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Carbon monoxide ligation at single metal atom sites in a 2D 
manganese-cobalt coordination network: equilibrium at room 
temperature 
Michela De Col,a,† Danilo Comini,a,† Stefania Baronio,a,† Basant Roondhe,b Alessandro Namar,a 
Davide Bidoggia,a Mattia Scardamaglia,c Paolo Giannozzi,b,d,* Erik Vessellia,e,f,*

We find that CO ligates selectively to nitrogen tetra-coordinated Co(I) single metal atom sites at room temperature in a 
manganese–cobalt bi-metallic coordination network self-assembled on graphene. The bound state is metastable, 
determined by pressure-dependent equilibrium conditions between adsorption and desorption, with an upright, end-on 
bonding geometry (binding energy 0.73 eV). The ligand vibrational hot-band can be populated due to the weak coupling 
with the substrate. The CO uptake/saturation curve is modeled using Temkin and Hill isotherms, unveiling network-mediated 
anti-cooperative adsorption. While contributions from direct dipole–dipole interactions and Förster energy transfer are 
ruled out, the observed anti-cooperativity originates from network-mediated electronic and magnetic effects. Our findings 
provide direct insight into ligand dynamics at single metal atom sites in 2D materials and suggest tunable reactivity 
properties of a 2D biomimetic functional material through its tailored design.

Introduction

The adsorption of carbon monoxide (CO) at surfaces has been a 
central topic in surface science since the early days of ultra-high 
vacuum (UHV) studies.1 Over the decades, research has aimed 
to achieve a deep understanding of adsorption and bond 
formation processes, with the goal of developing novel model 
catalysts for more efficient and selective catalytic reactions 
involving CO. Both single crystal metal surfaces and supported 
metal nanoclusters2–4 have been adopted as optimal model 
systems offering multiple possible coordination sites and a 
variety of available electronic states for bond formation with 
carbon monoxide, with a more recent extension to the case of 
single metal atom sites.5 Combined multi-technique 
experimental and theoretical/computational approaches have 
led to a deep comprehension of the CO-metal atom bond, with 
the generally most stable configuration identified as the 
terminal (on-top) carbon-coordinated bonding geometry. 
Carbon monoxide is generally accepted as an optimal molecular 
probe to investigate the properties of adsorption (surface 
science) and ligation (biochemistry) sites. With the more recent 

introduction of ambient-pressure surface science experimental 
methods like e.g. Ambient Pressure X-Ray Photoelectron 
Spectroscopy (AP-XPS), Infrared-Visible Sum-Frequency 
Generation Spectroscopy (IR-Vis SFG), and Polarization-
Modulation Infrared Reflection Absorption Spectroscopy (PM-
IRRAS), the role of density-dependent lateral interactions in 
surface CO layers has been deeply addressed, providing insight 
into both direct (dipole) and indirect (surface-mediated) 
interaction mechanisms.6–10 In parallel, laser-assisted pump-
probe out of equilibrium investigations provided information 
about the role of excited states and electron-phonon mediated 
adsorption, diffusion, reaction, and desorption processes down 
to the fs time resolution.11–15 Mechanic probes (STM, AFM) 
initially contributed with real-space imaging of the bonding 
geometries and, more recently, single-molecule manipulation 
gave access to transport mechanisms mediated by tunneling 
and isomerization effects.16–19

Carbon monoxide is also exploited in biochemistry for the 
investigation of the geometric, electronic, and chemical 
reactivity properties of single metal atom sites embedded in 
organic pockets in proteins and specific enzymes, with 
particular reference to tetra-coordinated porphyrin cages.20–22 
The use of CO as a probe molecule has then been further 
extended to single-metal atom sites up to near-ambient 
pressure conditions in 2D biomimetic organic networks 
supported at surfaces,23–25 evidencing emergent properties 
originating from the cooperative interplay of the self-assembled 
coordinating molecular tectons.26,27 Electronic, geometric, and 
magnetic effects, together with electron-phonon coupling 
mechanisms, were found to contribute to the appearance of 
interesting novel properties affecting the CO ligand. In our 
previous studies we reported long-lived excitons generated by 
impinging visible light that, according to coherent singlet-fission 
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mechanisms, affect the vibronic properties of the layer at room 
temperature and ambient pressure conditions.23 We also 
observed vibrational excited states, namely hot bands, 
deviations from Langmuir isotherms due to coverage-
dependent interactions,26 and specific, tunable reactivity 
properties of the embedded single metal atoms.28 In this 
framework, these 2D coordination networks act as biomimetic 
systems by reproducing the local coordination environment of 
single metal atoms in natural proteins, including the square-
planar nitrogen tetra-coordination and the axial 'surface trans-
effect' provided here by the graphene support.29 

Within this stream, we report here a combined experimental 
and computational study of the interaction of carbon monoxide 
at room temperature, from UHV up to ambient pressure 
conditions, with a M1TPyP-M2 coordination network supported 
by graphene (Gr). A single layer of manganese (M1 = Mn) tetra-
pyridyl-porphyrins (TPyP) was indeed found to self-assemble on 
Ir(111)-supported Gr into an ordered network with close-to 
square symmetry when coordinating M2 = Co atoms at the 
peripheral nitrogen terminations of the pyridinic residues 
(Figure S1).30 We show that the latter Co(I) single atom sites 
offer coordination to carbon monoxide, which ligates in a 
metastable configuration at room temperature due to the 
relatively low Co-CO binding energy. Equilibrium conditions 
with a CO background yield a pressure-dependent population 
of the Co sites, with saturation occurring above 10-3 mbar. The 
weak molecule-support and lateral interactions allow 
population of the vibrational hot-band for the internal C-O 
stretch mode upon illumination of the layer with infrared 
radiation and account for the observed anti-cooperative 
mechanism driving the uptake process, despite the large lateral 
distance (> 1.5 nm) between the nearest neighbor ligation sites.

