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Structural and thermochemical aspects of the,FeStion are examined by different mass spectrometric methods
and ab initio calculations using density functional theory. Accurate threshold measurements provide thermochemical
data for FeS, FeSt, and FeCS, i.e.,Do(Fet—S) = 3.06 4 0.06 eV,Do(SFe"—S) = 3.594 0.12 eV,Dy(Fe"—

S;) = 2.314+ 0.12 eV, andDo(Fet—CS) = 2.40+ 0.12 eV. Fortunate circumstances allow a refinement of the
data for FeS by means of ion/molecule equilibria, and the resultiyjFet—S) = 3.08 4 0.04 eV is among the

most precisely known binding energies of transition-metal compounds. The present results agree with previous
experimental findings and also corroborate the computed data for &®BFeS". Ab initio calculations predict

a sextet ground statéA;) for FeS™ with a cyclic structure. The presence of S and Fe-S bonds accounts for

the fact that not only reactions involving the disulfur unit but also sulfur-atom transfer can occur. In contrast, the
FeS™ anion is an acyclic iron disulfide. In the gas phase, neutraj Fey adopt either acyclic or cyclic structures,
which are rather close in energy according to the calculations.

1. Introduction Scheme 1
Iron sulfides are among the most important ores of this metal, /3 /5
and binary Fe/S and heterometallic clusters have important Fe\ Fe\
functions in biochemistry. In fact, iron sulfide has even been § §
postulated to have played a key role in the evolution ofliffe. I 11
A marked difference in comparison to the related metal oxides
is the tendency of sulfur to form reasonably strorgSSbonds, we refer to the literature sources given below as well as the Supporting
e.g., the disulfide unit in pyrite. Information available on the Internet.
Previous work concerning neutral and charged,feSudes 2.1. Guided-lon Beam (GIB).Thermochemical thresholds associ-

ion/molecule reactioris and spectroscopic studigs> Here, we ated with the reactions of Feand FeS with carbon disulfide are
report a combined mass-spectrometric/ab initio study of the determined using a GIB mass spectrométegriefly, Fe” is formed
FeS* cation along with some complementary data for the by Arf-sputtering from an iron cathode near the beginning of a meter-
neutral and anionic species. By analogy with the previously long flow tube containing ca. 1 Torr of helium and argon, which

reported Fe@systemﬁ our main interest concerns the structural collisionally thermalize the ions. If desired, F&s converted to FeS
dichotomy of Fe§ W'hiCh can correspond to either the cyclic by adding a small amount of COS to the flow gases. The ions of interest

- . . are then mass-selected with a magnet and directed into an octopole
form I, denoted as Fef§ or the acyclic iron disulfidell , ion guide which passes through a collision cell. The ions travel through

denoted as SF_eS (Scheme 1). In the present context, the formu"’{’he octopole at well-defined collision energies ranging from 0 to 100
FeS shall not imply any structural assignments. eV, while carbon disulfide is present in the cell at pressures of-0.05
0.1 mTorr. The reactant and product ions are then mass-analyzed by a
quadrupole mass filter and detected. Well-documented rottiHese

Three different mass spectrometric techniques are used in this study.applied for the conversion of the raw data into product cross sections
As the experimental details have been described elsewhere, neither allas functions of the center-of-mass energies as well as the subsequent
raw data nor the data analysis are described explicitly. For further details analysis to extract thermochemical thresholds at 0 K.
2.2. lon-Cyclotron Resonance (ICR).Ion—molecule reactions at

(1) williams, R. J. PNature 199Q 343 213. thermal energies are studied using a Spectrospin CMS 47X FTICR
(2) Drobner, E.; Huber, H.; Wantershaser, G.; Stetter, K. ONature
199Q 346, 742.

2. Experimental and Theoretical Procedures

(3) McMahon, T. J.; Jackson, T. C.; Freiser, B.J5S.Am. Chem. Soc. (7) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.
1989 111, 421. (8) Schultz, R. H.; Armentrout, P. Bat. J. Mass Spectrom. lon Processes
(4) Nakajima, A.; Hayase, T.; Hayakawa, F.; Koya,Bhem. Phys. Lett. 1991 107, 29.
1997, 280, 381. (9) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem. Soc.
(5) Zhang, N.; Hayase, T.; Kawamata, H.; Nakao, K.; Nakajima, A.; Kaya, 1991 113 8590.
K. J. Chem. Phys1996 104, 3413. (10) Armentrout, P. B. IlAdvances in Gas-Phase lon ChemistAdams,
(6) Schraler, D.; Fiedler, A.; Schwarz, J.; Schwarz,lhorg. Chem1994 N. G., Babock, L. M., Eds.; JAI Press: Greenwich, 1992; Vol. 1, p
33, 5094. 83.
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mass spectrometét.In brief, FeS is generated by reacting mass-
selected®®Fet with carbonyl sulfide. Unlike ethylene sulfideCOS
reacts with bare Peabout 2 orders of magnitude faster than with FeS
thus providing good vyields of F&S For the generation of FeS
ethylene sulfide is usedSubsequent thermalization is achieved by
pulsing in argon, which is pumped off prior to reactivity measurements.
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optimized with B3LYP/6-31%G*; low-lying states of other symmetries
may exist as well. Further, our computations with B3LYP should only
be regarded as a first-order approach because this level of theory cannot
treat excited electronic states very accurately, and some of the wave
functions are contaminated by higher-order spin states.

