Downloaded viaINST OF CHEMISTRY on March 14, 2020 at 07:53:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

L e t Z. e r S @& Cite This: J. Phys. Chem. Lett. 2020, 11, 359-365

pubs.acs.org/JPCL

Theoretical Studies of Bipolar Transport in C,BTBT—F,,TCNQ Donor—

Acceptor Cocrystals

Qi Wei, Lei Liu, Shiyun Xiong,* Xiujuan Zhang, Wei Deng,” Xiaohong Zhang,

and Jiansheng Jie*

Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based Functional Materials &

Devices, Soochow University, 199 Ren’ai Road, Suzhou 215123, Jiangsu, P.R. China

O Supporting Information

ABSTRACT: The development of crystals with bipolar transport characteristics is
essential for high-performance organic field effect transistor (OFET) devices. In this work,

s/e%"

we theoretically investigated the bipolar transport behaviors in C,BTBT—F, TCNQ .' "

cocrystals. It is found that bipolar transport can be realized in CgBTBT—TCNQ_ and
C;,BTBT—TCNQ_cocrystals with room-temperature electron/hole mobility up to 1.8/
0.75 and 2.5/1.8 cm® V™! 57!, respectively. The comparable electron- and hole-transfer
integrals between the nearest-neighbor molecule pairs as well as the small hole
reorganization energy of the TCNQ molecule are responsible for the balanced electron
and hole mobilities. Moreover, because of the m—n stacking between neighboring
molecules, all cocrystals show strong anisotropic transport characteristic for both electron
and hole transport with the mobility along the 7—7 stacking direction much larger than
those along the other two directions. This work provides the possibility of high-
performance OFET engineering and also enriches the OFET families with bipolar
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transport characteristics.

n the past decade, the organic field effect transistors

(OFETs) have attracted widespread attention because of
their low cost, easy fabrication, and natural abundance.' ™
With the extensive studies of OFETSs, more and more small
organic molecules with high performance have been developed
as thin-film materials,* such as 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (Cy4-BTBT),”® 6,13-bis-
(triisopropylsilyleth ynyl) pentacene (TIPS-P),” fluorinated
anthradithiophene 2,8-difluoro-5,11 bis(triethylsilylethynyl)
anthradithiophene (diF-TES ADT),” '’ and so on. Among
which, 2,7-dialkyl[1]benzothieno[3,2-b][1] benzothiophene
(C,-BTBT) has been frequently investigated because of its
strong intermolecular interactions, which lead to the formation
of highly ordered crystal films with high mobility. According to
previous reports, C,BTBT possesses good p-type transmission
characteristics, and its properties can be engineered by the
alkyl side-chain length. The increase of the alkyl chain can
improve the solubility of the molecule while it can also adjust
the molecular packing mode. However, when the alkyl chain is
too long, it can create a bulky insulator layer between
semiconducting 7—7 stacks, limiting the vertical transport and
diluting the number of z-systems close to the channel
interface.''™'® Therefore, in practice, CgBTBT molecules are
mostly used for p-type OFET. With the off-center spin-coating
method, the hole mobility of CsBTBT can reach up to 43 cm”
V! s7L'* Although the performance of p-type organic small
molecules has been well-developed, the development of n-type
organic semiconductor materials lags far behind.”” The
synthesis method of n-type organic crystals with high electron
mobility, air stability, and high solubility is extremely limited,
which greatly hinders the development of OFET-related
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flexible electronic devices. At present, 7,7',8,8'- tetracyano-
quinodimethane (TCNQ) and its derivative molecules have
been often used as n-type dopants in experiments to make the
device have electron transport characteristics.'®'” On the other
hand, TCNQ itself has been predicted to be a good n-type
molecule with the electron mobility of 1.6 cm* V™' s7* at room
temperature.'® To further increase the electron mobility of the
TCNQ molecule, F atoms, which are strong electron-
withdrawing atoms, were introduced into the molecule,
forming F, TCNQ_(m = 0, 2, 4). The electron mobility of
F,TCNQ_ is predicted up to 25 cm®* V™' s at 150 K, higher
than that of the other two structures.'” However, because of
the bad environmental stability, low mobility, high cost, and
other factors, the overall development of n-type organic
semiconductors still lags behind that of p-type crystals.
Considering that n-type and bipolar organic semiconductors
play an important role in bipolar transistors and comple-
mentary circuits, the development of new bipolar semi-
conductor materials with high performance is still a key
focus of organic electronics.”””" Injecting holes and electrons
from the same electrode into a single semiconductor is a key
point but difficult to realize in bipolar transport. To solve this
problem, a single electrode material is usually used in
combination with two different semiconductors, ie., a
donor—acceptor bonded cocrystal material. One of them has
a corresponding highest occupied molecular orbital (HOMO)
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Figure 1. Molecule structures of (a) donor and (b) acceptor molecules.
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molecules. We selected the typical p-type molecules C;qBTBT 3-8 — - = 163 —ome .
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Figure S1, and the atomistic structures of each cocrystal are
represented in Figure S2. According to the structure, the ratio
between D and A is 1:1, and all six combination structures
have been successfully synthesized experimently.””> The
experimental lattice parameters are adopted in our studies.
The full quantum band-like transport model*® has been used
for charge mobility simulations because of the small molecular
mass in TCNQ."® In fact, for cocrystal structures, the charge
transport behavior is often manifested as a band-like
transmission characteristic.”’

