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Abstract: Gaseous FesS,” (n = 4—6) clusters and synthetic analogue complexes, Fe;SsL,~ (L = CI, Br,
I; n = 1-4), were produced by laser vaporization of a solid Fe/S target and electrospray from solution
samples, respectively, and their electronic structures were probed by photoelectron spectroscopy. Low
binding energy features derived from minority-spin Fe 3d electrons were clearly distinguished from S-derived
bands. We showed that the electronic structure of the simplest Fe,S,~ cubane cluster can be described by
the two-layer spin-coupling model previously developed for the [4Fe] cubane analogues. The photoelectron
data revealed that each extra S atom in FesSs~ and FesSe~ removes two minority-spin Fe 3d electrons
from the [4Fe—4S] cubane core and each halogen ligand removes one Fe 3d electron from the cubane
core in the FesS4L,~ complexes, clearly revealing a behavior of sequential oxidation of the cubane over
five formal oxidation states: [4Fe—4S]™ — [4Fe—4S]° — [4Fe—4S]t — [4Fe—4S]*" — [4Fe—4S]*". The
current work shows the electron-storage capability of the [4Fe—4S] cubane, contributes to the understanding
of its electronic structure, and further demonstrates the robustness of the cubane as a structural unit and
electron-transfer center.

1. Introduction density functional calculatior’d. The PES data provided the

lron—sulfur proteins are involved in a variety of vital Nirinsic oxidation potentials of the [684L4)2~ complexes and

biological processes, such as respiration, photosynthesis, anahe'r dependence oq t.he terminal I|g§1nd§. I?unn_g these studies,
nitrogen fixationt~3 The active sites of these proteins normally W€ observed surprisingly symmetrzlc fission in the l(ljcl>zubly
contain iron-sulfur clusters with one to four iron atoms, among  carged cubane complexes, {Bf4]*" — 2[F&SLo] ™,
which the cubane [4Fe4S] cluster is the most prototypicél. prowdmg direct experimental evidence for the two-layer spin-
We have been interested in probing the electronic structure andceUPling model for the [4Fe4S] cubane core.

chemical bonding of FeS clusters and complexes in the gas In the current article, we report sequential oxidation of the
phase using photoelectron spectroscopy (PES). We were ablecubane [4Fe4S] core in a series of gaseous cubane complexes.
to transport a variety of synthetic #6 analogue complexes Bare FgS,~ (n = 4—6) cluster anions were produced both by
from solution samples to the gas phase using electrospraylaser vaporization of a solid Fe/S target and collision-induced
ionization and systematically investigated their electronic dissociation (CID) of [FgSi(SGHs)s?~ complexes in an
propertie$ 10 In particular, we recently studied a series of electrospray source. Partially coordinated complexefEg™
doubly charged cubane-type anions &£ 4%~ (L = SGHs, (L = ClI, Br, I; n= 1-4), with variable oxidation states of the
SH, CI, Br, I) and the Se-analogues [BeiL4? (L = SGHs, cubane core were produced by CID of the corresponding
Cl) and compared the experimental data with broken symmetry [FesSsL4]>~ complexes in the electrospray source. The bare
FeS,~ cluster possesses five minority-spin Fe 3d electrons, and
the [FaSsL 4]~ complexes and the §8;~ cluster each have only
one minority Fe 3d electrons. PES features due to the minority-
spin 3d electrons were shown to lie at the lowest binding energy
part of the spectra and could be readily distinguished from the
S-derived PES bands. The PES spectra demonstrated a behavior
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of sequential oxidation of the [4Fe€lS] cubane core over five
formal oxidation states: [4Fe4S]” (FeS;”) — [4Fe—4SP
(FeySyL ™) — [4Fe—4S]" (FeSiLo~ and FeSs™) — [4Fe—4SFT
(FeySyl3™) — [4Fe—4SPT (FeySiLs~ and F@Ss™). Each extra
S atom in FgS~ and FeSs~ was shown to remove two
minority-spin Fe 3d electrons from the [4F4S] cubane core,
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and each halogen ligand removed one. It is showed that the FeaSa-
“inverted level scheme” can be used to describe the electronic (@) X
structure of the bare £8, clusters and the partially coordinated 355 nm AB

cubanes. Ligand-induced splittings of the minority-spin Fe 3d
bands of the [4Fe4S] cubane core were also observed as a
result of different coordination environments in the two

[2Fe—2S] sublayers in the partially coordinated complexes.

2. Experimental Methods

The experiments were performed with two different magnetic-bottle
PES apparatuses, one equipped with a laser vaporization supersonic
cluster sourc¥ and the other with an electrospray ionization soufce.

