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H
ybrid heterostructures consisting
of metal oxides functionalized by
metallo-organic macrocyclic com-

plexes (MOMC) have attracted large interest
for photoelectrochemical and photocataly-
sis applications as well as for low-cost photo-
voltaics (e.g., dye-sensitized solar cells).1�4

In photovoltaic devices, the role of the
organic MOMCs is to absorb light (dye)
and to donate electrons to the metal oxide
while collecting holes.5 Among MOMCs,
phthalocyanines (Pcs) are widely used as
dye molecules, and they represent a cheap
and environmentally friendly alternative to
pyridyl-based compounds.6 Pcs are charac-
terized by an intensive absorption in the far-
red IR region, together with excellent che-
mical, light, and thermal stability.6 The struc-
ture of these molecules is characterized by
one or more macrocyclic ligands carrying
clouds of delocalized electrons and by a
central metal or group. Almost all of the
metals appearing in the periodic table can
be used to synthesize Pc molecules, differ-
ing in their spectroscopic and electroche-
mical properties.7

As for the inorganic component, wide
band gap metal oxides (e.g., ZnO, TiO2) are
used as efficient electron acceptors charac-
terized by a strong photoanodic stability
against degradation8 and a low rate of
direct electron�hole recombination pro-
cesses.3 TiO2was the firstmetal oxide anode
for which efficient visible sensitizations by
MOMCs was observed.9 It is still the most
widely adopted material for hybrid photo-
voltaic applications. In recent years, ZnOhas
rapidly emerged as a valid alternative to
titania since it can be synthetized with great
flexibility, it is nontoxic, and it provides very
good electron mobility.10

In this work, we focus on the case of
ZnPc/ZnO hybrids. These systems, showing
sizable photocurrents, have been used as

active interfaces for photovoltaics (both
with electrolytes or in solid state systems).
The photophysics of ZnO functionalized by
ZnPcs is affected by temperature, molec-
ular concentration, and the ZnO surface
morphology.11,12 These effects are mostly
related to the tendency of Pcs to aggregate
at the interface.12 In fact, aggregation can
easily occur during synthesis in solution or
in the gas phase,13 as well as a result of
thermally activated molecule diffusion on
the metal oxide surface.14 It has been
shown that Pc aggregates have electro-
chemical, spectroscopic, photophysical, and
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ABSTRACT

We adopt a hierarchic combination of theoretical methods to study the assembling of zinc

phthalocyanines (ZnPcs) on a ZnO (1010) surface through multiple time scales. Atomistic

simulations, such as model potential molecular dynamics and metadynamics, are used to study

the energetics and short time evolution (up to ∼100 ns) of small ZnPc aggregates. The

stability and the lifetime of large clusters is then studied by means of an atomistically

informed coarse-grained model using classical molecular dynamics. Finally, the macroscopic

time scale clustering phenomenon is studied by Metropolis Monte Carlo algorithms as a

function of temperature and surface coverage. We provide evidence that at room temperature

the aggregation is likely to occur at sufficiently high coverage, and we characterize the nature,

morphology, and lifetime of ZnPc's clusters. We identify the molecular stripes oriented along

[010] crystallographic directions as the most energetically stable aggregates.

KEYWORDS: hybrid interface . free energy . self assembling . multiscale
modeling . phthalocyanines
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conductive properties different from those of the
corresponding monomers. In particular, aggregation
turns out to be detrimental for charge transfer and
results in a strong decrease of the quantum efficiency.7

Two kinds of aggregates have been identified accord-
ing to their optical absorption properties: (i) H-type,
where the molecules are parallel according to a face-
to-face (FF, schematically represented in top middle
panel of Figure 1) or a slipped cofacial alignment (SC,
top right); (ii) J-type aggregates, where the molecules
are parallel according to a head-to-tail (HT, top left)
alignment. J-type (H-type) aggregates give rise to red
(blue) shift transitions in the absorption spectra with
respect to the monomer.13

