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Figure S1. (a) LEED of Gr/Ir(111) at 75 eV, the arrows indicate Ir and Gr first order diffraction spots, the other 
are related to the moiré pattern; (b) SFG spectrum of graphene showing the G-band at 1619 cm-1; (c) XPS C 1s 
core level spectrum of graphene on Ir(111) - photon energy 400 eV.

The LEED pattern (Figure S1a), collected at an electron kinetic energy of 75 eV, shows graphene grown at 1275 
K, where the spots relative to the Ir surface and graphene are indicated by the arrows, and the coincidence lattice 
contribution induced by the moiré is visible as sharp spots surrounding them.1–4 The good quality of the graphene 
layer is demonstrated by the visibility of higher diffraction order spots and the moiré spots,2,3 and the absence of 
arches, associated with rotational domains.5 The Ir-Vis SFG graphene spectrum (Figure S1b) shows the G-phonon 
resonance,6–8 observed at 1619 cm-1,  with  = 12 cm-1, which is related to the in-plane sp2 C-C stretching mode.7,9 
The graphene C 1s spectrum measured with a photon energy of 400 eV (Figure S1c) is well reproduced by a single 
sharp peak at 284.1 eV, in agreement with the literature.4,10
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Figure S2. (a) C 1s and (b) Ir 4 f7/2 of bare graphene, 1 ML MnTPyP and 1 ML MnTPyP-Co. (a) The monolayer 
spectrum shows a screened graphene peak and a shoulder at higher binding energy, associated to the porphyrins. 
Co coordination induces a shift of +0.18 meV of the graphene peak and +0.5 eV of the molecular carbon shoulder. 
(b) Ir 4 f7/2 data are shown together with the best fit (black lines) that reveal the absence of chemical shift of the 
surface component, which shows a slight intensity modulation between different systems. The Ir 4f7/2 spectrum of 
Gr/Ir(111) in Figure S2 shows the bulk peak at 60.9 eV11 and the surface peak, with a -0.52 eV surface core level 
shift, in agreement with previous works.4 
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Peak Energy (eV) Assignment Literature (eV)
macrocycle 398.35-398.712,13

A1 398.5-398.6
pyridyl 398.814

A2 399.2 pyridyl 399.04-399.2915

B 400.4 macrocycle 400.6-401.012,13

C 401.5 macrocycle 401.45-401.912,13

D 402.5 pyridyl 402.614

E 406.3 macrocycle 405.6-406.713

Figure S3. NEXAFS (left) and XMCD (right) spectra of the MnTPyP and MnTPyP-Co layers. Labels in the 
NEXAFS N edge panel correspond to the assignments noted in the table here above.
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Mn(II)
MnTPyP(this work) MnO16–18 MnTPP19 MnPc20

640.5 640.0-640.3 640.1 640.5
641.1-641.2 640.9

641.9 642.0-642.1 641.9 642.5
643.4 642.9-644.2 643.1
646.9 645-646.2 644.4 645.5

Mn(III)
MnTPyP-Co(this work) MnOOH16–18 MnO2

16

641.0 640.7-641 640.7
641.4-641.9 641.4

642.3 642.2-642.5 642.2
643-643.5 643.2

643.8 643.8-644.9 644.6
647.2 645.7-646.2

Table S1. Mn 2p3/2 experimental binding energies (eV) of Mn(II) and Mn(III) composites (manganese oxide, de-
chlorinated MnTPP/Ag(111), MnPc, manganite, birnessite) compared to the results of this work (reported in the 
first column). Based on the literature data, we conclude that MnTPyPs contain Mn(II) in the mono-metallic layer 
and a Mn(II)-Mn(III) intermediate configuration in the bi-metallic framework.
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N species MnTPyP(this work) FeTPyP15 CoTPyP15 2HTPyP21 MnPc20,22,23

Iminic 397.8 398.5 398.8 397.4
Pyridinic 398.3 398.9 399.1 398.3

398.5-398.6

Δ𝐸 0.50 0.46 0.28 0.9
Shake-up 399.3 400.0 400.3

N species MnTPyP-Co(this work) Δ𝐸' FeTPyP-Fe15 Δ𝐸' CoTPyP-Fe15 Δ𝐸'

Iminic 398.7 +0.9 399 +0.47 399.0 +0.21
Pyridinic 400.0 +1.8 399.5 +0.55 399.4 +0.33
Δ𝐸 1.34 0.54 0.42

