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Abstract

The use of multiple-scattering analysis of X-ray absorption fine structure (XAFS) data for the determination of three-dimensional structures
of the active sites of proteins and reactive inorganic species is reviewed, with reference to applications from the authors’ research. In particular,
the procedures used in the analysis and the advantages and disadvantages of the techniques are described together with a critical evaluation
of the information that is obtainable. Particular reference is made to the binding of NO to heme proteins, the structural determination of
reactive intermediates in the redox bioinorganic chemistry of Cr, the characterization of anti-inflammatory metal complexes in pharmaceutical
preparations, the scattering from hydrogen atoms (first and second coordination shell), and metal dinitrogen complexes.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Multiple-scattering; XAFS; Heme proteins; Reactive Cr complexes; Metal anti-inflammatory drugs; Dihydrogen complexes; Dinitrogen complexes

1. Introduction

Extended X-ray absorption fine structure (EXAFS) or X-
ray absorption fine structure (XAFS) are somewhat synony-
mous terms used to describe the oscillations that occur on
the X-ray absorption due to the promotion of core electrons
into the continuum. The term EXAFS is used specifically
to describe the oscillations caused from backscattering of the
photoelectron by atoms surrounding the absorbing atom. The
term XAFS is gaining more popular usage as it incorporates
the oscillations at low energies just beyond the absorption
edge rather than just the extended region. This low-energy

mining the three-dimensional structures of species for which
X-ray crystallographic structures are not available. This sit-
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MS analysis of XAFS data obtained from frozen solutions
is extremely valuable. The relevant merits of protein crystal-
lography and XAFS and combinations of these techniques in
studying metalloproteins are given in recent reviews[3–5].
Some examples of why it is important to use XAFS, even
if the XRD structure is known, are outlined in the following
examples of relevance to the current review[3,6–9].

(i) Usually, metal–ligand bond lengths are an order of mag-
nitude more accurate and precise (0.01–0.02Å) than
those obtained using XRD (typically∼0.1Å) [3,6,9],
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dination geometries different from those present in the
biologically relevant solution structures[7,8,11,12].
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(iv) XRD determinations of oxidized (Fe(III), Cu(II
Mo(VI), etc.) metalloproteins are often very susce
ble to photoreduction at the metal center during st
tural determinations, even at liquid nitrogen temp
tures, when highly focused synchrotron X-ray be
are used. This often leads to changes in the struc
details of the active site, e.g., the NO adduct of fe
nitrophorin 1 (NP1NO) is completely reduced in the
ray beam[13] although a related complex NP4NO
stable[14].

(v) There is an advantage in having XRD data for calibra
theoretical parameters for XAFS calculations.

vi) When the XRD structure is unknown but those of rela
proteins are known (e.g., the native form, if the mut
are being investigated, or a related adduct of a pro
the XRD structure can be used to build a suitable sta
model of the active site of the protein with an unkno
structure.
portion of the XAFS region (XANES[1,2]) is crucial for the
multiple-scattering (MS) EXAFS modeling discussed herein,
but it also includes atomic XAFS (AXAFS that is not mod-
eled accurately in even the most modern XAFS programs
[2]) in addition to EXAFS oscillations. For MS analysis of
XAFS data, the AXAFS contributions are usually minimized
during the extraction of the EXAFS in order that the fit be-
tween EXAFS theory and experiment is optimized. The re-
sulting MS analysis of XAFS data, particularly when used in
conjunction with XANES[1,2] and other spectroscopic and
structural information, is a very powerful technique for deter-

except for the few XRD structures that are determin
to a resolution of∼1Å.

(ii) Crystallization procedures for XRD structures ca
sometimes result in active sites that are not biologica
relevant due to coordination of ligands from the cry
tallizing medium, e.g., an ammine ligand[10], or other
small molecules/ions used as buffers or to control io
strength.

(iii) XRD structures performed on crystals where a coor
nating molecule is diffused into a preformed crystal a
subject to crystal packing forces that can lead to co
uation may apply as a result of the instability of the co
plex/protein and/or the requirement to study the structur
the solution phase. One of the major advantages of MS a
ysis of XAFS data is the ability to obtain accurate and pre
structural information from any medium, so long as only o
or two different coordination environments are present in
sample for a given absorbing element. The disadvantag
that XAFS does not provide an absolute determination
a structure. Instead, the structure determination is mad
the basis of fitting data to structural models and, theref
the development of suitable models is crucial. Normally,
number of suitable starting model structures is restricted
consideration of spectroscopic and other information av
able on the complex or metalloprotein. As such, the anal
can often provide definitive evidence for the presence of
structural type over another, as well as provide accurate
precise bond length and, in many cases, bond angle info
tion. Even if an XRD structure of a metalloprotein is know
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With respect to (iv), XAFS has the advantage over XRD
since the structures are normally determined at lower temper-
atures (liquid He for XAS as opposed to liquid N2 for most
XRD experiments) and with a less intense beam. Moreover,
photodamage at the metal center is more easily monitored
and the affected data rejected in XAFS compared to XRD.
Thus the MS analysis of XAFS data should be considered as
a complementary technique that, in many cases, can provide
additional and more precise and accurate bond length infor-
mation about the active site of a metalloprotein than does
XRD. By contrast, XRD provides detailed structural infor-
mation on the whole protein that is not obtainable from the
analysis of XAFS data[3,4].

In this review, methods are described for performing MS
analyses of XAFS data. Applications of such analyses are
illustrated with a variety of examples, mainly from our own
work, as it is impossible to cover all of the literature in the
area within the space constraints of this review. Other reviews
of the application of MS techniques can be found elsewhere
[3,15–18]. Here specific examples are given for the binding of
NO to heme proteins, the structural determination of reactive
intermediates in the redox bioinorganic chemistry of Cr, the
characterization of anti-inflammatory metal complexes, the
scattering from hydrogen atoms (first and second coordina-
tion shell), and metal dinitrogen complexes. The limitations,
a AFS
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Fig. 1. The X-ray absorption process.

has been superseded somewhat by MS analysis. However,
SS analysis is still very useful to obtain preliminary infor-
mation about potential models for subsequent MS analysis,
or when the coordination geometry is too complex to obtain
three-dimensional information within the determinacy of the
data (Section2.4).

Multiple-scattering analysis of XAFS data includes the
calculations of contributions from photoelectrons that are
backscattered from two or more atoms (Fig. 2). Gener-
ally, the more legs (i.e., numbers of atoms) involved in

Fig. 2. (a) Interference caused by backscattering of the photoelectron from
adjacent atoms that leads to XAFS. Multiple-scattering geometry. (b) Def-
inition of the scattering angleβ for a three-atom system (A = absorber; B,
C = scatterers). (c) Three possible multiple-scattering pathways.
s well as the advantages, of the applications of MS X
nalyses to these problems are discussed.

. Three-dimensional structure determination
rocedures

.1. Multiple-scattering (MS) processes

As indicated previously, XAFS is the oscillations that
ur on the otherwise smooth background of the X-ray
orption spectrum beyond the absorption edge of an ele
3,15–22]. The EXAFS component results from destruc
nd constructive interference between the wavepacket
hotoelectron produced by absorption of an X-ray by the
ent of interest (Fig. 1), and the backscattered photoelec
aves caused by interactions with atoms that surround th
orbing atom (Fig. 2). Usually, K-edge spectra are record
hich result from the ejection of a 1s electron, for elem
p to the second row of the transition elements. For the

hanides and beyond, the K edge is too high in energy
n a convenient energy range for such measurements
s normal to measure the LIII edge that results from the e
ion of a 2p electron. When the photoelectron is backscat
rom a single atom back to the absorbing atom, the proce
alled single scattering (SS). The fitting of calculated XA
rom such processes to the coordination shell of atom
he observed XAFS can provide information on the n
er and types of atoms that surround the absorbing a
ut does not provide any direct determination of the th
imensional structure. The use of SS analysis of XAFS
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the backscattering, the weaker is the contribution, as it is
dampened by the distance and nuclear motions. However,
the most important aspect of MS is that the contribution is
strongest when atoms are collinear, and drops off rapidly be-
low 140◦ [3,15–19,22–27]. This sensitivity enables the deter-
mination of angles and, hence, in some complexes, the three-
dimensional structure for the first few coordination shells,
i.e., to 5–6Å from the absorbing atom. It is the applica-
tion of MS analysis that will be the focus of the subsequent
sections.

