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Self-organization of chiral superstructures in liquid crystal (LC) materials is a powerful tool in
developing functional devices based on soft matter. The control and manipulation of the
helical axis orientation in chiral nematic liquid crystals (CLCs) are currently attracting
significant attention, but are hindered by limited control over the anchoring at the interfaces.
The development of new alignment techniques with local control over polar and azimuthal
anchoring can open up a wide range of possibilities. Here a new photo-alignment process
based on a mixture of photo-sensitive azo compounds and homeotropic alignment materials is
developed and demonstrated. The alignment of the LC director near the surface depends on
both intensity and polarization of the UV illumination. By two-beam interference UV
illumination, periodic stripes of planar and homeotropic anchoring are realized. In addition it
is demonstrated that the stripes of planar and homeotropic anchoring stabilize and align
cholesteric fingers in cells with thickness smaller than the pitch. The 2D director
configuration in the cholesteric fingers is identified by matching the experimental

observations with numerical simulations based on finite element Q-tensor calculations.
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Nematic liquid crystals (NLCs) have unique electro-optic properties and in particular chiral
nematic liquid crystals (CLCs) can be used in a variety of applications such as mirror-less
lasing, tunable diffraction gratings, color filters, lenses, displays, etc.! Their self-
organization into supramolecular structures together with their responsiveness to external
stimuli offers them unique functional properties.”” Being able to control the alignment of LCs
and especially CLCs on a micrometer-scale is therefore extremely important, both from a
fundamental and an application-oriented point of view.

In this work we report on a new photo-alignment technique which allows micrometer-scale
periodic variations of the anchoring. This alignment technique can be used to study the
alignment of long-pitch CLC structures, as will be discussed, but also offers interesting
possibilities for the realization of diffraction gratings and for the stable alignment of a short-
pitch uniform lying helix for lasing and display applications.) The novel method that we
introduce for spatially controlling the polar and azimuthal anchoring at an interface allows us
to obtain periodic stripes with planar and homeotropic anchoring with two-beam UV
interference. The method is based on a mixture of homeotropic alignment material and azo-
based photo-alignment material illuminated with a periodic pattern of linearly polarized UV
light. To the best of our knowledge, this is the first demonstration of controlling azimuthal
versus polar anchoring by a mask-less UV interference illumination method. In the past,
reversible switching between uniform homeotropic and planar alignment was demonstrated
by using cis-trans photoisomerization and patterned homeotropic and planar alignment was
achieved by depositing self-assembled monolayers of molecules.! Chen et al. also
established a photo-alignment technique that makes use of a mixture of nanoparticles and azo-
dyes in the LC.[" In order to stabilize a lying helix structure, different methods were used to
obtain a similar periodic anchoring: a polyimide layer with planar alignment was coated with
a chromium complex surfactant for homeotropic anchoring and patterned by hard-contact

photolithography.[*¥ Alternatively, a mixture with photoreactive cholesteric monomer was
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spincoated on top of an alignment layer with large pretilt and photopolymerized.*"! The
photo-alignment technique that we propose here is mask-less, allows high resolution and is
based on the deposition of a single layer and therefore excels in versatility and ease of
realization compared to previously reported methods. We expect that a further optimization of
the technique can lead to full control of the azimuthal and polar alignment properties on a
micrometer scale. This is not only interesting for the aforementioned applications but has very
promising applications in geometrical phase optics and can lead to improved control over the
mechanical response of liquid crystal elastomers.”! Moreover, Qian et al. found that spatially
varying alignment can lead to multiple-degenerate orientational states in the bulk and that the
effective anchoring strength can be tuned by varying the alignment texturing.’®! Additionally,
the rewritability of photo-alignment materials might allow an in-situ optical manipulation and
reorientation of the LC structures. In combination with stimuli-responsive LCs this may lead
to a wealth of new possibilities. Both light stimuli, thermal stimuli and electrical stimuli have
proven to be very promising for different applications.[z]

