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ABSTRACT: To improve the charge-carrier transport capabilities
of thin-film organic materials, the intermolecular electronic
couplings in the material should be maximized. Decreasing
intermolecular distance while maintaining proper orbital overlap
in highly conjugated aromatic molecules has so far been a
successful way to increase electronic coupling. We attempted to
decrease the intermolecular distance in this study by synthesizing
cocrystals of simple benzoic acid coformers and dipyridyl-2,2′-
bithiophene molecules to understand how the coformer identity
and pyridine N atom placement affected solid-state properties. We
found that with the 5-(3-pyridyl)-5′-(4-pyridyl)-isomer, the 4-
pyridyl ring interacted with electrophiles and protons more strongly. Synthesized cocrystal powders were found to have reduced
average crystallite size in reference to the parent compounds. The opposite was found for the intermolecular electronic couplings, as
determined via density functional theory (DFT) calculations, which were relatively large in some of the cocrystals.

■ INTRODUCTION
Interest in organic semiconductors has increased in recent
decades due in part to their easily tunable optoelectronic
properties (like optical gap and absorption coefficient),1−3

potential for inexpensive production,4 and solution process-
ability.5 Both polymeric and molecular-based materials have
been used in a variety of applications, such as organic light-
emitting diodes (OLEDs),6 photovoltaics,1 organic field-effect
transistors (OFETs),7 and radiation detectors.8−10 In each of
these applications, charge-carrier transport is a critical feature
for the success, or failure, of the organic semiconductor.1−3 A
simple descriptor that implies the potential capability of an
organic semiconductor to effectively transport charge carriers is
the intermolecular electronic coupling among constituent
molecular building blocks.11 Focusing on highly crystalline
molecular packing arrangements, developing molecular struc-
tures and processing protocols that result in molecules with
large degrees of both cofacial overlap of planar π-conjugated
backbones and overlap of the neighboring molecule’s π
molecular orbitals has been a driving force behind the
discovery of several important classes of molecular semi-
conductors.12−14 Predicting precisely which molecular sub-
stitution patterns will crystallize in specific patterns (e.g.,
brickwork, slip-stack, or herringbone) is difficult and may be
complicated by complex phase behavior and/or crystal
polymorphism.15 One way to tune packing arrangements is
to add substituents to the molecule that can participate in

predictable and strong intermolecular interactions, such as
hydrogen bonding in addition to π−π stacking.16−18

Recently, we published a study in which a cocrystallization
approach was used to modify the packing arrangements of 5,5′-
di-3,3′- or 4,4′-dipyridyl-2,2′-bithiophene in the crystalline
state. By adding a carboxylic acid coformer to form a cocrystal,
we observed substantial modifications in crystal packing.19 The
coformer imparted large changes to how the bithiophene
parent molecule participated in π-stacking arrangements with
other parent molecules, but substituents on the coformer
molecule, such as trifluoromethyl, exerted influence by
arranging to maximize intermolecular interactions with other
coformers, such as with fluorine−fluorine interactions. This
indicated that because solid-state interactions between
bithiophene units were impacted, we may be able to exert
control over material optoelectronic properties via simple
coformers in a cocrystallization approach. Here, we extend that
study to a 5-(3-pyridyl)-5′-(4-pyridyl)-2,2′-bithiophene, de-
termine patterns in cocrystal formation when two different
pyridyl subunits are included using experimental and computa-
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tional methods, and investigate the influence of cocrystal
formation on thin-film structure.

■ RESULTS AND DISCUSSION
To synthesize the 2,2′-bithiophene molecule with one 3-
pyridyl and one 4-pyridyl substituent, we first doubly
brominated the bithiophene core at the 2 positions and then
performed a Suzuki coupling to install the pyridine rings. First,
the 3-pyridyl ring was installed to form 4 and then the 4-
pyridyl ring was installed to form molecule 5 (Scheme 1).
Once molecule 5 was synthesized, solvent-assisted grinding
experiments with several substituted benzoic acid coformers
were performed. After grinding and drying, the powders were
analyzed using several methods, namely, NMR spectroscopy,
IR spectroscopy, thermal gravimetry, differential scanning
calorimetry, and X-ray diffraction, to better understand how
the coformers affected the solid-state structure.
We dissolved the cocrystal samples, measured 1H NMR

spectra of each, and compared them to pure samples of both
components of the mixture.20 Persistent intermolecular
interactions in the solution state can be assigned upon the
observance of chemical shift changes in proton resonances
upon mixing, so we focused on the protons closest to the
pyridine N and the carboxylic acid functional groups. As we
observed for 5,5′-di-3,3′-dipyridyl-2,2′-bithiophene, 2, and
5,5′-di-4,4′-dipyridyl-2,2′-bithiophene, 3,19 the shifts in 1H
resonances observed (see Supporting Information) indicated
the presence of intermolecular interactions between 5 and
coformer molecules. In previous studies on 2 and coformers
with 2, signal broadening was observed for the most downfield
iminic proton, whereas with 3 and coformers with 3, downfield
shifting was typically observed in the most downfield proton
signal instead of broadening.19 While we expected to observe
either pronounced broadening or shifting of one set of pyridine
protons in cocrystals of 5, instead, we saw downfield shifting of
both sets of pyridine protons with some peak broadening.

