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Recently, an optimum mobility of 8.3 cm2/(Vs) has been measured for single-crystal organic field-effect
transistors based on the dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]-thiophene (DNTT) molecule. Here, on the basis
of quantum chemistry calculations and molecular dynamics simulations, we investigate the microscopic charge
transport parameters of the DNTT molecule and crystal. Our findings confirm that the moderate anisotropy
of the hole mobility in DNTT is highly dependent on the presence of in-plane herringbonelike intermolecular
interactions with large electronic coupling (transfer integral) values (ca. 0.1 eV). Also, we demonstrate that
the π-extended heteroaromatic structure leads to strong electronic coupling interactions among neighboring
molecules and to a decrease of the intramolecular reorganization energy. In DNTT, thermal modulations of
the electronic couplings at 300 K remain small when compared to those exhibited by the pentacene single
crystal. This theoretical study suggests that heteroacenes are a promising route toward high-mobility organic
semiconductor materials. Charge transport is discussed in the framework of both band and hopping models.
I. Introduction
Organic semiconductors are widely investigated as candidates
for new generation of thinner, larger, and higher resolution
electronic devices.1–4 Advances in the scientific understanding
and in the device performance of these materials have resulted
in organic semiconducting materials that have, in some instances, superseded Si in performance.5–8 Among them, the
pentacene molecular crystal, which has emerged as the benchmark of organic molecular semiconductors, has been used to
develop organic thin-film transistors with hole mobilities as high
as 5.5 cm2/(Vs).9 However, building materials with both air
stability and high charge mobility has proved to be a very
challenging task.1,10–12
Recently, a new molecular semiconductor, dinaphtho[2,3-b:
2′,3′-f]thieno[3,2-b]-thiophene (DNTT) was introduced by
Takimiya and co-workers13 and has gained attention due to its
high air-stable mobility values (3.1 cm2/(Vs))14 and its relatively
simple synthetic pathway. In addition, a more recent study
reported an optimum mobility of ∼8.3 cm2/(Vs) in the saturation
regime of single-crystal organic field-effect transistors based
on DNTT.15 Recent experimental measurements also revealed
a moderate anisotropy of the charge mobility of DNTT singlecrystal transistors.16 Despite the availability of the experimental
evidence of the high-performance of the DNTT molecular
crystal, to the best of our knowledge, there is no theoretical
characterization that provides a clear explanation for the origin
of its high mobility and moderate anisotropic behavior.
Here, we use quantum-chemical calculations and molecular
dynamics simulations to investigate the charge transport characteristics of DNTT in terms of the electronic and vibrational
couplings of both the molecule and the crystal. The crystalline
structure of DNTT is characterized by the presence of her* To whom correspondence should be addressed. E-mail: rsanchez@
fas.harvard.edu (R.S.S.-C.); atahan@fas.harvard.edu (S.A.); aspuru@
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ringbone sheets (ab plane) with relatively weak coupling
between the layers (c axis). We find that the herringbone packing
of DNTT molecules plays a significant role in determining the
observed moderate anisotropy of the hole mobilities in DNTT.
This, in part, is due to the presence of strong electronic couplings between molecular dimers located in the direction of the
ab plane. We also find that the microscopic charge transport
properties in DNTT are only slightly perturbed by the electronphonon interactions, unlike in small oligoacene organic semiconductors (i.e., naphthalene and anthracene) or in oligothiophenebased semiconducting materials, where the vibrational couplings
play an important role in the description of the transport
properties of these materials.17–20 Comparison with experiment
and pentacene, the well-known organic semiconductor material,
is also highlighted.
II. Computational Methodology
The geometry and electronic structure of the isolated DNTT
molecule were obtained at the density functional theory (DFT)
level by performing geometry optimizations with the Beckethree parameter Lee-Yang-Parr (B3LYP) hybrid density
functional21,22 and the 6-31G(d,p) basis set,23–25 as implemented
in the Q-Chem software package.26 The results of vibrational
frequency calculations at the B3LYP/6-31G(d,p) level of theory
were then used to calculate the relaxation energy based on the
theoretical methodology described by Reimers27 and adapted
here for the Q-Chem code. The transfer integrals for nearestneighbor pairs of DNTT molecules were also calculated at the
same level of theory.
The electronic-band structure calculation of the DNTT
single-crystal was carried out using DFT with the PBE28
(Perdew-Burke-Ernzerhof) exchange-correlation functional
and plane-wave basis set as implemented in the VASP code.29–31
Electron-ion interactions were described using the projector
augmented wave (PAW) method.32,33 The kinetic energy cutoff
on the wave function expansion was 300 eV, and the self-
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TABLE 1: DFT Estimates of the Transfer Integral for
Molecular Pairs in the DNTT Crystal (See Figure 1 for
Labeling)
ta, pair 1
td1, pair 2
td2, pair 3
tc1, pair 4
tc2, pair 5

