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Stabilizing ordered assemblies of molecules represents the first step towards the construction of
molecular devices featuring hybrid (organic—inorganic) interfaces where molecules can be easily functio-
nalized in view of specific applications. Molecular layers of planar metal-tetraphenylporphyrins (MTPP)
grown on an ultrathin iron oxide [namely Fe(001)-p(1 x 1)O] show indeed a high degree of structural
order. The generality of such a picture is tested by exploiting non-planar porphyrins, such as vanadyl-
TPP (VOTPP). These molecules feature a VO?* ion in their center, with the O atom protruding out of the
plane of the porphyrin ring. In this work, by employing diffraction, photoemission and X-ray absorption,
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we prove that non-planar VOTPP can nevertheless form a square and ordered superstructure, where
porphyrin molecules lie flat with respect to the underlying substrate. Ab initio density functional theory
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Introduction

Organic-inorganic interfaces are becoming nowadays more and
more important in hybrid organic electronics™® and spin-
tronics®* due to the possibilities offered by these molecules
in terms of synthesis, functionalization, tunability of their
physical/chemical properties and interaction with the under-
lying inorganic substrate. These hybrid interfaces have already
found successful applications in the fields of photovoltaics,”®
energy harvesting” and sensing.® Metal-tetraphenylporphyrins
(MTPP) are promising candidates for perspective applications
in organic electronics, due to the possibility of fine tuning their
electronic’ and magnetic'’® properties by following several
synthetic approaches'>'? and by selecting the metal ion to be
placed inside the macrocycle cavity.'> The porphyrin macro-
cycle is characterized by a planar structure showing only a
slight saddle-like distortion."® The MTPP planarity can be
considered an advantage since it allows for a direct interaction
with the inner metallic ion; however, the planar structure may
also enhance the coupling with the substrate and lead to the

“ Dipartimento di Fisica, Politecnico di Milano, p.za Leonardo da Vinci 32, 20133,
Milano, Italy. E-mail: alberto.calloni@polimi.it

b Istituto Officina dei Materiali - CNR-IOM, Laboratorio TASC, s.s. 14 km 163.5,
34149 Trieste, Italy

¢ Dipartimento di Chimica, Universita di Pavia, via Taramelli 12, 27100 Pavia, Italy

4 Istituto di Scienze e Tecnologie Chimiche “G. Natta” del Consiglio Nazionale delle
Ricerche (CNR-SCITEC), PST via G. Fantoli 16/15, 20138 Milano, Italy

¢ ETSF and Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi di
Milano, Via Celoria, 16, 20133 Milano, Italy

This journal is © the Owner Societies 2022

simulations are used to elucidate the V=0 bond orientation with respect to the iron substrate.

perturbation of the electronic properties of the molecule.**"

Indeed, when a thin organic layer is deposited on top of a
reactive substrate, such as Fe,'® Cu'” or Al,'® the molecular
properties can be severely altered. Even on a relatively inert
substrate like Ag, however, the presence of the metallic surface
can affect the chemical activity of the metal ion by acting as an
additional ligand in those chemical reactions involving a bond
with another molecular species (this is called the surface trans
effect, STE'®).

A possible strategy to circumvent this problem is to grow
these molecules on top of a low interacting substrate”®" or to
decouple the organic film from the electrode underneath by
exploiting, e.g., a graphene inter-layer** or a thin oxide layer.>*
In this respect, we have shown that the Fe(001) surface passi-
vated with a ultra-thin iron oxide layer, namely Fe(001)-p(1 x 1)O,
is a good candidate for weakening the coupling between iron
and porphyrins also avoiding, under certain circumstances,
STE.>*** Indeed, we found that (i) the thin oxide
allows enough molecular mobility to obtain an ordered and
commensurate 2D porphyrin wetting layer,'®° (ii) the mole-
cular features (especially the HOMO and LUMO states) are
preserved®” and (iii) a magnetic coupling between the organic
film and the substrate is possible even at room temperature
(RT)."® Recently, we have also proved that this regular array of
molecules can be used as a template for the growth of 3D
molecular structures.>® A crucial point regarding the MTPP/
Fe(001)-p(1 x 1)O interface is the robustness of the 2D mole-
cular arrangement when non-planar molecules are employed
in the formation of the organic layer. Nowadays, such kind of
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molecules (VO** porphyrins,®® VO®>" and TiO*" phthalo-
cyanines,?*”° etc.) find many applications related to the control
of band-alignment at the electrode surface,*" in dye-synthetized
solar cells,®* electrets,® etc. Metal-porphyrins with an anion
bound to the coordinated metallic ion are no longer planar
since the anion protrudes outside the macrocycle plane.**?
However, the distortion of the main porphyrin macrocycle
could affect the assembling properties of such molecules and
compromise their long-range ordering. A negligible substrate
interaction and a long range ordering are important conditions
in view of applications. Indeed, given the actual technological
limitations in the nanoscale manipulation of molecular
objects, the most likely strategy that will lead to the production
of usable electronic devices exploiting the peculiar electronic
characteristics of isolated molecules (single molecule devices)*®
foresees the use of ordered ensembles of molecules. The latter
ones can be addressed either individually or collectively, so that
the electric behavior of the related device can be simply scaled
with the number of molecular units involved.?”

