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When the oligothiophene is substituted by dicyanovinyl (DCV) or tricyanovinyl (TCV)
group, how does its transport property change? Here, we will mainly focus on exploring
the influence on charge transport properties of introducing a strong electron-withdrawing
DCV/TCV group to the thiophene units within Marcus–Levich–Jortner formalism at the
level of density functional theory. The results show that the introduction of cyanovinyl-
substituents improves the molecular p-stacking, decreases the frontier molecular orbital
energy levels and reorganization energies, and increases the transfer integrals and mobil-
ities, comparing with their parent thiophene molecules. It is interesting to find the phe-
nomenon that enriching intermolecular interactions can be favorable for controlling the
transport channel and thus get high mobility, which would be shown by the angular res-
olution anisotropic mobilities analysis. Besides, the simulated packing motifs of dimers
for 3a and 3b without crystal structures reported indicate that their packing may form
the slip p–p stacking, and that 3b may be a good ambipolar material. In a word, compared
with corresponding thiophene analogues and tetracyanoquinodimethane, these com-
pounds may become the candidates for the n-type or ambipolar organic semiconductor
materials.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

During the past several years, the organic semiconduc-
tor materials have been extensively studied both in exper-
iment and theory [1–6]. They are widely used in organic
light-emitting diodes (OLED) [7,8], organic field effect tran-
sistors (OFET) [9–11] and organic photovoltaic cells (OPV)
[12,13] because of their potential advantages such as
mechanical flexibility, low cost, easy fabrication and so
on. However, the development of organic n-type materials
lags behind the p-type materials due to their instability at
the air conditions and lower charge carrier mobility [14–
16]. Therefore, the design and develop of high-perfor-
mance and ambient-stable n-channel materials is crucial
for the development of organic electronics.
. All rights reserved.
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In recent years, the approaches to achieve n-type mate-
rials with high mobilities and air stabilities have been re-
ported by incorporating strong electron-withdrawing
groups, such as –CN, –F, and –Cl and so on [17–19]. With
these electronegative groups, their frontier energy levels
can be effectively tuned and the molecular packing can
be engineered. It has been proved that attaching elec-
tron-withdrawing groups on p-channel frameworks is an
effective strategy to lower the lowest unoccupied molecu-
lar orbital (LUMO) levels and convert materials into n-
channel organic semiconductors (OSCs) [20], such as the
representative n-type material tetracyanoquinodimethane
(TCNQ) [21]. Meanwhile, thiophene-based organic semi-
conductors have been extensively investigated in organic
thin film transistor (OTFT) applications due to their excel-
lent hole transport performance [22–27]. Recent works
show that oligothiophene substituted by electron-with-
drawing groups can serve as n-type transporting materials
[18,28,29]. For instance, Bader et al. recently designed and
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http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Molecular models investigated in this work.
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synthesized a new series of cyanovinyl-substituted oli-
gothiophene derivatives: DCV- and TCV-substituted com-
pounds (Fig. 1) [28,29], which are considered to be
potential excellent optoelectronic materials and could be
applied in organic electronics [30–33]. Especially, they
own several favorable structural features, such as good
planarity, p-stacked formation, strong intermolecular
interactions, and easy of gaining and losing of the electron
by introducing cyanovinyl to the thiophene. Therefore,
they are expected to show ambipolar or electron transport
properties [28,29].

In this study, we systematically investigated the influ-
ence of cyanovinyl introduced on geometric and electronic
structures, ionization potentials and electronic affinities,
reorganization energies, transfer integrals and mobilities
of all the molecules shown in Fig. 1 using density func-
tional theory (DFT) calculations. Moreover, in order to pre-
liminarily evaluate the charge transport properties of 3a
and 3b with no crystal structures, we simulated the molec-
ular packing of 3a and 3b by dispersion-corrected DFT
(DFT-D) method and calculated the hole and electron hop-
ping rates based on Marcus–Levich–Jortner theory. Finally,
the relationship of the angular resolution anisotropic
mobility and the intermolecular interaction were dis-
cussed in detail in Section 3.5. The results suggest that
introducing a strong electron-withdrawing cyanovinyl
group to the thiophene units could result in improved car-
rier transport performance by enriching intermolecular
interactions and transform the type of charge carrier. We
hope these discussions can advance reasonable design of
high-performance n-type materials.
2. Computational methods

