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Summary: Copper porphyrins are generally known to show a less diverse reactivity as compared 
to their iron counterparts, both redox-wise and in terms of axial ligation. Reported here are density
functional theory (DFT) results on models of copper (II)-porphyrins (models of [5,10,15,20-
tetrakis(N-methylpyridyl-4)porhinato]copper(II)tetratosylate) with a set of axial ligands – nitrite
(both the nitrogen-bound isomer and the oxygen-bound isomer, i.e., nitro and nitrito), imidazole,
two forms of phenol (neutral and anionic), and water - related to an unexpected range of electronic 
structures detectable in electron paramagnetic resonance (EPR) spectra of a water-soluble copper 
porphyrin with water, nitrite, imidazole, dithionite, 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) (ABTS) and guaiacol. Computed spin densities and atomic charges reveal various 
degrees of influence of the axial ligands on the Cu-porphyrin electronic structure, which may be 
related to the notably different changes induced by each ligand (imidazole, nitrite, guaiacol and 
ABTS) on the EPR superhyperfine splitting, but with an unexpectedly strong dependence on 
choice of the computational methodology. Thus, at the B3LYP/6-31G** level the copper spin 
densities are predicted to range from 0.69 to 0.73 depending on the axial ligand, this contribution 
being located on the dx2-y2 orbital in a range from 65% to 100%. BP86/DN** results tend to favor a 
distinctly larger spread of these values.
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Introduction

Copper porphyrins show a less diverse 
reactivity as compared to iron porphyrins, both 
redox-wise and in terms of axial ligation. Oxidation 
reactions of the Cu(II)-porphyrin complexes typically 
take place at the porphyrin ligand while the central 
copper ion remains in the oxidation state of +2; in 
contrast iron, manganese or cobalt can lead to formal 
oxidation states as high as +5 [1, 2].

Copper(II) porphyrins can bind to DNA due 
to the absence of a fifth axial ligand and are capable 
of both binding and intercalation exhibiting 
preference for GC (guanine-cytosine) base pairs [3].
However, there is little direct evidence for axial 
ligand exchange reactions at the copper in 
porphyrins. Another copper-porphyrin complex 
(sodium-copper chlorophyllin) has been shown to act 
as an inhibitor and also as a promoter of DNA-
damage induction by a variety of mutagens [4]. 

The water-soluble copper porphyrinate, 
copper (II) porphyrinate (CuTPPs = [5,10,15,20-
tetrakis(N-methylpyridyl-4)porhinato]copper(II)
tetratosylate)), was previously examined by UV-Vis 
and electron paramagnetic (EPR) spectroscopy for its 
ability to engage in a number of reactions involving 

either axial ligation to the copper or possible redox 
cycling, with ligands and potential redox partners 
such as nitrite, imidazole, dithionite, 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS) and 
guaiacol [5]. Almost non-detectable changes in the
UV-vis spectra of CuTPPs were noted, in contrast to
an unexpected range of electronic structures clearly 
detectable in the EPR spectra [5]. The superhyperfine 
coupling seen in the CuTPPs spectra with some of the 
ligands was distinctly larger than anything previously 
reported for iron porphyrins or related systems [6],
and was reminiscent of previously noted 
manifestations in copper porphyrinate complexes [7].
The present work aims to investigate the electronic 
structure basis of these changes in EPR spectra, 
employing theoretical methods. Indeed, 
computational methods, especially density functional 
theory and to some extent semiempirical ones, 
generally provide useful insight into transition metal 
complexes, including porphyrinates [8]. 

Experimental

Density functional theory (DFT) 
calculations were carried out using the Gaussian 09 
[22], Spartan 5 [23] and Spartan '06 [24] software 
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packages. The Results section discusses Gaussian 09 
results, unless otherwise specified.

All the structures considered in the study 
(Fig. 1) were constructed using the graphical 
interface of Spartan '06 program. Geometry 
optimizations and frequencies analysis were carried 
out using the gradient corrected hybrid density 
functional B3LYP [25-28] in conjugation with 6-
31G** basis set in Gaussian 09 and in Spartan '06. 
The choice of B3LYP/6-31G** is based on the fact 
that it has been demonstrated that B3LYP is excellent 
in modeling this type of molecules [29-32]. Default 
convergence criteria were employed in each software 
package.

