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’ INTRODUCTION

The transformation of photon energy into mechanical work is
interesting from both fundamental and practical standpoints.
Photons provide a versatile and easily controllable energy source
for various types of nanoscale machines.1 Liquid crystal elasto-
mers are a widely studied class of materials whose combination of
flexibility and molecular order allows them to undergo large
deformations after exposure to light.2�7 Their photomechanical
response arises from the photoisomerization of a reactive mole-
cule incorporated into the liquid crystal polymer, usually an
azobenzene derivative. More highly ordered molecular crystals
have also been shown to undergo photoinduced bending and
expansion, with the potential advantages of greater Young’s
moduli and faster response times.8�16 Chemical reactions in
crystals are complicated by the need to consider the role of
the crystal environment in modulating the production of new
chemical species.17�19 How the presence of those new chemical
species influences the overall crystal structure is less studied. For
macroscopic molecular crystals, photochemical reactions often
lead to phase separation between reacted and unreacted regions
that shatter the crystal.20 For smaller crystals with large surface-
to-volume ratios, the buildup of interfacial stress between reacted
and unreacted domains can be alleviated at a nearby surface,
rather than by generating a fracture.21,22 The robustness of
ultrasmall crystals permits amuchwider variety of photochemical
systems to be used in photomechanical structures. Our group has
studied the photomechanical response of organic molecular
crystal micro- and nanostructures as a general approach for
making photoresponsive objects.23�26 The photochemical reac-
tion used to transform light into mechanical motion is the
concerted [4 + 4] cyclodimerization reaction of two anthracene
chromophores. Steric repulsion due to the atypical “head-to-
head” packing makes this reaction reversible in crystalline

9-anthracenecarboxylic acid (9AC),27 as shown in Scheme 1.
Note that in Scheme 1, some 9AC molecules are “left out” of the
photodimerization reaction due to statistical considerations. This
mix of reacted and unreacted molecules is unique to crystals
containing one-dimensional stacks and is vital for interpreting
the experimental results in this Article. We have previously
demonstrated that crystalline nanorods composed of 9AC could
undergo reversible bending driven by strain generated between
photoreacted and unreacted regions of the rod.26 This phenom-
enon does not rely on generating a gradient of reacted molecules
along the direction of the bend, as in many polymer
actuators,28,29 and allowed us to demonstrate controlled, rever-
sible bending in 9AC molecular crystal nanorods with diameters
as small as 35 nm.26

The previously studied nanorod bending required the selec-
tive illumination of a single point or segment of the rod. We
became interested in whether other types of photoactivated
motions could be induced, especially under conditions of spa-
tially uniform irradiation. In this Article, we describe a different
morphology of 9AC crystals, microribbons, that undergoes
reversible twisting under uniform illumination. The twist period
is controlled by the amount of light exposure and saturates at a
value that depends on the cross section of the ribbon. The twist
relaxes over the course of minutes, consistent with the dissocia-
tion of the dimer 9AC back into its monomeric form.23,26 Using a
combination of atomic force and optical microscopies, the twist
period has been measured as a function of ribbon cross section.
We find that the mechanism of the twisting is consistent with
stress induced by the presence of two incommensurate chemical
species. In the 9AC system, these two species are most likely the
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ABSTRACT: 9-Anthracenecarboxylic acid, a molecule that undergoes a reversible [4 + 4] photo-
dimerization, is prepared in the form of oriented crystalline microribbons. When exposed to spatially
uniform light irradiation, these photoreactive ribbons rapidly twist. After the light is turned off, they
relax back to their original shape over the course of minutes. This photoinduced motion can be
repeated for multiple cycles. The final twist period and cross-sectional dimensions of individual
microribbons are measured using a combination of atomic force and optical microscopies. Analysis of
this data suggests that the reversible twisting involves the generation of interfacial strain within the ribbons between unreacted
monomer and photoreacted dimer regions, with an interaction energy on the order of 3.4 kJ/mol. The demonstration of reversible
twisting without the need for specialized irradiation conditions represents a new type of photoinduced motion in molecular crystals
and may provide new modes of operation for photomechanical actuators.
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photoreacted dimers and the unreacted monomers left over due
to the statistical nature of the dimerization reaction. The
reversible generation of a photoinduced twist in crystalline
microribbons represents a new class of motions accessible
through solid-state photochemistry and also provides a new
way to induce large deformations without asymmetric or struc-
tured illumination conditions. The ability to induce repeated
twisting in such small objects maymake them useful for powering
small-scale machines.

