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A B S T R A C T

A two-dimensional tight-binding model is used to study static and dynamical properties of polarons in pen-
tathienoacene crystals. Our computational approach determines the spacial parameter to obtain stable polarons
in these materials by using a version of the Holstein–Peierls Hamiltonian. The model takes intra and inter-
molecular electron-lattice interactions into account. Remarkably, the results show that the charge transport
mechanism is essentially one-dimensional in pentathienoacene crystals. This property is due to the nature of the
polaron localization. Moreover, we show that the polaron dynamics can occur for an electric field threshold that
overcomes the standard value of organic crystalline semiconductors.

1. Introduction

Organic semiconductors are promising materials in manufacturing
optoelectronic devices since they present several advantages when
compared to their inorganic counterparts. This make the former parti-
cularly interesting materials for the electronics industry [1]. Essential
features such as low environmental impact, recyclability, and low en-
ergy consumption for operation together with the high level of versa-
tility presented by these materials makes them desirable sources for
optoelectronic devices. Furthermore, their small thickness, flexibility,
and transparency stand out when it comes to the fabrication of new
green energy devices [2–6]. In their working principle, the charge
transport mechanism plays a fundamental role and should be detailed
understood to increase the system's efficiency.

Organic crystals present particularities for the charge transport
mechanism that differ from other classes of semiconducting materials
substantially, since they exhibit two types of electron-lattice (e-l) cou-
plings: a local intramolecular, Holstein-type [7,8] and a non-local in-
termolecular Peierls-type [9]. The most studied molecular crystals in
the literature regarding the charge transport traits are the oligoacenes
such as anthracene, pentacene, and rubrene [10–18]. Oligothienoa-
cenes — molecules formed by the fusion of thiophene rings —, in turn,
have received less attention [19–21], although they do present inter-
esting optoelectronic properties such as good efficiency for the trans-
port of electrons and holes. Importantly, in-depth knowledge con-
cerning the static and dynamical properties of charge carriers in these

materials, although crucial to increase the performance of oligothie-
noacene-based systems, is still missing in the literature.

Herein, we investigate the stability and dynamics of polarons as
charge carriers in pentathienoacene crystals. By using a two-dimen-
sional tight-binding model, we examine the influence of both intra and
intermolecular e–l couplings on their ground state geometries in the
presence of an additional charge. Subsequently, we address the impact
of an applied external electric field on the charge carrier dynamics in
these materials. Our numerical approach gives essential information
about the polaron's localization and the charge transport dimension-
ality in pentathienoacenes.

2. Methodology

The theoretical approach used here consists of a semi-classical
Holstein–Peierls model that takes into account both intra and inter-
molecular electron-lattice interactions to describe two-dimensional or-
ganic molecular crystals. In this context, each lattice site represents a i, j
pentathienoacene molecule where i and j index the lattice line and
column, respectively (see Fig. 1). Here, three degrees of freedom are
taken into account for each site of the lattice: ui,j represents the in-
tramolecular distortions and vi j

x y
,

, represents the relative displacement of
a molecule from its equilibrium position in x and y directions. It is
worthwhile to mention that a two-dimensional model to treat organic
molecular crystals is a fair approximation to the actual system, since
these materials present strong in-plane electronic overlap and weaker
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overlap between perpendicular molecular planes.
Based on the system's representation discussed above, our model

Hamiltonian has the following form:

= + + +H H H H H ,e,1 e,2 l,1 l,2 (1)
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In the equations above, J x
0 and J y

0 represent the transfer integrals in
ordered system, when the sites are equally spaced. ĉi j,

† (ĉi j, ) creates
(annihilates) an electron at the (i, j)-site of the molecular matrix. α1 (α2)
is the intramolecular (intermolecular) electron-phonon coupling. The
electric field is assumed to be constant and is included, in Eq. (4), by
using a time-dependent vector potential Λx(t)=− cE0t, in which c is the
speed of light, E0 is the uniform field strength. γ= ea/ℏ c, with e being
the absolute value of the electronic charge and a the lattice constant.
The usage of the time-dependent vector potential is a common strategy
to allow the periodic boundary conditions for the action of the electric
field, where the exponential comes from the Peierls substitution method
[22].

For the lattice contribution, in turn, we consider intra and inter-
molecular harmonic oscillators as follows
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where K1 and K2 are the force constants and M1 and M2 are the har-
monic oscillator masses. In these equations, the index 1 and 2 refer to
intra and intermolecular modes, respectively.

