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Metal-phthalocyanines (MPcs) are a class of organic macrocycles that have received much attention for their
potential use in various applications, including molecular electronics. In recent years, the on-surface synthesis of
different MPcs has been demonstrated via deposition of atomic species, sample heating and scanning tunneling
microscopy (STM) manipulation. However, the spontaneous substitution of the central metal atom with a sub-
strate one, known as transmetalation, remains a less explored process. Here, we study the transmetalation of
ZnPc on Al(100) using a combination of STM and density functional theory (DFT) computations. Previously
published X-ray photoelectron spectroscopy (XPS) data indicate the absence of Zn atoms from the interface,
while our STM images show that a central atom is still present. This suggests that the transmetalation process
occurs spontaneously for all ZnPc molecules. Our DFT calculations reveal that the transmetalation of Zn with Al
releases 2 eV per molecule, providing thermodynamic evidence for the process. The on-surface synthesized
aluminium phthalocyanine (AlPc) molecules are stabilised by the formation of a bond between the central metal
atom and the substrate, similar to that found in chloroaluminium phthalocyanine (ClAlPc), with the consequent
suppresion of the paramagnetism of free AlPc.

divalent, an axial substituent is necessary to stabilise the molecule [5,1]
(for example, ClAIPc and TiOPc), thus filling the bonds of the central

1. Introduction

Phthalocyanines (Pcs) are organic semiconductors composed by a
macrocycle with 4 isoindolic groups bonded together by 4 aza-bridge
nitrogen atoms. This macrocycle has 16 reactive sites and its center
can host over 70 distinct metal ions [1]. The presence of a different
central atom affects the symmetry of the molecule [2], and, in turn, its
electronic structure [3] and magnetic properties [4]. For example,
transition metal Pcs have Dy, symmetry and the position of their bjg
electronic level changes as a function of the central atom [3].
Conversely, the metal-free HyPc, a molecule with two hydrogen atoms in
the center, has Dy, symmetry [2]. Moreover, when the central atom has
a large atomic number (PbPc and SnPc), it is located outside the mo-
lecular plane (C4) [2]. Similar to porphyrins, if the central atom is not
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atom.

Up to now different Pcs have been grown on diverse substrates
(either metallic or non metallic) giving rise to different interface prop-
erties [6]. Some substrates, such as HOPG [7,8], do not affect the Pc
electronic structure, while on others, for instance Ag(111) [9], some
charge is transferred from the substrate to interface molecules with the
formation of hybrid orbitals. An interesting aspect of the growth of Pc on
specific substrates is the possibility to exploit adsorbate-surface and
adsorbate—adsorbate interactions to perform the on-surface synthesis of
new molecules [10]. For example, FePc can be obtained on Pb(111) [11]
and Ag(111) [12] by depositing iron atoms on a HyPc sub-monolayer
(metalation). The replacement of the central atoms can even be
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achieved by a scanning tunneling microscope (STM) tip, which can
trigger, for example, the inclusion of Pb atoms into HaPc on Ag(111)
[13] or the removing of the central atom from the PbPc on Ag(111) [14]
(demetalation). Moreover, self-metalation of HyPc on Ag(110) and Cu
(111) has been observed [15,16], consisting of the spontaneous
replacement of the two hydrogen atoms with a substrate atom. When the
central metal atom of the deposited molecule is replaced by another
atom from the substrate, the process is called transmetalation. Trans-
metalation has been reported for CoPc [17] and some porphyrins
[18,19] on copper. However, this process is one of the less studied
among phthalocyanines and porphyrins surface reactions [10,20] and it
generally requires high temperature to be activated: the complete
transmetalation of CoPc on copper is only obtained at 300 °C [17], thus
motivating the investigation of conditions for lower temperature acti-
vation, which could enhance our fundamental understanding of the
process by revealing the favorable conditions for its occurrence.

