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Abstract: X-ray absorption spectra have been collected using synchrotron radiation for a number of mononuclear and dinu- 
clear molybdenum complexes containing carbon, nitrogen, oxygen, and sulfur donor atoms. The extended fine structure 
(EXAFS) of the Mo absorption edge has been analyzed by a method which combines Fourier transform and curve-fitting tech- 
niques. Parameterized phase shift and amplitude functions for describing Mo-C, Mo-N, Mo-0,  Mo-S, and Mo-Mo interac- 
tions were obtained from spectra of Mo(CO)6, M o ( N C S ) ~ ~ - ,   MOO^^-, M o ( S ~ C ~ H ~ ) ~ ,  and M0204cys2~-. Application of 
these phase shifts and amplitudes to the EXAFS of other compounds yielded distance determinations to an accuracy consis- 
tently better than 0.03 A for atoms bound to Mo. The number and type of coordinating atoms were also determined with a rea- 
sonable degree of certainty. This work demonstrates the applicability (and limitations) of EXAFS for providing structural in- 
formation about a specific absorbing center under noncrystalline conditions, and it lays a foundation for the analysis of the 
x-ray absorption spectra of nitrogenase and other Mo proteins. 

Introduction 

Recent experimental and theoretical advances have made 
x-ray absorption spectroscopy a promising new method for the 
study of local structure around a specific absorbing atom in 
metalloproteins,2  catalyst^,^ amorphous materials? and many 
other cases where conventional diffraction methods are not 
feasible.4b To this date, much of the work has centered on the 
determination of accurate absorber-scatterer distances. This 
in turn has caused a need for the evaluation of transferable 
phase shifts, whether by Fourier t r a n ~ f o r m , ~  curve fitting,6 or 
ab initio7 methods. At present, with highly symmetric struc- 
tures involving only a single absorber-scatterer distance in the 
first coordination sphere, one can use any one of the above 
methods to obtain such distances to an accuracy of about 0.01 
A. 

0002-7863/78/1500-2748$01 .OO/O 

Besides radial distance information, EXAFS also contains 
information about the type and number of scattering atoms 
and their motion relative to the absorber. The atom type reveals 
itself through the absolute phase of the fine structure oscilla- 
tions and through the EXAFS amplitude envelope. This am- 
plitude is also affected by the static and thermal disorder of 
absorber-scatterer distances. Moreover, simple theory predicts 
that the magnitude of the fine structure will be linearly pro- 
portional to the number of scattering atoms and inversely 
proportional to the square of the absorber-scatterer distance. 
Until recently, much of the amplitude information has been 
discarded,8 but in this paper it is demonstrated that a set of 
transferable total amplitude functions can be used to determine 
the number of scatterers a t  a particular distance. Finally, the 
amplitude envelope and absolute phase shift together will be 
used to identify the elemental type(s) of scatterers involved. 

0 1978 American Chemical Society 
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For absorbers with unknown and/or complicated coordi- 
nation spheres (several scattering elements and absorber- 
scatterer distances) one needs a systematic approach for ex- 
tracting all the information contained in the extended fine 
structure. It is also essential to know the accuracy limits of the 
results obtained from this approach and to understand the 
major sources of error. In this paper, a general method for the 
quantitative analysis of the extended x-ray absorption fine 
structure (EXAFS) will be described. This method, shown 
schematically in Figure 1, is a hybrid of Fourier transform and 
curve-fitting techniques. 

To test the reliability of this EXAFS analysis method, the 
extended fine structure spectra of a variety of molybdenum 
compounds have been measured and analyzed. Starting with 
relatively simple compounds of known structure, putatively 
transferable parameters for application of the method to Mo 
compounds in general have been derived. These parameters 
and the method were then used to determine bond distances 
of additional compounds whose structures had been elucidated 
previously by x-ray crystallography. The close correlation of 
both the distances and numbers of donor atoms derived by 
crystallographic and EXAFS evaluations of the same com- 
pounds lends confidence to our ability to predict donor atoms 
and distances in compounds of unknown structure. In subse- 
quent papers this method will be used with model compound 
results to analyze the EXAFS of the molybdenum atoms in the 
nitrogenase enzyme and the metal sites of several other pro- 
teins. 

Experimental Section 
X-ray absorption spectra were obtained at the Stanford Synchro- 

tron Radiation Laboratory (SSRL), using a Si[2,2,0] channel cut 
crystal monochromator and argon-filled ionization  detector^.^ The 
typical available photon flux at 20 keV was on the order of lo8 pho- 
tons/s through a 2 cm X 1 mm area. Computational work was done 
on a PDP 11/45 computer with a set of numerical analysis programs 
(called the XAP) written by Tom Eccles. These programs constitute 
a complete package of EXAFS analysis routines for small computer 
operation. They have been described briefly before,6a and a more 
complete description will be published.1° 

The molybdate spectrum was measured on a freshly prepared 1 M 
aqueous solution of K2MoO4 (Research Organic/Inorganic Chemical 
Corp.) at neutral pH; identical first shell distances were obtained for 
solid hydrated Na2Mo04 from the same source. The thiomolybdate 
spectrum was obtained on a saturated aqueous solution of ("4)2- 
MoS4, prepared by literature methods.' l a  All other spectra were re- 
corded on finely powdered solid samples using 0.25- or 0.5-mm path 
length cells. Mo(C0)6 was obtained from Alfa/Ventron. The other 
compounds prepared for this study were Mo(S2C6H4)3,'Ib 
Mo(NHSC6H4)3,"' M o O ( S ~ C N E ~ ~ ) , " ~  Mo(S2CNEt2)2- 
( S Z C ~ H ~ ) , '  ' Mo(S2CNEt2)(S2C6H4)2,"g M002( (SCH2CH2)2- 
NCH2CH2SMe),'le Mo02((SCH2CH2)2NCH2CH2NMe2,Ile 
M003(dien),"~ Na2M0204(cys)2-5H20,'~ M0204(his)2-3H20,'~~ 

M020&(i-rnnt)2I~~ [i-mnt = 2,2-dicyanoethylene-l,l-dithiolate 

M O ( C O ) ~ ( S ~ C N E ~ ~ ) ~ , ~ ~ ~  and M o ~ O ~ ( O X ~ ~ ~ ) ~ ( S C H ~ C H ~ O ) . ~ ~ ~  
Many of these compounds were kindly supplied by Drs. John W. 
McDonald and Narayanankutty Pariyadath of the Charles F. Ket- 
tering Research Laboratory. 

M0204(SzCNEt2)2 , '~~  M O ~ O ~ S ~ ( S C N E ~ ~ ) ~ , ' ~ '  [(C4H9)4N]2- 

= S2CC(CN)2], M o ( S ~ C N E ~ ~ ) ~ , ' ~ ~  (NH~)~Mo(NCS)~HCI-H~O,'~~ 

Analysis Method 
Phenomenologically, the extended fine structure is an os- 

cillation in the absorption coefficient on the high-energy side 
of the absorption edge. The physical source for these oscilla- 
tions is the scattering of the excited state outgoing photoelec- 
tron wave by neighboring atoms surrounding the central ab- 
sorber.15 By making a number of approximations, one can 
arrive at a general expression for the EXAFS x ( k )  in terms 
of calculable quantities: 

i I F O U R I E R  T R A N S F O R M  I 

C A L C U L L T E  b T O M  N U M B E R S  
A N D  O i S T b N C E S  FROM T R A N S F O R M  

C H E M I C A L L Y  
P O S S I B L E  

I 
Y E S  

~ 

F O R  S T I R T I V G  V h L U E S  

C O P l C  

Figure 1. This flow chart represents one systematic procedure for going 
from the x-ray absorption spectrum of an unknown structure to a set of 
feasible coordination spheres. The precise method used will depend on the 
nature of the structural problem at hand. The residual transform is the 
Fourier transform of the difference between the calculated and observed 
EXAFS. 

+ cYas(k))e-"Lk' 

In this expression, p is the observed absorption coefficient and 
PO is the absorption coefficient in the absence of scattering 
neighbors. N ,  is the number of scatterers at distance R,, from 
the absorber; f s (* ,k)  is the scatter's electron backscattering 
amplitude; aaS is the total phase shift; uas2 is the mean square 
deviation of R,,, and k is the photoelectron wave vector. The 
derivation of this e x p r e ~ s i o n ~ ~ , ' ~  is not extremely rigorous and 
involves a number of approximations which break down at low 
values of k (close to the absorption edge). Also, for scattering 
atoms beyond the first coordination sphere one must account 
for additional effects which diminish the photoelectron wave 
amplitude and/or change its phase as it propagates from the 
absorber. The results described herein show that regardless of 
the difficulties in theoretical calculation of these quantities, 
one can still describe the EXAFS of many structures by 
transferable empirical phase and amplitude functions. 

