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Functional soft materials from blue phase liquid crystals
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Blue phase (BP) liquid crystals are chiral fluids wherein millions of molecules self-assemble into cubic lattices
that are on the order of hundred nanometers. As the unit cell sizes of BPs are comparable to the wavelength of
light, they exhibit selective Bragg reflections in the visible. The exploitation of the photonic properties of BPs for
technological applications is made possible through photopolymerization, a process that renders mechanical
robustness and thermal stability. We review here the preparation and characterization of stimuli-responsive,
polymeric photonic crystals based on BPs. We highlight recent studies that demonstrate the promise that po-
lymerized BP photonic crystals hold for colorimetric sensing and dynamic light control. We review using
Landau–de Gennes simulations for predicting the self-assembly of BPs and the potential for using theory to
guide experimental design. Finally, opportunities for using BPs to synthesize new soft materials, such as
highly structured polymer meshes, are discussed.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

INTRODUCTION
Chirality plays a profound role on the physics of liquid crystals
(LCs). Imparting chirality to LCs results in mesophases that
exhibit unique material properties. The chiral smectic phase,
SmC*, exhibits ferroelectricity, a property usually seen only in
solids and one that has been exploited to prepare fast switching mi-
crodisplays. Doping a chiral molecule into an achiral nematicmatrix
leads to the formation of the cholesteric phase. Molecules in the
cholesteric phase are organized into helical structures that exhibit
Bragg reflections (1); imparting chirality to the nematic phase there-
fore enables preparation of liquid photonic crystals. Cholesteric
structures are observed in living systems (2) where they perform
diverse roles from giving rise to structural coloration in insects (3,
4) to improving the mechanical properties of plant cell walls (5). In
systems with a high degree of chirality, three-dimensional photonic
crystals called blue phases (BPs) are formed, wherein millions of
molecules organize into cubic lattices that typically range in size
from 100 to 400 nm (6, 7). BPs are testament to the complex and
novel structures that can occur through spontaneous self-assembly
in chiral systems.
BPs exhibit hierarchical structure. As shown in Fig. 1A, doping a

chiral molecule into a nematic matrix leads to helical twisting, with
the screw axis of the helix perpendicular to the long axis of the
mesogens. The length over which the mesogens execute a rotation
of 360° is known as the pitch, p. At high concentrations of the chiral
dopant, twisting can occur in orthogonal directions, leading to the
formation of double-twist cylinders (DTCs). The molecular orien-
tation within DTCs is shown in Fig. 1A. From one edge of the cyl-
inder to the other, the molecules rotate 90° or p/4. The twisting in
DTCs is similar to that seen in cholesterics; however, it occurs along
two directions rather than one in DTCs. The size of DTCs is usually
of the order of 100 nm. In BPs, DTCs organize into cubic lattices. As
cylinders cannot continuously fill space, the void between DTCs is
occupied by high energy defect regions known as disclinations. The

size of disclinations is usually of the order of 10 nm. The molecular
orientation in the disclination region is believed to be isotropic (8).
Figure 1B illustrates the two ordered structures seen in BPs, namely,
the body-centered cubic (BCC) BPI and simple cubic (SC) BPII. An
amorphous BP, BPIII, also exists, which we shall not discuss here.
We direct the interested reader to referenced articles that delve into
BPIII in depth (9, 10). The BP structure bears resemblance to that of
magnetic skyrmions; BPI and BPII can be regarded as phases of
fractional skyrmions and singular disclination lines (11, 12).
BPs occur in a narrow temperature window between the chole-

steric and isotropic phases. The phase diagram of a BP-forming ma-
terial consisting of a racemic-chiral mixture of mesogen CE5 is
shown in Fig. 1C (13). BPs occur in that part of the phase
diagram where the helical pitch of the chiral fluid is <500 nm.
The phase diagram shows that the different BPs (BPI, BPII, and
BPIII) are all stable across a temperature window of <1°C. An exten-
sive body of research has been performed to stabilize BPs, a portion
of which is reviewed in the next section. The most common strategy
to render thermal stability is through photopolymerization, which
transfers BP order to solid-like states.
The BP lattice size is comparable to the wavelength of visible

light, and BPs therefore are three-dimensional photonic crystals.
The size of the BP unit cell determines the wavelength of reflected
light. The relationship between the reflected wavelength, λ, and unit
cell size, a, of BPs is described by the relationship:

λ ¼
2na

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðh2 þ k2 þ l2Þ
q ð1Þ

where n is the refractive index and (hkl) are the Miller indices de-
scribing the lattice orientation of the BP. Contrary to what the name
suggests, BPs can reflect light anywhere in the visible and, as Fig. 2A
shows, can exhibit any color from blue to red (14). Moreover, they
can also reflect light outside the visible spectrum.
BP-based photonic crystals are easily tunable and can be pre-

pared from facile fabrication routes. A photograph of three poly-
merized BPs held with tweezers, along with their reflection
spectra, is shown in Fig. 2A (14). The three samples with different
colors are obtained simply by changing the concentration of the
chiral dopant, with the blue and red samples having the highest
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and lowest concentration of the chiral species, respectively. The
preparation of inorganic photonic crystals involves complex and ex-
pensive processes such as direct laser writing (15) and holographic
lithography (16). BP-based photonic crystals, in contrast, are pre-
pared from blending organic molecules together and holding the
system at the appropriate temperature. We discuss the principles
of BP formulation in the following section.
BPs tend to be polycrystalline. A typical polarized optical mi-

croscopy (POM) image of a BP LC is shown in Fig. 1D. The different
colors in the POM image correspond to different lattice orientations
or phases, which according to Eq. 1 reflect light at different wave-
lengths. Creating BPs with uniform lattice orientation has been an
enduring endeavor in the LC community, partly because lattice-
aligned BPs exhibit superior performance compared to polycrystals
in LC display (LCD) devices (17). The “Control of lattice orientation
in BPs” section summarizes the different approaches used to form
single-crystalline BPs.
BP LCs can respond to electrical stimuli in submillisecond time-

