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The electronic structures and charge transport properties of a series of dimers of dithienothiophenes are investigated by means
of quantum chemical calculations. To gain a better understanding of the effects of the structural symmetry and linking mode
on dimers, the geometrical structures, molecular reorganization energies upon getting or losing electrons, molecular ionization
potentials (IPs) and electron affinities (EAs), molecular aromaticities, frontier molecular orbitals, as well as charge mobilities
are analyzed in detail to determine the structure-property relationships for the investigated dimers of dithienothiophenes. The
calculated results show that the vinylene-linked dimers have the advantages over the directly single-bond linked dimers because
of the large extent of π conjugation and thus enhanced π − π stacking interactions in their crystal structures. The molecular
symmetry could affect the electron density distributions in the molecules, and further determine the molecular orientations and
intermolecular arrangements. The high molecular symmetry could facilitate the molecular packing in order, thus enhancing the
charge transport. The theoretical characterization of these dimers in combination with experimental results indicate that high
symmetrical vinylene-bridged dimers could be promising candidates for transistor applications, and shed light on the molecular
design of high performance materials.

Introduction

Organic semiconductors (OSCs) have drawn continuous at-
tention for decades due to their prospective commercialized
applications in electronic devices, such as organic field ef-
fect transistors (OFETs)1–7, organic solar cells8–10, and or-
ganic light emitting diodes (OLEDs)11–13. Among the most
extensively studied OSCs, oligothiophene-based conjugated
materials are important representative systems owing to their
chemical versatility, favorable electrical and optical proper-
ties14,15. α-oligothiophenes have been successfully applied as
active components in OLEDs and OFETs, but the low conju-
gation because of the torsion of single bonds or S-syn defects
limit their optical and charge-transport performances in practi-
cal devices16. While the fused oligothiophenes (thienoacenes)
possess the advantages of extended conjugation and rigid
planarity, thus leading to the improved charge transporting
properties and chemical stability17–19. The sulfur atoms in
thienoacenes have the high polarizability and thus facilitate
electron-donating properties. Multiple short intermolecular
S· · ·S contacts originated from sulfur atoms at the molecular
periphery can make the molecules densely packed in the solid
state, resulting in the enhanced charge transport properties.

The structures of thienoacenes rely on selective connec-
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tions and annelations of thiophene building blocks at α-,
and β -positions, which will lead to quasi-linearly annelated
α-thienoacenes and helically annelated β -thienoacenes20.
The oligothienoacenes of dithieno[3,2-b:2′,3′-d]-thiophene
and dithieno[2,3-b:3′,2′-d]-thiophene (hereafter denote as α-
and β -trithiophene) are regarded as effective molecular build-
ing units with quite different LUMO character and HOMO-
LUMO gaps (as shown in Fig. 1a), and can be used to de-
sign the versatile OSCs. The dimerizations of α- and β -
trithiophenes linked by single bond (1-3) and vinylene bridge
(4-6) were constructed as new candidates for OFET materials
(Fig. 1b)21. The dimer of α-trithiophene 1 has been demon-
strated to be effective as the active layer in FET device and
shows hole mobility of up to 0.05 cm2V−1s−1 22,23. The mo-
bility of the dimer of β -trithiophene 2 is 0.005 cm2V−1s−1

at the room temperature, while the device performance of
vinylene-bridged dimer of β -trithiophene 5 is apparently
much better than that of 2, exhibiting excellent OFET per-
formance with mobility as high as 0.89 cm2V−1s−1 24. The
questions on why the subtle structural changes lead to signif-
icant effect on the charge transport properties should be re-
vealed in microscopic level and a detailed understanding of
the structure-property relationship should be established for
these OSCs.

In present work, we focus on the effects of structural sym-
metry and linking mode on the electronic structures of the
dimers of dithienoacenes. The compounds 1, 2, 4 and 5 are
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Fig. 1 (a) The chemical structures of α- and β -trithiophenes with
their frontier orbitals and HOMO-LUMO gaps and (b) the dimer
structures investigated in this work. The letters denote
symmetry-unique rings in these molecules.

highly symmetrical in structure, while the cross-linked com-
pounds 3 and 6 are asymmetrical. How and to what extent
the structural symmetry affect the intermolecular interactions
of these thienoacenes need to be elucidated. The question on
why the different linking modes linked by either directly sin-
gle bond or vinylene bridge could result in distinct electronic
properties still need to be answered. The molecular geome-
tries, the molecular frontier orbitals, molecular IPs and EAs,
and reorganization energies will be definitely influenced by
the structural symmetry and linking mode in the dimerization
of dithienoacenes. Additionally, the α- and β -trithiophenes
have different π-conjugation and exhibit distinct aromaticity
originated from the location of sulfur atoms in the molecular
backbone. The aromaticity in the dimer structure will subtly
change in comparison to that of their monomer counterpart.
All these electronic properties need to be investigated to fur-
ther understand the relationship with the structural changes at
a microscopic level.