We sought to crystallize 5 and cocrystals 5a−5e. During our
studies, only 5e crystallized in a structure that could be solved
explicitly. Although a few crystals of 5 were grown, the quality
was insufficient to yield good diffraction data. The problem is
likely related to the whole-molecule disorder. A ∼180° rotation
of the 3-pyridyl ring would scramble its nitrogen over two
positions. Similarly, a ∼180° rotation of the molecule about
the central bond between thiophene rings or about the
molecular long axis would scramble the 4-pyridyl/3-pyridyl
rings and flip the thiophenes (a common problem). In
combination, the net result would be at least a fourfold
disorder. We grew X-ray-quality single crystals and observed
that the 4-pyridyl subunit only formed hydrogen bonds in the
crystal structure we solved (Figure 1). Instead of an expected
structure with hydrogen bonds involving both the 3- and 4-
pyridyl rings due to the 2 equiv of acid present in the mother
liquor, in the structure that crystallized only the N atom of the
4-pyridyl ring participates in hydrogen bonding with the

Scheme 1. Synthesis of Dipyridyl Bithiophene Molecules 2 and 3 as Previously Reported,19 5, and the Synthesis of Cocrystal
Materials 5a−e

Figure 1. Crystallographically determined X-ray structure of 5e.
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benzoic acid derivative, while the 3-pyridyl ring is in a π-
stacking arrangement with neighboring molecules of benzoic
acid and 5.
The hydrogen-bond distance present in 5e (2.6128(15) Å)

was similar to hydrogen-bond distances we observed for
cocrystals with 3 in a previous study (∼2.60 Å) and indicated
that the 4-pyridyl N atom hydrogen bond is stronger than was
observed in our past study for cocrystals with 2 (>2.66 Å).19

While the 4-pyridyl subunit participates in hydrogen bonding,
the 3-pyridyl subunit participates in a π−π stacking interaction,
as indicated by its 3.5 Å distance between ring planes.21 Since
we observed downfield shifts in the solution-phase 1H NMR
spectrum, hydrogen bonding from only the 4-pyridyl subunit
in the crystalline phase, and that the hydrogen bond distance is
less for cocrystals of 3 than 2, we hypothesized that in solution,
hydrogen bonding with the 4-pyridyl subunit was favored over
the 3-pyridyl subunit cocrystal.
We set out to selectively protonate one pyridine N atom

using triflic acid and compare the 1H NMR spectrum to that of
the cocrystal. Upon protonation of a pyridine-containing
polyaromatic heterocycle, one would expect to see an overall
downfield shift of pyridyl proton signals in conjugation with
the pyridinium ring due to the enhanced electron-accepting
power of the pyridinium cation.22 One would also expect that
the protons on the pyridinium would experience a stronger
downfield shift due to the proximity of the pyridinium N atom
pulling electron density away from the rest of the ring’s π
cloud.23 We dissolved 5 in d6-DMSO because of its low-ppm
solvent resonance and enhanced solubility of 5 over other
polar aprotic solvents and added either one or two molar
equivalents of triflic acid to protonate one or two pyridine N
atoms (Figure 2).
After adding 1 equiv, each of the signals corresponding to

the 3-pyridyl subunit shifted downfield by ∼0.1 ppm, while the
signals corresponding to the 4-pyridyl subunit shifted down-
field by ∼0.2 ppm for the iminic α proton and ∼0.5 ppm for
the aryl protons. These trends were similar to those observed
when 3 was treated with 1 equiv of triflic acid, which caused a
shift of ∼0.2 ppm for the iminic α proton and a larger shift for
the pyridine aryl proton. For protonation of 2, the shift in the
iminic α proton signal was ∼0.4 ppm and the shift of the
pyridine aryl proton was a little larger. When 2 equiv of triflic
acid was added to 5, however, the signals for the 3-pyridyl
subunit shifted more than those of the 4-pyridyl subunit, with a
downfield shift of ∼0.2 ppm for the two iminic α protons and
∼0.4 ppm for the aryl protons for the 3-pyridyl ring and only a
∼0.1 ppm shift of the 4-pyridyl signals. These data suggested
that the 4-pyridyl subunit was being protonated with the first

equivalent of triflic acid in these trials and that it was the more
basic of the two nitrogen atoms, as has been observed by
others before.24,25 With the second equivalent of triflic acid,
the 3-pyridyl N atom was then expected to be protonated. The
increased basicity of the 4-pyridyl ring is consistent with the
increased N atom electron density originating from the in-
resonance thiophene rings. With the second equivalent of triflic
acid, the 3-pyridyl N atom was then expected to be protonated.
This assertion that the 4-pyridyl subunit is protonated first is

