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The reaction of mononuclear [LI§ where L represents the trianionic ligand 1,4,7-trigéd-butyl-2-
mercaptobenzyl)-1,4,7-triazacyclononane with NMi6H,O and subsequent oxidations with [Ntacn}](ClO4)3

(tacn= 1,4,7-triazacyclononane) and P@ethanesulfonic acid produced an isostructural series of complexes
[LFeNiFeL]™ (n =2 (1), n = 3 (2), n = 4 (3)), which were isolated as BF (1, 3) or ClIO,~ salts @). The
molecular structures were established by X-ray crystallography for [LFeNiFeLJJEETH:CN (1*), CggH123
Cl2Fe:N11NiOgSs, and [LFeNiFeL](ClQ)s-8acetoneZ*), C1o2H156ClsF&NeNiO20Ss. Both compounds crystallize

in the triclinic space grougl with a = 13.065(2) A (13.155(2) A)b = 13.626(3) A (13.747(3) A)¢c =
14.043(3) A (16.237(3) Ay = 114.47(3Y (114.20(2Y), B = 97.67(3Y (96.57(2)), ¥ = 90.34(3} (98.86(2)),

Z = 1(1) (values in parentheses refer2q. The cations inl, 2, and3 have been determined to be isostructural

by Fe and Ni K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy. All compounds contain
linear trinuclear cations (face-sharing octahedral) with gifelfi-SR):Ni(1-SR)FeN; core structure. The electronic
structures ofl, 2, and3 have been studied by Fe and Ni K-edge X-ray absorption near edge (XANES)yisV

EPR, and Masbauer spectroscopy as well as by temperature-dependent magnetic susceptibility measurements.
Complexesl and 3 possess ai® = 0 whereas2 has anS = Y/, ground state. It is shown that the electronic
structures cannot be described by using localized valences (oxidation states). Delocalized models invoking the
double-exchange mechanism are appropriate; i.e., spin-dependent delocalization via a double-exchange mechanism
yields the correct ground state in each cake2, and 3 represent the first examples where double exchange
stabilizes a ground state afinimumspin multiplicity.

Introduction alignment (ferromagnetic) an§l represent the local spins at
the metal ions 1 and 2.

It has been recognized by Zeheand Andersohand the
concept has been revived by Girériliiinck & Noodlemart, and

others more recently that for mixed-valence dinuclear species

The phenomenon of mixed valency in transition-metal clusters
has in recent years attracted considerable scientific activity in
both theoretical and synthetic inorganic and bioinorganic
chemistry because the description and understanding of their . » » L :
electronic structures pose intellectually challenging problems. 2n additional “double-exchange” resonance coupling interaction
Since the early work of Robin and Day in 196Hpmonuclear exists where .the douple-exchange parameBesE)llts the
dimers have been classified according to the extent of delocaI-He'_Senberg Spin states into fymmetlﬁig_ € ,_B(S+ /2)) and
ization of the “additional” electron in 'd"™! pairs as ()  2nfisymmetric g, = + B(S+ '/2)) combinations of wavefunc-
completely localized (class 1) or, alternatively, (ii) completely t"_)ns'”";’('}h the "extra’ electron formally on either half of the
delocalized (class 1ll) and (iii) an intermediate case (class II) dimer”**In dlnuclgar mixed-valence com_poqnds this double- .
where electron hopping within principle—measurable electron exchange mechanism (resonance delocalization) enforces maxi-

transfer rates occurs (class Il). Magnetic exchange interactions @ 2 CPhys. Re. 1951 82, 403

; ; ; i At ener, C.Phys. Re. , .

in homoyglent species with deeply trgpped local QX|dat|on states (4) Anderson, P. W.: Hasegawa, Fihys. Re. 1955 100, 675.

are traditionally desc“_bed by the Hels_enbe_rg, Dirac, van Vleck (5) Blondin, G.; Girerd, J. Chem. Re. 199Q 90, 1359 and references
(HDvV) modefc by using a spin Hamiltoniakl = —2J5-$, therein. _ _

where J is the coupling constant with a negative sign for (6) (a) Beinert, H.; Holm, R. H.; Muock, E. Sciencel997 277, 653. (b)

. . . i, . . Munck, E.; Papaefthymiou, V.; Surerus, K. K.; Girerd, J. IMetals
antiparallel (antiferromagnetic) and a positive sign for spin in Proteins Que, L., Ed.. ACS Symposium Series: American

Chemical Society: Washington, DC, 1988.

(7) (a) Noodleman, L.; Baerends, EJJAmM. Chem. Sod984 106 2316.
(b) Noodleman, Linorg. Chem.1988 27, 3677.

(8) (a) Drieke, S.; Chaudhuri, P.; Pohl, K.; Wieghardt, K.; Ding, X. Q.;
Bill, E.; Sawaryn, A.; Trautwein, A. X.; Winkler, H.; Gurman, S. J.

T Max-Planck-Institut fu Strahlenchemie.
* European Molecular Biology Laboratory.
(1) (a) Mixed-Valence Compound8rown, D. B., Ed.; NATO ASIS;

Series C: Mathematical and Physical Sciences, Vol. 58; D. Reidel
Publishing Company: Dordrecht, The Netherlands, 197 9Milgd-
Valency Systems: Applications in Chemistry, Physics and Biplogy
Prassides, K., Ed.; NATO ASI Series; Series C: Mathematical and
Physical Sciences, Vol. 343; Kluwer: Dordrecht, The Netherlands,
1990. (c) Kahn, OMolecular MagnetismVCH Publishers: New
York, 1993.

(2) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem967, 10, 247.

J. Chem. Soc., Chem. Commaa89 59. (b) Ding, X. Q.; Bominaar,
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mum spin-polarization stabilization; i.e., it always results in net IZuA

ferromagnetic spin alignment. Experimentally, this has been

verified for [L'FEYu-OH)sFe*5L'12" (L' = 1,4,7-trimethyl- E
1,4,7-triazacyclononaneind F&5S, paird in 3Fe-4S and 4Fe- — E E A

4S iron—sulfur proteins for both of which a& = 9, ground
state has been established.
On the other hand, Belinskfiin 1987 was the first to point =
out that the double-exchange parametergioficlear mixed-
valent clusters depend on the total and intermediate spins as
well as the individual ion spit The most important conclusion . . . N P ,
was that the electronic ground state as determined by competing 1.0 05 00 05 0 A5 20
Heisenberg and double exchange can be a state of either B/VysFerfe
maximum spiror minimum (or intermediate) spin multiplicity. ~ Figure 1. Cyclic and square-wave voltammogramsIoin CHCN

In this work we present experimental material which verifies (0:10 M [N(-Bu).JPFs); glassy carbon electrode, scan rate of CV 200
mV s7%; square-wave voltammogram: frequency 10 Hz, pulse height

this theory. 25 mV.
In a recent papéf we have shown for the isostructural linear
trinuclear complexes [LFeMFelj where M= Cr'", Cd", or Scheme 1. Valence Bond Description Using a Delocalized