This method of analysis is based on the assumption that the 
fine structure of a complicated system can be decomposed into 
a sum of individual absorber-scatterer interactions, and that 
the interactions can in turn be decomposed into phase shift and 
amplitude functions. These phase shifts and amplitudes could 
certainly be dismissed as meaningless fudge factors were it not 
for their successful transferability from one known structure 
to another with the accurate prediction of coordination num- 
bers and bond lengths. The phase shifts and amplitudes to be 
used can be obtained by either Fourier transform or curve 
fitting methods, or by direct computation. They are essential 
for the quantitative interpretation of an EXAFS spectrum. 

The procedure for structural determination from EXAFS 
can be summarized in a flow chart (Figure l), the details of 
which will now be explained. 

Isolation of EXAFS from the Absorption Spectrum. Unlike 
many other kinds of spectra, the extended fine structure is not 
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P H O T O E L E C T R O N  WAVE V E C T O R  

Figure 2. The effect of the Fourier filtering process on data for 
M o ( S ~ ( C ~ H ~ ) ~ .  The preliminary EXAFS data (solid points) were mul- 
tiplied by k 3 ,  transformed from k = 3.5 A-’ to k = 16.5 retrans- 
formed from R = 1.19 8, to R = 2.69 A, and divided by k 3 .  To aid in vi- 
sualization, the EXAFS is amplified by k 2  in this and all other figures. 

unambiguously determined. EXAFS is rather simply defined 
as ( p  - ps)/po, where p is the observed absorption coefficient 
of the atom type and edge of interest, ps is the smoothly varying 
part of that absorption, and po is the free atom absorption 
coefficient for that absorber unperturbed by scattering 
neighbors. However, ps is not experimentally observable, and 
the general assumption is that a smooth curve fitted to p will 
closely approximate ps. Even determination of p is not clear- 
cut, for besides the absorption of the element under study, there 
is still residual absorption by the other elements present and/or 
by the other edges of the same element. In a typical absorption 
experiment this monotonically decreasing background ab- 
sorption is superimposed upon the energy dependence of the 
detector system (the spectrometer baseline). To further com- 
plicate matters, in fluorescence excitation experiments, a rising 
baseline (due to increasing sample penetration, increased 
Compton scattering, and reduced absorption of the scattering, 
as well as other effects) is actually observed. Thus, just ex- 
tracting the fine structure from the experimentally recorded 
spectrum requires some effort. 

In Figure 3 of ref 5b Lytle et al. described a procedure for 
obtaining the elemental absorption p by extrapolation and 
subtraction of a Victoreen function in wavelength X (aX3 + 
bX4) preedge. For the molybdenum spectra treated here, the 
absorption trend before the edge is sufficiently linear that 
subtraction of an extrapolated straight line preedge does a 
reasonable job of isolating the Mo K absorption. Considerable 
difficulty was encountered in using this extrapolation proce- 
dure at lower energy edges, however. An alternative to the 
extrapolation procedure is to normalize the absorption change 
(from below the edge to slightly beyond the edge) to unity. This 
will make ps = 1. By assuming ps P po, one can then scale the 
EXAFS by the known falloff of the absorption coefficient 1.10. 
This removes the necessity of obtaining a good preedge ex- 
trapolation over the entire spectrum. 

Subtraction of ps from p (commonly termed “background 
subtraction”) is conveniently done by means of a cubic spline 
routine. The absorption spectrum above the edge is divided into 
several regions, each of which is fit with a third-order poly- 
nomial, normally with a k 2  or k 3  weighting scheme. The in- 
dividual polynomials are constrained to meet with equal slopes 
at the spline points, and combine to produce an overall curve 
for ps. 

Another point of ambiguity in the extraction of the extended 
fine structure is the choice of Eo, the x-ray energy corre- 

sponding to zero photoelectron energy. The EXAFS is typically 
analyzed in terms of the photoelectron wave vector k = (2m/h2 
( E  - ( E  is the x-ray photon energy), and the choice 
of Eo will affect the phase of the oscillations to be analyzed. 

The Eo has been consistently chosen as 20 025 eV, which 
is about 10 eV beyond the average of the highest inflection 
points of the apparent absorption edges. Examination of other 
choices for Eo showed that the accuracy of the distances ob- 
tained was not significantly affected by the choice of Eo, as 
long as the same EO was used throughout. 

Fourier Transform. Once the normalized fine structure has 
been extracted from the absorption spectrum, it is Fourier 
transformed to reveal the major frequency components. Use 
of the Fourier transform to analyze EXAFS data was intro- 
duced by Sayers, Lytle, and st err^.^^'^ They have shown that 
the major peaks in the transform correspond to the important 
absorber-scatterer distances, but shifted to lower R by a few 
tenths of an angstrom. In single-shell cases, or for multishell 
spectra involving well-isolated shells of scatterers, the trans- 
form method can provide quite accurate bond lengths and 
coordination numbers (see Tables IV-VI). However, for 
complicated absorber environments whose spectral transforms 
contain overlapping peaks, straightforward analysis of peak 
heights and positions becomes less accurate. In such cases, the 
transform can be used to extract a first best guess at the true 
structure. This guess is then refined using the curve-fitting 
methods presented later in this paper. 

All of the transforms presented herein have been done by 
numerical integration over the range k = 4-16 A-’ using k 3  
scaling. Although only the modulus of the transformed data 
has been presented, in principle the phase could be analyzed 
to yield information about the type of scatterer causing a given 
peak. Because such a phase analysis is impossible with over- 
lapping transform peaks, the curve-fitting techniques discussed 
below were found necessary for identification of atom types 
in complicated structures. 

The important quantities to be determined from the Fourier 
transforms of model compound spectra are (1) the effective 
phase shift and (2) the effective per atom magnitude Ma-s. 
The effective phase shift is simply the difference between the 
observed Fourier transform peak position and the known ab- 
sorber-scatterer distance, while the per atom magnitude is the 
observed peak height normalized to the number of scatterers 
and their distance: 

a i - s  = R a - s -  Robsd 

Ma+ = (MobsdRa-s2)/Ns 

Once these parameters have been obtained from known 
structures, they can be used to predict structures from the 
Fourier transforms of unknown spectra through simple in- 
version of these relations: 

RH+ = RbbSd + Cui., 

N‘, = (RH-sMobsd)/Ma-s 

Fourier Filtering. For curve-fitting analyses the data have 
been processed by a Fourier filtering procedure. The data 
(actually k 3 x ( k )  vs. k )  were Fourier transformed (normally 
over k = 3-17 A-I) to R (frequency) space, then a region 
surrounding the peak(s) in the transformed spectrum was re- 
transformed back to k space. Fourier filtering can cause some 
distortion of the fine structure, especially in the amplitude at  
the boundaries of the spectrum, but the use of relatively wide 
windows in both k and R space helps minimize these effects. 
The results of Fourier filtering the data for M o ( S ~ C ~ H ~ ) ~  are 
shown in Figure 2. Most of the distortion occurs as a decreased 
amplitude near the ends of the retransformed spectrum, and 
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for this reason a k space window wider than the fitting range 
was always used. 

The advantages of Fourier filtering usually outweigh the 
problems of end point distortion. Fourier filtering provides a 
predetermined number of equally spaced points in k space. 
This means that one can oversample the spectrum during data 
collection and numerically smooth afterwards by means of the 
high-frequency cutoff. Furthermore, the low-frequency cutoff 
ensures removal of residual “background” which could oth- 
erwise distort the EXAFS baseline. Finally, in cases where the 
EXAFS is not rigorously single shell, one can sometimes isolate 
a peak of interest for fitting purposes, rather than trying to 
analyze the entire spectrum. 

Curve Fitting. The first step in the curve-fitting operation 
is to empirically determine transferable functions for the total 
phase shift a a s ( k )  and the total scattering shell amplitude 
envelope Aas( k )  

A , , (k )  = I f s (n ,k ) l e -“ tk2  

for various absorber (a)-scatterer (s) pairs. The reliability and 
transferability of these phase shift and amplitude functions will 
be tested by the accuracy with which one can predict known 
structures, With the limits of error more fully established, one 
can then proceed to predict some unknown structures. 

The empirical amplitude function used for EXAFS curve 
fitting was simply 

A ( k )  1 coe-Clk2/kC2 

The kC2 factor was originally devised to model the elec- 
tron-atom backscattering amplitude of light atoms (see Figure 
1 l), while the exponential term was intended to be a Debye- 
Waller factor to account for thermal motion. Experience with 
a large number of fits has shown that these parameters are 
quite highly correlated (see Table II), so that it is impossible 
to make physical significance of either number separately. This 
is especially true when this total amplitude function is used to 
model EXAFS amplitudes of heavy scatterers such as Fe or 
Mo. However, the overall function gives an  envelope magni- 
tude and shape which is significant and promises to be trans- 
ferable in cases of similar bonding. 