Note that Eqs. (4) and (5) refer to the inclusion of the electro-
n–phonon interactions. These equations form the basis of the well
known Su–Schrieffer–Heeger (SSH) Hamiltonian [23,24]. The first term
(J0) defines the lowest order hopping integral. The second assumption
provides the first-order correction to the hopping integral. This term
couples the electronic states to the molecular geometry establishing the
electron–phonon interaction, where α is the electron-phonon coupling
constant. We employ these equations to consider lattice relaxation ef-
fects. Eqs. (6) and (7), in turn, refer to the intra and intermolecular
lattice vibrations. In both equations, the first term denotes the harmonic
“spring constant” which represents the increase in potential energy that
results from the intramolecular displacements of the uniform sigma
bonds (Equation (6)) and the intermolecular displacements imposed by
the Van der Walls interactions (Eq. (7)). The second contribution stands
for the kinetic energy of molecules. The SSH and the Holstein–Peierls
Hamiltonians were broadly used, respectively, to study the polaron
properties in conjugated polymers [25–30] and molecular crystals
[31–36].

The time evolution of the system is carried out in the context of the
Ehrenfest Molecular Dynamics [37]. Therefore, the electronic dynamics
is described by the time-dependent Schrödinger equation (TDSE)

=i i j t H t t( , , ) ( ) ( ).i j i j i j, ; , , (8)

By introducing instantaneous eigenstates, the solution of TDSE at each
instant can be expressed in the form

+ = ×i j t t i j i j t e i j( , , ) * ( , ) ( , , ) ( , ),
l i j
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, (9)

with δ=− iεlΔt/ℏ. ϕl(i, j) and εl are the instantaneous eigenfunctions
and eigenvalues for the electronic part of the Hamiltonian at a given
time t, respectively [38]. Newtonian equations of motion for the mo-
lecules in the molecular array govern the intramolecular displacements
with
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where t( )i j i j, ; , is the electron density matrix given by

=t t t( ) ( ) * ( ).i j i j i j i j, ; , , , (13)

The ground state lattice geometry is obtained from the resilient
backpropagation (RPROP) algorithm [39] and later used in the dyna-
mical calculations where the Euler-Lagrange equations are integrated
over time using the Br&rdquo;unger–Brooks–Karplus (BBK) integrator
[40,41]. The set of parameters used in our simulations are presented in

Fig. 1. Schematic representation of the herringbone arrangement for a pen-
tathienoacene crystal. ui,j represents the intramolecular distortions and vi j

x y
,

,

represents the relative displacements of each molecule in the x and y directions.
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Table 1. These parameters were also used in other theoretical works
and they show a good agreement with experimental estimates
[21,20,19,42]. The strengths for the e-ph coupling constants vary
within the interval established in Table 1 to investigate their impact on
the formation and transport of polarons in model pentathienoacene
crystals. The reference values for these parameters and for the spring
constants are those used in the literature to model pentacene crystals in
the context of a tight-biding approach [43]. The electric field strength
lies in the regime used for time-of-flight mobility measurements in or-
ganic semiconductors [10]. The oscillator masses M1 and M2 are the
mass of one and two pentathienoacene molecules, respectively, in units
that are commonly used in SSH-based approaches. The transfer in-
tegrals, that account the electronic coupling between next-neighboring
molecules, and the lattice parameter were derived from density func-
tional theory (DFT) calculations by using the dimer-splitting method
[19,21,42]. In all the cases studied here, we consider a two-dimensional
20×20 lattice and a simulation time of 5.0ps. Importantly, the Hol-
stein–Peierls approach described above has been successfully used to
study oligoacene crystals in previous researches, showing a good track
record [33–35,31,32,43–46].

3. Results

In order to characterize the polaron's features in pentathienoacene
crystals, we now discuss the results obtained for its ground state and
dynamical properties, in which the latter is governed by the application
of an external electric field. For the sake of convenience, we begin by
discussing the ground state properties when polarons are formed. To do
so, we use the inverse participation ration (IPR)

=
( )

IPR
| |

| |
.i j i j

i j i j

, ,
4

, ,
2 2

(14)

Here, the IPR defines a measurement of the polaron localization. In this
perspective, for IPR values smaller than 0.3 the molecular charge
spreads almost over all the lattice and no favorable charge localization
to form stable polarons take place. On the other hand, IPR values
greater than 0.8 denotes that the charge is localized almost entirely in a
particular molecule. Such a localization trend is associated to the pre-
sence of a quasiparticle named small polaron. IPR values between 0.3
and 0.8 define the large polaron solutions, that are the most interesting
quasiparticles when it comes to the charge transport description in
organic crystalline semiconductors [47].