In this work we analyse transmetalation at the ZnPc/Al(100) inter-
face. It has been shown that the bulk growth of Pc on Al(100) is disor-
dered [21]. This phenomenon may be attributed to the significant
interaction between the molecules of the first layer and the Al(100)
surface, consisting in a charge transfer from the substrate to the Pc
lowest unoccupied molecular orbital (LUMO) [22]. Since the interaction
between the molecule and the substrate is strong, the reorganization of
the adsorbed molecules is very low [23]. Additionally, due to the altered
electronic structure of the interface molecules, second layer molecules
are unable to stack on them [7]. Therefore, the second layer molecules
form columns in any direction parallel to the surface, thus causing a
significant disorder [21] in their azimuthal orientation. In addition to
charge transfer, the Pc/Al(100) interface is characterized by the spon-
taneous loss of all the zinc atoms of the ZnPc at room temperature, while
a subsequent annealing to 160 °C triggers the diffusion of zinc atoms
into the crystal [23]. Up to now, however, the final state of the molecule
after the demetalation process remains unclear, whether this being a
metal-free Pc without a central atom or the AlPc. AlPc, which is of in-
terest for its magnetic properties [24], is an air unstable molecule since it
includes a trivalent atom in a macrocycle with —2 oxidation state. Given
the instability of the free molecule, on-surface synthesis approaches
have been proposed to produce AlPc via reactions occurring at the
interface. In particular, after the deposition of Al atoms on HyPc/Au
(111), some of the HyPcs spontaneously metalate, forming AlPc [24].
Alternatively, other authors found that the deposition of ClAlPc on Pb
(100) and the subsequent annealing to 200 °C lead to chlorine removal
from the molecule [25].

Here, we combine density functional theory (DFT) and STM to
determine the resulting molecule after the adsorption of ZnPc on Al
(100). The results are compatible and rationalized with the published X-
ray photoelectron spectroscopy (XPS) results in literature [23]. We
demonstrate that ZnPc transmetalates resulting in the synthesis of the
AlPc. Differently from the transmetalation processes observed on copper
[17], this process happens spontaneously at room temperature for all the
molecules. We suggest that the central atom, since it is trivalent inside a
Pc ring, can bond to the substrate, making the transmetalation and the
synthesis of AlPc possible.

2. Methods

We perform DFT simulations with the Perdew Burke Ernzerhof (PBE)
exchange correlation functional, [26] including dispersion interactions
by the Grimme D3 method [27]. Selected configurations are also
investigated by the hybrid functional proposed by Heyd, Scuseria, and
Ernzerhof (HSE) [28,29]. Calculations are based on plane waves and
ultrasoft pseudopotentials as implemented in QuantumESPRESSO
[30,31]. We adopt pseudopotentials from PSlibrary [32] with plane
wave cutoffs of 46 and 326 Ry for the wavefunction and density,
respectively. We take the theoretical Al lattice parameter (4.038 A) and
simulate the A1(100) surface by the slab model, including 3, 5, and 10 Al
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layers for a preliminary scan of the geometries, their refinement, and
post-relaxation calculation of the electronic density of states, respec-
tively. The Brillouin zone of the 5 x 5 surface unit cell is sampled by a
4 x 4 k-point mesh. Preliminary geometry scans adopt a Methfessel-
Paxton smearing of 0.02 Ry, which is reduced to 0.005 Ry for the sub-
sequent refinement. Additional calculations at lower broadening (0.001
Ry, see below) have been performed to verify the independence of the
results on this parameter. Constant-height STM images are simulated by
the Tersoff-Hamann method as the local density of states integrated
between the applied bias (1 V) and the Fermi energy.

An Al(100) single-crystal was cleaned by several cycles of Ar"
sputtering at 3 kV at 2 x 10> mbar followed by annealing to 420 °C,
performed using a radiative heater. ZnPc molecules, purity 95%, have
been purchased from Sigma-Aldrich and purified in ultrahigh-vacuum
(UHV) for many hours at 200 °C. A nominal coverage of 0.6 A of ZnPc
molecules is sublimated with an evaporation rate of 0.33 A/min,
determined using a quartz crystal microbalance. The substrate temper-
ature is kept at room temperature during the evaporation. After a first
set of measurements, the sample was heated at 160 °C for 2 min to make
zinc atoms diffuse into the crystal [23]. Isolated molecules were imaged
by STM using W tips at a temperature of 9 K in UHV (base pressure <5 x
10~ mbar) using a Scienta Omicron Infinity System. STM images have
been processed using the Gwyddion software by leveling the data with
the subtraction of a background plane and by applying a Fourier filter.
Unfiltered images are reported as supplementary information.

