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The iron sulfide dimers (FeS)2 and their persulfide isomers with S–S bonds are studied with the
B3LYP density functional as bare clusters and as hexacarbonyls. The disulfides are more stable than
the persulfides as bare clusters and the persulfide ground state lies at 3.2 eV above the global min-
imum, while in the hexacarbonyl complexes this order is reversed: persulfides are more stable, but
the energy gap between disulfides and persulfides becomes much smaller and the activation barrier
for the transition persulfide → disulfide is 1.11 eV. Carbonylation also favors a non-planar Fe2S2
ring for both the disulfides and the persulfides and high electron density in the Fe2S2 core is induced.
The diamagnetic ordering is preferred in the hexacarbonyls, unlike the bare clusters. The hexacar-
bonyls possess low-lying triplet excited states. In the persulfide, the lowest singlet-to-triplet state
excitation occurs by electron transition from the iron centers to an orbital located predominantly at
S2 via metal-to-ligand charge transfer. In the disulfide this excitation corresponds to ligand-to-metal
charge transfer from the sulfur atoms to an orbital located at the iron centers and the Fe–Fe bond.
Water splitting occurs on the hexacarbonyls, but not on the bare clusters. The singlet and triplet state
reaction paths were examined and activation barriers were determined: 50 kJ mol−1 for HO–H bond
dissociation and 210 kJ mol−1 for hydrogen evolution from the intermediate sulfoxyl-hydroxyl com-
plexes Fe2S(OH)(SH)(CO)6 formed. The lowest singlet-singlet excitations in the hexacarbonyls, the
water adsorption complexes and in the reaction intermediates, formed prior to dihydrogen release,
fall in the visible light region. The energy barrier of 210 kJ mol−1 for the release of one hydrogen
molecule corresponds to one visible photon of 570 nm. The dissociation of a second water molecule,
followed by H2 and O2 release via hydro-peroxide intermediate is a two-step process, with activa-
tion barriers of 218 and 233 kJ mol−1, which also fall in the visible light region. A comparison of
the full reaction path with that on diiron dioxide hexacarbonyls Fe2O2(CO)6 is traced. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4890650]

I. INTRODUCTION

The cyclic [2Fe-2S]n+ (n = 0–2) and cage-shaped clus-
ters [4Fe-4S]n+ (n = 0–3) are subject of broad and still grow-
ing research interest.1–4 They form the active site in non-
heme iron-sulfur proteins and act as electron-carriers. Abiotic
applications also gained attention and spectroscopic studies
supported by theoretical modeling have provided evidences
for a large number of clusters and coordination compounds
with versatile catalytic functions, capable of donating, stor-
ing, and relocating electrons.4–10 Spin-dependent delocaliza-
tion (SDD) or “double exchange” has been observed in diiron
and triiron clusters by Mössbauer spectroscopy.1, 11 The theo-
retical studies of the effect of intramolecular electron delocal-
ization in binuclear oxides and sulfides are generally based on
broken-symmetry density functional calculations;2, 6, 9, 12 vi-
bronic interaction models leading to symmetry descent were
also applied.13 The bare clusters FenSm (n,m = 1–6) were
most extensively studied: as neutral, cationic, and anionic

a)ellie@svr.igic.bas.bg

species.8, 14–19 Photoelectron spectra of the monoanions re-
vealed the electron affinities and bonding patterns of the
ground state clusters.8, 14 Multi-reference and density func-
tional calculations were applied to elucidate the ground states
and low-lying excited states of monoiron sulfides FeSn

0/−1

(n = 1–3).8, 15, 16, 18 For diiron clusters the computational
costs increase considerably and the multi-reference studies
of Fe2S2

+1/0/−1 clusters with small basis set provided under-
estimated value of the adiabatic electron affinity by about
1 eV; ionization energy was overestimated.15 DFT studies us-
ing B3LYP allowed a more extensive study of structural iso-
mers lying above the global minima and persulfide clusters
with S–S bonds were found.16 The states in the triplet, quintet,
and septet multiplicity channels were, however, disregarded
and only the lowest energy states were examined with suffi-
ciently large basis set. According to thermochemistry studies,
the binding between sulfur and the cluster core strengthens
as the cluster size increases.17 In the IR spectra of matrix-
isolated species a band at 493 cm−1 was attributed to FexSy,
but the structure was not resolved.19

0021-9606/2014/141(4)/044307/14/$30.00 © 2014 AIP Publishing LLC141, 044307-1
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The synthesis of hexacarbonyls with Fe2S2 or Fe2P2
cores marked the starting point of still expanding experimen-
tal and theoretical research on similar complexes in which
the properties of the active core FenXn can be tuned by
the choice of ligands.4, 20 The neutral diiron hexacarbonyl
with nearly rhombic Fe2S2 core and S2 bridging the two
iron atoms (CO)6Fe2-μ-η2:η2-S2 is with C2v symmetry and
molecular orbital calculations have predicted correctly the
bonding scheme and the nature of the frontier orbitals, as
confirmed by many experimental studies.6–8, 21–23 Much less
attention was devoted to the excited states of the hexacar-
bonyls and the structural isomers have not been studied in sys-
tematic way. Though photoreactivity was reported in the very
early studies,1, 6, 21, 23 the interest in the diiron disulfide hex-
acarbonyls was renewed in the recent years, due to the report
of photo-induced electrochemical reactivity in water split-
ting by visible light.24 Water splitting (2H2O(g) → 2H2(g) +
O2(g)) is an endothermic reaction with enthalpy of 483.7 kJ
mol−1 at 298 K.25 The endothermic effect considered alone,
would require either UV range irradiation, or multiple visi-
ble photons. The development of molecular photo- or photo-
electrocatalysts for water splitting has attracted research ef-
forts in the recent years.26–29 [Fe-Fe] and [Ni-Fe] hydroge-
nase complexes proved active in both water splitting and CO2
reduction.26 In most studies, organic N-donor organic ligands
are included to facilitate proton transfer, which has the side ef-
fect of fast catalyst degradation. Thus, a pure inorganic photo-
electrocatalyst could have an advantage over the large number
of hydrogenase metal-organic complexes by providing higher
stability. Both iron sulfides and iron oxides are promising as
catalysts for water splitting: diiron dioxide hexacarbonyls dis-
sociate water molecules to form dihydroxyl complexes with
no activation barrier on the singlet state potential energy sur-
face according to recent DFT studies;30 in experimental fuel
cells, iron-sulfur based hydrogenase complexes were able to
split water even under dark conditions.27, 28

In the present study we examine (FeS)2 clusters and their
structural isomers by density functional theory (DFT) using
B3LYP in all allowed multiplicity channels. Different bond-
ing of sulfur to the iron dimer Fe2 is considered: (i) sul-
fides with Fe–S–Fe bonds in which S2 is dissociated to sulfur
atoms; (ii) persulfides with side-on bonding of S2 to Fe2 with
formation of planar ring structures; (iii) bridging S–S bonds,
which can be found in planar clusters with separated Fe atoms
or non-planar clusters with both Fe–Fe and S–S bonds, Fig-
ure 1. All clusters are structural analogs of diiron dioxides
and peroxides. Other configurations of lower symmetry were
also considered, but they were found high above the dis-
sociation limit and are not discussed. The thermodynamic
stability of different isomers is compared for different frag-
mentation pathways. The bonding scheme and the ordering
by energy of electronic states with different spin multiplici-
ties are elucidated.

