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We report a photoelectron spectroscopic investigation of a series of monasiutior clusters FeS (n =
1-6) at various photon energies. Vibrationally resolved spectra were measured foaftBes . A wealth
of electronic structure information was obtained for FeS and were tentatively assigned, yieldiggaund
state for FeS and &" and a®A excited state at 0.675 and 1.106 eV above the ground state, respectively.
Franck-Condon factor simulations were performed for the vibrationally resoeground state and tHg
excited state, yielding an F€5 bond length of 2.18 and 2.29 A for the anion ground state anei\tlexcited
state, respectively, as well as a vibrational temperature of 180 K for the anion. The electron affinities (EA’s)
of FeS, were measured to be 1.7250.10, 3.222+ 0.009, 2.89&+ 0.008, 3.12% 0.008, 3.262+ 0.010,

and 3.52+ 0.02 eV forn = 1-—6, respectively. A significant EA increase was only observed from FeS to
FeS, whereas all larger species Rg@ = 3—6) possess EA’s similar to that of Fe®ithin +£0.3 eV. By
comparing the trend of EA in FgSo that of FeQ, we proposed that all the FgS(n > 1) species take
(S¥)FE(S—n?") type structures, in which Fe assumes its favoti@formal oxidation state. Preliminary

density functional calculations were carried out and the obtained structures support the proposed structural

evolution of the Fe$ clusters.

1. Introduction calculations'? Sequential reactions of Favith ethylene sulfide

Iron—sulfur clusters are prevalent throughout bioinorganic Were conducted to generate FéSpecies, and at least six sulfur
chemistry! Abiological investigations of ironsulfur clusters ~ attachments were observétBare Fe ions were also allowed

and complexéss provide fundamental information about the to react with g in the gas phase using a Fourier transform ion
structural, electronic, and magnetic properties, and chemical €yclotron resonance mass spectrometer to produce, FeS
bonding of the Fe'S systems. A large number of iresulfur clustersi®>® and species witn up to 10 were observed.
clusters and complexes have been synthesized and characterizef,hotodissociation and collision-induced dissociation (CID)
forming a large class of organometallic chemidffhere have ~ €xperiments were carried out on FéS(n = 1-6) by
also been extensive theoretical efforts devoted to-imanifur MacMahon et al’/ and on Fe§" (n = 2—8) by Yu et al'®
complexes$5 However, there have been relatively few studies Anionic FeS™ and Fe$ were also investigated by CID, and
on the bare FeS clusters; even the electronic structure of the loss of neutral $fragments were observed as a major dissocia-
simplest FeS diatomic molecule is still not well understood. We tion channel® Low resolution photoelectron spectra of FeS
are interested in probing the electronic structure and chemical (n = 1—6) at 266 nm were reported by Kaya and co-workérs.
bonding of a broad range of irersulfur systems in the gas Theoretical treatment of irensulfur clusters has been
phase using photoelectron spectroscopy (PES), ranging fromchallengingd—52%-26 Even the electronic structure and chemical
bare Fe-S clusters produced using a laser vaporization séurce bonding in the diatomic FeS were not well understood at present
to analogue complexes and proteins using an electrospraydespite much effort in the past dec&ée?s Except for the DFT

ionization sourcé.In the current paper, we focus on a series of calculations of FesSby Schraler et all® there is no other
relatively simple bare ironsulfur clusters, the monoiron sulfur  theoretical studies on any other lager Fefisters.

cIu_?:]ers F;]SS (nb= 1-6). . | and th ical In this paper, we report a detailed photoelectron spectroscopic
ere have been numerous experimental and theoretica study of a series of monoirersulfur clusters: FeS (n= 1-6).

reports on the moqowo&sulfur clusters in the literature. DeVore Vibrationally resolved PES spectra and studies at various photon
et al. reported a vibrational frequency of 540 @nfior neutral . - .

