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The molecular and electronic structures of different isomers of a mononuclear dinitrosyl
iron complex [Fe(SC2H3N3)(SC2H2N3)(NO)2] were calculated by the B3LYP and PBE den�
sity functional methods. Both theoretical approaches provide good agreement between the
calculated and experimental geometry of the lowest�lying isomer (bond lengths differ by
0.02—0.04 Å and bond angles differ by 2—3° in terms of root�mean square values). A feature of
the complex is an intramolecular hydrogen bond N—H...N between the thiolate and thione
ligands, which causes equalization of the Fe—S and S—C bond lengths. The ground state of the
system has a spin of 1/2 and exists at antiparallel orientation of the spin (S = 3/2) of the
Fe atom with formal electron configuration d7 and two local spins (S = 1/2) of the NO ligands.
Although each NO group has a small negative charge, which is mainly localized on the O atom,
the Fe—NO bond can be treated as similar to homeopolar one. This corresponds to the
effective trivalent state of Fe with an oxidation state of 1+. Both theoretical methods correctly
reproduce the experimental structure of the IR spectrum, but the PBE functional provides a
better description of absolute positions of spectral lines, whereas the B3LYP functional gives a
somewhat better description of the relative intensities of spectral components. In spite of
similar geometric parameters of coordination of two NO groups, the splitting between the NO
stretching bands is rather large (58 cm–1); this value is satisfactorily reproduced in theoretical
calculations. A strong intramolecular hydrogen bond causes a large frequency shift of the N—H
stretching vibrations corresponding to a broad absorption band in the region 2300—2600 cm–1.

Key words: sulfur�nitrosyl iron complexes, nitrogen monoxide donors, IR spectroscopy,
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Dinitrosyl iron complexes with sulfur�containing
ligands are biomimetic models for natural donors of ni�
trogen monoxide.1 Recently, they have been intensively
studied in relation with possible use in medicine as
NO donors.2,3 Mononuclear dinitrosyl iron complexes
with sulfur�containing ligands exhibit a characteristic
EPR signal with g ≈ 2.03 in solutions. Only a few crystal
structures of this type of complexes are available at the
moment.4—8 To search for new complexes, we proposed
to use aza�heterocyclic thiols (in particular, substituted
1,2,4�triazol�3�thiols having a great coordination poten�
tial and showing a broad spectrum of biological activi�
ties)9,10 as sulfur�containing ligands. We synthesized a
new neutral mononuclear iron complex with 1,2,4�triazol�
3�thiolyl ligand and carried out room�temperature11 and
low�temperature12 X�ray studies of the species. In this
work report on a quantum chemical study of the molecu�
lar and electronic structures and IR spectra of this
complex.

Experimental

Density functional theoretical studies of isolated complex
[Fe2(SC2H3N3)(SC2H2N3)(NO)2] (1) and its possible isomers
were carried out by the B3LYP method with the 6�31G* basis set
and the GAUSSIAN�98
program13 and by the PBE
method with the SBK
pseudopotential and an ex�
tended basis set using the
PRIRODA program (see
Ref. 14). The energies of the
optimized structures were
compared with inclusion of
zero�point vibrational ener�
gies. The B3LYP calculated
total energies were obtained using the 6�311++G** basis set.
IR spectra of complex 1 synthesized following a known proce�
dure11 were recorded on a Perkin—Elmer/Spectrum BX Fourier�
Transform spectrophotometer. Samples were prepared as KBr
pellets (1 mg of the compound under study per 300 mg of KBr).
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Results and Discussion

Figure 1 shows the optimized structures of com�
plex 1 and its possible isomers. Table 1 lists the calcu�
lated bond lengths and bond angles in structure 1a
and, for the sake of comparison, corresponding experi�
mental data for a molecular crystal of composition
[Fe2(SC2H3N3)(SC2H2N3)(NO)2]•0.5H2O. The bond
lengths (δR) and bond angles (δA) determined at two tem�
peratures using the sample presented in Table 1 differ (in
terms of root�mean square values) by 0.0101 Å and 0.49°,
respectively, being no greater than the sum of the corre�
sponding experimental errors in determination. However,
comparison of the experimental and theoretical data shows
a systematic character of this difference. Compared with
the results of B3LYP/6�31G* and PBE/SBK calculations,
the δR values respectively decrease from 0.037 and 0.022 Å
at T = 283 K to 0.031 and 0.015 Å at T = 100 K. In this
case the δA values somewhat increase at temperature
loweing (from 2.4 and 1.5° at T = 283 K to 2.8 and 1.7° at
T = 100 K for B3LYP and BPE methods correspond�
ingly). By and large, the results of PBE/SBK calculations
are in somewhat better agreement with the experimental
geometric parameters of the complexes in the crystal.
However, the reason for this improvement remains un�
clear because there are clearly seen systematic differences
between the geometry of isolated complex, which is un�
known at the moment, and that of the complex in the
crystal lattice, as well as errors in calculations.