Upon attachment of carbonyl groups the induced changes
in the electron configuration and thermodynamic stability of
Fe2S2(CO)6 are revealed. Proton affinities are determined, as
well as the electrophilic/nucleophilic properties of the diiron
disulfide bare clusters and hexacarbonyls. Low-lying excited
states and the energies of electron transitions from the ground

FIG. 1. Disulfides Fe2S2 and persulfides Fe2(S2). (a) Fe2S2 with D2h sym-
metry and bonding scheme Fe2(μ-S)2; (b) Fe2S2 with C2v symmetry, non-
planar disulfide, with bonding scheme Fe2(μ-S)2; (c) Fe2(S2) with C2v
symmetry, non-planar persulfide, with bonding scheme Fe2-μ-η2:η2-S2;
(d) Fe2(S2) with C2v symmetry, planar persulfide, side-bonded disulfur, Fe2-
η2-S2; and (e) Fe(S2)Fe, with D2h symmetry and bridging disulfur binding
two iron atoms, Fe2-μ-η1:η1-S2. Iron atoms are brown and sulfur atoms are
yellow.

states are calculated by time-dependent (TD) DFT. The full
reaction path of the water-splitting reaction on hexacarbonyls
in singlet and triplet states is traced. The first step is adsorp-
tion of reactants, the second step is referred to as water disso-
ciation (breaking of one H–OH bond), the third step is release
of molecular hydrogen, and the final step is oxygen release
and recovery of the catalyst in initial state.

II. COMPUTATIONAL METHODS

A. Methodology

All calculations were performed with the B3LYP func-
tional, which includes local and non-local terms as imple-
mented in the Gaussian 09 package.31, 32 The standard 6–
311+G(2df) basis set with diffuse and polarization functions
was employed, which consists of the Wachters-Hay all elec-
tron basis set for the first transition row, using the scaling
factors of Raghavachari and Trucks.33 In terms of atomic or-
bitals, the basis set is represented as [10s7p4d2f1g] for iron,
[7s6p2d1f] for sulfur, and [5s4p2d1f] for oxygen and carbon.
The spin-unrestricted formalism was applied and calcula-
tions in the broken symmetry (BS) approach were performed,
which consists in the localization of the opposite spins on dif-
ferent parts of the molecule to give a mono-determinant rep-
resentation of the spin exchange interactions, thus reducing
the symmetry of the space and spin wavefunctions with re-
spect to that of the nuclear framework.34 The importance of
ligand spin polarization in BS computations has been out-
lined and it was taken into account in our studies: for the
bare clusters, with sulfur as a ligand, and for the hexacar-
bonyls, with both CO and sulfur acting as ligands. The BS
wavefunction is not a pure spin state; it is an eigenstate of Ŝz,
but not of Ŝ2. The bond populations and charge distributions
were examined by using natural orbitals and natural bond or-
bital (NBO) analysis.35 The NBO analysis yields results that
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are rather insensitive to basis set enlargement and reveals
both covalent and non-covalent effects in molecules. Regard-
ing the optimized geometries of the ground states, expanded
basis set, 6–311+G(3df), produced essentially the same re-
sults with maximal deviation in bond lengths of ±0.006 Å
and 0.4◦ in bond angles; this basis set, however, is too expen-
sive for Brueckner Doubles, CCSD(T) calculations and for
transition state optimizations. Biorthogonalization did not re-
veal unmatched orbitals in the ground state configurations.
Magnetic moments at the atoms (μ) were calculated as a
difference between α and β natural populations. The spin
multiplicities of the electronic states are also derived from the
difference between the number of α and β spins (sα – sβ +1);
in cases when magnetic ordering does not occur these values
correspond to the genuine 2S + 1 number, where S denotes
the total spin of the electronic system. Spin contamination ex-
pectation values 〈Ŝ2〉 were estimated by treating the DFT or-
bitals as single-determinant Hartree-Fock wave functions.36

Coupled-cluster singles and doubles, including non-iterative
triples, CCSD(T)37 single-point calculations have been per-
formed for the bare clusters with the B3LYP-optimized ge-
ometries to validate the ordering of isomers in different spin
states by energy; for the ordering of the lowest states the
Brueckner orbital coupled cluster method BD(T) with addi-
tional perturbative estimate of the effects of triple excitations
was also applied.38 The minima on the potential energy sur-
faces for the allowed spin multiplicities were identified by the
absence of negative eigenvalues in the diagonalized Hessian
matrix; transition states were characterized by the presence
of a single imaginary frequency. The synchronous transit-
guided quasi-Newton (STQN) method was used for the transi-
tion state optimizations.39, 40 Intrinsic reaction coordinate cal-
culations (IRC) were performed to confirm the structure of
the transition states and for evaluating activation energies.41

Time-dependent (TD) DFT was used42 to determine the exci-
tation energies of the ground state disulfide clusters and hex-
acarbonyls to the low-lying singlet and triplet states. In the
latter calculations different density functionals were applied:

the hybrid functionals B3LYP and B3PW91,32, 43 and the
Coulomb-attenuated modification (CAM) of B3LYP.44 CAM-
B3LYP includes 19% of exact exchange, which increases with
the interelectron distance r12 to 65% and is considered as the
best choice for calculating long-range, Rydberg and charge-
transfer excitations, while providing good quality of results
for local excitations as well.45 The excitation energies in the
water adsorption complexes were also calculated; reoptimiza-
tion of the ground states was performed when different den-
sity functionals were applied. Dispersion effects were taken
into account in studying water adsorption and splitting by us-
ing the empirical formula of Grimme.46 The dispersion cor-
rection according to this formula depends on the number of
bonds with intermediate length in the structure, as it has a
cutoff for shorter bonds. The formation of water adsorption
complexes would thus increase dispersion, while a leaving
hydrogen molecule would decrease dispersion. The electro-
static potential (ESP) of the clusters was calculated from the
B3LYP density and molecular electrostatic potential (MEP)
maps and molecular orbital maps were derived in which ar-
eas of enhanced reactivity in the various clusters can be dis-
cerned. Pearson absolute electronegativity (χ ) and hardness
(η) were calculated according to the formulas χ = (I + A)/2;
η = (I – A)/2, where I denotes the ionization energy and A is
the electron affinity.47

B. Method validation

The properties of diatomic molecule FeS are well known
and it has been studied by theoretical and experimental
methods.8, 14–16, 19, 48, 49 The B3LYP calculated values for the
dissociation energy, vibrational frequency and the adiabatic
electron affinity match the experimental data; the electronic
ground state is correctly predicted as 5� and that of the
monoanion as 4�, Table I. It is worth noting that even for
the smallest member of the FenSn series, the use of small
basis set leads to discrepancy regarding the ground state;

TABLE I. Bond length (R), dissociation energy (Dzpe) corrected for zero-point energy, vibrational frequency
(ω), and electron affinity (EA) for FeS, Fe2, and S2, as calculated by B3LYP.

