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1. Introduction

Organic materials for electronics and energy,
considered a novelty just some decades ago,
are now routinely employed in organic so-
lar cells (OSCs), organic light-emitting diodes
(OLED) displays and organic thin film transis-
tors (OTFTs) development. The research on
these materials, now well established, aims at
improving device performance while scaling up
the manufacturing process. In thin films appli-
cations, organic materials are deposited onto in-
ert substrates, which may subsequently be en-
gineered during device manufacture. Common
techniques include spin-coating, ink-jet printing
and vapour deposition techniques. The organi-
zation of the structures resulting from the de-
position process, at the molecular level, has a
major influence on the electron transport prop-
erties, and, in turn, on device performance.
Organic semiconductors can be broadly cat-
egorized into semiconducting polymers and
small semiconducting molecules. Semiconduct-
ing polymers are the most widely studied and
already applied in many commercialized solu-
tions. They include Poly(acetylenes, Poly(p-
phenylene vinylene)s, Poly(pyrrole)s, Polyani-
lines, Poly(thiophene)s and others.
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(a) TIPS-Pentacene. (b) Rubrene.

(c) TTF. (d) Fullerene C60.

(e) A PDCI derivative.

Figure 1: The "ball and stick" structure of some
common small molecule semiconductors [1-5]. C
is gray, H is white, S is yellow, O is red, N is blue,
Br is pink and F is green.



Small molecules, conversely, are non-polymeric
compounds, such as acenes, oligothiophenes,
perylenes, diketopyrrolopyrroles, fullerenes and
others (Fig. 1). Some small semiconducting
molecules are liquid crystals (LC), thus char-
acterized by phases between the liquid and the
solid states. This property can be exploited
with the aim of controlling the molecular struc-
ture, towards the development of the best con-
ducting polymorphs. This class of materials in-
cludes the Benzothieno|3,2-b][1]benzothiophene
(BTBT) family of moieties. These compounds
share a conjugated core consisting of two thio-
phene rings and two terminal benzene rings.
The various different species are characterized
by their terminal group, which imparts differ-
ent additional properties, like solubility. Among
the best candidates for electronic applications
from this family, 2,7-Dioctyl|1]benzothieno|3,2-
b|[1]benzothiophene (Cg-BTBT-Cg), has at-
tracted a considerable deal of interest, due to its
good electron transport properties (peak elec-
tron mobility exceeding 1 cm?(Vs)~!). The
molecule features two terminal alkyl chains, to
increase its solubility in common organic sol-
vents. The crystalline cell and a detail on the
molecular herringbone packing of the crystal are
reported in Fig. 2 [6]. This material self or-
ganizes into crystalline layers, transitions to a
smectic A phase at 380 K and to liquid at 396
K [7]. The aim of this work is obtaining a
deeper understanding of this molecule’s thermal
behaviour and the effects of the presence of an
amorphous silica surface on its layered struc-
ture. This is achieved through molecular dy-
namics (MD) simulations.

2. Molecular dynamics

Molecular dynamics (MD) is a powerful compu-
tational method to simulate the dynamic tra-
jectory of a system of atoms, treated classi-
cally. This is achieved thanks to the Born-
Oppenheimer approximation, which allows the
separation of the solution of the electron dynam-
ics, which is treated in terms of a mean field,
from the dynamics of the atomic nuclei. If the
simulation is long enough, it is possible to as-
sume that the simulated system will visit all ac-
cessible configurations. Then, a variety of prop-
erties of the system can be obtained statistically
from molecular trajectories.
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(a) Crystalline cell of (b) Herringbone packing
Cg—BTBT—Cg. motif.

Figure 2: Crystalline cell (a) and herringbone
packing (b) of the Cs-BTBT-Cg molecular crys-
tal. The hydrogen atoms and the alkyl chains in
(b) have been removed for clarity.

The interactions between the atoms are mod-
elled through a potential, referred to as Force
Field (FF), which consists in a sum of differ-
ent terms for each type of interaction. These
are used to determine the acceleration on each
atom, thus velocity and positions.

3. Results and discussion

The MD simulations were performed with the
GROMACS 2021.2 package [8]. Several steps
are needed before proceeding with the simula-
tions of the Cg-BTBT-Cg crystals. The first
one is the development of the FF, which was de-
rived starting from the CHARMM 2021 FF. The
CHARMM parametrization scheme was used for
Cg-BTBT-Cg, CHARMM parameters for amor-
phous silica surfaces are available in the litera-
ture [9]. After some processing steps the FF was
ready to be used.

3.1. System assembly and Numerical
methods

The following step is the preparation of the in-
puts. The Cg-BTBT-Cg systems simulated in
this work stem from four input structures: a
bulk periodic crystal, consisting in a supercell
obtained replicating the crystalline cell 25 times,
(BTBT 50) and three different Cg-BTBT-Cg
layers (derived from BTBT 50) positioned on
an amorphous silica surface with 4.7 silanol
groups per nm? (Q47 200, Q47 450, Q47 _900)
(Fig. 3, 4, 5, 6).
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(a) Side view of the BTBT supercell.
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(b) Front view of the BTBT su- (¢) Top view of the
percell. BTBT supercell.

