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Digital photoprogramming of liquid-crystal
superstructures featuring intrinsic chiral

photoswitches

Zhigang Zheng'?#, Honglong Hu'4, Zhipeng Zhang ©'4, Binghui Liu?, Menggqi Li', Da-Hui Qu®",

He Tian®", Wei-Hong Zhu®'™ and Ben L. Feringa

1,34

Dynamic patterning of soft materials in a fully reversible and programmable manner with light enables applications in
anti-counterfeiting, displays and labelling technology. However, this is a formidable challenge due to the lack of suitable chiral
molecular photoswitches. Here, we report the development of a unique intrinsic chiral photoswitch with broad chirality
modulation to achieve digitally controllable, selectable and extractable multiple stable reflection states. An anti-counterfeiting
technique, embedded with diverse microstructures, featuring colour-tunability, erasability, reversibility, multi-stability and
viewing-angle dependency of pre-recorded patterns, is established with these photoresponsive superstructures. This strategy
allows dynamic helical transformation from the molecular and supramolecular to the macroscopic level using light-activated
intrinsic chirality, demonstrating the practicality of photoprogramming photonics.

systems hold a prominent position that is reflected by their

widespread use in imaging and display technology. Tailoring
the ordered molecular arrangement and self-organized behaviour of
the soft superstructures of mesogenic materials and precisely con-
trolling their dynamic behaviour along multiple length scales via
remote light stimulation are major fundamental challenges and con-
tinue to offer opportunities for materials engineering'~. As a dis-
tinctive feature of functional and stimuli-responsive LC-based soft
materials, they can adopt self-organized helical superstructures due
to the presence of a chiral dopant, thereby exhibiting the selective
reflection (that is, a photonic band gap (PBG)) of circularly polar-
ized light (CPL) with the same handedness sense as the LC helix.
The central wavelength (1.) of the PBG is proportional to the helical
pitch length (P) when the average refractive index (n) of the heli-
cal system is invariable, according to Bragg’s law (4.=nP)"". Since
P is inversely proportional to the helical twisting power (HTP)
of the chiral dopant, chiral photoswitches are intentionally intro-
duced into achiral LCs to facilitate the control and modulation of
the helical superstructure non-invasively by light**. This allows the
reversible tuning of the Bragg reflection and as a consequence the
image formation. Previous approaches for dynamically controlling
the chirality and supramolecular organization in LC systems have
mostly been based on the combination of photoswitches and chi-
ral dopants’, photoswitches with chiral pending groups' (Fig. 1a)
or overcrowded alkene switches'' and rotary molecular motors'*-'°.
Given the thermal instability of traditional photoswitches, in par-
ticular, azobenzenes'’~*' and fulgide derivative®, diarylethenes with
excellent fatigue resistance over multiple switching cycles® are con-
sidered prominent candidates for the design of thermally stable and

Q mong soft supramolecular materials, liquid-crystal (LC)

photoprogrammable helical LCs***’. Diarylethenes adopt rapidly
interconverting helical structures, and this conformational flexibil-
ity is the origin of racemate formation after ring-closure, locking
the chirality. To induce a chiral preference upon photocyclization
(Fig. 1a), chiral groups are necessarily attached to the photochromic
moiety, making these switches suitable as chiral photoresponsive LC
guests. Nonetheless, such extrinsic chiral groups usually generate
low asymmetric induction in the photocyclization, producing a pair
of diastereomers with opposite stereogenic centres”, thereby com-
monly inducing multiple helical domains and generating orienta-
tion disorder of the LCs with decreased optical efficiency.

