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ABSTRACT: Organic donor—acceptor (D—A) blending systems have D-A mixed-stack crystal
displayed great potential in the application of organic optoelectronics.

Conventionally, charge transport is not allowed along the stacking direction

for D—A mixed-stack organic cocrystals or along the intrachain backbone W oo A NNy
direction for D—A copolymers, since the nearest-neighbored D or A o N
molecules/units are too far away to interact directly with each other. In fact,
for hole (electron) transport, an effective electronic coupling between -e— = < = < =
adjacent D (A) molecules/units can be manifested by a superexchange R A e A
mechanism with the in between A (D) molecule/unit as a bridge. In this “"Hole Electron
perspective, we have briefly summarized our recent progress in under-

standing the long-range superexchange electronic couplings to assess the charge transport and polarities of D—A cocrystals and
copolymers. The energy-splitting and partition-based methods are first introduced to evaluate the bridge-mediated
superexchange couplings. The important role of the superexchange mechanism in the charge transport is then discussed,
and the similarity and difference between D—A cocrystals and copolymers are elucidated. Finally, the factors that determine the
charge carrier polarities and the magnitudes of superexchange couplings are analyzed to provide some insightful principles for
the design of high-mobility organic semiconductors based on D—A blending systems.

D-A copolymer

1. INTRODUCTION (V s) for the OFET devices based on cyclopentadithiophene-

Multicomponent organic semiconductors have demonstrated pyridinethiadiazole (CDT—PT),” which represents the high-

great potential in the applications of organic optoelectronic est mobility for polymeric semiconductors. Through combin-

devices, such as organic field effect transistors (OFETs) and ing different donor and acceptor units for the copolymeriza-
organic light-emitting diodes (OLEDs)."® The donor— tion, the charge mobilities could be modulated in a wide range

- 39-41
acceptor (D—A) mixed-stack cocrystals, usually considered as from 107* to dozens of cm®/(V s). Notably, the

insulators previously, have proved to have remarkable diketopyrrolopyrrole (DPP)-based copolymers were found to
ambipolar transport properties from both experimental and exhibit diversified transport polarities."” ™" In contrast, the
theoretical investigations in recent years.” '> However, underlying charge transport mechanisms in the D—A
traditionally, in these molecular blending or cocrystal systems, copolymers remain under debate. Fornari and Troisi suggest
the charge carriers transport along the main material and the that the hopping barrier between the mobility edge and carrier
dopants act as carrier traps, which is detrimental to charge energy level can be reduced by a narrower bandwidth.”> We
transport. To address this issue, a long-range superexchange argued that the bandwidth originates from a synergistic effect
mechanism was proposed to play an essential role in the charge of static disorder (or site energy distribution) and direct
transport for such D—A cocrystals and different charge electronic coupling between the D and A units; the former is
transport 4properties were predicted by theoretical calcula- destructive, but the latter is constructive to charge transport.
tions.”">'* Since then, an increasing number of organic D—A Thus, it is difficult to judge the charge transport properties

mixed-stack crystals have been reported by different exper-
imental groups and displayed good ambipolar or electron-/
hole-dominant charge transport properties.' >
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from bandwidths only. From the perspective of long-range
superexchange, we have demonstrated that the D—-A
copolymers can intrinsically possess ultrasmall effective charge
carrier masses and provided the rationalization of ultrahigh
charge mobilities and various transport polarities.***”

In this perspective, we first introduce the theoretical
methodologies for evaluation of the superexchange couplings
for D—A cocrystals and copolymers and summarize the
similarity and difference of superexchange charge transport
between D—A cocrystals and copolymers. Then, the influence
factors to determine the carrier polarities and the magnitudes
of superexchange couplings are discussed with the aim to
elucidate the design principles to obtain high-mobility organic
semiconductors with desired charge carrier polarities.

