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ABSTRACT: Many crystals grow as banded spherulites from the melt with an optical rhythm
indicative of helicoidal twisting. In this work, 23 of 41 charge transfer complexes (CTCs) are
grown with twisted morphologies. As a group, CTCs more commonly twist (56%) than molecular
crystals arbitrarily chosen in our previous research (31%). To analyze the effect of twisting on
charge transport, three tetracyanoethylene-based CTCs with phenanthrene (PhT), pyrene (PyT),
and perylene are characterized. PhT and PyT are subject to mobility measurements using organic
field-eftect transistors. The mobilities for twisted crystals are around three times higher than for
crystals with no ostensible optical modulation, which are effectively straight. The differences in
mobilities of straight and twisted crystals are considered computationally based on density

functional theory. Straight crystal models built from crystallographic information files are

calculated and present anisotropic hole and electron transport. For twisted crystal models, adjacent layers in the supercell are rotated
by 0.01° around experimentally determined twisting directions. The modified transfer integrals lead to a slight increase (up to 25%)
in the calculated mobilities of twisted crystals. Comparisons of model calculations on individual fibrils and measurements of
ensembles of fibrils indicate that interfaces between single crystals are likely consequential.

B INTRODUCTION

Many fibrous molecular crystals spontaneously twist as they
grow from the melt." Twisted fibrils typically branch in radial
ensembles, or the so-called banded spherulites, displaying
rhythmic optical properties as a consequence of continuous
changes in crystallite orientation and refractivity.”” Recently,
we analyzed 101 single component molecular crystals
(corresponding to 155 polymorphs) and observed twisted
growth from the melt in 31% under some conditions (large
undercoolings, sometimes with viscosity-increasing additives)."
Included are pharmaceuticals such as aspirin® and para-
cetamol,® insecticides such as DDT’ and deltamethrin,® as
well as common laboratory compounds such as resorcinol” and
coumarin.'’

Here, we focus on a different class of molecular crystals,
charge transfer complexes (CTCs) built from aromatic
electron-rich donors and electron-poor acceptors. CTCs have
a long history'"'* and today are considered anew as active
components of field-effect transistors, organic photovoltaics,
and organic light emitting diodes."”'*

CTCs are usually processed from solutions to give
high-quality films comprising millimetric domains and single-
crystalline ribbons.'® Solvent-free techniques, like melt
processing, more recently have been adopted to deposit both
polymers and small organic molecules.”™*' The deposition of
CTCs as field-effect transistor active layers, however, still
emphasizes solvent processing techniques. While several
studies have characterized the microstructure of melt-
processed CTCs,”> > the extraordinarily common twisted
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morphologies of CTCs grown from melt have not been
described to the best of our knowledge.

The effect of twisting on charge transport was first
investigated on twisted graphene bilayers whose electronic
properties are remarkably sensitive to the azimuthal twist of
one atomic layer to the next.”* The study of the consequences
of this angle is called twistronics, a name that embraces research
on magic-angle graphene bilayers”®>" as well as other van der
Waals heterostructures built from exfoliated 2D materials.*
However, preparing materials with precise orientations of two
layers just one-atom thick is challenging.’® Crystals that
spontaneously twist, albeit less than the magic angle of 1.1°
between graphene layers, are thus worth investigating from the
perspective of charge transport among other physical proper-
ties such as lattice dynamics. The easy preparation of CTCs
and their common occurrence of twisting, prevent few
obstacles in the search for the effect of comparatively modest
twists on electrical properties.

In this work, we surveyed the crystallization of CTCs from
the melt and found an even greater propensity (23/41 = 56%)
of twisted morphologies compared to monocomponent
systems. Three 1:1 mixed-stack tetracyanoethylene (TCNE)-
based CTCs with phenanthrene (PhT), with pyrene (PyT),
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Figure 1. (a) Donors and acceptors used for the synthesis of CTCs. (b) Optical images of one straight and three twisted CTCs between crossed

polarizers.

and with perylene (PeT) were characterized in greater detail.
Charge transport in PhT and PyT films with straight and
twisted crystals grown from the melt was measured using
organic field-effect transistors (OFETSs). The carrier mobilities
of transistors comprising twisted crystals turned out to be three
times higher than those comprising straight crystals. Model
calculations based on density functional theory (DFT)
predicted only a slight (several percent) increase in mobility
of individual twisted crystals. The CT enhancement likely
arises in the packing of ensembles of crystals in spherulites that
are not captured in the calculations, but which nevertheless
provide a base estimate of the consequence of twisting a single
crystal.

