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ABSTRACT: Cocrystallization of a nonconductive, boron-based host with aromatic
guests generates conductive cocrystals. Carrier mobilities of the cocrystals with either
pyrene or tetrathiafulvalene were measured using conducting probe atomic force
microscopy. The incorporation of the π-electron-rich aromatic guests results in
electrically conductive cocrystals. The cocrystal with tetrathiafulvalene as a guest
shows an approximately seven times higher charge carrier mobility than the cocrystal
with pyrene.

In the rapidly evolving field of molecular electronics, π-
conjugated organic semiconductors (OSCs) are highly

promising for applications as field effect transistors, light
emitting diodes, and in photovoltaics.1 The versatility of OSCs
relies on the possibility of tailoring electrical conductivity by
both selecting molecules with prerequisite electronic properties
and applying strategies to influence molecular packing.2

Crystal engineering of OSCs3−5 aims to promote π-stacking
of organics through either covalent or noncovalent methods.
While covalent methods (e.g., bulky substituents,6,7 foldamer
structures,8,9 heteroatoms,10 and extended aromatics11) have
arguably received the most attention, the noncovalent
approach (e.g., cocrystal formation12−14), which involves the
combination and assembly of multiple organic building blocks,
remains promising owing to its modularity and relative ease of
synthesis. Generally, a promising and successful approach to
OSCs based on noncovalent bonds will involve building blocks
that (i) self-assemble to form either face-to-face or face-to-edge
π-stacks, (ii) generate persistent extended stacking, and (iii)
afford variability of electrical response. A combination of face-
to-face and face-to-edge stacking for example facilitates high
charge carrier mobilities in solids based on a herringbone
structure.4 A recent report14 involving pseudorotaxanes
cocrystallized with phenazines highlights the noncovalent
approach.
Herein, we describe a solid-state ordering strategy based on

cocrystallization of the diboronate adduct BEA with π-rich

aromatics (Scheme 1). We show BEA to act as a host by
forming cocrystals with either tetrathiafulvalene (TTF) or
pyrene (PYR) as guests. BEA self-assembles with each
aromatic guest to form persistent one-dimensional (1D) stacks
based on a combination of face-to-face π···π and face-to-edge
C−H···π contacts. The integration of one additional equivalent
of the π-rich aromatics in solids with BEA enables the
generation of infinite columns with concomitant variability of
the electrical conduction properties. Using conducting probe
atomic force microscopy (CP-AFM), the cocrystal of BEA
with TTF displays an approximately seven times higher charge
carrier mobility compared to BEA⊃PYR, while guest-free BEA
is an insulator. The difference in the electrical response is
confirmed by diffuse-reflectance UV−vis spectroscopy (UV−
vis DRS), where larger band gaps correspond to smaller charge
carrier mobilities. We expect the ability to confer charge
mobility to a boron-based, nonconductive solid using the
cocrystal strategy will constitute a valuable tool for the
construction of next-generation semiconducting materials.
Our design exploits the reversible dative B ← N bond of

boronic esters and pyridines that produce diboronate adducts
with two cavities each for guest inclusion (i.e., tweezers).15−17
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The 4,4′-bipyridine linkers in BEA are electron-deficient upon
B ← N bond formation; thus, we hypothesized the ability of
BEA to include π-rich guests in combination with a known
enhancement of charge mobility conferred by the B ← N
bond17−19 could be used to generate organic semiconductor
solids. We targeted TTF and PYR as guests owing to their
propensities to form π-stacks that lead to semiconductor
behavior (Figure 1a,b).20,21 The diboron adduct itself self-
assembles in a herringbone arrangement that we also show
here is nonconductive (Figure 1c).
Cocrystals of BEA⊃TTF and BEA⊃PYR were synthesized

following an adapted procedure (see section S1, Supporting
Information). Multicomponent crystallization of boronic ester
(be) and 4,4′-bipyridine (bpy) with either TTF or PYR (2:1:3
molar ratio) in warm acetonitrile (3 mL) afforded millimeter-
sized single crystals as prisms after a period of 2 days. The
components of BEA⊃TTF crystallize in the triclinic space
group P1. The asymmetric unit comprises a half-molecule of
BEA and one and a half molecules of TTF. Two boronic ester
molecules interact with bpy via B ← N bonds (1.652(3) Å) of
tetrahedral character (THC) of 78%12 that compares favorably