2.2. XAFS data collection and extraction

2.2.1. XAS data collection
Appropriate data collection and treatment are essential in

order to maximize the ability to use MS analyses of XAFS
data for three-dimensional structure determinations. For this
reason, there are a number of things that need to be considered
when measuring samples.

For solid samples, the spectrum is measured in absorption
mode by ion chambers. Ideally absorption of a sample (A)
after the edge is∼80%. There are programs that allow the
absorption of a sample to be calculated, e.g.,Xcom[28], and
these can be used to calculate whether the sample needs to
be diluted by a material with a low absorptivity, i.e., BN. The
r r,
(
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duce the absorbing atom and, hence, result in analysis of
a coordination environment that differs from that originally
present. This reduction process is much more important
than photooxidation by, for example, OH•, probably due
to the ability of the electron to readily diffuse or tunnel
through the medium to reach the absorbing atom. This is
particularly noticeable for metalloproteins, where most ox-
idized forms of metalloproteins readily show photoreduc-
tion (Cu(II), Fe(III), Mo(VI), etc.). However, most reduced
forms, such as Fe(II) and Mo(IV), are extremely stable in
the beam and, hence, reliable structures are more easily
obtainable.

H2O+hν→ H+ + OH• + e− (2)

Generally, photoreduction is more serious for species in so-
lutions than in the solid state, and for metalloproteins than
for coordination complexes. The problem of photoreduction
of samples has increased in importance with the advent of
more brilliant sources and focused beams. Indeed, for par-
ticularly photosensitive samples, it is often better to gather
data over a longer time with a second-generation source or
on a bending magnet beamline than one with a more bril-
liant beam such as that obtained on a wiggler beamline. Be-
cause of the adverse effects of photoreduction on the accu-
r to be
m edge
e is al-
l e to
b sam-
p to a
n otice-
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atio of BN to compound is based on the weighting factoρt
g cm−2), which is calculated using Eq.(1).

t = ln(1 − A)

µpre − µpost
(1)

ere,µpre andµpost are the photon attenuation coefficie
efore and after a certain shell. If the sample is too abs

ng, the XAFS will be distorted by higher harmonics (e
hen the beam is detuned) and other problems will
ue to low photon counts at highk values where the XAF

s weak. These problems will diminish the reliability of
S fitting procedure. If, on the other hand, there is too

le of the absorbing atom in the X-ray beam, then the
bility of the fitting can again be decreased by noise in
ata.

As mentioned above, higher-order harmonics contri
o the XAFS for a tuned beam and since these contribu
re not calculated in the normal methods of XAFS anal

t is necessary to remove them (or at least reduce the
nsignificant values). Historically, this was achieved by
uning the beam by 50% but, in the most modern beaml
his is achieved by harmonic rejection using appropriate
ics before the beam reaches the sample. The latter is p
ble (so long as photoreduction is not a serious problem
elow) since it maximizes the intensity of the beam on
ample and, therefore, provides the best signal-to-noise
n the resultant data.

Photoreduction is a serious problem in all synchrot
ased X-ray techniques and arises primarily from secon
ffects caused by X-ray-induced ionization of molecu
.g., water (Eq.(2)). The electron that is released can
acy of structure determinations, the edge position has
onitored on successive runs and calibrated against the
nergy of a suitable standard during measurements. Th

ows data that are significantly affected by photodamag
e rejected in the analysis of the XAFS data. Generally,
ling is set up in order that the beam can be moved
ew spot on the sample when photodamage becomes n
ble in order to improve counting statistics in the avera
pectra.

Low temperatures (liquid He temperatures) are desi
or several reasons. The first is that this reduces the e
f photodamage. This improves the quality of the data
ence, the reliability of the structure determination. The
nd is that the lower the temperature, the lower the
al displacements (Debye–Waller factors). Since atomic

ion is reduced, the scattering (particularly MS) beco
uch stronger and, hence, the determination of the t
imensional structure becomes more reliable. There i
dded advantage that the resolution of shells improves d

he lower Debye–Waller factors. Due care has to be ta
owever, when there is the possibility of spin equilib
r other temperature-dependent structural changes. W

here is a spin equilibrium, the lower temperature will fa
ow-spin complexes, which can result in a changeover
tructure that differs from the predominant high-spin ro
emperature structure. This spin-state change is appare
nstance, when the structure of met-Lb (Lb = leghemoglo
29] or met-IDO (IDO = indolamine 2,3-dioxygenase)[30]
s determined at liquid He temperature where the low-
orm predominates, as opposed to the high-spin form at
emperature[31,32]. There is one other problem that is
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herent in using frozen solutions in XAFS analyses, partic-
ularly with aqueous solutions, and this is the formation of
ice crystals. Such crystals cause two problems; one is that
the crystals can result in Bragg reflections that give rise to
glitches in the XAS and can make the data unusable. The
second is that crystals increase the background scattering of
X-rays, which decreases the signal-to-noise ratios. For these
reasons, it is often better to use organic solvents that have a
tendency to glass or, if aqueous medium is required, a glass-
ing agent such as glycerol is added[6–9]. Care has to be
taken, however, that the glassing agent does not coordinate
to the element of interest or cause other changes in structure.
This should be checked by measuring such properties as the
UV–vis absorption spectrum of the metalloprotein or coor-
dination complex in the presence and absence of the glassing
agent.

One of the most important requirements for accurate struc-
ture determination is to obtain XAFS data over as large a
k range as possible. This improves the accuracy and pre-
cision of the determination of the bond lengths, improves
the resolution of shells of atoms that surround the absorb-
ing atom at a similar distance, and improves the determinacy
of the analysis of the three-dimensional structure (Sections
2.4–2.6). Important factors that determine the usablek range
are: the concentration of the absorbing atom; the intensity
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photon flux to a maximum value of∼100,000 cps) rather than
the intensity of the beam. More recently, software has been
developed to correct for deadtime in Ge detectors, which al-
lows the measurement of photon fluxes that are an order of
magnitude higher[33]. In summary, for most applications
of XAFS for the determination of the structures around the
absorbing atoms in metalloproteins and coordination com-
plexes, it has been developments in photon detection that
have had the biggest impact and will continue to do so. The
photodamage induced by increasing the source flux beyond
that available with a second generation source is problem-
atic for standard metalloprotein XAS measurements. It is not
simply a matter of obtaining the XAS more quickly; with in-
tense beams, it is often essential that the beam is attenuated
during the alignment process used in finding the spots on the
sample where the XAFS will be measured. Such attenuation
is required to prevent significant photodamage of a precious
sample before the XAS is recorded. Alternatively, the sam-
ples in these beamlines are aligned by alternative means that
do not involve the irradiation of the sample. Where, the third
generation sources have the biggest impact is when rapid
acquisition of XAFS is required to follow intermediates in
reactions, or to study unstable intermediates generated by
processes such as photolysis.
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f the beam; the sensitivity of the detection system (e
ially for solutions); the degree of photodamage; the num
f scans used in the average; and the weighting of the c

ime for the data points. Generally, the count time per
oint is ramped up over thek range so that the count time
t least 5–10 times longer at the end of thek range compare

o the start of thek range. This weighting of the count time
educes the noise at highk values and, hence, maximizes
sablek range. When LIII edges are measured, there is

he limitation that the values can only be measured up
he LII edge, e.g., to≤18Å−1 for Os (Section7). While a
argerk range can be measured for the LI edge that re
rom the ejection of a 2s electron, the intensity of this edg
uch weaker than that of the LIII edge, which decrease

ignal-to-noise ratios at highk values. Other physical lim
ations on the usefulk range are the presence of an adja
heavier) element in the periodic table within the sample
ng measured. For instance, the usefulk range for the C
-edge in many metalloproteins is limited to∼600 eV by Zn
ontamination.