scales. The response of a polymerized BP to an applied voltage of
≈60 V is shown in Fig. 2B; the polymerized BP exhibits a response
time of 100 μs. The application of an electric field distorts the BP
structure, causing a change in the intensity of transmitted light.
An electric field (E) induces a birefringence (Δn) in BP LCs,
which usually scales as E2. The field-induced birefringence or the
Kerr effect forms the basis of a large fraction of BP-based LCDs.
In the absence of an electric field and at wavelengths outside the
photonic bandgap, BPs are optically isotropic and therefore no
light is transmitted between cross-polarizers [BPLCDs operating
on the Kerr effect use BPs that reflect in the ultraviolet (UV)].
The field-induced birefringence induces a change in transmitted

light intensity in a cross-polarized optical configuration. Samsung
has demonstrated a prototype LCD using BPs (18).
BPs can be used in reflective displays. The working principle of a

reflective display based on polymerized BPs is shown in Fig. 2C. In
the absence of a voltage, the device reflects light and is in the on
state; the application of an electric field, E, destroys the photonic
bandgap, creating the off state of the device. Despite several advan-
tages, such as fast response times, both reflection- and transmis-
sion-based BPLCDs suffer from large operating voltages.
Reducing the operating voltages of BPLCDs is an enduring endeav-
or, and we direct the interested reader to the referenced articles,
which discuss recent progress in the field (19, 20).
BPs respond to stimuli by changing color and are therefore com-

pelling materials for colorimetric sensors (21, 22). A toluene sensor
based on the response of a polymerized BP is shown in Fig. 2D. The
polymerized BP provides greater sensitivity to the analyte than the
cholesteric and nematic phases. We discuss the potential for BP-
based sensors in more detail in the “Stimuli-responsive photonic
crystals” section. Although we do not discuss it in detail here, BPs
are also of interest for lasing applications (23–26). A characteristic
feature of lasing in BPs is the emission of circularly polarized light
(25); the handedness of light is determined by that of the chiral
dopant. BP lasers are also tunable (27); Choi and coworkers (27)
have varied the laser emission wavelength by more than 50 nm
for a single BP material by simply changing the temperature. The
tunable nature of BP lasing arises from the tunability of its
lattice size.
We review here recent progress in using BPs to fabricate func-

tional soft materials. Progress in making new materials is intimately
linked with the chemistry of the BP-forming mixture, and we there-
fore start with a brief overview of different types of formulations.

Fig. 1. Structure, phase behavior, and morphology of BP LCs. (A) Organization of molecules in nematic and cholesteric phases and within DTCs. (B) Organization of
DTCs and disclination defects in BPI and BPII into BCC and SC lattices, respectively. (C) Composition-temperature phase diagram for chiral-racemicmixtures of CE5; BPs are
observed when the pitch, p < 500 nm. The region of the phase diagram where BPs are observed is shaded light blue. Adapted with permission from (13). Copyright 1987
American Physical Society. (D) Representative POM image of a BP LC. The BP sample exhibits polycrystalline morphology. Scale bar, 200 μm.
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This is followed by a discussion of the preparation of mechanically
robust and stimuli-responsive photonic crystals through photopoly-
merization of low–molecular weight BPs. We then examine the dif-
ferent strategies that have been used to prepare single crystals and
elaborate on how these approaches can be used to improve the
spatial homogeneity of materials derived fromBP LCs.We elaborate
on the use of computer simulations to predict the behavior of BPs
and guide experimental design. We discuss progress in BP-

nanoparticle composites from both theoretical and experimental
standpoints. Finally, we identify challenges and interesting direc-
tions related to fundamental understanding and technological ap-
plications of BPs.

Fig. 2. Properties and applications of polymerized BP LCs. (A) Photograph of polymerized BPs and reflection spectroscopy of samples shown above. The color of BPs
arises from selective Bragg reflection of visible light and can be tuned by changing the concentration of the chiral dopant. Reproduced with permission from (14).
Copyright 2019 The Royal Society of Chemistry. (B) Transmitted light intensity as a function of time for an LC cell consisting of a polymerized BP sample sandwiched
between electrodes. The change in intensity is monitored on the application (rise) and removal (decay) of a voltage of ≈60 V. Intensity changes occur on submillisecond
timescales. Reproduced with permission from (47). Copyright 2002 Nature Publishing Group. Use of polymerized BPs in (C) reflective electronic displays. Reproduced with
permission from (49). Copyright 2013 American Institute of Physics. Use of polymerized BP LCs in (D) colorimetric toluene sensors. Reproduced with permission from (22).
Copyright 2020 American Chemical Society.
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CHEMISTRY OF BP-FORMING MATERIALS
The chemical composition of a BP-forming material plays an im-
portant role in determining its structure. The lattice size of a BP,
which determines the color it exhibits, depends on the pitch of
the chiral system, which in turn depends on the relative concentra-
tion of the nematic and chiral molecules. The lattice sizes of BPI and
BPII are approximately equal to pitch length and half of the pitch
length, respectively. The pitch (p) of a chiral mixture, and conse-
quently the lattice sizes of the different BPs, depends on the concen-
tration of the chiral dopant (c) and its helical twisting power (HTP)

p �
1

HTP� c
� aBPI � 2aBPII ð2Þ

where aBPI and aBPII are the unit cell sizes of BPI and BPII, respec-
tively (28). While Eq. 2 is useful for approximating the pitch, it is an
inexact relationship. Equation 2 fails to account for the temperature
dependence of the helical pitch. The pitch decreases with increasing
temperature; in some cases, a 10°C increase in temperature can
reduce the chiral pitch by 0.5 μm (29).
The composition of a BP-forming material determines its phase

behavior. Figure 1C depicts the influence of the concentration of the
chiral dopant on the temperature window over which BPI, BPII, and
BPIII form. A range of strategies has been used to broaden the tem-
perature window over which liquid BPs occur, such as the use of
hydrogen bonding (30), dimeric (31), biaxial (32), and bent-core
(33, 34) molecules in the BP-formingmixture. A common approach
to widen the BP temperature window is preparing mixtures of mol-
ecules with rod-like and non–rod-like shapes. For instance, addition
of bent-core mesogens to chiral LC mixtures can widen the temper-
ature window over which BPs form to about ~30°C (33). Yang and
coworkers (32) have recently discovered mixtures consisting of rod-
like uniaxial and dimeric biaxial molecules wherein the BP is stable
for over 100°C.
The temperature window over which a given BP is stable

