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X-ray absorption near-edge spectra (XANES) are reported for 44 Ni(I1) and Ni(II1) complexes with N- and/or S-donor ligands. 
The spectra reveal features associated with 1s - 3d and 1s - 4p, electronic transitions, whose presence or absence and intensity 
provide information that allows the coordination number/geometry of the complex to be determined in most cases. The complexes 
in this study were selected in order to examine the reliability of coordination number/geometry assignments in  complexes with 
low symmetry and to examine the effects on the spectra of a change in formal oxidation state from +I1 to + H I .  The effects on 
the spectra due to changes in the ligand environment are examined, and the edge energy and the breadth of the edge are found 
to correlate with the average hardness of the ligand environment. The effects on the spectra due to oxidation state changes are 
examined by using several pairs of Ni(II/III) isoleptic complexes. These compounds reveal that the effects of changes in the formal 
oxidation state of the Ni center are strongly dependent on the nature of the ligands present, with S-donor ligands giving rise to 
smaller shifts in edge energy than N,O-donor ligands. These trends are indicative of the increasing role of ligand oxidation in 
Ni(lI1) thiolate complexes. These trends are corroborated by X-ray photoelectron spectroscopic (XPS) studies that show a similar 
trend in both ligand and metal electron binding energies. The information obtained from the model studies is used to examine 
the Ni K-edge XANES spectrum obtained from a sample of Thiocapsa roseopersicina hydrogenase poised in form C. This 
spectrum is shown to be consistent with a distorted trigonal-bipyramidal geometry and a mixed 0 ,N-  and S-donor ligand 
environment for this biological Ni site. ’ 

Since t h e  discovery of Ni as a component  of t h e  active site of 
t h e  enzyme urease in 1975,l a total of four classes of enzymes 
have been identified that utilize Ni in specific ways. These classes 
include hydrogenase (H,ase)?J carbon monoxide dehydrogenase 
(CO dehydrogenase)? and methyl-S-coenzyme-M red~ctase,~ in 
addition to  urease.6 A variety of physical studies have shown 
t h a t  Ni exists in distinct ligand environments in each of these 
enzymes. Urease contains  a possibly dinuclear site,7 consisting 
of six-coordinate N i (  11) centers  bound t o  0,N-donor ligands 
derived from amino acids in the protein.* The Ni centers in urease 
are not known to  be redox active and appear to play a role as Lewis 
acids in the  hydrolysis of urea.6 Three types of H2ase  exist, two 
of which contain redox-active Ni centers w$h S-donor l i g a n d ~ . ~ J ~  
These two types of H2ase Ni sites are distinguished by the presence 
or absence of a Se-donor ligand derived from a selenocysteine 
residue in t h e  protein.”J2 In m a n y  cases, a possible N-donor 
ligand has also been detected.I3 Sulfur ligation has also been 
demonstrated for t h e  Ni s i te  in CO dehydrogenase.I4 Methyl- 
S-coenzyme-M reductase contains a nickel tetrapyrrole cofactor 
(F430)15 t h a t  exists in both planar and axially ligated forms.16 
None of these biological Ni sites has been character ized crys- 
tallographically, and thus, X-ray absorption spectroscopy (XAS) 
has played a central  role in obtaining s t ructural  information 
regarding t h e  Ni sites. Analysis of extended X-ray absorption 
fine structure (EXAFS) has been used to obtain bond lengths and  
identify t h e  ligand donor atoms.laa* Studies of the K-absorption 
edge a n d  X-ray absorption near-edge structure  (XANES) have 
been used t o  obtain geometrical information about  t h e  Ni sites 
and to  study oxidation s ta te  changes in the H2ase Ni site.I7 These 
studies rely on a relatively small number of generally homoleptic 
(a complex with identical ligands) a n d  high-symmetry Ni(I1) 
model compounds. Herein, we explore the  effects of low symmetry 
and mixed donor  a t o m  environments on t h e  Ni(I1)  XANES 
spectra  a n d  t h e  ability t o  obtain information regarding coordi- 
nation geometry and ligand environment from K-edge da ta .  
Par t icular  a t tent ion is paid t o  five-coordinate complexes, where 
existing d a t a  is expanded t o  include both pyramidal a n d  trigo- 
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nal-bipyramidal ideal geometries. A series of pairs of isoleptic 
(complexes with t h e  same ligands) Ni(II/III) complexes are 
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examined by XANES in order to test the transfer of structural 
information obtained from Ni(I1) models to formally Ni(II1) 
complexes and, in conjunction with X-ray photoelectron spec- 
troscopic (XPS) data, to examine the reliability of the X-ray 
absorption edge energy shifts as an indication of metal-centered 
redox chemistry. The information obtained from the study of the 
model compounds is then used to examine the geometry and first 
coordination sphere ligand environment of the Ni center in 
Thiocapsa roseopersicina hydrogenase. 

Experimental Section 
Sample Preprotion. T.  roseopersicina H2ase was isolated from bac- 

teria grown on a modified Pfennig's medium under standard photosyn- 
thetic conditions.'* The bacteria were isolated by centrifugation and 
stored as a cell paste at -20 OC. The enzyme was isolated and purified 
by using a minor variation of published procedureslg and assayed by 
monitoring H2 production in the presence of reduced methyl viologen by 
gas chromatography20 and using the absorbance at 220 nm as a measure 
of protein concentration with bovine serum albumin as a standard. Final 
purification of H,ase was achieved by preparative gel electrophoresis. 
Overall yield from 140 g of acetone powder2' was 20 mg of homogeneous 
H,ase. The enzyme sample used in the XAS experiments was prepared 
in 20 mM Tris-HCI buffer (pH 8) that was 20% g!ycerol prior to con- 
centration to 0.28 mM. The concentrated sample w k s  poised in form C, 
using EPR at 77 K to monitor the redox state of the enzyme. The 
enzyme was first fully reduced by exposure to H2 overnight (no EPR 
signal) and was then oxidized back to form C (EPR active) by the 
addition of a negligible volume of a concentrated anaerobic solution of 
oxidized benzyl viologen to a final concentration of 2 mM. With this 
method, a sample containing very nearly 100% of the enzyme in form C 
can be prepared. Integration of the EPR signal from this sample gave 
a concentration of 0.27 mM or 0.96 spins/protein, indicating that 
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Figure 1. Variation of Ni XANES spectra of six-coordinate complexes 
with nature of the ligand donor atoms: [Ni(lm),](BF,)2 (2), Nn (-); 
N i ( b p ~ ) ~ ( S P h ) ~  (7), N4S2 (e-); Et4N[Ni(S2Py),l (81, N3S3 (- - -1; 
(Et,N),[Ni(pdtc),] (10). N,S4 (---); [Ni(ttcn),](BF,), (12). S, 1- --). 

