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Super- and Ferroelastic Organic Semiconductors for Ultraflexible

Single-Crystal Electronics

Sang Kyu Park®, Hong Sun®, Hyunjoong Chung, Bijal B. Patel, Fengjiao Zhang,
Daniel W. Davies, Toby J. Woods, Kejie Zhao,* and Ying Diao*

Abstract: Like silicon, single crystals of organic semiconduc-
tors are pursued to attain intrinsic charge transport properties.
However, they are intolerant to mechanical deformation,
impeding their application in flexible electronic devices. Such
contradictory properties, namely exceptional molecular order-
ing and mechanical flexibility, are unified in this work. We
found that bis(triisopropylsilylethynyl)pentacene (TIPS-P)
crystals can undergo mechanically induced structural transi-
tions to exhibit superelasticity and ferroelasticity. These
properties arise from cooperative and correlated molecular
displacements and rotations in response to mechanical stress.
By utilizing a bending-induced ferroelastic transition of TIPS-
P, flexible single-crystal electronic devices were obtained that
can tolerate strains (&) of more than 13 % while maintaining the
charge carrier mobility of unstrained crystals (u> 0.7 u,). Our
work will pave the way for high-performance ultraflexible
single-crystal organic electronics for sensors, memories, and
robotic applications.

Introduction

Electronic materials require flexibility in order to accom-
plish conformal integration on nonplanar dynamic surfaces
such as skins, internal organs, and textiles for wearable and
implantable devices. Mechanical flexibility of electronic
materials has been achieved by geometrical engineering of
hard materials (e.g., wavy and serpentine patterns,['! kiriga-
mi®) or by molecular design of intrinsically deformable -
conjugated polymers.®# The latter approach is further
amenable to large-scale, low-cost solution processing. How-
ever, the high intrinsic deformability of m-conjugated poly-
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mers is attained at the expense of reduced crystallinity and/or
conjugation length, either through the synthetic approach to
introduce dynamic bonds®” or through nanoconfinement to
enhance chain dynamics.* " On the other hand, exceptional
molecular ordering is the primary requirement for disorder-
free charge transport. Towards this end, single crystals or
long-range-ordered crystalline films of organic semiconduc-
tors have been pursued, achieving charge carrier mobilities
above 10cm’V~'s™' for both small molecules and poly-
mers.""*! Despite their promising performances, single
crystals or crystalline films are not tolerant to large mechan-
ical deformation. It has been revealed that strain allows a shift
towards non-equilibrium packing within the elastic deforma-
tion regime (the strain window limited up to about +2%);
strain above this limit leads to brittle fractures.!*"”

How can molecular crystals be rendered reversibly
deformable beyond the elastic limit? An intriguing strategy
offered by biological systems is the contractible tail of the
bacteriophage T4 virus. Its tail sheath comprises a protein
crystal capable of a cooperative structural transition to reach
a staggering 60 % contraction; this transition is promoted by
the concerted displacement and tilting of constituting pro-
teins."®°] This fascinating deformation mechanism, known as
a martensitic transformation, underlies (thermo)mechanically
induced phase transitions and lattice reorientations of shape
memory alloys.”*? This intriguing feature has also been
discovered very recently in molecular crystals.”>*"! For
instance, Takamizawa and co-workers demonstrated the
superelasticity of terephthalamide based on a reversible
transition between two mechanically interconvertible poly-
morphs.”? In another example, it was demonstrated by the
same group that mechanical shear induced twinning in 5-
chloro-2-nitroaniline crystals, which reversed back upon shear
loading in the opposite direction (i.e., ferroelasticity).*
Aside from superelasticity and ferroelasticity, shape memory
effects have also been observed. One example is the
mechanical bending of terephthalic acid crystals, which
resulted in metastable polymorphic structures whose shapes
and structures were recovered through thermal treatment.!
However, these remarkable superelastic and ferroelastic
properties have not been discovered in electronic materials
nor utilized as deformation mechanisms in flexible devices.

