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Abstract: Iron L-edge X-ray absorption and X-ray magnetic circular dichroism (XMCD) spectroscopy have been 
used to study the electronic structure of dinuclear iron-oxo complexes with different types of magnetic and electronic 
interactions between the iron sites. Trapped-valence systems exhibit L-edges with clear multiplet structure. The 
L-edges of trapped-valence Fe"Fe"' complexes such as [Fe111J12(salmp)21- and [Fe2"'~"(bpmp)(B-O2CC2H5)2l2- can 
be interpreted as the sum of distinct Fe(I1) and Fe(1II) component spectra. Furthermore, an atomic multiplet theory 
including adjustable ligand field splittings can successfully simulate the Fe(II) and Fe(III) X-ray absorption. Reasonable 
ligand field parameters are obtained by optimizing the correspondence between calculated and experimental spectra. 
The XMCD for the [Fez"1J1(bpmp)(B-02CC2H5)2]z- complex is also reported; it exhibits an interesting magnetic 
field dependence that reflects the weak magnetic coupling between Fe(I1) and Fe(II1) ions. In contrast with the 
trapped-valence complex spectra, the L-edge spectrum for the electronically delocalized complex, [Fez(Me$acn)2- 
(B-OH)3](BPh&2MeOH, exhibits a broad L-edge spectrum with poorly resolved multiplet structure. L-edge 
spectroscopy is capable of characterizing electron delocalization on a very fast (femtosecond) time scale, while 
XMCD is an alternative technique for characterizing exchange interactions. 

Introduction 

Mixed-valence iron complexes' are important as magnetic 
materials, in geochemistry, in corrosion, and in metalloprotein 
clusters.* Commonly used techniques for characterizing the 
electronic structure and magnetic interactions include electronic 
spectroscopy, magnetic resonance methods, polarized neutron 
diffraction, K-edge X-ray absorption (XAS), and Mossbauer 
~pectroscopy.~ Recent improvements in soft X-ray beam line 
optics: fluorescence  detector^,^ and interpretation methods6 have 
made Fe L-edge X-ray absorption spectroscopy a viable 
technique which is complementary to these other methods. The 
2p - 3d transitions at L-edges are strong and dipole-allowed 
(as opposed to the weak forbidden 1s - 3d transitions at 
K-edges). L-edges also have smaller natural line widths and 
the possibility of strong magnetic circular dichroi~m.~ 
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The final state for a first transition metal L-edge transition 
has a 2p core hole. Coulomb and exchange interactions between 
this core hole and the 3d valence electrons make L-edge XAS 
sensitive to the number and configuration of 3d electrons, hence 
to the spin state and oxidation ~ t a t e . ~ ? ~  The small lifetime 
broadening of the 2p core hole results in sharp multiplet structure 
at the Lz,s-edges, which often makes an unambiguous theoretical 
interpretation possible. L-edge XAS has recently been used to 
study the electronic structure and symmetry of biologically 
relevant Mn and Ni complexesI0." as well as several metallo- 
protein redox centers or active sites, including the Fe in 
Pyrococcusfuriosus rubredoxin,I2 Cu in plastocyanin,13 and Ni 
in substituted rubredoxin" and hydrogena~e.'~ L-edges can also 
exhibit intense X-ray magnetic circular dichroism (XMCD), and 
strong effects have recently been demonstrated on several 
biological systems, such as the Fe center in P .  furiosus 
rubredoxinI5 and in the Clostridium pasteurianum 2Fe-2S 
protein.I6 
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Scheme 1. General Structures for Some of the Fe Complexes Examined in this Paper 

In this paper, three types of oxygen-bridged binuclear Fe 
complex systems, [Fe2(~almp)2]~,-,~-, [FeM(bpmp)@-02CCz- 
H&]"+, and [Fe2(Me3tacn)2@-0H)3l2+, are studied by a com- 
bination of L-edge and XMCD spectro~copy.'~ These systems 
have similar coordination environments, involving oxygen and 
nitrogen ligands in a distorted octahedral symmetry. However, 
the complexes have very different degrees of electronic delo- 
calization and types of magnetic exchange interactions between 
the two iron sites. 