essentially all of the Ni is in the same redox state. 
Model compounds used in this work are referred to by numbers that 

are assigned in Table I,  which also contains references to the synthetic 
procedures employed to obtain all previously characterized compounds 
and to the structures of compounds that have been characterized by 
crystallography. Solutions of the formally Ni(II1)-containing species 30 
(Ni(N202)-) and 34 (Ni(N2S2)-) were produced by controlled-potential 
electrolysis of ca. 2 mM (in Ni) DMF solutions as described in the 
l i terat~re . )~ The pyridine adducts, 13 and 24, were prepared by addition 
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Table 1. Ni k-Edge XAS Data 

ref Is - 3d edge 
peak area, energy, 

no. compd' donor atoms eVE eVd hardnessd edge sloped max intensd cryst structe synth 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

42 
43 
44 

N i (cyclops) Br 
Ni( cyclops) I 

[Ni(NS-SSMe)12] 
[Ni(P,)S12C104 

Et4N [ N ~ ( N ~ S ~ ) P Y I  

Ni(TPP) 
[ Ni(cyclops)]CI04 
[ Ni(cyclam)] (ClO4)z 
Ni(salen) 

Et4N [Ni(N202)]  * 
Ni(dmpn) 

(Et4N)2[Ni(N202)1 

ICN] 

Six-Coordinate Complexes 
4.0 
3.9 
1 .o 
3.4 
1.1 
1.7 
1.8 
1.8 
1.9 
2.3 
3.9 
1.7 
0.6 

8341.6 
8341.6 
8341.3 
8341.7 
8340.1 
8340.6 
8340.6 
8339.4 
8339.3 
8340.1 
8340.7 
8339.8 
8342.7 

6.53 
6.90 
6.90 
6.48 
6.16 
6.16 
5.97 
5.50 
5.50 
5.03 
5.03 
5.30 
6.47 

Five-Coordinate Complexes 
Trigonal-Bipyramidal Geometry 

4.2 8341.5 6.58 
9.6 8341.1 6.46 
6.7 8340.6 6.36 

8339.4 5.20 
6.5 8339.0 4.82 
8.9 8339.5 5.36 

Pyramidal Geometry 
6.1 6.36 

6.26 
4.64 

6.0 4.50 
4.2 5.97 

Four-Coordinate Complexes 

0.9 
2.3 
2.0 

<0.5 
COS 
COS 

2.9 
1.4 

<OS 
<0.5 

2.4 
<0.5 

I .8 
2.0 

<OS 
COS 
<0.5 

Planar Geometry 
8342.9 6.10 

6.90 
6.90 
6.25 

8340.6 5.45 
8341.9 5.45 

5.50 
5.50 

8339.3 4.70 
8340.5 4.70 

5.40 
5.18 
4.80 
4.40 

8338.9 4.10 
4.10 
4.10 

f 
f 

Tetrahedral Geometry 
11.4 8340.0 4.70 
10.5 8338.2 4.10 
8.0 8340.6 4.78 

0.19 
0.16 
0.13 
0.16 
0.13 
0.1 1 
0.12 
0.1 1 
0.11 
0.1 1 
0.10 
0.10 
0.1 1 

0.12 
0.13 
0.12 
0.10 
0.09 
0.10 

1.63 
1.49 
1.31 
1.39 
1.17 
1.22 
1.31 
1.22 
1.21 
1.17 
1.12 
1.02 
1.16 

1.25 
1.19 
1.24 
1.11 
1.08 
1.16 

1.29 
1.18 
1.02 
1.20 
1.05 

1.17 
1.21 
1.07 
1.11 
1.12 
I .08 
0.91 
1.08 
0.99 
1.04 
1 .oo 
1.21 
0.96 
0.93 
0.98 
0.91 
0.97 

1.21 
1.03 
1.05 

24 25 
26 21 
28 28 
29 29 
30 31 
32 33 
34 35 
36 36 
36 36 
37 37 
37 37 
38 38 

39 

40 41 
41 
41 

(28) 
42 

43 
43 43 

44 

45 
46 45 
47 47 
48 48 

39 

49 
50 
31 

51 52 
39, 53 
39 

28 28 
54 
55 
39 

56 56 
57 57 
28 28 
58 58 
59 59 

(60) 61 
60 62 

63 64 
65 65 
66 66 

"The abbreviations used are defined in ref 21. bData taken in fluorescence mode. 'Error estimated to be h0.005 on the basis of the analysis of 
noise, Lorentzian fits of the peaks, and background corrections. The background correction constitutes the largest contribution to the error. dSec 
definitions in text. e References in parentheses are structures of the same Ni-containing species with different counterions. /The mnt complexes are 
the only redox pair where the absorption edges for the formally Ni(II1) and Ni(I1) complexes cross each other. This fact indicates that the value of 
AE is ca. 0 eV, even though the edge energies cannot be accurately determined because of edge structure that interferes a t  a normalized absorbance 
of 0.5. 

of 20% by volume of pyridine to the electrochemically oxidized samples. 
EPR spectra taken before and after exposure to synchrotron radiation 

(60) Kobayashi, A.; Sasaki, Y. Bull. Chem. Soc. Jpn. 1977,50, 2650. 
(61) Gray, H. B.; Williams, R.; &mal, 1.; Billig, E. J. Am. Chem. Soc. 1962, 

84, 3596. 

Soc. 1%3,85, 2029. 
(63) wiesner, J. R.; Srivastava, R, c,; ~ ~ ~ ~ ~ ~ d ,  C, H. L,; DiVaira, M.; 

Lingafelter, E. C. Acta Cryslallogr. 1967, 23, 565. 
(64) Gill, N. S.; Taylor, F. B. Inorg. Synrh. 1967, 9, 136. 
(65) Rcwenfield, S. G.; Armstrong, W. H.; Mascharak, P. M. Inorg. Chem. 

1986, 25, 3014. 1975, 765. 

demonstrate the identity of each species in solution and its stability under 
experimental conditions. 
Data Collection. Ni K-edge X-ray absorption data were collected over 

several periods on beam line X-9A at NSLS, with the exception of 
compounds (8,9,15,36,38) that were run a t  CHESS. Data collection 
at  NSLS was under dedicated conditions at  ca. 2.53 GeV and 60-120 
mA. using a Si(l11) double-crystal monochromator that was calibrated 

ment provided a theoretical resolution of ca. 1 eV at 8.3 keV for a 1-mm 
(62) Davison, A.; Edelstein, N.; Holm, Re H.; Maki, A. H. J .  Am. Chem. by using the first inflection point o f ~ i  foil (8331.6 ev). This arrange- 

(66) Mealli, C.; Midollini, S.; Sacconi, L. J .  Chem. Soc., Chem. Commun. 
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hutch slit height; however, edge energy calibrations were reproducible 
to within f0.2-0.3 eV. Harmonic rejection was accomplished with a 
focusing mirror left flat (NSLS) or by detuning the monochromator by 
50% (CHESS). At NSLS, both external and internal edge calibration 
methods were used. Internal energy calibration was achieved by meas- 
uring the small absorbance observed in I ,  due to the Ni  mirror used for 
harmonic rejection. Data were collected at  CHESS under parasitic 
conditions at stations A-3 and C-2 at 5.2 GeV and 2 6 4 9  mA, employing 
a Si( 11 1) monochromator of similar resolution with identical experi- 
mental conditions except as noted above. 