Here, we report dissymmetric chiral photosensitive diarylethene
switches 1 and 2 with a sterically hindered ethene bridge and the
unique feature of light-induced reversible transformation between
the open forms of 1o and 20, which have intrinsic axial chirality,
and the closed forms 1c and 2¢, which have central chirality. This
avoids adverse factors incurred by extrinsic chiral moieties (Fig. 1b).
Owing to the special molecular design, the diarylethene switch in its
open state adopts two stable enantiomeric and non-interconvertible
M- and P-helical structures, whereas in the closed state the central
chirality is locked via covalent bonds. Furthermore, a judicious
choice of mesogenic moieties decorating the central diarylethene
photoswitch unit in 1 and 2 facilitates their miscibility with LCs
and consequently enhances the fatigue resistance, HTP variation
and stability. The enantiopure open forms (M)-1o and (M)-2o0 are
converted in a stereospecific manner to the corresponding closed
forms (S,5)-1c and (S,S)-2¢, respectively, upon ultraviolet (UV)
light irradiation. This enables the dynamic light modulation of an
LC helical structure when applied as a chiral guest in LC materi-
als without the need for introducing additional chiral groups into
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the photoswitches. Provided that a sufficient change in the HTP is
achieved upon photochemical switching of the chiral dopant mole-
cule, such intrinsic modulation of chirality can effectively suppress
both the orientation disorder and the phase defects of LCs caused by
multiple chiral sources. This will result in a significantly improved
optical performance while enhancing the light-stimulated chirality
changes and the modulation of supramolecular organization. Based
on the design presented here the dynamic photochemical manip-
ulation of the Bragg reflection from the near-UV band up to the
near-infrared band has been achieved (Fig. 1c). Notably, any inter-
mediate light-reflection band in the entire visible spectrum can be
selected and stapled, enabling controllable, selectable and extract-
able multi-stable soft-material reflection states, which to the best
of our knowledge is unprecedented to date. Photo-rewriting and
modulation of a predefined optical microstructure further corrobo-
rated the major advantages of using an intrinsic chiral photoswitch
as demonstrated here. The experimental data reflect the dynamic
coupling of elasticity and orderliness in an LC matrix during the
enantiospecific transformation of the chiral dopant. Furthermore,
a multiple anti-counterfeiting technique of embedding diverse
predefined microstructures was established by combining the
photoresponsive chiral system and a regional photoprogrammable
alignment method (Fig. 1c). We demonstrate that these photo-
switchable chiral materials, which show large HTP variation, allow
accurate manipulation with a high fatigue resistance and thermal
stability and enable multiple-digital photoprogramming of soft
LC-based systems.

Bistable photoswitches with intrinsic chirality

Our design of photoswitches 1 and 2 (Fig. 1b; for the synthesis,
characterization and properties, see Supplementary Figs. 1-25 and
Supplementary Tables 3-11) was inspired by the helical M and P
enantiomers of the open form of phenanthrene-based diaryleth-
enes™. It features a diarylethene core switching unit, which under-
goes a reversible 6m electron photocyclization®>”. Distinct from
numerous photochromic systems, it shows excellent thermal stabil-
ity and fatigue resistance over multiple switching cycles. The photo-
chemical switching with simultaneous modulation of the intrinsic
chirality that is from axial to central chirality, along with the meso-
genic groups to enhance the miscibility of these photoswitches
in the LC matrix (as confirmed by the calculation of solubility
parameters (Supplementary Table 1)), make these diarylethene
compounds unique light-responsive dopants for the modulation
of supramolecular organization and chirality in LC films. For com-
parison, an intrinsic chiral photoswitch (M)-30 without mesogenic
groups™ (Supplementary Fig. 17) and a diarylethene (S,S)-40 with
pending chiral BINOL-derived groups® (Supplementary Fig. 2) are
used to illustrate the distinct advantage of an intrinsic chiral LC
dopant. To corroborate the difference in the level of stereocontrol,
the photocyclization of our new switches with intrinsic chirality
(M)-10 and those based on extrinsic chirality (S,S)-40 were studied.
Chiral HPLC analysis illustrates the remarkable difference in stereo-
selectivity upon switching (Fig. 2a,b). With UV light irradiation,
two diastereomers of the closed form (S,S)-4¢ are found with a d.e.
as low as 10% (Fig. 2b and Supplementary Fig. 2). Doping an LC
film with (S,S)-4c would produce multiple helical domains due
to significant orientation disorder of the LCs. In stark contrast the

