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ABSTRACT: The morphology of molecular aggregates at interfaces
impacts strongly on the functional properties of nanoscale systems for
electronic and optoelectronic applications. The packing of organic
materials on surfaces, in turn, depends on several factors, including
the nature and structure of the substrate, the fabrication conditions,
and processing. In this work, we perform an integrated computa-
tional/experimental study to unravel the details of the molecular
aggregation morphology at the interface between two organic
materials. Namely, we address the morphology of aggregates of
N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-
C13), a prototypical n-type organic semiconductor at the interface
with poly-methyl metacrylate (PMMA), an organic polymer
commonly used as a dielectric layer in devices. The integration
between molecular dynamics simulations and atomic force microscopy experiments elucidates the critical role of growth and post-
processing conditions in the formation of the interface structure.

■ INTRODUCTION
The development of organic electronic devices is strongly
connected to the properties of functional organic molecular
materials, thin films, and interfaces.1−6 In turn, the properties of
organic materials are often related to intermolecular aggregation
phenomena and to the nanoscale morphology of organic
layers.7−13 In molecular systems, aggregation is induced
essentially by weak van der Waals interactions, which result in
different possible aggregation structures with relatively small
energy differences and low interconversion barriers from each
other.8 The aggregation of small molecules at the solid state
leads usually to different possible packing structures and
aggregation morphologies, also manifested as bulk poly-
morphism, as a function of growth and fabrication con-
ditions.14−20 The occurrence of different structural motifs in
molecular aggregates also affects the morphology of molecular
thin-films at the interface with substrates, which is of paramount
relevance in the development of technological applications in
organic electronics and bioelectronics.11,12,19,21−25 In thin-films
of organic materials, molecular aggregation is also related to the
interaction of the molecular layer with the supporting
substrate.10,18,22,26−30 Details related to fabrication conditions
and processing also play a significant role in determining the
morphology of organic thin-films.22,28,31−34 The morphology of
molecular aggregates at the interface with a substrate depends,
therefore, on a broad set of variables, frommolecular structure to
properties of the substrate (materials, microscopic, and

mesoscopic morphology), fabrication conditions, processing,
and thickness of the organic layer.35 The details of the
morphology of organic molecular materials’ impact on their
functional properties are used to develop devices such as organic
light-emitting diodes, field-effect, electrochemical, and light-
emitting transistors or photovoltaic cells. Namely, molecular
packing influences strongly the transport of charge carriers
(including charge and exciton diffusion and recombination) in
organic semiconducting layers, with a significant impact on the
performance of devices.11,32,33,36−43 Understanding the relation-
ship between molecular structure of organic active materials,
processing methodologies and architectures, and resulting
functional properties is, therefore, one of the main research
targets for the development of organic electronics.44,45

In the past few years, significant research efforts have been
targeted toward this issue. Particularly, recent work has
demonstrated the potential of joint experimental/computa-
tional endeavors for unraveling the relationship between the
chemical structure of organic molecules and the resulting
properties in complex aggregates and at interfaces.46−49 These
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studies demonstrated that the structural variability of molecular
aggregates at interfaces requires detailed investigations on the
microscopic nature of the different aggregation morphologies as
a function of fabrication conditions, processing, thickness, and
other fabrication variables.
In this work, we perform computational studies and

experimental validations to assess the nanoscale aggregation in
thin-films of a well-assessed andmultifunctional semiconducting
n-type organic small-molecule, namely the perylene diimide
derivative N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic dii-
mide (PTCDI-C13),34,48−57 at the interface with poly-methyl
metacrylate (PMMA), a polymer typically used as a dielectric
layer,6,46,58−63 in different growth and fabrication conditions,
thus mimicking the configuration occurring in in-plane organic
electronic devices, such as organic field-effect transistors
(OFETs). Previous work indeed demonstrated that the charge
transport properties and the overall performance of organic
transistors depend crucially on the morphology of the active
organic layer at the interface with the dielectric layer.46 A
detailed understanding with atomistic resolution of the
molecular aggregation morphology at the interface with the
dielectric is, therefore, required to optimize materials,
architectures and processing conditions for the fabrication of
efficient organic electronic devices.
We apply atomistic molecular dynamics (MD) simulations to