2. THEORETICAL METHODOLOGIES

Compared with single-component materials, the properties of
multicomponent materials are much more complex. Taking the
DMQtT-F4TCNQ (DMQtT dimethylquaterthiophene,
FATCNQ_ = 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodime-
thane) system as a representative of D—A cocrystals (see
Scheme 1a),*® the donor molecule of DMQtT interacts with

Scheme 1. Illustration of the Structures of the DMQtT—
F,TCNQ Cocrystal and 2T—PT Copolymer (a) and the
Superexchange Mechanism for Hole and Electron Transport
in D—A Cocrystals and Copolymers (b)

(a)

D-A mixed-stack crystal

D-A copolymer
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Hole Electron

the acceptor molecule of FATCNQ_through weak intermo-
lecular interaction, such as van der Waals and electrostatic
interactions. For the representative 2T—BT (2T = bithio-
phene, BT = benzothiadiazole) system of D—A copolymers,
while the donor of 2T and acceptor of BT units are linked by
relatively strong covalent bonds, the D and A components are
characteristic of significant localized molecular orbitals and the
molecular orbitals of the entire copolymer chain can be
physically regarded as a linear combination of the fragmental
molecular orbitals of 2T and BT. Upon cocrystallization or
copolymerization of the donor and acceptor moieties, the
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donor (acceptor) fragments are separated by the acceptor
(donor) fragments and they are not directly coupled
electronically. The effective coupling between adjacent donors
(acceptors) is mediated by the middle acceptor (donor), i.e.,
via the superexchange mechanism (Scheme 1b).

To illustrate the effect of the superexchange interaction on
the band structures, we recall the one-dimensional tight-
binding model that consists of two different types of sites (e.g.,
D and A) in each repeat unit. For simplicity, here only the
HOMO (LUMO) of D and A is considered in the hole
(electron) transport, and the one-dimensional tight-binding
model Hamiltonian can be written as follows

H =V, 2, (IDXA/ + 14)(Dy | + hec.)

+ep D, (IDXD)) + & X, (IA)(A))
i i (1)

where ép, €,, and ep, represent the D and A site energies and
the electronic coupling between adjacent D and A,
respectively. In our cases, the distance between adjacent D
and A is one-half of the size of the unit cell (a). After discrete
Fourier transform, the Hamiltonian matrix can be expressed in
the k space as follows:

HE) = —2Vp, cos(ka/2)

=2V, cos(ka/2) &, (2)

Then, we can obtain the energy dispersion relation by
diagonalizing the above matrix
2
ka
2Vp, cos| —

E(k) = 235 \/(SD — eA)Z +
2 2
()

From the above band dispersion, the bandwidth and effective
mass can be derived for various site energy differences between
D and A (Ae = g, — €,):

4Vpa

V(Ae/2) + 4V, — Ae/2 = {

Ae =0
2Vh, 0 < Ae <V,

ff
4V Ae >V,

(4)
n 2 2
m* = ————[(Ae/2)" + 4V,
a Vpa
hZ
e Ae <V,
_ 2(a/2) Vpu
hZ
-— Ae >V
ZaZVeff DA (5)
Here, V* = V,,%/Ae is the superexchange coupling and 7 is

the Planck constant. It can be seen that in contrast to the
homopolymers or single-component molecular crystals (ie.,
Ae < Vp,), in which the effective mass is determined by the
direct coupling (Vp,) between adjacent D and A, the effective
mass of the D—A copolymers or cocrystals (i.e., Ae > Vp,) is
defined by the superexchange coupling (V*F).

As seen in Figure 1, in the case of a homopolymer with Ae =
0 eV and Vp, = 0.5 €V, the bandwidth is equal to 2 eV. When
the site energy difference is introduced just like the mixed D—

DOI: 10.1021/acs.chemmater.9b01545
Chem. Mater. 2019, 31, 6424—6434


http://dx.doi.org/10.1021/acs.chemmater.9b01545

Chemistry of Materials

1.5 1.5 15
1.0 1.0-\
0.5 0.5
Ae=0.5eV As=15eV
0.04y = 004y =
V,=05eV vV, ,=0.6eV
-0.5 -0.5
-1.0 -1.0/
155 - -1.55 - 1.5 -

ka

Figure 1. Band structures calculated by using the one-dimensional
tight-binding model with different site energy difference (A¢) and
direct electronic coupling between donor and acceptor units (Vp,).