For solutions and dilute solid samples, the normal me
f measurement of the absorption spectrum is to count th
rescent X-rays. These X-rays are emitted from the abso
toms when valence electrons transfer to the core shell v
ies that result from the ejection of the photoelectrons (Fig. 1).
robably the most crucial area for the further developme

he application of XAFS to dilute samples is in the dete
rea. This is far more important than improving X-ray fl
ecause of the photoreduction problems. With modern b

ines, the signal-to-noise ratio is often limited by the dead
f Ge detectors (which requires attenuation of the fluores
rescent X-ray detection have been critical to the deve
ent of structure determination using MS analyses of X
ata. The technology has developed from Lyttle detec

o multi-element Ge detectors (now commonly 30-elem
e detectors). New technology is coming on the scen
rder to improve the count rates and hence improve data

ection. These developments include Laue-diffraction-b
etectors[34] and monolithic Ge pixel detectors, which ha
een built with up to 100 pixels[35]. The former suffer from

he drawback that they are energy (element) specific
hus, need to be changed when changing elements, bu
ffer some advantages in being more sensitive than th
etectors.

During the measurement of the XAS, the intensity of
eam as a function of energy is measured by an ion cha
efore the sample. In both absorption and fluorescenc

ection modes, the measured intensity of the incident b
s used to normalize the absorption spectrum.

.2.2. Extraction of XAFS from XAS data
Normally more than one scan is run to obtain the X

ata and these scans are averaged in order to improv
ignal-to-noise ratio. This is especially the case for solu
here not only the XAFS scans need to be averaged bu

he XAFS data obtained from different channels for a m
lement Ge detector are averaged. The first step in any
sis is to remove data that have been significantly affe
y photoreduction, as shown by the XANES. The next

n the analysis of the XAFS data is to average the rem
ng XAFS data. Normally, the XAFS data that are use
he fitting procedure consist of a weighted average in w
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the contribution of each channel or scan is weighted to take
into account the absolute intensity of the XAFS and/or the
signal-to-noise ratio in the XAFS. Variations in the intensi-
ties of the XAS signals emanating from individual channels
within a multi-channel fluorescence detector arise from the
sensitivity of the individual channel to the X-ray flux, as well
as geometric factors. The geometric factors are particularly
important when the detector is close to the sample. In this
situation, the fluorescent photon flux arriving at the outer
elements is much less than those arriving at the inner ele-
ments, which is due to the significantly greater distances and
less than optimal angle between the detector elements and
the sample. During the process of averaging, each channel
and each scan is examined to determine whether there are
any problems such as low signal intensity or large Bragg re-
flections that would warrant rejection of data from a given
scan/channel. After averaging, a deglitching process is of-
ten required due to remove remaining Bragg reflections from
the monochromator that arise from incomplete normalization
of the XAS data. Such Bragg reflections in the XAFS data
are a particular problem with weak signals obtained from
dilute solutions. Alternative methods that include deglitch-
ing procedures during the splining process are possible
[37].

The steps involved in the extraction of the Cr K-edge
XAFS data from the measured XAS spectrum are illus-
trated inFig. 3 for the Cr(V)–glutathione complex. In this
XAS data there is fairly high background absorption be-
cause of the high ratio of S atoms compared to the Cr ab-
sorber atom[38]. The first step is subtraction of the back-
ground absorption in order to reveal the absorption due to
the element of interest. The resulting XAS spectrum is nor-
malized to an edge jump of 1.0 (where the edge jump de-
notes the underlying intensity of the edge after subtracting
the XAFS). The next crucial stage is to fit a polynomial
spline to the smooth edge absorption. The background ab-
sorption is then removed to reveal the XAFS. As can be
seen fromFig. 3c, the raw XAFS is rapidly attenuated at
high k values and, therefore, the XAFS is multiplied by a
power ofk (normallyk3) in order to produce XAFS in which
the intensity of the oscillations are similar over the entire
k range (Fig. 3d). Suchk-weighted XAFS are used in the
process of fitting the experimental XAFS to the calculated
XAFS. The Fourier transform of the XAFS shows the pres-
ence of different shells of atoms around the absorbing atom
(Fig. 4). Thex-axis in the Fourier transform does not corre-
spond to the interatomic distance because there is a phase-
shift in the value ofr compared to the actual distance. In

F
e
w

ig. 3. Data extraction process for analysis of XAFS of solid Na3[CrO(LH2)2] (LH
xcess S in the isolated complex:[38] (a) subtraction of background absorption
eighting factor (normallyk3) in order to accentuate the oscillations at highk valu
5 is glutathione) where there is a strong background absorption from the
; (b) splining to extract XAFS; (c) XAFS; and (d) multiplication of XAFS by a
es.



A. Levina et al. / Coordination Chemistry Reviews 249 (2005) 141–160 147

Fig. 4. Influence of limiting thek range in XAFS spectrum (Fig. 3d) on
the Fourier transform features. An example for the solid Na3[CrVO(LH2)2]
complex (where LH5 is glutathione) is used[38]. Designations: 1 is atomic
XAFS, 2 is the Cr O scattering, 3 are the CrO/N scatterings, 4 are the
Cr S scatterings, 5 are the Cr· · ·C scatterings (second coordination shell of
theN,S-chelating ligands), and 6 are the MS contributions.

some programs, e.g.,XAFSPAK[39] andEDA [40], phase-
corrected Fourier transforms can be displayed, which give
the actual distances of the atomic shells surrounding the ab-
sorbing atoms.

As mentioned previously, it is crucial to have a good
spline in order to obtain good calculated fits to the extracted
XAFS data. Examination of the Fourier transform is invalu-
able in determining whether the spline is of sufficient quality
to proceed with the analysis of the XAFS. If large peaks
are observed at lowr values before the main peak due to
atoms in the first coordination sphere, then the spline proce-
dure has not been optimized in order to remove the atomic
XAFS. Where this problem occurs, the spline has to be mod-
ified until such contributions are minimized. A poor spline
is also evident in some systems by large peaks after the first
peak, if there is no reason for such a peak, e.g., a heavy el-

Fig. 5. Typical experimental (unwindowed) and calculated (windowed)
XAFS (a) and FT XAFS (b) spectra of the solid Na3[CrVO(LH2)] complex
(where LH5 is glutathione) at 10 K. Adapted from ref.[38].

ement in close proximity or strong MS contributions. The
presence of atomic XAFS and multi-electron transitions at
low k values[41–43] leads to peaks at lowr values even
when a good spline is used to extract the XAFS data (Fig. 4).
More advanced techniques of obtaining the spline and re-
moving both the background and atomic XAFS involve it-
erative processes in which the smooth background is deter-
mined by calculating the atomic XAFS, matching this up
with the high frequency oscillations in the Fourier transform
and subtracting it from the background[44]. After several
such iterations, a reproducible background absorption is ob-
tained and leads to an accurate spline and XAFS that is free
of atomic XAFS at lowk values, i.e., only the EXAFS com-
ponent is left[44]. While this technique provides excellent
EXAFS data at lowk values, it is a time-consuming process.
If atomic XAFS is a serious problem (as evident from the
Fourier transform) it is more normally removed by window-
ing the Fourier transform to remove the lowr components
and back-transforming the data to produce XAFS in which
the high-frequency atomic components have been removed
(Fig. 5).

2.3. XAFS models and fitting

One of the crucial features in obtaining accurate three-
d ari-
a oints.
T n pa-
imensional structures is to minimize the number of v
bles with respect to the number of independent data p
his is achieved by placing constraints and restraints o
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rameters that are fitted in the calculations[24,36]. Invariably
the most accurate structures are obtained when the system is
highly symmetric and constraints are used to make equiva-
lent or very similar bond lengths and bond angles identical.
Constraints are not allowed to vary during the fitting pro-
cedures; whereas restraints are placed on parameters such
that a bond length or angle is allowed to vary only within
a reasonable value that is based on structural information
from other sources. Thus bond angles and lengths within a
ligand are restrained to within their normal ranges, which
prevents the fit from producing unreasonable structures. Sim-
ilarly, Debye–Waller factors are restrained from going to ei-
ther unreasonably high or low values, as are theS2

