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ABSTRACT: When photochromic molecules are organized in
a crystal, the small-scale forces generated by molecular
photoisomerization events can combine together to generate 8

work on micro- or macroscopic length scales. In this work, 0 A >
| BE8 fe8 ;s ge8
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L _
/>

photomechanical nanocrystals themselves are organized on
Vis. C

macroscopic length scales using a porous inorganic template.
The organic diarylethene component provides the reversible
photoresponse, whereas the porous alumina component

provides structural support and directionality. This hybrid

organic—inorganic photomechanical material acts as a bending GO0 T c
actuator. Using ultraviolet and visible photons as power inputs, ﬂ gﬂ @ ®

as little as 0.1 mg of reacted material generates enough force to @sg| =cs - Sge
tilt a 1.28 g mirror and steer a laser beam. The motion can be I

cycled multiple times in air and under water. Actuator figures-

of-merit such as energy-to-work conversion efficiency and stiffness are probably limited by the high elastic modulus of the
inorganic template, providing an obvious pathway for optimization.

B INTRODUCTION

growth of large crystals is difficult and time consuming.
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Organic photomechanical materials can transform molecular-
scale photoisomerization events into a wide variety of
mechanical behaviors, including bending, twisting, and
coiling."~* Polymer-based materials provide a way to fabricate
and pattern photomechanical structures™” but suffer from low
elastic moduli, low-energy density, and slow response times
because of the presence of the host polymer. Assembling
photochromes into neat molecular crystals avoids the need for
a host, and this class of materials can in principle lead to higher
energy densities, hardness, and response speed.

When photochromic molecules are assembled into a crystal,
their photoisomerization can generate an anisotropic ex-
pansion of the crystal lattice (Figure la). This lattice
expansion, when confined to one side of the crystal, can
induce bending as strain builds up between the reactant and
product crystal phases (the bimorph or bimetal mecha-
nism).”~” This mechanism has led to impressive demon-
strations of photomechanical molecular crystals that undergo
light-induced bending,g_16 twisting,l7_19 and expamsion20 on
microscopic length scales. However, the use of photo-
mechanical molecular crystals in macroscopic actuator
structures has been limited for several practical reasons. The
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Furthermore, large crystals tend to shatter because of internal
stress and also suffer from limited light penetration that lowers
the total isomerization yield and prevents mechanical
motion.” !

To make molecular crystals more processable, several groups
have explored embedding organic nanocrystals in a polymer
matrix to make a composite photomechanical material.*>~>°
Using several different photochromes, they found that polymer
films with embedded photoactive molecular crystals could
exhibit bending, but the work generation was not quantified
and the mechanical motion was not photoreversible. In these
previous attempts, the molecular crystal component typically
consisted of random sizes and orientations. Work in the
inorganic nanoparticle field has shown that assembly of
functional monodisperse nanoparticles into ordered arrays is
vital for generating useful collective properties.”””’ Thus, a
current challenge is to prepare an ordered, monodisperse array
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Figure 1. (a) Schematic illustration of how preferential formation of
photoproduct on one side of a crystal leads to asymmetric expansion
and crystal bending. (b) Porous template allows the creation of an
ordered array of crystalline nanowires that can drive bending of the
composite structure. (c) Photochemical interconversion between
ring-open (1a) and ring-closed (1b) DAE isomers.

of photomechanical organic nanocrystals that can harness the
collective motion of the assembly.

The approach taken here is to make a “crystal” of
nanocrystals, in which expansion of individual nanocrystals in
an ordered array generates internal stress that causes the
macroscopic structure to deform. The same bimorph
mechanism that leads to mechanical motion in a single crystal
(Figure 1a) can be realized on a larger scale through ordered
growth of nanocrystals in an inorganic template (Figure 1b),
with the template also contributing to the mechanical integrity
of the composite. To realize this concept, we chose 1,2-bis(2-
methyl-S-phenyl-3-thienyl)perfluorocyclopentene (la), a di-
arylethene (DAE) derivative that undergoes a unimolecular
photoisomerization between its ring-open and ring-closed
isomers (Figure 1c) to be the active element. The isomers are
thermally stable but can be switched back and forth using UV
and visible light for hundreds of cycles.”**° The photo-
mechanical behavior of individual DAE microcrystals has been
extensively characterized,'®'”***%*!7¢ and single DAE micro-
needles are capable of lifting objects 100X more massive than
the crystal itself.”> But so far, no one has devised a path that
leads from individual microcrystals to macroscopic actuator
structures.

