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ABSTRACT: Fullerene fragments, referred to as buckybowls, are
garnering interest due to their distinctive molecular shapes and , <y ‘
optoelectronic properties. Here, we report the synthesis and

characterization of a novel C,, subunit, diindeno[4,3,2,1-
fghi:4',3',2",1'-0pqr]perylene, that is substituted with either
triethylsilyl(TES)-ethynyl or 2,4,6-triisopropylphenyl groups at c,fragment unipolar ambipolar

the meta-positions. The resulting compounds (1 and 2) display a

bowl-to-bowl inversion at room temperature. Notably, the substituent groups on the meta-positions alter both the geometric and the
electronic properties as well as the crystal packing of the buckybowls. In contrast to the 2,4,6-triisopropylphenyl groups in 2, the
TES-ethynyl groups in 1 lead to enhanced bond length alternation, resulting in weaker aromaticity of the six-membered rings of the
buckybowl skeleton. 1 forms one-dimensional (1D) concave-in-convex stacking columns, and when 1 is blended with C,,, the
buckybowls encapsulate C,, and result in two-dimensional cocrystals. Organic field-effect transistor (OFET) measurements
demonstrate that 1 displays a hole mobility of 0.31 cm* V™' 57, and the 1-C,, cocrystal exhibits ambipolar transport characteristics
with electron and hole mobilities approaching 0.40 and 0.07 cm® V™' 57!, respectively. This work demonstrates the potential of
buckybowls for the development of organic semiconductors.

B INTRODUCTION To take advantage of the physical and chemical properties
offered by buckybowls, new synthetic methods need to be
developed to enable the creation of buckybowls with
prescribed shape and functionality. Currently, however, there
are no general synthetic routes to these buckybowls, and only a
few synthetic pathways exist to create them, for example, flash
vacuum pyrolysis (FVP)'® and solution-phase synthesis.”
Although FVP has been extensively used to prepare highly
strained buckybowls, FVP suffers from low yields, leads to
undesired rearrangement of the molecular framework at high
temperatures, and has limited functional group tolerance.'® By
contrast, solution-phase syntheses are able to prepare
buckybowls with a wide array of functional groups under
mild conditions.” This strategy usually involves palladium-
catalyzed intramolecular C—H arylation to form five-/six-

The synthesis of bowl-shaped polycyclic aromatic hydro-
carbons (PAHs), so-called buckybowls or z-bowls, is
accomplished by incorporating five-membered rings into sp’
hybridized hexagonal networks." These curved structures,
which can be considered as subunits of Cyy and Cs, are likely
to provide a variety of distinctive properties, such as chiroptical
activities, dynamic inversion behavior, and supramolecular
assemblies.” Among the applications suggested for buckybowls,
their use in organic semiconductors is particularly promising,®
as the buckybowls provide novel routes to control and
optimize molecular packing in the solid,* distinct electronic,
photophysical, and redox properties, and the formation of
complexes with the corresponding fullerenes due to their shape

complementarity.” Several reports have shown that tuning of membered rings and is one of the most promising strategies for
the crystal packing of corannulene derivatives can significantly obtaining buckybowls to date.”'® The groups of Scott,"’
alter the electronic properties of the materials that lead to Miillen,"” and Tai,'® for instance, have successfully demon-
charge-carrier mobilities of more than 107> cm® V™! s71.77 strated the utilization of palladium-catalyzed C—C bond
Recently, Hu and co-workers successfully demonstrated the formation reactions to subunits of fullerenes. However, this
preparation of one-dimensional cocrystals of corannulene and strategy is less efficient for highly strained buckybowls and

Cgo by a solution process, with the cocrystal exhibiting electron
mobilities up to 0.11 cm* V™' s7! and a photoresponse of 0.09 Received: November 12, 2019
A W™L° Further, these molecular materials demonstrate high Published: January 3, 2030
stability and solubility and are less prone to aggregation than

their flat PAH counterparts, features that are critical for

solution-processed materials.”
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chlorinated dibenzola,j]perylene diindeno[4,3,2,1-fghi:4',3',2',1'-opqgr]perylene

Figure 1. Chlorinated dibenzo[a,j]perylene and diindeno[4,3,2,1-fghi:4’,3,2',1’-0pqr]perylene mapped onto C,, that contains five types of carbon
atoms (labeled 1—5) and eight types of C—C bonds (label a—h).