hole (meV)

electron (meV)

hole (meV)a

81
28
-94
13
0

-27
37
-45
0
8

79
52
86
-

a
Calculation based on extended Hückel molecular orbitals from
ref 16 for comparison.

Figure 1. (a) Chemical structure of DNTT. (b) Crystal structure of
DNTT in the ab plane. (c) Crystal structure of DNTT in the bc plane
(a ) 6.187, b ) 7.662, c ) 16.21 Å; β ) 92.49).13 Labels correspond
to the DNTT molecular pairs used in the calculation of transfer integrals.

consistent calculations were carried out with a 14 × 14 × 12
k-point mesh. The inverse effective mass tensor was calculated
using Sperling’s centered difference method at the valence band
edge of DNTT with dk ) 0.02 (2π/Å).
To investigate the modulation of the transfer integrals by the
thermal motions in the crystal (see electron-vibration coupling
section below), we employed a combined approach that uses
molecular dynamics (MD) simulations and quantum-chemical
calculations. First, a 4 × 4 × 4 supercell containing 128
molecules was created using replicas of the experimentally
determined DNTT unit cell. To describe the interatomic
potentials in the DNTT crystal, we used the MM3 force field
with the addition of electrostatic potential charges obtained at
the B3LYP/6-31G(d,p) level of theory. All bonds to hydrogen
atoms were constrained at ideal bond lengths with the help of
RATTLE algorithm.34 A 250 ps simulation was performed with
time steps of 2 fs in NVT ensemble for T ) 300 K with periodic
boundary conditions. Only the last 150 ps of the total simulation
time were included in our analysis. The atomic coordinates of
the supercell were saved every 30 fs along the trajectory to give
5000 total snapshots. All nuclear dynamics in this work were
carried out with TINKER 4.2 molecular modeling package.35–37
Finally, the atomic coordinates of the three different molecular
dimers, illustrated in Figure 1b, were extracted from the MD
snapshots and used to calculate transfer integrals at the B3LYP/
6-31G(d,p) level of theory. The results of the 15000 ab initio
evaluations of the intermolecular electronic couplings were used
to estimate the strength of the nonlocal source of electron-phonon
interactions.
The reported crystalline structure of DNTT based on the
X-ray structural analysis has almost planar molecules packed
along the ab plane in the typical herringbone structure.13 The
monoclinic unit cell, which belongs to the P21 space group,
involves two translationally nonequivalent molecules, giving rise
to different types of dimer interactions, as illustrated in Figure 1.
In this work, we use the previously reported crystalline structure
of DNTT and the generalized methodology described above to
investigate the electronic properties and the vibrational couplings
of this high-performance organic molecular semiconductor.
III. Results and Discussion
We investigated the microscopic charge transfer characteristics of DNTT in terms of its transfer integrals, electronic band
structure, effective masses, and local and nonlocal electron-