B RESULTS

Common Occurrence of Twisting in CTCs. Nine
common donors and ten acceptors (Figure la) were chosen
for the synthesis of binary CTCs. The details of the CTCs
synthesis and the growth of straight and twisted crystals from
the melt are given in the Experimental Section. Some
combinations between donors and acceptors cannot form
CTCs or the synthesized CTCs decompose before melting.
The results for the 41 available CTCs are summarized in Table
SI1. The crystal structures of most substances were charac-
terized previously and that of six new CTCs were determined

here by single-crystal X-ray diffraction (Supporting Informa-
tion) and summarized in Table S2. Twisting was evidenced as
the rhythmic variations of absorbance and retardance observed
using a polarized light microscope because of the progressive
change in crystallite orientation along the fiber elongation
direction (Figure 1b). “Straight crystals” present the same
optical orientation along the length of the fiber and no change
of retardance observed under polarizers. Crystals with very
large pitches are effectively straight. The fraction of CTCs that
twist, 23/41 = 56%, is much higher than arbitrarily selected
single component molecular crystals: 130/480 = 27% reported
by Bernauer' and 48/155 = 31% in our recent study.® Such a
high percentage of twisting in CTCs is statistically robust
because if the probability of twisting in a randomly selected
crystalline compound is equal to 0.3, the binomial formula
predicts that the likelihood of observing twisted morphologies
in 23 materials of 41 compounds is vanishingly small, 4 x 1075,

The statistically meaningful differences in twisting frequency
among CTCs (0.56) and arbitrarily selected monocomponent
compounds (0.31) may be attributed to a narrower range of
CTC crystal structure types. In particular, 35 of 41 CTCs have
1:1 stoichiometries and crystallize in a mixed-stack mode with
alternating donors and acceptors in columns. Although the
mutual orientation of molecules varies, the similarity in the
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Figure 2. Banded spherulites of PhT, PyT, and PeT viewed under a horizontally oriented polarizer (a,d,g), between crossed polarizers (b,e;h), and
linear retardance (ILRI) imaged by Mueller matrix polarimetry for PhT (c) at 700 nm, for PyT (f) and PeT (i) at S50 nm.

overall packing mode may be a factor enabling these CTCs to
twist.

Crystal Structures and Optics of Three TCNE-Based
CTCs. Three 1:1 mixed-stack TCNE-based CTCs with PhT,
with PyT, and with PeT were characterized in greater detail, a
series of twisted crystals with increasing annellation of the
donors. The crystal structures of PyT (Refcode PYRCYE10’")
and PeT (Refcode PERTCE10°”) were published in the 1960s.
Here, their structures were redetermined and the structure of
PhT was added (Table S2). All three CTC crystals have the
1:1 donor:acceptor mixed-stack configuration. Stacks run along
the crystallographic a-axis for PhT and PyT, and b-axis for PeT
(Figure S1). In each case, the mean planes between donors and
acceptors are near parallel (PhT = 1.1°, PyT = 3.4°, and PeT =
1.8°) with the distances between their mean planes being 3.27,
3.35, and 3.39 A, respectively. Hirshfeld surface analysis with
two-dimensional fingerprint plots’*** in Figure S2 emphasize
donor—acceptor -7 interactions and C—H--N hydrogen
bonds between molecules.

Twisted PhT and PyT crystals grew as banded spherulites
from melts at 50—80 °C, and twisted PeT grew at <10 °C in
dry ice. In these cases, no additives were necessary to induce
twisting. Spherulites composed of straight crystallites grew at
temperatures about 20 °C higher in each case (Figure S3). As
shown in Figure 2, after some distance from the core, twisted
fibrils grew radially from a central nucleus and displayed
concentric rings of varying linear retardance with a pitch of
about 20—50 um. Between crossed polarizers, the birefrin-
gence oscillates between ny—ny = 0.074 and n;—ny = 0.130 for
PhT at 700 nm, 0.044 and 0.017 for PyT, and 0.096 and 0.033
for PeT at 550 nm.