Scheme 1. Synthetic Steps to the Functionalized Diindeno[4,3,2,1-fghi:4’,3’,2’,1"-0pqr]perylenes 1 and 2
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typically requires the careful preinstallation of halide groups dimensional cocrystals, which exhibit ambipolar transport
onto the precursors.'” Therefore, generation of buckybowls characteristics with electron and hole mobilities up to 0.40
remains a considerable synthetic challenge, especially for C,, and 0.07 cm? V™! 57!, respectively.
fragments,14 due to the considerable strain involved, and
consequently their applications in organic devices are under- B RESULTS AND DISCUSSION
s

explored."

By contrast with the more well-studied subunits of Cg, the
subunits of C,y may provide new fundamental insight into
fullerene chemistry and act as models to understand the
electronic properties of C,y; notably, fragments for even

Synthesis. Scheme 1 shows the synthesis of functionalized
diindeno[4,3,2,1-fghi:4’,3’,2/,1"-opgr]perylenes 1 and 2. Our
synthetic protocol relies on the palladium-catalyzed intra-
molecular C—H arylation of chlorinated dibenzo[a,j]perylenes

higher-numbered fullerenes remain elusive.'® Using palladium- § and 8, which are the key intermediate compounds. To access
catalyzed arylation reactions, we report the synthesis and TES-ethynyl-functionalized dibenzo[aj]perylene S, we chose
characterization of meta-functionalized diindeno[4,3,2,1- 1,5-dichloroanthraquinone as the starting material. Double
fghi:4',3',2/,1"-opgr]perylenes by palladium-catalyzed intra- condensation of 1,5-dichloroanthraquinone with dilithiated N-

molecular C—H arylation of chlorinated dibenzo[a,j]perylenes methylbenzamide provided dilactone 3 in 60% yield, which
(Figure 1). The diindeno[4,3,2,1-fghi:4’,3',2',1'-0pqr]perylene could be readily rearranged to diketone 4 in polyphosphoric

scaffold is a new subunit of C,, and other higher fullerenes acid (PPA). A subsequent nucleophilic addition between 4 and
(C,ey Cyg and Cg,), which contains all carbon atom types lithium TES-acetylide provided the alcohol, which was
(labeled 1—5) and C—C bonds (labeled a—h) present in Cy. followed by reductive aromatization with SnCl,/HCI to form
The buckybowl skeleton was functionalized at the meta- the desired intermediate $ in 15% yield. Our initial attempt to
positions with triethylsilyl-ethynyl (TES-ethynyl) (1) and prepare 2,4,6-triisopropylphenyl-functionalized dibenzo[a,j]-
2,4,6-triisopropylphenyl (2) to ensure solubility and stability perylenes 8 via another nucleophilic addition reaction between
and to tune the crystal packing in the solid state. We discuss in diketone 4 and 2,4,6-triisopropylphenyllithium or Grignard
detail the synthetic approach, solution and solid-state reagent (R,—Li or R,—MgBr) as the nucleophile led to
structures, electronic structures, and charge-carrier transport complex mixtures and no desired 8 present. Alternatively, we
properties of 1 and 2 through a combination of experimental developed a three-step pathway to compound 8. Treatment of
and computational results. It is found that the electronic 1,5-dichloroanthraquinone with lithiated 2-(2-bromophenyl)-
properties and crystal packing of 1 and 2 are greatly influenced 1,3-dioxolane followed by reductive aromatization with Nal/