phonon interactions. Below, we discuss our main findings
relevant to the description of the charge transport properties in
the DNTT crystal.
A. Transfer Integrals and Electronic Band Structure. The
electronic properties of single crystals of organic molecules are
generally associated with the study of intermolecular transfer
integrals (t) and their respective bandwidths (W). Within a
simple tight-binding model the valence [conduction] bandwidth
results from the interactions of the highest-occupied molecular
orbital (HOMO) [lowest-unoccupied molecular orbital (LUMO)]
levels of each independent molecule within the crystal.38 For
instance, in the case of an infinite one-dimensional crystalline
stack of molecules the total bandwidth W is equal to 4t.39,40 In
a simpler model, involving only two interacting molecules, the
splitting of the HOMO [LUMO] energy levels on the two
molecules is equal to 2t.38 However, when the two interacting
molecules are not symmetrically equivalent, the energy-splitting
model leads to inaccurate results due to site energy differences
induced by electrostatic effects such as polarization.41 Here, we
employ a more rigorous computational method, similar to those
developed by Norton et al.42 and Senthilkumar et al.,43 to
estimate transfer integrals between the molecular dimers shown
in Figure 1.
The calculated transfer integrals of the selected molecular
dimers in the ab plane and along the c axis of the DNTT
molecular crystal are given in Table 1. Note that the sign of
the transfer integrals for holes and electrons changes among
the different molecular pairs in DNTT and depends on the
symmetry of the molecular wave function and the crystal
structure of the investigated molecular system (for additional
details see Supporting Information and ref 44). Despite differences in the sign convention of the transfer integrals, our results
are in good agreement with recent calculations reported by Uno
et al.16 In DNTT relatively large values of the transfer integral
are found for dimers along the a axis (ta, pair 1 in Figure 1b)
and along the diagonal directions in the ab plane (td1 and td2,
pair 2 and pair 3 in Figure 1b, respectively). Interestingly, even
though short intermolecular distances are found along the c axis
(ranging between 2.5 and 3.5 Å), only small transfer integral
values for holes and electrons are found along this direction.
In this view, our calculated electronic couplings support the experimentally observed two-dimensional character of the charge
transport properties in DNTT.16 For comparison, the pentacene
crystal shows a hole transfer integral value of 85 meV along
the diagonal direction comparable to that of DNTT (-94 meV);
however, along the π-stacking direction, the pentacene crystal
presents a rather moderate hole transfer integral value of 36
meV, whereas the DNTT crystal shows a value that is twice as
large along the same π-stacking direction (i.e., along the a-axis).
To gain a better understanding of the strength of the electronic
couplings in the ab plane (i.e., the herringbone plane), we have
also looked at the details of the three-dimensional electronic
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TABLE 2: Hole Effective Mass m (in Units of the Free
Electron Mass at Rest, m0) Calculated at the Valence Band
Edge of the DNTT Crystal

Figure 2. Calculated electronic band structure of the DNTT crystal.
The valence band edge is located at the Γ-point. The right panel
illustrates the corresponding density of states. The zero of energy levels
corresponds to the valence band edge. The high-symmetry points in
units of (2π/a, 2π/b, 2π/c) are Γ ) (0,0,0), X ) (0.5,0,0), Y ) (0,0.5,0),
Z ) (0,0,0.5), S ) (0.5,0.5,0), and R ) (0.5,0.5,0.5).

band structure in DNTT. The calculated band structure along
various high symmetry directions in reciprocal space is shown
in Figure 2. Both the valence and conduction bands consist of
two subbands arising primarily from the interaction of the
HOMO and LUMO levels of the two translationally nonequivalent molecules present in the unit cell. Figure 2 also displays
the calculated density of states (DOS), which shows that there
are no contributions from other molecular states to either the
valence or the conduction band. The estimated HOMO and
LUMO bandwidths are about 670 and 370 meV, respectively.
In this case, the HOMO bandwidth is slightly larger than that
of the pentacene crystal (600 meV);45 however, the LUMO
bandwidth for the DNTT crystal is almost half of that previously
reported for the pentacene crystal.45
The observed splitting into two subbands for the valence and
conduction band highlights the presence of significant intermolecular interactions not only along the short crystalline axes but
also along the diagonal directions within the herringbone plane.
In fact, the largest valence band dispersion occurs along Γ-X
and Γ-S, corresponding to the a* and a* + b* crystallographic
directions, respectively. These results are consistent with the
calculated transfer integrals (see Table 1), where significant
electronic couplings are found for the π-stacked dimers (pair
1) and between the diagonal dimers (pairs 2 and 3). The Γ-Z
direction corresponds to the c axis and is in agreement with the
relatively small values of the transfer integrals for holes and
electrons (tc1 for holes and tc2 for electrons ∼10 meV); only
small amounts of valence- and conduction-band dispersion occur
along this direction. The conduction band shares most of the
relevant features of the valence band, with relative dispersion
along the Γ-X, Γ-S, and Γ-Z directions. However, the main
difference between the two transport-related bands occurs along
the Γ-Y direction (b axis), along which the valence band has
dispersion and the conduction band is completely flat. This
difference can be understood by examination of the charge
density patterns of the HOMO and LUMO wave functions (see
Figure 4). For example, along the b axis, the electronic
interactions occur mainly between the two translationally
nonequivalent molecules in the crystal. Since the LUMO wave
function lacks of significant electron density on the sulfur atoms,
the effective overlap of the wave functions (and consequently
the band dispersion) would be, in principle, smaller than that

