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Revolving supramolecular chiral structures
powered by light in nanomotor-doped

liquid crystals

Tetiana Orlova', Federico Lancia? Charles Loussert!, Supitchaya lamsaard?, Nathalie Katsonis®2*

and Etienne Brasselet™

Molecular machines operated by light have been recently
shown to be able to produce oriented motion at the molecu-
lar scale™? as well as do macroscopic work when embedded in
supramolecular structures®. However, any supramolecular
movement irremediably ceases as soon as the concentration
of the interconverting molecular motors or switches reaches
a photo-stationary state®’. To circumvent this limitation,
researchers have typically relied on establishing oscillating
illumination conditions—either by modulating the source
intensity®® or by using bespoke illumination arrangements™-3,
In contrast, here we report a supramolecular system in which
the emergence of oscillating patterns is encoded at the molec-
ular level. Our system comprises chiral liquid crystal struc-
tures that revolve continuously when illuminated, under the
action of embedded light-driven molecular motors. The rota-
tion at the supramolecular level is sustained by the diffusion
of the motors away from a localized illumination area. Above a
critical irradiation power, we observe a spontaneous symmetry
breaking that dictates the directionality of the supramolecular
rotation. The interplay between the twist of the supramolecu-
lar structure and the diffusion™ of the chiral molecular motors
creates continuous, regular and unidirectional rotation of the
liquid crystal structure under non-equilibrium conditions.

We use overcrowded alkenes Ph-m or Me-m as molecular motors
(Fig. 1a). Upon illumination, m transforms into its unstable isomer
m*, while the reverse transformation m* — m occurs at room tem-
perature spontaneously. Once these molecular motors are incorpo-
rated in an achiral liquid crystal, amplification of chirality yields a
photo-responsive cholesteric liquid crystal. This helix-based liquid
crystal is further confined between two glass slides, each of them
promoting perpendicular orientation of the liquid crystal mol-
ecules. When the gap L of the cell is typically smaller than the heli-
cal pitch p of the cholesteric liquid crystal (the distance over which
the average molecular orientation of the liquid crystal rotates by 2=,
and whose sign defines the handedness of the cholesteric helix), the
helix is supressed'”. This geometrical frustration can be released
when energy kicks in locally, by the use of either electric fields'®
or laser beams'” and yields a variety of complex twisted topological
structures'® that are all characterized by a constant cholesteric pitch.

Here, the geometrical frustration is released by winding the helix
mechanically (by the twisting action of the molecular motor) in a
system where m is combined with a shape-persistent chiral co-dop-
ant (Supplementary Fig. 1). Co-doping is necessary because most
photo-responsive chiral dopants induce helical unwinding under

illumination, and here releasing geometrical frustration requires
photo-induced winding. By adjusting the relative proportions of
motor and shape-persistent co-dopant, as well as their concen-
trations, we have prepared cholesteric liquid crystals that display
opposite helical handedness at full photo-conversion—for example,
provided that the illumination is sufficiently strong (Supplementary
Table 1). The initial helical pitch p, first increases under illumina-
tion, and while the motor continues to photo-convert, the cholesteric
helix reverses its handedness and starts winding continuously in
the opposite direction (Fig. 1a), until it reaches its saturated photo-
stationary value p.. We use steady irradiation conditions provided
by a focused laser beam at wavelength 4=375 nm (Fig. 1b), and
observe the system under crossed linear polarizers (Supplementary
Fig. 2). In practice, the emergence of any three-dimensional liquid
crystal structure is thus assessed by a two-dimensional pattern. In
our earlier work, we have shown that the mechanical winding pro-
vided by the motors can generate several types of twisted structures,
above a minimal power P, '°. Here we report on out-of-equilibrium
dynamics that occur via a structural transition, when the illumina-
tion power is used as a control parameter.

