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ABSTRACT: Flexible organic crystals enabled by cooperative phase
transitions attract enormous interest in solid-state chemistry to produce
light, biocompatible, and environmentally benign devices. The recently
unveiled super- and ferroelastic organic semiconductor crystals provide a
pathway to achieve ultraflexible single-crystal electronics. However, the
mechanistic understanding of cooperative transitions in organic crystals is
rather at the nascent stage, and most of such studies rely on the trial-and-
error approach in molecular design. Compared to the well-studied phase
transition in metallic alloys, the key challenge in understanding the
organic phase transitions is the elusive crystallography involving intricate
molecular dynamics and defects. Here, we leverage the phase trans-
formation theory, genetic algorithm refined molecular modeling, and
experimental validation to study the versatile cooperative transitions in
bis(triisopropylsilylethynyl)-pentacene semiconductor crystals. The mo-
lecular rotation governed thermoelasticity, interconvertible super- and ferroelastic transitions, and molecular twinning are
systematically studied by integrating the lattice crystallography and molecular motions. We illustrate the molecular defects of
disclination dipoles and molecular stacking faults associated with the molecular twinning process. The fundamental understanding
underpins the molecular mechanism of cooperative transitions in a variety of organic solids to promote a new avenue of
environmentally responsive organic devices.
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B INTRODUCTION

Organic crystals were deemed still and brittle. Such a
perception has been defied by the recent reports of flexible
and bendable organic crystals.' > The emergence of the
unconventional phenomena in organic solids, such as rapid
shape reconfiguration induced by heat, pressure, or light,
attracts enormous interest from solid-state chemists to produce
light, biocompatible, and environmentally benign devices."™ "
The flexibility of organic crystals is generally manifested by
elastic and plastic deformation. Materials subjected to elastic
deformation can regain their original shape after releasing the
stress while plasticity can disrupt the structure and result in
irreversible deformation. Reddy et al. reported remarkable
elasticity in caffeine cocrystals, which was attributed to the
rearrangement of the three-dimensional weak network formed
by CH—7 interactions." Naumov and co-workers found that
the gliding of stacked molecular layers gave rise to high
plasticity in hexachlorobenzene crystals.” More interestingly,
Takamizawa et al. demonstrated the terephthalamide crystal >
and 4,4'-dicarboxydiphenyl ether crystals'®> which can with-
stand large deformation while retaining structural integrity
through either polymorphic transitions or lattice reorienta-
tions. Such characteristics are reminiscent of superelasticity
and ferroelasticity in shape-memory alloys—in superelasticity,
the daughter phase becomes unstable, and the initial mother
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phase reemerges upon releasing the stress, while
ferroelasticity is typically facilitated by lattice reorientation,
and the structure recovers the original shape upon loading in
an opposite direction.'® Deformable organic crystals have
recently sparked vast attention in crystal engineering and
pharmaceutical engineering.'”~'? Nevertheless, most of those
organic solids comprising simple hydrocarbon groups, albeit
intriguing, are limited by their functionalities.

