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ABSTRACT: We report results, based on density functional theory—
generalized gradient approximation calculations, that shed light on how
NO, CO, and O, interact with Fe,S,, Fe;S,, and Fe,S, clusters and how they
modify their structural and electronic properties. The interest in these small
iron sulfide clusters comes from the fact that they are at the protein cores and
that elucidating fundamental aspects of their interaction with those light

molecules which are known to modify their functionality may help in

understanding complex behaviors in biological systems. CO and NO are found to bind molecularly, leading to moderate
relaxations in the clusters, but nevertheless to changes in the spin-polarized electronic structure and related properties. In
contrast, dissociative chemisorption of O, is much more stable than molecular adsorption, giving rise to significant structural
distortions, particularly in Fe,S, that splits into two Fe,S, subclusters. As a consequence, oxygen tends to strongly reduce the
spin polarization in Fe and to weaken the Fe—Fe interaction inducing antiparallel couplings that, in the case of Fe,S,, clearly
arise from indirect Fe—Fe exchange coupling mediated by O. The three molecules (particularly CO) enhance the stability of the
iron—sulfur clusters. This increase is noticeably more pronounced for Fe,S, than for the other iron—sulfur clusters of different
compositions, a result that correlates with the fact that in recent experiments of CO reaction with Fe,S,, (m = 1—4), the

Fe,S,CO product results as a prominent one.

B INTRODUCTION

Iron—sulfur proteins are an ancient and important class of
proteins that constitute a hot topic in several research fields
and that are still full of surprises." They were discovered in the
60s in the context of studies on photosynthetic, nitrogen-fixing
bacteria and submitochondrial parts of mammalian cells.” They
have since been found in all living organisms, including archaea
and bacteria. Research in this field is very active, revealing
unexpected functions, structures, and redox states.’ Fe—S
proteins are characterized by the presence of inorganic clusters
of iron and sulfide with one to eight ferric (Fe’") or ferrous
(Fe’*) ions and about the same number of sulfides (S*7).
Despite their extraordinary versatility, the composition of Fe—
S metal sites is relatively simple; the iron coordination is
tetrahedral throughout. The basic structural principle of iron
sulfide clusters is the rthombic Fe,S,, which can be combined in
multiple ways to lead to canonical [2Fe—2S], [3Fe—4S], and
[4Fe—4S] clusters and more complex structures. Because they
can access various redox states, these clusters are ideal for
electron-transfer and redox reactions. In biological electron
transport chains, these [Fe—S] clusters have versatile electro-
chemical properties with reduction potentials ranging from
more than 500 mV to less than —500 mV. In addition to their
electron-transfer function, Fe—S clusters act as catalytic centers
and sensors of iron and oxygen.” Furthermore, these clusters
were found to be sensitive to molecular oxygen and oxidants,
such as hydrogen peroxide (H,0,), nitric oxide (NO), and
carbon monoxide (CO), which can be of functional
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significance. Among the light diatomic molecules, NO is one
of the most versatile reactants; it may react as NO° and NO* or
even as NO™ and has no diffusion barrier or very low. NO also
has a high affinity to iron and easily displaces or breaks the
sulfur ligands to the iron skeleton. Structural, electronic, and
magnetic properties of Fe-based systems can dramatically
change under oxidation. Besides, the interaction between iron
and oxygen in these clusters is relevant to understand
important chemical and biochemical processes, such as
corrosion and oxygen transport in biological systems.

To understand the intrinsic electronic properties of Fe—S
active centers, the most common iron sulfide Fe,S,, Fe;S,, and
Fe,S, clusters contained in proteins have been widely
investigated in the gas phase from the experimental side.
Fe—S cluster anions (Fe,S,, n = 1—6, m = 1—6) have been
characterized using photoelectron spectroscopy (PES) through
which the electron affinities (EAs) and the vertical detachment
energies (VDEs) were determined.” The most stable anions
were found to be those with n = m or n = m + 1,
demonstrating that Fe,S;, species (n = m = 2, 3, 4, 6), which
are iron—sulfur centers in proteins, are also stable in the gas
phase. PES data and inferred geometric properties of iron
sulfide anionic clusters (Fe,S,, n = 1—8, m = 2—6) have also
been reported in the literature together with chemical probe
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measurements for the corresponding cations.” A noticeable
change of EAs of Fe,S;, clusters at the equiatomic composition
(n = m) was observed. Their reactivity to NH; and C,H, is
enhanced around n = m. Those results suggest that the cluster
structures seem to be formed by alternating bonds (—S—Fe—
S—Fe—) between Fe and S atoms, resembling those of an
active site in iron sulfide proteins." Species could be considered
to have structures with Fe,S; cores surrounded by some
peripheral S atoms. Experimental studies on neutral iron
sulfide Fe,,S, (m = 1—6, n = 1—6) clusters generated by laser
ablation® showed that the most intense mass peaks correspond
to FeS, Fe,S,, Fe;S;, and Fe,S,. The relatively high Fe,S,
signal intensities were found at n = m for m = 1—4. The
reaction of these clusters with CO was also studied. It was
found that with FeS the reaction leads to the formation of the
carbonyl sulfide, with Fe,S,, it produces Fe,S,—CO, and with
Fe;S; and Fe,S,, no products were detected. More recently, a
PES study of sulfur cluster anions (FeS),, (m = 2—8) where
VDEs and EAs were measured suggests the possible
coexistence of multiple spin states of these clusters.”

