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Abstract

Thin molecular films under model conditions are often exploited as benchmarks and case studies
to investigate the electronic and structural changes occurring on the surface of metallic electrodes.
Here we show that the modification of a metallic surface induced by oxygen adsorption allows the
preservation of the geometry of a molecular adlayer, giving access to the determination of
molecular orbital symmetries by means of near-edge x-ray absorption fine structure spectroscopy,
NEXAFS. As a prototypical example, we exploited Nickel Tetraphenyl Porphyrin molecules
deposited on a bare and on an oxygen pre-covered Cu(100) surface. We find that adsorbed atomic
oxygen quenches the charge transfer at the metal-organic interface but, in contrast to a thin film
sample, maintains the ordered adsorption geometry of the organic molecules. In this way, it is
possible to disentangle n* and o* symmetry orbitals, hence estimating the relative oscillator
strength of core level transitions directly from the experimental data, as well as to evaluate and
localize the degree of charge transfer in a coupled system. In particular, we neatly single out the
o* contribution associated with the N 1s transition to the mixed N 2pyy-Ni 3dx?.? orbital, which
falls close to the leading m*-symmetry LUMO resonance.
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Introduction

Planar heterocyclic compounds play a crucial role in the development of novel organic-based
technologies, such as biosensors, OLEDs, and photovoltaic devices [1]. When contacted with
metal surfaces, they frequently self-assemble in 2-dimensional ordered arrays, where the chemical
state and the adsorption properties of each molecule are well-defined and homogeneous across the
whole surface. At the same time, the molecule-metal interaction results in charge transfer at the
interface between the substrate and adsorbed molecules, leading to the filling (emptying) of the
lowest unoccupied (highest occupied) molecular orbitals (LUMO/HOMOSs) [2-4].

Valence band spectroscopy (VB) and near-edge X-ray absorption fine structure (NEXAFS),
together with other absorption-based spectroscopies, are often used to probe the occupation of the
LUMOs, as well as the symmetry of the molecular orbitals (MOs) in organic networks. In order to
correctly identify the molecular orbitals involved in the charge transfer process and to evaluate the
molecule-substrate and intermolecular interactions [5-7], both experimental approaches require
reference data for free or weakly interacting molecules. Gas-phase molecules or powder samples,
as well as thin molecular films, are commonly employed for this purpose. While the molecules are
randomly oriented in both gas phase and powder samples, an ordered multilayer may offer the
advantage of probing the molecular orbitals with selective sensitivity to the orbital symmetry by
means of NEXAFS measurements at different polarizations. In fact, o* and #* absorption
resonances are selectively measured by exploiting their dependence on the photon beam
polarization. The electric field perpendicular (s-polarization) or parallel (p-polarization) to the
incidence plane will yield different intensities (NEXAFS linear dichroism), according to the
orientation of the orbitals involved in the induced electronic transitions [8]. In the case of planar
aromatic compounds, a flat adsorption geometry yields the best discrimination of the symmetry
selected unoccupied MOs. Unfortunately, even in the case of perfectly planar aromatic molecules,
a fully coherent growth and a quasi-planar molecular orientation can be hardly achieved beyond
the few-layer thickness limit, and only for few specific systems. In particular, epitaxial growth
parallel to the surface can be achieved for 2D extended planar molecules like phthalocyanines
[3,9-11], or when the substrate lattice offers a good matching with the molecular structure, such
as sexi-thiophene on Au(110) [12], Pentacene on Ag(111) [13], Cu(110) [14], TiO2(110) [15].
Neither of these conditions is achieved for heterocyclic molecules that contain substituents with
high rotational freedom [16].