’EXPERIMENTAL SECTION

1. Preparation of Crystalline Ribbons. All of the 9AC micro-
ribbons were prepared by the floating drop method.30 1.9 mg of 9AC
(TCI, >97%) was dissolved in 1.0 mL of filtered ethyl acetate (Sigma,
99.5+%), and then this solution was slowly added to the surface of
MilliQMillipore purified H2O in a Petri dish (VWR, 60� 15 mm). The
Petri dish was covered and left in the dark for 48 h. During this time,
as the solvent evaporated, the 9AC slowly crystallized out as ribbons
floating on the water surface.
2. Powder X-ray Diffraction (XRD) Measurements. When a

dry sample of microribbons was deposited on a microscope slide, a range
of ribbon orientations was obtained. To ensure that the majority of 9AC
ribbons ended up lying flat (wide axis parallel to the substrate surface),
a concentrated solution of ribbons floating in H2O was first placed on a
glass slide and then slowly dried. The drying could be accomplished either
by slow evaporation or by carefully using a Kimwipe to wick away the
excess water underneath the floating ribbons. Powder X-ray diffraction
data were collected on a Bruker D8 Advance X-ray powder diffractometer
(CuK radiation, λ = 1.5418 Å, 40 kV/40mApower) at room temperature.
3. Scanning Electron Microscopy (SEM) Measurements.

For SEM measurements, a drop of 9AC ribbons in MilliQ H2O water
was placed on a microscope coverslip that was affixed to a piece of
conducting copper tape mounted on a SEM stub. The water was gently
evaporated under vacuum, leaving behind dispersed bundles of ribbons.
The SEM stub was placed in a sputter coater (Cressington 108 Auto)
and coated with Pt/Au for 40 s. The SEM stub was then placed inside
a scanning electron microscope (XL30-FEG) for imaging.
4. Atomic Force Microscopy (AFM) Measurements. For

AFM measurements, dried samples were prepared in the same way as
for the XRD experiments. To examine the topology of single ribbons,

a Novascan AFM mounted on top of an Olympus IX-70 inverted
fluorescence microscope was used. The AFM was calibrated in x, y,
and z directions before the measurements. An intermittent contact mode
scanwas performedwith a scan rate of 1Hz, scan resolution of 400� 400,
and scan size of 73 � 73 μm. Individual ribbons were illuminated with
410 nm light from aHg lamp, and then optically imaged to determine the
twist period. After the ribbon relaxed back to its untwisted state, it was
scanned with the AFM to determine its width and height.
5. Optical Microscopy Measurements. To prepare aqueous

samples of 9ACmicroribbons, a few drops of 50%H3PO4 were added to
MilliQ H2O containing 9AC ribbons to prevent H2O evaporation
during the measurements. We use H3PO4 because our previous work
on molecular crystal nanorods has shown that it is compatible with
crystalline 9AC and does not change the hydrogen bonding of the
carboxylic acid groups within the crystal. The presence of H2O and
H3PO4 does not play any role in the observed twisting, because this
motion also occurs in ribbons on dry surfaces. A drop of the acidic
solution of 9AC ribbons was transferred to a microscope slide and then
covered with a microscope coverslip. To measure the dynamic process
of 9AC ribbons untwisting, 9AC ribbons were first irradiated by 440 nm
light (∼20 mW/mm2) for a few seconds and then imaged in transmis-
sion using a 40� 0.6 NA objective and visible light. Images were
captured by a DCM300 digital camera to record the untwisting.

’RESULTS AND DISCUSSION

9AC crystals can grow in a variety of shapes and sizes, but the
most commonly observedmorphologies are ribbons and needles.
After some experimentation, we found that the growth of
microribbons could be maximized by making use of very flat
growth surfaces, and our yields of microribbons were highest
when the floating drop method was used with the solvent ethyl
acetate. In general, all growth methods produced a distribution of
microribbon lengths and cross sections. The rectangular cross
section of the microribbons can be seen in the SEM images in
Figure 1, as well as the distribution of lengths (l), widths (w), and
thicknesses (h). The crystalline nature of the microribbons was
confirmed by powder XRD measurements. 9AC crystallizes in
columns of π-stacked anthracene moieties, where each column is
connected to a neighboring column through intermolecular
hydrogen bonds between opposing carboxylic acid groups.

