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ngth on electronic structures and
charge transport polarity for DTDPP-based D–A
copolymers: a computational study based on
a super-exchange model†

Feifei He,‡a Changli Cheng,‡a Hua Geng, *b Yuanping Yi c and Zhigang Shuai *a

With the number of thiophene units increasing from 1 to 5 for dithiophenyldiketopyrrolopyrrole-(n-

thiophene) (DTDPP-nT) polymers, we found that their band gap increases and their bandwidth

narrows from first-principles computations; their transport polarity changes from n-type (n ¼ 1, 2, 3)

to ambipolar (n ¼ 4) and finally to p-type (n ¼ 5). The electronic structures and transport polarity can

be understood from an intra-chain super-exchange (SE) mechanism. For different donor lengths, the

SE model changed from sandwich-type (n ¼ 1–4) to staggered-type (n ¼ 5). As for n ¼ 1–4, the

charge transport polarity is determined with the relative magnitude of polarized LUMO and HOMO

energy differences of the fragment (DTDPP/nT). In contrast, DTDPP-5T reveals p-type transport

polarity due to the staggered-type SE mechanism. In addition, inter-chain coupling and band edge

shift also contribute to the conversion of transport polarity.
1. Introduction

Conjugated polymers play an important role in applications of
optoelectronic devices such as organic photovoltaics (OPVs)1–6

and organic eld effect transistors (OFETs)7–12 because of their
easy-to-modify structure, solution processability and low device
fabrication cost. Donor–acceptor (D–A) copolymers, which
contain electron-donating (D) and electron-withdrawing (A)
repeating units, have promoted the rapid development of
OFETs.13 D–A copolymers usually have great potential in
obtaining high mobility14–17 and generally show three types of
transport characteristics, i.e., p-type (hole transport prop-
erty),14,18–20 n-type (electron transport property)21–24 and ambi-
polar transport property.25–27

Although the charge transport performance and polarity of
D–A copolymers are inuenced and restricted by many factors,
such as the side chain, molecular weight, solubility, micro-
structure, charge injection and inter-chain or intra-chain
charge transport,28,29 scientists have designed and synthesized
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highly oriented polymers to understand their intrinsic charge
transport properties.30–35 Alan Heeger et al. demonstrated that
the charge mainly delocalized on the backbone of polymer
nanowires; they suggested that intra-chain charge transport
makes a dominant contribution; there is occasionally inter-
chain charge hopping, and then the ultra-small intra-chain
effective mass promises high carrier mobility.31 In order to
achieve a small effective mass, some strategies, such as
alloying in inorganic semiconductors36–38 and blending in
organic small molecule semiconductors,39 have been sug-
gested. To understand the charge transport mechanism, we
rst extended SE models, which have so far been mostly
applied in biochemical simulations,40 to organic solids
recently,41,42 and then we further applied an SE model in
complex D–A copolymers, and it can be suggested that the
long-range SE mechanism is an effective way to achieve
a small effective mass and thus high mobility.43

Among D–A polymers, diketopyrrolopyrrole (DPP)-based
copolymers have been widely studied and exhibit diversied
transport polarity.17–19,25–27 Their ambipolar property makes
them special, since single-component ambipolar materials
would be of interest for complementary-like logic circuits44–46

and light-emitting eld-effect transistor applications.47,48 To
obtain different polarity materials, scientists have tried a variety
of methods to chemically modify DPP-based copolymers. One
strategy features replacement of anked thiophenes with
different electron withdrawing moieties including thiazoles,
pyridines, etc.49–51 In another route, attempts have been made to
synthesize different D–A copolymers with DPP using varieties of
J. Mater. Chem. A, 2018, 6, 11985–11993 | 11985
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Scheme 1 Investigated systems for DTDPP-nT (n ¼ 1–5). The linkage sites in both donors and acceptors are marked by circles.
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donor fragments. Copolymers containing DTDPP show trans-
port polarity changing from electron transport to ambipolar
and nally to hole transport, when combined with different
lengths of donors.18,19,21,27 Similarly, changing the number and
sequence of units in the polymer will affect the properties of the
polymer, and the study of repeating units will provide a basis for
the extrapolation of polymer properties.52–54 For example,
Hogan et al. analysed the trends in the electronic levels with the
oligomer length, and then obtained the band gap aer cor-
recting the long-range behaviour;52 to expand the diversity of
candidate compounds for organic polymer photovoltaics, the
Hutchison group utilized a strong “sequence effect” to obtain
tetramer units with HOMO–LUMO gap changes of �0.2 eV.53

