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ABSTRACT

In a biomimetic approach, metal Phthalocyanines (Pcs) can be considered to efficiently model single atom catalysts (SACs), hosting catalytically active single metal
atoms in their macrocyclic cages. An ordered 2D array of SACs can thus be obtained when metal Pcs are assembled in a regular framework. In this work we consider
in particular Iron Pcs (FePcs) on an ultra-thin alumina film grown on the Ni3Al(111) surface. Intrinsic modulations in the potential energy surface related with the
oxide film structure drive the self-assembly of FePc molecules into a regular array, with molecular vacancies forming a hexagonal Bravais lattice with the same
periodicity of the substrate, i.e. with a lattice parameter of about 4 nm. The symmetry of the supramolecular structure is dictated by the template rather than by the
C4y symmetry of the individual molecules, thus indicating prevalence of molecule-substrate interactions with respect to intermolecular forces. The same hexagonal
periodicity extends also to the multilayer, which starts forming already before completion of the first, interfacial monolayer. The latter exhibits a local definite
chirality, also propagating to the multilayer in a determined stacking sequence.

1. Introduction

Phthalocyanines (Pcs) [1] are square planar organic molecules with
chemical formula C33H;gNg that consist of four isoindole units linked by
nitrogen atoms. If the two hydrogen atoms in the central cavity of the
molecule are replaced by a metal atom, the resulting compound is
normally referred to as Metal Phthalocyanine (MPc, MC32H16Ng).

MPcs have a chemical and geometric structure closely resembling the
porphyrinic pocket of biological macromolecules. Since their discovery
in the early nineteens [2], Pcs have become a topic of interest for many
experimental as well as theoretical scientists, aiming at understanding
the detailed process of the catalytically active part in more complex
biological molecules such as chlorophyll and hemoglobin. These mole-
cules incorporate active centers in large organic superstructures and, as
in many enzymes [3], the size of the catalytically active part is reduced
to the extreme, basically to single metal atoms. The organic part instead

usually handles the interaction with the surrounding molecular back-
bone, stabilizes the active site and contributes to the tuning of the
electronic configuration of the metal atom. MPcs can mimic at a
simplified level both the catalytic active part and the organic structure of
biological systems, while they can also be used in a biomimetic approach
to synthetize both model and applicative single atom catalysts (SACs) [4,
5].

Not only as model systems, Pcs and MPcs are broadly investigated for
their actual technological applicability as oxidation catalysts [6],
organic light-emitting diodes [7], molecular organic photovoltaics
[8-101, photosensitizers in dye solar cells [11], organic thin film tran-
sistors [12], electroreduction catalysts [13], and for many further ap-
plications. Among many heme-like molecules, the Iron Pc (FePc) is one
of the most interesting species, since it was shown to act as a good
catalyst in oxygen reduction reactions [14] and to efficiently adsorb and
activate carbon dioxide [15].
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Elucidating the behavior and self-assembly properties of metal-
organic molecules on an appropriate support is pivotal for optimizing
the stability, efficiency, and selectivity of their active centers. Further-
more, this understanding facilitates the organization of these molecules
into locally ordered SACs, thereby addressing practical challenges of
SAC-based systems such as low atom loading density and uncontrollable
spatial distribution [16]. Indeed, charge transfer effects at the metal-
organic/inorganic interface of a heterostack may be exploited to govern
the properties of the layer, in a competition among lateral interactions,
interactions with the support, and trans-effects [17-19]. On a
low-interacting support such as monolayer graphene on Ir(111) MPcs
generally form highly ordered, almost square lattices, but the symmetry
of the substrate can play a role in the formation of supramolecular ar-
chitectures. The self-assembly of various MPcs has been previously
studied combining experimental surface science techniques like Scan-
ning Tunneling Microscopy (STM) and ab-initio Density Functional
Theory (DFT) calculations. These studies provide a comprehensive un-
derstanding of the structural properties of the molecule, adsorption
sites, nature of bond, charge distribution between the molecules and the
substrate, and interaction between the molecules [20]. In particular, the
behavior of FePcs on different metal surfaces was studied by many au-
thors [20-31].

