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ABSTRACT: Fullerene/sulfur-bridged annulene cocrys-
tals with a two-dimensional segregated alternating layer
structure were prepared by a simple solution process.
Single-crystal analysis revealed the existence of continuing
7m—r interactions in both the donor and acceptor layers,
which serve as transport paths for holes and electrons
separately. The ambipolar transport behaviors were
demonstrated with single-crystal field-effect transistors
and rationalized by quantum calculations. Meanwhile,
preliminary photoresponsivity was observed with the
transistor configuration.

olecular materials based on organic donor—acceptor (D—

A) dyads (including covalently linked or blend systems)
have attracted great research interest recently because of their
special electrical and optical properties. They have been the
critical subjects for the development of ambipolar transistors,’
photovoltaic cells,® and light-emitting transistors.® In these areas,
it has been well-recognized that segregated donor and acceptor
domains forming an interdigitated network are required for
transport of holes and electrons as well as for efficient breaking of
photoexcited excitons into free charge carriers for photoelectron
conversion. Such a well-defined structure is especially desired for
achieving high energy-conversion efficiency in organic/polymer
photovoltaic cells.* However, it is difficult to achieve such a
structure precisely through conventional processes such as
thermal annealing, phase separatlon, and so on. Therefore,
amphlphlhc diblock copolymers® and self-assembled super-
molecules® have been employed for this purpose, and great
progress has been achieved. With these self-organized or self-
assembled materials, it is still difficult to figure out the
relationship between the materials’ performance and molecular
packing structures clearly, so it is worthwhile to investigate D—A
cocrystals with segregated donor and acceptor stacks. Here we
present the first D—A cocrystals based on a substituted
tetrathia[22]annulene as the donor and a fullerene (Cg, or
Cyo) as the acceptor with a two-dimensional (2D) segregated
alternating layer structure, which display ambipolar transport
properties as well as photoresponsivity. The crystal structures
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were also determined, providing a good opportunity to obtain an
unambiguous understanding of the relationship between the
molecular packing patterns and the charge-transport properties.

Fullerenes form supramolecular complexes with varieties of 7-
conjugated molecules,” including charge-transfer complexes with
strong electron donors,® cocrystals with curved 7-conjugated
molecules through concave—convex n—rx interactions,”
complexes with planar conjugated molecules such as porphyrins
and metalloporphyrins through intermolecular 77—z interac-
tions.'” Among these complexes, fullerene—porphyrin (F—P)
complexes are the most attractive species for studies of charge
separation and transport because of the distinctive electronic and
photophysicial properties of porphyrins.®*'" Although single
crystals of several F—P complexes have been reported, only a few
crystals have displayed charge-transport properties. This may be
due to the fact that most of these crystals have no direct
fullerene—fullerene contacts, as the presence of molecules of

and

solvent and/or a second donor counterpart and the common
alternating fullerene/porphyrin stacking pattern in zigzag chains
cause the fullerene—fullerene centroid—centroid distance
(deepiroia) to exceed the van der Waals (vdW) limit.” This was
true until several F—P cocrystals possessing high electron
mobilities were reported,""'> and Wakahara et al."® reported an
ambipolar transistor based on a 1:1 Cyy—cobalt porphyrin
cocrystal that displayed a balance of electron and hole mobilities
in the range 1075-107° s™L. However, in all of these
cases, no segregated bicontinuous donor and acceptor stacking
could be observed.

Here, a sulfur-bridged annulene, meso-diphenyltetrathia[22]-
annulene[2,1,2,1] (DPTTA), was used instead of a porphyrin to
form cocrystals with Cy and C,. The synthesis of tetrathia[22]-
annulene[2,1,2,1] (TTA) was first reported by Cava and co-
workers nearly two decades ago.'* As porphyrin-like planar
aromatic macrocycles with 22 7z electrons, TTA and its
derivatives display superior hole-transport properties compared
with porphyrins, which can be attributed to their enlarged
conjugated systems.'> Moreover, we found that DPTTA can
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form cocrystals of alternatively stacked D—A complexes with
tetracyanoquinodimethane. This crystal displayed balanced hole-
and electron-transport properties along the stacking direction in
single-crystal field-effect transistors (FETs).'