. ; . . . energies allow a wealth of information on the structural and
diatomic FeS using matrix infrared spectroscégyne reactions electronic evolution and chemical bonding in the monoifon
of FeS" with D, and methane were examined by Barsch et al. sulfur clusters to be obtained. The FeSIustegrs were compared
using guided-ion beam mass spectromé&#8Photodissociation ith the FeO- . ' 4 th n q tp h
spectra of FeSwere measured by Hettich et'dland Husband wi . e FeQ 7speC|es an €y were proposed fo have

(S )FeT(S—n?") types of structures, in which the Fe atom

et all2 Schraler et al. have reported a detailed study on the , / o -
structures of cationic, anionic, and neutral FeSing both mass ~ 2SSUmes its favorite _formal oxidation statete8. A preliminary
spectrometric methods and density functional theory (DFT) DFT study was carried out on the structures of Fegnd the
DFT results are consistent with the proposed structural evolution
* Corresponding author. E-mail: Is.wang@pnl.gov. for the monoiron-sulfur clusters.
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X The 532 nm spectrum (Figure 1a) revealed a long and well-
() Fes- resolved vibrational progression for the ground-state transition
532 l (X) with an average spacing of 52@ 30 cnt'. The 0-0
nmo transition was weak, defining an adiabatic detachment energy
(ADE) of 1.725+ 0.010 eV, which represents the electron
affinity (EA) of the neutral FeS molecule. The vertical detach-
ment energy (VDE) was defined by the-20 transition at 1.851
+ 0.010 eV.

The 355 nm spectra (Figure 1b) revealed several more
transitions. The feature A with a VDE of 2.4GB 0.008 eV
was very sharp, only slightly broader than the instrumental
resolution. The next low-lying transition (B) showed a simple
and well-resolved vibrational progression with an average
spacing of 3254+ 30 cnTl. The ADE for the B band was
measured to be 2.83# 0.009 eV. At the higher binding energy
side of the 355 nm spectrum, numerous peaks were observed.
The six peaks in band C appeared to consist of a vibrational
progression, but their spacings are not equal. The first three
peaks gave an average spacing of 4580 cnt?, whereas the
three higher binding energy peaks yielded an average spacing
of 3304+ 40 cnTl. The relative intensity of the C band increased

Relative Electron Intensity

1lg)3 X B 1 at higher photon energies (Figure 1c,d), where a single

nm unresolved band was observed due to the deterioration of

E spectral resolution at higher electron kinetic energies. A sharp

A d peak at 3.32 eV (labeled b) was also observed in the 355 nm

M c / Wﬂ,\ spectrum (Figure 1b), but its intensity seemed to be significantly
mwmewTﬁTfﬁan reduced in the higher photon energy spectra.

1 2 3 4 5 6 At 266 nm, an intense and sharp peak (D) was observed at

Binding Energy (sV) the high binding energy end with a VDE of 4.4330.010 eV.
Figure 1. Photoelectron spectra of Fe@t (a) 532 nm (2.331 eV), | addition, numerous weak and diffuse features were observed

(b) 355 nm (3.496 eV), (c) 266 nm (4.661 eV), and (d) 193 nm (6.424

eV). The vertical lines represent vibrational structures. between 3.4 and 4.4 eV. At 193 nm, one more sharp peak (E)

