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ABSTRACT: The anthracene derivative (E)-3-(3-(anthracen-9-yl)allylidene)-1,5-dioxaspiro- i s

[S.S]undecane-2,4-dione (E-ADUD) undergoes an E — Z photoisomerization in solution but A E

not in crystals prepared by standard methods like solvent diffusion. However, the lipophilic ey N
= -

cyclohexyl group facilitates precipitation of crystalline microsheets with submicron thicknesses

from an aqueous solution containing sodium dodecyl sulfate and 1-dodecanol. These microsheets

have horizontal dimensions on the order of 200 ym and are composed of a metastable crystal

polymorph that permits the E — Z isomerization to proceed. Photoisomerization using visible light caused these microsheets to
rapidly roll up into multilayer microcylinders with diameters ranging from 20 to 40 um. If the light was removed at this point, then
the microscrolls were stable indefinitely. Continued exposure to visible light uncurled these cylindrical structures, reversing the
mechanical process but not the photochemical reaction. The unrolled microsheets retained their crystallinity and could bend and
twist under alternating UV and visible light but could not be rolled up again. The initial high curvature rolling up can be attributed to
the creation of a surface layer of the Z-isomer that interacts with the underlying E-isomer crystal layer to generate a bimorph
structure. Prolonged irradiation distributes the photoproduct more uniformly throughout the crystal and relieves this interfacial
stress. The photoinduced rolling and unrolling could prove useful for applications like antenna or stent opening in hard-to-reach

environments.

B INTRODUCTION

‘When photoreactive molecules are organized within a crystal or
polymer, their collective light-induced chemical reactions can be
harnessed to generate motion on micro- or macroscopic length
scales.' ™ This photomechanical effect, where the molecules
directly convert photon energy into mechanical work, has
potential applications in light-activated artificial muscles and
microrobots.” Molecular crystals are the simplest chemical
systems that can generate a photomechanical response, and their
properties have become a subject of extensive study over the last
two decades.”® They have the advantage that precise structural
information can be obtained through X-ray or electron
diffraction methods, providing a way to connect molecular
scale reaction dynamics to larger scale expansions and
contractions. To enable a photomechanical response, the
photoreactive molecules must first pack in such a way that
they are able to photoisomerize or photodimerize. For example,
it is possible for the same photochromic molecule to be either
photomechanically active or inactive in the solid-state, depend-
ing on the crystal polymorph that is formed.”~”

Beyond molecular packing, crystal size and shape also play a
vital role in extracting efficient mechanical response from
photomechanical crystals. In most cases, photomechanical
crystals are studied in the form of flat microplates or long
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acicular crystals grown using standard methods such as
sublimation or solvent diffusion.'””"” But when the same
molecule is processed under different conditions, it is possible to
generate different crystal shapes (crystal habits) that lead to
enhanced photomechanical performance. For example, large
crystals made from 9-tert-butylanthracene ester shatter under
UV light while nanowires with the same crystal packing, grown
via solvent annealing inside anodic aluminum oxide (AAO)
templates, expand uniformly along their long axis without
breakage.'®

One “bottom-up” strategy to control photomechanical crystal
properties is to identify growth conditions that favor a specific
polymorphs and/or shapes. Ward and co-workers showed that
nanoscale confinement provides one strategy,19’20 while the use
of different solvents and surfactants to control the growth rate
and habit of molecular crystals has been demonstrated by
multiple workers.”’ ™’ Our group has developed a general
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method to slowly precipitate photomechanical crystals via
seeded growth in aqueous surfactants. We found that crystals
grown using this method can exhibit different morphologies that
enhance their photomechanical response. For example, bulk
crystals of cis-dimethyl-2(3-(anthracen-9-yl)allylidene)-
malonate did not show any discernible photomechanical
response, however microblock-like crystals, precipitated from
an aqueous surfactant, could be peeled apart using pulses of UV
light.28 Similarly long (Z)-2-(3-(anthracen-9-yl)allylidene)-
malononitrile microwires grown over several days from aqueous
surfactant exhibit autonomous and continuous flagella-like
motion under constant light irradiation, while larger bulk
crystals with the same crystal packing displayed only a slight
photomechanical response.”” In both cases, the novel
mechanical motions relied on E-Z photoisomerizations
occurring in the crystal that generated internal stress. Given
these findings, we were motivated to investigate the behavior of
other molecules that had similar structures and could be
crystallized using the surfactant growth method, with the goal of
observing novel response modes powered by reversible E — Z
photoisomerizations.