0 values.
The algorithms for such fitting procedures are incorporated
into modern versions of FEFF[2,17], EXCURVE [24,45],
and GNXAS[46,47], which are used to calculate the XAFS
in most software programs. The Debye–Waller factors for
the atoms in a given ligand at a given temperature can also be
calculated and included in the fitting procedure as constraints
in order to reduce the number of variables further. While this
may be a valuable method of reducing the number of variables
in the fit, care has to be taken in cases where there is static or
dynamic disorder, which means that the Debye–Waller fac-
tors may not conform to the calculated values. Further im-
provements in the calculations of appropriate Debye–Waller
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varies with the type of ligand system that is being studied,
i.e., the more rigid the ligand system, the more appropriate
it is to have the restraints weighted more heavily than the
goodness-of-fit to the experimental data. The final parame-
ters that are chosen are the number of legs that are included
into the fit to the data. For most systems some pathways in-
volving up to five legs make significant contributions (≥10%
of the importance of the most important scattering pathway)
and, therefore, are included in the calculations. In a signif-
icant number of cases, the inclusion of MS pathways often
does not affect the accuracy of the determination of the bond
lengths (involving the coordinating atoms to the absorbing
atom) compared to SS analysis when the coordination shells
are well separated, i.e., greater than the SS resolution (Sec-
tion 2.6). However, MS analysis of XAFS data is essential
to make the determination of the nature, distance and an-
gles involving the outer shells reliable and, hence, provide
meaningful information on the nature of the donor groups.
MS calculations are also essential in the determination of
M L bond distances of shells that cannot be resolved by SS
analysis (Section2.6). In some systems, pathways involving
six legs also make significant contributions to the XAFS, but
the cut-off of five-leg pathways is normally the compromise
made in order to minimize the calculation time while still
having a very good fit to the experimental data. Many pro-
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actors to be incorporated within constrained or more tig
estrained fitting procedures would greatly improve the
bility and speed of convergence of the fitting process.
ize of thekandr ranges are important and they are norm
hosen to be as large as the data reasonably allows in
o obtain the most accurate and precise bonding inform
rom the fits to the data. Often the importance of the contr
ions of thekandr data to the calculated XAFS is attenua
t the extremes of the ranges. In terms of the upper li

his attenuation is chosen on the basis of noise in the X
hile at lower end of the ranges, it is used to filter out

mportance of the contributions of atomic XAFS that are
ncluded in the EXAFS calculations. Care, however, ne
o be taken not to strongly truncate or attenuate the da
he lowk range since this is where the MS contribution
he XAFS are strongest. In fitting procedures, especiall
ata obtained in the solid state, ther range is often truncate
t higher values to remove important backscattering co
utions from certain counterions (Section2.7). The uppe
alue of ther range is often chosen to be∼5Å but in some
igid systems, such as the 1-phenyl C atoms bound in
eso positions of porphyrins, scattering beyond 5Å can be

till quite significant[7]. Another important variable in th
tting process is the weighting[36] that is given to the re
traints placed on a model compared to the goodness
o the XAFS data within the fitting procedure. For rela
omplexes, the appropriate weighting to be used is d
ined by running trial MS fits to the XAFS data for a co
ound with an accurately known structure. Weightings
eproduce the crystal structure are those that are appro
or the particular structural class. The appropriate weigh
rams allow users to choose only a few major paths fo
S calculations. While this can reduce calculation time

s more likely to lead to errors in bond lengths and an
hat are determined from MS analyses. This problem a
ecause there are a large number of SS and MS path
ontribute to the overall XAFS beyond the first peak (c
ination shell) in FT of the XAFS. While the absolute m
itude of the sum of all of the scattering from these p

s often much greater than that due to the first coordina
hell, most of these paths cancel due to their different ph
herefore, just choosing only a few MS paths in the
FS calculations can lead to less reliable MS analysis o
AFS data. As such, calculations that include all MS p
ithin the r range window produce more reliable structu
nd provide greater confidence in the accurate differe

ion of M L bond lengths that differ by less than the
esolution.

.4. Determinacy, statistical significance and errors

A crucial factor in the fitting procedure is to ensure
here are more independent data points than there are
bles. The determinacy of the system (Ni /p) is calculated from

he estimated number of independent data points collec
he XAFS data set (Ni ), and fitted parameters included in
odel (p), whereNi is given by Eq.(3) [24].

i =
[

2(rmax − rmin)(kmax − kmin)

π

]
+
∑
D(N − 2) + 1

(3)



A. Levina et al. / Coordination Chemistry Reviews 249 (2005) 141–160 149

Here,rmax, rmin andkmax, kmin are the maximum and mini-
mum values used in the FT and XAFS filtered data, respec-
tively;D is the number of dimensions within a restrained part
of the model (i.e., three for a three-dimensional model); and
N is the number of independent atoms within the restrained
group of the model.

TheNi /p ratios in MS analysis of XAFS data cannot be
compared with the ratio of observations versus variables in X-
ray crystallographic refinements. The XRD refinement proce-
dures fit the positions and thermal factors of all non-hydrogen
atoms to the observables, without relying on robust start-
ing models, as is the case for MS analysis of XAFS data.
Thus XRD requires a ratio of observations over variables
that is at least greater than four for a reasonable analysis
and a unique fit. On the other hand, a high ratio of observ-
ables/variables for a MS analysis of XAFS would be two
(and typically much lower). The reason why such analyses
work is that highly restrained models are used in MS anal-
yses that incorporate information from a variety of sources,
including bond lengths and angle information on chelates
that has been obtained from XRD structures of related com-
plexes or proteins. Thus the atoms are not free to move in-
dependently from one another and many of the variables are
restrained to within physically meaningful values, such that
only the metal–ligand bond lengths have complete freedom to
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used in XRD refinements. The value ofR is calculated from
Eq.(4).

R =
(

X2

X2
calculated≡0

)1/2

(4)

In this equation,X2 is the function minimized in the MS
XAFS fit and is defined by Eq.(5) for restrained models, and
X2

calculated≡0 is the value of X2 when the calculated XAFS is
uniformly 0.

X2 = X2
xafs +

∑
restraint

X2
restraint (5)

X2
xafs andX2

restraintare defined by Eqs.(6) and (7).

X2
xafs =

∞∫
k=0

{w[χobs(k) − χcalc(k)]}2 dk (6)

X2
restraint=

(
∆restraint

σrestraint

)2

(7)

In these equations,w is the weighting factor;χobs(k) and
χcalc(k) are observed and calculated filtered XAFS curves;
∆restraint= 0 if the restraint expression is satisfied or is the
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ove (and often metal–ligand bond angles). Such const
nd restraints not only prevent the XAFS fit from conve

ng to chemically unreasonable structures, it also resu
fficient calculation times. The initial stages of the fitting p
edure hence involve a considerably overdetermined pro
n which only a few bond lengths (normally the movemen

relatively rigid ligand group of atoms) and Debye–Wa
actors have freedom to move independently in order to fi

ost significant part of the XAFS oscillations (correspo
ng to the main peak in the Fourier transform). In the fi
tages of the fitting procedure, all bond lengths, angles
ebye–Waller factors, within their restraints where appro
te, are optimized until the fits reach convergence. Bec

he fit is optimized to a pre-determined model that is c
istent with all of the chemical information known about
pecies of interest, it is necessary to build a series of all
ppropriate models, then optimize the fits to each model
oodness-of-fit and other parameters that come out of th
ts to a series of structures normally provide a unique s
ion to the problem, or at least one structure that is m
ore likely than the rest. The strategy of MS fitting of XA
ata with restrained models can allow meaningful fits t
ade even when theNi /pvalue is just over one, if the types

igands in the coordination environment are known preci
y other means.

Methods for error analysis and fitting procedures h
een surveyed and evaluated by the International XAFS
iety on web publications[48,49], but a few pertinent com
ents are given below.XFIT [36], which was used in th
nalyses reported herein, monitors the progress of the fi
rocedure by means of the residual,R, in the same way a
ifference between the two sides of the restraint expre
therwise; andσrestraintis theσ value given for the restrai
default value = 1).

Other workers[24] defineRby Eq.(8).

=
N∑
i

(
1

σi

)
[|χobs(ki) − χcalc(ki)|] × 100% (8)
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he absolute index of the goodness-of-fit,εν, which takes
nto account the degree of overdeterminacy in the syste
iven by Eq.(10).
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n this equation,N is the number of points ink space. Takin
he approach fromXFIT to calculateR (defined by Eq.(4)
bove), the value ofε2ν is calculated from Eq.(11).
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)
R2 (11)

sing this absolute goodness-of-fit, the Fisher’sF0.95% test
an be used to determine which of two fits with different n
ers of variables, or differentk and/orr ranges, are superio
he criterion to be used is that a second fit defined by (ε2ν)fit2
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is better than the first fit defined by (ε2ν)fit1 if the following
condition applies (Eq.(12)).

