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Abstract:We report on a new photoresponsive bent-core nematic (BCN) material, which
exhibits flexoelectric domains (FDs) driven by electric field. Unexpectedly, we have found
that the morphologies of FDs can be controlled by irradiation with light fields. We ascribe
this light tunability to the photoisomerization effect of the azo moiety within the BCN
molecules, where the ratio of trans and cis isomers changes according to the parameters of
the light field, resulting in adjustable electric threshold and periodicity of FDs. Based on this
principle, we assembled a prototype of controllable optical grating, whose operation can be
manipulated by the wavelength or intensity of light. Due to the easy, instant and remote
operation by light, this optical, contactless tunability has a great advantage over traditional
electric control in tunable photonic devices.

Keywords: Liquid Crystals, Optically Active Materials, Microstructures, Stimuli-Responsive
Materials, Self-Assembly

1. Introduction

Liquid crystals (LCs) represent a unique class of materials since they combine the long range
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order of crystals with the mobility of liquids. Besides, the ordered structure (mesophase) can
be influenced by temperature (thermotropic LCs) or concentration (lyotropic LCs); additional
external stimuli such as mechanical stress, electric, magnetic, and light fields can also be
applied to modulate the ordered system. Thanks to these properties, LCs are in daily use in
liquid crystal displays (LCDs), optical shutters, or contact thermometers, 12

In the last few years, research has been conducted on a new class of LCs, so-called
phototropic liquid crystals (PtLCs), whose properties can be modulated by ultraviolet (UV)
and visible light. Such materials could find interesting applications in photonic devices,
including optical memories, optical displays, and optical switches. !

So far, most PtLC materials and their applications have been realized by doping a
standard LC with a separate photochromic dye. “*1However, recently, novel PtLC materials
comprising only a single component have been developed, in which every mesogenic
molecule of LCs contains a photosensitive moiety. [*%n particular, PtLCs containing an azo
group in their structure have been widely exploited, as they exhibit both the photosensitivity
of azobenzene compounds and the high birefringence of LCs. The azobenzene moiety plays
both the role of the mesogenic core and the photosensitive moiety, and thus, it can be
incorporated in calamitic (rod-like), discotic and bent-core PtLCs.

The azobenzene-based LCs usually exhibit mesomorphic behavior, if the azobenzene
moiety adopts the linear trans-configuration. However, photoisomerization into the cis-form
leads to bending of the molecule, which induces disorder within the oriented liquid and may
trigger isothermal phase transition to the isotropic phase. Besides the order to disorder phase
transition, the change in the molecular shape of azobenzene-based molecules upon
photoisomerization also influences the physical properties of LCs, such as the dielectric
constant M and elasticity. [*2 Changing the ratio between the populations of isomers is

therefore a very effective way to modify the behavior of PtLCs by means of light. [*3-14
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Bent-core liquid crystals (BCLCs) are unique materials, since they may exhibit polar
order and spontaneous symmetry breaking in ordered liquid crystalline fluids consisting of
achiral molecules. 528 The bent molecular shape causes differences also in other physical
properties of BCLCs, such as anomalous anisotropies of elastic constants or a giant
flexoelectric effect. 1719 In addition, the introduction of a functional group that allows for the
modulation of the properties of BCLCs by means of magnetic field 2021 or light 2028 js
nowadays of eminent interest. UV light stimulus can stabilize blue phases ?); it may cause
isothermal chirality switching 2 281 which results in reversible phototuning of the wave
vector of electroconvection patterns in cholesterics.! Potential applications of BCLC
materials, in particular those exhibiting a nematic phase (bent-core nematics, BCNs), are
foreseen in optical data storage, holographic media, photonics or photo-alignment of LC
matrices, though they have not been realized yet.

Recently we have synthesized a new BCN material (SV775) bearing an azo linkage, in
which both liquid-crystalline and photochromic properties are realized by a single-component
azobenzene-based LC molecule. Such an LC material takes full advantage of the high
photosensitivity of the azo moiety and the unusual physical properties of the bent-shaped
molecular structure. Thus, besides by traditional electric stimuli, it provides complementary
opportunity to comprehensively explore modulation of physical properties of BCNs by light
stimuli.

