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Charge-Transport Properties of F;TNAP-Based Charge-

Transfer Cocrystals

Raghunath R. Dasari, Xu Wang, Ren A. Wiscons, Hamna F. Haneef, Ajith Ashokan,
Yadong Zhang, Marina S. Fonari, Stephen Barlow, Veaceslav Coropceanu,
Tatiana V. Timofeeva, Oana D. Jurchescu, Jean-Luc Brédas, Adam J. Matzger,

and Seth R. Marder*

The crystal structures of the charge-transfer (CT) cocrystals formed by the
m-electron acceptor 1,3,4,5,7,8-hexafluoro-11,11,12,12-tetracyanonaphtho-
2,6-quinodimethane (FsTNAP) with the planar z-electron-donor molecules
triphenylene (TP), benzo[b]benzo[4,5]thieno[2,3-d]thiophene (BTBT),
benzo[1,2-b:4,5-b’|dithiophene (BDT), pyrene (PY), anthracene (ANT), and
carbazole (CBZ) have been determined using single-crystal X-ray diffraction
(SCXRD), along with those of two polymorphs of F;TNAP. All six cocrystals
exhibit 1:1 donor/acceptor stoichiometry and adopt mixed-stacking motifs.
Cocrystals based on BTBT and CBZ 7-electron donor molecules exhibit
brickwork packing, while the other four CT cocrystals show herringbone-type
crystal packing. Infrared spectroscopy, molecular geometries determined

by SCXRD, and electronic structure calculations indicate that the extent of
ground-state CT in each cocrystal is small. Density functional theory calcula-
tions predict large conduction bandwidths and, consequently, low effective
masses for electrons for all six CT cocrystals, while the TP-, BDT-, and PY-
based cocrystals are also predicted to have large valence bandwidths and low
effective masses for holes. Charge-carrier mobility values are obtained from
space-charge limited current (SCLC) measurements and field-effect transistor
measurements, with values exceeding 1 cm? V! s being estimated from
SCLC measurements for BTBT:FgTNAP and CBZ:FsTNAP cocrystals.

1. Introduction

Cocrystals consist of a regular arrangement of two or more
neutral molecular species in a defined stoichiometry and can

exhibit properties distinct from those of
their individual components. In charge-
transfer (CT) cocrystals, one compo-
nent acts as an m-electron donor (D) and
another component acts as a n-electron
acceptor (A), and both are typically planar
molecules in order to facilitate CT interac-
tions in the solid state. Two major types
of molecular stacking motifs are found in
CT crystals with 1:1 stoichiometry: mixed
stacks, in which D and A molecules alter-
nate along the stacking direction, -D-A-D-
A, and segregated stacks, in which donor
and acceptor molecules form separate
stacks, —D-D-D- and —A-A-A.[13]

When free of disorder, metallic conduc-
tivities can be obtained along the stacking
direction of CT cocrystals that form seg-
regated stacks and that exhibit extents of
CT approximately midway (p = ca. 0.5)
between the completely neutral (p = 0) and
fully ionic (p = 1) limits.l™¥l On the other
hand, CT cocrystals that consist of mixed
stacks generally behave as semiconduc-
tors or insulators.’®! Recently there has
been increasing interest in the semicon-
ducting!®'¥ and photoconductive'>?!l properties of mixed-stack
cocrystals. Large charge-carrier mobility values, y, have been
reported for several examples using space-charge limited current
(SCLC) or field-effect transistor (FET) measurements, including
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coronene:TCNQ (Ugcrc = 0.3 cm? V1 7412l and DBTTF:TCNQ
(DBTTF = dibenzotetrathiafulvalene; TCNQ = 7,7,8,8-tetracy-
anoquinodimethane) (U pgr = 1.0 cm? V=1 §71).13] Notably, den-
sity functional theory (DFT) calculations predicted that several
mixed-stack CT crystals based on TCNQ and its 2,3,5,6-tetra-
fluoro analog (F,TCNQ) possess small hole and electron effec-
tive masses along the stacking directions, suggesting ambi-
polar charge-transport properties.!'% Indeed, ambipolar trans-
port has been found for FETs of some CT materials, such as
single crystals of DBTTF:TCNQ, in which subtle effects of
the solid-state packing lead to dominant electron-transport in
the a-polymorph, and hole-dominant charge transport in the
B-polymorph.[®l

While F,TCNQ has often been used as an acceptor in CT
cocrystals,'72227] jts naphthalene analog, 1,3,4,5,7,8-hex-
afluoro-11,11,12,12-tetracyano-2,6-naphthoquinodimethane
(FeTNAP, also known as FTCNNQ), has been less well studied.
As aresult of its extended m-system, FgTNAP has a slightly more
anodic reduction potential?® and higher electron affinity than
F,TCNQ.[?% Until very recently, reports on F;TNAP (Figure 1)
were limited to demonstrating its use as a p-dopant (i.e., as a
1-electron oxidant) for organic hole-transport materials;/28-31]
however, its properties also suggest it to be an excellent candi-
date for formation of CT cocrystals. Indeed, although p-doping
ideally occurs through electron transfer from the hole-transport
material to the dopant, in the case of planar semiconductor and
dopant molecules, CT complexes can be obtained instead with
concomitantly less efficient generation of charge carriers;?*?
for example, CT complex formation has been observed when
F¢INAP is used to p-dope diindeno[1,2,3-cd:1",2",3"-Im|perylene
or 2,2":57,2”:5",27:5",2""":5"” 2" -sexithiophene, although the
single-crystal structures of the CT complexes were not deter-
mined.*®l In 2018, Kloc and co-workers reported crystal struc-
tures for mixed-stack cocrystals of FgTNAP with four planar
donor molecules—triphenylene (TP), pyrene (PY), phenan-
threne, and naphtho[1,2-b:5,6-b’|dithiophene—along with esti-
mates of the extent of CT based on vibrational spectroscopy.l*