Transmission data were collected at room temperature on powdered 
samples diluted with boron nitride by using N 2  ( I , )  and Ar (I) filled 
ionization chambers. Spectra were typically run at least twice to check 
for reproducibility. The reported spectra may be a single scan or the sum 
of two scans. Low-temperature fluorescence data were taken on frozen 
DMF solutions of compounds 13,24,30, and 34 held in thermal contact 
with liquid N 2  in  gold-plated copper sample holklers in a cryostat. 
Fluorescence data were collected by employing an Ar-filled ionization 
detector equipped with Soller slits and a Co fluorescence The 
fluorescence spectra reported are the average of 5-9 scans. Fluorescence 
data were also taken on a sample of T. roseopersicina H2ase that was 0.3 
mM in Ni by using a 13-element Ge detector (Canberra). The sample 
was held at  77 K in a cryostat. The spectra reported are the weighted 
sums of the data obtained from each element over 20 scans by using the 
procedure described by Scott.68 

X-ray photoelectron spectroscopic (XPS) data were obtained on 
powdered samples with a Leybold-Heraeus LHS- IO surface analysis 
system with a Mg Ka source (1253.6 eV). The instrument was quipped 
with a Model RZ 10/11 hemispherical energy analyzer for detection of 
ejected photoelectrons. Samples were placed on freshly cleaned copper 
holders and introduced into vacuum slowly to avoid disturbing the sam- 
ple. Samples were evacuated in a preparatory chamber and then inserted 
into the analysis chamber and evacuated to pressures in the lo-" Pa 
range. Survey spectra were collected up to ca. 1000 eV on all samples 
followed by narrow scans collected on individual elements over 50-100 
eV ranges. Detailed spectra were collected by using a fixed analyzer 
transmission of 150 eV. The spectra were calibrated by setting the C Is 
peak visible in all of the samples to 284.6 eV. Binding energies deter- 
mined in this manner were reproducible to within 0.2 eV with a precision 
of *0.05 eV. The spectrometer was calibrated to the Au 4f7/2 and the 
Cu 2~312 transitions set at binding energies of 83.8 and 932.4 eV, re- 
spectively. No evidence of decomposition of the samples was noticed 
from replicate scans. 

Data Analysis. The edge region of the XAS spectrum was normalized 
by setting the extrapolated value of a fit to a second-order curve in the 
region between 8550 and 9200 eV to unity a t  8340 eV, with zero ex- 
trapolated from a linear fit to the region between 81 50 and 8300 eV. A 
McMaster correction was applied in the edge jump normalization pro- 
c e d ~ r e . ~ ~  For spectra that are not complicated by intense preedge 
features, the energy of the point corresponding to a normalized absor- 
bance of 0.5 was taken as 'the edge energy" for comparison purposes. 
These spectra also allowed an approximation of the 'edge slope" to be 
obtained from a linear regression of the edge between normalized ab- 
sorbances of 0.2 and 0.8. Areas under the preedge peak assigned to a 
Is - 3d transition were determined by a procedure that involves re- 
moving the background by fitting the edge and preedge regions to a 
function composed of linear and arctangent  component^.'^ The inte- 
grated areas of the Is - 3d transition of the compounds are expressed 
relative to the integrated area of the peak observed for (Me4N)2[NiC14J. 
For correlations with ligand 'hardness", the hardness of the Ni ligand 
environment of the model compounds was taken as an average of the 
absolute hardness of the ligands involved by using the calculations of Parr 
and Pearson." 
Results 

The Ni K-edge absorption spectra of several Ni(I1) complexes 
with various mixtures of 0, N, and S ligation are shown in Figures 
1-3, grouped according to coordination number. A series of 
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(67) (a) Stcarn, E. A.; Hcald, S. M. Reo. Sci. Insrrum. 1979.50, 1579. (b) 
Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.; Wong, 
J.; Spiro, C. L.; Huffman, G. P.; Huggins, P. E. Nucl. Instrum. Meth. 
Phys. Res. 1984, 226, 542. 

(68) Scott, R. A. Meth. Enzymol. 1985, 117, 414. 
(69) McMaster, W. H.; Kerr Del Grande, N.; Mallet, J. H.; Hubbell, J. H. 

Compilation of X-ray Cross Secrlons; National Technical Information 
Service, US. Chamber of Commerce: Springfield, VA, 1969; UCRL- 
50174 Sec. 11, Rev. 1.  

(70) Roe, A. L.; Schneider, D. J.; Mayer, R. J.; Pyrz, J. W.; Widom, J.; Que, 
L., Jr. J .  Am. Chem. SOC. 1984, 106, 1676. 

(71) Parr, R. G.; Pearson, R. G. J .  Am. Chem. SOC. 1983, 105, 7512. 
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Figure 2. Variation of Ni XANES spectra of five-coordinate complexes 
as a function of geometry and ligand donor atoms. (A) Trigonal-bipy- 
ramidal geometry: [Ni(Me&en)NCS]NCS (14) (-); [Ni(Me6tren)- 
Cl]Cl (15) (---): [Ni(np3)SH]BPh4 (17) (-); [Ni(pp3)SH]BPh4 (18) 
(---); [Ni(pp3)H]BF4 (19) (---). (B) Pyramidal geometry: [Ni(cy- 
clops)Br] (20) (-): [Ni(cyclops)I] (21) (---): ([Ni(p3)S]2JC104 (22) 
( - e - ) ;  [Ni(NS-SSMe)12] (23) (---). 
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Figure 3. Variation of Ni XANES spectra of four-coordinate complexes 
as a function of geometry and ligand donor atoms. (A) Planar geometry: 
Ni(~yclam)](ClO,)~ (27), N4 (-); [Ni(dmpn)] (31), N2S2 (-); [Ni- 
(NS2SMe)J2 (37h NS3 (---); (Ph4P),[Ni(eW,l (39h S4 (-*-I. (B) 
Tetrahedral geometry: Me4N(NiC14) (42), C 4  (-): (Et,N),[Ni(S- 
C ~ H I C I ) ~ ~  (431, S4 (-*-): I[Ni(pdl2SI(BPh4)2 (44, PIS (---I .  
six-coordinate complexes with various ratio of N- and S-donor 
ligands is shown in Figure 1. This figure shows the presence of 
a peak assigned to a 1s - 3d transition near 8332 eV in every 
case72 and illustrates the changes in the shape of the edge that 
occur as the donor atoms are varied. The shift in the edge energy 
to lower values that occurs upon substituting O,N ligands with 
S-donor ligands is also apparent (range = 2 eV). Figure 2 com- 
pares the edge features of examples of five-coordinate complexes 
with idealized trigonal-bipyramidal and square-pyramidal geom- 
etries. These two geometries are distinguished in most cases by 

