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A new magnetic-bottle time-of-flight photoelectron spectroscopy (PES) apparatus is constructed
in our laboratory. The PES spectra of iron sulfide, hydrosulfide, and mixed sulfide/hydrosulfide
[FeS,,(SH),~; m, n = 0-3, 0 < (m + n) < 3] cluster anions, obtained at 2.331 eV (532 nm) and
3.492 eV (355 nm) photon energies, are reported. The electronic structure and bonding properties
of these clusters are additionally investigated at different levels of density functional theory. The
most probable structures and ground state spin multiplicity for these cluster anions are tentatively
assigned by comparing their theoretical first vertical detachment energies (VDEs) with their respec-
tive experiment values. The behavior of S and (SH) as ligands in these iron sulfide, hydrosulfide, and
mixed sulfide/hydrosulfide cluster anions is investigated and compared. The experimental first VDEs
for Fe(SH),_;~ cluster anions are lower than those found for their respective FeS;_s~ cluster anions.
The experimental first VDEs for FeS;_3™ clusters are observed to increase for the first two S atoms
bound to Fe™; however, due to the formation of an S—S bond for the FeS;™ cluster, its first VDE is
found to be ~0.41 eV lower than the first VDE for the FeS,™ cluster. The first VDEs of Fe(SH)|_,
cluster anions are observed to increase with the increasing numbers of SH groups. The calculated
partial charges of the Fe atom for ground state FeS;_3~ and Fe(SH),_;~ clusters are apparently
related to and correlated with their determined first VDEs. The higher first VDE is correlated with a
higher, more positive partial charge for the Fe atom of these cluster anions. Iron sulfide/hydrosulfide
mixed cluster anions are also explored in this work: the first VDE for FeS(SH)™ is lower than that
for FeS,™, but higher than that for Fe(SH), ; the first VDEs for FeS,(SH)™ and FeS(SH),™ are
close to that for FeSs™, but higher than that for Fe(SH);™. The first VDEs of general iron sulfide,
hydrosulfide, and mixed sulfide/hydrosulfide clusters [FeS,,(SH),™; m, n = 0-3, 0 < (m + n) < 3]
are dependent on three properties of these anions: 1. the partial charge on the Fe atom, 2. disulfide
bond formation (S—S) in the cluster, and 3. the number of hydrosulfide ligands in the cluster. The
higher the partial charge on the Fe atom of these clusters, the larger the first VDE; however, cluster
S-S bonding and more (SH) ligands in the cluster lower the cluster anion first VDE. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4964651]

I. INTRODUCTION

Interest in iron sulfur clusters is partially driven by their
role as active centers of proteins,'? and their great significance
in both industrial and biochemical catalysis.> Iron sulfur
clusters are ubiquitous in biology,’ as has been recognized for
many decades. Understanding of the iron sulfur system grows
with continuing and expanding investigations. Iron sulfur
clusters play critical roles in the active sites of a wide variety
of metalloproteins and metalloenzymes, which are involved
in biological electron transfer processes,® small molecule
activation,”!'! radical based catalytic transformations,'> DNA
repair,’”” and signal transduction.'* Hydrogen is the most
widely distributed element in the world, and it is also the most
abound element in biological systems. Among various aspects
of metalloprotein structure, reorganization of metal ligand(s)
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and/or hydrogen bonding networks around redox-active sites
is often utilized in modulating natural redox potentials and
functionalities.!>

Action of sulfhydryl (SH) reagents on enzymes is varied
and complex: most of these reactions produce conformational
alterations in the enzyme involving the iron-sulfur centers.'
The presence of (SH) groups, which is essential for catalytic
activity in dehydrogenase, has been discovered in recent de-
cades and has since been widely studied.”’->* Direct evidence
for (SH) groups activating enzymes, and the important
role they play for enzyme function, has been reported
recently.?426

Therefore, investigations of iron—sulfur systems, ranging
from bare Fe-S clusters to analogue complexes and
proteins, are common throughout bioinorganic chemistry.!
Iron sulfur clusters and complexes have been synthesized
and characterized, forming a large class of organometallic
chemistry.”’ A number of studies have been performed
on gas phase cationic,”®? neutral,**3! and anionic??-°

Published by AIP Publishing.
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iron sulfur clusters for investigation of their composition,
stability, structure, and reactivity. For example, the study
of cationic iron-sulfur clusters generated by the reaction
of Fe,” with COS and CS, has been reported.28 For
products, such as Fe,S,*, FesS,*, and FesS4*, the sulfur
atoms are suggested to occupy different coordination sites,
such as those related to analogous iron-sulfur centers
identified for proteins and enzymes. Neutral iron-sulfur
clusters have been observed as a reaction product of Fe,
and H,S.’° Our previous studies of neutral Fe,,S, clusters
suggest that the Fe,S, cluster has a high catalytic activity
for hydrogenation reactions of CO to form formaldehyde
and methanol.’! Fe,S, (n =2, 4, and 6) neutral clusters
are nitrogen fixation or other electron transfer centers in
many metal-sulfur proteins, and are also observed in gas
phase: anionic clusters of these compositions are also
stable in supersonic jet expansions. Zhai et al. reported a
photoelectron spectroscopic investigation of a series of anionic
monoiron-sulfur clusters FeS,~ (n = 1-6) and proposed a
general structural evolution scheme on the basis of their
electron binding energy trend.>? The electronic structure and
reactivity of anionic Fe,S,,” (n = 1-8, m = 2-6) clusters were
investigated using different photon energies.’® The results
imply that their corresponding neutral Fe,S,, clusters have
an alternating bonding structure between Fe and S atoms
(-S—Fe—S—Fe—S—, as suggested for active sites of iron-sulfur
proteins), and that their electron affinities greatly change
at compositions n = m. Furthermore, the collision-induced
dissociation (CID) of anionic iron—sulfur clusters (Fe,S,, )
has shown that iron—sulfur cluster ions have interesting mass
distribution and unique structural characteristics. For anionic
FeS¢™ and FeS; clusters, loss of neutral S, fragments
is observed as a major dissociation channel. Extensive
theoretical efforts devoted to the structural evolution of
electronic properties of iron-sulfur complexes have also
appeared.***

Although a broad range of both neutral and anionic
iron sulfur, hydrosulfide, and mixed iron sulfur/hydrosulfide
clusters has been widely studied, experimental investigation
of iron hydrosulfide containing cluster anions has not been
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reported to the best of our knowledge. In this paper, we
present a photoelectron spectroscopy (PES) study of a series
of iron sulfide, hydrosulfide, and mixed sulfide/hydrosulfide
cluster anions [FeS,,(SH),,™; m, n =0-3, 0 < (m +n) < 3],
employing a newly constructed magnetic-bottle time-of-flight
(MBTOF) photoelectron spectroscopy (PES) apparatus. The
PES spectra of these cluster anions at 532 nm and 355
nm photon energies are reported, and the structural and
bonding properties of these cluster anions are investigated
at different theoretical levels by Density Functional Theory
(DFT). The most probable structures and ground state
spin multiplicities of these small, neutral, and anionic
cluster series are tentatively assigned by comparing the
theoretical first vertical detachment energies (VDEs) with
their experiment values. A comparison of S and (SH)
as ligands in these FeS,,(SH),,” (m, n =0-3, 0 < (m+n)
< 3) cluster anions are also explored both experimentally and
theoretically. Values for the electron affinities of their neutral
counterparts are presented and analyzed as well.