Here, we discuss the electronic band structure and electrical
properties of donor:acceptor cocrystals based on F¢TNAP.
We consider cocrystals with six different donors, two of
which—TP and PY—were also used in Kloc’s study, while

TP BTBT BDT
-5.81eV,+1.10V -561eV,+1.00V -5.56 V, +0.96 V

ANT CBz
-5.32eV,+0.94V -520eV, +0.88V -543eV, +0.80 V

FsTNAP
543 eV, +0.26 V

Figure 1. Molecular structures for F;TNAP, TP, BTBT, BDT, PY, ANT, and
CBZ and along with calculated (B3LYP/6-31G) lowest unoccupied mole-
cular orbital (LUMO) and HOMO energies (eV) for the acceptor and the
donors, respectively, and solution electrochemical reduction and oxida-
tion potentials (V versus FeCp,*/% see Table S1, Supporting Information
for more details) for the acceptor and the donors, respectively.
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the others—benzo[b]benzo[4,5]thieno[2,3-d]thiophene (BTBT),
benzo[1,2-b:4,5-b’|dithiophene  (BDT), anthracene (ANT),
and carbazole (CBZ)—were chosen based on their oxidation
potentials (shown in Figure 1 along with DFT-derived highest
occupied molecular orbital (HOMO) energies; similar vari-
ations are seen in values of DFT ionization energies, Table
S1, Supporting Information),®*! which are similar to those of
the first two and indicate that the donor-to-F,TNAP electron-
transfer reactions in solution would all be endergonic by ca.
0.5-0.8 eV.

The structures of these cocrystals, along with those of two
polymorphs of the neat acceptor, F{TNAP, were determined
by single-crystal X-ray diffraction (SCXRD), enabling their
electronic structure to be studied using DFT calculations.
Charge-transport properties were investigated by FET and
SCLC measurements, and the results were correlated with the
predictions obtained from band-structure calculations.

2. Results and Discussion
2.1. Crystal Structures of FsTNAP

F¢TNAP (synthesized following the reported procedurel*®)
was found to crystallize—both upon solvent evaporation and
physical vapor deposition—as a physical mixture of two crystal
forms, consistent with previous reports.1*®l These two forms can
be differentiated by luster, color, and habit; form I crystallizes
as green blocks with a metallic luster and form II as red—orange
plates without a metallic appearance. SCXRD indicates that
these two crystal forms represent two polymorphs of F{TNAP.
Form I crystallizes in the R3 space group with a half F;TNAP
molecule in the asymmetric unit located on an inversion center.
In addition, the naphthalene portion of the F;TNAP molecule
is disordered over two positions (Figure S1, Supporting Infor-
mation). Close F---F and CN---CF contacts formed between
three adjacent F{TNAP molecules (see Figure 2a) give rise to
the threefold symmetry axis parallel to the c-axis characteristic
of form I (see Figure 2b). Form II crystallizes in the P2;/c space
group and also contains half of an F{TNAP molecule in the
asymmetric unit; however, unlike form I, it is free of the posi-
tional disorder. While molecules of FsTNAP interact exclusively
through edge-to-face 7 interactions in form I, form II shows
both edge-to-face (see Figure 2c) and slipped face-to-face n—m
interactions producing a herringbone motif (see Figure 2d).

2.2. Cocrystal Preparation and Structure

All six cocrystals were crystallized by evaporation from dichlo-
romethane solutions, but this method did not produce single
crystals of CBZ:F¢TNAP suitable for SCXRD structure determi-
nation. Single crystals of CBZ:F{TNAP were produced instead
by slow interdiffusion of a dichloromethane solution of the
donor and an acetonitrile solution of the acceptor. All cocrystals
showed prismatic or needle-like morphologies and were more
deeply and differently colored than either of the pure compo-
nents, suggesting electronic interaction between the donor and
acceptor molecules in the cocrystal phases.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) F---F and CN---CF close contacts (shown as dashed black lines) formed between adjacent FsTNAP molecules in form I; b) view down the
c-axis of FgTNAP form |, highlighting the threefold symmetry (disorder is omitted for clarity); c) view down the a-axis of FsTNAP form |1, highlighting
the herringbone motif; and d) edge-to-face interactions between FsTNAP molecules in form 1.

The structures of the six CT cocrystals were elucidated by
SCXRD, confirming that all of the cocrystals form in a 1:1
donor/acceptor stoichiometry and adopt a mixed-stacking
motif. In each case, donors and acceptors are almost par-
allel, with significant overlap of their n-faces (Figure 3), and
m-stacking interaction distances that fall within the range of
3.25(2)-3.39(2) A (Table 1), substantially shorter than the sum
of the van der Waals radii for two carbon atoms (3.5 A) and con-
sistent with strong D—-A interactions. The relationship between
different stacks results in brickwork-like packing in the struc-
tures of BTBT:F{INAP and CBZ:F,TNAP, and herringbone-
like packing in the other four structures, as shown in Figure 4.
Further information regarding the packing, including the
interstack interactions, is given in the Supporting Information
(Figures S1-S3 and Tables S2-S4).