enantiospecific ring-closure of the open form (M)-1o to the closed
form (S,S)-1c generated a single species (Fig. 2a), which indicates
an e.e. value of >99%. The switching and chirality modulation
achieved between (M)-1o and (S,5)-1c is exclusively induced by
the enantiospecific intrinsic-chirality transformation during the
fully reversible photocyclization process. The distinct advantage is
that the orientational disorder or phase defects of the LCs caused
by multiple chiral sources can be avoided. The circular dichroism
(CD) spectra of (M)-10 and (S,S)-40 confirmed the difference in
the absorption of CPL upon switching the components (Fig. 2¢,d).
The excellent thermal stability and fatigue resistance of our intrinsic
chiral photoswitches 1 and 2 (with 3 and 4 for comparison) were
demonstrated by almost invariable absorption during a 100 h period
or via monitoring at least 30 switching cycles upon alternating UV
and visible-light irradiation (Fig. 2e-g, Supplementary Fig. 26 and
Extended Data Fig. 1).

Dynamic reflection control using multiple stable LC

For optical modulation of the PBG over a wide spectral range,
the key to potential photonic applications, the prerequisites are a
large molecular chirality fluctuation (that is, HTP variation) and
multiple stable states in a broad dynamic range as well as robust
photoswitching. Gratefully, the HTP variation of (M)-1o is as
large as 88.58 pm~' with a high initial value of 129.85um™"', while
(M)-20 has similar characteristics with an HTP variation of
87.28 pm™" and an initial HTP of 144.55um™". For comparison, the
HTP variation of the intrinsic chiral photoswitch (M)-30 without
mesogenic moieties is only 24.11 pm~"' with an initial HTP value of
36.07 pum ™ (Supplementary Figs. 27-33 and Supplementary Table 2).
Obviously, the presence of intrinsic chirality in combination with
mesogenic moieties leads to enhancement of the HTP value as well
as a large variation in the HTP, which we expect to allow dynamic
reflection manipulation.

A photoresponsive helical LC system was prepared by incorpo-
rating the chiral photoswitch (M)-10 (0.85mol%) into the twisted
nematic LC (LCM17). The LC film exhibited a continuous and fast
change of the reflection colour from the initial dark state, passing
through the visible blue, green and red states to the photostation-
ary state, upon UV light (365nm) exposure for 17s, as a result of
the increase in the helical pitch (that is, a decrease of the HTP)
(Fig. 3a and Supplementary Video 1). Full recovery was achieved
using 530 nm visible-light irradiation for 33s. As confirmed by the
oily-streak texture, the initial helical arrangement was maintained
during irradiation. Moreover, a reflection shift over a broad wave-
length range was observed from 380 nm to the near-infrared band
at 850nm, covering the entire visible region and without any sig-
nificant spectral deformation. By contrast, reflection wavelength
shifts during light stimulation reported so far’'-** have always been
accompanied by insurmountable spectral deformation with abnor-
mal bandwidth broadening, peak attenuation and numerous irreg-
ularities. The precise spectral modulation can be attributed to the
weak influence of the intrinsic chirality on the LC long-distance
orderliness during the photoisomerization of (M)-1o (ref. **). A
similar performance was achieved in the system containing (M)-20
(Extended Data Fig. 2).

It is noteworthy that benefitting from the excellent thermal
stability of (M)-1o, any desirable stable intermediate state, with

>

>

Fig. 1| Intrinsic chirality endowing the photoswitch with unique features for photoprogrammable LC helical superstructures. a, Generalized structures
and photoisomerization of common photoswitches with extrinsic chiral groups. Vis, visible light. b, Enantiospecific intrinsic axial to central chirality
transformation from (M)-1o to (S5,5)-1c and (M)-20 to (S,5)-2c, and the corresponding ORTEP representation of single-crystal X-ray diffraction structures
drawn at the 50% probability (S, yellow; N, blue; C, grey), where all hydrogen atoms are omitted for clarity. ¢, Wide pitch length modulation of LC material
(that is, spectral modulation) and anti-counterfeiting technique embedding diverse predefined microstructures. Three different microstructures, such as
the periodic concentric circles (1), the one-dimensional periodic stripes (I1) and the fork-shaped stripes (l1I), perform very stably thanks to the photoswitch
with intrinsic chirality, which facilitates the multi-stability for digital photoprogramming.
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Fig. 2 | HPLC, CD spectra, fatigue resistance and thermal stability comparisons: intrinsic chirality versus extrinsic chiral groups. a, Chiral HPLC
chromatograms of (M)-1o (CH;CN, 0.5mlmin~", monitored at the isosbestic point of 320 nm). b, Chiral HPLC chromatograms of (S,5)-40 (CH,CN,
0.5mlImin~', monitored at the isosbestic point of 323nm). ¢,d, CD spectra of (M)-10 (¢) and (§,5)-40 (d). e f, Fatigue resistance of (M)-1o (e) and (§,5)-40
(). g, Thermal stability of the photostationary state of (M)-10, (M)-20, (M)-30 and (§,5)-40 in THF at 2.0 x 10> M, irradiated with alternating UV light

