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Chapter 8

Soft X-ray Absorption Spectroscopy:
Applications to Bioinorganic Chemistry

Stephen P. Cramer’, Hongxin Wang’, Craig Bryant’, Mark Legres®,
Craig Horne?, Daulat Patel?, Corie Ralston’, and Xin Wang®

‘Department of Applied Science, University of California, Davis, CA %4306
Structural Biology Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720

The high brightness of modern synchrotron radiation sources enables a
number of x-ray spectroscopic experiments on bioinorganic materials. This
review emphasizes developments in biological soft x-ray spectroscopy.

For the past two decades, bioinorganic applications of x-ray spectoscopy have primarily
involved structure determination by EXAFS and oxidation state characterization using
chemical shifts in the XANES region. Although these have been exwremely productive
techniques, the purpose of this article is to introduce two less familiar probes - soft x-ray
absorption and x-ray magnetic circular dichroism. Bioinorganic applications of these and
other x-ray technigues such as high resolution x-ray fluorescence are made possible by the
increased brightness of modern synchrotron radiation sources.

X-Ray Transitions, X-ray transitions in atoms involve at least one core level electron.
A rather archaic terminclogy evolved when X-rays were discovered serendipitously by
Roentgen more than 100 years ago. Promotion of of a 15 eleciron is termed K absorption,
while K emission involves filling of a 1s vacancy from higher levels. Similarly, L
absorption and emission involve 2s or 2p electrons, and so on. L absorption is
subdivided into Ly and L edges, which come respectively from spin-orbit splitting of the
2p3 hole into 2psp and 2py s final states, and the L edge which resulis from promotion
of the 2s electron. K emission is divided between Ko lines for 2p->1s wransitions and Kp
for 3p->1s lines. Finally, Ketl and Ko.2 labels are nsed to distinguish the spin-orbit
splitings of these lines. The many additional intricacies of x-ray nomenclature have been
well documented by Agarwal [1].

EXAFS. Extended x-ray absorption fine structure (EXAFS) is a modulation in the
absorption cross section past an absorption edge [2). As illustrated in Figure 1, the final
stafe involves interference between outgoing and backscattered photoelectron waves.
Depending on whether this interference is constructive or destructive, there is an
enbhanced or decreased absorption cross section. As the x-ray energy is changed, the
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wavelength of the probe photoelectron changes, and the EXAFS nm,nm, v.nqmo&nw:.q.
alternates in sign. The frequency of this modulation can be used to determine interatomic
distances with an accuracy of * 0.024, while the amplitude and phase can be used to
extract the numbers and elemental types of neighbors. EXAFS has become an almost
routine technique for bioinorganic structure determination, and many fine books and

reviews are available [2].

K-edge EXAFS
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Figure 1. Top panel - (Left) K-edge EXAFS involves a transition from the 1s level 1o
the continuum. (Right) The photoclectron wave from absorber A T'.u scatters m.da
neighboring atoms B, and the scattered wave (----) interferes with the original
wavefunction to cause the EXAFS effect, as seen in the sample spectrum. Bottom panel
. Transitions between discrete levels important for other types of x-ray spectroscopy.

X-Ray Multiplets. When a vacancy is created in a core shell of electrons, the resulting
hole can interact with valence electrons Io create interesting multiplets. in this way, the
core level spectra become sensitive 1a the valence configuration. Two examples of strong
multiplet interactions aze first transition metal L-edges, where 2p-3d Coulomb and
exchange interactions arz important, and K fluorescence, where the 3p-3¢ exchange
interaction dommates {Figure 1).
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Synchrotron Radiation
"For revolutions, however we may be lempted to
define them, are not mere changes." H. Arendt {3]

The quantitative change in brightness available from synchrotron radiation sources
has been so large that it has qualitatively changed the way x-ray science is done.
Synchrotron radiation is emitted when relativistic charged particles are deflected by a
magnetic field [4]. Because this radiation is highly collimated, synchrotron sources can
produce much brighter x-ray beams than available from conventional bremsstrahlung
sources (tubes). The first “generation’ of synchrotron radiation sources involved ¢lectron
storage rings that were primarily used for high energy physics. For these experiments,
the electron beams were kept relatively large around most of the ring, and only focussed
to a small diameter in the interaction regions. The second generation consisted of sources
designed or modified for synchrotron radiation, using mostly bend magnets and wiggler
insertion devices. Over the years, machine physicists have fearned how to produce
extremely low emittance electron beams. This third generation of low emittance x-ray
sources that exploits this progress is now coming on line [5, 6]. These rings use
“undulators’ with a large number of magnetic poles, designed for constructive interference
at certain wavelengths. The resulting radiation is concentrated in space and in frequency.
Third generation soft x-ray rings include the ALS in Berkeley [5), ELETTRA in Trieste
{7], and the Pohang Light Source in Korea. Undulator beam lines for hard x-rays are
available at the ESRF in Grenoble and the APS near Chicagoe and will soon be available at
SPRING-8 in Japan.

