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ABSTRACT: AC electric fields cause three-dimensional orientational fluctuations (solitons) to form and rapidly propagate in
confined films of liquid crystals (LCs), offering the basis of a new class of active soft matter (e.g., for accelerating mixing and
transport processes in microscale chemical systems). How surface chemistry impacts the formation and trajectories of solitons,
however, is not understood. Here, we show that self-assembled monolayers (SAMs) formed from alkanethiols on gold, which permit
precise control over surface chemistry, are electrochemically stable over voltage and frequency windows (<100 V; 1 kHz) that lead to
soliton formation in achiral nematic films of 4′-butyl-4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47). By comparing soliton
formation in LC films confined by SAMs formed from hexadecanethiol (C16SH) or pentadecanethiol (C15SH), we reveal that the
electric field required for soliton formation increases with the LC anchoring energy: surfaces patterned with regions of C16SH and
C15SH SAMs thus permit spatially controlled creation and annihilation of solitons necessary to generate a net flux of solitons. We
also show that solitons propagate in orthogonal directions when confined by obliquely deposited gold films decorated with SAMs
formed from C16SH or C15SH and that the azimuthal direction of propagation of solitons within achiral LC films possessing surface-
induced twists is not unique but reflects variation in the spatial location of the solitons across the thickness of the twisted LC film.
Finally, discontinuous changes in LC orientation induced by patterned surface anchoring lead to a range of new soliton behaviors
including refraction, reflection, and splitting of solitons at the domain boundaries. Overall, our results provide new approaches for
the controlled generation and programming of solitons with complex and precise trajectories, principles that inform new designs of
chemical soft matter.

■ INTRODUCTION

Solitons are spatially localized solitary waves that can travel long
distances at constant speeds without losing their shape because
nonlinear feedback during wave propagation minimizes broad-
ening (dispersion) of the waves.1,2 Solitons have been observed
in a range of natural contexts, such as the propagation of waves of
water along shallow canals, and they have been hypothesized to
play a role in biological phenomena such as signal propagation
along neurons.3−5 Solitons have also been exploited in
engineered systems, including for long-distance propagation of
optical signals,6−11 and they have been observed to form and
propagate through in liquid crystals (LCs) as walls (localized
regions of the LC in which the director reorients by 180°) in the
presence of rotating magnetic fields.12−17 More recently,
solitons have been observed to form and/or propagate through

nematic and cholesteric LCs in the presence of AC electric (and
optical) fields18−29 and used to transport colloidal micro-
cargo.23,24,27,30 Overall, these recent observations hint at the
potential utility of solitons for programming rapid and long-
distance transport of information and chemical species within
LCs, capabilities that have the potential to be useful for
designing adaptive and autonomous microscale LC-based
chemical systems.30−39
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Solitons can be induced in LC systems with AC electric fields
by applying the fields across micrometer-thick films of LCs that
are confined between electrodes: surface interactions cause the
LC to adopt orientations that are parallel to the electrode
surfaces (planar surface anchoring of the LC). When using
nematic LCs withΔε < 0 andΔσ < 0, whereΔε is the dielectric
anisotropy and Δσ is the anisotropy in ionic conductivity, the
formation of solitons cannot arise from dielectric torques or
electrohydrodynamic instabilities due to migration of ions in the
LC (so-called Carr−Helfrich mechanism, which is applicable for
Δσ > 0).40 Instead, flexoelectric polarization has been proposed
as the primary reason for the formation of the solitons.19 This
hypothesis is supported by the observation that solitons exhibit
periodic director oscillations of the same frequency as the
applied electric field ( f > 100 kHz).19 Although the addition of
salts modifies soliton behaviors (in part due to electro-
hydrodynamic instabilities),22,24,27 solitons are also observed
in the absence of added electrolytes.19,24

