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(E)-4-Fluoro-cinnamaldehyde malononitrile ((E)-4FCM) is a new phenylbutadiene derivative that undergoes
a [24+2] photocycloaddition in the crystal form. Optical absorption and proton nuclear magnetic resonance
(*H-NMR) measurements demonstrate that the solid-state (£)-4FCM photodimerization is a negative
photochromic reaction that proceeds to 97% completion. The large geometry change and full conversion
allow bulk crystals of (E)-4FCM to show strong photosalient effects when exposed to 405 nm ultraviolet
light. When (E)-4FCM nanowires are grown in an anodic alumina oxide (AAO) template, they maintain a
high degree of crystallinity and orientation, as determined by X-ray diffraction measurements. When
illuminated, (E)-4FCM nanowire bundles exhibit a rapid expansion, during which they spread by as much as
300% in the lateral direction. This lateral expansion is at least partially due to a photoinduced crystal

Received 19th December 2019, expansion along the diameter of the nanowires. When (E)-4FCM nanowires are confined inside the AAO
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bend by up to 1.0 mm and lift up to 200 g. These results represent a significant improvement in work
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Introduction

Photomechanical molecular crystals are promising candidates
for applications in actuators, switches, and waveguide devices.'™
Over the last decade, a number of photomechanical molecular
crystals have been demonstrated that are powered by a variety of
photochemical reactions and undergo a variety of photoinduced
motions such as bending,” ™ twisting,"®*® rotation,"® crawling,?
peeling,”"**> and hopping.”® In order to maximize the force
generated by a photomechanical crystal, the photochemical
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output relative to previous composite actuator membranes based on diarylethene photochromes.

reaction should proceed to completion. This can be challenging
for reactions in which the photoproduct absorption overlaps
that of the reactant. For example, photoreactions involving
the E-Z photoisomerization of azobenzenes tend to reach an
equilibrium photostationary state (PSS) whose absorption hinders
further progress of the photoreaction and can prevent deeper light
penetration into the sample.>*° In contrast, a molecule that
undergoes a ‘“negative” photochromic reaction, in which the
photoproduct absorption shifts to higher energies, should permit
the photoreaction to go to 100% completion even in a thick
crystal.”

Our research group has focused on intermolecular [2+2] and
[4+4] photocycloaddition reactions because they exhibit negative
photochromism (which leads to high photochemical conversion)
accompanied by large changes in molecular geometry (which
leads to a large photomechanical response). For example,
(E)-cinnamic acid undergoes a negative photochromic reaction
based on a [2+2] photocycloaddition between neighboring
molecules in specific crystal polymorphs.”* ! While this reaction
has been successfully harnessed to generate photomechanical
crystals,*>® molecules based on this structural motif tend to
absorb in the ultraviolet (UV) around 300 nm or below. In order
to push toward longer wavelengths, we investigated derivatives
with a 1,3-butadiene group attached to the core phenyl group.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 (a) (E)-4FCM undergoes E to Z photoisomerization in liquid
phase under UV light irradiation and (b) [2+2] photocycloaddition of solid-
state (E)-4FCM to form the photodimer under UV light irradiation.

The additional vinyl should increase the electronic conjugation,
extending the absorption into the near-UV and visible regions.
Herein, we report the properties of one such derivative, (E)-4-fluoro-
cinnamaldehyde malononitrile ((E)-4FCM). By itself in solution,
(E)-4FCM undergoes an E — Z unimolecular photoisomerization,
similar to other butadiene derivatives (Scheme 1a). But in the
crystal form, it undergoes a [2+2] photodimerization (Scheme 1b)
under 405 nm light irradiation. This negative photochromic
reaction can approach complete conversion of the monomer to
photodimer in the solid-state. (E)}-4FCM bulk crystals and nano-
crystals show very vigorous photomechanical behavior, involving
photosalient effects and various types of mechanical motions
(expanding, bending and curling). The large conversion and
dramatic structural changes allow this material to generate
substantial work, as measured by the photoinduced bending
of a porous anodic aluminum oxide (AAO) template that incor-
porates crystalline (E)-4FCM nanowires. A few milligrams of
material can generate enough work to displace up to 200 grams.
Our results demonstrate a new class of photomechanical mole-
cular crystals that can be incorporated into composite materials
and generate a large amount of mechanical work.

