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By analyzing electrostatic and polarization effects in amorphous dicyanovinyl-substituted
oligothiophenes, we conclude that local molecular dipole moments result in a large, spatially correlated,
energetic disorder. This disorder increases with the number of thiophene units in the oligomer and leads
to an unexpected reduction of charge carrier mobility in a more ordered (smectic) mesophase, observed
for the longest of the studied oligomers (hexamers). This reduction in mobilities contradicts the
common belief that more ordered phases of organic semiconductors have a better charge carrier
mobility. In this particular case, the amorphousness leads to a better-connected charge percolating
network, helping to bypass deep energetic traps. By comparing mobilities of amorphous and crystalline
mesophases we conclude that vacuum deposited thin organic films have well ordered polycrystalline
morphologies.

I.

Introduction

Organic solar cells based on small molecules1–5 have recently
shown a substantial improvement of up to 10% efficiencies in
tandem cells.6,7 A particularly successful class of materials in this
respect is that of dicyanovinyl-substituted oligothiophenes
(DCVnTs, see Fig. 1), where electron-withdrawing terminal
groups are used to decrease the optical band gap. DCVnTs have
been synthesized with one to six thiophene units (n ¼ 1–6) per
molecule8,9 and functionalized with various ligands in order to
increase solubility and modify stacking behavior.
Since overall solar cell performance depends on the efficiency
of hole and electron transport in the donor and acceptor,
respectively,10 it is important to understand what factors affect
charge transfer and transport in this class of compounds.11–15 In
crystalline phases of DCV3T and DCV4T (and their methylated

Fig. 1 Molecular structures of terminally dicyanovinyl-substituted oligothiophenes (DCVnT, n ¼ 1–6).
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derivatives), hole mobility was shown to be very sensitive to the
connectivity graph (defined by electronic coupling elements) and
energetic disorder (determined by variations in site energies),
which is due to large dipole moments of the terminal groups.8,16,17
In solar cells, however, DCVnTs and fullerenes are mixed in a
thin film. The donor phase can either have a different
morphology than in a single crystal molecular packing18 or can
be only partially ordered.19
Herein, we complement the studies of charge transport in
crystalline materials by analyzing hole transport in amorphous
mesophases of DCVnTs, i.e., systems with a completely disordered molecular alignment. We find that a large energetic
disorder leads to low charge carrier mobilities, which decrease
with the increase in the oligomer length. In sexithiophenes, n ¼ 6,
we observe a more ordered, smectic, mesophase in which molecules are aligned in planes. This mesophase not only has a lower
energetic disorder than the amorphous mesophase but also a
(substantially) lower mobility. Microscopic origins of this
inconsistency are explained by comparing charge percolating
networks of electronic coupling elements and spatially correlated
energetic disorders of the two DCV6T mesophases.

II. Methodology
Atomistic molecular dynamic simulations are performed using
the GROMACS simulation package20 in the NPT ensemble with
the Berendsen barostat,21 stochastic velocity-rescaling thermostat,22 and a re-parametrized version of the OPLS force field.17
Amorphous systems of 4096 DCVnT molecules (n ¼ 1–6) are first
equilibrated at 800 K for 10 ns, well above their glass transition
temperatures, quenched to 300 K, and then equilibrated for
another 10 ns.
This journal is ª The Royal Society of Chemistry 2012
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The longest of the compounds, DCV6T, is isotropic at 800 K,
but spontaneously forms a smectic mesophase at 700 K. To avoid
having defects in the smectic layers, we have pre-arranged
molecules on a lattice and equilibrated the system at 700 K for
10 ns. The resulting molecular arrangement had the same spacing
between the smectic layers as the one obtained by cooling it from
the amorphous phase.
Molecular ordering is characterized by the order parameter, S,
which is the largest eigenvalue of the order tensor, Sab ¼ ½h3nanb 
dabi. Note that the unit vector ~
n is defined to be along the backbone
of the molecule by the two branching carbons of the DCV groups.
Order parameter values, summarized in Table 1, show that all
amorphous morphologies are isotropic with S < 0.1, while the
smectic phase of DCV6T has a preferred molecular orientation
along the x-axis with S ¼ 0.81. Two representative slices of the
amorphous and smectic DCV6T morphologies are shown in
Fig. 2a.
Charge carrier dynamics is modeled by evaluating intermolecular charge carrier hopping rates and solving the master equation
for a charge carrier drift-diffusing in an applied electric field using
the kinetic Monte Carlo algorithm.23–28 The high-temperature
limit of the Marcus theory29,30 is employed to evaluate the transfer
rates for the charge hopping between neighboring molecules
(i and j),
" 
2 #
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DEij  l
Jij 2
p
uij ¼ exp 
;
(1)
lkB T
h
4lkB T
where T ¼ 300 K, l is the reorganization energy (given in Table 1
for all compounds), Jij is the electronic coupling element, or
transfer integral, and DEij is the site energy difference which has
contributions from an external electric field and electrostatic
interactions, including polarization. These microscopic quantities are calculated explicitly for each pair of molecules from the
neighbor list using quantum-mechanical and polarizable forcefield methods.27 A pair of molecules is added to the list of
neighbors if the distance between centers of mass of any of their
thiophene or dicyanovinyl groups is below a cutoff of 0.8 nm. In
particular, the electronic coupling elements, Jij, are calculated
using the semi-empirical ZINDO method.31 Electrostatic
contributions to the site energies are evaluated self-consistently
based on the Thole model,32 using the atomic polarizabilities and
partial charges listed in the ESI.†