2.1. PES with the Laser Vaporization Cluster Source.The
experiments on bare irersulfur clusters F£,~ (n = 4—6) were carried
out using the laser vaporization PES apparatus. Briefly, a mixed Fe/S
target (10/1 molar ratio) was laser-vaporized in the presence of a helium
carrier gas. Various k&, clusters were produced from the cluster
source and were mass-analyzed using a time-of-flight mass spectrom-
eter. The clusters of interest were selected and decelerated before being
photodetached. Three detachment photon energies were available and
used in the PES experiment ons6¢ (n = 4—6): 355 nm (3.496 eV)
and 266 nm (4.661 eV) from an Nd:YAG laser and 193 nm (6.424
eV) from an ArF excimer laser. Photoelectrons were collected at nearly
100% efficiency by the magnetic bottle and analyzed in a 3.5 m long
electron flight tube. Photoelectron spectra were calibrated using the
known spectrum of Rh and the energy resolution of the apparatus Binding Energy (eV)
was AEKEk ~ 2.5%, that is~25 meV for 1 eV electrons. Figure 1. Photoelectron spectra of %~ at (a) 355 nm (3.496 eV), (b)

2.2. PES with the Electrospray lon SourceThe experiments on 266 nm (4.661 eV), and (c) 193 nm (6.424 eV).
the FaS,L,~ (L = CI, Br, I, n = 1-4) complexes were carried out

Relative Electron Intensity

using the electrospray PES appardtuBriefly, 10~ M solutions of vaporization cluster source. Two photon energies, 193 and 157 nm
(BusN)o[FesSiLa] (L = CI, Br, 1) in Ox-free acetonitrile were sprayed  (7.866 eV), from an excimer laser were used for photodetachment on
through a 0.01 mm diameter syringe needle (biaset2a2 kV) under the CID products. Photoelectrons were collected at nearly 100%
N2 atmosphere. The resulting charged droplets were fed into a efficiency by the magnetic-bottle and analyzedii4 mlong electron

desolvation capillary heated t680 °C. A negative DC voltage< —2 flight tube. Photoelectron time-of-flight spectra were collected and then

V) was applied to the skimmer after the capillary to achieve CID. converted to kinetic energy spectra, calibrated by the known spectra
Anions formed in the desolvation capillary and the CID products were of I~ and O. The energy resolutiom\EKEK) was about 2%, i.es-10
guided by a radio frequency quadrupole device into a quadrupole ion meV for 0.5 eV electrons, as measured from the spectrum af 855

trap. lons were accumulated for 0.1 s in the trap before being pulsed nm.

out into the extraction zone of a time-of-flight mass spectrometer. The

mass signals were dominated by the parent dianionsS[Eg?~ and 3. Results

CID fragments, which included E&Cly~ (n = 3, 4), FaSBr, (n = 3.1. PES of FgS\~ (n = 4—6) Produced from Laser
2-4), and FeSl,~ (n=0-4). The singly charged E&L.~ complexes y/aporization. Photoelectron spectra of f& -~ at three photon
were produced by collision-induced electron detachment from the energies are shown in Figure 1. The 355 nm spectrum (Figure
corresponding [F#&SL)*" parent dianions. R&Ls~ can be formed 1a) revealed three bands (X, A, and B). The X band with a

by either removal of an tligand from the parent dianiof{Fes;SuL4]>~ . .
— Fe:Sils— + L} or Fe—L bond scission from the &Ls~ singly vertical detachment energy (VDE) of 2.37 eV was relatively

charged anion (R&Ls~ — FesSyLs~ + L). Subsequent CID required sharp. Since no vibrational structures were resolved, the
Fe—L bond scission from the singly charged,Bg s~ fragment to adiabatic detachment energy (ADE) was evaluated by drawing
produce the smaller E&L,~ singly charged fragments, i.e., Sal s a straight line at the leading edge of the X band and then adding
— FeSiL,~ + L. For L = CI, we could not observe this bond scission the instrumental resolution to the intersection with the binding
process. But, for L= 1, this process can go all the way down to the energy axis. The well-defined onset of feature X allows a fairly
bare FeS,~ cluster. Bare R~ and FeSs™ clusters were also produced  gccurate ADE of 2.30+ 0.02 eV to be obtained, which

from CID of [Fe:Sy(SEt)]*" from electrospray of a (BiN)[FesS«(SEt)] represents the EA of the corresponding neutraSFepecies.
solution. _ ) _ B At 266 nm (Figure 1b), the B band was better defined, and
The fragment anions of interest, i.e..«6¢.n" (L = CI, Br, |) and another intense band C was revealed at 3.5 eV. The 193 nm