(4=313+10nm) and visible light (4> 480 nm). PSS, photostationary state.

the corresponding reflection colours and spectra, can be obtained
when removing the light stimulus. Therefore, multi-stability can
be readily achieved, solving a major issue in current light-actuated
soft-material systems. To further corroborate these findings, a pat-
terned image was recorded in the photoresponsive LC sample using
light passing through a photomask, showing the emergence of a
well-defined blueish monkey face after UV irradiation for 5s, which
was followed by the successive colour change to green (8s) and red
(13s) with sustained UV exposure (Fig. 3b(i-iii)). Rewardingly,
the images at any intermediate status (blue, green and red images)
remained unchanged without any obvious colour migration (or
blurring of the boundary) up to 4h after the light stimulus was
removed (Fig. 3b(iv-ix)). This multi-stable characteristic, with fast
responsive behaviour and precise patterning enables optical digital
programming, the selection and extraction of any preferred colour
image as well as reflection spectra via non-invasive light stimulation.

Photoprogrammable LC optical microstructures

To further explore the capability of such photoresponsive LC super-
structure for optics, a series of micropatterns with typical optical
diffraction effects were configured using light. A sample with an
initial dark state at the near-UV reflection band was stimulated
for 15s using 365nm light passing through a photomask with a
periodic concentric-circle ring pattern, generating the correspond-
ing binary optical micropattern with alternating dark and blue rings
(Fig. 4a). This photoprogrammable micropattern could be readily
re-programmed using additional predefined patterned irradia-
tion to generate Fresnel-featured concentric rings or fork-shaped
gratings with a topological optical singularity (Fig. 4b,c). Owing
to the large HTP variation of (M)-1o, any desired micropattern
colour can be dynamically transformed, selected and even extracted
over a relatively broad spectral range between 380 and 850 nm by
accurately controlling the exposure time. For instance, three stable
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intermediate states like blue, green and red microstructure patterns
are readily obtained and retained after removing the exposed light,
which is unachievable for the majority of photoswitches (including
the control compounds (M)-30 and (S,S)-40). Notably, the observed
sharp boundary between the two-colour regions indicates a weak
orientation correlation of the LCs. Such microstructures can also
be prescribed via the regional alignment, for example, photoalign-
ment, for precise control of the orientation of the LCs at certain
micro-regions near the cell substrate, enabling optical phase modu-
lation of the system.

The binary colour can induce transmittance or reflectance differ-
ences with respect to an impinged light with the wavelength located
at any of the PBGs of the two regions, thereby generating light dif-
fraction. To demonstrate this, a 633 nm helium-neon (He-Ne) laser,
which was insensitive to the photoswitch (M)-10, was converted to
a CPL probe beam to detect the diffraction of red-and-dark micro-
patterns (Fig. 4d). The characteristic and sharp diffraction patterns
like the concentric circular lines, with a central focal point and
doughnut-shaped diffraction spots, confirmed the micropattern
regularity and further demonstrated the weak LC orientation corre-
lation on the boundary. It has to be noted that such a weak correlation
is commonly obtained using additional polymer stabilization.’**