Experimental lattice structures are used in our studies. Table
S1 illustrates the lattice information for structures with all D—
A combinations.”® The molecule structures of all donors and
acceptors are shown in panels a and b of Figure 1, respectively.
Because charges transport through the frontier orbitals, we first
calculated the energy levels of all molecules. The obtained
results are summarized in Figure 2, and the exact values are
shown in Table S2. For CgBTBT and C,,BTBT, the frontier
orbitals are almost unchanged, which is because the frontier
orbitals are distributed on the BTBT part and the side chains
have negligible effect on it (Figure S3). For TCNQ molecules,
the substitution of H with F atoms can downshift both the
HOMO and LUMO levels and the magnitude increases with
the number of F atoms, which is due to the strong electron-
withdrawing effect of F atoms. The energy gaps between the
HOMO of donors and the LUMO of acceptors range from
—0.12 to —0.37 eV. To realize bipolar transport, it is essential
to have weak interactions between donor and acceptor
molecules. To check that, we analyzed the Hirshfeld surfaces
based on CrystalExplorer,” and the fingerprint is obtained for
all cocrystals (Figure S4). According to the fingerprints, there
exists 7—7 interaction between donor and acceptor molecules.
In addition, hydrogen bonds like N---H and S---H can also be
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Figure 2. Energy levels of the acceptor and donor molecules with the
HOMO-LUMO gaps indicated by the numbers.

found. The existence of the weak interaction can lead to charge
transfer between donors and acceptors, which is favorable for
bipolar transport.

