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Electronic structure of the Fe(II)- and Fe(I)-complexes of mono- and diazaporphyrins studied by the
Mossbauer spectroscopy is considered in this paper. It was found that in the presence of tetrahydrofuran
molecules, the electron configuration of Fe(II) ions in the studied complexes corresponds to the intermediate
spin state (S = 1) and the complexation of tetrahydrofuran solvent does not change this state. Interaction
of tetrahydrofuran solvent with Fe(I)-azaporphyrins does not influence the electronic structure of Fe(I) ions
coordinated to the porphyrin ligand, either. Electron configuration of Fe(I) ions in Fe(I)-octaethylporphyrins
and Fe(I)-azaporphyrins is the same: (duy)?(duz,dyz)*(d2)*. The aza substitution is reflected in the values
of the Mossbauer parameters. Increasing number of nitrogen atoms at meso positions causes the increase in
the quadrupole splittings within the range 1.49-2.24 mm/s for the Fe(II) complexes and within the range
1.35-1.85 mm/s for the Fe(I)-porphyrins. Values of the isomer shifts are decreased from 0.51 to 41 mm/s for the
same sequence of the Fe(II) complexes. For the Fe(I) reduced forms the isomer shifts are nearly constant and
equal to about 0.37 mm/s. The Mdéssbauer results are discussed in association with EPR data for Fe(I)-porphyrins.

PACS numbers: 33.15.—e

1. Introduction

Metalloporphyrins are a class of macrocyclic tetrapyr-
role complexes composed of four pyrrole rings joined by
methine (CH) bridges and coordinated to a metal ion lo-
calized near the center of a molecule. Iron porphyrins
are known as model systems in investigations of impor-
tant biological processes, for instance, the breathing of
living organisms [1]. Prosthetic groups of heme proteins
such as hemoglobin and myoglobin as well as some cy-
tochromes, peroxidases and catalases consist of the por-
phyrin ring coordinated to an iron ion. Sufficient back-
ground information on the correlation between molecu-
lar structure of ligands coordinated to Fe-ions and their
electronic structure provides a basis for discussion, on
a molecular level, about the mechanism of complex bio-
logical processes which run with the participation of the
heme proteins. Iron ions play a key role in biological pro-
cesses which involve prosthetic groups of heme proteins.
Iron porphyrins are also interesting objects for coordina-
tion chemistry because of variety of oxidation and spin
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states of the central Fe atom coordinated to the por-
phyrin ring and different axial ligands. The porphyrin
macrocycle can be modified in many ways. One of them
is the substitution of the CH groups at meso positions of
the porphyrin ring by nitrogen atoms (aza subsitution)
which leads to azaporphyrins.

In this paper we wish to report how the aza sub-
stitution affects an electron configuration of Fe(II) and
Fe(I) ions generated by the chemical reduction of Fe(III)-
-porphyrins. The electronic structure of the reduction
products is still controversial. Depending on a solvent
used in the reduction process, kind of the reduction
process (chemical or electrochemical), and the molecu-
lar structure of porphyrin ligands, Fe(II) ions can ex-
ist in all the possible spin states (S = 0, S = 1 and
S = 2) [2]. Results obtained from different experimen-
tal methods, even for the same Fe(II)-octaethylporphyrin
complex, generated by reduction in the tetrahydrofuran
(THF) solvent were interpreted ambiguously [3-5]. In
the case of Fe(I)-porphyrins their electronic structure is
more uncertainly explained than the Fe(II) analogs. The
(dy)?(dy, dy)3(d2)? electron configuration of the Fe(I)
ion was suggested in paper [2] while the authors of paper
[6] proposed the (duy)?(dyz, dy.)*(d?)! electron distribu-
tion in d-orbitals of this ion. On the basis of NMR and
EPR measurements the low spin (S = 1/2) state was
suggested [7] and on the basis of resonance Raman spec-
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troscopy — high spin (S = 3/2) state [8] or low spin
with significant backbonding from the Fe(I) to the por-
phyrin ring [9]. In this paper we consider Fe(II)- and
F(I)-monoazaetioporphyrin [Fe(MAEP)] (Fig. 1la) and
diazaoctaethylporphyrin [Fe(DAOEP)] (Fig. 1b) com-
plexes with one or two CH methine bridges substituted
by nitrogen atoms, respectively. Results are compared
with unsubstituted Fe(II) and Fe(I)-octaethylporphyrins
[Fe(OEP)]. All the above complexes were prepared and
investigated in the same conditions.
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Fig. 1. Molecular structures (a), (b) and Mossbauer
spectra (c)—(f) of Fe-azaporphyrins.

