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ABSTRACT: In this work, a combined experiment and theory approach is used to study the cinnamalmalononitrile family of
molecules that undergo a [2 + 2] photodimerization in the solid-state to generate photomechanical actuation. Twelve new
derivatives are synthesized that exhibit two different crystal packing motifs: head-to-head (HH) in which the molecules stack with
the phenyl rings on the same side of the stack, and head-to-tail (HT) in which the phenyl rings of adjacent molecules are on opposite
sides. [2 + 2] photodimerization is only observed for HT packing motif. Attempts to identify chemical substitution patterns that
favor the reactive HT packing based on simple steric and electrostatic considerations fail to reliably predict crystal packing, and
fluorination generated both motifs in more-or-less random fashion. Empirically, substitution at the 3-position favors HT packing
while substitution at the 4-position favors HH packing. Computational modeling suggests that the tendency for HH or HT packing
arrangements stems from complex many-body interactions with the rest of the lattice. Modeling with periodic density functional
theory shows that interactions with the rest of the lattice also explain why the HT motif is photochemically active while the HH
motif is inert. Chemical substitution can also affect the theoretical photomechanical work output of the HT polymorphs. In order to
obtain a reactive HT polymorph, the best strategy appears to entail placing a strong electron-withdrawing group at the 3-position,
and we confirm that an HT polymorph of 3-trifluoromethyl- cinnamalmalononitrile is a highly photosalient crystal, with a predicted
ideal work density of 40 MJ/m?>.

1. INTRODUCTION of the field.” Its synthetic utility has been demonstrated by the

The field of crystal engineering takes a rigorous approach to work of MacGillivray and others, and it has been used to create

designing molecules so their crystal packing can generate new highly crystalline polymer solids as well.”* This solid-state

physical properties, like solubility, elasticity, and thermal reaction has also been harnessed to generate photomechanical
conductivity.l'z The ability of the crystal lattice to organize motion.””"” Vittal and co-workers pioneered a supramolecular
molecules also provides a way to control their reactivity. There

are now many examples of how crystal packing can influence Received: July 24, 2024 e
reaction outcomes, starting with the seminal work of Schmidt Revised:  October 26, 2024

and co-workers that gave rise to the concept of top- Accepted: October 28, 2024

ochemistry.” > Much of that foundational work concerned [2 Published: November 11, 2024

+ 2] photocycloaddition reactions between cinnamate

derivatives, and this reaction has continued to be a workhorse
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Scheme 1. (a) Adding Substituents at the 4-Position can Lead to Steric Interference When Adopting HH Packing (Left) while
the 3-Position can Largely Avoid the Steric Interference in HH Stacking (Right). (b) For Molecules with a Large Dipole
Difference between Ends of the Molecule HT Packing Maximizes the Coulomb Interaction (Left) while a Molecule with a
Small Dipole has Less of a Difference between HH and HT Packing
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approach that resulted in crystals that exhibit dramatic
photosalient effects,'®™** a general phenomenon in which the
photochemical creation of the product raises the potential
energy inside the crystal until it is suddenly released as kinetic
energy by a combination of fracture and/or phase change.”**
Although the [2 + 2] photodimerization is not easily reversed,
it provides a useful way to investigate how molecular-level
reactions can combine to generate a macroscopic mechanical
effect.

We became interested in the potential of the [2 + 2]
photocycloaddition reaction for force generation after
observing that the bimolecular reaction of crystalline 4-
fluorocinnamate (4FCM) could produce ~10X more work
in a bending ceramic template that the diarylethene derivatives
used previously.”® This class of molecules utilizes a divinyl side
group to increase conjugation and shift the absorption to
longer wavelengths and had previously been shown to be
photochemically active in crystal form.”” We sought to
improve the performance of this molecule by adding fluorine
atoms to the phenyl ring and found that the derivatives all
crystallized into one of two characteristic packing motifs.”® In
the head-to-head (HH) motif, the molecules stack with the
phenyl rings on the same side of the stack, while in the head-
to-tail (HT) motif the phenyl rings of adjacent molecules are
on opposite sides. As long as the reactive double bonds are
within 4.2 A of each other, the HT packing motif supports
rapid [2 + 2] photodimerization, while the HH motif is
unreactive regardless of the double bond separation. Because
of the different HH versus HT reactivities, the crystal packing
controls the ability of cinnamalmalononitrile (CM) deriva-
tives to function as photomechanical materials. Computational
work indicated that the HH and HT polymorph energies were
often within 1—3 kJ/mol of each other. In some cases, the
same molecule could be crystallized in either polymorph by
changing the growth solvent.”®

