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Abstract The structural, electronic and magnetic properties of
neutral and anion Fe,S,, Fe;S, and Fe S, have been investi-
gated with the aid of previous photoelectron spectroscopy and
density functional theory calculations. Theoretical electron de-
tachment energies (both vertical and adiabatic) of anion clusters
for the lowest energy structure were computed and compared
with the experimental results to verify the ground states. The
optimized structures show that the ground state structures of
Fe,S,”", FesS,” and Fe,S,” favor high spin state and are
similar to their structures in proteins. The electron delocaliza-
tion pattern for all the clusters and the nature of bonding
between Fe and S atoms were studied by analyzing molecular
orbitals. Natural population analysis demonstrates that Fe
atoms act as an electron donor in all clusters, and the electron
density difference map clearly shows the direction of the elec-
tron flow over the whole complex. Furthermore, the investigat-
ed magnetism shows that the Fe atoms carried most of the
magnetic moments, which is due mainly to the 3d state, while
only very small magnetic moments are found on S atoms.

Keywords Fe-S cluster - Photoelectron spectroscopy -
Density functional theory - Magnetic properties
Introduction

Iron—sulfur (Fe-S) clusters can be considered an interface

between the biological and inorganic worlds [1]. Biological
Fe-S clusters are among the most ancient, ubiquitous and
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functionally diverse prosthetic group in all of biology [2—6].
Fe-S-cluster-containing proteins are especially widely dis-
tributed in nonphotosynthetic, aerobic bacteria, higher
plants and animals [7]. Meanwhile, complex Fe-S-cluster-
containing enzymes, a common feature of which is that their
catalytically active center is comprised not of a single iron
atom but of several Fe atoms bound to sulfur [8-11], are
involved in a number of fundamental processes required for
life, such as carbon monoxide oxidation, carbon dioxide
fixation, nitrogen fixation and hydrogen metabolism [12].
To date, in excess of 120 distinct types of enzymes and
proteins are known with Fe,S,, cubane-type Fe;S,; and
Fe,sS, units that act as active centers in various proteins.
The Fe,S,, Fe;S4 and FeyS, clusters are multicenter clusters
and are also found in ferredoxins [11]. These three clusters
are connected to the protein backbone by cysteine ligands
(Cys). And they undergo some oxidation—reduction reac-
tions that can influence protein structure by preferential side
chain ligation. In addition to their electron transfer function,
Fe-S clusters act as catalytic centers and sensors of iron and
oxygen, as described previously [3].

As a first step towards understanding the intrinsic elec-
tronic properties of Fe-S active centers, naked iron sulfur
(Fe,S,, FesS, and FeySy) clusters have been studied in some
experimental works. Nakajimas’s study [13] on Fe-S in the
gas phase depicted the electronic and geometric properties
of Fe-S clusters (Fe,S,,, n=1-8, m=2-6) using photoelec-
tron spectroscopy (PES); their results also show that Fe,S,,
clusters seemingly adopt a structure having alternate bonds
between Fe and S atoms, which will be again confirmed by
our work. PES studies on anionic Fe-S clusters were per-
formed by Zhang’s group [14] and the results showed that
stable Fe,S,, clusters are those with the composition n=m
and n=m=1, indicating that Fe,S,," clusters with n=2, 3, 4
and 6 are the stable species in the gas phase. Furthermore,
their corresponding electron affinities (EA) and vertical
detachment energies (VDE) have been obtained from
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photoelectron spectra of isolated larger anionic clusters [14].
It is worth pointing out that cationic Fe,S,," clusters have
been generated by reaction of Fe,” with CS,™ [15].
Similarly, neutral Fe,S,, clusters are observed as a reaction
product of Fe, and H,S (Fe,+ H,S—Fe,S) [16]. Indeed,
these detailed experiments of the Fe-S complexes are useful
for calibrating computational investigations.