Motivated by the relevance of FePcs, we devoted our attention to
studying their self-assembly on a specific substrate, an ultra-thin
alumina film (AlyO3) grown on the NigAl(111) surface. The deposition
of different metals on this substrate has already been exploited for the
creation of stable ordered arrays of metal nanoclusters, seeded by the
“hole” sites of the film [32-34]. For what concerns MPcs, only the
self-assembly of Cu(II)Pc molecules on this substrate was reported so far,
showing no role of the surface template [35]. Instead, we found that the
same AlyO3/NizAl(111) substrate plays a dominant role in the
self-assembly of FePcs through a mechanism driven by a molecule-
—substrate interaction scheme that can be switched to a molecule-
-molecule driven regime by the pre-deposition of Cu clusters [36].

Complementing the results reported in Ref. [36], focused on the ef-
fect of metallic nanoparticles hosted on the alumina matrix on the
self-assembly of a monolayer of adsorbed FePcs, we now shift our focus
to the adsorption of FePcs on pristine AlyO3/Ni3Al(111) and their
self-assembly driven by the molecule-substrate interaction. We thus
emphasize the role of the substrate and extend the investigation from a
metallorganic monolayer to a bilayer, discussing the structural details
for both cases as well as the interlayer interaction within the bilayer.

2. Methods
2.1. Experiments

The NizAl(111) single crystal termination was cleaned by standard
UHV sputtering-annealing cycles (Ar"/Ne™, 1170 K). Temperature was
monitored by a K-type thermocouple. Following established recipes,
controlled oxidation of the surface yields a high-quality ultra-thin
alumina layer [37]. In detail, surface oxidation was accomplished
through three annealing cycles at 1000 K in 2 x 10~/ mbar O, followed
by UHV annealing at 1070 K. Molecular depositions were performed
under UHV conditions with the oxide surface at room temperature.
FePcs were purchased from TCI Europe with a purity above 98 % and
sublimated from a heated quartz crucible. Depending on the setup, the
coverage was estimated calibrating the evaporators by means of a quartz
microbalance (STM) or through C 1s and Al 2p core level intensities
(XPS).

XPS and STM experiments were performed under UHV conditions
(low 107'° mbar) at room temperature and LNj (77 K), respectively.
Photoemission spectra were collected at the Materials Science Beamline
end-station at the Elettra synchrotron facility through a Specs Phoibos
150 high-luminosity electron-energy analyzer. C and N 1s core level
regions were measured at normal emission, selecting 400 and 500 eV
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incident photon energies, respectively, and normalized to the lower
binding energy side background. The data were analyzed by least-square
fitting with Voigt profiles, taking into account a linear background. STM
measurements were carried out with an Omicron Low Temperature STM
system in constant current mode, with the bias applied to the sample and
a grounded W tip. Images were analyzed by subtracting a background
plane and by applying an appropriate affine transformation to
compensate for thermal-drift effects.

2.2. Theory

Spin-polarized ab-initio Density Functional Theory (DFT) calcula-
tions were carried out using the Quantum ESPRESSO [38] suite of codes,
with ultrasoft pseudopotentials publicly available [39]. The semi-local
Generalized Gradient Approximation (GGA-PBE) [40] for the ex-
change correlation functional have been used throughout, in addition to
semi-empirical corrections accounting for Van der Waals interactions
using the DFT-D approach [41].

The unit cell describing the aluminum oxide (Al,O3) grown on NigAl
(111) is hexagonal with in-plane lattice parameter of 41.5 A (Fig. 1, left
panel). Considering two layers of NisAl under the Al;Os3 thin film, the
entire supercell contains 1257 atoms. The atomic coordinates are those
obtained by Schmid et al. [42] and already used in Refs. [33,34,36]. The
unit cell contains peculiar sites giving rise to two ordered superstruc-
tures. One peculiar site corresponds to a hole (oxygen vacancy, visible as
a “hole” in the model of Fig. 1, left panel) reaching the metal substrate: it
forms a so-called “dot” structure with the same periodicity of the oxide
film. There are two additional high-symmetry sites per unit cell, at a
distance of 24 A one from each other, determining a so-called “network”
structure (yellow triangles in the model of Fig. 1, left panel). These and
other neighboring sites have been tested in Refs. [33,34] for the
adsorption of different metal atoms.