The geometric structures of all systems (in Fig. 1) were
optimized at PBE0/6-31 + G(d,p). Based on the optimized
molecular geometries, vibrational frequencies were calcu-
lated by employing the same functional and basis set. The
intramolecular reorganization energies were computed by
two methods: (a) the normal-mode (NM) analysis, which
was employed to provide the partition of the total geome-
try relaxation into the contributions from individual vibra-
tional mode (provided in the supplementary); (b) the
adiabatic potential-energy surfaces approach [34,35] at
BkLYP (%HF = 25.33)/6-31 + G(d,p) level, which has been
proved to accurately estimate the internal reorganization
energy [36–38]. Furthermore, dispersion-corrected density
functional (B97-D) together with cc-pVDZ calculation was
carried out to optimize the structures of model dimers for
3a and 3b, with the purpose of simulating their molecular
packing in a preliminary way. All the calculations were per-
formed in the Gaussian 09 software package [39].

At present, there are mainly two theoretical models to
describe the charge transport mechanism in organic crystal
semiconductors: band model and hopping model. In gen-
eral, the hopping mechanism is employed to estimate the
transport properties of organic materials due to their weak
intermolecular interactions, which may result in stronger
electron–phonon coupling and localization of carriers at
high temperatures [40,41]. While, for the well ordered or-
ganic crystals at low temperatures, the transport behavior
is more rationally described by band model. Here, all the
compounds were investigated using the hopping model
at 300 K; and the band model was also employed to gain
comprehensive insight into the charge transport trend. In
hopping regime, the charge-hopping process is generally
portrayed as a self-exchange electron-transfer reaction be-
tween neighboring molecules. The hopping rate between
two adjacent molecular sites i and j within the framework
of Marcus–Levich–Jortner formulation is given as follows
[42,43]:

Khopping ¼ t2
ij
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where T is the temperature and defined as 300 K, kclass is
the classical contribution to the reorganization energy
(generally the outer sphere contribution). Here, we set a
radix (0.007 eV) of kclass for our systems, tij represents the
charge transfer integral between molecular i and j; �h is
the Planck constant divided by 2p; kB is the Boltzmann
constant. In this formulation, the effective Huang–Rhys
factor Seff and effective frequency xeff are defined as:
xeff ¼

P
jSjxj=

P
jSj, Seff ¼ kint=�hxeff , which treat only a

few modes quantum mechanically by mode average to
consider the effect of quantum behavior. In general, when
�hx » kBT, quantum mechanical correction (vibrational fac-
tors) must be treated and thus the Marcus–Levich–Jortner
formulation should be adopted; when �hx « kBT, it can be
assumed that classical and the simpler Marcus-type
expression can be employed [44].

The charge transfer integrals of all hopping pathways
selected from crystal structures were obtained by the
site-energy corrected method [45,46], which calculate the
effective transfer integral from the spatial overlap integral
S12, transfer integral V12, and site energies e1(2):

Veff
12 ¼

V12 � 1
2 ðe1 þ e2ÞS12

1� S2
12

ð2Þ

where, S12, V12, and e1(2) can be obtained from S12 ¼
hW1 W2j i, V12 ¼ hW1 H W2jj i, and e1ð2Þ ¼ hW1ð2Þ H W1ð2Þ

���� i.
Among them, H is the Hamiltonian of the dimer system;
W1 and W2 are the highest occupied molecular orbitals
(HOMOs) or the lowest unoccupied molecular orbitals
(LUMOs) of two monomers. All calculations are performed
using PW91PW91/6-31G(d,p) method, which has been



Table 1
The calculated adiabatic, vertical ionization potentials (IP (v) and IP (a)) and
electronic affinities (EA (v) and EA (a)), for all compounds based on PBE0/6-
31 + G(d,p) level (energies in eV).

