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Based on the super-exchange (SE) model and first-principles computations, we demonstrate that
donor—acceptor copolymers can intrinsically possess an ultra-small effective mass due to the SE effect,
rationalizing the recent experimental demonstration of ultra-high charge mobility. With the increase of

the SE coupling, the effective mass decreases correspondingly. For the first time, we report that the SE

coupling for holes is determined by the dihedral angle between the donor and the acceptor moiety,
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HOMO charge density at the linkage site and the HOMO-LUMO gap of the bridge fragment. Thereby, we
put forward a molecular design strategy for large SE coupling so as to obtain an ultra-small effective mass.
Finally, by combining a variety of donor and acceptor groups, we predict that several D—A copolymers can

potentially possess an ultra-low effective mass due to the long range SE effect, and are expected to be

rsc.li/materials-c high charge mobility polymers.

Introduction

Organic conjugated polymers have been widely used in organic
photovoltaics (OPVs) and organic field effect transistors
(OFETs) for the emerging printing electronics applications.
In recent years, a variety of donor-acceptor copolymers have
been demonstrated with high charge mobility.>” For instance,
by copolymerizing benzothiadiazole (BT) with indacenodithio-
phene (IDT), the McCulloch group showed that the hole FET
mobility of IDT-BT reaches ~3.6 cm> V™' s~ '.° Heeger et al.
found that the hole FET mobility of cyclopentadithiophene-
pyridinethiadiazole (CDT-PT) even exceeds 50 cm® V™' s7*,° the
state-of-the-art mobility for polymeric semiconductors. The most
recent experiments indicate that the charge transport mainly
presents quasi-one-dimensional character along the polymer
backbone coupled with very few occasional intermolecular
hopping.>” It is also demonstrated that the transport polarity,
being p-type or n-type, can be tuned by the acceptor group.® By
combining different donor and acceptor units for copolymer-
ization, the charge mobility has been found to range from 10>
to dozens of cm® V" s~ .*% It is intriguing to understand the
effects of various donor and acceptor combinations on the
electronic structures in order to gain insights into the molecular
design for high charge mobility polymers.
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The underlying charge transport mechanism in D-A copo-
lymers remains unclear. Fornari and Troisi have proposed a
mechanism based on the reduced barrier between the mobility
edge and the carrier energy level, namely, (i) the D-A polymer
bandwidths are in general narrow; and (ii) polymers are always
disordered in the electronic structure and there always exists a
mobility edge. The narrow bandwidth implies a reduced energy
barrier from the conducting carrier level to the mobility edge,
leading to lowered activation energy for the hopping process."®
However, photoemission experiment demonstrated that the
bandwidth of D-A polymers is not narrow.® Also, more and
more highly oriented polymers have been reported with a band-
like transport behaviour, and a strong intra-chain electronic
delocalization picture has been confirmed by a number of
experimental studies.”*®*® The bandwidth originates from a
synergistic effect of static disorder (or site energy distribution) and
electronic coupling;*® the former is detrimental but the latter is
helpful for charge transport. Thus, it is difficult to judge charge
transport properties from bandwidth only.

Since polymer chains possess large conformational freedom
along the backbone, most polymers present amorphous conforma-
tions and low charge carrier mobility (107>~10"% em* v ' s~ ).
However, more recently, with the progress in material processing
techniques, polymer nanowires and highly crystalline thin films
have been prepared and remarkably high mobility has been
demonstrated.®'>?* Therefore, we can regard the backbone of
highly ordered polymers as a periodic structure. The carrier
mobility can be expressed as p = etr/m*, where 7 is the scattering
relaxation time which is inversely proportional to the charge
scattering probability, e is the charge, and m* is the effective
mass. A small effective mass always implies large carrier mobility,
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regardless of the transport mechanism. In this work, based on
extensive first-principles electronic structure calculations, we
propose a super-exchange mechanism to explain the high
mobility phenomena in a series of donor-acceptor alternating
copolymers. A design strategy for high mobility polymers can
be proposed from such an understanding.