Formally, the structure of the complex comprises the
thiolate (A) and thione (B) ligands. The thiolate ligand
protonated at the sulfur atom and the thione ligand are
isomeric forms of 3�mercapto�1,2,4�triazole.

Figure 2 presents the structures of all possible isomeric
forms, namely, two thione (2a,d) and three thiolate
ones (2b,c,e) and their relative energies obtained from
B3LYP calculations. The isomers differ in position of the
mobile hydrogen atom bonded to the nitrogen atom.
Structure 2a has the lowest energy, the isomeric thiol
structures with energies of 5.3 (2b) and 5.4 (2c) kcal mol–1

being the next; structures 2d,e lie even much higher on
the energy scale. The thione structure 2d has conjugated
double bonds but is nonplanar, which seems to be respon�
sible for the higher energy. Since in alkali media the thiol
forms can be ionized with energy gain, both forms of the
ligand coexist during the synthesis of the complex, which
involves replacement of the negatively charged bridging
ligand in the binuclear complex [Fe2(NO)4(µ�S2O3)2]2–.11

At the same time the Fe—S(1), Fe—S(2), and
S(1)—C(1), S(1)—C(4) bond lengths in the ligands A
and B differ insignificantly, namely, by 0.020 and 0.022 Å
(X�ray data), 0.061 and 0.028 Å (B3LYP), and 0.093 and
0.033 Å (PBE). One can assume that this equalization of
the ligand structures is, on the one hand, due to the ef�
fects of coordination and, on the other hand, to the strong

intramolecular hydrogen bond N(1)...H(1)—N(6). (In the
case of complete proton transfer the thione and thiolate
ligands should exchange their positions.) In addition, there
are some weaker intermolecular hydrogen bonds in the
crystal structure of complex 1, which affect the magni�
tude of the differences between the experimental and theo�
retical geometry of the complex. In particular, shorten�
ing of the C(1)—N(3) bond compared to the ordinary
bond seems to be due to the formation of intermolecular
hydrogen bond with the N(3)—H(3) fragment.11 To re�
veal the effect of the intramolecular hydrogen bond, we
calculated the optimum structure of a rotamer of complex
1b with a weak hydrogen bond S...H instead of the
strong hydrogen bond N...H. According to calcula�
tions, the energy of the complex is 8.4 (B3LYP) and
7.7 (PBE) kcal mol–1 higher than that of the lowest�lying
structure 1a. In this isomer the differences in the Fe—S
and S—C bond lengths become nearly doubled, being
respectively equal to 0.096 and 0.049 Å (B3LYP) and
0.130 and 0.054 Å (PBE). The results of calculations show
that the C—S bond length difference between the iso�
meric forms of free ligand is twice as large, namely, 0.100 Å
(B3LYP/6�31G*). This indicates a pronounced effect of
the strong hydrogen bond on equalization of the two ligand
structures. According to PBE calculations of the structure
with no hydrogen bond (structure 1b), the SC—N bond
lengths in the thione ligand equalize but the difference
between the SC—N bonds in the thiolate ligand becomes
more pronounced (corresponding differences are 0.029
and 0.011 Å in the starting complex and 0.005 and 0.023 Å
in the rotamer). B3LYP calculations gave similar results.
The structure of rotamer 1c with the intramolecular hy�
drogen bond N(3)—H(3)...N(6) has a somewhat lower
energy; however, complexes 1a and 1c have considerably
different dipole moments (6.6 and 3.9 D, respectively,
according to B3LYP/6�311++G** calculations). This
large difference should lead to considerable gain in the
energy of dipole�dipole interaction in the crystal structure
of complex 1a, which seems to be responsible for the
formation of the crystals of complex 1 from molecules 1a
rather than any other isomeric forms.

