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SCOPE
This thesis presents two X-ray techniques; extended X-ray absorption fine structure. EXAFS, and large angle X-ray scattering,
IJ\XS. This is followed by the application of these techniques to two
different systems.
The thesis consists of a summary and four papers.
The first part of the summary deals with the techniques;
instrumentation, data collection and reduction, and applications. At
the end of this part a comparison is made of the information that
can be extracted from the two structural methods.
LAXS and EXAFS have been used to study magnesium halides and
organomagnesium halides, so called Grignard reagents, in diethyl
ether and tetrahydrofuran solution. The aim of this investigation was
to a) Find out to what extent the Schl<-nk equilibrium is present in
these solutions and b) What the structures of the solvated species
present are. The various difficulties that were encountered during
this investigation are mentioned and the results are discussed.
The last part of the summaiy presents the results from an EXAFS
study of methane monooxygenase, which is an enzyme that catalyses
the hydroxylation of methane to methanol in certain bacteria. This is
a project which is in progress at Stanlord University, USA, in
professor Keith O. Hodgson's reasearch grtup. When I visited Prof.
Hodgson's group in 1987 to learn the EXAFS technique, this was
one of the projects I worked with.
The papers included in this thesis are:
A.

"Structural Studies of Organometallic Compounds in Solution. II.
Magnesium Bromide and Iodide in Diethyl Ether and Tetrahydrofuran; An Extended X-ray Absorption Fine Structure
(EXAFS) and Large Angle X-ray Scattering (LAXS) Study."
A. Ericson and I. Persson, Submitted to J. Organomet. Chem.

B.

"Structural Studies of Organometallic Compounds in Solution.
III. A Large Angle X-ray Scattering (LAXS) Study of Organomagnesium Iodides in Diethyl Ether."
A. Ericson and I. Persson, Submitted to J. Organomet. Chem.

"Structural Studies of Organometallic Compounds in Solution.
IV. An Extended X-ray Absorption Fine Structure (EXAFS) and
Large Angle X-ray Scattering (LAXS) Study of Organomagnesium
Halides in Diethyl Ether."
A. Ericson. A. Hallberg and I. Persson. (Manuscript).
IX

"Structural Characterization by EXAFS Spectroscopy of the
Binuclear Iron Center in Protein A of Methane Monooxygenase
from MeLhylococcua Capaulatus (Bath)."
A. Ericson, B. Hedman, K. O. Hodgson, J. Green, H. Dalton, J. B.
Bentsen, R. H. Beer and S. J. Lippard.
J. Am. Chem. Soc.,110 (1988) 2330.

Throughout this thesis various abbreviations and chemical terms
will be used:

8

dimeric

Species containing two atoms of magnesium per
molecule.

Et

Ethyl group

EXAFS

Extended X-ray absorption fine structure

Grignard
reagent

A compound prepared in the usual manner from
magnesium and an alkyl or aryl halide in an
etheral solvent.

IR

Infrared spectroscopy

LAXS

Large angle X-ray scattering

Me

Methyl group

MMO

Methane monooxygenase

monomeric

Species containing one atom of magnesium per
molecule. Is referred to as RMgX.

NMR

Nuclear magnetic resonance spectroscopy

Ph

Phenyl group

R

An alkyl or aryl group.

THF

Tetrahydrofuran

X

A halogen atom or halide ion.

PROPERTIES OF X-RAYS
X-rays are electromagnetic radiation which lies between ultraviolet
light and gamma rays in the electromagnetic spectrum. Figure 1. Xrays are characterised by relative short wavelengths of 0.01 Å to 100
Å. The wavelength, X, in Ångströms and the energy, E, in kiloelectronvolts, are related in the form X=12.4/E.
In the Schrödinger theory the electrons occupy a series of atomic
orbitals according to the Aufbau principle, which specifies that
electrons occupy the lowest available atomic orbitals first. Each of
these orbitals is characterised by four quantum numbers, n, I, m, ms.
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Figure 1. The electromagnetic spectrum.

The energy of the orbital is determined by n, which defines the
shell, and I which defines the orbital, m is the magnetic moment of
the electron and ms is the spin quantum number which describes
the spin of the electron. The energy levels corresponding to the
same n but different I values are called subshells designated as s. p.
d./, where I ~ 0,1,2,3, respectively. The energy differences between
the subshells within each shell are much smaller than those
between the different shells Electrons can jump from one energy
level to another by gaining (absorbing) or losing (emitting) electromagnetic radiation. The series of lines which result in the emission
of radiation when electrons from higher shells drop into a K hole is
called the K series and the various lines of the series are called K«,
Kp, KY etc, in the order of increasing energy.
When a beam of X-ray photons falls onto an atom a number of
different processes may occur, the two most important of which are
1) photoelectric absorption with the ejection of an electron from
the atom, and 2) scattering of the beam, as illustrated in Figure 2.

I = Le »x
Transmission
Coherenr

XX
Scatter
X >).

Figure 2. Interactions of X-rays with a sample.
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In this example a monochromatic beam of radiation of wavelength
Xo and intensity Io falls upon a sample of thickness X cm. A certain
fraction (I/Io) of the radiation may pass through the sample, the
wavelength of the transmitted beam remaining unchanged. The
intensity of the transmitted beam is given by I = IoetxX. where n is
the linear absorption coefficient. Because photoelectric absorption is
made up of absorption in the various atomic levels it is an atomicnumber-dependent function. A plot of \i against X contains a number
of discontinuities called absorption edges at wavelengths corresponding to the binding energies of the electrons in the various
subshells.
When the X-ray photon is absorbed the atom is excited. In the
case of photoionisation a photoelectron is ejected from a core level
after absorbing a photon. If the electron is excited from a core state
to continuum, an absorption edge results. The minimum photon
energy required to eject an electron out of a particular atomic state
is called the threshold energy, Eo, which is equal to the binding
energy for the electron. The absorption edge corresponding to a
core electron being ejected from the innermost shell is the K-edge,
from the next innermost shell the Ledge etc. The edges are
labelled, in order of increasing energy of the subshells, by K, Li, Ln,
LIII. corresponding to the excitation of an electron from the
ls(2Si / 2 ). 2s(2Si /2 ). 2p(2p 1/2 ). 2p(2p 3/2 ), etc orbitals (states),
respectively. For example, Lm refers to a state of excitation in which
an electron is missing from 2p(2P3/2). For polyeJ^ctronic atoms it is
convenient to have a symbolic representation which specifies all the
different quantum numbers. These symbols are called "term
symbols" : 2S+1 Lj. S is a summation of all the electronic spins, L is
the total orbital angular momentum and J is the total angular
momentum. Please refer to reference 1 for assignments of term
symbols for different electronic configurations.
The excited atom can relax through several mechanisms giving
rise to, for example. X-ray fluorescence. The filling of an inner shell
vacancy by an outer shell electron produces X-ray fluorescence
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characteristic of the absorbing material. The energy of the
fluorescent radiation is the difference in energy between the two
shells. For example, the K-shell absorption edge for iron is at 7111.2
eV. This means that a K-shell vacancy in an iron atom has been
produced by photoionisation with an X-ray photon of energy 7111.2
eV. The iron atom can return to a ground state by emitting X-ray
photons K«, Kp etc. The Ka, Kp and Ky lines correspond to electronic
transitions from the L, M and N-shells to the K-shell, respectively.
Scattering may also occur when an X-ray photon collides with the
electrons of the sample. Figure 2. In terms of classical theory the
beam is an electromagnetic wave with the electric vector varying
sinusoidally with time and directed perpendicular to the direction
of propagation of the beam. This electric field exerts forces on the
electrons in the atoms producing accelerations of the electrons.
Following classical electromagnetic theory, an accelerated charge
radiates. This radiation, which spreads out in all directions from the
atoms, has the same frenuency as the primary beam and it is called
scattered radiation. This is where the classical theory breaks down.
Experimentally two types of scattered radiation are observed. There
is both the coherent scatter, X = Xo, which occurs when the collision
is elastic, i.e. no energy is lost in the collision process, but there is
also the Compton modified scattering with a longer wavelength.2
When assemblies of electrons, e.g. atoms, scatter X-rays, interference effects are likely to occur. It is these interference effects
which lead to the features of the scattering pattern.
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EXTENDED X-RAY ABSORPTION FINE
STRUCTURE (EXAFS)
Introduction
Extended X-: ay absorption fine structure has been known for more
than 50 years3-4 but its significance in structure determination was
not properly realised until fairly recently.5 8 The increasing number
of synchrotron radiation facilities and the introduction of the Fourier
transform 8 changed EXAFS from a scientific curiosity to a quantitative tool for structure determination. The enhanced availability of
synchrotron radiation also made it possible to collect data more
easily. Because synchrotron radiation is many orders of magnitude
more intense than that from standard X-ray tubes, the time it took
to collect a spectrum dropped from a matter of weeks to minutes.
Some of the more attractive properties of synchrotron radiation
include: 1) High intensity. 2) Broad spectral range. 3) High
polarisation and 4) High collimation.9 The intensity, flux and energy
resolution can be optimised by using optical systems (slits, mirrors)
or insertion devices (wigglers and undulators). Most of the more
recent EXAFS work has been performed using synchrotron radiation. The most stable source of synchrotron radiation is a storage
ring. The larger the ring and the higher the beam energy and
current, the higher will be the energy and intensity of the emitted
synchrotron radiation. Synchrotron radiation has made possible the
measurements of samples that have not been possible to study with
other techniques.
The energy position of the absorption edge, Figure 3, gives
information about the effective charge on the absorbing atom. It
requires more energy to remove a core electron as the positive
charge of the absorbing atom is increased. Thus, the position of the
edge is shifted to a higher energy by a few eV for every one-step
change in the oxidation state. Sometimes, however, it is difficult to
unambiguously determine the shift since also the edge shape
changes with changes in the chemical environment. The structure
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Figure 3. A typical X-ray absorption spectrum.