The structure of TP:F(TNAP obtained in the present work is
essentially identical to that previously reported.l** Our structure
of PY:F(TNAP differs from the reported structure in the extent
of disorder (90:10 versus 50:50 occupancy of two different
acceptor positions), as well as exhibiting small differences in
cell parameters and molecular orientation; these differences
are presumably attributable to the different crystal-growth
methods used in the two studies (solution evaporation versus
vapor-phase transport).
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2.3. Degree of Charge Transfer

An important parameter in CT cocrystals such as these is the
degree of CT, p, between D and A; here p = 0 corresponds to
completely neutral molecules with no significant intermo-
lecular m-overlap, a value of p = 1 indicates a salt consisting of
non-interacting radical ions, while good intrastack charge trans-
port in both segregated- and mixed-stack structures is associ-
ated with intermediate values, i.e., partial CT.’l The molecular
geometries of the donor molecules in the present cocrystals
are generally similar to those in the crystal structures of the
neutral donor compounds,’’’*! while the F;TNAP moieties
in the cocrystal structures generally exhibit quinoidal pat-
terns of bond-length alternation similar (Table S3, Supporting
Information) to those in the structures of the two F¢TNAP
polymorphst*? (Figure S4, Supporting Information), together
suggesting a low value of p.*4l

The nitrile stretching frequencies of cyano-functionalized
acceptors such as FGINAP have been found to be sensitive
to the charge on the acceptor molecules,3!l and several pre-
vious studies of cocrystals of acceptors including TCNQ,45:4¢]
F,TCNQ,[164748 F, TNAP,?4 and 2,3-dihalo-5,6-dicyanobenzo-
quinones,*) have used these frequencies to obtain values of
p. That said, the sensitivity of these stretching frequencies to

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Overlapping D—A patterns in projection on the FsTNAP (marked in green) mean plane and space-filling presentation (side and front) of stacks
in a) TP:FsTNAP (for one crystallographically unique D-A pair); b) BTBT:FsTNAP; c) BDT:F¢TNAP; d) PY:FsTNAP; e) ANT:FcTNAP; and f). CBZ:FsTNAP.

a variety of local interactions,” as well as the acceptor charge,
means that derived values of p should only be regarded as
approximate. In addition, electron-phonon effects can also
complicate the interpretation of vibrational spectra.P->3 The
infrared (IR) spectrum of neutral F;TNAP (form I) exhibit
three peaks attributable to nitrile stretches at 2225 cm™! (weak),
2214 cm™! (strong), and 2204 cm™! (weak), consistent with
previous reports.3l IR spectra were measured for the cocrys-
tals and, consistent with previous studies, the frequency of the
highest energy mode was used to estimate values of p for each
cocrystal according to:

2Av
Vo(1— v /%) @
where Av = vy — ver and v, vy, and ver denote the highest
nitrile stretching frequencies of F,TNAP in the neutral
state (p = 0, vy = 2225 cm™!), the F(TNAP anion (p = 1,
vy = 2194 cm™!),BY and the CT cocrystal, respectively. In the

p:
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case of CBZ:F¢INAP, the value of vor was experimentally
indistinguishable from that of vy, likely the outcome of the
competing effects of CT and CN---HN hydrogen bonding
(i.e., a particularly severe effect of the local environment) on
the stretching frequency (see Figure S5, Supporting Informa-
tion), precluding its use in estimating p; hydrogen bonding
may also be responsible for the differences between this
cocrystal and the other five in the pattern of relative inten-
sities for the nitrile stretching modes (see Figure S5, Sup-
porting Information). For the other five cocrystals, small
values of p (Table S5, Supporting Information)—ranging
from 0.06 + 0.03 to 0.13 + 0.03—were obtained, consistent
with the neutral-like patterns of bond length seen in the
crystal structures, and with the endergonicity of electron
transfer suggested by the similar redox potentials of donors
(see Figure 1). Values for TP:F(TNAP (0.06 + 0.03) and
PY:F,TNAP (0.13 £ 0.03) are similar to those previously
reported**! when the substantial experimental uncertainties

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. D-A interplanar angles and the shortest D-A distances
(A) in the TP:FgTNAP, BTBT:FcTNAP, BDT:F,TNAP, ANT:FsTNAP,
CBZ:F¢TNAP, and PY:FgTNAP complexes.

Compound D-A angle [] D-A distance? [A]
TP:FsTNAP) 2.40 3.28-3.39
1.26 3.24-3.39
BTBT:FsTNAP 1.17 3.35-3.39
BDT:FcTNAP 0.94 3.34-3.38
PY:FsTNAP 1.79 3.25-3.34
ANT:FgTNAP 4.51 3.33-3.36
CBZ:F6TNAP 3.59 3.36-3.37

AD-A distances were calculated as the shortest distances from the atom in the
donor moiety to the average plane of the FgTNAP acceptor; ®The two sets of
values refer to two crystallographically independent stacks in the structure.