Fe andn = 1+, 2+, or 3+ and L represents the trianion 1,4,7- Model Which Leads to the Observ&iy.x = 2 for
tris(4-tert-butyl-2-mercaptobenzyl)-1,4, 7-triazacyclononane that [LFeCr''FeL]?" and S max = 1 Ground State for
the dicationic species [LFettFeL]?* (A), [LFeCd"FeL]" (B), [LFeFeFelL}" According to Ref 12

and [LFeFeFeld" (C) belong to class Il &, C) or class I 2+

(B). A and C containing low-spin configurated iron ions are [LFeCrFel]

completely delocalized species witteximunspin ground states 2 T 7 -~
of §=2 (A) andS = 1 (C). The excess electron is delocalized -0 = 5
over all three metal ions, and a double-exchange mechanism B B
enforceserromagneticspin alignment in these dications yielding N H/\f— Lo b ﬂ/\* '/4_\
an S max ground state. Compoun®8 exhibits temperature-

dependent electron hopping behavior on thésbtrauer time (T [T

scale (107 s). This has been rationalized by the fact tBdtas te Lo 4 ¥ o+
a low-spin Cd' (to¢® in On symmetry) configuration in the
central position blocking effectively the-a-a; delocalization
pathway. In contrastA andC have a central Cf (d°) and a Stmax. = 2
central low-spin F# (t;°) ion, respectively, allowing the

“excess” electron to freely move via the-aa; pathway over [LFeFeFeL]”

Fell Cr'" Fe[ll Felll CIJI Felll Fe'" Cr"' Fe"

all three metal sites. This is shown in a valence bond description
in Scheme 1. 2e - = - - 7 - -
Here we report a similar series of complexes containing a -

|
I
|
|
|
|

central nickel ior3 Three isostructural species [LFeNiF&t§+4+ B B B

(1, 2, and 3) have been synthesized and spectroscopically a ﬁ/\f— + i+ ﬂ/\f_ - +ﬂ

characterized by EPR, Msbauer, XANES, and EXAFS

spectroscopy. We established that (i) the trinuclear complexes 4

attain a ground state ehinimumspin multiplicity (1, S = 0; 191& jtJ:L ﬁ ﬁ ﬁ g g :{ H

g% 3;;/2';”3(,(1?3 chg?i ;\:gl)(ii) they are mixed-valent complexes R fl Rl EeM Fll F Ee!
St,max. = 1

Results

(ClOg)3®® (tacn = 1,4,7-triazacyclononane) in acetone yields

upon addition of NaCl@violet crystals of [LFeNiFeL](ClQ)3

(2) whereas the reaction df with PbG, and methanesulfonic

acid in methanol affords upon addition of NaPlue-black

crystals of [LFeNiFeL](PE)4 (3). Complex3 decomposes slowly
(9) Papasfthymiou. V.. Girerd, J.-3.; Moura, 1. Moura, J. J. Gonblo at room temperature, even in the s_,o!id state. Therefore, the
E.J. Am. Chem. S0od987 109 4703. T material was stored at 77 K, where it is stable for weeks.

(10) Belinskii, M. I. Mol. Phys.1987, 60, 793. The cyclic voltammograms (CV) df, 2, and3 are identical,

(11) (a) Borfa-Almenar, J. J.; Coronado, E.; Tsukerblat, B. S.; Georges, that of1in CH;CN (0.10 M [N(1-Bu)4]PFs) is shown in Figure
g'ev'irc‘e'\é'Oc':eocr‘(‘)'r?;d'\é',a%'f’eté??:Km’/(‘;ﬂ M[?(')?g;‘;iLtf‘sTsh%mNb'e'frfe:gntgg 1. Three reversible one-electron transfer processes are clearly
1996; p 105. (b) BofsrAlmenar, J. J.; Clemente, J. M.; Coronado, Observed aE'y, = 0.69 V vs ferrocenium/ferrocene (Féc),

E.; Palii, A. V.; Tsukerblat, B. S.; Georges, R.Chem. Physl996 E2» = —0.02 V vs F¢/Fc, andE3;, = —0.90 V vs Fc¢/Fc,

Syntheses and CharacterizationFrom the reaction mixture
of mononuclear [LF#]1* and NiCk-6H,O in methanol were
obtained red microcrystals of [LFeNiFeL](BE (1) upon
addition of NaPE. Oxidation of1 with 1 equiv of [Ni" (tacn)]-

105 6892. H H i i
(12) Glaser, T.; Beissel, T.; Bill, E.; Weyheriter, T.; Schinemann, V.; which are assigned as depicted in eq 1/L39 V vs Fc/Fc
Meyer-Klaucke, W.; Trautwein, A. X.; Wieghardt, K. Am. Chem. . El+ . E2+
Soc, in press. [LFeNiFeL]"" == [LFeNiFeL]’ —=
(13) Beissel, T.; Birkelbach, F.; Bill, E.; Glaser, T.; Kesting, F.; Krebs, —¢ _E‘;e
C.; Weyhermiller, T.; Wieghardt, K.; Butzlaff, C.; Trautwein, A. X. i 2+ i +
J. Am. Chem. S0d 996 118 12376. [LFeNiFeL" === [LFeNiFeL]" (1)

(14) Beissel, T.; Brger, K. S.; Voigt, G.; Wieghardt, K.; Butzlaff, C.; . ) o ) .
Trautwein, A. X.Inorg. Chem.1993 32, 124. the monocation [LFeNiFel] is irreversibly reduced with
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Figure 2. Electronic spectra of (- - -), 2 (——), and3 (—) in CHsz-
CN at 295 K.

L. \
S(3) N(3)
Figure 3. Structure of dication in crystals of [LFeNiFeL](Ci{2-5CHs-
CN (1*). Top left: view down the Fe-Ni—Fe axis. Top right: side
view. Bottom: metal ions with their donor atoms. The structure of the
trication in 2* is similar and not shown. The thermal vibrational
ellipsoids of atoms are drawn at the 40% level.

formation of [LFé'].1* Reduction of the dication is only

Glaser et al.

Table 1. Selected Bond Distances [A] and Angles [deg] for 1* and
2*

1* 2 1* 2
Fe-N1 2.036(3) 2.038(2) FeSl 2.245(1) 2.2478(9)
Fe-N2 2.031(3) 2.042(2) FeS2 2.243(1) 2.2459(9)

Fe-N3 2.038(3) 2.041(2) FeS3 2.248(1) 2.2427(8)
Fe-Ni 3.054(1) 3.002(1)

Ni—S1 2.345(1) 2.3395(8) NiS1-Fe 83.38(4) 81.73(3)
Ni—S2 2.349(1) 2.3346(7) NiS2-Fe 83.35(4) 81.88(3)
Ni—S3 2.359(1) 2.3144(10) NiS3-Fe 83.02(4) 82.40(3)

whereas the central nickel ion is in an octahedral environment
comprising six bridging sulfur atoms both frf and in 2*.

