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ABSTRACT: Iron sulfur cluster anions (FeS)m
− (m = 2−8) are

studied by photoelectron spectroscopy (PES) at 3.492 eV (355
nm) and 4.661 eV (266 nm) photon energies, and by density
functional theory (DFT) calculations. The most probable
structures and ground state spin multiplicities for (FeS)m

− (m =
2−8) clusters are tentatively assigned through a comparison of
their theoretical and experiment first vertical detachment energy
(VDE) values. Many spin states lie within 0.5 eV of the ground
spin state for the larger (FeS)m

− (m ≥ 4) clusters. Theoretical
VDEs of these low lying spin states are in good agreement with the
experimental VDE values. Therefore, multiple spin states of each of
these iron sulfur cluster anions probably coexist under the current
experimental conditions. Such available multiple spin states must
be considered when evaluating the properties and behavior of these iron sulfur clusters in real chemical and biological systems.
The experimental first VDEs of (FeS)m

− (m = 1−8) clusters are observed to change with the cluster size (number m). The first
VDE trends noted can be related to the different properties of the highest singly occupied molecular orbitals (NBO, HSOMOs)
of each cluster anion. The changing nature of the NBO/HSOMO of these (FeS)m

− (m = 1−8) clusters from a p orbital on S, to a
d orbital on Fe, and to an Fe−Fe bonding orbital is probably responsible for the observed increasing trend for their first VDEs
with respect to m.

■ INTRODUCTION
Iron sulfur clusters are ubiquitous and evolutionarily ancient
prosthetic groups or cofactors that are required to sustain
fundamental life processes. Interest in iron sulfur clusters is
partially driven by their role as active centers of proteins,1,2 and
their great significance in both industrial and biochemical
catalysis.3−6 Iron sulfur clusters are prevalent in biological,7 as
has been recognized for many decades. Owing to their
remarkable structural plasticity and versatile chemical/elec-
tronic features, iron sulfur clusters participate in electron
transfer, substrate binding/activation, iron/sulfur storage,
regulation of gene expression, and enzyme activity. Under-
standing of the iron sulfur system grows with continuing and
expanding investigations. These clusters play critical roles in the
active sites of a wide variety of metalloproteins and metal-
loenzymes, which are involved in biological electron transfer
processes,8 small molecule activation,9−11 radical-based catalytic
transformations,12 DNA repair,13 and signal transduction.14

Therefore, investigations of iron−sulfur systems, ranging from
bare Fe−S clusters to analogue complexes and proteins, are
common throughout bioinorganic chemistry. Synthesis and
characterization of iron sulfur clusters and complexes comprises
a large subfield of organometallic chemistry.15 A number of
studies have been performed on gas phase cationic,16,17

neutral,18,19 and anionic20−27 iron sulfur clusters for inves-
tigation of their composition, stability, structure, and reactivity.
Extensive theoretical efforts devoted to the structural evolution
of electronic properties of iron−sulfur complexes have also
appeared.28−32

To understand the mechanism(s) for iron sulfur cluster
action, study of their electronic structure and properties is of
course essential; such features as spin states of these clusters are
significant and must be determined.33,34 Predicting the
structure and the nature of bonding in stable organic or main
group inorganic compounds are comparatively straightforward
enterprises in the sense that the qualitative features of the
electronic wave function of the ground state species are usually
known. Transition metal chemistry stands in contrast to this
situation, however. Many compounds involve metal centers,
such as the iron sulfur clusters, with partially filled d shells and/
or with one or several unpaired electrons. Therefore, predicting
the orbital occupation pattern of a given stable compound is
not always straightforward.
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Computational and theoretical chemistry has a very
important role to play in helping to predict and rationalize
the nature of the electronic ground state of transition metal
compounds.35 Many strategies have been developed to
understand the relationship between the remarkable structures
of iron sulfur clusters (i.e., Fe2S2, Fe3S4, and Fe4S4) and their
associated reactivity in biological systems;36−38 however,
modeling iron sulfur proteins through ab initio methods
becomes difficult because correct and reliable descriptions of
iron sulfur bonding require extensive nondynamic correlation.
Such calculations are very expensive and not predictively
reliable for large systems.39,40 To probe the intrinsic properties
of these systems, the exclusion of environmental effects is
warranted16 and this approach can be rigorously achieved by
gas phase experimental techniques. These results can then be
directly and accurately compared to the calculated ones for the
clusters of interest.20

Photoelectron spectroscopy (PES) has been proven to be a
successful approach for study of electronic and geometric
structures of atomic and molecular clusters,41 as it combines
size selectivity with spectral sensitivity. Moreover, in the
calculation of photoelectron spectra properties of both ionic
and neutral species must be explored. The predicted structure
and properties (e.g., spectroscopic features) will of course be
different for different spin and charge states. PES experimental
results for cluster anions, such as iron sulfur cluster anions, are
essential as tests for the performance of appropriate computa-
tional and theoretical methods. Electron binding energy of iron
sulfur clusters obtained from theory can be compared with
those obtained from experiment to justify the theoretical
method. Theoretical results obtained by provably reliable
calculations can then be employed to analyze further PES
spectra and finally generate geometric structures and electronic
properties for these iron sulfur clusters that are not directly
observable experimentally.
This report presents a PES study of a series of iron sulfur

cluster anions (FeS)m
− (m = 2−8), employing a magnetic-

bottle time-of-flight (MBTOF) photoelectron spectroscopy
(PES) apparatus. The PES spectra of these cluster anions at
355 and 266 nm photon energies are reported, and the
structural and electronic properties of these cluster anions are
investigated by density functional theory (DFT). The most
probable structures and ground state spin multiplicities of this
small, neutral, and anionic cluster series are thereby tentatively
assigned by comparing the theoretical first vertical detachment
energies (VDEs) with their experiment values.
The relative energies of possible spin states and VDEs for

these iron sulfur clusters are calculated and discussed. Values
for the electron affinities (EA) of their neutral counterparts are
presented and analyzed as well.

