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Visible Light, Temperature, and Electric Field-Driven Rotation of 
Diffraction Gratings Enabled by an Axially Chiral Molecular Switch 

Xinfang Zhang,‡a Fathy Hassan,‡ab Hari Krishna Bisoyi,a Hao Wang,a Ziyuan Zhou,a and Quan Li*ac 

The design and development of functional soft materials with responsive and adaptive properties that can be driven by 
multiple stimuli are necessary for fundamental scientific enquiry and technological applications in advanced devices. Herein, 
a novel visible light responsive axially chiral molecular switch with high helical twisting power (HTP) has been synthesized 
which shows good compatibility in a commercially available nematic liquid crystal (LC) host E7. The cholesteric liquid crystal 
(CLC) mixture fabricated using the chiral switch and LC E7 can be driven by visible light, temperature, and electric field. 
Reversible red, green, and blue (RGB) reflection colors upon visible light irradiation and temperature variation are achieved 
in the planar cell. When the CLC mixtures with different concentrations of chiral switch are introduced into hybrid cells with 
planar and homeotropic boundary conditions spontaneous formation of diffraction gratings (DGs) occur. Good quality DGs 
are obtained in the range of ~1.85 ≤ d (cell thickness)/P ≤ ~4.30. The stripes rotate clockwise continuously with the maximum 
rotation angle over 2π (383.1°) upon visible light (405 nm) irradiation, over π (192.4°) upon increasing temperature, and 
over π/2 (101.2°) upon applying electric field, respectively. Such multi-stimuli (visible light, temperature, and electric field) 
responsive in-plane rotation of the DGs shows great potential for beam steering, spectrum scanning, and beyond.

1. Introduction
The design and synthesis of novel stimuli-responsive materials 
have been tremendously advocated in the application of optics 
and photonics devices.1-9 Among optical devices, diffraction 
gratings (DGs) as a basic and important component, have been 
widely studied in the field of beam steering, spectrum scanning, 
etc.10-14 Cholesteric liquid crystals (CLCs) with intrinsic self-
organized helical superstructures, as one of prominent stimuli-
driven functional materials, have been utilized for creating 
DGs.15-29 The performance of cholesteric DGs is determined by 
several factors such as the surface alignment of substrates, the 
helical pitch (P) of CLCs, and so forth.30-37 Compared with 
homogeneous alignment or vertical alignment on both 
substrates of cells, hybrid aligned boundary conditions with one 
planar aligned surface and another vertical aligned surface 
provide a spontaneously periodic distortion, resulting in striped 
domains of CLC gratings oriented unidirectionally.38 The 
orientation of these stripes can be continuously rotated in 
hybrid aligned boundary conditions under different external 

stimuli, including light, temperature, and electric field. Lin et 
al.39 reported the continuously rotatable CLC gratings with the 
rotation angle of about 101° under the thermal effect in a hybrid 
aligned cell with the mixture of liquid crystal (LC) E7 and chiral 
dopant CB15. The rotation angle about 48° of gratings was also 
achieved under an electric field in that system. Nose et al.40 also 
observed the continuous rotation of striped domains of CLC 
gratings in hybrid aligned surface under applying electric fields, 
and the possible mechanism of stripe rotation was further 
investigated, including four stages: defect creation, moving and 
connection shift, recombination, and relaxation and rotation. 
Light irradiation is also used effectively to manipulate the 
rotation of CLC gratings based on photoresponsive chiral 
molecules.41 The helical twisting power (HTP), increases or 
decreases under light irradiation via changing the pitch length 
owing to photoisomerization of the photoresponsive chiral 
dopants which twist the nematic host. A planar chiral cyclic 
azobenzene was synthesized and doped into LC 5CB to obtain a 
cholesteric film.42 A full cycle (360°) of rotational motion of a 
micron-size glass rod was achieved under UV light irradiation. A 
CLC system with two dopants of opposite chirality exhibited a 
broad change in helical pitch and a reversible inversion of helix 
handedness.43 Accordingly, the continuous rotation angle of 
CLC gratings was about 690°, while the total rotation was up to 
about 1220° under the UV light irradiation. Further, visible light-
driven rotation of CLC gratings with a commercially available 
azobenzene chiral dopant ChAD-3c-S (BEAM) was also 
investigated in semi-free films, in which the substrate is planar 
aligned and the air/LC interface is near-vertical.44 The maximum 
continuous rotation angle was up to 987.8° through a bandpass 
filter (450-490 nm).  However, such open CLC films can be easily 
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contaminated and wetted because the upper surface was in 
contact with air. While cholesteric gratings that can be driven 
by a single stimulus have become common, the development of 
tunable cholesteric gratings that can be effectively driven by 
multiple stimuli either independently or in combination is 
imperative to explore their full potential under diverse 
operating conditions.