Reagent gases are introduced to the FTICR cell either via leak or pulsed3. Results

valves. In the equilibrium measurements (see below), && FeS

ions are allowed to interact with CO and/or COS at various pressures
and reaction times. Partial pressures of the neutrals are measured wit
a calibrate#? ion gauge (IMGO070, Balzers, Lichtenstein) and corrected
for relative sensitivities® Equilibria are considered to be established

if the Fe'/FeS' ratios are more or less independent of reaction #itie.
Fortunately, secondary reactions do not disturb the equilibrium
measurements with Feand FeS in the presence of CO and CHS
because association reactions as well as formation of'F&® slow
compared to equilibratiotf.

2.3. Sector-Field Mass Spectrometry.These experiments are
performed with a modified VG ZAB/HF/AMD 604 four-sector mass
spectrometéf of BEBE configuration (B stands for magnetic and E
for electric sector). FeS and Fe$ are generated by chemical
ionization (Cl) of a mixture of Fe(C@)and ethylene sulfide using
carbon monoxide as a supporting Cl gas. FaSalways accompanied
by small amounts of Fe due to air leaking into the ion sourée.

Our main interest concerns the elucidation of the connectivity

rpf FeS in its various charge states. However, let us first consider

some properties of diatomic FEéSn more detail, because its
thermochemistry is used as an input parameter in our assessment
of the Fe$ species. The section on FeSs followed by
descriptions of the experimental and theoretical results fos'FeS
along with complementary results for the neutral and anionic
species.

3.1. Thermochemistry of FeS Cation. The redox chemistry
of neutral and charged FeS in the gas phase is quite well
established! The electron affinity EA(FeS¥ 1.76+ 0.10 eV
was determined by photoelectron spectroscoagd an ioniza-
tion energy IE(FeS)= 8.3 + 0.3 eV was derived from
bracketing experimentd.Combined with the heat of formation
of the neutral AH(FeS)= 3.82+ 0.15 eVZ? these results imply

While the mass difference between these ions was too small to bebond dissociation energies @f(Fe—S™) = 2.99+ 0.18 eV

resolved, the mass spectra of Fe8re corrected for interfering FeO
on the basis of the abundance of the FeO fragnfeFite ions of interest

are accelerated to 8 keV kinetic energy, mass-selected using B(1)/E(1),

and then subjected to the following experimeHts (i) collisional
activation (CA) of Fe8' using helium as collision gas; (i) neutralization
reionization {NR") of FeS* via neutrals to cations using xenon and
oxygen, respectively; (iii) charge reversalOR") of FeS™ to cationic
species using oxygen as collision gas; (iv) neutralization reionization
("NR") of FeS™ to cations using oxygen in both collisions; and (v)
collisional activation of Fe§ made by charge reversal of FeS
("CRTICA).

2.4. Ab Initio Calculations. Neutral and charged Fe&re studied
computationally at the B3LYP level of theory using Gaussidha#
conjunction with the standard 6-3tG* basis sets. In all cases, full

for the anion,Do(Fe—S) = 3.31 + 0.15 eV for neutral FeS,
and Do(Fe"—S) = 2.91 4+ 0.34 eV for the monocation. Note
also thatDo(FE€™—S) = 2.6 £ 0.7 eV for the dication is
known?! Previous, direct measurementsifog(Fe—S) gave
values of 2.65+ 0.26 e\? and 2.82+ 0.22 eV which are
converted toDg(Fet—S) = 2.68 & 0.26 eV and 2.85: 0.22

eV by use of the thermal corrections calculated at the B3LYP/
6-311+G* level of theory. An ab initio value of 2.83 é¥is in
keeping with these figures. As an average, we conservatively
conclude thaDg(Fet—S) = 2.824 0.45 eV. Because FeSs
used as a precursor in the formation of FeGee below), the
error in this value propagates to that for F&STo circumvent
this problem, we refined the thermochemistry of Fel®y

geometry optimizations are performed and the nature of the stationary combining guided-ion beam (GIB) and ion-cyclotron resonance

points (minima, first- or higher-order saddle points) is evaluated by
frequency calculation®. These properties are further used to calculate
thermal corrections foAH and AG (298 — 0 K), applying standard

routines implemented in Gaussian94. For the quartet and sextet

manifolds of the Fe§ cation, all possible orbital states are considered
in optimizations at the B3LYP/6-311G* level of theory, but even
upon deliberate orbital switching not all symmetries converge at this
level. In the calculations of the doublet state of FeSeutral Feg

and Fe$% anion, only the different spin multiplicities (see below) are

(11) Eller, K.; Schwarz, Hint. J. Mass Spectrom. lon Processk339
93, 243.

