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Rationally Designed Dynamic Superstructures Enabled by
Photoaligning Cholesteric Liquid Crystals
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Self-assembled hierarchical superstructure with long-range
order is of vital importance to soft materials.l!l Liquid crystal
(LC), a typical building block which allows the exquisite control
of assembly behavior and resultant optical property, has received
intensive attention recently.’) Smectic LC, a typical representa-
tive of structured materials, is characterized by well-ordered
lamellar structures with the long molecular axes in a given
layer being unidirectional and normal or slightly inclined to the
plane of the layer.’] When splay deformation of the smectic LC
is induced by specific physical geometry conﬁnement [l chem-
ical surface treatment, or their combination,® superstructures
with various patterned macroscopic textures, such as toric focal
conic domains,”! parabolic focal conic domains,® and cylin-
drical oily-streak domains,®®? could be obtained. They could
be used as microlens arrays,” optically selective photomasks,
and so on.'% On the other hand, thanks to the intrinsic self-
organizing ability of helical structure, hierarchical cholesteric
liquid crystals (CLCs) have also attracted much attention.’
Through dispersing CLCs in immiscible fluids or gels, LC
microspheres! and shells!!Zl are obtained. These hierarchical
structures could be utilized in mirrorless band-edge lasers!!!12
and many other applications beyond displays.[2>13]

Compared to above CLC superstructures with sphere geom-
etries, in-plane ones are more attractive due to great practical
potentials. When CLC helical axis lies down in the plane under
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a proper electric field, simple grating with parallel stripes are
produced in uniformly aligned cells.'! Unfortunately, the
defects induced by conventional mechanical rubbing tech-
nique significantly interrupt the continuity of helical axis, thus
it is difficult to get orderly arranged stripes with a uniform
periodicity (Figure S1, Supporting Information). That is why
the so-called “fingerprint” nonuniform textures are usually
reported.[’] Moreover, the capability to manipulate the in-plane
helical axes to realize more complex stripe pattern remains
highly restricted. Based on the CLC in-plane aligned helical axis
structure, diffraction gratings*l and lithography mask!!’! have
been demonstrated. Moreover, the variation of the period of
CLC grating*18] and its rotation’! make it an excellent can-
didate for nonmechanical beam steering devices. Thus, the
capability of generating high-quality CLC superstructures with
ordered orientation and reliable periodicity is crucial for above
applications. However, as mentioned above, the low quality and
poor controllability of the self-assembled CLCs make the task
very formidable. Furthermore, the present mechanical aligning
technique is only suitable to produce 1DI'*2% or 2D gratings.[2!]
In case that the CLC helical axis could be rationally designed
and arbitrarily controlled, new possibilities for the design of
novel advanced photonic devices based on CLC superstruc-
tures will be reasonably expected. Compared to the conven-
tional aligning technique, photoalignment is such a promising
approach for high-quality LC alignment avoiding any mechan-
ical damage, electrostatic charge, or dust contamination.?? It is
feasible to implement this alignment for a variety of LCs,?l as
well as LC polymers.?Yl Additionally, the technique is suitable to
high-resolution multidomain alignment.*”l Though photoalign-
ment has been introduced to accomplish uniform planar CLCs
for long,?% further exploring its utilization in manipulating the
in-plane helical axis of CLCs may open up a door toward the
creation of more fantastic hierarchical superstructures.

Here, we apply the photoalignment technique to arrange the
CLC helical superstructures. Through this method, uniform
and high-quality CLC gratings could easily spread all over the
photoaligned region. Moreover, a dynamic photopatterning
technique is adopted. The combination of the “top-down’
photopatterning process with the “bottom-up” self-assembly
pushes the control of CLC textures to an unprecedented level.
The orientations of CLC helical axes are precisely controlled,
and complex textures such as spiral stripes and wave-like
gratings are demonstrated. The dynamic growing and disap-
pearing processes of the spiral stripes, boundary confinement
effect, and the relationship between designed alignments and
obtained stripes are investigated. Based on several simple
rules behind the CLC helical axis manipulation enabled by