Generally, the local structures of straight and twisted crystals
from melts are comparable as indicated by powder X-ray
diffraction (Supporting Information) and Raman spectroscopy
(Supporting Information). Meanwhile, their electronic struc-
tures are comparable as evidenced by the energies and
polarization of the visible light absorption spectra. As shown

in Figure S4, both straight and twisted crystals grown from
melts present the same powder X-ray diffraction patterns. Also,
the diffraction patterns were consistent with those of solution-
grown crystals and single crystals. Raman spectra supported
the same crystal structures for both straight and twisted crystals
(Figure SS).

The fiber elongation directions were determined as <010>
for both straight and twisted PhT and PyT (ie, ny) by
analyzing preferred orientations observed in 2D X-ray
diffraction patterns collected from the as-grown films. PeT
fibers in spherulites decomposed at the melting temperature
(~270 °C), complicating the X-ray diffraction analyses. PeT
will be carried forward in computational investigations based
on single-crystal structure analysis, but not in experiments. The
fiber elongation along the a-axis (n,/l<100>) was deduced by
comparing the linear dichroism of fibers in spherulites (Figure
2g) to single crystals (Figure S1h, S1i) for which 2D X-ray
diffraction characterization was possible. Solution-grown
crystals of PhT and PyT formed {001} plates, while PeT
grew as <010> needles (Figure S1).

Straight and twisted crystals showed comparable polarized
absorption spectra with the characteristic peak 4., = 520 nm
for PhT, 510 nm for PyT,35’36 and 410 nm for PeT,
respectively (Figure S6). Compared with the melt-crystallized
films, the solution-processed single crystals show almost the
same characteristic peaks 4,,,,, except for PeT. The absorbance
Amax Varied between solution and melt grown PeT crystals only
because of decomposition. The crystals show high absorbance
when the polarized light is parallel to the donor—acceptor
stacking (A)), a-axis for PhT and PyT and b-axis for PeT (the
tangential direction in the banded spherulites in Figure 2a,d,g),
but low absorbance in the orthogonal orientation (A,)*
measured using a CRAIC Technologies 508 PV micro-
spectrophotometer. The dichroic ratios Ay/A; were 8.1, 9.2,
and 3.5 for solution-processed crystal films of PhT, PyT, and
PeT, respectively.
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Mueller matrix imaging polarimetry”®~** (Supporting
Information) was used to quantify the linear retardance (|
LRI) and circular retardance (CR) of twisted crystals. As
shown in Figure 2¢fji, the ILRI oscillates along the growth
direction from 0 to 2 radians for the film thickness around 2
um. A CR signal is strong in some cases, even though all the
TCNE complexes are centrosymmetric. Optical activity of a
kind can arise in polarimetry because a material is optically
inhomogeneous along the light path. CR may result from
misoriented, overlapping anisotropic lamellae, a kind of optical
activity associated with the mesoscale stereochemistry of the
refracting components.”** Neither chiral molecules, nor chiral
space groups are required. Opposite twists can arise from
enantiopolar growth of branches emanating from centric
crystallites at the nucleus. PeT for instance (Figure 3) shows
heterochiral domains that are effectively dextro- and
levorotatory.

0.2
rad

Figure 3. Circular retardance (CR) of PeT obtained by Mueller
matrix imaging polarimetry at 550 nm.

As heterochiral domains (e.g,, Figure 3) are differentially
sensitive to left and right circularly polarized light by a
mechanism that depends only on the dielectric susceptibility of
the components—no magnetic dipole moments are re-
quired—the differential sensitivity of left and right circular
polarized light in twisted semiconductor films may lead to
strong differential photoconductivity dependent upon the
polarization state of 1ight.44’45 Moreover, because the
orientation of twisted crystals is modulated systematically
with respect to the film surface, there are a greater number of
excited state transition dipole moments that may be accessed
simultaneously or selectively with linearly polarized light.