was observed at a VDE of 4.66 eV. At higher binding energies
beyond 4.7 eV, no intense transitions were revealed. There might
be weak spectral features, but the signal-to-noise ratio was too
The experiment was carried out using a magnetic-bottle time- poor to allow any definitive identification in the high binding
of-flight PES apparatus equipped with a laser vaporization energy range. The binding energies and vibrational frequencies
supersonic cluster souréeBriefly, a mixed Fe/S target (10/1  for the major spectral features observed for Feffe sum-
molar ratio) was laser-vaporized in the presence of a helium marized in Table 1, along with tentative assignments, which
carrier gas. Various R&,~ clusters were produced from the will be discussed later.
cluster source and were mass analyzed using a time-of-flight 3.2 Fe$-. The PES spectra of FeSmeasured at three
mass spectrometer. The Fe§n = 1—6) species of our current  photon energies are shown in Figure 2. Six intense and well-
interest were mass-selected and decelerated before being phoesplved bands (X, AE) were observed at 193 nm (Figure 2c).
todetached. Four detachment photon energies were used in therhe relative intensities of the bands A, B, and C decreased at
current experiments: 532 nm (2.331 eV), 355 nm (3.496 eV), 266 nm (Figure 2b). These bands were rather congested and
and 266 nm (4.661 eV) from a Nd:YAG laser, and 193 nm \ere not better resolved under the improved instrumental
(6.424 eV) from an ArF excimer laser. Photoelectrons were regolution afforded at 266 nm. However, the X band was
collected at nearly 100% efficiency by the magnetic bottle and resolved into several features under the improved resolution at
analyzed in a3.5m long el_ectron flight tube. The photoelectron 355 nm (Figure 2a). These peaks appeared to consist of a
spectra were calibrated using the known spectrum of,@hd yjiprational progression, but their spacings were not uniform,

2. Experimental Method

the resolution of the apparatus wagKEk ~ 2.5%, i.e.,~25 indicating that probably more than one vibrational mode was

meV for 1 eV electrons. The electron binding energies (BE) inyolved. The threshold peak in the 355 nm spectrum defined

were determined from the photoelectric equation: BBy — a relatively accurate EA for Fe@it 3.2224+ 0.009 eV, which

Ek is much higher than that of FeS. Close examination of the 355
nm spectrum revealed that very weak featurésafXtl A) were

3. Results present in the lower binding energy side. These features, which

The obtained PES spectra for Fe§n = 1—6) at different accounted for about 1% of the intensity relative to that of the
photon energies are shown in Figuresél respectively. The X band, depended on the source conditions slightly, but could
observed detachment transitions are labeled with letters and théot be completely eliminated. They were attributed to the
vertical lines represent the resolved vibrational structures. Figure existence of a minor isomer, with an ADE of 2.850.09 eV
7 compares the spectra of all six Species at 193 nm. and a VDE of 2.15+ 0.05 eV, much lower than those of the

3.1. FeS. The PES Spectra of FeSvere measured at four main isomer. The blndlng energies of all the observed detach-
photon energies, as shown in Figure 1. At the highest photon Mment transitions for FeS are give in Table 2.
energy used (Figure 1d), six intense and well-resolved features 3.3. FeS~. The spectra of FeS are shown in Figure 3 at
(X, A—E) were observed, with several weak featuresdp three photon energies. The 355 nm spectrum (Figure 3a)
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TABLE 1: Observed Adiabatic (ADE) and Vertical (VDE) Electron Binding Energies from the Photoelectron Spectra of FeS
and the Electronic Excitation Energies and Vibrational Frequencies Determined for FeS and Tentative Spectral Assignmefts