Here, we report the synthesis and characterization of a 
novel molecular switch (R)-1 as a photoresponsive chiral dopant 
with an extended π-conjugated structures. This molecular 
design results in good compatibility and high HTP in achiral 
nematic host and exhibits visible-visible light-driven behavior 
for photoisomerization process instead of UV light which was 
necessary to drive the classical molecular switches at least in 
one direction. The utility of using visible-light is not only to avoid 
the harmful irradiation of UV light which degrades both 
materials and operating system but also promising for impeding 
these materials in advanced photonic devices for future 
applications.45-48 Reversible red, green, and blue (RGB) 
reflection colors upon visible light irradiation and temperature 
variation in a planar cell with CLC mixture of (R)-1 and LC E7 are 
demonstrated. Visible light, temperature, and electric field-
driven rotation of diffraction gratings in hybrid aligned cells with 
different initial pitch lengths of CLC mixture are obtained, 
exhibiting that the stripes rotate clockwise continuously with 
the maximum rotation angle over 2π (383.1°) upon visible light 
(405 nm) irradiation, over π (192.4°) upon increasing 
temperature, and over π/2 (101.2°) upon applying electric 
fields, respectively. Furthermore, we demonstrate multi-stimuli 
(visible light, temperature, and electric field) responsive 
rotatable diffraction patterns with two probing beams (red laser 
and unpolarized collimated white-light), which has potential 
applications in non-mechanical in-plane beam steering and 
spectrum scanning.

2. Results and discussion
2.1. Photoisomerization behavior and chiral induction ability of 
chiral switch (R)-1

The chiral molecular switch (R)-1 was synthesized facilely (Scheme 

S1†). The chemical structure undergoing reversible trans-cis 
photoisomerization by visible light irradiation (405 nm and 520 nm) 
is shown in Fig. 1a. The directly attached pentylbiphenyl groups at 
para position leads to an extended π-conjugation structure and a 
maximum absorption band around 365 nm. 

Reversible trans-cis photoisomerization upon visible light (405 
nm and 520 nm) irradiation in 1,4-dioxane was observed via UV-Vis 
absorption and circular dichroism (CD) spectra (Fig. 2a and 2c, 
respectively). The intensity of the maximum absorption band at 
around 365 nm (π-π* transition) decreased while the intensity of the 
weak absorption band at around 470 nm (n-π* transition) increased 
upon visible light irradiation at 405 nm owing to the trans-to-cis 
photoisomerization. The CD spectra exhibited exciton couplets at 
220 nm and 360 nm, which were derived from the 1Bb and 1Lb 
transitions of the 1,1'-binaphthyl.49 We also detected exciton 
couplets of the azo unit at 415 and 475 nm, which corresponded to 
the π-π* and n-π* transitions, respectively. A photostationary state 
(PSS) by 405 nm irradiation was obtained after 3 min exposure. The 
reverse cis-to-trans photoisomerization is obtained under green light 
irradiation at 520 nm for 3 min. Moreover, we also explored the 
variation at 365 and 470 nm of absorption intensities and 360 and 
415 nm of CD spectra in ten cycles via alternating visible light 
irradiation with two different wavelengths (405 nm and 520 nm) as 
shown in Fig. 2b and Fig. 2d, respectively. These results confirm that 
the photo-switchable (R)-1 exhibits the ability to achieve reversible 
photoisomerization upon visible light irradiation and good fatigue 
resistance after ten cycles of irradiation. We also investigated 
trans:cis isomers ratios in PSS by 1H-NMR spectroscopy. Under 
irradiation at 405 nm for 30 min, a decrease in the intensity of 1H-