In D-A polymers, two donor (acceptor) groups are separated by
one acceptor (donor) and are not directly coupled electronically.
The effective coupling between adjacent donors (acceptors) is
mediated by the in-between acceptor (donor), ie., via super-
exchange (SE) coupling. We have noted that the bridge-mediated
electron transfer has been found to play an essential role in long
distance charge migration in DNA.>* Here, we focus on the intra-
chain SE coupling along the polymer backbone, and establish a
structure-property correlation for ultra-small effective mass from a
long range SE perspective. By maximizing SE coupling, we also
predict that several D-A copolymers can potentially possess a small
hole effective mass, smaller than that of CDT-PT. This work
provides molecular insights into the origin of electronic couplings
in alternating D-A copolymers, paving the way toward rational
design of high-performance charge transport polymers.

Methodology
1. Electronic structure and effective mass

The geometry structures of the isolated polymer chain with
1D periodicity were optimized using the B3LYP functional and
the 6-31G(d) basis set with the CRYSTAL14 code.>® The uniform
21 x 1 x 1 Monkhorst-Pack k-point mesh was employed for all
D-A copolymers. To generate the band structures, 41 k-points
were calculated between the gamma point (centre of the
Brillouin Zone, BZ) and the edge of the first BZ. The effective
mass for one-dimensional crystals is calculated from the band
structure as follows:

m == 1)

where E is the band energy and & is the electron wave vector along
the backbone direction. To understand the origin of the ultra-
small effective mass in D-A copolymers, we recall the one-
dimensional tight-binding model. Donor and acceptor fragments
are regarded as sites connected by covalent bonds. The bandwidth
and effective mass of polymers can be written as

4VDA Ae =0

V(Ae/2)2 +4Vpp? — Ag/2 = {

2Vpa 0 < Ae < Vpa

4Veff Ag > VDA

(2)
2
¥ h2 [(A€/2)2+4V 2]1/2_ 2(a/2)2VDA
Ca@Vpa?t pAL T 2
W A& > VDA
(3)
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Here, Ae¢ is the site energy difference between donor and
acceptor units, a is the length of the unit cell, Vp, is the nearest
neighbour direct coupling between donor and acceptor units, and
Ve = v,,%/Ae is the bond-mediated super-exchange coupling,
where one site is represented by one orbital. In contrast to
homopolymers (¢ « Vp,), where the effective mass is determined
by the direct coupling (Vpa) between neighbouring fragments,
the effective mass of D-A copolymers (¢ > Vp,) is defined by the
super-exchange (SE) coupling v°™.

2. Super-exchange coupling model in D-A copolymers

It is comprehensible that the effective mass of homopolymers is
determined by direct electronic coupling. Here, it should be
noted that the effective mass of D-A copolymers is determined by
the length of the unit cell and the bond-mediated SE coupling;
this bond-mediated SE coupling is similar to the situation in
van der Waals stacked donor-acceptor cocrystals,”>?® and thus,
it is especially important to evaluate intra-chain SE coupling
from quantum chemistry calculations. The partition-based
approach, implemented by us, has been adopted to compute
SE coupling to unravel the transport polarity in organic D-A
cocrystals.*® This method can not only account for the site energy
correction from the polarization effect of the environment, but
also can take the contributions from each individual molecular
orbital of the bridge into consideration. Due to the electrostatic
interaction and charge transfer between donors and acceptors, the
effect of electrostatic polarization and site energy correction on SE
coupling should be considered. Thus, the simple energy splitting
method for evaluating SE cannot be applied. We calculate the
super-exchange coupling for holes based on a DAD oligomer triad,
and for electrons, based on an ADA triad, as shown in Scheme 1.