Experimental
Materials and methods

4-Fluorocinnamaldehyde (>95%, GC) was purchased from
Tokyo Chemical Industry-America (TCI-America) and refrigerated
under argon. Piperidine (Reagent Plus, 99%) was purchased from
Sigma-Aldrich and malononitrile (>98%, GC) was purchased
from UFC-biotechnology, Riyadh, Saudi Arabia. Both dichloro-
methane and acetonitrile were distilled over CaH, and stored over
activated molecular sieves (3 A). Millipore water (15 Ohm) was used
for all experiments. All solvents and reagents were of reagent
grade (Sigma-Aldrich) and were used as received. Commercial
anodic aluminum oxide (AAO) templates (Whatman Anodisc,
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diameter 13 mm, average pore diameter 0.2 um) were pur-
chased from Sigma-Aldrich.

Samples were mixed with infrared (IR) grade KBr using an
Agate mortar and pestle, then pressed into transparent pellets
for IR spectroscopy measurements. A JNM-ECS 400 spectro-
meter (JEOL) and an Avance NEO 400 (Bruker) were used for
NMR measurements. High Performance Liquid Chromatography
(HPLC) analysis was performed on a Shimadzu LC-20AD instrument
using a Thermo Scientific general purpose BDS Hypersil C18
column (250 x 4.6 mm) held at 35 °C. A gradient mobile phase
was used starting with 50% aqueous acetonitrile in water (pH = 2.5)
finishing with 100% acetonitrile at a flow rate of 1.5 mL min™".
Synthesis of 2-[3-(4-fluoro-phenyl)-allylidene]-malononitrile,
(E)-4FCM

Briefly, 4-fluorocinnamaldehyde (1.0 g, 0.0067 moles), malono-
nitrile (0.88 g, 0.013 moles) and dichloromethane (25 mL) were
added into a 50 mL round bottom flask. The mixture was
stirred at room temperature under an argon atmosphere until
the reactants dissolved. Crushed activated molecular sieves
(3 A) were added to the solution, followed by piperidine (0.05 mL)
as the catalyst. The reaction was stirred at room temperature for
3-4 hours until the aldehyde was consumed. The reaction
progress was monitored using silica thin-layer chromatrography
with 75% hexanes/25% ethyl acetate mobile phase. The dark
yellow reaction mixture was filtered through an activated basic
alumina plug to remove residual water and unreacted malono-
nitrile. The dichloromethane was removed under reduced pressure
to yield a crude yellow solid, which was recrystallized from boiling
methanol/water (V/V = 1:1). Yellow crystals were obtained after
recrystallization (>99%, HPLC, yield 58%). M.P. = 143-144 °C.
Infrared spectroscopy (IR) measurements were performed on an IR
Affinity-1 FT-IR from Shimadzu. The IR spectrum is given in
Fig. S1 (ESIT). '"H-NMR (400 MHz, DMSO-d): & (ppm) = 7.22-
7.28 (1H, dd, J = 16, 12 Hz), 7.30-7.35 (2H, ddd, J = 8, 4 Hz), 7.58-
7.62 (1H, d, J = 16 Hz), 7.87-7.90 (2H, ddd, J = 8, 4 Hz), 8.26-8.29
(1H, d, J = 12 Hz). *C-NMR (100 MHz, DMSO-dg): 6 = 163.32-
165.81 (J = 249.8 Hz), 132.30-132.39, 150.38, 162.65 (J = 8.6 Hz),
131.40-131.43, 123.04-123.06 (/ = 1.9 Hz), 116.84-117.06
(J = 21.9 Hz), 81.42, 112.74, 114.75 (Fig. S2 and S3, ESI¥).

