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Abstract: X-ray absorption spectroscopy (XAS) at the sulfet2470 eV) and chlorine~+2822 eV) K-edges

has been applied to a series of 44S model complexes. These are compared to-2=model complexes

to obtain insight into thdocalizedground state in the mixed-valence dimer versusdbam®calizedground

state in the mixed-valence tetramer. The preedges of hypothetical delocalized mixed-valence disBgrs [Fe

are estimated using trends from experimental data and density functional calculations, for comparison to the
delocalized mixed-valence tetramer jBg?*. The differences between these two mixed-valence sites are due

to the change of the sulfide-bridging mode fremto us. The terminal chloride and thiolate ligands are used

as spectator ligands for the electron density of the iron center. From the intensity of the preedge, the covalency
of the terminal ligands is found to increase in the tetramer as compared to the dimer. This is associated with
a higher effective nuclear charge on the iron in the tetramer (derived from the energies of the preedge). The
us-bridging sulfide in the tetramer has a reduced covalency per bond (39%) as compareg dtigging

sulfide in the dimer (51%). A simple perturbation model is used to derive a quadratic dependence of the
superexchange coupling constamin the covalency of the metal ions with the bridging ligands. This relationship

is used to estimate the superexchange contribution in the tetrdrver-(56 cnTt) as compared to the mixed-
valence dimerJ = —360 cnt?l). These results, combined with estimates for the double exchange and the
vibronic coupling contributions of the dimer sub-site of the tetramer, lead to a deloc&lizet, spin ground

state for the mixed-valence dimer in the tetramer. Thus, the decrease in the covalency, hence the superexchange
pathway associated with changing the bridging mode of the sulfides dgotm 1«3 on going from the dimer

to the tetramer, significantly contributes to the delocalization of the excess electron over the dimer sub-site in
the tetramer.

Introduction Scheme 1

Biological systems extensively employ iresulfur (Fe-S) ® ©) (s)
clusters for electron transfer, catalysis, and other functions such (Fe) @?ﬁ@

ot on. Their biochami & ©

as oxygen-sensing and DNA regulation. Their biochemistry and ©) (s¥ ©
electronic structures have been studied in great detail, and _ i
excellent reviews are available® The four most common Rubredoxin 2Fe ferredoxin © oysteine RS
structural types of ironsulfur clusters with 34 iron centers @ sulfide 57

are shown in Scheme 1. The simplest of the-Beproteins are
the rubredoxins, which contain one iron center coordinated by
four cysteines. In the 2Fe ferredoxins, the metal ions have two
terminal cysteine ligands and twe-bridging sulfides. Each
iron center in the 4Fe ferredoxins and HiPIPs (high potential

3Fe ferredoxin 4Fe ferredoxin / HIPIP

» To whom correspondence should be addressed. iron proteins) has one terminal thiolate and is bridged by three
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* Stanford Synchrotron Radiation Laboratory, Stanford University. sulndes Inus-bridging modes. .

(1) Beinert, H.J. Biol. Inorg. Chem200Q 5, 2—15. All iron ions are in a high spin ferrous or ferric electron
(2) Beinert, H.; Holm, R. H.; Mack, E.Sciencel997 277, 653-659. configuration. In the 2Fe ferredoxins, the iron centers are
(3) Iron-Sulfur Proteins Lovenberg, W., Ed.; Academic Press: New

York. 1973-1977: Vols. Il antiferromagnetically coupled through a superexchange pathway
(4) Iron-Sulfur Proteins Spiro, T. G., Ed.; Metal lons In Biology, Vol. via the bridging sulfides. The biologically relevant redox
IV; Wiley-Interscience: New York, 1982. reaction of the 2Fe ferredoxins involves a one-electron couple
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in Inorganic Chemistry, Vol. 47; Academic Press: San Diego, 1999. mixed-valence site (class Il in the nomenclature of Robin and
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Day’), has ar§ = ¥, ground state. The clusters with four iron
sites occur naturally in three different oxidation states,$ié",
[FesSi)2t, and [FeSy)3*. The 4Fe ferredoxins function between
the first two redox states whereas the HiPIPs utilizes thé 2
3+ couple. The [Fg54]%" oxidation state formally consists of

2 Fé'" and 2 Fé ions. However, it was found experimentally
that all four iron centers are in the same formal oxidation state,
which is generally considered to be?®@ The tetrameric FeS
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frustration leads to parallel alignment of two of the spins. The
parallel spin alignment makes the double exchange interaction
more effective, leading to the delocalized sub-diniérs.
The mixed-valence model compound [LEeDH)sFeL]?™ (L
1,4,7-trimethyl-1,4,7-triazacyclononane) synthesized by
Wieghardt, Chaudhuri, and co-work&rgonsists formally of
one Fd' and one Féion, but was shown to be a class Ill fully
delocalized F&¢e>°> mixed-valence dimer with a ferromagnetic

clusters are viewed as a dimer of two mixed-valence delocalized § = 9, spin ground stat&21 Thus, delocalization of the excess
sub-dimers (class Il mixed valence). The excess electron is electron with parallel spin alignment is possible in a dimer

delocalized over both iron centers of the'fre!" core. Thus,
in going from the mixed-valence dimer to the mixed-valence

without spin frustration. Analogously, it was shown that an
excess electron delocalizes over three metal centers in linear

tetramer, the localized excess electron in the dimer delocalizesmixed-valence trimers without the occurrence of spin frustra-

over the dimer sub-sites in the tetramer.

tion2223 A spectroscopic study comparing the delocalized

The delocalization of the excess electron in the mixed-valence mixed-valence model [LFa¢OH)sFeL]?" with the localized
state is accompanied by a net ferromagnetic coupling betweenmixed-valence dimer [2Fe2ST" showed that the main differ-

the iron centers leading to & = 9, dimer ground state. This
phenomenon of spin alignment in mixed-valence systems with

ence between these two is the reduced superexchange coupling
in the [LFeg-OH)sFeL?t model as compared to the F8

delocalized ground states is called double exchange in analogydimer, due to the reduced covalency of the protonated bridging

to Kramer’s superexchange mechanf&hhe physical origin

of double exchange elucidated by Girerd,"mMélk and co-
workers!®12 and Noodleman and Baerentdds that electron
transfer leads to a loss of spin polarization energy for the
antiferromagnetic but not for the ferromagnetic configuration.

ligands with the metal cente?$2>

A direct experimental probe of ligaranetal bonding inter-
actions is provided by ligand K-edge X-ray absorption spec-
troscopy (XAS)?%-38 The electric dipole-allowed transitions for

There are three types of interactions to consider between the (15) It should be noted that the term spin frustration actually describes

magnetic centers in a mixed-valence pair, namely superexchang
(parametrized by (using H= —2JS,S,)), double exchange,

and vibronic coupling A%k-). The energies of the spin states
are given by:

2
EL(S)=—IS(S+ 1)+ %(Q—_)xz +

e o

Superexchange leads mainly to antiferromagnetic coupling,

whereas double exchange leads to delocalization of the excesg,

electron and to ferromagnetic coupling. Vibronic coupling is
the driving force for localization of the excess electron. The

a system with degenerate spin states. This does not strictly hold for-[4Fe

QlSF*. In real Ty symmetry the exchange interactions between all four metal

centers would be equal. However, the [4FSE" clusters do not havéy
symmetry but undergo a compression alongaxis resulting in aDyg
symmetry. Thus, the interactions between the metal centers are no longer
equal, and the stronger interactions dominate, leading to an irregular spin
structure, where spins with antiferromagnetic interaction are aligned parallel
due to their weaker coupling as compared to other couplings. There is no
longer degeneracy of spin states. Symmetry reduction caused by spin
degeneracy has been observed for trinuclear metal clusters in a triangular
arrangement and the term magnetic Jafialler effect was introducetf. 18
Applying this to [4Fe-4SF" would describe the geometrical distortion as
due to the spin degeneracy in tetrahedral symmetry.

(16) Cannon, R. D.; Jayasooriya, U. A.; Wu, R. W.; Arapkoske, S. K_;
Stride, J. A.; Nielsen, O. F.; White, R. P.; Kearley, G. J.; Summerfield, D.
J. Am. Chem. S0d.994 116, 11869-11874.

(17) Jayasooriya, U. A.; Cannon, R. D.; Anson, C. E.; Karu, E.; Saad,
K.; Bourke, J. P.; Kearley, G. J.; White, R. Rngew. Chem., Int. Ed.
1998 37, 317-320.

(18) Wu, R. W.; Poyraz, M.; Sowrey, F. E.; Anson, C. E.; Wocadlo, S.;

Powell, A. K.; Jayasooriya, U. A.; Cannon, R. D.; Nakamoto, T.; Katada,

interplay between these three interactions leads to interestingy -'sano, H'inorg. Chem 1998 37, 1913-1921.

potential energy surfaces for the spin states in the antisymmetric

breathing modeQ-.14 Double exchange, as the driving force
for electron delocalization, is more effective in the higher spin

(19) Drike, S.; Chaudhuri, P.; Pohl, K.; Wieghardt, K.; Ding, X. Q.;
Bill, E.; Sawaryn, A.; Trautwein, A. X.; Winkler, H.; Gurman, S.0.Chem.
Soc., Chem. Commuh989 59-62.

(20) Ding, X. Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A.

states. Thus, strong superexchange, which leads to a stabilizatiorx : prueke, S.; Chaudhuri, P.; Wieghardt, B. Chem. Phys199Q 92,
of the lower spin states, makes the double exchange less178-186.

effective and thus indirectly decreases the tendency for electron

delocalization.

(21) Ding, X. Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A.
X.; Drueke, S.; Chaudhuri, P. H.; Wieghardt, Kyperfine Interactions
199Q 53, 311-315.

It has been considered that the delocalization of the excess (22) Glaser, T.; Beissel, T.; Bill, E.; Weyhefiter, T.; Meyer-Klaucke,

electron in the mixed-valence sub-dimers of [3RB&P and
[4Fe—4ST+23T originates from spin frustration. The spins in

W.; Trautwein, A. X.; Wieghardt, KJ. Am. Chem. S0d.999 121, 2193~
2208.
(23) Glaser, T.; Wieghardt, K. I8pectroscopic Methods in Bioinorganic

these clusters cannot all be aligned antiferromagnetically due chemistry Hodgson, K. O., Solomon, E. I., Eds.; ACS Symposium Series:
to the presence of three or four equal spin centers. This spinAmerican Chemical Society: Washington, DC, 1998; pp-3331.