A case, the band structure will be splitted into two parts; when
Ae is increased to be as large as Vp,, the bandwidth is much
narrowed (0.78 eV), whereas the effective mass is hardly
changed. In the case of a remarkably enlarged A¢ (1.5 eV) and
a slightly stronger Vp, (0.6 €V), although the bandwidth (0.67
eV) becomes much narrower than that of the homopolymer,
the effective mass is smaller than that of the homopolymer.
Therefore, the long-range superexchange couplings (effective
coupling) can play an important role in the charge transport of
the D—A cocrystals and copolymers. In the following, we will
introduce two computational methods for evaluation of the
superexchange couplings.

2.1. Energy Splitting Method. Energy splitting in the
dimer method has been widely used to evaluate the electronic
coupling between two adjacent molecules.””*” To account for
the role of the mediate bridge, the superexchange electronic
couplings should be derived on the basis of a bridge-mediated
triad [(monomer 1)—bridge—(monomer 2)]. For the D—A
cocrystals and copolymers, the superexchange coupling is
calculated as the energy difference between the HOMO and
HOMO-1 of the DAD triad for hole transport while as the
energy difference between the LUMO+1 and LUMO of the
ADA triad for electron transport (see Scheme 1b):

i DAD DAD

Vi = (Enomo — Enomo-1)/2 (6)
ff ADA ADA

Ve = (Erumo+1 — Eruomo)/2 (7)

As shown in Figure 2, the calculated superexchange coupling in
the DMQtT—F4TCNQ mixed-stack crystal is 102 and 97 meV
for holes and electrons, respectively. As a consequence of the
strong superexchange coupling, the effective mass along the
stacking direction is estimated to be as small as 0.20 and 0.26
m, for holes and electrons, respectively; thus, the DMQtT—
F4TCNQ_mixed-stack crystal can exhibit remarkable ambipo-
lar transport performance.” Recently, various organic D—A
mixed-stack systems have been synthesized and found to
display good charge transport properties, which could be
reasonably explained by the energy-splitting calculated super-
exchange couplings.g’n’ls’”’Z]’24’3§yFor the D—A copolymers,
the polarized energies of the HOMO and LUMO for the
acceptor segments are all lower than those of the donor
segments; thus, the energy level alignments present a staggered
type and are similar to the D—A cocrystals. In the case of the
2T—BT copolymer, the triad system is chosen as BT—2T—BT
for electrons and as 2T—BT—2T for holes. The calculated

6426

HOMO (-4.853 eV) (a)

988838838
Q2D
439883898
HOMO-1 (-5.154 eV)
3888888%3¢ )
88502 38938883
335899898 833

Vﬁff = (Ey- Ey.1)/2 = 102 meV Vel = (E,,- £)/2=97 mev

HOMO (-4.999 eV) LUMO (-2.739 eV)

a\ﬁ"“"‘h TRt

e ®
‘,“ o @, ‘.
HOMO-1 (-5.733 eV) LUMO+1 (-2.473 eV)

LUMO (-4.886 eV)

FPGPIr T X 22

LUMO+1 (-4.693 eV)

,n:.-, ..,.JJ‘
W=, e

V}e1ff = (Ey- E44)/2 = 367 meV Ve = (- E)/2= 133 meV

Figure 2. Energy-splitting estimates of the superexchange coupling
holes and electrons (a) along the stacking direction in the DMQtT—
F4TCNQ_ and (b) along the backbone direction for the 2T—BT
copolymer (H, HOMO; L, LUMO).

superexchange coupling is as large as 367 and 133 meV for
holes and electrons, respectively. Consequently, the effective
mass along the backbone direction is extremely small, only
0.10 m, for holes and 0.22 m, for electrons."” When two
monomers are not in equivalent positions in a dimer, the
energy splitting estimated electronic coupling for the dimer has
been demonstrated qualitatively incorrectly due to the
polarization effect.”’ In the case of a DAD or ADA triad, the
polarization effect can be even stronger; thus, the application
of the energy splitting method would be more limited in two-
component D—A cocrystals or copolymers.'* Next, we will
introduce a general method based on the Larsson partition
technique to evaluate the superexchange coupling.