supported by density functional theory (DFT) calculations.
The DFT calculations show that the total energy for the 4-
pyridyl-protonated 5 was lower than the 3-pyridyl-protonated
5 in both gas phase and implicit solvent calculations.
Additionally, the reaction energy for the triflic acid protonation
(Scheme S1) is 7.66 kcal mol−1 lower than that for the 3-
pyridyl protonated 5. When solvent considerations are
included (implicit solvation), the energy gap shrinks to 2.83
kcal mol−1, but protonation of the 4-pyridyl subunit remains
the lower-energy option. Inspection of the highest occupied
molecular orbital (HOMO) diagrams for these two molecules
reveals that the molecular orbital is more diffuse across the
whole molecule for the 4-pyridyl protonated molecule (Figure
S64). This indicates that the positive charge that results from
protonation is more delocalized when the 4-pyridyl subunit is
protonated.
Following the 1H NMR study, we sought to determine

which pyridine ring was likely protonated by measuring the
optical changes that occur upon the addition of triflic acid to 5
and compared the results to similar experiments when using 2
and 3. In the ultraviolet−visible (UV−vis) spectrum of 2
dissolved in CH2Cl2, one major absorption band is observed,
λmax = 374 nm (ε = 33 197 M−1 cm−1), and a weak shoulder is
observed at 409 nm (ε = 14 759 M−1 cm−1) with nearly half
the intensity of the other. For 3 dissolved in CH2Cl2, the UV−
vis spectrum looks considerably different. While the most
intense transition is at 387 nm (ε = 37 203 M−1 cm−1), there is
a slightly less intense high-energy shoulder at 369 nm (ε =
34 872 M−1 cm−1), a weak shoulder (413 nm) at a lower
intensity (ε = 21 669 M−1 cm−1), and a shoulder at 448 nm
with very low intensity (ε = 4166 M−1 cm−1). For molecule 5,
only one main absorption band is observed at 384 nm (ε =
16 741 M−1 cm−1) and a weak shoulder is observed at 416 nm
(ε = 7478 M−1 cm−1) with nearly half the intensity of the
other, as was the case for 2. Time-dependent DFT (TD-DFT)
calculations were carried out to further inspect these trends in
the gas phase. For molecules 2, 3, and 5 (in the gas phase), the
spectra reveal major absorptions bands occur at 372 nm (3.33
eV), 370 nm (3.35 eV), and 374 nm (3.32 eV), respectively

Figure 2. Stacked 1H NMR spectra of 2, 3, and 5 in d6-DMSO with 0 (top, blue), 1 (middle, green), or 2 (bottom, red) molecular equivalents of
triflic acid. Dotted lines to denote changes in chemical shifts are added to guide the eye.
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(Table S3). While these peaks are closer in separation than the
experimental peaks, the trend remains in the same region. This
indicated that the absorption of 5 was more similar to 2.
Titration of 2 dissolved in CH2Cl2 with triflic acid yielded an

increase of intensity of the λmax absorbance peak at 374 nm
from 0 to 2 mol equiv of triflic acid. Titration of 3 dissolved in
CH2Cl2 with triflic acid instead yielded a decrease of intensity
of the λmax absorbance peak at 387 nm, concomitant with the
appearance and intensity increase of a new shoulder peak at
451 nm from 0 to 2 mol equiv of triflic acid. Finally, titration of
5 dissolved in DCM with triflic acid yielded a decrease of
intensity of the λmax absorbance peak at 384 nm concomitant
with an increase of intensity of a new shoulder peak at 451 nm
from 0 to 2 mol equiv of triflic acid. The absorption spectra
were also calculated for the singly- and doubly-protonated
systems. On the whole, protonation redshifts the major
absorption peak, more so for singly-protonated systems than
for doubly-protonated systems (Figure S66). Notably, the
major absorption peak for the 4-pyridyl-protonated molecule 5
has the lowest energy of all of the major absorption peaks at
505 nm (2.46 eV) (although it is also worth noting that the 3-
pyridyl-protonated molecule 5 has a small peak at 538 nm, 2.3
eV). These data most closely resembled the major changes
observed for 3, which suggested protonation of the 4-pyridyl
ring.
Photoluminescence spectra of each molecule, when titrated

with triflic acid from 0 to 2 mol equiv, were also recorded in
CH2Cl2. Upon titration with triflic acid, the emission spectrum
of 2 exhibited a very minor blue shift in the emission peak at
511 nm and an increase in the intensity of a minor emission
band. The emission spectrum of 3 instead experienced two
major changes with a new shoulder appearing at 410 nm and
increasing with triflic acid addition, and a red shift in the major
emission band at 560−570 nm. The spectrum of triflic acid
titration with 5 did not yield any substantial changes in the
observed spectrum, however, with a small change to intensity
in a minor band near 440 nm, which more closely resembled
the observations made for 2.
Since the pKa of each pyridine is expected to be similar, we

posited that one protonated ring could serve as the acid for the
other ring, so we sought an irreversible method of studying
comparative reactivity. Toward this end, we allowed 5 to react
with methyltriflate, a methylating reagent, in CH2Cl2 at 0 °C.
When 5 and 2 mol equiv of methyltriflate were used, two
pyridinium methyl peaks were observed (Scheme 2), one at
4.40 ppm (ascribed to the 3-pyridinium methyl, from 7a)26

and one at 4.28 ppm (ascribed to the 4-pyridinium methyl,
from 7b).27

We confirmed the position of the methyl shifts by allowing
equimolar 2 to react with 2 equiv of methyltriflate and

