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Abstract
By means of a combined experimental and computational approach, we show that a 2D metal–organic framework self-
assembled at the Au(111) termination is able to mimic the  O2 stabilization and activation mechanisms that are typical of 
the biochemical environment of proteins and enzymes. 5,10,15,20-tetra(4-pyridyl)21H,23H-porphyrin cobalt(III) chloride 
(CoTPyP) molecules on Au(111) bind dioxygen forming a covalent bond at the Co center, yielding charge injection into 
the ligand by exploiting the surface trans-effect. A weakening of the O–O bond occurs, together with the development of a 
dipole moment, and a change in the molecule’s magnetic moment. Also the bonding geometry is similar to the biological 
counterpart, with the  O2 molecule sitting on-top of the Co atom and the molecular axis tilted by 118°. The ligand configura-
tion lays between the oxo- and the superoxo-species, in agreement with the observed O–O stretching frequency measured 
in situ at near-ambient pressure conditions.

Keywords ORR · CoTPyP · CoTPyP-fe · Oxygen activation · DFT · IR–vis SFG

1 Introduction

In a biomimetic perspective, single-atom catalysis is a prom-
ising route to design novel, cheap, efficient, selective, and 
stable heterogeneous catalysts [1]. In this context, tetrapyr-
rolic metallorganic frameworks (MOF) based on porphyrins 
or phthalocyanines tectons can represent an effective way 
to mimic the single metal atom active sites typical of many 
active enzymes or protein vectors that Nature exploits for 
many reactions, including oxygen conversion and transport 
[2–10]. In the specific case, the oxygen reduction reaction 
(ORR) is essential for life, as well as for many applicative 

purposes like e.g. the fuel cell related technologies. How-
ever, the relatively high stability of molecular oxygen 
requires the aid of catalytic materials or sites for the activa-
tion of the molecule [11–15]. The activity and the selectiv-
ity of natural systems are mainly determined by the metal 
species embedded in the active pocket site and, in a number 
of cases, the metal atom is coordinated in a tetrapyrrolic 
macrocycle. A fine tuning of the site’s properties is granted 
by the local geometric and electronic configuration of the 
tetrapyrrole, including its residues: the proximal structure of 
the protein surroundings induces the well-known molecular 
trans-effect, while the distal structure operates through direct 
weak interactions [2, 16]. As a matter of fact, the metal cent-
ers in biomimetic synthetic MOFs are coordinatively unsatu-
rated, thus yielding available ligation sites for adducts and 
reactants [17–22]. Adsorption on surfaces provides not only 
a support for the molecules, but also stabilization due the 
interplay between the lateral and substrate interactions, as 
well as tuning of the charge transfer to or from the reaction 
site towards the substrate thanks to the surface trans-effect 
[23]. Thus, the surface, in principle very different from the 
biochemical environment of the natural system, manages 
to mimic some of the effects present there: the role played 
by the molecular trans-effect in the protein environment is 
taken up here by the surface trans-effect. Consequently, the 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1124 4-020-01333 -9) contains 
supplementary material, which is available to authorized users.

 * E. Vesselli 
 evesselli@units.it

1 Physics Department, University of Trieste, via A. Valerio 2, 
34127 Trieste, Italy

2 CNR-IOM, Laboratorio TASC, S.S. 14 km 163.5, Basovizza, 
34149 Trieste, Italy

3 The Abdus Salam International Centre for Theoretical 
Physics, ICTP, Strada Costiera 11, 34151 Trieste, Italy

http://orcid.org/0000-0001-7247-6428
http://orcid.org/0000-0002-6799-0032
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-020-01333-9&domain=pdf
https://doi.org/10.1007/s11244-020-01333-9


1586 Topics in Catalysis (2020) 63:1585–1595

1 3

fundamental comprehension of the electronic, magnetic, 
optical, and geometrical properties is essential for designing 
and engineering purposes, and surface science offers both 
highly controlled environments and atomic-scale resolution 
experimental techniques. However, most surface science 
experiments are performed under ultra-high vacuum condi-
tions, i.e. under very different conditions from those of the 
biological system. This pressure gap, separating characteri-
zation and applicative environments, often strongly ques-
tions the significance of the results obtained by means of 
fundamental approaches. To this purpose, novel experimen-
tal techniques, such as Sum-Frequency Generation Spec-
troscopy, have been recently developed in order to bridge 
this gap, allowing investigations in situ and operando up 
to pressure values close to ambient conditions [2, 24–26].