Table 1 summarizes selected bond distances and angles. The
three crystallographically independent-R¢ and Fe-S dis-
tances are within experimental error identicallinand 2* at
2.04 and 2.25 A, respectively. These distances are also identical
with those measured by EXAFS spectroscopyX@see below).
Thus oxidation ofl to 2 and further to3 does not affect the
structural parameters at the terminal iron ions. In contrast, the
average NS bond distance at 2.35 A ih 2.33 A in2, and
2.31 A in 3 (EXAFS) appears to decrease with increasing
oxidation level, although this effect is barely significant.
Interestingly, in { Cd'" (aetk} 2Ni"]Cl,:3H,0,16 a species with
localized valencies and, consequently, with a centrdlibin,
the Ni—S distance at 2.400 A is the longest (aetaminoet-
hanethiolate). We take this as a structural indication that the
central nickel ion inl cannot be described as a simplé' Kt
shows some degree of a higher tha&H oxidation state. The
short Fe-N and Fe-S bonds are indicative of a low-spin
configuration at the iron ions in an octahedral environment.

A further structural aspect is worth mentioning. The
Fa---Ni; distances inl, 2, and 3 at 3.054(1), 3.002(1), and
2.93(1) A (EXAFS), respectively, decrease significantly with
increasing oxidation level. This effect has also been observed
for the series [LFeMFel?f (M = Cr, Co;n = 1-3; and M=
Fe,n=2, 3)12

EXAFS and XANES SpectroscopyWe have measured the
EXAFS spectra (extended X-ray absorption fine structure) of
complexesl, 2, and3 at the Feand Ni K-edges at ambient
temperature, respectively. The results are summarized in Table

reversible on the time scale of a CV experiment; it decomposes 2. Figure 4 shows the experimental and fitlednd R space

upon coulometry at-1.0 V vs Fc/Fc.

The electronic spectra df, 2, and3 are shown in Figure 2.
They are dominated by very intense {0° L mol~1 cm™)
transitions in the visible and near-infrared.

Single crystals of [LFeNiFeL](Clg)2:5CH;CN (1*) suitable
for X-ray crystallography were obtained by slow evaporation
of the solvent from an acetonitrile solution ®tvhich is slowly
reduced under these conditions. Single crystals of [LFeNiFeL]-
(ClO4)3°8 acetone Z*) were grown from an acetone solution
of 2 at —40 °C. Figure 3 displays the structure of the dication
in crystals of1*; that of the trication in2* is similar and not
shown. Both cations consist of three face-sharing thiolato-
bridged octahedra with two terminal iron ions and a central
nickel ion. The stereochemistry of these trinuclear cations,
[{LM1} M2, has been discussed previoukslyOnly the
staggered configuration of the six tertiary butyl groups (looking
down the Fe-Ni---Fe axis) in the achiral stereoisomer
A(AAL)---A(000) yields a stable, sterically not crowded struc-
ture. Thus only this isomer forms in solution. The di- and the
trications possess idealiz&lsymmetry oDy considering the
donor atoms of the respective first coordination sphere only.
The iron ions have locaCs, symmetry €is-N3Sz; donor set)

data.

The results obtained fot and 2 show that the Fe-Ni,
Fe—N, Fe-S, and Ni-S distances are in very good agreement
with those obtained by single-crystal X-ray crystallography. This
calibration gives us confidence that the theoretical phases used
are appropriaté’ It is therefore significant that the bond
distances FeN and Fe-S are within experimental error
invariant in1, 2, and3, respectively. In contrast, the feNi
distance decreases with increasing oxidation level as stated
above.

XAS as an element specific spectroscopy allows one to
analyze the oxidation state of a given element in a coordination
compound. The position and intensity of the resonances and,
in particular, the energy of the absorption edge position (Table
3) are features which depend on tHecdnfiguration. We have
determined the edge positions from the maximum of the first
derivative of the data in the rising edge regi§rResonances
from the 1s level into half-occupied and/or empty d orbitals

(15) Wieghardt, K.; Walz, W.; Nuber, B.; Weiss, J.; Ozarowski, A.;
Stratemeier, H.; Reinen, Dnorg. Chem.1986 25, 1650.

(16) Konno, T.; Okamoto, K.; Hidaka, Acta Crystallogr.1993 C49, 222.

(17) Zabinsky, S. |.; Reber, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M.
J. Phys. Re. B, in press.
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Table 2. EXAFS Analysis ofl, 2, and3

1 2 3

atom no. R A 10° 02, A2 R A 10% 02, A2 R A 10° 02, A2
Ni K-edge

S 6 2.359(8) 6.1(6) 2.325(3) 4.8(2) 2.308(4) 4.3(3)

Fe 2 3.06(1) 7(1) 3.01(1) 9(1) 2.93(1) 7(1)
AE,, eV 8(1) 8.7(5) 8.5(7)
Fe K-edge

N 3 2.050(6) 2.8(4) 2.04(1) 3.5(9) 2.041(7) 3.0(6)

S 3 2.265(3) 3.5(2) 2.242(5) 2.8(4) 2.255(3) 2.5(2)

Ni 1 3.06(1) 7(2) 3.01(1) 9(1) 2.93(1) 7(1)

C 3 2.83(1) 5(1) 2.83(2) 5(2) 2.84(1) 6(1)

c 3 2.91(1) 5(1) 2.91(2) 5(2) 2.91(1) 6(1)

C 3 3.02(1) 5(1) 3.02(2) 5(2) 3.03(1) 6(1)

C 3 3.33(1) 5(1) 3.33(2) 5(2) 3.34(1) 6(1)
AE,, eV 4.1(6) 4(1) 4.5(6)

aFit results from the simultaneous refinement of the Ni and Fe K-edge EXAFS data. For the Ni fine structure only the first shell (six S) and the
two iron atoms in the second shell including multiple scattering were included. For the Fe fine structure three N and three S atoms of the first shell
and one Ni and 12 C atoms of the second shell were included. For the C atoms only one distance parameter was allowed ~TWal@ebgetor
for all C atoms was constrained to a single value. The amplitude reduction factor was fixed at 0.9.

40f 12 f 1.2 F
10t 1.0
5 08} 08|
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4 02 r 02}
0.0 L s L L N L 0.0 : L s L L
7110 7120 7130 7140 8330 8340 8350
E/eVv E/ev
T B 02 o . 2 "1 6o gigure 5. Fe (left) and Ni (right) K-edge XANES spectra bf2, and
k/A" R/A '
positions as well as the edge position depend on the oxidation
3 60 level of the complexes. A change of the oxidation level going
1 from 1 to 2 and 2 to 3 results in an upshift 0F~0.25 eV,
150 respectively. This shift is significantly smaller than in the
o ol 40 [LFeMFeL]"™ (M = Cr'", Cd"; n =1, 2, 3) series where the
) o central metal ion retains itslll oxidation state'? This is a clear
430 § indication that the one-electron oxidationslin2, and3 affect
z all three metal ions.

