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Figure 6.2. Difference edges of Cu(1) compounds when the edge of [CUz(Lg- 
Et)(OAc)](C104)224 (CUL2) is subtracted : Cu(I)(N-methylimidazole)2BF4,25 linear 2- 
coordinate (- - - -); [Cu(I)2(mxyN6)](BF4)2,26 3-coordinate (-); and Cu(I)(N- 
methylimidazole)4C104,27 tetrahedral 4-coordinate (- - - - -). 
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Figure 6.3. Edges of resting (- ) and totally oxidized (H202-treated) (- - - -) 
lactase. Top : T2D lactase. Resting sample is corrected T2DS, totally oxidized sample is 
corrected T26A. Bottom : TlHg lactase. Resting sample is corrected lMLO1, totally 
oxidized sample is corrected 2MLOl. 
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Figure 6.9. T2D lactase sample series showing reactivity with dioxygen. Top : 
Corrected X-ray absorption edges. Bottom : Difference edges made by subtracting totally 
oxidized T2D lactase (T26A). Totally reduced T2D (T2Dl) (- ), T2D exposed to air 

for 15 minutes (T2D2) (- - - -), T2D exposed for 63 hours (T2D3) (- - -) and totally 
oxidized T2D (T26A) (- - - - -). 
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Figure 6.5. TlHg lactase sample series showkg reactivity with dioxygen. Top : 
Corrected X-ray absorption edges. Bottom : Difference edges made by subtracting totally 
oxidized TlHg lactase (2MLOi). Totally reduce& TlHg (MLRD) (-), TlHg exposed 
to air for 30 minutes (MLOX) (- - - -), and totally oxidized TlHg (2MLOl) 
(- - - - -)* 
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---- ---- TlHg with H,O,, fully oxidized TlHg with H,O,, fully oxidized 
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Figure 6.6. X-ray edges of some TlHg 02 intermediate samples, with fully reduced and 
fully oxidized TlHg lactase. Edges are normalized, but no corrections for either native 
content or oxidation of T2 have been applied. 
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Figure 6.7. Corrected difference edges of “100% reduced ATlHg” (see Table 6.3) and 
of some TlHg 02 intermediates with fully oxidized TlHg (MLFOX, corrected) subtracted. 
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Figure 6.8. Difference edges of “100% reduced AT2”, constructed by various methods 
(see Table 6.3), and a corrected difference edge of one sample of TlHg 02 intermediate. 
“AT2 Cu”l (- - - -), “AT2 Cu”2 (- - - -), “AT2 Cu’& (----- ) and TlHg 02 

intermediate #5 (ML3 1) (-). 
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Figure 6.9. Corrected difference edges of various forms of lactase with CUL2 
subtracted. Fully reduced native (- ), T2D (- - - -) and T lHg (- - -) lactase, “AT3 
Cu” (- - - -) and “AT2 Cu’lavg ( - - - -) with the edge of [Cu2(Lg-Et)(OAc)](C104)224 
(CUL2) subtracted (see Table 6.5) for the purpose of determining the geometry of Cu(1) in 
lactase. 
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Chapter 7 

Edge and EXAFS Studies of Rhodospirillum rubrum 

Nickel Carbon Monoxide Dehydrogenase 

and Nickel Model Compounds 
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/A) Brief Overview of Rhodosoirillum rubrum Ni Carbon Monoxide Dehvdrogenase 

(1) Information Known From Other Studies 

It has been known for some time that trace amounts of nickel are essential for healthy 
growth in plants and animals, * but the first nickel-containing enzyme, urease, was not 
identified until 1975. Since then, four classes of nickel-containing enzymes have been 
identified: urease (in plants), hydrogenase (in sulfate-reducing bacteria), methyl-S- 
coenzyme-M reductase (in methanogenic bacteria) and carbon monoxide dehydrogenase (in 
photosynthetic and acetogenic bacteria). As yet, no nickel enzymes have been discovered in 
animals. 

The two classes of nickel-containing carbon monoxide dehydrogenase (henceforth 
CODH) so far characterized both run the following reaction : 

CO+H20 G CO;! + 2H+ + 2e- 

In acetogenic bacteria (the most intensively studied of which is Clostridium 
thermoaceticum), CODH is extremely flexible, and this reaction may proceed both ways, 
with concomitant synthesis (or at times degradation) of acetyl-coenzyme A from either CO 
or Hz-CO2 at another site on the CODH enzyme.2l3 However, in photosynthetic bacteria 
(including R. rubrum), this reaction proceeds only in the forward direction, generating CO2 
and H+ from CO and H2.0, and the CODH does not itself carry out synthesis of any larger 
molecules.4 

R. rubrum Ni CODH is a monomeric protein of 62 kDa containing one Ni, 8 Fe and 
approximately 8 inorganic S. It is associated in vivo with a 22-kDa subunit which contains 
four Fe in an Fe-S center.5 In vitro, without the 22-kDa subunit, the 62-kDa unit is capable 
of converting CO to CO2 in the presence of a low-potential one-electron reductant such as 
methyl viologen.6 In vivo, the 22-kDa subunit serves to mediate electron transfer from CO 
to the hydrogenase in R. rubrum, thus enabling the latter to generate Hz. Beyond this, the 
physiological role of Ni CODH in R. rubrum is not yet clear. 

An apo form of the 62-kDa unit can be obtained by growing R. rubrum in the absence 
of nickel7 Studies on this form of the protein show conclusively that Ni is required for the 
protein to be active, and strongly suggest that Ni is the site where CO binds8vg EPR 
studies at liquid helium temperatures have been done on both the holo and apo forms, in 
oxidized and reduced states.4*7910 In the reduced state, an Fe&-type signal (seen at g = 
1.90-2.05) due to about two’ such units was observed in both holo- and apo-Ni CODH. 
EPR on the oxidized state of the holo-Ni CODH showed two clusters of signals, one with 
g = 2.04, 1.90 and 1.71 and the other with g = 4.24, 4.32 and 4.40, while oxidized apo- 
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Ni CODH showed no signals at all. (Fe& is EPR-silent when oxidized.) The signals 
observed in the oxidized holo-Ni CODH are therefore due to the Ni itself. Furthermore, the 
g = 2.04 feature was observed to broaden upon labelling with either 6INi or 57Fe. Thus Ni 
is associated with the Fe-S clusters in some way. 

(2) Some Ouestions About the Ni CODH Active Site 

Although the studies mentioned above established that the active site of R. rubrum 
CODH must contain Ni associated with Fe-S clusters in some manner, before we * 
undertook this XAS study nothing was known about the immediate environment of Ni - 
its geometry, ligation or relation to the Fe-S clusters. Is Ni actually part of a cubane cluster 
(i.e., NiFe3S4, shown in Figure 7.1(a))? Or is it instead attached to an Fe& cluster 
through a bridge (Figure 7.1(b))? Also, we wanted to determine the coordination 
environment about the Ni, as a step towards understanding the structure and function of 
this enzyme. 

JB) Some Results of XAS Studies on Ni Proteins and Model Comnounds Carried Out by 
Other Workers 

(1) Edge Studies on Ni Models 

Major work in surveying the edges of Ni compounds of various coordination 
geometries and ligand types has been carried out by Robert A. Scott11v12 and Michael J. 
Ma.roney.13 Maroney’s survey is more extensive, but, unfortunately, the energy resolution 
of the edge data collected by him is considerably lower than that collected by Scott. All 
Maroney’s data were collected using Si[l 1 l] monochromator crystals, whereas Scott used 
Si[220] crystals and a 1-rnm monochromator entrance slit. This means that Scott’s edge 
data reveal more features and details than Maroney’s do, and so afford more accurate 
conclusions. 

The first feature of a nickel edge is the selection-rule-forbidden ls+3d transition, 
which occurs at 8332-8333 eV, at the onset of the rising edge (Figure 7.2, bottom). This 
feature is extremely weak for compounds with centrosymmetric geometries (octahedral and 
square-planar), but grows much larger as the geometry deviates from centrosymmetry, 
because some mixing of the 3p and 3d orbitals then occurs, and so the transition becomes 
allowed in some degree. It reaches maximum height (still less than 10% of the total edge 
jump) with tetrahedral geometry. 

’ For nitrogen-type ligands, octahedral compounds show a steep, featureless rising 
edge which often peaks sharply at a normalized amplitude of above 1.5 units (the overall 
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edge jump is scaled to 1 unit, see Chapter 2) and then dips well below 1.0 units (Figure 
7.3, bottom). In square-planar compounds, on the other hand, the rising edge is interrupted 
by a spike at about 8337 eV, variously assigned as ls-+4s, ls+4pZ, or ls+4p plus 
shakedown, and the edge does not finally rise much above 1.2 units, or peak sharply at the 
top (Figure 7.2, top). The rising edge for tetrahedral compounds does not have the 
characteristic signature of a spike half-way up, nor does it rise to as tall a maximum, but it 
may show a shoulder half-way up (Figure 7.2, bottom). Five-coordinate compounds, as 
might be expected, show edges that are interme$ate between all these, with medium-sized 
ls+3d transitions, a relatively smooth rising edge that is not very steep and, usually, a 
slightly taller profile than edges of square-planar compounds (Figure 7.3, top). Where 
Ni(I1) and Ni(II1) compounds with the same ligands and ligating geometry can, be 
compared, the Ni(II1) edge shows similar features to the corresponding Ni(II) edge, only 
shifted to higher energy by l-2 eV. However, this shift is not useful for identifying the Ni 
oxidation state in an unknown compound because the edge position is also affected by the 
polarizability of the ligands attached to Ni (vide infra). 

Maroney further observed that rising edges of square-pyramidal compounds have a 
shoulder about halfway up, while those of trigonal-bipyramidal compounds rise 
featurelessly to a peak. He also noted that features for the Ni(II1) compound edges are 
generally broader and and less distinct, and the areas of their ls+3d transitions are about 
50% larger, than those for the corresponding Ni(I1) compounds. 

When compared with edges of nitrogen-ligated compounds, edges of compounds 
with sulfur-type ligation also show the same characteristic transitions mentioned for the 
various geometries, but have lower maximum edge amplitudes (Figures 7.2 and 7.3). 
Thus, octahedral compounds lack a tall sharp peak. Edges of square planar compounds are 
still distinguished by spikes at 8337 eV, but are generally flatter on top. Another effect of 
sulfur ligation is that the edge is shifted to lower energy by l-2 eV, which may be 
explained as due to the reduction of the positive charge density on the Ni atom by the more 
polarizable sulfur ligands. For Ni compounds with mixed nitrogen-type and sulfur-type 
ligands, Maroney found a smooth change in the characteristics the edges displayed as the 
proportion of sulfur ligation was increased. 

(2) XAS Studies on Ni Proteins 

EXAFS studies on all four classes of Ni-containing enzymes have been carried out. 

In jack bean urease, Ni is coordinated with 5-6 N/O-type ligands, and a Ni-Ni 
interaction was detected in the 2-mercaptoethanol-inhibited enzyme.14 In the S-methyl 
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coenzyme-M reductase of Methanobacterium thennoautotrophicum, the nickel “corphin” 
factor F430 has a Ni-tetrapyrrole structure. In free F43o, the pyrrole ring is ruffled and the 
Ni geometry is square-planar, but when the F430 is incorporated into the protein the 
coordination number rises to 5-6 N/O, in an octahedral geometry, and the pyrrole ring lies 
flat 11915 

In the hydrogenases, the most recent results show that Ni is coordinated with a 
mixture of nitrogen-type and sulfur-type ligands. In Desulfovibrio baculatus hydrogenase 
there are 3-4 N/O, l-2 S/Cl, and also one selenium, coordinated to Ni in a pseudo- 
octahedral or pentacoordinate geometry. l6 In Thiocapsa roseopersicina hydrogenase, Ni is 
ligated by -3 N/O and -2 S in a trigonal bipyramidal geometry, and the EXAFS Fourier 
transform furthermore shows peaks at 4.3 A and 6.2 A that can be fitted with Fe and S, 
and so are suggestive of a Ni-Fe-S cluster.17 

Two independent studies of the Clostridium thermoaceticum Ni CODH have also 
been published. 12J8 Data ranges were rather limited (to k -10 A-1) in both studies, which 
may explain why one study (Bastian, et al.) suggested Ni-S4 ligation (S at 2.16 A) and one 
Fe at -3.25 A, while the other study (Cramer, et al.) suggested Ni-N$Q ligation (N/O at 
1.97 A, S at 2.21 A). Based on the edge of the protein, the latter study also suggested a 
distorted square-planar or square-pyramidal geometry for Ni. (A complicating factor, 
however, is that there are six Ni in each a$3 protein unit, and at least two different Ni 
sites.3) 

(0 Exoerimental Details 

(1) Prenaration of Samnles 

In all, we collected data on six samples of R. rubrum Ni CODH, four oxidized and 
two reduced, over three years. (Only five of these were subsequently analyzed; see next 
section.) All samples were provided by Professor Paul W. Ludden of the University of 
Wisconsin at Madison. R. rubrum CODH was purified and assayed as described in the 
literature.4v9 The final step of purification, native gel electrophoresis, yielded two bands of 
CODH with differing activity and Fe content. The majority of CODH purified as peak 1, 
the more active band, and this band was used in all experiments. Activities were measured 
in terms of pmol of CO oxidized per minute per mg protein. Samples were prepared for 
spectroscopy in an anaerobic glove box [Vacuum Atmospheres (Hawthorne, CA) Dri-Lab 
glove box model HE-4931 containing an N2 atmosphere with <l ppm 02. The samples 
were oxidized with methyl viologen or indigo carmine on a DE52 column, eluted with 
sodium chloride solution, then concentrated if necessary in a collodion ultrafiltration 
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apparatus (Schleicher & Schuell). To produce reduced samples, sodium dithionite was 
added, for a final concentration of 5 or 10 mM dithionite. See Table 7.1 for the final 
concentrations of the samples and buffers, and for the specific activities of CODH. The 
redox states of the samples were not characterized by EPR or other spectroscopic methods 
before XAS data were measured on them. 

The oxidized and reduced samples were each loaded into EXAFS cells made of lucite 
(outer dimensions 2 x 4 x 28 mm?, volume -180 ~1) with an X-ray-transparent front face 
of 40 km Kapton tape for X-ray fluorescence measurements. The samples were stored in 
liquid nitrogen and also mounted for data collection under liquid nitrogen. 

Some of the Ni(II) model compounds we used were obtained commercially, some 
were provided by collaborators, most notably Professor Richard H. Holm of Harvard 
University, and some were synthesized by us (see Table 7.2). The solid compounds were 
ground with boron nitride and packed into aluminum spacers in the manner described in 
Chapter 2. 

(2) Data Collection 

Protein data were collected at the unfocussed bending magnet beam line X19A at the 
National Synchrotron Light Source (NSLS), and at the unfocussed 8-pole wiggler beam 
line 7-3 at the Stanford Synchrotron Radiation Laboratory (SSRL) (see Table 7.1). (One 
data set, collected in April 1990 on beam line 4-2 at SSRL, proved much noisier and more 
glitch-ridden than all the other data sets, and it was not curvefitted, nor is it included in 
Table 7.1,) Si[220] monochromator crystals were used on all beam lines. For all the edge 
spectra shown, including those of model compounds and Fe edges measured on two of the 
protein samples in 1991, the monochromator entrance slit at SSRL BL 7-3 was set at a 
l-mm vertical gap. (NSLS BL X19A lacked a monochromator entrance slit, but the hutch 
slit was set at a l-mm gap.) EXAFS spectra were collected separately, employing a 2-mm 
or 1.5-mm gap in the slit (at both beam lines) for increased flux, except in 1992 at SSRL 
BL 7-3, when a l-mm gap was maintained for combined edge-and-EXAFS scans (see 
Table 7.1). Besides the energy resolution of the data, edge scans also differed from 
EXAFS scans in that 6 motorsteps/eV rather than 3 motorsteps/eV were taken in the edge 
region of the scan. Edge spectra were measured to k - - 9 A-1 (Fe K edges were measured to 
k = 11 A-1) and EXAFS spectra were measured to k = 15 A-*. 

All the model compound data were measured at SSRL on unfocussed beam lines, 
most of them on BL 7-3. All edges and most of the EXAFS were measured with a l-mm 
monochromator slit; a few compounds had EXAFS scans measured with a 2-mm slit. 
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All data that we collected, both protein and model compound, were measured at 10 
K. Some model compound data provided to us by Professor Robert A. Scott were 
measured at 4 K, under the same conditions as our data, at SSRL. Protein data were 
measured in fluorescence mode, using a 13-element Ge solid-state detector array.19 Model 
compound data were measured in transmission mode. 

No photoreduction or photooxidation (as seen by a change in the Ni or Fe edge) of 
any of the samples was observed during data collection. 

(3) Data Analvsis 

Data were reduced and analyzed using XFPAKG, in the manner described in Chapter 
2. Scans were calibrated using nickel foil as an internal standard, taking the first inflection 
point of the foil as 833 1.6 eV. We made repeated attempts to obtain protein EXAFS data 
usable to k = 15 A-I, but were unable to do so because of a monochromator glitch at k = 
12.8 A-*, which manifested itself as a large step in the two data sets with the lowest noise 
(CODHX and CODHRX, see Table 7.1). It was less severe in the other data sets, but we 
still considered it inadvisable to trust data beyond it. Subtraction of the background was 
done by fitting a polynomial to the EXAFS region and then applying this at the bottom of 
the “edge step” and extending this into the pre-edge region. A different three-region spline 
to k = 12.7 A-* was applied to each protein data set. Model compound data were splined 
(also with three regions) to the limit of the data (usually k = 14.5 A-1 or 15 A-1, unless cut 
short by the monochromator glitch at k = 12.8 A-I) and then Fourier-transformed over the 
same range as the protein data for analysis. For all data analyzed in relation to the proteins, 
a data range of k = 3.0-12.0 A-1 was used for the forward Fourier transform, and the data 
were then backtransformed to k = 3.25-l 1.75 A-1 for curvefitting. Parameters were also 
extracted over the same data ranges. (An earlier analysis over a shorter data range, using 
only CODHX, has been published.20) 

For comparisons of the edges of the proteins and model compounds, the same one- 
region spline to k = 9 A-l was applied to most of the files, since normalization of peak 
heights can be greatly affected by spline curvature. 

JD) Edge Studies 

(1) Further Observations About Model Comnound Edqes 

Apart from the observations of trends in Ni edges already made by Scott and 
Maroney (vide supra), it is difficult to pick out systematic trends based on finer details of 
geometry. We tried correlating features such as the height of the spike at 8337 eV or the 
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size and location of the ls+3d transition with details of geometry such as the extent of 
chelation, bite size of chelating ligands, bond length and degree of saturation in the ligands. 
We could not find any trends that held for our entire library of edges. However, there were 
a number intriguing trends, or rather, exceptions to trends observed by Scott and Maroney, 
in subsets of related compounds. 

One such trend may be observed in the edges of Ni(N2S2C2) (5), Ni(N&X$ (6) 
and Ni(N2S2C4) (7) (see Table 7.2 for all compounds discussed), provided to us by 
Professor Robert D. Bereman of North Carolina State University (Figure 7.4, bottom). 
These compounds differ only in that the stepwise lengthening of an alkane chain (from C2 
to C4) in the tetradentate ligand forces increasing deviation from square-planar towards 
tetrahedral geometry. As we might expect, the progressive deviation from centrosymmetry 
is accompanied by a corresponding increase in the size of the ls+3d transition in the edge 
as the 3d orbitals acquire more p character. We might also expect, based on the appearance 
of tetrahedral compound edges (vide ante), that the -8337 eV spike should decrease in size 
or sharpness as the geometry deviated from planarity. However, this clearly does not 
happen, raising the possibility that the size of the spike does not depend primarily on the 
geometry of the compound. 

On the other hand, we have measured two square-planar compounds where the 
-8337 eV spike seems to have been broadened and reduced to a shoulder. Ni(tsalen) (8) 
differs from Ni(ebmba) (9) (Figure 7.4, middle) only in that two bonds in the ligand are 
unsaturated, allowing for conjugation around the bite of the chelate. Both compounds are 
truly square-planar; in both cases no weakly bonding interactions between molecules 
perturb the coordination geometry. In the other case, [Ni(SS2)]2 (15) (Figure 7.4, top), the 
Ni coordination is nominally square-planar, but the two Ni atoms are quite close to each 
other (2.74 A), and so there is probably some interaction between them. 

From this small sampling, we may hypothesize that delocalization of valence 
electrons is responsible for broadening of features in the Ni edge spectrum, in particular of 
the -8337 eV transition. This is consistent with the appearance of the edges of NiFe$Q 
cubanes (highly delocalized systems) (Figure 7.4, top) which, apart from the ls+3d 
transition, do not show sharp features anywhere along the edge. 

The edges of a series of tripodal Ni-NS3L compounds provide another fascinating 
exception to the trends (Figure 7.5). The edge for [Ni(NS3rBu)Cl](BPh4) (22) is that of a 
typical trigonal bipyramidal compound, as described by Maroney. However, edges for all 
the other compounds in this series (where Cl is replaced by H, Me, CO and COMe 
respectively (M-21)) do not tit this description at all. They all rise at lower energy, have a 
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much lower profile, and show six transitions from the bottom of the edge (the ls+3d 
transition) to the top of the edge (at -8360 eV). The transition at -8360 eV changes slightly 
in energy, but the other transitions remain at about the same energy for all four compounds, 
varying only in height. Of the five compounds in this series, only 
[Ni(I)(NS3*u)CO](BPhq) is a Ni(1) compound; all the rest are Ni(I1) compounds. Thus, 
the difference between L = Cl and all the rest cannot be explained by the Ni oxidation state, 
nor in terms of the spectrochemical series, which would predict a splitting in the ls+3d 
feature for L = Cl (Ni should be high-spin in ihis case) rather than H, as we observed. 
Clearly, there are complex electronic effects at play, which cannot easily be accounted for 
by a simple ligand field theory. 

Therefore, besides geometry and hardness of binding atoms, the appearance of Ni 
edges is affected by other electronic effects. The presence of a spike at -8337 eV does not 
always mean that a compound is square-planar, nor does its absence always mean that the 
compound is not square-planar. However, in all the compounds we examined, the ls+3d 
feature still proved a reliable indicator of centrosymmetry, so that it is still quite easy to 
distinguish square-planar compounds from tetrahedral compounds. Edges of trigonal 
bipyramid compounds can vary considerably in appearance, and we have no explanation 
that accounts for all of our data. 

(2) Ni K and Fe K Edges of Ni CODH 

The Ni edge of oxidized Ni CODH has the same sort of “smeared-out, low 
resolution” appearance as the edges of the NiFegS4 cubanes and [Ni(SS2)]2 (Figure 7.6, 
top), though not the same precise shape. It has a ls+3d feature of the same size as the 
cubane edges, which suggests that it may, like the cubanes, have a distorted tetrahedral 
coordination about Ni. Also, the edge rises at the same energy as the cubane edges. 
However, further up the edge rise, the Ni CODH edge does not resemble the cubane edge 
so closely. The [Ni(SS2)]2 edge does not match the CODH edge as closely even as the 
cubanes do, since the ls+3d transition is a lot smaller and the edge rises at lower energy. 
We were not able to find any compounds that resembled the Ni CODH edge more closely 
than the cubanes or [Ni(SS2)]2. All the mononuclear compound edges that we compared 
the Ni CODH edge with had steeper edge rises and more sharply resolved transitions 
(Figure 7.6, bottom). All this suggests that, consistent with findings from EXAFS 
analysis, 2o Ni is not part of a NiFe$Q cubane (vide infra), and also that the Ni atom is part 
of a highly delocalized electronic environment. Also, the coordination geometry of Ni is 
clearly not centrosymmetric, but is distorted four-coordinate (possibly tetrahedral) or 
perhaps five-coordinate. 
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A highly delocalized electronic environment would also explain why no shift in the 
edge could be observed when the Ni CODH was reduced (Figure 7.7). Indeed, the edges 
of oxidized and reduced Ni CODH, especially for the samples measured in 1992 (CDHOX 
and CDHRD), are practically identical. There is a small difference in the spectra for the 
oxidized and reduced samples measured in 1991 (CODHOX and CODHRX). However, 
there is just as much variation in the edges for the three oxidized samples measured in 
different years (Figure 7.8). Thus, all the Ni edges show that the Ni environment 
undergoes no major changes when the protein is reduced (despite indications to the 
contrary from EXAFS analysis, vide infra). The Ni atom may in fact be in the same 
oxidation state for both oxidized and reduced forms of the protein, rapidly tranferring any 
electrons it receives to the Fe-S units it is associated with. 

We also measured Fe K edges (Figure 7.9) on oxidized and reduced CODH in 1991 
(samples CODHOX and CODHRX). Consistent with results from EPR spectra, the Fe’s in 
Ni CODH are definitely shown to be in an FeqSq-cubane-like environment. Again, we 
could not observe any shift with redox state in these edges. The edge of the reduced protein 
is a little more “smeared out” in appearance, possibly reflecting the presence of two extra 
electrons (for two reduced Fe& units). It is unlikely that a difference of two electrons 
spread out over 9 metal and 8 S atoms would be detectable by a shift in the X-ray edges, 
though it can be detected by EPR. 

Thus the Ni K and Fe K edges of Ni CODH show that Ni in CODH has a distorted 
four-coordinate or five-coordinate environment, and that it is unlikely to be occupying one 
comer of a cubane. They also show that there is no significant change in the effective 
oxidation state of Ni, or the Ni ligand environment, upon changing the redox state of the 
protein. 

fE) EXAFS Analysis of Ni CODH Samnles and Related Model Compounds 

(1) Extraction and Testing of Parameters on Model Comnounds 

Parameters extracted over a range of k = 3.25-l 1.75 A-1 (vide in@) were thoroughly 
tested on model compounds in order to gauge their reliability. One-, two- and three-wave 
fits were carried out on filtered data from model compounds as shown in Tables 7.3 and 
7.5-7.8. (See also Appendix III for complete fit results.) 

The relative Debye-Wailer factor is represented by the parameter ~2, which is always 
negative (see Chapter 2). A larger negative value of c2 indicates more disorder in the 
distances of scatterers, or more vibrational disorder and a weaker Ni-X bond. 
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Coordination numbers and c2 values were evaluated together to determine the most 
reasonable fit to a data set. 

Fits were done either by floating coordination numbers and fixing c2 (Type 2 fits), or 
varying c2 and fixing coordination numbers (Type 3 fits), or occasionally by varying both 
coordination numbers and Debye-Waller factors (Type 1 fits). In all fits, the Ni-X 
distances of all waves were varied. In two- or three-wave Type 1 fits, there is considerable 
correlation between the coordination numbers and c2 values, and so these fits do not have 
much physical significance as such. However; they can be useful in finding out what 
minimum the data tend towards. 

la) Extraction of Parameters and Tests on “Single-Shell” Comnounds 

Parameters over k = 3.25-l 1.75 A-1 were extracted from Ni(dmegly)z (2), (Ni-N = 
1.85 A), Ni(dedtc)z (14) (average Ni-S = 2.201 A) and (EtqN)2[NiF&4(PPh3)(SEt)3] 
(10) (average N&-Fe = 2.689 A). 

In order to gauge a reasonable range of values for the Debye-Waller factors, the Ni-N 
and Ni-S parameters were fitted to several “single-shell” compounds, i.e. compounds with 
only one type of ligand, all occurring within a narrow range of distances. Testing was 
carried out on 12 compounds with Ni-N ligation and 5 with Ni-S ligation. The results are 
summarized in Table 7.3 and listed in full in Appendix III. 

Distances were obtained with good accuracy, within 0.014 8, at worst and often 
within 0.006 A. Also, the shorter the Ni-X bond, the lower the magnitude of the Debye- 
Waller factor (as shown by ~2). (The square-pyramidal Ni-N appears to be an exception to 
this trend. However, this compound has a cyclam-like ring ligated to the Ni, with a 
pyridine molecule in the apical position, probably at a longer distance. It is quite likely that 
we are seeing mainly the contribution from the cyclam ring nitrogens, and that the apical 
nitrogen actually interferes destructively with this signal, especially at higher values of k.) 
These fits also showed that the Ni-S parameters give much more reliable coordination 
numbers than the Ni-N parameters, with coordination numbers within 0.4 units (as 
opposed to 1.5 units) of the correct value. The range of reasonable c2 values for four- 
coordinate Ni-N compounds is -0.0221 to -0.0265. For octahedral Ni-N compounds this 
range is -0.0253 to -0.0280. For Ni-S compounds, the corresponding ranges in reasonable 
c2 values are -0.0201 to -0.0214 and -0.0217 (for one octahedral compound) respectively. 

It can be seen that there is considerable latitude in the coordination numbers and 
relative Debye-Waller factors obtained, and that it would be hard to make a reliable 
judgement of the true coordination number from these alone. It is therefore helpful to also 
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take the length of the Ni-L bond into account when estimating a coordination number. To 
give us criteria for making such judgements, we surveyed 126 crystallographically 
determined model compounds with various geometries and ligand combinations, and the 
results are summarized in Table 7.4. As can be seen, square-planar compounds have the 
shortest bond lengths (e.g., Ni-N = 1.85-2.066 8, in Ni-N4 compounds) and octahedral 
compounds the longest (e.g., Ni-N = 2.035-2.151 8, in Ni-N6 compounds), and 
tetrahedral and five-coordinate compounds are somewhere in between. Also, the length of 
Ni-N does not seem to depend on whether thereare S ligands also coordinated to Ni (e.g., 
Ni-N = 1.857-2.003 A in square-planar Ni-N& compounds), or how many S there are. 
The same is true of Ni-S with respect to the presence of N ligands. Rather, bond lengths 
are more affected by the steric and electronic character of the ligand for each compound. 
For square-planar Ni-S4 compounds, the bond length shortens from 2.165-2.240 8, to 
2.101-2.122 A as the formal oxidation state of Ni increases from +2 to +4. This trend is 
also present, but not so well-substantiated, in Ni-N2S4 compounds. 

The only compound available for testing the Ni-Fe parameters was (EtqN)3miFe&- 
(SEt)4] (11). When the data for it were Fourier transformed, we obtained two peaks that 
were not very well separated and thus not optimal for testing the Ni-Fe parameters. 
Nevertheless, the second peak was windowed out and fitted with the Ni-Fe parameters. A 
good fit was obtained, with 2.6 Fe at 2.75 A. A Type 3 fit (vide supra) with 3 Fe’s gave a 
c2 value of -0.0169 (result in Table 7.3). 

/b) Further Testing: of Parameters on Ni-N.S Comnounds 

Next, the Ni-N and Ni-S parameters were tested on compounds with mixed N,S 
ligation, namely Ni(tsalen) (8), [Ni(NS3 tB”)H](BPh4) (18) and [Ni(N$Sz)] (16). 
Ni(tsalen) is a fairly regular compound, with Ni-N = 1.85 A, 1.86 A and Ni-S = 2.174 A, 
2.139 A. [Ni(N!+mU)H](BPhq) has a different ratio of N and S ligands, but is still fairly 
regular (Ni-N = 2.02 A, Ni-S = 2.234, 2.227, 2.218 A). [Ni(NsSz)] is ligated by a 
strained terpyridine, and it also has two crystallographically inequivalent molecules, both of 
which make for more disorder in the ligand distances (Ni-N = 1.968-2.125 A, Ni-S = 
2.274-2.332 ii). 

For all three compounds, the main Fourier transform peak was filtered out, and fits of 
Type 1,2 and 3 (vide supra), using various combinations of N and S waves, were done on 
the backtransformed data (see Tables 7.5-7.7, and Appendix III for a complete list of fit 
results). For N+S and S+S’ combinations, several Type 3 fits were made, exploring 
several possible combinations of N-type and S-type ligation. Results agreed with those of 
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the Type 2 fits, and also showed how shallow or deep the minimum was for numbers of N 
and S coordinated. In the case of [Ni(NS$BU)H](BPh& the main Fourier transform peak 
was narrower than that for the other two compounds, so fits were tried on data from two 
Fourier transform windows, one of the same width as for the other two compounds, and 
including a small low-R’ peak, and the other narrower, including only the main peak. 
Results from both these windows were quite similar. The wider window showed 
somewhat less of undesirable correlation between coordination numbers (CN’s) and 
relative Debye-Waller factors, so only the results from this window will be discussed. A 
summary of the results of the Type 2 fits is in Table 7.6, selected Type 3 fits are listed in 
Table 7.7, and results for all fits done are in Appendix III. 

As in Chapter 5, fits using incorrect combinations of N and S waves as well as 
correct combinations were done. As expected, fits using one or two N waves were 
extremely poor, with either a high fit index, or unreasonable R, CN or c2 values. Fits using 
one or two S waves do better. In Ni(tsalen) and [Ni(N&)], which have two S ligated to 
Ni, one S wave alone could not produce a reasonable fit, that is, no fit produces a 
combination of R, CN and c2 that is physically reasonable (as judged from the results in 
Tables 7.3 and 7.4). Only 2 S are found, and they by themselves cannot constitute a 
coordination shell. However, in [Ni(NS3mU)H](BPh4), which has three S ligated to Ni, 4 
S at 2.22 8, gives a very reasonable fit, with a good fit index (F = 0.492). Again, for S+S’ 
fits, a reasonable fit could not be obtained in Ni(tsalen) and [Ni(N3S2)], but 
[Ni(NS3mU)H](BPhq) gave reasonable fits with a two-wave total of 3 or 4 S. 

For all three compounds, reasonable N+S fits had a fit index which was 25% lower 
than reasonable S+S’ fits. Also, distances obtained for Ni-N and Ni-S are all within 0.03 
A of the averaged crystallographic bond distances. 

For Ni(tsalen) and [Ni(NSs rBu)H](BPh4), Type 2 fits produced the correct 
coordination numbers (2N/2S and lN/3S respectively), and, of the various Type 3 fits 
tried, the most reasonable c2 values were also obtained when the correct combination of 
CN’s was used. However, the most reasonable Type 3 fit did not produce the lowest fit 
index. A slightly (less than 5%) lower fit index was achieved by fixing a larger CN for the 
N wave (3N/2S and 2N/3S respectively), which also resulted in a more negative c2N value. 
Nevertheless, applying the criteria in Table 7.3 in a straightforward manner gives us the 
correct distances and coordination numbers. 

In the case of [Ni(N$Q)], however, the Type 2 fit gives 1.9 N and 1.9 S. There is 
no Type 3 fit in which the c2 values fit within the criteria listed in Table 7.3. A fit with 
2N/2S comes the closest to being “reasonable”, with c2 values just barely outside the range 
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given in Table 7.3 (c2N = -0.0270, ~2s = -0.0220). The fit with the correct CN’s (3N/2S) 
gives c2N = -0.0340, c2s = -0.0233, while the fit with the lowest fit index (4N/2S) gives 
C2N = -0.0406, czs = -0.0244. All three fits have fit indices within 10% of each other. 
From CN and c2 values alone, then, we can tell that there are two S in the coordination 
shell, but the number of N is anywhere between two and four. If we take the Ni-S bond 
length (2.30 A) into account, we can eliminate an octahedral 4N/2S geometry as highly 
unlikely, and then the shape of the edge spectrum (which is in this case typically trigonal 
bipyramidal) tips the balance towards the correct*answer of three N and two S (although we 
cannot totally eliminate the possibility of tetrahedral coordination). 