Molecule IP (v) IP (a) EA (v) EA (a)

1a 8.95 8.86 3.00 3.17
1b 8.89 8.80 2.92 3.09
2a 8.12 8.03 2.86 3.01
3a 7.63 7.52 2.81 2.97
3b 7.59 7.49 2.79 2.94
2s 8.14 7.99 2.53 2.63
3s 7.51 7.37 2.64 2.72
TCNQ 9.16 9.08 3.64 3.78
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proven to give reliable estimation of transfer integral
[47,48].

The drift mobility l can be evaluated from the Einstein
relation:

l ¼ e
kBT

D ð3Þ

Here, e is the electronic charge, and D is the diffusion coef-
ficient which can be approximately evaluated from the
charge-transfer rate k as, D ¼ limt!1

1
2d
hxðtÞ2i

t � 1
2d

P
ir

2
i kiPi,

where d is the spatial dimension, ki is the hopping rate
along the specific hopping path i, ri is the centroid distance
between center molecule and neighbor i, and Pi is the rel-
ative probability for the charge carrier to a particular ith
pathway, Pi ¼ ki=

P
iki.

Meanwhile, to corroborate the reliability of the hopping
model, the electronic band-structure calculations were
also performed with VASP [49–51] using PBE exchange–
correlation functional and a plane-wave basis set. The inte-
grations over the Brillouin zone were sampled by 4 � 4 � 1
k-points for 1b, 7 � 1 � 3 k-points for 2a, 7 � 2 � 1 k-
points for 2a�CH2Cl2, 3 � 1 � 4 k-points for 2s, 1 � 7 � 3
k-points for 3s and 5 � 5 � 2 k-points for TCNQ, using the
Monkhorst–Pack scheme [52].

3. Results and discussion

3.1. Geometric and electronic structures

Three functionals, B3LYP, BP86 and PBE0, were em-
ployed to optimize the geometry of 1b to check the reli-
ability of the theoretical level. The calculated results are
collected in Table S1 in comparison with the available
experimental values (crystal structures), and demonstrates
that PBE0 give more reliable values than other two func-
tionals. Thereby, the structures of all systems here were
optimized at the PBE0/6-31 + G(d,p) level. The calculated
results indicate that all these compounds are planar or
nearly planar. For isomers 1a and 1b, the total energy dif-
ference of 0.002 eV between them suggests that they exist
with stability. Besides, it is noted that the absolute values
of total energy for all systems increase with the increasing
of the repeating thiophene unit.
Fig. 2. Illustration of the frontier molecular orbitals for all compou
Moreover, to simulate the influence of solid state pack-
ing environment, the geometries of 1b, 2a, 2s, 3s and TCNQ
were also optimized by quantum mechanical/molecular
mechanics (QM/MM) method. The force field for MM is
the Universal Force Field (UFF). QM/MM could consider
the influences of solid state environment. By comparing
with the geometries optimized at single molecule scale,
we found that all the geometries obtained from QM/MM
are almost same as former. In addition, the frontier molec-
ular orbital energies obtained from these two methods are
summarized in Table S2. Apparently, the energy level of
HOMOs/LUMOs did not show significant change from the
gas phase to the solid state. So it is reasonable that we take
all the calculations in the gas phase.

The frontier molecular orbitals of all compounds, BT
and TCNQ shown in Fig. 2 suggest that both LUMOs and
HOMOs spread over the whole molecule. This good delo-
calization is favorable for carrier transport. It is found that
the introduction of cyanovinyl group decreases the HOMO
and LUMO levels, and hence improves air stabilities and
abilities of electron injection compared with their parent
compound BT. While for series 1–3, the frontier molecule
orbital energy levels rise slowly with increasing the num-
ber of the thiophene rings. Moreover, compared with the
compounds 2a, 3a and 3b with DCV substituent on both
sides of the thiophene cores, 2s and 3s with TCV substitu-
ent on only one side have slightly higher orbital energy lev-
els. The values of HOMO energy level ranging from �7.67
to �6.39 eV are lower than those of polythiophenes and
nds, bithiophene (BT) and TCNQ at PBE0/6–31 + G(d,p) level.