(7) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocherhi967, 10, 247—
422.

(8) Zener, CPhys. Re. 1951, 82, 403—405.

(9) Kramer, A.Physical934 1, 191-192.

(10) Girerd, J.-JJ. Chem. Phys1983 79, 1766-1775.

(11) Papaefthymiou, V.; Girerd, J. J.; Moura, |.; Moura, J. J. G.nbk)
E.J. Am. Chem. S0d.987 109 4703-4710.

(12) Blondin, G.; Girerd, J. Xhem. Re. 1990 90, 1359-1376.

(13) Noodleman, L.; Baerends, EJJAm. Chem. So4984 106, 2316~
2327.

(14) The parametet- in eq 1 is the dimensionless coordinate associated
with the Q- vibrational normal coordinateQ- = (A/k-)x-) having
vibrational frequency— and the force constamt- = 4x?c?mw_2 for the
nuclear distortion along this coordindfe'?

(24) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K.;
Solomon, E. I.J. Am. Chem. S0d.996 118 8085-8097.

(25) Gamelin, D. R.; Bominaar, E. L.; Mathonge C.; Kirk, M. L,;
Wieghardt, K.; Girerd, J. J.; Solomon, Elhorg. Chem1996 35, 4323~
4335.

(26) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, Bcc. Chem.
Res.200Q in press.

(27) Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. Soc.
199Q 112 1643-1645.

(28) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.;
Hodgson, K. O.; Solomon, E. . Am. Chem. S0d.993 115 767—-776.

(29) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, Holg.
Chem.1994 33, 4235-4244.

(30) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, E.Am.
Chem. Soc1995 117, 2259-2272.
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K-edges are 1s- np. The K-edge absorption of a ligand bound ClI effects, can be converted to covalency by using #q 3
to a & copper ion exhibits a well-defined preedge feature which
is assigned as a ligand *s y* transition, wherey* is the
half-filled, highest-occupied molecular orbital (HOMO) of the
Cu' complex. Due to the localized nature of the ligand (L) 1s
orbital, this transition can have absorption intensity only if the ) . . .
half-filled HOMO orbital contains a significant component of Where 8 |r| pl is the intensity of a pure ligand Is- 3p
ligand 3p character as a result of covalency. The intensity of transition. The covalency defined in this way is the sum of the
this L 1s— y* transition is given by eq 2 wherg* = (1 — individual covalencies per orblta_l and involves the summation
0?12 Cu 3d- o |L 3pjanda? represents the amount of L 3p  ©ver all un- or half-occupied orb!ta1‘§.To use eq 3, reference
character in the HOMO. The observed preedge transition COmpounds with known covalencies are needed. For Cl K-edges,

intensity is then the intensity of the pure dipole-allowed L 1s the known Cu-Cl covalency (7.5% per bond) @f-[Cu'Cly] -
— L 3p transition weighted by2. is usec?®30The following covalencies per metaligand bond

were determined for the metal tetrachlorides: 7.5%'(Qyy),
) 10.7% (CU, Dgn), 6.1% (NI}, 7.1% (Cd), 8.6% (Fé), and
21.5% (Fd"), which correlate to calculated results. For S

Thus, the preedge intensity provides a quantitative estimate ofK-€dges, references for thiolate and sulfide have been estab-
the ligand contribution to the HOMO due to bond#g® This lished by independent spectroscopies: plastocyanin (38% Cu
was used to understand differences in the electronic structurethiolate covalencyy and the infinitive chain compound CsF8,
of the blue-copper protein plastocyanin and a model com- (55.5% Fe-sulfide covalency§?
pound?8 The correlation between S preedge intensity and covalency
The preedge feature il anetal centers with more than one has also been developed for an analogous [M{BR)eries,
hole in the d-manifold also corresponds to a transition (or several where M= Ni'', Cd', F€', and Mr'.3! The anisotropy of the
transitions) from a ligand 1s orbital to unoccupied or partially thiolate p-orbitals in bonding to the metal was evaluated. A study
occupied antibonding orbitals with both metal d- and ligand of ferrous and ferric model complexes and a series of rubre-
p-character. These one-electron transitions lead to several manyedoxins has also been perform&din that study, it was
electron final states due to multiplet effects. Methodology has established that the ferric model complex had a S-K preedge
been developed to analyze these effects for the Cl K-edgefeature that was similar in shape and energy to that of the
preedge intensity in a series of tetrahedral metal tetrachlorides,proteins. Finally, we have applied this methodology to the
[MCIl 4" .20 The results of this methodology can be partitioned analysis of 2Fe2S dimer complexes in which two types of
into three contributions to the preedge intensity: (i) preedge sulfur ligands are present: terminal thiolate and bridging sulfide
intensity is proportional to the number of d-holes, that is the ligands34 Due to differences in the effective nuclear charge of
number of possible one-electron transitions, (i) preedge intensity the thiolate and the sulfide, their preedge features could be
can be redistributed to higher energy through configurational resolved allowing for evaluation of the individual covalencies.
interactions (Cl) of allowed parent final states with higher-lying It was established that the sulfide ligand is 2 times more
ligand field states of the same symmetry by electron repulsion covalent than the thiolate ligand. Covalencies are reported as a
(this is important for [FECl4]>~ and [Cd'Cl]*~ where 29 and  per bond property taking into account the occurrence of several
16% of the intensity is shifted into a higher-energy state, |igands of the same type in one molecule and the bridging mode

3D,

covalency=
Y S pd

®3)

I(L 1s— 3*) = a®I(L 1s— L 3p)

respectively, which contributes to the edge region rather than of the ligand.

the preedge), and (iii) preedge intensity is proportional to the
metal-ligand covalency. Thus, taking into account the first two
factors, the covalency of compounds with alt dlectron
configurations can be analyzed with ligand K-edge XAS. The
dipole strengttDo, which is the preedge intensity corrected for

(31) Rose Williams, K.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
Inorg. Chim. Actal997 263 315-321.

(32) Rose Williams, K.; Gamelin, D. R.; LaCroix, L. B.; Houser, R. P;
Tolman, W. B.; Mulder, T. C.; deVries, S.; Hedman, B.; Hodgson, K. O.;
Solomon, E. 1.J. Am. Chem. S0d.997 119 613-614.

(33) Rose, K.; Shadle, S. E.; Eidsness, M. K.; Kurtz, D. M., Jr; Scott,
R. A.; Hedman, B.; Hodgson, K. O.; Solomon, E.JI. Am. Chem. Soc.
1998 120, 10743-10747.

(34) Rose, K.; Shadle, S. E.; Glaser, T.; de Vries, S.; Cherepanow, A.;
Canters, G. W.; Hedman, B.; Hodgson, K. O.; Solomon, B. Am. Chem.
S0c.1999 121, 2353-2363.

(35) lzumi, Y.; Glaser, T.; Rose, K.; McMaster, J.; Basu, P.; Enemark,
J. H.; Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. Soc.
1999 121, 10035-10046.

(36) Neese, F.; Hedman, B.; Hodgson, K. O.; Solomon, Bokg. Chem.
1999 38, 4854-4860.

(37) Glaser, T.; Bertini, I.; Moura, J. J. G.; Hedman, B.; Hodgson, K.
O.; Solomon, E. |. Submitted for publication.

(38) Szilagyi, R., Glaser, T.; Holm, R. H.; Moura, J. J. G.; Bertini, |.;
Hedman, B.; Hodgson, K. O.; Solomon, E. |. Manuscript in preparation.

(39) From the experimental lack of shake-up satellites and calcul&tions
these ligand core transitions do not show significant electronic relaxation

Here, our ligand K-edge XAS studies on-F8 clusters are
extended to investigate the electronic structure of tetrameric
Fe—S model complexes. In comparison to the results on dimeric
Fe—S clusters, the differences in iron-ligand covalencies and
in effective nuclear charges on the iron centers are established.
A relationship, which describes the dependence of the super-
exchange coupling constant on the covalency of bridging ligand,
is derived and used to evaluate the change in superexchange
between the metal centers in dimeric and tetramerie $e
clusters. In conjunction with changes in double exchange and
vibronic coupling contributions, a quantitative description of
the localized mixed-valence ground state in the dimer and the
delocalized mixed-valence ground state of the dimer subsite in
the tetramer is obtained. This first application of the ligand
K-edge XAS methodology to tetrameric +8 clusters also
forms the basis for studies of the [[S5]%" state in HiPIP and
in the 4Fe ferredoxin to obtain insight into the H-bonding and
the ~1 V difference in their reduction potentiadéand of the
different oxidation states of the tetrameric models and protein
sites to define differences in covalency related to electronic
relaxation3®

effects on the intensity/covalency analysis. This is because the mechanism (40) Here we use the term covalency in the sense of the Mulliken, NBO,
of relaxation would involve valence charge compensation of the core hole or AIM spin density, where we probe this experimentally through edge
produced. This would require metal-to-ligand CT which is not an available transitions to the spin-down unoccupied counterparts of the occupied spin-
channel with donor ligands such as chloride, thiolate, and sulfide. up orbitals.
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Experimental Section

Sample Preparation. The model complexes [RR][FesS:-
(SEt)],** [EtaN]s[FesSu(Smes)],*? [EtsN][FesS«(SBz)),*3 [n-BusN],-
[FesSy(SPh)],**  [MesN][FesSe(SPh)], %> [n-BusN]z[FesS,Cly],*6
[Et:N]2[F&:S,Cla],*" [EtsN]o[Fe:Sex(SPh)],*® [EtaN]2[Fe(SPh)],*° and
[EtsN][Fe(SPh)]*° were prepared according to the referenced proce-
dures.

