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Sculpted grain boundaries in soft crystals
Xiao Li1,2*, José A. Martínez-González3*, Orlando Guzmán4, Xuedan Ma5, Kangho Park1, 
Chun Zhou1, Yu Kambe1, Hyeong Min Jin1, James A. Dolan1,6, Paul F. Nealey1,6†, Juan J. de Pablo1,6†

Engineering the grain boundaries of crystalline materials represents an enduring challenge, particularly in the 
case of soft materials. Grain boundaries, however, can provide preferential sites for chemical reactions, adsorp-
tion processes, nucleation of phase transitions, and mechanical transformations. In this work, “soft heteroepitaxy” 
is used to exert precise control over the lattice orientation of three-dimensional liquid crystalline soft crystals, 
thereby granting the ability to sculpt the grain boundaries between them. Since these soft crystals are liquid-like 
in nature, the heteroepitaxy approach introduced here provides a clear strategy to accurately mold liquid-liquid 
interfaces in structured liquids with a hitherto unavailable level of precision.

INTRODUCTION
Solid-solid grain boundaries—two-dimensional (2D) defects at the 
intersection of regions of a polycrystalline material having different 
orientations—are of fundamental importance in determining the bulk 
physical properties of crystalline solids, including ductility, strength, 
conductivity, and optical response (1–3). Hence, they have generated 
intense scientific and engineering interest throughout the past century 
(4). Grain boundary engineering refers to the systematic manipula-
tion of the presence and morphology of solid-solid grain boundaries, 
the goal of which is to produce energetically preferential crystal-
line interfaces whereby atoms from neighboring lattices coincide and 
achieve a “good atomic fit” (5). This is usually accomplished through 
bulk processing techniques, e.g., thermomechanical treatments, 
magnetic annealing, plastic deformation, or the application of electric 
fields (4). Surface techniques, e.g., the modulation of substrate to-
pography or crystalline orientation, may be applied to obtain grain 
boundaries with desired locations and specified misfit angles but 
only for 2D systems such as graphene (6, 7). However, whether by 
bulk or surface techniques, precise and direct control of grain 
boundary position, length, and morphology in crystalline solids 
remains a grand challenge.

Liquid-liquid interfaces, on the other hand, arise at the intersec-
tion of immiscible—and, by definition, amorphous—liquids and are 
of considerable interest in a wide range of contexts, including mem-
brane self-assembly, nanoparticle self-assembly, ion transfer, and 
localized chemical reactions (8–11). Furthermore, liquid-liquid in-
terfaces are particularly attractive due to their capacity to induce 
self-assembly and the ease with which they reach a stable state (12). 
However, liquid-liquid interfaces are governed by interfacial tension 
and are therefore limited to a few select geometries (e.g., spheres, 
planes, and menisci) that minimize interfacial area.

Liquid crystalline “soft crystals” exhibit a hybrid set of properties 
that are traditionally associated with both crystalline solids and 

amorphous liquids; in particular, molecules can flow while main-
taining a 3D crystalline order on the mesoscale. Grain boundaries 
between regions of a polycrystalline soft crystal with different orienta-
tions are therefore compliant, thereby making soft crystals amenable 
to a new class of soft matter grain boundary engineering techniques. 
In addition, liquid crystalline soft crystals may serve as useful meso-
scale and soft matter analog of atomic crystals (13), whereby the 
liquid-like nature and larger length scales allow grain boundary 
phenomena that are difficult to access in analogous atomic crystals.