Il. METHODS
A. Experimental methods

Figure 1 shows a schematic view of our MBTOF-PES
apparatus. It consists of a laser vaporization cluster/molecular
source, an orthogonal acceleration/extraction reflectron time
of flight (0aRETOF) mass spectrometer (MS), a mass gate,
a momentum decelerator, and a MBTOF electron analyzer.
The cluster source and the TOFMS system are similar to
ones used previously in our study of reactions of neutral
metal oxide/sulfide clusters.>!*8 In this latter work, a Fe
foil target is laser-vaporized by a 10 Hz, focused, 532 nm
Nd3*:YAG laser (Nd**: yttrium aluminum garnet) in the
presence of a 1% H,S in helium carrier gas, which is
pulsed into the vacuum by a supersonic nozzle (R. M.
Jordan, Co.) with a backing pressure of typically 100 psi.
The distribution of generated iron sulfide, hydrosulfide, and
mixed sulfide/hydrosulfide cluster anions is found to be
a function of the ablation laser (532 nm) energy. Using
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FIG. 1. Schematic view of the laser-
vaporization/magnetic-bottle  photo-

electron spectroscopy (PES) apparatus.
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FIG. 2. Mass spectra of FeS,,,(SH),,” (m+n=23) cluster anions obtained at
(a) 3.5 mJ/pulse and (b) 1 mJ/pulse (532 nm) ablation laser energies. Note
that isotopic contamination exists in the experiments. For example, the mass
peak of >*Fe(SH);™ is overlapped with that of %°FeS, (SH)™; however, the
photoelectron spectrum feature (intense peak at ~2.17 eV) of Fe(SH)3™ is
not obviously observed in the photoelectron spectrum of FeS;(SH)™ (Fig-
ure 6(b)), and also the natural abundance of 3*Fe is low (~5.8%), so isotopic
contamination should be negligible in the experimental data.

low ablation laser energy (~1 ml/pulse), iron hydrosulfide
clusters are obtained. To generate iron sulfide and mixed
sulfide/hydrosulfide cluster, high ablation laser energy
(~3.5 mJ/pulse) is required. For example, the mass spectra
shown in Figure 2 for Fe(SH);™ cluster anions are generated
at ~1 mlJ/pulse ablation laser energy, while FeS(SH),,
FeS,(SH)™, and FeS3™ cluster anions appear as ablation laser
energy is increased to ~3.5 ml/pulse. Clusters generated
at different ablation laser energies may well have different
temperatures: typically, higher ablation laser energy will
generate higher temperature clusters. In this work, photoelec-
tron spectra of iron hydrosulfide cluster anions are obtained ata
low ablation laser energy (~1 mJ/pulse), and the photoelectron
spectra of iron sulfide and mixed sulfide/hydrosulfide
cluster anions are obtained at a high ablation laser energy
(~3.5 mJ/pulse).

Various iron sulfide, hydrosulfide, and mixed sul-
fide/hydrosulfide clusters are produced from this cluster
source. Generated 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 deflector and one ion
einzel lens are positioned downstream of the extraction plates.
The anions are then analyzed by the 0aRETOFMS. Mass
resolution, defined as the ability to measure and differentiate
between masses, is given by the ratio m/Am, in which Am
is the full width at half maximum of the mass feature m of
interest. A mass resolution of >1000 is obtained for our mass
spectrometer.

J. Chem. Phys. 145, 154302 (2016)
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FIG. 3. Details of the mass gate and momentum decelerator portions of the
PES apparatus of Figure 1.

The photoelectron technique has the following energy
conserving relationship: ~iv = EKE + EBE, in which Av 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
as shown in Figure 3. The first and third grids of the mass gate
are at the liner voltage (+750 V), and the middle grid is at
negative high voltage —300 V, so that no anions are able to pass.
Once the desired anions arrive at the first grid, the high voltage
on the middle grid is pulsed to the liner voltage (+750 V)
for a short period allowing the anions to pass unaffected.
Following the mass gate, the mass selected ion beam enters a
momentum decelerator. Once the ion packet passes the third
grid of the mass gate, a positive square wave high voltage
pulse (+1750 V) is applied to this grid for the momentum
deceleration. The subsequent 11 plates of the momentum
decelerator are connected by a resistor chain (1 MQ) in order
to create a linearly decreasing deceleration electric field. The
last plate of the momentum decelerator is always at the liner
voltage (+750 V). The high voltage is pulsed back to the
liner voltage before the ion packet leaves the deceleration
stack. Both the pulse width and the pulse amplitude can
be optimized to achieve the best deceleration effect. This
deceleration strategy is broadly used in PES apparatus and
has been shown to work quite effectively.**>2

The mass selected and decelerated anions are exposed to
different laser wavelengths (532 nm, 355 nm, and 266 nm)
at the photo-detachment region. A vacuum ultraviolet laser
(118 nm, 10.5 eV/photon) and a home-built tabletop extreme
ultraviolet (EUYV, soft x-ray) laser (26.44 nm, 26.5 eV/photon)
are additionally connected to the MBTOF-PES apparatus for
high photo-detachment energy PES experiments to expand the
detection and characterization ability of the apparatus. The
photo-detached electrons are energy analyzed by MBTOF-
PES spectrometer. This PES energy analyzer is widely
used for the study of clusters due to its high collection
efficiency.”’* A 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



154302-4 S.Yin and E. R. Bernstein

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 G at the center of the flight tube. The photo-detached
electrons pass through the flight tube and are detected by a
microchannel plate (MCP) detector.