In summary, Ni-N and NGS distances can be obtained with a high degree of 
accuracy (within 0.03 8, for Ni-N and 0.01 A for Ni-S). The number of S in a 
coordination shell can also be ascertained with some accuracy (within 0.1 units in these 
compounds), but the number of N was less accurate (being within 0.1 units for Ni(tsalen) 
and [Ni(NS3mU)H](BPlr4), but off by 1 unit for [Ni(N&)]). It can be seen from the tits to 
[Ni(N&)] that static disorder in the bond distances raises the Debye-Waller factor 
considerably, so that we have to exercise care in using Table 7.3 to eliminate possible 
geometries, especially with regard to N coordination. The c2 values in Table 7.3 can be 
used to set a lower bound for the possible number of N or S coordinated to Ni. The bond 
distances in Table 7.4 can also be used to confirm or eliminate octahedral coordination. 
There is less difference in Ni-N and Ni-S bond distances between four and five- 
coordinated compounds of various geometries, but the variation in distances (together with 
the appearance of the edge) can still be useful in judging the more likely geometry. 

(c) Testing for the Presence of Fe Using: (Et&lNiFe$!L@&&] 

Since a major question about the Ni site in CODH is whether it is part of a cubane, 
we carried out EXAFS analysis on such a cubane, namely (EtqN)3[NiFe&(SEt)4] (11). 
For a more complete comparison with the fits done on the protein data (vide infra), reverse 
Fourier transforms were calculated including only the two major peaks (R’ = 1.37-2.85 
(0.1) 8, - W indow 2) and also including the two major peaks with a substantial shoulder 
to lower R (R’ = 1 .OO-2.85 (0.1) 8, - W indow 3). S+Fe, S+S’+Fe and N+S+Fe fits 
were carried out on data from both backtransforms. A summary of selected fits is given in 
Table 7.8, with the complete results being listed in Appendix III. Results of fits to Window 
2 are discussed first, then compared with results from Window 3. 

S+Fe fits show that (EQN)s[NiFe&(SEt)4] (11) has more disorder in Ni-scatterer 
distances than (ELtN)2[NiFe&(PPh3)(SEt)3] (10) (from which Ni-Fe parameters were 
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extracted), showing only 2.3 Fe at a longer distance (2.75 A vs. 2.689 A). Unfortunately, 
no crystal structure of (11) is available with which to compare this result, which seems to 
indicate that (11) is a slightly less rigid or regular cubane than (10). A Type 3 fit of (11) 
with 4Sf3Fe gives c&e = -0.0184. The first shell (i.e., the scatterers directly coordinated to 
Ni) is also somewhat disordered, since a Type 2 fit gives 2.9 S, rather than 4 S, at 2.25 A. 
A certain amount of disorder is expected, since the Ni-S(Et) distance is certainly different 
from the Ni-S(cubane) distance. 

We hoped to distinguish the Ni-S(Et) and the Ni-S(cubane) bond distances with 
three-wave S+S’+Fe fits. We obtained two minima. One had S and S’ at exactly the same 
distance (2.25 A) with a total CN of 2.9, being in effect the same as the two-wave S+Fe 
fit. The other minimum had 3.5 S at 2.26 8, and 1.0 S’ at 2.47 A. It is possible that 
Ni-S(Et) is 2.47 A long, and that we really are seeing the two Ni-S distances present in 
this compound. However, as Table 7.4 shows, the typical Ni-S bond in a tetrahedral 
compound is 2.25-2.30 A long, so Ni-S(Et) would then be unusually long. 

The N+S+Fe fits were carried out to make a comparison with the N+S+Fe fits done 
on the protein data (vide infra). We wished to see whether the N detected in the protein 
EXAFS spectra is real, or whether it is just filling in spaces, as it would be in fits to 
(Et4N)3[NiFe&(SEt)4]. The N+S+Fe fits have higher fit indices than the S+S’+Fe fits. 
In these fits, the N-wave correlates with the S-wave, so that S is shifted to shorter distance 
(2.7 S at 2.22 A), and N makes a rather large contribution (3.7 N at 2.16 A). The Fe- 
wave, being at much longer distance, is not affected by this correlation. In the 
corresponding Type 3 fit with 2N/3S/lFe, the N-wave shifts to 2.26 A, but it is clear from 
the too-low c2 values (~2~ = -0.0140, qs = -0.0153) that the same type of correlation is 
going on. 

Results from fits on Window 3 were very similar to those from Window 2. In general 
CN’s for S and N were a little higher, but not to any significant degree, and CN’s for Fe 
were very slightly lower. In the S+S’+Fe fits, starting from the same initial values as in 
Window 2, we did not obtain the minimum wherein the two S waves go to exactly the 
same R. For both initial values, the other minimum, with 3.7 S at 2.26 8, and 1.2 S’ at 
2.47 A, was obtained. (CNs = 3.7 is rather high, since we expect to find only 3 S(cubane) 
atoms. This may indicate that some correlation occurs between the two S-waves.) The 
N+S+Fe fits once again did not match the data as closely as the S+S’+Fe fits. They also 
behaved in the same way as for Window 2, with the Type 2 fit giving 4.4 N at 2.19 A and 
3.4 S at 2.22 A. The shift in RN in the Type 3 fit with 2N/3S/lFe is less dramatic this time, 
with RN = 2.23 A, The lc2l values are still too low (~2~ = -0.0184, czs = -0.0171), but they 
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are closer to the reasonable values set forth in Table 7.3. Thus, while the Type 2 fit would 
suggest that Window 3 contains more N than Window 2, the Type 3 fit suggests the 
opposite. We conclude that there really is the same amount of “N-wave contribution” in 
both windows. 

In summary, fits to (EqN)3[NiFe3Q(SEt)4] all show a strong Fe contribution, as 
expected for fits to a cubane, even though the contribution has been lessened by disorder in 
the Ni-Fe distances. Results from fitting Fourier Windows 2 and 3 turned out to be very 
similar. It is rather disconcerting that such a large N-wave should be obtained when no N is 
in fact present, but its effect on the S-wave, and the long Ni-N distance, are signs that it is 
not modelling any real presence of N ligands. Neither the number of S present, nor the 
number of N found, was much affected by the inclusion or exclusion of the “left shoulder 
of the main peak”. It is also important to note that the N+S+Fe fits do not fit the data as 
closely as the S+S’+Fe fits in both windows. This is significant when compared with the 
different results obtained by including the “left shoulder” of the main peak in CODH data. 

(2) EXAFS Analvsis of RhodosDiriZZum rubrum Ni CODH Data 

The EXAFS spectra for the five protein data sets are shown in Figure 7.10. It can be 
seen that the data for all the oxidized samples, and for CDHRD, have a beat node at k -7-8 
A-l. However, the EXAFS of CODHRX is qualitatively different, being much larger and 
not showing the beat node, although the presence of more than one shell of scatterers is 
shown by shoulders in the EXAFS. The Fourier transforms for the five data sets (Figure 
7.11) show that CODHRX does indeed have a much taller peak than the other data sets, 
and that it alone also has three peaks above the noise at R’ = 3-5 A. However, all five 
Fourier transforms can be considered in terms of one main peak with “shoulders” on either 
side. These shoulders can be quite large compared with the main peak, and they are not in 
most cases easily separable from the main peak. Since we were not sure what contribution 
these shoulders might make to the EXAFS of the coordinating shell of Ni, various Fourier 
windows were used, both including and excluding the shoulders on either side, to obtain 
backtransformed data for curvefitting (see Table 7.9 and Figures 7.12 and 7.13). In 
particular, CODHX, the first data set to be collected and analyzed, shows a large, well- 
separated peak to the left of the main peak, which could not be reduced by splining. This 
peak was analyzed separately, as well as together with the main peak, and parallel fits were 
also done on the other data sets. The types of fits done for each window are shown in 
Table 7.10. 
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Results of some Type 2 and Type 3 fits are shown in Tables 7.11 and 7.12 
respectively, and complete fit results are listed in Appendix III. Once again, for N+S and 
S+S’ combinations, several Type 3 fits were made, exploring several possible 
combinations of N-type and S-type ligation. Again, Type 3 fit results generally agreed with 
those of the Type 2 fits, and also showed how shallow or deep the minimum was for 
numbers of N and S coordinated. Some variation in the Ni-X distance (usually Ni-N) with 
differing contributions of N and S was observed. Those fits for which the Ni-X distance 
differs by more than 0.02 A from the corresponding Type 2 fit are considered to be less 
sound. These fits always also have c2 values that are well outside the range set forth in 
Table 7.3. Generally, discussion of results will first be in terms of Type 2 fits, followed by 
additional insights from Type 3 fits, if any. 

When using the fit index F (defined in Chapter 2) to evaluate the goodness of a fit to 
the data, we have to bear in mind that the fit index is not adjusted for the size of the signal. 
Thus, for equally good fits, we would expect the fit indices for fits to CODHRX to be 
larger than those for fits to the smaller signals in other data sets. The fit index is also 
affected by the noise level in a data set. So the fit index should only be used to compare 
different fits made on the same data. However, it can be seen from comparing Figures 7.14 
and 7.15 (and also Figures 7.18 and 7.19) that the fits to CODHRX do in general achieve a 
worse match in phase and amplitude than corresponding fits in the other data sets. 

(a) Results of One-Wave Fits 

One-wave fits were performed on data from Windows 1 and 2. No attempt was made 
to fit data from Windows 3 or 6 with one wave because these had a beat node in the 
EXAFS (see Figure 7.13), and one wave clearly would not give a good fit. 

Even though the Fourier transform peak of CODHX Window 1 looked quite different 
from that for the other data sets, when curvetitted with N or S all five data sets gave much 
the same result : either 1 N at about 1.9 A, or less than 0.5 S at about 1.6 A. In all cases it 
was obvious that the parameters did not match the signal in the backtransform at all, either 
in phase or in amplitude, and so this peak really does not contain either an N-type or an S- 
type wave. And so, even for CODHX, it is clear that the “first peak” or “left shoulder” 
cannot stand on its own. 

For one-wave fits to data from Window 2 (see Table 7.1 l), N fits fared poorly, but S 
fits were able to give a fairly close fit of the data. Between 1.3 S and 1.8 S at 2.23 8, or 
2.24 8, were obtained, except for CODHRX, which had 2.3 S at 2.25 A. This suggests 
that the “main peak” does contain S. 
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(b) Results of Two-Wave Fits to Window 2 

We turn to two-wave fits for a better indication of whether the “main peak” in 
Window 2 can account for a complete coordination of Ni by itself. N+N’, S+S’ and N+S 
fits were done on this window. 

N+N’ could not achieve a close fit of the data, and the fits achieved often had a total 
coordination number of more than six, which is chemically unlikely. 

Of the two-wave fits tried, S+S’ fits achieved the closest match to the Window 2 
data. One of the S-waves was found at about the same distance (2.24-2.25 A) and slightly 
higher CN (1.5-2.1 S, 3.1 S for CODHRX) as in the one-wave S fit. However, in all five 
data sets, the other S-wave was found at R < 2.1 A. This is true for all Type 3 fits with 
reasonable c2 values as well as for Type 2 fits. Since no Ni-S bond length of less than 2.1 
A has been found even for NiIv-S compounds (see Table 7.4), we reject S+S’ as being a 
physically reasonable fit of the data. 

In the N+S fits, two initial distances for N were tried: 2.1 8, and 1.9 A. In the former 
case, the coordination number for N always refined to a negative value, so these fits will 
not be considered further. In the latter case, the S wave reached more or less the same R 
and CN as it did in the S only fit, and the contribution of the N wave varied between 0.4 N 
to 0.7 N (1.1 N for CODHRX). Except for CODHX, the N wave was at 1.89-1.91 A. In 
CODHX, N was at 1.82 A, which is shorter than Ni-N distances found for any model 
compound (see Table 7.4). In this case, especially when compared with fits done on other 
windows of CODHX (vide infra), it is doubtful that this represents a true N-wave. For 
CODHOX, the Type 3 lN/2S fit has a Ni-N distance of 1.84 A (see Table 7.12), which is 
substantially different from the result for the Type 2 fit (0.4 N at 1.9 1 A), and so it is also 
doubtful that this window contains a true N-wave. For the other three samples, some 
component of a true N-wave may be present. For CDHOX and CDHRD, the total 
coordination adds up to 1N and 2S, which is not quite sufficient for a complete 
coordination shell. For CODHRX, we observe 1N and 3S, which may indeed comprise a 
complete coordination shell. 

(c) Results of Two-Wave Fits to Window 3 

Window 3 includes both the major peaks in CODHX or, in the other data sets, the 
main peak plus its left shoulder. Again, N+N, S+S’ and N+S fits were done on the data. 

N+N’ fits were actually able to achieve the closest fits to the data in the cases of 
CODHX and CODHOX (see Figure 7.14). However, these fits had total CN’s of 11 
(CODHX) or 8 (CODHOX), so they are not physically reasonable. For the other three data 

130 



sets, N+N’ had the worst match to the data (see Figure 7.15), and total CN’s ranged from 
9 to 12. Once again, N+N’ may be dismissed as physically implausible for the coordination 
shell of Ni. 

In contrast to Window 2, S+S’ fits were generally a poorer match to the data than 
N+S fits (see Figure 7.14). The one exception to this is CODHRX, where S+S’ provides a 
slightly (15-20%) better match (see Figure 7.15). However, for all five data sets we again 
find that while one of the S-waves is at 2.25-2.27 A, the other is always found at < 2.1 A, 
both in Type 2 fits and in Type 3 fits with reasonable c2 values. So S+S’ is again not a 
reasonable coordination shell for this Fourier window. 

N+S fits are the only ones wherein the R, CN and c2 values of both waves used are 
all physically reasonable at the same time. With the exception of CODHRX, these fits also 
provide the closest match to the data. Again, CODHRX is different from the other data sets 
in that it shows a contribution of 3 S (2.8 S at 2.25 A), while the rest show 2 S (2.0-2.1 S 
at 2.23-2.24 A). (CODHOX shows 1.6 S, but a lN/2S Type 3 fit gives czs = -0.0252, 
which is more reasonable than qs = -0.0162, which was obtained using lN/lS.) 

The contribution from the N-wave is rather weak by comparison, and so it is harder 
to firmly establish the number of N coordinated to Ni. It is possible that the presence of N 
is merely an artifact of the Fourier transform, an effect of including the left shoulder of the 
main Fourier peak in the backtransform. However, the tests done on 
(EtqN)3[NiFe&(SEt)4] (vide ante), with Fourier windows both excluding and including 
the left shoulder, showed that where no N’s were ligated to Ni, no extra N’s were found 
when the left shoulder was included in the transform. On the other hand, we found in all 
the CODH data sets that the amount of N-wave contribution was doubled or tripled when 
the left shoulder was included. We believe that this indicates the real presence of Ni-N 
coordination at I 1.9 A. 

Our analysis also suggests a reason for the large, well-separated first peak in the 
CODHX Fourier transform. The Ni-N distance in CODHX was found to be 1.85 A, while 
for the other data sets it was 1.89 8, (1.87 8, in CDHRD). Perhaps a greater spacing 
between the N and S distances in CODHX is the cause of the more pronounced beat pattern 
in the EXAFS of CODHX, which manifested itself as the split between the two peaks 
when the Fourier transform was applied. 

In CODI-IX, we found 2.1 N at 1.85 A. lnthe other two oxidized samples, we found 
1.3 N at 1.89 A. In Type 3 fits (Table 7.12), 2N/2S gave c2N = -0.0216 for CODHX and 
C2N = -0.0314 for both CODHOX and CDHOX. A Type 3 fit with lN/2S gave c2N = 
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-0.02 19 and c2N = -0.0218 for CODHOX and CDHOX respectively. Yet the edges of all 
three samples look very similar, so we do not expect a major change in the Ni geometry. It 
could be argued that, since the Ni-N bond length for CODHX (1.85 A) is 0.04 A shorter 
than those for CODHOX and CDHOX (1.89 A), we would expect the bond to be stiffer 
and the c2 value to be less negative for CODHX. This would allow us to interpret the low 
~2~ magnitude of -0.0216 as reasonable for CODHX. We may also further argue, based on 
Table 7.4, that a Ni-N distance of 1.85 8, is extremely unlikely with five-coordinate 
ligation, which we would have to accept if we concluded that 3 N’s were present in 
CODHX. To accept a Vahe Oft& = -0.0314 as reasonable for the.other two oxidized 
samples, however, we would also have to postulate a certain amount of static disorder in 
the Ni-N distances. If all this is true, then we can reconcile the differences in the EXAFS 
of these three samples with the similarity in their edges, and conclude that the most likely 
ligation for oxidized R. rubrum Ni CODH is two nitrogens and two sulfurs. 

Reconciliation of edge and EXAFS data is even more difficult when the reduced 
CODH samples are considered. Besides the difference in the number of S coordinated, we 
find in CODHRX 1.9 N at 1.89 A, while in CDHRD we find only 1.2 N at 1.87 A. A 
Type 3 fit to CODHRX with 2N/3S gives c2N = -0.0245, while a fit to CDHRD with 
lN/2S gives c2N = -0.0242. Yet the edges of both samples are almost identical, not only 
with each other, but with the edges of all the oxidized samples. In this case, it is not 
possible to reconcile this discrepancy, and so we have no definite conclusion about the 
numbers of N or S coordinated to Ni in reduced CODH from EXAFS analysis. 

Instead, we have to conclude that either CODHRX or CDHRD is not a good reduced 
Ni CODH sample. Since CDHRD has exactly the same edge (see Figure 7.7), and also 
almost exactly the same EXAFS results as CDHOX, it may be that CDHRD is in fact an 
oxidized sample of Ni CODH. In this case, then, there is a real change in the Ni 
environment upon reduction, with Ni now being coordinated to 2 N at 1.89 8, and 3 S at 
2.25 A. It is amazing, though, that the addition of one sulfur ligand (or two, vide infra) 
should have made so little difference to the Ni edge of CODHRX. Alternatively, it may be 
CODHRX that is unreliable - perhaps denatured - and if so then the Ni site in Ni CODH 
shows no change upon reduction that is perceivable by EXAFS spectroscopy. A third 
reduced CODH sample, redox-characterized by optical or EPR spectroscopy, should be 
measured in the future to resolve this problem. 
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. - xw- 

/d) Results of Two- and Three-Wave Fits to Window 6 

The Fourier backtransform Window 6 includes the main peak, with both left and right 
shoulders. Since fits to Window 3 sufficiently proved N+S as the only plausible ligation 
for all data sets, N+N’ and S+S’ fits were not repeated on Window 6. However, N+S fits 
were carried out to see if including the right shoulder would have any effect on the 
coordination numbers or distances for N or S. As Table 7.11 shows, there is no significant 
difference in R’s or CN’s for either N or S. The fit indices are a little higher, but that is 
normal when more data are included in a Fourier window. 

Three-wave fits to Window 6 were made in order to search for any Fe present within 
3 A of Ni, specifically in the “right shoulder” of the main peak, which is quite large for 
CODHOX, CDHOX and CDHRD (see Figure 7.11). It is pretty obvious, simply from 
visual inspection of the EXAFS and Fourier transforms of (Et4N)$NiFe$Q(PPh3)(SEt)$ 
and (EtqN)3[NiFe&(SEt)4] compared with those of any CODH data set (Figures 7.16 and 
7.17), that Ni in R. rubrum CODH does not reside in an NiFe3S4 cubane. This is 
confirmed by the results of fits done on (Etfl)3[NiFe&(SEt)4], where at least 2 Fe were 
always found (vide ante), and the fits following. Note that, except for CODHRX, Window 
6 does not include data above R’ = 2.6 A, meaning that we should not expect scatterers 
found at distances above 2.7 8, to have much physical meaning. The next peak at higher R 
in the Fourier transforms was not included because in most of the data sets this peak was 
barely above noise (see Figure 7.11). 

N+S+S’, N+S+Fe and N+S+N’ fits were performed (see Figures 7.18 and 7.19). 
The N+S+S’ and N+S+N’ fits are control fits, to estimate the significance of “finding” any 
Fe with the N+S+Fe fits. In evaluating all these fits, we do not have any firm criteria for 
the maximum likely c2 value for N’ and S’, since we have no model data for “second-shell” 
N or S. Since CODHRX has a right shoulder that is much less distinct than those for the 
other data sets, the results for it differ from the results for the rest. 

With the N+S+S’ fits, it was possible to obtain a minimum which was basically the 
same as the N+S fit, with the two S waves at the same distance having a total S 
coordination of the same magnitude as in the N+S fit. This fit is not shown in Table 7.11 
or 7.12 (except for CODHX), since it adds no new information. The other minima that 
were obtained had N+S at about the same R’s and CN’s as in the two-wave N+S fits, with 
S’ occurring at various distances. In all five data sets, 0.3-0.5 S’ could be found at 
-2.9 A. In other fits, it was also possible to find about 0.4-0.6 S’ at 2.43-2.48 8, 
(CODHOX and CDHOX) or 0.8 S’ at 2.62 A (CODHRX), or 0.7 S’ at 2.16 8, (CDHRD). 
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The minimum with S’ at -2.9 A was the closest fit to the data in the cases of CODHX, 
CDHOX and CDHRD. For CODHOX and CODHRX S’ at -2.4-2.6 8, produced a closer 
fit. However, in all the data sets except CODHRX S’ at -2.9 8, was better able to fit the 
right shoulder of the main peak (see Figure 7.20, top). For CODHRX, the best fit was 
obtained with S’ at 2.6 8, (Figure 7.20, bottom). Considering both Type 2 and Type 3 fits, 
another minimum can be obtained in the reduced CODH data sets, in which the 2 S-waves 
correlate and one of them refines to R 5 2.18 A, while the other is found at R -2.3 A. 
CODHRX and CDHRD also have one more mjnima in the Type 3 fits: in CODHRX, S’ 
finds a minimum at 3.23 A (but the fit to the data is poor), while in CDHRD, S’ finds a 
minimum at 2.31 A, with c2 = -0.0612, which means that it makes essentially no 
contribution to the EXAFS signal. 

In the N+S+Fe fits, two minima were again found. In both cases, N+S had the same 
R’s and CN’s as they did in the two-wave N+S fits, and were essentially unaffected by the 
location of the Fe-wave. The closer fit was achieved with 0.3-0.4 Fe at 2.70-2.76 A 
(except for CODHRX, with 0.6 Fe at 2.80 A). This minimum also produced the better fit 
of the right shoulder of the main peak (see Figure 7.21, top), except in CODHRX, where 
both minima fail to achieve a good fit to the right shoulder (Figure 7.21, bottom). Type 3 
fits with 1 Fe gave c&e values between -0.0256 and -0.0333 (except @Fe = -0.0184 for 
CODHRX). These values are well above those obtained with the NiFegS4 cubanes (where 
C2Fe = -0.0153 to -0.0194, from both (10) and (11)). However, since a single Fe 
connected by a single bridge to Ni would not be in as rigid a structure as Fe’s in a cubane, 
these c2 values are not improbable. Another minimum, with 0.1-0.2 Fe (0.6 Fe for 
CODHRX) at 3.06-3.09 A, could also be obtained. Not surprisingly (since this is outside 
the range included in Window 6, except for CODHRX), the contribution of Fe is so slight 
as to be below the noise level (except in CODHRX), and also this fit does not manage to 
reproduce the right shoulder of the main peak in the Fourier transform (except, again, in 
CODHRX, where it actually produces a slightly better match in this region). 

N+S+N’ fits were carried out because N-waves are known to have phase shifts very 
similar to Fe-waves, and so it is easy to mistake one for the other when curvefitting. In this 
case, the N-wave parameters were so similar to the Fe-wave parameters that N+S+N’ fits 
were almost indistinguishable from N+S+Fe fits. The N and S waves in these fits gave 
almost exactly the same R’s, CN’s and q’s in corresponding fits. The CN’s for the N’- 
wave were of course higher than those for the Fe wave, since N’ is a lower 2 scatterer; 
about 3 N’s correspond to 1 Fe. We thus found a minimum with 1.1-1.3 N’ at 2.71-2.76 
A, and another with 0.2-0.5 N’ at 3.09-3.11 A. (CODHRX is again different from the 
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rest, with 1.2 N’ at 2.81 A and 1.3 N’ at 3.09 8, respectively, so that only 2 N’s 
correspond to 1 Fe.) 

Comparing the three classes of fits overall, we find that N+S+S’, N+S+Fe and 
N+S+N’ achieved comparably close fits to the data (as shown by the fit indices), except for 
CODHRX, where N+S+S’ fitted a little more closely (see Tables 7.11 and 7.12). 

Thus, for the four data sets giving similar results, while there may very well be 1 Fe 
at -2.7 A, there may equally well be 1 S at -2.5 8, or more likely -2.9 A (since this fits the 
“right shoulder”), or several N at -2.7 A. Second-shell N-type scatterers (as, for instance, 
in imidazole rings) usually occur at 2.9-3.1 A. Ni is most probably four-coordinate and 
thus would not have any ligating S further away than 2.3 A (though we cannot rule out an 
unusual structure such as that found in plastocyanin, see Chapter 5). At -2.7 A, therefore, 
Fe is chemically the most plausible scatterer. Since N or Fe at -2.7 A rather than -3.1 A 
accounts better for the “right shoulder” in the Fourier transforms, and it is more likely that 
we see Fe than N at 2.7 A, it is possible that 1 Fe is present in Ni CODH at -2.7 8, from 
Ni. However, this conclusion is tentative. 

For CODHRX, the best three-shell fit is N+S+S’, with S’ at 2.61-2.62 A. Even so, 
this three-shell fit does not match the data as closely as the three-shell fits for the other data 
sets. However, if we accept this as the most plausible fit, then we have six-coordinate 
(Ni-N&t) ligation, in which five of the bonds (Ni-N = 1.88-1.89 A, Ni-S = 2.25 A) are 
much shorter than Ni-N or Ni-S bonds in any octahedral model compound surveyed (see 
Table 7.4). It does not seem likely that so many ligands could crowd within such a short 
distance from Ni, and furthermore it is unlikely that a change from four-coordinate to six- 
coordinate geometry should have so little impact on the appearance of the edge. This 
suggests that, of the two reduced samples, it is CODHRX that is unreliable. 

(e) Fits to the Fourier Peaks at R’ = 3-5 8, From Ni in CODHRX 

Since one possible model for the Ni site in R. rubrum CODH involves Ni bridged to 
a Fe& cubane, we investigated whether the three peaks seen at R’ = 3-5 A in CODHRX 
might be due to backscattering from atoms in a cubane-like array. 

Each peak was individually windowed and backtransformed (R’ = 2.85-3.60 (0.1) A 
- Window 7, R’ = 3.52-4.20 (0.1) A - Window 8, R’ = 4.10-5.07 (0.1) 8, - W indow 
9) and all three peaks wete also included in a wide backtransform (R’ = 2.85-5.07 (0.1) 8, 
- W indow 10). Fits using S-waves and Fe-waves were carried out on all four windows. 
(Fits using N-waves were not performed because N-waves and Fe-waves have such 
similar phase shifts.) Since the S and Fe parameters are being used at distances far larger 
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than the distances in the compounds from which they were extracted, the results from these 
fits are not definitive. At such distances, the CN values obtained would be only a rough 
indication of the presence or absence of S or Fe. The intrinsic EXAFS backscattering from 
atoms at longer distances is less than from shorter distances, so that CN values found 
would be lower than the actual number of scatterers present (e.g. 1 S found at 4 A would 
suggest the presence of more than 1 S at that distance, but, without calibration on models 
of known structure, we cannot tell how many there in fact are). Results for some of these 
fits are shown in Table 7.13, and listed in full inAppendix III. 

On each of Windows 7-9, fits were done using an S-wave only, an Fe-wave only, 
and S+Fe. In all cases, whether one- or two-wave, the parameters were able to achieve a 
fair-to-good match to the phase of the data above k -8 A-1, where the amplitude was 
greatest, but at lower values of k the phase match was worse, being quite poor in some 
cases. In the one-wave fits, Rs was usually -0.2 8, longer than Rl+. In the S+Fe fits, it 
was possible to obtain two minima, one with Rs about the same as RI+ and the other with 
Rs being -0.2 A longer than Rl+. 

On Window 7, S and Fe parameters both performed about as well as each other on 
the data, and combining them did not solve the problem of poorly matching phases at lower 
k. This suggests that Window 7 does not in itself completely contain either S or Fe, but 
does have elements of both, at -3.5 8, (both S and Fe possible) or -3.7 8, (for S). On 
Window 8, there were still problems with phase matching at lower values of k, but the S- 
wave did match the data better than the Fe-wave, and so we may conclude that Window 8 
probably does contain the equivalent of 1.5 S at 4.19 A, and not much Fe (particularly 
since CNF, becomes negative in one of the S+Fe fits). On Window 9, the Fe-wave 
matched the data much better than the S-wave, so in this case it is obvious that the 
dominant signal is an Fe-type signal, with the equivalent of 2.3 Fe at 4.87 A. 

On Window 10, only Type 2 fits were carried out. Between three and six waves were 
used at one time. When so many waves are used to fit EXAFS data, the risk of correlation 
between different waves is high, and, once again, the results should not be regarded as 
conclusive. Not all the possible combinations were explored, but, of the fits tried, we can 
make the following observations. We found five waves to be the minimum necessary to 
reproduce all the oscillations in the data. These had either S or Fe in the region of the first 
peak and both S and Fe for each of the other two peaks. Two solutions obtained were : 
(0.5 Fe at 3.54 A, 1.8 S at 4.18 A, 0.6 Fe at 3.83 A, 1.1 S at 4.65 A, 1.8 Fe at 4.88 A) 
and 0.8 S at 3.73 A, 2.0 S at 4.17 A, 1.1 Fe at 3.82 A, 1.0 S at 4.66 A, 1.9 Fe at 4.87 A). 
The latter is a slightly closer fit to the data. 
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To see whether S’s and Fe’s at the above distances could be due to a cubane, we used 
the crystal structure coordinates21 for [Fe&(SPh)4]3- as a model Fe& cubane. Ni was 
attached by a bond 2.21 8, long to one of the S from SPh, such that the Ni-S-Fe angle was 
103” and Ni..Fe was 3.52 A. Ni was then rotated around the cubane by rotating the S-Fe 
bond (Figure 7.22). With Ni in various positions, the distances from Ni to the other Fe’s 
and S’s in the cubane were then measured. Apart from the Fe fixed at 3.52 A, the other 
Fe’s in the cubane were found at distances ranging from 4.7 A to 6.3 A, and the cubane 
S’s at distances between 3.4 8, and 5.7 8, (not*including the apical S furthest from Ni, 
which is at 6.7-7.2 8, from Ni), depending on the orientation of the cubane towards Ni. 

This exercise makes it obvious that the Fe&4 cubane is far too large a moiety to fit 
within the three high-R Fourier peaks in CODHRX. It is possible that we are seeing 
EXAFS signals from only one face of such a cubane. At certain orientations, our model 
shows as many as 2 Fe and 2 S within R = 3.5-4.9 A. However, no orientation of the 
model shows 2 S at 4.2 8, or 2 Fe at 4.9 A (these being the most stable waves in the fits to 
Window 10); at most only one atom occurs at each of these distances. 

We may thus conclude that the Fourier peaks observed at R’ = 3-5 8, are probably 
not due to an Fe&Q cubane bridged to Ni through a terminal S, such as is shown in Figure 
7.1(b), and probably not even due to two such cubane units. The origin of the Fourier 
peaks is in any case doubtful, since this sample shows contradictory results for its edge and 
its Ni coordination shell. 

/F) Conclusion 

Edge and EXAFS investigations of five samples of Rhodospirillum rubrum Ni 
CODH were carried out. Results from four of these samples (three oxidized and one of two 
reduced samples) show consistently that the nickel in the active site is most probably 
coordinated with two nitrogens (or oxygens) at 1.85-1.89 8, and two sulfurs at 2.23-2.25 
A, in a geometry that is considerably distorted from planarity, perhaps pseudo-tetrahedral. 
If this reduced sample is truly reduced, these four samples suggest that there is no 
significant change in ligation upon reduction of Ni CODH. Data from the other reduced 
sample were best fitted with two nitrogens (or oxygens) at 1.89 A, but three sulfurs at 
2.25 8, and a fourth sulfur at 2.61 A. Most of these Ni-ligand distances are extremely 
short for a six-coordinate compound and suggest that this sample is unreliable. Otherwise, 
there is a major change in Ni ligation upon reduction of Ni CODH. 

This, however, would not be consistent with the Ni and Fe K edges, which show no 
significant change with redox state, suggesting not only that the Ni ligation remains the 
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same, but also that there is extensive delocalization of electrons throughout the Ni/Fe/S 
cluster. The latter is also consistent with the “smeared-out, low-resolution” appearance of 
the Ni edge. The Fe edge of CODH shows a strong resemblance to the Fe edge of a 
NiFe$Q cubane, confirming the presence of Fe&-type moieties in the protein. 

Leaving aside the reduced sample that is most likely unreliable, edge and EXAFS 

results together suggest that the oxidation state and coordination shell of Ni do not change 
upon reduction or oxidation. 

It is established beyond doubt that Ni is tiot part of an NiFe& cubane. There is a 
possibility that 1 Fe was detected at -2.7 8, in four of the samples, but this is by no means 
certain. It was found that a group of peaks at R’ = 3-5 A in the Fourier transform of one of 
the samples (whose reliability is doubtful) could not be fitted by modelling an Fe& 
cubane ligated to Ni through a thiolate S. Thus, EXAFS analysis gives no firm evidence 
for an Fe& cubane or two near Ni (as suggested by EPR and other studies), but does not 
preclude their existence. 

Studies on more samples of Ni CODH, especially in the reduced state, would be 
desirable, to resolve the discrepancies that we have found. It would also be extremely 
interesting to interpret the edge and EXAFS spectra of Ni CODH with CO or CN- bound to 
the site. Ni edges have many intriguing features, and these would also be worth 
investigating in the future. 
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Table 7.1. Samples of Ni CODH on which data were collected (does not include one sample collected in April 1990, which was not 
analyzed). 

Data Set Name 1 CODHX CODHOX* CDHOX CODHRX” CDHRD 

Redox State 
[Ni2+] 
Buffer 

Activity? 
Date measured 
Beam Line 

6 Ring Current 
Good scans 

oxidized 
0.85 mM 

50 mM Mops&O 
with 1 mM indigo 
carmine, pH 7.5 

-4000 unitslmg 
June 1989 

NSLS Xl9A 
92-170 mA 

6 edge 
16 EXAFS 

oxidized oxidized 
1.4mM 1.5 mM 

100 mM Mops, pH 25 mM Mops, pH 
7.5, in 10% glycerol 7.5, 15% glycerol, 

400 mM NaCl 

5200 units/mg 
July 1991 
ssFa7-3 
24-39 mA 

10 edge 
29 EXAFS 

3600 units/mg 
July 1992 
ssRL7-3 
50-92 mA 

11 edge/EXAFS 
20 EXAFS 

reduced reduced 
1.4 mM 1.5 mM 

100 mM Mops, pH 
7.5, in 10% glycerol, 
5 mM Na2S204 

25 mM Mops, pH 
7.5, 15% glycerol, 
400 mM NaCl, 10 
mM Na&04 

3600 units/mg 
July 1992 
ssRL7-3 
38-77mA 

30 edge/EXAFS 

5200 units/mg 
July 1991 
ssFu7-3 
19-52 mA 
13edge *- 

34 EXAFS 
(9 good detectors) 

* - Fe K edges were also measured, to k = 11 A-l. 
t - Activity was measured in pm01 CO oxidized per minute per mg protein 



Table 7.2. Ni model compounds used in this study (continued on next page). 

