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Self-Assembled Nanorods and Microspheres for Functional
Photonics: Retroreflector Meets Microlens Array

Guang Chu,* Feng Chen, Bin Zhao, Xue Zhang, Eyal Zussman, and Orlando J. Rojas*

Patterned micro/nanomaterials display efficient light management capabili-
ties owing to their control of light propagation within multiscale periodic
structures. Here a hierarchical photonic structure composed of polystyrene
microspheres and cholesteric assembly of cellulose nanocrystals is described,
acting as a polarization-sensitive retroreflective coating and microlens array.
Micropatterned photonic films are prepared by casting an aqueous cellu-

lose nanocrystal suspension onto a monolayer of polystyrene microspheres

saturation of such color, while many ani-
mals have evolved to detect and make use
of light polarization, realizing multiple
biological functions in one integrated
structure.l'’” Some arthropods display
polarization-sensitive iridescent struc-
tural colors to distinguish themselves
from the environment and perform as
signal medium for vision, image cap-

substrate through evaporation-assisted transfer imprinting lithography,
integrating a bulk cholesteric matrix and patterned surface. By directing

light at the as-assembled polystyrene surface, an enhanced structural color
develops from the circularly polarized light retroreflection. Whereas when
light travelling across the photonic film, the transparent layer of polystyrene
microspheres forms into plano-convex microlens to converge the transmitted
light into the focus plane and reduce centimeter-scale illuminated image

into a high-fidelity miniaturized replica. This simple method, combining
self-assembly with imprinting lithography, is expected to pave the way for

designing custom-tailored optics with novel functions.

1. Introduction

Structural color is common among living creatures. Interest-
ingly, human eye can only perceive the hue, brightness, and
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ture, communication, and mate rec-
ognition.’=! The respective photonic
structure can selectively reflect circularly
polarized light with the same handed-
ness whereas light with opposite hand-
edness is transmitted.’] Normally, such
coloring mechanism mainly originates
from the multilayer structure of heli-
coidally stacked chitin microfibrils.!
Nevertheless, some of these striking
color appearances are due to the coupling
effects of different photonic components
within one hierarchical architecture,®-1
showing synergistic combinations of
structure-imposed optical behavior and intrinsic material
properties.

Retroreflection is a special type of reflection that differ from
diffuse and mirror reflection, which can reflect light along its
incident direction over a continuous range of incident angles.
A common way to enhance the visibility of photonic structure
involves coupling with a layer of transparent retroreflective ele-
ments.""2 Upon illumination, light travelling within the ret-
roreflective material reflects light with high efficiency along
its incident direction, making the structural color conspicuous
and dazzling under dim-light environment.'*»* While micro-
lens array (MLA) is another kind of micro-optical system that
contains patterned miniaturized lenses with diameters ranging
from several micrometers to nearly a millimeter.'®) Conven-
tional MLAs usually rely on the specific phase accumulation
of light along the propagation in isotropic media, with their
focusing effects controlled by the shape and curvature of each
individual microlens.”""%l Polarization-sensitive MLA struc-
tures, like those of insect’s compound eyes and calcite crystal
array in brittlestars,??l exist ubiquitously in nature. Taking
Chrysina gloriosa as an example, the chitin fibrils in the cara-
pace are organized into a cholesteric focal conic texture with a
cellular polygonal pattern,??! acting as MLA to perform polari-
zation-sensitive beam shaping that relies on the intrinsic hel-
ical organization.?)l These polygon cells have concave shapes
with a transparent layer of wax-filled outer cuticle.?¥ Light pen-
etrating through the wax layer is anomalously reflected back to

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic representation of the transfer imprinting method to prepare a micropatterned MHPF. b) Optical image of the prepared micropat-
terned PS microspheres (10 um) on a PDMS substrate. Inset is the optical image of the PS-PDMS mold which shows strong interference color upon
directional light impinging. c,d) POM images of the drying process of CNC—PVA suspension on the micropatterned PS-PDMS substrate, showing aligned
cholesteric fingerprint texture along the PS microsphere array. e) Optical image of MHPF1-3 (PS 10 um) that focuses on the upper smooth surface,
displaying optically tunable cholesteric CNC matrix that varies from blue, green to red. The insets are the corresponding UV-vis spectra, respectively.

the direction from the bottom center of the cells, representing
as micrometer-sized retroreflective axicon.?’! Inspired by the
natural example, we therefore hypothesize the possibility of
designing an artificial optical device that combines the micro-
scopic retroreflector and MLA element within self-assembled
nanoscopic helicoid structure, which can enlarge the scope of
integrated photonics with multiple functions.