NMR peaks of the hydrogen atoms close to the azo group and 
Fig. 1 Chemical structure of (a) the chiral molecular switch (R)-1 undergoing 
reversible trans-cis photoisomerization by visible light irradiation (405 nm 
and 520 nm) and (b) the nematic liquid crystal mixture E7 used in this study.
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Fig. 2 (a) UV-Vis absorption spectra of the chiral molecular switch (R)-1 in 
1,4-dioxane (0.5×10-5 M). The region in the range of 440-590 nm of the 
spectra is magnified. (b) Photoswitchable behavior of absorbance 
(monitoring wavelengths: 365 and 470 nm). (c) CD spectra in 1,4-dioxane 
(0.5×10-3 M).  (d) Chiroptical switching behavior (monitoring wavelengths: 
360 and 415 nm). Visible light (405 nm, 1.5 mW cm-2 and 520 nm, 2.2 mW 
cm-2), repeated cycle of irradiation (3 min, 10 cycles).
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appearances of new peaks of cis Ha and cis Hb were observed (Fig. 
S1†). The ratio of trans:cis isomers in PSS were calculated to be 
74:26. 1H-NMR peaks were almost recovered to the initial state 
under visible light irradiation by 520 nm in PSS (trans:cis = 97:3).

Further, the directly attached pentylbiphenyl groups at para 
position resulted in good compatibility in LC hosts. The 
homogeneous CLC mixture was prepared by doping chiral 
molecular switch (R)-1 into the commercially available nematic 
LC host E7 (Fig. 1b). The ability of the chiral molecular switch 
(R)-1 to twist nematic LC host E7 was studied. The initial helical 
pitch (P) of the CLC mixture (0.36 wt% (R)-1 in E7) and the pitch 
variations resulting from trans-cis photoisomerization upon 
visible light (405 nm, 1.5 mW cm-2 and 520 nm, 2.2 mW cm-2) 
irradiation and temperature variation were investigated by the 
traditional Grandjean-Cano method in a wedge cell (EHC, KCRK-
07, tanθ = 0.0196) (Fig. 3a and Fig. 3b). The helical twisting 
power (HTP, µm-1) (Table 1) was calculated according to 
HTP=1/(c∙P), where “c” is the concentration of the chiral 
molecular switch. In the initial state (25 °C), the HTP is 104 µm-

1. Due to the trans-to-cis photoisomerization, the HTP 
decreased to 71 µm-1 upon 405 nm visible light irradiation. 
Following 520 nm visible light exposure, the HTP increased to 
92 µm-1. Moreover, when the temperature was increased from 
25 °C to 56 °C, the HTP decreased to 80 µm-1, and there is a 
phase transition observed from cholesteric phase to isotropic 
phase at around 56.2 °C. The reason of HTP varying with 
temperature is that as the temperature increases, the 
conformation of the chiral molecule changes resulting in the 
variation of intermolecular interaction between the chiral 
dopant and the host.50

Table 1. HTP (wt%, µm-1) of (R)-1 in E7 host before and under visible light 
irradiation (405 nm, 1.5 mW cm-2 and 520 nm, 2.2 mW cm-2) and under 
temperature variation as determined by Grandjean-Cano method in a wedge 
cell. 

                    HTP (wt%, µm-1)
Initial state PSS405 nm PSS520 nmVisible light

104 71 92
25 oC 56 oC ~56.2 oC

Temperature
104 80 Phase transition

Fig. 3 (a) POM images of CLC mixture (0.36 wt% (R)-1 in E7 host in a wedge 
cell before and under visible light irradiation (initial state, PSS405nm and 
PSS520nm) and (b) under temperature variation (25 °C, 56 °C, and ~56.2 °C).

