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Light-fueled rapid macroscopic motion of a green
fluorescent organic crystal†
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We report here a new green fluorescent organic crystal of an amide functionalized acrylonitrile derivative

(E-ArF2) that displays various types of macroscopic response when illuminated with UV light (390 nm). The

shape deformation and actuation of the E-ArF2 crystal can be controlled on-demand by shining UV-light

on the specific parts of the crystal and reversing the direction of light illumination. When UV light is shone

on the (001) face of a straight crystal, it rapidly bends away from the light source and can be bent to the

opposite direction by reversing the illumination direction on the other face (00−1). With the aid of various

analytical techniques, NMR, IR, UV-vis and X-ray diffraction, we established that the light fueled

macroscopic actuation of the E-ArF2 crystal is rooted to the combined effect of E- to Z-isomerization and

the [2 + 2] cycloaddition reaction in the solid state. Based on the above experimental facts, a general

mechanistic model of the actuation is also proposed.

Introduction

Smart responsive materials that are capable of transforming
light, heat, pressure or hygro stimuli into macroscopic motion
are of immense importance in fundamental and technological
research.1–12 Among the various stimuli generally being used,
light has special importance because of the advantage that it
can be remotely controlled to manipulate the properties of
the material. Certain molecular crystals have extraordinary
ability to transform light-triggered molecular motion into
macroscopic actuation13–20 and thus can be used in soft
robotics, machinery devices, medical devices, artificial
muscles, etc. It is notable to mention here that molecular
cooperativity is important to amplify such nanoscopic
molecular motion into macroscopic actuation. Among various
reports of such molecular crystals (organic/metal–organic),
the majority of them contain azobenzene,21–25

anthracene,26–28 salicylidenephenylethylamines,29,30 a styryl
benzene ring,31–36 and diarylethene37,38 molecules as the
photoactive functional group and are capable of displaying
macroscopic actuation when UV light is shone on them. The
macroscopic motions in these crystals are rooted to photo-

induced geometric isomerization, photocycloaddition, ring-
opening/closing reactions, phase transitions, etc. that occur in
the light illuminated surface and thereby generating a bimorphic
strain that drives the crystal shape deformation followed by
actuation. Recently, a new class of crystals based on
acylhydrazone molecules that exhibit photomechanical actuation
is reported.39,40 However, to our knowledge, reports on
photomechanical crystals based on a cyanovinyl-derivative are
really scarce and there exist only a few examples of cyanovinyl-
based molecules that exhibit photoinduced bending.41–43

Achieving precise control of crystal motion or rapid and
on-demand shape deformation using light stimuli remains a
formidable challenge. Thus, there is a long-standing demand
to develop new molecular materials equipped with light-
responsive functionality and suitable intermolecular
interactions that can exhibit a delicate interplay between
light-responsivity and crystal elasticity for rapid and
controllable actuation. A rational approach via molecular
design and crystal engineering is necessary to develop
efficient photo-responsive crystals.

Herein, we report a new class of fluorescent organic
crystals based on an amide functionalized cyanovinyl
derivative (E-ArF2) that displays rapid and on-demand shape
deformation in the presence of UV light (390 nm). The
molecule contains an amide functional group that is engaged
in intermolecular H-bonding interactions while the π–π

stacking interaction between the phenyl rings effectively
brings the acrylonitrile double bond within the critical
distance for [2 + 2] photo-cycloaddition reaction in the solid-
state (Schmidt criteria 4.2 Å). The actuation of the E-ArF2
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crystal can be precisely controlled by irradiating light on the
specific position of the crystal surface or by changing the
illumination direction. We establish that the actuation of the
E-ArF2 crystal is a macroscopic manifestation of light-fueled
E- to Z-isomerization and the [2 + 2] cycloaddition reaction in
the solid-state.

Compound E-ArF2 was synthesized by Knoevenagel
condensation between 4-acetamido benzaldehyde and
3,5-difluorophenylacetonitrile in the presence of potassium
tert-butoxide as a base (85% yield, Scheme S1, ESI†). The
compound was thoroughly characterized by 1H NMR, 13C
NMR, and mass spectrometry (Fig. S1–S3, ESI†).
Thermogravimetric analysis suggests that the compound is
thermally stable up to 250 °C (Fig. S4, ESI†). Crystallization
of the compound from DMF solution provides long acicular
crystals along with several thin ribbon-shaped crystals, some
of which are inherently bent. The molecular structure of the
crystal was confirmed by single crystal X-ray diffraction which
reveals the trans geometry of two aromatic rings around the
acrylonitrile bond (Fig. 1c). When observed under a
fluorescence microscope, needle shaped pristine crystals of
E-ArF2 emit green light (λem,max = 503 nm, ϕcrystal = 0.03,
Fig. 1b). The E-ArF2 compound does not show any visually
detectable AIE effect in solution (THF : water mixture). Thus,
the green fluorescence of the E-ArF2 crystal could be
attributed to the crystallization induced emission
enhancement (CIEE).44,45 These green fluorescent crystals
start actuating immediately after UV light illumination (365
nm UV light, Movie S1†) under the microscope. Various types