III. Results
A. Electronic coupling elements
We first analyze the electronic coupling elements, Jij, between
neighboring molecules. In the absence of energetic disorder, a

graph with vertex positions given by the molecular centers of
mass and edges weighted by the hopping rates (which are
proportional to Jij2) should provide a complete description of the
system needed to determine the charge carrier mobility.
Representative slices of a weighted graph are shown in Fig. 2b.
Here the graph vertices are the molecular centers of mass and the
color/thickness of the edges reflects the magnitude of the corresponding electronic coupling elements. One can see that the
amorphous mesophase has a spatially uniform distribution of
vertices, while the smectic phase comprises a set of well-interconnected two-dimensional planes (parallel to the yz-plane),
connected with each other by a few edges more or less parallel to
the x-axis. Note that the smectic phase has approximately two
orders of magnitude higher electronic coupling elements within
the layers than between them (corresponding distributions
together with tabulated values can be found in the ESI†). The
insets in Fig. 2b depict a set of sites accessible for a charge: a
spherical shell (yellow) for the isotropic DCV6T, and a ring (red)
in the same layer with two islands (blue) in the neighboring layers
for the smectic mesophase of DCV6T.
B. Site energies
The acceptor–donor–acceptor molecular architecture of
DCVnTs results in large dipole moments at the terminal groups.
In combination with the disorder in molecular orientations this
leads to a large, spatially correlated, energetic disorder.17,33 Such
an energetic landscape is shown in Fig. 2c for the amorphous and
smectic phases of DCV6T. One can see that site energies are
spatially correlated due to the long range nature of Coulomb
forces.34,35 For all systems, the distributions of site energy
differences for pairs in the neighbor list have a Gaussian shape
(shown in the ESI†). The widths of these distributions, s, are
summarized in Table 1 and shown in the right panel of Fig. 3a. It
can be seen that this energetic disorder, s, slightly increases with
the number of thiophene units in the molecule and, as expected,
the more ordered smectic phase of DCV6T has a lower energetic
disorder than the amorphous DCV6T.
C.

Charge mobility without energetic disorder

To understand the effect of the morphology and charge transfer
parameters on charge carrier mobility, we first simulate charge
dynamics in a system without energetic disorder and external
field.
The largest and the smallest eigenvalues of the mobility tensor
(which define the range of the variation of the mobility) are
shown in the right panel of Fig. 3b. For amorphous systems, they
lie in the range of 0.4–0.2 cm2 V1 s1, hence they do not depend
on the molecular length. When analyzing electronic couplings in

Table 1 Density, nematic order parameter, reorganization energy, energetic disorder, effective energetic disorder, and mobility

3

r, g cm
S
l, eV
s, eV
seff, eV
m, cm2 V1 s1

DCV1T

DCV2T

DCV3T

DCV4T

DCV5T

DCV6T

DCV6T smectic

1.17
0.02
0.17
0.25
0.144
1.1  108

1.22
0.02
0.17
0.28
0.150
1.1  109

1.25
0.02
0.18
0.29
0.154
6.8  1010

1.27
0.02
0.21
0.30
0.163
3.5  1010

1.29
0.06
0.22
0.33
0.170
8.5  1011

1.30
0.04
0.23
0.35
0.176
1.3  1011

1.33
0.81
0.23
0.33
0.205
1.8  1014
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Fig. 2 (a) Equilibrated simulation boxes of the isotropic and smectic mesophases of DCV6T, where 2 nm thick slices of the system oriented
perpendicular to the y-direction (and the x-direction for the smectic mesophase) are shown. (b) Hopping sites (molecular centers of mass) are depicted by
dots and electronic coupling elements by edges. The insets illustrate the direction-resolved distributions of the nearest hopping sites. (c) Hopping sites
and respective site energies (including polarization) depicted via the color map.