Fe,S,~ (n = 4-6), were mass-selected and decelerated before being
intercepted by a probe laser beam in the detachment zone of the
magnetic-bottle electron analyzer. The spectra oSfFe(n = 4—6)

from CID were measured for comparison with data taken with the laser

spectrum (Figure 1c) showed the overall PES pattern g8fe
three weak low binding energy bands (X, A, and B) followed
by an intense and broader C band. The higher binding energy
part of the 193 nm spectrum appeared to be continuous,
(11) Yang, X.; Wang, X. B.; Niu, S. Q.; Pickett, C. J.; Ichiye, T.; Wang, L. S.  indicative of the high density of electronic states.
Phys. Re. Lett 2002 89, 163401. - - in Ei
(12) Ya)rl19, X.; Wang, X. B.; Wang, L. Snt. J. Mass Spectron2003 228, The spectra of E& and Fe%; are shown in ,Flgure 2at
797. two photon energies. For &, three well-defined bands
13) Wang, L. S.; Cheng, H. S.; Fan,Jl.Chem. Phys1995 102 9480. : .
2143 Wang, L.S,; Ding,gc. F.; Wang, X. B.; Barlov}\//, S. BEev. Sci. Instrum (X, A’ and B) \_Nere observc_ad at 266 nm (Flgure Za)’ the A band
1999 70, 1957. overlapped with the more intense B band. The well-resolved X
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Table 1. Measured Adiabatic and Vertical Detachment Energies
(eV) of the Low Binding Energy Features from the Photoelectron
Spectra of FesS,~ (n = 4—6) and FesSsL,~ (L=CI, Br, I; n =

(c)
193 nm

1-4)
VDE?
species cubane core ADE2b d band Sband

FeiSs [FesSj~  2.30(2) 237(2) 270(2) 3.09(2) 3.51(2)

FeSs™ [Fe;S]t  3.48(2) 3.56(2) 4.05(3) 4.20 (2)

B Fe:Ss [FesS3" 3.94(2) 4.05(3) 4.20 (2)

(a) FeSCl,m  [FeS)3t  4.62(5) 4.85(4) 5.56 (4)
266 nm FeSCli [FeSi? 4.23(5) 4.42(4) 4.74(6) 5.20 (4)

FesSs A FeSBr~ [FeS)* 4.56(5) 4.83(4) 5.46 (4)
X FeiSiBrs~ [FesS)?t  4.23(5) 4.41(4) 4.72(6) 5.15 (4)

FeSBr,- [FesS)t  3.76(5) 4.08(6) 4.70 (6)

FeSulsm  [FeS)3  4.47(5) 4.70(4) 5.24 (4)

FeSils~  [FeSJ?t  4.20(5) 4.36(4) 4.65 (6) 5.01 (4)

FeSil,” [FesS)t 3.76(5) 4.08(4) 4.63 (4)

FeSil-  [FeS)°  3.03(10) 3.23(6) 3.62(6) 4.36 (6)

a2 Numbers in parentheses represent experimental uncertainties in the last
digits. P Also represent the adiabatic electron affinities of the corresponding
neutral species.

193 nm 157 nm

(a) (c)
Fe4S4Clg~ FesS4Cly~ s

e aaaanannan e B o o e R AAARazaanas sy )
2 3 4 2 3 4 5 6
Binding Energy (eV) Binding Energy (eV)

Figure 2. Photoelectron spectra of F%~ and F@Ss~ at 266 and 193 nm.

The 193 nm spectrum of k8~ is compared with those of B8~ and
FexSs~. The labels “d” indicate features from detachment of Fe 3d electrons,
and “S” denotes features derived from S 3p-based molecular orbitals. See
text for details.

band yielded a VDE of 3.56 eV and an ADE of 3.48 eV for the
detachment transition from the ground state ofSse to that

of F&Ss. The ADE of FeSs~ increased significantly compared

to that of FgS,~. The higher binding energy part of the/S¢~ 3 4 : ] DA

spectrum as revealed at 193 nm (Figure 2d) also appeared to Binding Energy (eV) Binding Energy (eV)

be continuous. For B8, the 266 nm spectrum (Figure 2b)  Figure 3. Photoelectron spectra of FCl,~ (n = 3,4) at 193 and 157
revealed two partially overlapped bands (X and A). An ADE nm (7.866 eV). See Figure 2 cation for the labels “d” and “S".

of 3.94 eV was estimated from the sharp onset of band X, which

also defined the EA of the g8 neutral cluster. The 193 nm  displayed three features, labeled as d and S, as well as an intense
spectrum revealed more well-defined features beyond 4.5 evband at 6.2 eV (Figure 3c). The d band had a relatively weak
(Figure 2e). intensity and yielded a rather high ADE (4.62 eV) for&£l, .