At power values ~1.25P_, we can stabilize a twisted liquid crys-
tal structure associated to an axially symmetric and chiral pattern,
and that can be either right-handed or left-handed (Fig. 1c,d).
Increasing the irradiation power further and up to ~2P ., we
unveil a breaking in axial symmetry that defines a structural transi-
tion: the axial symmetry of the chiral pattern is broken and yields
another, much larger chiral pattern that exhibits a kink (Fig. le,f),
and the handedness of which is pre-determined by the handedness
of the axisymmetric pattern (Fig. 1c,d). Strikingly, the emergence
of this new pattern is accompanied by its continuous, regular, and
unidirectional rotation, in a direction that is pre-determined by its
handedness (Supplementary Videos 1,2 and Fig. 2a-c). The fact
that the diameter of the beam is three to five times smaller than
the diameter of the pattern is a clear manifestation that m* diffuses
away from the illuminated zone. When the light is turned off, the
pattern fades away.

Constant and stable rotation is sustained under steady illumi-
nation conditions—up to forty hours of continuous rotation have
been observed for both directions of rotation, without any signs
of fatigue. Plotting the correlation coefficient between an image
observed at any time ¢ and a reference image, quantifies the simi-
larity between two images over time (Fig. 2d). The corresponding
Fourier spectrum provides a quantitative analysis for the rotation
rate (Fig. 2¢), and highlights that the revolving elastic excitation is
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Fig. 1] Motor-doped liquid crystals winding under irradiation, and
associated chiral structures. a, Molecular motor used as photo-active
dopant, with a substituent R on the stereogenic centre. Two derivatives were
used: Ph-m (R=phenyl group), and Me-m (R=methyl group). A bridged
binol BB was used as a passive co-dopant. When mixed with a nematic
liquid crystal, the dopant and co-dopant generate a photo-responsive
cholesteric liquid crystal by combined chirality transfer. Helix inversion

is associated both with the photo-isomerization m —m*, and with its
spontaneous reverse transformation m* — m. b, Motor-doped liquid crystal
film with thickness L =10 um confined between two glass slides promoting
perpendicular orientation of the molecules and illuminated locally using a
Gaussian laser beam with a beam waist w=5pm at wavelength A =375 nm.
c,d, Axisymmetric chiral patterns with opposite handedness observed

by polarized optical microscopy between crossed linear polarizers. Such
patterns can be sustained for a minimal illumination power of -1.25P.;.. The
dashed twisted crosses are a guide for the eyes, to identify the broken chiral
symmetry in the pattern. ef, A secondary structural symmetry breaking takes
place spontaneously as the power increases up to~2P,;, and leads to a
non-axisymmetric pattern that features a kink. This pattern rotates
continuously, and both its handedness and the direction of rotation are
predetermined by the axisymmetric pattern from which it results (c or d). The
dashed spirals emphasize the handedness of the pattern and the solid white
arrow shows the direction of rotation. Scale bars, 20 pm.

Counter-clockwise rotation

robust in its operation. Finally, the emergence of rotation is only
marginally influenced by ageing, as demonstrated by two rotating
structures observed more than three years apart (Supplementary
Videos 1,3). Moreover, this rotation does not depend on the polar-
ization of the laser light, and has been observed with both linearly
and circularly polarized light.

We have investigated how the rotation rate depends on the use
of a given enantiomer of either Ph-m or Me-m. We conclude that
there is a general character to the rotation, as seen in Fig. 3a, where
the period of rotation T, correlates with the diameter d of any
revolving pattern (experimentally, a range of different diameters
can be accessed by using different irradiation powers). Specifically,
the results evidence an exponential dependence of the rotation
period with the diameter of the chiral pattern that is valid for both
motors and independently of the direction of rotation. Remarkably,
this trend is not compatible with a quadratic law T, ~ d* /D that can
be inferred from a dimensional analysis neglecting the ordered
nature of the liquid crystal. This exponential dependence thus
suggests that, in addition to diffusion, another parameter plays a
key role in establishing the rotation, and this is the long-range ori-
entational order that is characteristic for liquid crystals. Further,
the rotation rate is influenced by the bulkiness of the substituents
at the stereogenic centre; specifically, it has been shown that an
increase of steric hindrance speeds up the rotary motion of the
molecular motor®. As Me-m* relaxes faster than Ph-m*, the for-
mer motor displays a tendency to generate smaller chiral patterns
(squares) than the latter (circles), and smaller diameters are asso-
ciated with faster pattern rotation. Both enantiomers can lead to
clockwise and counter-clockwise rotation, which means that the
direction of rotation cannot be predicted by choosing one enan-
tiomer over the other, but is instead pre-programmed at the supra-
molecular level, as illustrated in Fig. 1c-f. Two enantiomers induce
the same rotation rates.