In ref 11, the absorption spectrum of the ZnPc/ZnO
surface has been measured. Absorption bands that
occur at wavelengths greater than 750 nm are attrib-
uted to molecular aggregates on the surface. By reso-
nance light scatteringmeasurements, it was found that
aggregation on the surface increases with the ZnPc
concentration. The effect of thermal treatment on
ZnPc/ZnO hybrids was studied, as well.11 A strong
improvement of the photocurrent by annealing in
the 150�350 �C range of temperatures was observed.
A clear explanation for this observation is missing,
and it is most likely related to thermal effects on
aggregation.
In the present work, the energetics and the dy-

namics of ZnPc molecules on the ZnO surface are
studied. In particular, we focus on ZnPc molecules
adsorbed on a planar wurtzite ZnO nonpolar (1010)
surface, which is the most favorable wurtzite ZnO
surface. As discussed elsewhere,14 it was found that
ZnPcs are adsorbed on the three-coordinated oxygens
on the surface and diffuse on the surface at room
temperature. Here, we extend the above analysis by
focusing on aggregation phenomena. The molecular
aggregation phenomena occur at different time and
size scales with respect to the atomic ones (femto-
seconds and nanometers), controlling mobility and
molecule�molecule interaction, up to milliseconds
and micrometers where molecular collective motions
occur. Accordingly, here we adopt a hierarchic combi-
nation of theoretical methods: atomistic simulations,

model potential molecular dynamics (MPMD), and
metadynamics are used to study the energetics and
the short time evolution (up to ∼1 µs) of small ZnPc
dimers. The atomistic results are then used to obtain a
coarse-grained model (CGM) describing the molecule�
surface and molecule�molecule effective interactions.
By molecular dynamics based on CGM, we study the
evolution of large molecular aggregates in the mi-
crosecond scale. Metropolis Monte Carlo is further
adopted to extend the time scale by studying the
equilibrium distribution of large aggregates (in the
micrometer length scale) as a function of temperature
and coverage.

RESULTS AND DISCUSSION

We study the assembling of ZnPcs viamultiple time
and size scale analyses. The first section describes the
energetics and the short time scale (∼100 ns) dynamics
of ZnPc dimers described at the atomistic level. The
second section describes the energetics and the inter-
mediate time scale (∼μs) dynamics of larger aggre-
gates, and it is obtained by using the coarse-grained
model. In the last section, we report the long time scale
(∼ms) evolution of large molecular aggregates as a
function of temperature and surface coverage.

Energetics and Short Time Scale Dynamics of ZnPc Dimers.
The ZnPc adsorption on the ZnO (1010) surface was
studied in ref 14. It was found that the molecule is
adsorbed on sites corresponding to the surface three-
coordinated oxygens with 2.2 eV adsorption energy.
Two energetically equivalent orientations of the mole-
cule on the site were found, named A, A0 plus a third B

orientation slightly larger in energy.
In order to study the energetics of aggregation, we

consider first the case of molecule dimers of type FF
andHT that are the building block of larger aggregates.
As for the HT dimer, we performed an extensive
analysis of the configurational space of two adsorbed
ZnPcs both facing the ZnO surface. In particular, we
placed one molecule on the A configuration, and we
varied the position of the secondmolecule over sites in
a circular region within radial distances of 12�25 Å. At
each site, we considered different orientations of the
second molecule around the center of mass. For each

Figure 1. Ball-and-stick representation of the ZnPc dimer/ZnO bound states. Left: head-to-tail configuration. Middle: face-to-
face configuration. Right: slipped cofacial configuration. The side views of these configurations are sketched in the top panel.
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possibility, we fully relaxed the system and calculated
the total energy in order to find the minimum energy
configurations. The lowest energy dimer is the AA

(Figure 1, left panel). In the AA configuration, two
molecules in the A orientation are shifted along the
[010] direction by a distance of 13.6 Å (∼4a, where
a = 3.35 Å is the ZnO surface lattice constant along the
X direction). In this configuration, the two molecules
are locked together (see left panel Figure 1) with a
lateral interaction as small as ∼0.1 eV. A symmetric
configuration A0A0 is found as well where the two
molecules are in the A0 orientation.

We also investigate the FF dimers. Starting fromone
of the two molecules adsorbed on the surface in the A
configuration, we stacked the second molecule over
the first one at different distances within the range of
2.5�14 Å . For each distance, we considered different
rotated positions of the second molecule, and we
relaxed the atomic forces and positions. The most
stable FF configuration (see middle panel Figure 1) is
found for a distance of 3.83 Å and a relative rotation of
∼π/4 such that the benzene rings are not overlapped.
The geometry of the top molecule is close to the ideal
planar geometry, indicating only a partial interaction
with the surface. Distortions induced by the surface are
observed only on the first molecule. The adsorption
energy of the second molecule is 1.86 eV (i.e., 0.34 eV
lower than the adsorption energy of an isolated ZnPc
on the surface).