Methods

Experimental Methods

Sample preparation. The Ir(111) surface was cleaned by 
standard methods, following repeated sputtering and annealing 
cycles (Ar+, 2 keV, 1275-1375 K), alternated with exposure to 5 
× 10-8 mbar O2. A single Gr layer was grown by thermal 
decomposition of C2H4. The clean Ir sample was heated (T > 
1275 K) and exposed to a C2H4 background (5 × 10-8 mbar) for 2 
minutes. The gas pressure was then increased (up to 3 × 10-7 
mbar), and finally the temperature was lowered while 
recovering ultra-high vacuum (UHV) conditions. Depending on 
the specific experimental setup, the quality of the Gr sheet was 
checked with LEED, XPS, or IR-Vis SFG. Mn(III) meso-tetra (4-
pyridyl) porphin chloride molecules (Frontier Scientific) were 
outgassed at 470-525 K for several hours in a crucible in UHV to 
remove gas contaminants and organic residues. The Cl atom 
ligated to the central metal stabilizes the complex as Mn(III), 
and is thermally detached from the porphyrins when they are 
heated, resulting in a reduction of the metal center to Mn(II).31–

35 Absence of Cl in the deposited layer was verified by XPS. The 
sublimation temperature varied in the 650-680 K range 
according to the crucible-sample distance, achieving deposition 

rates of approximately 0.06 ML/min, in order to grow a full 
monolayer (ML) in about 15-20 minutes. The sample was kept 
at 473 K during the growth to promote ordering without 
affecting stability. The maximum achieved molecular surface 
coverage was kept below 1 ML to avoid kinetic hindrance in the 
reordering process upon Co post-coordination as well as the 
formation of a second layer. The bi-metallic heterostructure 
was obtained by physical vapor post-deposition (PVD) of Co ad-
atoms on the MnTPyP/Gr/Ir(111) layer by resistively heating a 
Co filament (250 µm diameter). In this manuscript, the Co 
coverage will be expressed referring to a porphyrin monolayer, 
so that 1 ML Co corresponds to one Co ad-atom for each 
molecule in 1 ML MnTPyP, in analogy with our recent 
work.30,36,37 In general, Co was dosed to achieve a Co:MnTPyP 
ratio lower than 1, to avoid formation of Co clusters due to 
excess Co.30,36,37 The evaporation rates were calibrated either by 
Auger electron spectroscopy (AES) or XPS, depending on the 
available method. This approach overcomes the extreme 
challenges posed by the low surface density of active sites (~1% 
ML) and the limitations of conventional spectroscopic methods, 
representing a state-of-the-art advancement in 2D material 
characterization.

Sum-Frequency Generation spectroscopy. Infrared−Visible 
Sum−Frequency Generation (IR−Vis SFG)38,39 vibronic 
spectroscopy measurements were performed in a dedicated 
setup at the Department of Physics of the University of Trieste, 
best described elsewhere.40 Briefly, a UHV system with a base 
pressure of 5 × 10−11 mbar hosts standard surface science 
preparation and characterization techniques and is directly 
coupled with a high-pressure cell for in situ IR−Vis SFG 
spectroscopy. The laser beams enter and exit the cell through 
UHV-compatible BaF2 windows. The excitation source (Ekspla, 
1064 nm, 30 ps, 50 Hz) delivers a 532 nm (2.33 eV) visible beam, 
and tunable IR radiation in the 1000−4500 cm−1 range with an 
energy of 100-300 µJ/pulse, depending on the wavelength. All 
measurements were performed at room temperature. The raw 
SFG spectra were normalized to the impinging infrared and 
visible excitation intensities, and to a reference signal from 
clean Au to account for the energy-dependent IR intensity and 
the time−dependent intensity fluctuations of the sources. 
Normalized SFG spectra were analyzed using least-squares 
fitting to the widely adopted parametric, effective expression of 
the nonlinear second-order susceptibility.38 Further details and 
examples can be found in our previous works.28,40,41 In summary, 
by modeling the observed lineshapes, accounting for the 
resonant IR−Vis vibronic transitions and for the non-resonant 
background, we describe all the interference terms associated 
with the relative phases, and consider the Lorentzian 
broadening typical of a stimulated spectroscopic transition and 
related to the dephasing rate, which in turn stems from the 
excited-state lifetime and the elastic dephasing of the vibronic 
state.42 In the figures, we plot the normalized IR−Vis SFG signal 
intensity (markers), together with the best fit (lines) and the 
resonances, each including interference with the non-resonant 
background (color-filled profiles). The latter are calculated with 
the parameters obtained from the fitting procedure following 
the literature,40 choosing one of the possible multiplet solutions 
associated with the non-unicity of the parameter sets.43 In the 
present study, spectra were collected in both ppp and ssp 
polarization configurations (sfg-vis-ir).
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Ambient-Pressure X-Ray Photoelectron Spectroscopy. AP-XPS 
experiments were performed at the HIPPIE beamline of the 
MAX IV synchrotron radiation facility in Lund (S), allowing also 
for in situ and operando measurements at the surface-gas 
interface.44 A slow raster-scan of 0.5 μm/s was set up to prevent 
beam-induced degradation of the sample during the 
measurements. Mn and Co 2p3/2 core level spectra were 
acquired upon excitation with 1000 eV photons, O 1s with 750 
eV, N 1s with 514 eV, C 1s and Ir 4f7/2 with 400 eV photons, 
respectively, to optimize photoionization cross section and 
surface sensitivity. The binding energy scale was calibrated with 
respect to the Fermi level. The XPS spectra were best fitted by 
least squares fitting methods according to the Doniach-Šunjić or 
Voigt lineshapes,45 depending on the core level metallicity, after 
subtraction of a linear background or a polynomial function 
previously optimized on the clean sample reference 
background.