Cluster/method State R (Å) D0 (kJ mol−1) ω (cm−1) EA (eV)

FeS 5� 2.029 327.7 515.6 1.717
Expt. 328.9 ± 14.6a 523.2b, 520 ± 30c 1.725 ± 0.010c

S2
3�g

− 1.909 423.2 712.4 1.682

Expt. 1.889d 421.6a 725.7d 1.670 ± 0.015e

Fe2
9�g

− 2.112 96.9 359 0.874

Expt. 2.02 ± 0.02f 114.3 g-i 299.6 j 0.902 ± 0.008h

Fe2
− 8�u

− 2.176 317

aExperimental data are from Ref. 51.
bExperimental data are from Ref. 19.
cExperimental data are from Ref. 8.
dExperimental data are from Ref. 52.
eExperimental data are from Ref. 53.
fExperimental data are from Ref. 59.
gExperimental data are from Ref. 60.
hExperimental data are from Ref. 61.
iExperimental data are from dissociation of Fe2 to 4s23d6(5D) + 4s13d7(5F).
jExperimental data are from Ref. 62.
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thus multi-reference studies with basis set of moderate size49

predicted a 5�+ ground state for the neutral molecule FeS
and a 6� ground state for the monoanion. The latter assign-
ment can be questioned in view of the well-established 4�

ground state for the anion of iron monoxide.50 The photoelec-
tron spectrum of FeS and the other experimentally determined
molecular constants are correctly described by the 5� ground
state of FeS and the 4� ground state for FeS−.8, 14, 51, 52 The
use of gradient-corrected functionals which do not include ex-
act exchange such as BPW91 and the meta-GGA functional
TPSS correctly predict the ground states of FeS and the sulfur
dimer S2,51–53 though the dissociation energies are overesti-
mated: insignificantly for S2 (by 6% from TPSS, 9% from
BPW91), but more significantly for the FeS dissociation en-
ergy (overestimation by 19% from TPSS, 20% from BPW91).
Fe–Fe bonds are present in most of the diiron disulfide clus-
ters and in their hexacarbonyls; therefore it is worth evalu-
ating the capability of B3LYP to describe adequately such
bonds. The transition metal dimers are often badly described
by hybrid functionals and they are a challenge for computa-
tional studies.54 Septet and nonet ground states of Fe2 were
discussed in literature.55–58 GGA functionals would favor a
7�u ground state for the neutral iron dimer.55 Most of the
recent theoretical studies: DFT with B3LYP,56 CCSD(T),56

CASSCF/MRCI,58 agree on a 9�g
− ground state of Fe2 and

a 8�u
− ground state of its monoanion Fe2

−, both being con-
firmed also by our B3LYP calculations.

The dissociation of the iron dimer is not a symmetric pro-
cess, but occurs towards one atom in the ground state 5D and
a second iron atom in 5F excited state, with atomic configura-
tions 4s23d6 and 4s13d7, respectively.60, 61 The B3LYP calcu-
lated bond lengths, dissociation energy, and electron affinity
agree with experimental data,59–62 Table I.

III. STRUCTURE AND BONDING OF THE CYCLIC
IRON SULFIDE DIMERS (FeS)2 AND THEIR
PERSULFIDE ISOMERS Fe2(S2)

A. Binding of disulfur vs binding of dioxygen to Fe2

The disulfur molecule bears similar features with molec-
ular oxygen: S2 has a 3�g

− ground state, forms a double bond,
and two unpaired electrons occupy π∗ orbitals. Oxygen forms
oxides and peroxides with O–O bonds, sulfur forms sulfides
and persulfides with S–S bonds. The molecular orbital levels
are, however, different and the S–S bond, though also of or-
der 2, is considerably lengthened than in dioxygen. S2 does
not exist at room temperature, because of the more stable S8
molecule. A markedly different molecular electrostatic poten-
tial (MEP) map emerges for S2, Figure 2.

Disulfur has a dominant electrophilic area in the direc-
tion of σ -bond formation, while for dioxygen a nucleophilic
area is concentrated at the two ends of the molecule. The
broad electrophilic region at S2 agrees with the much higher
value of the electron affinity, Table I, compared to O2 (0.4480
± 0.0060 eV).63 The MEP maps indicate that end-on and side-
on bonding of disulfur to metal cations would not result in
stable structures, while dioxygen binding results in formation
of peroxides with bridging and side-on bonded dioxygen, as

FIG. 2. Molecular Electrostatic Potential (MEP) maps of (a) the O2 molecule
with contour line 0.002 au and (b) the S2 molecule with contour line
0.0012 au. The positive value area is yellow and negative area is blue.

well as in end-on bonding to yield reactive superoxides and
hydroperoxides.12, 64, 65

B. Disulfides and persulfides of Fe2

The iron sulfide dimers form analogous structures as the
metal oxide dimers, but in addition non-planar rhomboid clus-
ters of the disulfides are found, most of which contain a Fe–Fe
bond separated sulfur atoms. The global minimum structure
is planar rhombic disulfide, with Fe–Fe bond and antiferro-
magnetic electron ordering at the two Fe centers. The next
low-lying state above the global minimum is quasi-planar, in
9A1 state and with C2v symmetry, Figure 3. The Fe–S and Fe–
Fe bonds are lengthened, compared to the antiferromagnetic
ground state; thus the nonet state cluster is larger in size. The
MRCI + Q (where Q denotes Davidson cluster correction)
indirect estimate of the energy separation between the AFM
state and the next low-lying nonet state, based on the magnetic
coupling constant value, is 0.173 eV,15, 16 which agrees with
our CCSD(T) and BD(T) values. The Fe–Fe and Fe–S bond
lengths, as calculated by B3LYP, deviate by less than 2% from
the MRCI + Q reported values. The planar cyclic clusters are
the most stable configurations for the singlet to septet spin
multiplicities. Non-planar disulfides with boat-shaped struc-
ture are separated by small energy gaps (0.09–0.42 eV) from
the planer ones in triplet, quintet, and septet states. The largest
deviation from planarity in the disulfides is found in the 5A2
state, but the dihedral angle does not exceed 30o, Table II. The
11B2 ground state of persulfide is non-planar. It has a distorted
tetrahedral structure with an S–S bond and no Fe–Fe bond, as
the Fe–Fe internuclear distance is 3.229 Å. Other persulfide
configurations exist as planar side-on bonded cyclic clusters,
and as mid-S–S bonded chain-shape clusters, having 5A1 and
3Ag ground states, respectively. The Fe–S bonds are length-
ened, compared to the monomer FeS and they vary in the
range 2.03–2.26 Å; only in the non-planar persulfide the Fe–S
bonds are lengthened to 2.426 Å. The S–S bonds in persul-
fides are also elongated compared to S2, taking values within
2.0–2.14 Å. This can be explained by the effect of electron
π -back-donation from the metal to the ligand, which leads to
higher occupancy of the π∗ orbitals in S2. The Fe–Fe bonds
vary in a broad range: 2.2–2.75 Å in the disulfides, the more
lengthened bonds being found in the non-planar clusters.
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FIG. 3. The ground states corresponding to the different isomeric Fe2S2 clusters and local minima lying within 5 eV above the global minimum, grouped ac-
cording to spin multiplicity. Fe atoms are small brown circles, S atoms are yellow large circles. The plus signs denote atoms in non-planar clusters, shifted
above the molecular plane of the ground state structure and the large arrows denote the energy difference �Etot, corresponding to adiabatic transitions.
(Zero-point corrections included.)