model the structure of disordered, partially ordered, crystalline,
and poly-crystalline aggregates of PTCDI-C13 at the interface
with realistic models of a PMMA surface. These investigations
aim at providing correlations between aggregation nanoscale
morphology and local structural properties. Simulations are
supported and integrated by experimental validations performed
on ultra-thin films of PTCDI-C13 grown on PMMA samples,
providing a unified picture of the correlation between growth
conditions, post-fabrication processing, and resulting interface
morphologies.
Our study underlines the role of kinetic and thermodynamic

effects on the growth and interface morphology of PTCDI-C13
nanoscale aggregates at the interface with PMMA, linking our
findings to the details of fabrication process. Focusing on a
prototypical interface, our work highlights the potential of the
computational/experimental approach proposed in the opti-
mization growth, fabrication, and processing routes in organic
electronics. The detailed understanding provided by our
approach can also lead to the possibility of controlling and
fine-tuning the morphology of molecular aggregates at interfaces
in organic electronic devices.

■ METHODS
Computational Details. MD calculations were performed

by applying a customized version of the all-atom OPLS force
field,64 taking parameters for PTCDI-C13 and PMMA from
previous work.49,65 The interaction between PTCDI-C13 and
PMMA was described in terms of mixed Lennard-Jones (LJ)
terms, applying standard Lorentz−Berthelot rules. Electrostatic
interactions were computed by applying the particle-mesh
Ewald (PME) method, using a cut-off of 10.0 Å for both
Coulomb and van der Waals (LJ) interactions. The Berendsen
thermostat was used for simulations in theNVT ensemble with a
time constant of 1.0 ps. Periodic boundary conditions (PBCs) in
three dimensions were used in all simulations, inserting a
vacuum region of 50 Å along the z direction of the box for the
simulation of slabs and interfaces. The time step for all the

simulations was set to 1 fs. All MD simulations were performed
using the GROMACS package.66

The aggregation properties of the organic molecular layer are
related to the morphology of the underlying polymer substrate.
The definition of a realistic model of the polymer layer is,
therefore, key to simulate molecular aggregation at the interface.
We considered a model surface corresponding to samples
obtained by spin-coating of PMMA on flat substrates, as, for
example, in the fabrication of OFETs. The model of the PMMA
was obtained as described in a previous work,46 with the
morphology of the exposed simulated surface comparing well
with the experiment. The surface area of the PMMA model
(about 10 × 10 nm) is large enough to accommodate the
relaxation of large PTCDI-C13 supramolecular structures,
allowing the observation of interface aggregation phenomena
at the nanoscale. The thickness of the PMMA layer (about 5
nm) allows to decouple surface effects from the bulk limit.
Moreover, the PMMA surface model is expected to reflect the
local morphology of a PMMA sample, as shown previously.46,67

All structures were initially relaxed to the nearest energy
minimum by steepest descent optimization and subsequently
equilibrated by MD.
The effect of fabrication conditions and processing on the

morphology of PTCDI-C13 aggregates on a substrate was
simulated by implementing MD protocols aimed at simulating
growth dynamics under kinetic and thermodynamic control,
respectively. Simulation of the morphology of PTCDI-C13
aggregates grown on PMMA in kinetically-controlled conditions
were performed as explained in a previous work.8 Namely, the
aggregation of PTCDI-C13 molecules on PMMA in strong
kinetic control was simulated by starting from the bare
equilibrated PMMA substrate and adding PTCDI-C13
molecules iteratively, one by one, by applying a combination
of non-equilibrium and equilibrium MD. Each PTCDI-C13
molecule is initially positioned at about 5 nm from the PMMA
surface, with a random in-plane (x and y) displacement and
orientation, adding an initial velocity component of 0.5 nm ps−1

