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Distinctive Photomechanical Shape Change of p-Phenylenediacrylic
Acid Dimethyl Ester Single Crystals Induced by a Spatially
Heterogeneous Photoreaction
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Abstract: Understanding photoreaction dynamics in
crystals is important for predicting the dynamic property
changes accompanying these photoreactions. In this
work, we investigate the photoreaction dynamics of
p-phenylenediacrylic acid dimethyl ester (p-PDAMe) in
single crystals that show reaction front propagation, in
which the photoreaction proceeds heterogeneously from
the edge to the center of the crystal. Moreover, we find
that p-PDAMe single crystals exhibit a distinctive crystal
shape change from a parallelogram to a distorted shape
resembling a fluttering flag, then to a rectangle as the
photoreaction proceeds. Density functional theory cal-
culations predict the crystal structure after the photo-
reaction, providing a reasonable explanation of the
distinctive crystal shape change that results from the
spatially heterogeneous photoreaction. These results
prove that the spatially heterogeneous photoreaction
dynamics have the ability to induce novel crystal shape
changes beyond what would be expected based on the
equilibrium reactant and product crystal shapes.

Introduction

Molecules that change their chemical structures in response
to external stimuli have been investigated for applications
such as switches, sensors, and actuators.[1] In particular,
photoresponsive molecules can be used for the photo-
mechanical materials that can directly convert photon
energy into macroscopic work.[2] Solid-state photomechan-
ical materials typically consist of photoresponsive molecules
organized inside liquid-crystalline polymers,[3] amorphous or
semicrystalline polymers,[4] gels,[5] or single crystals.[6]

Among these materials, single crystals have typically shown

superior actuator performance such as fast response speeds,
high energy densities, and reasonable photon-to-work-con-
version efficiencies.[7] Previous studies on photomechanical
crystals have reported various mechanical responses, includ-
ing expansion, contraction, bending, twisting, peeling, oscil-
lation, rolling, and jumping.[8] One goal of the field is to
generate novel shape changes that go beyond these
deformations. A second goal is to clarify the relationship
between the nanoscale changes in molecular structure and
packing accompanying photoreaction and micro/macro-
scopic photomechanical response. This is often accom-
plished by using X-ray crystallographic analysis. On larger
scales, illumination conditions,[9] crystal morphology,[10] and
crystal size[11] are also key factors that determine the mode
of photomechanical response because they can affect the
mechanical strain tensor induced by the photochemical
reactions.
In addition to the factors above, we hypothesize that

photoreaction dynamics in crystals also play an important
role in their photomechanical response. Photoreaction
dynamics in crystals can give rise to novel effects such as
reaction front propagation. For example, we found that the
photochemical reaction of 2,5-distyrylpyrazine (DSP) in
single crystals proceeds spatially heterogeneously from the
edge to the center of the crystal on length scales that can be
resolved by optical microscopy, typically on the order of 1
micron.[12] Furthermore, we recently showed that the [4+4]
photodimerization of 9-cyanoanthracene (9CA) and 9-
anthraldehyde (9AA) in single crystals also proceeds from
the edge to the center of the crystal, while the photo-
dimerization of 9-methylanthracene and 9-acethylanthra-
cene proceeds homogeneously throughout the crystal.[13]

Detailed investigation revealed that surface effects, in which
the reactivity of the crystal surface is much higher than that
of the crystal interior, and positive cooperative effects, in
which the photoproducts promote the reaction of the
remaining reactants, are necessary to observe spatially
heterogeneous photoreactions, and these effects are closely
related to the amount of molecular rearrangement required
for the reaction to occur in the crystal lattice. Although the
observation of spatially heterogeneous reaction dynamics
depends on the molecule studied, the presence of a reaction
front has so far not given rise to a qualitatively different
photomechanical response. In both heterogeneous and
homogeneous reacting crystals, only smooth expansion in
the horizontal direction was observed. Note that changes in
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the thickness were not measured in these experiments. It is
an open question as to whether spatially heterogeneous
reaction dynamics can give rise to novel photomechanical
responses, like the generation of irregular shapes.
In this work, we focus on the photochemical reaction of

p-phenylenediacrylic acid dimethyl ester (p-PDAMe) in
single crystals. Similar to DSP, p-PDAMe molecules under-
go a photopolymerization reaction in the crystalline state
(Figure 1a).[14] Observation of p-PDAMe single crystals by a
hyperspectral camera confirms that the photochemical
reaction proceeds spatially heterogeneously from the edge
to the center of the crystal. However, the different unit cell
orientation in p-PDAMe single crystals allows them to
undergo a distinctive sequence of photomechanical shape
changes. The crystal starts as a parallelogram but then
distorts to a shape resembling a fluttering flag as the ends
are converted to a different unit cell. As the reaction
proceeds, this shape transformation propagates to the crystal
center, finally transforming it into a rectangle. Density
functional theory calculations reveal the molecular packing
changes induced by the photoreaction, and these changes
can be directly associated with the microscopic shape
change. By turning off the light at any point, the crystal can
be frozen into one of these shapes, providing a wide range
of photoinduced shape changes that extend beyond what
would be expected based on the reactant and product crystal
shapes.