Table 2
Reorganization energies for all compounds calculated by Bklyp/6-
31 + G(d,p) based on adiabatic potential-energy surfaces approach (ener-
gies in eV).

1a 1b 2a 3a 3b 2s 3s TCNQ

kh 0.177 0.187 0.189 0.218 0.204 0.269 0.265 0.143
ke 0.356 0.361 0.262 0.328 0.314 0.198 0.174 0.287
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pentacene (�4.9 eV), so the oxidative stabilities of these
compounds in the environment are higher [53,54]. Their
lower LUMO energy levels will facilitate the injection of
electrons from metal electrode to organic layer in organic
photoelectric devices, such as OLED. Meanwhile, the verti-
cal and adiabatic ionization potentials (electronic affini-
ties) for all systems were also calculated at PBE0/6-
31 + G(d,p) level (Table 1). Recently, Chao and coworkers
have reported that the threshold value of the adiabatic
EA for air stability was 2.8 eV [55]. As can be seen from Ta-
ble 1, the EA of DCV-substituted compounds are larger
than 2.8 eV, and for TCV-substituted compounds, EA are
found to be close to the threshold value. Therefore, all com-
pounds are expected to be stable in the air environment.
Combination of the orbital energy, the ionization poten-
tials and electronic affinities, we predict that all com-
pounds are the promising candidate for applications of
the n-type materials. This finding would be further demon-
strated in the following discussion.
3.2. Reorganization energy

Reorganization energy is one key parameter governing
the carrier hopping rate. It includes the internal reorganiza-
tion energy and the external reorganization energy. The
former originate form contribution of intramolecular vibra-
tion and the latter is due to surrounding medium. Here, the
intramolecular reorganization energies of all compounds
were evaluated from adiabatic potential-energy surfaces
approach based on Bklyp (%HF = 25.33) /6-31 + G(d,p) level
(Table 2). As seen in Table 2, the hole reorganization ener-
gies of the DCV-substituted thiophenes slightly increase
with the increasing of the repeating thiophene unit, and
for the TCV-substituted thiophenes, the hole reorganization
energies are similar to each other. Overall, both of the hole
and electron reorganization energies are relatively small,
which indicates that all compounds could be a good carrier
transport materials only from the standpoint of reorganiza-
tion energy. Comparing the hole reorganization energies of
these compounds with the ones of the typical hole transport
materials 2T (0.376 eV) and 3T (0.425 eV) calculated at the
same level, we find that introducing a strong electron-
withdrawing cyanovinyl group lead to the reduction of reor-
ganization energies, which is consistent with the finding of
Sancho-García and Pérez-Jiménez. They found that the hole
reorganization energies of cyanated tetracene derivatives
decrease with the increasing of the number of cyano group
[56].

Simultaneously, normal-mode (NM) analysis was em-
ployed to analyze the contributions of individual vibra-
tional mode to the total intramolecular reorganization
energies (Fig. S1). It is found that the main contributions
of the reorganization energies for DCV-substituted thio-
phenes are derived from the stretching vibration of the
C–C bond in the region of 1200–1500 cm�1. While, the con-
tributions of the stretching vibrations of the C–S bonds in
the region of 500–750 cm�1 play an important role for hole
reorganization energy of 2s. For 3s, torsion vibrations in
the low frequency region of the entire molecular skeleton
and the end of the thiophene unit make important contri-
bution to hole and electron reorganization energies,
respectively. Furthermore, it is clear from Table 2 and
Fig. S1 that there is no significant difference in intramolec-
ular reorganization energies calculated by these two meth-
ods, namely the normal mode analysis and adiabatic
potential-energy surfaces approach. However, the reorga-
nization energies calculated by the former is larger for 2s
and 3s than that calculated by the latter, which could be
ascribed to the breakdown of harmonic approximation, be-
cause the cyanovinyl on only one side of the thiophenes
leads to the distortion of the end thiophene due to the
imbalance of the two sides of molecule. In addition, the
external (outer-sphere) reorganization energy, which is
not easily estimated in crystal environment [57,58] and
is usually much smaller in the solid phase than in liquids,
also affect the chare transport performance of organic
semiconductor. Herein, we have set a radix (0.007 eV) of
the classical contributions to reorganization energy (kclass)
for our systems and estimated them using the same meth-
od as our previous work [16]. More importantly, McMahon
and Troisi found that external reorganization energies is
extremely small; for example, for the polyacene such as
naphthalene, anthracene, tetracene and pentacene, their
external reorganization energies are just from 0.001 to
0.007 eV [58].

