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lar photochrome, density functional theory cal-
culations here demonstrate that crystal pack-
ing has a major impact on the work densi-
ties that can be produced by a photochrome.
Examination of two diarylethene molecules re-
veals that the predicted work densities can
vary by an order of magnitude across differ-
ent experimentally-known crystal structures of
the same species. The largest work densities
occur when molecules are aligned in parallel,
thereby producing a highly anisotropic pho-
tomechanical response. These results suggest
that a greater emphasis on polymorph screen-
ing and/or crystal engineering could improve
the work densities achieved by photomechanical
engines. Finally, an inherent thermodynamic
asymmetry is identified that biases photome-
chanical engines to exhibit larger work densities
in the forward stroke direction.
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Artificial molecular machines exploit chemi-
cal, electronic, or photonic inputs to perform
nanoscale to macroscopic work.'® Photome-
chanical molecular crystals are a promising
class of machine which converts light into me-
chanical motion via photochemically-induced
structural changes.® ° Photomechanical molec-
ular crystals offer many advantages: Their
unique combination of high elastic modulus and
high strain!'™? leads to elastic work densities
which are potentially several orders of magni-
tude larger than piezoelectric actuators or elas-
tomers. Organic crystal work outputs per unit
of mass are even more impressive than the vol-
umetric ones, especially when compared to in-
organic materials. Light-driven actuators can
be controlled with high-precision by varying
the position, frequency, intensity, and polar-
ization of light, all without physical contact or
the need for secondary chemical fuels. Further-
more, the infinite chemical tunability of pho-
tochromes promises the ability to engineer spe-
cific properties into the material.

Many photochromes have been studied to-
date,®1% including cis-trans isomerization
of azobenzene derivatives'* and salicylide-
neanilines, !>1® ring-opening and closing of di-
arylethenes, '™ 20 and various [2+2]?" 30 and
[4+4]3173% photodimerization reactions. Pho-
tomechanical responses have been exploited
to produce organic crystal cantilevers that
can lift objects several orders of magnitude
heavier, 17293536 to induce locomotion®” and
flagellar motion,3® and even to create waveg-
uides.3%0 Several reviews discuss the general
mechanisms underlying these photomechanical
responses. 579

While the molecular tunability of di-
arylethenes and other photochromes has been
explored frequently, fewer studies have investi-
gated the impact of crystal packing on the pho-
tomechanical responses. Experimental studies
demonstrate that polymorphism6:2>41-44 and
variations in crystal packing across closely-
related molecules***® can significantly alter the
photomechanical response properties. Unfortu-
nately, a thorough understanding that bridges
between molecular structure, crystal structure,
and photomechanical response remains elusive.

Moreover, the potential search space of pho-
tochromic molecules and crystals is massive.
Accelerating the discovery of useful new pho-
tomechanical materials requires establishing
crystalline design principles that lead to high
performance, thereby reducing the need for
time-consuming trial-and-error experimental
testing.

For these reasons, we recently developed
a theoretical framework for modeling pho-
tomechanical crystal engines from first prin-
ciples.6 Starting from either the experimen-
tal or predicted crystal structure of the reac-
tant, the topochemical crystal-to-crystal photo-
transformation to the product is predicted us-
ing density functional theory (DFT). An ideal-
ized thermodynamic engine cycle is then em-
ployed to compute the maximum work that
could potentially be performed by that struc-
tural transformation. This approach success-
fully predicts the experimental photochemical
transformations for multiple anthracene [4+4]
photodimerization systems. 6

In the present study, we elucidate new molec-
ular crystal design principles for photomechan-
ical actuators by applying these same mod-
eling techniques to multiple crystal forms of
diarylethenes 1% and 27 (Figure 1). We
demonstrate how control over crystal packing
is key for achieving large photomechanical re-
sponses and high work densities: the range of
work densities observed across different exper-
imental crystal structures of the same species
greatly exceeds the variations found between
different photochromic reactions. This high-
lights the central importance of polymorph
screening and crystal engineering for design-
ing high-performance photomechanical materi-
als. By investigating how unit cells deform
from reactant to product and the associated
stresses, we identify key crystal packing fea-
tures that generate large work densities. Fi-
nally, an inherent thermodynamic asymmetry is
identified which biases photomechanical molec-
ular crystal engines to produce more work on
the forward stroke than the reverse one, im-
plying that the ability to perform net work is
a general feature of these crystal engines. To-
gether, these theoretical insights provide a road



map for the future experimental realization of
better-performing photomechanical engines.