depends on the interfacial tension, σ, between the disclinations
and DTCs. σ is approximated to be the interfacial tension
between the host molecules that occupy the DTCs and the dopant
molecules that are assumed to segregate to the disclinations. Under
this approximation, Fukuda (35) used Landau–de Gennes (LdG)
theory to estimate that when interfacial tension is around 10−5 J/
m2, less than 10% volume fraction of additive is required to stabilize
BPI for tens of kelvins. Quantitative measurements of interfacial
tension between components could guide the rational design of
thermally stable BP formulations.
The composition of a BP-forming material determines the phys-

ical states that its structure can be transferred to. Figure 3 shows ex-
amples of the different types of BP-forming materials that are
commonly studied. Figure 3A shows the simplest composition, con-
sisting of nematic LC former 6OCB and chiral dopant CB15; for this
mixture, only the liquid BP state can be accessed (36). Figure 3B
shows a formulation where a small percentage of the low–molecular
weight gelator hydroxystearic acid (HSA) is added; this formulation
enables the preparation of a photonic crystal in the physical gel
state (37).
Photo-polymerizable LC formers or “reactive mesogens” (38,

39) are frequently used in BP formulations. Reactive mesogens are
part of the materials shown in Fig. 3 (C and D). Figure 3C shows a
BP formulation consisting of reactive mesogen RM82, cyanobi-
phenyl nematic mixture HTG135200, chiral dopant R5011, cross-

linker TMPTA, and photo-initiator I-651 (14). The formulation
can be photopolymerized to form a chemical gel. In the photopoly-
merized gel, all components other than the cyanobiphenyl species
are polymerized. The physical gel in Fig. 3B can reversibly transition
between different phases (e.g. BP ⇌ Iso), while the cross-linked
polymer formed from the materials shown in Fig. 3C does not
exhibit phase transitions; photopolymerization of the Fig. 3C for-
mulation “freezes” the BP structure.
Fully solid BPs have recently been realized. When the mixture in

Fig. 3D is photopolymerized and the nonreacting components are
subsequently washed out, a fully solid, elastomeric BP is formed
(40). The elastomeric nature of the BP arises from using a dithiol,
which cross-links the mixture lightly. The elastomer can be strained
150% and exhibits color change upon extension. BPs can also be
dispersed as liquid droplets in polymeric matrices (41, 42). Dis-
persed LC droplets are interesting for sensing applications, as they
produce detectable optical changes at much lower analyte concen-
trations than LC films (8). BP droplets in an aqueous medium have
also been prepared (43) and are compelling responsivematerials (6).
In summary, BPs can be used to form soft photonic crystals in a

variety of physical states, which have vastly different mechanical
properties. The rich diversity of BP formulations gives access to a
broad spectrum of soft photonic crystals that vary in their mechan-
ical properties.

STIMULI-RESPONSIVE PHOTONIC CRYSTALS
BPs combine photonic crystallinity with stimuli responsiveness and
are therefore compelling materials for a broad range of applications.
We discuss below the properties and applications of BP-based pho-
tonic polymers.
Mechanical deformation alters the dimensions of polymerized

BP lattices, causing changes in color (40, 44). The response of BP
gels and elastomers to strain is shown in Fig. 4. In Fig. 4A, a BP
gel is strained in a tensile geometry. Tensile uniaxial deformation
causes reduction of the lattice size in the viewing direction, resulting
in the observed blue shift (44). The gel shown in Fig. 4A can be
strained 50%. BP elastomers, prepared by White and coworkers,
in contrast, can be strained to nearly 150%. The deformation of
both BP gels and elastomers has been reported to be reversible
(40, 44); the critical strain for reversibility, however, has not been
determined.
BP elastomers are interesting model systems for deformation

studies owing to the large strain that can be accommodated in
these systems (40). The mechanical deformation of a BPII elastomer
with (100) lattice orientation is shown in Fig. 4B. Photographic
images and UV-visible transmission spectra are shown for the elas-
tomer at incidence angles of 0° and 45°. The dashed and solid lines
represent spectra collected at normal and 45° incidence, respective-
ly. The peak in the dashed curves corresponds to the (100) reflec-
tion; as expected, this reflection exhibits a blue shift upon strain.
Reflection from either the (010) or (001) lattice plane is observed
at 45°; this reflection red shifts upon strain, resulting in the green
color observed visually. Performing measurements at multiple inci-
dence angles captures the asymmetric nature of lattice deformation
in strained BPs. White and coworkers also strain the elastomers
biaxially. The structures generated through biaxial tensile deforma-
tion of BP polymers remain to be understood. No studies exist, to
the best of our knowledge, which investigate the change in BP
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structure upon compression. There are therefore several research
opportunities in understanding the structures generated through
mechanical deformation of BPs.
BPs respond to electric fields by changing color. Polymerized

BPI monocrystals have been demonstrated to exhibit a red shift in
response to an electric field applied perpendicular to the sample
(45), as shown in Fig. 4C. Lattice expansion occurs along the direc-
tion of the applied electric field. Lattice expansion can be observed

both visually and in the reflection spectrum as shown in Fig. 4C.
Electric fields can also be used to erase the photonic bandgap of
BPs, as shown in Fig. 4D, where an electric field is used to reversibly
switch the color of a BPII chemical gel from green to colorless (46).
The strong electric field introduces homeotropic anchoring in the
nonpolymerized fraction of the gel, thereby destroying the BP struc-
ture. On removal of the field, the system reverts to its original