20 The Ni K-edge XAS spectra of, 2, and 3 show a very

3_ 10 interesting feature. Whereas the shapes of the spec2and
3 are very similar and even their energy positions are identical,
T e g the spectrum ofl is different both in shape and in energy
4 6 8 1012 0 2 4 6 position. An energy shift of 0.25 eV is observed on going from

kA" R/A
. ) ) 1 to 2. The shape of the Ni K-edge df above 8342 eV is
F'gu.re 4. EXAFS Spec"? and fits of, 2, and3 in k andR space. significantly different from those o2 and3. This is in accord
Top: Fe K-edge. Bottom: Ni K-edge. ; . o
with the fact that the sign of the quadrupole splitting of the
Table 3. Fe and Ni K-Edge Positions Mossbauer spectra changes fraegatie for 1 to positive for
2 and3, respectively (see below), indicating a significant change

complex Fe K-edge, eV Ni K-edge, eV  the electronic struct tthe | q " | ‘
of the electronic structure at the iron and, consequently, also a
% ;ﬁg'ggg ggigigggg the nickel ions inl as compared t@ and 3.
3 7120.48(5) 8340.42(5) We also note that the Ni pre-edge peak3dé more intense

than that oR. The transition probability for 15> e5* is inversely

give rise to distinct features superimposed on the K-edge proportional to the number of electrons in thg" erbitals.
transitions. We discuss these features in a qualitative fashionTherefore, the above intensity increaseaiis due to a reduced

only. occupancy of the s orbital, indicating some oxidation of the
The Fe K-edge XAS spectra af 2, and3 shown in Figure nickel ion on going from2 to 3.
5 display several well-resolved resonances @113 (pre-edge In summary, the above Ni K-edge XAS data also clearly show

peak), 7120, 7126, and 7137 eV, respectively. Their exact that the one-electron oxidatioristo 2 and 2 to 3 affect the

electronic structure of the nickel ions In 2, and3. Therefore,

(18) (a) Shadle, E. S.; Hedman, B.; Hodgson, K. O.; Solomon, [Eotg. it is not possible to assign in the series [LFeNiF{/4*
Chem.1994 33, 4235. (b) Shadle, E. S.; Hedman, B.; Hodgson, K. |5calized oxidation states.

O.; Solomon, E. IJ. Am. Chem. S0d995 117, 2259. (c) Westre, T. . .
E.; Kennepohl, P.; DeWitt, J. G.; He5dman, B.: I-Eo)dgson, K. O.: MdUssbauer SpectroscopyWe have measured the zero-field

Solomon, E. 1.J. Am. Chem. S0d.997, 119, 6297. Mossbauer spectra of, 2, and 3 at 4.2, 80, and 297 K,
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Table 4. Mossbauer Parameters of Complexes

1.00 prssain
complex T,K d,mms?a AEgmms?'® T, mms?c
1 4.2 0.38 —0.68 0.26 0.98
80 0.38 —0.70 0.29
297 0.28 —0.40 0.38 0.96
2 4.2 0.31 +0.52 0.44
80 0.31 +0.52 0.36
297 0.22 +0.42 0.28 1.00 [
3 4.2 0.26 +1.85 0.26
80 0.25 +1.85 0.29

0.98
alsomer shift vso-Fe at 295 KPQuadrupole splitting. The

asymmetry parameter was fixed to zero® Full-width at half-height. §
S 0.96
&
§ 100 § 1.00 s
8 =
QO
5 0.99 %
© 5 098
= 0.98 e
o
£ 097
ﬁ 0.96
0.9 1.00 s
0.99
1.00 [ =
§ 0.98 120K
(2]
= r 50T
§ oo7t, . . N
30.96— 4-3-2-10 12 3 4
o vimms™
2 - 42K . . ) . .
k) 7T Figure 7. Variable-field, variable-temperature ‘dgbauer spectra of
X 002+ 2. The fits were obtained using parameters given in the text and Table

_"1 3 2 1 (') 1 2 s 4 4. The quadrupole splitting\Eq, is positive.

v/imms™' 35
Figure 6. Mdssbauer spectrum df(top) and3 (bottom) in an applied
magnetic field 67 T at 4.2 K. The fit waobtained using the parameters
listed in Table 4 with anegatve quadrupole splitting fot and apositive
quadrupole splitting foB.

40

3.0r

0.35 0.45 0.55

oxidation number
of LFe unit

respectively. The results are summarized in Table 4. Each zero- 25¢ prmmst 1
field spectrum displays a single quadrupole doublet indicating
the equivalence of the two terminal iron ions on thédgloauer 20} i

time scale (107 s). In a recent publicatidAwe had established , , ,
that the isostructural complexes [L'@d" Fe!'L]3* and [LFd'- 0.3 0.4 0.5 0.6
Il Iy 13+ ini i i _epinll
;:: igc‘)émlé]r Sk;?tr;:]atlﬂS?;r?gglg'%%fge:;%ezl(sm zp:qnug?rzg\gle Figure 8. Dependence of the isc?rrfer?gsh;: of trinuclear complelxes
splitting 1.85-2.00 mm s* at 4.2 K. These results do not agree | FemFeL] on the oxidation state and (inset) on the changeof
well with the data forl and2 in Table 4. From this we conclude  complexes: ®)[LFeCr'FeL+2+3+; (a) [LFe"'Cd"FelL]3*; (@)
again that it is not possible to a priori assign localized oxidation [LFe"Fe'Fe''L]3", [LFe?SFe6Fe?67) 23+, (O) [LFeNiFeLP 34+,
states to the individual metal ion ity 2, or 3.
As we will show below,1 has an§ = 0,2 an$§ = %,, and localized description with antiferromagnetic coupling between
3anS = 0 ground state. Mgsbauer spectra @fand3 measured Is FE'(Y) Is Ni"(¥) Is Fd'(!) the local spins at the iron ions
at 4.2 K in an applied magnetic field of 7.0 T shown in Figure would be oriented in the direction of the resulting total spin
6 confirm the diamagnetic ground state, respectively. The spectra(S = %,) and the sign of theds° tensor should ba@egatie.
were readily fitted with the parameters in Table 4 and without We take this observation as further spectroscopic evidence that
internal field by using a Hamiltonian described in detail in ref a localized model foR is not appropriate. On the other hand,
12. Interestingly, the sign of the quadrupole splitting is found we can at present not offer a rationale as to how the observed,
to benegatve for 1 but positive for 3. positive sign ofAs° is achieved in a delocalized model because
Figure 7 displays the Mssbauer spectra d (S = Y5) the vector coupling mechanism is more complicated.
recorded in applied magnetic fields of 3.5, 5.0, and 7.0 T and Itis interesting that the isomer shit, of 1, 2, and3 decreases
at 1.5, 4.2, 8.0, and 120 K. From simulations for the well- linearly with increasing chargetwithin the trinuclear series
isolatedS = 1/, ground state in the slow relaxation limit the as is shown in the inset of Figure 8. In the previous series
following hyperfine parameters were obtainedyu( Ay, Az)/ [LFeCr''FeL]*+/2+/3+ and [LFeCd'FeL]** we have shown by
UNON = (4.92, 4.92-5.37) T and A%ungny = +1.49 T using XANES spectroscopy at the Cr and Co K-edges that the central
g values (fixed) from EPR spectra. The quadrupole splitting, metal ion Cr or Co possesses an oxidation statet+&f
AEq, is positive. The isotropic part of thé tensor, A, for irrespective of the charge+ of the trinuclear species. Thus
the S = Y, ground state of is also positive. In a simple the iron ions in the monocation are low-spir' Fi@ the dications
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dependence by using a localized valence descriptiorl fas