The handedness of CLC mixture was determined by the 
miscibility test performed between sample mixture (0.96 wt% 
(R)-1 in E7) and the standard compound cholesteryl oleyl 
carbonate (left-handed).47 If the chirality of the test sample is 
same as the standard sample, the mixing boundary will be 
continuous. Conversely, different chirality of the test sample 
will lead to a nematic gap. As shown in Fig. S2†, a gap existed in 
the mixing region which meaning that CLC mixture containing 
chiral molecular switch (R)-1 possesses right-handedness. 
Further, a high concentration of CLC mixture containing 3.4 wt% 
(R)-1 in E7 was prepared. At this concentration, the 
corresponding pitch is around 282 nm according to the HTP 
value, and the resulting mixture is homogeneous without phase 
separation due to the good compatibility of (R)-1 in E7 owing to 
the molecular design. After this mixture was filled into a planar 
cell with the back substrate painted black, we observed a blue 
selective reflection color. A 3D goggle with left glass 
transmitting the left-circular polarized light and right glass 
transmitting the right-circular polarized light was used to 
observe this planar cell. The circularly polarized light can be 
reflected from CLC with the same handedness of the helical 
superstructure, and the reflective blue color can be only seen 
from the right glass (Fig. S3†). Thus, this proved that the chiral 
molecular switch (R)-1 induces a right-handedness in E7.

2.2. Photochemically and thermally driven RGB colors of CLC

The potential application of tunable RGB (red, green, and blue) 
reflection colors was explored in a planar cell (INSTEC, 5.0 µm 
cell gap). Based on the variation of HTP upon visible light 
irradiation and temperature, photochemically and thermally 
driven RGB colors in a planar cell filled with 3.4 wt% molecular 
switch (R)-1 in E7 were achieved, and the real reflective color of 
the cell and the corresponding reflection spectra were 
recorded. The central reflection wavelength and the pitch of 
CLC are related by the equation λ = n∙P, where “n” is the average 
refractive index of the LC. As shown in Fig. S4a†, the initial 
central reflection wavelength is around 450 nm, and the cell 
reflects the blue light (405 nm, 0 s). Upon 405 nm irradiation 
(1.5 mW cm-2), the central reflection wavelength shifted from 
450 nm (blue) to 530 nm (green), and finally to 650 nm (red) at 
photostationary state (PSS, 120 s). Following 520 nm irradiation 
(2.2 mW cm-2), the reverse process across RGB reflection colors 
was observed. Moreover, the reversible reflection color of CLC 
across RGB bands was also tuned by temperature (Fig. S4b†). 
However, the tuning of reflection colors of this standard CLC 
cannot be observed via increasing electric fields gradually (Fig. 
S5†), due to a transition from planar state to focal conic state 
with the random distribution of helical axis, finally to 
homeotropic state. From these results, we conclude that the 
CLC mixture containing chiral molecular switch (R)-1 shows 
great of interest for photochemically and thermally driving RGB 
colors with efficient reversibility.

2.3. Multi-stimuli (visible light, temperature, and electric field) 
responsive rotatable in-plane CLC gratings

The CLC mixtures with different concentrations of chiral dopant 
were introduced into hybrid-aligned cells to obtain the CLC 
gratings. One substrate of the hybrid cell shows vertical 
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alignment, providing a parallel helical axis of CLC with the 
substrate, while another substrate shows planar alignment, 
providing a perpendicular helical axis with the substrate (Fig. 
4a). It should be noted that the good quality of CLC gratings can 
be optimized via adjusting the ratio of d/P.39 In this study, CLC 
mixtures with different concentrations of chiral dopant were 
filled into hybrid cells with same cell thickness (d = 5 µm). The 
good quality of initial stripe domains of CLC gratings can be 
observed in the range of ~1.85 ≤ d/P ≤ ~4.30 without any 
external stimuli (Fig. S6†). Further, the stripe direction of CLC 
grating can be rotated in the plane via different external stimuli, 
and the total in-plane rotation angle depends on several 
parameters, like the elastic property of LC host, the ratio of d/P, 
the interaction between LC and chiral molecules, and the 
surface anchoring energy of the substrate. From the 
measurements in the wedge cell, the pitch of CLC was 
manipulated with visible light and temperature continuously. 
Moreover, LC molecules are very sensitive to the weak 
alternating current (AC), by virtue of the inherent dielectric 
anisotropy (Δε), enabling reorientation of the helical axis of CLC 
mixture. Therefore, triple external stimuli including visible light, 
temperature, and electric field were applied respectively in this work 
to rotate the stripes of CLC gratings. 