Being one of the most abundant biopolymers on the bio-
sphere, some cellulosic structures are known for their brilliant
iridescence through helicoidally structured cellulose nanoma-
terials in plants.?>?] Cellulose nanocrystals (CNCs) isolated
from plant material, for example, through acid hydrolysis, show
twisted rod-like morphologies with excellent colloidal stability
in aqueous media.?®-*% Upon evaporation, colloidal CNC parti-
cles spontaneously self-assemble into a cholesteric liquid crystal
phase above critical concentration and further vitrify into solid
film that retain the original helical structure, thereby yielding
vivid structural color with tunable photonic band gap.l3%3?
Owing to the nanometer-sized building blocks and robust self-
assembly process, cholesteric ordered CNC can serve as versa-
tile platform for material templating,3*34 nanoimprinting,*>-!
matrix scaffolding,?** and colloid assembly,># which can
allow the construction of hierarchical photonic structures with
precisely controlled light-matter interactions.

Herein we introduce a straightforward approach to fabri-
cate micropatterned photonic films that combines cholesteric
self-assembly of CNC and monolayer array of polystyrene (PS)
microspheres, presenting as integrated polarization-sensitive

Adv. Optical Mater. 2021, 9, 2002258 2002258 (2 of 9)

retroreflector and MLA. We use aqueous CNC suspension as
the lithography ink that is cast onto a pre-engineered poly-
dimethylsiloxane (PDMS) mold with surface structured PS
microspheres. After drying, iridescent cholesteric films are
obtained with subtle micropatterned bottom surface replicated
from the PS microsphere array. When a beam of light inter-
acts with the micropatterned surface, the embedded PS micro-
spheres act as retroreflective array that enhances the structural
color of the cholesteric CNC matrix, displaying varying visibili-
ties, depending on the viewing and illumination angles. On the
contrary, when the incident light penetrates through the bottom
anisotropic cholesteric CNC layer and impinging onto the
upper isotropic PS microspheres, a geometric-induced plano-
convex MLA is formed, exhibiting remarkable polarization-sen-
sitive imaging performance. This simple design to produce the
multifunctional photonic device, offering a general framework
to manipulate the flow of light within hierarchical architec-
ture that may be of interest for both fundamental and applied
research.

2. Results and Discussion

In order to prepare the multifunctional hybrid photonic films
(MHPFs) containing a bulk cholesteric CNC matrix and mono-
layer of PS microsphere surface array, we anticipate a simple
evaporation-assisted transfer imprinting approach for large-
area patterning of monodisperse spherical particles (Figure 1a).

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Morphology of an MHPF2 composite produced with PS microspheres (diameter of 10 um). Top view SEM image of MHPF2 with a) a bottom,
micropatterned surface and b) an upper, smooth surface. ¢) Low magnified SEM image of MHPF2 focusing on the fractured region, showing a smooth
inner surface of CNC—PS interface and layered organization of CNC in the bulk phase. d) High-magnification SEM image of the layered structure in the
bulk phase. The inset highlights the left-handed twisted assembly of CNC nanoparticles. e,f) Side view of the interface between PS microspheres and the
bulk phase, showing distorted layer structures around the microspheres. The arrows in (f) highlight the topological defects near the CNC—PS interface.
g) lllustration of the hierarchical structure of MHPF composite showing a cholesteric bulk phase and a volume-induced distortion around a PS microsphere.