(72) (a) Schulman, R. G.; Yafet, Y.; Eisenburger, P.; Blumberg, W. E. Proc. 
Narl. Acad. Sci. U S A .  1976, 73, 1384. (b) Hahn, J. E.; Scott, R. A.; 
Hodgson, K. 0.; Doniach, S.; Desjardins, S. E.; Soloman, E. 1. Chem. 
Phys. Lerr. 1982, 88, 595. 
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Figure 4. Relative areas under 1s - 3d preedge peaks as a function of 
coordination number: = six-coordinate complexes; X = five-coordi- 
nate, pyramidal complexes; 0 = five-coordinate, trigonal-bipyramidal 
complexes; A = four-coordinate, planar complexes; m = four-coordinate, 
tetrahedral complexes. (Numbers refer to compounds in Table 1.) 
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Figure 5. Relationship between the average hardness of the ligands and 
the Ni k-edge energy: = six-coordinate complexes; 0 = five-coordi- 
nate, trigonal-bipyramidal complexes. (Numbers refer to Table I.) 

a shoulder near 8338 eV that is observed in square-pyramidal 
geometry but not in trigonal-bipyramidal complexes. This shoulder 
is due to an absorbance that has been assigned to a 1s - 4p, 
transition (with shakedown contributions) that is observed in 
tetragonal geometries, where one or more axial ligands are ab- 
sent.73 The five-coordinate complexes also exhibit a Is - 3d 
transition near 8332 eV. Figure 3 illustrates the clear differences 
in edge structure that are exhibited by four-coordinate complexes 
with idealized planar and tetrahedral geometry. Spectra obtained 
for planar complexes exhibit a weak 1s - 3d transition and often 
have a resolved maximum associated with the 1s - 4p, transi- 
tion.I7 In contrast, tetrahedral complexes have featureless edges 
but display more intense 1s - 3d tran~iti0ns.l~ The combination 
of a weak 1 s - 3d absorption and a low edge energy in planar 
complexes with two or more S-donor ligands frequently obscures 
the preedge peak associated with this transition. 

The Is - 3d transition is symmetry-forbidden in centrosym- 
metric point group but is expected to gain intensity in geometries 
where pd mixing can occur.7o Thus, the intensity of the peak 
associated with this transition provides another indicator of ge- 
ometry. Figure 4 shows the relationship between the peak area 
and coordination number. The numerical values of the areas are 
shown in Table I. These values are seen to form clusters of points 
around a particular coordination number. There is no obvious 
relationship between low- and high-symmetry complexes of a given 
coordination number and the area of the preedge peak. However, 
relatively large differences exist between the areas characteristic 
of different coordination geometries/numbers. 

(73) (a) Smith, T. A.; Penner-Hahn, J. E.; Berding, M.; Doniach, S.; 
Hodgon, K. 0. J. Am. Chem. Soc. 1985,107,5945. (b) Bair, R. A.; 
Goddard, W. A. Phys. Reu. B 1980, 22, 2767. (c) Kosugi, N.; Yok- 
ohama, T.; Asakura, K.; Kuroda, H. Chem. Phys. 1984,91,249. (d) 
Yokoyama, T.; Kosugi, N.; Kuroda, H. Chem. Phys. 1986, 103, 101. 
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Figure 6. Relationship between the slope (breadth) of the edge and the 
hardness of the ligands: 0 = six-coordinate complexes; 0 = five-coor- 
dinate, trigonal-bipyramidal complexes. (Numbers refer to Table I.) 
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Figure 7. Relationship between maximum normalized intensity of the 
edge and the ligand environment in six-coordinate complexes with N- and 
S-donor ligands. (Numbers refer to Table I.) 

Table 11. Binding Energies for Ni and Donor Atom Electrons 

no. 
5 
6 

10 
11 
40 
41 
33 
29 

- 

Energy, eV 

Ni 2p1/2 Ni 2~~~~ CI 2p N Is 
872.1 854.4 196.9 (Cl) 398.7 
872.7 855.3 196.9 (Cl) 398.9 
871.0 853.6 161.1 (S) 398.9 
871.7 854.3 161.6 (S) 398.9 

855.5 163.7 (S) 
855.8 164.4 (S) 

871.2 853.7 161.7 (S) 397.9 
871.4 854.1 397.9 

S 2p or 

The shapes of the Ni K-edges shown in Figures 1-3 indicate 
that certain features vary in a qualitative, but systematic way, 
depending on the number of S-donor ligands or high-Z ligands 
that can be viewed as “soft” ligands according to hard/soft 
acid/base (HSAB) theory.74 These edge shape variations include 
the maximum normalized intensity of the edge region, the edge 
energy, and the slope of the edge, all of which decrease with 
increasing numbers of S-donor ligands. The systematic variation 
of these features with the nature of the ligand environment is 
illustrated in Figures 5-7 for complexes whose edges are uncom- 
plicated by the presence of a 1s - 4p, transition. 

In addition to the results obtained for Ni(I1) complexes de- 
scribed above, the edge structures of several Ni(II1) compounds 
have also been examined. This was done partly to test the validity 
of using data obtained for Ni(I1) structures to infer geometric 
information regarding the structure of Ni(II1) centers, such as 
those postulated for oxidized forms of Ni centers in H2ases and 
CO dehydrogenase. Figure 8 compares the Ni K-edges observed 
for several pairs of isoleptic Ni( 11,111) complexes. These spectra 
reveal only small edge shifts associated with oxidation of Ni(I1) 
complexes. Figure 9 shows spectra taken on solutions of Ni(II1) 

(74) Pearson, R. G. Survey of Progress in Chemfsrry; Scott, I. A., Ed.; 
Academic Press: New York, 1969; Volume 1, Chapter 1. 
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Figure 8. Edge energy shifts occurring upon oxidation in isoleptic Ni- 
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Figure 9. Comparison of Ni(II1) edges for complexes upon conversion 
from four-coordinate planar geometry to six- or five-coordinate com- 
plexes: (A) [Ni(N202)1- (30) (-1, [N~(NzOZ)(PY)~I- (13) (---I; (B) 
[Ni(N,S,)I- (34) (-1, [N~(NzS~)(PY)I- (24) (- - -1. 

complexes upon conversion from four-coordinate to five- or six- 
coordinate species. These data indicate that the edge features 
that are useful indicators of geometry for Ni(I1) complexes are 
useful for Ni(II1) as well, although the features are broader and 
less distinct. Areas calculated for 1s - 3d transitions of Ni(II1) 
complexes are ca. 50% larger than those of the corresponding 
Ni(I1) complexes. 

