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can be made. In addition, the fact that atomic trajec-
tories can be followed on a microscopic level is an ad-
vantageous feature in coupling ionization theories which
will necessarily include the kinetic energy of the particle
and its temporal local atomic environment.
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Extended X-ray absorption fine structure (EXAFS)
refers to the sinusoidal variation of the X-ray absorption
as a function of photon energy beyond an absorption
edge. The absorption, expressed in terms of absorption
coefficient (u), can be measured by a monitoring of the
attenuation of X-rays upon their passage through a
material. When the photon energy (E) is tuned to the
binding energy of some core level of an atom in the
material, an abrupt increase in u, known as the ab-
sorption edge, occurs. For isolated atoms, u decreases
monotonically as a function of E beyond the edge. For
atoms either in a molecule or embedded in solid, liquid,
or matrix, the variation of u at energies above the edge
displays a fine structure (EXAFS) caused by back-
scattering of the ejected photoelectron from neighboring
atoms.

Although the extended fine structure has been known
for a long time,! its structural content was not fully
recognized until the recent work of Stern, Lytle, and
Sayers.? In addition, the recent availability of syn-
chrotron radiation has resulted in establishment of
EXAFS as a practical structural tool.? This technique
is especially valuable for structural analyses of chemical
or biological systems where conventional diffraction
methods are not applicable.*

Qualitatively, the probability that an X-ray photon
will be absorbed by a core electron depends on both
initial and final states of the electron. The initial state
is the localized core level corresponding to the absorp-
tion edge. The final state is that of the ejected pho-
toelectron which can be represented as an outgoing
spherical wave originating from the X-ray absorbing
atom (absorber). If the absorbing atom is surrounded
by a neighboring atom, the outgoing photoelectron wave
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will be backscattered by the neighboring atom, thereby
producing an incoming electron wave. The final state
is then the sum of the outgoing and all the incoming
waves, one per each neighboring atom (scatterer). It
is the interference between the outgoing and the in-
coming waves that gives rise to the sinusoidal variation
of u vs. E known as EXAFS (cf. Figure 1).

The frequency of each EXAFS wave depends on the
distance between the absorbing atom and the neigh-
boring atom since the photoelectron wave must travel
from the absorber to the scatterer and back. On the
other hand, the amplitude depends upon the number
and the backscattering power of the neighboring atom
as well as on its bonding to and distance from the ab-
sorber (vide infra). From an analysis of the frequency
and amplitude of each wave, one can determine the
distance and the number of each type of atoms sur-
rounding the absorber, respectively.

Structural determinations via EXAFS depend on the
feasibility of resolving the data into individual waves
corresponding to the different types of neighbors of the
absorbing atom. This can be accomplished by either
curve-fitting or Fourier transform techniques. Curve
fitting involves a best fitting of the data with a sum of

(1) R. de L. Kronig, Z. Phys., 70, 317 (1931); 75, 191, 468 (1932).

(2) (a) E. A. Stern, Phys. Rev. B, 10, 3027 (1974); (b) E. A. Stern, D.
Eh Sayers, and F. W. Lytle, ibid., 11, 4836 (1975), and references cited
therein.

(3) (a) B. M. Kincaid and P. Eisenberger, Phys. Rev. Lett., 34, 1361
(1975); (b) H, Winick and A. Bienenstock, Annu. Rev. Nucl. Part Sci.,
28, 33 (1978); (c) I. Lindau and H. Winick, J. Vac. Sci. Technol., 15, 977
(1978); (d) R. E. Watson and M. L. Perlman, Science 199, (1978); (e)
B. W. Batterman and N. W. Ashcroft, Science, 206, 157 (1979).

(4) The physics, materials, and biological aspects of EXAFS have been
reviewed elsewhere by others; see, e.g., (a) E. A. Stern, Contemp. Phys.,
19, 289 (1978); (b) P. Eisenberger and B. M. Kincaid, Science, 200, 1441
(1978); (c) R. G. Shulman, P, Eisenberger, and B. M., Kincaid, Annu. Rev.
Biophys. Bioeng., 7, 559 (1978); (d) D. R. Sandstrom and F. W, Lytle,
Annu. Rev. Phys. Chem., 30, 215 (1979); (e) S. P. Cramer and K. O.
Hodgson, Prog. Inorg. Chem., 25,1 (1979); (f) T. M. Hayes, J. Non-Cryst.
Solids, 31, 57 (1978); (g) J. Wong in “Metallic Glasses”, H. J. Guntherodt,
Ed., Springer-Verlag, Berlin, 1980; (h) “Synchrotron Radiation
Research”, H, Winick and S. Doniach, Eds., Plenum Press, New York,
1980; (i) “EXAFS Spectroscopy”, B. K. Teo and D. Joy, Eds., Plenum
Press, New York, 1981.
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Figure 1. Schematic representation of the transmission exper-
iment and the resulting X-ray absorption spectrum ux vs. E for
an absorption edge of an absorber in a molecule (e.g., K edge of
iron which corresponds to the ejection of a 1s electron by ab-
sorption of an X-ray photon with E = E,, where E,, is the threshold
energy).

individual waves modeled by some empirical equations,
each of which contains appropriate structural parame-
ters for each type of neighbor. On the other hand, the
Fourier transform technique provides a scattering
profile as a function of the radial distance from the
absorber. In such a radial distribution function, the
positions of the peaks are related to the distances be-
tween the absorber and the neighboring atoms while the
sizes of the peaks are related to the numbers and types
of the neighboring atoms.

