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Block-like microcrystals of cis-dimethyl-2(3-(anthracen-9-
ylallylidene)malonate are grown using aqueous surfactant
method. Exposure to 405 nm light initiates a solid-state
photoisomerization that causes peels with well-defined
size and shape to detach from the parent crystal.
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Block-like microcrystals composed of cis-dimethyl-2(3-(anthracen-
9-yl)allylidene)malonate are grown from aqueous surfactant solu-
tions. A pulse of 405 nm light converts a fraction of molecules to
the trans isomer, creating an amorphous mixed layer that peels off
the parent crystal. This photoinduced delamination can be repeated
multiple times on the same block.

Photomechanical materials transform light directly into
mechanical work." While polymer-based materials that incorpo-
rate photochromic molecules have received much attention,*®
molecular crystals composed solely of photochromic molecules
can also execute a variety of motions under light exposure.” ™ In
order to observe shape changes of intact crystals, it is often
necessary that at least one dimension is on the order of microns
or less. In larger crystals, the build-up of internal strain due to the
simultaneous presence of both reactant and product domains can
lead to fracture and loss of crystal integrity.>*>* Naumov and
others have shown that release of kinetic energy during the
fracture process can propel microcrystals over large distances
(the photosalient phenomenon), but this fracturing tends to be
difficult to control.>*™® If a crystal could split apart in a controlled,
reproducible way, photoinduced fracture might become a feature
that could be harnessed. Such a material might have practical
applications, ranging from controllable adhesion to mechanical
switching to renewable surfaces.

Our goal in this work was to develop a molecular crystal
material that can fragment in a controlled way under light
irradiation. As mentioned above, the internal strain associated
with a crystal-to-crystal photochemical reaction tends to lead to
either crystal deformation or to fracture. A gentler approach is
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to use a solid-state photochemical reaction that generates an
amorphous product phase. Ideally, the irregular molecular
packing in the product would be incommensurate with the
parent crystal, leading to phase separation into a layer that is
soft enough to deform and detach without additional fracturing.
As our photomechanical active element, we chose cis-dimethyl-
2(3-(anthracen-9-yl)allylidene)malonate (cis-DMAAM), a divinyl
anthracene derivative that can undergo a cis-to-trans photo-
isomerization reaction in both solution and crystal form
(Scheme 1 and Fig. S1, ESIY). Both the cis and trans isomeriza-
tion reactions result in an amorphous mixture that causes
nanowires composed DMAAM to bend and coil.*®
Identification of a photochemical reaction is the first step.
In order to clearly observe the physical separation of reactant
and product regions, the second step is to prepare the appro-
priate crystal shape. This is because fracture and slip events
tend to occur preferentially along specific crystal planes.>”>° To
design a molecular crystal system that undergoes a well-defined
fragmentation, we must find crystal growth conditions that
control faceting. Several groups have shown that varying
parameters like concentration, temperature, and surfactant
can lead to the growth of crystals with different shapes and
faceting in aqueous solution.**"*® In this Communication, we
adapt this approach in order to grow block-shaped micro-
crystals composed of cis-DMAAM. We characterize the structure
and dynamics of these crystals using a variety of experimental
techniques to demonstrate that controlled fragmentation
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Scheme 1 Photoisomerization of the DMAAM molecule between cis and
trans conformations.
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Fig.1 SEM images of different crystal shapes produced using various
concentrations of 1-dodecanol with [SDS] = 0.02 M. (a) [1-dodecanol] = 0 M,
(b) 0.0009 M, (c) 0.0022 M and (d) 0.0066 M. Scale bar = 4 pm.

(or peeling) can indeed be accomplished using solid-state
photochemical reactions.

Large plate-like cis-DMAAM crystals, suitable for single
crystal structure determination, can be grown by slow ethanol/
water solvent evaporation. In order to obtain different shapes, we
use a seeded growth procedure in an aqueous solution containing
a mixture of sodium dodecyl sulfate (SDS) and 1-dodecanol. The
solution is maintained at a temperature between 40-42 °C to keep
the 1-dodecanol dissolved and prevent it from co-crystalizing with
SDS.*® varying the concentration of 1-dodecanol has a dramatic
effect on the microcrystal shape. In Fig. 1 and Fig. S2-S5, ESI,t we
show a series of SEM images of cis-DMAAM microcrystals grown
at various 1-dodecanol concentrations with [SDS] = 0.02 M.
For [1-dodecanol] = 0.0 M, we obtain octahedral crystals. As
[1-dodecanol] is increased, new crystal facets appear that form a
rectangular body capped by pyramidal ends. These octahedral
crystals gradually evolve into well-defined rectangular block
crystals with increasing length-to-width ratios for the highest
1-dodecanol concentrations.