Binding energies for Ni and the ligand donor atoms also provide 
some insight into changes in edge energy as a function of oxidation 
state and ligand environment. Data relevant to these relationships 
are found in Table 11. 
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Figure 10. Ni XANES spectrum obtained for T.  roseopersicina hyd- 
rogenase and a comparison with complexes with distorted trigonal-bi- 
pyramidal geometry: T .  roseopersicina Hzase, form C (-); [Ni(np,)- 
SH]BPh4 (17), NP3S (-.-); [Ni(pp3)H]BF, (19), P,H (--); [Ni(pp3)- 

The Ni  K-edge spectrum obtained for 7'. roseopersicina hyd- 
rogenase is shown in Figure 10. The edge obtained for this 
biological Ni site does not show any resolvable features associated 
with either a 1s - 3d or 1s - 4p, transition. Comparison of the 
edge from the hydrogenase with those obtained from the model 
compounds reveals that it most closely resembles edges obtained 
from distorted trigonal-bipyramidal complexes. The edge energy 
and shape are consistent with a mixed-donor ligand environment 
like that proposed on the basis of analysis of the EXAFS spec- 
t r ~ m . ' ~  
Discussion 

A. Ni XANES and Geometry. The XANES regions of the 
X-ray absorption spectra of first-row transition-metal complexes 
have been analyzed by using a combination of theoretical and 
experimental techniques in order to understand the origin of the 
observed  feature^.^^.'^ In the case of Ni(II), two features have 
been assigned to specific electronic tran~iti0ns.l~ A peak observed 
a t  approximately 8-9 eV below the edge has been assigned to a 
1s - 3d transition, and a peak or shoulder that is observed in 
tetragonal complexes lacking one or more axial ligands (four- 
coordinate planar or five-coordinate pyramidal geometries) that 
occurs 1-3 eV below the edge has been assigned to a 1s - 4p, 
transition with shakedown contributions. The 1s - 3d transition 
is a forbidden transition in centrosymmetric point groups but is 
expected to gain intensity due to p-d mixing in noncentrosym- 
metric geometries.70 This would be expected to lead to relatively 
small peaks associated with six-coordinate and four-coordinate 
planar geometries and a relatively intense absorption for tetra- 
hedral complexes. It would also predict a range of peak areas 
for a given coordination number, dependent on the amount of pd 
mixing allowed by the geometries involved. The combination of 
the presence or absence of a 1s - 4p, transition and the apparent 
intensity of the 1s - 3d transition has been employed to predict 
the geometry of Ni  in several model compounds." These com- 
pounds are mostly simple complexes with only one set of donor 
atoms. We find that these geometry predictions are readily ex- 
tended to Ni(I1) complexes with mixed-ligand environments and 
to five-coordinate complexes in both idealized trigonal-bipyramidal 
and pyramidal geometries (Figures 1-3). 

Figure 4 shows the areas of the peaks assigned to Is - 3d 
transitions in a number of compounds, relative to the area obtained 
for the peak observed in the spectrum of (Me4N),[NiCI4]. It is 
clear that the points fall into regions that are characteristic of 

SHIBPh4 (18), P4S (---). 

(75) Maroney, M. J.; Colpas, G. J.; Bagyinka, C. J .  Am. Chem. Soc. 1990, 
112. 7067. 

(76) (a) Alema, S.; Bianconi, A.; Castellani, L.; Fasella, P.; Giovannelli, A,; 
Mobillo, S.; Oach, B. J .  Mol. Bid .  1983, 165, 125. (b) Durham, P. 
J.; Pendry. J. B.; Hodges, C. H. Solid State Commun. 1981, 38, 159. 
(c) Durham, P. J. X-ray Absorpiion: Principles, Applications, Tech- 
niques of EXAFS, SEXAFS, and XANES; Koningsberger, D. C., Riru, 
R., Eds.; John Wiley and Sons: New York, 1988; Chapter 2. (d) 
Bianconi, A. Ibid., Chapter 11. 
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each coordination number and that the relative area can also 
distinguish between planar and tetrahedral four-coordinate 
idealized geometries. These two four-coordin,ate geometries lie 
at the extremes of the areas observed for thp Is - 3d peaks. 
Planar complexes feature weak absorbances with relative peak 
areas falling into the 0.0-0.23 range, while the peaks observed 
for complexes of more tetrahedral geometry fall in the range 
0.70-1 .O. The six-coordinate complexes display relatively fea- 
tureless absorption edges with weak Is - 3d transitions (Figure 
1). The relative peak areas observed for Ni(I1) six-coordinate 
complexes fall in a range 0.09-0.35 (Figure 4). This range is 
similar to the range observed for four-coordinate planar complexes 
and indicates that these two geometries cannot be distinguished 
by this criterion alone. However, Figure 3 reveals that spectra 
of planar complexes feature a strong absorption ataca. 8338 eV 
(1s - 4p,) that is not observed in six-coordinate complexes. Thus, 
a relative Is - 3d peak area of ca. 0.2 indicates either a planar 
four-coordinate or six-coordinate Ni(I1) center, which may be 
further distinguished by the presence or absence of a Is - 4p, 
transition. A similar situation exists in five-coordinate geometries. 
The area under the 1s - 3d peak of both trigonal-bipyramidal 
and pyramidal complexes falls in the range 0.37-0.83. However, 
Figure 2 demonstrates that only spectra of pyramidal complexes 
reveal features associated with a 1s - 4p, transition, while 
trigonal-bipyramidal complexes have featureless edges similar to 
six-coordinate complexes. Although the range of the peak areas 
of five-coordinate complexes is nearly large enough to include the 
largest areas for six-coordinate complexes and the smallest areas 
for tetrahedral complexes, most of the five-coordinate complexes 
center around a peak area of 0.6, which is easily distinguished 
from the other two coordination numbers. 

Within a particular group of compounds (e.g. six-coordinate 
complexes), there are both high- and low-symmetry examples. 
However, no clear relationship exists between the local symmetry 
of the Ni center and the variations in preedge peak areas that are 
observed. For example, both compounds 2 and 3 are both six- 
coordinate complexes with nearly octahedral local symmetry but 
lie a t  the two extremes of the areas observed for six-coordinate 
compounds. Similarly, the highly distorted complexes 8 and 9, 
with N3S3 donor atom sets (ideally C,, symmetry), have areas 
of 0.16 that are near the average value for six-coordinate com- 
pounds (0.20), despite the fact that p-d mixing is allowed in this 
point group. It is possible that other factors, including the errors 
arising from the background correction and area calculations, are 
larger than the variation of p-d mixing that occurs in complexes 
of different symmetry but similar geometry. 