The flexoelectric effect (FE) is a physical property characterizing the self-assembly of
LC systems; it closely correlates with the molecular structure of LCs. 2% Induced by elastic
deformations (by gradients of the director n), FE manifests itself in an electric polarization,
Psn = er n div n — ez n x curl n, where e; and ez are phenomenological flexoelectric
coefficients. When driven by electric field, certain nematics exhibit flexoelectric domains

(FDs): a spatially periodic director distortion emerging above a threshold electric voltage Uih.
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(31 In a microscope, they appear as static longitudinal (parallel to the initial orientation no)
stripes with a periodicity of 4. FDs emerge as a consequence of the linear coupling between
the electric field E and the flexoelectric polarization Ps. 31 As a consequence of this linear
coupling, FDs are best observable under dc electric field; under ac driving either their
threshold voltage increases rapidly with the frequency (for f > 1 Hz), or the director pattern
fluctuates with the driving frequency (for f<1 Hz). The occurrence of FDs is limited to
materials whose parameters fulfil specific requirementst®32, Owing to the combination of
the bent molecular shape and a transverse component of dipole moment, BCNs are ideal
candidates for compounds exhibiting large flexoelectric coefficients. [33-34]

So far, most of the research effort on FDs has been focused on the electrical
characteristics of FDs, like the threshold voltage and the voltage dependent periodicity. [5-37]
Recently, tunability of these characteristics by an additional magnetic field has also been
reported; 8 nevertheless, the effect of light illumination has not yet been considered. Hereby,
we demonstrate that in a photoresponsive BCN system, the behaviour of FDs depend on both
electric and light fields. Experimental results indicated that 4 as well as Ui of FDs could be
changed (increased or decreased), depending on the wavelength 4 and intensity | of the
irradiating light.

Our investigation on the properties of FDs induced under the combined action of electric
field and light illumination may serve as a guideline to improve the performance of certain
photonic devices, for example, via using photoresponsive LCs to achieve an enhanced
tunability of electric-field-induced optical gratings by additional light fields. This unique
combination of various stimuli opens new directions in the application of photosensitive BCNs.

2. Materials and experimental arrangement
2.1. Synthesis and characterization of the studied material

The studied BCN material, SV775 [Figure 1] was synthesized according to previously



©CO~NOOOTA~AWNPE

described procedures. 4% For experimental details see the Supporting Information (SI).
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Figure 1. Molecular structure of the trans (left) and the cis (right) isomers of the compound
SV775. Photoisomerization changes the geometry of the azobenzene-based molecule;
trans-to-cis isomerization takes place upon exposure to ultraviolet light, whereas the

cis-to-trans back relaxation occurs either when irradiated by visible light or due to thermal

relaxation (ksT).

The azobenzene moiety incorporated as a linking unit in one of the rigid arms renders the
SV775 molecule photosensitive. It can undergo light-induced isomerization reaction; thus it
changes its shape from the bent-core shape of the trans isomer (Figure 1 left) into a doubly
bent structure of the cis isomer (Figure 1 right). In general, the bulk sample consists of both
isomers, whose concentration ratio C$/C'" depends on the temperature and on the
illumination conditions. In the unirradiated ground state the trans isomer dominates
(COs/Clans « 1). UV-vis spectroscopic measurements on the photoisomerisation process, as
well as additional NMR spectroscopic measurements, providing information on the ratio
Cos/Ct@ in the ground state and in the photostationary state, on the cis-to-trans thermal
relaxation, and on the effect of irradiation energy on the trans-to-cis switching rate, can be
found in the SI.

2.2. Experimental arrangement for observation of electric- and light-field driven
textures
The SV775 material was filled into standard planar cells with thickness of d = 6 pm, where

the two indium-tin-oxide (ITO) glass substrates were coated with polyimide and rubbed
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antiparallel to obtain planar alignment no. The temperature of the samples was controlled
using a Linkam LTS420 heating stage with a TMS 94 temperature controller.

Dc voltage Uqc from a function generator was applied to the sample via a high voltage
amplifier; the resulting electric field was perpendicular to the substrates and no. The samples
were observed by a polarizing microscope (POM) equipped with a white light source and a
high resolution CCD camera, in transmission mode at crossed polarizers. In addition, the
samples could be irradiated by either UV or visible light from a LED lighter (FUV-8BIT,
Height-LED Opto-electronics Technology Co.) with two radiation heads outputting
A =365 nm and A =457 nm light, respectively; the exciting light was coupled into the POM
in reflection mode through a prism. The illuminated area was a circular spot with a diameter
of 100 um [see Figure 4(e) and Figure 4(g)]; the exposed light intensity could be adjusted by
controlling the LED lighter and measured by a UV-B dual-channel irradiation meter
positioned on the top surface of the sample. In order to avoid accidental UV content from the
white light source, a UV-cut glass filter was used in the POM observation. The textures
(patterns) in the samples could be digitally recorded in the absence as well as in the presence
of the exciting light.