Among liquid crystals, the so-called blue phases (BPs) are of par-
ticular interest as they share the properties of both a 3D cubic crys-
tal and a liquid. Different strategies have been developed to produce 
BP monodomains, and these studies reveal that control of the BP 
lattice orientation and formation of dislocation-free macroscopic 
BP crystals are both particularly difficult to achieve (14–18). In this 
respect, the work by Zheng et al. (18) represented an outstanding 
advance with respect to the control of the optical response of BPs, 
and they demonstrated a means of using light to produce rewrite-
able, on-demand patterns of BP monodomains. In a previous work, 
we developed a strategy to design and fabricate chemical patterns that 
enable the formation of single crystals of BP with on-demand lattice 
orientations (19, 20). A common feature in both these works—and 
other similar methods—is the roughness of the boundaries of the 
BP domains that are formed. That is, consistent and variable BP 
patterns or shapes can be achieved, but roughness at the edges of 
these patterns/shapes is revealed when zooming in on the borders at 
micron and/or submicron scales. In addition, by successfully fabri-
cating BP single crystals, we have been able to analyze soft crystal 
nucleation and growth on chemically patterned substrates at sub-
stantial larger length scales than of atomic crystals. This allowed 
the observation that the BPII-BPI phase transformation assisted by 
a chemically patterned surface is martensitic in nature, is therefore 
directly analogous to classic diffusionless phase transformations 
found in solid crystals (13), and enriches the understanding of soft 
crystal crystallization and growth. To further explore BP liquid crys-
tals as mesoscale and soft matter analogs of atomic crystals in the 
context of grain boundaries, in this work, a “soft heteroepitaxy” strat-
egy, based on the accurate design and implementation of lithograph-
ically patterned chemical surfaces, is introduced to manipulate the 
orientation of BPs. Using this strategy, the grain boundaries between 
adjacent single crystalline domains are stabilized and sculpted with 
extreme precision, down to length scales that commensurate with 
the lattice spacing of the crystal. Given the liquid nature of the BPs, 
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it becomes possible to localize and shape grain boundaries. We fur-
ther demonstrate how to control and manipulate the optical prop-
erties of precisely shaped ideal soft crystals through the application 
of an external stimulus, i.e., temperature or an electric field, and 
discuss how this may be used to create diffractive photonic devices 
with improved performance. We therefore show that it is possible 
to fully overcome, on one hand, the hitherto limited grain morphol-
ogies accessible with liquid-liquid interfaces and, on the other, chal-
lenges that are traditionally associated with manipulation of solid 
crystalline materials.

RESULTS
Heteroepitaxy growth of BP single crystals on chemically 
patterned surfaces
BP liquid crystals are chiral materials in which molecules orient and 
organize into double-twist cylinders (DTCs) (21, 22). Depending on 
the thermodynamic conditions, DTCs can arrange into a 3D, crys-
talline body–centered cubic structure, the so-called BPI, or into a 
simple cubic structure referred to as the BPII. The DTC array is inter-
spersed by a well-defined network of liquid crystalline line defects, 
the lattice parameters of which are on the submicron scale for both 
BPI and BPII. Recent work has shown that, in the absence of grain 
boundaries, the crystal-crystal transition from BPI to the BPII can be 
extremely fast and can be understood as the liquid analog of a clas-
sic martensitic transformation (13). Because of the length scale of 
the lattice parameters, BPs exhibit Bragg reflections for visible light. 
This photonic crystal property, as well as fast electro-optical switch-
ing with submillisecond response times, makes BPs particularly 
attractive for photonic applications, biosensing, and display tech-
nologies (23–27).

