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Subphthalocyanine semiconducting cocrystals
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Organic cocrystals have attracted widespread research attention due to their unique properties.
However, the development of crystal engineering is relatively slow because of the difficulty in designing
the molecular structures and controlling the intermolecular interactions. Here, we report a
subphthalocyanine (SubPc) cocrystal (SubPc-12H-12F) through preciously regulating hydrogen bonds
and donor—acceptor interactions. The cocrystal forms a perfect one-dimensional columnar assembly
and shows an almost identical packing mode with a one-component single crystal SubPc-6F(g), which
provides an ideal example to study the super-exchange coupling in cocrystals. The SubPc-12H-12F
cocrystal exhibits ambipolar transport properties with an improved hole mobility of 0.019 cm?vts? by
two orders of magnitude compared with SubPc-6F(B). The cocrystals of SubPc-12H-12F exhibit the
highest mobilities ever reported among SubPc derivatives and surpass the order of 1072 cm? V™1 571 for
the first time. Theoretical calculations indicated that the super-exchange coupling in cocrystals can both
increase the charge carrier mobility and expand the charge transport channels, which holds the
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Introduction

With the rapid advances in crystal engineering and supramole-
cular chemistry, organic cocrystals exhibit significant potential in
materials science, such as room-temperature phosphorescence," ™
charge transport properties,”” ferroelectricity,®* bulk photovol-
taic effects, etc. Compared with chemical synthesis to construct
high-performance materials, the development of crystal engineer-
ing still lags far behind because of the difficulty in designing the
molecular structures, controlling the intermolecular interactions,
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potential to further predictions for high-performance cocrystals.

and matching the solubilities.">'® In contrast with planar-shape
semiconductors, bowl-shaped conjugated molecules with con-
cave-convex complementary structures are more likely to form
columnar packing, which results in a limited n-surface overlap
and inferior charge transport.””° Recently, organic cocrystalline
semiconductors with two or more different components in a
stoichiometric ratio have unique ambipolar charge transport
characteristics and have revealed the structure-property relation-
ships at molecular levels, which emerges as promising research
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Fig. 1 (a) Columnar stacking mode and (b) reported mobilities of SubPc
derivatives. Schematic illustration of (c) the design strategy to build the
SubPc-12H-12F cocrystal with (d) the mobilities compared with the
SubPc-6F(p) single crystal with almost identical packing.

interest in materials science.**™>*

However, the reported charge
carrier mobilities of bowl-shaped cocrystals are still at the order of
107" em® V' 57! magnitude.**” Subphthalocyanines (SubPcs)
are a class of conjugate molecules with a bowl-shaped structure,
which are composed of a central boron atom, three isoindole
units and an axial ligand.*®° The unique bowl-shaped structure of
SubPcs results in a large dipole moment in the axial direction and
are applied in organic solar cells,*** organic photodetectors,*?
nonlinear optics,”**° singlet fission,*”° etc., recently. By using the
fluoride atom as the axial ligand, Torres et al*®*' reported the
perfect one-dimensional assemblies of SubPcs (Fig. 1a). These one-
dimensional columns amplify the dipole moment and are con-
venient for charge separation and transport. However, SubPcs were
rarely applied in the field of charge transport and the mobilities of
SubPcs were only at 10 cm® V" s~ level as the highest (Fig. 1b)
because of the limited n—r interactions.*>™**

In this study, we chose SubPc as a model compound to
construct cocrystals through precisely modulating the intermo-
lecular interactions. This cocrystal exhibits ambipolar charge
transport properties in organic field-effect transistor (OFET)
devices. To our surprise, the hole mobilities of cocrystals
improve two orders of magnitude to the SubPc single crystals
with almost identical packing and surpass the order of
1072 em?® v ! 571, while 8.5 times for the electron mobilities.

