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Disclinations in nematic liquid crystals are of great interest both theoretically and practically. The
ability to create and reconfigure disclinations connecting predetermined points on substrates could
enable novel applications such as directed self-assembly of micro/nanoparticles and molecules. In
this study, we present a novel approach to design and create disclination interconnects that connect
predetermined positions on substrates. We demonstrate that these interconnects can be switched
between different states by re-writing photoalignment materials with linearly polarized light, and

can be switched between degenerate states using electric fields.
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1. Introduction

Nematic liquid crystals exhibit rich topological structures that cannot be eliminated by
continuous rotations of the molecular orientations, i.e., the director [1-4]. One common example
is the disclination, which is a line defect of singularity in the director field. The director along a
closed loop around the disclination rotates multiple times of m [5], and the strength of the
disclination (k) is defined as the number of 2m rotations of director (Af) around the line, i.e.,
k = A@/2m. Nematic liquid crystals with engineered disclinations can find important applications,
such as photonic applications [6—9], command of active matters [10,11], programmed shape-
morphing [12,13], and directed self-assembly [14—16].

These intriguing applications have inspired significant research efforts in creating designable
disclinations in nematic liquid crystals [17-20]. Designer disclinations can be induced by
colloids and their aggregates with different topologies. For example, dispersed spherical colloid
particles with perpendicular surface anchoring can form elastic dipole or Saturn-ring shape
disclination in nematic liquid crystal [18]. Array of spherical colloids can induce knots and links
of disclinations [21]. Nonspherical colloids with lower symmetry or different topologies can
further enrich disclination states [22]. Disclinations created around colloidal particles can be
reconfigured between degenerate states through electric fields, photothermal melting and laser
tweezing[23-25]. Disclinations can also be generated by geometric boundaries and surface
microstructures. A well-known structure is a disclination in a tube with perpendicular surface
alignment. Another example is disclination rings pinned to a microfiber, which can be created and
manipulated with light illumination [26]. Microstructures, such as air pillars, provide the
possibility to creating and to controlling the defects around them [27]. Additional disclinations can
be generated by carefully designed alignment patterns on opposite confining surfaces of the liquid
crystal cells. These disclinations can be reconfigured by an external electric field [28]. Disclination
webs can also be generated by designing alignment patterns on liquid crystal cell surfaces [29] .
In a previous work, a strategy was developed to precisely create complex 3D disclination networks
by freely designing surface alignment patterns with the plasmonic photopatterning technique [30—
33]. We demonstrated suspended disclination interconnects with designer polygonal shapes and
anchored disclination networks connecting desired sites on two confining surfaces. We further
exhibited the capability to control the curvature, size, and shape of these disclinations by changing

one surface alignment pattern [30].



Recently, the reconfiguration of disclinations, including changing disclination shapes and
changing disclination network connections between two bistable states, was realized through light
illumination [34,35], electric field [28,36,37] or laser tweezer [26,38]. These exciting works
presented certain reconfigurations of disclinations, exhibited the dynamics of the disclinations
manipulation, and enabled dynamic control of self-assembled colloidal particles and quantum dots.
For example, Cipparrone et al. demonstrated manipulation of quantum dots assembled
disclinations by optical tuning of cholesteric LC pitch [34], Yoshida et al. exhibited
reconfiguration of disclinations and colloidal particle positions by an external electric field [28].

Here, we present a versatile approach to design and create disclinations that interconnect
predetermined spots on flat substrates and to optically switch disclination interconnects between
different topological states by using the rewritable property of photoalignment materials and
applying electric fields. Using a plasmonic photopatterning technique, we can align liquid crystal
molecules at the top and bottom surfaces into orientation patterns with topological defects of
different topological charges and lattice structures, leading to disclinations that interconnect these
defects at substrate surfaces. By optically rewriting the alignment director fields at the top and
bottom surfaces, we can switch disclinations between interconnecting two surfaces and one surface
and between interconnecting along different orientations. We show that degenerate states of
disclinations can be switched by applying external electric fields. These demonstrated
reconfiguration capabilities make it possible to precisely design, generate, and reconfigure three-
dimensional disclination interconnects, enabling new approaches in various applications, such as

transporting self-assembling nano/micro-particles and sorting in microfluidic applications.