In this paper, combining electronic structures, intra-chain
SE, effective mass, and inter-chain coupling calculations, we
investigated the dependence of charge transport on the length
of donor segments for (DTDPP-nT) polymers (Scheme 1).
Here, we put forward a novel SE model dependent relative
energy alignment of donor/acceptor fragments. We found that
there exists a continuous change from n-type to ambipolar
and nally to p-type with the donor length increasing. Based
on the SE model for complex D–A copolymers, we provide
molecular insight into the charge transport polarity in D–A
copolymers.

2. Computational details and model

With the progress in material processing techniques, polymer
nanowires and highly crystalline thin lms have been prepared,
and remarkably high mobility has been demonstrated.31
Scheme 2 SE coupling model and the corresponding energy alignment

11986 | J. Mater. Chem. A, 2018, 6, 11985–11993
Therefore, the D–A copolymer backbone can be regarded as
a one-dimensional periodic structure approximately. Side-
chains were replaced by methyl to simplify calculations. The
energy levels of donors, acceptors and (D–A)n (n ¼ 1–4) oligo-
mers are calculated at the B3LYP/6-31G(d) level with the
GAUSSIAN09 code.55 The geometric structure of the 1D periodic
polymer chain was optimized at the B3LYP/6-31G(d) level with
the CRYSTAL14 code.56 A uniform 21 � 1 � 1 Monkhorst–Pack
k-point mesh was employed for all D–A copolymers. We calcu-
lated 41 k-points between the gamma point (centre of the Bril-
louin zone, BZ) and the edge of the rst BZ to obtain the band
structures. The effective mass for one-dimensional crystals is
obtained from the second order derivative of the band energy.
The ultra-small effective mass had been demonstrated from
long-range intra-chain SE coupling.43 Based on the Larsson
partition approach, both site energy correction and each indi-
vidual molecular orbital of the bridge contribution can be
accounted for.41

To understand the properties of innitely long D–A copoly-
mers through small molecular blocks, the donor and acceptor
linked by covalent bonds must have relatively localized molec-
ular orbital characteristics, and then the supramolecular
orbitals are the linear combination of monomer orbitals.
Taking the DTDPP-2T system as an example (see Fig. S1 (a) in
the ESI†), the most relevant orbitals of charge transfer
(LUMO+1, LUMO, HOMO and HOMO�1) of ADA can only be
regarded as the combinations of the molecular orbitals of
DTDPP with 2T, not as DPP with 4T. Such a partition is also
supported by the band structure analysis as shown in
Fig. S1(b).†
.

This journal is © The Royal Society of Chemistry 2018
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The polarization corrected energies of the HOMO and LUMO
for acceptor segments are all lower than those of donor
segments; the energy alignment presents staggered-type, and
we named it the staggered-type SE model. When acceptors have
a narrow HOMO–LUMO gap, the LUMO of the acceptor moiety
is lower than that of the donor, while the HOMO of the acceptor
is higher than that of the donor. The energy alignment reveals
a sandwich-type character, and we named it the sandwich-type
SEmodel. And therefore, we put forward two kinds of SEmodels
named staggered-type and sandwich-type according to the
relative polarized energy alignment between the donor and the
acceptor fragment, as shown in Scheme 2.