(12) Schidler, D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.-M.; Armentrout,
P. B.; Baranov, V. |.; Bame, D. K. Int. J. Mass Spectrom. lon
Processed 997, 161, 177.

(13) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149.

(14) Dieterle, M.; Harvey, J. N.; Schder, D.; Schwarz, J.; Heinemann,
C.; Schwarz, HChem. Phys. Lettl997, 277, 399.

(15) Schider, D.; Schwarz, H.; Hrigk, J.; Pyykkq P.Inorg. Chem 1998
37, 624.

(16) For further details, see the Supporting Information.

(17) Schalley, C. A.; Schider, D.; Schwarz, HInt. J. Mass Spectrom.
lon Processed996 153 173.

(18) Schalley, C. A.; Hornung, G.; Schtter, D.; Schwarz, Hint. J. Mass
Spectrom1998 172/173 181.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, revision B.3; Gaussian, Inc.: Pittsburgh, PA, 1995.

(20) For a list of the calculated frequencies, see the Supporting Information.

(ICR) mass spectrometry.

Fe' + CS, _‘:

Under GIB conditions, Fereacts endothermically with GS
to yield FeS and FeCS according to reactions 1 and 2, along
with some charge-transfer formation of £Sat elevated
energies (Figure 1). Analysis of these data yields measured
thresholds of 1.44t 0.05 and 2.35t+ 0.12 eV for the Fe$§
and FeCS products, respectiveRf. These reaction thresholds
correspond tdg(Fe"—S) = 3.06+ 0.06 eV andDy(Fet—CS)
=2.154+ 0.13 eV, respectively. Our experimental valueDgf
(Fe"—S) is toward the upper range of the error margins of the
previous results. Note that a barrier in excess of the endother-

FeS™ + CS

0]

FeCS™ + S 2

(21) Harvey, J. N.; Heinemann, C.; Fiedler, A.; Sateg D.; Schwarz, H.
Chem—Eur. J. 1996 2, 1230.

(22) Drowart, J.; Pattoret, A.; Smoes, Boc. Br. Ceram. Socl967, 8,
67.

(23) Jackson, T. C.; Freiser, B. #it. J. Mass Spectrom. lon Processes
1986 72, 169.

(24) Five independent data sets are analyzed and yield average fitting
parameters ofp = 2.5+ 0.4,Eo = 1.444+ 0.05 eV, anch= 1.8+
0.1 for the FeS product andsg = 0.56+ 0.13,Ey = 2.35+ 0.12
eV, andn = 2.4 + 0.2 for the FeCS product. Uncertainties in the
threshold values include variations in the values for different data sets,
for the range oh values, and the absolute uncertainty in the energy
scale. Conversion of these thresholds to bond energies utilizes
Do(SC—S) = 4.50+ 0.04 eV from ref 28.
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Figure 1. Product cross sections for the reactions of Réth CS; to
form FeS (M), FeCS (O), and CS" (®) as a function of center-of-
mass energy (lower axis) and laboratory energy (upper axis).

micity of reaction 1 would result in an underestimationDaf
(Fe™—S) and thus cannot account for the difference.
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Figure 2. Product cross sections for the reactions of Feh CS;

to form FeCS (O), FeS' (W), FeCS"™ (O), CS™ (v), Fe" (a), and

S;* (@) as a function of center-of-mass energy (lower axis) and
laboratory energy (upper axis).

Together withDo(OC—S) = 3.1404 0.005 eV?526this result
leads toDo(Fe™—S) = 3.08 + 0.04 eV, which is in excellent

Fortunate circumstances allow some further improvement in agreement with the GIB experiments. The consistency of the
the precision of this bond energy by independent ICR experi- values forDo(Fe"—S) determined with two different experi-
ments. Thus, sulfur transfer between iron cations and carbonylmental techniques is remarkable considering that both methods

sulfide (reaction 3) is reversible under ICR conditions, and

have no parameters in common except the atomic data.

neither side reactions nor consecutive processes disturb the 3.2. Thermochemistry and Reactivity of FeS". A previous

corresponding equilibrium measuremetits.

