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Abstract

The interaction between different metals (M), axial ligands (L), and ring substituents

(R) in porphyrins was investigated using density functional theory. Different combina-

tions of iron and cobalt as metal centers; imidazole, chlorine, and an n-heterocyclic

carbene (NHC) as axial ligands, and unsubstituted, octaethyl-, and tetraphenyl-

porphyrins were explored in their low, intermediate, and high-spin states, alongside

oxygen affinity. Remarkably, the n-heterocyclic carbene enhanced the affinity of

cobalt porphyrins to oxygen, with binding energies on average 4.4 kcal mol�1 higher

than FeP with the same ligand, and 0.78 kcal mol�1 higher than FeP with imidazole.

The planarity of the iron tetraphenyl porphyrin with imidazole compared to its ruffled

cobalt counterpart is noteworthy in both oxy- and deoxy-forms, highlighting imidaz-

ole's stabilizing influence on the porphyrin structure, particularly iron porphyrins,

alongside imidazole's stabilizing effect on the affinity to O2. Despite the significant

non-planarity induced by NHC as an axial ligand -regardless of the metal or ring substit-

uent used-, it did not hinder the affinity of CoP to O2 (14.26 kcal mol�1, on average) as

it did with the FeP with NHC (9.88 kcal mol�1, on average). Cobalt porphyrins with

n-heterocyclic carbene ligands show promising potential for O2 activation or oxygen

transport applications. The results show the complex interactions between the differ-

ent parts of metalloporphyrins and highlight the capability of tailoring their affinity to

O2. It also exemplifies the stabilizing effect of imidazole on the porphyrins, providing a

very narrow range of binding energies and smaller differences in their geometries.
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1 | INTRODUCTION

Metalloporphyrins are coordination compounds integral to various

biological processes like respiration and photosynthesis. The heme

prosthetic group, found in hemoglobin and myoglobin, plays a crucial

role in oxygen transport and has been extensively studied. Hemoglobin

consists of four sub-units, each housing a heme group. Oxygen binding

occurs at the iron cation coordinated to the nitrogen atoms in the

porphyrin ring.

The core of the heme group is a porphyrin ring, allowing the func-

tionalization with diverse substituents like phenyl and alkyl groups.1–3

The ferrous metal center adopts an octahedral coordination geometry,

featuring four coordination sites for the nitrogen atoms within the

porphyrin core and two axial sites.4 In hemoglobin, one of these axial
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sites hosts a histidine residue, leaving the sixth site available for

binding dioxygen.5

Extensive research has explored the impact of various substituents,

metals, and axial ligands on the properties of metalloporphyrins, includ-

ing catalysis, light-harvesting, and gas binding.6–11 The central metal ion

significantly influences the electronic properties within the porphyrin

ring.12,13 Different metal ions exhibit distinct binding behaviors; for

instance, nickel, zinc, and copper porphyrins tend to bind irreversibly to

dioxygen,14 whereas iron porphyrins efficiently bind oxygen but can oxi-

dize in aqueous solutions without a protective protein environment,

making oxygen binding irreversible.15 The protein environment makes

the water-mediated autoxidation less favorable, and the distal histidine

residue reduces the affinity for other ligands such as carbon monoxide.16

Axial ligands also play a crucial role, affecting the electronic distribu-

tion and oxygen affinity of porphyrin systems.17 In iron porphyrins with

nitrogen-containing axial ligands, increased electron density around the

nitrogen atom coordinated to the iron atom leads to higher binding energy

and shorter Fe O bond distance when binding dioxygen.6 Axial ligands

induce conformational changes in hemoglobin upon oxygen binding,14 and

their nature impacts the ability of the porphyrin to interact with other

ligands or small molecules.18 Substituents on the porphyrin ring further

influence electronic properties, geometry, and interactions with ligands.9,10

In addition to conformational changes, ligands can also modify the

spin state of the metal center. Imidazole-coordinated Co(II) porphyrins

exhibit a low-spin ground state,19 whereas Fe(II) porphyrins with imidazole

axial ligands exhibit a high-spin.20 Iron poprhyrins with an imidazole axial

ligand exhibit different electronic structures than Fe(II) porphyrins coordi-

nated to other ligands.21 A key to understand the differences in electronic

configuration of iron porphyrins with imidazole ligands is to determine

which of the 3d orbitals is doubly occupied.21 High-spin Fe(II) porphyrins

with an imidazole ligand have been observed to have a 3d6 configuration

with a doubly-occupied 3dxz orbital.
21 Experimental work on deoxy-heme

from sperm whales with a histidine axial ligand showed an equilibrium

between two structures: one with the double occupancy on the 3dxy

orbitals and another with a doubly-occupied 3dxz orbital, with the latter

being the dominant structure.22 Conversely, DFT calculations on iron por-

phyrins with an NHC axial ligand show a 3d2 occupancy.23

Despite extensive research into the effects of the individual build-

ing blocks of the porphyrin system, the complex interactions governing

the oxygen affinity of metalloporphyrins remains elusive. This study

aims to compare the binding energies and electronic density distribu-

tions of porphyrins with different metal ions, ring substituents, and axial

ligands using DFT. By understanding how these components interact,

we aim to gain deeper insights into the customization of porphyrins for

applications that require specific properties to be tuned, such as the

development of photosensitizers and catalysts, with a specific focus on

elucidating the role of each building block in oxygen affinity.

2 | COMPUTATIONAL DETAILS

The selected porphyrin models for DFT calculations involve permuta-

tions of different metals (M), ring-substituents (R) and axial ligands

(L) on a porphyrin (Table 1). The low (LS), intermediate (IS), and high

spins (HS) were calculated for each molecule to determine their

ground state. The DFT calculations were performed using the Gauss-

ian 16 software package.24 The functional B97D25 was used with the

basis sets def2-TZVP for the metal, and def2-SVP for the other

atoms,26 as we previously found this combination of basis set and

functional provides reliable results with porphyrins in terms of binding

energy, geometry, as well as spin states.27 The binding energies were

calculated using the zero-point energy (ZPE) corrected energies of the

ground states on the different molecules. The binding energy to

dioxygen (ΔEB) was calculated as the difference between the ZPE-

corrected energies of the sum of the individual metalloporphyrin

(EMRL) and O2 EO2
ð Þ and the oxy-complex EMRL�O2

ð Þ (Equation 1).

ΔEB ¼ EMRLþEO2 – EMRL –O2: ð1Þ

A total of 14 porphyrins were studied, each one optimized in their

LS, IS, and HS states. To analyze the changes that occur on the bind-

ing to the oxygen with the different substituents, metals, and axial

ligands. A natural bond orbital (NBO) analysis was performed to

obtain the natural atomic charges (NAC) and the natural electronic

configurations. The changes in the geometry of the molecule are ana-

lyzed based on the distance between the metal and the axial ligand

(M�Laxial), the displacement of the iron atom from the plane formed

by the four nitrogen atoms on the pyridin groups (ΔM) (Figure 1), the

average distance between the opposing nitrogens in the porphyrin

ring (NP–NP). For the oxygen bonded porphyrins, the distance

between the metal and the oxygen (M O), the oxygen–oxygen bond

distance (O O) and the angle between the metal and the dioxygen

adduct (M O O) were calculated.