Computational Methods

Density functional theory (DFT) calculations were performed 
using the plane-wave pseudopotential formalism implemented 
in the Quantum ESPRESSO package.46,47 Slab models were 
constructed with periodic boundary conditions and a supercell 
height of 20 Å, ensuring a vacuum gap of at least 15 Å between 
periodic replicas along the surface normal. The Ir(111) support 
beneath Gr was omitted, as earlier studies have shown its effect 
on the overlayer to be negligible.37,48 For the MnTPyP–Co/Gr 
system, an oblique surface cell was employed with lattice 
vectors a = 28.36 Å, b = 20.23 Å and in-plane angle α = 135.1°. 
Each cell contained two MnTPyP–Co molecules positioned 3 Å 

above a Gr sheet of 70 hexagons. The small lattice mismatch 
induced a slight distortion in the Gr, giving in-plane lengths of 
2.48 Å and 2.53 Å and an inter-vector angle γ = 118.7°. 
Spin-polarized calculations used the Perdew–Burke–Ernzerhof 
(PBE) functional within the generalized gradient approximation 
(GGA).49 On-site Coulomb interactions (DFT+U) for Mn and Co 
3d states were included via the self-consistent linear-response 
approach,50 with U(Mn) = 3.2 eV and U(Co) = 6.12 eV. 
Long-range dispersion forces were described using Grimme’s 
D3 correction.51 Core-valence interactions were modelled with 
Vanderbilt ultrasoft pseudopotentials.52,53 Wavefunction and 
charge-density cut-offs were set to 60 and 240 Ry, respectively. 
Electronic occupations were treated with Methfessel–Paxton 
smearing (σ = 0.01 Ry).54 Geometry optimization was carried out 
using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) 
quasi-Newton algorithm,55 with convergence criteria of 1 × 10⁻⁶ 
Ry for total energy and 1 × 10⁻³ a.u. for forces. Brillouin-zone 
sampling used a 2 × 4 × 1 Monkhorst–Pack grid for 
self-consistent (SCF), and a 4 × 8 × 1 grid for non-self-consistent 
calculations.56 Charge-transfer was evaluated using Bader 
analysis.57,58 Charge-density difference maps were obtained by 
subtracting the densities of the isolated components from that 
of the combined system.

Results and Discussion

Figure 1 (bottom row) plots a selection of the core level spectra 
collected at room temperature in UHV of the pristine, as 
prepared, MnTPyP-Co/Gr layer. We focus on the single metal 
atoms (Co 2p3/2 and Mn 2p3/2, panels a and b, respectively) and 
on oxygen (panel c). In agreement with our previous 
characterization,30 the spectral features indicate the presence 

Fig. 1 Synchrotron radiation XPS spectra of the (a) Co 2p3/2, (b) Mn 2p3/2, and (c) O 1s core levels of the MnTPyP-Co/Gr layer collected at room temperature 
in UHV (bottom row), at equilibrium in 2 × 10-2 mbar CO (central row), and after recovering UHV conditions (top row). Photon energies were 1000 and 
750 eV for Co, Mn, and for O core levels, respectively.
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of Mn(III) and Co(I) species. In the Co 2p3/2 spectrum, we could 
resolve four components at 778.5, 780.0, 781.6, and 784.7 eV. 
The lowest binding energy feature is associated with a 
Gunnarsson-Schönhammer screening effect, with the two 
central peaks originating from multiplet splitting and the fourth, 
highest energy peak being a non-adiabatic satellite. Similarly, 
the manganese spectrum is also strongly affected by multiple 
splitting due to final state effects. We could resolve four 
components at 641.0, 642.3, 643.8, and 647.3 eV. Following a 
thorough and clean preparation recipe in UHV, as indicated in 
the methods section, no oxygen contamination could be 
detected on the pristine layer (panel c). Introduction of a static 
carbon monoxide background at room temperature (pCO = 2 × 
10-2 mbar) clearly yields ligation of CO, observable thanks to a 
stationary adsorption-desorption equilibrium, with two 
dominant spectral components growing in the O 1s spectrum 
(panel c), accompanied by a low binding energy shoulder. The 
most prominent peak (534.1 eV) is associated with the upright 
CO molecule adsorbed on-top of a single metal atom with 
carbon coordination, while the high energy peak at 538.5 eV is 
assigned to gas phase carbon monoxide.59,60 The small binding 
energy shoulder at 532.7 eV is attributed to atomic oxygen 
contamination of the layer and/or of the graphene support,61 
occurring upon spillover from the reactive metal sites of low 
concentrations of water/oxygen contaminants or originating 
from CO dissociation at defective sites.36 Assuming saturation of 
the Co sites by CO, it can be estimated that this contamination 