occurring on the edge can be explained in terms of transitions of
core electrons to discrete bound valence levels. The major problems
in edge analysis is therefore the assignment of transitions and the
interpretation of the transition energies and intensities.
The energy region which extends from =20 eV to =50 eV above
the absorption edge is known as XANES (X-ray absorption near-edge
structure). The theory behind the phenomenon in this region is not
yet fully understood but it seems that XANES is very sensitive to the
spatial arrangement of atoms neighbouring the absorbing atom, i.e.
not only their distances but also their orientations relative to one
another, bond angles etc.10
EXAFS refers to the change of the X-ray absorption coefficient as a
function of the photon energy, above the absorption edge. For
14

(a)

(b)

Figure 4. Interference between outgoing wave and backscattered wave, leading to EXAFS:
a) The backscattered w.ye interferes constructively with the outgoing wave, thereby
enhancing the absorption, b) The backscattered wave interferes destructively with
the outgoing wave, thereby reducing the absorption.

isolated atoms the absorption coefficient decreases smoothly as the
energy increases. For molecules, however, the variation of the
absorption coefficient displays a complex oscillation called EXAFS.
EXAFS spectra usually refer to the region 40-1000 eV above the
absorption edge.
Absorption of the X-ray photons generates a photoelectron, which
can be described as a spherical wave leaving the central, absorbing
atom. This spherical wave will travel with a wavelength X=2n/k
where k is the photoelectron wave vector; k = [2me[E-Eo)/h2]x/2. E
is the incident energy and Eo is the threshold energy for the
specific absorption edge. The surrounding atoms will scatter this
outgoing wave, thereby producing an incoming wave. It is the
interference between the outgoing wave, Figure 4, and the incoming
waves, backscattered from all neighbours, that gives rise to the

15

modulation of the absorption coefficient. The backscattered waves
will add, Figure 4a, or subtract. Figure 4b, from the outgoing wave
depending on their relative phase, and the total amplitude of the
electron wave function will be enhanced or reduced correspondingly. As the energy of the photoelectron varies, its wavelength
varies, changing the relative phase. How the phase varies with the
wavelength is determined by the distance between the central atom
and the backscattering atoms. The magnitude of the ba kscattering
depends on the type and number of the backscattering atoms
involved. The backscattering amplitude will peak at ow k for low Z
elements and vice versa. By analysing the scattering profile, the
envelope, it is possitle to quantitatively assess the types and
numbers of aioms surrounding the absorber.
The modulations of the absorption rate in EXAFS, normalised to
the smooth "background" absorption uo, is given by
)=

[ntE)-Ho(E)l
ME)

(1)

To be able to extract information from EXAFS, the energy E has to
be converted to the wave vector k. This gives rise to X(k):
sinl2kRas+aas(Jc)]
where Ns is the number of scatterers in the i th shell, F s is the
photoelectron backscattering amplitude of the i th shell, a is the
Debye-Waller factor which accounts for thermal vibration and static
disorder. The sinusoidal EXAFS function is caused by the sin(2fcR)
interference term with a frequency 2R in fc-space. The longer the
distance R the higher frequency the oscillations will have. The
distance R also reduces the EXAFS amplitude by 1/R2 which means
that the EXAFS signal will decrease as R increases.
The photoelectron experiences a phase shift twice from the absorber, once going in and once coming back. The phase also changes
when entering the potential of the scatterer. The absorber and
16

scatterer phase shifts are combined to form a total phase shift, aasa a s can either be calculated or determined experimentally from
model compounds.

Instrumentation and experimental considerations
Experimental setup. Figure 5 shows, schematically, an experimental
setup for EXAFS measurements in transmission mode. The synchrotron radiation from the storage ring is monochromatised with either
a double-crystal or channel-cut crystal. For a selected Bragg spacing,
d, the X of the outgoing beam will be; X = 2dhid'Sin0B when the
incoming beam makes an angle 0 B with the Bragg planes (i.e.
satisfying the Bragg reflection condition). The parallel crystals in the
double-crystal configuration ensures that the incoming and outgoing
beams propagate in the same direction.
The monochromatised X-ray beam passes through the first ion
chamber which measures the incident beam intensity, Io. then
through the sample and finally through another ion chamber which
measures the transmitted intensity, Ii. If the method of internal

ton chamber 3
I.

Ion chamMr 2 Ion chamber 1
I.
I.
Stored b«am

Sill

Figure 5. Schematic diagram of the instrumentation for an EXAFS experiment in transmission
mode.
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calibration is being employed11 the calibration substance is placed
between Ii and a third ion chamber, I2. The ion chambers are filled
with an inert gas, such as He, N2, A r o r a gas mixture, depending on
the absorption edge being measured. The monochromator steps
through the desired energy range and usually around 300 points are
collected out to 800-1000 eV above the edge.
Experimental techniques. For concentrated' samples transmission
mode, n(E)x = ln(I o /I), is the prefered technique since it provides
the best signal-to-noise, S/N, ratio. The optimal S/N ratio occurs at
Anx=l, where x is the sample thickness. For concentrated samples
with high absorption coefficients it may be necessary to dilute the
sample with some inert material, such as boron nitride for solids, in
order to obtain a manageable thickness. At low concentrations the
real signal is superimposed on a large background and in this case it
is more advantageous to monitor a process which is proportional to
the absorption.
Fluorescence technique, n(E)x = (Ip/U. makes use of the fact that
an excited absorbing atom with a core hole (inner shell vacancy) can
relax by undergoing a radiative transition from a higher electronic
shell to the vacancy, thereby producing X-ray photons whose energy
corresponds to the energy difference between the two shells. Fluorescence is useful when the EXAFS signal is only a small fraction of
the total absorption. For dilute samples (10 3 M), such as biological
systems, background absorption due to other atoms may produce a
large slope in n versus E. In fluorescence mode the fluorescence of
the absorber is detected directly, thereby avoiding the absorption
due to other constituents in the sample.
The sample is orientated at an angle of 45° to both the incident
beam and the detectors (array scintillation or fluorescence ionisation chambers 1 2 ) so as to minimise interference from the
incident beam and other scattered beams. The
fluorescence
detection method possesses a distinct signal-to-noise advantage over
conventional absorption measurements at low concentrations. 1 3 1 4
An elegant method for determining X-ray absorption is to monitor
the Auger electron intensity as a function of photon energy. This
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technique has proved to be particularly useful for EXAFS studies of
adsorbed surface atoms (SEXAFS).1516
Glitches. Sometimes dips occur in the primary intensity of the
beam emerging from the monochromator system. These dips, or
"glitches", can cause serious complications in the Fourier transforms
of the EXAFS spectra. Crystal glitches arise when the Bragg
condition, nX=2dsin©, is fulfilled for more than one set of lattice
planes simultaneously. This can only occur at discrete energies.17
The incident beam is then divided up into the primary and
secondary reflections. The secondary reflection will, in general, take
on a different direction, such that it does not strike the second
crystal in the monochromator system at the correct angle. This
causes the sudden dip in the transmitted beam intensity. Since
glitches can affect the Fourier transforms quite considerably they
should, if possible, be taken out of the data, taking care that no
systematic errors are introduced.
Sample considerations. The energy range above and below the edge
must be >600 eV to prevent interference from any adjacent edge(s).
The edge jump must be sizeable since EXAFS is a measure of the
fractional oscillation of the absorption relative to the edge jump.
Absorption (or absorption edges) due to other elements in the
material should be minimised or avoided to prevent interference or
a sloping background.
At low energies, absorptions due to sample cells and intervening
air may present difficulties. X-ray transparent tapes can be used as
windows. The latter problem may require a helium path.
Sample thickness or concentration used depends on the total
absorption coefficient and the detection technique used.
Sample homogeneity is very important in the sample preparation.
Inhomogeneities cause uneven absorption across the sample which
leads to an increased noise level.
K(1S) and Li(2S) edges require the same set of amplitude and
phase functions, whereas an Ln(2Pi/2) and Lm(2P3/2) edge requires a
different set of phase parameters.18
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Models compounds. Essential to any EXAFS experiment is the
calibration of the measured phase and amplitude for the curvefittings. This can be done either with theoretical parameters or
empirical parameters from measured standards. Both techniques are
useful although theoretical amplitudes are likely to be seriously in
error. 1 9 2 0
The basic goal in choosing standards is to match the chemical
environment of the unknown as closely as possible. Sometimes it
can be difficult to find a suitable model. Either the unknown is not
sufficiently characterised or an appropriate model simply does not
exist. For an unknown environment it is necessary to measure a
variety of standards for comparison. For the cases where more is
known abou; the local structure in advance and the problem is due
to lack of well-characterised analogues, the approach is to measure
models of neighbouring elements to calibrate the theory and then to
use the theory to estimate the difference between the standard
system and the unknown. Models can also be used to estimate the
accuracy of a final result. By comparing standards among themselves
the degree of transferability can be assessed.
Calibration.
Before reducing the data they have to be energy
calibrated. This is usually done by measuring a reference compound
with a known edge energy, for example, a foil of the element of
interest. If the beam is stable this standard can be measured before
and once again after data are taken for the actual sample. The
alternative is to measure it simultaneously with the sample. In the
latter case, internal calibration, 11 the standard is placed between Ii
and I2. The energy scale is then chosen so that the edge energy is
set to some characteristic feature of the spectra of the standard, e.g.
the first Inflection point of the edge or a sharp peak in the nearedge structure. Once the energy scale has been determined it is easy
to check for instrumental changes or photoreduction by analysing
the edge position for the calibration substance and the sample.
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Data reduction
Structural determinations by EXAFS depend on resoMng the data
into individual waves caused by the different types of neighbouring
atoms at various distances from the absorber. Before reducing the
data the energy calibration is done. The first inflection point on the
absorption edge of the standard is usually used as tre calibration
point.
The first step in background removal is to subtract the pre-edge
background which is due to the residual absorption by other elements in the sample, and the spectrometer background. This
involves fitting the data before the edge with some polynomial and
then extrapolating this function into the data region. Figure 6a. This
pre-edge fit is then subtracted from the total absorption to give the
"elemental absorption". n(E). n(E) is then fitted with a smooth
"background absorption" curve, |io(E). which is then subtracted from
^i(E), Figure 6a. 21 It is assumed that the smooth part of the
measured ^(E) approximates \iolE). The subtraction is normally done
by fitting the absorption spectrum above the edge with a polynomial
spline.22-23 The polynomial spline is a function defined over a series
of sections with each section containing a polynomial of some order.
The individual polynomials, constrained to meet with equal slopes at
the spline points, combine to produce an overall curve for ^o(E).
To scale the EXAFS oscillations it is necessary to normalise them
to the absorption edge of that element by subtracting Ho from \i and
then dividing by ^o. i-e. according to the equation which defines the
EXAFS function, Eq. 1. The choice of the best polynomial spline is
one of the more difficult and critical steps in the data reduction. For
data sets with a typical EXAFS range of 600-1000 eV above the edge,
cubic splines of 3-5 sections are generally used. The danger of using
too high orders or too many sections is that it will remove part of
the EXAFS oscillation as well, thus reducing the EXAFS signal. Too
low orders or not enough sections will produce a peak <1 Å in the
Fourier transform of the data set. Peaks in this region can also be
attributed to a residual low-frequency variation in the data.
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(a)