measuring the 1H NMR spectrum of the product. When the
amount of methyltriflate added to 5 was reduced to 1 mol
equiv, we expected to observe one product only; however, we
observed instead peaks corresponding to both monomethy-
lated molecules and the dimethylated molecule. In the mixture,
the monomethylated 4-pyridinium molecule was the major
constituent (26% of 6, 20% of 7a, 54% of 7b), which suggested
that the 4-pyridyl subunit was more nucleophilic. The same
product ratio was observed when the methylating agent was
added at 0 °C in several portions or in several portions and at
high dilution. Since methylation is irreversible, this confirms
that both pyridine rings in solution may react with strong
electrophiles, either protons or methylating reagents, whether
the other pyridine ring had already reacted or not, due to the
presence of the demethylated product. The increased
nucleophilicity of the 4-pyridyl ring is consistent with the
increased N atom electron density originating from the in-
resonance thiophene rings. These data also suggested that even
though the single crystal of 5e did not have hydrogen-bonding
interactions that included the 3-pyridyl ring, both pyridine
rings do participate similarly in the solution, and the structure
we solved may have just been the first to crystallize from the
solution.

Solid-Phase Cocrystal Properties. We measured each
powder using infrared spectroscopy and compared the results
to that of each of the cocrystal component molecules.28 As it
was the easiest characteristic peak to identify in the cocrystal
samples, the peak we focused on for cocrystals using 5 was the
C�O stretching resonance that was observed from around
1670 cm−1 to around 1700 cm−1 (∼1667 cm−1 for coformer c
and 1701 cm−1 for coformer e). In each case, coformer
synthesis resulted in an increase in the resonance frequency of
the C�O stretch, which indicated a strengthening of the C�
O bond with cocrystal formation. These data indicated the
presence of hydrogen bonding in the powder samples (see the
Supporting Information). Since we observed both pyridines
reacting similarly in the solution phase and both are expected
to have similar proton affinities (vide supra), we attribute the
changes in the IR spectrum to interaction with either of the
pyridine N atoms.
We used thermogravimetric analysis (TGA) on 5 and each

of the cocrystals with 5. We had previously reported TGA
values for 2, 3, and their cocrystals and found that
cocrystallization resulted in confirmed cocrystals and not
solid solutions of the two materials.19 We also found in that
study that coformer addition led to lower mass loss onset
values. We observed the same trend here, where each onset of
mass loss was lower than that of pristine 5.
Once we established how the two pyridyl rings differ in

hydrogen-bond formation and that the intermolecular

Scheme 2. Methylation of 5 Using Methyltriflate
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interactions occur in the solution state and persist into the
solid state, we set out to understand how changing the
coformer affected the optical absorption of the cocrystal in
comparison to pristine 5.29 When cocrystals 5a−e were
dissolved in CH2Cl2, there was a blue shift of 7 nm, leading
to a λmax of 377 nm for each of the cocrystals, with each
cocrystal spectrum looking similar. The photoluminescence
spectra for each of the cocrystals also looked similar, with a
slight red shift of the main emission peak position (from 510 to
521 nm), concomitant with an increase in intensity for the
most intense peak and a decrease in intensity for the minor
band near 440 nm. There was little difference between
coformer photoluminescence spectra.
We collected the absorption spectra of thin films made with

5 and 5a−e by drop-casting a 5 mg mL−1 solution of each in
CH2Cl2. Cocrystal 5c was not soluble enough in CH2Cl2 to
allow adequate film formation, and in each case, the drop-
casted films were inhomogeneous. Drop-casting a solution of 5
in CH2Cl2 left a film with a λmax at ∼370 nm and several
shoulder peaks ascribed to aggregates at lower energies. For 5a,
the λmax red-shifted to ∼400 nm, and more numerous peaks
ascribed to aggregate states were observed that extended to low
energies out to ∼650 nm. Thin-film samples of cocrystal 5b
had a much broader, single, and major absorption peak
centered at 425 nm and extending out to 550 nm. Thin films of
5d displayed a similar change to a single, broad absorption, but
there were marked fine structure peaks at 455 and 430 nm. For
cocrystal 5e, the thin-film spectrum was similar to that of 5a,
except there were fewer shoulder peaks present, and absorption
did not extend past 500 nm. From these data, it appeared that
cocrystal formation led to increased aggregation, as the
shoulders and lower-energy absorption bands could be
ascribed to H-aggregates.30

After confirming the presence of intermolecular interactions
in the solid state using IR spectroscopy and observing the
changes in thin-film electronic properties by UV−vis
absorption spectroscopy, we sought to understand how
crystallinity in the solid state changed with cocrystal coformer
and dipyridyl(bithiophene) isomer identity. To this end, we
began by measuring the powder X-ray diffraction (PXRD)
patterns of each parent molecule and their cocrystals by drop-
casting 5 mg mL−1 solutions in DCM onto glass slides. Because
each molecule and cocrystal sample was not very soluble in
CH2Cl2, the concentrations could not be made high enough to
obtain an adequate signal or obtain a good film morphology.
Therefore, we used powder samples that we obtained after
synthesizing each parent molecule and cocrystal. To estimate
the average crystallite size for each parent and cocrystal sample,
we used the full width (in °2θ) at half-maximum (FWHM) of
the highest intensity peak present in the PXRD spectrum
(Table 1). Narrower peaks in general equate to large crystallite
size according to the Scherrer equation.31