■ METHODS
Experimental Section. The MBTOF-PES experimental

setup, consisting of a laser vaporization cluster/molecular
source, an orthogonal acceleration/extraction reflectron time-
of-flight (oaRETOF) mass spectrometer (MS), a mass gate, a
momentum decelerator, and a MBTOF electron analyzer,
employed in this work has been described previously in
detail.42,43 Only a brief outline of the apparatus is given below.
In this work, (FeS)m

− clusters are generated by two different
methods. One method is laser ablation of a mixed iron/sulfur
target in the presence of a pure helium carrier gas (99.99%,
General Air). The target is made by pressing a mixture of iron

(99.9%, Sigma-Aldrich) and sulfur (99.98%, Sigma-Aldrich)
powders. Another method is laser ablation of a Fe foil target in
the presence of a 1% H2S in helium carrier gas. The mass
spectra obtained from these two generation methods are given
as Figure S1 and S2 in the Supporting Information. A 10 Hz,
focused, 532 nm Nd3+:YAG laser (Nd3+:yttrium aluminum
garnet) with ∼3 mJ/pulse energy is used for the laser ablation.
The expansion gas is pulsed into the vacuum by a supersonic
nozzle (R. M. Jordan, Co.) with a backing pressure of typically
100 psi. Photoelectron spectra of iron sulfur cluster anions
generated by the above two methods are found to be in good
agreement with each other, which suggests the experimental
temperature conditions of these two methods are similar. The
PES spectra presented were collected when (FeS)m

− clusters
were generated by the first method described above: laser
ablation of a mixed iron/sulfur powder target in the presence of
a pure helium carrier gas.
Generated iron sulfur cluster anions enter the extraction

region of the TOFMS/PES spectrometer through a 6 mm
skimmer. Anions present in the expansion are extracted
perpendicularly from the beam by pulsed voltage applied to
the first extraction plate. The voltages on the extraction plates
are −250 V (pulsed), 0 V, and +750 V, respectively. A liner for
both anion and electron flight tube regions has the same voltage
(+750 V) as the last extraction plate. Two sets of ion deflectors
and one ion einzel lens are positioned downstream of the
extraction plates. The anions are then analyzed by the
oaRETOFMS. The photoelectron technique has the following
energy conserving relationship: hv = EKE + EBE, in which hv is
the photon energy, EKE is the measured electron kinetic
energy, and EBE is the electron binding energy. In order to
obtain a photoelectron spectrum of the anions of interest, a
three-grid mass gate is used for cluster and molecule anion
mass selection. Following the mass gate, the mass selected ion
beam enters a momentum decelerator. Both the pulse width
and the pulse amplitude of the momentum decelerator can be
optimized to achieve the best deceleration effect.
The mass selected and decelerated anions are exposed to

different laser wavelengths (355 nm, 266 nm) at the
photodetachment region. The photodetached electrons are
energy analyzed by MBTOF-PES spectrometer. A cone shape
permanent magnet is used for the high magnetic field (∼700
G) generation at the anion beam/photo detachment laser
interaction region. The permanent magnet is mounted on a
vacuum motor controlled, linear translation stage (Physik
Instrumente LPS-24), so that the position of the permanent
magnet can be optimized for the best photoelectron
spectrometer resolution. The 1 m electron flight tube is
surrounded by a solenoid, which is covered with two layers of
GIRON magnetic shielding metal. The electric current for the
solenoid is about 0.8 A, which produces a magnetic field of ∼10
gauss at the center of the flight tube. The photodetached
electrons pass through the flight tube and are detected by a
microchannel plate (MCP) detector. A resolution of ∼4% (i.e.,
40 meV/1.00 eV electron kinetic energy) for the overall
MBTOF photoelectron spectroscopy apparatus can be
achieved. Under the above operating conditions, PES resolution
is no longer limited by Doppler broadening associated with the
perpendicular motion of the ion beam with respect to the
collection and flight path of the photodetached electrons: in
other words, momentum deceleration for the ion cluster beam
is efficacious. PES spectra are collected and calibrated at this
resolution with known spectra of Cu−.44
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Theoretical Section. All calculations are performed using
the Gaussian 09 program package.45 The structures of (FeS)m

−

(m = 2−8) clusters are optimized for different isomers and spin
multiplicities using DFT without constraints. For each cluster,
different initial structures are employed as input in the
optimization procedure. There are many possible structures,
especially for the lager clusters. Unfortunately, we are not able
to calculate all possibilities. We try our best to search the global
minimum structure for each cluster. For example, the linear and
planar structures of (FeS)8

