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Full multiple scattering calculations of the iron K-edge X-ray absorption near-edge spectra of the iron(II) low-
spin complexes, Fe[HB(pz)3]2 and{Fe[HC(pz)3]2}(BF4)2 and high-spin complexes Fe[HB(3,5-(CH3)2pz)3]2 and
{Fe[HC(3,5-(CH3)2pz)3]2}(BF4)2, where pz is the pyrazole ring, have been carried out. Excellent agreement with
the experimental spectra is achieved when a basic 33-atom cluster, corresponding to FeB2C18N12, is used for
Fe[HB(pz)3]2, when four fluorine atoms are added to form a 37-atom cluster for{Fe[HC(pz)3]2}(BF4)2, and when
12 methyl carbon atoms are added to form a 45-atom cluster for Fe[HB(3,5-(CH3)2pz)3]2 and{Fe[HC(3,5-(CH3)2-
pz)3]2}(BF4)2. The full multiple scattering calculations with an increasing number of near-neighbor shells around
the absorbing iron(II) ion reveal constructive and destructive contributions of subsequent shells upon the X-ray
absorption spectral profiles. These calculations (1) permit an unambiguous assignment of specific absorption
lines to scattering by specific near-neighbor shells, (2) reveal that medium-range scattering processes contribute
significantly to the absorption profiles, and (3) permit a correlation between the shift in energy of the absorption
edge upon going from a high-spin to a low-spin complex and the change in the distance of the first coordination
shell around the absorbing iron(II) ion. The results of full multiple scattering calculations place constraints on the
use of Natoli’s rule in making assignments of absorption lines to near-neighbor shells.

Introduction

For the past 10 years X-ray absorption spectroscopy has been
commonly used to characterize the structural and electronic
changes exhibited by many pseudooctahedral 3d4 to 3d7

transition metal complexes as they undergo a spin crossover or
a spin transition.1-19 This technique has several advantages over
X-ray diffraction because it may be used for studying crystalline

or amorphous solids, liquids, and solutions. Further, its elemental
and angular momentum selectivity probes the final state of a
specific atom or ion, in this paper iron(II). At the metal K-edge,
excitations from the 1s core level to unoccupiednp levels are
involved, whereas at the metal L2,3-edges, excitations from the
2p core level to unoccupied 3d levels are involved.8,17-19

Many of the earlier papers1-2,5-7,9-16 are devoted to metal
K-edge extended X-ray absorption fine structure studies or
EXAFS studies, and they report both the local arrangement
around the metal atom or ion and the structural modifications
associated with the spin crossover or the spin transition. In some
papers the X-ray absorption near-edge structure spectra, the
XANES spectra, have also been reported1,4,6,8-11,13,15-16 at the
metal K-edge.

† UniversitéParissSud.
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The changes in the XANES spectra observed at a spin
crossover are often interpreted3-4,10-11 on the basis of a rather
simple molecular orbital approach based on metal and ligand
atomic orbitals. An alternative approach to understanding these
spectra involves a full multiple scattering calculation of the
photoelectron scattering. This approach has been used to try to
understand the changes observed8 at the spin crossover in the
iron K-edge XANES spectra ofcis-Fe(phen)2(NCS)2, where
phen is 1,10-phenanthroline. The changes in these spectra have
been related completely to changes in the crystallographic
structure, changes that result from the 3d electronic changes at
the spin crossover. The structural changes give rise to differences
in the photoelectron multiple scattering path lengths, differences
that lead to changes in the relative intensities and energies of
the absorption lines in high-spin and low-spin XANES spectra.

In general, the contribution of a specific backscattering shell,
at a distancer from the absorbing metal atom or ion, is expected
to contribute an XANES spectral absorption line whose energy
is approximated by Natoli’s rule,Er2 ) constant, a rule that is
based on multiple scattering theory.20 Various authors6,8,21-26

have used constants ranging from 150 to 300 eV Å2 in order to
assign specific XANES spectral features to specific interatomic
distances in a molecule.

