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S1 CoTPP in gas phase

The CoTPP optimized geometry remains close to the experimental one as extracted from the crystal with minimal differ-
ences between the different functionals (see Table|S1)). The strongest deviations are observed for the angles, in particular
the out-of-plane one.

Table S1 Geometry parameters for the CoTPP optimized in gas phase with different functionals. The average Co-N bond length (in
A) is reported. The negative sign of the ¢ angles corresponds to the phenyl rings tilted downwards with respect to the macrocycle
plane. The experimental values are as extracted from the crystal structure.!

Functional | deov A) [ 61 () 6,() 6:() 6, ) | 1 () () ¢3() ¢4 ()

PBE+D3 1.958 63.7 63.6 63.6 63.6 -9.2 9.1 9.1 9.1
PBEO 1.957 63.7 63,5 63.6 63.6 -9.3 9.3 -9.3 9.3
HSE06 1.958 634 633 634 634 -9.4 9.4 -9.3 9.3
B3LYP 1.971 63.9 63.8 639 639 -9.3 9.3 -9.3 9.3

Experiment? | 1.949 | 80.0 80.0 80.0 80.0 | -141 141 -141 14.1

As opposed to the geometry, the electronic structure undergoes significant changes for the different functionals, with
PBE being wrong in the valence region (see Figure [S1)). We thus adopt a computational protocol, where the geometry
is relaxed within the more cost-efficient PBE+D3, and the electronic structure is determined in a subsequent calculation
with the HSEO6 hybrid functional or GWO for the level alignment.
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Figure S1 PDOS of the CoTPP in gas phase calculated with PBE+D3 (left), HSE06 (middle) and GWO (right). Alignment with respect
to the vacuum is applied, so as to compare with the experimental ionization potential (IPW‘?). A convolution with Gaussian functions
was applied on all PDOS with a width of 0.1 eV.



S2 CoTPP@MgO(100)
S$2.1 Single CoTPP

We observe some geometry changes to the macrocycle or phenyl rings compared to the isolated structure. Indeed, it has
been proved both experimentally and theoretically that the phenyl rings can bend so as to maximize the contact of the
macrocycle with the surface.5"

Table S2 Geometry parameters for the CoTPP optimized on the MgO(100) in comparison with the molecule in the gas phase. The
average Co-N bond length (in A) is reported with the standard deviation in parentheses. All angles are in °. The negative sign of the ¢
angles corresponds to the phenyl rings tilted downwards with respect to the macrocycle plane.

Site | dco-n | 6 6 6 6: | % 2 03 04
gas phase | 1.958 (0.000) | 63.7 63.6 63.6 63.6| 92 91 -91 91

bridge 1.957 (0.007) | 43.3 49.2 484 432 | 6.7 6.6 6.3 6.9
bridge-r45 | 1.959 (0.004) | 41.8 36.0 37.0 415 | 87 2.8 1.1 7.5
ontop 1.974 (0.008) | 46.1 49.6 47.1 478 | 72 11.0 8.8 10.0
ontop-r45 | 1.971 (0.008) | 45.2 51.3 47.1 496 | 9.0 13.6 11.2 11.8

step-edge | 1.976 (0.015) | 41.8 38.6 314 853 | -92 -56 1.8 -95
kink-Mg | 1.941 (0.006) | 45.0 50.6 36.8 40.7 | 147 1.5 -109 25
kink-O 1.993 (0.024) | 43.7 55.2 44.1 423 | 9.0 -3.1 -16.2 -24

Table S3 Literature overview on the simulated CoTPP adsorption on different substrates.