Based on these considerations, it becomes evident that it would be extremely convenient to find a
reference substrate that preserves, at the same time, the long-range molecular order, the planar
orientation and the electronic properties of the free molecule. This reference substrate may be
obtained by reducing the molecule-surface interaction. The first step in this direction was to exploit
the anisotropic surface corrugation of rutile-TiO2(110) to drive the oriented growth of both
polyconjugated aromatics [15,17-21] and porphyrins [22-25]. However, significant charge
transfer may take place between large aromatic molecules and defects of the rutile surface [26]. In
addition, a strong chemical interaction between the porphyrin tetrapyrrolic center and the titanium
dioxide has been reported [27,28]. Alternative approaches for the decoupling of organics from
metal surfaces are based either on the intercalation of insulating layers [29] or on the passivation
of the surface, e.g., by graphene [30], Sn alloying [31] and oxidation [32,33]. In particular, it has
been shown, that for oxygen modified copper surface the covalent nature of the Cu-O interaction



yields a strong localization of the surface electrons and inhibits the charge transfer from the metal
to the organic overlayer [32,34,35].

In the present communication, we show that the (V2 x 2v2)R45°-oxygen-reconstructed Cu(100)
surface, besides quenching the molecule-surface interaction, allows the preservation of an ordered
layer, as confirmed by low energy electron diffraction (LEED) and, therefore, can be employed as
a template for reference systems to probe both symmetry and occupation of molecular orbitals. As
test molecules, we used a tetrapyrrolic compound, namely Nickel Tetraphenyl Porphyrin (NiTPP),
and we compared the results of the NiTPP adsorbed on the bare and on the oxygen-reconstructed
copper (100) surface by means of valence band photoemission and NEXAFS. We show that, while
NiTPP strongly interacts with the bare copper surface leading to the partial filling of the LUMOs,
the charge transfer at the interface can be prevented by pre-adsorption of oxygen. Furthermore, the
oxygen-induced decoupling preserves the flat adsorption geometry of the porphyrin macrocycle
moiety, allowing us to identify the different LUMOSs together with their symmetry, in contrast with
the case of porphyrin multilayer, where the linear NEXAFS dichroism vanishes due to random
molecular orientation.

Experimental section

The valence band spectra were measured at the NanoESCA beamline of Elettra, the Italian
synchrotron radiation facility in Trieste, using an electrostatic photoemission electron microscope
(PEEM) set-up described in detail in Ref. [36]. The data were collected with a photon energy of
35 eV and a total energy resolution of 100 meV, using p-linearly polarized light. The NEXAFS
experiment was performed at the ALOISA beamline, also located at Elettra synchrotron [37]. The
spectra across the C and N K-edges were taken in electron yield mode using a channeltron
multiplier [37], and they have been further analyzed following the procedure described in Ref.
[38]. The orientation of the surface with respect to the linear polarization (s and p) of the
synchrotron beam was changed by rotating the sample around the beam axis, while keeping fixed
the incident angle (6° with respect to the surface plane) of the synchrotron light.

The clean Cu(100) surface was prepared by a standard procedure: cycles of Ar* ion sputtering at
2.0 keV followed by annealing to 800 K. The oxygen-covered Cu(100) surface showing a (\2 x
2V2)R45° reconstruction, as confirmed by low energy electron diffraction (LEED) patterns, was
prepared by exposing the Cu(100) surface to 800 L of O2 while keeping it at 500 K [39].

NiTPP molecules (Sigma Aldrich, >95% purity) were thermally sublimated at 570 K from a home-
made Knudsen cell type evaporator onto the copper substrate kept at room temperature. As the
monolayer coverage is long-range ordered, the achievement of the desired coverage was monitored
using reflective high-energy electron diffraction (ALOISA) or LEED (NanoESCA).