The charge-transfer integral which is proportional to the
hopping rates between two molecules characterizes the
coupling strength between neighboring molecule pairs. There
are multiple methods that can be used to calculate the transfer
integral, including the energy level splitting method,™ the
finding energy level splitting minimum method,”’ the lattice
point energy correction method,”> and the direct coupling
method.”® The transfer integral is dependent on the relative
angle of the dimer. When the relative angle is small, the four
methods have certain accuracy.””” In our studied systems, all
the dimer pairs are basically parallel and have central
symmetry. For a cocrystal symmetrically stacked along a
particular direction, the energy splitting method is widely
use.’® Therefore, in this work, we adopt the energy level
splitting method to calculate the transfer integral. In all the
structures, we calculated the transfer integral of all molecule
pairs up to the third nearest neighbors with the F, TCNQ
molecule as the center. According to the molecule pair
distances, there are three different transfer dimers in all
structures, which we term T1, T2, and T3, which correspond
to the nearest, the second-nearest, and the third-nearest
neighbor pairs, respectively. Both T1 and T2 correspond to the
molecular pair of C,BTBT—F, TCNQ, and T3 represents the
molecular pair of F, TCNQ-F,TCNQ_ (Figure SS5). The
calculated transfer integral of T1, T2, and T3 is demonstrated
in Figure 3. As shown in Figure 3a,b, for electron transport, the
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Figure 3. Electron- and hole-transfer integral for CqBTBT—TCNQ, CeBTBT—-F,TCNQ, CsBTBT—F,TCNQ, C;,BTBT-TCNQ, C,BTBT—
F,TCNQ, and C;,BTBT—F,TCNQ cocrystals. (a) Electron-transfer integral for T1; (b) electron-transfer integral for T2 and T3; (c) hole-transfer
integral for T1; (d) hole-transfer integral for T2 and T3. Panels b and d share the same notation shape as panels a and c.

Table 1. Reorganization Energy of the Studied Cocrystals

RE (meV)
electron C,BTBT 317.81 318.90
F, TCNQ 260.62 235.93
hole C,BTBT 263.44 263.83
F,. TCNQ 129.81 177.86

CsBTBT-TCNQ C,BTBT-F,TCNQ CBTBT-F,TCNQ C,,BTBT-TCNQ C,,BTBT—-F,TCNQ C,,BTBT—F,TCNQ

314.42 308.80 313.80 319.28
235.80 260.97 23541 236.67
263.83 262.93 263.08 263.08
177.90 129.87 178.61 177.87

transfer integral of T1 is much larger than that of T2 and T3
because of relatively shorter distances. As a result, electrons
jump most probably between adjacent molecules. The
electron-transfer integral of T1 ranges from 71 to 100 meV
for the six structures, and the value of C,BTBT is larger than
that of CgBTBT when the acceptor molecule is the same. For
the CgBTBT donor, the electron-transfer integral of T1
decreases with the increase of the number of F atoms. For
the C,,BTBT donor, the electron-transfer integral of T1
follows the trend F,TCNQ > TCNQ_ > F,TCNQ. For hole
transport (Figure 3c,d), the transfer integrals of T1 for the six
systems follow a broad distribution, ranging from 3.6 to 60
meV. For acceptors of F,TCNQ_ and F,TCNQ, the hole-
transfer integral of T1 is relatively small, revealing a bad hole
transport. However, in CgBTBT—TCNQ and C,,BTBT—
TCNQ, their hole-transfer integral can reach 55 and 60 meV,
respectively. The relatively large hole-transfer integral indicates
that the two cocrystals may possess good hole mobility and can
balance with their electron transport. Consequently, it is
possibly to realize bipolar transport in these two systems.
The transfer integral characterizes the coupling between
neighboring molecules; when a charge jumps from one
molecule to another, the geometry of both molecules will
change, leading to the change of corresponding energies. Such
an energy change is defined as reorganization energy, and it
plays an important role during charge transport. The
reorganization energy during charge transfer can be divided
into the internal and external parts. The external part which
characterizes the environmental energy changes because the
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charge transfer is much smaller than the internal one. As a
result, it is usually ignored to simplify the calculations.”” Table
1 summarizes the reorganization energy of donor and acceptor
molecules for electron and hole transport. Interestingly, the
reorganization energy of C,BTBT is reduced only slightly
when the side chain increases from 8 to 12 in all systems for
both electron and hole transport, indicating that the side
chains almost do not change their geometries during charge
transport. For both CgBTBT and C,,BTBT, the reorganization
energy is mostly contributed by the modes between 1500 and
1650 cm™" for both electron and hole transport (Figure S6,
panels al—fl and a3—f3). The mode with the maximum
reorganization energy is around 1620 cm™! for all cases, which
corresponds to the symmetrical stretching vibration of the
BTBT part. For F,TCNQ, the reorganization energy of
electrons decreases with the appearance of F atoms in both
CBTBT—F, TCNQ and C,BTBT—F, TCNQ, whereas that
for hole transport follows an opposite trend. Although the
appearance of F atoms can change the reorganization energy of
F, TCNQ, the reorganization energy hardly changes when the
number of F atoms increases from 2 to 4, possibly because of
the equivalence of the four sites. Compared to the C,BTBT
molecule, the number of modes that contribute to the
reorganization energy in F,,TCNQ is much less (Figure S6,
panels a2—f2 and a4—f4), which eventually leads to smaller
reorganization energies for F,TCNQ_in all systems for both
electron and hole transport. The small reorganization energy
for hole transport is also an advantage to balance the hole
mobility and electron mobility, thus contributing to the
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Table 2. Hopping Rates between Dimers in T1, T2, and T3