Fe" + COS=FeS + CO (3)

The experimental rate constants kge= (2.6 £ 1.1) x 10710
cm® molecule! s7 andk-3 = (0.22 & 0.09) x 107%° cm?
molecule s for the forward and backward reactions,
respectively. Accordingly, the kinetic measurements give an
equilibrium constant ofkeq = 11.6 £ 4.6. Note that the
significant systematic error in the calibration of the absolute
rate constantd cancels in the determination & Assuming
an effective temperature of 298 50 K in these measure-
mentst?14the Gibbs-Helmholtz equation implied,G(298 K)
—0.063+ 0.014 eV for reaction 3. Further, it is possible to
establish equilibria between Fand Fe$ at different pressures
of COS and CG® As an average of three independent
equilibrium measurements for different COS/CO ratios, we
obtain Keg = 6.1 = 0.8, which translates t&\G(298 K) =
—0.046+ 0.004 eV for reaction 3. The reaction free energies
determined via the kinetic approach and in the equilibrium

investigation of Fe§ cations = 1—6) by McMahon et af
reportedD,og(SFe —S) = 3.82+ 0.35 eV andDyegFet —S,)
= 2.08 + 0.22 eV for Feg" species formed by sequential
S-atom transfer from ethylene sulfide to *Feation. These
values correspond tDo(SFe"—S) = 3.85+ 0.35 eV andDe-
(Fe"—S;) = 2.11+ 0.22 eV after thermal correction. Further,
the reactivity of Feg" led these authors to conclude that
structurel, i.e., Fe(9)™ with an S-S bond, is preferred.
Reaction of FeSwith CS; under GIB conditions (Figure 2)
gives FeCS and Fe$" at low energies along with Feat higher
energies as the major products. A significant fraction of charge
transfer to yield C8" along with minor amounts of FeGS
and ST appears at elevated kinetic energies and is not pursued
further?” Formation of the three major products at low energies
can be ascribed to the occurrence of reaction§.4

FeS" + CS, %

Analysis of the individual product cross sections gives

FeCS" + 8, 4)
&)

6

FeS,” + CS
Fe' + [C8;]

measurements are in favorable agreement. Thus, we considethresholds of 0.82- 0.11 eV for FeCS, 0.91+ 0.10 eV for

A/G(298 K) = —0.05+ 0.03 eV as a compromise, where the

FeS™, and 2.86+ 0.12 eV for Fe. Formation of FeCSat a

error also includes systematic errors of the ion-gauge sensitivitiesthreshold less than 1 eV can only be rationalized if an S

for CO and CO% as well as the estimated uncertainty of the molecule is generated, because formation of two sulfur atoms
effective temperature. Interestingly, but not uncommonly for is much more endothermic. Reaction 5 is directly analogous to
reactions involving atomic speciés!® B3LYP/6-31H-G* reaction 1 and must correspond to loss of intact CS. Formation
calculations indicate a considerable thermal correction of 0.11 of Fe" in reaction 6 is less obvious as it may be associated

+ 0.02 eV in favor of the right side of reaction 3 at room
temperature. Conversion D K yields A;G(0 K) = AH(0 K)
= 0.06£ 0.04 eV. In other words, formation of Fe$ slightly

(25) Pedley, J. B.; Naylor, R. D.; Kirby, S. Fhermochemical Data of
Organic CompoundsChapman and Hall: London, 1986. Corrected
to 0 K usingH°—H°® (298.15) values taken from ref 26.

endothermic at 0 K, but becomes exoergic at room temperature(26) Chase, M. W., Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J.;

due to entropic contributions. The fate of reaction 3 as an

entropy-driven process makes sense, as two vibrations in the(27)

COS reactant become rotations in the diatomic products.

McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Ref. Daf®85 14,
Suppl. 1 (JANAF Tables).

Capron, L.; Feng, W. Y.; Lifshitz, C.; Tjelta, B. L.; Armentrout, P.
B. J. Phys. Chem1996 100, 16571.
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with either CS + S, CS+ S,, or a putative CSspecies as  Dg(Fe"—S;) < Do(Fe"—CgHg) = 2.15+ 0.10 eV32 A lower
neutral products (reactions 6a). Reaction 6a corresponds to  bound of Dg(Fe"™—S;) can be derived from the FgS1,3-
butadiene couple (reaction 9). The overall rate constant amounts

Fe' + CS, + 8 (62) to kg = (4.3+ 0.9) x 1071° cm® molecule’! s~ compared to
FeS' + CS, Fe" + CS +5, (6b) a collision rate of 11.3< 10719 cm?® molecule? s1.
Fe' + CS 6
co ©9 FeS' + C;Hy—~ FeGH,S™ + H,S 9)

simple collision-induced dissociation (CID) of FeSaving a
minimal energy requirement @q(Fe"—S) = 3.08+ 0.04 eV
(see above). Moreover, previous studies of transition-meta
sulfideg® suggest that CSs not an efficient target gas for CID
and the threshold is expected to significantly excBeFe—