Results and Discussion

To prepare single crystals for investigating both photo-
reaction kinetics and photomechanical effects, we tried
several crystal growth methods and found that casting a
toluene solution containing p-PDAMe onto a glass slide
afforded plate-like crystals with a thickness less than 1 μm as
shown in Figures 1b and S1. The details of the preparation
method are described in the Supporting Information. To
determine the molecular orientation in the crystal, powder
X-ray diffraction (PXRD) measurements were performed.
Figure S2 shows PXRD pattern of the plate-like crystal and
the pattern calculated from single-crystal X-ray crystallo-
graphic data reported previously (a triclinic crystal system
and a space group of P�1).[15] Only diffraction peaks
corresponding to the (110) or (�1�10) Miller planes were
observed for the plate-like crystals, suggesting that the
horizontal surface corresponds to either the (110) or
(�1�10) face. Figure 1c shows an enlarged optical micro-
photograph of the plate-like crystal. The corner angles of
the crystal were 75° and 105°. Figure 1d illustrates the ideal
crystal shape viewed from the (�1�10) face based on the
data of X-ray crystallographic analysis. The calculated
corner angles in the illustration are 75° and 105°, in good
agreement with the actual crystal shape, indicating that the
structure of the plate-like crystals is the same as that
reported previously.[15] Figure 1e shows the molecular pack-
ing viewed from the (�1�10) face. Note that only molecules
in the same layer are drawn for clarity, and the black cell
indicates the minimum repeating unit of the molecular
arrangement that determines the crystal shape. Thus, the
plate-like crystals of p-PDAMe were fully characterized.

Figure 1. (a) Photopolymerization reaction of p-PDAMe, (b, c) optical microphotographs of p-PDAMe single crystals prepared by the casting
method, (d) ideal crystal shape viewed from the (�1�10) face based on X-ray crystallographic data, and (e) molecular packing in the crystal viewed
from the (�1�10) face.
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To follow the progress of photoreactions in the single
crystal of p-PDAMe, the transmission spectra at various
points during the photoreaction were measured under
parallel Nicols. Birefringence measurements were per-
formed because p-PDAMe molecules do not absorb in the
visible light region. Figure 2a shows the crystal shape of p-
PDAMe and the locations of the areas where the intensity
of transmitted light was measured using a hyperspectral
camera. As shown in Figure S3, in all areas, the transmitted
light intensity increased with increasing the irradiation time
of UV (365 nm) light, and the spectral shapes before and
after photoreaction are very similar, indicating that the
photopolymerization reaction proceeded in the same way in
all areas, although there seemed to be differences in the
reaction rates. To compare the reaction rate in each area,
the change in the intensity of transmitted light relative to
the irradiation time was transformed to the change in the
conversion ratio as shown in Figure 2b. The detailed
procedures are described in our previous work.[12] As can be

seen, the change in the conversion ratio showed a sigmoidal
curve and increased in the order of Area 1, Area 2, and
Area 3, indicating that the photoreaction proceeded spa-
tially heterogeneously from the edge to the center of the
crystal, as seen for DSP, 9CA, and 9AA.[12–13] This is due to
the combination of enhanced surface reactivity and a
positive cooperative effect, in which the initially formed
photoproduct facilitates reaction of adjacent crystal regions.
Thus, we could confirm the spatially heterogeneous photo-
reaction in p-PDAMe single crystals.
Next, we investigated the photomechanical response of

p-PDAMe single crystals. Figure 3 and Movie S1 show the
shape change of p-PDAMe single crystals upon UV
irradiation observed under parallel Nicols. Upon UV
irradiation, the transmitted light color changed from brown
to colorless, starting from the short sides of the crystals due
to the spatially heterogeneous photoreaction. This is likely
due to the positive cooperative effect and the surface effect.
Namely, the photoreaction is initiated at the crystal edges

Figure 2. (a) Optical microphotograph of p-PDAMe single crystals observed under parallel Nicols and locations of areas where the transmission
spectra were measured. The directions of the polarizer and analyzer are depicted as the black arrow. (b) Change in the conversion ratio relative to
the irradiation time of 365 nm light (9.95 mWcm�2) calculated from the change in the transmitted light intensity at 500 nm.