Surface Functional dco—surf N Adsorption site Distortion Ref.
Cu(110) PW91-vdW-DF 2.2 short-bridge for domains  flat with tilting distortions 4
Cu(110) PW91-vdW-DF 2.4 long-bridge for individual non-planar, saddle-shape conformation 4
Cu(110) PBE 2.87 short-bridge saddle-shape conformation o
CuzN-Cu(110) PBE 2.72 on-top N saddle-shape conformation 4
Ag(111) PBE-vdW 3.13¢ on-top flat due to the lacking 4 phenyl rings z
Ag(111) LDA fcc and hep hollow saddle-shape conformation <
Fe(100)-p(1 x1)O0  vdW-DF-c09 3.28 on-top Fe (5 x 5)R37° L
3.18 on-top O (5 x 5)R37° =

@ The distance is evaluated with respect to the surface. The Co-Ag bond with the underlying silver atom is 2.83 (A).

$2.2 Monolayer CoTPP

Single-molecule adsorption neglects possible Van der Waals interactions between the neighbouring molecules in a mono-
layer. This is especially true for the case of tetraphenylporphyrins where a great part of the interaction is between
the phenyl rings. We, therefore, investigated the geometry and electronic structure of a CoTPP monolayer on the flat
MgO(100) surface.

The model consists of a reduced slab width, (21.195x21.195x27.000) A3, so as to take into advantage the symmetry
of the adsorbed CoTPPs (see Figure [S2h). The CoTPPs were positioned on the surface, maintaining the structure of the
crystal, where each phenyl ring faces another phenyl ring from another CoTPP. In a first approximation, we investigated
only the ontop adsorption site.

The monolayer surface positioning resembles that of the isolated CoTPP, which enables us to make a direct comparison
(see Table [S4). The monolayer Co-ion lies slightly further away from the MgO surface, forming shorter bonds with the
porphyrin Nitrogens. The phenyl rings are more flattened with respect to the macrocycle and the surface, so as to enhance
the interactions with the neighbouring molecules and the surface at the same time. The angles are indeed more than
doubled with respect to the crystal structure. Additionally, if one assumes that the CoTPPs occupy the same adsorption
sites on the surface, this would induce a small strain, 0.15%, on the monolayer with respect to the crystal structure.
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Figure S2 (a) Geometry of the CoTPP monolayer, where the green square indicates the crystal cell; (b) PDOS of the monolayer and
a single adsorbed CoTPP, calculated with HSE06 «=0.25.

Table S4 Geometry parameters for the CoTPP at the ontop site on MgO(100) and in the crystal. In the case of the Co-N bond
lengths, the average value is reported together with the standard deviation in parentheses. All energies are in eV, distances in A and
angles in °. The negative sign of the ¢ angles corresponds to the phenyl rings tilted downwards with respect to the macrocycle plane.
The monolayer contains two inequivalent CoTPP monomers (monolayer;, monolayer,), the parameters of each are presented.

| deo-mgo  deo-o | dco-n |6 6, 65 6s | o 2} 03 04
single | 321  3.11 | 1.974(0.008) | 46.1 49.6 47.1 47.8 | 7.2 11.0 88 10.0

monolayer; 3.30 3.21 | 1.962 (0.004) | 36.7 33.6 31.6 353 | 3.8 4.4 3.2 4.3
monolayer; 3.30 3.21 | 1.962 (0.004) | 36.0 34.1 32.3 348 | 45 3.6 2.5 5.1

crystal | - - | 1.948 (0.000) | 75.4 75.4 754 754|139 -13.9 139 -13.9

S3 DFT+U

We avoid the self-interaction error in the electronic structure of CoTPP by working with a hybrid functional (see Section
[S1). Given the large system we investigate, it would be computationally highly demanding to relax the geometry with
HSE06. For this reason, we tested the DFT+U method? for the CoTPP adsorbed on the surfaces in terms of geometries
and energy differences.