by the substituents, with 1 behaving as a p-type organic NaH,PO, in acetic acid (AcOH) afforded dialdehyde 6 in 60%
semiconductor with mobilities up to 0.31 cm® V7' s7\. yield. Subsequently, the addition of 2,4,6-triisopropylphenyl-
Moreover, 1 is capable of coassembly with C,, to form two- lithium to 6 followed by treatment of diol 7 with trifluoroacetic
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Figure 2. Ellipsoid plots of 1 (A) and 2 (B) with 30% probability ellipsoids; side view (C) and POAV pyramidalization angles (D) of 1 (TES-

ethynyl groups are omitted for clarity).

acid (TFA) under air resulted in the formation of compound 8
in 40% yield. Both 5 and 8 were further confirmed by X-ray
diffraction analysis. Finally, the intermediates § and 8 were
converted into 1 in 12% yield and 2 in 25% yield via the
palladium-catalyzed intramolecular C—H arylation with
PdCL,(PPh,), as catalyst and 1,8-diazabicyclo[S5.4.0]undec-7-
ene (DBU) as base in dimethylacetamide (DMA) at 160 °C.
Compounds 1 and 2 are soluble in common solvents and
unambiguously verified by spectroscopic analysis and their X-
ray crystal structures.

X-ray Crystallography. Single crystals of 1 and 2 suitable
for X-ray diffraction analysis were grown by slow diffusion of
methanol into toluene at room temperature. As shown in
Figure 2, the two compounds adopt bowl-shaped structures,
with bowl depths of 1.15 A, here defined as the perpendicular
distance between the plane of the central six-membered rings
and the main plane containing the four carbon atoms labeled
C2, C9, C12, and C19 in Figure 2C. This value is comparable
to that of sumanene (1.1 A) and is significantly larger than that
of corannulene (0.88 A)'” and dicyclopenta[4,3,2,1-
ghi:4,3',2",1'-pqr]perylene (0.89 A).'® The degrees of
curvature of 1 and 2 were quantitatively evaluated by z-orbital
axis vector analysis (POAV). The POAV angles of the central
six-membered rings in 1 and 2 are in the range of 6.3—8.6°.
The maximum POAV pyramidalization angles are estimated to
be 8.6° for 1 and 8.5° for 2 at the C22 positions, values that are
close to that of corannulene (9.1°).>" We observe that the
pendant TES-ethynyl and 2,4,6-triisopropylphenyl groups
influence the bond length alternation pattern of the buckybowl.
In contrast to the TES-ethynyl groups of 1, the 2,4,6-
triisopropylphenyl groups of 2 are nearly perpendicular to the
rings labeled B and E (Figure 2B). The C6—C7 and C16—C17

bond lengths in 1 are 1.487 and 1.469 A, which are close to
that of the single bond among the sp>-hybridized carbon atoms
(1.470—1.480 A) (Table 1). These same bonds in 2 are
elongated to 1.508 and 1.50S A, respectively, which minimizes
the aromatic character of rings D and F. In addition, the C3—

Table 1. Selected Bond Lengths from the X-ray
Crystallographically Determined Molecular Structures and
Calculated HOMA Values for 1 and 2

1 2
Bond Length”
C2-C3 1.461 1.431
C3-C4 1.341 1.368
C6—C7 1.487 1.508
C12—-C13 1.465 1.433
C13—-C14 1.350 1.366
C16—-C17 1.469 1.505
C17-Cl18 1.443 1.426
HOMA"
ring A 0.42 0.67
ring B 0.87 0.80
ring C 0.34 0.69
ring D 0.26 —0.01
ring E 0.52 0.76
ring F 0.15 0.01
ring G 0.47 0.70
ring H 0.60 0.74
ring I 0.28 0.62

“Selected experimental bond lengths. PHOMA values were calculated
by using the normalization constant of 257.7 and the optimal bond
length of 1.388 A.
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Figure 4. (A) Variable-temperature 'H NMR spectra of 2 in 1,1,2,2-tetrachloroethane-d, and (B) calculated diagram for the bowl inversion process

of 2.