(b)

(d)

Figure 6. EXAFS data analysis: a) The pre-edge fit (dash-dot line) is subtracted from the raw
data (solid line) to reveal the "elemental absorption", u(E). Background removal is the
next step which is done by fitting u(E) with a spline function (dashed line), b) EXAFS
spectrum, c) Fourier transform of the EXAFS data. The peaks are filtered so that the
corresponding separate waves are resolved, d).
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"Deglitching". Glitches in the data should, if possible, be removed
prior to background subtraction since they otherwise will affect the
subtraction process and consequently the accuracy of the EXAFS
data. This is done by linear interpolation in the raw data through the
glitch region. For this technique to work the glitch must be narrow
compared with any feature of interest in the data. Otherwise, the
only real solution is to remeasure the data under differe: . conditions.
Weighting. Before the Fourier transform X(Jc) is multiplied by some
power of k to give knX[k), where n = 1-3. n should be chosen so as
to give a constant amplitude of the weighted data over the range of
the data to be transformed. Because of the differences in the k
dependence of the backscattering amplitude for elements of different Z, there is a significant Z dependence in the k or k3-weighted
transforms. Weighting schemes with n = 1, 2 or 3 have been
suggested for backscatterers with Z>57, 36<Z<57 and Z<36.
respectively.18 It is important to use the same weighting scheme for
models and unknowns. Parameters are only transferable or comparable if the data are analysed in a similar fashion.
Fourier transform. Once the normalised fine structure has been
extracted from the absorption spectrum it is Fourier transformed. It
has been shown that Fourier transformation of the EXAFS from kspace to R-space yields a function similar to a radial distribution
function. 619 Each major peak in the transform corresponds to an
absorber-scatterer distance, but shifts to lower R because of the
scattering phase shift, a as . a as is typically 0.2-0.5 Å depending on, for
example, the elements involved and the weighting scheme. a as can
be obtained from model compunds and transferred to unknown
systems to predict distances.
One of the practical problems associated with Fourier transformation is due to the finite data range. Truncation effects can cause
"side lobes" to appear on the peaks, and these may interfere with
the weaker peaks.
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A window function can be applied prior to the Fourier transform.
It selects the k range to be transformed. Window functions serve
several purposes: 1) To truncate the data smoothly at the ends of the
transform range in order to minimise the truncation ripple at the
expense of some peak broadening. 2) To make data from two
different samples comparable.
Curve-fitting.
It is possible to extract information from the unfiltered data but it is difficult to get reliable results because of the
noise in the data. 2 4 In practise, all atoms of one type located at
approximately the same distance from the absorber are grouped
together in a "shell". To isolate single-shell data it is convenient to
inversely transform the Fourier-transformed data over the R-space
range corresponding to that shell. Figure 6c. As with the forward
transform it is desirable to apply a window function to minimise
truncation ripple. The resulting "filtered" EXAFS spectrum, knX'[k),
then contains a fewer number of distances and can be fitted with
models. Each shell can be isolated in this way and analysed
individually. If two shells are o\'erlapping however, trying to separate
the peaks when filtering might create distortions in the data. The
inverse transform covering both shells though, can be accurately
analysed. A sensitive technique for analysing EXAFS data is curvefitting Once the data have been Fourier filtered to isolate the singleshell EXAFS, the next st( p in the data analysis is to fit the data with
theoretical parameters (backscattering phase and amplitude) or
parameters extracted from appropriate model compounds. The
disadvantage of the theoretical approach is that the large number of
highly correlated parameters makes it difficult to extract meaningful
information from complicated systems. The curve-fitting procedure
that has been used in these studies, involves fitting the EXAFS of
model compounds with known structures, using a parameterised
EXAFS equation. Individual waves were approximated with an
amplitude function: Aas(Jc) = c 0 cfC:i ^+c 2 k 2 ). ; c r 3 a n ( j a phase shift:
oias(k) = te-i/k) + a0 + ajk - a2k2, which are combined and then
summed up to give a description of the total EXAFS. The parameters
c o . C2, C3. a o . ai, &22526 are all allowed to vary for the model
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compound. These parameters are then fixed for all other refinements while Ns and RaS are allowed to vary.
A function value, F, estimates how good the fit is and is defined as;
F={£ l/ceidata-fitW/tnumber of points)}1/2.
The advantage of using empirical parameters is that if the models
are analysed in the same way as the unknowns then errors in. for
example, background removal and normalisation are compensated
for by the direct comparison of the model compound and the
unknown. However, the disadvantage is that it may not be possible to
find a suitable model. Even more serious is if an unsuited model is
used in the analysis. Criteria for a good model compound should be
that it contains the same central atom-scattering atom pair and it
should, preferably, also have about the same distance and
coordination geometry as the unknown.27

Applications of EXAFS
The technique is highly versatile in that it can be applied with about
the same degree of accuracy (0.01-0.03 Å) to matter in the solid
(crystal or amorphous), liquid, solution or gaseous state. It is the
sensitivity to local structure which makes EXAFS especially suitable
for systems for which no long range order is expected e.g. in
solutions, disordered systems, amorphous materials.
The possibility to collect EXAFS data for different absorbing atoms
in a molecule or complex, allows for independent studies of the
local structure around each absorber. This can be very useful in, for
example, a bimetallic compound where the two absorbing centres
are far away from each other.
EXAFS is useful in inorganic systems when single crystals are not
available or when structural information in solution is sought. It is
capable of differentiating between metal-metal and metal-ligand
bonds provided that the atomic numbers of the neighbouring metal
and ligand atoms are sufficiently different (AZ > 4). 18
EXAFS analysis has been applied extensively to the determination
of metal-ligand distances in molecules of biological interest. The
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method has proved particularly fruitful in bioinorganic systems,
because of the fact that atoms of an absorbing chemical element
usually occur in very few chemical binding sites in a given molecule.
Some biological materials were among the very first materials
studied by the Fourier analysis of EXAFS.7
In the last few years many disordered and amorphous systems
have been studied, since it is sometimes very difficult or impossible
to grow suitable single crystals. Data have been presented for. for
example, crystalline amorphous Fe-Ge alloys. Amorphous semiconductors as well as metallic glasses have also been studied. 28
EXAFS has been used to determine the coordination of metal
atoms in catalysts. 29 Catalytic systems are often very finely dispersed
either on a support or in solution, so that normal X-ray diffraction
procedures yield little information. In EXAFS the average coordination of each metallic species in the catalyst can be examined,
and in addition the valence state of the metals can often be
determined.
A large variety of geological materials can be studied by EXAFS.
Apart from the major constituents (Si, Al, O), minerals contain
minor (=1%) or trace (1-100 ppm) elements which are often transition metal ions. 30

Sources of error
Errors in EXAFS experiments are both systematic and random. 31
Systematic errors can occur both in data collection and analysis.
Samples or standards may be hygroscopic and reactive or
susceptible to radiation damage. Errors in data analysis may occur in
background removal and Fourier filtering. Another source of
systematic errors is chemical transferability of phase shifts and
amplitudes. Systematic errors in distances for a single shell
compound is 0.01 Å32 and in coordination number roughly 10%. 21 - 33
Random errors arise from noise in the data, due to fluctuations in
beam position and intensity and sample inhomogeneities, as well as
from correlations among various parameters. Each EXAFS v/ave
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contains two sets of highly correlated variables; N and o\ and R and
Eo. One way of testing data for parameter correlations is to fit each
wave with different sets of parameters. To be able to exclude correlations, all the fits should give the same results.
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LARGE ANGLE X-RAY SCATTERING
(LAXS)
Introduction
The possibility to extract structural information from X-ray
diffraction studies on liquids has been known about for more than
seventy years. 34 The modern theoretical basis of diffraction by
liquids was established in 192735 when the Fourier integral theorem
was applied to determine the probability function of molecules
around each individual molecule. The possibility of liquid structure
analysis was first demonstrated in 1930 when the first quantitative
application of this method was carried out for liquid mercury.36
Technical and theoretical progress and also the development of
better correction and normalisation methods contributed to the increased reliability of structural reports occurring in the late fifties
and onwards.