DNTT

m/m0

parallel to

holes at Γ

1.89
2.73
5.28

a + 0.050c
b
c - 0.046a

of the HOMO. On the other hand, the electron density present
on the sulfur atoms of the HOMO level promotes effective
electronic interactions and significant band dispersion, as
observed in Figure 2.
In light of the recent mobility measurements of hole charge
carriers in DNTT,15,16 we apply the concept of effective mass
to describe the charge transport characteristics in this highperformance organic semiconductor. In the case of wide bands,
where the thermally populated levels remain close to the valence
and conduction band edges, the mobility is governed by the
electron effective masses that can be computed from the band
structure at those band extrema. The tensor for the inverse
effective mass (mij) is given by46

mij-1 )

1 ∂2ε
p2 ∂ki∂kj

(1)

where subscripts i and j denote the Cartesian coordinates in
reciprocal space, ε the band energy, p the Planck constant, and
k the momentum. We have calculated the effective masses at
the top of the valence band edge located at the Γ point in the
DNTT crystal. The effective masses are then analytically derived
by fitting eq 1 to a second-order polynomial; the calculated
values are shown in Table 2.
The lightest hole in DNTT (1.9m0) is found along the a axis,
and a relatively small effective mass is found along the b-axis
(2.7m0). These results are, again, in good agreement with the
calculated values of the transfer integrals (see Table 1). For
comparison, the average of the hole effective masses for the
different polymorphs of the pentacene crystal falls in the range
of 1.0m0-4.0m0.45,47–49 Within this effective-mass approach, the
anisotropy of m implies an anisotropic hole mobility µ with
the highest mobility along the a axis and lower mobility along
the b axis, as observed in the experiments16 (one should note
that according to the band regime50 the carrier mobility µ and
the effective mass m of the charge carrier are inversely
proportional). By use of eq 3 (vide infra) and the effective
masses reported in Table 2 the theoretical mobility ratio of µa/
µb is approximately 1.44. This is within 10% of the experimentally measured mobility ratio, for which µa/µb ) 1.6. Finally,
in Figure 3, we plotted the calculated hole effective masses for
all directions within the ab plane. Our calculations indicate only
a moderate anisotropy of the hole effective masses in DNTT,
in contrast to the very large anisotropy of the hole effective
masses within the ab plane of pentacene.45
B. Electron-Vibration Coupling. In organic molecular
crystals, there are two major sources of electron-phonon
(vibration) interactions: local and nonlocal couplings.51,52 The
local electron-phonon coupling arises from the modulation of
the site energies by intra- and intermolecular vibrations; its
strength is commonly expressed, in the context of electron
transfer theory, by the reorganization energy λreorg. Here, we
discuss only the intramolecular geometry relaxation contributions to the local coupling, as the polarization of the surrounding
molecules (i.e., intermolecular geometry relaxation contribu-
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Figure 3. Hole effective masses m (in units of the electron mass at
rest, m0) calculated at the valence band edge of the DNTT crystal as
function of the crystallographic direction.