In the studies described above, the initial alignment of the LC
on the electrode surface (indium tin oxide (ITO)) was obtained
using mechanically sheared polyimide films (PI-2555)19,22,24 or
photoaligned dyes.24,27 While one study has hinted that weak
LC anchoring is favorable for solitons generated in the presence

of electrohydrodynamic instabilities,27 the influence of surface
interactions on soliton formation in LCs has not been explored
in detail nor is it fully understood. Because soliton formation
involves a localized perturbation of the LC orientation away
from the surface-induced orientation of the LC film, we
hypothesized that surface interactions may play an important
role in both soliton formation and propagation. In this work, we
explore the effects of LC surface interactions on solitons using a
class of surfaces, self-assembled monolayers (SAMs) formed
from alkanethiols on thin gold films that allow precise and
versatile control over the anchoring of LCs, including patterned
anchoring of LCs.41−43 We further demonstrate that control
over LC surface anchoring enables spatially localized soliton
formation and precise programming of soliton trajectories (e.g.,
refraction, reflection) at the boundaries of LC orientational
domains.
Our study focuses on three key issues. First, we address the

question of whether the LC anchoring strength (anchoring
energy density) influences the frequency and magnitude of the
electric field needed to form solitons in LCs. We focus on LCs
with Δε < 0 and Δσ < 0 to avoid the additional complexity of
electrohydrodynamic instabilities.40 Second, we investigate how
surface-induced strain within an LC, in the form of a twist in

Figure 1. (a) Schematic illustration showing oblique deposition of gold onto a glass substrate. The green arrow indicates the direction of Au deposition.
(b) Schematic illustrations of C15SH SAMs on gold films. (c) Molecular structure of the liquid crystal, CCN-47, used in this study. (d) Experimental
setup used to generate solitons, comprising of an optical cell with SAM-coated surfaces, across which is applied an AC electric field. (e) Phase diagram
as a function of electric voltage and frequency, depicting different states of director distortions in a sample cell of thickness 8 μm at 45 °C. (f) Low-
frequency patterns, (g) stationary “butterflies,” (h) “bullet” solitons, (i) solitons + stripes, and (j) stripes. Scale bars 50 μm. The surfaces confining the
LC are C15SH SAMs. The phase diagram was obtained from the same sample. A variation of ±1 V at each point was obtained across multiple (>10)
samples. The green arrow in (h) indicates the direction of Au deposition. The LC alignment is indicated by the yellow double-headed arrow in (h). (k,
l) Polscope images showing the LC orientations within a (k) stationary “butterfly” and (l) a traveling soliton. Scale bars 30 μm.
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azimuthal orientation across the thickness of an LC film, impacts
soliton formation and motion. While past studies have explored
soliton formation in cholesteric LCs (where the presence of a
twist corresponds to the ground state24), the influence of elastic
strain within LCs on soliton formation and propagation has not
been explored. Third, we explore soliton behaviors in LC
systems with patterned surface anchoring, with a focus on
surfaces patterned with distinct anchoring energies and
discontinuous changes in LC orientations. Past studies have
observed that boundaries such as electrode edges can be sources
of solitons19 and that continuous changes in LC orientation can
guide soliton trajectories.24 In contrast, as detailed below, we
find that discontinuous changes in LC orientation can generate
new soliton behaviors, including their creation, annihilation,
splitting, reflection, and refraction. Overall, our results illustrate
how patterned surfaces can be used to program complex soliton
trajectories.

■ RESULTS
SAMs Formed from Pentadecanethiol (C15SH) and

Hexadecanethiol (C16SH). In our first experiments, we sought
to determine the influence of LC surface anchoring energy on
the generation of solitons using SAMs formed from alkanethiols
on obliquely deposited thin films of gold. The structures of
SAMs formed from alkanethiols have been extensively
characterized, revealing that they form quasi-two-dimensional
crystals in which the aliphatic chains remain in an all trans
configuration with the terminal methyl groups presented in well-
defined orientations (which differ for alkanethiols with odd and
even numbers of carbons).41,42 Past studies have established that
the choice of the alkanethiol used to form a SAM can influence
the orientation of LCs anchored on SAMs.41,42,44−47 Specifi-
cally, alkanethiols with odd and even numbers of carbons both
cause nematic films of 4-cyano-4′-pentylbiphenyl (5CB) to
adopt a planar orientation, but with an azimuthal direction that
is either parallel (even number of carbons) or perpendicular
(odd number of carbons) to the direction of deposition of the
gold film.41,42 This so-called odd−even anchoring behavior
arises from competing influences of the nanometer-scale
topography of the polycrystalline gold film (which orients the
LC in the direction of minimum surface roughness)41,42,47 and
the molecular organization of the SAMs (which orients the LC
through interactions with the terminal methyl groups of the
SAMs).41,42,47 The use of odd or even chain-length alkanethiol
SAMs thus allowed us to investigate how changes in the surface
anchoring of LCs impact the formation and propagation of
solitons.
Prior observations of the orientations of LCs on SAMs formed