OFET Measurements. PyT is semiconducting, with the
measured mobilities of single crystals (derived from the transit
times) of 2.6 cm*V~! s™! for electrons and 2.3 cm?V~! s7! for
holes.*® Later, researchers reported its anisotropic carrier
mobility in which the donor—acceptor stacking direction is the
dominant direction for hole mobility, orders of magnitude
larger than that for electron mobility, while in the b-direction
there is no appreciable differences between the carriers.”’ ="
Nevertheless, the transient signals were always surprisingly too
large to be taken.*® To evaluate the electrical properties of
CTCs at steady state, OFETs with a bottom-gate bottom-
contact configuration were fabricated. The channel length (L)
was 100 ym and the width (W) was approximately 1 mm.
Straight and twisted crystals were grown from the melt on the
devices with the growth direction parallel to the current flow
from the drain to the source, and three samples were prepared
for each morphology.

OFETs prepared from crystals of PhT and PyT grown in a
glovebox in a nitrogen gas environment did not show an
apparent difference in mobility, indicating that oxidation ought

not preclude measurements on samples prepared under
ambient conditions. Our attempts to fabricate OFETs for
PeT were unsuccessful because of its decomposition above
melting point ~270 °C.

Figure 4 shows the current between the source and drain
electrodes, I, as a function of gate-source voltage (Vi) at

a b 120
g g
g Vps = -50V
He = 1.1x10%ecm?V- s 3.6x10%cm?V-'s™
5
-100  -50 0 50 100  -100  -50 0 50 100

Ves (V) Ves (V)

Figure 4. Current—voltage (I—V) characteristics of (a) straight PyT
(W =2000 ym) and (b) twisted PyT (W = 3000 ym). Gate dielectric
capacitance per unit area C; = 1.06 X 107® F/cm”. Scale bar = 200 ym.

constant drain-source voltage Vpg = —50 V for straight and
twisted PyT devices. The correlated electron mobilities for
three straight and three twisted PyT devices are summarized in
Table S3. PyT transistors with twisted crystals yielded an
average electron mobility of (3.2 + 0.5) X 107> cm®V ™" 57},
around three times higher than those with straight crystals,
(1.1 = 0.1) X 10~ ecm®V~! 571, A fourfold enhancement was
obtained for the electron mobility of PhT, (1.7 + 0.7) X 1075
and (6.8 + 1.2) X 107> cm?V™" s7! for straight and twisted
crystals, respectively (Figure S7, Table S3).

Electronic Structure Calculations. The difference in
charge mobilities between straight and twisted crystals was
evaluated computationally based on DFT. Such calculations,
albeit on individual crystals, serve as a baseline interpreting the
differences in mobilities of polycrystalline films with straight
and twisted crystals. For three selected CTCs, PhT, PyT and
PeT, the large differences between the ionization potential of
donors (IPp,) and electron affinity of acceptors (EA,), 3.28—
4.23 eV (Figure S8), indicate neutral CTCs rather than ionic
CTCs. The following calculation focuses on PyT, consistent
with OFET measurements presented above. The calculation
results for PhT and PeT are shown in the Supporting
Information.

Anisotropic carrier mobilities in straight crystals. Accord-
ing to first principles c%uantum mechanics calculations and
Marcus—Hush theory,””>" we simulated the charge mobilities
in straight crystals based on their geometries from crystallo-
graphic information files (Supporting Information CIF files).
Many 7-conjugated molecules crystallize into a layered
herringbone packing motif,”*~>* which provides 2D transport
only within the basal stacked organic layers, while transport
between layers is less efficient. In this case, the carrier mobility
can be calculated as eq 1

€ 2 2 2
= r“W.Pcos” ycos” (0, —
o = Sy 2 RS 105 (6= ) )

where e and kg are the elementary charge and Boltzmann
constant, respectively, and temperature T = 300 K. The index,
i, represents a specific hopping path with distance r; (centroid-
to-centroid). y; is the angle between the hopping path and the
bottom X—Y plane, 0, is the angle of the projected hopping
path on the X—Y plane relative to the reference X axis, ¢ is the
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induced heterogeneity. (a) Three adjacent layers sequentially misoriented by 6 = 0.01° along <010>. The rotation angle is exaggerated for clarity.
Change of hole and electron mobilities Ay along hopping path (b) 13, (c) 14, and (d) 15 at 25 evenly distributed points within the twisted PyT

superlattice compared with straight models.

orientation angle of the projected transistor channel on the X—
Y plane to the reference X axis (Figure $9). B = W/} W, is
W; is calculated

i

the hopping probability. The hopping rate

50,51,55

from Marcus—Hush theory as eq 2

2 1/2
t; T A
W= ——| exp|-——"—
h \ AkgT 4k, T (2)

where } is the Planck constant, 4 is the reorganization energy,
and ¢; is the transfer integral along the hopping path i, defined
in Supporting Information.