X-ray Absorption Spectroscopy MeasurementsXAS data were
measured at the Stanford Synchrotron Radiation Laboratory using the
54-pole wiggler beam line-62. Details of the experimental configu-
ration for low energy studies have been described in an earlier
publication®* The preparation of the K-edge XAS samples, details of

the measurement, data reduction, fitting procedure, and error source

and analysis follow the previously published prototof®

Electronic Structure Calculations. For the VBCI calculations, the
commercial software “Mathcad Professional” was used. Density
functional calculations were performed on IBM 3BT-RS/6000 work
stations and a SGI Origin 2000 using the Amsterdam Density Functional
(ADF) program version 2.0.1 and ADF 1999, respectively, developed
by Baerends et &5 A triple-¢ Slater-type orbital basis set (ADF basis
set IV) with a single polarization function at the local density
approximation of Vosko, Wilk, and Nuséfrand the nonlocal gradient
corrections of Beck® and Perdew were employed. Complete
coordinates of all models presented in the text are included in the
Supporting Information. The choice in bond distances and bond angles
followed the approach of Noodleman and co-workéfg:¢0 The
calculation on the binuclear F& clusters were performed in the broken
symmetry and high-spin stateThe geometry for the broken symmetry
state calculation was performed @,, whereas the geometry for the
high-spin calculation was symmetrized @, symmetry?® The
negatively charged molecules were charge neutralized by placing point
charges at a distance approximated by the position of the positive
counterion in the crystal structur€s.Comparison of calculations
performed with and without point charges gives only minor differences
in the MO coefficients and relative orbital energies.

(41) Hagen, K. S.; Watson, A. D.; Holm, R. B. Am. Chem. So4983
105 3905-3913.

(42) Zhou, J.; Scott, M. J.; Hu, Z. G.; Peng, G.; Mk, E.; Holm, R. H.
J. Am. Chem. S0d.992 114, 10843-10854.

(43) Averill, B. A.; Herskovitz, T.; Holm, R. H.; Ibers, J. A. Am. Chem.
Soc.1973 95, 3523-3534.

(44) Hagen, K. S.; Berg, J. M.; Holm, R. Hhorg. Chim. Actal98Q
45, L17-L18.

(45) Bobrik, M. A.; Laskowski, E. J.; Johnson, R. W.; Gillum, W. O;
Berg, J. M.; Hodgson, K. O.; Holm, R. Hnorg. Chem1978 17, 1402~
1410.

(46) Wong, G. B.; Bobrik, M. A.; Holm, R. Hinorg. Chem.1978 17,
578-584.

(47) Do, Y.; Simhon, E. D.; Holm, R. Hnorg. Chem1983 22, 3809-
3812.

(48) Reynolds, J. G.; Holm, R. Hnorg. Chem198Q 19, 3257-3260.

(49) Holah, D. G.; Coucouvanis, D.J.Am. Chem. So¢975 97, 6917
6919.

(50) Koch, S. A.; Maelia, L. E.; Millar, M. JJ. Am. Chem. S0d.983
105 5944-5945.

(51) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.;
Hodgson, K. 0J. Am. Chem. S0d.988 110, 3798-3805.

(52) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51.

(53) te Velde, G.; Baerends, E.Iat. J. Comput. Physl992 99, 84—
98.

(54) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200
1211.

(55) Becke, A. D.J. Chem. Phys1986 84, 4524-4529.

(56) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(57) Norman, J. G.; Ryan, P. B.; Noodleman,JLAm. Chem. Sod98Q
102 4279-4282.

(58) Noodleman, L.; Norman, J. G.; Osborne, J. H.; Aizman, A.; Case,
D. A. J. Am. Chem. S0d.985 107, 3418-3426.
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D. A. J. Am. Chem. S0d.994 116, 11898-11914.

(60) Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; NoodlemanJ.L.
Phys. Chem. A998 102 6311-6324.

(61) Noodleman, LJ. Chem. Physl981 74, 5737-5743.

(62) Atanasov, M.; Brunold, T. C.; Giel, H. U.; Daul, Clnorg. Chem.
1998 37, 4589-4602.
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Figure 1. Normalized S K-edge spectra of tetramericfclusters:
[n-BusN][FesSy(SPh)] (—), [PhPL[FesS«(SEt)] (— — —), [EtuN]=-
[FesSu(Smes)] (———- ), and [EtN][FesSs(SBz)] (-*).

Table 1. Energies and Intensities for S and Cl K-edge XAS
Spectra of Tetrameric Fe€S Clusters

thiolate

preedge preedge peak rising edge

energy intensit  energy inflection point
[FesSy(SPh)]>~ 2470.2 1.8G£0.06 2473.3 2472.5
[FesSi(SEty]>~  2470.3 1.96+0.07 24729 2472.2
[FesSy(SBzy]>~ 2470.3 1.72:0.09 2472.1 2471.7
[FesSy(Smes)]>~ 2470.2 1.72:0.08 2473.3 2472.4
[FesSe(SPh)]2~ 2470.6 0.94+ 0.03 2473.2 2472.5
[FesSiClg)?~ 2470.0 2.5#0.22 — 2474.2
[FesSiCly)?—© 2821.7 1.03+0.09 — 2825.4

a Preedge energies from maximum of the experimental datatal
preedge intensities after background subtractidrhiolate edge peak
energy from the experimental maximufRising edge inflection point
is obtained from the highest-energy maximum of the first derivative in
the rising-edge regiorf.Cl K-edge.

Results

The S K-edge XAS spectra of the tetramericfSclusters
[n-BusN]2[FesSu(SPh)], [PhuPllFesSy(SEt)], [EtaN]o[FesSs-
(Smes)], and [EuN][FesSa(SBz)] are shown in Figure 1. The
spectra consist of two regions, the edge region and the preedge
region. In the edge region-R472-2475 eV), the spectra exhibit
a peak of varying energy depending on the nature of the organic
group R (Table 1, third column). This transition is not assigned
to the preedge, because it also appears in the free ligands. The
origin of this transition can be derived from the comparison in
Figure 2 between the S K-edge spectra of complexes having
only sulfide S~ (solid lines) and of complexes having only
thiophenolates PhS(dashed lines) as a source of sulfur. The
compounds with sulfides only show a rising edge-2474 eV,
while the thiophenolate compounds all exhibit an intense edge
peak at lower energy~2472.2 eV), which is absent in the
sulfide spectra. This lower energy peak is also present in the
spectra of compounds with only benzylic or aliphatic thiolates.
Aliphatic edge features occur a2472.9 eV and benzylic edge
peaks occur to lower energy-a472.0 eV. These observations
lead to the assignment of the intense thiolate edge-features as
S 1s— o¢*(C—S) transitions. The energies and intensities
therefore strongly depend on the type of S bond present in
the thiolate. The presence of the thiolate S-ts¢*(C—S)
transition complicates the determination of the main edge-jump
position which is a measure of the ligand 1s binding energy.
However, the energy differences between the rising edge
inflection points of compounds with the same ligand are still a
good measure for the trends in the ligand core binding energies.
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Figure 2. Normalized S K-edge spectra of complexes containing only %
sulfides (solid lines) and only thiolates (dashed lines). The sulfide g 1oL
complexes are: nEBusN][FesS4Cly], [EtaN]2[Fe.S,Cl4], and CsFegand g
the thiolate complexes are: [M¥][FesSe(SPh)], [EtsN]j[FeSe- §
(SPh)], [EtN][Fe(SPh)], and [EtN][Fe(SPh)]. <
E
S o0s5f
In the preedge region, all spectra shown in Figure 1 exhibit
an intense preedge feature4470.2-2470.3 eV) with similar
overall intensity. This feature is the superposition of transitions 0.0 l ,
originating from the bridging sulfides and the terminal thiolates. '2465 2470 2475 2480
This is corroborated by the S K-edge XAS spectra of Energy / eV
[MesN]o[FesSe(SPh)] and [n-BusN]o[FesS«Cly] (Figure 3a). Figure 3. (a) Normalized S K-edge spectra of [Mé,[FesSe(SPh)]
The preedge feature of the selenide-substituted complex(—-—-—- ) showing only features due to terminal thiolates, and of

[MesN][FesSey(SPh)], which contains only terminal thiolate  [n-BuN];[FesSCly] (— — —) showing only features due to bridging
sulfurs, is at 2470.6 eV, whereas the preedge feature of thesulfides. The addition of these S K-edge spectra-j models well
chloride-substituted complex{BusN],[FesS4Cls], which con- the S K-edge spectrum afiBuN];[FesSy(SPh)] (+++), containing both
tains only bridging sulfides, is at 2470.0 eV (Table 1, first terminal thiolates and bridging sulfides. The renormalized addition

: . spectrum was obtained by adding 4/8 of the normalized S K-edge
column). The appropriately renormaliZ8cum of these two spectrum of f-BuNJ,Fe:S:Clq and 4/8 of the normalized S K-edge

spectra models very well the.S K-edge spectrurmeB{N]2- spectrum of [MeN][FesSe(SPh)]. (b) Normalized S K-edge spectrum
[FesS4(SPh)], which has contributions from both types of sulfur [ELN]J[F&:S,(SPh)] (adapted from ref 34) demonstrating the
ligands (dotted line in Figure 3a). The energy separation betweengecreased energy separation of the preedge features of thiolate and
the sulfide and the thiolate preedge transitions reflects the lowersulfide in the 4Fe-4S tetramer as compared to that of the 2B6

core binding energy (lower effective nuclear charge) of the dimer.

sulfide ligand. Comparison to the S K-edge spectrum of the
dimeric Fe-S cluster [EfN]2[Fe;S,(SPh)]34 (Figure 3b) shows

a larger energy splitting of the transitions for the dimer (1.2
eV) than for the tetramer (0.7 eV). This decreased energy

separation in the tetramer is mainly due to a 0.6 eV shift of the . hich . I ved. Th h
sulfide preedge feature to higher energy, whereas the thiolatelfansitions, which are not experimentally resolved. Thus, the
Voigt lines do not represent single transitions but the overall

eak energy is essentially unchanged. The trend in the preedge! . ” . o
P %y y d P g?me shape due to multiple unresolved transitions. The intensities

energies of the complexes with terminal chloride ligands is biained in thi din Table 1. The i "
consistent with that observed for the complexes with terminal obtained in this way are reported in Table 1. The intensities

thiolate ligands (Figure S1, Supporting Information). The ClI tg)ly(;ar! for t|?'?1 compou?ds W'tq gc.)trt' t.erdmllr(ljal :hlola;tgbs tand
K-edge spectrum offBusN]s[FesSiCla] exhibits only a small drl gtln?hsg ides areI nc(Ji sepadra ef |nto individual contributions
shift of 0.2 eV in the preedge energy compared to that of ue to their unresolved preedge teatures.