The complex crystallization behavior of the CM derivatives,
combined with their potential utility as photomechanical
materials, motivated us to study them in greater detail. In
particular, we wanted to understand what factors control HH
versus HT crystal packing, since this determines whether the
crystal can be photomechanically active. Our goal was to test
two simple hypotheses. First, we reasoned that substituents at
the 4-position will increase steric repulsion for molecules
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stacked in the HH geometry, raising its energy. On the other
hand, substituents at the 3-position can align on opposite sides
of the stack in the HH motif and avoid this steric interference.
These eftects are illustrated in Scheme 1la. The steric
interference hypothesis predicts that substitution at the 4-
position will favor HT packing, while substitution at the 3-
position will produce more HH crystals. The second
hypothesis centers on electrostatic interactions between
neighboring molecules. The addition or removal of electron
density from the phenyl ring should affect its interaction with
the electronegative CN groups of neighboring molecules. If the
molecule is thought of as a large dipole, then a larger dipole
moment should favor HT packing to maximize the Coulomb
stabilization. On the other hand, substituents that decrease the
net dipole should reduce the Coulomb interaction and make
the HH geometry more likely to be observed. This effect is
illustrated in Scheme 1b. If validated, these two hypotheses
could provide a framework for the design of new materials
based on the CM framework.

In this paper, we show experimentally that the reasoning
described above, based on simple steric and electrostatic
considerations of the monomer pair, fails to reliably predict the
crystal structure trends observed for the 23 molecules reported
here and in our previous paper.”® In fact, we find that most
derivatives behave opposite to the expected trends, with
substitution at the 3-position being the most likely to yield the
reactive HT form. To better understand these experimental
results, we turn to computational modeling. Calculations show
that there is a competition between the interactions within the
monomer pair, which favor HT packing, and those between
the pair and the rest of the lattice that favor the HH motif. By
modeling the solid-state transformations with periodic density
functional theory (DFT), we find that this competition
between the interactions within the monomer pair and those
of the pair with the rest of the lattice is also fundamentally
related to the experimentally observed differences in the HH
and HT solid-state reactivities. Finally, chemical substitution
not only controls crystal packing and reactivity but can also
affect the photomechanical work output, with a significant
variation in work between HT polymorphs composed of
different molecules. The results in this paper significantly
expand the available library of photoreactive phenyl-divinyl
molecules and their crystal structures, providing a new testbed
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Table 1. New CM Derivatives Examined in this Paper and the Abbreviations Used

/N
N
I
N
O\
CHy
30MeCM
N 2
1
N
4CNCM
N N N
=
S S e NN
° ! I I
N N
cl I
4CICM N 3CNCM
N N
X = F N N =z
F Il F Il
F
34FCM 236FCM 25FCM

for theoretical crystal structure prediction models. Eventually,
these models will guide the development of new design
principles for improved photoresponsive molecular crystals.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Sample Preparation. The detailed synthesis of previously
unreported CM derivatives can be found in the Supporting
Information. Most crystals were grown by solvent evaporation.
Typically, 4 mg of the compound was dissolved in 2 mL of solvent.
For all compounds, crystallization was attempted in both a protic
solvent (methanol or ethanol) and an aprotic solvent (CHCl; or
toluene). Testing different solvents was necessary because we
previously found that different solvents could generate different
polymorphs.*® The solutions were placed, in a loosely capped vial and
stored in a dark cabinet while the solvent was allowed to evaporate
over several days. Some growth solutions were placed in the
refrigerator to slow the evaporation rate and enhance crystal quality.
3CNCM and the 4CICM crystals were grown using the solvent
diffusion method. The compound was dissolved in chloroform in a §
mL vial that was then placed open in a 20 mL jar containing isopropyl
alcohol. As the alcohol diffused into the CHCI,, the crystals grew over
the course of a several days. All samples were protected from light
exposure during growth.

2.2. Sample Characterization. Crystal structures were obtained
using a Bruker D8 Venture Duo diffractometer. Details of the X-ray
diffraction analysis for each molecule can be found in the Supporting
Information. For microscopic observation of the crystals, an Olympus
IX70-inverted microscope with an IX-FLA fluorescence observation
attachment with 365, 405, 465, and 532 nm filter cubes was used.
Images and videos were obtained using an Amscope MU1000 camera.
For solution-state spectroscopic measurements, samples were
prepared by dissolving approximately 1 mg of compound in 10 mL
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of chloroform. The solution was then placed into a quartz cuvette
with a 1 cm path length and analyzed in a Cary 60 spectrometer from
200 to 800 nm using a scan speed of 600 nm/min.