Instrumentation and data collection
In the experiments the scattered intensities from the sample are
recorded as a function of the scattering angle 20. The first investigations used photographic methods to collect data, but nowadays
electronic devices such as scintillation detectors are usually used to
record the scattered intensities. The measurements are performed
step by step at discrete points in the scattering angle interval.
There are three geometrical arrangements of the specimens, with
respect to the source and counter, that can be employed; normalbeam transmission, symmetrical transmission and symmetrical
reflection.37 Among them, the symmetrical reflection geometry is
the one most used for studies of liquid systems. The Brent-Brentano
reflection geometry which is often adopted in 0 - 0 diffractometers
where the sample is stationary, has several advantages; the free
surface of the liquid can be used and high intensities can be
obtained. In Figure 7 the apparatus used for the measurements
28

X ray lube

Monochfomator

Sample

Figure 7. 0-Ö diffraclomeler used in the LAXS experiments.

reported in this thesis is shown. The 0 - 0 goniometer is computer
controlled and this allows the goniometer to advance with preselected steps so that the scattered intensities can be recorded,
point by point, in the angular interval, 1 to 70 degrees. A limitation
of symmetrical reflection is the excessive length of the sample
which is required at small angles. This fact makes it necessary to
use different combinations of slit widths, I.e. narrow slits at small
angles due to the finite length of the sample, and large slits at high
angles in order to increase the scattering surface and to reduce the
reading times. Usually two or three different slit systems are enough
to cover the entire 0 range. Overlapping regions between the various
slit systems is necessary to be able to scale the experimental data to
a unique slit width.
Sample Considerations. X-rays are scattered by the electrons of
matter and the contribution to the scattered intensity from light
atoms is small. In the studies of liquids it is desirable that at least
one element is heavier than silicon and for studies of complexes and
molecules in solution an element heavier than iron is needed.
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Two things should be taken into account when considering the
concentration of solutions; the number of heavy atoms in the complex, and which atoms there are. Concentrations lower than 0.3 M
however, are not recommended. 1.0 M or more is preferable.
To simplify the interpretation of the data one complex should be
dominating.

Data treatment
The measured intensity data are initially corrected for background
scattering, i.e. the scattering produced by everything in the
apparatus except the sample. The data are also corrected for
polarisation38 and absorption if necessary. The fraction of incoherent
radiation reaching the counter, del(s), is also considered.39 The
experimental data are obtained in arbitrary units and they have to be
converted to absolute units, i.e. electron units per stoichiometric
unit. The data are normalised to a stoichiometric volume,V, corresponding to the average volume of a chosen atom in the solution.
and then the reduced intensities, i(s), are calculated from the scaled
observed intensities, IObs(s),according to:
i(s) = KIobs(s) - intWs)2 * (AJ{)2 + deKsUf^fs))

(3)

where n< is the number of atoms "i" per stoichiometric volume of
solution. The normalisation factor, K, used in the calculations can be
determined by the high-angle method 40 or by the integral
method. 4 1 4 2 To check the internal consistency of the data it is desirable to calculate K by both methods and then compare the two
values. For solutions with an absorption coefficient less than 15 cm 1
correction for multiple scattering has to be made.2
The structure function i(s) is Fourier transformed to give the
radial distribution function, RDF:
D(r) = 47ir2p0 + (2r/n)l
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si(s)M(s)sln(sr) ds

(4)

where M(s) is a modification function. The reduced intensity curves
are usually corrected for low-frequency additions by removing peaks
which can not be related to interatomic distances, i.e. <1.5 Å,43-44 in
the radial distribution function.
The analysis of experimental data can be performed either in sspace or r-space by using i(s) or D(r), respectively. Both contain the
same structural information, although vizualised in different ways. It
is more practical to work with the analysis in real space when
looking for direct information on bond distances. Working in s-space
is more convenient when testing models against scattering data. In
general, it is useful to examine both i(s) and D(r) since structural
aspects which do not appear in one function, may show up in the
other.

Applications of LAXS
Diffraction studies give information essentially on the short range
order. The structures of many liquids have been determined, but the
major interest has been concentrated on hydrated metal ions in
aqueous solution, primarily as part of the studies of electrolyte
solutions.37
The structure of a solvated ion and the structural changes caused
by the addition of a ligand can be determined by this technique.
Information on changes over a range of ligand concentrations can
then be followed.
Polynuclear complexes are often formed in solution and because of
the metal-metal interactions in these complexes they are suitable
for LAXS studies.
Another field of interest is that of molten salts. 45

Sources of error
Errors in the i(s) function can arise from inaccuracies in intensity
counting and from approximations in the data treatment. The
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statistical errors in counting rate depend upon the total number of
quanta counted or the counting time, decreasing when increasing
the number of counts or the time, respectively.
The D(r}s can obviously be affected by errors arising from inaccuracies in the i(s) function, but more serious errors are termination
errors due to the finite data range. Because of the truncation of
experimental data at s = s maXl spurious ripples can appear on both
sides of all major peaks in the D(r). One way of identifying these
spurious peaks is to perform Fourier transforms over different s
ranges.
Low-frequency noise in the i(s) can give rise to spurious peaks in
the low-r region of the radial functions. These spurious ripples do
not, in general, superimpose on real peaks contrary to termination
errors which cause ripples in the region of real maxima.
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Comparison of EXAFS and LAXS techniques.
For non-crystalline materials both techniques only provide a onedimensional representation of the structure. Comparing the EXAFS
equation, Eq. 2, with the X-ray scattering equation 46 and also
extending the comparison to R-space reveals several analogies, but
there are also important differences between EXAFS and X-ray
scattering. As the chemical complexity of the system increases, the
presence of all the independent partial correlation functions
complicates the interpretation of the scattering spectra. In contrast,
EXAFS separates the correlation functions and this gives EXAFS
some advantages over X-ray scattering.
The information about a shell centered at R appears in the LAXS
theoretical intensity equation multiplied by (sinsR)/sR46 and in the
EXAFS equation by (sin2fcR)e(-2RA]/R2. Eq. 2. Consequently the signal
from shells beyond the first are more rapidly decreased in EXAFS
than in LAXS.
One significant difference between the two techniques is the
range of momentum space available. Both the quantity and quality of
the structural information that can be extracted from the experimental data depend on this. The regions to be compared are
those of s in scattering and 2fc in EXAFS, as the scattering vector s
corresponds to the momentum transfer of 2k:.47 The X-ray scattering
region practically starts at s = 0 Å 1 and ends at s » 16 Å 1 . EXAFS
covers approximately 6 < 2k < 30 Å 1 , which gives a better resolution
in detecting nearest neighbour environment, but suffers the lack of
low-Jc data, i.e. information is lost about long range order. In
disordered systems this means that only the first shell can be
detected.
The EXAFS signal is a pair correlation function between the
absorber and its nearest neighbours (ignoring the near edge
structure where the EXAFS equation breaks down):

EXAFS SIGNAL = £ A,S,
tUTOTMJ
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where Aj denotes the absorber and Sj the nearest scatterers.
X-ray scattering provides interatomic distances and the measured
scattering amplitude leads to a distribution function weight-averaged
over the various pairs of scattering atoms:

SCATTERING SIGNAL = £ £
all i all]

where Ai and Aj are the various scatterers. Consequently, X-ray
scattering will not be able to, for example, detect the existence of
partial disorder in a structure of the solid under study. In other
words, EXAFS allows a detailed insight into the short range order of
the system centered at the absorbing atom, while scattering
assumes the existence of a long range order and gives information
averaged over all the unit cells of the investigated system.
These two techniques are obviously sensitive to different aspects
of the pair correlations. Therefore, the combined use of both
techniques may lead to a more detailed description of a system.
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STRUCTURAL STUDY OF GRIGNARD
REAGENTS
INTRODUCTION
Ever since the Grignard reagents were first synthesised in 1900
they have been of the utmost importance in preparative organic
chemistry. These reagents are very versatile in organic synthesis
since a series of valuble transformations can be performed, Figure
8. 48 In recent years there has been a renewed interest in organomagnesium compounds, since it was realised that they are also
useful as precursors in organotransition metal chemistry as applied
to organic synthesis.49
The structure of the Grignard reagent, 'RMgX', as it is often
written, has intrigued scientists for many years and a series of
different techniques have been employed to get a reasonable picture
of the attacking reagent in solution.50
History. In 1900 Victor Grignard was a graduate student working at
1'Université de Lyon in France. He was to optimise the conditions for
what is known as the Barbier reaction:
R'

1. Solvent

R'

R-I + Mg + C=O - 2 ^ 2 — - R-C-OH + Mg(OH)I
R"
R"
Grignard thought that the intermediate in this reaction was RMgl
and further reasoned that yields could be improved if this compound
was prepared first and then added to the ketone. He found that the
alkyl halides do react readily wi' a magnesium in diethyl ether as
solvent and that the resulting reaction mixture reacts with
aldehydes and ketones to give higher yields than when the Barbier
procedure was used to produce the corresponding product. 51
Grignard represented the composition of the reaction product of an
alkyl halide and magnesium in diethyl ether as RMgX. For his
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discovery and subsequent development of this finding, Grignard was
awarded the Nobel Prize in chemistry in 1912.
Grignard reagents have a wide range of applicability in the
synthesis of, e.g. alcohols, aldehydes, ketones, carboxylic acids,
esters and amides and are probably one of the most versatile
reagents for constituting new C-C bonds. They can also be used
successfully for making C-N, C-O, C-S and C-halogen bonds. Figure 8.
The reagents are readily hydrolysed to the parent hydrocarbon, RH,
but this reaction is rarely of synthetic importance. The reagents can
also be used as reducing agents, for example in the reduction of
Pd(II).52

RSH
RSR1
ROH
RCH2OH

RNH 2

RMgX

R-halogen

RD

O
n

RR1

1

RCR
RCOH
11

O

RCH2CH = CH 2

Figure 8. Grignard reagents are important precursors in the
syntheses of alcohols, aldehydes, ketones, carboxylic
acids, esters, amines etc. They can also be used in
organotransition metal coupling reactions and as
reducing agents.