From the theoretical point of view, most calculations on
Fe,S,, Fe;S,, and Fe,S, clusters have been performed either in
protein-simulated environments®~'> or free of any li-
gands.”'°*° In a previous study, based on density functional
theory (DFT),"® our group found that those freestanding
clusters conserve the geometries they have inside core proteins,
apart from small distortions.'® Compared to experimental data
in proteins, the bond length of a geometry-optimized structure
for the Fe;S, cluster is compressed within ~2—5%. The aim of
the present work is to carry out a systematical theoretical study
of the structural, electronic, and magnetic properties of Fe,S,,
Fe;S,, and Fe,S, clusters attacked by NO, CO, and O,
molecules, which are known to alter the functions of proteins.
The iron—sulfur proteins in which the iron atoms are not fully
coordinated by sulfur are particularly vulnerable to the attack
of NO.>'** The ability of carbon monoxide (CO) to bind to
heme proteins and to alter their function and/or metabolism is
well known. The iron—sulfur clusters are generally known to
be oxygen-sensitive. However, the mechanism of the oxidation
of these systems is very complex because there exist sharp
differences in oxygen tolerance of the different FeS
clusters.”*™>° In this context, an analysis, by means of DFT,
of differences in oxygen sensitivity of Fe,S,, Fe;S,, and Fe,S,
clusters coordinated by cysteine residues was carried out by
Bruska et al’' It was found that significant structural
distortions are required to bind O, exothermically to [Fe,S,]
and [Fe;S,], while small conformational changes allow for the
thermodynamically favorable coordination of molecular oxygen
to [Fe,S,] and [Fe,S;] clusters. Another theoretical work was
performed by the same authors®” on the decomposition of Fe—
S clusters in [FeFe] hydrogenase upon O, attack. The
degradation pathways of the [Fe,S,] cubane, proposed and
compared to the decomposition of [Fe,S,] in other
enzymes,””~*° are accompanied by significant structural
distortions. In view of the information presented above, we
found it appealing to study how these three molecules interact
with the freestanding Fe,S,, Fe;S,, and Fe,S, clusters and how
they change their structural, magnetic, and electronic
indicators among which the VDEs and EAs have been
measured.

After a description of our theoretical approach in the next
section, we analyze the lowest-energy structures of Fe,S,,
Fe;S,, and Fe,S, clusters in comparison with available

theoretical and experimental results. Then, we present the
results for NO, CO, and O, interactions with these host
clusters. The last part of the discussion is devoted to analyze
the main effects of such interactions on the stability, structure,
magnetic properties, and electronic indicators of the Fe—S
clusters. The main conclusions are summarized at the end.

B COMPUTATIONAL METHOD

The calculations have been performed using DFT as
implemented in the Vienna ab initio simulation package
(VASP),*® which solves the spin-polarized Kohn—Sham
equations in an augmented plane-wave basis set by using the
projector augmented wave (PAW) method””*® to treat the
core interactions. The PAW approach produces the exact all-
electron potentials and charge densities without the need of
including nonlinear core corrections, which are particularly
important for magnetic systems. Thus, it can be considered as
an eflicient quasi-all-electron approach. The basis set contains
plane waves with a maximum kinetic energy of 400 eV. The
exchange and the correlation effects were treated in the
generalized gradient approximation by using the Perdew—
Burke—Ernzerhof (PBE) functional.”

We note that many authors'®”'? agree on the lowest-energy
structures of Fe,S,, Fe;S,, and Fe,S, clusters, apart from small
distortions. As reported above, by using the SIESTA code*”*'
that employs Troullier—Martins pseudopotentials instead of
PAWs for the core interactions and numerical pseudoatomic
orbitals instead of plane waves as basis sets, our group found
that these clusters conserve essentially the geometries they
have inside core proteins.'® To have the references of the host
clusters, we reoptimized those structures with VASP. For
seeking the low-lying structures of [Fe—S]-NO, —CO, —0,,
we considered many initial configurations: (1) by adsorbing
molecularly NO, CO, and O, oxidants on all possible sites of
bare Fe,S,, Fe,S, and Fe,S, isomers (first, second, and
sometimes third isomers) calculated beforehand and by
considering all the possible chemical bonds such as —Fe(S)—
NO, —Fe(S)—CO, —Fe(S)—0,, —Fe(S)—ON, —Fe(S)—OC--
and (2) by adsorbing (or placing) the two atoms of the
molecules (dissociated) on different sites (or on different
substitutional sites).

The cubic supercell throughout the calculations is chosen
with an edge of 15 A, being large enough to suppress any
interaction between the periodically repeated images of the
clusters. The integration over the Brillouin zone is done at the
I" point only. In the structural optimization process, we relaxed
the atoms until the forces dropped below a threshold value of
0.001 eV/A. We included dipole and quadrupole corrections in
the calculations, which can be especially important for the
charged species. Geometric, electronic, and magnetic degrees
of freedom were relaxed until the change in total energy
between successive iteration steps reached 1077 eV.