Theoretical calculation is becoming a powerful tool to study
the electronic properties of OSCs and predict their charge
transport properties25–32. At a high-temperature regime and
in the presence of structural disorders, charge carriers are lo-
calized over a single molecule,33,34 which make the bandlike

mechanism fail in describing the transport behavior in many
OSCs35,36. Thus, a thermally activated hopping and diffusion
model can be employed to simulate the charge carrier mo-
tion37–39. Based on quantum-chemical calculations, we make
comparative studies of the electronic and charge transport of
properties of the dimers of α- and β -trithiophene. By means
of density functional theory (DFT) calculations, we aim to es-
tablish structure-property relationships of thienoacenes-based
materials and shed light on the fundamental research on de-
signing high charge mobility materials.

Theoretical and computational method

The molecular geometries of neutral and charged states are op-
timized at the DFT level using B3LYP hybrid functional40,41

and 6-31G(d, p) basis set, as implemented in the Gaussian 09
package42. Harmonic vibrational frequencies are calculated at
the same level of theory on the basis of resulting optimized ge-
ometries. The total density of state (DOS) and projected den-
sity of state (PDOS) for sulfur atom and phenyl (or thienyl)
group are obtained with GaussSum 2.25 program43.

To study the charge transport properties of the dimers of
dithienothiophenes at room temperature, the incoherent hop-
ping mechanism is adopted to describe the sequential charge
jumps between adjacent molecules. For each charge hopping
event, the self-exchange charge transfer rate can be expressed
by the Marcus-Hush equation44,45 in terms of reorganization
energy λ and electronic coupling Vab between neighboring
molecules a and b46:

k =
2πV 2

ab
h

(
π

λkBT
)1/2exp(− λ

4kBT
) (1)

where, T is room temperature (298K), and kB is the Boltzmann
constant. Assuming no correlation between charge hopping
events and charge motion is a homogeneous random walk26,
the drift mobility, µ , is related to the diffusion coefficient D
and charge transfer rate k as:

µ =
e

kBT
D;D =

1
2n ∑

i
d2

i kiPi (2)

where e is the electronic charge. Considering the charge mo-
tion as a random walk in three dimensions (n = 3), D is sum-
mation over all possible hops. Pi is the probability (Pi =
ki/∑ki) for charge transfer to ith neighbor and di is the in-
termolecular center-to-center distance. The reorganization en-
ergy λ consists of contributions from the inner reorganization
energy (which is induced by intramolecular vibrations) and
the external reorganization energy47 (which is caused by po-
larization of the surrounding medium). For organic solids and
weak polar media, the contribution to the reorganization en-
ergy from electronic polarization of surrounding molecules is
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quite small and on the order of a few tenths of an electronvolt,
so the external reorganization energy can be neglected48,49.
Herein, only the intramolecular reorganization energy is cal-
culated directly from the relevant points on the adiabatic po-
tential energy surfaces (PES) using the standard procedure de-
tailed in the literature38,50,51. The transfer integral Vab char-
acterizes the degree of molecular orbital overlapping between
two adjacent molecules. Here, we take the single crystal struc-
ture to generate all possible intermolecular hopping pathways.
The couplings between all these dimers are calculated through
a direct approach using Fock operator52–54:

Vab = ⟨Ψ0,a
i |F0|Ψ0,b

i ⟩ (3)

where Ψ0,a
i and Ψ0,b

i represent the molecular frontier orbitals
of isolated molecules a and b, where i denote the highest occu-
pied molecular orbitals (HOMO) for hole transfer and lowest
unoccupied molecular orbitals (LUMO) for electron transfer.
F0 is the Fock operator for the dimer in a specific pathway, the
superscript zero indicates that the molecular orbitals appearing
in the operator are unperturbed. The Fock matrix can be eval-
uated by F = SCεC−1, with S is the intermolecular overlap
matrix, and C and ε are the molecular orbital coefficients and
eigenvalues, respectively.