No. Short name Full name Ni ligation Supplier Ref. 

1 QNi(CN)b 
2 Ni(dmegly)z 
3 Ni(corphin) 

4 [Ni(TC-6,6)] 
5 Ni(N&$2) 

6 Ni(N&C3) 

7 Ni(N&Q 

8 Ni(tsalen) 

9 Ni(ebmba) 

10 (EtqN)2[NiFe&- 
PPWSW31 

11 (EtqN)3[NiFe&- 
(SW41 

12 [Ni(SPh)412- 

Potassium tetracyanonickelate(II) 
Bis(dimethylglyoximato)nickel(B) 
Nickel(B) ccccc-octaethyl- 
pyrrocorphinate 
[Ni(tropocoronand-6,6)] 
[IVJV-ethylenebis(methyl-2-amino- 
1 -cyclopentene- 
dithiocarboxylato)]nickel(lI) 
[NJ’-t.rimethylenebis(methyl-2- 
amino- 1 -cyclopentene- 
dithiocarboxylato)]nickel(II) 
[NJ/‘-tetramethylenebis-(methyl-2- 
ammo- 1 -cyclopentene- 
dithiocarboxylato)]nickel(II) 
[NJ’-ethylenebis- 
(thiosalicylidenaminato)]nickel(II) 
[ZV,N’-ethylenebis-(o- 
mercaptobenzylaminato)]nickel(II) 
(EtqN)2[NiFe3S4(PPh3)(SEt)31 

13 (BuqN)2[Ni(mnt)2] ((C4Hg)fl)$Ni(maleonitrile- 
dithiolate)$ 

14 Ni(dedtc)a Bis(N,N’-diethyldithiocarbamato)- 
nickel(B) 

15 WGW12 Di-p,-(his-2-mercaptoethyl sulfide)- 
dinickel(II) 

16 CWW2)l [Ni(terpyridine)(S-2,4,6-(i-Pr)3- 
C&)2]’ 1 .SCH$N 
Ni[&P(OMe)2]2(2,9-dimethyl- 
1 ,lO-phenanthroline) 

17 NMWI 

c4 commercial 23 

N4 commercial *+*5 

N4 Scott 26,27 

N4 Scott 28 

N2S2 Bereman 29 

N2S2 Bereman 29 

N2S2 Bereman 29 

N2S2 

N2S2 

ps3 

s4 

s4 

s4 

s4 

s4 

Holm 30 

Holm 31 

Holm 32,33 

Holm 32 

Scott 34 

Scott 35 

Hodgson 36 

Hodgson 37Js 

N3S2 Hodgson 39 

N2S3 Hodgson 40 

Bereman - Prof. Robert D. Bereman of North Carolina State University supplied these 
compounds 

Holm - Prof. Richard H. Holm of Harvard University supplied these compounds 
Scott - Prof. Robert A. Scott of the University of Georgia at Athens supplied data for 

these compounds 
Hodgson - Synthesized by Grace Tan in the Hodgson Group 
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Table 7.2. Ni model compounds used in this study (continued) 

No. Short name Full name Ni ligation Supplier Ref. 

18 [Ni(NS3*U)H] { Ni11[N(CH2CH2S-t-Bu)3]H} 
Wh4) tBPh4) 

19 [Ni(NS3@“)Me] { Ni11[N(CH2CH$%t-Bu)3]Me} 
tBPh4) tBPh4) 

2 0 [Ni(NS3iPr)COMe] { Nin[N(CH2CH$%i-Pr)3]COMe} 
WW tBPh4) . 

2 1 [Ni(NS3mu)CO] { Ni1[N(CH2CH2S-t-Bu)3]CO} 
tBPh4) @PM 

2 2 [Ni(NS3@U)Cl] { Nifl[N(CH2CH#+Bu)3]Cl} 
tBPh4) (BPh) 

2 3 [Ni( [9]aneN3)12+ Bis( 1,4,7-triazacyclononane) 
nickel@) 

2 4 [Ni( [9]aneS3)]2+ Bis( 1,4,7-trithiacyclononane) 
nickel(II) 

NS3H 

NS3C 

NS3C 

NS3C 

NS3Cl 

N6 

Holm 22 

Holm 22 

Holm 22 

Holm 22 

Holm 22 

Scott 4’ 

s6 Scott 42 

25 NiC12 Nickel@) chloride, anhydrous cl6 commercial 4 3 

Holm - Prof. Richard H. Holm of Harvard University supplied these compounds 
Scott - Prof. Robert A. Scott of the University of Georgia at Athens supplied data for 

these compounds 
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Table 7.3. Results from tests of Ni-N, Ni-S and Ni-Fe parameters on “single-shell” compounds (data range k = 3.25-l 1.75 A-l). 

Coordination 
geometry REXAFS# A&~,EXAFS+ CNE~Fs' c2 value3 No. of cpds. 

curve-fitted 
Ni-N compounds : 
Approx. sq. planar 1.861-1.9210 1.859-1.961 0.009-0.0140 3.3-5.4 -0.0221 to -0.0265 6 
Tetrahedral 1.947 1.931 0.016 3.8-4.6 -0.0242 1 
Sq. pyramidal --------- 1.856-1.857 -------- 3.2-3.7 -0.0269 1 
Octahedral 2.090-2.124O 2.070-2.118 -0.002 to 0.0110 4.3-7.5 -0.0253 to -0.0280 4 

Ni-S compounds : 
Approx. sq. planar 2.175-2.18 2.170-2.175 0.000-0.010 3.7-4.1 -0.0201 to -0.0214 2 
Sq. planar, Nifl* 2.149 2.143 0.006 4.2-4.3 -0.0193 1 
Tetrahedral 2.288 2.287 0.001 4.0-4.2 -0.0207 1 

K octahedral 2.386 2.380 0.006 5.6-6.4 -0.0217 1 
Ni-Fe compound : 
Dist. tetrahedral ----m-w-- 2.755 ------- - 2.5-2.6 -0.Olb9 1 
* - The R(cryst)aV values are the averaged crystallographic bond distances for each compound. The range shown is the range of 

R(cryst)aV seen over different compounds. 
# - Similarly, REVS is shown as a range where more than 1 compound was fitted. The REVS values shown are from Type 1,2 

and 3 fits. The 3 types of fits produce practically identical REVS values. 

t - &ryst,~ms is calculated for each compound, and is also given as a range of values to indicate the possible goodness of fit for 
different compounds. 

0 - The CN values shown were obtained from fits of both Type 1 and Type 2. (Although Type 1 fits are generally less reliable, in fits to 
compounds with regular, simple coordination spheres, better CN values can sometimes be obtained.) 

$ - The c2 values shown were obtained from Type 3 fits. 
0 - Only two of the six square-planar and three of the four octahedral Ni-N compounds fitted have had their crystal structures 

determined. 



Table 7.4. Crystallographic bond distances for some Ni compounds of various 
coordination geometries (continued on next page). Unless otherwise noted, compounds 
have a formal Ni oxidation state of +2. 

Coordination geometry R(Ni-N),,t R(Ni-Z&v+ No. of cpds 

Ni-N4 sq. pl. 1.85-2.066 _---- 24 
Ni-N4 Tci 1.9470 ----- 1 
Ni-N5 sq* PY. 1.871(eq), 2.663(ax) -v-v- 1 
N&N6 oh 2.035-2.151 i _---- 8 

Ni-N202 sq. pl. 1.826-1.92 1.817-1.85 (0) 
Ni-N202 Td 1.960 1.896 (0) 
Ni-N303 oh 2.059 2.131 (0) 
Ni-06 oh 2.028-2.053 ----- 

NiLN3S 
Ni-N2S2 
Ni-N$2 
Ni-NOS2 

sq. pl. 
app. sq. pl. 

app. %d 
sq. pl. 

1.980 
1.857-2.003 
1.913-1.985 
1.848-1.917 

1.865-1.904 (0) 
1.901-l .953 

1.852 (0) 

2.143 
2.15 l-2.204 
2.152-2.167 

2.178-2.184 (S) 

Ni-NS3 
Ni-OS3 

sq. pl. 
sq. pl. 

tbPY * 
tbPY * 
tbPY * 
tbPY * 

sq. PY. 
VI* PY. 

2.170-2.184 
2.189 

Ni-N&l 
Ni-N& 
Ni-N2S3 
Ni-NS3L* 
Ni-N3SCl 
Ni-NS4 

2.123 2.295 (Cl) 
2.057 2.302 
2.00 2.30, 2.42, 2.58* 

2.02-2.208 2.226-2.368 
2.047 2.296(S), 2.275(Cl) 
2.06 2.42 

4 
1 
1 
3 

1 
11 
4 
2 

3 
1 

1 
1 
1 
5 
1 
1 

I- - Averages of the crystallographic bond distances were calculated for each compound, 
and the range shown encompasses the possible values that these averaged bond 
distances can take for the different compounds surveyed. 

* - no averages made in this case 

$ - These compounds are the [Ni(NS$)L](BPh4) compounds (M-22) listed in Table 
7.2. Since the character of L varies so widely (L = H-, CH3-, CO, CH3CO-, Cl-), 
distances for the Ni-L bond are not given. 
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Table 7.4. Crystallographic bond distances for some Ni compounds of various 
coordination geometries (continued from previous page). Unless otherwise noted, 
compounds have a formal Ni oxidation state of +2. 

Coordination geometry R(Ni-N)a,t R(Ni-S)a,t No. of cpds 

Ni-N30S2 oh 2.110(N), 2.249(O) 2.378 1 
Ni-N& 0-l 2.041-2.050 2.413-2.516 5 
Ni-N$$ oh 2.065-2.118 2.452-2.476 2 
Ni-N&t oh 2.047-2.11 2.412-2.50 6 1 
NinN$$ oh 2.037 2.279 1 

N&S4 sq. pl. ----- 

NimS4 sq. pl. ----- 

NiIV-S4 sq. pl. ----- 
Ni-S4 Td ----- 
Ni-PS3 Td 2.174 (P) 
Ni-PS4 sq- PY. 2.114 (P) 
Ni-S5 sq. PY. ----- 
Ni-S6 oh ----- 

2.165-2.240 
2.135-2.149 
2.101-2.122 
2.28 l-2.292 

2.258 
2.281 

2.200(eq), 2.741(ax) 
2.386-2.438 

19 
4 
2 
4 
1 
1 
1 
4 

T - Averages of the crystallographic bond distances were calculated for each compound, 
and the range shown encompasses the possible values that these averaged bond 
distances can take for the different compounds surveyed. 
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Table 7.5. Fits made to Ni-N,S compounds : Ni(tsalen) (S), [Ni(NS3fBU)H](BPb) (18) 
and [Ni(N&)] (16). The same fits were performed on all three compounds. 

l- 
2- 

3- 

3*- 

Waves used Fit TvDet 

N 123 
S 1,2,3 

N+S 1,2,3* 
N + N’ 1,2,3 
s + S’ 1,2,3’ 

Distances, coordination numbers and Debye-Waller factors are varied 
Distances, coordination numbers are varied while Debye-Waller factors (~2 
in the EXAFS equation) are fixed at initial (model) values 
Distances and Debye-Wailer factors are varied while coordination numbers 
are fixed at various sets of values 
Several possible combinations of N and/or S coordination numbers were 
explored 
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Table 7.6. Results of Type 2 fits (varying CN’s and fixing Q’S) made to Ni-N,S 
models. Fixed c2N = -0.0230, czs = -0.0204. 

Crystallographic distances 

Ni(tsalen) (8) : 

Ni-N = 1.85 8, 
1.86 A 

Ni-S = 
Z B 

avg. 2 N @ 1.86 8, 
2 S @ 2.157 8, 

[Ni(NS3tBU)H](BPb) (18) : 

Ni-N = 2.02 A 

Ni-S = 2.234 A 
2.227 Bi 
2.218 A 

Ni-H = 2.0 A 

avg. 1 N @ 2.02 8, 
3 S @ 2.226 8, 
(1 H @ 2.0 A) 

[Ni(N&)] (16) : 

Mol. 1 Mol. 2 
Ni-N = 2.113 8, 2.075 8, 

1.974 8, 1.968 8, 
2.086 8, 2.125 8, 

Ni-S = 2.274 8, 2.298 A 
2.332 8, 2.302 H, 

avg. 3 N @ 2.057 w 
2 S @ 2.302 8, 

EXAFS results 

Window : 0.95-2.35 (0.1) A 

Fit Index 
3.8N @ 1.97 A 1.628 

1.9s @ 2.14 8, 1.032 

1.9N @ 1.87 w 0.324 
2.0 s @ 2.16 %, 

3.4 N @ 1.96 %, 1.226 
2.8 N’ @ 2.39 A 

1.2s @ 2.04 A 0.438 
2.3 S’ @ 2.17 ii 

Window 
0 

: 0.95-2.35 (0.1) A 

Fit Index 
6.7 N @ 2.06 8, 1.719 

3.2 S @ 2.22 A 0.575 

l.ON @ 1.99 A 0.454 
3.0 s @ 2.23 8, 

3.4 N @ 1.88 A 0.929 
9.8 N’ @ 2.06 A 

-0.3 s @ 1.94 8, 0.441 
3.2 S’ @ 2.22 A 

Window : 1.00-2.30 (0.1) 8, 

Fit Index 
4.1N @ 2.11 8, 1.258 

1.9s @ 2.28 8, 0.879 

1.9N @ 2.03 8, 0.461 
1.9s @ 2.30 %, 

3.1 N @ 1.97 A 0.382 
6.5 N’ @ 2.13 A 

1.4s @ 2.21 w 0.571 
1.8 S’ @ 2.33 8, 
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Table 7.7. Results of some Type 3 fits (fixing CN’s and varying q’s) made to Ni-N,S 
model compounds. 

Crystallographic distances 

Ni(tsalen) (8) : 

Ni-N = 1.85 8, 
1.86 A 

Ni-S = 
;::;;: i 

avg. 2 N @ 1.86 %, 
2s @ 2.157A 

[Ni(NS3tBU)H](BPb) (18) : 

Ni-N = 2.02 A 

Ni-S = 2.234 8, 
2.227 8, 
2.218 A 

Ni-H = 2.0 A 

avg. 1 N @ 2.02 %, 
3 S @ 2.226 A 
(1 H @  2.04 

[Ni(WdJ (16) : 
Mol. 1 Mol. 2 

Ni-N = 2.113 A 2.075 8, 
1.974 A 1.968 %, 
2.086 %, 2.125 %, 

Ni-S = 2.274 8, 2.298 8, 
2.332 8, 2.302 8, 

avg. 3 N @ 2.057 8, 
2 S @ 2.302 %, 

EXAFS results 

Window : 0.95-2.35 (0.1) A 

c2 Fit Index 
2N@ 1.87Bi -0.0242 0.319 
2S@ 2.168, -0.0206 

3 N% 1.88 Bi -0.0309 0.303 
2S@ 2.16Bi -0.02 17 

Window : 0.95-2.35 (0.1) A 

Fit Index 
lN@ 1.998, -0.%32 0.456 
3 S @ 2.23 A -0.0203 

-0.0359 0.449 
-0.0209 

Window : 1.00-2.30 (0.1) 8, 

Fit Index 
1 N @ 2.02 8, -0.: 82 0.520 
2 s @ 2.29 A -0.0207 ZT ;*i;s . -0.0270 -0.0220 0.437 

3 N @ 2.04 8, -0.0340 0.404 
2S@ 2.308, -0.0233 
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Table 7.8. Results of Type 2 (varying CN’s and fixing Q’S) and Type 3 (fixing CN’s 
and varying q’s) fits made to (EtqN)3[NiFe& (SEt)4] (11). For the Type 2 fits, values of 
fixed c2N = -0.0230, qs = -0.0204, and c& = -0.0153. No crystal structure was available 
for comparison. 

Type 2 fits 

Type 3 fits 

34; 

3s 
1 S’ 
3 Fe 

2N 
3s 

3 Fe 

Window 2 (1.37-2.85 A) 

Fit Index 
2.9 s @ 2.25 ii 0.634 
2.3 Fe @ 2.75 A 

0.7 s @ 2.25 8, 0.634 
2.3 S’ @ 2.25 %, 
2.3 Fe @ 2.75 %, 

3.5 s @ 2.26 %, 0.298 
1.0 S’ @ 2.47 8, 
2.2 Fe @ 2.76 w 

3.7 N @ 0.399 2.7 S 6% ;A; i 

2.4 Fe @ 2176 8, 

2.2: Bi -0 %44 

2.75 8, -0:0184 

Fit 0.750 Index 

2.25 8, -0.0187 0.222 
2.44 8, -0.0283 
2.76 A -0.0194 

2.26 A -0.0140 0.272 
-0.0153 
-0.0190 

Window 3 (1.00-2.85 A, 

Fit Index 
3.0 s @ 2.25 8, 0.948 
2.3 Fe @ 2.75 8, 

3.7 s @ 2.26 A 0.687 
1.2 S’ @ 2.47 Bi 
2.1 Fe @ 2.76A 

4.4N @ 2.19A 0.780 
3.4 s @ 2.22 A 
2.4 Fe @ 2.76 8, 

2.2: A -0.%43 
Fit Index 

0.962 
2.75 8, -0.0185 

2.25 8, -0.0185 0.694 
;A; j -0.0194 -0.0283 

2.23 A -0.0184 0.744 
-0.0171 
-0.0193 
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Table 7.9. Fourier transform windows for R’ < 3 A used for curvefitting of Ni CODH 
data. 

Data set I Window 1 Window 2 Window 3 Window 6 

CODHX* 1.00-1.58 A 1.50-2.25 A 1.00-2.25 8, 1.00-2.55 A 

CODHOX 0.80-l .60 A 1.45-2.20 8, 0.80-2.20 A 0.80-2.60 8, 

CDHOX 1.05-1.60 A 1.40-2.25 A 1.05-2.25 8, 1.05-2.60 A 

CODHRX 1.00-1.60 8, 1.45-2.60-A 1.00-2.60 8, 1.00-2.95 A 

CDHRD 1.00-1.57 A 1.40-2.25 8, 1.00-2.25 8, 1.00-2.60 A 

Window 1 : left (or low-R) shoulder of main peak only 

Window 2 : main peak only 

Window 3 : main peak + left shoulder 

Window 6 : main peak + left shoulder + right shoulder 

* - The “left shoulder” in CODHX is in fact a well-separated peak of substantial height. 
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Table 7.10. Fits made to Ni CODH data for R’ < 3 A. Except where noted, the same fits 
were performed on all five data sets 

Window 1 Window 2 Window 3 Wirldow 

N 1,2,3* 1,2,3* 

N+S 
N+N’ 
S+S’ 
N+S+S’ 
N+S+Fe 
N+S+N’ 

S 1,2,3* 1,2,3 
(1,2,3)x2-f 1,2,3 1,2,3 

1,2,3 1,2,3 
1,2,3# * 1,2,3 

(2,3)x3$ 
CWx2 

1 - Distances, coordination numbers and Debye-Waller factors are varied 
2 - Distances, coordination numbers are varied while Debye-Waller factors (~2 in the 

EXAFS equation) are fixed at initial (model) values 
3 - Distances and Debye-Waller factors are varied while coordination numbers are fixed at 

various sets of values 
( )x2 - Two fit minima are explored 
* - Type 3 fit not done for CODHX and CODHOX 
t - Only one minimum explored for Window 2 of CDHRD 
# - Two minima explored for (1,2,3) for CODHRX only 
8 - Four minima found for CODHRX and CDHRD, three minima found for the rest 
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Table 7.11. Results of some of the Type 2 fits (varying CN and fixing ~2) for R’ < 3 8, made to five Ni CODH data sets (continued on 
the next page). Values of fixed c2N = -0.0230, czs = -0.0204, and c’& = -0.0153. 

Window 2 
N only 

S only 

N+S 

N+N’ 

5 S+S’ 

Window 3 
N+S 

N+N’ 

S+S’ 

Window 6 
N+S 

CODHX 

CN R(A) F 

3.1 N 2.08 1.139 

1.6 S 2.23 0.481 

0.6 N 1.82 0.261 
1.7 S 2.23 

1.4 N 2.08 1.139 
1.7 N’ 2.07 

0.4 s 1.99 0.143 
1.8 S’ 2.26 

2.1 N 1.85 0.438 
2.1 S 2.23 

4.3 N 1.86 0.380 
6.5 N’ 2.07 

1.0 S 2.01 0.781 
2.5 S’ 2.22 

2.2 N 1.85 0.527 
2.1 S 2.23 

CODHOX 

CN R(A) F 

2.5 N 2.08 0.917 

1.3 S 2.24 0.360 

0.4 N 1.91 0.257 
1.4 S 2.24 

1.8 N 1.89 0.529 
4.1 N’ 2.08 

0.3 S 2.08 0.203 
1.5 S’ 2.25 

1.3 N 1.89 0.558 
1.6 S 2.24 

3.1 N 1.89 0.473 
5.1 N’ 2.08 

0.7 S 2.07 0.641 
1.9 S’ 2.25 

1.4 N 1.88 0.616 
1.7 S 2.24 

CDHOX CODHRX CDHRD 

CN R(A) F 

3.0 N 2.07 1.206 

1.6 S 2.23 0.449 

0.7 N 1.91 0.236 
1.8 S 2.23 

2.3 N 1.89 0.701 
5.2 N’ 2.07 

0.4 S 2.07 0.136 
2.0 S’ 2.24 

1.3 N 1.89 0.299 
2.0 S 2.23 

3.3 N 1.88 0.508 
6.0 N’ 2.07 

0.7 S 2.06 0.388 
2.2 S’ 2.23 

1.4 N 1.88 0.474 
2.0 S 2.23 

CN R(A) F 

4.2 N 2.10 2.177 

2.3 S 2.25 1.186 

1.1 N 1.89 0.989 
2.6 S 2.25 

3.3 N 1.90 1.667 
7.2 N’ 2.09 

0.8 S 2.05 0.827 
3.1 S’ 2.25 A 

1.9 N 1.89 0.859 
2.8 S 2.25 

4.4 N 1.89 1.523 
8.0 N’ 2.09 

1.2 S 2.05 0.704 
3.4 S’ 2.25 

1.9 N 1.89 0.897 
2.8 S 2.25 

CN R(A) F 

3.5 N 2.08 1.240 

1.8 S 2.24 0.379 

0.5 N 1.89 0.253 
1.9 S 2.24 

2.4 N 1.89 0.738 
5.7 N’ 2.08 

0.3 S 2.06 0.184 
2.1 S’ 2.24 

1.2 N 1.87 0.430 
2.1 S 2.24 

3.4 N 1.88 0.600 
6.5 N’ 2.07 

0.6 S 2.05 0.513 
2.4 S’ 2.24 

1.3 N 1.87 0.520 
2.2 S 2.24 



Table 7.11. Results of some of the Type 2 fits (varying CN and fixing ~2) for R’ < 3 A ‘made to five Ni CODH data sets (continued 
from preViOUS page). VaheS Of fixed c’&,, = -0.0230, czs = -0.0204, and c2& = -0.0153. 

Window 6 
N+S+S’ 

N+S+Fe 

E 

N+S+N’ 

CODHX 

CN R(A) F 

2.2 N 1.85 0.523 
8.8 S 2.24 
-6.8s' 2.25 

2.2 N 1.85 0.455 
2.1 s 2.22 
0.4 S' 2.88 

2.1 N 1.85 0.441 
2.1 S 2.23 
0.3 Fe 2.70 

2.2 N 1.85 0.522 
2.1 S 2.23 
D.1 Fe 3.06 

2.2 N 1.85 0.403 
2.1 S 2.23 
1.1 N’ 2.71 

2.2 N 1.85 0.525 
2.1 S 2.23 
0.2 N’ 3.09 

CODHOX 

CN R(A) F 

1.8 N 1.88 0.488 
2.2 S 2.24 
0.6 S' 2.43 

1.4 N 1.88 0.522 
1.7 S 2.24 
0.4 S' 2.89 

1.4 N 1.89 0.549 
1.7 S 2.24 
0.3 Fe 2.71 

1.4 N 1.88 0.606 
1.7 S 2.24 
0.1 Fe 3.08 

1.4 N 1.89 0.499 
1.7 S 2.24 
1.2 N’ 2.71 

1.4 N 1.88 0.611 
1.7 S 2.24 
0.3 N’ 3.10 

CDHOX 

CN R(A) F 

1.6 N 1.89 0.416 
2.2 S 2.24 
0.4 S' 2.48 

1.4 N 1.88 0.277 
2.0 S 2.23 
0.5 S' 2.90 

1.3 N 1.88 0.278 
2.0 S 2.23 
0.4 Fe 2.74 

1.4 N 1.88 0.440 
2.0 S 2.23 
0.2 Fe 3.07 

1.4 N 1.89 0.245 
2.0 S 2.23 
1.3 N’ 2.74 

1.4 N 1.88 0.458 
2.0 S 2.23 
0.5 N’ 3.09 

CODHRX 

CN R(A) F 

1.7 N 1.89 0.544 
2.6 S 2.25 
0.8 S' 2.62 

1.9 N 1.89 0.872 
2.8 S 2.25 
0.3 S' 2.94 

1.9 N 1.89 0.755 
2.8 S 2.25 
0.6 Fe 2.80 ,, 

2.0 N 1.89 0.789 
2.8 S 2.25 
0.6 Fe 3.09 

1.9 N 1.89 0.830 
2.8 S 2.25 
1.2 N’ 2.81 

1.9 N 1.89 0.841 
2.8 S 2.25 
1.3 N’ 3.09 

CDHRD 

CN R(A) F 

1.2 N 1.85 0.482 
2.1 S 2.26 
0.7 S' 2.16 

1.3 N 1.87 0.375 
2.2 S 2.24 
0.5 S' 2.92 

1.3 N 1.87 0.399 
2.2 S 2.24 
0.4 Fe 2.76 

1.3 N 1.87 0.494 
2.2 S 2.24 
0.2 Fe 3.09 

1.3 N 1.87 0.383 
2.2 S 2.24 
1.2 N' 2.76 

1.3 N 1.87 0.509 
2.2 S 2.24 
0.4 N 3.11 



Table 7.12. Results of some of the Type 3 fits (fixing CN and varying ~2) for R’ < 3 8, made to five Ni CODH data sets (continued on 
the next page) 

CODHX CODHOX CDHOX CODHRX CDHRD 

Window 2 
3 (6)t N 

R c2 F R c2 F R F 
2.07 -0.235 1.205 

R 
2.09 -0.276 

F 
2.247 

1.162 

1.495 

0.947 

R c2 F 
2.08 -0.0209 1.248 

2.24 -0.0220 0.361 2s 2.23 -0.0228 0.612 2.24 -0.0276 0.331 2.23 -0.0240 0.403 2.26 -0.0179 

4s 2.25 -0.0280 

1N 1.82 -0.0277 0.334 1.84 -0.0393 0.170 1.89 -0.0320 0.224 1.93 -0.0199 
2s 2.23 -0.0223 2.24 -0.0265 2.23 -0.0227 2.26 -0.0163 

1.81 -0.0417 0.341 1.84 -0.0580 0.161 1.88 -0.0490 0.230 1.92 -0.03 18 
2.23 -0.0219 2.24 -0.0266 2.24 -0.023 1 2.26 -0.0166 

1.88 -0.0384 0.199 
2.24 -0.0213 

1.88 -0.0547 0.167 
2.24 -0.0215 

2N 0.937 
G 2s 
m 

2N 1.88 -0.03 14 
2.25 -0.0219 

1.030 
3s 

Window 3 
1N 
2s 

1.84 -0.0128 0.390 1.87 -0.0219 0.470 1.88 -0.0218 0.299 1.91 -0.0179 
2.22 -0.0216 2.24 -0.0252 2.23 -0.0217 2.25 -0.0165 

2N 1.85 -0.0216 0.428 1.88 -0.0314 0.402 1.89 -0.0314 0.202 1.91 -0.0266 
2s 2.22 -0.0199 2.24 -0.0245 2.24 -0.0215 2.26 -0.0162 

3N 1.86 -0.0278 0.522 1.89 -0.0381 0.379 1.90 -0.0385 0.182 1.91 -0.0327 
2s 2.23 -0.0193 2.25 -0.0245 2.24 -0.02 17 2.26 -0.0162 

0.998 1.87 -0.0242 0.450 
2.24 -0.0207 

1.88 -0.0341 0.358 
2.24 -0.0203 

1.89 -0.0412 0.309 
2.24 -0.0204 

1.85 -0.0304 0.239 
2.24 -0.0259 

0.889 

0.822 

2N 1.88 -0.0245 
3s 2.25 -0.02 14 

0.858 

t - The number in brackets refers to the fixed-CN value for CODHRX only. 
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Table 7.12. Results of som e of the Type 3 fits (fixing CN and varying ~2) for R’ < 3 A  m ade to five Ni CODH data sets (continued 
from  previous page) 

CODHX CODHOX CDHOX CODHRX CDHRD 

R c2 F R c2 F  R c2 F R c2 F 
W indow 6 

2N 
2 (3)T s 

1.85 -0.0208 0.492 1.88 -0.0294 0.560 
2.22 -0.0192 2.24 -0.0233 

R c2 F 

1.89 -0.0288 0.460 
2.24 -0.0203 

1.88 -0.0242 0.900 1.89 -0.03 19 0.490 
2.25 -0.0213 2.24 -0.0194 

2N 1.86 -0.0196 0.316 1.88 -0.0267 0.427 1.89 -0.0269 0.395 1.82 -0.0275 0.578 1.87 -0.0303 0.423 
2 (3)T s 2.22 -0.0181 2.23 -0.0215 2.23 -0.0195 2.18 -0.0236 2.24 -0.0197 

1 S’ 2.38 -0.03 18 2.40 -0.0378 2.40 -0.0506 2.3 1 -0.0080 2.31 -0.0612 

2N 

t; 
2 (3)t‘ s 

4 1 S’ 

2N 

l”s”s 

1.85 -0.0208 0.420 1.88 -0.0295 0.45 1 1.89 -0.0290 0.291 
2.22 -0.0 192 2.24 -0.0233 2.23 -0.0203 
2.90 -0.0390 2.90 -0.0328 2.90 -0.0300 

1.88 -0.0241 0.869 
2.25 -0.0212 
3.23 -0.0279 

1.88 -0.0280 0.444 
2.25 -0.0236 
2.61 -0.0186 

1.88 -0.03 19 0.350 
2.24 -0.0195 
2.92 -0.0325 

2N 1.85 -0.0210 0.386 1.88 -0.0301 0.391 
2 (3)T s 2.22 -0.0194 2.24 -0.0236 

1 Fe 2.72 -0.0333 2.72 -0.0273 

196 1.89 -0.0300 0. 
2.24 -0.0208 
2.74 -0.0256 

1.88 -0.0246 0.826 1.89 -0.0326 0.333 
2.25 -0.0216 2.24 -0.0197 
2.80 -0.0184 2.75 -0.0289 

2N 1.85 -0.0208 0.492 1.88 -0.0294 0.560 1.89 -0.0288 0.458 1.88 -0.0240 0.830 1.89 -0.0319 0.488 
2 (3)T s 2.22 -0.0192 2.24 -0.0233 2.24 -0.0203 2.25 -0.0212 2.24 -0.0194 

1 Fe 3.50 -0.1115 3.47 -0.1072 3.56 -0.1084 3.09 -0.0193 3.52 -0.0982 

j- - The num ber in brackets refers to the fixed-CN value for CODHRX only. 