EXAFS differs from diffraction techniques in that,
being mainly sensitive to short-range ordering,’ it can
focus on the immediate environment around each ab-
sorber (generally out to ~4 A corresponding to 1-3
coordination shells). Other materials or impurities
present in the sample which either do not contain the
absorber or are far from the absorber will not interfere.
Furthermore, it is highly versatile in that it can be
applied with high accuracy (0.01~0.03 A) to matter in
the solid (crystalline or amorphous), liquid, solution, or
gaseous state.

EXAFS Spectroscopy: Theory and Practice

EXAFS spectroscopy involves the measurement of
the X-ray absorption coefficient x as a function of
photon energy E above the threshold of an absorption
edge. Figure 1 shows schematically one edge of an ab-
sorber. In a transmission experiment, u or ux (x is the
sample thickness) is given by

ux =1In I/ (1)
where I, and I are the intensities of the incident and
transmitted beams, respectively. EXAFS spectra gen-
erally refer to the region 40-1000 eV above the ab-

(5) For crystalline materials with long-range order, X-ray or neutron
diffraction methods can provide a three-dimensional picture of atomic
coordinates via a Fourier transformation of the measured diffracted in-
tensities (Bragg’s law). For materials with only short-range order
(amorphous solid, liquid, or solution), X-ray scattering experiments
provide only diffuse halos which, upon Fourier transformation, give rise
to a one-dimensional radial distribution function (RDF). Such a RDF
contains interatomic distances due to all atom pairs in the sample (con-
densed to one arbitrary origin). On the other hand, EXAFS measure-
ments can provide structural information for each type of atoms by
simply tuning the X-ray energy to coincide successively with an absorp-
tion edge of each of the atom types in the sample.
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sorption edge. In the pre-edge region (cf. Figure 1)
there generally appear absorption peaks due to pho-
toexcitation of electrons from the core level of the ab-
sorber to some discrete empty bound states. The edge
energy also contains information about the charge on
the absorber.?

Transmission is just one of several modes of EXAFS
measurement. There is also the fluorescence technique
which involves the measurement of the fluorescence
radiation, integrated over a solid angle, at right angle
to the incident beam.”* For dilute biological systems,
this method removes the “background” absorption due
to other constituents such as solvent, thereby providing
greater sensitivity. Two additional methoeds include
surface EXAFS (SEXAFS) which involve measure-
ments in vacuum of either the Auger electrons produced
when an atom that has absorbed a photon relaxes™ or
a portion of the inelastically scattered electrons (partial
electron yield,’® and electron energy loss (inelastic
electron scattering) spectroscopy (EELS).”™J These
latter methods are useful for light atom EXAFS with
edge energies up to a few kiloelectronvolts.

The simple picture of EXAFS has been formulated
into a generally accepted short-range single-electron
single-scattering theory?® which assumes that the single
photoelectron ejected from an absorbing atom makes
a single round trip from the absorber to the nearby
scatterers which lie within a short distance (<~4 A)
range from the absorber. For reasonably high energy
(260 eV) the fractional modulation (x) of the total
absorption coefficient (1) as a function of the photon
energy (E) is given by

H(E) — uo(E)
X(E) = ———
po(E)
where y, is the smooth “background” absorption coef-
ficient.® In order to relate x(E) to structural param-

eters, it is necessary to convert E into the photoelectron
wavevector k by the relationship

k = [2m(E - Eg)/h?]'/? (3
where Ej is the threshold energy of the absorption edge.

This transformation of x(E) into x(k) in k space gives
rise to

(2)

—Zl'j/)\
X(k) = ZNij(k)e“Z"/z“ ek
J

2
T'j

sin 2kr; + ¢;(k)) (4)

(6) (a) U. C. Srivastava and H. L. Nigam, Coord. Chem. Rev., 9, 275
(1972-73); (b) R. G. Shulman, Y. Yafet, P. Eisenberger, and W. E.
Blumberg, Proc. Natl. Acad. Sci. U.S.A. 73, 1384 (1976); (c) F. W. Lytle,
P. S. P. Wei, R. B. Greegor, G. H. Via, and J. H. Sinfelt, J. Chem. Phys.
70, 4849 (1979).