Results and discussion

The valence band spectra of NiTPP monolayer deposited on the bare Cu(100) and on the O-
Cu(100) surfaces are presented in Figure 1a (top and bottom, respectively). On the bare copper
surface, the VB spectrum exhibits two peaks, previously assigned to the gas-phase LUMO/+1 and



LUMO+3. These are two 7 molecular orbitals that are partially filled, as a result of the strong
molecule-metal interaction [4].
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Figure 1 a) Valence band spectra of NiTPP on Cu(100) (blue curve) and on O-Cu(100) (black curve); the spectra of bare Cu(100)
and O-Cu(100), green and red curve, respectively. b) N K-edge NEXAFS spectra of NiTPP multilayer and NiTPP monolayer
deposited on bare and oxygen modified Cu(100) surface. ¢) C K-edge NEXAFS spectra of NiTPP multilayer and NiTPP monolayer
deposited on bare and oxygen modified Cu(100) surface.

When NiTPP molecules are deposited on the (V2 x 2V2)R45°-oxygen-reconstructed copper
surface, the valence band peaks related to the LUMOs features vanish (see Figure 1a, bottom).
This observation points towards a significant quenching of the charge transfer at the interface, as
a result of the weakening of the interaction between the molecule and the copper substrate favored
by the pre-adsorbed oxygen layer. These changes in the electronic structure have dramatic
consequences also in the overall appearance of the NEXAFS spectra: while the charge transfer
from the substrate to the organic film usually results in the partial or total quenching of the lower-
in-energy NEXAFS features, due to the emptying of the starting molecular orbitals involved in the
transitions, the quenching of the charge transfer allows the preservation of these features.
Moreover, the intensity of the absorption resonances depends on the number of available excitation
channels and on the associated oscillator strength of the transitions [40], together with the angle
between the electric field of the linearly polarized incoming light and the spatial orientation of the
unoccupied MOs.

The nitrogen K-edge spectra of the NiTPP monolayer deposited on bare (bottom) and oxygen
modified (middle) copper surface, together with the NiTPP multilayer (top), are compared in
Figure 1b. The NEXAFS spectra of NiTPP multilayer on Cu(100) do not show linear dichroism,



suggesting a random molecular orientation in the organic layers. The lack of linear dichroism does
not allow the determination of the symmetry of the resonances, nor the estimate of the oscillator
strength of the transitions. Instead, strong linear dichroism is observed in the N K-edge spectra for
the NiTPP monolayer on the bare and on the oxygen pre-covered Cu surfaces. In particular, the
resonances dominating the p-polarization spectrum below the ionization threshold (~404 eV)
display opposite dichroism with respect to the broad resonance recorded in s-polarization above
the ionization threshold. As a rule of thumb, the N 1s ionization threshold separates the region of
n*-symmetry resonance (below) from that of o*-symmetry ones (above). Hence, the observed
dichroism points to an adsorption orientation of the porphyrin macrocycle parallel or almost
parallel to the surface in both cases.

The flat adsorption geometry of the macrocycle moiety is further confirmed by the dichroic
behavior of the C K-edge spectra, both on the bare and on the oxygen pre-covered-Cu(100)
substrates (see Figure 1c). Following a well-tested model analysis [5], the NEXAFS resonances at
~284 eV are exclusively associated to the ©*-symmetry LUMO states localized at the macrocycle
ring, displaying large dichroism with a very small residual intensity in s-polarization, in full
agreement with the observed behavior of the low energy N resonances. Instead, the intense
resonance at 284.9 eV is mainly ascribable to the transition to the n*-symmetry LUMO of the
peripheral phenyl rings. The adsorption tilt angle (y) of the phenyl rings with respect to the copper
surface can be evaluated from the angle-dependent intensity ratios (Is/lp) of the resonance at 284.9

eV, following the equation y = %arcmn2 (Is/Ip) [38]. Using this approach, tilt angles of 69+5°
and 52+5° have been derived for NiTPP on Cu(100) and O-Cu(100), respectively.

The charge transfer occurring at the NiTPP/Cu(100) interface strongly affects the intensity of the
7~ resonances and of the o* feature as well: all low energy LUMOs are partially filled (and
shifted). On the contrary, the close similarity between the resonance intensity and the shape of the
multilayer spectra with that of the monolayer grown on the oxidized surface confirms the weak
interaction of the latter substrate with the porphyrin array, which now allows us to disentangle the
symmetry of the orbitals.