For the chiral liquid crystal considered in our experiments, the 
BPs can be obtained either upon heating or cooling with the fol-
lowing phase transition temperatures: TChol-BPI = 39.9° ± 0.05°C, 
TBPI-BPII = 40.7° ± 0.05°C, and TBPII-Iso = 42.9° ± 0.05°C, where Chol 
denotes the cholesteric phase and Iso denotes the isotropic phase 
(13, 19). For BPII, the unit cell size is aBPII = 150 nm, and light is 
reflected by the (100), (110), and (111) planes at the peak wave-
lengths (100) = 450 nm (visible), (110) = 320 nm (ultraviolet), and 
(111) = 260 nm (ultraviolet), respectively. Figure 1A shows a repre-
sentation of the BPI and BPII DTC arrays and disclination lines for 
different lattice orientations. We denote BPII(hkl) as a BPII crystal 
where the (hkl) lattice plane is parallel to the underlying substrate; 
BPI(hkl) denotes the same for a BPI crystal. To achieve BPII(100) soft 
crystals, we rely on a “stripe pattern” (SP) consisting of an alternat-
ing array of regions of planar (silicon substrate) and homeotropic 
(polymer brush) liquid crystal anchoring, where each region has a 
width equal to aBPII/2 = 75 nm. To instead create a BPII(110) soft crys-
tal, the lithographic pattern consists of a hexagonal array of rectan-
gular homeotropic regions against a planar anchoring background 
[“rectangular pattern” (RP)]; for BPII(111) soft crystals, we use circu-
lar regions [“circular pattern” (CP)] (detailed pattern characteristics 
are provided in fig. S1). The geometry and dimensions of the chem-
ical patterns corresponding to each of the different lattice orienta-
tions of BPII are based on continuum simulations, as reported in 
our previous work (19). Briefly, BPII with specific out-of-plane ori-
entations were simulated and subjected to uniform homeotropic 
anchoring conditions on both surfaces. After the system relaxed to 
its equilibrium state, we obtained the order parameter map at the 

interface for each lattice condition. Information regarding the pre-
ferred molecular alignment was extracted from this order parame-
ter map and simplified into a binary pattern consisting of regions of 
planar and homeotropic anchoring. Therefore, a specific pattern was 
obtained, which was capable of stabilizing each lattice orientation. 
Through theoretical mean field calculations of the free energy, we 
determined and used the optimal dimensions of the planar and homeo-
tropic regions for the chemical pattern preparation. The chiral liquid 
crystal material is confined within a hybrid cell that consists of an 
octadecyltrichlorosiline-coated glass top surface (homeotropic an-
choring) and a chemically patterned silicon substrate (homeotropic 
and planar anchoring) as the bottom surface (Fig. 1B), and the cell 
thickness is kept as 3.5 m in all samples (28).

Sculpting grain boundary of BP with specific  
lattice orientations
We rely on heteroepitaxy to grow not single-crystal solids but single- 
crystal liquid crystalline BPs by controlling the nucleation and growth 
of their cubic lattices with specific orientations (19). To illustrate this, 
we fabricate a binary-anchoring (i.e., planar-homeotropic) patterned 
substrate where the pattern-pattern border follows a characteristic 
C shape. The inner and outer regions of the C shape favor the forma-
tion of BPs oriented to reflect light from two different crystallograph-
ic planes (Fig. 1C). In the BPII temperature regime, BPII(100) and 
BPII(110) distortion-free soft crystals are formed inside and outside 
the C region, respectively (Fig. 1D); in contrast, in the BPI tempera-
ture range, BPI(110) and BPI(200) monodomains are formed (Fig. 1D). 
In both cases, the BP liquid-liquid grain boundaries are 2D surfaces 
whose basis follows, with nanoscale precision, the path traced by 
the pattern-pattern borders printed on the substrate, particularly in 
the BPII temperature regime. This is despite the fact that the C shape 
has several curved regions that were deliberately created along its 
border and, therefore, regions of complicated and substantial curva-
ture between adjacent areas with different crystalline orientations 
(Fig. 1C). We also tested the response of the sample to an in-plane 
electric field (Fig. 1E). The system is brought to the BPI regime 
(T = 39.8°C), where it presents BPI(110) and BPI(200) domains. When 
a 3.5-V voltage is applied, a phase transformation to BPII(100) (within 
the inner region) and BPII(110) (in the outer region) is induced. By 
removing the applied voltage, the system returns to the initial BPI 
state, demonstrating that BP martensitic transformations can be re-
versibly controlled by applying an electric field.