In this paper, we report the use of an aqueous suspension
growth method to generate a novel photomechanical response
from molecular crystals composed of (E)-3-(3-(anthracen-9-
yl)allylidene)-1,5-dioxaspiro[S.5]undecane-2,4-dione (E-
ADUD). This molecule undergoes an E — Z photoisomeriza-
tion (Scheme 1) in solution but is inactive in crystals prepared

Scheme 1. Photoisomerization Reaction of E-ADUD to Z-
ADUD under Visible Light”
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“The reverse reaction occurs under UV light irradiation.

using standard methods like solvent diffusion. This lack of
response is due to a crystal polymorph that did not support the E
— Z photoisomerization. Fortunately, the presence of a large
lipophilic cyclohexyl group facilitates the precipitation of large
microsheets from aqueous surfactant. Red colored monocrystal-
line microsheets of E-ADUD showed a remarkable photo-
mechanical response when exposed to visible light. Upon visible
light exposure they rolled up tightly in a fraction of a second and
slowly unrolled back to their original flat shape with a noticeable
fading of their red color. The unrolled microsheets retained their
crystallinity and could bend and twist under alternating UV and
visible light giving a P-type photomechanical crystal. We found
that the microsheets were composed of a different, metastable
polymorph that permits the E — Z isomerization to proceed
while also facilitating the growth of ultrathin sheets that enable
high curvature rolling. The rolled-up E-ADUD microsheets
maintained their tightly rolled shape when the light is removed,
making it possible to separate them from the aqueous
suspension through filtration and image them using scanning
electron microscopy. The E-ADUD system shows how a
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combination of crystal engineering and shape control can
generate crystals with a unique photomechanical response. This
method of shaping crystals using light could find applications in
biomedicine, where specially configured microcylinders could
be programmed to unfurl on command.

B EXPERIMENTAL SECTION

Synthesis. The synthesis and photoisomerization reaction of E-
ADUD is outlined in the Supporting Information, Scheme SI.
Additional details are provided in the Supporting Information. The
synthesis of E-ADUD was performed under low light to minimize
unwanted photoisomerization.

Growth of E-ADUD Microsheets. E-ADUD (10 mg, 2.5 X 107°
moles) was dissolved in warm N,N-dimethylformamide (N,N-DMF,
0.5 mL) to obtain a 0.05 M concentration. An aqueous solution
containing sodium dodecyl sulfate (SDS, 0.025 M) and 1-dodecanol
(1-DD, 0.0025 M) was prepared and filtered at 40—50 °C through a
0.2-pum nitrocellulose filter. This surfactant solution was maintained at
45 °C to prevent the SDS/1-DD cocrystals from precipitating. A 20 mL
volume of the warm aqueous mixture was added to a clean 30 mL
amber-colored vial and kept at 45 °C to reach thermal equilibrium.
Then, 0.1 mL of the E-ADUD solution was injected into the warm
surfactant solution, gently swirled, and placed in an oven at 35 °C for 10
min until the solution turned clear red. The vial containing the
supersaturated E-ADUD solution in SDS/1-DD was tightly sealed and
mounted on a Labquake tube rotator from Thermo Scientific, set at 8
rpm with the vial fixed parallel to the axes of rotation. The tube rotator
was placed in a laboratory oven at 35 °C. Large microsheets of E-
ADUD crystallized and remained suspended after 10—20 h. The
crystalline microsheets were stable for months when filtered and stored
at room temperature. If stored at 35 °C in the SDS/1-DD aqueous
mixture, this unstable polymorph was gradually replaced by small
orange crystal blocks characteristic of polymorph A after several days.
When 0.5 mL of this microsheet suspension was injected into a freshly
prepared vial of supersaturated E-ADUD in aqueous surfactant and
placed undisturbed in an oven at 35 °C for a couple of hours, suspended
microsheets with a more uniform size distribution were obtained.