Over the past 2 decades, the x-ray brightness available from synchrotron radiation
sources has increased by nearly 8 orders of magnitude. This development is frequently
called ‘revolutionary’, and it compares favorably with two better known advances in
technology - microprocessors and lasers. X-ray brightness has increased with a doubling
time of approximately 12 months (Figure 2). This is comparable to the rate of change in
peak power of tabletop lasers, and it is faster than Moore's law for microprocessors.
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Figure 2. The history of improvement in x-ray brightness from synchrotron sources,
compared with other technological revolutions.
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Seft X-Ray Absorption

“When I use a word ... it means just what I choose it to mean - neither more nor less. ” -
Humpty Dumpty [8]

The term ‘soft® for x-rays is used in many ways. For example, in medical technology, #.o
keV photons are considered ‘soft’ x-rays, while in the _wmn.q Enmﬁﬁn. the mﬁsn _.wca_. is
applied to 0.06 keV photons [9]. For the purposes of this article, we will arbitrarily
consider the region from ~100-1100 eV, which includes the K-edges of mmnan_...m m.ﬂon.. Be
%0 Na and all of the L-edges from P through Zn. In practical terms, this region is .o.m...mu
covered by grazing incidence grating monochromator beamlines at mwso:aoﬂ.mc__ Egmﬁou
labs. Lower photon energies are often covered by higher m:m_m“ grating _K.EE_RF ,.a.E_n al
higher energies crystal monochromators take over. Efficient high resolution beamlines for
this spectral region were only developed in the early 1980°s [10, i1l

Experimental Considerations. Experimental factors make sofl x~-tay spectroscapy a
very different experience from hard x-ray work. Conventional m,x>m. S measurements can
be done in air or helium atmosphere, using moderately thin plastic or Be windows for
sample cells, detectors, and cryostats. At many synchrotron radiation labs such as mm.w.h.
NSLS, or the ESRF, a bioinorganic chemist can arrive with a sample and use ».m.o.:Q
equipment to obtain spectra. In contrast, biological soft x-ray spectroscapy fequires a
considerable investment in vacuum equipment, primarily because the distance travelled by
soft x-rays in aqueous and protein samples is very small.

Absorption Lengths. For example, at the Fe L-edge mro /e path _nzmﬂ.r for an x-
ray in water is only 1.0 micron, and the path length in a helium atmosphere ,m.rwo cm.
This means that any windows used in the apparatus must be extremely :.:F. One
approach is to work ina high vacuum chamber, sometimes in a common vacuuim with the
beamline and ¢lectron storage ring. Seiting up the required vacuum non&:.oum often takes
days of pumping and *baking out’ a chamber. Smal! leaks that compromise the vacuum
can cost extra days to recover, and if the experimenter makes a mistake that compromises
the beamline or ring vacuum, he or she will become instantly famous around the facility.

" Detection Methods, Direct measurement of an absorption spectrum m_.:.ﬁ.;wnm
recarding the intensity both with (1) and without (Ig) & sample in place, and then deriving
the absorbance {log Ip/T) as a function of x-ray energy (E). mcignr Em.a are many
experimental reasons why it is difficult to record soft x-ray spectra in transmission mode.
With concentrated samples such as typical inorganic complexes, the proper n.:ow:nm.m to
achieve 10% transmission (an absorbance of 1) is on the order of :x.uo A. Since this is
much smaller than typical particle sizes, it becomes almost mawomm_.zn. to lay m_osn_ a
homogeneous powder sample with the proper thickness and ins:m significant pinholes
and other defects. For dilute samples such as metalloproteins, it is difficult to ovmada the
smal! changes in transmission at the metal edge on top of the large background Emﬁ.m.m_.wa
water and protein absorption. To avoid artifacts and .uo_&_oqn better semsitivity,
*secondary’ detection methods are used (Figure 3). The derivation of these methods and
possible artifacts have been extensively reviewed [12].
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Figure 3. Schematic illustration of different detection modes [49].

In the soft x-ray region, atoms relax after x-ray absorption primarily by emission
of an Auger electron. One can measure a signal related to the absorption cross section by
recording sither the Auger electron yield (Iyger/To} or the total yield of electrons (liey/Ig)
which are created in a cascade process as the Auger electron energy is dissipated. Auger
yield detection requires an electron energy analyzer, and since only a small fraction of
these electrons escape from the sample without energy loss, it is relatively inefficient.
The most cormon detection methods are to either measure secondary electrons emerging
from the sample (1otal electron yield) [13] or to measure the electrons passing through the
sample (sample photocurrent) with a charge sensitive amplifier (Figure 3).

Since the electron escape depth is short (<100 A), electron yield techniques are
very surface sensitive. Even with excellent glove box or Schienk techniques, many
reactive samples such as Fe-S complexes are coated with & surface oxide that will give
unrepresentative and misleading spectra. [t is often necessary to sputter or physicelly
scrape samples in vacuum to assure surface integrity. Furthermore, electron yield
techniques are not applicable to most metalloproteins. Even if a signal can be observed, it
only probes the first protein molecule at the surface of the sample, which may not be
representative of the bulk. Furthermore, with total electron yield there is no elemental
selectivity and the metal signal will be swamped by the abscrption by water and protein
background absorption. One is therefore forced to measuring the fluorescence signal
(F/lg) [14], even though L fluorescence yields for transition metals are less than 1%.