This paper has two goals: (1) to confirm the correlation
between the XANES spectral absorption energies and the
characteristic bond lengths found in a specific compound or
set of related compounds and (2) to identify the absorption
profile associated with a specific coordination shell in a
compound. To achieve these goals, a cluster approach used in
conjunction with a full multiple scattering calculation is
essential. The first step in the calculation separates and identifies
the absorption profile resulting from the first coordination shell,
an identification that is essential in evaluating the validity and
limitations of any molecular orbital interpretation of XANES
spectral features.1,4,6,9-11,13,15,16

In previous papers we have reported16,27,28 an iron K-edge
X-ray absorption spectral study of several iron(II) and cobalt-
(II) pyrazolylborate and pyrazolylmethane complexes, some of
which exhibit an electronic spin crossover. Herein, we report
full multiple scattering calculations for these complexes for
which the crystallographic structures have been reported.27-29

These complexes include the low-spin complex Fe[HB(pz)3]2,
1, and the high-spin complex Fe[HB(3,5-(CH3)2pz)3]2, 2, where
pz is the planar pyrazole ring (see Figure 1a). In addition, we
report on the analogous methane complexes in which boron has
been replaced by carbon to form the low-spin complex{Fe-
[HC(pz)3]2}(BF4)2, 3, and the high-spin complex{Fe[HC(3,5-
(CH3)2pz)3]2}(BF4)2, 4. It should be noted that complexes1 and
3 remain low-spin upon cooling to 78 K, whereas complexes2

and4 undergo a spin crossover from the high-spin to the low-
spin state upon cooling to 78 K.

Both the hydrotris(1-pyrazolyl)borate and hydrotris(3,5-
dimethyl-1-pyrazolyl)borate anions, as well as the analogous
neutral methane ligands, act as tridentate ligands, forming
distorted octahedral iron(II) complexes (see Figure 1b). In all
of the complexes studied herein the iron(II) ions have the same
coordination environment with the same first and second shell
near-neighbors (see Table 1). However, as indicated in Table
1, small distance differences do exist beyond 3 Å for the
subsequent shells in the different compounds. Furthermore, in
complexes3 and4 additional backscattering from the fluorine
of the two BF4 anions is possible.

The origin of the changes in the XANES spectra observed at
the spin crossover may be easily understood because the
structural changes occurring upon the high-spin to low-spin
crossover in2 and4 are dominated by a decrease in the iron-
(II) first coordination shell distance with no associated rear-
rangement of the ligands. Furthermore, a comparison between
the experimental and calculated XANES spectra of1-4
should reveal whether the near-edge spectral features are
sensitive to medium and/or short-range contributions to the
scattering.

Full Multiple Scattering Calculations

The X-ray absorption cross-section for the transition from the initial
state,|i〉, to the final state,|f〉, is given by

whereεj.rj is the electric dipole transition operator,R is the fine structure
constant,Ei andEf are the initial and final energies of states i and f,
andδ is the Dirac function. The full multiple scattering formalism is
a method for solving the one-electron Schro¨dinger equation, a formalism
that permits the calculation of the initial and final state wave functions
from a “muffin-tin” potential of a finite cluster of atoms about an
absorbing atom or ion.

Full multiple scattering calculations have been performed by using
the extended CONTINUUM code developed by Natoli and co-
workers.30,31The X-ray absorption cross sections have been calculated
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Figure 1. Pyrazolyl moiety (a) and the iron near-neighbor environment
(b) in Fe[HB(pz)3]2, 1, and Fe[HB(3,5-(CH3)2pz)3]2, 2. In {Fe[HC-
(pz)3]2}(BF4)2, 3, and {Fe[HC(3,5-(CH3)2pz)3]2}(BF4)2, 4, carbon
replaces boron. For clarity the carbon atoms C3, C4, and C5 of the
pyrazole rings are omitted from part b.

σ(pω) ) 4π2Rpω∑
f

|〈f|εj‚rj|i〉|2 δ(Ef-Ei-pω)
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at the iron K-edge for the low-spin complexes1 and 3 and for the
high-spin complexes2 and 4 to reproduce the XANES spectra. The
calculations for the four complexes are based on various, differently
sized clusters centered on the absorbing iron(II) ion derived from earlier
single-crystal X-ray structural studies.28,29 These calculations used
exactly the same structures, and hence bond distances, as those reported
earlier, and no attempt was made to change the bond distances during
these calculations. Thus, the errors associated with the distances given
in Table 1 are the same as those derived from the X-ray structural
work and are typically(0.002 to(0.003 Å for the iron to near-neighbor
nitrogen bond distances.