The electronic properties of the triad oligomers are described by
a secular equation in terms of donor and acceptor fragment
orbitals with hydrogen passivation. The fragment molecular orbital
coefficients were normalized without hydrogen. The Hamiltonian

(@) =

e o[

(b)

VSE

Elec

i) Acceptor

Scheme 1 Theoretical models of D-A-D (a) and A—D-A (b) oligomers for
hole and electron super-exchange coupling calculations.
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of the triad system can be projected to above normalized
orbitals.

e Vi Vi

H= V21 & VZB (4)

I S Sis
S=|Su 1 Sxp (5)
Spr Spr 1

The matrix elements in eqn (4) and (5) can be calculated as
follows:

& = (Wi H|Y ) (6)
Vi = Vi = (Wil H ) )
Sy =8i = (i) (8)

Here, /;; denotes the oligomer triad orbitals localized on donor
or acceptor moieties, which are constructed using the respec-
tive isolated molecular orbital of hydrogen saturated donor and
acceptor moieties. For hole (electron) transport, i, and s, are
the HOMO (LUMO) of D1 (A1) and D2 (A2), respectively, and yg
represents the molecular orbitals of the bridge A (D) fragment.
The Hamiltonian based on an orthogonalized basis can be then
obtained by means of Léwdin’s symmetric transformation:>®

&g Vi Vs
H=S"PHS>=| V5 & Vi )
Ve Ve &g
Next, by utilizing the Larsson partition technique in connection
with the perturbation scheme, we obtain the effective electronic

coupling. The effective SE coupling is composed of two parts:
implicit and explicit couplings:

: Viv Vo
Veff — pim + L 10
; o (10)

Here, the implicit term (V™) is the Hamiltonian matrix element
obtained through projection Hamiltonian of the triad system on an
orthogonalized fragment basis. It is null if no bridge is presented.
The implicit term is substantially weaker than the explicit counter-
part for D-A polymers. Vy;, and Vi, denote the coupling of the
bridge orbital (b) with the frontier orbitals of the two adjacent
fragments (1 and 2); E and &, correspond to the energies of the
adiabatic and bridge levels in the triad oligomer, respectively.

The calculations of oligomers were performed by using the
B3LYP functional and the 6-31G(d) basis set with GAUSSIAN 09
code.”” 1t has been found that the present partition method is
robust against the system size. For instance, going from a DAD
(or ADA) triad to DADADA, even though the frontier molecular
levels undergo a remarkable change, the calculated SE coupling
constants are very similar, as can be seen from Fig. S1 (ESIT),
well justifying the application of our method.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion

D-A copolymers consist of a combination of m-electron-rich
donors and n-electron-deficient acceptors arrayed along the poly-
mer chain. Several n-electron-deficient conjugated moieties, such
as benzothiadiazole (BT), isoindigo (IID), naphthalenediimide
(NDI) and pyridal[2,1,3}-thiadiazole (PT), are extensively employed
as acceptors.”"*?® As far as donors are concerned, the n-electron-
rich moieties, for instance, 2T, (E)-2-(2-(thiophen-2-yl)vinyl)-
thiophene (TVT), indacenodithiophene (IDT), and cyclopenta-
dithiophene (CDT), when coupled with different acceptors, have
been found to display high charge mobility in FET devices.>®>°
The combination of PT with CDT presents the state-of-the-art
mobility for polymeric semiconductors.® In addition, we have also
considered donor moieties, including 4T, TTTT (four-fused thio-
phenes), pyrene (Py), and fluorene (Flu), and acceptor moieties,
including [1,2,5]thiadiazolo[3,4-g]quinoxaline (TDQ), tetrafluoro-
phenylene (4FPh), and (CF,),. Therefore, in total, we built fifty-six
D-A alternating copolymer structures from seven acceptors and
eight donor moieties, as shown in Scheme 2.