2.2. Larsson Partition Method. As described above, the
superexchange coupling should be estimated on the basis of a
(monomer 1)—bridge—(monomer 2) triad (DAD for holes
and ADA for electrons; for D—A copolymers, the two ends of
the triad are saturated by hydrogen atoms). The electronic
properties of the triad system can be described by the following
secular equation

HC = ESC (8)

where H and S denote the system Hamiltonian and overlap
matrices, respectively, and E and C are the orbital energies and
wave functions of the triad system. For D—A copolymers, the
orbitals of the entire copolymer chain should be clearly
regarded as a linear combination of the localized orbitals of the
decomposed donor and acceptor moieties that are saturated by
hydrogen atoms. After projection to the localized orbitals on
the two monomers 1 and 2 and the middle bridge, the H and S
matrices can be expressed as

& Vi, Vg
H=|V,; & Vyp
Ve Vi & 9)
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Figure 3. Dependence of the superexchange couplings along the stacking direction of the PTZ—TCNQ crystal calculated by the energy splitting

and partition-based methods on the longitude displacement of the middle

bridge.
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Figure 4. (a) Molecular stacking structures in the PTZ—TCNQ, PAZ—PMA, and CHR—TCNQ cocrystals; (b) contributions of essential bridge
orbitals to the superexchange couplings; (c) important molecular orbitals of the donor and acceptor components involved in the superexchange

interaction.

L8, S
S=|Su 1 Sy
Sp1 Spy 1 (10)

The related matrix elements can be computed according to the
following equations:

& = (wlHly) (11)

V; =V, = (ylHly) (12)

S = Si = (wilw) (13)
6427

Here, y; and y; represent the molecular orbitals of the isolated

monomers or bridge. For hole (electron) transport, ¥, y,, and
ws are the HOMO (LUMO) of two donor (acceptor)

monomers and the molecular orbitals of the middle acceptor

(donor) bridge, respectively. After Lowdin’s symmetric

transformation, the Hamiltonian can be expressed by an

orthogonalized basis>>

% (14)
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where V3, V5, Vi, and Vy, are vectors and & is a matrix. Like
the site-energy overlap correction in the dimer, such basis
orthogonalization can take the polarization effect into
consideration. Then, the effective Hamiltonian matrix can be
obtained by applying Larsson partition within the perturbation
scheme:”

eff eff
g Vi

eff

eff =
Vz] 82 ‘/21 82

(1)
Here, the parameter E corresponds to the adiabatic energy and
is calculated as an eigenvalue of Hef (taking the lower
eigenvalue for holes and the higher one for electrons). Since
the HT matrix is also dependent on E, the final value of E is
obtained by a self-consistent iterative procedure. After further

unitary transformation, the effective electronic coupling is
written as

ff ~
Vi =V, + z
beB

~ + ~ ~ ~

U, VisVeU,
~ + ~ ~
U, (E - &)U,

VieVia
E —§,
(16)

Here, &, and U, are the eigenvalues and eigenvectors of the
bridge block matrix £g, respectively. From eq 16, the
contribution of each molecular level of the bridge can be
clarified by the partition-based method, which is useful to
reveal the origin of the superexchange coupling.

To illustrate the importance of the polarization effect, Figure
3 shows the superexchange couplings as a function of the
longitude displacement of the middle bridge in the DAD and
ADA triads extracted from the experimental PTZ—TCNQ
(PTZ = phenothiazine, TCNQ_= 7,7,8,8-tetracyanoquinodi-
methane) crystal.”™* When the displacement increases, the
couplings calculated by the partition-based method are
continuously decreased for both holes and electrons. At the
experimental symmetric geometries, the coupling values
estimated by the energy splitting method are in good
agreement with those by the partition-based method. However,
as the middle bridge is displaced, the energy-splitting estimates
will deviate from the results obtained by the partition-based
method and the overall trends are even wrong due to lack of
considering the site energy difference that arises from the
symmetry breaking of the triad geometries. Therefore, the
difference of the calculated couplings between the two
methods can be very large even at a small displacement; the
partition-based method is imperative in the studies of nonlocal
electron—phonon couplings and disordered systems.>