Powders of molecule 2 had peaks at ∼17, ∼23, ∼25, and
∼29° in 2θ; powders of molecule 3 had peaks at ∼5, ∼19, ∼21,
∼22, and 25° in 2θ; and powders of molecule 5 had peaks at
∼7, ∼18, ∼20, ∼21, 24, and 29° in 2θ (Figure 3). For 2,
FWHM = 0.250° 2θ; for 3, FWHM = 0.080° 2θ; and for 5,
FWHM = 0.162° 2θ, which indicated that the largest crystallite
sizes were present in 3, while 2 had the lowest average
crystallite size. We compared the powder pattern for 2 with the
calculated pattern for its reported crystal structure and found
that the two matched well (Figure 3). During our study, we
also managed to grow crystals of 3 (see the Supporting

Information) and we compared the calculated diffraction
spectrum from the single crystal to the powder pattern for 3,
with both having peaks that matched up well.
For cocrystals of 2, each material (2a−e) yielded material

that either exhibited a new set of signals with many new
diffraction peaks (2a, 2c−e) or a marked change in the relative
peak intensity of the original signals for 2 (2c). Only 2b
(FWHM = 0.178 °2θ) and 2d (FWHM = 0.092 °2θ) had
lower FWHM and thus larger average crystallite size than the
parent compound 2. Cocrystal 2d exhibited nearly 10×
enhancement in signal intensity and had the most intense
signals of the group. Comparing the calculated powder pattern
of the reported crystal structure of 2a with the pattern we
collected for the synthesized powder, we observed large
differences, which show that the two materials do not share the
same structure. For cocrystals of 3, the cocrystals did not yield
more materials with larger average crystallite sizes. In contrast
to 2, each of the materials exhibited a much different set of
signals than 3. Comparing the calculated pattern of the
reported crystal structure of 3a with the pattern we collected
for synthesized powders, we observed large differences, again
showing that the two materials are not isostructural. For the
cocrystals using 5, each of the materials had more intense
signals, but each of them had a much lower average crystallite
size than for parent molecule 5. We compared the calculated
powder pattern for the X-ray structure we solved of 5e with the
powder pattern of the synthesized material and the peaks that
were observed seemed to match with the simulated set of
signals, which indicated that the powder and the single crystal
might have been a mixture of the crystalline structure observed
in 5e and amorphous regions, which may or may not have had
both pyridine N atoms participating in hydrogen-bonding
interactions in the thin powder. Cocrystal powder samples of
3a−e and 5a−e all had lower FWHM values than the parent
molecules. From these data, we conclude that the cocrystalliza-
tion of 2, 3, and 5 using the benzoic acids chosen here on the
whole did not yield more larger average crystallites in the
powder samples. Even though 2b and 2d had lower FWHM
values than 2, the same benzoic acids did not yield lower

Table 1. FWHM Values and 100% Peak Positions for Each
Parent and Cocrystal Sample

material 100% peak (°2θ) FWHM (°2θ)
2 17.42 0.250
2a 21.23 0.294
2b 24.09 0.178
2c 23.57 0.292
2d 17.5 0.092
2e 19.92 0.361
3 23.17 0.080
3a 15.97 0.234
3b 19.66 0.232
3c 25.07 0.264
3d 17.98 0.148
3e 23.56 0.204
5 18.46 0.162
5a 23.79 0.558
5b 26.83 0.407
5c 20.33 0.4
5d 24.54 0.332
5e 24.27 0.224
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FWHM values in 3 and 5, which indicates that it is not
straightforward to link coformers to lower FWHM values.
For four systems (2a,19 3a,19 2e,19 and 5e), crystals of

sufficient quality have been grown to identify dimers amongst
the parent molecules for subsequent evaluation of the
intermolecular electronic couplings. Unfortunately, efforts to
grow single crystals of the other cocrystals described here have
so far been unsuccessful. We successfully grew a single crystal
of 5; however, the disorder in the pyridyl ring placement and

relative position was sufficiently high to prevent a definitive
solution of atom placement.
Intermolecular electronic couplings for holes (HOMO−

HOMO) and electrons (lowest unoccupied molecular orbital
(LUMO)−LUMO) (Table S4) reveal little difference in the
intermolecular electronic couplings for holes for 2, while the
maximum intermolecular electronic coupling for the electron is
larger in 2e when compared to the other two systems (2 and
2a). While each of these systems has a potential charge

Figure 3. Powder X-ray diffraction patterns of (a) 2a, (b) 3a, (c) 2e, and (d) 5e (red, bottom), compared with the calculated patterns from their
solved X-ray structures (black, top).