3.3. Transfer integral

The transfer integral is another key parameter that
plays an important role in determining the charge carrier
mobility and its value mainly depends on both the relative
positions of the interacting molecules and their frontier
molecular orbital distributions, which have been con-
firmed by Brédas et al. [59,60]. Based on the crystal struc-
tures, the main carrier hopping pathways of 1b, 2a,
2a�CH2Cl2 (2a with dichloromethane solvent and the sol-
vent molecules are not shown for clarity), 2s, 3s and TCNQ
were selected and depicted in Fig. 3. The transfer integrals
of all hopping pathways were calculated by the site-energy
corrected method at PW91PW91/6-31G(d,p) level, and the
results are listed in Table S3–S8, respectively.

As far as their intermolecular packing motifs were con-
cerned, 1b with DCV substituent at the 2, 5-position of the
thiophene forms a slipped two-dimensional p-stacked
arrangement, in which the cynao groups bring in C–N. . .H
hydrogen-bond interactions between adjacent molecules.
The results listed in Table S3 show that the largest hole
and electron transfer integral of 1b is 38.6 and 29.0 milli-
electron volt (meV), respectively, which corresponds to
the pathways with p–p intermolecular interaction. Mean-
while, the pathways with C–N. . .H hydrogen-bond interac-
tion also have relative large transfer integrals, such as



Fig. 3. Main charge-hopping pathways of (1) 1b, (2) 2a, (3) 2a�CH2Cl2 (solvent molecules are not shown for clarity), (4) 2s, (5) 3s and (6) TCNQ.
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pathways 11–13 and 15. Compared with 1b, 2a owns two
thiophene units and forms an anti-structure, and its crystal
shows the ‘‘herringbone’’ arrangement. It is well known
that larger orbital overlaps between adjacent molecules
would lead to larger transfer integrals generally. For 2a,
the pathway with the largest hole (68.5 meV) and electron
(23.4 meV) transfer integral exhibits the face-to-face p–p
packing, which is conducive to large intermolecular orbital
overlap. Besides, strong C–N. . .H hydrogen-bond interac-
tions also present in the crystal of 2a. Because of the al-
most same hole and electron reorganization energies, the
hole and electron mobilities of 2a are considered to be
larger than that of 1b. While for 2a�CH2Cl2, the crystal
structure displays the slip-stacked p–p arrangement, and
thus the maximum of transfer integrals for both hole
(106.0 meV) and electron (49.7 meV) are larger than the
solvent-free pseudo polymorph 2a. For 2s, TCV substitutes
only locate on one side of the syn-bithiophene and lead to a
‘‘herringbone’’ arrangement with larger intermolecular
Fig. 4. Main intermolecular interactions for 1b, 2a, 2a�CH2Cl2, 2s and 3s, the re
bond interaction and C–N. . .S interaction.
distances, as compared with 2a. The largest transfer inte-
grals of 2s are 22.3 meV for hole and 36.5 meV for electron,
respectively. In 2s, the primary intermolecular interactions
are p–p interactions and the C–N. . .H hydrogen-bond inter-
actions. 3s with three thiophene units forms slip-stacked
p–p arrangement with close intermolecular distance. The
pathway 4 has the largest hole transfer integral (39.4
meV), while pathways 1 and 2 have the largest electron
(50.6 meV) transfer integrals. In 3s, both the C–N. . .S inter-
actions and C–N. . .H hydrogen-bond interactions exist
among neighboring molecules. For clarity, the main inter-
molecular interactions for 1b, 2a, 2a�CH2Cl2, 2s and 3s
are marked in Fig. 4, which will be discussed in detail in
Section 3.5. As we all known, TCNQ is a typical electron
transport materials and is a DCV-substituted system. In
order to assess whether these compounds are suitable for
electron transport materials or not, we compared their
transfer integrals with those of TCNQ. The transfer
integrals of all our compounds mentioned above are
d represents p-p interaction and the green represents C–N. . .H hydrogen-



Fig. 5. Dimer models of 3a and 3b.

