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A precise understanding, at the molecular level, of the massive substrate — adsorbate charge transfer at
the NiTPP/Cu(100) interface has been gained through the application of elementary symmetry
arguments to the structural determination of the NiTPP adsorption site by photoelectron diffraction
(PED) measurements and Amsterdam density functional calculations of the free D4, NiTPP electronic
In particular, the PED analysis precisely determines that, among the diverse NiTPP
chemisorption sites herein considered (fourfold hollow, atop, and bridge), the fourfold hollow one is the
most favorable, with the Ni atom located at 1.93 A from the surface and at an internuclear distance of

structure.

2.66 A from the nearest-neighbors of the substrate. The use of elementary symmetry considerations
enabled us to provide a convincing modeling of the NiTPP-Cu(100) anchoring configuration and an
atomistic view of the previously revealed interfacial charge transfer through the unambiguous
identification of the adsorbate n* and o* low-lying virtual orbitals, of the substrate surface atoms, and of the
linear combinations of the Cu 4s atomic orbitals involved in the substrate — adsorbate charge transfer. In
addition, the same considerations revealed that the experimentally reported Ni() — Ni() reduction at the
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Introduction

The incipit of Ghosh’s contribution to the collective volume
Letters to a Young Chemist is worded as follows: “Porphyrins
are everywhere, as far as the living world is concerned”.'
Although detectable in abiotic systems, the pivotal role played
by porphyrin-related molecules in fundamental biological pro-
cesses such as oxygen transport and storage (haemoglobin and
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interface corresponds to the fingerprint of the chemisorption site of the NiTPP on Cu(100).

myoglobin), photosynthesis (chlorophyll), and electron transport
during cellular respiration and photosynthesis (cytochromes)*?
supports their evocative classification: “pigments of life”.*”
Additionally, porphyrin derivatives have been extensively used
in cancer treatment due to their therapeutic and diagnostic
properties.® Besides the living world, the relevance of this class
of molecules extends nowadays to technological fields ranging
from electronics,” to solar cells,® and sensors,’ thus justifying the
constantly rising interest towards them and motivation to
develop new porphyrin-like species, whose electronic and optical
properties can be tuned through molecular engineering.'®™"?
Therefore, surface-supported supramolecular porphyrin arrays
may be thought of as functional components in nanodevices."*
In addition, adsorbate-substrate and adsorbate-adsorbate inter-
actions often lead to charge transfer between the adsorbate
frontier molecular orbitals (MO)"® and the substrate,'®"” result-
ing in the addition of spin freedom degrees,'®'® when using
magnetic substrates, through the generation of spin-polarized
hybrid interface states.>**"* The electronic and magnetic proper-
ties of surface-supported metal (M) porphyrin arrays can be
further customized through the coordination of axial ligands to
M,">**%% which can modify the M oxidation number, its spin
state, and then its magnetic moment, thus affecting the mag-
netic anisotropy. Indeed, small molecules such as NO, NH;, and
NO, have been shown to bind to the central M of porphyrins,
inducing changes in its spin state. The bonding with the surface
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and the additional ligands increases the M coordination num-
ber, and usually reduces the magnetic anisotropy because of
the symmetry reduction of the M environment, which lowers the
energy barrier among different magnetic configurations. It is
also noteworthy that electronic and structural factors including
the occupation number of M-based 3d atomic orbitals (AOs), the
M oxidation number, and the complex conformational
flexibility,** > influence reactivity towards axial ligands.

Among the numerous M-porphyrin/metal interfaces studied
so far,"”* the NiTPP/Cu(100) interface (the free NiTPP corre-
sponds to Ni(n) tetraphenyl-porphyrin)®® has received great
attention because of its important role in the development of
molecular materials for cutting-edge applications in spintro-
nics, memory storage, and quantum computing.?®31733