Figure Sa illustrates four hopping paths for PyT in a special
orthogonal coordinate basis {X, Y, Z} with X ll ¢, Yl b, and Z Il
a*, including i = 12 along the donor—acceptor—donor stacking
direction (a-axis) and the direct overlap between the closest
donor and acceptor molecules (i = 13, 14 and 15). Transfer
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integrals t; and hopping rates W; along each hopping path i are
summarized in Table S4. Comparable transfer integrals can be
found along four non-coplanar hopping paths, indicating 3D
charge transport, not confined to single directions or layers, in
agreement with the large band dispersion along I'B, I'Y, and
I'Z directions in electronic band structures (Figure S10). Since
eq 1 cannot describe charge transport of our CTCs along non-
coplanar hopping paths, it was modified to eq 3 by introducing
the orientation angle 6 of the transistor channel relative to the
X-Y plane (Figure S9).

Hys = 2keT z rizl/\/iB(cosyicos(Hi - @) + sinyl.sinc‘i)2
B

©)

If 6 = 0, then eq 3 reduces to eq 1. As shown in Figure Sa,
the angles of hopping paths 13, 14, and 1S to the reference X
axis 6; are 90°, 26.8°, and 180°—26.8°, respectively. When
hopping path 12 is projected on the X—Y plane, it is parallel to
the reference X axis, and the angle y,, with respect to X-Y
plane is equal to the crystallographic 8 angle, 92.1°. eq 3 with
transfer integrals t; in Table S4 and reorganization energies in
Table S5, leads to the hole and electron mobility orientation
functions. The simulations show strongly anisotropic hole and
electron mobilities of straight PyT crystals (Figure Sb,c). The
hole mobilities along the X and Y axes are higher than those
along other directions, but smallest along Z. Hopping paths 13,
14, and 15 are located inside the X—Y layer and thus do not
contribute to the transport along the Z axis. The electron
mobilities are the largest along the Z axis, 0.034 cm?V! s
This is because the strong donor—acceptor z—x interactions
favor hopping from donors to acceptors, consistent with the
largest electron transfer integral along path 12 (Table S4). PhT
and PeT also show similar anisotropic mobilities, but slightly
different distribution of hole mobilities due to the varied
structures of donors (Figure S11).

Charge carrier mobility, ¢ [cm® V™' s7'], the quality that
relates the average drift velocity of charge carriers, v [cm-s™'],
to an applied electric field, E [V-cm™'], is a distinguishing
characteristic of semiconductors. Carrier mobility therefore can
be expressed as a second-rank tensor:’**” v, = uyE;. The
diagonal values y; give the mobility along three axes in the
orthogonal coordinate basis {X, Y, Z}. The elements of hole
and electron mobility tensors y;; for three CTCs are shown in
Table S6, and that of diagonalized tensors y; in Table S7.

Simulated carrier mobilities in twisted crystals. For
twisted crystals, mobility simulations must consider the
transformation of atomic coordinates consistent with the
twist, small on the molecular scale. The fiber elongation
direction in twisted PyT crystals was determined experimen-
tally as the crystallographic b-axis, which is parallel to the Y axis
and the hopping path 13. Thus, twisting-relative positions of
molecules inside the X—Z plane should not be affected and the
charge transport will not change along hopping path 12, but
change along 13, 14, and 15. We built a superlattice composed
of three layers perpendicular to the fiber elongation direction
b-axis (the first and second layer for the calculation of hopping
paths 14 and 1S, and the first and third layers for path 13) to
evaluate the carrier mobilities in twisted fibers, as shown in
Figure 6a. The twisting model requires: (1) the rotation angle
0 between two adjacent layers and (2) the size of supercell, i.e.,
number of unit cells in a fiber cross section.