S). Therefore, reaction 6a is unlikely to occur at 286.12

The absence of FeBlst according to reaction 8 with &=
| CaHe as a primary reaction product impli€s(Fe"—S;) = Do-
(Fe"—C4Hg) = 1.894 0.11 e\?3 assuming that ligand exchange
is not observed because it is endothermic. f/&C is, however,
formed as a secondary reaction product stemming from the

eV, although it may contribute to the cross section at higher F€GH4S™ species formed in reaction 9. This observation is

energies. Likewise, reaction 6b cannot account for the thresholdCOnSistent with the generation of an"Fethiophene complek

of the Fe' channel because the corresponding neutrals are ever” 'eaction 9 followed by ligand exchange with excess 1,3-
less stable than GS- S. However, this reaction also must occur Putadiene. AS+ an average of the bracketing experiments, we
at higher energies as the cross sections for Fe@8l Fes* arrive atDo(Fe" —Sp) = 2.02:+ 0.24 eV, which is in agreement
decline at energies roughly corresponding to their dissociation With the values reported above. o

to the Fe& product. Thus, at threshold, formation of intactcs . Note the dual character exhibited by the Fe8ation in the
as a stable neutf@imust be involved (reaction 6c). Ab initio 0n/molecule reactions. Thus, ligand exchange with benzene is
calculations by Froese and Godd¥rdetermined that a cyclic 1N @ccord with the presence of ar-S bond, i.e., structurg,

CS; isomer, i.e., thiodithiiranone, is 0.46 eV more stable than 2 Suggested by McMahon et marked contrast, reaction
CS + S. Thus, neutral GSan indeed account for the observed 9 ¢an be considered a redox process leading to a product without

threshold of reaction 6 being lower in energy than the CID &0 S—S bond, a process that would be typical for structiire

process, reaction 6a. However, the limited size of the basis setgUnlike the authors’ arguments in ref 3, which were later adopted

used in the quoted theoretical study (6-31G*) does not allow a 2Y Others; we dispute that the thermochemical properties of
good quantitative comparison between experiment and theory.the Fe8" cation allow any structural distinction of FefS and

If we assume that reaction 6¢ does not involve a barrier in excessSr €S- In fact, even if structurdl would be the most stable
of the reaction endothermicity, the experimental threshold of SPECIES, It may well behave likef the interconversionl — |

the Fe channel suggest®o(S—CS) = 0.22 + 0.14 eV or is facile. For example, low-energy CID as well as threshold

AfH(0 K) = 3.83+ 0.14 eV for the cyclic CSspecies. photodissociatioh of FeS* yields Fe&* + S, because this
The experimentally determined threshold for formation of channel is energetically preferred over Fe$ S by 1.28=+
FeCS in reaction 4 implieDo(Fer—CS) = 2.40+ 0.12 eV, 0.04 eV. It is precisely this dichotomy between structuraad
which is somewhat abovBo(Fer—CS) = 2.15 & 0.13 eV Il that has previously been found for the analogous FeO
obtained from reaction 2. The difference is atiributed to the fact SYStemt - ) .
that, for the F&/CS, couple, sulfur transfer (reaction 1) The reactivity of the FeS cation toward substituted arenes
competes efficiently and may somewhat suppress the FeCS is also examined briefly in order to obtain an estimate of the
channel, thereby causing a slightly delayed threshold for reaction'@9€ Of IE(Feg. Among several other products formed,
2. For the FeS/CS, couple, however, the FeCSand FeS* electron transfer from the substrate to Fe$ observed as a
, ) ; ' ”
products have comparable cross sections at low energies (Figurd@or process for 1,4-dimethoxybenzene ¢£.53 eV¥) and

2) suggesting thado(Fe"'—CS)= 2.40+ 0.12 eV derived from 25 & minor pathway for aniline (IE 7.742 eV and is absent
reaction 4 is more accurate. Both values are consistent with aWith 1,4-dimethylbenzene (IE 8.44 e\*9). Further refinement

lower bound of D(Fe'—CS) > 2.08 + 0.22 eV suggested IS not attempted because ligand exchange according to reaction
earlier3: 8 competes for all arene ligands studied. Nevertheless, we may

The threshold for Fes$ formation transforms t®o(SFe — conclude from these data that the IE of F&Ssimilar to that
S)=3.59+ 0.12 eV orDo(Fe"'—S,) = 2.31+ 0.12 eV. Within  Of aniline (7.72 eV) within+0.5 eV. N
the error margins, the latter value agrees vfFe"—S,) = As a possibly more direct monitor for the connectivity, let
2.11+ 0.22 eV derived using photodissociation (reaction 7) US briefly discuss the results obtained using sector-field mass
and ligand-exchange processes (reactichidje value forD e spectrometry. Here, mass-selected Fednd Fe$" ions are

(SFe—S) derived in the same study, which convertsDig collided with quasi-stationary target gases at keV kinetic
(SFe—S) = 3.82 + 0.35 eV, differs ’from ours partly as a energies, such that highly endothermic direct bond ruptures and
consequence of our revision ’D‘O(Fe+—S). electron-transfer processes can occur. Indeed, the CA spectrum

of FeS™ (Table 1) shows the FéSragment as the base peak,
Fe§+ +hy —Fe" + S, @) while onv-energy CID yields Fewith large preferencéLoss
of atomic sulfur can, however, occur from either Fg{Sor

FeS"+L—Fel +5S, (8)
(29) Silzle, D.; Eggsgaard, H.; Carlsen, L.; Schwarz, H.Am. Chem.
. - . . S0c.199Q 112, 3750.