to the −z component of the velocities of all atoms. Then, a MD
run is performed (100 ps), at a temperature of 300 K, allowing
the PTCDI-C13molecules to reach the PMMA surface and then
relax. The procedure is repeated until reaching the target surface
density. The relatively short relaxation time induces the
formation of essentially amorphous aggregates.8 In all
simulations, the equilibrated final configuration exhibits a
remarkably strong structural stability at 300 K in the time
scale of several tens of ns. Simulations of thermodynamically
stable PTCDI-C13 aggregates at the interface with PMMAwere
performed by equilibrating the stable configuration of PTCDI-
C13 layers, as found in previous work,48,49 in contact with the
PMMA surface. Equilibrations were performed by MD at a
temperature of 300 K for 50 ns. In these simulations, all
equilibrated configurations were found to be structurally stable,
after a relatively short (a few ns) relaxation time. Annealing of
equilibrated configurations was performed by increasing the
temperature of the system to 400 K, at a rate of 20 K ns−1,
equilibrating the system at 400 K for 30 ns and cooling to 300 K
at a rate of 10 K ns−1, with a final equilibration of the system at
300 K for 50 ns.
Configurations relaxed by MD were analyzed in terms of

structural parameters that are relevant in the description of
intermolecular and long-range aggregation of molecular
materials on substrates. The overall molecular packing features
were analyzed by computing the radial distribution function
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between the centers of mass of PTCDI-C13 molecules. The tilt
angle γ of PTCDI-C13 molecules was defined as the angle
between the main axis of the molecule and the normal to the
PMMA surface. The relative orientation between two
neighboring PTCDI-C13 molecules was defined by two angular
order parameters, related to the twist (θ) and tilt (φ) angles
between the two planes of the perylene cores, respectively.
These parameters are described in detail in the Supporting
Information and in previous work.48

Experimental Details. Materials. PTCDI-C13 was pur-
chased by Sigma-Aldrich (CAS: 95689-92-2, MW: 755.04 mp),
PMMA (AR_P 669.06) was purchased by ALLRESIST Gmbh.
Fabrication of Organic Thin Films. The samples were

produced by sublimation on glass/ITO substrates. The glass/
ITO substrates underwent to multistep washing process in
ultrasonic bath with acetone and isopropanol alcohol, each step
lasting 15min at room temperature. The PMMA layer (450 nm)
was deposited on top of the glass/ITO substrate by spin coating
and then annealed at 353 K. The PTCDI-C13 layer was
sublimated in vacuum on the glass/ITO/PMMA stack at a
growth rate of 0.6 nm/min. The thickness of PTCDI-C13 layers
vary from 0.5 to 2 nm and it is measured by a quartz
microbalance. All samples were annealed on a hotplate at 328 K
for 40 min following the deposition of PTCDI-C13.
AFM Imaging. AFM micrographs were acquired under

nitrogen with SNL-A probes (Bruker, USA) having a nominal

tip radius of 2−12 nm and a nominal elastic constant of ∼0.35 N
m−1 on aMultimode8microscope (Bruker, USA) equipped with
a Nanoscope V controller and a type J piezoelectric scanner,
operated in PeakForce mode at an applied force of≤250 pN and
a lateral velocity ≤ 1 μm s−1. Background subtraction and image
analysis were performed with Gwyddion 2.61.68 AFM analyses
were performed before and after the annealing process.

■ RESULTS AND DISCUSSION
The properties of PTCDI-C13 aggregates at the interface with
PMMA were simulated by different protocols, as described in
the Methods section, addressing the relationship between
growth conditions, processing, and resulting morphology. In
kinetically controlled growth conditions, PTCDI-C13 aggre-
gates formed at the interface with planar or quasi-planar
substrates typically exhibit a mostly amorphous morphology.69

The simulation conditions applied reflect the growth of PTCDI-
C13 on substrates at high growth rates and at room temperature.
In Figure 1, a snapshot of the equilibrated configuration
obtained from simulations of the growth of PTCDI-C13 on
PMMA in kinetically controlled conditions, up to a coverage of
3.0 mol nm2, is shown.
The overall simulated aggregation structure (see Figure 1a,b)

evidences a largely amorphous morphology of PTCDI-C13 at
the interface with PMMA, with local molecular packing in
different directions, in agreement with previous work.69 AFM