amounts to less than 1‰ ML. The spectroscopic picture 
obtained from the analysis of the O 1s core level is also 
supported by the corresponding C 1s counterpart (Figure S2). In 
addition to the graphene and porphyrin components of the 
pristine layer at low binding energy,30 a peak due to ligated CO 
is observed at 286.4 eV in the CO ambient pressure 
measurements. Compatibly, on-top (terminal), strong CO 
chemisorption at Co single crystal metal surfaces yields C and O 
1s core level binding energies around 286.2-286.3 and 532.2-
532.5 eV, respectively,62,63 and similar values are observed for 
adsorption on Mn.59 O 1s binding energy values up to 534.1 eV 
have been observed for weakly bound terminal species, 
instead.64 Coming to the identification of the metal species 
active towards CO ligation in our case, the answer is quite 
straightforward. When looking at the Co and Mn spectra (panels 
a and b, respectively), we notice that, while the latter species is 
completely unaffected, the Co spectrum is strongly modified, 
indicating that carbonylation of cobalt is taking place. The most 
evident effect is the quenching of the Gunnarsson-
Schönhammer component, indicating suppression of the charge 
transfer mechanism that was responsible for that feature in the 
UHV case. The multiplet splitting components undergo a mild 
redshift by 0.2-0.4 eV, with the shake-up satellite moving to 0.8 
eV lower energy. Similarly, CO ligates to the pyridinic Co sites 
also in the case of the twin CoTPyP-Co system, a result that was 
also supported by ab initio computational methods.37 That 
finding was easily explained by looking at the calculated density 

Fig. 2 (a) Optimized geometry of the CO@Co in the MnTPyP–Co/Gr system, with Co coordinated at the pyridinic site. Key structural parameters include a 
Co-CO bond length of ~1.87 Å and an elongated internal C-O bond of ~1.15 Å, indicating partial activation of the CO molecule; (b) Density of states (DOS) 
projected onto the Co d-orbitals and CO molecular orbitals before (left) and after (right) ligation, showing hybridization between Co dz

2 and CO π* states 
near the Fermi level, as well as shifts in the CO 5σ state, consistent with σ-donation and π-backdonation; (c) Charge density difference plot, with yellow 
and cyan isosurfaces representing electron accumulation and depletion, respectively, highlighting a net charge transfer of ~0.27 e- to the CO ligand, 
involving the Co center and the coordinated pyridinic moieties.
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of states projected on the Co 3dz2 and 3dzx,zy orbitals, involved 
in CO ligation, on both the nonequivalent Co sites. For the 
peripheral Co, the Blyholder model that describes CO ligation 
on metals applies,65,66 as the CO  can donate electrons to the 
Co 3dz2, while the CO π* accepts electrons from the Co 3dzx,zy.37  
Instead, hybridization is less effective on the metal atom 
located inside the porphyrin macrocycle, as its orbitals are 
already involved in the bonding with the iminic N atoms.37 A 
similar picture also applies here for the MnTPyP-Co case.

Horizontal adsorption of CO at the Co sites is found to be 
unstable, with optimization ending in a stable, nearly vertical 
(Figure 2a), end-on geometry (C-bonded), in agreement with 
the experimental observations. Upon ligation, the internal C-O 
bond length increases from 1.12 to 1.16 Å (+3.6 %) with an 
adsorption energy of 0.97 eV. The calculated projected density 
of states (PDOS) is shown in Figure 2b. Hybridization between 
the Co dz2and CO π* states is evident in the PDOS (Figure 2b), 
while the Mn center acts as an electronic 'buffer' that regulates 
the π -backdonation available at the peripheral sites. In addition 
to the CO states, the Co 3dz2 and 3dzx,zy are the only orbitals 
involved in the bonding. For best clarity, we plot in the figure 
both the case of the pristine layer (left) and of CO ligation 
(right). In the former case, bonding states are observed at −3.5 
and −2 eV corresponding to 3dz2 and 3dzx,zy, respectively. Above 
the Fermi level, set as the zero reference, antibonding states at 
+1 eV originate from the overlapping contributions from the N 
2pz and the same Co 3dz2 and 3dzx,zy. The Co 3dzx,zy level splits at 
−3.5 and −4.5 eV by overlapping with the out-of-plane N 2pz, 
arising from the saddle-shaped distortion of the macrocycle, 
which renders the two pairs of iminic N atoms inequivalent. 
Upon CO ligation, the average Co–N bond length increases to 
2.293 Å, consistent with a +1 oxidation state of the metal 
atom.67 This bond length clearly differs from the shorter Co–N 
distances typically associated with +2 (≈2.2 Å) and +3 (≈1.9 Å) 
oxidation states. We quantified the oxidation state of the Co 
metal atom using the technique reported in the literature.58 The 
orbital occupation values are reported in Table S1. Magnetic 
communication between the central Mn3+ and peripheral Co1+ 
sites occurs via superexchange interaction through the 
nitrogen-bridged frame. CO ligation, acting as a strong-field 
ligand, modifies the Co d-orbital occupancy and shifts the spin-
state balance of the network. This is explicitly supported by the 
hybridization between the Co dz2 and CO π* states observed in 
the PDOS (Figure 2b). We have also calculated the charge 
transfer between the CO and the MnTPyP-Co/Gr layer using 
Bader charge analysis. The Charge Density Difference (CDD) 
map in Figure 2c illustrates the physical basis of this interaction, 
showing a clear electron accumulation (yellow) on the CO ligand 
and a corresponding depletion (cyan) at the Co center. CO 
ligation is accompanied by a net charge transfer of 
approximately 0.27 e- to the CO molecule, involving the 
pyridinic moieties of the adjacent coordinating porphyrins in 
the charge redistribution process. Locally, this suggests 
formation of a donor–acceptor interaction, where electron 
density from the Co 𝑑-orbitals is donated into the empty π* 
antibonding orbitals of CO (σ-donation), accompanied by a 
weaker back-donation from the filled CO 5σ orbital into the Co 
𝑑 d-orbitals, in agreement with the Blyholder model.68 This 
redistribution strengthens the Co-C bond and slightly weakens 