To assess the deformations of the porphyrin plane in the differ-

ent molecules, first, a plane was fitted using the four nitrogens at

the core of the porphyrin ring through a least-squares method.

Then, the root mean square error (RMSEplane) of the distances

between the porphyrin atoms and this plane was calculated. Only

the atoms within a 4.5 Å radius on the porphyrin plane from the

metal atom were considered in calculating the RMSEplane. This

approach allowed to quantify the deviation from a perfectly planar

porphyrin (i.e., RMSEplane = 0).

TABLE 1 Metals (M), ring substituents (R), and axial ligands (L) on
the porphyrin used on this work.

Abbreviation Group Name

M Fe Iron

M Co Cobalt

R OEP Octaethyl porphyrin

R TPP Tetraphenyl porphyrin

R P Porphyrin (No substituents)

L Cl Chlorine

L Im. Imidazole

L NHC 1,3-Dimethylimidazolium
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3 | RESULTS AND DISCUSSION

3.1 | Ground states and relative energies

The ground state configurations of the studied molecules, including

low-spin (LS), intermediate-spin (IS), and high-spin (HS) states, have

been calculated and are presented in Table 2. For the cobalt deoxy-

porphyrins, the ground state consistently corresponds to the low-spin

state, regardless of the axial ligand or the presence of ring substituents.

In contrast, the ground state for iron porphyrins varies with the

axial ligand. Chlorine and imidazole axial ligands lead to sextet and

quintet ground states, respectively. On the other hand, iron porphy-

rins coordinated with NHC as an axial ligand exhibit a singlet, closed-

shell ground state. Furthermore, experimental findings confirm the

sextet ground state for iron porphyrins with a chlorine axial ligand.28

Experimental studies on iron porphyrins with imidazole ligands have

consistently reported a high-spin ground state29 in agreement with

our calculations.

The case of NHC as an axial ligand is distinctive, as it results in

singlet ground state in iron porphyrins. This finding has been corrobo-

rated by experimental research on various carbenes coordinated to

iron porphyrins,30,31 as well as computational investigations involving

different n-heterocyclic carbenes coordinated to phtalocyanines,32

including the 1,3-dimethylimidazolium (NHC) ligand employed in this

study. The LS ground state of the NHC-coordinated iron porphyrins is

attributed to the more covalent nature of the C Fe bond between

the NHC and the metal cation observed in recent studies.30,32

Interestingly, it has been observed that NHC with electron withdraw-

ing substituents yields an IS ground state, and a much lower associa-

tion energy with the metal porphyrin, compare to electron-donating

NHCs.32 Nonetheless, it is worth noting that the choice of the DFT

method can impact the relative energies of different porphyrins, par-

ticularly when smaller basis sets are used, as observed in a recent

study where FeTPPNHC was found to have a quintet ground state,20

in contrast with the singlet ground state for the same molecule found

in the literature and in this work.

Upon oxygen binding to the various porphyrins, some of them

undergo spin state changes. This phenomenon has been widely docu-

mented in the literature, particularly for iron porphyrins coordinated

to histidine, imidazole, and similar ligands.5,33 In these cases, there is a

spin crossover from the high-spin quintet state to an open-shell sin-

glet state. Notably, this spin crossover was found in this work only for

iron porphyrins coordinated to imidazole. Conversely, when NHC was

employed as the axial ligand, the deoxy-porphyrins transitioned from

a singlet to a triplet state.

In the case of cobalt porphyrins, they generally remain in a LS

state upon binding oxygen, except for those coordinated to chlorine.

Cobalt porphyrins with chlorine as an axial ligand undergo a transition

from a HS to an IS state upon oxygen binding. Experimental data sup-

ports the tendency of cobalt porphyrins to remain in a low-spin state

after binding oxygen with different axial ligands.17,34

These findings can explain the relatively high relative energies

associated with the high-spin porphyrins coordinated to NHC

and imidazole, which can be on the order of 20 kcal mol�1 for

∆M

F IGURE 1 Porphyrin models used on this work. (A) Axial view of the porphyrin ring. (B) Lateral view of the porphyrin ring, showing the
displacement of the metal atom with respect to the porphyrin plane (ΔM) and the distance from the metal to the axial ligand (M–Laxial).
(C) Different substituents on the porphyrin ring. (D) Axial ligands.
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oxy-porphyrins. This difference is more pronounced in deoxy cobalt

porphyrins, where the high-spin state can be up to 40 kcal mol�1 higher

in energy than the low-spin ground state. These results illustrate the

unfavorable nature of the high-spin state for cobalt porphyrins.

Overall, the spin state of the iron porphyrins seem to be solely

defined by the nature of the axial ligand, while for cobalt porphyrins

the spin state is determined by the metal and is relatively insensitive

to the choice of axial ligand. The desired spin state of FeP could be

obtained by choosing the ligand accordingly (or the ligand substitu-

ents), as it has been reported in the literature.32

3.2 | Effect of metal, ring substituents, and axial
ligands on the binding energy

The binding energies of porphyrins with different ring substituents,

axial groups, and metals are summarized in Figure 2. It is evident that

the choice of an axial ligand plays a crucial role in determining a por-

phyrin's affinity for dioxygen, as previously suggested by DFT stud-

ies.7,8 Generally, when the same axial ligand is used, the binding

energies of porphyrins with various ring substituents differ by less

than 3 kcal mol�1. Cobalt porphyrins exhibit greater differences

across different ring substituents, with maximum differences of 2.15,

2.12, and 1.04 kcal mol�1 for NHC, chlorine, and imidazole, respec-

tively. Iron porphyrins show smaller differences with different axial

ligands than cobalt porphyrins, with values of 1.33, 0.64, and

0.70 kcal mol�1 for NHC, Cl, and imidazole, respectively.

The use of imidazole as an axial ligand results in very similar bind-

ing energies regardless of the metal ion and ring substituent, with the

greatest difference being 1.1 kcal mol�1 among all porphyrins with

this axial ligand. Histidine, which contains an imidazole group, is the

natural ligand in biological systems and provides the most reproduc-

ible affinities to O2. In contrast, when NHC is used, differences

between substituents and metals become more apparent, with maxi-

mum differences in the order of 6 kcal mol�1. Cobalt porphyrins have,

on average, binding energies 4.37 kcal mol�1 higher than iron porphy-

rins when NHC is the axial ligand. Among porphyrins coordinated to

this ligand, those with phenyl substituents exhibit the highest binding

energies, with 15.26 kcal mol�1 for CoTPPNHC and 10.69 kcal mol�1

for FeTPPNHC.