Cg—DPTTA and C;—DPTTA crystals suitable for X-ray
crystallography were obtained by slow evaporation of solutions
containing equimolar amounts of C4 or C,y and DPTTA in
chlorobenzene. These two crystals are monoclinic (P2,/c space
group) [see Table S1 in the Supporting Information (SI) for
crystallographic data]. The molecular structures and stacking
patterns of the cocrystals are shown in Figure 1. As DPTTA is a

Figure 1. (a, c) ORTEP drawings of the asymmetric units with thermal
ellipsoids set at the 50% probability level and (b, d) stacking patterns
viewed along the b axis for (a, b) C(y—DPTTA and (c, d) C,o—DPTTA.

planar aromatic macrocyclic molecule, 7—x attractions, vdW
forces, and polar electrostatic interactions should be the driving
forces for the formation of cocrystals with fullerenes.'” In the two
crystals, the conformation of DPTTA deviates from planarity
with half of the molecule bent up and the other half bent down to
fit with the curved surface of the fullerenes. The alternating
stacking of DPTTAs and fullerenes forms a linear column
structure (Figure S1a,b in the SI). Nonbonded interactions exist
between donor and acceptor molecules along these columns.

A characterized alternating layer structure could be observed
in both crystals. For C¢o—DPTTA, molecules of C¢y and DPTTA
are packed into layers along the bc plane separately (Figure 1b).
In the Cg layer, the spheroidal molecules are packed in a
tetragonal array with dneq = 10.02 A, which is larger than that
observed in crystals of pure Cg (9.94 A).'® Short intermolecular
contacts exist between C4, molecules, as the closest C—C
distance is 3.325—3.388 A (Figure S2a). Meanwhile, shorter
intermolecular 7—7 interactions could also be observed between
DPTTA molecules in the layer of donor molecules, as the
shortest intermolecular C—C distance is 3.315 A (Figure S2b),
which is less than twice the vdW radius of carbon (3.40 A). Such
efficient 7—7 interactions among donor and acceptor molecules
provide charge-transport channels for electrons and holes
separately, as shown quantitatively in the quantum simulations
discussed below. This alternating D/A layer structure can be
viewed as a perfect interdigitated structure with an enlarged D—A
interface that facilitates efficient charge separation and serves as a
continuous highway for charge transport, which has been
supposed to be the ideal structure of a bulk-heterojunction
solar cell for achieving high energy-transfer efficiency. A similar
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layer structure could also be observed in the crystal of C,,—
DPTTA (Figure S2¢,d).

The charge-transport properties and photoresponsivities of
the microcrystals of C4—DPTTA and C,—DPTTA were
characterized. The microcrystals were grown by a drop-casting
method (see the SI). Parallelogram-shaped crystalline nano-
sheets with lengths of several to tens of micrometers and
thicknesses of tens to several hundred nanometers were obtained
(Figure 2a,c). The crystal structures of these microcrystals were
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Figure 2. (a, c) Optical micrographs and (b, d) XRD patterns of
microcrystals of self-assembled (a, b) C4o—DPTTA and (c, d) C,o—
DPTTA. In (b) and (d), the peaks are indexed with lattice constants of
the bulk crystals.