Molecules and polymers with extended #-conjugation
warrant intensive studies in the emerging field of organic
semiconductors owing to their effective charge transferability
and solution processability. They are now actively pursued in
the development of flexible and printed devices, such as solar
cells, light-emitting diodes, field-effect transistors, sensors,
wearable devices, and electronic skins.>*! Chung et al
reported thermoelasticity and shape memory in two molecular
organic semiconductors, ditBu-BTBT and TIPS-pentacene.”
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Thermally triggered rapid cooperative phase transition and
associated shape and function memories were observed for
both molecules within seconds. Lately, we unveiled super- and
ferroelasticity in the TIPS-pentacene crystal which can tolerate
a tensile strain of over 13% while maintaining the high charge
carrier mobility.”* This finding provides a pathway to achieve
ultraflexible high-performance single-crystal organic elec-
tronics. To harvest the superelastic deformability in organic
crystals, especially in the semiconducting organic crystals, a
profound mechanistic understanding of cooperative transitions
is imperative to develop principles of molecular design. In
experiments, X-ray characterization and Raman spectroscopy
can help examine the static crystallographic relations of
different polymorphs. However, the intricate dynamics of the
molecular structure during the polymorphic transitions
challenges a direct experimental observation as such events
occur in an extremely short time scale (usually within
seconds). To this end, a molecular level understanding is
desired to scrutinize the dynamic changes of the packing
structure upon the cooperative transitions. By employing
molecular dynamics simulations, Cuppen et al. pointed out
that the local fluctuation in the conformation of the aliphatic
chains gave rise to the temperature-induced polymorphic
transition of DL-norleucine crystals.'” Complementing
Chuang’s experimental work, Geerts et al. provided the
simulation evidence of rotating side chains in the thermoelastic
transition of semiconducting ditBu-BTBT materials.”” In our
recent work, we revealed that the cooperative rotational and
displacive molecular motions facilitated the super- and
ferroelasticity in TIPS-pentacene crystals using ab initio
modeling and molecular simulation.”> However, the concepts
of “local fluctuation” and “cooperative rotational and displacive
motions” are not sufficient to populate the vacant knowledge
space regarding the kinetics and energetics of the thermo-,
super-, and ferroelastic transitions in conjugated molecules.
Superelasticity and ferroelasticity are well documented in
metallic alloys, and materials theories have been well
developed to guide the design of shape memory alloys.'*'®
Although the cooperative transitions of organic solids involve
complicated conformational changes due to the intricate intra-
and intermolecular interactions, they share a few common
features of homogeneous lattice deformation in the martensitic
transitions in metals and ceramics. Here, we transfer the prior
knowledge about the phase descriptor and phenomenological
theories of martensitic transition in metallurgy'® to the organic
system. With the aid of genetic algorithm refined atomistic
modeling (Materials and Methods), we systematically
investigate the thermomechanically induced cooperative
transitions in TIPS-pentacene semiconductors. Figure 1
sketches a phase diagram in the space of thermal (T-axis)
and mechanical (c—¢ plane) load. The reversible polymorphic
transition can be regulated by the change of temperature
through thermoelasticity. The high-temperature (HT) phase
transforms to the low-temperature (LT) phase via super-
elasticity under a shear load (6—é plane). The LT phase
deforms through ferroelasticity and deformation twinning.
Different types of superelasticity and ferroelasticity can be
triggered by prescribing load in different directions. The
twinned domains can also revert to their original orientation by
reverse mechanical load or thermal treatment. We demonstrate
for the first time the thermoelastic transition manifested by
backbone rotation, the interconvertible behavior of super- and
ferroelasticity, the diffusive interface in superelastic transition,
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Figure 1. Sketch of the phase diagram of the TIPS-pentacene
semiconductor crystal in the space of temperature—stress—strain
exhibiting thermoelasticity (TE), superelasticity (SE), and ferroelas-

ticity (FE).

and molecular defects of disclination dipoles and stacking
faults in the twinning process. The theoretical framework
integrating both lattice crystallography and molecular motions
can find use in analyzing the mechanisms of homogeneous
cooperative transitions in a variety of organic solids, especially
in the conjugated semiconducting materials. The comprehen-
sive molecular understanding will help open new avenues for
rapid, reversible modulation of electronic and optical proper-
ties in organic crystals by means of molecular selection and
design.

Molecular Rotation Dominated Thermoelasticity.
Thermoelasticity underlies the reversible martensitic transi-
tions of materials upon heating and cooling. It involves rapid
mechanical reconfiguration resulting from the sudden crystallo-
graphic changes of the thermally induced polymorphic
transitions. Such thermosalient phenomena™ in molecular
crystals elicit changes not only in the intermolecular packing
but also in intramolecular conformations. To illustrate the
complex structural transformation in molecular crystals, we
construct a coordinate scheme shown in Figure 24, where 4, b,
and ¢ represent the lattice of the primitive cell, and %, 7, and w
dictate the molecular orientations. Specifically, the vector ¥
aligns with the molecular backbone direction, and # connects
the molecular mass center with the Si atom in the side group;
is determined by the cross product of ¥ and w. @, @, and 6 are
three Euler angles characterizing the rotation of the molecule
about the three orientation axes (i, ¥, and w) with respect to
its original orientations. Our prior experiments of differential
scanning calorimetry showed two first-order polymorphic
transitions of TIPS-pentacene (i.e, Form I/Ib-to-Form II
and Form II-to-Form IIT)** associated with the major changes
in the lattice parameter b and the angle y. To examine the
underlying molecular mechanism, we adopt an evolutionary
genetic algorithm to refine the molecular force field (Materials
and Methods), which enables us to model the phase transitions
of TIPS-pentacene under various thermal and mechanical
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Figure 2. (A) Unit cell of the TIPS-pentacene molecular crystal. (B) Experimental (blue squares) and simulation (red circles) results of the change
in the b-lattice parameter during heating. (C) Molecular crystal structures of Form I (blue) and Form II (red) show the angular rotation 6 of the
molecular orientation in the ab plane. (D) Contour map of the order parameter of 14 molecules when temperature increases. The average order
parameter demonstrates the second-order and first-order phase transitions upon heating. (E) Phonon densities of states show the phonon softening
when the structure morphs from Form I (green curve) to Form II (red curve).

loads. Figure 2B shows the experimental (blue squares) and
simulation (red circles) results of the change in the b-lattice
parameter during heating. The discrepancy of ~2% in
experiments and modeling for Forms II and III is not
significant considering the limited model size (~12 nm in b)
used in the force field training. The abrupt increase of the b-
lattice parameter at 400 K and 493 K indicates the first-order
phase transition of Form I/Ib-to-II and of Form II-to-III,
respectively. Furthermore, a second-order transition of Form I-
to-Ib is observed with a continuous change of the lattice
parameter but a discontinuity in the slope of the lattice
parameter at ~353 K.* Since the two first-order transitions are
similar, we focus on the phase transition of Form I-to-II within
the temperature range 300—423 K. An order parameter is
desired to represent individual phases. We determine the order
parameter based on the symmetry of the base-centered plane
in the monoclinic lattice, consisting of a center molecule and
four first nearest neighbor molecules (Figure 2C). The order
parameter is defined as &, = %(1 — cos(5i)), with §, = —”([)i__p’)
1
and p; = (d, + d,) — (d, + d5), where d; refers to the distance
between the center molecule (r,) and each neighbor molecule
(rj), and p; and p, are calculated for the initial and final
structures, respectively.