3. Theoretical results
3.1. Adsorption configuration

To study the final state of ZnPcs deposited on Al(100), we compute
the formation energy of different Pc configurations. Since the presence
of HyPc has been excluded by XPS [23], we study ZnPc, AlPc and a Pc
ring where the Zn atom is extracted from the molecule and dissolved in
the Al bulk, leaving a vacancy in the molecule before structural opti-
mization; we indicate such configuration as -Pc. First, we estimate the
azimuthal rotation of the molecules. Given the results of the diffraction
data presented in the literature [23], we consider adsorption in a square
5 x 5 Al(100) surface unit cell. Even if other reconstructions, such as the
c¢(10 x 10), are compatible with the experimental data, the 5x 5
reconstruction represents the smallest possible unit cell into which the
molecule can fit on the AI(100) surface hence appearing likely to occur
at monolayer completion. Since the cell side (14.28 A) is shorter than the
molecule diameter (~ 15 A), this implies a rotation of the molecules
around an axis orthogonal to the surface plane. As a first step we esti-
mate the azimuthal angle ¢ of such rotation by optimizing the structure
of a square arrangement of free-standing ZnPc molecules having the
same lattice vectors as Al(100)-5 x 5: a value ¢ = 26° is obtained. That
model is then transferred to the surface and, upon further optimization,
the same value ¢ is obtained for adsorbed ZnPc and AlPc. See for
example AlPc in Fig. 1(a).

We estimate the adsorption energy of ZnPc and AlPc molecules
following standard practice as

I e e @

where on the right hand side we have the total energies of the combined
system and isolated molecule and surface. The values are reported in
Table 1, for the molecule centered on a surface top or hollow site.

One can see that the adsorption energy of the two molecules is
comparable, being only 0.2 -0.4 eV larger for AlPc. ZnPc exhibits a
small preference towards the hollow site, whereas AlPc is more stable
on-top. These energies include an intermolecular contribution for which
an estimate of —0.14 eV can be extracted by comparing E** for AlPc in a
more diluted 6 x 6 unit cell. For the sake of the forthcoming discussion,
we further report the adsorption energy of AlPc on two cases: one atop of
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Fig. 1. Top and side views of the structure of (a) AlPc in a top site and (b) -Pc in
a hollow site. Dark gray, blue, small white, and yellow circles indicate C, N, H,
and Al atoms from the molecules, respectively. Large circles are for surface Al
atoms. The structures of ZnPc and that of -Pc in a top site, resulting in the
extraction of a surface atom, are analogous to the one in panel (a). Panels (c)
and (d) report simulated STM images at V = —1 V of AlPc in a top site and -Pc in
a hollow site, respectively.

Table 1
Adsorption energy of ZnPc and AlPc on Al(100) by DFT.

Molecule Site Es (eV)
ZnPc hollow -2.13
ZnPc top -2.10
AlPc hollow -2.35
AlPc top —2.51
AlPc Zn in AI(100) —2.51
AlPc Zn adatom —2.44

a Zn atom substitutional in the first layer of Al(100), and one above a Zn
adatom on Al(100). The corresponding energies are similar to that of the
top site.