On the oxygen modified system, the low energy features in the N K-edge spectra measured with
p- and s-polarized light are related to 7~ (N 1s—>LUMO/LUMO+1 and LUMO+3) and to o* (N
1s—LUMO+2) resonances, respectively [41]. The latter transition from N 1s to a mixed Ligands
2pxy - Metal 3d,2,? orbital falls close to the main m* symmetry resonance also in porphyrins and
phthalocyanines coordinated to other metals, e.g. Cu [38,42] and Co [43], where the precise energy
position around the main ©* transition depends on the specific metal element [44] and the local
interaction with the substrate [45]. Because of its intrinsically low intensity, this o* transition is
hardly identified in disordered films [46,47]. Even in the case of homogeneously oriented
multilayers, its intensity and energy position can be hardly evaluated, because of the overlap with
the residual intensity of the large n* resonance in s-polarization due to the molecular tilt off the
surface. In the present case, the almost perfect parallelism of the porphyrin macrocycle to the
surface allows us to perform a quantitative analysis of the lowest z* and o* resonances at 398.95
eV and 398.75 eV, respectively (see Fig.1b, highlighted in grey). It has to be noted that the
LUMO+2 associated to o* resonance does not yield any clear signature in the VB spectrum, but



it is crearly observable in the NEXAFS spectrum. Remarkably, density functional theory
calculations showed that the filling of this orbital is responsible for the reduction of the oxidation
state of the Ni ion, from Ni(Il) to Ni(l) [4,41].

Far above the ionization threshold, the intensity of the partial electron yield results from the
photoemission from a core-level into a continuum of states, and it is independent of the polarisation
of the impinging electromagnetic radiation. By normalizing to unity the high energy tail of the
spectra measured with s- and p-polarization, we can evaluate the relative oscillator strengths
(proportional to the intensity of the resonances) for the aforementioned low energy NEXAFS
transitions (and in general, for the resonances below the ionization threshold). After evaluation of
the areas of the spectral features, we get a ratio of 4.5 to 1 (#* to o%). It is worth noting that the
estimated ratio can be used as an input for the evaluation of the absolute absorption cross-sections
in theoretical calculations.

Conclusions

By means of NEXAFS and valence band spectroscopies, we confirmed that oxygen pre-adsorption
on the Cu(100) surface is an efficient approach for suppressing the interaction at the metal-organic
interface. Moreover, the O-Cu(100) substrate preserves the planar orientation of deposited NiTPP
molecules, allowing us to unambiguously identify the symmetry of frontier molecular orbitals. The
corresponding planar monolayer phases are better suited than thin-film NEXAFS measurements
to properly model the fine details of the electronic structure, including the molecular orbital
symmetry. This method of acquisition of reference spectra can be extended to other absorption
based spectroscopies, such as high-resolution electron energy loss spectroscopy (HREELS) and
Infrared Reflection Absorption Spectroscopy (IRAS), in the study of adsorption behaviour of
heteroaromatic compounds.

Acknowledgment

This work has partially received funding from the EU-H2020 research and innovation programme
under grant agreement No 654360 having benefitted from the access provided by CNR-IOM in
Trieste (Italy) within the framework of the NFFA Europe Transnational Access Activity.

M.C., G.Z. and H.S. acknowledge funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (Grant Agreement No.
725767—hyControl). Support from Italian MIUR under project PRIN-2017KFY7XF is also
acknowledged.



Bibliography

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

S.R. Forrest, The path to ubiquitous and low-cost organic electronic appliances on plastic,
Nature. (2004). doi:10.1038/nature02498.