Interestingly, the resulting suspensions of microblocks have
reasonably narrow size distributions. This can be seen from the
optical microscopy images of the blocks in Fig. 2a and b, as well
as the histograms of the block length and width distributions
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Fig. 2 (a) Optical microscope images of cis-DMAAM microcrystals pre-
pared using 25 pL of seed solution with [SDS] = 0.02 M and [1-dodecanol] =
0.0022 M. Scale bar = 25 ym. (b and c) Histograms of length and width
distributions of cis-DMAAM microcrystals.
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in Fig. 2b, c and Fig. S6, ESL.} It is possible that the initial
nucleation events are followed by gradual growth and exchange
of molecules between crystals, facilitated by the presence of the
surfactant, which contributes to the narrow size distributions.
The ultimate width and length of the blocks can be tuned
somewhat by varying the values of [SDS], [1-dodecanol], and the
agitation process, but the transformation from octahedral to
block prism is robust as long as [1-dodecanol] >0.001 M.
A preliminary survey of other surfactant conditions suggests
that the SDS/1-dodecanol combination is the most effective for
growing block-shaped crystals. Replacing 1-dodecanol with
longer chain alcohols like 1-hexadecanol, 1-octadecanol, or
1H,1H,2H,2H-perfluoro-1-dodecanol results in randomly sized
octahedrons. The solubility of these long-chain alcohols in SDS
is considerably lower than that of 1-dodecanol. Likewise, the
use of other surfactants such as cetyl trimethyl ammonium
bromide (CTAB), Tween-80, or Pluronic F-127 yields small,
irregularly shaped cis-DMAAM microcrystals. In all these sur-
factants, 1-dodecanol is sparingly soluble and cannot be effec-
tively co-dissolved. It may be possible to find other surfactant/
alcohol combinations that promote the growth of different
crystal habits, but such a survey is beyond the scope of this
Communication.

The ability of surfactants to modify crystal shape and faceting
has been observed for many different organic molecules.**>®
While a detailed mechanistic understanding of this phenom-
enon is still lacking, it is likely that stabilization of different
crystal faces by the surfactants plays a key role.*® We use PXRD to
identify the crystal planes along the flat sides of the block
crystals, as described in the ESL.{ By careful drying, we can
make samples in which the blocks lie horizontal along their long
axis on the substrate. A PXRD measurement, shown in Fig. 3a,
can then be used to determine which Miller planes lie parallel to
the substrate. The assignment of the Miller indices is done by
matching the observed peaks with those from a PXRD pattern
calculated from the single crystal structure (Fig. 3b). The prominent
peaks due to parallel (110), (220) and (330) Miller planes indicate a
preferred orientation with the (110) plane aligned parallel to the
long axis of the blocks. This arrangement of cis-DMAAM molecules
is shown in Fig. 3c. Note that these assignments assume that the
microblock crystals are the same polymorph as those used for X-ray
structure determination. We attempted to confirm this by grinding
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Fig. 3 (a) PXRD patterns of cis-DMAAM microcrystals laying horizontally
to surface. (b) Calculated PXRD patterns of cis-DMAAM molecule from
single crystal showing corresponding peaks. (c) Molecular arrangement of
cis-DMAAM microblock crystals along their long axis, which runs parallel
to the (110) Miller plane.

long axis of block
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the microblocks into a powder, but this procedure results in the
loss of all PXRD peaks, presumably due to amorphization.

After preparing assemblies of microcrystals with well-
defined sizes and shapes, we can assess their photomechanical
response. When the octahedral crystals in Fig. 1a are exposed to
405 nm light, there is some evidence of surface roughening and
blister formation, but complete fracture and separation of
fragments are not observed. Even though NMR analysis con-
firms that these crystals are undergoing cis — trans photo-
isomerization, their large size prevents the curling seen in the
nanowires (Fig. S7 and S8, ESIt). In addition, the octahedral
habit contains exposed crystal facets that are not oriented
correctly to facilitate laminar layer separation. But when
block-like crystals are grown, we see a novel response: photo-
induced peeling of surface layers. Fig. 4 illustrates a sequence
of events: the crystal block is first exposed to a flash of 405 nm
light from a 100 W medium pressure Hg lamp (100 mW cm™?)
for a duration of 1 s. After this exposure, a longitudinal section
begins to delaminate and curl against the parent crystal, finally
detaching from the main block after 10-20 s. Videos of this
process have been included in Movies S1 and S2, ESL.{ This
process can be repeated multiple times until the original block
disappears completely. Delamination can happen from all sides
of the microblock with equal rates, as seen from randomly
dispersed microblocks in Movie S2, ESI.¥ The 405 nm irradiation
wavelength was chosen because of the strong absorption of the
cis isomer at this wavelength. Other wavelengths (e.g. 462 nm)
induce peeling as well, albeit at slower rates. Heating by the light
source probably plays a negligible role since no peeling was
observed in the absence of light at temperatures up to 60 °C and
no enhancement of the light-induced peeling was observed for
temperatures up to 40 °C (Fig. S9, ESIY).