Different shape (cylinder, cylinder with a hole at the
center, and 75° apex angle cone) magnets are tested to pursue
the best photoelectron spectrometer resolution. A 75° apex
angle cone shape magnet can improve the resolution of
the MBTOF photoelectron spectroscopy compared to the
cylindrical magnet. Using the cone shape magnet, 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. Improved resolution of the
MBTOF spectrometer is also possible, for example, by
increasing the length of the electron time of flight tube.
PES spectra are collected and calibrated at this resolution
with known spectra of Cu~ and Pb~.33-¢

When using a 266 nm or higher energy/photon laser as
the photo detachment source, background photoelectrons are
produced by scattered photons generated by the laser entrance
and exit optic windows: these high energy photons strike
metal surfaces in the photo-detachment region to generate
detected photoelectrons. Different window materials (e.g.,
CaF,, sapphire, and fused silica), and different window
homogeneity and surface quality, were explored to reduce
these background photoelectrons. Of the three potential
windows related, background photon scattering sources
(materials, homogeneity, and surface quality), the two most
important factors are homogeneity and surface quality:
window material, as long as the windows do not absorb
the laser photons, is not a major source of background scatter.
One would anticipate, however, that if high homogeneity and
exceptional surface quality could be achieved for window
materials, such as LiF and MgF,, entrance and exit window
PES background effects would be further reduced. In the
reported experiments, 1-3 angstrom super polished fused
silica, Corning grade OA windows with A/10 and 10-5
scratch/dig surface quality are used for the least background
photoelectrons. As an example of these effects, for Corning
grade OF, /8 and 20-10 scratch/dig, standard polished fused
silica windows, we find 60/5000 background counts without
background subtraction and 20/5000 background counts with
alternate laser pulse subtraction. Employing the best fused
silica windows described above, these background related
counts are both reduced by a factor of 4.

B. Theoretical methods

All calculations are performed using the Gaussian
09 program package.’’ The structures of FeS,,(SH),~ (m,

J. Chem. Phys. 145, 154302 (2016)

n =0-3,0 < (m+ n) < 3) clusters are optimized for different
isomers and spin multiplicities using DFT without constraints.
For each cluster, different initial structures are used as
input in the optimization procedure. For each structure, spin
multiplicities are scanned from low to high until an energy
minimum is found. Vibrational frequency calculations are
further performed to confirm global minima, which have zero
imaginary frequency. The hybrid B3LYP exchange-correlation
functional®®-°° with Becke’s exchange,58 and the Perdew and
Wang’s®! correlation (BPWO1) functional, combined with
the triple-Z valence plus polarization (TZVP) basis set,®
the 6-311 + G(d) basis set,*% and the large basis set
(LBS, aug-cc-PV5Z% for sulfur atoms and TZVP for iron
and hydrogen atoms), are employed to explore a suitable
theoretical level for an accurate description of these iron
sulfide, hydrosulfide, and mixed sulfide/hydrosulfide clusters.
The choice of these functional and basis sets is based on their
good performances for 3d-metal oxides/sulfides theoretical
studies.?'*667 The reliability of the above different computa-
tional functionals is evaluated by calculating the first VDE
(VDE = Eneutral at optimized anion geometry — Eoptimized anion) of each
FeS,,(SH),,” (m, n=0-3, 0 < (m+n) < 3) cluster, which
is compared with experimental results. Comparing the first
calculated VDEs with their experimentally measured values
for FeS,,(SH),” (m, n =0-3, 0 < (m + n) < 3) clusters at
the two different DFT levels, two generalizations can be
extracted: 1. calculated properties are insensitive to the
basis sets employed, and 2. the BPW91 density functional
performs much better than the B3LYP density functional
for FeS;_,(SH),~ (x = 0-3) cluster anions. For FeS;_,(SH),~
(x =0, 1) (Figure S1(a)) and FeS,_,(SH),~ (x = 0-2) (Figure
S1(b)) clusters, the B3LYP density functional performs a little
better than the BPWO91 one (see the supplementary material for
details).

Partial charges for the Fe atom of these iron sulfide,
hydrosulfide, and mixed sulfide/hydrosulfide clusters are also
calculated using both Breneman’s CHELPG algorithm® and
an NBO analysis® as implemented in Gaussian 09. CHELPG
employs a grid method to select a point at which the
electrostatic potential of the molecule is sampled. Fe is
assigned a van der Waals radius of 1.95 A7 and default
atomic radii are used for all other atoms for the CHELPG
method.

lll. RESULTS AND DISCUSSION

A. Photoelectron spectra of FeS,(SH),~(m, n = 0-3,
0<(m+n)<3)

The obtained PES spectra for FeS,,(SH),” (m, n
= 0-3, 0 < (m + n) < 3) clusters at different photon energies
are shown in Figures 4-6. The first vertical detachment
energies (VDEs), proving important in establishing a cluster’s
electronic and geometric structure, are derived from the
energy of the peak maxima in the photoelectron spectra. The
first VDEs are the energies of maximum overlap between
the nuclear wave functions of the ground states of the
anions and their respective neutrals. Our measured first
VDEs of FeS;_3~ are 1.85, 3.31, and 2.90 eV, respectively.
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FIG. 4. Photoelectron spectra of (a) FeS™ and (b) Fe(SH)™ at 532 nm. X
labels the ground state transition peak.

These results are consistent with the previously reported
values of monoiron sulfur clusters.’> Figure 4(b) shows
the photoelectron spectrum for the Fe(SH)™ cluster anion
detached by 532 nm (2.331 eV) photons. The first VDE of
Fe(SH)™ is 1.63 eV, which is 0.22 eV smaller than that of
FeS~.

Results of the PES experiments for FeS,”, FeS(SH),
and Fe(SH); clusters are presented in Figure 5. As shown
in Figure 5(b), only one primary peak is accessible using
355 nm photon energy, representing the transition from the
electronic ground state of FeS(SH)™ to the corresponding
neutral electronic ground state. The first VDE for this
transition is determined to be 2.82 eV. The PES spectra
of Fe(SH),  acquired using photons of 532 nm and 355 nm
are displayed in Figures 5(c) and 5(d), respectively. Both
results indicate its first VDE is 2.00 eV, the lowest first VDE
among those for FeS,~, FeS(SH)~, and Fe(SH),™ clusters.

Based on the PES spectra of FeS;_,(SH),” (x =0-3)
clusters (Figure 6), the first VDEs of FeS, (SH)™ (2.80eV) and
FeS (SH),™ (2.75 eV) are similar to that of FeS3™ (2.90eV), and
the first VDE of the hydrosulfide saturated Fe(SH); ™ is ~0.6 eV
smaller than those of the mixed Fe sulfide/hydrosulfide cluster
anions.