Window 7 (2.85-3.60 A) Window 10 (2.85-5.07 A) 

Fit Index Fit Index 
0.8 S @  3.68A 0.183 3.5 Fe @ 3.54 A 0.072 

1.8 S’ @ 4.18 %, 
0.7 Fe @ 3.53 A '0.203 3.6 Fe’ @ 3.83 A 

1.1 S” @ 4.65 8, 
0.5 s @  3.64Bi 0.164 1.8 Fe” @ 4.88 8, 
0.4 Fe @ 3.56 A 

0.6 S @  3.53 A 0.155 
1.1 Fe @ 3.54 8, 

Window 8 (3.52-4.20 A) 
Fit Index Fit Index 

1.44 s @ 4.19 A 0.234 0.8 s 
2.0 S’ Ei z k 0.080 

l.OFe @ 4.04A 0.364 1.1 Fe’ @ 3182 %, 
1.0 S” @ 4.66Bi 

2.1 s @  4.18 A 0.203 1.9 Fe” @ 4.87 A 
-0.7 Fe @ 4.00 A 

1.7 s @  4.08 A 0.216 
1.9 Fe @ 4.08 A 

Window 9 (4.10-5.07 A) 
Fit Index 

2.3 S @  5.03 A 0.418 

2.3 Fe @ 4.87 A 0.178 

-1.3 S @ 4.88 pi 0.073 
1.6 Fe @ 4.85 A 

0.6 S @  4.66A 0.107 
2.0 Fe @ 4.88 %, 

Table 7.13. Some Type 2 fits (varying CN’s and fixing q’s) made to signals at 
R' = 3-5 8, in CODHRX. Values of fixed c2N = -0.0230, czs = -0.0204, and qFe = 
-0.0153. 
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Figure 7.1. Possibilities for the Ni environment in Rhodospirillum rubrum Ni CODH: 
(a) NiFegS4 cubane and (b) Ni ligated to Fe& cubane. 
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Figure 7.2. Edges of square-planar and tetrahedral Ni compounds. Square planar (top) : 
@wNhWi(mntM (13) t-4, and Ni(corphin) (3) (----). Tetrahedral (bottom) : 

WWWd2- (12) t-4, and [Ni(TC-6,6)] (4) (----). 
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Figure 7.3. Edges of trigonal bipyramidal and octahedral Ni compounds. Trigonal 
bipyramidal (top) : N tWdl (16) G -L and [Ni(NzS3)] (17) (----). Octahedral 
(bottom) : [Ni([9]aneS3)]2+ (24) (-), and [Ni([9]aneN3)]2+ (23) (----). 
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Figure 7.4. Ni compounds with edges of unusual appearance. Top : Ni in a multinuclear 
cluster. [Ni(SS2)]2 (15) (-), and (EtqN)3[NiFe3S4 (SEt)4] (11) (- - -). Middle : 
Ni-N& square planar. Ni(ebmba) (9) (ligand not conjugated) (-), and Ni(tsalen) (8) 
(conjugated ligand) (- - -). Bottom : Ni-N2S2 stepwise distortion from square planar 
towards tetrahedral geometry. Ni(N&C2) (5) (distorted 3.4“ from planarity) (---), 
Ni(N&C3) (6) (distorted 18.6”) (----), and Ni(N2S2Q) (7) (distorted 38.6”) (-). 
Inset shows ls+3d feature in compounds (5), (6) and (7). 
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Figure 7.5. Edges of a series of trigonal bipyramid compounds with Ni-NS3L ligation. 
Top to bottom : [Ni(NS3fBu)Cl](BPh4) (22), [Ni(NS3tBU)CO](BPh4) (21), 
[Ni(NS@‘r)COMe](BPh4) (20), [Ni(NS3tBU)Me](BPb) (19) and [Ni(NS3tBU)H](BPh4) 
(18). The vertical grid lines aid in comparing the six transitions discernible in these edges. 
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CODH (ox) and CODH (ox) and 
binuclear & cluster cpds binuclear & cluster cpds 

CODH (ox) and 
mononuclear compounds 

8320 8340 8360 8380 8400 

Energy (eV) 

Figure 7.6. Edge of CODH (ox) (1992) (- in both top and bottom) compared with 
model compound edges. Top (Ni in clusters) : (EtqN)3[NiFe$Q (SEt)4] (11) (----) and 
[Ni(SS2)]2 (15) (---). Bottom : (BuqN)2[Ni(mnt)2] (13) (square planar) (----), 
[Ni(SPh)#- (12) (tetrahedral) (- - -), and [Ni(N3$)] (16) (trigonal bipyramidal) 
t- 4. 
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Figure 7.7. Ni K edges of oxidized and reduced Ni CODH samples measured in 1991 
and 1992. 
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Figure 7.9. Fe K edges of oxidized and reduced Ni CODH (1991 data), and 
(EtqNhNWS4 Wthl (11). 
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Figure 7.10. EXAFS spectra of Ni CODH protein. (a) CODHX (oxidized, June 1989), 
(b) CODHOX (oxidized, July 1991), (c) CDHOX (oxidized, July 1992), (d) CODHRX 
(reduced, July 1991), (e) CDHRD (reduced, July 1992). 
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cl 2 25.00 z 

CDHRD (red, 1992)j 
Y 

0.001-’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 1 2 4 5 6 

CODHX (ox, 1989) : CODHX (ox, 1989) : 

CODHOX (ox, 1991) - CODHOX (ox, 1991) - 

CDHOX (ox, CDHOX (ox, 1992) 1992) - - 

CODHRX (red, 1991 CODHRX (red, 1991 

Figure 7.11. Fourier transformed Ni CODH protein data, using a Fourier window of k 
= 3.0-12.0 (0.1) A-l. Top to bottom  : CODHX (oxidized, June 1989), CODHOX 
(oxidized, July 1991), CDHOX (oxidized, July 1992), CODHRX (reduced, July 1991), 
CDHRD (reduced, July 1992). 
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l-2 l-2 : : Window Window 1 1 
2-3 2-3 : : Window Window 2 2 

12 12 34 34 
l-3 l-3 : : Window Window 3 3 

25.00 25.00 l-4 l-4 : : Window Window 6 6 - - 

4-5 : Window 7 
. 5-6 : Window 8 

6-7 : Window 9 
4-7 : Window 10 

CDHOX (ox, 1992) - CDHOX (ox, 1992) - 

10.00 - 

5.00 - 

CODHRX (red, 199 1) 

3 4 5 6 
R (4 

Figure 7.12. Fourier transforms over k = 3.0-12.0 (0.1) w-1 of CDHOX (oxidized, July 
1992) and CODHRX (reduced, July 1991), showing the Fourier windows used to generate 
filtered EXAFS data for curve-fitting. Windows 7-10 were only used for CODHRX. 
Note : While the peak at R’ -2.8 8, looks significant in CDHOX, in most of the data sets it 
is barely above the noise (see Figure 7.11). 
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Figure 7.13. Examples of reverse Fourier transformed data (“filtered” data), to which 
various fits were made : Windows 1,2,3 and 6 from CDHOX (oxidized, July 1992). 
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Figure 7.14. Type 2 fits (varying R and CN) (----) made to Window 3 of CODHX 
(oxidized, June 1989) (-). Top to bottom : N+N’, S+S’ and N+S. 
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Figure 7.15. Type 2 fits (varying R and CN) (----) made to Window 3 of CODHRX 
(reduced, July 1991) (-). Top to bottom: N+N’, S+S’ and N+S. 
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Figure 7.16. EXAFS spectra of the cubanes (EtqN)3[NiFe3Q(SEt)4] (11) (top) and 
(Et4N)2[NiFe3S4(PPh3)(SEt)31 (10) (middle), and CODHX (oxidized CODH, June 1989) 
(bottom) 
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Figure 7.17. Fourier-transformed spectra of the cubanes (EtqN)3[NiFe$Q(SEt)4] (11) 
(top) and (EtqN)2[NiFe&(PPh$(SEt)3] (10) (middle), and CODHX (oxidized CODH, 
June 1989) (bottom). Fourier transform range : k = 3.0-12.0 (0.1) A-1 
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Figure 7.18. Filtered EXAFS data from CDHOX (Window 6) (-), with two- and 
three-wave Type 3 fits (varying R and ~2) (----). Top to bottom : 2N+2S, 2N+2S+lS’ (S’ 
at 2.90 A) and 2N+2S+lFe (Fe at 2.74 A). 
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Figure 7.19. Filtered EXAFS data from CODHRX (Window 6) (-), with two- and 
three-wave Type 3 fits (varying R and ~2) (----). Top to bottom :‘2N+3S, 2N+3S+!.S’ (S’ 
at 2.61 A) and 2N+3S+lFe (Fe at 2.80 A). 
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For both data sets : 

Filtered data (Window 6) 
- _ - _ _ _ _ N+S+short-S’ fit 
---- 

CDHOX (ox, 1992) 

CODHRX (red, 1991) 

Figure 7.20. Fourier transforms of filtered (Window 6) and unfiltered protein data and 
some Type 3 N+S+S’ fits to the filtered data. Fourier transform range : k = 3.5-l 1.5 (0.1) 
A-1. Top : CDHOX data and two 2N+2S+lS’ fits to it. S’ is found at 2.40 8, or 2.90 A. 
Bottom : CODHRX data and two 2N+3S+lS’ fits to it. S’ is found at 2.61 A or 3.23 A. 
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Figure 7.21. Fourier transforms of filtered (Window 6) and unfiltered protein data and 
some Type 3 N+S+Fe fits to the filtered data. Fourier transform range : k = 3.5-l 1.5 (0.1) 
A-1. Top : CDHOX data and two 2N+2S+lFe fits to it. Fe is found at 2.74 A or 3.56 A. 
Bottom : CODHRX data and two 2N+3S+lFe fits to it. Fe is found at 2.80 A or 3.09 A. 

179 



Figure 7.22. The core of [Fe&(SPh)4] 3- with Ni attached to one of the S(Ph) atoms. , 
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Appendix I. Complete Tables of Fits to EXAFS Spectra of 
Reduced Poplar Plastocyanin at pH 7.2 and 4.8 and 
a Cu(I)-N,S Model Compound 

The following tables list the distances (R), coordination numbers (CN), c2 values and 
fit indices (F) for the fits made for the EXAFS curve-fitting results discussed in Chapter 5. 
In the parameterized EXAFS equation employed by our analysis package (see Chapter 2), 
c2 values vary in the same way as the squared term 02as in the Debye-Waller factor, such 
that AC:! = -2A0zas. Thus, though the sign is reversed, the magnitude of c2 is proportional 

2 to CT as. 

When using the fit index F to evaluate the goodness of a fit to the data, we have to 
bear in mind that F is not adjusted for the size of the signal. Thus, for equally good fits (as 
judged by viewing the match of phase and amplitude), we would expect the fit indices for 
fits to a larger EXAFS signal to be larger than those for fits to smaller EXAFS signals. So 
the fit index F should only be used to compare different fits made on the same data. 

The windows used on the data sets are denoted by their data file names. Thus, fits to 
PCHIFIL2 correspond to fits on W indow 2 of PCHI, PCHI.FIL3 contains data filtered 
using W indow 3, etc. 

The tables also show what initial R, CN and c2 values were used for beginning each 
fit. Unless otherwise stated, a fit result shown had as its initial values the results of the fit 
shown in the line immediately above. Thus, in a given table (e.g., N+S fits on 
PCHIFIL2), the values listed as initial values were first used in a fit varying R’s only. 
Then the results of this fit were in turn used in a fit varying R and CN (referred to as Type 
2 fits in the text), whose results are listed below it. The results of this Type 2 fit were in 
turn used as initial values for the Type 1 fit (varying R’s, CN’s and Q’S) whose results are 
listed immediately below. An exception to this is that Type 3 fits (varying R’s and Q’S), 
listed below Type 1 fits, generally used the results of fits varying R only as initial values. 
Bracketed CN or c2 values were held fixed at the values shown. 

List of Tables : 

Results of fitting a CUI-N& model with N & S ..*..............,*.*.......*.......*.... 183 
Results of fitting Reduced PC with N & S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 
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Results of fitting a CuI-NTST model with N & S 

(Nmbers checked and corrected 17/4/93) 
Grace Tan 14/l 2/90 

These fits are discussed in Chapter 5, Section (C. 1). 

CLll-s3 
CUl-s5 
Cu2-S4 
CL@6 

Cul-N7 
Cul-Ng 
CU2-N8 
Cu2-N10 

= 2.143 A 

Data to k = 17 A-1, but has some interesting problems : 

(1) 9 scans collected, but Scans 3 & 4 were ruined by small earthquakes! 
(2) A node in the EXAFS occurs at k = 13. EXAFS in this region underwent a change 

between Scans 5 Jz 6, when detuning changed from counterclockwise (the usual) to 
clockwise (required for this particular run on BL 4-2). 

(3) Chose to use scans collected before the change occurred in the EXAFS. 
(4) Q$:lto k = 17 A-1 looks different from spline to k = 13 A-1 because of the node at k = 

(5) Decideb to use spline to k = 13 A-1 because the glitch at k = 13.25 A-1 may be due to 
Zn. 
Pre-edge : 9043-9640 (-2) 
Spline : 9025 (2) 9138 (3) 9343 (3) 9640 

Forward FT’ : k = 3.5-12.5 (0.1) A-1 

Reverse FT (to k = 4.s12.0 A-l-1> : 

CUNS2.FILO : R’ = 1.35-2.35 (0.1) 8, - main peak only 

CUNS2.FIL2 : R’ = 1.35-3.00 (0.1) 8, - main peak + 1 higher-R peak 

Parameters used in fits : 

C&N : CuI(N-meim)&104, 10 K, k = 4.0-12.0 A-1 (data to k = 17 A-l) 
C&S : [Cu1(detu)3]2SOq, 10 K, k = 4.0-12.0 A-1 (data to k = 17 A-l) 
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Fits of CUNS2.FILO : 

N+S: 

Initial 
##I 

Initial 

Initial 

RN 
2.0 

2.0643 
2.1145 
2.1070 
2.0882 
2.1025 
2.1127 
2.1377 
2.1731 
2.1819 

2.2 
2.1283 
2.1284 
2.1308 

2.6 
2.6788 

R CN 

2.%9 
4 -0.0”22528 

5.1923 
2.1285 4.5318 -0.0;291 

2.%5 1.9126 3 , -0.02161 ” 
2.2760 2.3 186 * -0.02454 

CNN 
2 

1.5’;89 
0.5572 

ii{ 
(3) 
(1) 

;:i 
4 

5.2;84 
5.0578 

1 0 

c2N 
-0.02528 

-0.01348 
-0.01288 
-0.02257 
-0.03032 
-0.01950 
-0.02782 
-0.05073 
-0.02528 11 

-0.02454 
-0.02528 I, 

Rs 
2.2 

2.2922 
2.2795 
2.2830 
2.2955 
2.2890 
2.2803 
2.2741 
2.2615 
2.2693 

2.6 
2.6543 
2.6466 
2.6921 

2.;?75 

CNs 
2 

1.4440 
1.8822 

It; 

ii; 
(2) 

0.;;93 
2.1575 

3 II 

. c2s 
-0.02161 11 

11 
-0.02399 
-0.01586 
-0.01803 
-0.01851 
-0.02625 
-0.02545 
-0.02336 
-0.02161 11 

11 
-0.04688 
-0.02161 II 

-0.0;306 
2.6350 0.6904 ” 2.2741 1.9086 
2.6343 0.0303 +0.01088 2.2766 2.1750 

F 
-m-m 

0.847597 
0.833506 

--__ 
0.354235 
0.2843 16 

## -- these R values used as starting values in each of the fixed-CN fits. 

N + N’ : 
RN Cy c2N 

RN CY' 
c2w 

Initial 2.0 -0.02528 2.2 -0.02528 2.1262 ” 11 2.1260 2.;;15 0, 
2.1269 2.4006 ” 2.1270 ” 

----- 
0.988750 
0.847597 

‘“2°F a few;ttemp%t;;5g q’s, b;t ~gramlcrashe~;~21H$ne.) 
----- 

2.1274 ” * ” 2.5’123 (1 * 1) 0.756658 
2.1306 4.8439 ” 2.5082 2.4561 ” 0.432334 
2.1285 4.7205 -0.02505 2.5068 1.7462 -0.01980 0.426004 

F 
-e-v- 

0.676022 
0.133608 

0.0716634 - 
0.245786 
0,180088 
0.229882 
0.105672 
.0.173140 
0.233801 

----- 
0.922859 
0.665233 
0.652876 

----- 
1.35061 

0.300635 
0.215093 

F 

Initial 
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s + S’ : 
RS 

Initial 2.0 
1.9950 
2.0528 
2.0680 

Initial 2.2 
2.2746 
2.2752 
2.2767 

CNs 
1 

-0.303 1 
-0.1227 

2 1, 
1.9060 
2.2599 

c2s 
-0.02161 It 

-0.0’; 126 
-0.02161 11 

-0.02395 

Rs 
2.%6 
2.2806 
2.2805 

2.6 
2.7711 
2.7604 
2.7425 

N+N’+S: (these fits are exploratory) ~ 

Fixed q’s 
c2N = -0.02528 

2 1 
CNN 

Initial 
2.0893 ” 
2.1314 2.3885 

Initial 2.0970* 1 
2.0893 ” 
2.1144 1.1570 

Fixed CN’s 
CNN= 1 

RN C2N 
Initial 2.0970* -0.02528 

4.3544 -0.33503 

C2N’ = -0.02528 
RN’ CNNI 

2.E54 ! 
2.3014 -1.8216 

2.1635* 1 
2.3155 ” 
2.1145 0.4215 

CNN~= 1 CNs=2 
RN' C2N Rs c2s 

2.1635* -0.02528 2.2998* -0.02161 
-0.0505 -0.49496 2.2754 -0.02266 

CNst c2s 
2 -0.02161 II 19 

1.6904 ” 
2.1372 -0.02494 

1 -0.02161 

0.1’;80 11 ” 
0.0029 +0.01876 

c2.s = -0.02161 
Rs CNs 

2.;;94 2 ” 
2.2877 0.7262 

2.2998* 2 
2.2794 ” 
2.2795 1.4443 

F 
----- 

1.48276 
0.171698 

0.0559465 
----- 

0.768813 
0.321687 
0.240476 

F 
----- 

0.234863 
0.0350366 

----- 
0.234863 
0.133608 

F 
-v--m 

0.318068 

* --- averages of the crystallographic values 
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Results of fitting Reduced PC with N & S 

(numbers checked and corrected 17/4/93) 
Grace Tan includes fits done 2l2/91 & 1414193 

The following fits are discussed in Chapter 5, Sections (C.2.a) - (C.2.c). All fits made to 
the data set PCHI are first listed, followed by fits to PCLO. 

Reduced PC at pH 7.2 : PCHI 
Reduced PC at pH 4.8 : PCLO 

Datatok= 13A-1 

- 21 acceptable scans 
- 29 acceptable scans 

Final pre-edge and spline for both (to k = 13 A-1) : 
Pre-edge : 9045-9640 (2) 
Spline : 9030 (2) 9146 (3) 9350 (3) 9640 

Forward FT : k = 3.5-12.5 (0.1) A-l (but note large glitches removed at k = 10.9 A-l) 

Reverse FT (to k = 4.0-12.0 A-l) : 

PCHIFILO : R = 1.20-2.12 (0.1) 8, 
- main peak only 

PCLO.FILO : R = 1.25-2.12 (0.1) 8, 

PCHI.FILl : R = 1.20-2.45 (0.1) 8, PCLO.FILl : R = 1.25-2.40 (0.1) A 
- main peak + 1 higher-R bump 

PCHI.FIL2 : R = 1.20-2.85 (0.1) 8, PCLO.FIL2 : R = 1.25-3.05 (0.1) A 
- main peak + 2 higher-R bumps 

[PCHI.FIL3 : R = 0.85-2.45 (0.1) %, PCLO.FIL3 : R = 0.85-2.40 (0.1) 8, 
- main peak + low-R shoulder + 1 higher-R bump I” 

* Of questionable reliability, because of spline dependence of low-R shoulder. However, 
fits show that the low-R shoulder probably really does contain some Cu-scatterer signal. 

Parameters used in fits : 

C&N : C&N-meim)&104, 
CL&S : [Cu1(detu)3]2S04, 

10 K, k = 4.0-12.0 A-1 (data to k = 17 A-1) 
10 K, k = 4.0-12.0 A-1 (data to k = 17 A-1) 
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Fits of PCHI : 

R 
1.9, 2.0 

PCHI.FILO 2.0396 
2.0387 

PCHI.FILl 2.0401 
2.0393 

PCHI.FIL2 2.0402 
2.0395 

R 
2.0, 2.2 

PCHI.FILO : 2.1883 
2.1917 

PCHI.FILl : 2.1880 
2.1905 

PCHI.FIL2 : 2.1879 
2.1904 

N+S: 
RN CNN 

PCHI.FILO : 
Initial 2.0 2 

1.9245 
2.0283 
2.0704 

PCHI.FILl : 
Initial 2.0 

1.9930 
2.0316 
2.1536 
2.08 15 
2.0907 
2.2784 
2.2324 

PCHI.FIL2 : 
Initial 2.0 

1.9934 
2.033 1 
2.1667 
2.040 1 
2.0840 
2.0926 
2.2793 
2.2336 

CN 

3.07394 
3.4195 
3.0926 
3.3990 
3.1012 
3.4078 

-0.0%28 
F 
---- 

0.3 19982 
0.311351 
0.358759 
0.352564 
0.369850 
0.363911 

CN 
3, 3, 2 
1.0524 
1.6187 
1.0637 
1.4886 
1.0642 
1.4754 

-0.0%61 
F 
---- 

0.449532 
0.358746 
0.448 154 
0.394862 
0.466378 
0.419230 

c2N Rs CNs c2s F 

-0.02528 II I, 

1.9372 
2.4140 -0.0; 140 

2.2 2 
2.2137 ” 
2.2042 0.4824 
2.1643 0.9035 

-0.02161 II 

-0.0;695 

2.2 1 
2.2213 ” 
2.1987 0.5050 ” 

----- 
1.47935 

0.098 1685 
0.0390049 

2 -0.02528 11 II 
1.8568 ” 
3.6166 -0.04308 

ii{ -0.03219 -0.04227 
-0.01301 
-0.01342 

2 -0.02528 II II 
1.8853 
3.9492 

$1 

:T; 
(2) 

t, 

-0.04234 
-0.0207 1 
-0.03219 
-0.04197 
-0.01288 
-0.01362 

-0.02161 II 

2.1695 1.6997 -0.02709 
2.1685 (1) -0.02537 
2.1701 -0.02379 
2.206 1 

i:; 
-0.02505 

2.1883 (2) -0.01956 

2.z 1 
2.1972 
2.1698 
2.1930 
2.1679 
2.1695 
2.2073 
2.1889 

1 -0.02161 

0.4i31 11 ” 
1.8823 -0.02754 

It; -0.02509 -0.0282 1 

(1) -0.02365 
-0.025 16 
-0.01967 

----- 
0.575079 
0.166545 

0.0722466 
0.140060 

0.0882840 
0.151783 

0.075937 1 

----- 
0.592753 
0.201165 
0.101359 
0.244280 
0.175027 
0.124069 
0.184585 
0.121799 

187 



RN 
PCHI.FIL3 : 
Initial 2.0 

1.9915 
2.029 1 
2.0840 
2.0742 

CNN C2N Rs Ws c2s 

2.2 1 -0.02161 2.2199 
2.1992 

0.5’;97 11 
” 

2.1774 1.0164 -0.02270 
2.1712 (1) -0.0253 1 

F 

2 -0.02528 ,I 
1 ii25 ” 
8.9573 -0.07794 

(2) -0.03328 

----- 
0.632023 
0.374580 
0.218851 
0.33 1454 

N + N' : 
RN 

PCHI.FILO : 
Initial 2.0 

1.9969 
1.8670 
1.9758 

PCHI.FILl : 
Initial 2.0 

1.9978 
1.8678 
1.9879 

Initial 2.2 
2.037 1 
2.0398 
2.0378 

PCHI.FIL2 : 
Initial 2.0 

1.9982 
1.8680 
1.9972 

CNN C2N RN CNNQ c2w F 

-0.02528 II 
II 

-0.01512 

2 -0.02528 II II 
0.7403 ” 
2.0898 -0.02579 

2.2 
2.083 1 
2.0454 
2.0846 

2 

3.;;46 
1.3695 

----- 
0.335411 
0.156056 

0.0745650 

-0.02528 II 

-0.0’; 176 
-0.02528 11 

II 
+0.01086 

2 -0.02528 1, II 
0.7541 ” 
2.2975 -0.02461 

2 -0.02528 It II 
3 -0930 
3.3018 -0.Oi642 

2.2 
2.083 1 
2.0460 
2.0942 

2.8 
2.7321 
2.7322 
2.697 1 

2 

3.;;84 
0.9503 

2 I, 

____- 
0.375270 
0.218781 
0.124775 

----- 
0.727990 
0.336372 
0.280630 

0.4783 
0.0293 

-0.02528 II 

-0.0’;020 
-0.02528 11 

II 
+0.02307 

2 -0.02528 II II 
0.7564 ” 
2.5680 -0.02601 

2 -0.02528 II 
3.lb37 ” 
3.3230 -0.02650 

2.2 
2.0830 
2.0462 
2.096 1 

2.8 
2.749 1 
2.747 1 
2.6824 

2 II 
3.7288 
0.7 106 

2 11 

v-w-- 
0.3855 17 
0.235564 
0.148635 

----- 
0.756576 
0.357205 
0.293565 

Initial 2.2 
2.0375 

0.3720 
0.006 1 

2.040 1 
2.0377 

s + S’ : 
Rs 

PCHI.FILO : 
Initial 2.0 

2.1390 
2.1755 
2.1630 

PCHI.FILl : 
Initial 2.0 

2.1388 
2.1808 
2.1794 

Initial 2.2 
2.1873 
2.1878 
2.1889 

CNs c2s Rs CNsl c2s F 

1 -0.02161 II II 
1.3453 ” 
0.9474 -0.02073 

2.2 
2.2628 
2.3315 
2.2805 

1 -0.02161 II 
0.;;53 ” 
1.1740 -0.03412 

--m-m 
0.387970 
0.144278 
0.129104 

2.2 
2.2606 
2.347 1 
2.3475 

2.8 
2.9121 
2.8937 
2.9302 

1 -0.02161 

0.5’ilO 
II 

2.0418 -0.Oi590 
1 -0.02161 

0. Ii20 
11 
” 

2.9945 -0.08332 

1 -0.02161 I, 11 

1.3698 1.5809 -0.Oi616 
1 -0.02161 II 

l.d;;60 ” 
1.3842 -0.02580 

m-w-- 
0.456676 
0.220856 

0.0996645 
----- 

0.767793 
0.428490 
0.331988 
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Rs CNs c2s Rs CN,y c2s F 
PCHI.FIL2 : 
Initial 2.0 

2.1389 
2.1816 
2.1792 

Initial 2.2 
2.1887 
2.1880 
2.1886 

1 -0.02161 II 11 
1.3862 ” 
1.5288 -0.02599 

1 -0.02161 II 
lx&70 ” 
1.3874 -0.02578 

2.2 
2.2606 
2.3507 
2.3440 

2.8 
2.9884 
2.9620 
2.9773 

-0.02161 9, 1 

0.5i49 
2.5588 

1 

0.1155 
7.2110 

-0.06276 
-0.02161 II 

----- 
0.48 1035 
0.239043 
0.124938 

--me- 
0.770744 
0.45429 1 
0.322347 

N + S + S’ : 

PCHI.FEl : 
Fixed Q’S 

c2N = -0.02528 
RN CNN 

Initial 2.0 2 
2.0064 ” 
2.0145 1.5767 

Initial 2.0 1 
1.9999 ” 
2.0320 1.8321 
2.0309 1.6898 

Fixed CN’s 
c&=2 

c2s = 
Rs 

2.2 
2.2390 
2.2106 

2.2 
2.2009 
2.1977 
2.1966 

-0.02161 
CNs 
1 

0.7i94 
1 

0.5’;06 
0.5504 

CNs= 1 

Initial 
RN -’ c2N Rs - c2s 

2.0 -0.02528 2.2 -0.02161 
2.0592 -0.03735 

Initial 2.0 -0.02528 
2.0820 -0.03286 

PCHI.FIL2 : 

Initial 

Initial 

Initial 

Initial 

Fixed q’s 
C2N = -0.02528 
RN CNN 
2.0 2 

2.0069 ” 
2.0133 1.4933 

2.0 2 
1.9920 ” 
2.0322 1.8873 
2.0320 1.6423 

Fixed CN’s 
cN~=2 

RN C2N 

2.ki5 :i:%; 
2.0 -0.02528 

2.0807 -0.03 187 

2.1760 -0.02430 
2.2 -0.02161 

2.1689 -0.02510 

c2s = -0.02161 
Rs CNs 
2.2 1 

2.2376 2.2088 0.8;9 1 
2.2 1 

2.2227 2.1984 0.4i51 
2.1946 0.5609 

CNs= 1 
Rs c2s 

2.%6 :::%: 
2.2 -0.02161 

2.1680 -0.02544 

c2.y = -0.02161 
Rs CNsl 

2.5 1 
2.4507 ” 
2.4181 0.2607 

2.8 1 
2.9296 
2.8660 0.1’;53 
2.9080 1.2912” 
[*c2 = -0.068381 

CN,y = 1 
Rs 

2.5 -0.0%6 1 
2.3658 -0.0623 1 

2.8 -0.02161 
2.9186 -0.06612 

c2sa = -0.02161 
Rs CNsl 
2.5 1 

2.4481 ” 
2.4118 0.2935 

2.8 1 
3.0214 ” 
3.0181 0.1267 
2.9669 5.0354* 
[“c2 = -0.109991 

CNsl = 1 
Rs c2s 

-0 02161 
2.;&7 -0:06143 

2.8 -0.02161 
2.9822 -0.06090 

F 

0.532334 
0.107835 

----- 
0.736591 
0.135402 

0.0939606 

F 
__--- 

0.0659733 
----- 

0.0821691 

F 
----- 

0.536572 
0.147050 

----- 
0.818127 
0.180653 

0.08793 17 

F 
--m-w 

0.101716 
-e--m 

0.0884258 
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PCHI.FIL3 : 
Fixed q’s 

c2N = -0.02528 
RN CNN 

Initial 2.0 2 
2.0056 ” 
1.9858 0.9573 

Initial 2.0 2 
1.9906 ” 
2.0297 1.8404 

Fixed CN’s 
cN~=2 

RN c2N 
Initial 2.0 -0.02528 

2.027 1 -0.04380 
Initial 2.0 -0.02528 

2.0732 -0.03432 

N + S + N’ : 

c2s = -0.02161 
RS W3 
2.2 

2.2356 ! 
2.2007 1.2182 

2.2 1 
2.2196 
2.1979 0.5’;75 

CNs= 1 
Rs c2s 
2.2 -0.02161 

2.1797 -0.02246 
2.2 -0.02161 

2.1722 -0.02502 

PCHI.FILl : 
Fixed q’s 

c2N = -0.02528 c2s = -0.02161 
RN CNN Rs CNs 

Initial 2.0 2 2.2 1 
1.9921 ” 2.2228 
2.0288 1.8401 2.2016 0.;;89 
2.0297 ” 2.1997 ” 

Fixed CN’s 
c&=2 CNs= 1 

RN c2N Rs c2s 
Initial 2.0 -0.02528 2.2 -0.02161 

2.0759 -0.03 141 2.1690 -0.02610 

PCHI.FE2 : 
Fixed ~2’s 

C2N = -0.02528 c2s = -0.02161 
RN CNN Rs CNs 

Initial 2.0 2 2.2 1 
1.9934 2.22 11 
2.0316 1.8’;63 2.1990 0.4&4 
2.0318 ” 2.1969 ' 

Fixed CN’s 
cN~=2 CNs= 1 

RN C2N h c2s 
Initial 2.0 -0.02528 2.2 -0.02161 

2.0792 -0.03132 2.1678 -0.02577 

c2.y = -0.02161 
Rsl CNsl 

2.&?57 ’ 
2.3874 0.4824 

2.E3 ! 
2.8764 0.1342 

CN,y = 1 
Rs c2s 

-0 02161 
2.;;l:O -0:04755 

-0 02161 
2.;&‘5 -0:06240 

C2N’ = -0.02528 
RN CNN 

2.%8 
1 

2.7060 0.;028 
2.7165 1.5021* 
[“cz = -0.048651 

CNw=l 
RN c2w 

2.8 -0.02528 
2.727 1 -0.04075 

C2N’ = -0.02528 
RN CNN~ 
2.8 1 

2.8764 ” 
2.7198 0.3538 
2.7639 7.6189" 
[“c2 = -0.10007] 

CNN~ = 1 
RN C2N 
2.8 -0.02528 

2.7755 -0.04667 

F 
----- 

0.623402 
0.3 17458 

0.896392 
0.360093 

F 

0.257595 
----- 

0.302079 

F 

0.538301 
0.101347 

0.0838297 

F 
-w--m 

0.0592036 

F 
-m-w- 

0.60538 1 
0.178645 
0.103527 

F 

0.114648 
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N+N’+S: 

PCHI.FIL3 : 

Vary R’s only 
c2N = -0.02528 

RN CNN 

Initial 2.15 (:, 2.1081 
Fixed q’s 

c2N = -0.02528 
RN CNN 

Initial 2.15 1 
2.0695 8.4489 

Fixed CN’s 
CNN= 1 

RN c2N 
Initial 2.15 -0.02528 

2.1062 -0.02673 

C& = -0.02528 

RN’ C”IJN 2.40 
2.6267 (1) 

C2N’ = -0.02528 
RN CN‘N 
2.40 

2.3378 2.3:80 

c2s = -0.02161 
Rs CNs F 

2.15 ----- 
2.1709 (:I 0.47725 1 

c2s = -0.02161 
Rs CNs F 

2.15 1 ----- 
2.0275 1.4595 0.214600 

CNs= 1 
Rs c2s F 

2.15 -0.02161 ----- 
2.1674 -0.02552 0.330759 

N + N’ + S + S’ : 

PCHI.FIL3 : 

Vary R’s only 
~2N=-O.O2528 c2,=-0.02528 c2,=-0.02161 c~,~=-O.O~ 16 1 
RN CF RN CNN Rs Cys Rs* CNsl F 

Initial 2.15 
2.1094 (1) 

2.40 (ii::) 
2.5926 

2%9 2.9 0.13 -w--m 
(1) 2.9116 (0.13) 0.419486 

Fixed q’s 
~2N=-O.O2528 c2,=-0.02528 q,=-0.02 16 1 c~~=-O.O~ 16 1 
RN Cy RN CNN, Rs C’;“” Rg CNg F Initial 2.15 2.40 0.6 2.15 2.9 0.13 ____- 

2.0916 (1) 2.3732 -0.9257 2.1661 (1) 2.9020 0.1727 0.346906 
Fixed CN’s 
CNN= 1 CNw = 0.6 CNs= 1 CNst = 0.13 

RN c2N RN C2P Rs c2s Rs c2s F 
Initial 2.15 -0.02528 2.4 -0.02528 2.15 -0.02161 2.9 -0.02161 ----- 

2.1084 (-0.02528) 2.5925 -0.02420 2.1702 (-0.02161) 2.9034 -0.01323 0.411057 
Fixed CN’s 
CNN= 1 CNNI= 1 CNs= 1 CN,y = 1 

RN c2N RN C2N Rs c2s RY c2s F 
Initial 2.15 -0.02528 2.4 -0.02528 2.15 -0.02161 2.9 -0.02161 ----- 

2.1109 (-0.02528) 2.5862 -0.03395 2.1685 (-0.02161) 2.9514 -0.04971 0.397720 
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Fits of PCLO : 

N onlv : R 
Initial 1.9, 2.0 
PCLOFILO : 2.0185 

2.0210 
PCLO.FILl : 2.0187 

2.0216 
PCLO.FIL2 : 2.0189 

2.0218 

2.0P2.2 
PCLOFILO : 

PCLO.FILl : 

PCLO.FIL2 : 

2.i625 
2.1626 
2.1616 
2.1611 
2.1614 
2.1608 

N+S: 
RN CNN 

PCLOHLO : 

CN 

2.53357 
1.9444 
2.5608 
1.9001 
2.5732 
1.9000 

-0.:!528 

i -0.02013 

F 
---- 

0.39996 1 
0.366448 
0.442943 
0.405 129 
0.467742 
0.431117 

CN 
3 

0.9153 
0.9214 
0.9256 
0.8330 
0.927 1 
0.8154 

-0.&61 
F 

__-- 
0.250405 
0.250375 
0.297636 
0.291756 
0.345433 
0.338042 

c2N Rs WY c2s F 

Initial 2.0 2 -0.02528 I, 1.8214 ” 

1.847 1 -0.3484 1.8735 -0.2489 -0.0’;424 
PCLO.FLLl : 
Initial 

2.2 2 
2.1673 ” 
2.1601 0.8616 
2.1590 1.1207 

-0.02161 ----- 
11 1.58810 

-0.0;623 0.173218 0.145435 

2.:$72 
2.1447 
2.1403 
2.1453 
2.1453 
2.1509 
2.2005 
2.1893 

2.:;7 
2.1584 
2.1581 
2.1612 
2.1453 
2.1509 
2.1622 

1 -0.02161 
II II 

----- 
0.884473 

0.0936219 
0.0756268 
0.138895 

0.0946570 
0.133749 

0.0819654 
0.139340 

2.1615 1.9275 ” 
2.147 1 1.7627 -0.02449 
2.1372 (1) -0.02379 
2.1290 (2) -0.0359 1 
2.1285 -0.0520 1 
2.3059 -0.01230 
2.2652 -0.01816 

Initial 2.0 (;I -0.02528 
1.8085 ” ” 
1.8559 -0.3635 ” 
1.8620 -0.3410 -0.02317 
1.5304 (1) -0.09279 
2.1290 (2) -0.0359 1 
2.1285 (3) -0.05200 
1.6686 (1) -0.0440 1 

1.3502 
1.1668 

ii; 

gj 
c;, 

0.8765 
0.9109 

(1) 
(1) 