Fluorescence detected x-ray absorption is the dominant technique for hard x-ray
EXAFS experiments, where its superior sensitivity has long been recognized [15]. The
merits and pitfalls of fluorescence detection can be appreciated from the following
approximaie expression for 2 ‘spectroscopically thick” sample [16]:

Feof, Hs(E)
Ia Ws(E) + Hb(E) + U(Eg) + pu(Er)

M

Here f; represents the fluorescence yield for the sample element of interest, py(E) and
#5(Ef) are the absorption coefficients for this element at the excitation and fluorescence
energies respectively, while pp(E) and ny(Es) are corresponding coefficients for the
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eﬂnrmwocba absorption by the matrix. Clearly, if y(E} is not small compared to pp(E),
then the linear relationship between F and pig(E) breaks down. This is properly called
fluorescence ‘saturation’. The linearity can alse break down if the fluorescence and
absorption energies of the sample overlap. 1f E¢ changes with excitation energy and _._.mﬁma
is significant, the amount of escaping flucrescence will vary with E, mimicing a variable
fluorescence yield. This is a true *self-absorption’ effect. Both of these _u_.oEn.Em can be
considered “exirinsic’, because they can be solved by making the sample more dilute.

‘Intrinsic’ artifacts are also possible with fluorescence detection if the fluorescence
yield f; is varies significantly across the absorption spectrum or if different ::oamnoun.ﬁ
lines have different angular distributions, as noted by deGroot [17, 18]. Dramatic
differences between electron yield and fluorescence spectra have been observed [19] and
explained [20] for Tm3+ (Figure 4). However, for the later ﬁw:&:o: mﬁﬁ_w. the
discrepancy between fluorescence yield and true mgo%mom_ spectra is predicted 1o be
small [213, and this is also what is experimentally observed (Figure 4).

Table 1, Comparison of Different Detection Modes

Technique Quantity measured Probe Depth  Typical Detector
Auger yield Auger electrons ~20A CMA
Total electron yield  departing electrons ~50-75 A channeltron
Sample photocurrent  recharging electrons  ~50-75 A )
Fluorescence fluorescent x-rays ~50 - 5,000 A Ge or Si detector
Transmission transmitted x-rays ~100- 10,000 A PIN diode
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Figure 4. (Left) Transmission {—), electron yield (xuxx) and fluorescence-detected ()
x-ray spectra for TmaO3 [19]. Feature A is almost missing from the fluorescence

data(Right) Fluorescence detected absorption for Ni-doped MgO (——) and electron yield
for NiF3 (—--). The same features are seen in both spectra.
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Radiation Damage. The absorption of x-rays results in ejection of photoelectrons,
Auger electrons, and the subsequent production of hydrated electrons and numerous free
radicals §22, 23]. Even at low temperatures the electrons can migrate and react with the
sample. Because the x-ray path lengths are approximately 3 orders of magnitude shorter
than for hard x-rays, while the x-ray energy is only 1 order of magnitude lower, the
radiation dose per unit volume is 100 times higher for comparable photon fluxes. Our
experience is that proteins with high exidation potentials are often reduced in the soft x-
ray beam (Figure 5). Radiation damage wiil be an even greater issue in the future when
brighter undulator beamlines become available. Crystallographers and microscopists using
undulator sources have observed that samples often survive for only a few seconds.
However, photoreactivity need not be an insurmountable problem. Because samples only
have to be a few microns thick, it should be possible to prepare large sampie areas and
quickly spin or translate a sample across the photon beam.

What Makes Soft X-Ray Absorption Useful for Bicinorganic Problems? The
advantages of the soft x-ray region for inorganic and biological spectroscopy include
beiter energy resofution, favorable selection rules, multiplet splittings and strong
Emmnn:n circular dichroism. In the hard x-ray region, transition metal K-edges have
linewidths of 1-2 eV, while the intrinsic linewidths of L-levels are much narrower {300-
700 meV) [24]. The widths of light element K-edges are even sharper, such that
vibrational fine structure can sometimes be seen in gas phase spectra. Better resolution is
one factor that makes it easier to distinguish between different oxidation states with L-
edges, and it also makes quantitation of mixtures more accurate,
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Figure 5. (Left) Mn L-edge spectra of superoxidized Lacrobaciflus plantarunt Mn

cwﬁﬁn ..noo_dna from fresh sample (—) and after 2 hour x-ray exposure (----) [25].
(Right} Time course of the photoreduction of the Cu A site of cytochrome oxidase.
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L-edge spectra measure dipole-atlowed 2p->3d transitions, while at the K-edge the
15->3d transition is a weak quadrupole proceess (sometimes enhanced by p-d mixing).
Since most of the chemistry of the transition metals involves d-orbitals, L-edges are a
natural chaice for probing the metal electronic structure. L-edges show multiplet
structure that is sensitive to the metal oxidation and spin states, and they also have much
larger potential XMCD effects. The net result of these factors is illustrated in Figure 6,
where the K and L edges of MnCly are compared.

