this method could be further upgraded by accounting for
refraction with geometric ray-tracing methods, as demonstrated by Mur et al. (2017) for low
birefringence LC.”® Another approach to treat diffraction is discussed in Steinberg (2020),
which devises analytical solutions to the Maxwell’s equations in some cases.’” The current
work does not adapt ray optics simulation due to its large computational cost (slowing down
the calculation by 100~ 1000 times).

In summary, the color image is obtained in four steps: 1) Generate the director field
through analytical or numerical solutions and interpolate it onto a regular grid with the
desired resolution. 2) Compute N, intensity profiles for discretized wavelengths using the
Ondris-Crawford method and multiply by the transmission ratio according to the local cur-
vature. 3) Weigh by the LED spectrum and color matching functions to get the XYZ channel
images. 4) Transform the image from XY7Z color space to RGB color space and represent

the result as a color image.



In the following sections, we present the diverse applications of the LCPOM Python pack-
age, demonstrating its exceptional capabilities and providing benchmarks for computational
tools seeking to align with experimental observations. Not only does our software serve as a
convincing proof of concept, but it also offers invaluable insights into crucial considerations
such as system size, treatment of topological defects, probing the orientation of nematic mor-
phologies, and moreover, the faithful reproduction of POM images in cholesteric systems.
It is noted that each image (110 x 110 pixels) takes less than 20 minutes to compute on a
single Intel Core i5 CPU processor. The sensitivity and speed of this method can serve for

generating a data-set that facilitates inverse design or machine learning. *%*"

Effects of system size exemplified by radial droplets

To explore the effect of system size, we have generated POM images of radial droplets with
various diameters (d = 2rg). The radial droplet provides a canonical example of the interplay
between bulk elasticity and surface orientation. In the presence of a surfactant, the LC
molecules orient perpendicular to the surface of the droplet, resulting in a hedgehog defect
at the center of the droplet. This particular system has been reported to be stable across
a wide range of temperature, different materials, and across different length scales. The
analytical description of the radial director field is n = x/ ||x||. The defect is a divergence
of the director field, commonly referred to as a radial hedgehog, as pictured in Figure 1A.
The LCPOM results of a radial hedgehog in Figure 2A show the progression of colors
that emerge as the diameter of the LC droplets is increased from d = 2um to 20u. As
the diameter increases from d = 3um to 6um, the first-order interference colors change from
yellow to blue (Fig. S2). This color change can be understood by computing the optical path
difference (OPD) between the ordinary and extraordinary light waves and the corresponding
phase shift of the linearly polarized light (See SI for detailed analysis). At d = 6.5um,

a second color ring emerges from the center of the droplet as the maximum phase shift
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Figure 2: Simulation of the color POM images of radial droplets from the an-
alytical order field. (A) Simulated images of a radial droplet from different sizes. The
orientation profile is shown in Figure 1A. (B) Comparison of the image of d = 5.5 + 0.8um
between simulation and experiment. (1o = d/2) (C) Intensity profiles of the RGB color chan-
nels and the radial intensity profile in B. (D) Comparison of the image of d = 20.3+ 1.8+ um
between simulation and experiment. (E) Intensity profiles of the RGB color channels and
the radial intensity profile in D.

exceeds 180° (Fig. S3). The simulated color textures are highly sensitive to system size,
and a discrepancy in diameter as small as 0.5um leads to notable differences in the optical
appearance. This level of sensitivity is not seen in BW intensity profiles, indicating that more
information about the LC order is captured by our proposed method. (Fig. S4) Moreover,
this result highlights the use of a computational tool related to color to determine the size
of an experimental system, or the possibility to infer the order parameter from microscopy
images. More simulated POM images of this case are provided in Fig. S2.