To address the stability of the molecules on the surface, and the
energetics of the transmetalation process, we further compute the for-
mation energy of the structures starting from gas phase ZnPc and clean
Al(100) (Table 2). Following the observed migration of Zn to bulk Al, we
take this as the reservoir of Zn atoms and define the formation energy as

E:r?:)rl‘}surf = E[;:yl/surf - E[z(:Pc - Efll(mu) - NAlﬂAl - NZn/‘zm (2)

Here, the reference energies are the total energy of gas phase ZnPc
(E7,p.), that of the clean 5 x 5 slab (E}) ;) the energy per atom of bulk
Al (u,,), and the energy of a Zn atom embedded in Al (u,,). The latter is
computed with a 4 x 4 x 4 Al supercell, that provides convergent re-
sults, as: y,, = Ez,,, ., —63u,. We refer to the extra number of Al and Zn
atoms with respect to ZnPc and clean Al(100), as N, and N,

Inorganica Chimica Acta 559 (2024) 121790

Table 2

Formation energy of ZnPc, -Pc, and AlPc. The adsorption of -Pc in the hollow site
leads to a distortion of the molecule to bind to the surface through the central N
atoms. The adsorption of -Pc in the top site leads to the metalation of the
molecule, forming an AlPc over a vacancy. The last two rows correspond to an
AlPc on top of a Zn atom substitutional in the first layer of Al(100) and AlPc
above a Zn adatom on Al(100).

Molecule Configuration Eform (eV)
ZnPc hollow —-2.13
ZnPc top -2.10

-Pc hollow —2.46
-Pc top -3.37
AlPc hollow —4.06
AlPc top —4.22
AlPc Zn in Al(100) —4.26
AlPc Zn adatom —4.06

respectively. Clearly, for ZnPc adsorbed intact, Ny = Nz, = 0 so that
Efom — F* as given above.

In this analysis we include demetalated (-Pc) species. These are
significantly less stable in the gas phase, where it costs 6.2 €V to remove
a Zn atom from ZnPc, and 10.1 eV to remove Al from AlPc. Nevertheless,
these can interact so strongly with the surface to yield a more favorable
configuration than adsorbed ZnPc. We find that the on top adsorption
leads to the incorporation of an Al atom from the surface in the -Pc,
forming AlPc (alike the AlPc case of Fig. 1a), so that -Pc/top becomes
AlPc on an Al(100) surface vacancy. This process happens without any
barrier, testifying the easiness of the metal exchange process. Instead, in
the hollow site, -Pc distorts so as to bind to the surface through the
central N atoms (Fig. 1b). The two final configurations exhibit evident
morphological differences and can be clearly distinguished by STM, as
demonstrated by the reported STM simulated images in Figs. 1c and 1d.
We verified that this distortion does not depend on the intermolecular
packing, as the same is also computed for a larger 6 x 6 unit cell. As
previously mentioned, the 5 x 5 is not the only unit cell compatible with
the diffraction data [23]. The calculations just reported show that in any
case the 5 x 5 and the 6 x 6 reconstructions, which differ in packing and
surface density, do not give rise to different morphology of adsorbed
molecules nor to significant changes of the adsorption energy per
molecule. In other words, the in-plane intermolecular interaction does
not seem to influence the molecule-substrate bond. Therefore, the re-
ported results should be valid even if the real reconstruction was not the
5 x 5 (which being denser optimises the surface energy) but one with a
lower surface density such as the ¢(10 x 10).

Eventually, the formation energy largely favors AlPc, so that the
exchange of the Zn atom for a bulk Al one releases ~ 2 eV per molecule.

The energy gain for the Zn-Al exchange in ZnPc/Al(100) can be
understood if one compares the binding energy of Zn and Al atoms to
bulk Al and to the center of a Pc molecule. Indeed, we find that
exchanging a bulk Al atom with a free Zn atom costs =~ 2 eV, an energy
that is more than balanced by the energy gain of exchanging a Zn atom
in the free molecule with a free Al one (= 4 eV difference). With respect
to these values, the difference in adsorption energy (0.2-0.4 eV stronger
for AlPc than ZnPc) only plays a minor role in stabilizing AlPc.