MnCL2

e ki3

638 648
ENERGY (eV) 2p1n

[+

Figure 6. {Left) Comparison of the Is->3d region of the MnClz K-edge with the L3
edge(26]. (Right) Some of the interactions (hat give rise o L-edge fine structure.

The Hamiltonian. One way to summarize the factors that affect the position, intensity,
and shape of L-edge spectra is to consider the Hamilonian that describes the initial and
final state energies [27]. For inorganic complexes, the most successful procedure for
constructing this Hamiltonian is the figand field multiplet model. Building on ideas
developed in the seventies [28, 29}, this approach was extensively developed by Thole
and coworkers [30], who successfully combined the chain of groups theory of Butler [31]
with atomic Hartree-Fock methods from Cowan and coworkers [32). This method begins
by evaluating the atomic multiplets that arise from a given configuration of core hole and
valence electrons. Symmetry and ligand field parameters are then used to calculate how
these multiplets are split by the ligand environment. In the foliowing examples, we use
the notation of deGroot for the relevant Hamiltonians 27.

For example, consider a transition metal ion with N 3d electrons. The L-edge
transifion can then be described as a 2p63dN > 2p53dN*! transition. The Hamiltonian for
the ground state atomic multiplets is:

OH |+ OF gy + O3 )
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where @M.um_ is the average energy of the 3d states, m«m\.m_: includes all 2-¢lectron integrals
and ©%) I is the _:_ﬁ 34 spin-orbit coupling. The Hamiltonian for the final state includes
extra terms @ for the core hole energy, @&, for the core hole spin-orbit splitting,
and @4 14 for the core-valence Coulomb and exchange interactions. We consider the
effects of terms in this Hamiltonian in reverse order.

OF = Oy + Oy + O 3q + OFag + CF, + OF (3)

. Am.o..d Hole Spin-Orbit Splitting. —.\.oom_m.nm are split into L.y and L3 regions by the
spin-orbit interaction of the 2p? core hole - ¥, )5, which grows stronger with increasing

N.BEK 5:-._.._&_., Since this splitting is essentially an atomic property, there is probably
little chemical information here compared to other features in the spectrum.

NTENSITY (ARB SCALES)
Absorbance

- : . - 635 640 645 650 655 660
ENROY 16O €, () Energy (eV)

Figure 7. .F&d Changes in spin-orbit splitting in L-edges across the first transition
Em.ﬁ_m. (Right) d..m shift in L3 edge position with oxidation state for a series of Mn
oxides. LiMny04 is mixed-valence and shows features both Mn(IIl} and Mn(IV) features,

o n__o.!nu_ Shifts. The chemical shifis of photoelectron energies to higher energy
with increasing oxidation state are often explained as a reduction in the screening of the
nucleus by valence electrons - hence an increase in the apparent nuclear charge. However,
K-edge shifis are complicated by their dependence on interatomic distance [33], and K-
edge shifts are too large to be explained as changes in core-level binding energies. In
comparison, L-edge shifts are smaller, and some fraction is certainly due to changes in
@# . Typical chemical shifts for Mn compounds in different oxidation states are
illustrated in Figure 7.
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Ligand Field Splittings. The influence of the crystal field ©%¥34 on L-edges is
ame of the most important reasons why these spectra are chemically useful. When the
splitting of 3d orbital energies is large, its effect can be directly observed in L-edge
specira. For example, a ~4 eV splitting is seen in the L3 edge of K3[Fe{CN)g] (Figure 8).
In many other cases ©%4 is of the same order as othet terms in the Hamiltonian, such as
QMS..E and €% my. and the complete Hamiltonian has to be considered. It can then be
wisleading to try 1o read orbital splittings directly from the spectra (Figure 9).

Another way ligand field splittings can affect the spectra is by changing the initial
spin state of the complex. Thole and van der Laan have shown that the ratio of L3
intensity to total intensity (L3+L3), the ‘branching ratio’, [30] changes with spin state.
The so-called "statistical' branching ratio is 4:(4+2) - the ratio of the number of electrons
assigned to 2p3/7 and 2pys; levels respectively. For high spin complexes, there can be
substantial deviations from this ratio of 2/3. For example, a typical branching ratio for
high-spin Ni(I[) complexes is ~0.77[34], and even higher branching ratio are seen for high
spin Fe [35] and Mn complexes [26]. In contrast, branching ratios for low spin Ni(1I},
Fe(lI), and Mn(II) complexes are close to the statistical value.
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Figure 8. (Left) The L3 edge for K3[Fe(CN)g]. {Right) The difference between low-spin
and high-spin Ni(II} spectra, illustrated respectively by high spin [Ni(cyclam)]Clp, low-
spin Ni(salen), and low-spin [Ni{cyclam))(C1Q4)z .