Figure 1. Side (a) and top (b) views of a snapshot of theMD equilibrated morphology of PTCDI-C13 (orange and green) grown on PMMA (gray) in
kinetically controlled conditions. AFM topography image (c) of an as-cast sample of PTCDI-C13 grown on PMMAwith a nominal coverage of 0.5 nm
(scale bar: 500 nm) and height distribution across the whole sample (d). Distribution of the PTCDI-C13 tilt angles (inset: intermolecular orientation
parameters) (e) and computed radial function distribution (f) for the MD equilibrated structure (inset: average density profile across the slab).
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topography (see Figure 1c,d) of an as-cast (unrelaxed) layer of
PTCDI-C13 with nominal height of 0.5 nm grown on PMMA
shows a distribution of heights (about 1.8 nm) that is lower than
that expected for a complete monolayer. Themeasured averaged
height profile shows a broad distribution, pointing to a largely
unstructured aggregation. In agreement with simulations, this
distribution indicates a likely loose packing, with most of the
molecules arranged differently from the expected crystalline
stand-up phase.
Increasing the nominal coverage of PTCDI-C13 on PMMA to

1 nm, in the same growth conditions, leads to only slightly more
structured aggregation (see Figure S1 in the Supporting
Information). The morphology of the PTCDI-C13 layer does
not provide evidence of formation of long-range ordered
structures with a particular alignment with respect to the
PMMA surface, as, for example, in islands and terraces.
However, a deeper analysis of the simulated interface
morphology suggests the occurrence of local structuration of
PTCDI-C13 aggregates. Despite a scattered range of molecular
orientations with respect to the underlying surface (see Figure
1e), the analysis of the intermolecular orientation in nearest-
neighbor dimers (see Figure 1e, inset) shows a strong tendency

to local aggregation of PTCDI-C13 molecules in a staggered
(ST) configuration, which is a metastable phase for bulk and 2D
structures.48 The pair correlation function between the
molecular centers of mass (see Figure 1f) and the density
profile of PTCDI-C13 molecules at the interface (see Figure 1f,
inset) shows a tight molecular packing, peaked at a distance
(about 4 Å) that is compatible with close intermolecular π−π
stacking. Moreover, simulations indicate the occurrence of long-
range alignment of molecules along the axis perpendicular to the
molecular π-system, at different orientations with respect to the
substrate. In kinetically controlled conditions, therefore, the
growth dynamics leads to preferential growth of PTCDI-C13
aggregates in the direction perpendicular to the most stable
surface ([001]) of the bulk crystal, that is, perpendicular to the
π-stacking plane, without a particular alignment of aggregates
with respect to the underlying PMMA surface. This driving force
leads, at larger coverages, to the formation of three-dimensional
needle-like aggregates of PTCDI-C13, which are often observed
in experiments.69,70

In thermodynamically controlled conditions, the formation of
more ordered aggregates of standing-up molecules of PTCDI-
C13 at the interfaces is expected. The thermodynamically most