Ultraviolet (UV)-Visible Spectroscopy. Absorption spectra of
the samples were obtained using a Spectro UV—vis (UVD 2950) from
Labomed Inc. with a 1 cm quartz cell (Starna Scientific) and a slit width
of 1.0 nm. The scanning wavelength range selected was 200—700 nm. A
solvent blank was collected before each measurement.

High-Performance Liquid Chromatography (HPLC). HPLC
analysis was performed on a Shimadzu instrument (LC- 20AD) using a
Thermo Scientific BDS Hypersil C18 column (250 X 4.6 mm)
maintained at 308 K. A gradient mobile phase was used, starting with
50% acetonitrile in water (pH = 2.5) and ending with 100% acetonitrile
at a flow rate of 1.0 or 1.5 mL/min. The detector wavelength was set to
254 nm.

Nuclear Magnetic Resonance (NMR) Spectroscopy. '"H NMR
spectra were recorded on a JEOL (400 MHz) spectrometer at 298 K.
3C NMR spectra were recorded on a JEOL (100 MHz) spectrometer
with complete proton decoupling at 298 K. Proton chemical shifts were
reported in ppm () (DMSO-ds, & 2.50 ppm) and ] values were
reported in hertz (Hz). Carbon chemical shifts were reported in ppm
(6) (DMSO-dg, 6 39.52 ppm). A 25% (V/V) mixture of DMSO-dg in
CCl, was used instead of pure DMSO-d, to increase the solubility of the
compound and prevent the solution from freezing.

Infrared (IR) Spectroscopy. IR spectroscopic measurements were
performed on an IR Affinity-1 FTIR from Shimadzu. Approximately 1%
of the sample was pulverized with spectroscopic grade KBr using an
agate mortar and pestle and pressed into a transparent pellet.

Melting Points. Uncorrected melting points were measured using a
1101D Mel-Temp digital melting point apparatus.

Optical Microscopy. Microscopic imaging was performed using an
upright fluorescence microscope from Optika, equipped with a 100 W
medium-pressure Hg lamp and a 2 MP digital camera. Various
excitation wavelengths were obtained through different optical filter
combinations, with a typical irradiation intensity around 10 mW/ cm?.
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Scanning Electron Microscopy (SEM). SEM measurements were
performed using a JEOL JSM-6510LV scanning electron microscope.
Samples were sputter-coated with a thin layer of Pt prior to imaging.

X-ray Diffraction. An orange crystal (block, approximate
dimensions 0.09 X 0.07 X 0.05 mm3) was placed onto the tip of a
MiTeGen pin and mounted on a Bruker Venture D8 diffractometer
equipped with a PhotonlIII detector at 140.00 K. The data collection
was carried out using Cu Ka radiation (I = 1.54178 A, ImS microsource)
with a frame time of 2—10 s and a detector distance of 40 mm. A
collection strategy was calculated and complete data to a resolution of
0.84 A with a redundancy of 6.3 were collected. The frames were
integrated with the Bruker SAINT software package (version 8.30A)
using a narrow-frame algorithm to a resolution of 0.84 A. Data were
corrected for absorption effects using the Multi-Scan method (Bruker
SADABS software package, version 2.03). Please refer to Table S1 for
additional crystal and refinement information.

Structure Solution and Refinement for Polymorph A. The
space group P-1 was determined based on intensity statistics and
systematic absences. The structure was solved using the SHELX suite of
programs®>*" and refined using full-matrix least-squares on F* within
the OLEX2 suite.”” An intrinsic phasing solution was calculated, which
provided most non-hydrogen atoms from the E-map. Full-matrix least-
squares/difference Fourier cycles were performed, which located the
remaining non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were
placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters. The final full matrix least-squares
refinement converged to R1 = 0.0476 and wR2 = 0.1349 (F?, all data).
The goodness-of-fit was 1.058. On the basis of the final model, the
calculated density was 1.348 g/cm® and F(000), 420 e™.