Coulomb and Exchange Interactions, For metal complexes with fewer than 9 d
electrons, there will be final state vacancies in both the 2p and 3d shells, and the final
state will show multiplet structure from 2p-3d interactions - ©# . 34. For a 3dN
{ransition metal complex, the final state muitiplets derive from 2p33d™*1 configurations
with different couplings between 2p and 3d electrons. The simplest case to consider
involves complexes which are originally d©, such as K* and Ca?*. Theoreticat spectra for
d? complexes have been calculated and explained in great detail by deGroot and coworkers
[36]. They show that for isolated ions, the final state symmetry can be obiained as the
product of the 2P p-hole symmetry and the 2D d-valence symmetry:

2P@ID = 1P + 1Dy + 'P3 + ¥Pp 2 + 3Dg 12 + F234 )
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In an octahedral ligand field, the spherical SO3 atomic symmetries are projected to cubic
Op symmetry. The symmetry of the dipole matrix element:

<3d0fr|2pS3d! > 5

is the product of the symmetries of the initial state (A), the dipole operator {T) and the
final state symmetry, which must also be T; for an allowed transition. From the 803 ->
Op, branching rufes [27, 31}, it turns out there are 7 different allowed final states of T
symmetry. The relative energies and intensities of the transitions change dramatically
with the strenigth of the crystal field (Figure 9).

rolative imensity

v

!
NORMALIZED ABSORBANCE

&0 &5 &0 u_...m L " 1
Energy (V) 635 646 645 850 655

ENERGY {£V)
Figure 9. {Ieft) Calculated L-edges for Ti4* vs. 10Dq, from O {bottom) to 4.5 €V (top)

{27, 36]. (Right) Experimental spectra () and theoretical simulations (—) for a series
of Mn complexes [26]. 10Dq increases from -0.3 &V to +1.05 eV from bottom te top.

Relatively simple spectra are zlso obtained for low spin Ni{II), where the final
state now has a single d hole instead of a single d electron. For other cases, the spectra
rapidly become too complex for simple explanation - for a 2p3d? final state there are 1536
final states! This complexity can nevertheless be handled by the ligand-field multiplet
software. Calculations for all of the common transition metzals have been published both
without [37} and with inclusien of 3d spin-orbit coupling [38]. )

For completeness, we must mention one last term - oF 1s - the 3d spin-orbit

coupling. As noted by deGroot [27], this term can be important for the ground state of
certain ions with partially filled ez, orbitals, such as 3d!, 3d2, low-spin 3d%, law-spin 345,
high-spin 3d6, and high-spin 3d7 configurations. Significant changes in the spectrum can
occur because of @5, as shown in Figure 10.

Covalency Effects. The description of L-edge transitions presented so far works
well for ionic complexes such as low oxidation state transition metal oxides, flnorides and
chlorides. For more covalent compounds, such as higher formal oxidation states or
transition metal ‘sulfides, the single configuration model starts to break down.
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E
Experimentally, the multiplet splittings become less Eo:oﬁ:o..w@ (and less En.?:. mma
one is forced 1o use integrated quantities such as the centroid position and branching ratio.

INTENSITY

NiT ]

Relative Absorbance

E ] NiBr,

175 780 s 790 795 800 . .
ENERGY &0 B B0 865 &0 75
Energy (eV)

Figure 10. (Lefl) The effects of 3d spin-orbit coupling on L-edge spectra of cobalt
complexes (Right) The loss of multiplet structure in NiBrz compared to NiF3.

Covalency can be accomodated in the ligand field muitiplet model empirically by
reducing the values of the Slater integrals that vacncom the H.E.L.:v_ﬂ {erms. A more
rigorous procedure is to include configuration interaction in the initial and final state wave
functions. The ground state is written as:

®;=sinc [3dN ] +cosa [3dN*1 L ] (6
while the final state is written as:

d¢=sin B [ 2p53dN+1 ]+ cos B [ 2p53dN*2L ] N

If there is a change in the covalency between the intial and final states, then ‘satellite’
transitions can occur. The relative intensity of the main peak is given by cos2(P-o)) and
the satellite intensity is sin?(§-0) [39]. Satellite features can be seen at about 857-8 eV in
following Ni enzyme spectra.

Application to Ni Proteins. NiFe hydrogenases catalyze the Enmn_.ﬂ.mou and formation of
molecular hydrogen and contain 4 single Ni site as well as several different Fe-5 clusters
{40]. The NiFe hydrogenase from D. gigas is an off heterodimer containing two ﬂammb
clusters, an Fe¢384 clustet, and a NiFe center. Crystallographic data on the L. gigas
enzyme reveals a S-coordinate Ni site, bridged through sulfur ligands to an unusual Fe
species [41] now known to have one CO and two CN- ligands, There w»m. been
considerabie debate about whether the EPR signals from hydrogenase _..nﬁqnmn___.. Ni(1) or
Ni(III) [46], and the redox states of the EPR-silent species are u._wo disputed. L-edge
spectroscopy can provide complementary information to magnetic resonance, K-edge,
infrared, and crystallographic studies of the enzyme.
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We have looked at hydrogenase samples from a number of species, including
Pyrococcus furiosus [42), Desulfovibrio baculatus, and Desulfovibrio desulfuricans
(Figure 11). Although the multiplet structure is suppressed by the covalency of the Ni
site, the features of the as-isolated enzyme spectra are best simulated using high spin
Ni(il). Previous magnetic susceptibility data had identified the site as diamagnetic [43],
and there is always the possibility that the Ni spin state changes under lL-edge
experimental conditions. We are currently using FT-IR to investigate the characteristic
CO and CN stretching frequencies of the NiFe site in partially dried films. The films
yield beautiful IR spectra, and the preliminary results show that redox changes seen in
frozen solution spectra also appear in the films.