B RESULTS AND DISCUSSION

In this article, we take advantage of the ordering provided by
anodic aluminum oxide (AAO) templates, a porous ceramic

whose pore diameters and wall thicknesses can be tuned by
electrochemical etching conditions.”” To create ordered arrays
of la nanocrystals, we utilized commercially available What-
man Anodisc templates with a 60 gm thickness, a nominal pore
diameter of 200 nm, and an overall diameter of 12.7 mm that
were used as received. A solvent annealing method
(Supporting Information Figure S1) was used to facilitate
growth of crystalline nanowires of 1a in the AAO channels.*®
After crystal growth, the template was mechanically polished to
remove excess la. When the template was dissolved using
concentrated acid, nanowires were obtained (Figure 2a). When
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Figure 2. (a) Scanning electron microscopy images of obtained
nanowires. (b) PXRD data for vertical DAE nanowires aligned in the
AAO template. The dominant (020) peak seen for the vertical
nanowires belongs to a Miller plane that is perpendicular to the crystal
b-axis, so the b-axis must lie parallel to the nanowire long axis. (c)
PXRD data for horizontal nanowires lying on top of an Anodisc filter.
The horizontal nanowires exhibit strong (002), (303) and (006)
peaks, all corresponding to planes perpendicular to (020) plane. (d)
PXRD pattern calculated from the 1a crystal structure.

exposed to 405 nm light, liberated nanowires can reversibly
bend and expand, showing that the photomechanical response
is preserved in the nanowire form (Supporting Information
Figure S2). Polarized light microscopy confirmed that the
nanowire bundles consist of oriented crystal domains
(Supporting Information Figure S3). Powder X-ray diffraction
(PXRD) measurements on intact templates containing vertical
nanowires (Figure 2b) show a dominant peak at 26 = 15°,
corresponding to the (020) Miller plane. This plane runs
perpendicular to the crystal b-axis shown in Figure 3. Because
the PXRD pattern of the intact templates also includes
contributions from residual crystallites on the surface, we
dissolved the template in H;PO, and collected the nanowires
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Figure 3. Crystal structure (view along b-axis) of la before UV
irradiation (left) and crystal structure of a partially converted crystal
containing mixture of la and 1b after UV irradiation (right). After
irradiation, the crystal expands along the a-axis and contracts along
the b-axis.

lying flat on an AAO filter surface. The horizontal nanowires
showed only peaks corresponding to Miller planes that make
right angles to the (020) plane, as expected Figure 2c.
Together, these data confirm that la preserves its crystal
packing and density in the nanowires, which are oriented along
the b-axis.

Photoconversion between the two DAE photoisomers can
be accomplished using 405 and 532 nm light, wavelengths that
correspond to inexpensive, solid-state laser sources. Figure 3
shows that partial conversion of 1a to 1b changes the crystal
packing and causes a contraction along the b-axis and an
expansion along the a-axis, both on the order of 0.1%.> There
have been no reports of a photomechanical response for
macroscopic crystals of 1a, but we recently found that crystal
mlCI‘OI‘lbeIlS composed of la can undergo photoinduced
twisting.'” When one half of a DAE-infuse template was
illuminated with 405 nm light, it quickly turned blue (Figure
4a) and diffuse reflectance absorption confirmed creation of

a
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Figure 4. (a) Color change of AAO template after right half is
irradiated with UV and then visible light. (b) Reversible template
bending after exposure to UV and then visible light. The template is
viewed from the side.

the 1b photoisomer (Supporting Information Figure $4).
Viewed from the side, the template was also observed to bend,
as shown in Figure 4b. Both the color change and bending
could be completely reversed after exposure to 532 nm light.
The template always bends away from the UV light, and a
bend due to bottom irradiation could be canceled out by
irradiation of the top to create a balanced bimorph strain
(Supporting Information, Figure SS). It is interesting that a
macroscopic assembly of nanocrystals exhibits photomechan-
ical bending, whereas macroscopic crystals do not.