In this paper, we have focused our attention on VOTPP
molecules (see Fig. 1), in order to evaluate the role of the
molecular non-planarity in the formation of a well-ordered
molecular array and in their interaction with the substrate with
respect to planar MTPPs.

Materials and methods

The preparation and the analysis of the samples are performed
in vacuum chambers operating in the low 10~ '° mbar regime.*®
The substrate was prepared following standard procedures
reported in literature.>® The Fe(001) surface is sputtered with
1.5 keV Ar' ions and then annealed at 480 °C for 10 minutes.
Then, it is exposed to 30 L of molecular oxygen (being 1 L =
10~° Torr s) with the sample kept at 450 °C. A subsequent flash
at around 700 °C removes the excess of the deposited oxygen,
resulting in the formation of a single (1 x 1) iron oxide layer. Its
quality was verified by using Low Energy Electron Diffraction
(LEED) and Photoemission Spectroscopy (PES). The organic
deposition is accomplished in a dedicated chamber, with the

a) R b)
R R
R
1.35 nm

Fig.1 Schematic representation of a vanadyl-tetraphenyl porphyrin
(R = phenyl group). (a) Top view; (b) 3D perspective view highlighting the
orientation of the V-0 bond along a direction perpendicular to the plane
of the tetrapyrrolic ring.

17078 | Phys. Chem. Chem. Phys., 2022, 24,17077-17087

View Article Online

PCCP

substrate kept at room temperature. Molecules are evaporated
from a Knudsen cell (T = 320 °C); the flux rate was monitored by
a quartz microbalance and maintained below 1 A min™". The
deposited thickness is evaluated in monolayers (ML), being
1 ML = 3.06 A.

The porphyrin superstructure is analyzed by LEED. The
organic film electronic structure below the Fermi energy (Er)
is studied by means of Ultraviolet PES (UPS). The photon source
is a UV lamp producing Hel radiation (hv = 21.2 eV), while
photoelectrons were collected by an hemispherical electron
analyzer operated at a pass energy of 0.7 eV, yielding a full
width at half maximum (FWHM) energy resolution of 15 meV."
A transmission optimized focusing mode (angular acceptance
up to £9°) was selected for the UPS measurements, acquired at
normal electron emission. Given the relatively large molecular
superstructure observed on the Fe(001)-p(1 x 1)O surface
(@vorpp = 5are, as detailed in the following), resulting in a very
narrow surface Brillouin zone (BZ), the presented UPS results
are representative of the VOTPP electronic structure averaged
over the entire BZ, i.e. no spectral modifications are expected by
changing the angle of electron emission (see, e.g. our previous
results on 1 ML CoTPP on Fe-p(1 x 1)0°°). The electronic
structure above the Er is addressed by Inverse Photoemission
Spectroscopy (IPES), operated in the isochromatic mode. The
electron source is a GaAs photocathode, which undergoes a
standard treatment to reach the negative electron affinity
condition.*® The emitted photon flux is collected by a detector
with a band-pass filter centered at 9.6 eV. The FWHM energy
resolution of the IPES experiment is 700 meV."!