=Vlz+z

beB

3. ORIGIN OF CHARGE CARRIER POLARITIES: THE
ROLE OF SUPEREXCHANGE CHANNELS

Organic semiconductors with different charge carrier polarities
are requisite for organic electronics and complementary
electrical circuits. Currently, both hole- and electron-dominant
as well as ambipolar transport have been reported in the D—A
mixed-stack crystals and copolymers. Here, we take several
molecular cocrystal systems as examples to elucidate the charge
carrier polarities in terms of the superexchange couplings (see
Figure 4a)."* For the PAZ—PMA (PAZ = phenazine, PMA =
pyromellitic dianhydride) mixed-stack crystal,”® the super-
exchange coupling for holes (33 meV) is stronger than that for
electrons (21 meV); thus, hole transport is expected to be
dominant. In contrast, for the CHR (chrysene)—TCNQ
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cocrystal,”” the superexchange coupling for holes is vanishingly
small (2 meV), while that for electrons can be as large as 47
meV, indicating an excellent electron transport. Interestingly,
in the case of the PTZ—TCNQ cocrystal,”* balanced and large
couplings (71 meV) are found for holes and electrons,
implying remarkable ambipolar charge transport.

To gain an in-depth understanding of the origin of different
charge polarities, we analyzed the contribution of each bridge
molecular orbital. As shown in Figure 4b and ¢, the
superexchange interaction is controlled by a very limited
number of bridge orbitals. In the case of PTZ—TCNQ, the
superexchange couplings for holes and electrons are both
dictated exclusively by the interaction between the HOMO of
the PTZ donor and the LUMO of the TCNQ acceptor;
namely, the same nature of superexchange interaction is found
for hole and electron transport, thus leading to almost
equivalent couplings. For PAZ—PMA, besides the HOMO,
another occupied orbital (HOMO-3) of the bridge PAZ
molecule can also play an important role for electron transport.
In addition, the HOMO and HOMO-3 of the PAZ donor
display opposite symmetries and are both lying below the
LUMO of the PMA acceptor; therefore, the contributions of
these two orbitals of PAZ to the superexchange coupling for
electrons cancel out each other. For hole transport, the
essential bridge orbitals of the LUMO and HOMO—12 of the
PMA acceptor simultaneously exhibit opposite symmetries and
relative energies with respect to the HOMO of the PAZ donor,
so these two bridge orbitals play a constructive role in
mediating the superexchange coupling for holes. Consequently,
the electronic coupling for holes is relatively stronger than that
for electrons. In the case of CHR—TCNQ, the displacement
between CHR and TCNQ_along the short molecular axis is
very small. As a result, the wave function overlap between the
HOMO of CHR and the LUMO of TCNQ vanishes due to
the different symmetries of these two orbitals along the short
axis. In contrast, the HOMO—1 of CHR can strongly interact
with the LUMO of TCNQ_due to the same symmetry along
the short axis. Thus, the HOMO—1 of CHR can mediate a
significant superexchange coupling for electron transfer
between the TCNQ molecules (47 meV), whereas the
superexchange coupling for hole transfer between the CHR
molecules (2 meV) is extremely small due to lack of effective
bridge orbital channels, leading to a unipolar electron transport
in CHR—-TCNQ. Interestingly, due to a similar reason,
electron-dominant charge transport has been demonstrated
in other TCNQ-based cocrytals using acenes, phenes, and
thienoacenes as donors.'”>®

Similar to the D—A mixed-stack cocrystals, the intrachain
charge transport of D—A copolymers can also arise from the
superexchange mechanism.”” With the progress in material
processing techniques, polymer nanowires and highly crystal-
line thin films have been prepared and remarkably high
mobilitis have been demonstrated.® Therefore, the D—A
copolymer backbone can be approximately regarded as a one-
dimensional periodic structure. In spite of the covalent
connection between the donor and acceptor fragments, the
molecular orbitals of the entire copolymer chain can be
approximated as a linear combination of the orbitals of donor
and acceptor fragments.