The diameter of the chiral pattern d depends on the incident
reduced power P (Fig. 3b). A simple reaction-diffusion model
allows one to perform a quantitative analysis of this dependence
(see Methods). As frustration is released when the pitch magnitude
|p| is below the critical value p,, in a simple picture this qualitatively
means that in the areas where the pattern is formed, |p| <p. We
can thus estimate the diameter of the structure from the condition
Ip(d/2)| =p, and further show that the diameters of the patterns
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Fig. 2 | Light-driven chiral structures revolving unidirectionally a,b, Snapshots of chiral patterns revolving counter-clockwise and clockwise over one
period. ¢, The polar angle y of the structural kink (see white arrow) in the (x,y) plane is plotted against time. The line refers to the best linear fit of the data.
d, Correlation coefficient X between any image and the reference image at t = 0. The inset evidences a period T, ~ 2 min. e, Fourier spectrum of X(t) plotted
around the mean rotation frequency f, = VT,. The red curve is a Gaussian fit. Scale bars, 20 um.
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Fig. 3 | Universal character of the revolving chiral structures. a, Rotation
period T, as a function of the structure diameter d for molecular motors
Ph-m and Me-m, and for both clockwise and counter-clockwise rotation.
The diameter d is defined experimentally as the diameter of the largest
bright ring of the pattern. The solid line refers to an exponential fit. Insets:
polarizing microscopy snapshots of revolving chiral patterns obtained with
Me-m (squares) and Phe-m (circles). Scale bars, 20 um. b, Dependence of
the structure diameter d as a function of the power of the incident ultraviolet
laser beam, where d_,, and P, refer to the smallest stable and static
structure. The experimental data are plotted against data extracted from
simulations based on a simplified reaction-diffusion model (‘with diffusion’)
and from a purely kinetic model (‘without diffusion’), both neglecting the
coupling with the twisted three-dimensional liquid crystal structure (see
Methods). The diffusion constant is approximated to be the same for all the
motors, and is denoted as D,. Sample characteristics and individual analysis
of each sample are provided in Supplementary Figs. 3 and 4.

that are observed experimentally correspond to diffusion coeffi-
cients of the molecular motors D,(Ph-m) ~ 5.25+3.75 10~ ' m?s™!
and Dy(Me-m) ~ 2.35+1.55 107" m?*s~". This range of values is in
good agreement with literature values®' and thus confirms that dif-
fusion is key in the emergence of these structures.
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Fig. 4 | Helix inversion promotes spatial confinement, and thus preserves
the integrity of the revolving patterns. a, Transient dynamics leading to
continuous rotation in the presence of helix inversion (147 s). Scale bars,
20 um. b, Transient dynamics leading to fingerprint pattern formation
without cholesteric helix inversion (~75s). Scale bar, 20 um. ¢, Simulated
dependence of the helix pitch on the distance to the ultraviolet beam axis
with d,,, and d,..,,, the estimated size of the twisted structures with and
without helix inversion, which is derived from the frustration condition
Ip(d/2)| = p.. Simulation parameters: p;=16 pm; p,=1.6 pm; diffusion
coefficient, Dy =3.5 x 107" m? 5’1; Gaussian beam power, 20 nW (with
helix inversion, i.e. p,=—1.6um) and 5 nW (without helix inversion, i.e.