Figure 4. (A) Side view of the 5e crystal structure showing major intermolecular electronic couplings. The hole (HOMO−HOMO) and electron
(LUMO−LUMO) electronic couplings are provided. (B) Rotated view of the 5e supercell demonstrating the possible charge transport pathways.
The electronic coupling calculations were carried out at the PBE/6-31g(d,p) level of theory.
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transport pathway, the couplings for hole pathways are
marginal (7−11 meV, with one outlier coupling of 59 meV
for 2) and the couplings for electronic pathways are small
(34−99 meV) (Figures S67−S69). The electronic couplings
for 3 are comparable to those for 2 and 2a, though the hole
coupling is slightly higher (Figure S70). Dimers for cocrystal
3a had almost no hole intermolecular coupling and some
electronic coupling, but no electronic coupling pathways exist
(Figure S71). The hole coupling between parent molecules in
5e had the only significant calculated coupling (166 meV).
While there exists a potential charge transport pathway for 5e
with moderately strong hole coupling, the pathway is hindered
by low electronic coupling (8 meV) in the pathway (Figure 4).

■ CONCLUSIONS
We studied cocrystals of 5-(3-pyridyl)-5′-(4-pyridyl)-2,2′-
bithiophene with simple benzoic acid coformers in an effort
to understand how the coformer identity and pyridine N atom
placement affected solution and solid-state properties. We
found that the 4-pyridyl ring was slightly more basic and more
nucleophilic, and we solved a crystal structure that featured
hydrogen bonding only with the 4-pyridyl subunit. Using a
methylating agent allowed us to directly observe the reaction of
both pyridine nitrogen atoms. The average crystallite size of
cocrystal powders was then investigated, and it was found that
cocrystallization generally decreased the powder crystallite size
and that for three cocrystals with a solved crystal structure, the
powder diffraction pattern was reasonably similar to the
pattern calculated from the cocrystal’s single-crystal structure,
which suggested that the single-crystal structure was present in
the powder sample. Electron and hole coupling values were
calculated using four parent molecule dimers present in each of
the single crystals, and it was found that the coformers used
here (simple monobenzoic acids) lowered hole (HOMO−
HOMO) coupling values, did not much affect electron
(LUMO−LUMO) coupling values in 2, and lowered them
in 3. However, in each of the cocrystals studied, while some
coupling values were high for individual dimers, the charge
pathways through the material were hindered at some point by
low electronic coupling.

■ EXPERIMENTAL SECTION
General Considerations. All commercially obtained

reagents were used as received. Unless otherwise noted, all
reactions were performed under a N2 atmosphere. Thin-layer
chromatography (TLC) was conducted with Sigma T-6145-
precoated TLC silica gel 60 F254 aluminum sheets and/or
visualized with UV and potassium permanganate staining.
Flash column chromatography was performed as described by
still using Silicycle P60, 40−63 μm (230−400 mesh). 1H NMR
spectra were recorded on a JEOL ECZR 500 MHz
spectrometer equipped with a 5 mm high sensitivity ROYAL
NMR probe, and they are reported in ppm using the solvent as
an internal standard (CDCl3 at 7.26 ppm and DMSO at 2.5
ppm). Data are reported as follows: s = singlet, d = doublet, t =
triplet, q = quartet, p = pentet, m = multiplet, b = broad, ap =
apparent; coupling constant(s) in Hz; integration. 13C NMR
spectra were recorded on a JEOL ECZR 125 MHz
spectrometer equipped with a 5 mm high sensitivity ROYAL
NMR probe, and they are reported in ppm using the solvent as
an internal standard (CDCl3 and DMSO). UV−vis spectra
were measured with a Cary 5000 UV−Vis spectrometer. A

Nicolet 380 FT-IR was used for infrared spectroscopy, and the
data was analyzed using Omnic 8.0 Thermo Fischer Scientific
Inc. software. TGA was done using a TA Instruments Q50.
Powder X-ray diffraction was performed on a Bruker-AXS D8
DISCOVER diffractometer. Photoluminescence measurements
were performed using the Horiba Scientific Fluoromax Plus-C
fluorometer with entrance and exit slits of 5 nm and 0.1 s
integration time.

Preparation of 5,5′-Dibromo-2,2′-bithiophene (1). To a
round-bottomed flask with 50 mL of DMF, 2.000 g (12.03
mmol) of 2,2′-bithiophene was added and stirred under
nitrogen at 0 °C. After 10 min, 4.282 g (24.06 mmol) of NBS
was added under dark conditions. The reaction was allowed to
come to room temperature and stirred for an additional 24 h.
The reaction was quenched with water, and the organic
product was extracted with DCM (2 × 100 mL). After the
organic layers were combined, they were washed with water (4
× 200 mL) and brine (1 × 100 mL). The organic layer was
dried over MgSO4, and then the solvent was removed under
vacuum to afford the title product (3.226 g, 82.21%). 1H NMR
(500 MHz, CDCl3): δ 6.95 (dd, J = 3.8, 0.8 Hz, 2H), 6.84 (dd,
J = 3.8, 0.9 Hz, 2H).