2.3. Computational Methods. 2.3.1. Gas-Phase Monomer
Studies. For isolated molecules, dipole moments were calculated
using Gaussian 16 software. The structures were optimized using the
B3LYP functional and cc-pVDZ basis set.

2.3.2. Gas-Phase Monomer Pair Studies. Initial gas-phase studies
of HH and HT monomer pairs were carried out using zeroth-order
symmetry adapted perturbation theory (SAPTO0),””*° which naturally
decomposes intermolecular interaction energies into contributions
arising from short-range exchange-repulsion, electrostatics, induction,
and dispersion. The calculations employed PSI4 v1.7*" and the jun-
cc-pVDZ basis, which performed well in an earlier benchmark study.>
After optimizing the monomer molecular structures with r*SCAN-
3¢,* m-stacked monomer pairs were created with a 3.5 A
intermolecular separation. Two-dimensional interaction surfaces
were then computed by displacing one rigid monomer relative to
the other along the long and short axes of the molecule (holding the
3.5 A separation constant).

2.3.3. Solid-State DFT. To model the solid-state systems, the
experimental crystal structures were optimized in Quantum Espresso
6.5** under periodic boundary conditions using the B86bPBE density
functional®**® with the exchange hole dipole moment (XDM)
dispersion correction.’” A 50 Ry plane-wave cutoff was combined
with the projector augmented wave (PAW) treatment of core
electrons. A Monkhorst-Pack reciprocal space k-point grid spacing of
at least 0.05 A~ was used.

Generalized gradient approximate (GGA) density functionals such
as B86bPBE are convenient for solid-state electronic structure
calculations due to their relatively low computational cost, but they
suffer from density-driven delocalization error,”® which can lead to
artificial stabilization of species exhibiting greater electron delocaliza-
tion relative to those that do not.** The [2 + 2]-photodimerization
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Figure 1. (a) The absorption changes of a single fluorine substitution at various positions on CM. Black shows the spectra of unsubstituted CM,
red shows 4FCM, blue shows 34FCM, and purple represents 2356FCM. (b) The shift in absorption from adding additional fluorine atoms to the

CM structure.

disrupts the z-conjugation in the CM species, resulting in a more
localized electron density in the product molecule than in the
reactants. As a result, delocalization error in a GGA functional will
spuriously destabilize the photodimer product species relative to the
reactants.*” To address delocalization error in the GGA functional
used in this work and obtain more realistic energetics, a single-point
intramolecular energy correction is applied to the final optimized
crystal energies using a higher level of theory*'—in this case, the
double-hybrid revDSD-PBEP86 functional and D4 dispersion
correction.”” In this approach, one computes the periodic
B86bPBE-XDM energy of the crystal, subtracts out the gas-phase
B86bPBE-XDM energy of each isolated molecule in the unit cell
(retaining the crystalline geometry), and adds the gas-phase revDSD-
PBEP86-D4 (“Higher”) energy of each isolated molecule

corrected _ 7GGA Higher
E E + Z (Emolec,i
i

GGA
crystal — “erystal —E )

‘molec,i

(1)

This approximation amounts to computing the intramolecular
interactions with revDSD-PBEP86-D4, and the intermolecular
interactions with the lattice with B86bPBE-XDM. The gas-phase
B86bPBE-XDM energies are calculated in Quantum Espresso using
the same settings, except the molecules are placed in a large periodic
box with at least 20 A spacing in all directions to minimize the
interactions between the molecule in its periodic images. See ref 41
for details. The revDSD-PBEP86-D4 energies were calculated in Orca
5.0" in the def2-QZVP basis set. In practice, the intramolecular
corrections only needs to be computed for each symmetrically unique
molecule in the unit cell, and the results can be multiplied by the
number of equivalent molecules in the unit cell.