from alkanethiols used LCs such as 5CB, which have molecular
structures and physical properties that differ substantially from
CCN-47 used in the current investigation. In particular, 5CB
forms a room temperature nematic phase, whereas the
experiments with nematic phases of CCN-47 are necessarily
performed at elevated temperatures (CCN-47 forms a nematic
phase between 30.6 and 59.7 °C), with elevated temperatures
potentially influencing the organization and stability of
SAMs.48−51 Accordingly, we first determined if it was possible
to orient nematic phases of CCN-47 at 45 °C when supported
on SAMs formed from alkanethiols on obliquely deposited gold
films. Figure 1a shows a schematic illustration of the physical
vapor deposition of gold at an oblique angle of incidence to form
a thin gold film (Figure 1b; direction of gold deposition is shown
in green arrows in Figure 1a). The optical cells (Figure 1d) used

in our study were prepared from the semitransparent gold films.
Detailed experimental methods can be found in the Supporting
Information (SI). Using optical microscopy (transmission
mode; crossed polarizers), we determined that the nematic
phase of CCN-47 at 45 °C (Figure 1c) does adopt a uniform
azimuthal orientation on C15SH SAMs, and that the azimuthal
orientation of the LC is orthogonal to the direction of deposition
of the gold used to form the gold film. This orientation is similar
to 5CB, consistent with prior conclusions that the nanoscale
roughness of the gold films dominates the orientation of LCs on
SAMs formed from alkanethiols with odd number of carbons
(minimization of the elastic energy on the rough surface causes
5CB and CCN-47 to adopt the same orientation).41,42,47

Next, we examined whether solitons form when nematic
phases of CCN-47 are confined by SAMs formed from C15SH.
At the onset of these experiments, it was not obvious to us that
SAMs would permit generation of solitons because the
anchoring energies of CCN-47 on the SAMs were not known
(5CB has been reported previously to have an anchoring energy
on a SAM of ∼30 μJ/m2)52,53 and because SAMs formed from
alkanethiols undergo electrochemical desorption from gold
surfaces54,55 (we considered it possible that the electric fields
required to form solitons would damage and thus change the LC
anchoring). Inspection of Figure 1h reveals that films of nematic
CCN-47 with thicknesses of 8 μm, when confined by SAMs
formed from C15SH, do exhibit localized LC director
perturbations that are consistent with soliton formation and
propagation across the sample when an AC electric field with a
frequency of 500Hz and voltage of 43 V is applied across the LC.
Similar to prior reports of soliton formation on PI surfaces at
high frequencies (>100 Hz),19 we observed the solitons to
propagate in a direction perpendicular to the LC director
(independent of the strength of applied electric field). We also
found that SAMs could be used multiple times over a period of a
week to reproducibly generate solitons. Overall, these results
provide the first evidence that alkanethiol SAMs are sufficiently
stable electrochemically to allow the generation of solitons.
As noted above, previous reports have revealed that solitons

form over narrow ranges of electric field strengths, influenced by
factors such as temperature, LC film thickness, LC elastic
constants, and the presence or absence of salts.19,22,24 To
elucidate the role of surface interactions on soliton generation,
and to define the conditions under which solitons form in our
experimental system, we varied the frequency and voltage in
sample cells prepared with C15SH SAMs. A phase diagram
describing the different director morphologies at 45 °C, as a
function of frequency and voltage, for 8 μm thick LC films
prepared with C15SH SAMs, is shown in Figure 1e. Overall, this
phase diagram exhibits many features similar to those reported
with PI surfaces.19 Specifically, at low frequencies (<80 Hz),
periodic patterns formed in the LC (Figure 1f), similar to
electrohydrodynamic convection patterns.56 Beyond this
frequency, with increasing voltage, we first observed stationary
director distortions in the shape of a butterfly (Figure 1g, i.e.,
with quadrupolar symmetry with four lobes). The butterfly
structures, which tended to form around particles (Figure S3) or
imperfections on the surfaces (Figure S4),19 were often
observed to serve as sites for the nucleation of propagating
solitons (Figure S5), with propagating solitons generated at
voltages above those at which butterflies were formed.We used a
Polscope (see the SI for details) to obtain the LC director
profiles within the stationary butterflies (Figure 1k) and the
propagating solitons (Figure 1l). The images obtained using the
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Polscope confirmed the quadrupolar and bipolar symmetries of
the LC within these two structures, respectively. The solitons
propagated at velocities of 400−500 μm/s and the velocities
increased with an increase in applied voltage (Figure S6). At a
given frequency, solitons were observed over a narrow range of
voltages (ΔV = 2−4 V), with solitons replaced by stripes at
higher voltages (Figure 1i,j). Unlike the periodic patterns
observed at low frequencies (Figure 1f), the stripes were
irregular distortions that filled the entire LC sample cell. They
also lacked the symmetry associated with the butterflies and
moving solitons. Although the solitons formed using LC films
confined by SAMs share many similarities with those reported
previously using LCs confined by PI surfaces,19 when compared
to PI surfaces, the voltages required to generate solitons (at a
given frequency, temperature, and sample cell thickness) in LC
films confined by C15SH SAMs are lower (VPI − Vthiol ∼ 5−8
V).19 This difference likely arises from differences in the
magnitude of LC anchoring energy on the two types of surfaces
(for 5CB, the azimuthal anchoring energies are ∼30 and ∼100
μJ/m2 for alkanethiol SAMs and PI, respectively),57−59 a
proposal that we explore below with CCN-47 by comparing
anchoring energies and solitons obtained using two different
SAMs.
We explored the effects of a change in LC anchoring on

