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Polymorphism-controlled charge transport in
T-shaped p-conjugated crystals: high mobility
via a double-column pathway

Suo Jeon,a Seiya Yokokura, *ab Pingyu Jiang, c Mingoo Jin, c

Hiroki Waizumiab and Toshihiro Shimada *ab

Organic semiconductors offer a unique platform for developing flexible, lightweight, and low-cost

electronic materials, where charge-transport properties are highly sensitive to molecular packing and

polymorphism. Understanding how molecular geometry and orbital alignment govern intermolecular

electronic coupling is essential for achieving high mobility and structural robustness. Here, we report the

design of a novel T-shaped p-conjugated molecule engineered to promote cooperative electronic

couplings between adjacent p-stacking columns in the solid state. Temperature-controlled physical

vapor transport (PVT) yielded two distinct polymorphs: a low-temperature (LT) form with a y-type

packing motif and a high-temperature (HT) form adopting a pitched p-stacking arrangement analogous

to rubrene. Despite its lower density, the HT form exhibits shorter p–p distances and abundant C–H� � �p
interactions that promote favorable orbital phase alignment and strong electronic coupling between two

parallel stacking columns. This pathway, termed ‘‘double-column transport,’’ constitutes a cooperative

one-dimensional transport framework that enhances robustness against defects. Transfer-integral

calculations predicted hole mobilities an order of magnitude higher for the HT form, and single-crystal

transistor measurements confirmed this trend, yielding a maximum mobility of 1.2 cm2 V�1 s�1. These

findings demonstrate that charge-transport performance in polymorphic organic semiconductors is

governed not by packing density but by orbital phase matching, establishing polymorph control and

double-column transport design as effective strategies for realizing robust, high-mobility organic

semiconductors.

Introduction

Organic semiconductors have attracted considerable attention for
applications in flexible, lightweight, and low-cost electronics,
including transistors, sensors, and photovoltaic devices.1–3 Their
charge-transport properties are highly sensitive to molecular pack-
ing motifs in the solid state, and even subtle changes in crystal
structure can lead to dramatic differences in device performance.4–6

A well-known example is the contrast between tetracene and
rubrene: tetracene crystallizes in a herringbone packing arrange-
ment with moderate hole mobility, whereas rubrene, bearing
four phenyl substituents, adopts a pitched p-stacking structure that
affords large transfer integrals and significantly higher mobility.7–10

These studies underscore the importance of crystal engineering
and polymorphism in tailoring the functionality of organic
semiconductors.11–13

In recent years, considerable efforts have been devoted to
enhancing charge mobility through polymorph control and
molecular design.14–16 Crystal polymorphism has been shown
to play a decisive role in charge transport, where distinct
packing motifs of the same molecule can result in markedly
different mobilities.17,18 Strategies such as tuning sublimation
conditions to selectively obtain high-mobility phases,19–21

introducing substituents to alter stacking motifs,22–24 and
designing extended p-conjugated frameworks have all been
reported.25–28 These approaches highlight the potential of
molecular packing engineering to boost device performance,
yet in most cases the resulting charge transport remains
essentially one-dimensional,29 and the impact of cooperative
interactions between multiple stacking columns has rarely
been explored.

Traditionally, high carrier mobility has been correlated with
dense molecular packing and an increased number of
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intermolecular contacts.30–32 However, recent insights suggest
that the decisive factor is not packing density itself but
the quality of orbital overlap, particularly orbital phase
matching.29,33–35 While this concept is beginning to reshape
our understanding of charge transport in organic materials,
direct experimental demonstrations linking polymorphism,
orbital alignment, and transport efficiency remain scarce.