of kinematic motion like bending, rolling, and flipping were
observed under UV-light from a fluorescence microscope
(Fig. 1e and f and Movies S2–S4†). This actuation can be
ascribed to photoinduced E to Z-isomerization around the
double bond of the E-ARF2 molecule in the solid crystal. On
heating the photo-bent crystal at 100 °C for 6 hours, it slowly
returned to nearly its original straight shape (Fig. S5, ESI†)
and can be actuated again by UV light irradiation under a
microscope. To our knowledge, this is the first example of an
acrylonitrile based organic crystal which shows optical
response (i.e. green fluorescence) as well as mechanical
response (i.e. macroscopic actuation) in the presence a single
stimulus, i.e. UV light.

Observation under a fluorescence microscope motivated
us to investigate the crystal actuation properties in more
details and in a systematic manner. To do this, the crystal
was placed on a glass slide under the microscope attached
with a camera and the video of crystal actuation upon light
illumination was recorded. When a thin fibre shaped crystal
of E-ArF2 was irradiated with 390 nm light (torch light, power
density 5 mW) on the wider (001) face, the crystal
instantaneously bends away from the light source. The shape
deformation can be manipulated by controlling the
illumination at different positions of the crystal. As shown in
Fig. 2a–f and Movie S5,† the straight crystal can be gradually
bent by a flash of UV light at the specific position on the
crystal surface (shown by arrow) and the deflection angle is
changed from 0° → 56° → 88° → 142° → 155° and finally
reaches its maximum at ∼202° forming a U-shape. As
observed under an optical microscope, the U-shaped crystal
retained its macroscopic integrity without the formation of
any crack or fracture on the surface. As shown in Fig. S6,
ESI,† the SEM images showed no change in the surface

Fig. 1 (a) Optical microscope image of the E-ArF2 crystal, (b) image of
the E-ArF2 crystal showing green fluorescence, (c) molecular structure
of E-ArF2 showing trans-geometry, (d) schematic diagram of E- to
Z-isomerization upon UV irradiation, and (e and f) photomechanical
actuation of the green fluorescent E-ArF2 crystal under a fluorescence
microscope. Snapshots were taken from Movies S2 and S4, ESI.†

Fig. 2 (a–f) Stepwise and controlled bending of a straight E-ARF2
crystal to a U-shape by light irradiation (390 nm) at specific positions.
The change in deflection angles is given and the maximum deflection
angle of 202° was attained at the bent “U” shape. The image snapshots
were extracted from Movie S5, ESI.†
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morphology of the crystal surface after the 1st cycle of
photomechanical bending.

In another experiment, when a thin ribbon-shaped bent
crystal was irradiated with UV light at the terminal of the
(001) face, the crystal readily bent to form a “hook” shape (as
shown in Fig. 3a, Movie S6†). After irradiation at a specific
position (shown by arrows) at the other terminal of the
opposite face (00−1), the crystal continues to deform to adopt
an “S” shape (Fig. 3a–d). Accordingly, the bending angles at
the two terminals are calculated to be 120° and 161°. This
movie demonstrates that the crystal can be deformed to its
desired shape by judicious selection of the illumination area
on the crystal surface and the direction of illumination.

Interestingly, the crystal can be returned to its nearly
original straight shape by reversing the irradiation face (as
shown by arrows, Fig. 3e–g). However, this shape-reversibility
can be repeated up to two cycles only, after which the crystal
motion significantly slowed down indicating the
deterioration of crystal elasticity and integrity upon repeated
and prolonged photoirradiation presumably because of [2 +
2] photocycloaddition in addition to E–Z isomerization. We
demonstrate here that the light fuelled deformation of the
crystal can be precisely controlled by manipulating the
irradiation location (on the crystal surface) and the direction
of illumination. Such precise control of light irradiation to
achieve a desired shape change is unique to our E-ArF2

crystal and not very common in the literature. Apart from
these, several other crystals having different dimensions and
shapes have been examined for photomechanical actuation
and are shown in Movies S7–S10, ESI.†