The relative stability of different spin isomers was also
checked by performing calculations for different magnetic
states to be sure of the total spin of the putative ground state.
We explicitly considered possible noncollinear arrangements
by exploring an important number of spin configurations,
especially in Fe;S, and Fe;S,—CO, —NO, and —O, clusters
having an odd number of iron atoms. All of them converged to
collinear states. We note that VASP evaluates the local spin
moments and charges by projecting the plane-wave compo-
nents of the eigenstates onto spherical waves inside slightly
overlapping atomic spheres. Although this gives a qualitative
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Table 1. Calculated Values” for FeS”* Dimers Compared to Experimental Data

dimer MM (ug) r (A)
FeS PBE 4 2.00
B3LYP 4 2.03
exptl works 2.04”
520 + 30°
FeS™ PBE 3 2.04
B3LYP 3 2.07
exptl works 2.18°
FeS* PBE N 2.01
B3LYP N 2.03
exptl works 2.057

® (ecm™) VDE (eV) AEA (eV) IP (eV)
537 8.00
415 8.17
540° 83 + 0.3
460 1.72 1.69
458 1.73 1.70
450° 1.85 + 0.10° 172 + 0.10°
2.04 + 0.098" 1.76 + 0.10%"
478
1
4487

“Magnetic moment MM, bond length r, vibrational frequency @, vertical detachment energy VDE, adiabatic electronic affinity AEA, and ionization
potential IP. "Reference 49. “Reference 50. “Reference 51. “Reference 52./Reference 53. *Reference 4. “Reference 54.

%4

MM=8 (7), Cs MM=4 (11%), C3v

'

MM=0 (5*), D2h MM=6 (5), C1 MM=0 (5*), D2h

Figure 1. Putative ground-state structures of isolated Fe,S,, Fe;S,, and Fe,S, (first line) and their corresponding ones upon CO (second line), NO
(third line), and O, (fourth line) adsorption, with their point-group symmetry and total magnetic moment MM (in units of y5). The corresponding
total moment of the anionic state is given in parenthesis when the geometrical structure is preserved. For anionic states having magnetic moment
that differ in more than + 1 p with respect to the neutral state, that moment is highlighted by * and those cases are explicitly discussed in the text.
The local spin moments are given in units of i inside the atomic spheres, while the bond lengths are given in Table 2 according to the labels of the
different atoms. Fe (red), S (yellow), O (magenta), C (black), and N (blue) spheres represent the different atoms of the clusters.

picture of the local distribution of such magnitudes, this
projection depends on the choice of the atomic radius, and the
sum of the local quantities is not, in general, identical to the
total value. Therefore, we performed an alternative analysis by
using Bader’s method,”~** which is based on partitioning the
cluster into atomic volumes by locating the zero-flux surfaces
of the electron density field.

To confirm that the optimized geometries correspond to a
local minimum in potential energy, an analysis of harmonic
vibration frequencies was performed. In the case of an
imaginary frequency, we carried out a new relaxation along

the corresponding unstable normal coordinate with more
stringent convergence criteria. In most of the calculated
clusters, the optimized geometries of the neutral and anionic
states are very similar (apart from small distortions). Then, we
report the geometries of the neutral species and explicitly
mention, along the discussion, those cases where differences
arise.

Benchmark calculations of bond length, vibrational
frequency, VDE, adiabatic electron affinity (AEA), and
ionization potential (IP) of Fe)*, $Y* and FeS”* dimers
showed a fairly good agreement between the calculated and the
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Table 2. Interatomic Distances r; (A) in Fe,S,, Fe;S,, and Fe,S, Clusters and in Their Corresponding Ones upon CO, NO, and
O, Adsorption According to the Labels of the Different Atoms of Figure 1

Fe,S,
i3 = Fyy = 1y = 1y = 220
rp =221

FesS,
Ty =Ty =13 = 2.38
Ty =Ty = ry3 = 2.26
Ti7 = Tys = 173 = 136 =
ris = Iys = I35 = 2.26

T4s = Ty7 = rag = 2.37

Fe,S,—CO Fe;S,—CO
rp = 243 ryp = ri3 = 2.53
Fy3 = 1y = 2.10 rs = ry; = 2.16
ri3 = ry, = 2.14 rig = 2.18, rig = 1.84
rs = 1.83 rys =13, = 2.13
rss = 1.16 ryy = 134 = 2.26
s = 136 = 2.19
a3 = 2.39, rgg = 1.16
Fe,S,—NO Fe;S,—NO
13 = 1y = 2.16 rip = 113 = 2.56
ry3 = Iy = 2.12 ry =222, 13 =241
r = 240 ris = ri; = 2.21
rs = 1.68 rys =137 = 2.13
rsg = 1.19 s = 13 = 2.19
ryy = 134 = 2.24
rig = 1.67, rgg = 1.18
Fe,$,-0, Fe;S,—0,
ri3 =Ty =Ty = 1yy = 2.11 r3 =1y = 2.51