Similar disparities between metals are found when chlorine is

used as an axial ligand. Cobalt porphyrins have average binding ener-

gies 5.1 kcal mol�1 higher than iron porphyrins with the same

axial ligand. The TPP substituent results in higher energies than

Cl-coordinated porphyrins with other substituents, with values of

7.34 kcal mol�1 for CoTPPCl and 1.4 kcal mol�1 for FeTPPCl. Nota-

bly, differences in binding energies across different ring substituents

are smaller with Cl as an axial ligand compared to NHC. Among cobalt

porphyrins, CoTPPCl exhibits a binding energy 2.12 kcal mol�1 higher

than other cobalt porphyrins with this ligand. For iron, the difference

in binding energy between FeTPPCl and its counterparts is only as

high as 0.64 kcal mol�1.

The calculated binding energies align with previous studies.

Cobalt porphyrins had been reported to have binding energies in the

range of 11–14 kcal mol�1,14,35,36 while iron porphyrins and hemo-

proteins typically ranged from 13 to 19 kcal mol�1.15,37–39 Notably,

the binding energies of cobalt porphyrins, which are usually lower

than their iron counterparts and hemoproteins,14,40 are significantly

improved when NHC is used as an axial ligand, resulting in higher

TABLE 2 Relative energies of the different molecules analyzed in
this work.

Molecule LS IS HS

FeP 16.90 0.00 3.36

CoP 0.00 9.260 44.90

FePIm 3.44 0.46 0.00

CoPIm 0.00 11.03 43.80

FePCl 17.08 3.77 0.00

CoPCl 0.00 2.81 3.77

FePNHC 0.00 6.72 3.75

CoPNHC 0.00 9.13 39.31

FeOEPIm 3.41 0.41 0.00

CoOEPIm 0.00 11.27 36.95

FeOEPCl 17.29 3.65 0.00

CoOEPCl 0.00 2.21 3.52

FeOEPNHC 0.00 7.28 4.84

CoOEPNHC 0.00 9.68 32.93

FeTPPIm 3.51 0.21 0.00

CoTPPIm 0.00 11.08 41.41

FeTPPCl 16.28 3.60 0.00

CoTPPCl 0.00 3.01 4.51

FeTPPNHC 0.00 7.56 5.73

CoTPPNHC 0.00 10.74 38.93

FePIm-O2 0.00 0.93 9.36

CoPIm-O2 0.00 8.40 19.41

FePCl-O2 0.00 9.90 0.71

CoPCl-O2 10.43 0.00 4.12

FePNHC-O2 5.75 0.00 15.16

CoPNHC-O2 0.00 8.66 17.87

FeOEPIm-O2 2.21 0.00 8.35

CoOEPIm-O2 0.00 8.65 19.96

FeOEPCl-O2 0.00 9.24 0.37

CoOEPCl-O2 8.21 0.00 3.89

FeOEPNHC-O2 7.37 0.00 14.97

FeTPPIm-O2 2.19 0.00 8.24

CoTPPIm-O2 0.00 8.42 20.04

FeTPPCl-O2 0.00 9.76 0.32

CoTPPCl-O2 5.40 0.00 5.44

FeTPPNHC-O2 5.85 0.00 11.00

CoTPPNHC-O2 0.00 10.65 20.24

Note: Energy differences given in kcal mol�1.

Abbreviations: HS, high-spin; IS, intermediate-spin; LS, low-spin.
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affinities than other iron porphyrins in this study. To the best of our

knowledge, there are no experimental measurements or simulations

of the affinity of NHC-coordinated cobalt porphyrins to O2.

These results suggest that while the axial ligand directly coordi-

nated to the active metal center significantly influences binding ener-

gies, the extent of this effect is moderated by the choice of metal

cation. In other words, for most of the studied porphyrins, the axial

ligand determines the order of magnitude of the interaction, while the

metal cation (and the ring substituent) defines the precise energy

within the interaction governed by the axial ligand. Notwithstanding,

when imidazole is employed, the effects of the metal ion and ring sub-

stituents on the interaction with O2 seem to be obscured by the

effect of this axial ligand. Overall, the results presented in this work

demonstrate that the affinity of metalloporphyrins to O2 can be mod-

ulated in discrete steps in the order of 1 kcal mol�1 and in the range

of 1–15 kcal mol�1.

3.3 | Geometries of deoxy-porphyrins

The bond distances between the metal center and the axial ligand

(M–Laxial) show little dependency on the ring substituents, as pre-

sented in Figure 3A. The shortest distances overall were found when

NHC and imidazole are used, and they are longer with chlorine as an

axial ligand, with the shortest distances corresponding to the iron por-

phyrins with the NHC axial ligand. For the cobalt porphyrins, the M–

Laxial bond distances to NHC and imidazole are all in the order of

2.1 Å. Conversely, when iron is used, the M–Laxial of the porphyrins

containing NHC is shorter and in the order of 1.9 Å. The difference

between NHC and imidazole is more evident for iron porphyrins,

albeit both NHC and imidazole distances being shorter than those of

the chlorine-containing porphyrins. In summary, NHC and imidazole

result in shorter M–Laxial bond distances, but with iron, the NHC axial

ligand results in a tighter bond compared to imidazole and chlorine.

The explanation for the tighter bond between NHC and Fe can be

ascribed to the unusual spin state of iron porphyrins coordinated to

carbenes. Experimental data has shown that carbene-coordinated iron

porphyrins and phtalocyanines are diamagnetic and predominantly in

a low-spin (LS) state,30–32 which is also observed in this work for

NHC, whereas when imidazole or chlorine is used, the ground state of

the iron porphyrins is high-spin (HS).

The calculated displacement of the metal atom from the porphy-

rin plane (ΔM) for deoxy-porphyrins is presented in Figure 3B.

The imidazole ligand displaces the least the cobalt atom compared

to iron. The porphyrins containing NHC resulted in similar displace-

ments irrespective of the ring substituents, and both iron and cobalt

porphyrins lie in the range of 0.17–0.22 Å. The iron porphyrins with

imidazole as an axial ligand exhibit slightly longer ΔM than the NHC-

coordinated porphyrins, in the order of 0.01–0.06 Å longer, but signif-

icantly longer than the cobalt porphyrins with imidazole, which exhibit

displacements in the order of 0.133 Å shorter than the iron porphy-

rins with imidazole.