Soft crystal epitaxial growth to maintain grain boundary
To understand the mechanism of soft crystal growth for two adja-
cent domains with different orientations, we first examine how BPs 
form above patterns of different symmetries and areas, and how these 
BP domains compete at a BPII-BPII interface. To this end, we con-
sider three combinations of patterns: an SP region adjacent to an RP 
region (SP-RP; Fig. 2A), an SP region adjacent to a homeotropic re-
gion (SP-H; Fig. 2B), and an SP region adjacent to a CP region (SP-
CP; Fig. 2C). In all cases, we patterned a total region of 440 m by 
440 m with alternating stripe-like sections of an SP-RP, SP-H, or 
SP-CP array. The length and width of the patterned sections are kept 
at 440 and 10 m, respectively. Thus, in Fig. 2, the nomenclature 
“stripe 10–rectangular 10” refers to an SP region with a width of 10 m 
adjacent to an RP region with a width of 10 m.

We begin by examining the nucleation, growth, and formation of 
BPII from the isotropic state upon cooling. The initial temperature 
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of the isotropic phase was 42.9°C, and the liquid crystal is then taken 
to the BPII temperature region following a one-step quench process, 
which results in the formation of BPII(100), BPII(110), and BPII(111) 
soft crystals atop the SP, RP, and CP regions, respectively. Optical 

microscopy images of the SP-RP array are shown in Fig. 2A, which 
demonstrate that the SP-RP stripe array stabilizes alternating BPII(100) 
and BPII(110) regions with sharp interfaces between them, even after 
a prolonged period of time (10 min). Recall that only the BPII(100) 

A

B

D

E

Fig. 1. Engineered C-shaped soft crystal surrounded by a differently oriented soft crystal. (A) Nematic liquid crystal (LC) host (MLC2142) and chiral dopant (S811) for 
BP material; unit cell structures and disclination lines for BPI and BPII; disclination line structure of BPII viewed along three lattice planes (top) and their corresponding 
director fields (bottom). (B) Fabrication scheme for soft heteroepitaxy chemical patterns on a silicon substrate. BP material confined between octadecyltrichlorosiline 
(OTS)–coated top glass (homeotropic anchoring) and chemically patterned substrate (alternating homeotropic and planar anchoring) with a gap of 3.5 m. (C) A SP sur-
face designed as a “C” surrounded by a RP background. Left: Scanning electron microscopy (SEM) image marked with six different areas. Right: Detailed pattern infor-
mation. (D) Reflection optical microscopy images with Kossel diagrams corresponding to BPII(100)—or BPI(110)—inside the “C” region and BPII(110)—or BPI(200)—outside. 
(E) Reflection optical microscopy images showing the optical response of the material at 39.8°C (i.e., within the BPI temperature range) when a voltage of 3.5 V is applied.
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domains reflect visible (blue) light and that the out-of-plane orien-
tation of all the BPII regions can be identified by their characteristic 
Kossel diagrams. It is possible to achieve well-defined and stable 
BPII(100)-BPII(110) interfaces. Only those interfaces at the array’s fur-
thest edges appear rough with irregular shape and only then because 
these correspond to interfaces between the patterned substrate and 
the unpatterned, uncontrolled homeotropic background. BPs that 
grow over unpatterned homeotropic regions show a polycrystalline 
texture, dominated mainly by BPII(111) platelets of different in-plane 
orientations. Both the SP-H (Fig. 2B) and SP-CP (Fig. 2C) arrays dif-
fer notably from the SP-RP array: The interfaces are neither sharp 
nor stabilized. This is particularly apparent for the SP-H array, where 
BPII(100) soft crystals eventually dominate the entire area. Since BPs 
are liquid in nature, all the grain boundaries are liquid-liquid inter-
faces. Therefore, for the BPII(100)-BPII(110) case, these liquid-liquid 
interfaces are found above the pattern-pattern boundaries. Using 
continuum mean field calculations, we simulate BPII(100)-BPII(110), 
BPII(100)-H, and BPII(100)-BPII(111) coexisting systems (Fig. 2, A to C, 
right) and find that only the BPII(100)-BPII(110) interface is predicted to 
be stable. For this case, we estimate the corresponding interfacial free 

energy to be   f  100−110  S   ≈  5 × 10−6 Jm−2 (fig. S2 and the Supplementary 

Materials). Similar results can be obtained upon heating from the 
cholesteric phase; i.e., an alternating array of BPII(100)-BPII(110) or 
BPII(111)-BPII(110) soft crystals can be obtained when using SP-RP or 
SP-CP areas, showing sharp or rough interfaces, respectively (fig. S3).