In brief, an aqueous CNC suspension (5.0 wt%, zeta potential
—48 mV, 15 nm in diameter, and 300-400 nm in length) with
varying sonication times (ranging from 2 to 15 min) was mixed
with a fixed value of polyvinyl alcohol (PVA, mass ratio 1:1).
After stirring at room temperature for 1 h, the resulting mixture
was poured on top of a preprepared micropatterned PS-PDMS
mold and left to dry under ambient conditions, forming a
system that is therein referred to as MHPF1-3 (Table S1, Sup-
porting Information). Closely packed, hexagonal array of PS
microspheres was first assembled on PDMS substrate through
unidirectional rubbing of a dry particle powder with different
sizes (5.0 £ 0.15, 10.0 £ 0.1, and 15.1 £ 0.26 um) between two
rubber plates,”] exhibiting microscopic single-crystal col-
loidal monolayer with strong interference-induced structural
color (Figure 1b and Figures S1-S3, Supporting Information).
Then the PS-PDMS mold was treated with oxygen plasma to
partially make the microsphere surface hydrophilic and more
suitable for suspension casting. We further tracked the evapora-
tion process of CNC-PVA suspension on the PS-PDMS tem-
plate through a series of polarized optical microscopy (POM)
images (Figure 1c,d and Figure S4, Supporting Information).
The obtained results revealed that the cholesteric fingerprint
texture was confined and aligned along the convex interface of
PS microspheres. After evaporation and peeling off the samples
from the template, free-standing MHPFs were obtained with an
upper smooth cholesteric surface and a bottom patterned PS
microsphere array that was transferred from the PDMS sub-
strate. Contrary to the otherwise hydrophobic PS/PDMS inter-
face, the transfer assembly is formed by the strong interfacial
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adhesion achieved between the CNC matrix and the pretreated
hydrophilic PS surface.™ Normal view of the film’s upper sur-
face shows a series of tunable structural colors (blue, green, and
red) and varying photonic band gaps (405, 560, and 710 nm),
which can be ascribed to the increased helical pitch (Figure le
and Table S2, Supporting Information). Compared to the neat
CNC suspension, the addition of PVA can highly improve the
mechanical strength of the final composite films, switching
from stiff and brittle to ductile and flexible,®*! showing great
potential as a self-organized adhesive tape for a crack-free par-
ticle transfer imprinting process. Furthermore, the organization
of PS microspheres array can be readily achieved by modifying
the surface adhesion of PDMS substrate, therefore, transferred
into the CNC matrix with designed patterning (Figure S5, Sup-
porting Information).

The surface morphology and inherent cholesteric organi-
zation were characterized by scanning electron microscopy
(SEM). A case study considering MHPF2 with PS diameter
of 10 pm featured a micropatterned, long-range hexagonal
packing with plano-convex hemispherical morphology at the
bottom surface, whereas the upper side of film was particle-free
and glossy (Figure 2a,b). Fractures perpendicular to the film
surface showed a smooth inner surface at the cavity of the PS
microspheres and the lamellar twisted CNC structure in the
bulk phase, which implied a planar anchoring of CNC around
the PS microsphere (Figure 2c¢,d and Figure S6, Supporting
Information). The CNC director in the bulk matrix rotated in
a left-handed direction, consistent with cholesteric organiza-
tion and was responsible for the selective reflection of light.[3!

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Looking at the cross-sections of the film, the layered cholesteric
structure was varied along the curved PS interface, confirming
the deformed planar anchoring of CNC at the particle inter-
face during evaporation (Figure 2e and Figure S7, Supporting
Information).*®! Meanwhile, the PS microspheres could distort
the spatial ordering of liquid crystalline CNC matrix, creating
topological defects (e.g., dislocations and disclinations) in the
cholesteric matrix close to the particle surface (Figure 2f). Such
effects result from the capillary forces that develop between
neighboring PS microspheres, given that during the drying
process the evaporation rate at the bulk cholesteric phase
is faster than that at the CNC-PS interfacial region. The cal-
culated helical pitch near the PS interface was 300 + 10 nm,
smaller than the helical pitch in the bulk region (380 £ 10 nm),
which was ascribed to the kinetic arrest of cholesteric organi-
zation during the confined drying process.*”) Varying the size
of the PS microspheres embedded into CNC matrix through
evaporation-assisted transfer imprinting process, facilitates the
display of close-packed particle arrangement that is given by
the initial PS-PDMS substrate (Figure S8, Supporting Infor-
mation). Thus, we conclude that the PS microspheres have
dimensions orders of magnitude larger than the CNC nanopar-
ticles and their helical assembly, which enables the cholesteric
liquid crystal phase to be retained in the bulk matrix and to
be deformed around the PS template.”® In addition, the coas-
sembly of PS microsphere into CNC matrix can be manipulated
through the time used for plasma treatment, giving rise to a
less embedded (contact angle < 90°) or a completely embedded
(contact angle > 90°) PS microsphere array with varying curva-
tures (Figure S9, Supporting Information), providing a tailor-
able platform for the transfer imprinting process.