Besides polarizing microscopy, an independent, optical diffraction technique was also
used to probe the characteristics of FDs. The periodic director distortion of FDs corresponds
to an optical grating, which diffracts the incident beam of a He-Ne laser (A = 633 nm). The far
field diffraction fringes were recorded by a digital camera; from the positions of the
diffraction spots the periodicity of FDs (A1) was determined.

Sketches of the polarizing microscopy and diffraction setups are presented in the Sl as
Figure SI-7 and Figure SI-8, respectively.

2.3. Photoisomerization in the mesophase

The studied BCN exhibits smectic, nematic and isotropic phases (for details see SI). The
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phase diagrams in Figures 2(a)—2(c) show that, though the phase sequence is unaffected, the
transition temperatures are sensitive to the light illumination due to the trans-to-cis
isomerization of the azo group. If the temperature T is set inside the nematic phase region
(Tsm < T < Tiso) and the sample is irradiated with UV light (A = 365 nm), Tiso Will gradually
decrease due to the increasing molar fraction of the cis-form. Upon reaching a threshold
concentration of the cis-form, Tioc becomes lower than T, which leads to a
nematic-to-isotropic phase transition in the illuminated region [Figure 2(e)]. This isothermal
phase transition, associated with the increasing cis/trans ratio, usually depends on both the
UV intensity and the duration of the illumination. Namely, it is the dose (total irradiation
energy, the product of light duration and intensity) that controls this process. However, in our
case, it was found that the light intensity plays the dominant role in realization of the actual

Tiso.
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Figure 2. (Color online) Phase diagram of the photochemical phase transitions of SV775 (a)

under UV light (A = 365 nm) irradiation with lsgs = 4.8 mW mm2; (b) without illumination;

(c) under visible light (A = 457 nm) irradiation with ls57 = 0.16 mW mm2; (d) without light

irradiation, POM micrograph of the nematic phase at T = 125 °C; (e) nematic-to-isotropic

isothermal transition upon UV 365nm light irradiation with lsgs = 4.8 mW mm- for 2s; (f)

without light irradiation, POM micrograph of the isotropic phase at T = 129 °C; ()

isotropic-to-nematic isothermal transition upon visible 457nm light irradiation with

l4s7 = 0.16 mW mm2 for 120 s. After the 457nm light irradiation was terminated, it took

about 3 s for SV775 to return back to isotropic phase. The arrows P and A indicate the
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directions of the polarizer and the analyzer, respectively.

Once the illumination is switched off, the population of the cis isomer slowly diminishes
as the azo unit returns to the thermodynamically more stable trans-form. This thermal
relaxation process is usually slow and takes typically more than one hour in the bulk material.
However, that process can be accelerated by irradiation with visible light (4 =457 nm),
leading to a quick restoration of the nematic phase. Similarly, if the sample is in the isotropic
phase [Figure 2(f)], the application of visible light favours the oriented liquid crystalline state,
thus inducing locally an isotropic-to-nematic phase transition [Figure 2(g)].

While the Tiso can be reduced or increased by UV or visible light illumination,
respectively, the smectic-to-nematic phase transition temperature exhibits an opposite
tendency. Thus a shrinkage (widening) of nematic temperature range occurs, upon
illumination with UV (visible blue) light [Figures 2(a)-2(c)].

2.4. Electrical conductivity under illumination

As the patterns investigated are induced by electric field, the electrical conductivity is an
important characteristic parameter. We have measured the dc conductivity o of SV775 in a
planar cell at T - Tiso(dark) = -3 K, without and under the illumination with UV (A = 365 nm)
and visible blue (A =457 nm) light. The dependence of the conductivity on the illuminating
UV and blue light intensity is plotted in Figure 3(a) and Figure 3(b), respectively. We found

that the conductivity increases with respect to its value in dark (c =~ 9 nS/m) under UV

illumination, but decreases if illuminated by blue light. The increase (or decrease) of o is
roughly linear within the intensity ranges tested. The total change of the conductivity
amounts to about 40—50 % of the dark value.

It is well known that the electrical conductivity of liquid crystals originates from their
ionic content. We assume that illumination does not affect the number and the species of the

ions, however, it alters the structure (the order parameter) of the nematic matrix, which is also
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manifested in the changes of the nematic-isotropic phase transition temperature, as shown in

Figure 2 above.
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Figure 3. (Color online) Dependence of the electrical conductivity ¢ on the light
intensity | (a) for illumination with UV light (A = 365 nm) and (b) for illumination with
visible blue light (A = 457 nm).