CLC in bulk spontaneously forms periodic helical structures and the distance over which the
molecular director rotates by 27 is called the pitch p. In the past, a lot of attention was given
to the analyses of long pitch cholesteric structures in frustrated cells (small d/p ratio with d the
cell tickness) or in microchannels with homeotropic boundary conditions.®! The director
configuration in these type of cells strongly depends on the dielectric and elastic properties of
the used CLC material, on the frustration ratio p=d/p and on the applied voltage. Four
different kinds of cholesteric fingers (CFs) can be identified and also the translationally
invariant configuration often occurs in thin cells with homeotropic boundaries.* ¢ 334!
Confinement-unwound CLC systems also offer an interesting playground for the formation
and self-assembly of bubble domains, triple-twisted elastic quasi-particles dubbed torons and
skyrmionic particles.[®33!3m3n3030] The formation of all these different structures relies on

the existence of a competition between anchoring forces at the surface and the chirality of the
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material. So far, geometrically frustrated CFs, in-plane lying helix structures and particle-like
structures were mainly studied in cells with uniform alignment (homeotropic, tilted or planar).
We apply our photo-alignment technique, with micrometer-scale periodic variations of the

anchoring, to stabilize new CLC superstructures.

To obtain an alignment pattern with periodic stripes of planar and homeotropic anchoring we
started from a mixture of homeotropic alignment material (SE 4811, 10wt%) and photo-
alignment material (PAAD 22, 90wt%). By using this mixture of compounds, homeotropic or
planar alignment can be obtained, depending on the properties of the UV illumination. We
designed an interference setup with two p-polarized beams with identical amplitude Eo,
incident in the xz plane, with an angle 6yy with the normal, so that the resulting electric field
at the substrates is periodically varying as a function of x, as illustrated in Figure 1. In the
plane of the substrate (z=0), the x- and z-components of the incident electric field are given by
(with k=27/A, ®=k ¢/n):

Ex= 2 Eg sin(k sin(Byy) x) cos(Buy) cos(m t) 1)
E.= -2 Eq cos(k sin(Buy) X) sin(Buyv) cos(o t) (2)
Because +E and —E give rise to the same alignment, the period of the photo-alignment is
M(2sin(Byy)). In our experiment A=355nm and Oyy~1.2°, yielding a period of =<9um. The
small angle between the interfering beams leads to a small value of E,, negligible with respect
to Ex.

Experimentally we observe that in the absence of UV illumination, the mixture gives rise to
homeotropic alignment while strong linearly polarized UV illumination gives rise to planar
alignment. Evidence for this is given in the supporting information (Figure S2). If the
material is illuminated with two interfering UV beams, we observe stripes with planar
alignment, separated by stripes with homeotropic alignment (Figure 1). From polarization

microscopy, we find that homeotropic alignment is preserved in region 1 where E is small,
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while the LC has obtained planar orientation in region 2 (Figure 1). By adding a dichroic dye
to the LC mixture we verified that the LC alignment in the region with planar orientation is
along the y-axis (Figure S1 in the supporting information). This corresponds to reorientation
of the photo-alignment molecules along the y-axis under influence of the electric field of the
UV light in region 2. Only in the regions in which the photo-alignment material is well-
oriented by the UV illumination, planar alignment is dominant over the influence of the
homeotropic material. The above mentioned mixture is therefore well-suited to obtain a
periodic pattern of planar and homeotropic anchoring. We did not investigate the molecular
structure of our alignment layer in detail and did not experimentally study the anchoring
strength. However, we expect that the anchoring strength is weak near the border (between
planar and homeotropic) and becomes stronger further away from the border. The exact
variation in the anchoring strength will depend on the intensity profile of the illumination
pattern and on the characteristics of the alignment mixture. Moreover, surface gliding of the
director at the interfaces can influence the alignment strength in the transition region between
the homeotropic and planar areas. Figure S2 (in the supporting information) shows lines with
planar anchoring and a width close to 1 um at the edge of the illuminated area, which
indicates that the polar anchoring strength in the planar regions is quite high (it is namely high

enough to overcome the elastic energy of a rapid variation in the director).

This kind of periodic alignment is interesting for diffractive applications and is expected to
have a strong influence on the alignment of CLCs. It is well known that in frustrated cells of
CLC, in which the substrates are treated with a homeotropic alignment layer, the confinement
ratio p=d/p is important: for p<1 the CLC unwinds into a homeotropic state, while CFs are
formed for slightly larger p. We show that the periodic alignment technique described in this
article, can stabilize CFs for smaller values of the confinement ratio. The presence of stripes

with preferential planar orientation strongly reduces the elastic energy in the CFs and
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determines their orientation in the plane of the substrate. In Figure 2 experimental results are
given for our cells with p =1/4. The results demonstrate that in the non-illuminated area the
CLC is unwound and homeotropically aligned, while in the central area illuminated with the
UV interference pattern, a periodic structure of CFs is formed. Although the structure contains
some defects, it clearly demonstrates that the periodic alignment pattern helps to stabilize and
align CFs in confined geometries.