2. Experimental procedures

Fe(IT) and Fe(I) porphyrin complexes, studied in this
paper, were obtained by the chemical reduction from
trivalent iron compounds which contained a chloride axial
ligand in the fifth coordinate position. Fe(IIT)(MAEP)Cl
and Fe(III)(DAOEP)Cl were synthesized according to
the procedures described in [10, 11]. Fe(III)(OEP)Cl
complex was purchased from Aldrich Chemical Co. and
was used as received. The reduction process was carried
out by contact of THF solutions with sodium mirror.
The course of the reduction was followed by electronic
absorption spectra. THF solvent was carefully degassed
by freeze-thaw cycles. The Fe(II) and Fe(I) reduction
products are air sensitive and the reaction was run on a
vacuum line. A special cuvette which contained a vessel
where reduction reaction was carried out, cells for ab-
sorption and the Mossbauer spectra and a quartz tube
for EPR spectra, allowed to run the reaction in anaero-
bic conditions. The samples for the Mdssbauer measure-
ments were prepared as layers obtained by the evapora-
tion of THF solvent under vacuum at room temperature.

The spectra were recorded in the horizontal transmis-
sion geometry of a spectrometer and the samples had
to be inserted into the instrument in vertical position.
The geometric limitations caused a problem connected
with destroying the layers during recording of the spec-
tra. That is why the layers contained some amount of
THF molecules which played a role of a binding material.
The layers contained about 4 x 10~* g/cm? of ®"Fe. The
Méssbauer spectra were obtained with a ®”Co(Rh) source
at room temperature. A metallic iron foil absorber was
used to calibrate the velocity scale, and isomer shifts are
given vs. metallic Fe. The parameters of the Mossbauer
spectra were found by fitting the experimental spectra to
Lorentzian lines using the NORMOS-90 programme [12].

3. Results and discussion

It is well established that when an electron is added
to a trivalent Fe(III)-porphyrin the chloride axial lig-
and is removed and a four-coordinate Fe(II)-porphyrin
is generated. When the next electron is added to the
later divalent complex one can obtain Fe(I)-porphyrin,
or the m-anion Fe(II)-(porphyrin)~ or some combination
of these two products. It is obvious that additional elec-
trons joined to a molecule change its electronic structure.
The Mossbauer spectroscopy, in association with numer-
ical analysis of spectra, is a very effective tool for inves-
tigations of subtle effects of electronic structure in the
case of chemical compounds or materials which contain
Mossbauer-sensitive elements.

It was established earlier [13] that the successive ni-
trogen substitution of CH methine bridges leads to
changes of spin states of the Fe(III)-porphyrins from
the pure high-spin state (S = 5/2) for unsubstituted
Fe(III)(OEP)Cl, through the quantum-mechanically
mixed spin states (S = 5/2 + 3/2) for the partly
substituted Fe(III)(MAEP)Cl and Fe(III)(DAOEP)CI
azaporphyrins, to the pure intermediate spin state
(S = 3/2) for the completely substituted Fe(III)-
-tetraazaoctaethylporphyrin complex. These electronic-
-structure modifications are reflected in the Md&ssbauer
spectra by the increase in quadrupole splitting values and
the decrease in the asymmetry of the spectroscopic dou-
blets when the number of nitrogen atoms at the meso
positions increases. The isomer shifts remain practically
unchanged. It was suggested that the asymmetry of the
Mossbauer spectra and the values of the quadrupole split-
ting can be used as parameters sensitive to the ratio of the
components S = 5/2 and S = 3/2 in the quantum me-
chanically mixed spin states of trivalent iron porphyrins.