For determination of scatterer numbers, the magnitude (CO) 
and the shape parameters (c1 and c2) are first derived from 
curve fitting the spectra of model compounds. The latter two 
parameters are then held fixed, while the parameter CO, which 
determines the overall magnitude, is allowed to float freely in 
the unknown fit. By comparing the new CO’ of an  unknown 
structure with the normalized co obtained for a model, the 
number of scatterers in the unknown is calculated through 

It is clear from eq 1 that it is theoretically preferable to use 
integral scatterer numbers and to use a variable Debye-Waller 
factor to account for different amounts of thermal motion, and 
such procedures have been used previously. This can be done 
with the present functions simply by floating the cl parameter. 
This parameter is not intended to represent uas2 in eq 1, since 
it also fits part of the backscattering amplitude. Thus, if the 
damping due to thermal motion is truly described by e- ‘ :sk2 ,  

part of CI will reflect the backscattering amplitude envelope 
while the rest will reflect the mean square deviation of Ras: 

c1 = c, + uas2 

where 

This dual role for cl explains why the current functional form 
for the total amplitude envelope can fit interactions with heavy 

scatterers such as Mo, in which case the backscattering am- 
plitude envelope peaks in the middle of a typical spectrum. 
Furthermore, by floating the c1 parameter in a fit one can vary 
the relative Debye-Waller factor between the standard and 
the unknown. However, if the standard and the unknown have 
similar degrees of thermal motion, one can use a fixed cl and 
avoid this additional variable in the fits. 

For absorber-scatterer distance determination, a simple 
quadratic polynomial was used to approximate the total phase 
shift: 

aas (k )  z a0 t alk  t a2k2 

This total phase shift can be theoretically related to the sum 
of a backscattering phase shift (for reflection from the scat- 
tering atom) and a Coulomb phase shift (for propagation out 
of and back to the Is hole). A different set of parameters for 
each Mo-X pair is obtained by curve fitting model compound 
spectra, as described below. Like the amplitude parameters, 
the phase shift parameters are highly correlated. Furthermore, 
they depend on the fitting range and are very sensitive to the 
choice of Eo. Once the phase shift for a given Mo-X pair is 
known, unknown distances can be determined by fitting the 
oscillatory part of the unknown’s EXAFS with the overall 
expression sin [a0 t (2Ra., t a l ) k  t a2k2], refiningonly the 
value of Ra+ 

For structures with N different scatterer types and/or bond 
lengths, a separate wave for each different Mo-X pair is 
needed. In general then, one optimizes 2N values when curve 
fitting an EXAFS spectrum. The N amplitude terms eventu- 
ally yield the number of atoms of a given type, while the N 
phase terms give the absorber-scatterer distances. 

With a completely unknown structure, one must also pos- 
tulate the elemental type(s) of scatterer(s) contributing to the 
EXAFS, in order to apply the appropriate phase shift(s). 
Often, several different coordination spheres will be plausible 
from chemical information and the Fourier transform, in which 
case one must test each postulated structure by a curve-fitting 
refinement. There are thus two levels of iteration in the 
EXAFS analysis procedure: (1) refinement of scatterer 
numbers and distances for a postulated structure, and (2) re- 
finement of the elemental identification of the scattering atoms 
contributing to the EXAFS. The application of this analysis 
procedure (Figure 1) will now be demonstrated on a variety 
of Mo structures. 

Results 
To obtain empirical parameters for the pairwise phase shift 

and amplitude functions, “single-shell’’ model compounds of 
known structure were employed when available. The term 
single shell refers to structures where (1) the absorbing atom 
is surrounded by a set of identical scatterers a t  nearly equal 
distances and (2) contributions to the EXAFS from more 
distant atoms are negligible. For Mo-0  parameters, the mo- 
lybdate ion   MOO^^-) in neutral aqueous solution was used 
(although almost identical results were obtained using solid 
hydrated sodium molybdate). Molybdenum tris( 1,2-benz- 
enedithiolate), M o ( S ~ C ~ H ~ ) ~ ,  was used to obtain the Mo-S 
parameters. In both of these cases, there is only one significant 
peak in the Fourier transform of the EXAFS data. 

For other Mo-X interactions, compounds were chosen 
where the contribution of a given shell could be cleanly isolated 
by Fourier filtering from the other components. Thus, for 
Mo-Mo parameters, the predominant peak in the Fourier 
transform of the molybdenum cysteine complex Naz(Mo2- 
04cys2).5H20 spectrum was analyzed. (NH4)3Mo(NCS)6. 
HCLH20 was used to obtain Mo-N parameters, while Mo-C 
parameters were obtained from the M o ( C O ) ~  spectrum. 
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Figure 3. Fourier transforms of “single-shell” compounds. Curves show 
magnitude only. Transform range: 4-16 A-’, k 3  scaling. 

Fourier Transform Parameter Determination. The trans- 
forms of Mood2- and M o ( S ~ C ~ H ~ ) ~  are shown in Figure 3, 
M o ( N C S ) ~ ~ -  and Mo(CO)6 in Figure 10, and (M0204cys2)~- 
in Figure 8. These model compound spectra provided values 
for the effective phase shift a* and per atom magnitude M for 
the Mo-X interactions of interest, and these values are listed 
in Table I. The effective phase shifts show no obvious corre- 
lation with the atomic number of the scatterer, but they are 
more range dependent for the low Z scatters. This range de- 
pendence of the effective phase shift is a reflection of the same 
phase shift nonlinearity which produces the low R shoulders 
on the transform peaks. The magnitude parameters are roughly 
proportional to Z ,  on the range of k = 4-12 A-1. 

Curve Fitting for Parameter Determination. For curve-fitting 
analysis of the single-shell or pseudo-single shell models, the 
EXAFS of the above five compounds was Fourier filtered to 
isolate just the Mo-X interaction. Six parameter fits were then 
performed on the data using the functional form 

NX 
R XMo-x(k) = - A M ~ - x ( ~ )  sin [2kR + C Y M O - X ( ~ ) ]  

Representative fitted and observed (filtered) spectra are shown 
in Figure 4 and the numbers derived from the fits are given in 
Table 11. 

In order to test the sensitivity of these empirical phase shift 
and amplitude functions to small changes of the fitting range 
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Table I. Fourier Transform Effective Phase Shifts and Maenitudes 

Transform range, A-’ 
Model 4-12 4-14 4-16 

Mo(C0)6 aM0-C:  0.49 0.40 0.36 
Mo-C = 2.06 8, MMo-C: 0.057 0.063 0.069 
(ref 24) 

Mo-N = 2.09 8, MMO-N: 0.065 0.075 0.080 
(ref 21) 

Mo-0 = 1.76 8, MM~-o:  0.106 0.123 0.149 
(ref 22) 

Mo-S = 2.37 8, MMo-S: 0.187 0.213 0.234 
(ref 20) 

Mo-MO = 2.57 A M M ~ - M ~  0.531 0.812 0.925 
(ref 23) 

0.47 0.43 0.43 M o ( N C S ) ~ ~ -  aM0-N:  

0.44 0.41 0.38 “Mo-0: 

* 0.49 0.46 0.44 MO(S2C6H4)3 aM0-S: 

0.39 0.39 0.38 (Mo204cysd2- ~ M O - M O :  

or the choice of Eo, both of these factors were systematically 
changed for the M o ( S ~ C ~ H ~ ) ~  fit. The various parameters 
arrived at from these nine fits are summarized in Table 111. 
Inspection of this table makes it clear that no single parameter 
by itself is physically significant. Especially important to note 
is the sensitivity of the constant term, a0, in the phase shift to 
small changes in the choice of Eo. Since Eo (the threshold 
energy at which k = 0) is not experimentally determinable, it 
has been consistently fixed at 20 025 eV. This Eo is 10 eV past 
the average highest edge inflection point of the Mo compounds 
examined. 

One important feature of these single-shell spectra is the 
different amplitude envelopes observed for different types of 
scattering atoms. As expected, the oxygen amplitude dies out 
monotonically, while the sulfur amplitude peaks at relatively 
low k values and then dies away. The amplitude for the 
Mo-Mo wave clearly shows the EXAFS peaking at higher k 
values as the atomic number of the scatterer increases. (Note 
that all plots of fine structure have been multiplied by k 2  to 
make the higher k EXAFS visible.) The physical basis for this 
variation in EXAFS amplitude behavior is related to trends 
in the electron atom backscattering amplitudes, which peak 
at higher k values as Z increases8 (see Figure 11). 