tions) is expected to be significantly smaller.53 In DNTT the
intramolecular reorganization energies associated with the holeand electron-vibrational couplings as calculated from adiabatic
potentials are 130 and 202 meV, for holes and electrons,
respectively. In comparison, the corresponding intramolecular
λreorg in pentacene is approximately 97 and 132 meV,
respectively.54,55
In Figure 4, we illustrate the contribution of each normal
mode to the relaxation energy λrel (where λrel ≈ λreorg/2) related
to the formation of the radical-cation and radical-anion states
(only the most strongly coupled modes are shown). The main
difference in the λrel between holes and electrons in DNTT
results from a significant drop in the vibronic coupling interaction with a high-frequency mode at around 1600 cm-1; the
magnitude of the coupling with all other modes remains more
or less similar in both charged states. The marked decrease in
the vibronic coupling interactions in DNTT can be understood
in terms of the orbital vibronic coupling constants.56,57 According
to this model, the vibration coupling constants are large when
the molecular deformation along the corresponding normal
coordinate considerably distorts the electron density of the
related molecular orbitals. In this case, the 1600 cm-1 highenergy mode consists of C-C stretching within the inner
molecular rings. Because part of the electron density in the
HOMO wave function of DNTT is located on the sulfur atoms,
the energy of this molecular level is less affected by this
vibration than that of the LUMO level, in which the electron
density is mainly distributed across the six fused aromatic rings.
Similar arguments describe the presence of a contributing normal
mode to the hole-relaxation energy at around 450 cm-1; this
vibration involves stretches of the molecule along the short
molecular axis via the sulfur atoms and shows no contribution
to the electron-relaxation energy. Therefore, the presence/
absence of electronic density on the sulfur atoms in the HOMO/
LUMO wave function of these molecular orbitals provides an
explanation for the relevance of this vibration (i.e., 450 cm-1),
uniquely to the description of the hole-relaxation energy, as
shown in Figure 4.
The decomposition of the intramolecular reorganization
energy into individual contributions from the relevant vibrational
modes permits definition of the contribution of the low- and

Figure 4. Contributions of the vibrational modes to the hole and
electron relaxation energy in DNTT. The insets show the HOMO and
LUMO wave functions and the normal modes with strong hole- and
electron-vibronic coupling in DNTT.

high-frequency vibrations to the overall value of λreorg. Here,
we looked at contributions of the low-frequency modes (below
500 cm-1) related to hole transfer. We found that, in DNTT,
17% of the reorganization energy originates from low-frequency
vibrations. In pentacene, these contributions account only for
2%,55 and in pentathienoacene, the thiophene equivalent of
pentacene, the contribution of the low-frequency vibrations
(induced by the sulfur atoms) accounts for as much as 44% of
the calculated intramolecular reorganization energy.58 This result
points toward the overall superior performance of hybrid
thiophene-acene semiconductors, such as DNTT, in which the
limited number of sulfur atoms (2 per molecular unit) reduces
the contributions of the low-frequency vibrations to the reorganization energy without compromising the environmental
stability of the molecule itself (previously, it has been demonstrated that functionalization of the molecular backbone with
sulfur leads to compounds with an improved environmental
stability and modified crystal packing).59,60
The second source of electron-phonon interactions, namely,
the nonlocal coupling, arises from the modulation of the transfer
integrals (mainly) by intermolecular vibrations.52 Unlike inorganic semiconductors, in an organic semiconductor the molecules are held together by weak forces, therefore the transfer
integrals in organic materials are very susceptible to the thermal
fluctuations of the molecules within the crystal. To a good
approximation, the overall strength of the nonlocal interactions
can be obtained by considering the variance of the transfer
integrals due to thermal fluctuations.17,61,62 To analyze the effect
of nonlocal electron-phonon coupling on transfer integrals, we
use a methodology that combines MD simulations and ab initio
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Figure 5. Normalized probability distribution of the transfer integrals
for holes and electrons in pair 1, pair 2, and pair 3 of the DNTT crystal.
The average value 〈t〉 and the standard deviation σ are also reported.
The single vertical lines correspond to transfer integrals calculated at
the equilibrium configuration of the MD simulation.

quantum-chemistry methods. While MD simulations permits
access to all (inter- and intramolecular) vibrational modes in
the crystal, ab initio quantum-chemical calculations are used to
estimate values of the transfer integrals for selected molecular
dimers; whose coordinates are extracted from the MD trajectory
at regular time intervals. This combined approach represents
an extension of the work of Troisi and co-workers,62,63 and when
applied to organic solids relevant to the field of organic
electronics,62,64–66 it yields a quasi-Gaussian distribution of the
transfer integrals as sampled by classical MD simulations (see
Figure 5).
In Figure 5, the distributions of the transfer integrals for holes
and electrons for pair 1, 2, and 3 of the DNTT crystal are
presented. The standard deviations σ of the transfer integrals
are also indicated in Figure 5. According to Coropceanu et al.,17
the standard deviation of the transfer integrals, as derived from
MD simulations, can be used to estimate the overall strength
of the nonlocal contribution (L)