Shake-up 401.4

Table S2. N 1s experimental binding energies and energy shifts from this work, compared with the corresponding 
species in FeTPyP and CoTPyP/Gr/Ir(111). All values are in eV. E is the energy difference between the iminic 
and pyridinic components. The bimetallic layers are compared in the bottom row of the table, E’ refers to the 
relative chemical shift induced by the coordination of a second metal atom.
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Co(I) Co(I)-Co(II) Co(II) Co(II) Co(0)
MnTPyP-Co(this work) CoTPyP-Co15 CoTPP24–26 CoTPYP15 CoO17 Co17,27

778.5* 778.6 778.2* 779.4* 778.1
780.0 780 780.1 780 781.1
781.6 782.1 782.1 783.1
784.7 784.3 785.5

  786.5

Table S3. Co 2p3/2 experimental binding energies from this work, compared with known reference Co oxidation 
states - Co(0), Co(I) and Co(II) - from the literature. According to our assignments, when tetracoordinated with 
the pyridyl moieties of the MnTPyPs, Co is in oxidation state +1, as in the case of CoTPyP-Co/Gr and 
CoTPP/Ag(111) or Cu(100). The (*) indicates a Gunnarsson-Schönhammer (GS) feature, as explained in the text. 
Reporting literature information, we find that Co in CoTPP lead to ambiguous assignments, with a +2 oxidation 
state both for mono- and multi-layers on CuO, and in reduced form at the interface with: thus, the low binding 
energy component can be assigned both to the effective reduction to Co(I) as well as to a GS feature.
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Spin 𝑑
𝑧2

𝑑𝑥𝑧 𝑑𝑦𝑧 𝑑
𝑥2 ‒ 𝑦2

𝑑𝑥𝑦
MnTPyP/Gr (single molecule)

up 0.961 0.985 0.994 0.995 0.997Mn
down 0.026 0.040 0.044 0.054 0.308

MnTPyP/Gr
up 0.956 0.985 0.995 0.995 0.997Mn1

down 0.027 0.040 0.046 0.053 0.311
up 0.630 0.984 0.990 0.994 0.996Mn2

down 0.039 0.063 0.064 0.428 0.487
MnTPyP-Co/Gr (Co saturation)

up 0.467 0.975 0.982 0.983 0.989Mn1
down 0.047 0.053 0.058 0.339 0.976

Mn2 up 0.467 0.975 0.982 0.983 0.989
down 0.047 0.053 0.058 0.339 0.976

up 0.987 0.990 0.994 0.996 0.996Co1
down 0.024 0.137 0.977 0.986 0.990

up 0.987 0.990 0.994 0.995 0.996Co2
down 0.024 0.138 0.977 0.986 0.990

MnTPyP-Co/Gr (half Co saturation)
up 0.892 0.985 0.993 0.993 0.996Mn1

down 0.034 0.054 0.062 0.078 0.367
up 0.893 0.985 0.993 0.993 0.996Mn2

down 0.034 0.054 0.062 0.076 0.367
Co up 0.024 0.139 0.975 0.985 0.989

down 0.988 0.990 0.994 0.995 0.996

Table S4. Spin-resolved, actual occupation of the d-orbitals resulting from the DFT calculations for (from top to 
bottom of the table): the single MnTPyP molecule in graphene, a full MnTPyP monolayer, the MnTPyP-Co layer 
at full and half saturation. Mn1, Mn2, Co1 and Co2 labels refer to the two slightly non-equivalent Co and Mn 
atoms in the unit cell due to the different matching with the underlying graphene sheet.



9

MnTPyP MnTPyP-Co Mode Assignment
1222

1225 (pyr)

1243
1257 (C−N) + (C−H), (Cm−pur) + (C−H)pyr

1339
1348

1351
1367

(C−N)

1419
1439 (C−N) + (C−H), (C−C)

1496
1497 (C−C), (C−C)

1522 (pyr)
1538 (C-C)+(C-H), (C-C), (C-H)

1539 (pyr)
1546 (C-C)+(C-H), (C-C), (C-H)

1559 (C−Cm), (Cm−Cm)
1595

1599 (pyr), (C-C)pyr

1617 (pyr)
1618 Graphene G-mode
2984
3023

3031
3063

3067
3090

(C−H)

Table S5. IR-Vis SFG vibrational resonances positions for the MnTPyP and MnTPyP-Co MOFs on Gr/Ir(111), 
in cm−1. Mode attribution by comparison with experimental values for FeTPyP,28,29 CoTPyP,30,31 ZnTPyP,32 
2HTPyP,33 MnTPPCl,34 and graphene.6–8 The vibrational modes notation is the standard used in the literature.28,29,33
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