The better stability of the HT dimer geometry is
explained by the fact that the molecule�substrate
adhesion (2.2 eV) is larger than the molecule�
molecule binding (1.6 eV). This latter result is in agree-
ment with previous findings.15 Therefore, the adsorp-
tion of ZnPc molecules on the ZnO (1010) surface is
favored with respect to their stacking, and the forma-
tion of ZnPc monolayers is energetically favored.

A further interesting feature is the occurrence of an
intermediate geometry (see right panel of Figure 1)
between FF and HT configurations. This dimer has a
binding energy of 1.5 eV, having the first molecule
adsorbed on the surface in the A geometry and the
secondone slipped cofacial (SC) and rotatedbyθ∼π/12.
The Zn�Zn distance of the twomolecules is 7 Å. The SC
dimer is energetically unfavored with respect to HT
by ∼0.7 eV.

FF dimers are relevant since they can occur during
synthesis of ZnPc/ZnO layers. Dimers of stacked mol-
ecules can, in fact, easily form in solution11 or in the gas
phase15 and eventually be adsorbed on the ZnO sur-
face as FF dimers. Since they are energetically unfa-
vored, they can further evolve at room temperature
into the lower energy HT configuration by overcoming
a free energy barrier. The height of this barrier controls
the FF lifetime and the relative population of dimers.
Therefore, it is important to estimate the paths and the
barriers separating the different ZnPc dimers. To this

aim, we make use of metadynamics choosing as
collective variables the x and y position of one mole-
cule center of mass on the ZnO (1010) surface and
restraining the other molecule to remain in the central
adsorption site. Figure 2 (bottom panel) shows the
corresponding free energy map, while the top panel
shows the free energy profiles along the X and Y

directions. The 2D free energy profile in Figure 2 clearly
shows deep minima corresponding to the various
adsorption sites for the second ZnPc while there is a
high energy region in the center of the plot which
corresponds to the FF and SC configurations. In order
to have a more quantitative understanding of the
energetics of the ZnPc pairing, we looked at the free
energy profile along the X and Y directions (Figure 2,
top panel). The free energy profile calculated from the
metadynamics confirms the presence of all the config-
urations found before (FF, HT, and SC) and their
stability trend. The FF dimer can transform into the
SC configuration by overcoming an energy barrier of
∼0.4 eV with a marginal energy gain and subsequently
by overcoming a smaller energy barrier (∼0.2 eV) to the
HT configuration that is about 0.3 eV lower in energy
and located at X∼ 15 Å. Theminima along X and Y have
different spacing due to the asymmetry of the adsorp-
tion sites along the two directions, but it is clearly
evident that when the molecules are sufficiently far
apart their interaction is very weak and the diffu-
sion will be limited by the rate of escape from the

Figure 2. Bottom: Color map of the interaction free energy
of two ZnPCs adsorbed on the ZnO (1010) surface (see text
for details). The minima (dark blue) corresponds to the
molecule adsorption sites. The yellow region corresponds
to a portion of the CV space which was not explored. All of
the geometries found previously (FF, HT, and SC) have been
explored by themetadynamics and are shown in the panels;
the arrows indicate the position on the 2D free energy
profile. Top: Energy profiles calculated along the two direc-
tions X and Y reported in the bottom panel as dotted lines.
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adsorption site. In the regime of very large distances,
an important contribution to the free energy is given
by the configurational entropy which constantly low-
ers the free energy as �kBT ln(R). This term, which is
naturally included inMD simulations, would appear if a
radial average were taken. However, this contribution
is not evident in the cross sections of the 2D free
energy profiles along X and Y reported in Figure 2. By
going from 15 to 30 Å, this contribution decreases the
free energy by an amount as small as 18 meV. This
implies that at very low coverage the thermodynami-
cally stable configuration will correspond to the ZnPcs
dispersed on the ZnO surface. Quantitatively, this term
contributes for about kBT when the distance between
the ZnPcs increases from 10 to 30 Å. In the Theoretical
Framework section at the end of the article, we show
that the ZnPcs have an attractive interaction of about
0.1 eV at 14 Å. In the free energy profile (Figure 2, top
panel), there are two entropic contributions which
partially compensate the attractive term. These are
namely the entropic terms related to the fact the
ZnPcs are no longer locked into a fixed relative
orientation at that distance and one related to change
in the internal vibrational modes. At this stage, it is
hard to accurately calculate the magnitude of these
contributions, but we can reasonably expect them to
be on the order of 2�3 kBT.