L ) σ2/(2kBT)

(2)

where kB is the Boltzmann constant and T the temperature. L
has a physical meaning similar to that of the reorganization
energy in the case of the local electron-phonon coupling
mechanism.17 This parameter quantifies the total strength of the
nonlocal electron-phonon coupling mechanism and, in the hightemperature limit, defines the degree of variance of the transfer
integrals due to phonon vibrations. By use of eq 2, we estimate
the values of L at room temperature for both holes and electrons

in the three representative dimers in the ab plane of the DNTT
crystal. We find that for most of the selected molecular dimers
L falls in the range of 5-15 meV for both holes and electrons.
These values of L are 5 or more times smaller than the calculated
transfer integrals obtained at the equilibrium configuration of
the MD simulation (see Supporting Information). Thus, the
contribution of the nonlocal interactions appears to be too weak
to result in any significant vibration-modulated contribution to
the charge transport properties in DNTT.
As a comparison, the estimated value of L for holes in DNTT
along the diagonal direction (along the so-called herringbone
direction) are even smaller than those obtained along a similar
orientation in the pentacene crystal (for example, in the case of
pentacene, L ) 21 meV for herringbone dimers).65 In a similar
spirit, although a different Hamiltonian was employed to
compute the transfer integrals, the recent theoretical investigations of Sleigh et al.67 also support the above arguments. For
instance, in ref 67, the estimated standard deviations of the hole
transfer integrals in the pentacene crystal are almost twice as
large as the ones calculated for the DNTT crystal.
C. Band and Hopping Transport Mechanisms. Despite the
extensive use of the Holstein-Peierls molecular model20,61,68–70
to derive qualitative interpretations of the experimental measurements of the charge-carrier mobilities in organic materials, the
complete description of the charge-transport mechanism in
organic semiconducting materials still represents a major
challenge.51,52
This is further complicated by the sensitivity of experimental
charge carrier mobility measurements to disorder, impurities,
temperature, electric field, and carrier density.52 Understanding
the current limitations of the transport theories in molecular
crystals and the fact that only hole mobilities have been reported
for DNTT, in this study, we took the above-discussed parameters
(i.e., effective masses, intramolecular reorganization energies,
and the various transfer integrals) to estimate the hole mobilities
in DNTT in limiting transport regimes, namely, the band and
hopping regimes.
According to band-transport theory, the charge moves coherently in a wavelike manner and is scattered by phonons as the
temperature increases. The carrier mobility in wide band
materials is given by46

µ)

qτ
m

(3)

where q is the charge, τ the mean free time between collisions
(or the mean relaxation time of the band state), and m the
effective mass of the charge carrier. In the isotropic relaxation
time approximation, the mobility and its orientational anisotropy
are dictated by the carrier effective mass (see Table 2).
By use of eq 3 and the effective masses from Table 2, we
expect hole transport in DNTT to occur predominantly in the
ab plane. As discussed in section IIIA, the calculated ratio for
the mobilities along the a and b crystallographic axes is
approximately 1.44. This makes charge transport less dependent
on the molecular orientation, simplifying the construction of
high-performance field-effect transistor designs. In contrast, the
previously calculated hole-effective masses of pentancene45
indicate an effective mobility ratio in the direction of the ab
crystallographic plane that is an order of magnitude larger than
that found in DNTT. Consequently, this leads to variability in
organic field-effect transistor performance depending on the
orientation of the molecular crystal with respect to the electrodes.
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When the electron-phonon interactions are of the same order
of magnitude as the electronic coupling (or transfer integral),
the motion of the charge carriers can be modeled as a sequence
of uncorrelated hops.71,72 In the high-temperature limit, the
charge carrier transfer rate k (or hopping rate) and, hence, the
mobility can be approximated by the semiclassical form of
Marcus theory given by38

k)

t2
p



[

π
λ
exp λkBT
4kBT

]