Figure 2. Snapshot of theMDmorphology of a PTCDI-C13 layer in the CF configuration (orange and green) equilibrated on PMMA (gray) relaxed at
300 K (a) and after annealing at 400 K (b). Computed radial function distribution (c) for the MD equilibrated structures (blue: unannealed
configuration; red: annealed configuration; inset: average density profile across the slab). Intermolecular orientation parameters for the unannealed (d)
and annealed (e) configuration. AFM topography image (f) of a fully relaxed sample of PTCDI-C13 grown on PMMA with a nominal coverage of 0.5
nm (scalebar: 500 nm) and height distribution across the whole sample (g).
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stable phase of a PTCDI-C13 monolayer, in both free-standing
and supported conditions, is a co-facial (CF) phase, as
previously demonstrated by calculations and experi-
ments.48,50,71,72 The relaxed simulated structure of a PTCDI-
C13 monolayer in the CF phase equilibrated by MD on the
PMMA surface is shown in Figure 2a. Simulations indicate a
remarkable long-range crystal ordering and tight packing (see
Figure 2c,d) of PTCDI-C13 molecules at the interface, despite
the roughness of the underlying PMMA surface. The computed
rms roughness of the exposed surface lowers from 0.50 nm for
the bare PMMA46 surface to 0.20 nm for the surface of the
PTCDI-C13 monolayer on PMMA. As shown by the MD
snapshot of Figure 2a, the long-range structural ordering of
PTCDI-C13molecules in the CFmonolayer phase on PMMA is
assisted by the flexibility of the side alkyl chains, which adapt to
the surface, while keeping intact strong π-stacking intermo-
lecular interactions, confirming the observations of previous
work.49 Remarkably, MD also evidences the effect of thermal
treatments on the PTCDI-C13 monolayer on PMMA in
improving long-range ordering. Namely, by performing
annealing simulations of the PTCDI-C13 layer at a target
temperature of 400 K (see Computational Details), a long-range

alignment of the PTCDI-C13 alkyl chains is observed (see
Figure 2b), which is also reflected in improved short-range
packing (see Figure 2c,e).
Experiments were performed on the relaxation of PTCDI-

C13 on PMMA at a nominal coverage of 0.5 nm. After an initial
thermal equilibration at room temperature for 24 h, we observed
that consecutive applications of the AFM tip on the sample led
to increasingly ordered packing (see Figure S2 in the Supporting
Information). These intermediate aggregation morphologies are
structurally stable upon thermal annealing at 328 K for 40 min
(see Figures S3 and S4 in the Supporting Information).
Therefore, the combined effect of thermal and tip-induced
relaxation is able to drive aggregation toward ordered
morphologies.
The height of the PTCDI-C13 islands on PMMA, measured

after a 24 h relaxation at room temperature and four successive
passes of the AFM tip (2.59 nm, see Figure 2f,g), is in excellent
agreement with the height of PTCDI-C13 layers obtained by
simulations (2.56 nm). These findings also align with previous
research.69

The application of thermal processes to the samples of
PTCDI-C13 on PMMA in the sub-monolayer regime can

Figure 3. Snapshot of the MD simulated morphology of a PTCDI-C13 bilayer in the CF configuration (orange and green) equilibrated on PMMA
(gray) relaxed at 300 K (a) and after annealing at 400 K (b). Computed radial function distribution (c) for the MD equilibrated structures (blue:
unannealed configuration; red: annealed configuration; inset: average density profile across the slab). Intermolecular orientation parameters for the
unannealed (d) and annealed (e) configuration. AFM topography image (f) of an annealed sample of PTCDI-C13 grown on PMMA with a nominal
coverage of 2.0 nm (scalebar: 500 nm) and height distribution across the whole sample (g).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c03332
J. Phys. Chem. C 2023, 127, 18026−18035

18030

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03332/suppl_file/jp3c03332_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03332/suppl_file/jp3c03332_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03332?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03332?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03332?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03332?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


indeed affect the dynamics of structural reorganizations at the
interface including modifications of the polymer surface induced
by heating. Although the case is different from that of complete
layers, as in devices, the occurrence of different morphologies
underscores the role of processing (as evidenced by the effect of
thermal annealing compared to the tip-induced aggregation
discussed above) in determining the morphology of PTCDI-
C13 aggregates on substrates. Post-growth processing of
PTCDI-C13 thin-films on PMMA and thermal treatments
can, therefore, affect significantly the interface morphology and
related properties, improving both intermolecular local packing
and long-range aggregation. In particular, annealing of PTCDI-
C13 aggregates on PMMA can be expected to improve
significantly the charge transport properties of the organic layer.
A similar effect is observed for bilayers of PTCDI-C13, in the