12} o [Is Fe"" hs Ni' Is Fe"]?" (S, = S = 2, S = 1) with a spin
o Hamiltonian which includes coupling between adjacent
101 e Fe--Niions, J, = J12 = Jo3, and between the terminal iron ions,
0.8} o Ji = Jiz. To reduce the number of parameters we assumed
0.6 - .° ’ physically reasonable local valugse. = 2.1 andgy; = 2.2. The
: ° fit of the ym-T values produced, = —350 cn1! andJ, = —347
04t cm™1, but the resulting fit is not satisfactory. The measured

°
Wooooooooe°°

magnetization in the temperature range 4300 K rises

02¢
B significantly faster than it has been possible to model using a
q “ Heisenberg, Dirac, van Vleck (HDvV) operator. The HDwV
20} Hamiltonian for the above spin system included only the system
o oo spin state$0,10]|1,00)|1,10) and| 2,1 using Kambe's notatioff)
18 i The energy spacing of these states depends on the coupling

constants); and J, as follows: E(0,10) = 0, E(1,10) = 27,
E(2,1) = 6J, E(1,00 = 4J, — 2J. The experimentally
16 determined singlet ground state dfrequires a negativd,
(antiferromagnetic coupling). Further, it is natural to assume
that|Ja| > |J| considering the fact that adjacent metal ions are
~3 A apart whereas it is-6 A for the two terminal iron ions.
The marked increase @i at T > 150 K is then determined
by the energy difference between the groufdllland first
excited statd1,10which is independent of;. This increase
cannot be modeled satisfactorily by two triplet states only, even
in the physically meaningless limit of their degenerady=

Ja). This in turn means that the HDvV operator (i.e., a localized
model) is not adequate. The transfer term in a double-exchange

Hest/ g

N\
\
A\

14

1.0

0.6

0.2 . , . . . operator increases the number of spin st&#ésnd, in principle,
0 50 100 150 200 250 300 allows a better fit.
T/K The effective magnetic moment @fis constant at 1.87g

Figure 9. Temperature dependence of the effective magnetic moments in the range 56200 K. It increases slightly to 1.88; at 295
of 1 (top), 2 (middle), and3 (bottom). The fits were obtained by K and decreases below 50 K due to weak intermolecular
procedures described in the text. interactions to 1.62 at 2 K. It is possible to fit the data using
a localized model, [Is Fels Ni'' Is Fd']3* (S =S =Y S
= 1,). With parameters, = —390 cn1?, J; = —220 cn1?, g;
=gz = 2.17, andy, = 2.20 an excellent fit has been achieved,
but there are many other solutions possible. The data establish
only that2 has an§ = Y/, ground state.

The data fol3 show that this complex possesses a diamagnetic
ground state. Using the localized model [IS"F&"Y |s Fe!']4*
with §; = S = 1/, andS, = 0 we calculate an antiferromagnetic
coupling constand; = —270 cnt! and ag value of 2.33 e
= 570 x 10°% cm® mol%; p.i. (S= %) = 0.5%). The fit is
shown in Figure 9. Again, although the fit is reasonable, we
doubt that the localized model is adequate.

The X-band EPR spectrum @fin frozen acetonitrile at 10
K is shown in Figure 10. An axial sign& = 1/, with gn =

mixed-valent 2.5, and the trications contain two low-spin ferric
ions. As shown in Figure 8 the isomer shifof these complexes
increases linearly with decreasing oxidation number of the iron
ions. It is therefore possible to assign fractional oxidation
numbers to the iron ions in the di-, tri-, and tetracatiord,2,
and 3 if we assume that the above correlation holds for these
species. Forl an oxidation state distribution of [LFéNi26-
Fe*L]%" prevails, for2 it is [LFe3Ni3e>0L]3", and for3 a
distribution of [LFe&-3Ni34Fe*3L]4* is found. These data nicely
agree with the XANES data (see above), which also indicate
that one-electron oxidations going from the di- to the tri- and
tetracations involves ahreemetal ions (two irorandthe nickel
ion). Interestingly, fo2 an even oxidation state dflll for each

metal ion _is experim.er_ually determined. 2.409 andg, = 1.8 (@° = 2.23) is the main component. A

atUre-dopendent magneli susceptbiity measLrements werd2cOnd SIgnar196 ntensity) vithg = 2.23 anc, = 2.06 i

performed on a SQUID magnetometer. The raw data were rep_ro_dumbly present. W_e_ do not know the origin of this signal
. . S . ,_ as it is not a decomposition product &f

corrected for underlying diamagnetism by using Pascal’s

tabulated constants. Temperature-independent paramag#gtism, Discussion

xmip, is a fit parameter.

Figure 9 shows the effective magnetic moments calculated
per trinuclear unit as a function of the temperature. For complex
1 the magnetic moment of 0,3 is temperature-independent
in the range 26120 K. At higher temperaturas.s increases
to 1.32upg at 295 K. This behavior is typical for ag = 0
ground state with a small amount of a paramagnetic impurity
(0.2%;S= 5/,). We attempted to model the above temperature

The terminal iron ions in #ac-N3S; coordination sphere have
local C3, symmetry where thez-axis is directed along the
trigonal Fe-M—Fe axis and the,y-axes are oriented as shown
in Figure 3. The 44 orbitals in O, symmetry are split into a
doubly degenerate orbital set (1e@,) and a nondegenerate
a orbital which corresponds to gzdnetal orbital. The eft)
orbitals arer orbitals with respect to the metaligand bonds,
and the e(g orbitals are ofo-type.

(19) ym: 1, 460 x 10-6 mol-1 o 2, 730 x 106 mol* cn: and 3, In a trigonal ligand field two directions of the splitting are

570 x 10°6 mol-1 cm?. These values are in the same range,-530  POssible, yielding an ordering of the ground statgderived
870 x 106 mol~1 cm?, as observed for [LFeMFeL} (M = Cr, Co,
Fe)1? (20) Kambe, K.J. Phys. Soc. JprL95Q 5, 48.
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Figure 10. X-band EPR spectrum d in frozen CHCN at 10 K.
Experimental conditions: frequency 9.6455 GHz; power 100,
modulation amplitude 11.4 G; modulation frequency 100 kHz. The
simulation was performed with Gaussian line shapes; (111, 111, 1e
176) G with 99.2% and™ = (45, 45, 80) G with 0.8%.
orbitals of ale or lea Experimentally, the sign of the a
quadrupole splitting parametexFo, of the Mtssbauer spectra ! 'H' % %
directly allows one to distinguish between these two possibilities.
The valence electron contribution to the electric field gradient _ j
(EFG), can be estimated by a simple ligand field consideration F9ure 1hl' Rg_solnance Stlrucul”esf fﬁ“""th S n 0 orIS_ =2 groutr:_d |
because the expectation values for the (Ef@nsor elements 3?3:,3;]2(;2{ ul)tathgggrgfy tt?(: ?esrn(zintale igﬁgtra metal on are arbitrarlly
are known for the individual metal d orbitedsFor a low-spin ] o )
d5 system there are two possible electron configurations in "€nders the central metal ion a nickel(lll): [Is'Fés Ni' Is
trigonal symmetry: (1éfa)! and (a)%(1ef leading toV,, = Fe'l buF in comparison to [I'_F'éfCo“'Fe“'L]3+ the slightly
(+4/7)ed~30andV,, = (—2/7)ed 30 respectively? Therefore, smaller isomer shift o2 does indicate some Ferather than

the experimentally determined sign of the quadrupole splitting F€' chagacter ir2. Since the quadrupole splitting is positive, a
yields the respective electron configuration: it is)#Lef in (1e)¥(ay)! electron configuration for the ferric ions prevails. In
1 and (1e)(a)! in 2 and3. accord with the XANES spectra, which clearly show that one-