(7) (a) J. Jaklevic, J. A. Kirby, M. P. Klein, A. S. Robertson, G. S.
Brown, and P. Eisenberger, Solid State Commun., 28, 679 (1977); (b) F.
S. Goulding, J. M. Jaklevic, and A. C. Thompson, SSRL Report No.
78/04, May 1978; (c) E. A. Stern and S. M. Heald, Rev. Sci. Instrum.,
50, 1579 (1979); (d) P. H. Citrin, P. Eisenberger, and R. Hewitt, Phys.
Rev. Lett., 41, 309 (1978); (e) J. Stohr, D. Denley, P. Perfetti, Phys. Reu.
B, 18, 4132 (1978); (f) M. Isaacson, J. Chem. Phys., 56, 1818 (1972); (g)
J. L. Ritsko, S. E. Schnatterly, and P. G. Gibbons, Phys. Rev. Lett., 32,
671 (1974); (h) R. A. Bonham in “Momentum Wave Functions-1976”,
American Institute of Physics, New York, 1977; (i) B. M. Kincaid, A. E.
Meixner, and P. M. Platzman, Phys. Rev. Lett., 40, 1296 (1978); (j) D.
C. Joy and D. M. Maher, Science, 206, 162 (1979).

(8) (a) C. A, Ashley and S. Doniach, Phys. Rev. B, 11, 1279 (1975); (b)
P. A. Lee and G. Beni, ibid., 15, 2862 (1977).

(9) Though simply defined as x = (1 — o)/ 1o, the determination of x
from p (generally termed as “background subtraction”) is complicated by
the fact that u, is generally not known. A general procedure is to ap-
proximate ug by a smooth curve (some polynomial or Spline) fitted to the
experimentally determined u.
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Figure 2. Data reduction and data analysis in EXAFS spectroscopy: (a) EXAFS spectrum x(k) vs. k after background removal; (b)
the solid curve is the weighted EXAFS spectrum x(k)k® vs. k after multiplying x (k) by k% The dashed curve represents an attempt
to fit the data with a two-distance model by curve-fitting (CF) technique; (c) Fourier transformation (FT) of the weighted EXAFS
spectrum in momentum (k) space into the radial distribution function ps(r) vs. r’in distance space, r’is related to the true distance
r by a “phase shift” « = r - r. The dashed curve is the window function used to filter the major peak in Fourier filtering (FF); (d)
Fourier-filtered EXAFS spectrum x'(k)k® vs. k (solid curve) of the major peak in (c) after backtransforming into k space. The dashed
curve attempts to fit the filtered data with a single-distance model.

where Fy(k) is the backscattering amplitude® from each
of the IN; neighboring atoms of type j, o; is the De-
bye-Waller factor which accounts for thermal vibration
(assume harmonic) and possible static disorder, viz.,
distribution of distances (assume symmetric), and r; is
the distance of the jth atom from the absorber. The
total phase shift experienced by the photoelectron is
given by ¢; = ¢,/ + ¢, — ir (I = 1) for K or L; and 2 for
Ly or Ly; edges where ¢,' and ¢, are the phase shifts!?
due to the absorber and the jth scatterer, respectively.
The term e7%;/* is due to inelastic scattering losses with
A being the electron mean free path.

In order for EXAFS to provide accurate structural
and chemical information, three assumptions must be
made:?8!! (1) EXAFS is a simple sum of waves due to
various types of neighboring atoms (this implies that
multiple scattering is relatively unimportant); (2) the
amplitude function is transferable for each type of
backscatterer B; and (3) the phase function is trans-
ferable for each pair of atoms A-B, where A is the ab-
sorber and B is the backscatterer. Transferability im-
plies that these functions are relatively insensitive to
chemical bonding for energies 60-1000 eV above the

(10) It should be emphasized that while the amplitude function F(k)
depends only on the type of scatterers (neighboring atoms), the phase
function contains contributions (simple sums) from both the absorber and
the scatterer. The reason is that, during the trip, the photoelectron
experiences a phase shift (Coulombic interaction) of the absorber twice
(s = 20’), once going out and once coming back, and a phase shift of the
scatterer once (¢, = 6) upon scattering.!

absorption edge such that once determined for a known
system, they can be applied to unknown systems which
contain the same corresponding elements,

There are two major approaches to EXAFS data
analysis: the Fourier transform (FT) and the curve
fitting (CF) techniques. In either method, the u vs. E
data (Figure 1) is converted into x(k) vs k via eq 2 and
3 (Figure 2a).® x(k) is then multiplied by some power
of k so as to compensate for the diminishing amplitudes
at high k values to give x(k)k" for which a weighting
scheme of n = 3 is commonly used (solid curve in Figure
2b).

The CF technique!! attempts to best fit (e.g., by
least-squares refinement) the x(k)k" spectra in k space
with some empirical model based on eq 4 (dashed curve
in Figure 2b). The FT method®® corresponds to the
Fourier inversion of x(k)k” in momentum (k) space to
give the radial distribution function p,(r’) in distance
(r) space (Figure 2¢). Each peak in p,(r) is shifted from
the true distance r by o = r ~ r’ where o amounts to ca
0.2~0.5 A depending upon the elements involved. The
FT approach has the advantage of providing a simple
physical picture via the radial distribution function
whereas the CF method can provide better resolution,
especially for multidistance systems. A compromise of