In this context, here we report the design of a novel T-shaped
p-conjugated molecule, T-BQx (Benzo[g]quinoxaline-fused tet-
racene, Fig. 1), whose extended conjugation was intended to
promote enhanced orbital overlap and cooperative electronic
couplings between adjacent p-stacking columns in the crystal.
Previously reported analogues, such as T-BPy (benzopyrazine-
fused tetracene, Fig. 1) with substituents typically adopt one-
dimensional stacking arrangements, described in the literature
as ‘‘herringbone-like one-dimensional columnar stacking,’’
which limit their transport dimensionality.36 In contrast, our
system was designed to broaden the conjugated framework and
explore new packing architectures. By temperature-controlled
physical vapor transport (PVT), two distinct polymorphs were
obtained: a low-temperature (LT) form with a y-type packing
motif and a high-temperature (HT) form adopting a pitched p-
stacking arrangement reminiscent of rubrene. Remarkably, the
HT form combines looser packing with favorable orbital align-
ment, leading to strong couplings between parallel stacking
columns. We define this cooperative transport pathway as
‘‘double-column transport,’’ in which two parallel p-stacking
columns are electronically coupled to form a modified one-
dimensional transport topology with enhanced robustness
against defects.

Experimentals
Synthetic procedures

A mixture of cyclopenta[fg]tetracene-1,2-dione (50 mg,
0.177 mmol) and 2,3-diaminonaphthalene (42 mg, 0.265 mmol)
in AcOH (15 mL) and EtOH (20 mL) was heated overnight under
reflux and nitrogen atmosphere. After cooling the reaction
mixture, the precipitate was collected by suction filtration,
washed with ethanol, and obtained as a crude product. The
crude product was purified by vacuum sublimation to afford 60
mg of the desired compound in 90% yield. Due to its poor
solubility, NMR spectra could not be recorded. Single crystals

were subsequently grown from the purified sample by the
physical vapor transport (PVT) method, the details of which
will be described later.

Single-crystal X-ray analysis

Single-crystal X-ray structural analyses were carried out with a
Rigaku XtaLAB PRO MM007 diffractometer using graphite-
monochromated Cu Ka radiation at 153 K. The structures were
solved with the SHELXT structure solution program using
Intrinsic Phasing incorporated in the OLEX2 program
package37 and refined with the SHELXL package.38 The hydro-
gen atoms were refined using the riding model. The crystal
structures and packing motifs were analyzed for visualization
by electronic and structural analysis program, Mercury 4.0.39

Theoretical calculation

The theoretical calculations were performed with the Gaussian
16W software package.40 For the calculation of the transfer
integrals (t), the molecular geometries extracted from the
experimental crystal structure data were used without
elaxation, and the calculation conditions were set to B3LYP/
6-31G(d,p). For the reorganization energy (l) calculation,
B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) was used. With t and l,
the theoretical mobilities based on the hopping model were
calculated in accordance with the literature.41

Single-crystal field-effect transistors

For measurements of the platelet-shaped crystals of the LT
form, a bottom-gate bottom-contact configuration was
employed using heavily doped n-type Si wafers with 500 nm
SiO2 layers as substrates. The substrates were cleaned
by sonication in EtOH for 30 min, followed by ultraviolet–
ozone treatment for 15 min, and subsequently treated
with trimethoxy(1H,1H,2H,2H-heptadecafluorodecyl)silane (TCI
Chemicals). Au source and drain electrodes (50 nm) were
deposited directly onto the substrates by physical vapor deposi-
tion under o5 � 10�3 Pa. The Au electrodes were then
modified with pentafluorobenzenethiol42 (TCI Chemicals) by
immersion in a 50 mM ethanol solution overnight under
ambient conditions. The T-BQx platelet-shaped crystals were
carefully transferred from the glass tube onto the SAM-treated
substrates.

For measurements of the rod-shaped crystals of the HT
form, top-gate top-contact transistors were fabricated using
Parylene (diX-SR) as the gate dielectric. Carbon paste was
applied onto the single-crystal surface to form the source and
drain electrodes, and lead wires were attached. The two
carbon electrodes were aligned so that current flowed along
the p-stacking direction. A 700 nm-thick Parylene layer was
deposited as the gate dielectric (Ci = 3.28 nF cm�2), followed by
deposition of Au gate electrodes on top of the insulator layer.
The field-effect mobility (m) was extracted from the saturation
regime.