To determine the lateral dimensions that a patterned region must 
have to grow and support a stable BPII domain, square SP regions 
of different areas can be embedded within a homeotropic back-
ground (fig. S4A). As shown in fig. S4A, 10 m by 10 m (or larger)–
patterned domains lead to BPII(100) soft crystals that remain unaffected 
by neighboring regions. They can even propagate slightly into ex-
ternal, unpatterned regions. Having demonstrated, both experi-
mentally and through simulations, that BPII(100)-BPII(110) interfaces 

follow SP-RP boundaries, we now consider a different SP-RP com-
bination that consists of a 137 m by 200 m rectangular SP region 
surrounded by a 300 m by 380 m RP area. We further embed this 
hybrid patterned region within an unpatterned and uniform homeo-
tropic region (Fig. 3A). Heat is then applied, starting from the cho-
lesteric phase. In the cholesteric regime, the SP area shows a variety 
of green-blue colors, while the contrast between the RP area and the 
outer homeotropic region is not obvious (Fig. 3B at 27.0°C). Upon 
increasing the temperature to the BPI regime, the patterned areas 
do not selectively stabilize specific lattice planes (Fig. 3B at 40.5° 
and 41.1°C); the whole surface is covered with a green and dark blue 
platelet mixture consisting of BPI(110) and BPI(200) grains (recall that 
SP and RP patterns were specifically designed to nucleate BPII, 
rather than BPI, lattice orientations). Once the temperature reaches 
the BPII regime, a single BPII(100) soft crystal forms above the SP 
region with its characteristic blue color, while for the RP region, a 
single BPII(110) soft crystal is obtained (this region appears dark be-
cause the wavelength of the reflected light is (110) = 320 nm, i.e., in 
the ultraviolet). The outer homeotropic background region exhibits 
a polycrystalline texture that is primarily dominated by BPII(111) 
platelets and some BPII(100) and BPII(110) grains that disappear at 
≈41.8°C. In all cases, the Kossel diagrams confirm the symmetry of 
the soft crystals (Fig. 3C). This binary SP-RP–patterned substrate 
represents the first example of an engineered rectangular soft crys-
tal grain, where the grain boundary is a sharp liquid-liquid interface 
separating two crystalline regions. Furthermore, the lateral resolu-
tion of the boundaries between two patterns has been explored with 
a similar pattern design as fig. S4A but with the unpatterned neigh-
boring regions being replaced by the RP as shown in fig. S4B. When 
the lateral dimensions of the chemical pattern that promotes the 
nucleation and growth of a BPII(100) single crystal is below 20 m, 
the forming BPII(100) onto this pattern can be affected by the neigh-
boring BPII(110) due to their similar densities of free energy (19); 
however, the border that divides two differently patterned areas co-
incides with nanoscale precision, with the grain boundary of the BP 
crystals, which form atop their corresponding patterns. Hence, al-
though the patterned regions must be minimally large to support the 
BPII domains, the grain boundary between these regions may be 
placed and controlled with nanoscale precision.

