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Current research in organic electronics is clearly evidencing that the strive to produce
efficient organic electronic devices requires high performance materials that can only be
realized through a rational design [Specialll]. Although polymer-based systems are at
the moment the most appealing for market applications, mainly because of their solution
processability, small molecule-based devices possess potential for commercialization,
presenting comparable performances and a better batch-to-batch reproducibility of their
properties [Walkerll]. The interest in small molecules of well defined crystalline
structure arises also from the fine control over final morphologies that can be achieved
through vapour-phase growth techniques [RuizO4, Rolin10], control that allows, with
respect to polymer devices, a deeper understanding of the structure-electronic
properties relationships. Indeed building an efficient electronic device (e. g. a solar cell)
coincides to a large extent with the fine tuning of the electronic properties at the different
interfaces, typically metal-organic, inorganic-organic, and organic-organic. In this
communication we focus on the latter interface between two of the most studied p- and
n-type molecular organic semiconductors, pentacene (A5) and Cgo fullerene. These
materials have been recently employed in producing rather efficient thin film bilayer
solar cells [Yoo04, Mayer04, Yoo07, Cheyns07, Dissanayake07], ambipolar field effect
transistors [Kuwahara04, Yan09, CosseddulO] and low-voltage-operating organic
complementary inverters [Na09].

The relative simplicity and the good performances of Cgi/A5 heterojunctions has
stimulated theoretical research on the electronic processes occurring at the interface:
density functional theory [Yi09], valence-bond Hartree-Fock [Linares10] and
microelectrostatic calculations [Verlaak09] have been employed in studying model
interfaces of increasing complexity. These studies coherently underline the importance
of relative molecular orientations and positions in determining the interface dipole and
electronic couplings, i.e. the key factors governing exciton transport and fission, charge
generation and separation [Raol0]. This in turn means that improving computational
predictions of the molecular organization at the interface is fundamental to
understanding experimental systems of great interest. This task can in principle be
tackled by using classical atomistic force fields, but it is definitely not a straightforward
one. Indeed, it has been recently recognized that molecular organizations at the
interface depend on the preparation process and not just on thermodynamic state of the
system, so that imitating the experimental preparation techniques is often necessary to
produce realistic morphologies [Liu08, Cheung08, MacKenziel0, Clancyll,
Beljonnell].

For this specific system, Clancy and co-workers applied classical simulations at both
coarse-grained [Choudhary06] and atomistic detail [Goose07] to study some aspects of
the pentacene growth on inert substrates and of the diffusivity of Csy Oon pentacene
[Cantrell08]. In the following, we wish to investigate the growth of A5 on Cgp with the aim
of understanding the mechanism of the thin film formation and of identifying the most
stable arrangement of pentacene on the Cgo (001) surface as deposition proceeds. To
do this we propose to mimic, by means of atomistic molecular dynamics simulations, the



vapour-phase deposition process by landing one A5 molecule at a time on a two-
dimensional (2D) periodic Cgp surface. This computational technique allows following
step after step the non-equilibrium process of the adlayer formation on the substrate.

We find that initially A5 molecules lay flat on the Cgo surface and diffuse quite rapidly,
helped by the rotation of the supporting buckyballs [Luengo97]. This behaviour rapidly
disappears as a few A5 molecules have been deposited, since they tend to aggregate in
small clusters of about 10 molecules, causing a drop of the in-plane diffusivity. The
clusters grow steadily and coalesce into a uniform film of almost horizontal A5
molecules, as shown in the snapshot in figure 1 at 0.54 monolayer (ML;
coverage/thickness is given in units of completed ML of standing A5, 1ML corresponds
to 112 molecules). In this film A5 molecules present a tendency to align parallel to each
other locally, but without evidences of long-range order or herringbone packing. This
trend persists until the coverage reaches about 0.6 ML. At higher coverage a collective
reorientation takes place, with A5 molecules changing their orientation with respect to
the surface from an almost planar to a roughly perpendicular alignment (see figure 1,
0.71-0.89 ML); the reorientation is associated with the onset of the herringbone packing.

By continuing the deposition we observe the partial completion of the first ML (ML1) and
the concurrent formation of new aggregates of a few A5 molecules, laying flat on ML1
surface. Incoming A5 molecules easily diffuse on the ML1 surface until they find a
vacancy to fill (see also additional snapshots at Supporting Information). Once all the
lattice sites are filled, the flat aggregates grow in size, until again a striking collective
reorientation takes place, similarly to what happens during the growth of ML1 (figure 1,
1.34-1.43 ML). After that A5 molecules in ML2 stand up, the herringbone packing sets in
as observed in ML1. When ML2 is almost completed, we registered again a regime with
flat-lying molecules translating on the surface in search of vacancies to fill.