Based on the above, Figure 2g is sketched to illustrate the
hierarchical organization of CNC nanoparticles around PS
microspheres in MHPF composite. During the drying process,
the volume fraction of CNC particles continuously increases
and eventually self-assemble into a cholesteric glassy state.’!l
Owing to the elastic interplay between cholesteric CNC and
hydrophilic particle surface, the PS microsphere will deform
the liquid crystal interfacial region and generate a nontrivial
interfacial curvature with bend-splay orientation distortions
around the PS surface.**>2 However, in the bulk region which
far away from PS microspheres, the CNCs are freely assembled
with the bulk helix appear to be oriented normal to the film
surface.® As a result, the spatial ordering of cholesteric matrix
is distorted around the curved hydrophilic PS surface, with the
CNC orientation takes on a planar arrangement to lower the
anchoring energy,*! leading to long-range periodic assembly
in the bulk phase and a deformed helical organization at the
CNC-PS interface, with these arrangements further arrested in
solid film.

Shining light onto the micropatterned CNC-PS surface pro-
duced vivid structural color due to the selective reflection of
cholesteric matrix and retroreflection of the incident light along
the PS microsphere. Figure 3a shows the optical signature
of the MHPF sample upon light illumination. The micropat-
terned surface of MHPF2 composite displayed an opaque white
appearance under indirect diffuse illumination, whereas the
PS-free area showed vivid greenish structural color that resulted
from the helical organization of the CNC matrix. By contrast,
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upon directional illumination, the patterned PS area turned
into a luminous blue with glittery appearance, revealing the
photonic coupling between retroreflection and circularly polar-
ized selective reflection in the micropatterned PS area. Similar
optical shifting trends were observed in other samples with
different pitch and size of PS microspheres (Figures S10 and
S11, Supporting Information). Furthermore, the patterned PS
region exhibited vivid structural color with enhanced visibility
and conspicuity under left-handed circularly polarized (LCP)
illumination, while the same pattern taken under right-handed
circularly polarized (RCP) illumination was inconspicuous
(Figure 3b), implying selective reflection of circularly polarized
light with specific handedness. Apart from polarization, the
retroreflection signals depended on the viewing and illumina-
tion angles, showing angular-dependent response upon non-
coaxial illumination and angular-independent response with
coaxial condition (Figure S12, Supporting Information). Owing
to the PS microspheres in close proximity to the cholesteric
CNC matrix, the obtained photonic coupling (retroreflection
and selective reflection) cannot be macroscopically resolved,
instead, they merged together to create an additive effect on
illumination-induced structural color, which presented distinc-
tive glittery colored appearance.