The choice of DFT functional is important for an accurate
description of the ground-state electronic properties and elec-
tronic couplings between adjacent molecules. In comparison
to pure DFT functionals, hybrid functionals can give a bet-
ter estimate of HOMO-LUMO energy gap because of the in-
corporation of a fraction of non-local Hartree-Fock (HF) ex-
change. While long-range corrected functionals are better than
hybrid functionals in describing the charge-transfer excited
state in push-pull molecules.55,56 In this work, the electronic
coupling is calculated from the overlap of the ground-state
frontier orbtials of adjacent molecules. Such calculations do
not involve the excited charge transfer. So hybrid functionals
such as B3LYP57,58, M062X59, and MPWB1K31 and com-
bined exchange-correlation functional PW91PW9129,33,60 are
used to calculate the electronic couplings in the literatures.
Hence hybrid functional B3LYP is employed to calculate the
ground-state electronic structures and electronic couplings in
the dimer structures.

The analyses of the local aromaticity in all compounds
are performed by means of nucleus independent chemical
shifts (NICS(1)), and harmonic oscillator model of aromatic-
ity (HOMA) index. The calculated NICS(1) and HOMA val-
ues provide a relative comparison of aromaticity among all
of the compounds. In the NICS(1) procedure suggested by
Schleyer et al.61, the absolute magnetic shielding is computed
at 1 Å above and 1 Å below the center of the ring (for the
heterocyclic ring in this work, we define the center as the ring

Fig. 2 Optimized structures in the neutral state of the investigated
molecules.

Fig. 3 Bond-length changes (in Å) upon oxidation and reduction for
compounds 1, 2, 3 and 6. The bond indices are labelled on the
molecular structures.

bonding critical point). The HOMA index is calculated as

HOMA = 1− 1
n

n

∑
i

α(Ropt −Ri)
2 (4)

where n is the number of bonds of the ring considered, α is a
normalization constant, Ropt is the optimal bond length for a
fully delocalized π-electron system, and Ri stands for an ac-
tual bond length. In the present work, we used the parameters
needed for the HOMA calculations proposed by Krygowski62:
αCC = 257.7, αCS = 94.09, RCC

opt = 1.388, and RCS
opt = 1.677.

Results and disscussion

Molecular geometry and reorganization energy

The optimized structures of the investigated molecules in the
neutral state for the gas phase are shown in Fig. 2. Though
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Table 1 Internal reorganization energies for hole and electron (λh and λe), ionization potentials (IPs) and electron affinities (EAs) of
adiabatic/vertical (A/V) calculated with basis set of 6-31G++(d, p) and 6-31G(d, p) (in parentheses) in the unit of eV.

compd. λh λe AIP VIP AEA VEA
1 0.338 (0.332) 0.298 (0.295) 6.42 (6.23) 6.60 (6.41) -1.08 (-0.77) -0.91 (-0.60)
2 0.381 (0.373) 0.358 (0.380) 6.67 (6.50) 6.89 (6.71) -0.58 (-0.20) -0.36 (0.02)
3 0.359 (0.350) 0.326 (0.326) 6.53 (6.35) 6.74 (6.55) -0.86 (-0.53) -0.67 (-0.34)
4 0.292 (0.298) 0.245 (0.255) 6.21 (6.02) 6.36 (6.17) -1.32 (-1.01) -1.19 (-0.89)
5 0.308 (0.302) 0.274 (0.293) 6.41 (6.24) 6.56 (6.39) -0.93 (-0.60) -0.80 (-0.46)
5a 0.307 (0.311) 0.255 (0.252) 6.33 (6.15) 6.48 (6.30) -1.03 (-0.72) -0.91 (-0.59)
5b 0.290 (0.286) 0.209 (0.209) 6.36 (6.18) 6.50 (6.31) -1.08 (-0.78) -0.98 (-0.67)
6 0.298 (0.304) 0.259 (0.272) 6.31 (6.12) 6.46 (6.27) -1.15 (-0.83) -1.02 (-0.70)

α- and β -trithiophene exhibit the planar and rigid skeleton,
the dimers linked by a single bond render twisted structures
with dihedral angles about 20.5o, 29.0o and 24.2o for 1, 2 and
3, respectively. The dihedral angle between the two triphio-
phenes in 1 is similar to that value between two thiophenes in
α-bithiophene (22o). The compound 2 and 3 show more dis-
torted structures, while the dimers bridged by vinylene show
planar structures. The dimer 1 and 2 have C2 symmetry, while
4 and 5 have C2h symmetry due to the planarity. The cross-
linked dimer 3 and 6 have no symmetries in structures. When
a molecule gains or loses charges, it will relax its molecular
geometry for a new charge distribution. All the cationic and
anionic state for the compound 1-6 are almost planar struc-
tures. The changes of bond lengths upon oxidation (losing
electron from the neutral to the cationic state) and reduction
(gaining electron from the neutral to the anionic state) of 1,
2, 3 and 6 are presented in Fig. 3. Because of the extended
π-system, the changes of bond lengths upon oxidation and
reduction are founded to occur over the entire molecule, es-
pecially more pronounced in the thiophene rings at the link-
age. For the asymmetric cross-linked 3 and 6, the bond length
changes in the α-triphiophene are more notable than those in
β -trithiophene. The bond length changes of 3 are a bit larger
than those of 6 because of the distorted geometrical relaxation
from non-planarity to planarity. The bond length changes
upon oxidation and reduction are comparable for the selected
compounds. Gaining or losing charges causes the changes in
geometrical structure, which is a reflection of the reorganiza-
tion energy.