(ε2ν)fit1

(ε2ν)fit2
> F0.95% (12)

In determining whether this condition applies, tabulated val-
ues ofF0.95%[40] are used. The application of this method-
ology for differentiating between four- and five-coordinate
models for Cr(VI) thiolato complexes has been described re-
cently[50]. Care has to be taken in its application, however,
because a chemically meaningful better fit may be obtained
that does not meet the above criteria of statistical signifi-
cance. This is because significant changes in the fits to sec-
ond and third shells in the Fourier transform between two
models, may not be statistically significant according the
Eq. (12) because of the dominance of the first shell to the
XAFS. Such situations can arise when comparing the fits
to optimized models in which one position in the coordi-
nation sphere has two different possible ligands (e.g., when
a sixth ligand in a metalloprotein is uncertain) or that have
more than one conformation or isomer. A more rigorous ap-
proach to statistical analysis is to use a model in which the
bond lengths and Debye–Waller factors of the first coordi-
nation sphere of the well-defined ligands (such as a heme
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2.5. What is a good fit?

There are various methods for the determination of the
goodness-of-fit, but generally a fit is considered good if theR
value is less than 20%[24]. Caution has to be taken with such
an approach as an absolute measure of the quality of the fit,
however, because the value ofRwill decrease if thek range is
truncated at low values or high values. There are many reports
in the literature where thek range is truncated at low values
in order to improve the MS fit to the XAFS data, because
this eliminates AXAFS that are not fitted within the EXAFS
theory. While this may be appropriate for SS analysis, it is
inappropriate for MS analysis, as the MS contributions to the
XAFS are most important at lowk values. Similarly, while
truncation of XAFS data at highk values will improve the
goodness-of-fit due to removal of noisier data at highkvalues,
it also decreases the resolution of shells of backscattering
atoms and, hence, the precision and accuracy of the bond
length and angle information that is obtained from the fit to
the data. In summary, truncation of thek range may lead to
a better fit, as measured by theR value, but results in a less
certain and accurate determination of the three-dimensional
structure about the absorbing atom. Thus XAFS data should
not be truncated at lowk values in MS fitting procedures.
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roup) are constrained. TheR values are then compared b
ween optimized fits to models that incorporate alterna
ixth ligands. The newRvalues that are obtained with the
onstrained fits lead to smallerp values and henceε2ν val-
es and a better discrimination of whether one model

mprovement over another. Nonetheless, criteria other
tatistical significance need to be taken into account in
iding whether one fit is better than another, as outline
ection2.5.
Errors are also treated in different ways by different

earchers. There are three basic sources of errors in th
arameters obtained from fitting procedures. These are

ematic errors, errors due to the noise in the data, an
egree of precision to which the bond lengths and angle
eliably determined, which is dependent on the quality o
tarting models, and the size of the usablekandr ranges. Con
ervative estimates of systematic errors are 0.02Å in bond

engths[19], but our experience is that when XAFS-deriv
ond lengths are compared with accurate and precise
tructures that differences are often 0.01Å or better for good
AFS data. Errors introduced by noise in the data ca
etermined by Monte-Carlo analyses[36]. Finally, the reli-
bility of the determined bond lengths and bond angles
e estimated by observing changes in the fit with system
hanges in the parameter of interest. Consideration of all
ources of error has been described elsewhere[6–8,24], but
hese are only estimates. The degree to which a MS X
nalysis can reproduce bond angles and lengths in m
omplexes, where accurate and precise XRD structure
nown, is probably the best indication of inherent error
he determination of related structures.
l

0 should be 0.9± 0.1 [36] for a good fit. Values ofS0
hat are too high or too low indicate that the actual c
ination number is lower or higher than that in the mo
imilarly, it is often possible to distinguish between mod
here the best fits have similarRvalues by examination of th
ebye–Waller factors of all of the atoms in the model. If
ebye–Waller factors are unreasonably low (≤0.0005Å2)

hen the model is not a good one and conversely, high v
f the Debye–Waller factors (≥0.02Å2) are indicative of ei

her a poor fit due to an incorrect model, or disorder wi
he structure.

.6. How well can MS analysis of XAFS distinguish
etween similar M–L bond lengths?

The resolution of absorber–scatterer distances (she
S scattering analysis is given by Eq.(13) [18].

R ≥ π

2 k
(13)

his limit on the resolution of distances arises becaus
arger thek range, the greater the separation of the ind
al oscillations at the end of thek range. While this equa

ion is often quoted, the resolution of the peaks in the
orresponding to different shells improves as the temp
ure is lowered due to reduction in the Debye–Waller fac
o it should only be taken as a reasonable guide. Thu
se of as large ak range as possible not only improves
eterminacy of the problem, but it also improves the
ision and accuracy to which individual metal–ligand b
engths are determined, and whether individual bond len
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can be resolved. With the typicalk ranges used in SS XAFS
analysis, M–L bond differences have to differ by 0.1–0.2Å
for the oscillations in the XAFS to be sufficiently resolved
to distinguish between these two bond lengths. By contrast,
MS analysis of XAFS data has the ability to distinguish be-
tween metal–ligand bond distances that differ by a factor that
is less than the∼0.1Å limit imposed by the SS resolution,
provided that the groups to which the ligand donor atoms
are attached have quite different MS contributions, which is
often the case. The differentiation of ML bond distances
that are less than the resolution obtainable with SS anal-
ysis relies on the MS contributions of other atoms within
the ligands, since these normally have sufficiently different
frequencies of oscillations in the XAFS so that they can be
resolved.

The MS contributions are most important in the lowk
range[18] and hence, the most accurate and precise bond
length determinations in terms of resolution of different shells
(and three-dimensional structural determination) will be ob-
tained when both a largek range and all of the lowk range
data are used in the fitting procedure.

2.7. Scattering from counterions in the solid state

One of the features of solid-state XAFS is that counte-
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from the active site. Normally, this is checked by determining
appropriate spectroscopic signatures of the metal ion of in-
terest in the medium in which the XAS is recorded. This is an
advantage of the analysis of XAFS data over XRD structure
determinations, since it is often not possible to compare ac-
curately the spectroscopic signatures of solutions with those
of crystals.

3. Heme proteins

3.1. MS contributions to the XAFS of heme proteins

Heme proteins are particularly attractive to study by XAFS
because symmetry constraints can be applied to the por-
phyrin to reduce the number of variables. In addition, the
relatively rigid nature of the heme group results in strong
MS contributions and, together with the importance of this
class of proteins in biochemistry, this had led to many stud-
ies of heme proteins. The strong SS and MS contributions
of the porphyrin, together with the high symmetry results in
considerable accuracy and precision in the determination of
the average FeNp bond lengths. The contributions due to
the strong MS pathways of the heme group create their own
problems, however, because they tend to be much more im-
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ions are often within 5̊A of the scattering atom and c
ake very significant contributions to the XAFS. For

eason, the fits to structures in the solid state often
igherR values than for the same complexes in solut
ven though the XAFS for the latter often have higher no
here the position of the counterions are known, these o

phere effects can be modeled[51], however, the usefu
ess of XAFS is that it can be used to determine the th
imensional structures of unknowns, even when the

ions and details of the counterions are uncertain. For
easons, the following factors should be considered whe
ermining the XAFS structures for unknown solid sample
he complex with an unknown structure is charged, the
ptimal fits, the counterions should consist of light catio
uch as Li+, NR4

+, Na+, Mg2+, or light anions, oxoanion
−, etc. Otherwise, the XAFS should be taken in both
olid-state and solution. Similarly, ordered solvent molec
f crystallization can make significant contributions to
AFS in the solid state. In solutions, both outer-sphere
ent molecules and counterions are less ordered, ev
rozen solutions and, hence, their contributions to the X
re less important as their Debye–Waller factors are m

arger. Nonetheless, there are significant SS and MS c
utions from the second solvation sphere in some circ
tances, e.g., the second solvation sphere in aqua com
52,53].

For metalloproteins, the protein generally protects
etal environment from significant outer sphere effects

hough caution needs to be taken with buffers and ions
n the crystallization process so that they do not ente
ctive pocket in a way that results in derivatives that d
s

ortant than the contributions due to the axial ligands. He
onsiderable care needs to be taken in the MS analy
he XAFS data in order to obtain reliable structure de
inations. It is not possible to review the extensive s

es in this area within the space limitations of this arti
o we will concentrate on a few examples from our o
ork.