Fig. 3. Chemical composition of BP-forming systems. BP formulations that can form (A) liquid (36), (B) physical gel (37), (C) chemical gel (14), and (D) elastomeric
photonic crystals (40). Molecules are colored based on function; nematic LC formers are colored black, chiral dopants are colored blue, photo-initiators are colored green,
cross-linkers are colored pink, reactive mesogens (photopolymerizable mesogens) are colored brown, the low–molecular weight gelator is colored red, and the bent-core
mesogen is colored orange.
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structure. Both the BPI and BPII samples shown in Fig. 4 (C and D)
are chemical gels.
The response of polymerized BPs to electric fields depends on

material properties such as dielectric anisotropy (Δε) and gel frac-
tion (polymerized fraction). A careful selection of materials is re-
quired to engineer the desired response of BPs to electric fields. A
large magnitude of dielectric anisotropy results in response to elec-
tric fields at lower voltages (19), while the sign determines whether
the molecular long axis orients along (Δε > 0) or perpendicular (Δε
< 0) to the applied field. The response shown in Fig. 4D is charac-
teristic of a material with positive dielectric anisotropy (46). The
fraction of polymerized material also needs to be carefully

optimized for a desirable set of material properties. While polymer-
ization improves the thermal stability and mechanical robustness of
BPs, it hinders fast response to stimuli. BPs, where the polymerized
species is about 10 weight % or less, have been shown to exhibit sub-
millisecond response times while exhibiting far greater thermal
stability than their liquid counterparts (46, 47).
Materials that change color in response to chemical stimuli form

the basis of colorimetric sensors. The response of polymerized BPs
to chemical stimuli is intimately linked to the composition of the
BP-forming material. A humidity-sensitive BP-based chemical gel
is shown in Fig. 5A (21). The authors use carboxylic acid–based re-
active mesogens in their formulation (see 4OBA and 6OBA in

Fig. 4. Stimuli-responsive, polymerized BPs. Polymerized BPs respond to mechanical (A and B) and electrical stimuli (C andD) by changing color. (A) POM images and
reflection spectroscopy of as-prepared and strained BP gel. Reproducedwith permission from (44). Copyright 2014 Nature Publishing Group. (B) Photographic images and
reflection spectroscopy of as-prepared and strained BP elastomer. The dashed and solid lines represent spectra collected at normal and 45° incidence, respectively.
Reproduced with permission from (40). Copyright 2021 Nature Publishing Group. (C) Optical images and reflection spectroscopy of BP polymer I at different electric
fields. Reproduced with permission from (45). Copyright 2017 Nature Publishing Group. (D) Optical images and reflection spectroscopy of BP polymer II at different
applied electric fields. Reproduced with permission from (46). Copyright 2017 American Chemical Society.
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Fig. 5A). The carboxylic acid is transformed to a potassium salt by
immersion in an aqueous potassium hydroxide solution; after the
conversion process, the film is dried. The resulting material is hy-
drophilic. Absorption of water results in lattice expansion and a red
shift in the photonic bandgap. The reflection spectrum as a function
of relative humidity is shown in Fig. 5A. A polymerized BP that
expands in toluene vapor is shown in Fig. 5B. The BP-based color-
imetric sensor, prepared by Abbott and coworkers (22), can detect
toluene concentrations as low as 140 ppm. For toluene, OSHA (The
Occupational Safety and Health Administration) recommends
human exposure levels less than 200 pm over an 8-hour period;
the BP-based sensor shown in Fig. 5B would be sensitive to expo-
sure at these levels. Chemical swelling of polymerized BPs has been
observed for other organic compounds as well, such as acetone (40).
As BPs are composed of organic materials, they usually interact with
and respond to organic analytes.
In summary, the polymeric derivatives of BPs can be responsive

to mechanical, chemical, and electrical stimuli. Response to all these
stimuli produces changes in color. The tendency to produce color
changes in response to stimuli can be exploited for a broad range of
applications such as sensing (22), artificial camouflage (48), and
display technology (49).

CONTROL OF LATTICE ORIENTATION IN BPs
Establishing approaches to form single crystals has been one of the
central focuses of the BP research field. The interest in single-crys-
talline BPs arises from their superior material properties. Unlike

their polycrystalline counterparts, single-crystalline BPs exhibit
spatially uniform optical properties. The use of lattice-aligned BPs
in devices also results in lowered operating voltages and reduced
hysteresis (17).
We describe four approaches that have been used successfully to

assemble BPs with a high degree of lattice alignment, namely, (i) the
gradient temperature technique (45), (ii) the application of electric
fields (37), (iii) the use of photoalignment layers (50), and (iv) the
use of chemical patterns (51). After a brief description of each of
these techniques, we compare the different approaches of growing
single-crystalline BPs. Although rubbed polyimide (52) has been
used to align BPs, we do not discuss it here; rubbed polyimide
and photoalignment both provide directional planar anchoring, ob-
viating the need to discuss them separately.
The gradient temperature scanning (GTS) technique has been

used to grow BPI single crystals with lateral dimensions on the
order of a centimeter. Figure 6A shows the gradient temperature
stage used by Lin and coworkers (45). The stage consists of two
blocks and a gap between them. One of the blocks is held at a slight-
ly higher temperature, creating a thermal gradient. The sample,
which consists of mesogens sandwiched between rubbed polyimide
glass slides, is pulled from the high to low temperature region. Cre-
ating the thermal gradient allows for BPImonocrystals to grow from
BPII polycrystals. Using the gradient temperature stage, the authors
observe formation of a 0.1-mm-thick BPI single crystal formed over
an area of ~10 × 5 mm2. The GTS technique is analogous to the
Czochralski method (53–55) used to grow large single crystals of in-
organic semiconductors. Although large monocrystals can be

Fig. 5. Colorimetric sensors based on polymerized BPs. (A) Optical image and reflection spectroscopy of a BP polymer at different relative humidity. The carboxylic
acid–based reactive mesogens depicted in the figure are converted to potassium salts, making the material humidity sensitive. Reproduced with permission from (21).
Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) POM images and reflection spectroscopy of a BP polymer at different toluene vapor concentrations.
Themolecular structure of RM257, the reactive mesogen used in the toluene-sensitive formulation, is depicted above the POM images. Reproduced with permission from
(22). Copyright 2020 American Chemical Society.
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obtained from the GTS technique, it is restricted to BPI and has
hitherto provided access to only one single-crystal lattice
orientation.
Electric fields have been used to control lattice orientation in BPs