36

There has been much controversy regarding the mechanism of
addition of Grignard reagents to carbonyl compounds. 5053 The
reaction is difficult to study since both R2Mg and RMgX can react
with the carbonyl compound. A cyclic transition state with a linear
RMgX entity has been proposed. 54 There is also evidence that
certain Grignard reactions proceed via electron transfer processes,
as exemplified by the reaction of methylmagnesium iodide with
diphenylketone, resulting in a tertiary alcohol:55

ET

. h 2 C=O + RMgX -

[(Ph2C=O)--(RMgX)+-] -

Ph

Ph

'

'

R-C-OMgX - R-C-OH
Ph

Ph

The first serious suggestion, since Grignard's initial one, concerning the composition of Grignard reagents was structure (I), a s
depicted below. 5 6 This suggestion was followed by a similar one,
structure (II), from Grignard. 5 7
Et

MgMe

Et

Me

Et

I

Et

Mgl

(I)

(II)

In 1912 the first dimeric s t r u c t u r e , (III), was suggested by
Jolibois. 5 8 In rebuttal, Grignard 5 9 claimed that the facts on which
Jolibois based his conclusion . could Just a s easily be explained by
the dimeric composition (IV), diethyl ether molecules have been
omitted:

R
N

R

'

Xx
Mg

Mg
S

x'

R2Mg-MgX2

OH)
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R - Mg

Mg - R
\ '

(RMgX)2.
(IV)

Thus, the controversy began concerning the description of Grignard
compounds.
Schlenk and Schlenk found that essentially all of the halogen
could be removed as MgX2 from certain Grignard compounds in
diethyl ether solution by the addition of dioxane. 60 Based on this
information and new association data, they suggested the following
equilibrium to explain the composition of Grignard reagents: 61
2 RMgX

Ä R2Mg + MgX2.

(5)

This is known today as the Schlenk equilibrium. Many reports could
be cited, attempting to prove whether there is a Schlenk equilibrium or not, and whethei the equilibrium lies to the left or to the
right. A number of dimeric species are possible and these could be
in equilibrium with each other and with the monomeric species.
The Schlenk equilibrium can be extended to include various dimeric
(or higher) species:
(RMgX)2

3* 2 RMgX

*

R2Mg + MgX2 st

R2Mg-MgX2 (6)

Unfortunately in many cases the conclusions are not valid either
on the basis of the information known at the time, or more recently.

Previous studies
Over the years it has become increasingly apparent that solutions of
organomagnesium halides are extremely complex and that their
constitution is affected by many factors. These factors were not
properly appreciated at first and consequently some of the early
work is questionable. In the years between 1960 and 1965 a
combination of precise experimental work and the use of modern
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techniques improved scientists' knowledge of the Grignard reagents. The results seem fairly reliable and consistent.
Crystallography. The molecular structures of both magnesium
halides and some Grignard compounds have been determined in the
solid state. Both phenylmagnesium bromide62 and ethylmagnesium
bromide 63 crystallise from diethyl ether solution as dietherates. The
molecular structures are similar, with the magnesium at the centre
of an irregular tetrahedron surrounded by a bromide ion. an ethyl or
phenyl group and two solvent molecules. The distance between
magnesium and bromide in adjacent molecules was so long as to
exclude any chemical interaction between them, and in the solid
state these compounds are thus clearly monomeric. The relative
short Mg-O distances, =2.05 Å, in these molecules are noteworthy. It
demonstrates the strength of the bonds by which the coordinated
solvent molecules are attached. 61 In the structure of solid
MeMgBr(THF)3 magnesium is five-coordinate64 and at the centre of
a trigonal bipyramid. The crystal structure of unsolvated dimethylmagnesium is completely different, consisting of alkyl-bridged
chains similar to those in dimethylberyllium.65
Molecular weight studies. Early measurements of their apparent
molecular weight in solution indicated that the formula RMgX was
inadequate to describe the Grignard reagents. According to this
study the complexes were associated. 66 Since then apparent
molecular weights have been investigated by a variety of techniques
and have confirmed the association. However, the results from much
of this early work were inconsistent since, for example, the
influence of traces of oxygen was not realised.67 6 9
These studies give no information about the degree of solvation of
the organomagnesium compounds. The number of coordinated
solvent molecules in some solid Grignard reagents has been
determined, 62 - 63 but little information is available on the number
coordinated in solution. These studies cannot help in distinguishing
between various possibilities for the monomeric or dimeric species
present in solutions either. Solutions of apparently monomeric
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organomagnesium species could contain RMgX, a mixture of
and MgX2, and ionic species or equilibria such as the Schlenk
equilibrium could be involved.
The following generalisations can be made from reliable
measurements: i) At low concentrations (up to about 0.05 M)
organomagnesium bromides and iodides are monomeric in diethyl
ether 6 9 7 1 7 3 and in THF.74 ii) In diethyl ether the degree of association increases at higher concentrations, and in many cases the
apparent molecular weight approaches that of a dimer, 6 9 - 7 1 7 3
although in THF the reagents are monomeric at these higher concentrations. 75 iii) Alkylmagnesium chlorides are dimeric in diethyl
ether at concentrations as low as 0.04 M but are monomeric in
THF.7375
Tracer studies. If the diethyl ether solutions of Grignard
compounds do contain dimeric species one question arising is
whether the dimers should be written as R2Mg-MgX2, (HI), or as
(RMgX)2. (IV). One way of finding out is to label the magnesium
halide and see if exchange takes place with unlabelled
dialkylmagnesium. This experiment was performed and the first
results showed that no exchange took place. Therefore the dimer
should be described as R2MgMgX2.76 However, later experiments
have shown that statistical exchange does take place and the earlier
results could not be reproduced.77
These studies indicate that RMgX species and dimers of the type
(RMgX)2 may exist in solutions of Grignard reagents. The dimer,
R2Mg-MgX2, cannot be ruled out though.
Ionic nature. There are many reports on the electrolytic nature of
Grignard compounds in solution. The fact that solutions of Grignard
reagents in diethyl ether are electrically conducting has been confirmed by many groups. 7879 The concentration of ionic species can
not be very great owing to the low conductivities reported for the
diethyl ether solutions. 80 - 81 Since high ionic mobility would be
expected in a medium of low viscosity such as diethyl ether, high
conductance would be expected if dissociation into ions was
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extensive. Therefore ionic species are probably present only to a
small extent in solution. Thus, these species may not be important
when describing the composition of Grignard compounds in
solution.
Infrared spectroscopy. An early assignment of bands near 780 and
900 cm 1 to the Mg-Br stretching frequency79 was later shown to be
incorrect. In fact, these absorptions are due to the solvating ether,
the band at 900 c m 1 being assigned to the asymmetrical C-O-C
stretch. 7 0 8 2 In pure diethyl ether the C-O-C stretching frequency
was 932 cm 1 , for diethyl ether coordinated to Et2Mg this was
lowered to 926 cm 1 , and for diethyl ether coordinated to MgBr2 to
900 cm 1 . Etheral EtMgBr showed absorptions at 920 and 900 cm 1 .
This was taken as evidence of the presence of dimers of the type
R2MgMgX2 with diethyl ether coordinated to the magnesium halide.
In diethyl ether solution the spectrum of phenylmagnesium iodide
was different from that of etheral diphenylmagnesium, and it was
suggested that for this reagent the species PhMgl, rather than
Ph2Mg Mgl2 or Ph2Mg, predominates. Otherwise, the spectra of
alkylmagnesium halides and the dialkylmagnesium compounds in
diethyl ether solution were almost indistinguishable and hence gave
no useful information.83
In THF solution the conclusions from these studies were that
bromides and chlorides can be described by equilibrium (5).
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Mg-NMR. Organomagnesium compounds have been studied using
Mg-NMR.84 For the Grignard compounds the appearance of the
spectra are a function of temperature and concentration. For
EtMgBr in THF the three species of the Schlenk equilibrium, Eq. 5,
can be detected at 37°C. Signals from EtMgBr and MgBr2 are
resolved and Et2Mg is superposed by EtMgBr.
Unfortunately no corresponding study in diethyl ether has been
done.
25

1

H-NMR. Alkyl Grignard reagents (methyl, ethyl, n-propyl) have
been studied in diethyl ether.85 Those spectra and the spectra of the
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corresponding dialkylmagnesium compounds are very similar, which
would suggest that R2Mg-MgX2 is the predominant species.
THF solutions have also been studied.86 88 For aryl compounds two
peaks, R2Mg and RMgX, could be observed at -60°C and the ratio
[RMgXl/[R2Mg] was calculated for many arylmagnesium compounds
and extrapolated to 25°C. The position of equilibrium (5) was found
to be very much dependent on the aryl group and the solvent. The
more strongly coordinating the solvent the greater the proportion of
species.