The isomeric thiols 2b and 2c have very similar ener�
gies. However, the isomeric complexes 1d and 1e with
the 2c�type thiolate ligands lie higher on the energy
scale compared to 1a. Intramolecular hydrogen bonds in
these structures are about 0.1 Å longer than in the com�
plexes 1a and 1b. One can assume that the reason for
differences between them is steric strain in structures 1d,e
due to the absence of a plane common to the rings A
and B. This manifests itself in smaller energy expenditure
for the formation of structure 1f via cleavage of the
strong hydrogen bond N—H...N. Noncoplanarity of the
ligands in complexes 1d,e causes the molecular volume to
increase and also has a negative effect on the packing
energy.
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Table 1. Bond lengths (d) and bond angles (ω) in complex 1 determined by different methods*

Parameter Numerical value

I II III IV V VI

Bond d/Å

Fe—N(9) 1.669(2) 1.6861(6) 1.731 1.670 1.801 1.973
Fe—N(10) 1.677(2) 1.6903(6) 1.735 1.674 1.694 1.717
Fe—S(2) 2.298(1) 2.3015(2)) 2.334 2.287 2.287 2.302
Fe—S(1) 2.318(1) 2.3219(2) 2.427 2.347 2.361 2.408
S(2)—C(4) 1.725(2) 1.7308(6) 1.744 1.751 1.734 1.755
S(1)—C(1) 1.703(2) 1.7072(6) 1.711 1.723 1.726 1.725
O(1)—N(9) 1.157(3) 1.1641(8) 1.180 1.178 1.194 1.212
O(2)—N(10) 1.150(3) 1.1626(8) 1.179 1.177 1.178 1.181
N(6)—C(4) 1.333(3) 1.3416(8) 1.341 1.348 1.348 1.346
N(6)—C(5) 1.348(3) 1.3561(8) 1.366 1.368 1.368 1.367
N(7)—C(4) 1.334(3) 1.3405(7) 1.352 1.363 1.362 1.362
N(7)—N(8) 1.359(3) 1.3656(7) 1.362 1.363 1.363 1.361
N(8)—C(5) 1.301(3) 1.3190(8) 1.318 1.327 1.327 1.328
N(1)—C(1) 1.322(3) 1.3353(7) 1.341 1.348 1.348 1.348
N(1)—N(2) 1.375(2) 1.3755(7) 1.370 1.372 1.370 1.371
N(3)—C(1) 1.353(3) 1.3590(7) 1.370 1.378 1.377 1.377
N(3)—C(2) 1.343(3) 1.3585(8) 1.372 1.375 1.373 1.374
N(2)—C(2) 1.298(3) 1.3062(7) 1.301 1.310 1.311 1.311
N(1)—N(6) 2.717(3) 2.701(1) 2.694 2.757

Bond angle ω/deg

N(9)—Fe—N(10) 118.7(1) 119.79(3) 115.0 — 117.6 —
N(9)—Fe—S(2) 111.2(1) 110.76(2) 111.3 — 108.6 —
N(10)—Fe—S(2) 103.2(1) 102.74(2) 106.4 — 105.7 —
N(9)—Fe—S(1) 108.1(1) 107.86(2) 108.9 — 108.8 —
N(10)—Fe—S(1) 103.2(1) 103.23(2) 102.7 — 104.3 —
S(2)—Fe—S(1) 112.0(1) 112.297(7) 112.3 — 111.8 —
C(4)—S(2)—Fe 105.2(1) 105.28(2) 104.1 — 105.3 —
C(1)—S(1)—Fe 106.3(1) 106.110(19) 106.9 — 106.1 —
O(1)—N(9)—Fe 168.2(3) 169.02(7) 163.8 — 169.9 —
O(2)—N(10)—Fe 171.5(3) 172.84(6) 162.8 — 167.6 —
C(4)—N(6)—C(5) 103.7(2) 103.98(5) 104.2 — 104.5 —
C(4)—N(7)—N(8) 110.4(2) 110.20(5) 112.0 — 112.1 —
C(5)—N(8)—N(7) 102.7(2) 103.01(5) 101.6 — 101.9 —
C(1)—N(1)—N(2) 111.7(2) 111.57(5) 112.8 — 112.5 —
C(1)—N(3)—C(2) 107.2(2) 107.30(5) 107.9 — 107.9 —
C(2)—N(2)—N(1) 103.6(2) 104.27(5) 104.5 — 105.0 —
N(6)—C(4)—N(7) 108.5(2) 108.78(5) 107.3 — 106.9 —
N(6)—C(4)—S(2) 127.9(2) 127.73(4) 129.7 — 130.0 —
N(7)—C(4)—S(2) 123.6(2) 123.50(4) 123.0 — 123.1 —
N(8)—C(5)—N(6) 114.6(2) 114.02(5) 114.9 — 114.6 —
N(1)—C(1)—N(3) 105.4(2) 105.39(5) 103.9 — 104.0 —
N(1)—C(1)—S(1) 130.8(2) 130.77(4) 131.8 — 131.7 —
N(3)—C(1)—S(1) 123.7(2) 123.73(4) 124.4 — 124.3 —
N(2)—C(2)—N(3) 112.1(2) 111.45(5) 110.9 — 110.6 —
N(1)—H(1)—N(6) 169.2(2) 153.74(2) 173.9 — 174.0 —