According to the energy alignment of polarized donor and
acceptor segments, the SE model can be chosen as mentioned
above. With the length of the donor increasing, the SE coupling
model changed from sandwich-type to staggered-type, since the
relative energy alignment varies signicantly for DTDPP and nT
segments. For staggered-type, the triad system is DTDPP-5T-
DTDPP (5T-DTDPP-5T) for electrons (holes). However, with
respect to the sandwich-type model, the triad system is both
DTDPP-nT-DTDPP for electrons and holes. The Hamiltonian
and the overlap matrix of the triad system can be projected to
the fragment molecular orbitals as follows:

H ¼
0
@ 31 V12 V1B

V21 32 V2B

VB1 VB2 3B

1
A (1)

S ¼
0
@ 1 S12 S1B

S21 1 S2B

SB1 SB2 1

1
A (2)

here, the matrix element 3i ¼ hji|H|jii, Vij ¼ Vji ¼ hji|H|jji and
Sij ¼ Sji ¼ hji|jji. The fragment molecular orbital ji/j as a basis
set was normalized without hydrogen; this denotes that the
oligomeric triad orbitals are localized on donor or acceptor
moieties. For hole (electron) transport, j1 and j2 are the HOMO
(LUMO) of D1 (A1) and D2 (A2), respectively, and jB represents
the molecular orbitals of the bridge A (D) fragment. By means of
Löwdin's symmetric transformation, the site energy corrected
from polarization can be considered as follows:43

~H ¼ S�1=2HS�1=2 ¼
0
@ ~31 ~V 12

~V 1B

~V 21 ~32 ~V 2B

~VB1
~VB2 ~3B

1
A (3)

Next, using the Larsson partition technique in connection
with the perturbation scheme, we obtain effective electronic
coupling:

V eff ¼ V im þ
X
b˛B

~V 1b
~Vb2

E � ~3b
(4)

The implicit ter.m is the Hamiltonian matrix element (V12)
obtained through Hamiltonian projection of the triad system on
the orthogonalized fragment basis and substantially weaker
than its explicit counterpart. ~V1b and ~Vb2 denote coupling of the
bridge orbital (b) with the frontier orbitals of the two adjacent
This journal is © The Royal Society of Chemistry 2018
fragments (1 and 2); E and ~3b correspond to the energies of the
adiabatic and bridge levels in the triad oligomer, respectively.

3. Results and discussion
3.1 Geometric and electronic structures

The static disorders in D–A copolymers, such as relative orien-
tation and torsional rotation between donors and acceptors, are
beyond the scope of this work and not considered here. Accord-
ing to one-dimensional periodic structure optimization, we
found that the DA units show good planarity and little bond
length change. The band structures of DTDPP-nT (n¼ 1, 4, 5) are
shown in Fig. 1. When the donor length increases, the band
dispersion becomes smaller and smaller with the increased band
gap. From DTDPP-T to DTDPP-5T, the valence bandwidth (VBW)
decreased from 579 to 175 meV, while the conduction bandwidth
(CBW) changed from 675 to 119 meV, respectively. The VBW and
CBW turn narrower and narrower with the number of thiophene
units increasing. The CBW decreases more drastically than the
VBW; the CBW and VBW are close for DTDPP-4T, while the CBW
is smaller than the VBW for DTDPP-5T. Thus, the ratio of VBW
and CBW is 0.78, 1.06 and 1.47, respectively. The relative
magnitude of the VBW and CBW suggests charge transport
polarity variation. The more delocalized the charge density
distributions are, the larger the bandwidth will be. On comparing
the charge density distribution for different donor lengths, more
and more localized charge densities have been found. As can be
seen from Fig. 1, the partial charge density at the high symmetry
points of the valence band (VB) and conduction band (CB) of
DTDPP-T, DTDPP-4T and DTDPP-5T is qualitatively consistent
with the bandwidth changes.

It is interesting that the band gap monotonically increases
with the number of thiophene units; the detailed calculation
results obtained by the rst principles and extrapolation
method can be seen in Fig. S2.† The band gap changes by about
284 meV from 1337 to 1621 meV. The main component of the
VB and CB fromDTDPP segment contribution, and the addition
of the thiophene moiety make the original band dispersion turn
smaller (Fig. 1). In the sandwich-type SE model, a larger band
gap originates from the reduction of the bandwidth for the
valence and the conduction band. Therefore, the band gap of
the entire copolymer is approximately determined from the
HOMO–LUMO gap of the isolated DTDPP unit and the hole and
electron SE coupling (Fig. 2). The stronger the SE coupling is,
the bigger the dispersion and the narrower the band gap. Thus,
band gap tuning in D–A organic semiconductors can be realized
through control of the donor length under specied conditions.