(37). Figure 6B shows an examplewhere an electric field of ~3 V/μm
was used to obtain uniform (200) orientation of a BPI physical gel.
In this case, the electric field induces reorientation of domains from
(110) to (200). The study used the mixture shown in Fig. 3B. Ver-
tical field switching cells, using electric fields of ~2 V/μm, have also
been used to align BPs (56).
Photoalignment layers based on azobenzenes have been used to

control the lattice orientation of BPs. Photoalignment involves ex-
posing a thin layer of azobenzene-based small molecule or polymer
adhered to the substrate to linearly polarized light. The BP-forming
material is introduced after photo-treatment of the alignment layer.
Both the White (40) and Li (50) groups have used photoalignment
layers to assemble BPII with (100) orientation. BPII crystals with
(100) lattice orientation that were prepared on photoalignment

layers are shown in Fig. 6C. The mechanism of BP alignment on
photoalignment layers, which provide planar anchoring, is unclear.
Chemical patterns consisting of alternating homeotropic and

planar anchoring regions have been used to assemble single crystals
of both BPI and BPII (51, 57, 58). BP single crystals assembled from
chemical patterns are shown in Fig. 6D. A given chemical pattern
minimizes elastic distortions for the targeted lattice orientation. The
theoretical basis for the design of the chemical patterns is discussed
in detail in the next section. Figure 6D shows green BPI and blue
BPII single crystals formed on patterns consisting of alternating ho-
meotropic and planar regions. The chemical patterns consist of al-
ternating regions of silicon and a side-chain liquid crystalline brush,
PMMAZO [poly(6-(4-methoxy-azobenzene-40-oxy) hexyl methac-
rylate)]. Silicon anchors mesogens in a planar manner, while
PMMAZO, at the used grafting density, provides homeotropic an-
choring (59, 60). Figure 6D shows scanning electron microscopy
(SEM) images of the chemical patterns used to assemble the BPs.
While the patterns shown in the figure are formed using electron

Fig. 6. Different strategies to control lattice orientation in BP LCs. Controlling lattice orientation using (A) the gradient temperature technique; a BPI single crystal
grows from the polycrystalline precursor BPII phase (B) electric fields; the torque from the electric field reorients the (110) oriented domains to (200) (C) photoalignment
layers; directional planar alignment is obtained by exposing a photosensitive layer to linearly polarized light and (D) chemical patterns; alternating homeotropic and
planar regions assemble single crystals by reducing elastic distortions for a targeted lattice orientation. Panel (A) is reproduced with permission from (45). Copyright 2017
Nature Publishing Group. Panel (B) is reproduced with permission from (37). Copyright 2017 American Chemical Society. Panel (C) is reproduced with permission from
(50). Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (D) is reproduced with permission from (58). Copyright 2019 American Chemical Society.
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beam lithography, their dimensions are large enough that they can
be easily prepared through large-area patterning techniques such as
interference lithography (61, 62).
Directed self-assembly of BPs on chemical patterns offers access

to a larger number of single-crystal lattice orientations than any
other method. In the BPII regime, single crystals with (100),
(110), and (111) lattice orientation can be obtained by changing
the pattern geometry (51). Moreover, single crystals of both BPI
and BPII can be assembled on chemical patterns as shown in
Fig. 6D. While BP assembly on chemical patterns offers the
largest range of single-crystal structures, the gradient temperature
method has been used to grow the largest single-crystal samples,
in terms of both thickness and area. While the thickest single crys-
tals assembled using chemical patterns are ~30 μm (63), 100-μm-
thick BPI(110) monocrystals have been grown using the gradient
temperature technique (45).
One of the chief advantages of preparing functional materials

from BPs is the large area and thickness over which single crystals
can be formed. For other self-assembling soft materials such as
block copolymers (BCPs), the timescale of organization into
ordered states grows drastically with film thickness (64, 65); for mi-
crometer-scale BCP films, ordered states require annealing for days
and are therefore kinetically inaccessible. For BP LCs, single-crys-
talline assemblies that are approximately ~30 μm thick can be pre-
pared in a couple of hours (63) owing to the fast dynamics in the
liquid state. Conversion of lattice-aligned BP LCs into polymeric
states enables large-volume fabrication of homogeneous, mechani-
cally robust, and responsive photonic materials. The properties of
new soft materials derived from BPs, discussed in the final
section, would also be enhanced by the macroscopic dimensions
over which BP single crystals can be assembled.

COMPUTER SIMULATIONS OF BPs
Continuum simulations make powerful predictions about the ther-
modynamics of BP self-assembly. Simulations can therefore be used
to guide experimental design and discovery of BP-based materials.
For instance, simulations have played an important role in identify-
ing strategies to control the lattice orientation of BPs, which was dis-
cussed in depth in the earlier section.
In this section, we review the theoretical basis of continuum,

LdG-based simulations of BP LCs. We then go on to highlight
two examples where simulations were used to accurately predict ex-
perimentally observed behavior, namely, (i) the assembly of BP
single crystals on nanopatterned substrates and (ii) the segregation
of nanoparticles to specific locations in the defect network of the
BPII lattice. These examples highlight the power of using continu-
um simulations for computational design of BP-based functional
materials.
The Q tensor formalism can be used to describe the thermody-

namics of BP LCs. The Q tensor, which describes the ordering of an
LC state, is given by the expression

Qij ¼ S ninj �
1
3
δij

� �

ð3Þ

where δij is the Kronecker delta, ni with i = x,y,z represents a com-
ponent of the local director, n, and S is the scalar order parameter

and is given by the equation

S ¼
1
2
h3cos2ðθÞ � 1i ð4Þ

with cos θ = a·n, where a is the molecular orientation given by the
main molecular axis, and 〈 〉 denotes a spatial average.
Short-ranged ( fp), elastic ( fe), and surface interactions ( fs) all

contribute to the free energy of BPs. The total free energy density
is given by the equation