Fig. 1 Molecular structure of T-BPy and T-BQx.
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Results and discussions
Crystal growth and polymorphism

Two distinct polymorphs, platelet- and rod-shaped single crys-
tals, were obtained by the physical vapor transport (PVT)
method. A schematic diagram of the PVT setup is shown in
Fig. 2. The raw material was placed in zone 1 and heated at
350 1C, yielding rod-shaped crystals at zone 2 (320 1C, HT form)
and platelet-shaped crystals at zone 3 (240 1C, LT form). Powder
XRD patterns of both forms matched well with the simulated
patterns from single-crystal XRD analyses, confirming the high
selectivity of polymorph growth under these conditions
(Fig. S1). Under milder PVT conditions (zone 1 at 270 1C and
zone 2 at 220 1C), only the LT form was obtained.

Crystal structure of the LT form

The LT form crystallizes in the C2/c space group with Z = 8,
containing one crystallographically independent molecule in
the unit cell (Fig. 3 and Table S1). A p-stacking column is
formed along the b-axis with an interplane distance of 3.494 Å.
Although the molecule is polar, the stacking direction does not
involve polarity inversion, resulting in a uniform p-stacking
column. Inversion symmetry is present between neighboring
stacking columns, cancelling the macroscopic polarization.
The dihedral angle between neighboring molecules is 134.61.
This packing can be classified as a y-type structure, in which
one-dimensional charge transport is expected along the stack-
ing column. The LT form exhibits an almost cofacial p–stacking
arrangement with only slight displacement between adjacent
molecules (Fig. 3(c)).

Crystal structure of the HT form

The HT form crystallizes in the Pnma space group with Z = 4
(Fig. 4 and Table S1). The molecular mirror plane coincides
with a crystallographic mirror plane, and molecules are
arranged in a pitched p-stacking motif with a large longitudinal
displacement. This packing resembles the well-known high-
mobility structure of rubrene. Similar to the LT form, polarity is
not reversed within the p-stack, giving rise to uniform columns.
The interplanar distance is 3.347 Å, shorter than in the LT
form. Along the end-to-face (c-axis) direction, the polarization
alternates between neighboring columns, giving rise to two
distinct overlapping motifs: tetracene–tetracene and BQx–BQx
contacts. The intermolecular dihedral angle in this direction is

62.61, comparable to that reported for rubrene. Such a pitched
p-stacking arrangement suggests the emergence of double-
column transport pathways, where two parallel p-stacking

Fig. 2 Schematic illustration of the temperature-controlled PVT appara-
tus and photographs of two obtained polymorphs, HT and LT form.

Fig. 3 (a) Crystal packing of the LT form viewed along the b-axis. The yellow
dots indicate inversion centers. (b) Projection of the molecular stacking viewed
along the c-axis, where d and y represent the interplanar distance and the
dihedral angle, respectively. (c) Face-to-face overlapping motif.

Fig. 4 (a) Crystal packing of the HT form viewed along the c-axis. The
yellow dots indicate inversion centers. (b) Projection of the molecular
stacking viewed along the a-axis, where d and y represent the interplanar
distance and the dihedral angle, respectively. (c) Face-to-face overlapping
motif. (d) Molecular structure with thermal ellipsoids. Thermal ellipsoids
are drawn at the 50% probability level. The blue lines indicate crystal-
lographic mirror planes.
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columns cooperate to carry charge, providing greater defect
tolerance than conventional single-column transport.

Anisotropic atomic displacement parameters were observed
in the HT form (Fig. 4(d)). Elongated thermal ellipsoids were
found along the molecular plane, particularly around the BQx
site, suggesting dynamic deformation in the crystal. The crystal
densities of the LT and HT forms were estimated to be 1.453
and 1.370 g cm�3, respectively, indicating that the HT form
packs more sparsely. This looser packing likely accounts for the
enhanced flexibility. Remarkably, despite the lower density and
greater dynamic disorder, the HT phase maintains a shorter
face-to-face p–p distance, reinforcing its strong intermolecular
electronic coupling.