2.3.4. Modeling the Solid-State Photomechanical Responses.
Techniques developed in ref 44 were employed to study the [2 + 2]
photochemical reactivity and resulting photomechanical responses of
the crystals. In brief, this idealized model assumes the photochemical
reaction occurs instantly and completely, resulting in a “proto-SSRD”
crystal structure which contains the photodimer product molecules
within the unit cell of the reactant crystal. Starting from the DFT-
optimized monomer crystal structure, the proto-SSRD is generated by
replacing pairs of topochemically reacting monomers in the crystal
with the photodimer product and minimizing the orientational and
translational displacement. A fixed-lattice parameter DFT optimiza-
tion of this structure that produces the final proto-SSRD. Next, a
variable unit cell DFT optimization is performed to relax the proto-
SSRD to the equilibrium SSRD crystal structure. This process
deforms the crystal, and the associated the anisotropic work density
can be computed from the stress and strain associated with the proto-
SSRD relative to the equilibrium SSRD. The idealized photo-
mechanical approach provides an upper-bound estimate for the
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amount of work that could be performed, since experimental
photomechanical crystals may not react to 100% completion, and
they will likely react more slowly and generate less stress by allowing
the lattice to relax as the molecules react. This topochemical modeling
approach has correctly predicted the product crystal structures that
result from the solid-state photochemical reactions of anthracenes and
diarylethenes.****

3. EXPERIMENTAL RESULTS

Our synthetic strategy for making the various CM derivatives is
modular and provides a way to rapidly generate a library of different
compounds. Details of the synthesis and characterization the 12 new
CM derivatives (structures shown in Table 1) are given in the
Supporting Information. This set of molecules significantly expands
the library of CM molecules beyond the 11 derivatives described in
our first paper.”® This new set of molecules has two purposes. First,
we wanted to expand the library of fluorinated derivatives to fill in
some gaps in our previous paper. The molecules 25FCM, 34FCM,
and 236FCM provide new molecules to test whether increasing the
electron withdrawing power attached to the phenyl can favor the HT
motif. The other 9 molecules were prepared in order to examine
whether substituents (X) at the 3-position (denoted 3XCM) and the
4-position (denoted 4XCM) can favor HT versus HH packing.
Including results from our previous paper, the 3 and 4-position
substituents are (from smallest to largest): H, F, Cl, Br, CN, CF;, and
OCHj;. This series of substituents was chosen because (a) they
provided a large range of sizes and electron withdrawing/donating
character; and (b) they provided crystals suitable for X-ray structure
determination. We synthesized CM molecules with other substituent
groups, but if crystals suitable for X-ray structure determination could
not be grown, they were not included in this study. For example,
several CH; derivatives were synthesized, but they had surprisingly
low solubility and we could not obtain crystals suitable for X-ray
diffraction (XRD) structure determination.

The ability of different substituents to modify the electronic
structure of the conjugated CM core could be inferred from changes
in the electronic absorption spectra. The strong electron-withdrawing
CN groups, combined with the extended conjugation of the divinyl
tail, impart some charge-transfer (CT) character to the absorption
spectrum, which helps shift the absorption peak of CM to ~350 nm as
compared to a cinnamate whose absorption spectrum typically peaks
around 300 nm. But this CT character can be partially canceled out by
placing fluorine atoms on the phenyl ring. Figure la shows how the
addition of F atoms systematically shifts the absorption peak relative
to CM, without any appreciable change in the absorption line shape.
When all the fluorinated compounds were analyzed together, we

https://doi.org/10.1021/acs.cgd.4c01033
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found that increasing the number of F atoms systematically shifted the
absorption peak to higher energies, as seen from the plot in Figure 1b.

Substitution of other chemical groups at the 3- and 4-positions can
also lead to substantial changes in the absorption spectrum. We find
that substitution at the 4-position has a much larger effect on the
absorption than at the 3-position. Since a group at the 4-position is
para to the divinyl tail, it will be conjugated with this group and is
expected to have a larger effect than a substituent at the meta position.
This is consistent with the smaller absorption peak shifts seen for the
3XCMs when compared to the 4XCMs, as illustrated for X = Br
(Figure 2a) and X = OCH, (Figure 2b). In order to quantify the
character of different phenyl ring substituents, we elected to use the
Hammett sigma parameter, which has shown to correlate with both
electronic absorption peak shifts'**™** and molecular dipole mo-
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ments*”*® of aromatic systems. In both the 3XCMs and 4XCMs, we
found a good correlation between the peak absorption energy and the
Hammett sigma parameter, as shown in Figure 3a,b. The calculated
molecular dipole moment was also correlated with this parameter, as
shown in Figure 3c,d. Together, these plots confirm that the various
substituents have a systematic effect on the electron density
distribution in the molecule. The next question is whether these
changes influence the crystal packing in a systematic way.