From the Equation 1, we know that the charge hopping rate
benefits from smaller reorganization energy. The reorganiza-
tion energies of the investigated compounds are collected in
Table 1. Compound 2 have the largest reorganization ener-
gies for both hole and electron, which is in agreement with the
larger bond-length changes in Fig. 3. The reorganization ener-
gies of the dimers of α-trithiophenes are smaller than those of
the counterpart dimers of β -trithiophenes, while the reorgani-
zation energies of the cross-linked dimers (3 and 6) are in be-

tween the dimers of α- and β -trithiophene. The reorganization
energies are to a large extent dependent on the intrinsic proper-
ties of α- and β -fused trithiophenes. The reorganization ener-
gies for both electron and hole of vinylene-bridged dimers (4,
5, and 6) are smaller than their corresponding counterpart (1,
2, and 3) of single-bond linked dimers. The vinylene bridge
can significantly decrease the steric hindrance between trithio-
phene units at the linkage and extend π conjugation, resulting
in more rigid and planar structures with higher molecular sym-
metries. All the molecules have relatively smaller electron re-
organization energies because of existence of high polarizabil-
ity of sulfur atom. As for the introduction of the substituted
benzene and thiophene units at the longitudinal ends of 5, the
reorganization energies are reduced, especially for the electron
reorganization energy in 5b.

Molecular IP and EA

The efficient injections of holes and electrons are important
for the rational design of optimized electronic devices. The
molecular IP and EA are key parameters to estimate the energy
barrier for injection of hole and electron into molecule and
provide useful information regarding ambient stability.63 The
calculated IPs and EAs of compounds for both adiabatic (op-
timized structure for both the neutral and charged molecules)
and vertical (at the geometry of the neutral molecule) values
are presented in Table 1. Since the IPs and EAs are very de-
pendent on the diffuse function of basis set,64 the calculated
results are performed with the large basis set of 6-31++G(d,p)
in comparison with 6-31G(d,p). The energy difference be-
tween adiabatic and vertical value could reflect the extent of
the structural relaxation upon charge injection.65 The calcu-
lated adiabatic and vertical IPs are larger than the adiabatic
experimental IP for a stable p-type OFET material sexthio-
phene (5.80 eV)66, indicating that all the compounds are more
stable and exhibit the antioxidative ability in air. Upon going
from the single-bond linked dimers to the vinylene-bridged
dimers, the adiabatic IPs decrease slightly by 0.2∼0.4 eV, but
the compounds are still stable and in favor of reducing the
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hole-injection barrier for the commonly used electrode (Au
work function: ∼5.1 eV).

In addition to the decrease in IPs, the vinylene bridge also
makes the EAs of dimers more exothermic. The negative
value of EA indicates exothermicity for the reduction of a
molecule, for example, 5 is 0.35 eV more exothermic than
2. The vinylene-bridged dimers have small EA values ranged
from -0.93 eV to -1.32 eV (see Table 1 for the adiabatic value
of EAs). The calculated EA values are not matchable to the
workfunction of the commonly used metallic electrodes (∼3
eV) and less stable upon reduction. We can see that vinylene-
bridged dimers have more negative EAs, which are of great
benefit to lowering the energy barrier for electron injection and
improving the stability of their anions by preventing chemical
reactions with water and oxygen.

From the redox stability point of view, the single-bond
linked dimers are more stable in their cationic states and less
stable in their anion states than their conresponding coun-
terpart of vinylene-bridged dimers. In comparison to α-
trithiophene dimers, β -trithiophene dimers have larger IPs and
EAs. The cross-linked dimers have the IPs and EAs in be-
tween dimers of α- and β -trithiophene. This change trend is
in well agreement with that of reorganization energy. It is no-
ticeable that the introduction of phenyl or thienyl group at the
longitudinal ends of 5 decrease both IPs and EAs, which are
further favorable for improving hole or electron injection.