To describe the adsorption of an individual FePc adsorbed on the
substrate or the structure of a monolayer or multilayer FePc, proper
reduced models have been used to decrease the computational effort, as
specified in the following.

The adsorption of a single FePc on Al;03/NizAl(111) substrate has
been simulated with a cluster geometry, using a portion of the substrate
cut from the entire unit cell in selected regions around the so-called
“dot” or “hole” and around the “network” sites, without the full peri-
odicity; such portions are indicated by the dashed yellow lines in the
model of Fig. 1, left panel, and shown in the same figure in the central
and right panels (see also the Results and Discussion section). A total of
385 atoms (205 atoms for the alloy and 180 atoms for the alumina) and
345 atoms (148 atoms for the alloy and 197 atoms for the alumina)
surrounded by vacuum have been considered respectively around the
“hole” and the “network” sites. These pieces of the substrate, with only
one molecule adsorbed, were placed in a 31.02 A x 31.02 A x 26.07 A
hexagonal supercell, large enough to avoid interaction among the
repeated images of the molecule. Full optimization of the molecular
structures has been carried out, while keeping the substrate fixed.

The periodic hexagonal self-assembled FePc molecular layer was
modelled using a hexagonal supercell with the same in-plane dimension
of the oxide template (in-plane lattice parameter of 41.5 A), as suggested
from the inspection of the experimental STM images, and a perpendic-
ular size of 26.07 A, but without the substrate. The supercell describing a
FePc monolayer contained 6 FePc molecules per cell. The molecules
were fully relaxed, apart from the Fe atoms, which were kept fixed on a
plane and whose in-plane positions were determined from experiments
(the Fe atoms of the Pcs correspond to the positions of specific O-on top
sites of the template). The supercell describing a FePc bilayer contained
12 molecules; the coordinates of the additional molecular layer have
been fully optimized.

The plane wave basis set was truncated at a kinetic energy cutoff of
30 Ry (300 Ry for the charge density). The Methfessel-Paxton smearing
technique with an energy broadening of 0.02 Ry was used [43]. Due to
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Fig. 1. Stick-and-ball models of the alumina substrate and of a single FePc adsorbed on different sites of the alumina ultra-thin film, with optimized positions
obtained by DFT. (a): top view of the full model of the alumina substrate with the sketch of the unit cell (solid yellow line), the “network™ sites (triangles), the
portions cut around the “dot” and the “network” sites to build the reduced models (dashed yellow lines). (b): FePc on the “dot” region, corresponding to an oxygen
vacancy; (c): FePc on the “network” region. In panels (b) and (c), side/top views are reported in the top/bottom images, respectively. Oxygen atoms are represented

by smaller darker brown balls.

the large cells size, only the Gamma point was used for the Brillouin zone
integration. Ionic coordinates were optimized until the total forces were
smaller than 0.03 eV/A™L,

The adsorption energy of a molecule on the substrate was calculated
as: Eqgs = Etor-EM-Esubstrate, Where Eyqy is the total energy of the system,
Ey of a freestanding molecule, and Egypstrate Of the substrate. The lateral
interaction in the FePc monolayer has been calculated by subtracting Ey
from the total energy of the hexagonal unit cell of the monolayer divided
by six to be normalized to one molecule.

The STM images were simulated using the Tersoff—-Hamman
approach, where the energy-integrated electronic local density of states
(ILDOS) is proportional to the tunneling current [44]. In particular,
isosurfaces of ILDOS were mapped in order to simulated
constant-current STM images.

In order to confirm the reliability of our GGA-PBE results in presence
of d electronic states in the Fe pseudopotential, we also performed some
GGA + U calculations [45] and checked the effect of Hubbard correction
on the energetics and electronic properties. The “4+U” correction, fixed
at +1 eV [36] had pronounced effects on the electronic structure around
the Fermi energy and consequently on the bias at which some specific
bright features appeared in the simulated STM images, but no appre-
ciable effect on the equilibrium structures and adsorption and interac-
tion energies. Therefore, only GGA-PBE results are reported in this work.