In the side-on bonded cyclic persulfides Fe–Fe bonds of
1.95–2.0 Å are found, which are shorter than the bond of the
free iron dimer Fe2. The Fe–S bonds in the disulfides are co-
valent and the Fe centers local charge does not exceed +0.8,
Table III. In the bare clusters the 4s and 4p AOs at Fe cen-
ters have 30%–40% occupancy, and the population of the 3d
orbitals exceeds d6. The sulfur AOs occupancy in disulfides
is typically 3s1.83p4.8; in persulfides it is 3s1.83p4.2 (see Table
IIIS in the supplementary material).75 As expected, sulfur acts
as a weaker electron donor compared to oxygen. Partial 3d-4s-
4p hybridization at the Fe centers contributes to the Fe–S and
Fe–Fe bonds, which are highly delocalized.

Experimental data on the diiron disulfides are scarce: dis-
sociation energies are not known and the ionization energy as

well as the adiabatic electron affinity were determined with
large uncertainty.14, 17 The threshold energy for electron pho-
todetachment of 2.15 ± 0.83 eV was deduced from photoelec-
tron spectra.14 Our B3LYP calculated value is 2.21 eV, corre-
sponding to electron photodetachment from the 8A1 ground
state of the monoanion. The persulfide configurations, which
lie at more than 3 eV above the global minimum according
to our B3LYP calculations, have not been reported as indi-
vidual clusters. Both the disulfides and the persulfides would
be stable towards fragmentation to Fe2 + S2 or towards the
monomer FeS, the latter being the preferred dissociation path,
Table IV. Adsorption of water molecules on the diiron disul-
fide is exothermic, with adsorption energy of 91 kJ mol−1 for
the first water molecule, and 69 kJ mol−1 for a second one.

TABLE II. Bond lengths, bond angles, magnetic moments on atoms (μ, Bohr magnetons), and relative energies �Etot (eV) for disulfides (FeS)2, and for the
persulfide-isomers Fe2(S2).

Cluster RFe-S RS-S RFe-Fe
� SFeS, Dihedral �Etot �Etot

model/symmetry State (Å) (Å) (Å) � FeSSa (deg) � SFeSFe (deg) μFe μS B3LYP CCSD(T) (BD(T))

(FeS)2, (Cs)
1A′ 2.181 3.625 2.444 112.4 0.0 3.42; −3.42 0.00 0.00 0.000 0.000

(FeS)2, (C2v) 9A1 2.258 3.702 2.585 110.2 0.04 3.64 0.36 0.437 0.255 (0.268)
(FeS)2, (D2h) 7B1g 2.187 3.458 2.677 104.5 0.0 2.98 0.02 1.177 1.518 (1.499)

11B1g 2.248 3.428 2.908 99.4 0.0 4.28 0.72 1.963 1.721 (1.729)

Fe2S2, C2v (non-planar) 7A2 2.198 3.364 2.698 99.8 22.6 3.03 − 0.03 1.600 1.858 (1.156)
11B2 2.426 2.138 3.229 32.3 64.1 4.68 0.32 3.219 2.719

Fe2S2, C2v (planar) 5A1 2.189 2.085 1.956 88.3 0.0 1.98 0.02 4.693 4.761
FeS2Fe, C2h

5Au 2.227 2.058 93.5 0.0 2.44 − 0.44 4.784 5.887

a � SFeS for sulfide clusters with separated sulfur atoms and for non-planar disulfide clusters containing bridging S–S bonds; � FeSS for planar clusters with bridging or side-on bonded
S2. �Etot – total energy difference relative to the ground state energy of neutral Fe2S2: Etot = −3323.962720 hartree for B3LYP, zero-point correction included; −3320.787178 hartree
for CCSD(T); −3320.787830 for BD(T), values given in brackets. See Table IIS in the supplementary material for a full list of electronic states and optimized geometries.75
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TABLE III. HOMO(SOMO)−LUMO gaps (eV), natural charges (q, e) and natural population analysis for disul-
fides Fe2S2, their persulfide isomers Fe2(S2) and carbonyl complexes in antiferromagnetic (AFM), diamagnetic,
and ferromagnetic (FM) states.

Cluster HOMO(SOMO)−LUMO qM qS M 3d M 4s M 4p

AFM states
Fe2S2 3.44 0.66 − 0.66 6.63 0.36 0.33
Fe2(S2)(CO)6 3.92 − 1.35 0.24 7.66 0.43 1.24

Diamagnetic states
Fe2(S2)(CO)6; 1A1 3.97 − 1.69 0.37 7.84 0.43 1.40
Fe2S2(CO)6;

1A1 2.49 − 1.57 0.15 7.74 0.43 1.38

FM, high-spin states
Fe2S2; D2h, 7B1g 1.64 0.43 − 0.43 6.79 0.43 0.31

Fe2S2; C2v,
9A1 2.97 0.80 − 0.80 6.46 0.40 0.32

Fe2S2, C2v,
7A2 1.17 0.60 − 0.60 6.71 0.39 0.28

Fe2(S2), C2v,
5A1 1.64 0.26 − 0.26 6.93 0.59 0.21

Fe2(S2), C2h, 5Au 0.93 0.31 − 0.31 6.86 0.75 0.07
Fe2(S2)(CO)6; 3A′ 3.18 0.15 − 1.02 6.43 0.18 0.50

All of the bare clusters are, however, unstable towards hydrol-
ysis, as this reaction is weakly exothermic. Oxidative hydrol-
ysis was also considered in a reaction to Fe(III) oxyhydroxide
and this pathway, though endothermic, is another process of
(FeS)2 degradation.

IV. STRUCTURE, BONDING, AND REACTIVITY
OF CARBONYLATED DIIRON DISULFIDE
AND PERSULFIDE

A. Electronic and magnetic structure

The Fe2S2 core, which is the active site in hexacar-
bonyls, has markedly different properties from that in the bare
clusters, Figure 4. The global minimum belongs to a non-
planar persulfide configuration and it is diamagnetic. An an-

tiferromagnetically ordered state of the persulfide is found
by only 0.3 eV above the diamagnetic singlet, with slightly
lengthened Fe–S bonds and distorted along the Fe–Fe axis,
Table V. The magnetic moment at iron centers is much
smaller than in the bare clusters and it reaches a maximum
value of 1.85 μB in the quintet state of the persulfide. The
hexacarbonyl of the disulfide also has a non-planar Fe2S2
core, with a dihedral angle of 33.4o and a diamagnetic ground
state. The different electronic states of the sulfide/persulfide
isomers are closely spaced by energy and the disulfide is
found by 0.9 eV above the global minimum. The persulfide
undergoes a transition to disulfide, which requires activation
energy of 1.11 eV. In the transition state the Fe–Fe bond is
lengthened to 2.752 Å and the S–S bond to 3.134 Å, both
internuclear distances being close to the disulfide structure,

TABLE IV. Calculated dissociation energies (Dzpe, kJ mol−1)a of the ground state disulfides (FeS)2, and their hexacarbonyls, proton affinities (PA, kJ mol−1),
absolute electronegativities (χ , eV), and hardness (η, eV).