wileyonlinelibrary.com

o
o
3
3
G
-
o
-
o
=



ttp://doi.wiley.com/10.1002/adom.201500403

2
o
<
=
=
5
=
=
(*]
9

1692  wileyonlinelibrary.com

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Mk

www.MaterialsViews.com

Reciprocal

} N' KI rods

Diffraction pattern
AN R
Diffraction screen

Diffraction pattern

NI
Niw|
[y
[N
o
NIs
(=Y
NIW
N

Figure 1. Schematic diagrams and corresponding images of homogeneously aligned CLCs: a,b) planar cholesteric state and c,d) electric field—induced
1D grating. The SD1 and CLC molecules are represented by yellow and green bars separately. White arrows denote the polarizer and analyzer trans-
mission axes, respectively. The two scale bars are 20 pm. e) A geometrical simulation of the diffraction pattern based on Ewald sphere, and captured

diffraction pattern with corresponding orders labeled underneath.

photoalignment, rational design, and arbitrary control of CLC
fingerprint textures surpassing traditional ones can be realized.
The research broadens the scientific content of self-assembly of
soft materials, and may bring new superstructures with excep-
tional features.

To validate above design, first a uniform 1D grating is dem-
onstrated. A polarization sensitive medium sulfonic azo dye
SD1 (Figure S2, Supporting Information) is utilized as the
photoalignment agent. SD1 molecules tend to reorient their
absorption oscillators perpendicular to the UV light polarization
and provide an azimuthal anchoring energy over 107 ] m2,
which is comparable with that of rubbed polyimide films.[’]
Both alignment layers on the substrates need to be exposed
simultaneously by a linearly polarized UV light to form a homo-
geneous alignment. In this condition, as shown in Figure 1a,
the CLC molecules adjacent to the alignment layers follow
the induced orientation of SD1, and the internal molecules
self-assemble into a helical structure spontaneously with the
helical axis normal to the substrates. Herein, the cell gap 4 is
4.8 £ 0.2 pm and the equilibrium pitch p of CLC is =3.0 pm,
resulting d/p = 1.6. The ratio is slightly larger than 1.5, thus a
helical structure with one and a half pitches is arranged in the
cell due to the surface anchoring. Corresponding planar cho-
lesteric texture is observed under a polarized optical microscope
(POM). A uniform reddish color is shown in Figure 1b, which
indicates a good alignment quality. When a proper electric field
is applied across the cell, the helical axis reorients to form an
in-plane orientation perpendicular to the original alignment, as
depicted in the top view scheme (Figure 1c). This phenomenon
is because of the dielectric anisotropy induced reorientation of
CLCs and the twisted power of chiral dopant caused mainte-
nance of helical structure.?®! The exact direction of helical axis
is determined by both the d/p ratio and the alignment condi-
tion.'#29 In our work, when AC voltage (2.4 V, f= 1 kHz) is
applied, a grating is generated due to the periodic variation of
refractive index along the helical axis (Figure 1d).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

As mentioned previously, the introduction of noncontact pho-
toalignment is expected to drastically improve the quality and
uniformity of the CLC diffraction gratings. In our experiment,
uniform green stripes as presented in Figure 1d are observed
in the whole cell. To further inspect the performance of CLC
grating, an He—Ne laser (633 nm) with polarization perpendic-
ular to the grating vector is normally incident to the cell, and
the resultant diffraction pattern (bottom image in Figure 1e) is
captured by a digital camera. According to the parameters of
*1st orders, a grating period A of 1.5 pm is calculated, which
is consistent with the period of refractive index change (p/2).
Besides integer orders, half-integer ones could also be observed,
which is associated with the secondary grating structure with
doubled period (i.e., A" = p) generated in the same cell.3% The
distance between two adjacent diffraction spots I increases
as the diffraction order n increases. The reciprocal space and
Ewald sphere in crystallology is applied to explain the obtained
diffraction pattern (Figure 1e).5" In a reciprocal space, the CLC
grating stripes are turned into a set of rods parallel to each other
named reciprocal rods. The diffraction pattern is the objection
of the intersection points of the reciprocal rods and the Ewald
sphere to the diffraction screen. In this case, the wavelength
of He-Ne laser is 633 nm, giving the Ewald sphere a radius
of 1/A = 1.58 pm™'. Because the grating period A is 1.5 pm,
the distance of adjacent reciprocal rods is 0.67 pm™!. From the
geometric relationship, we got diffraction pattern with certain
diffraction angles 6,. The ratio of I, to I, is 2c0s6,/cos6,,; - 1
Since 6, < 60,1 < 90°, the ratio is larger than 1, leading to sig-
nificantly increasing of I. The positions of both integer and half-
integer spots given on the diffraction screen are consistent with
the experimental results. In spite of a slight beam extension
in higher orders, the results in our work are much better than
those achieved via traditional aligning techniques. Besides, the
diffraction patterns are the same in different cell regions, which
indicates that the photoalignment technique is suitable for the
preparation of large area and defect-free CLC gratings.
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Figure 2. a,b) Schematic diagrams and c,d) corresponding images of circularly aligned CLCs in planar cholesteric state and electric field-induced spiral
stripe state. The SD1 and CLC molecules are represented by yellow and green bars separately. The CLC directors adjacent to the substrates are marked
in red. White arrows denote the polarizer and analyzer transmission axes, respectively. The two scale bars are 50 pm.

