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ZORA relativistic DFT calculations are presented which aim to reproduce geometric structures and EPR properties
of [Ni(mnt)2]- (H2mnt ) maleonitrildithiol), two other paramagnetic low-spin Ni(III) complexes, and an asymmetric
paramagnetic Co(II) complex. The study tests the accuracy of the computational method as a prior step to the
modeling of the geometric and electronic structure of the active site of NiFe hydrogenases in its EPR-active oxidized
states Ni-A and Ni-B. Systematic deviations from experiment are found for the calculated g-values; relative differences
among them are, however, well reproduced. Because no significant improvements have been achieved by using
larger basis sets or more sophisticated functionals, g-values may be calculated rather rapidly at the VWN level.
This is most important for the modeling of the active site of NiFe hydrogenases because its complexity does not
permit calculations at high levels of theory. For [Ni(mnt)2]-, excellent agreement between calculated and experimental
results is obtained for the 14N quadrupole coupling, whereas the calculated hyperfine couplings are not always in
good agreement with experimental data.

Introduction

Enzymes that catalyze the reversible oxidation of molec-
ular hydrogen are called hydrogenases. Besides containing
several iron atoms, many of them contain a redox active
nickel ion.1 Many aspects of the enzyme operation mecha-
nism and the underlying electronic structure features are ill
understood, so that their elucidation by theoretical methods
is of great interest. Several density functional (DFT) studies
on the active site of these enzymes have been published
recently.2 However, the various computational models differ
considerably, and none of the proposed mechanisms has been
generally accepted.

It seems that most of the DFT approaches used so far are
not very sensitive toward small changes of geometric and/
or electronic structure. Besides geometric parameters, the
energetics of hydrogen activation2a,b,e,i and the infrared

frequencies of the diatomic ligands bound to the Fe center2e-g

have been used to verify the computational models. On the
other hand, some of the best characterized properties of these
enzymes are the parameters obtained by EPR (and ENDOR)
spectroscopy.1,3 These are very closely related to the
electronic structure and are expected to depend sensitively
on the protonation state, which cannot be determined from
X-ray diffraction data. However, the theoretical calculation
of g-tensors is not trivial. For decades, simple second-order
perturbation theory has been used, which can be applied to
either semiempirical or ab initio calculations but has
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shortcomings as it requires, among other things, a good
evaluation of electronic excitation energies.4 More recently,
a more sophisticated approach, still within a perturbation
theory scheme, has been used by Schreckenbach et al. but
has not yet been implemented in commercially available
software.5

An alternative for systems with one unpaired electron has
been developed by van Lenthe et al. in which the spin-
orbit interaction was included in the Hamiltonian of a spin-
restricted relativistic DFT method.6 The currently available
implementation of this method allows for the calculation of
g-tensors as well as of the parameters quantifying the
hyperfine coupling (A-tensors)7 and nuclear quadrupole
interactions (P-tensors)8 that can be determined experimen-
tally by EPR and ENDOR techniques. Until recently, this
method has been applied only to some small model com-
pounds and a handful of transition metal complexes,6,9 most
of them of the simple d1 type. During the preparation of this
manuscript, however, a first study on two paramagnetic Ni
complexes (one Ni(III) and one Ni(I)) using the same method
appeared,10 followed by another study by the same group
on active site models of NiFe hydrogenases.11 In the present
paper, we primarily test whether paramagnetic Ni(III)
complexes containing heavy ligands, and especially their
EPR parameters, can be described properly with this new
DFT method, as it is generally considered that the so-called
Ni-A and Ni-B states of the active site of NiFe hydrogenases,
for which EPR/ENDOR parameters have been determined
in detail, are Ni(III) states.1,3 In addition, we present
calculations of a low symmetry paramagnetic Co complex,
as the active site of these enzymes is asymmetric.12 To get
an idea of the accuracy of the obtained values and their
dependence on (a) the size of the basis set, (b) the density

functional, and (c) the geometrical data, we have performed
extensive calculations on the Ni and Co complexes given in
Figure 1: the planar anions [Ni(mnt)2]- (H2mnt ) maleoni-
triledithiol) (1) and [Ni(mp)2]- (H2mp ) 2-mercaptophenol)
(2), the five-coordinated neutral complex Ni(NCN’)Cl2

(NCN’ ) C6H3(CH2NMe2)2-o,o’) (3), and the anionic cobalt
complex [CpCo(dith)]- (Cp ) cyclopentadienyl and dith)
pyridin-4-yl-ene-1,2-dithiolate) (4). Calculated geometries
andg-tensors as well as hyperfine and quadrupole couplings
are compared with available experimental data.