* Experimental data obtained at room temperature11 (I) and at 100 K (see Ref. 12) (II); results of
B3LYP/6�31G* calculations (III); and results of PBE/SBK calculations of the doublet (IV),
quadruplet (V), and sextet (VI) states.

Analysis of the electronic structure of complex 1
(Table 2) shows that the resulting total spin S = 1/2 can
be obtained in the case of antiparallel orientation of the

spin of the Fe atom (S = 3/2) and the spins of the
NO ligands (S = –1/2 for each ligand). The correspond�
ing spin densities on the atoms and atomic groups are
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Fig. 1. Bond angles (in degrees), bond lengths (Å), and relative energies (kcal mol–1, figures in parentheses) of complex 1a and its
isomers 1b—f obtained from PBE and B3LYP (italicized) calculations.
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Fig. 2. Bond angles (in degrees) and bond lengths (Å) in isomeric forms of ligand 2a—e obtained from B3LYP/6�31G* calculations.
The B3LYP/6�311++G** calculated relative energies (in kcal mol–1) are given in parentheses.

non�integer due to MO delocalization. This spin density
distribution in the complex to a good accuracy corresponds
to the one�determinant wave function [d1αd2αd3απaβπbβ],

where di are the orbitals mainly localized on the iron atom
and πa and πb are the orbitals localized on different
NO groups. This wave function is not an eigenfunction of

Table 2. Characteristicsa of the electronic structure of complex 1

Spin E Fe N(9)O(1) N(10)O(2) <S2>b

/kcal mol–1
q SD –q SD –q SD

Experiment12

0.62 0.25 0.37

B3LYP/6�31G* calculations

1/2 0 0.84 3.23 0.27 –1.19 0.28 –1.21 2.53 (5.06)
3/2 30.6 0.87 3.35 0.27 –1.18 0.31 0.62 4.85 (4.34)
5/2 59.6 0.88 3.27 0.24 0.04 0.31 1.44 8.86 (8.75)

PBE/SBK calculations

1/2 0 0.60 1.63 0.23 –0.44 0.26 –0.45
3/2 39.4 0.65 2.01 0.26 0.17 0.29 0.27

27.8 с 0.62 2.22 0.27 –0.06 0.27 0.48
5/2 80.5 0.78 2.75 0.29 0.44 0.36 1.25

47.9 с 0.67 2.94 0.21 0.11 0.34 1.50

a Listed are the energies (E), charges (q), and spin densities (SD).
b Figures in parentheses denote the results obtained after projection.
c With allowance for system´s relaxation upon electron unpairing.