(11) (a) P. H. Citrin, P. Eisenberger, and B. M. Kincaid, Phys. Rev.
Lett., 36, 1346 (1976); (b) B. K. Teo, P. A. Lee, A. L. Simons, P. Eisen-
berger, and B. M. Kincaid, J. Am. Chem. Soc., 99, 3854 (1977); (c¢) P. A.
Lee, B. K. Teo, and A. L. Simons, ibid., 99, 3856 (1977).
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these two approaches is Fourier filtering (FF) followed
by curve fitting. It involves Fourier transforming the
x(k)k" data into the distance space, selecting the dis-
tance range of interest with some smooth window
(dashed curve in Figure 2¢), and transforming the data
back to k space (Figure 2d). The resulting “filtered”
EXAFS spectra x’(k)k” can then be fitted with simpler
models (dashed curve in Figure 2d).1

Each EXAFS wave contains two sets of highly cor-
related variables: {F(k), o, A\, N} and {¢(k), E,, r}.
Significant correlations can occur both within and be-
tween these two sets of variables as well as between
different scattering terms. In order to determine N and
¢, F(k) must be known reasonable well; similarly, in
order to determine r, ¢(k) must be known accurately.
While F(k) and ¢(k) can be determined empirically
from model compounds, it is clearly desirable to cal-
culate them from first principles. By use of an elec-
tron-atom scattering model,®® these functions, which
vary systematically with atomic number, have been
calculated for most elements in the periodic table (cf.
Figure 3).13 These theoretical functions!® and their
parameterized versions'!®¢ are widely used in EXAFS
analyses with better than 0.5%, 10%, and 20% accu-
racy in r, o, and N determinations, respectively.

The Debye—Waller factor ¢ plays an important role
in EXAFS spectroscopy. It contains both structural
data (i.e., nonequivalence in distances, og,)!* and
chemical information (vibrational amplitude of the
bonds, o) *" such that, based upon assumed harmonic
motion and Gaussian pair distribution,

0'2 = astat2 + Uvibz (5)
Separation of the effective ¢ into these two contribu-
tions usually requires a study of its temperature de-
pendence since oy, is related to the vibrational fre-
quency v and temperature 7. For systems with large
o (0.1 A) and/or anharmonic vibration and/or asym-
metric pair distribution, a generalized EXAFS formu-
lation must be used.!4¢

Most of recent EXAFS work are done using syn-
chrotron radiation.’®® These highly collimated, plane

(12) It should be mentioned that after FF, CF is not the only option.
For single-scatterer peaks, a plot of In (A(k)/A,(k)) vs. k? where A(k) is
the amplitude envelope gives rise to a linear curve with an intercept of
In (N/N, X r2/r? and a slope of 2(¢,? - ¢9).2> The subscript s denotes
the model compound of known structure. For systems with a large
disparity in distances, a beat-node technique may also be used (G.
Martens, P. Rabe, N. Schwentner, and A, Werner, Phys. Rev. Lett., 39,
1411 (1977), and Phys. Rev. B, 17, 1481 (1978)).

(13) B. K. Teo and P. A. Lee, J. Am. Chem. Soc., 101, 2815 (1979).

(14) (a) For a two-distance system with m bonds at a distance r,, and
n bonds at a distance r,, oy, reduces to

vVmn v mn
Tytat =~ o —Tal = Ar
stat m + n | m nI m + n

(b) Assuming harmonic motion, o2, = (h/87%ur) coth (hv/2kT), where
u is the reduced mass, T is the temperature, and » is the vibrational
frequency. See, for example, S. J. Cyvin, “Molecular Vibrations and
Mean Square Amplitudes”, Elsevier, Amsterdam, 1968, p 77. For detailed
discussions on determination and calculation of EXAFS o, see G. Beni
and P. M. Platzman, Phy. Rev. B, 14, 1514 (1976); R. B. Greegor and F.
W. Lytle, ibid., 20, 4902 (1979); and E. Sevillano, H. Meuth, and J. J.
Rehr, ibid., 20, 4908 (1979). (c) For systems with large anharmonicity in
o or large asymmetry in r (non-Gaussian pair distribution), an apparent
contraction in distance and a significant reduction in amplitude may
result which require a more general formulation of EXAFS. See, for
example, G. Brown and P. Eisenberger, Solid State Commun., 29, 481
21979)), and T. M. Hayes, J. B. Boyce, and J. L. Beeby, J. Phys. C, 11, 2931
1978). :
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polarized, and precisely pulsed tunable intense X-rays,
with fluxes of 10'2~10% photons s mrad™? mA™,
greatly improve the signal-to-noise ratio. The im-
provement can reach a factor of 108 over that obtainable
from conventional sources.!%®

It is important to choose an absorption edge of a
particular absorber whose energy corresponds to the
brightest synchrotron radiation in the spectral distri-
bution as well as to minimal harmonics in the X-ray
beam. Currently at SSRL, either the EXAFS I or
Wiggler beam line covers an energy range of 3-35 keV,
which includes K edges of elements from potassium to
iodine and L edges of elements through the end of the
periodic table. The focused beam line, which has ap-
proximately 100 times greater relative intensity, spans
a 3-9-keV range, including K edges of elements from
potassium to copper. The Wiggler line (using the
Wiggler magnets) not only provides an X-ray intensity
which is greater by a factor of 6~100 than EXAFS I
line (using bending magnets), but also increases the
range of accessible X-ray energies by a factor of 2~10.