Po=+1.6 pm); Gaussian beam waist, w=5pm.

We also demonstrate that the occurrence of helix inversion plays
a key role in preserving the integrity of the light-fuelled rotor. For
a cholesteric liquid crystal with a composition that does not allow
helix inversion, the axisymmetric structure is destabilized into the
outward growth of fingerprints, and the transition to a rotational
regime does not occur (Fig. 4a,b and Supplementary Videos 4,5).
Moreover, the diameter of the structure in the case of helix inversion
is larger than without, which further indicates that helix inversion
promotes radial confinement of the liquid crystal reorientation, as
supported by our model (Fig. 4c). Indeed, the latter predicts a much
steeper pitch increase along the radial coordinate in helix-inverting
cholesteric helices, a feature which is associated with a larger elastic
energy barrier, and thus makes it difficult for the chiral pattern to
grow. This underpins the role of elastic chiral gradients in the emer-
gence of rotation.

The work produced by the revolving structure can be harnessed
into the rotation of a particle-like liquid crystal structure, which
behaves like an independent object, of diameter ~30 um (Fig. 5 and
Supplementar y Video 6). Its trapping results from the complex
elastic landscape that emerges as a response to the inhomogeneous
liquid crystal orientation. In contrast to what was observed in other
systems?®, the rotation speed of the cargo particle equals that of the
revolving chiral pattern, the latter being only marginally influenced
by the presence of the cargo.
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Fig. 5 | Orbital transport of cargo. Off-axis rotational transport of a cargo,
here a particle-like liquid crystal structure, being subjected to an orbiting
trajectory under the effect of the revolving pattern. The rotation period is
~23 min.

Our experimental findings support a physico-chemical mecha-
nistic understanding of the rotation. Localized illumination of
nanomotor-doped liquid crystal in confinement generates toroid-
like structures. As long as the axisymmetry of the supramolecular
structure is preserved (Fig. 1c,d), the diffusion of chiral motors along
gradients of concentrations remains invariant per rotation, and thus
it never yields any rotation even when m and m* have different dif-
fusion rates. In contrast, once axial symmetry is broken (Fig. le,f),
the twist of the medium, and thus the propagation rate of the motors,
become angle-dependent. This angular dependence impacts the twist
gradients, as a result of the long-range orientational order charac-
terizing liquid crystals, in which a local change of twist also affects
neighbouring molecules. The new angular dependence also redefines
the angular redistribution of the diffusing motors. This leads to the
orthoradial propagation of the non-local excitation, which we detect
experimentally as a rotating spiral-shaped pattern. In addition, it is the
chiral nature of the non-axisymmetric supramolecular structure that
provides the directional character to the liquid crystal reorganization.

Given a physico-chemical perturbation on the spatial scale £, we
note that the characteristic elastic relaxation time 7, = (y/K)¢>
(where y is the rotational viscosity and K is the typical elastic con-
stant of the liquid crystal, with y /K equal to a few 10'°sm™2) and the
characteristic diffusion time 7= (1/D,)¢” are of the same order
of magnitude, which suggests that a feedback mechanism is estab-
lished, without time delay.

Overall, we propose that the emergence of rotation is based on
a non-local feedback loop that involves the local concentrations of
m and m*, and their spatial gradients, as well as twist gradients that
occur across the liquid crystal structure. Indeed, the diffusion of a
chiral species is influenced by the chirality of the liquid crystal in
which they diffuse, and vice versa**. Therefore, while the spatial
distribution of the molecular motors defines the distribution of the
pitch, in return, the elastic relaxation and the differential diffusion
rates of m and m* define a new chiral landscape (this interplay is
illustrated in Supplementary Scheme 1).