Diarylethenes are probably the best-studied
photochrome, and they offer many advantages
as photomechanical materials: strong thermal
stability, fast picosecond reactivity and mi-
crosecond deformation of the crystal,!”2° high
quantum yields for ring closing, and excellent
fatigue resistance over thousands of cycles.?
The relatively small changes in molecular shape
upon ring-opening and closing enables bulk
crystals to react without shattering. In addition
to their highly tunable photochromism,?%:5%:51
diarylethene crystals can undergo photome-
chanical twisting, rolling, bending, swinging,
and jumping (salience).'®192225 On the other
hand, the work output is limited in practice
by the difficulty in reacting more than ~5—
15% of the molecules in the crystal experimen-
tally, 2125484952 que to factors such as the lim-
ited light penetration into the crystal and the
photostationary state established due to the
overlapping absorption bands of the reactant
and product forms.¢

Let us consider the diarylethene species
shown in Figure 1. 1a has four reported crystal
polymorphs (a, 3, v, and §).4t All four exhibit
suitable anti-parallel orientations® of the cen-
tral methyl groups to undergo solid-state pho-
tochromic ring closing upon 370 nm irradiation,
and the reaction can be reversed with visible
light >500 nm. The crystal structures formed
via the solid-state reaction of la-a,3,7,0 have
not been determined experimentally. One solid
form of 1b crystallized from solution has also
been characterized,*' though its solid-state re-
activity has not been reported. We also exam-
ine open (2a) and closed (2b) forms of 2, whose
solid-state transformations have been better
characterized experimentally. As noted earlier,
achieving complete photochemical conversion of
diarylethene crystals is experimentally difficult,
but partially photo-reacted crystals of 2a and
2b have been solved as a mixture of open- and
closed-form components (Cambridge Structure
Database Reference Codes FAWFOY02 and
FAWFOYO01, respectively). 4849

To understand how crystal packing impacts
the photomechanical response in these seven

crystals, we begin by predicting the unknown
solid-state photochemical crystal transforma-
tions using the crystalline topochemical ap-
proach we recently applied*® to the solid-
state photodimerization of 9-methyl anthracene
(9MA),5455  9-tert-butyl anthracene ester
(9TBAE),355657 and monoclinic 9-anthracene
carboxylic acid (9AC).32°® That study replaced
pairs of anthracene molecules from the reac-
tant crystals with their photodimer products
positioned to minimize the molecular transla-
tion and rotation (by maintaining the center
of mass and aligning the axes of inertia). The
structures obtained after subsequent DFT op-
timization of these topochemically-generated
product crystals closely match the experimen-
tal photodimer crystal structures.“® Conceptu-
ally similar approaches have been used to help
interpret experiments on 2474 and in a few
other systems. %960

Here, we apply the same principles to predict
the transformations for the seven experimen-
tal crystal forms of 1 and 2, using planewave
DFT under periodic boundary conditions®
with the B86bPBE density functional®®% and
the exchange hole dipole moment (XDM) dis-
persion correction.®* We focus first on the
experimentally-reported, partially reacted crys-
tal structure of 2a (FAWFOY02), which con-
tains 92% open-form (reactant) and 8% closed-
form (product) molecules. To predict the prod-
uct topochemically, we take the experimen-
tal atomic coordinates of the open-form 2a
species from FAWFOYO02, replace them with
closed-form 2b molecules at the same posi-
tions and orientations, and then perform an
unconstrained DF'T relaxation on the resulting
unit cell. This topochemically-predicted prod-
uct almost perfectly matches the crystal struc-
ture obtained by instead optimizing the ex-
perimental closed-form 2b product component
of FAWFOY02 with DFT (15-molecule root-