~ We briefly revisited the ligand-exchange experiments (reac- (30) Froese, R. D. J.; Goddard, J. .Chem. Phys1992 96, 7449,
tion 8) and could confirm ligand exchange with=£ benzene (31) Bakhtiar, R.; Jacobson, D. B. Am. Soc. Mass Spectroi996 7,
as reported in ref 3. Some recent revisionDp{Fe™—CgHe) - %38- . F.: Khan, F. A Armentrout, B. B, Am. Chem. Sod995
which is used as an anchor in ref 3 implies an upper bound of 2 11e7y37'40'j an = A entrout, . B, Am. &hem. 50
(33) Schrdler, D.; Schwarz, HJ. Organomet. Chenl995 504, 123.
(28) Kretzschmar, |.; Schder, D.; Schwarz, H.; Rue, C.; Armentrout, P.  (34) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.

B. J. Phys. Chem. A998 102, 10060. D.; Mallard, W. G.J. Phys. Chem. Ref. Date988 17, Suppl. 1.
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Table 1. Productd Observed in the Mass Spectra of €S lons Table 2. Electronic States, Optimized Geometries, and Relative
in the Sector Instrument Energied of FeS" and Relevant Fragments Calculated at the
- * )
FeS' Fes S Fer S B3LYP/6-31H-G* Level of Theory*®

CA b 100 5 85 <1 state lFe-s, A I's-s, A OlsFes deg Erel, €V

*NR* 25 20 100 65 10 Fe(9)*, | 6A; 2.26 2.08 54.7 0.00

“CR*ecd 25 100 3 40 2 Az 2.27 2.05 53.5 0.04

“NRT ¢d 90 95 25 100 10 B, 2.28 2.05 53.5 0.17

“CR'/CA b 100 e 95 e 5B, 2.33 2.04 52.1 0.28

2

a|ntensities given relative to the base peak, 100%his entry refers SFeS I 622 ggg ggg 1233 igﬁ
to the precursor catiorf.The intensities are corrected for interfering ' 4Bi 201 319 105.5 163
FeQ~, see Experimental and Theoretical Procedut&@uantitative 48, 209 351 114.4 167
analysis of the CR" and"NR" spectra in terms of the NIDD scheme 5A, 213 3.90 132.8 200
results in differential intensities ef0.13 (Fe$"), —0.29 (FeS), +0.06 B, 212 3.31 102.5 2.09
(), +0.08 (Fes"), and+0.02 (S); see ref 18 for details of the 6B, 2.13 4.25 175.3 2.74
method.® Within the signal-to-noise limit of 10%. 2p, 2.10 351 113.0 2.29

. o . . Fe'+S, oD/~ 1.93 2.39

SFeS and is thus not structurally indicative. A more direct hint  Fes +S  6s+3p 2.06 3.33
toward structuré is provided by the intense signal due tg'S Fe"+2S °DFP 6.43
in the "NR* spectrum of Fe8, which strongly supports the 2 Energies &0 K including ZPVE relative to Fe($" (°A;). b All

presence of an SS bond in the cation. As an additional  structures described are characterized as minima on the potential-energy
option&17 sector-field mass spectrometry allows the generation surface by bearing only positive eigenvalues and three real vibrational
of FeS™* by double-electron detachment from Red.e., either frequencies® End-onstructures of Fe($" were located as stationary
direct two-electron transfer in a charge-revers@R") experi- points, but exhibit two imaginary bending modéghese values
ment or stepwise single-electron transfer from the anion via the CoMPpine to yield a computelo(Fe™=S) of 3.10 eV.

neutral to the cationic speciesNR™). It is quite certain that

the Fe$  anion exhibits structurdl > for example, the
substantial electron detachment energy of 3.28 eV can only be
understood if the negative charge is located at sdlflihe Fe(S,)
~CR" spectrum of Fe§ supports this assignment in that the —_

S;* fragment indicative of structuré is of low abundance. L
Interestingly, the"NR"™ and "CR" spectra of Feg differ [ e
greatly. According to the recently introduced NIDD scheme IE,
differences are indicative of the chemical behavior of the -
e
SFe