0. gigas - as-isolated
. gigas ~ HZ-reduced

P. furiosus - dys-oxidized
P. juriosus - me-isolawed

Intensity {a.u.)

Ni(ll)pdic
Ni(Il}pdie

BE0 1:133 as50 855 860 B6S arn 878
Energy (eV) Energy (eV)

Figare 11. (Lefi) Ni lL-edge spectra for (lop to bottom) P. furiosus [42}, D.
desulfuricans and D. baculatus, as purified, and a high-spin Ni(Il} stmulation. (Right)
Redox shifts in L-edges - (Top to bottom) D. gigas as-isolated vs. Hy-reduced, P.
furiosus oxidized vs. reduced, and [Ni{II)(pdtch}2- vs. [Ni{TlL){pdtc)z]- 142].

L-edge spectroscopy can be used 1o detect redox activity at the Ni site which is
invisible by EPR. For example, the P. furiosus enzyme does not show any Ni EPR
signals as isolated in the presence of dithionite, nor when oxidized by thionine at 30 C.
Nevertheless, the latter sample has a broader L3 edge and a sharper and more intense L
edge. The trend is similar to that seen in the oxidation of the relatively covalent complex
[Ni(Il}pyridine-2 6-dithiocarboxylate); ]2- to the monoanion [42]. In the refated system
LiyNit-4O3. these kinds of changes have been interpreted as the mixing of low spin
character into the d® part of a d8L (ligand hole) ground state. Although the terminology is
very different, this is similar to proposals that posit significant charge delocalization in
the electronic structure of hydrogenase.

Because there is little structure to the hydrogenase Ni L-edges, we have sought
other ways to classify the Ni sitcs. One approach is to look at the correlation between
the L3 centroid energy and the branching ratio (Figure 12). Most Ni model complexes
cluster in discrete regions of such a diagram, We found that Hp- or dithionite-reduced
hydrogenases resemble high-spin Ni(il), while CO dehydrogenase has more low-spin
Ni(ll} character [44]. Oxidized samples of both enzymes resemble covalent Ni(III)
species. We have also seen evidence for a Ni(I) component under certain conditions.
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Figure 12. Centroid position and branching ratio for different Ni compounds.

™Js there any point to which you wish to draw my attention?
“To the curious incident of the dog in the night-time.'

"The dog did nothing in the night-time.”

"That was the curious incident.”

Shirlock Holmes [45]

Integrated Cross Section Sum Rule. Just as the detective inferred a crime from the
absence of an event, we can deduce the distribution of electrons in a compound by
measuring the presence of ‘holes™. The total cross section surn rule for L-edges says that
that the intensity integrated over the L3 and Ly *white lines’ is proportional to the
number of empty states. Since the cross sections for 2p->3d transitions are 25 times
larger than the 2p->4s cross section [16], one is primarily sensitive to the 3d character of
these states. One can therefare measure the metal 3d vacancies by integrating the L-edges.

In practice, absolute eross sections are difficult to measure. This problem is
overcome by normalizing the infegrated intensity to a region high above the continuum
(Figure 13). With the assumption that the continuum cross section is chemically
invariant, the normalized spectra can be calibrated by reference to standard compounds
with known electronic structure.

Application to Cu Proteins. Blue copper proteins such as plastocyanin are critical for
electron transfer in many living systems, and their electronic structure has been studied
For decades [46]. Plastocyanin is thus an ideal system for testing different kinds of sum
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rule analysis, because its electronic structure is well understood from a variety of
approaches [46, 47). The integrated L-edge intensity for plastocyanin was compared
with values for [CuClLy]?- complexes [48], where the electronic structure is well-known.
The results are consistent with previous work showing that the half-occupied HOMO is

highly covalent with only ~42% Cu muu.wu character (Figure 14).
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Figure 13. (Left) Schematic illustration of the normalization process. (Right)
Normalized L absorption edges for Fe, Co, Ni, and Cu [49].
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Figure 14. (Lefi) Representative L-edge spectra for Cu plastocyanin. (Right) Calibration
of the Cu white Jine intensity with respect to [CuCl4]2- [48).