FðQÞ ¼
ð

d3x½f PðQÞ þ f EðQÞ� þ
ð

d2xf SðQÞ ð5Þ

On the basis of LdG theory, the following expression is proposed
to account for short-range interactions

f P ¼
A
2

1 �
U
3

� �

trðQ2Þ �
AU
3
trðQ3Þ þ

AU
4
trðQ2Þ2 ð6Þ

where A and U are phenomenological quantities.
The elastic contribution to the free energy is given by the expres-

sion

f E ¼
1
2

L
∂Qij

∂xk
∂Qij

∂xk
þ 2Lq0ϵiklQij

∂Qlj

∂xk

� �

ð7Þ

where q0 = 2π/p is the inverse pitch, L is the elastic constant, and ϵikl
is the Levi-Civitia tensor. The expression for elastic free energy
shown in Eq. 7 arises frommaking the one-elastic constant assump-
tion. While the first term in Eq. 7 is common to both chiral and
nonchiral LC phases, the second term vanishes for nonchi-
ral systems.
The surface contributions to free energy (66, 67) are given by the

following equations, based on whether the anchoring is planar (P)
or homeotropic (H)

f PS ¼WPð~Q � ~Q?Þ
2

ð8Þ

fHS ¼ 1=2WHðQ � Q0Þ2 ð9Þ

whereWP andWH are the anchoring energies for planar and home-
otropic surfaces, respectively. In Eq. 8, ~Q ¼ Qþ 1

3 SI and
~Q? ¼ P~QP, where I is the identity matrix and P is the projection
operator given by Pij = δij − νiνj and where ν is the vector normal
to the surface. In Eq. 9, Q0 represents the surface-preferred tensor
order parameter. The minimization of free energy can be accom-
plished using the Landau-Ginzburg method wherein Q evolves
toward equilibrium according to (66)

∂Q
∂t
¼ �

1
γ

Π
δF
δQ

� �� �

ð10Þ

where γ is the rotational viscosity. Here, the operator Π acting on a
given matrix M is given by ΠðMÞ ¼ 1

2 ðM þMTÞ � 1
3 trðMÞI. The

operator Π ensures the symmetric and traceless properties of the
Q tensor. The boundary conditions are given by Π δF

δrQ

� �
� ν

h i
.

The minimization procedure can be performed using either the
finite difference or the finite element method. For BPs, it is conve-
nient to start from an ansatz. Thus, initial conditions (68, 69) for
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BPI are given by

Qxx ¼ A ½� sinðky=
ffiffiffi
2
p
Þ cosðkx=

ffiffiffi
2
p
Þ

� sinðkx=
ffiffiffi
2
p
Þ cosðkz=

ffiffiffi
2
p
Þ

þ 2sinðkz=
ffiffiffi
2
p
Þcosðky=

ffiffiffi
2
p
Þ� ð11aÞ

Qxy ¼ A ½�
ffiffiffi
2
p
sinðkx=

ffiffiffi
2
p
Þ sinðkz=

ffiffiffi
2
p
Þ

�
ffiffiffi
2
p
cosðky=

ffiffiffi
2
p
Þ cosðkz=

ffiffiffi
2
p
Þ

þ sinðkx=
ffiffiffi
2
p
Þcosðky=

ffiffiffi
2
p
Þ� ð11bÞ

while for BPII

Qxx ¼ A ðcoskz � coskyÞ ð12aÞ

Qxy ¼ A sinkz ð12bÞ

where A represents the amplitude of initialization, k = 2q0r corre-
sponds to the strength of the chirality where r is the red shift, which
was found to be 0.71 for BPI and 0.86 for BPII. In all cases, the com-
ponents yy, zz, xz, and yz are obtained by cyclic permutation of
those given above. The BP lattice parameters, aBPI and aBPII,
depend on the chiral pitch and the appropriate red shift via
aBPI ¼

pffiffi
2
p

r, aBPI ¼
p
2r. The principles of continuum, free energy–

based simulation of BPs are summarized in Fig. 7.
Computer simulations have been used to design surfaces that

promote the growth of BP single crystals (51). When BPII with
(100) orientation is placed on a homeotropic surface, alternating
ordered and disordered regions are visible in the computationally
calculated order parameter map, as shown in the inset of Fig. 8A.
For the (111) lattice orientation of BPII, a hexagonal order

parameter pattern is visible, as shown in the inset of Fig. 8C. Con-
tinuum simulations predict that when a chemical pattern resembles
the order parameter map for a given lattice orientation, that orien-
tation is thermodynamically favored; a chemical pattern that
mirrors the order parameter map relieves elastic distortions.
Figure 8 shows SEM images of chemical patterns designed to resem-
ble the computationally calculated order parameter maps for the
(100), (110), and (111) lattice orientations of BPII. The POM
images in Fig. 8 show that these patterns successfully assemble BP
single crystals with different targeted lattice orientation. The pattern
periodicity also plays an important role in the assembly of BP single
crystals. Continuum simulations predict and experiments on a
broad range of BP-forming materials (70) verify that when the
striped pattern periodicity equals the unit cell size of BPII, a
single crystal with (100) orientation forms (Fig. 8A).
Continuum simulations make predictions about the structure of

nanoparticle-doped BPs (71). The variation of the free energy
density within the BPII unit cell is shown in Fig. 9A (71). The
free energy is the highest at the intersection point of the disclina-
tions, and this region, therefore, is expected to have the
maximum propensity to attract nanoparticles. The free energy is
also higher at all points along the disclination network than in
the DTC region. X-ray scattering studies by Reven and coworkers
(36) reveal that when functionalized gold nanoparticles are doped
into BPII, they segregate to (i) the intersection point of the disclina-
tions and (ii) the midpoint of the disclination arms (the ends being
defined as the meeting points of the tetrahedral arms of the discli-
nation network). The x-ray scattering pattern from the BPII-nano-
particle composite and the corresponding structure are shown in
Fig. 9, B and C, respectively. The x-ray scattering pattern can be ex-
plained by a combination of two nanoparticle lattice structures: a
BCC lattice structure where the nanoparticles only occupy the

Fig. 7. Flowchart for continuum, LdG-based simulations. Prerequisites for the simulation include input parameters such as system size, confinement geometry, an-
choring conditions, and material properties such as pitch (p), elastic constant (L), and phenomenological constants A and U that come from LdG theory. Given the initial
conditions, the purpose of the simulation is to find the Q tensor that minimizes the free energy, F. Identification of the minimum energy state is accomplished by the
Ginzburg-Landau relaxation procedure. We assume that the system has reached a minimum free energy state when the free energy difference, ΔF, between one sim-
ulation cycle and the previous is less than a sufficiently small number η (typically ~10−9).
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intersection points of the tetrahedral disclination arms and a four-
particle lattice configuration (4PC), where nanoparticles occupy the
midpoint of the disclination lines. Both lattices were theoretically
predicted as possible nanoparticle structures in BPs (71).
Simulations predict that the lattice structure of nanoparticles in