[EtN][FeSCly].

The intensities of the preedge features were determined by
peak fitting in order to calculate the covalencies. There are two 14 nderstand the localization of the excess electron in the
modifications to the preedge fitting procedure relative to earlier yived-valence dimeric FeS clusters as compared to the

i i 9-31,34 i i - . . . .
publications®™%:3% An experimental estimate for the back- gelocalization of the excess electron over a pair of iron centers
ground of the rising edge was obtained from spectra of free jn the tetrameric Fe$ clusters, a quantitative comparison of
ligands and from [MA(S—Ph-2-Ph)]>", in which the preedge  the honding interactions between the iron sites was performed
is shifted into the edge due to its low effective nuclear chétge. using ligand K-edge XAS. The dimerization of two dimers to
These experimental estimates for the background result in morefom 5 tetramer, with loss of one thiolate per iron, changes the
accurate values for the preedge intensities with less error from are of the bridging ligand from ap-bridging sulfide to a

(63) Renormalization is defined as: ligand preedge intensity of one u3-bridging sulfide (Scheme 2). The comparison of the previ-
transition multiplied by the total number of absorbers in the molecule divided ously measured [F&S;]2+ dimers and the preedge of the
by the number of ligand atoms contributing to the respective preedge [Fe25,S4)2 clusters experimentally determined here (Figure 4)
transition. This procedure yields the preedge intensity per absorbing atom. is not straightforward because two properties of the cluster have

For a bridging atom, this renormalized intensity has to be divided by the ! VS PTUL >
number of bound metals to obtain the intensity per bond. changed:i) the nature of the bridging ligang{ to «3), andii)

the fitting procedure. Additionally, the line widths of the Voigt
lines (1:1 ratio) were allowed to float independently, because
the preedge of ferric and ferrous complexes consists of several

Analysis
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Scheme 2 T T T T T T L
RS\ SR 12 o = Egtimated Spectra -
--=S.,
2 RS\Fe;' i - — FT:sﬁFe %‘ o & [Fe*,S,Clyf®
e’ ST Nen 4RS sl £ os| [Fe*%,8,01" /
Rd g 06 |
[2Fe-28] [4Fe-48] 5 0.4 |
the oxidation state (localized diferric to a delocalized Z=eib- 02 -
dimer). The appropriate comparison for the interactions between \ “
the metal sites in the dimer and the tetramer would be with a 00818 2810 2820 2821 2822 2823 2824 2825 2826
delocalized dimeric unit P&,, as the only change on going Energy / eV
from the dimer to the tetramer would be the bridging mode of T T T T T
the sulfide. In section | of this Analysis, the derivation of the 12 - 7
transition energies and intensities of the ligand K-edge spectra £ 4ol b) i
of the hypothetical mixed-valence delocalized dime?fFaX 43~ g 25 "
(X = CI-, RS") unit is described and the covalencies of its ~ § qg L T +Se«(SPhdl i
ligands are compared to those of the delocalized dimer subsite ;
in the mixed-valence tetramer. In section I, the dependence of & 08 -
the phenomenological superexchange coupling constamt E
the covalency of the bridging ligand determined in section | is 2 04r ]
derived. 02 1 / - i
I. Quantitative Comparison between 4Fe-4S and 2Fe- 5,4’
2S. The principal strategy used to determine the properties 0.0 SRS Rl L=
(transition energies and intensities) of a hypothetical mixed- 2467 2488 2469 2‘;(;“/2:\7,1 2472 2473 2474
valence delocalized dimer [F&S,X4]3" is to first derive the
properties of a hypothetical diferrous dimer and then to average i i ' T = Bt y ]
the properties of the hypothetical diferrous and the measured . 12 Estimated Spectra
diferric complexes. This latter approach treats the properties of £ 1.0 c) [Fe**,8,Cl™ -
a fully delocalized dimer as the mean of the properties of the gz
ferrous and the ferric sit®. The properties of the hypothetical <808 [Fe?%,5,Cly*
diferrous unit are estimated on the basis of experimentally EE 06
determined chemical shifts from spectra of monomeric ferrous 85 | W
and ferric compounds and of the-sulfide-bridged diferric 5 04 | i
complex. The energies of the diferrous dimer are based on the < ]
energies of the ferrous monomer, which are corrected for the 02 g A S S
effect of replacing two terminal ligands with tweo-bridging
sulfides. The experimentally observed energy shift on going 0'% 2468 2469 2470 2471 2472 2473 2474
from the ferric monomer complex to the ferric dimer complex Energy / eV

gives an estimate for this correction (Scheme 3). The transition Figure 4. Chemical shifts observed in the preedge spectra efFe
intensity of the hypothetical diferrous dimer is based on the compounds: (a) chlorides, (b) thiolates, and (c) sulfides. (a) Comparison
intensity of the diferric compound which is scaled by the ratio of normalized measured Cl K-edge spectra of/{gtFe" Cl4] (solid,

of the intensities of the monomeric ferrous and ferric compounds 1), [EuN].[Fe'Cly] (dashed, 3), [BN].[Fe">S,Cls] (dotted, 2), [EiN].-

to account for the change in oxidation state. For derivation of [F€*%SCly] (bold solid), and estimated preedges ofi&;Cl]*" (grey

the properties of the bridging sulfide ligand in the diferrous SOlid) and [F&:S,CL]*" (grey dashed, 4). (b) Comparison of normalized
dimer, the spectral data of the 'Fesulfide bond in reduced ~ Measured S K-edge spectra of Ji#fFe” (SPh)] (solid, 1), [EtN]-

. [F€'(SPh)] (dashed, 3, representative fit to the preedge \NEfFe" »-
ferredoxin are usetP. These data are corrected for the presence Se(SPh)] (dotted, 2), [MaNJ.[Fe*5Sa(SPh)] (bold solid), and

of the adjacent ferric site in reduced ferredoxin. _ estimated preedges of [FeSe(SPh)]*~ (grey solid) and [F&Se-
Most of the values that are needed to define the hypothetical (spnyj+- (grey dashed, 4). (c) Comparison between the normalized
diferrous dimer are available from measured data. Some featuresneasured S K-edge spectra of fEL[Fe",S;Cly] (dotted, 1) and
have been estimated from density functional calculations; [Et,N]j[Fe*%S4Cls (bold solid) and the estimated preedges of
however, it should be emphasized that these calculations havdFe?*%S;Cl,J*~ (grey solid) and [F&S,Clj]* (grey dashed, 2). The
only been used-to-establish ratios, which have been evaluatedoreedge feature of the Fesulfide from reduced Fdl is included
by comparison with experiment. First the properties of the (dashed-dotted, 3) as referentiote that the intensity plotted is on a

terminal chloride and thiolate ligands are analyzed and then theper-bond basisTo p_rovide a fair visual comparison, a linear background
properties of the bridging sulfides. is added to the estimated peaks and the peak of Fdl. Note also that the

A. Terminal Ligands: Chlorides and Thiolates. This measured preedge feature of the terminal chloride and thiolate ligands

ion d ibes h h di . fh d in the delocalized mixed-valence tetramemisreintense and at lower
section describes how the energy and intensity of the K preedgegpergy than that of the hypothetical delocalized mixed-valence dimer,

features of the terminal ligands for a hypothetical delocalized \yhereas the measured preedge feature resulting from the bridging
(64) Perfe-Fauvet, M.; Gaudemer, A.; Bonvoisin, J.; Girerd, J.-J.; Sulfideligands in the delocalized mixed-valence tetramessisintense

Boucly-Goester, C.; Boucly, Rnorg. Chem.1989 28, 3533-3538. than that of the hypothetical delocalized mixed-valence dimer.

(65) Anxolabéere-Mallart, E.; Glaser, T.; Frank, P.; Hedman, B.; . . 3 _ _
Aliverti, A.; Zanetti, G.; Hodgson, K. O.. Solomon, E. I. Manuscript in ~ Mixed-valence dimer [P&SX4*" (X = CI7, RS’) were

preparation. derived. These properties are the average of those of the ferric
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Scheme 3 chloride complexes and adding the result to the observed rising
edge inflection point of [PECI4]?~ gives a rising edge inflection
------------------------------------------------------ point for the hypothetical diferrous dimer [E&,Cls4" of

Felys, . estimated binding energy 2824.8 eV (Table 2). ) _
. ) An analogous approach was used to obtain the relative
A times scaling factor d-manifold binding energy of the hypothetical diferrous dimer
Fé' ™ experimentally observed [F€'2,S,Cly]#~. Starting from the relative d-manifold binding

energy of the ferrous monomer [Rel4]2~ and adding the shift

Binding Energy

Fe'“_282_ in d-manifold binding energy on going from €l to
A = experimentally observed [FE",S,Cly)?~ (scaled down by the ferrous-to-ferric energy shift
ferric shift ratio) leads to the relative d-manifold binding energy of
P [F€',S,Cl4]4~. The energy shift in the ferric chlorides is 1.2 eV

v (Table 2) due to the increased total charge donation in the dimer
. (quantified by 166% total covalency in the dirfeand 86% in

[FE"2S:X4]? and the ferrous [F&SXq]*" dimers® The the monome®). Scaling by 0.57 gives the ferrous shift, which

preedge of the ferric dimer is experimentally observed (Figure s added to the relative d-manifold binding energy of![Eg]?~

4a and b, dotted spectra), while the energy and then the intensityto give a binding energy for the hypothetical [F8,Cl4]*~ of

of the diferrous dimer is estimated as described below. 1.2 eV. The preedge energy of the hypothetical gSeCl]4~

~ The preedge energy is the difference between the rising edges then the difference of the rising edge inflection point and the

inflection point and the relative d-manifold binding enef§y.  relative d-manifold binding energy. This gives a value of 2823.6

The determination of the rising edge inflection point for the gy 69

hypothetical diferrous dimer [gS,Cly]*~ is based on the The analogous procedure for the terminal thiolate ligands of

experimentally determined rising edge inflection point of the hypothetical dimer [FeSe(SPh)]4~ using the ferrous