It should be noted that the covalent bonding can result in
strong polarization between the donor and acceptor segments.
Usually, the polarized HOMO and LUMO energies of the
acceptor segments are all lower than those of the donor
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Figure S. (a) Illustration of the DAD and ADA triad models; (b) contributions of essential bridge orbitals to the superexchange couplings; (c)
important molecular orbitals of the donor and acceptor components involved in the superexchange interaction for the 2T—BT copolymer.

segments, presenting a staggered type of energy alignment
between donor and acceptor. The hole and electron carriers
are expected to be mainly localized on the donor and acceptor
segments, respectively. Therefore, the DAD and ADA triad
models are used to calculate the superexchange couplings for
holes and electrons, respectively. Since the donor HOMO lies
within the HOMO—-LUMO gap of the acceptor and the
acceptor LUMO is also within the HOMO—LUMO gap of the
donor, both the HOMO and LUMO levels of the bridges can
play an important role in mediating superexchange charge
transport. We also note that, in some cases, both the HOMO
and LUMO levels of the acceptor segments are lying between
the HOMO and LUMO levels of the donor segments; then,
both the electron and hole carriers tend to reside on the
acceptor segments, and the superexchange couplings for holes
and electrons should be calculated by using the same ADA
triad model.

For the 2T—BT copolymer, the HOMO of the 2T donor lies
between the HOMO and LUMO of the BT acceptor and the
LUMO of BT is also within the HOMO—LUMO gap of 2T, so
the superexchange couplings can be calculated using the 2T—
BT—2T triad for holes and using the BT—2T—BT for electrons
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(Figure Sa). As expected, both the HOMO and LUMO levels
of the bridge play the most important role in superexchange
transport for holes and electrons (Figure Sb). For hole
transport, the LUMO+1 of BT is also an essential bridge
channel. Especially, the LUMO and LUMO+1 of BT are both
antisymmetric along the covalent connection direction while
the HOMO of BT is symmetric, so these three key bridge
channels play a constructive role in the hole transport and the
superexchange coupling for holes (ca. 380 meV) is maximized.
In the case of electron transport, there are two additional
important channels for 2T as a bridge, ie, the LUMO+1
(symmetric) and HOMO-3 (antisymmetric), which are of
inverse symmetries compared with the LUMO (antisymmet-
ric) and HOMO (symmetric), respectively. Thus, the LUMO
+1 and HOMO-3 of the 2T bridge are destructive to the
superexchange interaction and the coupling for electrons (ca.
170 meV) is much reduced with respect to that for holes.
Therefore, the 2T—BT copolymer will present a hole-
dominant transport polarity. To conclude, the relative phases
of bridge orbitals and the relative energy alignments determine
constructive or destructive interference to the total super-
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Scheme 2. Illustration of the Energy Alignments between the DTDPP and nT Segments and the Corresponding Triad Models
for the Superexchange Couplings for Holes and Electrons in the DTDPP—nT Copolymers
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exchange coupling; different charge transfer polarities can be
obtained by modifying the role of bridge orbitals.'”**

For the DTDPP—nT copolymers, the acceptor segment of
DTDPP has a narrow HOMO-LUMO gap due to the
relatively high HOMO level and low LUMO level. As the
number of thiophene units (n) in the donor segment is
decreased, the HOMO—LUMO gap of the nT donor will be
enlarged and it easily turns to cover both the HOMO and
LUMO levels of the DTDPP segment from n =5 to n = 4 or
less (Scheme 2). Then, the relative energy alignment between
the donor and acceptor segments is changed from a staggered
type for DTDPP—ST to a sandwich type for DTDPP—nT, 1 <
n < 4. In the latter case, no matter for electrons or for holes,
the superexchange coupling is based on the same ADA triad
model (Scheme 2b); this would be beneﬁc1al for achieving the
ambipolar charge transport polarity.*®

4. MODULATION OF SUPEREXCHANGE COUPLING
BY D—A INTERACTION

As described above, the long-range superexchange mechanism
can make ultrasmall effective masses and high charge transport
performance for D—A cocrystals and copolymers. The
magnitude of the superexchange coupling is determined by
the D—A energy alignment and electronic interaction.
However, owing to different interaction modes between the
donor and the acceptor, D—A cocrystals and copolymers
present a distinct modulation dependence on molecular
structures. For D—A cocrystals, the D—A electronic couplings
originate from the orbital overlaps, which are closely related to
the nodes and phases of the molecular orbitals.