The LC helical superstructure can also provide an elegant self-
organized photonic microcavity to generate a narrow-band laser
emission after homogeneously mixing a small amount of gain
medium with it. With appropriate external pumping the emis-
sion is at the PBG band edge and indicates the feasibility of a
wavelength-tunable laser based on this photoresponsive system.
Towards this goal, a photochemically reversible modulated laser
emission was established by doping the fluorescent dye DCJTB
(Supplementary Fig. 34) into the helical LCs, thereby successfully
achieving a wavelength shift from 609 to 659 nm accompanied by a
successive colour change in the light emission from orange-red via
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Fig. 3 | Dynamic and reversible light control of the helical LC superstructure with multi-stability. a, The reflection colour and corresponding

waveband were modulated reversibly with the alternating UV- and visible-light irradiation. Here, 0.85 mol% of intrinsic chiral photoswitch (M)-1o was
homogeneously mixed with LCM17 and injected into a 4.9-pm-thick planar cell. The irradiation intensities of UV at 365 nm and visible light at 530 nm were
4.0 and 1.0mW cm~2, respectively. b, Photowriting of the predefined pattern with 365 nm light passing through a photomask. Three intermediate states
reflecting blue, green and red colours were preserved in the dark under ambient conditions for 2h and 4 h after removing the light stimulus.

red to dark red (Fig. 4e) with UV irradiation. Here, the tuning range Light modulation of an LC laser is generally characterized by
of the emission wavelength is primarily limited by the fluorescence  gradual spectral distortion, which is especially evident from band-
emission spectrum of the gain medium. width broadening and scattering noise as a result of the disorder of
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Fig. 4 | Photoprogramming and modulation capabilities of photoswitch (M)-1o enable the reconfiguration of optical microstructures with highly efficient
diffraction and microcavity features. a-c, Photoprogrammable micropatterns of periodic concentric circles (a), Fresnel-featured concentric circles (b) and
fork-shaped gratings (c) with blue, green and red reflection colours were generated using a 365nm UV source passing through the corresponding photomasks.
d, Optical setup used to receive the typical diffraction patterns in a-¢, which were detected using a 633 nm laser. P, polarizer; QWP, quarter waveplate; BS,
beam splitter. The photoresponsive helical LC was prepared by mixing (M)-1o (0.85mol%) with the commercially available twisted nematic LC, injecting it
into a 4.9-um-thick planar cell and reversibly modulating it by alternating the irradiation with 365nm UV and 530 nm green light at 4.0 and .0mW cm=?,
respectively. e, Tunable laser emission based on the photoresponsive helical LC achieved after doping with the gain medium DCJTB (0.77 mol%), the shifting
of reflection spectrum with the light stimulation and, correspondingly, the simultaneous shifting of the emission spectrum at the band edge of the reflection
spectrum. The inset images show the emission patterns at 609, 638 and 659 nm. f, Beam profile of the laser at 609 nm detected in the far-field region.

the LCs in the microcavity’>*-*'. Importantly, our system shows a fitted Gaussian intensity profile (Fig. 4f) over the entire stimulation.
sharp and smooth laser spectrum with a narrow bandwidth of less  This excellent performance can most probably be attributed to the
than 0.6nm (Fig. 4e), which can even maintain an approximately =~ weak influence of the intrinsic chiral (M)-1o on the long-distance
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Embedding photoprogramable invisible microstructures into multiple anti-counterfeiting patterns

O Areas of embedded
microstructures

Fig. 5 | Multiple anti-counterfeiting characteristics with light-induced pattern emergence and hiding, colour-tunability and reversibility, digitalized
extraction, viewing-angle-dependent reflectance as well as embedded hidden microstructures. a, Schematic illustration of the pattern-reflectance
dependency upon the viewing angle limited by Bragg's law. The pattern of a coloured two-dimensional barcode on a dark background can be observed

at the Bragg viewing angle a; however, the complementary case of a dark two-dimensional barcode on a coloured background can be observed at any
viewing angle that deviates from Bragg's law. b,¢, With alternating irradiation with UV (365 nm) and visible (530 nm) light, the emergence and hiding,
colour-tunability, reversibility and digital extraction of the sample are achieved, when viewing at the Bragg angle (b) and at an viewing angle that deviates
from Bragg's law (¢). Here, (M)-10 (0.85mol%) was mixed into commercially available twisted nematic LC. A 4.9-um-thick antiparallel-aligned cell was
used. d, Photoprogrammable hidden micropatterns (scale bar, 50 pm) were observed using a polarizing optical microscope, and their corresponding

optical diffraction patterns were readily detected using a laser pointer.