The basic cluster used for all four complexes is the 33-atom Fe-
[B(C3N2)3]2 or Fe[C(C3N2)3]2 moiety (see Table 1). In addition, the
influence of the methyl substitution at the 3 and 5 positions of the
pyrazolyl rings has been investigated for complexes2 and4 by using
a cluster of 45 atoms. Finally, the closer fluorine atoms have been added
for complexes3 and 4, yielding clusters with 37 and 49 atoms,
respectively. No hydrogen atoms have been included in any of the
scattering calculations because of the well-known weak scattering power
of hydrogen.

The muffin-tin potentials within which the photoelectron scattering
occurs are constructed as described by Levelut et al.32 The atomic charge
densities have been generated by using the Clementi and Roetti self-
consistent field atomic functions.33 The muffin-tin radii have been
obtained according to the Norman criterium34 and have been used
without overlap. The muffin-tin potential has been obtained through a
superposition of neutral charge densities to which has been added an
exchange and correlation potential obtained either with theX-R
formulation with the Schwartz35 coefficients or with the complex
Hedin-Lundqvist formulation.36,37 The photoelectron effective mean
free path,λeff, in the final state is calculated from the imaginary part of
the Hedin-Lundqvist potential. To take into account the core-hole
lifetime, a constant damping factor,Γ, of 1.9 eV has been added to the
imaginary part of the photoelectron self-energy. When the spectra are
calculated with the complex Hedin-Lundqvist potential, the computed
features are smooth because of the damping of the excited photoelectron
by intrinsic and extrinsic inelastic losses.

The charge relaxation around the core hole in the absorbing atom
has been simulated by using the so-called “relaxed and screened”
approximation.32 To take into account the relaxation, the excited-state
orbitals with the iron 1s core hole are considered to be similar to the
ground-state orbitals of theZ + 1 atom, i.e., the cobalt atom. To take
into account the screening, the core electron is promoted to a 3d valence
orbital.

Results

Excellent agreement between the calculated and observed
XANES spectra has been obtained, as shown in Figure 2 for
complexes1 and2 and in Figure 3 for complexes3 and4. The
experimental spectra obtained for complexes1-4 are the same
as the spectra reported earlier.16,28 More specifically the
experimental spectra of Fe[HB(pz)3]2, 1, shown in Figure 2, is
the same as the 295 K spectra shown in Figure 1 of ref 16, and
the experimental spectrum of Fe[HB(3,5-(CH3)2pz)3]2, 2, shown
in Figure 2 is the 77 K spectrum reported but not shown in ref
16. The experimental spectra of{Fe[HC(pz)3]2}(BF4)2, 3, and
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Table 1. Composition of the Various Atom Clusters Used in the Full Multiple Scattering Calculations

Fe[HB(pz)3]2, 1 {Fe[HC(pz)3]2}(BF4)2, 3 Fe[HB(3,5-(CH3)2(pz)3]2, 2 {Fe[HC(3,5-(CH3)2(pz)3]2}(BF4)2, 4

size atom no.
distance,

Å size atom no.
distance,

Å size atom no.
distance,

Å size atom no.
distance,

Å

7 N2 6 1.98 7 N2 6 1.97 7 N2 6 2.17 7 N2 6 2.17
13 N1 6 2.90 13 N1 6 2.88 13 N1 6 3.05 13 N1 6 3.04
19 C3 6 3.06 15 C 2 3.01 15 B 2 3.18 15 C 2 3.14
21 B 2 3.08 21 C3 6 3.08 21 C3 6 3.28 21 C3 6 3.28
27 C5 6 4.08 27 C5 6 4.10 27 C5 6 4.26 27 C5 6 4.27
33 C4 6 4.19 33 C4 6 4.21 33 C4 6 4.40 33 C4 6 4.39

37 F 4 4.76 39 Ca 6 3.73 39 Ca 6 3.75
45 Cb 6 5.54 45 Cb 6 5.53

47 F 2 5.59
49 F 2 5.78

a The carbon atom of the methyl group at the 3 position of the pyrazol ring.b The carbon atom of the methyl group at the 5 position of the
pyrazol ring.

Figure 2. Observed 295 K iron K-edge XANES spectra and the
calculated spectra for low-spin Fe[HB(pz)3]2, 1 (dotted line), and for
high-spin Fe[HB(3,5-(CH3)2pz)3]2, 2 (solid line). Clusters of 33 and
45 atoms have been used in the full multiple scattering calculations
for complexes1 and2, respectively.