As seen from Figure 6a, the D—A electronic couplings of the
essential bridge orbitals are very strong, with the largest
absolute values >300 meV. This is attributed to a synergistic
effect of the overlaps between the donor and acceptor wave
functions at different positions, especially for the (PTZ
HOMO)—(TCNQ LUMO), (CHR HOMO-1)—(TCNQ
LUMO), and (PAZ HOMO)—(PMA LUMO) pairs. As
mentioned previously, the CHR HOMO reveals an antibond-
ing mode while the TCNQ LUMO presents a bonding mode
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Figure 6. (a) Representation of molecular orbitals of the donor and
acceptor moieties in D—A dyads along the stacking direction (H,
HOMO; L, LUMO); (b) dependence of the energy difference (AE)
between the adiabatic and bridge levels in the trimer and the
superexchange coupling for electrons on the orbital energy offset
(A€) of isolated donors and acceptors.

in the lateral direction; thus, the orbital overlaps almost
compensate each other in this direction for the CHR—TCNQ
dyad. Consequently, the electronic coupling between the CHR
HOMO and the TCNQ LUMO (67 meV) is merely one-fifth
of the largest one. From Figure 6a, we can also see that a small
intermolecular shift may significantly change the D—A
electronic interaction and the superexchange couplings.
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On the condition of similar D—A couplings, we can
investigate the impact of D—A energy alignments on the
superexchange couplings. It was found that the orbital energy
offset of an isolated donor and acceptor presents a good linear
relationship with the polarized energy difference between the
adiabatic and bridge levels in the trimer. The superexchange
coupling is then inversely proportional to the orbital energy
offset of an isolated donor and acceptor (see Figure 6b). It
should be noticed that various charge transport properties have
been achieved in experiments through modulatin§ the energy
alignments between the donor and acceptor.”*"

For better understanding of the superexchange couplings of
D—A copolymers, the explicit term, i.e., the second term in eq
13, can be rewritten under the tight binding Hiickel
approximation as follows:

off 1(B) 2(B)
Vir/e % Chomo,/LumoCromo /Lumo COS((PU;) cos((sz)

Cf(l)cf(z)

B
5 E— ¢

Ve (17)
Here, CH&o /LUMO  ©OF Clz—l(g%\/[O/LUMO denotes the HOMO/
LUMO coefficients of monomer 1 or monomer 2 at the atoms
connecting with the middle bridge; C? M or CB®) represents
the coeflicient of bridge orbital v at the atoms connecting with
monomer 1 or monomer 2; @, or @y, is the torsional angle of
the bridge with respect to monomer 1 or monomer 2; E and &}
correspond to the energy of the adiabatic orbital of the
(monomer 1)—bridge—(monomer 2) triad and the energy of
bridge orbital v, respectively. In the case of symmetric triad
systems, CHlo(f/I)O/LUMo CHzo(f/I)O/LUMo = ﬂchgf/I)O/LUMo =
p%l(g;m sLomo and @ p = @p,, then the superexchange coupling
depends on the charge densities at the linkage sites and
torsional angles between the donor and acceptor segments (see
Figure 7a).