X-Ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) measurements involve comparing the
absorption of left- and right-circularly polarized light by a magnetized sample [50].
XMCD was first observed with hard x-rays in 1987 [51] and with soft x-rays in 1990
[52]. Since then, XMCD has been used to investigale magnetic thin films (53, 54],
magnetic alloys [55], and even to image domains on computer disks [56] (Figure 15).
Most studies 1o date have involved ferro- or ferrimagnets, which are easily magnetized

16%

near room temperature. Experiments on dilute paramagnetic samples require high fields,
low temperatures, and fluorescence detection; this was first accomplished for metal
centers in proteins using the Fe in rubredoxin [31].

Fe

<d

Figure 15. (Left) Photoelectron micrescope image of a computer disc test pattern taken
by Sidhr and coworkers, wich circularly polarized x-rays [56]. The light and dark regions
correspond to magnetic domains polarized in different direction. (Right) The Fe L-edge
and Gd M-edge XMCD spectra of Fe3Gd30.3 reported by Chen et al. [55], The
opposite signs show that the Gd and Fe sublattices are antiferromagnetically coupled.

The XMCD effect at 3d transition metal L2 3 edges derives from nen-uniform
accupation of a Zeeman split initial state, combined with angular momentum rules that
determine the intensity of transitions to various final states. Although many transition
metal complexes show strong XMCD, the effect is easiest to explain for atomic
traasitions. For a transition of an atom or ion with angular momentum quantum numbers
1and M) to a new state with quantem numbers J' and My, one can use the Wigner-Fckart
theorem o separate the matrix element into into radial and angular parts [32]:

<60 Myl My> = ()M (1 b J<oisgor> @

The term in large parentheses is the so-called 3j symbel. For this term to be nonzero, it is
necessary that q=M'y-Mj. If we call ‘left circularly polarized’ x-rays q=1, then the
ground state can only have transitions to M'y=MJ+1 with lefi circular polarization or
M'p=MJ-1 with right circular polarization. We remind the reader that there is
considerable dyslexia in the definition ‘of left and right circular polarization; our
convention is that described by Atkins [57], in which the electric field vector moves like a
right handed screw.

A more intuitive explanation for the XMCD e¢ffect is illustrated in Figure 16.
Here it can-be seen that the magnetic moment of the sample is oriented by the applied
field. This field also dictales the orientation of the Cu2* spin, hence of the spin of the
single hole in the d-shell. Since the electron spin does net change during the electric dipole
transition, the spin-orientation of the 2p hole is governed by the original 3d hole
arientation. The strong spin-orbit coupling in the 2p shell then dictates the required
arbital angular momentum for the 2p hole. Only a q=1 left circularly polarized photon
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can accomplish the required increase in orbital angular momentum. The important point
is that the XMCD effect comes out of conservation of angular momentuni.

. — R
) 3d orbital dobital
— Frlll My 1 (valence hole) = 2 ! {corehole) =1
= -2 m, (valence hole} = +2 iy {core bole) = +1
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Figure 16. Schematic illustration of the XMCD effect for atomic Cu?*. (Left) The
energy levels in a magnetic field, and the allowed transition at 0 K. (Right) An atom
interacting with electric field vector of circulatly polarized photens [49].

In a ligand field, J is no longer a good quantum number, and the ground state is a
mixture of J, My wavefunctions. Nevertheless, an XMCD effect is often preserved [58].
The sign of the XMCD effect reveals the local magnetic moment ortentation, while the
intensities and relative weighis can be used 1o derive spin and orbital mements. Ligand
field multiplet programs which calculate L-edges can also simulate metal complex XMCD
spectra [59].

Experimental Considerations. The technology for soft x-ray MCD 1in the transition
metal L-edge region differs substantially from UV -visible instrumentation. There are no
good quarter wave plate polarizers in this region. Most of the instrument has to be under
high vacuum. Transmission experiments are impractical for most metatloproteins. One
saving grace is that soft x-ray MCD effects can be quite strong.

Sources of Circular Polarization. One of the simplest ways to obtain
circularly polarized synchrotron radiation is to collect the out-of-plane x-rays from bend
magnets [60]. As shown ir Figure 17, the degree of circular polarization increases rapidly
with a small angular excursion from the bending plane, and opposite degrees of

in

polarization are obtained above and below this plane. However, bend magnet sources are
relatively weak, and it is difficult to change from left 1o right circular polarization without
some slight affect on the photon beam energy, spot size or degree of polarization.

A number of insertion device designs provide brighter and roore flexible sources of
circular polarization, as reviewed by Elleaume [61]. These devices include elliptical
wigglers, asymmetric wigglers, crossed undulators, and elliptical undulators. A 75 pole
elliptically polarizing undulator is under construction at the Advanced Light Source, and a
good fraction of the beamtime will be available for bicinorganic applications.
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Figure 17. (Left) The degree of circular polarization at 854 eV as a function of off-axis
angle ¢ (in radians) from an SSRL bend magnet. ¥ is the ratio of the electron energy (3

GeV) to its rest mass energy (0.511MeV). At @w=1 the angle is approximately 0.01
degrees. (Right) Magnetization curve for a spin 1/2 system.