Solid-state photochemical synthesis of the (E)-4FCM
photodimer

(E)-4FCM crystals (50 mg) were placed inside a Schlenk flask
(50 mL) with deionized water (20 mL). The yellow (E)-4FCM
crystals aggregated and floated on top of the water but could be
suspended using a combination of agitation and sonication
under argon gas. The tube was placed in the center of a light-
emitting diode array which emitted light ranging from 410-500 nm
with maximum intensity at 455 nm. The yellow suspension was
stirred for several hours until it became white. The photoproduct
was obtained after suction filtration and air-drying. The IR
spectrum is given in Fig. S4 (ESIt) "H-NMR (400 MHz, acetone-
de): 6 (ppm) = 7.82-7.85 (2 H, d, J = 9.6 Hz), 7.57-7.60 (4H, dd,
J = 8 Hz, 4 Hz), 7.20-7.24 (4H, t, J = 8.8 Hz), 4.58-4.67 (4H, m).
3C.NMR (100 MHz, acetone-dg): & = 160.99-163.43, 168.88
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(J = 244 Hz), 133.32-133.36 (J = 4 Hz), 129.83-129.91 (J = 8 Hz),
115.63-115.85 (J = 22 Hz), 44.69, 45.65, 89.43, 110.96, 112.17
(Fig. S5 and S6, ESIf).

Preparation of (E)-4FCM nanowires

A concentrated solution of (E)-4FCM was prepared by dissolving
roughly 6.5 mg in N,N-DMF (60 pL). The solution was deposited
on an AAO template. The AAO template was then suspended on
top of a hollow glass holder (3 cm in height). The entire setup
was covered with a glass bell jar and placed inside a convection
oven set at 65 °C for a period of 48 h. The N,N-DMF solvent
evaporated slowly from the bell jar, leaving the crystallized
(E)-4FCM inside and on the surface of the AAO template. The
loaded AAO template was then carefully polished with 2000 grit
sandpaper to remove surface crystals. To isolate individual
nanowires and bundles, the template was dissolved in a
H3PO,/SDS (wt: 20%/0.1%) aqueous solution.

X-ray diffraction measurements

To determine the molecular orientation of (E)-4FCM nanowires
inside the AAO templates, we employed grazing incidence wide-
angle X-ray scattering (GI-WAXS). All the GI-WAXS data were
collected by a Ganesha SAXS-LAB instrument at room temperature.
The X-ray wavelength is 0.154 nm (CuK,, radiation). (E)-4FCM filled
AAO templates were cut into small pieces (1 mm x 3 mm) and
mounted on a manual mini rotation Stage (Thorlabs, MSRP01).
The incident angle is defined as the angle between the X-ray beam
and the AAO surface and was fixed at 2° from the AAO membrane
surface. This angle is well above the critical angle, so the X-rays
probe the bulk of the sample. WAXS patterns were recorded by a
2D detector (Pilatus 300 K).

Optical spectroscopy measurements

All UV-Vis absorption spectra were obtained using a Varian
CARY 60 spectrometer. Solid-state polycrystalline thin films were
prepared by depositing about 100 puL of a 0.05 M (E)-4FCM
methylene chloride solution onto a clean glass microscope slide
and allowing the solvent to evaporate.

Optical microscopy measurements

For (E)-4FCM bulk crystals, several milligrams of the (E)-4FCM
powders were deposited onto a glass slide. A coverslip was
placed on top in order to prevent the crystals from jumping
off the glass slide during irradiation. For the nanowire measure-
ments, 1-2 drops of the (E)-4FCM nanowire suspension were
deposited onto a glass slide. A coverslip was placed on top in
order to reduce the rate of water evaporation. To monitor the
photomechanical motions, an Olympus IX70 microscope
(equipped with an AMScope MU900 digital camera) and Leica
DM2700 M microscope (equipped with a Leica MC120 HD
digital camera) were used. (E)-4FCM samples were irradiated
using either 365 nm or 405 nm light from the fluorescence
microscope Hg lamp (100 W), filtered through a dichroic mirror.
For cross-polarized optical microscopy measurements, the sample
was placed between two square (4 cm x 4 cm) polarizers aligned at
a 90° angle with respect to each other.