Figure 3. Photomechanical shape change of p-PDAMe single crystal upon irradiation with 365 nm light (59.7 mWcm�2) observed under parallel
Nicols. The directions of the polarizer and analyzer are horizontal.
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due to the surface effect, then propagates toward the center
of the crystal due to the cooperative effect. The photo-
reaction propagates preferentially along the long axis of the
crystal. We hypothesize that this anisotropic propagation is
due to the fact that the distance between molecules along
the long axis of the crystal is shorter than that along the
short axis of the crystal, as can be seen in Figure 1e, resulting
in a stronger cooperative effect. Although this is one
plausible explanation, further studies are needed, including
quantitative evaluation and theoretical modelling of the
anisotropy of the photochemical reaction front propagation.
Very interestingly, the anisotropic reaction front prop-

agation changed the crystal shape from a parallelogram to a
distorted shape resembling a fluttering flag, then to a
rectangle as the photoreaction proceeded. This unique
photomechanical shape change has been confirmed to be
reproducible in other crystals, as shown in Movie S2.
Figure S4 shows the changes in the crystal dimensions (the
length of the short and long sides and thickness) before and
after the photoreaction. It was found that the length of the
long side slightly decreases (ca. �0.6%), while there was no
detectable change in the length of the short side and the
thickness direction of the crystal. Moreover, by ceasing the
UV irradiation, the crystal shape change could be stopped,
and the “flag” shape remained its shape even after 16 hours
(Figure S5). In other plate-like crystals studied previously,
the reaction did not induce a discontinuity in the crystal
shape because the photoreaction proceeded homogeneously
across the crystal. For instance, a single crystal of 1,2-bis(2-
ethyl-5-phenyl-3-thienyl)perfluorocyclopentene changed
continuously from a square shape to a lozenge shape.[6a]

Here, the photoreaction proceeds spatially heterogeneously,
with reacted and unreacted regions coexisting in different
regions within a single crystal, leading to the distinctive
photomechanical shape change. Furthermore, to confirm
that this photomechanical shape change was due to a single-
crystal-to-single-crystal transformation, the crystallinity after
the photoreaction was checked under crossed Nicols. As
shown in Figure S6, the sample exhibited birefringence even
after the photoreaction, indicating that crystallinity was
retained after the photoreaction.
To understand the distinctive crystal shape change at the

molecular level, we focused on the change in the molecular
packing. Nakanishi et al. previously performed X-ray crys-
tallographic analysis of p-PDAMe crystals before and after
the photoreaction.[14] In that study, they could not determine
the detailed crystal structure after the photoreaction but did
obtain information about the change in the unit cell
dimensions using a partially photoreacted crystal. We also
tried to perform X-ray crystallographic analysis of larger
photoreacted crystals. Unfortunately, these efforts were
unsuccessful because numerous cracks were generated in
these crystals as the photoreaction progressed, as shown in
Figure S7 and Movie S3. These fractured crystals were not
suitable for X-ray analysis. Therefore, we attempted to
elucidate the molecular packing change after the photo-
reaction with the help of periodic density functional theory
(DFT) calculations performed with the dispersion-corrected
B86bPBE-XDM density functional. Using our recently-

established topochemical approach,[16] which has successfully
predicted photochemical transformations in several other
organic crystals, we predicted the crystal structure of the
polymer photoproduct by replacing the molecules in the
reactant crystal structure with the photoreacted species. The
product species were positioned so as to minimize the
atomic displacements between the reactants and product,
and the atomic positions were then relaxed with DFT. Next,
the crystal lattice parameters were changed to match the
experimentally-reported values of the photoproduct crystal,
and the atomic positions were again relaxed (with unit cell
parameters held constant) to obtain the final predicted p-