To reproduce the color texture of experiments in simulations, the birefringence must be
tuned down by 5%. This difference may have originated from multiple factors. Firstly, a frus-
trated alignment in curved geometries can lead to an attenuation of the optical birefringence

near the interface compared to the uniform bulk samples in which the refractive indices are
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measured. Secondly, some molecules such as water, surfactants and electrolytes may coexist
in 5CB droplets, leading to a reduction in nematic order.*® Finally, the droplet has a diffuse
boundary on the bright-field images, and the determination of size has an average error of
14% calculated from the FWHM (full width at half maximum) of the boundary (see Fig.
S6). This diffuse appearance is caused by the diffraction at the interface between materials
with mismatching refractive indices. "'

Overall, the color dependence on size in simulated images is in good agreement with
experimental results (Figure 2B, D and S4). The simulated and experimental images were
decomposed into their respective RGB channel contributions (Figure 2C and E). Given
the symmetry of the radial structure, a quantitative comparison between simulated and
experimental images can be achieved by integrating over the azimuthal angles and plotting
the intensity profiles as a function of the normalized radial coordinate r/ry. Each of the RGB
intensity profiles contains contributions from the entire light spectrum and does not have a
simple analytical form. Importantly, the peak positions of RGB intensity profiles agree with
the ones observed in experiments for r/ry < 0.8, which leads to a precise prediction of the
color ring locations, even for large droplets, which exhibit higher-order interference. On the
other hand, peaks close to the boundary (r/ry > 0.8) are not observed in experiments, as the
intensity decays faster towards the edge of the droplet than predicted. This is attributed to
the diffraction and fluctuation at the interface which, as discussed above, are not considered

in our algorithm.

Effects of the detailed structures of topological defects

The nature of the defect core is an active field of study, with implications for the assembly of
colloids, active liquid crystals, and photonics. By definition, the defect core is the divergence
of the vector order field, and can often be treated as a point charge. However, it has been

shown theoretically and in experiments that the topological defects usually do not take
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the shape of a point, but appear as a region with diminished order parameters. '%!%49752

Radial droplets of 5CB typically exhibit loop disclinations whose diameter is sensitive to the
anchoring strength, the elastic constants (temperature), and the size of the droplet. ! The
exact topology of the defect and the source of fluctuations have been long-standing questions
that have attracted considerable theoretical interest. > ° In experiments, the defect is usually
small and sometimes appears as a blurry dot due to limitations in the optical resolution. In
contrast to the hedgehog defect in Figure 1, a loop disclination is surrounded by a continuous
variation of the director field and has lower rotational symmetry. This implies that the
optical texture should reflect when a rigid body rotation of the disclination loop occurs, as

previously proposed by de la Cote et al.””

Figure 3: Effect of loop orientation in a radial droplet. (A) Simulated radial droplet
with a disclination loop (regions with S < 0.3) at the center. The diameter of the loop is
approximately 1.9um. (B-C) Schematic representation of the orientation of the defect loop
with o = 45° and 8 = 0° and the corresponding simulated POM image with d = 17.5um. (E-
F) Schematic representation of the orientation of the defect loop with o = 45° and § = 145°
and the corresponding simulated POM image with d = 17.5um. (D) and (G): Experimental
images for d = 17.5 + 1.6um.

To examine this hypothesis, we performed simulations of nematic droplets under homeotropic
anchoring conditions. Calculations of the order field following a Ginzburg-Landau relaxation
yield a scalar and vector order field. The simulation details can be found in the Supplemen-
tary Information. The orientations in 3D can be described by two angles, o and /3, because

the order fields obey the D, symmetry. Here, « is the out-of-plane tilt angle between the
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symmetry axis and the xy-plane and [ represents the in-plane rotation angle between the
0-projection of the symmetry axis and the y axis (Figure 3A).

