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Abstract: The Fe-N-O bond angle in a series of {FeNO}’ complexes has been probed by EXAFS, utilizing a new
theoretical data analysis package, GNXAS. This package provides an integrated approach to the analysis of EXAFS
data based on a full curved-wave, multiple-scattering theoretical treatment incorporating least-squares refinement.
Since GNXAS is able to calculate all the signals relating to two-, three-, and four-atom correlation functions with the
proper treatment of correlated distances and Debye—Waller factors, it is particularly well-suited for analysis of multiple-
scattering effects and bond angle determination. EXAFS data were obtained on a series of crystallographically-
characterized {FeNO}’ inorganic complexes with varying Fe-N—-O angles to examine the sensitivity of the GNXAS
fit to this angle. The compounds studied were Fe(TMC)NO (where TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) which has an Fe-N-O bond angle of 177.5(5)°, Fe(TACN)(N3);NO (where TACN =
N,N'.N''-trimethyl-1,4,7-triazacyclononane) which has an angle of 156(1)°, and Fe(salen)NO (where salen = N,N'-
ethylenebis(salicylideneiminato)) which has a bond angle of 127(6)° at 175 °C and 147(5)° at 23 °C. EXAFS data
for FeEEDTA-NO (whose crystal structure has not been determined and thus the angle is unknown) were also obtained
and analyzed using GNXAS to determine the Fe-N-O bond angle. Results are presented which indicate that it is
possible to determine whether the Fe-N—O unit is bent or linear, with the GNXAS analysis being extremely sensitive
when the angle is between 150° and 180°. Using this method the Fe-N-O angle in FEEDTA-NO is found to be
156(5)°. The resultsof this study establish that EXAFS analysis using GNXAS can provide reliable angular information
for small molecules coordinated to transition metals with rather complex coordination environments. This study thus
provides the basis for the determination of the coordination geometry of molecules like NO and O, to metalloprotein

active sites.

Introduction

Mononuclear high-spin non-heme ferrous centers are present
in the catalytic active sites of a large number of enzymes involved
in the binding and activation of molecular dioxygen.! An
understanding of the reactivity of these enzymes requires
knowledge of the geometric and electronic structures of the active
sites as well as their interactions with substrate, dioxygen, and
other molecules of relevance to catalysis. Understanding the
oxygen intermediates involved in catalysis is key to. obtaining
molecular insight into the mechanism of the reaction. Unfor-
tunately, these intermediates are often too unstable to allow
detailed spectroscopic study. Nitric oxide reversibly binds to the
ferrous active site of the native form of many of these non-heme
iron enzymes to generate stable nitrosyl complexes.2 These
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enzyme-NO complexes can serve as analogs of the possible
dioxygen intermediates involved in catalysis and can be readily
studied spectroscopically to determine geometric and electronic
structure differences which could provide insight into differences
in oxygen activation by the enzymes.

However, in order to use the NO derivative of these non-heme
iron enzymes as a probe of electron distribution related to dioxygen
reactivity, detailed understanding of the electronic and geometric
structure of the {FeNO} unit? is required. {FeNO}’ complexes
have been described in the literature as having different electronic
structures for different geometric structures, linear Fe~N—QO being
viewed as Fe* and NO* and bent Fe-N-O as Fe3* and NO-.
Enzyme-NO complexes as well as several {FeNO}’ model
compounds (in particular FEEDTA-NO, vide infra) exhibit an
unusual S =3/, EPR signal.2 A widerange of bonding descriptions
have appeared* to describe this S = 3/, signal including [Fe*d’-
(S=3/3) - NO*(S=0)], [Fe?*ds(S=2) - NO9(S=1/,)] antifer-
romagnetically coupled, [Fe3*d5(S=!/,)-NO-(S=1)] ferromag-
netically coupled, and [Fe3*d3(S=3/,)-NO-(S=0)]. We have
recently used a combination of spectroscopic and theoretical
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(f) Chen, V. J.; Orville, A. M.; Harpel, M. R.; Frolik, C. A.; Surerus, K. K;
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methods to determine that the appropriate description of the S
= 3/, {FeNOY}’ unit is high-spin Fe3*(S§ = 3/,) antiferromag-
netically coupled to an NO- (S=1) to produce the S = 3/, ground
state.’

In the present study, extended X-ray absorption fine structure
(EXAFS) data on a series of {FeNO}’ model compounds were:
measured and analyzed to characterize the geometric structure
of the Fe~-N-O unit. Multiple-scattering effects from distant
shells can contribute significantly to the EXAFS of inorganic
molecules,® and these effects have been used in a few favorable
casestoobtain angular information.” The effectsare particularly
evident when an intervening atom nears a linear relationship with
an absorber and a distant scatterer, as occurs in Fe-oxo dimers™
and metal carbonyls.! An empirical data-analysis approach was
utilized to determine the Fe—O-Fe angle in oxygen-bridged iron
complexes.”> The analysis demonstrated that it was possible to
estimate the Fe—~O-Fe bridging angle to within £8° and calculate
the Fe—Fe distance to £0.05 A. In the present study, the same
traditional empirical EXAFS technique was initially applied to
the {FeNO}’ systems to determine the Fe-N—O angle. However,
determination of the Fe~N-O angle using the empirical technique
was not found to be possible because the oxygen of the Fe-N-O
is not a heavy back-scatterer, the quality of empirical Fe-N and
Fe—O (second shell) phases and amplitudes is poor, and other low
Z atoms are at approximately the same distance as the Fe-O
(secondshell).® Since angle determination by empirical methods
did not prove to be feasible, a new theoretical EXAFS data analysis
package, GNXAS,!° was utilized to probe the Fe-N-O bond
angie using a multiple-scattering analysis and establish the
generality of the approach for angle determination of low Z small
molecules liganded to transition metal complexes.

The GNXAS package provides a new integrated approach to
the analysis of EXAFS data based on full curved-wave, multiple-
scattering theoretical analysis. It incorporates direct fitting of
theoretical spectra (calculated by utilizing the Hedin-Lundqvist
complex exchange and correlations potential!!) tothe experimental
data and utilizes single- and multiple-scattering signals with the
proper treatment of correlated distances and Debye-Waller
factors. GNXAS has been evaluated on simpler systems
(including SiX,4 (X = F, Cl, CH3),120s3(CO),,,% Br, and HBr, 13
and brominated hydrocarbons!#) and a more complex heterometal
cluster.!S It has been demonstrated that the GNXAS method
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can provide accurate bond distances and angles for second and
third neighbors for Fe complexes.!6

In this study, the EXAFS data of a series of crystallography-
characterized {FeN O}’ compounds with varying Fe~N-O angles
were analyzed using the GNXAS method to examine the
sensitivity of this method to Fe-N-O angle determination. The
compounds studied were [Fe(TMC)NO](BF,),!” (where TMC
=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), which
has an Fe-N-O bond angle of 177.5(5)°, Fe(TACN)(N;),NO*
(where TACN = N,N',N"-trimethyl-1,4,7-triazacyclonane),
which has an angle of 156(1)°, and Fe(salen)NO!8 (where salen
= N,N’-ethylenebis(salicylideneiminato)) which has a bond angle
of 127(6)° at -175 °C and 147(5)° at 23 °C.