To our knowledge, most theoretical calculations to date
have been devoted to Fe-S clusters in protein environments
[17-22] and in a wide range of metal cubanes (e.g.,
[(CsHs)sFesS4*") [23]. Some quantum chemical calcula-
tions reported a model of clusters that contain additional
ligands surrounding Fe,S, and Fe,S,. However, there have
been relatively few detailed studies of the electronic and
geometric structures of neutral or charged Fe,S,, Fe;S, and
Fe4S, isolated species. The chemical bonding of the latter is
still not well understood because the electrons of the iron
atoms in multicenter clusters exhibit a weak magnetic cou-
pling and manifold nearly degenerate states. The iron d—d
interaction is quite weak, and the closed-shell solution is
unstable to perturbation that allows electron spins to localize
at the iron centers. Moreover, one of the difficulties associ-
ated with transition metal elements is their open d shell
structure. The d electrons are quasi-localized and a cluster
containing transition metal atoms has many spin-multiplet
structures within a narrow energy range. Thus obtaining the
spin multiplicity of the ground state is a nontrivial problem,
and it has remained ambiguous so far. Due to the lack of
theoretical calculations, the understanding of iron-sulfur
clusters in Fe-S protein active sites, and the problem of the
spin multiplicity for binary clusters containing a magnetic
element, we report here a more extensive and systematical
density functional theory (DFT) investigation on neutral and
anionic Fe,S,, Fe;S, and Fe4S, clusters, but free of any
ligands.

The main objectives of this research were: (1) to investi-
gate the true various ground state structures and electronic
properties of the bare neutral and anionic Fe,S,, Fe;S, and
Fe4S, clusters; (2) to compare our extensive computational
results with previously experimental and theoretical findings
[13, 24-26]; and (3) to determine spin multiplicity of the
ground state and increase more databases for experimental
and theoretical investigation in the future. Moreover, be-
cause hybridization of Fe with the metalloid S atom will
modify the magnetic moment on the Fe atom as well as the
coupling with the other Fe atom, we are also interested in
the magnetic properties of these systems.

This paper is organized as follows: the following section
presents a brief description of the Computational details.
The calculated properties as well as experimental and theo-
retical results for the Fe,S,”, Fe;S,” ™ and Fe S, clusters
are discussed in the Results and discussion, followed by
Conclusions.
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Computational details

All the clusters were studied using the Gaussian03 program
package [27] at the DFT level of theory. As a check, two-atom
clusters (S,, S, , Fe,, FeS and FeS™) were tested with several
exchange-correlation functionals and the same 6-311+G* ba-
sis set for accuracy and consistency. The inclusion of polari-
zation and diffuse functions in the 6-311+G* basis set has
been shown to be important [28] in calculations involving
transition metals at correlated levels, and this basis set has
been applied successfully to calculate the structural dichotomy
of cationic, anionic, and neutral FeS, [29]. The results of the
tested calculations using the PW91 [30, 31], B3LYP [30, 32],
TPSS [33] and PBE [33], and BP86 [32, 34] functionals,
which compared with the experimental results [14, 35—44],
are summarized in Table 1. In a series of trials, it can be noted
that the results for bond lengths (7), vibration frequencies (w),
and dissociation energies (D) are quite sensitive to the choices
of B3PWO1 functional that includes the Becke-Perdew-Wang
exchange-correlation potential. Here, we consider the FeS and
FeS™ molecules as a test case for a theoretical description,

Table 1 Calculated values of bond length » (A), frequency w (cm ),
dissociation energy D (eV) forthe S,, S, , Fe,, FeS and FeS ™ molecules at
different level

Method Para Clusters
S, S, Fe, FeS FeS™
Multi
3 2 7 5 4
PWII r 2.08 2.06 2.01 2.02 2.05
o 583 526 399 516 470
D 461 1.94 2.48 4.22 3.61
B3LYP r 1.93 2.05 1.98 2.01 2.09
[0) 428 536 428 528 449
D 4.08 1.48 0.31 3.16 2.90
TPSS r 1.93 2.06 2.00 2.02 2.06
o 671 528 406 518 469
D 436 1.85 1.93 4.03 3.40
BP86 r 1.94 2.06 2.01 2.02 2.05
® 660 519 402 515 468
D 457 1.75 2.39 4.15 3.52
PBE r 1.94 2.06 2.01 2.02 2.06
® 667 528 396 515 468
D 461 1.96 2.47 4.20 3.60
B3PWOI r 1.91 2.04 1.98 2.02 2.09
o 706 561 432 525 461
D 4.19 1.68 0.80 3.69 3.18
Experiment r  1.89 [36] 2.02[41] 2.04[43] 2.18[35]
©  726[36] 589[38] 300[40] 540 [44] 450 [35]
D 4.37[39] 1.14[42] 3.31[37] 2.99 [14]




J Mol Model (2013) 19:1527-1536

1529

since they are the smallest molecules with an iron—sulfur
bond.