Shestakov et al.1294 Russ.Chem.Bull., Int.Ed., Vol. 56, No. 7, July, 2007

the S2 operator because it contains all components with
S = 1/2, 3/2, and 5/2. Therefore, the average squared
spin S2 for this wave function differs from the theoretical
value for the doublet and equals 2.75. The S = 5/2 com�
ponent contributes largely, because application of the pro�
jector, which "cuts" the S = 3/2 component, causes the
average squared spin S2 to become equal to 5.36. These
values are in good agreement with the results of calcula�
tions (2.53 and 5.06, respectively, see Table 2)*. The true
wave function of the complex should be an eigenfunction
of the S2 operator with an eigenvalue of 0.75. Since the
system with five unpaired electrons allows a number of
doublet states to be formed, projection of this one�deter�
minant state on the state with the correct spin symmetry
should be performed with inclusion of strong correlation
of d�electron spins on the Fe atom due to Hund´s rule.
This situation corresponds to formation of homeopolar
bonds Fe—NO, which is not accompanied by significant
changes in the electron configuration of the Fe atom.17

Large S2 value indicates strong mixing with the S = 3/2
and S = 5/2 states in the one�determinant ground�state
wave function. Therefore, geometry optimization in the
one�determinant approximation is in fact energy optimi�
zation for a superposition of the true states S = 1/2,
S = 3/2, and S = 5/2 with corresponding statistical weights
and unavoidably causes artifacts. In particular, this seems
to be responsible for the longer B3LYP calculated N—O
and Fe—N bond lengths compared to the corresponding
experimental values. According to PBE calculations, the
Fe—N bond lengths are similar to experimental ones,
which is likely due to the weaker mixing with the spin
states S = 3/2 and S = 5/2, and the spin densities on the
Fe atom and NO ligands are lower. A similar effect, i.e.,
influence of the mixing of higher�multiplicity states on
the geometry of mononuclear anionic dinitrosyl iron com�
plexes was reported in another study.15 Table 2 lists the
calculated charges and spin densities on the Fe atom
and NO ligands in complex 1 in different spin states.
The charges on the Fe atom and NO ligands are almost
independent of system´s multiplicity. For the ground�
state structure the Mulliken charges obtained from the
B3LYP and PBE calculations are in reasonable agree�
ment with the results of analysis of the exact electron
density.12

The lower�lying states of multiplicity 3/2 and 5/2 cor�
respond to successive spin flips in the NO groups
(see Table 2). For the sextet state the average S2 value
is quite similar to a theoretical value of 8.75 for the
[d1αd2αd3απaαπbα] wave function corresponding to the
parallel orientation of the 3/2 spin of the Fe atom and the

1/2 spins of the NO ligands. At the same time the S = 5/2
state can be treated as formed from two triplet states,
[d1απaα] and [d2απbα], and a doublet state for the re�
maining free d�electron in the atom. Then, it becomes
evident that the corresponding Fe—N bonds formed in�
volving the overlapping orbital pairs (d1πa and d2πb) are
cleaved, which leads to elongation of the Fe—N distances
upon geometry optimization (see Table 1). This again
indicates that the doublet ground state is formed involv�
ing the spin states S = 3/2 for the Fe atom and S = 1/2 for
the NO ligands.

Changes in the geometry of the complex in the
PBE�optimized structures of different multiplicity are
summarized in Table 1. To a rough approximation,
the changes in energy upon an increase in the spin
of the complex by unity can be considered equal to
the NO binding energy, namely, 30 (B3LYP) and
39 (PBE) kcal mol–1. In the latter case the inclusion of
system´s relaxation causes the energy expenditure to de�
crease to 28 kcal mol–1. These energy differences are
small, being comparable or smaller than typical binding
energies of neutral ligands to unoccupied coordination
sites. Therefore, one can expect that replacement of the
NO ligand by the solvent molecule will be similar to a
thermally neutral process.* The energy expenditure for
simultaneous flip of two spins of the NO groups is nearly
twice as large. However, noteworthy is that the doubled
spin is mainly localized on one NO group to which partial
electron density transfer from the second group occurs. In
this respect, one ligand becomes more while the other
ligand less electrophilic in spite of very similar Fe—NO
distances. This qualitative distinction between the elec�
tronic structures of the NO ligands is in agreement with
the observed12 qualitative differences between the defor�
mation electron density distribution around the two
Fe—NO fragments, being a probable reason for large split�
ting of the NO vibrational frequencies (see below).