What is known so far about the NiTPP/Cu(100) interface?
The experimental evidence for NiTPP/Cu(100) indicates that (i)
both the adsorbate and the substrate have a local fourfold (ff)
symmetry, and two NiTPP rotational domains, only slightly
misaligned with respect to the Cu(100) [001] direction, are
present on the surface;** (ii) a massive Cu(100) — NiTPP charge
transfer takes place at the interface, which leads to the partial
occupation of low-lying unoccupied NiTPP MOs up to LUMO+3
(LUMO stands for the lowest unoccupied MO);*" (iii) the pris-
tine macrocycle core (P™°NiP) of the chemisorbed NiTPP has a
flat geometry®® and is characterized by the presence of the
highly reactive 3d° Ni(i) species.>®> Moving from experimental
knowledge to the theoretical scenario, periodic density func-
tional theory (DFT) calculations® indicate that the chemi-
sorbed NiTPP assumes a bowl-shaped arrangement,** whose
base corresponds to the P™°NiP core, which maintains its
planarity and lies ~2 A above the Cu(100) surface. In addition,
the numerical experiments carried out by Zamborlini et al.*'
confirm the substantial substrate — NiTPP charge transfer
implying the partial occupation of the low-lying NiTPP virtual
orbitals. Therefore, numerical experiments carried out with the
Amsterdam density functional (ADF)*® package on free Dy
CuTPP (isoelectronic with the chemisorbed NiTPP typical for
the presence of the 3d° Ni(i) species) indicate that the empty,
low-lying, highly delocalized P™°CuP-based m orbitals (P™“n*)
are the doubly degenerate 13e, and the 9b;, MOs, while the
half-occupied P™“c* orbital, accounting for the antibonding
Cu-N o interaction and strongly localized on the 3d° Cu(u)
3d,2_y2 AO, corresponds to the 12b;y MO.** All these data lead
us to assume that the experimentally revealed Cu(100) —
NiTPP massive charge transfer up to LUMO+3 involves, besides
the empty Ni(u)-based 12b;, P"“c* LUMO+2, the whole set of
low-lying P™n* MOs (LUMO, LUMO+1, and LUMO+3).*’

Despite such a huge amount of electronic and structural
information, a precise understanding, at the molecular level, of
the Cu(100) — NiTPP charge transfer is still lacking. As a matter
of fact, neither the recognition of the adsorbate and substrate
MOs involved in such a process nor the identification of the Cu
surface atoms (Cu®) involved in the partial filling of the low-lying
NiTPP virtual orbitals is unambiguously reported in the litera-
ture. In this paper, elementary symmetry and geometry argu-
ments were used in combination with experimental literature
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reports and novel structural photoelectron diffraction (PED)
results to provide a convincing molecular picture of NiTPP
grafting to the substrate and then a local point of view of the
Cu(100) — NiTPP charge transfer. Moreover, it is shown that the
experimentally reported Ni() — Ni(1) reduction at the interface®
provides the fingerprint of the chemisorption site of the NiTPP
on Cu(100).