PDAMe photoproduct structure.
Figure S8 shows the molecular packing after photo-

polymerization of p-PDAMe as determined by DFT calcu-
lations constrained by the unit cell parameters reported
experimentally. To confirm the validity of the molecular
packing obtained by the DFT calculations, the PXRD
pattern of the structure generated by the DFT calculations
was compared with that obtained experimentally. Figure S9
shows the change in the experimental PXRD pattern upon
UV irradiation. The initial pattern before UV irradiation is
in good agreement with the simulated pattern calculated
from X-ray crystallographic data (Figure S9a and b). After
the prolonged UV irradiation, the pattern changes substan-
tially due to the photoreaction and becomes similar to the
pattern simulated from the DFT-predicted structure
although there are slight differences (Figure S9c and d).
These results indicate that we have successfully predicted
the molecular packing of the photoproduct through the
combination of DFT calculations and knowledge of the
experimental lattice parameters. Crystallographic data for
the reactant and product crystal structures are summarized
in Table S1.
The DFT-predicted structural transformation provides

insight into the mechanism of the distinctive photomechan-
ical shape change. Figure 4a shows the change in the
minimum repeating unit of the molecular arrangement in a
layer before and after the photoreaction viewed from the
(�1�10) face. Accompanying the photoreaction, it was
found that the minimum repeating unit of the molecular
arrangement changes from a parallelogram to a rectangle. In
addition, the length of the short edge of the minimum
repeating unit expands from 5.844 Å to 6.040 Å (ca.
+3.3%), while the long edge contracts from 9.822 Å to
9.678 Å (ca. �1.5%). The change of the thickness is also
depicted in Figure S10. The distance between molecular
layers decreases from 5.503 Å to 5.448 Å (ca. �1.0%).
Concerning the crystal shape change mentioned above, only
the shrinkage of the long side of the crystal cannot be
explained based on the change in the minimum repeating
unit. Presumably, this is because the unit cell dimensions
used in the DFT calculations come from the partially reacted
crystal data, and are slightly different from the real ones, as
observed in the discrepancies in the peak positions of the
PXRD patterns. However, we emphasize that the change in
the minimum repeating unit predicted by DFT calculations
can provide a qualitative mechanism for the distinctive
photomechanical shape change. Figure 4b illustrates a plau-
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sible mechanism of the sequential photomechanical shape
changes of p-PDAMe single crystals. The photoreaction is
initiated near the crystal edges, where the molecules’ larger
free volumes lead to higher reactivity. Then, as the
molecules at the edges react and undergo structural
rearrangements, the free space increases around the interior
molecules. This increased free space facilitates the reactivity
of the interior molecules in a positive cooperative manner.
As a result, the photoreaction proceeds spatially heteroge-
neously from the edge to the center of the crystal. Mean-
while, the minimum repeating unit of the molecular arrange-
ment also changes from a parallelogram to a rectangle
shape. During the photoreaction, reacted and unreacted
regions coexist in different regions of the same crystal. In
the reacted regions, the crystal shape becomes a rectangle,
while the unreacted regions retain the parallelogram shape.
After partial conversion, when the reacted rectangular cells
are located at the edges of the crystal and the unreacted unit
cells occupy the middle, a distorted shape resembling a
fluttering flag is obtained. Then, when the photoreaction is
complete, the crystal shape changes to a perfect rectangle.
Thus, the distinctive photomechanical shape change can be
qualitatively understood by considering the changes in
molecular packing that accompany the spatially heteroge-
neous photoreaction.

Conclusion

In this study, the behavior of p-PDAMe single crystals
during photoreaction was thoroughly investigated, revealing
both spatially heterogeneous photoreaction and a distinctive
photomechanical shape change. The photoreaction was
initiated at the crystal edges and progressed toward the
center, driven by a positive cooperative effect and surface
reactivity. This resulted in an unprecedented crystal shape
transformation from a parallelogram to a fluttering flag-like
structure, and finally to a rectangle. DFT calculations
revealed the molecular packing changes due to the photo-
reaction. The method reported here may prove useful for
determining the molecular packing after reactions of very
small crystals with reduced crystallinity, which are challeng-
ing for conventional X-ray structural analysis. Based on the
molecular packing changes and the spatially heterogeneous
photoreaction, a mechanism for the distinctive photome-
chanical shape change was proposed. These findings illus-
trate the correlation between molecular-level packing
changes and the macroscopic mechanical response in a
single crystal. Furthermore, the heterogeneous distribution
of photoproduct domains within the single crystal can give
rise to unexpected shapes that may have future applications
in photomechanical devices.

Figure 4. (a) Change in the molecular packing and the minimum repeating unit of the molecular arrangement of p-PDAMe crystal before and after
the photoreaction viewed from the (�1�10) face. Note that only molecules (or parts of polymers) in the same layer are drawn for clarity, and the
black cell indicates the minimum repeating unit of the molecular arrangement. (b) Plausible mechanism of the distinctive photomechanical shape
change.
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