− cluster are found to have higher
relative energy than the cage structures, and 12 different initial
cage structures were considered to find its global minimum
structure. The geometry of each cluster shown in the following
section is the lowest relative energy one among all possible

structures we considered. For each structure, spin multiplicities
are scanned from low to high. All relative energies are zero
point energy corrected. Vibrational frequency calculations are
further performed to confirm global minima, which have zero
imaginary frequency. The Perdew−Wang46 correlation
(BPW91) functional, combined with the triple-ζ valence plus
polarization (TZVP) basis set,47 which are proved to have good
performance in previous studies of iron sulfur clusters,19,42 are
employed to explore description of these clusters. Although the
basis set TZVP is widely and successfully employed in
theoretical studies of many metal containing anion clus-
ters,48−51 accurate and reliable theoretical DFT or ab initio
calculations involving anions are thought to require the
utilization of basis sets with diffuse functions. Therefore, basis

Figure 1. Photoelectron spectra of (FeS)m
− (m = 2−8) cluster anions at 355 and 266 nm. X labels the ground state transition peak, and A, B, C label

the first, second, and third low-lying transition peaks next to X, respectively.
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sets with diffuse functions (e.g., 6-311+G(d)52−54 and aug-cc-
PV5Z55) are also selected in conjunction with the BPW91
functional for comparison with results obtained with the TZVP
basis set, in order to determine if the TZVP basis set is
sufficient to explore the description of iron sulfur anion clusters
studied in this work. Calculated results for the relative energies
(ΔEs) and first VDEs of the (FeS)4− clusters with different spin
multiplicities do not depend on the chosen different basis sets
(TZVP, 6-311+G(d), or aug-cc-PV5Z) (see Table 2 for
details), and thereby are not significantly dependent on diffuse
functions in this instance. These comparisons suggest that
performance of the TZVP basis set is as good as that of basis
sets containing diffuse functions, so the basis set TZVP is
adopted in this work. The optimized anion geometries are used
for the further calculations of the photoelectron spectra using
time-dependent density functional theory (TDDFT)56 also at
BPW91/TZVP level. All calculations are treated in a spin-
unrestricted manner. In this approach, for each spin state
(FeS)m

− anions, the first vertical detachment energy (VDE =
Eneurtal at optimized anion geometry − Eoptimized anion geometry) is calculated
as the lowest transition from the spin state (M) of the anion
into the final lowest spin state (M + 1 or M − 1) of the neutral
(FeS)m species at the geometry optimized for the anion.
Vertical excitation energies of the neutral species are added to
the first VDE to obtain the second and higher VDEs of these
(FeS)m

− anion clusters. The outer valence Green function
method (OVGF/TZVP)57 is also used to calculate the second
and higher VDEs. Calculated VDEs for each spin state of each
(FeS)m

− (m = 2−8) cluster are compared with experimental
results.
A natural bond orbital (NBO) analysis is an often employed

orbital localization and population analysis method. Within this
method, natural atomic orbitals (NAOs), determined for the
particular species under consideration, are evaluated and
employed: NAOs are the effective orbitals of an atom in the
particular molecular environment (rather than for isolated
atoms). NAOs are also the maximum occupancy orbitals.
Information obtained from an NBO analysis, such as partial

charges and HOMO−LUMO orbitals, is reported to explain,
for example, a number of experimental phenomena of gas phase
1-butyl-3-methylimidazolium chloride ion pairs.58 The NBO
calculations in this work are performed using the NBO 3.1
program as implemented in the Gaussian 09 package.

■ RESULTS AND DISCUSSION

Photoelectron Spectra of (FeS)m
− (m = 2−8). The

obtained PES spectra for (FeS)m
− (m = 2−8) clusters at

different photon energies (355 and 266 nm) are shown in
Figure 1. Photodetachment transitions occur between the
ground state of an anion and the ground and excited states of
its neutral counterpart, at the structure of the anion. The profile
of the transition is governed by the Franck−Condon overlap
between the two species, the anion and the neutral. The
electron binding energy (EBE) value at the intensity maximum
in the Franck−Condon profile is the vertical detachment
energy (VDE). The first VDE, proving important in establish-
ing a cluster’s electronic and geometric structure, is derived
from the energy of the first peak maxima in the photoelectron
spectra. Broad peaks containing no reproducible fine structure
are observed in most of the spectra of (FeS)m

− (m = 2−8)
clusters as displayed in the Figure 1, probably due to hot band
related features for vibrations and spin states, effects of
vibrational anharmonicity, and geometry differences between
anions and neutrals.
The measured first VDE of (FeS)2

− is 2.34 eV, clearly
displayed in its 355 nm spectrum (Figure 1a). This result is
consistent with the previously reported value (2.39 eV).21 In
the spectrum of (FeS)2

− at 266 nm (Figure 1b), broad peaks
are observed for higher transitions as A, B, and C features (3.13,
3.46, and 4.17 eV).
For (FeS)3

−, three transitions are observed at EBE = 3.57,
4.17, and 4.51 eV in its 266 nm spectrum (Figure 1d). In the
Figure 1c, only the start of the first peak is observed at low
photon energy (355 nm, 3.49 eV), but a more accurate
adiabatic electron affinity (EA = Eoptimized neutral − Eoptimized anion)
for ground state (FeS)3 neutral cluster can be obtained (2.9