As the droplet rotates, the reorientation of the loop creates subtle but clear changes in
the POM image. As expected, the image bears the highest symmetry at a = 90° and demon-
strates more fuzzy central patterns compared to the POM image of the analytical form (Fig.
S7). A distortion in the optical texture is observed when « deviates from 90° (Figure 3C-F,
Supplementary Movie 1). Importantly, the simulations produce color patterns that are very
similar to those observed in experiments for particular orientations of the droplet (Figure 3B-
G, Supplementary Movie 2). This agreement suggests that under appropriate conditions the
experiments can be directly compared to simulations to infer the orientation of the defects,
thereby offering a new way of studying the dynamics and order fluctuations in confined LC

environments.

Understanding micrographs of bipolar droplets through
perspective sweeps

Another ubiquitous configuration in LC microemulsions is the bipolar droplet. It is charac-
terized by two antipodal surface defects that emerge to satisfy a parallel molecular orientation
tangential to the droplet’s surface. The transition from a bipolar to a radial configuration
can be triggered by adding a surfactant, which is the principle of operation for many LC-
based sensing devices. ' Similar to the order field in radial droplets, we performed numerical
simulations to generate the vector and scalar order fields of a bipolar droplet that were then
used as input for LCPOM. An advantage of this computational tool is the control over the
viewpoint of an input morphology; different orientations that yield uncommon micrographs
can be probed by this approach. In this case, simulated images were compared to experimen-
tal POM images of droplets created by dispersing 5CB in a PVA /water solution; additional

experimental details are provided in the SI.
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Figure 4: POM images of bipolar droplets with different configurations from sim-
ulations and experiments. (A) Effects of varying the orientation of a bipolar droplet
with d = 20pum. (B-D), from left to right: bright field image, order field from numerical
relaxation, cross-polarized image, simulated POM image. (B) Droplet with a diameter of
22.9um. The poles are oriented close to the zy-plane with a small out-of-plane tilt. The
simulated image is produced with o = 30° and § = 55°. (C) Droplet with a diameter of
13.3um with the bipolar axis coinciding with the y-axis. The simulated image is produced
with a = 50° and 8 = 0°. (D) Droplet with a diameter of 12.4um. The defects are located
near the center of the xy-plane aligned with the z-axis. The simulated image is produced
with a = 80° and § = —45°. POM images in C and D are computed by using the light
spectrum in Fig. S1(B).

The bipolar droplets have two defects at opposite poles that obey the D, symmetry;
all the orientations in 3D can be described by the a and [ angles from the previous section.
Simulated POM images for different orientations of the bipolar droplet are presented in
Figure 4A. In agreement with literature reports, simulated images at o = 0° consist of
concentric rings where the brightness and the outline change as the sample is rotated in the
xy-plane. Optical textures similar to these are commonly reported in experiments. "%
Subtle deviations in the optical texture are often related to a small tilt of the bipolar axis, i.e.
the defects are tilted out of plane. For instance, it was found that the best agreement between
simulations and experiments correspond to Figure 4B, where o = 30° and § = 55°. Note

that the spacing between the pink and green rings and the distortion features near the defects
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are all reproduced accurately. Interestingly, screening other orientations yields unfamiliar
optical textures without the concentric rings. As such images have rarely been associated
with bipolar configurations, we performed additional experiments to confirm the accuracy
of LCPOM. Although textures with concentric rings are observed more often, morphologies
corresponding to orientations with out-of-plane rotation o > 45° (Figure 4C-D) are also
confirmed experimentally. It is possible that these textures are reported less frequently
because they are difficult to classify. An alternative explanation is that bipolar droplets can
adopt preferred orientations due to sedimentation or flow.”® Nevertheless, the agreement
between experiments and simulations suggests that LCPOM reliably generates POM images
of bipolar droplets at arbitrary orientations, thereby providing a useful tool with which to

interpret POM images and classify droplets that exhibit ambiguous optical morphologies.