In four-coordinate planar complexes with large numbers of 
S-donor ligands, it is frequently not possible to observe the peak 
assigned to a Is - 3d transition. This arises from the combination 
of the low intensity of the peak in these compounds, another 
feature ( 1  s - 4p,) near the preedge peak, and the shift to lower 
edge energy induced by the S-donor ligands. In these cases, 
predictions of four-coordinate planar or five-coordinate pyramidal 
geometry are possible but cannot be clearly distinguished. With 
the exception of four-coordinate planar geometries with two or 
more S-donor ligands, the determination of geometry using 1s - 
3d peak areas in combination with the presence or absence of a 
Is - 4p, transition (with shakedown contributions) appears to 
be an accurate indication of coordination number/geometry that 
is relatively insensitive to the nature of the ligand donor atoms. 

B. Ni XANES and Ligand Environment. Information regarding 
the nature of the ligand donor atoms in a Ni(I1) complex can be 
obtained from the analysis of other edge features. For example, 
a general shift to lower edge energies is observed for complexes 
with increasing numbers of S-donor ligands. This is consistent 
with the notion that as more polarizable ligands are added to the 
Ni coordination sphere, the positive charge density on the Ni atom 
decreases, leaving the center easier to oxidize. This reduction of 
the effective charge of the Ni center by the ligands is reflected 
in expressions used to evaluate the effective charge (vide infra). 
This phenomenon has been observed many times but is difficult 
to quantitate in compounds with mixed-ligand environments 
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without detailed molecular orbital calculations. However, in a 
series of Ni(I1) compounds we have observed that there is a 
correlation between the average “hardness” of the ligands, as 
determined by the Parr and Pearson absolute hardness scale,” 
and the edge energy of six-coordinate and five-coordinate trigo- 
nal-bipyramidal complexes, absorption edges that are uncom- 
plicated by 1s - 4p, transitions (Figure 5 ) .  This relationship is 
also apparent in some planar four-coordinate complexes, where 
the lower energy transition is sufficiently resolved to enable the 
edge energy to be determined. Thus, the determination of the 
edge energy helps to place limits on the number of hard and soft 
donor atoms that can be bound. 

Similarly, increasing covalency in metal-ligand bonds leads to 
an edge broader than that observed for simple N,O-donor ligands.” 
We have defined a crude “edge slope” to be the slope of a linear 
fit of the edge between normalized absorbance values of 0.2 and 
0.8. This region is uncomplicated by additional edge features in 
all geometries except planar four-coordinate and five-coordinate 
pyramidal geometries. The slope of an edge from a complex 
containing only 0,N-donor ligands is about twice as steep as that 
observed for complexes containing only P,S-donor ligands. A plot 
of the edge slope vs the average hardness of the ligands, shown 
in Figure 6 for six-coordinate and five-coordinate trigonal-bipy- 
ramidal geometries, reveals a trend toward decreasing slope with 
decreasing hardness. Fits of a smaller part of the edge in four- 
coordinate planar complexes reveal the same trend, but more 
scatter in the data exists due to the smaller number of points that 
are used to determine the edge slope. 

The maximum intensity of the edge region of the XANES 
spectra of Ni(I1) complexes is also sensitive to the ligand envi- 
ronment. In Figure 7, a series of six-coordinate complexes with 
mixed N,S ligation reveals a linear relationship between the 
number of N-donor (or S-donor) atoms in the first coordination 
sphere and the maximum normalized absorbance. The trend is 
for decreasing absorbance with increasing numbers of S-donor 
ligands. This same trend is observed for complexes with other 
geometries, although no linear relationship between the number 
of S-donor ligands and the edge height can be discerned. Clearly, 
other factors may also contribute to the shape of the absorption 
edge. 

Figure 2 contains an example of a five-coordinate Ni(I1) hydride 
complex (19). Comparison of the edge features associated with 
this complex and the edges of compounds 17 (an NP3S donor set) 
and 18 (a P$ donor set) indicates that the presence of the hydride 
ligand has roughly the same effect on the spectrum as the sub- 
stitution of a P-donor by an N-donor (soft for hard). Figure 5 
shows that the position of the hydride complex in the energy vs 
hardness correlation is appropriate for the value of the hardness 
calculated for the hydride ligand, which is indicative of a hard 
donor atom. The presence of a hydride ligand clearly has an effect 
on the edge structure of this Ni complex, although it does not 
contribute to the EXAFS spectrum.77 

C. Ni XANES and Oxidation State. Five pairs of isoleptic 
Ni( II)/(III) complexes were examined in order to investigate the 
nature of the oxidized Ni complexes and the reliability of in- 
formation obtained from Ni(I1) models applied to Ni(II1) com- 
plexes. A comparison of the edges obtained for the Ni(II/III) 
pairs is shown in Figure 8. The shifts in edge energy upon oxi- 
dation are small and range from ca. 0 in the case of Ni(mnt)22-/- 
(40,41) to 1.3 eV in compounds 29 and 30. It has been shown 
from theory that the shift in X-ray absorption edge energy (AE) 
is related to the effective nuclear char e seen by an electron on 
the metal atom in the final level (Z&“J and the effective charge 
( 4 )  on the metal atom by eq 1, where af is a constant related to 

(1) AE = 2a~Z,$“‘q + am2 
the quantum defect.’* The charge on the metal atom is not a 
simple function of formal oxidation state but is also dependent 

(77)  Maroney, M. J.; Colpas, G. J. Unpublished results. 
(78) Sarode, P. R.; Ramasesha, S.; Madhusudan, W. H.; Rao, C. N. R. J .  

Phys. C 1979, 12, 2439. 
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on the nature of the ligands present.79 In thecase of the study 
cited, q was calculated by the method of Suchet et al. according 
to eq 2, where 2 is the total number of electrons, r is the ionic 

(2) 

radius, n is the oxidation number of the metal center, and the 
primed values refer to the analogous quantities for the anion in 
the binary compounds studied. The operational definition of 
absolute hardness is half of the difference between ionization 
potential and electron affinity, quantities related to r’and Z’, which 
constitute the theoretical basis for the correlations, with ligand 
hardness (vide supra) in the absence of a change in formal oxi- 
dation state of the metal. 

Although AE generally increases with formal oxidation state, 
there is no direct relationship between X-ray absorption edge 
energy and formal oxidation state. In fact, the edge energy shifts 
due to oneelectron oxidations in this series of Ni(II/III) complexes 
are significantly less (ca. 33%) than those observed in Ni(I1) 
complexes upon changing the ligands from 0,Ndonors to S-donors 
(Table I). Thus, edge energy shifts as a indication of oxidation 
state changes are meaningless in the absence of specific knowledge 
of the ligand environment and any changes therein. Instead, shifts 
in edge energy reflect changes in the effective charge on Ni. This 
relationship (eq 3) has been demonstrated for Ni complexes in 

(3) 

formal oxidation states from 0 to IVa0 and has a parabolic form 
similar to eq 1. In the case of Ni(mnt)2--- complexes, where little 
structural change occurs upon oxidation,@’ the lack of a significant 
shift in the edge energy indicates that little or no increase in charge 
occurs for Ni in these complexes upon oxidation and is consistent 
with the notion that the Oxidation (loss of electron density) involves 
an orbital that is largely localized on the ligand. This result is 
consistent with Xa calculations*’ and X-ray photoelectron spec- 
troscopic studiesa2 of the electronic structure of these complexes. 
The larger shifts observed for other complexes (Table 11) indicate 
that oxidation of these complexes involves a molecular orbital with 
more Ni character. It is worth noting that larger values of AE 
upon oxidation are usually associated with ligands containing 
mostly 0,N-donor atoms. 