Present metadynamics calculations have been per-
formed in a regime of low coverage (two ZnPc mol-
ecules adsorbed on a surface as large as 7 � 8 nm2,
roughly corresponding to a coverage of 0.035 mono-
layers, ML). R can span a range of distances as large as
0.3 nm, and in agreement with the above discussion,
we find that the global minimum corresponds to
separated molecules. We define the surface coverage
F as the surface area occupied by the molecules (AMn)
divided by the total surface area (S): F = AMn/S, where
AMn is equal to the total number of adsorbed mol-
ecules n multiplied by the area of each molecule
AM (∼150 Å2 for ZnPc). The average intermolecular
distance R depends on the coverage according to
R ∼ F�0.5. Therefore, by varying the surface coverage,
it is possible to tune the global minimum of the free
energy. For low coverages, the free energy global
minimum corresponds to the two separated molecules.
At medium coverages, the minimum corresponds to the
HT configuration, and at higher coverages, theminimum
is the FF configuration.

Energetics and Intermediate Time Scale Dynamics of Larger
ZnPcs Aggregates: Molecular Stripes. According the results
of the previous section, the formation of ZnPc dimers
on the ZnO surface is expected at high coverages. Here,
we study the formation of larger aggregates by assem-
bling up to five molecules. In particular, we compare
the energetics of H-type aggregates (hereafter named
FFn, where n is the number of molecules) or J-type
aggregates (HTn). In order to identify the morphology

of the aggregates, we adopt a similar procedure de-
scribed for the search of dimers with an extensive
exploration of the configurational space. Figure 3
shows the stable configurations identified within pre-
sent analysis.

We consider first an H-type aggregate obtained by
successively stacking up to five molecules bound
together via π�π and electrostatic interactions
(Figure 3, bottom right). The adsorption energy of the
last top molecule is calculated as a function of the
number of stacked molecules. From the third to the
fifth molecule, we always find almost the same absorp-
tion energy (∼1.9 eV), which is smaller than the
molecule adsorption energy on the surface (2.2 eV).
This confirms that dimers tend to bind to the surface
rather than growing in the gas phase.

As for J-type aggregates, we consider stripes
formed by up to five molecules (Figure 3, top left)
oriented along the [010] direction. All of the molecules
are locked together at a distance of ∼13.6 Å, with
attractive interactions. This HT5 aggregate is 1.7 eV
more stable than the FF5. This result confirms the
tendncy of the molecule to create monolayers on the
surface rather than multilayers. For another aggregate,
we considered round-like structure (RL5) (Figure 3,
bottom left), involving the locking of the molecules
both in the X and Y directions. This cluster has been
already proposed for metallic substrates16,17 or in the
case of graphene.18 This RL configuration is energeti-
cally unfavoredwith respect to theHT5 linear stripes by
1.0 eV. This is due to the different periodicity of the
surface along the Y direction that hardly matches the
molecule�molecule equilibrium distance.

Finally, we consider the case of isolated molecules
IM5 (Figure 3, top right) adsorbed on the surface. This
case is energetically favored with respect to RL5 by
0.6 eV. In summary, we found that themost stable aggre-
gate is HT5, followed by IM5 (þ0.4 eV), RL5 (þ1.0 eV),
and FF5 (þ1.7 eV). In conclusion, multilayered stacks are
always unfavored with respect tomonolayer aggregates.
Within these latter instances, the linear stripes are the
most stable.

According topresentanalysis,we identify theobserved
J-like aggregates as linear stripes along the [010] direction.
Similar types of aggregates have been experimentally

Figure 3. Ball-and-stick representation of the most energe-
tically stable configurations of five ZnPcs.
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identified in the case of CuPc/TiO2 hybrids.
19 It is reason-

able to conclude that the observed absorption bands at
wavelengths greater than 750 nm in ZnPc/ZnO hybrids11

are related to such kinds of aggregates.
As previously done in the case of dimers, we study

the dynamical behavior of stripes at room tempera-
ture. In order to limit the computational cost and to
extend the time and length scales, we adopt a different
procedure rather than atomistic metadynamics. We
adopt a coarse-grained model (see Theoretical Frame-
work section) in which each ZnPc is represented as a
bead interacting, through suitable effective potentials,
with other molecules and the surface. In this way, we
are able to calculate the trajectories of aggregates over
a microsecond time scale and, in particular, the time
evolution and lifetime of stripes of different lengths.