This journal is © The Royal Society of Chemistry 2024
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Furthermore, theoretical calculations unveiled the importance
of the super-exchange effect*>™” in cocrystals for the remark-
able enhancement in carrier mobilities. We believe that this
design strategy as well as the super-exchange effect evaluation
will open up new avenues for the study of charge transport in
organic cocrystals and the design of high-performance bowl-

shaped semiconductors.

Results and discussion

Previously, we reported a design strategy to build polar SubPc
crystals with a trigonal lattice through hydrogen bond modula-
tion, for instance, SubPc-6F(at) with half and half fluoride and
hydrogen atoms at isoindole units.*® If we separate all fluoride
and hydrogen atoms of SubPc-6F(a) into two different molecules,
SubPc-12F and SubPc-12H (Fig. 1c), we assume that the same
molecular packing can also be depicted because the same
hydrogen bond networks are expected. To the best of our knowl-
edge, the SubPc-SubPc cocrystals are unprecedented.*®™*

We synthesized SubPc-12H and SubPc-12F according to
the reported literature studies.’®>> After numerous attempts,
SubPc-12H-12F cocrystals were finally obtained with a 1:1 mole
ratio of SubPc-12H and SubPc-12F both from a solvent diffusion
method (mixture of CHCl; and ethanol) and a physical vapor
transport (PVT) process (Fig. S11 and Table S4, ESIt). Espe-
cially, in the PVT process, SubPc-12H and SubPc-12F were
placed at each side of the glass tube and the SubPc-12H-12F
cocrystals were gradually formed in the middle of the tube by
cosublimation. The schematic diagram and the sublimation
conditions of the PVT process are shown in Fig. S11a and Table
S4 (ESIt). After X-ray structural analysis, we surprisingly found
that the stacking modes are quite similar to the single crystals
of SubPc-6F(B) we reported previously.** The details will be
discussed below.

As shown in Fig. 2, both SubPc-12H-12F cocrystals and
SubPc-6F(B) single crystals assemble in one-dimensional col-
umns with antiparallel orientations. The two components in
SubPc-12H-12F cocrystals perform the ABAB stacking mode in
columns. These crystals are monoclinic with a P2,/m space
group. As summarized in Table 1, SubPc-12H-12F cocrystals
have similar cell parameters (b, c, o, f§, and y) and B-B distance
and n-n distance to SubPc-6F(f). The double g-axis value of
SubPc-12H-12F is attributed to the two components in cocrys-
tals. The intermolecular interactions of SubPc-12H-12F and
SubPc-6F(B) were evaluated by Hirshfeld surface analysis®®
(Fig. S5 and S6, ESIT). The profiles of intermolecular interac-
tions in SubPc-12H-12F and SubPc-6F(B) are almost the same as
expected. Besides, due to the electrostatic force coming from
the donor and acceptor in columns, the bowl depths of SubPc-
12H and SubPc-12F in SubPc-12H-12F cocrystals are 2.79 and
2.89 A, deeper than the ones in SubPc-12H (2.48 A) and SubPc-
12F (2.71 A) single crystals, respectively (Fig. S3, S4 and Table
S1, ESIT). At the same time, the larger density of the SubPc-12H-
12F cocrystal indicates closer stackings compared with that of
the SubPc-6F(f), which may be more efficient for charge
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Fig. 2 X-ray crystal structures of (a) and (c) side views and (b) and (d) top views of (a) and (b) SubPc-12H-12F and (c) and (d) SubPc-6F(p).

Table 1 Crystallographic data of SubPc-12H-12F and SubPc-6F(p)

Crystals SubPc-12H-12F* SubPc-6F(f)”
Crystal system Monoclinic Monoclinic
Crystal symmetry Con Con
Space group P2,/m P2,/m
a[A] 8.6916(2) 4.3804(10)
b [A] 19.7951(5) 19.3454(5)
c[A] 11.5578(3) 12.1264(4)
a[7] 90 90
B 95.196(7) 99.012(3)
7] 90 90
VA% 1980.36(9) 1014.91(5)
Density [g cm ] 1.751 1.709
R [%] 4.57 4.34

Ry, [%] 11.12 11.55
B-B distance [A] 435 4.38
n-7 distance® [A] 3.50 3.50

9 CCDC 2288075. % From ref. 12.  The distances were the shortest
among the three SubPc arms.

transport. As a result, SubPc-12H-12F and SubPc-6F(p) have the
same chemical form on average and almost identical packing
modes, which provide an ideal instance to investigate the
super-exchange couplings in cocrystals and compare the charge
transport properties in cocrystals and mono-component single
crystals.