Scheme 1. [4 + 4] Photodimerization and Dissociation Reaction Scheme of 9AC along a Single Crystal Stack
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In Figure 2a, we show the calculated powder XRD pattern obtained
from the monoclinic single crystal structure. Figure 2b shows the
experimental powder XRD of the powdered microribbons. The
peak positions and overall shape of this pattern agree well with
the calculated pattern in Figure 2a, but there are some discre-
pancies in the peak intensities. These discrepancies are most
likely due to residual orientation in the powdered sample arising
from the tendency of 9AC crystals to form rods or ribbons that lie
flat on the substrate, as discussed below. Figure 2c shows the
powder XRD pattern for intact microribbons that have been
dried and randomly deposited onto a flat substrate. When the
powder XRD pattern of this sample is measured, three major
peaks are seen, corresponding to the 002 Miller plane at
2θ = 6.13�, the 004 plane at 2θ = 12.21�, and the 101Miller plane
at 2θ = 23.09�. The first two planes are parallel and extend
between stacks of 9AC molecules, as shown in Figure 2e, while the
101 Miller plane makes an angle of 81.57� with respect to the 002
plane. In contrast, when the sample is carefully dried on the
substrate, inspection using optical microscopy reveals that the
majority of these ribbons lie flat on the surface, with their short
axis pointing up (as illustrated in Figure 2d). We then obtain the
powder XRDpattern in Figure 2d, which is dominated by the 002
and 004 peaks. The much smaller peak at 2θ = 24.62� corre-
sponds to the 008 Miller plane, also parallel to the 002 and
004 planes. In addition to these two dominant peaks, another
very small peak at 2θ = 10.34� is also observed in Figure 2c,
corresponding to a small triclinic component within the largely
monoclinic ribbons.31 If we assume that the pattern in Figure 2c
arises from a combination of ribbons lying on edge and lying flat,
while that in Figure 2c arises from only ribbons that lie flat, then
we can determine the absolute orientation of the crystal within
the ribbon. The crystal orientation consistent with the data in
Figure 2c and d has the 002 plane perpendicular to h and the 101
plane perpendicular to w, as shown in Figure 2e. It should be
noted that the c-axis of the unit cell is aligned almost parallel to
the height (h) of the ribbon, while the ab plane is parallel to the

plane defined by the width (w) and length (l) of the ribbon. The
stacks of 9AC monomers extend across the width of the ribbon.

We initially expected the microribbons to bend under loca-
lized photoexcitation but to retain their overall shape under
uniform photoexcitation, similar to what was observed previously
in 9AC nanorods. Instead, under uniform lamp irradiation, we
observed a dramatic twisting behavior, as illustrated in Figure 3.
Under either 410 or 440 nm irradiation, a straight ribbon would
rapidly twist over its entire length, while the intense green-yellow
fluorescence disappeared, indicating that a photochemical reac-
tion was consuming the 9AC molecules. No twisting or fluores-
cence decrease was observed for irradiation at wavelengths
greater than 600 nm, ruling out a heating effect or phonon-
mediated mechanism. The twisting could be observed in
25�80% of the ribbons, depending on the sample. The ribbons
twisted more easily when suspended in an aqueous solution than
on a dry surface. The reason for this may lie in increased surface
adhesion in the dry samples. Larger crystals would often break
into segments during this process, but ribbons with widths on
the order of 20 μmor less were remarkably robust. In general, the
twist period (Ltwist = the distance required for the ribbon to

Figure 1. SEM images of 9-AC ribbons of different sizes: (a) scale bar is 2 μm; (b) scale bar is 1 μm; and (c) scale bar is 25 μm.

Figure 2. X-ray powder diffraction patterns for 9AC: (a) Calculated pattern ofmonoclinic 9AC; (b) experimental pattern of powdered 9AC crystals; (c)
pattern of ribbons randomly deposited on the surface as shown in the inset cartoon, with the three peaks corresponding to parallel planes (002) and
(004), and the almost perpendicular (101) plane; (d) pattern of ribbons lying flat on the surface as shown in the inset cartoon, with the two peaks
corresponding to parallel planes (002) and (004) being most prominent; and (e) side view of the 9AC crystal packing within the microribbon, looking
along the long axis. Note that for ribbons h < w.