This study
From a chemical viewpoint the structures and properties in solution
of halogen organomagnesium compounds are important, since these
compounds are mainly employed in solution and seldom isolated as
solids. New techniques have been developed and they can contribute
with more detailed information on the structures. Both EXAFS and
LAXS techniques have been successfully applied when solving
structures in other systems in solution.
The aim of this work was to 1) Investigate whether EXAFS and
LAXS techniques are useful in studies of this type of system. If so,
more structural information could be obtained, leading to a more
detailed picture of Grignard reagents in solution. This information
would help in determining: 2) How the Schlenk equilibrium, Eq. 5,
is shifted in these solutions and if both monomeric and dimeric
species are present, and 3) What the actual structures of these
species are.
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Experimental
EXAFS measurements
Model compounds. The obvious choice for a Br-Mg model compound
is MgBr2(s). This compound was measured repeatedly but in no case
were the data collected satisfactory. The compound is highly
hygroscopic but precautions were taken during the preparation of
the samples and during the measurements, to avoid the absorption
of water. The data were extremely noisy and not reproducible in
three independent measurements.
MgBr2 in THF can crystallise in several ways. 89 In anhydrous
solution a microcrystalline powder, MgBr2(THF)3, is obtained at
temperatures >30°C, whereas tetragonal crystals, MgBr2(THF)4 are
obtained at temperatures <5°C. The structure of the tetragonal
crystals has been determined.90-91 Several attempts were made to
crystallise this compound to use it as a model, but the only product
formed was a microcrystalline powder, which was not well-defined.
Several other magnesium bromide compounds were taken into
consideration. Table 1, but the structural integrities are fairly
uncertain in general, due to the high hygroscopicity. If the
compound is not strictly anhydrous the magnesium atoms are
surrounded by water molecules in the first coordination shell and
the Br-Mg distances are too long and not very well-defined.
Sometimes there are other atoms close to bromine, both intramolecular and intermolecular. which would interfere when extracting
the Br-Mg wave from the Fourier transform.
An alternative way of obtaining amplitude and phase parameters is
to extract backscattering parameters from the neighbouring elements, in this case sodium and aluminium, and then to interpolate
to get reasonable magnesium parameters. Aluminium bromide
systems are most often dimeric with both terminal and bridging
bromide ions. The difference in distances between these two
different types of Br-Al bonds is too large for these compounds to be
considered as good model compounds. 112114 These compounds are
also extremely hygroscopic and might be difficult to handle.
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Table 1 Compounds which were considered as nnodel compounds for Mg backscattering.
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Compound

Comment

Reference

MgBr 2 (Et 2 0) 2

R=0.32, 2 Mg-Br distances.

92

MgBr2(THF)2

2 Mg-Br distances.

93

MgBr2(THF)4

Synthesis not good.
Structure good.

MgBr2(THF)4(H2O)2

Intermolecular distances too close.

93

MgBr2(CH3OH)6

Mg-Br too long.

94

MgBr 2 (C 5 H 5 N) 6

FU0.128.

95

MgBr2(H2O)6

Mg-Br distance too long.

96

MgCIBr(H2O)6

R=0.13,
Mg-Br and Mg-CI are the same.

97

MgBr 2 -MnBr 2 (H 2 O)i 2
MgBr2-CaBr2(H2O)12
MgBr 2 -ZnBr 2 (H 2 O)i 2

No Mg-Br distance.
Powder data.

MgMn 2 Br 6 (H 2 O)i 2

Mg-Br too long.

101

Ci 4 Hi 9 0 4 MgBr

Structure good.

102

CH3MgBr(THF)3

Mg-Br and Mg-C(CH3) are the same.

Mg 2 Br 2 (Bu'0) 2 (Et 2 0) 2

Structure good.

103

[C2H5MgBr(i-C3H7)2O]2

Structure good.

104

Mg2Br2(THF)3(NCPh2)2

Uncertain which product one gets
in the synthesis.

105

90,91

i38-100

64

(C7H13OMgBr)2(Et2O)2

Other interfering Br-Y
distances, probably.

106

Mg 2 Br 2 (C 12 H 8 N 2 )(THF) 6 MgBr2(THF)4

2 Mg-Br distances.

107

[MgBr[CO(NH2)2](H2O)2]Br2

No Mg-Br distance.

108

FeH6Mg4Br3.5Clo.5(THF)8

Difficult to handle.
Complicated synthesis.

CsMgBr3

Both Br-Mg and Br-Cs distances.

109,110
111

The model compound finally chosen for the Br-Mg interaction was
NaBr(s). The compound has rock salt structure where each bromide
ion is surrounded by six sodium ions at 2.99 Å.115
Data were also recorded for Br (Br2, CBr 4 ) 116117 . O (KBrO3)118 and
C (CBr4)117 backscatterers. The consistency of the parameters for
bromide backscattering could be checked by curve-fitting Br2 using
CBr4 parameters and vice versa, to see if the expected results were
obtained.
Data collection. The sample cells used for EXAFS measurements of
solutions consist of a teflon spacer of desired thickness. Windows
were held in place by two brass plates, one on each side of the
spacer. Figure 9. Polypropylene or Mylar™ films could not be used as
windows as the ethers would have penetrated these films after a
short time. Thick, 0.08 mm, Kapton™ film was used instead.
Originally the windows were =6 mm high but because there was a
problem with evaporation during the measurements the height was
increased to =25 mm.

Figure 9. Sample cell used in the EXAFS
investigations. The teflon spacer (in the
middle) has windows on each side,
which are held in place by two brass
plates.
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All the solutions were measured several times as can be seen in
Table 2. Data collected when using a Si(220) monochromator were
only usable to k =13 Å 1 because of a glitch problem. The glitch was
very large and could not be edited. With a Si(lll) monochromator
the data were usable to k = 15 Å l.
The data were reduced, analysed and curve-fitted as described in
Paper C.

LAXS measurements

Data collection. The incident X-ray beam was scattered from the
free surface of the samples. Scattering data were collected using a
0 - 0 goniometer of the Seifert GSD type.119 The scattering angle 20
is changed by moving the source and the detector symmetrically, in
opposite directions, around the horizontal axis through the surface
of the sample.
Originally a graphite monochromator was used but it was later
changed to a lithium fluoride monochromator. The solutions were
enclosed in a thin-walled cylindrical glass container of approximately 35 mm in diameter. Figure 10. This cell was used in order to
keep air and moisture out and to avoid evaporation. This type of cell
was first constructed by Sandström 120 but has since then been
modified. The easiest way of filling the cylinder is using a syringe
and filling the cell through the tube at the front. A hole was made in
the back wall of the cylinder to let gas out. When using volatile
solvents it is important to seal the openings properly. The hole in
the back was sealed with silicon glue mixed with aluminium powder.
The tube was plugged with a rubber stopper and the gap was then
sealed with the same silicon glue and aluminium mixture. The
aluminium powder was added to the glue in order to increase the
time it took for the ether molecules to penetrate the glue. The
cylinder was positioned with its axis horizontal, perpendicular to
the X-ray beam. The vessel was half-filled. Corrections for the
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Table 2. EXAFS data collection.

All EXAFS experiments were performed under dedicated conditions (3-3.3
GeV, 40 mA, 16.5-18 kG).
• April 87 - SSRL, beam line 7-3, Si(220) double-crystal monochromator, 8pole wiggler, unfocussed. Usable /(-range: 3-12.9 Å 1 .
• November
chromator,
• December
chromator,

87 - SSRL, beam line 4-2, Si(111) double-crystal mono8-pole wiggler, focussing mirror. Usable /(-range: 3-15 Å 1 .
87 - SSRL, beam line 7-3, Si(111) double-crystal mono8-pole wiggler, unfocussed. Usable /(-range: 3-15 Å 1 .

• March 89 - SSRL, beam line 4-1, Si(111) double-crystal monochromator,
8-pole wiggler, unfocussed. Us&bie /(-range: 3-15 Å 1 .
• August 89 - SRS, beam line 9-2, Si(220) double-crystal monochromator, 3pole wiggler, unfocussed. Usable A-range: 3-13 Å 1 .

Solution

Data collection

MgBr2 in diethyl 0.4M
ether
0.1M

April 87
December 87
March 89

MgBr2 in THF

0.2M

April 87
December 87

CH3MgBr

0.6M

April 87
December 89

C2H5MgBr

0.1 M

April 87
November 87
December87
April 87
November 87
December 87
March 89
August 89

1.0M

C6H5MgBr

0.5M
1.0M

April 87
November 87
December 87
April 87
December 87
March 89
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Model

Data collection

Br2

April 87
December 87

CBr4

April 87
December 87
August 89

BrO3

April 87
November 87

MgBr2

April 87
November 87
December 87

NaBr

March 89
August 89

Table 2.

Figure 10. Sample cell used in the LAXS investigations.
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absorption by the glass container and its angle dependence120 were
made. MoKa radiation was used (X = 0.7107 Å).
The scattered intensities were measured as discrete points at an
interval of 0.0335s. s =4jrsin0>.-1, between 0-values of 4 and 62
degrees. An extrapolation of the intensity data for @<4° was
necessary because of the upward liquid meniscus on the glass wall.
All measurements were carried out at room temperature except for
Mgl2 in diethyl ether (44*1°C).
The data were treated as described in Paper B.

Results
For magnesium iodide in diethyl ether there are two major peaks in
the RDF obtained by LAXS; one at 2.7 Å and one at 4.5 Å. There is
also a shoulder at 3.9 Å. The peak at 2.7 Å includes both
intramolecular diethyl ether distances of 2.47 Å (C-O) and 2.43 Å (CC), and a Mg-I distance. A small peak around 1.5 Å contains
intramolecular diethyl ether distances of 1.408 Å (CO) and 1.516 Å
(C-C). The parameters for the diethyl ether molecule were the same
for all the solutions investigated.121
The fairly heavy interactions at 3.9 and 4.5 Å indicate that two
different II distances are present. The peak at 4.5 Å corresponds to
a tetrahedral configuration around the magnesium which gives a MgI distance of 2.75 Å. This peak corresponds to four II distances per
magnesium which indicates a polymeric chain containing an average
of five Mgl2 units, presupposed that 35% of the Mgl2 content is
present as the polymer. This is the fraction of polymer which gave
the best fit. The remaining 65% is present as dimers. In these
dimers the magnesium is octahedrally coordinated by three iodides
and three diethyl ether molecules. The Mg-I distance is 2.75 Å and
the diagonal II and Mg-Mg distances are 3.90 Å. It was not possible
to refine the parameters for this solution with a least-squares
process, but they were obtained by curve-fitting, using the KURVLR
program.42
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For Mgl2 in THF the best curve-fitting result was obtained for a
dissociated complex, Mgl+, with an Mg-I distance of 2.50(5) Å.
In diethyl ether solution the Grignard reagents all have basically
the same structure. This is indicated both by LAXS and EXAFS. Only
the distances differ slightly and LAXS also shows that the degree of
dimerisation for the iodides differs.