To investigate how the retroreflection occurs at the micro-
scopic CNC-PS interface, the MHPF composite was further
analyzed in reflection mode, with light source directed normal
to the film surface. A previous report demonstrates that the
ratio of particle size and incident light wavelength (D/A) has
a strong influence on retroreflective light intensity.>3 Indeed,
the retroreflection signal is suppressed when the size of the
PS microspheres (D) is smaller than the incident wavelength
(A). By contrast, the retroreflection signal increases when D is
between two- and fourfold greater than A, reaching a maximum
intensity when D > A. Sweeping the focus plane of MHPF3 sur-
face at different depths led to varied reflected signals through
the embedded PS microsphere (diameter of 15 um, Figure 3c
and Movie S1, Supporting Information). The micropatterned
surface was blurry when we focused on the upper and lower
edge of the PS microsphere, characteristic for imaging out-of-
focus. The central reflection spot was observed at the depth
that focused on the top edge of PS microspheres, whereas a
radial peripheral light pattern was formed by focusing the inner
part of the PS microspheres, due to the light reflection toward
neighboring microspheres.> Therefore, the transparent PS
microsphere acted as ball lens retroreflectors on the cholesteric
matrix, resulting in illumination-induced glittery colored
appearance due to the light reflection from PS-CNC interface,
rather than interference from the surface array. MHPF samples
with varied helical pitch of CNC matrix and different PS micro-
sphere size presented similar optical signatures (Figures S13
and S14, Supporting Information). As a comparison, Figure 3d
shows the optical signatures of micropatterned surface under
different polarized illumination states that in focus. In specific,
the central reflection spot disappeared under crossed polarized
state and the transparent PS layer still remained birefringent,
owing to the bottom cholesteric CNC matrix. This phenom-
enon can be ascribed to the optical extinction of reflected lin-
early polarized light with a perpendicular polarization direction
with respect to the analyzer. By contrast, POM images taken

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Photographs of PS microspheres (15 um) in MHPF2 under indirect diffuse illumination (left) and directional illumination (right). The
PS particles are assembled into an “Al” shape to highlight the micropatterned surface. b) Photographs of MHPF2 under directional LCP (left) and
RCP (right) illuminations, respectively, showing the polarization-sensitive retroreflected structural color. c) Optical images of MHPF3 that focus on
the micropatterned surface at different focus planes. The insets correspond to the focus planes at the PS-CNC surface. d) Regular optical image and
POM images of the MHPF3 micropatterned surface with linear-crossed, LCP and RCP polarizer. Insets are their corresponding UV—vis spectra under
different polarization states. e) Schematic description of the polarization-sensitive retroreflection. The incident light splits into LCP and RCP parts at
the PS-CNC interface with the LCP light reflecting along its incident direction.

with circular polarizations showed that the CNC-PS retrore-
flector predominantly reflected LCP light while the RCP coun-
terpart penetrated through the CNC matrix. The polarized
UV-vis spectra presented double-peak spectral feature at 540
and 710 nm for unpolarized and LCP states and suppressed
under crossed-polarized and RCP states (Figure 3d, inset),
revealing polarization-sensitive reflections in micropatterned
surfaces. Therefore, we suggested that there occurred a strong
light-matter interaction between cholesteric CNC matrix and
embedded PS microsphere, namely, the photonic coupling of
selective light reflection and retroreflection.

A sketch of the proposed optical mechanism for polarized
light retroreflection is shown in Figure 3e. For small incident
angles, the retroreflective results are close to those at normal
incidence due to the cylindrical symmetry of the PS beads
around the optical axis of the incident beam (Figure S15, Sup-
porting Information), whereas symmetry broken occurs for
the scattered background light at larger angles.” When the
incident light reaches the upper surface of the transparent
PS array, it will be first refracted at the air-PS interface, then
penetrating to the lower surface of the PS layer and be further

Adv. Optical Mater. 2021, 9, 2002258 2002258 (5 of 9)

selectively reflected at the CNC-PS interface. This interfacial
region acts as a concave spherical mirror with required curva-
ture for retroreflection with specific polarization.® The LCP
light that matches the handedness of cholesteric CNC matrix
is internally reflected back through the frontal surface of PS
microsphere and refracted in a direction parallel to its origin,
whereas the RCP portion of the incident light passes through
the cholesteric CNC matrix.l! As a comparison, the retroreflec-
tion signal for a cholesteric-free CNC-PS reference sample is
negligible (Figure S16, Supporting Information), which is a
consequence of the small difference in refractive index between
PS microsphere (nps = 1.59) and cholesteric-free CNC matrix
(nene = 1.56). When light propagates from the PS layer into the
CNC matrix, the reflectivity (R) of the interfacial region can be
expressed by the Fresnel equation™ R% = [(nps — nene)/ (ps +
nene)]? % 100 and calculated to be 0.009%, implying that most
of incident light is transmitted. Based on this, the cholesteric
matrix at the CNC-PS interface appears to play a critical role
in retroreflection, namely, the incident light is selectively split
into opposite circularly polarized states with enhanced reflec-
tivity (up to 50%), leading to chiral light-matter interactions