The [Fe2(~almp)2]~%-3~- complexes have [Fe-O&] coordina- 
tion, as shown in Scheme la1* The mixed-valence form 
[Fez(salmp)z]- exhibits ferromagnetic coupling between the Fe 
ions to yield an S = 9/2 ground state, and on the basis of W- 
vis spectroscopy, it belongs to class I1 in the Robin-Day 
classification scheme.' The [FeM(bpmp)@-02CC2H&In+ com- 
plexes, where M can be Fe,19 Ga, or Zn?O have distorted 
octahedral symmetry with [Fe-O3N3] coordination (Scheme 1). 
The mixed-valence form is again class II, but the coupling 
between Fe ions is antiferromagnetic to yield an S = ' 12  ground 
state. Finally, the electronically delocalized mixed-valence 
complex [Fe2(Me3tacn)2@-0H)3l2+ also has [Fe-O3N3] coor- 
dination, but belongs to class I11 in the Robin-Day scheme.21 
Two mononuclear iron complexes with [Fe-N6] coordination, 
[Fe ( tppb)~]~~  and [Fe(HB(pz)3)~][Cl04],~~ were also studied to 
probe the effects of the ligand field and spin state on L-edge 
spectra. 

Experimental Section 
Preparation of Compounds. [Et4N]2[Fe1112(salmp)2], [Et4N][Fe1"."2- 

(salmp)2], [Fe1',"2(salmp)2], and [Fe1n~"2(Me3tacn)2(OH)3][BPh4]2.2MeOH 
were prepared in the Cramer lab by the published [Fe"'- 
Znn(bpmp)lu-02CC2Hs)21[BPh412, [Fe2n'~r'(bpm~)lu-02CC~H~)21[BPh412, 
[FenGa"(bpmp)lu-02CC2Hs)21 LBPh412, and [Fe2n~n(bpmp)lu-OzCC2Hs)21- 
[BPk] were prepared in the Que lab.'9s20 [ F e ( t ~ p b ) ? ] ~ ~  and [Fe(I-E3pz3)+ 
[C104]23 were prepared in the Armstrong lab. The XMCD samples 
were obtained by diluting the mixed-valence complexes with [PhNI- 
[BPh] (from Aldrich) to 1.5 wt 8. The dilution process used very 
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fast removal of the solvent (CH3CN) to avoid fractional recrystallization 
of the mixed-valence complex. 

X-ray Data Collection. The X-ray absorption spectra were recorded 
at AT&T beam line U4B at the National Synchrontron Light Source4 
using total electron yield detection. Finely powdered samples were 
placed on double adhesive tape and transferred anaerobically to a helium 
cryostat cold finger in the main chamber. The energy resolution was 
set to about 160 meV using 20 pm entrance and exit slits. All of the 
reported spectra were taken at low temperatures (-10 K) and under a 
vacuum of at least 2 x mbar. No significant changes in absorption 
spectra for [Fez(salmp)2]- or [FeZn(bpmp)@-02CCzH5))2]*+ were 
observed in the temperature range 10-293 K. The samples were also 
checked for surface degradation by comparison of the fluorescence yield 
and total electron yield signals, and no evidence for surface degradation 
was found. The X-ray energy scale was calibrated using the peak 
positions of the total electron yield spectrum of &Fe(CN)6 (L3 peaks 
at 710.35 and 712.05 eV). For comparison with the theoretical 
calculations, a base-line curve was subtracted by using a polynomial 
function fitted to the data in front of the L3-edge region and beyond 
the Lz-edge region. 

The XMCD experiments used beam line U4B in the double-headed 
c~nfigurat ion.~ The degree of circular polarization was set to around 
80% and the energy resolution was set to 625 meV, by adjusting slit 
positions and widths. Details about the XMCD apparatus have been 
p ~ b l i s h e d . ' ~ , ~ ~  The XMCD spectra were internally calibrated by doping 
the sample with Cs(acac) (from Aldrich), which has an M5-edge at 
735.0 eV. The 6 T spectrum represents the average of eight scans, 
each scan with 3 s counting per data point. For these scans there were 
about 130 counts/s for the edge jump and about 60 counts/s for 
background. The 1 T spectrum used 12 scans, again with 3 s counting 
per data point. For these scans there were about 200 countsls for the 
edge jump and about 50 countsh for background. The XMCD spectra 
were normalized to the background in regions of 10 eV before the L3- 
edge and I O  eV after the L2-edge. 