The total rotation angle of CLC gratings with different initial d/P 
values under each external stimulus (visible light, temperature, and 
electric field) are shown in Fig. 4b. It can be observed that the total 
rotation angle of CLC grating is directly proportional to the initial d/P 
value upon visible light irradiation (405 nm) and increasing 
temperature. The reason is that a larger initial d/P value possesses a 
smaller pitch and more CLC layers, and the total rotation angle of CLC 
grating is the variational sum of helical pitch of CLC layers, thus, a 
larger initial d/P value causes a larger rotational angle. However, the 
rotation angle decreases with initial d/P value upon applying electric 
field. The threshold voltage of phase transition from cholesteric 
phase to nematic phase is inversely proportional to the helical 
pitch.51,52 A smaller initial d/P value possesses a larger pitch and a 
lower phase-transition voltage, thus, the helical structure can be 
easily unwound, resulting in the large rotational angle at a small d/P 
ratio.

Fig. 4c-e shows POM images of the continuous rotation 
process of the CLC grating with maximum rotation angles upon 
three external stimuli respectively. For the visible light 
irradiation (405 nm, 1.5 mW cm-2) at the initial d/P ratio of 4.30, 
the stripes rotated clockwise continuously with the rotation 
angle of 383.1° due to the continuous increase of the helical 
pitch of CLC (Fig. 4c). The CLC grating can be fully rotated over 
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c 0 s

112.8°

10 s 20 s 30 s 3 min

226.5° 383.1°
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Fig. 4 (a) Schematic of the helical structure of CLC in a hybrid cell (P: helix pitch); (b) total rotation angle of the CLC gratings changing with different initial 
d/P values under triple external stimuli (visible light, temperature, and electric field). POM images of the continuous rotation process of the CLC grating 
(c) by visible light irradiation (405 nm,1.5 mW cm-2) at the initial d/P ratio of 4.30, (d) with increasing temperature at the initial d/P ratio of 4.30, and (e) 
when applying electric fields at the initial d/P ratio of 1.85. (The yellow arrow represents the rubbing direction of the planar alignment layer, the white 
dotted line and the green dotted line represent the initial and the final stripe direction of CLC grating, respectively).
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2π upon 405 nm visible light irradiation, and the reversible 
counterclockwise rotation process can be achieved by 520 nm 
light irradiation (Fig. S7†). The largest rotation angle of CLC 
grating driven by temperature was also obtained at the initial 
d/P ratio of 4.30, and the rotation process is shown in Fig. 4d, 
which was also continuous and clockwise because the pitch 
increased when the temperature increased. When the 
temperature reached to 51 ℃, the rotational angle was 192.4° 
(over π). Following a higher T, the CLC grating was not uniform 
due to the thermal fluctuation and when the T increased to 
about 55.3 ℃, the stripes started to fade away until completely 
black (isotropic phase). Electric field as the third driving force 
can also rotate the CLC grating with a largest rotation angle of 
101.2° (over π/2) at the initial d/P ratio of 1.85. The pitch also 
increased with electric field, so the CLC grating was observed to 
continuously rotate clockwise as shown in Fig. 4e. Both initial 
states of CLC gratings can be restored after the removal of hot 
stage and electric field and putting the sample cell in the dark 
place for a couple of days. Although the maximum rotation 
angle (383.1°) upon 405 nm light irradiation obtained in this 
work is smaller than that (about 690°) under UV light 
irradiation43 and that (987.8°) of a semi-free film through a 
bandpass filter (450-490 nm)44, we achieved full 360° rotation 
of CLC grating in a hybrid cell by visible light irradiation. Further, 
compared with the values of rotation angles driven by 

temperature (101°) and electric field (48°) as reported39, we 
achieved almost twice the rotation angles. From these results, 
we have achieved the multi-stimuli responsive rotations of CLC 
gratings with considerable rotation angles in the hybrid cell with 
the mixture of molecular switch (R)-1 and LC E7. In addition, 
such CLC grating shows good fatigue resistance under the three 
different external stimuli respectively (Fig. S8†).  