Herein, we present the first example of superelasticity and
ferroelasticity in single crystals of a high-performance organic
semiconductor, bis(triisopropylsilylethynyl)pentacene (TIPS-
P). Comprehensive experimental studies and atomistic mod-
eling were used to elucidate the key molecular basis for the
emergence of these properties as highly concerted and
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correlated rotations of the conjugated backbone. We further
analyzed the formation of metastable polymorphs at the
transition interface that mediates mechanically induced
structural transitions—a mechanism not reported before. By
harnessing a bending-induced ferroelastic transition in TIPS-
P, we generated flexible single-crystal electronics that can
withstand recoverable strains of over 13 %, well exceeding the
state-of-the-art 2-3% strain reported in the litera-
ture.1*73134 Indeed, this work represents the first demon-
stration of highly deformable single-crystal electronic devices
enabled by stress-releasing cooperative structural transitions.

Results and Discussion
Mechanically Induced Cooperative Structure Transitions

As shown in Figure 1, we have discovered mechanically
induced cooperative structural transitions in TIPS-P single
crystals, which offer versatile pathways to accommodate large
mechanical strain. Figure 1a and b illustrate the superelastic
transformations (red curve in Figure 1d) of TIPS-P based on
[100]-shear loading, either by Form II-I (b) or by Form III-II
transitions. Upon mechanical loading (i—ii, Figure 1a), a stable
polymorph of TIPS-P crystal exhibits a strongly bent shape
because of a shear-induced polymorphic transition to a meta-
stable polymorph, which spontaneously straightens back by
the reverse structural transition when the force is removed
(iii-i"). As the process does not involve remnant strain, the
stress—strain loop manifests in its closed form (Figure 1d). We
note that structural changes incurred during a superelastic
transition are equivalent to a thermoelastic transition be-
tween a high-temperature and a low-temperature polymorph
(Figure S1a).

Moreover, two types of ferroelastic transformations are
discovered in all polymorphs (Forms I, II, and III); the first
type results from [100]-shear loading and the other types are

Superelasticity
a) [@

Form I, pristine Form lll, pristine

(ii) Phase Front

[100]-shear

Form Il, unloaded Form lll, unloaded
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a result of uniaxial tension along [010]. Micrographs in
Figure 1c describe a ferroelastic transformation based on
[100]-shear loading (blue stress-strain curve in Figure 1d).
Mechanical shear induces the formation of twin domains that
stay in place (i-ii) until reverse shear restores the original
structure (iii—i’). As the deformed state is preserved after the
shear stress has been removed (ii), the presence of remnant
strain will be seen as an open stress—strain loop in this case
(positive stress region of the blue stress—strain curve).
However, the twinned domain can be restored back to the
original structure by reverse loading, showing mechanical
reversibility.

Molecular Mechanism of Superelasticity

We surmised that a prerequisite for superelasticity is the
existence of thermally induced reversible martensitic tran-
sitions, that is, thermoelasticity.*>*) Towards elucidating the
structural origin of the observed superelasticity, we first
mapped the temperature-dependent polymorphic phase
space of TIPS-P single crystals by cross-polarized optical
microscopy (CPOM), differential scanning calorimetry
(DSC), and single-crystal X-ray diffraction (SC-XRD; Figur-
es S1-S5). We observed three reversible polymorphic tran-
sitions involving four polymorphs, namely I—Ib, Ib-II, and
II-IIT (Figure S1), consistent with our previous reports of
polymorph transitions in thin films.®”! All transitions are
single-crystal to single-crystal in nature showing a dramatic
length change of the crystal (Figure S1b, Movie S1). The Ib-
I, II-1IT transitions are abrupt and exhibit transition temper-
ature hystereses (Figure S1c,d) suggesting first-order mar-
tensitic transitions. The I-Ib transition is gradual, and exhibits
no hysteresis indicating that the transition is second-order.
This inference was further validated by DSC (Figure S2). Due
to the second-order nature of the I-Ib transition, we
categorized Forms I and Ib as one family, and they exhibit