Atomic Multiplet Calculations. Ligand field atomic multiplet 
calculations were performed for divalent and trivalent Fe using 
published  method^.^.^ The X-ray transitions for 2p63d5 - 2p53d6 for 
Fe3+ and 2p63d6 - 2p53d7 for Fez+. In Oh symmetry the 3d orbitals 
are split into eg (x2-y2, 3z2-)-2) and tzg (xy, yz, xz) orbitals with an 
energy difference of 1ODq. In lowering the symmetry to D4h or D3d, 
the orbitals are further split, and the splittings are described by the 
ligand field parameters Ds and Dr in D4h symmetry and DO in D3d 
symmetry. These ligand field parameters were adjusted to yield a good 
match between calculated and experimental spectra. The ab initio 
Hartree-Fock values of the Slater integrals and spin-orbit couplings 
( 5 ~  and 53d) were used as tabulated. Charge transfer effects are taken 
into account by a reduction of the Slater integrals in the calculation. 
The spectra are broadened with a Lorentzian with width 2I' eV 
(FWHM) and convoluted with a Gaussian with width (5 eV to describe 
the lifetime and instrumental broadening, respectively. 

Results and Discussion 
The L-edge spectra for the [Fe2(~almp)2]~3-.~- system are 

shown in Figure 1. The spectra are split into two regions by 
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Figure 1. (a) Experimental L-edge spectrum (top) of [Fel"lllll(salmp)l] 
together with the theoretical calculation (bottom). (b) Experimental 
L-edge spectrum (top) of [Fe2"J1(salmp)2]- together with a summation, 
based on the experimental spectra for Fe(II1)-Fe(II1) and Fe(I1)-Fe- 
(11) (bottom). (c) Experimental L-edge spectrum (top) for [Fe21Jr- 
(salmp)#- together with a theoretical calculation (bottom). The stick 
diagrams show the strengths of individual transitions before broadening. 

the 2p spin-orbit interaction. The Lredge (2p3/2 hole) is found 
at about 709 eV and the L2-edge (2~112 hole) around 722 eV. 
Each complex contains ferromagnetically coupled iron pairs: 
Fe(II1)-Fe(III), Fe(II1)-Fe(II), and Fe(I1)-Fe(II), with = 
5, 9/2, and 4 for the ground states, respectively. In the mixed- 
valence dimer, the two trapped-valence irons are separated by 
3.08 A and coupled with J = 8.6 cm-1,25 where J is the 
intramolecular exchange interaction, H = -2JS10s2. For the 
Fe(II1)-Fe(II1) complex (Figure la), there are two peaks in the 
L3 region, a smaller one at 707.7 eV and an overall maximum 
at 709.3 eV. A less-resolved double-peaked structure occurs 
at the L2-edge. Similar spectra are also found in F e ~ 0 3 ~ ~  and 
LaFe03;27 this is a characteristic pattern for high-spin Fe(II1) 
(d5) in octahedral symmetry. A calculation with a lODq value 
of 1.5 eV reproduces the experimental spectrum well. This 
value is similar to previous results of 1.65 eV for Fe20326 and 
1.8 eV for LaFe0327 and the lODq = 1.7 eV found for Fe3+ in 
aqueous solution by optical spectroscopy.28 

The optimum lODq value is mainly determined by the 
splitting between the two peaks in the L3 region. Calculations 
with distorted octahedral symmetry show that the d5 configu- 
ration, atomic 6S ground state or 6Alg state in oh symmetry, is 
not sensitive to either D3d or D4h distortions; this is because the 
ground state has a half-filled d-shell. The additional parameters 
used for the simulations are provided as supplementary material. 
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The spectrum of the Fe(I1)-Fe(I1) salmp complex (Figure 
IC) has an overall maximum L3 at 707.7 eV with shoulders on 
both high- and low-energy sides. The 1.6 eV shift in peak 
position, as compared to the fully oxidized complex, is similar 
to that found for ionic Mn complexes.I0 The L2 region is a 
triplet centered at 720.4 eV. Both regions of the spectrum can 
be reproduced by a calculation with a lODq of 0.9 eV, including 
a D3d distortion with DO = 0.1 eV. The D3d distortion is 
especially important for improving agreement at the high-energy 
shoulder of the L3-edge and low-energy side of the L2 peak. 
The DO parameter splits the t2g band by approximately 3D0 into 
al and e symmetry  component^.^^ Although the salmp ligand 
creates an environment which is structurally described as 
distorted D4h symmetry, with two axial nitrogen ligands and 
four equatorial oxygens, simulation of the spectra shows that 
the electronic structure of this compound can be better described 
with a D3d distortion. The distortion from oh symmetry 
combined with spin-orbit coupling creates a zero-field splitting 
pattern with m, = 0 as the lowest state with a calculated D of 
1.5 meV (12 cm-I). 