LC order, which is distinct from (S,S)-40. The molecules with intrin-
sic chirality avoid the formation of multiple domains caused by
diastereomers, thereby efficiently suppressing scattering loss and
enhancing the optical efficiency. Compared with the non-mesogen
decorated (M)-30, the improved miscibility of (M)-1o in the LC
matrix, regardless of whether it is in the open or closed form, also
contributes significantly to the desirable modulation of the emission
performance. In practice, the multi-state and switchable helical sys-
tem facilitates the digitalized selection and programming of a stable
laser output, thereby achieving the essential factors that are key to
high-capacity signal transmission, processing, recording and coding.

Multiple anti-counterfeiting by intrinsic chiral photoswitch
Anti-counterfeiting is an indispensable technique for maintaining

a fair market order and protecting consumer benefits*>. However,

232

it is challenging to balance the multi-functionalization, inimitabil-
ity and visualization needed***. On the basis of the intrinsic chiral
photoswitch, we demonstrate here an anti-counterfeiting technique
using photoprogrammable pattern alignment. The chiral LC mate-
rial based on (M)-10 was injected into a specially designed LC cell
with a photoalignment-treated predefined pattern comprising the
capital letters ‘ECUST’ and the corresponding two-dimensional
barcode (that is, a QR code) (Fig. 5a). A high-reflectance uniformly
oriented standing helix is generated in the patterned region while a
low-reflectance randomly oriented helix with high light scattering
is formed in the other regions. The pattern was initially hidden and
emerged gradually upon irradiation with UV light at 365nm, and
was accompanied by a successive colour change over a broad range
from blue, dark green, grass green, yellow to brown-red. The pattern
disappeared again via visible-light irradiation at 530 nm (Fig. 5b and
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Supplementary Video 2). Importantly, every coloured pattern in the
irradiated sample can be specifically extracted for detailed inspec-
tion after removing the light stimulus due to the excellent thermal
stability of the intrinsic chiral photoswitch (M)-1o. As predicted
by Bragg’s law the pattern reflectance is strictly dependent on the
viewing angle. When the material is viewed at the Bragg angle a,
a coloured pattern is visible on a dark background, whereas at all
other viewing angles a dark pattern is visible against a coloured
background (Fig. 5¢ and Supplementary Videos 3 and 4). Notably,
the anti-counterfeiting performances of the sample worked
very well even after half a year, which is due to the stability and
fatigue resistance of the intrinsic chiral photoswitch (Supplemen-
tary Video 5). A further important anti-counterfeiting technique
was developed through embedding photoprogrammable invi-
sible microsized structures into a QR code (Fig. 5d). For instance,
three different well-defined microstructures were embedded using
a regional photoprogrammable alignment technique and showed
the characteristic associated optical diffraction patterns (Fig. 5d
and Supplementary Videos 6 and 7). Moreover, a double-layered
sample with a lower photoactive chiral LC layer that displayed a
pre-designed image (that is, leaves) and an upper photoinactive
chiral LC layer that displayed a matching image (that is, a trunk)
was established. These anti-counterfeiting techniques show promis-
ing applications in the beverage industry (Supplementary Videos 8
and 9). Based on the chiral switchable LC dopant presented here,
a multiple-state, inimitable and visualized anti-counterfeiting tech-
nique is demonstrated. It benefits from the intrinsic chirality of the
helical system, showing the light-induced emergence and hiding of
patterns, colour-tunability, readily digitalized extraction, revers-
ible behaviour, viewing-angle-dependent reflectance and embed-
dable hidden microstructures. It shows multi-functionality that
is enabled via a single matrix in a simple manner using light that
offers prospects not only for anti-counterfeiting but also for
responsive encryption.