Electron Diffraction for Polymorph B. The Micro ED Core
facility at the UCLA School of Medicine conducted Micro ED analyses
of polymorph B samples. Electron-counted MicroED data was obtained
using a Titan Krios 3 Gi TEM (Thermo Fisher) operated at 300 kV.
Electron diffraction pattern tilt series data were recorded with a bottom
mount TVIPS F416 4 k X 4 k CMOS camera with pixel size 15.6 m
Susing built in series exposure mode. The electron dose was kept below
0.01 e—/A? per second, and each frame of a data set was taken with an
exposure time of up to 10 s per frame. The electron dosage was
calibrated with the use of a Faraday cage as well as by calibrating the
counts on the CMOS detector in bright field mode. Each data set
consisted of up to 90 still frames taken at 0.1—1° intervals with a
maximum total dose of 9 e”/A? per crystal. The camera length was
optimized for the desired resolution as described previously.”® The
structure was refined using the best combinations of data available. The
structure came out very clearly from SHELXT using electron scattering
factors.

Computational. Experimental crystal structures were optimized
with plane-wave DFT in Quantum Espresso v6.5,>* using the B86bPBE
functional®*® under periodic boundary conditions. The exchange hole
dipole moment (XDM) dispersion correction®” was applied to treat
noncovalent interactions more accurately. A 50 Ry plane-wave cutoff
was used with a Monkhorst-Pack reciprocal space k-point grid density
of at least 0.05 A™". The core electrons were treated using the projector
augmented wave (PAW) pseudopotential inside Quantum Espresso.
To address the known limitations of generalizated gradient
approximation functionals such as B86bPBE in describing the
conformational energies of highly conjugated molecules, intramolecular
conformational energies were computed with the revDSD-PBEP86-D4
double-hybrid density functional according to the procedures
developed previously in our group.*® The revDSD-PBEP86-D4
calculations were performed in Orca 5.0% using the def2-QZVP basis
set.

B RESULTS AND DISCUSSION

The synthesis of E-ADUD was accomplished through a
Knovenagel condensation between (E)-3-(anthracen-9-yl)-
acrylaldehyde and 1,5-dioxaspiro[S.5]undecane-2,4-dione, an
analog of Meldrum’s acid (Supporting Information, Scheme

7697

S1).* A similar derivative (E)-(5-(3-anthracen-9-yl-allylidene)-
2,2-dimethyl-[1,3] dioxane-4,6-dione) (E-AYAD) was previ-
ously synthesized following the same synthetic methodology,"'
and full details of the synthesis are given in the Supporting
Information. The electron-withdrawing group on the divinyl tail,
a Meldrum’s acid analog, was chosen to shift the absorption
spectrum of E-ADUD to longer wavelengths. The presence of a
diolefin on the 9-carbon position of the anthracene enables the E
— Z photoisomerization.

In solution, the absorption spectrum of E-ADUD is
dominated by a broad, featureless peak at 460 nm with a tail
that extends past S50 nm. When irradiated at 520 nm, the
absorption spectrum evolved as shown in Figure 1, with a clear
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Figure 1. Absorption spectra of photoisomerization from E-ADUD
(red) to Z-ADUD (green) in acetonitrile using light with a maximum
wavelength centering at 520 nm. A clear isosbestic point at 390 nm is
observed. The starting concentration of E-ADUD was 5.28 X 1075 M.

isosbestic point at 390 nm. Using the 520 nm excitation
wavelength from a commercial green LED, conversion to Z-
ADUD in acetonitrile was about 94% as determined using
HPLC analysis (Supporting Information, Figure S7a,b). The
presence of overlapping bands between the E and Z isomers
prevents complete photochemical conversion to the Z-ADUD.
The Z-ADUD in acetonitrile can be partially converted back to
the E-ADUD using UV light (365 nm), reaching a photosta-
tionary state composed of a 65:35 mixture of E:Z isomers as
determined by HPLC (Supporting Information, Figure S7c).
The Z-isomer has a half-life of ~24 h in acetonitrile at room
temperature (293 K), as determined by HPLC analysis that
measured the slow thermal conversion of Z-ADUD to E-ADUD
in acetonitrile over a period of several days. (Supporting
Information, Figure S8).