To investigate the orientation of the molecules with respect
to the substrate, we have employed near edge X-ray adsorption
fine structure (NEFAFS), performed at the ALOISA beamline
(Elettra synchrotron facility in Trieste, Italy).*> The absorption
spectra have been collected at two different orientations of
the surface with respect to the linear polarization vector
of the synchrotron photon beam, namely Transverse Magnetic
(TM, closely p-polarization) and Transverse Electric (TE,
s-polarization) geometry, by sample rotation around the photon
beam axis at constant grazing angle o = 6°. By the selection
rules, the electron excitation from an s-symmetry core level
(C 1s and N 1s) to an empty molecular orbital is maximum
when the electric field is oriented along the orbital dipole.
When molecules display a preferential orientation with respect
to the surface, the corresponding n* and o* symmetry reso-
nances will display an opposite polarization dependence of
their intensity (NEXAFS dichroism). In our scattering geometry,
for a four-fold symmetry substrate, the ratio between the
resonance intensity of a t-symmetry orbital (such as the aromatic
rings of the phenyls, pyrroles and the whole hetero-aromatic
macrocycle) measured in TE and TM polarization (Irg/Ity) is
proportional to 1/2-tan®y, where 7y is the average tilt angle,** and
we have assumed cos’a ~ 1 and sin’a =~ 0. The spectra are
acquired in partial electron yield mode with a channeltron
electron multiplier, equipped with a negatively biased grid filter-
ing out secondary electrons (set to —230 V and —370 V for the C
and N K-edges, and to —470 V for the V L-edge) to maximize the
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signal-to-noise ratio. We performed absolute energy calibration of
the C, N and V NEXAFS by simultaneous acquisition of the drain
current on the surface (Au) of the last refocusing mirror, where the
absorption lines of residual C, N and O contamination are
calibrated by the reference X-ray absorption vibrational states
measured in gas phase (287.40 eV, 401.10 eV, and 534.21 eV from
CO and N,) with a window-less gas ionization cell.** Finally, the
NEXAFS spectra were normalized to reference NEXAFS spectra
measured in the same conditions on the clean Fe-p(1 x 1)O
surface before deposition. At the ALOISA beamline, we performed
complementary X-ray photoemission (XPS) measurements by
means of a homemade hemispherical analyzer (mean radius
of 66 mm, acceptance angle of ~2°, FWHM) equipped with a
2D-delay line detector (developed by Elettra). The XPS spectra have
been measured in normal emission with the sample kept at a
grazing angle o = 4° in TM polarization. We selected a photon
energy of 650 eV to measure the V 2p spectra (overall resolution of
260 meV).

In view of having a rationale of the collected data, we have
analyzed the system by ab initio calculations within density
functional theory (DFT), using for exchange and correlation the
vdW-DF-c09 functional,*” which takes into account dispersion
forces. We use the Quantum ESPRESSO simulation package*®*’
that implements periodically repeated cells, ultrasoft pseudo-
potentials and plane waves. For pseudopotentials, we used the
same as in our previous publication on CoTPP/Fe(001)-p(1 x 1)0,"

20 ML VOTPP
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1ML VOTPP
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O 2p N
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namely we have taken files generated from scalar-relativistic all-
electron calculations, as available from the Quantum-ESPRESSO
website for Fe and O (as in ref. 48) and V, and from pslibrary* for
Ni, H, C and N. The cutoff for plane wave expansion was set to
36 Ry and to 220 Ry for the wavefunctions and electron density,
respectively. The model of the Fe(001)-p(1 x 1)O substrate consists
in a four-layer Fe slab, where the bottom two are fixed at the bulk
interlayer distance and O is adsorbed on the top side as in our
previous works.’® We sample the Brillouin zone of the supercell
adopted in the calculation by a 2 x 2 shifted Monkhorst-Pack
grid®® that would corresponds to a 10 x 10 sampling in the surface
Brillouin zone of Fe(001). Geometry optimization of molecular
coordinates is then performed until the forces on atoms are lower
than 0.1 mRy bohr . We include the DFT + U correction for V
atoms to improve the treatment of on-site correlation. We consider
the rotationally-invariant form with a single parameter Uegs=U — J =
3.0 eV, resulting from U = 4.0 eV and J = 1.0 eV.>”'™ We have
verified previously that calculations without the +U correction yield
very similar adsorption energies and coordinates,>® whereas they
would result in metal 3d states too close to Eg.