Single-Shell Tests of Transferability. As a first test of the 
transferability of the Ma-X parameters, the phase shifts and 
amplitudes were used to determine other known single-shell 
structures. The compounds chosen for this test, M o S ~ ~ -  and 
Mo(S2CNEt2)4, have different coordination numbers and 
different Mo-S distances from the model M o ( S ~ C ~ H ~ ) ~ .  To  
obtain structural information from the Fourier transform 
spectra of these compounds, the observed peak position Robsd 
is simply modified by the previously determined phase shift 
aLO..s to obtain a predicted distance R M ~ - s .  The coordination 
number is then obtained from the observed peak height. The 
predicted and crystallographically observed structural results 
are summarized in Table IV. 

For curve-fitting analysis of the same spectra, two variables 
(CO and R M ~ - ~ )  were floated while five were fixed (c1, c2, UO, 
a l ,  and a2). This means that the shape of the amplitude en- 
velope and the total phase shift have been fixed. The two terms 
floated yielded bond lengths and coordination numbers. The 
numerical results of these fits are presented in Table IV, and 
Figure 5 shows the fits themselves. 

The results for single-shell fits indicate that the accuracy 
of absorber-scatterer distance determinations is on the order 
of 0.01 A. Almost equal accuracy was obtained by use of the 
Fourier transform methods. The calculated coordination 
numbers, while correct to about 2096, did not show the same 
degree of accuracy as the distance calculations. This pre- 
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Table 11. Curve-Fitting Phase Shift and Amplitude Parametersa 

2753 

optimized function: (coe-clk2/kc2) sin (a0 + (2R + a l ) k  + a2k2); k6 weighting 

Fitting 
Model range, A-1 co c1 c2 0 0  a1 a2 

MO(CO)~  4-12 0.0239 0.0317 -0.471 3.45 -1.966 0.0643 
Mo-C = 2.06 8, 4-14 0.0493 0.0260 0.0464 3.06 -1.854 0.0568 

M o ( N C S ) ~ ~ -  4-12 0.594 0.0178 1.482 4.01 -1.998 0.0674 
Mo-N = 2.09 8, 4-14 1.105 0.0126 1.952 3.03 -1.713 0.0479 

( 4-12 1.172 0.00914 1.921 2.06 -1.541 0.0414 
Mo-0  = 1.76 8, 4-14 1.692 0.00634 2.192 1.74 -1.441 0.0356 

4-16 1.802 0.00591 2.239 1.56 -1.406 0.0329 
MO(S2C&)3 4-12 0.641 0.0138 1.318 0.74 -1.717 0.0457 

Mo-S = 2.37 8, 4-14 0.884 0.01 15 1.549 0.32 -1.598 0.0378 
4-16 0.923 0.01 12 1.581 0.23 -1.574 0.0364 

( M o 2 0 4 ~ ~ ~ 2 ) ~ -  4-12 0.00265 0.0176 -1.067 3.57 -1.207 0.0248 
Mo-Mo = 2.57 8, 4-14 0.00269 0.0175 -1.055 2.92 -1.051 0.0158 

4-16 0.00456 0.0156 -0.736 2.73 -1.009 0.0135 

a The co values have not been normalized for N / R 2 .  

Table 111. Sensitivity of Parameters to Fitting Range and Eo 
Model: M o ( S ~ C ~ H ~ ) ~ ,  Inflection Point Energy 20 010.5 eV, Mo-S = 2.367 8, (ref 20) 

optimized function: (coe-clk2/kc2) sin (a0 + (2R + a1)k + a2k2); k 3  weighting 

Eo = 20 015.5 eV Eo = 20 020.5 eV Eo = 20 025.5 eV 
fitting range, A-1 fitting range, A-' fitting range, A-1 

Parameter 4-12 4-14 4-16 4-12 ' 4-14 4-16 4-12 4-14 4-16 

co 0.289 0.398 0.472 0.274 0.370 0.428 0.3 15 0.393 0.445 
C I  0.0199 0.0170 0.0156 0.0196 0.0169 0.0156 0.0184 0.0162 0.0151 
c2 0.696 0.941 1.07 0.694 0.925 1.04 0.817 0.993 1.089 
ao - 1.25 - 1.35 - 1.37 -0.155 -0.304 -0.363 1.10 0.850 0.739 
a1 - 1.43 - 1.40 -1.40 - 1.59 - 1.55 - 1.53 -1.80 -1.72 - 1.69 
0 2  0.0326 0.0304 0.0301 0.0402 0.0369 0.0357 0.0510 0.0451 0.0428 

Table IV. Calculation of Single-Shell Distances and Coordination Numbers 
Model: MO(&C&)3, Mo-S = 2.367 8, 

Fourier Fourier 
Analysis Curve-fit transform Curve-fit transform 

Structure range A-1 distance, 8, distance, 8, no. no. 

( M o S ~ ) ~ -  4-12a 2.179 4.15 
Mo-S = 2.18 8, 4-12 2.179 2.19 4.56 4.3 
(ref 25) 4-14 2.180 2.19 4.65 4.4 

4-16 2.180 2.19 4.65 4.5 

Mo-S = 2.529 8, 4-12 2.532 2.53 6.84 6.5 
(ref 26) 4-14 2.533 2.53 6.56 6.4 

4-16 2.53 6.8 

a Floated e - c l k 2 .  

Mo(SzCNEt2)4 4-12a 2.532 7.72 

sumably reflected neglect of the different amounts of thermal 
motion and/or disorder for the Mo-S bond lengths in M o S ~ ~ - ,  
M o ( S ~ C ~ H ~ ) ~ ,  and Mo(S2CNEt2)4. Thus, the calculations 
overestimate the number of sulfurs in the highly symmetric, 
tightly bound thiomolybdate case while underestimating the 
coordination number in the relatively loosely bound and less 
ordered dithiocarbamate complex. 

To test t h e  supposition that different degrees of thermal 
motion are the chief source of amplitude discrepancies, the 
single-shell fits were also performed with a floated e-clk2 term. 
This extra degree of freedom, designed to reflect different 
Debye-Waller factors, dramatically improved the calculated 
number of atoms, but at the cost of an extra variable (see Table 
IV). Unfortunately, floating the c1 parameter in the multishell 
fits described below did not improve the accuracy of the scat- 
terer number calculations, and c1 parameters were therefore 

held fixed throughout the multishell fits. It is clear that em- 
pirical total amplitude functions are best transferable in cases 
where the thermal motion and the static spread in absorber- 
scatter distances are similar. 

Two-Shell Analysis. In order to test the hypothesis of 
EXAFS additivity and to gain experience with multishell fits, 
the compounds MoO(S2CNEt2)2, Mo(C6H4NHS)3, and 
Mo03dien were examined. These were chosen for the presence 
of two distinctly different types of atoms bound to molybde- 
num. The Fourier transforms for these compounds are included 
in Figure 6, while their filtered EXAFS spectra and the cor- 
responding fits are presented in Figure 7 .  

The Fourier transform spectra for these structures clearly 
show the presence of two different shells of scatterers. While 
the Mo-0  and Mo-S interactions are clearly resolved in the 
MoO(S2CNEt2), spectrum, for M o ( C ~ H ~ N H S ) ~  the Mo-N 
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Figure 4. Single-shell fits for parameter determination. The solid lines are 
filtered EXAFS, and dashed lines are least-squares fits. 

and Mo-S peaks overlap. For MoO3dien the Mo-N peak is 
severely distorted by overlap with the strong Mo-0 peak. This 
overlap between different shells causes the transform peak 
height and position to be less accurate for structural predictions 
(see Table V).  Nevertheless, the transform suggests the true 
structure and provides starting values with which to begin a 
curve-fitting analysis. 

As for the fine structure itself, the most obvious feature of 
these two-shell spectra is the modulation of the amplitude 
envelope caused by the interference between two different 
frequencies. The frequency of this beat pattern is proportional 
to the difference in absorber-scatterer distances. Thus one 
observes a higher beat frequency in the case of MoO(S2C- 
NEt& since the difference in bond lengths is greater between 
Mo-0  and Mo-S than is the case for Mo-N and Mo-S in 
Mo(C6&NHS)3. 

b 

I 
5.0 10.0 15.0 

P H O T O E L E C T R O N  W A V E  V E C T O R  It(;-') 

Figure 5. Single-shell fits for structure determination. The solid lines are 
filtered EXAFS, and the dashed lines are least-squares fits. The bottom 
curve shows the effect of incorrectly using Ma-S parameters for Mo-0  
EXAFS. 

