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Abstract

Porphyrin molecules are particularly interesting candidates for spintronic applications due to their bonding
flexibility, which allows to modify their properties substantially by the addition or transformation of ligands.
Here, we investigate the electronic and magnetic properties of cobalt octaethylporphyrin (CoOEP), deposited
on copper substrates with two distinct crystallographic surface orientations, Cu(100) and Cu(111), with x-ray
absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD). A significant magnetic
moment is present in the Co ions of the molecules deposited on Cu(100), but it is completely quenched on
Cu(111). Heating the molecules on both substrates to 500 K induces a ring-closure reaction with cobalt
tetrabenzoporphyrin (CoTBP) as reaction product. In these molecules, the magnetic moment is quenched
on both surfaces. Our XMCD and XAS measurements suggest that the filling of the d» orbital leads to a
non-integer valence state and causes the quench of the spin moments on all samples except CoOEP/Cu(100),
where the molecular conformation induces variations to the ligand field that lift the quench. We further
employ density functional theory calculations, supplemented with on-site Coulomb correlations (DFT+U), to
study the adsorption of these spin-bearing molecules on the Cu substrates. Our calculations show that charge
transfer from the Cu substrates leads to the filling of the Co minority spin d orbital, causing a ‘turning off’
of the exchange splitting and quenching of the spin moment at the Co magnetic centers. Our investigations
suggest that, by this mechanism, molecule-substrate interactions can be used to control the quenching of the

magnetic moments of the adsorbed molecules.
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I. INTRODUCTION

The magnetic properties of single molecules have been avidly studied in recent years due
to their prospective applications in magnetic spintronic devices. Their proposed uses include
magnetic data storage and processing, with additional applications being discovered as the field
matures.! In the search for molecules that are well suited for the production of such devices, it
is fundamental to understand how their magnetic state is affected by their components, such as
organic ligands and magnetic centers as well as the environment, as these characteristics will
dictate which molecules are suitable for a given application and under which conditions. The
bonding flexibility of metalloporphyrin molecules, for instance, makes them versatile candidates
for spintronic applications.> The magnetic properties of these molecules, which result from the

metallic ions at their center, can be readily influenced by changes to the molecules’ ligands.®

While there are molecules with properties that remain largely unchanged by their contact
with metallic substrates,'? the substrate interaction is among the most important factors in the
determination of the magnetic properties of a molecule.'!'> The degree of molecule-substrate
interaction will vary for different substrates. Molecules deposited on weakly interacting substrates
will often display properties akin to bulk samples even in submonolayer coverages, but that is not
the case for many molecules deposited on metallic substrates.!>!4 Calculations also clearly indicate
a stronger interaction with metallic substrates when compared to graphite.!> Additional control of
the magnetic properties of a molecule can consequently be achieved by the introduction of buffer
layers, such as oxygen? or graphene. The latter has been shown to alter or disrupt some interactions
of molecules with metallic substrates.'®!7 In particular, the electronic and magnetic properties of
cobalt octaethylporphyrin (CoOEP) were shown to depend crucially on the substrate.!® Whereas
Au(111) substrates hardly perturbed the electronic structure and magnetic properties, Ag(111) and

Ag(110) substrates led to hybridization and charge transfer to the molecule.!”

In a simple picture, the substrate can be regarded as an axial ligand to the porphyrin core. Axial
ligand manipulation is a well-known strategy for spin-state manipulation. An alternative method of
modifying the electronic and magnetic properties of molecules is to alter their equatorial ligands,?°
which can be achieved post-deposition on a substrate, by subjecting the molecules to chemical
reactions.>!=>> These two aspects of molecular manipulation are closely interdependent because
the ligand determines also the hybridization strength with the substrate. In this work we set out to

investigate how these two types of manipulation can lead to major modifications of the properties
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of the magnetic center of metallorganic porphyrin molecules. To this end, we deposit COOEP
molecules on Cu(100) and Cu(111) and determine their electronic and magnetic properties by
x-ray absorption (XA) techniques. Interestingly, the change of surface orientation from Cu(100) to
Cu(111) leads to quenching of the magnetic moment. Imposing a thermally-induced ring-closure
reaction on the molecular ligands results in a vanishing magnetic moment of the Co center also on
Cu(100). Such a ring closure has been described for an FeOEP molecule on different substrates?%-2’
in scanning tunneling microscopy (STM) studies, and it has been shown to promote a significant
alteration of the magnetic anisotropy of the central ion post reaction.?8

We seek, furthermore, to explain the mechanism behind these changes with the aid of density
functional theory with on-site Coulomb correlations (DFT+U). The calculations show that the
quench of the moment post-reaction can be attributed to hybridization with the substrate, particularly
through the d > orbital of the ion. Although the interaction with the Cu(100) and Cu(111) is not

seen to be exactly the same, in both cases the moment is quenched by the same mechanism. The

quench is only lifted on the CoOEP/Cu(100) system, due to intramolecular charge transfer.