The rotation angle @ between two adjacent layers was
chosen based on the measured distance needed for the fiber to

rotate by 180° the pitch P ~ 20—50 ym in twisted PyT
crystals. The corresponding rotation angle 6 = z/P = 0.004—
0.01°/distance between two adjacent layers (~3.6 A) along
<010>. The upper limit of € = 0.01°/3.6 A was chosen for
further calculation. Fibers in twisted crystals with comparable
pitches have cross sectional radii of 0.01—1 um®, thus the
cross section of 50—200 nm is a natural choice for simulations.
However, the shear strain is assumed not to exceed the yield
strain of Y. < 0.02 (assuming high temperature T/T,, >
0.65). In twisted crystals, the maximum value corresponds to
the fiber radius r = ¥,,,,/0 ~ 50 nm.” For r = 50 nm, the side of
the superlattice is 100 nm. The PyT lattice constant ¢ = 14.2 A,
so the number of unit cells along X (or ¢) is 100 nm/14.2 A ~
70. A similar estimate for Z (or —a*) axis leads to 125 cells.
The same supercell sizes (70 X 125) were chosen for PhT and
PeT.

The calculation of 70 X 125 crystallographic unit cells in
each supercell requires significant computational time. There-
fore, we sampled 25 evenly distributed points and calculated
the average mobilities along each hopping path. As shown in
Figure 6, the supercell displacement between dimers along
path 13, 14, and 15 increases with the distance from the
rotation axis. The greater the displacement, the greater the
change in carrier mobility. The carrier mobilities of twisted
PyT crystals were calculated by combining results for hopping
paths 13, 14, and 1S5 with the results for hopping path 12
(same as for straight crystals). The slight difference of the
mobility in twisted supercells compared to straight crystals can
be detected by comparing the mobility tensors (Tables S6 and
S7). In particular, twisting (0.01°/3.6 A) leads to an increase in
the electron mobility of 25% along growth direction <010>.

Modest increases were also obtained for PhT and PeT
(Figures S12 and S13, Tables S6 and S7). After twisting by
0.01° along the fiber elongation direction <010>, the average
hole mobility of PhT slightly increased by 1%, and the electron
mobility increased by 14%. Twisted PeT showed a 7% increase
in hole mobility and a 13% increase in electron mobility along
growth direction <100>. The trends among different CTCs
predicted by our DFT calculations show that twisting by a
small angle 0.01° between two adjacent layers can generally
enhance the computed carrier mobilities but slightly.

Bl DISCUSSION

Why are so many small molecular crystals twiste and
why are mixed-stacking CTCs even more prone to form
twisted fibrils? The first question resists one answer, or one
mechanism. While large twisted crystals can be pulled from the
ground,”’ most twisted crystals are associated with slender
fibrils.> This, at the very least, satisfies mechanical intuition; it
is easier to twist a crystal that is narrow in cross section and
one that is thin. The torsion constant, while dependent on the
shape of the cross section is roughly proportional to the inverse
fourth power of the radius. However, the phrase “twisted
crystal” can be misleading. If something has been twisted, it
implies that there was something straight to begin with.
However, when crystals are at the nanoscale, they need not
conform to a lattice, they need not have long range
translational symmetry. Simulations’' and mechanical consid-
erations*>®? suggest that crystals may accommodate some
frustration to continue to grow, thereby approximating a
familiar crystal. Only molecules that conform to a lattice can be
assembled from a semi-infinite number of molecules. The
tension is manifest as needle-like crystals that twist at their tips,

3,4,5
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while untwisting as they accommodate molecules that serve to
thicken the needle laterally.”>® Twisting frustrates lateral
assembly. In other cases, twisting is a consequence of the
association of misaligned lamellae.***> More generally,
unbalanced surface stresses may be consequential in thin
ribbons of high polymers.*® Strain because of inhomogeneities
of crystallization additives/impurities may also play a role. The
second question in the first sentence of this paragraph
depends, somewhat, on a clear answer to the first. Whether
or not the commonalities of the mixed-stack crystal structures
and morphologies underlying the increased frequency in
twisting remain to be established.