A new source of high-intensity, nanosecond-pulsed
soft X-rays (<3 keV) has recently been generated from
a laser-produced plasma.'®® This technique is useful for
EXAFS studies of low Z elements (K edge of the ele-
ments from carbon to sulfur and L edge of the elements
from sulfur to molybdenum) which are at present dif-
ficult to study with other sources. It enables studies
of transient species since an EXAFS spectrum can be
recorded on film in a few nanoseconds with a single
pulse of laser-produced X-rays.

The sample thickness or concentration depends on
the total absorption coefficient of the material. Opti-
mum signal-to-noise ratio occurs at ux ~ 2. For con-
centrations less than 10° M it may be necessary to use
the fluorescence technique and/or to average over many
spectra. For weak chemical bonds or large o4, it may
be useful to perform the measurements at lower tem-
peratures. !4

Other factors of importance are as follows. First,
K(1s) and L;(2s) edges require the same set of ampli-
tude and phase functions, whereas an Ly(2p;/) or
Ly(2ps/5) edge requires a different central atom phase
shift (vide supra). Second, the energy range above and
below the edge must be >600 eV to prevent interference
from adjacent edge(s). Third, the edge jump must be
sizeable since EXAFS is a measure of the fractional
oscillation of the absorption relative to the edge jump.
Fourth, absorption or absorption edges due to other
elements in the material should be minimized or
avoided to prevent a sloping background or interference.
Finally, at low energies, absorptions due to sample cells
and intervening air may pose some difficulties. The
former problem can be reduced by the use of X-ray
transparent tapes as windows whereas the latter may
require a helium path.

Application to Biochemical Systems

EXAFS can be used to probe the prosthetic group of
a protein, thereby allowing structure—function correla-

(15) (a) Synchrotron radiation in the UV and X-ray regions is available
at SSRL (Stanford), CHESS (Cornell), Tantalus I (Wisconsin), and
SURF II (NBS) in the U.S. as well as DESY (Germany), ARUS (USSR),
BONN (Germany), INS-SOR II (Japan), Frascati (Italy),NINA (Eng-
land), DCI (France), etc. (b) G. S. Knapp, H. Chen, T. E. Klippert, Rev.
Sei. Instrum., 49, 1658 (1978); (c) P. J. Mallozzi, R. E. Schwerzel, H. M.
Epstein, and B. E. Campbell, Science, 206, 353 (1979).
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spectra (solid curves) and the theoretical fits (dashed curves) for (a)
such as bacteria ferredoxin. In (a) a single term containing the average

Fe-S distance was used whereas in (b) two terms containing the average Fe-S and Fe-Fe distances were used. The corresponding
Fourier transforms of the k3 (k) vs. k data are shown in (¢) and (d), respectively. The minor peaks to the left of the Fe-S peak are

due to residual background and/or Fourier truncation.

tion or assessment of steric vs. electronic effects of the
active site. This is exemplified by our EXAFS studies
of iron—sulfur proteins.’® It is known that there are

(16) For an excellent review, see R. H. Holm, Acc. Chem. Res. 10, 427
(1977).

four prototypes of non-heme iron—sulfur proteins con-
taining one, two, four, or eight iron atoms. The minimal
prosthetic groups are Fe(SR), in rubredoxin, Fe,S,(SR),
in plant ferredoxins (Fd), and Fe,S4(SR), in ‘high-po-
tential’ iron proteins (HIPIP) and bacterial ferredoxins.
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Iron EXAFS of these proteins are dominated by
neighboring sulfur and iron atoms of the active sites.!!®
The amplitude envelope of the monomeric Fe(SR),
species varies smoothly with k (cf. Figure 4a), indicative
of a single-shell system with one type of distance. In
contrast, the amplitude envelope of the diiron and
tetrairon oligomers exhibits a “beat” node at k ~ 7 A™!
which is characteristic of two-shell systems with two
types of distances (cf. Figure 4b). The frequency at
lower k region, which reflects the shorter Fe-S bonds,
is lower than the frequency at higher k region, which
is indicative of the longer Fe-Fe bonds. Fourier
transforms of the x(k)k?® data reveal in both solid and
solution states only one peak for the monomer (cf.
Figure 4c) but two peaks for the two oligomers (cf.
Figure 4d). The major peak can be assigned to the Fe-S
bonds while the minor peak in each of the oligomers can
be assigned to the Fe-Fe bonds.!"18

In most applications, EXAFS provides only the av-
erage distances. Nevertheless, the Debye-Waller factor
can indicate the spread of the distances. For example,
from the experimentally determined oy, it was con-
cluded that the Fe—S bonds in rubredoxin are chemi-
cally equivalent to within 0.04 A,'7 in contrast to the
original crystallographic finding.!®

EXAFS provides an excellent opportunity for corre-
lating structural parameters with redox states of the
proteins, both in the solid state and in solution. For
example, the average Fe—S distance in rubredoxin was
found to lengthen by 0.06 A upon reduction!? whereas
the lengthening of Fe-S and Fe—Fe bonds in the oli-
gomers upon reduction was quite small (viz., $0.03 A).18
Furthermore, little change (within 0.02 A) was found
in the average structural parameters upon dissolution
of the proteins.®