EXAFS data for FeEDTA-NO (whose crystal structure is not
known due tolack of suitable crystals) were obtained and analyzed
to determine the unknown Fe-N-O bond angie. In order to use
the GNXAS method to calculate the theoretical EXAFS
spectrum, an initial structural model is needed. Such a model
for this unknown structure was obtained by comparing first shell
empirical fits of the EXAFS data of [Fe(H,O)EDTA],
[Fe(H>O)EDTA}?*, and FeEDTA-NO. The Fe-O and Fe-N
distances of the EDTA ligand in FeEDTA-NO were much closer
to the distances in [Fe(H,O)EDTA]- than the respective dis-
tances in {Fe(H,O)EDTAJ?, consistent with our description of
the FeEEDTA-NO complexas having a ferric center.” Thus bond
distances and angles from the crystallographically-characterized
{Fe(H,O)EDTA}- were used as an initial structural model in the
GNXAS analysis with NO substituted for the bound water.!?
Since the EXAFS data for FEEDTA-NO were collected as a
frozen solution, EXAFS data were also collected for Na[Fe-
(OH,)EDTAY] as a solution as well as a powder to determine if
the metrical details differed in the two states. The results of this
study ¢stablish that EXAFS analysis by GNXAS can provide
reliable angular information and serve as the basis for its
application to NO complexes of non-heme iron protein active
sites.

Experimental Section

Sample Preparation and Data Collection. X-ray absorption (XAS)
spectra were recorded at the Stanford Synchrotron Radiation Laboratory
on unfocused beamlines 7-3 and 4-3 during dedicated conditions (3 GeV,
25-75mA). Theradiation was monochromatized using a Si(220) double-
crystal monochromator detuned 50% at 7998 eV to minimize harmonic
contamination. An Oxford Instruments continuous-flow liquid helium
CF 1208 cryostat was used to maintain a constant temperature. The
XAS spectra were calibrated using aninternal Fe foil standard,? assigning
the first inflection point to 7111.2 eV.

[Fe(TMC)NO](BF4),,'7 Fe(TACN)(N3):NO,% Fe(salen)NO,18
and Na[Fe(OH,)EDTA]'? were prepared as described in the literature.
[Fe(TMC)NO](BF,)2, Fe(TACN)(N3)2NO, and Fe(salen)NO are air-
sensitive and were handled in a nitrogen-filled inert atmosphere dry glove
box during the following sample preparation. The crystalline samples
were mixed with BN and ground into a fine powder. The BN/sample
mixture was pressed into a 1 mm thick Al spacer that was sealed with
63.5 ummylar tape windows. Iminediately after preparation, the samples
were frozen inliquid nitrogen. Data were measured in transmission mode
at 10 K with nitrogen-filled ionization chambers. Since Fe(salen)NO
undergoes a spin and structural transition at 180 K, EXAFS data were
also collected at 220 K.
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Chem. Soc. 1993, 115, 5549.
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The [Fe(OH;)EDTA]* solution, 50 mM in Fe, was prepared by
anaerobically adding ferrous ammonium sulfate to a 50 mM solution of
Na;EDTAinpH = 6.5,0.1 M deoxygenated phosphate buffer. Oxidizing
this solution produced [Fe(OH2)EDTA]~. An FeEDTA-NO solution
was prepared by purging an [Fe(OH,)EDTA]?- solution with NO gas
under anaerobic conditions. To form an ice-free glass, the XAS solution
samples were prepared by adding 50% (by volume) glycerol to the
previously prepared solutions resulting in solutions 25 mM in Fe. These
samples were loaded into 140 uL Lucite EXAFS cells (23 X 2 X 3 mm)
with 37 um Kapton windows in an anaerobic wet box under nitrogen. The
samples were frozen in liquid nitrogen and were subsequently stored in
aliquid nitrogen refrigerator until use. Data were collected in fluorescence
mode at 10 K. The fluorescence signal was collected by an argon-filled
ionization chamber,2! equipped with Soller slits and a Mn filter.

Data were also collected for Fe(acetylacetonate); and [Fe(l,10-
phenanthroline)s](ClO4)3 at 10 K to extract Fe~O and Fe-N backscat-
tering parameters for empirical analysis. Fe(acetylacetonate); was
purchased from Aldrich and [Fe(l,10-phenanthroline);](ClO4)3 was
prepared according to the published procedure.2 The samples were
prepared in air in an identical manner to the solids mentioned above.
Data were measured in transmission mode with nitrogen-filled ionization
chambers.

The EXAFS data were measured to k = 15 A~! with 2 mm high
pre-monochromator beam-defining slits for the Na[Fe(OH2:)EDTA], Na;-
[Fe(OH,)EDTA], and FeEDTA-NO solutions and 1 mm high pre-
monochromator slits for all the powder samples. Two to seven scans
were averaged for each transmission sample, while eight to twenty scans
were averaged for the fluorescence samples. The effects of a quartet
monochromator glitch were removed from the averaged data by four
single point replacements at around k = 11.8, 12.1, 12.3, and 12.6 A-1,

GNXAS Data Analysis. As described in detail elsewhere,10-16 the
GNXAS programs generate model EXAFS signals for each shell around
the photoabsorber based on an initial structural model. Both single-
scattering and multiple-scattering contributions are summed to generate
a theoretical spectrum for the model which is then fit to the non-Fourier-
filtered experimental data,10.16

The crystallographic coordinates were used as input for [Fe(TMC)-
NOJ](BF,)3,'" Fe(TACN)(N3),NO,* and Fe(salen)NO!8 at high and
low temperatures (Figure 1 shows the structure of each compound). Phase
shifts were calculated using the standard muffin-tin approximation with
all the atoms associated with each compound and up to an energy limit
of 70 Ry (950 eV) above the Fe K edge. The Mattheiss prescription2?
of overlapping, self-consistent atomic charge densities of the atoms of the
cluster was used to construct the Coulomb portion of the effective one-
electron potential. Proper account of the charge relaxation around the
core hole was taken. The Hedin-Lundqvist plasmon-pole approximation
was used to model its exchange and correlation part.!! The imaginary
part of the latter takes into account inelastic scattering processes of the
photoelectron propagating out of the system and models a priori its mean-
free path. The muffin-tin radii were chosen by scaling Norman radii of
the cluster atoms by a factor of about 0.8 as to match the nearest neighbor
distance.