Ferroelasticity

c) @

ii)” -_—

[100]-shear

Form |
Recovered

Superelasticity

Form Il Form |

(i, i)

Form Il

Figure 1. Mechanically induced structure transitions of TIPS-P single crystals. Micrographs that illustrate [100]-shear loading/unloading induced
superelasticity: a) Form I1-I(b) transition, SE1; b) Form IlI-II transition, SE2. c) [100]/[100]-shear loading induced ferroelasticity (deformation
twinning/detwinning). We note that a phase front is observed in only some of the cases during the superelastic Form I1-I(b) transition.

d) Schematic temperature—stress—strain (T—0—¢) curves to describe the states in the transition processes (iiii) in (a) and (c).
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only slight differences in their unit cell constants.”” All of the
polymorphs of TIPS-P show P1 symmetry with a 2D-brick-
work packing motif, but with a notable displacement of
molecules along the m-plane (Figure S3). Moreover, from
Form I to IT and III, the side chain becomes increasingly more
disordered (Figures S4, S5). Based on these structural char-
acteristics, we inferred that the molecular origin of the
thermoelastic transformations is the structural similarities
between polymorphs™®“"! and order-to-disorder transitions of
rotator side chains, consistent with our recent report.*!! The
structural details of all polymorphs are presented in Fig-
ure S6.

Next, we show that thermoelastic transitions in TIPS-P
crystals can also be triggered mechanically to give rise to
a superelastic effect. Theoretically, superelasticity is a com-
plete mechanical analogue to thermoelasticity. The inter-
changeability of temperature and stress effects is expressed by
a Clausius—Clapeyron-type equation,)

do PAH
dT ~— Tt 1)

where o is the stress, T'is the temperature, p is the density, AH
is the enthalpic change, ¢ is the strain, and 7, is the
equilibrium transition temperature for the thermoelastic
transition. To test if TIPS-P indeed exhibits superelasticity,
we prepared free-standing crystals in a “jumping board”
geometry (Scheme S1). The crystals were kept at 150°C or
210°C to examine stress-induced polymorph transitions of
Forms II or III. Mechanical shear was applied using a micro-
manipulator tip. As the tip approaches the (100) facet, the
crystals bend towards the probe tip as a result of electrostatic
interactions, which corresponds to a shear deformation along
the [100] direction. Deformed crystals immediately regain
their original shapes when the probe tip is removed (Mov-
ies S2, S3). The apparent shear deformation is accompanied
by the appearance of a phase front separating the pristine and
the deformed domains (Figure 1a,b). This suggests that the
large shear deformation is caused by a phase transition, rather
than being due to the intrinsic elasticity of the crystal. We
identified such phase transitions as superelastic transitions
given the single-crystal to single-crystal nature and the
reversibility of the transitions. This hypothesis was validated
by CPOM (Figure 2a) and Raman spectroscopy (Fig-
ure 2¢,d). These techniques collectively identified II-I(b)
and III-II transitions when shearing Form II and III crystals,
respectively, which we denote as SE1 and SE2. These results
are discussed in detail below.

Figure 2a shows micrographs upon SE1 and SE2 trans-
formations, highlighting the characteristic crystallographic
angle y between the phase boundary (a-axis in Figure 2b) and
the long axis of the crystal (b-axis in Figure 2b). In the case of
SE1, the y angles in the pristine and deformed regions are
72.2° and 80.3°, which correspond well to the angle between
the (100) and (010) facets of Form II and I structures (y in
Figure 2b), respectively. This result indicates that the de-
formed domain is Form I, which interfaces with the pristine
Form II domain through the (010) plane as illustrated in
Figure 2b. As for SE1, the measured y angles of SE2 (62.6°

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and 69.4° for pristine and deformed regions, respectively)
correspond well to the angle between the (100) and (010)
facets of FormIIl and II structures, indicating a III-II
transformation. A (010) phase boundary is highly likely to
occur, given that the area difference between the (010) planes
of the pristine and the transformed polymorphs is negligibly
small (0.6% in SE1 and —0.4% in SE2), thus leading to
a small Bain distortion. The shear strains (y;,—y,; and y;,—y,
in radians) calculated for the SE1 and SE2 transformations
are 17.3% and 13.1 %, respectively.