The 193 nm spectrum of &~ is compared with those of ~ The spectra of F&,Cls™ shifted to lower binding energies with
FeSs~ and FeSs in Figure 2. The most remarkable feature in an intense band labeled as S, which is similar to that in the
the three spectra is the intense band labeled as “S”, meaningsPectra of F£&4Cls~. There are two weaker features at the lower
from S 3p derived molecular orbitals (MOs), as will be discussed binding energy side, labeled as d. The separation between the
later. The S band is similar in the three spectra and has thefirst d band and the S band is almost identical to that in the
same VDE in the cases of &~ and FeSs~. This band spectra of Fg54Cl,~. With the exception of the extra d band in
becomes the demarcation line in the spectra. Features to thd&Cls™, the overall PES spectral patterns of the twgS€l,~
left of the S band at lower binding energies are weaker in complexes are similar and they both also show some similarity
intensity and diminishes in numbers. These weak features areto the spectra of the doubly charged JS£C14]>~ complex that
labeled as “d”, meaning minority-spin Fe 3d derived bands. To We recently reported? The ADEs for the first d band and the
the right of theS band at higher binding energies, all spectra VDEs for all the d and S bands are given in Table 1.
became very complicated and only that ofy&e exhibited 3.3. F@SBr,~ (n = 2—4). For the Br-ligated complexes,
resolved features. The binding energies of the spectra increaséwo CID products (F&4Brs~ and FeS,Br,~) were observed
significantly, in particular from F£5,~ to FeSs~. The observed under our experimental conditions. The PES spectra 4£%,Be,”
VDEs for thed and S features and the ground-state ADEs are (n=2-—4)at 193 and 157 nm are shown in Figure 4. The spectra
given in Table 1. of FesS4Br,~ and F@S,Brs~ are nearly identical to those of the

3.2. FeS,Cly~ (n = 3, 4).Under the CID conditions in our  corresponding Cl-ligated complexes (Figure 3). The spectra of
electrospray source, we were only able to observe the singly Fe&,S,Br,~ shifted further to lower binding energies. The S band
charged Fg5,Cl,~ and its CID product by losing one Cl atom, is similar to that in the spectra of [®Br;~, but the lower
FesS4Cls~. The PES spectra of these two complexes at 193 and binding energy part of the E&Br,~ spectra seemed to be more
157 nm are shown in Figure 3. The spectra ot,3€l,~ complicated with unresolved bands, although only one d band

(b) (d)
Fe4S4Cl3- Fe4S4Cl3-

Relative Electron Intensity
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Figure 4. Photoelectron spectra of FBr,~ (n = 2—4) at 193 and 157
nm. See Figure 2 cation for the labels “d” and “S".

was labeled. Again, the observed ADEs and VDEs are given
in Table 1.

3.4. FaSyl,~ (n = 0—4). For the I-ligated cubane, the loss
of all the ligands down to the bare /82~ core was observed
in the CID owing to the relatively weaker Fébond. This series
of complexes gave us the most systematic and complete data
set, as shown in Figure 5. Asdecreases, we observed that the 1 2 3 4 5 6 1.2 3 4 5 6 7
spectra systematically shift to lower binding energies. frer ‘ Binding Energy (eV) Binding Eneray (eV)
4, 3, 2, the I-ligated complexes gave rise to similar spectra to Figure 5. Photoelectron spectra of fln~ (n = 0—4) at 193 and 157

h ; nm. See Figure 2 cation for the labels “d” and “S”.

those of the corresponding Br-ligated complexes. frer 1
arld 0, more d bapds were qbserved at the IoweI binding ENCTY% e were able to generate this cluster from both our laser
side. Two were discernible in the spectra of%¢", and three vaporization and electrospray sources. The ion formation process
in those of the bare 8,~. Although the higher binding energy '

. o . is completely different in the two ion sources. In laser
side of the Fg5,~ spectra showed some difference, the spectra - .

' ; vaporization, clusters are formed through aggregation of atoms,
of F&S,~ follow the general trend of the E®&l,~ series, P ghaggreg

suggesting that the cubane core survived the CID processes an&nOI in general the lowest energy structures are pro d.
99 9 P e other hand, the g8, clusters were formed by successive

maintained a similar structure as that in the$z,~ complexes. loss of the | ligands from F&ls through CID in the
;r; ?) ';[35; iin'lqa\b/IIzElS for the d and S bands o3~ are electrospray source. It was expected the cubane structure to be
: ) maintained, regardless if it is the lowest energy structure. The

3.5. Comparison of the PES Spectra of B, (n = 4-6) similarity and systematic trend in the complete data set shown

Produced from the Laser Vaporization and Electrospray in Figure 5 suggested that the cubane structure was intact in

Sources. In contrast to the intensive investigations on the Fe:S,~ produced by CID. Figure 6a and 6b compare the PES

[4Fe—4S] active sites in protei_ns ar_1d the cubane [4#8] cores spectra of F§5,~ produced from the two ion sources. They are

in analogue complexes,# little is known about the bare  gggentially identical, except that the spectrum from the CID

FeuSy~cluster*2° An interesting question concerns its ground  roqyct was broader. The latter was due to the fact that the

state structure. Does it also possess a cubane-type structure@n products were relatively hot with high internal energies,

which could not be effectively cooled during the ion transport

(15) Holm, R. H.Acc. Chem. Red977, 10, 427.
(16) Ogino, H.; Inomata, S.; Tobita, FLhem. Re. 1998 98, 2093.