mean-square deviation,® rmsd15 = 0.13 A,
Figure S1).
Similarly, applying the same procedure

to partially reacted crystals of 2b (FAW-
FOY01), taking the closed-form coordinates,
converting the molecules to their open form,
and relaxing gives a structure that matches



the open form from the partially-reacted
crystals of 2b (rmsdl5 = 0.28 A, Figure
S1). The excellent agreement between the
topochemically-generated product crystals and
the experimentally-determined photochemical
product structures for diarylethenes 2a/2b
and the earlier anthracenes?® validates the
topochemical approach used here. As was seen
for the anthracenes%55:% and in earlier exper-
iments on 2,9 the solid-state photochemical
reactions generate product crystal structures
which retain the qualitative packing motifs of
their respective reactant crystals (Figure 2).
They differ from the polymorphs obtained by
crystallizing the product molecule from solu-
tion.

Having demonstrated that the solid-state
photochemical transformations of diarylethene
2 can be predicted in silico, the same procedure
is employed to predict the transformations of
the five crystal structures of la and 1b (Fig-
ure 2). The ring-closing reaction of la gen-
erally increases the planarity of the molecular
backbone, including the dihedral angles relat-
ing the thiophene and phenyl rings. However,
the impact of the photochromic reaction on the
crystal unit cells varies widely across the dif-
ferent crystal forms. For example, ring-closing
increases the predicted molar volume for la-£
(+6.1%), la-y (+4.6%), 1a-6 (+3.3%), while it
decreases it for la-a (-1.8%) and 1b (-2.0%).
The individual lattice parameter changes also
vary considerably across different polymorphs.
la-( shows the largest volume change, and it
exhibits the most isotropic lattice parameter
changes. In contrast, the transformations in the
other forms of 1 are more anisotropic, with e.g.
significant elongation/contraction along the a
and b axes of 1b and 1a-v or a large contraction
of the § angle in 1a-9. The most substantial
transformation occurs for the 1a-a polymorph,
which deforms from a monoclinic to a triclinic
cell with large changes in both the lattice con-
stants and angles.

The contrast between the transformations of
solid-state 2a and 2b is even larger: whereas
the ring-opening of 2b alters its lattice param-
eters by ~2% or less, ring-closing of 2a ex-
pands along b by 17.4% while simultaneously

contracting 8.4% along a. This would repre-
sent an unusually large dimensional change for
photomechanical crystal, though it is still con-
siderably smaller than the ~40-50% expansions
reported experimentally for two other organic
crystal transformations. %%

To understand how these crystal structure
changes translate to the amount of work that
could hypothetically be performed via linear ac-
tuation, we model these systems as an idealized
photomechanical engine (Figure 3).%6 Inspired
by traditional gas heat engines, this photome-
chanical engine cycle involves four steps: (1)
fast, complete solid-state photochemical con-
version of the reactant to produce the “proto-
product” crystal (i.e. product molecules con-
strained within the lattice parameters of the re-
actant), (2) structural relaxation of the proto-
product structure to the equilibrium product
crystal structure, (3) fast, complete solid-state
conversion of the product back to the “proto-
reactant” crystal (reactant molecules within the
product lattice parameters), and (4) structural
relaxation of the proto-reactant back to the
original reactant crystal structure.