The structural origins of the superelastic transitions were
further evaluated by insitu Raman microscopy, which al-
lowed us to identify local changes in structure upon poly-
morphic transition. As a phase descriptor, we focused on the
characteristic frequency shift of the phonon vibration peak at
approximately 86 cm ™' (peak a in Figure 2 c,d)—the frequen-
cies in this region are sensitive to intermolecular interaction
and packing changes.'”! The black spheres in Figure 2 ¢ show
the temperature-dependent frequency of this Raman mode
(see the black spectra in Figure 2d), exhibiting characteristic
jumps from 85.7 to 83.7 cm™' and from 83.7 to 81.4 cm™' for
II-I and III-II transitions, respectively. Interestingly, the
position of peak a by [100} shear shows approximately the
same extent of shifts as in the thermoelastic transition (see the
red and blue spheres for SE1 and SE2 in Figure 2c¢, and the
corresponding spectral changes in Figure 2d). The result
clearly points to Form II-I and III-II transitions by
[100]-shear for SE1 and SE2, respectively.

The structural identification of SE1 (SE2), that is, a For-
m II-I(b) (III-1I) transition bordering at the (010) plane,
predicts a considerable rotation of the molecules by 12.0°
(8.8°) and molecular displacement (Figure 2b). Such a molec-
ular mechanism in the superelastic transition was also
captured by ab initio molecular dynamics (AIMD; see the
Simulation Methods Section in the Supporting Information).
We applied [100} -shear (un)loading onto the 2x2 x 1 super-
cell of stable phases, Form II and III, which are stable at
127°C and 227°C (Figure2e). The molecules undergo
a reversible concerted rotation by 11.9° (7.9°) upon SE1
(SE2) transition, in accordance with the shear (un)loading
direction as depicted in Figures 2e, S7, and S8. Cooperative
displacive motions of the molecules along both the y- and x-
axes are concurrent with the rotational motions, altering the
solid-state molecular packing structure during the trans-
formation (Figure S9, Table S1). In both the SE1 and SE2
transitions, length changes occur predominantly along the b-
axis while the lengths of the a- and c-axes are well conserved,
minimizing lattice distortion at the (010) interface and the
energetic penalty of the transition. This superelastic nature is
corroborated by the stress—strain hysteresis loop (Figure S10)
with the stress plateau mediated by polymorphic transition.
The small stress hysteresis suggests low energy dissipation,
leading to excellent cyclic reversibility.

Molecular Mechanism of Ferroelasticity-1 (FE1)

In contrast to [100] -shear-induced superelasticity, apply-
ing the opposite [100]-shear onto Form I crystals led to
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Figure 2. Superelasticity of TIPS-P single crystals. a) CPOM images taken before and after applying [100]-shear onto single crystals of Form Il at
150°C (SET, left) and Form Il at 220°C (SE2, right). Measured y angles between the (100) and (010) planes are denoted for both pristine and
deformed domains. b) The structural change upon SE1 transition (Form Il-1), accomplished through loading and unloading [100]-shear. The SE1
transition creates a (010) phase boundary between Form | and Il domains resulting in a 12° molecular rotation. Coordinates in square brackets
and parentheses denote directional vectors and planes, respectively. c) Temperature-dependent Raman frequency of peak a in (d) (black spheres),
compared with frequency changes upon superelastic transformations at 150°C (red sphere) and 210°C (blue sphere). d) Representative Raman
spectra recorded upon thermoelastic transition (black lines), SE1 (red solid line: before [100]-shear, and red dotted line: after [100]-shear), and
SE2 (blue solid line: before [100]-shear, and blue dotted line: after [100]-shear). Arrows in the graphs indicate frequency changes of peak a upon
application of shear. e) AIMD modeling of superelasticity induced by x-axis loading at 127°C (SE1) and 227°C (SE2). Simulated molecular

orientation changes are indicated (SE1: 11.9° and SE2: 7.9°).