(17) Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon, B. I. (24) (a) Nakajima, A.; Hayase, T.; Hayakawa, F.; KayaQkem. Phys. Lett
Am. Chem. Sod99Q 112 2217. 1997 280 381. (b) Yu, Z.; Zhang, N.; Wu, X.; Gao, Z.; Zhu, Q.; Kong,
(18) Butcher, K. D.; Didziulis, S. V.; Briat, B.; Solomon, E.J. Am. Chem. F.; J. Chem. Physl993 99, 1765.
Soc 199Q 112, 2231. (25) Koszinowski, K.; Schroder, D.; Schwarz, Bur. J. Inorg. Chem2004
(19) Butcher, K. D.; Gebhard, M. S.; Solomon, Elrorg. Chem 199Q 29, 44,
2067. (26) Comparisons between experimental photoelectron spectra and theoretical
(20) Gebhard, M. S.; Koch, S. A.; Millar, M.; Devlin, F. J.; Stephens, P. J,; calculations have consistently revealed that the lowest energy structures
Solomon, E. I.J. Am. Chem. S0d 991, 113 1640. were produced from the laser vaporization cluster source. For example,
(21) Glaser, T.; Rose, K.; Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, see: Akola, J.; Manninen, M.; Hakkinen, H.; Landman, U.; Li, X.; Wang,
E. 1. J. Am. Chem. So@001 123 442. L. S.Phys. Re. B 1999 60, R11297. Li, X.; Kuznetsov, A. E.; Zhang, H.
(22) Kennepohl, P.; Solomon, E.lhorg. Chem 2003 42, 679. F.; Boldyrev, A. |.; Wang, L. SScience2001, 291, 859. Li, J.; Li, X.;
(23) Harris, S.Polyhedron1989 8, 2843. Zhai, H. J.; Wang, L. SScience2003 299, 864.

8416 J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004



Sequential Oxidation in FesSsL,~ Complexes ARTICLES

@ © © 3 (a)
FesSem FeaSs” FeaSe™ TOP BOTTOM (b)
2 —] —_—
@ a —— —
2 ad — —
E a9 = ' Fe(d) { ==
5 — ——
§ T ———— e Ll S L i | T T T T f— —
G (d) ® - —
2 FesS4~ Fe4Ss5- Fe4Sg~
g Fe-S
3 S(o)
LA L | T LA L LR R A LA | LARRA AL AL WAL | L \ - 3 @
1 2 3 4 5 6 2 3 4 5 6 2 3 4 5 () .m -7 +
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) ‘Fe S
Figure 6. Comparison of photoelectron spectra ofy&e, FeSs~, and L iL
Fe,Ss~ produced from two different ion sources. (Top) from laser Fe(d)

vaporization of an Fe/S mixed target; (bottom) from collision-induced
dissociation of doubly charged anions from an electrospray source.

and trapping. On the other hand, in the laser vaporization sourceg(')gr;';elei' wi(?h) as &hFeglaSt?fgutgaeng\grfd(gﬁ;&gﬂ?gﬂﬁgﬁgﬂémng
the supersonic expansion provided moderate cooling and inthe spin-coupling in the [4Fe4SP* cubane core. The large hollow arrows
general produces cluster anions with vibrational temperaturesrepresent the dmajority-spin electrons on each Fe, and the small arrows
slightly below room temperatuf@Thus, the identity of the PES represent a single minority-spin electron delocalized over two Fe centers
- . . in each sublayer.
spectra of Fg5,~ from two totally different formation processes
indicated that the bare F&~ cluster indeed possesses a cubane- syblayers are coupled antiferromagnetically to give a low-spin
like structure, probably not too different from that in the state for the cubane complexes. There is a large spin polarization
FesSiLs~ complexes. of the Fe 3d levels with the majority spin states stabilized over
We were also able to produce thes&¢ and FeSe™ clusters  the minority spin states by4—5 eV. The single minority spin
from CID of [FesSy(SCHs)s)?~ from our electrospray ion  in each sublayer is delocalized over the two Fe centers, giving
source. The PES data of these CID products are also comparegise to a formal oxidation state of E&. The Fe-S based
to the data of the same species produced from laser vaporizatiorprbitals and S(3p) lone pairs lie above the majority-spin levels
in Figure 6. These two sets of data are again identical, exceptput below the Fe(3d) minority-spin levels, giving rise to the
that the PES spectra from the CID products were broader jnverted level scheme. In [F®&L ]2, there are two energetically
analogous to the case of f&~. The FaSs~ and FeSs~ CID equivalent minority spins, one in each [2F2S] sublayer,
products were formed by losing three and tw8CHs ligands  whereas, in the singly charged 48e.,~ complexes, there is
and one and twoe-CzHs units through SC bond scission in - only one minority-spin electron. The detachment of this electron

the —SGHs ligand from a singly charged E&(SCHs)a- gave rise to the weak d band in the PES spectra gBfe ",
complex, respectively. The cubane core was expected to beas summarized in Figure 8& for L = Cl, Br, I. The second
intact in FeSs~ and FgSs~ from the CID, as in the R&,~ PES band (S) corresponds to detachment primarily from S-based