The “proto-” structures generated by
Steps 1 and 3 are obtained by relaxing
the topochemically-seeded product molecules
within the fixed unit cell parameters of the
reactant crystals.  These strained “proto-”
structures exhibit internal stress. The subse-
quent DFT relaxation of the lattice parameters
and atomic coordinates relieves that stress and
strain by deforming the crystal, thereby per-
forming elastic work in the “forward” (Step 2)
or “reverse” (Step 4) directions. The assump-
tion of a fast, complete reaction without lattice
relaxation in Steps 1 & 3 maximizes the stress
created and establishes an upper bound to the
potential work that could be performed. In
practice, incomplete reaction frequently leads
to the formation of bimorph structures and
bending, %79 which results in lower work densi-
ties. 2 Even if the ideal work densities predicted
are not achieved experimentally, this theoret-
ical photomechanical engine scheme provides
valuable insights into the relationships between
crystal packing and work density, as will be
discussed below. Additional discussion of the



idealized photomechanical engine cycle can be
found in Ref 46.

Figure 4 summarizes the energies for the en-
gine cycles of each species. Given the poten-
tial impacts of intramolecular DFT delocaliza-
tion error on photochromic reactions*>% and
other processes™ 77 that alter the extent of 7
conjugation, these energies were computed via
a hybrid approach™ that combines a domain-
local pair natural orbital coupled cluster singles
and doubles plus perturbative triples (DLPNO-
CCSD(T1)) ™™ description of the intramolecu-
lar energy with the BS6bPBE-XDM DF'T treat-
ment of the intermolecular interactions (SI Sec-
tion S1.2). From the DFT-computed stress (o)
and strain (€) tensors for the “proto-” structure
relative to the relaxed one, the anisotropic elas-
tic work is computed (SI Section S1.4) over a set
of unit vectors n spanning all crystallographic
directions,

1
W(n) = —§ﬁTaeﬁ (1)

The resulting work densities are plotted as a
heat map on the surface of a sphere (Figure 5)
that highlights the crystallographic directions
along which significant work is performed. Ta-
ble 1 summarizes the maximum value of the
work density obtained for each solid-state re-
action after scanning over all crystallographic
directions. Within the idealized engine model,
these maximal values represent the most work
a linear actuator could achieve, assuming fast,
complete photochemical conversion and suit-
able crystal orientation/device morphology.
These theoretical engine cycles reveal several
interesting features to guide the design of new
photomechanical materials. Similar to what
has been found previously in anthracene pho-
todimerization systems,?6% the polymorphs
produced by the solid-state photochemical re-
actions are thermodynamically unstable, ly-
ing 13-33 kJ/mol above the most stable poly-
morphs crystallized from solution. Such high-
energy polymorphs would almost certainly be
inaccessible via traditional crystallization, since
the vast majority of experimentally-observed
molecular crystal polymorphs lie within 10
kJ/mol of the most stable structure. 08!

The predicted energy changes for each step
also vary substantially across the different crys-
tal forms of the same species (Figure 4). Large
Step 2 & 4 relaxation energies occur for the
crystals with large, anisotropic lattice parame-
ter changes. For example, the large and highly
anisotropic structure deformations upon ring-
closing of la-a and 2a relax ~40 kJ/mol,
compared to only ~10 kJ/mol or less for the
smaller, more isotropic structure changes that
occur in la-f or 2b. Because these energy
changes relate to the total work done by the sys-
tem upon the structure relaxation, we observe
that la-a converts 13% of an input 370 nm
photon (323 kJ/mol) to forward (ring-closing)
work, for example.

Table 1: Maximum predicted work den-
sities (MJ/m?) for each crystal system in
the forward and reverse reaction direc-
tions.

Crystal Forward Reverse
Ring-Closing  Ring-Opening

la-« 104 83

la-f3 17 13

la-vy o1 16

la-6 73 20

2a 200 40
Ring-Opening Ring-Closing

1b 46 12

2b 5 )
Dimerization  Dissociation

IMAL 25 12

9AC mono. 30 18

9TBAE 47 16

[a] Results for anthracene photodimerization systems
from Ref 46 included for comparison.