C4 and C13—Cl14 in 1 are relatively short, with lengths of
1.341 and 1.350 A, indicating a high degree of double bond
character; these bond lengths suggest that the 7 electrons are
quite localized. Whereas the C2—C3, C12—Cl13, and C17—
C18 in 1 are unusually long for aromatic C—C double bonds,
with bond lengths in the range of 1.443—1.465 A, these same
bonds in 2 range between 1.366 and 1.437 A, which fall within
the typical C=C bond values for polycyclic aromatic
hydrocarbons (1.4 + 0.04 A). Thus, the TES-ethynyl groups
decrease the aromaticity of the six-membered rings of the
buckybowl skeleton.

To gain deeper insight into the aromatic character of the
compounds, we carried out harmonic oscillator model of
aromaticity (HOMA)'? analyses on 1 and 2 (Table 1). The
five-membered rings (D and F) in 1 have small HOMA values
(0.26 and 0.15, respectively), consistent with strong bond
length alternation and weak aromaticity. The HOMA values of
the five-membered rings in 2 are close to zero, indicating the
two rings can be considered to be nonaromatic that partially
break the conjugation. On the other hand, the six-membered
ring B in 1 has the highest value of 0.87, ring H has a value of
0.60, while rings A, C, E, G, and I have HOMA values lower
than 0.54. In contrast, the six-membered rings in 2 have
HOMA values higher than 0.60, and ring B has the highest
value of 0.80, indicating stronger aromatization. The enhance-
ment of aromaticity of the six-membered rings in 2 relative to 1

2463

correlates well with the considerably reduced C—C bond
length alternations in 2 as compared to 1.

As shown in Figure 3, 1 and 2 crystallize as racemic mixtures
of chiral bowls, with P,P- and M,M-enantiomers in the crystals.
1 crystallizes in the Pca2, space group with four molecules per
unit cell. The P,P- and M,M-enantiomers form a one-
dimensional (1-D) concave-in-convex stacking column with
the TES-ethynyl groups in adjacent enantiomers alternating by
a rotation angle of 45° to alleviate the steric hindrance of the
bulky TES groups (Figure 3A). The multiple short C—C
contacts among adjacent enantiomers are in the range of 3.26—
3.37 A within a given stack, which are shorter than the sum of
the van der Waals radii of the two carbons (3.40 A). Notably,
the bowl-stacking direction in adjacent stacks is the same, likely
resulting in the dipole moments in the crystals.” However,
introducing the bulkier 2,4,6-triisopropylphenyl substituent in
2 does not allow for that same concave-in-convex stacking
found in 1. Compound 2 crystallizes in the P2,/c space group
with eight molecules per unit cell. The packing arrangement of
2 contains slipped dimer structures, which are involved in short
C—H-7 contacts (2.84 A) between the curved z-surfaces of
the P,P- and M,M-enantiomers (Figure 3B). It also contains a
slipped-stacked columnar arrangement with toluene solvent
molecules situated in the voids among the adjacent molecules,
which interact mainly via C—H:--z contacts (2.85 and 2.89 A)
with curved z-surfaces to stabilize the crystal network. The
packing difference between 1 and 2 is likely due to the iso-

https://dx.doi.org/10.1021/jacs.9b12192
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Figure 5. (A) UV/vis absorption (solid line) and photoluminescence spectra (dotted line) of 1 and 2 in chloroform (~107* M) and (B) cyclic
voltammograms of 1 and 2. The CV experiments were performed in nitrogen-purged dichloromethane with tetrabutylammonium
hexafluorophosphate (TBAPF,, 0.1 M) as the supporting electrolyte, with a scan rate of 100 mV/s.