M. WieRner, D. Hauschild, A. Schdll, F. Reinert, V. Feyer, K. Winkler, B. Krémker,
Electronic and geometric structure of the PTCDA/Ag(110) interface probed by angle-
resolved photoemission, Phys. Rev. B - Condens. Matter Mater. Phys. (2012).
doi:10.1103/PhysRevB.86.045417.

J.M. Gottfried, Surface chemistry of porphyrins and phthalocyanines, Surf. Sci. Rep. 70
(2015) 259-379. doi:10.1016/j.surfrep.2015.04.001.

G. Zamborlini, D. Luftner, Z. Feng, B. Kollmann, P. Puschnig, C. Dri, M. Panighel, G. Di
Santo, A. Goldoni, G. Comelli, M. Jugovac, V. Feyer, C.M. Schneidery, Multi-orbital
charge transfer at highly oriented organic/metal interfaces, Nat. Commun. (2017).
d0i:10.1038/s41467-017-00402-0.

K. Diller, F. Klappenberger, M. Marschall, K. Hermann, A. Nefedov, C. W6ll, J. V. Barth,
Self-metalation of 2H-tetraphenylporphyrin on Cu(111): An x-ray spectroscopy study, J.
Chem. Phys. (2012). d0i:10.1063/1.3674165.

F. Bischoff, K. Seufert, W. Auwarter, S. Joshi, S. Vijayaraghavan, D. Ecija, K. Diller,
A.C. Papageorgiou, S. Fischer, F. Allegretti, D.A. Duncan, F. Klappenberger, F. Blobner,
R. Han, J. V. Barth, How surface bonding and repulsive interactions cause phase
transformations: Ordering of a prototype macrocyclic compound on Ag(111), ACS Nano.
(2013). doi:10.1021/nn305487c.

I. Bidermane, J. Liider, R. Totani, C. Grazioli, M. de Simone, M. Coreno, A. Kiviméki, J.
Ahlund, L. Lozzi, B. Brena, C. Puglia, Characterization of gas phase iron phthalocyanine
with X-ray photoelectron and absorption spectroscopies, Phys. Status Solidi Basic Res.
(2015). doi:10.1002/pssh.201451147.

J. Stohr, NEXAFS Spectroscopy, 1992. doi:10.1007/978-3-662-02853-7.

F. Petraki, H. Peisert, U. Aygul, F. Latteyer, J. Uihlein, A. Vollmer, T. Chassé, Electronic
structure of FePc and interface properties on Ag(111) and Au(100), J. Phys. Chem. C.
(2012). doi:10.1021/jp302233e.

W. Auwirter, D. Ecija, F. Klappenberger, J. V. Barth, Porphyrins at interfaces, Nat.
Chem. (2015). doi:10.1038/nchem.2159.

M. Corva, A. Ferrari, M. Rinaldi, Z. Feng, M. Roiaz, C. Rameshan, G. Rupprechter, R.
Costantini, M. Dell’Angela, G. Pastore, G. Comelli, N. Seriani, E. Vesselli, Vibrational
fingerprint of localized excitons in a two-dimensional metal-organic crystal, Nat.
Commun. (2018). doi:10.1038/s41467-018-07190-1.

S. Prato, L. Floreano, D. Cvetko, V. De Renzi, A. Morgante, S. Modesti, F. Biscarini, R.
Zamboni, C. Taliani, Anisotropic Ordered Planar Growth of a-Sexithienyl Thin Films, J.
Phys. Chem. B. (2002). doi:10.1021/jp9905878.

L. Casalis, M.F. Danisman, B. Nickel, G. Bracco, T. Toccoli, S. lannotta, G. Scoles,



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Hyperthermal Molecular Beam Deposition of Highly Ordered Organic Thin Films, Phys.
Rev. Lett. (2003). doi:10.1103/PhysRevLett.90.206101.

S. S6hnchen, S. Lukas, G. Witte, Epitaxial growth of pentacene films on Cu(110), J.
Chem. Phys. (2004). doi:10.1063/1.1760076.