LCPOM with a twist: cholesteric systems

Compared to nematics, cholesterics exhibit additional helical structures along the orientation
of the director.'”” Depending on the droplet diameter, the helical pitch (pg), and the sur-
face interactions, cholesteric droplets can adopt complex internal morphologies and, as such,
provide unique opportunities for engineering electro-optical and sensing devices.**"%* The
POM images of cholesteric droplets (especially those with homeotropic anchoring conditions)
can be highly sensitive to the droplet orientation, sometimes making it difficult to infer the
exact underlying structure. Here, we computed POM images of a cholesteric droplet with
a number of turns of N = 3.8, and compared them to experimental images with N = 3.4
reported by Krakhalev et al.?’ The order field was obtained from a theoretically-informed
Monte Carlo simulation with homeotropic boundary conditions, following the procedure of

[.%> The POM calculations are based on the material properties of the

Palacio-Betancur et a
E7 mixture.””% The images produced in this manner show excellent agreement with ex-

periments (Figure 5).?*" Note that this match is only obtained when the birefringence is
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scaled down by 40% compared to that of the nematic host (E7), implying that the intro-
duction of chiral dopant and the local twist in director field may have led to a decrease in
the birefringence, consistent with recent literature measurements.“* Another possible reason
is that the droplets dispersed in polymer films may be oblate, and hence the optical path
difference could be overestimated when a spherical geometry is assumed.?’ To examine how
the optical texture changes with droplet orientation, POM images were calculated at vary-
ing angles and compared with experimental results from Krahkhalev et al. (Supplementary
Movie 3).?” We found that a small change in the orientation can lead to distinctly different
optical textures of the droplet, yet a good match with experimental results can be obtained
when the orientation is set close to those reported in the original paper (Figure 5B). In gen-
eral, controlling the orientation of cholesteric droplets is challenging in experiments, making
it difficult to investigate the optical texture systematically. By generating high-fidelity color
images of complex structures, LCPOM can help develop a better understanding of structure
in confined cholesterics, which is needed for the design of advanced optical devices.

A Defect Director field Simulated POM Krakhalev et al.

Yy
Zl—bx a=0°, B=0°

Figure 5: Comparison between simulated and experimental POM images of cholesteric
droplets. The order fields of cholesteric droplets are obtained from Ginzburg-Landau re-
laxations with homeotropic boundary conditions. The number of turns is N = 3.8 and the
diameter of the droplet is set to the experimental value of d = 17um. From left to right:
isoclinical lines in red, order field, simulated POM images, and experimental images. The
experimental images of cholesteric droplets dispersed in a polymer film are adapted from
Krakhalev et al. Scientific Reports (2017).”? Order field in (B) is rotated by Euler angles
(ar, B) = (70°,30°) relative to (A).
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Extracting physical information of LC from POM data

Machine learning methods are revolutionizing microscopy analysis in the physical sciences,
finding applications in denoising images, labeling features and revealing the underlying
physics of complex systems. > % Reports of their applications to microscopic images of LC
systems to date mainly rely on the feature changes in the brightness profile while ignoring
the information from the colors.®”™ We anticipate that the LCPOM package will take the
machine learning efforts one step further by aiding in generating training data with color
information.

As demonstrated in the previous examples, the birefringence color depends sensitively
on the order field and viewing angles of the droplet. In the following session, while not
implementing a machine learning framework, we provide a benchmark study demonstrating
that the color information can be utilized to determine the order parameter S as a function of
temperature in confined droplet systems where feature changes are minimal. In this case, the
vector field is treated as a radial hedgehog through different temperatures (77), but the scalar
order parameter S is allowed to vary with T". This trivial case is chosen since the results can
be compared directly with other measurement techniques, thereby providing some guidelines
for future users regarding the accuracy and error of this method.