Methods

All calculations were done with the Amsterdam density func-
tional (ADF) program package13 using Slater-type orbitals and the
ZORA (zeroth-order regular approximation) relativistic method.14

The different parameters used to evaluate the computational models
require slightly different computational approaches. Particularly,
the two components of the hyperfine coupling tensorA, namely
the isotropic (scalar) componentaiso and the anisotropic component
T, are taken here from different calculations, as will be explained
in more detail later. Scalar relativistic calculations were carried out
employing either spin-restricted (open shell) wave functions (in
geometry optimizations) or spin-unrestricted wave functions (mainly
for the determination of isotropic hyperfine couplingsaiso, but also
for that of spin densities, which are taken from a Mulliken
population analysis, and quadrupole couplings). On the other hand,
the calculations ofg- and T-tensors, which included spin-orbit
interactions, employed spin-restricted (open shell) wave functions
exclusively.

A double-ú basis set without polarization functions was used in
most of the spin-restricted calculations. Here, it is referred to as
basis A or A′ depending on the treatment of nonvalence orbitals:
in the former, the core orbitals are frozen, whereas the latter is a
full electron basis set. A larger basis set, which is triple-ú throughout
and includes one polarization function for all atoms except Ni and
Co, was also used, primarily in the spin-unrestricted calculations;
it is further referred to as basis set B (frozen cores) or B′ (full
electron). These basis sets A/A′ and B/B′ are those designated in
ADF as standard basis sets II and IV, respectively.15

The density functionals employed are all based on the VWN
local density functional parametrized by Vosko et al.16 BLYP17,18
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Figure 1. Schematic representations of the model complexes1-4 used in the calculations. Hydrogen atoms are not shown.
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and BP (Becke-Perdew)17,19gradient corrections were also tested.
Additional details about the computational parameters are given in
the corresponding subsections.

Detailed structural and EPR data are available for the anions
[Ni(mnt)2]- (H2mnt) maleonitrildithiol) (1)20 and [Ni(mp)2]- (H2-
mp ) 2-mercaptophenol) (2).21 The neutral complex [Ni(NCN′)-
Cl2] (NCN’ ) C6H3(CH2NMe2)2-o,o’) (3) has been also charac-
terized by EPR spectroscopy, but structural data are only known
for the analogous iodine derivative.22,23 All three complexes can
be regarded as Ni(III) d7 low-spin systems with one unpaired
electron and can thus be treated within the spin-restricted formalism.
Because the X-ray structures of these complexes show only small
deviations from idealized symmetry, most calculations have been
performed on symmetrized geometries (D2h, C2V, andCs for 1, 2,
and3, respectively) that were obtained from the experimental ones
using a utility included in the Cerius2 program package.24

EPR data of [CpCodith]- (4) are used which were obtained in
tetraethylene glycol frozen solution (77 K).25 X-ray data were not
accessible, and consequently, a model construction was employed
as starting point for a full geometry optimization. The energetically
minimized structure was then used for the EPR calculations.

Results and Discussion

[Ni(mnt) 2]-. [Ni(mnt)2]- (1) has been experimentally
characterized in full detail in (frozen) solution and in the

crystalline state (as (Et4N)- and (n-Bu4N)-salt). Besides the
g-values, the principal values of theA-tensors of61Ni and
all ligand atoms (for the nuclei13C, 14N, 15N, and33S) are
known.20,26 The hyperfine tensors have been studied by
Hayes, using a DFT method different from ours;27 very
recently, also the ZORA method used in the present work
was applied to complex1 by Stein et al.10 Our first aim here
was to find the least costly way of calculating accurate
structural and magnetic resonance parameters (in order to
apply the same procedure to the much bigger models of the
hydrogenase active site). Consequently, the results presented
later are similar but not identical to those of Stein et al.,
who used mainly large full electron basis sets.