We have to note, however, that as we deal with flexodomains, the conductivity of the
material is not a relevant parameter (pretending that it is low enough, as in our case). A much
higher conductivity of course might prevent the observation of flexodomains, resulting rather
in electroconvection.

3. Experimental results

In the following, by keeping the temperature of the samples at T — Tiso(dark) = —3K, the
characteristics of FDs under the combined action of dc electric and light fields were
examined. A special attention was devoted to the comparison of the influence of irradiating
light with different wavelengths on the dc threshold as well as on the morphology of FD
patterns.

3.1. FDs driven by dc field only

In the absence of light irradiation, the morphologies of FDs depend on the applied dc voltage

Uge, as illustrated in Figure 4. When Uqc exceeded the threshold U™ of the dark state

10

1

0.40
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(U, U™, FDs emerged in the form of longitudinal stripes running parallel with no. The

snapshots in Figures 4(a)—4(d) show the FD patterns recorded at successively increasing
driving voltage. Their spatial periodicity, the grating constant 4, obviously decreases upon
increasing Uqc.

Figure 4(e) plots the voltage dependence of the dimensionless wavenumber q = 2 d/4 on

a relative scale, using the threshold U{*™ of the dark state and the critical wave number

g™ at U™ as scaling units. The dependence is linear, similarly to that of other systems

investigated before.®®] The measurements presented in Figure 4(e) were performed at a
temperature in the middle of the nematic range. The voltage dependence of the wave number

was found to be independent of the temperature within the experimental error.

11



OCoO~NOUITAWNE

0.5

(

dark
i

0.75

Figure 4. (Color online) Morphologies of FDs under different dc voltages. (a) Ugc = 0 V; (b)
U, =U2* =110 Vand A =7.7 pm; (c) Ugc = 12.0 Vand A = 7.5 um; (d) Ugc = 16.0 V and
A =5.3 um. The size of the snapshots is 370 um x 280 um. (¢) Dependence of the relative

wave number q/q,
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3.2. The combined effect of light and dc field on FDs
When illuminated, the behavior of the dc voltage-induced FDs alters as a response to the
stimuli of the irradiating light of different wavelength and intensity. In the following
micrographs, only the areas located inside the dotted circle were illuminated, whereas the
areas outside that circle remained in dark [see Figure 5(b) and Figure 6(b) as examples].
3.2.1. FDs under irradiation with UV light
The experimental results indicated that both the dc threshold and the grating constant A of
FDs were affected by UV light. However, the relationship between dc voltage and periodicity
still held, like that in section 3.1, where A decreased with increasing Ugc. This fact implies
that the irradiation of UV light only changed some parameters of the SV775 compound,
whereas the mechanism responsible for FD formation remained unaltered.

Depending on the applied voltage and the illumination conditions, we could distinguish

the following three cases:
1) When Ug is low, but U, >U$™ holds, the textures of the samples depend on the light

intensity lses. Without illumination (lses =0), FDs are present uniformly in space, as

shown in Figure 5(a). In the UV illuminated bright area (inside the dotted circle), the
threshold voltage of FDs increased to U2® >U$™ owing to the irradiation with UV
light, as depicted in the graph in Figure 5. As a result, in that region, the applied Ugc is
lower than the local threshold (U>*° >U,. >U$™), which evidently causes the extinction
of FDs [Figure 5(b)].

In fact, U2 grew quickly with the increase of lsss and eventually diverged when lsgs

approached a critical value of 4.8 mW mm™ (indicated by the dash-dot-dotted vertical

line in the graph of Fig. 5). Inspection of Figures 2(a), 2(b), and 2(e) indicates that at the

13
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current temperature [T — Tiso(dark) = —3K], under that critical UV intensity, the system

undergoes an isothermal nematic-to-isotropic phase transition; the nematic phase

vanishes and thus FDs disappear resulting in an infinite U3,

On the contrary, in the dark area (outside the dotted circle), where the threshold of FDs

remains unaffected (U2*™) and therefore lower than the applied Ugc, FDs are present

normally, as shown in Figure 5(a). Thus, areas with and without FDs coexist in the
sample; their spatial distribution is in correlation with the geometry of the irradiating UV

light intensity.