Figure 3. Observed 295 K iron K-edge XANES spectra and the
calculated spectra for low-spin{Fe[HC(pz)3]2}(BF4)2, 3 (dotted line),
and for high-spin{Fe[HC(3,5-(CH3)2pz)3]2}(BF4)2, 4 (solid line).
Clusters of 37 and 45 atoms have been used in the full multiple
scattering calculations for complexes3 and4, respectively.
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{Fe[HC(3,5-(CH3)2pz)3]2}(BF4)2, 4, shown in Figure 3 are the
same as the 295 K spectra shown in Figure 11 of ref 28. The
calculated spectra have been obtained for clusters of 33 atoms
for complex1, 45 atoms for complex2, 37 atoms for complex
3, and 45 atoms for cluster4. These calculations have used the
complex Hedin-Lundqvist potential. The zero in energy of the
experimental spectra corresponds to the first maximum in the
derivative of the iron foil K-edge spectrum16 at 7112 eV. To
compare the experimental and theoretical XANES spectra, the
main calculated absorption line, labeled C in Figures 2 and 3
for the high-spin complexes2 and 4, is aligned with the
corresponding experimental absorption line.

Full multiple scattering calculations with the complex Hedin-
Lundqvist potential are shown in Figure 4 for the smallest and
largest clusters as defined in Table 1 for complexes2-4. For
complex4 the calculation with the 49-atom cluster, i.e., with
fluorine atoms, is virtually identical to the 45-atom cluster
calculated spectrum shown in Figure 3.

Full multiple scattering calculations for complexes1 and2
with increasing cluster size (see Table 1) are shown in Figure
5. In this figure, to make the different calculated absorption
lines sharper, the calculations have been carried out with the
X-R formulation for the exchange potential without any
consideration of broadening due to the core hole, instrumental
resolution, or inelastic losses. In these calculations there is no
bandwidth parameter, and the changes in the broadness of the
absorption lines in Figure 5 result only from changes in the
number of electronic transitions involved in the resonance. For
a given complex, the same value of the mean interstitialX-R
exchange potential has been used for the different clusters,
values that correspond to that found for the 33- and 45-atom
cluster for complexes1 and2, respectively. As a consequence,
all the calculations have a common reference energy.

Discussion

As shown in Figures 2 and 3, both the general shape of the
experimental spectra and the relative variation in the intensity
and energy of the absorption lines for the high-spin and low-
spin complexes are satisfactorily reproduced by our full multiple
scattering calculations. The procedure for aligning the experi-
mental and calculated spectra of the high-spin complexes2 and
4 has been given above. This procedure also implies the
analogous alignment of the experimental and calculated spectra

of the low-spin complexes1 and 3, an alignment that is
excellent. Thus, the experimental shift in energy of absorption
lines C, D, and X for the low-spin complexes, compared to those
of the high-spin complexes, is directly related to the shorter
multiple scattering pathways in the low-spin complexes (see
Table 1).

Because the electronic spin state plays no part in the
construction of the scattering potential, the differences in the
potentials for the low-spin and high-spin complexes result only
from the changes in the molecular structures, changes that lead
to differences in the multiple scattering pathways. The calcula-
tion of the scattering potential does not take into account the
difference in occupancy of the t2g and eg iron 3d orbitals for
the different spin states. Rather, the calculations have been
carried out for both the low-spin and high-spin iron complexes
by starting from the same Clementi and Roetti atomic wave
functions.33 Thus, the differences between the high- and low-
spin simulations arise mainly from differences in the structures
of the complexes and not from initial differences in the
electronic occupancy of the iron t2g and eg orbitals. Similar
results have been obtained for Fe(phen)2(NCS)2 above and
below its spin-crossover temperature.8 The work reported herein
and the earlier work on Fe(phen)2(NCS)2 clearly establish the
structural origin of the XANES spectral absorption lines at the
iron K-edge and show that the multiple scattering framework
is a suitable theory for mimicking the hybridization between
the 4s and 4p states of iron and the symmetry-adopted atomic
orbitals of the neighboring atoms.

As is observed in Figures 2 and 3, full multiple scattering
calculations are successful in reproducing even small relative
changes in intensity of spectral absorption lines. Specifically,
the difference in intensity between both the experimental and
calculated spectral absorption lines C and D in complex3 (see

Figure 4. Calculated XANES spectra for different clusters in
complexes2-4. The dashed lines refer to the 33-atom clusters for
complexes2-4, and the solid lines refer to the 45-, 37-, and 49-atom
clusters for complexes2, 3, and4, respectively. The inset shows the
detailed differences between 3.0 and 4.5 eV in the calculated spectrum
of 2 for 33- and 45-atom clusters.