ris =y = 1.62
r = 2.65

ry = 2.39, ryy = 2.10
rs = 2.16, rj; = 2.01

rey = rs; = 2.18

Fe,S,
rip = r13 = 3 = 2.61

Tig = Tpq = 13y = 2.38

Pl = T1g = Iy = Iyy = I3y = 13y = 228

Fe,S,—CO
g = 1y = 3y = 2.59
i = 133 = 133 = 240

ris = Iys = I3 = 2.29

Ti6 = Iy = fyg = tyy = I35 = r3g = 2.26

Tag = a7 = Tag = 2.22
149 = 1.80, 199 = 1.16

Fe,S,—NO
Tig = Ty = 134 = 2.63
rip =113 = 13 = 241

ris = rys = 135 = 2.31

Fig = T1g = Iy = Iy = I3y = r3g = 2.27

Tys = Tyy = Tag = 2.27
49 = 1.66, 19y = 1.18

Fe,S,—0O,
ri3 =1y = 242

Flg = Ty9 = 319 = ryp0 = 1.75

s = Tig = faglyy = 135 = T3g = 146 = 147 = 2.17

s = 2.23, 16 = 2.12
o5 = 1.88, r35 = 2.19
rys = 2.14, ry; = 2.1§
39 = 1.589, 145 = 1.61

measured values.*® Besides, the calculated bond lengths for CO
(1.14 A), NO (1.17 A), and O, (1.22 A) are also in very good
agreement with their respective experimental values* 1.13,
1.15, and 1.21 A. Another relevant aspect is the treatment of
exact exchange and the concomitant self-interaction correction
for a right description of the structural and electronic
properties and spin states. This problem was addressed by
some authors such as Reiher et al.*” and Paulsen et al.*® For
example, it was shown by Reiher et al.*’ that the energy
splitting depends linearly on the coefficient of the exact
exchange admixture; the B3LYP functional with 15% exact
exchange provides a good description of the energetics of some
Fe(II)—S complexes. As a further benchmark, we performed
additional calculations for the FeS”* dimers using the B3LYP
functional with 15% exact exchange. In Table 1, we compare
relevant structural and electronic magnitudes obtained with
PBE with those obtained with the B3LYP functional and also
with data from available experiments. The spin state is the
same in both approaches, independently of the charge state,
resulting in a spin moment 1 pg lower (higher) in the anionic
(cationic) cluster than in the neutral one. Concerning the
structural properties, both theoretical approaches slightly
underestimate the experimental value of the interatomic
distance (by about 1% more with the PBE functional). The
vibrational frequency of the charged clusters is obtained within
the same degree of accuracy within both theoretical
approaches as compared with the experiment, but for the
neutral cluster the value obtained with B3LYP departs from the
experimental value by about 20% while only by 6% in the PBE

approach. With regard to the electronic indicators, both
theoretical approaches give consistent values (slightly under-
estimated) for the AEA, VDE, and IP as compared with the
experimental data. The largest difference between PBE and
B3LYP concerns the IP, which is about 2% lower with PBE
than with B3LYP.

B RESULTS AND DISCUSSION

Structural and Magnetic Properties. Fe,S, FesS, and
Fe,S, Clusters. We report in Figure 1 the most stable atomic
arrangements of Fe,S,, Fe;S,, and Fe,S, with their point-group
symmetry and their spin states. The bond lengths are given in
Table 2 according to the labels of the different atoms. These
are in agreement with previous calculations.'®™"” The low-
lying isomers can be obtained from the authors upon request.

The ground state of Fe,S, has a similar structure as the one
present at some cores of proteins, with alternating Fe and S
atoms.”>® It consists of a 3D buckled rhombus of C,
symmetry in which the Fe,S entities form a dihedral angle of
155.9° (Figure 1). In this configuration, the Fe—Fe magnetic
coupling is parallel, and the resulting total moment is 8 yujy
contributed by both Fe and S atoms with 3.50 and 0.50 3,
respectively. The planar rhombic structure associated with a
spin-polarized electronic density distribution with antiparallel
couplings in the singlet state is the first isomer at just 0.01 eV
from the ground state. Compared to the ground state, its Fe—
Fe bond is enlarged by about 10%, whereas the Fe—S bond is
decreased by 3%, and no structural distortion takes place.

DOI: 10.1021/acs.jpca.9b08201
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Figure 2. Putative lowest-energy structures of freestanding Fe,S,, Fe,S,, and Fe,S, clusters upon adsorption of CO (first panel), NO (second
panel), and O, (third panel), with their relative total energy AE (eV), their corresponding point-group symmetry, and total magnetic moment MM
(in units of pg). The sign of the spin polarization of the iron atoms is indicated by + and — inside the atomic spheres in order to illustrate the
magnetic couplings. Fe (red), S (yellow), O (magenta), C (black), and N (blue) spheres represent the different atoms of the clusters.

The ground-state geometry of Fe;S, is also consistent with

. . 55-58
the structure observed in proteins.

It has C;, symmetry
and is formed by an Fe trimer capped by the S atoms (Figure
1). Its total spin moment of 4 yy comes from antiparallel
couplings: one Fe atom (—2.93 ug) has opposite spin to the
others (3.18 ug), and the sulfur atoms are weakly polarized
(0.43, 0.14, 2 X 0.00 uz). A spin excitation of ferromagnetic
kind with high spin (10 yg) lies at 0.06 eV above the ground

state. The spin state where two Fe atoms have opposite

10923

magnetic moments and the third one remains unpolarized is
noticeably less stable (AE = 0.36 V) because of the magnetic
frustration of one of the Fe atoms. Despite this fact, the
noncollinear magnetic order does not arise. We note that the
geometrical structure of the anionic state is similar to that of
the neutral one, with slight relaxations, but with a total
moment of 11 yz which differs by 1 ug with respect to that of
the first neutral isomer (10 yg) and by 7 p with respect to that
of the neutral ground state (4 ug). This means a strong
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relaxation of the electronic density upon the electron excess
despite the slight reconstruction of the atomic skeleton.