26

(a) i

24 4

10 —— T T T T T T+
-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0

2
L, (mW mm™)

Figure 5. (Color online) Dependence of the threshold voltage U 3*° of FDs on the UV

intensity lses. The inset shows snapshots of FDs (370 um x 280 pum) (a) in the absence of UV

illumination (lses = 0 MW mm~2) at U, ~U&* =11V ; (b) with a central dotted circular spot

after being illuminated by UV (lzes = 1.6 mW mm2) for5sat U, =11V <U2* =124V .

The dash-dot-dotted vertical line marks the critical UV intensity of 4.8 mW mm2, where the

UV-induced nematic to isotropic phase transition occurs.

14
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2) When Ugc is high being in the range of U, >UX* >U$™, FDs are present both in the

illuminated and unilluminated areas; however, the characteristics of FDs in them are
different as shown in Figure 6. In the unilluminated area, the fringes of FDs are denser,
with a smaller 4; whereas in the illuminated area, the fringes are sparser with a larger
grating constant. This spectacular contrast, which persists independent of the actual
applied voltage at a given UV intensity [see Figures 6(b)—6(d)], arises as a consequence

of the different threshold voltages in the dark and bright areas.

Figure 6.(Color online) Dependence of the FD morphology on the applied voltage Uqc under

the same UV intensity. Snapshots (370 um x 280 um) taken (a) without UV
(1365 = 0 MW mm~2) at Ugc = 12.5 V; under UV intensity of Izss = 1.1 mW mm~2 (b) at
Ude = 12.5V; (c) at Uge = 14.0 V; (d) at Uge = 15.3 V.

3) Figure 7 illustrates the case, when Ugc is fixed at some higher value and the intensity lzss

15
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of the UV irradiation is gradually increased. While the pattern is unaffected in the
unilluminated area, the contrast of FDs becomes weaker and their grating constant

becomes larger in the illuminated area, where lIsgs increases. This behavior again can be

attributed to the increase of the threshold U 3*(1,,, ), which causes the voltage deviation

U, —U® (that governs 4) to decrease.

Figure 7. (Color online) Dependence of the FD morphology on the UV intensity at fixed

applied voltage of Ugc = 12.5 V. The snapshots (370 um x 280 um) correspond to the UV
intensities and FD grating constants of (a) Izsss = 0 mW mm, 4 = 7.2 um; (b)
I36s = 0.63 MW mm2, A = 7.5um; (c) lzes = 1.1 mMW mm2, A = 7.7 um; (d)
lses = 1.7 MW mm=2 4 = 8.5 um.
3.2.2. FDs under the irradiation with visible light

The behavior of FDs can be modified also by visible light, just its effect is opposite to that

16
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observed under UV light.
1) When Uqc is low and is below the threshold (U, <U**), no FDs are present in the
unilluminated regions [Figure 8(a)]. In the illuminated area, however, the blue light

— 457 dark H H .
t t )
(A =457 nm) reduces the threshold voltage to U,>* <U,™ (see the graph in Figure 8)

as a result, if U7 <U, <U®2™ fulfils, FDs emerge [Figure 8(b)]. Again, regions with

and without FDs coexist in the sample and their spatial distribution is governed by the
size and shape of the illumination spot. However, compared with the case 3.2.1
(irradiation with UV light, Figure 5), here the distribution of FDs is inverted, due to the
opposite dependence of the threshold voltage on the light intensity.

11.5 4

(a)

11.0 m

10.5 H \

7.5 1

77T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 ) 0.12 0.14 0.16 0.18
I, (mW mm™)

Figure 8. (Color online) The effect of visible light intensity on the FD threshold voltage. The

insets show snapshots (370 um x 280 um) of FDs (a) in the absence of blue illumination
(las7 = 0 MW mm-2), where no FDs are presentat U, =10V <U®™: (b) in a central

circular spot illuminated by blue light (l2s7 = 0.178 mW mm~2), where FDs are present at

17
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U, =10V >UX" =75V .

2) When Ug is high (U, >U$™), FDs are present uniformly in the unilluminated sample
[Figure 9(a)]. However, when subjected to blue light, a difference in the behavior of FDs
inside and outside the illuminated spot develops [Figure 9(b)]. In the unilluminated area,
the fringes of FDs are more spacious corresponding to a larger grating constant A;
whereas in the illuminated area, the fringes are denser with a smaller A. Reducing Ugc to
U (l,e,)<U,, <U%* FDs disappear in the unilluminated region, while they still

persist in the illuminated area [Figures. 9(c)—9(d)]. Similar to those aforementioned, this
spectacular feature arises from the different threshold voltages in the unilluminated and

illuminated areas, as shown in Figure 8.