With the band gap decreasing with the increase of donor
length, the bottom of the conduction band and the top of the
valence band both shi upward. According to the extrapolation
method (Fig. S2 in the ESI†), there is a continuous change of the
HOMO (�4.756 to �4.676 eV) and LUMO (�3.419 to �3.055 eV)
from DTDPP-T to DTDPP-5T. The HOMO energy level shis
upward by about 0.08 eV, and the LUMO level shis upward by
0.36 eV. In the fabrication of OFETs, organic polymers are oen
spin-coated on electrodes, to a certain extent, causing the
electrode work function to drop accordingly. Taking Au as an
J. Mater. Chem. A, 2018, 6, 11985–11993 | 11987
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Fig. 1 Band structures and partial charge densities at high symmetry points for DTDPP-nT (n ¼ 1, 4, 5).
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example, its work function of 5.24 drops to 4.19 eV, when
copolymers are spin-coated on it. In this paper, we regard the Au
work function as 4.2 eV, which is in the middle of the band gap
of polymers. The upward shi of the LUMO energy level
enlarges the injection barrier of electron transfer, while the
increasing HOMO energy level decreases the injection barrier of
hole transfer.

To understand the modulation of the bandwidth from
molecular insight into the polymer backbone, we recall one-
dimensional band structures in a tight-binding model:

W ¼
(

4V D3 ¼ 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD3=2Þ2 þ 4V 2

q
� D3=2 ¼

�
2V

4V eff

0\D3 � V

D3[V
(5)

m* ¼ ħ2

a2V 2

h
ðD3=2Þ2 þ 4V 2

i1=2
¼

8>>><
>>>:

ħ2

2ða=2Þ2V D3 � V

ħ2

2a2V eff
D3[V

(6)

here, V is the nearest neighbour direct coupling between two
units, D3 is the site energy difference, and a is the length of the
unit cell. In D–A copolymers (D3 [ V), Veff ¼ V2/D3 is the bond-
mediated SE coupling, and the effective mass is dened by the
SE coupling (Veff) and the length of the unit cell. In homopol-
ymer systems (D3 � V), the effective mass is determined by
direct coupling (V).
Fig. 2 The dependence of band gaps and bandwidths on SE couplings.

11988 | J. Mater. Chem. A, 2018, 6, 11985–11993
It is interesting that there exists a good linear relationship
between bandwidths and SE couplings as shown in Fig. 2. The
larger the SE coupling is, the wider the bandwidth is. With the
length of the donor increasing, the CBW drops faster than the
VBW. Here DTDPP-5T is an exception, since the staggered-type
model is applied instead and will be explained in the next
section. Although the bandwidths of homopolymers (4V) are
much larger than those of D–A copolymers (4Veff), the long-
range SE mechanism provides an ultra-small effective mass and
high performance charge transport for D–A copolymers.
3.2 The intra-chain charge transfer

Inspired by the SE mechanism in D–A copolymers, we focus on
intra-chain charge transport parameters: intra-chain SE
coupling and effective mass. As shown in Scheme 1, ve
copolymers have been investigated from DTDPP-T to DTDPP-
5T. Based on the polarized energy alignment between donors
and acceptors, as seen in Fig. 3(A) and Scheme 2, the HOMO–
LUMO gap becomes narrower and narrower with the donor
length increasing. Compared with isolated DTDPP and nT
moieties, the polarization effect has a large impact on the
relative molecular orbital energy difference of the fragment. The
HOMO of nT (n ¼ 1–4) is lower than that of DTDPP, and the
LUMO of nT (n¼ 1–4) is higher than that of DTDPP. The relative
energy alignment between nT (n ¼ 1–4) and DTDPP reveals
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Unpolarized and polarized molecular orbital energy difference between DTDPP and nT; (b) dependence of intra-chain SE coupling on
the donor length for electrons and holes (inset of (b): injection barrier for electrons and holes); (c) dependence of the inverse of the effectivemass
on the donor length for electrons and holes.
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a sandwich-type character. In contrast, 5T reveals a higher
HOMO than DTDPP, while the LUMO of 5T is still higher than
that of DTDPP; DTDPP-5T presents a staggered-type energy
alignment between 5T and DTDPP. Therefore, we adopt the
sandwich-type SE model for DTDPP-nT (n ¼ 1–4), while the
staggered-type model is applied for DTDPP-nT (n ¼ 5) instead;
the corresponding SE coupling of holes and electrons is calcu-
lated from the Larsson-partition method, and the effective mass
is evaluated from the second order derivative of band energy, as
shown in Fig. 3.