In the solid-state, E-ADUD exhibits two crystal polymorphs
that have very different properties. Dark red crystals, grown by
the slow diffusion of water vapor into a solution of E-ADUD in
N,N-DMF, were photochemically stable when irradiated with
visible or UV light. These block-like crystals had dimensions on
the order of millimeters and were of high quality, so structure
determination using standard X-ray diffraction techniques was
straightforward. The packing in this polymorph, labeled as
Polymorph A, showed a high density stacked arrangement in
which the cyclohexyl tails of neighboring stacks interacted with
each other, as shown in Figure 2a. Separated by 3.8 A, the
anthracene rings were close enough to support a [4 + 4]
photodimerization.42 Under visible light, crystals composed of

https://doi.org/10.1021/acs.cgd.4c00996
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Figure 2. (a) Crystal packing of E-ADUD unreactive polymorph A showing anthracene pairs; (b) crystal packing polymorph A showing cyclohexyl
ring corridor with interlocked side-chains; (c) crystal packing of reactive polymorph B showing anthracene pairing; (d) crystal packing of polymorph B
showing cyclohexyl corridor with additional room for cyclohexyl side-chain motion.

Figure 3. Optical microscope images of E-ADUD microsheet rolling and unrolling under continuous 520 nm light exposure. (a) Single crystal
microsheet; (b) after 1 s of irradiation the sheet snap rolls into a tightly curled tube; (c) with continued irradiation, the microsheet starts to unroll
slowly from both ends; (d) after 4 s the sheet returns to its original flat shape with a noticeable fading of color. Scale bar = 50 ym.

polymorph A exhibited stable red fluorescence and showed no
evidence of photoinduced changes like cracking, color change or
bleaching. We suspect that the absence of [4 + 4] photo-
dimerization may reflect the large size of the 9-position
substituent, which has been shown to inhibit dimerization in
other anthracene derivatives.*> E — Z isomerization is another
possible pathway, but the congested cyclohexyl corridor leaves
little room for rotation of the bulky tail required for this reaction.

In order to obtain a crystal packing that permitted the E — Z
photoisomerization, we turned to the surfactant reprecipitation
method described in the Introduction. When a solution of the E-
ADUD in N,N-DMF was rapidly injected in an aqueous solution
of SDS/1-DD at 45 °C, a clear red solution of the E-ADUD was
formed. When subjected to gentle agitation using a tube rotator,
this supersaturated solution slowly precipitated microsheets
over a period of 10—20 h when incubated at 35 °C inside a
laboratory oven. The microsheets were crystalline, showing high
birefringence when observed using polarized light microscopy
(Supporting Information, Figure S9). On average, the lengths of
these microsheets were on the order of 500 ym with widths of
100—200 pm. The length and width values could vary by a factor
of 2 within a sample, and the average dimensions varied
depending on the growth conditions. By adding microcrystals of
the polymorph B as seeds to a supersaturated solution of E-
ADUD in an aqueous surfactant, more uniformly sized
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microribbons could be formed at a faster rate at the cost of
slightly reduced size.

The crystalline microsheets were too thin for structure
determination using standard X-ray diffraction techniques.
Fortunately, single crystal electron diffraction was successful in
generating a crystal structure for polymorph B, which is shown
in Figure 2b. In this polymorph, the anthracene rings were too
far apart (4.5 A) to support [4 + 4] photodimerization. Unlike
polymorph A, the cyclohexyl tails were not interlocked in
corridors between neighboring stacks but instead occupied
cavities adjacent to the anthracene rings and each other.
Presumably, this extra space for the cyclohexyl tails enabled the
E — Z photoisomerization to proceed without largescale lattice
disruption. We used periodic dispersion-corrected density
functional theory to compute the relative energies of the two
different polymorphs and found that polymorph A was 8.8 kJ/
mol more stable than polymorph B. It is an open question as to
why surfactant growth favors polymorph B. It is well established
that the use of surfactants can enable a molecule to crystallize
into metastable crystal polymorphs.**~*” The fact that E-ADUD
adopts slightly different conformations in polymorphs A and B
(Supporting Information, Figure S10) suggests that the
surfactant may influence molecular conformation in solution
to favor polymorph B packing.*® Since polymorph control is
vital for generating the photomechanical response, further
investigation of this complex subject is clearly warranted.
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Artlcle

Figure 4. Population of E-ADUD crystalline microsheets rolling and unrolling simultaneously under continuous 520 nm irradiation. (a) Microsheets
before irradiation; (b) rolled up microsheets at 1 s of light exposure; (c) with continued irradiation, the microsheets start unrolling simultaneously; (d)
microsheets returned to their original flat shape in the next 2 s with a noticeable fading of color. Scale bar = 100 ym.