Table 2. Photophysical Properties and Electrochemical Data for 1 and 2

UV—vis* cv*
Amax (nm) Emes (M7 cm™) ey (nm)” Ey™ (V) Ep™ (V) EA (eV) IP (V) E (eV)
1 747/818 9899/10066 952 -1.10, —1.52 0.54 -3.76 -5.15 141
2 720/790 6745/6164 941 ~134, —1.93 047 -3.5% -5.16 146

“The photophysical properties of the compounds were measured in CHCI, (10~° M). *Measured in dilute CHCI, solution. “CVs were measured in
dichloromethane with tetrabutylammonium hexafluorophosphate (TBAPF,, 0.1 M) as the supporting electrolyte with a scan rate of 100 mv/s;
E, ;™ and E, ;,”? are half-wave potentials of the oxidative and reductive waves (vs Fc/Fc"); EA and IP values were calculated from the onset of the
first reduction and oxidation peaks, respectively; and E,*" is the optical band gap and is estimated from the onset of the absorption peak.

propyl groups of 2 that partially occupy volume between the
adjacent bowls to fulfill the requirement for the concave-in-
convex stacking through 77— interactions.

Conformational Dynamics. The potential for a bowl-to-
bowl inversion of 2 was investigated by variable-temperature
"H NMR spectroscopy. The 'H NMR spectrum of 2 in 1,1,2,2-
tetrachloroethane-d, at 268 K exhibits three peaks for —CH—
protons of isopropyl groups at 6 = 3.01, 2.71, and 1.79 ppm,
which indicate that there is no bowl-to-bowl inversion at this
temperature (Figure 4A). As the temperature increased, the
two peaks at 2.71 and 1.79 ppm are gradually broadened and
finally coalesce at 288 K. Fitting the data by using the Eyring
equation”” gives the thermodynamic parameters AH* of 83 +
2 kJ/mol and AS* of 102 + 6 J/(mol-K) (Figure S12).
Accordingly, the bowl-to-bowl inversion energy (AG") is
determined to be 12.9 + 0.9 kcal mol™ at a coalescence
temperature of 288 K. The inversion energy was also evaluated
via density functional theory (DFT) calculations at the
B3LYP/cc-pVDZ level of theory (see details in the Supporting
Information). The DFT calculations reveal that the inversion
of 2 proceeds via a planar transition state, with an inversion
barrier of 10.2 kcal mol™), a value in good agreement with the
experimental value (Figure 4B). This result is also consistent
with the observation of P,P- and M,M-enantiomers’ coexistence
in the crystals.

Electronic Structure, Optical, and Redox Properties.
We begin with a description of the electronic structures of 1
and 2, as described by DFT calculations at the optimally tuned
(OT)-LC-wHPBE/cc-pVDZ+GD3 level of theory. The
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calculations were carried out using the Gaussian 16 software
suite,”' and the tuned @ values may be found in the
Supporting Information. For the highest-occupied molecular
orbitals (HOMO), the ethynyl group on the substituent in 1
does lead to a more delocalized wave function, which results in
a slight (0.03 eV) stabilization of the HOMO in 1 (—6.18 eV)
when compared to that of 2 (—6.15 eV). Likewise, the lowest-
unoccupied molecular orbital (LUMO) in 1 delocalizes from
the buckybowl onto the ethynyl moieties; here, the LUMO is
0.2 eV stabilized in 1 (—2.14 eV) when compared to 2 (—1.94
eV) (Table S2). These variations in the molecular orbital
portend differences that may be expected in the optical and
redox characteristics.