Since the structure of MoO(S2CN-n-Pr)z is known,27 the 
accuracy of the two-shell fit on the diethyldithiocarbamate 
compound has been tested by assuming that it has the same 
inner coordination sphere structure as the n-propyl derivative. 
With this assumption, the distance determinations (Table V) 
are correct to better than 0.02 A for both Mo-0 and Mo-S 
distances. The amplitude is within 10% for the Mo-S wave 
(Le., 3.8 or 3.7 sulfurs instead of 4), but 20% high for the Mo-0 
wave. This probably reflects the tighter bond for Mo-0 in the 
dithiocarbamate complex relative to the molybdate 

Table V. Calculation of Two-Shell Scatter Distances and Numbers 

Analysis Curve-fit Fourier Curve-fit Fourier Curve-fit Fourier Curve-fit Fourier 
Structure rangeA-1 M O - A , ~ ,  M O - A , ~ ,  no. no. Mo-B,8, Mo-B,8, no. no. 

MoO(SzCNEt*)2 4-12 1.660 1.73 1.3 1.7 2.427 2.42 3.8 3.7 
(A) 1 Mo-0  1.664 8, 4-14 1.661 1.63 1.2 1.5 2.426 2.43 3.7 3.6 
(B) 4 Mo-S 2.414 8, 4-16 1.658 1.67 1.2 1.4 2.425 2.43 3.7 3.7 
(ref 27) 

M o ( C ~ H ~ N H S ) ~  4-12 1.995 1.91 3.2 2.9 2.4 18 2.45 2.9 3 .O 
(A) 3 Mo-N 4-14 1.996 1.96 3.2 2.2 2.419 2.41 2.9 3.0 
(B) 3 Mo-S 4-16 1.97 2.0 2.40 2.7 

MoO3dien 4-12 1.738 1.75 3.3 3.5 2.327 2.35 2.3 4.3 
(A) 3 Mo-0  1.736 8, 4-14 1.740 1.75 3.3 3.5 2.328 2.24 2.2 4.2 
(B) 3 Mo-N 2.326 8, 4-16 1.75 3.3 2.17 3.6 
(ref 31) 
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Figure 6. Fourier transforms of “multishell” compounds. Curves show 
magnitude only. Transform range. 4-16 A-1, k 3  scaling. 

The MoO3dien structure is known,31 and comparison of the 
crystallographic and curve-fitting values shows that distances 
have been calculated to an accuracy of better than 0.01 A. The 
Fourier transform provides good numbers for Mo-0 bond 
lengths and numbers. However, because the Mo-N peak is 
distorted by overlap with side lobes from the Mo-0  peak, the 
transform Mo-N values are inaccurate and quite range de- 
pendent. 

The M o ( C ~ H ~ N H S ) ~  structure is not known crystallo- 
graphically; thus the obtained fit constitutes a structure pre- 
diction. The calculated sulfur number of 2.9 agrees well with 
the expected threefold sulfur coordination. The Mo-S dis- 
tances appear to be nearly equal and centered at about 2.42 
A. Similarly, the fits predict the presence of 3.2 nitrogens (3 
expected) and average Mo-N distance of 2.00 A. 

The results with two-shell fits were encouraging and infor- 
mative. These fits are done assuming the additivity of fine 
structure, and this assumption appears valid in these test cases. 
In order to get meaningful numbers from curve fitting the fine 
structure, it was essential to minimize the number of refinable 
parameters. At this level of complexity, two such arameters 

sonably good scatterer numbers (f25%). To test the curve- 
fitting method even further, four-shell spectral analysis of 
several dinuclear Mo complexes was attempted. 

Four-Shell Analysis. A set of di-p-oxo and di-p-sulfido 
bridged dinuclear Mo complexes was chosen for the next stage 
of analysis complexity. Spectra for Mo dimers are especially 
interesting because these structures have often been proposed 
as models for the active sites of molybdenum enzymes.33 The 
Fourier transforms of the original EXAFS are presented in 
Figure 8. Representative Fourier-filtered spectra and the 

per shell yielded very accurate distance ( f0 .02  K ) and rea- 
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Figure 7. Two-shell fits for structure determination. The solid lines are 
filtered EXAFS and the dashed lines are least-squares fits. 

V I  
1.0 2.0 3.0 4.0 5.0 6.0 

R cir 
Figure 8. Fourier transforms of bridged dinuclear molybdenum complexes. 
Curves show magnitude only. Transform range: 4-16 A-I, k 3  scaling. 

corresponding fits are shown in Figure 9, and the calculated 
distances and coordination numbers are listed in Tables VI and 
VII. 

A striking feature of all the Mo dimer transforms is the 
magnitude of the Mo-Mo peak. The large magnitude of this 
signal is due to a combination of a strong scatterer (Mo) and 
a low degree of thermal motion along the absorber-scatterer 
(Mo-Mo) bond axis.’* Attempts to observe metal-metal dis- 
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Figure 9. Four-shell fits for structure determination. The top solid line is 
the filtered EXAFS for Mo20@2CNEt2)2, while the middle and bottom 
solid lines are the filtered EXAFS for [Mo202S2(i-mnt)2I2-. In  the top 
two sets of curves, the dashed line is the least-squares fit using the correct 
parameters, while in  the bottom set of curves the dashed line illustrates 
the result of incorrectly using Mo-0 parameters for the Mo-Mo contri- 
bution to the EXAFS, while fitting the other three contributions cor- 
rectly. 

tances in other compounds have made it clear that bonding or 
rigid bridging between metals is almost essential for their in- 
teraction to be clearly observable in the fine s t r u ~ t u r e . ' ~  For- 
tunately, the combination of metal-metal bonding, tight 
bridging, and high scattering power makes the Mo-Mo in- 
teraction extremely distinctive in both original EXAFS and 
Fourier transformed data. The peak position is often an ac- 
curate measure of the Mo-Mo distance (see Table VI). 

Further quantitative analysis of the Fourier-transformed 
data is frustrated by the overlap of different features. Terminal 
and bridging oxygens are unresolved for the oxo-bridged cases; 
similar overlap occurs for ligand and bridging sulfurs in the 
sulfido-bridged cases. Nevertheless, there is a clear difference 
between the Fourier transforms obtained for compounds 
containing the Mo20d2+ cores as compared to the M0202S2~+ 
cores. Thus, despite the lack of resolution, the transform still 
reveals many of the important features of the first coordination 
sphere of molybdenum. Dimerization is shown clearly by the 
high R peak, while molybdenyl oxygen and coordinated sulfur 
also give peaks in characteristic regions. 

Curve-fitting analysis of the dimer fine structure in k space 
provided greater resolution and more accurate scatterer 
numbers (see Figure 9 and Table VII). Four waves were in- 
cluded for the four distinctly different types of scattering atoms 
in the Mo coordination sphere. With variation of two param- 
eters per shell (the amplitude co and the R,, part of the fre- 
quency), this resulted in an eight-parameter fit. All eight of 
these parameters yielded quantitative structural informa- 
tion-distances and numbers of atoms. In most cases, correct 
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Table VI. Mo-Mo Distances by Fourier Transform 
Phase Model: [Mo204cys212-, Mo-Mo = 2.569 A 

Crystallogra hic Fourier transform 
Structure Mo-Mo, $, EXAFS M 0 - m  A 

Mo204his2-3 H 2 0  2.552 2.56 

M0204(S2CNEt2)2 2.580 2.61 

Mo203(oxime)z(SCH2- 2.628 2.63 

(ref 30) 

(ref 28) 

CH2O) 
(ref 14d) 

(ref 29) 

(ref 13d) 

M o ~ O ~ S ~ ( S ~ C N E ~ ~ ) Z  2.817 2.73 

[Mo202S2(i-mnt)2] 2- 2.821 2.83 

identification of the elemental type of scatterer involved was 
also possible, for application of the wrong pairwise phase shift 
and amplitude functions will seriously diminish the quality of 
the fit. This is demonstrated at  the bottofn of Figure 9, where 
a Mo-0 wave has been substituted for a Mo-Mo wave. 

Inspection of the accuracy of the calculated distances shows 
that despite four different types of atoms in the first coordi- 
nation sphere of molybdenum, the bond lengths were deter- 
mined to an accuracy better than 0.03 A. The calculation of 
scatterer numbers was considerably less precise, although it 
was always within an atom of being correct. The systematic 
errors were (1) overestimation of the number of molybdenyl 
oxygens, (2) underestimation of the number of ligand sulfurs, 
and (3) underestimation of the number of sulfido-bridged 
molybdenum atoms. These types of errors, although inevitable 
with the assumption of transferable total amplitude functions, 
can at least be rationalized as due to (1) tighter molybdenyl 
oxygen bonds than in the M 0 0 4 ~ -  model,32 (2) slightly weaker 
Mo-S bonds with the dithiocarbamate ligands relative to the 
benzenedithiolate and (3) less constraint on the 
Mo-Mo distance in the sulfido-bridged dimers compared with 
the oxobridged cysteine model. Obviously, for the best calcu- 
lation of scatterer numbers, the model and unknown should 
have bonds of similar strength. 