Figure 3: Three different projections of the Cg-
BTBT-Cg supercell, consisting in 50 molecules.
In (c) the point of view angle is tilted by 15° to
highlight the herringbone motif.

All simulations have been performed with a time
step of 1 fs. The simulations on the Q47 systems
were performed with an orthorhombic box of
height 25 nm, while the simulations on the bulk
were performed under a NPT ensemble, so a
thermostat and a barostat need to be used. The
velocity rescaling thermostat has been used for
the control of temperature (coupling constant of
1 ps). For the control of pressure (constant at
1 atm), the Parrinello-Rahman and Berendsen
barostats have been used. The first one, with
a coupling constant of 10 ps, was used in the
BTBT 50 simulation at room temperature and
on all the Q47 simulations, the second one, with
a constant of 5 ps on the remaining BTBT 50
simulations. PBC were applied in all directions
and the PME method was used to treat electro-
static interactions, with a grid spacing of 0.12
nm. A cutoff of 1.2 nm was applied to non-
bonded interactions.

Figure 4: Front view of the Q47 200 system,
assembled from 4 replicas of the supercell and
the silica surface. Hydrogens were removed for
representation.

Figure 5: Front view of the Q47 450 system,
assembled from 9 replicas of the supercell and
the silica surface.

Figure 6: Front view of the Q47 900 system, as-
sembled from 2 replicas of the Q47 450 BTBT
layer and the silica surface.

The computational resources needed for the sim-
ulations were provided by the CINECA HPC
consortium, after the submission of a ISCRA-
C project. The resources included 108000 core
hours on the GALILEO100 cluster [10]. The
NumPy, Pandas and Matplotlib libraries for
data analysis with Python [11-14] and the Vi-



sual Molecular Dynamics program for visualiza-
tion were also used [15|. Densities and box di-
mensions were read form the trajectory data.
The order parameter (S) was calculated to char-
acterize the reciprocal molecular orientation in
ordered and partially ordered phases. The fol-
lowing equation was used:

1
S=§<3C0829—1> (1)

where 6 is the angle between the molecular axis
and the z axis. The angle is calculated from
the coordinates of each molecule and the av-
erage is taken for each frame in a 30 A by
30 A area. The values of S range from -1.5 for
completely deflected molecules, to 1 for aligned
molecules. If S averages at 0, the molecules are
randomly oriented and the system is isotropic.
The height was calculated as the average of the
maximum z coordinate of each molecule, sub-
tracted of the average z coordinate of the sur-
face (silanol groups taken as reference), again in
a 30 A x 30 A area. Of these observables, all the

time series are recorded in a CSV file.

3.2. BTBT 50: room temperature
and force field validation

The first simulation has been performed on the
BTBT 50 system at room temperature (300 K),
to validate the force field through comparison
with the experimental data from literature. The
system has been equilibrated with the Berendsen
barostat for 100 ns, a production step of 100 ns
with the Parrinello-Rahman barostat was then
performed. The cell parameters (see Tab. 1)
were in good agreement with the experimen-
tal ones [6], while the simulated density (1109
g/L with a standard deviation of 6.635 g/L)
slightly underestimates the experimental value
(1133 g/L). The oreder parameter was also cal-
culated and remained higher than 0.996 for the
entire simulation, proving the stability of the
molecular crystal.

a b c
Exp. (293K) 5.927 7.880 20.18
Sim. Mean (300K) 6.130 8.036 28.26
Sim. Std (300K) 0.055 0.074 0.074

o B gl
Exp. (293K) 90.00 92.44 90.00
Sim. Mean (300K) 90.02 90.97 89.99
Sim. Std (300K) 1.332 0.810 0.532

Table 1: Experimental values, averages and
standard deviations of the crystalline cell param-
eters of the Cg-BTBT-Cg crystal. The simulated
values of a and b are the box parameters divided
by 5, while the ¢ parameter and the angles cor-
respond to the experimental properties.

3.3. BTBT 50: Thermal behaviour
and phase transitions

The following simulations were performed to
study the thermal behaviour of the Cg-BTBT-
Cg crystal with increasing temperature and find
eventual transitions, with the application of the
Berendsen barostat. The BTBT 50 system has
been simulated at 360 K for 100 ns, at 380 K for
200 ns, at 400 K 200 ns, at 420 K for 100 ns, at
450 K for 200 ns and at 500 K for 100 ns.