Regarding the role played by the choice of the metal 
ion, Wurster et  al. [17, 27] recently reported that the 
bimetallic MOF  M1TPyP − M2  (M1,M2 = Fe, Co and 
TPyP = 5,10,15,20-tetrakis(4-pyridyl)porphyrin) can be self-
assembled at the Au(111) termination showing a remarkable 
chemical stability and electrocatalytic activity with respect 
to both the oxygen reduction and evolution reactions. The 
peculiarity of this MOF is that, at variance with other similar 
cases [18, 28, 29], in addition to the metal atom coordi-
nated at the center of the macrocycle, a second metal species 
 (M2) can be embedded in the fourfold coordination sites 
formed by the pyridylic nitrogen atoms of neighboring mol-
ecules. Interestingly, the co-presence of two metal species 
yields nonlinear cooperative changes in catalytic activity, 
attributed to the peculiar electronic band dispersion that, 
on the basis of theoretical arguments, is expected to form 
within the 2D metallorganic crystal [30]. In particular, the 
presence of many frontier Dirac bands, corresponding to 
electronic states delocalized thorough the unit cell, could 
be responsible for the observed high electrocatalytic activ-
ity [30]. Moreover, the prediction of spin liquid states (in 
homometallic  M1TPyP − M1), long-range ferromagnetism, 
and half-metallicity (in heterometallic  M1TPyP − M2) sug-
gests interesting applicative perspectives in spintronics and 
high-temperature superconductivity [30–34].

Our present work focuses on the stabilization and the pos-
sible activation of the dioxygen molecule on the CoTPyP/
Au(111) network, which is a probable fundamental step 
in the ORR observed by Wurster et al. [17, 27]. We stud-
ied the system by means of in-situ near ambient pressure 
Infrared–Visible Sum-Frequency Generation spectroscopy 
(IR-Vis SFG), comparing the results with ab-initio calcula-
tions provided within the framework of Density Functional 
Theory (DFT). We have found that dioxygen is stabilized at 
the Co sites of the CoTPyP/Au(111) network at room tem-
perature in  10–3 mbar  O2. The  O2–Co bond mainly involves 
the  O2(2π*) and the Co(3dz2) orbitals and yields bending of 
the adduct towards the  O2 adsorption configuration typical 

of iron and cobalt tetrapyrrole-based sites of biological rel-
evance [6]. Upon adsorption, the O–O stretching frequency 
lowers due to the weakening of the intramolecular bond 
associated with the charge transfer, a molecular dipole is 
formed, and a 15% decrease in the porphyrin magnetization 
is observed, thus indicating stabilization and initial activa-
tion of the  O2 molecule.

2  Methods

2.1  Sample Preparation

The Au(111) surface was cleaned by standard sputtering 
 (Ar+, 1.5 keV) and annealing (790 K) cycles in UHV. The 
5,10,15,20-tetra(4-pyridyl)21H,23H-porphyrin cobalt(III) 
chloride (CoTPyP) porphyrins were purchased from Fron-
tier Scientific. The molecular source was a heated quartz 
crucible (570 K), the flux (0.15 ML/min) was monitored by 
means of a quartz microbalance, and long outgassing of the 
molecules in UHV up to about 530 K was necessary to get 
rid of the residual organic contaminants. The CoTPyP depo-
sition at the Au(111) single crystal surface was performed 
with the sample kept at 500 K with a residual background 
pressure of 5 × 10–10 mbar. The chlorine atom present at the 
Co site in the CoTPyP molecule detaches from the molecule 
and desorbs from the hot substrate [17, 35]. The CoTPyP-
Fe bimetallic network was obtained by self-assembly fol-
lowing the post-deposition of 1 ML1 of the second metal 
(iron, 99.5% purity, resistively heated wire, 1.7 ML/min) 
at the same substrate temperature, yielding spontaneous Fe 
coordination with the pyridyl groups in a fourfold geometry, 
as observed in previous STM measurements [17, 27]. The 
presence of the metal in the pyridylic site influences the 
lattice geometry of the MOF: CoTPyP porphyrins arrange, 
when adsorbed on Au(111), in a 2D oblique lattice with 
vector lengths of 1.45 and 1.50 nm, respectively, forming an 
angle of 85°. The presence of the additional  M2 iron atom, 
in the case of CoTPyP-Fe, re-arranges the superstructure, 
yielding a rectangular lattice with the same former vector 
lengths [17].