Hirshfeld surface analysis

Hirshfeld surface analyses and fingerprint plots (Fig. 5 and
Fig. S2) revealed distinct differences between the two polymorphs.

The Hirshfeld surface and fingerprint plots were calculated
with CrystalExplorer21.5.43

In the LT form, H� � �H contacts are the most dominant,
followed by C� � �C interactions, consistent with its overall
denser molecular packing. However, despite the large number
of close contacts, the orbital alignment within the y-type motif
is less favorable, resulting in limited electronic coupling and
effectively one-dimensional charge transport.

In contrast, the HT form exhibits a much higher proportion
of H� � �C contacts, reflecting the prevalence of C–H� � �p interac-
tions within the pitched p-stacking motif. These interactions
stabilize the tilted packing arrangement and, more impor-
tantly, are expected to facilitate favorable orbital overlap.
Although the overall fraction of C� � �C contacts is smaller
than in the LT form, the shorter p–p distance (3.347 Å)
indicates potentially stronger electronic coupling along specific
directions.

Taken together, these results suggest that charge-transport
efficiency is not governed by the number of intermolecular
contacts or packing density, but rather by the quality of orbital
overlap and phase alignment. This interpretation is further
supported by the transfer integral calculations presented in the
following section, which quantitatively reveal the difference in
electronic coupling between the LT and HT forms.

Molecular orbitals and energetics

The HOMO of T-BQx is delocalized across the entire T-shaped
framework, whereas the LUMO is mainly localized on the
tetracene moiety (Fig. 6(a)). HOMO and LUMO levels were
�5.3 and �2.9 eV, respectively, suggesting that hole injection
is more favorable. Diffuse reflectance spectra of polycrystalline
samples gave an optical bandgap of 1.71 eV (see Fig. S3),
smaller than the calculated HOMO–LUMO gap (2.4 eV), reflect-
ing stabilization by intermolecular interactions. Reorganization
energies were lh = 71.8 meV and le = 221.0 meV. The small lh

compared with rubrene (159 meV) and pentacene (95 meV)
indicates that T-BQx is intrinsically favorable for hole
transport.44

Transfer integral and theoretical mobility calculations

The theoretical charge-carrier mobilities were estimated using a
hopping transport model based on the Marcus formalism,
in which the mobility is determined by the intermolecular
transfer integrals and the reorganization energy. This approach
assumes incoherent charge transport via thermally activated
hopping between neighboring molecules. This model was

Fig. 5 Hirshfeld surface mapped with de (distance from the Hirshfeld
surface to the nearest nucleus outside of the surface) of the T-BQx
molecule in the crystal structure of (a) LT form and (b) HT form.
(c) Intermolecular interactions on the Hirshfeld surface deconvoluted into
ones between various atom types in LT (blue) and HT (red) form (%).

Fig. 6 (a) HOMO and LUMO of T-BQx molecule. Packing structures of
the LT form viewed along (b) the molecular short axis and (c) the molecular
long axis. The indicated values represent the intermolecular HOMO–
HOMO transfer integrals. (d and e) Corresponding packing structures of
the HT form viewed along the same directions.
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chosen because the temperature-dependent transistor mea-
surements show thermally activated behavior, indicating that
charge transport in the present system is dominated by hop-
ping rather than band-like transport.

LT form. Transfer integrals for six dimers (t1–t6, Fig. 6(b) and
(c)) were evaluated. The intra-column interaction along the
stacking direction (t1) is relatively large (68.5 meV), while all
inter-column couplings, except for t2, are negligibly small. This
reflects both the intrinsically one-dimensional nature of the
y-type packing motif and the unfavorable phase alignment
of molecular orbitals between adjacent columns. Notably,
although the relative molecular positions of the t2 and t3 dimers
are similar, their transfer integrals differ significantly due to
orbital phase alignment: t2 shows a moderate value, whereas t3

is nearly zero. As a result, carrier transport between paired
stacking columns becomes effectively one-way, further restrict-
ing charge transport in the LT form to a single p-stacking
column. Based on t1, the one-dimensional hole mobility was
estimated to be B1 cm2 V�1 s�1.