Table 3. Interatomic distances, d, temperature coefficient, band number of distances per
magnesium, n, for the solutions investigated. Errors derived from least-squares
minimisations are shown in parentheses.

Solution

Cone. dimer d(Mg-X) b (Mg-X) n (Mg-X)
(A?)
(M)

d(X-X) n (X-X)
(A)

1.4

46

2.81(2)

0.009(2)

1.46

3.98

0.23

2.7

54

2.74(2)

0.012(2)

1.54

3.88

0.27

0.9

30

2.81(2)

0.015(3)

1.30

3.97

0.15

2.7

45

2.75(2

0.010(2)

1.45

3.89

0.23

n-C5HnMgl 2.3

60

2.80

0.009

1.60

3.96

0.30

C6H5Mgl

0.9

25

2.78(2)

0.009(2)

1.25

3.93

0.13

1.5

34

2.74(2)

0.014(2)

1.34

3.88

0.17

2.0

50

2.56(2)

0.014(2)

1.50

3.62

0.25

Mgl2 in diethyl ether:
35% polymer, Td:

2.75

0.0075

4.0

4. 52

4.0

65% dimer, OH:

2.75

0.0125

3.0

3.88
5.50

1.5
1.0

Mgl2 in THF:

2.50(5)

0.0125

1.0

CH3Mgl

C2H5Mgl

C6H5MgBr
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In the RDFs obtained by LAXS, the peaks at =2.8 Å correspond to a
Mg-X distance. The shoulders at =3.9 Å correspond to less than 0.5
XX distances per magnesium, which is the n value that would be
obtained if all of the Grignard compound was present as dimers,
(RMgX)2- Only the Mg-X distance, d, and the temperature factor, b,
could be refined. All the other parameters were either obtained by
curve-fitting using the KURVLR program, 42 or they were fixed at
values estimated from previous studies. 120122
Intramolecular distances for the alkyl and aryl groups were
included for all solutions. The Mg-CR distances were fixed at 2.15 Å
(b =0.006 Å2) and the Mg-O distances at 2.i5 Å (b =0.008 Å2). The
XX and X-C distances were calculated from the refined Mg-X
distance and the number of X-X, X-C and Mg-O distances were
obtained by curve-fitting. The temperature factors for the X-X and XC distances were fixed at 0.025 Å2 and 0.020 A2, respectively. All the
parameters obtained form curve-fitting and least-squares refinements are summarised in Table 3.
The degree of dimerisation is dependent both on the concentration and the R group, and follows the equilibrium:
2 RMgX st (RMgX)2. By fitting the number of X-X distances the
degree of dimerisation could be determined and a dimerisation
constant, Kdi. could be calculated:
= [(RMgX)2][RMgXl-2 (M-1).

(8)

was calculated for each concentration of the different samples.
Table 4. For a specific R group the average K^i was used to
determine the percentage of dimers used in the final curve-fittings.
The Fourier transformation of the EXAFS spectrum of magnesium
bromide in diethyl ether shows one single peak corresponding to a
distance at 2.5 Å. Curve-fitting this filtered peak gave a distance of
2.49 Å. No Br-Br interaction was observed. The Fourier transform of
the corresponding THF solution also showed one major peak. The
height of this peak was lower than for the diethyl ether solution;
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System

Kdi

CH 3 Mgl
C 2 H 5 Mgl
n-CsHnMgl
C 6 H 5 Mgl

0.55
0.23
0.80
0.25

C6H5MgBr

0.50

Table 4. The estimated dimerisation constants,
of Grignard reagents in diethyl ether solution.
The estimated error in K^\ is less than 50%.

MgBr2 has probably dissociated, as Mgl2 does in this solvent, into
MgBr+ and B r .
The EXAFS spectra for the various Grignard reagents are very
similar. Figure 3, Paper C. The EXAFS k-space data were Fourier
transformed to R-space using a fc-window of 3-12.7 Å l or 3-14.5 Å 1 ,
Table 2, depending on when the data were collected. The Gaussian
window used was 0.1 Å"1.
All the Fourier transforms show one peak corresponding to a
distance of =2.55 Å. This peak was filtered and fitted with
parameters extracted from NaBr. All curve-fitting was based on a
least-squares minimisation using Jc 3 weighted data. 1 2 3 The fits of
phenylmagnesium bromide in diethyl ether gave a distance of 2.55 Å
which is in very close agreement with the result obtained from the
LAXS measurement. This shows that the model compound is reliable
and the techniques compatible. The results from the curve-fittings
are shown in Table 5.
EXAFS data for two THF solutions were recorded; magnesium
bromide and ethylmagnesium bromide. The data for the Grignard
reagent were very noisy. Averaged scans from various data sets were
compared to check if scans collected at different times could be
averaged to get a better signal-to-noise ratio. However, they were
not reproducible. Therefore no results are presented for this
solution.
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Table 5. EXAFS'curve-fitting results.

Compound

Cone. (M)

Br-Mg distance (Å)
k =3-12.7 (A 1 )

k =3-14.5 (A'1)

CH3MgBr

0.6

2.53

2.56

C2H5MgBr

0.1
1.0

2.54
2.54

2.58

C6H5MgBr

0.5
1.0

2.55
2.54

2.56
2.54

MgBr2 in diethyl ether

0.4
0.1

2.50

0.2

2.66

MgBr2 in THF

2.49

Discussion
The aim of this study was to use two powerful structure-solving
techniques to try to extract as much structural information as
possible from these systems and to find out: a) How is the Schlenk
equilibrium shifted in these solutions and are there both monomeric
and dimeric species present? and b) What are the structures of the
species present?
The advantages of using two different X-ray techniques are several.
First of all they give different types of information on the solutions
studied. Secondly, since two different halides can be studied it
provides the possibility of drawing parallels between the two
systems studied. Thirdly, it is possible to study a wider concentration range since with EXAFS dilute solutions can be studied,
whereas LAXS requires more concentrated solutions.
To determine if the magnesium halides were present in these
solutions it was necessary to investigate diethyl ether solutions of
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these compounds first. The investigation was thus initiated by
studying magnesium iodide in diethyl ether and THF with LAXS. In
diethyl ether solution this turned out to be a complicated system.
The reason for this might be that the solution was very
concentrated, more of a melt, with not many solvent molecules
available for solvation. Table 1, Paper A. When the solution was
prepared, two layers formed and when analysing these two different
phases it was decided that the upper layer was too dilute (0.2 M) for
a LAXS investigation.
The lack of free solvent molecules probably influences the
structure of the magnesium halide. It was found that complexes with
two different structures are present in solution; one tetrahedral and
one octahedral. The tetrahedral complex is a chain-type structure
with double iodide bridges. The chain is, on average, five Mgl2 units
long. Solvent molecules are only coordinated to magnesium at the
ends of the chains, if at all, Figure 5, Paper A. It is impossible to
determine if the magnesium ions at the ends of the chains
coordinate three iodides in a trigonal fashion or are tetrahedrally
coordinated with an additional diethyl ether molecule. A polymeric
structure for Mgl2 in diethyl ether solution has been suggested
before, based on an IR and Raman study. 124 In the dimeric complex
the magnesiums are octahedrally coordinated and the Mg2l2 entity is
symmetrical with an inversion centre, Figure 5. Paper A.
The diethyl ether concentration in this solution is 5.45 M. The
dimeric complex coordinates 4.8 M of the diethyl ether which
leaves 0.65 M to act as free solvent and also to solvate the polymeric
chain. The fraction of dimers present in this solution might be
determined by the number of diethyl ether molecules available for
solvation. If the concentration of diethyl ether was higher, i.e. a
more dilute solution, more dimers may be present since this
complex seems to be the more stable when a sufficient number of
solvent molecules are present.
The EXAFS spectra of MgBr2 in diethyl ether and THF are
presented in Figure 1, Paper A. For neither solution v "s there any
sign of a Br-Br interaction. For the THF solution this can easily be
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explained since the compound has most probably dissociated into
MgBr+ and Br. For the diethyl ether solution though, one would
definitely expect to see this interaction. The fact that one does not,
might be due to a quite large Debye-Waller factor, a, for this
interaction, leading to a broadening and diminishing of the peak in
R-space. Neither static disorder, nor influence from thermal vibrations are expected in the dimeric complex though. Data were
initially collected out to k =13 Å-1, but when this interaction was not
seen the data range was increased to k =15 Å 1 . This extended range
did still not reveal any Br-Br interaction, though.
NaBr is obviously not the ultimate model compound for fitting Mg
backscattering. The difficulties in finding a more appropriate model
compound have already been described. Table 1. Phenylmagnesium
bromide in diethyl ether was investigated both with LAXS and
EXAFS and this compound was used to test the model. LAXS gave a
Mg-Br distance of 2.56 Å and EXAFS gave a distance of 2.55 Å which
shows that distance determination using NaBr is reliable. The
coordination numbers could not be determined though. This
problem could also be related to the Debye-Waller factor. However,
this discrepancy should have been taken care of when extracting the
parameters by varying the amplitude parameters for the model
compound, among them C2 which is related to the Debye-Waller
factor. One way of testing the results is to step through a couple of
coordination numbers for the unknown sample, keeping them as
integers, varying C2 and see what value this parameter takes on for
different coordination numbers. This was done and the value for C2
was reasonable when the coordination number was either 1 or 2,
both for MgBr2 and for the organomagnesium halides.
Knowing what the structure in solution is for MgX2 would obviously help in determining the position of the Schlenk equilibrium in
solutions of Grignard reagents. As it turns out there is no indication
of any Mgl2 in the diethyl ether solutions of the Grignard iodides
investigated. The scattering studies only showed monomeric and
dimeric Grignard complexes present at different concentrations, i.e.
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the extended Schlenk equilibrium is shifted considerably to the left
in this solvent:
(RMgX)2