3. Results and discussion
3.1. Single FePc molecule

The structure of a thin film of aluminum oxide (Aly;03) grown on
NizAl(111) was previously determined by combining DFT calculations
with AFM and STM experiments [42,46]. As already mentioned in the
Methods section, we have investigated by DFT the adsorption of an in-
dividual FePc centered on the “dot” and “network” sites using reduced
models. We found that the most stable adsorption configuration for the
FePc is in the “network” region with Fe on top of an O atom. This
configuration is the most stable of three possible different combinations
(bridge, hollow and O-top) and in analogy to the case of many single
metal atoms on this alumina layer [32,34]. This configuration is also
much more stable than the adsorption on the hole site: the molecule
therefore avoids adsorbing at the holes. The adsorption energies on top
of an O atom in the “network” region and on top of a hole are 2.76 eV
and 0.61 eV, respectively. The top and side views of the corresponding
DFT optimized stick-and-ball models are presented in Fig. 1. In both
regions the molecule is adsorbed parallel to the substrate, but on the
most stable adsorption site it is slightly distorted, with the peripheral

moieties slightly bent toward the substrate. The difference between the z
coordinate of the H atoms in the pyrroles and the Fe atom ranges from
0.32 A to 0.73 A, indicating a configuration that is not perfectly sym-
metric because of the different local registry of parts of the molecule
with the underlying substrate. In the “network” region, the distance of
the molecule from the oxide surface is on average 3.02 A, and 3.27 A for
the Fe atom, to be qualitatively compared with the apparent height of
2.6 +0.3A reported in Ref. [32] for a single Fe atom at the same site.

Conversely, the average molecule-surface distance on the “hole” is
5.53 A. The magnetic moment of the FePc is 2.25 pg/cell for both con-
figurations, with an increase of 0.24 pp/cell with respect to the free-
standing molecule, presenting a fully planar structure with a total
magnetic moment of 2.01 pp/cell, in accordance with previous results
obtained with the same functional [29]. This similarity indicates a weak
molecule-substrate interaction and foresees a weak surface trans-effect.
The simulated STM images at different bias voltage for the molecule
adsorbed on the “network” region are reported in Ref. [36] and
compared with the experimental images, showing an excellent
matching.

3.2. FePc monolayer

In a previous work we investigated the distribution of FePcs on the
Al;03/NizAl(111) surface with and without decorating it with Cu
nanoclusters [36]. We focused on relatively low FePcs coverage
(referred to the NizAl termination), showing that the molecules locally
arrange in different single-layer structures depending on the surface
pre-treatment. In the following, we recall our most relevant findings and
report new details about their self-assembly on the bare alumina
termination at higher molecular loadings.

Fig. 2 shows a STM images of FePc molecules on alumina at a
coverage that does not allow full completion of the monolayer. Never-
theless, most of FePcs are arranged in a locally ordered self-assembled
structure, and only a few molecules are isolated, in pairs or in small,
aggregated islands. This suggests the presence of attractive, but not
dominating, lateral molecule-molecule interactions. In contrast with the
almost square superstructure adopted on the same substrate with pre-
deposition of Cu clusters [36] (and on other substrates, as reported in
Ref. [20]), this ordered structure is characterized by the same unit cell of
the underlying alumina template, resulting in regular patterns of FePcs
and FePc vacancies. The region reported in Fig. 2 presents a molecular
superstructure with a well-defined chirality, but domains with supra-
molecular structure of opposite chirality coexist in the system. An ac-
curate analysis of the experimental STM images indicates that the
molecular vacancies of the monolayer correspond to the oxygen
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Fig. 2. Constant current STM images of FePc molecules self-assembled in a locally ordered hexagonal pattern on Al,03/NizAl(111) support at low coverage (the
contrast suggests that only one FePc monolayer has been deposited). In the zoomed region on the right, the stick-and-ball model of FePc molecular layer obtained by
DFT simulations is superimposed to the STM images. Bias: +2.0 V; current: 5 pA; dimensions: 30 x 30 nm? for the left panel, 19 x 19 nm? for the right panel.

vacancies in the alumina layer, in agreement with our DFT predictions
suggesting that FePcs avoid sitting on top of the oxygen vacancies.