Structural Predictions. Demonstrating that an EXAFS 
analysis procedure gives accurate results with known structures 
is a necessary step in developing confidence with this proce- 
dure. However, an even more convincing test would be to 
predict structural results which could then be verified by x-ray 
crystallography. One such prediction has already been made 
for Mo(SNHC,jH4)3 in Table V. Additional structural pre- 
dictions are now given for the compounds Mo(S2CNEt2)2- 
(S2C6Hd9 Mo(S2CNEt2)(S2C6H4)2, M O O ~ ( W H ~ C H ~ ) ~ -  
NCH2CH2SMe), and M o O ~ ( ( S C H ~ C H ~ ) ~ N C H ~ C H ~ -  
NMe2). The results of curve-fitting analysis of the EXAFS of 
these compounds are presented in Table VIII. 

The two-shell fits on both all-sulfur ligand structures gave 
chemically reasonable bond lengths, and with appropriate 
rounding the calculated coordination numbers were correct. 
Deducing two distinct Mo-S distances from these fits was 
especially gratifying since the Fourier transforms gave only 
a single broad peak and the EXAFS itself does not show the 
strong beat pattern of the earlier two-shell fits. 

Curve-fitting analysis of the tripod ligand complexes was 
significantly more difficult because of the variety of distances 
present and additional complications from the carbon back- 
bone components. For Mo02((SCH2CH2)2NCH2CH2SMe), 
two strong components corresponding to two oxygens at  1.69 
A and two sulfurs at 2.40 A were found. These should corre- 
spond to the doubly bound oxygens and the thiolate sulfurs, 
respectively. However, it was much more difficult to locate the 
nitrogen or thioether sulfur components, and the long Mo-S 
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Table VII. Four-Shell Fits of Molybdenum Dimers 

Structure Analysis 

(ref 28) Fit 4-14 A-I 
Fit 4-16 A-I 

(ref 29) Fit 4-14 A-' 
Fit 4-16 A-I 

(ref 13d) Fit 4-14 A-1 
Fit 4-16 IS-' 

M0204(S2CNEt2)2 X-ray diff 

M o ~ O ~ S ~ ( S ~ C N E ~ ~ ) ~  X-ray diff 

M o ~ O ~ S ~ ( S ~ C ~ ( C N ) ~ ) ~ ~ -  X-ray diff 

Mo-O+ 
Distance, 

A No. 

1.679 1 
1.667 1.2 
1.670 1.3 
1.655 1 
1.664 1.1 
1.663 1 .o 
1.663 1 
1.657 1.4 
1.678 1.3 

Mo-Xbridae 
Distance, 

A No. 

1.941 2 
1.939 1.9 
1.939 1.9 
2.310 2 
2.325 2.5 
2.325 2.5 
2.296 2 
2.323 2.3 
2.322 2.1 

MO-Slong 
Distance, 

A No. 

2.455 2 
2.440 1.3 
2.445 1.5 
2.444 2 
2.470 1.6 
2.472 1.7 
2.434 2 
2.457 1.6 
2.458 1.7 

Mo-MO 
Distance, 

A No. 

2.580 1 
2.574 0.9 
2.578 1 .o 
2.817 1 
2.836 0.5 
2.836 0.5 
2.821 1 
2.834 0.6 
2.834 0.6 

Table VIII. Structure Prediction Fits" 

Mo-O+ - MO-Sshort Mo-S~ong 
Structure Distance, A No. Distance, A No. Distance, A No. 

Mo(S2CNEt2)2(S2C6H4) 2.314 2.2 2.424 3.6 
M O ( S Z C N E ~ ~ ) ( % C ~ H ~ ) ~  2.358 3 . 1  2.489 1.5 

1.693 2.1 2.401 1.7 2.803 0.5 

1.694 2.4 2.424 1.4 

a All fits were over range of 4-14 A-I, k6 weighting. 

Table IX. Collinearitv Effects 

Structure 
Obscured shell Analysis FT FT Curve-fit Curve-fit 

Element Distance. 8, No. ranee. A-I distance. A no. distance. 8, no. 

M O ( C O ) ~  0 3.18 6 4-12 3.12 9.4 3.07 9.6 
4-14 3.10 8.1 3.08 9.3 
4-16 3.1 1 8.7 3.09 9.1 

M O ( C O ) ~ ( S ~ C N E ~ ~ ) ~  0 3.1" 2 4-12 3.05 3.8 2.9 1 3.1 
4-14 2.96 4.2 2.96 2.6 
4-16 2.98 3.5 

( N H ~ ) ~ M O ( N C S ) ~ * H C I . H ~ O  C 3.23 6 4-12 3.17 8.4 3.13 8.0 
4-14 3.13 9.6 3.14 8.1 
4-16 3.14 8.8 

Estimated from similar structures. 

distance of 2.80 8, is not as firm a prediction. A reasonable 
conclusion is that these latter two donor atoms are located trans 
to the Mo=O bonds and that their bonds to Mo are therefore 
considerably lengthened and weakened. 

The other tripod ligand structure, Mo02((SCH2CH2)2- 
( N C H Z C H ~ N M ~ ~ ) ,  appears to have even less regularity in its 
nonoxo bond lengths. The low value of 1.3 sulfurs (instead of 
2 )  may reflect a sizable difference in the two Mo-S distances. 
It was difficult to predict the Mo-N distances with any con- 
fidence because of correlation problems. 

Exceptional Cases. Quantitative analysis of EXAFS spectra 
by the curve-fitting method relies on several assumptions, one 
of which is the simple additivity of contributions from different 
sets of scatterers. For analysis of the absorber's first coordi- 
nation sphere this additivity is a legitimate approximation. 
However, when analyzing more distant coordination spheres, 
other physical processes apart from electron-atom backscat- 
tering must be considered. When other atoms lie between the 
absorber and the scatterer of interest, one must take into ac- 
count depletion of the primary outgoing wave as well as phase 
changes caused by the intervening atoms. Analysis of fine 
structure from the first coordination sphere can neglect such 

effects, but for the study of more distant shells they can present 
distinct problems. 

Two extreme cases of nonadditivity can be distinguished: 
(1) collinearity effects, where another atom is directly in line 
between the absorber and the scatterer of interest; and ( 2 )  
depletion effects, in which case relatively large atoms occur 
in a nonlinear fashion between the absorber and the scatter- 
er. 

The effects of scatterer collinearity have been observed in 
many inorganic r-acceptor complexes, where di- or triatomic 
ligands (e.g., CO, NCS-, CN-) are linearly bound to the x-ray 
absorbing transition metal. Although one might intuitively 
expect atoms directly behind the first set of scatterers to have 
little contribution to the EXAFS, the opposite is actually true. 
This can be seen in the Fourier transforms of three 7r-bonded 
Mo complexes (Figure 10). The oxygens of the carbonyl li- 
gands of Mo(C0)2(S2CNEt2)2 are clearly visible, as are both 
the carbons and the sulfurs of the isothiocyanate ligands of 
(NH4)3Mo(NCS)cHCl-H20. In Mo(C0)6, the oxygen shell 
actually contributes more to the fine structure than does the 
inner shell of carbons. 

Table IX summarizes the quantitative aspects of the colli- 
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[Mo (NCS),I3- 

R ( b )  
Figure 10. Collinearity effects. Presented are Fourier transform magni- 
tudes for Mo compounds with shadowed second-shell scatterers. Transform 
range: 4-16 A-', k 3  scaling. 

nearity effects. Using M 0 0 4 ~ -  as a model, the observed con- 
tribution from the M o ( C O ) ~  carbonyl oxygens is about 50% 
greater than expected for a simple N / R 2  dependence. For 
M o ( N C S ) ~ ~ - ,  the carbon shell is also substantially stronger 
than expected. Furthermore, the next shell of sulfurs is clearly 
visible, a t  a distance (4.8 A) from which there is usually little 
contribution to the EXAFS. Still, it does not show enhance- 
ment over the N/R2  formula, perhaps because of crystalline 
distortions from collinearity.2' 

Apart from these amplitude anomalies, obscured scatterers 
also tend to have different phase shifts from the line of sight 
cases. In curve fitting the obscured 0 and C shells in M o ( C O ) ~  
and M o ( N C S ) ~ ~ - ,  respectively, it was necessary to vary the 
a0 term in the phase shift to get a good fit. Furthermore, dis- 
tances to obscured shells were underestimated 0.05-0.10 A, 
by both Fourier transform and curve-fitting procedures. These 
effects are evidence for an  additional phase shift (which de- 
creases with increasing k )  due to the intervening scatterer. 
Similar anomalous phase shifts have been observed previously 
in the Fourier transform spectrum of Cu foil,7b and they have 
been interpreted as the result of multiple scattering pro- 
cesses. 