ferroelastic transitions and a large shape deformation (Fig-
ure 3a,b). We inferred the ferroelastic nature of the transition
from the observation that the deformed crystals maintained
their shape even after removing the shear stress; only upon
reverse [100]-shear loading does the reverse transition occur
to recover the original shape. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images of
deformed crystals (Figure 3b, S11) show structural integrity
despite the large deformation. We denote the [100]-shear-
induced ferroelastic transition as FE1 hereafter. We note that
FE1 occurs on all other polymorphs. Examples of FE1 for
Forms Ib and II are shown in Movies S4, S5. Below we focus
on FE1 of Form I for detailed structure characterizations.
We confirmed the structural basis of the ferroelasticity as
a mechanically reversible twinning—detwinning process by
SC-XRD (Figure S12). For FE1, the measured lattice con-
stants of the pristine domain are consistent with the lattice
constants of Form I (Figure S3). We attributed the slight
deviation to plastic deformation upon shear.””! Moreover, it
was revealed that the deformed domain is a twin domain of
the parent Form I polymorph. During shearing, the domain is
reoriented by a 180° rotation about the (010) plane normal
with (010),//(010); or (010),//(010); as the twin interface

Angew. Chem. Int. Ed. 2020, 59, 13004 —13012
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(Figure S12). We note that this orientation relationship is
equivalent to a 42° rotation of the pentacene core (viewed
along the c-axis) shown in Figure 3a. Such a molecular
rotation was further confirmed by polarized Raman spectros-
copy.””! By measuring an angle-dependent intensity ratio of
1571 cm /1369 cm !, we confirmed that the pentacene cores
rotate by 40-50° (Figure 3c; see Supporting Text1 for
details).

Furthermore, SC-XRD revealed that the (100) plane of
the pristine crystal becomes a (110) plane in the twinned
domain (Figure S12b,d). This observation led us to the
important conclusion that a switching of the m-stacking axes
occurred upon transformation, i.e., a switching between [010]
and [110] that results in an alteration of the side facets
between (100) and (110) planes (Figure 3a,b). Specifically, it
is a reversible exchange of the main [010] and the secondary
[110] m-stacking axis in a 2D-brickwork structure. In other
words, the molecular dimers in Figure S14 and S15 are
converted from a [010]-pair into a [110]-pair and vice versa
after the transition. The axis switching result from SC-XRD
was affirmed by CPOM observations (see Supporting Text 2
for details). The alteration of the side facet between (100) and
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Figure 3. Ferroelasticity 1 (FE1) of TIPS-P crystals. a) Schematic illustration of the structural changes upon an FE1 transition (Form I) induced by
[100]-shear loading. b) CPOM and SEM images of a TIPS-P crystal after [100]-shear-induced twin domain formation. Measured characteristic
angles (y and w) are indicated in the CPOM image. The fracture-free nature of the FE1-induced deformation is revealed by SEM. c) Angle-
dependent polarized Raman intensity ratio between the peaks at 1571 cm™ and 1369 cm™' (I;571/l360) to confirm the molecular reorientation.

d) Seven representative structural configurations generated during molecular dynamics simulations of the FE1 transition by [100]-shearing (x-axis)
at 27°C, and e) corresponding stress—strain loop. Original Form | (green) and twinned Form | (blue) states bridged by the intermediate Form Il|
(red) at the interfacial (010) plane. Stacking axes switching is clearly shown in the magnified twinning interface in (d). f) Intralayer backbone
rotation angle versus time plot of four different molecules in a molecular layer constituting the (010) plane, showcasing the cooperative nature of

the transition by synchronized molecular rotation.