Overall, when NHC is used as an axial ligand, the displacements

vary little with the different metals, and even less with the change of

ring substituents. With imidazole, the displacement is greatly affected

by the metal center. This could be explained by the finding that the

studied porphyrins with NHC as an axial ligand consistently exhibit a

low-spin ground state, whilst with imidazole the iron porphyrins have

a HS ground state. This agrees with earlier reports on the literature,

where Co(II) porphyrins have LS electron configurations, whereas the

iron porphyrins are predominantly HS.17,34 The differences in ΔM and

M-NP distances are largely explained by these differences in ground

states.17

These differences are also apparent when chlorine is used as an

axial ligand. Cobalt porphyrins seem to yield LS configurations regard-

less of the ligands, whereas the iron porphyrins with this axial ligand

have a sextet (HS) ground state. The iron porphyrins with a chlorine

axial ligand also exhibited the lowest binding energies. It is reasonable

to expect that a metal center that is further pulled toward the chlorine

atom will have a smaller interaction with the oxygen on the opposite

axial coordination site. With this exception, the binding energies do

not seem to be strictly related with the displacement of the metal

atom. This can be easily observed with the cobalt porphyrins with a

chlorine axial ligand (Figure 3B, light green markers), whose binding

F IGURE 2 Binding energies of
dioxygen to the different studied
metalloporphyrins in kcal mol�1. Vertical
axis: axial ligands directly bonded to the
metal ion. Horizontal axis: functional
groups on the porphyrin ring. Purple:
cobalt porphyrins. Green: iron porphyrins.
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energies (5.22–7.34 kcal mol�1) are as low as half of the binding energy

of imidazole and NHC-coordinated porphyrins (9.6–15.2 kcal mol�1)

albeit exhibiting similar displacements of the metal (0.153–0.160 Å).

The average NP–NP distances provide some insight on the open-

ing of the porphyrin ring center (Figure 4). For the cobalt porphyrins,

the NP–NP distances were the largest with the imidazole ligand,

closely followed by chlorine. The shortest NP–NP distances were

obtained with NHC as an axial ligand. It is noteworthy that the differ-

ences in NP–NP distances are smaller than.

0.082 Å, and in some cases they can be as small as 0.02 Å. In the

case of the iron porphyrins, the imidazole resulted in larger NP–NP dis-

tances, followed by chlorine. The NHC ligand resulted in the smallest

distances. In contrast, the iron porphyrins with an imidazole ligand

resulted in significantly larger NP–NP distances compared to the cobalt

porphyrins coordinated to imidazole and chlorine. The NP–NP dis-

tances in iron porphyrins can be up to 0.139 Å larger than those in

cobalt porphyrins when imidazole is used, and up to 0.117 Å larger

with the chlorine axial ligand. Conversely, when the porphyrins were

coordinated to NHC, the NP–NP distances were comparable between

cobalt and iron porphyrins, with differences in the order of 0.014–

0.036 Å between them.

3.4 | Geometries of oxy-porphyrins

In terms of M–Laxial bond distances, as presented in Figure 5A, the

oxygenated porphyrins generally exhibit longer bond lengths when

chlorine is used as a ligand, in comparison to imidazole and NHC.

Notably, when NHC or imidazole serve as an axial ligand, the M–Laxial

distances are within a 0.1 Å range of each other. Specifically, the

cobalt porphyrins demonstrate a remarkable agreement (within

0.01 Å) when coordinated with NHC and imidazole. However, in the

case of chlorine, the differences extend to around 0.08 Å. For iron

porphyrins, using Cl as an axial ligand also results in the longest

distances, followed by imidazole, and with NHC yielding the shortest

F IGURE 4 Average NP–NP distances for the different deoxy-
porphyrins (horizontal axis) and their resulting binding energy to O2.
Marker color: Axial ligand; marker shape: Ring substituents; bold or
light color: Iron or Cobalt as metal centers, respectively.

F IGURE 3 Geometrical parameter of deoxy-porphyrins (horizontal axis) and their resulting binding energy to O2. (A): Distance between the
metal center and the axial ligand (M–Laxial). (B) Displacement of the metal atom from the plane formed by the 4 pyrrole nitrogen atoms (ΔM).
Marker color: axial ligand; marker shape: ring substituents; bold or light color: Iron or Cobalt as metal centers, respectively.
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M–Laxial lengths. It is interesting to note that the unsubstituted FeP

with an imidazole ligand also exhibits longer M–Laxial lengths when

compared to FeTTPIm and FeOEPIm. This trend, observed in cobalt

porphyrins and imidazole-coordinated iron porphyrins, is not present

with Cl and NHC. Given the variations in the degree of deformation

from planarity among the porphyrins, these differences in M–Laxial

lengths between cobalt and iron porphyrins may also be attributed to

these deformations of the porphyrin plane, a topic which will be dis-

cussed in Section 3.5.

In the displacement of the metal atoms (ΔM), consistent trends

emerge among the studied porphyrins, as illustrated in Figure 5B. In

both cobalt and iron porphyrins, the use of an imidazole ligand results

in the smallest ΔM values, falling within the range of 0.001–0.002 Å

for cobalt and 0.007–0.011 Å for imidazole-coordinated iron porphy-

rins. These findings suggest that when imidazole is used as the axial

ligand, the metal atom is significantly drawn back into the porphyrin

plane upon binding to O2. In contrast, NHC-coordinated porphyrins

exhibit larger ΔM displacements compared to those with imidazole as

F IGURE 5 Geometrical parameters of oxy-porphyrins (horizontal axis) and their resulting binding energy to O2. (A) Distance between the
metal center and the axial ligand (M–Laxial). (B) Displacement of the metal atom from the plane formed by the 4 pyrrole nitrogen atoms (ΔM).
(C) Average distance between opposing pyrrole nitrogen atoms (NP–NP). (D) Bond distance between the metal cation and the proximal oxygen
atom (M–O). Marker color: axial ligand; marker shape: ring substituents; bold or light color: iron or cobalt as metal centers, respectively.

OVALLE and MALARDIER-JUGROOT 7 of 15



the axial ligand, while also being pulled into the porphyrin plane fol-

lowing O2 binding. Nevertheless, porphyrins with NHC as the axial

ligand show very similar displacements, regardless of the metal or the

ring substituents. This is consistent with the displacements of deoxy-

porphyrins (Figure 3B), where the use of NHC resulted in minimal dif-

ferences in ΔM between metals and different ring substituents, while

their variations in binding energies ultimately depended on the metal

center. In contrast, when imidazole is used, the larger differences

observed in deoxy-porphyrins are significantly reduced upon O2

binding.

For cobalt porphyrins with a Cl axial ligand, ΔM values are closer

to those of NHC- and imidazole-coordinated porphyrins, rather than

with the ΔM of iron porphyrins also coordinated to chlorine. While

NHC-coordinated porphyrins for both metals exhibit differences in

ΔM in the order of 0.001 Å, the differences between cobalt and iron

porphyrins with chlorine as an axial ligand are in the order of 0.05 Å,

with iron porphyrins displaying the greatest ΔM values. A difference

between Co and Fe porphyrins can be deduced: NHC results in the

largest ΔM for cobalt porphyrins, while for iron, significantly larger dif-

ferences are observed with chlorine. Surprisingly, despite the differ-

ences in size between Cl and NHC, including their widely different

steric effects, the displacement of the iron atom with NHC is over half

of that obtained with Cl.