Figure 2. DFT calculated relative energies of different spin multiplicity of (FeS)m
− (m = 1−8) cluster anions. The results for FeS− are taken from ref

42.
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eV), since the low kinetic energy electrons are generated from
the near threshold photodetachment. To assign the exper-
imental EA, the slope of the first onset is linearly extrapolated
to the baseline of signal. The values of EA are indicated by a
downward pointing arrow in the figure.
The first VDE of (FeS)4

− is measured to be 2.71 eV at both
355 nm (Figure 1e) and 266 nm, and two higher transitions are
observed at EBE = 3.09 and 3.69 eV in Figure 1f.
The (FeS)5

−, whose 266 nm spectrum is shown in Figure 1h,
exhibits two broad transitions at EBE = 3.54 and 4.00 eV.
The spectra of (FeS)6

−, (FeS)7
−, and (FeS)8

− show similar
intensity patterns (Figure 1i−n). Their first VDEs are very
close at 3.71, 3.83, and 3.85 eV, respectively. In each case, two
higher transitions are observed in the range between 4.0 and 4.5
eV.
DFT Calculations for (FeS)m

− (m = 2−8). The magnetic
(spin) properties of iron sulfur clusters stand as their most
fundamental characteristic and thereby provide an indispen-
sable and essential means for their characterization. Therefore,
spin-dependent delocalization for iron sulfur clusters, depicting
ferromagnetic and antiferromagnetic spin alignments, is one of
the most interesting, essential, and challenging topics for iron
sulfur cluster studies.31,59,60 Here, the relative energies for each
cluster with different spin multiplicities ((M = (2S + 1)) from
low to high are investigated at the BPW91/TZVP level.
Broken-symmetry31 is employed for low spin calculations (see
details in the Supporting Information). Spin states of (FeS)m

−

(m = 1−8) clusters, whose relative energy differences (ΔE) are
less than 0.6 eV, are summarized and displayed in Figure 2. The
optimized structures of the lowest relative energy spin state
clusters (FeS)m

− (m = 2−8) and are shown in Figure 3. All of
the optimized geometries shown in Figure 3 (in Cartesian
coordinates), their total energies, and the ⟨S2⟩ values are given
in the Supporting Information. Interestingly, geometries of
other spin states for each cluster are generally similar to the one
shown, but with slightly different bond lengths and angles. As
shown in Figure 2, just two or three stable electronic states (ΔE
< 0.6 eV) are obtained for (FeS)1−3

−: the lowest energy

electronic state of (FeS)2
− has M = 8 and second lowest energy

state (M = 2) is 0.53 eV higher in energy. The larger clusters,
(FeS)4−7

−, have multiple spin states close (ΔE < 0.6 eV); for
example, eight spin states are calculated within this energy
range and the energies of the two lowest energy spin states M =
20 and M = 22 are very close (0.03 eV) for the (FeS)6

− cluster
anion. Three electronic states, M = 8, M = 4, and M = 10, are
found at less than 0.2 eV energy difference for (FeS)8

−. The
relative energies of the high spin states for (FeS)8

− cluster are
high; for example, the energy of electronic states M = 20 and M
= 22 are 0.63 and 0.72 eV higher than that of its lowest energy
electronic state (M = 8). M = 20 and M = 22 are not listed in
Figure 2 because they are out of the range of this plot. Relative
energies of different spin multiplicity for this cluster anion are
given in Figure S3 of the Supporting Information.
To judge and assign the ground state spin multiplicity for

these iron sulfur cluster anions, their theoretical first VDEs are
compared with their respective experimental values.42 The
calculated first VDEs of different spin state of these clusters
obtained at the BPW91/TZVP level are summarized in Table 1.
The experimental first VDE of (FeS)2

− is 2.34 eV. The
calculated first VDEs of (FeS)2

− are 2.04 and 1.88 eV for M = 8
and M = 2 states, respectively. This comparison suggests the
spin multiplicity of ground state (FeS)2

− is an octet, which is in
agreement with previous theoretical studies.29,61,62 The lowest
energy electronic state of (FeS)3

− hasM = 10, and its calculated
first VDE is 3.24 eV, 0.26 eV higher than the M = 12 state
calculated value for (FeS)3

−. Since the experimental first VDE
of this anion is 3.57 eV (Table 1), the ground state (FeS)3

− is
assigned to beM = 10. For (FeS)4

−, VDEs of five spin states are
calculated. The calculated VDE of its lowest energy spin state
(M = 16) is 2.87 eV and agrees well with the experimental value
for (FeS)4

− of 2.71 eV. Nonetheless, the calculated VDE of spin
state M = 14 (2.76 eV) of (FeS)4

− is in better agreement with
the experimental value, although the energy of spin state M =
14 is about 0.2 eV higher than that of spin state M = 16. The
calculated VDEs of other three spin states M = 2, 8, and 10 are
2.29, 2.20, and 1.83 eV, respectively, which are much lower

Figure 3. DFT optimized structures of (FeS)m
− (m = 2−8) at the BPW91/TZVP level. Only the lowest relative energy spin state (shown in Figure