Single-point calculations of structures 1-7 in 
water were also performed using B3LYP/6-31G** on 
gas-phase-optimized geometries, using the COSMO 
model as implemented in Gaussian09 (CPCM) [33]. 
For molecules 1-7 a natural bond orbitals analysis 
(NBO) [34] was also performed in Gaussian. Ligand 
binding energies were calculated with formula ΔE = 

[E(model) - E(model 1) - E(ligand)], where E is the 
each model energy calculated with Spartan '06. 

Results and Discussion

Reported here are computational data on 
copper (II) porphyrinate (CuTPPs) complexes, in the 
context of the previously discussed [5] unexpected 
range of electronic structures detectable in EPR 
spectra. In the experimental measurements the axial 
ligands were nitrite, imidazole, dithionite, ABTS and 
guaiacol (Fig. 1). The axial ligands employed in our 
calculations are therefore nitrite, imidazole, and two 
forms of phenol (neutral and anionic) . The latter is 
used as a model for guaiacol and/or ABTS. Also 
examined was a water ligand, since the EPR spectra 
were recorded in water. Modeling binding of 
dithionite to the copper was not attempted, due to the 
fact that multiple binding modes are possible not only 
for dithionite but also for its several possible 
decomposition products (e.g. SO2

-, S2O3
2-, SO3

2-).
The optimized geometries for models 1-7 are shown 
in Fig. 2, with energies reported in Table-1.

Fig. 1: Models employed in the present study.
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Table-1: Calculated energy and ligand binding 
energies. ΔE=[E(model)-E(model 1)-E(ligand)].

No. E (hartree) ΔE(kcal/mol)

1 -2628.770282 0

2 -2705.200431 -6.5
3 -2833.925829 -22.0
4 -2843.930806 -25.0
5 -2935.684879 -13.9

6 -2936.256475 -4.8

7 -2855.002833 -5.7

As seen in Fig. 2, structure 1 remains 
entirely planar as expected. In the other structures, 
the copper is slightly displaced out of the porphyrin 
plane, depending on the strength of the axial bonds; 
these displacements are, however, generally very 
small, cf. Table-2: between 0.02 and 0.06 Å for the 
weakly-binding water and phenol, and between 0.22 
and 0.45 Å for the more properly bound nitrite, 
phenolate and imidazole – with the maximum 
distance seen for the O-nitrite adduct. For the latter 
case, the distance between the metal and the plane 
defined by the macrocycle nitrogens is ~double 
compared to what is computed for a model where the 
Cu(II) was replaced with Fe(III) or Fe(II) (0.17 Å, cf. 
geometries reported in [9] and similar ones in [10, 
11] – arguably because of a larger radius of the 
copper compared to iron (van der Waals radius of 
1.57 Å compared to 1.31 Å, respectively).

In structure 2 the water ligand forms two 
hydrogen bonds with the nitrogen atoms from the 
porphyrin (N---H distances of ~2.5 Å cf. Table-2, 
which is shorter than the sum of van der Waals radii 
of nitrogen and hydrogen, of 2.75 Å). In structure 6
(the phenol adduct) the same happens with the 
hydrogen atom from protonated phenol, with the 2.16 
Å N—H distance (cf. Table-2) indicating a hydrogen 
bond stronger than those established by water. The 
hydrogen bonds established in models 2 and 6 are 
paralleled by the fact that the bond lengths between 
Cu and O are particularly elongated; in fact, with 
2.71 and 3.17 Å, these Cu-O distances are longer 
than the N---H hydrogen bonds and, in the case of the 
phenol adducts, even longer than the sum of van der 
Waals radii of copper and oxygen, suggesting no 
attractive interaction between these two atoms. This 
suggests that any association between water or 
hydroxylic ligands with Cu(II) porphyrins can be 
expected to mainly involve hydrogen bonding to the 
nitrogens, rather than direct metal-oxygen 
coordination. Indeed out of 242 structures identified 
in the Cambridge Cristallographic datatabase [12] 
only 7 contain Cu-O bonds; four have neutral oxygen 
ligands [13-16] and the Cu-O bond in these is 
particularly long (generally 2.5-2.7 Å) with the 
exception of [16] where the protons of the water 
ligand bound to the Cu are strongly interacting with 

the hexafluoroantimonate anions presumably giving 
water a partial anionic character and allowing it to lie 
within 2.2 Å of the Cu. Also, of the 242 structures 
only five others contain axial ligands to the Cu (one 
with Cl [17] and four with N [18-20]), all with bond 
lengths between 2.4-2.6 Å. All of these experimental 
data are therefore in good agreement with the 
calculations reported here (Table-2).