B. DFT calculations for FeS,(SH),,~ and FeS;,(SH),, (m,
n=0-3,0<(m+n)<3)

Determination of the geometrical structures of the
clusters is important, since this cluster property is the
basis for the description of all other cluster characteristics

J. Chem. Phys. 145, 154302 (2016)
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FIG. 5. Photoelectron spectra of (a) FeS,™ at 355 nm, (b) FeS(SH)™ at
355 nm, (c) Fe(SH),™ at 532 nm, and (d) Fe(SH),™ at 355 nm. X labels the
ground state transition peak.

(e.g., electronic structure, electron density, charge and spin
densities, etc.). Here, structures for various states of different
spin multiplicities are investigated for each cluster. The energy
differences (AE) between low lying states of different spin
multiplicity states of each cluster are calculated and compared
to evaluate their relative stabilities. Structures of the two
lowest lying states of different spin multiplicities of each
cluster are presented and the first VDE for each state (isomer)
is calculated. The spin multiplicity for the ground state of a
cluster anion FeS,,(SH),~ (m, n =0-3, 0 < (m +n) < 3) is
assigned mainly based on agreement of the first calculated
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FIG. 6. Photoelectron spectra of (a) FeS3;™ at 355 nm, (b) FeS(SH)™ at
355 nm, (c) FeS(SH)>™ at 355 nm, (d) Fe(SH);™ at 532 nm, and (e) Fe(SH);~
at 355 nm. X labels the ground state transition peak and A labels the low-lying
transition peak next to X.

VDEs for the different spin multiplicities compared to the
experimental values. The AE between the two spin states under
consideration is also evaluated and employed to generate the
assignment. Figures 7 and 8 present the optimized geometries

J. Chem. Phys. 145, 154302 (2016)
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FIG. 7. DFT optimized structures of FeS™ and Fe(SH)™ at the B3LYP/TZVP
level. Relative energies are corrected for ZPE and are given in eV underneath
each structure. For each structure, bond lengths (in angstroms), important
bond angel, point group symmetry, and electronic state are listed.

of FeS|_.(SH),” (x=0, 1) and FeS,_,(SH),~ (x =0-2)
clusters at the B3LYP/TZVP level of theory, respectively.
Geometries displayed in Figures 7 and 8 will be the focus
of the following discussions. The optimized geometries for
FeS;_x(SH),~ (x = 0-3) cluster anions are, on the other hand,
displayed at both the B3LYP/TZVP and BPW91/TZVP levels
of theory in Figure 9. In Figures 7-9, bond lengths, bond
angles, spin multiplicities, and AEs between different spin
states of these clusters are presented. The first calculated VDEs
and AEs of these clusters obtained at different theoretical
levels are also summarized in Tables I-III. AEs are corrected
for zero point energies. AE = 0.00 eV means that the energy
of the given spin multiplicity structure is the lowest one among
all possible spin multiplicity structures.

The spin multiplicities of ground state FeS™ and Fe(SH)~
clusters (Figure 7) are quartet and quintet, respectively. The
theoretically determined quartet spin multiplicity of ground
state FeS™ agrees with the result reported in other theoretical
studies.*” The Fe-S bond lengths of ground state FeS™ and
Fe(SH)™ clusters are calculated to be 2.105 and 2.407 A,
respectively. An approximate 0.3 A elongation of the Fe-S
bond length occurs for Fe(SH)™ with respect to the bond length
for FeS™. Figure 8 depicts geometries of FeS,_,(SH),™ (x = 0-
2) clusters. The zero point energy of sextet FeS,™ is lower
than that of quartet FeS,™ by 0.21 eV at the B3LYP/TZVP
level (Table II), and the theoretical first VDE of sextet FeS,™
is closer to the experimental value than that of quartet FeS,™.
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Thus, the spin multiplicity of ground state FeS,™ is assigned
to be sextet. In like manner, quintet FeS(SH)™ and quartet
Fe(SH); are found to be their respective lowest energy spin
multiplicities. The first calculated VDE for quintet FeS(SH)~
is 2.73 eV, obviously closer to its respective experimental
value (2.82 eV) than that for the triplet FeS(SH)™ (2.04 eV):
quintet FeS(SH)™ (structure shown in Figure 8) is, thereby,
suggested to be its ground state. The observed first VDE for
Fe(SH),™ is 2.00 eV; the first calculated VDE for quartet and
sextet Fe(SH),™ are 1.88 eV and 1.41 eV at B3LYP/TZVP
level, respectively. Therefore quartet Fe(SH),~, which has a
linear S—Fe-S structure, is assigned as the ground state of
Fe(SH),. As presented in Figure 8, the Fe-S bond length
of ground state FeS,™ cluster is 2.124 A. The Fe—(SH) bond
length of ground state Fe(SH),™ cluster is 2.288 A. The Fe-S
bond length of ground state FeS(SH)™ cluster is 2.109 A,
which is shorter than that of FeS,™ (2.124 A): the Fe—(SH)
bond length for these two sulfur atoms containing cluster
is calculated to be 2.369 A, longer than that of Fe(SH),~
(2.288 A). The Fe—(SH) bond length is roughly 0.2 A
longer than the Fe—S bond length in FeS,_,(SH),~ (x = 0-2)
clusters.

Theoretical study of FeS;_(SH),~ (x =0-3) cluster
anions becomes a little more complicated due to more
sulfur atoms and (SH) groups, so different density functionals
and basis sets (summarized in Table III) are required to
yield accurate calculational results for this Fe/S/SH, three S
atom cluster series. If different basis sets combined with
the specific density functional BPW91 are employed in
these calculations, the obtained AEs and first VDEs for
each FeS;_, (SH),™ (x = 0-3) cluster anion are different by
<0.3 eV. For example, using the BPW91 density functional
combined with 6-311 + G(d), TZVP, and LBS basis sets,
the first calculated VDEs for the triplet state of Fe(SH);™ are
2.49 eV, 2.23 eV, and 2.42 eV. The calculated AESs for this
cluster are 0.68 eV, 0.80 eV, and 0.67 eV, respectively. The
first calculated VDE difference in this comparison is <0.23
eV. The calculated AE difference in this comparison is <0.13
eV. This performance suggests that the calculated properties

of FeS;_,(SH),~ (x = 0-3) clusters are insensitive to the
employed basis sets: the different performances of B3LYP and
BPWO1 density functionals are thus only compared through
results of the TZVP basis set (see details in the supplementary
material). The calculated results of FeS;_(SH),~ (x = 0-3)
clusters at the BPW91/TZVP level will be the focus of the
following discussions.