Geometric Structure. Selected bond lengths taken from
the experimental structure and from the corresponding
symmetrized one are compared with calculated values in
Table 1. Symmetrization clearly does not change the relevant
geometric characteristics (nor does it affect theg-values).
Consequently, the geometry optimizations were carried out
on D2h symmetric structures. In these optimizations, a
significant effect was found when changing the size of the
basis set or the density functional. Without gradient correc-
tions, basis set A already yields acceptable agreement with
experimental data. Particularly, the Ni-S bond length, which
is most important for the resultingg-values, is calculated
well. On the other hand, the bigger basis set B yields a Ni-S
bond length that is clearly too short.

It is well-known that the inclusion of gradient corrections
improves the accuracy of DFT calculations in terms of
thermodynamic properties, for example, bonding energies.
Usually, it also leads to better bond lengths and thus to a
more accurate molecular geometry. We tested the BLYP and
BP gradient-corrected functionals and found substantially
longer bond lengths (data not shown) than in the correspond-
ing calculations without gradient corrections, which reflects
a well-known trend.28 However, the Ni-S bond length is
calculated to be too long when gradient corrections are
included, particularly with basis set A. Actually, the com-
bination of the VWN local density functional and basis set
A yields geometric data that are almost as close to the
experimental data (the average deviation is 0.03 Å in bond
lengths and 0.6° in angles) as the best values obtained with
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Table 1. Bond Lengths andg-Values for [Ni(mnt)2]- (1) from Spin-Restricted Calculations

bond lengths [Å] g-valuesd

geometry methoda Ni-S S-C1 C1-C1 gx gy gz

exptlb 2.147-2.151 1.705-1.727 1.367-1.370 2.14 2.04 1.99
exptl VWN, A 2.096 2.030 1.977

VWN, B 2.086 2.029 1.975
symmetrizedc VWN, A 2.149 1.720 1.368 2.097 2.030 1.976

VWN, B 2.086 2.029 1.974
optimized VWN, A 2.166 1.792 1.370 2.112 2.032 1.979

VWN, B 2.117 1.719 1.380 2.077 2.029 1.974

a A, B refer to the basis set used.b The bond lengths have been taken from ref 20b. Theg-values given are those measured in a frozen solution of1 in
DMSO/CHCl3.20c c The distances given here are those obtained by symmetrization of the experimental data referred to previously.d The gz principal direction
coincides with the normal to the molecule plane, while the gy direction is perpendicular to the symmetry plane which does not intersect the ligands.
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gradient corrections (using basis set B and BLYP). Besides,
it is much less costly with respect to the computational effort.

Comparison with recent work shows that a slight improve-
ment of some of the calculated structural parameters,
particularly the S-C1 bond length, can be achieved using a
combination of a large full electron basis set and the BP
functional.10 However, the resulting effect on calculated
g-values (see later) and the electronic structure is small and,
from our point of view, does not justify the dramatic increase
of computation time that will result when larger and/or less
symmetric structures, for example, hydrogenase active site
models or complexes3 and4, have to be calculated.

g-Values. The calculated electronic structure is fully
coincident with that described in great detail by Stein et al.;10

that is, the SOMO is largely delocalized over the four sulfur
atoms and the central Ni atom (mainly in its dyz orbital, as
already proposed by Maki et al.20a). Examining Table 1, we
find that virtually identicalg-values are calculated for the
symmetrized and the experimental structure. Although it is
well-known thatg-values are very sensitive to structural
changes, the result is not surprising in this case given the
small deviation of the X-ray structure fromD2h symmetry.
This justifies our decision to use a symmetric starting
structure in the geometry optimizations. Table 1 further
demonstrates that, within the VWN local density method,
the smaller basis set A systematically yields higher (and thus
better)g-values than basis set B, in agreement with previous
work.10 In the case of the two optimized structures, the
differences are particularly big because the calculated Ni-S
distances are very different.