Results and discussion

The spectra acquired on the VOTPP/Fe-p(1 x 1)O system by
UPS and IPES are displayed in Fig. 2. The photoemission signal

20 ML VOTPP

1ML VOTPP

Fe - p(1x 1)0

i Fe 3d

S P TN PR FUEY PR AU PRI PP
2 3 4 5 6 7 8
E-EF(eV)

Fig. 2 UPS (left) and IPES (right) spectra acquired on the Fe—p(1 x 1)O substrate and after the growth of 1 and 20 ML thick VOTPP layers. Photoemission
features from O and Fe species are highlighted in the substrate spectra, while labels (R) and (Ph) account for photoemission from the VOTPP macrocycle

and peripheral phenyl groups, respectively.
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from the substrate shows features from (i) Fe 3d states close to
Ey, qualitatively similar to those observed on Fe(001),***° and
(if) O species at an energy of about —4.5 eV. The spectra from
the 20 ML film can be considered as representative of photo-
emission from not-interacting or weakly bonded (via van der
Waals interactions) VOTPP molecules.> Photoemission features
from the substrate are greatly attenuated; we can thus associate
each visible peak in Fig. 2 with to photoemission from either
the macrocycle (R) or the phenyl groups (Ph), according to a
comparison between the simulated spectra for metal-tetra-
phenylporphyrins and metal-porphyrins (without phenyl termi-
nations) in the literature.’® Conversely, the spectra from the
VOTPP monolayer feature some overlapping signal from the
substrate, especially close to Ex (Fe 3d orbitals). No contribution
is instead expected from the photoemission feature from O 2p
states, quenched at ML coverage as reported in other literature
works on MTPP growth on Fe-p(1 x 1)0."® Given the similarity of
the spectra from the thin VOTPP single layer and the thicker one,
it is possible to assign a common spectroscopic origin to those
features appearing in both (connected through vertical dotted
lines). We exclude the occurrence of a strong chemisorption at
the molecule/oxide interface, that would likely lead to a signifi-
cant perturbation of the highest occupied and lowest unoccu-
pied molecular orbitals (HOMO and LUMO orbitals, respectively)
as observed instead on our previous work on MTPP growth on
clean Fe(001).">*” The 20 ML VOTPP film is characterized by a
HOMO-LUMO gap of 4.1 £ 0.3 eV, evaluated by considering the
centroid of the HOMO R; feature and the LUMO R peak, after the
removal of a rising background. The reported VOTPP optical
gap>® is about 2 eV smaller than the above value, mainly account-
ing for the energy released upon exciton formation during the
optical excitation.’® The observed reduction of the peak-to-peak
gap in the ML film (down to about 3 eV, with the position of the
LUMO R peak computed according to ref. 59) mostly originates
from the enhanced screening of the photogenerated hole (added
electron) in UPS (IPES) in close proximity to the metallic Fe
surface, as observed in other MTPP/Fe-p(1 x 1)O systems.'’
The Fermi energy is close to the upper edge of the electronic
gap, suggesting a n-type behaviour of the VOTPP layer. The proper
assessment of the electrical behaviour of the molecular film
would require further investigation; however, a strong influence
of the substrate’s work function on band alignment at the
molecule/substrate interface is expected, rather than an intrinsic
doping of the film, favouring electron injection into the molecular
film.*

In Fig. 3 is shown the LEED pattern characteristic of the
1 ML VOTPP/Fe-p(1 x 1)O system. The ordered pattern we
obtained resembles what already observed on 1 ML of CoTPP*’
and NiTPP** layers grown on top of Fe(001)-p(1 x 1)O. By using
a LEED simulator (LEEDpat®'), we interpret the diffraction
pattern as due to a commensurate (5 x 5) superstructure that
exhibits two domains rotated by 37° (R37) with respect to the
substrate (001) high-symmetry directions. The presence of
an ordered superstructure [not observed when VOTPP are
evaporated on the bare Fe(001) substrate] confirms that the
weak coupling provided by the thin oxide layer is efficient in

17080 | Phys. Chem. Chem. Phys., 2022, 24,17077-17087
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a) y

Fig. 3 LEED pictures acquired with a beam energy of 55 eV on (a) the
Fe—p(l x 1)O and (b) the 1 ML VOTPP/Fe-p(1 x 1)O surface. (c) LEEDpat
simulation of the expected LEED pattern for the (5 x 5) R37 1 ML VOTPP
superstructure. (d) Real space schematics of the corresponding two
molecular domains formed on top of the substrate. The VOTPP lattice
unit cell (red and blue rectangles represent the two possible orientations) is
5 x 5 times larger than the substrate one (black grid).