state electron configuration ADE (eV) VDE (eV) term value (eV) vib freq (&m
X 5A 100247*116'57216%1.20° 1.725 (10) 1.851 (10) 0 520 (30)
A =t 100%47*110'57216%1 201 2.400 (8) 2.400 (8) 0.675
B SA 100%47*110%57216%1 201 2.831(9) 2.867 (9) 1.106 325 (30)
c ST1 100%47*110'57116%1 201 3.025 (10) 3.079 (10) 1.300 450 (40)
50 3.150 (15) 3.195 (15) 1.425 330 (40)
D P 100%47°116'57216°1 20" 4.413 (10) 4.413 (10) 2.688
E A 100%47*110'57216%1 201 4.660 (20) 4.660 (20) 2.935
2 Numbers in the parentheses indicate the uncertainties of the last 8idt8.cm from ref 8.
FeSo TABLE 2: Observed Electron Binding Energies (VDEs) for
X X FeS~ (n = 2—-6), and Adiabatic Electron Affinities (EAS)
@ and Vibrational Frequencies for FeS, (n = 2—6)2
355 nm f‘ species obsd feature EA(eV) VDE (eV) vibfreq (ch
" FeS™ X 3.222(9)  3.306 (9)
—> A 3.75 (3)
A B 4.01(2)
i c 4.25(2)
x30 | ) 4.66 (2)
e E 5.15 (2)
> x 32 33 34 X' 2.05 (9) 2.15 (5)
i FeS~ X 2.898(8)  2.898 (8) 500 (20)
g (b) ﬂ A 3.348 (10)
=| 266nm ‘ B 4.156 (10)
3 C 4.40 (2)
E D 4.9-55
w FeS~ X a 3.129(8)  3.129(8)
s b 3.156 (9)
% c 3.201 (8)
& d 3.225(8)
e 3.273(8)
f 3.294 (8)
g 3.372(8)
A ~3.5
B 3.94 (3)
C ~4.6
D 4.76 (3)
E 4.89 (3)
F 5.0-5.6
i FeS™ X 3.262(10)  3.262 (10) 510 (40)
Binding Energy (eV) g i?g ((i))
Figure 2. Photoelectron spectra of FeSat (a) 355 nm, (b) 266 nm, C 5.32(2)
and (c) 193 nm. The inset in (a) shows the fine structures of band X. D ~5.85
FeS™ X 3.52(2) 3.52(2)
displayed surprisingly a simple and well-resolved vibrational A ~3.7
; _ i ; ; B 4.10 (3)
progression for the ground-state transitiof) (vith a spacing p 440 (3)
of 500+ 20 cnm. The 0-0 transition defined an accurate EA D 4.62 3)

of 2.898+ 0.008 eV for neutral FeSAt 266 nm, three strong
bands (A, B, C) were observed with several weak features (a,
b, ¢). The C band was relatively sharp, but fine features were
discernible in the A and B bands, which can be due to either were identified (a-g). The threshold peak a was very sharp
vibrational structures or overlapping electronic transitions. At and defined an accurate EA of 3.1290.008 eV for neutral
193 nm, a broad band (D) was observed between 4.9 and 5.5FeS. The fine features in the X band could be due to
eV, which likely contained several overlapping detachment overlapping vibronic states. There appeared to be two vibrational
transitions. The binding energies for the major detachment progressions: one consisted of peak a, ¢, and e (average spacing,
transition of Fe$ are listed in Table 2. 580+ 40 cnTl) whereas the other one consisted of peak b, d,
3.4. Feq™. Figure 4 shows the PES spectra of e&t three and f (average spacing, 56040 cnt?). However, the peak f
photon energies. At 193 nm (Figure 4c), at least seven at 3.294 eV was significantly enhanced in the 266 nm spectrum
detachment bands could be identified (X;-B&). The A band (Figure 4b), suggesting that it may be a separate detachment
appeared as a shoulder on the high binding energy side of bancthannel. On the lower binding energy side in the 355 nm
X, whereas the C, D, and E bands overlapped with each other.spectrum (Figure 4a), very weak signals were present, which
The F band at higher binding energies was relatively weak and were probably due to contributions from a minor isomer. The
contained at least four discernible features between 5.0 and 5.6binding energies of all the observed features in the spectra of
eV. The spacings between the fine features in the F band wereFeS~ are also given in Table 2.
too large to be due to a single vibrational progression. The X 3.5. Fe§~ and FeS™. The PES spectra of FgS were
band was resolved into many fine features under the improved measured at three photon energies, as shown in Figure 5. The
resolution at 355 nm (Figure 4a). At least seven fine features 193 nm spectrum (Figure 5c) exhibited five broad and intense

aThe numbers in the parentheses represent the experimental
uncertainty in the last digitals.
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Figure 3. Photoelectron spectra of FgSat (a) 355 nm, (b) 266 nm, Figure 5. Photoelectron spectra of FgSat (a) 355 nm, (b) 266 nm,
and (c) 193 nm. The vertical lines represent vibrational structures.  and (c) 193 nm.
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Figure 6. Photoelectron spectra of FgSat (a) 266 nm and (b) 193
nm.