For actuation, however, it is interesting to ex-
amine the maximum work density that can per-
formed along a particular crystallographic di-
rection. As shown in Table 1, the maximum
work density varies substantially across the dif-
ferent polymorphs. The maximum work densi-
ties are generally strongly aligned along a par-
ticular crystallographic direction (Figure 5), as
will be discussed in more detail below. The



ring-closing of Form la-a can theoretically pro-
duce up to 99 MJ/m? in one crystallographic
direction, which is six times larger than the
17 MJ/m?® maximum produced by the closing
of 1a-f. The maximum work densities of the
other crystal forms of 1 lie between these ex-
tremes. The 200 MJ/m? maximum ring-closing
work density of 2a is even more exceptional.
It is 40-times larger than the maximal work
produced by the ring-opening of 2b, and 4-
8 times larger than the maximum predicted
work densities for the solid-state [4+4] pho-
todimerization reactions of 9MA, monoclinic
9AC, and 9TBAE (Table 1).%® On the other
hand, the diarylethene crystals with the small-
est forward-direction work densities here (5-
17 MJ/m?® for la-8 and 2b) produce only
a fraction of the work densities generated by
the anthracene photodimerizations. In other
words, the range of work densities produced
by different crystal polymorphs of a particu-
lar diarylethene molecule can be broader than
the differences between the diarylethene open-
ing/closing and anthracene [4+4] photodimer-
ization reactions.

Although the difficulty of reacting di-
arylethene crystals completely and other prac-
tical limitations will hinder experimental real-
ization of the ideal ~107-10% J/m? theoretical
work densities predicted here, the theoretical
potential for such large work densities should
motivate efforts further to measure and improve
the experimental work densities of experimental
photomechanical crystals. For context, previ-
ously reported experimentally work densities
for thermosalient and photomechanical organic
crystal actuators (~10-10° J/m?),11268 pho-
tomechanical polymers (up to ~10° J/m?),12:82
or piezoelectrics (~10% J/m3)! are several or-
ders of magnitude smaller, even if the aforemen-
tioned caveats regarding the predicted values
noted above prevent direct comparison between
the theoretical and experimental work densities.
See Ref 68 for a summary of experimental work
densities across many different materials.

More importantly, the order-of-magnitude
variations in the predicted work densities across
different diarylethene crystal forms clearly
highlight the central role crystal packing plays

in determining the photomechanical response
properties. Closer examination of the struc-
tures reveals important design features under-
lying the large photomechanical responses. The
largest work densities are produced by the crys-
tals with parallel alignments of the reacting
molecules (1la-a, 2a). Such arrangements con-
centrate the photomechanical response along
a single crystallographic direction (Figure 2),
resulting in large anisotropic structural changes
that produce substantial stress, lattice deforma-
tions, and work densities. In contrast, the low-
work forms 1la-3, 1b, and 2b pack molecules
with multiple different orientations in the crys-
tals, thereby producing more isotropic struc-
tural responses and much lower work densities.

For further insight, the correlation between
the single largest-magnitude principal compo-
nents of the stress and strain tensors versus
the maximum work density were investigated
(SI Section S3). Although work results from
the product of both stress (force) and strain
(displacement), the stress tensor components
correlate more strongly (R? = 0.89) with the
maximum work than do the strain tensor ones
(R?* = 0.43). This behavior can be understood
in terms of the molecular nature of the mate-
rials. The largest work density typically oc-
curs along the short axis of the diarylethene
molecules (i.e. along the vertical axis for the
molecules as drawn in Figure 1), as closing the
ring necessitates increasing the intermolecular
spacing in this direction. For 2a or la-v, for
example, the greatest work density lies along
the b direction, which aligns with this short
molecular axis (Figure 5a,c)). Even in la-a,
where the largest lattice parameter change oc-
curs along the a axis (largely out of the plane of
the molecule), the stress along the short molec-
ular axis is larger and leads to more work along
a direction in between b and ¢ (Figure 5b). This
is similar to 9TBAE, where the largest lattice
parameter change after photodimerization in-
volves the contraction of newly created void
space along the b axis, but the expansion along
a forced by the buckling of the anthracene rings
produces more work.*® In other words, large
crystal deformations are an important but in-
sufficient predictor of high work density. The



stress created by the solid-state reaction pro-
vides a better descriptor of which large defor-
mations will manifest in high work densities.