-0.02040 
-0.02042 
-0.02112 
-0.02171 
-0.03 125 
-0.02495 
-0.02161 

-0.02223 
-0.02237 
-0.02112 
-0.02170 
-0.03308 

1.41993 
0.23273 1 
0.232553 
0.295742 

0.094657 1 
0.133749 
0.48298 1 

1.6465 (2) -0.06356 2.1622 (2) -0.03284 0.479582 
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RN CNN c2N 
PCLO.FIL2 : 
Initial 1.%2 1 -0.02528 

” ” 
2.1724 2.1481 
2.1553 1.8842 -0.0;204 
2.1425 (1) -0.0224 1 
2.1301 -0.03395 
2.1297 -0.05019 
2.3063 ilj -0.01194 
2.2662 (2) -0.01772 

Initial 2.0 1 -0.02528 
1.8078 ” ” 
1.8573 -0.3732 ” 

PCLO.FrL3 : 
Initial 2.0 2 -0.02528 1.9587 ” II 

2.1582 2.3640 ” 
2.1053 2.5088 -0.01352 

Initial 1 
2X4 1’ 

-0.02528 

2.1150 (1) -0.0’1718 

N + N’ : 
RN CNN C2N 

PCLO.FILO : 
Initial 2.0 

1.9691 
2.0186 
2.0621 

PCLO.FILl : 
Initial 

2.:&5 
2.0255 
2.0168 

Initial 2.2 
2.0165 
2.0185 
2.0187 

PCLOJTLd2 : 
Initial 2.0 

2.0309 
2.0260 
2.0166 

Initial 2.2 
2.0166 
2.0187 
2.0183 

2 -0.02528 II II 
0.6003 ” 
0.8075 -0.0093 1 

2 -0.02528 II ‘1 
2.5835 
2.4271 -0.0;614 

2 -0.02528 It 11 
2.5554 
1.8495 -0.0’;985 

2 

2.6100 
2.5137 

2 11 

-0.02528 II 

-0.Ol680 
-0.02528 II 

II 2.5692 
1.8886 -0.02018 

Rs 

2.:&5 
2.1474 
2.1400 
2.1449 
2.1437 
2.1500 
2.2015 
2.1903 

212 
2.1645 
2.1581 

2.2 
2.1948 
2.1407 
2.0905 

2.:?32 
2.1311 

ws 

1 -0.02161 II II 
1.4496 
1.2364 

Ii; 

;;I 
y 
II 

-0.01957 
-0.01986 
-0.02080 
-0.02152 
-0.03 122 
-0.0248 1 
-0.02161 

0.8780 

1 II 
1.4811 
1.2693 

1 

(1) 

c2s 

-0.02161 It 

-0.01700 
-0.0~161 

-0.02042 

RN CNN C2N 

2.2 2 -0.02528 
2.0696 ” ” 

2.0185 1.9354 1.9512 1.3789 -0.0;159 

2.%35 2 ” -0.02528 ” 

2.3534 0.9337 2.3560 0.1359 +O.db142 
2.6 2 -0.02528 

2.6841 ” ” 
2.6821 0.4364 ” 
2.6609 0.0287 +O.O 1245 

2.2 2 -0.02528 2.3669 0.9:23 II 
2.3506 ” 
2.3530 0.1158 +0.00335 

2.6 2 -0.02528 2.6790 
2.6760 

0.2’;52 II 
” 

2.6516 0.0160 +0.01775 

F 

----- 
0.583442 
0.162931 
0.150964 
0.204154 
0.164210 
0.185921 
0.152135 
0.191943 

----- 
1.42996 

0.288522 

----- 
0.908 152 
0.336404 
0.289273 

_-_-- 
0.387362 
0.377 158 

F 

----- 
0.575192 
0.39996 1 
0.119313 

----- 
0.544147 
0.324132 
0.203679 

----- 
0.653670 
0.426829 
0.308331 ’ 

---me 
0.569470 
0.356093 
0.235593 

--em- 
0.711757 
0.462544 
0.326867 
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s + S’ : 
Rs 

PCLO.FILO : 
Initial 2.0 

2.1126 
2.1624 
2.1432 

PCLO.FILl : 
initial 2.0 

2.1121 
2.1661 
2.1548 

Initial 
2.:$38 
2.1614 
2.1601 

PCLO.FIL2 : 
Initial 2.0 

2.1123 
2.1664 
2.1544 

Initial 2.2 
2.1619 

CNs c2s Rs CNsl c2s F 

1 -0.02161 11 II 
1.1098 ” 
0.6282 -0.01680 

1 -0.02161 ,8 ,I 
1.1643 ” 
0.9637 -0.02016 

1 -0.02161 II II 
0.9221 ” 
0.7649 -0.01900 

1 -0.02161 I, II 
1.1829 ” 
0.9564 -0.01989 

1 -0.02161 II II 

2.2 
2.2413 
2.3479 
2.2528 

2.;ik 1 

x; 
‘2.6 

2.8123 
2.7756 
2.8546 

2.2 
2.2391 
2.3705 
2.3229 

2.6 
2.7510 

2.1615 0.9245 ” 2.7405 
2.1622 0.8630 -0.02056 2.7111 

N+S+S’: 

PCLO.FILl : 

Initial 

Jilitial 

Initial 

Initial 

Initial 

Fixed Q’S 
c2N = -0.02528 

RN CNN 
2.2 1 

1.9838 ” 
2.0247 0.4289 

2.2 1 
2.2998 ” 

2.%8 ! 
2.1044 1.4764 
2.1044 ” 

Fixed CN’s 
CNN= 1 

RN -. c2N 
2.2 -0.02528 

1.7500 -0.09796 
2.0 -0.02528 

2.1544 -0.02057 
2.2 -0.02161 

2.3222 -0.04199 
2.6 -0.02161 

F 
----- 

0.0394407 
----- 

2.1470 -0.02443 2.1473 -0.02011 2.8353 -0.06972 0.0961449 

c2s = 
Rs 

2.:&2 
2.1662 

2.2 
2.1756 

2.;:7 
2.1340 
2.1339 

-0.02161 
Wi 

1 

0.9’;63 
1 I, 
1 II 

0.9445 ,I 

CNs= 1 CNsl = 1 
Rs c2s Rs, - qs 
2.2 -0.02161 2.5 -0.02161 

1 -0.02161 II 
0.3;51 ” 
0.6050 -0.02925 

1 -0.02161 0.3’;190 ” 11 

0.8 132 -0.03902 
1 -0.02161 II 

0.1%63 ” 
2.0684 -0.07725 

1 -0.02161 I, 11 

0.4185 0.8485 -0.0’;867 
1 -0.02161 !I 

0.1’;65 ” 
0.0438 -0.0059 1 

c29 = -0.02161 
Rs CNs, 

2.?l%O ! 
2.3806 0.3007 

2.6 1 
2.7382 ” 

2.6 1 
2.8242 ” 
2.8011 0.1017 
2.799 1 0.0893” 
[“Q = -0.01971] 

--m-e 
0.584524 

0.096 1859 
0.0686127 

----- 
0.651926 
0.0764028 
0.053303 1 

----_ 
0.757800 
0.27 1934 
0.230939 

----- 
0.680619 
0.153913 
0.147856 

----- 
0.807994 
0.325527 
0.311699 

F 
----- 

0.543 114 
0.060492 1 

----- 
0.750976 

----- 
0.724957 

0.0592774 
0.0591259 
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cN~=2 
RN c2N 

Initial 
1 %o 

-0.02528 

1.7545 -0. A775 
Initial -0.02528 

1.%4?9 ” 
2.1429 -0.03901 

PCLOfIL2 : 

Initial 

Fixed Q’S 
c2N = -0.02528 

RN CNN 
1 

l&l50 ” 
2.0237 0.3432 
2.0433 ” 

Initial 

Initial 

Initial 

Initial 

Initial 

2.2 1 

2.2999 2.1945 2&00 
2.1936 ” 

Fixed CN’s 
CNN= 1 

CN,cj= 1 
Rs c2s 

-0.02161 
2.22i262 11 
2.1547 -0.02057 

-0.02161 
2.;$76 ” 
2.1491 -0.02092 

c2s = -0.02161 
RS CNS 
2.1 1 

2.1961 ” 
2.1666 1.0247 
2.1614 ” 

2.2 1 
2.1754 
2.1556 1.5’;55 
2.1554 ” 

CNs= 1 
RN -. c2N Rs - ~2s 
2.1 -0.02528 2.1 -0.02161 

1.8028 -0.10862 
2.2 -0.02528 

2.1973 -0.00614 
cN~=2 

RN C2N 
2.1 -0.02528 

2.085 1 -0.01872 
2.1 -0.02528 

1.8288 -0.14572 

2.1549 -0.02034 
2.2 -0.02161 

2.1574 -0.01187 
CNs= 1 

RS c2s 
2.1 -0.02161 

2.0993 -0.02245 
2.1 -0.02161 

2.155 1 -0.02039 
PCLO.FIL3 : 

rnitial 

Initial 

Initial 

Initial 

Fixed q’s 
C2N = -0.02528 

RN CNN 
2.0 1 

1.9799 ” 
1.8533 0.4149 

2.0 1 
1.9563 ” 
2.1548 2.2829 

Fixed CN’s 
CNN= 1 

RN c2N 
2.2 -0.02528 

1.8953 -0.03594 
-0.02528 

2.%7 ” 
2.1109 -0.01647 

c2s = -0.02161 
Rs CNs 
2.2 1 

2.1951 
2.1683 l/k06 

2.2 1 
2.1750 
2.1397 1.;;38 

CNs= 1 
Rs c2s 
2.2 -0.02161 

2.1611 -0.01854 
2.2 -0.02161 

2.1744 
2.1283 -0.0;065 

CNsl = 1 
Rs c2s 

-0.02161 
2.24i565 ” 
2.3239 -0.04190 

-0.02161 
2.%kO ” 
2.7847 -0.07436 

~2~8 = -0.02161 
Rsl CNs’ 

2.?l& ! 
2.3783 0.3483 
2.3685 0.43 14* 

[;cp = -0.0;635] 

2.7220 ” 
2.6955 0.0965 
2.6974 0.0709# 

[#C& = -0.017291 

CNsl= 1 
RY c2.5 
2.5 -0.02161 

2.3277 -0.04069 
2.6 -0.02161 

2.9765 -0.08 189 
CNsl = 1 

W c2s 
2.5 -0.02161 

2.4104 -0.08 165 
2.6 -0.02161 

2.3296 -0.04104 

c2y = -0.02161 
RY CNsl 
2.5 1 

2.4148 ” 
2.3670 0.6005 

2.6 1 
2.8029 ” 
2.8 117 0.0537 

CNs, = 1 
Rs c2s 
2.5 -0.02161 

2.3373 -0.03278 
2.6 -0.02161 

2.7349 ” 
2.8622 -0.06505 

F 
----- 

0.535456 
0.0395483 

----- 
1.15020 

0.0438933 

F 
-__-- 

0.549125 
0.149209 
0.148365 

-w--m 
0.747763 
0.14929 1 
0.148648 

F 
_---- 

0.146289 
-w--m 

0.162084 

F 
----- 

0.174820 
_---- 

0.146606 

F 
----- 

0.660304 
0.301035 

-m-w- 
0.951849 
0.333885 

F 
----- 

0.29 1028 
-v--w 

0.84996 1 
0.354557 
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N+S+N’: 

PCLO.FILl 

Initial 

Initial 

Initial 

Initial 

Fixed q’s 
c2N = -0.02528 

RN CNN 
2.0 1 

1.9633 ” 
2.0900 1.2523 

2.0 1 
2.0657 ” 
2.1247 1.4735 
2.1342 ” 

Fixed CN’s 
CNN= 1 

RN c2N 
2.0 -0.02528 

2.139 1 -0.02630 
2.0 -0.02528 

2.1108 -0.04604 

PCLO.FIL2 

Initial 

Initial 

Initial 

Initial 

Initial 

Initial 

Fixed q’s 
C2N = -0.02528 

RN CNN 
2.0 1 

1.9690 ” 
2.1735 2.2397 
2.1737 ” 

c2s = -0.02161 
Rs CNs 

2.:$1 ’ 
2.1475 1.4776 
2.1476 ” 

2.0 2 
1.9650 ” 
2.2061 2.2805 
2.2040 ” 

2.%32 ! 
2.1596 1.5588 
2.1594 ” 

2.0 2 2.2 1 
2.0659 ” 2.1481 ” 
2.1337 1.7369 2.1409 1.2420 
2.1484 ” 2.1455 ” 

Fixed CN’s 
CNN= 1 

RN c2N 
2.0 -0.02528 

2.1393 -0.02279 
2.0 -0.02528 

2.1393 -0.02276 
2.0 -0.02528 

2.1027 -0.04155 

CNs= 1 
Rs c2s 
2.2 -0.02161 

2.1446 -0.02006 
2.2 -0.02161 

2.1445 -0.02006 

2.:j234 ?it%;: 

c2s = -0.02161 
Rs CNs 

2.%7 ! 
2.1375 0.8462 

2.2 1 
2.1479 “C 
2.1413 1.1693 
2.1460 ” 

CNs= 1 
Rs c2s 
2.2 -0.02161 

2.1477 -0.02064 
2.2 -0.02161 

2.1350 -0.01980 

C2N’ = -0.02528 
RN CNNI 
2.5 1 

2.6341 ” 
2.6560 0.3982 

2.35 1 
2.2063 ” 
2.2256 0.4279 
2.2611 0.2155” 
[*c& = -0.014113 

CNw=l 
RN' C2N 

2.%8 -0 -0:04286 02528 

2.35 -0.02528 
2.1305 -0.01953 

C2N’ = -0.02528 
RN' CNN~ 
2.8 1 

2.9136 ” 
2.9230 0.4552 
2.9270 0.3261* 

-0.019521 lI*c2N’= 1 
2.5 

2.6265 ” 
2.5452 0.3492 
2.5531 0.1824t 
[Fyi = -0.015891 

2.iO77 ! 
2.2434 0.4025 
2.2875 0.1040$ 
iSC2N’ = -0.008441 

CNN~ = 1 
RN' C2N 
2.8 -0.02528 

2.7283 -0.06890 
2.5 -0.02528 

2.7276 -0.06892 
2.35 -0.02528 

2.1414 -0.01636 

F 
-m-w- 

0.183819 

0.183819 
----- 

0.153919 

F 
----- 

0.510012 
0.0256428 

----- 
0.107831 

0.0790783 
0.0768 155 

F 
___-- 

0.070 1327 
____- 

0.0823582 

F 
----- 

0.586307 
0.126604 
0.124790 

----- 
0.554268 
0.155786 
0.153544 

0.172550 
0.154740 
0.152302 
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Appendix II. Error Analysis for Lactase Difference Edge Analysis 

The following error analysis was originally carried out for the paper published in 
1990. (Cole, J. L.; Tan, G. 0.; Yang, E. K.; Hodgson, K. 0.; Solomon, E. I. J. Am. Chem. 
Sot. 1990, 112,2243-2249.) As such, errors were only calculated for samples that were 

measured in 1987 and 1989, i.e. T2D1, T2D2 and T2D3 (and also T2DS and T26A, old 
data sets) for T2D lactase and lMLO1, 2MLO1, MLRD and MLOX for TlHg lactase 
(see Tables 6.1 and 6.2 in Chapter 6). Some inconsistencies in the original error analysis 
have been remedied, so that errors are now a little higher than originally reported. 

Errors may be related either by addition or by multiplication. The propagation of 
errors was treated according to the following equations (from Data Reduction and Error 
Analysisfor the Physical Sciences by Philip R. Bevington, McGraw-Hill, New York, pp. 
56-65) : 

Where x is the weighted sum of u and v, i.e., x = au Z!Z bv, then 
0: = a2 0: + ,$* &, where u and v are independent 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (II. 1) 

Where x is the weighted product of u and v, i.e. x = +auv, then 
2 

0~=a2v2c2+a2u2c$,0r~ 
o2 0: =--tf.+- u2 v2 , 

where u and v are independent . . . . . . . . . . . . . . . . . . . . . . . . . . . (11.2) 

Where x is obtained by division, i.e. x = +E, 
V 

0: 0: 02 --+- 
x2 u2 v2 

, where u and v are independent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (11.3) 

Sources of error : 
(1) Error from the noise of the data, based on measuring the half-height of typical noise. 

At most (in 1989), it is fl% of the normalized amplitude. More usually, it is &0.5%. 

(2) Spline or normalization error. A conservative estimate is +5% of the normalized 
amplitude (from the notes of James E. Penner-Hahn). 
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(3) Error in estimating content of native lactase in T2D and TlHg samples, as measured 
by optical or EPR spectroscopy. Error is proportional to the amount of native present, 
and it is usually -5% of all lactase present. However, this error can be neglected in 
most cases because the native edge used to correct the T2D or TlHg edge is rather 
similar to the latter (i.e., a reduced edge is used to correct reduced samples, and an 
oxidized edge for oxidized samples), and so applying the correction makes very little 
difference to the shape of the edge, or its amplitude, as measured at 8984 eV. The 
only cases where this is not true is in the corrections applied to T2D2 and T2D3 (and 
T2DS) (see Table 6.2), where a largely oxidized edge is used to correct largely 
reduced edges. In this case, native is 10 + 2% (6-7% for T2DS) of all lactase. 

(4) Error in determining the redox state of “standard” samples. This is measured by 
optical or EPR spectroscopy, and is proportional to the signal measured. This error is: 

Considered 0% error for fully oxidized (H202-treated) samples. 
For reduced T2D (T2Dl) : 0% (because no lactase was oxidized). 
For reduced TlHg (MLRD) : 10 + 2% of T2 was oxidized, -10% of T3 was 

oxidized. So, in terms of total Cu : o(T2) = 
0 
$ x0.02, o(T3) = 

0 
5 x0.1. 

Errors not accounted for in this analvsis : 
(5) Systematic error in estimation of fully oxidized edges = 8% of all Cu present (from 

Kau, L.-S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. 0.; Solomon, E. I. 
J. Am. Chem. Sot. 1987,109, 6433-6442). This is the error involved in judging a 
lactase sample (e.g. TlHg + 60x Hz@) to be fully oxidized when the edge is the 
only spectroscopic criterion used. 

(6) Systematic error in estimation of fully reduced edges due to the range in amplitude of 
Cu(1) models at -8984 eV(ibid.). This is the error involved in judging a lactase 
sample (e.g., fully reduced native lactase) to be fully reduced when the edge is the 
only spectroscopic criterion used. 

(7) Systematic error due to range in heights (at 8984 eV) of various resting T2D samples 
(including T2DS), and various fully oxidized native Iaccase samples, run in the past 
(unpublished data). 
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(8) Error in measuring the edge amplitudes at 8984 eV. This was done by hand, using a 
pencil and a ruler marked in mm. The error in an individual measurement was about 
0.5 mm. The impact this had on the amplitude calculated depended on the scale over 
which the graph was plotted, heights measured were usually about 50 mm when 
plotted. 

ProDaPation of errors : 

Errors in 100% oxidized edges (T26A and 2MLOl) : 

Only the spline and the noise contribute errors. So : 
Normalized signal EN = SER, where S = spline scaling factor, ER = raw signal 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (11.4) 
Amplitude of oxidized edges at 8984 eV is -0.1 normalized units, so the spline error 

is scaled down by this amount, while the noise error is not reduced. 

So, using Equation 11.2, 

Error in totally oxidized lactase edge 

2 +(o.05)2 = 0.07 1 E 7% (of normalized amplitude) 

Errors in 100% reduced edges : 

Amplitude of reduced edges (both T2D and TlHg) at 8984 eV is -0.6 units, so the 
spline error is scaled down by this amount, while the noise error is not reduced. 
Amplitude of T2DS at 8984 eV is -0.5 units. 

(a) For fullv reduced T2D (T2Dl) : 
Only the spline and the noise contribute errors. So, using Equations II.2 and II.4, 

Error in T2Dl 

2 + Cl.052 = 0.051~ 5% (of amplitude at 8984 eV) 
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lb) For fullv reduced TlHg fMLRD) : 
Errors are from the spline, the noise and the redox state. So 

Normalized signal EN = SRER, where S = spline scaling factor, ER = raw signal 
and R = proportion of reduced Cu. 
. . . . . . . . . . . . . ..a.......... . . . . . . . . . . . . . . . . . . ..a..... . . . . . . . . . . . (11.5) 

Using Equation Il. 1, 
Error in redox state of mm = OR = dw 

= pyo.022 +(go.l’ = 0.067 z 7% (of total Cu) 

Using Equation II.2, 

Error in MLRD = - - ~-@Jg(GJ 

0.085 = 9% (of amplitude at 8984 eV) 

Ic) For resting T2D lactase (= “fullv reduced T3 Cu”) : 
The native correction cannot be neglected in this case. So 
Corrected T2DS = 1.111 [T2DS] - 0.111 [NTVL] (Equation 6.2 in Chapter 6) 

The combined spline and noise error in NTVL = - - 

= * + 0.05~ = 0.056 = 6% 

The combined spline and noise error in T2DS is approximated by the error found for 
T2Dl above (= 0.05 1). 
Error in corrected T2DS 

= ~1.1112(0.051)2 +0.1112(0.056)2 =0.057=6% (ofnormalizedamp.) 

Errors in 100% reduced difference edge standards : 

100% reduced difference edge AEloo = bed - Eox, where Ered is the reduced edge 
and Eox is the oxidized edge. 



{a) 100% reduced AT2D lactase : 

Error in (T2Dl- T26A) = J(0.051)2 + (0.071)2 = 0.087 = 9% (of amp. at 8984 eV) 

/b) 100% reduced ATlHg lactase : 

Error in (MLRD - 2MLOl) = (0.085)* + (0.071)2 = 0.111~ 11% (amp. at 8984 eV) 

[c) 100% reduced AT3 Cu : 

Error in 1.5(T2DS - T26A) = 1.52[(0.057)2 + (0.071)*] = 0.136 = 14% 
(of amplitude at 8984 eV) 

Errors in difference edges of reoxidized samples (T2D2-T2D3 series or MLOX) : 

Difference edge LED = EN - Es, where EN = edge with redox state to be determined 
Es = standard (100% oxidized) edge 

{a) Samnles close to totallv reduced (T2D2 and T2D3): 

Correction for native must be first taken into account (vi& supra). 10 + 2% of native 
were subtracted and the edge renormalized in the following equation : 

Corrected T2D2 or T2D3 = 1.148 1 [T2D(2,3)] - 0.148 1 [NTVL] 
(Equation 6.2 in Chapter 6) 

The combined spline and noise error in T2D2, T2D3 is approximated by the error 
found above for T2Dl (0.05 1 units). 

So, using Equation II. 1, error due to native correction in EN (T2D2 and T2D3) 
= J1.14812(0.051)2 +0.14812(0.056)2 = 0.059 = 6% (of normalized amp.) 
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Then, error in AED = aEo - -&zxz 
= 1/0.05g2 + 0.0712 = 0.092 E 9% (of normalized amplitude at 8984 eV) 

/b) Samoles close to totallv oxidized (MLOX): 

Amplitudes of both EN and Es are -0.1 at 8984 eV. Spline error OS is scaled down to 
0.5%, while the noise error CQ remains at 0.5%. 

For spline and noise error (Equation II.3), 

= Q[O.O5)’ +(+5) = 0.071 E 7% (of normalized amplitude at 8984 eV) 

=@qg= 0.112 = 11% (of normalized amplitude at 8984 eV) 

So, error in (MLOX - 2MLOl) difference edge 
b*Eo=&Gz 

= &o.071)2 + (0.1 12)2 
= 0.132 = 13.2% (of normalized amplitude at 8984 eV) 

Errors in quantitating proportion of reduced Cu : 
AED Proportion of Cu(1) determined, “Cu” = - 
A&al 

2 dEEa, So, using Equation 11.3, s = % + 1 
AED AEioo2 

Since the errors for ED and Elm already take into account the amplitudes of the 
component edges at 8984 eV, the errors are divided by AEfEN and A EIW/Errd rather 

than just hED or hEloo. 
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(a) For the T2D series CT2D2 and T2D3) : 

Error in proportion of Cu determined in T2D3 (T2D2 is taken to be similar) 

- = $=,/m=O.l55=16% (ofCu(I)determined) 

This works out to a Cu(1) content of 76 + 12% in T2D lactase exposed for 63 hours 
(T2D3). 

Error in proportion of T3 Cu determined in T2D3 

O”T3Cu” =,,/~=0.161=16% (ofCu(I)determined) 
= 2h”T3 Cu” 

This works out to a Cu(1) content of 88 + 14% of T3 Cu in T2D lactase exposed for 
63 hours (T2D3). 

/b) For T 1 Hg reoxidized (MLOX) : 
Error in proportion of Cu determined 

= s=,/m=l.329=133% (ofCu(I)determined) 

I This works out to a Cu(1) content of 2 + 3% in reoxidized TlHg lactase (MLOX). 
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Appendix III. Complete Tables of Fits to EXAFS Spectra of 
Oxidized and Reduced Rhoclospirillum rubrum Ni 
CODH and Associated Model Compounds 

The following tables list the distances (R), coordination numbers (CN), c2 values and 
fit indices (F) for the fits made for the EXAFS curve-fitting results discussed in Chapter 7. 
In the parameterized EXAFS equation employed by our analysis package (see Chapter 2), 
c2 values vary in the same way as the squared term cr zas in the Debye-Waller factor, such 
that Ac2 = -2Ac~~~~. Thus, though the sign is reversed, the magnitude of c2 is proportional 
to 02,s. 

When using the fit index F to evaluate the goodness of a fit to the data, we have to 
bear in mind that F is not adjusted for the size of the signal. Thus, for equally good fits (as 
judged by viewing the match of phase and amplitude), we would expect the fit indices for 
fits to a larger EXAFS signal to be larger than those for fits to smaller EXAFS signals. So 
the fit index F should only be used to compare different fits made on the same data. 

The windows used on the data sets are denoted by their data file names. Thus, fits to 
CODHX.FIL2 correspond to fits on W indow 2 of CODHX, CODHX.FIL3 contains data 
filtered using W indow 3, etc. 

The tables also show what initial R, CN and c2 values were used for beginning each 
fit. Unless otherwise stated, a fit result shown had as its initial values the results of the fit 
shown in the line immediately above. Thus, in a given table (e.g., N+S fits on 
CODHX.FIL2), the values listed as initial values were first used in a fit varying R’s only. 
Then the results of this fit were in turn used in a fit varying R and CN (referred to as Type 
2 fits in the text), whose results are listed below it. The results of this Type 2 fit were in 
turn used as initial values for the Type 1 fit (varying R’s, CN’s and Q’S) whose results are 
listed immediately below. An exception to this is that Type 3 fits (varying R’s and Q’S), 
listed below Type 1 fits, generally used the results of fits varying R only as initial values. 
Bracketed CN or c2 values were held fixed at the values shown. 

List of Tables : 

One-shell N or S fits of Ni models ........................................................ .205 
Results of fitting Ni-N,S models with N & S ............................................. 208 
Fits to (E~N)$NiFe&(SEt)4] ............................................................. 216 
Results of fitting Ni CODH with N & S ................................................... 219 
Three-Wave Fits of CODH data, using N, S and Fe ..................................... 241 
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One-shell N or S fits of Ni models 
Grace Tan 2ndFeb1993 

(tits checked and correct on 3rd Feb 1993) 

These fits are discussed in Chapter 7, Section (E.l .a). 

Parameters used in fits : 

Ni=-N : [NiD(dimethylglyoxime)2], 10 K, k = 3.25-l 1.75 A-* (data to k = 15 A-l) 
Nin-S : Nil&CN(CH&H&&, 10 K, k = 3.25-l 1.75 A-1 (data to k = 15 A-l) 

Ni-N compounds : 
W-w) Coord. 

NBC004 
NPC004 
NTP004 
NTMO04 
NC4004 
NC5004 
N33004 
N66004 
N6C004 
NEN004 
NPH004 
NTAO04 

[Ni(cyclops>(py>l(ClO4) 

[Ni(isobacteriochlorin)] 
pi(phthalocyanine)] 

[Ni(tropocoronand-3,3)] 

[Ni(tetraphenylporphyrin)] 

[Ni(tropocoronand-6,6)] 

~i(tetramethylcyclam)](ClO~)~ 

[Ni(corphin)NCS]2 

[Ni(cyclops)](ClO4) 

[Ni(ethylenediamine)3]2+ 
[Ni(phen)3]C12.7H20 
CNi([9laneN3)21(Clo4>2 

1.92 1 sq PI 
sq Pl 
sq PI 
w PI 
sq Pl 

1.859-1.897, av. 1.874* 

1.915-1.934, av. 

sq PY 
1.854-1.868, av. 1.861 

--m---e 

dist. sq pl 

____--_ 

1.944-l .950, av. 1.947 dist. Td 

_-m---e 

_--me-_ 

__----- 

oh 
2.124 

2.078-2.106, av. 2.090 2 
2.093-2.116, av. 2.1052 Glr 

N4C004# [Ni(octaethylpyrrocorphin)] 1.899-1.914, av. 1.909 

* - for equatorial N, from crystal structure of [Ni(cyclops)I](C104) 
# - data extremely noisy, no fits done 

sq Pl 

Ni-S compounds : 
Wryst) Coord. 

N2MOO4 [WW4W[Ni(mNzl 2.173-2.176, av. 2.175 sq Pl 
N3M004 Lb-BuhNl NbN21 2.147-2.151, av. 2.149 sq PI 
NI2S [WSWWWW)12 2.14-2.22, av. 2.18 sq Pl” 
NS4004 [Ni(S-Ph)412- 2.272-2.303, av. 2.288 Td 
NTTOO4 lWPlaneS3)212+ 2.377-2.400, av. 2.386 oh 
* - 2 square planar coordinated Ni hinged together with folding angle of 111.3’ 
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N only : 

NBC004 

NPC004 

NTMO04 

NTP004 

NC4004 

NC5004 

N33004 

N66004 

N6C004 

NENO04 

R CN c2 F 

1.9 4 
1.9107 3.3206 
1.9119 5.0781 
1.9111 (4) 

-0.02297 

-0.Oi987 
-0.02652 

__---- 
0.467720 
0.206093 
0.302562 

1.9 4 
1.8764 4.0022 
1.8768 4.6482 
1.8764 (4) 

-0.02297 II 
-0.02534 
-0.02338 

-w---w 
0.250106 
0.171814 
0.238654 

1.9 4 
1.9607 3.3551 
1.9608 3.8249 
1.9609 (4) 

-0.02297 

-0.0;506 
-0.02566 

------ 
0.409008 
0.389323 
0.391376 

1.9 
1.9111 
1.9114 
1.9108 

4.44215 
5.4100 

(4) 

-0.02297 

-0.0;617 
-0.02232 

m----m 
0.344177 
0.2208 16 
0.415830 

1.9 4 
1.8595 4.1748 
1.8594 4.0824 
1.8594 (4) 

-0.02297 

-0.0;262 
-0.02236 

-----_ 
0.331356 
0.330 108 
0.330946 

l.%O 3.65654 
1.8557 3.1738 
1.8567 (5) 

-0.02297 

-0.0;074 
-0.02690 

___--_ 
0.298606 
0.248012 
0.554885 

1.9 4 
1.8469 4.2980 
1.8469 4.3164 
1.8467 (4) 

-0.02297 

-0.0;304 
-0.02206 

------ 
0.180921 
0.180831 
0.202419 

2.0 
1.9314 
1.9315 
1.9313 

3.74921 
4.6106 

(4) 

-0.02297 

-0.Oi608 
-0.0242 1 

--e-m- 
0.282243 
0.181014 
0.231207 

1.9 
2.0705 
2.0706 
2.0703 

5.26572 
7.5424 

(6) 

-0.02297 II 
-0.02886 
-0.02565 

----we 
0.529425 
0.257256 
0.375924 

2.1 6 
2.1163 4.7950 
2.1182 6.576 1 
2.1176 (6) 

-0.02297 II 
-0.028 12 
-0.02680 

_---__ 
0.786185 
0.706368 
0.712755 
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NPH004 

NTAO04 

R CN 

2% 1 5.16554 
2.0793 5.8675 
2.0793 (6) 

2.:;54 4.36436 
2.1067 5.4507 
2.1073 (6) 

s only : 

N2M004 

R CN 

2.2 4 
2.1750 4.1131 
2.1750 4.0588 
2.1750 (4) 

N3M004 2.2 
2.1425 
2.1425 
2.1425 

4.34384 
4.1975 

(4) 

NI2S” 2.2 4 
2.1698 3.7044 
2.1698 3.7293 
2.1697 (4) 

NS4004 2.3 
2.2869 
2.2869 
2.2868 

3.94708 
4.2157 

(4) 

NIT’004 2.4 6 
2.3801 5.6034 
2.3803 6.3948 
2.3802 (6) 

-0.oc22297 

-0.0;502 
-0.02532 

-0.02297 11 
-0.02663 
-0.02803 

c2 

-0.02044 

-0.0’;023 
-0.02005 

-0.02044 

-0.oi993 
-0.01934 

-0.02044 l, 
-0.02054 
-0.02143 

-0.02044 11 
-0.02137 
-0.0207 1 

-0.02044 

-0.0;254 
-0.02171 

F 
e---m- 

0.632345 
0.609498 
0.610100 

------ 
0.671186 
0.63 1083 
0.637859 

F 

-m-_-e 
0.4647 13 
0.463380 
0.464650 

---_-- 
0.571261 
0.563203 
0.576458 

------ 
0.704884 
0.704696 
0.721648 

---_-- 
0.3903 13 
0.365219 
0.38 1030 

------ 
0.5 19830 
0.344368 

’ 0.384669 

* - bad fits may be due to some contribution from the Ni-Ni signal, which was not 
completely separable from the Ni-S signal over this data range. 
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Results of fittiny Ni-N,S models with N & S 
Grace Tan 9th February, 1993 

(checked and corrected 9th February, 1993) 

These fits are discussed in Chapter 7, 
Section (E. 1 .b). 

Models used : 

Ni(tsalen) or Ni (S-salen) (SSALEN) 

Ni-N = 1185, 1.86, av. 1.86 A 
Ni-S = 2.174, 2.139, av. 2.157 A 

[Ni(NS3t-Bu)H] [BPhd] (NS3BH) 

Ni-N = 2.02 A 
Ni-S = 2.234, 2,227, 2.218, av. 2.226 

w 
Ni-H = 2.0 8, 

[Ni(terpy)(S-2,4,6-(iPr)3- 
f&H&]. 1 .SCH$N (N3S2) 

Molecule 1: 
Ni-N = 2.113 A, 1.974 A, 2.086 A 
Ni-S = 2.274 A, 2.332 8, 

Molecule 2 : 
Ni-N = 2.075 A, 1.968 A, 2.125 A 
Ni-S = 2.298 A, 2.302 8, 

Average bond distances : 
Ni-N = 2.057 A 
Ni-S = 2.302 A 
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Ni(tsalen) or Ni (S-salen) tSSALEN1 

Crystal structure : T. Yamamura, M. Tadokoro & R. Kuroda, Chem. Lett., 1245-6 
(1989). 