fostering the molecules mobility, regardless of the presence of
the distorted porphyrin molecular skeleton. From the photo-
emission and diffraction data reported above, we can state that
VOTPP molecules behave similarly to the standard, planar
MTPP molecules, which arrange in a regular array on top of
the substrate and keep their semiconductive properties.
Non-planar metal-porphyrins can have their main ring tilted
with respect to the substrate, thus precluding the orientation of
the molecular skeleton parallel to the surface. The latter
configuration is preferred to enhance the possible interaction
of the metallic ion core (the MTPP coordination site) with the
surroundings. NEXAFS spectroscopy allows us to explore the
average molecular orientation and conformation in the grown
film by considering the differences in the absorption spectra
acquired with s- and p-polarized light. In Fig. 4, the NEXAFS
spectra acquired at the N K-edge and C K-edge are reported,
together with a schematic of the adsorption geometry. In the
upper panel, peak a can be assigned to the LUMO orbital, while
peaks b-e to higher-energy unoccupied orbitals.®® According to
theory, due to the LUMO orbital n*-symmetry, a different
absorption of s- and p-polarized light gives clues about the
molecule orientation with respect to the substrate. In the
present case, the strong dichroism characterizing the sample,
with the first four peaks (a, b, ¢, d) visible only with p-polarized
light, indicates that the tetrapyrrolic macrocycle lies almost
perfectly flat on top of the substrate.'* We note that the slight
saddle-shape distortion of the porphyrin macrocycle, common
in all MTPP,"? is expected to give only minor contributions (few
% of residual intensity in s-polarization) to the NEXAFS signal.®®

This journal is © the Owner Societies 2022
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Fig. 4 (a) NEXAFS at the N K-edge for the system 1 ML VOTPP/Fe—p(1 x 1)O. The spectrum acquired with s (p) polarization is shown with a full (dashed)

line. The spectral features are labelled according to previous works.* (b) NEXAFS at the C K-edge for the system 1 ML VOTPP/Fe—p(1 x 1)O. The spectrum
acquired with s (p) polarization is shown with a full (dashed) line. The spectral features are labelled with R (Ph) when they are attributed to the tetrapyrrolic
ring (phenyl groups) of the molecule. A schematic is added to illustrate the substrate orientation with respect to the X ray beam, as also explained in the

materials and methods section.

Our results therefore convey an important message: the presence
of the protruding oxygen atom does not affect the orientation of
the macrocycle on top of the substrate, nor enhances its saddle-
like distortion. A confirmation arises from the C K-edge NEXAFS
spectra shown in the lower panel of Fig. 4; the peaks are labelled
according to the literature.®* While the Ph-peak does show a
minor and reversed dichroism, suggesting that the peripheral
groups are tilted off the surface by 55°-60°, the R-feature appears
only in p-polarization (main tetrapyrrolic ring parallel to the
surface).

Fig. 5 shows the NEXAFS (panel a) and XPS (panel b) results
collected at the V L, ;-edges and in the V 2p binding energy
region, respectively, on 1 ML VOTPP/Fe-p(1 x 1)O and a
multilayer (3 ML thick) VOTPP film on Fe-p(1 x 1)O. The
observed features are related to electronic transitions from 2p
to empty 3d states. Electron excitations in 3d states with a
predominant character in(out) of the surface plane are probed
with s(p)-light. The strong dichroism observed in Fig. 5a on the
L; edge and the absorption lineshape are compatible with the
results reported in ref. 65 for thin films of flat lying vanadyl

This journal is © the Owner Societies 2022

phthalocyanines on graphene/Ni(111) and consistent with the
information obtained from the analysis of K-edge data (Fig. 4).
An unresolved signal is observed at the L, edge due to the
broadening induced by the shorter lifetime of the core hole.*®

The 1 ML spectra display the same NEXAFS resonances as
the multilayer, which is a strong indication that the electronic
structure of the macrocycle is not significantly affected by the
proximity of the substrate, apart from a small decrease of the
lifetime of unoccupied MOs, as witnessed by the broadening of
the resonances with respect to the multilayer. The V atom has a
formal valence of 4+, resulting in the occupation of a single 3d
orbital. A significant interaction with the core hole is therefore
expected in the final state of both NEXAFS and XPS, leading to
the multiplet splitting of the spectroscopic features.®” Slight
changes in the multiplet fine structure of the V 2p;/, peak in
Fig. 5b might account for the observed differences in the
reported spectra, together with a general broadening of the
spectroscopic features for the monolayer film. We hardly
detected any significant variation of the V 2p;/, peak centroid
position, as can be appreciated in the point-by-point difference