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Optical imaging performance of MHPF sample as polarization-sensitive MLAs. a) Schematic setup of the optical system for imaging a
centimeter-sized mask of inverted “Al”. POM images of the MLAs composed by b) cholesteric and c) nematic CNC matrix, respectively. The PS micro-
spheres in each MLAs are 15 um and illuminated without mask. d) Optical image of the “Al” array projected by MHPF3 with PS diameter of 15 um.
Inset is the magnified image array with high projecting quality. e) The Fourier transformed images from (d). f) POM images of the “Al” array projected
under linear-crossed, LCP and RCP polarizers (MHPF3 with PS diameter of 15 um), showing polarization-dependent imaging performance.

at the CNC-PS interface and serving as polarization-sensitive
microarray.

Instead of light impinging on the micropatterned PS sur-
face for retroreflection, when collimated light beam is directed
on the smooth cholesteric CNC matrix and passed through PS
layer, the transmitted light converges into the common image
plane of each individual microspheres, thereby resulting in a
plano-convex MLA. The focal length fin the MHPF sample is
polarization independent and determined by the size of the
embedded PS microspheres, f = ncencR/(nps — 1) where R is
the radius of curvature that can be estimated as the radius of
PS microsphere.'® Thus, the calculated focal length for MHPF
samples with varying size of PS microspheres (5, 10, and 15 um)
are 13.2, 26.4, and 39.6 um, which, in turn, the corresponding
MLAs are able to concentrate light and project image at varying
image planes. To inspect the optical microlens property of the
MHPF sample, a projection experiment was performed with a
homemade optical setup that shown in Figure 4a. The MHPF
sample was placed on the microscope stage with the convex PS
surface against the objective and illuminated with white light
through a projection mask with =1.5 cm in size, then scanned
along the z-direction of the microscope. The z = 0 position was
defined as the MLA top surface located at the microscope objec-
tive focus and no diffracted image array was observed from the
MLA (Figure S17, Supporting Information). Clear projected
image array was observed when the focal point of the objective
lens was moved to the focal plane of the MLA (positive z posi-
tion), whereas blurred image array was either underfocused or
overfocused (Figure S18, Supporting Information). Figure S19
in the Supporting Information presented the focused light spot
image and the corresponding light intensity distribution for
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MHPF sample with different sizes of PS microspheres. The
light spots in an orderly fashion had the same peak intensity,
which implied the uniformity of the MLA.

To evaluate polarization imaging property, we compared the
MHPF sample (cholesteric CNC matrix with PS microsphere array)
with cholesteric-free reference sample (nematic CNC matrix
with PS microsphere array) under crossed polarizers and
without mask illumination. Owing to the structural differ-
ences in the CNC matrix, the POM image of the MHPF-
derived MLA showed birefringence in each microlens,
whereas the cholesteric-free reference MLA presented an
array of Maltese cross-like pattern (Figure 4b,c and Figure S20,
Supporting Information). When the linearly polarized light
was directed on the MHPF sample, the incident light passed
through the cholesteric matrix and turned into RCP state
that could further propagate through the analyzer. Whereas
the crosspattern could be ascribed to the nematic ordered
CNC-PS microlens that modulated by both linearly polar-
ized incident light and orthometric analyzer.’® Furthermore,
a hexagonal array of inverted virtual images “Al” was clearly
captured upon masked illumination, which was due to the
convex structure of the MHPF surface, capable of focusing
light (Figure 4d). The projected images were 5.5 um in size
and uniform in shape, which was 2700 times smaller than
the projected object, implying the uniformity and accurate
surface topography of the MLA system. This could also be
confirmed by a Fourier transformation analysis of the image,
which showed discrete dot patterns due to the uniform and
well-ordered repeating units (Figure 4e). Tuning the size of
PS microsphere in MLA and object distance in projecting
system would effectively manipulate the size of image array