As can be seen from Fig. 3(b), the hole SE coupling decreases
gradually and increases when the donor length increases up to
5T, but the electron SE coupling dropped drastically with the
donor length increasing. For short chain, the electron SE
coupling is larger than the hole, and as the chain length
increases, the two become close each other and nally the hole
SE coupling dominates. Compared with the highest ever re-
ported hole mobility for CDT-PT,31 it should be noted that
DTDPP-T reveals a comparable ultra-small effective mass for
electrons. At the same time, balance electron and hole effective
masses (1.140/0.142m0) are found for DTDPP-4T. The reciprocal
of the effective mass presents a similar tendency as SE coupling,
which suggests that the ultra-small effective mass originates
from the long range SE mechanism. Both the SE coupling and
reciprocal of the effective mass indicate that transfer polarity
changes from n-type to ambipolar and to p-type nally.

In addition, accompanied with the increasing donor length,
the hole injection barrier reveals a minor reduction from 0.63 to
0.47 eV, However, the electron injection barrier increases
This journal is © The Royal Society of Chemistry 2018
signicantly from 0.56 to 1.17 eV. Charge injection favours hole
transport and adversely affects electron transport and also
contributes to transport polarity change. To understand the
variation of charge transport polarity from molecular insight,
we employed the tight binding Hückel approximation to express
the second term of eqn (4) explicitly as follows:

V eff
hole=elecfCD1ðA1ÞCDnðAnÞcosðfDAÞcosðfADÞ

X
n˛AðDÞ

CA1ðD1Þ
v CAnðDnÞ

v

E � 3
AðDÞ
n

(7)

C is the molecular orbital coefficient. D1 (A1) and Dn (An) are
the le and right linkage sites of the donor (acceptor), respec-
tively (as shown in Scheme 1). fDA denotes the torsional angle
between the p-orbital of the donor and the acceptor unit. E and
3A(D)v correspond to the adiabatic energy in the triad oligomer
and bridge orbitals, respectively. The summation runs over all
molecular orbitals of the bridge. In the case of DTDPP-nT
copolymers, which have an axial-symmetry system,
Cdtdpp1
HOMO(LUMO) ¼ Cdtdppn

HOMO(LUMO) and cos(fDA) ¼ cos(fAD). The
coefficient Cdtdpp1(nT1)Cdtdppn(nTn) is equal to rdtdpp1(nT1)(HOMO)LUMO. Due
to the good planarity of the systems, cos(fDA) ¼ cos(fAD) ¼ 1.
With respect to the sandwich-type SE model, the main contri-
bution of electron (hole) SE coupling comes from the interac-
tion of the LUMO for DTDPP (HOMO for nT) with the LUMO
(HOMO) of the bridge part, according to the decomposition of
the SE coupling to the bridge orbital contribution (Table S1 in
the ESI†). The adiabatic energy can be approximately regarded
J. Mater. Chem. A, 2018, 6, 11985–11993 | 11989
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as the polarized LUMO and HOMO energies of DTDDP for
electrons and holes, respectively. Thus, eqn (7) can be simpli-
ed as:

Veff
elec f rnT1LUMO � rdtdpp1LUMO/(E

dtdpp
LUMO � EnT

LUMO) (8)

Veff
hole f rnT1HOMO � rdtdpp1HOMO/(E

dtdpp
HOMO � EnT

HOMO) (9)