The isomer shift of the Nieshauer spectrum dfin conjunc- electron oxidations in the serigés2, and3 affect the electronic
tion with the XANES spectra clearly indicates that the equivalent Structure of all three metal ions, we propose thaialso a
two iron ions have an oxidation state of approximately 2.7, delocalized model represents an adequate description. Figure
which renders the central nickel ion 2.6. Thus in contrast to a 12 Shows that the double-exchange mechanism stabilize% the

localized model the ferric ions are somewhat reduced whereas™ 2 0ver theS = ¥, ground state. Note that again the lower
the nickel(ll) ion is oxidized: a distribution of [LPENi2®- spin multiplicity state represents the ground state. Electron

Fe27L]2* is best in accord with the combined spectroscopic data. transfer from an ato the 2e orbitals (and vice versa) is
Thus 1 must be considered a mixed-valence compound (class SYmmetry forbidden because they are orthogonal and, conse-
Il according to Robin and D&. guently, there is no overlap. Electron transfer is only possible

Using a valence bond description with a series of resonancePétween the 1e and 2e orbitals. The three resonance structures

structures for the two possible ground statesfonamely,S in Figure _12 do not possess the same weight; those involving
= 0 or S = 2, shown in Figure 11 it is immediately evident FeV contribute less to the ground state than the resonance

s . . . .. i i il I i i i
that delocalization via a double-exchange mechanism stabilizesStructure involving FENi'Fe'". Alignment of spins irg results
the diamagnetic ground state. There are three resonance N résonance structures with excited local states which affect

structures involving PEFe! and Ni',Ni' for the § = O state delocalization unfavorably due to loss of spin polarization

. . i — 3 i
which are interrelated by symmetry-allowed one-electron trans- €Nergy’ Thus in the§ = %, state electron transfer of a spin-
fer steps and none for th® = 2 state. Thus we are dealing down electron yields an electronically excited nickel(ll), and
with the first well-characterized example where a double- sm\vlgrly, transfer of a spin-up electron results in an excited
exchange mechanism over three metal ions stabilizes a diamagF€" 10n. Complex2 is therefore another example where the
netic ground state: i.e., the singlet over the quintet ground state.double-exchange mechanism (delocalization over three metal
This behavior has been theoretically predicted by Belirigés, ~ 10ns) stabilizes a ground state with the lowest possible spin
Note that indinuclear complexes containing only two para- Multiplicity. o , o
magnetic centers double exchange always stabilizes the ground C0omplex3 may be described in a first approximation as a
state with the highest possible spin multiplicy. [LFe""Ni'VFe'L]*t with localized oxidation states. From the

The isomer shift of 0.31 mm ¢ measured for2 is positive quadrupole splitting parameter the ({a)* electron
characteristic of two equivalent low-spin ferric ions which conflgu_rapon ofthe two equivalent ferric ions follows. As shown

above it is possible to model the temperature dependence of
(21) (a) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, F8truct. the magnetic susceptibility data by using a localized model. The

Bonding 1991, 78, 1. (b) Giilich, P. In Mdssbauer Spectroscopy ; i ; I . — —1 ;
Gonser, U., Ed.; Springer: Berlin, Heidelberg, New York, 1975. usual spin Ham"toma.m 21§ SZ S . = 2) yields
(22) Bossek, U.: Nulen, D.; Bill, E.; Glaser, T.; Wieghardt, K.; Trautwein, ~ th€n a very strong antiferromagnetic coupling constant270

A. X. Inorg. Chem.1997, 36, 2834. cm~1. On the other hand, the small isomer shift of 0.26 mm
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Figure 12. Resonance structures fawith S = Y, or § = 3,.

sl is a clear indication that this localized model is incorrect
because there is significant'Eeharacter observed for the iron
ions. Using the relation in Figure 8 an oxidation state of 3.3 is
deduced, which yields an average oxidation state of 3.3 at the
nickel ion; i.e.,3 should be described as mixed-valent [Efe
Ni3-3Fed3L] 4T,

It is interesting that in this case construction of resonance
structures involving P&, F€Y, Ni", Ni'"", and NIV ions does
not allow one to discern which of the two possible states,
namely,S = 0 or § = 1, is the ground state. Figure 13 shows
that symmetry-allowed one-electron transfer steps between
adjacent metal ions (le> 2e), thef pathway, produce five
resonance structures stabilizing 8n= 1 ground state. When

one considers also one-electron transfer steps between the

terminal iron ions (a— &), the 8’ pathway, spin alignment of
the two @ magnetic orbitals results, leading to & 0 ground
state. Otherwise electron transfer would yield a Pauli forbidden
state.

Electron transfer via thg pathway between adjacent metal
ions and delocalization via the le- 2e orbitials (double
exchange) stabilizes a = 1 ground state whereas tig
pathway favors ar§ = 0 ground state. Thus the ratje/s’
determines the actual ground state3inSchematically this is
shown in Figure 14. A significant contribution to the stabilization
of the S= 0 ground state ir8 originates from the resonance
integral3’ between two termingh = /, spins (superexchange).

In other words, complete delocalization over three metal ions
via the pathway favors a% = 1 ground state. This has been
shown to be the case for [LFeFeF&Lwhich is isoelectronic
with 3. On the other hand, [LFECd"F€''L]3" has been shown
to also possess & = 1 ground state. The excited singlet state
lies 83 cnT! above the triplet ground state. Here a localized
description has been inferred from &bauer spectroscopy. The

Inorganic Chemistry, Vol. 38, No. 4, 199929
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Figure 13. Resonance structures f& emphasizing one-electron
transfer steps between (top) terminal metal iofis gathway) and
(bottom) adjacent iong3(pathway).