Structure and aromaticity

Aromaticity is the property of a planar, cyclic, conjugated
molecule in which cyclic electron delocalization results in en-
hanced stability, bond length equalization, and special mag-
netic, chemical and physical properties67,68. The α- and β -
trithiophenes are aromatic because the molecules are cyclic
and planar structures, and follow Huckel’s rule, having 4n+2
electrons in the delocalized π-orbitals. The aromatic proper-
ties will slightly change when two trithiophene subunits are
linked through a single bond or a vinylene bridge. Consid-
ering the fact that the molecular geometry determined by the
extent of π-conjugation is an important factor to determine
the electronic structures of dimers, we evaluate the aromatic-
ity of the heterocyclic rings of the dimers for understanding
the molecular structure-property relationship.

The calculated NICS(1) and HOMA values are collected in
Table 2. For the building block α- and β -trithiophenes, the ab-
solute values of NICS(1) and HOMA of central rings (b) are
smaller than those of the periphery rings (a), as indicated in
Fig. 1b. The average absolute values of NICS(1) and HOMA
for all aromatic rings in α-trithiophenes are larger than that in
β -trithiophenes, which indicates that electrons are more delo-
calized in α-trithiophenes. α-trithiophene has larger extent of
π-conjugation than β -trithiophene, which is in agreement with

Table 2 NICS(1) and HOMA values of individual heterocyclic rings
for the compounds. The rings a-f are indicated in Fig. 1.

compd. ring NICS(1) NICS(1)a HOMA HOMAa

α a -8.624 -8.204 0.726 0.711
b -7.365 0.681

β a -8.721 -8.123 0.691 0.669
b -6.925 0.624

1 a -8.678 -7.718 0.729 0.705
b -7.211 0.690
c -7.418 0.696

2 a -8.733 -7.670 0.693 0.662
b -6.801 0.627
c -7.474 0.665

3 a -8.524 -7.774 0.729 0.683
b -7.275 0.686
c -7.351 0.697
d -7.316 0.667
e -7.433 0.626
f -8.747 0.694

4 a -8.511 -7.623 0.730 0.705
b -7.233 0.691
c -7.126 0.694

5 a -8.793 -7.610 0.694 0.662
b -6.780 0.627
c -7.256 0.664

6 a -8.530 -7.612 0.731 0.686
b -7.221 0.680
c -7.158 0.716
d -7.248 0.667
e -6.739 0.627
f -8.772 0.695

a The average value for all heterocyclic aromatic rings.

the smaller HOMO-LUMO gap in α-trithiophene (as shown
in Fig. 1a). The aromaticity differences between α- and β -
trithiophene originate from the location of sulfur atoms in the
molecular backbone, as can be seen from their LUMO charac-
ter in Fig. 1a. While in the dimer structures, the absolute values
of NICS(1) and HOMA of the rings at the linkage dramatically
decrease, resulting in the average aromaticity decrease in both
single-bond and vinylene-bridge linked dimers. The average
aromaticity in the vinylene-brdiged dimers is smaller than that
of the single-bonded dimers. In previous report, Chen et al.
studied the relationship between aromaticity and conductance
of a single-molecule junction and verified that the conductance
correlates negatively with the aromaticity69. So the decrease
of the aromaticity of the compounds might be in favour of
charge hopping between the heterocyclic rings.
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Fig. 4 HOMO and LUMO energy levels of all the studied molecules and their electronic density contours investigated by the
B3LYP/6-31G(d, p) method.

Molecular orbital and density of state

Frontier orbitals, especially HOMO and LUMO, are closely
related to gain and loss electrons during the charge transport.
The relative orderings of HOMO and LUMO energies pro-
vide a reasonable qualitative indication of the ability of hole
and electron injection, respectively. A good p-type conduct-
ing material is required to have a relatively high HOMO for
reducing the charge injection barrier from anode. The HOMO
and LUMO plots and orbital energy levels of the dimers are
displayed in Fig. 4, and their experimental values are listed
in Table 3. It shows that the calculated HOMO and LUMO
energies are in agreement with the experimentally measured
values, especially with a change in trend.70 The dimers of
α- and β -trithiophene (1 and 2) possess higher HOMOs,
lower LUMOs and smaller HOMO-LUMO gaps than their
monomers (as shown in Fig. 1a). The vinylene-bridged dimers
(4, 5 and 6) also have the higher HOMOs, lower LUMOs
and smaller HOMO-LUMO gaps with respect to their corre-
sponding single-bond linked dimers (1, 2 and 3). Such ob-
servations can be attributed to the extension of π-conjugation.
Both raising HOMOs and lowering LUMOs are in favor of
charge injections in practical application in devices. In the
dimers of α-trithiophene (1 and 4), the HOMO and LUMO
spread over the entire molecules. While the HOMO and
LUMO are concentrated on the central part of the dimers of
β -trithiophenes. Both dimers of α- and β -trithiophene have
symmetric HOMOs and LUMOs distribution in the structures,
while the dimers of cross-linked α- and β -trithiophene have

Table 3 HOMO and LUMO energy levels and their gaps calculated
at the B3LYP/6-31G (d, p) level, together with experimental results.