Using the lattice structures obtained from XRD experiments,
the p values for Forms I, II, and III are approximately 5.0, 2.0,
and 0.0, respectively.”> A smaller value of p denotes a more
symmetric coordination environment around the center
molecule. Therefore, the decreasing value of p from Form I
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to Form III indicates the increase of symmetry during the
heating-induced polymorphic transition. The order parameter
& varies from O (blue) to 1 (red), corresponding to a
polymorphic transition from the parent phase to the daughter
phase (e.g, Form I to Form II transition). The lattice
deformation is quantified by the deformation gradient matrix F
transforming the original lattice coordinates (4, b, and ¢) to the
new coordinates (@’, b’, and ¢') in the deformed unit cell,

099 -—-0.21 0.11
which is calculated as F =|—-0.04 094 —0.12| The
0.02 0.03 1.04

deformation matrix shows that the lattice cell undergoes a
shear deformation of —0.21 in the ab plane and a tilt of the ¢-
axis in the three-dimensional space. The shear strain results in
a reduction of 9.6° in y between the vectors @ and b, which is
close to the experimental value of y changing from 82.2° in
Form I to 72.1° in Form II (Table S1). Meanwhile, the change
in molecular orientation can be described by the Euler
rotational angles. The Euler angles [6, ¢, w] are calculated as
[9.5°, —1.6° 2.1°], where the major change of 9.5° in angle
arises from the counterclockwise molecular rotation about the
w The result demonstrates that molecular rotation dominates
the thermal-induced phase transition from Form I to Form IL

The polymorphic transition of Form I-to-II is accompanied
by the homogeneous nucleation and growth of the daughter
phase where the nuclei of Form II are randomly distributed
within the parent Form I (Figure S1). Here, we plot the
evolution of the order parameter for 14 adjacent molecules in a
row and the average order parameter of the whole supercell in
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Figure 4. (A) Sketch of the lattice transformation of ferroelasticity and superelasticity in Form II. The cells of different colors represent different
polymorphs of distinct molecular orientations. (B) Contour plot of the molecular rotation of 10 molecules in Form II under (1 0 0) shear load. The
black arrows are the vectors representing the direction of the molecular orientation. (C) Molecular potential energy as a function of the shear strain
when Form II is deformed by shear. The insets show the deformation twinning associated with FE (left) and lattice transition from Form II to

Form I associated with SE (right).

Figure 2D. Within the temperature range 300—353 K, most
molecules are retained in Form I. Bypassing 353 K, the green
domain gradually dominates with a small bump in the average
order parameter indicating the second-order phase transition.
The abrupt jump of the average order parameter is observed at
~400 K. A sharp green-to-red transition is observed in the
contour map signifying the first-order transition of Form Ib to
Form II. We analyze the thermodynamics of the phase
transition. At low temperature, Form I is favored by its lower
enthalpy and is thermodynamically more stable compared to
Form II. When temperature increases, an increase of entropy in
Form II is expected to reduce the free energy and triggers the
Form I-to-II transition. Since no change of the chemical,
electronic, or magnetic states is involved, the entropy change of
the diffusionless transformation is mostly vibrational.*® Figure
2E shows the comparison of the vibrational phonon density of
states (PDOS) for Form I and Form 1I at the frequency region
0—450 cm™". A clear phonon softening is observed, where the
PDOS of Form II is enhanced and shifted to the lower
frequency regime. This result is consistent with the Raman
spectrum experiment (Figure S2), which identifies the Form I-
to-II transition by detecting the peak shift to the lower
frequency regime. The phonon softening leads to an increase
of 8.7 kcal/mol in the vibrational entropy (Materials and
Methods), which is comparable to the value of 10 kcal/mol in
our previous calorimetry measurements.”> PDOS is contrib-
uted by both the intra- and intermolecular vibrations. The
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phonon softening usually correlates with the increase of the
collective atomic motions,””** which may be attributed to the
symmetry enhancement in the Form I-to-II transition that is
promoted by the cooperative rotations of the conjugated
backbone and side groups. A similar observation was reported
in the martensitic transition of NiTi alloy, where the lower-
symmetry B19’ is thermally transformed into the higher-
symmetry B2 phase accompanied by the phonon softening and
entropy increase. ?