The presence of SDS in solution is necessary for the peels to
fully detach from the parent crystal. When the SDS is removed
by centrifugation and resuspension of the microblocks in
pure water, surface distortions and partial delamination are
observed but not clean detachment. The photomechanical
behavior also depends on the crystal dimensions. Microblocks
with cross sections <700 nm tend to spontaneously coil
instead of peel after a 1 s light pulse (Movie S3, ESIt). Large
(100 um thick) microblocks develop cracks but do not deform

Fig. 4 Sequence of optical microscopy images of a cis-DMAAM micro-
crystal undergoing photoinduced peeling process after a 1 s exposure to
405 nm light. Scale bar is 5 um. The numbers upright indicate the time after
light irradiation.
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or peel (Fig. S8, ESIt). In some cases the thin microblocks,
grown from high concentrations of 1-dodecanol, fuse together
to form tetra and hexapods that can be triggered with UV light
to spontaneously close in a clamping action (Movies S4 and S5,
ESIY). This type of structure could be used to develop functional
photomechanical devices.

To study the effect of pulse duration on the number of peels
produced, a semi-quantitative experiment is performed on a
sample of microblocks with 2.4 pm width. For sequential 1 s
pulse durations, the block yields an average of 6 peels, each
with an estimated thickness of ~400 nm. The peel thickness
depends on the duration of the light exposure. For 1 s pulses on
average 6 peels are observed. When the pulse duration is
doubled to 2 s, 4 peels in total are liberated. When the pulse
duration is extended to 5 s, roughly 2 peels are observed.
Longer light pulses apparently increase the depth of photo-
reaction in the blocks and thus the thickness of the product
layer that peels away (Fig. S10, Movie S6 and Tables S1-S3,
ESIT). The dynamics of the peeling also change with pulse
duration. For example, after a 1 s pulse, the peeling is complete
after 10-20 s. After a 5 s pulse, the peeling process typically
requires 60 s or longer (Movies S7-S9, ESIT). In all cases, the
peeling occurred after the light is turned off, suggesting that a
phase change or separation process is occurring as the mole-
cules rearrange. If the microblocks are exposed to continuous
irradiation, they undergo a continuous deformation without
peeling (Movie S10, ESI¥).

In order to clarify the composition of the new phase that
peeled off the parent block, a collection of cis-DMAAM micro-
blocks was irradiated by sequential 1 s light pulses until they all
peeled away to fragments. The peels were analyzed using HPLC
and found to consist of 10-20% trans-DMAAM (Fig. S11, ESI¥).
This is consistent with our previous measurements on photo-
reacted nanowires and provides evidence that the photoisome-
rization does not proceed to 100% completion but instead
reaches a photostationary state that contains a mixture of cis
and trans isomers.”** The peeled photoproduct itself is not
crystalline, as judged by its lack of any discernible X-ray or electron
diffraction peaks, and lack of birefringence (Fig. S12, ESIT).

The delay between the initial light exposure and peeling may
reflect the time required to form this new product phase by
molecular migration within the block. The geometry of the peel
also provides some clues as to its composition. The peel always
curls inward, with the middle detaching first and the ends last.
This bending curvature suggests that the outer surface of the
peel is expanding, consistent with swelling due to loss of order
and possibly solvent penetration. The clean detachment may be
due to the unique faceting of the block crystal. As can be seen
from Fig. 5a, the (110) Miller plane lies parallel to a 2-dimensional
plane in the crystal that separates layers of cis-DMAAM molecules.
These layers provide natural cleavage planes for layer detachment.
The presence of SDS can facilitate this separation by penetrating
along the incipient crack and further weakening the van der
Waals attraction between DMAAM layers. The ability of SDS to
modify the surface photoreactivity and induce amorphization in
trans-DMAAM crystals has been shown previously.*" The sequence
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Fig. 5 (a) Molecular arrangement of cis-DMAAM in the microblock
showing separate layers along the (110) Miller plane (dashed line). (b)
Schematic illustration showing the proposed photoinduced peeling pro-
cess of cis-DMAAM microblock as the mixed cis/trans layer expands and
detaches from the parent crystal. Hydrogen atoms are not shown for the
sake of clarity.

of amorphization followed by delamination is shown schemati-
cally in Fig. 5b.

In summary, this paper illustrates that it is possible to use
surfactant mixtures and temperature to modify faceting during
crystal growth and create well-defined microblocks of the
photoisomerizable molecule cis-DMAAM. When these blocks
are exposed to a pulse of 405 nm light, a novel peeling behavior
is observed in which layers of uniform thickness detach from
the parent block crystal. This peeling is caused by formation of
a mixed cis-trans amorphous phase that grows in over time and
expands to break away. The observation of sequential photo-
induced peeling from a molecular crystal represents a new
mode of photomechanical response. It can be thought of as a
controlled fracture event that is reproducible thanks to the well-
defined shape of the reactant crystals. These results illustrate
how tuning crystal size and shape can lead to novel modes of
photomechanical behavior.
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