To search for low-lying structures of Fe,S,, FesS, and
Fe,S, clusters, the equilibrium geometries of bare S4, S; and
Sg clusters were first optimized based on previous calculated
results [45-48]. The isomers of Fe,S,, FesS, and Fe,S4 were
searched extensively in two ways: (1) by considering the pos-
sible structures reported in previous papers, and (2) by placing
some Fe atoms at various substitutional sites on the basis of
optimized bare Sy, S; and Sg geometries. For low-lying isomers
of anionic species, we also searched extensively using the same
method employed for neutral clusters. Additionally, because of
the spin polarization, every initial structure was optimized at
various possible spin multiplicities, i.e., in our paper, the neutral
species Fe,S,, Fe;S, and FeyS, were repeatedly optimized
using different spin multiplicities of 1, 3, 5, 7, 9, ..., and for
the anion cluster using 2, 4, 6, &, 10, ..., until the lowest energy
structure was found. Moreover, in order to confirm that the
optimized geometry corresponds to a local minimum in poten-
tial energy, each was followed by an analysis of harmonic
vibration frequencies. In the case of an imaginary frequency,
relaxation along the corresponding unstable normal coordinate
was carried out until a true local minimum was reached.

Moreover, the reliability of the present computational
method was also validated by performing calculations on
the first VDEs (VDE:Eneutral at optimized anion geometry
Eoptimized anion) and the ADEs (ADE:Eoptimized neutral
Eptimized anion)- The results were compared with experimen-
tal and previous theoretical results as listed in Table 2. We
can see that our calculated results agree better with the
experimental results of Nakajima et al. [13] than the theo-
retical results calculated by Tazibt [26] using the SIESTA
code based on DFT.

Results and discussion

Comparison of theoretical simulation and experimental
photoelectron spectra

Photoelectron spectra (PES) of anion Fe,S,, Fe;S4 and FeyS,
clusters at 266 nm (4.66 eV) photo energy were presented by
Nakajima et al. [13] and are reproduced in Fig. 1a. These PES
serve as definitive electronic fingerprints and allowed com-
parisons with theoretical simulations to locate the global min-
imum structures. We used three criteria in comparing the
theoretical results with the experimental data to select our
top-most candidate structures: (1) relative energies, (2) the
first VDEs and ADEs comparing with the experimental
results, (3) the relative positions of onset and (4) the first
distinct peaks of simulated photoelectron spectra in the low-
binding-energy range of <4.2 eV. The first criterion addresses
the typical errors in DFT calculations, which are about a tenth

of an electronvolt in the relative energies of the studied
clusters.

Next, we calculated the first VDE and ADE. From Table 2,
we can see that the results are in good agreement with exper-
imental values. The VDE can reflect the ability of a molecule to
lose electrons to some degree. A high vertical detachment
energy implies the molecule has difficulty in losing electrons.
The Fe;S, clusters have a larger VDE (2.97 ¢V) and ADE
(2.59 eV) than the other two clusters. Those indicate that the
extra electron on FesS,  is perfect localized and hard to lose.
Finally, the simulated spectra were assessed by calculating the
multidimensional Franck-Condon integral. In this fashion, the
Franck-Condon factors were derived for a progression of up to
20 quanta in any mode. The computed FCFs were then used to
simulate the vibration structure of a neutral-to-anion state
photo-detachment spectrum on the first photoelectron band of
anion cluster, employing a Gaussian line-shape for each vibra-
tion component and a full-width-at-half-maximum (FWHM)
of 35 meV. The simulated spectra obtained are presented in
Fig. 1b. We paid particular attention to the relative position of
ADE (corresponding to the slope of the first onset) and VDE
(corresponding to the first peak) in the simulated spectra. The
numbers of distinct peaks of simulated photoelectron spectra in
the low-binding-energy range of < 4.2 eV and their relative
positions were also compared with the measured spectra. As
seen from the Fig. 1b, the positions and the general shape of the
peak are very well reproduced, but the intensity of the peak
exhibits a slight difference. Nevertheless, taking into account
the fact that anharmonicity effects are not included during
Franck-Condon factor calculations, the overall agreement be-
tween simulated and experimental spectra is excellent.