2.2  IR–Vis SFG

IR-Vis Sum Frequency Generation vibronic spectroscopy 
is a nonlinear optical technique [26, 36] The measure-
ments were performed in a dedicated setup [37]. A UHV 

1 1 ML with respect to porphyrin layer, 0.03 ML with respect to 
Au(111) substrate.
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system with a base pressure of 5 × 10–11 mbar hosting 
standard surface science preparation and characteriza-
tion techniques is directly coupled with a high-pressure 
cell for in situ IR-Vis SFG spectroscopy. The reactor is 
equipped with a gas system to handle the reactants’ pres-
sure in the  10–9-10+2 mbar range. The inlet and outlet of 
the laser beams are provided by UHV-compatible  BaF2 
windows. The Au(111) disc was mounted on Ta wires, also 
used for resistive heating. The excitation source (Ekspla, 
1064 nm, 30 ps, 50 Hz) delivers a 532 nm (2.33 eV) sec-
ond harmonic visible beam and IR radiation, tunable in 
the 1000–4500 cm−1 range. The spectra are firstly nor-
malized to the IR and Vis pumps intensities, and then to 
a reference spectrum of clean Au to take into account the 
rotovibrational contributions of  H2O and  CO2 along the 
optical path, depending on the energy range. The gold sub-
strate notoriously contributes with an intense nonresonant 
SFG signal [38–40], thus normalization of the data and 
counting statistics issues (signal to noise ratio) have to 
be rigorously accounted for. The normalized SFG spec-
tra were analyzed by least-squares fitting to a parametric, 
effective expression of the nonlinear second-order suscep-
tibility [26, 41, 42]. The expression (1) well reproduces the 
observed lineshapes, accounting for the resonant IR-Vis 
vibronic transitions and for the nonresonant background, 
and describing all the interference terms:

ANRes and  Ak account for the amplitudes of the nonreso-
nant and  kth-resonant contributions, respectively. Δφk is the 
phase difference between the kth-resonant and nonresonant 
signals. ωk is the energy position of the line and Γk its Lor-
entzian broadening, related to the dephasing rate, which in 
turn stems from the energy lifetime and the elastic dephasing 
of the excited vibronic state [43]. In the manuscript, we plot 
the normalized IR–Vis SFG signal intensity (black dots), 
together with the best fit (black lines) and the deconvolution 
of each resonance with its interference with the nonresonant 
background (color-filled curves). The latter are calculated 
with the parameters obtained from the fitting procedure 
following:

These plots interestingly put in direct evidence the 
amplitude and the relative phase for each of the reso-
nances. Further details and examples can be found in our 
previous work [21, 22, 41]. In the present study, all spec-
tra were collected in the ppp polarization configuration 
(SFG-visible-infrared).
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2.3  DFT

The electronic-structure calculations were performed in 
the framework of Density Functional Theory (DFT) in 
the spin-polarized version, as implemented in the Quan-
tum ESPRESSO suite of codes [44, 45]. Vanderbilt ultra-
soft pseudopotentials were employed [46], together with a 
plane-wave basis set with energy cutoffs of 50 Ry for the 
wavefunctions and 500 Ry for the charge density. The large 
simulation cell with a size of 25 Å made it possible to obtain 
ab accurate description of the system using only one k-point 
(the Gamma point) to sample the Brillouin zone. The Per-
dew-Burke-Ernzerhof (PBE) functional was used to describe 
exchange and correlation [47], together with a Hubbard U 
correction applied to the 3d states of cobalt [48]. A value 
of U = 4.4 eV was chosen following the literature [49]. A 
Methfessel-Paxton scheme was used for the occupation of 
the electronic states, with a smearing 0f 0.02 Ry. Van der 
Waals interactions were included through the Grimme DFT-
D3 approach [50]. The system was relaxed until the forces 
were smaller than  10–3 a.u. All calculated atomic charges 
mentioned in the paper are Löwdin charges [51].