amorphous systems, we have concluded that the average separation between molecular centers of mass increases, while the
average electronic coupling decreases with increasing n.
For amorphous systems, these two effects apparently balance
22260 | J. Mater. Chem., 2012, 22, 22258–22264

each other in the expression for the mobility tensor, ma b ¼
P
(kBT)1 ijpiuji(ri,ari,b  rj,arj,b), where pi is the occupation
probability of site i, and uij is the charge transfer rate from site i
to site j (according to eqn (1)).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Semi-logarithmic plot of mobility versus an effective (left, introduced in Section IIIE) and neighbor-list based (right, defined in Section IIIB)
energetic disorder. (b) Right: largest and smallest eigenvalues of the zero-field mobility tensor without the energetic disorder. Middle: Poole–Frenkel
plots and linear fits used to extract the zero field mobility. Left: zero-field mobility in systems with energetic disorder. (c) Distribution of absolute values
of edge currents, |cij|, where the edges contributing to 90% of the total edge current are shown by the filled areas. (d) Distributions of electronic couplings
for those edges which contribute the most to the total current (filled areas in (c)).

The right panel of Fig. 3b also shows that the DCV6T smectic
phase has a (uniaxial) mobility tensor with the largest eigenvalue
of 0.21 cm2 V1 s1 (along the x-axis) and 0.11 cm2 V1 s1 in the
yz-plane. Unexpectedly, the mobility along the x-axis is slightly
higher than the mobility in the yz-plane, even though electronic
couplings between the smectic planes are significantly lower.
Again, larger hopping distances between the smectic layers
compensate for the reduction in electronic couplings.
Another interesting observation is that the smectic ordering does
not lead to a substantial increase of electronic coupling elements in
smectic layers since molecular orientations in the yz-plane are also
disordered (liquid-like) within these layers. However, smectic
ordering results in smaller intermolecular separations within layers,
and hence (small) mobility reduction as compared to the isotropic
phase. This conclusion can be generalized by stating that, for efficient transport, local molecular ordering (e.g. crystallization in a
smectic layer) is just as important as long-range ordering, e.g. such
as the formation of the smectic mesophase.

pﬃﬃﬃﬃ
Poole–Frenkel (log m vs. F ) plots of hole mobility for all systems,
and the left panel shows the extrapolated zero-field mobilities. As
expected, in amorphous systems, energetic disorder leads to a
mobility reduction by several orders of magnitude with a systematic
mobility decrease as the energetic disorder s increases. This is in
agreement with the Gaussian disorder model (GDM), where
rougher energetic landscapes lead to smaller charge carrier mobilities. Note, that in our case site energies are explicitly calculated and
not chosen randomly from a Gaussian distribution.
The situation is, however, very different in the smectic phase.
Here, the reduction in mobility is very large, resulting in values of
1014 cm2 V1 s1, despite the fact that the energetic disorder is
smaller than in the amorphous DCV6T phase. This contradicts
both the results of the GDM model and the common belief that
more ordered phases of organic semiconductors should have a
higher charge carrier mobility. In order to understand this
behavior, we now analyze distributions of local currents in
amorphous and smectic mesophases.

D.

E. Spatial correlations and filamentary currents

Effect of energetic disorder

We now include the energetic disorder and study the fielddependence of mobility. The middle panel of Fig. 3b shows the
This journal is ª The Royal Society of Chemistry 2012

To analyze edge currents, defined as cij ¼ ½e(pjuji  piuij), we
first sort all |cij| values and then remove molecular pairs with
J. Mater. Chem., 2012, 22, 22258–22264 | 22261

Downloaded by Max-Planck Institute fur Polymerforschung on 03 October 2012
Published on 06 September 2012 on http://pubs.rsc.org | doi:10.1039/C2JM34837C

View Online

small currents until the remaining sum of the original total
current reaches 0.9. By doing this, only the high-current edges
which contribute to the 90% of the total current in the system are
left. Fig. 3c shows that only a small fraction of all edges
(neighbor list pairs) is actually used by a drift-diffusing charge
(filled area). These edge currents are visualized in Fig. 4a for an
amorphous morphology of DCV4T.
Such a reduction in the number of pairs participating in charge
transport can be attributed to the long-range nature of electrostatic interactions: site energies become spatially correlated and
charges move in the areas of low site energies. This can be seen in
Fig. 4b, where the current filament is shown together with the
cross-section of the site energy landscape. The filament clearly
avoids the energetically unfavorable regions and percolates along
the edges with large electronic couplings.