We adopt a velocity Verlet algorithmwith time step
of 0.1 fs to numerical integration of trajectories and a
Langevin thermostat to fix T = 300 K. We consider
stripes formed by up to 10 beads. In all cases, isolated
stripes dissociate in the microsecond time scale.

We define that lifetime τ of a stripe as the time
necessary to have the first dissolution event. Lifetimes
(Figure 4) are calculated as the average of five different
simulations at different temperatures (298�302 K). The
error bars, corresponding to themaximumdeviation from
the average, are within the size of the symbols. We find
that τdependson the stripe size (see Figure 4). The stripes
formed by three and four elements are themost stable at
room temperatures with lifetimes in the order of∼2.5 μs.
Long stripes are less stable with lifetimes of∼0.1�0.5 μs.

An example of dissolution is reported for a nine-
bead stripe. The stripe breaks into two pieces that in
turn further dissolves up to the formation of isolated
molecules (Figure 5).

In conclusion, at room temperature and in a regime
of low coverage, the large aggregates dissolve into
isolated molecules. This is consistent with metady-
namics results for dimers. The above scenario can

change when increasing the coverage, and it is the
object of the next section.

Long Time Scale Dynamics of Large ZnPc Aggregates: Cluster-
ing as a Function of Temperature and Coverage. The calcula-
tion of the dynamical behavior of aggregates in the
case of hundreds of molecules is computationally
expensive if we adopt the same procedure discussed
above. Since we are interested in the population of
aggregates at equilibrium under different conditions
of coverages, we here adopt a Metropolis Monte Carlo
protocol as a more computationally efficient alterna-
tive. The Monte Carlo move consists of a single bead
(randomly chosen) that hops between neighboring
adsorption sites. The acceptance is controlled by the
Metropolis algorithm according to the change in the
configurational energy. The energy is calculated by
using the effective intermolecular potential already
described. We consider always a number of beads as
large as 100, and we chose surfaces of different area
giving the coverage of interest. Two molecules are
aggregated when their distance is <18 Å. We per-
formed 108 steps for each Monte Carlo run, and we
sampled the configurations during the last 30 million
steps once equilibrium was achieved.

The quantity of interest in this study is the relative
cluster distribution function (RCDF). RCDF is defined as
follows: first we calculate the number of molecules
belonging to aggregates of size s (cluster distribution
function cdf(s)). Then we consider the function cd0(s)
corresponding to a random distribution of molecules at
the same coverage. RCDF is finally defined as RCDF(s) =
cdf(s) � cd0(s). Cdf and cd0 are both positively de-
fined, while RCDF can be negative if cdf < cd0. Positive
(negative) values of RCDF(s) represent an increased
(decreased) number of aggregates with respect to ran-
dom distribution. For example, for the case of T = 200 K
and F = 0.2 ML (see Figure 7), as a result of aggregation,
the number of isolated molecules cdf(1) is lower that in
the randomcase cd0(1). Accordingly, RCDF(1) is negative.

We study different values of coverage (F = 0.05, 0.1,
0.2, 0.3, 0.4, 0.5 ML). Figure 6 shows examples of
snapshots at different F. We found that the number
of aggregatedmolecules increases with F. In particular,
more than 50% of the molecules are aggregated at
F> 0.2ML. This value of coverage is defined as the thresh-
old coverage for themolecule aggregation. Most of the
clusters are stripes oriented along the [010] direction.

The analyses basedonRCDFare reported in Figure 6
and show a decrease in the number of monomers with
respect to the random distribution. At F = 0.4 and 0.5 ML,
mostof themolecules are aggregatedeven in the random
distribution. Intermolecular interactions further increase
the number of large aggregates (s> 80; see Figure 6, right
bottom panel). When F < 0.2 ML, the fraction of aggre-
gatedmolecule is below 50%. In this case, the clusters are
mainly short stripes (formedby 2, 3, 4, and 5 elements). At
coverages greater than 0.2 ML, the fraction of assembled

Figure 5. Time evolution of a stripe formed by nine beads
evolving in shorter stripes before dissolving.