Table-3 shows the evolution of energy for 
models 2-7 upon elongation of the axial bond lengths 
by 1 Ǻ. These values provide an estimate of the axial 
bond strength, since in the elongated structures the 
Cu-axial ligand distances are all higher than the sum 
of van der Waals radii. These bond strengths are 
larger in structures 3, 4, and 5, where the ligands are 
anionic and the bonds are shorter (Cu-L distances of 
2.18 Å, 2.11 Å, respectively 2.08 Å, cf. Table-2) 
compared to structures 2 and 6 (Cu-L distances of 
2.71 Å respectively 3.17 Å, as the ligand-macrocycle 
bonds are essentially hydrogen-bonding in nature). 
When nitrite binds in an O-coordinate fashion to 
copper (structure 4), the Cu---O bond is stronger by 
~3 kcal/mol compared to Cu---N bond from N-
coordinate binding mode (structure 3), in contrast to 
the case of the similar iron (II) and (III) and cobalt 
(II) and (III) complexes, where the N-nitrite isomer 
was preferred [9]. The energy differences computed 
for models 2 and 6 (Table-3) suggest essentially 
identical binding energies (~2.6 kcal/mol) even 
though the number of hydrogen bonds between the 
ligand and the macrocycle differs (two with water, 
one with phenol). The weakness of these hydrogen 
bonds (~half compared to a typical strong hydrogen 
bond) suggests that compounds 2 and 6 are unlikely 
to be found as stable static structures in solution. In 
structure 7, where the imidazole ligand is neutral, the 
Cu---N bond is relatively weak (ΔE=4.7 kcal/mol, 
comparable to the energy of a strong hydrogen bond); 
such weakness of the axial bonds, especially with 
imidazole or thiolate ligands, has also been noted 
with iron porphyrins [21].

Table-4 shows computed Mulliken atomic 
spin densities for models 1-7 (Fig. 3). The differences 
between the copper spin densities in these 7 
structures are not major, as the values range from 
0.67 to 0.73. The nitrogen spin density, with values 
between 0.083 and 0.064, is relatively small but, 
summed up over the four nitrogen atoms, does 
amount to an ~30% of the spin density being 
delocalized away from the copper. As expected, the 
orbitals with unpaired electrons are dx

2
-y

2 with lobes 
pointing to the four nitrogen atoms (Fig. 3). Part of 
the spin density is also localized in the dyz orbital 
(structure 5), while in structure 6 the dxz and dz

2 

orbitals are also involved (cf. Table-5).
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Fig. 2: Optimized geometries for models 1-7.

Table-2: Calculated Cu-X (X=O, N), N(porphyrin)-H(ligand) and Cu-porphyrin plane (Cu-P) distances, in Å.
No. Cu-N1 Cu-N2 Cu-N3 Cu-N4 Cu-N* Cu-P Cu-O N1-H1 N2-H2 Cu-N5
1. 2.00 2.00 2.00 2.00 2.00 0.00 - - - -
2. 2.02 2.02 2.00 2.00 2.01 0.06 2.71 2.48 2.51 -
3. 2.05 2.05 2.05 2.05 2.05 0.34 - - - 2.18
4. 2.05 2.05 2.06 2.06 2.05 0.45 2.11 - - -
5. 1.96 2.1 1.96 2.05 2.01 0.23 2.08 - - -
6. 2.02 2.00 2.00 2.00 2.00 0.02 3.17 2.16 - -
7. 2.02 2.02 2.03 2.03 2.02 0.22 - - - 2.36

*average of the Cu-N bonds lengths 

Table-3: Energy variation for models 2-7 upon 
elongation of the axial bond lengths by 1 Ǻ.