(4)

Here, we approximated λ to be equal to λreorg (vide supra), and
t represents the electronic coupling or transfer integral. The
charge carrier transfer rates, ki, between each of the various
molecular dimers shown in Figure 1, are then used to calculate
the hole diffusion coefficient (D)

D)

1
2n

∑ ri2kiPi

(5)

i

where n ) 3 is the dimensionality, ki is the charge carrier
hopping rate to the ith molecular neighbor, ri is the distance to
neighbor i, and Pi is the relative probability for charge transfer
to a particular ith neighbor

Pi ) ki/

∑ ki

(6)

i

From the Einstein relation, the hole mobility is given as:

µ)

q
D
kBT

(7)

By use of eq 7, the hole transfer integrals reported in Table
1, the intramolecular hole reorganization energy, and T ) 300
K, we estimated the hole mobility in DNTT to be approximately
equal to 1.8 cm2/(Vs), in good agreement with experimentally
observed mobilities of DNTT polycrystalline thin-film transistors.13 By use of a similar procedure, we calculated the hole
mobility in pentacene to be equal to 2.1 cm2/(Vs). At first sight,
this result suggests a larger theoretically estimated hole mobility
for the pentacene molecular crystal than that of DNTT.
However, it is important to note that eq 7 does not account for
the inclusion of the modulation of the transfer integrals by
thermally activated vibrations (i.e., the nonlocal coupling effect),
which we have estimated to be larger in pentance than in DNTT.
Therefore, a more comprehensive comparison between these
two molecular crystals, in the high-temperature limit, might
result with the development of models that allow for the
inclusion of the nonlocal vibrational couplings with both lowand high-frequency phonons, as demonstrated in several recent
works.17,73,74
IV. Conclusions
We have investigated the electronic and vibrational couplings
in the molecular and crystalline forms of the DNTT molecule.
The transfer integral and band structure calculations confirm
that the transport of the positive charge carriers is mostly twodimensional along the ab plane, where herringbonelike intermolecular interactions are dominant. Only slight dispersion and
relatively small values of the transfer integrals are found along

the c axis, which is almost perpendicular to the herringbone
plane. Consistent with recent experimental measurements,
calculated effective masses in the ab plane explain the moderate
anisotropy observed in the hole mobility of the DNTT crystal,
in contrast to the large anisotropy of the hole effective masses
previously reported for the pentacene crystal.
Our results also indicate that the sulfur atoms in DNTT play
a dual role in the description of its microscopic charge transport
properties: (1) they promote significant overlap of the molecular
orbitals via intermolecular S · · · S interactions, and (2) although
the members of the oligothiophene family of organic semiconductors are characterized by large intramolecular reorganization
energies due to low-frequency vibrations induced by the sulfur
atoms, the limited presence of sulfur atoms in DNTT (two atoms
per molecular unit) accounts for the reduction in the value of
the intramolecular reorganization energy. Overall, the results
of the present work suggest that the hybridization of different
molecular fragments (thiophene and acene) represents a viable
route for the design of new organic semiconductors with superior
charge transport properties. Thus, a combinatorial approach for
finding novel heteroacene molecular structures is a very
promising research direction.
The role of the nonlocal electron-phonon couplings in DNTT
has been also investigated. Not surprisingly, the π-extended
heteroaromatic molecular structure of DNTT, with its six fused
aromatic rings (that is, a relative high molecular-weightcompound) and strong intermolecular electronic couplings, leads
to relatively weak nonlocal electron-phonon couplings at room
temperature. However, more systematic studies, for example
MD simulations at different temperatures, are required to
effectively assess the role of the intermolecular vibrations in
the DNTT molecular crystal.
Finally, to shed light on the investigation of the charge
transport mechanisms in DNTT, we estimated the hole mobilities
in the context of both the band and hopping models. Our
predicted results suggest that in the band transport regime DNTT
might have an overall superior performance than pentacene, the
benchmark for organic semiconductor. However, the interplay
between these limiting regimes is an open question awaiting
experimental evidence into the role played by low- and highfrequency vibrations in transport properties of organic molecular
crystals.
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