3  Results and Discussions

In a first step, the CoTPyP/Au(111) monolayer was char-
acterized by means of IR-Vis SFG spectroscopy. In the 
1550–1620 cm−1 energy range (Fig. S1), vibronic resonances 
are observed at 1560, 1570, 1589, and 1595 cm−1. They are 
associated with the ν(Cβ-Cβ) stretching modes internal to the 
macrocycle and with the δ(py) bending mode of the pyridyl 
groups (for details about the carbon atom notation see Fig. 
S2) [52–54]. In a first approximation, the dephasing time of 
these excitations has been assumed to be the same, thus rea-
sonably reducing the number of free fitting parameters. At 
lower energies, from 1200 to 1300 cm−1 (Fig. 1a, bottom), 
we observe other resonances, attributed to the δ(py) modes 
at 1215 cm−1, to a combination of ν(Cα—N) + δ(Cβ—H), 
ν(Cm-pyridyl), and δ(C—H) modes at 1233 cm−1, and to 
δ(Cm—py), ν(Cα—N), and δ(py) modes at 1264 cm−1. The 
assignment of the observed resonances to the corresponding 
vibrational modes is reported in Table 1, while the quanti-
tative details of the best fitting profiles are reported in the 
Supporting Information (Table S1). Interestingly, for the 
CoTPyP-Fe monolayer, no quantitative spectroscopic dif-
ferences have been observed in the 1200–1300 cm−1 range.

A stepwise annealing experiment of the CoTPyP layer 
deposited at room temperature (Fig. S3) provided the nec-
essary information to establish the temperature stability of 
the framework and the optimal deposition temperature for 
best ordering on the Au(111) surface. While the nonresonant 
background does not change with the stepwise annealing 
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temperature, a general decrease of the resonant amplitudes 
is observed above 500 K (Fig. S4), in agreement with the 
literature [17]. Thus, the best CoTPyP monolayer is obtained 
upon deposition of the molecules with the substrate kept at 
500 K.

The monolayer obtained following this recipe was then 
exposed to increasing background pressures of molecu-
lar oxygen at room temperature. IR-Vis SFG spectra were 
collected in situ. A resonant feature progressively grows 
at 1276 cm−1 with  O2 pressure (Fig. 1a, top, cyan decon-
volution), reversibly disappearing when recovering UHV 
conditions (Fig. S5). This feature starts to grow at about 
 PO2 = 1 × 10–5 mbar and reaches its maximum amplitude 
above  PO2 = 5 × 10–4 mbar (Figs. 1b and S6a). We also find 
that the tetrapyrroles are not significantly further distorted 
upon exposure to oxygen since the phases associated with 
the corresponding SFG resonances do not evolve. Inter-
estingly, the resonance at 1276 cm−1 lays in between the 
ν(O–O) stretching frequency of an adsorbed superoxide 
 (O2

−) species, as in the case of  O2 chemisorbed on Ag(001) 
(1049 cm−1) [55, 56], and that of the physisorbed/gaseous 
 O2 (1549 and 1580 cm−1, respectively [56–58]). For larger 
charge transfer (more than  1e−), as for example for the per-
oxide species  (O2

2−), an even lower stretching frequency 
would be expected (637–677 cm−1 [59, 60]). The ν(O–O) 
mode that we observe at 1276 cm−1 is also in remarkable 
agreement with what observed on similar tetrapyrrole-based 
compounds, where 1278 cm−1 and 1247 cm−1 were found for 