2) geometry of each cluster is displayed in this figure. Geometries of other spin states for each cluster are generally similar to the one shown but with
slightly different bond lengths and angles. Bond lengths (in angstroms), bond angles (degrees), point group symmetry, and spin multiplicity
M(M(FeS)m

−) are indicated on the structures.
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than the experimental value 2.71 eV of (FeS)4
−. Considering

both calculated relative energy and first VDE of spin states M =
14 and 16, the ground state (FeS)4

− cluster is tentatively

assigned to be M = 16: the spin state M = 14 very possibly is
also present under the reported experimental conditions. The
calculated first VDE value difference between spin states M =
14 and 16 of (FeS)4

− cluster is only 0.11 eV, and their relative
energy difference is also small (∼0.2 eV). Because these
differences are very close to the accuracy limit of DFT
calculations, the above assignments should be considered
tentative based solely on the BPW91/TZVP level of theory.
In order to generate a more secure assignment, different

reasonable functionals (B3LYP,63,64 B3PW91,65,66 and
APFD67) and basis sets (6-311+G(d)52−54) are employed to
calculate the relative energy and the first VDE of the (FeS)4

−

cluster with different spin multiplicities. The large basis set
(LBS) aug-cc-PV5Z55 for sulfur atoms and TZVP for iron
atoms, are also employed and tested; the results of these studies
are presented in Table 2. The relative energies of spin state M =
16 obtained with different functionals and basis sets are similar
and near zero (less than 0.04 eV), and their calculated first
VDEs are within 0.26 eV of each other using functionals
B3PW91 and B3LYP with any of the above basis sets. These
calculated results are in good agreement with the experimental
value. Calculated VDEs obtained with the APFD functional are,
on the other hand, much higher (∼1 eV higher) than the
experimental value. For the spin state M = 14, the calculated
first VDEs are in range of 2.76−2.96 eV for all basis sets and
functionals (excluding the APFD functional results), which
agrees with the experiment value 2.71 eV very well. As the
comparison and evaluation with different calculation methods
are consistent, the assignment of (FeS)4

− cluster at BPW91/
TZVP level is apparently still reasonable, so the method
BPW91/TZVP is selected to study other clusters, considering
both the calculation accuracy and cost. Nonetheless, the relative
energies of the different spin states are found to be different
employing different functionals and basis sets for the
calculations. For example, the lowest energy electronic state
of (FeS)4

− is found to be M = 16 at the BPW91/TZVP,
B3LYP/TZVP, B3PW91/6-311+G(d), APFD/TZVP, and
APFD/6-311+G(d) levels, to be M = 8 at BPW91/6-
311+G(d) and BPW91/LBS levels, and to be M = 2 at
B3LYP/6-311+G(d) level. This observation using B3LYP and
B3PW91 functionals in conjugation with 6-311+G(d) basis set
is in good agreement with published energy and spin state
theoretical studies of iron sulfur clusters.61 Therefore,
calculating the relative energy to determine the spin multiplicity
of ground state of a cluster anion employing only one specific
calculation method may be not cautious enough, especially for
transition metal containing cluster anions for which the

Table 1. First Calculated VDEs (in eV) for (FeS)m
− (m = 2−

8) at the BPW91/TZVP Level, as Well as the Experimental
Results for Comparisona

VDE (eV)

cluster spin multiplicity calculated experimental

(FeS)2
− 8 2.04 2.34

2 1.88
(FeS)3

− 10 3.24 3.57
12 2.98

(FeS)4
− 16 2.87 2.71

8 2.20
14 2.76
10 1.83
2 2.29

(FeS)5
− 12 3.08 3.54

18 3.13
10 3.06
20 3.26
16 3.02
4 3.04
8 2.56
6 2.86

(FeS)6
− 20 3.06 3.71

22 3.08
16 4.33
2 4.47
8 6.03
6 3.45
24 3.27
18 2.85

(FeS)7
− 10 3.50 3.83

8 3.59
6 3.63
14 3.84
2 3.73
16 3.47

(FeS)8
− 8 4.10 3.85

4 3.68
10 4.64

aDifferent spin multiplicities of each cluster are displayed in order of
their relative energy low to high from top to bottom (see details in
Figure 2).

Table 2. Calculated Relative Energy (ΔE) and the First VDE of (FeS)4
− Cluster with Different Spin Multiplicity, Employing

Different Functionals and Basis Sets for Comparisona

ΔE (eV) VDE (eV)

methods M = 16 M = 8 M = 14 M = 10 M = 2 M = 16 M = 8 M = 14 M = 10 M = 2

BPW91/TZVP 0.00 0.02 0.20 0.39 0.50 2.87 2.20 2.76 1.83 2.29
BPW91/6-311+G(d) 0.01 0.00 0.19 0.33 0.46 3.04 2.42 2.94 2.04 2.51
BPW91/LBS 0.04 0.00 0.22 0.31 0.43 2.93 2.27 2.82 1.93 2.41
APFD/TZVP 0.00 0.67 0.42 0.78 1.10 3.74 5.16 3.69 3.79 5.51
B3LYP/TZVP 0.00 2.59 1.02 0.41 0.05 2.78 1.15 2.80 5.16 3.33
B3PW91/6-311+G(d) 0.00 2.72 1.09 0.57 1.12 2.86 1.52 2.89 4.79 2.71
B3LYP/6-311+G(d) 0.02 2.55 1.01 3.14 0.00 2.85 3.94 2.96 0.07 3.50
APFD/6-311+G(d) 0.00 4.51 0.42 2.92 3.16 3.85 2.53 3.87 2.32 3.45