Compd. HOMO (eV) LUMO (eV) H-L gap
Theo. Expt.a Theo. Theo. Expt.a

1 -5.13 -5.43 -1.86 3.27 2.80
2 -5.39 -5.49 -1.37 4.02 3.15
3 -5.24 -5.46 -1.67 3.57 2.93
4 -4.97 -5.33 -2.08 2.89 2.65
5 -5.14 -5.39 -1.77 3.37 2.91
5a -5.14 -5.41 -1.78 3.36 2.90
5b -5.17 -5.42 -1.81 3.36 2.89
6 -5.04 -5.36 -1.95 3.10 2.76

a Data from Ref. 20.

asymmetrical distribution of frontier orbitals, with the HOMO
and LUMO located more on α-trithiophenes than those on β -
trithiophenes.

The introduction of phenyl and thienyl group at the lon-
gitudinal ends of 5 will definitely affect the frontier orbitals
of the dimer of vinylene-bridged β -trithiophene. To investi-
gate the substituent effect on the composition of orbitals near
the HOMO-LUMO gap, we calculate total DOS and PDOS
for three β -annulated oligothiophenes, as shown in Fig. 5. We
find that the sulfur atoms partially take part in the formation
of both HOMOs and LUMOs. From the electronic structure
point of view, the sulfur atoms directly involve the charge car-
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Fig. 5 Total DOS and PDOS for sulfur atom, phenyl and thienyl
group in the energy window of -12 and 3 eV for 5, 5a and 5b.

rier transport. Both the HOMOs and LUMOs in 5a and 5b
are localized in the central part of the compounds. The phenyl
and thienyl group do not involve in the formation of HOMOs
and LUMOs, but they largely participate in the HOMO-1 and
LUMO+1. Because of the existence of dihedral angles be-
tween phenyl group or thienyl group and the central π sys-
tems about 29.2o and 25.2o respectively, the substituted phenyl
or thienyl group can not extend the conjugation of π system
largely and only partly involve in the charge transport. From
the molecular structure point of view, the phenyl or thienyl
group will affect the intermolecular arrangements and orbital
interactions, resulting in the different electronic couplings for
hole and electron.

Fig. 6 Charge hopping pathways for compounds 1, 2, 4, 5, 5a and
5b.

Electronic coupling and mobility

The charge transport ability of organic semiconductor is de-
pendent on not only the electronic properties of the molecule
itself but also the molecular packing structures. Besides the
intrinsic molecular reorganization energy and ability of gain-
ing or losing electron of a molecule, charge transport is highly
sensitive to the relative orientations and moleular stacking
characters between molecules.71 The structure of the single
crystal could provide a consistent platform to study the struc-
tural effects. Therefore, the charge transport properties of
oligothiophenes are analyzed on the basis of single crystal
structures to reach a deeper understanding of the influence of
the structural symmetry and linking mode on the nature of the
charge transport.

The experimental results have proved that the two asym-
mentric molecules 3 and 6 exhibit low mobilities on the or-
der of 10−4 cm2V−1s−1 21. The likely explanation might be
the asymmetric structure induced strong disorder in molecular
packing in the amorphous films. From the frontier orbitals
standpoint of view, the electron densities are nonuniformly
and asymmetrically distributed in α- and β -trithiophenes, as
can be seen from the HOMOs and LUMOs of 3 and 6 in
Fig. 4. Such electron density distributions are not in favor of
the π-orbital interactions, thus affecting the charge transport
between the adjacent molecules. The single crystals are not
available for asymmetrical 3 and 6 in the experiment because
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Fig. 7 The dimer geometries and pictorial HOMO interactions of
π-π stacking configurations in 1 and 4 viewed along the long
molecular axis ((a) and (c)) and the short molecular axis((b) and
(d)), respectively.

of structural disorder and lacking of intermolecular π-orbitals
interactions. While symmetric molecules 1, 2, 4 and 5 are well
packed in their crystal structures. It is established that the bet-
ter the molecular organization in order, the higher the material
performance7. So the molecular symmetry affect the inter-
molecular interactions, thus determining the molecular pack-
ing structures in their solid states.