Fig. 1  a Normalized IR–vis SFG spectra (black dots) of 1.0 ML CoT-
PyP/Au(111) in Ultra-High Vacuum (bottom) and in oxygen pressure 
(top), together with the best fit (solid black line) and the deconvolu-
tion of the resonances (filled profiles); b oxygen saturation curve 
(black and white dots) obtained from the SFG resonant amplitude of 

the mode at 1276 cm−1 by a fit with a Langmuir uptake model (solid 
line); white dots refer to CoTPyP/Au(111) system, while black ones 
to the bimetallic CoTPyP-Fe/Au(111) layer; c amplitude of the non-
resonant background as a function of the  O2 background pressure (the 
dashed line is drawn to guide the eye)

Table 1  Positions of the vibronic resonances and comparison with 
the literature, yielding the assignment with the corresponding vibra-
tional modes. Standard notation for carbon atoms is used (Fig. S2)

This work Literature References Mode assignment

1215 1214–1219 [52–54] δ(py)

1233 1224–1238
1227–1259
1215–1237

[76, 77]
[77]
[78]

ν
(
Cα − N

)
+ δ

(
Cβ − H

)

ν
(
Cm − Phenyl

)

δ(C − H)

1264 1255
1252–1253

[53]
[52, 54]

�
(
Cm − py

)
, �
(
C� − N

)
, �(py)

δ
(
Cm − py

)

1276 ν(O − O)

1560 1554–1565 [52, 54] ν
(
Cβ − Cβ

)

1570 1576 [53] ν
(
Cβ − Cβ

)

1589 1576
1609–1641

[53]
[52]

ν
(
Cβ − Cβ

)

δ(py)

1595 1594–1641 [52, 54] δ(py)
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 O2-CoTPP and  O2-CoPc, respectively [29, 58, 61]. Our find-
ing suggests therefore that  O2 binding and stabilization at the 
CoTPyP molecule on Au(111) occur via a charge transfer 
mechanism to the ligand of a fraction of an  e−, yielding 
an adsorbed  O2

δ− species, bound to the Co atom. This pic-
ture is confirmed by our DFT calculations reported in the 
following. We mention here that the bimetallic CoTPyP-Fe 
layer shows a similar behavior (Fig. S6b), with the same 
vibrational resonance growing as a function of the  O2 back-
ground pressure. This indicates that both the monometallic 
Co and bimetallic Co-Fe porphyrin monolayers behave in 
the same way with respect to oxygen adsorption, at least 
within the investigated pressure range. At the solid–liquid 
interface under electrochemistry conditions, for the CoT-
PyP-Fe/Au(111) MOF the turnover frequency (TOF) for the 
ORR is larger by two orders of magnitude with respect to the 
case of CoTPyP/Au(111), suggesting a synergic role of the 
additional Fe atoms [17, 27]. In our work, we show that the 
molecule interacts more strongly with the Co centers where 
the first step of charge injection takes place, thus suggesting 
that a cooperative mechanism involves the neighboring Fe 
sites for the successive steps of the reaction.

The evolution of the amplitude of the resonance at 
1276 cm−1, as obtained from the deconvolution procedure, 
has been exploited for the evaluation of the interaction 
strength between oxygen and the metallorganic monolayer. 
The amplitude-pressure uptake curve has been fitted accord-
ing to a rate model. The IR-Vis SFG spectra of the oxy-
gen uptake (Fig. S6) have been fitted by releasing only the 
amplitudes of the resonant and nonresonant signals, as a 
first approximation to avoid overfitting with low statistics, 
while the lineshape parameters were obtained from a global 
fit of the whole data set. The results are reported in Fig. 1b-
c: while the resonant amplitude grows with the oxygen 
background pressure (Fig. 1b), the nonresonant contribu-
tion to the SFG signal progressively diminishes (Fig. 1c), 
witnessing substantial changes in the electronic configura-
tion of the system close to the Fermi level (λVis = 532 nm, ν 
hν = 2.33 eV) during the  O2 uptake. We model the saturation 
dependence on the  O2 pressure at equilibrium by equaling 
adsorption and desorption rates according to the following 
rate equation:

(s0: sticking coefficient; ν0: pre-exponential factor; 
 TGAS = TSURF = 300 K). The first term accounts for the dioxy-
gen impinging flux (Knudsen factor) and sticking coefficient, 
and is proportional to the number of free cobalt sites (1-θ) 
for non-dissociative adsorption. The second term accounts 
for the desorption rate and is proportional to the Boltzmann 
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factor including the desorption barrier ΔE. The two strong 
but necessary assumptions are  s0 = 1 and ν0 = 10+13 s−1 [62]. 
Changing the pre-exponential ν0 by two orders of magnitude 
affects the desorption energy by ± 15%. Equation 3 can be 
easily solved for θ. We assume that θ is proportional to the 
experimentally measured amplitude of the oxygen-related 
resonance at 1276 cm−1. This is reasonable since we expect 
that no relevant dipole-induced nonlinear effects take place 
due to the large distance between the single Co sites (of 
the order of 15 Å [17, 27]). By least-square fitting of the 
experimental uptake curve, according to the model, we 
obtain ΔE = 0.85 ± 0.03 eV. We notice that the model relies 
on a single free fitting parameter, i.e. the desorption energy. 
Nevertheless, it reproduces the data remarkably.

DFT calculations confirm and support the experimental 
findings. We performed simulations of  O2 interacting with 
the CoTPyP molecule to investigate the adsorption geome-
try, the adsorption energy, the charge redistribution effects, 
and the formation of the dipole within the  O2 molecule that 
is necessary to generate the SFG signal. The presence of the 
Au(111) substrate has been simulated with an  Au13 nano-
cluster, on the basis of chemical and geometrical arguments, 
in order to minimize the required computational resources 
with respect to the case of the full Au surface termination. 
The  Au13 nanocluster is often exploited in similar cases 
since it reproduces most of the effects associated with the 
presence of a gold substrate [63]. The cluster was relaxed 
and optimized separately, and its atomic coordinates were 
then fixed in order to resemble the bulk rigidity, so further 
reducing the computational time. The purpose of this model 
is to show the effect of a gold support on the adsorption 
properties of the molecules, although clearly the geometry 
will not be reproduced in all fine details. After relaxation in 
the gas-phase, the CoTPyP molecule has been added with 
the Co atom put on-top with respect to  Au13 cluster (Fig. 2). 
The porphyrin then relaxes to a configuration where the 
Co-Au distance is 2.63 Å [16, 64]. With respect to the gas-
phase configuration, the C–N and C–C distances in the mac-
rocycle are augmented by 0.02 and 0.08 Å, respectively. The 
molecule almost maintains its fourfold symmetry, with unro-
tated pyridyl rings, while the dihedral angles between the 
molecular plane and the pyridylic/pyrrolic groups 
are + 20°/− 20°, respectively (as in the gas phase). In the 
literature [16, 64–66], ordered monolayers of similar sys-
tems show conformational adaptation to the flat underlying 
surface, resulting in a two-fold symmetry due to a saddle-
shape deformation of the macrocycle with the residues 
rotated by 16° to 30°, and tilted by about 40°. Interestingly, 
it is well-known that these deformations strongly contribute 
in the reactivity of the whole macrocycle with respect to 
adsorption and/or activation of ligands [67]. We have there-
fore to consider that in our simulation the replacement of the 
Au(111) termination with the  Au13 cluster results in a 
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weaker gold interaction with the molecule’s periphery. Nev-
ertheless, since the goal of the simulation was to get insight 
into the  O2-Co-Au bond and the related charge redistribution 
trans-effects, we adopted the computationally cheaper Au 
cluster configuration that allowed the correct reproduction 
of the electronic configuration of the system, in agreement 
with previous literature on the full Au(111) termination [68]. 
The calculated spin-polarized projection densities of states 
(SP-PDOS) of Co 3dz2 orbital are plotted in Fig. 3 for the 
CoTPyP in the gas-phase (d) and bonded to the  Au13 cluster 
(b). In the latter case, upon adsorption on Au, the Co atom 
in the macrocycle loses 0.39  e− in favor of the Au cluster, 
thus the Co atom is in between a Co(II) and a Co(III) spe-
cies, in agreement with the literature [17, 69]. The Co 3d 
orbitals are split and broadened due to the crystal field effect 
and the Co-substrate coupling. We focus now our discussion 
on the out-of-plane Co 3dz2, 3dxz, and 3dyz orbitals that are 
involved in the following step, i.e.  O2 ligation. The 3dz2 
orbital is half-empty in the gas-phase (Fig. 3c and 3d) and 
shifts below the Fermi level upon adsorption on Au 