The compound was supplied by R. H. Holm. Data was collected at BL 7-3 in July 1992 to 
k = 15 A-‘. 
Pre-edge : 8360-9211 (2) 
Spline : 8356 (2) 8515 (3) 8793 (3) 9211 

]Ni(NSat-Bu)Hl IBPhal CNS3BH) 

Crystal structure : P. Stavropoulos, M. C. Muetterties, M. Carrie, R. H. Holm, J. Am. 
Chem. Sot. 1991,113, 8485-92. 

The compound was supplied by R. H. Holm. Data was collected at BL 7-3 in July 1991 to 
k= 15 A-l. 
Pre-edge : 8380-9211 (-2) 
Spline : 8383 (2) 8515 (3) 8765 (3) 9211 

~(&&j. 1 .SCH$N Ni te (N3S2) 

Crystal structure : Narayan Baidya, Marilyn Olmstead, Pradip K. Mascharak, Inorg. 
Chem. 1991,30, 929-37. 

The compound was synthesized by Grace Tan. There is some doubt about the purity about 
the compound, since microanalysis gave 64.69 % C instead of the expected 69.93 %. Data 
was collected at BL 7-3 in June 1991 to k = 15 A-1. 
Pre-edge : 8399-9219 (-2) 
Spline : 8382 (2) 8557 (3) 8825 (3) 9219 

Forward FI’ on all compound data : k = 3.0-12.0 (0.1) A-1 

Reverse FT (to k = 3.25-l 1.75 A-l) : 

SSALENPIL: R’ = 0.95-2.35 (0.1) A - main peak, including some smudged-in 
shoulders 

NS3BH.FILl: R’ = 6.95-2.35 (0.1) 8, - main peak, includes low-R shoulder 
NS3BH.FIL2: R’ = 1.25-2.35 (0.1) A - main peak, excludes low-R shoulder 
N3S2.FIL: R’ = 1 .OO-2.30 (0.1) A - main peak, including a smudged-in low-R 

shoulder 

Parameters used in fits : 

N&N : [Nin(dimethylglyoxime)2], 10 K, k = 3.25-l 1.75 A-1 (data to k = 15 A-l) 
Nin-S : NiU(S2CN(CH2CH&, 10 K, k = 3.25-l 1.75 A-l (data to k = 15 A-l) 
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Fits of SSALEN.FIL : 

N+S: 

Initial 3 
## 1.8529 

1.8702 
1.8880 
1.8848 
1.8935 
1.8983 
1.8626 

** 1.8719 
1.8784 
1.8438 
1.8555 
1.8670 

R CN 
2.0 4 

1.9671 3.8085 
1.9486 10.4802 
1.9564 (6) 

R CN 
2.2 3 

2.1384 1.9095 
2.1358 3.7131 
2.1362 (3) 

CNN 
2 

1.9;92 
3.6795 

(1) 

Ii; 
(1) 

I$ 
(1) 
(2) 
(3) 

C2N 
-0.02297 11 

c2s 
-0.02044 II 

-0.03209 
-0.01009 
-0.01840 
-0.02435 
-0.01540 
-0.02418 
-0.03092 
-0.02095 
-0.03 123 
-0.04078 

Rs CNs 
2.2 2 

2.1599 2.1589 2.0;96 
2.1643 1.6257 
2.1644 (1) 
2.1707 
2.1728 [ii 
2.1533 (2) 

2.1587 2.1603 ii{ 
2.1475 (3) 
2.1514 (3) 
2.1509 (3) 

F 

-0.01956 
-0.01030 
-0.01161 
-0.01287 
-0.01960 
-0.02058 
-0.02169 
-0.02607 
-0.0270 1 
-0.02827 -. 

----me-- 

0.328662 
0.323872 
0.293489 
0.824633 
0.614017 
0.469283 
0.426399 
0.3 19308 
0.302882 
0.364792 
0.413729 
0.479455 

## - these R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=0.328662). Next best initial fit 

has F=O.703896 (for Ni-NlS2). 

c2 
-0.02297 

-0.0%133 
-0.03 190 

c2 
-0.02044 

-0.0; 169 
-0.02838 

F 
_--___ 

1.62750 
1.20930 
1.35256 

F 
--w-w- 

1.03187 
0.572879 
0.634010 

N + N' : 
RN CNN c2N RN c2N F 

Initial 1.9 2 -0.02297 2.2 cT -0.02297 -------- 
1.9546 ” ” 2.3823 ” ” 1.50744 
1.9601 3.4254 ” 2.3882 2.7790 1.22597 
1.9506 13.9697 10.05127 2.3562 2.6270 

-0.0;074 
0.453035 

1.9558 (3) -0.02432 2.3827 (3) -0.02 144 1.23441 
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s + S’ : 
Rs CNs c2s Rp CN,y F 

Initial 1 -0.02044 
#I## 2.;;9 ” ” 

2 -0%44 
2.Tj221 ” ” 

-------- 
0.505807 

2.0401 1.1897 -0.0;796 2.1745 2.2855 -0.0;380 0.437660 
1.9804 0.2472 2.1437 3.0153 0.410389 
2.0616 -0.00993 2.1985 -0.00726 0.649207 
2.0844 -0.02124 2.2099 -0.01279 0.438570 

** 2.0359 (1) -0.01485 2.1766 -0.01650 0.427572 
2.066 1 (2) -0.02707 2.1862 -0.02180 0.494142 

## - These R values used as starting values in each of the fixed-CN fits. 
** - Of the fued-CN fits, this has the best initial fit (F=O.505807). Next best initial fit 

has F=l.47535 (for Ni-S$S2). 

Fits of NS3BH.FILl : 

R CN 
1.9 6 

2.0582 6.6969 
2.0549 8.4918 
2.0586 (6) 

R CN 
2.2 4 

2.2209 3.2004 

N+S: 

3 Initial . 
## 1.9909 

1.9863 
2.0002 
1.9862 
1.9966 
2.0040 
2.0093 

** 1.9872 
2.0046 
2.0165 
2.3964 
2.3775 

CNN 
1 II 

1.0212 
1.8359 -0.03209 

-0.01179 
-0.02088 
-0.02784 
-0.03377 
-0.023 19 
-0.03594 
-0.04625 
-0.03444 
-0.04760 

2.2275 
2.2277 
2.2265 
2.2368 
2.2367 
2.2341 
2.2311 
2.2274 
2.2251 
2.2229 
2.2227 
2.223 1 

CNs 
3 11 

3.0490 
2.9106 -0.02047 

-0.01437 
-0.01567 
-0.01652 
-0.01694 
-0.02028 
-0.0209 1 
-0.02101 
-0.02414 
-0.02389 

-------- 
0.456864 
0.45428 1 
0.446785 
0.661055 
0.549644 
0.499962 
0.488908 
0.455875 
0.449014 
0.466119 
0.435986 
0.416295 

##I - these R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=0.456864). Next best initial fit 

has F=0.713959 (for Ni-N2S3). 

2.2208 3.7716 
2.2209 
2.2207 

c2N Rs 
-0.02297 2.2 

c2 
-0.02297 t1 
-0.02683 
-0.02224 

c2 
-0.02044 

-0.02307 
-0.02387 
-0.02013 

F 
_--___ 

1.71884 
1.67317 
1.75080 

F 

0.575304 
0.479932 
0.491639 
0.620913 

c2s 
-0.02044 

F 
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N+N’: 
RN CNN c2N RN CNN~ C2N F 

Initial 1.9 1 -0.02297 2.2 5 -0.02297 _----__- 
** 2.0576 ” ” 2.0577 ” t, 1.75944 

1.8836 3.4180 2.0636 9.7620 0.929487 
1.9652 6.8 178 -0.0;974 2.0950 4.2223 -0.0;463 0.8 11436 

Initial 1.9 -0.02297 -0.02297 -------- 
1.9393 -0.00920 

2.;;60 
-0.00955 1.12285 

** - The program crashed when this was used as an initial value for a fixed-CN fit. 

s + S’ : 
Rs CNs c2s Rs CNsl c2s F 

Initial 1.9 1 -0.02044 3 -0.02044 -------- 
### 1.9644 ” ” 

2.226274 
” ” 1.82054 

1.9391 -0.2684 -0.0;276 2.2244 3.1562 ” 0.440953 
1.95 18 -0.7237 2.2225 3.2172 -0.02132 0.405034 
2.2180 -0.01554 2.2230 
2.2191 

ii; 
-0.02016 2.2239 

ii; -0.01548 1.11624 
-0.02005 0.620909 

2.2171 -0.02018 2.2225 -0.02009 0.620910 
** 2.2242 g; -0.02398 2.2197 I:; -0.02383 0.491639 

2.3565 (2) -0.12748 2.2203 (3) -0.02015 0.605 174 
## - These R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=1.82054). Next best initial fit has 

F=2.67538 (for Ni-SlS2). 

Fits of NS3BH.FIL2 : 

N only : 
Initial 

R 
1.9 

CN 
6 

c2 F 
-0.02297 ------ 

2.0583 6.6288 -0.oi59 1.65568 
2.0560 7.9550 1 1.62596 
2.0587 (6) -0.02227 1.68174 

R 
2.2 

CN 
4 

c2 F 
-0.02044 -v---w 

2.2210 3.1635 -0.0;274 0.461855 
2.2209 3.6537 0.367634 
2.2210 -0.02397 0.402886 
2.2208 -0.02023 0.501004 
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N+S: 
RN 

-. Initial 
## I.231 

1.9964 
1.9683 
1.9865 
1.9986 
2.0082 
2.0154 

** 1.9947 
2.0240 
2.0347 
2.4049 

CNN 
1 II 

1.0067 
0.1267 

(1) 

‘,:; 
(4) 
(1) 

‘,:; 
(1) 

c2N 
-0.02297 

-0.00088 
-0.01042 
-0.01965 
-0.02704 
-0.03349 
-0.02124 
-0.03644 
-0.04999 
-0.03 156 

Rs CNs c2s 
2.2 3 -0.02044 

2.2277 
2.2276 
2.2255 
2.2388 
2.2388 
2.2350 
2.2307 
2.2286 
2.2236 
2.2212 
2.2229 

2.9620 
3.2370 

[Z] 
(2) 

‘(i{ 
(3) 
(3) 
(4) 

-0.02034 
-0.01416 
-0.01575 
-0.01686 
-0.01734 
-0.02054 
-0.02130 
-0.02106 
-0.02437 

F 
-------- 

0.33963 1 
0.338022 
0.301583 
0.466062 
0.412076 
0.430708 
0.47694 1 
0.335679 
0.394777 
0.448007 
0.309284 
0.270586 2.3910 (2) -0.04287 2.2237 (4) -0.02415 

### - these R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=O.33963 1). Next best initial fit 

has F=0.677349 (for Ni-N&). 

N + N' : 
RN CNN c2N C2N F 

Initial 2 -0.02297 RN T 2.2 -0.02297 --__---- 
** 2.:;979 2.9;42 1, 2.0579 ” ” 1.69004 

1.8851 ” 2.0637 9.2827 ” 1.07902 
1.9845 5.9620 -0.02472 2.1062 2.9362 -0.01104 0.924210 

#H# 2.1194 (2) -0.00529 1.9936 (4) -0.01534 1.02939 
** - The program crashed when this was used as an initial value for a fixed-CN fit. 
#### - This fit started from scratch, with the initial values in the first line. 

s + S’ : 
Rs CNs c2s Rs CNst c2s F 

InitiaI 1 -0.02044 3 -0.02044 ----mm-- 
#### l.k?I8 ” ” 2.%5 ” ” 1.72846 

1.9600 -0.2441 ” 2.2244 3.0676 ” 0.350825 
1.9505 -0.0282 +0.00357 2.2238 3.3 162 -0.02088 0.3053 16 
1.7514 
1.6766 

gj -0.03599 2.2217 
-0.07169 2.2207 

g; -0.00870 1.70386 
-0.00890 1.76198 

2.2162 
2.2194 

);I -0.02028 2.223 1 
-0.02405 2.2226 

);I -0.02018 0.500995 
-0.02388 0.402885 

** 2.662 1 -0.03425 2.2206 
1.7137 

ii{ -0.02039 0.395206 
-0.15933 2.2206 

gj 
-0.02024 0.490190 

###I - These R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=l.72846). Next best initial fit has 

F=2.50533 (for Ni-SlS2). 
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Fits to N3S2.FIL : 

R 

2.%6 
2.0958 
2.1021 

R CN 
2.2 3 

2.2785 1.9258 
2.2785 3.5311 
2.2783 (3) 

N+S: 
RN 

Initial 2.5 
## 2.0335 

2.0255 
2.0639 
2.0333 
2.043 1 
2.0490 
2.0534 
2.0160 

** 2.0285 
2.0386 
2.0487 
2.0065 
2.0345 
2.0976 

CNN 
3 

1.8546 
7.0138 

$1 

ii; 

‘,:; 
(3) 
(4) 
(1) 

CN 
6 

4.0888 
9.9822 

(6) 

c2N 
-0.02297 

II 

-0.04208 
-0.01158 
-0.01982 
-0.02577 
-0.03074 
-0.01815 
-0.02698 
-0.03397 
-0.04055 
-0.02614 
-0.03837 
-0.05682 

c2 
-0.02044 

-0.0;055 
-0.02804 

Rs 
2.3 

2.3126 
2.3001 
2.3008 
2.3036 
2.3088 
2.3097 
2.3085 
2.2935 
2.2973 
2.2969 
2.2937 
2.2882 
2.2879 
2.2772 

CNs 
2 

1.9201 
0.9038 

):I 
(1) iii 
(2) 
(2) 
(2) 

$1 
(3) 
(3) 

F 
------ 

1.25793 
0.921433 
1.04192 

F 
------ 

0.879282 
0.567713 
0.594806 

c2s 
-0.02044 II 

-0.01656 
-0.01134 
-0.01286 
-0.01426 
-0.01545 
-0.02066 
-0.02196 
-0.02327 
-0.02437 
-0.02729 
-0.02893 
-0.02958 

F 
-m----v- 

0.663878 
0.460677 
0.330640 
0.793849 
0.620257 
0.499180 
0.415118 
0.520464 
0.437079 
0.403855 
0.397933 
0.488580 
0.490095 
0.490976 

### - these R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=O.605521). Next best initial fit 

has F=0.663878 (for Ni-N3S2). 

N + N’ : 
RN CNN C2N E CyN c2lrF F 

Initial 2.0 3 -0.02297 . -0.02297 --v--w-- 
2.0489 " " 2.1607 ” ” 1.03334 
1.9653 3.1425 ” 2.1303 6.4630 0.382125 
2.0215 6.2990 -0.03290 2.1586 3.4295 -0.0’;875 0.361463 
2.0108 (3) -0.01856 2.1560 (3) -0.01346 0.587 170 
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s + S’ : 
Rs CNs =2s Rs CNst c2s F 

Initial 2.0 2 -0.02044 2.3 2 -0.02044 - - - - - - - - 
#### 2.2198 ” ” 2.3503 ” ” 0.687830 

2.2129 1.3882 ” 2.3297 1.8072 ” 0.570914 
2.0925 0.0202 -0.0003 1 2.2780 3.4237 -0.02928 0.559072 
2.2129 
2.2400 

g; -0.01096 2.3428 
-0.02232 2.3535 

;i; -0.00950 0.7 16779 
-0.01761 * 0.579599 

2.2758 {z; -0.02807 2.4063 (1) -0.073 12 0.549273 
2.1988 -0.01805 2.3191 

** 2.272 1 (2) -0.02633 2.2972 ii; 
-0.02035 0.575700 
-0.04346 0.57 1999 

2.2755 g -0.02801 2.4293 -0.08963 0.523333 
2.2737 -0.023 12 2.2830 

$1 
-0.038 12 0.576022 

2.2725 :;; -0.02470 2.3098 ;z; -0.05969 0.592135 
2.2753 -0.02799 2.4392 -0.10131 0.505789 

##/ - These R values used as starting values in each of the fixed-CN fits. 
** - Of the fixed-CN fits, this has the best initial fit (F=0.687830). Next best initial fit 

has F=1.18764 (for Ni-SpSl). 
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Fits to (Et4N)~TNiFe~S4JSEt)41 
Grace Tan 30th Mar 1993 

(checked and corrected 30th Mar 1993) 

These fits are discussed ‘in Chapter 7, Sections (E. 1.a) and (E. 1 .c). 

There is no crystal structure for (Et4N)3[NiFe&(SEt)4]; however, there is a 
structure for the related compound (Et N)2[NiFe&(PPh3)(SEt)3], for which the average 
Ni-S distance (in the cubane) is 2.258 1 and the average Nis.Fe distance is 2.689 A. Data 
were collected in July 1991 on SSRL BL 7-3 to k = 15 A-1. The Fourier transform shows 
two large peaks which are not well-separated. Although the second peak was fitted on its 
own as a test for Ni-Fe parameters, reliable results can really only be obtained by fitting 
both peaks together. 

Pre-edge : 8380-9218 (2) 
Spline : 8370 (2) 8512 (3) 8790 (3) 9218 

Forward FT range : 
2NFS.FT-K12 : k = 3.0-12.0 (0.1) A-l 

Reverse FT ranges (to k = 3.25-l 1.75 (0.1) A-1): 
2NFS.FIL-K12 : R’ = 2.03-2.80 (0.1) A (2nd peak only) 
2NFS.FIL2 : R’ = 1.37-2.85 (0.1) 8, (1st and 2nd peaks) 
2NFS.FIL3 : R’ = 1 .OO-2.85 (0.1) 8, (1 st + 2nd peaks + left shoulder of 1 st peak) 

Parameters used in fits : 

Parameters were extracted over the same ranges as the compound data they were used to 
fit. 

N&N : Nin(dimethylglyoxime)2, 10 K, data to k = 15 A-1 
NiU-S : Ni”(S$NCH@3)2)2, 10 K, datatok= 15A-1 
N&Fe : [Et4N]2[NiFe&(PPh$(SEt)3], lOK, datatok= 15A-1 

Fits to 2NFS.FIL-K12 : 

Fe onlv : 
RF~ c2Fe 

Initial 2.689 
Cy Fe 

-0.01530 2.755 1 
2.7546 2.5;59 

11 
” 

2.7545 2.5133 -0.01500 
2.7553 (3) -0.01694 

F 
--we- 

0.753763 
0.649238 
0.648880 
0.66592 1 
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Fits to 2NFS.FIL2 : 

S+Fe: 

Initial __-- ---- 
---- ---^ 

CNS 
4 

2.9;57 
2.6692 

(4) 

F 
----- 

1.63204 
0.633902 
0.363886 
0.749545 

RS 
2.26 

2.2540 
2.2534 
2.2548 
2.2555 

c2Fe 
-0.01530 II 

---- 
2.7550 
2.7525 
2.7545 
2.7502 

-0.01840 
-0.02444 

-0.0244 1 
-0.01835 

S+S’+Fe: 
Rs CNs 

Initial 2.2 1 
2.1754 ” 
2.2533 0.6550 
2.2418 

Initial 2.2 
$1 

2.2384 2.2569 3.5;47 
2.2522 (3) 

Rs 
2.3 

2.2767 
2.2534 
2.2878 

2.3 
2.3664 
2.4709 
2.4410 

CNs 
3 II 

2.2706 
(;I 

0.9867 
(1) 

be 
2.7 

2.7488 
2.7525 
2.7622 

2.7 
2.7528 
2.7628 
2.7599 

CNF~ 
3 II 

2.3029 
(;I 
11 

2.1791 
(3) 

F 
----- 

1.08318 
0.633902 
0.22608 1 

----- 
0.805266 
0.298169 
0.221558 

c2Fe 
-0.01530 II 

-0.00998 
-0.02044 11 

-0.03844 
-0.02044 11 

-0.01842 
-0.01530 II 

I‘ 

-0.01867 -0.0283 1 -0.01938 

N+S+Fe: 
RN CNN RS CNs 

2.25 3 It 2.2697 
2.2219 
2.2475 

2.668 1 
(3) 

3 
2.7i90 
2.7562 
2.758 1 

F 
----- 

1.17169 
0.399007 
0.27 1620 

-0.ziM4 II 

-o-o’;534 

c2Fe 
-0.01530 II 

11 
-0.01900 

-0.2597 11 

-0.0’;395 

Initial 1.9 2- 
2.0309 
2.1643 3.6bll 
2.2612 (2) 

2.3764 
(3) 



Fits to 2NFS.FIL3 : 

S+Fe: 
F 

----- 
1.71837 

0.947706 
0.794062 
0.961986 

RS 
2.26 

2.2538 
2.2533 
2.2548 
2.2552 

CNS 
4 

2.9;96 
2.8675 

(4) 

c&e 
2 
J 

11  

c2s 
-0.02044 

c2Fe 
-0.01530 II 

Initial --- - -- -- 
__-- ---- 

---- 

2.2838 
4.425 1 

(3) 

2.7543 
2.7519 
2.7537 
2.7498 

---_ 
-0.01914 
-0.02426 

-0.0243 1 
-0.0 1845 

S+S’+Fe: 
RS CNs Rs 

2.3 
2.2762 
2.4706 
2.282 1 

2.3 
2.3610 
2.4707 
2.4343 

CNs 
3 

1.1%14 
y, 
II 

1.1618 
(1) 

RF~ 
2.7 

2.7483 
2.7641 
2.7618 

2.7 
2.7520 
2.7641 
2.7595 

C&e c2Fe 
3 -0.01530 11 11 

2.1443 
(33) 

2.1:39 
(3) 

-0.01879 
-0.01530 1, 

t, 

-0.01940 

F 
----- 

1.23391 
0.686624 
0.650552 

----- 
1.04255 

0.686624 
0.694287 

-0.&4 ,I 
11 

-0.00976 
-0.02044 II 

-0.0’; 850 

Initial 2.12 1- 
2.1756 ” 
2.2572 3.6993 
2.2440 

N Initial 2.2 
(:, 

L 2.2376 ” 
2.2572 3.6993 
2.2514 (3) -0.02826 

N+S+Fe: 
RN CNN CNS 

3 11 
F 

___-_ 
1.30169 

0.780023 
0.743525 

Rs 
2.25 

2.2694 
2.2216 
2.2415 

-0.%97 II 

-0.0; 835 

c2s 
-0.02044 I, 

11 
-0.01712 

c2Fe. 
-0.01530 8, 

-0.0;929 

-. Initial 1.9 2 
2.0232 ” 
2.1884 4.3548 
2.2328 (2) 

2.7480 
2.7552 
2.7567 

3.3538 
(3) 

2.3748 
(3) 



Results of fitting Ni CODH with N & S 
Grace Tan 30th Mar 1993 

(Numbers checked and corrected : 30th Mar 1993) 

These fits are discussed in Chapter 7, Sections (E.2.a) - (E.2.e). The fits are listed by data 
set in the following order : CODHX, CODHOX, CDHOX, CODHRX and CDHRD. 
However, the three-wave fits to Window 6 (discussed in Section (E.2.d)) of all five data 
sets are listed separately in landscape mode, after all the other fits. 

Several data sets being curve-fitted over : 
k = 3.25-l 1.75 A-1 (Forward FT : k = 3.0-12.0 (0.1) A-l) 

Parameters used in fits : 

Parameters were extracted over the same ranges as the protein data they were used to fit. 

N&N : Nin(dimethylglyoxime)2, 10 K, data to’k = 15 A-1 
N&S : Nin(S2WCH2CH3)2)2, 10 K, datatok= 15A-1 
N&Fe : [Et4Nl2[NiFe3s4(PPh3)(SEt)31, 10 K, datatok= 15A-1 

(1) CODHX (oxidized CODH) : 
Data were collected at NSLS Beam Line X 19A in June 1989 using 13-element 

germanium detector. 16 EXAFS scans collected, with 11 good detectors- Problem with 
energy calibration due to bug in software, so calibration may be slightly off, but calibration 
accuracy is quite acceptable for EXAFS. Data to k = 15 A-1, but, owing to huge 
monochromator glitch at k = 12.8 A-1, only useable up to k = 12.0 A-1. This data set was 
initially fit over k = 4-l 1 A-*, but now it is being fit over the maximum range that the glitch 
will allow, k = 3.25-l 1.75 A-1. (The data were resplined for this purpose.) This data set is 
the only one that shows a large peak at very low R in the Fourier transform. 

Final pre-edge : 8390.2-8970.8 (2) 
Final spline : 8384.5 (2) 8518.9 (3) 8716.3 (3) 8970.8 

Forward FT over k = 3.0-12.0 (0.1) A-1 
Reverse FT. (to k = 3.25-l 1.75 A-l) : 

CODHX.FILl : R’ = 1.00-1.58 (0.1) 8, - 1st large peak only 
CODHX.FIL2 : R’ = 1.50-2.25 (0.1) 8, - 2nd large peak only 
CODHX.FIL3 : R’ = 1 .OO-2.25 (0.1) 8, - 2 main peaks included 
CODHX.FIL6 : R’ = 1 .OO-2.55 (0.1) 8, - 2 main peaks + right shoulder of 2nd peak 

(2) CODHOX (oxidized CODH): 
Data were collected in July 1991 at SSRL on BL 7-3, using the 13-element Ge 

detector. 29 good scans and 9 detectors were averaged together. This data set is noisier 
than CODHX, but on the other hand there is no glitch to cut the data short and it is good up 
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to k = 14.5 A-l or so. However, it was not considered worthwhile to attempt fits to the 
limit of the data, because of the noise. 

Final pre-edge : 8365-9213 (2) 
Final spline : 8381 (2) 8554 (3) 8774 (3) 9213 

Forward FT over k = 3.0-12.0 (0.1) A-1 
Reverse FT (to k = 3.25-l 1.75 A-1) : 

CODHOXFILl : R’ = 0.80-1.60 (0.1) 8, - left shoulder of main peak only 
CODHOX.FlL2 : R’ = 1.45-2.20 (0.1) 8, - main peak only 
CODHOX.PIL3 : R’ = 0.80-2.20 (0.1) A - main peak + left shoulder 
CODHOX.FII.4 : R’ = 2.07-2.60 (0.1) 8, - peak or right shoulder on 2nd peak 
CODHOX.FlL5 : R’ = 1.45-2.60 (0.1) 8, - main peak + right shoulder 
CODHOX.FLL6 : R’ = 0.80-2.60 (0.1) 8, - main peak + both shoulders 
(Note: CODHOX.FILA and CODHOXPILS were not used in curvefitting.) 

13) CDHOX (oxidized CODH) : 
This sample was prepared at very short notice by Jeff Fox of Paul Ludden’s group, 

who does not usually work on Ni CODH. Data were collected in July 1992 at SSRL on BL 
7-3, using the 13-element Ge detector. 31 good scans and all 13 detectors were averaged 
together. This data set is less noisy than CODHOX, and it does not have a huge step glitch 
like CODHX. Unfortunately, it still does have enough of a glitch at k = 12.9 A-l to make it 
unwise to curvefit the data beyond k = 12 A-1. 

Final pre-edge : 8392.7-8962.4 (2) 
Final spline : 8386.9 (2) 8506.1 (3) 8695.0 (3) 8962.4 

Forward FT over k = 3.0-12.0 (0.1) A-l 
Reverse FT (to k = 3.25-l 1.75 A-1) : 

CDHOX.FlLl : R’ = 1.05-1.60 (0.1) 8, - left shoulder of main peak only 
CDHOX.FIL2 : R’ = 1.40-2.25 (0.1) 4 - main peak only 
CDHOX.FlL3 : R’ = 1.05-2.25 (0.1) A - main peak + left shoulder 
CDHOX.FIL4 : R’ = 2.07-2.60 (0.1) 8, - right shoulder of main peak 
CDHOX.FlL5 : R’ = 1.40-2.60 (0.1) A - main peak + right shoulder 
CDHOX.FIL6 : R’ = 1.05-2.60 (0.1) 8, - main peak + both shoulders 
(Note: CDHOX.PII4 and CDHOX.FILS were not used in curvefitting.) 

(4) CODHRX (reduced CODH): 
Data were collected in July 1991 at SSRL on BL 7-3, using the 13-element Ge 

detector, at the same time as CODHOX. 34 good scans and all 13 detectors were averaged 
together. This data set is low in noise, but the same glitch that cut short CODHX also 
affects this data set, so it can only be curve-fit to around k = 12 A-1. Of all the data sets 
analyzed, only CODHRX shows 3 Fourier peaks at higher R. These peaks are analyzed 
separately. 

Final pre-edge : 8365-8970 (2) 
Final spline : 8387.1 (2) 8520.8 (3) 8738.9 (3) 8970 
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Forward FT over k = 3.0-12.0 (0.1) A-l 
Reverse FI (to k = 3.25-l 1.75 A-1) : 

CODHRXFILl : R’ = 1.00-1.60 (0.1) 4 - left shoulder of main peak only 
CODHRX.FlL2 : R’ = 1.45-2.60 (0.1) A - main peak only 
CODHRXFIL3 : R’ = 1.00-2.60 (0.1) A - main peak + left shoulder 
CODHRXFlL4 : R’ = 2.45-2.95 (0.1) 3 - right shoulder of main peak 
CODHRX.FIL5 : R’ = 1.45-2.95 (0.1) A - main peak + right shoulder 
CODHRX.FIL6 : R’ = 1.00-2.95 (0.1) 8, - main peak + both shoulders 
CODHRX.FIL7 : R’ = 2.85-3.60 (0.1) 8, - first high-R peak 
CODHRX.FILB : R’ = 3.52-4.20 (0.1) 8, - second high-R peak 
CODHRXFIL9 : R’ = 4.10-5.07 (0.1) A - third high-R peak 
CODHRXFILlO : R’ = 2.85-5.07 (0.1) A - all three high-R peaks 
(Note: CODHRX.FIL4 and CODHRXFILS were not used in curvefitting.) 

(44) CDHRD (reduced CODH) : 
This sample was prepared at very short notice by Jeff Fox of Paul Ludden’s group, 

who does not usually work on Ni CODH. Data were collected in July 1992 at SSRL on BL 
7-3, using the 13-element Ge detector, at the same time as CDHOX. 30 good scans and 13 
detectors were averaged together. This data set is noisier than CODHRX, but it does not 
have a huge step glitch. Unfortunately, it still does have enough of a glitch at k = 12.9 A-1 
to make it unwise to curvefit the data beyond k = 12 A-*. Another problem is that it looks 
more like the EXAFS of the oxidized spectra than it does like CODHRX. In particular, it 
looks extremely similar to CDHOX. 

Final pre-edge : 8417.5-8960.6 (2) 
Final spline : 8362.0 (2) 8519.7 (3) 8721.2 (3) 8960.6 

Forward FT over k = 3.0-12.0 (0.1) A-l 
Reverse FT (to k = 3.25-l 1.75 A-l) : 

CDHRD.FILl : R’ = 1.00-1.57 (0.1) A - left shoulder of main peak only 
CDHRDFIL2 : R’ = 1.40-2.25 (0.1) 8, - main peak only 
CDHRD.FIL3 : R’ = 1.00-2.25 (0.1) A - main peak + left shoulder 
CDHRD.FIL4 : R’ = 2.07-2.60 (0.1) 4 - right shoulder of main peak 
CDHRD.FILS : R’ = 1.40-2.60 (0.1) A - main peak + right shoulder 
CDHRD.FIL6 : R’ = 1.00-2.60 (0.1) A - main peak + both shoulders 
(Note: CDHRD.FII.4 and CDHRDFILS were not used in curvefitting.) 
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Fits of CODHX.FILl : 

p& 

R CN 
1.8 2 

1.8701 1.2232 
1.8954 2.6490 

R CN 
1.8 1 

1.6437 0.4447 
1.6445 0.4068 

Fits of CODHX.FIL2 : 

N only : 
Initial 

R CN 
2.2 3 

2.0791 3.1020 
2.0880 1.6474 

R CN 
2.2 2 

2.2342 1.5821 
2.2350 1.1153 
2.2341 (2) 

N+S: 
RN 

Initial 
###f 2.%5 

2.2439 
2.1136 
2.1136 

Initial 1.9 
## 1.8390 

1.8235 
1.8504 
1.8774 
1.8770 

** 1.8180 
1.8122 
1.8041 
1.7967 

CNN 
2 
11 

-2.1515 
1.8605 

C2N 
-0.02297 8, 

c2s 
-0.02044 II 

F 

(;I 
-O.O’i288 
-0.01333 
-0.02297 81 

Rs 
2.22i230 
2.2503 
2.1503 
2.1466 

2.2 
2.2253 
2.2306 
2.2368 
2.2360 
2.2367 
2.2307 
2.2330 
2.2274 
2.2297 

CNs 
2 11 

0.9185 
2.0125 

(;I 
8, 

1 a6824 
1.1533 

(1) 
(1) 

{ii 
(3) 
(3) 

-0.033 14 
-0.03264 
-0.02044 I, 

0.697786 
0.34404 1 
0.279135 
0.279658 

0.6;29 
4.3 139 

(1) 

::; 

[I{ 
(2) 

II 
-0.08322 
-0.04505 
-0.06024 
-0.02767 
-0.04 170 
-0.02247 
-0.03447 

-0.01532 
-0.01358 
-0.01365 
-0.02226 
-0.02190 
-0.02910 
-0.02830 

----- 
0.866683 
0.261428 
0.141425 
0.250479 
0.205969 
0.334292 
0.34108 1 
0.633917 
0.643040 

## - these R values used as starting values in the fixed-CN fits following them. 
** - Of the fixed-CN fits with short Ni-N, this one has the best initial fit (F = 0.48 1030).. 

Next best initial fit is F = 0.866683 (for Ni-N2S2). 

c2 

-0.02297 II 
-0.03643 

c2 

-0.02044 II 
-0.01905 

c2 
-0.02297 I, 
-0.01356 

c2 
-0.02044 

-0.0’;515 
-0.02275 

F 
---- 

0.836605 
0.815026 

F 
---- 

0.556344 
0.554704 

F 
---- 

1.13913 
1.04482 

F 
---- 

0.48 1026 
0.363842 
0.611829 
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N+N': 
RN CNN c2N 

RN 
c2w 

Initial 2 -0.02297 "P' -0.02297 
##I 2.%5 ” ” 2.76287 ” ” 

2.0791 1.4209 ” 2.0709 1.6805 ” 
1.9403 (2) -0.02383 2.0980 (2) -0.01129 
1.9415 4.2253 -0.04126 2.0985 1.9373 -0.01288 

###! - these R values used as starting values in the fixed-CN fit. 

s + S’ : 
Rs CNs c2s Rs CNst c2s 

Initial 2.0 2 -0.02044 2.2 2 -0.02044 
## 1.9725 

1.9869 
0.4’128 II 2.1958 ” ” 

” 2.2253 1.8304 ” 
++ 2.03 16 0.8998 -0.04393 2.236 1 1.4597 -0.01730 
tt 2.0708 1.5587 -0.06854 2.2380 1.1833 -0.01551 

2.1025 $1 -0.05626 2.2385 It; -0.01370 
2.1031 -0.07897 2.2379 -0.01385 

** 2.0001 g; -0.03615 2.23 14 (2) -0.02082 
2.0059 -0.05747 2.2360 g; -0.02 123 
1.9701 (1) -0.02765 2.2215 -0.02699 
1.9804 (2) -0.04456 2.2302 (3) -0.02632 

#### - these R values used as starting values in all the fixed-CN fits. 
++- Initial values from fixed-q fit. 
t-t - Initial values from fixed-CN fit (CNs=2,2). 