EXAFS has also been used to probe the stereochem-
ical nature of a variety of metal-containing biopolymers.
For the presumably relaxed porphyrin rings in deoxy-
hemoglobins, the iron atom was found to be only 0.2 A
(with a limit of +0.1 or —0.2 A) out of the plane.22b
This is significantly less than the 0.75-A displacement
of the iron atom from the mean porphyrin plane as
suggested by the Hoard-Perutz model.?¢¢ EXAFS
studies?’ on carbonic anhydrase, an enzyme which
catalyzes the reaction H,O + CO; 2 H,CO;, and on its
iodide complex provide evidence that the iodide, an
anionic inhibitor, is directly coordinated to the zinc
atom at a normal covalent Zn-I distance of 2.65 (6) A.
This should be contrasted with the crystallographic
finding that the iodide ion lies between 3.5 and 3.7 A
from the zinc atom. An elegant study? on the iron-
storage protein ferritin indicated that each of the iron
atoms in the micellar core is surrounded by 6.4 (8) ox-
ygens at 1.95 (2) A (probably in a distorted octahedral

(17) R. G. Shulman, P. Eisenberger, B. K. Teo, B. M. Kincaid, and G.
S. Brown, J. Mol. Biol., 124, 305 (1978), and references cited therein.

(18) B. K. Teo, R. G. Shulman, G. S. Brown, and A. E. Meixner, J. Am.
Chem. Soc., 101, 5624 (1979).

(19) K. D. Watenbaugh, L. C. Sieker, J. R. Herriot, and L. H. Jensen,
Acta Crystallogr., Sect. B, 29, 943 (1973).

(20) (a) P. Eisenberger, R. G. Shulman, G. S. Brown, S. Ogawa, Proc.
Natl. Acad. Sci. U.S.A., 73, 491 (1976); (b) P. Eisenberger, R. G. Shul-
man, B. M. Kincaid, G. 8. Brown, and S. Ogawa,Nature (London), 274,
30 (1978); (c) J. L. Hoard, Science, 174, 1295 (1971); (d) M. F. Perutz,
Nature (London), 228, 726 (1970).

(21) G. S. Brown, G. Navon, and R. G. Shulman. Proc. Nat!l. Acad. Sci.
US.A., 74, 1794 (1977).

(22) S. M. Heald, E. A. Stern, B. Bunker, E. M. Holt, and S. L. Holt,
J. Am. Chem. Soc., 101, 67 (1979).
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K3x(K)

k(A1)

Figure 5. A three-shell system: the filtered EXAFS spectrum
(—) of [CpCoPPhy], is resolved into three backscattering com-
ponents by curve fitting: 5C (---), 2P (=-~), 1 Co (~~). The fitting
model involves a sum of three terms which arise from five Co-C
bonds, two Co—P bonds, and one Co—Co bond surrounding each
cobalt atom. Each term contains the corresponding average
distance and the Debye-Waller factor which are least-squares
refined. The ordinate scales are —5.93 to 5.33 A3,

arrangement) with 7 (1) neighboring iron atoms at 3.29
(5) A. A layered, strip structure, in which the iron
atoms are in the interstices between two nearly close-
packed layers of oxygens with approximate sixfold ro-
tational symmetry, was proposed. These authors®?
believe that the ferritin core is formed by a folding of
one such strip back and forth upon itself in the form
of a pleat. From a recent EXAFS study?® of the mo-
lybdenum site in the enzyme nitrogenase, it was con-
cluded that the Mo atom is bonded to 3.8 sulfur atoms
at 2.35 A, 3.0 iron atoms at 2.72 A, and 1-2 sulfur atoms
at ~2.55 A. These findings are consistent with a cu-
bane-like MoFe3S, cluster model previously proposed
for the Mo site.2® A different interpretation, however,
led to a new structural model for the enzyme.?¢ A
recent EXAFS study on oxy- and deoxyhemocyanin
(Hc) led to a model of the He binding site as having two
Cu atoms bound to the protein via three histidine lig-
ands. In oxyHc the Cu(Il) ions are bridged by the
bound O,* and another ligand, possibly tyrosine.?3d
Other EXAFS applications in biochemistry and related
disciplines can be found in SSRL Reports.?*

Another important application of EXAFS spectros-
copy is to provide information about local structures
of drugs before and after their interactions with bio-
logical systems. In fact, it may ultimately be possible
to study drug actions on living organisms such as intact
cells, in vitro or in vivo. Since EXAFS can focus on the
absorbing atoms (usually the heavy atoms), no separa-
tion or isolation is required. In this context, we note
that several importnt antitumor platinum drugs and
their interactions with DNA have been studied by EX-
AFS.%

(23) (a) T. E. Wolff, J. M. Berg, C. Warrick, K. 0. Hodgson, R. H.
Holm, and R. B. Frankel, J. Am. Chem. Soc., 100, 4630 (1978); (b) S. P.
Cramer, K. O. Hodgson, W. O. Gillum, and L. E. Mortenson, ibid, 100,
3398 (1978); (c) B. K. Teo and B. A. Averill, Biochem. Biophys. Res.
Commun., 88, 1454 (1979); (d) J. M. Brown, L. Powers, B. Kincaid, J.
A. Larrabee, and T. G. Spiro, J. Am. Chem. Soc., 102, 4210 (1980).