The major disadvantage of traditional photoswitches—in par-
ticular, azobenzenes and fulgide derivatives—is their thermal
instability, which has been a formidable challenge until now for
their practical application in dynamic and controllable photonics.
Intrinsic chiral photoswitches allow large chirality fluctuations and
weak orientation correlation, generating long-distance orderliness
of LC soft superstructures using light within a reversible dynamic
range, which is distinct from photoswitch-based systems so far. By
avoiding the adverse factors incurred by extrinsic chiral moieties,
the enantiospecific transformation from intrinsic axial to central
chirality of the photoswitches induces a reflection modulation over
a broad spectral range as well as a precise rewriting of a predefined
image with sharp boundaries, thereby enabling light-activatable LC
soft superstructures. These photoswitches show a large modulation
of the HTP and solve serious bottlenecks seen with current modu-
lation of superstructures using light, such as thermal instability,
the limited dynamic range of the HTP and regional arrangement
disturbance. In addition, the photoswitch facilitates multi-stable
states that are controlled exclusively by light. This enables reversible
digital programming and the selection and extraction of any desired
images, patterns, characters and spectra to be controlled using irra-
diation. The photoprogramming and modulation of a predefined
optical microstructure without the aid of additional polymer stabili-
zation is also demonstrated. Moreover, a multiple anti-counterfeiting
technique is established that enables the light-induced emergence
and hiding of a pattern with a reversible colour change, with readily
digitalized extraction and viewing-angle dependency of the pre-
defined pattern. A system with embedded hidden microstructures
offers bright prospects for future anti-counterfeiting methodol-
ogy. Having established a basis for the digital programming of soft
photonic superstructure materials with a unique intrinsic chirally
responsive system, major opportunities arise towards non-linear
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dynamics, cybernetics and informatics, and on-demand reconfigu-
rable complex systems.
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Methods

General. All commercially available starting reagents and solvents were used
directly without further treatment unless otherwise specified. Photoresponsive
chiral molecular switches (M)-10 and (M)-20 were prepared according to the
established methods (Supplementary Fig. 1) and their enantiomers were separated
through preparative HPLC (yield > 80%, e.e.>99%) (Supplementary Figs. 17-25).
Compounds (M)-30 and (S,5)-40 were synthesized according to the reported
routes'. All NMR spectra were recorded using Bruker AM-400 spectrometers
with tetramethylsilane as the internal reference and deuterated chloroform as

the solvent. High-resolution mass spectra were recorded using a Waters LCT
Premier XE spectrometer with methanol as the solvent. Absorption spectra

were recorded using an Agilent Cary 60 instrument (quartz cell pathlength,

1 cm). The photochromic reaction was induced through continuous irradiation
(A=302+20nm, 0.20mW cm™2) using a hand-held UV lamp or irradiation using
a white light-emitting diode (LED) equipped with a broad band interference filter
Ay >480nm (1.2mW cm™2). A chiral column (Chiralcel Chiralpak IC, 4.6 mm
diameter X 250 mm length) was used for analysing (M)-1o, (M)-20, (M)-30 and
(8,5)-40 at a flow rate of 0.5 mlmin~’, using eluent solvents ((M)-30: CH,CN:H,0=
80:20 (v/v); (M)-10, (M)-20 and (S,S)-40: CH,CN) and where the detected wave-
length is the isosbestic point ((M)-10: 320 nm; (M)-20: 340 nm; (M)-30: 303 nm;
and (S,S)-40: 323nm). UV/visible spectra were recorded using an Agilent Cary
60 spectrometer (1cm quartz cell) at 298 K (Supplementary Fig. 26). CD spectra
were recorded using a Jasco J-819 spectropolarimeter (1 cm quartz cell) at 298 K.

Single-crystal X-ray structure determination. The crystallographic data reported
in this article ((M)-10 and (S,5)-1c) have been deposited with the Cambridge
Crystallographic Data Centre (CCDC), with deposition number of 2015169 for
(M)-10, and 2015171 for (S,5)-1c. Detailed crystallographic data can be obtained
from https://www.ccdc.cam.ac.uk/data_request/cif and the Supplementary
Information.