(110) predicts large theoretical recoverable strains up to
59.9% and 25.5% for Form I and II structures, respectively.

The molecular origin of twinning based on the FE1
mechanism was revealed by molecular dynamics (MD)
simulations (see the Simulation Methods Section in the
Supporting Information). The simulation not only predicts
a switching of m-stacking axes upon transition (shown in the
magnified view of Figure 3d), but also elucidates a layer-by-
layer transition mechanism arising from intralayer molecular
cooperativity. Figure 3d (Movie S6) shows representative
structural configurations from the stress—strain loop in Fig-
ure 3e. The different phases in the simulation are color-coded
in terms of the defined order parameter (Figure S16; see the
Simulation Methods Section in the Supporting Information)
ranging from 0 to 1 (green for Form I, red for intermediate
Form III, and blue for twinned Form I). From configuration i—
ii, the molecules glide along the shear direction with slight
changes in the molecular orientation within the elastic

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

deformation limit. Several molecular layers show counter-
clockwise rotation by around 19°, promoting the alteration in
the lattice symmetry and leading to a successive formation of
intermediate Form III phases (red domains in configuration
ii). This intermediate state shows structural neutrality be-
tween pristine and twinned structures in terms of their
pentacene core orientations. This intermediate phase is
conducive to nucleation of twinned domains by further
shearing. Surpassing the transition onset (ii-iv), molecules
in the intermediate regime continue to rotate up to 38° along
with the translation of molecules along [100], resulting in the
nucleation of twinned domains (blue zone) within the
intermediate phase. The nucleated twinned structures rapidly
spread through the entire intermediate phase and push
Form III towards the interfaces between pristine and twinned
domains (Figure S17). As a result, a dramatic stress relief is
observed shown in Figure 3e. Further loading results in
gradual layer-by-layer growth of twinned domains (iv—v). This

Angew. Chem. Int. Ed. 2020, 59, 13004 —13012
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regime is represented by a plateau in Figure 3e, indicating
that the transition becomes steady-state. By applying reverse
shear along [100] (v-vii), the twinned domain gradually
recovers back to the intermediate phase (red) and then the
original Form I (green), accompanied by clockwise molecular
rotation by a total of 38°.

In addition to showing a layer-by-layer transition mech-
anism, the MD simulations also revealed molecular cooper-
ativity during the FE1 transition. Figure 3 f shows a rotational
angle versus time plot of four different molecules in
a molecular layer, representing synchronized molecular
rotation upon [100]-shear loading. Such concerted intralayer
molecular rotation further promotes a correlated layer-by-
layer transformation (Figure S18 and Movie S6). It is revealed
in Figure S18 that the first layer starts the Form III-twinned I
conversion as the second layer accomplishes the Form I-III
transition; such synchronized rotation appears in all layers.
The interlayer domino effect involving interfacial intermedi-
ate phase formation signifies the molecular origin for layer-
by-layer processes of the FE1 transition as well as the
molecular mechanism for alleviating stress at the twinning
interface.
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Molecular Mechanism of Ferroelasticity-2 (FE2)