Figure 5. XANES spectra calculated with the indicated number of
cluster atoms for Fe[HB(pz)3]2, 1 (a), and Fe[HB(3,5-(CH3)2pz)3]2, 2
(b).

Scattering in Iron(II) Complexes Inorganic Chemistry, Vol. 40, No. 5, 2001915



Figure 3) is smaller than the equivalent difference for complex
1 (see Figure 2).

The introduction of the methyl groups, which substitute for
hydrogen at the 3 and 5 positions of the pyrazolyl ring, into the
calculations performed on the high-spin complexes (see Figure
4) clearly improves the agreement between experimental and
calculated spectra. Specifically, the small plateau labeled E at
ca. 35 eV in Figures 2 and 3 is better reproduced with the 45-
atom cluster, a cluster that includes the 12 carbon atoms of the
methyl groups (see Table 1). Thus,eVen the methyl groups are
involved in the multiple scattering processes. Our previous
study16 of the iron(II) and cobalt(II) pyrazolylborate complexes
had already revealed this experimentally because the cobalt
K-edge spectrum of high-spin Co[HB(pz)3]2 does not show the
absorption plateau at E whereas the spectrum of high-spin Co-
[HB(3,5-(CH3)2pz)3]2 does. Although the addition of methyl
induces the spin crossover, the contribution of the methyl group
carbon to the multiple scattering is small and could not be
confirmed16 without the use of full multiple scattering calcula-
tions.

The addition of four of the eight fluorines belonging to the
two BF4 anions also improves the agreement between the
observed and calculated spectra, especially for low-spin complex
3. Specifically, absorption lines C and D are better reproduced
by the 37-atom, fluoride-containing cluster than by the 33-atom
cluster (see Figure 4). This result clearly indicates that the
features in the spectral energy range below ca. 30 eV are
strongly dominated by medium-range scattering and thus
requires clusters of ca. 5 Å radius to be accurately reproduced.
Because fluorine is heavier than nitrogen and carbon, its
scattering power is strong enough to substantially change the
shape of absorption lines C and D.

Our full multiple scattering calculations for complexes1 and
2 as a function of scattering cluster size (see Figure 5) lead to
several important conclusions. First, the inclusion of successive
shells leads to the detailed structure observed in the XANES
spectra. Second, the shape of the XANES spectra results from
scattering processes involving several different shells. Construc-
tive and/or destructive superposition effects occur, to varying
degrees, as subsequent shells are added to the multiple scattering
calculation. The occurrence of these “interference-like” phe-
nomena produces drastic changes in the number and intensity
of the spectral absorption lines. The need to include all of these
shells in the calculation indicates that all these shells are located
at distances shorter than the average mean free path of the
photoelectron, an effective mean free path that is obtained from
the imaginary part of the Hedin-Lundqvist potential (see Figure
6). This figure shows that the mean free path in the energy range

above ca. 20 eV is between 3 and 4 Å and, as a consequence,
the XANES spectral lines are dominated by shells located at
distances of less than 4 Å. The calculated spectra shown in
Figure 5 indicate that for both complexes the two furthest shells
(see Table 1) lead, both above and below 20 eV, to only minor
changes in the shape of the XANES spectra. These changes
are normally hidden by the broadening of the absorption bands
due to extrinsic and intrinsic losses. The same argument can be
used to explain the negligible influence of the four fluorine
atoms in the 49-atom cluster on the XANES spectrum of
compound4 (see Figures 3b and 4). Indeed, these fluorine atoms
are found at ca. 5.7 Å from the iron(II) ion, a distance that is
larger than the photoelectron effective mean free path of ca. 5
Å.

By considering the calculations performed for the different
shells, it appears that some of the absorption bands can be related
to a specific shell. First, absorption line X, which is reproduced
with a seven-atom cluster, is mainly determined by scattering
processes inside the first coordination shell. As noted earlier,16

the energy of X for complexes1 and2 verifies the Natoli rule,20

and hence, absorption line X may be unambiguously assigned
to scattering within the first coordination shell of nitrogen atoms.
Second, as shown in Figure 5 for complexes1 and2, absorption
line D is present at the proper energy for all calculations with
clusters larger than 21 and 15 atoms, respectively. In both1
and2, absorption D corresponds to the introduction of two boron
atoms into the cluster, but because of changes in the crystal-
lographic structures, boron is found in different shells (see Table
1), and as a consequence, the assignment of absorption D is
unambiguous. As a consequence of the limited mean free path
of the photoelectron (see above and Figure 6), the energy of
absorption line D is not affected by the addition of more distant
shells.