The inclusion of gradient corrections generally did not
improve theg-values. Only small improvements of 0.002-
0.006 were found forgx. This is in full accordance with
earlier results, which indicated that the use of the small basis
set A and the VWN functional yields satisfying results
regarding both geometries andg-values.9a,c Also, the use of
the frozen core approximation does not affect theg-values:
we found differences smaller than 0.001 between full electron
basis sets A′ and B′ and basis sets A and B, respectively.
Therefore, most of the spin-restricted calculations described
later, either within the spin-orbit or the scalar relativistic
approach (forg- andT-tensor calculations and for geometry
optimizations, respectively), were done at this computational
level (VWN and basis set A), which performs equally well
as the method chosen by Stein et al. (BP and a large full
electron basis set).10

One important result to be noted is that all calculated
g-values in Table 1 are smaller than the experimental values.
This is most pronounced forgx, which was expected because
it shows the greatest deviation∆g from the free electron
value ge ) 2.0023. However, the relative error, which we
may define as [1- (∆gcalcd/∆gexptl)] × 100%, is similar for
gx and gy (g21%). Note that the valuegz does not follow
that rule: it is calculated to be significantly smaller than the
free electron value although the experimental value is rather
close toge. Still, the agreement with the experiment can be
considered remarkably good for all threeg-values in view

of the results recently obtained with the same method for
another planar d7 system, an iron(I) porphyrin.9b

Hyperfine Coupling. The A-tensor, which describes the
hyperfine coupling interaction between the unpaired electron
and a nucleus with noninteger spinI, can be decomposed in
an isotropic and an anisotropic component, referred to as
aiso and theT-tensor, respectively.29 The isotropic component,
which is a simple scalar that can be calculated as the
arithmetic average of the principal valuesAi of theA-tensor,
depends on the spin density at the nucleus whereas the
anisotropic component (the traceless tensorT) results from
a dipolar interaction between the magnetic moments of the
electron and the nucleus. This implies that the latter
component is likely to be calculated well using the frozen
core approximation, whereas the former requires an accurate
description of the inner shells.

As will be discussed in following paragraphs, the aniso-
tropic hyperfine coupling can be obtained in the same spin-
orbit calculations as theg-values. In fact, we found that, at
least in the case of Ni, it is not well calculated in
spin-unrestricted scalar relativistic calculations (data not
shown), where the effect of spin-orbit coupling, which
determines the deviation of the electron magnetic moment
from the free electron value, is not considered. On the other
hand, the isotropic hyperfine couplingaiso is not well
calculated within the spin-restricted formalism.10,30Therefore,
spin-unrestricted calculations were performed on the opti-
mized structure of complex1. The aiso values in Table 2
were calculated with the full electron basis set B′, which
performed considerably better than basis set A′ whereas no
further improvement was obtained when a second polariza-
tion function was added to the ligand atoms (data not shown).
We decided to use the gradient-corrected BP functional in
the spin-unrestricted calculations because it showed the best
overall performance in agreement with earlier work.30

For aiso of nickel and the carbon atoms, good agreement
with experiment is obtained. The experimental value ofaiso-
(33S) is unknown but can be estimated from the principal
values of theA-tensor yielding (5.2 or (23.3 MHz,
depending on the choice of signs for the three principal
values. In earlier works, equal signs were proposed for the
three values leading toaiso ) (23.3 MHz and a total spin
density at the four sulfur atoms of approximately 0.55.9c,26b

However, in recent DFT studies, much better agreement with
experiment was found for the alternative assignment of
signs.10,27Our calculated total spin density of 0.64 reproduces
satisfactorily the mentioned experimentally derived value
(0.55)9c,26b and is identical to the value found by Stein et
al.10 However, Table 2 shows thataiso is calculated much
too small. Trying the other geometries in Table 1, we noticed
that this value is virtually independent of the geometric
parameters. However, we found that it is significantly bigger
(1.6 MHz) when the BLYP functional is used instead of BP,
although BP clearly yields better agreement for all nuclei

(29) For the principal values, the following relations apply:T1 + T2 + T3
) 0; Ai ) aiso + Ti; i ) 1, 2, 3.

(30) Belanzoni, P.; Baerends, E. J.; Gribnau, M.J. Phys. Chem. A1999,
103, 3732-3744.
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other than sulfur. In any case, agreement with experiment is
not satisfying. Probably, theaiso values, being strongly
conditioned by the spin polarization of the innermost orbitals,
depend critically on the accuracy with which the density
functionals represent exchange interactions at high electron
densities. The different accuracy of theaiso values obtained
for 61Ni and 33S suggests that the symmetry of the local
interelectron interactions, which determine the orbital po-
larization contributions to the overall spin density, is also of
great importance.