(24) For example, SSRL Publication List; SSRL Reports 78/10, 79/03,
79/10, 80/01, etc.

(25) (a) B. K. Teo, K. Kijima, and R. Bau, J. Am. Chem. Soc., 100, 621
(1978), and references cited therein; (b) B. K. Teo, P. Eisenberger, J.

Reed, J. K. Barton, S. J. Lippard, ibid., 100, 3225 (1978), and references
cited therein.
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Inorganic and Catalytic Systems

EXAFS is useful in inorganic chemistry, especially
when single crystals are not available or when structural
information in solution is sought. It is capable of dif-
ferentiating between metal-metal and metal-ligand
bonds provided that the atomic numbers of the neigh-
boring metal and ligand atoms are sufficiently different
(AZ 2 4).18

EXAFS study of the chemically unstable, “one-
electron” metal-metal bonded cobalt cluster
[CpCOPPh2]2+ (Cp = 1]5'C5H5; Ph = CgH5) prOVided the
first structural evidence that the metal-metal bond is
significantly weakened upon oxidation of the neutral
dimer to the monocation.?® The neutral dimer (inset
of Figure 5) was crystallographically shown to possess
a bent Co,P; core of Cy, geometry with an electron-pair
Co—Co bond of 2.56 (1) A. Its EXAFS spectrum is
shown in Figure 5 (solid curve) along with the three
backscattering components (5C + 2P + 1Co), which
were resolved by curve fitting.?® For the monocation,
the magnitude of the cobalt backscatteing (1Co) de-
creases significantly. On the basis of a difference
Fourier technique, a small increase in the Co—Co dis-
tance of 0.08 A (from 2.57 (1) to 2.65 (5) A) and a sig-
nificant weakening of the Co—Co bond, as indicated by
a significant increase in the Debye-Waller factor (from
0.058 (4) to 0.10 (2) A), are observed in going from the
neutral parent to the monocation.

Other EXAFS applications involving inorganic sys-
tems?42™3! include iron and molybdenum complexes,?
metallic glasses,?® superconductors,?®® superionic con-
ductors,®? semiconductors,?® solutions,®° molten
salts,?0d¢ and liquid metals.?!

Another important use of EXAFS is the determina-
tion of local structures of the catalytic sites of homo-
geneous or heterogeneous catalysts (supported or un-
supported),?»3 In a study of the structural variation
of the catalytic site of the polymer-bound bromo-Wil-

(26) B. K. Teo, P. Eisenberger, and B, M. Kincaid, J. Am. Chem. Soc.,
100, 1735 (1978).

(27) (a) S. P. Cramer, T. K. Eccles, F, Kutzler, K. O. Hodgson, and S.
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1978, p 1345; (c) T. M. Hayes, J. W. Allen, J. Tauc, B. C. Giessen, and
dJ. J. Hauser, Phys. Rev. Lett., 40, 1282 (1978); (d) E. A. Stern, S, Rinaldi,
E. Callen, S. Heald, and B. Bunker, J. Magn. Mater., 7, 188 (1978).

(29) (a) G. S. Brown, L. R. Testardi, J. H. Wernick, A. B. Hallak, and
T. H. Geballe, Solid State Commun., 23, 875 (1977); (b) J. B. Boyce and
T. M. Hayes, Top. Curr. Phys., 15, Chapter 2 (1979); (c) S. Hunter, A.
Bienenstock, and T. M., Hayes, in “Structure of Non-Crystalline
Materials”, P, H. Gaskell, Ed., Taylor and Francis, London, 1977, p 78;
S. H. Hunter, A. Bienenstock, and T. M. Hayes in“Amorphous and
Liquid Semiconductors”, W. E. Spear, Ed., University of Edinburgh,
Edinburgh, 1977, p 78.
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kinson’s catalyst (Rh(PPh;);Br) as a function of the
degree of cross-linking,??® the K edges of both rhodium
and bromine atoms were measured. For the Rh EX-
AFS, the characteristic multidistance interference
pattern (with a beat node at k ~ 9 A™!) required a
two-shell, three-distance model (Rh-P,, Rh-P,, and
Rh-Br) for curve fitting whereas for the Br EXAFS, a
single-shell model (Br-Rh) was adequate. These results
suggested a dibromo-bridged dirhodium species (Ps-
RhBr,RhP,) for 2% cross-linking but a monomeric
species (RhP3Br) for 20% cross-linking3? of the poly-
mer,