X band, was enhanced in the 193 nm spectrum. The B, C, D
bands have relatively high binding energies and were well
separated from the A band. Weak feature$) (& the lower
binding energy side, due to the presence of a minor isomer,
were observed in the spectra at all three photon energies. Again,

Binding Energy (eV) the binding energies of the main detachment features of FeS
Figure 4. Photoelectron spectra of FeSat (a) 355 nm, (b) 266 nm, are given in Table 2. L .
and (c) 193 nm. The inset in (a) shows the fine structures of band Due to its high electron binding energies, the spectra ofFeS

were taken only at 266 and 193 nm, as shown in Figure 6. Very
bands (X, A-D). In the 355 nm spectrum (Figure 5a), a simple congested and complex spectra were observed fog FdBe
vibrational progression was resolved for the ground-state weak low binding energy features 'Ppbetween 3.0 and 3.4 eV
transition (X), with a spacing of 51& 40 cnt! and an ADE were again attributed to contributions from a minor isomer.
of 3.262+ 0.010 eV. The A band, which overlapped with the Thus, the X feature defines the ground-state transition of the
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Figure 8. Franck-Condon factor simulations for (a) the X band and
(b) the B bands of FeS(see Figure 1). The following parameters were
used for the simulations: (a) anion frequency 450 £ranharmonicity
5 cnr?, bond length 2.18 A; neutral frequency, 540 Gmanharmo-
cbDh nicity, 5 cnm%, bond length, 2.04 A; anion vibrational temperature 180
K; line width 35 meV; (b) anion frequency 450 ch anharmonicity
5 cnm?, bond length 2.18 A; neutral frequency 325 ¢ranharmonicity
X 5 cnm?, bond length 2.29 A; anion vibrational temperature 180 K; line
width 30 meV.

The ground state of FeS is known to && with an electron
configuration of 10247*116'57%163, where the 16 and 4t are
weakly bonding MOs mainly of S 3p character, thes1is a
bonding MO mainly of Fe 3d character, the & an antibonding
MO of Fe 3d character, and the) Is an Fe 3d nonbonding
MO. The recent calculations by Hubner et al. giv&&a ground
state for FeS? but the®A state is predicted to be very closely
Figure 7. Comparison of the 193 nm photoelectron spectra ohiFeS  spaced and the energy difference between the two states is well
(n=1-6). within the accuracy of the calculations. In the Feghion, the
extra electron enters the drbital, which is an antibonding
MO mainly of Fe 4 character, to give &\ state with an electron
configuration of 10%47*116'57%16%1 20, Because there is little
experimental information about the excited states of FeS, we
will use the available theoretical information as guidance to give
tentative assignments of the major observed PES features.
4.1.1. Ground-State Transition (X) and Frarekondon
The PES spectra shown in Figures@represent detachment Factor Simulationsi-eature X represents detachment of the extra
transitions from the FgS anions to the various states of the electron from the 12 MO of the anion, leading to the neutral
FeS, neutrals. They reveal information about the electronic ground state®?\). The broad vibrational progression is consistent
structure and chemical bonding of the monoiron sulfur clusters. with the antibonding nature of the &2rbital. Our observed
However, except for FeS and Feshere have been few average vibrational spacing of 52030 cnt!is in excellent
theoretical studies on the structure and bonding of these speciesagreement with the known vibrational frequency of FeS (540
In particular, the electronic structures of these species arecm1).2 The well-resolved vibrational progression for the ground
extremely complex and very little is known for this series of state afforded us an opportunity to perform a FranClondon
species besides FeS. We will discuss the spectra of FeS  factor simulatior?” which would confirm the spectroscopic
more detail and attempt to make some tentative assignmentsconstants of the ground states of Fe®id FeS and allow us to
For the larger clusters, we will discuss only qualitatively the estimate the vibrational temperature of Fe®/e should point
trend of the spectra and the possible structural implications. No out that theSA state should have a significant spiarbit
detailed spectral assignments are possible at present. We willsplitting yielding a doublet for each vibrational peak in the PES
also present a preliminary density functional theory (DFT) spectra of the X band. However, the spiorbit components
calculations for the species with > 1 to obtain structural were not resolved due to the limited resolution. The line width
information and provide insight into the bonding of the larger of the 532 nm spectrum (Figure 1a) was about 35 meV (fwhm),
FeS clusters. which was broader than our instrumental resolution, most likely
4.1. Electronic Structure and Chemical Bonding in Di- as a result of the spirorbit broadening.
atomic FeS and FeS.There have been a number of theoretical Figure 8a displays the simulated spectrum, using a Morse
calculations on the electronic structure of FeS and S5 oscillator?” compared to the experimental data. We used the