2. Experimental Methods

2.1. Liquid crystal cell fabrication

The glass substrates were prepared for surface functionalization by cleaning with isopropanol
and acetone, followed by exposure to UV ozone for 10 minutes to enhance surface hydrophilicity.
The substrates were then spin-coated with a 0.5wt% solution of brilliant yellow (BY) in
dimethylformamide at a speed of 1500 rpm for 40 seconds, and baked on a hot plate at 90°C for

30 minutes. Orientation patterns encoded in plasmonic metamasks were photo-imprinted onto the



BY molecules using methods previously described in literature [31-33]. To fix these molecular
orientation patterns, the substrates were coated with a toluene solution of 0.5wt% photoinitiator
irgacure 651 (from ciba) and 10wt% reactive mesogen 257 (RM257, EM industry) at a speed of
3000 rpm for 40 seconds, followed by exposure to nonpolarized UV light with a wavelength of
365 nm to induce photo-polymerization.

Two substrates imprinted with the predesigned orientation patterns were assembled to form
a liquid crystal cell and then filled with liquid crystals in their isotropic phase. The cell thickness
was controlled using 5 pm spacers. Electric fields were applied by patterning glass substrates
coated with indium tin oxide (ITO) films using standard photolithography. The ITO was

subsequently etched using wet chemistry to yield ITO electrodes on the glass substrates.

2.2. Disclination Reconfiguration

In the optical reconfiguration experiments, a linearly polarized white light (X-cite series
120) with an intensity of approximately 100 mW/cm? was used. The light was directed onto the
top surface of the LC cells to rewrite the alignment pattern on that surface. The reconfiguration
process was recorded using a CCD camera under a cross-polarized microscope or bright field
microscope. For the electric field-driven reconfiguration, an electric field with an amplitude of

0.3 V/um and a frequency of 3000 Hz was applied.

3. Results and discussion

3.1. Design and generation of disclination interconnects

To demonstrate the controllability and versatility of our engineering approach in generating
pre-designed disclinations interconnecting substrates, we have developed three representative
examples. In our previous work, we presented the details of our approach, which is based on
photopatterning molecular orientations at two confining flat surfaces to create 2D orientation fields
containing topological defects [30]. This approach takes advantage of the fact that line defects
cannot end in the bulk and must either form loops in the bulk or end at interfaces. By patterning
confining surfaces with such orientation fields, we can generate disclinations that connect these
defect cores, which can be on the same confining substrate or on two opposite sides of the liquid

crystal cells.



The first example involves generating disclination networks with +1 defect arrays on the
bottom confining surface and uniform alignment on the top confining surface, as illustrated in
Figure la. The director orientational angle, 0, on the bottom surface is defined as a linear function
of the azimuthal angle ¢: 8 = k¢ + 6,,, where k represents the topological charge and is either +1
or -1 in this case, and 6, is the initial angle when ¢ = 0°. Typically, each +1 or -1 defect
separates into two +1/2 and/or -1/2 defects to minimize the free energy, as the elastic energy of a
disclination is proportional to k?. Consequently, we observe two disclinations around each defect
center, as shown in Figure 1b. By varying the orientation of the uniform alignment on the top
surface, we can control the radius of curvature and connecting direction of the disclinations, as
depicted in Figures 1c-f.

In the second example, we demonstrate that the number of disclinations emitted from each
defect center is controllable by varying the topological charges of the defects in the bottom surface
alignment. We utilized an array of £3 topological defects, which initiate six disclination lines
anchored around each defect center, as illustrated in Figure 2a-b. By using defect arrays with +n
topological charge, we can create disclination interconnects with 2n disclination lines anchored
around each defect center. Similar to the first example, we can manipulate the radius curvature and
connecting direction of these disclinations by varying the top surface uniform alignment.

The third example showcases the designability of the lattice of disclination networks, which
can take on any lattice. In the previous examples, we utilized a square lattice of defect arrays on
the bottom surface. However, by replacing the bottom surface patterns with a hexagonal lattice of
+1 defect arrays (red spots in Figure 3a), we observed a hexagonal lattice of disclination networks
(Figure 3b). Each +1 defect center anchors two disclination lines, whereas each -1/2 defect center
(green spots in Figure 3a) anchors only one disclination line. Interestingly, when the top surface
uniform alignment has an orientational angle of 6=30° (Figure 3c¢), the disclination lines anchored
on +1 defect centers can connect either with the -1/2 defect center along the x-direction or with
the -1/2 defect center at different rows. Again, the radius curvature and connecting direction of

these disclination networks can be manipulated by varying the top surface uniform alignment.