The thin orange lines that show up here and there in Figure 2 correspond to the director
configuration making a m twist which we call the CF3p configuration (due to the similarity
with CF3 in homeotropic cells), where p stands for the partial planar alignment at the
interfaces. This type of CF can be easily recognized since the planar region appears black at
0° and bright at 45° between crossed polarizers. The majority of the CFs in the area with
periodic stripes of planar and homeotropic alignment are of a different type, because they are
broader and consist of two bright lines with a darker line in the center. From the polarizing
microscopy images (with the polarizers along x and y) it is clear that the director of the CLC
does not remain in the yz plane (as defined in Figure 1) because bright lines are visible. In
some regions of the CFs the director obtains an important x-component and with the help of

numerical simulations we determine the director configuration.

Finite element (FE) simulations based on Q-tensor theory are performed to find the
equilibrium director configuration and Jones calculus is used to find the corresponding
transmission. ) The Q-tensor, which is a symmetric, traceless tensor order parameter of rank
two is used to represent the LC. Nematic distortions correspond to spatial variations in the
eigenvectors and eigenvalues of Q. The Landau-de Gennes free energy density contains a
thermotropic bulk term, an elastic distortion term, an electrostatic energy term and a
contribution of the surface energy density. *°°/ |n our simulations the elastic and dielectric

properties of E7 are used (K11=11.1pN , K»,=6.5pN, K33=17.1pN) together with some
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characteristic values for the bulk thermotropic coefficients. Very few measurements of
thermotropic coefficients are found in the literature so we use thermotropic coefficients based
on the ones measured for 5CB at a reduced temperature of -2°, giving rise to an equilibrium
order parameter of 0.54. ™ As is common in Q-tensor simulations, we use 100 times smaller
values for the thermotropic coefficients to increase the natural length scale of variations in the
order parameters and to obtain faster numerical convergence.™®° More details of the
simulation method can be found in the supporting information and in previous articles.[*%"-
10d]

In cells with homeotropic alignment filled with CLC, four types of CFs have been reported
and the director profile in these CFs has been simulated and experimentally verified with

[3¢:3d:3e3139.3131 - o simulation results for the

fluorescence confocal polarizing microscopy.
three most common types of CFs (CF1, CF2 and CF3, according to the classification of
Oswald et al.) are illustrated in Figure 3.2% For ease of comparison, we use the same cell
thickness (4um) and width of the unit cell (8uum) as in our experiments, but the pitch is
reduced to p=3.5um to obtain stable CFs in a cell with homeotropic alignment (p>1). The
director configuration as a function of x and z is shown together with the representation on the
unit sphere S?, according to the definition by Lequeux et al. ¥ In this representation, the end
point of the director on the unit sphere is shown as a function of x, for a few discrete values of
z. Only lines in the lower half of the cell are represented because the director in the top half
can be deduced from symmetry arguments. The CF1 can continuously form from the
translationally invariant configuration and easily nucleate from the homeotropic unwound
structure. It does not involve dislincations and the director roughly makes a 2z twist around
an axis that is tilted away from the cell normal. The CF2 also involves a 2z twist but cannot

spontaneously nucleate from the homeotropic state and two point defects are required, one at

either end of the finger. The metastable CF3 contains two twist disclination lines of opposite
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sign (near the top and bottom substrate) and is not frequently observed. The CF3 is easily
recognizable since it only has a 7 twist and is therefore thinner than the other fingers.

The initial director configurations that we used in the simulations for cells with stripes of
planar and homeotropic anchoring are inspired by the CFs in homeotropic cells. The cell
thickness is 4um, the CLC pitch is 16um, the lateral dimension of the simulation area is 8um
and the width of the planar alignment region is set to 4um. An abrupt transition from strong
homeotropic to strong planar alignment is assumed. Starting from the CF3 configuration and
using the periodic boundary conditions at the interface, we find the stable CF3p configuration
shown in Figure 3d. Away from the interfaces, this configuration is similar to a CF3 in a cell
with homeotropic alignment. Because of the periodic planar/homeotropic alignment, each ©
disclination that is present in the CF3 is replaced by two 7/2 disclinations at the edges of the
alignment regions. The simulation results in Figure 3 show that also the CF1 and CF2 in
homeotropic cells can be transformed into equivalent structures in our cells with stripes of
planar and homeotropic anchoring. Both structures do not contain any singular disclinations
and we call them CF1p and CF2p, with p again referring to the partial planar alignment.