Binding Energy (eV)

main Feg isomer. This feature was well resolved in the 266
nm spectrum, yielding an ADE of 3.52 0.02 eV. All the higher
energy features were broad, and Table 2 lists tentatively the
binding energies for some of those bands.

4, Discussion
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known vibrational frequency (540 c)® and bond length (2.04  For example, three distinct electronic staf&"( 5A, 7>+) were

A)25 of the neutral ground state @ra 5 cnt! anharmonicity assigned to the X band on the basis of shoulders observed in
for both the anion and the neutral. The simulation yielded a the previous spectrum. Our data showed clearly that the X band
bond length of 2.18 A and a vibrational frequency of 450ém  contains only one vibrational progression. On the basis of the
for the FeS anion, which are in good agreement with those nature of the MOs and the geometry and vibrational frequency
calculated recentl$® The anion vibrational frequency for FeS changes, we consider the assignments of the X, A, and B states
is only an estimate because there is very little hot band transition.reasonably firm. Our spectra and the Fran€ondon factor
Most interestingly, we obtained a vibrational temperature of 180 simulations yielded a set of spectroscopic constants for these
K for FeS", the coldest vibrational temperature that we have three states, which should provide good experimental references
been able to achieve from our laser vaporization sotfrée. to verify further and more accurate theoretical calculations.

4.1.2. The A, B, and C Band$he A band is very sharp 4.2. Fe$™ and FeS. Two structures are possible for F£S
without any vibrational structures and is clearly from removal a bent structure without-SS bonding or a triangular structure
of a nonbonding electron. It should be due to detachment of awith a S-S bond. The recent work by Schter et al. reported
16 electron unambiguously, yielding tH&™ excited state of an extensive experimental and theoretical investigation on the
FeS at an excitation energy of 0.675 eV relative to the ground structures of Feg/%~.13 Their DFT calculation showed that
state (Table 1). The sharp detachment peak of the A bandFeS™ has a bent structuréA;) with a JSFeS angle of 166°7
suggests that the bond length and vibrational frequency of theand an Fe-S bond length of 2.12 A. Their predicted neutral
ST excited state should be very similar or nearly identical to Fe$ also has a bent structuréBg), but it has a large bond
those of the anion ground state. angle change[{SFeS= 115.2), as well as a bond length

The band B exhibited a single vibrational progression with a change (re-s = 2.03 A).
frequency of 325 cmt, which is much smaller than that of the The X band in the PES spectrum of ReS(Figure 2)
ground state of either the neutral or the anion, indicating the represents the transition from the ground state of the anion to
detachment of a strongly bonding electron. We assign this bandthat of the neutral. Our spectrum at 355 nm (Figure 2a) revealed
to the detachment of the &lorbital, an Fe-S bonding MO, partially resolved vibrational structures. The fact that no single
yielding the®A excited state of FeS with an excitation energy vibrational progression was observed suggested that there is
of 1.106 eV (Table 1). Using the spectroscopic constants and more than one active vibrational mode. Most likely, the bending
the vibrational temperature of the anion ground state, we and symmetric stretching modes were both active. This observa-
performed a FranckCondon factor simulation similar to that  tion is consistent with the calculated structural changes between
for the X band, as shown in Figure 8b. We obtained a bond the anion and neutral ground state of F&€$ Schraler et al'3
length of 2.29 A for theSA excited state of FeS from the Interestingly, their calculated relative energies between the anion
Franck-Condon factor simulation. Figure 8b shows that there and neutral is 3.30 eV, which is in excellent agreement with
appeared to be a lower binding energy component in eachour measured EA of 3.222 eV for Fg@lable 2). However,
vibrational peak, possibly due to the spiorbit splitting the sharp spectral features observed intland did not suggest
expected for théA excited state. a large bond angle change as predicted by Stdmet al.