Simulations on Co-porphyrins work with U-J=3 eVI@1I 1213 whereas the linear-response approach determines a value
of 6.9 eV for Co-phthalocyanine (only the metal ion and the pyrrole N atoms were considered)#. Other studies on Co-
phthalocyanine suggest U(Co)=4 eV and J(Co)=1 eV.15"18

In the present study, we look at how a range of U values (0-8 V) affect the ionization potential, comparing with the
experimental value. The HOMO position converges already at U=3 eV, because at this point the frontal occupied orbital is
not a transition-metal-only state as with PBE but a macrocycle one. The electronic structure, however, begins to resemble
the one of HSE06 only at U=5 eV, which is the value we used for the geometry relaxation.

The electronic structure of the CoTPP on MgO with PBE+U, however, differs from the one with the hybrid functional
HSEO06 (see Figure [S4). In all studied adsorbed cases, the CoTPP valence states with PBE+U lie in same region as the
substrate, whereas using the hybrid functional some molecular states appear above the valence band edge. The energy
difference between the bridge and ontop-r45 adsorption sites, though, is maintained at 0.1 eV. The geometry changes are
also small (see Table , similarly to other studies on CoTPP which make use of DFT+U. 1213
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Figure S3 (a) Energy difference (AIP) between the calculated HOMO (g5010) and the experimental ionization potential; (b) CoTPP
electronic structure at two U values compared with the HSE06 one.

— Mg —Co(x10) N(x10) TDOS

— 0 —C(x10) H(x10)
bridge ontop-r45 step-edge
HSE06 HSEO06 HSEO06
ML\ N\ A\ &A o A
N TR
>
Q
wn
]
©
Gl
0 PBE+U PBE+U PBE+U
o
o
a
VAN~V /A{\/
VAR

SN

E'EFermi (eV) E'EFermi (eV) E'EFermi (eV)

Figure S4 Electronic structure for the CoTPP at bridge, ontop-r45 and step-edge adsorption sites obtained with HSEQ6 (top) and
PBE+U (bottom).

Table S5 Geometry parameters for the CoTPP optimized on the MgO(100) with PBE+U. The average Co-N bond length (in A) is
reported with the standard deviation in parentheses. All angles are in °.

Site | functional | de,—o deon ! 6, 0; 6, | 0 0 04
bridec PBE 1.957 (0.007) | 43.3 49.2 484 432 | 6.7 6.6 63 6.9
8 PBE+U 1.985 (0.008) | 45.0 47.8 475 451 | 6.7 64 62 68
S PBE 3.12  1.971(0.008) | 45.2 51.3 47.1 49.6 | 9.0 13.6 11.2 11.8
p PBE+U | 3.17 1.996 (0.009) | 45.8 50.8 47.1 488 | 93 13.0 109 11.3
ctenedac PBE 2.17 1.976 (0.015) | 41.8 386 314 853|-92 -56 18 -95
P-ed8€ | pBE+U | 2.18 2.013(0.015) | 41.4 379 31.8 856 |-83 -48 1.8 -9.5




S4 Crystal electronic structure and level alignment

CoTPP crystallizes in a tetragonal structure 142d11? (see Figure ). We optimized the crystal geometry using the
PBE+D3 functional. Our optimized geometry is in good agreement with the reported experimental ones (see Table [S6).

Table S6 Geometry parameters for the CoTPP molecular crystal as reported in the literature and optimized in this work (PBE+D3).

‘ a(d) b (A) c(R)

exp (100K)1? | 14.980 14.980 13.704
exp (293K)<Y | 15.062 15.062 13.954
this work 14.964 14.964 13.445

Correct description of the electronic structure of molecular crystals can be achieved within the GW-approximation.
Indeed, a gap renormalization is observed in the crystal as compared to the molecule in gas phase (see Figure[S5)). Small
changes in the GWO density of states are present with respect to those obtained with HSE06. In addition, we find a good
correspondence between the multilayer GWO simulated UPS spectra and the experimental one (see Figure [S6).
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Figure S5 Geometry and PDOS of the CoTPP in the crystal. (a) Geometry as obtained with PBE+D3; (b) PDOS as obtained with
with HSEO06 (top) and GWO0 (middle), compared with the CoTPP in gas phase with GWO (bottom). A Gaussian ¢ of 0.1 eV was used
for the convolution of the PDOS.