Experimental and
computational details

PED experiments have been performed at the ALOISA beamline
of the Elettra synchrotron radiation facility in Trieste*® and in
an ultra-high vacuum (UHV) experimental chamber with a base
pressure of 10-11 mbar. Measurements have been accom-
plished with photon energies ranging from 850 to 1440 eV
and the intensity of the Ni 2p core level was monitored with the
detector (acceptance angle of 2°, FWHM) aligned along the
surface normal and the surface oriented at 4° grazing angle
(in close to p-polarization). Prior to the intensity integration of
the Ni 2p lines, a Shirley-like background has been subtracted
from each spectrum. Then, the intensity modulation curve as a
function of the kinetic energy of the photoelectron has been
normalized to the photon flux and the calculated Ni 2p cross-
section in the measured photon energy range.’* Reference
high-resolution X-ray photoelectron spectroscopy (XPS) spectra
of the N and C 1s regions have been collected at a photon
energy of 515 eV by using linearly p-polarized light at a grazing
incidence of 4° on the sample surface and by maintaining the
hemispherical electron energy analyzer in the normal emission
geometry. The binding energies in the XPS data have been
referred to the Fermi level of the Cu(100) substrate. The clean
Cu(100) surface has been prepared by cycles of Ar" ion sputter-
ing at 2.0 keV, followed by annealing at 800 K. The absence of
contaminants on the surface has been verified by XPS measure-
ments at 650 eV (O 1s) and 515 eV (N and C 1s). The ordering of
the surface and the molecular layer has been performed using
the reflective high-energy electron diffraction technique. A few
dozen mg of NiTPP powder (Porphyrin Systems) have been
loaded in a quartz crucible of a homemade Knudsen cell-type
evaporator. Before the measurements, the NiTPP sample has
been carefully degassed at 480 K for several days while the base
pressure of the UHV system was monitored. NiTPP molecules
have been then thermally evaporated at ~550 K onto the
copper substrate maintained at room temperature. The mole-
cular coverage has been calibrated with a quartz micro-balance,
and the resulting deposition rate was 15 min ML~ '. The
nominal coverage for all experiments herein presented is a
saturated monolayer. Therefore, it is well known that organic
molecules tend to decompose when exposed to ionizing radia-
tion. XPS spectra have been then monitored over time to
exclude any possible radiation-induced damage. No spectral
changes were observed after 1 h, so we confirm that NiTPP
molecules are reasonably stable under the adopted experi-
mental conditions.
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The ground state electronic and structural properties of the
free NiTPP are herein investigated by using the ADF package®”
within the assumption of an idealized D4, symmetry®® (see
Fig. S1 in the ESIt) and by performing nonrelativistic DFT
calculations whose set up (generalized gradient corrections
self-consistently through the Becke-Perdew
formula,*** a triple-{ with a polarization function Slater-type
basis set for all the atoms, Ni 1s-2p AOs and N and C 1s AO kept
frozen throughout the calculations) has been provided by the
possibility of comparing the results of our calculations with
homogeneous theoretical outcomes pertinent to the free
CuTPP.*®

included

Results and discussion

Chemically selected quantitative structural information about
the local adsorption geometry of NiTPP on Cu(100) can be
obtained by monitoring the intensity of the Ni 2p core level line
as a function of the energy of the incoming photon. In the PED
process, the photoelectron can undergo a series of scattering
processes from the scatter atoms (Cu) surrounding the emitter
(Ni) along its path to the detector. The final state results from
the interference between the direct and the coherently scattered
components of the photoelectron signal. Thus, the resulting
interference is determined by the path-length differences and
the scattering phase shifts between the electron waves. These in
turn depend on the kinetic energy of the electron, the detector
geometry, and the position of the emitter atom relative to the
scatters. By varying the kinetic energy of the emitted electrons,
the interference conditions can be changed, and the modula-
tions of the photoemission intensity may be used to extract
geometrical information, which allows determination of the
position of the Ni atom with respect to the copper substrate.
As already mentioned, the oscillations of the core level line
intensity as a function of the wave vector k of the outgoing
electron (I(k)) contain information relative to the diffraction
processes at the interface. The scattering anisotropy y(k) can be
described by eqn (1):

-1 @

where I(k) is the measured intensity and I,,, is the average one.

Numerical simulations of PED data have been carried out
using the MSCD package®® (multiple scattering up to the eighth
order and a Rehr-Albers order** of 2 have been used) and by
considering three diverse chemisorption sites (atop, bridge,
and ff hollow) shown schematically in Fig. 1. The obtained
results have been then tested by means of the usually adopted
reliability factor Ry (see eqn (2)):

2
Z(Xexp - th) (2)

Ry — = \2exp A
' Z(Xexpz - Xth2>

where e, and y, correspond to the experimental and the
simulated anisotropies, respectively (see Fig. 2).
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Fig. 1 Schematic representation of the atop, bridge (b), and ff hollow (ffh)
chemisorption sites on the bulk terminated Cu(100) topmost layer.