1 S=1

B/p
Figure 14. Schematic qualitative representation of the effect of the
interplay between electron exchange interactions between the terminal
Is Fé' ions in3 (B’ pathway) and one-electron transfer from I¢'Re
Ni'V (8 pathway), in terms of the ratif/f’, on the energy of th& =
0 and theS = 1 ground state.

singlet ground state &lies ~500 cn! below the excited triplet
state. Thus the absolute energy gap of the singtgilet states

in the two isoelectronic complexesand [LFe" Cd"Fel'L]3+

is rather small and thg/f' ratio must be quite similar for both
species but on either side of the crossover point shown in Figure
14. We cannot at present correlate in a simple fashion this fact
with structural parameters of these complexes. Detailed MO
calculations on both species are called for.
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Table 5. Crystallographic Data of Complexes

complex 1-5acetonitrile 2-8acetone
empirical formula G3H123C|2F62N11Ni0885 C102Hl5f,C|3FQN5NiOZQSG
fw 1896.64 2255.45
space group P1 P1
a, 13.065(2) 13.155(2)
b, A 13.626(3) 14.747(2)
c, A 14.043(3) 16.237(3)
a, deg 114.47(3) 114.20(2)
f, deg 97.67(3) 96.57(2)
y, deg 90.34(3) 98.86(2)
v, A 2249.9(9) 2783.2(8)
A 1 1
T, K 100(2) 100(2)
radiationl, A 0.71073 0.71073
p calcd, g cm® 1.400 1.346
u(Mo Ka), cmt 7.85 6.76
diffractometer CAD4 Siemens SMART CCD
R22[1 > 20(1)] 0.055 0.052
WR2 [1 > 20(1)] 0.140 0.126

aR1 = S ||Fo| — |Fcll/S|Fol, Ry = [SW(|Fo| — |Fc|)¥TWFAY2 wherew = 4F20%(Fo?). PWR2 = [J [W(Fo? — FA)A/S [W(F?)Y? wherew =

Uo?(Fed) + (aP)? + bP, P = (Fo? + 2F2)3.

Conclusion

The preparation and structural characterization of three
isostructural heterotrinuclear complexes containing the dication
[{LF€}2Ni]2" in 1, the trication {LFe},Ni]3" in 2, and the
tetracation {LFe},Ni]*" in 3 have been achieved. Their
respective electronic ground states have been determined by

combination of spectroscopic and magnetochemical methods.
The most important result is the observation that the descrip-

tion of the electronic structures using the concept of localized
oxidation states at the metal ions (e.g.!'"F&li", Ni"', Ni'V) is
not appropriate forat least-1 and3 and probably also fo2.
Fe and Ni metal K-edge X-ray absorption spectroscopy most
clearly demonstrates that the one-electron oxidatioth taf 2
and? to 3 affectsall three metal ions simultaneously. The iron
ions are equivalent in all three compounds.

In a delocalized model the observed minimum spin multiplic-
ity of the ground state is attained in all three spect&s<0 in
1, S=1%Y%in 2 and S = 0 in 3) via a double-exchange
mechanism. This is the first time that this effect has been
experimentally observed for trinuclear complexes. It had been
theoretically predicteé?1!

Experimental Section

The starting complex [F&L] has been prepared as described
previously*

CAUTION. Perchlorate salts are potentially explesiand
should only be prepared in small quantities and handled with
appropriate precautions.

[LFeNiFeL](PFeg)2 (1). To an Ar-flushed solution of [LFe]
(0.37 g; 0.52 mmol) in methanol (50 mL) was added NiCl
6H,0O (0.61 g; 2.6 mmol). The solution was heated to reflux
for 1 h, whereupon the color changed from blue-green to red.
To the cooled (20C) solution was added (dropwise) a methanol
(20 mL) solution of NaPE (0.5 g). After standing for 15 h at
ambient temperature black-red crystalslofvere collected by
filtration. Yield: 0.30 g (65%). Electrospray ionization mass
spectrometry (ESI) (CKCN) nmvz (relative intensity): 716.5
{[LFe]*, 52, 746.4{[LFeNiFeL]?*, 10Q, 774.4{[LFeNi]*,
32}, 1638.5{[LFeNiFeL](PF)™, 9}. Anal. Calcd for GgH10dNeSs-

PR FeNi: C, 52.56; H, 6.11; N, 4.71; S, 10.79. Found: C,
52.9; H, 6.4; N, 4.8; S, 11.0.

[LFeNiFeL](CIO 4)3 (2). To an Ar-flushed solution of (0.12

g; 0.067 mmol) in acetone (25 mL) was added'[itacn)]-

(ClOy)315 (0.05 g; 0.074 mmol). After stirring of the solution

for 30 min at room temperature a color change from red to violet

was observed. To the filtered solution was added Na@20

g) dissolved in acetone (10 mL). After standing for 15 h at

ambient temperature the black microcrystalline precipitate was
ollected by filtration. Yield: 0.08 g (66%). Anal. Calcd for

78H10§\]685C|3012FQNiZ C, 52.31; H, 6.08; N, 4.69; S, 10.74.
Found: C, 52.0; H, 6.4; N, 4.5; S, 10.4.

[LFeNiFeL](PFg)s (3). To a mixture ofl (0.12 g; 0.067
mmol) in methanol (50 mL) were added five drops of meth-
anesulfonic acid and P@0.07 g; 0.30 mmol). Within 10 min
of stirring at room temperature a clear blue solution was
obtained. After addition of a solution of Napk0.50 g) in
methanol (10 mL) a black precipitate formed within minutes.
The material was collected by filtration and washed with a small
amount of water and then diethyl ether. The solid material was
stored at 77 K. Yield: 0.13 g (93%). Anal. Calcd for
CrgH10N6eSsPaF24FeNI: C, 45.21; H, 5.25; N, 4.06; S, 9.28.
Found: C, 44.9; H, 5.5; N, 4.1; S, 9.2.

X-ray Crystallographic Data Collection and Refinement
of the Structures. Black single crystals ot* and 2* selected
directly from the mother liquor using glass fibers were fixed
with a drop of perfluoropolyether. Immediate mounting on the
diffractometer equipped with a cryogenic nitrogen cold stream
prevented evaporation of solvent of crystallization. Graphite-
monochromated Mo  radiation § = 0.710 73 A) was used.
Crystallographic data of the compounds and diffractometer types
used are listed in Table 5. Cell constants Tbmwere obtained
from a least-squares fit of the setting angles of 25 carefully
centered reflections whereas a subset of 8192 stronger reflections
was used for the determination of the unit cell constani&*of
Intensity data were collected at173(2)°C using the®—20
scan technique, and a hemisphere run taking frames &t i6.30
o for 1* and 2* respectively. Data were corrected for Lorentz
and polarization effects, but no absorption correction was carried
out due to small absorption coefficients. The Siemens ShelXTL
software package was used for solution, refinement, and artwork
of the structures. Both structures were readily solved and refined
by direct methods and difference Fourier techniques performed
on DEC Alpha workstations. Neutral atom scattering factors
were obtained from tabléd. All non-hydrogen atoms were
refined anisotropically except those of disordered solvent