Amplitude Function Trends. For many experiments, it is 
useful to be able to estimate the relative magnitude of the effect 
a certain atom would produce on the EXAFS. Current theory 
predicts that the fine structure amplitude due to a particular 
scattering atom will be proportional to the electron-atom 
backscattering amplitude I f ( a , k )  1, but diminished by a 
Debye-Waller like factor e- 'as2k2.  In the high-energy limit, 
I f ( x , k ) l  is smoothly varying and ultimately proportional to 
2, the atomic number of the scatterer, while a t  low energies 
f ( s , k )  can show considerable structure. Conversely, differences 
in gas have a minor effect a t  low energies, but completely 
dominate the spectrum a t  high k values. 

a 5.0 10.0 15.0 
V E L E C T R O N  WAVE V E C T O R  k ( A - ' l  

Figure 11. Theoretical electron-atom backscattering amplitudes. These 
curves are from a partial wave calculation using atomic potentials derived 
from Hartree-Fock wave functions. 

In  order to illustrate and quantitatively compare the dra- 
matically different scattering amplitudes for low and high Z 
elements, values were obtained forf(r ,k) vs. k for 0, S ,  Fe, 
and Mo. The calculations utilized the method of partial waves 
and Hartree-Fock atomic wave functions,I7 and the results 
are presented in Figure 1 1. Since exchange and correlation 
effects have been neglected, these amplitudes are not as ac- 
curate as those of Lee and Still, these curves are useful 
for illustrating the changes in shape and magnitude of Lf(r,k) I 
for different elements. For light atoms such as oxygen or sulfur 
l f ( r , k )  I decreases rapidly, while heavier elements such as Fe 
and Mo show a pronounced peak in their scattering amplitudes 
a t  moderate k values. These calculations suggest that by 
careful analysis of EXAFS amplitudes, one should be able to 
distinguish between atoms in different regions of the periodic 
table. Low-temperature data collection is especially useful in 
this regard, for reduction of the thermal motion reduces the 
importance of the Debye-Waller factor and helps make the 
overall fine structure amplitude more characteristic of the 
scatterer. 

It appears from Figure 11 that there might exist an inter- 
mediate k range where the scattering amplitudes are Z pro- 
portional, but Debye-Waller factors are not yet predominant, 
so that the EXAFS is directly proportional to the atomic 
number of the scatterer. To quantitatively test this idea, ef- 
fective amplitudes per atom for C, N ,  0, S, and Mo were 
evaluated by both curve-fitting and Fourier transform meth- 
ods. In the center of the range of a typical EXAFS spectrum 
(about k = 8 A-', or about 250 eV above Eo) the magnitude 
of the contribution by a given scatterer is linearly proportional 
to 2 (see Tables I and I1 and Figure 12). This result holds 
whether one uses a Fourier transform from k = 4 to 12, or 
evaluates the empirical amplitude function a t  k = 8. However, 
a t  both low- and high-energy ends of the spectrum, this Z 
proportionality does not hold. 

The low k EXAFS is quite sensitive to the shape of the 
scatterer's backscattering amplitude curve. A t  low energies, 
low Z atoms can actually backscatter more strongly than 
heavier atoms, and they will disproportionately affect the 
EXAFS in this regime. For example, at k = 4 A-l, either Mo 
or S produces about the same magnitude effect on the fine 
structure. 

At relatively high k values (high photoelectron energies), 
the EXAFS amplitude is extremely sensitive to thermal motion 
and disorder of the absorber-scatterer distances. If a relatively 
high 2 scatterer is tightly bound to the absorber, it can domi- 
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Figure 12. EXAFS amplitude vs. atomic number of scatterer. The circles 
represent the Fourier transform per atom magnitude M M ~ - x  for the 4-1 2 
A-’ k range. The triangles are normalized parametrized amplitude 
functions evaluated at k = 8 A-1 and multiplied by IO. The dashed and 
solid lines are linear least-squares fits to the data points. 

nate the high-energy range of the spectrum. This is the case 
for the Mo-Mo interaction in the dinuclear spectra (Figure 
9). Conversely, single metal-metal distances greater than 3 
A are virtually impossible to see in the absence of some con- 
straint on their relative thermal motion.19 

Scatterer Identification through Phase Shifts. Theoretically, 
the total phase shift, cy,,, can be treated as the sum of absorber 
and scatterer phase  shift^:^^,^ 

aas (k)  = aa(k)  + as(k)  - 7 
The absorber phase shift a a ( k )  = 261(k) is the result of the 
photoelectron propagating out of and back through the central 
atom potential. Reflection of the photoelectron by the scat- 
tering atom potential causes the scatterer phase shift a , (k ) ,  
and the final negative K is added to make the amplitude 
function positive.7d Methods for a b  initio calculation of these 
phase shifts have been discussed p r e v i ~ u s l y . ~ ~ ~  

For a series of compounds with the same absorber, differ- 
ences in total phase shifts are caused by the different cis’s of 
the scattering atoms involved. Substantial differences in these 
total phase shifts were observed for the Mo models used for 
phase shift parametrization; these empirical pairwise phase 
shifts are shown in Figure 13. In accord with theoretical cal- 
cu la t ion~ ,~  as the atomic number of the scatterer increases the 
mean value of the phase shift increases, while the average slope 
and curvature decrease. 

The significant differences in phase shifts for 0, S, and Mo 
permit straightforward differentiation between these atoms. 
Unless one uses the correct phase shift for a contribution to the 
EXAFS, the optimization procedure cannot produce an ac- 
ceptable fit. Figure 5 shows the disastrous consequences of 
attempting to use a Mo-S phase shift for the Mo-0 fine 
structure of (Mood)*-. With multishell structures, as the 
complexity of the EXAFS increases and the fractional con- 
tribution by a given scatterer decreases, the differences be- 
tween correct and incorrect atom identification become less 
dramatic (Figure 9). Still, even with four different component 
waves it was feasible to correctly identify 0, S ,  and Mo con- 
tributions. On the other hand, it was difficult with the current 
data to distinguish between atoms with similar phase shifts, 
such as oxygen and nitrogen. 

- 1  \ 

.. 
\ 

L 
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Figure 13. Empirical pairwise Mo-X phase shifts. Mo-S and Mo-Mo 
curves have been shifted vertically by 2a and 4a, respectively from values 
given by Table I1 parameters, in  order to correspond to theoretical or- 
dering. 

Discussion and Summary 
Although the existence of extended x-ray absorption fine 

structure has been known since the 1920s, it has only been 
within the past few years that structural predictions from 
EXAFS have become a t  all reliable. As a new technique with 
much potential, it has stimulated many claims and much 
controversy as to what EXAFS analysis can or cannot do. The 
significance of this present work is that it describes a coherent 
approach for the analysis of complicated coordination spheres 
using a methodology whose accuracy has been thoroughly 
tested on a number of known structures. Thus, it lays the 
groundwork for the prediction of unknown structures such as 
the environment of molybdenum in nitrogenase and other 
molybdenum-containing enzymes. 

In this work, a series of molybdenum complexes with 1, 2, 
and 4 characteristic absorber-scatterer distances were sys- 
tematically studied. For single-shell structures, distance de- 
terminations with an accuracy better than 0.01 A were ob- 
tained. Furthermore, using roughly transferable total ampli- 
tude functions, coordination number calculations with better 
than 15% accuracy were possible. However, such single-shell 
structures are rarely of chemical interest. 

For “multishell” structures, distance determinations with 
an accuracy of 0.03 A were always achieved, and comparison 
of the 16 distances calculated from EXAFS (over 4-14 A-’) 
with the x-ray cr stallographic values yields an average de- 

type are refined (Ras for the distance and co for the number of 
scatterers) the correlation between parameters is kept to a 
minimum. 

With the current method of analysis, the calculation of 
scatterer numbers is less accurate than the distance determi- 
nations, although it is normally correct to within an atom. The 
average percentage deviation for the calculated number of 
scatters of a given type was 19%, for 18 different scatterers 
analyzed in multishell fits on the range of 4- 14 A-1. The ac- 
curacy is primarily limited by the sensitivity of the fine struc- 
ture to thermal motion and static variations in absorber- 
scatterer distances. By adjusting the amplitude envelope pa- 
rameters for different Debye-Waller factors the single-shell 
numbers can be improved, but such extra variable parameters 
did not improve the accuracy of multishell fits. For good pre- 
dictions of scatterer numbers using empirical amplitude 
functions, models with bonding similar to the structure under 
study should be used. 

viation of 0.012 K . Since only two parameters per scatterer 
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A continuing controversy has existed over the relative merits 
of curve-fitting and Fourier transform analysis methods. The 
transform procedure has been criticized for giving false peaks 
and yielding range and weighting-dependent phase shifts. The 
single-shell transforms of Figure 3 illustrate the lower R 
shoulders on primary peaks (caused by phase shift nonlinear- 
ity) and the side lobes (a cutoff effect) typical of most EXAFS 
Fourier transforms. Although these features prevent the 
transform magnitude from truly representing a radial distri- 
bution function, they do not prevent analysis of the absorber’s 
coordination sphere, once one is accustomed to their appear- 
ance. Thus, single-shell molybdenum-sulfur distances were 
calculated with 0.01 A accuracy, while two-shell distance de- 
terminations were generally within 0.1 A. 