The spectrum for the Fe(I1)-Fe(II1) mixed-valence salmp 
complex (Figure lb) has two resolved L3 region peaks and a 
triplet L2 region. All of these spectral features are reproduced 
by a linear combination of the Fe(I1)-Fe(I1) and Fe(II1)-Fe- 
(111) spectra (Figure lb). This indicates that the Fe(I1) and Fe- 
(111) sites can be treated as electronically isolated species with 
regard to X-ray absorption. This conclusion is consistent with 
Mossbauer  measurement^^^ which also found trapped-valence 
Fe sites. We note that Mossbauer spectroscopy has a much 
larger time scale of s, as compared to the X-ray absorption 
time scale of about s. 

The spectra for [FeM(bpmp)&-02CC2H5)2l2+9+ with M = 
Fe and Zn are shown in Figure 2. The Zn-substituted complex 
was employed in order to form a complete set of Fe oxidation 
states because the Fe(II1)-Fe(1II) complex is not available. The 
spectrum for the Fe(II1)-Zn bpmp complex is quite similar to 
the [Fe"'z(salmp)z] spectrum, with a small peak at lower energy 
in the L3 region, followed by an overall maximum that tails to 
the higher energy side. A slightly lower 1ODq value of 1.6 eV 
gave the best simulation. 

The spectrum for [Fe112(bpmp)Cu-02CC2H5)2]+ (Figure 2c) 
is somewhat different from the corresponding [Fer12(salmp)2I2- 
spectrum. The L3 features that were simply high-energy 
shoulders in the salmp spectrum are not resolved peaks in the 
bpmp spectrum. The [Fe"Ga(bpmp)&-02CCzHsW2f samples 
give nearly identical spectra (not shown). This is consistent 
with a localized electron description for the 2p -. 3d transitions. 
A similar spectrum without the extra high energy peak is also 
observed for [Fe11(phen)2(NCS)2],30 in which the Fe has an 
approximately oh symmetry. In the simulations, a larger lODq 
value (1.1 eV) reproduces the peak positions quite well, but 
the intensity of the peak at 710.2 eV is low. Some of this 
intensity may come from satellite structure for a 2p53dsl, (l, 
refers to a ligand hole) final state, because a similar structure is 
also observed beyond the L2-edge. 

The Fe-Fe distance in the mixed-valence complex is 3.365 
A, and the two irons are antiferromagnetically coupled to yield 
an Stohl = l/2 ground state with J = -2.5 cm-'.19 The spectrum 
for the mixed-valence Fe(II1)-Fe(I1) bpmp complex has two 
strong peaks in the L3 region split by 2.0 eV and two weak 
peaks in a broader L2 region (Figure 2b). As with the salmp 
spectrum, the mixed-valence bpmp spectrum can be simulated 

(29) Ballhausen. C. J. Introduction to Linand Field Theorv: McGraw- 
Hili: New York, 1962. 
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Figure 2. (a) Experimental L-edge spectrum (top) of [Fe"'Zn(bpmp)- 
@-0zCC2H5)2] [BPh& together with the theoretical calculation (bottom). 
(b) Experimental L-edge spectrum (top) of [Fe~~.~(bpmp)@-02CC~H5)*]- 
[BPh& together with a summation, based on the experimental spectra 
for Fe(II1)-Zn and Fe(I1)-Fe(I1) (bottom). (c) Experimental L-edge 
spectra (top) for [Fe211J1(bpmp)@-02CC2H5)21[BPb] together with a 
theoretical calculation (bottom). The stick diagrams show the strengths 
of individual transitions before broadening. 

by summing the experimental spectra of reduced and oxidized 
forms, in this case the spectra for the Fe(II1)-Zn and Fe(I1)- 
Fe(II) complexes. This result is again consistent with the 
Mossbauer spectra, where the high-spin Fe(II1) and Fe(II) yield 
two quadruple doublets of equal inten~ity. '~ 

Additional information about the electronic structure and the 
strength of exchange interactions in mixed-valence systems can 
be obtained from the relatively new technique of X-ray magnetic 
circular dichroism (XMCD). Theoretical calculations predict 
a negative XMCD effect at the h e d g e  (when defined as ,m - 
p ~ )  where the magnetic moment of a transition metal or rare 
earth is aligned with the magnetic field.31 For antiferromag- 
netically coupled systems, the XMCD for the ions with majority 
spin orientation will be negative, while the minority spin ions 
will have positive XMCD signals. Chen and co-workers have 
used this effect in experiments on the Gd3Fe5012 
showing that the signs of the XMCD signals for Gd and Fe can 
be qualitatively used as an indicator of metal spin orientation. 