CID product from FgSul4~. Therefore, the identity of the PES  MOs. We noted that the PES pattern of theJe,~ singly
spectra of Fg&~ and F@Ss™ produced from the two ion sources  charged species are very similar to those of the corresponding
suggested that the ground state structures of these two clustergioubly charged [F£L 4]~ complexes? except that the binding
indeed contain an &8, cubane core and the extra S atoms can energy of the singly charged species is much higher due to the
be considered as terminal ligands to theSzecore. absence of the intramolecular coulomb repulsion present in the
doubly charged aniori€.The relative intensity of the first band
is weaker in the PES spectra of the singly charged species than
4.1. PES Spectra of Fg&l 4~ and FeSs~ and the “In- that observed for the doubly charged anions because this feature
verted Level Scheme” for the Cubane Coreln a recent study, corresponds to only one minority-spin electron in the singly
we investigated the electronic structure of a series of doubly charged complexes. Therefore, our PES data of the singly
charged [F&&L4]*>~ analogue complexes with & Cl, Br, |, charged Fg&iL4~ complexes with a [4Fe4SF+ oxidation state
SCGHs, and SH® The PES data showed similar spectral pattems is consistent with the inverted level scheme shown in Figure
with each other and confirmed the “inverted level scheme” for 75 All these complexes should have a spir/ef due to the
the [4Fe-4S] cubaned® 3! as shown schematically in Figure presence of the single minority-spin electron.
7a. In this model, the cubane complexes are viewed as a two- The PES spectrum of F8  is compared to those of
layer system (Figure 7b). Within each sublayer, the two high- Fe,5,1 ,~ in Figure 8. As discussed above, this cluster is
spin Fe atoms are ferromagnetically coupled, and the two expected to have a cubane core with a [4BSF+ oxidation
(27) Wang, L. S.; Li, X. InClusters and Nanostructure Interface¥ena, P., state. Although ﬂle SPaCing of j[he first two features.in the.PES
Khanna, S. N., Rao, B. K., Ed.; World Scientific: Singapore, 2000; pp Spectrum of Fg~ (Figure 8d) is much smaller, their relative

4. Discussion

293-300. i iti imi i -
(28) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, J&dord. Chem. Intensities are S_Im!lar to that in the spectra O_ESE;E4 - Thus,

Rev. 1995 144, 199. the weak low binding energy feature (d), which appeared as a
(29) Aizman, A.; Case, D. AJ. Am. Chem. Sod982 104 3269. shoulder, should correspond to the single minority-spin electron

(30) Noodleman, L.; Norman, J. G.; Osborne, J. H.; Aizman, S.; Case, D. A.
Am. Chem. Sod 985 107, 3418.

(31) Torres, R. A.; Lovell, T.; Noodleman, L.; Case, D. A.Am. Chem. Soc (32) Wang, L. S.; Ding, C. F.; Wang, X. B.; Nicholas, J. Bhys. Re. Lett.
2003 125 1923. 1998 81, 2667.
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Figure 8. Comparison of photoelectron spectra of all species with a
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Figure 9. Comparison of photoelectron spectra of all species with a
[FesS4)2* core.

spin levels was indeed evident in the PES spectra of the three
FeSiLs~ complexes, as summarized in Figure 9. More interest-
ingly, the separation between the first d band and the S band
are nearly identical in the spectra offSg_3;~ and [FaSsL4]%",

in the [4Fe-4SP" cubane core and the intense band (S) should in complete agreement with the inverted level scheme, sug-
correspond to S-based MOs (Figure 8d). Thus, the electronicgesting that the first d band came from detachment of the

structure of FgS~ can also be described by the inverted level
scheme with a spin off,, similar to the FgS,L4~ complexes.

minority-spin electron in the [2Fe2S] sublayer with two
ligands and the second d band derived from detachment of the

The two extra S atoms most likely coordinate each to two Fe minority electron in the sublayer with only one ligand.

atoms in the two sublayers of the cubane core. The smali&r d

4.3. PES Spectra of Fg&4L,~ (L = Br, I) and Fe;sSs~. These

band spacing and the different spectral pattern in the higherthree species should each contain a [4&8]" core with three

binding energy part in the spectrum of 8¢ are due to the

minority-spin electrons. The spin coupling in these species is

difference between the S ligand and the halogen ligands. Weexpected to be complicated and depends on how the two

noted that the &S band spacing decreases slightly from
FesSiCly~ to FeSyls, as the terminal ligand becomes less
electron-withdrawing from Cl to I. Sulfur as a divalent terminal

ligand should be even less electron-withdrawing relative to I,

and the smaller €S spacing in F£~ is consistent with this
trend.

4.2. PES Spectra of Fg&Ls~ (L = CI, Br, I) and the
Effects of the Partial Coordination on the Electronic
Structure of the Cubane. The partially coordinated R8L3~
complexes contain a cubane core with a [4B&F" oxidation
state, which is similar to that in the [F&L4]>~ doubly charged
complexes. However, in E8L3~ the two sublayers are no

sublayers are divided, either as two [2F25—L] layers each
coordinated with one ligand or one [2F2S—-2L] layer and
one [2Fe-2S] layer without any terminal ligand. Either way,
the two sublayers cannot be equivalent because of the odd
number of the minority spin electrons, which should be
distributed in the two sublayersa 1 to 2ratio (giving a spin
1/, state). Although only one d band is labeled in Figure 10a
and 10b, the low binding energy parts of the PES spectra of
FesS4Bro~ and FeSul,~ were complicated and were not well
resolved, suggesting perhaps a combination of all the above
possibilities.