The first calculated VDE of sextet FeS;~ employing the
BPWO1 density functional is only about 0.16 eV closer to
the respective experimental value than that of the quartet
FeS;™ (Table III). The AE between the quartet and sextet
FeS;™ clusters is also very small (<0.05 eV). These results
suggest that the spin multiplicity of ground state FeS;™ is
more likely sextet, but quartet FeS3™ clusters can also exist
in the experimental sample. Additionally, given the spin orbit
coupling for a metal like Fe, one can expect some degree of
sextet/quartet spin mixing for a final, more exact description
for the ground state of FeS;™. The optimized structures of the
sextet FeS;™ displayed in Figure 9 demonstrate that an S-S
bond is formed in this cluster, with a bond length of ~2.19 A.
Two types of Fe—S bonds are thereby characterized for FeS;™:
an Fe-S bond, at ~2.10 A, and an Fe—(S;) symmetrical bond
at ~2.28 A. Formation of the S—S bond decreases the Fe/S
bonding interaction, as the length of the Fe—(S,;) bond is
longer than that of the Fe—S bond. Triplet and quintet are
the two lowest energy spin multiplets of FeS;(SH)™. The
zero point energy of quintet FeS,(SH)™ is 0.12 eV higher
than that of triplet FeS,(SH)™. Structures for the most stable
spin state of FeSy(SH)™ are displayed in Figure 9 at the
different theoretical levels. An S-S bond is not evident in
the structure of triplet FeS,(SH)™ obtained at BPW91/TZVP
level. The first calculated VDE of triplet FeS,(SH)™
(2.72 eV) employing BPW91 functional is in good agreement
with the respective experimental measurement (2.80 eV). The
spin multiplicities of ground state FeS(SH),™ and Fe(SH);~
clusters are assigned to be sextet and quintet, respectively.
An S-S bond is not observed in their structures (Figure 9).
The bond length of an Fe—S bond is about 2.1 /QX, and that of
Fe—(SH) bond is about 2.3 A. The first calculated VDEs of


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-018639
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-018639

154302-8 S.Yin and E. R. Bernstein

B3lyp/TZVP

7
2.106 v o

6.4°3
\J o~

C,,, A
0.05 eV

]

\
2.104 2*

7 Q.
‘ ;
2.194

25d "
CZV' GA CS’ SA
0.00eV 0.00eV
FeS, FeS,(SH)
BPW91/TZVP

2.066 2@
56.0°3

\JN

C,,, *A
0.04 eV

‘.

1
2.098 M+

2.189

[S2 I W\
¢

C,,, °A
0.00 eV
FeS;

J. Chem. Phys. 145, 154302 (2016)

C,, °A C;, °A
0.00 eV 0.00eV
FeS(SH), Fe(SH);
-9
$2.238 )94.10

C,, °A C;, 5A
0.00 eV 0.00 eV
FeS(SH), Fe(SH);

FIG. 9. DFT optimized structures of FeS3_,(SH)x~ (x = 0-3)at B3LYP/TZVP and BPW91/TZVP levels. Relative energies are corrected for ZPE and are given
in eV underneath each structure. For each structure, bond lengths (in angstroms), important bond angel, point group symmetry, and electronic state are listed.

ground state FeS(SH),™ and Fe(SH);~, employing the BPW91
density functional, are in agreement with their experimental
values.

Adiabatic  electron  affinity  (BA = Eprimized neurral
— Eoptimized anion) for each ground state FeS,,,(SH),, (m, n = 0-3,
0 < (m + n) < 3) neutral cluster, assigned through the above
results, is calculated and summarized in Table IV. Neutral
cluster experimental EAs are also listed for comparison. EAs
of FeS|_(SH), (x = 0, 1) and FeS,_,(SH), (x = 0-2) clusters
are calculated at B3LYP/TZVP level, and EAs of FeS;_,
(SH), (x =0-3) clusters are calculated at BPW91/TZVP
level. Note that the obtained experimental EAs of iron sulfide
and mixed sulfide/hydrosulfide clusters are possibly more

affected by their anion vibrational hot bands than are the EAs
for pure Fe(SH), clusters due to their higher temperature
generation conditions (~3.5 mJ/pulse ablation laser energy).
Thus, experimental EAs for iron sulfide FeS,, and mixed
sulfide/hydrosulfide FeS,,(SH), clusters are possibly more
underestimated in this work than are the EAs for iron
hydrosulfide Fe(SH),, pure neutral clusters.

C. Comparison of FeS,,” and Fe(SH),” (m, n=1-3)
cluster anions

The (SH) group plays an important role in activating
enzymes and proteins, for which iron sulfur clusters are the
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TABLE 1. The first calculated VDEs (in eV) of FeS™ and Fe(SH)™ at
B3LYP/TZVP and BPW91/TZVP levels, as well as the experimental results
for comparison. Calculated relative energy differences for the two indicated
low lying spin states AE (in eV, not VDE difference) are given in parenthesis.
AE =0.00 eV means the energy of that spin multiplicity structure is the
lowest one among all possible spin multiplicity structures.

VDE (eV)
B3LYP/TZVP BPWO1/TZVP
Cluster  Spin multiplicity (AE) (AE) Experimental
FeS™ 6 1.32 (0.18) 1.05 (0.17) 1.85 [8]*
4 1.43 (0.00) 1.12 (0.00)
Fe(SH)~ 3 0.50 (0.84) 0.34 (0.69) 1.63 [8]
5 1.48 (0.00) 1.13 (0.00)

4The numbers in square brackets indicate the uncertainties in the last digit.

putative active centers. As we have emphasized above, the
number of (SH) groups and S atoms in a nonmixed cluster
has a significant electronic and structural effect on the general
properties of iron sulfide and iron hydrosulfide clusters. A
good way to explore these effects is comparing the property
of (SH) group saturated iron hydrosulfide clusters with those
of pure iron sulfide clusters. Figure 10 plots the trends of
experimental first VDEs as a function of n for Fe(SH),~
and of m for FeS,,”. The first VDE for Fe~ is taken from
Refs. 71 and 72. The experimental first VDEs for Fe(SH),,~
are consistently smaller than those of FeS,,” (n = m = 1-3).
Experimental first VDEs of Fe(SH)y—_3~ clusters are observed
to increase with added (SH) groups, for which each (SH)
group is responsible for an increase in the first VDE of ~1.5,
~0.4, and ~0.2 eV, respectively. The experimental first VDEs
for FeSy_3~ clusters are observed, however, to increase for the
first two added S atoms, but to decrease for the third S atom.
Each of the first two S atoms is responsible for a large increase
of the first VDE, ~1.7 and ~1.5 eV, respectively, whereas the
third S atom is responsible for a decrease in the first VDE of
~0.4 eV.