Table 3
Calculated hole and electron transfer integrals of 3a and 3b at PW91PW91/
6-31G(d,p) level.

Molecule Centroid distance (Å) VHole (meV) VElectron (meV)

3a 3.56 �68.6 �36.9
3b 3.53 56.7 �94.8
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similar to or larger than TCNQ (28.4 meV for hole and
49.1 meV for electron). Combining the transfer integrals
with the EA values, we speculate that most systems stud-
ied here may behave like TCNQ as the n-type materials.

As for 3a and 3b without crystal structure reported, the
molecular packings with the face-to-face p stacked forma-
tion were simulated in a preliminary way at B97D/cc-pvdz
level by setting 3.5 Å centroid distances, which has been
often used to investigate the intermolecular packing.
B97D functional has been recognized to provide more
accurate estimate of intermolecular weak interaction
[61,62]. In order to investigate the basis set effect, the geo-
metric structure of 3a was also optimized by three-zeta
large basis set 6-311G(d) to minimize the basis set super-
position error (BSSE) and to evaluate the effect of basis set
size. And, interaction energies were calculated using coun-
terpoise correction scheme taking BSSE into account [63].
In addition, we also compared the main hopping rate con-
stant calculated by two basis sets. The results are summa-
rized in Table S9, and show that there is no significant
change for the BSSE-corrected interaction energies (DE),
centroid distance (d) and the main hopping rate constants
(k) calculated by cc-pVDZ and 6-311G(d). Thus, cc-pVDZ
could be used to obtain these parameters mentioned above
because of the compromise between the accuracy and
computational efforts. The optimized structures at B97D/
cc-pVDZ level are shown in Fig. 5. Due to the intermolecu-
lar interaction, the intermolecular relative orientations
have some displacement from the initially set arrange-
ment, namely face-to-face stacked formation. Based on
the optimized structures, the hole and electron transfer
integrals were calculated. The dimer centroid distances,
hole and electron transfer integrals are listed in Table 3.
We can find that the hole and electron transfer integrals
are 68.6 and 56.7 meV for 3a, and 36.9 and 94.8 meV for
3b, respectively. As a result, we can infer reasonably that
3a and 3b possess high hole and electron mobilities and
they may be potentials of excellent transport materials. It
is important to point out that the hole and electron transfer
integrals are rather large, although the slight overestima-
tion of their values is possible using immature disper-
sion-corrected functional. Additionally, our investigation
on the simulation of molecular packing of 3a and 3b is just
tentative, because the accurate calculation of mobility
needs to predict the crystal structure of organic semicon-
ductor, which is still a great challenging task at current
stage [64,65].
3.4. Drift mobility

In term of the parameters mentioned above, the hole
(lh) and electron (le) mobilities of the investigated com-
pounds are estimated at room temperature (300 K). The re-
sults are summarized in Table 4. Apparently, the electron
mobility of TCNQ calculated by Marcus–Levich–Jortner for-
mulation is in well agreement with the experimental
value, which has been reported to be 0.2–0.5 cm2/V s in
the air [66]. From the results, we can find that (i) For
DCV-substituted thiophenes, the hole mobilities are larger
than electron mobilities; while for TCV-substituted thio-
phenes, the reverse happens, indicating that the number
of cyanovinyl is a effective avenue to modulate the type
of carrier. (ii) Both the hole and electron mobilities are in-
creased with the increase of repeating thiophene unit. (iii)
Both hole and electron mobility of 2a�CH2Cl2 is higher than
that of 2a, which is ascribed to less-ordered packing motifs
and thus smaller transfer integrals of 2a. (iv) The charge
transfer rate constants of 1.56 � 1014 and 1.45 � 1014 s�1

for hole, and 2.23 � 1013 and 2.33 � 1014 s�1 for electron
of 3a and 3b were obtained by Marcus–Levich–Jortner for-
mulation, respectively (Table 4). Therefore, according to
the carrier mobilities and hopping rate constants, 3b and
2a�CH2Cl2 may be the good ambipolar materials, 2s and
3s are expected to show n-channel charge transport prop-
erties. In summary, we speculate that the DCV-substituted
and TCV-substituted compounds may become the candi-
dates of n-type or ambipolar semiconductors.