To further explore the capability of CLC helical axis manip-
ulation, an azimuthally aligned cell is fabricated. The specific
alignment is accomplished via photoreorientation of SD1 on a
dynamic microlithography system./?’] After the CLCs infiltrated,
the orientations of SD1 and director distribution of CLCs are
schematically illustrated in Figure 2a. Similar to the homoge-
neous case, all the helical axes stand normal to the cell. The
CLC molecules adjacent to the alignment layers are fixed par-
allel to the local orientation of SD1, causing a different phase
retardation to a linearly polarized light. The generated planar
texture reveals a reddish birefringence color as presented in
Figure 2c. After the voltage is applied, the helical axes realign
radially, i.e., perpendicular to SD1 orientations (Figure 2b).
Accordingly, “concentric” rings of dark-bright alternations
are formed due to the periodic refractive index modulation.
Figure 2d exhibits a spiral stripe pattern fulfilling the entire
photoaligned region. It is worth mentioning that the Maltese
crosses, where the aligning direction is either parallel or per-
pendicular to the incident polarization, is clearly observed in
both Figure 2¢,d.

The growing process of the CLC spiral stripes is also inves-
tigated. When a voltage of 2.0 V is applied, golden radial-
ized stripes emerge in a manner similar to the development
of a photographic image, therefore it is called developable
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modulation (DM).32 The DM type texture is composed of stable
but nonuniform stripes at the relatively low voltage. When the
voltage increases to 2.4 V, an Archimedean spiral, the so-called
growing-modulation (GM) type,??l grows clockwise from the
central singularity point. As presented in Figure 3a, the stripe
winds azimuthally and expands its territory via gradually
replacing the DM texture. Compared to the large quantity of
uncontrollable defects in DM type, only few defects could be
observed here. The dislocation structures with Burgers vector
equals to p/2 play important roles in the growing of GM-type
texture.l'®l They help to readjust the whole texture to achieve an
equilibrium, making the spiral more rounded. Figure 3b shows
the concentric diffraction pattern of the CLC spiral stripes, with
coincident symmetry. Two splits are observed in each circle, as
no periodic refractive index variation occurs for a horizontal
incident polarization.

Further increasing the voltage, the well-formed spiral stripes
will be unwound. As shown in Figure 3c, After the voltage
increases to 4.0 V, the CLC spiral stripes shorten from both
terminals at the beginning. Subsequently, several dislocations,
which play key roles in the annihilation of the spiral stripe,’]
appear and the stripes begin loosening up from a tight state to
reach a no-stripe-left state. When a voltage of 10.0 V is applied,
the Maltese cross can still be distinguished due to the residual
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Figure 3. a) The changing process from DM type to GM type when a voltage of 2.4 V is applied. b) The diffraction pattern of the CLC spiral stripes.
) The disappearing of CLC spiral stripes when a voltage of 4.0 V is applied. d) A no-stripe-left state when a voltage of 10.0 V is applied. White arrows
denote the polarizer and analyzer transmission axes, respectively. The scale bar is 50 pm.

phase retardation as shown in Figure 3d. When the voltage is
high enough to align the LC molecules vertically, a uniform
dark state will be obtained. After the voltage is removed, the
disappearing process of CLC spiral stripes is also recorded and
corresponding results are presented in Figure S3 (Supporting
Information).