5038 | J. Mater. Chem. C, 2020, 8, 5036-5044
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Scanning electron microscopy (SEM) measurements

A few drops of (E)-4FCM nanowires suspension were deposited
on an AAO template, rinsed with plenty of Milli-Q purified
water, and dried by vacuum filtration. After further drying in an
oven at 65 °C for 24 h, the AAO template was stuck to a piece of
conducting copper tape that was then fixed on a SEM stub.
The SEM stubs were placed in a sputter coater (Cressington
108 Auto) and coated with Pt/Pd for 45 seconds to improve the
sample conductivity. The SEM (FEI NNS450) imaged the sample
using a 20 kV electron beam in high vacuum (10~7 Torr) and an
Everhart-Thornley Detector.

Results and discussion

In methanol solution, (E)-4FCM shows an absorption band at
347 nm associated with S, — S; transition and a smaller peak
at around 250 nm that corresponds to the S, — S, transition.
The peak at 347 nm is redshifted by ~80 nm as compared to the
longest wavelength absorption of cinnamic acid, as expected for
increased intramolecular n-conjugation across the divinyl group.®
(E)-4FCM undergoes an E — Z photoisomerization under UV light
irradiation (365 nm, intensity ~ 2.5 mW cm™?) as evidenced by
the absorbance decrease of about 35% after 3 min light irradiation.
The absorbance maximum shifts blue by about 5 nm, and there is
an isosbestic point at around 305 nm (Fig. 1a), indicating a single
photoisomer is formed, presumably after E-Z isomerization around
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Fig. 1 (a) UV-Vis absorption of liquid phase sample in methanol before
(black traces) and after UV light irradiation. The concentration of the
sample is 3.8 x 107> M. (b) UV-Vis absorption of the solid-state poly-
crystalline thin film of a sample before (black traces) and after UV light
irradiation (red and blue traces). The residual absorbance in the blue trace
is due to remaining 4FCM monomer in the thick, scattering film.
(¢) *H NMR spectrum of (E)-4FCM and (d) *H NMR spectrum of the
(E)-4FCM photodimer, showing changes in aromatic and vinyl peaks.
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one of the double bonds.*® Continued illumination lead to no
further changes, indicating that a photostationary state (PSS)
has been attained. At these concentrations, there is no sign of
photodimer formation in solution.

The UV-Vis absorption spectrum of a (E)-4FCM polycrystalline
thin film shows a broad absorbance extending out to 420 nm
(Fig. 1b). Presumably the redshift is caused by the higher
dielectric constant and intermolecular interactions in the solid.
The solid-state (E)-4FCM photochemistry exhibits a very different
trend from that in the liquid phase, with a steady decline under
UV light irradiation (405 nm, intensity ~8 mW cm™?). After
1.5 hours of UV illumination, the absorbance drops by about
90%, and the film turns from yellow to pale white (Fig. S7, ESIY).
The loss of absorbance during light irradiation, ie. negative
photochromism, is not consistent with £-Z photoisomerization.
After the fully photoreacted solid-state sample was dissolved
in deuterated acetone, NMR was used to assess the reaction
products. The "H-NMR measurements show the appearance of a
cyclobutane multiplet at 4.4 ppm, signaling the dimerization of
(E)-4FCM (Fig. 1c and d).*"**> The complete disappearance of the
vinyl protons at around 7.6 and 7.2 ppm shows that ~97% of
the starting material has been consumed. No signatures of the
Z isomer could be detected, implying that the monomer is
converted only to dimer. This dimerization occurs exclusively
across the first double bond, since the vinyl proton signals of this
bond at 7.6 and 7.2 ppm completely disappear, while the other
vinyl proton signal at 8.3 ppm shifts to 8.0 ppm but does not lose
intensity.