©
ut

A\

(NIDD = neutral and ion decomposition differeA8e such
transient neutral species formed. In particular, thiefeagment
is much more abundant in thé\R™ than in the"CR™ spectrum,
suggesting the occurrence of the isomerizafiion— | at the
neutral stage. Finally, collisional activation of the F&8ation
made by charge inversion of FgSn a "CR"/CA experiment
yields a fragmentation pattern which is identical to the CA
spectrum of genuine Fg§ suggesting that both methods lead
to the same structure for the cationic species (see below).  Figure 3. Schematic potential-energy surfaces of anionic, neutral, and
3.3. Theoretical Results.Our computations on the FgS  cationic Fegshowing the dichotomy of structurésindll . The arrows
system applied the B3LYP approach, which has been shown toconnecting the SFeSanion with the neutral surface indicate the
describe the thermochemistry of iron compounds reasonably@mbiguity in correlating the threshold for electron detachmenb(QE
well.35 At the B3LYP/6-311-G* level of theory (Table 2), the from the anion with the adiabatic electron affinity (EAf neutral Fed
N . . Similar arrows indicate the uncertainty of correlating the recombination
ground state Qf the_ cation is predicted to h"?"e _St“?‘_’t“”@-’ energy of the cation (REo) with the adiabatic IEof neutral Fea
Fe($)"™ (°Ay) in which the bond lengthire—s is significantly For relative energies of the various species, see text and Tables 2 and
longer than in diatomic F€S andrs-s is in the typical range 3,
of S—S single-bond lengths. In contrast, the computed geom- . .
etries of the disulfides SE€SI show shorter FeS and much the experimental data discussed above. The good agreement for

ey : . S
longer S-S bonds. It is obvious from the data given in Table Do(Fe™—S) = 3.10 eV is forwitous, hqur/]ever, considering an
2 that structure is more stable thafi , irrespective of orbital ~ average accuracy of about 0.2 eV W'F&E%YP for Fe com-
symmetry and spin multiplicity. However, the calculated sextet/ pounds and some notably larger deviatiénsnfortunately, all

e our attempts to locate transition structures connedtiagdll
quartet splittings are rather small for Fg(Sas well as SFeS . .
(0.04 and 0.07 eV, respectively). Considering the uncertainty fa!led..By reference to thg relateo_l FeCsystert, we gscrlbe
of the theoretical approach, no definitive assignment of the this failure to a low activation barrier for the sextets in that the

respective ground states can be made. Nevertheless, the lowPOtential-energy surface is flat in the vicinity of structute

lying states exhibit very similar geometries, while the doublet ' NiS conclusion is based on linear scans of the;FgBtential-

; face fronh to Il and vice versa as well as the low
states can be neglected because they are predicted to be muchergy sur )
higher in energy for structurels and Il . Further, B3LYP/6- bending modes of Fe¢ (°A1) and SFeS (*Ay), which are

311+G* predictsDo(Fe"—S) = 3.10 eV,Do(SFe —S) = 3.33 computed as only 303 and 101 chrespectivel§° (Figure 3).

eV, andDo(Fe'—S;) = 2.39 eV, which compare quite well with As a consequence of the suspected flatness of the potential-
' ' ' energy surface with respect to the bending of structuréhe

(35) Glukhovtsev, M. N.; Bach, R. D.; Nagel, C.JJ.Phys. Chem. A997 standard routines for the search of transition structures fail.
101, 316. While more sophisticated theoretical methods may be able to




Cationic, Anionic, and Neutral FeS

Table 3. Electronic States, Optimized Geometries, and Relative
Energies of Neutral and Anionic FeSand Relevant Fragments
Calculated at the B3LYP/6-3#G* Level of Theory

state  rres, A s A Osresdeg  Ee, €V
Fe(S),|  B: 2.20 2.22 60.6 0.18
3B, 2.20 212 57.8 0.64
1AL 211 2.07 58.8 2.08
SFeS|I B, 2.03 3.42 115.2 0.00
3B, 2.02 3.42 116.1 0.27
1A, 1.96 3.42 121.4 1.73
SFeS, ¢ S5A; 2.12 4.22 166.7 —-3.30
1 2.14 4.28 180.0 —-3.13
A 2.07 4.14 180.0 —2.46
Fe+ S, DR 1.93 2.13
FeS+ S SAPP 2.04 2.82
Fe+ 2S SDIPP 6.16
Fe+ S~ SD/AIT 1.93 0.33
FeS+ S 53/2p 2.12 0.62

aEnergies A0 K including ZPVE relative to SFeS°R)). ° All
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As far as thermochemistry is concerned, the preference of
structurel also accounts for the increase frddg(Fe™—S) =
3.084- 0.04 eV toDg(SFe —S) = 3.594 0.12 eV upon ligation.