found to be identical to those of their bulk counterparts, as
characterized by X-ray diffraction (XRD) (Figure 2b,d). Both the
Cg—DPTTA and C,—DPTTA nanosheets exhibited sharp
Bragg reflections up to third order, which could be indexed
according to the crystallographic data for the bulk crystals, and no
diffraction peaks of pristine Cq, C,o, or DPTTA were observed.
These results indicate that the donor and acceptor molecules
were converted into complexes through a self-assembly process
during evaporation of the solvent. For the C4,—DPTTA
nanosheets, the XRD pattern showed intense peaks at 6.71,
13.46, and 20.24°, which were indexed as (100), (200), and
(300), respectively. The strong peak at 6.71° corresponds to a d
spacing of 1.30 nm. The value is consistent with the a axis,
suggesting that the crystals grow with the bc plane parallel to the
substrate. In the case of C,;—DPTTA, the strong peaks at 6.74,
13.56, and 20.42° were indexed as (002), (004), and (006),
indicating growth along the ab plane parallel to the substrate.
These results show that the donor and acceptor molecules
alternatively stack layer by layer over the SiO, substrate for both
Cg—DPTTA and C,)—DPTTA nanosheets. This was further
confirmed by selected-area electron diffraction patterns in
transmission electron microscopy characterizations (Figure S3).

Bottom-gate top-contact (BGTC) FETs employing gold
source and drain electrodes and SiO, as the gate dielectric
were fabricated to investigate the device performance of organic
FETs (OFETs) based on these microcrystals. Figure 3a shows an
illustration of the organic ribbon mask method used to fabricate
BGTC transistors.”” By this method, devices with channel
lengths ranging from 1—5 um were fabricated routinely (Figure
3b). The drain and source electrodes were fabricated from Au, a
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Figure 3. (a) Schematic illustration of the organic ribbon mask method
used to fabricate OFETs. (b) Optical image of the device obtained with
an individual single crystal. (c) Energy levels of C4,/C,, and DPTTA
and the work function of Au. (d) Transfer characteristics [channel
length (L) =2.5 ym, channel width (W) = 28.3 um] of the C¢(¢c—DPTTA
nanosheet-based device. (e, f) Transfer characteristics (L = 1.6 yum, W =
4.7 um) of the C,o—DPTTA nanosheet-based device.

commonly used electrode material that was employed previously
for fullerene-based OFETs. Its work function (5.1 eV) matches
well with the highest occupied molecular orbital (HOMO) of
DPTTA (—4.9 eV) (Figure 3c). Thus, it was expected that the
injection of both electrons and holes could be realized using Au
for the drain and source electrodes.

Figure 3d—f shows transfer [current (I)—gate voltage (V)]
characteristics of transistors based on microcrystals of Cg—
DPTTA and C;—DPTTA. All of the measurements were
performed under vacuum at room temperature in the dark. The
obvious V-shaped transfer curves with one arm indicating
electron (n-type) transport and the other indicating hole (p-
type) transport were observed. The saturated electron and hole
mobilities extracted from the transfer curves were i, = 0.01 cm?
Vs and py, = 0.3 cm® V7! 57 respectively, for C(o,—DPTTA
nanosheets (Figure 3d), while the C,,—DPTTA nanosheet-
based FETs exhibited balanced ambipolar transport properties
with g, = 0.05 cm®* V™' s7" and py, = 0.07 cm® V™' s7' (Figure
3e,f). The output characteristics of transistors based on Cg—
DPTTA and C,,—DPTTA nanosheets are presented in Figure
S4. The output curves biased in both the positive and negative
regimes showed an increase in source—drain current (Isp) atlow
V. This behavior is typical for ambipolar transport and is caused
by the presence of both electron and hole channels. Compared
with the previously reported transport properties of Cg, single
crystals, j1, in the cocrystals is relatively low,*® perhaps because
entroia in the Cgo—DPTTA cocrystal (10.02 A) is larger than that
in the pure Cy crystal (9.94 A),"® which should reduce the
intermolecular electronic coupling between Cg, molecules and
hence decrease y,. An inferior mobility in the range 107>—1073
em? V™! s was reported for C,, thin films in previous studies.”!
Here, the y, value observed in the C,—DPTTA crystals is
comparable to the highest value reported for C, thin films.