Close inspection of the experimental STM images, with particular
attention to the symmetry of the ordered pattern, suggests a structural
model for the monolayer. In Ref. [36] we reported the DFT optimized
hexagonal unit cell with six equivalent adsorption sites. On these, the
molecules adsorb with an ordered pattern and a mutual orientation that
are not related to their four-fold symmetry. Fig. 3 shows the FePcs
arrangement around a molecular vacancy (cut in panel a), reporting
experimental (a) and simulated (c¢) STM images, together with the
DFT-optimized model (b). In Fig. 4 we compare the models for opposite
chirality, obtained by simply mirroring the image. The height profile in
the first panel of Fig. 3 (derived from the experimental STM image) is
compatible with a central depression of about 4 A, corresponding to the
molecular vacancy, and a distance of 3.1 nm between opposite molec-
ular centers across the vacancy. The optimized DFT model, where the
molecules can freely adjust their orientation around the Fe centers, gives
a mutual minimum distance of 2.10 A between two closer H atoms and a
mutual weak attraction with energy of 0.08 eV per molecule, much
smaller than the molecule-substrate interaction (confirming the exper-
imental interpretation). In conclusion, the FePcs self-assembly on the
substrate and form a hexagonal superstructure driven by the molecule-
—substrate interactions and by weaker attractive molecule-molecule
interactions. We observe that long-range order is not achieved, not even
at higher coverage, while the growth of multilayers starts before
completion of the monolayer. A similar behaviour was observed also in
the case of CuPcs on the same substrate [35].

We have investigated the FePc monolayer adsorbed on the ultrathin
alumina film also by means of X-Ray Photoelectron Spectroscopy (XPS).
In Fig. 5 we plot the N and C 1s core level spectra collected at room
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temperature (left and right panels, respectively). As already observed for
FePcs adsorbed on several substrates, the fitting of the N 1s spectrum
reveals two features centered at about 399 eV, associated with the two
(generally unresolved) non-equivalent nitrogen atoms in the tetra-
pyrrolic ring ([36] and references therein). The corresponding C 1s
spectrum (right) reveals instead two main adiabatic peaks due to the
carbon atoms forming the benzenic (B) and pyrrolic (P) groups,
respectively, and an additional feature ascribed to inelastic shake-up
effects (S). By means of XPS we investigated also the stability of the
adlayer. In the inset of Fig. 5 we plot the evolution of the core level
intensities and of the core level shifts for both N and C 1s signals as a
function of the (stepwise) annealing temperature. Drastic modifications
are observed already above 450 K, yielding a shift of the spectral com-
ponents of more than —300 meV, associated with a signal decrease of
more than 40 % beyond 600 K. Based on the spectroscopic information,
we can conclude that desorption and partial decomposition of the FePcs
occur already upon mild heating of the layer, thus indicating a relatively
poor temperature stability. However, the FePc metallorganic layer is
strongly stabilized with respect to the CuPc case, where complete
desorption occurs already after annealing to 350 K [35].

3.3. FePc bilayer

Fig. 6 shows experimental STM images of regions where FePc bi-
layers are present. The layer closer to the surface has an intermediate
brightness (light blue) and can be clearly distinguished from the sub-
strate (dark blue) and the second layer (yellow palette). The multilayer
growth is strongly dependent on the ordering of the first molecular
layer. The second molecular plane has the same structure and unit cell of
the first one, and closer inspection indicates that the molecular

Fig. 3. FePc molecules self-assembled in a locally ordered hexagonal pattern around the “dot” site (oxygen vacancy) of the Al,O3/NizAl(111) support taken in a
monolayer region. From left to right: height profile; experimental STM image at bias = +2 V; stick-and-ball model with optimized positions obtained by DFT;

simulated STM image at the same bias.
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Fig. 4. Two stick-and-ball models of FePc molecules self-assembled in the ordered
the same but have opposite chirality. The thicker solid lines sketch adjacent unit ce
is a guide to the eye to recognize the opposite chirality.