The preliminary XMCD results for [Fez"'."(bpmp)@-Oz- 
CCzH5)2I2+ in two different fields are shown in Figure 3. Both 
the absolute and relative intensities of the effects are field 
dependent. The XMCD spectrum for this system can be treated 
as the sum of individual XMCD spectra for the ferric and ferrous 
monomers, and it can be rationalized using an electronic spin 
Hamiltonian involving zero-field splittings (D) ,  exchange 
interactions (JAB), and Zeeman  interaction^.^^ In the strong 6 
T field, both signals are negative, indicating that the spins are 
mostly parallel and that the Zeeman interaction overwhelms the 

(31) van der Laan, G.; Thole, B .  T. Phys. Rev. B 1991, 43, 13401. 
(32) Rudolf, R.; Sette, F.; Tjeng, L. H.; Meigs, G.; Chen, C. T. J .  Magn. 

(33) For example, see: McCormick, J. M.; Reem, R. C.; Solomon, E. I. 
Magn. Mater. 1992, 109, 109. 

J.  Am. Chem. SOC. 1991, 113, 9066-9079. 
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Figure 3. XMCD spectra for [Fez"'.I1(bpmp)Ol-O2CC2H5)*] [BPh412 in 
different magnetic fields. (a) XMCD spectrum at 6 T: top, excitation 
spectra with left ( . -e )  and right (-) circular polarization; middle, the 
sum of calculated XMCD spectra for ferrous and femc ions (the stick 
diagrams show the strengths of individual transitions before broaden- 
ing); bottom, experimental XMCD spectrum (the maximum observed 
XMCD effect at 6 T was 14%). (b) XMCD spectrum at 1 T: top, 
excitation spectra with left (...) and right (-) circular polarization; 
bottom, experimental XMCD spectrum (maximum observed XMCD 
effect at 1 T was 4%). 

zero-field splittings D and the exchange interaction JAB. The 
observed XMCD was -34% of the effect expected for two 
independent and totally oriented Fe(II) and Fe(III) ions, indicat- 
ing that the temperature and field were not sufficient to achieve 
total spin alignment. In the weaker 1 T field, the Fe(II) XMCD 
becomes quite weak. There is a competition between the 
different terms in the spin Hamiltonian, but neglecting zero- 
field splittings, the antiferromagnetically coupled Fe(I1) should 
eventually have a positive XMCD at a sufficiently weak 
magnetic field. Quantitative analysis requires more extensive 
analysis, including diagonalization of the Hamiltonian and 
thermal and orientation averaging. 

The two iron sites in [Fe2(Me3tacn)2@-OH)3I2+ are separated 
by 2.50 A:' the smallest distance between the two irons in the 
mixed-valence dimers presented here. These two high-spin irons 
are fen-omagnetically coupled, with a Statal = 9/2 ground state 
and with J = 16 cm-' with Dl = D2 = 2 cm-' 21 and transfer 
integral B = 1320 cm-' (double exchange).34 The spectrum, 
Figure 4a, somewhat resembles a high-spin Fe(II) spectrum, with 
both lower energy and higher energy shoulders, a satellite at 
the L3-edge, and a triplet L2 peak. However, the main L3 and 
L2 peaks are much broader than those for the divalent Fe 
compounds. The branching ratio of the L3 and L2 intensities is 
consistent with high-spin ground states. Simulation of a 
delocalized mixed-valence spectrum requires charge transfer 
calculations involving both d5 and d6 initial configurations, 
which will be reported separately. 

The spectrum for high-spin [Fe1'(tppb)2] (S = 2), Figure 4b, 
resembles that for the delocalized [Fe2(Me$acn)2@-OH)d2+, 

(34) Blondin, G.; Girerd, J. Chem. Rev. 1990, 90, 1359. 
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different lODq values for both Fe(II1) (1ODq = 1.2, 1.5, and 
1.8 eV) and Fe(I1) (1ODq = 0.9, 1.1, and 1.3 eV). The 
calculated sum spectra, even with shifted Fe(II) and Fe(1II) 
components, were far different from the experimental spectrum 
for [Fe2(Me3tacn)2@-OH)312+. Broadness of the L3-edge spec- 
trum for a noninteger oxidation state of high-spin Fe(II1) (6A1,) 
has also been observed in the Lal-,Sr,FeOs system.27 The 
undoped system has a sharp multiplet structure for the L3-edge. 
Upon doping with Sr, the spectrum changes at the high-energy 
side of the L3-edge and the multiplet structure diminishes, and 
a broadened L3-edge peak results when x approaches 0.5. The 
2p core hole absorption for the L-edge XAS measurement occurs 
on a short time scale of ca. s as compared to the 
Mossbauer time scale of about s. The L-edge XAS 
measurement for [Fe"'."2(Mesta~n)2@-0H)3]~+ shows that, at 
the much shorter time scale, the electronic delocalization is the 
same as that determined by Mossbauer.21 