We now compare AlPc and ZnPc on a geometrical point of view.
Given the larger stability of AlPc in the top site and the relatively minor
difference between top and hollow sites for ZnPc, we focus on the top
site for both species. In both cases the molecule preserve the flat struc-
ture of the macrocycle. We find that the aromatic ring sits at 3.19 A
(3.13 A) from the outer Al layer for ZnPc (AlPc), with the central metal
atom that sits at 2.89 A (2.57 A), hence more towards the surface. We
remark that the adsorbed configuration of AlPc also exhibits a fourfold
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symmetry at the metal-N4 center, at variance with that of the gas phase
molecule where the partial occupation of a degenerate orbital yields to
D,y geometry. This issue is discussed in a dedicated section below.

3.2. Electronic properties

We now discuss the electronic properties of the adsorbed molecules.
In Fig. 2, we show the projected density of states of ZnPc and AlPc
adsorbed at the top surface site of A1(100). There, we separate the orbital
character according to 7 and ¢ symmetry.

The central metal atom contributes weakly to the DOS around the
Fermi energy Er. For ZnPc, we see a coupling of the HOMO —1 with ¢
symmetry to the d,»_,» Zn orbital, in agreement with the literature [3].
Contributions from Al can be seen only at energies lower than —5 eV.
Coming to states from the macrocycle, slightly below —1 eV one rec-
ognizes the HOMO of Pc, and at small positive energies and twice as
intense, the twofold LUMO. Focusing on the latter, this state appears
right above the Fermi energy Er, whereas it crosses Er for AlPc, indi-
cating that the unpaired electron due to the trivalent Al atom in AlPc is
not fully transferred onto the substrate upon adsorption.

To mitigate the limitations of the semi-local PBE exchange correla-
tion functional in describing the electronic properties, we have also
computed the electronic DOS with the hybrid functional HSE [28,29].
We have considered ZnPc and AlPc adsorbed on a 5-layer slab and report
the results in Fig. 2, overall confirming the results obtained by PBE
considering the position of molecular orbitals with respect to the Fermi
level. The change in energy for the molecule HOMO and LUMO is only
minor; larger shifts are computed for more localized orbitals, such as ¢
states at deeper energies, where the treatment of self-interaction is more

60 | | |
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M GHN(p,) _
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i g ' HSE (total)
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% 30 H
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Fig. 2. Projected density of states of adsorbed ZnPc (top) and AlPc (bottom),
computed with a 10-layers Al(100) slab. The gray shaded area is the corre-
sponding results with the HSE functional (computed with a 5-layers slab).
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important.

The interaction of the molecules with the surface is well visualized by
considering the displacement of electron density upon adsorption. For
this purpose, in Fig. 3 we report the difference Ap,, =
Prmol/surf ~Prmol —Psurt> Where the molecule and surface electron densities
have been computed at the same atomic coordinates as in the full system
(hence, the LUMO is degenerate also for AlPc). For ZnPc, we observe in
Fig. 3(a) a reduction of electron density from the pyrrolic N atoms as
well as from the region between them and Zn, and an accumulation in
the region between the Zn atom and the surface. By looking at the planar
average of the electron density, computed as a function of the distance
from the surface in Fig. 3(d), it can be clearly seen that on the average
the main result is a polarization towards the surface of the electron
density in the interface region. This reduces the surface electric dipole
and the corresponding surface work function by 0.17 eV. Relatively
small variations are seen in the Lowdin charges, —0.08 e overall for the
four pyrrolic N atoms and —0.01 e for Zn, compensated by an increased
density spread through C atoms leading to +0.14 e for the full molecule.

Moving to the case of AlPc reported in Fig. 3(b), a more pronounced
modification can be observed: here, also the atoms surrounding the
central Al atom contribute to displacing charge towards the surface. It is
remarkable that their density depletion have approximately the shape of
the LUMO orbital (summed over the two degenerate states that differ by
a 90° rotation), showing the contribution by the unpaired electron due
to the Al atom, occupying the LUMO in the gas phase molecule. In this
case, the work function lowers by 0.22 eV. Here, Lowdin charge on the
pyrrolic N atoms lowers by —0.17 e total, and that of the central Al
increases by 0.25 e, the molecule overall having +0.21 e than in the gas
phase.