Compared with eqn (8) and (9), the electron (hole) SE
coupling is connected with the LUMO/HOMOmolecular orbital
density (rnT1LUMO � rdtdpp1LUMO /rnT1HOMO � rdtdpp1HOMO) at the linkage site and
relative magnitude of the polarization energy difference
((EdtdppLUMO � EnTLUMO)/(E

dtdpp
HOMO � EnTHOMO)). For different donor

lengths, the HOMO and LUMO charge densities at linkage sites
are close to each other for electrons and holes, as shown in
Fig. 4(A), and thus, the charge transport polarity is determined
by the latter term. The ratio of polarized (EdtdppLUMO � EnTLUMO)/
(EdtdppHOMO � EnTHOMO) is approximately the same as that of SE
coupling for electrons and holes. The polarization effect has
taken account into the site energy difference within the D–A
copolymer environment. As can be seen from Fig. 3(A), aer
polarization, the HOMO and LUMO orbital energies simulta-
neously decrease for different lengths of thiophene. The
polarization energy difference has a large difference compared
to that of isolated systems. As can be seen from Fig. 4(B). The
ratio of relative energy alignment (EdtdppLUMO � EnTLUMO)/(E

dtdpp
HOMO �

EnTHOMO) for isolated DTDPP and nT moieties varies from 0.60 to
0.02, However, the ratio of polarized relative energy alignment
(EdtdppLUMO � EnTLUMO)/(E

dtdpp
HOMO � EnTHOMO) changes from 1.6 to 0.9. The

SE coupling depends on the polarized relative energy align-
ment, and the SE coupling for electrons changes from being
larger than holes to close to each other for DTDPP-4T.

On the other hand, due to the charge density at the linkage
atoms dropping signicantly, the SE coupling for electrons
presents a decreasing trend. Moreover, the charge density at the
linkage sites decreased much faster than the energy difference,
which induces the SE coupling to become smaller and smaller,
since the longer the length, the weaker the charge distribution
at the terminal atoms due to charge delocalization on the entire
polymer chain. However, the hole SE coupling reveals an
increasing trend from DTDPP-4T to DTDPP-5T, which is due to
different SE models and different bridge orbital contributions,
as listed in Table S1.†
Fig. 4 (a) The charge density at the linkage atom for holes and electro
difference for polarized and isolated moieties.

11990 | J. Mater. Chem. A, 2018, 6, 11985–11993
From the above discussion, we found that the tendency of
charge transport polarity change can be understood from intra-
chain SE coupling. For DTDPP-nT (n ¼ 1, 3) the electron SE
coupling is larger than the SE coupling for holes. For DTDPP-4T,
since the relative energy alignment (EdtdppLUMO � EnTLUMO)/(E

dtdpp
HOMO �

EnTHOMO) is close to 1, the balanced electron and hole super-
exchange transport is likely to take place. However, the hole SE
coupling is larger than that of electrons for DTDPP-5T. Combined
with the band edge shi, we can understand the charge transport
polarity variation from experiments. Note that such polarity
changes can also be understood from the perspective of chemical
dilution. Namely, since the hole resides on the donor, as the
donor length increases, it is natural that the hole transport
becomes more and more dominant. Our SE model can give
quantitative results.
3.3 The inter-chain charge transfer

Apart from intrachain process, inter chain charge transfer may
happen and play an important role. So here, the inter-chain
coupling of DTDPP-nT (n ¼ 0–4) was also investigated. In
Fig. 5(A), the theoretical model we used for studying inter-chain
coupling, where the two oligomers are arranged in a face-to-face
parallel conguration with a vertical distance xed to be 3.6 Å
(in experiments, it is generally 3.5 to 3.8 Å) and the short chain
along long axis (Dx) and short axis (Dy). Based on the density
functional method with the M062X functional,57 which can give
a good description of van der Waals weak interactions, we scan
the binding energy and coupling for electrons and holes
between oligomers in the molecular backbone plane.

Inter-chain coupling has a close connection with intermo-
lecular stacking. Therefore, we scan the binding energy for
different intermolecular stacking congurations. Comparing
the binding energy of DTDDP, DTDPP-2t and DTDPP-4 (see
Fig. S3 in the ESI†), we found that the lowest energy structures
are located at points (4.5, 0), (6.5, 0) and (6.5, 0), corresponding
to a shi of one thiophene unit along the long axis. As seen from
Fig. S4,† the inter-chain stacking mode is with the donor facing
the acceptor, determined by the electrostatic interaction. With
the increase of donor length, the intermolecular stacking
conguration does not alter such a D–A stacking trend.
However, the increase of donor moiety length will change the
ns dependent on different thiophene lengths; (b) the ratio of energy

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Calculation model for the inter-chain transfer integral; the inter-chain transfer integral for holes (b) and electrons (c) of DTDPP.