II. EXPERIMENTAL SECTION

The x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD)
measurements were performed at BESSY II, the Berlin Electron Storage Ring for Synchrotron
Radiation, at the UE46_PGM-1 beamline. The energy resolution was set to 160 meV, providing
a flux of 10'%ph/s. A relatively large spot size of about 1 mm? was used to minimize radiation
damage to the molecules. The signal, obtained by total electron yield, was normalized first with
the signal from a freshly evaporated Au grid placed upstream from the experiment, then with the
spectra of the corresponding clean substrate.

Samples were prepared by sublimating the commercially available CoOEP molecules in powder
form, purchased from Sigma-Aldrich, from a Knudsen cell heated to 510 K onto single crystal
copper substrates to a coverage of about 0.5 ML. The coverage was monitored with a quartz
microbalance and crosschecked with intensity calibration of the cobalt and nitrogen absorption
edges. The substrates have been previously cleaned by cycles of argon sputtering (1.5kV, ps, =
8-107> mbar, 300 K) and annealing (940 K) and were kept at room temperature in a pressure range
of 1-10~% mbar during deposition. The measurements are performed in a 1-10~!9 mbar pressure

range and at temperatures between 4 K and 6 K, determined by a thermocouple placed near the
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sample shuttle.

The spectra were taken with an external magnetic field of 6 T along the direction of x-ray
incidence, unless stated otherwise, and the circularly polarized radiation had a degree of polarization
of 85%. The grazing measurement angles were different depending on the substrate. Cu(100)
grazing measurements were taken at a 20° incidence angle from the surface, while Cu(111) ones
were taken at 25°.

Theoretical modeling has been performed on the basis of density functional theory with on-site
Coulomb correlations (DFT+U). Specifically, we have employed the Perdew-Burke-Ernzerhof
(PBE)? parametrization for the exchange-correlations potentials in the generalized gradient ap-
proximation (GGA). The effective Coulomb correlation applied was U, s = 3.0 eV for all the
reported calculations, a value that has been shown to be appropriate for metalloporphyrins and
phthalocyanines.>*-32 All calculations were performed with the Vienna ab initio simulation package
(VASP).33-34 A kinetic energy cutoff of 450 eV was applied for the used projector augmented-wave
(PAW) pseudopotentials.> To model the molecule-substrate interactions in a systematic manner,
Grimme’s pair-wise dispersion interactions included in the D2 method3® were applied in all calcula-
tions. The substrate surfaces are constructed by three slab layers consisting of 192 Cu atoms. Full
structural optimization of the complete molecule, the position of the molecule with respect to the
substrate, and the hybrid interfaces was performed while keeping the bottom layer of Cu atoms
fixed. Starting from an adsorption site in which the Co atom laterally sits in between the hollow
sites of the first and second substrate layer, the system was relaxed by an optimization routine

exploring global minima of the energy.

III. RESULTS AND DISCUSSION

Room-temperature deposition of COOEP molecules on Cu(100) and Cu(111) substrates results
in flat-lying adsorption configurations (see supplementary information (SI) for STM images). Fig. 1
shows the x-ray absorption spectra obtained on both substrates (top) and the corresponding x-ray
magnetic circular dichroism (XMCD, bottom) for grazing and normal incidence angles of x-rays.
The XA spectra in Fig. 1 (top) display significant differences between the molecules deposited
on different substrates. On Cu(100) the spectra have two clearly distinct peaks, at 778.0eV and
779.4 eV, while on Cu(111) they have one, more intense, peak at 779.8 eV with a pronounced
shoulder at 781.6 eV. The peak at 778.0eV, only present in the Cu(100) spectra, exhibits a strong
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angle dependence, suggesting a considerable out-of-plane component. We may hence associate it
to the d,» orbital. Its absence on the Cu(111) surface indicates that this orbital is completely filled

in this case.