3.5. Anisotropy of mobility

The anisotropic mobility is an intrinsic property of
charge transport in organic semiconductors [67,68]. In or-
der to investigate the relationships among angular resolu-
tion anisotropic mobility, molecular structures, and
packing, Han and coworkers proposed a theoretical model



Table 4
The effective frequencies xeff (eV), and effective Huang–Rhys factors Seff, charge carrier mobilities l (cm2/V s) and the main hopping rate constants k (s�1) for
1b, 2a, 2a�CH2Cl2, 3a, 3b, 2s, 3s and TCNQ within Marcus–Levich–Jortner formulation.

Hole Electron

xeff Seff lh kh xeff Seff le ke

1b 0.134 1.40 1.32 6.89 � 1013 0.169 2.14 0.351 1.85 � 1013

2a 0.141 1.34 2.10 2.31 � 1014 0.165 1.59 0.261 2.09 � 1013

2a�CH2Cl2 0.142 1.32 5.15 5.59 � 1014 0.161 2.10 0.521 5.67 � 1013

3a 0.126 1.73 1.56 � 1014 0.135 2.43 2.23 � 1013

3b 0.143 1.42 1.45 � 1014 0.159 1.98 2.33 � 1014

2s 0.118 2.28 0.093 9.47 � 1012 0.126 1.57 0.911 5.18 � 1013

3s 0.116 2.29 0.692 2.93 � 1013 0.116 1.50 3.38 1.06 � 1014

TCNQ 0.182 0.79 1.13 6.86 � 1013 0.104 2.76 0.489a 2.85 � 1013

a The value in Ref. [63] is 0.2–0.5 cm2/V s.
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to simulate the anisotropic mobility [69,70]. Here, this
model was also used to probe the relationship between
the intermolecular interaction and the anisotropic mobility
to gain insight into the influence of cyanovinyl groups.
According to the projection of different hopping pathways
to a transistor channel, we calculated the anisotropic hole
and electron mobilities for each compounds, and the
results were depicted in Fig. S2–S5 and Fig. 6. As seen
from Fig. S2, both hole (0.2667 cm2/V s) and electron
Fig. 6. (a) Illustration of projecting different hopping pathways to a transistor cha
T2, and T3 dimers relative to the reference crystallographic axis a; U is the angle
The simulated hole anisotropic mobilities and (c) electron anisotropic mobilitie
(0.0201 cm2/V s) mobilities of 1b are isotropic, i.e., arbi-
trary selection of a transistor channel in a–b plane can ob-
tain same carrier mobilities, which is just the thing to be
aimed at for experimentalist. Combining with the discus-
sion on transfer integrals and intermolecular interactions
in Section 3.3, we can find that the p–p and C–N. . .H hydro-
gen-bond interaction play the same role in the charge car-
riers transport for 1b. For 2a, the hole and electron
anisotropic mobilities in the a–c plane in Fig. 6 reveal that
nnel in the a–c plane of 2a crystal; hP, hT1, hT2 and hT3 are the angles of P, T1,
of a transistor channel relative to the reference crystallographic axis a. (b)
s in the a–c plane of 2a.
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the highest hole mobilities (0.792 cm2/V s) could be ob-
tained when the transistor channels selected are along
the 0� and 180� directions relative to the a axis, and these
directions are found to correspond to the transport path-
ways with p–p intermolecular interactions. However, the
highest electron mobility (0.0327 cm2/V s) of 2a occurs
along the 39� and 219� directions relative to the a axis,
which correspond to the projection of the four symmetrical
pathways in the a–c plane with strong C–N. . .H hydrogen-
bond interactions. These results show that intermolecular
p–p interactions and C–N. . .H hydrogen-bond interactions
play an important role and have a significant contributions
to hole and electron charge transport, respectively. For
2a�CH2Cl2, Fig. S3 illustrates that both the highest hole
(1.944 cm2/V s) and electron (0.0752 cm2/V s) mobilities
are along the parallel direction of a crystallographic axis,
which correspond to the transport pathways 1 and 2 with
p–p interactions. As for 2s, Fig. S4(c) shows that the direc-
tion with the largest electron (0.354 cm2/V s) mobility is
along the a axis of the crystal cell However, the direction
of its highest hole mobility (0.0255 cm2/V s) (Fig. S4(b))
is perpendicular to the a axes in selected planes. The rele-
vant pathway is pathways 1–4, which are all dominated by
p–p interactions. The anisotropic hole and electron mobil-
ities for 3s are shown in Fig. S5. We can find that the 93�
and 273� directions relative to the a axis of 3s have the
highest hole mobility (1.691 cm2/V s). It is found that these
directions correspond to the transport pathways with
short C–N, C–C distances, which could provide effective
orbital overlaps between neighboring slip-stacked mole-
cules. However, the electron mobilities of 3s are nearly iso-
tropic, and the intermolecular p–p, C–N. . .S and C–N. . .H
hydrogen-bond interaction in 3s (vide supra) play the
same role for the electron transporting. These calculated
results show that the presence of the C–N. . .S, C–N. . .H
hydrogen-bond and C–N short contacts introduced by
cyanovinyl groups are favorable for the charge transport
and provide another effective transport channels for
charge carrier transport.
3.6. Band structure