Full multiple scattering calculations performed with the 33-
atom cluster and with the same cluster without the two boron
atoms are shown in Figure 7. It appears that the energy ofonly
absorption line D is significantly affected by the addition of
the boron. Furthermore, a comparison of the calculated XANES
spectra for complexes1 and3 indicates that only the energy of
absorption line D changes when boron is replaced by carbon.
This occurs because the two boron atoms in complex1 form
the fourth shell at 3.08 Å whereas the two carbon atoms in
complex3 form the third shell at 3.01 Å (see Table 1). Hence,
in agreement with Natoli’s rule, the energy of absorption line
D is lower in complex1 than in complex3. Consequently, the
results presented in Figures 5 and 7 permit the unambiguous
assignment of absorption line D to scattering by shells containing
either boron or the methane carbon.

Finally, the intensity and number of calculated spectral
absorption lines between 10 and 20 eV vary considerably with
cluster size. The more intense absorptions for the 13-atom cluster
of the two complexes are located at the energy of absorption
line C in Figure 5. Considering clusters with a higher number
of atoms, we observe a “splitting” of the more intense
absorptions to yield lines B and C. In the calculation corre-
sponding to the largest clusters, absorption line C is found at
the expected experimental energy. The fact that absorption line
C is already located at the correct energy in the 13-atom cluster
does not permit a direct assignment to the second nitrogen shell.
Nevertheless, the cluster with 13 atoms constructively contrib-
utes to this spectral absorption.

A full multiple scattering calculation of the contributions of
the different shells of atoms in a given molecule reveals,
unambiguously, the origin of the different absorptions lines in

Figure 6. Energy dependence of the effective mean free path of the
photoelectron at the iron K-edge.
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an XANES spectrum. Despite the evident complexity of the
scattering processes that give rise to the XANES spectral lines,
several authors6,8,21-26 have attempted to correlate a given shell
with a given absorption. Specifically, the XANES spectra of
the pseudooctahedral Fe(R-picolamine)3]Cl2‚EtOH complex6,38,39

obtained above and below the spin-crossover temperature have
a shape very similar to those observed herein for the low-spin
and high-spin complexes. These XANES spectra have been
interpreted6 with Natoli’s rule20 as reformulated by Lytle.22

Unfortunately, this earlier work6 assumed that single scattering
processes were dominant over the 10-40 eV energy range, a
conclusion that is in conflict with the work reported herein (see
below).

On the basis of the work of Chen et al.,6 we would have to
assign absorption line D to scattering by the first nitrogen shell
and absorption line C to scattering by the second shell of
neighbors located at ca. 3.05 Å for high-spin complexes2 and
4 and at ca. 2.90 Å for low-spin complexes1 and3. Once again,
on the basis of our full multiple scattering calculations, these
assignments would clearly be incorrect. As mentioned above,
the second shell of neighbors constructively contributes to

absorption line C, but this feature clearly originates from
scattering by several shells. Furthermore, the seven-atom cluster
calculation shown in Figure 5 indicates that the first nitrogen
coordination shell constructively contributes to absorption line
D through the presence of a large shoulder at ca. 30-35 eV.

The seven-atom cluster calculated spectra shown in Figure 5
are typical of the XANES spectra of pure octahedral complexes,
such as the first-row transition metal ion hexaaquo complexes.40

Previously we have shown40 that for octahedral ML6 complexes
multiple scattering pathways, such as the Mf L f M f L′
f M pathway, where L and L′ are centrosymmetrically located
ligands, contribute significantly to absorption line D. Hence,
the dominant scattering effect is a triple scattering processes
and not single scattering as proposed by Chen et al.6 In addition,
our calculations show that the presence of two boron or carbon
atoms in more distant shells gives rise to added details in the
shoulder present in the seven-atom cluster calculation. Without
the support of full multiple scattering calculations, it is not
possible to eliminate similar effects in the [Fe(R-picolamine)3]-
Cl2‚EtOH complex.