hexagonal pattern around the “dot” site (oxygen vacancy). The two structures are
1ls and the mirror axis of the structure, while the thinner line joining two Fe atoms
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Fig. 5. N (left panel) and C (right panel) 1s core level spectra collected at room temperature upon deposition of FePcs on the ultrathin alumina film termination; data
(grey dots) are shown together with the best fit sum (black lines) and with fitted into the separate spectral components (color filled profiles). The temperature
dependence of the normalized core level signal intensities (bottom) and of the relative core level shifts (top) is shown in the inset.

vacancies are one on top of the other. This is in contrast with the CuPcs
case on the same substrate, where the second layer was randomly ori-
ented with respect to the first one [35]. The second layer of FePcs could
possess the same or opposite chirality of the underlying layer (see the
models in Fig. 4, where the opposite chirality can be recognized in the
molecular arrangements around the “hole”). To clarify the peculiar
chirality property of the bilayer, in Fig. 7 we report the results of our
investigation of two different possible bilayer arrangements, one with a
“face-to-back” (same chirality, one layer exactly on top of the other) and
the other with a “face-to-face” stacking (opposite chirality, one layer
flipped with respect to the other). DFT calculations performed for the
two models shed light on the chirality of the bilayers: the most stable
configuration indeed corresponds to the second case, with an attractive
interlayer energy of 0.77 eV per molecule and an average interlayer
distance of 2.98 A, to be compared with 2.3 A from the height profile
obtained by the STM measurements (Fig. 8a). In the case of stacking
with the same chirality, instead, there is a remarkable repulsive energy
of —4.11 eV per molecule. For comparison, the interlayer distance was
3.5 A for the case of CuPcs on the same template [35]. Fig. 8 shows also a
zoom of the experimental (b) and of the simulated (d) STM images

around the hole for the most stable DFT structure, together with its stick
and ball model (c): the agreement is excellent, at variance with the
simulated image for the face-to-back stacking (e).

4. Conclusions

In this work we have studied by means of a joint experimental and
theoretical/computational investigation the excellent self-assembly
capability of FePc molecules on an ordered template. We have shown
how the self-assembly of FePcs on an ultrathin alumina film obtained by
oxidation of the NigAl(111) termination is driven by the substrate rather
than by intermolecular lateral interactions. The hexagonal periodicity of
the self-assembled structure reflects that of the substrate, even in the
coincidence with the vacancies, where a defect in the molecular layer
corresponds to one in the substrate, suggesting a feasible route to build a
locally ordered, patterned Fe SACs.

Interestingly, the substrate templating effect propagates into the
structure of molecular multilayers. Finally, the ordered structure of
FePcs presents domains with defined chirality. While these coexist in a
single layer (which is not continuous even if the FePc saturation
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Fig. 6. Constant current STM images of FePc molecules self-assembled on Al,03/NizAl(111) support at high coverage; the different contrast indicates regions with a
monolayer (intermediate brightness) and a bilayer (brightest) of FePc molecules. In the zoomed region on the right, the stick-and-ball model of the uppermost FePc
molecular layer obtained by DFT simulations is superimposed to the STM images, flipped with respect to the right panel of Fig. 2. Bias: +2.0 V; current: 5 pA;

dimensions: 30 x 30 nm? for the left panel, 19 x 19 nm? for the right panel.

S PTN EP T

RS e =Y

Fig. 7. Stick-and-ball models of a FePcs bilayer. With reference to the possibility of opposite chirality of the hexagonal self-assembled monolayer, the model (a)
represents a back-to-face superposition (vertical stacking without change of chirality, with one layer exactly on top of the other) and the model (b) a face-to-face

stacking, with a change of chirality. Side/top views in the upper/lower panels.

Height Distribution [1/nm]

nm

Fig. 8. FePc molecules self-assembled in a locally ordered hexagonal pattern around the “dot” site (oxygen vacancy) of the Al,03/NizAl(111) support taken in a
multilayer region. From the left to the right: (a) height distribution; (b) experimental STM image; (c) stick-and-ball model with a face-to-face stacking and optimized
positions obtained by DFT; (d) simulated STM image for the face-to-face stacking; (e) simulated STM for the face-to-back stacking. The bias in the STM images is

+2 V.

coverage is reached), in the case of a multilayer structure the chirality is
not random but rather alternates between one layer and another.
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