The difference in the director pattern between the CF1p (Figure 3i) and the CF1 in
homeotropic cells (Figure 3a) is mainly related to the difference in pitch. In homeotropic cells
CFs are only formed when the pitch is small (p >1), while in our cells with periodic alignment
the pitch is larger (smaller p). For a larger confinement ratio p the twist axis is tilted further
from the substrate normal and the structure better resembles the CF1 (Figure S2 in supporting
information). We did not experimentally study geometries with shorter pitch (p values close
to 1) but, based on the simulations, we can expect that the director configuration will
continuously adapt towards a more twisted structure. This study demonstrates that a
periodically varying alignment layer can induce chiral structures in thin devices (d<p) that

would otherwise give rise to a spatially invariant director configuration.
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The simulated transmission through the cell in Fig. 3 is an approximation, because it is based
on the Jones calculus (one calculation for every x-coordinate) and does not take into account
the spectrum of the incandescent microscope lamp. When the microscope images are
compared to simulated transmissions, it is clear that the majority of the observed textures
corresponds to the CF1p director configuration. The middle of the finger appears pink at 45°
and rather dark at 0° while the edges are typically yellowish or greenish. The image is
symmetric with respect to the middle of the CF1p and the transmission between crossed
polarizers is brighter at 45° between crossed polarizers than at 0°. The brightness of the
experimental images (Figure 2) is adjusted to make the textures visible but also

experimentally the transmission is higher when the fingers are oriented at 45°.

In summary, a new liquid crystal photo-alignment technique for full spatial control of planar
and homeotropic anchoring was presented. The technique relies on a competition between
homeotropic and planar alignment materials which is controlled by UV illumination. We have
shown that UV interference illumination of the two-component alignment layer produces
periodic stripes of homeotropic and planar anchoring, which could previously only be
obtained with complicated techniques. The periodic planar and homeotropic anchoring at the
surface can be made visible by filling the cell with NLC, and can also lead to complex and
interesting 2D alignment patterns when the cell is filled with CLC. The periodic alignment
stabilizes the formation of CFs, which appear for confinement ratios p=d/p far below the
unwinding transition in homeotropic cells. This opens up new possibilities regarding optical
properties, electro-optical behavior, tunability, etc.

With the help of FE Q-tensor simulations the director configuration in 2D for different
geometries was determined. We demonstrate that in devices with periodic alignment, the

director configurations are equivalent to the well-known CF1, CF2 and CF3 in homeotropic
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cells. The CFs observed experimentally are in good agreement with the simulations for the
CF1p structure.

Our work demonstrates that it is possible to use spatially varying UV illumination to realize
any azimuthal direction of planar alignment (using linearly polarized UV light with sufficient
intensity) or homeotropic alignment (for weak UV illumination). ). We focused on a simple
illumination technique with two interfering beams to demonstrate the usefulness of our
method but with the help of a direct write system, a digital spatial light polarization converter,
a mask illumination technique or a more complicated interference setup, a wide variety of
complex alignment patterns should be achievable.l*YI This may be a very useful technique to
realize new geometric phase optical components and develop NLC or CLC display modes, as
for example the lying helix mode. In combination with stimuli-responsive LCs this can lead to

a wealth of new phenomena and applications.

Experimental Section

Materials and cell preparation: A mixture of homeotropic alignment material (10 wt%, SE
4811, Nissan Chemical Industries) and photo-alignment material (90 wt%, PAAD 22, Beam
Co.) is used. PAAD 22 is an azo-based compound that, after illumination with linearly
polarized UV light, tends to align the LC director perpendicularly to the polarization direction.
The glass substrates (Delta Technologies, ITO coated float glass 1.1mm) were treated with
UV-ozone (15 min at 90°C, Novascan) and after stirring (>12 h) the mixture was spincoated

at 2500 rpm for 15 sec. After 3min prebake (90°) on the heating stage the samples were baked
in the oven (1h, 180°). The substrates were glued together using a glue (NOA68) with
spherical spacer balls (4 um) near the edges. A mixture of the NLC E7 and the chiral dopant