Preparation of 3,3′-[[2,2′-Bithiophene]-5,5′-diyl]bis-pyri-
dine (2). To a flame-dried round-bottomed flask, 50 mL of
1:3:6 water/MeOH/toluene mixture was added and degassed
for 15 min. To this solvent mixture, 1.000 g (3.086 mmol) of
(1), 0.835 g (6.79 mmol) of 3-pyridyl boronic acid, 0.178 g
(0.154 mmol) of tetrakis(triphenylphosphine) palladium(0),
2.559 g (18.52 mmol) of potassium carbonate, and three drops
of Aliquat336 TG were added and stirred under nitrogen. The
reaction was refluxed at 85 °C for 48 h in dark conditions. The
reaction was monitored by TLC using 100% EtOAc as the
mobile phase. Once the reaction reached completion, the
solvent was removed under vacuum, and an autocolumn was
run using a gradient from 100% DCM to 100% EtOAc to 4:1
EtOAc/MeOH. The third column fraction was collected, and
the solvent was again removed under vacuum. The crude
product afforded was sublimed at 180 °C to give the title
product (0.359 g, 36.3%). 1H NMR (500 MHz, CDCl3): δ
8.89 (s, 2H), 8.53 (m, 2H), 7.89 (dt, J = 7.9, 1.9 Hz, 2H), 7.35
(dd, J = 8.0, 4.8 Hz, 2H), 7.31 (d, J = 3.9 Hz, 2H), 7.23 (d, J =
3.8 Hz, 2H). Molar absorptivity (ε): 33 153 L mol−1 cm−1.

Preparation of 4,4′-[[2,2′-Bithiophene]-5,5′-diyl]bis-pyri-
dine (3). To a flame-dried round-bottomed flask, 50 mL of
1:3:6 water/MeOH/toluene mixture was added and degassed
for 15 min. To this solvent mixture, 0.500 g (1.53 mmol) of
(1), 0.396 g (3.22 mmol) of 4-pyridyl boronic acid, 0.089 g
(0.077 mmol) of tetrakis(triphenylphosphine) palladium(0),
1.271 g (9.195 mmol) of potassium carbonate, and three drops
of Aliquat336 TG were added and stirred under nitrogen. The
reaction was refluxed at 85 °C for 48 h in dark conditions. The
reaction was monitored by TLC using 100% EtOAc as the
mobile phase. Once the reaction reached completion, the
solvent was removed under vacuum, and an autocolumn was
run using a gradient from 100% DCM to 100% EtOAc to 4:1
EtOAc/MeOH. The third column fraction was collected, and
the solvent was again removed under vacuum. The crude
product afforded was sublimed at 180 °C to give the title
product (0.173 g, 35.1%). 1H NMR (500 MHz, CDCl3): δ
8.65−8.55 (m, 4H), 7.49−7.42 (m, 4H), 7.26 (d, J = 3.7 Hz,
4H). Molar absorptivity (ε): 34 017 L mol−1 cm−1.

Preparation of 3-(5′-Bromo[2,2′-bithiophen]-5-yl)-pyri-
dine (4). To a flame-dried round-bottomed flask, 50 mL of a
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1:3:6 water/MeOH/toluene mixture was added and degassed
for 15 min. To this solvent mixture, 0.500 g (1.53 mmol) of
(1), 0.283 g (2.30 mmol) of 3-pyridyl boronic acid, 0.089 g
(0.077 mmol) of tetrakis(triphenylphosphine) palladium(0),
1.271 g (9.195 mmol) of potassium carbonate, and three drops
of Aliquat336 TG were added and stirred under nitrogen. The
reaction was refluxed at 85 °C for 24 h in dark conditions. The
reaction was monitored by TLC using 100% EtOAc as the
mobile phase. Once the reaction reached completion, the
solvent was removed under vacuum, and an autocolumn was
run using a gradient from 100% DCM to 100% EtOAc to 4:1
EtOAc/MeOH. The second column fraction was collected,
and the solvent was removed under vacuum to afford the title
product (0.181, 36.7%). 1H NMR (500 MHz, CDCl3): δ
8.90−8.82 (m, 1H), 8.52 (dd, J = 4.9, 1.6 Hz, 1H), 7.83 (dt, J
= 1.9 Hz, 1H), 7.30 (dd, J = 8.0, 4.8 Hz, 1H), 7.26 (d, J = 3.8
Hz, 1H), 7.10 (d, J = 3.8 Hz, 1H), 6.99 (d, J = 3.8 Hz, 1H),
6.96 (d, J = 3.8 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ
111.60, 123.78, 124.22, 125.02, 128.04, 130.00, 130.85, 132.72,
137.03, 138.46, 146.84, 148.80. IR (neat) (ṽ, cm−1): 3081,
3053, 2924, 2852, 1732, 1566, 1475, 1414, 800.