soliton formation by preparing SAMs from C16SH (Figure 2a)
and comparing the results to those reported above using SAMs
formed from C15SH. This comparison led to two key
observations. First, we measured the azimuthal orientation of
the nematic CCN-47 film on a SAM formed from C16SH to be
orthogonal to the orientation observed on the SAMs formed
from C15SH (the azimuthal orientation of the LC on the SAM
formed fromC16SH was parallel to the direction of deposition of
the gold film supporting the SAM (Figures 2b and S2)). This
difference in orientation caused solitons in LCs confined by
C16SH SAMs to travel in a direction orthogonal to the ones
anchored by C15SH SAMs (Figure 2c). Second, at the same

frequency, we measured the electric field required to generate
solitons to be higher for the surfaces formed from C16SH SAMs
(Figure 2e) than from SAMs formed from C15SH (65 ± 1 vs 53
± 1 V, respectively, at 600 Hz). To understand the origins of this
difference, we measured the azimuthal anchoring energies of
CCN-47 on the two SAMs using methods described previously
in the literature52 and found them to be 0.72 ± 0.1 and 1.04 ±
0.13 μJ/m2 for C15SH and C16SH surfaces, respectively (using a
Student’s t-test, we found the two values differ from each other
with a confidence level greater than 95%). Because the ratio of
azimuthal to out-of-plane anchoring energy can be predicted
from the ratio of Frank elastic constants of an LC (K1/K2),

60 we
interpret our measurements to indicate that the out-of-plane
anchoring energies of CCN-47 on C15SH and C16SH SAMs are
3± 0.4 and 4.3± 0.5 μJ/m2 respectively.61 This result leads us to
propose that the higher electric field required to generate
solitons in LCs confined by C16SH SAMs arises from the
stronger LC anchoring on these surfaces (as compared to C15SH
SAMs).
The results above led us to ask if the formation of solitons can

be constrained to occur at a specific spatial location using an LC
sample with patterned anchoring energies. As shown in Figure
2f, using a sample patterned with C15SH and C16SH SAMs, we
indeed observed that solitons appeared first in Region I (low
anchoring energy) where both the confining surfaces are
decorated by C15SH SAMs, relative to Region II with confining
surfaces containing C16SH SAMs (high anchoring energy). We
also observed that solitons generated in Region I were
annihilated when they reached the boundary to Region II.
Thus, we conclude that patterned SAMs can lead to spatially
localized soliton generation and annihilation based on the local
surface anchoring of the LC. Below we show that this
phenomenon can lead to the creation of a net flux of solitons
across the boundary between LC domains with distinct LC
alignments. This result is an interesting one as past studies have