The theoretical EXAFS spectrum was calculated to include contribu-
tions from two-atom and three-atom configurations. Withineach n-atom
configuration, all the MS contributions were taken into account.!%.16 The
two-atom and three-atom configurations were identified in each cluster
up to 4.4 A and averaged with a frequency tolerance of 0.1 A. The
resultant information was used to calculate the various EXAFS v and
4 signals associated with each two-atom and three-atom contribution
using the crystallographic bond lengths and distances.

The GNXAS fitting program constructs the theoretical absorption
spectrum by summing all the ¥ and v signals and compares this
theoretical spectrum with the experimental absorption spectrum with the
residual function R being a measure of the quality of the fit.!é6 Least-
square fits are performed on the averaged, energy-calibrated, raw
absorption data without prior background subtraction or Fourier filtering.
Raw data are compared directly with a model absorption coefficient

(21) (a) Stern, E. A.; Heald, S. M. Rev. Sct. Instrum. 1979, 50, 1579. (b)
Lytle, F. W; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.; Wong, J.;
Spiro, C. L.; Huffman, G. P.. Huggins, F. E. Nucl. Instrum. Meth. 1984, 226,
542.

(22) Johansson, L. Chem. Scr. 1976, 9, 30. The crystal structure of the
perchlorate salt has not been determined, but the [Fe(phenanthroline);]2*+
complex structure can be assumed to be identical with that of the corresponding
iodide salt (Johansson, L.: Molund, M.; Oskarsson, A. Inorg. Chim. Acta
1978, 31, 117).

(23) Mattheiss, L. F. Phys. Rev. 1964, 134, A970.
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Figure 1. The molecular structure of (a) [Fe(TMC)NO](BF4)2, (b)
Fe(TACN)(N3)2NO, and (¢) Fe(salen)NO at 23 °C.

composed of an appropriate background plus the oscillatory structural
contribution from the theoretically calculated EXAFS.!¢ A spline of
orders 3,4,4 with defining energy points of 7155, 7250, 7600, and 7998
eV was used for most cases. If there was low frequency noise in the
Fourier transform (FT) the first defining energy point was adjusted by
a maximum of 5 eV until the noise was minimized. Least-squares fits
were done with k3-weighting where the first and the last spline points
determined the range of the fit.

The structural parameters varied in the refinements were the distance
(R) and the bond variance (di), the mean square variation in the bond
distance, for each two-atom configuration and the distances, the angle,
and the covariance matrix elements!%-16 for the three-atom configurations.
Distances and angles were allowed to vary within a preset range, typically
£0.05 A and +5°. Bond and angle variances and the off-diagonal
covariance matrix elements were also allowed to vary in restricted
ranges: £0.005 A2, £50 deg?, and 0.5, respectively. The coordination
numbers were kept fixed to known crystallographic values. The non-
structural parameters in the fits were Ey (a parameter that aligns the
experimental energy scale to the theoretical energy scale), So? (many-
body amplitude reduction factor), I'. (core-hole lifetime), and E.
(experimental resolution). These parameters were refined within narrow
limits around expected values.24.2
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Empirical EXAFS Analysis. Data reduction and analysis using
empirical phase and amplitude parameters was performed to obtain first
shell fits of the Na[Fe(OH2)EDTA] powder and solution, Na,[Fe(OH,)-
EDTA] solution, and FEEDTA-NO solution according to the methods
described previously®2% and briefly summarized here. A pre-edge
subtraction was performed by fitting the EXAFS region with a smooth
second order polynomial function which was extrapolated into the pre-
edge region and subtracted. A three-segment spline approximately even
in k-space with orders of two, three, and three was fit to the EXAFS
region and subtracted and the data normalized to an edge jump of one
at 7130 eV. The polynomial spline was chosen so that it minimized
residual low-frequency noise but did not reduce the amplitude of the
EXAFS, as judged by monitoring the FT of the EXAFS as a function
of the spline fitting process. The normalized data were converted to
k-space. The photoelectron wave vector, k, is defined by [2m,(E - Eq)/
%2]1/2, where m, is the electron mass, E is the photon energy, # is Planck’s
constant divided by 2=, and Ej is the threshold energy of the absorption
edge, which was defined to be 7130 eV for the Fe K absorption edge. The
empirical EXAFS data analyses were performed with nonlinear least-
squares curve-fitting2%26 techniques using empirical phase and amplitude
parameters. The following models were used to obtain the empirical
Fe-X backscattering parameters of interest: Fe-O from [Fe(acetylac-
etonate)s)?7 and Fe-N from [Fe(1,10-phenanthroline);](C10,);.22

Fourier transforms (from k to R space) were performed for the data
range 3.5-14.5 A-! with a Gaussian window of 0.1 A-!. The window
widths used in the backtransforms (from R to k space) are presented in
the Results and Discussion section. The window widths were kept as
similar as possible to the windows used to extract amplitude and phase
parameters from the model compounds to minimize artifacts introduced
by the Fourier filtering technique. All curve-fitting was based on k-
weighted data and applied to the individual filtered shell of interest. Only
the structure-dependent parameters, the distance and coordination
number, were varied. A “goodness of fit” parameter, F, was calculated
as F = {[k%(data-fit)2]/(no. of points)}!/2 for each fit.

Results and Discussion

GNXAS Fits of {FeNO}? Complexes with Known Fe-N-O
Angles. The GNXAS approach was used to fit the experimental
EXAFS data of [Fe(TMC)NO}(BF,),, Fe(TACN)(N;),NO,
and Fe(salen)NO at 10 and 220 K. EXAFS contributions for
each two-atom and three-atom configuration were calculated using
crystallographic distances and bond angles.. The individual
contributions were then summed to generate a theoretical EXAFS
spectrum which was then fit to the non-Fourier filtered experi-
mental EXAFS data without prior background subtraction. In
the fits, the crystallographic bond distances and angles were
allowed to vary to fit the experimental EXAFS data. A
comparison of the theoretical EXAFS spectrum to the experi-
mental data (along with the individual EXAFS signal from each
contribution) for each compound is presented in Figures 2-5. A
comparison of the bond distances and angles obtained from the
GNXAS fits to the crystallographic values is given in Table 1.