According to the literature, most of the BT and PT based D-A
copolymers reveal coplanar conformation.>>®3° There exist cis
and trans conformations depending on the torsion angle between
donor and acceptor units. Similar energies and electronic struc-
tures have been found for the two conformations.® And thus, we
adopt trans conformation as our theoretical model for these
coplanar cases, as shown in Fig. S2 (ESIt). The effective mass of
cis conformation for IDT-BT has also been listed in Table S1
(ESIT). Meanwhile, IID, NDI, Flu and Py based copolymers are
nonplanar and there exist two energy minima from torsional
potential calculations.*®**'™* For nonplanar copolymers, the
global minimum energy conformation has been chosen as our
theoretical model. There may exist some static and dynamic
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Scheme 2 (a) Super-exchange mechanism in a D—A alternating copolymer.
(b) Chemical structure of donor and acceptor fragments. The linkage sites in
both donor and acceptor are marked by circles.
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disorders in D-A copolymers, such as relative orientation and
torsional rotation between donor and acceptor units. These are
beyond the scope of this work, and deserve further discussion
in the future.

We noted that for NDI, IID, Flu and Py based copolymers,
there exists a large torsional angle between the donor and
acceptor moieties owing to the steric hindrance effect, while
other D-A copolymers display a nearly coplanar structure along
the backbone. It has been found that the bond length between
D and A moieties is the shortest for TDQ-based copolymers, and
increases for PT and BT based copolymers, and then for NDI
and IID based copolymers (see Table S2 (ESIt)). From the
electronic band structures, the valence (conduction) bands are
mainly composed of the HOMO (LUMO) of the donor (acceptor)
moiety coupled with the orbitals of the bridge moiety, as can be
seen in Fig. 1(a). CDT-PT and TDQ based copolymers reveal a
relatively large bandwidth (~1.3 eV), which is less than that of
the typical homopolymer P3HT (~2.03 eV).** It has been
observed that the bandwidths of both valence and conduction
bands are linearly dependent on SE coupling (Fig. 1(b)), in
agreement with eqn (2), indicating the suitability of our bridge-
mediated SE interaction in these copolymers.

Based on the first-principles band structure calculations, the
hole effective mass at the top of the valence band can be
obtained from eqn (1). Hole (electron) SE couplings of DAD
(ADA) oligomers have been performed based on the Larsson
partition technique from eqn (10). To understand the effect of
SE coupling on charge transport properties, effective mass and
SE coupling are shown in Fig. 2.

(a) DOS (eV™")

O Hole

o
CDT-TDQ

2T~'FDQ

Bandwidth (eV)
=3
o

Fig. 1 (a) Band structure, density of states, and partial charge density at
high symmetry points for 2T-BT. (b) The dependence of bandwidth on SE
coupling for different D—A copolymers. The bandwidth and SE coupling
are obtained from first-principles calculations using the CRYSTAL and
GAUSSIAN code, respectively.
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Fig. 2 (a) Inverse of the hole effective mass from periodic band structure
calculations at the B3LYP/6-31G(d) level using the CRYSTAL code (mg is the
mass of a bare electron). (b) Hole super-exchange coupling calculated from
a DAD oligomer triad at the B3LYP/6-31G(d) level using the GAUSSIAN code.
(c) Correlation between the first-principles calculated hole effective mass
and experimentally measured hole mobility.

It has been noted that most of the D-A copolymers possess
even smaller effective mass than that of homopolymers (about
0.14m, for P3HT),** as shown in Fig. 2(a). Comparing Fig. 2(a)
and (b), it is found that in general, large SE coupling and a long
inter-unit distance lead to an small effective mass. As seen in
Fig. S4 (ESIT), in the case of acceptor moieties with a similar
length (except IID), the larger the SE coupling (in PT, BT and
TDQ based copolymers), the smaller the effective mass. Likewise,
for small SE coupling (in (CF,);, NDI, IID, Flu and Py based
copolymers), the resulting effective masses are relatively large,
in full agreement with eqn (3). The state-of-the-art experimental
FET mobility (~50 ecm* V' s7") has been found for CDT-PT,