The UV/Vis absorption spectra, electrochemical cyclic vol-
tammograms (CVs) and ultraviolet photoelectron spectra (UPS)
were recorded to explore the photophysical and electrochemical
properties of crystals. Samples for UPS measurements were
prepared by PVT methods onto ITO substrates. The data of
SubPc-12H-12F cocrystals, SubPc-6F(f}), SubPc-12H and SubPc-
12F single crystals are summarized in Fig. 3 and Table 2. All the
crystals exhibit broad absorption in the visible region. The
maximum absorption values of SubPc-12H-12F, SubPc-6F(p),
SubPc-12H and SubPc-12F crystals are 612, 595, 639, and
606 nm, respectively. With the decreased number of electron-

4650 | J Mater. Chem. C, 2024, 12, 4648-4654

withdrawing F atoms, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of SubPc-12F, SubPc-6F(p) and SubPc-12H esti-
mated from CV in dilute CH,Cl, (Fig. S8-S10 and Table S3,
ESIt) are increased gradually from —5.71 to —5.32 eV and
—3.85 to —3.33 eV, respectively. The tendency evaluated from
the density functional theory (DFT) calculation (Fig. 3c) agrees
well with the experimental data. Meanwhile, we also calculated
the HOMO energy levels of these four crystals from UPS spectra
with almost identical edge shapes. The increments of the
HOMO energy levels of SubPc-12F (—6.06 eV), SubPc-6F(p)
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Fig. 3 (a) UV-vis absorption spectra and (b) UPS results of SubPc-12H-
12F, SubPc-6F(f), SubPc-12H and SubPc-12F in crystalline states. (c)
Calculated molecular orbital diagrams and energy levels of SubPc-12F,
SubPc-6F(p), and SubPc-12H in a vacuum.
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Table 2 Photophysical and electrochemical properties of SubPc-12H-
12F, SubPc-6F(p), SubPc-12H and SubPc-12F

Materials Jmax [nm] E;” [eV] HOMO® [eV]
SubPc-12H-12F 612 1.77 —5.86
SubPc-6F(p) 595 1.92 —5.81
SubPc-12H 639 1.78 -5.09
SubPc-12F 606 1.83 —6.06

“ Absorption maxima of crystals. ° The optical bandgaps were calcu-
lated according to Eg = 1240/ Aonset, Where donget is the onset value of the
absorption spectrum in the long wavelength region. © Estimated from
the empirical equation HOMO = WF + E}, (eV), where WF is the d-value
between 21.22 and the onset value of the high binding energy, and Ej, is
the onset value of the low binding energy.

(—5.81 eV), and SubPc-12H (—5.09 eV) crystals are consistent
with those calculated from CV measurements. Importantly, the
HOMO energy level of SubPc-12H-12F (—5.86 eV) cocrystals is
similar to that of SubPc-6F(f) and in between with SubPc-12H
and SubPc-12F, which demonstrates that the energy levels of
cocrystals can also be fine-tuned like single crystals.>*™>®