Phys. Chem. Chem. Phys., 2022, 24,17077-17087 | 17081
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Fig. 5 (a) NEXAFS spectra acquired at the V L, 3-edges and (b) high resolution XPS spectra in the V 2p binding energy range for a single and multilayer

VOTPP film on Fe-p(1 x 1)O. Spectra acquired with s- (p-)polarized light is presented with full (dashed) lines in panel (a). In panel (b), vertical dashed lines

mark the binding energy position of photoemission features from V4* and
monolayer spectra is reported with a dotted line.

between the two spectra (Fig. 5b, dotted line). This suggests a
negligible interaction between the V atom and the substrate.®®
The vertical lines at 516.2 eV and 513.1 eV in Fig. 5b mark the
binding energy position of the photoemission features from V**
and V>"'" species, as reported in ref. 67 for VOTPP and VTPP
molecules, respectively. The absence of any feature related to
VTPP in our spectra excludes the occurrence of a V-O bond
cleavage in our samples, contrary to the case of VOTPP deposi-
tion on the bare Fe(001) surface.’”

The oxygen atom bound to the porphyrin molecules cannot
be studied in detail to understand, for instance, its orientation
and position with respect to the substrate, due to the presence
of a relatively huge amount of oxygen in the underlying sub-
strate contributing to the O signal in photoemission and
adsorption spectra. To overcome this problem we performed
a theoretical simulation to understand the most favorable
VOTPP orientation when the molecules are deposited onto
Fe(001)-p(1 x 1)O. In the following, the molecular configu-
ration with the VO** ion directed towards the substrate is
labelled as Odwn, while Oup represents the configuration
where VO*" ion protrudes to the vacuum. In the Oup (Odwn)
case, the V atom can be positioned either above a Fe atom or a
substrate O atom; in view of distinguishing such configura-
tions, we adopt the following lettering: Oup@Fe (Odwn@Fe),
Oup@O (0dwn@O), respectively. The molecule can also attain
two different in-plane orientations with respect to the lattice
vectors of the (5 x 5)-R37 molecular superstructure, having
different registry with the substrate. Here, we take into account
only the specific in-plane azimuthal orientation that, for each
adsorption site, corresponds to having the N atoms approxi-
mately above surface O as this is energetically preferred by
~0.3 eV, according to our previous calculations.'® Fig. 6 reports
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species.®” The point-by-point difference between the multilayer and the

the Odwn@Fe and Oup@O configurations, taking as an example
the overlayer as marked in red in Fig. 3c (the blue case is
obtained by reflection).

The computed adsorption energies are reported in Table 1.
The most stable configuration is that where the molecular V
atom is placed above a Fe atom and its O-bonded atom points
towards the surface, namely Odwn@Fe. The analysis of the
electron density displacement with respect to the sum of the
individual surface and molecule electron densities, shown
in Fig. 6c, exhibits charge accumulation in the molecular
O-substrate Fe region. On the contrary, the most stable
configuration among those having O directed towards the
vacuum finds VO>* ion placed above an oxygen atom of the
Fe(001)-p(1 x 1)O surface (Oup@O). Despite being stabilized
by the interaction of the macrocycle with the surface, this
configuration shows a slightly higher energy with respect to
the Odwn@Fe (+0.02 eV). As expected, the Odwn®@O, which
foresees the negatively charged porphyrin O atoms face-to-face
with those of the substrate, is significantly less stable than all
other cases.

In all the cases, the macrocycle lies almost flat on the
surface, being slightly bent in the typical saddle shape common
to other MTPPs. Therefore, the molecule does not tilt towards
the surface, despite the VO*>* ion protrusion. In practice, we
perform structural optimizations for molecules initially tilted
along either of the two in-plane axes and observe that they
recover an orientation parallel to the substrate. Regarding the
molecular geometry, we find that the V atom stands out of the
surrounding N atoms by about 0.50 A (see zy~zy in Table 1). The
O atom of the vanadyl cation further protrudes by 1.60 A
(computed for the free molecule). The VO** ion thus influences
the distance of the molecular macrocycle (zy in Table 1) with

This journal is © the Owner Societies 2022
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Fig. 6 (a) Side and (b) top view of the adsorption geometry of VOTPP
in the Odwn@Fe and Oup@O configurations. Red squares indicate the
(5 x 5)-R37 surface unit cell; oxygen and iron atoms are identified in
orange and white, respectively. Yellow lines mark the N-N direction
passing through the pyrrole rings bent inwards; ¢ and « are the angles
formed by the red line with the [100] direction and with an overlayer lattice
vector, respectively. (c) Electron density displacement upon adsorption
(red: electron accumulation; blue: depletion), shown at the isovalue of
+0.005 A3,