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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and ensure high-resolution imaging capability (Figure S21 and
Movie S2, Supporting Information). In addition, on account of
the birefringent characteristic of cholesteric CNC matrix, the
obtained MLAs demonstrated pronounced polarization-sen-
sitive imaging. The projected image array was clearly visible
under crossed-polarized and LCP illumination but fully extin-
guished under RCP illumination (Figure 4f), revealing that the
interior CNC cholesteric structure endowed chiral modulation
to the transmitted light and exhibited polarization-sensitive
focus plane. On the contrary, the reference cholesteric-free
MLA displayed a polarization-independent imaging perfor-
mance under LCP and RCP illumination and deformed image
array under crossed polarizers (Figure S22, Supporting Infor-
mation). Therefore, these unique MLAs made of anisotropic
CNC matrix and micropatterned isotropic PS microspheres
offered a general platform for the developing of polarization-
dependent micro- and nano-optics.

3. Conclusion

To conclude, we have developed a new kind of photonic struc-
ture composed of optically tunable cholesteric CNC matrix and
micropatterned PS microsphere surface array. In the present
work, both bottom-up and top-down approaches were com-
bined in the transfer imprinting process. This includes CNC
self-assembled into a helical organization and an adhering
monolayer of PS microspheres from the pre-engineered PDMS
mold. The system departs from any previous constructs given
the integration of retroreflector and MLA into a single photonic
structure, allowing a better understanding of the chiral light—
matter interactions in MHPF, e.g., arising from a hierarchi-
cally organized CNC-PS binary structure. The latter acts as a
photonic retroreflector platform that results in vivid structural
color with enhanced visibility while incorporating the MLA
functionality for light focusing and to project miniaturized
image arrays. The ease of fabrication, scalability of the micro—
nano transfer imprinting method, together with custom-tailored
photonic structure, will make the micropatterned MHPF con-
cept particularly attractive for multifunctional optical devices,
bearing great potential for metamaterial design and fabrication.

4. Experimental Section

Preparation of PDMS Substrate: The PDMS support used for rubbing
was prepared with conventional prepolymer and curing agent (a weight
ratio of 10:1 was used to increase friction with the PS microparticles).
For the PDMS substrate used for particle coating, a weight ratio of
2:1 was used, which reduced the particle-substrate adhesion energy
and facilitated contact between PS microparticles and the PDMS
substrate.l’” In brief, 5.0 g of the mixture was poured onto a Petri dish
(60 mm diameter) with a PDMS layer of 2 mm thickness. Afterward,
the mixture was degassed in a vacuum oven at room temperature for
20 min and crosslinked in an oven at 70 °C for 3 h.

Preparation of Single Crystal Monolayer of PS Microsphere on PDMS
Substrate: Typically, a freshly prepared PDMS substrate (weight ratio of
2:1) was fixed on the stage. After placing a small amount of PS powder
(0.01 g), the bottom support was covered with an PDMS-coated (weight
ratio of 10:1) glass and rubbed back and forth (30 times) in the in-plane
direction under a loading pressure and moving speed of 10° Pa and
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5 mm s~ Then, the residual particles were blown off by compressed
air flow, resulting in a monolayer array of PS microparticles.”] In order
to hydrophilize the topmost section of the PS microparticle layer and
PS-free PDMS substrate, the prepared micropatterned PS-PDMS
substrate was placed in a plasma vacuum chamber (Diener Surface
Plasma Cleaner, Pico) for oxygen plasma treatment at 250 mTorr for
a given time (10 s, 2 min, and 5 min, respectively). Following this
procedure, a partially hydrophilic monolayer of PS microspheres was
obtained on the surface of the PDMS substrate (with the bottom
section comprising the hydrophobic side of the PS array). This system
was then used as template for the transfer-imprinting process.