R¢ corresponding to the Ni species placed on an ff hollow site
(Rf™ has, among the diverse chemisorption positions herein
considered, the minimum value (Rf® ~ 0.54, R¥*P ~ 0.7, and
RPrdse _ 0.84; see Fig. 3). In addition, the analysis of the PED
data provides the following structural information: the adsorp-
tion height of Ni from the outermost layer of the substrate and
the internuclear distance between Ni and the nearest-neighbors
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Fig. 2 PED anisotropy y measured with the detector along the surface
normal for the Ni 2p core level. The corresponding simulation, which
includes a coarse optimization of the inner potential (namely 10 eV),
performed for the Ni atom placed at the atop (top), bridge (middle), and
ff hollow (bottom) sites are superimposed on the spectrum.
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Fig. 3 Calculated R-factor (Ry) for the three different adsorption sites
herein considered.

of the substrate (""Cu®) are 1.95/2.66, 2.6/2.6, and 2.5/2.8 A at
the ffh, atop, and bridge chemisorption sites, respectively.

The most favored fth site has been further refined by varying
the height of Ni from the substrate and the inner potential (V).
The resulting best fit provides the following values: Rf" = 0.52, a
Ni-Cu® height of 1.93 A, and V,, = 10.7 eV (see the corresponding
map in Fig. 4).

PED measurements at normal emission are best suited for
determining the vertical distance of the emitter from the sur-
face and the structural information herein obtained perfectly
agrees with experimental and theoretical literature data per-
taining not only to the NiTPP/Cu(100) system,*’ but also to
similar MTPP adsorbed on Cu(111) and Cu(110) surfaces.*>*
Nevertheless, we cannot be silent about the aptitude, substan-
tially phenomenological, characterizing all this matter. In other
words, neither experimental nor theoretical literature results
provide an answer to the question of why the fth chemisorption
site of the NiTPP/Cu(100) interface is more stable than those on
the atop and bridge ones. Let us see how the exploitation of
elementary symmetry considerations allows us to gain further
insights into this issue.
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Fig. 4 Contour plot of the MSCD simulation R for the inner potential Vo
and the Ni—Cu substrate distance. Black lines correspond to the region
where Ri"is < 0.55 and the lowest R = 0.52 corresponds to a Ni-Cu
substrate distance of 1.93 A and V, = 10.7 eV.
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The ff quantization axis, characteristic of the free NiTPP (see
Fig. S1 in the ESIY), lifts the fivefold degeneracy of the Ni(u) 3d
AOs to generate five MOs transforming as the a (z%), b (x*> — y*
and xy), and e (xz, yz) irreducible representations (IRs) of the C,
point group.”® All of these MOs, except the P™c* one, are
fulfilled; hence, only the 3d,2_,» AO of the pristine 3d® Ni(u) can
accept charge regardless of the NiTPP chemisorption site. Upon
NiTPP deposition on Cu(100), the N-chelated Ni species is effec-
tively reduced to the oxidation state +1 thus assuming a 3d°
configuration, as measured by X-ray absorption spectroscopy at
the Ni Ly-edge.>® Since the ff quantization axis is locally preserved
in the adsorbate as well as in the substrate,* we can assess that:
(i) a single Cu® atom lying on the ff axis may transfer electronic
charge only through its half-occupied 4s AO (of symmetry a in the
C, point group),*® and (ii) the symmetry adapted linear combina-
tions (SALC) of 4s AOs localized on four equivalent Cu® atoms
transform as a + b + e IRs of the C, point group.*

These elementary symmetry considerations exclude the pos-
sibility that the Ni(i) — Ni(1) reduction is driven by a charge
transfer from a Cu® atom beneath Ni when NiTPP is chemi-
sorbed on Cu(100) atop a ff surface atom (Cug,). More specifi-
cally, the single ™Cuf, located at 2.6 A from Ni (see above)
could transfer electronic charge to Ni(u) only through its half-
occupied 4s AO, which transforms as the IR a of the C, group.
This AO is orthogonal to the empty MO localized on the Ni
atom (namely, on Ni(u) 3d,2_,2 AO, transforming as the IR b of
the C, group*’) reminiscent of the NiTPP P™c* 12b,, LUMO+2
(see Fig. 5),*” and then the transfer is symmetry forbidden.

Before applying analogous symmetry arguments to the
chemisorption of NiTPP at a Cu(100) ffh site,*® it deserves to
be noticed that the internuclear distance between Ni and each of
the four ""Cug, (nnn stands for next nearest neighbor) in the
bulk terminated Cu(100) surface amounts to 3.646 A;*° too far to
have an effective overlap between the empty P"“c* 12b;, MO and
the SALC of symmetry b of the """Cug, 4s AOs shown in Fig. 6.