Figure S. (a) Top-down SEM image of rolled-up E-ADUD crystal microsheet. The cracks appear after drying. (b) Side view of edge of a rolled-up
microsheet showing layers formed during rolling. Other sheets can be seen in background. (c) Zoomed-in view of the top of the scroll in panel (b)

showing nested crystal layers. Scale bars = 10 ym.

Although more challenging to grow, the metastable
polymorph B was necessary to generate photomechanical
motion. Microsheets deposited on a glass slide showed a typical
photochemical response to visible light irradiation (520 nm)
after washing away the surfactant and air-drying. In most cases,
parallel cracks formed on the surface of the crystal with a few
incidents of photosalient behavior (Supporting Information,
Figure S11 and Movie S1). When the microsheets were left
suspended in the aqueous growth solution, a more dramatic
photomechanical response was observed. Exposure to wave-
lengths greater than 475 nm caused them to roll up into
multiwalled cylinders with typical radii of 20—40 um (Figure
3a,b). Additional images and movies are given in Supporting
Information, Figure S12 and Movie S2. Some thicker micro-
sheets developed minor cracks while rolling when irradiated
with visible light (Supporting Information, Movie S3), but
nothing like the extensive cracking of the dry sheets. The lack of
crack formation in the suspended microsheets might be due to
their ability to freely deform in the absence of surface adhesion.
An alternative explanation could be the Rehbinder effect, in
which water and surfactant molecules reduce the stiffness of the
crystal surface and prevent propagation of microscopic cracks
formed during photodeformation.*”*° To the best of our
knowledge, the Rehbinder effect has not been studied in
molecular crystals, but it is an intriguing possibility that could
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explain the lack of cracking. Continued exposure of the rolled-up
microsheets to visible light caused them to unroll without the
formation of cracks (Figure 3c,d and Supporting Information,
Movie S2). The sheets retained their birefringence after
unrolling (Supporting Information, Figure S9b and Movie
S$4), indicating that the extreme curvature was due to a crystal-
to-crystal photochemical reaction and not the formation of an
amorphous phase by the E-Z photoisomerization.”’ The
behavior of the microsheets was remarkably uniform across a
sample. A population of microsheets could roll up and unroll in
unison when irradiated with visible light as seen in Figure 4. This
behavior reflects the uniform thickness of the microsheets.
Videos of this behavior can be found in the Supporting
Information, Movies SS, S6, S7, S8, S9, and S10.

If the visible light was removed after the sheets rolled up, they
retained their shape for at least 12 h in the suspension. We found
that Z-ADUD was stable indefinitely in the solid-state, showing
no signs of conversion back to the thermodynamically stable E-
ADUD even after several months of room temperature storage.
The stability of the rolled microsheets allowed them to be
filtered from the solution and examined using SEM. When dried,
the rolled microsheets occasionally formed longitudinal cracks.
Close inspection of the rolled-up microsheets using SEM
revealed a smooth curved crystal surface with several layers
stacked on top of one another (Figure S) with submicron sheet
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Figure 6. Optical microscope images of the photomechanical response of an E-ADUD microsheet after initial exposure to 520 nm has led to rolling up
and unrolling. (a) Fully unrolled microsheet after exposure to 520 nm (duration 20's), (b) exposure to 365 nm (duration 10 s) causes the sheet to bend
but not roll up; (c) subsequent exposure to 520 nm (duration 10 s) causes the sheet to straighten again; (d) bending after exposure to 365 nm (10's);
(e) straightening after exposure to 520 nm (10 s). Scale bar = S0 ym.

thickness (Supporting Information, Figure S12a,b). This layered
rolled-up structure could also been seen in optical microscope
images (Supporting Information, Figure S13). The number of
times a microsheet rolled up on itself, defined as the R is given
by R” = L/(zD) where L is the length of the microsheet, and D is
the diameter of the rolled cylinder produced. R* = 7 for the
largest microsheets (Supporting Information, Figure S14).

After the initial exposure to visible light, the dramatic rolling
and unrolling could not be repeated. We attempted to reset the
sheets by exposing them to 365 nm light to promote the Z — E
back reaction. The microsheets bent when exposed to 365 nm
but did not roll up. This bend could be reversed by exposure to
520 nm light (Figure 6 and Movie S11). This P-type actuation
could be cycled over 10 times, but additional irradiation cycles
caused the microsheets to lose birefringence and eventually stop
bending.