No. ΔE (kcal/mol)

2 2.58

3 13.3

4 16.4

5 10.6

6 2.60

7 4.70

In structures 2 and 6 the spin densities on 
the four nitrogen atoms are larger than for most 
models, except model 1 (Table-6). In these two cases 
there is no copper-oxygen interaction, which makes 2

and 6 very similar to 1. Comparing structures 2 and 7
with in structure 7, which has proper axial ligation, 
the interaction between copper and nitrogen from 
imidazole decreases the spin density on the four 
nitrogen atoms of the porphyrin to a value of 0.073 as 
compared to the 0.079 seen in structure 2. The 
hydrogen bonds affect the nitrogen spin density, 
insofar as nitrogens involved in such hydrogen bonds 
tend to have somewhat less spin density; indeed, spin 
density in nitrogen is inversely correlated with the 
total charge, and a higher charge would be required 
for efficient hydrogen bonding.



Roxana-Viruca Ţolan, Alexandru Lupan and J.Chem.Soc.Pak., Vol. 38, No. 03, 2016
Radu Silaghi-Dumitrescu

409

Fig. 3: Spin densities computed for models 1-7.

The influence of ligands on Cu-porphyrin 
electronic structure is unexpectedly small, compared 
to what one might have expected based on the
notably different changes induced by each ligand 
(imidazole, nitrite, guaiacol and ABTS) on the EPR 
superhyperfine splitting [5]. Indeed, the copper g┴

signal (g=2.06) displays superhyperfine coupling 
from the four nitrogen atoms of the porphyrin leading 
to a complex pattern with peak-to-peak distance of 17 
G. While this coupling is almost unobservable in the 
starting material (aqueous copper porphyrin), it 
becomes detectable with distinctly different 
intensities in the several spectra shown in ref. [5]. A
small difference is observed in spin densities at the 
copper and at the porphyrin nitrogen atoms in 
structures 3 and 4 comparatively with structure 1,
where copper has no axial ligand. Copper spin 
density increases under the nitrite axial ligation 
influence (from 0.67 in structure 1 to 0.72 and 0.73 in 
structures 3 and 4), while nitrogen spin densities 
decrease (from 0.080 in structure 1 to 0.067 and 
0.064 – 0.066 in structures 3 and 4) (Table-4). In the 
EPR spectra, the superhyperfine coupling emerges 
notably detectable in presence of nitrite as axial 
ligand [5], which is the opposite of what one would 
expect based on the trends of spin density on 
porphyrin nitrogens computed by DFT. Phenolate as 
copper axial ligand in structure 5 has the same effect 

as nitrite on copper and nitrogen spin densities, while 
for protonated phenol as ligand (in structure 6), the 
differences are much smaller (Table-4). Comparing 
these results with EPR spectrum [5] of CuTPPs with 
guaiacol and ABTS which shows significant 
superhyperfine coupling, the experimental data not 
only indicates more considerable changes in the 
electronic structure than computations, but also, as in 
the case of nitrite as ligand, an opposite trend to what 
is expected based on DFT-derived nitrogen spin 
densities. In structure 7, imidazole increases copper 
spin density (from 0.67 in structure 1, to 0.70) and 
decreases spin density in porphyrin nitrogen atoms 
(from 0.080 in structure 1 to 0.073), while the 
changes induced by this ligand in the EPR 
superhyperfine splitting are much larger and again of 
opposite nature [5]. This is unexpected, and leads to 
the more detailed analyses reported below.

The trend in the magnitude of 
superhyperfine coupling effects seen in the 
experimental EPR spectra is (phenolic 
system)>imidazole>nitrite [5]. One would expect to 
see the same trend followed by DFT-derived spin 
densities. This trend can be supported if one assumes 
non-protonated phenol as ligand, but not if phenolate 
coordination is considered.
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Table-4: Calculated Mulliken atomic charges and atomic spin densities for models 1-7 in vacuum. Values for 
the porphyrin and axial ligands are 0.00, and therefore not shown.