The importance of stress over strain further
manifests in the fact that the forward reac-
tions in Table 1 generally produce considerably
more work than the reverse ones, despite in-
volving equal but opposite changes in the lat-
tice parameters (i.e. comparable strains). Only
2b is somewhat of an exception, with small
5 MJ/m?® work magnitudes produced in both
directions due to the minimal stress and lat-
tice deformation induced by the photochem-
ical reaction. The bias toward a larger for-
ward work implies an inherent asymmetry in
the stress between the forward versus reverse
reactions. In our earlier anthracene [4+4] pho-
todimerization study,® the larger forward work
densities were attributed to the greater facil-
ity with which crystals comprised of planar an-
thracene monomers deform compared to those
containing the bulkier photodimers. However
that explanation is clearly insufficient, since the
maximal work achieved for the diarylethenes is
independent of the molecular structure: 1a and
2a show higher work density for ring-closing,
but 1b does so for the ring-opening.

Instead, the origin of this asymmetry lies in
the fact that the initial crystal packing is de-
termined by the reactant species. Even when
the solid-state photochemical reaction gener-
ates product molecules, the crystal structure
retains “memory” of the reactant crystal pack-
ing. This non-optimal packing of the prod-
uct species places it on a steep and unstable
region of the potential energy surface, as evi-
denced by the high polymorph energies of the
product crystal noted earlier and the large Step
2 relaxation energies (Figure 4). In contrast,
the reverse reaction generates the reactant in a
crystal packing that is only modestly deformed
from its original stable form. This corresponds
to a flatter, more stable region of the reac-
tant potential energy curve, as evidenced by the
smaller Step 4 relaxation energies. Overall, this
inherent thermodynamic bias of the engine to-
ward the preferred crystal packing of the reac-
tant molecule creates the asymmetry between
the forward and reverse engine strokes that en-

ables photomechanical engines to produce net
work in the forward direction (almost) regard-
less of the specific chemistry.

In summary, this study has established sev-
eral important structural design principles for
high-work density photomechanical engines.
For a given photochrome, crystal packing and
polymorphism can alter the work density by an
order of magnitude, demonstrating that future
research ought to emphasize the design and con-
trol of solid-state structures in addition to the
molecular chemistry. Crystal structures should
align the molecules in a parallel fashion to max-
imize the anisotropic photomechanical response
along a single crystallographic direction. While
large structural deformations are helpful, the
creation of high stress along those deformation
modes is even more important to achieving high
work densities. The calculations also reveal a
relationship between molecular structure and
the solid-state response: for the cases with well-
aligned diarylethenes studied here, the maxi-
mum work density occurs primarily along the
short axis of the diarylethene molecule. Finally,
photomechanical engines have an inherent ther-
modynamic asymmetry arising from retained
memory of the reactant crystal structure which
biases them to perform more work in the for-
ward stroke direction, independent of the spe-
cific photochrome.

The theoretical calculations also find that di-
arlyethenes can theoretically produce massive
work densities of at least ~100-200 MJ/m?.
The combination of these results and the ~25-
50 MJ/m? work densities previously predicted
for several anthracene photodimerization sys-
tems?® demonstrate the exceptional photome-
chanical properties of organic crystals. Achiev-
ing such work densities in real-world actuators
faces serious experimental challenges, such as
the need to react the molecules quickly to max-
imize the stress, to react them completely to
achieve linear actuation (instead of bending),
and to develop device architectures that can
harness the work effectively. Nevertheless, an
experimental actuator achieving even a fraction
of these work densities could substantially out-
perform present-day devices.