Figure 3 shows the experimental and theoretical IR
spectra of complex 1 and Table 3 presents the assignment
of spectral lines. The N—O stretching vibrations of the
complex show good correspondence with those of the
Fe(NO)2 (1731.6, 1798.1 cm–1) and Fe(NO)3 (1742.6,
1794.6 cm–1) species in low�temperature matrices.18 The
lines corresponding to the in�phase and out�of�phase NO
vibrations are the most intense. Their experimental and
theoretical intensities are similar. Theory also correctly
reproduces a rather large splitting between the lines of the
two NO ligands having almost identical coordination.
However, the third intense line matching the line at
1725 cm–1 is absent in the theoretical spectra. Probably,
this satellite line should be attributed to a product of

* Correspondence for the S2 value indicates that the interpreta�
tion15,16 of the electronic structure of dinitrosyl iron complexes
as formed by the interaction of the spins of two NO– ligands (1)
with the spin of the Fe3+ ion (5/2) is somewhat incorrect.

* B3LYP calculations of the binding energy of the NO ligand
gave a value of 29.3 kcal mol–1 and nearly zero energy for the
reaction of NO replacement by H2O.
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partial decomposition of complex 1 with the loss of one
NO ligand. By and large the theoretical spectra provide a
good idea of the structure of the experimental spectrum,
the PBE method better reproducing positions of spectral
lines and the B3LYP method giving more correct line
intensities. This is particularly important for assignment
of the lines at 647 and 686 cm–1. The PBE calculated
spectrum shows only three sufficiently intense lines in the
region below 710 cm–1. The spectrum obtained from
B3LYP calculations exhibits additional lines, but all of
them are below 600 cm–1. These lines correspond to
Fe—N vibrations; in contrast to other lines, their relative
positions depend on the computational method used. It is
the PBE method more correctly reproducing line posi�
tions that places these vibrations in the spectral region
near 700 cm–1. Noteworthy is the large width of the line
at 1585 cm–1. According to calculations, this line should
be attributed to bending vibrations of the N(1)—H(1)
bond, accompanied by changes in the length of the
H(1)—N(6) hydrogen bond. This is just the reason for the
line broadening. Some contribution of the N(1)—H(1)
vibrations also causes broadening of the lines at 1504 cm–1.
In addition, the spectrum also shows a broad line at

796 cm–1. In the region below 1000 cm–1 the theoretical
spectra exhibit only one vibration at 953 (B3LYP) or
901 cm–1 (PBE), which is also accompanied by changes
in the length of the H(1)—N(6) hydrogen bond. With
allowance for possible influence of the packing effects we
attributed this vibration based on its width rather than
one�to�one correspondence between the experimental
and theoretical spectra. The strong intramolecular hydro�
gen bond particularly manifests itself at frequencies
higher than 2000 cm–1, where a very broad band at
2100—2600 cm–1 with a local maximum at 2440 cm–1 is
observed. According to calculations, it is this spectral re�
gion that corresponds to the N(1)—H(1) stretching vibra�
tion at a reduced frequency. An interesting feature of the
theoretical spectra is almost complete degeneration of
S—C vibrations that are too weak to be observed, despite
some differences between the S—C bond lengths. This is
consistent with the results of analysis of the electron den�
sity distribution for complex 1 in the crystalline state,
which indicated an identical character of the deformation
electron density for both S—C fragments.12

Thus, our theoretical study showed that the density
functional methods correctly describe the structure

Fig. 3. IR spectra of complex 1: experimental (with subtracted background) (1) and theoretical ones calculated by the PBE (2) and
B3LYP (3) methods. Theoretical spectra were constructed using Lorentzian lines with a half�width of 2 cm–1. For better resolution of
the key lines the spectral region below 1720 cm–1 also shows the scaled spectra.
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Table 3. Band assignment in the IR spectra of complex 1

νexp B3LYP/6�31G* PBE/SBK Assignment
/cm–1

ν µ ν µ

2440 2684 1.13 2182 1.20 N(1)—H(1) stretching
1807 1879 14.7 1789 14.7 NO in�phase
1749 1832 14.8 1756 14.7 NO antiphase
1585 1659 1.65 1589 1.45 N(1)—H(1) bending
1504 1566 3.81 1483 3.83 N(3)—C(2)—N(2) bending + N(1)—H(1) bending
1504 sh 1552 3.19 1462 2.81 N(6)—C(5)—N(8) bending + N(7)—H(7) bending
1457 1490 2.19 1422 2.45 H(3)—N(3) bending + S(1)—C(1) stretching
1384 1477 2.92 1394 2.90 C(4)—N(7) stretching + N(7)—H(7) bending
1342 1379 5.29 1315 5.12 N(3)—C(1)—N(1) bending + С(2)—N(2) stretching
1320 1370 9.37 1300 9.54 C(4)—N(6) stretching + N(8)—C(5) stretching
1305 1328 3.11 1271 3.8 C(1)—N(1) stretching + N(3)—C(2) in�phase stretching +