(which arise due to the small values of p and, therefore, Av)
are taken into account.

2.4. Electronic Structure

To characterize the electronic structure of the six cocrystals,
DFT calculations were performed at the B3LYP/6-31G level.
The derived band structures and the density of states are
shown in Figure 5. Table 2 compares the widths of the conduc-
tion band (CB) and valence band (VB), along with the effective
masses, for each cocrystal (see also Table S6 and Figure S6,

Supporting Information for more details regarding effective
masses and transfer integrals, respectively). The largest CB
bandwidth of about 480 meV is estimated for BTBT:F,TNAP
(Figure 5b), which is somewhat larger than the largest value
(445 meV) computed at the same level of theory for cocrys-
tals based on F,TCNQ.2! The largest band dispersion is found
along the stacking direction and is due to a large effective
(superexchange) transfer integral (76 meV) along this direction
(see Figure S6, Supporting Information). A relatively large CB
bandwidth (320 meV) is also found for CBZ:F{TNAP. The VBs
are significantly narrower than the CBs for BTBT:F;TNAP,
ANT:F(,TNAP, and CBZ:F;TNAP. For BDT:F,TNAP the
VB approaches the CB in width, while for TP:F{ITNAP and
PY:F(TNAP the VB is somewhat wider than the CB. Thus, the
present systems do not exhibit the usual “mirror” symmetry
between VBs and CBs found in many previously studied
cocrystals.’*% The lack of the mirror symmetry is an indica-
tion that the superexchange coupling is not dominated by the
interaction involving only the donor and acceptor molecular
frontier orbitals (a situation found in many CT systems) but
rather contains contributions from more molecular levels. As
a result, the superexchange transfer integrals, *ff for holes
can be very different than for electrons; in the present systems
for which these couplings are overall smaller for holes than
for electrons (see Figure S6 and Table S6, Supporting Infor-
mation).’ We also note that the superexchange couplings
depend on the transfer integrals (tps) between donor and
acceptor frontier orbitals and the related energy gaps (Epa);
thus in the weak electronic coupling limit they are given by:[1*!

" =12, JAEpa 2)

Figure 4. Crystal packing of the a) TP:FsTNAP, b) BTBT:F;TNAP, c) BDT:F¢TNAP, d) PY:F;TNAP, €) ANT:FsTNAP, and f) CBZ:F¢TNAP single crystals,
showing the distinction between herringbone (a,c—e) and brickwork (b,f) packing.
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Figure 5. Electronic band structure and density of states of a) TP:FsTNAP, b) BTBT:FsTNAP, c) BDT:FsTNAP, d) PY:FsTNAP, e) ANT:FsTNAP, and f)
CBZ:F¢TNAP crystals. The special points in the first Brillouin zone are labeled as: I" = (0,0,0), Z = (0,0,0.5), T = (0,0.5,0.5), Y = (0,0.5,0), X = (0.5,0,0),
V = (0.5,0.5,0), R = (0.5,0.5,0.5), and U = (0.5,0,0.5), for a, b, f) cases, and T = (0,0,0), Z = (0,0.5,0), C = (0.5,0.5,0), Y = (0.5,0,0), B = (0,0,0.5),
A=(-0.5,0,0.5), E= (-0.5,0.5,0.5), and D = (0,0.5,0.5) for ¢, d, e) cases. All points are given in fractional coordinates of the reciprocal space. The zero

of energy is taken as the top of the VB.

The DFT results show that despite 0.5 eV variation in the Ep,
values the tp, integrals, which are controlled by the crystal
packing, have a stronger effect on the relative superexchange
couplings among considered systems (see Table S6, Supporting
Information).

In line with the results for the band dispersion and transfer
integrals, the smallest effective masses for electrons are found
along the stacking direction. Except in the case of PY:F(TNAP,
the effective mass for electrons are smaller than 2m,, where
my is the electron mass in vacuum. In particular, very small

Ady. Funct. Mater. 2019, 29, 1904858 1904858 (6 of 12) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. B3LYP/6-31G conduction and valence bandwidths (in meV) along with the lowest two effective masses (in units of electron mass in

vacuum, mo).

Cocrystal Valence bandwidth ~ Conduction bandwidth Effective mass, holes Effective mass, electrons
ms [mg my/my ms[mg ma[mo
TP:FTNAP 220 156 1.2 >10 1.4 2.7
BTBT:FsTNAP 57.4 482 4.5 >10 0.6 1.4
BDT:FsTNAP 194 212 1.0 3.1 0.8 >10
PY:FcTNAP 272 181 1.2 5.0 2.8 >10
ANT:FsTNAP 37.2 231 >10 >10 1.8 >10
CBZ:F¢TNAP 57.6 318 4.5 >10 0.7 7.6

effective mass values of 0.64 my and 0.75 m, are found for
BTBT:F(ITNAP and CBZ:FsTNAP, respectively. Small effective
masses of 1.25 mg, 1.00 my, and 1.25 m, are also found for
holes in TP:F¢TNAP, BDT:F(ITNAP, and PY:F,TNAP, respec-
tively. However, in contrast to what is found for electrons,
the smallest effective masses for holes are found along the
stacking direction only in BDT:F(TNAP, while in TP:F{TNAP
and PY:F(INAP cocrystals, they are found along directions
approximately perpendicular to the stacking direction (see
Table S7, Supporting Information), which is a consequence
of the direct through-space transfer integrals in these sys-
tems exceeding the superexchange couplings. In the most
cases, the charge carriers are characterized with a small
effective mass only along one crystal direction. However, two
small components of the effective masses are found for the
electrons in TP:F{TNAP and BTBT:F;TNAP and for holes in
BDT:F(TNAP, suggesting that the charge transport in these
cases has a 2D character. For comparison, we note that the
calculated effective masses for holes and electrons in pen-
tacene, which is one of the most extensively studied single-
component systems in organic electronics, are ca. 1.5 mg and
1.6 my, respectively.Pl