the C-O bond, a characteristic signature of metal-CO 
coordination.

Carbon monoxide adsorption has also been widely studied by 
vibrational spectroscopic techniques, adopting a large variety of 
spectroscopic approaches. The C-O stretching band of CO 
adsorbed on-top is generally observed above 1800 cm-1 and up 
to 2120 cm−1 on metal surfaces, clusters, single metal atoms, 

and metal-organic molecules,4,10,23,37,69–72 with the gas-phase 
value at 2143 cm−1.73 Upon exposure of the MnTPyP-Co/Gr 
system to a CO background, in addition to the characteristic 
vibronic fingerprints of the layer (Figure S3), by means of IR-Vis 
SFG spectroscopy we observe the pressure-dependent growth 
of two additional vibrational resonances (1968 and 1942 cm-1) 
in the C-O internal stretch energy region due to terminal CO 
ligation at the Co sites (Figure 3). The two features are 
observable in both ppp and ssp polarization combinations 
(panels a and b of the figure) and reversibly disappear upon 
recovering UHV conditions (Figure S4), in agreement with the 
corresponding C and O 1s XPS core levels discussed above. The 
wavenumber separation of 26 cm-1 corresponds to about 3 meV 
in energy. We associate the two newly observed vibronic 
features with the fundamental (low wavenumber) and the hot-
band (high wavenumber) excitations of the internal stretching 
mode of the CO ligand,37,74,75 based on the following reasoning. 
In general, the presence of multiple resonances corresponding 
to the same chemical species can be associated with non-
equivalent adsorption sites or geometries,4,71 yielding however 
chemical shifts larger than the one we observe. Carbon 

Fig. 3 IR-Vis SFG spectra of the energy region that is specifically 
diagnostic of the internal stretch of the CO ligand. Both ppp (a) and ssp 
(b) polarization combinations were adopted. Starting from the bottom 
spectrum of the pristine MnTPyP-Co/Gr layer in UHV, the background 
pressure of carbon monoxide was stepwise increased up to saturation. 
The normalized data (dots) are shown together with the best fit 
(continuous, gray line) and the associated resonances (filled profiles) 
obtained from the modeling of the second order susceptibility described 
in the methods section.
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monoxide adsorbed at (contaminant) Co clusters on graphene 
would instead contribute at > 2000 cm−1,10,26,69,70,76 thus we can 
rule out this case as well. We observed a faint and broad peak 
associated with such species in 10−3 mbar CO only after excess 
Co evaporation (MnTPyP:Co = 0.6 : 1) around 2000 cm−1 (Figure 
S5) where, interestingly, the resonances shape and ratio are 
also considerably modified, with an almost quenched 
fundamental peak. Excitonic mechanisms could also, in 
principle, account for the observed vibronic splitting, but 
generally yield much smaller shifts.23 Finally, multiple 
vibrational excitations  can lead to the splitting of a resonance 
into distinct components.37,74,75 The latter phenomenon can be 
easily visualized by considering adsorbed CO molecules as 
localized oscillators, with an anharmonic interatomic 
potential.74 The energy separation between consecutive 
vibrational excited states gradually decreases, thus a resonance 
originated by the  →  + 1 transition will have progressively 
lower energy as  increases.75 The anharmonic frequency shift 
of the hot-band reported for CO adsorbed on CoTPyP-Co,26 
Ir(111),74 and Ru(0001)75 is of the order of a few tens of cm−1, in 
agreement with our results. Thus, we associate the 1968 cm−1 
resonance to the 0 → 1 transition (0→1,  = 0) and the one at 
1942 cm−1 to the 1 → 2 excitation (1→2,  = 1). If we assume 
the C-O interatomic potential to be a Morse potential, the 
anharmonicity constant e can be calculated according to:

𝝌𝒆 =
𝝎𝟎→𝟏 ― 𝝎𝟏→𝟐

𝟐𝝎𝟎→𝟏

if the energies of the 0→1 and 1→2 resonances are known.75 In 
our case we get e = (6.66 ± 0.08) × 10−3, similarly to 
CO/Ir(111),74 and to CO/CoTPyP-Co/Gr/Ir(111),26 for which 
values of 0.0065 and 0.0061 were measured, respectively, with 
the latter being identical to the gas phase value (0.0061).77,78 
Concerning the fundamental and hot-band resonances 
amplitude ratio, we find that it depends on the intensity of the 
impinging IR beam. According to the SFG process, the resonant 
amplitude is proportional to the population difference between 
initial and final states, which in turn depends on the intensity of 
the impinging IR beam for the vibrational part of the transition, 
thus explaining the observed behavior and further supporting 
the interpretative picture. Another factor to be considered is 
that the  = 1 → 2 transition has a higher dynamic dipole 
moment, associated with a more intense resonant signal.74

At variance with XPS, the extreme surface sensitivity of IR-Vis 
SFG allows us to finely investigate the adsorption process in situ 
as a function of progressively increasing pressure, from UHV to 
saturation (mind that saturation corresponds to about 1 % ML 
in terms of absolute coverage of the available Co sites). Hence, 
the coverage dependence of the CO-Co interaction energy can 
be measured, together with a quantitative investigation of the 
kinetics (cooperativity effects) and of the anharmonicity of the 
CO interatomic potential, which is related to the dissociation 
energy barrier of the molecule.79 To limit anti-cooperative 
effects associated with direct lateral interactions and to exclude 
a contribution from Co clusters on graphene, we performed a 
vibrational investigation on the bi-metallic layer with a less-than 
stoichiometric amount of cobalt (namely a MnTPyP : Co = 0.6 

ML : 0.2 ML). Trivially, the amount of adsorbed CO on MnTPyP-
Co/Gr/Ir(111) increases with CO pressure, as it is determined by 
the stationary equilibrium between adsorption and desorption. 
The CO stretching region in the 1860 − 2040 cm−1 range was 
monitored in situ at room temperature as a function of the 
increasing CO pressure, from UHV to 0.1 mbar. The uptake data 
are plotted in Figure 4, where the measured SFG intensity (color 
scale) is displayed as a function of both IR wavenumber and CO 
background pressure. The UHV spectrum is completely flat, but 
already above 5 × 10−7 mbar a weak signal starts to be 
detectable at 1942 cm−1, progressively increasing with pressure, 
associated with the CO hot-band. A second resonance starts 
growing at 1968 cm−1 above 10−6 mbar with a phase that evolves 
with the CO pressure. Concerning the resonant amplitudes, we 
recall that the hot-band of CO on Ru(0001) and Ir(111) was 
observed by means of broadband SFG,74,75 at variance with our 
case. The impinging IR beam spectrum was several hundreds of 
cm−1 broad; thus, the hot-band could be resonantly excited by 
the absorption of two photons of different energy, resonant 
with both 0 → 1 and 1 → 2 transitions, respectively. SFG spectra 
obtained in this way yield a more authentic representation of 
the population ratio between the ground and first excited 

Fig. 4 IR-Vis SFG intensity map (color scale) as a function of the IR 
wavenumber and of the background CO pressure spanning over 7 orders 
of magnitude, measured at equilibrium and at room temperature in ppp 
polarization combination.
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vibrational levels. Instead, in a scanning-IR SFG configuration, 
the system is excited by a narrow IR pulse (less than 1 cm-1 
width). The ideal way to study the hot-band in a scanning 
configuration would be to resonantly excite the fundamental 
transition with a fixed-wavelength IR pulse, while performing 
the SFG measurement using a second IR beam. In our case, at 
each point of the spectrum, the system is pumped and probed 
by the same scanning IR wavelength, so that the 0 → 1 and 1 → 
2 transitions are excited by IR photons with the same energy. 
The hot-band is populated and detectable just because of the 
intrinsic broad linewidth of the partially overlapping 
resonances. Due to this reason, an independent, quantitative 
analysis of the single hot and fundamental resonances would 
not be physically meaningful, as it is not possible to disentangle 
the contribution of the different factors. For this reason, we 
tracked the evolution of the sum of the resonant signals, 
keeping in mind that the signal amplitude is proportional to the 
state population (coverage). To simplify the model and obtain 
some physical insight, the spectra imaged in Figure 4 were fitted 
with globally optimized widths and phases. For the fundamental 
resonance we obtain 0→1 = 8.7 ± 0.2 cm−1 and 0→1 = 1968.2 ± 
0.3 cm−1, while for the hot-band we get 1→2 = 13.6 ± 0.2 cm−1 
and 1→2 = 1942.0 ± 0.2 cm−1. The hot-band wavenumber was 
kept fixed for all spectra acquired at pressure values lower than 
10−6 mbar, as the low resonant amplitude makes the fit 
statistically unreliable in that region. The hot-band position was 
then left free to vary for increasing pressure above 10−6 mbar, 
oscillating around 1942.0 cm−1, while the fundamental line 
position was globally fitted. The uptake profile obtained from 
the best fit of the data plotted in Figure 4 is reported in Figure 
5 (markers, the shaded area delimits the experimental 
uncertainty). We can readily identify the saturation pressure to 
be around 10−3 – 10-2 mbar, thus justifying the choice to perform 
the former AP-XPS investigation at 10−2 (Figure 1) to assure that 
saturation of the available active metal centers was achieved. 
The uptake profile is best fitted with two different models, 
namely the Temkin isotherm and the Hill equation (black and 
blue lines in Figure 5).80–83 They are both extensively adopted in 
catalysis, biochemistry and pharmacology to (i) model the 
pressure-dependent saturation and retrieve the adsorption 
energy of a ligand to a receptor (Temkin), and (ii) to identify the 
cooperativity level of adjacent sites participating in the 
adsorption process (Hill). Specifically, we can evaluate the 
adsorption energy of CO on MnTPyP-Co by using the Temkin 
isotherm, an extended version of the Langmuir isotherm. The 
model has been largely misused and cited in its dimensionally 
inconsistent form in the literature. Recently, significant effort 
has been made to clarify this issue and recover its correct form 
and approximations.82,83 We adopt here the following 
expression, already employed to describe adsorption on metal 
porphyrins:84

