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1. Introduction

The hierarchical structures from nature have inspired the design
of artificial superstructures for centuries, which is crucial for
developing novel tools, devices, and systems. Liquid crystals
(LCs) are intermediate substances between the liquid state and
the solid state, referred to as the fourth state. The orientational
ordering of LCs combined with the rod-like molecular shapes of
LCs gives rise to intriguing physical anisotropies, which play
essential roles in LC applications'"?). Generally, the orienta-
tional ordering of LCs can be controlled by different boundary
geometries'®! and anchoring conditions!*), allowing the forma-
tion of diverse structures or superstructures, including topologi-
cal defects (i.e., focal conic domains!™). These structures exhibit
extraordinary sensitivity to various external stimuli, including
light, electric field, heat, force, magnetic field, and so on'®~,
Thus, there are many degrees of freedom in the way that the
structure is coded and the tunability is devised for the design
of soft-matter-based devices with innovative functions.
Chirality is ubiquitous in the universe within various scales,
from the galaxy to deoxyribonucleic acid in living entities. By
combining the “chirality” and the “soft matter” characteristics,
chiral LCs (CLCs) are a fertile playground for novel phenomena
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Controlling architecture of hierarchical microstructures in liquid crystals (LCs) plays a crucial role in the development of
novel soft-matter-based devices. Chiral LC fingerprints are considered as a prospective candidate for various applications;
however, the efficient and real-time command of fingerprint landscapes still needs to be improved. Here, we achieve elabo-
rate rotational fingerprint superstructures via dual photopatterning semifree chiral LC films, which combine the photo-
alignment technique and a dynamic light patterning process. An intriguing spatial-temporal rotational behavior is
presented during the patterning of chiral superstructures. This work opens new avenues for the applications of chiral
LCs in soft actuators, sensing, and micromanufacturing.

Keywords: liquid crystal; photoalignment; fingerprints; chiral photoresponsive materials.

and functionalities, with various potential applications''*~),

such as distributed feedback lasers, reflective films, dynamic
lithography masks, and phase gratings''*~'”). Under appropriate
boundary conditions, CLCs can self-assemble into periodic hel-
ical superstructures with fingerprint textures, which are believed
to have potential for nonmechanical beam steering'"*), spectrum
scanning!'®), particle assembly!'®), optical vortices genera-
tors®’), lasing!?!), anticounterfeiting'*?), and lithography'>*). If
such fingerprint structures can be rationally designed and
dynamically manipulated, new possibilities for the design of
novel intelligent devices based on CLC superstructures can be
reasonably expected. Fingerprint texture favors antagonistic
conditions, and there are different ways to achieve such condi-
tions. For instance, when CLCs are infiltrated in a homeotropic
cell, periodic stripes with a lying-helix structure are formed due
to the competition between the helical twisted power and the
anchoring energy. Another way is to apply a vertical electric
field, providing a force to homeotropically align LC molecules,
contradicting the intrinsic helical twisted power!"***, Hybrid-
aligned cells also provide conflicting anchoring conditions for
the growth of fingerprints>>*®!. Compared to the above scenar-
ios in cells, ordered fingerprints in semifree films are more
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attractive due to the tremendous practical potential of exploiting
the surface interactions between the film and air. They can be
easily formed on a planarly aligned substrate, utilizing the quasi-
homeotropic anchoring from air®”). Thanks to the unique
orientational ordering of CLCs, Feringa et al. demonstrated a
rotational behavior of microrods mediated by a fingerprint
system that is doped with photoresponsive molecular
motors 7?57 Li et al. reported a series of tunable LC devices
based on light-driven molecular switches>"*?]. Despite the
progress mentioned above, efficiently and finely controlling
fingerprint landscapes forming dynamic and variational chiral
superstructures is still challenging.