Figure SA shows the UV—vis absorption spectra of 1 and 2
in chloroform. Apparent from Figure SA is that the two
compounds exhibit similar electronic transitions and possess
two major absorption bands: a set of small-wavelength
absorption bands (from 300 to S00 nm) and a broad
absorption band at longer wavelengths (from 600 to 800
nm). The longest wavelength absorption is red-shifted by 28
nm (0.05 eV) when moving from 2 (790 nm, 1.57 eV) to 1
(818 nm, 1.52 €V), which is attributed to the slightly more
effective orbital delocalization between the aromatic bowl core
and the ethynyl moieties in 1 (Table 2). Time-dependent DFT
(TDDFT) calculations at the OT-LC-wHPBE/cc-pVDZ
+GD3 level of theory are consistent with these trends: The
TDDFT S, — S, for 1 (1.51 eV) is 0.06 eV smaller than that
for 2 (1.57 €V), and in each case the transition is described as
being predominantly HOMO — LUMO (Table S3); the

https://dx.doi.org/10.1021/jacs.9b12192
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Figure 7. X-ray structure of 1-C,,. For clarity, only one C,, disorder component is shown, and H atoms are omitted. (A) Selected intermolecular

distances in 1-C,, cocrystals and (B) crystal packing of 1-C,.

natural transition orbitals (NTO) derived for these transitions
showcase similar trends (Figure S6).

The redox properties of 1 and 2 were examined by cyclic
voltammetry (CV; 0.1 M TBAPF,, 100 mV/s) in dichloro-
methane, with the onset oxidation—reduction potentials
determined relative to Fc/Fc* (4.8 eV) (Figure SB). The
CVs of 1 and 2 exhibit two reversible reduction peaks, one
reversible oxidation peak, and one irreversible oxidation peak,
respectively. The first-wave reduction potential of 1is —=1.10 V,
which is significantly more positive than that of 2 (—1.34 V),
while their first-wave oxidation potentials are essentially
comparable. According to these onset potentials, the electron
affinities (EA) of 1 and 2 are estimated to be —3.76 and —3.55
eV, respectively, while the ionization potentials (IP) are
estimated to be —5.15 and —5.16 eV, respectively. The
differences in potential are consistent with the differences
observed in the respective LUMO and HOMO energies, and
DFT-computed adiabatic electron affinities (AEA) and
ionization potentials (AIP; Table S2), and the corresponding
radical-anion and radical-cation spin densities. Notably, the EA
of 1 is close to other n-type materials, such as [6,6]-phenyl-
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Cgi-butyric acid methyl ester (PCg,BM)>* and perylene
diimides.”

Assembly of 1 and 2 with C;;. Because of potential shape
complementarity, 1 and 2 were postulated to be good partners
to cocrystallize with C,,. Although the UV—vis spectra do not
show evidence of interactions between C, and either of these
compounds in solution, the intermolecular interactions
between 1 and C,, were confirmed by 'H NMR. As shown
in Figure 6A, adding C,, into a toluene-dg solution of 1, the
proton labeled a increasingly shifts upfield, while the proton
labeled b increasingly shifts downfield, with increasing amounts
of Cyo. These results suggest that a 1-C,, complex is being
formed.”* The Job plot based on the titration clearly indicates
the 1:1 and 2:1 complex formation in toluene-d; solution
(Figure 6B). On the basis of the proton shift values, the first
and second binding constants (K,) of 1 with C,, in toluene-dg
at 298 K are estimated to be 1575 + 17 and 1463 + 51 M}
(Figure S$14).° In contrast, '"H NMR titration experiments of
2 and C,, show no complexation-induced chemical shift
(Figure S15). This is likely due to the steric hindrance of iso-
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Figure 8. (A) Optical microscopy image of 1 microfibers from toluene solution, (B) the selected-area electron diffraction (SAED) patterns of
microfibers of 1 (inset: TEM image of a single-crystalline microfiber), and (C) the transfer and (D) output characteristics of OFET device based on

1 single-crystalline microfiber (W/L = 2.1/5.6).

propyl groups that prevent the intermolecular interaction
between the curved surfaces of 2 and Cy,.