T1 T2 T3
hopping rates transfer integral hopping rates transfer integral hopping rates transfer integral
molecules (10" s71) (meV) (x10'%s71) (meV) (x10" s71) (meV)
C{BTBT-TCNQ elec 0.10 X 10° 95.56 0.93 x 10° 0.91 0.68 x 10° 0.78
hole 0.39 x 10* 54.92 0.12 x 10° 0.30 0.15 x 10° 10.71
CeBTBT—F,TCNQ_ elec 0.72 x 10* 80.56 0.48 x 10* 6.55 0.34 X 10* 5.56
hole 0.67 X 10* 7.17 1.00 X 10* 8.82 0.21 X 10® 12.92
C¢BTBT—-F,TCNQ elec 0.61 x 10* 71.97 0.11 X 10° 9.52 0.14 X 10* 3.45
hole 0.51 x 10° 19.86 020 x 10° 12.38 0.82 X 10* 7.98
C;,BTBT-TCNQ elec 0.13 X 10° 99.76 0.11 x 10 0.93 0.52 X 10° 0.63
hole 0.94 x 10* 59.75 1.00 X 107! 0.20 0.30 x 10° 10.74
C,,BTBT-F,TCNQ elec 0.14 X 10° 91.02 0.12 X 10° 8.33 0.17 X 10* 3.16
hole 0.20 x 10 1.04 0.19 x 10° 10.13 0.19 x 10° 10.09
C,BTBT-F,TCNQ elec 0.63 x 10* 76.30 0.97 X 10° 9.48 091 x 10 2.90
hole 025 x 10° 13.94 0.16 x 10° 11.21 0.76 X 10* 7.64
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Figure 4. Electron and hole mobilities of CqBTBT—F,, TCNQ (a) and C,,BTBT—F, TCNQ (b) eutectic crystals as a function of temperature. The
solid lines indicate the mobility of electrons, and the dotted lines indicate the mobility of holes. (c and d) Ratio between electron and hole
mobilities for CgBTBT—F,,TCNQ (c) and C,BTBT—F, TCNQ (d). The ratio p./u;, characterizes the balance between electron and hole

transport.