The best fit to the EXAFS data of [Fe(TMC)NO](BF,); is
presented in Figure 2, with the corresponding FT presented in
Figure 6A. The total EXAFS spectrum was accounted for by
four contributions: Fe-N(QO), Fe-N(TMC), Fe-N-O, and Fe—
N-C [throughout this paper, signals from three-atom configura-
tions contain contributions from the three-atom multiple-
scattering pathways (y©) signal) and a two-atom contribution
(v® signal) from the distant atom'é]. The GNXAS bond
distances and angles match extremely well with the crystal-
lographic values, deviating less than 0.01 A and 1°, respectively

(24; Krause, M. O,; Oliver, J. H. J. Phys. Chem. Ref. Data 1979, 8, 329,
(25) The principal determining factor for E; is the monochromator and
associated vertical slit opening, with the resolution determined by the
relationship AE/E = cot(©)A0, where © is a function of the Darwin width
and the vertical angular acceptance of the monochromator. Thevalues at the
Fell(-edge for the experimental conditions used for these experiments were
~1.0-1.5eV.
(26) (a) Cramer, S. P.; Hodgson, K. O. Prog. Inorg. Chem. 1979, 25, 1.
(b)Scott,R. A. MethodsEnzymol 1985 117,414, (c)Cramer,S.P;H
K. O,; Stiefel, E. I.; Newton, W. E. J. 4m. Chem. Soc. 1978, 100 2748.
(27) (a) Iball J.; Morgan, C. H. Acta Crystallogr. 1967, 23, 239. (b)
Roof, R. B., Jr. Acta Crystallogr. 1956, 9, 781.
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Figure 2. EXAFS signals for individual contributions in the best fit for
the [Fe(TMC)NO](BF,); data. The total signal (—) is also shown and
compared with the experimental data (- - -) with the residual being the
difference between the experimental EXAFS and the theoretical EXAFS.
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strength of the Fe~N-O contribution.
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Figure 3. EXAFS signals for individual contributions in the best fit for
the Fe(TACN)(N;3);NO data. The total signal (—) is also shown and
compared with the experimental data (- - -) with the residual being the
difference between the experimental EXAFS and the theoretical EXAFS.
(The ordinate scale is 10 between two consecutive tick marks.)

(Table 1). Thelinear Fe-N—-O multiple-scattering signal is very
strong due to the intervening atom focusing effect, ¢ allowing for
very accurate bond angle determination. The crystallographic
Fe-N-O bond angle is 177.5(5)° and the Fe-N-O bond angle
obtained from the GNXAS fit is 178°. Inthe numerous fits that
were calculated the bond distances varied by <0.02 A and the
bond angles varied by <1°.

The EXAFS data of Fe(TACN)(N;),NO and the best fit to
the data are presented in Figure 3 and the FT is shown in Figure
7B. The EXAFS spectrum is dominated by three two-atom
signals: Fe-N(O), Fe-N(N,), and Fe-N(TACN). The sig-
nificant three-atom signals come from Fe~N-O, Fe-N-N, and
Fe-N-C groups. The resultant bond distances and angles are all
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Table 1. Crystallographic Bond Distances and Angles Compared to GNXAS Results for {FeNO}’ Complexes with Known Fe-N-O Angles

GNXAS
structural GNXAS bond variance (6%)/ crystallographic
compound feature (CN)* distance/angle angle variance (o3)” values [range]
[Fe(TMC)NO](BF.): Fe-N (1) 1.73A 0.005 1.74A
Fe-N (4) 2.17A 0.007 2.16 A [2.15-2.18)
N-O (1) 1.14 A 0.001 1.14 A
N-C (4) 1.49 A 0.004 1.49 A [1.48-1.50]
Fe-N-O angle (1) 178.0° 2x 10! 177.5°
Fe-N—C angle (12) 110.7° 8 x 10! 110° 1{109—1 14)
Fe(TACN)(N;);NO Fe-N (1) 1774 0.003 1.74
Fe-N (2) 2.06 A 0.004 2.05 A [2.03-2.08)
Fe-N (3) 2.25A 0.005 2.25 A [2.24-2.27]
N-O (1) 1.10A 0.001 1.14A
N-N(2) 1.22A 0.002 1.19 A [1.19-1.20]
N-—C (9) 1.43A 0.003 1.5A [1.4-1.6)
Fe-N-O angle (1) 156.7° 4 % 10° 156°
Fe-N-N angle (2) 127.7° 3Ix 100 124° [121-127]
Fe-N—C angle (9) 109.0° 8 x 10t 108° [104-112]
Fe(salen)NO Fe-N (1) 1774 0.006 1.8A
10 K¢ Fe-0 (2) 1.87A 0.001 1.90 A [1.87-1.93)
Fe-N (2) 1.95A 0.001 1.97 A [1.97-1.98]
N-0 (1) 1.16 A 0.003 1.15 A®
0-C(2) 1.36 A 0.003 1.36 A [1.35-1.37)]
N-C(2) 1.28A 0.003 1.28 A [1.26-1.31]
N-C (2) 1.49 A 0.003 1.50 A [1.49-1.51)
Fe-N-O angle (1) 131° 1 x 10! 127°
Fe-O-C angle (2) 127° 1 % 10° 127° [126-128]
Fe-N—C angle (2) 124° 1 x10° 124° [123-125]
Fe-N-C angle (2) 114° 1 x10° 114° [114-115)
220 K4 Fe-N (1) 1.76 A 0.004 1.78 A
Fe-0O (2) 1.90A 0.003 1.91 A [1.89-1.92)
Fe-N (2) 208 A 0.012 2.08 A [2.07-2.08]
N-O (1) 1.10A 0.001 1.11A
0-C (2) 1314 0.005 1.31 A [1.30-1.32]
N-C(2) 1.26 A 0.004 1.26 A [1.24-1.27)
N-C (2) 1.47A 0.001 1.45 A [1.45-1.46)
Fe~N-O angle (1) 149° 3x10! 147°
Fe—O-C angle (2) 1320 3 x 10! 130° [126-133]
Fe-N—C angle (2) 127° 1 x10° 125° [124-126]
Fe-N—C angle (2) 116° 1 % 10! 114° [112-116]

% Bond and angle variances are reported in A2 and deg?, respectively. ? Value was fixed in the crystal structure. ¢ The crystal structure was determined
at -175 °C and the EXAFS was measured at 10 K. ¢ The crystal structure was determined at 23 °C and the EXAFS was measured at 220 K. ¢ CN

= number of configurations in the complex.

within 5% of the crystallographic values (see Table 1) with the
Fe-N-Oangleequal to 157° (as compared to the crystallographic
value of 156(1)°).

The fit to the Fe(salen)NO EXAFS data at 10 K with an
Fe-N-O angle of 131° is presented in Figure 4, with the FT of
this fit to the data shown in Figure 8C. The two-atom and three-
atom contributions included in the fit to the data were Fe-N(QO),
Fe-O(salen), Fe-N(salen), Fe-N-O, Fe-O-C, and two Fe-N-C
signals. The distances and angles obtained from the GNXAS
fits were all within 1% of the crystallographic values, Table 1.
In the Fe(salen)NO EXAFS data at 10 K the two-atom signals
from the O and N of the salen ligand were very strong relative
to thesignal from the N of the nitrosyl ligand. The bond variances
(o%) are 0.001 A? for the Fe-O(salen) and Fe-N(salen)
contributions and 0.006 A2 for the Fe—N(O) signal. The high
bond variance and the associated weak signal for the Fe-N(O)
contribution could be due to the fact that the nitrosyl group is
disordered.!® The crystal structure of Fe(salen)NO at -175 °C
shows a strongly disordered nitrosyl group with the standard
deviation of the Fe—N(Q) distance being 0.1 A and a 1 o variation
of the Fe-N-O angle ranging from 115° to 137°. Not only is
the nitrosyl group disordered, but the Fe-N-O angle is below
150.° Significant enhancement of the multiple-scattering signal
results when the atoms are arranged in approximately a collinear
array, in which case the outgoing photoelectron is strongly forward
scattered by the intervening atom. This effect drops off very
rapidly for bond angles below ~150°.67.16 Since the Fe-N(O)
contribution has a high bond variance and the Fe-N-O angle is
low (~130°), the Fe-N-O signal is extremely weak.