[Fe”CI4]2‘ (Table 2) This energy has to be corrected for the monomer [Fé(sph)]z—’ the ferric monomer [Ffé(sph)l]—, and

change in the ligand environment, i.e. substituting two chlorides the ferric dimer [F&,Se(SPh)]2~ gives the rising edge

in [Fe'Cly]> by two uz-bridging sulfides to give [FeS,Cls]*". inflection point of [Fd,Se(SPh)]4~ at 2472.8 eV and the
The correction is based on the experimentally observed energyd-manifold binding energy at 1.1 eV. The difference between
shift in the rising edge inflection point on going from [Fels]~ these two values gives the energy of the preedge in the

to [F€"25Cly)?", which has the same change in the ligand nypothetical ferrous dimer [HgSe(SPh)]4~ at 2471.7 eV
sphere. The rising edge inflection point of [F£5,Cl4]? is 0.4 (Table 3).

eV lower in energy (Table 2. The energy shift on going from The next step is the determination of the preedge intensity
the ferrous monomer to the ferrous dimer is smaller, becauseof the hypothetical ferrous dimer [E£5,Cls]4~ based on the
less char_ge compensation is egpected in the more elec_tro_n-rlcr}neasured intensity of the ferric dimer [IE£5,Cl4]2~. To account
ferrous sites. To account for this decreased energy shift in thefor the change in oxidation state, this intensity was scaled by

ferrous compounds, density functional calculations for the the experimental ferrous-to-ferric intensity ratio which was
thiolate complexes were used to determine a scaling factor for gptained from the ClI K-edge spectra of [®¥,]2~ and

the ferrous relative to the ferric energy shifts (Scheme 3). The [FellCl,]~ (Table 2). To calculate this intensity ratio the dipole
organic group in the thiolate compounds provides an internal strength for [FECl,]2~ must be used. The dipole strength already
energy reference which is not available in the chloride com- includes the correction for preedge intensity shifted to higher
pounds. This proceduf&gives a scaling factor for ferrous-to- energy by CI mixing (vide suprd}.Using dipole strengths of
ferric energy shifts of 0.57. Applying this factor to the energy (.60 for [FéCl,2~ and 1.51 for [FECl,~ gives an experi-
difference of the rising edge inflection points for the ferric mental ferrous-to-ferric ratio of 0.40. Applying this experimental

. ) P .
(66) Note that the energy of the edge, which is the onset of transitions "atio t0 the dipole strength of [MeS,Cl,]*" gives an estimate

into the continuum, is not experimentally defined because it is not resolved for the dipole strength of [FeS,Cls]4~ of 0.43. Because the

but masked by other transitions. The best estimate is the highest enel’gyferrous monomer |Oses some preedge intensity by Cl mixing

maximum in the first derivative since the edge-transitions are at lower energy . . . .
and do not contribute significantly to the first derivative. However, by using into higher multiplet states, the dipole strength of the ferrous

the same reference point (the rising edge inflection point) differences dimer has to be corrected for this intensity shifted to higher
between binding energies are absolute. energy. Using the same correction factor as in the monomer

(67) This energy difference is an estimate for the difference in Cl 1s . ; ; 4—
binding energies for these two complexes. The stronger sulfide donors IeaderIdS a preedge intensity of 0.30 for EESQCI“] . An

to less charge donation from the remaining chloride ligands. This is _estima}ted preedge_ for [F£5,Clg]*~ at 2823_-6 e_‘V with an
quantified by the decrease in Cl covalency from 22% in the monomer to intensity of 0.30 is included as spectrum 4 in Figure 4a.
15% in the dimef* The reduced charge donation of the chloride ligands The preedge dipole strength of the terminal thiolate ligands

{ﬁgdrseg(ljjéaelgvg?nrd(ierf]fg(;tlr:/:rg;clear charge on the chlorides and therefore to of the hypothetical ferrous dimer [ESe(SPh)]4~ is based

(68) The ferrous-to-ferric energy shift ratio was determined by using the on the measured dipole strengths of the ferric dimel' jSe-
calculated electronic structures of [fR8Me)]2~, [F€" (SMe)]~, [F€'2S,-
(SMe)],* and [Fé',S,(SMe)]?~. By using a C-H bond of the methyl-
thiolate as internal energy reference, the relative d-orbital energies were d-orbital energy of 0.512 eV. For the analogous ferrous complexes, this
determined and converted to a ferrous-to-ferric energy shift ratio. The energy shift is 0.293 eV. The ratio of these two values (0.57) is the ratio of the
level diagrams of the unoccupied spin-down rd-orbitals and one of ferrous-to-ferric energy difference shift associated with substitution of two
the C—H bonds for these complexes are shown in Figure S2. An averaged terminal ligands by twa:,-bridging sulfides.
d-orbital energy (unoccupied spin-down) is calculated for each complex  (69) It should be noted that the preedge energy of the diferrous dimer
by weighting each d-orbital energy with its thiolate MO character. The [Fe',S,Cls]4~ could equivalently be calculated by adding to the preedge
energy difference between this weighted energy and the energy of the energy of the ferrous monomer [R&l;]2~ the difference of the preedge
internal G-H bond vyields the following thiolate-contribution weighted energies of ferric dimer [F&,S,Cl4]2~ and the ferric monomer [HECI4]~

d-orbital energies: 7.654 eV in [[t¢SMe)] ~, 8.166 eV in [F&,S(SMe))?, rescaled by the ferrous-to-ferric energy shift ratio.
8.450 eV in [F&(SMe)]2~, and 8.743 eV in [P&S,(SMe)].4~ Substitution (70) Note that the computation of the dipole strengih)(from the
of two thiolates by twauo-bridging sulfides, i.e. on going from [E¢SMe),] observed preedge intensity and the configuration interaction correction factor

to [Fe',S,(SMe))2-, leads to a shift in the thiolate contribution weighted in Table 8 of ref 30 was incorrect. The correct dipole strength is 0.604.
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Table 2. Analysis of the Cl K-edges of FeS Clusters and Relevant Reference Compounds

rising edge preedge relative d-manifold preedge Cl-mixing dipole

inflection poing energy energy shift intensity factoe strengthDo covalency
[FE'Cly~ 2826.0 2820.8 5.2 1.514+ 0.07 1f 1.514 0.07 22+ 1%
[F'Cly)> 2825.0 2823.1 1.9 0.43+ 0.04 1/0.707 0.60+ 0.08 9+ 1%
[FE"2S,Cla?™ 2825.6 2821.6 4.0 1.0%0.09 1 1.07+£ 0.09 154+ 1%
[Fe?54S4Cla]?~ 2825.4 2821.8 3.6 1.08 0.09 1 1.03t 0.09 15+ 1%
[FE'2SCly)4 P 2824.8 2823.6 1.2 0.30 1/0.707 0.43 6%
[FE2%S,ClyJ3- 1 2825.2 2822.6 2.6 0.75 1 0.75 11%

2 |nflection point reported is the highest-energy feature in the first derivative in the rising edge reBieedge energy given here is from fitting
the data with several transitions. When more than one peak per transition is used to model the overall peak shape, the intensity-weighted average
energy is given¢ Calculated from the difference of the rising edge inflection point and the intensity-weighted preedge peak energy. Note that the
given d-manifold shift is not an absolute number and can only be compared for the same ligemidsactor accounts for the preedge intensity,
which is shifted to higher energy by CI mixing with higher-lying states of the same symmetry as the electric-dipole allowed firfél S@oeslency
is calculated using eq 3 and usiBgs-[Cu"Cls]2~ as reference (see text). The covalencies reported here are per-fgetatl bond.! From ref 30.
9 Note that there is an error in the computation of this value in Table 8 of ref Bérivation of the values for this hypothetical ferrous dimer is
given in the text! Values of the hypothetical delocalized mixed-valence dimer are the mean values of the ferric and ferrous dimers (see text).

Table 3. Analysis of the S K-edges of F&s Clusters Containing Only Thiolate Sulfur and Relevant Reference Compounds

rising edge preedge relative d-manifold preedge Cl-mixing dipole
inflection point energy energy shift intensity factod strengthDo covalency

[FE"(SPh)]~ 2472.6 2470.2 2.4 1.08 0.05 1 1.03t 0.05 38+ 2%
[Fe'(SPh)]>~ 2472.7 2471.4 1.3 0.39 1/0.700 0.55 21%
[Fe",Se(SPh)]?~ 2472.7 2470.7 2.0 0.86 0.05 1 0.86+ 0.05 32+ 2%
[Fe?5Se(SPh)]?~ 2472.5 2470.8 1.7 0.94 0.04 1 0.94+ 0.04 35+ 2%
[Fe'.Se(SPh)y]*f 2472.8 2471.7 1.1 0.32 1/0.700 0.46 17%
[Fe?%,Se(SPh)]3—9 2472.7 2471.1 1.6 0.66 1 0.66 25%

a|nflection point reported is the highest-energy feature in the first derivative in the rising edge regreedge energy given here is obtained
by fitting the data with several transitions. When more than one peak per transition is used to model the overall peak shape, the intensity-weighted
average energy is givefACalculated from the difference of the rising edge inflection point and the intensity-weighted preedge peak energy. Note
that the given d-manifold shift is not an absolute number and can only be compared with that for the same ligand (here: thioph&hidate).
factor takes into account the preedge intensity which is shifted to higher energy by configuration interactions with higher-lying states of the same
symmetry as those of the electric-dipole allowed final stft€ovalency is calculated using eq 3 and using the blue copper protein plastocyanin
as reference (see text). The covalencies reported here are perligetatl bond. Derivation of the values for this hypothetical ferrous dimer is
given in the text9 Values of the hypothetical delocalized mixed-valence dimer are the mean values of the ferric and ferrous dimers (see text).