The initial rolling up under 520 nm light can be attributed to
the formation of a layer of Z-ADUD at the sheet surface that
generates a lattice contraction along the long axis of the crystal,
perpendicular to the rolling up.”*>>* Powder X-ray diffraction
experiments on microsheet samples deposited on an amorphous
substrate did not yield identifiable peaks above the background,
probably due to the ultrathin dimensions and small amount of
sample. Without knowing the orientation of the crystal axes with
respect to the microsheet dimensions, we were unable evaluate
exactly how the E — Z isomerization contracts the crystal lattice.
But we can surmise that the subsequent unrolling is caused by
further conversion that more uniformly distributes the Z-isomer
across the crystal thickness, reducing the stress due to the
bimorph effect. The unrolled sheets are not completely
converted to the Z isomer, however. HPLC analysis of the
rolled and unrolled microsheets revealed that they had a similar
70:30 Z-ADUD/E-ADUD ratio as dry microsheets irradiated
under the same conditions. The 70:30 ratio probably reflects the
photostationary state achieved by 520 nm excitation of the E-
ADUD in the solid state (Supporting Information, Figure S15).
The dramatic initial rolling cannot be recovered because we
never return to a situation where the Z and E isomers have the
same anisotropic distribution across the crystal thickness
necessary for high curvature bending. If a way could be found
to cleanly switch between the E and Z forms in the crystal, then it
should be possible to roll and unroll the sheets at will, limited
only by mechanical fatigue of the crystal.

The unique behavior of E-ADUD is likely due to a
combination of crystal packing and morphology factors,
including

a) The ability of the E — Z reaction to proceed in the
metastable polymorph B.

b) The ability to grow ultrathin sheets with low second
moments that support high curvature bending.
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c) The resistance of these crystals to fracture despite their
high curvature.

d) The orientation of the E — Z contraction axis parallel to
the long axis of the microsheets.

Previous workers have observed that clay,** gel®>*° and

polymer sheets®”** can be made to roll up into multilayer scrolls
similar to those reported in this paper. However, those
morphologies were static and could only be obtained under
specific growth conditions, with no way to recover the flat sheet
crystal. E-ADUD represents a system where both rolling and
unrolling can be initiated by light. The cylindrical shape of the
partially reacted crystal is similar to that observed for 9-
methylanthracene (9MA), where crystalline sheets suspended in
water were observed to roll up and unroll with a similar radius of
curvature.”> One difference between the two systems is the
ability to grow larger sheets of E-ADUD. The larger area of the
E-ADUD sheets permits the formation of multilayer structures
which effectively seal the edges of roll, leaving only the top and
bottom ends open. A second difference is that in 9MA, the
internal stress was created by a [4 + 4] photodimerization that
can proceed to ~100% conversion because there is no
photoproduct absorption at the excitation wavelength. When
exposed to 365 nm, 9MA microsheets rolled and unrolled but
were left as a static sheet after the photodimerization was
completed throughout the crystal. Since there were no longer
any molecules left to absorb the light, the fully photodimerized
9MA sheets were photochemically inert. E-ADUD, on the other
hand, remains photochemically active even after unrolling and
can be partially cycled using different excitation wavelengths.

B CONCLUSIONS

Precipitation from an aqueous SDS/1-DD solution enabled the
growth of highly crystalline microsheets composed of E-ADUD.
These microsheets have submicron thicknesses and were
composed of metastable crystal polymorph that enabled the E
— Z photoisomerization to proceed. When exposed to visible
light, the sheets rapidly rolled up into multilayered cylinders or
scrolls. If the light was removed at this point, the microscrolls
were stable indefinitely, but if it was turned on again, they
unrolled back to their original flat shape. The unrolled
microsheets retained some photomechanical activity by bending
and unbending under alternating UV and visible light exposure.
This dramatic photoinduced shape change could prove useful
for applications like antenna or stent opening in hard-to-reach
environments. The complex sequential shape changes originat-
ing from a single component crystal exemplify the complex
photomechanical behavior that can arise when crystal poly-
morphism and morphology are controlled.
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