Overall, the calculations predict good -electron-transport
properties in all six cocrystals, particularly for BTBT:F(TNAP
and CBZ:F(INAP cocrystals, whereas good hole-transport
properties are also predicted for TP:F;,TNAP, BDT:F(TNAP,
and PY:F¢TNAP, suggesting that these three cocrystals could
display ambipolar transport.

100
V (V)

2.5. Electrical Properties

Two-terminal current-voltage characteristics were measured for
all six cocrystal types (see Figure S7, Supporting Information
for sample geometry) and the charge-carrier mobility values,
u, were evaluated first by using the SCLC method. The SCLC
model was initially developed for vacuum tubes and later
adopted by Mott and Gurney to describe single-carrier injection
in a trap-free insulator,’”) modified by Rose and Lampert for an
insulator with localized trapping states in the gap,®®* and first
used to characterize transport in organic crystals by Helfrich
and Mark.°¥ Since then, the SCLC method has been adopted
for the study of charge transport in both crystalline and amor-
phous organic semiconductors, although its use is challenged
by the numerous approximations that are necessary to obtain
charge-carrier mobilities.[61-64

In our crystals, based on evaluation of crystal shapes using
experimental data and simulated crystal morphology (Figure S8,
Supporting Information), it is expected that charge trans-
port probed in these measurements is along the molecular
m-stacking axes. Figure 6 shows current-voltage characteristics
for BTBT:F¢TNAP and CBZ:F{TNAP as representative exam-
ples, while data for the other cocrystals are shown in Figure S9
in the Supporting Information. The resistivity, p, was calculated
from the low-voltage regime of the curve, in which the current
density J versus the applied voltage V follows an ohmic rela-
tion (J o< V, indicated by the blue line). Charge-carrier mobility
values, u, were estimated from the SCLC regime, in which the

(b)
] 10° 1
IE 10 4
1 <
10" 1
L 10 100
V (V)

Figure 6. SCLC measurements for the a) BTBT:FgTNAP, and b) CBZ:FsTNAP cocrystals. Inset shows an optical micrograph of a crystal laminated across the
electrodes. The blue and red solid lines represent linear fits for the ohmic and SCLC regimes, respectively. The scale bar for the optical images is 300 um.
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Table 3. Summary of electrical properties evaluated from SCLC and OFET measurements.

u values from SCLC measurements that

Cocrystal SCLC measurements? OFET characteristics arise with the assumed values of 0 and ¢,
Uscre [em? V7 7] L [em? V' 57 Lo [em? V7 571 and with measurements of crystal thick-

TP:FTNAP oo ~ ~ ness, we report the order of magnitude,
rather than actual values. More details on

BTBT:FTNAP 10° N N the calculations can be found in Section
BDT:F;TNAP 107 - - IV of the Supporting Information. We con-
PY:FTNAP 107 (1.4£0.42) x 102 (2.0£0.71) x 102 sidered 6 = 1, which is the upper limit for
ANT:FETNAP 10 (3.8£0.14) x 10 (6.6+0.49) x 10 this parameter and corresponds to a trap-
CBZ:FgTNAP 10’ _ _ free regime. In these measurements, it

AReported as an order of magnitude because these values are estimated with numerous approximations.

See Section |V, Table S8, in the Supporting Information for more details.

current density has a quadratic dependence on the applied
voltage (] =< V?), by using the Mott-Gurney law:

9 e €,0
JSCLC = ETVZ

G)
where L is the distance between the contacts, &, is the relative
permittivity of the semiconductor (approximated to be 3), &
is the permittivity of free space, and 0 the ratio of free charge
carriers to total charge carriers (assumed to be 1).1] Note that
the Mott—Gurney law ignores diffusion currents and assumes
unipolar transport and a single discrete distribution of shallow
traps. When the energy of trapping states is distributed over
a wider energetic range, as is the case in many crystals, more
complicated [-V relations may be obtained, e.g., J < V* with
n > 2.1l [n the present case, mobility values were estimated
from the region of the double logarithmic J-V plot with a slope
of ca. 2, indicated with a red line in Figure 6. The slopes of
the two regions used to determine the resistivity and mobility
are 1.3 and 2.3, respectively, for BTBT:F(TNAP, and 1.1 and
2.0, respectively, for CBZ:F{TNAP; the close correspondence
between these values and the ideal values of 1 and 2 for Ohmic
and SCLC regimes, respectively, supports the use of this
model.