XMCD spectra displayed on the bottom part of Fig. 1 for grazing and normal incidence angles
show a significant dichroic signal for both incidence angles on Cu(100), reflecting a sizable magnetic
moment of Co. In contrast, the XMCD signal is absent in the same molecules on Cu(111), indicative
of a completely quenched magnetic moment. Most probably, the drastic difference in d-orbital
structure seen in the XA spectra can be directly related to the different magnetic moments. The
XMCD signal on Cu(100) obtained under normal incidence is stronger than the one from grazing
incidence, displaying the predominance of the in-plane orbitals in the magnetic moment of the
molecule, but the out-of-plane orbitals also contribute, as evidenced by the negative contribution to
the L3 edge XMCD at 778.0 eV, a behavior characteristic to the d,> orbital under normal incidence.
The absence of this contribution when the molecules are deposited on Cu(111) is again a strong
indication of the complete filling of the d,» orbital on this substrate. This could, in principle, be
caused by a modification of the ligand-field splitting acting on the energy levels of the Co ion when
the molecules are deposited on Cu(111). For instance, an enhancement of the equatorial ligand field,
stemming from alterations in the conformation of the ethyl groups of the porphyrin macrocycle,
could raise the energy of the in-plane orbitals in such a way that the d,» orbitals becomes fully
occupied. Alternatively, a reduction of the axial ligand field caused by a distinct interaction with

the substrate would lead to a similar result.

However, the filling of the d > orbital does not yet explain the quench of the magnetic moment
of the molecule deposited on Cu(111). If the oxidation state of the Co ion were +2, the same as in
the free molecule,!® any simple charge reorganization would leave the ion with a minimum spin
moment § = % due to the odd number of electrons in the 3d shell. A change in the occupation
of the d orbitals stemming from charge transfer with the substrate or the molecular macrocycle
is necessary to allow for the quench. To check for a difference in the charge of the Co ion of the
molecules deposited on the two substrates, we analyze the relative d orbital populations. The 3d
orbitals’ total occupation is obtained from the integrated intensity of the linear polarization XA
spectra under the magic angle of incidence, 54.7° from the surface (see SI for spectra), which are
equivalent to the isotropic spectra. There is an increase of 9(+3)% in the total integrated intensity
of the L, 3 edge spectra on Cu(111) in relation to the Cu(100) system. For grazing incidence,

in the horizontal polarization spectra, which probe primarily the out-of-plane orbitals, there is a
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9(43)% decrease in intensity when going from Cu(100) to Cu(111), while the vertical polarization
spectra, which probe mainly in-plane orbitals, register a 26(+3)% increase in intensity at grazing
incidence, albeit with the 5° difference between the grazing measurements in the different substrates
mentioned in section II. This suggests a charge reorganization within the orbitals of the Co ion,
with electron transfer from in-plane to out-of-plane orbitals, in addition to a difference of a small
fraction of an electron in its total charge, indicating that there is not a very significant disparity in
the oxidation state of the metal center of CoOEP between the two substrates. As mentioned before,
the complete quench of the spin magnetic moment observed for the molecules deposited on Cu(111)
requires a change in the oxidation state of the Co ion with relation to that of the free molecule,
which means that while there is no evidence of a significant difference between the oxidation states
of CoOEP deposited on the two substrates, it cannot be the same as that of the free molecule. As
will be discussed later, the combination of the results of our DFT+U calculations and a sum-rule
analysis of the XMCD spectra points to a non-integer valence state between +1 and +2 oxidation
states. The quench of the magnetic moment induced by the substrate interaction is lifted only in the
case of CoOEP deposited on Cu(100), likely due to ligand-field alterations discussed previously.

To determine the magnetic moments of the CoOEP molecules on Cu(100), the only system
in this study in which they are not quenched, we apply a sum-rule analysis.>”-3® The results are
compiled in table I. The magnetic orbital and effective spin moment components in the direction of
the field are given by (my. (o)) and (mS(ax)), respectively. To obtain the actual magnetic moments,
the values in Table I must be multiplied by the number of holes ny, in the valence shell of the Co
ion (see SI). The number of holes in the d orbitals depends on the oxidation state. We will discuss
possible oxidation states and how these would affect the interpretation of the magnetic moment
in the following. Before doing so, we note that (mg(a)) = (ms(a)) only for the measurements
taken at the magic angle, where the magnetic dipole operator contribution (7;) cancels out.