The PES spectrum of g8 is compared to those of

longer equivalent due to the absence of one ligand. This FeSsL,~ in Figure 10. The low binding energy part of the

asymmetry should induce a splitting in the minority-spin levels,

Fe,Ss~ spectrum was much better resolved with two well-

which are no longer equivalent energetically. The minority-spin defined d bands. The extra S should coordinate to two Fe atoms

level (the HOMO of [FgS4L4)%") involves Fe-Fe bonding
interactions and FeL antibonding interactions within each
[2Fe—2S] sublayet%28|t is expected that the minority-spin level

in the [4Fe-4S]" core, defining one sublayer. The three minority
spins may distribute similarly as in Figure 7b with two minority
spins in the layer that is not coordinated by the fifth S atom,

in the sublayer with only one ligand should be energetically giving rise to a spirt/, state for FgSs~. The first d band in the
stabilized, and the one in the sublayer with two ligands should PES spectrum of &~ then came from detachment of the

remain the same as in [F&L4]?". A splitting of the minority-
8418 J. AM. CHEM. SOC. m VOL. 126, NO. 27, 2004

highest occupied minority-spin electron. Dependent on the
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Figure 10. Comparison of photoelectron spectra of all species with an
[FesSq]™* core.

magnitude of the slitting between the two sublayers, either a
spin O or a spiri/, state can result for the ground state of neutral

FesSs.

4.4. FaeS)~ and FgS; . FeSyl~ should contain a

study3! Further theoretical study on the /gl complex as a
model for the all-ferrous [4Fe4SP center would be highly
desirable.

There should be five minority spins in the bara%e cluster.
They should fill three levels in one sublayer and two in the
other sublayer, according to the inverted level scheme of Figure
7a. This would result in a spiti, state for FgS,~. Detachment
from the highest occupied minority spin level gave rise to the
X band in the PES spectra (Figure 1) and resulted in a spin 0
state for the ground state of neutral,6¢ Detachment from
the other occupied minority spin levels would lead to either a
spin 0 or spir?/, excited state for neutral &, If the splitting
between these spin states is small relative to our spectral
resolution ¢~30 meV in the relevant spectral range of Figure
1a), only one PES band would result. This indeed appeared to
be the case, since only three well-resolved d bands (X, A, B)
were observed in the PES spectra of3ze (Figure 1). Thus,
our PES data suggested that the inverted level scheme devised
for the cubane core is also applicable to describe the electronic
structure of the bare 8, and Fe$, clusters.

4.5. Electron Storage and Sequential Oxidation of the
[4Fe—4S] Cubane Cluster. Fe has two common oxidation
states: F& and Fé', which are cycled in redox reactions
involving Fe. The strong spin polarization stabilizes tHe d
majority spins and destabilizes the single minority spin in the
dé electron configuration of Pe, making the F&/Fe** redox
couple one of the most favorite in chemistry and biochemistry.
The redox capability of all FeS clusters and proteins relies
on this redox couple. In the cubane, the four Fe centers can
store up to four minority-spin electrons in the all-ferrous [4Fe
43P oxidation states. In principle, all of these four electrons
are available for electron-transfer reactions, leading to the all-
ferric [4Fe—-4S} oxidation state and giving the cubane cluster

in the ferrous state. Thus each sublayer of the cubane core should

have two minority-spin electrons, resulting in a spin 0 state for
FesS4l—. However, the two sublayers are inequivalent, which
can result in a splitting of the minority-spin levels in the two
sublayers, similar to the case in the;&.3~ complexes. This
splitting was evident in the PES spectra of,&¢~ (Figure 5d
and 5i). If the two sublayers were equivalent, two d bands would
be expected with similar intensities. The low binding energy
part of the PES spectra of f&l~ was complicated, indicating

more transitions were congested in this part of the spectrum

and giving direct evidence for the splitting in the minority-spin
levels due to the asymmetry of the coordination environment
in FesSyl~. The all-ferrous [4Fe4SP center of the Fe protein
from Azotobactewinelandiihas been shown to have a spin state
of S= 4 on the basis of Mgsbauer and EPR studi®One Fe

site was shown to be unique presumably due to environmental
or geometric asymmetries in the protein. This suggests that the

two-layer model of the cubane as shown in Figure 7a is no
longer applicable for the all-ferrous cubaié2 The FeSl~

complex may be considered the simplest model system for the
all-ferrous center because the single I ligand generates a unique
Fe site naturally. Unfortunately, the current PES data are not

sufficient to distinguish between the different spin states

considered for the all-ferrous centers in the recent theoretical

(33) Yoo, S. J.; Angove, H. C.; Burgess, B. K.; Hendrich, M. P.; Munck].E.
Am. Chem. Sod 999 121, 2534.