Because the photoinduced bending of the template results
from the simultaneous deformation of many nanowires, this

motion can produce significant amounts of mechanical work.
To quantify the work generation as a bending actuator, a two-
beam setup (Figure Sa) was used to monitor the ability of the
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Figure 5. (a) Schematic outline of laser deflection setup. (b) When
different regions of the template are irradiated (shown in purple), the
mirror tilts in different directions and displaces the beam (dashed blue
line) from the reference (red line). The spatial displacement of the
spot from the reference spot (marked with a cross) can be used to
calculate the vertical displacement of the mirror (Supporting
Information).

template to tilt a standard 1 in. diameter mirror and steer a
laser beam. Illuminating different quadrants of a single
template can tilt a standard 1 in. diameter mirror in any
direction and move a laser beam from its reference position
(Figure Sb). A laser beam deviation of 0.008 radians allows us
to calculate that the mirror edge undergoes a vertical
displacement on the order of 100 microns (Supporting
Information). Movies of the light-induced mirror motion and
laser beam displacement can be viewed as Supporting
Information Videos 1 and 2.

The displacement of the beam allows us to calculate an
induced template curvature of 2.5 X 107> mm™' and an
effective expansion of 1.5 X 10* for the irradiated side of the
template (Supporting Information). This is about 7X less than
the molecular expansion along the crystal a-axis as deduced
from X-ray crystallographic data on a partially reacted la
crystal.’” This small expansion implies less than a 0.1 nm
change in a 200 nm diameter pore and likely results from
competition from the expansion/contraction along the a/b-
axes, as well as confinement by the AAO template, which will
resist the motion of the softer organic component. The
molecular interaction with the channel walls is not known, but
this will ultimately determine how the organic motion is
curtailed by the template.

DAE photochromes are generally resistant to fatigue but can
undergo side reactions that generate unreactive byproducts.*’
We found that the DAE-filled templates could undergo
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multiple displacement cycles in air, as shown in Figure 6a. The
actuation also worked when the template was submerged
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Figure 6. (a) Reproducibility of vertical mirror displacement for five 2
min UV irradiation cycles in air. (b) Reproducibility of vertical mirror
displacement for five cycles in water of the same template.

under water, with only a 25% decrease in displacement and no
loss of reversibility (Figure 6b). After about SO cycles in air, a
steady decrease in the photoinduced displacement was
observed, accompanied by the appearance of a yellow color
in the regenerated 1a form. In bulk crystals, 1a can be cycled
more than 10* times,”” so it appears that the hybrid material
undergoes accelerated degradation, possibly because of
molecular interactions with the AAO walls.

The mechanical displacement closely tracks the photo-
isomerization reaction progress (Figure 7a). The linear
dependence of the displacement AL on the production of 1b
allows precise control of the actuator position by controlling
the duration of the light exposure. Figure 7b illustrates this
control for sequential light exposures. When the light is turned
off, the displacement undergoes a slight relaxation by about 5—
10% but holds its position afterward. Note that any thermally
induced expansion would be expected to completely relax
during the off-period, so this observation places an upper limit
on the thermal component of the actuation. When the light is
turned on again, the displacement starts up where it left off.
Under load, the displacement is stable in the absence of light,
unlike piezoelectric actuators which require an applied electric
field to hold their position.

The photon-to-work conversion efliciency is an important
figure-of-merit for photomechanical actuators, but the detailed
mechanical analysis of bending actuator structures can be
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Figure 7. (a) Vertical beam displacement (squares) as a function of
40S nm irradiation time and absorbance of ring-closed isomer 1b (X).
(b) Displacement versus time with 405 nm light turned on and off.
The displacement is stable when the illumination is removed.

complicated.*' ™" The macroscopic samples used here allow
this conversion efficiency to be measured simply in terms of a
mass moved against gravity. Starting with a total mass of 1.6
mg of DAE in the template, a maximum conversion yield of
6.7% was measured by solvent extraction (Experimental
Section). This means that 1 X 107* g of reacted DAE could
generate enough force to lift a 1.28 g mirror, a mass ratio
comparable to the best photothermal elastomer system.**
From a typical beam displacement, we can calculate that the
center of mass of a 1.28 g mirror was lifted by 5.5 X 107> m, for
a total of 6.9 X 1077 J of mechanical work. Given that 6.7% of
the 1a molecules is converted into 1b, we calculate that 1.22 X
10'7 405 nm photons were absorbed (assuming an isomer-
ization quantum yield of 1.0>”), with a total energy of 5.98 X
1072 J. The (absorbed photon)-to-work efficiency is calculated
to be 1.15 X 107°. This efficiency is comparable to what has
been observed for photothermal bending actuators**® but less
than that deduced for liquid crystal elastomer bending
systems.”"*” If we consider the input energy to be the total
number of incident photons, rather than just the absorbed
photons, after 2 min under 7.05 mW/cm?, we obtain an
(incident photon)-to-work efficiency of 6.15 X 107". These
efficiencies represent the first quantitative estimate of the light-
to-work conversion efficiency for a molecular crystal photo-
mechanical actuator and provide a well-defined starting point
for future optimization.