realization of bipolar transport. The mode with the maximum
reorganization energy in F, TCNQ_ is always at 1500 cm™! for
all cases, corresponding to the stretching mode of vibration as
illustrated by the inset images in Figure S6. From Figure S6, we
can also find that the coupling between electrons and phonons
is local in the F,,TCNQ molecule for the case of hole transport
as only the modes beyond 1200 cm™ contribute to the
reorganization energy. For the other cases, both low and high
frequencies have non-negligible contributions to the reorgan-
ization energies, indicating the interaction between electrons
and phonons involves both local and nonlocal couplings.”®
On the basis of the energy levels, transfer integral, and
reorganization energy, one can calculate the charge hopping
rates between any molecule pairs. Table 2 illustrates the
hopping rates between molecule pairs within the third nearest
molecule neighbors for both electron and hole transport. In
general, the hopping rates decrease with the increase of
molecule pair distances except for the hole transport in
CsBTBT—F,TCNQ_ and C;,BTBT—F,TCNQ. In these two
cases, the hopping rates of T2 and T3 are larger than that of
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T1 because of the larger transfer integral of T2 and T3. For T1,
the electron hopping rates are larger than the hole ones in all
cases, indicating that all those systems prefer to transport
electrons. In CgBTBT—TCNQ_and C;,BTBT-TCNQ, the
difference between hole and electron hopping rates is the
smallest, especially in C;,BTBT—TCNQ, where the hopping
rate of hole transport is only slightly smaller than that of
electron transport, which demonstrates that it is possible to
realize bipolar transport in these two systems.

To quantitatively characterize the transport behavior of each
system, we simulated the charge mobilities from 100 to 350 K
based on the dynamic Monte Carlo random walk model. The
corresponding results are demonstrated in Figure 4a,b. As the
temperature increases, the mobility of both electrons and holes
decreases gradually. In CgBTBT—F,TCNQ_ systems, the
electron mobility follows the trend TCNQ = F,TCNQ >
F,TCNQ, while the hole mobility follows the trend TCNQ_>
F,TCNQ > F,TCNQ. In the three systems, CsBTBT—-TCNQ_
possesses the largest electron and hole mobilities; the
corresponding values at 300 K are 1.78 and 0.72 cm® V™!
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s7!, respectively. The ratio between electron and hole mobility
is ~3, which also corresponds to the best balanced value
among the three eutectic crystals, as shown in Figure 4c,d.
Although CsBTBT—F,TCNQ also demonstrates high electron
mobility, it is not a good hole transport material and thus can
not realize the bipolar transport. In C;,BTBT—F, TCNQ, the
electron mobility in the whole temperature range follows the
trend F,TCNQ > TCNQ > F,TCNQ and the trend of hole
mobility follows TCNQ > F,TCNQ > F,TCNQ. In the three
systems, C;,BTBT—TCNQ shows the best balanced electron
and hole transport behavior with the ratio between electron
and hole mobility of ~1.4. The corresponding electron and
hole mobility can reach 2.26 and 1.73 cm® V™' s7! at room
temperature, respectively. Therefore, in all 6 eutectic systems,
only the combinations of TCNQ with CgBTBT/C,BTBT can
realize bipolar transport. The combinations with F,TCNQ_ or
F,TCNQ can be used only as n-type transport materials
because of the strong electron-withdrawing ability of F atoms.
The increase of side-chain length in C,BTBT—TCNQ can
enhance the hole mobility, thus further improving the bipolar
transport in our studied systems. Because the energy levels do
not change with the side-chain length as discussed before, the
enhanced hole mobility should originate from different
stacking modes of different structures. Actually, the degree of
7 conjugation in the yz plane of C,, systems is greater than that
of Cg systems (Figure S7), which may eventually improve the
hole mobilities in C,, systems. On the basis of the above
analysis, we successfully realized the bipolar transport in
CgBTBT/C,BTBT-TCNQ_ through eutectic design with
electron and hole transport components.