The simulation at 360 K did not present any
transition from the crystalline phase. The sim-
ulation at 380 K yielded interesting results: the
system is smectic until 75 ns, then forms sepa-
rated lamellar domains up to 150 ns, then it is
nematic. These observations from the trajectory
are reinforced by the diagrams in Fig. 7 and 8.
The formation of a smectic phase was expected,
yet the lamellar domains and the nematic phase
have not been experimentally observed [16, 17].
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Figure 7: Diagram of the density for the
BTBT 50 system at 380 K. The two transitions
are evident as the density spikes to accommo-
date the change in structure.
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Figure 8: Diagram of the order parameter for
the BTBT 50 system at 380 K. S decreases by
steps through the transitions.

In the simulation at 400 K, the BTBT 50 sys-
tem shifts to a nematic phase at 20 ns, while
the systems at 420 K and 450 K turn to nematic
immediately. Finally, after 28 ns in the simu-
lation of the system at 480 K, the melt point
appears and the system becomes isotropic, as
shown by the density and order parameter dia-
grams in Fig. 9 and 10. At 500 K, the system
turns to isotropicity slightly sooner. Again, this
behaviour is different from the literature: the
melt point for Cg-BTBT-Cg stands at around
396 K.
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Figure 9: Time series of the density of

BTBT 50 at 480 K. The drop at 28 ns indi-
cates the transition to the liquid phase after a
first stabilization.
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Figure 10: Time series of the order parameter
of BTBT 50 at 480 K. After 28 ns S oscillates
around 0.

3.4. QA47: Simulation of Cs-BTBT-Cg
crystal on an a-SiO, surface

The final step of the study is the investigation of
the layered structure of Cg-BTBT-Cg on the sur-
face of amorphous silica, by measure of the order
parameter and height of the layers. In Tab. 2 a
list of the performed simulations is shown.



Simulated Q47 systems

System Temperature Total time
Q47 200 300 K 40 ns
Q47 450 300 K 39.5 ns
Q47 450 400 K 40 ns
Q47 900 300 K 40 ns
Q47 900 500 K 33 ns

Table 2: Summary of simulated Q47 systems.
Temperature and overall simulation time are re-
ported.

The first simulations were performed at room
temperature on the three systems. The
Q47 200 system quickly loses its order, with
peripheral molecules collapsing on the surface.
While the order parameter remains higher than
0.95, the height reaches a value lower than 2 A.
The Q47 450 system, being larger, is more sta-
ble and remains higher. The measured measured
height is 2.4 A, which is comparable to the val-
ues found in the literature [7]. The Q47 900,
double layer, system demonstrate that the two
layers behave differently (Fig. 11 and 12): the
first layer is still similar to the Q47 450 sys-
tem, while the second layer is almost similar to
the BTBT 50 system. The values of the height
for both layers (respectively 2.5 A and 2.8 A),
as well as the total height (5.3 A) compare well
with the experimental data [7, 18|.
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Figure 11: Order parameter in the Q47 900 sys-
tem at 300 K, each plot represents a layer.
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Figure 12: Mean height in the Q47 900 system
at 300 K, each plot represents a layer. The plot
for the second layer (red) specifically reports the
effective total height of the two layers, not the
height of the second one alone.

High temperature simulations were performed
on the Q47 450 and the Q47 900 systems. The
effect of temperature on the monolayer is the
flattening of the molecules on the surface. At
this temperature, the molecules are expected to
start evaporating from the layer [16], yet this
behaviour is not seen. Nonetheless, the system
at 40 ns is still not at equilibrium. Even at 500
K, the BTBT molecules do not desorb from the
surface. Instead, the molecules collapse on each
other and form a continuous film on the surface.

4. Conclusions

The investigation of the thermal behaviour and
the layered structure of Cg-BTBT-Cg on amor-
phous silica, by use of MD, was the aim of this
work. The force field was developed from the
CHARMM 2021 FF [9, 19|, adding the neces-
sary terms for the interactions of Cg-BTBT-Cg
and the surface, with the aid of the CGenFF
utility [20]. The generated FF proved to be
suitable for this study after the simulation of
BTBT 50 at 300 K, despite the weaker inter-
molecular interactions. Higher temperature sim-
ulations allowed to delineate the phase transi-
tions. An unexpected configuration in the form
of lamellar domains appeared at 380 K. More-
over, the melting point appeared only at 480 K.
To better understand this behaviour, the simu-
lation may have to be extended and simulations
on larger systems may have to be executed. The
room temperature simulations on the Q47 sys-



tems allowed to determine that larger systems
tend to be more stable, since higher molecular
order is found far from the boundaries. In fact,
the larger systems are more comparable with
experimental results. Higher temperature sim-
ulations showed that the FF may in fact exag-
gerate the interactions between the silica and
the BTBT molecules, which do not evaporate,
yet more knowledge on the surface chemistry in
experimental studies is needed to make conclu-
sions.

From this work, a series of improvements and
new research paths arise. Better tools to anal-
yse the results could provide new insights. Ma-
chine learning algorithms could be implemented
to study the coordinates of the trajectories and
find patterns. The simulations could be fur-
ther extended, or new simulations could be per-
formed at closer temperature intervals. Simu-
lations on larger systems could also be done to
identify size effects on the results.
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