Figure 4. Stripe lifetime as a function of their length
(number of beads).
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molecules strongly increases (61% at 0.3 ML, 72% at
0.4 ML, and 80% at 0.5 ML), forming stripes of different
dimensions (up to 10 beads). This analysis shows that a
sizable effect of aggregation must be expected at cover-
age >0.2 ML.

We are able to extend the present analysis to take
into account the effect of temperature. Results are
shown in Figure 7 (right) for the fixed threshold cover-
age F = 0.2 ML. The general trend is that by lowering
the temperature the stripes tend to be larger. By
studying the RCDF, we always find a decrease of
isolated molecules indicating aggregation. However,
we observe differences between the low-temperature
and high-temperature regimes. At 100 K, the popula-
tion shows a trimodal distribution in which small (∼10
beads), medium (∼30 beads), and larger clusters (∼40
beads) are present. The occurrence of such a trimodal
distribution is explained by the fact that at 100 K the
molecular stripes, whose average length is ∼10 beads,
tend to aggregate, forming larger clusters having a length
in multiples of 10 beads. At such a low temperature, by
hugely increasing the number of Monte Carlo steps, we

expect that all of themolecules tend toaggregate, forming
a single 100 bead cluster. Below 200 K, most of the
molecules are aggregated (98% at 100 K, 74% at 200 K).
Above 200 K, the fraction of assembled molecules de-
creases down to 50% (52% at 300 K, 35% at 400 K, 28% at
500 K, 24% at 600 K). We observe an exponential decrease
of the fraction of aggregated beads with the temperature.
From the corresponding Arrhenius plot, we calculate an
activation energy EA = 0.05 eV for the cluster dissolution,
which is comparable to the intermolecular binding energy
energy (0.1 eV).

The exponential decrease of clustering is consistent
with experiments, indicating an improvement of the
photocurrent with temperature. Since the aggregations
are detrimental for photocurrent (by reducing absorption
and charge transfer), the temperature by dissolving
clusters is expected to be beneficial for the system.

The fundamental role of temperature and coverage
on aggregation is confirmed by the experiments, show-
ing that the optoelectronic properties of the ZnPc/ZnO
hybrid strongly depends on both temperature and
surface coverage.11

Figure 6. Top: final snapshots of the Metropolis Monte Carlo simulations performed at fixed temperature (T = 300 K) and
different surface coverages (0.05�0.5 ML). Relative cluster distribution function (RCDF) at fixed temperature (T = 300 K) and
different surface coverages (0.05�0.5 ML) as a function of the cluster dimensions (number of molecules).

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn203105w&iName=master.img-006.jpg&w=300&h=370


MELIS ET AL. VOL. 5 ’ NO. 12 ’ 9639–9647 ’ 2011

www.acsnano.org

9645

CONCLUSIONS

In conclusion, we successfully adopted a hierarchic
combination of theoretical methods to study the as-
sembling of zinc phthalocyanines (ZnPcs) on a ZnO
(1010) surface through multiple time scales. Atomistic
simulations, such as model potential molecular dy-
namics and metadynamics, are used to study the
energetics and short time evolution (up to ∼102 ns)
of small ZnPcs aggregates. We identify molecular
stripes oriented along the [010] crystallographic direc-
tions as the most energetically stable aggregates. We
provide evidence that at room temperature the life-
time of dimers and small molecular stripes is as short as
a few microseconds. However, above 0.2 ML coverage,
the aggregation involves more than 50% of molecules.

THEORETICAL FRAMEWORK

The atomistic calculations have been performed by
MPMD by combining existing force fields for ZnO and
ZnPc and by adding long-range Coulomb and disper-
sive interactions to model interactions across the ZnO/

ZnPc interface. The interatomic potential for ZnO
wurtzite is described by the sum of a Coulomb and a
Buckingham-type two-body potential,20,21 which have
been successfully applied22 to study nanostructured
ZnO. The parameters for ZnO were taken from ref 23.
In order to describe ZnPc, we used the AMBER force
field24 that includes either bonding (streching, bending,
torsional) andnonbonding (vanderWaals plus Coulomb)
contributions. TheZnPc atomicpartial chargeshavebeen
estimated by DFT calculations with the electrostatic
potential (ESP25) procedure using the CPMD code.26

Interatomic forces between atoms of the ZnPc and the
ZnO substrate were calculated by including electrostatic
and dispersive interactions. Coulomb terms involved
interactions between atomic partial charges of the
molecule and the ZnO ions. Dispersive interactions of
the Lennard-Jones type were taken from the AMBER
database.24 The reliability of the present force model has
been discussed in ref 14, where the adhesion energy and
the diffusion of a single ZnPc molecule on the ZnO
substrate was studied in detail.