The p—n heterojunction composed of donor and acceptor
molecules is the critical criterion in realizing efficient photon-to-

560

electron conversion in organic photovoltaics (OPVs). The
ambipolar transport behavior observed here confirms the
existence of bicontinuous pathways for transporting electrons
and holes in these D—A cocrystals (Figure 4a). For further
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Figure 4. (a) Schematic diagram of ambipolar transistors with self-
assembled alternating single n-channel (Cg/C;,) and p-channel
(DPTTA) layers. (b) Photocurrent responses of the C,—DPTTA
microcrystal-based transistor under light irradiation.

characterization of the charge-separation properties in this D—A
system under light irradiation, we remeasured the characteristics
of the C,;,—DPTTA-based transistor while the device was
illuminated with white light. Excitons should be generated in the
D—A system under light irradiation, and the applied vertical
electric field should facilitate the dissociation of the excitons into
free charges, which would then be transported along the
alternating n- and p-channel layers. We observed a sensitive
photoresponse at large Vi (Figure 4b). It seems that Vg affects
the separation number of the excitons. When a large V is
applied, more charges accumulate in the conducting channel.
The light responsivity of the device under an optical power of
5.51 mW/cm? was calculated to be 300 A/W.>

To understand the charge-transport properties of these D—A
cocrystals, the reorganization energy (RE) and electronic
coupling (4), the two most important parameters determining
the charge-transport properties of organic semiconductors, were
calculated theoretically. First, we calculated the electronic
structures of Cgy, Co,, and DPTTA at the B3LYP/6-31G(d)
level and found a large misalignment between frontier MO
energies of the donor and acceptor molecules (Figure S6). In
addition, these systems present a 2D segregated alternating layer
structure with electron transport mainly in acceptor layers and
hole transport in donor layers, allowing superexchange
interactions in D—A—D and A—D—A stacks to be neglected.
In evaluating the charge-transport properties, charge injection is
an important factor to be considered. Cy, and C,, present similar
adiabatic electron affinities (2.07 and 2.1S eV, respectively), with
C, slightly more preferred for electron injection.

The charge-transfer capability decreases with RE and increases
with A. Thus, to understand the electron transport in C4, and Co
and the hole transport in DPTTA, the REs were calculated. For
Cgp and C, the electron REs were found to be 135 and 142 meV,
respectively, while the hole RE for the DPTTA donor molecule
was calculated to be 201 meV.

Figure S shows that the electron- and hole-transport pathways
in C¢,—DPTTA and C,—DPTTA crystals present similar
transport networks but have different intermolecular distances
and A values (Table S2). The effective transfer integrals (ETIs)
were calculated to be 34 meV for electrons and 12.3 meV for
holes along all of the pathways, indicating the isotropy of electron
and hole transport in C4p—DPTTA cocrystals. In the same way,
ETIs of C,, were obtained. For electrons, the ETIs were 34 meV
for paths P1 and P2 and 27.9 meV for paths P3 and P4,
respectively. For holes, only P1 and P3 can provide significant
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electron

hole
Figure 5. Charge-hopping pathways in the Cgy and DPTTA layers.

coupling. On the basis of the above charge-transfer parameters, a
higher . relative to uy, could be expected in these crystals
theoretically. However, the experimental results showed inferior
U, especially in the C4g—DPTTA crystal. This should be due to
fact that compared with hole transport, electron transport in
organic semiconductors is much more sensitive to traps at the
semiconductor—dielectric interface and internal defects resulting
from impurities or contamination.”> For both crystals, no
obviously anisotropic character was observed in the electron- or
hole-transport behavior at the present stage.

In conclusion, we have successfully constructed meaningful
alternating layer-by-layer packed D—A cocrystals by a simple
drop-casting method. They exhibited typical ambipolar transport
characteristics with high hole and electron mobilities. The
present results show that the combination of well-studied
molecules to form a complex system can be a promising way to
develop new materials and devices. Moreover, such a D—A blend
system with a well-defined interdigitated structure could serve as
an ideal model system for studies of charge separation and
transport, which will help us to understand the physical processes
involved in OPVs. The photophysical properties of these crystals
will be studied intensively in the near future.
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