The seven-atom cluster calculations shown in Figure 8
reproduce the observed shift in experimental energy and the
variation in intensity in going from a low-spin to a high-spin
complex. Hence, the distances to the first coordination shell of
1.98 Å in the low-spin complexes and of 2.17 Å in the high-
spin complexes play a major role in the energy position of the
rising absorption edge. This conclusion is important because
the commonly used3,4,10,11molecular orbital interpretation of the
XANES spectra explains qualitatively the energy shift and
intensity change of the XANES absorption C in going from
the low-spin to the high-spin state. In this molecular orbital
approach, the shift in energy of the rising edge is understood
in terms of the different electronic configurations of the high-
spin and low-spin states. In the low-spin state, all six of the
iron 3d electrons are in nonbonding or weaklyπ-antibonding
t2g orbitals, whereas in the high-spin state two of these electrons
are promoted to theσ-antibonding eg orbitals. This promotion
is associated with an increase in bond length in the high-spin
complexes, an increase that reduces theσ-antibonding overlap
between the 4p orbitals of iron(II) and the predominantly 2p
nitrogen orbitals. Consequently, theσ-antibonding state, with
a strong 4p character, is stabilized relative to its energy in the
low-spin complexes, and as a consequence, the rising edge shifts
to lower energy. The increase in intensity of absorption line C
(see Figure 8) is also a consequence of the reduction of the

(38) Mikami, M.; Konno, M.; Saito, Y.Acta Crystallogr. B1980, 36, 275.
(39) In [Fe(R-picolamine)3]Cl2‚EtOH the R-picolamine ring acts as a

bidendate ligand, with both nitrogen atoms of each picolamine ring
coordinated to iron(II), to yield a pseudooctahedral dicationic complex
(see ref 38). The 290 K high-spin XANES spectrum of [Fe(R-
picolamine)3]Cl2‚EtOH has a maximum absorption at ca. 16.5 eV, a
maximum that is shifted to ca. 20.5 eV in the 10 K low-spin spectrum
(see Figure 2 of ref 6). This shift is accompanied by a simultaneous
reduction in the relative intensity of the line, and further, a shoulder
at ca. 30 eV increases in intensity upon cooling from 290 to 10 K.
These features directly correspond to the absorption lines C and D of
complexes1 and2 (see Figure 2).

(40) Briois, V.; Lagarde, P.; Brouder, C.; Sainctavit, P.; Verdaguer, M.
Physica B1995, 208-209, 52.

Figure 7. Comparison of the calculated XANES spectra for a 31-
atom cluster (dotted line) and for a 33-atom cluster (solid line) in Fe-
[HB(pz)3]2, 1 (a), and Fe[HB(3,5-(CH3)2pz)3]2, 2 (b). The atom clusters
are the same except the two boron atoms have been removed in the
31-atom cluster.

Figure 8. Calculated XANES spectra for a seven-atom cluster at an
iron(II) ion in a low-spin and a high-spin complex.
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overlap between the lowest unoccupied 4p iron(II) orbital and
the highest occupied 2p nitrogen orbital, a reduction that gives
rise to an increase in the density of the iron(II) empty states.
The results of the full multiple scattering calculations for the
seven-atom cluster are in line with the molecular orbital
approach to understanding the changes in the XANES spectra
occurring at a spin crossover.

Conclusions

This study has shown that any interpretation of XANES
spectra based solely on single scattering processes and Natoli’s
rule may be questionable. In contrast, full multiple scattering
calculations permit an assignment of the different absorption
lines to different near-neighbor shells about an absorbing atom.
This study has also demonstrated the additive41 “building block”
character of the multiple scattering contributions to an XANES
spectrum. A comparison of complexes1 and2 with complexes
3 and4 has indicated that many details in the XANES spectra
originate in medium-range scattering processes. Specifically, the
full multiple scattering calculations show that distant anions,

such as the BF4 anion, must be considered in the scattering
processes in order to accurately reproduce an XANES spectrum.
Full multiple scattering calculations with increasing cluster size
also permit an assignment of some XANES absorption lines to
a given near-neighbor shell; the energy of these lines corre-
sponds to that predicted by Natoli’s rule. However, because of
the building block character of the XANES spectra, it is
dangerous, solely on the basis of Natoli’s rule, to make an
assignment of a given absorption to a specific near-neighbor
shell. Finally, full multiple scattering calculations have shown
that the shift in energy of the absorption edge of the XANES
spectrum, upon going from a high-spin to a low-spin complex,
is a consequence of the change in the distance of the first
coordination shell.
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