Notably, despite the small binding energy and the longer M O

distances obtained with iron porphyrins when chlorine is used as an

axial ligand, suggesting a relatively weak interaction with O2, the iron

atom is notably pulled toward the porphyrin plane after binding O2.

The calculated NP–NP distances, presented in Figure 5C, reveal a

consistent pattern across most of the porphyrins. With the exception

of imidazole-coordinated porphyrins, the NP–NP distances show a

consistent pattern of decreasing binding energy with the increasing

NP–NP distance. The tetraphenyl-substituted porphyrins, denoted by

triangle markers in Figure 5C, exhibit shorter NP–NP distances com-

pared to the octaethyl and unsubstituted porphyrins. The iron porphy-

rins with imidazole are an exception, as they exhibit very similar

NP–NP distances, regardless of the ring substituent. Among the cobalt

porphyrins with NHC as an axial ligand, CoTPPNHC, with its tetraphe-

nyl substituents, has a NP–NP distance that is 0.04 Å shorter than the

other porphyrins. When imidazole is used as the axial ligand in cobalt

porphyrins, the NP–NP distance of CoTPPIm is 0.05 Å shorter than its

counterparts. The largest difference is observed in the case of

CoTTPCl, which has a NP–NP distance 0.06 Å shorter than the other

cobalt porphyrins with chlorine as an axial ligand. The NHC-

coordinated iron porphyrins exhibit a similar trend, with FeTPPNHC

displaying NP–NP distances that are 0.05 Å shorter than those of OEP

and unsubstituted porphyrins. In contrast, the iron porphyrins coordi-

nated with imidazole, such as FeTPPIm, have NP–NP distances only

0.002 Å longer than their counterparts. The results of the NP–NP dis-

tances reveal that imidazole yields the greatest distances, followed by

chlorine, with NHC resulting in the shortest distances. Although the

differences are small, the same trend is observed for both metals.

The bond distances between the metal atom and the proximal

oxygen (M O) are presented in Figure 5D. The porphyrins

coordinated with imidazole exhibit the shortest bond lengths, with the

iron porphyrins having the shortest M O distances overall. When

cobalt porphyrins have imidazole as an axial ligand, their M O dis-

tances are approximately 0.1 Å longer than those of iron porphyrins

with the same axial ligand. However, for all the porphyrins coordi-

nated to NHC, the M O distances are consistently within a narrow

range, varying by only 0.047 Å regardless of the metal or the ring

substituent.

In contrast, when chlorine is used as an axial ligand, cobalt por-

phyrins have M O distances that are 0.127 Å longer compared to

when NHC is used, and 0.186 Å longer than cobalt porphyrins coordi-

nated with imidazole. The changes in M O distances are more pro-

nounced for the iron porphyrins. For instance, the M O lengths of

FeTPPCl-O2 are 1 Å longer than those calculated for FeTPPIm-O2,

and 0.841 Å longer than those of FeTPPIm-O2. Furthermore, the dif-

ferences in M O distances between the various ring substituents are

more evident in the chlorine-coordinated porphyrins, with the largest

difference being 0.357 Å between FeTPPCl-O2 and FeOEPCl-O2.

It is noteworthy that although the highest binding energies are

generally obtained with the smaller M O distances among the stud-

ied porphyrins, the porphyrins with the highest binding energies, such

as Cobalt porphyrins with NHC, do not exhibit the shortest M O

bond lengths (Figure 5D, light red markers). In fact, the iron porphyrins

coordinated with imidazole display comparable binding energies to

those of NHC-coordinated cobalt porphyrins, yet their M O dis-

tances are approximately 0.12–0.15 Å shorter. Similarly, the iron por-

phyrins with NHC as the axial ligand yield M O bond lengths similar

to those of cobalt porphyrins with NHC, while having binding energies

4.4 kcal mol�1 lower.

The angles between the metal center and the dioxygen adduct

(M O O) are presented in Figure 6A. Among these, the iron porphy-

rins coordinated with chlorine as an axial ligand exhibit the shortest

angles, measuring approximately 121.4–122.1�. In contrast, cobalt

porphyrins with a chlorine ligand tend to have larger angles compared

to chlorine-coordinated porphyrins and other cobalt porphyrins.

When cobalt porphyrins have imidazole and NHC as axial ligands,

their angles are similar, differing by only around 1.361�. Notably, the

iron porphyrins coordinated to NHC display the largest M O O

angles, typically around 131�.

The O O bond distances of the O2 adducts are depicted in

Figure 6B. The cobalt porphyrins with an NHC ligand exhibit some of

the longest bond distances, followed by the imidazole-coordinated

porphyrins, irrespective of the metal. Interestingly, the O O distances

for the porphyrins with an imidazole axial ligand are somewhat consis-

tent, differing by only about 0.01 Å from one another. This is in stark

contrast to the differences observed between NHC and Cl-

coordinated porphyrins, where the maximum variations are on the

order of 0.023 and 0.020 Å, respectively. It appears that the nature of

the axial ligand does not entirely determine the resulting O O bond

distances in the dioxygen ligand. NHC-coordinated porphyrins, how-

ever, do exhibit variations in the stretching of the O O bond depend-

ing on the metal center, with cobalt porphyrins having the longest

O O distances. This same pattern is present when Cl is the axial
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ligand: cobalt porphyrins have larger O O bonds compared to iron

porphyrins.

In the context of O2 binding to metalloporphyrins, previous

research has identified a correlation between stronger binding ener-

gies and the weakening (and subsequent lengthening) of the O O

double bond, as well as a clear association between increased binding

energy and reduced M O bond lengths.41 However, in the present

work, while we observed a correlation between higher binding ener-

gies and longer O O bonds, the M O bond lengths did not consis-

tently follow this trend. Other computational studies have also found

where greater binding energies leading to shorter M O distances.6

Specifically, iron porphyrins with an imidazole ligand (Figure 5D, bold

blue markers) exhibited the shortest M O lengths. In contrast, other

porphyrin complexes, such as those featuring cobalt coordinated to

NHC (Figure 5D, light red markers), displayed comparable or even

higher binding energies while simultaneously featuring longer M O

bonds.

The O O distances in porphyrins with an imidazole ligand were

slightly shorter than those in cobalt porphyrins coordinated to NHC

(Figure 6B). These findings suggest that while these correlations are

useful heuristics, the exact distances are influenced by the specific

combination of metal, axial ligand, and, to a lesser extent, the ring

substituent.