Here, we achieve the dynamic photopatterning of rotational
fingerprints in semifree CLC films. By combining the photoa-
lignment technique and uniform UV light exposure, the spatial
rotated fingerprints exhibit temporal rotational behaviors,
resulting in diverse fingerprint configurations, such as a radiat-
ing structure, a whirlwind pattern, and an Archimedean spiral.
In addition, C-shape grating is dynamically created on a unidir-
ectionally photoaligned substrate by utilizing structured light.
The combination of photoalignment and photowriting of finger-
prints inspires more possibilities for the creation of functional
materials and devices.

2. Experimental Materials and Methods

The CLC mixture was composed of nematic E7 (Jiangsu
Hecheng Display Technology Co., Ltd., China) and a left-
handed chiral molecular motor of ChAD-3¢-S (BEAM, U.S.).
The concentration of ChAD-3c-S in the CLC mixture was about
0.34% (mass fraction). Confirmed by a differential scanning
calorimetry (Mettler-Toledo DSC1 STARe), the operating tem-
perature range is from < —20°C to 58.8°C. Thanks to the two azo
linkages, ChAD-3c-S can isomerize from a rod-like trans-form
to a bent cis-form structure under UV light irradiation, thus tun-
ing the CLC helical pitch (p). The cis-form of azobenzene is
unstable in a natural state, resulting in a reversible transforma-
tion when providing ambient temperatures or upon the irradi-
ation of green light. The incorporation of ChAD-3¢c-S in E7
yields an initial helical twisting power (HTP) of —42.6 pm™! in
the dark®, and the green-light-stabilized HTP is about
—30.7 pm~1 B4,

Photoalignment has become a dominant alignment technique
in aligning LCs. The noncontact photoalignment process not
only overcomes the prejudicial contamination problems but also
could achieve multidomain and high-resolution alignment.
Here, a 0.3% solution of sulfonic azo dye SD1 (Dai-Nippon
Ink and Chemicals, Japan) in dimethylformamide (DMF) was
used as a photoalignment agent. SD1 molecules tend to reorient
their long axes perpendicular to the incident linear polarization
of UV or blue light to minimize photon absorption. The result-
ing azimuthal anchoring energy is over 107 J/m?, which is com-
parable to that of the rubbed polyimide film**!. By providing
regular alignment, the LC molecules adjacent to the alignment
layer will be guided to align in an orderly manner, subsequently
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Fig. 1. Preparation procedure of fingerprints.
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inducing the organization of bulk LCs due to the long-range ori-
entational ordering.

As shown in Fig. 1, transparent glass substrates (1.5cm X
2 cm) were ultrasonically bathed, UV-ozone cleaned, and then
spin-coated with SD1. After curing at 100°C for 10 min, the sub-
strates were placed at the image plane of the digital micromirror
device (DMD)-based microlithography system to record the
designed alignment pattern. Afterward, the CLC mixture was
spread onto the substrates at 65°C and spin-coated at 1000 r/min
for 30 s to fabricate the semifree CLC film. Then the samples
were observed under a cross-polarized optical microscope
(POM) (Nikon Eclipse 50i Pol, Tokyo, Japan). Noticeably, the
light source from the microscope was to be kept as weak as pos-
sible. The dynamic photopatterning process was performed with
a 365 nm LED. The light intensity for constant UV light stimu-
lation is ~100 pW /cm?. The intensity of the structural light field
is in the range of 10-140 pW/cm®. The green-light exposure
process was carried out with an LED light source at 530 nm with
an intensity of 1.0 mW /cm?.

3. Experimental Results

3.1. Hierarchical fingerprint superstructures

After the photoresponsive CLC is spin-coated onto a unidirec-
tionally aligned substrate, uniform fingerprint stripes are
formed [Fig. 2(a)]. The stripe period is about 7.1 pm.
According to Baudry’s model®, such a structure comprises
two parts. In the first part, planar helical layers develop from
the substrate and occupy the bulk of the film with helical axes
perpendicular to substrates [Figs. 2(b) and 2(d)]. The intrinsic
periodic helical structure is regarded as the first hierarchy.
Due to the competition between the internal HTP and the exter-
nal antagonistic anchoring energy (substrate, planar anchoring;
air, homeotropic anchoring), helical layers near the air/LC inter-
face distort periodically. Besides the helical organization, direc-
tors gradually tilt from 0° to 90° (violet line indicated) and
periodically twirl by §(x) around the cone axis [red line indi-
cated, Fig. 2(c)]. Due to the continuity of LCs, the cone angle
7(2) reaches the maximum in the middle of the second part
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Fig. 2. Fingerprints with hierarchical helix structures. (a) Polarized optical
microscope textures of unidirectionally aligned fingerprints; scale bar,
50 pm; (b)-(d) schematics of the hierarchical helical structure, planar helices
with helical axes perpendicular to substrates, and the self-adapted distorted
helical structure near the air-film interface; the distance between two adja-
cent layers equals half a pitch.