Interconvertible Behavior of Superelasticity and
Ferroelasticity. Superelasticity is generally achieved by a
reversible martensitic transition. The austenitic (mother)
phase spontaneously reforms when the external load is
released. As a comparison, ferroelasticity is often accomplished
by deformation twinning, and the structure recovers its original
shape when loaded in an opposite direction. Figure 3 shows
the snapshots of the molecular structure in the ferroelasticity
and superelasticity of TIPS-pentacene at 400 K. The molecules
of different phases are color-coded by the order parameter.
This demonstrates that SE and FE are interconvertible in Form
II under (1 0 0) shear. The interconvertibility represents the
shear deformation along [1 0 0] transforming Form II to a
twinned phase, while the opposite load along [1 0 0] recovers
Form II to the original shape, and a further increase of the
shear strain leads to the superelasticity and a self-recoverable
transition of Form II-to-1. Figure 3B plots the corresponding
stress—strain responses. A large hysteresis loop in the shear

https://dx.doi.org/10.1021/acs.chemmater.1c00080
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Figure 5. (A) Illustration of the twinning elements of FE-I in Form II. (B) Snapshots of the molecular structure showing the metastable phase
(red) and the twinned phase (blue). The twinning angles in the modeling match well with the experimental observation (optical image). (C)
Correlation between the molecular rotational angle (red) and the angle (2a) between the conjugated twinning planes (blue). The dotted curves
denote the mean values for five different cells in the modeling, and the shaded areas represent the standard deviations. (D) Two-step twinning

formation achieved by molecular disclination dipoles.

cycle is shown in the ferroelastic process, while superelasticity
proceeds with a much smaller stress hysteresis.

Figure 4A illustrates the lattice transformation of ferroelas-
ticity and superelasticity in Form II. The cells of different
colors represent different polymorphs of distinct molecular
orientations. Although SE and FE involve distinct lattice
changes and molecular motions, they share the same (0 1 0)
habit plane, which provides the crystallographic basis for the
interconvertible behavior. Lattice transformation in SE and FE
can be described by the deformation gradient matrix and the
Euler rotational angles. For FE, the lattice deformation matrix

1.03 -0.28 0
is F=|006 106 0| which shows a simple shear
—0.01 0 1

deformation with a shear component of —0.28 in the ab
plane. The Euler angles [0, ¢, @] are [11°, —3°, 0.57°], where
the major orientational change is the counterclockwise rotation
in 0 about the w-axis. In SE, where the Form II-to-I phase
transition occurs, the Bain strain matrix'® is calculated as

099 020 0
B =|-0.03 0.89 0| which shows a simple shear compo-
0.02 0 1

nent of 0.20 and a compression of 0.11 along the b-axis upon
the transition. The associated Euler angles are [—9.8°, 8.9°,
1.8°]. The clockwise rotation of 9.8° in & denotes the shear
deformation. Meanwhile, a notable change of 8.9° in ¢ occurs
as molecules rotate counterclockwise about the v-axis, which is
related to the shrinkage in the b-lattice parameter. It is worth
noting that the characteristic shear strain in the Bain matrix
and the 0 angle in the Form II-to I superelastic transition are
opposite to those of Form I-to-II thermoelastic transition,
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showing the equivalence of thermal and mechanical load on
modulating the polymorphic transitions.*’

The concerted molecular rotation is a striking characteristic
of SE and FE in the organic crystal. Figure 4B shows a contour
map of the molecular rotation for 10 molecules in a row under
(1 0 0) shear deformation. The color scheme represents the
change in angle 6 with respect to its original value. The black
arrow denotes the positive 7 vector of each molecule, which
aligns with the direction of the molecular backbone. All
molecules in the supercell of Form II are subjected to a shear
strain with the magnitude varying from —17.5% to +11.5%.
During the shear deformation, the molecular orientation is
collectively adapted to the shear direction. Such rotational
adapting behavior is perhaps analogous to the process where a
magnetic/electric dipole (p) seeks to align with the applied
magnetic/electric field (B) in favor of the energy reduction E =
—p-B.”" Intuitively, we may regard each molecule as an
independent and rigid “compass needle” exposed to the stress
field. Compared to the [1 0 0] shear-induced superelastic
transition, ferroelastic twinning is expected to carry a larger
energy reduction of the system because the molecules need to
rotate by a bigger angle to align with the [1 0 0] shear (see the
sketch in Figure 4A). In FE, a sharp transition front of the
molecular orientation is observed at —7.5% shear strain, where
the molecules flip the orientation concurrently so that the
projection of the molecular orientation becomes parallel to the
shear direction. Such concerted rotational motion is absent
when the molecules are subject to [1 0 0] shear in SE, where a
diffusive transition front at ~5% strain is observed in the
contour map. The asynchronous molecular orientations in the
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(0 1 0) layer are also evident in both the experiments and
molecular trajectories of SE (Figure 3A). The structural
responses of SE and FE are related to their difference in the
potential energy profile (Figure 4C). The potential energy of
ferroelastic deformation increases linearly in the early elastic
response to the shear deformation and then quickly drops after
the barrier of the concerted drastic rotation of molecules is
passed. In comparison, the potential energy of SE continuously
increases with a slight drop when the transition occurs at
~4.5% shear strain, when the molecules orientate along the
shear direction. Overall, the superelastic transition is absent of
the dissipation mechanism of the free energy, and the stored
mechanical energy facilitates shape recovery upon removal of
the shear load. Deformation twinning is the carrier of the
substantial energy loss in FE. The molecules restore the initial
shape through detwinning under a reverse load. The inset in
Figure 4C sketches the lattice changes in FE and SE, with the
upper cell showing the transformed phase and the lower one
the original Form II. From the lattice transformation matrix,
we learn that the simple shear deformation in FE renders the
original and transformed lattices packed with a mirror
symmetry, which minimizes the interfacial energy and stabilizes
the phase boundary. In contrast, the compression in the b-axis
shown in the Bain strain matrix for SE dictates a considerable
strain energy at the Form II-I interface, which in turn
contributes to the spontaneous shape recovery upon
unloading.