+ H(2)—C(2) bending
1280 1312 2.97 1255 3.49 C(4)—N(6)—C(5) bending + N(7)—N(8)—C(5)

bending + С(5)—H(5) bending
1225 1257 1.85 1196 1.96 N(7)—H(7) bending + С(4)—N(7) stretching
1186 1222 1.95 1176 2.07 C(2)—H(2) bending + N(3)—C(1) stretching

1206 2.66 1161 2.41 C(5)—H(5) bending + N(6)—C(5) stretching
1065 1132 1.62 1090 2.05 N(3)—H(3) bending + N(1)—N(2) stretching
1065 1119 3.48 1082 3.35 N(7)—N(8) stretching
1060 1093 2.79 1066 2.23 N(1)—H(1) out�of�plane bending

(H(3)—N(3)—C(2) bending + H(2)—C(2)—N(2) in�phase bending)
1030 1061 1.19 1039 2.16 N(1)—N(2) + N(1)—H(1) out�of�plane bending
998 1043 4.96 1009 5.56 С(5)—N(6)—C(4) + N(6)—C(4)—N(7) out�of�phase

1008 5.82 965 6.16 C(1)—N(3)—C(2) + N(3)—C(2)—N(2) out�of�phase
(N(3)—C(1)—N(7) bending)

954 984 4.45 946 6.09 C(5)—N(8)—N(7) bending
899 953 5.84 901 5.04 С(2)—N(2)—N(1) bending + H(1)...N(6) stretching
857 885 1.35 849 1.33 С(5)—H(5) out�of�plane bending
796 834 1.34 785 1.34 С(2)—H(2) out�of�plane bending

718 5.21 692 5.46 N(6)—C(4)—N(7) out�of�plane bending
461 14.7 666 14.9 Fe—N—O bending in N—Fe—N plane, in�phase

703 689 2.77 660 3.16 C(5)—N(8)—N(7) out�of�plane bending
687 5.40 656 3.59 N(3)—C(1)—N(1) + N(3)—C(2)—N(2) bending in nonplanar

phase (N(3)—C(1)—N(1))
667 3.20 643 5.44 C(2)—N(2)—N(1) out�of�plane bending

686 554 20.7 639 20.6 Fe—N antiphase
647 484 20.3 554 18.4 Fe—N in�phase
531 590 1.44 537 1.38 H(3)—N(3) out�of�plane bending
508 561 1.54 513 1.45 N(7)—H(7) out�of�plane bending

516 15.0 503 13.8 S(1)—C(2) stretching
506 16.5 492 14.3 S(2)—C(4) stretching
338 16.1 451 15.7 Fe—N—O bending in�phase normal to N—Fe—N plane
285 11.5 387 13.7 Fe—N—O bending antiphase normal to N—Fe—N plane
185 8.95 245 11.8 Fe—N—O bending antiphase in N—Fe—N plane

* Frequencies are given in cm–1 and the effective masses µ are given in a.m.u. For different eigenvectors of vibrations, the figures
in parentheses correspond to B3LYP calculations.

and IR spectra of the neutral mononuclear nitrosyl
iron complex [Fe(SC2H3N3)(SC2H2N3)(NO)2]. This
made it possible to correlate IR bands with normal vibra�
tions of the complex and to reveal the presence of
an impurity, which is probably formed as a result of par�
tial decomposition of the complex with the loss of one
NO ligand. Analysis of the electronic structure of the

complex indicates that the ground state with S = 1/2 is
formed upon pairing of electrons of the iron ion with the
electron configuration d7 (S = 3/2) with the unpaired
electrons of the NO ligands. As a result the Fe+ ion
forms two homeopolar bonds Fe—NO and the state of
the Fe atom in the complex can be treated as effective
FeIII state.
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