Figure 3. Optical microscopy images of a 9AC ribbon’s reversible
twisting behavior: (a) before irradiation; (b) immediately after irradia-
tion; and (c) 9AC belt recovered after 9 min in the dark; the scale bar is
20 μm. Note that the 9AC ribbon on the bottom right of the frame has a
larger width and fractures when exposed to the UV light.
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undergo a full 2π rotation) was larger for larger ribbons
(Supporting Information Figure S1). After the UV light was
turned off, the twisted ribbon continued to twist for 2�4 min.
Eventually, the twisting would stop and then reverse, the ribbon
untwisting until it returned to its previous straight shape over the
course of 5�15 min. This straightening process was 2�4 times
slower than the rate of fluorescence recovery and nanorod
unbending observed previously in 9AC nanorods.23,26 During
the relaxation, the twist period changes continuously, as shown in
the sequence of images in Figure 4. After the ribbon had returned
to its original shape, the process could be repeated multiple times
until the ribbon either broke or photobleached. The direction of
each sequential twist for a given ribbon was random after each
irradiation period (Supporting Information Figure S2). For some
ribbons, we observed that prolonged (minutes) light exposure
leads to untwisting instead of a stable twisted structure. The
origin of this behavior is discussed below.

Quasi-periodic twisting in crystals, as seen in Figures 3 and 4,
can arise from several distinct mechanisms. To investigate the
mechanism of twisting and the variability in twist period, we
used AFM to measure the cross-sectional profile of ribbons that
exhibited twisting. Although wewere unable tomeasure the cross
section of a twisted ribbon, we do not expect it to be significantly
different from that of the untwisted ribbon, because prior
measurements on photoreacted nanorods of 9AC showed less
than a 3% change in length and diameter.23 In general, the cross
section of a ribbon is not a perfect rectangle with well-defined
h and w values. We chose to parametrize the cross section in two
ways. First, we simply integrate over the entire AFM profile to
obtain a single quantity, the cross-sectional area S, that contains
no information about the detailed shape. Second, to take into
account the detailed shape of the ribbons, we extracted values for
the height h and width w by defining the profile height at the
center of the profile to be h and then taking the full width at h/2
to be w. An example of this measurement is given in Figure 5,
along with an illustration of how h, w, and Ltwist were determined.
Note that we were limited in the size range we could examine:
larger ribbons tend to fracture under illumination (Supporting
Information Figure S3), while smaller ones had twist periods that
were difficult to resolve using our optical microscopy setup.
Additional details along with a table of h and w values for all
ribbons examined by AFM are given in the Supporting Informa-
tion, Figures S4�S6 and Table 1.

Measurements of S, h, w, and Ltwist allow us to examine the
mechanism of the twisting. Static twisted organic molecular
crystals are relatively rare,32,33 and most instances have been
interpreted in terms of a theory by Eshelby that explained the
twist in terms of a propagating screw dislocation at the center of a

crystal rod.34,35 Frank showed that if this screw dislocation is
larger than a few lattice spacings, a void or pipe must form at the
center of the crystal, parallel to the direction of twist propagation
along l, with a giant Burgers vector associated with it.36 Both types of
screw-dislocation theories are valid for a single-component
system and predict that the twist period Ltwist should depend
linearly on the cross-sectional area S:

Ltwist ¼ 2πk
S
b

ð1Þ

where k is a constant on the order of unity and b is the magnitude
of the Burgers vector associated with the screw-dislocation
defect. Figure 6a shows a fit to our data using eq 1, yielding a
straight line with a slope of 12 and a relatively poor R2 value
of 0.76. It is clear from the residuals in Figure 6a that the fit
systematically underestimates the amount of twist for smaller
cross-section ribbons in particular. If we set k = 1, we can extract
a value for b = 0.51 μm. This large value of b places our
microribbons in the Frank regime, but our optical microscopy
images provide no evidence for the formation of a void during the
crystal twisting process. Given the value of b obtained experi-
mentally, we can estimate the diameter D of the pipe using the
following equation:37,38

D ¼ Gb2

4π2γ
ð2Þ

Figure 4. Optical microscopy images of the slow untwisting of 9AC ribbons after the irradiation is turned off. Time interval between images:
(a) immediately after exposure; (b) 3 min later; (c) 4.5 min later; and (d) 11.5 min later. The scale bar is 50 μm.