The growth mechanism is quite similar in ML1 and ML2, as emerging from the plots of
the film height and of the average tilt angle as a function of the coverage in figure 1: j) at
low coverage the nucleation and growth of flat aggregates determines a steady increase
of the film height; ji) at a critical coverage the molecules in the aggregate stand up and
orient at about 55 degrees with respect to the substrate plane iii) new A5 molecules fill
the vacancies in the layer and the height stays constant until ML completion. However it
is worth noticing that the collective reorientation of A5 occurs at lower coverage in ML2
than in ML1.

The molecular organization on a given substrate is the result of the interplay between
interactions among molecules in the adlayer and interactions between adlayer and
substrate [DellaValle09, Djuric1l]. To gain insights of the driving force of this spontaneous
reorientation of A5 films and to understand why it happens at lower coverage for ML1 than
for ML2, we calculated the relevant interaction energies among A5 admolecules and
between admolecules and substrate (for ML2 the substrate is constituted by A5 molecules
of ML1).

Interaction energies per admolecule as a function of the coverage are shown in figure 2.
Despite the noise in the data, it is clear that, both in ML1 and in ML2, upon increasing the
coverage the intra-adlayer energy (black circles) decreases at expenses of the adlayer-
substrate energy (blue squares), driving the collective reorientation that occurs with a
sudden drop in the intra-adlayer and total (red triangles) energy. In other words at low
coverage the adlayer-substrate interaction dominates, keeping A5 molecules parallel to the
substrate, but at high coverage molecules rearrange assuming a standing orientation in
order to minimize intra-adlayer energy. The discontinuity in the system energy, occurring in
concomitance with the molecular reorientation and with the establishment of the



herringbone packing of A5, can be considered as a signature of a 2D crystallization. The
difference between the critical coverage at which the reorientation transition occurs in the
two ML, can be traced back to the adhesion energy between one lying A5 molecule on the
Ceo (001) surface and on ML1: this energy is about 3 kcal/mol larger for the Cgo Substrate,
causing the collective reorientation to occur at higher coverage.

After the deposition of two complete MLs, the sample was equilibrated at 300 K and the 2D
crystalline order was characterized by calculating the diffraction pattern of each ML. The 2D
representation of ML1 and its diffraction pattern are shown in the left and right panels of
figure 3, respectively. The unit cell obtained from the most intense diffraction spots, shown
as a red frame in figure 3, contains two A5 molecules (Z=2). Cell parameters measured for
the two ML are identical and are given in table 1 [Notel]. The cell predicted by our
simulation can be directly compared to the experimental unit cells; while simulated values of
a and y are very close to experimental ones, the cell parameter b is rather different. Such a
discrepancy is due to the inclination of A5 molecules, and can be quantified by the spacing
between the ML, d(001). Our simulation leads to d(001)=12.8 A, a value lower than the
typical values reported for A5 bulk and thin film polymorphs on SiO,, but in good agreement
with the spacing of 12 + 2 A reported by Dougherty et al. for A5 grown on Ceo/Ag(111)
[Dougherty09]. An interesting feature of the simulated interface is the relative orientation of
substrate and adlayer lattices, leading to the alignment of A5 centers of mass of ML1 along
the Cegp [1-10] direction (blue line in left panel of figure 3) [Note2].

Further experimental confirmations of our results can be found in the recent literature
[Hu05, Al-Mahboob09, DuhmOQ9, Liu09]: Hu et al deposited A5 on a Cgo-terminated self-
assembled monolayer on Au, finding that, differently from what happens on the bare metal,
A5 grows with the long axis almost perpendicular to the surface [Hu05]. Al-Mahboob et al.
studied the temperature dependence of growth of A5 on Cgp (111) by means of low energy
electron microscopy, noting two distinct types of nucleation: an earlier nucleation of a lying-
down crystalline phase (not observed here) and a delayed nucleation of a standing-up
phase, the latter becoming favorite above 400 K [Al-Mahboob09]. The standing up phase
was also detected at room temperature with scanning tunneling microscopy in islands of A5
grown on Cgo /Ag(111) [Dougherty09]. Finally, both Koch’s [Duhm09] and Fahlman’s group
[Liu09] reported coverage-dependent changes in the ultraviolet photoelectron spectra of A5
when deposited on Cg/PEDOT:PSS and Ceo/Au, respectively. In particular, in the second
study it was shown that the X-ray absorption features of standing A5, develop at a nominal
thickness of about 0.8 ML, in excellent agreement with the critical coverage for lying to
standing orientation predicted by our simulation.

Concluding, we found that the growth of ML of A5 on Cgo (001) proceeds in two coverage-
dependent steps: in the first, A5 molecules lay flat and disordered on the Cgo surface, with a
steady growth of the film height. In the second, A5 molecules reorient perpendicular to the
surface and self-assemble in a crystalline packing. This mechanism is governed by the fact
that at a high coverage the energetically favored arrangement of A5 on Cgo (001) is a layer
of standing molecules, matching the necessary conditions for a layer-by-layer (Frank-van
der Merwe) growth [Choudary06] and leading to a highly ordered molecular film. We believe
that this study represents a promising and significant progress towards the use of atomistic
simulations in studying the complex out-of-equilibrium irreversible process of organic crystal
growth.