CF configuration, relaxed on PMMA (see Figure 3a) in
conditions that can be expected for thermodynamically
controlled growth. In bilayers, post-growth simulated thermal
annealing improves both intermolecular and inter-layer packing
(see Figure 3b−d), driven by the relaxation of side alkyl chains.
The distribution of heights for samples grown with a nominal
coverage of 2 nm measured experimentally (see Figure 3f,g)
supports the picture provided by computational models. The
unrelaxed samples correspond to an almost complete layer of
PTCDI-C13 in the CF phase (85 ± 6% coverage) and an
overlayer of small regions corresponding to a second monolayer.
Interestingly, the experimentally measured overall surface

coverage, at the nominal coverage of 2 nm, is only 1.4 times
larger than the value observed at 1 nm (61 ± 1% coverage),
computed from the same growth rate. Nominal coverages are
indeed computed from deposition times by assuming constant
growth rates for all samples. This assumption does not take into
account the affinity between the grown species (PTCDI-C13)
and the nature of the surface, thus introducing a strong bias in
the relationship between nominal and real coverages. As we
observe a much smaller coverage than expected we can assume
that, in these growth conditions, PTCDI-C13 molecules exhibit
a larger affinity toward PMMA with respect to PTCDI-C13
layers.
A comparable effect of thermal annealing in improving the

packing of PTCDI-C13 bilayers is also observed in the
simulation of other metastable phases, such as interdigitated
structures (see Figure S5 in the Supporting Information).
In ordinary growth conditions, organic molecular aggregates

of PTCDI-C13 usually exhibit a polycrystalline structure, related
to the occurrence of concurrent nucleation events. At low
coverages, individual molecules first aggregate to form islands,

according to a crystalline structural motif. By increasing
coverage, islands get into contact with each other, leading
eventually to a polycrystalline complete monolayer. One of the
crucial aspects of molecular interface engineering concerns,
therefore, the relationship between the structure of crystalline
phases and the local morphology of islands and polycrystalline
aggregates. To investigate the structural properties of islands of
PTCDI-C13, MD simulations were performed on model
systems constituted by nanoscale molecular aggregates at the
interface with PMMA. Free-standing islands of PTCDI-C13 in
the CF phase, with a diameter of about 5 nm, are stable at room
temperature in vacuum, as shown in previous work.48 By thermal
equilibration, the free-standing PTCDI-C13 islands assume
generally a rounded shape and retain the crystal packing of the
stable CF phase. However, simulations show that PTCDI-C13
islands with a similar size (about 5 nm diameter) relaxed on
PMMA are unstable under MD at room temperature, and tend
to collapse onto the underlying surface. In this case, the size of
the molecular cluster is, therefore, too small to compensate for
the molecule−surface interaction with intermolecular packing
forces, as a consequence of the small ratio between the number
of close-packed (bulk-like) molecules andmolecules at the edge.
The affinity of PTCDI-C13 molecules toward PMMA can be
related to the aliphatic interactions between the molecular
components and the exposed polymer units. These interactions
can also account for the mechanical energy needed to achieve
full relaxation of PTCDI-C13 aggregates in the thermodynami-
cally most stable phase, as observed above. In contrast, small
PTCDI-C13 islands on top of a complete monolayer of PTCDI-
C13 molecules supported on PMMA exhibit remarkable
stability in the time scale of MD simulations (see Figure 4).
Upon equilibration, PTCDI-C13 islands at the interface with

PTCDI-C13 monolayers take initially a rounded shape,
irrespective of the initial symmetry of the molecular cluster, in
agreement with the experiment.70 The height of the equilibrated
island (2.56 nm) is also in excellent agreement with the terrace
height observed in experiments. Structural parameters indicate
that, despite the overall apparent shape, the close packing of the
CF phase is essentially maintained in PTCDI-C13 islands at
interfaces, which are, therefore, constituted by monocrystalline
aggregates, with a slightly lower density with respect to that of a
complete monolayer. In our simulations, we found different
likely orientations of equilibrated PTCDI-C13 islands over the
organic monolayer, as a result of the weak forces between the
alkyl chains of the two layers. However, the epitaxial (aligned)
arrangement of the PTCDI-C13 island with respect to the