Based on this overview of the IPR measurement, Fig. 2 presents the
impact of the interplay between the local and nonlocal e–ph couplings
on the stability of polarons in our model pentathienoacene crystals.

From this figure, we can define four distinct regions representing
different types of ground state solutions in the presence of an additional
charge. Each of these areas correspond to charge distributions of rather
different properties. The white area (small values of α1 and α2) shows

IPR values close to zero, which indicates no polaron formation. This
corresponds to delocalized solutions for the charge in the system. In this
case, the charge transport mechanism is metallic-like, thus being
mediated by free-like electrons [48]. For these e-ph coupling strengths,
the charge weakly interacts with the lattice, and the particle can move
almost freely through it. Another distinct region takes place for small
values of α1 and for α2 ranging in the interval 1.5–2.0 eV/Å(yellow
region). In this case, the e–ph couplings interplay yields a ground state
solution of metastable polarons, i.e., a polaronic-like structure is formed
by concentrating charge in four molecular units that are followed by
respective lattice deformations. Such a quasiparticle solution, however,
is not mobile in the presence of an external electric field, as revealed in
our dynamics simulations (see Fig. 3). Therefore, this type of quasi-
particle it is not relevant in describing the charge transport in the
context of organic semiconductors. The orange area in Figure 2 displays
IPR values between 0.3 and 0.8 that denote the most stable carrier
structures with considerable local and nonlocal contributions for the
charge localization that gives rise to large polaron solutions. For such a
polaron configuration, the charge is essentially shared by five molecular
units: a central one and its four immediate neighbors in the direction
with higher strength of intermolecular transfer integral (see Fig. 3). Due
to the high degree of anisotropy presented by pentathienoacene crys-
tals, substantial part of the charge is distributed in a single molecular
line following the direction of higher hopping parameter. Finally, for
relatively low α2 (< 2.0 eV/Å) and high α1 (> 2.5 eV/Å), represented
by the black area of Fig. 2, the additional charge is essentially localized
in a single molecular unit (IPR > 0.8) thus yielding the small polaron
solution (Holstein polaron [49,50]).

Our approach can also provide valuable information concerning the
geometric configuration of the polaron. Fig. 3 depicts the molecular
charge localization (black line) as well as the intramolecular displace-
ments (red line) for a model pentathienoacene lattice containing an
additional charge. In this figure, one can note that the mutual inter-
action between charge and lattice forms local lattice distortions in the
region containing the excess charge. One molecule retains almost 0.5e
of the charge whereas the two left and right next-neighboring ones
symmetrically share the rest. Due to the presence of intramolecular
electron-lattice interactions, the molecules are distorted (or com-
pressed) in the presence of charge by following the profile of the charge
distribution. Therefore, these molecular compressions are coupled to
the net charge yielding a stable polaron.

Another important feature associated to the presence of polarons in
organic crystalline semiconductors is the geometrical configuration of
the intermolecular lattice distortions. These distortions contribute to
defining the effective mass of the charge carrier [47,51]. When it comes
to pentathienoacene crystals — due to their high degree of anisotropy

Table 1
The set of model parameters used in the simulations performed here to describe
a pentathienoacene lattice. Subscripts 1 and 2 refer to intramolecular and in-
termolecular modes, respectively. In the units below, “as” means attosecond.

Parameter Symbol Value

Lattice const. a 3.5Å [20,19]
e–ph coupl. consts. α1, α2 0.0–5.0 eV/Å [43]
Elect. field strength E0 0.2–3.2 mV/Å [10]
Transfer int. x-axis J x

0 173.0meV [21,42,19]
Transfer int. y-axis J y

0 2.0 meV [21,42,19]
Spring const. K1 14.0 eV/Å2 [43]
Spring const. K2 0.9 eV/Å2 [43]
Oscillator mass M1 3.2×1010 eV(as/Å)2

Oscillator mass M2 6.4×1010 eV(as/Å)2

Fig. 2. Inverse participation ratio (IPR) as a function of the intra (local) and
intermolecular (nonlocal) e–ph couplings.
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for the electronic hopping — the site displacements are primarily lo-
calized in the crystal's direction with higher strength for the inter-
molecular transfer integral. In this perspective, Fig. 4 shows the inter-
molecular displacements, in the x-direction, for different lines in the
crystal (from line 09 up to line 13). Here, the polaron center is placed in
the 11-th line of the lattice. The molecules in this line respond to the
presence of the charge by displacing themselves from their equilibrium
position, which polarizes a region of the crystal. A positive relative
displacement for the sites in the left of the polaron center (site 210) can
be observed since the molecules move from their equilibrium position
towards the region where the charge is localized. Symmetrically, the
sites in the right of the site 210 have a negative relative displacement,
representing a shift to the left, towards the center of the polaron. These
intermolecular bond expansions decrease by a δ/nx factor, where δ is
the value of the first positive bond-length +v v( )i j

x
i j
x

1, , and nx is the total
number of molecules in the x-direction. This geometrical arrangement
of the lattice in the presence of an additional charge is expected in the
context of our model in order to maintain the constraint of the fixed
total displacement, i.e., == +v v( ) 0i

n
i j
x

i j
x

1 1, ,
x .