If we assume three holes in the d shell, which would correspond to the oxidation states of +2,
like in the free molecule, we obtain a lower limit for (m) of (m) = 1.5(1) ug. Neglecting anisotropy
as a first approximation, the Brillouin function for the magnetic moment component in the direction
of the field at the temperature and magnetic field conditions of the measurement (see SI) yields an
unsaturated magnetization that would only agree with this result for an intermediate spin value of
S = 0.85. This is again a strong indication that the oxidation state of the Co ion is not the same as
in the free molecule, where the spin is § = % (see SI).

Next, we consider reduction of the Co ion as it has been observed for CoOEP molecules on
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Fig. 1 XA (top) and XMCD (bottom) spectra of CoOOEP molecules deposited on Cu(100) and
Cu(111) for grazing and normal incidence angles of the x-rays from the substrate. T =4.4K and

B = 6T for all spectra. The structure of CoOOEP is shown in the inset. Spectra for grazing (top) and
normal (bottom) are shifted vertically for clarity.

Ag.1%3% A full reduction to an oxidation state +1 is not immediately compatible with the results
from the sum-rule analysis, because then the two holes in the d shell would give an unsaturated
spin moment (mg) = 0.82(2) ug. Assuming an 82% saturation of the magnetic signal at 4.4 K and
6 T, this would be consistent with a spin S = %, which however is not trivially accessible in this
oxidation state due to the number of 3d electrons. For a spin moment of § = 1 the assumption
of an unrealistically low saturation of only 41% would be required. If we eventually consider
the oxidation of the Co ion to be +3, the results from the sum rule analysis would be in good

agreement with a spin state of § = 1. This oxidation state has not been observed for CoOEP
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Table | Moments obtained from the sum rule analysis for COOEP on Cu(100) at4.4K and 6 T.

o (m()) /mpts (m§(a0) /i
90° 0.05+0.01 0.53+0.02
35.3° 0.10+0.01 0.41+0.01
20° 0.11+0.01 0.34+0.03

molecules deposited on other substrates,*>*! but it is important to note that it has been observed for
CoOEP molecules due to ligand adsorption.*> As will be later discussed on the basis of the DFT+U
results, a fractional charge transfer between central ion and substrate, resulting in a non-integer
valence state, with an oxidation state between +1 and +2, is favoured by theory. This non-integer
valence state allows for the quench of the spin on Cu(111), while on Cu(100), there is a magnetic
moment, with a spin value between S = % and S = 1. Alternatively, also a mixed-valence state,

)43

as discussed by Stepanow et al. for CoPc/Au(111),™ could be possible, in which an electron is

delocalized between the substrate and the Co ion. This could also lead to a quenching of the Co

magnetic moment.*3

To understand better the paramagnetic properties of the metal ion on the Cu(100) surface, the
integrated intensity of the Co L3 edge XMCD is taken at different magnetic field values up to the
maximum available field of 6 T. The spin Hamiltonian formalism is then used to fit the experimental

values of the magnetization obtained from the XMCD:

A = upgB - S+ DS?, 1)

where the first term represents the Zeeman energy (up is the Bohr magneton, B is the external
field vector and S the spin vector), while the second one describes the uniaxial anisotropy energy
(D 1s the zero-field-splitting parameter and S, the spin component perpendicular to the plane of
the molecule). We assume g = 2 for simplicity. As discussed before, the system is likely in an
intermediate spin state between S = % and S = 1. While a fit according to Eq. 1 is not possible
for an intermediate value, a reasonable fit is obtained for both spin value limits, with the smallest
deviation from experiment obtained for S = 1. Fig. 2 shows the experimental values as dots for

normal incidence and incidence under the magic angle for circular polarization along with the fits
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Fig. 2 Magnetization curves for COOEP on Cu(100) under normal and magic angles of x-ray
incidence. The dots are the experimental data, the solid lines are the fitted curves for S=1
(D = —0.05(10)meV), and the dashed lines are the fitted curves for S=1. T =4.4K.

resulting when assuming S = 1/2 (broken lines) and S = 1 (continuous lines). The higher intensity
of the saturated value of the integrated XMCD signal under normal incidence relative to the one at
magic angle of incidence indicates, as already discussed before with respect to the XMCD spectra
in Fig. 1, that the in-plane orbitals are predominantly responsible for the magnetic signal. The
relative saturation and curvature, on the other hand, are similar for both incidence angles, which
indicates small magnetic anisotropy.