When crystallized, we were surprised to find that all the new
fluorinated CMs packed in the nonreactive HH motif. This
observation showed that F substitution does not systematically
favor one packing motif over the other. Symmetric fluorine
substitution in the molecules 4FCM (HH/HT), 25FCM (HH),
345FCM (HH), 2356FCM (HH) and 23456FCM (HH/HT)
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Figure 4. (a) for 3CICM HT packing while (b) 4CICM shows HH packing. (b) The same trend is seen in (c) 3BrCM and (d) 4BrCM.
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Figure 5. (a) The packing trends for the 3XCMs favoring HT packing. (b) the packing trends for the 4XCMs favoring HH packing.

Figure 6. (a) 3CF;CM gives rise to the expected HH packing which is offset by approximately 45°. (b) 3CF;CM showing the HT packing motif.

yielded the HH and HT forms with roughly equal probability. possible that all the fluorinated derivatives possess HH and HT
Asymmetric substitution in the molecules 2FCM (HT), 3FCM polymorphs that could be uncovered by an exhaustive search of the
(HH), 24FCM (HT), 34FCM (HH), and 236FCM (HH) also crystal growth conditions. However, from our results it is clear that

yielded a similar number of HH and HT forms. No obvious pattern
could be extracted from the results. Previous theory suggested that the
HH and HT forms were very close in energy,” and indeed both
polymorphs could be grown from 4FCM and 23456FCM. It is motifs in a systematic way.

although F atoms are known to be effective crystal growth directors,
in the CMs they cannot steer the packing toward either HH or HT
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minima.

When the phenyl ring substitution position was fixed and the
chemical nature of the substituent was varied, we began to see
patterns emerge. Substitution at the 3-position produced crystals that
were mostly of the HT form, while substitution at the 4-position
favored the HH form. Examples of this effect are shown in Figure 4a,b
for 3CICM versus 4CICM, and for 3BrCM versus 4BrCM in Figure
4¢,d. The complete trend for the 3XCMs is shown in Figure Sa, where
the presence of both HH and HT polymorphs is represented as an
intermediate point between the HH and HT extremes. Except for
3CNCM and 3FCM, all molecules with a substituent at the 3-position
support an HT crystal form. Figure Sb shows the HH/HT trend for
the 4XCMs, where the majority exhibit HH packing.

The different crystal packings gave rise to the expected differences
in photomechanical behavior. All the HT crystals exhibited rapid
photoreaction and a photosalient response except for 4CF;CM, which
packs in an offset HT geometry with the double bonds separated by
4.3 A, just outside the range for photodimerization.”’ Examples of
photomechanical response for some of the HH 3XCM crystals
(3CF,CM, 3CICM, 3BrCM) are shown in the Supporting
Information, Videos S1—S3. In contrast, all HH crystals were highly
fluorescent and showed almost no motion under illumination.
Examples of this lack of response for 4BrCM and 4CICM are
shown in the Supporting Information, Videos S4—S5. After extended
exposure to ultraviolet light (10 min or more), they sometimes
exhibited fading and slight bending, but we attributed this to heating
and/or reaction at induced defect sites, rather than to intrinsic
reactivity. It is noteworthy that crystallization of 3CF;CM from a
nonpolar solvent like xylene causes it to grow in a modified HH motif
with the molecules twisted at ~45° with respect to each other, as
shown in Figure 6a. This twisted form may be an indication that the
bulky CF; groups interfere with the 7—x interactions that would be
expected to drive HH stacking. This polymorph appears to be
photochemically inactive due to a misalignment of the double bonds,
despite the fact that they are relatively close (3.64 A). The HT form
was obtained by crystallization from a polar solvent like CHCl;, and it
reacted rapidly and violently when exposed to ultraviolet light. In our
experience, the photosalient effect can be strongly attenuated when
the crystals are submerged in a viscous medium, but 3CF;CM showed
strong photosalient behavior even when submerged in highly viscous
glycerol. Examples of this response are shown in videos in the
Supporting Information, Video S6. It had a much larger photosalient
response than the other crystals studied in this work.
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4. DISCUSSION AND COMPUTATIONAL ANALYSIS

4.1. Origins of HH versus HT Packing. The results in
Figure S provide strong evidence that our original steric
hypothesis was not correct. We hypothesized that substituents
at the 4-position of the phenyl ring would interfere with each
other, and this should favor the HT form so the two
neighboring groups could avoid interacting with each other.
Meanwhile, the ability of the 3XCMs to stack in the HH form
with the substituents on alternating sides would lower the
energy of this motif and make it more commonly observed.
Instead, we found the opposite trend: 3XCMs favor HT
packing, while 4XCM:s favor HH packing. For the 3XCMs that
did exhibit HH packing (X = CN, F), the X groups line up on
the same side in the crystal stacks, with no evidence for the
alternating side-group stacking that we hypothesized at the
beginning of this work. The data in Figure Sb show that
putting bulky groups at the 4-position is not a viable strategy to
enforce HT packing.