Figure 4. Snapshot of theMD simulated morphology of an island of PTCDI-C13 (orange and gray) equilibrated on a PTCDI-C13 monolayer (green)
supported on PMMA (gray) [top (a) and side (b) views]. (c) Computed radial function distribution for the PTCDI-C13 molecules of the island
(inset: intermolecular orientation parameters).
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underlying CF layer, similar to the bilayer structure of Figure 2,
is expected to be energetically favored.
The growth of a complete monolayer of PTCDI-C13

molecules from islands is expected to lead to the formation of
polycrystalline aggregates. However, collective diffusion of
PTCDI-C13 molecules on surfaces can lead to aggregation by
coalescence. The coalescence of neighboring PTCDI-C13
islands can be related to surface diffusion and, as such, is
triggered by kinetic energy. To simulate the dynamics of
PTCDI-C13 islands at interfaces, we equilibrated two aggregates
of PTCDI-C13 molecules in the CF phase, with a diameter of
about 5 nm, at a distance of about 5 nm from each other, and
randomly oriented with respect to the underlying PTCDI-C13
monolayer, supported on PMMA. After about 10 ns of
equilibration at room temperature, both clusters acquire the
rounded shape observed previously and get closer to each other,
as a consequence of thermal molecular diffusion on the surface
(see Figure 5a).
Upon further equilibration, the two islands get in contact,

forming a grain boundary (see the Movie S1 in the Supporting
Information). However, in the time scale of about 10 ns,
complete coalescence of the two islands into each other is
observed (see Figure 5b), with formation of an ordered
aggregate in the CF phase. The possible occurrence of
coalescence phenomena upon thermal annealing is also signaled
experimentally by the change in the mean area of islands
measured by AFM, which increases from 2600 to 22,000 nm2 in
PTCDI-C13 samples on PMMAwith nominal coverage of 2 nm
(see Figures 3f and S6 in the Supporting Information).
Remarkably, molecules in the coalesced and relaxed nanostruc-
ture are epitaxially aligned with respect to the underlying layer of
PTCDI-C13 molecules (see Figure 5b). The propensity of
PTCDI-C13 overlayers to aggregate along the π−π stacking
direction compares well with the elongated shape of PTCDI-
C13 nanostructures on monolayers observed experimentally
(see Figure 3). The packing of the PTCDI-C13 island formed by
coalescence strongly exhibits the CF aggregation, with a few ST
aggregates at the edges of the island, as can also be observed
from the orientational parameters (see Figure S7 in the
Supporting Information). Coalescence processes may, there-
fore, lead to a significant structural smoothing between
neighboring islands of PTCDI-C13 on surfaces and are expected
to improve in-plane charge mobility and to reduce greatly the
occurrence of trap states related to defects and grain boundaries.

■ CONCLUSIONS
In this work, we investigated the morphology of PTCDI-C13
layers on PMMA through joint computational and experimental
investigations. Our study highlights the role of fabrication and
post-processing conditions in the definition of aggregation and
packing at the molecular level, which impacts the overall
properties of PTCDI-C13 thin films. Stable and ordered
PTCDI-C13 aggregates at the interface with PMMA typically
exhibit a face-to-face configuration, with upstanding individual
molecules. Both simulations and experiments suggest a
significant improvement of long-range packing order of
PTCDI-C13 aggregates at the interface upon thermal annealing.
Accordingly, thermal processes enhance a layer-by-layer growth
in the initial stages of the deposition of PTCDI-C13 films on
PMMA. The significant packing order is also evidenced by the
strong correlation between nominal and effective coverage, with
uniform distribution of layer heights that corresponds to the
height of ordered aggregates of PTCDI-C13 molecules in the
co-facial standing-up phase. Moreover, thermal annealing can
also improve in-plane ordering, assisting the coalescence of
PTCDI-C13 islands toward the formation of larger aggregates
with extended crystalline order. Although the effect of annealing
and thermal processes in thicker films and full-scale devices may
be linked to several other factors, this work emphasizes
fundamental aspects in the correlation between processing and
morphology at the interface between PTCDI-C13 and PMMA.
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