The available crystal structures of symmetric compounds
are shown in Fig. 6, in which molecules in the same layer
in crystal are viewed from the molecular long axis. Choose
one molecule as charge donor, and all the surrounding near-
est neighbor molecules can be regarded as charge acceptors.
The possible intermolecular hopping pathways from central
molecule are also displayed in Fig. 6, and the corresponding
intermolecular electronic couplings are collected in Table 4.
The crystal structures of the dimers of α-trithiophene 1 and
4 have the displaced π-π stacking features with the respec-
tive interplanar distances of 3.54 Å and 3.49 Å. The displaced
π-stacking configurations and pictorial orbital interactions be-
tween HOMOs are displayed in Fig. 7. The π-π stackings in
crytals 1 and 4 prefer the slipped configurations because of
the existence of strong π-orbital repulsions when molecules
are on top of each other. The intermolecular displaced π-π
stackings for 1 and 4 are quite different: compound 1 prefers
slipping along the molecular short axis about one third of thio-
phene ring; while compound 4 is shifted in the direction of
molecular long axis about three fourths of thiophene ring. The
π-π stacking could provide large overlap of π orbital, which is
in favor of charge transfer. The electronic couplings for hole of

Fig. 8 The pictorial LUMO interactions for short S· · ·S contacts for
1, 2, and 5.

intermolecular π-π stacking interactions of 1 and 4 are 142.2
and 19.6 meV, respectively. From the orbital interactions de-
picted in Fig. 7, we can rationalize the electronic couplings
between the HOMOs. The π-orbitals in 1 are head-to-head
interactions, resulting in the enhanced coupling by the overlap
of orbital. While the π-orbitals in 2 are mismatched, leading to
the noneffective orbital overlap or partial cancelation between
the wavefuction of π-orbitals.

The crystal structures of the dimers of β -trithiophene 2 and
5 exhibit the respective sandwich-herringbone and herring-
bone arrangement. There is a π-stacking pathway in 2 which
gives the maximum electronic coupling for hole of 57.8 meV,
which is in consistent with previous calculated results (62.2
meV)24,58. For compound 5, the calculated electronic cou-
plings for hole for two kinds of pathways are 15.5 and 33.0
meV respectively. The introduction of phenyl and thienyl
group at the longitudinal ends of compound 5 lead to the dis-
tinct molecular stacking in the crystal. The compound 5a has
a herringbone arrangement, which is similar to that of 5. The
existence of strong intermolecular phenyl-phenyl and phenyl-
trithiophene interactions rationalize the large electronic cou-
plings of 21.0 and 43.5 meV for hole. The crystal structure of
5b contains multiple interactions, such as slipped π-π interac-
tions and S· · ·S interactions, however, the electronic couplings
are relatively small due to the large intermolecular distances.

From the crystal structure, we notice that the short S· · ·S
contacts could make the molecules closely packed in the crys-
tal structure. Furthermore such S· · ·S interactions could ef-
fectively facilitate electron transport because of the high po-
larizability of sulfur atoms. The selected short S· · ·S contacts
in compounds 1, 2, and 5 and LUMO interactions are shown
in Fig. 8. Compound 1 have multiple intensive S· · ·S contacts,
which are smaller than the sum of the Van der Waals radius
of S atmos (3.70 Å), leading to strong electronic coupling of
20.5 meV for electron. In compound 2 and 5, strong S· · ·S
interactions (3.36 Å and 3.57 Å) are responsible for their large
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Table 4 Electronic couplings Vab of hole and electron for the
different hopping pathways of compounds 1, 2, 4, 5, 5a and 5b.

compd. pathway d (Å) Vh
ab (meV) Ve

ab (meV)
1 1, 2 3.88 142.2 44.4

3, 4, 5, 6 5.88 0.3 20.5
2 1 3.74 57.8 (62.2)a 23.1

2, 5 6.29 19.9 (2.7) 76.1
3 6.75 2.8 (2.0) 12.4
4, 6 5.16 3.9 (7.4) 64.4

4 1, 2 4.72 19.6 34.4
3, 4 6.20 0.1 2.3
5, 6 7.79 6.4 17.4

5 1,2 5.74 15.5 (11.3) 8.9
3, 4, 5, 6 4.77 33.0 (35.4) 26.7

5a 1, 2 6.17 21.0 7.8
3, 4, 5, 6 4.80 43.5 41.6

5b 1, 2 6.03 22.6 3.2
3, 4 9.41 4.5 2.5
5, 6 12.25 0.7 1.3
7, 8 13.22 1.0 2.0

a Data in parentheses obtained from Ref. 24 and 58.

electronic couplings of 76.1 and 26.7 meV for electron, re-
spectively. Such S· · ·S interactions could be in favor of elec-
tron transport.