If we consider simple electrostatic effects, it is again difficult
to rationalize the trends shown in Figure S. For the 3XCMs,
the two molecules that support the HH form, 3CNCM and
3FCM, have very different dipole moments, while the
molecules with intermediate dipole moments support HT
packing. Only 3CNCM has an anomalously low dipole
moment (1.8 D) that would be expected to favor HH packing.
Substituents at the 4-position are expected to have a much
larger effect on the molecular electron density because they are
para to the divinyl tail. But here again there is no clear pattern,
with HT packing observed for both large dipoles (CM) and
much smaller dipoles (3CF;CM), while intermediate dipoles
exhibit HH packing. It appears that coarse measures of
electron density, like the molecular dipole moment, are not
sufficient to predict crystal structure trends in the CM class of
molecules.

The failure of our crystal packing predictions based on
simplistic two-body molecular interactions points to the need
for a more sophisticated theoretical approach that can handle
many-body interactions. In fact, when molecular pairs are
considered by themselves, the HT packing is always favored.
Gas-phase symmetry-adapted perturbation theory (SAPTO)

https://doi.org/10.1021/acs.cgd.4c01033
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calculations on z-stacked HH and HT monomer pairs of
3XCM, and 4XCM (X = F, C], or Br) and a 3.5 A separation
between the molecules indicate that the HT pair stacks
arrangements bind ~10—20 kJ/mol more strongly than the
HH ones (Figures 7 and 8). For hydrogen and smaller
halogens, the optimal HT stacking arrangement involves one
molecule being slightly displaced (typically by ~1 A) along the
long (x) axis relative to the other, though the energetic penalty
for small (<1 A) lateral displacements along the short (y) axis
is modest. As the halogen grows in size, however, larger
displacements along both axes become increasingly favorable.
The preferred HH stacking geometry involves either a large,
~3-3.5 A displacement along the long axis or simultaneous
~1-1.5 A displacements along both the long (x) and short (y)
axes of the molecule. The local minima observed in these
monomer pair scans, particularly those with more modest
displacements, are generally consistent with the arrangements
observed in the experimental crystal structures. Comparing
Figures 7 and 8, one also sees that the 3XCM monomer pairs
frequently bind more strongly than the 4XCM pairs, though
the differences are fairly similar across both HH and HT
arrangements. The SAPTO energy decomposition (Figures
S41—546) reveals that HT stacked monomer pairs benefit
from stronger electrostatic attractions and reduced short-range
exchange-repulsion interactions (i.e., less steric interference)
while the HH interactions exhibit moderately stronger
attractive van der Waals dispersion interactions. The attractive
induction (polarization) contributions are similar across both
HH and HT monomer pairs.

Unfortunately, isolated pair interaction energies do not
provide a clear rationale for why certain derivatives adopt HT
or HH packing motifs in the solid state. Given that the HH
stacks consistently exhibit weaker pairwise interactions than
HT ones, the HH crystals must compensate by forming
stronger many-body interactions with the rest of the lattice
such that they achieve similar total lattice energies. For
example, 4FCM, 3CICM, and 3CF;CM exhibit two poly-
morphs each with different dimer arrangements that differ by
only ~1 kJ/mol in lattice energy according to periodic
B86bPBE-XDM DEFT calculations. The calculations suggest
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that the nonreactive HH polymorph of 4FCM, the reactive
colorless polymorph of 3CICM, and the reactive HT
polymorph of 3CF;CM are the more stable polymorphs by
1.3, 1.0, and 1.3 kJ/mol, respectively (though such small lattice
energy differences could easily be reversed by errors in the
DFT models and/or finite-temperature free energy contribu-
tions). Additional evidence for the energy compensation
between HH and HT motifs in the solid-state comes from
our earlier crystal structure prediction study which found many
found many energetically competitive HH and HT structures
for both for CM and 4FCM.**

Finally, we partition the lattice energies for 10 experimental
crystals into the contributions stemming from the interaction
of the HH or HT monomer pair and from the interactions of
that pair with the rest of the lattice. This set includes five HT
crystals (CM, 4FCM, 3CICM, 3CF;CM, and 24FCM) and
five HH ones (3FCM, 4FCM, 25FCM, 26FCM, and
4CNCM). In the absence of the surrounding lattice, the 21
kJ/mol average HT monomer pair interaction energy
component of the lattice energy is 9 kJ/mol stronger than
the 12 kJ/mol average HH interaction. On the other hand, the
HH crystals compensate for these weaker interactions within
the noncovalent monomer pair through interactions with the
rest of the lattice that are 12 kJ/mol stronger than for the HT
ones on average.