Figure 2. (a) Schematic illustration of a C16SH SAM on a gold film. (b) Schematic illustration of the LC orientation when confined by two surfaces
decorated with C16SH SAMs. (c,d) Traveling solitons observed in optical cells formed using C16SH and C15SH SAMs, respectively (thickness: 8 μm,
temperature: 45 °C). Green arrows indicate the direction of Au deposition. The LC alignment is indicated by the yellow double-headed arrow in (c)
and (d). (e) Electric voltages required to generate different LC director distortions in samples made with C16SH SAMs (left) and C15SH SAMs (right)
(frequency: 600 Hz, temperature: 45 °C, sample cell thickness: 8 μm). The electric voltage values were obtained from a single sample cell of each type.
A variation of ±1 V at each point was obtained across multiple (>5) samples. (f) Soliton generation in cells patterned with C16SH and C15SH SAMs:
Region I and Region II correspond to C15SH and C16SH SAMs, respectively. At 500 Hz and 46 V, solitons were only generated in Region I. Scale bars
50 μm.
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revealed that LC anchoring energies can be tuned by changing
the terminal functional groups of SAMs.52,62,63

Solitons in Twisted Nematic LCs. The experiments
reported in the previous sections demonstrate that solitons
can be formed in LC films confined by gold surfaces decorated
with alkanethiol SAMs. Next, we used this capability to induce
twist distortions in LC thin films via surface interactions and to
explore the influence of LC strain on soliton formation and
propagation. Past studies have explored solitons in twisted LCs,
but the prior studies used cholesteric LCs in which the twisted
state is the ground state.24 We investigated nematic LCs twisted
via surface interactions for two reasons. First, we wanted to
determine if solitons can form and propagate in the presence of a
strain (i.e., a continuously varying azimuthal orientation across
the LC sample) and, if they do form, determine whether the
electric field magnitude and frequency required to form solitons
differ from unstrained LC films. Second, we wanted to
characterize the direction of propagation of solitons in LCs
with surface-induced twists along with the locations of the
corresponding solitons within the twisted LC structure. In the
first set of experiments, the LCs were confined between two gold
films decorated with C15SH SAMs, where the direction of gold

deposition within each film was orthogonal (Figure S7). With
the LC anchored in orthogonal azimuthal orientations on the
two confining surfaces, the twist of the LC was determined by a
competition between the bulk LC elastic energy (in the twisted
LC state) and the LC anchoring energy (at the confining
surfaces). We determined the twist in the LC samples in our
experiments to be 88 ± 2° using optical microscopy (see the SI
for optical characterization).When an electric field (e.g., 500Hz,
46 V) was applied across the sample, we observed the formation
of propagating solitons (Figure S9), with no significant
difference in the electric field conditions (53 ± 1 vs 52.5 ± 1
V at 600 Hz) required to form solitons in the twisted LC sample
as compared to a uniformly oriented sample (C15SH SAMs)
(Figure S10a). We also generated twisted LC samples by
replacing one of the C15SH SAMs with a C16SH SAM (Figure
3a). Under these conditions, we found that a higher voltage (ΔV
∼ 2V) was required (at the same frequency) to generate
propagating solitons, as compared to the case when the twist was
generated by two C15SH SAMs (Figures 3b and S10b). We
attribute this result to the high anchoring energy of the LC on
the C16SH SAM.Overall, these results reveal that the presence of
twist within the LC, when created by confining surfaces with

Figure 3. (a, c) Schematic illustration of twisted LC configurations generated with different mutual orientations of alkanethiol-decorated gold surfaces.
(c) ψ = 0° and (e) ψ = 30° (clockwise). (b, d) Solitons generated in optical cells prepared as in (a) and (c) (T = 45 °C). The sample thicknesses in (b)
and (d) were 8 and 10 μm, respectively. The double arrows indicate the director orientation at the sample midplane. Scale bars 50 μm. (e) z-position of
solitons plotted against the azimuthal direction of soliton (measured anticlockwise from the y-axis) propagation in a twisted LC sample. The sample
thickness was 8 μm. z = 0 corresponds to the midplane of the cell. (f) z-positions of propagating solitons plotted against the local LC azimuthal
orientation. (g, h) Histogram plots showing the number of solitons at different z-positions across a sample in which the LC film is confined by (g)
C15SH SAMs and (h) C15SH and C16SH SAMs, respectively. Here, z = 0 corresponds to the midplane of the sample. z = 4(−4) corresponds to C15SH
(C16SH) SAMs in (h). The counts were obtained from a single snapshot over an area of ∼3 × 105 μm2.
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identical SAMs, does not have a measurable effect on the
conditions under which solitons form. Instead, the anchoring
energy of the confining surfaces appears to dominate over the
formation of the solitons.
Whereas uniformly oriented LC films generate solitons that

propagate perpendicular (Figure 2c) or parallel (Figure 2d) to

the direction of gold deposition, we found that solitons in
twisted samples propagated over a distribution of angles (e.g.,
35−55°, as shown in Figure 3a) rotated from the direction of
gold deposition. We hypothesized that the soliton trajectories in
the twisted cells are guided by the local LC azimuthal orientation
within the x−y plane of the twisted LC sample in which the