To gain further insight into the complex of 1 and C,,, 1-C;
cocrystals suitable for X-ray diffraction analysis were grown by
slow evaporation of n-butyl acetate solution with equimolar
amounts of 1 and C,, at room temperature. The cocrystal
crystallizes in the P2,/c space group with four molecules of 1
and two C,y molecules per unit cell. The crystallographic
analysis reveals the formation of the complex with a 2:1 ratio.
The centroid of the C,, molecule sits on a crystallographic
inversion center, which forces the molecule to be disordered.
The most satisfactory model required four disorder compo-
nents, with the C,, molecule treated as a rigid body. As shown
in Figure 7A, the C,, is embraced by two bowl compounds
with multiple concave—convex interactions. The distance from
the centroids of the six-membered rings of the two bowls is
14.32 A. In addition, convex—convex interactions can be seen
between the convex surfaces of 1 and C,, with a larger centroid
distance of 15.98 A. The C,, molecule further interacts with
another adjacent bowl molecule through short C—C contacts.
Therefore, each C,, molecule is in close contact with six bowl
molecules, forming two-dimensional sheets with the C,
arranged linearly (Figure 7B).

Charge-Carrier Transport Properties. Although many
buckybowls have the potential for self-assembly in the solid
state via strong concave-in-convex interactions that can enable
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efficient charge-carrier transport through the curved 7-surfaces,
the functional groups at peripheral positions are usually too
bulky to promote good 7-packing motifs for efficient transport.
Here, the TES-ethynyl group helps with the arrangement of
the buckybowls with strong concave-in-convex interactions,
which could favor charge-carrier transport through the curved
m-surfaces. We evaluated the intrinsic charge-carrier mobilities
of 1 and 1-C,;, complex through single-crystal organic field-
effect transistors (SC-OFETs). SC-OFETs were fabricated by
a “gold strips” technique on an octadecyltrichlorosilane (OTS)
treated substrate (OTS-SiO,/Si) with Au as electrodes.”® As
expected, 1 readily forms microfibers by slow evaporation of
toluene solution (Figure 8A). The strong out-of-plane X-ray
diffraction peaks indicate that the microfibers have high
crystallinity (Figure S16), and the SAED patterns could be
indexed on the basis of the single-crystal data, which indicate
that the c-axis is the crystal-growth direction with strong
concave—convex interactions (Figure 8B). Figure 8C and D
represents the output and transfer characteristics of microfibers
of 1 tested under ambient conditions. 1 shows exclusive p-type
transport behavior with an average mobility up to 0.17 cm* V™!
s~! and a maximum mobility of 0.31 cm* V™' s, Note that the
mobility of 1 is one of the highest values reported for
buckybowls.”” In contrast, its planar isomer derivative,
triisopropylsilyl (TIPS)-functionalized bisanthene, behaves as
an insulator even though it forms perfectly cofacial one-
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Figure 9. (A) Optical microscopy image of single-crystalline microplates of 1-C,5; (B) XRD pattern of 1-C,, cocrystals (inset: optical microscopy
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diffraction (SAED) patterns of microplates of 1-C,y; and (D) the transfer characteristic of OFET device based on 1-C;, cocrystal (W/L = 12.1/

7.2).

dimensional 7—7 stacking arrangements.”® We note that
evaluations of the intermolecular electronic couplings based
on the bulk crystal structure along the bowl—bowl stacking
directions via the fragment-orbital approach® at the OT-LC-
@wHPBE/cc-pVDZ+GD3 level of theory reveal HOMO:HO-
MO couplings of 15 meV; interestingly, the LUMO:LUMO
couplings are twice as large at 34 meV (Figure S9 and Table
S4).