.2. Met and deoxy heme proteins

Our initial studies concentrated on determining ac
ate and precise bond lengths in deoxy- and met
Mb = myoglobin), which included a detailed analysis of
rrors inherent in the XRD-determined bond lengths (t
ally≥0.1Å) [6]. At the time the XAFS were reported, ve
igh-resolution XRD structures (∼1-Å resolution) were no
vailable in the literature. The bond lengths determined b
AFS studies were subsequently confirmed by XRD stu

at ∼1-Å resolution) that were performed with compara
ccuracy and precision[54,55], which established that th
S models used to analyze the XAFS of heme proteins

obust. Importantly, the XRD results confirmed the XAFS
ults that accurate Fe-His bond lengths could be obtained
hen the difference in the FeNp and Fe N� bond length
ere less than the resolution of bonds obtainable by SS
ses.

XAFS studies have also been performed on Lb[29,56],
ith similar results for the structures of the deoxy form
b and Lb. By contrast, there were distinct differences in
e Np bond lengths in the structures of the met- form
b and Lb at 10 K. These differences arise because m
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is predominantly in a bis(His) form at 10 K[31], whereas
met-Mb exists as a high-spin heme with an aqua ligand in the
proximal site at both room temperature and at 10 K. Thus, the
Fe Np bond lengths for met-Lb at 10 K (2.00̊A) are typical
of low-spin Fe(III) (I ), compared to the longer bond lengths
observed in met-Mb (2.05̊A) (II ) [6] and the AcO− adduct of
Lb (2.04Å) (III ) [29,56] that remain in the high-spin forms
at 10 K.

3.3. Cytochrome c

In order to understand the reasons for the fast electron-
transfer reactions of cytochromec in terms of inner-sphere
reorganizational energy, it was important to obtain accurate
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biology and medicine, many of which involve the formation
of NO bonds to heme proteins[57–60]. The first applications
of MS analysis of XAFS data to determine the FeNO bond
lengths and FeN O bond angles in non-heme systems ap-
peared in 1995[26,27]. This prompted our studies on NO
adducts of heme proteins, which was directed to the inves-
tigation of whether bonding information could be obtained
from NO adducts of Fe(II) and Fe(III) hemes[7,8]. In all
of the systems studied to date, the adducts of Fe(II) proteins
have Fe NO bond lengths (1.72–1.77̊A) and bond angles
(145–155◦) that are typical of Fe(II) model complexes. For
the Fe(III) protein adducts, all of the FeNO moieties are
nearly linear with a FeNO triple bond (1.66–1.68̊A, best
described as Fe(II)NO+, Fig. 6). Similar Fe NO geome-
tries were obtained from MS analysis of XAFS data obtained
from the NO adduct of ferri-cytc [61] and the Fe(II) and
Fe(III) adducts of IDO, except the IDO adducts are five-
coordinate[30,62]. The small range in FeNO bond dis-
tances and FeN O bond angles for adducts of a given Fe

Fig. 6. Molecular structures of the active sites of horse heart (a) MbII –NO
and (b) MbIII –NO at 10 K.
nd precise bond lengths in both the Fe(III) and Fe(II)
ation states. The MS analyses of XAFS data from the
xidation states enabled the Fe-ligand bond lengths to b

ermined more precisely than those reported in the liter
or the XRD structures[9]. Such MS analyses of XAFS da
howed that the changes in the bond lengths and bond a
bout the Fe center were smaller than those estimated

he less precise and less accurate FeL bond lengths obtaine
rom the XRD structures[9]. In the XAFS-derived structure
IV ), neither the FeNp and Fe N� bond lengths change
i.e., differences were 0.01̊A) on changing the Fe oxidatio
tate, while the FeS bond only decreased by 0.04Å in going
rom Fe(III) to Fe(II).

.4. NO adducts

The binding of NO to heme proteins has been an ar
ntense recent interest because of the diverse roles of N
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oxidation state in heme proteins is consistent with XAFS-
[7,63,64] and XRD-derived[65,66] data from many heme
model complexes. By contrast, we and others have argued
that the large variations in such bonding parameters that
have been obtained in protein crystallography are due to a
combination of: (i) NO diffusion into preformed crystals,
which can give non-equilibrium bonding geometries due to
crystal packing forces; and (ii) the larger errors that are in-
herent in bond distances in most XRD structures compared
to XAFS-derived structures of the heme. Further support
for our assertion that the binding geometry in MbII –NO
and HbII –NO (Hb = hemoglobin) is virtually the same (as
is Lb–NO), can be found in the solution Raman spectra,
which are virtually the same with respect to the energy
of the bands due to the FeNO modes. This can only be
explained by similar bond angles in the FeNO moiety
[67].

4. Reactive chromium species

4.1. Chromium XAS: biochemical applications

One of the major developments in Cr biochemistry has
been the application of MS analysis of XAFS data in or-
d ctive
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lutions[50]. In the case of Cr(VI) thioesters, the XAFS and
XANES differ in aprotic, non-aqueous solvents compared
to those in water. Together with electronic absorption spec-
troscopy data, the XAS results showed that the complexes
exist as an equilibrium between a four-coordinate (V) and
five-coordinate (VI ) species as shown below. SpeciesVI is
likely to be an important intermediate in Cr-induced cancers
[50].

4.3. Chromium(V)

While there is an increasing number of Cr(V) com-
plexes that have been characterized by X-ray crystallogra-
phy [68,69], most of the complexes are too unstable to be
crystallized. Their structures have been determined, how-
ever, by analysis of XAFS data from solid-state samples
(rapidly precipitated powders) or from frozen solutions.
The most studied Cr(V) systems are those prepared from
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er to determine the three-dimensional structures of rea
pecies of relevance to Cr-induced cancers[68,69]. While
any of these reactive species are short-lived, they ca
roduced in a pure form in solutions and then rapidly fro
r rapidly precipitated from solution. This methodology
rovided an enormous amount of information on the st

ures of such species in the complex redox chemistr
r.
Since the structures of Cr complexes obtained from

nalysis of XAFS data can be correlated with differ
ANES spectra, they can also be used to study the s

ures of Cr complexes within cells. The high spatial re
ution of modern X-ray microprobe beamlines[70] will en-
ble mapping by XANES of Cr complexes within cells, a
icro-XANES has already been used to study the redu
f Cr(VI) in whole cells[71]. The combination of intrace

ular mapping by XANES with three-dimensional structu
etermined by MS analysis of XAFS data is likely to prov
nprecedented information on biologically relevant biotra

ormation processes.

.2. Chromium(VI)

Apart from simple Cr(VI) species such as chrom
nd dichromate, most Cr(VI) species are reactive inte
iates in Cr redox reactions with organic substrates
re too unstable to be crystallized for analysis by sin
rystal diffraction. However, some Cr(VI) thioesters w
iomolecules, such as glutathione, can be generated in

ion in a pure form and their structures have been determ
y MS analysis of the XAFS data obtained from frozen
-hydroxycarboxylates (VII ). The structures of the hm
VIIa ) and ehba (VIIb ) complexes have been determin
y X-ray crystallography[72,73]. The bond lengths dete
ined from MS analysis of XAFS data in the solid state

olution [74,75] are the same as those in the crystal st
ures ofVIIb . The work has been extended to characte
he Cr(V) complex with quinic acid (VIIc ) [76] and the com
lexes where R = Me and R′ = t-Bu or i-Pr [77]. MS analysis
f XAFS data can also be applied to mixtures of two dif
nt Cr species, which has been very useful in the chara

zation of the Cr(V) citrate complex (VIId ). This unstabl
omplex co-precipitates with the Cr(III) citrate complex,
S analysis of XAFS data was used to determine sim
eously the structures of the Cr(V) and Cr(III) comple

n the mixture[78]. All of the Cr(V) 2-hydroxycarboxylat
omplexes were also characterized by EPR spectroscop
ANES and the similarity of their spectral properties w
onsistent with the XAFS determinations of similar str
ures for all of these complexes. While the CrO(oxo) bond
s easily distinguished with certainty from the other f
r O bonds by SS analysis, it is only by application
S analysis of XAFS data that the CrO(carboxylato) an
r O(alcoholato) bond lengths can be distinguished, s

he difference in bond lengths is less than the resolutio
he SS analysis[75]. This analysis is complicated somew
y the presence of geometric isomers in solution, but s

he angles involving the 2-hydroxycarboxylate chelates
he Cr absorber remain essentially constant in the diffe
eometric isomers, this does not compromise the differ
tion of the Cr O(carboxylato) and CrO(alcoholato) bond