It is then instructive to consider, as a comparison, a chloroaluminium
phthalocyanine (ClAIPc) molecule in the gas phase. We can indeed think
of this system as to a AlPc molecule bonded to a Cl atom, and perform
the same analysis where the Cl atom plays the role of the “substrate”.
The corresponding Ap,,, is shown in Fig. 3(c) and exhibits a remarkable
similarity to the one of AlPc/Al(100). The planar average in Fig. 3(d)
shows the same behaviour and in addition an increase of electron den-
sity around the Cl atom.

3.3. Magnetism and symmetry of AlPc

We recall that the unpaired electron in the free AlPc molecule oc-
cupies the LUMO of the Pc aromatic system, lifting its degeneracy and
leading to a lowered D, symmetry [24], at variance with ZnPc. None-
theless, the AIPc molecule is unstable in its free form so that synthesis by
on-surface reactions may be adopted. Experiments have shown that the
AlPc molecules may retain these free-form features when synthesized on
Au(111) [24], while they are lost for isolated molecules on lead [25]. It
is therefore interesting to deepen our discussion specifically on this
point, for AlPc/Al(100). Indeed, the interaction with the surface [33], or
with additional ligands [34], plays a crucial role to determine the
magnetic configuration of adsorbed phthalocyanines, and in our specific
case an interaction that is stronger on aluminium than on gold [22,35],
is likely to enhance significantly the hybridization between the molecule
and substrate states.

According to our calculations, the most stable adsorption configu-
ration of AlPc exhibits an approximate fourfold symmetry in the metal-
N4 center alike for ZnPc. We have performed additional calculations to
explore different possibilities. In particular, we initiate structural opti-
mizations for adsorbed molecules with coordinates taken from gas phase
Doy, molecules; notwithstanding, upon optimization a fourfold geometry
was obtained.

We then considered the issue of orbital magnetization. Since this may
interplay with the distortion, we have taken as initial structure one that
is as close as possible to the adsorbed case, but retaining a twofold in-
plane symmetry as in the free molecule. Namely, the in-plane xy
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Fig. 3. Side and top view of electron density displacement upon adsorption of ZnPc (a) and AlPc (b) on Al(100). The bond charge of AlPc to a Cl atom is shown in
panel (c). The chosen isovalue is 0.005 A~>. Red/blue surfaces correspond to electron accumulation/depletion. Panel (d): values of A, integrated in a plane parallel
to the surface and plotted as a function of its distance from the central metal atom along the surface normal z.

coordinates are extracted from a free Do, molecule and the z ones from
the optimized on-surface structure. As a starting magnetic configuration,
we selected one where the C and N atoms whose p, orbitals take part to
the LUMO state are assigned the same magnetization as in the free
molecule. However, when this is placed on the surface, a non-magnetic
solution was obtained. We verified that the same outcome is obtained
upon reducing the smearing of electronic energy levels from 0.005 Ry to
0.001 Ry. We could enforce a magnetic solution by constraining the
atomic magnetization as implemented in QuantumESPRESSO through
Lagrange multipliers: also in this case, however, we found a small value
of the spin polarization amounting to ~ 0.25 yz/molecule only, even
with values of the multiplier A = 10, i.e., ten times the default. A larger
magnetization, with atomic values comparable to those of the free
molecule, was obtained by choosing as target values for the atomic
magnetization amounts that are unphysically 10 times larger. We hence
conclude that the hybridization of molecular orbitals with Al(100) states
destroys both magnetism and asymmetry of AlPc.

The adsorbate-substrate interaction and adsorbate electronic prop-
erties depend critically on the adsorption height, whose precise deter-
mination is notoriously difficult to determine given the relevant role of
dispersion interactions [6]. Understanding the dependence of our results
on this parameter is then important. Hence, we repeat the calculation for
a AlPc molecule frozen in the twofold in-plane geometry described
above, upon further displacing all its atoms away from the surface by the
amount Az. We report in Fig. 4 the resulting magnetization of the
molecule as a function of Az. According to DFT calculations, already a
relatively small variation of height may induce a non-zero magnetiza-
tion, but values approaching 1 y; are obtained only at fairly large dis-
tances. In all cases, although with different magnitude, magnetism
occurs as a consequence of filling unevenly the unpaired LUMO, as
testified by the magnetization density shown in the insets of Fig. 4 for
two values of Az.