Chirality is thus key to the emergence of rotation, and appears
to be a universal design principle*, as observed in the directional
reorientation of passive liquid crystalline media employing unidi-
rectional transfer of optical angular momentum carried by chiral
light to achiral liquid crystals**® or unidirectional Marangoni flows
driven by absorption of light in chiral liquid crystals’. However, the
latter systems lack any active molecular component, and therefore
they also involve light intensity levels that are at least five orders of
magnitude higher than the ~50 mW cm™ here, which is compatible
with sunlight illumination. Another classic example of macroscopic
dynamics in chiral liquid crystals is the so-called Lehmann rotation,
where chiral liquid crystals are driven by a gradient of temperature
along the helical axis*, and which remains an intriguing phenom-
enon to date”. The same mechanism yields molecular precession of
a chiral liquid-crystalline monolayer spread on a glycerol surface;
however, this precession remains short-lived™.

By engineering reaction-diffusion processes in a medium char-
acterized by long-range orientational order and taking advantage of
large chiral gradients, we demonstrate the emergence of revolving
structures, in a phenomenon that appears as a supramolecular and

chiral counterpart of the Belousov-Zhabotinsky reaction. These
chiral supramolecular structures maintain non-equilibrium condi-
tions at length scales which are typically 10,000 times larger than
their individual components. These results contribute to develop-
ing autonomous molecular systems that are capable of transforming
light into work continuously.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available p.6
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Methods

Synthesis of the motors and shape-persistent dopants. The detailed synthesis of
Ph-m and Me-m, as well as their purification, are described in the Supplementary
Information (for synthetic schemes, see Supplementary Schemes 2 and 3, for NMR
characterization, see Supplementary Figures 6-9). The shape-persistent dopant
2,2'-(1,3-propylenedioxy)-1,1'-binaphthalene was synthesized by using

known procedures™.

Characterization of the motors and shape-persistent dopants. Helical twisting
powers (HTP) were measured in the nematic liquid crystal E7 (Merck), by using
the Grandjean—Cano wedge method. For each motor enantiomer this yielded the
following values: (S,P)-Ph-m HTP, ., =492 pm™, (R,M)-Ph-m HTP,,, = —-92 pm™",
(R,P)-Me-m HTP,,,, =+46.3 pm™", (S,M)-Me-m HTP,,,, = —65.1 pm~". The HTPs
of the shape-persistent dopants were (R)-BB HTP,,,,=—60.2pm™" and (S)-BB
HTP,,,=+60.3 pm™". These values were used to prepare cholesteric liquid crystals
with adequate photo-responsive behaviour.

Preparation of the photo-responsive cholesteric liquid crystals. One given
enantiomer of molecular motor m and the BB enantiomer w th opposite helical
twisting power were dissolved in the commercially available liquid crystal

E7 (Merck Japan), in proportions that are determined by using the equation
p=2X, (HTP, ¢, ee)™", where c; is the concentration of the ith dopant, and ee;

ts enantiomeric purity (this equation is valid only at low concentrations). By
using this dependence of the helical pitch to the concentration of dopants, it is
possible to pre-program the handedness of the cholesteric helix under
irradiation.

For each photo-responsive cholesteric liquid crystal, the value of the pitch was
measured before illumination and at the photo-stationary state under uniform
illumination with sufficiently high intensity by means of the Cano-Grandjean
wedge method, with a wedge angle a defined by tan(a) = 0.0269. The handedness
of the cholesteric helix was determined using a known procedure®.

Further, the liquid crystal was placed into a glass cell of thickness L=10pum
that consists of two parallel substrates providing perpendicular orientation for
the liquid crystal molecules (E.H.C. Tokyo). The relaxation time of the cholesteric
helix from p,, to p, was determined by monitoring the sample between crossed
linear polarizers.