To find out general rules behind the CLC helical axis manip-
ulation enabled by photoalignment, we systematically study
the relationship between the designed alignments and the
directions of obtained stripes in two contiguous domains. The

included angles o between two alignment directions of the
three samples are 80°, 60°, and 95°, respectively (Figure 4a—c).
Disclination lines are observed at the domain boundaries,
where the LC director suffers a sudden change and causes
discontinuity. Such disclination line occurs when o < 95°. It is
worth mentioning that if one alignment angle with respect to
the disclination line is smaller than 20°, the generated stripes
will deviate from the original alignment and follow the direc-
tion of the disclination line (Figure 4a). This boundary-confine-
ment effect, which facilitates the energy dissipation, could also

Figure 4. Multidomain CLC stripes. The aligning directions in the top and bottom domains are indicated as red and blue arrows, respectively, and
corresponding alignment angles are: a) 20°, —60°; b) 30°, —30°; c,d) 50°, —45°; e) 60°, —60°; and f) 75°, —75°. The included angle between two align-
ment directions is denoted as o. g) A wave-like CLC grating. White arrows denote the polarizer and analyzer transmission axes, respectively. The scale

bars are 20 pm.
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be utilized to guide the orientation of helical axis and affect
the final appearance of the textures (Figure S4, Supporting
Information). It is notable that 95° is a critical angle between
continuous and discontinuous stripes. In our experiment,
both states are observed in the range of 95 + 5° as shown in
Figure 4c,d. When further increasing the included angle, only
continuous CLC stripes appear, as exhibited in Figure 4ef.
Therefore, in the range of 100°-180°, the helical axis could be
arbitrarily controlled by photoalignment. With these general
rules, we can rationally design the alignment and precisely
orient the CLC helical axis, making more complex textures
achievable. As an example, a wave-like continuous grating is
demonstrated through a spatially variant alignment (Figure 4g).

Based on the photoalignment technique, a simple and
straightforward way to control the orientation of CLC helical axis
is presented. By this means, large-scale and defect-free CLC grat-
ings are prepared. With the aid of a dynamic photopatterning
process, more complex CLC superstructures and resultant peri-
odic ribbon-shaped textures are generated. The self-assembled
systems here are dynamic ones, which could be readily produced
or erased due to the reversible and noncovalent interactions
among the CLC molecules. Besides, thanks to the intrinsic fea-
ture of CLCs, a distinctive capability of generating various fea-
tured sizes ranging from the micrometer to the submicrometer
scale is provided. The proposed technique shows the merits of
high quality, excellent flexibility, easy fabrication, cost-efficient,
and suit to mass production. It drastically enhances the capa-
bility for the creation of hierarchical superstructure with long-
range order, and might trigger the exploration toward novel hel-
ical superstructures that may bring brand new opportunities to
advanced photonic devices and lithography processes.

Experimental Section

Materials: The CLC mixture was composed of nematic E7 (Merck) and
chiral agent S811 (Merck). The concentration of S811 in the CLC mixture
was =3 wt%, with a helical twisted power value of 11.3 pm™' at room
temperature. In the photoaligning process, 0.3% solution of sulfonic azo
dye SD1 (Dai-Nippon Ink and Chemicals, Japan) in dimethylformamide
(DMF) was used.

Cell Preparations: The two indium tin oxide (ITO)-coated glass substrates
were ultrasonic bathed, UV—ozone cleaned, and then spin-coated with
SD1. Then the substrates were assembled together and separated by
UV glue doped with 7 wt% 5 pm spacers. Afterward, the empty cell was
placed at the image plane of the digital micromirror device (DMD) based
microlithography system to record the designed aligning pattern. After
that, the CLC mixture was heated to 65 °C and filled into the cell.

Photoalignment Process: A DMD based microlithography system(23a
was used to carry out the photoalignment process. A multistep partly
overlapping exposure processi® was employed. The continuously
varied SD1 orientations were accomplished by exposing specific region
with given polarization. After a total exposure dose of =5 | cm™, the
desired orientation of SD1 would be achieved.

Charaterizations: The CLC textures were observed under a cross-
polarized optical microscope (Nikon 50i, Japan). The diffraction patterns
were captured by a digital camera (Canon EOS, 600D).

Supporting Information

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