Figure 9. (Color online) Dependence of the FD morphology on the applied voltage Uqc under
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the same blue light intensity. Snapshots (370 um x 280 um) taken (a) without blue light
(las7 = 0 mW mm?) at Ugc = 12.5 V; and under lss7 = 0.013 mW mm2 (b) at Ugc = 12.5 V; (c)
at Uge = 10.8 V; (d) at Ugc = 10.5 V.

3) When Ug is fixed at a value of U, >UP™ while the intensity lss7 of the blue

irradiation is increased, FDs in the illuminated area became denser and their grating

constant A becomes smaller, as shown in the image sequence of Figure 10. Again, this is

the consequence of the reduction of the threshold U;*’(l,s,) in the illuminated area,

while U in the unilluminated area does not change.

Figure 10. (Color online) Dependence of the FD morphology on the blue light intensity at

fixed applied voltage of Uq4c = 12.0 V. The snapshots (370 um x 280 um) correspond to the

blue light intensities and FD grating constants of (a) lss7 = 0 mW mm=2, 4 = 7.5 pm; (b)
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l4s7 = 0.014 mW mm—2, 4 = 6.5um; (c) las7 = 0.045 mW mm—=2, 4 = 6.3 pm; (d)

las7 = 0.178 mW mm~2, 4 = 4.1 um.

4. Discussion

4.1. Tunability of the phase diagram of S775 by light fields

Being a PtLC material, SV775 molecules exist as either trans or cis isomers, thus the system
is composed of these two isomers. While the bent-shaped trans isomers are ordered and form
the nematic phase, the W-shaped cis isomers favor random positioning and prefer the
isotropic phase. Thus the nematic ordering of SV775 comes from the contribution of the
trans isomers. Namely, the higher the population of the trans isomers, the stronger the
orientational ordering and the larger the anisotropy of the SV775 system.

When subjected to UV light, trans isomer molecules continuously undergo
photoisomerization to cis isomer molecules, which disorganizes the ordering of the nematic
phase. As a result, the clearing temperature Tiso decreases and the temperature range of the
nematic phase becomes narrower, as shown in Figure 2(a). In extreme cases, when the UV
intensity exceeds a threshold value and the resultant concentration of the cis isomer is high
enough, the system will directly undergo an isothermal transition from the nematic phase into
the isotropic phase.

In contrast, when illuminated by visible light, the excited cis isomers relax to the trans
isomers. As the concentration of trans isomers increases, the system becomes more ordered,
thus Tiso becomes higher and the nematic phase region becomes wider accordingly, as
demonstrated in Figure 2(c).

4.2. The tunability of FD morphology by light fields
Besides the aforementioned effect on the phase transition, the change of molecular shape
upon irradiation also changes the physical properties of SV775. Being a mixture of trans and

cis isomers, the material parameters of the SV775 system are affected by both isomers.
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However, their contributions are quite different: trans isomers are ordered and give rise to the

anisotropic properties of the system, whereas cis isomers are randomly oriented and promote

isotropic behavior. Thus the order parameter as well as the material parameters of the SV775
system depend on the relative population of these two isomers.

In our case, the key factor dominating the evolution of FDs is the threshold voltage U,
which can be altered by the wavelength as well as the intensity of light. Actually, Uw is an
indicator characterizing the anisotropy, which strongly depends on the order parameter S of
the BCN system. According to our experimental results, if S increases, then Uy, decreases; or
when S diminishes, U increases. The behavior of Uy, changing according to light exposure
conditions are summarized as follows:

1) When the sample is in its ground state without light stimuli, the population ratio between
trans and cis isomers is determined by the thermal equilibrium. Due to thermodynamic
stability, the majority of SV775 molecules exists as trans isomers, giving rise to the
equilibrium S(1=0), which results in the normal threshold U 2™