(SPh)]2~, which has to be corrected for the change in oxidation intensity of 0.39 are included in Figure 4b, spectra 4 and 3,
state. The use of an experimental ferrous-to-ferric intensity ratio respectively.

is hindered by lack of a well-determined preedge intensity in  Having established the properties of the hypothetical diferrous
the ferrous monomer [EESPh)]2~. Thus, the calculated ferrous-  dimer, these values were then used in combination with the
to-ferric covalency ratio of 0.54 obtained from density functional experimental energy and intensity values for the diferric
calculations on [P&(SMe)]~ and [Fé(SMe)]? is used? compounds to estimate the properties of the hypothetical
Scaling the dipole strength of the ferric dimer with this ferrous- delocalized mixed valence dimer. Averaging the diferrous and
to-ferric ratio gives a dipole strength of 0.46 for the ferrous diferric chloride (thiolate) values gives a rising edge inflection
dimer [Fé';Se(SPh)]4~. Using the same ferrous-to-ferric  point of 2825.2 eV (2472.7 eV) and a relative d-manifold
intensity ratio, a dipole strength of 0.55 is estimated for the binding energy of 2.6 eV (1.6 eV). The difference in these values
ferrous monomer [FESPh)]2~. The dipole strengths are lead to the preedge energy of 2822.6 eV (2471.1 eV).
converted into preedge intensities of 0.32 for the ferrous dimer Analogously, the dipole strength for the mixed valence dimer
and 0.39 for the ferrous monomer using a Cl mixing correction Was determined as 0.75 (1.6).

factor of 0.700°2 Estimated preedge peaks for the ferrous dimer ~ The dipole strengths of the mixed valence tetramer and dimer
[F',Se(SPh)]4~ at 2471.7 eV with an intensity of 0.32 and €an be converted into covalencies by using €8 Dhis yields

the ferrous monomer [HéSPh)]2~ at 2471.5 eV with an & covalency per Pé—Cl (Fe5-SR) bond of 15% (35%) in
the tetramer versus 11% (25%) in the hypothetical dimer. Thus,
(71) The density functional calculations of [i¢SMe)]~ and [Fé- the F&5—Cl (Fe#5—SR) bond is 37% (40%) more covalent in
(SMe)]*" give covalencies of 32.2 and 17.4%, respectively, compared to the tetramer than in the dimer. The results of this analysis are
the experimental covalency of [[¢SPh)]~ of 38%. Considering the
chloride monomers, the calculated covalency of'[E&]~ is 31.9% and (73) Gebhard, M. S.; Koch, S. A.; Millar, M.; Devlin, F. J.; Stephens,
of [FE'Cly)? is 12.4% while the measured values are 22 and 9%, P.J.; Solomon, E. J. Am. Chem. S0d.991, 113 1640-1649.
respectively. This shows that these density functional calculations overes-  (74) Karpishin, T. B.; Gebhard, M. S.; Solomon, E. |.; Raymond, K. N.
timate the covalency of the F&Cl bond while slightly underestimate the ~ J. Am. Chem. Sod.991 113 2977-2984.
covalency of the FeSR bond. The same trend was observed for@b (75) To convert preedge intensity into covalency the possibility of ClI
and Mo-SR covalencies in a previous stufyHowever, the calculated mixing with higher lying states in the mixed-valence states has to be
ferrous-to-ferric covalency ratio of 0.39 for the chlorides is identical to the considered. Since there is no Cl mixing with higher lying states in the
one found experimentally (0.40). This supports the use of density functional diferric [Fe";S,Cls]?~, the comparison of the preedge features of the mixed-

calculations to estimate the ferrous-to-ferric covalency ratio. valence tetramer [P€,S4Cl4]?~ and the diferric dimer [F&,S,Cls)2~ gives

(72) In analogy to the determination of the rescaling factor for preedge an experimental measure of whether preedge intensity is shifted to the higher
intensity shifted to higher energy by CI mixing for [R&ls]%~,% this factor energy region in the mixed-valence tetramer. Overlaying the preedge peaks
was determined for [F¢SPh)]2~. Using theDq of [Fe/'(S-2-Ph-Phj]2~ 73 of these two compounds shows the same overall shape of these preedge
scaled down by 60% for the excited sfdté210 cn1?), the free ion B of features. Also, there is no additional higher-energy feature observable due

Fé (722 cn1), and areit; covalency ratio of 0.625 (obtained from density  to a higher lying state, which gains intensity through CI mixing with one
functional calculations on [PF§SMe)] ") gives a correction factor for the of the parent excited states. Thus, no such effect is observed in the tetramers
intensity shifted to higher energy of 0.700. as expected for the delocalized mixed-valence dimer.
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Table 4. Analysis of the S K-edges of Sulfide-Containing-F& Clusters

rising edge preedge relative d-manifold  preedge  Cl-mixing no. of metals dipole
inflection poin®  energy energy shift intensity factort bound to sulfide strengthD, covalency
[Fe",S,Clg)> 2474.0 2469.5 4.5 2.96 0.10 1 2 1.48t 0.05 68+ 2%
[Fe%S4Clg) >~ 2474.2 2470.1 4.1 2.5%0.18 1 3 0.86£ 0.06 39+ 3%
[FE'.S,Cly 4 2470.7 1.06 1/0.700 2 0.76 35%
[Fe?5,S,Cly]3~ 9 2470.1 2.24 1 2 1.12 51%

2 Inflection point reported is the highest-energy feature in the first derivative in the rising edge reBieedge energy given here is from fitting
the data with several transitions. When more than one peak per transition is used to model the overall peak shape, the intensity-weighted average
energy is given¢ Calculated from the difference of the rising edge inflection point and the intensity-weighted preedge peak energy. Note that the
given d-manifold shift is not an absolute number and can only be compared with that for the same figduigi$actor accounts for the preedge
intensity which is shifted to higher energy by configuration interactions with higher-lying states of the same symmetry as that of the eléztric-dipo
allowed final states® Covalency is calculated by using eq 3 and CsEeas reference (see text). The covalencies reported here are per-metal
ligand bond. Derivation of the values for this hypothetical ferrous dimer is given in the fexalues of the hypothetical delocalized mixed-
valence dimer are the mean values of the ferric and ferrous dimers (see text).

summarized in Tables 2 and 3. To illustrate these results, theand leads to a correction factor of 1.06. This yields a preedge
estimated transition energies and intensities of the hypotheticalintensity for the hypothetical diferrous unit of 0.76. An estimated
dimers are included in Figure 4a and b using a Voigt line-shape. preedge peak for [FeS,Cl4]*~ at 2470.7 eV with an intensity

B. Bridging Ligand: Sulfides. In this section the SK of 0.76 is added to Figure 4c as peak 2. This intensity value is
preedge properties of the hypothetical delocalized mixed valencea lower limit for the reduced dimer model because H-bonding
dimer [F&5S,Cl,)3~ are estimated. As for the chloride and in reduced Fdl decreases the covalency of the bridging siffide.
thiolate preedges, the properties of the mixed valence dimer The preedge feature of the hypothetical delocalized mixed
were calculated as the average of the diferrid/[f%Cl,)2~ and valence dimer [F&>S,Cly]®" is obtained by averaging the
diferrous [F#,S,Cl4]4~ values. For the ferric dimer, the preedge preedge energies and intensities of the measured ferric and the
intensity and the binding energies are taken from the measuredestimated ferrous dimer. This yields a preedge peak at 2470.1
spectrum, whereas the diferrous dimer has to be estimated. IneV with an intensity of 1.12 (again as a lower limit), which is
contrast to the treatment of the thiolates and the chlorides, given in Figure 4c.
measured data are available for thé Fsulfide unit in a dimer The estimated intensity of the hypothetical delocalized mixed-
from S K-edge spectra of reduced spinach Ferrodoxin | (#dl). valence dimer [F&%S,Cls]*~ and the measured intensity of the
Here, the Fé—sulfide peak does not overlap with the rising mixed-valence tetramer [F&S,Cl,]*" lead to Fé—sulfide
edge due to the decreased effective nuclear charge of the sulfidecovalencies per bond of 51 and 39%, respectivelfhis
ligand as compared to the thiolate ligand. The flat preedge analysis is summarized in Table 4 and included in Figure 4c.
feature allows for deconvolution of the several transitiérEhe Il. Covalency Dependence of Superexchangeln the
preedge energy and intensity of this localized mixed valence following, an approximate relationship between the phenom-
dimer are corrected for the presence of the adjacent ferric site€nological superexchange coupling consteamd the covalency
to derive the properties of a diferrous site as described below. Of the metal ions with the bridging ligand is obtained. The

The estimation of the preedge energy of 'FRCl]* is measured covalency difference can then be used to estimate

based on the Pe-sulfide preedge peak of the reduced Fe' the difference in the exchange coupling constants, which is
form of Fdl at 2470.8 eV. This energy has to be corrected for needed to evaluate the different contributions to the delocal-
the adjacent ferric site. This energy shift is estimated from the 1Zation behavior in the mixed-valence dimer and the tetramer.
experimental energy shift of the Fe-sulfide preedge of Fdl A §|mple perturbation approach is used, \;\éhlch is then tested
when the adjacent iron site is reduced froni'Fe Fd', that is, using the VBCI model for superexchange: _

going from the oxidized FéFe" to the reduced FeFe! form. _ The simple model consists _of a Ilne_ar system with two metal
This energy shift is scaled down by the ferrous-to-ferric energy Sit€s, Mx and Mg, and one bridging ligand. The metals have
shift ratio (0.579) to obtain the ferrous energy shift when the ©one d-orbital each, and the ligand, one p-orbital)X (Figure
adjacent iron center gets reduced. Th# Feulfide preedge at ) Two symmetry-adapted wave functions of the metal d-
2469.7 eV in the diferric form shifts by only 0.2 eV to 2469.5 Orbitals are constructedgland |ulJ The geradecombination

eV in the localized mixed valence form, mainly due to the C&nnot interact with the ligand orbital and thus forms a
decrease in effective nuclear charge of the sulfide. This Nonbonding molecular orbital. Thengerade combination

procedure gives a preedge energy for the hypothetical ferrousinteracts with the ligand orbital creating a bonding molecular
dimer at 2470.7 eV. orbital, |L[8, with mainly ligand character and an antibonding

molecular orbital,|ul®, with mainly d-orbital character. From

The intensity of the preedge peak of the ferrous dimer is based perturbation theoryjul® can be written as

on the experimental Me-S preedge intensity of Fdl. This
intensity has to be renormaliz&€dand corrected for intensity H
shifted to higher energy by CI mixing. The redistribution factor — ML

: ) . ; L u¥ = |ud— ILO 4)
of 0.700 derived for ferrous thiolate is used. This approximation A
should be very good as the CI mixing correction factor does
not change significantly on going from chloride (0.707) to The covalency oful® is thus HuL/A)?. The energy difference
thiolate ligation (0.700). This procedure gives a preedge intensity (76) Tuczek, F.; Solomon, E. Inorg. Chem 1993 32, 28502862

of 0.72 per Fé—sulfide bond. The intensity is expected to (77) Tuczek, F.; Solomon, E. 0. Am. Chem. S0d.994 116, 6916~
increase when the adjacent ferric ion is reduced. To account6924.