75].
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The first structural characterization of a Cr(V) amino acid
complex (VIII) has also been obtained by MS analysis of
XAFS data[79]. In addition, a number of Cr(V) peptide
complexes have been characterized, including the Cr(V) glu-
tathione complex (IX , Figs 3–5)[38], as well as a range
of non-sulfur-containing peptide complexes[77,80,81]. Hy-
droxamic acid complexes (such asX) have also recently
been characterized by MS analysis of XAFS data and they
also exhibit a typical five-coordinate oxochromate(V) struc-
ture with two of the chelating ligands[82]. The XAFS-
derived structure ofcis-[CrV(phen)2(O)2]+ (phen = 1,10-
phenanthroline)[51] has short CrO bonds (1.63̊A) and
much longer CrN(phen) single bonds (2.04 and 2.16Å).
The Cr(V) catecholato (cat) complexes (XI ) are rare exam-
ples of Cr(V) complexes that do not contain either an oxo
or nitrido ligand. Structures of such complexes have been
assigned as [CrV(cat)3]− (with a significant�-electron delo-
calization between the metal ion and the ligand), rather than
[CrIII (cat)(sq)2]− (where sq = 1,2-semiquinonato(1−)) [83],
based on XAFS, XANES, and spectroelectrochemical data
(Section4.7).

4.4. Chromium(IV)

Chromium(IV) species are very reactive, with only a very
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ilar Cr O(oxo) and Cr O(carboxylato) bond lengths as the
Cr(V) analogue, but the alcohol donor is no longer deproto-
nated and the CrO(alcohol) bond is now∼0.2Å longer than
the corresponding bond in the Cr(V) complex[74,75]. Struc-
tures of the oxalato and picolinato complexes, [CrO(ox)2]2−
and [CrO(pic)2], have also been determined by MS analysis
of the XAFS data[86]. The generation of Cr(IV) peptide and
catecholato complexes is described in Section4.7.

4.5. Chromium(III)
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ew species being stable enough to crystallize for XRD a
sis, but they are also of importance as reactive interm
tes in Cr redox chemistry of relevance to Cr-induced
ers and oxidation reactions of organic substrates[68,69]. A
ange of Cr(IV) complexes with 2-hydroxycarboxylic ac
such asXIIa –c) can be prepared in essentially 100% y
y the As(III) reduction of Cr(VI) in the presence of the l
nd [84,85]. Moreover, these Cr(IV) complexes are sta
nough in solution to undergo ligand-exchange reactions
ther ligands such as picolinate and oxalate[85]. Since pure
olutions of these complexes can be prepared, they c
apidly frozen and their structures determined by MS an
is of XAFS data. The ehbaH complex, R = R′ = Et, has sim
Generally, the structures of Cr(III) complexes are de
ined by XRD[87], but some complexes, particularly tho
ith peptides, are difficult to crystallize and XAFS is a
seful for determining the structures of Cr(III) species
olution. For instance, the [CrIII (ehbaH)2(OH2)2]+ product
rom the reduction of the Cr(V) and Cr(IV) analogs was a
nalyzed by MS analysis of XAFS data, which showed

he Cr O(carboxylato) and CrO(alcohol) bond lengths di
er little from the Cr(IV) complex, with the main structu
hanges being the replacement of one short CrO bond with
wo much longer CrOH2 bonds[74,75].

Attempts have been made to determine the structu
hromodulin[88], which is purported to be the biologica
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active form of Cr in insulin activation, although this is still
under dispute[69]. The presence of more than one Cr sites,
together with a range of poorly defined potential donor lig-
ands, does not allow meaningful MS analysis of the XAFS
data to be performed at present; hence, only SS analysis has
been performed[88]. The analysis of the Cr(III) catecholato
species in the redox series is reported in Section4.7.

4.6. Chromium-nitrosyl complexes

There has been considerable controversy with regard to
the oxidation states of Cr nitrosyl complexes, which have
been recently studied by XAS[89]. The XAFS indicate the
complexes are best described as Cr(I)NO+ complexes with
considerable� backbonding. The effective charge at the Cr
center, as judged by XANES, is between those typically ob-
served for Cr(II) and Cr(III) complexes. The power of MS
analysis of XAFS data for discriminating between geometric
isomers was demonstrated fortrans-[Cr(NO)(acac)2(OH2)],
where it was established that the fit to the XAFS data was
much better for atransisomer model (XIII ) than for acisiso-
mer model. Thetransstructure determined from the analysis
of the XAFS data is also consistent with other spectroscopic
evidence[89].
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[Cr(cat)3]2−, and [Cr(cat)3]−, respectively, is metal-centered
rather than ligand-centered, which contradicts what was
generally believed to be the case[99–103] before these
XAS studies. The first two oxidations (Cr(III)→ Cr(IV)
and Cr(IV)→ Cr(V)) result in a significant shift in the Cr
K edge position to higher energies. In addition, the CrO
bond lengths decrease by a similar amount in the successive
oxidations as those observed for the VO bond lengths in the
crystallographically characterized V(III/IV/V) catecholato
series[83,104]. In systems where the redox chemistry is
definitely ligand-centered, e.g., [Cr(tren)(3,6-dtbcat)]2+/+

(tren = tris(2-aminoethylamine), 3,6-dtbcat = 3,6-di-tert-
butylcatecholato(2−)), the Cr O bond lengths increase on
oxidation of the complex[105], which further supports
our contention that the redox chemistry is metal centered
for the oxidation reactions of the [Cr(cat)3]n− series
(n= 1–3). On further oxidation of [CrV(cat)3]− to the
“[Cr(cat)3]0” complex, the edge energy and shape revert
back to being similar to those of [CrIII (cat)3]3− and the
Cr O bond length increases, which is consistent with a
Cr(III) complex with three oxidized (semiquinone) ligands
[104].

The Cr(V/IV) redox chemistry of certain Cr(V) complexes
of non-sulfur-containing peptides is reversible, which has en-
abled XAFS studies of Cr(V) and Cr(IV) peptide complexes
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.7. Electrochemical XAFS

Electrochemical XAFS cells have been designed by di
nt research groups and have allowed electrochemical

es to be performed simultaneously with XAS experime
63,64,90–95]. Such techniques are useful for the determ
ion of the structures of unstable and/or air-sensitive oxida
tates of the metal in complexes and proteins. The ele
hemical cells are also useful for the maintenance of the r
tate of complexes that are susceptible to photoreducti
hotooxidation in solution, since a potential can be ch

o keep the compound of interest in the appropriate re
tate.

Chromium catechol complexes are of interest becaus
eactions of Cr(VI) with catechols produce Cr(V) spec
hat cause DNA damage. These processes may model
eactions that occur in vivo[96–98]. Catechol complexes a
lso of interest because of their unusual magnetic prop

99–103]and their rich redox chemistry makes them idea
tudy by XAS spectroelectrochemistry. Both the XANES
he XAFS of [Cr(cat)3]n− (n= 1–3) complexes indicate th
he redox chemistry for the first two oxidations to prod
ith the same ligands[80]. ComplexXIV maintains a ver
imilar five-coordinate structure in both oxidation states,
he main difference being a slight increase in the ave
r L bond length on reduction from Cr(V) to Cr(IV)[80].