Direct comparison between the energy levels of CoTPP crystal/multilayer and CoTPP@MgO can be achieved when a
common energy reference is present, such as the vacuum level for instance. While the vacuum level is determined in
a straightforward manner for slab calculations, the procedure for crystals require a few additional steps. To this end,
we adopted the approach outlined by Malcioglu et al.“Y, where the crystal electrostatic potential is evaluated in a fully
periodic cell and in a slab. The potential energy in the bulk can be related to that in the middle of the slab, which can be
later reported with respect to the vacuum level from the slab calculation (see Figure [S7). Overall, the required shift (AV)
corresponds to 5.37 V.

The crystal geometry was optimized in a separate calculation, starting from the experimental structure.!' The level
alignment was performed on a simulation cell doubled along the z-axis - (14.964x14.964x26.890 A%), corresponding
thus to 8 CoTPP layers in the direction. In the slab calculation ~13 A vacuum was added.
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Figure S6 (a) Comparison between the experimental UPS spectrum of the CoTPP multilayer (15 ML) and the simulated one using
crystal state calculated with GWO PDOS. The theoretical spectrum has been shifted so as to match the experimental peak with
lowest binding energy. (b) Decomposition of the PDOS (upper panel) and the simulated UPS spectrum into contributions from the
cobalt, porphyrin macrocycle and the phenyl rings. The peaks in the upper valence region are labeled according to Figure 9 in the
main text. A Gaussian o of 0.3 eV was used for the convolution of the states.
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Figure S7 Electrostatic energy for the CoTPP crystal as bulk and slab. For the latter, the values were aligned with respect to the
vacuum level. AV is the shift used to relate the bulk potential to the vacuum level (5.37 eV).

Table S7 The values used to construct Figure 8 in the main text are summarized in the table below in the format (IP/EA).

System | HSE06 GWO HSE06+X Exp.
MgO(100) surface -6.2/-1.1 -7.1/-04 - -7.0 / -0.8%2
CoTPP gas phase -5.2/-2.7 -63/-14 - -6.14/ -
CoTPP@MgO bridge -5.3/-2.9 - -5.9/-2.2 -
CoTPP@MgO step-edge | -5.1 / -2.9 - -5.3/-2.5 -
CoTPP@MgO kink-O -5.4/-3.2 - -5.5/-2.9 -
CoTPP@MgO kink-Mg | -4.7 / -2.5 - -5.2/-1.8 -
CoTPP multilayer -53/-28 -5.6/-2.2 - -

S5 Core-level shifts

The Co 2p binding energies and respective shifts, as calculated with the Janak-Slater transition-state (JS) approxima-
tion324 are reported in Table The theoretical simulation gives reliable shifts, but may not give exact binding ener-



gies.

Table S8 Absolute values for the Co 2p binding energies and core-level shifts (in eV) as estimated in the Janak-Slater transition-state
(JS) approximation.

|bridge top  step-edge kink-Mg kink-O multilayer

Binding energy | 787.1 787.0 786.2 788.3 784.8 786.9
Shift 0.0 -0.1 -0.9 -2.3 1.2 -0.2

S6 Surface Transmetalation

Table S9 Comparison between the crystal, ionic and lattice radii2®l of cobalt and magnesium, so as to evaluate the possibility for a
spontaneous transmetalation.

Element Spin Crystal Ionic Oxide lattice
radius (A) radius () constant (A)
HS 0.89 0.75
Co(II) LS 0.79 0.65 4.259
Mg(II) - 0.86 0.72 4.21228
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Figure S8 Possible initial (A) or final (B and C) models for the transmetalation process. Their relaxed geometries (a-c) and electronic
structure obtained with HSE06 «=0.25 and a Gaussian convolution of 0.1 eV (d-f) are presented.
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