Based on the crystal structure, the photodimerization of
(E)-4FCM monomers is expected because the distance between
two monomer pairs is about 3.376 A (<4.2 A) and allows
dimerization according to the Schmidt topochemical principle
(Fig. 2a and Table S1, ESIT).***® The solid-state photodimerization
of a different phenylbutadiene derivative that adopts a similar head-
to-tail packing arrangement has been previously reported.***” The
resulting photodimer is thermally stable and can be crystallized
from 1-propanol. The crystal structure of the recrystallized photo-
dimer is shown in Fig. 2c and d. As expected from the NMR
analysis, only the first double bond participates in the [2+2]

Fig. 2 (a) Crystal packing of monomer pairs of (E)-4FCM. (b) Crystal
packing of (E)-4FCM monomer viewed along the a axis. (c) Molecular
structure of 4FCM photodimer and (d) crystal packing of 4FCM photo-
dimer viewed along the a axis.

This journal is © The Royal Society of Chemistry 2020
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photocycloaddition. As shown in Fig. 2, the photodimer adopts
a butterfly-like geometry as the cyclobutane C-C bond decreases
the center-to-center distance from 3.376 A to 1.586 A, while the
distance between the outer edges (from the F atom one phenyl
group to the N atom on the opposing cyano group) elongates
from 4.281 A to 5.995 A (Fig. 2a and c). The huge distortion in
geometry causes a molecular volume increase from 486.992 A*
for the monomer pair to 501.615 A for the photodimer
(AV = 14.623 A%, ESIY).

The substantial geometry change that accompanies the solid-
state photodimerization, along with its very high yield, motivated
us to study the photomechanical behavior of (E)-4FCM crystals.
Under 405 nm light, (E)-4FCM bulk crystals exhibit very robust
photosalient behavior including splitting, hopping and exploding
(Fig. S8 and Movie S1, ESIt). The crystals tend to shatter and fall
apart during irradiation and the fragments appear to expand by
about 5-15% after prolonged irradiation (Fig. S9 and S10, ESIY).

The strong photomechanical behavior in (E)-4FCM bulk
crystals was preserved when crystal dimensions were shrunk
down to the nanoscale. The benefit of decreasing the crystal size
is that smaller crystals are more capable of surviving photo-
chemical transformations without fracturing. We succeeded in
growing nanowires of (E)-4FCM by slow solvent annealing in
anodic aluminum oxide (AAO) templates.

To determine the orientation of (E)-4FCM nanowire crystals
within the AAO templates, we performed grazing incidence
wide-angle X-ray scattering (GI-WAXS) measurements, as out-
lined in Fig. 3. The resultant 2D WAXS pattern (Fig. 3b) shows
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Table1 Comparison of experimental and calculated angles between film
plane and crystallographic reflections when b axis is oriented along the
nanowire axes

(100) (10-1) (11-1) (02—2)
Experimental 1.5° 1.9° 36.3° 58.8°
b axis as surface normal 0.3° 0.3° 36.8° 58.1°

reflections both along and out of the film plane, which is
indicated by a white line and is tilted approximately 4° from
vertical due to the slight curvature of the AAO template. Both
the (100) and (10—1) Miller planes (as well as their inverses
(—100) and (—101)) show intense diffract spots along this
direction. This observation indicates that these planes lie
parallel to the surface normal and thus the crystallographic b
axis is parallel to the nanowire axis, since this axis is parallel to
both (100) and (10—1) planes (Fig. 3c). Further support for this
assignment is provided by the locations of the (11—1) and
(02—2) planes, which agree well with their calculated positions
in Table 1. The details of the calculations are provided in the
ESL.t The narrow widths of the diffraction arcs (full-widths-at-
half-maximum of 3.5°-4.5°, Fig. S11, ESIt) along the azimuthal
direction in Fig. 3b indicate a high degree of crystal alignment
relative to the surface normal and the molecular orientations
inside (E)-4FCM nanowires are shown in Fig. 3d. On the other
hand, the appearance of multiple well-resolved peaks in a
single GI-WAXS pattern indicates that the individual nanowires
can take on different orientations around the normal to the
membrane surface. Both observations are consistent with vertically
oriented nanowires inside the template that have random rotations
along the normal axis. Further analysis of the GI-'WAXS pattern is
complicated by the presence of diffraction spots from the (E)}-4FCM
dimer crystal even before intentionally exposing to UV light,
presumably due to exposure from ambient sources during
fabrication and handling.