𝑬𝒂𝒅𝒔(𝜽) = 𝑬𝟎
𝒂𝒅𝒔 𝟏 + 𝜶𝑻

𝜽
𝜽𝒔𝒂𝒕

where Eads() is the coverage-dependent adsorption heat, Eads0 
a is the initial adsorption heat (formally the non-cooperative 
limit, which corresponds to the zero-coverage limit), αT is the 
Temkin parameter,  and sat are the coverage and saturation 
coverage, respectively. The approximation of a linear 

adsorption heat dependence on  reflects the degree of (anti)- 
cooperativity of the process, with αT assuming values <0 (anti-
cooperativity), =0 (no cooperativity), or >0 (cooperativity). In 
the SFG experiment, we get the evolution of the saturation 
(coverage) parameter from the resonant amplitude normalized 
to the saturation amplitude of the C-O internal stretch 
resonance as a measure of the /sat term. The Hill equation 
provides complementary information about the degree of 
cooperativity between the adsorption sites.81 More than one 
century ago, the model was originally exploited by Hill to 
describe the cooperative binding of oxygen to hemoglobin,21 
relating the number of occupied receptors to the available 
ligand concentration by:

𝜽
𝜽𝒔𝒂𝒕

=
𝒑𝒏

𝒑𝒏
𝟎.𝟓 + 𝒑𝒏

where /sat represents the ratio between occupied and total 
available binding sites, p is the gas pressure, p0.5 is the pressure 
at which half of the total receptors are occupied, and n is the 
Hill coefficient.81 The latter can assume only positive values, 
larger or smaller than 1, corresponding to cooperative and anti-
cooperative binding, respectively. The n = 1 case indicates a 
non-cooperative response, meaning that adsorption on a 
certain site is not influenced by the occupation of neighboring 
sites. We also recall that both Temkin and Hill models reproduce 
the non-cooperative Langmuir isotherm, for αT = 0 and n = 1, 
respectively. Both fit curves in Figure 5 look similar and are in 
excellent agreement with the experimental data. We obtain the 
following best values: Eads0 = 0.73 ± 0.01 eV, αT = -0.11 ± 0.02, 
p0.5 = (3.7 ± 0.4) × 10-5 mbar, and n = 0.62 ± 0.05, which clearly 
indicate an anti-cooperative adsorption mechanism. The value 

Fig. 5 CO saturation curve obtained from the evolution of the IR-Vis SFG 
amplitude of the C-O internal stretch resonances (markers) extracted 
from the best fit of the data reported in Figure 4. The shaded area 
indicates the associated confidence interval (3). The continuous lines 
depict the best fit of the saturation curve according to the Hill (blue) and 
Temkin (black) models, respectively (see text for details). The dashed 
lines show the half-saturation values (p0.5).
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found for Eads0 indicates weak binding (the adsorption energy of 
CO/Ir(111) is 1.4 − 1.9 eV),85 accounting for the observed 
reversibility of ligation at room temperature. In the case of 
CoTPyP-Co, coverage-dependent results were obtained for low 
and high Co loadings,26 with ligation starting from 5 × 10−6 mbar 
CO and reaching saturation at 5 × 10−4 mbar. The minimum 
pressure at which CO was observed is almost 1 order of 
magnitude higher than for the MnTPyP-Co, and the saturation 
pressure was instead about half an order of magnitude lower, 
indicating a narrower uptake window despite the similar Eads0. 
This leads to the conclusion that while CO ligates to the same 
Co(I) peripheral sites on both M1TPyP-Co/Gr/Ir(111) with M1 = 
Mn,Co, M1 plays a role in the kinetics of the uptake. For the 
present M1 = Mn system, we observe anti-cooperativity (n < 1; 
αT < 0) despite the long distance (~nm) between the nearest Co 
sites in the network, excluding the role of direct lateral 
interactions, as discussed for the M1 = Co case.26 The distinct 
anti-cooperative behavior (αT = -0.11) in the Mn-Co system, 
compared to pure Co-Co networks, stems from the central Mn 
center acting as an electronic 'buffer'. In this bimetallic 
configuration, the Mn-pyridyl interface is more sensitive to the 
electronic footprint of the CO-Co bond, thereby regulating the 
degree of π-backdonation at neighboring sites. Several 
mechanisms have been proposed in the literature to explain 
similar effects for CO adsorption on Ir(111),74 Pt(111),65,86 
Ru(0001),66,75,87,88 and finally CoTPyP-Co/Gr/Ir(111).26 Starting 
from the bare metal surfaces, blueshifts of the order of 30 − 80 
cm−1 of the fundamental CO resonance are observed along the 
uptakes at RT, explained by CO dipole-dipole coupling between 
adjacent molecules, which are only a few Å distant, whereas on 
the MnTPyP-Co system the minimum distance between 
neighboring adsorption sites is ~ 1.4 nm (with second-nearest-
neighbors at ~ 2 nm and third-nearest-neighbors at ~ 2.8 nm), 
making the direct lateral interaction between the ligands 
completely negligible, as demonstrated for CO/FePc,23 and 
CO/CoTPyP-Co.26 Indeed, the direct dipole-dipole interaction 
potential energy can be written in the form:

𝑼(𝒓) =
𝒅𝟐

𝑪𝑶
𝟒𝝅𝜺𝟎𝒓𝟑

where r is the distance between the dipoles (dCO), and 0 the 
vacuum permittivity. By setting r = 1.4 nm and dCO = 0.112 D, 
23,26 the resulting interaction energy is U = 3 × 10−6 eV, 
corresponding to a wavenumber blue-shift of the order of 0.02 
cm−1. Thus, we can safely discard the dipole-dipole coupling 
hypothesis as a candidate explanation for the observed anti-
cooperativity. Alternatively, as for other cases, we can consider 
the effects originating from the vibrational energy 
delocalization by means of a Förster resonance energy transfer 
process,74,87 the indirect interaction between the metal centers 
mediated by the organic backbone,26 or by the underlying 
surface through the trans-effect. According to the Förster’s 
model, an excited oscillator can exchange vibrational energy 
with an unexcited one, by means of dipole-dipole coupling.89,90 
The local-oscillator behavior of CO on Ru(001) has a breakdown 
at around 0.33 ML, due to the strong dipole-dipole coupling 
among adsorbates and the resulting vibrational energy 
delocalization,87 similarly to the case of CO/Ir(111).74 As a 
consequence, the hot-band is quenched while the fundamental 

gets broader for increasing CO coverage, which is not 
compatible with our data. Furthermore, we already 
demonstrated above that in our case dipole-dipole interactions 
are negligible. We can thus rule out this mechanism as well. In 
the similar CoTPyP-Co/Gr system, the origin of the cooperativity 
was attributed to the heterostructure itself, by means of charge 
transfer and distortion of the organic backbone induced by 
carbonylation,26 together with the network-mediated magnetic 
coupling of the metal sites, as predicted by Mandal et al.91 This 
latter explanation is compatible with our case, where we 
witness a relevant evolution with the CO coverage of the two 
resonances at 1594 and 1616 cm−1 (Figure S6), assigned to 
stretching and δ modes of the pyridyl moieties, respectively. 
While the line positions remain unaltered from UHV to 0.01 
mbar CO (saturation), we observe a non-resonant background 
increase of about 15%, accompanied by a phase rotation of the 
resonances, related to a ligand-induced electronic structure 
change of the layer, in agreement with the charge redistribution 
evidenced by our present ab initio DFT calculations and our 
previous studies on a similar system.26

Concerning the CO ligation geometry, we further investigated 
this aspect by measuring the internal C-O stretching region in 
both ppp and ssp polarization combinations as a function of the 
gas pressure. The two measurements sample different 
components of the non-linear susceptibility tensor,92 thus 
providing indirect information on the dipole spatial 
orientation.72 As shown in Figure 3a,b, the spectra were fitted 
by globally optimizing line positions and widths, letting only 
amplitudes and phases to vary. The ssp signal is overall less 
intense (by about one order of magnitude) than the ppp 
counterpart. The straightforward information that we can 
extract is that the CO ligand is not standing completely upright 
at the Co sites but is slightly tilted, as confirmed by our 
computational insight. However, the Ippp/Issp ratio is determined 
not only by the contribution of the ligand adsorption angle, but 
also from electronic effects through the ratio between the 
hyperpolarizability factors,7 making it reasonable to associate 
the huge discrepancy observed for the relative intensities of the 
fundamental and hot bands to different hyperpolarizabilities, 
rather than to a completely different adsorption geometry of 
the excited state, considering that the electronic transition 
moment is the most affected by the change of the Vis and SFG 
polarization from p to s.

Conclusions
We have shown that carbon monoxide ligates selectively to 
Co(I) single metal atom sites in a manganese–cobalt 
coordination network that we obtain by self-assembly on a 
single graphene sheet. Adsorption is fully reversible and 
pressure-dependent, with saturation occurring above 10⁻³ 
mbar at room temperature. Spectroscopic and computational 
analyses confirm weak Co–CO bonding, with population of both 
fundamental and hot-band excitations of the CO stretch mode 
upon irradiation with infrared photons. The uptake behavior is 
well modeled by Temkin and Hill isotherms, showing anti-
cooperative adsorption. The latter property is not due to direct 
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dipole–dipole interactions but likely arises from electronic and 
magnetic effects mediated by the molecular network. Our 
findings offer insight into ligand dynamics at single metal atom 
sites and highlight the potential of surface-confined metal–
organic networks for tunable reactivity under ambient 
conditions, with implications for catalysis and molecular 
sensing. This same approach can be adopted at a fundamental 
level to investigate experimentally the reactivity properties of 
single metal atoms sites in 2D materials at surfaces throughout 
an extended pressure range, from UHV to the mbar range, 
despite the extremely low surface concentration of the reactive 
sites. With specific reference to the M1TPyP-M2 system,91 
several M1,2 combinations could be configured, including not 
only 1,2 = Co, Mn, but also Fe, * (empty site), Cu, Pd, Ni etc.
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