Geometrical structures

Since chemical reactions with clusters takes place on the
cluster surface, the atomic arrangement and composition of

Table 2 The vertical detachment energy (VDE) and adiabatic detach-
ment energy (ADE) of the lowest energy isomer of Fe,S,, Fe;S, and
Fe,S, clusters. For comparison, we also list available experimental and
other theoretical data

Cluster VDE (eV) ADE (eV)

Theory Experimental Theory Experimental
[13] [13]

Fe,S, 2.07 2.39+0.13 2.02 2.15+0.83
0.81 [26] 0.80 [26]
1.37 [24] 1.20 [24]

FesSy 2.97 3.47+0.14 2.59 3.22+0.33
1.21 [26] 1.06 [26]

Fe4Sy 2.24 2.27+0.06 2.08 2.04+0.04
1.34 [26] 1.15 [26]
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Fig. 1 a Photoelectron spectra of Fe,S, , Fe3S;, and FesS;  clusters
measured at 266 nm (4.66 eV). The spectra are taken from [13]. b
Simulated photoelectron spectra on the first photoelectron band of the
lowest energy structures for the anion at the B3PW91/6-311+G* level

(@

the surface play an important role. The starting point in
any description of cluster properties is their geometrical
structure. To our knowledge, there are only a few pre-
liminary studies on neutral and charged Fe,S,, FesS,
and Fe,S, isolated clusters [24-26]. The details of the
electronic structures and their geometric structures are
still unclear. Thus, we were interested in further inves-
tigating the geometrical structure of freestanding Fe,S,,
FesS,, and FeyuS, clusters. Among other properties, we
also examined detailed point symmetry, electronic state,
spin multiplicity. Compared with most experimental sug-
gestions concerning possible geometric structures, we
found that the ground state geometries of the freestand-
ing Fe,S,, FesSy, and FeyS, clusters are similar to that
when they are present in proteins, which was again
confirmed in our subsequently obtained geometries.
Using the computation scheme described in the section
on Computational methods, we obtained a large number
of low-lying isomers and determined the ground state
structures for Fe,S,”", Fe;S,”  and FeyS,” clusters.
They were optimized at B3PW91/6-311+G* level and
are presented in Fig. 2. According to the total energies
from low to high, these isomers are designated na/na*,
nb/nb*, nc/nc*, nd/nd*, and ne/ne* for the neutral and
anion clusters, respectively. (“n” is the number of Fe
atoms in the studied clusters). Their corresponding sym-
metry, electronic state, relative energy and the vibration
frequencies with the greatest IR intensities are summa-
rized in Table 3. We believe that we have identified the
geometrical structures of freestanding Fe,S,”, Fe;S,%
and Fe4S40/7 clusters correctly. This belief is based on
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our ability to explain the (both vertical and adiabatic)
detachment energies and electronic properties consistent-
ly and quantitatively.

FGQSZ()/_

The optimized structures show that the geometrical
structures of the neutral and anionic Fe,S, clusters are
similar, but with small distortions. This may be due to
the fact that gaining an electron has little influence on
their structure. The ground state of Fe,S, and Fezszi
clusters, in which the two iron atoms locate in the short
diagonal (see Fig. 2), favors higher spin states. This
differs from Hiibner’s results [24, 25], which show that
the ground state of neutral Fe,S, is lAl. The second
low-lying isomer has a ’A’ electronic state and is only
0.37 eV lower in total energy. However, in our opti-
mized calculations, we found that the nonet state is the
ground state. The choice of functional has a sensitive
influence on the physical parameters that are computed.
Such small relative energy differences make it difficult
to distinguish the ground state accurately. Our calculat-
ed VDE and ADE of the ground state isomer are in
better agreement with the experimental value, so we
believe that our result is reliable. The closed rhombic
structure is more stable than the open/linear chain
structure, and each sulfur atom has two bonds in this
ground state geometry, which is similar to that forming
in some protein cores [49-52]. Thus, we think that this
is actually the building block for large Fe-S cores in
proteins. For the Fe,S, cluster, the ground state is
®B)g which has a Fe-Fe distance of 2.11 A. The spin
state is consistent with the result of Hiibner [25].
Additionally, it worth pointing out that the binding

energy per atom £}, (Feﬁﬂ) = [xE(Fe)+ (y — 1)E(S)+

E(S") — E(FeS,"")]/(x+y) is 2.67 eV, which is smaller

than that of neutral cluster (2.69 eV). This indicates that
attachment of an extra electron to the ground state of Fe,S,
results in an anion Fe,S, cluster, which is less stable than the
neutral cluster.