To substantiate the reliability of the charge-transport
hopping model, the electronic band structure along high
symmetry directions are depicted in Fig. S6. In general,
the appearance of both dispersive and flat bands is a reflec-
tion of anisotropy in the charge transport properties of the
crystal; and the stronger dispersion of band is, the larger
carrier mobility is. As seen from Fig. S6, the stronger dis-
persive valence band of 1b, 2a and 2a�CH2Cl2 implies that
their hole mobilities are larger than electron mobilities.
And for 2s, 3s and TCNQ, the dispersion magnitude of the
valence band is smaller than that of conduction bands,
indicating that their electron transport capacities are
stronger than hole. These results are consistent with the
results by means of the hopping model. Moreover, the
purpose of our investigation is to gain insight into the
relationship between structure and carrier transport prop-
erty, not to calculate the accurate carrier mobility here. The
hopping model is thus suitable.
4. Conclusions

The geometric and electronic structures, ionization
potentials, electronic affinities, reorganization energies,
transfer integrals and mobilities of the cyanovinyl-substi-
tuted thiophene derivatives were calculated and evaluated
by DFT calculations and Marcus–Levich–Jortner formula-
tion. According to these results, it is found that introducing
a strong electron-withdrawing cyanovinyl group, whatever
on one side or both sides of the thiophene units, the
HOMOs and LUMOs of the investigated compounds are
much lower than their parent thiophene molecules. The
ionization potentials decrease with increasing of thiophene
units; the electron affinities of all compounds are clearly in
the range of air-stable n-type semiconductor materials.
Combined with reorganization energies, transfer integrals
and mobilities, we can speculate that DCV-substituted
and TCV-substituted compounds may decrease the reorga-
nization energy, promote p stacked arrangement, increase
the transfer integral than the corresponding parent com-
pounds. Moreover, DFT-D method was used to simulate
the molecular packing of 3a and 3b, which have no crystal
structures. Based on these optimized dimers, we tenta-
tively estimated the charge transport properties of 3a
and 3b, and inferred that 3b may be the good ambipolar
materials. From the above results, these compounds may
achieve the materials from p-type to n-type or ambipolar
transformation and the introduction of the cyanovinyl
causes the C–N. . .H hydrogen-bond, C–N. . .S and C–N inter-
molecular interactions, which will be conducive to form
the effective transporting network for the charge carriers.
The studies on these compounds can provide some ideas
for design and synthesize new organic semiconductors
with high mobility by making full use of the various inter-
molecular interactions and make the n-type material rich
and diverse.
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