The lowest-energy structure of Fe,S, is a tetrahedron Fe
skeleton capped by sulfur atoms (C;, symmetry). One can
identify Fe and S atoms located at alternate vertices where each
face is a planar rhombic Fe,S, (Figure 1), thus reflecting the
high stability of such unit. Because of its C;, symmetry, it has
three equivalent Fe—Fe bonds of 2.38 A and three bonds of
2.61 A. Here also the cluster exhibits a similarity with the
structure in proteins. The most stable spin state is of
antiparallel type where one Fe atom (—2.52 y;) has opposite
spin to the three others (3.26 yig). The sulfur atom linking the
three equivalent iron atoms is substantially polarized (0.35 p3),
whereas the other three are less (3 X 0.13 ug). In our previous
work,'® using SIESTA,***" we found a similar atomic structure
with a different antiparallel spin arrangement (singlet state).
This singlet state results at 0.18 eV from the ground state in
the VASP calculation. It is important to note that if the
majority of DFT calculations agree on the lowest-energy
structures of Fe,S,, Fe;S,, and Fe,S, clusters, they sometimes
differ on their spin states. Of course, going beyond the DFT
which relies on the electron density rather than on the wave
functions would provide a better description of the electronic
states. In particular, the low-energy states possess area-law
entanglement,”” reflecting the locality present in all physical
systems regardless of interaction strength. In this context, a
better approach was proposed by Sharma et al,"’ which
consists in solving numerically the valence many-particle
quantum mechanical equations for iron—sulfur clusters. This
kind of approaches implies, however, a more computational
cost than DFT.

Interaction of Fe,S,, FesS, and Fe,S, Clusters with CO
and NO: Molecular Adsorption. Figure 1 also depicts the
most stable atomic arrangements of Fe,S,, Fe;S,, and Fe,S,
after CO adsorption, with their point-group symmetry and
their spin states. The most stable atomic configurations are
those with CO adsorbed molecularly instead of dissociatively.
The resulting C—O bond length is less than 2% larger than that
of the unadsorbed molecule, and the atomic structure of the
host Fe—S cluster is preserved to a large extent. CO binds to a
single Fe atom through C; it does not bind to S neither via O
nor via C, and the binding to Fe through O leads to a very
excited isomer. The main effect of the CO attack from the
structural point of view is an enlargement of the Fe—Fe
interatomic distances (about 10%) and a shrinking of the Fe—S$
ones (about 7% in some cases).

From the electronic point of view, the main effect of the CO
attack is to reduce the spin polarization of the cluster and to
modify the magnetic couplings. The reduction of the spin
polarization is reflected in the lower local magnetic moments
of the host cluster atoms, particularly of the Fe atom in contact
with C. With regard to the magnetic couplings, the Fe atom
binds to CO couples antiparallel to the rest of Fe atoms and to
the C atom of the molecule (whose magnetic moment does
not exceed 0.02 yg). Although a clear spin-polarized charge
density redistribution takes place upon CO adsorption in all
clusters, for Fe;S, and Fe,S, this is not reflected in their total
magnetic moment which remains unchanged with respect to
the pristine clusters. On the contrary, the effect is dramatic in
the case of Fe,S, whose total moment completely quenches
upon CO adsorption. Therefore, adsorption of this light
molecule establishes a mechanism to access the antiferromag-
netic-like spin isomer of the host with 0 up. An antiparallel

magnetic order with a total moment of 2 yy (Figure 2) is the
next low-lying isomer in this structure but with a large energy
difference of 0.49 eV.

The most stable atomic arrangements of Fe,S,, Fe;S,, and
Fe,S, after NO adsorption are also reported in Figure 1, with
their point-group symmetry and their spin states. The attack of
the Fe—S clusters by NO leads to the same scenario as that
found with CO and discussed in the previous paragraphs. The
only slight differences are that (i) the local spin polarization of
the Fe atom in contact with N is reduced to a larger extent now
than upon adsorption of CO, while the opposite happens to
the rest of Fe atoms; (ii) the local magnetic moment of the N
atom (between 0.18 and 0.25 ) is larger than that found on
the C atom; (iii) because of the marked imbalance in the local
moments on the Fe atoms, the total moment of Fe,S,—NO is
noticeably reduced but not completely quenched like in
Fe,$,—CO; (iv) because of the odd number of valence
electrons when NO is adsorbed instead of CO, the total
moments are odd and increase by 1 up in Fe;S,—NO and
Fe,S,—NO instead of remaining unaffected.