The interconvertible SE and FE demonstrate the rich
polymorphic changes in TIPS-pentacene adaptive to the
external load. Such interchangeability is absent in shape
memory alloys because the transitions in atomic compounds
only involve displacive motions of atoms. The indistinguish-
able atomic orientation at each lattice site in metallic alloys
cannot render the distinct transitions on the same habit planes.
The molecular packing enhances the mechanical versatility of
organic systems. Mechanical deformation can be potentially
utilized during and/or after solution processing to manipulate
the molecular structure and used as an effective way to
investigate their structure—property relationships in various
polymorphs.*"**

Molecular Twinning. We make a closer examination on
the nucleation and crystallographic principle of molecular
twinning in the ferroelasticity of TIPS-pentacene. We
described two types of ferroelasticity mediated by deformation
twinning in Figure S3—FE-I by [1 0 0] shear and FE-II by [0
1 0] tension at 300 K. In the two ferroelastic transitions, Form
I first transforms to an intermediate metastable phase and then
forms the twinned phase. We determine the molecular kinetics
of the two forms of ferroelasticity separately. Phenomeno-
logical theories'™*® are also used here to describe the
crystallography of twinning in molecular crystals. In FE-I, the
base centered lattice shown in Figure SA is used to present the
molecular trajectories, where one molecule resides at each
corner, and two molecules occupy the center of the front and
back planes, respectively. The crystallographic relationships
between the parent and twinned lattices can be described by
four independent twinning elements (K, Ky, 7,, 77,).'*** In
FE-], K, is the undistorted and unrotated habit plane (0 1 0).
K, is the conjugated twinning plane which is undistorted but
rotated. This plane is marked as Kj in the twinned lattice. K,/
Kj is the (2 1 0) plane in FE-I. The molecules in the K, plane
point to the [1 2 0] direction, which is defined as the 7,/7;
conjugated twinning direction. 77, denotes the shear direction
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[1 0 0]. Along the 7, direction, twinning proceeds with a shear
amount of S = 2 tan(a), where the angle a represents half of
the angle between 7, and ;. Upon deformation twinning, the
molecular backbone along the #, direction (v-axis in Figure
2A) rotates in the counterclockwise direction. With the given
initial molecular crystallography of Form I, @ can be
theoretically determined as 20°. The twinning elements (K,
K, 1, 11,) fully describe the deformation gradient matrix in the
following form:'®

1+ smpn,  smn, smyn,
S=| smyn 1+ smyn, smyn,
smahy smyn, 1+ smyn,

where m represents the twinning direction, and 7 is the normal

vector of the K; plane. In FE-I, the shear amount is given by s
= 2 tan(20°) = 0.73. m and # are [1 0 0] and [0 1 0],
respectively. These values determine the deformation matrix as

[1 —-0.73
0 1

0 1 (1)] In the simulation, the deformation matrix is

-0.74 0
1.081 (l)}, which agrees well with the

[ 101
calculated as [—0.04
—-0.02 .
theoretical prediction. The Euler angles [6, ¢, @] are further
determined as [42.7°, —4.2°, —4.0°], which shows the
characteristic rotational change of 42.7° in 6 in the FE-I
transformation.