Additional insights into the electronic structure of the Ni(II1) 
complexes can be obtained by using X-ray photoelectron spec- 
troscopy (XI’S). The use of metal 2p binding energies to examine 
changes in effective charge ( q )  has advantages over the use of 
X-ray absorption data. The XPS measurements are not encum- 
bered by the difficulty of determining the edge energy, particularly 
in the presence of complex edge structure, and should be more 
sensitive to changes in the number of valence electrons. The XPS 
technique also allows the binding energy changes of electrons on 
the ligand donor atoms to be easily determined. That both 
techniques are measuring changes in effective charge is reflected 
by the linear relationship observed between values of AE from 
XAS measurements and 2p3 binding energies from XPS.76*ao 

Table I1 contains the binding energies of the Ni and ligand 
donor atoms in several complexes. Three pairs of isoleptic Ni- 
(II/III) complexes allow the effect of oxidation state changes to 
be addressed. In general, a ligand environment composed of 
largely hard 0,N-donor ligands leads to a substantial change in 
the binding energy of the Ni electrons upon oxidation. The ligand 
donor atoms are not greatly affected (e.g. 5 and 6). In contrast, 
ligand environments featuring S-donor ligands lead to smaller 
changes in the binding energy of Ni 2p electrons and larger 
changes in donor atom binding energies. In the case of the mnt 
ligand, little change in binding energy for the Ni center is observed 

q = n[l - 0.01185(Z/r’+ Z’ / r ) ]  

AE = aq + bq2 

(79) Suchet, J .  P.; Bailly, F. Ann. Chim. 1965, 10, 517. 
(80) Manthiram, A.; Sarode, P. R.; Madhusudan, W. H.; Gopalakrishnan, 

J.; Rao, C. N. R. J. Phys. Chem. 1980.84, 2200. 
(81) Sano, M.; Adachi, H.; Yamatera, H. Bull. Chem. SOC. Jpn. 1981,54, 

2636. 
(82) Lalitha, S.; Chandramouli, G. V. R.; Manoharan, P. T. Inorg. Chem. 

1988, 27. 1492. 
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upon oxidation, while large changes in binding energies of the 
S-donors are observed. This confirms previous results, which were 
interpreted as evidence for ligand oxidation in preference to 
metal-centered oxidation in this With binding en- 
ergies as a criterion, compounds 10 and 11 represent cases that 
are closer to Ni-centered oxidation than to ligand-centered oxi- 
dation, although changes in the binding energy on S are also 
apparent. The metal-centered nature of the oxidation of 10 is 
a natural consequence of the high symmetry of the molecule 
(unpaired spin density may be delocalized over four equivalent 
sulfur centers and the Ni atom) and a decrease in the electron- 
donating properties of thiocarboxylate sulfurs vs alkanethiolates. 
This latter effect is also apparent in the correlations between edge 
energy and edge slope with the average ligand hardness (Figures 
5 and 6). Figure 5 reveals that the point lying furthest off the 
least-squares fit of the data is compound 10, which lies substan- 
tially below the line. This is undoubtedly due to the fact that the 
thiocarboxylate donors are not as soft as the HS- ligand, whose 
hardness value was used to compute the hardness of negatively 
charged S-donor ligands. 

Two complexes with similar ligands differing in 0- vs S-donor 
atoms provide some insight into changes in binding energy induced 
by the donor atoms. As expected, these two compounds show a 
slightly increased binding energy for Ni in the complex lacking 
S-donor ligands. 

The edges obtained for the Ni(II1) complexes are broader than 
those of the corresponding Ni(I1) complexes, indicative of in- 
creased covalency. The edge structures useful in determining 
geometry in Ni(I1) complexes are retained in the Ni(II1) com- 
plexes, although the increased breadth of the edge makes these 
features less distinct in the Ni(II1) complexes. Nonetheless, these 
features remain accurate indicators of geometry. The Ni( 111) 
compounds 30 and 34 are known to add pyridine ligands in solution 
to form six-coordinate and five-coordinate pyramidal complexes, 
re~pectively.~~ This has been clearly shown by using EPR spectra 
that reveal hyperfine structure arising from two axial N-donors 
in the case of 13 and only one axial N-donor in the case of 24. 
These changes in coordination are reflected in the edge structures 
of the compounds (Figure 9). Compound 30 shows the loss of 
the shoulder associated with the Is - 4p, transition upon adding 
two pyridine ligands to become six-coordinate. In the case of 34, 
the conversion to five-coordination is reflected by a decrease in 
the intensity of the same feature. 

Direct comparison of the areas of the peaks assigned to Is - 
3d transitions of the two Ni(II/III) pairs where this feature is 
clearly visible (Table I) reveals that the peak areas for the Ni(II1) 
complexes are roughly 50% bigger than in the corresponding 
Ni(I1) complex. This increase in peak area upon oxidation is 
expected to occur due to an increase in the number of d-orbital 
holes from 2 to 3. Similar trends can also be seen between metals. 
For example, the peak areas obtained from high-spin Fe(II1) 
comple~es’~ are 2-3 times larger than the peak areas obtained 
for Ni(I1) complexes of the same geometry. This increase is close 
to the factor of 2.5 expected for increasing the number of d-orbital 
holes from 2 to 5. For this reason, the area of the preedge peak 
cannot be interpreted without knowledge of the oxidation state 
of the metal center. 

D. Application of Ni XANES to the Structure of Ni Sites in 
Hydrogenase. The edge spectrum shown in Figure 10 was obtained 
on a sample of T. roseopersicina hydrogenase that was poised in 
form C prior to data collection. Form C is a key intermediate 
in the reversible oxidation of H2. It lies two electrons reduced 
from oxidized (as isolated) forms of the enzyme and displays an 
S = EPR ~ignal .~’  This EPR signal has been attributed to 
a formally Ni(1) or Ni(II1) center,8s with either possibly 

(83) Cammack, R.; Bagyinka, C.; Kovacs, K .  L. Eur. J .  Biochem. 1989,182, 
357. 

(84) van der Zwaan, J.; Albracht, S. P.; Fontijn, R. D.; Slater, E. C. Febs 
Lett. 1985, 179, 271. 