3.2. Optical reconfiguration of disclinations

Reconfiguration of disclination interconnects can be achieved by taking advantage of the

rewritability of azo-dye photoalignment material. Specifically, the alignment pattern on bounding



surfaces can be changed to a new one via illuminating light with specific polarization patterns. In
this study, plasmonic photopatterning was utilized to encode the designed liquid crystal alignment
patterns on both the top and bottom substrate surfaces, and the bottom surface alignment pattern
was locked by spin-coating and photopolymerization of a thin layer of 4-(3-Acryloyloxypropyloxy)
benzoic acid 2-methyl-1,4-phenylene ester (RM257). A cell was assembled with patterned top and
bottom substrates, and E7 was filled into the cell by capillary force. Then, polarized light was used
to illuminate the cell from the top surface to rewrite the alignment pattern on that surface. As
demonstrated in Figures 4 and 5, disclination interconnects can be optically reconfigured between
different states. Due to the excellent rewritability of azo-dye, disclinations can be reversibly

reconfigured with sufficient exposure time.

3.2.1. Switching between interconnecting two surfaces and one surface

We first explored the capability of switching disclination interconnects from connecting two
surfaces to connecting only one surface. We started with a cell having the same £1 defect arrays
on both top and bottom surfaces, as schematically shown in the top row of Figure 4a. Each defect
separated into two half defects, and each disclination connected defects with the same topological
charge on different surfaces. Since these disclinations are approximately along the z-axis, they are
hardly visible under cross-polarized microscopy (Figure 4b). We illuminated the sample with
linearly polarized light to convert the top surface alignment from a patterned director into a
uniform director along the x-axis, as schematically shown in the bottom row of Figure 4a. In this
case, there is no defect on the top surface, and disclinations can only connect defect centers on the
bottom surface. From cross-polarized microscopy imaging (Figure 4c), we observed that these
disclinations connected defect centers with opposite topological charges along the y-axis.

The switching process was recorded with a bright-field optical microscope and presented in
Figure 4d-k. At the beginning, we see two dots around each defect center, corresponding to two
disclinations approximately along the z-axis. Around 80 seconds after illumination with linearly
polarized light, these dots grow larger because the top ends of these disclinations move away from
the defect cores and curve toward the bottom surface. These disclinations continue to grow and
then two neighboring disclinations reconnect and form a new one connecting two defect centers
with opposite topological charges on the bottom surface. The reconfiguration process takes 300 to

360 seconds. Since two original disclinations recombine into a new one, the number of



disclinations is reduced by half, which agrees with the fact that the number of defect centers is
reduced by half due to the conversion of the top surface alignment from 1 defect arrays to uniform
alignment. The detailed process of the recombination of two disclination lines into a new one is

interesting and still needs further experimentation or simulations.

3.2.2 Switching between interconnecting defect centers of different orientations

We investigated the reconfiguration of disclination networks to connect neighboring centers
of topological defects with opposite topological charges along a different axis, as shown in Figure
5a. The bottom substrate coated with the BY alignment film was photo-patterned with orientation
fields of =1 defect array and then coated with a thin film of RM257, which was photopolymerized
in vacuum to fix the director patterns. The top surface was photo-patterned to form a uniform
alignment along the y-axis with brilliant yellow only. Disclination lines were observed to connect
neighboring centers of topological defects with opposite topological charges along the x-axis
(Figure 5b). [llumination of the sample with light linearly polarized along the y-axis converted the
uniform alignment on the top surface from along the y-axis to along the x-axis, and after
reconfiguration, disclination lines connected defect centers with opposite topological charges
along the y-axis (Figure 5c¢).

We recorded bright field microscope images of the liquid crystal cell during the conversion
process and showed them in Figure 5d-k. During this process, the disclinations first grew longer
against line tension and gradually bent to get close to their neighboring ones (Figure 5¢). Two
disclinations reconnected and then separated into new disclinations connecting defect centers
along the y-axis. The separation process was fast, taking less than 0.05 seconds. Finally, these new
disclinations gradually changed into short lines along the y-axis, which agreed with the new

surface alignment patterns.