To begin with, radial droplets of 5CB in aqueous media are heated at a slow rate around
0.2 °C /min from 25°C to 35°C. In this process, a gradual color change indicative of decreasing
average birefringence is observed up to the nematic-to-isotropic phase transition temperature
(Figure 6A, See Supplementary Movied for the full dataset). To quantitatively interpret this
color shift, experimental images are compared to a simulation reference dataset generated
by LCPOM for a range of S values. To facilitate an automated comparison, an empirical
decay profile near the edge of the droplet is used as a substitute for the Fresnel equation
(Fig. S8), yielding images that closely resemble the experimental counterparts (Figure 6B).
The S corresponding to each temperature is determined by searching for the image that has

the highest similarity in color with the corresponding experimental image. To quantitatively
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compare the color of experimental and simulated images, a pixel-wise comparison analogous
to the root-mean-sqaure-error (RMSE) metric is implemented. Instead of measuring the dis-
tance on the RGB color space, the color difference is quantified by the CIEAE (2000) metric
for improved perceptual uniformity.”" In the CIEAE (2000) framework, a color difference
of 100 indicates opposite colors such as red (RGB=(1,0,0)) and green (RGB=(0,1,0)) while
a difference less than 2 indicates a close resemblance. The pixel-averaged color difference
between the experimental image and the simulated images are shown in Figure 6C. (See
Fig. S9). The candidates that possess the lowest color difference within an error of 1.5 are
accepted. It is worth noting that this algorithm can reliably identify simulation images that
closely align with human perceptual judgments (Figure 6C).

The same measurement and analysis are repeated for all the temperatures among a few
droplets to determine S as a function of 7' (Figure 6D). Importantly, the measurements from
individual experiments can be collapsed onto one curve within some error and the overall
trend compares well with previous measurements by X-ray diffraction (XRD), optical and
infrared (IR) techniques.’*"™™ Tt is noted that the birefringence is 5 ~ 8% lower than the
literature data obtained in bulk. This discrepancy may arise from the confinement effects
in the system or fluctuations due to hydrodynamic forces. In summary, this straightfor-
ward experiment demonstrates that one can extract meaningful physical properties of the
nematic phase from the color information, enabled by the accurate dataset generated from
the LCPOM simulations. We envision that by offering rich color information, LCPOM can
bridge the gap between director information obtained from computer simulations and ex-
perimental microscopy images, hence making a key step towards data-driven analyses of the

complex transitions and dynamics in liquid crystalline materials.
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Experiment
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Figure 6: Extracting order parameter S from images of radial droplets at varying
temperatures. (A) Experimental images of a radial droplet with dy = 19.0um at varying
temperatures. (B) Simulated images from a radial configuration with dy = 19.0pum. It is
noted that varying S for dy is equivalent to varying d for the same Sy. Effectively, S =
do x Sp/d. (C) Color differences measured by comparing the experimental images to each
image in the reference dataset. The lines are shifted vertically by a constant for the ease
of visualization. The solid symbols represent the identified matches. (D) The measured
S as a function of normalized temperature T/Ty; for three different droplets are shown
(T = 34.5°C). Shaded area represents the range of S that meet the matching criteria. The
results from this study is compared to literature measurements. *% 7%
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Discussion and Conclusions

A method for simulation of color in POM images has been presented for confined liquid
crystals, including droplets. By incorporating the emission spectrum of the light source, the
dependence of refractive indices on wavelength, the transmission ratio at the droplet interface
as well as the color matching functions, our simulation method is shown to be capable of
generating colored POM images that are in quantitative agreement with experiments for
radial, bipolar and cholesteric droplets. The method provides a particularly useful tool
to validate theoretical models and to interpret experimental measurements. By comparing
computed POM images of the order field profile obtained from simulations to experimental
POM measurements, one can gain insights into the governing physics and the balance of
various phenomenological parameters. Importantly, the new tools presented here provide
a means of extracting important information, such as order parameters, that is hidden in
the images and could not be easily determined using previously available monochromatic
simulation techniques. We envision that the proposed computational tool will help generate
a realistic dataset to aid machine learning efforts aimed at understanding the structure and
dynamics of liquid crystals, and will help engineer a new generation of LC-based sensing
devices where color is used to extract detailed information about molecular-level sensing

events.
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