The value obtained for the magnetic anisotropy from the fitting procedure for S = 1 confirms this,
with a very low value D = —0.05(10) meV. The difference between the two angles of incidence
is thus also in the case of S = 1 accounted for mostly by the magnetic dipole operator, which
arises from the XMCD measurement, and represents the spin density anisotropy.** As discussed
before, the saturation for magic-angle incidence has to be compatible with the result of the sum-rule
analysis of the XMCD signal, which depends on the number of unoccupied 3d states. This is only
the case for a noninteger 3d occupation between 7 and 8 and a spin state between 1/2 and 1.

In order to get a deeper insight into the influence of the macrocycle ligands on the properties of
the central ion, a thermally induced ring-closure reaction from CoOEP to cobalt tetrabenzoporphyrin
(CoTBP) was performed. The annealing was done in a stepwise manner, during the last step of
which the sample was kept at a temperature of roughly 500 K for 15 minutes, when the changes
in the nitrogen K edge spectrum reached saturation. The characteristic changes in the electronic
structure of the nitrogen atoms of the molecular macrocycle, as well as additional STM experiments

(see SI), confirm that the reaction takes place. The XA and XMCD spectra after the ring closure
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are shown in Fig. 3. As was the case with the CoOOEP molecules on the two copper substrates,
there are only small differences in the integrated intensity of the magic-angle incidence spectra
between the two substrates (see SI), which indicates charge transfers with the substrate of a small
fraction of an electron. On Cu(100), the integrated intensity is increased by 12(£3)% for CoTBP
in relation to CoOEP, while on Cu(111), there is a 9(£3)% reduction. While there is no significant
change between the line shape of the spectra of COOEP and CoTBP on Cu(111), the CoTBP spectra
on Cu(100) are significantly different from the CoOEP ones on the same substrate. The main
discernible feature when comparing the spectra of the CoTBP molecules on the two substrates
is that the ones on Cu(100) exhibit a slightly broader and less intense main peak, reminiscent of
CoOEP, but now shifted to higher energies and better matching the Cu(111) spectra. This small
difference in the electronic structure, however, is not observable in the XMCD spectra, where

CoTBP molecules possess quenched spin magnetic moments on both substrates.

Next, we discuss the results of DFT4-U calculations, which are able to explain the spin quenching
mechanism of the CoTBP molecules on the two Cu substrates. The spin moment reduction observed
for CoOOEP on Cu(111), however, is not well described, as outlined below. In Fig. 4 we show
the calculated local density of states (DOS) of the free CoTBP molecule, as well as when it is
deposited on Cu(100) and Cu(111). The 3d electronic configuration of the free CoTBP molecule
is calculated to be (dxy)?, (dxz)?, (dy2)?, (d2)", (dxzfyz)o. This corresponds to a spin moment
S = 1/2 for the free molecule, due to the half-filled d,> orbital. When the molecule is deposited
on either substrate, the d» orbital hybridizes and becomes filled with charge contributions from
other d orbitals and from the copper surface, which occurs mainly through the out-of-plane orbitals;
the latter results in a small charge transfer between substrate and molecule of —0.09 electron on
Cu(100) and +0.29 electron on Cu(111) (see SI). The full occupation of the d,» orbital is verified
by the lack of the characteristic peak at around 778 ¢V in Fig. 3, and is the primary cause for the
quench of the spin moment on both substrates. The charged nature of the molecules is also seen in

STM images of both molecules on the two substrates, shown in the SI, as the separation between
the molecules observed is characteristic of intermolecular electrostatic repulsion.

The calculated spin density plots, shown in Fig. 5, indicate a much more dispersed spin density
on the Cu(100) substrate than on Cu(111). This, however, does not affect the overall quenching
of the spin moment on the two substrates. The spin-density values are extremely small, likely
caused by a break in symmetry due to molecule-substrate interactions, and its presence confirms

the open-shell nature of the molecule even though the magnetic moments are quenched. CoTBP
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Fig. 3 XA (top) and XMCD (bottom) spectra of CoTBP molecules measured on Cu(100) and
Cu(111) for grazing and normal incidence angles of the x-rays to the substrate. 7 =5.8K and
B = 6T for all spectra. The structure of CoTBP is shown in the inset. Spectra for grazing (top) and
normal (bottom) are shifted vertically for clarity.