Figure 4. (a, b) Schematic illustration of LC alignment in optical cells patterned with SAMs to create uniform and twisted regions. The top surface in
(b) is rotated by ψ to create patterned LC regions of two different twists. (c) Crossed polar images of LC textures in cells made of patterned SAMs. The
dark and bright regions correspond to uniform (C15SH SAMs) and twisted LC alignments, respectively. (c−h) Timed snapshots (0.1 s apart) showing
trajectories of a soliton before and after encountering the boundary between LC domains with uniform and twisted director alignments (400Hz, 43 V).
The soliton circled in white reverses its direction at the interface. Solitons marked in red deviate in their direction of propagation by approximately 50°
when crossing from a region of LC with uniform alignment to a twisted LC alignment. Green arrows indicate the direction of gold deposition (cell
thickness = 8 μm,T = 45 °C). (i−l) Timed snapshots (0.2 s apart) showing the splitting of solitons at the boundary of two distinct LC alignments. The
soliton circled in yellow reverses its direction at the interface and the soliton encircled in red moves to Region II with a change in trajectory direction of
approximately 50° ( f = 300Hz;V = 36 V). (m) Trajectory of a soliton in an LC optical cell with patterned surfaces. The top surface of the cell is rotated
by 40°. The director alignments near the boundary at the sample midplane are indicated in the insets of (e) and (m). Scale bars 50 μm.
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solitons propagate. To confirm this proposal, we calibrated the
notches of the fine focus of our optical microscope to obtain the
z-position of different solitons propagating through a twisted LC
sample (Figure 3e). We observed a strong linear correlation
between the z-position of the propagating solitons and the local
azimuthal direction of propagation of solitons (Figure 3f). An
alternative perspective on this result is that the direction of
propagation of solitons in a twisted cell can be used to locate the
z-position of the solitons. When the two SAMs used to generate
the twisted state of the LC were identical (both C15SH SAMs),
the majority of solitons were found to be localized near the
midplane of the cell (Figure 3g), where the effect of surface
anchoring on electric field-induced strain is minimized.
However, when the LC was twisted using asymmetric surfaces
(a C16SH and a C15SH SAM), the solitons were found to be
located closer to the SAM formed from C15SH (Figure 3h),
which possesses the weaker anchoring energy of the two SAMs
(see above). Overall, this result provides further support for our
previous conclusion that surface anchoring plays a key role in
soliton formation and propagation. Our results indicate that
twisted LC samples can be used to program soliton trajectories
as the direction of propagation of the solitons can be controlled
by either varying the SAM anchoring energy and/or varying the
mutual orientations (ψ) of the confining gold surfaces (Figure
3c,d).
Solitons in Patterned LCs. Past studies have used

photoaligned LCs to explore how continuous changes in LC
alignment influence soliton trajectories.24 Here, we examine the
role of discontinuous domain boundaries on soliton behaviors
by leveraging the capacity to pattern alkanethiol SAMs on gold
surfaces to generate regions of distinct LC anchoring (see the SI
for details).43,64 Figure 4a shows a schematic illustration of an
LC sample with patterned azimuthal alignment (see inset of
Figure 4d). Since the two regions in the LC sample have distinct
anchoring energies, consistent with the results reported above,
with increasing voltage, we observed solitons to be generated
preferentially in Region I, where both the confining surfaces
were decorated by C15SH SAMs (Figure S12). Inspection of
Figure 4c−h reveals that a set of solitons initially in Region I
travel in a horizontal direction, which is perpendicular to the LC