Examination of Fig. 7 clearly shows that the ffh chemi-
sorption site is much more suitable to foster the Ni(u) — Ni()
reduction.

12b,,

Fig. 5 3D contour plot (CP) of the free Dap, NiTPP P™“c* 12byg LUMO+2.4
Displayed isosurfaces correspond to +0.02 e'/2 x A~%2 values. The P™°NiP
core lies in the xy plane in the adopted framework.

This journal is © the Owner Societies 2023
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Fig. 6 Schematic representation of the ""Cug, 4s AOs SALC of symmetry
b. Large red and green spheres represent Cu® 4s AOs and corresponding
different phases.

In fact, (i) at the ffh chemisorption site, the internuclear
distance between Ni and its four nearest neighbors (""Cufy,) is
2.644 A;*° (ii) the SALC of symmetry b of the "Cufy, 4s AOs (see
Fig. S2 in the ESIt) perfectly overlaps with the empty Ni(u)-
based P™°c* MO when the Ni-N bonds are aligned with the
(001) directions (see the right panel of Fig. 7 and 8); (iii)
periodic DFT calculations carried out by some of us** ultimately
indicated that, among the atop, bridge, and fth chemisorption
sites, the ffh one is more stable than the atop and bridge sites
by 2 and 1 eV, respectively. Therefore, it is noteworthy that the
higher stability of the ffh site for NiTPP on Cu(100) agrees well
with the experimental evidence pertaining to M(u) phthalocya-
nine (Fe, Co, Cu, and Zn) deposited on the same substrate:>'>*
a fulfilled M 3d,» AO (M = Cu and Zn) favours the ffh site,”*>*
while a partially occupied M 3d,> AO (M = Fe and Co) fosters the
ffa one.’™* This is not surprising if we consider that, at the ffa
site, the antibonding combination of the M 3d,. and ™Cugy, 4s
AOs (both of them transforming as the IR a of the C, point
group)*® would be populated (vacant) if the M 3d,. AO is
fulfilled (half-filled).

Besides a rationale for the experimentally reported Ni(u) —
Ni(1) reduction,*® a real fingerprint of the NiTPP chemisorption

© 0 0 0 0 O

© 0 0 0 0 O

Fig. 7 Schematic representation of the P"NiP core superimposed to the
bulk terminated Cu(100) at a ffh site. Only atoms of the Cu(100) topmost
layer are displayed and the planar P°NiP core’! of the optimized free Dy,
NiTPP is placed 1.93 A above it. In the left (right) panel, the Ni—N bonds are
aligned with the (011) ((001)) directions.
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Fig. 8 Superposition of the P"“c* 12by4-based MO (LUMO+2)*’ 3D CP to
e "Cuf, 4s AOs SALC of symmetry b of the bulk terminated Cu(100).

Ni—N bonds are aligned with the (001) directions. Large red and green

spheres represent Cu® 4s AOs and corresponding different phases.

site on Cu(100), the same simple arguments can be used to gain
insights into the substrate — adsorbate charge transfer invol-
ving the doubly degenerate P™“n* orbitals reminiscent of the
NiTPP 13e, LUMO (see the left panel in Fig. 9). Examination of
the figure reveals that the 13e,-based MOs, significantly loca-
lized on the N 2p, AOs of the PT°NiP core, can constructively
overlap with the "Cufy, 4s AOs SALC of symmetry e of the bulk
terminated Cu(100) (see Fig. S2 in the ESIT and the right panel
of Fig. 9).