To illustrate this, let us consider CoTPPNHC and FeTPPIm after

oxygenation. CoTPPNHC-O2 exhibits a M O distance of 2.036 Å, an

O O distance of 1.263 Å, and a binding energy of 15.26 kcal mol�1.

In contrast, FeTPPIm-O2 features a M O distance of 1.875 Å, an

O O distance of 1.267 Å, and a binding energy of 13.11 kcal mol�1.

Despite CoTPPNHC-O2 having a longer M O bond and a

comparable, albeit shorter, O O bond, it exhibits a binding energy

2.15 kcal mol�1 higher than FeTPPIm- O2. Iron porphyrins with a SH

axial ligand have been reported to follow similar trends, where the

M O distance was 1.940 Å, the O O distance 1.356 Å, and the bind-

ing energy 17.87 kcal mol�1, in contrast to the same iron porphyrin

with a 2-methylimidazole, which featured a M O length of 1.891 Å,

an O O length of 1.345 Å, and a binding energy of 8.69 kcal mol�1.6

These observations suggest that, in our work and in the literature, the

O O distance consistently corresponds to the magnitude of the bind-

ing energy, whereas the M O bond distance appears to be reliant on

the specific combination of metal and axial ligand.6,41 It seems that

when imidazole is used as an axial ligand, the effects of the metal and

the ring substituents on some of the geometrical parameters are less

evident. With NHC, there is a clear difference in the geometrical

parameters between cobalt and iron porphyrins, but less on the ring

substituent. It is also important to mention that when imidazole is

used, the binding energies also lie within close range, despite the dif-

ferent substituents or metals, which is clearly not the case with NHC,

let alone Cl. A clear trend involving the binding energy is observed for

all the studied systems. The larger the binding energy of the porphyrin

to O2, the larger the O O bond lengths calculated for the dioxygen

adduct.

3.5 | Planarity and deformations of the porphyrins

The deformations of the porphyrin plane, as depicted in Figure 7,

appear to vary significantly based on the choice of axial ligand and

ring substituents. The NHC axial ligand leads to the most substantial

F IGURE 6 Geometrical parameters of oxy-porphyrins (horizontal axis) and their resulting binding energy to O2. (A) Bond angle between the
metal cation and the O2 adduct (M–O–O). (B) Bond distance between the oxygen atoms in the O2 adduct (O–O). Marker color: axial ligand;
marker shape: ring substituents; bold or light color: iron or cobalt as metal centers, respectively.
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deformations of the porphyrin plane (Figure 7, red markers). In con-

trast, when imidazole is used, the deformations are notably smaller

(Figure 7, blue markers), with a noteworthy exception: CoTPPIm-O2

exhibits a deformation more closely resembling those obtained with

NHC (Figure 7B, light blue triangle). This structural stability induced

by imidazole could be one of the reasons why natural selection chose

the imidazole-containing amino-acid histidine to serve as the axial

ligand of the heme group in hemoglobin.

It is worth noting that iron porphyrins coordinated to imidazole

maintain significant planarity, regardless of the ring substituents. It

appears that, for iron porphyrins, planarity is primarily determined by

the axial ligand. When NHC or chlorine is employed instead, the tetra-

phenyl porphyrins consistently display greater deformations, followed

by the octaethyl- and unsubstituted porphyrins.

In cases where chlorine is the axial ligand, the phenyl substituents

seem to induce more pronounced changes in planarity compared to

porphyrins featuring other axial ligands. Additionally, with NHC as the

axial ligand, the unsubstituted and octaethyl porphyrins exhibit similar

deformations, regardless of the metal. However, for tetraphenyl por-

phyrins, cobalt leads to greater deformations.

Notably, CoTPPNHC displays both the highest binding energy

and deformation among all the studied porphyrins. It is possible that

despite being significantly distorted into a saddled geometry, this

shape contributes to the thermodynamic favorability of O2 binding.

The shifts in planarity upon O2 binding, as depicted in

Figure 7A,B, highlight the distinct planar nature of iron porphyrins

coordinated with imidazole. Within this group, O2 binding leads to a

decrease in RMSEplane, indicating a trend toward increased planarity in

the porphyrin ring after oxygen binding (Figure 7B, bold blue markers).

In contrast, for most of the other porphyrins, O2 binding induces an

increase in the RMSEplane, signifying that the oxygen adduct prompts

additional distortions. Notably, cobalt porphyrins with imidazole or

F IGURE 7 (A,B): Planarity of the porphyrin ring (RMSEplane) before (A) and after (B) oxygen binding and the resulting binding energy. (C,D):
RMSEplane (horizontal axis) and size of the porphyrin core measured as the average NP–NP distances before (C) and after oxygen binding
(D) (vertical axis). Marker color: axial ligand; marker shape: ring substituents; bold or light color: iron or cobalt as metal centers, respectively.
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NHC axial ligands exhibit similar changes in planarity across different

ring substituents, unlike iron porphyrins, which display larger changes

on the RMSEplane values after O2 binding with NHC compared to imid-

azole. These differences could be partially explained by the ground

states of the different porphyrins before and after oxygen binding.

While cobalt porphyrins with NHC and imidazole remain in a LS state

after O2 binding, iron porphyrins with imidazole move from a HS to

LS, whereas those with NHC as an axial ligand change from LS to IS

(Table 2).

Conversely, porphyrins with Cl as an axial ligand exhibit signifi-

cantly distinct changes depending on the metal used. Notably,

FeTPPCl exhibits the most substantial alteration in planarity following

O2 binding.

Some studies pointed out that the shorter the M–Np distances,

and the smaller the porphyrin core (NP–NP) the more ruffled the por-

phyrin plane is observed.42,43 By plotting the porphyrin core size

(NP–NP) as function of the RMSEplane, it can be observed that for the

studied porphyrins this trend is also observed for oxy-porphyrins

(Figure 7D). Likewise, a more deformed porphyrin plane also inversely

correlates to the M–NP distances, but not to the displacement of the

metal atom. It seems that ΔM is preeminently determined by

the interactions with the axial ligands, irrespective of the deforma-

tions of the porphyrin plane or the widening of the porphyrin core.

Earlier reports have pointed out that larger metal centers tends to

yield more planar conformations than smaller metals, and that non-

planar porphyrins tend to have smaller porphyrin cores.44 Specifically,

Fe(II) has an ionic radius of 0.74 Å, while Co(II) has an ionic radius of

0.65 Å.45 This observation aligns with the trends observed in defor-

mation for the various oxy- porphyrins on this work. In Figure 7D, it

can be seen that although cobalt porphyrins result in smaller porphy-

rin cores compared to their iron counterparts, the relationship

between core size and distortion is strongly influenced by the choice

of axial ligand on the metal center. Notably, the differences in planar-

ity between iron and cobalt porphyrins are less pronounced when

NHC or imidazole is used as the axial ligand. When NHC is employed, a

clear distinction emerges between the various porphyrin ring substituents

in terms of their RMSEplane values (MPNHC < MOEPNHC < MTPPNHC;

M = Fe, Co). However, when imidazole is the axial ligand, all substituents

tend to cluster around similar core sizes and planarity, except for

CoTPPIm-O2, which exhibits deformations closer to those of NHC-

coordinated porphyrins. Overall, while smaller metal centers tend to yield

smaller porphyrin cores and greater plane deformations, the resulting

degree of plane deformation is further influenced by the porphyrin sub-

stituents, with the phenyl groups inducing the greatest deformations. Ulti-

mately, the resulting planarity is a combination of the effects of both the

cation and substituents.