No. Cu (charge) Cu N1 N2 N3 N4 N1+N2+N3+N4
1. 0.85 0.670 0.080 0.080 0.080 0.080 0.320
2. 0.82 0.690 0.079 0.075 0.079 0.075 0.310
3. 0.78 0.720 0.067 0.067 0.067 0.067 0.270
4. 0.76 0.730 0.064 0.066 0.064 0.066 0.260
5. 0.80 0.730 0.064 0.064 0.064 0.064 0.260
6. 0.82 0.670 0.083 0.076 0.080 0.080 0.320
7. 0.88 0.700 0.073 0.074 0.073 0.073 0.290

The copper Mulliken atomic charges for
models 1-7 are shown in Table-5. Copper charges in 
structure 1, where there is no axial ligand and in 
structure 7 have larger values, 0.85 and 0.88 
respectively. In structures with anionic axial ligands, 
3, 4 and 5, copper charges are smaller, 0.78, 0.76 and 
0.80, which is partly due to a different overall charge 
of the model in these systems. In structures 1, 2, 6
and 7 the copper atomic spin densities values are 
smaller, but the atomic charges are larger than in 
structures 3, 4 and 5 (Table-4).

Table-5 illustrates that in models 5 and 6
(with phenol and phenolate as axial ligands) the net 
spin density at the copper is partly due to 
contributions of two other d orbitals, leaving even 
less spin in the dx2-y2 – the orbital directly pushing 
spin density onto the nitrogens. This is again at odds 
with expectations based on the EPR spectra, where 
the phenol-type systems seem to have the largest 
amount of spin delocalization towards to porphyrin 
nitrogens.

Table-5: Copper d occupied orbitals (NPA analysis).
No. d orbitals Cu
1. x2-y2 0.69
2. x2-y2 0.70
3. x2-y2 0.74
4. x2-y2 0.74
5. x2-y2 0.59

yz 0.16
6. xz 0.16

x2-y2 0.48
z2 0.06

7. x2-y2 0.72

Single point calculations for models 1-7
were also performed in water. The influence of 
solvation on Cu-porphyrin spin densities is minor, cf. 
Table-6. In structure 1 solvation produces no change,
most likely because the molecule is symmetrical to 
the point where its dipole moment is zero. In the 
models involving neutral ligands, the computed spin 
densities are smaller than in vacuum, which implies, 
as discussed above when examining hydrogen 
bonding to water and phenol, an expected increase in 
polarization of the Cu-nitrogen bonds. In the models 

involving anionic ligands, the spin density values of 
the porphyrin nitrogen atoms increase from 0.067 in 
vacuum to 0.071 in water in model 3, respectively 
from 0.064 to 0.068, for models 4 and 5 (Table-6), 
while the copper spin densities decrease. 

Table-6: Calculated Mulliken atomic charges and 
atomic spin densities in water. Values for the 
porphyrin and axial ligands are 0.00, and therefore 
not shown.
No.

Cu 
(charge)

Cu N1 N2 N3 N4 N1+N2+N3+N4

1. 0.86 0.670 0.080 0.080 0.080 0.080 0.320
2. 0.85 0.680 0.079 0.076 0.079 0.076 0.310
3. 0.83 0.700 0.071 0.071 0.071 0.071 0.280
4. 0.82 0.710 0.068 0.069 0.068 0.069 0.270
5. 0.89 0.720 0.068 0.067 0.067 0.068 0.270
6. 0.85 0.67 0.083 0.077 0.080 0.080 0.320
7. 0.93 0.67 0.073 0.074 0.073 0.073 0.290

Solvation also induces minor changes in the 
copper atomic charges: these decrease under the 
influence of water in all models, but more in 
structures with anionic axial ligands 3 (from 0.83 to 
0.78), 4 (from 0.82 to 0.76) and 5 (from 0.89 to 0.80)
(Table-6). An inverse correlation between copper 
Mulliken atomic spin densities and copper Mulliken 
atomic charges in structures 1-7 is maintained in 
solvent compared to vacuum (Table-6) – which, as 
pointed out above, is mostly due to differences in 
overall charges on the models. Calculations in 
solvent thus indicate only minor changes in Cu-
porphyrin electronic structure in presence of axial 
ligands.