As shown in Fig. 4a and b, the needle-like purple-red crystals
of SubPc-12H-12F and SubPc-6F(f) could be obtained regard-
less of the solvent diffusion or the PVT method. To figure out
the molecular orientations of SubPc-12H-12F and SubPc-6F(f),
X-ray diffraction (XRD, Fig. 4c and d) and selected-area electron
diffraction (SAED, Fig. 4e and f) were performed. The XRD
patterns exhibit sharp diffraction peaks at 7.91° (d = 11.29 A)
and 9.12° (d = 9.69 A) in SubPc-12H-12F and 7.33° (d = 12.01 A)
and 8.73° (d = 10.03 A) in SubPc-6F(f), which are consistent
with the simulated patterns, indicating that the planes (001),
(020) and (001), (011) are dominant when SubPc-12H-12F and
SubPc-6F(f}) evaporate on substrates, respectively. After simu-
lating the growth morphologies (the inset of Fig. 4e and f)
based on the Bravais-Friedel-Donnay-Harker (BFDH) method
using the Mercury program,®” we found that they are in agree-
ment with the crystal shapes in optical images and the domi-
nant crystal planes in XRD results. All the SAED patterns by
transmission electron microscopy can also be indexed from the
XRD analysis. As a result, the columns are arranged along the
long axis (a-axis) in both SubPc-12H-12F cocrystals and SubPc-
6F(p) single crystals.

We fabricated the single crystal OFETs with a bottom-gate
top-contact (BGTC) configuration and checked the performance
along the long axis of crystals. The SubPc-12H-12F cocrystals
and SubPc-6F(p) single crystals were sublimated onto octade-
cyltrichlorosilane (OTS)-modified SiO, (300 nm)/Si substrates,
and then 60 nm gold was evaporated as the source and drain
electrodes (Fig. S12 and S13, ESIt). The representative transfer
and output curves of devices based on SubPc-12H-12F and
SubPc-6F(f) are shown in Fig. 5a, b and Fig. S14 (ESIY),
respectively, and the device characteristics are summarized in
Table 3, demonstrating typical features of ambipolar transport-
ing organic semiconductors. The mobilities are extracted from
at least 10 devices and the maximum values and the statistical
results are illustrated in Fig. 5¢ and d. For SubPc-6F(B), the
average hole and electron mobilities are 1.1 x 10~ * and 6.4 x
10~* em® V' 57" with maximum values of 1.9 x 10~* and 9.1 x

This journal is © The Royal Society of Chemistry 2024
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10 *em® V' s, respectively. Whereas for SubPe-12H-12F, the
average hole and electron mobilities are increased to 0.012 and
0.003 cm® V™' s~ with the maximum values reaching 0.019 and
0.008 cm> V™' s, respectively. Unexpectedly, the maximum
mobilities of SubPc-12H-12F for holes and electrons are
100 and 8.5 times higher than those of SubPc-6F(f), despite
sharing the same chemical form on average and exhibiting
almost identical packing arrangements. As far as we are aware,
the SubPc-12H-12F cocrystals exhibit the highest mobilities up
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Fig. 5 The representative transfer curves of (a) SubPc-12H-12F and
(b) SubPc-6F(p) in OFET devices. (c) The maximum and (d) the statistical
mobilities of SubPc-12H-12F and SubPc-6F(p).
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Table 3 OFET device performances of SubPc-12H-12F and SubPc-6F(B)’

Hole mobility Electron mobility
Materials un [x107* em®* v s Ven [V] Tonjoft te [x107  em? vV 1 57 Ven [V] Ion/ott
SubPc-12H-12F 191.0 (122.0) —25 (—51) 10° (10%) 77.5 (30.4) 20 (43) 10" (10%)
SubPc-6F(p) 1.9 (1.1) —26 (—44) 10* (10%) 9.1 (6.4) 24 (35) 10* (10%)

“ Averaged from 10 devices. The devices were tested under a N, atmosphere.

to date in SubPc derivatives and surpass the order of
102 em® V! 57" for the first time.