1-C;, cocrystals were prepared by slow evaporation of n-
butyl acetate solution. Figure 9A shows the optical microscopy
image of the cocrystals, which form hexagonal plates. The
cocrystals exhibit a strong Bragg reflection, which could be
indexed as [100] according to the crystallographic data for the
bulk crystal (Figure 9B). The d-spacing (15.01 A) calculated
from the first peak is almost identical to the length of the g-axis
observed in the single-crystal structure, which indicates the
crystals grow with the bc plane parallel to the substrate.
Notably, there is no diffraction peak for C,, or 1 observed.
Furthermore, the transmission electron microscopy (TEM)
image of an individual nanoribbon and its corresponding
selected area electron diffraction (SAED) patterns show
ordered and bright diffractions, indicating the high quality of
the cocrystals (Figure 9C). The SAED patterns of the
cocrystals could be also indexed on the basis of the single-
crystal data, which further confirm that the bc plane of the
crystal is parallel to the surface of the substrate. Figure 9D
represents the transfer characteristics of cocrystals tested under
nitrogen. The cocrystals show ambipolar characteristics, with
average electron and hole mobilities of 0.20 and 0.03 cm® V™!
s~!, respectively, and maximum electron and hole mobilities of
0.40 and 0.07 cm® V™' s7!, respectively, along the [011]
direction (Table S8). We note that the hole mobility of the
cocrystal is 3—6 times smaller than that of pure 1, while the
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electron mobility is the highest value previously reported for a
C,o-containing material. The fragment-orbital approach was
again used to evaluate the electronic couplings among 1 and
Co in the cocrystal (Figure S10); note that unit cells were too
large for evaluation of the full band structure. It is interesting
that the LUMOs of 1 (—2.14 eV) and C,, (—2.30 eV) are
energetically close. Depending on the pathway followed in the
crystal, the LUMO:LUMO couplings among the 1 and C,,
ranged from 10 to 45 meV, while the HOMO:HOMO
couplings ranged from 7 to 52 meV (with one pathway near 0
meV) (Table S5). We attempted to determine the super-
exchange electronic coupling among the bowls (through a C;,)
or the C,, (through a bowl) through the energy-splitting-in-
dimer approach (ESDA) at the OT-LC-wHPBE/cc-pVDZ
+GD3 level of theory, as superexchange is an established
mechanism in donor—acceptor cocrystals;30 here, we assumed
that holes are transported among the bowls and electrons are
transported among the C,,. For holes, there is one pathway
with a superexchange electronic coupling of 10 meV. For the
C,q, superexchange electronic couplings are small to negligible.
In general, the combination of the strategically modified
buckybowl with its perfect shape complementary toward
fullerene provides a powerful route to achieve organic
complexes with tunable crystal packing and transport behavior.

B CONCLUSION

In summary, we described the synthesis and characterization of
a novel C,, subunit substituted with TES-ethynyl and 2,4,6-
triisopropylphenyl groups at the meta-positions, using the
palladium-catalyzed intramolecular C—H arylation of chlori-
nated dibenzo[a,j]perylenes. A comparative study of the
resulting two compounds (1 and 2) indicates that the
substituents play an essential role regarding the optical and
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electrochemical properties, aromaticity, and crystal packing.
The single-crystal X-ray analysis shows that the TES-ethynyl
substituent in 1 leads to the enhancement of bond length
alternation, resulting in weak aromaticity of the six-membered
rings of the buckybowl skeleton. As compared to that of 2, the
longest absorption of 1 is red-shifted by 28 nm and the EA is
more negative by 0.21 eV; these results are an effect of the
extended conjugation from the buckybowl onto the ethynyl
moieties. Further, 1 shows a one-dimensional (1D) concave-
in-convex stacking motif, which displays a hole mobility of 0.31
ecm® V7' 57l In particular, 1 serves as electron donor to
encapsulate C,,, leading to two-dimensional cocrystals, which
exhibit ambipolar transport characteristics with electron and
hole mobilities up to 0.40 and 0.07 cm® V™' s\ This is the
first device application of functionalized C,, fragment, which
highlights the high potential of buckybowls for the develop-
ment of novel semiconductors for organic devices as well as for
future development in solution-phase fullerene chemistry.
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