In a recent paper, researchers described a twisted CTC
crystal composed of pyrene and DTTCNQ (4,8-bis-
(dicyanomethylene)-4,8-dihydrobenzo[1,2-b:4,5-b’]-dithio-
phene) deposited from solution.”” Individual twisted helicoids
were described, as in refs 31, 37. This is consistent with the
propensity of twisting in CTCs describe here. Moreover, the
pyrene-DTTCNQ_ untwisted on thickening, as we have
previously described for other compounds.”®® Our work here
by contrast focuses exclusively on growth from melts.

DFT calculations and OFET measurements of charge
mobilities on straight and twisted crystals can be evaluated
in reference to the literature on electromechanical effects in
organic semiconductors. Given the necessity of flexibility in
materials supporting plastic electronic components, researchers
naturally have focused their attention on the consequences of
charge transport in strained crystals.

Among the first, if not the first, study of this kind was a
consequence strain induced in 6,13-bis-
(triisopropylsilylethynyl)pentacene (TIPS-pentacene) by a
solution shearing technique. Molecular 7z-systems were
ostensibly squeezed more closely increasing hole mobilities®”
by as much as six times. Subsequently, rubrene crystals, a
material with outstanding hole mobility, were analyzed in a
bent configuration on a flexible transistor.”” Later rubrene
studies based on OFET measurements showed that the high
mobility direction can be enhanced by nearly a factor of two
with a small compressive strain of 1%.”" In a radical cation
crystal, 9,10-bis(phenylethynyl)anthracene radical cation
(BPEA+), four-probe measurements showed a slight decrease
in conductivity from 2.68 to 2.43 S/cm.”” A recent attempt to
develop a computational strategy to predict the effects of
external deformation on the charge transport in organic
semiconductors showed that consequences, as to be expected,
are highly material-dependent, although changes typically arise
in the modification of charge transfer integrals rather than
changing lattice dynamics.”* Most recently, a stunning 7-order
of magnitude enhancement in conductivity was reported for
bent coronene crystals,”* a result in sharp contrast with the
more modest changes described above. The frequency of
contributions on the electromechanical analysis of organic
semiconductors indicates that this is an inquiry likely to
develop quickly in the near term,”” and may come into focus in
tandem with the development of the basic science of
mechanically dynamic molecular crystals.”*~”’

In the case of spontaneously twisted crystals of CTCs, no
external forces were applied. Any strain maintained in the
materials during growth is self-accommodated. DFT calcu-
lations on twisted crystals apply a 0.02% strain (y,,,, = r0)
associated with lattice misorientation. It leads to changes of
several percent in the HOMO/LUMO transfer integral and
carrier mobility (Figure 6) dependent on the supercell

displacement. The greater the skewing of adjacent layers, the
greater the change in carrier mobility, some parts of the rod
with rising mobilities and some falling. The average effect on
the supercell for the twist specified above is a slight increase
(up to 25%) in the calculated mobilities of twisted crystals.

Nevertheless, the changes in charge mobility can be
predicted in single twisted crystals, and thus far measured in
ensembles of crystals in OFETs. While comparing single-
crystalline objects in silico to polycrystalline films in the
laboratory lacks a certain fidelity, the difference between
calculated enhancement of mobility (several percent) is
substantially lower than the measured enhancement (several
hundred percent). To understand the substantial differences
between computations on single twisted crystals and the
mobilities measured for ensembles of twisted crystals in close
contact, we will need to build a model of the conductance in
networks of crystals in order to capture this difference in the
future.

Also, OFET measurements only record electron transport
for PhT and PyT instead of ambipolar transport as in DFT
calculations. Because of the small size of crystal domains (~1
um), charge transport is not only along the fiber axis lying from
drain to source, but along more complex paths mediated by
grain boundaries between crystallites (Figure S14). Based on
DFT calculations, hole mobility along the Z axis is much
smaller than those along other directions, also 2 orders of
magnitude lower than electron mobility.