aThe experimental first VDE of (FeS)4
− is 2.71 eV.
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unpaired d electrons and high spin states are important and
necessary to be considered. Employing various calculation
methods for comparison and comparing calculation results with
experimental values, such as the first VDE from PES results, are
required to obtain a more secure, reliable, and believable
assignment.
Following the above assignment procedures employed for

the (FeS)4
− cluster, the remaining larger clusters can be readily

addressed. The spin multiplicity for the ground state of a cluster
anion is assigned mainly based on agreement of the first
calculated VDEs for the different spin multiplicities compared
to the experimental values. ΔE values of different spin states
under consideration are also evaluated and employed to
generate the assignment for the larger clusters (FeS)5−8

−.
These tentative assignments are obtained based on the
calculation and experiment results displayed in Figures 1 and
2 and Table 1.
The ground state (FeS)5

− cluster is assigned to be M = 20,
and the spin states M = 12, 18, 10, 16, and 4 are likely
populated under the present experimental conditions. The
ground state (FeS)6

− cluster is assigned to be M = 6, and spin
states M = 20, 22, and 24 are probably populated in the
experimental beam. The ground state (FeS)7

− cluster is
assigned to be M = 14, and the spin states M = 10, 8, 6, 2,
and 16 are probably populated experimentally. The ground
state (FeS)8

− cluster is assigned to be M = 4, and the spin state
M = 8 is probably populated as well. Calculated first VDEs for
the above assigned ground states of (FeS)m

− (m = 2−8)
clusters are in good agreement with experimental first VDE
values. Energy differences between calculated and experimental
values are less than ∼0.3 eV (Table 1), which is to be expected
considering the accuracy limit of DFT calculations in general
and the fact that calculated VDEs involve two species, an
anionic and a neutral iron sulfur cluster.
The relative populations of these coexisting multiple spin

states of the large iron sulfur (FeS)4−8
− cluster anions can be

generated either thermodynamically (through ΔE) or kineti-
cally (through transition state barriers). The spin states M = 20
and 22 of (FeS)6

− cluster are selected as a study example for
this issue due to their low relative energy, small energy
difference (0.035 eV), and similar calculated first VDE values.
An ∼0.12 eV energy barrier is obtained for transition from spin
state M = 20 to M = 22 at the BPW91/TZVP calculation level,
as shown in Figure 4. This calculated barrier suggests that
transitions between different coexisting spin states may not be a
barrierless process and that the apparent spin distribution
suggested by the calculations can be related to both kinetic and
thermodynamic causes.
Another issue for interconversion of spin multiplicity states

for iron sulfur clusters is the effect of spin−orbit coupling
(SOC). In order to have a general idea of the SOC effect, SOC
corrected relative energies and the first VDEs calculations are
performed for selected spin multiplicity (FeS)1,2

− clusters using
the MOLPRO program:68 their results are shown in Table S1
and S2 of the Supporting Information. The SOC corrections
are insignificant for the calculations of relative energies of the
spin states and the first VDE of (FeS)1,2

− clusters: details are
given in the Supporting Information. Spin−orbit coupling may
be important for larger clusters, however, which present a
symmetrical environment for iron centers.69 Therefore, the role
of spin−orbit coupling may become more important for
consideration of the relative populations of these coexisting
multiple spin states, especially for the larger, more symmetric

iron sulfur cluster anions with spin multiplicity states that are
nearly degenerate in energy (∼0.1 eV). The relative energies of
these spin states, especially in instances of near degeneracy, may
be influenced by spin orbit interactions.
The EBE values after the first VDEs of these (FeS)2−8

−

clusters are calculated for their selected spin states employing
both TDDFT at BPW91/TZVP level and OVGF/TZVP
methods. Calculated results are summarized in Table 3 and
compared with experimentally measured values. For (FeS)3,5−8

−

clusters, the EBEs calculated with TDBPW91/TZVP and
OVGF/TZVP levels are found to agree well with each other.
The TDBPW91/TZVP level of theory is more accurate for
(FeS)2,4

− clusters. Therefore, TDBPW91/TZVP is suggested
for the higher transition energy theoretical studies for these

Figure 4. Spin conversion barrier observed from spin state M = 20 to
M = 22 of (FeS)6

− cluster, at the BPW91/TZVP calculation level.