In summary, it is difficult to assess whether a HH or HT
crystal will form based on the monomer pair alone; rather, it is
driven by a competition between the interactions within the
monomer pair and the interactions of that pair with the rest of
the lattice. Identifying specific, universal lattice interactions
that stabilize the HH crystals is difficult, due to the wide variety
of the crystal packing motifs. From the dense crystal energy
landscapes found for CM and 4FCM in the earlier crystal
structure prediction study”® and the two additional examples of
experimental polymorphs discussed here, it seems likely that
polymorphism is probably thermodynamically feasible for
many of these systems. Whether those polymorphs are
observed experimentally may simply be a matter of the
crystallization kinetics and conditions.
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4.2, Reactivity Differences between HH and HT
Crystals. To understand why the HT crystals react while
the HH ones do not, we modeled the solid-state photo-
chemical reactions for ten CM derivative crystals using the
crystalline topochemical approach described in the Computa-
tional Methods section.** Consider first 4FCM. While the HT
and HH polymorph lattice energies differ by only 1.3 kJ/mol,
the predicted solid-state photodimerization energies differ
considerably. The reaction energy is endothermic by 55 kJ/
mol in the HT crystal, but it increases to 80 kJ/mol in the HH
crystal (Figure 9). Similar trends span the other eight solid-
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Figure 9. Predicted solid-state photodimerization energies, Egspp —
2E onomen for ten CM derivatives. The total reaction energies are
partitioned into the gas-phase dimer reaction computed in the
absence of the surrounding crystal lattice (using the crystalline dimer
and SSRD geometries) in red, and the contributions from the
surrounding lattice in blue.

state photodimerization reactions examined. The average solid-
state photodimerization energy for the HT crystals of CM,
4FCM, 3CICM, 3CF;CM, and 24FCM is 44 kJ/mol (range
40—55 kJ/mol). In contrast, the average computed solid-state
reaction energy for the HH crystals of 3FCM, 4FCM, 25FCM,
26FCM, and 4CNCM is 80% larger at 80 kJ/mol (range 69—
100 kJ/mol). Similar endothermicity arguments were invoked
previously to rationalize reactive and nonreactive anthracene
crystals.>”

To understand the origin of these reaction energy
differences, we decompose the solid-state energy contributions
for these 10 cases. Figure 9 separates the total solid-state
reaction energy into the “gas-phase” contribution (obtained
from gas-phase calculations on the reactant monomer pair and
the product photodimer using geometries extracted directly
from the DFT-optimized crystal structures) and the “lattice
contribution” which indicates how the photodimerization
energy changes in the presence of the surrounding lattice.
For these ten systems, the average gas-phase reaction energies
for HT (40 kJ/mol) and HH (43 kJ/mol) systems are very
similar. Accounting for the rest of the crystal lattice
contribution increases the HT reaction energies by only 4
kJ/mol on average but substantially increases the HH reaction
energies by 37 kJ/mol on average.

Overall, the calculations thus far have revealed that HH
crystal packing motifs are competitive with HT ones only when
the HH monomer pairs can compensate by forming stronger
interactions with the rest of the lattice. Because [2 + 2]
photodimerization significantly deforms the molecular pair, the
stronger interactions with HH lattices effectively inhibit the
photodimerization of the monomer pairs.