The best fit to the Fe(salen)NO EXAFS data at 220 K is
presented in Figure 5, with the FT of the best fit to the data
shownin Figure9B. The two-atom and three-atom contributions
included in the fit to the data were Fe-N(O), Fe~O(salen), Fe—
N(salen), Fe-N-O, Fe-O-C, and two Fe-N-C signals. The
distances and angles obtained from the GNXAS fits were all
within 1% of the crystallographic values, Table 1. The crystal
structure of Fe(salen)NO taken at 23 °C was more accurately
determined than the structure at =175 °C, although the oxygen
of the nitrosyl group showed some disorder. Two oxygens (OA
and OB) were introduced into the crystaliographic model with
fixed occupancies of 0.5; the Fe-N-OA angle is 144(5)° and the
Fe-N-OB angle is 150(4)°. The Fe-N-O angle obtained from
the GNXAS fit to the EXAFS data in Figure 5 was 149° with
an angle variance of 31 deg?, see Table 1. Predictably, the bond
variances were higher for the Fe(salen)NO data collected at 220
K, which is also seen in the lower magnitude at high k in the
EXAFS data (Figures 4 and 5).

Once best fits were obtained for each {FeNO}’ complex, the
sensitivity of the fit to the Fe-N-O angle was tested by fixing
all the distances, angles, and non-structural parameters and
calculating a theoretical EXAFS spectrum with Fe~-N-O angles
ranging from 90° to 180°. The FTsofrelevant calculated spectra
for each compound are presented in Figures 6-9. Plots of log(R
values) vs Fe-N-O angle for each complex are shown in Figure
10 (the log function allows the plots to be scaled for comparison).
A minimum in these plots is indicative of a better fit to the
experimental EXAFS data.

The FTs of the calculated GNXAS spectra with the Fe-N-O
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Figure 5. EXAFS signals for individual contributions in the best fit for
the Fe(salen)NO at 220 K data. The total signal (—) is also shown and
compared with the experimental data (- - -) with the residual being the

difference between the experimental EXAFS and the theoretical EXAFS,
(The ordinate scale is 10 between two consecutive tick marks.)

angles of 178° (best fit), 150°, and 120° for the [Fe(TMC)-
NOJ(BF,), data are presented in Figure 6. The second peak in
the FT at 2.5 A, which is due to the Fe~-N-O multiple-scattering
signal, cannot be accounted for without an Fe-N-O angle that
isclosetolinear. The Rvalue dramatically increasesincalculated
spectra where the Fe-N-O angle is below 170° (Figure 10a).
Due to the strength of the multiple-scattering signal from an
approximately linear Fe-N-O unit, the calculated spectrum is
extremely sensitive to the Fe~N-O angle.

Figure 7 shows the FTs of calculated spectra for Fe(TACN)-
(N3):NO with an Fe-N-O angle of 180°, 157° (best fit), and
120°. The FT of the calculated spectrum with Fe~-N-O equal
to 180° does not match the FT of the experimental EXAFS data.
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Figure 6. A comparison of the theoretical (- - -) and experimental (—)
non-phase shift corrected FT of [Fe(TMC)NO](BF4); EXAFS data,
along with the FT of the EXAFS residual (). The Rvalueisanindication
of the goodness of the fit. Calculated spectra for several different Fe—
N-O bond angles are shown: (A) 178° (best fit), (B) 150°, and (C)
120°. This {FeNO}’ complex has a crystallographic Fe-N-O bond angle
of 177.5(5)°.

When the log(R value) is plotted vs the Fe-N-O angle there is
a minimum between 155° and 160° (Figure 10b) with the
crystallographic Fe-N-O angle for Fe(TACN)(N;):NO being
156°. There is a second shaliower minimum in the R value at
110°. Upon inspection of the Fe-N-O multiple-scattering signal
and the Fe—O (of the Fe-N-O) single-scattering signal, it was
observed that in the low k region the Fe—O signal with an Fe-
N-O angle of 110° was in-phase and of the same order of
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Figure 7. A comparison of the theoretical (- - -) and experimental (—)
non-phase shift corrected FT of Fe(TACN)(N1):NO EXAFS data, along
with the FT of the EXAFS residual (). The R value is an indication
of the goodness of the fit. Calculated spectra for several different Fe—
N-O bond angles are shown: (A) 180°, (B) 157° (best fit), and (C)
120°. This{FeNO}’ complex has a crystallographic Fe~-N-O bond angle
of 156(1)°.

magnitude as the Fe-N-O multiple-scattering signal with an
Fe-N-O angle equal to 156°. Therefore the single-scattering
Fe—O signal with a Fe-N-O angle of 110° was able to mimic the
multiple-scattering Fe-N-O signal with a Fe-N-O angle equal
to 156° for k less than 6 A-!, giving a false minimum in the log(R
value) vs Fe-N-O angle plot. The multiple-scattering contribu-
tion for a three-atom configuration dominates for angles above
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Figure 8. A comparison of the theoretical (- - -) and experimental (—)
non-phase shift corrected FT of Fe(salen)NO at 10 K EXAFS data,
along withthe FT of the EXAFS residual (---). The Rvalueisanindication
of the goodness of the fit. Calculated spectra for several different Fe—
N-O bond angles are shown: (A) 180°, (B) 150°, and (C) 131°. This
{FeNO}’ complex has a crystallographic Fe-N-O bond angle of 127(6)°.
A high Fe-N(O) bond variance made the Fe-N-O signal extremely
weak at all angles, even at 180°. Thus, a best fit is not indicated since
the GNXAS calculated fits were relatively insensitive to the Fe-N-O
angle.

150°, while the single-scattering signal is important for values
below 150°.6.7.16 Thus, due to the sinusoidal nature of EXAFS,
a double minimum occurs when the log(R value) is plotted vs the
Fe-N-O angle, where in one case the single-scattering signal
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Figure 9. A comparison of the theoretical (- - -) and experimental (—)
non-phase shift corrected FT of Fe(salen)NO at 220 K EXAFS data,
along with the FT of the EXAFS residual (-~). The Rvalueisanindication
of the goodness of the fit. Calculated spectra for several different Fe—
N-O bond angles are shown: (A) 180°, (B) 149° (best fit), and (C)
120°. This model compound has a crystallographic bond angle of 147-
(5)°.