However, these trends do not apply in the same way to deoxy-

porphyrins (Figure 7C). For iron porphyrins, larger cores compared to

cobalt porphyrins are only observed when imidazole and chlorine are

used as axial ligands. Surprisingly, cobalt porphyrins with these axial

ligands exhibit similar or even more planar porphyrin rings than their

iron counterparts. Similar to the observations with oxy-porphyrins,

the cobalt porphyrins with tetraphenyl substituents deviate

significantly, showing greater distortion compared to other imidazole-

and chlorine-coordinated porphyrins. On the other hand, porphyrins

with NHC as an axial ligand exhibit significantly greater distortions

than other porphyrins. Interestingly, cobalt porphyrins exhibit slightly

larger cores than iron porphyrins, contrary to the reports from litera-

ture44 and the trends observed in the oxy-porphyrins in our study.

In summary, the planarity of the studied porphyrins appears to be

influenced by both the axial ligand and the porphyrin substituents. For

most of them, the presence of the phenyl substituents induces greater

distortions, even with small axial ligands as chlorine. Notably, the pla-

narity of porphyrins containing imidazole does not seem to be signifi-

cantly affected by the ring substituent. To explore further these

differences the natural charges, electronic configurations, and orbital

occupancies of the metal 3d orbitals will be analyzed.

3.6 | Natural atomic charges and electronic
configurations

The changes on the calculated natural atomic charges (NAC) on the

metal atoms are presented in Figure 8. The most drastic changes in

the charge are those of the iron porphyrins with an imidazole axial

ligand (Figure 8, bold blue markers). The charges of the iron atom

decrease by �0.755, �0.831, and �0.839 after O2 binding for FePIm,

FeOEPIm, and FeTPPIm, respectively. The Iron porphyrins with chlo-

rine as an axial ligand (Figure 8, bold green markers) have the second

largest increase in their charge, with �0.439, �0.493, and �0.431 for

FePCl, FeOEPCl, and FeTPPCl.

On the other hand, the changes on charge for cobalt porphyrins

and the iron porphyrins with NHC as an axial ligand are smaller and in

the order of �0.2. In the case of cobalt porphyrins, the changes for

the NHC and imidazole-coordinated porphyrins (Figure 8, light blue

F IGURE 8 Change on the natural atomic charges (NAC) on the
metal atoms after O2 binding (horizontal axis) and their resulting
binding energy to O2. Marker color: axial ligand; marker shape: ring
substituents; bold or light color: iron or cobalt as metal centers,
respectively.
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and red markers) are in close proximity to one another, all six systems

lying between changes of �0.244 and �0.204. The iron porphyrins

with NHC as an axial ligand exhibit the smallest change in charge, with

�0.155, �0.141, and �0.150 for FePNHC, FeOEPNHC and

FeTPPNHC, respectively (Figure 8, bold red markers).

The NAC on the oxygen atoms of the porphyrin-O2 adduct are

presented in Figure 9A for the proximal oxygen (Oa) and in Figure 9B

for the distal oxygen atom (Ob). In the case of the proximal oxygen,

the lowest charges were calculated for the cobalt porphyrins with NHC

and imidazole as axial ligands (Figure 9A, light red and blue markers).

Although small, the NHC-coordinated cobalt porphyrins have the larg-

est negative charge on the cobalt atom, with �0.063, �0.067, and

�0.073 for CoPNHC-O2, CoOEPNHC-O2, and CoTPPNHC-O2. These

are followed by the cobalt porphyrins with imidazole as an axial ligand,

in the order of �0.039. The charges on Oa of the remaining porphyrins

seem to be very close to neutral ranging between �0.003 and 0.008.

The NAC on the distal oxygen show a more clear pattern

(Figure 9B). The higher the binding energies, the more negative the

charge on Ob. The lowest charges were calculated for the cobalt por-

phyrins with NHC as an axial ligand, followed by the porphyrins coor-

dinated with imidazole, and then the iron porphyrins with NHC. A

similar trend, observed on many geometrical parameters and binding

energies is also present here: when the axial ligand is imidazole, the

differences between the two metal centers seem to be smaller, than

those differences with NHC or Cl. The iron porphyrins with chlorine

as axial ligand were calculated to have charges close to neutral for Oa

and Ob, meaning that the charge distribution around O2 is close to

that of free-dioxygen. This is consistent with the shortest O O

bonds, longer M O bonds, and small binding energies calculated for

iron porphyrins with chlorine. The NAC shed some light on the differ-

ences between the different porphyrins. The electronic behavior of

the different porphyrins can be further understood by analyzing the

occupancies of the 3d orbitals of their metal centers.

The occupancy of the 3dx2–y2 orbital of the metal atoms in the

different porphyrins is presented in Figure 10A for the deoxy- por-

phyrins and in Figure 10B after O2 binding. The tetraphenyl cobalt

porphyrins all showed a 3dx2–y2 occupancies closer to 1, compared

to the almost doubly-occupied 3dx2–y2 orbitals on octaethyl and

unsubstituted porphyrins (Figure 10A, light triangle markers). With

the iron porphyrins, this was also observed when NHC was used as an

axial ligand, but not when chlorine or imidazole were used, as in these

two cases the 3dx2–y2 were singly occupied. Figure 11 presents the

NP–NP distances as a function of the occupancy of the 3dx2–y2

orbital of the metal atom. The differences in this geometric parameter

for the tetraphenyl porphyrins are consistent with the lower occupan-

cies of the 3dx2–y2 orbital. For each metal and axial ligand (except

imidazole) all the TPP molecules had shorter NP–NP distances com-

pared to their counterparts with the same metal and axial ligand.

These TPP also exhibit the occupancies closer to 1 before oxygen

binding. Interestingly, the iron porphyrins containing imidazole do not

show such trends.

After O2 binding, the distinctions between the tetraphenyl-

substituted porphyrins and the others become more pronounced, with

one notable exception being when imidazole is used as an axial ligand.

Across all tetraphenyl porphyrins (TPP), regardless of the metal or

axial ligand, their 3dx2–y2 orbital remains close to be singly occupied.