The present experience with multishell Fourier transforms 
shows that their primary source of error stems from overlap- 
ping peaks rather than phase shift nonlinearity or cutoff effects. 
When different sets of scatterers have overlapping transform 
peaks, interference between the transform components distorts 
the magnitude envelope in a complicated manner, and simple 
peak heights and positions become unreliable structural indi- 
cators. Curve fitting the EXAFS directly in k space avoids this 
problem, and curve-fitting analysis is preferred when the 
Fourier transform shows evidence of unresolved compo- 
nents. 

At this point, the potential and the limitations of EXAFS 
analysis are becoming clearer. The data presented here show 
that the extended fine structure can be used to characterize the 
number, atomic type, and distances of scattering atoms within 
the absorber’s first coordination sphere. The accuracy of the 
calculated structure varies inversely with the number of dif- 
ferent scatterers contributing to the EXAFS, and therefore 
simpler structures are more amenable to analysis than are 
highly asymmetric ones. In many transition metal complexes, 
atoms beyond the first coordination sphere contribute little to 
the EXAFS, and one thus has an extremely local view of the 
absorber’s environment. This invisibility of more distant shells 
can often simplify the analysis required. 

In the present study, 20 mono- and dinuclear complexes of 
molybdenum were investigated, of which 14 had known 
structures. Five of the compounds were used to set values for 
Mo-C, Mo-N, Mo-0, Mo-S, and Mo-Mo scattering pa- 
rameters and these were then used to derive values for bond 
distances in the remaining compounds. In each of the nine cases 
where crystallographic information was available, the 
EXAFS-derived distances correlated very closely to those 
derived by x-ray determination. Qualitatively it is clearly 
possible to distinguish mononuclear from dinuclear sites, the 
presence of S compared to 0 as bridging or ligand donor atoms, 
and the presence or absence of terminal oxo groups. Successful 
analysis of known structures led to specific predictions for those 
cases where crystallographic information was not available. 

Analysis of the extended fine structure can never give a 
complete structural picture, for the EXAFS normally does not 
reveal geometry or stereochemistry. It is also difficult to 
identify single light scatterers present simultaneously with a 
group of heavy, tightly bound ligands (for example, a water 
molecule loosely coordinated to a metal with several sulfur 
ligands). Finally, scattering atoms of the same element with 
distances less than about 0.05 A apart cannot be resolved. 
Thus, for the analysis of completely unknown structures such 
as the molybdenum sites in metalloenzymes, EXAFS will often 
suggest a set of possible coordination spheres rather than a 
unique structure. Despite this limitation, EXAFS analysis can 
provide a great deal of information currently unobtainable by 
any other method. Continuing improvements in both analysis 
methodology and experimental sensitivity should make 
EXAFS an important tool in many future structural investi- 
gations. 
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Oxygen Binding to Cobalt Porphyrins 
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Abstract: The thermodynamic constants of oxygen binding to cobalt “picket fence” porphyrin complexes, meso-tetra(a,o,a,o- 
o-pivalamidophenyl)porphyrinatocobalt(II)- 1 -methylimidazole and 1,2-dimethylimidazole, are reported. In contrast to pre- 
viously studied cobalt porphyrins, these complexes bind oxygen with the same affinity as cobalt substituted myoglobin and he- 
moglobin. Solvation effects are discussed as the source of this difference. The use of sterically hindered axial bases as models 
of T state hemoglobin is discussed. 

In studies of myoglobin (Mb) and hemoglobin (Hb), the 
replacement of the neutral iron porphyrin prosthetic group with 
different metalloporphyrins has proved to be a useful tech- 
nique.2 Artificial hemoglobins containing ~ i n c , ~ . ~  manga- 
n e ~ e , ~ - *  ~ o p p e r , ~  and nickel9 have been reconstituted, and their 
properties compared with those of the native iron proteins. 
These artificial systems, however, are incapable of reversible 
oxygenation. In contrast, cobalt substituted hemoglobin and 
myoglobin (CoHb and CoMb)l0 are functional,I1-l3 although 
their oxygen affinities are 10-100 times less than those of 
native H b  and Mb. 

CoHb exhibits cooperativity in oxygen binding, though to 
a lesser degree than Hb. The extent of this cooperativity is 
conveniently expressed as AG;, , the free energy difference 
between the intrinsic binding of the first and the fourth 0 2  to 
Hb.13b,c For CoHb, AG:l is roughly one-third that of Hb under 
comparable  condition^.'^^ Because of the different stereo- 
chemical and electronic factors involved in binding oxygen to 
a cobalt porphyrin, the observation of cooperativity in CoHb 
has been variously used either to q u e ~ t i o n ~ 9 ~ ~ J ~  or s ~ p p o r t ’ ~ ~ , ’ ~  
the elegant proposal of Perutz concerning the molecular 
mechanism of cooperativity in natural Hb.16 At the heart of 
this proposal is the assumption, based on earlier ideas of 
Hoard” and Williams,18 that the high-spin iron in the unli- 
gated, low 0 2  affinity form of H b  (T state) lies out of the 
porphyrin plane, and that on binding 0 2 ,  the iron becomes low 
spin and moves into the plane. The resulting motion of the 
proximal imidazole (0.6 A) then causes conformational 
changes in the protein which produce a higher 0 2  affinity 
quaternary form of the protein (R state). In the deoxy form 
of coboglobin, cobalt is low spin rather than high spin and the 
best estimates from simple cobalt model systems indicate that 
the proximal imidazole in CoHb moves -0.4 A upon oxygen- 
ation’4,’9,20 as opposed to the 0.6 8, for Hb. The resulting 
motion of the proximal histidine upon binding 0 2  will therefore 
only be two-thirds as great. This seems to be qualitatively 
consistent with the lowered AGil of CoHb. 

This same reasoning argues that a real tension of the Co- 

0002-7863/78/1500-2761$01.00/0 

“is bond may exist in the deoxy (T) form of CoHb. The best 
current explanation of cooperativity is a “restraint” theory:’5a 
by holding the proximal imidazole in place, the T form of the 
native protein restrains the five-coordinate, deoxy metallo- 
porphyrin from becoming six coordinate, without necessarily 
inducing any strain in the deoxy form of native Hb itself. In 
deoxy CoHb, however, the Co atom is already closer to the 
mean porphyrin plane than is Fe and is likely to have created 
a real strain in the C O - N H ~ ~  bond, which would be demon- 
strated as a lengthening of this bond as in structures of 
CoTPP( 1 ,2-diMeIm)l0 compared with CoTPP(N-Me- 

In an effort to further clarify the nature of 0 2  binding to 
CoHb, and, by implication, to native Hb, many workers in the 
last several years have investigated the reaction of simple co- 
balt(I1) porphyrins with oxygen.2,11,21-29 This work has been 
frustrated in most cases to date by the surprisingly low affinity 
of such simple cobalt(I1) porphyrins for oxygen in the absence 
of the lobin protein environment. For example, whereas CoHb 

toluene has PPI2 (25 “C) of 15 500 Torr.30 
In a previous paper,28 the synthesis of the cobalt derivative 

of the “picket fence” porphyrin, CoTpivPP (1 in Figure 1) was 
reported, along with its N-methylimidazole (N-MeIm) adduct, 
2. It was pointed out that the five-coordinate cobalt porphyrin 
2 has a fairly high 0 2  affinity at room temperature in solution, 
but no thermodynamic data were obtained. We have since 
found that the method previously used for introduction of co- 
balt into the “picket fence” prophyrin resulted in rotation of 
the pivalamidophenyl groups (“pickets”) to give a statistical 
mixture of atropisomers, and have therefore developed a milder 
technique that does not cause this rotational isomerization. In 
this paper, we report the improved synthesis, along with the 
thermodynamic constants for oxygen binding to CoT- 
pivPP(N-MeIm), 2, in the solid state and in solution. In the 
solid state and in toluene, this simple porphyrin is found to bind 
oxygen as well as CoMb. In addition, a decrease in oxygen 
affinity has been observed when N-MeIm is replaced by a 

1m).l0~9 

has Pl f2  8 (22 “C) of 50 Torr, CoT-p-OCH3PP(N-MeIm)Io in 

0 1978 American Chemical Society 