We have to conclude that, even with the gradient-corrected
functionals now available to us, we cannot reliably calculate
the isotropic hyperfine coupling for all nuclei with good
accuracy. We are aware that Stein et al. reported a better,
but still not very accurate, value foraiso(33S) using a
nonstandard homemade basis set with an added tight 1s
function for Ni and S.10 We could reproduce their value of
3.1 MHz using this basis set, made available to us by E.
van Lenthe, but we would like to point out that the agreement
for 61Ni then becomes worse, also when applied to hydro-
genase active site models.31 This approach thus does not
generally solve the problem.

Table 2 shows that the anisotropic component, that is, the
T-tensor, is calculated quite well for the Ni atom and the
ethylenic carbon atoms C1. For the two atoms of the cyano
group, the agreement with experiment is worse. Naturally,
these very small anisotropic couplings are especially sus-
ceptible to small errors. This has already been pointed out
by Hayes.27 Significant deviation from experiment is also
found for theT-tensor of33S. As pointed out previously, the
isotropic coupling aiso of 33S has not been determined
experimentally, but the calculations strongly support the
smaller of the two possible values. This implies an “experi-
mental” T-tensor as given in Table 2. Clearly, the three
resulting values are bigger than those calculated. Again, we
verified that the calculated values do not significantly depend
on the geometrical and computational parameters. Actually,
our values are similar to those reported by Stein et al.,10

despite the different basis sets and density functionals.

One possible explanation for the observed deviation of
computedT-tensors from experiment is the effect of spin-
polarization, which is not included. It has been shown,
however, that this contribution is small for the nuclei in
complex1.10 The isotropic and anisotropic componentsaiso

andTi calculated for complex1 can be combined and then
compared with the experimentally observed hyperfine cou-
pling represented by theA-tensor’s principal values. As a
consequence of the discussed discrepancies and uncertainties,
only for Ni and C1 is good agreement found (Table 2).

Quadrupole Coupling. Finally, the nuclear quadrupole
interaction with the nitrogen atoms should be examined.
Experimentally, theP-tensor was found to be almost axial
with principal valuesP(1, 2, 3)) (-1.95, 0.85, 1.10) MHz;
the smaller positive component is perpendicular to the
molecular plane, and the negative component is oriented
along the CN bond.20c From the spin-unrestricted calculation
with basis set B′, we obtain a similarly oriented tensor with
P(1, 2, 3)) (-1.95, 0.79, 1.16) MHz in excellent agreement
with experiment. It should be mentioned that the use of the
frozen core approximation is not recommendable here, as
already pointed out by van Lenthe et al.8 In the present case,
the principal values of theP-tensor are clearly calculated to
be too small when the core orbitals of nitrogen are frozen:
for example, we obtainP(1, 2, 3)) (-1.63, 0.62, 1.01) MHz
with basis set B. On the other hand, we found that the use
of the small basis set A for all non-nitrogen atoms does
hardly affect the14N nuclear quadrupole coupling parameters
as long as the nitrogen atoms themselves are treated with
basis set B′. Effects of spin-orbit coupling can be ne-
glected: if it is included, the computation time is significantly
increased without changing the results.

[Ni(mp)2]-. Qualitatively, the electronic structure of the
anionic complex [Ni(mp)2]- (2) is similar to that of complex
1, with the SOMO mainly distributed over the central Ni
atom (in the dyz orbital) and the four ligand atoms of the
first coordination sphere. However, it shows somewhat
different g-values because of the different ligand system.
Table 3 compares the results obtained for both the sym-
metrized experimental geometry and the energy minimized
geometry with experimental values. First of all, it should be
noted that the agreement between experimental and energy-

(31) See companion paper: Stadler, C.; De Lacey, A. L.; Montet, Y.;
Volbeda, A.; Fontecilla-Camps, J. C.; Conesa, J. C.; Fernandez, V.
M. Inorg. Chem.2002, 41, 4424-4434.