A series of combinations of electron-deficient moieties and
electron-rich moieties were investigated to reveal the molecular
factors that influence superexchange couplings in D—A
copolymers. The electron-deficient moieties include IID
(isoindigo), BT (benzothiadiazole), PT (pyridal[2,1,3]-thia-
diazole), TDQ_ ([1,2,5]thiadiazolo[3,4-g]quinoxaline), 4FPh
(tetra-fluorophenylene), and (CF,),, and the electron-rich
moieties include Py (pyrene), Flu (fluorene), 2T (dithio-
phene), 4T (tetra-thiophene), TTTT (four-fused thiophene),
TVT ((E)-2-(2-(thiophen-2-yl)vinyl) thiophene), IDT (in-
dacenodithiophene), and CDT (cyclopentadithiophene). It
should be mentioned that the CDT—PT copolymer presents
the highest mobility among polymeric semiconductors,
reaching ~50 cm* V™! s™! measured by using FET devices.*®
Owing to the big steric effect, large torsional angles present in
the IID-, Flu-, and Py-based copolymers and thereby the
superexchange couplings are relatively small. As seen in Figure
7b, the hole superexchange coupling is linearly increased with
the projected electron density of the HOMO at the linkage
site, consistent with the prediction from eq 14. It should be
noticed that, for the Py-based copolymer, there is almost no
electron density distribution on the linking carbon atoms for
the HOMO of Py due to the symmetry forbidden (namely, the
linkage atom is at the orbital node); thus, the superexchange
coupling is extremely small and large effective mass is found for
these copolymers. In sharp contrast, the electron densities at
the linkage atoms are the highest for the CDT moiety; thus,
the CDT-based copolymers display the largest superexchange
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Figure 7. (a) Illustration of the DAD triad for the hole superexchange
coupling and the dihedral angles between the donor and acceptor
units using the Py—BT copolymer as an example; (b) dependence of
the hole superexchange couplings on the HOMO electron densities at
the linkage atom of the donor units and the dihedral angles; (c)
dependence of the hole superexchange couplings on the HOMO—
LUMO gaps of the bridges of acceptors.

couplings. Since the transport level is usually between the
HOMO and LUMO levels of the bridge, the HOMO—-LUMO
gap of the bridge can greatly influence the superexchange
coupling. As seen in Figure 7c, the superexchange coupling is
continuously decreased with the increasing HOMO—-LUMO
gap. Because of the smallest HOMO—LUMO gap, the TDQ-
based copolymers exhibit the largest superexchange couplings.
On the contrary, the superexchange couplings are the smallest
for the (CF,),-based copolymers due to the biggest HOMO—
LUMO gap. As the superexchange couplings are strongly
correlated to the measured charge mobilities and larger
superexchange couplings can result in higher charge mobilities
at a given distance,” it is crucial to decrease the bandgaps and
increase the frontier orbital electron densities on the linking
atoms of the donor and acceptor units for the design of high-
performance copolymers.

5. CONCLUSIONS AND OUTLOOK

We have extended the superexchange mechanism, which was
initially used to exglain the long-range photoinduced electron
transfer in DNA,> to the charge transport properties in
organic mixed systems, such as D—A cocrystals and
copolymers. On the basis of a DAD or ADA triad, the
superexchange couplings can be derived. From the super-
exchange perspective, the charge carrier polarities of D—A
cocrystals and copolymers are dependent on the relative phases
of the middle bridge orbitals and their relative energies
compared to the transporting levels. The magnitudes of the
superexchange couplings are determined by the electronic
couplings and energy alignments between the donor and
acceptor segments. Specifically, the superexchange couplings of
D—A cocrystals can be changed by modulation of the
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intermolecular distances and displacements between the donor
and acceptor molecules. In order to enhance the super-
exchange couplings of D—A copolymers, the electron densities
at the linkage atoms of the frontier orbitals of the donor and
acceptor moieties need to be maximized and the torsional
angles between the donor and acceptor moieties should be
minimized. These findings are very useful to obtain high-
mobility organic semiconductors with desired charge carrier
polarities.

At present, the superexchange mechanism has also been
demonstrated in the charge transport of multicomponent
disordered organic semiconductors. For instance, the charge
transport can be significantly enhanced by superexchange in
the emissive host—guest layers of OLEDs and in the D—A
active layers of organic solar cells.””®® Especially when the
dopant molecules act as relatively deep trap states, super-
exchange can increase the charge-transfer rate between them
and result in a percolating network for charge transport at low
concentrations. Therefore, it can be anticipated that super-
exchange charge transport is common in organic optoelec-
tronic materials and can play an important role for the device
performance.
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