on Cu(100) undergoes furthermore a stronger buckling than CoTBP on Cu(111), evidenced by the
larger difference between the distance to the first copper layer of carbon atoms in the macrocycle
ring and ones in the benzene ring, see Fig. 5. In the Cu(100) substrate this difference is around
0.3 A, while in Cu(111), it is only about 0.05 A. This leads to a modified hybridization of the dy,
and dy, orbitals, making these orbitals distinct, as can be seen from the local DOS in Fig. 4. Also
the different lateral position of the Co atom relative to the Cu atoms on the two substrates (see
SI) could influence the charge transfer to the Co 3d orbitals.*> The spin transfer from substrate to

the molecule causes the substrate atoms (especially on the 2nd layer from the surface) to become
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(a) CoTBP/Cu(100)

Fig. 5 Spin density plots of the CoTBP molecule deposited on Cu(100) (a) and on Cu(111) (b).
The contour value is 1 x 1077 ug /3.

slightly spin-polarized. This spin polarization is distributed over a range of Cu atoms underneath

the molecule.

The situation is different for COOEP on Cu(100) and Cu(111). Our DFT+U calculations predict
a spin moment quench for the CoOEP when deposited on Cu(100), and a strong reduction when
deposited on Cu(111). This behavior is not the one observed in the XMCD measurements described
above, where the quench of the molecular spin moment is observed on Cu(111), but not on Cu(100).
Local DOS plots of the CoOEP molecule in gas phase and on the two substrates are presented
in the SI, along with calculated spin density plots for the two substrates. There could be various
reasons for the disagreement between the DFT4-U calculations and the XMCD measurements. The
flexible ethyl groups of the CoOEP could play a role in the surface adsorption and this might not
be captured consistently by the DFT+-U calculations. Another explanation could be that there is
a d’ + d® mixed-valence behavior of the CoOEP on Cu(111), which is not sufficiently described
by the static orbital occupations computed with DFT+U. Nevertheless, this illustrates that the

molecule-substrate interaction is not perfectly described by DFT+U for the CoOEP molecule
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on Cu substrates. On the other hand, CoTBP is a very flat molecule that is not expected to have
much flexibility in its adsorption geometry. While there are not many calculations in literature for
CoTBP, cobalt phthalocyanine (CoPc), a molecule very similar structurally, is usually found to

have minimum energy in equivalent configurations on various different substrates, 68

with only
small deviations to its planarity. The most likely scenario is thus that the non-integer valence state
is found on all four systems, but while the adsorption geometry of CoOOEP on Cu(111) and CoTBP
on the two substrates is similar, on Cu(100) the ethyl groups of CoOEP arrange in a less planar
structure, additionally affecting the d orbital occupation on that substrate and lifting the quench of

the magnetic moment.

IV. CONCLUSIONS

From the investigation of the electronic and magnetic properties of the CoOEP/TBP molecules
by means of XAS and XMCD, we have demonstrated two ways of completely quenching the spin
magnetic moment of a single molecule deposited on metallic substrates.

We have shown that CoOEP deposited on copper displays a non-integer valence configuration
that leads to an intermediary spin magnetic moment, caused by the hybridization of the Co ion with
the copper substrates. Furthermore, while on Cu(100) a significant magnetic moment is observed,
on Cu(111) the Co ions’ magnetic moment is fully quenched. CoTBP molecules, obtained through
an intramolecular reaction activated by heat, display a quenched moment on both substrates. The
similarities between the magnetic and electronic properties of the three systems displaying quenched
moments suggest a surprisingly similar ligand field and substrate interaction, indicating that the
same mechanism is responsible for the quench of the magnetic moment in the three systems.
DFT+U calculations show that a hybridization and consequent fractional charge transfer between
molecule and substrate through the out-of-plane orbitals is the primary mechanism behind the
quench of the magnetic moment in the TBP molecules and, consequently, on CoOEP on Cu(111).
The XA spectra indicate that the electronic and magnetic differences between CoOEP on the
two copper substrates are caused by conformation-induced ligand-field variations rather than by
significant changes in the molecule-substrate charge transfer. However, the interaction of the
OEP molecules with the different copper substrates is still not completely understood from our
calculations, most likely because of the increased complexity introduced by the ethyl groups of

these molecules, whose flexibility may not be fully captured by the DFT+4U model.
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These results add an interesting piece in the puzzle of understanding of molecule-substrate
interactions and their effect on the properties of magnetic molecules. The differences among all
systems studied here are seen to stem mainly from variation of the molecular conformation and
intramolecular bonds, while the interactions between the copper surfaces and Co ions, albeit strong

and crucial for the realization of the magnetic moments observed, are shown to vary little.
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