V. Lanzilotto, C. Sanchez-Sanchez, G. Bavdek, D. Cvetko, M.F. Lopez, J.A. Martin-
Gago, L. Floreano, Planar growth of pentacene on the dielectric TiO2(110) surface, J.
Phys. Chem. C. (2011). doi:10.1021/jp111011z.

C.C. Fernandez, D. Wechsler, T.C.R. Rocha, H.-P. Steinriick, O. Lytken, F.J. Williams,
Adsorption geometry of carboxylic acid functionalized porphyrin molecules on
TiO2(110), Surf. Sci. 689 (2019) 121462. doi:10.1016/J.SUSC.2019.121462.

V. Lanzilotto, G. Lovat, G. Otero, L. Sanchez, M.F. Lopez, J. Méndez, J.A. Martin-Gago,
G. Bavdek, L. Floreano, Commensurate growth of densely packed ptcdi islands on the
rutile TiO2(110) Surface, J. Phys. Chem. C. (2013). doi:10.1021/jp402852u.

G. Fratesi, V. Lanzilotto, S. Stranges, M. Alagia, G.P. Brivio, L. Floreano, High resolution
NEXAFS of perylene and PTCDI: A surface science approach to molecular orbital
analysis, Phys. Chem. Chem. Phys. (2014). doi:10.1039/c4cp01625d.

L. Cao, Y.Z. Wang, J.Q. Zhong, Y.Y. Han, W.H. Zhang, X.J. Yu, F.Q. Xu, D.C. Qi,
A.T.S. Wee, Molecular orientation and site dependent charge transfer dynamics at
PTCDA/TiO2(110) interface revealed by resonant photoemission spectroscopy, J. Phys.
Chem. C. (2014). d0i:10.1021/jp4103542.

G. Otero-lrurueta, J.I. Martinez, G. Lovat, V. Lanzilotto, J. Méndez, M.F. Lopez, L.
Floreano, J.A. Martin-Gago, Densely packed perylene layers on the rutile TiO2(110)-(1 x
1) surface, J. Phys. Chem. C. (2015). doi:10.1021/acs.jpcc.5b00851.

S. Rangan, C. Ruggieri, R. Bartynski, J.I. Martinez, F. Flores, J. Ortega, Adsorption
Geometry and Energy Level Alignment at the PTCDA/Ti02(110) Interface, J. Phys.
Chem. B. (2018). doi:10.1021/acs.jpch.7b04227.

L. Zajac, P. Olszowski, S. Godlewski, L. Bodek, B. Such, R. Johr, R. Pawlak, A. Hinaut,
T. Glatzel, E. Meyer, M. Szymonski, Self-assembling of Zn porphyrins on a (110) face of
rutile TiO2 -The anchoring role of carboxyl groups, Appl. Surf. Sci. (2016).
doi:10.1016/j.apsusc.2016.04.069.

C. Wang, Q. Fan, Y. Han, J.I. Martinez, J.A. Martin-Gago, W. Wang, H. Ju, J.M.
Gottfried, J. Zhu, Metalation of tetraphenylporphyrin with nickel on a TiO2(110)-1 x 2
surface, Nanoscale. (2016). doi:10.1039/c5nr03134f.

S. Rangan, C. Ruggieri, R. Bartynski, J.I. Martinez, F. Flores, J. Ortega, Densely Packed
ZnTPPs Monolayer on the Rutile TiO2(110)-(1 x 1) Surface: Adsorption Behavior and
Energy Level Alignment, J. Phys. Chem. C. (2016). doi:10.1021/acs.jpcc.5b12736.

L. Zajac, L. Bodek, B. Such, Adsorption behavior of Zn porphyrins on a (101) face of
anatase TiO2, Appl. Surf. Sci. (2018). doi:10.1016/j.apsusc.2018.02.278.