Preparation of Patterned PS Microspheres on PDMS Substrate: The
patterned PS-PDMS support was prepared by a selective ultraviolet
oxidation treatment, as reported by Park et al.l’¥l Briefly, the cured PDMS
substrate (2:1) was covered with a homemade mask (letter “Al”) and
exposed to ultraviolet-ozone for 60 min to decrease the adhesion energy
of the uncovered PDMS surface. Following, the mask was removed and
the PS microspheres were assembled on the PDMS support by using
the same procedure as that used for directional rubbing. Then, the
excess amount of PS microspheres was blown off by compressed air
flow. Due to the differences in the adhesion energy between masked and
unmasked PDMS supports, the PS microspheres presented stronger
interactions with the masked PDMS support and resulted in the
formation of the mask pattern upon flowing compressed air. Finally, the
prepared patterned PS-PDMS substrate was placed in a plasma vacuum
chamber (Diener Surface Plasma Cleaner, Pico) for an oxygen plasma
treatment (2 min) to make the uppermost layer hydrophilic, to facilitate
the transfer-imprinting process.

Preparation of CNC Suspension: In a typical experiment, 50 g of
bleached soft wood pulp was milled using a commercial pulper
containing 1000 mL of deionized water, followed by oven-drying. Next,
20 g of milled pulp was hydrolyzed in 200 mL of H,SO, (1g pulp/10 mL
H,SO,) aqueous solution (64 wt%) under vigorous stirring at 45 °C for
60 min. The pulp slurry was diluted with cold deionized water (about
ten times the volume of the acid solution used) to stop the hydrolysis
and allowed to subside overnight. The clear top layer was decanted
and the remaining cloudy layer was centrifuged. The supernatant was
decanted and the resulting thick white slurry was washed three times
with deionized water. Finally, the white thick suspension was placed
into a Millipore ultrafiltration cell (model 8400) to wash the cellulose
nanocrystals with deionized water until the pH of solution was stable at
3 (usually take 4-5 d). The thick pulp slurry from the Millipore cell was
diluted to 5 wt% and sonicated for 2, 5, and 10 min, for further usage.[*l

Preparation of MHPF Composites: Typically, an aqueous CNC suspension
(5 g 5.0 wt%) was mixed with 0.25 g PVA powder (CNC:PVA weight
ratio of 1:1) and stirred at room temperature for 3 h to allow for the
formation of a homogeneous mixture, which was used as CNC-PVA ink
for transfer-imprinting. Then, the ink was transferred onto the surface
of the preprepared micropatterned PS-PDMS substrate (PS diameter
of 5.0 £ 0.15, 10.0 £ 0.1, 15.1 £ 0.26 um) and allowed to evaporate under
ambient conditions to form solid films on the surface of PDMS (typically
after =2 d), generating CNC-PVA composite with cholesteric ordering.
Finally, the CNC-PVA films was carefully peeled off from the PS-PDMS
substrate with the micropatterned PS microspheres imprinted onto the
bottom surface of the film, giving rise to free-standing micropatterned
CNC-PS films. Depending on the sonication time of the initial CNC
suspension (2, 5, 10 min), the resulting composites are herein referred
to as MHPF1, MHPF2, and MHPF3 with the respective structural color
being blue, green, or red. The corresponding PS-free composites were
used as reference samples (referred to as REF1, REF2, and REF3) and
prepared following the same conditions, casting the CNC-PVA ink onto
plasma treated PDMS sheet with a smooth surface, in the absence of PS
microspheres.

As a comparison, a micropatterned CNC-PS composite film without
cholesteric ordering was prepared by casting an ink consisting of CNC-PVA
and NaCl onto a wrinkled PDMS mold, following a similar process as that
described above. Typically, the ink was prepared by mixing PVA (0.25 g) with
an aqueous CNC suspension (5 g, 5.0 wt%) through vigorous stirring for 1h
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and then NaCl was added into the mixture for a final concentration of 5 x
1073 M. Afterward, this CNC-PVA-NaCl ink was casted onto micropatterned
PS—PDMS substrate for 2 d to generate a CNC-PS composite film with
nematic ordering (cholesteric-free) on the micropatterned surface.

The preparation process used to engineer patterned MHPF followed
that of the regular MHPF sample. Typically, the CNC-PVA ink (CNC
5 g, 5.0 wt%; PVA 0. 25 g) was casted onto the micropatterned PS—
PDMS substrate with engineered surface pattern (letter “Al”). After the
CNC-PVA composites were dried, peeling off the film imprinted the PS
microsphere array into the cholesteric CNC-PVA film, leading to a free-
standing engineered MHPF.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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