4. Experimental results

Fig. 5a shows two Pc molecules imaged after deposition of ZnPc on Al
(100) at room temperature. A white cross is superimposed over the
molecules to indicate the crystallographic directions of Al(100), shown
in the inset of Fig. 5a. In this way, it is possible to measure the azimuthal
orientation of the molecules, which is defined as the angle between the
lobe and the crystallographic directions of Al(100). The bottom mole-
cule has an azimuthal angle ¢ of 24°, while for the top molecule ¢ =
—30°. Due to the square symmetry of both Pc and the Al(100) surface,
these orientations are equivalent and in very good agreement with the

Total magnetization (Bohr magneton)

Height variation (Angstrom)

Fig. 4. Dependence of the total magnetization per cell of AIPc molecules rigidly
lifted from Al(100). Insets report the magnetization density (spin-majority —
spin-minority electron density) for Az = 0.5 A and Az = 3.0 A.

one computed for Pc clusters in subsection adsorption configuration.
Therefore, molecules spontaneously adsorb with the correct angle to
form clusters.

The sample is then annealed at 160 °C to diffuse the zinc atoms into
the crystal [23] and exclude the on-surface presence of zinc atoms. STM
characterization performed after annealing shows no evidence for
structural/morphological changes occuring in Pc molecules. The STM
image of an isolated Pc molecule on Al(100) after sample heating,
Fig. 5b, shows that the molecule adsorbs flat and parallel to the surface.
Specifically, the line profile shown in Fig. 5c clearly indicates the
absence of a central depression. Since the simulated STM image of the
distorted -Pc visibly displays a central depression (see Fig. 1d), we can
exclude the presence of this configuration, in agreement with the
calculated energetics. Since the presence of HoPc has been excluded by N
1s XPS data [23], Fig. 5b shows the typical morphology of a metal-
phthalocyanine, as it was simulated for the on-surface synthesized
AlPc (Fig. 1c).

5. Discussion

XPS results indicate that after the ZnPc growth at 160 °C there are no
zinc atoms on the surface [23], therefore the only remaining possibility



G. Fratesi et al.

0

Inorganica Chimica Acta 559 (2024) 121790

10 200 ¢y
—~ —150
g
B =
5 100
i 80
<
T 50
0
0 1 2 3
| Profile (nm)

Height (pm

Fig. 5. STM topography of AlPc obtained by transmetalation of ZnPc deposited on Al(100) at room temperature; (a) STM image obtained immediately after
deposition (V = —1.0 V, I = 1 nA). Over the molecules the crystallographic directions of Al(100) are superimposed. The figure inset shows the clean Al(100) lattice
(b) STM image obtained after annealing to 160 °C (V = —0.35 V, I = 50 pA). The yellow line superimposed corresponds to the line profile reported in (c).

able to explain all the experimental results is the synthesis of AlPc after
the loss of the zinc atom and the capture of an Al atom from the sub-
strate. Indeed, as already noted, molecules deposited at room tempera-
ture show the same morphology of those imaged after annealing to 160
°C (compare, respectively, Figs. 5a and 5b). Furthermore, the room
temperature Zn 2ps3,» XPS data show only one asymmetric peak with a
significant shift with respect to the bulk phase, indicating that all the
zinc atoms are metallic [23]. Therefore, our experimental data indicate
that even at room temperature the transmetalation occurs and the
deposited ZnPcs became AlPcs. Our DFT calculations confirm the
transmetalation of ZnPc on Al(100): the synthesis of AlPc is much more
energetically favorable than the adsorption of ZnPc, since 2 eV per
molecules are released in the transmetalation process, see Table 2, and
the inclusion of Al into a demetallated phthalocyanine happens without
any energy barrier.