After dissolving the AAO template, an aqueous suspension
of crystalline nanowires of (E)-4FCM could be harvested as
shown in Fig. 4a. Under weak UV light irradiation (405 nm,
intensity ~ 4 mW cm™?), individual (E)-4FCM nanowires gradually
deformed with an elongation of the long axis by about 4%
(Fig. 4b). After extended illumination, the nanowires coiled up
(Fig. 4c, d, Fig. S12, S13 and Movie S2, ESIt) in a manner similar
to that of dimethyl-2((3-anthracen-9-yl)allylidene)malonate
nanowires that undergo a crystal-to-amorphous transition,***°
Bundles of (E)-4FCM nanowires showed an explosive expansion
within 1 second (Fig. S14 and Movie S3, ESI{) under intense UV
irradiation (400 mW cm™?). This rapid expansion could be
slowed by lowering the intensity of the light to allow the strain
to be released more gently. Fig. 5 and Movie S4 (ESIt) show the
dynamics of a bundle at an intensity of ~40 mW cm ™, where
the nanowire bundle spreads like an accordion. This spreading
reflects the deformation of thousands of individual nanowires,
with a lateral increase of more than 300% of the original length.
When even lower intensities were used, the bundles still spread
out, but more slowly. The fact that the same endpoint could
be reached with different light intensities argues against

5040 | J Mater. Chem. C, 2020, 8, 5036-5044
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Fig. 4 (a)-(d) Sequential optical microscope images displaying photo-
induced curling motion of an individual (E)-4FCM nanowire under weak
UV light irradiation. The red dashed line shows the original length of the
nanowire. Scale bar: 30 pm.

(a) 0s (b) 1.23s

2.52s (d) 12.85s

Fig. 5 Optical microscope images of a (E)-4FCM nanowire bundle
spreading under UV light irradiation. The time shows the irradiation
duration. White scale bar: 50 pm.

photothermal effects, because in that scenario spreading would
only be observed for rapid heating at high intensities.

The photoinduced deformation of the nanowires is driven at
least in part by a crystal-to-crystal expansion along their short
axis. This expansion is too small to be observed by optical
microscopy but could be discerned by SEM imaging of the
nanowires before and after UV exposure. Care was taken to limit
the duration of the exposure to a period that was shorter than
that required to generate the amorphous phase. The images in
Fig. 6 and Fig. S15 (ESIt) show that there is an increase in the
average diameter from 234.7 £ 20.9 nm to 278.4 £ 38.2 nm. This
~15% increase in average diameter must be associated with
an expanded crystal lattice when the photodimer is present.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a and b) SEM images of 4FCM nanowires harvested from the same AAO template before and after full light irradiation. Scale bars: 5 um. (c and d)
Associated histograms of diameters of 4FCM nanowires before and after full light irradiation.

After longer periods of irradiation, nanowires in suspension lose
their crystallinity as observed through the disappearance of the
birefringence under a cross-polarized microscope (Fig. S16, ESIt).
The photodimer crystals inside the AAO template also become
largely amorphous eventually after prolonged light irradiation, as
judged by the progressive weakening of diffraction peaks in the
GI-WAXS patterns (Fig. S17, ESIt).

Previously, our group demonstrated that a hybrid organic-
inorganic composite with diarylethene (DAE) nanowires inside
an AAO template could function as a photoactuator and lift
macroscopic objects.’®>' The AAO template aligns the nano-
wires while providing structural support and a high elastic
modulus. To see whether the large expansion of the (E)-4FCM
nanowires along their diameter could produce useful mechanical
work, we clamped an AAO template containing (E)-4FCM nano-
wires between two opaque glass slides and irradiated it from the
bottom. Without any load, the template could bend away from
the light source by almost 1 mm (0.92 mm) with a bending
curvature as large as 13 m~ " (Fig. S18 and Movie S5, ESIt). The
curvature was maintained after the excitation light was switched
off. After bending, continued light exposure resulted in extrusion
of the 4FCM from the bottom of the template on the same
timescale that the crystal-to-amorphous transition we measured
by PXRD (Fig. S19, ESIt). A 1.28 g mirror on top of an (E)-4FCM/
AAO template could be elevated by about 0.26 mm by this
bending motion (Fig. 7). We found that the bending template
could lift as much as 200 g, or roughly 2 x 10> times its own
weight, by about 1.5-2 um (Fig. S20 and Movie S6, ESI{). This
mass corresponds to a stopping force of 0.2 N, about 5x that seen