F€3S40/7

In our calculations, the Fe;S, cluster can be obtained by
removing one Fe atom from the cubane Fe S, geometry.
Here, we also confirm that the ground state geometry of
Fe;S, is similar to their structure in proteins [49-52]. From
Fig. 2, one can see that all of the structures can be classified
into two types based on their shapes: (1) an interior Fe trimer
cluster surrounded by S atoms, and (2) a structure consisting
of two Fe,S, entities of rhombic structure with one common
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Fig. 2 Lowest energy and
low-lying structures

of Fe,S,"", Fe3S40/f and i
FesS,” clusters as presented ‘¢ |

by the B3PW91 functional. l'
Isomers are designated na/na*, 2a 2bJ
nb/nb*, nc/nc*, nd/nd*, and d
ne/ne* for the neutral and anion |
clusters, respectively. Yellow |
and blue balls represent sulfur o

and iron atoms, respectively
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Fe atom (perpendicular and parallel). In addition, we found
that the sulfur atoms tend to form the maximum number of
bonds with Fe, and the point symmetry for the neutral isomers
is the same as that of the corresponding anions (3a—3a*,
3b—3b*, 3c—>3c* and 3e—3e*) except for 3d—>3d* Just
like Fe,S,” clusters, the ground state Fe;S,” also favors
high spin state ("'A and '°A, respectlvely) The calculated E},
values are 3.03 and 3.13 eV for Fe;S,” respectlvely, indi-
cating that they are more stable than Fe,S,” clusters.

F€4S40/7

The ground state structure (4a with D,4 point symmetry) of
the Fe,S, cluster is a distorted cube structure in which Fe
and S atoms are at alternate vertices, and each face is a
stable planar rhombus. Similarly, the geometry structure of

de*

ground state anionic Fe4S47 cluster is similar to that of the
neutral cluster. This means that the gas phase Fe,S, ion
structures (y=x or y=x*1) built from FeS pairs or Fe,S,
rhombs are logical, and it also means that Fe and S atoms
have the same average coordinate numbers. In addition,
we found that the structures for the larger Fe-S clusters
(Fe;S,” and Fe,S,°") prefer a closed geometry. This may
be explained by the fact that in pure Fe, clusters [53] p—d
bonding is not directional and more closed geometries are
obtained for n>4. Whereas the pure sulfur clusters favor
open or ring-like geometries due to directional p—p bonding
[45, 54]. Furthermore, according to some previous publica-
tions [49-52], the Fe4S,4 cluster in neutral and anionic state
retains this cubane-like geometry when present in proteins.
The calculated E,, shows that the neutral Fe,S, cluster is
more stable than its anionic state.
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Table 3 Geometries, symmetries (Sym), electron state (State), relative energies (AE) and the vibration frequencies (Freq) with greatest IR

intensities of the Fe,S,%", Fe3S4°/ ~and Fe4S4°/ ~ clusters

Isomer Sym State AE (eV) Freq (cmfl) Isomer Sym State AE(eV) Freq (cmfl)

2a Dy, ’By 0.00 227, 447, 446 2a* Dy, ®Bi 0.00 116, 216, 433

2b Cs A" 1.23 54,259, 411, 495 2b* C, N 1.37 166, 235, 448

2¢ C, °A 234 59, 330, 367, 458 2c* C, 8A” 2.67 236, 315, 432

2d D., A 5.09 19, 19, 491 2d* D.. '°A 3.47 16, 16, 449

2¢ Doy Y, 6.61 51, 51, 592 Qe Con Y 498 57, 162, 402

3a Cs A 0.00 164, 194, 338, 410, 462 3a* C, 107 0.00 153, 221, 392, 425, 445

3b D,y B 0.51 215, 287, 452, 500, 500 3b* Dy B, 1.51 32,202, 274, 274, 371

3¢ G °A 1.07 399, 419, 421, 498, 573 3c* Cy A, 1.82 172, 172, 403, 452, 452

3d C A 1.60 125, 157, 308, 318, 451 3d* C, N 2.50 181, 274, 299, 434, 463

3e C,, B 2.20 113, 131, 175, 199, 433 3e* G,  PA 2.66 150, 233, 253, 356, 399

4a Dy MA 0.00 191, 204, 249, 378, 396, 404  4a* Dy "B, 0.00 210, 222, 252, 368, 380, 382
4b C °A 1.10 196, 316, 382, 426, 448, 475 4b* Dy,  °A” 1.02 95, 115, 174, 301, 433, 458
4c Con ‘A 1.30 195, 278, 290, 380, 447, 448  4c* C, 9By, 2.28 96, 162, 293, 439, 462, 480
4d C, A 1.66 133, 202, 325, 436, 449, 470 4d* Dy, °A 2.83 93, 154, 296, 444, 460