Finally, we discuss the features presented by the polaron dynamics
in model pentathienoacene crystals. Due to the high anisotropy degree
for the electronic coupling, the charge transport in pentathienoacene
crystals is essentially one-dimensional and it takes place in the direction
of highest coupling strength (x-direction in our model). Note that the
external electric field acts only in the x-direction, according to Eq. (4).
Since during the motion the polaron does not jump between parallel
lines in the molecular matrix, its transport always occurs within the
same line. Therefore, we use the equation below (Eq. (15)) to derive the
molecular charge center for the line where the polaron lies initially. We
have control for positioning the polaron at any part of the lattice in the
ground state calculations. In this sense, here we analyze the influence of
different intensities of an external electric field on the polaron trans-
port, as illustrated in Fig. 5. Fig. 5(a) shows the time evolution of the
molecular charge center, which is given by

=
=

x t n
n

t a( )
2

arg exp 2 i l ¯ ( ) ,p
l

n

1 (15)

where n is the total number of molecules and a is the lattice constant.
For all field strengths, the polaron moves almost linearly by presenting
similar saturation velocities. Importantly, these field strengths lie in the
range of values usually adopted when it comes to organic materials
[10]. The polaron transport mechanism can be understood by observing
Fig. 5(b), that uses the IPR definition presented in the previous section.

Fig. 3. (a) Ground state arrangement of the molecular charge density for a
metastable polaron. (b) Time evolution of the molecular charge density for a
metastable polaron. Panel (b) shows the two molecular lines containing the
charge (j=11 and j=12) as well as two parallel lines (j=13 and j=10)
above and below the region where the polaron is localized. One can note that
the charge occupies the sites 5 and 6 in both j=11 and j=12 lines until the
end of the simulations, for an electric field strength of 3.2mV/Å. In this sense,
no polaron motion is realized.

Fig. 4. Molecular charge density (black line) and intramolecular lattice dis-
tortions (red line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.) Fig. 5. Intermolecular displacements in the x-direction.

M.L. Pereira Junior, et al. Synthetic Metals 253 (2019) 34–39

37



The first IPR values are referring to the standard polaron localization in
the absence of an external electric field (note that all curves start from
the same value, i.e., the IPR signature for the ground state polaron
configuration). When the polaron initiates its motion, all molecular
charge is shared between two molecules. This process initially de-
creases the IPR value to roughly 0.36. In the next step, most of the
charge moves towards a central site rising the IPR value near to 0.5
again. This process continues until the end of the simulation by pro-
ducing the oscillatory trend presented in Fig. 5(b).

Importantly, there are no implications associated to the oscillatory
behavior of the IPR for the polaron dynamics as well as we believe that
there is no overlap between the IPR measurement with other models
that do not consider lattice relaxation effects explicitly. The IPR oscil-
lations are consequence of the polaron transport mechanism in the
scope of the Holstein–Peierls model. The polaron transference between
neighboring molecules occurs into the following steps: most of the
charge goes from being centered on a single molecule to being shared
equally between two neighboring molecules and then drifts and gets
centered on the next molecule. When the molecular charge is moving
between the molecules, its center (or most of the charge) concentrates
in two molecules. Since IPR is a measurement of the charge localization
when the charge center is shared between neighboring molecules the
IPR value decreases. After that, when the charge drifts and gets cen-
tered one molecule again, the IPR value increases. This process is re-
peated during the time yielding the oscillatory behavior of the IPR as
shown in Figs. 5(b) and Fig. 6.

4. Conclusions

A semi-classical Holstein–Peierls model was used to study the po-
laron properties in pentathienoacene crystals. Our numerical approach
is based on defining a parameter space in which stable polarons can be
formed. Importantly, the interplay between the intra and inter-
molecular electron-lattice parameters can produce quasiparticles of
distinct natures raging from free-like electrons to stable large polarons.
The set of parameters that yields large polarons is the most interesting
to describe the charge transport. Moreover, our results shown that in
pentathienoacene crystals the polaron transport is essentially one-di-
mensional due to the high anisotropy degree presented by the elec-
tronic hopping parameters.
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