This journal is © The Royal Society of Chemistry 2020

Fig. 7 Snapshots of 4FCM/AAO template lifting a mirror (mass = 1.28 g)
under UV light irradiation from below. (a) Before light and (b) 1 s before the
UV light switched off. (c) 4FCM/AAO template curvature after the mirror is
removed. The left half of the template has been masked to prevent
photoreaction. The red arrow indicates the elevation direction of the
mirror; scale bars = 5 mm.

for the DAE/AAO templates studied previously.*® After exposure to
UV, the template retains its bent shape for at least several hours
(the image in Fig. 7c was taken 2 hours after exposure) but over
the course of several days the bend relaxes slightly.

Preliminary force-displacement measurements were also
consistent with a larger work output. However, 4FCM’s lack of
reversibility prevented us from making repeated measurements
on the same template. Although 4FCM lacks the reversibility of
the DAE system, these results show that using a different
photochromic reaction can substantially increase the work out-
put. We attribute this increase in work output to the dramatic
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size increase of the nanowires inside the nano-channels of AAO
template, coupled with the high conversion due to the negative
photochromic reaction in the solid (E)-4FCM.

We hypothesize that the origin of the photoinduced bending
of the 4FCM/AAO template is similar to that of the DAE/AAO
template. Considering the nanowire bundles as an assembly of
loosely packed nanowires, under UV light irradiation the nano-
wires expand and deform, which then causes rapid separation
of the assembly. However, when these nanowires are confined
inside the channels of the AAO template, the channel walls in
the AAO experience a lateral force from the nanowire expansion.
The asymmetric expansion of the bottom of the template forms
causes the bending. Even though this bending can generate
more force than the DAE used in previous work, it is unlikely
that we extract the full amount of mechanical energy associated
with the nanowire expansion. First, we suspect that most of the
photogenerated force is consumed in doing mechanical work
against the high elastic modulus AAO template. Second, it appears
that the photodimer crystal itself is not stable in the nanowire
geometry. The transformation of the product to an amorphous
phase during photoreaction is expected to reduce the work output,
since the amorphous phase likely has a lower elastic modulus and
is less effective in transmitting work to the channel walls. The
observation that the photoproduct is extruded from the template
during reaction is consistent with the idea that expanding amor-
phous material does not exert much lateral force, but instead
deforms itself due to the physical confinement of the AAO pores.
Based on these observations, improved performance might be
achieved by finding a negative photochromic material that remains
fully crystalline throughout the photoreaction.

Conclusion

In conclusion, we have made a new molecular crystal, (E)-4FCM,
based on a phenylbutadiene framework that undergoes a negative
photochromic [2+2] cycloaddition reaction. The large geometry
changes that accompany the photodimerization reaction, along with
the negative photochromic reaction that propels the photochemistry
to nearly 97% completion, lead to a strong photomechanical
response. Bulk crystals of (E)-4FCM show strong photosalient effects,
including splitting, hopping, and fracture under light irradiation.
Crystalline nanowires of (E}4FCM prepared by the slow solvent
annealing method can exhibit photoinduced bending and curling
motions, while nanowire bundles show explosive expansions under
intense UV light irradiation. When aligned inside an AAO template,
the photomechanical effects of nanowires can be combined to
generate forces large enough to bend the template while lifting up
to 200 g. Although not reversible, the enhanced work and force
generation of this new crystal relative to DAE demonstrate how the
tools of organic chemistry can be used to prepare new photo-
mechanical molecular crystals with enhanced performance.
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