HT form. Five types of dimers (t1–t5, Fig. 6(d) and (e)) were
identified in the HT form. The face-to-face overlap within the p-
stacking column (t1) afforded a very large transfer integral of
B96.8 meV. Along the end-to-face direction, the tetracene–
tetracene overlap (t2) produced an exceptionally high value of
75.7 meV, which is larger than that reported for herringbone-
packed tetracene crystals (70 meV).45 This strong coupling
originates from the mirror-plane symmetry of the pitched
p-stacking motif, which enables excellent orbital phase match-
ing. In contrast, the BQx–BQx overlap (t3) yielded only a small
transfer integral (3.6 meV), reflecting the limited p-conjugation
of the BQx unit.

Taken together, the HT structure can be described as a
cooperative one-dimensional ‘‘double-column’’ transport net-
work, where two strongly coupled columns (t1 and t2) dominate
charge transport, while couplings to neighboring columns
through t3–t5 remain weak. Although the overall transport
dimensionality remains one-dimensional, this configuration
allows carriers to hop back and forth between the column pair,
providing a transport pathway that is more tolerant to local
defects compared with conventional single-column systems.
The calculated one-dimensional hole mobility based on t1

reached B15 cm2 V�1 s�1, which is approximately one order
of magnitude higher than that of the LT form. It should be
emphasized that this double-column transport is fundamen-
tally different from previously reported two-dimensional
charge-transport networks, in which charge carriers delocalize
over extended arrays of comparable intermolecular couplings
in multiple directions. In the present system, strong electronic
coupling is confined to a pair of parallel columns, while
couplings in other directions remain weak, resulting in a
cooperative but still one-dimensional transport topology rather
than a true two-dimensional network.46

The transfer integrals between LUMOs were also calculated
(see Table S2). In the LT form, the intra-column interaction (t1)
was relatively large (�67.6 meV); however, because the reorga-
nization energy for electron transport is much higher than that

for hole transport, the estimated electron mobility was only
0.40 cm2 V�1 s�1. In the HT form, the transfer integral along the
t1 direction was even smaller, which can be attributed to the
fact that the LUMO is mainly localized on the tetracene moiety,
and the longitudinally displaced stacking in the HT form
reduces the effective orbital overlap. Consequently, the electron
mobility was estimated to be 1.9 � 10�3 cm2 V�1 s�1.

Device characteristics

Because of the distinct crystal morphologies of the two poly-
morphs, identical device structures could not be fabricated.
The platelet-shaped LT crystals and rod-shaped HT crystals
require different transistor geometries to ensure reliable elec-
trical contact and device operation. Therefore, tailored single-
crystal FETs were prepared for each polymorph (Fig. 7(a) and
Fig. S6). We note that differences in device architecture, includ-
ing contact configuration and gate dielectric interfaces, can
influence the absolute values of the measured mobilities.

LT form. Platelet crystals were laminated on pre-patterned
electrodes on the Si/SiO2 substrate (bottom-gate, bottom-
contact). The devices operated as p-type (Fig. 7(b) and (c)), with
a mobility of approximately 0.14 cm2 V�1 s�1. This value is
about one order of magnitude higher than that reported for
single-crystal transistors of TBPy-C1,34 which can be attributed
to the more extended p-conjugated framework of the present
molecule. As shown in the output and transfer characteristics

Fig. 7 (a) Schematic illustrations of the single-crystal transistor config-
urations for the LT (bottom-gate/bottom-contact) and HT (top-gate/top-
contact) forms. (b and c) Output and transfer characteristics of the LT-
form device. (d and e) Output and transfer characteristics of the HT-form
device. structure. For the LT-form device: channel width W = 114 mm, channel
length L = 57 mm, and gate capacitance per unit area Ci = 6.01 nF cm�2. For the
HT-form device: W = 93 mm, L = 187 mm, and Ci = 3.28 nF cm�2. Mobilities
were extracted from the saturation regime.
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(Fig. 7(c)), the drain current exhibited noticeable hysteresis,
which is likely related to a higher density of trap states at the
semiconductor–dielectric interface and/or within the crystal.
The lower mobility compared with the theoretical value is also
attributed to contact resistance and trapping effects.