with related adducts.17,22,23 The pyridyl rings are approx-
imately perpendicular (87.3°) to the plane of atoms C1, O1,
and O2 (Figure 2a). As a consequence of the self-assembly

process, the B ← N coordination affords a diboronate
sandwich adduct with two molecules of TTF interacting with
BEA through face-to-face and face-to-edge π···π forces. The
stacking is further propagated with an offset (7.22 Å) as
extended columns approximately along the b-axis (Figure 2b).
Importantly, the included TTF molecules assume a boat
conformation (angle between ring planes = 19.3°) that is
indicative of a charge-transfer complex, with TTF and bpy
being electron rich and poor, respectively.24 Additional TTF
molecules bridge neighboring π-stacked columns though C−
H···π forces to generate two-dimensional (2D) layers in the ab-
plane (Figure 2c). The presence of S···S forces was also
observed in the assembly.
For BEA⊃PYR, the components also crystallize in the

triclinic space group P1. Similar to BEA⊃TTF, the asymmetric

Scheme 1. (a) Host BEA, Guests TTF and PYR, and π-
Stacking of Cocrystals, (b) BEA⊃TTF, and (c) BEA⊃PYRa

aCircles indicate the color of the solid.

Figure 1. Packings of (a) TTF, (b) PYR, and (c) BEA.

Figure 2. X-ray structure BEA⊃TTF: (a) stacking of TTF with BEA,
(b) π-stacked column, and (c) view of packing highlighting additional
TTF.
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unit contains one-half molecule of BEA and one and a half
molecules of PYR (Figure 3). The components form a

sandwich complex (B ← N bond = 1.654(3) Å, THC = 80%,
pyridyl-boronic ester orientation 86.8°), in which two PYR
molecules participate in face-to-face and face-to-edge π···π
forces (Figure 3a). The stacking is less offset (4.02 Å) than for
BEA⊃TTF yielding efficient face-to-face π-stacking along the
b-axis (Figure 3b). Importantly, an overall stacking arrange-
ment along the direction of the b-axis is persistent in both
cocrystals, with additional PYR entities bridging adjacent
stacks (Figure 3c, Table S3).
While crystals of guest-free BEA are yellow, the cocrystals

BEA⊃PYR and BEA⊃TTF are red and dark blue, respectively.
The differences in color are indicative of charge transfer14 and
variability in band gap energies. Diffuse-reflectance UV−vis
spectroscopy (UV−vis DRS) was used to determine the band
gap of each solid using a UV−vis NIR Agilent Cary 5000
spectrophotometer. The measurement was carried out on the
powder sample at room temperature and under ambient
pressure. First, the percentage of reflectance (R, %) versus
wavelength (λ, nm) was measured. The R versus λ data were
then converted to the fraction of reflectance, F(R), using the
Kubelka−Munk function.25,26

= −
F R

R
R

( )
(1 )

2

2

(1)

The band gap of each solid was calculated using modified
Tauc’s plot,27−29 where the direct optical band gap can be
determined by first plotting (F(R)*hν)2 versus energy = hν

(Figure 4), then fitting the linear portion of the data within the
energy range below the one that corresponds to the maximum

reflectance. The fitted energy ranges were 3.90−3.65 eV, 3.15−
2.90 eV, and 3.65−3.85 eV for the BEA, BEA⊃TTF, and
BEA⊃PYR, respectively. The band gap for each solid was
determined by extrapolating each straight line to zero
(F(R)*hν)2 value, which corresponds to zero absorption.27−29

The UV−vis DRS of each solid revealed both cocrystals to
exhibit lower band gap energies (BEA⊃TTF 2.5 eV,
BEA⊃PYR 3.1 eV) compared to BEA (3.3 eV). The lower
band gap energies and the face-to-face and face-to-edge π-
stacking demonstrated by the X-ray structure data suggest
BEA⊃TTF and BEA⊃PYR can display more efficient electrical
conduction properties compared to BEA.
Conducting probe AFM (CP-AFM) was used to examine