2.4. Applications in in-plane beam steering and chromatic 
dispersion for spectrum scanning

The potential application in non-mechanical in-plane beam 
steering of this multi-stimuli responsive rotation of CLC grating 
with the chiral molecular switch (R)-1 in E7 was explored. The 
red laser diode (633 nm, 1 mW) as probing beam was applied 
(Fig. 5a). Furthermore, dispersion across the whole visible 
wavelength was observed when an unpolarized collimated 
white light with a pinhole was incident normally onto the hybrid 
cell (Fig. 5b). Upon the exposure of 405 nm light, the diffraction 
beam rotated clockwise continuously (Fig. 5c) along with the 
rotation of CLC grating (Fig. S9†). This colorful diffraction beam 
also rotated clockwise continuously along with the rotation of 
CLC grating upon 405 nm light irradiation (Fig. 5d). When the 
pinhole was replaced with a rectangular slit (Fig. S10†), the 
same rotation phenomenon was observed, while these 
wavelength components overlapped when the stripe direction 
of CLC grating is perpendicular to the long axis of the 

d

a b

c

e 2 s 3 min0 s

8 s 20 s 3 min0 s 5 s

14 s7 s

0 s 5 s 20 s 3 min10 s

405 nm or 520 nm
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Digital camera

Hot stage
with a hole

Hot stage
with a hole

405 nm or 520 nm
light source

Pinhole

Red laser Unpolarized collimated
white light

CCD camera

Fig. 5 Schematic illustration of diffraction experiment set-up with (a) the red laser diode (633 nm, 1 mW) and (b) the unpolarized collimated white-light as 
probing beams. Diffraction patterns with the initial d/P of 2.60 by (c) the red laser diode obtained via digital camera, and by the unpolarized collimated white 
light with (d) a pinhole and (e) a rectangular slit obtained via CCD camera, driven by visible light with the wavelength of 405 nm (1.5 mW cm-2). (The yellow 
arrow represents the rubbing direction of the planar alignment layer, and the white dotted line represents the initial stripe direction of CLC grating).
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rectangular slit (Fig. 5e). Similarly, the clockwise continuous 
rotation of diffraction patterns with two probing beams can be 
obtained under the driving of temperature and electric field 
(Fig. S11 and Fig. S12†). This kind of triple-induced manipulation 
of the CLC helical axis shows great potential in non-mechanical 
in-plane beam steering and chromatic dispersion for spectrum 
scanning.

3. Conclusions
We have designed, synthesized, and characterized a novel 
axially chiral molecular switch containing two azo linkages 
directly attached to the pentylbiphenyl groups. This chiral 
molecular switch shows reversible trans-cis photoisomerization 
upon visible light irradiation, good compatibility, and high HTP 
in achiral LC host E7. Photochemically and thermally driven 
reversible RGB reflection colors have been achieved in such CLC 
mixture with short pitch. The CLC mixture made by mixing 
different concentrations of chiral molecular switch (R)-1 and E7 
can spontaneously form unidirectional oriented stripe domains 
as diffraction gratings in the hybrid cell. The quality of such 
diffraction gratings is superior in the range of ~1.85 ≤ d/P ≤ 
~4.30. The stripes rotate clockwise continuously with the 
maximum rotation angle over 2π (383.1°) upon visible light (405 
nm) irradiation, over π (192.4°) upon increasing temperature, 
and over π/2 (101.2°) upon applying electric fields, respectively. 
Accordingly, we have achieved multi-stimuli (visible light, 
temperature, and electric field) responsive rotatable in-plane 
beam steering, and chromatic dispersion with white light source 
for spectrum scanning in these tunable cholesteric gratings. The 
materials developed here could find application in beam 
steering, spectrum scanning and other adaptive optical devices.
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