(Fe—O) has a phase and amplitude that matches the experimental
data and in the other case the multiple-scattering signal (Fe—
N-O) has a phase and amplitude that matches the data.

The FTs for calculated spectra of Fe(salen)NO at 10 K with
Fe-N-O values of 180°, 150°, and 131° are shown in Figure 8.
Since the theoretical spectra were calculated using the bond
distances, angles, and the covariance matrix elements of the fit
in Figure 4, the bond variance associated with the Fe—~N(O) signal
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Figure 10. Plots of the log(R value) vs Fe-N-O angle for (a) [Fe-
(TMC)NOJ](BF4)2, (b) Fe(TACN)(N3)2NO, and (c) Fe(salen)NO at
220K and (d) 10 K where each point represents a match of the calculated
EXAFS spectrum to the data. The lower the R value the better the fit.
The deep minimum in the [Fe(TMC)NO](BF4); data at high angles
indicates the Fe-N-O angle must be over 170°. The plot for the Fe-
(TACN)(N3)2NO data has a double minimum with the dominant
minimum being around 155°. The minimum in the Fe(salen) 220 K data
is at ~150°, while R values for the Fe(salen)NO at 10 K were nearly
insensitive to variations of the Fe-N-O angle due to the weak Fe-N-O
signal.

was very high, 0.006 A2, The high Fe-N(O) bond variance made
the Fe-N-O signal extremely weak at all angles, even at 180°.
Due to the weak Fe-N-O signal, the R values of these fits are
all very similar and insensitive to the Fe-N-O angle (Figure
10d). Thus, a signal from a three-atom configuration must be
a significant component in the total EXAFS signal in order for
GNXAS to provide angular information.

The FTs for calculated spectra of Fe(salen)NO at 220 K with
Fe-N-O angles of 180°, 149° (best fit), and 120° are shown in
Figure9. Fitsabove 155° have relatively high R values; however,
the R values for all the fits below 155° are very similar (Figure
10c). Inthis case, application of GNXAS to the data only allows
an upper limit of 155° to be set for the Fe-N-O angle.

Fe-N-O Angle Determination of an {FeNO}’ Complex of
Unknown Structure. GNXAS analysis was used to investigate
the Fe-N-O angle of FEEDTA-NO, a complex whose structure
is unknown. GNXAS requires an initial structural model.
Therefore, EXAFS data of several FEEDTA complexes were
obtained and compared to FEEDTA-NO to determine a suitable
initial structural model. With use of the empirical EXAFS data
analysis method, first shell distances were obtained for Na[Fe-
(OH,)EDTA] powder, Na[Fe(OH,)EDTA] solution, Na;[Fe-
(OH,)EDTA] solution, and FEEDTA-NOsolution. The EXAFS
of both the powder and solution forms of Na[Fe(OH,)EDTA]}
were studied to determine if there is any significant structural
change between solid and solution forms. The results of the first
shell empirical fits are given in Table 2 and Figure 11.

The first shell distances obtained from the best fit, Fit #1, to
the Na[Fe(OH,)EDTA] powder data match extremely well to
the crystallographic values of Li[ Fe(OH,)EDTA]-2H,0" (Table
3) with two shells of O at ~2.0 and ~2.1 A and 2N at ~2.3
A. The first shell distances obtained from the best fit, Fit #2,
tothe Na[Fe(OH,)EDTA] solution data are very similar to those
of the powder sample. The shorter Fe—O distance was elongated
by 0.02 A in the solution sample and the coordination numbers
wereslightly different. Itappearsthatthere are nomajorchanges
in the first shell of the Na[Fe(OH2)EDTA] structure between
the solution and the powder since both the difference in the short
Fe—O distance and the differences in the coordination numbers
are within the uncertainty of the technique. The first shell
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Table 2. First Shell Empirical Fits of FEEDTA Complexes
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sample fit no. FT window width (&) clement CNs# bond length (A) ) ad
Na[Fe(OH2)EDTA] #1 [0.8-2.2] (o] 2.5 1.98 0.40
(powder) o 2.5 2.12
N 1.8 2.34
Na[Fe(OH2)EDTA] #2 [0.8-2.2] o 2.7 2.00 0.40
(solution) (o 1.6 2.12
N 1.6 2.34
Na[Fe(OH2)EDTA] #3 [1.0-2.2] (o 34 2.17 0.46
(solution) N 1.9 2.34
FeEDTA-NO #4 [1.1-2.0] N 1.1 1.76 0.39
(solution) (o 3.2 2,05
N 1.5 2,27
#5 o 3.5 2.06 0.85
N 1.9 2.28
4CN = coordination number. ? F = {[k5(data-fit)?]/(no. of points)}!/2.
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Figure 11. Empirical first shell fits to the Fourier-filtered EXAFS data 5; o Fe-N.C
with the solid line representing the experimental data and the dashed line L L O1-Fe-01 |
representing the fit to the data. Fits #1, #2, and #3 are the best 8 . O2-Fe-02
empirical fits to the Na[Fe(OH2)EDTA] powder data (Table 2), to the R Fe-01-03 |
Na[Fe(OH,)EDTA] solution data, and to the Naz[Fe(OH,)EDTA] | Fe-02-03 |
solution data, respectively. Fits #4 and # 5 are fits to the FeEEDTA-NO | Fe-C-03 |
data with Fit # 4 containing a short Fe—N distance. (The ordinate scale | /\/\/\/M
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distances obtained from the best fit, Fit #3, to the Na[Fe-
(OH,)EDTA] EXAFS data are given in Table 2. While the
presence of two shells of O could not be resolved in the reduced
form, an average distance of 2.17 A was obtained which is 0.12
Alongerthan the average Fe—O distancein Na[Fe(OH;)EDTA].

Two fits (Fits #4 and #5) are shown (Figure 11) for the
FeEDTA-NO solution, one fit with and one without a short Fe-N
bond from the Fe-N-O unit. Fit #4, which includes the short
Fe—N bond, is substantially better than Fit # 5, without the short
Fe-N bond, with the F value being over a factor of 2 lower for
Fit #4. The best fit to the FFEDTA-NOdatahas 1.1 Nat 1.76
A,3.20at2.05A,and 1.5N at 2.27 A. Theshort 1.76 A Fe-N
distance is typical for the {FeNO}’ systems.* The Fe-O distance
appears to be an average of two Fe—O shells, which could not be
resolved given the range of available data. A fit with four
contributions was attempted (Fe-N at ~1.8 A, Fe-O at 2.0 A,
Fe-Oat ~2.1 A, and Fe-N at ~2.3 A) but both Fe—O distances
coalesced at 2.05 A with an F value identical to that for Fit #4.