To gain deeper knowledge regarding the transport character-
istics of all structures, we calculated the mobility of the six
structures along the three lattice directions at 300 K. As
demonstrated in Figure Sa—d, all systems show large
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Figure S. Crystal direction-dependent electron and hole mobilities of
C¢BTBT-F, TCNQ and C,,BTBT—F, TCNQ at 300 K: (a) electron
mobility for C.BTBT—F,, TCNQ, (b) hole mobility for C;BTBT—
F,, TCNQ, (c) electron mobility for C;,BTBT—F, TCNQ, and (d)
hole mobility for C,,BTBT—F, TCNQ.
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anisotropic electron and hole transport characteristics. In all
systems, as the interaction between molecules along the ¢
crystal orientation is very weak, they show very small mobilities
along the c-direction for both electrons and holes. Actually, all
T1, T2, and T3 are almost in the a—b lattice plane and thus do
not contribute to the transport in the c-direction. For electron
transport, the mobility along the a-direction is the largest for all
systems. This is because the direction of T1 is close to the a-
direction, and T2/T3 is close to the b-direction, and the
transfer integral of T1 for electron transport is much larger
than that of T2 and T3. For hole transport, the mobility is still
the largest along the a-direction in C,BTBT—TCNQ while it
changes to the b-direction in the other four systems. In
C,BTBT-F,TCNQ_ and C,BTBT-F,TCNQ, the transfer
integral of T2 and/or T3 is larger or comparable to that of
T1 for hole transport. Together with the larger distances of T2
and T3, it eventually leads to the maximum mobility along the
b-direction. The large anisotropic transport behavior in those
systems offers the opportunity to design devices with high
mobilities.”> For example, if we adopt C;,BTBT—TCNQ to
design a device with the transport along the a-direction, we can
obtain bipolar transport with electron and hole mobilities as
high as 6.6 and 4.9 cm® V' s7', respectively. It is worth
mentioning that our simulated mobilities correspond to the
value of perfect lattices. In real experiments, the value may be
lower than our simulated results because of the existence of
defects. However, the trends among different molecules
predicted by our simulations, especially the bipolar transport
characteristics, are still meaningful to guide experiments.

In this work, the hole and electron transport behaviors in
C,BTBT-F,TCNQ (n = 8 and 12 and m = 0, 2, and 4)
cocrystals are studied based on the KMC and DFT
calculations. C,BTBT and F,TCNQ molecules serve as
electron donor and acceptor, respectively, because of the
relatively higher HOMO level of C,BTBT compared to that of
F,, TCNQ. Among all 6 cocrystals, C,BTBT—F,TCNQ shows
the largest electron mobility while their hole mobility is very
small because of the big differences of transfer integrals, which
eventually leads to unbalanced electron and hole transport.
However, CsBTBT-TCNQ and C,BTBT—-TCNQ cocrystals
can transport both electrons and holes with large mobilities,
showing the bipolar transport characteristics. The room-
temperature electron/hole mobility can reach up to 1.8/0.75
and 2.5/1.8 cm®> V™! s7! for CaBTBT—TCNQ and C,,BTBT—
TCNQ, respectively. The bipolar transport character in
C,BTBT—TCNQ_ arises from two aspects: the comparable
electron- and hole-transfer integral between the nearest
neighbor molecule pairs and the smaller hole reorganization
energy of the TCNQ molecule. In C,BTBT—-F,TCNQ
systems, although the transfer integral of electrons between
the nearest neighbor molecular pairs is 1 order of magnitude
larger than that of holes, the transfer integral between second
nearest neighbors for hole transport is comparable to the value
of the nearest neighbors, which leads to enhanced hole
mobility and improved bipolar transportation compared to
C,BTBT—F,TCNQ. Because of the 7—7 stacking nature of the
structures, all cocrystals show large anisotropic transport
behavior with the mobility along the 7—n stacking direction
much larger than those along the other two directions. Such
big anisotropic transport features could be useful for the design
of high-performance organic devices with single-direction
transport.
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B COMPUTATIONAL METHODS

All the DFT calculations are performed with Gaussian 09*° at
the B3LYP/6-311G level of theory. For mobility calculations,
we have adopted the kinetic Monte Carlo (KMC) method
implemented in MOMAP."' The hopping rates between
molecules are calculated with the nuclear tunneling model.*”
For KMC simulations, we used an 8 X 8 X 3 supercell in the
crystallographic a, b, and ¢ directions, respectively. The transfer
integral is evaluated up to the third nearest neighbors.
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