It is noteworthy that the bare =, cluster possesses a cubane-
type structure and its electronic structure can be described by
the inverted level scheme (Figure 7a). This proves the stability
of the cubane structural feature and provides further support
for its robustness as a modular functional unit in analogue
complexes and proteins. The fact that the bargSFecluster
possesses a cubane-type structure makes it possible for us to
access the wide range of oxidation states of the cubane core in
the gas phase. A recent density functional study investigated
all five oxidation states of the analogue complex,fz6SCHs)4]™

(n = 0—4) 3! However, only then = 1 and 2 species would be
accessible in the gas phase, because the specieqwitl2
would not be stable as gaseous species due to the strong
intramolecular coulomb repulsion. The current investigation
takes advantage of the variable terminal ligands to access a wide
range of oxidation states for the cubane core all in the form of
singly charged anions. Our recent study dealt with the doubly
charged analogue complexes JS# 4]2~, which all contain a
[4Fe—4SP" cubane coré?

The FaS,~ cluster in fact has five minority spins, even though
this oxidation state is not accessible in either analogue com-
plexes or proteins. In K&, two minority-spin electrons are
transferred from the cubane core to the extra S, resulting in a
[4Fe—4S]' oxidation state with three minority spins. In/Ss™,

a [4Fe-4SP* oxidation is achieved. Thus from %~ to FeSs~

a sequential oxidation of the cubane core is observed, and the
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5. Conclusions

>
o
|

We report a photoelectron spectroscopic investigation of the
electronic structure of the [4FelS] cubane core with variable
terminal coordination and oxidation states. Bare;,3ze
] (n = 4-6) clusters and synthetic analogue complexeSike~
(L = Cl, Br, I, n = 1—-4) were produced by laser vaporization
and electrospray ionization with CID and characterized by
photoelectron spectroscopy. Photoelectron spectra §$.Fe
(n = 4-6) produced from laser vaporization and CID confirmed
that they all possess cubane-type structures with the extra S in
Fe,Ss~ and FeSs™ acting as terminal ligands to the cubane core.
We found that the electronic structures of both thgSseand
Fe,SiLn~ species can be described by the two-layer inverted
level scheme. Five oxidation states of the cubane core,
electron binding energies of the clusters also increase with the[4F€-4S]” — [4Fe-4SP — [4Fe-4S]" — [4Fe-4SF" —
number of extra S ligands (Figure 2). Although the partially [4Fe~4SF*, were accessed by varying the terminal ligand
coordinated ha|ogen Complexesﬂs&n—’were produced from numbers. Spectral features due to the detachment of the
the fully coordinated Ryl 4, the series of species can also Minority-spin Fe 3d electrons were observed at the lowest
be viewed as a sequential oxidation of the cubane core from binding energies and were readily recognized. Such 3d features
the bare Fg5,~ cluster because the core oxidation state increasesdecrease as the number of terminal ligands increases, i.e., the

»
=)
|

35

3.0

Adiabatic Detachment Energy (eV)

d
o
1
rerr
nnomon
oOwm—w
==

T T T T
[4Fe-4S]- [4Fe-4S]0 [4Fe-4S]* [4Fe-4S]2* [4Fe-4SP+

Figure 11. Adiabatic detachment energies vs the oxidation states of the
[4Fe—4S] cubane core.

by one with each additional halogen ligand in& ™. In the increase of the core oxidation states or the decrease of the
case of Fg5il,™, a full range of oxidation states of the cubane number of minority electrons, revealing a behavior of sequential
core is accessed from [4F4S]” — [4Fe—4SP — [4Fe—4S]" oxidation of the cubane core. Experimental evidence of the bare

— [AFe—4SF" — [4Fe-4SF* with n = 0, 1, 2, 3, and 4,  Fe,S, cluster possessing the cubane-type structure proves the
respectively. The number of minority-spin electrons decreasesstapility of the cubane structural unit. The behavior of sequential
from 5— 4 — 3—2— 1 along the same sequence. oxidation further confirms the electron-storage capability of the
Figure 11 displays the ADEs of the threshold d band in the ,pane core and its robustness as nature’s favorite electron-
four series of Fg5l,~ species with respect to the formal
oxidation states of the [4Fe4S] cubane core. The ADEs
represent the gas-phase oxidation potential of the corresponding
complexes and increase in each series with the oxidation states Acknowledgment. We thank Prof. T. Ichiye and Dr. S. Niu
of the cubane core. For the [4F4SP* core, the ADEs are  for valuable discussions. This work was supported by the
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Fe,Ss~ relative to that in Fg5,~. This is almost twice as large

an increase as the effect of two iodine atoms (Figure 11). This
observation is consistent with the divalent nature of the extra S
as terminal ligands in R&s. JA0498437
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