(23) ShelXTL V.5, Siemens Analytical X-ray Instruments, Inc., 1994.
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molecules, which were isotropically refined. All hydrogen atoms ~ Knowledge of the structure df and 2* simplifies a detailed
were placed at calculated positions and refined as riding atomsmultiple-scattering EXAFS analysis. Considering only statistical
with isotropic displacement parameters. reasons we would be able to optimize more than 20 parameters
A perchlorate anion ir2* was found to be disordered on a for each scan. To overcome the problem of high correlations
crystallographic inversion center yielding an arrangement of two between different parameters we have used the simplest model
edge-sharing tetrahedral parts with an occupancy of 0.5 for eachpossible. For the Ni K-edge this includes only the contributions
oxygen. Split atom models were applied for acetonitrile solvent from the six sulfur atoms in the first shell, the backscattering
molecules in1* and an acetone molecule i which are from the neighboring iron atoms, the very important multiple
disordered over two sites, respectively. With occupancy factors scattering contributions for the NiS—Fe—S—Ni—Fe—M path,
of 0.5 for these disordered atoms and 8 bond length restraintsand even more importantly, the multiple scattering contributions
for N = C (1.13 A) and G-C (1.46 A), a satisfactory model  within the first shell up to fourth order.
for the solvent channel id* was obtained. The local environment of the terminal iron atoms is not as
X-ray Absorption Spectroscopy (XAS).The XAS spectra symmetric as that of the central metal ion. Therefore, more
were recorded at the beam lines E4 and X1.1 at HASYLAB parameters had to be included in the calculations. The first
(DESY, Hamburg, Germany). The beam lines are equipped with coordination sphere consists of sulfur and nitrogen atoms. The
three ionization chambers, which allow a calibration of each multiple scattering contributions within this shell are much
spectrum according to a reference sample. The measurementsmaller due to the lower symmetry compared to the central metal
were performed at room temperature. Monochromatization was atom with its six sulfur ligands at similar distances. The larger
achieved by a Si(111) monochromator for the Fe and Ni average distances of these sulfur ligands result in a contribution
K-edges. At beam line E4 a focusing mirror was installed in of the multiple scattering within the first coordination sphere
front of the monochromator for further rejection of the harmon- at 3.9 A for the Ni K-edge, whereas the corresponding
ics. For the suppression of harmonics the monochromator wascontribution for the Fe K-edge is at 3.7 A. The fit of these peaks
detuned to 50% of its peak intensity. Energy calibration was is not perfect because additional contributions from single
achieved by use of reference samples. For the Fe K-edge arscattering of several carbon atoms at distarredsh were not
o-Fe foil and for the Ni K-edge a Ni foil were chosen. included in the refinement (carbon atoms of the macrocyclic
The energy calibration of the data was performed using ligand at~3 A were).
WINXAS, 2> whereas the normalization and data reduction were  The measurements on the terminal and central metal atoms
done with EXPROG? using a Victoreen function below the  contain the same information about the metaletal distance
edge and three cubic splines above the edge. For the EXAFSand its disorder. Hence, this information can be extracted with
analysis FEFF6/FEFFIT232was used. The edge positions were  much higher accuracy if both measurements are refined
defined as the maximum of the first derivative in the rising edge. simultaneously. Thus we have used a multiple edge fit in the
XAS as an element specific spectroscopy allows one to refinements, which implies the use of the same parameter for
analyze the influence of the oxidation state on each element ofthe Fe-Ni distance and its DebyeWaller parameter, respec-
a complex. XANES monitors this dependence by the position tively.
and intensity of the resonances as well as by the edge position. Physical Methods. Infrared spectra (4084000 cnt?) of
A change of the oxidation state results in a shift of the edge sojig samples were recorded on a Perkin-Elmer 2000 FT-IR
position. For samples with similar edge shapes, changes of thespectrometer as KBr disks. Uwis—near IR spectra of solu-
average oxidation state of the different metal atoms were readily tjions were measured on a Perkin-Eimer Lambda 19 spectro-
deduced from a shift of the minimum of the second derivative pnotometer in the range 243200 nm at ambient temperatures.
in the rising edge. Positive ion ESI mass spectra were obtained by using a Finnigan
The EXAFS signal depends on the radial distribution of the MAT95 or a HP5989 mass spectrometer. Cyclic voltammetric
backscattering atoms around the absorbing atom. A single typeand coulometric measurements were performed on EG & G
of backscatterer at similar distances results in a smaller width equipment (potentiostat/galvanostat model 273A) on Ar-flushed
of the distribution function as Compared to two types at different acetonitrile solutions of Samp|es Containing 0.10 Mr[i‘ﬁu)‘i]_
bond distances. This has been observed for the first shell of thePF6 as Supporting e|ectr0|yte under an argon b|anketing
present samples where the terminal Fe atom is coordinated togtmosphere. Temperature-dependent and magnetic field de-
three S and three N atoms whereas the central Ni ion is pendent magnetic susceptibilities of powdered samples were
coordinated to six S atoms. Hence, one obtains in the Fourier measured by using a SQUID magnetometer (Quantum Design)
transform of the Fe K-edge EXAFS a broad peak at a reducedat 1.0, 4.0, and 7 T, respectively (2:800 K). For calculations
radius of 1.8 A and at the Ni K-edge a narrow peak at a reduced of the molar magnetic SUSCGptibi"tWM, the experimenta|
radius of 1.9 A. Due to the different phase shifts, e.g., for susceptibilities were corrected for the underlying diamagnetism
nitrogen and sulfur backscattering atoms, typically the phase of the sample by using tabulated Pascal’s constants and for the
uncorrected distance distributions (Fourier transforms) are temperature-independent paramagnetigfp) which was ob-
discussed. The much higher Fourier transform peak intensity tained by a fitting procedure. EPR spectra of frozen solutions
in the Ni case is due to the higher degree of order, which is and powdered solids were recorded on a Bruker ESP 300E

also reflected by a larger EXAFS amplitude. spectrometer equipped with a helium flow cryostat (X-band
Oxford Instruments ESR 910; S-, Q-band Oxford Instruments
(24) International Tables for X-ray Crystallographynoch Press: Bir- CF935). The X-band resonator was a dual-mode cavity (Bruker

mingham, U.K., 1991. .
(25) (a) Ressler, T.; LLNL, EXAFS program for Windows 3 Version 2.4. ER4116DM/95). The Mesbauer spectra were recorded on an

http://ourworld.compuserve.com/homepagelt ressler/. (b) Hermes, C.; altérnating constant-acceleration spectrometer. The minimal line
Nolting, H. F. EMBL-Outstation Hamburg, GermanfEXAFS data width was 0.24 mmst (full-width at half-height). The sample
égai%z'lfy aS”dI ,ag'éﬁr“%” JP’X?@'Singsc';agilggrrs Péc(é). EE;F& , temperature was maintained constant either in an Oxford Variox
Submitted tcPhys. Re. FEFIT232: Newville, M. Ravel, B.; Huskel, ~ ©Of in an Oxford M@sbauer-Spectromag cryostat. The latter is

D.; Stern, E. A.; Yacoby, YPhysica B1995 208-209, 154. a split-pair superconducting magnet system for applied fields
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up to 8 T where the temperature of the samples can be variedScience, Research and Technology (BMBF) for financial
in the range 1.5250 K. The field at the samples is oriented support.

perpendicular to the:-beam. The®’Co/Rh source (1.8 GBQ)

was positioned at room temperature inside the gap of the magnet

system at a zero-field position. Isomer shifts are referenced Supporting Information Available: Tables of crystallographic and
relative toa-iron metal at 295 K. Simulations of the Msbauer crystal structure refinement data, atom coordinates, bond lengths and
spectra were performed by using the Hamiltonian described in angles, anisotropic thermal parameters, and calculated positional
more detail in ref 12. parameters of hydrogen atoms fidrand 2*. This material is available

. i Internet at http: .acs.org.
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