5t 2 RMgX

*

R2Mg + MgX2 *t R2Mg-MgX2 (9)

If this equilibrium was further shifted to the right in these solutions,
it would not be possible to curve-fit the number of I I interactions,
as there are 0.5 and 1.5 I-I distances per magnesium for (RMgI)2
and Mgl2, respectively.
Since magnesium iodide has been found to have dissociated into
mainly Mgl+ and I* in tetrahydrofuran solution, this indicates that
MgX2 is only partly present in this solvent and that the Schlenk
equilibrium must be coupled to the dissociation equilibrium of MgX2.
The dissociation constant of MgX2 is large (the formation constant of
MgX2 is small) in THF.A This means that the Schlenk equilibrium can
be shifted to the right even if the formation constant,
Kschknk =lMgX2][R2Mgl(RMgX|-2, is small. These results indicate that
the Schlenk equilibrium exists and the formation of R2Mg and 'MgX2'
species depends on the degree of dissociation of MgX2- The extended
Schlenk equilibrium, Eq. 9, should therefore be expanded even
further:
(RMgX)2

ss 2 RMgX

*

R2Mg +• MgX2 st R2Mg-MgX2
M
(10)
2+
+
Mg + 2X- 9 MgX + X

Both the EXAFS and LAXS data look approximately the same for all
the Grignard solutions. In the monomeric Grignard compound the
magnesium coordinates one halide, one alkyl or aryl group and four
diethyl ether molecules, Figure 11. There are different amounts of
dimer present in diethyl ether depending on the R group. The
structure of the dimer is very similar to the one found for the
dimeric Mgl2 complex, Figure 5, Paper A. The magnesium coordinates one alkyl or aryl group, one halide, which is bridging, and
three ether molecules, Figure 11. A dimeric structure with one
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bridging halide and one bridging R group can not be excluded from
the structural results, but does not seem very likely.
The magnesium in both the monomeric and dimeric complexes is
six-coordinate. There is no evidence for tetrahedral coordination
which has been reported for several crystal structures, 62 - 63 however,
a trigonal bipyramidal structure can not be ruled out. This structure
has been found in the solid state for MeMgBr(THF)3.64

V
R— Mg — X

R

—Mg*
A

Vi
X

I

I
X — Mg—R

-c/I

Figure 11. Organomagnesium halides in diethyl ether solution. Magnesium
is octahedrally coordinated both in the monomeric and dimeric
complex. The amount of dimeric complexes depend on the alky!
or aryl-group attached to magnesium.

Conclusions and suggestions for future work
• It has been possible to extract more information from the LAXS
measurements than from the EXAFS measurements in this study.
The Br-Br interactions can not be detected in these solutions with
EXAFS. Also, the amplitude parameters extracted from the model
compound could not be used to fit the samples.
• Data analyses have been difficult, not so much for the EXAFS data
as for the LAXS data. These techniques can be used in future
studies on this type of compounds but more complicated systems
should be avoided.
• This study supports the existence of an expanded Schlenk
equilibrium, Eq. 10. In diethyl ether solution the equilibrium is
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considerably shifted to the left. The diethyl ether solutions
studied contain both monomeric and dimeric species. There is no
indication that Mgl2 is present in the solutions of organomagnesium iodide. In tetrahydrofuran solution the magnesium
halide has dissociated.
• Both in the monomeric and the dimeric complexes, which are
present both in solutions of magnesium iodide and organomagnesium halides, magnesium is octahedrally coordinated.
Halide ions are bridging. Figure 11. This is in contrast to the
crystal structures of the dietherates of phenyl and ethylmagnesium bromide, which have been found to be monomeric and
tetrahedral.
• In order to improve experimental conditions so that Br-Br
interactions can be detected, frozen solutions could be measured
to decrease the thermal contribution to the Debye-Waller factor.
• If crystal data were recollected, under better experimental conditions, for some of the compounds in Table 1, a possible model
compound for Mg backscattering will probably be found.
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STRUCTURAL STUDY OF METHANE
MONOOXYGENASE FROM

METHYLOCOCCUS CAPSULATUS (BATH)
Introduction
Methanotrophs are organisms capable of utilising methane as their
sole source of energy and carbon. The fact that such bacteria exist
has been known since the beginning of the century but it is only in
the last few years that their biological, chemical and physical
properties have become of interest. There are two types of
methanotrophic bacteria and both types metabolise methane by first
oxidising it to methanol. Methane monooxygenase (MMO) is the
enzyme responsible for the initial hydroxylation of methane.

CII 4 + O 2 + NAD(P)H + H*

NAD(P)+ + H 2 O

It is a very non-specific enzyme and has been shown to be capable
of utilising a variety of other alkanes, alkenes, ethers, aromatic and
heterocyclic compounds together with ammonia and carbon
monoxide, as substrates.
Soluble MMO of Methylococcus capsulatus (Bath) is a multicomponent enzyme. It is soluble in that enzyme activity is entirely
associated with the supernatant fraction after centrifugation of
bacterial extracts. 125 This enzyme complex can be resolved into its
three components, proteins A, B and C.126 Protein A has a molecular
weight of about 210 000 and is the hydroxylase component of the
enzyme. Protein B has a molecular weight of 16 000 and serves as a
regulator of enzyme activity.127 Component C is a flavoprotein and it
seems that it is responsible for electron transport from NAD(P)H to
the hydroxylase. 126128 All three proteins are necessary for catalytic
activity. The flavoprotein has been extensively studied in contrast to
the hydroxylase.
Electron spin resonance (ESR) and thermodynamic data on the
metal centre of protein A have been presented, 129 and the ESR
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signals were similar to those observed for semimet hemerythrin 130
and purple acid phosphatase, 1 3 1 both having binuclear, mixedvalence Fe2(H.in) centres. These results, as well as further metal
a n a l y s e s 1 3 2 for protein A were interpreted as indicative of a binuclear iron centre. A good way of finding out more about the metal
centre is to study the protein with EXAFS. EXAFS has been used
previously to identify bridging binuclear iron centres. 1 3 3 1 3 5 Choosing the right model compounds also makes it possible to determine
whether the two iron atoms arc perhaps bridged by either an oxygen
or hydroxo-group.

Experimental
Sample preparation.
Protein A of methane monooxygcnase of
Methylococcus capsulatus (Bath) was prepared at Prof. H. Dalton's
laboratory at the University of Warwick, England, see Paper D.
Sample characterisation.
The sample was characterised at Prof. S. J.
Lippard's laboratory at Massachusetts Institute of Technology, USA,
see Paper D.
Model compounds.
The amplitude and phase parameters were
obtained from the following model compounds: Fe-O and Fe-C from
Fe(acetylacetonate) 3 ; 1 3 6 Fe-N from [Fe(l,10-phenanthroline) 3 ](C1O4)2;137 Fe-Fe from |Fe2(OH)(OAc)2(HDpz3)2](ClO4);138 and Fe 2 O(OAc)2(HBpz3)2.139
Data collection and reduction. As described in Paper D.

Results and Discussion
For the first seven scans the absorption edge shifted gradually
toward a lower energy. Seven scans correspond to the sample being
4-4.5 hours in the beam. This shift is about 1.5 eV which would
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indicate that there is a reduction of one or perhaps both irons in the
beam. That means that the 25 scans that were actually averaged and
used in the curve-fitting, were data for the mixed-valence or even
the fully reduced protein. In order to check this, data for the fully
reduced component were also collected. The edge for the reduced
sample did not shift. The energy difference between this edge and
the edge of the fully oxidised sample was about 4 eV. ESR spectra
for the photoreduced sample were also obtained and showed the
presence of Fe2(III,II). The conclusion is that a one-electron
photoreduction of the iron centre has taken place to give the
semireduced form of protein A.
There are two major peaks in the Fourier transforms of
component A and three different filters were used for the curvefitting; one first-shell filter, one second-shell and one two-shell
filter, Figure 2, Paper D. The first coordination shell could not be
fitted with just O or N. Contributions from both elements had to be
included and this greatly improved the fit, and the function value F
decreased. The first coordination shell is composed of approximately six nearest neighbours at an average distance of 2.05 Å.
The EXAFS spectra for the protein and for the (^-hydroxo)diiron(III) complex correspond very well, particularly in the
frequency. Both the second-shell and two-shell curve-fittings
showed remarkable consistency in indicating the presence of a pair
of iron atoms. Irrespective of the initial values of Fe-Fe, Fe-O and FeN distances, the fits gave a value of 3.41 Å and a coordination
number of 0.8. There was an insignificant improvement in F when
an Fe-C distance was included in the fit. Replacing the Fe-Fe wave by
only an Fe-C wave did not give an acceptable fit. Backscattering
parameters were extracted from the /i-hydroxo model and to ensure
that the Fe-Fe distance was not biased, the ju-oxo model was also
fitted using these parameters and this gave the correct distance of
3.16 Å.
Using Fe-Fe parameters extracted from the /z-oxo model and
applying them to the protein and the /i-hydroxo model also gave the
expected long distances.
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A short Fe-0 bond could not be fitted to the data at any point in
the refinements. The longer Fe-Fe bond also indicates that a j/-oxo
bridge is not probable.

Conclusions
• Protein A of MMO in the semireduced form has a binuclear iron
centre with an Fe-Fe distance of 3.41 Å.
• The first coordination shell is composed of approximately six
nearest neighbours, N and O, at =2.05 Å.
• The irons are not bridged by an oxo-group but most probably by a
hydroxo-group.
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