4e C, A 4.54 173,225,271, 418, 425,431 4e* D, N 2.89 86, 104, 158, 437, 463, 479

Electronic properties
HOMO-LUMO gaps

The electronic properties of the Fe,S,”, Fe;S,” and Fe,S,”
clusters can be discussed by examining the highest occupied—
lowest unoccupied molecular orbital (HOMO-LUMO) energy
gap (HLG). The HLG is a useful quantity for examining cluster
stability. It reflects the ability of electrons to jump from occu-
pied orbital to unoccupied orbitals and represents the ability of
the molecule to participate in chemical reactions to
some degree. In other words, a large value of the HLG is
related to an enhanced chemical stability. For the most stable
FeZSZO/ , Fes S4°/ ~and Fe4S40/ " clusters, the frontier molecular
orbital (FMO) energies and HOMO-LUMO gaps are listed in
Table 4. The FMO contour maps are plotted in Fig. 3. These
MOs provide insight into the observed the electron delocal-
ization pattern for all the clusters and the nature of bonding
between Fe-S clusters.

Table 4 Binding energies (£,) per atom, highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO)
and HOMO-LUMO energy gaps (HLG) for the ground state of
the Fe,S,”", Fe3S4°/_ and Fe,S,” clusters

Cluster Ey(eV) HOMO (eV) LUMO (eV) HLG (eV)
2a 2.69 —5.86 -3.99 1.86
2a* 2.67 -3.13 1.60 1.92
3a 3.03 —6.76 -5.33 1.42
3a* 3.13 -2.02 -0.18 1.34
4a 3.35 —4.78 —4.24 0.54
4a* 3.06 —-0.81 0.07 0.88

@ Springer

As can be seen from Fig. 3 and Table 4: (1) in the Fe,S,
(2a) cluster, the spin-down HOMO (f3) has higher energy
than the spin-up HOMO (). The HOMO (3) has significant
p character on all S atoms, and large d and considerable p
character on Fe atoms, leading to a bonding interaction
between the atoms of the long diagonal S and short diagonal
Fe atoms; the LUMO (f3) involves mainly the large d and
considerable p orbital of the Fe atoms. While for the anionic
Fe,S, (2a*) cluster, the only difference is that the HOMO
are composed of minor s and significant p orbital from
sulfur atoms. Additionally, we found that the HLG of an-
ionic Fe,S, is larger than that of neutral Fe,S,. This may be
related to the 7-bonding interaction between iron-d and
sulfur-s orbitals maximizing the chemical stability. (2) To
probe further into the bonding properties, we examined the
composition of the HOMO and some LUMOs. For the
ground state Fe;S,4, the HOMO involves mostly s (3.80%),
p (3.70%), d (92.50%) from the three Fe atoms, and large p
and considerable s orbitals from the four S atoms. The x77-
LUMO consists of Fe-p (4.16%), Fe-d (92.01%), Fe-s
(3.83%) and S-p (99.89%) orbitals. For Fe;S, , the 367-
HOMO is composed of Fe-s (3.02%), Fe-p (6.93%), Fe-d
(91.05%) and significant S-p. The LUMO is an « type
molecular orbital, whose irreducible representation is a,.
(3) In the case of Fe,S4 and FeyS, clusters, we also inves-
tigated the electronic structure and distribution of their
HOMOs. FeySy: the d content (91.66 %) always tends to
be the major component of the HOMOs for Fe atoms, and
the sulfur atoms are always p-like (94.04 %). FesS, : the
HOMO involves mainly iron s (3.49 %), p (3.39 %), d
(93.12 %); sulfur s (0.91 %), d (0.29 %) and p (98.80 %).
All in all, we found both the HOMO and LUMO of neutral
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Fig. 3 Highest occupied
(HOMO) and lowest unoccu-
pied molecular orbital (LUMO)
contour structures of neutral
and anionic Fe,S,, FesS,

and Fe4S, clusters
(isovalue=0.02au).

Top line Neutral isomer,
bottom line anions

a*-LUMO
Fe,S,%

a*-HOMO

and anionic clusters to involve mainly the d orbital from the
iron atoms and the p orbital from sulfur atoms. These
molecular orbitals indicate that p—d hybridization occurs
between the Fe and S atoms, which would impact the
geometrical structures and the stability of the clusters.