The C band is more complicated and not straightforward to  The EA of Fe$is quite high, suggesting that the Le@nion
assign. In the 266 nm spectrum, numerous vibronic peaks wereis very stable. This is understandable, because in Féfe Fe
resolved in this band, which appeared to contain two vibrational and S are both in their favorite oxidation state; i.e., Fe&n
progressions. This band is tentatively assigned to be due tobe viewed as SFe**S?~ in a formal sense. The five d electrons
detachment from thesborbital, yielding the’IT and>® excited in Fe™ are high spin coupled, giving rise to ti§4; ground
states of FeS, both of which can be produced from a single state. The quintet ground state of R€%B,) implies that the
electron detachment from ther®rbital. removed electron is mainly of Fe 3d character. The change of

4.1.3. D and E BandsThe next strong detachment feature is the Fe-S bond length suggests that there is significant covalent
the D band at an ADE of 4.413 eV. We assign this feature to interaction between the Fe 3d orbitals and the S 3p. We note
be from detachment of am4f electron, giving rise to théd that the PES spectra of FeSare similar to those of its valent
excited state of FeS at an excitation energy of 2.688 eV (Table isoelectronic Fe@ species®3 which also has a similar bent
1). This band is quite sharp without significant vibrational structure. However, it is surprising that the EA of Fé&Seven
structures, suggesting that the drbital is relatively nonbond-  higher than that of Fe£(2.36 eV)3%31consistent with the fact
ing. The band E with the highest binding energy could be either that the Fe-S interaction is more covalent that the-H@ bond.
due to the’® state from detachment of ar4x electron or due The very weak feature (X observed at the lower binding
to detachment of a 108 electron, yielding A excited state energy side of the FeS spectrum (Figure 2a) is assigned to
of FeS. We tentatively assigned the E band to the latter, asthe triangular isomer of FeS with a S-S bond. The lower
shown in Table 1. EA of this isomer is expected and is consistent with the

4.1.4. Weak PES Featuréfhe above assignments accounted theoretical calculation by Schder et all3 who predicted a
for all the major PES features observed for Felfis expected vertical EA of 1.71 eV for the triangular isomer.
that there would be many low-lying excited states for FeS with  4.3. FeQ™ to FeS: Electron Binding Energy Trend and
different spins or angular momenta. However, only those statesimplication for Structural Evolution. The 355 nm PES
that involve detachment of a single electron from the anion spectrum of Fe$ (Figure 3a) exhibited a simple vibrational
ground state would give strong PES features. States involving progression with a frequency of 500 ch This frequency is
excitations of more than one electron would have much weaker comparable to that of the diatomic FeS and should be due to
intensities. The relatively weak features-@) observed in the an Fe-S symmetric stretching mode. The simple vibrational
spectra of FeSare attributed to such multielectron transitions. progression suggests that the ground states of Faisd Feg

Our overall spectral assignments are given in Table 1. All may possess rather high symmetry. There are two possible
but the X, A, and B bands should be regarded as tentative. Westructures, either By structure without any SS bonding or a
note that our assignments differ significantly from those by C,, structure with one SS bond, a SFe@} type of structure.
Hubner et af> However, those assignments were based on a In the Dy, structure, the 500 cmt mode would correspond to
poorly resolved spectruthand were problematic in themselves. the totally symmetric stretching, whereas in g structure
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4 +3 oxidation state in all these clusters withfSFEH (Si-n?")
types of structures. For example, BFeSmay be either

S FetS? or FetS2 . The trend of the EA for the FeO
FeSn series is consistent with the above structural evolution. The EA
of FeQy is similar to that of Fe@ suggesting the onset of an
O—O0 unit in FeQ~, which was experimentally confirméd.