. Metal complexes as anti-inflammatory drugs

Copper(II) and Zn(II) complexes of indomethacin are
ent anti-inflammatory drugs with reduced side-effects c
ared with the parent organic drug. They are already in
s veterinary anti-inflammatory drugs and are potential
uman drugs[106,107]. These complexes exist as a dinuc
addlewheel Cu(II)-acetate type structure with four bridg
arboxylato ligands (XV ), or as monodentate complexes w
nsymmetric chelating carboxylates[106–110]. The distinc

ive scattering contributions of the second metal, in the
f the dimers, and of the fairly rigid carboxylate MS con
utions for both classes of complexes, makes MS analy
AFS data a reliable technique for determining their st

ures. Indeed MS analyses of XAFS data[111–114]repro-
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duce accurately the structures of crystallographically char-
acterized[108–110]Cu(II) and Zn(II) complexes, and have
been used to determine the structures of new indomethacin
complexes of Cu(II)[111,112], Ni(II) [114] and Co(II)[114]
that have yet to be crystallized. The Ni(II) complexes can
be dimers or monomers depending on the nature of the sol-
vent from which they are precipitated, whereas the Co(II)
complexes are always monomers[114]. In addition, it has
been shown by XRD powder diffraction that the Zn(II)
monomer complexes precipitate as a mixture of the crystallo-
graphically characterized octahedralcis-[Zn(Indo)2(ROH)2]
(R = Me or Et) complexes and another species with the same
formula. Both powder XRD and XAFS show that this sec-
ond phase is not a dimer and mixed-models have shown
that the mixture consists of the octahedralcis-[Zn(�2-O,O′-
Indo)2(ROH)2] and the tetrahedral [Zn(�1-Indo)2(ROH)2]
complex [113]. This again shows the power of XAFS in
determining the structures of unknowns in mixtures of
complexes.
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by the much greater number of MS paths involving 12 H
atoms in the second coordination sphere as compared to 2
C atoms at an equivalent position. The contribution of aqua
ligands to the XAFS has been evaluated in detailed studies
of hexaaqua complexes, which has shown that such contribu-
tions cannot be ignored completely[53]. The effect is even
greater for ammine complexes, e.g., hexaammine complexes
where there are 18 equivalent H atoms equal in scattering to
3 C atoms at the same distance, and pentaammine complexes
where there is a set of 12 equivalent H atoms in thecis co-
ordination sites and another 3 H atoms at a similar distance
arising from thetransammine ligand[115]. While MS contri-
butions have yet to be assessed, addition of SS contributions
of these H atoms greatly improves the fits of XAFS data of
ammine complexes[115] and MS effects are expected to be
significant.

6.2. Scattering from first coordination shell hydrido and
dihydrogen ligands

One of the challenges in structural inorganic chemistry is
to determine the structures of dihydrogen and hydride com-
plexes, particularly the position of the hydrogen atoms, be-
cause of the small contributions of hydrogen atoms to the
diffraction of such species. The need for developing new
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The work on these anti-inflammatory drugs also highlig
nother advantage of MS analysis of XAFS data over o
tructural methods in that studies can be performed dir
n the complexes in pharmaceutical preparations and bi

cal fluids[112].

. Is hydrogen important in XAFS analysis?

.1. Scattering from second coordination sphere O–H o
–H protons

Hydrogen atoms are normally not included in analyse
AFS data because their contributions are expected
ery small compared to heavier elements such as C, N
round the absorbing atoms. While this approximation is
ally reasonable, there are a number of situations whe
toms can make significant contributions. Consider fo
tance, hexaaqua complexes, where the short OH bonds
lace the H atoms reasonably close to the absorbing
<3Å). With 12 H atoms at approximately the same
ance in such complexes, the H atoms have a similar
ering power as two equivalent C atoms at that distanc
ourse, the scattering will be somewhat smaller due to
act that all of the atoms are not at identical positions
ecially in the solid state, but this will be offset somew
tructural methods lies in the importance of these sp
n industrial catalysis[116,117]. Koningsberger et al. ha
erformed extensive experimental and theoretical studi

he contributions of PtH bonds in Pt particles of relevance
atalysis[116,117]. Such bonds make considerable contr
ions to both the AXAFS and the EXAFS in the lowk range
f the XAFS and enable both the position of the H atom

he clusters and the PtH bond distances to be determin
owever, the PtH EXAFS is rapidly attenuated with an i
rease in thek value and is insignificant beyond values
2Å−1, which again highlights the importance of using
hole XAFSk range for meaningful analysis of data. Giv

he significant contributions of H atoms in the second s
entioned above, and to PtH bonds in Pt particles, it wa
lso expected that significant XAFS contributions would
bserved from coordinated dihydrogen ligands in metal c
lexes. The question remained, however, as to whetherH
ond distances could be determined given the acute MH H
ond angles in dihydrogen complexes, since such a geo
ould be expected to result in weak MH H MS contribu-

ions (Section2.1).
In order to test this possibility in a series of comple

ith a range of H H bond lengths, we conducted a stu
f the Os–H2 amine/ammine complexes that have been
haracterized by Taube and coworkers[118]. Indeed, both
he Os H and H H bond distances could be reprodu
n MS analysis of XAFS data from a complex for wh
he neutron structure was known. In addition, there w
ood correlation of the HH bond distances determined
AFS in a series of complexes with the distance ded

rom proton NMR experiments, which gave further co
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dence in the analysis[115]. For example, the OsH and
H H bond lengths (1.60̊A and 1.30Å, respectively) deter-
mined from the MS analysis of the XAFS data from [Os(�2-
H2)(en)2(O2CCH3)]PF6 (XVI ) corresponded very well with
those obtained from neutron diffraction (OsH, 1.59, 1.60;
H H, 1.34Å) and NMR spectroscopy (HH, 1.27Å). There
were quite significant MS contributions to the XAFS from
the Os H H pathways, despite the acute angles, which is no
doubt due to the short OsH and H H distances. In addition,
MS contributions involving the H atoms and atoms from the
other ligands also contribute to the determination of the HH
distance[115].
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LII edge at∼18Å−1 in the XAFS[115]. Such studies have
provided valuable insights into the effects of different metal
ions and oxidation states on� backbonding and what impli-
cations this might have for understanding nitrogen fixation
[115].

8. Conclusions

Multiple-scattering analysis of XAFS is a powerful tech-
nique for obtaining local three-dimensional structural infor-
mation about an absorbing atom. It does not provide an ab-
solute determination of structure for small molecules, or a
three-dimensional structure of the whole protein in metallo-
p oes.
N tural
i tain
v ed
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t ruc-
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c ions
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q AS,
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. Dinitrogen complexes

As discussed in Section2.1, MS contributions to XAFS
re particularly strong in systems where atoms are n
ollinear, which makes it an ideal method for studying un
le dinitrogen complexes. The first example of this was
haracterization of an unstable Mo dinitrogen intermed
hich was shown to have a linear dinuclear MoN N Mo
nit by MS analyses of XAFS data[119]. In particular, the
ear linear unit resulted in very strong contributions fr

he second N and Mo atoms from the absorbing atom, w
ade structure determination of such an intermediate
lternative structures very decisive[119]. Recently, the tech
ique has been used to study unstable Ru and Os dinit
omplexes (XVII ) [115]. This is particularly powerful in th
etermination of the metal–ligand and NN bond distance
s a function of the metal ion and oxidation state in compl

hat are disordered in crystals (i.e., mixed Ru–Os comple
r very unstable (Os(III)–N2 complexes). The oscillation
aused by the linear OsN N Os or Os N N Ru moieties
re so strong at the Os LIII edge that they only reach a m

mum near the cut-off to the XAFS when it runs into the
roteins, in the same way that X-ray crystallography d
onetheless, MS analysis of XAFS data enables struc

nformation to be obtained that is not possible to ob
ia X-ray diffraction. In particular, XAFS can be obtain
n any phase and even mixtures of compounds and is

icularly useful at determining the three-dimensional st
ures of species that are too unstable to crystallize.
an be achieved by either rapid freezing of pure solut
f the complex of interest, or by rapid precipitation of
omplex from mixtures followed by determination of
tructure from microcrystalline or amorphous precipita
n the case of metalloproteins, it should also be con
red as a technique that provides complementary info

ion to protein crystallography and NMR structure deter
ations. In particular, bond lengths and other geometric
ameters about the absorbing atom are usually determ
ore precisely than is the case with protein crystallogra

3,4]. MS analysis of XAFS data can also be used to d
ine the structure about the metal sites of metallopro

hat have not been characterized by NMR spectrosco
rotein crystallography, so long as sufficient informatio
nown about the active site to build reasonable starting m
ls.

While MS analysis of XAFS data is a powerful techniq
t is also one that requires considerable care in obtaining
uality XAS data, the abstraction of data from the raw X
nd analysis of the data thus obtained, in order to obt
eliable structure determination. The procedures for d
his and problems that commonly arise are outlined in
revious sections.
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