(Fig. 3b), thus becoming entirely filled. The Co 3dxz and 3dyz 
are filled and degenerate in the gas-phase, but undergo deep 
modifications upon binding to Au. The spin-down channel 
shifts by more than 2 eV above Fermi, thus becoming empty. 
This is a crucial point in order to get insight into the  O2 liga-
tion mechanism [6, 70, 71], which, as we will see, will 
involve the whole Co 3d configuration and not just the 3dz2 
as recently and differently prospected in [68]. When the 
dioxygen molecule is let interact with the CoTPyP/Au13 clus-
ter (Fig. 3a), it binds to the Co site with an energy of 0.68 eV, 
thus in agreement with the experimental value of 
0.85 ± 0.03 eV when considering systematic errors originat-
ing from the stringent assumptions in the fitting model 
(sticking coefficient, pre-exponential factor). Indeed, when 
the same simulation is performed without the Au cluster, the 
trans-effect does not take place and we get only weak  O2-Co 
physisorption, yielding binding energy values of the order 

Fig. 2  Side (a) and top (b) views of the calculated CoTPyP adsorp-
tion geometry on the  Au13 nanocluster; color legend: yellow (C), 
white (H), blue (N), gold (Au), red (Co)

Fig. 3  Projected density of states for the Co and O atoms for a 
 O2-CoTPyP/Au13, b gas phase  O2 + CoTPyP/Au13, c  O2–CoTPyP with 
no  Au13 cluster, and d gas phase  O2 + CoTPyP with no  Au13 cluster. 
O1 refers to the proximal oxygen, while O2 to the distal one. Evi-
dence for the formation of the  O2–Co(3dz2) chemical bonding due 
to orbital overlap is indicated by the red lines in a spin-up bonding 
states at 7.9 and 1.0 eV, and spin-down bonding at 0.4 eV below the 
Fermi level
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of 0.1–0.2 eV and large Co–O distances with the O–O bond 
lying fat, parallel to the macrocycle. Instead, the presence of 
Au stabilizes the system (Fig. 4), where the distance between 
the Co and the closest oxygen atom is 2.2 Å, the O–O bond 
length increases from 1.23 Å (in the gas phase) to 1.27 Å, 
and the Co–O-O angle is 118° (Fig. 4a). We have also tested 
the sensitivity of this result on the choice of the DFT + U 
method: a simple PBE calculation gives an  O2 adsorption 
energy of 0.71 eV, showing that this is a robust result. The 
presence of the ligand induces small changes in the CoTPyP 
geometry, with a small rotation of the pyridyl groups and a 
decrease of the Co-Au distance from 2.63 to 2.56 Å. The Co 
is lifted with respect to the macrocycle average plane by less 
than 0.1 Å. The electron charge transfer, projected on the 
single atoms, associated with the bonding of the adduct is 
shown in Fig. 4 by means of a color map. It is found that  O2 