Cluster, symmetry, state PA χ η

Fe2(S2)(CO)6, C2v; 1A1 718 4.74 3.26
Fe2S2(CO)6, C2v; 1A1 886 5.13 2.64

Dzpe

(FeS)2 → 2FeS 375
(FeS)2 → Fe2 + S2 490
(FeS)2 + 4H2O → 2Fe(OH)2 + 2H2S − 23.6
(FeS)2 + 1

2 O2 + 3H2O → 2FeO(OH) + 2H2S 192
Fe2(S2)(CO)6 → 2FeS + 6CO 907
Fe2(S2)(CO)6 → Fe2 + S2 + 6CO 1023
Fe2(S2)(CO)6 → Fe2(CO)6 + S2 543
Fe2(S2)(CO)6 → 2FeS(CO)3 272
Fe2(S2)(CO)6 → Fe2(S2)(CO)5 + CO 154
Fe2(S2)(CO)5 → (CO)3Fe(S2)Fe(CO) + CO 180
Fe2(S2)(CO)5 → (CO)2Fe(S2)Fe(CO)2 + CO 142
Fe2(S2)(CO)6 + 4H2O → 2Fe(OH)2 + 2H2S + 6CO 421
Fe2(S2)(CO)6 + 4H2O → 2Fe(OH)2(CO)3 + 2H2S 320
Fe2(S2)(CO)6 + 1

2 O2 + 3H2O → 2FeO(OH) + 2H2S + 6CO 635
Fe2(S2)(CO)6 + 1

2 O2 + 3H2O → 2FeO(OH)(CO)3 + 2H2S 481

aZero-point correction included.
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FIG. 4. Hexacarbonyls of the Fe2S2 clusters. (a) Diamagnetic ground state of the persulfide (CO)6Fe2-μ-η2:η2-S2, denoted for simplicity as Fe2(S2)(CO)6. (b)
Transition state configuration between persulfide/disulfide. (c) Diamagnetic ground state of the disulfide (CO)6Fe2(μ-S)2, denoted as Fe2S2(CO)6. Iron atoms
are brown, sulfur atoms are yellow, oxygen atoms are blue, and carbon atoms are grey.

Figure 4(b). Rotation of the carbonyl groups around the Fe–
Fe bond occurs during the transition.

Compared to the bare clusters, the Fe–Fe internuclear
distances in both the persulfide and sulfide hexacarbonyls
are lengthened (>2.5 Å), while the S–S bonds correspond
to those in the planar bare persulfides. The disulfide and
the persulfide have C2v symmetry in their ground states,
with butterfly like orientation of the carbonyl groups and
this orientation of the ligands is strongly preferred also in
the states with higher spin multiplicity, as well as in the
broken-symmetry states. In the ground state structures the CO
stretching vibration is shifted to lower frequencies (2154 and
2167 cm−1) compared to the free CO molecule (2212 cm–1).
The red shift indicates population of the π∗-orbitals of CO
via charge transfer from the metal to the carbonyl ligands,
but this effect is not significant. The HOMO−LUMO gaps
increase upon CO coordination – most notably for the persul-
fide in both the diamagnetic ground state and in the antifer-
romagnetic state, Table III. The carbonyl groups act as strong
σ -donors and the population of the Fe AOs is markedly in-
creased. A formal negative charge is induced at the Fe cen-
ters and all of the molecular orbitals, which contribute to the
Fe–Fe bond, are formed with the participation of Fe 3d4s4p
hybrid orbitals. While the net occupancy at each iron center
increases by 3 electrons, the population of the sulfur atom
AOs is 3s1.73p3.9–4.0; (see the supplementary material)75 thus
sulfur also acts as an electron-donor to iron, though much
weaker than CO, and to a smaller extent than in the bare clus-
ters. The 21a1 MO is highly delocalized and contributes to
the Fe–Fe, Fe–C, and S–S bonds. The 26a1 and the 27a1 MOs
are Fe–Fe, Fe–S, and S–S bonding, with major components
from the Fe 3 dz2 and the Fe 3 dx2−y2 AOs. The 29a1 and the

17b1 MOs are Fe–S and Fe–Fe bonding, but they are non-
bonding with respect to the S–S bond, as lone-pair S orbitals
are part of these MOs. In the persulfide, the HOMO is Fe–
Fe bonding, while the LUMO is weakly bonding with respect
to the Fe–S bond, with significant contribution of S-lone-pair
AOs. In the disulfides, the highly delocalized 28a1 and 29a1
MOs contain a Fe–C, Fe–Fe, and Fe–S bonding component,
formed with participation of Fe 3d4s4p hybrid AOs. Marked
differences arise regarding the nature of the HOMO and the
LUMO in disulfides, relative to persulfides, and they are re-
versed in order: the HOMO in the disulfide is composed of
non-bonding sulfur lone-pair orbitals, while the LUMO is
concentrated at the iron centers and the Fe–Fe bond, Figure 5.

The thermodynamic stability of the Fe2S2 clusters in-
creases upon carbonylation, Table IV. The reactions of
hydrolysis become highly endothermic and the preferred dis-
sociation path is towards iron sulfide tricarbonyl, which re-
quires splitting of two Fe–S bonds. The reactions which lead
to breaking all of the Fe-CO bonds are unfavorable and the
fragmentation to the non-coordinated monomer FeS requires
higher energy, than the release of S2 with formation of di-
iron hexacarbonyl. It is worth noting that the loss of carbonyl
groups is less favorable for the disulfides than it is for their
dioxide analogs, as calculated by the same density functional,
B3LYP.30

The proton affinity of the disulfide hexacarbonyl is higher
than that of the persulfide, and so is the absolute electroneg-
ativity. Thus, the disulfide is the more reactive isomer, which
is also indicated by the low value of absolute hardness. The
molecular electrostatic potential map of the disulfide indicates
a broad continuous nucleophilic area above the Fe2S2 core,
Figure 6.

TABLE V. Bond lengths, bond angles, magnetic moments on atoms (μ, Bohr magnetons), and relative energies �Etot (eV) for Fe2S2(CO)6 and Fe2(S2)(CO)6
by B3LYP. �Etot – total energy difference relative to the ground state energy of neutral Fe2(S2)(CO)6 with Etot = –4004.229755 hartree; zero-point correction
included.

Cluster model State RFe-S (Å) RS-S (Å) RFe-Fe (Å) RFe-C (Å) � FeSFe (deg) Dihedral � SFeSFe (deg) μFe μS �Etot

Fe2(S2)(CO)6
1A1 2.271 2.052 2.572 1.80–1.81 69.0 69.6 0.00 0.00 0.000

1A (Cs) 2.325 2.062 3.256 1.81–1.89 88.9 61.0 1.03 0.00 0.324
− 1.03 0.00

3A′ 2.314 2.067 3.326 1.81–1.89 91.9 58.9 1.06 − 0.05 0.498
5A′′ 2.315 2.104 4.028 1.86–1.92 120.9 25.9 1.85 0.28 1.753

Fe2S2(CO)6
1A1 2.223 3.119 2.875 1.77–1.83 80.6 33.4 0.00 0.00 0.923
3B1 2.239 2.732 2.698 1.81–1.82 74.2 54.4 0.33 0.65 1.067
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FIG. 5. The HOMO and the LUMO of the (a) persulfide (CO)6Fe2-μ-η2:η2-
S2 and (b) disulfide (CO)6Fe2(μ-S)2. Positive parts of MOs are red and neg-
ative parts of MOs are green.