Table 3. Calculated Following EBE Values after the First
VDE of (FeS)2‑8

− Clusters for Their Selected Spin States
Employing TDDFT at BPW91/TZVP Level and OVGF/
TZVP Methods

calculated VDEs

cluster observed feature experimental VDEs (eV) TDDFT OVGF

(FeS)2
− X 2.34 2.04 (M = 8)

A 3.13 2.64 2.53
B 3.46 2.94 3.13
C 4.17 3.83 5.14

(FeS)3
− X 3.57 3.24 (M = 10)

A 4.17 3.85 3.91
B 4.51 4.25 4.11

(FeS)4
− X 2.71 2.87 (M = 16)

A 3.09 3.43 3.06
B 3.69 3.78 4.67

(FeS)5
− X 3.54 3.08 (M = 12)

A 4.00 3.38 3.46
(FeS)6

− X 3.71 3.06 (M = 20)
A 4.01 3.33 3.36
B 4.34 3.67 3.64

(FeS)7
− X 3.83 3.50 (M = 10)

A 4.24 3.63 3.67
B 4.49 3.86 3.84

(FeS)8
− X 3.85 4.10 (M = 8)

A 4.19 4.27 4.41
B 4.39 4.33 4.60
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iron sulfur clusters, as well. EAs for each ground state (FeS)2−8
neutral cluster, assigned through the above results, are
calculated and summarized in Table 4. Neutral cluster

experimental EAs are also listed for comparison. Note that
the obtained experimental EAs of these iron sulfur clusters are
possibly affected by their anion vibrational hot bands due to
their high-temperature generation conditions (∼3 mJ/pulse
ablation laser energy) and potential transition state barriers.
Thus, their experimental EAs are possibly underestimated in
this work.
Size-Dependent EA and VDE of (FeS)m

− (m = 1−8)
Clusters. Size specific iron sulfur clusters, such as (FeS)2 and
(FeS)4, play an important role in activating enzymes and
proteins, for which such iron sulfur clusters are the putative
active centers. Investigation of the size-dependent EA and VDE
changes for these iron sulfur clusters can provide useful
information for understanding their size specific activity
properties. Figure 5 plots the trends of experimental first

VDEs of (FeS)m
− (m = 1−8) and EAs of (FeS)m (m = 1−8) as

a function of number m. The first VDE of FeS− and EA of FeS
are taken from ref 42. Experimental first VDEs of (FeS)m

− (m =
1, 2, 4, and 5) clusters increase approximately linearly as a
function of cluster size m (slope[ΔeV/Δm] ∼ 0.4), while the
first VDEs of (FeS)m

− (m = 6−8) clusters do not increase with
cluster size (slope[ΔeV/Δm] ∼ 0). The cluster (FeS)3

− is

apparently special in that it has a high first VDE (3.57 eV) close
to the value of (FeS)m

− (m = 5−8) clusters.
Synthesis of iron sulfide materials, such as pyrite (FeS2) thin

films and troilite (FeS) nanotubes, has been researched
extensively due to their interesting properties for photo-
electrochemistry and photovoltaics.70,71 Recognizing the
importance of the work function for numerous electronic and
optoelectronic applications, the work function of pyrite (FeS2)
was indicated to be 5.50 eV.72 Unfortunately, the work function
of troilite (FeS) is, to the best of our knowledge, not reported.
EA is a measure of the minimum energy required to remove

an electron from the ground vibronic state anion, generating
the respective neutral species in its vibronic ground state.
Wang’s group found that for metal cluster anions (such as Fen

−,
Vn

−, and Tin
−) the EAs follow the metallic droplet model, that

is, the cluster EAs in general increase with size and eventually
approach their respective bulk material work functions.73−75 To
predict the work function of troilite (FeS), we assume the EAs
of these (FeS)m (m = 1−8) clusters follow the above model. In
this work, the EA change trend for (FeS)m (m = 1−8) as a
function of number m is generally the same as that of the above
VDE change trend, as shown in Figure 5. The classical metallic
droplet model is usually used to describe the changes of EAs as
a function of size.76 The metallic droplet model predicts a linear
dependence of the EAs on 1/R with R as the radius of the
cluster. Since R is proportional to the cubic root of the cluster
size, the EAs vs m−1/3 are plotted in Figure 6. The EAs begin to

follow the above model starting at (FeS)5. Therefore, an
extrapolated value of ∼6.0 eV obtained from Figure 6 is a
possible value for estimation of the work function of the troilite
(FeS) surface.
To investigate and understand the above first VDE trends,

NBOs are calculated for (FeS)m
− (m = 1−8) cluster anions:

plots of these distributions for the highest singly occupied
molecular orbitals (NBO/HSOMOs) are shown in Figure 7.
The NBO/HSOMOs of (FeS)1,2

−, with low first VDEs and
respective neutral cluster’s EAs (as shown in Figure 5), present

Table 4. Calculated Adiabatic Electron Affinity (EA) of
Ground State (FeS)m (m = 2−8) at the BPW91/TZVP Level,
as Well as Their Experimental Results for Comparison

EA (eV)

cluster spin multiplicity calculated experimental

(FeS)2 9 1.79 1.5
(FeS)3 11 3.15 2.9
(FeS)4 17 2.61 2.1
(FeS)5 19 2.95 2.6
(FeS)6 7 2.92 2.8
(FeS)7 13 3.48 2.8
(FeS)8 3 3.48 2.9

Figure 5. Observed experimental electron binding energies (the first
VDEs) of (FeS)m

− (m = 1−8) and adiabatic electron affinities (EA) of
(FeS)m (m = 1−8) as a function of number m. The first VDE for FeS−

and EA for FeS are taken from ref 42.

Figure 6. EAs of (FeS)m
− (m = 1−8) as a function of m−1/3. The

dashed line follows the slope of EA vs m−1/3 (m = 5−8). The
extrapolated value obtained at m−1/3 = 0 is about 6.0 eV, and this is a
possible value for estimation of the work function of the troilite (FeS)
solid surface.
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similar electron distributions to those of localized p orbitals on
S. clusters (FeS)1,2 are found to have high reactivity with CO
and H2.