V. Lanzilotto, G. Lovat, G. Fratesi, G. Bavdek, G.P. Brivio, L. Floreano, TiO2(110)
Charge Donation to an Extended n-Conjugated Molecule, J. Phys. Chem. Lett. (2015).
doi:10.1021/jz502523u.



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

G. Lovat, D. Forrer, M. Abadia, M. Dominguez, M. Casarin, C. Rogero, A. Vittadini, L.
Floreano, On-Surface Synthesis of a Pure and Long-Range-Ordered Titanium(IV)-
Porphyrin Contact Layer on Titanium Dioxide, J. Phys. Chem. C. (2017).
doi:10.1021/acs.jpcc.7b03157.

J. Schneider, T. Berger, O. Diwald, Reactive Porphyrin Adsorption on TiO2 Anatase
Particles: Solvent Assistance and the Effect of Water Addition, ACS Appl. Mater.
Interfaces. (2018). doi:10.1021/acsami.8b00894.

J. Repp, G. Meyer, S.M. Stojkovi¢, A. Gourdon, C. Joachim, Molecules on insulating
films: Scanning-tunneling microscopy imaging of individual molecular orbitals, Phys.
Rev. Lett. (2005). doi:10.1103/PhysRevLett.94.026803.

M. Corva, F. Mohamed, E. Tomsic, M. Rinaldi, C. Cepek, N. Seriani, M. Peressi, E.
Vesselli, Learning from Nature: Charge Transfer and Carbon Dioxide Activation at
Single, Biomimetic Fe Sites in Tetrapyrroles on Graphene, J. Phys. Chem. C. (2019).
doi:10.1021/acs.jpcc.8b11871.

A. Carrera, L.J. Cristina, S. Bengid, A. Cossaro, A. Verdini, L. Floreano, J.D. Fuhr, J.E.
Gayone, H. Ascolani, Controlling carboxyl deprotonation on Cu(001) by surface sn
alloying, J. Phys. Chem. C. (2013). doi:10.1021/jp404983n.

X. Yang, I. Krieger, D. Liftner, S. Weil3, T. Heepenstrick, M. Hollerer, P. Hurdax, G.
Koller, M. Sokolowski, P. Puschnig, M.G. Ramsey, F.S. Tautz, S. Soubatch, On the
decoupling of molecules at metal surfaces, Chem. Commun. (2018).
doi:10.1039/c8cc03334;j.

A. Picone, D. Giannotti, A. Brambilla, G. Bussetti, A. Calloni, R. Yivlialin, M. Finazzi, L.
Duo, F. Ciccacci, A. Goldoni, A. Verdini, L. Floreano, Local structure and morphological
evolution of ZnTPP molecules grown on Fe(001)-p(1 x 1)O studied by STM and
NEXAFS, Appl. Surf. Sci. 435 (2018) 841-847. d0i:10.1016/J.APSUSC.2017.11.128.

L. Sun, G. Weidlinger, M. Denk, R. Denk, M. Hohage, P. Zeppenfeld, Stranski-Krastanov
growth of para-sexiphenyl on Cu(110)-(2x1)O revealed by optical spectroscopy, Phys.
Chem. Chem. Phys. (2010). doi:10.1039/c0cp00443j.

J. Gall, P. Zeppenfeld, L. Sun, L. Zhang, Y. Luo, Z. Dong, C. Hu, P. Puschnig,
Spectroscopic STM studies of single pentacene molecules on Cu(110)- ¢(6x2) O, Phys.
Rev. B. (2016). doi:10.1103/PhysRevB.94.195441.

C.M. Schneider, C. Wiemann, M. Patt, V. Feyer, L. Plucinski, I.P. Krug, M. Escher, N.
Weber, M. Merkel, O. Renault, N. Barrett, Expanding the view into complex material
systems: From micro-ARPES to nanoscale HAXPES, J. Electron Spectros. Relat.
Phenomena. (2012). doi:10.1016/j.elspec.2012.08.003.