To obtain better insight into the molecular packing and
intermolecular interaction, we have carried out single crystal
X-ray diffraction of the E-ArF2 crystal. Slow evaporation of the
compound from DMF solution yielded cuboid shaped
orthorhombic crystals with the P212121 space group (Table S1,
figure ESI†). The molecules in the lattice are stabilized by
several intermolecular H-bonding interactions involving
(OC) N–H⋯NC, H2C–H⋯NC, and (NH)CO⋯H groups as
well as π–π stacking interactions which play an essential role
in maintaining crystal integrity during photomechanical
bending (Fig. 4b). The carbonyl oxygen of the amide group is
connected to two neighbouring antiparallel molecules
involving a trifurcated H-bonding interaction (H⋯A distances
are 2.491 Å, 2.593 Å and 2.689 Å) which is extended along the
b-axis of the crystal. The nitrogen atom of the CN group also
engaged in bifurcated H-bonding interaction (H⋯A distance
2.675 Å) with the C–H and N–H protons of the neighbouring
molecule. Both the phenyl rings of the E-ArF2 molecule are
engaged in π–π stacking interaction in a parallel fashion
(centroid to centroid distance 3.871 Å) which is extended along
the length (‖a-axis) of the crystal (Fig. 4c). This interaction
plays an important role in maintaining the crystal integrity
during the photomechanical bending. The π–π stacking of the
aromatic rings brings the vinylidene double bonds of two
neighbouring molecules within the distance of 3.871 Å which
is smaller than 4.2 Å and the obtuse angle (<C8–C7–C7′)
between these double bonds is 98.67° (Fig. 4c and S7, ESI†)
and thus, according to Schmidt's criteria this double bond is
susceptible to photodimerization reaction in the solid
crystal.46,47 In fact, as mentioned earlier, prolonged or repeated
UV irradiation of the crystal leads to a small fraction of the [2 + 2]
cycloaddition product (Fig. S8 and S9, ESI†). The packing

Fig. 3 (a–d) The gradual bending of a thin ribbon-shaped crystal to an
S-shape upon UV light irradiation on the (001) and (00−1) face, (e–g)
unbending of the bent crystal by reversing the illumination direction. The
change in shape and bending angles is shown by cartoon representation.
The snapshots of the crystal were extracted from Movie S6, ESI.†

Fig. 4 (a). Face indexing of the E-ArF2 crystal, (b) hydrogen bonding
interactions involving C–H⋯O and C–H⋯N synthons, (c) π–π stacking
interactions and (d) molecular packing viewed along the c-axis.
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arrangement of molecules in the E-ArF2 crystal is shown in
Fig. 4d and S10–S12, ESI.† Despite our repeated attempts we
were unsuccessful in obtaining a good quality crystal of the
photoproduct (photo-irradiated crystal) for X-ray diffraction.

To understand the molecular level changes of the
macroscopic actuation of the E-ArF2 crystal, we have carried
out 1H NMR, UV-vis, PXRD and IR spectroscopy. As observed
from the 1H NMR spectra of E-ArF2 (in DMSO-d6 solution),
the chemical shift of –NH_ protons at 10.38 ppm in the
E-isomer is shifted to the high-field region at 10.32 ppm that
corresponds to the Z-isomer upon photoirradiation (390 nm
LED light, 1 mW, Fig. 5a). Similarly, the proton of the CH_C
moiety shifted from 8.2 ppm in the E-isomer to 7.7 ppm in
the Z-isomer. By comparing the intensities of NH_ proton
peaks, 71% conversion was observed in 5 minutes of UV-
irradiation in solution. Longer irradiation of the solution
leads to the [2 + 2] cycloaddition product after which no
change of peak intensity was observed indicating the
attainment of the photostationary state in solution. This
photochemical behaviour is slightly different in the solid
state. To observe this, E-ArF2 crystals were irradiated with UV
light (390 nm, 5 mW cm−2) for 5 minutes, and subsequently
dissolved in DMSO-d6 and

1H NMR spectra were recorded. As
observed in the 1H NMR spectra in Fig. S8, ESI,† a mixture of
the photo-isomerized product (major) and photo-dimerized
(minor) products was obtained. Two different proton peaks
in the region of 5–6 ppm could be attributed to two different
cyclobutane rings which indicates the possibility of the [2 +
2] cycloaddition reaction occurring in both the E- and photo-
converted Z-isomer. Mass spectra of the same solution
showed a distinct peak at m/z 597.157 that corresponds to
the [2 + 2] cycloaddition product and corroborates with the
above observation (Fig. S9, ESI†). Thus, crystal actuation
under UV light is presumably due to the combined effect of

geometric isomerization and the [2 + 2] cycloaddition
reaction in the solid-state.

UV-vis spectra of E-ArF2 in DMF solution (1 × 10−5 M)
exhibit two distinct absorption bands at 353 nm (λmax) and
234 nm which when irradiated with UV light (390 nm) shifted
to 343 nm and 244 nm, respectively (Fig. S13, ESI†).
Accordingly, solid-state absorption bands of E-ArF2 also
shifted from 339 nm and 244 nm to 329 and 253 nm,
respectively, upon irradiation (Fig. 5b). The solid-state
fluorescence maxima (λmax) of the crystal change from 503
nm to 517 nm after irradiation. This change is attributed to
the photoinduced E- to Z-isomerization in the solid crystal of
E-ArF2.