Electron affinity (EA) is a measure of the minimum
amount of energy required to remove an electron from the
anion in its ground state. For these iron sulfide and iron

J. Chem. Phys. 145, 154302 (2016)

TABLE II. The first calculated VDEs (in eV) of FeS,_(SH); (x =0-2) at
the B3LYP/TZVP and BPW91/TZVP levels, as well as the experimental
results for comparison. Calculated relative energy differences for the two
indicated low lying spin states AE (in eV, not VDE difference) are given
in parenthesis.

VDE (eV)

B3LYP/TZVP BPWO1/TZVP

Cluster Spin multiplicity (AE) (AE) Experimental
FeS,™ 4 3.22(0.21) 2.80 (0.15) 3.31 [8]*
6 3.40 (0.00) 3.12 (0.00)
FeS(SH)™ 3 2.04 (0.73) 2.05 (0.64) 2.82[8]
5 2.73 (0.00) 2.48 (0.00)
Fe(SH),™ 6 1.41 (1.28) 1.17 (1.37) 2.00 [8]
4 1.88 (0.00) 1.78 (0.00)

2The numbers in square brackets indicate the uncertainties in the last digit.

hydrosulfide cluster anions, because both the S atom and
the (SH) group are much more electronegative than the
central iron atom, electron density should be removed from
the iron atom of these clusters. Naturally, partial atomic
charges play a decisive role in determining the core electron
binding energy in small molecules.”> The partial charge of
the iron atom in these iron sulfide and iron hydrosulfide
cluster anions can to some extent affect the energy required
to remove an electron from such clusters. To investigate
the dependence of the partial charge of the Fe atom on
the number of S atoms and (SH) groups, calculated partial
charges for Fe atoms of ground state FeS,,” (m = 1-3) and
Fe(SH),,” (n = 1-3) clusters, using both the CHELPG and
NBO analyses at the BPW91/TZVP level, are plotted in
Figure 11 as a function of cluster size (n and m). The partial
charge number for Fe atoms of these clusters obtained by
either a CHELPG or NBO analysis is slightly different, but
their trends with cluster size are in good agreement with
each other. Calculated partial charges for the Fe atom of
ground state FeSy_3~ clusters are found to increase for the
first two S atoms added to Fe. Atomic sulfur is a highly
electronegative atom and thus more S atoms binding with the
central Fe atom generate a more positive Fe atom: that is,

TABLE III. The first calculated VDEs (in eV) for FeS;_,(SH)x~ (x =0-3) using different functionals and basis sets, as well as the experimental results for
comparison, are the main entries in the table. Large basis set (LBS) denotes an aug-cc-PV5Z basis set for all sulfur atoms and a TZVP basis set for iron and
hydrogen atoms. Calculated relative energy differences for the two indicated low lying spin states AE (in eV, not VDE difference) are given in parenthesis.

VDE (eV)
B3LYP BPW91

Cluster Spin multiplicity ~ 6-311 + G(d) (AE) TZVP(AE) LBS(AE) 6311 +G(d) (AE) TZVP(AE) LBS(AE) Exp.

FeS3™ 4 3.11(0.01) 2.93(0.05)  3.01 (0.00) 2.66 (0.00) 247(0.04)  257(0.00)  2.90 [8]
6 3.18 (0.00) 3.04(0.00)  3.06 (0.00) 2.76 (0.00) 2.63(0.00)  2.64(0.03)

FeS»(SH)™ 3 2.48 (0.66) 229(0.66)  2.37 (0.62) 2.88 (0.00) 272(0.00)  2.83(0.00)  2.80[8]
5 2.91 (0.00) 278(0.00)  2.78 (0.00) 2.49 (0.19) 235(0.12)  2.40(0.03)

FeS(SH),~ 4 3.37(0.24) 327(0.24)  3.30(0.24) 2.83(0.16) 269(0.23)  274(0.18)  2.75(8]
6 3.64 (0.00) 3.50(0.00)  3.57 (0.00) 3.13 (0.00) 3.00(0.00)  3.07 (0.00)

Fe(SH);~ 3 272 (1.12) 2.50(1.24)  2.62(1.20) 2.49 (0.68) 223(0.80)  242(0.67)  2.17[8]
5 3.49 (0.00) 3.35(0.00)  3.40 (0.00) 2.87 (0.00) 2.64(0.00)  2.74(0.00)

2The numbers in square brackets indicate the uncertainties in the last digit.
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TABLE IV. Calculated adiabatic electron affinity (EA) of ground state
FeS,,(SH),, (m, n=0-3, 0<(m+n)<3) clusters, as well as their ex-
perimental EAs for comparison. EAs of FeS;_x(SH)x (x=0, 1) and
FeS;_(SH) (x =0-2) clusters are calculated at the BALYP/TZVP level, and
EAs of FeS3_x(SH)x (x =0-3) clusters are calculated at the BPW91/TZVP
level. Spin multiplicity (M) is listed as ™ FeS,,,(SH),,.

Cluster Calculated EA Experimental EA
SFeS 1.39 1.60 [10]?
4Fe(SH) 1.31 1.40 [10]
"FeS, 3.36 3.10 [10]
%FeS(SH) 2.65 2.60 [10]
SFe(SH), 1.86 1.94 [10]
SFeS3 2.50 2.70 [10]
4FeS, (SH) 271 2.60 [10]
SFeS(SH), 2.83 2.50 [10]
‘Fe(SH); 2.54 2.05[10]

2The numbers in square brackets indicate the uncertainties in the last digit.

the positive partial charge on the central Fe atom of these
FeSy_5~ cluster anions should increase. Based on the trend
for the first two S atoms as presented in Figure 11, the
partial charge for the Fe atom is anticipated to increase to
around 1.4 for the FeS;™ cluster. Nonetheless, partial charge
for the Fe atom of FeS;~, obtained both by CHELPG and
NBO analyses, decreases ~0.1 compared with that of the
FeS,™ cluster. This observation is in good agreement with
the trend in experimental first VDEs of FeSy_3~ clusters as a
function of S atom number (as shown in Figure 10). These
results are understandable because of the formation of an
S-S bond in the FeS3™ cluster. Length of the Fe—(S;) bond
(2.290 A) for FeS5™ is 0.166 A longer than that of the Fe—S
bond (2.124 ;\) for FeS,™, as calculated at the B3LYP/TZVP
level and shown in Figures 8 and 9. The interaction between Fe
and the S-S unit in FeS;™ is weaker than that between Fe and
S in FeS,: the Fe atom in FeS;~ donates less electron density
to the S—S unit than does the Fe atom in FeS,™ and therefore