Simplified reaction-diffusion model before spontaneous symmetry breaking.
A simplified analytical model is presented for the light-induced formation of the
precursor of the revolving chiral patterns. The model is based on the assumption
of a simple reaction scheme: a molecular motor m with an absorption coefficient
€ absorbs a photon of light with intensity I at 4 =375 nm, and photo-chemically
transforms into m* with a quantum yield ¢. At the same time, m* undergoes

a spontaneous reverse conversion into m, characterized by a characteristic
relaxation time 7. Regarding the diffusion process, we consider the framework of
axisymmetric irradiation profile and axisymmetric concentration profiles for the
motors m and m*, c and ¢’, respectively. In a first approximation, we neglect the
coupling to the liquid crystalline structure and assume the same diffusion constant
D, for all motors. Assuming no degradation of the motors, this implies that the
sum of ¢ and ¢" is constant and equals the initial concentration ¢, of the isomer m.
Finally, neglecting light intensity depletion along the z coordinate as light passes
through the liquid crystal layer, the reaction-diffusion equation for c=c(r, t) is
expressed as

E = —Ig(pc+ —CO_C + DUAC (1)
dt T

After the steady state is reached, namely for > 7, the dynamical equilibrium is
characterized by the inhomogeneous intens ty-dependent concentration

c(r) =limc(r,t) (2)

When introducing the dimensionless radius p =r /. [zD,, the steady-state
concentration profile c(p) satisfies the following differential equation:

e 1de

e +;$—(1+T(P))C+Co=o 3

with the boundary conditions

de =0, limc=c¢, (4)

d —o0
G ’

where a reduced light intensity profile has been introduced, namely
1) =1()/1, ®)
with L=1/(eqr) (6)

From non-uniform molecular motors concentration to spatially varying
cholesteric pitch. The pitch p of a cholesteric liquid crystal prepared by dissolving
a few percent of chiral dopants in a nematic liquid crystal satisfies, in the absence
of intermolecular interactions between the chiral molecules and assuming
enantiopure compounds,

P! =pc+ B+ Py pepp (7)

where f and " are the HTPs of the m and m*, and fy; and ¢y, are the HTP and
concentration of the shape-persistent chiral dopant. The latter expression can
be simplified by introducing the steady-state pitch values at rest, T =0, and in
the saturated regime, T > 1, namely p, and p,., respectively, that are given by
the expressions

Byt =Beo+ Byylus (8)

P;,l =pco+ ByyCan 9)
Then, accounting for the condition
c+c*=¢, (10)
we get the following expression for the intensity-dependent pitch profile

1 c

P =p, ;0+p(,;1

1—i] 11)

o

Finally, we introduce the critical pitch p =2k, L above which the cholesteric
film is frustrated, where L is the cell thickness and k, = K, /K, the ratio between
twist and bend Frank elastic constants. In Fig. 4c, £,>0 and p >0 (blue curve) or
p,, <0 (red curve). The radial dependence is obtained by taking into account the
Gaussian intensity profile of the light beam

I=Ioexp(—2r2/w2) (12)

Extracting parameters from the experimental data using a simple reaction-
diffusion model. Although the simplified model presented above cannot predict
the broken axial symmetry, the two unknown parameters of the model, I, and

D,, can be nevertheless determined from experimental observations. Noticeably,
I, represents the combination of coefficients describing the photo-chemical
isomerization of m to m* and its backward thermal relaxation; its value is fixed for
a given composition of the cholesteric liquid crystal. Thus, first the experimental
data on P, and d,,;, observed in a given sample are used in the model to estimate
the value of I, (Supplementary Fig. 4a). Second, the diameter of twisted pattern as
a function of the total beam power is calculated using the obtained I, value and
compared with the experimental plots (Supplementary Fig. 4b). Implementing
this two-step procedure for all the samples, the range for molecular diffusion
coefficient D, covering the experimental data is found. For the relaxation time,
we use the values 7 (Ph-m) =1,000s and 7 (Me-m) =330s". The resulting range
for D, is 107''-107' m?*s~". Changes in the spatial radial distributions of m and m’
concentrations depending on the diffusion coefficient demonstrate the effect of
molecular diffusion on the system (Supplementary Fig. 5).

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.
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