The molecular structures of the intermediate metastable and
twinned phases are shown in the snapshots of Figure SB. Upon
[1 0 0] shear, the molecular backbones rotate counterclockwise
by 20° generating a metastable phase with the molecular
packing close to Form III. A further counterclockwise rotation
of 20° leads to the final phase with a mirror symmetry of the
pristine polymorph. The twinning angles in the modeling
match well with the experimental results as shown in the
optical imaging. Figure 5C illustrates the correlation between
the molecular rotational angle and the angle between the
conjugated twin planes 2a. The dotted lines denote the mean
values for five different cells, each containing five molecules, at
different locations of the entire simulation model in order to
minimize the statistical variation. The shaded areas represent
the standard deviations. The molecular structural features
demonstrate that deformation twinning in ferroelastic trans-
formation is dominated by the overall molecular rotation. The
orientational motion at the twinning interface is close to the
concept of a disclination, which is an extended structure
originally proposed by Volterra® and has been used to
describe the linear rotational defect in the reorientation of
molecules in liquid crystals.’”® Under external (thermal,
mechanical, electrical) stimuli, a rapid change in the preferred
orientation in the vicinity of a line/point is recognized as
disclination.”” Molecules in TIPS-pentacene in the (0 1 0)
plane have sufficient flexibility to adapt their orientations to the
external shear as shown in Figure 4B, which behave similarly
with the loosely packed molecules in liquid crystal. By this
analogy, we define the orientational perturbation in the
twinning process of FE-I as the molecular disclination dipole,
as shown in Figure 5D. Here, individual layers show molecular
rotations, rather than translations, and thus are indicative of
disclination rather than dislocation movement. In the
intermediate phase, a counterclockwise rotation of +6 (20°)
in the upper transformed layer (red molecules) is required
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Figure 6. (A) Twinning elements of FE-II in Form II. (B) Snapshots of the molecular structure upon mechanical load showing the metastable
phase (red) and the twinned phase (blue). The optical image shows the crystallography of twinning and a surface crack in experiments. (C) Two-
step formation mechanism of twinning by the stacking faults. (D) Snapshots (upper panel) demonstrate the ejection of a molecular dislocation
accompanying the twinning process. The lower panel shows the magnified view of vacancy formation and dislocation climb in the (2 1 0) layers.

while a clockwise operation of —@ can recover the initial state
at the lower bound. Such paired rotational operations are
defined as molecular disclination dipoles. The metastable
phase proceeds by an additional pair of +6 rotational
operations and forms the twinned phase (blue molecules).
Compared with the continuous variation in molecular
orientation in liquid crystals, the disclination dipoles in
TIPS-pentacene have well-determined, quantized rotational
operations and therefore retain their molecular order. The
shearing operation of twinning and martensitic transformation
in metals'”'® is considered to be carried out through
coordinated dislocation movement, which translates each (or
every other) layer of the crystal individually. The rotational
operation of an individual molecular layer does not accumulate
with dipoles as it would with individual disclinations and is
carried on sequentially by the successive layers, which
eliminates potential molecular packing faults. Hence, the
unique molecular disclination dipoles promise a strong
structural integrity in FE-I. The molecular packing in both
the experiments and simulations is well retained without
structural disruption.

Following the same procedure, we analyze the crystallo-
graphic principle of twinning in FE-II. As sketched in Figure
6A, the base centered lattice cell is subject to a [1 2 0] shear
with a habit plane of (2 1 0). The conjugated twinning plane
and conjugated twinning direction are (0 1 0) and [1 0 0],
respectively. It is interesting to note that the twinning elements
of FE-II are essentially the reciprocal of those of FE-I: K} =" =
KEF, RGBT = REET Rl _ e g pEETL = pFETLS The
twinning in FE-II is mainly driven by the [l 2 0] shear
component of the applied tension in [0 1 0], while other stress
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components cause tilt of the lattice. In the phenomenological
theory, deformation twinning in FE-II is described by keeping
its interface plane unrotated during the transition. The
twinning elements to construct the deformation gradient
matrix are s = 2 tan(20°) = 0.73,m = [1 2 0], and 71 = [2 1 0],

0.64 018 0
which yields the deformation gradient matrix —%73 1,86 0l
1

The theoretical prediction is again close to the lattice

0.69 0.18 —0.01
deformation matrix in the simulation |[—0.64 121 0.08
—0.04 0.02 1.01

Given that the molecular backbones are coaligned on the (2 1
0) habit plane (Figure 6A), and the shear direction [1 2 0]
aligns with the backbone orientation, the deformation twinning
in FE-II is accommodated by the displacive motion of the
molecules rather than the rotational disclination as described
in FE-I. The twinning kinetics also consists of two steps, where
a metastable phase first emerges along the habit plane before
the formation of the twinned phase (Figure 6B). The twinned
molecular structure in the simulation agrees well with the
optical observation in the experiments. We also note that
surface cracks along the [1 1 0] direction in the twinning
configuration are often observed in the FE-II experiments,
which largely compromise the electronic performance of the
stretchable semiconductor device over cycles. The formation
mechanism of twinning and cracking is understood by the
stacking faulting and molecular dislocations. Figure 6C
demonstrates the stacking sequence of ABCDE along the [2
1 0] direction of TIPS-pentacene. Due to the two-dimensional
brickwork packing molecular structure, the ABCDE stacking
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follows an alternative transformation sequence, that is, A = C
— E = B = D — A, upon the displacive motion. A stacking
fault can be formed by the molecular partial dislocation