Preparation of 3,4-[[2,2′-Bithiophene]-5,5′-diyl]bis-pyri-
dine (5). To a flame-dried round-bottomed flask, 50 mL of a
1:3:6 water/MeOH/toluene mixture was added and degassed
for 15 min. To this solvent mixture 0.500 g (3.07 mmol) of
(4), 0.286 g (2.33 mmol) of 4-pyridyl boronic acid, 0.090 g
(.078 mmol) of tetrakis(triphenylphosphine) palladium (0),
1.287 g (9.310 mmol) of potassium carbonate, and three drops
of Aliquat336 TG were added and stirred under nitrogen. The
reaction was refluxed at 85 °C for 48 h. The reaction had a
better yield when it was kept out of the light. The reaction was
monitored by TLC using 100% EtOAc as the mobile phase.
Once the reaction reached completion, the solvent was
removed under vacuum, and an autocolumn was run using a
gradient from 100% DCM to 100% EtOAc to 4:1 EtOAc/
MeOH. The third column fraction was collected, and the
solvent was again removed under vacuum. The crude product
afforded was sublimed at 180 °C to give the title product
(0.164 g, 33.0%). 1H NMR (500 MHz, CDCl3): δ 8.88 (d, J =
2.4 Hz, 1H), 8.64−8.57 (m, 2H), 8.53 (dd, J = 4.8, 1.6 Hz,
1H), 7.85 (dt, J = 8.0, 1.9 Hz, 1H), 7.47−7.42 (m, 3H), 7.35−
7.29 (m, 2H), 7.26−7.22 (m, 2H). 13C NMR (125 MHz,
CDCl3): δ 119.60, 123.83, 125.17, 125.18, 125.48, 126.34,
129.99, 132.77, 137.34, 138.75, 139.99, 140.06, 140.96, 146.85,
148.86, 150.55. IR (neat) (ṽ, cm−1): 2919, 2850, 1587,1413,
794, 699. Molar absorptivity (ε): 16 741 L mol−1 cm−1.

Preparation of Coproducts 2a−e, 3a−e, 5a−e. Stoichio-
metric amounts of the parent compounds (2), (3), and (5)
were added to a multiwell plate with each of the coformers a−
e. A few drops of methanol were added to each well, and the
suspensions were ground manually for 1 min.

Preparation of 1-Methyl-3-(5′-(1-methylpyridin-1-ium-4-
yl)-[2,2′-bithiophen]-5-yl)pyridin-1-ium (6). To a round-
bottomed flask equipped with a stir bar, 0.011 g (0.035
mmol) of (5) was added to 2 mL of DCM. The flask was
chilled in an ice bath before 0.0076 mL (0.069 mmol) of
methyl trifluoromethanesulfonate was added to the flask. The
reaction was allowed to come to room temperature overnight.
The solvent was removed under vacuum to afford the title
product (0.0098 g, 81%). 1H NMR (500 MHz, DMSO): δ
9.41 (s, 1H), 8.85 (m, 3H), 8.79 (d, J = 8.4, 1H), 8.31 (d, J =
7.1 Hz, 2H), 8.25 (d, J = 4.0 Hz, 1H) 8.13 (dd, J = 8.3, 6.0 Hz,
1H), 7.94 (d, J = 4.0 Hz, 1H), 7.74 (dd, J = 10.9, 4.0 Hz, 2H),

4.35 (s, 3H), 4.22 (s, 3H). 13C NMR (125 MHz, DMSO): δ
147.34, 146.10, 142.72, 142.63, 140.69, 138.58, 136.86, 134.06,
133.19, 130.35, 128.54, 128.48, 128.25, 122.49, 122.37, 48.72,
47.47.

Methylation Experiment of 3,4-[[2,2′-Bithiophene]-5,5′-
diyl]bis-pyridine with 1 equiv of Methyl Trifluoromethane-
sulfonate. To a round-bottomed flask equipped with a stir bar,
0.012 g (0.037 mmol) of (5) was added to 2 mL of DCM. The
flask was chilled in an ice bath before 0.0040 mL (0.037 mmol)
of methyl trifluoromethanesulfonate was added to the flask.
The reaction was allowed to come to room temperature
overnight. The solvent was removed under vacuum to afford
an NMR sample. Key product resonances and percentage yield
were investigated by 1H NMR integration. 1H NMR (500
MHz, CDCl3): (7b) 4.21 ppm (55%), (6) 4.35 and 4.23 ppm
(27%), (7a) 4.34 (18%).

Preparation of 3,3′-[[2,2′-Bithiophene]-5,5′-diyl]bis(1-
methylpyridin-1-ium) (8). To a round-bottomed flask
equipped with a stir bar, 0.023 g (0.072 mmol) of (2) was
added to 3 mL of DCM. The flask was chilled in an ice bath
before 0.0165 mL (0.151 mmol) of methyl trifluoromethane-
sulfonate was added to the flask. The reaction was allowed to
come to room temperature overnight. The solvent was
removed under vacuum to afford the title product (0.021 g,
84%). 1H NMR (500 MHz, DMSO): δ 9.40 (s, 2H), 8.85 (d, J
= 6.0 Hz, 2H), 8.77 (d, J = 8.2 Hz, 2H), 8.12 (dd, J = 8.2, 3.7
Hz, 2H), 7.91 (d, J = 3.7 Hz, 2H), 7.65 (d, J = 3.8 Hz, 2H),
4.35 (s, 6H). 13C NMR (125 MHz, DMSO): δ 144.13, 142.62,
140.57, 138.99, 135.68, 133.32, 130.25, 128.47, 127.55, 48.71.

Single-Crystal Characterization. Single-crystal data were
collected with a Bruker D8 Venture κ-axis diffractometer with
Mo Kα radiation (0.71073 Å) at 90.0 K. The crystal structures
were solved by dual-space methods and refined by full-matrix
least-squares using the SHELX programs.
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