Table 3 lists the values of i obtained for all six cocrystals.
Since there are significant uncertainties in the estimation of

is likely that that the trap-free region has
not been reached and, thus, that a value
0 < 1 should be used. Thus, assuming,
6 = 1 leads to underestimation of p. On
the other hand, if &, or crystal thickness is larger, u is over-
estimated. Nevertheless, it is clear that the mobilities fall into
two groups: TP:F,TNAP, BTBT:F(INAP, PY:F{INAP, and
CBZ:F¢,TNAP exhibit charge transport properties comparable
with the best obtained in CT complexes, with mobilities in
the 0.1-10 cm? V- s7! range, while the mobilities are substan-
tially lower for BDT:F4TNAP and ANT:FsTNAP. Overall, in
this series, BTBT:F{TNAP and CBZ:F;TNAP cocrystals, which
both exhibit brickwork-like crystal packing and for which
the conduction bandwidths are largest of any of the band-
widths calculated in this work, exhibit SCLC mobility values
exceeding 1 cm? V' 571,

Evaluation of cocrystal electrical properties was also
attempted using bottom-gate bottom-contact organic field-
effect transistors (OFETs, Figure S7, Supporting Informa-
tion). ANT:F¢TNAP and PY:F(TNAP crystals yielded functional
FETs (see Figure 7 and Figure S10, Supporting Information,
respectively, for transfer characteristics), while for the other
systems, our attempts to fabricate OFETs were unsuccessful,
most likely due to the high surface roughness of these crystals.
We minimized the scattering processes at the semiconductor/
dielectric interface by employing a structure with air-gap die-
lectric, as described in detail in Section 4. This interface is
free of polaronic effects and strain,!®” %8 but it is not exempt
from the trapping resulting from imperfections at the crystal
surface. Crystal step edges present on the surfaces of organic

(a) (b)
1.0x10% v =60V — 140 7%10°
5 10°
8.0x10° | ) 6x10
410° 5
5x10 o
& 6.0x10° € 08 107
s 4107 $ s X $
& 4.0x10° —8 3x10° 10" 2
o
- - 5
2.0x10° [y 10" 210 110"
1, =7.0x10% cm?V's™ X10°F | =63 x10* cm?V's”
00 B, =3.9x10% cm?v s’ 10 of u,=3.7x10%cm*V's" S PPt
-100 -50 0 50 100 -100 -50 0 50 100
Vgs (V) Ves (V)

Figure 7. Evolution of the drain current, I, as a function of gate-source voltage, Vs for a) ANT:FgTNAP at Vo5 =—60V, and b) Vps =60 V. The left-hand
axis shows the square root of I, while the right-hand axis shows Iy on a logarithmic scale. The reliability factor for the graph in panel a) is 87%, and

for the graph in panel b) 94%.
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semiconductors single crystal were found to be trapping sites
for the charges accumulated at the interface between the
crystal and the dielectric.) While we do not have a quantita-
tive analysis of the density of the step edges in our crystals,
by simple optical inspection it can be clearly seen that their
density is very high.

Figure 7 shows the current between the source and drain
electrodes, I, as a function of gate-source voltage (Vs) at con-
stant source—drain voltage, Vps = —60 V (left-hand panel) and
Vps = +60 V (right-hand panel) for an ANT:F¢TNAP device,
which clearly indicate ambipolar transport. The electron and
hole charge-carrier mobilities were evaluated in the respec-
tive saturation regimes using standard OFET equations,’%7
and are given in Table 3. Ambipolar charge transport has been
observed in other CT complexes, with the magnitude being
determined by the nature of contacts used for source and drain
electrodes, and the details of the molecular packing.”*7>! The
IV curves for PY:F(TNAP devices are included in Figure S10 in
the Supporting Information, and the electron and hole mobili-
ties are listed in Table 3. The reliability factors for each of these
devices are included in the figure caption.

The charge-carrier mobility values determined from SCLC
measurements (Uscic) are about one order of magnitude
higher than those determined from FET measurements (Uggt)
for ANT:F(TNAP and PY:F¢TNAP devices. This discrepancy
may arise for several reasons. First, pscc values are repre-
sentative of the bulk of the crystal, while ppgp values reflect
electrical properties at the surface, where interactions at the
surface/dielectric interface, such as surface roughness (see
Figure S11, Supporting Information) cause charge scattering,
typically leading to less efficient transport. Second, the Mott—
Gurney model assumes unipolar charge injection, while the
FET results clearly indicate that these crystals exhibit ambi-
polar transport. When both electrons and holes co-exist in
the crystal, charge recombination and neutralization occur,
resulting in an increase in the net charge density, which leads
to an enhancement of the current and overestimation of SCLC
mobilities.