In most cases, the efficiencies of photomechanical polymer
systems have been evaluated in terms of unloaded bending or
contraction. Our actuator structure generates an expansion that
lifts a load. In this sense, it acts like a bending piezoelectric
actuator and it is instructive to evaluate it in terms of
parameters commonly used for commercial piezoelectric
actuators. This class of actuators is characterized by the
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maximum load they can move, known as the blocking force
Fyloqe and their maximum displacement AL, in the absence of
a load. The ratio of these two parameters gives the actuator

stiffness K, = —"*. The stiffness defines the linear relation
0
F

g.
By varying the load on top of the bending AAO template, we
can measure the displacement (AL) versus force (F) curves
shown in Figure Sc. The AL versus loading force F curves are

fit using an exponential function

between displacement and force generation, AL = AL, —

—F/F,
AL = ALje " ""** + y, (1)

These fits yield R* values of 0.96 or greater for all templates
measured, which all yielded exponential —force decays
(Supporting Information, Figure S6). If we linearize these
curves, AL = ALO(I - £ ), we can extract values for AL, =

block

0.16 + 0.08 mm, Fy,y = 0.035 + 0.006 N, and k, = 0.25 +
0.10 N/mm. For comparison, commercially available piezo-
electric bending actuators have AL, = 0.1—0.5 mm and Fy .y =
1-5 N,"*7°° leading to k, values ranging from 2 to 100 N/
mm. Our photomechanical actuators have comparable AL,
values but Fy,q values that are approximately 100X lower,
leading to stiffness values that are also about 100X lower.

Our composite photomechanical actuators cannot generate
as much force as piezoelectric actuators, but there is substantial
room for improvement. First, the Fy; . values are extrapolated
from the linear region of the exponential curve. As Figure 8
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Figure 8. Plot of vertical displacement versus load for a typical DAE/
AAO bending actuator (denoted #1, black squares), along with
exponential fit (red line). A linear fit to the initial decay is shown in
blue, along with the value of F, extracted from this fit.

shows, the DAE/AAOQ actuator continues to generate displace-
ment for values larger than Fj . Second, it is likely that the
high elastic modulus of the AAO resists the photomechanical
motion of the organic and lowers the amount of useful work
that can be extracted. It is likely that using a more compliant
template or a photochemical reaction that generates more
force can boost both AL and Fyj,q. Third, the response time
of several minutes seen in Figure 7b results from the low light
intensities (5—10 mW/cm?*) used in our experiments and does
not represent an intrinsic limitation of the material. Because
the displacement tracks the photochemical reaction, increasing
the light intensity to 1 W/cm? should lead to response times of
less than a second.

1020

The photoinduced bending requires that the photo-
mechanical crystals are correctly oriented inside the template
so that the expansion occurs in the plane of the substrate.
Different crystal orientations, lack of crystallinity, or incom-
plete filling of the channels can all suppress this effect. For
example, although the majority (~80%) of our templates
showed photomechanical responses that match those reported
in Figures 4—38, the other 20% showed low or sometimes no
photomechanical response at all. Usually the poorly perform-
ing samples suffered from poor loading, but we cannot rule out
misdirected or random crystal growth. We tested two other
photomechanical crystal materials, based on 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene®’ and 4-
fluoro-9-anthracenecarboxylic acid,”® but neither was able to
generate photoinduced bending in the AAO template. Both
molecules filled the channels, but we suspect that these crystals
were not correctly oriented to generate stress across the
horizontal plane of the template.

B CONCLUSIONS

This work shows how ordering the organic-active component
on both the molecular scale (by oriented crystal growth in each
pore) and the macroscopic scale (by growing a regular array of
crystalline nanowires in a porous inorganic template) can lead
to a hybrid photomechanical material capable of moving
macroscopic objects solely through light power. Very small
(sub-milligram) amounts of material can move masses that are
10* times larger without being physically connected to an
external power source. Lowering the template elastic modulus
and varying the organic photochrome are two future pathways
to improve actuator performance. These proof-of-principle
experiments illustrate a way to incorporate photomechanical
molecular crystals into macroscopic actuator structures,
potentially opening up new applications for these interesting
materials.
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