HT form. Rod crystals were processed into top-gate, top-
contact devices using parylene as the dielectric layer. The device
also operates as p-type and the mobility of B1.2 cm2 V�1 s�1,
about one order of magnitude higher than that of the LT form,
in line with theoretical predictions (Fig. 7(d) and (e)). The
superior performance stems from the pitched p-stacking and
double-column transport, which enhance robustness against
structural defects (Fig. 8). In addition, the drain current hyster-
esis was much smaller than that observed in the LT form, and
the field-effect mobility showed weaker dependence on gate
voltage (Fig. S7), suggesting a lower density of trap states and
more stable carrier transport in the HT crystal. Although the
use of different device configurations may affect the absolute
mobility values, the experimentally observed trend—significantly
higher mobility for the HT form than for the LT form—is consistent
with the results of transfer-integral calculations, which are inde-
pendent of device architecture. This agreement indicates that the
enhanced charge-transport performance of the HT form primarily
originates from its crystal packing and electronic coupling topology
rather than from device-related factors.

Nevertheless, the experimental mobilities remained lower
than the calculated values. Besides contact resistance and
trapping effects, molecular deformation is expected to reduce
orbital alignment, as deviations from the mirror plane weaken
intermolecular overlap (Fig. S8). Temperature-dependent FET
measurements showed no signs of a phase transition down to
150 K. Mobility decreased upon cooling, showing thermally
activated behavior consistent with a hopping mechanism (see
Fig. S9).27,31 While the small lh and the large transfer integrals
in the HT form would in principle support band-like transport,
molecular deformation likely suppresses coherence. Pressure-
dependent experiments are proposed as the next step, to
shorten intermolecular distances, suppress deformation, and
possibly induce band-like conduction.

Conclusions

In conclusion, two polymorphs of a new T-shaped p-conjugated
molecule were obtained by PVT. The LT form adopts a y-type

packing motif that supports conventional one-dimensional
charge transport, whereas the HT form crystallizes in a pitched
p-stacking motif similar to rubrene. Despite its looser packing,
the HT form exhibits shorter p–p distances and favorable
orbital phase alignment, enabling strong coupling between
two parallel p-stacking columns.

We define this cooperative pathway as ‘‘double-column
transport’’, which represents a cooperative yet still one-
dimensional transport topology and offers greater tolerance
to defects compared with conventional single-column trans-
port. Transfer integral calculations and single-crystal transistor
measurements consistently show that the HT form achieves
mobilities approximately one order of magnitude higher than
the LT form. Importantly, the results reveal that charge-
transport performance is governed not by packing density or
the number of intermolecular contacts, but by orbital phase
matching in these polymorphic organic semiconductors. The
double-column transport architecture identified here provides
a refined structural design principle for organic semiconduc-
tors. Suppressing molecular deformation—through external
pressure or rational chemical design—may further improve
orbital alignment and reduce dynamic disorder, potentially
enabling a crossover from hopping-dominated to more coher-
ent transport regimes. More broadly, deliberate control of
cooperative columnar arrangements offers a promising route
to robust, high-mobility materials for next-generation organic
electronic devices.
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orbital overlap induced by molecular deformation in the HT
form, temperature-dependent transistor characteristics of the
HT phase, and the gate-voltage dependence of the field-effect
mobility for both polymorphs.

CCDC 2501061 and 2501062 contain the supplementary
crystallographic data for this paper.47a,b
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