BDH 1305 was used in the experiments, resulting in a CLC with p=16 um.
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[llumination: The cells were illuminated with a UV interference pattern (A=355nm, 6y\~1.2°,
period=9 um) during 2 min with 70mW over an area of ~0.4 mm? before being filled with LC
above the nematic/isotropic transition temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) UV interference illumination setup (CW = continuous wave, HWP = half-wave
plate, PBS = polarizing beam splitter); b) Periodically varying polarization pattern at the
substrate created by two-beam interference; c-f) Polarizing microscopy images of a cell filled
with NLC for different magnifications and different orientations with respect to the polarizers.
In c) the surface periodicity is aligned with the polarizer while in d-f) the surface periodicity
is rotated 45° with respect to the polarizers. A schematic representation of the director
configuration is given in e) (dot: homeotropic alignment, line: planar alignment).
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Figure 2. Polarizing microscopy images of a cell filled with long pitch CLC (p=16um,
d=4um) with a smaller (a and b) and a larger (c-e) magnification. a-b) The illuminated area is
surrounded by a homeotropic unwound region. c-e) in the illuminated area mainly CF1p
structures are observed. Figures a and c are taken shortly after filling the cell, the others

(b,d,e) after two months.
(a) (b)
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Figure 3. a-c) simulated director configuration and representation on the unit sphere for CF1
(@), CF2 (b) and CF3(c) in a cell with homeotropic alignment (d=4um, p=3.5um). i-iii)
Simulated director configuration, representation on the unit sphere and transmission between
crossed polarizers for CF1p (i), CF2p (ii) and CF3p (iii) in a cell with periodic stripes of
planar and homeotropic alignment (d= 4um, p=16um). A cross section (xz-plane)
perpendicular to the finger axis and the representation on the unit sphere are shown. The
perpendicular transmission is simulated as a function of x.
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A novel mask-less photo-alignment technique with spatial control over polar and
azimuthal anchoring is presented. A single layer of two-component alignment material is
illuminated with two-beam UV interference to create periodic stripes with planar and

homeotropic anchoring. This anchoring pattern helps to stabilize and align new chiral liquid
crystal superstructures in confined geometries.
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Verification of the proposed photo-alignment technique and comments about the stability:
Figure S1 shows the results for a cell filled with a mixture of NLC E7 and dichroic dye
(1wt%). With the help of these experiments it can be confirmed that, in accordance with the
theory, the alignment in the planar stripes is along the y-direction, parallel to the stripes.
Figure S2 shows the effect of an increased UV dose on the obtained surface alignment. The
same interference illumination pattern was used (period=9 um) but the illumination time and
power were increased to 3 min and ~80 mW. Only the edges of the illuminated area show the
previously described stripes of planar and homeotropic anchoring while over-illumination in
the central part leads to a uniform planar alignment. This demonstrates that the UV dose can
control the transition between homeotropic and planar anchoring. Moreover, at the edge of the
illuminated area approximately 1 um thick lines with planar anchoring are observed, which
indicates that the polar anchoring strength in the planar regions is high enough to overcome
the elastic energy of a rapid variation in the director.

The photo-stability and thermal stability of the proposed alignment material was not studied
in detail but our experiments indicate that the induced alignment is well preserved for at least
a couple of months when the cell is stored at room temperature in a dark environment. As

demonstrated previously, to improve the stability of the system a thin layer of liquid crystal
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monomer can be polymerized onto the alignment layer or the complete LC cell can be

polymerized.

Comments about the molecular structure of the alignment layer:

The alignment layer consists of a mixture of homeotropic alignment material (SE 4811) and
photo-alignment material (PAAD22). Multiple photo-alignment materials are available and a
lot of them are based on azo-compounds but the working principles can be different . The
photo-alignment material PAAD 22 shows planar degenerate anchoring before UV
illumination and planar alignment in one direction after linearly polarized UV illumination.
The working principle is based on successive excitation and reorientation of the azo-based
molecules whereby the chance for excitation depends on the orientation of the molecular
absorption oscillator with respect to the direction of linear polarization of the light. This
process of angular redistribution leads to photoinduced orientational ordering.” The imidized
polyimide SE 4811 has a relatively rigid backbone with alkyl side chains oriented
perpendicular to the backbone.!¥! In normal working conditions, the alkyl side chains give
rise to vertical alignment but strong UV illumination leads to bond breaking and cleavage of
the aromatic and imide rings. At the same time, the UV light leads to a destruction of the
backbone and surface anisotropy can be induced by polarized illumination. After long
exposure with linearly polarized light this can lead to planar alignment perpendicular to the
polarization of the UV light.®! We experimentally tested that for our illumination conditions
no transition to planar alignment was observed in the pure SE 4811 mixture, but a
cooperative effect with the azo-based photo-alignment molecules cannot be excluded in the
alignment mixture. We did not make a detailed study of the molecular composition and
behavior, but we believe that mainly the photo-reorientation of the PAAD 22 molecules is

responsible for the observed planar alignment in the regions with high illumination intensity.

19



WILEY-VCH

This effect can be further supported by cutting of the alkyl chains and introduction of surface

anisotropy in the polyimide material.

Details of the simulation method:

The result of the Q-tensor simulation (on a triangular mesh) is interpolated onto a regular (x,z)
grid and the azimuth and inclination of the director are calculated. The transmission for light
propagating along the z-axis is calculated as a function of the x-coordinate, based on the Jones
calculus, using the director values for the given x-coordinate. Relatively rapid spatial
variations of the director along x are present and diffraction and refraction can play a role in
our cells. Therefore the simulated transmission results can only give an approximation for the
transmission between crossed polarizers, which is more reliable when the variation along x is
smaller. To obtain a rough color image, we combined the transmissions calculated for three
wavelengths in a color plot: 420nm for blue, 520nm for green and 620nm for red. The
refractive indices of the liquid crystal that are used in the simulations are no=1.52 and
ne=1.74.

Figure S3 (obtained with the help of FE Q-tensor simulations) illustrates that when the pitch
is decreased (p=8um instead of 16pum) the cholesteric twist axis of the CF1p finger is tilted
further from the substrate normal and the structure better resembles the typical CF1 in
homeotropic cells. This agrees with an increase in the maximum inclination angle o,
describing the deviation from the untwisted configuration, in homeotropically aligned cells.
Figure S4 shows the CF3p configuration and its extension towards a configuration with 2z
twist. This structure contains two = disclinations close to the top and bottom substrates and

does not correspond to any observed director pattern.
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Figure S1. Microscopy images with only one polarizer for a NLC cell with dichroic dye. A
simplified director representation is also shown to indicate the homeotropic and planar stripes.
These measurements confirm that the orientation in the planar region is along the y-axis
(stripe direction).

Figure S2. Polarizing microscopy images of a strongly illuminated cell filled with NLC (a
smaller and larger magnification are shown). The cell was illuminated with the UV
interference pattern (period=9 pm) for 3 min with power ~80 mW over an area of ~0.4 mmZ.
The illuminated area is surrounded by a homeotropic region. The edges of the illuminated
area show periodic stripes with planar and homeotropic alignment while the central area is
over-illuminated and gives rise to uniform planar alignment along the y-axis.
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Figure S3. Simulated projection of the end point of the director on the unit sphere (top),
director configuration (middle) and transmission between crossed polarizers (bottom) for a
CF1p cholesteric finger in a cell with periodic planar/homeotropic alignment. The pitch of the

CLC was 8 umin a) and 16 um in b).

(a) 0 (b) |

CF1p (p=8um) CF1p (p=16um)
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Figure S4. Simulated projection of the director on the unit sphere (top), director configuration
(middle) and transmission between crossed polarizers (bottom) for a CF3p with a © twist (left)
and another cholesteric finger with a 2z twist (right) in a cell with periodic
planar/homeotropic alignment. The pitch of the CLC was 16 pum. l]

ER I B IRIEE

[1] O. Yaroshchuk, V. Kyrychenko, Du Tao, V. Chigrinov, H. S. Kwok, H. Hasebe,

H. Takatsu, Appl. Phys. Lett. 2009, 95, 021902.
[2] a) H. K. Bisoyi, Q. Li, Chem. Rev. 2016, 116, 15089; b) O. Yaroshchuk, Y. Reznikov, J.
Mater. Chem. 2012, 22, 286.

[3] R. A. Alla, G. Hegde, L. Komitov, Appl. Phys. Lett. 2013, 102, 233505.

23