Figure 5. (a) AFM (atomic force microscopy) images of 9AC crystal-
line ribbon; (b) optical mcroscopy image of a twisted ribbon, the scale
bar is 20 μm; and (c) scheme to extract height (h) and width (w) of the
ribbon from the AFM profile curve: h was extracted from the center
profile height; w was the full width at half height. The ribbons shown in
(a) and (b) are different.
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whereG is the shear modulus and γ is the surface energy. Typical
values for organic molecular crystals are G = 5 GPa39,40 and γ =
0.2 J/m2,41,42 leading to a value of D > 150 μm for b = 0.51 μm.
This value of D is greater than the width of our microribbons.
Even given the uncertainties in our estimate of D, any formation
of a micrometer-scale hollow pipe within our ribbons should be
easily observable by optical microscopy. The poor quality of the
linear fit, coupled with the lack of the void formation necessary
to explain the giant b value, suggest that the simple screw-
dislocation mechanism is not operative in our twisted ribbons.

A second mechanism to explain crystal twisting involves strain
energy that builds up due to the interaction between two different
chemical species in a single crsytal. This type of mechanism has
been invoked to explain twisting in polymer spherulites43�45 and
is sometimes referred to as “heterometry”.46 The interaction can
occur between the host molecule and a chemically distinct
impurity, as seen in some minerals,47,48 or between reacted and
unreacted forms of the same molecule.49 We now consider
whether chemically reasonable interaction energies can cause
the observed twisting of our 9ACmicroribbons. For a rectangular
cross-section ribbon of width w and height h, as shown in
Figure 2d, the energy density per unit volume W required to
generate a twist (∂θ/∂x) (in radians per unit length) is given by44

Wðh,wÞ ¼
G 3 Jðh,wÞ

∂θ

∂x

� �2

hw
ð3Þ

whereG is the shear modulus and J(h,w) is the torsional constant
of the ribbon. The function J(h,w) is rigorously given by an
infinite sum.44,50We found that only the first two terms of the sum
had to be retained for an accurate calculation of J(h,w) given the
range of experimental h and w values:

Jðh,wÞ = h3w
1
3
� 64
π5

h
w
tanh

πw
2h

� �� �
ð4Þ

If we rearrange eq 3, solve for (∂θ/∂x), and then integrate over a
single period of twist (i.e.,θ = 2π), we obtain an expression for the

period Ltwist as a function of h and w:

Ltwist ¼ 2π

ffiffiffiffiffi
G
W

r ffiffiffiffiffiffiffiffiffiffiffiffiffi
Jðh,wÞ
hw

r
ð5Þ

BothG andW are unknown for the 9AC crystal. If we assume that
W attains a maximum value after irradiation and then remains
constant, and is the same for all of the ribbons (see discussion
below), then eq 5predicts that a plot ofLtwist versus ((J(h,w))/hw)

1/2

should be linear, as shown in Figure 6b. The R2 value for a linear
fit to this data is 0.93, significantly better than that obtained using
eq 1. The more uniform scatter of the data points above
and below the fit line also results in better residuals and more
confidence in this fitting model. The slope and R2 values are
robust with respect to the method used to extract h and w values
from the AFM data (Supporting Information, Figure S7). The
slope of the fit line in Figure 6b is 96, which from eq 5 should
equal 2π(G/W)1/2. Assuming a typical value of G = 5 GPa, and
the concentration of 9AC in the crystal as 6.3 M, we obtain
W = 3.4 kJ/mol at the maximum photoconversion. This calcu-
lated energy density W falls within the range expected for
noncovalent interactions between different molecules, indicating
that this analysis leads to chemically reasonable values. Note that
if the calculated value for W had fallen outside this range, we
would have to consider other types of energy contributions in
addition to intermolecular interactions.

In previous studies of heterometry-induced twisting, the two
different chemical species were supplied by the environment.
In our case, second chemical species must be reversibly generated
in situ by the photochemical reaction. The most logical candi-
dates for the two interacting species are the monomeric and
dimeric forms of 9AC. When a dimerization reaction occurs
within a stack of monomers, statistical considerations make
it impossible to react 100% of the 9AC molecules, even under
continuous illumination. Theoretically, at least 13% of the
monomers were left out of the reaction,51,52 although recent
studies indicate that this fraction is closer to 25% for 9AC.53 This
fraction of unreacted 9AC monomers comprises the second
species needed to generate strain and drive the twisting without

Figure 6. (a) Linear fit of twist period Ltwist versus cross-section area (S = hw) according to Eshelby theory as given by eq 1. The R2 value is 0.76, and
slope is 12. (b) Linear fit of twist period Ltwist versus ((J(h,w))/hw)