» 1, A .
b= & where g denotes the vector connecting the two

adjacent molecules on the (2 1 0) habit plane (Figure 6C).
Figure 6C illustrates the details of the two-step mechanism of
the twinned Form I based on the stacking faults. First, a
metastable phase is produced by the motion of the partial
dislocations on “odd number” alternate layers, where the
original stacking sequence of EDCBAE is transformed locally
into the sequence BABABA. Then, the twin embryo is
generated by a further motion of partial dislocations on the
“even number” alternate layers, resulting in the final stacking
sequence of BCDEAB. Such a two-step formation process of
molecular twinning in TIPS-pentacene is analogous to the
FCC/HCP twinning mechanism where, in the FCC lattice,
Shockley partial dislocations transform the stacking of
ABCABC in FCC to an intermediate stacking of ABABAB
(HCP) and eventually to the stacking of ACBACB as twinned
FCC.* The stacking faulting correlates with the phenomeno-
logical theory (Figure 6A). Half of the twinning shear amount
is essentially the ratio of the length of the burgers vector b to
the spacing of the {2 1 0} plane. This sequential stacking
transition guarantees the undistorted conjugated twinning
plane K] in the twinned phase. In the twinning transition, the
glide motion of (2 1 0) molecules may result in the ejection of
a full dislocation. The upper panel in Figure 6D depicts four
representative molecular trajectories in this process. For ease of
view, we show the details of three (2 1 0) molecular layers of
interest in the lower panel. The three layers are initially packed
as twinned Form I (first snapshot). Two vacancies are
generated by the asynchronous gliding of the neighboring
molecules within one molecular layer (second snapshot),
possibly due to the inhomogeneity of the strain field near the
surface or thermal fluctuation. Then, two adjacent molecules
(orange in the third snapshot) tilt their backbone orientation
toward the center of the vacancies in response to the attractive
forces from the dangling intermolecular “bonds” around the
vacancies. The newly formed intermolecular bonds migrate the
molecules originally in layers 1 and 2 to the layers 2 and 3,
respectively, which results in the climb of the vacancies across
the (2 1 0) habit plane (fourth snapshot). After equilibrium, an
extra half-plane is formed in the model with the appearance of
a step crack along the [1 1 0] direction that verifies the
experimental observation. Both the formation and climb of
vacancies involve the cooperative motion of a molecule pair,
which may arise from the pair attraction between two adjacent
backbones as well as the steric hindrance effect of the side
groups of two nearest molecules. To prevent crack formation
due to the asynchronous molecular glide, a slight increase in
temperature may eliminate the precursor of the vacancies, or a
design of less bulky side groups may help reduce the glide

resistance from the neighboring molecules.

B CONCLUSIONS

We systematically study the thermodynamics and evolution of
the lattice structure, molecular conformation, and interfacial
kinetics of the versatile cooperative transitions in TIPS-
pentacene molecular crystals. The quantitative agreement
between molecular modeling, theoretical analysis, and experi-
ments demonstrates that the three-dimensional molecular
rotations dictate the lattice transformation in the thermo-,
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super-, and ferroelastic transitions. The interconvertible
behavior of super- and ferroelastic transitions represents the
distinct directional responses of the molecular crystal under (1
0 0) shear loading. We elucidate for the first time the
molecular defects of disclination dipoles and molecular
stacking faults associated with molecular twinning. The
mechanistic understanding sheds insight on devising the
cooperative transitions in a variety of organic solids for a
new avenue of environmentally responsive organic electronics
through molecular design.

B MATERIALS AND METHODS

Molecular Dynamics. The simulation is carried out using the
molecular dynamics software LAMMPS package.’”” The OPLS-AA
force field** is adopted to describe the molecular interactions. The
supercell of Form I is built by expanding the unit cell obtained from
the XRD experiments, containing S1 200 atoms (512 molecules) with
a size of 12.8 nm X 12.3 nm X 3.3 nm (along the X, Y, and Z
directions). The structure is energetically relaxed under NPT at 300 K
and zero pressure for 0.5 ns. Heating is conducted in the range 300—
550 K with a heating rate of 0.625 K/ps. The generated Form II
supercell at 400 K is subject to (1 0 0) shear to induce the SE and FE-
L. At 300 K, FE-I and FE-II are induced by applying [1 0 0] shear and
[0 1 0] tension on the supercell (12.8 nm X 30.8 nm X 3.3 nm) of
Form I, respectively. The [0 1 0] tension is performed by applying a
tensile load along the y-axis in the Cartesian coordinate to preserve a
constant loading direction and rate. The shear strain with an
engineering strain rate of 0.02%/ps is applied under NVT. The tensile
load is applied under NPT with a strain rate of 0.02%/ps, while the
supercell size in other dimensions is allowed to shrink. Unloading is
conducted by applying the reverse shear/tensile strain until the
resultant strain is reduced to zero. The resolved stress/strain
relationship along the shear direction [1 2 0] is calculated in FE-
IL*" Periodic boundary conditions are prescribed in all directions.
Temperature and pressure are controlled using the Nosé—Hoover
thermostat and barostat with a time step of 0.1 fs.