2) When irradiated with UV light of 1=365nm, the molecules adopting
trans-configuration undergo photoisomerization to the corresponding cis-configuration;
the population C"@ of trans isomer diminishes. The time-dependent molar ratio of cis
and trans isomers under the UV irradiation can be determined from the *H NMR spectra
(see SI, Figure SI-6 and Table SI-2). The higher the Ises, the lower the C", Thus the

order parameter S becomes smaller [S(Isss) < S(I=0)] as lzes increases, which leads to an
enhanced threshold U2%(1,.)>U%™* . Furthermore, when lses increases to a critical
value (4.8 mW mm2), U* diverges, implying that the SV775 system undergoes an

isothermal nematic-to-isotropic transition and the anisotropy vanishes accordingly, as

shown in Figure 5.
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3) When illuminated with visible light of 1 =457nm, the molecules adopting
cis-configuration undergo a reverse photoisomerization and relax to the trans isomers;

then C'" grows that results in a higher S [S(lss7) > S(1=0)]. Consequently, S(lss7)

increases for higher lss7, which leads to a reduced threshold U*'(1,s,)<U%™ as shown

in Figure 8.
Consequently, as the photochromic reactions are reversible and the two isomers can be
interchanged by light irradiation with different wavelengths, the changes of the population
ratio between trans and cis isomers gives rise to isothermal differences in the order
parameter, which alters the threshold of FDs and modulates the morphologies of FDs.
5. Prototype of photonic devices and tunable operations
The aforementioned tunability of FDs by light fields can be exploited to design new kinds of
controllable diffraction gratings. For demonstration we fabricated a prototype device, which
controls the direction and the intensity of an incident A = 633 nm (red) light beam. A constant
dc voltage Uqc is applied to a planar cell of SV775. Control by light is implemented by
illumination of the sample by light beams of A =365 nm (UV) and A = 457 nm (blue) through
appropriate shutters. A sketch of the optical setup is available in Figure SI-8 in SI. Under the
proper combination of voltage and UV or blue illumination, the device can realize two
functionalities: a shutter functionality (switching on or off the diffracted red light beam) and a
beam steering functionality (changing the direction of the red light beam diffracting on the
grating). The necessary conditions for these operations are given below.
5.1. Shutter functionality (switching the grating on/off)

5.1.1. Operation #1: switching the grating on
Initially, the device is driven by Uqc being in the range of U;>" <U, <U®™, to ensure a
homogeneous initial state, where there is no grating, and hence no diffraction [Figure 11(a)].

Once the device is illuminated by blue light, due to the lowering of the FD threshold, the
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grating appears and diffraction spots are produced [Figure 11(b)]. Afterwards, if the blue
light is turned off, the grating decays and the diffraction spots disappear [Figure 11(c)]. For

an observer along the first order diffracted beam, this operation corresponds to turning the red

light on and then off.

457
upon

457
—_—
withdraw

[457mn
Tno 457nm light irradiation 4570m light withdraw 457nm light t

Figure 11. Turn on operation controlled via A = 457nm irradiation, at Ug¢:=12V. (a) The
initial state with only dc voltage applied; (b) the grating is present under both dc voltage and
A =457nm light illumination; (c) the grating ceases after the cancellation of the 4 = 457nm

irradiation, while dc voltage is still on.

Depending on the light intensity, the grating takes several to tens of seconds to form and

decay, as demonstrated in Figure 12. Apparently, the stronger the l4s7, the faster the forming
process, while the slower the decay process. This time evolution behaviour strongly

correlates with the photoisomerization rate governed by the light intensity.
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time(s)

Figure 12. (Color online) Temporal evolution of the first order diffraction efficiencies during
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the grating switching on process stimulated by blue light of different intensity, at fixed
Uqc=10.5V. The dash-dot-dotted lines indicate the moments when the light intensity changes.
5.1.2. Operation #2: switching the grating off
The BCN device is driven by Uqc being in the range of U™ <U, <U2* thus in the initial
state the grating (due to FDs) is present; the resulting diffraction spots are depicted in Figure
13(a). Once the UV light irradiates the device, the FD threshold grows above the applied Ugqc,

and hence FDs decay and the diffraction spots disappear [Figure 13(b)]. Subsequently, the

grating restores after turning off the UV illumination [Figure 13(c)].

365 365
upon . withdraw

L365
Tno 365nm light irradiation 365nm light withdraw 365nm light ¢

»

Figure 13. Switch-off operation controlled via A = 365nm UV irradiation. (a) The initial state
with only dc voltage applied; (b) grating is erased under both dc voltage and A4 = 365nm light;
(c) grating is restored after the cancellation of the UV light, while dc voltage is still on.

The dynamics of this switch-off operation is illustrated in Figure 14, which proves that it
takes several to tens of seconds to finish the decay or recovery process. Similarly to the
aforementioned switch-on operation, this time evolution also strongly depends on the UV
intensity; the higher Ises, the faster the decay process, while the slower the recovery process.
Apparently, with a higher Isss, larger population of the cis isomer is produced in a fixed time;
afterwards it takes more time for them to relax back thermally to the initial trans isomer state

after the UV light is withdrawn.
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Figure 14. (Color online) Temporal evolutions of the 1% order diffraction efficiencies during
the grating switching off process stimulated by UV light with different intensity, at fixed
Udc=11.2V. The dash-dot-dotted lines indicate the moments when the light intensity changes.