Field and Temperature. In conventional MCD terminofogy, XMCD is
primarily a ‘C term’ effect (arising from Zeeman splitting of the ground state} which
should have a strong temperature dependence. For a spin 1/2 system, the dependence of
the magnetization M on field H and temperature T is given by the Brillonin function [62]:

Eug:& m;:hjwi ©
M, kT

where Jp is the Bohr magneton and k is Boltzmann's constant. What this means in
practice is that for ~90% magnetization of dilute paramagnetic sysiems, a
B(Tesla)}T(Kelvin) ratio of ~2 is needed (Figure 18). Our approach has been to use a
superconducting split-coil magnet system to provide a magnetic field up to 2 Tesla and a
dilution refrigerator to keep the sample below 0.5 K (Figure 18).

What Makes X-Ray MCD Useful for Bioinorganic Problems?. X-ray MCD can
provide information that is difficult or impossible to obtain by other techniques. The
information content and strengths include (1) elemental selectivity - one can examine one
particular element at a time, (2) oxidation state selectivity - it is often possible to resolve
the XMCD contributions from different chemical species, (3) direct spin orientations -
the sign of the XMCD signal can be used to infer the orientation of a particular magnetic
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moment, (4) magnetization curves - the B and T dependence of the XMCI» can be used to
infer spin states, and (5) sum rules - the integrated XMCD signal can be used to deduce
the metal-centered orbital and spin moments.
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Figure 18. The components of a soft-ray MCD instrument for bioinorganic experiments.

L and 8 Sum Rules. For 3d transition metal L-edges, the orbital and spin sum rules
relate integrated XMCD intensities to element specific projections of the 3d orbital
angular momentum <L >, the 3d spin angular momentum <35> and a magnetic dipole term
<T,>, as summarized in Equations (10) and (11) respectively. Stéhr and Kdnig have
shown that the <Tz> term angular averages to zero in ‘powdes’ samples, so this term has
been omitted from our equations.

Ata) - Aw)] do

h‘ [
Er Lo+ Ls

i _ 2(A+B) o)
Ny ac
u.— [A*w) + A (@) de
Lo+ Ls
% [A*(e) - A{w)] h_e-w— [A*(e) - A(e)) doo
4 _ Vs L. I @am

N 2C

‘ [A*(m) + A(a)] de
Ly+Ly

Here ny represents the number of 3d vacancies in the metal ion and o is the x-ray
frequency. It is common in the XMCD literature (o refer to the first integral in the
numerator of (10} as ‘A’, the second integral as ‘B’ and the average integrated intensity
asC. (Figure 19).
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Figure 19. (Left) The integraled quantities important for sum rule analysis. (Right)
XMCD spectrum for Cu(lI) plastocyanin, along with integrations for sum rule analysis.

Application to Cu Plastocyarin. The XMCD of Cu in oxidized plastocyanin has been
used as a test case for sum rule analysis of metalloproteins. Afier normalizing the overall
Cu L-edge jump between 920 and 1050 eV to unity, average numerical values for A =
-3.08+0.3, B = 1.35£0.2 and C = 7.2740.3 were obtained, where the errors refer to the
degree of experimenial reproducibility.  From equation (10), (Lz) is found to be
0.0740.02 /Cu atom, while from equation (11) we derive 0.18+0.02 /Cu atom for (Sz), all
in units of lv2n. The orbital momentum compares favorably with values using covalent
wavefunctions from a converged SCF-Xo-SW calculation, which vield a Cu 3d specific,
orientation averaged (L.z) value of 0.059 /Cu atom. The SCF-X-SW calculated {Sz)i5 0.2}

is also not far from the sum rule values of {8z}. XMCD appears to have promise for
providing detailed information about electronic structure that is difficult to obtain by
other methods.

Prospects for the Future
*... revolution as we know it in the modern age has always been
concerned with both liberation and freedom.” Hannah Arendtf3]

The revolution in synchrotron radiation sources has opened the entire realm of x-
ray spectroscopy for bioinorganic chemistry. This rapid improvement in technology
shows no sign of abating. Plans are atready being made for a st} brighter fourth generation
of synchrotron radiation sources [63]. based on ‘free electron lasers’ [64]. Cryogenic
detectors with exquisite energy resolution arc being developed [65]; these devices will
gventually allow much more dilute samples to be examined. New capillary x-ray optics
[66], x-ray lenses, and x-ray quarter wave plates [67] will enhance our ability to collect
and control high energy photons. With more photons and better detectors, other
experiments including x-ray Raman [68] and resonance Raman [69] spectroscopy, x-ray
emission dichreism [70, 71], and site-selective EXAFS {72] will become feasibie on
bioinorganic samples.
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Over the past two decades, EXAFS spectroscopy has become a routine tool for
structure determination. But although this application is more than 20 years old, in many
respects we are just beginning to exploit the potential of x-rays for bioinorganic studies.
As more and more molecular structures are conquered by the crystallographers, questions
remain that cannot be answered by EXAFS or diffraction. When chemists ask in detail -
where are the clectrons, where are the spins, and how are they coupled - these are
questions that can be addressed by x-ray spectroscopy. The number of photons available
is no longer the main issue; we are only limited by our own ingenuity.
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