for this effect, the covalency change of the! Fsulfide bond (78) Solomon, E. I.; Tuczek, F.; Root, D. E.; Brown, C.@hem. Re.
: FeIS(SMeM® 1o [FehS(SMeM* i 1994 94, 827-856. _ .
on going from [FE'Fe'S,(SMe)]®~ to [Fe'2S(SMe), S (79) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Edrg.

evaluated by density functional calculations. The effect is small Chem.1995 34, 688-717.
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MMCT. Additionally, double ligand CT states, DCT, are
included. The DCT and MMCT states couple through the LMCT
with the ground state and are thus mixed into the ground state
il despite their high energy.
Covalency is introduced in the VBCI model by the amount
of CI mixing of the LMCT into the VB ground state. To test
Figure 5. Model for the dependence of the superexchange coupling the general applicability of eq 7, a VBCI calculation of the two
Consé‘.'"mtf’” Covf‘lem)g Thstolrt;'tal basr']s ﬁcotT]S'S_tstOf S{_mmet“’t""}d"’_‘ftedcoeﬁicients in Figure 5 were performed. The valueJofias
compinations or one a-orpital Tor eacn o € Interacting metal sites . . .
and one p-orbital for the bridging ligand. The energy chaﬁge and wave calculated from the difference of the t!'lplet and singlet VB
functions are given by perturbation theory. ground states. The covalency was obtglneo! from the square of
the contribution of the LMCT configurations in the eigenvector
of the ground state after full matrix diagonalization. The
between the mainly d-orbitals is the energy of destabilization calculated coupling constant is plotted against the covalency in

energy

|Ls°

of |Jul¥, which in second order is given by Figure S3a (Supporting Information). The resulting graph
demonstrates the quadratic dependencé af the covalency
HZ,\,IL as expected from eq 7. Th¥? dependence of was tested by
AE=E, - K= A ®) varying the energy of the LMCT state and plottifigovalency

againstA. The resulting graph (Figure S3b) shows the quadratic
From Hay, Thibeault, and Hoffmarfi, the superexchange dependence as predicted by eq 7.
coupling constant is proportional to the square of this energy .
difference (eq 6). Discussion

I. The Concept of Spectator Ligands.S K-edge spectra
show that terminal ligands in F€S clusters can be used as
L ) ) spectator ligands for the electron density at the metal center
Combining these equations gives when other ligands of the metal centers are changed. Scheme 4

4 illustrates this concept for terminal thiolate ligands where the
numbers refer to the He-thiolate covalency per bond obtained
by S K-edge XAS. The substitution of two terminal thiolates
in [F€""(SPh)]~ with two uy-bridging sulfides leads to the
The magnitude of superexchange is thus proportional to the [F€"'2S;(SPh)]?~ dimer. Sulfides are stronger charge donors
square of the covalency of the mainly metal d-derived molecular than thiolates, which is consistent with previous S K-edge
orbital. The covalency is also modulated by the square of the studie$* and chemical intuition. The stronger charge donation
energy difference of the metal and ligand orbitals before of the two sulfides in the dimer as compared to the two thiolates
interaction. It should be noted that this simple model is valid in the monomer increases the charge density at the ibe.
as long as there is no significant change in the bridging angle. Thus, from charge neutrality the remaining two thiolates donate

In the VBCI model for superexchange, the stabilization/ less charge in the dimer (30% relative to 38% in the monomer).
destabilization of the different spin states is achieved by They serve as spectator ligands for the electron density at the
configurational interaction of a simple valence bond, localized metal center. Another example, where bridging sulfides are used
ground-state configuration with higher-lying charge transfer as spectator ligands, is shown in Scheme 5. In this case
configurations. In the theory of superexchange of Anderson, substitution of two strong charge-donatingbridging sulfide
only the metal-to-metal CT, MMCT, states are considéfed. ligands with two weaker charge-donating terminal thiolate
This model provides a physical picture for antiferromagnetic ligands leads to a decrease in electron density of tieie.
coupling. To incorporate the pathway for superexchange throughThus, the two remaining:.-bridging sulfides donate more
the bridging ligands, ligand-to-metal CT states, LMCT, were charge, which is quantified by an increase of theill Fsulfide
incorporated into the VBCI approaéf.”® The LMCT states  covalency from 56% to 72%.
are energetically closer to the ground state as compared to the Il. Covalency Differences ofu,- and us-bridging Sulfides.

— - The properties of the Cl K-edge spectra of the terminal chloride
97,(331%13'23%59_&' Thibeault, J. C.; Hoffmann, RAm. Chem. Sod973 ligands in the dimer [F%,S,Cls)%~ (estimated) and tetramer

(81) Anderson, P. WPhys. Re. 1959 115, 2—13. [Fe2%S,Clg)% (measured), the S K-edge spectra of the terminal

J=const €, Ep° (6)

J= const% = const * covalency* A? 7
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thiolate ligands in [F&€%Se(SPh)]3~ (estimated) and [P&€,Se- While in contrast with the chloride and thiolate preedge peaks
(SPh)]?~ (measured), and the S K-edge spectra of the bridging in Figure 4a and b, the preedge of the tetramer is at the same
sulfide ligands in [F&%S,Cl4]3~ (estimated) and [F&€,S,Cls]2~ energy as in the dimer, indicating that the shift in the d-manifold

(measured) have all been used to probe the differences in thebinding energy observed in the chloride and thiolate preedges
electronic structure on going from the mixed valence dimer to is offset by a shift in the sulfide 1s core to deeper binding
tetramer. The only change in each of these comparisons is theenergy.

change in the bridging mode of the sulfide frqm (in the I1l. Effects on Superexchange.In this section the quantita-
hypothetical mixed-valence dimer) e (in the experimental tive effect of the reduction in covalency of the bridging sulfides
spectrum) (Scheme 2). in going from the dimeric FeS clusters to the tetrameric F&

The illustrated differences in the Cl preedge properties of clusters on the superexchange contribution is discussed. In a
[FE25,S,Cly)3~ (estimated) and [P€,S4Clg]>~ (measured) in recent study, the origin of the delocalization of the excess
Figure 4a are thus due to the effect of changing the bridging electron in the dimeric class Il mixed-valence model compound
mode of the sulfide. On going from [F&S,Cly3 to [LFe2YOH)sFe>5L]?" as compared to the localization in dimeric
[FE2%4S4Cl4]%~ the covalency of the terminal Fe-Cl bond Fe-S clusters was found to be mainly due to the reduced
increases as indicated in the higher Cl preedge intensity of thesuperexchange interaction in the model compoirifl Proto-
tetramer in Figure 4a. This effect, which is quantified as 11% nation of the bridges in the model compound weakens the charge
Fe*5—chloride covalency (estimated) in the dimer and 15% donation to the metal and hence the superexchange. The
(measured) in the tetramer, is due to the change of the sulfideexchange coupling in [&;]* was determined to &= —360
bridging mode. Using the terminal chlorides as spectator ligands, cm™ (this is the pure superexchange contribution, corrected for
the electron density at the F&on has decreased in the tetramer double exchange and vibronic coupling) ahd —70 cn1?
leading to an increased effective nuclear charge on the metalwas established as a lower limit for [LF§OH)sFe>5L]%*.
ion, which is compensated by the increased charge donation of To estimate the change in the superexchange contribution on
the terminal chloride ligands. This effect is also reflected in going from the dimeric FeS cluster [FgS;]* to the tetrameric
the preedge energies. The preedge transition in the tetramer ifFe—S cluster [FgS)2*, the superexchange coupling constant
at lower energy which is mainly due to thel eV deeper for [FesS4)%" is estimated by using eq 7 with the covalency
d-manifold binding energy, that is, higher effective nuclear ratio of the tetramer (measured) to the dimer (estimated) and
charge, in the tetramer. Thus, tg-bridging sulfide in the the coupling constant of the localized mixed-valence dimer
tetramer is a weaker charge donor than héridging sulfide [Fe;S;]* as reference. The hypothetical mixed-valence dimer

in the dimer. [Fe25,S,Cly]3~ estimated in the Analysis section is in the
The same effect is observed using the terminal thiolates asdelocalizedstate (class Ill), whereas the reference mixed-valence

spectator ligands. The preedge peak of2fgBe(SPh)]%~ dimer [FeS;]* is in the localized state (class Il). Thus, the

(measured) is more intense as compared t&HSe(SPh)]3~ properties calculated for the delocalized dimer have to be related

(estimated) (Figure 4b). The covalency of the terminal thiolate to the localized dimer. Density functional calculations on the
increases from 25% in the dimer to 35% in the tetramer. Again, mixed-valence dimer model [F8(SMe)]®>~ performed in the

this increase is the result of changing the bridging mode of the broken symmetry state and the high spin state show different
sulfide and shows that the-bridging sulfide in the tetramer is ~ covalencies of the bridging sulfides. The covalencies in the
a weaker charge donor than thebridging sulfide in the dimer. ~ broken symmetry state are higher (35.4% sulfide covalency per
This effect is also present, but to a lesser extent, in the preedgedond) as compared to the high spin state (30.5%). The same
energies of the thiolates. Generally, energy shifts are lesstrend is obtained for dimeric Cucomplexes using a hybrid
pronounced in the S K-edges of thiolates as compared to thedensity functionaf? Therefore, the experimentally estimated
Cl K-edges of chlorides (Figure 4a and b). covalency of 51% for the delocalized dimer is scaled by 35.4/

The effect of changing the bridging mode of the sulfide can 30.5 to estimate 60% covalency for the localized differ.
be seen directly (rather than indirectly via the spectator terminal  The superexchange constant is estimated using eq 7 with
ligands) in the sulfide preedge properties of the tetramer J([Fe&:S;]*) = —360 cn! and covalencies of 39% and 60%
[Fe25S4Cls)2~ (measured) and the hypothetical dimerffs,- for the dimer subsite in the tetramer and the localized dimer,
Cly]3~ (estimated) (Figure 4c). On going from the dimer to the respectively, which gives a coupling constant for the dimer
tetramer, the intensity of the preedge decreases (note that alsubsite of the tetramer o = —156 cnt'. The estimated
the preedge peaks in Figure 4c are renormalized and displaycovalency for the localized dimer is a lower limit (see Analysis
the intensity per bond). This is opposite to the trend observed section), so that the estimated coupling constant for the
for the terminal chloride and the thiolate ligands. The reduced delocalized dimer subsite in the tetramer is a lower limit, that
covalency of the bridging sulfide is quantified by 39% in the is,J > —156 cnr’. Specific bonding interactions within the
tetramer as compared to 51% in the dimer (note that the tetramer should further reduce this estimate ér the dimer
covalency for the dimer is a lower limit, see Analysis section). Subsite. Tetrameric FeS clusters in the [F54]%" oxidation
Thus, binding a third iron center to the-bridging sulfide in state are compressed along o8gaxis giving overallDyg
the dimer leads to a reduction in the charge donation pet-f& symmetry. The FeS bonds connecting the two delocalized
bond. Chemically this is reasonable as a bridging sulfide, which mixed-valence dimer subsites are shorter than theSeonds
additionally donates electron density to a third metal center, in the delocalized dimers subsit¢sThe covalency of the shorter
should, from charge neutrality, decrease its charge donation to .