----- 
2.08342 

0.143003 
0.100094 
0.100935 
0.158999 
0.114662 
0.185063 
0.292066 
0.40587 1 
0.496987 

** - Of the fixed-CN fits, this one has the best initial fit (F = 0.978747). Next best initial 

F 
----- 

1.20713 
1.13913 

0.6 14664 
0.579619 

F 

fit is F = 1.59468 (for Ni-S 1 S3). 

Fits of CODHX.FIL3 : 

N+S: 
RN CNN c2N Rs CNs c2s 

Initial 1.9 2 -0.02297 2.2 2 -0.02044 
##I 1.8527 ” ” 2.2257 ” ” 

1.8534 2.1108 ” 2.2257 2.0834 ” 
1.8328 0.8571 -0.01029 2.2140 2.7689 -0.02723 
1.8613 

$; 
-0.01594 2.2235 -0.01238 

1.8781 -0.02555 2.2309 ):I -0.01151 
1.8889 

{?{ 
-0.03224 2.2356 (1) -0.01142 

1.8421 -0.01284 2.2172 -0.02 158 
** 1.8532 g; -0.02158 2.2244 $1 -0.01993 

1.8614 -0.02783 2.2301 -0.01934 
1.8323 ;:; -0.01178 2.2145 

$1 
-0.028 17 

1.8403 -0.02011 2.2211 (3) -0.02612 
1.8468 (3) -0.02605 2.2268 (3) -0.0252 1 

###I - these R values used as starting values in each of the fixed-CN fits. 

F 
----- 

0.447884 
0.437524 
0.297795 
0.765617 
0.693 149 
0.661207 
0.390134 
0.427638 
0.521801 
0.316082 
0.47803 1 
0.637938 

** - of the fixed-CN fits, this one has the best initial fit (F = 0.447884). Next best initial 
fit is F = 0.777492 (for Ni-N-&). 
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N + N’ : 
RN CNN c2N RN CNN~ c2N 

Initial 1.9 2 -0.02297 2.2 2 -0.02297 
## 1.8463 ” ” 2.0615 ” ” 

1 A647 4.2687 2.0659 6.5082 
1.8975 (2) -0.0’; 642 2.0817 (2) -0.Oi906 
1.8967 5.6339 -0.02913 2.0880 3.9911 -0.01636 

##I - these R values used as starting values in the fixed-CN fit. 

s + S’ : 
Rs CNs c2s R,y CNsl 

Initial 1.9 2 -0.02044 2.2 2 -0.zI44 
###I 1.9948 ” ” 2.2056 ” ” 

2.0126 1.0278 ” 2.22 15 2.4526 1.9526 0.1889 -0.00015 2.1971 3.9120 -0.0;676 
2.0790 (1) -0.02753 2.2414 
2.1062 I;; -0.04126 2.2469 

;t; -0.01081 
-0.01220 

2.1201 -0.05 188 2.2471 -0.01306 
** 2.0227 $1 -0.02019 2.2243 ;:; -0.01750 

2.0552 -0.03326 2.2407 -0.01787 
2.072 1 ;:I -0.04387 2.2472 g; -0.01919 
1.9966 -0.01786 2.2131 -0.02364 
2.0273 (2) -0.02948 2.2319 g; -0.02235 
2.045 1 (3) -0.0392 1 2.2423 (3) -0.0232 1 

### - these R values used as starting values in each of the fixed-CN fits. 

F 
----- 

1.99164 
0.78 1242 
0.495614 
0.962526 
0.921942 
0.93068 1 
0.80740 1 
0.909897 
1.02340 

0.753216 
0.945813 
1.10665 

** - of the fixed-CN fits, this one has the best initial fit (F = 1.03979). Next best initial fit 

F 
----- 

1.65487 
0.380288 
0.833410 
0.295387 

is F = 1.40465 (for Ni-S&). 

Fits of CODHX.FIL6 : 

N+S: 
RN 

Initial 1.9 
## 1.8519 

1.8531 
1.8390 
1.8638 
1.8785 
1.8880 
1.8441 

** 1.8542 
1.8616 
1.8340 
1.8413 

CNN 
2 

2.1;49 
0.9872 

g; 

;;I 

g; 

c2N 
-0.02297 I, 

-0.01149 
-0.01508 
-0.02446 
-0.03 101 
-0.01215 
-0.02077 
-0.0269 1 
-0.01119 
-0.01943 

Rs 
2.2 

2.2253 
2.2252 
2.2149 
2.2230 
2.2300 
2.2346 
2.2164 
2.2234 
2.2290 
2.2137 
2.2202 

CNs 
2 

2. I:40 
2.4268 

it; 

ii; 
(2) 

‘ci; 
(3) 

c2s 
-0.02044 I( 

I, 
-0.02389 
-0.01158 
-0.01076 
-0.01066 
-0.02082 
-0.01924 
-0.01866 
-0.02748 
-0.02548 

F 
----- 

0.552835 
0.527269 
0.434658 
0.748252 
0.669697 
0.642017 
0.460528 
0.492443 
0.583967 
0.472033 
0.598408 
0.740544 1.8472 (3) -0.02529 2.2257 (3) -0.02458 

###/ - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.553835). Next best initial 

fit is F = 0.825130 (for Ni-N&). 
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Fits of CODHOX.FILl : 

F 
---- 

0.734775 
0.5 14273 

F 
---- 

0.669872 
0.436320 

F 
---- 

0.9 17343 
0.909784 

F 
w-e- 

0.359707 
0.330690 
0.30596 1 

F 
----- 

0.544938 
0.220784 
0.197806 
0.171607 

m-v-- 
0.962368 
0.256763 
0.120416 
0.306386 
0.2628 11 
0.169631 
0.160718 
0.345112 
0.343644 

R 
1.8 

1.9234 
1.9704 

CN 

0.82445 
7.6276 

c2 
-0.02297 

-0.0%843 

R CN 
1.8 1 

1.6259 0.2584 
1.6086 1.2005 

-0.oc22044 

-0.Oi969 

Fits of CODHOX.FIL2 : 

R CN 
2.2 3 

2.0813 2.4597 
2.0768 3.0740 

c2 
-0.02297 

-0.Oi666 

N only : 
Initial 

R CN 
2.2 2 

2.243 1 1.2726 
2.2416 (2) 
2.2421 1.6663 

-0.oc22044 

-0.0;762 
-0.02483 

N+S: 
RN 

Initial 2.1 
# 2.2391 

2.3 147 
2.1352 
2.1270 

Initial 1.9 
#I 1.9181 

1.9093 
1.8752 

** 1.9612 
1.9584 
1.8417 
1.8363 
1.8038 
1.7912 

CNN c2N 3 -0.02297 
Rs CNs 
2.2 2 

c2s 
-0.02044 8, 

-0.0; 193 
-0.03886 
-0.02044 11 

9, 

-0.01809 
-0.01771 
-0.02297 11 

-0.10235 
-0.03552 
-0.05022 
-0.03934 
-0.05798 
-0.033 14 
-0.04963 

2.2304 
2.2198 
2.1714 
2.1775 

2.2 
2.2509 
2.2444 
2.246 1 
2.2500 
2.2498 
2.2424 
2.2443 
2.2383 
2.2404 

-1.6805 
(2) 

1.6866 
2 

0.41ks9 
5.8284 

ii; 

$; 
(1) 
(2) 

0.8705 
(2) 

2.432 1 
2 

1.31;51 
1.5305 

;:; 

ii; 

-0.02343 
-0.01763 
-0.01803 
-0.02654 
-0.02663 
-0.03369 
-0.03338 ___ . 

#/#/ - these R values used as starting values in the fixed-CN fits following them. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.722955). Next best initial 

fit is F = 0.739005 (for Ni-NlS2). 
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N + N’ : 
RN CNN c2N RN CNN~ c2w 

Initial 2.El 2 -0.02297 2 -0.02297 
## ” ” 2.%I3 ” ” 

1.8938 1.7802 
1.9536 (2) 

-0.0;427 2.0823 4.0884 
2.1079 (2) 

-0.0’;442 

1.9445 5.4822 -0.04956 2.1039 2.4353 -0.01979 
## - these R values used as starting values in the fixed-CN fit. 

F 
----- 

0.93526 1 
0.528860 
0.531512 
0.45639 1 

s + S’ : 
Rs CNs c2s Rs CNsl F 

Initial 2.0 2 -0.02044 2.2 2 -0.zI44 ----- 
## 2.1780 0.3’;38 It 2.3257 11 1.17627 

2.0832 ” 2.2488 
1.5’;91 

” 0.202850 
2.133 1 2.2509 -0.08405 2.2482 1.3623 -0.02214 0.0677 134 

** 2.1731 ii; -0.0425 1 2.2550 -0.01898 0.168878 
2.247 1 -0.02594 2.0492 

:i; 
-0.05515 0.102657 

2.0492 
2.0536 ::; 

-0.05 154 2.247 1 (2) -0.02594 0.102657 
-0.08 130 2.2473 -0.02680 0.145034 

1.9890 $1 -0.04044 2.2383 
g; 

-0.03 166 0.225618 
1.9946 -0.06463 2.2439 (3) -0.03222 0.288993 

#### - these R values used as starting values in the fixed-CN fit. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.795829). Next best initial 

fit is F = 1.17627 (for Ni-S$$). 

Fits of CODHOX.FIL3 : 

N+S: 

Initial 3 
CNN C2N Rs CNs c2s F 

----- . 2 -0.02297 2.2 2 -0.02044 
##I 1.8898 ” ” 2.2405 ” ” 0.724252 

1.8881 1.3284 
1.8520 1.3382 

-0.0;417 2.2400 1.6277 -0.0’; 0.557644 
2.2352 2.9839 133 0.355326 

1.9110 
1.9252 

g; -0.02509 2.2444 
-0.03393 2.2504 

ii; -0.01622 0.743935 
-0.01625 0.627362 

1.9329 $1 -0.04009 2.2537 -0.01655 0.541367 
1.8675 -0.02194 2.2363 

I:{ 
-0.02520 0.469848 

** 1.8826 (2) -0.03 136 2.2439 Ii{ -0.02449 0.401736 
1.8925 

;Y; 
-0.03810 2.249 1 -0.0245 1 0.379323 

1.8473 -0.02049 2.2325 -0.03201 0.361065 
1.8592 
1.8684 

):I -0.02989 2.2398 
Ii; 

-0.03079 0.370358 
-0.03677 2.2455 (3) -0.03052 0.418617 

##I - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.724253). Next best initial 

fit is F = 0.891128 (for Ni-NISI). 
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N + N’ : 
RN CNN c2N RN CNN~ C2N”” 

Initial 1.9 2 -0.02297 2.2 2 -0.02297 
## 1.8839 ” ” 2.0741 ” ” 

1.8852 3.1127 1.9249 (2) -0.0;126 2.0767 5.1437 2.0969 (2) -0.0’; 323 
1.9296 8.5826 -0.04645 2.1088 3.4690 -0.02164 

#### - these R values used as starting values in the fixed-CN fit. 

s + S’ : 
Rs CNs c2.s Rs CNsl 8 

Initial 1.9 2 -0.02044 2.2 2 -0.Eo44 
## 2.1674 ” ” 2.3161 ” ” 

2.0666 0.7031 ” 2.2462 1.9111 ” 
1.9694 0.1772 -0.0068 1 2.2177 4.1988 -0.04112 

** 2.1405 ii; -0.0299 1 2.2657 -0.01660 
2.1583 -0.04383 2.2654 

it; 
-0.01864 

2.2414 (3) -0.02837 2.0386 -0.02778 
2.0790 
2.1099 

[ij -0.0292 1 2.2527 
::; 

-0.02287 
-0.04308 2.263 1 (2) -0.02500 

2.1275 
$1 

-0.05615 2.263 1 -0.027 19 
2.0386 -0.02778 2.2414 [ii -0.02837 
2.0743 -0.04133 2.2574 -0.02942 
2.0949 

$1 
-0.05399 2.2628 

)i{ 
-0.03 187 

#### - these R values used as starting values in each of the fixed-CN fits. 

F 
----- 

1.30700 
0.473235 
0.828709 
0.238650 

F 
----- 

1.28882 
0.640577 
0.447074 
0.715005 
0.611635 
0.557399 
0.594757 
0.599888 
0.645506 
0.557399 
0.637388 
0.725 129 

** - of the fixed-CN fits, this one has the best initial fit (F = 1.108 17). Next best initial fit 
is F = 1.28882 (for Ni-S2S2). 

Fits of CODHOX.FIL6 : 

N+S: 
RN CNN c2N Rs CNs c2.5 

Initial 1.9 2 -0.02297 2.2 2 -0.02044 ## 1.8854 ” ” 2.2387 1, 
1.8838 1.4193 ” 2.2385 

I.7925 
” 

1.9804 15.8992 -0.07700 2.2534 0.3605 -0.00682 
1.9066 $1 -0.02254 2.2422 
1.9193 -0.03 180 2.2483 

ii{ -0.01482 
-0.01482 

1 a9268 (3) -0.03829 2.25 17 
I:; 

-0.01510 
1 A3677 

I:; 
-0.01998 2.2344 -0.02406 

** 1.8799 -0.02938 2.2417 (2) -0.0233 1 
1.8885 -0.03618 2.2468 -0.02329 
1.8489 

I:; 
-0.01896 2.23 10 

l$ 
-0.03 106 

1.8583 I:; -0.02828 2.2380 $1 -0.02982 
1.8661 -0.03512 2.2435 -0.0295 1 

### - these R values used as starting values in each of the fixed-CN fits. 

F 
_---- 

0.726064 
0.615818 
0.380030 
0.780674 
0.679282 
0.611608 
0.599412 
0.560426 
0.559547 
0.574874 
0.593449 
0.637468 

** - of the fixed-CN fits, this one has the best initial fit (F = 0.726064). Next best initial 
fit is F = 0.820817 (for Ni-NlS2). 
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Fits of CDHOX.FILl : 

R CN 
1.9 2 

1.9445 0.8477 
1.9760 6.5532 
1.9556 (2) 

R 

2.%5 
2.2066 
2.1702 

Initial 
LE38 
1.6233 
1.6226 

Fits of CDHOX.FIL2 : 

R CN 

2.ki2 3.03407 
2.0622 4.1465 
2.0683 (3) 

R CN 
2.2 2 

2.2318 1.6076 
2.2305 1.9988 
2.2305 (2) 

CN 

0.21860 
3.0869 

y, 

0.2179 
0.9682 

(1) 

-0.;;297 

-0.0;415 
-0.03875 

c2 
-0.02044 

-0.0;163 
-0.04305 
-0.02044 I, 
-0.05034 
-0.05 120 

c2 

-0.02297 

-0.0;8 16 
-0.0235 1 

-0.oc22044 

-0.0;397 
-0.02398 

F 
_--- 

0.600747 
0.34287 1 
0.4597 19 

F 
---- 

0.688747 
0.536515 
0.583757 

0.618596 
0.499593 
0.499676 

F 
---- 

1.20585 
1.18758 
1.20466 

F 

0.448623 
0.403 157 
0.403 157 
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N+S: 
RN 

Initial 
### 2.:;25 

2.1055 
2.0788 
2.1539 
2.1433 

Initial 
###I l&9 

1.9050 
3.9022 
1.9650 
1.9685 
1.9679 

** 1.8857 
1.8815 
1.8264 
1.8111 

CNN 
2 I, 

-2.0064 
-2.2232 

(2) 
0.8533 

2 II 
0.6785 
1.6042 

c2N 
-0.02297 

-0.027 10 
-0.01269 
-0.01067 
-0.02297 

-0.04108 
-0.02226 
-0.03425 
-0.04347 
-0.03 198 
-0.04898 
-0.03 180 
-0.04913 

Rs 

2.%?26 
2.2429 
2.2347 
2.1714 
2.1934 

2.“2&2 
2.2341 
2.2363 
2.244 1 
2.2443 
2.243 1 
2.2337 
2.2352 
2.2286 
2.2304 

CNs c2s 
2 -0.02044 

2.3162 
2.7240 

(2) 
2.3879 

2 11 
1.7583 
1.7982 

(1) 
(1) 
(1) 
(2) 

g; 
(3) 

-0.02330 
-0.02076 
-0.02844 
-0.02044 II 

-0.0’;147 
-0.01380 
-0.01472 
-0.01520 
-0.02265 
-0.02306 
-0.02915 
-0.02918 

F 
----- 

0.619535 
0.145000 
0.116052 
0.275736 
0.199087 

v--w- 
0.762130 
0.236180 
0.219064 
0.394268 
0.335090 
0.3 14259 
0.224250 
0.230234 
0.389999 
0.39788 1 

##/ - these R values used as starting values in the fixed-CN fits following them. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.458946). Next best initial 

fit is F = 0.762130 (for Ni-N&). 

N + N’ : 
RN Cp C2N RNI CNN c2lrp F 

Initial 2.0 -0.02297 2.2 4 -0.02297 --w-m 
1.8946 ” ” 2.0745 ” ” 0.845906 
1.8882 2.3220 ” 2.0732 5.1551 ” 0.701418 
1.9645 4.8807 -0.03550 2.1066 1.9580 -0.01374 0.607712 
1.9071 (2) -0.01902 2.0806 (4) -0.01842 0.674207 

###/ - these R values used as starting values in the fixed-CN fit. 

s + S’ : 
Rs CNs c2s RY CNst 3 F 

Initial 2.0 2 -0.02044 2.2 2 -0.zo44 ----- 
#i# 2.1670 0.4;78 ,I 2.3036 8, 1.08142 

2.0668 ” 2.2368 
1.9:52 

” 0.135596 
2.1279 1.1006 -0.03733 2.2462 1.5212 -0.01962 0.118222 

** 2.1580 $1 -0.02437 2.2620 -0.01501 0.181291 
2.1715 -0.04650 2.2460 

::j 
-0.01655 0.143265 

2.0850 II; -0.03975 2.2406 ii; -0.0223 1 0.141492 
2.0878 -0.06913 2.2375 -0.02349 0.214243 
2.0123 (1) -0.038 17 2.23 11 -0.0275 1 0.285323 
2.0113 (2) -0.0637 1 2.2338 I;; -0.02855 0.356797 

## - these R values used as starting values in all the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.977790). Next best initial 

fit is F = 1.08142 (for Ni-S&). 
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Fits of CDHOX.FIL3 : 

N+S: 
RN 

Initial 1.9 
#### 1.8906 

1.8867 
1.8794 
1.9313 
1.9403 
1.9448 

** 1.8788 
1.8916 
1.8992 
1.8513 
1.8615 
1.8685 

CNN 
2 II 

c2N 
-0.02297 

-0.03028 2.2332 
-0.02252 2.2379 
-0.03 135 2.2420 
-0.03762 2.2439 
-0.02180 2.2294 
-0.03 143 2.2353 
-0.03847 2.2388 
-0.02052 2.2249 
-0.03045 2.2308 
-0.03793 2.2349 

Rs 
2.2 

2.2325 
2.2313 

CNs 
2 

1.9554 
2.3246 

;:I 
(1) 

c2s 
-0.02044 11 

-0.02348 
-0.01330 
-0.01365 
-0.0 1404 
-0.02166 
-0.02 147 
-0.02171 
-0.02793 
-0.02728 
-0.0273 1 

F 
----- 

0.521377 
0.298998 
0.178573 
0.669272 
0.523433 
0.413173 
0.298819 
0.201606 
0.181675 
0.210301 
0.274092 
0.359848 

#H# - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.376892). Next best initial 

fit is F = 0.521377 (for Ni-N&). 

N + N’ : 

3 
CNN c2N 

RN' CT 
C2N 

Initial . 2 -0.02297 2.2 -0.02297 
# 1.8806 ” ” 2.0683 ” ” 

1.8815 3.3056 ” 2.0699 5.9759 1.9421 8.2590 -0.04383 2.1027 2.6796 -0.0’; 676 
1.8924 (2) -0.01691 2.0722 (4) -0.01788 

## - these R values used as starting values in the fixed-CN fit. 

S+S’: 
Rs CNs c2s KS CNSQ c2s 

Initial 1.9 2 -0.02044 2.2 2 -0.02044 
###/ 2.1627 ” ” 2.2997 ” ” 

2.0565 0.7045 ” 2.2349 2.2471 ” 
1.9787 0.2140 -0.00813 2.2124 3.4706 -0.03137 
2.1428 
2.1577 

;:j -0.0243 1 2.2590 -0.01377 
-0.03930 2.2538 

it i 
-0.01591 

2.2327 (3) -0.02520 2.0388 (1) -0.02697 
2.0839 

;;j 
-0.02740 2.2438 -0.02012 

** 2.1085 -0.04238 2.2489 g; -0.02222 
2.1222 

I:i 
-0.0577 1 2.2455 -0.02377 

2.0388 -0.02697 2.2327 ii; -0.02520 
2.0676 
2.0812 

‘c;i -0.04152 2.2435 I:; -0.02646 
-0.057 12 2.2442 -0.0284 1 

### - these R values used as starting values in each of the fixed-CN fits. 

F 
----- 

1.13989 
0.388308 
0.287360 
0.554025 
0.400694 
0.379396 
0.387140 
0.413168 
0.493842 
0.379396 
0.515051 
0.63973 1 

** - of the fixed-CN fits, this one has the best initial fit (F = 1.13989). Next best initial fit 
is F = 1.15599 (for Ni-StSl). 

F 
----- 

0.859557 
0.508232 
0.362955 
0.669458 
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Fits of CDHOX.FIL6 : 

N+S: 
Initial % 

CNN C2N Rs CNs c2s 
2 -0.02297 

## li370 " " 

1.8843 1.4143 1.9614 9.0689 -0.0’;927 2.23 15 2.0452 2.2460 0.7367 -0.0’; 104 
1.9274 (1) -0.01973 2.238 1 -0.01191 
1.9358 -0.02892 2.2425 -0.01227 
1.9400 -0.0354 1 2.2445 (1) -0.01267 

** 1.8806 (1) -0.01926 2.2292 -0.02049 
1.8906 (2) -0.02879 2.2352 -0.02026 
1.8968 -0.03578 2.2388 (2) -0.02046 
1.8556 -0.01855 2.2247 -0.02688 
1.8631 -0.0282 1 2.2306 -0.02622 
1.8684 -0.03545 2.2346 (3) -0.02619 

#### - these R values used as starting values in each of the fixed-CN fits. 

F 
----- 

0.623468 
0.474256 
0.379624 
0.715149 
0.58909 1 
0.50494 1 
0.49770 1 
0.459532 
0.4673 19 
0.537332 
0.574973 
0.63 1741 

** - of the fixed-CN fits, this one has the best initial fit (F = 0.536094). Next best initial 
fit is F = 0.623468 (for Ni-N&). 

Fits of CODHRX.FILl : 

R CN 
1.8 2 

1.9367 0.6988 
1.9775 7.4559 
1.9520 (2) 

m R CN 
Initial 1.8 1 

1.6309 0.2018 
1.6068 1.0291 
1.6074 (1) 

Fits of CODHRX.FIL2 : 

R 

2.;$2 
2.1056 
2.0891 

CN 
6 

4.1545 
2.723 1 

(6) 

c2 

-0.02297 
19 

-0.07223 
-0.04196 

c2 

-0.02044 

-0.0’;302 
-0.05224 

c2 

-0.02297 

-0.0’;652 
-0.02775 

F 
-m-m 

0.608393 
0.3573 12 
0.468848 

F 
-mm- 

0.576076 
0.418188 
0.418275 

F 
---- 

2.17745 
2.14610 
2.24697 
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N+S: 
RN 

Initial -. 
2.:6:3 
2.2916 
2.2765 

Initial 2.0 
## 1.8871 

1.8932 
1.9144 
1.9964 
1.9956 
1.9913 
1.9295 
1.9232 
1.9151 

** 1.8859 
1.8777 
1.8683 

CNN 
2 

C2N 
-0.02297 11 

Rs CNs c2s 
2.2 2 -0.02044 

I, 

-5.6858 
-5.3 165 

2 

II 

-0.01918 
-0.02297 II 

+0.01546 
-0.02044 

1.1491 
3.4693 

I:; 

‘c:i 
(2) 
(3) 

I:; 
(3) 

-0.04486 
-0.01133 
-0.02284 
-0.03 132 
-0.01985 
-0.03181 
-0.04116 
-0.01986 
-0.03 144 
-0.04065 

2.2335 
2.4138 
2.4992 

2.2 
2.2504 
2.2532 
2.2606 
2.2734 
2.2727 
2.2709 
2.2576 
2.2596 
2.2602 
2.25 11 
2.2538 
2.2550 

-0.6560 
-0.0198 

2 

2.6’;27 
1.9513 

I:; 

$1 

$1 
(3) 

-0.01669 
-0.00737 
-0.00870 
-0.00938 
-0.01627 
-0.01661 
-0.01688 
-0.02195 
-0.02189 
-0.02199 

----- 
1.44535 

0.412677 
0.233357 

----- 
1.47229 

0.988918 
0.933 126 
1.03944 
1.02904 
1.03122 

0.946596 
0.937056 
0.933812 
1.03819 
1.03010 
1.02630 

### - these R values used as starting values in the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 1.13032). Next best initial fit 

is F = 1.13388 (for Ni-N2S3). 

R 
2.2 

2.2546 
2.2563 
2.2562 
2.2502 

CN 

2.34448 
1.9716 

-0.oc22044 II 
-0.01777 
-0.01794 
-0.02795 

F 

1.18616 
1.16202 
1.16215 
1.49473 

F 

N + N’ : 
RN CNN C2N 

RN’ 
C2N F 

Initial 2.0 2 -0.02297 2.2 CF -0.02297 ----- 
1.8911 
1.8986 3.3;74 

11 2.0902 I, 2.03341 
” 2.0929 7.1;10 ” 1.66695 

1.9965 4.8515 -0.02714 2.1366 1.888 1 -0.00796 1.45968 
1.9408 (2) -0.01281 2.1084 (4) -0.01285 1.53757 

#### - these R values used as starting values in the fixed-CN fit. 
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s + S’ : 
Rs CNs c2s KS CNsl c2s F 

Initial I.;&2 2 -0.02044 2.22i241 2 -0.02044 ----- 
” ” ” ” 2.73166 

2.0505 0.8463 2.2509 3.0671 ” 0.8269 14 
2.2090 1.4835 

-0.0’;257 
2.3263 0.3689 +0.00163 0.67903 1 

Initial 
2.%3 

2 -0.02044 2 -0.02044 ----- 
### ” ” 2.:&3 ” ” 1.56607 

2.0505 0.8463 
2.1686 [;I 

-0.ob922 2.2509 3.067 1 0.826914 
2.3001 (1) 

-0.0’6447 
0.707893 

2.1785 -0.0268 1 2.2877 
$1 

-0.00943 0.727397 
2.2542 13 -0.01954 2.0611 -0.02215 0.8 10885 
2.1151 -0.01950 2.269 1 (2) -0.01402 0.745 128 

** 2.1180 -0.037 13 2.2685 -0.01601 0.742070 
2.2599 

g; 
-0.02033 2.0687 

g; 
-0.037 14 0.815432 

2.0611 (1) -0.022 16 2.2542 (3) -0.01954 0.810884 
2.0687 
2.0660 

g -0.037 16 2.2599 
-0.04956 2.2608 

g; -0.02033 0.8 15433 
-0.02103 0.846089 

## - these R values used as starting values in the fixed-CN fit. 
** - of the fixed-CN fits, this one has the best initial fit (F = 1.56607). .Next best initial fit 

is F = 1.64489 (for Ni-SlS2). 

Fits of CODHRX.FIL3 : 

N+S: 
RN CNN c2N KS CNs c2s F 

Initial 1.9 2 -0.02297 2.2 2 -0.02044 ----- 
#k/f 1.8805 ” ” 2.2486 11 1.31657 

1.8879 1.9134 ” 2.2507 
2.8;97 

” 0.859414 
1.9135 5.7409 -0.04453 2.2622 2.0813 -0.01687 0.756178 
1.9733 (1) -0.01634 2.2658 ;:I -0.00840 1.28502 
1.9687 (2) -0.02645 2.2666 -0.00892 1.17295 
1.9660 ‘,:i -0.03279 2.267 1 I:; -0.00918 1.09040 
1.9083 -0.01791 2.2532 -0.01645 0.998284 
1.9120 :;; -0.02663 2.2568 I;; -0.01622 0.88895 1 
1.9141 -0.03269 2.2592 -0.01621 0.822320 
1.8802 (1) -0.01598 2.2468 (3) -0.02202 0.943755 

** 1.8834 ii; -0.02453 2.2508 (3) -0.02 140 0.858024 
1.8856 -0.03056 2.2536 (3) -0.02 116 0.823796 

#I## - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.900116). Next best initial 

fit is F = 1.08034 (for Ni-N&). 

N + N' : 
CNN c2N 

RN Initial % 
1.8845 

2 -0.02297 
2.kF79 

T 
C2N F 

-0.02297 ----- 
#I# ” ” ” 11 2.05387 

1.8930 4.4335 -0.0:436 2.0891 7.9991 ” 1.52312 
1.9545 10.8089 2.1235 3.1923 -0.01418 1.31894 
1.9236 (2) -0.01329 2.1003 (4) -0.01360 1.6320 1 

## - these R values used as starting values in the fixed-CN fit. 
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s + S’ : 
Rs CNs c2s R,y CNst c2s 

Initial 1.9 2 -0.02044 2 -0.02044 
## 2.0101 ” ” 2.%33 ” ” 

2.0517 1.1972 ” 2.2495 3.3967 2.1158 2.5260 -0.03589 2.2707 2.1041 -0.0’;588 
2.1622 (1) -0.01187 2.2928 -0.00556 
2.1688 (2) -0.02740 2.2850 

Ii; 
-0.00893 

2.1684 (3) -0.03724 2.2799 (1) -0.00980 
2.1036 (1) -0.01846 2.2656 (2) -0.01361 
2.1173 [ii -0.03088 2.2709 (2) -0.01492 
2.1216 -0.04004 2.2716 -0.01578 

** 2.0597 I;; -0.01866 2.2514 ii{ -0.01879 
2.0792 -0.02964 2.2615 (3) -0.01892 
2.0874 (3) -0.03 844 2.2655 (3) -0.01962 

## - these R values used as starting values in each of the fixed-CN fits. 

F 
-e--m 

2.67054 
0.703665 
0.64123 1 
0.958742 
0.778885 
0.717124 
0.789916 
0.660279 
0.648337 
0.715752 
0.667176 
0.716611 

** - of the fixed-CN fits, this one has the best initial fit (F = 1.23011). Next best initial fit 
is F = 1.69110 (for Ni-SlS2). 

Fits of CODHRX.FIL6 : 

N+S: 
RN CNN c2N Rs CNs c2s 

Initial 1.9 2 -0.02297 2 -0.02044 1.8813 ” ” 2.22iL 

1.8885 1.9373 ” 2.2511 
2.8;63 11 

” 
1.9170 5.8737 -0.04476 2.263 1 1.9980 -0.01629 
1.9743 (1) -0.01558 2.2665 -0.00813 
1.9695 

g; 
-0.02583 2.2672 

ii{ 
-0.0087 1 

1.9665 -0.03226 2.2677 
1.9101 (1) -0.01747 2.2536 

‘,:; -0.00899 
-0.01627 

1.9134 g; -0.02620 2.2572 (2) -0.01605 
1.9152 -0.03227 2.2596 -0.01605 
1.8820 

$1 
-0.01570 2.2472 

ii; 
-0.02 185 

** 1.8848 -0.02424 2.25 11 -0.02 125 
1.8868 (3) -0.03026 2.2540 

$1 
-0.02 102 

1.8674 (2) -0.02286 2.2468 (4) -0.02562 
#### - these R values used as starting values in each of the fixed-CN fits. 

F 
-v--e 

1.35061 
0.896653 
0.790356 
1.28807 
1.17837 
1.09739 
1.02046 

0.914357 
0.850497 
0.981302 
0.899519 
0.867523 
1.02764 

** - of the fixed-CN fits, this one has the best initial fit (F = 0.931386). Next best initial 
fit is F = 1.10296 (for Ni-N&). 