The ambipolarity observed for the PY:F(TNAP cocrystal is
broadly consistent with the band-structure calculations, which
indicate large widths for both VB and CB. On the other hand,
the calculated VB bandwidth for the ANT cocrystal is much
lower than the CB bandwidth, apparently at odds with the ambi-
polarity suggested by the FET mobility data; this might be due
to preferential trapping of electrons at the dielectric interface
reducing electron mobility. The estimated relatively high pgscic
values for CBZ:F,TNAP and BTBT:F;TNAP are consistent with
calculated large CB bandwidths and low effective masses; how-
ever, trends in Ugc; ¢ values for other cocrystals show no obvious
correlation with the trends in calculated bandwidths or effective
masses. For example, similar bandwidths and effective masses
are obtained for PY:F{TNAP and BDT:F(INAP, yet the pgcic
value estimated for the latter is over three orders of magnitude
smaller than for the former. This may reflect large variations in
trap densities and/or in surface effects that impair carrier injec-
tion between different crystals.”® Electron—phonon coupling!’”!
and disorder, neither of which are accounted for in the present
calculations, may also play a role in the discrepancies between
experimental and theoretical trends in transport properties.
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3. Conclusions

Six 1:1 cocrystals of F(TNAP with planar donors have been
characterized by X-ray diffraction, IR spectroscopy, DFT calcu-
lations, and electrical measurements. All six crystals contain
mixed donor/acceptor stacks with significant overlap of donor
and acceptor m-faces. The molecular geometries seen in the
crystal structures, as well as the nitrile stretching frequencies
seen in IR spectra, indicate a small degree of donor-to-acceptor
CT in each of these cocrystals, consistent with the redox poten-
tials of the donors and acceptor, which indicate that donor-to-
acceptor electron transfer in solution would be endergonic by
ca. 0.5-0.8 eV.

DFT calculations afford large conduction bandwidths and
low effective masses for electrons along the stacking direc-
tion for all six cocrystals, suggesting good electron transport.
Large valence bandwidths and low effective hole masses are
also found for three of the crystals (TP:F{TNAP, BDT:F,TNAP,
and PY:F(TNAP), albeit only along the stacking direction in
the case of the BDT cocrystal, suggesting ambipolar trans-
port properties. Four of the cocrystals exhibit charge-carrier
mobilities in excess of 107t cm? V! 571, similar to the highest
values reported in other CT compounds. FETs demonstrate
balanced ambipolar behavior with hole- and electron-transport
mobilities being lower than the value determined from SCLC
measurements.

Overall our results indicate that F;TNAP is a promising
building block for use, along with planar donor molecules, in
obtaining crystals with good charge-transport properties. Future
work should concentrate on selecting additional partner donors
of comparable size and with appropriate ionization energies,
allowing for formation of mixed-stacks with considerable D:A
m-orbital overlap.

4. Experimental Section

General Synthesis and Characterization: FcTNAP was  synthesized
following the reported procedure;¥l donor molecules were obtained
from commercial sources. Electrochemical measurements were carried
out under nitrogen in dry deoxygenated 0.1 m tetra-n-butylammonium
hexafluorophosphate in dry dichloromethane using a CH Instruments
CHI620D Electrochemical Workstation CHI620D and a conventional
three-electrode cell with a glassy carbon working electrode, platinum
wire counter electrode, and an Ag wire coated with AgCl as the pseudo-
reference electrode. Potentials were referenced to ferrocenium/
ferrocene by using internal ferrocene. Cyclic voltammograms were
recorded at a scan rate of 50 mV s7'. IR spectra were measured on
Shimadzu IRPrestige-21 Fourier Transform Infrared Spectrophotometer
or a Thermo Nicolet Avatar 360 FT-IR instrument in attenuated total
reflection (ATR) mode using a germanium window (SpectraTech). The
sample chamber was purged with N, to minimize background from
atmospheric absorption. The reflectance was scanned over a range
of 800-3800 cm™'. The spectra were collected and the default Ge ATR
correction applied in EZ OMNIC 2.11 (Thermo Fisher Scientific) and
analyzed in ACD/Spectrus Processor 2014.

FsTNAP Polymorph Preparation: Crystals of the two polymorphs were
grown by sublimation in a gradient tube furnace under flow of N, gas
(5 mL min~") using 0.25 inch standard-wall glass tubes. The temperature
was set to 265.0(2) °C and maintained for 3 h. The two forms can also
be prepared by evaporation of solutions of FsTNAP in dry acetonitrile or
dichloromethane on polypropylene and glass substrates.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cocrystal Preparation: For most of the cocrystals, a dichloromethane
solution (1 mL) of the donor (0.0165 mmol) was added to a
dichloromethane solution (40 mL) of FsTNAP acceptor (0.0165 mmol).
The solution was kept in a narrow glass tube and solvent was allowed to
evaporate. The resulting crystals were vacuum filtered to obtain needle-
like solids. CBZ:F¢sTNAP crystals were obtained by separately dissolving
FeTNAP (0.02 mmol) in Nj-sparged acetonitrile (0.5 mL) and CBZ
(0.02 mmol) in Nj-sparged dichloromethane (0.5 mL); the acetonitrile
solution was layered over the dichloromethane solution and crystals
allowed to grow by solvent diffusion at 0 °C.