Binary pattern array as a stimuli responsive optical platform
We conclude this work with an assembly that serves to illustrate pos-
sible optical applications of this proposed liquid-liquid grain bound-
ary engineering approach. A periodic 2D diffraction array is built 
from square SP regions, each region measuring 60 m by 60 m with 
an additional 60 m of separation between them. We embed such 
an array within either a homeotropic or RP background to produce 
array 1 (Fig. 4A) and array 2 (Fig. 4B), respectively. In both cases, we 
apply heat to observe successive Chol→BPI→BPII phase transitions 
(fig. S5). Once the system reaches a stable BPII, cooling is applied to 
return the sample to the cholesteric phase. The reflected diffraction 
patterns of the arrays at different temperatures and times are ob-
tained by impinging a 445-nm laser perpendicularly to the samples 
(Fig. 4C). The results for array 1 are presented in Fig. 4D, which shows 
those multiple, clearly defined maxima in the diffraction pattern that 
are produced when BPII(100) single crystals cover the SP regions. The 
results for array 1 along the phase sequence Chol→BPI→BPII are as 
follows (fig. S5A). The initial cholesteric phase does not present a 
defined diffraction pattern due to the poor light reflection at 445 nm 

A

B

C

Fig. 2. Grain boundaries at pattern boundaries. SP adjacent to (A) RP regions, 
(B) homeotropic (unpatterned), and (C) CP regions. Reflection optical microscopy 
images of the corresponding patterned areas are also shown, along with simula-
tion results of the disclination lines for the BPII(100)-BPII(110) and BPII(100)-BPII(111) in-
terfaces, respectively.
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and the weak contrast between the patterned and unpatterned re-
gions. In the BPI regime, we observe a polycrystalline texture con-
sisting of a mixture of BPI(110) (green) and BPI(200) (blue) grains; as 
expected, the square SP regions favor BPI(110) nucleation (19). Since 
the reflection peak of BPI(110) corresponds to a wavelength of 550 nm, 
diffraction patterns cannot be obtained with the 445-nm laser. How-
ever, once the temperature reaches the BPII regime, BPII(100) soft 
crystals spontaneously nucleate and grow on the square SP areas; the 
reflection peak of the BPII(100) soft crystals (450 nm) now matches the 
laser wavelength. The noise in the corresponding diffraction pattern 
is due to the nonuniformity of the single-crystal BPII(100) regions 
(e.g., their poorly defined boundaries) and the polycrystalline nature 
of the BPII(111) background. Last, upon cooling, the diffraction pat-
tern disappears, and in the BPI temperature regime, a polycrystalline 
BPI(110) monodomain covers the entire array 1 region. Once again, in 
the cholesteric phase, the SP regions show a nonuniform blue color 
with a corresponding diffuse diffraction pattern.

The noise in the diffraction pattern produced by array 1, caused 
by the homeotropic background, is always present because uniform 
homeotropic anchoring does not result in any particular BP lattice 
orientation. For this reason, we designed array 2 (Fig. 4E) to ensure 
that the background (RP) selects exclusively for BPII(110). On heat-
ing, the initial cholesteric state does not present a defined diffraction 

pattern (fig. S5B). However, at the BPII regime, the square SP regions 
lead to square-shaped grains of BPII(100), while the RP background 
induces the formation of a single BPII(110) soft crystal. Now, in con-
trast to array 1, all the BPII grain boundaries are clearly delineated 
by the pattern-pattern boundaries. At this point, the system can be 
taken back to the BPI regime by cooling. Unlike array 1, the system 
now visibly renders the transformation from well-defined BPII soft 
crystals, which only differ in their lattice orientation, to BPI soft crys-
tals: Fig. 4E shows that BPII(100) soft crystals transform into BPI(110) 
over the square SP regions, while BPII(110) single crystals transform 
into BPI(200) over the RP background. Similar to the BPII regime, at the 
BPI temperature range, array 2 still shows sufficiently well-defined 
boundaries between BPI grains. Last, once again in the cholesteric 
state, two different textures can be identified within the square SP 
regions and the RP background as a result of the BPI(110)-Chol and 
BPI(200)-Chol phase transitions.