Natural population analysis and electronic density
difference

In order to more fully understand the electronic properties of
the neutral and anionic Fe,S,, Fe;S4, and Fe,S, clusters,
natural population analysis (NPA) was performed. NPA can
provide a reasonable explanation of the charge transfer
within the cluster. The calculated results for the ground state
are summarized in Table 5; we can clearly see that all of the
sulfur atoms in Fe,S,”", Fe;S,% and Fe,S,” clusters
possess negative charges, while the iron atoms have positive
charges. This indicates that electrons transfer from Fe atoms
to S atoms, namely, iron atoms act as electron donors in all
clusters. This may be due to the electronegativity of S (2.58)
is much larger than that of Fe (1.83), and the sulfur atom has
a stronger ability to attract electrons. In addition, it is inter-
esting to find that two sulfur atoms located at the same site
on the identical cluster have equal charges, i.c., the charge
distribution is dependent on the symmetry of cluster.
Meanwhile, aiming at probing into the redistribution of
electron density induced by bonding and charge transfer
nature in detail, the electron density differences were taken
into account and calculated by the program Multiwfn [55].

A

¢-HOMO  ¢-LUMO

o

c*-HOMO c¢*-LUMO

Fe S0

b*-HOMO  b*-LUMO
Fe,S -

The maps for investigated FeZSZO/ o, F€3840/7 and Fe4S40/ a
clusters are sketched in Fig. 4. The electron density differ-
ence can provide qualitative information on the electron
flow over the whole complex. As observed in the contour
line diagrams of Fig. 4, the solid lines indicate areas of
excess electron concentration in which the electron density
difference has a positive value (Ap>0), while the dashed
lines show that the electron density difference of the regions
is negative (Ap<0) where electrons decrease. Because most
of the ground states for selected clusters are three-dimensional
(3D) structures, we generated contour line diagrams in two
dimensions (2D) using 200, 200 grids in two ways to clearly
reflect electron flow: (1) plotting maps in the YZ plane; and
(2) defining a plane by three atoms, e.g. 1Fe, 2Fe, 3Fe atoms
and so on. Additionally, the geometrical structures in
Cartesian coordinates and the labels of atoms were also cal-
culated to gain a better view.

It can be seen clearly from the maps in Fig. 4 that the
electron density difference increased significantly in the
bonding region between Fe and S atoms called the shift-
centered electron. This may be due to the covalent compo-
nent in the bonding. For the neutral and anionic Fe,S,
clusters, we found that most electrons spread out from the
side of the sulfur atom, indicating that the lone pair density
in the sulfur atom is more diffuse. This is more apparent for
the Fe,S, cluster and is in good agreement with natural
population analysis (S atoms possess —0.8882 electron
charges in Fe,S, , while they have — 0.6934 electron in
Fe,S;). As with FesS, and FesS,  clusters, they have a Fe

Table 5 Natural charge

populations of the lowest Cluster Fe-1 Fe-2 Fe-3 Fe-4 S-5 S-6 S-7 S-8
energy Fe,S,", Fe3S4O/ B
and Fe,S,” clusters Fe,S, 0.6934 0.6934 —0.6934 —0.6934
FesSy 0.3741 0.2064 0.2064 —0.2245 —0.2216 —0.2730 —0.0681
FesSy 0.2099 0.1624 0.2013 0.1765 —0.1955 —0.1762 —0.1946 —0.1840
FeSy™ 0.3882 0.3882 —0.8882 —0.8882
Fe;Sy 0.3195 0.1168 0.1304 —0.4499 —0.4726 —0.4653 —0.1790
FesSs 0.3654 0.1872 0.3125 0.2912 —0.4760 —0.5040 —0.5897 —0.5866
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Fig. 4 Electron density difference contour line maps of ground state Fe,S,” ", FesS,” ™ and FeyS,” clusters in a two-dimensional (2D) YZ and
three atoms plane. All maps are drawn in the same scale of length Bohr unit (1 Bohr=0.529172 A)

trimer cluster surrounded by S atoms. The geometrical
structures allow many electrons to be attracted easily by
the surrounding sulfur atoms. Thus, it is not surprising to
find that the electrons around iron atoms decrease, especial-
ly in the first Fe atom, as also confirmed by NPA. In the case
of Fe,S, and FeyS, clusters, the phenomenon of electron
flow is similar to that of Fe,S,” " and Fe;S,” clusters. Most
electrons also transfer from the Fe atoms to S atoms and the
electron density difference increases significantly in the
bonding region between Fe and S atoms.