BPs is dependent on particle size (71). Nanoparticles smaller than
100 nm are predicted to assemble into a face-centered cubic lattice
in BPI. For particles larger than 100 nm, a BCC colloidal lattice is
predicted. Simulations also make predictions about the influence of
anchoring energy of the nanoparticle surface on the structure of the
composites. Experimental verification of these predictions could be
a fruitful direction for researchers working on BPs.
Numerical simulations can be used to predict the response of

BPs to external driving forces, such as pressure gradients and elec-
tric fields. Hydrodynamics has been incorporated into the LdG for-
malism, enabling prediction of BP structures formed in response to
flow. Henrich and coworkers (72) have made predictions about the
structure of BPs in microfluidic channels; experimental testing of
these theoretical predictions could be an interesting area of future
investigation. Electric fields can also be accounted for in an LdG-
based free energy description of BPs (73). Simulations can therefore
be used to guide experimental efforts in using electric fields to ma-
nipulate BP structure.
Simulations of BPs have hitherto relied on a continuum-level de-

scription. Although continuum simulations are highly successful in
predicting the macroscopic behavior of BPs, they lack molecular

details. The rapid advances in computational power have enabled
molecular dynamics simulations of systems with ~50 million
atoms (74). It is therefore conceivable that both coarse-grained
and atomistic simulations of BPs shall be realized soon. Molecular
simulations could enable a deeper understanding of the structure of
BPs. As discussed in earlier sections, most BP formulations are
complex multicomponent mixtures. Molecular simulations could
be used to characterize compositional heterogeneity in the BP
unit cell. Further, molecular dynamics simulations could be used
to quantify dynamic heterogeneity in BPs. As disclinations have a
different structure from DTCs, it is reasonable to expect different
molecular relaxation times in these regions.

BP-BASED NANOCOMPOSITES
In the last section, we discussed the use of simulations to make pow-
erful predictions about the self-assembly of nanoparticles in BPs.
We discuss below BP-based nanocomposites from an experimental
perspective.
Disclinations template nanoparticle self-assembly in BPs. An

example of the highly structured nanoparticle lattices that can
form in BPs is shown in Fig. 9. As discussed earlier, dopants in a
BP matrix tend to segregate to disclinations owing to their higher
local free energy (Fig. 9A). By occupying these high energy
regions, nanoparticles enhance the thermal stability of BPs. A
variety of nanoscale additives such as carbonaceous nanoparticles

Fig. 8. Directed self-assembly of BPII on chemical patterns. Pattern designs (top), SEM images of chemical patterns (middle), and POM images (bottom) for (A) (100),
(B) (110), and (C) (111) single crystals. H and P represent homeotropic and planar surfaces, respectively. aBPII represents the lattice size of BPII. Chemical patterns are
designed to mirror the order parameter maps for a given lattice orientation; the order parameter maps are shown in the inset of the images in the top row. Stripe,
rectangular, and circular chemical patterns lead to the formation of (100), (110), and (111) single crystals, respectively. Chemical pattern designs that are based on con-
tinuum simulations successfully grow single crystals with targeted lattice orientation. Reproduced with permission from (51). Copyright 2017 Nature Publishing Group.
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(75) (C60, carbon nanotubes, and graphene oxide), magnetic nano-
particles (76), ferroelectric nanoparticles (77), and quantum dots
(78) have been incorporated into BPs. For all these different
systems, the addition of nanoparticles at an optimal concentration
broadens the temperature range over which BPs are stable. The

introduction of nanoparticles has been shown to reduce hysteresis
(77) and lower operating voltages (78) in BP-based LCD devices.
The nanoparticle lattice has a different symmetry compared to

the BP medium in both BPI and BPII (36). The presence of two dif-
ferent lattice symmetries in the same material could be exploited to
prepare tunable photonic crystals (79). Moreover, as the arrange-
ment of the disclinations is different in BPI and BPII, the nanopar-
ticle lattices that form in these phases are different. Thermally
cycling between BPI and BPII can result in switching between dif-
ferent nanoparticle lattices. Facile reconfigurability is an advanta-
geous feature of nanoparticle lattices created in BP matrices.
The incorporation of nanoparticles into polymerizable BPs can

be used to create technologically and fundamentally interesting ma-
terials. Recently, Yadav et al. (80) have shown that the addition of
CdTe quantum dots to polymerized BPs increases the transmit-
tance, dielectric permittivity, and Kerr constant (relative to the
undoped polymer). All these parameters are vital to LCD device
performance. Immobilizing nanoparticle assemblies in BPs
through photopolymerization also presents opportunities for creat-
ing highly structured polymer nanocomposites. Achieving con-
trolled dispersion of nanoparticles is an area of intense research
in the field of polymer nanocomposites (81, 82); BP-derived mate-
rials could be of interest to researchers in this field. While research-
ers have created BP-based polymer nanocomposites (80, 83), the
organization of nanoparticles within the polymer has not been
fully elucidated using structural techniques such as x-ray scattering
and electron microscopy. For liquid BPs, it is agreed that nanopar-
ticles occupy the disclination regions. The influence of polymeriza-
tion on nanoparticle organization has, however, remained largely
unexplored. Moreover, while the optical properties of BP-based
nanocomposites have been investigated, the impact of nanoparticle
addition on the mechanical properties has remained unstudied.

FUTURE DIRECTIONS
We discuss below potential research opportunities involving BPs.
Specifically, we discuss the possibilities of using the BP structure
as a template to prepare (i) polymer meshes and (ii) inorganic

Fig. 9. Directed self-assembly of nanoparticles in BPs. (A) The free energy
density variation within the BPII unit cell. The red and green areas represent
high and low free energy regions, respectively. Reproduced with permission
from (71). Copyright 2011 National Academy of Sciences. (B) X-ray scattering
profile of gold nanoparticles doped in BPII. (C) Schematic representation of the
structure of BP nanoparticle composite inferred from x-ray scattering. Continuum
simulations can be used to predict the binding sites of nanoparticles in BPs. Panels
(B) and (C) are reproduced with permission from (36). Copyright 2016 American
Chemical Society.