For the remaining edges, i.e., the high-current edges contributing to 90% of the current, the distributions of site energy
differences were again evaluated. The widths of these distributions, seff, are summarized in Table 1 and are also shown in
Fig. 3a (left panel). This effective energetic disorder is significantly lower than the disorder evaluated for all neighboring pairs
(right panel). Hence, we can conclude that, even for an amorphous morphology, characterization of the system by the site
energy distribution alone can be misleading.
By comparing the two different phases of DCV6T, one can
see that the effective energetic disorder for the smectic phase is
now higher than that of the isotropic phase. In fact, it is now
possible to correlate log(m) with the effective value of the
disorder, as shown in the left panel of Fig. 3a. If spatial
correlations and the topology of the charge percolating

Fig. 4 (a) Local currents contributing to 90% of the total current in an amorphous DCV4T system. An electric field of 1000 (V/cm)2 is applied in the
z-direction. The dots are the molecular centers of mass, arrows depict local currents (their thickness and color are proportional to the logarithm of
the current amplitude). (b) Current filament and energetic landscape in a slice of the system. The charge carrier traverses the system in the z-direction
(13.7 nm) by hopping along the 21 molecules shown.
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network are not taken into account, this would clearly not be
possible (see Fig. 3a, right panel).
One can also analyze the distributions of effective transfer
integrals, hJij2ieff, which are shown in Fig. 3d. These are very
similar for all amorphous systems. For a smectic DCV6T, the
distribution is bimodal. The peak with higher values corresponds
to the edges in the smectic layer (yz-plane) and the peak with
smaller values corresponds to the edges along the x-direction,
perpendicular to these layers. The correlated energetic disorder
and the bimodal distribution of transfer integrals are therefore
the microscopic reasons for the mobility reduction in the smectic
phase. The energetic landscape in both amorphous and smectic
phases is spatially correlated in all three dimensions, i.e. current
filaments can be thought of as three-dimensional random walks.
This also agrees with the observation that the mobility tensor of
the smectic system is practically isotropic. In the smectic phase,
however, transfer integrals between the layers are significantly
smaller than within the layers. Thus, the carrier is biased to driftdiffuse within the layers, that is two-dimensional cross-sections
of the energetic landscape. Hence, the energetic disorder in the
smectic phase is effectively higher and therefore the transport
becomes slower.

IV. Discussion and conclusions
In summary, we have characterized networks of electronic
couplings and energetic landscapes for a series of amorphous
dicyanovinyl-substituted oligothiophenes and a smectic mesophase of a compound with six thiophenes.
All amorphous phases have a large, spatially correlated,
energetic disorder, resulting in a filamentary structure of microscopic currents. The value of the disorder and reorganization
energy increases with the number of thiophene units in the
molecule, leading to smaller values of charge carrier mobility for
longer molecules.
A more ordered smectic phase of DCV6T has a lower energetic
disorder but (unexpectedly) significantly lower charge mobility
than that of the amorphous DCV6T. This can be explained as an
interplay between the three-dimensional spatial correlations of
the energetic disorder and the two-dimensional network of
coupling elements within smectic layers which have small electronic couplings between them.
In fact, a similar observation has already been made for
crystalline compounds.17 There, strong one-dimensional
couplings along the p-stacking direction have shown to lead to
a lower mobility as compared to methylated compounds
without pronounced p-stacking, but with a more balanced
(three-dimensional) network of suitable electronic couplings.
Here, stronger electronic couplings in smectic layers (twodimensional percolating network) suppress electronic couplings
between the layers, which, in combination with a large energetic disorder, leads to an overall reduction of the charge
carrier mobility.
We finally compare the energetic disorder and mobilities of
amorphous and crystalline DCV3T and DCV4T. In crystalline
compounds,17 DCV3T and DCV4T have energetic disorders of
0.11 eV and 0.10 eV, respectively. These are significantly smaller
than their energetic disorders in the respective amorphous phases, 0.29 eV and 0.30 eV. As a result, the corresponding mobilities
This journal is ª The Royal Society of Chemistry 2012

of the crystalline phases (103 cm2 V1 s1) are more than six
orders of magnitude higher. Though a qualitative conclusion is
anticipated, the quantitative increase of mobility due to crystalline ordering and decrease of the energetic disorder is striking.
Interestingly, the experimentally measured OFET mobility is of
the order of 104 cm2 V1 s1 for DCV4T,16 indicating that
thin organic films used in devices have well ordered polycrystalline morphologies, which is in agreement with recent
X-ray scattering experiments.36
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