This differs from what occurs for CoPc on Cu(111), where at room
temperature two different cobalt peaks are observed, corresponding to
metallic cobalt and cobalt bound to Pc [17]. The different amount of
transmetalation at room temperature in the case of Al substrate (com-
plete) and Cu substrate (partial) could be related to the valence of the
metal substrate. We believe that a configuration featuring a trivalent
atom within the phthalocyanine (Al) could be more favorable than one
with a divalent atom (Zn or Cu). This is because the latter cannot
establish a bond with the substrate through the central atom unless it
changes its own electronic configuration.

Since the bond between AlPc and Al(100) is similar to the one be-
tween AlPc and a Cl atom, the magnetic character and symmetry of
isolated AlPc could be lost on Al(100). Indeed, ClAlPc is a diamagnetic
molecule with C4, symmetry, while AlPc is paramagnetic with Dy
symmetry [24]. In transition-metal Pc, the bonding with the Pc ring
involves the two valence electrons of the central atom and the magnetic
character, if present, derives from central atom’s 3d electrons. Instead,
the magnetic character of AlPc has a different origin. Since there are 3
aluminium valence electrons, two take part to the bond with the Pc ring,
while the third, which we call extra electron, occupies one of the two
degenerate LUMO levels [24]. In the case of ClAlPc, the extra electron
takes part to the bond with Cl and it does not fill the LUMO [36]. As the
isolated ClAIPc molecule is a closed-shell structure, it exhibits diamag-
netic properties [37]. Fig. 3 illustrates that, even in the case of AlPc/Al
(100), the additional electron participates in a bond, in this case with the
substrate. Moreover, as we computed, there are no electrons from the
central atom in the LUMO, see Fig. 2.

Then, considering the similarities between ClAIPc and AlPc/Al(100)
it is not surprising that also for AlPc/Al(100) there is no magnetic
moment. As it can be seen in Fig. 4, the restoration of the magnetic
moment occurs only when the interaction between the substrate and the
molecule is eliminated by placing the molecule far away from the sub-
strate, effectively isolating it. This allows the extra electron to occupy
the LUMO orbital.

The previous experiment of on-surface synthesis of AlPc on gold [24]

indicates that isolated molecules are paramagnetic as a consequence of
the filling of the LUMO with the extra electron. AlPc/Au(111) electronic
structure is different from the one observed on Al(100), where we have
computed that the extra electron does not fill the LUMO.

This different bond could be related to the interface interaction.
Indeed, aluminium and gold have fundamentally distinct electronic
structures. Al has outer electrons that can be closely approximated as
nearly-free, whereas Au exhibits a high concentration of well-localized
d electrons. The different electronic structure results in a distinct
interaction at the interface. Indeed CuPcs on Al(100) are chemisorbed
with a charge transfer from the substrate to the molecule LUMO [22].
Instead, on gold they have the occupied orbitals hybridized with the
substrate [35], but no charge transfer to the LUMO level is observed
[9,35]. The different interaction is such that even the bulk growth is
affected [21]. In this framework it is not surprising that also the AlPc has
a different interaction with these two substrates and, consequently, a
possible different magnetism.

6. Conclusion

ZnPc molecules adsorbed on Al(100) spontaneously transmetalate
forming the air unstable AlPc. The removal of Zn atoms is accompanied
by the insertion of a surface Al atom, which for an hypothetical deme-
talated molecule occurs without any barrier. Overall, this process is
related to the formation of a bond between the AlPc and the substrate,
which stabilises the molecule and resembles the one between Cl and Al
in CIAlPc. For this reason, the extra electron does not fill the LUMO. The
symmetry and magnetism of isolated AlPc are modified by the bonding
of the molecule with the substrate. This is in contrast to AlPc/Au(111),
where symmetry and magnetism are maintained. We attribute this dif-
ference to the distinct interactions between the molecule and the two
substrates [22,23,35].
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