Fig. 10. Disclination templated polymerization of BPs. (A) The disclination network of BPII for (100), (110), and (111) lattice orientations. Reproduced with permission
from (51). Copyright 2017 Nature Publishing Group. (B) SEM image of a polymeric mesh prepared from a BP LC. Reproduced with permission from (46). Copyright 2017
American Chemical Society. A BPII gel is washed out to generate the mesh structure seen in the image. The inset shows the proposed mechanism of polymerization. In
principle, polymeric meshes that look like the disclination networks could be prepared. In practice, the experimental structures are far more disordered than the dis-
clination mesh in the unpolymerized BP liquid.
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photonic crystals. We also discuss opportunities in discovery of (iii)
new BP symmetries and in understanding (iv) compositional het-
erogeneity in BPs.

Highly structured polymer meshes from BP templates
BPs have a regular organization of disclination defects. As shown in
Fig. 10B, the disclinations in BPII form a network structure. Selec-
tive polymerization of disclinations in BPII and subsequent removal
of the unpolymerized DTC regions can, in principle, be used to syn-
thesize highly regular polymeric meshes. The development of
bottom-up strategies for creating polymers with monodisperse
and structured pores is an active area of research. Both LCs (84)
and BCPs (85) have been used to prepare porous polymers with
highly controlled pore size and structure. However, the symmetry
of the porous structure that could be achieved from using BPII
cannot be attained by using BCPs or any other liquid crystalline
phase.We summarize below the past mechanistic work on polymer-
ization of BPs as well as challenges in obtaining regular pore
structures.
Disclinations template polymerization in BP LCs. X-ray scatter-

ing studies have shown that the polymerized fraction of a BP gel has
the same symmetry as the disclination network (86). Imaging
studies reinforce the picture derived from scattering measurements.
A SEM image of a polymerized BP, where the nonpolymerized por-
tions are washed out in a solvent, is shown in Fig. 10B (46). In BPII,
the disclinations form a network. The polymerized BP also exhibits
a network structure, supporting the picture that polymerization in
BP is templated by the disclination network.
The polymeric meshes prepared from BPII are quite irregular

compared to the highly structured network of disclinations,
shown in Fig. 10A. The disorder in polymeric meshes could arise
from (i) polycrystallinity, (ii) collapse of network structure during
washing out unpolymerized portions, and (iii) cross-linking the dis-
clination network. While several strategies exist to create BP single
crystals, as discussed earlier, the challenge in creating structures like
those shown in Fig. 10A lies in retaining mechanical integrity after
washing out the unpolymerized regions. Optimizing the nature and
fraction of the polymerizable species could lead to polymeric mesh
structures that more closely resemble the network structure shown
in Fig. 10A. Porous polymers have a broad range of applications
(87), and BPs could provide access to a pore structure that might
be difficult to accomplish through other methods.

Inorganic photonic crystals from BP templates
Creating inorganic photonic crystals from BP templates is an unex-
plored direction. Inorganic photonic crystals are likely to be stable
over a wider temperature range and more resistant to degradation
than their organic counterparts. Synthesizing inorganic structures
from organic templates is an area of intense research, and recent
developments in the field could guide the fabrication of inorganic
photonic crystals from BPs. Inorganic photonic crystals made of
silica have been prepared starting from bio-templates (88, 89)
using a sol-gel method. Sequential infiltration synthesis has been
used to prepare inorganic nanostructures from BCP templates
(85, 90, 91). It remains to be seen if these templating techniques
can be applied with success to BPs. Templating processes would
require careful optimization of the chemistry and mechanical prop-
erties of BPs.

New BP symmetries
Electric fields have been used to create BP structures with new lattice
symmetries (92). Reports of BPs with hexagonal (93) and tetragonal
symmetry (94) date back to the 1980s. Recently, Lin and coworkers
(95) applied repetitive electrical pulses to access orthorhombic and
tetragonal BPs, and subsequently used photopolymerization to
freeze these noncubic states. Reports of preparation of noncubic
BPs have used electric fields. Identification of alternate methods
of creating noncubic BPs could expand the range of BP lattice sym-
metries. The range of lattice symmetries that can be attained in
liquid BPs determines the diversity of photonic materials that can
be created from polymerization.

Compositional heterogeneity in BPs
BPs typically consist of multiple molecular species; however, the or-
ganization of different molecules in the unit cell is poorly under-
stood. Techniques sensitive to nanoscale compositional
fluctuations such as resonant soft x-ray scattering (96, 97) and
energy-filtered transmission electron microscopy (98, 99) can be
used to fill this gap in understanding. SEM measurements, like
the one shown in Fig. 10B, wherein the unpolymerized regions of
UV-cured BPs are washed out, indicate that spatial variations in
composition exist. Quantifying spatial variations in chemical com-
position, in both polymerized and unpolymerized materials, is es-
sential for understanding BP structure, which in turn is essential for
using BPs as templates for material synthesis.

CONCLUSIONS
BPs are three-dimensional photonic crystals that form spontane-
ously through molecular self-assembly in a narrow temperature
window between the cholesteric and isotropic phases. Low–molec-
ular weight liquid BPs can be converted to polymeric states with re-
tention of structure. The polymeric materials prepared through this
route simultaneously exhibit mechanical robustness, stimuli re-
sponsiveness, and photonic crystallinity, a combination of proper-
ties that can be exploited for sensing, display, and camouflage
applications. Advances in experiments have led to the development
of several strategies to control lattice orientation, which is essential
for achieving spatially uniform optical properties in BP-based ma-
terials. Computer simulations have evolved in parallel with experi-
ments, paving the path for computational design of BP-based
materials in the future. Developments in computer simulations
could also allow for quantification of compositional and dynamic
heterogeneity in BPs, which could have profound fundamental
and technological implications.
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