Figure 7. Top: Final snapshots of the Metropolis Monte Carlo simulations performed at fixed coverage (F= 0.2) and different
temperatures (100�600 K). Bottom: RCDF at fixed coverage (F = 0.2) and different temperatures (100�600 K) as a function of
the cluster dimensions.
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The atomistic simulations were performed by using
DL_POLY27 (version 3). Atomic trajectories were calcu-
lated by using the velocity Verlet integrator, with a
time step as small as 1.0 fs. Long-range electrostatic
forces were evaluated using a particle mesh Ewald
algorithm.28 A cutoff as large as 9.5 Å was used in order
to accurately calculate the van der Waals interactions.
The simulation protocol used for geometry optimiza-
tion consisted of a combination of 0.1 ns low-tem-
perature molecular dynamics followed by conjugate
gradients.
The assembling of two ZnPcs at room temperature

was studied by using the metadynamics technique,
which allows one to accelerate rare events and to
sample the free energy as a function of suitable col-
lective variables.29 Metadynamics works by adding a
history-dependent potential, built as a sum of Gaussians,
whose role is to discourage the system from revisiting
regions already visited, thus accelerating barrier cross-
ings. We used as collective variables the x and y

position of one molecule center of mass on the ZnO
(1010) surface and restraining the other molecule with
a quartic potential to the central adsorption site. The
quartic potential was chosen so that its effect was
minimal in the absorption site and strong outside to
prevent the ZnPc escape. The simulations were per-
formed at 300 K and for a total time of 1.2 μs. In order
to accelerate the exploration of the CV space and
convergence, we employed the multiple walkers30

(456 walkers) and well-tempered31 (bias factor = 15)
schemes. The Gaussians had a width of 0.1 Å and were
deposited at intervals of 0.5 ps. The initial height of the
Gaussians was 0.026 eV, and at the end of the simula-
tion, it was always smaller than 0.001 eV. In order to
limit the size of the CV space to be explored, we also
restrained the ZnPcs to bewithin 30 Å from each other.
This effectively limits the reliability of the calculated 2D
free energy profile to a distance of about 27 Å from the
central one.
In order to study the stability of the ZnPc aggregates

as well as their assembling as a function of coverage
and temperature, we adopt a coarse-grained approach
tomodel the effectivemolecule�surface andmolecule�
molecule interaction potentials. In this scheme, each
ZnPc is described as a bead (with only two translational
degrees of freedom) that interacts with the lattice and
the other molecules via effective potentials. This ap-
proach extends the simulated time scale up to the
micro/milliseconds and length scales up micrometers,
making possible a comparison with the experiments.
The effective molecule�surface interaction is ob-

tained by metadynamics. In particular, the free energy
of a molecule�surface system is calculated as a func-
tion of the position of the molecule on the surface.14

The effective molecule�molecule interaction is cal-
culated by keeping two molecules frozen in the ab-
sorbed geometry and orientation and by varying their

relative position. We fix one molecule in the origin
(Figure 8), andwe shift the second one at different X�Y

positions (�30 Å < X < 30 Å,�30 Å < Y < 30 Å) by steps
of 0.1 Å (3.6 � 105 points). At each point, the energy is
calculated by an atomistic model potential by using
the DL_POLY code. In Figure 8 (bottom), the two mol-
ecules (one placed at 0,0 and the second one at a
generic X�Y position) are reported as ball-and-stick on
the color map. The three curves in Figure 8 (top panel)
are the interaction energy calculated moving the
second molecule along the three directions A (X�Y

bisector), B (X axis), and C (Y axis) reported in the
bottom panel. It is found that the interaction is short-
range with a strong dependence on the intermolecular
orientation (see Figure 8, top). The largest attraction
energy is ∼0.1 eV, giving rise to eight symmetric
minima at a distance of about 1.4 nm.
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