This journal is © The Royal Society of Chemistry 2017
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while CDT-BT displays comparable average mobility with CDT-PT
under the same experimental conditions.® From Fig. 2(a), CDT-PT
indeed possesses a small effective mass (~0.091m,), which is
close to the experimentally measured value based on angle
resolved photoemission spectroscopy (~0.106m.).'® CDT-BT
possesses a nearly equal effective mass (~0.095m,.) to CDT-PT,
which rationalizes the comparable charge transport properties of
CDT-PT and CDT-BT. Moreover, high intra-chain charge mobility
(~3.6 cm®> V' s7') was also reported for IDT-BT,” which
possesses a small effective mass (0.109m,.) (Fig. 2), justifying
the experiment. In addition, Flu-BT, 2T-NDI, and 4T-NDI have
been reported with charge mobility ranging from 107° to
107% em® V' 5715 It is clear from Fig. 2 that their effective
masses fall in the middle range. Py-NDI has been reported with
mobility as low as ~10* em® V" s7,*® and the effective mass
was indeed found to be the largest one (14.7m.) here. We can
safely state here that there is indeed a strong correlation between
the calculated effective mass and the measured carrier mobility
for D-A copolymers. The correlation between experimentally
measured mobility and effective mass is plotted in Fig. 2(c).

Most interestingly, we found that the TDQ moiety could surpass
PT based copolymers with lower effective mass. When TDQ is
coupled with CDT, 2T, TTTT, TVT and IDT, significant super-
exchange couplings are demonstrated, especially for 2T, TVT and
TTTT, revealing the smallest effective mass among all copolymers
due to the large SE coupling. And thus, with the increase of SE
coupling, the effective mass decreases correspondingly.

Now we look at the conditions leading to strong SE coupling
at the molecular level. Since SE coupling mainly comes from
the n-orbital of the bridge part, we can employ the tight binding
Hiickel approximation to express the second term of eqn (10)
explicitly as follows:

C;/M(Dl) Cl//\n(Dn)

Vﬁlfgle/Elec o CPIAD P A cos () cos(Pap) Z )

A
veA(D) E—¢y

(11)

Here, C is the molecular orbital coefficient. D (A); and D (A), are
the left and right linkage sites of the donor (acceptor), respec-
tively. ¢pa denotes the torsional angle between the m-orbital of
the donor and the acceptor unit. £ and ehD) correspond to the
energy of the adiabatic orbital in the triad oligomer and
the energy of the acceptor (donor) moiety, respectively. The
summation runs over all molecular orbitals of the bridge. In
the case of an axial-symmetry system, Chiomo = Chomo and
cos(dpa) = cos(Pap). The coefficient CPAVCP" A g equal to
PREMLUMO)- SE coupling depends on the charge density at the
linkage site and the torsional angle ¢, between the molecular
orbital of the donor and acceptor.

Due to the steric effect, for NDI, Flu, Py and IID based
copolymers, large torsional angles are present and thereby relatively
small SE coupling is found. From eqn (11), the contribution from
the bridge contains a summation over molecular levels of the
bridge and the numerator is a product of MO coefficients. Thus,
the relative phases and the relative alignment of donor orbitals
with respect to the bridge orbitals determine the sign of each

This journal is © The Royal Society of Chemistry 2017
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(@) Hole ®

Fig. 3 Illustration of the contribution of the molecular orbital of the
bridge to SE couplings for holes (a) and electrons (b) in 2T-BT, calculated
from a DAD (ADA) oligomer triad at the B3LYP/6-31G(d) level, respectively.

term in the summation. Often, the HOMO (LUMO) of the donor
(acceptor) lies within the HOMO-LUMO gap of the bridge. Thus,
both HOMO and LUMO levels of the bridge play the most
important role in charge transport. The respective contribution
from each MO of the bridge is shown in Fig. 3.

Since the HOMO orbital of the acceptor moiety is antisym-
metric while LUMO and LUMO+1 orbitals are symmetric, the
sign of the denominator is the same as that of the numerator in
eqn (11), constructive interference to the SE coupling. However,
in the case of electron transport where the LUMO of acceptors
is concerned, the LUMO and HOMO-3 orbitals of the bridge
moiety (donor) are symmetric, while HOMO and LUMO+1 are
antisymmetric. Thus, LUMO+1 and HOMO-3 of the bridge are
destructive interference to the SE coupling. Thus, the SE of
holes (382 meV) is much larger than that of electrons (173 meV)
for 2T-BT. Electron transport would be further suppressed due
to the injection barrier for these D-A copolymers, except for
NDI and IID based copolymers. Thereafter, we focus on hole
transport in these D-A copolymers.