It has been proved that the anisotropic transport proper-
ties would be prominent because of different molecular ar-
rangements in different directions in the crystal. When the
charge transport is dominant within a two-dimensional molec-
ular layer and less efficient between molecular layers, the an-
gular resolution anisotropic mobility within a molecular layer
can be predicted by the following formula66:

µϕ =
e

2kBT ∑
i

d2
i kiPi cos2(θi −ϕ) (5)

where Pi cos2(θi−ϕ) is the relative hopping probability of var-
ious transport pathways to the specific transistor channel. As
exampled in Fig. 9a for 5, ϕ is the orientation angles of the
conducting channel relative to the crystallographic axis c and
θi are the angles of different pathways relative to the reference
axis. θi −ϕ is the angles between the different pathways and
the conducting channel. The anisotropic mobilities for hole in
5 and 5a are shown in Fig. 9b. We can see clearly the hole mo-
bilities are varied with the ϕ . The hole mobility has maximum
value of respective 0.066 cm2V−1s−1 and 0.045 cm2V−1s−1

for 5a and 5 with ϕ of 90o. The anisotropic mobilities for the
available crystal structures of symmetric compounds in spe-
cific layers are collected in Table 5, which give the mobilities
range for different directions within a crystal plane.

Table 5 The predicted hole and electron average and anisotropic
mobilities µ (cm2V−1s−1), together with the experimental values.

Theo. Aniso. Expt.
µh µe µh µe µ

1 0.23 0.03 0-0.69 0.013-0.073 0.05a

2 0.02 0.08 0.0016-0.061 0.057-0.20 0.005b

4 0.0087 0.052 0-0.026 0.013-0.12 0.08c

5 0.023 0.018 0.028-0.045 0.020-0.035 0.89b

5a 0.039 0.074 0.051-0.066 0.091-0.13 2.0d

5b 0.022 0.0086 0-0.068 0-0.026 0.002e

a Ref. 22 and 23; b Ref. 21 and 24; c Ref. 21; d Ref. 73;
e Ref. 20.

Fig. 9 The angle-dependent hopping paths projecting to a transistor
channel in the bc plane (a) and calculated angle-resolved anisotropic
hole mobilities (b) of 5 and 5a, respectively.

The predicted average mobilities are listed in Table 5, to-
gether with the available experimental data. The calculated
hole mobility of 1 is 10 times of that of 2, which is well con-
sistent with the experimental values. Compound 1 prefers
transporting holes because of relatively smaller reorganiza-
tion energy and larger electronic couplings for hole. While
compound 2 prefers electron transport since the existence of
multiple short S· · ·S interaction enhances the electronic cou-
plings for electron. The predicted hole mobilities for 5 and
5a are slightly larger than that of 2 and much smaller than
experimental values. The vinylene bridge in the compound 5
and 5a decreases the reorganization energy, the hole injection
barrier and aromaticity, which could be beneficial to increase
the hole mobility. Considering the fact that the experimental
mobilities are strongly influenced by the the microstructural
characteristics of the dielectric layers in OFETs, such as film
deposition temperature, film growth mode, and semiconduc-
tor phase composition72, our calculated mobility based on the
crystal structures can be regarded as a reference.

1–11 | 9

Page 9 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Conclusions

In summary, the electronic and charge transport properties of
dimers of dithienothiophenes have been investigated by DFT
calculations. The frontier orbitals of the dimers have the
same symmetry as the molecular symmetry, indicating that
the molecular symmetry determines the the electron density
distribution in the molecules. The symmetries of the dimers
also influence the molecular arrangements in the crystal states.
The vinylene-bridged dimers have relatively smaller reorgani-
zation energies, more matchable HOMO and LUMO levels to
the electrode of the device, decreased aromaticities and larger
mobilities in comparison to single-bond linked dimers. So
both the symmetry and linking modes are important to deter-
mine the electronic and charge transport properties of dimers
of dithienothiophenes.

The calculated results would hint us that the high symmet-
rical molecule could have advantage in the molecular arrange-
ment in the solid state. The extended π conjugation could en-
hance the electronic couplings through π −π stacking interac-
tions, meanwhile, the decreased molecular aromaticity could
be more favorable for the charge transport. The high symmet-
rical vinylene-bridged dimers of dithienothiophenes, or their
analogues, could be potential good candidates for transistor
applications.
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