5.2. Beam steering functionality (controlling the periodicity of the grating)
5.2.1. Operation #3: enlarging the periodicity
Without UV or blue light irradiation, driven by a dc voltage U, >U:*>U$", the FD

grating has a periodicity of Ao, as demonstrated by the diffraction spots in Figure 15(a).

dark

When the device is illuminated by UV light, the FD threshold voltage increases from U,
to U®(l,,)>U2™ . Consequently, the excess voltage above threshold (AU = Ugc — Utn)

diminishes, which results in an enlarged (A1 > Ao) periodicity, corresponding to diffraction
spots becoming closer to each other as seen in Figure 15(b). Furthermore, the resulting
grating constant A; of FDs depends on the UV intensity; the higher the intensity of the
4 =365 nm light, the larger the grating periodicity (the smaller the distance between the

diffraction spots), as seen when comparing Figure 15(b) with Figure 15(c).
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l}bﬁnm
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Figure 15. Enlarging the grating periodicity, controlled via A = 365 nm irradiation. (a) The
initial state with only dc voltage applied (Ugc = 12.5V and Ao = 7.2 um); (b) periodicity is
enlarged under both dc voltage and UV light (Izs5 = 1.1 mW mm~2 and A1 = 7.6 um); (C)
periodicity is enlarged further with a higher intensity UV light (Izss = 1.28mW mm~2 and
A1=8.2 um).

5.2.2. Operation #4: reducing the periodicity
Without UV or blue light irradiation, driven by a dc voltage U, >U*™, the FD grating has
a periodicity of Ao, as demonstrated by the diffraction spots in Figure 16(a). When

illuminated by blue (4 = 457 nm) light, the FD threshold voltage U decreases from U™ to

U " (1,6,) <U™: thus the excess voltage above threshold (41U = Ugc — Um) enlarges, which

gives rise to shorter (A2 <Ao) periodicity yielding larger separation of the diffraction spots in
Figure 16(b). A stronger illumination by the blue light yields further reduction of the FD

periodicity (larger distance between the diffraction spots), as shown in Figure 16(c).

I~157mn
[ no 457nm light irradiation I 457nm light t

Figure 16. Shrinking grating periodicity by irradiated with blue light, where Ugc = 17 V and

(a) The initial dark state with only dc applied (Ao = 4.6 um); (b) periodicity decreases under
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both dc and blue light (lss7 = 0.014 mW mm2 and A, = 4.4 pm); (c) periodicity decreases
further with a stronger blue light (lss7 = 0.046 mW mm and A2 = 3.5 pm).

6. Conclusion
With the new phototropic BCN material, we observed unusual flexodomains, whose
characteristics, such as the dc threshold voltage (Uqc) and the periodicity (the grating constant
A), can be modulated by illumination with light of different wavelength and intensity. This
tunability is allowed by the photoisomerization induced change in the ratio of trans and cis
isomers. Such effect of light on the electrically driven optical gratings is a novel
phenomenon, which can be used to tune the diffraction properties of gratings. Under
illumination with UV light (356 nm), the Uqc increases with increasing intensity of light,
which leads to switching off the grating as well as increasing its grating constant. An opposite
effect can be achieved by visible light (457 nm), which turns on the grating at given Uqc and
also enables increasing the density of the grating.
Based on such optical tunabilities, we fabricated a prototype of diffraction grating device,
whose periodicity can be easily adjusted bi-directionally by light fields. Some characteristics
(e.g. the diffraction efficiency) of this prototype might not yet seem attractive; which may
partly be owing to the poor alignment and limited illumination area of the prototype cell. We
want to emphasize, however, that our main aim in this paper was not device fabrication, but
drawing attention to a yet unreported possibility of tuning the properties of flexodomain
gratings by optical fields.
While we managed to demonstrate the effect, creation a future commercial device still
requires a lot of development work, including selection of a proper phototropic nematic
material with enhanced flexoelectrical properties, improvement of surface and pattern
alignment, optimization of the cell thickness, etc., which goes far beyond the scope of the

present paper. Nevertheless, we anticipate that our method, taking advantage of the easy,
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instant, precise and remote tunability by light, will open a new research direction devoted to

single component PtLC materials and light-controlled devices.
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