adsorption causes an electron density depletion from the 
 Au13 cluster (-0.30  e−) and from the pyrrolic N atoms 
(− 0.17  e−), corresponding to an electron density increase 
in the Co atom (+ 0.20  e−) and to  e− transfer into the  O2 
molecule. The strong experimental indication of a drop of 
the nonresonant SFG amplitude upon  O2 adsorption interest-
ingly couples with the calculated charge depletion from the 
Au cluster to the oxygen adduct through the porphyrin plane. 
Indeed, the proximal O gains 0.09  e−, while the distal oxy-
gen atom gains 0.13  e−. In this way the  O2 ligand displays a 
dipole of 0.11 D with a significant projection along the nor-
mal to the porphyrin plane, thus fulfilling the selection rules 
in order for the ν(O–O) vibrational resonance to be SFG 
active. To make a comparison, the dipole of heteronuclear 
carbon monoxide, which notoriously gives a strong SFG 
signal [21, 22], is of the same order of magnitude. In Fig. 3a 
we report the corresponding calculated DOS projected on 
the two oxygen atoms (2p levels) and on the Co 3d  z2, zx, 
and zy orbitals. There is evidence of a Co(3dz2)-O(2p) over-
lap yielding covalent bonding at -7.9 and -1.0 eV with a 
strong contribution associated with the charge transfer from 
Au through the macrocycle plane (trans-effect) and the for-
mation of a shared Au–Co-O2 peak in the DOS at -7.9 eV 
from the Fermi level (Fig. 5a). By comparing geometric and 
electronic structures, we understand that the Co − O2 bond 
consists of a dative σ(Co − O) interaction between vacant 
3dz2 and π*(O2) and a weak π interaction between 3dyz and 
π⊥*,2 as already known in the literature for similar cobalt and 
iron tetrapyrroles [6, 58, 70–72]. The main fingerprint of this 
chemical bond is given by the adsorption geometry of  O2, 
which forms a Co–O–O angle of 118°. This is a typical con-
figuration in many oxygen-bonding biological tetrapyrrole-
based proteins and enzymes, where the M–O–O angle varies 
in the 110–160° range [6]. This bonding angle originates 
from the geometry of the π*(O2), which, in order to verti-
cally align with the Co 3dz2, requires a tilting of the dioxy-
gen molecule as it can be observed in Fig. 5b, where the 
isodensity surface of the state corresponding to the peak in 
the DOS at 0.4 eV below the Fermi level is plotted. Interest-
ingly, it can be noticed that also one of the N atoms of the 
macrocycle participates in the oxygen bonding (see Fig. 5c). 
We also find that the total  O2 magnetization is lowered upon 
adsorption by 15% with respect to the gas-phase value 
(S = 1). This is a key point in the activation process of  O2. 
The oxygen molecule ground state is indeed a triplet, poorly 
reactive configuration with other small, common molecules 
that are in a singlet state: the most stable  O2 configuration is 
0.93 eV lower in energy with respect to the singlet state with 
paired spin [73]. In order to promote the molecule’s activa-
tion for further reaction, biomimetic catalysts need to 

Fig. 4  Side (a) and top (b) view of the optimized  O2–CoTPyP/Au13 
geometric configuration, where the color scale indicates the electron 
transfer induced by  O2 adsorption. The electron transfer to Co is 0.20 
 e−

2 π* has the lobes-plane perpendicular to the molecular plane.
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provide electron-donor sites where the molecule can bind 
[8] electron donation can take place, and reactive superoxo 
 (O2

−) or peroxo  (O2
2−) species are formed to undergo the 

 2e− or the  4e− reduction processes, depending on the system 
[74, 75]. Spin inversion is necessary for  O2 activation since, 
even if ORR processes can be largely exothermic, spin-for-
bidden transitions contribute with high activation barriers. 

Most transition metals offer unpaired electrons, both in the 
ground state or in almost degenerate excited states, allowing 
reaction with triplet  O2, and spin–orbit coupled configura-
tions, thus providing a quantum mechanical pathway to pro-
mote spin inversion [73], possibly exploiting di-radical inter-
mediates for reaction [6].

4  Conclusions

By means of a combined experimental and computational 
approach, we have therefore shown that the biomimetic CoT-
PyP MOF grown on the Au(111) surface well-reproduces 
the main features of  O2 bonding and activation typical of 
the biochemical environment. By means of a surface trans-
effect, the Co and macrocycle electronic configurations are 
tuned in order to provide the charge transfer that is required 
for the weakening of the O–O bond and the initial modifica-
tion of its spin configuration. The spectroscopic information 
is obtained in situ at close-to-ambient conditions thanks to 
the non-linear IR-Vis SFG approach, thus opening the way to 
a deeper comprehension of the initial ORR steps at synthetic 
2D biomimetic systems.
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