This paper can be considered as a next step in the in-
vestigation of Fe-azaporphyrins, dealing with low-valent
Fe-compounds obtained in reduction process of the ear-
lier studied trivalent corresponding complexes. The
Mossbauer spectra of the Fe(IT)- and Fe(I)-azaporphyrins
are shown in Fig. 1. The parameters corresponding to
these spectra are collected in Table. Each of these spectra
consists of at least two components. This feature is con-
nected with the fact that separation of a pure form of the
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Fe(II) or Fe(I) complex in the reduction process is prac-
tically imposible. In contrast to the Fe(III)-porphyrin
spectra, the doublets in the spectra of the Fe(II)- and
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Fe(I)-complexes are symmetrical and show the nearly
constant line width I'.

TABLE
Mossbauer parameters of the Fe(II)- and Fe(I)-porphyrins at room tem-
perature.
Mossbauer Fe(MAEP) Fe(DAOEP) Fe(OEP)
parameter | Fe(II) Fe(I) Fe(II) Fe(I) Fe(II) Fe(I)
S=1|8=1/2| S=1 |S=1/2| S=1 |S=1/2
& [mm/s] |0.414(2)] 0.367(2) | 0.408(6) | 0.385(4) [0.539(2)] 0.363(2)
AEq [mm/s][2.034(3)| 1.762(7) |2.244(12) |1.849(17)| 1.456(4) | 1.354(3)
I [mm/s] [0.245(4)| 0.223(5) {0.260(18) [0.234(14)|0.211(8)| 0.215(6)

3.1. Iron(II) derivatives

Fe(IT)-porphyrins, generated in the first stage of the
reduction process, belong to commonly occurring oxi-
dation states in biological processes. A brief analysis
of the Fe(II)-porphyrin data summarized in Table leads
to the conclusion that the quadrupole splitting AFEq is
more sensitive to the aza substitution than to the iso-
mer shift §. A qualitative relationship between the AEq
values and a number of aza substituted methine bridges
can be stated as follows: the larger number of the sub-
stituted CH groups, the higher value of the quadrupole
splitting. The opposite relationship is observed for the
isomer shifts. As it was mentioned in the experimental
section of this paper, the Mossbauer samples, in the form
of powder layers, contained molecules of THF solvent.
During the heating at about 450 K under vacuum the
Fe(IT)(OEP), Fe(II)(MAEP) and Fe(II)(DAOEP) lay-
ers started to crumble and only small changes in the
Moéssbauer were observed in comparison with the spec-
tra of the same samples before the heating. It suggests
that the presence of THF molecules in the layers does
not influence significantly an electronic configuration of
the Fe(II) ions in the studied complexes. To check the
above statement the similar experiment was done with
Fe(II)-tetraphenylporphyrin [Fe(II)(TPP)]. It was found
earlier by the use of different experimental methods [14]
that two THF molecules are bonded to the Fe(II)(TPP)
complex as axial ligands at fifth and sixth coordinate po-
sitions and the Fe(II) ion is in the high-spin state (S = 2).
As a result of the heating of the Fe(II)(TPP) layer which
contained THF molecules we observed a Mossbauer spec-
trum composed of two components. The quadrupole
splitting of one of them (AEq = 1.30 mm/s) is close
to that one for Fe(II)(OEP) and it is typical of the in-
termediate spin state (S = 1) [15]. The splitting of
the another one (AEq = 2.31 mm/s) is characteristic
of the high-spin state (S = 2) [15]. The quadrupole

splittings of the Fe(IT)(MAEP) and Fe(IT)(DAOEP) com-
pounds are significantly higher in comparison with the
value for the Fe(I)(OEP) and they could be interpreted
as corresponding to the S = 2 spin state, but the values
of the isomer shifts (Table) correspond to S = 1 [15].
Therefore, the increase in the AEq values of the Fe(II)-
-azaporphyrins are caused by the aza substitution.