Interaction of Fe,S,, Fe;S, and Fe,S, Clusters with Oy
Dissociative Adsorption. In contrast to the molecular
adsorption of CO and NO on the Fe—S host clusters, the
most stable configurations upon O, attack are those where the
molecule is dissociated and the two oxygen atoms bind
separately to Fe atoms. This trend is consistent with the fact
that among the three light molecules considered, O, has the
lowest dissociation energy because it has two more
antibonding molecular orbitals occupied than CO and one
more than NO. The dissociative chemisorption leads to
significant structural distortions of the host cluster. Moreover,
the high electronegativity of the oxygen atoms as compared to
that of Fe strongly affects the spin-polarized electronic charge
redistribution and the exchange coupling between the iron
sites, which leads to changes in the magnetic couplings. In
general, oxygen tends to reduce the spin polarization in Fe
(smaller local moments than upon CO and NO attack) and to
weaken the Fe—Fe interaction inducing antiparallel couplings
that in some cases (Fe,S,) clearly arise from indirect Fe—Fe
exchange coupling mediated by O.

Fe,S, with O, The structure of the ground state (D,
symmetry) is an atomic arrangement where the oxygen atoms
bind separately the two Fe atoms of a planar rhombic Fe,S,
cluster (Figure 1). The magnetic state corresponds to a singlet
resulting from an antiparallel Fe—Fe coupling (+2.43 ug) and
parallel Fe—O coupling (2.43/0.36 yy), while the sulfur atoms
remain unpolarized. The chemisorption gives rise to a
noticeable enlargement (20%) of the Fe—Fe interatomic
distance and slightly shortened (5%) Fe—S bonds with respect
to the isolated Fe,S, cluster (Figure 1). A ferromagnetic-like
order with a total moment of 4 yj in this cluster is the first spin
isomer (Figure 2), well above the ground state from the
energetic point of view (0.29 eV). In this spin isomer, the Fe—
Fe bond is also enlarged (19%). In the most stable molecular
adsorption of O,, the molecule anchors to an Fe atom. This
isomer lies at 2.36 eV above the ground state, a huge amount
of energy. The results indicate that a multiple barrier process
exists in the energy landscape to pass from the molecular
adsorption to the dissociative ground state because not only
the barrier for dissociation has to be overcome but also a
diffusion barrier for the two oxygen atoms to finally locate at
opposite sides of the cluster, each one anchored to an Fe atom.
This also holds for the other Fe—S clusters studied in this work
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and demonstrates that the kinetics of the oxidation process of
these nanoparticles is relatively complex. Calculation of
barriers for such reactions is not the scope of the present
work, but previous authors have addressed this problem.*
Another interesting result of the Fe,S,—0, interaction is the
electronic and magnetic structure of the corresponding anionic
state. Except small relaxations, its geometrical structure is
similar to that of its neutral counterpart, but it has a total spin
moment of 5 pp, while the neutral ground state has 0 pgp
(singlet state). It is surprising that an electron excess changes
the moment in much more than just 1 yg if the geometry
remains practically unchanged. This clearly points again to a
quasi-purely electronic effect. In order to analyze the origin of
such behavior in this system, we plot in Figure 3 both the
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Figure 3. Total energy (o) and HOMO-LUMO gap (A) for
different spin isomers of the Fe,S,—O, anionic cluster with similar
atomic skeleton (apart from slight distortions) as its corresponding
neutral counterpart (Figure 1).

energy and the highest occupied molecular orbital (HOMO)—
lowest unoccupied molecular orbital (LUMO) gap as a
function of the total moment of the possible spin isomers of
the anionic Fe,S,—0, cluster. The ground state corresponds to
S ug than to 1 up which is also less stable than 3 and 7 pg. It is
interesting to note that a perfect correlation exists between the
stability and the HOMO—-LUMO gap, which in this case
reaches a marked maximum exactly for the ground-state spin
isomer of S uy. Because large gaps are usually good indicators
of cluster stability, it is clear that a strong electronic relaxation
is energetically favorable upon an electron capture, leading to a
ferromagnetic-like order with a total moment of 5 up. The
densities of electronic states around the Fermi energy, shown
in Figure 4, provide a deeper insight on the energy spectrum
associated with the different spin-polarized electronic densities
for the states with 1 and S yy and in particular on the opening
of the large HOMO—LUMO gap upon the electron capture in
Fe,S,—0,.

FesS, with O,. In this case, two geometrical structures of C,
and C, symmetries but with the same total magnetic moment
of 6 py differ by only 6 meV of energy (Figure 2). By including
the zero-point energy correction obtained from the vibrational
analysis, the energy difference increases to 10 meV in favor of
the structure of the C; symmetry (see Figure 1 for more
details). It consists of the Fe,S, host cluster where one oxygen
binds one iron atom and the other breaks one of the Fe—S
bonds to create an —Fe—O—S— bridge. Its total moment
results from a low-spin ferromagnetic-like state. The most
coordinated Fe atom (6 bonds) bears the lowest moment (0.8
ugp). A symmetric structure where both oxygen atoms form
—Fe—O—S— bridges in the host Fe;S, cluster is largely
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Figure 4. : Calculated spin-polarized (1, |) densities of states for the
anionic Fe,S,—0, cluster with total moments of 1 (a) and S g (b).
The vertical dashed line indicates the Fermi level.

unstable with AE = 0.42 eV (figure not shown). Binding
separately the two oxygen atoms to two distinct iron atoms (C;
symmetry) leads to the first isomer with the same total
moment of 6 yu (Figure 2). The interatomic distance between
Fe atoms anchored with oxygen is the most enlarged one
(22%). The effect of O, attack to Fe;S, is thus very subtle.
Unexpectedly, it increases the total magnetic moment from 4
uyp of the isolated Fe;S, cluster to 6 yy of Fe;S,—O,, but a deep
analysis demonstrates that on the one hand oxidation reduces
noticeably the spin polarization, but on the other hand the
magnetic configuration changes from antiparallel to parallel.
The overall balance results in a larger total moment that arises
from a low-spin ferromagnetic-like state.