As such, it is noteworthy that the "Cuf;,-N distance with the
PMENP core of the optimized D, NiTPP at 1.93 A from the bulk
terminated Cu(100) surface and the Ni-N bonds aligned with
the (001) directions is, as pointed out by Zamborlini et al.,**
“extremely short” (1.938 A in the model herein considered).>®

Angle-resolved photoemission tomography experiments at
the NiTPP/Cu(100) interface revealed that the massive substrate
— adsorbate charge transfer takes place through the partial
filling of P™°NiP low-lying unoccupied MOs up to LUMO+3.*
The last one is reminiscent of the Dy, NiTPP P™“g* 9b,, MO,
which, for symmetry reasons,>® bears no density of states on the

@
(e} ®
BN -
() ()
& \\
@
Fig. 9 (left panel) 3D CP of one component of the free D4, NiTPP PMr*

13eq4 LUMO;* (right panel) superposition of the same component of the
doubly degenerate P"n* 13e4-based MO to the "MCug, 4s AOs SALC of
symmetry e of the bulk terminated Cu(100). Ni—-N bonds are aligned with
the (001) directions. Large red and green spheres represent Cu® 4s AOs
and corresponding different phases.
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Fig. 10 (left panel) 3D CP of the free Dy, NiTPP P™°m* 9b;, MO
(LUMO+3); (right panel) superposition of the same PM°n* MO to the
"MNCugn 4s AOs SALC of symmetry b of the bulk terminated Cu(100).
Ni—=N bonds are aligned with the (001) directions. Large red and green
spheres represent Cu® 4s AOs and corresponding different phases.

N atoms; hence, its nodal properties prevent any possibility to
receive charge from the "Cug, 45 AOs SALC of symmetry b (see
Fig. S2 of the ESIt), while the opposite is true when the eight
nneyS, are considered. The SALCs of the "™"Cufy, 4s AOs
transform as 2a + 2b + 2e and are sketched in Fig. S3 of the
ESI.T Inspection of this figure reveals that the nodal properties
of the SALC labeled 2b in Fig. S3 (ESIt) make it very well suited
for transferring electronic charge into the P™°n* 9b,,-like MO
(see Fig. 10).

Analogous considerations hold for the """Cufy;, SALCs labeled
1e in Fig. S3 in the ESI, which may contribute to the Cu(100) —
PMENIP charge transfer by involving the C™®° 2p, AOs (see
Fig. 11) of the P™“n* 13e,-based MOs (LUMO/LUMO+1).

As such, it can be useful to mention that, with the P™°NiP core
of the optimized D,, NiTPP at 1.93 A from the surface, and the
highly reactive species Ni(1) located at the ffh site, the internuclear
distances of the eight ™ Cug;, from the P™NiP o and B pyrrolic C
atoms are 2.204 and 2.311 A, respectively, while the internuclear
distance between "™Cug;, and C™°° atoms is 2.348 A.5”

Fig. 11 Superposition of one component of the doubly degenerate PMr*
13e4-based MO to the "MNCuE, 4s AOs SALC of symmetry e of the bulk
terminated Cu(100). Ni-N bonds are aligned with the (001) directions.
Large red and green spheres represent Cu® 4s AOs and corresponding
different phases.
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Conclusions

The experimentally reported Ni(u) — Ni(1) reduction of NiTPP/
Cu(100) controls the molecular adsorption at an ffh site, as well
as the alignment of the Ni-N bonds along the substrate (001)
directions. Therefore, the Ni reduction is driven by the charge
transfer into the Ni 3d,2_y.-based 12b;; MO (LUMO+2) from the
four "Cuf;, underneath the N atoms. The same ""Cufy, are
responsible for the charge transfer into the P™‘n* orbitals
reminiscent of the NiTPP 13e, LUMO/LUMO+1 strongly loca-
lized on the N atoms, whereas the partial filling of the P™“n*
9b;,-based LUMO+3 (solely localized on the C atoms of the
PTENIP core) is driven by the charge transfer from the eight
"MCufy,. The latter ones may additionally contribute to the
partial filling of the LUMO/LUMO+1 through the C™**° atoms.
In a few words, symmetry and geometry considerations herein
presented provide the modeling of the NiTPP-Cu(100) anchor-
ing configuration from an atomistic view, as dictated by the
interfacial charge transfer.
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In the free D4, MTPP, with the MP pristine macrocycle plane
corresponding to the xy one (oy,) and the pyrrolic N atoms
lying in the xz and yz planes (the two o), the N 2p, SALCs
transform as the e, + a,, + by, IRs of the Dy, point group.*’
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