and gradually vanishes when approaching the two interfaces.
The director field is assumed to be translationally invariant in
¥, thus resulting in a periodic variation of refractive index, cor-
responding to the alternating bright and dark stripes in the tex-
ture. This configuration is regarded as the second hierarchy. Due
to the photoresponsive property of CLCs, the initial direction of
fingerprint stripes is related to the alignment, and the external
light field can further tune it.

As mentioned above, the photoalignment technique can spa-
tially program the local orientational ordering of LC directors,
which provides a valuable tool to introduce another hierarchy
to the CLC fingerprint configuration. Here, we design binary
and continuous periodic alignment patterns, as shown in
Figs. 3(a) and 3(b). The included angle of alignment in adjacent
regions is about 100° [Fig. 3(a)]. Consequently, a zigzag finger-
print pattern in line with expectations is formed, a common and
important phenomenon in nature serving multiple purposes.
The direction of fingerprint stripes has a unified fixed angle rel-
ative to the underlying alignment, verifying the periodic photo-
alignment-induced third hierarchy. In addition, fingerprint
stripes can continuously change their directions by implement-
ing a continuously varied alignment. As shown in Fig. 3(b), a
periodic C-shape fingerprint pattern is generated with
Burgers vector dislocations, which are inevitable and play essen-
tial roles in the growth of the fingerprint landscape. Thus, more
complex and functional fingerprint textures can be achieved by
rationally designing the alignment structures.

3.2. Dual photopatterning of rotational fingerprints

By taking advantage of the stimuli-responsive capability of LCs,
the spatial-temporal photopatterning of rotational fingerprints
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Fig. 3. Photopatterned hierarchical fingerprints. (a) Binary periodic alignment
and periodic zigzag fingerprint pattern; (b) continuous periodic alignment and
C-shaped fingerprint superstructure; scale bar, 50 pm.

is also demonstrated. Here, we set a radially aligned substrate
with anchoring direction rotating around the pole. After the
CLC is spin-coated, radial fingerprint stripes occur around a
central singularity where the alignment cannot be defined
[Fig. 4(a)]. After the sample is exposed to uniform UV light,
the spatially rotated fingerprints exhibit temporally rotational
behaviors. All the stripes synchronously rotate counterclock-
wise, presenting a radiating structure, a whirlwind pattern,
and an Archimedean spiral successively. This phenomenon is
because of the light-induced isomerization of the chiral molecu-
lar switch, which decreases the HTP and subsequently modifies
the stripe configuration. Finally, the stripes disappear due to
insufficient HTP to reconcile the antagonistic anchoring energy.
The above dynamic photopatterning process is reversible when
the sample is under a high ambient temperature or upon green-
light irradiation [Fig. 4(b)].

Furthermore, the structured light field can add another
dimension for the photopatterning of complex fingerprint
superstructures, which has attracted more attention in recent
years in functional pattern formation. Here, we select a simple
asymmetric light field with a linear intensity gradient as a dem-
onstration [Fig. 5(a)]. In this case, unidirectional stripes under
the exposure region rotate in the same direction but not in syn-
chronization. The rotational speed of regional fingerprints is
determined by the exposure intensity. Stripe domains under
bright light show an intense rotational behavior compared to
dim light. As shown in Fig. 5(b), the continuous rotation of
stripes leads to the formation of periodic C-shaped fingerprints
observed between crossed polarizers. During the dynamic pho-
topatterning, the total rotational angle reaches about 650°,
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Fig. 4. Dual photopatterning of rotational fingerprints. (a) Changing process from a radiating structure to Archimedean spiral during the uniform UV light expo-
sure; (b) changing process from an Archimedean spiral to radiating structure during the uniform green-light exposure; scale bar, 50 pm.