] —#—FeS
3.0 —&— Fe(SH)

n

0 1 N 2 3

FIG. 10. Observed electron binding energies (the first VDEs) of FeS,,,”
(m =0-3) and Fe(SH),,~ (n =0-3) as a function of number m and n. The
first VDE for Fe™ is taken from Refs. 71 and 72.
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FIG. 11. Calculated partial charge of the Fe atom of ground state FeS,,,~
(m=0-3) and Fe(SH),,~ (n=0-3) clusters employing (a) the CHELPG
method and (b) NBO analysis at the BPW91/TZVP level as a function of
number m and n.

has a lower positive partial charge number. The above results
and analyses are helpful and reasonable for understanding
and explaining the observed decrease of experimental first
VDE for FeS;~ compared to that for FeS,™ as presented in
Figure 10.

No S-S interactions are evident for ground state
Fe(SH)g-3 clusters, and thus calculated partial charges for the
Fe atom of these clusters are found to increase approximately
linearly with the number of (SH) groups present. Observation
of smaller partial charges for the Fe atoms of Fe(SH),~
than for those of FeS,,” (Figure 11) agrees well with the
smaller experimental first VDEs for Fe(SH),,” than for FeS,,,”
(n=m > 0) (Figure 10). The Pauling electronegativity of
the Fe atom is 1.83, the H atom is 2.20, the S atom is
2.58, and the (SH) group is 2.44 (calculated according to the
group electronegativity equation’*%). Electronegativity of the
(SH) group is obviously smaller than that of the S atom, so
(SH) group bonding to the Fe atom of a cluster generates a
smaller positive partial charge for the Fe atom than does the
same number of bonded S atoms. This relationship between
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FIG. 12. The observed first VDEs of FeS,,~ (m =0-3) and Fe(SH),,~
(n =0-3) as a function of calculated partial charge of the Fe atom employing
the NBO analysis at BPW91/TZVP level. Results for the B3LYP/TZVP
calculation are very similar.

partial atomic charge for Fe and ligand electronegativity
can rationalize the observed trend of smaller first VDEs for
Fe(SH),,” than for FeS,,,” (n = m > 0) cluster anions.

A better understanding of the relationship between partial
atomic charge for the Fe atom of ground state FeSy_3~ and
Fe(SH)o-3~ clusters and their experimental first VDEs emerges
from a plot of the first VDEs as a function of calculated partial
charge of Fe atoms, as presented in Figure 12. The first
cluster VDEs clearly increase with partial charge of the Fe
atom; in other words, a higher first VDE is correlated with a
higher, more positive partial charge for the Fe atom of these
clusters. The different slope of the trend of the first VDE of
FeSy-3~ and Fe(SH)(_3~ clusters with their partial charge for
the Fe atom (m, n = 1, 2, 3) is probably due to the intrinsic
bonding/electronic structure property of the S atom and (SH)
group.

Above results and discussion suggest that the change
of partial charge for the Fe atom of ground state FeSq_3~
and Fe(SH)y_3~ clusters as a function of different S atom
and (SH) group number is possibly responsible for their
experimental first VDE trends. For a qualitative understanding
and estimation of the change of first VDEs of ground state iron
sulfide and iron hydrosulfide cluster anions with respect to the
number of cluster S atoms and (SH) groups, partial charge of
the Fe atom is a good reference value: a higher, more positive
partial charge for the cluster Fe atom is indicative of a higher
cluster first VDE.

D. Comparison of various iron sulfide/hydrosulfide
mixed cluster anions

Sulfur atoms and (SH) groups in reactive iron
sulfide/hydrosulfide sites usually coexist in real biochemical
and catalytic systems; thus, exploring their relative behavior
in mixed clusters with different (SH) group content
may provide useful information for understanding the
chemistry and mechanisms of these species in real, complex

J. Chem. Phys. 145, 154302 (2016)
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FIG. 13. The observed first VDEs of FeSi_, (SH),~ (x=0, 1),
FeSy_(SH),~ (x =0-2), and FeS3_,(SH)x~ (x =0-3) as a function of (SH)
group number x.

systems. Figure 13 plots the trend of experimental first
VDEs of FeS;_(SH),™ (x =0, 1), FeS,_,(SH),~ (x = 0-2),
and FeS;_,(SH),~ (x = 0-3) clusters as a function of (SH)
group number x. As discussed in Section III C, the
experimental first VDE for FeSH™ is smaller than that for
FeS~. Looking at the red line (V) shown in the figure, the
experimental first VDE for FeS(SH)™ is observed ~0.49 eV
lower than that for FeS,™ and ~0.82 eV higher than that for
Fe(SH),™. The experimental first VDEs for FeS,(SH)™ and
FeS(SH),™ clusters are observed to behave similarly (within
~0.15 eV) with respect to FeS;™; however, ~0.6 eV higher
than that for the (SH) group saturated Fe(SH);™ cluster, as
plotted by the blue line (A) in Figure 13.

To investigate how calculated partial charges for the Fe
atom of these iron sulfide/hydrosulfide mixed clusters are
related to their experimental first VDEs, calculated partial
charges for cluster Fe atoms using CHELPG and NBO
analyses (employing BPW91/TZVP) as a function of (SH)
group number are presented in Figure 14. Results for their
respective iron sulfide and iron hydrosulfide nonmixed clusters
are also presented in the figure for comparison. The calculated
partial charge on the Fe atom of ground state FeS(SH)™ is
lower than that of FeS,™ and higher than that of Fe(SH),™,
which is in agreement with their experimental first VDE trends
as a function of (SH) group number x. The calculated partial
charges for the Fe atoms of FeS,", FeS(SH)™, and Fe(SH),~
decrease with the increase of (SH) group content because the
electronegativity of the (SH) group is smaller than that of a
single S atom. This suggests an increase of (SH) ligands in
the cluster generates a lower cluster first VDE.

On the other hand, no obvious similar trend for Fe partial
charge vs. the first VDE is found for results of FeS,(SH)~
and FeS(SH),~ clusters compared to those of FeS;~ and
Fe(SH);™. The existing S-S bond in the cluster, as discussed in
Section III C, lowers the experimental first VDE for FeS; ™. The
disulfide S-S bond is not observed for ground state FeS,(SH)~
and FeS(SH),™ clusters (as shown in Figure 9); nonetheless,
these latter mixed clusters contain more (SH) groups than
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FIG. 14. Calculated partial charge of the Fe atom of ground state
FeSi_x(SH)x~ (x =0, 1), FeS,_x(SH)x™ (x =0-2), and FeS3_,(SH)x~ (x
=0-3) clusters employing (a) the CHELPG method and (b) NBO analysis
at the BPW91/TZVP level as a function of (SH) group number x.