Table 1 Adsorption energy of the four investigated VOTPP configura-
tions, computed by DFT; height of the V atom (zy) and average height of
the N atoms (zn) over the surface O plane

Configuration Adsorption energy (eV) Relative energy (eV) zy (A) zy (A)

Odwn@Fe —4.21 0.00 3.26 3.70
Odwn@O —-3.34 0.87 3.90 4.31
Oup@Fe —4.16 0.05 3.81 3.32
Oup@0 —4.19 0.02 3.68 3.21

respect to the buried substrate when the VO** ion is interposed
between the porphyrin and the Fe(001)-p(1 x 1)O in all the
Odwn configurations. In the latter case, the two pyrrole rings
towards the surface are more bent (19° vs. 13° in the Oup
arrangements), while the other two pyrrole rings bend by 18°
outwards in both cases. The Odwn@Fe electronic density of
states (DOS) is reported in Fig. 7a, where the “+U” correction
for V states is included. Overall, the shape of the DOS is in good
agreement with the UPS/IPES spectra from Fig. 2, in particular
concerning the position of phenyl-derived states, accounting
for the energy-scale compression introduced by the DFT-GGA

This journal is © the Owner Societies 2022
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Fig. 7 (a) Projected density of states (DOS) of adsorbed VOTPP in the
Odwn@Fe configuration (spin minority contributions are shown with
negative sign). (b) Spin polarization of the system (difference between
the spin-majority and spin-minority electron densities). The isovalue
shown is £0.02 A~3.

formalism."> The HOMO-LUMO gap of 1.7 eV from the simula-
tions is similarly smaller than the experimental one; in addition,
the HOMO and LUMO are © states not involving the V atom.
Around Ep, there are V contributions due to d,, orbital, at about
—1.7 eV, and to d,./d,, orbitals coupled to O 2p states at +2 eV.
Both the contributions are found in the minority spin channel.
The singly occupied d,, state is responsible for the spin polari-
zation of the molecule, antiparallel with respect to that of the
substrate (see Fig. 6b). A similar DOS (not shown) is found for
the Oup@O system arrangement, where minor differences are a
direct consequence of the hybridization of the molecule, here
standing at a shorter distance from the substrate. Considering
the data of Table 1, we speculate that an ensemble of domains
with VO** pointing downwards (Odwn@Fe) and upwards
(Oup@O0, Oup@Fe) is possible on the Fe(001)-p(1 x 1)O surface,
similarly to previous findings for chloroaluminum phthalo-
cyanine on Au(111).%°

Conclusions

The investigation of MOTPP properties when these molecules
are grown on top of a passivated metal surface [namely

Phys. Chem. Chem. Phys., 2022, 24,17077-17087 | 17083
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Fe(001)-p(1 x 1)O] is of primary importance, since they can be
exploited as a functionalized template, interesting for catalysis or
for the deposition of layered structures. In this respect, a non-
planar porphyrin (namely, VOTPP) can represent a suitable
choice due to the preferential interaction site (VO>* ion) carried
by the molecule itself. However, the presence of the VO>* cation,
protruding from the molecular plane, can have possible draw-
backs in the assembling of such kind of molecules. For this
reason, we performed a NEXAFS and photoemission charac-
terization of VOTPP layers deposited on Fe(001)-p(1 x 1)O,
and compared the results to previous analyses performed on
planar porphyrin molecules (such as Co and NiTPP). Our results
highlight that the non-planar configuration does not affect
a priori the assembling properties of the organic film. (i) VOTPP
arrange themselves in an ordered and commensurate 5 x 5
configuration, similar to that of Co and NiTPPs on the same
surface; (ii) the VOTPP macrocycle lies flat and parallel with
respect to the substrate, without any evidence of tilting.
In addition, the coupling with the thin metal-oxide layer is weak,
with the possibility for the molecule to exhibit the HOMO-
LUMO features at a single layer coverage, even on a strongly
reactive surface such as the one of Fe(001). Important informa-
tion also arises from theoretical calculations, suggesting that an
ensemble of VOTPP domains, where the VO** ion is directed
either towards the substrate or the vacuum, is possible.
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