DISCUSSION
The results presented above demonstrate that substrates patterned 
at the nanoscale are able to induce BP soft crystal formation with 
predetermined lattice orientation in a manner that is faster and more 
reproducible than by conventional methods (e.g., slow cooling). We 

A

B

C

Fig. 3. Engineered rectangular grains. (A) Chemically patterned surface designed as an SP area surrounded by an RP region. Red regions correspond to homeotropic 
anchoring, and blue regions correspond to planar anchoring. (B) Reflection optical microscopy images of the system at different temperatures during heating. (C) Kossel 
diagrams indicating the BPII symmetry corresponding to different pattern regions marked in (B).
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refer to this strategy as soft heteroepitaxy due to its analogy to solid- 
state heteroepitaxy, in which one crystalline material is deposited atop 
another. Using appropriately patterned substrates, it is possible to 
produce single-crystal BP soft crystals with a variety of in- and out-
of-plane orientations. Control over the grain boundaries is achieved 
using a substrate with two different pattern symmetries. These sculpted 
grain boundaries are also liquid-liquid interfaces. Our results indicate 
that the substrate patterns, originally developed to selectively nucleate 
specific BPII orientations, predetermine the lattice orientation of the 
BPI monodomain crystal obtained by cooling its BPII antecessor: 
A BPII(100) single crystal grown over a SP transforms into a BPI(110), 
while an initial BPII(110) grain will transform into a BPI(200).

Figure S6 (A and B) shows enlarged images of the SP and RP sam-
ples and the corresponding reflection spectra, which serve to better 

visualize the transformations shown in Figs. 1 and 4 upon cooling. From 
fig. S6, it can be seen that during the BPII(100)-BPI(110) and BPII(110)-
BPI(200) transformations, the system exhibits a crosshatched texture, 
which is associated with martensitic phase transformations. In solid 
(i.e., atomic) crystals, a martensitic transformation is a diffusionless 
crystal-crystal transformation where the atoms move in a coordinated 
and cooperative manner. Here, BP soft crystal structures are com-
posed of arrays of supramolecular DTCs. The BPI-BPII transfor-
mations are produced by the coordinated and cooperative motion 
of the liquid crystal molecules without diffusion of the DTCs—the 
liquid analog of a classic martensitic transformation (13). With re-
spect to the behavior of the diffractive array shown in Fig. 4A, our 
results represent a notable improvement over those reported by 
Zheng et al. (18); instead of an array of uniform BP regions in a 

A

D E

B C

Fig. 4. Binary pattern array as a stimuli responsive platform. (A) Chemically patterned surface designed as 60 m by 60 m SP area within a uniform homeotropic 
anchoring background. Reflection optical microscopy images of BPI and BPII on the uniform homeotropic anchoring surface. (B) Chemically patterned surface designed 
as an SP area surrounded by an RP background. (C) Optical setup for diffraction detection. A 445-nm laser light is converted to circularly polarized light after successively 
passing through a linear polarizer (LP) and a quarter waveplate (QWP). The circularly polarized light impinges on the sample by passing through a beam splitter (BS), 
generating the diffraction pattern. The diffractive light was projected on a black screen. (D and E) Reflection optical microscopy images of system array 1 (D) and array 2 
(E), with their corresponding diffraction patterns at different temperatures during the cooling process.
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background of randomly oriented BP grains, here, we introduce an 
array of aligned BPII in a background of aligned BPII, where both 
the in- and out-of-plane orientations of the two regions can be manip-
ulated. Our platform allows us to stabilize and control the optical 
behavior in the BPII, BPI, and cholesteric phase regimes, thereby 
leading to a remarkable improvement in 2D diffraction grating re-
sponse, as can be seen in Fig. 4E and fig. S7. The 2D diffraction pat-
terns are visible in a temperature range (38.2° to 37.2°C) due to the 
contrast in reflectivity of the liquid crystal phases within this tem-
perature range and at the wavelength of interest (fig. S5B). The sim-
ulated diffraction patterns for both cases in fig. S7 (A and B) illustrate 
how the sharp crystalline grain boundary suppresses the second- 
order peaks. Whether the second-order peaks are present is a function 
of both the structure factor—the Fourier transform of the square 
array (identical in both cases)—and the form factor—the Fourier 
transform of the “pixel” (which has either sharp or rough boundaries). 
The form factor in the case of sharp grain boundaries exhibits minima, 
which coincide with the second-order peaks, hence suppressing those 
peaks. The sharpness of the grain boundary is therefore directly re-
lated to the diffraction properties of the grating. In addition, within 
the cholesteric temperature regime, the uniform blue color arises from 
the well-aligned cholesteric phase (assisted by the nano-SP with a 
pitch corresponding to the wavelength of blue light) instead of the 
crystal structure of a BP (Kossel diagram in fig. S6).