To delve into why SubPc-12H-12F cocrystals exhibit
enhanced mobilities than SubPc-6F(B) single crystals, we
further conducted theoretical calculations. First, the transfer
integrals and reorganization energies were estimated based on
the crystal data (Fig. S15 and Table S5, ESIt). The reorganiza-
tion energies of both crystals are similar for holes (146 meV for
SubPc-12H-12F and 120 meV for SubPc-6F(B)) and electrons
(310 meV for SubPc-12H-12F and 300 meV for SubPc-6F(p)),
respectively. The dimer of SubPc-6F(f) in a column has much
bigger transfer integral (¢;) values than that of SubPc-12H-12F
for both hole and electron transports. Meanwhile, the little ¢,
values of dimers in adjacent columns indicate only one dimen-
sional (1D) channel for charge transport in both SubPc-12H-12F
cocrystals and SubPc-6F(f) single crystals. The anisotropy
mobility evaluation of SubPc-6F(B) (Fig. 6e and f) shows
the same tendency, which could only transport along ag-axis.

ehoteel= 5.70 meV ¢!3'*= 10.10 meV eetronell= 4,50 meV t5leron= 2.74 meV
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Fig. 6 (a) Hole and (b) electron couplings of SubPc-12H-12F. The aniso-
tropy of (c) and (e) hole and (d) and (f) electron mobilities in different planes
of the (c) and (d) SubPc-12H-12F and (e) and (f) SubPc-6F(p) crystals
without considering the site energy difference.
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Although the transfer integrals and reorganization energy
calculations suggested that SubPc-6F(f) should exhibit superior
device performance, the experimental results yielded contra-
dictory outcomes. Next, we examined the super-exchange cou-
plings, which are derived in a D-A-D or A-D-A triad system in
organic D-A cocrystals and copolymers.*>™*” Because of the
ambipolar transport characteristics of SubPc-12H-12F, we
assumed that holes could transport from molecule 1 to 3,
resulting in a super-exchange coupling value of 5.70 meV
(Fig. 6a). Notably, multiple super-exchange coupling triads exist
in this cocrystal. When considering only this triad for evaluat-
ing carrier mobility, we observed an increase in hole mobility
from 0.53 to 0.93 cm® V™' s, surpassing 0.89 cm®> V™' 57! of
SubPc-6F(f) estimated through the semi-classical Marcus
(Table S6, ESIt). Simultaneously (Fig. 6b), the electron mobility
can be improved from 0.059 to 0.086 cm”® V' ' s, exceeding
0.076 cm?® V! s7* of SubPc-6F(p). Moreover, in SubPc-12H-12F
cocrystals, the channels for charge transport extend from 1D to
2D for electrons (Fig. 6d) and even 3D for holes (Fig. 6¢) due to
super-exchange coupling, resulting in higher hole mobilities
than those of electrons. These calculation results demonstrate
that the super-exchange coupling plays an important role in
charge transport in cocrystals. The presence of multiple chan-
nels in SubPc-12H-12F cocrystals facilitates the smoother trans-
port of charge carriers, as they can switch to an alternative
channel in the case of defects. Conversely, charge carriers tend
to be trapped in SubPc-6F(f}). Consequently, cocrystals have the
potential to obtain higher mobilities compared to single crys-
tals with analogous packings.

Conclusions

In summary, we have successfully obtained SubPc-12H-12F
cocrystals through precious molecular design. Notably, SubPc-
12H-12F demonstrates ambipolar transport characteristics,
exhibiting hole and electron mobilities up to 0.019 and
0.008 cm” V™' s, respectively. These values are significantly
elevated compared to SubPc-6F(p), displaying an increase of
100 and 8.5 times, respectively, despite their nearly identical
packing modes. This marks the first instance of enhancing
SubPcs’ mobilities to the order of 107> cm® V™' s™* through
crystal engineering. Moreover, the super-exchange coupling in
cocrystals not only enhances carrier mobility but also broadens
the charge transport channels. This observation is in excellent
agreement with the experimental findings. Thus, our approach,
combining theoretical calculations with strategic design, holds
the potential to further predictions for high-performance
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bowl-shaped cocrystals. We trust that this contribution will
advance the field of organic cocrystal materials.
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