Table 2. Calculated and Experimental Hyperfine Coupling Data for [Ni(mnt)2]- (1)a,b

aiso [MHz] T-tensor [MHz] A-tensor [MHz]

nucleus BP exptl ref VWN exptl calcd exptl ref
61Ni 17.5 13 ( 3c 26a (26.0,-5.3,-20.7) (29,-8, -21)d (43.5, 12.2,-3.2) (45, 8, <6) 20a
33S 0.6 5.2e (-12.8, -11.5, 24.3) (-18.8,-18.8, 37.6)e (-12.2, -10.9, 24.9) (13.5, 13.5, 43) 26b
13C1 -2.8 -2.1 20c (-2.6, -2.3, 4.9) (-2.5,-2.5, 5.0) (-5.4, -5.1, 2.1) (-4.6,-4.6, 3.0)f 20c
13C2 -2.2 -2.9 20c (-0.4, 0.7, -0.3) (0.3, 0.1,-0.4)g (-2.6, -1.5, -2.5) (-2.6,-2.8,-3.4)f 20c
14N 0.1 0.4 20c (-0.6, -0.4, 1.0) (-0.26,-0.29, 0.55) (-0.5, -0.3, 1.1) (0.13, 0.10, 0.94) 20c

a The calculations are based on the geometry optimized using basis set A and the VWN functional.aiso values were taken from gradient-corrected spin-
unrestricted calculations using basis set B′. Principal values of theT-tensor were taken from spin-restricted spin-orbit calculations without gradient corrections
using basis set A.b Bold numbers indicate that the sign could not be determined experimentally. An italicized number indicates that the axis of the calculated
T- or A-tensor does not coincide with the correspondingg-tensor axis.c Measured in liquid solution.d Tx andTy are calculated from the experimental data
for Ax, Ay (assumed to be of equal sign; otherwise no agreement with calculations results) and a value ofaiso ) 16 MHz. Withaiso < 16 MHz, no consistency
of experimental data is found; that is, one would have|Az| > 6 MHz, andaiso > 16 MHz deviates too much from the experimental value in liquid solution.26a

Tz then is chosen such that a tracelessT-tensor results. This yieldsAz ) -5 MHz, compatible with the experimental results.e The given values were
calculated under the assumption of opposite signs for the axial and equatorial components of the experimentalA-tensor.f Actually, opposite signs for the
valuesAi were reported by Huyett et al.,20c but they are not consistent with their values ofaiso and theT-tensor.g The givenTi values were recalculated from
the experimentalAi values because the values reported by Huyett et al.20c are not internally consistent.
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minimized geometry is generally good. This confirms that
basis set A in combination with the VWN local density
functional is a good choice for structure determination in
the type of systems described in the present paper. Concern-
ing EPR parameters,g-values very similar to those shown
in Table 3 were obtained with basis set B (data not shown),
confirming that the calculatedg-values are relatively insensi-
tive to the size of the basis set. The differences with
experimental values are slightly larger than those observed
for [Ni(mnt)2]- (1) with again allg-values calculated to be
too small. In particular,gz is significantly underestimated
whereas for the other two values the relative error in∆g is
about 30%. The reason for these larger errors remains
unclear. One could think of an influence of the molecular
symmetry, which is lower in complex2; we will comment
on this point later. Analysis of the calculated hyperfine
couplings cannot clarify the situation because no experi-
mental data are available for comparison; it has only been
reported that the61Ni hyperfine splitting in the EPR spectrum
is “insignificant”.21c

[Ni(NCN’)Cl 2]. The two anionic complexes discussed
previously are rather symmetric four-coordinated systems
which are highly delocalized, only about one-third of the
unpaired electron being located at the nickel center in a dyz

orbital. On the other hand, the oxidized states of NiFe
hydrogenases are asymmetric and less delocalized dz2 sys-
tems32 with five ligands12 coordinated to Ni. Therefore, the
Cs-symmetric square-pyramidal complex Ni(NCN’)Cl2 (3)
is of great interest for the further evaluation of the compu-
tational method. The experimentalg-values were reported
as g(x, y, z) ) (2.369, 2.195, 2.024).22 These values are
amazingly similar to those reported for the oxidized states
of NiFe hydrogenases and suggest a low-spin Ni(III) center
with the unpaired electron in a dz2 orbital.