Fe,S; with O, The adsorption of O, on Fe,S, has a
dramatic effect. In this case, the structure of Fe,S, is broken
into two Fe,S, entities linked through the two oxygen atoms
via —Fe—O—Fe— bonds of 1.75 A (Figure 1). This ground-
state structure of D,, symmetry is antiferromagnetically
ordered (zero total moment) with opposite iron spin moments
of the Fe,S, substructures (+3.02 pgz) whose exchange
coupling is indirect (mediated by O). The sulfur atoms bear
moments of +0.32 py parallel to those of iron, whereas the
oxygen atoms remain unpolarized. Therefore, the adsorption of
O, completely quenches the magnetic moment of the system.
The Fe—Fe bond in each Fe,S, unit is enlarged by only 10%,
and the Fe—S bond is almost unchanged (+2%) with respect to
the isolated Fe,S, cluster (Figure 1). This means that the Fe,S,
subcluster preserves its identity (structural and magnetic) to a
large extent. We remark that the Fe,S, entities form the
structural basis not only of Fe,;S, and Fe,S, (which are the
ones most frequently contained in proteins) but also of larger
Fe—S clusters contained or not in proteins. They are involved
in a number of fundamental processes required for life,” and
one could also speculate on their fundamental role in protein
synthesis.

Binding separately the two oxygen atoms to two active iron
sites of the original Fe,S, cluster leads to the first isomer with
relative total energy AE = 0.10 eV (Figure 2). It has C;
symmetry and a total moment of 8 i, exactly the same as the
isolated Fe,S, cluster, but resulting from a ferromagnetic-like
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order in the Fe subcluster in which, due to the Fe—O
interaction, the spin polarization of the O-bonded Fe atoms
tends to vanish (0.57 ug), while it is approximately 6 times
larger (3.00 pg) on the two other Fe sites. The induced
moments on the nonequivalent S atoms are 0.04 and 0.18 yg,
whereas the oxygen atoms bear 0.22 yg. The interaction of Fe
with the electronegative oxygen atom enlarges the correspond-
ing Fe—Fe bonds by 19% and leads to parallel iron spins
instead of the antiparallel coupling found in the isolated Fe,S,
cluster (Figure 1). Again, the isomer with O, molecularly
adsorbed on an iron atom of the pristine structure is a very
excited metastable state, with AE = 1.66 eV (figure not
shown).

An interesting result in this system is that, as in Fe,S,—0,,
an electron excess induces important changes, although in this
case it is the atomic skeleton that is strongly affected. The
ground-state atomic structure of the anionic state of Fe,S,—O,
does not correspond to that of its neutral counterpart, even not
to its first structural isomer but to the second one (Figure 2).
We report in Figure S the four first putative lowest-energy

<

AE=0.00, Cs, MM=1

Pt

AE=0.14, Cs, MM=7

AE=0.12, C2h, MM=1

AE=0.14, Cs, MM=5

Figure 5. Putative lowest-energy structures of the fourth first isomers
of the Fe,S; anionic cluster upon O, adsorption, with their
corresponding relative total energy AE (eV), point-group symmetry,
and total magnetic moment MM (in units of yy). The sign of the spin
polarization of the iron atoms is indicated by + and — inside the
atomic spheres in order to illustrate the magnetic couplings. Red,
yellow, and magenta spheres represent Fe, S, and O atoms,
respectively.

structures of the anionic Fe,S,—O, clusters. Despite the
noticeable structural change upon electron capture, the
magnetic moment change is just 1 pz. However, it is also
remarkable that the same atomic configuration in the neutral
state (second isomer of the neutral system) has 6 yg.

Absolute Stability and Electronic Indicators. The
binding energies (BEs) per atom for Fe,S,, Fe;S,, and Fe,S,
host clusters and the resulting systems upon CO, NO, and O,
adsorption are plotted in Figure 6. The BE is calculated from
the following expression, where X = C, N, O

BE(Fe,S,) — XO = [nE(Fe) + mE(S) + E(X) + E(O)
— E(Fe,S,, — XO)1/(n+ m + 2)

5
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Figure 6. Calculated BE per atom of Fe,S,, Fe;S,, and Fe,S, and the
corresponding clusters upon CO, NO, and O, adsorption.

The results obtained demonstrate that the three molecules
enhance the stability of the multicenter Fe,S,, Fe;S,, and Fe,S,
clusters but more substantially with CO than with NO and O,,
which contribute with almost the same amount. Besides, this
increase is more important for Fe,S, than for the two other
host clusters and reaches 38% with CO. This result can explain
the experimental findings of Yin et al.’° who showed that the
reaction of Fe,S, (m = 1—4) clusters with CO is observed
only for m = 1 to form carbonyl sulfide FeS—CO and for m = 2
to give rise to the formation of the Fe,S,CO product. Neither
reaction nor associated products are observed with Fe;S; and
Fe,S, species.