Aside from the [100]-shear induced FE1 transition,
a distinctive mechanically induced transition of Form I is
observed upon applying uniaxial tension by bending (Fig-
ure 4a,b) or stretching along the [010] direction (Figure S19),
which induces molecular displacements along the (210) plane.
Such transformations occur in all polymorphs as they do in
the FE1 case. As shown in Movie S7, we applied [010]-tension
and compression by bending a Form I crystal attached to
a deformable polyester terephthalate substrate (Sche-
me S1c), which resulted in a reversible domain deformation.
Performing SC-XRD on the deformed domain revealed an
identical structure to the parent Form I polymorph (Fig-
ure S3) and confirmed the [010]-tension-induced deformation
twinning (Figure S12) discussed in detail below. Therefore, we
refer to this transition as FE2 hereafter. The SEM and AFM
images in Figure 4b and S19 show the overall structural
integrity during the FE2 transformation of a Form I crystal,
but slight crack tip formation is observed at the crystal edges
(Figure S21). This fracture would depreciate the charge
transport characteristics in Form I crystals and cause device
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Figure 4. Ferroelasticity 2 (FE2) of TIPS-P crystals. a) Schematic illustration of the structural changes upon FE2 transition (Form 1), induced by
[010]-tension. The FE2 transition creates a twin boundary along the (210) plane and leads to an alteration of the habit plane from (100); to (110)+.
b) CPOM and SEM images of TIPS-P crystals that have undergone an FE2 transition by [010]-tension. c) Angle-dependent polarized Raman
intensity ratio between the peaks at 1571 cm™' and 1369 cm™' (I1571//136)- d) Seven representative structural configurations generated during
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a transition from a pristine (green) to a twinned domain (blue) bridged by intermediate Form Ill (red) at the interfacial (210) plane. Magnified
twinning interface of (d) shows axes switching through deformation twinning, i.e., [010] to [110]. f) Intralayer molecular displacement versus time
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failure at high strain. We show that such fractures can be
prevented when inducing FE2 transitions from Form Ib
crystals (see below).

Below, we present in detail the structural basis and
molecular mechanism of the FE2 transition using Form I as an
example; the transition was characterized by SC-XRD,
CPOM, polarized Raman spectroscopy, and MD simulations.
As in the case of FE1, performing SC-XRD allowed us to
index the interfacial habit plane and to obtain the relative
orientational relationship between pristine and deformed
domains (Figure S12). Specifically, the interfacial habit plane
of FE2 is indexed as (210), and the twinned lattice is
reoriented by a 180° rotation about [120], which is parallel
to the interfacial (210) plane. This lattice orientational
relationship indicates only a very slight reorientation of the
pentacene core by 2.2° with respect to the m-plane normal
(Figure S22). Indeed, polarized Raman spectroscopy con-
firmed the preservation of the pentacene core orientation
(Figure 4c¢). Lattice indexing results obtained by SC-XRD
further revealed that the side (100) facet of the pristine crystal
changes into (110) for FE2, as in the FE1 case (Figure S12,
Figure 4a). This suggests that axes switching between [010]
and [110] also occurs in FE2, which was validated by
characteristic angle analysis through CPOM imaging (Sup-
porting Text 2). Summarizing the above structural character-
ization results, we could envision molecular packing alter-
ations at the interface as illustrated in Figure 4 a, which shows
that FE2 is accomplished by a significant molecular displace-
ment along the (210) plane while preserving in-plane
molecular orientations, contrary to the FE1 case. Based on
this structure model, the theoretical recoverable strains of
FE2 are 59.9% and 25.5% for Forms I and II, respectively
(Figure S24).

We also carried out MD simulations by applying y-axis
(i.e., approximately [010]) tension at 27°C on Form I, which
exclusively resulted in FE2-based lattice reorientation (Fig-
ure 4d-f, Movie S8). As detailed in Supporting Text 3, tension
along the y-axis engenders the FE2 transition by concerted
molecular gliding parallel to the (210) interface. Like in the
FEL1 case, the simulated FE2 process also exhibits intermedi-
ate Form III layer formation and axis switching behavior.

Ultraflexible Single-Crystal Electronics

Mechanically induced cooperative structural transitions in
the TIPS-P single crystals shown above can serve as a new
mechanism for mitigating mechanical stress to realize ultra-
flexible single-crystal electronics. Especially related to the
ferroelastic transformations, we have unveiled an exotic
attribute of two-dimensional brickwork packing structures
that can exchange m-stacking axes upon mechanical loading.
In long-term studies of TIPS-P and its analogues, inherent
two-dimensional electronic coupling and transport was re-
vealed to contribute to high charge-carrier mobility owing to
the two-dimensional brickwork packing.”*%! This two-
dimensional transport feature is based on the presence of
two distinct charge-transport pathways, [010] as the primary
transporting axis and [110] as the secondary transporting axis
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in the TIPS-P case. We will show below that axes switching
during ferroelastic transitions is capable of accommodating
surprisingly large strains, while simultaneously mitigating the
deterioration of the electronic performance by maintaining
efficient transport pathways even after deformation.