(85) Teixeira, M.; Moura, I.; Xavier, A. V.; Huynh, B. H.; DerVartanian, 
D. V.; Peck, H. D., Jr.; LcGall, J.; Moura, J. J. G. J. Biol. Chem. 1985, 
260, 8942. 
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involving a hydride82,83 or dihydrogen ligand.86 Studies of edge 
energy shift upon reduction of the Ni center in Desulfovibrio gigas 
H2ase do not reveal any substantial energy shift until the full 
reduced state (one electron below form C) is reached,I7 and this 
shift is on the order of 2 eV. These data suggest that no significant 
change in the effective charge on Ni occurs upon reduction until 
the lowest oxidation state of the center is reached. The magnitude 
of this shift is larger than has been observed in any of the isoleptic 
Ni(I1,III) pairs that we have examined (particularly those with 
S-donors) and might be more appropriately attributed to a change 
in ligation. Without additional information, it is not possible to 
clearly distinguish between these two possibilities. Given the 
presence of several S-donor ligands in the Ni site (vide supra)’j 
and the data presented above, it is unlikely that a substantial 
change in the electron density of the Ni site from that typical of 
nickel(l1) thiolates occurs during redox cycling of this enzyme. 
Thus, the use of Ni(l1) models to examine the structure of the 
edge in H,ase form C is valid, particularly given the presence of 
the same general structure of Ni(II1) edges. 

The edge obtained for T.  roseoperisicina Hzase form C does 
not reveal either a peak or a distinct shoulder in the 8338-eV region 
that would be characteristic of a four-coordinate planar complex. 
Also, no evidence for a strong 1s - 3d transition is visible near 
8332 eV. This rules out a four-coordinate center and leaves as 
the possibilities both five-coordinate geometry and six-coordinate 
structures. The lower energy region of the edge does have a 
significantly different slope, a feature that is strongly reminiscent 
of edges observed for distorted trigonal-bipyramidal model com- 
plexes (Figure 2). A comparison of the edge obtained from the 
Ni site in the enzyme with those obtained from distorted trigo- 
nal-bipyramidal models is shown in Figure 10. The edge obtained 
for a complex with a PIS donor set (all soft) is clearly distinct 
from that obtained for the enzyme. The edges obtained for a 
distorted trigonal-bipyramidal complex having a NP3S or P4H 
donor atom set (one hard and four soft donors) bear strong re- 
semblances to the XANES spectrum of the enzyme site. The 
lower maximum absorbance for the model compounds relative 
to the enzyme probably reflects the presence of more hard donor 
ligands in the biological site. The edge energy (8339.7 eV) 
corresponds to an average ligand hardness of 5.35 from the data 
in Figure 5. This value requires a large number of soft donors 
and/or negatively charged donors in the Ni coordination sphere. 
Given the involvement of S-donor ligands detected in the EXAFS 
spectrum7j and a five-coordinate geometry, the hardness is closest 
to a value of 5.26 calculated for a complex composed of two 
thiolates, two anionic 0-donors, and one neutral N-donor or one 
thiolate and four anionic 0-donor ligands (5.30). Since a neutral 
N-donor and a hydride have very similar hardness parameters (6.9 
vs 6.8), a hydride can be substituted for an N-donor with a similar 
result. 

Comparison of the edge data obtained for T. roseoperisicina 
hydrogenase form C with the edge data published for reduced D. 
gigas hydrogenase” indicates that the latter enzyme has more 
S-donor ligands. The breadth of the edge and maximum nor- 
malized absorbance in the edge region (1 .O) are clearly indicative 
of a ligand environment that is composed largely of S-donor 
ligands. This result is in agreement with the analysis of the 
EXAFS spectrum of the Ni center in this enzyme. The edge 
obtained for T. roseopersicina bears more resemblance to the edge 
obtained for the as isolated form of the enzyme from Desulfooibrio 
baculatus, an Fe,Ni,Se hydrogenase, where EXAFS analysis 
reveals evidence of S-, Se-, and 0,N-donor ligands.12 This edge 
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also features the change in slope at  low energy that is a feature 
of distorted trigonal-bipyramidal complexes and might arise from 
the presence of a 1 s - 4p, transition that could become apparent 
with a distortion toward pyramidal geometry. 
Conclusion 

The ability to use the XANES region for structural predictions 
in Ni complexes with mixed-ligand donor atoms has been exam- 
ined and extends the information available from the analysis of 
EXAFS. EXAFS contains no information regarding geometry 
about the absorbing atom, and the number of scattering atoms 
is poorly determined. The XANES data accumulated from the 
Ni complexes examined in this work show that the predictions 
of coordination number/geometry based on the edge structure 
analyses of Scott et al. are useful, even in cases of low symmetry. 
However, these features become difficult to distinguish in com- 
plexes with large numbers of S-donor ligands (Le. low edge en- 
ergy). The area under the 1s - 3d transition is particularly useful 
in narrowing the possibilities of coordination number/geometry, 
since it appears to be relatively insensitive to mixed-ligand en- 
vironments and distortions from ideal geometry. In addition, 
correlations between edge energy, edge slope, or the maximum 
absorbance of the edge region of the spectra and the average 
hardness of the ligand environment are useful in determining the 
number of hard vs soft donor atoms present. This provides a useful 
check of information concerning the nature of the ligand envi- 
ronment obtained from EXAFS analysis. 

A comparison of the XANES regions of isoleptic Ni(II/III) 
pairs reveals that, in general, the Ni(II1) features are broader and 
less distinct. Nonetheless, the same features still serve as useful 
indicators of changes in geometry. Edge energy shifts obtained 
for the same pairs of complexes reveal only small shifts to higher 
energy occur upon oxidation. Thew shifts are much smaller than 
those observed for changes in the ligand environment of Ni(I1) 
complexes. Thus, without specific information regarding the 
nature of the ligand environment, edge energy cannot be used to 
determine formal oxidation state and edge energy shifts are not 
particularly useful indications of changes in formal oxidation state 
of the metal center. 

XPS spectra were used to examine the binding energy of 
electrons on the Ni center and the donor atoms. These data reveal 
a trend toward increasing ligand oxidation in complexes with 
S-donor atoms. These data are in agreement with the small or 
nonexistent edge energy shifts that occur upon oxidation of Ni(I1) 
complexes with S-donor ligands, including the Ni site in hyd- 
rogenase in all but the most reduced form, and suggest a sub- 
stantial role for the S-donor ligands in the redox chemistry of the 
Ni site in hydrogenases. 
On the basis of the results of this model study, an analysis of 

the Ni K-edge XANES spectrum obtained from a sample of T. 
roseopersicina hydrogenase is consistent with a distorted trigo- 
nal-bipyramidal geometry composed of a mixture of 0 , N -  and 
S-donor ligands for this biological Ni site. 
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