electrical (charge carrier mobility) and mechanical (Young’s
modulus, YM) properties of individual nanocrystals of BEA,
BEA⊃TTF, and BEA⊃PYR (see sections S4−S6, Supporting
Information).30−34 CP-AFM provides a unique ability to
simultaneously measure the morphology, electrical, and
mechanical properties of nanodimensional materials, which is
generally not possible with more conventional techni-
ques.32,35−40 Nanodimensional solids are of particular interest
owing to a possibility to observe physical−chemical properties
that are unique to the length scale. For the CP-AFM
measurements, nanosized materials were generated by
mortar-and-pestle grinding of the millimeter-sized solids.
AFM height imaging revealed nanocrystals of irregular round

morphologies with base sizes of 250−750 nm and heights of
20−100 nm (Figure 5a−c). AFM nanoindentation data and
the Johnson−Kendall−Roberts (JKR) contact model were
utilized to determine Young’s moduli and contact areas
between the conductive AFM tip and the nanocrystals (see
section S5, Supporting Information).33,34 The JKR contact
model was selected as there was no hysteresis between the
approach and retract data except for the presence of the
adhesion force between the AFM tip and nanocrystal. This
enabled determination of the current density J defined as the
measured electrical current divided by the calculated contact
area obtained using the JKR contact model (Figure 5d,e). The

Figure 3. X-ray structure BEA⊃PYR: (a) stacking of PYR with BEA,
(b) π-stacked column, and (c) extended packing highlighting
additional PYR.

Figure 4. (F(R)*hν)2 versus energy = hν spectra for BEA⊃PYR,
BEA⊃TTF, and BEA. The dotted line represents the fit to straight
line for each solid within the linear energy range at and below the
energy that corresponds to the maximum reflectance.
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higher current density indicates higher electrical conduction
through the solid.
Importantly, the adduct BEA showed no detectable

electrical conduction (i.e., no measurable current within a
detection limit of 10 pA over ±10 V applied biases), which
implies insulating behavior. Both BEA⊃TTF and BEA⊃PYR,
however, clearly displayed semiconducting behavior, as
evidenced by the absence of electrical current for lower
applied biases and a nonlinear increase of the absolute current
with increasing absolute surface biases (Figure 5d). Here, the
surface bias is external voltage applied to the conductive
substrate on which nanocrystals were deposited. BEA⊃TTF
showed a higher current density compared to BEA⊃PYR, thus
indicating better electrical conduction and likely a larger charge
carrier mobility.
The Mott−Gurney equation (eq S6) was used to quantify

the charge carrier mobility of the cocrystals that predicts J
should scale as applied bias squared (V2), assuming the charge
transport is governed by the space charge limiting current
(SCLC) model.39−42 The representative J versus V2 plot shows
linear dependence (Figure 5e), where the charge carrier
mobility (μ) can be calculated from the fitting slope by
knowing the crystal height and dielectric constant of the crystal
(see section S6, Supporting Information). The calculated
charge carrier mobilities of the cocrystals BEA⊃TTF and
BEA⊃PYR were determined to be (25.6 ± 3.1) × 10−5 cm2

V−1 S−1 and (3.5 ± 0.7) × 10−5 cm2 V−1 S−1 (Figure 5e). The
charge carrier mobility of BEA⊃TTF is thus approximately
seven times higher than that for BEA⊃PYR. We attribute more
efficient charge mobilities relative to the adduct BEA to the
presence of the face-to-face and face-to-edge π-stacks and
relatively small band gap energies of the cocrystals. The relative
order of the mobilities is consistent with previous mobility data
recorded for pure TTF and PYR.20,21 The mobilities of the
cocrystals are also comparable to recently reported cocrystals
based on pseudorotaxanes.14 To the best of our knowledge,

BEA⊃TTF and BEA⊃PYR represent the first examples of
boron-based cocrystals that display semiconducting behavior.
In conclusion, we report a strategy to generate semi-

conductor cocrystals of variable charge carrier mobility. The
cocrystals consist of an otherwise nonconductive boronic ester-
based B ← N adduct with aromatic molecules as guests. Our
findings support the premise that the incorporation of π-rich
molecules into cocrystals with B ← N adducts carrying
electron-deficient ligands generates efficient charge carrier
mobility. The cocrystal approach allows establishing persistent
face-to-face and face-to-edge π-stacking. We envisage the
future design of boron-based semiconductor cocrystals with
included π-rich guests in related noncovalent framework
materials.43−45
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