Fits of CODHRX.FIL7 : 

R CN c2 F 
3.%9 1 I! -0.02044 1, 0.198078 __-- 

3.6804 0.8295 -0.0’; 0.182519 
3.6813 0.4925 265 0.152753 
3.6806 (1) -0.02127 0.196553 
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Fe onlv : 
Initial 

R 

3.%?6 
3.5301 
3.5308 
3.5275 

CN 
1 II 

0.657 1 
0.5963 

(1) 

F 

0.2778 12 
0.202757 
0.202273 
0.215713 

S+Fe: 
Rs CNs c2s RF~ CNF, c2F.5 F 

Initial 3.7 1 -0.02044 3.5 1 -0.01530 ----- 
3.7589 II 3.4859 !I 0.458880 
3.6446 

0.5;76 
” 3.5597 

0.41&29 
” 0.164241 

3.5427 1.0796 -0.0445 1 3.5378 0.8948 -0.01674 0.147789 
3.5358 -0.0409 1 3.5372 (1) -0.01754 0.148316 

Initial 3.5 t;, -0.02044 3.%4 1.0$63 -0.01530 ----- 
3.5280 0.5703 ” ” 0.155372 

Fits of CODHRX.FILS : 
R CN c2 F 

4.2 1 -0.02044 -v-m 
4.1890 11 II 0.278934 
4.1896 1.4360 -0.0;074 0.233608 
4.1895 1.4640 0.233562 
4.1918 -0.01624 0.246277 
4.1871 -0.02504 0.244550 

Fe only : 
Initial 

S+Fe: 
Rs 

Initial 4.2 
4.2361 
4.1766 
4.1985 

Initial 
4.zk5 
4.0825 
4.0873 
4.1149 
4.0775 

R 
4.2 

4.0377 
4.0377 
4.0289 
4.0363 

CNs c2s 
1 -0.02044 11 It 

2.0881 ” 

c;, -0.01509 -0.02044 11 11 
1.7013 ” 
2.7728 -0.0407 1 

-0.00696 
-0.0308 1 

CN 
1 II 

0.9811 
1.8351 

(1) 

% 
3.9b57 
3.9983 
3.888 1 

4.0 
4.08 17 
4.0769 
4.0615 
4.1114 
4.0639 

-0.0?530 11 

-0.02338 
-0.01644 

-0.6701 
c;, 

11 
1.9476 
1.6667 

c2Fe 
-0.01530 11 

II 
-0.03640 
-0.01530 11 

II 
-0.01906 
-0.00488 
-0.01909 

F 
---- 

0.363886 
0.363797 
0.349329 
0.361547 

F 
----- 

0.37 1268 
0.202677 
0.207320 

----- 
0.250436 
0.216222 
0.197129 
0.244849 
0.205390 
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Fits of CODHRX.FIL9 : 
R 

5.0 
5.0293 
5.0300 
5.0208 

CN 
1 

2.3;89 
1.0199 

-0.ocio44 
F 

-m-m 
11 0.524656 I, 0.417930 

-0.00866 0.351502 

p& 

R 
5.0 

4.87 14 
4.8725 
4.8724 
4.873 1 

CN 
1 I, 

c2 F 
-0.01530 ---- 

11 0.423678 
11 0.177896 

-0.01485 0.177619 

Fe onlv : 
Initial 

2.3228 
2.2378 

(3) -0.01805 0.193257 

S+Fe: 
Rs 

Initial 4.8 
CNs c2s 

1 -0.02044 
RF~ 
4.9 

4.8790 
4.8756 
4.8820 
4.8729 

4.9 
4.8890 
4.8521 
4.8714 

CNF~. c2Fe 
2 -0.01530 2.01kOl 11 ” 

1.4982 -0.01117 

y -0.01460 -0.01530 II II 
1.5836 ” 

(2) -0.01339 

F 

0.149722 
0.106902 

0.0996890 
0.107332 

--__- 
0.2802 14 

0.0730962 
0.143901 

4.65 19 
4.6552 
4.6340 
4.6526 

Initial 5.0 
4.9787 
4.8847 
5.223 1 

0.5958 " 
0.4021 -0.01181 

(:I -0.03082 -0.02044 11 If 
-1.3039 

(1) -0.01;212 

Fits of CODHRX.FILlO : 

S + Fe. 3 to 6 Waves : 

Rs CNs c2s 
Peak 1 3.7638 It; (-0.02044) 
Peak 2 4.1926 (-0.02044) 
pe& 3 ____ ____ ---- 

RF~ CNF, 
3.4841 (1) --_- ---- 

4.8752 (2) 

Peak 1 3.8484 -0.4090 (-0.02044) 
Peak 2 4.1875 (1) (-0.02044) 
pe& 3 ____ ____ ---- 

3.5268 0.4649 
---- ---- 

4.8732 (2) 

Peak 1 3.8134 -0.6876 (-0.02044) 
Peak 2 4.1864 1.658 1 (-0.02044) 
pe& 3 ____ ____ ---- 

3.5566 
---- 

4.8711 

pe& 1 ____ __-_ ---- 
Peak 2 4.1795 (1) (-0.02044) 
pe& 3 ____ ____ ---- 

3.5250 
---- 

4.8719 

pe& 1 ____ ____ ___- 3.5264 
Peak 2 4.1838 1.4222 (-0.02044) ---- 
p& 3 ____ ____ ____ 4.8722 

c2Fe 
(-0.01530) 0.58!478 

---- 
(-0.01530) 

(-0.01530) 0.348254 
---- 

(-0.01530) 

0.5286 (-0.01530) 0.263842 
---- ---- 

2.3584 (-0.01530) 

(1) (-0.01530) 0.428777 
---- ---- 
(2) (-0.01530) 

0.6217 (-0.01530) 0.336138 
w-v- ---- 

2.2728 (-0.01530) 
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RS 
Peak 1 3.6739 
Peak 2 4.1878 
Peak 3 ---- 

CNs c2s 

):j 
(-0.02044) 
(-0.02044) 

---- -m-m 

RF~ 
---- 
---- 

4.8706 

CNF, c2Fe 
---- ---- 
---- 

(2) ---- (-0.01530) 

F 
0.423233 

Peak 1 3.6741 
Peak 2 4.1879 
Peak 3 ---- 

0.7426 (-0.02044) 
1.4389 (-0.02044) 

---- _--_ 

---- 0.343948 
---- 

4.8727 
---- ---- 

2.3210 (-0.01530) 

Peak 1 3.9185 
Peak 2 4.1877 
Peak 3 4.6511 

(-0.02044) 
(-0.02044) 

j‘ (1) (-0.02044) 

3.5235 
3.9187 
4.8777 

(1) (-0.01530) 
(1) (-0.01530) 
(2) (-0.01530) 

0.214485 

Peak 1 3.7559 
Peak 2 4.1761 
Peak 3 4.6558 

0.5039 (-0.02044) 
(-0.02044) 
(-0.02044) 

3.5223 
3.8289 
4.8752 

02yo (-0.01530) 
(-0.01530) 

(2) (-0.01530) 

0.0841238 

3.5704 
3.8271 
4.8723 

0.4897 (-0.01530) 
(-0.01530) 
(-0.01530) 

0.133686 Peak 1 ---- 
Peak 2 4.1743 
Peak 3 4.6614 

---- ---- 
2.0977 (-0.02044) 

(1) (-0.02044) 

Peak 1 ---- 
Peak 2 4.1765 
Peak 3 4.6489 

3.5374 (0.4897) (-0.01530) 
3.8376 0.5638 (-0.01530) 
4.8773 (2) (-0.01530) 

0.0829290 ---- ---- 
1.7783 (-0.02044) 

(1) (-0.02044) 

3.5379 (0.4897) (-0.0 1530) 
3.8349 (0.5638) (-0.01530) 
4.8769 1.8254 (-0.01530) 

0.0721235 Peak 1 ---- 
Peak 2 4.1753 
Peak 3 4.6522 

m-e- ---m 

(1.7783) (-0.02044) 
1.0658 (-0.02044) 

Peak 1 3.7337 0.7867 (-0.02044) 
Peak 2 4.1742 1.9878 (-0.02044) 
Peak 3 4.6563 (1) (-0.02044) 

0.0878662 ---- --_- 
1.0766 (-0.01530) 

(2) (-0.01530) 
3.8184 
4.8748 

Peak 1 3.7332 (0.7867) (-0.02044) 
Peak 2 4.1736 (1.9878) (-0.02044) 
Peak 3 4.6587 1.0291 (-0.02044) 

0.0796796 ---- ---- 
(1.0766) (-0.01530) 

1.8529 (-0.01530) 
3.8176 
4.8742 

Fits of CDHRD.FILl : 

R CN 
1.8 2 

1.9201 0.6334 
1.9740 7.4909 
1.9435 (2) 

-0.0?297 
F 

---- 
11 0.637959 

-0.07422 0.415094 
-0.04329 0.506762 

R CN 
1.8 1 -0.oc2644 

F 
---- 

-0.Oi840 
0.533847 
0.385836 

-0.05016 0.386334 

1.6224 0.2243 
1.6059 0.9354 
1.6048 (1) 

237 



I 

! Fits of CDHRD.FIL2 : 

R 
2.2 

CN c2 F 
3 -0.02297 ---- 

2.0798 3.5449 
-0.0’;357 

1.24005 
/ 2.0791 3.6788 1.23968 
j 2.0821 (3) -0.02088 1.24820 

R 
2.2 

CN 
2 

c2 

-0.02044 
F  

2.2403 1.8164 -0.0;226 0.379339 
2.2399 2.0361 0.360653 
2.2400 (2) -0.02202 0.361055 
2.2389 (3) -0.02807 0.53 1841 

N+S: 
RN CNN c2N Rs CNs c2s F 

Initial 1.9 2 -0.02297 2.2 2 -0.02044 ----- 
# 1.9750 ” ” 2.2599 ” ” 0.858254 

1.8890 0.4937 ” 2.2401 1.9343 ” 0.253392 
1.87 11 3.7475 -0.07541 2.2430 1.9986 -0.02 167 0.153089 
1.9931 [ii -0.02260 2.2523 $1 -0.013 14 0.482859 
1.9931 -0.03557 2.2503 -0.01385 0.429123 
1.9895 (3) -0.04505 2.2487 -0.01407 0.404089 

** 1.8777 [ii -0.03842 2.2415 ;:i -0.02133 0.199267 
1.8763 -0.05466 2.2427 (2) -0.02 147 0.166762 
1.8732 (3) -0.06728 2.2430 

ii{ 
-0.02161 0.154976 

1.8229 ;:; -0.03090 2.2374 -0.02726 0.3 16474 
1.8147 -0.0462 1 2.2393 

g; 
-0.02706 0.317938 

1.8074 (3) -0.05859 2.2403 -0.02709 0.330015 
#I## - these R values used as starting values in the fixed-CN fit. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.612090). Next best initial 

fit is F  = 0.858254 (for Ni-N2S2). 

N + N’ : 
RN CNN c2N 

RN' T  
C2N F 

Initial 2.0 2 -0.02297 2.2 -0.02297 v---w 
” ” ” ” 

## 1.8870 1.8879 

1.04605 

2.3569 ” 2.0777 2.0791 5.7030 ” 1.9528 5.8440 -0.04212 2.1044 2.8989 -0.01699 0.738293 0.642506 
1.9168 (2) -0.01953 2.0898 (4) -0.0 1743 0.720253 

### - these R values used as starting values in the fixed-CN fit. 
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s + S’ : 
Rs CNs c2s Rsl CNsl c2s F Initial 2.0 2 -0.02044 2.2 2 -0.02044 ----- 

# 2.1808 ” ” 2.3094 ” ” 1.03127 
2.0573 0.3326 ” 2.2411 2.1054 ” 0.184136 
2.0888 1.2864 -0.05663 2.2454 2.0398 -0.02169 0.0816660 
2.1853 I:; -0.02467 2.2654 ;t; -0.01543 0.254993 
2.1942 -0.04635 2.2502 -0.01530 0.196338 
2.0916 (1) -0.04862 2.2457 -0.02128 0.0928909 

** 2.0949 
2.0098 

I?; -0.07426 2.2446 g; -0.02 175 0.100208 
-0.03894 2.2388 -0.02593 0.184192 

2.0152 (2) -0.06191 2.2423 
$j 

-0.02649 0.266388 
# - these R values used as starting values in the fixed-CN fit. 
** - of the fixed-CN fits, this one has the best initial fit (F = 1.03 127). Next best initial fi 

is F = 1.07154 (for Ni-SlSl). 

Fits of CDHRD.FIL3 : 

N+S: 
RN 

Initial 1.9 
1.8700 
1.8713 
1.8462 
1.9439 
1.9502 
1.9532 

** 1.8690 
1.8847 
1.8941 
1.8413 
1.8520 
1.8601 

CNN 
2 

1.1897 
1.4783 

C2N 
-0.02297 II 

-0.0;572 
-0.0283 1 
-0.03653 
-0.04233 
-0.02420 
-0.03413 
-0.04118 
-0.02056 
-0.03040 
-0.03765 

Rs 
2.&k 
2.2363 
2.2347 
2.2447 
2.2470 
2.2482 
2.2369 
2.2416 
2.2445 
2.2324 
2.237 1 
2.2408 

CNs c2s 
2 -0.02044 

2.1245 
3.0249 

(1) 
(1) 

ii{ 

);I 

g; 
(3) 

-0.02634 
-0.01283 
-0.01301 
-0.01320 
-0.02069 
-0.02034 
-0.02042 
-0.02676 
-0.02586 
-0.02563 -. 

F 
-w--m 

0.743 142 
0.429883 
0.226235 
0.834657 
0.714210 
0.621341 
0.450366 
0.357920 
0.309399 
0.247253 
0.2393 18 
0.301789 

#I## - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.463 157). Next best initial 

fit is F = 0.743142 (for Ni-N$$). 

N + N' : 
RN CNN C2N Rpy CNN c2w F 

Initial 1.9 2 -0.02297 4 -0.02297 -m-v- 
## 1.8714 3.3;69 11 2.2037219 ” ” 1.06640 

1.8786 ” 2.0742 6.5165 ” 0.599615 
1.9309 9.6969 -0.04838 2.1030 3.7629 -0.01922 0.382274 
1.8963 (2) -0.01826 2.0805 (4) -0.01744 0.831311 

#### - these R values used as starting values in the fixed-CN fit. 
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s + S’ : 
Rs CNs c2s Rs CNs, c2s 

Initial 1.9 2 -0.02044 2.2 2 -0.02044 
1.9976 ' ' 2.2108 ' rl 
2.0459 0.6244 ” 2.2379 2.3938 ” 
1.9721 0.3346 -0.01151 2.2205 3.9545 -0.03214 
2.1691 (1) -0.02776 2.2596 (1) -0.01425 
2.1762 -0.0425 1 2.2543 -0.01487 
2.1800 

I:i 
-0.05303 2.2513 

I$ 
-0.01494 

** 2.0919 
2.1150 

I:; -0.03247 2.2490 -0.01980 
-0.0474 1 2.2520 

[ii 
-0.02 110 

2.1278 (3) -0.06086 2.2505 {ij -0.02 192 
2.0346 (1) -0.02847 2.2386 -0.02422 
2.0649 g; -0.04307 2.2484 ):I -0.02493 
2.0793 -0.05639 2.2507 -0.02614 

#I# - these R values used as starting values in each of the fixed-CN fits. 

F 
--m-m 

2.42063 
0.512846 
0.348967 
0.688567 
0.534805 
0.463262 
0.512119 
0.481359 
0.510134 
0.436179 
0.525038 
0.628742 

*+ - of the fixed-CN fits, this one has the best initial fit (F = 1.20716). Next best initial fit 
is F = 1.24502 (for Ni-SlS3). 

Fits of CDHRD.FIL6 : 

N+S: 
RN 

Initial 1.9 
##f 1.8697 

1.8720 
1.9583 
1.9391 
1.9451 
1.9482 

** 1.8734 
1.8851 
1.8926 
1.8470 
1.8550 
1.8613 

CNN c2N 
2 -0.02297 

1.3047 
11.9063 

;:i 
(3) 
(1) 

g; 

$1 
(3) 

-0.07304 
-0.02534 
-0.034 19 
-0.04040 
-0.02222 
-0.03 190 
-0.03883 
-0.01936 
-0.02889 
-0.03588 

Rs 
2.2 

2.2346 
2.2368 
2.2489 
2.2454 
2.2478 
2.2490 
2.2370 
2.2416 
2.2445 
2.2326 
2.237 1 
2.2406 

CNs 
2 -0.%44 

2.2096 
1.0066 

[ii 
(1) 
(2) 

g; 

:;; 
(3) 

-0.01325 
-0.01173 
-0.01194 
-0.01216 
-0.01979 
-0.01943 
-0.01947 
-0.02591 
-0.02505 
-0.02480 

F 
-w--- 

0.799125 
0.519996 
0.400760 
0.856339 
0.738258 
0.650253 
0.564461 
0.48976 1 
0.460015 
0.507370 
0.495076 
0.529538 

#I# - these R values used as starting values in each of the fixed-CN fits. 
** - of the fixed-CN fits, this one has the best initial fit (F = 0.58 1252). Next best initial 

fit is F = 0.799125 (for Ni-N&). 
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Three-Wave Fits of CODH data, using N, S and Fe 
(checked and corrected 1st Mar 1993) 

These fits are discussed in Chapter 7, Section (E.2.d). 

Fits of CODHX.FIL6 : 

N+S+S’: 

Initial 3 
CNN c2N Rs CNs c2s 

. 2 -0.02297 2.2 1 -0.02044 
## 1.8519 “ “ 

1.8531 2.1949 “ 
** 1.8544 2.1777 “ 
** 1.8544 2.1778 
** 1.8652 (2) -0.0;966 
** 1.8571 -0.01955 
Initial 1.9 (;I -0.02297 1.8505 “ “ 

1.8525 2.1711 “ 
1.8540 (2) -0.02075 

** - Use #I# as initial value, but reset Rs* 

N+S+Fe: 
RN 

Initial 1.9 
1.8522 
1.8533 
1.8542 

Initial 1.9 
1.8496 
1.8529 
1.8542 

CNN 
2 “ 

2.1387 
(;I 

“ 

2.1971 
(2) 

c2N 
-0.02297 &I 

-0.0;099 
-0.02297 “ 

“ 
-0.02077 

2.2252 
2.2252 
2.2415 
2.2415 
2.2043 
2.2182 

2.2 
2.2242 
2.2248 
2.2232 

=2.3 A 

Rs 
2.2 

2.2253 
2.2256 
2.2239 

2.2 
2.2236 
2.2250 
2.2234 

“ 

1.0693 
8.8200 
9.0004 

(1) 
t;, 

“ 

2.1280 
(2) 

CNs 
2 ‘I 

2.1073 
$1 

“ 
2.1448 

(2) 

“ 

“ 

“ 

-0.0; 158 
-0.01806 
-0.02044 “ 

4‘ 
-0.01924 

c2.7 
-0.02044 “ 

-0.0;935 
-0.02044 “ 

“ 
-0.01924 

Rs 
2.3 

2.2253 
2.2252 
2.2467 
2.2466 
2.2885 
2.3784 

2.7 
2.8832 
2.8799 
2.9048 

RF~ 
2.7 

2.7153 
2.7044 
2.7153 

2.9 
3.0557 
3.0620 

Grace Tan 25th Feb 1993 

CNs, 
1 
“ 

1.0747 
-6.7720 
-6.952 1 

ii; 
1 “ 

0.3614 
(1) 

CNFe 
1 “ 

0.3085 
y 
“ 

0.1017 

c2s 
-0.02044 “ 

“ 
“ 
“ 

-0.02212 
-0.038 12 
-0.02044 “ 

“ 
-0.03899 

c2Fe 
-0.01530 “ 

“ 
-0.0333 1 
-0.01530 “ 

“ 
3.4961 (1) -0.11151 

F 
----- 

0.552837 
0.527269 
0.523 152 
0.523151 
0.404753 
0.315513 

----- 
0.663708 
0.455441 
0.419662 

F 
-___- 

0.781714 
0.440529 
0.385578 

0.857158 
0.522017 
0.491808 



N+S+N’: 
RN CNN c2N 

Initial 1.9 2 -0.02297 1.8526 “ “ 
1.8536 2.1702 “ 
1.8545 -0.0209 1 

Initial 1.9 $1 -0.02297 1.8515 “ “ 
1.8530 2.1981 “ 
1.8542 (2) -0.02077 

Fits of CODHOX.FIL6 : 

N+S+S’: 
is RN 

Initial 1.9 
1.8790 
1.8838 
1.8933 
1.8630 
1.8801 

Initial 1.9 
1.8837 
1.8832 
1.8793 

CNN 
2 
“ 

1.7987 

;:; 
$1 

“ 
1.3832 

(2) 

C2N 
-0.02297 “ 

“ 

-0.02808 
-0.01818 
-0.02667 
-0.02297 “ 

-0.02947 

RS 
2.2 

2.2262 
2.2258 
2.2239 

2.2 
2.2250 
2.225 1 
2.2234 

Rs CNs c2s 
2.2 1 -0.02044 

2.2103 
2.2385 
2.2325 
2.225 1 
2.2338 

2.2 
2.2374 
2.238 1 
2.2413 

CNs 
2 
“ 

2.1370 
y 

2.1;58 
(2) 

“ 

2.1830 

{ii 
c;, 

“ 
1.6815 

(2) 

c2s 
-0.02044 “ 

“ 
-0.01926 
-0.02044 “ 

“ 

-0.01924 

“ 

“ 

-0.01573 
-0.02404 
-0.02153 
-0.02044 “ 

-0.02334 

% 
2.7i 63 
2.7107 
2.7142 

2.9 
3.0939 
3.0900 
3.4463 

Rs 
2.3 

2.2656 
2.4289 
2.2968 
2.3422 
2.3968 

2.7 
2.898 1 
2.8872 
2.8965 

CNN* 
2 
“ 

1.0936 
$1 

“ 
0.2218 

(2) 

CN,y 
1 
“ 

0.6161 

:t; 
(:, 

0.4&74 
(1) 

c2N 
-0.02297 “ 

“ 

-0.03526 
-0.02297 “ 

“ 
-0.10371 

c2.s 
-0.02044 “ 

-0.0;453 
-0.048 17 
-0.03784 
-0.02044 “ 

-0.03276 

F 
----- 

0.511719 
0.402787 
0.363383 

----- 
0.700905 
0.524587 
0.491162 

F 
----- 

0.686165 
0.488493 
0.5 16898 
0.509558 
0.427 173 

----- 
0.790835 
0.521574 
0.4508 10 



N+S+Fe: 
RN 

Initial 1.9 
1.9032 
1.8867 
1.8817 

Initial 1.9 
1.8817 
1.8830 
1.8800 

N+S+N’: 
RN 

Initial 1.9 
1.8912 
1.8870 

8 1.8814 Initial 

1 .kL3 
1.8835 
1.8800 

CNN 
2 “ 

1.3724 
t;) 

1.4’;18 
(2) 

CNN 
2 
“ 

1.4140 
t;, 

“ 

1.4237 
(2) 

C2N 
-0.02297 

“ 
“ 

-0.03006 
-0.02297 1‘ 

“ 
-0.02940 

c2N 
-0.02297 “ 

-0.0;970 
-0.02297 “ 

-0.02940 

Rs 
2.2 

2.2494 
2.2397 
2.243 1 

2.2 
2.2372 
2.2382 
2.2417 

Rs 
2.2 

2.2422 
2.2402 
2.2427 

2.%3 
2.2384 
2.2417 

CNs c2s 
2 -0.02044 I‘ “ 

1.6676 
$1 

1.7s50 
(2) 

“ 

-0.02~,~0 
-0.02044 “ 

“ 

-0.0233 1 

CNs 
2 
“ 

1.7052 
t;, 
“ 

1.7055 
(2) 

c2s 
-0.02044 “ 

-0.0;336 
-0.02044 “ 

-0.0;33 1 

be 

2.%33 
2.7 144 
2.7192 

3.0 
3.1012 
3.0784 
3.4663 

RN 

2.%74 
2.7092 
2.7197 

3.0 
3.1184 
3.1026 
3.4085 

Cp;TF, 
“ 

0.3022 
(;I 

“ 

0.1483 
(1) 

CNN* 
2 
“ 

1.1674 
$1 

“ 

0.3345 
(2) 

c2Fe 
-0.01530 “ 

“ 

-0.02733 
-0.01530 “ 

“ 
-0.10724 

c2N 
-0.02297 “ 

“ 

-0.02948 
-0.02297 “ 

-0.09839 

F 
----- 

0.95035 1 
0.548799 
0.391462 

----- 
0.93209 1 
0.606296 
0.559856 

F 
----- 

0.675035 
0.498797 
0.370963 

0.811230 
0.610661 
0.559161 



Fits of CDHOX.FIL6 : 

N+S+S’: 
RN 

Initial 1.9 
1.8870 
1.8818 
1.9055 

Initial 1.9 
1.8663 
1.8913 
1.8748 
1.8903 

Initial 
l.kz5 
1.8831 

E 
1.8899 

N+S+Fe: 
RN 

Initial 1.9 
1.8861 
1.8842 
1.8916 

Initial 1.9 
1.8815 
1.8831 
1.8906 

CNN c2N 
2 -0.02297 “ “ 

1.4035 
(;I 

“ 
1.5767 

ii; 
2 “ 

1.3766 
(2) 

CNN c2N 
2 -0.02297 “ “ 

1.3305 
$1 

1.4;50 
(2) 

‘G  

-0.03056 
-0.02297 “ 

“ 

-0.01880 
-0.02690 
-0.02297 “ 

“ 

-0.02902 

I‘ 

-0.03001 
-0.02297 “ 

“ 

-0.02880 

Rs 
2.2 

2.2320 
2.2190 
2.2309 

2.2 
2.2022 
2.2372 
2.2267 
2.2320 

2.2 
2.2305 
2.2308 
2.2348 

Rs 
2.2 

2.2299 
2.2307 
2.2358 

2.2 
2.2298 
2.2311 
2.2352 

CNs 
1 “ 

1.3286 
$1 

“ 
2.2308 

g; 
2 “ 

2.0265 
(2) 

CNs 
2 “ 

1.9893 
(;I 

“ 
2.0492 

(2) 

c2s Rs 
-0.02044 2.3 

“ 

“ 

-0.03690 
-0.02044 “ 

“ 

-0.02080 
-0.01950 
-0.02044 “ 

“ 

-0.02034 

c2s 
-0.02044 “ 

“ 
-0.02079 
-0.02044 “ 

“ 
-0.02026 

2.2320 
2.2525 
2.2390 

2.3 
2.3037 
2.4802 
2.2904 
2.4028 

2.7 
2.9019 
2.8983 
2.9040 

be 
2.7 

2.7472 
2.7422 
2.7360 

3.0 
3.0791 
3.0732 
3.5570 

CN,y 
1 “ 

0.7842 
t:, 

“ 
0.3624 

(1) 
t:, 

0.5;03 
(1) 

C&e 
1 

0.4;63 
t;, 

“ 
0.2424 

(1) 

c2s 
-0.02044 

“ 

“ 

-0.01406 
-0.02044 1‘ 

‘I 

-0.07375 
-0.05055 
-0.02044 “ 

“ 
-0.03004 

c2Fe 
-0.01530 “ 

-0.0;557 
-0.01530 “ 

-0.lbl840 

F 
----- 

0.623468 
0.473538 
0.445932 

----- 
0.634603 
0.416485 
0.451111 
0.394554 

----- 
0.613206 
0.2768 10 
0.290559 

F 
----- 

0.747356 
0.278355 
0.195659 

----- 
0.8 17655 
0.440239 
0.458161 



N+S+N’: 
RN CNN C2N 

Initial 1.9 2 -0.02297 1.8905 “ “ 

1.8858 1.3835 1.8919 
initial 1.9 t;, 

-0.0;960 
-0.02297 1.8852 “ “ 

1.8838 1.4194 “ 
1.8907 (2) -0.02880 

Fits of CODHRX.FILB : 

N+S+S’: 
RN 

x 
Initial 1.9 

1.8863 
1.8886 
1.8373 

Initial 1.9 
1.8765 
1.8886 
1.8152 

Initial 1.9 
1.8906 
1.8877 
1.8765 

Initial 1.9 
1.8873 
1.8878 
1.8846 

CNN 
2 “ 

1.9373 
t;, 
“ 

1.9373 
$1 

“ 
1.6913 

t;, 

1.9;41 
(2) 

c2N Rs CNs c2s 
-0.02297 2.2 2 -0.02044 

“ 

“ 

-0.02378 
-0.02297 “ 

“ 
-0.02753 
-0.02297 “ 

-O.O;SOO 
-0.02297 “ 

-0.02409 

Rs 
2.2 

2.233 1 
2.2320 
2.2359 

2.%i4 
2.23 14 
2.2352 

2.2392 
2.25 11 
2.1825 

2.%9 
2.25 12 
2.1845 

2.2 
2.2519 
2.25 14 
2.253 1 

2.2 
2.2504 
2.2508 
2.2509 

CNs 
2 “ 

2.0265 
$1 

“ 
2.0494 

(2) 

c2s 
-0.02044 

“ 

“ 

-0.02059 
-0.02044 ‘I 

“ 

-0.02026 

1.8;35 
$1 

“ 
2.2484 

(;I 
“ 

2.6116 
t;, 

2.8;43 
(3) 

“ 

“ 

-0.01279 
-0.02044 “ 

“ 

-0.02364 
-0.02044 “ 

-0.0;359 
-0.02044 “ 

“ 
-0.02 120 

RN 
2.7 

2.7382 
2.7388 
2.7369 

3.:&6 
3.0946 
3.4796 

Rs 
2.3 

2.2749 
2.2512 
2.3168 

2.3 
2.3360 
2.2509 
2.3070 

2.7 
2.6230 
2.6224 
2.6104 

2.9 
2.9466 
2.9423 
3.2334 

CNN* 
2 “ 

1.3338 
(;I 

“ 
0.5123 

(2) 

CNs* 
1 “ 

0.9428 
t:, 

“ 

0.5778 
(:, 

“ 
0.8430 

y 

0.2;33 
(1) 

c2N 
-0.02297 “ 

“ 

-0.02802 
-0.02297 “ 

4‘ 

-0.10393 

c2s 
-0.02044 

“ 

-0.00384 
-0.02044 “ 

“ 

-0.00802 
-0.02044 “ 

‘I 

-0.01857 
-0.02044 “ 

-0.02794 

F 

0.522501 
0.2453 15 
0.187309 

----- 
0.705976 
0.458226 
0.457038 

F 
----- 

0.906768 
0.896653 
0.367692 

----- 
1.15023 

0.896653 
0.578308 

----- 
0.725640 
0.544102 
0.44438 1 

--^-- 
1.02479 

0.87222 1 
0.868847 



N+S+Fe: 
RN 

Initial 1.9 
1.8840 
1.8852 
1.8799 

Initial 1.9 
1.8863 
1.8866 
1.8834 

N+S+N’: 
RN 

Initial 1.9 
1.8878 
1.8875 

!2 1.8816 
m Initial 

1 .k?z34 
1.8878 
1.8840 

CNN 
2 ‘I 

1.9038 
$1 

“ 
1.9567 

(2) 

CNN 
2 “ 

1.9325 
$1 

“ 
1.9487 

(2) 

c2N 
-0.02297 

“ 

“ 

-0.02455 
-0.02297 “ 

‘L 

-0.02397 

c2N Rs 
-0.02297 2.2 

“ 

“ 

-0.02443 
-0.02297 “ 

“ 

-0.02408 

Rs 
2.2 

2.2485 
2.2495 
2.2494 

2.2 
2.2501 
2.2503 
2.2503 

2.2506 
2.2507 
2.2501 

2.%9 
2.2508 
2.2506 

CNs 
3 “ 

2.7983 
$1 
“ 

2.8376 
(3) 

CNs 
3 “ 

2.8219 
(;I 
“ 

2.8328 
(3) 

c2s 
-0.02044 

“ 

“ 

-0.02157 
-0.02044 “ 

“ 

-0.02119 

c2s 
-0.02044 “ 

“ 

-0.02 147 
-0.02044 “ 

“ 

-0.02121 

2.8020 
2.7982 
2.7970 

3.0 
3.0907 
3.0882 
3.0882 

RN 
2.7 

2.8147 
2.8120 
2.8078 

3.0 
3.0958 
3.0936 
3.0928 

CNFe 
1 “ 

0.5573 
(:, 

“ 
0.5898 

(1) 

CNN* 
2 

1.1’;64 
$1 
“ 

1.2968 
(2) 

c2Fe 
-0.01530 

“ 

“ 

-0.01838 
-0.01530 “ 

“ 

-0.01926 

c2N 
-0.02297 

“ 

“ 

-0.02122 
-0.02297 “ 

-0.02284 

F 

0.880066 
0.755406 
0.8257 11 

0.8608 10 
0.788659 
0.829862 

F 
----- 

0.886183 
0.829866 
0.858402 

0.877716 
0.841414 
0.86093 1 



Fits of CDHRD.FIL6 : 

N+S+S’: 
RN 

Initial 1.3 
## 1.8698 

1.8492 
** 1.8763 
Initial 

1.&6 
1.8492 
1.8747 

Initial 1.9 
1.8693 
1.8493 
1.8517 

Initial 1.9 
1.9645 
1.8492 
1.8746 

Initial 1.9 
1.8661 
1.8703 
1.8843 

CNN 
2 
“ 

1.2103 
t;, 

“ 
1.2110 

(;I 
“ 

1.2117 
t:, 
“ 

1.2097 
$1 
“ 

1.2870 
(2) 

c2N Rs 
-0.02297 2.2 

“ 

“ 

-0.02942 
-0.02297 “ 

“ 

-0.0303 1 
-0.02297 “ 

“ 

-0.01866 
-0.02297 “ 

“ 

-0.0303 1 
-0.02297 “ 

“ 

2.2345 
2.1561 
2.1852 

2.2 
2.2084 
2.1563 
2.2380 

2.2 
2.2368 
2.2555 
2.1682 

2% 1 
2.1559 
2.2379 

2.2 
2.233 1 
2.2361 2.1980 I‘ 

-0.03 194 2.2413 (2) ” -0.01945 

CNs 
1 “ 

0.6860 
$1 

“ 

0.6880 
ty 

“ 

2.0495 
$1 
“ 

0.6848 

-o.%b44 “ 
“ 

-0.01066 
-0.02044 “ 

I.‘ 
-0.01968 
-0.02044 “ 

“ 
-0.00872 
-0.02044 “ 

“ 
-0.01968 
-0.02044 “ 

Rs 
2.%6 
2.2554 
2.3006 

2.3 
2.3016 
2.2555 
2.3052 

2.3 
2.2368 
2.1565 
2.2967 

2.;&5 
2.2554 
2.305 1 

2.9 
2.9192 
2.9158 
2.9200 

CNs* 
1 “ 

2.0532 
(:, 

“ 
2.0513 

(:, 
“ 

0.6890 
(:I 

“ 
2.0548 

t:, 

0.5so7 
(1) 

c2s 
-0.02044 “ 

“ 

-0.01019 
-0.02044 “ 

“ 

-0.06122 
-0.02044 “ 

“ 

-0.0074 1 
-0.02044 “ 

“ 

-0.06118 
-0.02044 “ 

“ 

-0.03250 

F 
----- 

0.799128 
0.481828 
0.4777 13 

----- 
0.599538 
0.481828 
0.422606 

----- 
0.573818 
0.481829 
0.5 16684 

----- 
1.10544 

0.481828 
0.422606 

----- 
0.798418 
0.375228 
0.350360 

** - Initial values in #I#/, except that Rs = 2.2 A and Rs, = 2.3 A. 



N+S+Fe: 

Initial B 
1.8k14 
1.8692 
1.8853 

Initial 1.9 
1.8660 
1.8712 
1.8851 

N+S+N’: 
RN 

Initial 1.9 
1.8689 
1.8718 

!z Initial 1.8858 1.9 
1.8689 
1.8718 
1.8852 

CNN 
2 
“ 

1.2500 
t;, 

“ 
1.3182 

(2) 

CNN 
2 “ 

1.2732 
(;) 

“ 
1.3128 

(2) 

C2N 
-0.02297 

“ 

-0.0;263 
-0.02297 “ 

“ 
-0.03 190 

C2N 
-0.02297 

‘4 
“ 

-0.03236 
-0.02297 “ 

-0.oi191 

Rs 
2.2 

2.2305 
2.2356 
2.2419 

2.2 
2.2334 
2.2365 
2.2416 

Rs 
2.2 

2.2342 
2.2368 
2.2420 

2.2 
2.2344 
2.2367 
2.2416 

CNs 
2 

2. Ii86 
$1 
I‘ 

2.2176 
(2) 

CNs 
2 “ 

2.1917 
t;) 
“ 

2.2145 
(2) 

c2s 
-0.02044 

“ 

“ 

-0.01970 
-0.02044 

“ 

“ 

-0.01943 

c2s 
-0.02044 

“ 

“ 

-0.01957 
-0.02044 

“ 

“ 

-0.01943 

z-7 
2.7706 
2.7634 
2.7504 

3.0 
3.0939 
3.0912 
3.5213 

RN 
2.7 

2.7620 
2.7563 
2.7474 

3.0 
3.1171 
3.1125 
3.4447 

CF 

0.3’;87 
t;, 
“ 

0.2249 
(1) 

CNN 
2 

1.1’;03 
t;, 

“ 
0.4487 

(2) 

c2Fe 
-0.01530 “ 

“ 
-0.02892 
-0.01530 “ 

“ 
-0.09818 

c2N 
-0.02297 

‘1 
“ 

-0.03 195 
-0.02297 “ 

“ 
-0.09193 

F 
----- 

0.905008 
0.398986 
0.332579 

----- 
0.960752 
0.493907 
0.4878 15 

F 
----- 

0.763094 
0.383414 
0.326899 

----- 
0.87 1425 
0.509074 
0.485990 
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