For the first demonstration of molecular crystal electron-
ics incorporating cooperative transitions, bendable TIPS-P
single-crystal devices based on a two-channel configuration
were fabricated. In the Type-1 test that measures the
conductivity variation under stepwise enhancement of the
tensile strain (Figures 5a, S25a, S26a, Table S2, and
Scheme S3), we observed that a Form I crystal can maintain
70% of its initial conductivity (o/0,~0.7) over the tensile
strain range of 4.0-5.0%. Interestingly, even in a further
extended state (around 5.8-9.3 %), the o/0, values remained
above 0.5 (Figure S26a). Furthermore, a slight increase in
temperature to obtain a Form Ib structure (70-75°C) dra-
matically improved the crack-free transformation and con-
ductivity, giving rise to /g, values above 0.75 even at strains
as high as 13.5% (Figure 5a, S26b, and Table S3). Moreover,
we performed Type-2 tests on Form I crystal (Figure 5b, S25b
and Table S4)—that is, conductivity characterization upon
cyclic tensile loading, and observed that the conductivity
values exhibit decent reversibility over five cycles over a strain
range of e &2 1.27-2.52%. Our findings (black and red spheres
in Figure 5a) show strikingly higher strain tolerance than for
previously reported organic semiconductor single-crystal
devices (Figure S27). Traditional molecular semiconductor
crystals, which cannot extend beyond the elastic limit, exhibit
steep reductions in charge carrier mobility even at very small
tensile strains less than 2%, owing to prevalent brittle
fracture. We attribute the high strain tolerance of our TIPS-
P single crystals to the mechanically induced FE2 transitions.

A CPOM study performed in parallel confirmed the
tension-induced FE2 transition and domain growth in both
Form1I and Ib single-crystal devices (Figure S28 and Fig-
ure 5c). Moreover, the crystals exhibit reversible thickening
and thinning of twin domains upon strain cycling (Fig-
ure S29). However, in the highly strained states, a Form I
crystal grows crack tips, which cause a significant drop in
conductivity (Figure S28), while Form Ib crystals maintain
both structural integrity and conductivity (Figure 5a,c; see
Supporting Text 4 for details). We attribute the excellent
strain tolerance of the conductivity to the preserved structural
integrity as well as to the axes switching behavior, which
provides an alternative transport pathway to the primary
transport pathway upon the FE2 transition.

Conclusion

In conclusion, we have shown for the first time that single
crystals of an organic semiconductor can be rendered ultra-
flexible by mechanically induced cooperative structural
transitions, which act as a stress-release mechanism. We
uncovered intralayer cooperativity and interlayer correlated
molecular motions in TIPS-P crystals as the key molecular
basis for attaining superelasticity and ferroelasticity. These
mechanically induced transformations offer innate flexibility
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Figure 5. Flexible TIPS-P single-crystal device studies incorporating an FE2 transition. a) Tensile-strain-dependent mobility change (Type-1),
measured on Form | (black) and Form Ib crystals (red). The results show significantly improved strain tolerance compared to those from reference
molecular semiconductor crystals (green: rubrene, yellow: 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT), blue: copper(ll) phthalo-
cyanine (CuPc), purple: 5,7,12,14-tetrachloro-6,13-diazapentacene (TCDAP), Figure S26). b) Cycling tensile strain dependent mobility measure-
ment (Type-2) using Form | single-crystal devices. c) Representative CPOM images of Form Ib crystals under Type-1 testing, showing that the FE2
transition occurs to mitigate bending stress and preserve the structural integrity during the transition.

and reversible deformability to semiconductor crystals. Our
findings open a new avenue for developing single-crystal
electronic devices that can significantly deform while main-
taining structural integrity and carrier transport.
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