Single Crystal X-ray Diffraction: SCXRD data for the two polymorphs
of FeTNAP and for CBZ:FsTNAP were collected using a Rigaku XtaLAB
Synergy-S X-ray diffractometer configured in a kappa goniometer
geometry. The diffractometer is equipped with a low-temperature device
and a Photon]et-S microfocus Cu source (A = 1.54187 A) set at a rough
divergence of 9.5 and operated at 50 kV and 1 mA. X-ray intensities
were measured at 298(3) K with the HyPix-6000HE detector placed
34.00 mm from the sample. The data were processed with CrysAlisPro
v38.46 (Rigaku Oxford Diffraction) and corrected for absorption. The
structures were solved in OLEX2U8) using SHELXS!"? and refined using
SHELXL.BY All non-hydrogen atoms were refined anisotropically. The
SCXRD data for the other five cocrystals, TP:FcTNAP, BTBT:FsTNAP,
BDT:FcTNAP, ANT:FcTNAP, and PY:F;TNAP were collected at the
Bruker SMART APEX Il diffractometer with CCD area detector (graphite
monochromated MoKa radiation, A = 0.71073 A, @-scans with a
0.5° step in @) at 100 K. Absorption corrections were applied using
the semi-empirical method of the SADABS program for all samples
reported.B!l All the frames were integrated with the Bruker SAINT
software package using a narrow frame algorithm. The structures were
solved and refined using the Bruker SHELXTL Software package.8%8%
Further details of the crystals and their structural refinements are given
in Table S2 in the Supporting Information and, in cif format in CCDC
1922 856-1 922 863.

No disorder was found in structure ANT:FgTNAP; in four other
crystal structures the components reveal different disordering patterns
(Figure ST, Supporting Information): in TP:FcTNAP one of two
crystallographically unique FETNAP molecules is inverted to show two
orientations with different occupancies, 0.7304(19) and 0.2696(19);
in PY:FcTNAP the F¢TNAP molecule is disordered with occupancies
0.9019(17) and 0.0981(17); in BDT-F{TNAP both F(TNAP (with
occupancies 0.8569(17) and 0.1431(17)) and BDT (equal occupancies)
are disordered, while in BTBT:FsTNAP only the BTBT molecule is inverted
(two orientations with the occupancies 0.9424(9) and 0.0576(9)).

Computational Methodology: Individual molecular energy levels were
calculated using the DFT at B3LYP/6-31G level of theory. Since an
earlier investigation found no major difference between the optimized
and experimental crystal structures in the calculation of electronic
properties,l experimental geometries were used for the calculation of
band structure and density of states for these systems, which were also
calculated at B3LYP/6-31G level of theory. Uniform 8 x 4 x 4, 10 X 8 x 6,
8x8x4, 8x8x4, 8x10x4, and 8 x 8 x 8 Monkhorst-Pack k-point
mesh was employed for the TP:FsTNAP, BTBT:F¢TNAP, BDT:FsTNAP,
PY:FcTNAP, ANT:FgTNAP, and CBZ:F;TNAP crystals, respectively.
All band structure calculations were performed using CRYSTAL 14
package. 8384

The inverse effective mass tensor for the 3D crystal is calculated
using

11 ( d%E
mﬁ‘?(dkidkj ®)

where, subscripts i and j represent the Cartesian coordinates in
reciprocal space. 7 is the Planck constant, and k is the electron wave-
vector. Diagonalization of m;™" provides the principal components and
their orientations. The inverse effective mass tensor was calculated by
means of Sperling’s centered difference method with dk = 0.01 bohr™".
The electronic coupling (transfer integral) between different

components is an important metric for the evaluation of wave
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function overlap between different units. In a crystal, the extent of
charge delocalization between subsequent units can be quantified
using this metric. In this work, the effective transfer integrals between
neighboring molecules along different directions were calculated by
using a molecular-fragment orbital approach combined with basis-set
orthogonalization procedure at the B3LYP/6-31G level of theory. The
electronic coupling along the stacking direction (superexchange
coupling), % are estimated with an energy-splitting approach by
considering the orbital energies, E, of a A-D-A triad,2"]

teff :(ELHZ_ EL) (5)

or D-A-D triad,

¢ _ (En—En)
peff = SR el (6)
where the subscripts L and L+1 refer to the LUMO and LUMO+1 of the
neutral state of the A-D-A triad, and H and H — 1 to the HOMO and
HOMO — 1 of the D-A-D triad. The calculations of the transfer integrals
(electronic coupling) were performed using the Gaussian 09 DO1
package.®]

Device Fabrication and Electrical Measurements: OFETs (Figure S7,
Supporting Information) were obtained by laminating the single
crystals over pre-fabricated elastomeric polydimethylsiloxane (PDMS)
stamps.[B¢-#8] |n this structure, a 5.5 um thick gap between the raised
and recessed regions of the PDMS stamp served as the air/vacuum
gate dielectric. A layer of 40 nm of Au was e-beam evaporated on the
patterned PDMS stamp to form electrically isolated electrodes with
the source and drain defined on the raised region and the gate on
the recessed region of the PDMS stamp. SCLC measurements were
performed in the same configuration, with the coplanar contacts
using non-gated two-point current-voltage measurements. Both OFET
and SCLC measurements were performed at room temperature, in
the dark and under vacuum using an Agilent 4155C Semiconductor
Parameter Analyzer. At least five crystals of each type were measured,
in each case giving consistent results. SCLC measurements were taken
in incremental voltage steps of 0.1 V and FET measurements were
performed in 1V steps. Background noise was minimized by integrating
the measurements over longer times, during which the instrument
averages several measurement samples. The medium integration time
was used in all measurements; this is automatically adjusted by the
instrument depending on the current level: smaller current requires
longer the integration time (50 PLC needed for a current of 10 pA, 5 PLC
for 1 nA, and 1 PLC for 10 nA-100 mA, where PLC is the power-line cycle
mode and 1 PLC =1/60 s).

[CCDC  1922856-1922863  contains the  supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif ]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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