To the best of our knowledge, there is no precedent in the litera-
ture for the creation of precisely sculpted crystal grain boundaries in 
either solid- or liquid-state research. The results shown in Figs. 1 and 4 
become remarkable when one considers that BP unit cells are com-
posed of billions of molecules, 2D patterns are used to exert control 
over these 3D liquid materials, and the precise manner in which dif-
ferent lattices and defects meet at their boundaries. More generally, 
given the wide range of phenomena that occur at liquid-liquid inter-
faces, the use of BPs to produce sculpted boundaries offers promise 
both for the development of new technologies and for the fundamen-
tal study of a variety of interfacial processes. The ability to combine 
different BP regions of arbitrary shape, free of grains, and distortions, 
offers distinct opportunities for design and production of dynami-
cally transformable and stimuli-responsive 3D soft crystals.

MATERIALS AND METHODS
The detailed information of materials and sample preparations can 
be found in (13) and (29).

Characterization
The PMMAZO brush thickness was determined by a Woollam VUV-
VASE32 variable angle spectroscopic ellipsometer. Optical charac-
terization was performed using cross-polarized and reflection mode 
with an Olympus BX60 microscope with 10×/50× objectives, Bertrand 
lens, and 405-nm monochromic light filter. Samples were heated up 
to the isotropic phase using a Linkam PE120 temperature controller 
controlling the hot stage at different rates. Chemical patterns were 
observed by scanning electron microscopy (SEM; ZEISS MERLIN). 
BP type and crystal orientation were detected by Kossel diagrams 
(19, 30). A spectrophotometer (USB4000, Ocean Optics) was used 
to measure ultraviolet-visible spectra of different BP films. The laser 
source with output wavelength of 445 nm/40 nW was used to detect 
the diffraction of the binary pattern array. A laser light with 445-nm 
wavelength was converted to circular polarized light after successively 

passing through a linear polarizer and a quarter wave plate. The cir-
cularly polarized light impinges on the sample by passing through 
beam splitters, generating the diffraction pattern. The diffractive light 
was projected on a black screen.

Heating process and cooling process
The sample was settled on a precisely controlled hot stage (PE120, 
Linkam). The heating process consists of step increments of the 
temperature of the samples at a rate of 0.2°C/min, usually starting 
from the cholesteric phase (25°C) to reaching the isotropic phase at 
42.9°C. For cooling, we used a one-step quench process. The tem-
perature was reduced from the isotropic temperature of 42.9° to 
~40.9°C (i.e., 0.2°C above TBPI-BPII), where the desired BPII primar-
ily nucleates and grows over the chemical pattern area and stays at 
certain temperature for different times.

Application of electric field
The external electric field (Gamry 600 Ref Potentiostat/Galvanostat) 
was applied between two electrodes on conductive Si substrate with 
a constant voltage at 3.5 V, switching between on and off.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/11/eaax9112/DC1
Continuum simulations
Estimation of the grain boundary free energies
Fig. S1. Pattern characteristics.
Fig. S2. Schematic for estimating the grain boundary energies.
Fig. S3. Grain boundary variation during phase transition by heating.
Fig. S4. Lateral dimension of grain boundary.
Fig. S5. Binary array pattern during phase transitions by thermal process.
Fig. S6. Martensitic transformations during cooling process.
Fig. S7. Simulated optical diffraction patterns.
Movie S1. C-shaped grain-boundary under electric field.
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