(82) Metz, M., Solomon, E. I., unpublished results.

th.e O.ther twp mfetal lons. It is important to note th.at the (83) The covalency calculated for the broken symmetry stdte<( '/2)
bridging sulfide in the tetramer has, of course, a higher total is only a lower limit for the covalency of the puge= Y/ spin state, because
covalency than the,-bridging sulfide in the dimer (3 times  the broken symmetry state is a projection onhe= %/ levels of all pure

i 0 ; spin states.
the per bond covalency in the tetramer118% and 2 times (84) Berg, J. M.; Holm, R. H. inron-Sulfur Proteins Spiro, T. G., Ed.;

the per bond covalency in the diner103% total covalency).  etal lons in Biology Vol. 4; John Wiley & Sons: New York, 1982; pp
This is reflected in the sulfide preedge energies in Figure 4c. 1-66.
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Table 5. Experimental Parameters Describing the Ground-state 7000 T T T T T T T
Magnetic and Valence-Delocalization Properties of
[LFe*OH)sFe*L]*", [FES,]", and [FE2S,*" 6000
[LFe2YOH)LFe]2  [Fe?5S]"  [Fe2%S)?*" 5000
Jemt >-70 —360 >—156 e
B/lcm™? 1350 965 1760 L 4000
Ak-Jecmt 2590 3660 3190 =}
E 3000
bonds should be larger than that of the longer bonds. The uw 2000
experimentally determined covalency is a mean value of these
covalencies. Thus, the experimentally determined covalency for 1000
the tetramer gives an upper limit for the covalency in the 0
delocalized dimer subsite of the tetramer. In summary, a lower 2 2 -1 -05 0 05 1 2 2
limit (i.e., largest antiferromagnetic exchange coupling) for the X-
superexchange interaction in the delocalized dimer subsite ofFigure 6. Energy dependence of the spin-states @n of the
the tetramer is established with> —156 cnt?! (Table 5). delocalized dimer subsite in the mixed-valence tetranucleaSkguster
IV. Quantitative Analysis Including Double Exchange and in the dimensionless antisymmetric breathing meodécalculated using

Vibronic Coupling. To quantify the different delocalizatien €9 1 with the values given in Table 5).

localization behavior of the mixed-valence dimer and the dimer Lo . .
subsite of the tetramer, the potential energy surfaces of the e 3193 cm™. Itis slightly reduced relative to the value obtained

ground and excites states are evaluated by using eq 1, including©" [F€&S2]" (Table 5). This is due to the combined effect of
the contributions from superexchange, double exchange, andVéakening the metaisulfide bonds and strengthening the
vibronic coupling. In the following, the double exchange and Metai-thiolate bond.

vibronic coupling contributions on going from the dimer tothe ~ Having established reasonable estimates for the superex-
tetramer are estimated. The value of the double exchangechange, double exchange, and vibronic coupling contributions,
contribution parametrized bB obtained for [FeS;]* is B = the potential energy surfaces for the delocalized sub-dimer in
965 cntt.2425Noodleman and co-workers analyzed the double the tetramer were calculated using eq 1. These are shown in
exchange contribution in FeS clusters by using density Figure 6. The ground state is a delocalifer %- spin state as
functional theory with different exchange-correlation function- determined experimentally. The values used for the superex-
als58:59.85.86They found that the double exchange contribution change contribution is a lower limit, and the value for the
increases on going from the dimer to the tetramer. The physicalvibronic coupling is an upper limit (vide supra). Thus the
origin of this increase may be related to the butterfly twist on contributions toward localization should be overestimated. Using
going from the dimer to the dimer subsite in the tetramer. Their these values for superexchange and vibronic coupling and fixing
most recent values fd@ obtained from the ground-state energy the double exchange parameBaio that of the localized mixed-
differences of the bonding and antibonding linear combinations valence dimer [F£5;] ™, a lower limit for the contribution toward

of the d-orbitals representing the direetlelocalization pathway  delocalization, still yields a delocalized ground state for the

are~850 cnlin [FeS;]* and~1550 cnrl in [Fe,Sy)2+.6087 mixed-valence dimer subsite in the tetramer but withSars
Using the ratio of these numbers as a scaling factor on the value%/, spin state.

for [FexS]* eStlma;f;‘d from experlmenlt (965 chy* gives an Spin frustration in the tetrameric topology of course has a
estimate for [FgS]*" of B = 1760 cnt™. significant effect on the spin energetics of tetrameric-Be

For the analysis of the vibronic coupling contributions, the ¢jysters and contributes to delocalization. However, it is

resonance Raman spectra and normal coordinate analysis ofmportant to note that a delocalized ground state can be obtained
Spiro and co-workers were usé‘ﬁ'_l’he Q- modes for the two  ¢onsjdering only the dimer subsite of the tetrameric-Be
dimer subsites of the tetramer which describe the antisymmetric ;| ster. The main difference between the dimer sub-site of the

breathing of each dimer transform as tBerreducible repre-  tatramer and the dimer is the reduced covalency of the bridging
sentation in theDzq point group of the compressed tetramer. gsige ligands. This leads to a reduced superexchange which
These delocalize)- modes are not normal modes of the 556565 delocalization. In this respect, protonation of the bridge

molecule. The locaQ- mode p_rojects onto sever_EI n_ormal_ in [LFe2%OH)sFe25L]2*+ gives a similar effect (Table 5) as the
modes of the tetramer. An estimate of these projections yields ., rdination of a third metal to thea-bridging ligand in the

an approximate frequency for the localiz@d mode in the  giner to create aus-bridging ligand in the tetramer. The

dimer subsite of the tetramer of 290 ch#® The vibronic  ,0n5unced reduction of the superexchange pathway associated
coupling termi?/k- is then calculated using eq 8

(89) The following normal modes (using the nomenclature of ref 88

A2 2 20 g ~ 2 where t stands for terminal and b for bridging and the irreducible
k_ = 47°c"M v_n(Ar) (8) representations in parentheses describe the symmefry) contribute to
- the Q_mode: E{(T,) at 360 cnt!, EX(T1) at 285 cnv?, andE™(T») at 242

cm™ L. An estimate is made for these projections from the potential energy

(with M = 32 au,n =4, Ar = 0.1 A, andd- = 290 cn1?) to distributions, PED, given in ref 88. The twE® modes are combined into
one PED-weighte®® mode, which is further combined with tt& mode

(85) Noodleman, L.; Case, D. AMAdv. Inorg. Chem.1992 38, 423— weighted by the 3/1 bridge-to-terminal ratio in tQe localized mode. The
470. estimated value of 290 crh is an upper limit because the different

(86) Li, J.; Noodleman, L.; Case, D. A. Inorganic Electronic Structure displacements of thiolate and sulfide in the monomeric breathing mode are
and SpectroscopySolomon, E. 1., Lever, A. B. P., Eds.; John Wiley &  not included ¢0.7/1 for thiolat&* relative to sulfide interpolated from the
Sons: New York, 1999; Vol. |; pp 661724. data given in refs 90 and 91).

(87) Knapp, M. J., Ph.D. Thesis, Department of Chemistry, University (90) Segal, B. M.; Hoveyda, H. R.; Holm, R. thorg. Chem 199§ 37,
of California, San Diego, 1998, Chapter 5. 3440-3443.

(88) Czernuszewicz, R. S.; Macor, K. A.; Johnson, M. K.; Gewirth, A,; (91) Morales, R.; Chron, M.-H.; Hudry-Clergeon, G.[tiRet, Y.;
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with reduced covalency is large enough to yield a delocalized lead to the localization in the mixed-valence dimer as compared

ground state for the dimer sub-site of the tetramer. to the delocalization in the mixed-valence dimer subsite of the
_ tetramer. Our study shows that a major contribution to this
Conclusions change in the delocalization behavior is the reduction in

The quantitative analysis of the ligand K-edge XAS spectra covalency, and consequently in superexchange, on going from
of dimeric and tetrameric FeS clusters gives the covalencies theuz-dimeric Fe-S clusters to thas-tetrameric Fe-S clusters,
of the iron-ligand bonds. The change in electronic structure on Which opposes the delocalization of the excess electron. This
going from the dimer to the tetramer due to the different bridging change in bridging-sulfide bonding should be included in
mode of the sulfided in the dimer vsus in the tetramer) is understanding e!ectron delocalization in the tetra_mer|e$:e
analyzed in detail. For this purpose, the ligand K-edge spectraclusters along with models based on spin frustration.
of the chloride, thiolate, and sulfide ligands have been estimated
for a hypothetical delocalized mixed-valence dimer. The dif-
ference between this dimer and the tetramers is then only the
bridging mode of the sulfideug vs u3). The covalencies of the
terminal chloride and thiolate ligands increase on going from
the dimer to the tetramer. Taking the terminal ligands as
spectator ligands for the electron density at the formaPkan
indicates that theus-bridging sulfides in the tetrameric F&
clusters are weaker charge donors thanthbridging sulfides
in the dimeric Fe-S clusters. The decrease of sulfide covalency
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