In contrast, most of their counterparts exhibit occupancies much

closer to double occupancy of the same orbital upon O2 binding. The

FeTPPIm is the only TPP whose 3dx2–y2 occupancy increases after

binding O2. in stark contrast, the CoOEPIm is the only porphyrin that

lowered the occupancy of this orbital after O2 binding.

When considering the 3dxy orbital, the trend is reversed. Most

tetraphenyl porphyrins, with the exception of FeTPPIm-O2, have 3dxy

orbitals that are almost doubly occupied, while the octaethyl- and

unsubstituted porphyrins have occupancies closer to 1 for the same

orbital. This pattern remains consistent regardless of the metal or axial

F IGURE 9 Natural atomic charge (NAC) on the proximal (A) and the distal (B) oxygen atom (horizontal axis) and their resulting binding energy
to O2. Marker color: axial ligand; marker shape: ring substituents; bold or light color: Iron or Cobalt as metal centers, respectively.
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ligand used. The singular exception of CoOEPIm is also present: upon

oxygenation, the occupancy of the 3dxy increases.

These results align with the observed trends in geometry. Most

TPP-porphyrins yield shorter NP–NP and M-NP distances and exhibit

larger deviations from planarity than the porphyrins with the same

axial ligand. Additionally, they tend to have lower occupancy of the

3dx2–y2 orbital and higher occupancy of the 3dxy orbital. The case of

FeTPPIm-O2, while exceptional, is also consistent in the sense that it

does not follow the observed trends in orbital occupancy nor in the

geometric parameters. Although establishing causality between these

observations is challenging, it is evident that the geometrical differ-

ences in the TPP-porphyrins are closely related to the electronic

structure of their 3d orbitals.

As for the changes, in the case of CoTPP porphyrins with NHC,

the 3dx2–y2 occupancy decreases by 0.156, and for CoTPP with imid-

azole it only decreases by 0.002. Conversely, the FeTPPNHC

increased the 3dx2–y2 occupancy by 0.261. The largest changes in

the 3dx2–y2 occupancies are obtained with chlorine and imidazole.

For instance, the FePCl increases its 3dx2–y2 occupancy by 0.953,

while for the same porphyrin with an imidazole ligand the occupancy

increases by 0.704 (Table S4).

The case for imidazole can be related to its electronic structure.

Iron porphyrins with imidazole ligands tend to have a doubly- occu-

pied 3dxz orbital.21,22 Experimental work has demonstrated that

histidine-coordinated deoxy-hemes tend to have two electronic struc-

tures at equilibrium, one with a double occupation of the 3dxz orbital,

and another one with a doubly occupied 3dxy orbital, with the former

being dominant at room temperature.22 The iron porphyrins on this

work show 3dxz orbitals with occupancies close to 2, and upon oxy-

genation an occupancy closer to 1. Conversely, 3dx2–y2 orbitals on

the imidazole-coordinated porphyrins start from occupancies close to

1, and change to double occupancy after O2 binding.

Although the displacement of the metal atom could be attributed

to the interaction of the 3dx2–y2 orbital and nitrogen atoms of on the

porphyrin ring,22 such trend was not observed on the porphyrins in

this work, either before or after oxygenation, as the displacements

decrease for all the porphyrins even when the occupancy of 3dx2–y2

orbitals remain closer to the value prior O2 binding.

4 | CONCLUSIONS

The effects and interactions of different metals, axial ligands, and ring

substituents on porphyrins were studied using DFT. It was observed

that the choice of axial ligand significantly affects the spin state and

oxygen affinity of porphyrins. Remarkably, NHC enhances the affinity

F IGURE 10 Occupancy of the 3dx2–y2 orbital of the metal center in deoxy- (A) and oxy-porphyrins (B) (horizontal axis) and their resulting
binding energy to O2. Marker color: axial ligand; marker shape: ring substituents; bold or light color: iron or cobalt as metal centers, respectively.

F IGURE 11 Occupancy of the 3dx2–y2 orbital of the metal
center in oxy-porphyrins (horizontal axis) and their average NP–NP

distances. Marker color: axial ligand; marker shape: ring substituents;
bold or light color: iron or Cobalt as metal centers, respectively.
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of cobalt porphyrins over that of iron porphyrins with imidazole and

chlorine as axial ligands. Cobalt porphyrins coordinated to NHC have

higher binding energies than other configurations, indicating the

potential utility of cobalt-NHC complexes in O2-related applications.

Furthermore, imidazole appeared to have a stabilizing effect on

the porphyrin structure. Imidazole reduced the variability of geo-

metrical parameters, irrespective of the metal or ring substituent

used. A good example of this stabilizing influence was observed in

the iron tetraphenyl porphyrin with imidazole (FeTPPIm), which

displayed enhanced planarity in its deoxy (RMSEplane = 0.028) and

oxy-form (RMSEplane = 0.027) compared to its cobalt counterpart

in the deoxy form (RMSEplane = 0.224), as well after O2 binding

(RMSEplane = 0.303). Surprisingly, imidazole-coordinated porphy-

rins showcased consistent affinities to O2, underlining the robust-

ness of this ligand's stabilizing effect across various metal and

substituent combinations. This stability is likely to be a factor

influencing the natural selection of histidine as the axial ligand in

hemoglobin. Notably, the n-heterocyclic carbene (NHC) as an axial

ligand induced a low-spin state in iron deoxy-porphyrins and a triplet

state upon O2 binding, with binding energies averaging 3.6 kcal mol�1

lower than iron porphyrins (FeP) with imidazole. Conversely, cobalt

porphyrins (CoPs) coordinated to NHC maintained a doublet

(LS) configuration post-oxygenation. When chlorine was used as an

axial ligand, CoPs yielded a triplet (IS) ground state. The tetraphenyl-

porphyrins (TPP) had 3dx2–y2 orbitals close to singly occupied, and

did not change upon O2 binding, as the other porphyrins and the

FeTPPIm, which change to a doubly occupied 3dx2–y2. Similarly, the

TPP exhibited doubly occupied 3dxy orbitals before and after binding

O2, whereas for the other porphyrins this orbital appears to be sin-

gly occupied. Once more, The FeTPPIm shows as an exception, as

the 3dxy orbital of this porphyrin had an occupation closer to 1.

In summary, the results emphasizes the multifaceted nature of

porphyrin interactions. Although the axial ligand exerts a significant

influence on the structure of the porphyrin and its affinity to O2, the

specific combination of metals, ring substituents, and axial ligands

yield different results. The enhancement of the affinity of cobalt por-

phyrins with n-heterocyclic carbenes is worth exploring for oxygen

transport and catalysis applications. Furthermore, it was shown that it

is possible to tailor the porphyrins for a specific application, and in the

case of their affinity to O2, it could be modulated in increments as low

as 1 kcal mol�1, and in a range of 1–15 kcal mol�1.
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