B. Vibrational frequencies

The irreducible representations for the normal vibra-
tions in planar and non-planar disulfides and persulfides with
C2v symmetry indicate the same number of IR and Raman-
active vibrations: �[Fe2(S2), planar cluster, C2v] = 3a1(IR,R)
+ 2b2(IR,R) + a2(R) and �[Fe2S2, non-planar cluster, C2v]
= 3a1(IR,R) + b1(IR,R) + b2(IR,R) + a2(R). In the disulfides
two vibrational modes with high IR intensity appear, which
are due to antisymmetric Fe-S stretching vibrations, Table VI.
The 466 cm−1 frequency in the ground state of the planar an-
tiferromagnetic disulfide is due to simultaneous motion of S
atoms along the S-S axis and in direction perpendicular to
the Fe–Fe bond. Another IR intense line appears at 314 cm−1

and it is again due to simultaneous motion of S atoms, but in
direction perpendicular to the S-S axis and in parallel to the
Fe–Fe bond. In the non-planar disulfide these vibrations are
found at 399 and 255 cm−1, respectively. All clusters except
the ground state disulfide have their highest frequency IR in-
tense bands shifted towards low frequencies, (<420 cm−1).
In the planar cyclic persulfide with 5A1 ground state, the S–S
stretching vibration is the one appearing at highest frequency,
493 cm−1, but it does not lead to significant change of the
dipole moment and has low IR intensity; the lines at 413 cm−1

FIG. 6. Molecular Electrostatic Potential (MEP) map of the diiron disulfide
hexacarbonyl (CO)6Fe2(μ-S)2, with contour line 0.007 au. The electrophilic
area is yellow and the nucleophilic area is blue.

and 371 cm−1, attributed to Fe–Fe stretching and asymmet-
ric Fe–S stretching vibrations, are the ones detectable in the
IR spectra. The S-S vibration with frequency at 500 cm−1 is
only Raman active for the planar persulfide with bridging S–S
bond and an intense band in the IR spectrum would appear as
low as 305 cm−1. The vibrations with dominant contribution
of the Fe2S2 core are, however, shifted to higher frequencies
in the hexacarbonyls (500–640 cm−1) and they are coupled to
the vibrations of the carbonyl groups. The two bands appear-
ing above 600 cm−1 are typical antisymmetric Fe-S vibrations
for both the disulfide and the persulfide.

C. Reactivity of the Fe2S2 hexacarbonyls. Water
adsorption and dissociation

The hexacarbonyls of both the persulfide and the disul-
fide possess low-lying triplet states. Being spin-forbidden,
these transitions can lead to excited states with longer life-
times, because the reverse path also has low probability. They
are enabled by the spin-orbit coupling, which our calcula-
tions indicate as small for the ground state of the diiron
persulfide hexacarbonyl (31 cm−1), but it strongly increases
for the ground state of the disulfide (326 cm−1) and reaches
547 cm−1 in the water adsorption complex. The persulfide,
which is the global minimum configuration, has a low-lying

TABLE VI. Vibrational frequencies and zero-point energies of the ground state disulfide Fe2S2 and persulfide
Fe2(S2) clusters and their hexacarbonyls.

Fe2S2 Fe2(S2) Fe2S2 Fe2(S2) Fe2(S2)(CO)6
a Fe2S2(CO)6

a

State/symmetry 1A; Cs
5A1; C2v

7A2; C2v
5Au; C2h

1A1; C2v
1A1; C2v

ω (cm−1) 92 a′ 157 a2 89 a1 29 bu 479 a1 493 a1 325 b1 351 b2
240 a′ 172 b2 178 a1 32 au 500 a2 550 a1 447 b2 454 a1
310 a′′ 371 b2 255 b2 76 ag 572 b1 573 a2 480 a2 504 b2

314 a′′ 372 a1 308 a2 305 bu 582 b2 601 a1 509 a1 555 a2
414 a′ 413 a1 390 a1 312 ag 626 b2 635 a1 574 b1 575 a1

466 a′′ 493 a1 399 b1 500 ag 618 b2 630 a1

ZPE (kJ mol−1) 11.0 11.8 9.7 7.5 147.5 145.7

aVibrations with dominant participation of the Fe2S2 ring in carbonylated clusters.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.131.138.244 On: Fri, 25 Jul 2014 14:58:30



044307-9 E. L. Uzunova and H. Mikosch J. Chem. Phys. 141, 044307 (2014)

TABLE VII. Vertical excitation energies (eV) of the ground state clusters
Fe2S2(CO)6 to the low-lying triplet states, calculated by TD DFT using dif-
ferent functionals. Oscillator strengths for singlet-singlet transitions (f × 103)
are given in brackets.

Cluster model Excited state B3LYP CAM-B3LYP B3PW91

Fe2(S2)(CO)6; 1A1
3B2 0.62 0.83a 1.05
3B1 2.31 2.46 2.46
3A2 2.37 2.47 2.54
1B1 2.42 (0.7) 2.50 (0.7) 2.57 (0.6)
1A2 2.64 (0.0) 2.67 (0.0) 2.79 (0.0)
1B1 2.67 (0.2) 2.81 (0.5) 2.83 (0.4)

Fe2S2(CO)6; 1A1
3B1 0.50 0.33 0.47
3B2 1.16 1.07 1.16
3A2 1.25 1.18 1.40
1A2 1.64 (0.0) 1.72 (0.0) 1.80 (0.0)
1B2 1.72 (3.9) 1.78 (18.3) 1.91 (5.9)
1A1 1.75 (0.2) 1.79 (0.1) 1.99 (0.4)

aTransition to antiferromagnetic state.

antiferromagnetically ordered state with magnetic moment at
iron atoms equal to one electron. The energy gap, which sep-
arates the antiferromagnetic cluster form the ground state,
is small enough and vibrational excitation can lead to spin
flipping and rearrangement. An electron transition from the
HOMO to the LUMO orbital corresponds to metal-to-ligand
charge transfer (MLCT), or Fe2 → S2, Figure 5. This tran-
sition results in a weakened Fe–Fe bond, which we find in
all the higher lying states of the persulfide, e.g. the antiferro-
magnetic state, the triplet state and the quintet state, Table VI.
The Fe–S bonds are not so much lengthened (by 0.04–
0.06 Å), while the S–S bond is even less affected, because
the LUMO in the persulfide is weakly Fe–S bonding and
S–S non-bonding orbital. In the disulfide, a HOMO–LUMO
transition bears a ligand-to-metal charge transfer character
(LMCT), so in the low-lying triplet state the Fe–Fe bonds are
significantly shortened and the S–S bond is shortened as well.
The LUMO is concentrated at the Fe–Fe bond and electron
transfer from the sulfur atoms depopulates the S 3p AOs, re-
spectively the π∗ orbitals at S2, thus favoring the formation of
S–S bond.