Experimental Section

Both compounds are described with AMBER force field [Cornell95], for which we tested



the capability of reproducing the cell parameters at 300 K and p=1 atm starting from the
experimental crystallographic geometries. For A5 we rely on the results in reference
[Martinelli09], while for Ceo a 4x4x4 supercell yielded to a cell parameter a=14.048 A, to
be compared with the experimental value at room temperature of 14.152 A [Andre92].
In addition the orientational order-disorder transition of Cgp at 260 K [Allemand91] and
the temperature dependence of the cell parameter [Chang06] are correctly reproduced.
The agreement between experiments and simulation ensures that the force field
provides a sensible description of the intermolecular forces.

Molecular dynamics simulation of the deposition was performed with the Orac code
[Procacci97] in the NVT ensemble at T=500 K, using a velocity scaling thermostat and
timestep 1 ns. The relatively high temperature was chosen as it is beneficial for
accelerating the molecular motion without changing significantly the free energy
landscape (both compounds sublimates at higher temperatures, ~645 K for A5, ~620 K
for Cgp). The Ceo(001) surface was prepared as a 4x4x2 supercell [Liu91], composed of
128 molecules. The simulation box was enlarged in the z direction, creating an empty
region where A5 can be deposited, obtaining a final box size of 56.2 x 56.2 x 200 A.
Periodic boundary conditions are imposed in the three dimensions, but because of the
large empty space along z, they are effective only in 2D.

The vapour deposition of A5 was mimicked by inserting into the box one A5 molecule
every 250 ps. This frequency corresponds to an unrealistically high flux rate (=0.1
molecules nm™2ns™ and corresponding to 0.5-10° A/s for a standing up film), necessary
to make the simulation feasible, but that may kinetically favor the growth of amorphous
films [Ruiz04, Choudhary06]. Each new molecule had random position (within 10 A from
the interface) and velocity, but the same geometry and orientation (at about 15 degrees
with respect to the surface). Desorption occurred rarely and only for newly inserted A5
molecules; when this happened, the desorbed A5 was removed from the box and a new
A5 was inserted as explained above.

The scheme was repeated for 224 molecules, corresponding to two complete A5 ML,
and to a total simulation time of 60 ns. After completing the deposition, the sample was
equilibrated at 300 K for 5 ns. 2D representations of the monolayers were obtained by
drawing each molecule as an ellipse with semiaxes aligned with the short A5 axes and
with center coinciding with the A5 center of mass. A5 positions and orientations were
averaged over 1 ns of the equilibrated trajectory at 300 K. The 2D representation of A5
molecules is a function that has value 1 within ellipses contours and 0 outside. The main
features of the diffraction pattern does not depend on the specific values of the ellipse
semi-axes (a=2.5 A, b=0.3 A are used here). Diffraction patterns were calculated as
squared Fourier transforms of the real space 2D representations with the Octave
numerical computation suite.
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Figures and Tables

Table 1: In plane lattice experimental and calculated cell parameters for pentacene

polymorphs.

System a(A) b (A) 7(9) d(001) (A)
exp (thin film) [Schiefer07] 5.958 7.596 89.80 15.4
exp (solution) [Campbell61] 6.06 7.90 85.8 145
exp (vapour) [Siegrist01] 6.253 7.786 84.61 14.1
exp on Cgo (111) [Al-Mahboob09] 5.9 7.6 88 -
ML1-ML2 on Cg (001) 6.1 9.3 86 12.8
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Figure 1: Top: Selected simulation snapshots showing the transition from planar to perpendicular alignment
for the first (blue) and second (red) monolayer. Bottom: Maximum film height and tilt angle (formed by A5
long axis and Cgy surface) measured during the growth of ML1 and ML2. Two regimes are recognized: at
low coverage, A5 molecules lay flat on the Cg surface, leading to a steady growth of the film height. When
coverage reaches a critical value (~0.6 for ML1 and ~1.4 for ML2), reorganization occurs and A5 molecules
orient their long axis at about 55 degree with respect to the surface plane. The height and the angle remain
constant until completion of the ML.
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Figure 2: Intermolecular interaction energies in the growth of the first and second A5 ML on Cg,
averaged over the last 50 ps of each deposition step: Interaction of A5 adlayer with the substrate (blue
squares), intra-adlayer interactions (black circles), and total interaction (red lines). A sharp decrease of
the total energy per molecule, associated to the flat-to-standing reorientation, is observed at coverages
of ~0.7 and ~1.4 ML.
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Figure 3: Left panel: schematic drawing of the first A5 ML (black ellipses) and of the upper layer of the Cg
(001) surface (gray circles); the red frame shows the Z=2 unit cell of the A5 lattice, the blue line marks the [1-
10] direction of the Cgy surface. Right panel: 2D diffraction pattern of A5 ML1; the red frame shows the unit
cell in the reciprocal lattice.
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