The Fe—~Oand Fe-N distances of the EDTA ligand in FeEDTA-
NO are more similar to the respective distances in Na[Fe(OH,)-
EDTA] than those in Na,[Fe(OH,)EDTA]. In addition, the

2 4 6 8 10 12 14 18

k (A"
Figure 12. Comparison of the GNXAS theoretical signal with the
experimental data of Fe K-edge k’-weighted EXAFS of Na[Fe(OH,)-
EDTA] solution data. The top portion of the figure contains the non-
phase shift corrected FT of the k3-weighted EXAFS data of the
experimental data (—) and that of the total theoretical signal (- - -). Also
shown is the FT of the residual (-+). The lower portion of the figure
presents the EXAFS signals for the individual contributions. The total
theoretical signal is also shown (—) and compared with the experimental
data () with the residual being the difference between the experimental
EXAFS and the theoretical EXAFS, (The ordinate scale is 10 between
two consecutive tick marks.)

XAS edge of FEEDTA-NO is more similar to the edge of Na-
[Fe(OH,)EDTA] than to that of Na,[Fe(OH)EDTA].5 The
coordination number of the oxygens varies in a chemicallyrea-
sonable way for the solid Na[Fe(OH,)EDTAY], solution Na[Fe-
(OH;)EDTAY}, and FEEDTA-NO. The crystaliographically-
characterized [Fe(OH,)EDTA]- has 5 oxygens in the first shell
and the best fits to the Na[Fe(OH,)EDTA] powder and solution
data give an oxygen coordination number of 5.0 and 4.3,
respectively. The somewhat lower coordination number in solution
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Table 3. Comparison of the Li[Fe(OH2)EDTA]-2H,0 Crystallographic Bond Distances and Angles to the GNXAS and Empirical Fitted Bond
Distances and Angles for Na[Fe(OH2)EDTA] Solution and Powder and FeEDTA-NO

Na[Fe(OH;)EDTA] powder Na[Fe(OH;)EDTA] Solution FeEDTA-NO Solution
Li [Fe(OHz?EDTA]-ZHzO GNXAS empirical GNXAS empirical GNXAS empirical
structural crystallographic distances; GNXAS first shell distances/ GNXAS firstshell distances/ GNXAS first shell
feature (CN) values [range] angles  variances® distances  angles  variances® distances angles  variances® distances
Fe-0, (2) 1.97 A [1.94-2.00] 197A  0.003 1.98 A 198A  0.003 200A 203X 0002 2.05 A4
Fe-0; (3) 211 A [2.11-2.13] 210A  0.004 2124 209X  0.006 212A  211A¢  0.006°
Fe-N (2) 2.32 A [2.30-2.35] 233A  0.003 234A 235X 0.002 234A 233X 0010 2274
0,-C(2) 1.28 A [1.27-1.29] 133A  0.005 1.33A  0.006 1.29A  0.004
0-C(2) 1.26 A [1.26-1.27] 130A  0.004 1.30A  0.005 1.31A  0.005
N-C (6) 1.47 A [1.47-1.48] 148X  0.002 147A  0.002 147A  0.003
0,203 (4) 2.23 A [2.20-2.25]) 230A  0.006 227A  0.006
C-0:(4) 1.23 A [1.21-1.25] 127A  0.002 128A  0.007 129A  0.008
Fe-C (4) 2.90 A [2.79-2.99] 291A  0.008 292A  0.008 296A 0010
Fe-N (1) 1.78A  0.003 176 A
N-0 (1) LI0A  0.001
Fe-N-O angle (1) 156° 2X10°
Fe-O,-C angle (2) 120° [119-121] 121° 3x 10 123° 3x 10t 122° 3% 10!
Fe-O,-C angle (2) 122° [121-123] 119° 6 X 10! 124° 6 x 10! 1220 6 x 10!
Fe-N-C angle (6) 108° [103-112] 106° 1% 10! 106° 1x 10! 104° 6 X 10!
0,-Fe-0, angle (1) 166° 170° 7 X 10° 170° 1x 10
O-Fe-0; angle (1) 145° 150° 2x 10° 1500 2% 100
Fe-0,—0; angle (2) 145° [142-148) 150° 5% 10! 150° 5% 10!
Fe-0O,-0; angle (2) 149° [148-150] 155° 5 x 10! 155° 6 % 10!
Fe-C-O; angle (4) 158° [153-161] 158° 1% 10 159° 1% 10! 158° 2% 10!

4 CN = number of configurations in the complex. ® Bond variances (c,zl) and angle variances (a%) are reported in A2 and deg?, respectively.

¢ Coordination number was fixed at 2. ¢ Average of both Fe—O shells.
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Figure 13. EXAFS signals for individual contributions in the best fit for
the FeEEDTA-NOdata. The total signal (—)isalsoshown and compared
with the experimental data (- - -) with the residual being the difference
between the experimental EXAFS and the theoretical EXAFS. (The
ordinate scale is 10 between two consecutive tick marks.)
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could be related to an increased disordered in the solution. The
NO seems to take the place of the H,O at 2.11 A, since the
oxygen coordination number has decreased to 3.2 in the best
FeEDTA-NO fit.

The GNXAS approach was used to analyze EXAFS data of
Na[Fe(OH,)EDTA] powder and solution to ensure that the MS
contributions could be properly accounted for and that reliable
second and third shell bond distances and bond angles could be
obtained. The results of the fits to the Na,[Fe(OH,)EDTA]
solution data also provided values for bond and angle variances
and the off-diagonal covariance matrix elements for the fits to
the FEEDTA-NO data.

The best fit to the Na[Fe(OH,)EDTA] powder data will be
presented and discussed elsewhere.!® The low-frequency EXAFS
is dominated by three waves from two-atom contributions: Fe—
01, Fe-0,, and Fe-N, where O, refers to the oxygen at 1.97 A

and O, refers to the oxygen at 2.11 A, The EXAFS distances
for these three shells show excellent agreement with the crystal-
lographic values of the Li[Fe(OH,)EDTA}-2H,0,!? deviating
by <0.01 A (Table 3). There were approximately 30 unique
three-atom configurations which ranged in distance from 3.0 to
4.5 A, The eight main contributions were from Fe-O,~C, Fe—
0,-C, Fe-N-C, 0,-Fe-0,, 0-Fe-0,, Fe~0,-03, Fe—0,-0;,
and Fe—-C-O;, where O; refers to the oxygen outside the first
shell. The GNXAS determined bond distances and angles that
make up the three-atom contributions are within 5% of the
crystallographic values, with the strength of the signal influencing
the goodness of the match.!6 Contributions with stronger signals
havedistancesand angles that match closer to the crystallographic
values than do contributions with weaker signals. Over a large
number of fits with varying contributions, splines, and non-
structural parameters the first shell distances varied by <0.01 A,
the low Z bond distances (i.e. O~C and N-C) varied by £0.04
A, and the bond angle varied by £3°. The GNXAS first shell
distances are within 0.02 A of the empirical first shell distances,
with the GNXAS distances being slightly closer to the crystal-
lographic values.