Time-dependent (TD) calculations with the B3LYP func-
tional yields an excitation energy of 0.62 eV for the first

singlet-triplet excitation in the persulfide Fe2(S2)(CO)6, 1A1
→ 3B2, which corresponds to 1990 nm. The CAM-B3LYP
and the B3PW91 functional predict higher energy for the
lowest energy excitation, 0.83 and 1.05 eV, respectively, Ta-
ble VII. For the disulfide Fe2S2(CO)6, the different methods
applied yield better agreement on the first excitation energy
1A1 → 3B1, though CAM-B3LYP predicts somewhat smaller
value of 0.33 eV vs 0.50 and 0.47 eV from B3LYP and
B3PW91. The calculations with different functionals agree
that the first excitation energy in the persulfide is more than
twice smaller than the second singlet-triplet excitation. The
1A1 → 3B1 excitation of the persulfide falls in the visible
region of the spectrum and is close by energy to the first
singlet-singlet excitation 1A1 → 1B1. The latter transition cor-
responds to the most intense band in the electronic spectrum.
The TD-CAM-B3LYP and TD-B3PW91 results agree on the
calculated wavelength of 496 nm (CAM-B3LYP) and 483 nm
(B3PW91), and they are slightly higher than the experimen-
tally determined one of 460 nm.23 For the disulfide, the first
excitation energy 1A1 → 3B1 is also much smaller than the
second one 1A1 → 3B2 and all the first three singlet-triplet ex-
citations are separated from the singlet-singlet excitations by
a gap of 0.39/0.40 eV as estimated by TD-B3LYP/B3PW91;
TD-CAM-B3LYP predicts a difference 0.54 eV. The first six
calculated transitions in the disulfide appear at lower ener-
gies and below the visible spectrum, compared to those in
the persulfide. In both the disulfide and the persulfide the first
three singlet-singlet excitations appear within a narrow energy
range.

Water adsorption is weakly exothermic on the singlet
PES (36 kJ mol−1), and the dissociation of water has slightly
larger heat effect (46 kJ mol−1). The dissociation proceeds
via proton transfer from a water molecule to a sulfur atom
and a bridging hydroxyl group binds symmetrically to both
iron centers, resulting in a Fe2S(OH)(SH)(CO)6 complex,
Figure 7. The activation barriers are similar for the triplet
and singlet pathways (50 and 56 kJ mol−1, Figure 8), but the
dissociation product in triplet state is endothermic. The pro-
ton transfer does not occur on the persulfide, but only on the
disulfide. The structural rearrangement persulfide → disul-
fide, Figure 4, requires activation energy of 1.11 eV (107 kJ
mol−1), which falls in the NIR region. All of these activa-
tion barriers and their sum are much smaller than the en-
ergy needed for homolytic breaking of the H–OH bond,

FIG. 7. Structures of the (a) water adsorption complex, (b) transition state TS1, and (c) dissociation product for the reaction path on the singlet PES; the triplet
state geometries are presented as supplementary material.75 Legend as in Figure 4.
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FIG. 8. The reaction path for water dissociation to –SH and –OH along
the singlet and triplet potential energy surfaces. Energy barriers are deter-
mined at the B3LYP level from IRC path following. Structures are shown in
Figure 7.

499 kJ mol−1 or for the bond breaking in a hydroxyl group,
428 kJ mol−1.66

Upon adsorption and dissociation of a water molecule,
the partial charge on the Fe centers undergoes a minor change
to −1.46 e (at the iron atom forming Fe–Ow bond) and
to −1.48 e (at the second iron atom). The partial charge
on the sulfur atom forming an –SH group is also retained,
while the bridging sulfur atom acquires a minor negative
charge of −0.07 e. No magnetic interactions with the water
molecules are found. The proton attached to the sulfur atom
after water dissociation can shift to the iron center, forming
hydride-like bond, Figure 9(a), which requires activation en-
ergy of 96 kJ mol−1. In the dioxide analog, with two bridg-
ing hydroxyl groups, the protons remain bonded to the oxy-
gen atoms, only weakly interacting with the iron centers,
Figure 9(b).

In the adsorption complex Fe2S2(CO)6(H2O), the singlet-
triplet excitations are not altered significantly; a minor shift
to higher energy of the second and third singlet-singlet ex-
citations is observed, Table VIII. The different density func-
tionals agree on the calculated transitions with the only ex-
ception that B3LYP predicts the third singlet-triplet excitation
above the first singlet-singlet one, while B3PW91 and CAM-
B3LYP place them close-lying. Along the reaction path, the

FIG. 9. Hydrogen mobility in water dissociation products of diiron disul-
fide and diiron dioxide hexacarbonyls. (a) Fe2S(OH)(SH)(CO)6 and (b)
Fe2O(OH)2(CO)6.

energy separation between singlet and triplet states increases,
and so do the excitation energies – for the dissociation product
Fe2S(SH)(OH)(CO)6 all singlet-triplet excitations are shifted
to higher energies and the first singlet-singlet excitation is also
higher by about 1 eV. The electron excitations from the lone-
pair orbitals of the bridging sulfur atom to the bridging –OH
and –SH groups have a major contribution in both the singlet-
triplet and singlet-singlet transitions of Fe2S(SH)(OH)(CO)6.
The formation of a hydrogen molecule proceeds via the tran-
sition state TS2, Figure 10(a), in which the hydrogen from
the bridging –SH group is shifted towards the bridging –OH
group. The activation energy of this reaction is 202–210 kJ
mol−1 on either the singlet or triplet PES, Figure 11.

Sulfides and oxysulfides are typical hydrogen evolving
catalysts.67, 68 The complete water splitting reaction requires
also oxygen evolution and a ratio 2/1 between hydrogen and
oxygen. After the release of one hydrogen molecule from wa-
ter, the catalyst remains in oxidized state, Fe2(S2)O(CO)6,
Figure 10(b). The release of dioxygen by direct O•–O• cou-
pling is an endothermic reaction that would require favor-
able stacking of the hexacarbonyl complexes, Figures 10(c)
and 11. Other possible reaction paths involve peroxo- or
superoxo-intermediates in the release of molecular oxygen
as proposed in a number of studies.69–71 The –OOH groups
could form as a result of either an OH− or water molecule
attachment to the oxidized catalyst. As the hydrogen evolv-
ing catalysts operate in acidic, rather than alkali solutions,
the occurrence of negatively charged hydroxyl groups would
be scarce. For this reason, attachment of a second wa-
ter molecule was considered in the present study, which

TABLE VIII. Vertical excitation energies (eV) of the ground state singlet adsorption complex
Fe2S2(CO)6(H2O) and the dissociation product Fe2S(SH)(OH)(CO)6 to the low-lying triplet and singlet states,
calculated with TD DFT. Oscillator strengths for singlet-singlet transitions (f × 103) are given in brackets.