The calculated VDE and the AEA of the studied clusters are
reported in Figure 7. We also include the data available for
Fe,S,, Fe;S;, and Fe,S, in the literature from two experimental
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Figure 7. Calculated VDE and AEA of Fe,$S,, Fe;S,, and Fe,S, and the
corresponding clusters upon CO, NO, and O, adsorption. The
available experimental values of VDE and AEA (red )° and (red o)’
for Fe,S,, Fe;S,, and Fe,S, clusters are also included for the sake of
comparison.
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groups.”” We note that these experimental data present
discrepancies, important in some cases. The VDE of the
clusters is calculated as the energy difference between that of
the anionic cluster and that of the neutral counterpart with the
structure of the anionic cluster. It corresponds to the ionization
energy of the anion species. Except the calculated values of
VDE of Fe,S, (3.13 eV) which is within 0.2 eV of the lowest
experimental value (3.47 + 0.14 eV) and AEA of Fe,S, (2.22
eV) which exceeds the highest experimental value (2.04 + 0.04
eV) by 0.14 eV, the theoretical data fall within the range of the
measured values of Nakajima et al.’ With respect to the
experimental data of Yin and Bernstein,” our calculated VDE
value for Fe,S, (2.36 eV) is in good agreement with the
experimental one (2.34 eV), while for Fe,S,, it is lower (2.28
V) than the measured value (2.71 eV). The calculated AEAs
for Fe,S, (2.11 eV) and for Fe,S, (2.22 eV) are slightly higher
than their respective experimental values 1.5 and 2.10 eV. The
agreement between our theoretical and the experimental data
can then be considered as fairly good and comparable to the
more recent theoretical results.” This gives further support to
our ground-state configurations. The molecular adsorption of
CO increases the VDE of Fe;S, and Fe,S, clusters by ~27%
and leaves unchanged that of Fe,S,. The effect of NO on the
VDE of the three clusters is weak (3, 4, and 5%, respectively).
The most noticeable change is produced by the interaction
with O, upon the dissociative adsorption described in the
previous section. The chemisorption of O, substantially
increases the values of the VDE by 34, 10, and 46% for
Fe,S,, Fe;S, and Fe,S,, respectively. As discussed in the
previous section, the chemisorption of O, on Fe;S, and Fe,S,
breaks an Fe—S bond in Fe;S, and separates the Fe,S,
structure into two Fe,S, units, while Fe,S, undergoes relatively
important Fe—Fe bond elongation (20%) (Figure 1). Except
the relatively important effect of NO on the AEA of Fe,S, as
compared to the corresponding VDE change, one can note
similar qualitative effects of CO, NO, and O, on the AEAs of
the host clusters (Figure 7).

B CONCLUSIONS

The structural and electronic properties of Fe,S,, Fe,S,, and
Fe,S, clusters attacked by NO, CO, and O, oxidants were
investigated in the framework of DFT within the generalized
gradient approximation to exchange and correlation. CO and
NO bind molecularly to these iron sulfide clusters. They bind
through an Fe atom via C or N, leading to moderate
relaxations in the host clusters that essentially consist in an
enlargement of the Fe—Fe interatomic distances and a
shrinking of the Fe—S ones. In contrast, the most stable
configurations upon O, attack are those where the molecule is
dissociated and the two oxygen atoms bind separately to Fe
atoms. This chemisorption leads to significant structural
distortions in Fe,S, and Fe;S, and to the breaking of the
Fe,S, skeleton into two Fe,S, subclusters linked via oxygen.
Molecular adsorption of O, is a quite excited metastable state,
and both molecular to dissociative and diffusion barriers have
to be overcome to connect this with the ground state.

The three molecules, but particularly CO, enhance the
stability of the iron—sulfur clusters. This increase is noticeably
more pronounced for Fe,S, than for the other clusters, a result
that correlates with the fact that in recent experiments of
Fe,S,, (m = 1—4) reaction with CO, Fe,S,CO results as a
prominent product.

From the electronic point of view, the main effect of the CO
and NO attack is to reduce the spin polarization of the cluster
and to modify the magnetic couplings. The reduction of the
spin polarization is reflected in the lower local magnetic
moments of the host cluster atoms, particularly of the Fe atom
in contact with C or N. With regard to the magnetic couplings,
the Fe atom is linked to CO or NO couples antiparallel to the
rest of Fe atoms as well as to the C or N atom of the molecule.
The effect is dramatic in the case of Fe,S, whose total moment
(8 ug) completely quenches upon CO adsorption. Therefore,
adsorption of CO establishes a mechanism to access the
antiferromagnetic-like spin isomer of the host in the singlet
state. The effect of O, chemisorption on the spin-polarized
electronic structure is quite noticeable and somehow expected
in view of the strong induced structural distortions. Oxygen
tends to strongly reduce the spin polarization in Fe and to
weaken the Fe—Fe interaction inducing antiparallel couplings
that in the case of Fe,S, clearly arise from indirect Fe—Fe
exchange coupling mediated by O, leading to a completely
quenched total magnetic moment.

Finally, the VDE and the EA increase upon reaction with all
these light molecules but in particular with O,.
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