An opposite trend is expected for structuie because the

structures described are characterized as minima on the potential-energyptréngths of covalent metaligand bonds generally decrease
surface by bearing only positive eigenvalues and three real vibrational With the formal oxidation state, i.e., formal Fe(lll) in FeS

frequencies¢ Structure is not considered further for the anion, because
the vertical EA of Fe(9 (°B,) is calculated as 1.71 eV¥.These values
combine to yield a computeDg(Fe—S) of 3.34 eV.

Scheme 2

+
Fo
- AN ~H
Fos;t ——» | s<j —>, fe— s@
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111

tackle this problem, in the present context it is sufficient to
conclude that (i) structurkis favored and (ii) the high-energy
isomerll easily rearranges th

Further, we briefly examined the neutral and anionic FeS
species with B3LYP/6-31tG* (Table 3). In accordance with
previous suggestiorf$ a disulfide structurdl is found for the
anionic species. The computed adiabatic EA(SFeS)30 eV

agrees quite well with the measured detachment energy of 3.28

eV* for FeS~. The dichotomy between structureandll is

most pronounced for the neutral species, in which SFeS and

Fe(S) differ by no more than 0.18 eV. Considering the

estimated accuracy of the theoretical level used, no definitive

assignment of the most stable structure can be made. Th
computed data further predict IEs of 7.55 and 7.73 eV for the
transitions Fe(§ — Fe(S)™ and SFeS~> Fe(S)™ of the neutral

structures, respectively. Both values are consistent with the

experimental bracket of IE= 7.7 = 0.5 eV derived above.

4. Discussion

The experimental and theoretical results confirm the sugges-

tion of McMahon et aP that FeSt exhibits structurel.
However, the sulfur-atom transfer observed in some of the ion

versus formal Fe(V) in SFES

The sector experiments also shed some light on the behavior
of the neutral and anionic species. Thus, structuiis clearly
preferred for the FeS anion? whereas structuré is more
favorable for cationic FeS. The comparative analysis of the
“CR* and "NR" spectra of Fe§ implies an ambivalent
situation for neutral FeSn that both structuresandll appear
feasible. The hypothesis of a unimolecular interconversion
— | for the neutral can also account for the increased yield of
the recovery ion due to FgSin the "NR™ spectrum of Fe§
compared to theCR™ experiment, i.e., 28% versus 15% yield
normalized to all ionic fragments. Thus, charge inversion of
SFeS in the "CR" experiment mostly occurs in a single
collision as a more or less vertical process leading to the
unfavorable structurdl for the resulting cation. Stepwise
electron transfer in theNR™ process does allow for partial
rearrangement of the neutral species to strudtdioe which an
enhanced reionization efficiency is expected. This situation is
depicted in Scheme 3.

Obviously, this view of neutral FeSs still very approximate
and more detailed study of this structural dichotomy is indicated.
For example, IE(Fe$ = 7.7 + 0.5 eV, determined in the

racketing experiments with Fg'Sdescribed above, may refer
to ionization of either neutrdlor Il , depending on the relative
stability of these structures for the neutral as well as the possible
interconversion with or without the reaction partner. Likewise,
it may be the case that the experimentally determined threshold
of 3.28 eV# for the electron detachment from FeSorresponds
to the 0— O transition SFeS— SFeS, while the adiabatic EA
may be lower if structuré is more stable thah for the neutral.
In addition, the significantly differerisresangles of the SFeS
anion and neutral SFeS may lead to unfavorable Franck

molecule reactions described above may indicate occurrencecondon factors for the 6= 0 transition. In addition to these

of the rearrangemerit— Il upon approach of the reactants.
Nevertheless, the considerable energy demand of strulture
suggests an alternative mechanistic scenario. Specificall, S
bond cleavage can also be rationalized if BE(®an act as a
thienoide in chemical reactions, in analogy to the oxenoide
behavior of peroxide¥ For example, loss of $ from the

FeS*/butadiene couple may be described in terms of Scheme

2 with formation of the multicentered structullé as the key

step. This pathway circumvents the energetically demanding

isomerizationl — Il .

(36) Boche, G.; Mbus, K.; Harms, K.; Lorenz, J. C. W.; Marsch, M.
Chem—Eur. J.1996 2, 604.

aspects concerning the experimental studies, the close spacings
of the low-lying states of neutral and charged Feficate that

an inspection of this system using more sophisticated theoretical
treatments than the B3LYP approach chosen here is warranted.

5. Conclusions

Sequential addition of sulfur to Fecation leads to the
diatomic iron sulfide FeSand then to Fe($" having the cyclic
structurel . As a consequence of-% bond formation in FesS,
Do(SFe—S) = 3.594 0.12 eV exceedBy(Fe"—S) = 3.08 &

0.04 eV. Despite this strong bond, ion/molecule reactions can
bring about sulfur-atom transfer from F£Sto various sub-
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