The additional structures 8-11 (Fig. 4) were 
also optimized, in order to verify if calculations on
more realistic models can provide better agreement
with the EPR spectra [5]. As seen in Fig. 5 and in 
Table-7, models 8 and 10 remain planar after 
optimization. In models 9 and 11 the copper is 
slightly displaced out of the porphyrin plane, with 
slightly longer Cu-N distances (Table-7). In general 
thus, the overall geometry of the macrocycle is only 
marginally affected by the lateral substituents.
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Fig. 4: Laterally-substituted models employed in present study.

Fig. 5: Optimized geometries for models 8-11.
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Table-7: Calculated Cu-N distances (Å).
No. Cu-N1 Cu-N2 Cu-N3 Cu-N4 Cu-N* Cu-N5
8. 2.01 2.01 2.01 2.01 2.01 -
9. 2.04 2.05 2.04 2.05 2.04 2.28

10. 2.00 2.00 2.00 2.00 2.00 -
11. 2.03 2.03 2.03 2.03 2.03 2.35

*average of the Cu-N bonds lengths

The spin densities computed for copper and 
nitrogen in models 8 and 9 are similar to those in 10
and 11 (Table-8). The copper charges are larger in 
the methylated structures 9 and 11 (0.95 and 0.92),
than in structures 8 and 10 (0.90 and 0.86) (Table-8). 
Comparing structures 8 with 9 and 10 with 11, 
copper charges and copper spin densities increase in 
both cases as an effect of imidazole ligation, while 
the spin densities in the four porphyrinic nitrogen 
atoms decrease (Table-8). Nevertheless, these 
differences still do not appear significantly different 
in magnitude compared to those observed in the 
smaller models.

Table-8: Calculated copper Mulliken atomic charges 
and atomic spin densities for models 8-11 in vacuum.

No. Cu (charge) Cu N1 N2 N3 N4
8. 0.90 0.670 0.079 0.079 0.079 0.079
9. 0.95 0.720 0.069 0.072 0.069 0.071

10. 0.86 0.670 0.080 0.080 0.080 0.080
11. 0.92 0.700 0.073 0.074 0.073 0.074

Single point calculation on structures 3, 5, 6 
and 7 were also performed using a different 
functional (BP86) and in a different software package 
[10]. The results were qualitatively identical to those 
discussed so far. However, the same BP86 in a third 
software package [9] yield entirely different data. 
Spin densities computed for this latter case are shown 
in Fig. 6. Notably, in structures 3 and 5 the spin 
density is clearly delocalized onto the axial ligand, 
contrary to the results seen in the other computational 
packages. As seen in Table-9, the copper spin 
densities computed by this alternative method are 
distinctly smaller than those in Table-4; moreover, in 
structure 3 significant spin densities is delocalized on 
nitrogen atom from nitrite, and to some extent a 
similar observation can be made on structure 5. These 
results in Fig. 6 may be taken to be in good 
agreement with the notable changes induced by each 
ligand (imidazole, nitrite, guaiacol and ABTS) on the 
EPR superhyperfine splitting [5]. This poses an 
unexpected paradox and underlines concerns which 
may be formulated with respect to population 
analyses based on DFT calculations in transition 
metal complexes – even at the qualitative level.

Fig. 6: Spin densities computed for structure 3, 5, 6 and 7 with Spartan 5.
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Table-9: Calculated copper Mulliken atomic charges and atomic spin densities for models 3, 5, 6 and 7 with 
Spartan 5.

Nr. Cu (charge) Cu N1 N2 N3 N4 N5 O1 O2
3.
5. 0.55 0.510 0.066 0.075 0.074 0.065 - 0.038 -
6. 0.48 0.500 0.094 0.084 0.090 0.090 - 0 0
7. 0.50 0.520 0.086 0.087 0.087 0.087 - - -

Conclusion
DFT calculations using a rather standard 

functional and basis set indicate minor changes in 
Cu-porphyrin electronic structure in presence of axial 
ligands, while in CuTPPs EPR spectra ligands as 
nitrite, guaiacol and ABTS induce considerable 
changes on the superhyperfine coupling. However, a 
different computational package reveals a 
qualitatively different picture of the spin density 
delocalization, in much better agreement with 
experiment and posing an interesting methodological 
problem from the computational point of view.
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