In the following section, we present a preliminary DFT
calculations, which generally confirm the above structural
evolution for the larger FeS clusters.

4.4. Preliminary DFT Calculations. Accurate prediction of
various electronic states of F& systems is a considerable
challenge to computational chemistry, due to the existence of
near degenerate states and low-lying geometrical isomers. We
are interested in a detailed understanding of the electronic
7 ] 1 7 ] L T structure and _chemical bc_>nding_ of F8 clusters _using DFT.

Number of sulfur atoms in FeSn Although detailed calc_ulatlons will be presented in a forthcom-
Figure 9. Electron affinities of Feg(filled dots) as a function oh ing paper® h?re we wish to report structural resul'gs from our
compared to those of Fedrom ref 31 (empty squares). The EA for DFT calculatlons.. DFT has beg_n very successful in electronic
Fe atom is taken from ref 40. structure calculations of transition metals and had become a

default choice®® Despite this phenomenal success, DFT is still
this mode could correspond to the stretching of the SFe moiety @ single determinant method and cannot account for static
in SFe(S). We expected that thBs, structure would have a  correlation effects, arising from near degenerate electronic states,
higher electron affinity, whereas ti@®, structure would have which are important for FeS systems. Therefore, our aim in
an EA comparable to that of FeS the current preliminary study is to identify various low-lying

Interestingly, we observed that the EA of Ré&Seven smaller isomers of Fe$, which can be used later for more accurate
than that of Feg(Table 2). This is very different from the EA  calculations.
trend from Fe@to FeQ, which exhibits a large increase from All calculations were done with AD®3 at the level of
the EA of 2.36 eV for Fe@to 3.26 eV for Fe@3! This was generalized gradient approach using Perd&iang exchange-
interpreted as a sequential oxidation, in that the Fe is further correlation function&f-3” at the unrestricted level. Slater-type-
oxidized in FeQ relative to Fe@, and aDay structure was orbital (STO) basis sets of triple-plus polarization (TZP)
proposed for Fe@?®! The current observation of a decrease in functions were used for both Fe and S atoms without any frozen
EA from FeS to FeS suggests that the Fe is not further oxidized core approximation (i.e., all electron calculations). The geom-
in the latter, favoring theC,, structure for Fe$ This is etries of all the molecules were fully optimized with the default
understandable because oxygen is expected to be a stronggparameters.
oxidizer and the FeO bond is expected to be more ionic than Structures of the two low-lying isomers for each FeS
the Fe-S bond. Therefore, Fe prefers its favorit® oxidation species are presented in Figure 10, along with their relative
state in Fe$", which can be viewed formally ag'Fe(S,2"). energies and bond lengths. We first examine the DFT results

Figure 7 shows all the PES data of Re$n = 1-6) at 193 for FeS'. In contrast to the!A ground state of FeQ30.38:39
nm. We note that the electron binding energies of the larger calculations by Hubner et al. gave?A ground state for FeS
clusters (1 > 3) are in general similar to those of FeSand with a 2.16 A bond lengtR® Our DFT calculations also predict
FeS™. Figure 9 plots the trend of the EA as a functiomdbr the A ground state for FeSwith a bond length of 2.13 A and
FeS, compared with that of Fe(3! It is clear that the EAs of  a configuration of 16%47*110%57216%120%. However, both our
FeS ¢ are similar to that of FeSwithout any significant calculations and the previous DFT calculations with large basis
increase, suggesting that Fe is likely to maintain its favorite set predict A ground state for Fe®.According to our study,
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Figure 10. Structures and low-lying isomers of ReSn = 2—6) from density functional calculations.
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