Bl CONCLUSIONS

Binary CTCs composed of organic donors and acceptors lie at
the heart of science of organic metals and semiconductors from
which organic materials science more broadly emerged. These
compounds have been studied as single crystals grown from
solution, almost exclusively. However, a remarkable proportion
of CTCs studied here, 23 of 41, crystallized as banded
spherulites from the melt in which the optical rhythm was a
signature of twisted radial fibrils. This statistical fact about the
crystalline morphology of organic CTCs merits further
attention.

Among twisted CTCs described herein, three 1:1 mixed-
stack TCNE-based complexes with phenanthrene (PhT), with
pyrene (PyT), and with perylene (PeT) were characterized by
complete polarimetry, crystal structure characterizations,
OFET measurements (for PhT and PyT), and DFT
calculations in both straight and twisted configurations. Both
single crystals and banded spherulites show linear dichroism in
polarized light with strong light absorbance along the donor—
acceptor 7—r stacking direction.

OFETSs demonstrate around 300% higher electron mobilities
for twisted PhT and PyT crystals compared to straight ones,
along the crystal growth directions <010>. Expectations for the
differences in charge mobility between straight single crystals
and the same structures in which a twist has been introduced
were evaluated computationally. A procedure for computing
the charge mobility in twisted crystals was developed based on
DFT. Here, we derived a formula to describe the hole and
electron mobilities in three dimensions, which can be
expressed as second-rank tensors. DFT calculations for straight
CTC crystal models built from crystallographic information
files show anisotropic hole and electron transport, with the
highest electron mobility along donor—acceptor 7—x stacking
directions. Moreover, bilayer supercells with a 0.01° rotation
angle between adjacent layers around experimental twisting
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axis were built to evaluate the theoretical mobilities of twisted
crystals. The calculation of a supercell presents better hole
(electron) mobilities, enhanced by 3% (14%) for PhT along
<010>, 1% (25%) for PyT along <010>, and 7% (13%) for
PeT along <100>.

The difference between theory and experiment likely
originates from a complex organization of fibrils in polycrystal-
line ensembles, where the nature of the innumerable interfaces
is undoubtedly consequential. Such studies still lay the
foundation of crystal morphology in high-performance flexible
organic electronics and can help to introduce novel high-
performance applications.

B EXPERIMENTAL SECTION

CTC Synthesis. All parent donors and acceptors in Figure 1 were
purchased from Sigma-Aldrich and TCI America and used without
further purification. CTCs were synthesized by mixing solutions of the
donors and acceptors and precipitating single crystals by solvent
evaporation.®® All combinations studied (except for the CTCs that
decomposed before melting) are reported in Table S1.

Crystal Growth. Melt crystallization was performed by sandwich-
ing several milligrams of CTCs between a glass microscope slide and
coverslip. Upon melting, the material formed thin, 1-5 um, films.
These crystallized between the melting points, T, and room
temperature using a hot stage, Kofler bench, or sandwiching between
two metal blocks. For most systems, the crystals formed within § s. All
CTCs were crystallized without additives and with ca. 10 wt % damar
gum resin.' Twist generally occurs at higher undercoolings. The
crystals were then surveyed in polarized light or between two
polarizers in a petrographic microscope. We counted those instances
in which there was tell-tale rhythmic progression of the absorbance
and interference indicative of helicoidal twisting of fibrils.

OFET Fabrication and Electrical Characterization. For
OFETs comprising straight or twisted crystals, a bottom-gate,
bottom-contact structure was used, where the bottom gate consisted
of highly doped silicon with 200 nm of thermally grown SiO, as the
gate dielectric. Source and drain contacts were patterned by
photolithography and deposited by thermal evaporation (4 nm Cr
followed by 40 nm Au). Samples were then immersed in a 1 wt %
solution of pentafluorobenzenethiophenol in anhydrous ethanol for
60 min followed by a 30-minute rinse in ethanol. Cleaned SiO,/Si
substrates were then exposed to UV-ozone for 10 min. The straight
and twisted crystals on the OFET were processed as described in the
Crystal Growth section. OFET measurements were performed using a
Keithley 2636B system sourcemeter at room temperature.

Computational Methodology. The calculations of transfer
integrals, reorganization energy, and mobility parameters were
implemented using the DFT with the B3LYP functional and the 6-
31G(d) basis set, using the Gaussian 16 package,81 according to the
general scheme of Bredas®”®> among others.’>>"%
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