Conclusions 
Iron L-edge X-ray absorption spectroscopy has been used to 

study mononuclear and dinuclear iron complexes. The trapped- 
valence dinuclear complex spectra can be described as sums of 
individual spectra for isolated Fe(I1) and Fe(1II). Spectra for 
both oxidation states can be interpreted by atomic multiplet 
calculation with the inclusion of an adjustable ligand field. For 
high-spin Fe(1II) and high-spin Fe(II), we found lODq around 
1.5 and 1 .O eV, respectively, as expected for normal trivalent 
and divalent irons with oxygen or nitrogen donor ligands in 
octahedral symmetry. Also, the larger reduction of the Slater 
integrals for Fe(II1) suggested a more covalent Fe site than for 
Fe(I1). 

We have shown that the sign and field strength dependence 
of the XMCD effect can be used to characterize the strength 
and type of the coupling between magnetic metal ions, using 
[Fe2"',"(bpmp)@-O2CC2H5)2][BP~]2 as a test case. L-edges 
have also been used to qualitatively distinguish the delocalized 
mixed-valence complex [Fe2(Me3tacn)z@-OH)3I2+. This com- 
plex exhibits a delocalized L-edge spectrum, even on the 
extremely short X-ray absorption time scale. 

L-edge and XMCD spectroscopy together are powerful probes 
of mixed-valence complexes. As better detectors, magnets, 
cryostats, and X-ray sources are implemented, biological 
applications may be expected to expand. 
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Figure 4. (a) Experimental L-edge spectrum of [FeI1J1$(Me3tacn)~~- 
OH)3lZf. (b) Experimental L-edge spectrum (top) for [FeI'(tp~b)~] 
together with the theoretical calculation (bottom). (c) Experimental 
spectrum (top) for [Fe"'(HB(pz)&] [C104] together with the theoretical 
calculation (bottom). The stick diagrams show the strengths of 
individual transitions before broadening. 

but all of the features are sharper and at lower energy. The 
calculated spectrum reproduces the experimental spectrum well. 
Theoretical calculations show that the low-energy shoulder at 
the L2-edge of the spectrum varies the most with ligand field 
strength. Generally, high-spin Fe(I1) systems, such as [FeII- 

(when temperature is higher than 180 K), have similar L-edge 
spectra, a singlet L3 peak with shoulders on low- and high- 
energy sides and a triplet L2-edge. Low-spin Fe(I1) compounds, 
such as &[Fe(CN)6] (not shown), give totally different L-edge 
spectra, a doublet L3-edge with 1.7 eV separation and a sharp 
singlet L2-edge with much great relative intensity. 

The spectrum for low-spin [Fe"'(HBpz3)2][Cl04] is also 
included (Figure 4c). It is quite different from high-spin Fe- 
(111), with a sharp peak 3.5 eV lower than the main L3 peak, 
clear L3 multiplet features, and a relatively sharp L2 peak. The 
small branching ratio (L3/(L3 + L2) intensity) is characteristic 
of low-spin systems.35 The calculation with lODq = 3.0 eV 
agrees reasonably well with the experimental spectrum for Fern- 
(HBpz3)2][C104], except for missing the small feature at 720 
eV and having a higher branching ratio. The calculation shows 
that the first L3 peak is a singlet excitation 2p63d5(t22) - 2p5- 
3d6(t2g6). A symmetry reduction from o h  to D4h or D3d does 
not change the spectrum signicantly, and reducing the 3d spin- 
orbit coupling improves the branching ratio but not the overall 
similarity. 

To investigate the width of the spectrum for the electron- 
delocalized dimer, theoretical calculations were performed with 

(tppbhl, [Fe211~11(bpmp)@-02CC2H~)21+, and Fe(phen)2(NCS)z 

(35) Thole, B. T.; van der Laan, G. Phys. Rev. E 1988, 38, 3158. 