It is clear from Fig. 4(b) that hole SE couplings increase
linearly with the charge density of the HOMO at the linkage
site, as expected from eqn (11). The CDT moiety reveals the
largest charge density at the linking atom, and the CDT based
copolymers display the largest SE coupling. For the Py moiety,
however, there is no p, atomic orbital coefficient in the linear
combination of atomic orbitals (LCAO) expansion and little
charge density distribution on linking carbon atoms due to the
symmetry of the HOMO orbital (linkage atom at the node of the
orbital), as shown in Table S4 and Fig. S3 (ESIT); therefore, when
the Py moiety is coupled with acceptors, small SE coupling and a
large effective mass are revealed, as can be seen in Fig. 2.

The ability of the bridge part to mediate the super-exchange
interaction correlates with multi-orbital contribution. For hole
transport, the HOMO level of the donor lies within the HOMO-
LUMO gap of the bridge part. Both the HOMO and LUMO of the
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Fig. 4 (a) Oligomer triad model for hole SE coupling calculations. (b) The
hole SE coupling as a function of charge density of the linkage atom. (c) The
hole SE coupling dependence on the HOMO-LUMO gap of the bridge.

bridge play an important role in SE coupling. The bridge moiety
having high frontier orbital charge density on linking atoms is
a good building block for high performance D-A copolymers, as
shown in Table S4 (ESIY).

The HOMO-LUMO gap of the bridge moiety has a great
influence on SE coupling. The SE couplings monotonically
decrease with the increase in the HOMO-LUMO gap, as can
be seen from Fig. 4(c). Due to the nearly equal bandgap
between BT and PT, similar SE coupling and effective masses
can be obtained for BT and PT based copolymers, which is
consistent with the experimentally reported charge mobility
for BT and PT based copolymers.® Compared with the IID, BT
and PT moiety, TDQ based copolymers with the smallest
HOMO-LUMO gap display the largest SE coupling and the
smallest effective mass.

Conclusions

Based on extensive first-principles computations on the effec-
tive mass, we propose here a super-exchange (SE) model to
describe carrier transport in donor-acceptor copolymers. It has
been successfully established that intrinsically D-A copolymers
can possess small effective mass due to long-range super-exchange
interactions, which rationalizes the recent experimental demon-
stration of ultra-high charge mobility in IDT-BT and CDT-PT (BT).
The Py- and Flu-based copolymers demonstrate relatively small SE
coupling strengths and large effective masses, which is consistent
with the relatively low charge mobility in FET measurements.
Moreover, it is also noted that the intra-chain effective mass is
closely related to the measured charge transport properties and
can be fully revealed from a SE perspective. The SE coupling
strength is found to be determined by the dihedral angle
between the donor (acceptor) moieties, frontier orbital charge
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densities at the donor and acceptor linkage sites, and the
energy gap of the bridge part. The phases of the molecular
orbital wavefunction also contribute to the SE coupling, as
demonstrated by a tight-binding model.

We propose the following design strategy for high perfor-
mance charge transport polymers: firstly, a coplanar backbone
conformation with minimum backbone torsion and steric
hindrance between the donor and acceptor moiety; secondly,
for hole transport, a delocalized HOMO molecular orbital with
high charge density at the linkage site adjacent to the acceptor
(donor) moiety; and finally, the bridge fragments should pos-
sess a HOMO-LUMO gap as small as possible.

By combining a variety of donor and acceptor groups, a
series of D-A copolymers which potentially possess ultra-low
effective masses can be designed, such as TDQ based copoly-
mers, which surpass CDT-PT with the smallest effective mass
reported so far. This study provides molecular insights into the
origin of electronic couplings in alternating D-A copolymers,
paving the way toward rational design of high-performance
charge transport polymers.
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