19 Interestingly, the distributions of NBO/HSOMO of
neutral (FeS)1,2 are found to be similar to those of their
respective anions. This sulfur p orbital localized NBO/
HSOMO is possibly responsible for the low first VDE, EA,
and high reactivity of these clusters, associated with its “sulfur
radical” likely electronic nature. The first VDEs of (FeS)4,5

− are
higher than those of (FeS)1,2

−, and the NBO/HSOMOs of
(FeS)4,5

− appear as localized d orbitals of Fe. Since the S atom
is more electronegative than the iron atom, the Fe atom in
these iron sulfur clusters is more positively charged than the
sulfur atom. Therefore, electron density should be more
difficult to remove from the iron atom than the sulfur atom of
these clusters. This is probably responsible for the increase of
the first VDE of (FeS)4,5

− compared with those of (FeS)1,2
−.

On the basis of the first VDE trends as displayed in Figure 5,
cluster (FeS)3

− is a special one, whose first VDE is similar to
the larger clusters (FeS)6−8

−, and higher than that of the
(FeS)5

− cluster. Figure 7 shows the NBO/HSOMO plots for
(FeS)3,6−8

− are also similar, and mainly delocalized as expected
for Fe−Fe bonding orbitals. Removing electron density from
such a bonding orbital probably requires more energy than
from sulfur p or iron d orbitals. In sum, the first VDE trend
noted can be related to the different electron distribution
properties of NBO/HSOMOs of each cluster anion, (FeS)m

−

(m = 1−8); of particular note is the changing nature of their
NBO/HSOMO from a p orbital on S, to a d orbital on Fe, to
an Fe−Fe bonding orbital. Thus, these evolving NBO
representations of the electronic distributions in the (FeS)m

−

(m = 1−8) clusters are probably reasonable and correlate and
explicate the observed increasing trend for anion cluster first
VDEs with cluster size. Canonical HSOMOs of (FeS)m

− (m =
1−8) cluster anions obtained from DFT calculations can also
be considered (see Figure S4 in the Supporting Information) to
analyze the experimental result; however, the electron
distribution properties of these canonical HSOMOs for
(FeS)m

− (m = 1−8) cluster anions are undistinguished. Their
canonical HSOMO plots are similar, and electron density is
localized on all Fe and S atoms. These canonical orbitals do not
give the observed trends evidenced through the above NBOs.
Therefore, the NBOs are apparently more useful orbitals for

understanding the observed trends of the first VDEs of (FeS)m
−

(m = 1−8) cluster anions with cluster size.

■ CONCLUSIONS

Iron sulfur (FeS)m
− (m = 2−8) cluster anions are studied by

PES at 3.492 eV (355 nm) and 4.661 eV (266 nm) photon
energies and by DFT calculations. The structural properties,
relative energies of different spin states, and first calculated
VDEs of different spin states for these (FeS)m

− (m = 2−8)
cluster anions are investigated at the BPW91/TZVP level. The
most probable structures and ground state spin multiplicities
for (FeS)m

− (m = 2−8) clusters are tentatively assigned by
comparing their theoretical and experiment first VDE values.
Calculated and experimental adiabatic electron affinities of
these ground state (FeS)m (m = 2−8) neutral clusters are also
reported. On the basis of the calculated relative energies for the
spin states of each (FeS)m

− (m = 2−8), many spin states lie
within 0.5 eV of the ground spin state: this is particularly true
for the larger (FeS)m

− (m ≥ 4) clusters. Theoretical VDEs of
most of these latter low lying spin states for (FeS)m

− (m ≥ 4)
clusters are in good agreement with their experimental VDE
values. Therefore, multiple spin states of each of these iron
sulfur cluster anions probably coexist under the experimental
conditions. Such available multiple spin states must be
considered when evaluating the properties and behavior of
these iron sulfur clusters in real chemical and biological
systems.
The experimental first VDEs for (FeS)m

− (m = 1, 2, 4, 5)
cluster anions are observed to increase with number m from 1.8
to 3.5 eV; the first experimental VDE for (FeS)3

− (∼3.6 eV) is
an exception to this trend. The first VDEs of (FeS)m

− (m = 6−
8) cluster anions are also high (∼3.8 eV) and are similar. The
VDE trends noted can be related to the different properties of
the highest singly occupied molecular orbitals (NBO/
HSOMOs) of each cluster anion, (FeS)m

− (m = 1−8): the
NBO/HSOMOs of (FeS)1,2

− are localized p orbitals of S; the
NBO/HSOMOs of (FeS)4,5

− are localized d orbitals of Fe; and
the NBO/HSOMOs of (FeS)3,6−8

− are mainly delocalized as
Fe−Fe bonding orbitals. The changing nature of the NBO/
HSOMO of these (FeS)m

− (m = 1−8) clusters, from a p orbital
on S, to a d orbital on Fe, to an Fe−Fe bonding orbital, is

Figure 7. NBO plots showing the highest singly occupied molecular orbital (HSOMO) of (FeS)m
− (m = 1−8) cluster anions. The spin multiplicity

(M) is listed as M(FeS)m
−.
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probably responsible for the observed increasing trend for their
first VDEs.
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