4.3. Photomechanical Transformations in 3CICM and
3CF;CM. Finally, we investigate the experimental observation
that the reactive HT polymorph of 3CF;CM exhibits stronger
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photosalience than the reactive polymorph of 3CICM, again
using the topochemical approach to predict the photo-
mechanical response properties. The modeling (Figure 10)
indicates that both crystals exhibit small net volume changes
upon photodimerization: 3CICM expands 1% and 3CF;CM
contracts 0.3%. The buckling of the 3CICM molecules upon
photodimerization elongates the a axis by 0.4 A (5.7%) and
increases the f angle by 2.9% (Figure 8). Photodimerization
also effectively shortens the length of the molecule along its
long axis, leading to a large 1.2 A (5.9%) contraction along the
b axis. Finally, a small 0.2 A (2.4%) increase in the
intermolecular spacing along the short 3CICM molecular axis
occurs as well to reduce clashes between the adjacent
photodimers. The photodimerization of 3CF;CM has a
qualitatively similar behavior, though the molecular orienta-
tions relative to the unit cell axes differ. The molecular
buckling from photodimerization expands the lattice 1.0 A
(10.7%) along the b axis. The lattice contracts 1.2 A (6.8%)
along the long molecular axis (c axis), and slightly expands 0.1
A (1.5%) along the short molecular axis (a axis). Due to the
herringbone nature of the packing, however, the lateral clashes
created by CF; and other groups upon the photodimer
buckling force the f# angle to increase by a much larger 8.8%.
Given the significant anisotropy in the photomechanical
structural response, it is unsurprising that the work density
plots in Figure 10 are also highly anisotropic. While one might
expect the expansion due to photodimer buckling to produce
the most work density along the b-axis, the largest work density
actually stems from the large ¢ axis contraction in both crystals.
That contraction occurs both because the photodimerized
molecules become shorter along ¢ due to the buckling and
because the buckled photodimers exhibit more favorable C—
H---Halogen interactions with nearby photodimers, especially
for the larger CF; group. In 3CF;CM, the work density is
further enhanced relative to 3CICM by the lateral steric clashes
that induce the large f angle increase. Overall, the computed
~40 MJ/m® work density of 3CF;CM is approximately double
the ~20 MJ/m’ obtained for 3CICM, which could help explain
the more violent photosalient response observed for 3CF;CM.
Experimental verification of this work density would require
measuring the force generated by a single crystal along a
specific axis. The ability to perform such a measurement
depends on obtaining the correct crystal habit, which is
determined by both the crystal packing and the growth
conditions. In this paper, we have not performed a systematic
study of the crystal morphology but have identified a
promising candidate (3CF;CM) for optimization of growth
conditions that would enable such force measurements.

5. CONCLUSIONS

In this paper, we have extended our previous results on the use
of crystal engineering to create photomechanical crystals based
on the CM motif. First, the synthesis of 12 new derivatives and
experimental determination of their crystal structures has
confirmed that the HT packing motif is required to observe the
[2 + 2] photodimerization and photomechanical response. The
reactivity differences between HH and HT crystals can be
rationalized based on the generally stronger interactions HH
monomer pairs form with their surrounding lattice, which in
turn inhibits the molecular deformation associated with the [2
+ 2] photodimerization. Because the formation of stronger
interactions with the lattice appears to be a prerequisite for
adopting HH packing, at least among these minimally modified
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CM species, we suspect that the reduced reactivity of HH-
packed CM crystals is probably quite general. Second, based
on these experimental results, we attempted to identify
chemical substitution patterns that favor the reactive HT
packing. Ideas based on simple steric and electrostatic
considerations about how chemical substitution would affect
HH versus HT packing were shown to be too naive to have
predictive value. Fluorination appears to generate both motifs
in more-or-less random fashion. Computational results
revealed that the competition between HH and HT is a
complex, many-body interaction within the crystal lattice that
cannot readily be explained by consideration of isolated
monomer pairs. Nevertheless, we were able to identify an
empirical trend in which substitution at the 3-position favors
HT packing while substitution at the 4-position favors HH
packing. Third, we wanted to get an idea of whether chemical
substitution could affect the photomechanical work generation
by an HT crystal. Preliminary results suggest that the answer is
yes, with the molecule 3CF;CM generating a strong photo-
salient response experimentally, consistent with the 2X larger
computed work density. Overall, our results suggest that the
recipe for more powerful photomechanical crystals involves
asymmetric substitution at the meta (3) position in order to
increase molecular size while maintaining HT packing and
photoreactivity. The CM system provides a useful case study to
illustrate how molecular structure, crystal packing, and
polymorphism must all be considered when designing a
functional molecular crystal.
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(MP4)

Video S2: 3CICM exhibiting a photosalient effect
(MP4)

Video S3: 3BrCM exhibiting a photosalient effect
(MP4)

Video S4: 4BrCM not exhibiting a photosalient effect
(MP4)

Video S5: 4CICM not exhibiting a photosalient effect
(MP4)

Video S6: 3CF;CM in glycerol showing motion (MP4)
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