alignment in that region. When the solitons pass across the
boundary with Region II, they change their direction of
propagation to an angle that is approximately 50° from the
direction of gold deposition (red dotted circles and red arrows in
Figure 4c−h). This direction of soliton propagation is governed
by the LC alignment in Region II.We observed that a majority of
the solitons (∼98%) exhibit this “refraction”-type behavior at
the boundary between Region I and II. A small fraction of the
solitons (<2%), however, were observed to be “reflected” by the
interface (shown in white circles and white arrows in Figure 4c−
h). We performed several experiments to elucidate what factors
determined the distinct behaviors of the solitons observed at the
domain boundaries. We considered the possibility that differ-
ences in the structure of the LC along the domain boundary
underlie the distinct soliton behaviors. If boundary structural
differences determined soliton behaviors, we would expect that
soliton behavior would correlate strongly with location on the
domain boundary. However, we did not observe solitons to be
reflected at well-defined locations along the boundary of Region
I and Region II (Figure S12). In contrast, we observed solitons
being refracted at the same locations, along the boundary, where
a different soliton was previously reflected (Figure S13). We
propose that the instantaneous phase of the LC director inside
the soliton, which oscillates with the applied electric field, at the
time that it encounters the strained LC director at the domain
boundary determines whether the soliton will refract or reflect at
the domain boundary.
We also observed a small population (<1%) of propagating

solitons to generate two solitons, one refracting and another
reflecting, at the domain boundary (Figure 4i−l). While
stationary solitons have been observed to split into two
propagating solitons, and four solitons have been observed to
form from the collision of two solitons,24 the factors that trigger
splitting in both contexts have not been identified. Our results
indicate that boundaries that separate two LC regions with
distinct orientations can trigger the splitting of a single
propagating soliton. Along with refraction, reflection, splitting,
and annihilation of solitons at domain boundaries, we also
observed that solitons can be created at boundaries (Figure
S14). These observations provide support for the proposal that

Figure 5.Optical micrographs of a soliton that exhibits a complex U-shaped trajectory in a spatially patterned optical cell. The dark region (Region I)
corresponds to a uniform planar LC alignment on C15SH SAMs. The bright region (Region II) corresponds to twisted LC alignment between C15SH
and C16SH SAMs. The soliton takes a U-turn, depicted by the yellow dotted line in (h), as it moves from Region I to Region II and back to Region I.
The director alignments near the boundary at the midplane of the optical cell is illustrated in the inset of (a). The direction of gold deposition is
indicated by the green arrow in (d). The soliton is indicated by the yellow circles (500Hz, 51 V). Images are taken 0.1 s apart from each other. Scale bar
50 μm.
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strained LCs present at the boundaries of LC domains with
distinct alignments can lead to soliton behaviors not seen in
systems where there is a continuous change in LC alignment.
We also prepared LC optical cells from two gold surfaces that

were patterned with C15SH and C16SH SAMs and rotated
relative to each other by an angle ψ (Figure 4b). This leads to
adjacent LC domains that possess distinct magnitudes of twist
(determined by ψ; see the inset of Figure 4m). We observed that
we could tune soliton trajectories by varying the extent of ψ
(Figure 4c,m). Furthermore, by varying the shape (curvature) of
the boundary between two LC domains, we observed that it was
possible for solitons to undergo multiple interactions with the
boundary. In the example shown in Figure 5, we observed
multiple interactions to cause the soliton to undergo a “U-turn.”
Overall, these experiments reveal that patterned LCs, and the
behaviors of solitons at the discontinuous boundaries of the
patterned domains, can lead to a complex and diverse range of
soliton trajectories. These results demonstrate that patterned
LCs can be used to spatially program the behaviors of solitons in
ways that appear promising for the design of LC-based active
matter.23,30,36

■ CONCLUSIONS
Overall, this work advances our understanding of the role of
surface chemistry on soliton formation and propagation in LC
films. We confined LC films between SAMs formed on obliquely
deposited thin gold films and, in doing so, unmasked how LC
surface interactions can impact soliton generation and direction
of propagation. We found that the anchoring energy of the LC
on the SAMs substantially influences the electric fields required
to generate solitons. This result permitted spatial control over
soliton generation and also provided insight into the locations at
which solitons propagate in twisted LC films. We further
demonstrate how patterned anchoring of LCs provides
additional control over soliton formation and trajectories via
the complex behaviors of solitons at discontinuous LC domain
boundaries. The results in this study lead to the identification of
several future directions of investigation, including the
exploration of how a wider range of terminal chemical functional
groups of SAMs influence solitons. Additionally, studies based
on simulations have the potential to provide insight into the
microscopic factors that control the reflection, refraction,
generation, splitting, and destruction of solitons at boundaries
between patterned LC domains. We also envisage future studies
in which soliton trajectories are engineered in LCs to promote
transport processes in microscale chemical systems (e.g., for
materials synthesis or assembly).
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