Table 1 The average value of the inter-chain transfer integral

System th (meV) te (meV) th
2/te

2

DTDPP 50 85 0.35
DTDPP-T 53 90 0.35
DTDPP-2T 66 58 1.29
DTDPP-3T 63 48 1.72
DTDPP-4T 76 44 2.98
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relative magnitude of intermolecular coupling for holes and
electrons.

For DTDPP, the hole and the electron transfer integral has
three oscillation periods, which depends on the nodal number of
the HOMO/LUMO of DTDPP. The maximum points of the hole
transfer integral are located at (0, 0), (2, 0.75), and (4.25, 1) and
their corresponding centrosymmetric points and their corre-
sponding transfer integral are 179, �139 and 107 meV, respec-
tively. Considering that the energy at the points (0, 0) and (2, 0.75)
is relatively high, there is a low possibility for locating at these two
points, according to the Boltzmann distribution. Actually only the
structure at (4.25, 1) whose transfer integral is 107 meV contrib-
utes primarily to hole transfer. For the electron transfer integral,
themaximumpoints are located at (0, 0), (2.5,�1.5), (4.25, 0), and
(6.5, �1.5) and their corresponding centrosymmetric points, and
the values are 210, �160, 200, and �167 meV, respectively. The
points at (0, 0), (2.5,�1.5), and (6.5,�1.5) are high energy points,
so the most possible structure at the low energy point (4.25, 0)
and a transfer integral of 107 meV should contribute primarily to
electron transfer. It can be seen that for DTDPP, the inter-chain
electron coupling is greater than the hole coupling. Although the
maximum value of the electron transfer integral is higher than
the highest value of the hole transfer integral, the electron and
hole transfer integrals are close to each other when considering
the binding energy distribution. Based on the Boltzmann distri-
bution, taking the binding energy of the corresponding structure
as the weighting factor, the mean value of the squared transfer
integral is as follows:

t2 ¼

X
i

ti
2 exp

�
� Ei � Emin

kBT

�
X
i

exp

�
� Ei � Emin

kBT

� (10)
This journal is © The Royal Society of Chemistry 2018
According to eqn (10), we can obtain the average value of the
transfer integral, where i represents different stacking struc-
tures, ti and Ei are the corresponding transfer integral and
energy, and Emin is the global minimum energy. The average
transfer integral of all systems is shown in Table 1. According to
the Marcus formula, the hopping rate k is proportional to the
square of the transfer integral. For DTDPP-nT, the ratio of the
squares of hole and electron transfer integrals rises from 0.35 in
DTDPP to 2.98 in DTDPP-4T. Therefore, inter-chain coupling
also support the transport property change from n-type to
ambipolar and then to p-type. It can be understood simply from
the portion of donors, namely, hole hopping takes place at the
HOMO of one donor to another via direct inter-chain coupling.
A longer donor naturally contributes a larger inter-chain
transfer integral.
4. Conclusions

Through rst-principles computations, we found that there
exist a continuous band gap and bandwidth variation for
(DTDPP-nT) with the donor unit length increasing. Corre-
spondingly, there exists a charge transport polarity trans-
formation from n-type to ambipolar and nally to p-type. The
band structure and charge transport polarity can be under-
stood from the SE mechanism, band edge and inter-chain
charge transport. For DTDPP-nT (n ¼ 1, 3), electron SE
coupling is larger than that of holes. Balanced electron and
hole SE coupling is found for DNDPP-4T. In contrast, DTDPP-
5T reveals p-type transport due to the staggered-type SE
model. Based on the SE model, we shed light on the origin of
the change transport polarity in view of the molecular level.
Inter-chain coupling and the band edge contribute to
a similar charge transport polarity change.
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