Fe2S2(CO)6(H2O) Fe2S(SH)(OH)(CO)6

Functional Singlet → triplet Singlet → singlet Singlet → triplet Singlet → singlet

B3LYP 0.74 1.48 (5.0) 1.95 2.42 (4.8)
1.19 1.91 (1.9) 2.05 2.55 (0.8)
1.86 2.16 (0.0) 2.13 2.63 (2.8)

B3PW91 0.79 1.57 (5.6) 2.05 2.54 (5.3)
1.27 1.97 (2.4) 2.15 2.69 (0.8)
1.60 2.25 (0.0) 2.27 2.81 (2.9)

CAM-B3LYP 0.70 1.58 (5.9) 2.07 2.76 (0.2)
1.07 2.47 (0.3) 2.12 2.79 (1.5)
1.42 2.60 (14.1) 2.18 2.87 (6.0)
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FIG. 10. Structures of the (a) transition state of dihydrogen formation, TS2, (b) oxidized complex after dihydrogen release, (c) initial state, Fe2S2(CO)6, (d)
transition state to hydroperoxo-complex via second water molecule adsorption, and (e) transition state to O2 and H2 formation from the intermediate peroxo-
complex. Legend as in Figure 4.

completes the full reaction path of water splitting to 2H2 +
O2. The activation barrier to dissociation of a water molecule
with –SH and –OOH formation from Fe2(S2)O(CO)6 is 218
kJ mol−1, Figure 11. The structure of the transition state
shown in Figure 10(d) is close to that of the hydro-peroxide
intermediate ground state Fe2S(SH)(OOH)(CO)6. The hydro-
peroxide group is in a bridging position between the two iron

centers and this complex is endothermic, with enthalpy of 139
kJ mol−1. In the final step O2 and H2 are formed simultane-
ously via the transition state TS4 with activation barrier of 233
kJ mol−1. The release of H2 and O2 is an exothermic reaction
with enthalpy of −223 kJ mol−1. The reaction path through
hydro-peroxide intermediates is more favorable than the di-
rect coupling, because through the release of both hydrogen

FIG. 11. The reaction path for dihydrogen release along the singlet and triplet potential energy surfaces. (a) Release of one hydrogen molecule and oxygen
release by direct O•–O• coupling in Fe2S2O(CO)6. (b) Formation of hydroperoxide intermediate Fe2S(OOH)(SH)(CO)6 via adsorption of a second water
molecule and subsequent release of H2 + O2. Energy barriers are determined at the B3LYP level from IRC path following. Structures are shown in Figure 10.
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FIG. 12. Structures of the (a) transition state of dihydrogen formation from Fe2O(OH)2(CO)6, TS2, (b) oxidized complex after dihydrogen release, (c) restored
Fe2O2(CO)6, (d) dissociative adsorption of water on Fe2O3(CO)6, and (e) transition state in the formation of H2 and O2 from Fe2O(OH)(OOH)(CO)6. Legend
as in Figure 4.

and oxygen, it becomes exothermic. The activation energies
in each step of the water splitting process on Fe2S2(CO)6 cor-
respond to adsorption of photons in the visible region. In the-
oretical studies of water splitting by (MO2)n clusters,69 where
M = Ti, Zr, Hf, hydrides have been found as intermediates
to dihydrogen formation. The activation barriers for a first
proton transfer have been calculated in the range 80–210 kJ
mol−1 for the different clusters, but they were much higher
for a second proton transfer, 460–590 kJ mol−1. The com-
parison with theoretical and experimental studies for oxygen
evolution catalysts is not straightforward, because the reac-
tion examined is 2H2O → 4e− + 4H+ + O2 or 4OH− → O2
+2H2O + 4e−.71, 74 For oxygen evolution catalysts contain-
ing Co4O4 core, the experimental and theoretically calculated
activation energies are lower than those of the present study,
not exceeding 150 kJ mol−1.71–73

D. Comparison of Fe2S2 and Fe2O2 hexacarbonyls
reactivity

The initial steps of water adsorption and dissociation
on the diiron dioxide hexacarbonyls proceed with no ac-
tivation barrier on the singlet PES and with a small bar-
rier of 14.1 kJ mol−1 on the triplet PES.30 The water dis-
sociation (H–OH bond breaking) is more exothermic on
Fe2O2(CO)2, compared to Fe2S2(CO)6, with a thermal effect
of 112 kJ mol−1 vs 46 kJ mol−1. The formation of dihydro-
gen from the dihydroxyl complex Fe2O(OH)2(CO)6 shown in
Figure 12(a), requires much higher activation energy than that
of Fe2S(OH)SH(CO)6 and it is strongly endothermic for both
the singlet and triplet PES, Figure 13. The large endother-
mic effect of hydrogen formation can be reduced, though

not significantly, by following the triplet state reaction path
on which the activation energy is considerably smaller. The
triplet transition state lies below the singlet one by 175 kJ
mol−1. The deoxidation of Fe2O(O2)(CO)6 to Fe2O2(CO)6
by direct O•–O• coupling is again endothermic on the singlet
PES, whereas on the triplet PES a minor exothermic effect
of 5.4 kJ mol−1 is calculated. In the transition state TS2 for
dihydrogen formation, no bonds of peroxo- type are formed,
but a bridging O–O bond is formed only after H2 release. The
adsorption of a second water molecule is dissociative and pro-
ceeds to hydro-peroxide Fe2O(OH)(OOH)(CO)6 without an
activation barrier, Figure 12(d) and 13. The transition state
to dihydrogen formation from the latter complex, however,
Figure 12(e), lies very high by energy and the activation bar-
rier to H2, O2 release is 398 kJ mol−1. The diiron dioxide hex-
acarbonyl complexes easily break the H–OH bond in water
molecules, but the stable oxo-dihydroxyl compounds require
very high energy to release molecular hydrogen.

V. CONCLUSIONS

In the state of the global minimum of the iron sulfide
dimer a rhombic planar structure of a disulfide with antiferro-
magnetically coupled electrons at the iron centers is formed.
The local minima configurations of persulfides with side-on
bonded and bridging S2 are found at much higher energies,
more than 3.2 eV above the global minimum. The bare clus-
ters adsorb water molecules in an exothermic reaction, but
they do not split water. Instead, a reaction of hydrolysis with
evolution of hydrogen sulfide is thermodynamically favor-
able. Carbonylation stabilizes the diiron disulfide towards hy-
drolysis. In the hexacarbonyls, the persulfide configuration of
the Fe2S2 core becomes more stable and the ground state of
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FIG. 13. The reaction path for dihydrogen release along the singlet and triplet potential energy surfaces of Fe2O2(CO)6 + H2O. (a) Release of one hydrogen
molecule and oxygen release by direct O•–O• coupling in Fe2O3(CO)6. (b) Formation of peroxide intermediate Fe2O(OOH)(OH)(CO)6 via adsorption of a
second water molecule and subsequent release of H2 + O2. Structures are shown in Figure 12.

the disulfide lies by 0.92 eV higher in energy. The disulfide
has a higher proton affinity than the persulfide, water adsorp-
tion is exothermic, and it is the reactive configuration in wa-
ter splitting. The persulfide → disulfide structural transfor-
mation requires relatively small activation energy of 1.11 eV,
which can be achieved by near-infrared light. Both the persul-
fide and the disulfide hexacarbonyls are diamagnetic in their
ground states, unlike the bare clusters. The carbonyl ligands
act as electron donors, inducing nucleophilic properties of the
Fe2S2 core. Intermediate structures with bridging –OH and
–SH groups, symmetrically bound to both iron centers have
been revealed in the water splitting reaction. In the transition
state of the first water dissociation step, hydrogen bond with
a sulfur atom is formed. The activation barriers for water dis-
sociation and for dihydrogen formation are similar on the sin-
glet and triplet PES of Fe2S2(CO)6, and they are much higher
for the step of dihydrogen release from the mixed sulfoxyl-
hydroxyl intermediate, than for the initial breaking of the
H–OH bond. The release of molecular oxygen requires a
hydro-peroxide intermediate, which dissociates with simul-
taneous H2 and O2 formation. The latter process is two-step,
the first step being endothermic (+139 kJ mol−1) while the
second step is exothermic (–223.3 kJ mol−1). The activation
barriers to these steps are 218 and 233 kJ mol−1, and they
correspond to visible light energy.
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