Sinfelt, Lytle, and others®%® have studied a large
number of supported metal catalysts by EXAFS which
have provided a better understanding of their struc-
tures. The general conclusions are as follows.2*® With
cluster size 215 A, the metal-metal distances and the
coordination numbers are similar to those of the bulk
metal. As the metal dispersion (viz., the surface-to-total
atom ratio) increases, the metal cluster size becomes
smaller which results in a small decrease ($0.03 A) in
the metal-metal distance, a large decrease in the co-
ordination number (from 12 in the bulk to 7-10), and
a significant increase in the Debye—Waller factor (by
a factor of 1.4-2) for the first shell. Relative to the first
shell, the higher shells also lose peak magnitudes but
at a faster rate. These observations suggest a raft-like
structure for the highly dispersed clusters. In addition,
peaks due to metal-support interactions may also be
observed with increasing metal dispersion.?* Most
recently, studies on supported bimetallic catalysts such
as silica-supported Ru-Cu indicated that the bimetallic
clusters contain a ruthenium-rich core and a copper-rich
surface.3

EXAFS: Strength, Weakness, and Its Future

There are several highly attractive features of the
EXAFS technique which makes it a powerful structural
tool. First, it is extremely fast. With synchrotron ra-
diation, each spectrum per element takes 10-15 min,
though for dilute systems, data averaging or specialized
instrumentation may be required. With laser-produced
X-rays, a spectrum can be recorded on film in a few
nanoseconds. Second, both sample preparation and
data collection are relatively easy. No single crystals
are required. Third, being sensitive to short-range order
in atomic arrangements rather than long-range crys-
talline order, EXAFS can focus on the local environ-
ment of specific absorbing atoms. Fourth, the EXAFS
technique can be used for a wide variety of materials
such as amorphous solids, liquids, solutions, gases,
polymers, and surfaces.

An obvious deficiency of EXAFS spectroscopy lies in
the fact that it does not provide full three-dimensional
structural details. It gives only local structures in terms
of one-dimensional radial distribution functions about
each absorber. The absorbing atoms are preferably
different in atomic number or equivalent in chemical
environment. Any absorbing element appearing in
several different chemical states (or environments) will
greatly complicate the interpretation of its EXAFS data
which is a superpositon of all the states. No direct
method of determining angular information is available

(34) (a) S. M., Heald and E. A. Stern, Phys. Reuv. B, 16, 5549 (1977);
(b) L. 1. Johansson and J. Stohr, Phys. Rev. Lett., 43, 1882 (1979).
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(except from single-crystal measurements utilizing po-
larized X-rays®). Furthermore, EXAFS diminishes
rapidly beyond the first and second coordination shells
(typically r S 4 A) except in cases where atoms are
nearly collinear. In such cases, EXAFS from atoms as
far as 6 A can be observed due to amplitude enhance-
ment called focusing effect. In fact, both amplitude and
phase of the EXAFS of a more distant neighbor are
significantly affected by the intervening atom(s) for
bond angle > 120°. For these systems, one must
therefore take into account multiple scattering processes
involving the intervening atom(s). Recently, a new
multiple scattering formalism has been developed®
which enables bond angle determinations with an ac-
curacy of 5% or ca. 5°.

Nevertheless, the structural content of EXAFS is
unparalleled by other spectroscopic techniques when

(35) B. K. Teo, submitted for publication.

one considers that the few most important bonds in a
complex system can be probed within minutes. The
future of EXAFS spectroscopy is as bright as the future
synchrotron radiation sources. Dedicated synchrotron
radiations with energy ranging from UV to hard X-rays
are now available.?® These highly intense light sources
will undoubtedly open up a new era in exciting chem-
ical, biological, and material research.

I am indebted to my collaborators Drs. P. Lee, P. Eisenberger,
R. Shulman, B, Kincaid, J. Reed, R. Bau, S. Lippard, J. Barton,
and A. Simons, for their invaluable participation in various stages
of the work reviewed in this Account. I thank Drs. L. F. Dahl,
C. Chu, D. Patel, A. P. Ginsberg, Mrs. P. S. Robinson, the referees,
and the editors for many helpful comments.
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ratory.
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Singlet molecular oxygen has been studied since the
1930s,! and photosensitized oxygenations of olefins have
been synthetically useful for some time.? Represent-
ative examples of these transformations are given in eq

1-3.2
H3C CH H3C~ =CHe
visible light 3
j( + 02 dyes (1)
HzC CHz H3C CHz
= visible light i@ .
Q t0p e d (2)

=3

CHz0 HzCO o
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j| u 02 dyes (l) (3)
CH3O

H3CO
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In the last 40 years these reactions have been exten-
sively studied both to determine synthetic utility® and
to elucidate mechanisms.®®7 These oxygenations rep-
resent one of the most important hydrocarbon func-
tionalization reactions available to the synthetic organic
chemist. This chemistry has also been related both
speculatively and rigorously to such diverse areas as air
pollution,® photocarcinogenicity,? and chemilumines-
cence.l® Remarkably, however, no agreement exists
either informally or in the literature on the mechanisms
of these transformations.

It would be difficult to find a more appropriate ve-
hicle for illustrating reaction mechanism methodology
than photosensitized oxygenation; virtually every
mechanistic technique has been applied to the study
of these reactions. The identification of the reactive
intermediate in these systems involved spectral tests,!!
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