3.3. Switching between two degenerate states

As schematically shown in Figure 6a, when the director on the top surface is oriented at
45 degrees, disclinations interconnecting +1 defect centers along the x-axis and y-axis are two
degenerate states with the same elastic free energy. The corresponding cross-polarized microscope
images are presented in Figure 6b. We found that these two degenerate states can be switched into

each other by applying an external electric field along the y-axis or x-axis.



In Figure 6d-i, we present one such reconfiguration process. We selected a liquid crystal cell
with disclination interconnects connecting defect centers along the y-axis and applied an electric
field with a magnitude of 0.3V/um along the y-axis. We observed that all disclinations were
dragged in the -x direction at different speeds. Specifically, disclinations originally curved in the
-x direction deformed much faster than those originally curved in the +x direction (Figure 6e-f).
One faster deformed disclination met with another slower deformed disclination, and then they
immediately separated to form two new disclinations connecting defect centers along the x-axis
(Figure 6g-1). We remark that due to the fast response of liquid crystal molecules to external

electric field, we can reversibly reconfigure disclinations into different degenerate states.

4. Conclusions

We have presented a versatile approach for designing disclinations that interconnect
topological defects at flat surfaces, and demonstrated how to generate them using the plasmonic
photopatterning technique to create pre-designed molecular orientations at two flat surfaces.
Moreover, we have showcased the ability to optically reconfigure disclination networks through
two representative examples: switching disclinations between connecting defects at two surfaces,
and at one surface, switching disclinations between connecting defect centers along the x-axis to
along the y-axis. Additionally, we have shown that disclination interconnects with two degenerate
states can be switched by applying an external electric field. We anticipate that these capabilities
will offer dynamic control in various applications, including the directed self-assembly of micro-

/nano-particles, photonic applications, and control of active matters.
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Figure 1. Disclination interconnects generated with +1 defect arrays on the bottom surfaces. (a)
Schematic of the liquid crystal cell. Red lines and dotted green lines represent two connection modes of
disclinations, strengths of all the discliantions are + 1/2. (b-f) Cross polarized microscope images of
the liquid crystal cells with top surface alignment corresponding to 6=0° (b), 6=30° (c), 6=45° (d),

6=60° (e), and 6=90° (f). Scale barin (b)is 100 pm.



Figure 2. Disclination interconnects generated with +3 defect arrays on the bottom surface,
strengths of all the discliantions are + 1/2. (a) Schematic of liquid crystal cell. Red lines represent
one connection mode of disclinations. (b-f) Cross polarized microscope images of liquid crystal cells
with top surface alignment corresponding to 6=0° (b), 6=30° (c), 6=45° (d), 6=60° (e), and 8=90° (f).

Scale bar in (b) is 100um.



Figure 3. Disclination interconnects generated with a hexagonal defect pattern on the bottom
surface. (a) Schematic of liquid crystal cell. Red spots represent +1 defect centers, green spots
represent -1/2 defect centers, and red lines represent one connection mode of disclinations. (b-f)
Cross polarized microscope images of liquid crystal cells with top surface alignment
corresponding to 6=0° (b), 6=30° (c), 6=45° (d), 6=60° (e), and 6=90° (f). Scale bar in (b) is
100pum.
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Figure 4. Switching disclination interconnecting two surfaces to one surface. (a) Schematic of
the liquid crystal cell alignment pattern and disclinations before and after reconfiguration
process. I, represents light with polarization along y-axis. (b, ¢) Polarizing optical microscopic
images of a liquid crystal cell before (b) and after (¢) reconfiguration process. (d-k) Evolution of

disclinations under bright field microscope during reconfiguration process.
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Figure 5. Switching between interconnecting defect centers along different orientations by
polarized light. (a) Schematic of the liquid crystal cell alignment pattern and disclinations before
and after reconfiguration process. I, and I, represents light with polarization along x-axis and
y-axis respectively. (b, ¢) Polarizing optical microscopic images of liquid crystal cell before (b)
and after (c) reconfiguration process. (d-k) Evolution of disclinations under bright field

microscope during reconfiguration process.
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Figure 6. Reconfiguring disclination interconnects between degenerate states with electric field.
(a) Schematic of the liquid crystal cell alignment pattern and disclinations before and after
reconfiguration process. E, and E, represents electric field along x-axis and y-axis
respectively. (b, ¢) Polarizing optical microscope images of liquid crystal cell before (b) and after
(c) reconfiguration process. (d-1) Evolution of disclinations under cross-polarized microscope

during reconfiguration process.
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