FeS;~, which lowers their first VDEs. These two factors,
S-S bonding and S/(SH) electronegativity differences, may
well be responsible for the similar first VDEs for FeS,(SH)™,
FeS(SH),™, and FeS3~ clusters (see Figure 13). Unexpectedly,
an “out-of-order” partial charge of the Fe atom of these
clusters is observed (Figure 14). Other possible factors may
affect or relate to the experimental first VDEs of these iron
sulfide/hydrosulfide mixed cluster anions, but, as shown in
Figure S2 in the supplementary material, no obvious similar
electronic or structure trends that parallel the first VDEs results
and trends (Figure 13) are observed for FeS,(SH)", FeS(SH);,
and FeSj™ clusters by considering either: 1. calculated partial
charges for the Fe atom of ground state neutral clusters, 2.
spin density for the Fe atom of either the ground state anion
and neutral clusters, or 3. details of the specific orbital patterns
for anionic or neutral clusters in this series at the DFT/basis
set levels considered herein.

The above results suggest that more (SH) group content
in iron sulfide/hydrosulfide mixed clusters is correlated with
a lower first VDE and a lower partial charge of the Fe atom
for the cluster anion (see Figure 13). The calculated partial
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charge of the Fe atom of such clusters is, therefore, a useful
reference factor for a qualitative understanding of the change
of first VDEs as the S/(SH) content of the cluster changes.
Nonetheless, the trend in the first VDEs for these clusters
is clearly not simply related to the Fe partial charge (see
Figures 13 and 14 for FeS;_,(SH),, blue line (A): for a more
quantitative understanding of the relative first VDEs of these
S/(SH) Fe clusters one must consider higher level treatments
of their electronic structure, such as CASSCF and CASPT2
methods.

IV. CONCLUSIONS

A magnetic-bottle time-of-flight photoelectron spectros-
copy (MBTOF-PES) apparatus is constructed in our lab. A
mass resolution (M/AM) of more than 1000 is obtained by the
coupled orthogonal acceleration/extraction reflectron time of
flight mass spectrometer (0aRETOFMS). The MBTOF-PES
apparatus has a measured resolution of ~40 meV for an
electron of ~1.0 eV kinetic energy. The PES spectra of small
iron sulfide, hydrosulfide, and mixed sulfide/hydrosulfide
[FeS,,(SH),™; (m, n=0-3, 0 < (m + n) < 3)] cluster
anions, at 2.331 eV (532 nm) and 3.492 eV (355 nm)
photon energies, are reported. The structural and bonding
properties of these clusters are investigated at different levels
of Density Functional Theory (DFT) and basis sets. The
calculated cluster properties are insensitive to the basis
set employed; nonetheless, the density functional BPW91
performs better for a theoretical description of these clusters,
and is thereby employed and recommended, along with the
TZVP basis set, for an accurate theoretical depiction of the
iron sulfide, hydrosulfide, and mixed sulfide/hydrosulfide
clusters under consideration. The most probable structures,
electronic properties, and ground state spin multiplicities
for FeS,,(SH),~ (m, n =0-3, 0 < (m + n) < 3) clusters are
tentatively assigned by comparing their theoretical and
experimental first vertical detachment energy (VDE) values.
Calculated and experimental adiabatic electron affinities of
these ground state FeS,,(SH),, (m, n = 0-3,0 < (m +n) < 3)
clusters are also reported. A comparison of S and (SH) as
ligands in these iron sulfide and hydrosulfide cluster anions
is investigated. The combined theoretical and experimental
results can be summarized as follows: 1. lower respective
experimental first VDEs for Fe(SH),” than for FeS,,~
(n = m = 1-3) are observed; 2. the experimental first VDEs
for FeS,,,” (m = 1-3) cluster anions are observed to increase
with the addition of the first two S atoms to the Fe atomic
center, but to decrease for the third added S atom; 3. the
third added S atom to the FeS,,” cluster series results in
a small decrease for the FeS;~ cluster anion first VDE
due to the formation of an S-S bond; 4. the experimental
first VDEs for Fe(SH),_;~ clusters are observed to increase
sequentially with the addition of (SH) groups; 5. each added
(SH) group to the Fe center is responsible for an increase
in the first VDE of ~1.5, ~0.4, and ~0.2 eV, respectively;
6. calculated partial charge for Fe of ground state FeS,,~
(m = 1-3) cluster anions is found to increase for the first
two S atoms added to Fe, but to decrease somewhat for
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the third added S atom; and 7. calculated partial charges
for the Fe atom of ground state Fe(SH),,~ (n = 1-3) cluster
anions are found to increase with the number n of added
(SH) groups. Iron sulfide/hydrosulfide mixed cluster anions
are also examined. The experimental first VDE for FeS(SH)~
is ~0.49 eV lower than that for FeS,™ and is ~0.82 eV
higher than that for Fe(SH), ™. Because the experimental VDE
for FeS;™ is lower than expected due to the formation of
an S-S bond, the experimental first VDEs for FeS,;(SH)~
and FeS(SH),™ are close to that for FeS;~ and are ~0.6 eV
higher than that for Fe(SH); . These results suggest that
the relative numbers of the two ligands in mixed cluster
anions also affect the change in their first VDEs. The DFT
calculated partial charges of the ligated Fe atom follow the
trend of first VDEs for iron sulfide, hydrosulfide, and mixed
sulfide/hydrosulfide cluster anions. Calculated partial charges
for the Fe atom, with regard to the relative number of S
atoms and (SH) groups in the considered clusters, give a
qualitative understanding of, and relative estimation of, the
first VDEs for these cluster anions: the higher first VDE
is correlated with a higher, more positive partial charge for
the Fe atom of these cluster anions. Disulfide bond (S-S)
formation within the considered clusters must also be taken
into account for estimating and evaluating the first VDEs of
these clusters.

SUPPLEMENTARY MATERIAL

See the supplementary material for comparison of
the results for FeS,,(SH),” [m, n=0-3, 0 < (m+n) < 3]
obtained with the B3LYP and BPWO1 functionals (Figure
S1 and details), and other possible factors that may relate to
the experimental first VDESs of these iron sulfide/hydrosulfide
mixed cluster anions (Figure S2).
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