1/2 as given by eq 5. The R2 value is 0.93, and slope is 96.
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the need for tailored illumination conditions. In addition to the
better fit to the data in Figure 6b, there is further evidence for this
mechanism. One factor that suggests that the twisting results
from dynamic monomer and dimer domain formation is the
random twist direction after each irradiation period. If the
twisting relied on the presence of static structural or chemical
defects, then they would be expected to initiate the same twist
direction each time, contrary to what is observed. An additional
piece of evidence in favor of this mechanism is that the linear
slope in Figure 6b shows thatW, the energy density, is the same
for all ribbons after prolonged light exposure. If the energy is
proportional to the concentration of the unreacted monomers,
then this constant W implies a constant fraction of “left-over”
monomeric 9AC molecules, as predicted theoretically. If we
assume that the interaction energyW results from the interaction
of 25% of the total monomers (i.e., the minimum number left
unreacted), then the actual interaction energy is approximately
13 kJ per mole of unreacted monomer. We may speculate that
the strain energy W arises from the disruption of the intrastack
hydrogen-bond network due to the presence of monomer regions
that are not aligned with neighboring dimer stacks. It is important
to point out that the photoinduced heterometrymechanism relies
on the statistical nature of the 9AC photoreaction that prevents
100% conversion of the monomer into dimers, making the
twisting an intrinsic property of the 9AC microribbons.

If we assume that the unreacted monomers are randomly
distributed throughout the dimer crystal, they would have to
migrate to form phase segregated regions that would give rise to
the interfacial strain energy. The photodimerization of 9AC is
associated with a disorder increase in the lattice,53 which could
facilitate such migration. Molecular migration would also explain
both the continued twisting that is observed after the light is
turned off and the fact that the shape recovery is slower than the
measured time for fluorescence recovery or nanorod unbending
in 9AC. However, molecular migration over long distances is
difficult in the absence of cooperative effects and would be
energetically costly.54 A second explanation for the delayed
response is that localized regions of monomers and dimers are
formed during the photoreaction by exciton trapping at defect
sites or stress points.55,56 In this scenario, the time-lag between
the light exposure and the completion of the physical motion
would be a mechanical effect resulting from slow lattice relaxa-
tion rather than molecular migration. The relative importance
of molecular translation as opposed to larger scale mechanical
effects in the crystal for determining the overall time response of
the twisting remains to be determined.

Lastly, we contrast the ribbon twisting described in this Article
with the nanorod bending observed in our previous work.
Previously, we have observed reversible bending for 9AC nano-
rods using spatially localized one-photon23 and two-photon
excitation.26 We attributed the bending to local strain created
at the interface between reacted and unreacted crystal regions
along the nanorod. When the rods were uniformly illuminated,
no interfaces were created and no bending was observed, only a
slight expansion.23 At first glance, the twisting seen here appears
to be different from the bending observed earlier. Yet Eshelby
realized that a bend can be thought of as a partial twist.34 Indeed,
illumination of a short segment of a ribbon gives rise to a partial
twist that looks like a bend. Direct comparison of the two
morphologies is complicated by their different crystal orienta-
tions (the long axis of the rods corresponds to the crystal c-axis,
which is perpendicular to the long axis of the ribbons as shown in

Figure S8 of the Supporting Information) and different aspect
ratios (h and w are approximately equal for the cylindrical
nanorods as opposed to w/h > 2 for the microribbons). Never-
theless, it is likely that the same physical process underlies both
types of motion.

’CONCLUSION

The data in this Article demonstrate a new mode of reversible
photomechanical deformation in molecular crystals. Microrib-
bons consisting of oriented 9AC crystals undergo reversible
twisting motions without the need for specialized irradiation
conditions, like focused light or controlled polarization. The
time-dependent relaxation of the twist period and its dependence
on the cross-sectional dimensions of the ribbon are both con-
sistent with a mechanism based on internal strain generated by
the coexistence of regions composed of dimeric and monomeric
9AC. The twisting motion is specific to a single crystal morphol-
ogy and size range: if the cross-sectional area of a ribbon is too
large, it will fracture rather than twist. Because the twisting is an
intrinsic crystal property, it should be manifested by much
smaller structures that share the same ribbon morphology. It
should also be insensitive to the illumination conditions as long
as photons can reach the crystal and induce the [4 + 4]
photocyclization reaction. This work provides a further illustra-
tion of the surprising versatility of molecular crystals as photo-
responsive systems and suggests that control of molecular crystal
shape and size may prove to be a fruitful way to design systems
with improved photomechanical properties.
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orientation of 9AC crystalline nanorods. This material is available
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