To see the change in supramolecular packing during
photomechanical actuation, PXRD of E-ArF2 was carried out
before and after irradiation. As shown in Fig. S14, ESI,† the
experimental PXRD pattern of E-ArF2 matches well with the
simulated pattern (obtained from single crystal X-ray
diffraction data using Mercury software). The peak intensity
of E-ARF2 gradually decreases with increasing the time of UV
irradiation (Fig. 5c) suggesting the loss of the degree of
crystallinity that could be associated with the [2 + 2]
cycloaddition product formed by longer UV irradiation. In
order to obtain the change in bond strength and associated
non-covalent intermolecular interactions during
photoisomerization, infrared spectra were recorded before
and after UV irradiation (Fig. 5d and S15, ESI†). As observed
from Fig. 5d, the stretching frequencies of both CO
(amide-1) and N–H in plane bending (amide-II) shifted from
1689 cm−1 and 1539 cm−1 to 1638 cm−1 and 1517 cm−1,
respectively, after UV irradiation. A notable change in peak
shape was also observed. This suggests a significant change
in symmetry of the molecule and the mode of non-covalent
interactions associated with these bonds. In contrast to the
red shift of the amide-I and amide-II frequency, the CC
stretching frequency showed a blue shift from 1593 cm−1 to
1597 cm−1 upon UV irradiation. A significant shift in the
aromatic C–H bending frequencies at 1338, 1322 and 1122
cm−1 was observed upon UV illumination suggesting the
reconfiguration of H-bonding interaction involving the (Ar)C–
H bond during the photoreaction process.

To obtain an overall picture of the photomechanical
motion of the E-ArF2 crystal we have developed a plausible
mechanistic model which is shown in Fig. 6. The initial
macroscopic motion of the E-ArF2 crystal is due to the
collective evolution of molecular motion initiated by light
triggered E- to Z-isomerization and the [2 + 2] cycloaddition
reaction in the solid matrix. The differential packing
arrangements (E-reactant and Z-product) create an interfacial
bimorphic strain within the crystal and are responsible for
shape deformation. The packing diagram shown in Fig. 4d
and S10–S12, ESI† reveals that the E-ArF2 molecules are
longitudinally aligned along the width of the crystal (‖c-axis).
When UV light is shone on the (001) face, the molecules on
the surface undergo E- to Z-isomerization which causes a
significant decrease in effective molecular length along the

Fig. 5 (a). 1H NMR (DMSO-d6 solution) spectra of E-ArF2 before and
after UV irradiation, (b) solid-state UV-vis and fluorescence spectra of
E-ArF2 before and after UV irradiation, (c) PXRD of E-ArF2 before and
after UV irradiation, and (d) IR spectra of E-ArF2 before and after UV
irradiation.
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width of the crystal (‖c-axis) and a slight increase in effective
molecular length along the longitudinal axis of the crystal
(‖a-axis, Fig. 6). These two effects (in the illuminated face
where the cis-photoproduct concentration is higher) on the
molecular scale collectively amplify to the macroscopic scale
and causes the shortening of the crystal width and the
elongation of the crystal length on the illuminated side (001)
and as a result it bends away from the light source. The same
mechanism happens when light is shone on the opposite
face and the bending occurs in the opposite direction with
respect to the illumination direction (as shown in Fig. 3a–g
and Movies S6–S8, ESI†). The π–π stacking interactions of
the phenyl rings along the length of the crystal (‖a-axis)
retain the crystal integrity during bending, however after
repeated and prolonged UV illumination the [2 + 2]
cycloaddition reaction occurs which destroys the π–π

stacking interaction and as a result the crystal integrity
deteriorates and the long range molecular order is
diminished. As observed from PXRD (Fig. 5c), the long-
range order of the molecules also diminished due to the
formation of a mixture of photoproducts (geometric
isomers, cycloaddition products, etc.) upon prolonged
irradiation which could be the possible reason why the
crystal stops actuation after a few cycles.

Conclusions

In conclusion, we have demonstrated a light-fueled
macroscopic actuator that displays various types of shape
deformation that can be controlled remotely in an on-
demand fashion using UV light. More importantly, our light-
powered actuator has the capability to optically reconfigure
to reverse the direction of the movement when the
irradiation direction is reversed. With the aid of NMR, IR and
X-ray diffraction studies, we have developed a mechanistic
model that might be applicable to other molecular systems

that show similar photo-actuation behaviour. In addition to
optomechanical behaviour, the same crystal emits green
fluorescence. Examples of such dual responsive materials
(optical and mechanical response) under a single stimulus
(light) are extremely rare. These smart materials have
immense potential to be utilized in various technological
tools in artificial limbs, medicinal equipment, and soft
robotics applications.
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