Let us consider the quadrupole splitting values. It is
well known that the value of the quadrupole splitting de-
pends on interaction between a nuclear quadrupole mo-
ment and a nonzero electric field gradient (EFG) at the
nucleus. Because nuclear quadrupole moment is con-
stant for a given Mossbauer nuclide (°"Fe), changes in
the quadrupole interaction energy, under constant exper-
imental conditions, can only arise from variation of the
EFG at the nucleus. The total EFG depends on three
main factors: (i) valence electron contribution which
originates from anisotropic electron distribution in the
valence d-shell of the 5“Fe ion, (ii) lattice contribution
from charges on distant atoms which surround the °"Fe
ion and (iii) lattice contribution from charge distribu-
tion in the covalent bonds. If we assume the same
[(day)?(dys, dy2)?(d2)?] electron configuration of Fe(II)
ions, suggested on the basis of NMR, measurements [2],
for the Fe(OEP) and Fe-azaporphyrin complexes (which
corresponds to the intermediate spin state S = 1), the
last two factors can cause increase in the quadrupole
splitting as a result of the aza substitution. However,
another electron distribution in d-orbitals of Fe(II) ions
is also possible, for example (dyy)?(dys,dy:)3(d2)!, sug-
gested on the basis resonance Raman spectroscopy [5]. It
is difficult to say in this stage of the study which one of
the above factors is dominant.

It follows from Table that the isomer shift is decreas-
ing with the increase in the number of nitrogen atoms
at the meso positions. Assuming that the population
of s atomic orbitals remains unchanged, some rearrange-
ment effect resulting from changes in 3d population of
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the Fe(II) ions can lead to a slight decrease in the isomer
shifts. This suggestion is possible in the case of a signifi-
cant back-bonding between the Fe(II) ion and porphyrin
ligand. Because the aza substitution leads to the lower-
ing of symmetry the porphyrin ring which can cause the
change of Fe(II)-ion vibrations, there is some possibility
that the second order Doppler shift dsop can also be al-
tered. Temperature dependent measurements should be
done to confirm or exclude the last statement.

Paramagnetic Fe(II)-porphyrins (S = 1 and S = 2)
are EPR silent because of the relatively large value of
the zero-field splitting parameter (D) [16].

3.2. Iron(I) derivatives

Fe(I)-porphyrins, generated in the second stage of the
reduction process, belong to complexes with unusual ox-
idation states. As intermediates they may be of im-
portance for dioxygen activation in heme catabolism
and for other biologically important processes. The
Mossbauer spectra of the univalent Fe-azaporphyrins
are shown in Fig. 1 and corresponding to them pa-
rameters are collected in Table. Like in the case of
the Fe(IT)-azaporphyrins the quadrupole splitting values
are increasing with the increase in the nitrogen num-
ber at the meso positions of the porphyrin ring, al-
though within a more narrow range. Taking into ac-
count the relatively small changes of the isomer shifts
in the aza substituted Fe(I)-complexes and the values of
the quadrupole splittings one can conclude that the d-
-orbital population is the same for the three complexes
and corresponds to the low-spin (S = 1/2) configuration
vather (day)? (Ao, dye) (d2)1 than (dyy)?(due. d,.)(d2)?
(the latter suggested on the basis of NMR study [2]). The
former configuration confirm EPR data [17]. The EPR
spectra of the Fe(I)-azaporphyrins are similar in shape
and parameters to the spectrum of Fe(I)(OEP). Charac-
teristic feature of the EPR spectra of Fe(I)-porphyrins in
THF solution is a low-intensity hyperfine structure ob-
served in frozen solution. The structure is stable to the
moment when the solution is frozen. If the sample is
thawed and then frozen again, the significant change of
the relative intensities of the lines is observed. It suggests
that this kind of the hyperfine splitting can be connected
with an interaction of an unpaired electron with protons
of THF molecules. The changeable form of this part of
the EPR spectra indicates that the hyperfine-interaction
lines correspond to some statistically average orientation
of THF molecules with respect to the porphyrin ring.

4. Conclusion

Summing up, we can conclude that the electron config-
uration of Fe(II) ions in the presence of THF molecules
in the studied complexes corresponds to the intermedi-
ate spin state (S = 1) and the complexation of THF sol-
vent does not change this state. Like in the case of the

Fe(II)-complexes, interaction of THF solvent with Fe(I)-
porphyrins does not influence the electronic structure of
Fe(I) ions coordinated to the porphyrin ligand. Electron
configuration of Fe(I) ions is the same in the Fe(I)(OEP)
and Fe(I)-azaporphyrins, that is (dyy)?(dys,dys)*(d?) .
Reduction process of Fe-porphyrins is rather complex
and needs further systematic investigations, especially of
highly-reduced species.
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