corresponding to the periodicity of the formed fingerprint pat-  fingerprint pattern is realized by combining the structured pho-
tern, and the stripe period is increased from 5.9 to 9.7 pm  toalignment and the uniform light exposure. Consequently, ver-
[Fig. 5(c)]. satile stripe configurations in different formations are obtained,

including a radiating structure, a whirlwind pattern, and an

Archimedean spiral. On the other hand, we proposed the co-

. . . operation of uniform photoalignment and direct-writing of

. Discussions and Conclusions structured light to efficiently dictate high-resolution multido-
So far, we have achieved dual photopatterning of rotational =~ main fingerprint superstructures, such as C-shaped fingerprints,
fingerprint superstructures in a photoresponsive CLC sys-  as shown in Figs. 3(b) and 5(b). With their strong alliance, we
tem. On the one hand, a spatial-temporal varied rotational  can not only preprogram the primitive superstructures but also
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Fig. 5. Photopatterning of rotational fingerprint superstructures. (a) Schematic of structured light exposure process. The intensity of the 365-nm light source is
10-140 pW/cmZ, and the lengths of purple arrows indicate the varied intensity of light. (b) Evolution of the fingerprint superstructure during the irradiation; scale
bar, 50 pm; (c) relationships between the period of fingerprint stripes, rotational angle, and the exposure time.
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dictate regional fingerprints in real time to form desired configu-
rations. These photopatterning processes show an easy pro-
cedure, noncontact operation, and remote and reversible
control. In addition, the dynamic photowriting approach
requires incoherent light sources (an LED or a halogen lamp)
with a relatively weak intensity of about 100 pW /cm?, which sig-
nificantly avoids light damage to the sample!®®. Thanks to the
intrinsic self-assembly of CLCs, the programmable fingerprint
structures are simple to fabricate, reconfigurable, cost-efficient,
and easy to miniaturize.

As mentioned above, fingerprints formed in semifree films
with unique anisotropic interfaces have several strengths.
With such dual photopatterning, LCs’ elasticity field changes
dynamically, which can be exploited to manipulate functional
objects or guide the movement of living motile cells. Apart from
the micromanipulation application, we also expect that they
have specific applications in light-field control, such as pro-
grammable beam steering elements, rewritable beam focusing
devices, and on-demand vortex generators, based on chiral
fingerprint superstructures. Recently, the ferroelectric nematic
mesophase, expected since at least 1916, has been uncovered®”,
This phase possesses ferroelectricity, huge low-frequency dielec-
tric constants, and spontaneous polar ordering®**?!. A series of
studies have reported self-assembled helical polar structures by
doping chiral additives, which will open up new opportunities
for polar fingerprints and introduce new physical properties
to fingerprints, such as electro-optic, electromechanical, and
nonlinear optical effects.

In conclusion, we demonstrate dual photopatterning and
exploit its potential of dynamically dictating rotational finger-
print superstructures. First, we clarify the hierarchy of finger-
print superstructures. Then hierarchical superstructures with
periodic fingerprint textures are easily fabricated using the pho-
toalignment technique. Under stimulating light, photoaligned
radial fingerprints are continuously and reversibly deformed
into different configurations, which are expected to have signifi-
cant promise in optoelectronic applications. Moreover, struc-
tured light is utilized to achieve a dynamic photopatterning of
a similar C-shaped fingerprint superstructure. Such systems
are performed with self-organized photoresponsive microstruc-
tures, which are instructive in the design of intelligent materials.
This work provides a clearer picture of the hierarchical
fingerprint superstructure and may trigger new directions for
future developments of fingerprint-based optical elements,
micromanipulation, integrated sensors, and anticounterfeiting
systems.
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