Liquid-crystal systems. The twisted nematic LC (LCM17) was obtained
commercially from PhiChem. In addition, all the LC samples were implemented
by means of being irradiated using a 530 nm collimated LED light source (M530L3,
1.0mW cm™2 Thorlabs) or a 365nm UV LED source (SunSpot 2, 4.0 mW cm™,
Uvitron). The LC samples were observed using a polarized optical microscope
(LVPOL 100, Nikon) with crossed polarizers under reflection mode and the
optical textures were recorded using a charge-coupled device (CCD) camera,

and a fibre-coupled spectrometer (Avaspec-ULS2048, resolution: ~2.0 nm,
200-1,100 nm) was used to detect the reflection spectra from the sample. For
photo-patterning, the sample was treated through a chromium photomask and
the transmitted patterned light modulated the superstructures in the prescribed
regions. The optical diffraction technique was characterized using a 633 nm
He-Ne laser and the laser dye DCJTB (Supplementary Fig. 34) was used for lasing
generation. A pinhole was inserted between the lenses to filter the stray beams.
The laser was converted to left-handed CPL by successively passing through a
polarizer and a quarter waveplate with a 45° angle between the transmission axis

NATURE PHOTONICS | www.nature.com/naturephotonics

of the polarizer and the fast axis of the waveplate and impinged on the sample. The
reflective far-field diffraction pattern was received by a black screen placed behind
a pair of lenses. For regional photoalignment technique, an optically sulfonic
azo-dye SD1 (0.5wt% in N,N-dimethylformamide) is spin-coated onto two indium
tin oxide-coated glass substrates and irradiated using patterned linear polarized
UV light generated through a corresponding photomask (365nm, 6.0 mW cm~?) to
establish the initial orientation on two substrates.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper
and the Supplementary Information.
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Extended Data Fig. 1| HPLC, CD spectra, fatigue resistance and thermal stability comparisons: intrinsic chirality vs. extrinsic chiral groups. a, Chiral
HPLC chromatograms of (M)-20, (CH,CN, monitored at the isobestic point of 340 nm). b, Chiral HPLC chromatograms of (M)-30 (CH,CN : H,0=80: 20,
0.5mL min~', monitored at the isobestic point of 303 nm). ¢, d, The circular dichroism spectra of (M)-20 and (M)-3o0. ¢, f, Fatigue resistance of (M)-20
and (M)-3o in tetrahydrofuran at 2.0 x 10=> M. The photoswitches were irradiated with UV (A=313 +10 nm) light and visible (1> 480 nm) light and the
detected value is the maximum absorption in the visible region.

NATURE PHOTONICS | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

NATURE PHOTONICS ARTICLES

©
S
o
©
=)
(¢}
©
=)

—— Open 0s —— UV 3s —— Open O's Uv 7s Open Os UV 10s
Uv 7s — UV 11s UV 13s UV 20s UV 20s —— UV 30s
— UV 15s —— UV 18s [— uv 28s _—UV435

0]
o

Reflection (%)
N H
2 <2 :
&
Reflection (%)
S 5
Reflection (%)

0]
o
[e2]
o

A \VA\/\ y 0 i , > |
400 550 700 850 450 550 650 750 450 550 650 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)

o
(o]
o
o
(o]
o
-
[e ]
o

—— PSS 0O0s —— Vis 5s —— PSS 0s Vis 10s —— PSS 0s —— Vis 30s
— Vis 11s Vis 18s Vis 20's Vis 30s Vis 60 s Vis 90's
— Vis 24 s — Vis 32s |—— Vis 42s | Vis 118's

[e2]
o

Reflection (%)

N B
o <2 2 :
Reflection (%)

N H

<2 <2
Reflection (%)

N B

. o o

0]
o
[e2]
o

\\[/ |

a———

ok, g . . 0 _ i ;

400 550 700 850 450 550 650 750 450 550 650 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Extended Data Fig. 2 | Dynamic controlling of reflection wavelength through light switchable intrinsic chirality. Reflection wavelength of a, 0.62 mol%
of (M)-20, b, 1.44 mol% of (M)-3o0, ¢, 0.77 mol% of (§,S)-4o, in the twisted nematic LC (LCM17, commercially from PhiChem, Shanghai) in a 4.9 pm
thick planar cell upon exposure to 365nm (4.0 mW cm) with different times and the recovery was achieved by a 530 nm (1.0 mW cm~2) visible light
irradiation corresponding to (d-f).
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