Computational Methods

Experimental crystal structures were ob-
tained from Cambridge Structure Database
and both the lattice parameters and atomic
positions were fully relaxed with periodic
DFT. The initial topochemically-reacted struc-
tures were generated by replacing each un-
reacted molecules in the crystal with its re-
acted counterparts, maintaining the same cen-
ter of mass and maximally aligning the product
molecule’s axes of inertia with the original re-
actant ones. The proto-product structure was
then determined by DFT-optimizing this ini-
tial topochemically-generated structure with
the lattice parameters frozen at their reactant
crystal values. The final equilibrium prod-
uct crystal was obtained via unconstrained
variable-cell DFT relaxation of the topochem-
ical product structure. The DFT-computed
stress and strain tensors associated with the
proto-product were used to compute the elastic
work according to Eq 1.

All periodic DFT crystal calculations em-
ployed the dispersion-corrected B86bPBE-
XDM functional in Quantum Espresso v6.7,5!
using a 50 Ry planewave cutoff and Monkhorst-
Pack reciprocal space k-point densities of at
least 0.05 A~1. The core electrons were treated
in the projector augmented wave (PAW) ap-
proach using potentials generated with Atomic
v6.1. To minimize potential density-driven de-
localization error issues in the DFT reaction
energies stemming from the change in 7 conju-
gation between the open and closed molecule
forms, all final periodic DFT energies were
adjusted with a single-point intramolecular en-
ergy correction. The correction was computed
as the difference between the BS6bPBE-XDM
and domain-local pair natural orbital coupled
cluster singles and doubles with perturbative
triples (DLPNO-CCSD(T1))™ intramolecu-
lar energies according to ref 74. The cou-
pled cluster results were extrapolated to the
complete-basis-set (CBS) limit by combining
DLPNO-CCSD(T1)/aug-cc-pVDZ and CBS-
limit second-order Mgller-Plesset perturbation
theory (MP2) results in a focal point approach.
The MP2/CBS calculations were extrapolated

from the aug-cc-pVTZ and aug-cc-pVQZ basis
sets. 83 All MP2 and coupled cluster calculations
were performed with Orca 5.0.™ Further de-
tails of the experimental crystal structures, the
electronic structure calculations, the basis set
extrapolation, the topochemical reaction pro-
cedure, and the calculation of the work density
can be found in Section S1 of the Supporting
Information.
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Figure 1: Photochromic
1,2-bis(2-methyl-5-p-methoxyphenyl-3-
thienyl)perfluoro-cyclopentene (1) and bis(2,5-
dimethyl-3-thienyl)perfluoro-cyclopentene

(2).
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Figure 2: Crystal structure overlays showing the predicted solid-state transformations of seven
crystal forms of 1 and 2. Crystallographic orientations and percent changes in the lattice parameters
for the forward-direction reactions are indicated in green.
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Figure 3: Schematic photomechanical engine
cycle starting from open-ring diarylethene crys-
tals of 1a or 2a. Steps 1 & 3 involve chemical

reactions in a fixed unit cell

, thereby generating

stress and strain. Subsequent complete crystal
structure relaxation in Steps 2 & 4 performs
the forward and reverse work, respectively. For
closed-form 1b and 2b, the engine cycle begins

with ring-opening.
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Figure 4: Predicted photomechanical engine cycles for the crystal forms of 1 and 2, with Steps
1-4 in red, blue, green, and purple, respectively. The numbers indicate the energy change for each
step in kJ/mol. The dark gray circle indicates the starting structure of each. Energies are reported

relative to the most stable crystal forms (1a-vy or 2a).
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Figure 5: Anisotropic work density plots for the
forward-direction closing reactions of (a) 2a,
(b) 1a-a, (c) 1la-v, and (d) 1a-3. The heat map
indicates the work density (in MJ/m?) along
different crystallographic directions. Note the
heat map scale for (a) differs from (b)—(d). The
first three exhibit large maximum work den-
sities along high stress and strain directions,
while the 1la-f5 transforms more isotropically
and exhibits much smaller work densities. See
SI Section S2.2 for the complete set of work
density plots.
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