L. Floreano, G. Naletto, D. Cvetko, R. Gotter, M. Malvezzi, L. Marassi, A. Morgante, A.
Santaniello, A. Verdini, F. Tommasini, G. Tondello, Performance of the grating-crystal
monochromator of the ALOISA beamline at the Elettra Synchrotron, Rev. Sci. Instrum.
(1999). doi:10.1063/1.1150001.

L. Floreano, A. Cossaro, R. Gotter, A. Verdini, G. Bavdek, F. Evangelista, A. Ruocco, A.
Morgante, D. Cvetko, Periodic arrays of Cu-Phthalocyanine chains on Au(110), J. Phys.
Chem. C. (2008). doi:10.1021/jp711140e.



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

M. Wuttig, R. Franchy, H. Ibach, Oxygen on Cu(100) - a case of an adsorbate induced
reconstruction, Surf. Sci. (1989). doi:10.1016/0039-6028(89)90254-9.

O. Plekan, V. Feyer, R. Richter, M. Coreno, M. de Simone, K.C. Prince, A.B. Trofimov,
E. V. Gromov, I.L. Zaytseva, J. Schirmer, A theoretical and experimental study of the near
edge X-ray absorption fine structure (NEXAFS) and X-ray photoelectron spectra (XPS) of
nucleobases: Thymine and adenine, Chem. Phys. (2008).
doi:10.1016/j.chemphys.2007.09.021.

G. Zamborlini, M. Jugovac, A. Cossaro, A. Verdini, L. Floreano, D. Luftner, P. Puschnig,
V. Feyer, C.M. Schneider, On-surface nickel porphyrin mimics the reactive center of an
enzyme cofactor, Chem. Commun. (2018). doi:10.1039/c8cc06739b.

D.G. De Oteyza, A. Sakko, A. El-Sayed, E. Goiri, L. Floreano, A. Cossaro, J.M. Garcia-
Lastra, A. Rubio, J.E. Ortega, Inversed linear dichroism in F K-edge NEXAFS spectra of
fluorinated planar aromatic molecules, Phys. Rev. B - Condens. Matter Mater. Phys.
(2012). doi:10.1103/PhysRevB.86.0754609.

M.G. Betti, P. Gargiani, R. Frisenda, R. Biagi, A. Cossaro, A. Verdini, L. Floreano, C.
Mariani, Localized and dispersive electronic states at ordered FePc and CoPc chains on
Au(110), J. Phys. Chem. C. (2010). doi:10.1021/jp108734u.

R. De Francesco, M. Stener, G. Fronzoni, Theoretical study of near-edge X-ray absorption
fine structure spectra of metal phthalocyanines at C and N K-edges, in: J. Phys. Chem. A,
2012. doi:10.1021/jp2109913.

M.V. Nardi, F. Detto, L. Aversa, R. Verucchi, G. Salviati, S. lannotta, M. Casarin,
Electronic properties of CuPc and H2Pc: An experimental and theoretical study, Phys.
Chem. Chem. Phys. (2013). doi:10.1039/c3cp51224.

S.A. Krasnikov, N.N. Sergeeva, M.M. Brzhezinskaya, A.B. Preobrajenski, Y.N. Sergeeva,
N.A. Vinogradov, A.A. Cafolla, M.O. Senge, A.S. Vinogradov, An x-ray absorption and
photoemission study of the electronic structure of Ni porphyrins and Ni N-confused
porphyrin, J. Phys. Condens. Matter. (2008). doi:10.1088/0953-8984/20/23/235207.

I. Reid, Y. Zhang, A. Demasi, A. Blueser, L. Piper, J.E. Downes, A. Matsuura, G. Hughes,
K.E. Smith, Electronic structure of the organic semiconductor copper
tetraphenylporphyrin (CuTPP), Appl. Surf. Sci. (2009). doi:10.1016/j.apsusc.2009.08.048.