Genetic Algorithm Training. In the OPLS-AA force field, the
energetic parameters for intramolecular interactions (bond, angle,
torsional, improper) were carefully calibrated in our previous work.>
This study focuses on the parametric training of the intermolecular
potential including the Coulombic and van der Waals interactions
(Figure S4A,B), which is crucial for simulating the structural changes
in organic solids. Since the electrostatic potential usually acts more
strongly than van der Waals interactions,"* we first calibrate the
Coulombic partial charges to obtain Form II at 400 K. Next, van der
Waals parameters are refined to capture the phase evolution. Then,
Form II-to-III transition is examined at 500 K to determine whether
the training succeeds. To perform the optimization in a space of high
dimensionality, we adopt the genetic algorithm, which is an
evolutionary algorithm that mimics the natural selection process. In
Coulombic parametric training, we start with the seed parameters
obtained by the electrostatic potential (ESP) fitting and generate the
first generation by randomly populating a set of parameters that lie
within the physically allowable limit (+1.5 times) of the seed while
retaining the charge neutrality. The objective function is defined as

=1

are the experimental values for Form II, and b’ and y’ denote the
simulated values. The sets of parameters are then ranked in ascending
order of the evaluation values of the objective function. 60% of
parameters with the lowest values are selected to perform the genetic
operations of mutation with a rate of 5% and crossover with a rate of
10%. The optimization succeeds if the objective function converges
(<5%). Any failure in convergence will lead to the next offspring
generation. At this stage, van der Waals parameters from the OPLS
database are preserved, and a cutoff distance of 8 A is chosen for all
intermolecular interactions. 105 sets of best partial charges selected
from 50 generations (100 populations for each generation) are further

1 b —b\2 v - 2 .
1 <—) + (T) , where the lattice length b and angle y
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2
examined by the screening criteria of i > (%] < 10%, where p{

and p; refer to the simulated and experimental values for other lattice
parameters except for b and y. Next, in the training of the van der
Waals parameter, to capture the characteristics of the first-order

I(g,, — &) — ol
3

transition, a fine criterion is chosen as F; = , where & and

&, are the low and high bound values of b length change at the
transition point, and § denotes the change measured by experiments.
Lastly, the cutoff radii for the two potentials are slightly tuned within
+1.2 times of 8 A to achieve the best fitting performance. The trained
intermolecular parameters are listed in Tables S2 and S3. The
simulated lattice parameters of three polymorphs and the percentage
change of lattice length b match well with experiments (Table S1, and
Figure 2B).

Lattice Dynamics. The velocity autocorrelation function (VACF)
method*®’ is used to calculate PDOS. The supercells of Form I and
Form II are first relaxed under NVT at 300 K, and then, their VACFs
are calculated and spatially averaged over a 2 ps period under NVE 10
times.

(v(t)-v(0))
(v(0)*)
PDOS g(w) is obtained by performing the Fourier transformation

onto VACF with a frequency interval of S cm™". By taking each atom
as a harmonic oscillator, the vibrational entropy is calculated as

Sup = _kB‘/o g(w) In[l - exp[:—a;]] dw
B

L)
kT

+ kaomg(‘U)W

VACEF(t) =

dw

Raman Spectroscopy. Variable-temperature Raman spectra of
TIPS-P are obtained using a Horiba Raman confocal imaging
microscope (LabRAM HR 3D) with an 832 nm laser excitation
source. The spectra are obtained using a 50X long working distance
objective lens, a 300 mm ™" grating, and an optical density filter of OD
= 0.03. Temperature is controlled using a Linkam THMS600 stage.

Single-Crystal Crystallography and Optical Microscopy.
Single crystals of TIPS-pentacene were obtained either by drop-
casting decane solution (8 mg mL™") onto octadecyltrichlorosilane-
treated silicon substrate or by recrystallization in ethyl acetate. The
single-crystal structures of Form I and II polymorphs were solved
based on diffraction patterns collected using a Bruker D8 Venture
instrument.”” In the case of Form III, diffraction patterns were
collected at NSF’s ChemMatCARS (sector 15) of the Advanced
Photon Source, Argonne National Laboratory.>* Deposition numbers
CCDC 1570910 (Form I), 1570911 (Form II), and 1991343 (Form
III) contain the supplementary crystallographic data for this paper.
The change in b-lattice parameter (Figure 2B) is evaluated by
measuring the elongation of the crystal sample along the long-axis (b-
axis) during heating. Optical micrographs of twinned crystals are
obtained using a Nikon Eclipse Ci-POL optical microscope equipped
with a high-speed camera (Infinity 1, Lumenera Corp.).
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