@ Springer

Magnetic properties

Magnetism is one of the most prominent properties of
transition metals. Among the 3d transition metal ele-
ments, it is well known the Fe, Co and Ni are ferro-
magnetic in the standard bulk phases. It is an interesting
problems to elucidate how magnetic moments can be
affected further if transition metal atoms bond with
other elements. Thus, based on the optimized geome-
tries, the magnetic properties of the lowest energy
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structures for neutral and anionic Fe,S,, FesS4;, and
FeyS, clusters were studied. The results (Table 6) clear-
ly show that the total magnetic moments of neutral and
anionic clusters are in the range of 7.98 to 10.27 up
and 7.02 to 9.61 ug, respectively, and locate mainly on
Fe (7.26—10.02 pg and 6.52—9.28 g, respectively)
atoms. Only very small amounts of spin (about 0.25-—
0.72 pug and 0.33-0.64 up) are found on the S sites. To
investigate further the contributions of iron and sulfur
atoms to the total magnetic moments, the local magnetic
moments of 3d, 4s, 4p states for Fe and 3s, 3p, 3d
states for S atoms were analyzed. We found that the
local magnetic moment of iron atoms is due mainly to
the 3d state, whereas the 3p orbital contributes the
biggest effect for sulfur atoms. We guess that the mag-
netic properties of clusters are also related to a strong
p—d orbital interaction.

In addition, electron density from spin self consistent
field (SCF) density (isovalue=0.004au) maps are also
performed and plotted in Fig. 5. The spin density maps
directly predict the spin densities for all complexes
included in this study. As can be seen clearly from
Fig. 5, the color of the transparent envelopes change
gradually from blue to green. Blue transparent envelope
represents positive spin density, while green envelope
corresponds to negative spin density. Thus, in the clus-
ters considered here, the spin densities reside mainly on
the iron atoms. This is also confirmed by the results of
the calculated magnetic moment on donor Fe atoms, which is
listed in Table 6. Again, we can detect the existence of small
green regions of negative spin density at the midpoint of iron—
iron bonds and the iron trimer. Furthermore, Fig. 5 shows that
the blue region is more obvious than the green region,
indicating that the spin quantum number J#0 and that
these systems are ferromagnetic. Unfortunately, there are
no available experimental values to date for comparison
for Fe,S,"", Fe;S,” and Fe,S,”, thus our theoretical
results need to be verified further by experiments.

Table 6 Magnetic moment of Fe and S atoms [Fe (ug) and S
(ps)], and the total magnetic moment (up) for the lowest energy
structures of Fe,S,%, Fe3S40/7 and Fe,S,” clusters

Cluster Magnetic Magnetic Total magnetic
moment on moment on moment (ug)
Fe (us) S (1m)
Fe,S, 7.26 0.72 7.98
FesS, 9.34 0.61 9.95
FeyS, 10.02 0.25 10.27
Fe,S, 6.52 0.50 7.02
FesS, 8.94 0.64 9.58
FesSy 9.28 0.33 9.61

Fezs2 Fe3S4

Fe,S,

Fe3 S4_ Fe4 S4-

Fig. 5 Electron density from spin self consistent field (SCF)
density (isovalue=0.004au) maps for the lowest energy structures
of Fe,S,”", FesS,”” and FeyS,% clusters. Blue Positive spin
density, green negative spin density

Conclusions

Summarizing, we have identified the ground state geome-
tries and studied the electronic and magnetic properties of
neutral and anionic Fe,S,, FesS,, and FesS,4 clusters by
means of all electron calculations realized with B3PW91/
6-311+G* method. From the above studies, we draw the
following conclusions:

(1) The ground state structures and low-lying isomers of
neutral and anion species were obtained using both the
relative energies and comparisons between the simu-
lated spectra and experimental PES data. Furthermore,
the VDE and ADE were calculated and compared with
experimental results to verify the ground state, and
good agreement was achieved. The ground state struc-
tures for neutral and anionic Fe,S,, FesS; and Fe,Sy
clusters are very similar, but with small distortions. All
favor a high spin state and are similar to their structure
in proteins.

(2) FMOs were studied to explain the electron delocaliza-
tion pattern for all the clusters and the nature of bond-
ing between Fe and S atoms. The d content of Fe atoms
always tends to be the major component of HOMOs
and the sulfur atoms in the investigated clusters were
always p-like. This was also confirmed by HOMO and
LUMO contour map analysis.

(3) According to NPA, it was noted that Fe atoms act as
electron donors in the corresponding Fezszo/ 5 Fe3S4°/ -
and Fe,S,” configurations, and the charge distribu-
tion is dependent on the symmetry of cluster. In addi-
tion, electron density difference maps show the
direction of electron flow over the whole complex.
Many electrons are attracted by sulfur atoms, which
is consistent with NPA. We also found that the electron
density difference increased significantly in the bond-
ing region between Fe and S atoms.
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(4) The magnetism of FeZSZO/ ~, Fes S40/ ~and Fe4S40/ ~ clus-
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