The EXAFS data and the FT of the best fit to the Na[Fe-
(OH,)EDTA solution data are presented in Figure 12 and the
bond distances and angies from that fit are given in Table 3. The
main contributions to the EXAFS are the same as for the Na-
[Fe(OH,)EDTA] powder. The best fit shows excellent agreement
withthe experimental EXAFS as does the FT of the experimental
data and the fit. The bond distances obtained from the best fit
to the Na[Fe(OH,)EDTA] solution data are within 0.02 A of the
Na[Fe(OH,;)EDTA] powder values and the bond angles are all
within 2° with two exceptions. There is a 0.03 A difference in
the Oy 03 distance and a 5° difference in the Fe—O,—C angle.
However, both the O, »-O; distance and the Fe—~O,—C angle show
large disorder, with a bond variance of 0.006 A? and an angle
variance of 60 deg? (Table 3). The bond and angle variances are
very similar, but slightly larger than the powder values, which
is expected since there should be more disorder in solution. The
increase in the solution variances is also consistent with the fact
that in the empirical analysis (where the Debye—Waller factors
are fixed) the coordination numbers for the solution were lower
than those of the powder. The similarities in bond lengths, bond
angles, and the respective variances indicate that the [Fe(OH)-
EDTAJ- unit is structurally the same in the powder and the
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Figure 14. A comparison of the theoretical (- - -) and experimental (—)
non-phase shift corrected FT of FEEDTA-NO EXAFS data, along with
the FT of the EXAFS residual (-). The R value is an indication of the
goodness of the fit. Calculated spectra are for Fe-N—O bond angles of
(A) 180°, (B) 156° (best fit), and (C) 120°.

solution form. Therefore it is a reasonable approximation to
initially model FEEDTA-NO in the solution form using the
crystallographic coordinates of Li[Fe(OH,)EDTA]-2H,0 with
NO replacing the H,O.

The best fit to the EXAFS of the FEEDTA-NO solution data
is shown in Figure 13 and the bond distances and angles are
presented in Table 3. The FT of the EXAFS data of the best
fit is shown in Figure 14B. The initial [Fe(OH.)EDTA]-
structural model was modified by including a short Fe-N distance
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where each point represents a match of the calculated EXAFS spectrum

tothedata. The lower the Rvalue the better the fit. This plot of FEEDTA-

NO calculated spectra exhibits similar behavior to the plot of the Fe-

(TACN)(N3):NO calculated spectra (Figure 10b) with the dominant
minimum being around 155°.

(~1.8 A) and fixing the coordination number for the 2.1 A Fe~O
distance at two. Fits were done using v signals exclusively to
determine first shell distances. Oncea reasonable fit was obtained,
the first shell distances were fixed and a Fe-N-O signal was
added to the fit. Fe-N-O signals were calculated every 10°
between 90° and 180°, fixing the Fe-N distance at 1.8 A and
the N-O distance at 1.1 A. Fits were then performed including
the Fe-N-O'signal at each angle. Reasonable fits were obtained
for Fe-N-O angles between 150° and 160°. At this point, other
three-atom signals wereincluded in the fits allowing the distances,
angles, and elements of the covariance matrix to vary within a
restricted range. The Fe-N-O angle was allowed to vary between
145°and 165°. Severalof the three-atom contributions included
in the fit to the Na[Fe(OH,)EDTA] solution data (Figure 12)
were left out of the FEEDTA-NO fits (O,-Fe-0,, O,-Fe-0,,
Fe—0,-03,and Fe—0,-03), since the signals were relatively weak
and only increased the number of variablesin the fit. Thedistances
and bond angles obtained from the GNXAS final fit are very
similar to the distances and bond angles from the GNXAS fits
of the Na[Fe(OH,)EDTA] powder and solution data as can be
seen in Table 3. The complicated EXAFS data in Figure 13 are
dominated by four waves of lower frequency: Fe-N(O), Fe-O,,
Fe—0O,, and Fe-N. However, the longer Fe-N contribution is
much weaker than in the Na[Fe(OH,)EDTA] powder and
solution EXAFS with a bond variance that is three to four times
higher indicating that the bond between the Fe-N at ~2.3 A
may be weakened when the NO binds. The Fe-N-O signal is
fairly strong compared to the other three-atom signals. The Fe—
N(O) and N-O bond distances obtained from the GNXAS fit
were 1.78 and 1.10 A, respectively. Thesedistancesare consistent
with other Fe-N(O) and N-O bond distances in {FeNO}’
systems.* A fit with an Fe-N-O angle of 156° shows excellent
agreement with the experimental EXAFS data, Figure 13, and
with the Fourier transformed data, Figure 14B, up to 3.5 A.The
discrepancy between the theoretical and experimental signal in
the FT beyond 3.5 A can be attributed to the fact that several
three-atom contributions associated with weaker signals in that
region were not included in the fit.

As was done with the crystallographically-characterized
{FeNO}’ complexes, the sensitivity of the calculated spectrum to
the EXAFS data for FEEDTA-NO was tested as a function of
Fe-N-Oangle. The FTsfor FEEDTA-NO with Fe-N-O values
of 180°, 156° (best fit), and 120° are shown in Figure 14. A plot
of log(R value) vs Fe-N-O angle (Figure 15) of the FEEDTA-
NO data displays a minimum at 156°. This looks extremely
similar to the plot of the Fe(TACN)(N3),NO data, where Fe-
(TACN)(N3);NO has an Fe-N-O angle of 156°. It is not
surprising that the geometric structures of the Fe-N—O unit in
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Fe(TACN)(N;);NO and FeEDTA-NO are similar since both
compounds exhibit very similar optical spectroscopy.28

Summary

Multiple-scattering signals from three-atom configurations are
accurately modeled by GNXAS to obtain angular information
on the Fe~N-O unit of {FeNO}’ compiexes. The GNXAS fits
to the {FeNO}’ model compounds are sensitive to the Fe-N-O
angle when the Fe-N-O signal is significant in comparison with
the total EXAFS signal. It is possible to determine whether the
Fe-N-O unit is linear or bent and estimate the Fe-N-O angle,
with the GNXAS fits being very sensitive when the angle is
between 150° and 180°. The Fe-N-O angle of a crystallo-
graphically-uncharacterized {FeNO}’ model complex was de-
termined. Using this method the Fe-N-O angle of FEEDTA-
NO is determined to be bent, and close to 156°. The results of
this study establish that EXAFS analysis using GNXAS can

(28) Zhang, Y.; Pavlosky, M. A.; Brown, C. A.; Westre, T. E.; Hedman,
B.; Hodgson, K. O.; Solomon, E. 1., to be submitted for publication.

Westre et al.

provide reliable angular information on low Z small molecules
liganded to transition metal complexes. This work provides the
basis for studying NO complexes with transition metal active
sites in metalloproteins. It is also straightforward to extend this
methodology tostudy other diatomics such as O, or O, liganded
to transition metal sites.
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