We calculatedg(x, y, z) ) (2.151, 2.112, 1.998) for the
fully optimized structure whereas the partial optimization of
the two chloro ligands’ positions with all remaining atoms
fixed at the positions experimentally determined for Ni-
(NCN’)I2 yieldedg(x, y, z) ) (2.198, 2.090, 2.001). The axes
labeling in this system corresponds to having thegy principal
direction normal to the molecule symmetry plane while the
gx direction is roughly coincident with the Ni-C bond. The
discrepancy between experimental and calculatedg-values
is rather large (relative error 40-60%), but we do not believe
it to be the mere result of bad structural parameters. Most
likely, it is the consequence of an insufficiently accurate
description of the MO energies, particularly that of the

SOMO and the low-lying unoccupied orbitals. This could
be due to the chloro ligands which might be modeled less
accurately, but also the low molecular symmetry, leading to
a mixture of atomic orbitals, might be responsible. Actually,
analysis of the SOMO of complex3 shows that it has
significant contributions from dx2-y2 rather than consisting
of a pure dz2 orbital, as already postulated by Grove et al.22b

[CpCodith] -. The structure of this low-spin cobalt(II)
complex (also a d7 system) can be observed in Figure 1. It
is an anionic low symmetry complex with the metal atom
coordinated to the two sulfur atoms from the dith ligand and
to one cyclopentadienyl. Because no experimental data in
this respect are available, we will skip the discussion of the
calculated structural parameters.

g-Values.The experimentalg-values measured in frozen
solution areg(x, y, z) ) (2.235, 2.034, 1.992),25 in the range
found for the oxidized states of NiFe hydrogenases. We
calculatedg(x, y, z) ) (2.110, 2.000, 1.988) for the fully
optimized structure; here, the gz principal direction ap-
proximately bisects the S-Co-S angle, and the gy direction
is roughly perpendicular to the S-Co-S plane. All three
components of theg-tensor are underestimated as expected,
gx showing the most important deviation (relative error 46%).
Absolute errors forgy andgz are considerably smaller. From
our point of view, the relative error, as defined previously,
is not suitable for discussing these two latter values, because
of the proximity of both of them toge. Comparing these
results with those found for [Ni(mnt)2]- and [Ni(mp)2]-, one
observes that the differences between experimental and
calculatedgx values are larger for [CpCo(dith)]-, although
thegz component of the tensor is now better reproduced. It
is reasonable to assume that differences in molecular
symmetry (which is lower in the latter compound) may be
to some degree responsible for this different degree of
accuracy.

Hyperfine Coupling. Because of the noninteger spin of
the only natural isotope58Co, a clear hyperfine structure is
visible in the EPR spectrum of complex4. Estimated values
areA(x, y, z) ) (281, 17, 75) MHz.25 Becauseaiso has not
been determined independently, nothing is known about the
signs of these values. We calculatedaiso ) -79 MHz and
T(x, y, z) ) (-170, 124, 46) MHz yieldingA(x, y, z) )
(-249, 45,-33) MHz. If we now use the same signs for
the three experimental valuesAi, we obtain estimated values
aiso ) -113 MHz andT(x, y, z) ) (-168, 130, 38) MHz;
other sign combinations lead to worse agreement between
computed and experimental values. Clearly, agreement
between experiment and calculation is very good for the
T-tensor, and we must conclude thataiso is computed much

(32) Gessner, Ch.; Trofanchuk, O.; Kawagoe, K.; Higuchi, Y.; Yasuoka,
N.; Lubitz, W. Chem. Phys. Lett.1996, 256, 518-524.

Table 3. Interatomic Distances andg-Values for [Ni(mp)2]- (2) from Spin-Restricted Calculationsa

interatomic distances [Å] g-valuesc

geometry Ni-S Ni-O S-S O-O gx gy gz

exptl datab 2.117-2.119 1.849-1.851 3.011 2.597 2.188 2.033 2.014
symmetrized 2.117 1.850 3.010 2.596 2.136 2.020 1.972
optimized 2.156 1.841 3.024 2.597 2.159 2.019 1.974

a Basis set A and the VWN functional were employed.b The bond lengths have been taken from ref 21b. Theg-values were measured in a frozen solution
of 2 in DMF.21c c The gz principal direction is perpendicular to the molecule plane, while the gx direction bisects the S-Ni-S and O-Ni-O angles.
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too small. The reason for this is not really clear, but we
believe that a correct description of the isotropic hyperfine
coupling is hampered by the fact that the SOMO consists of
a mixture of several rather different atomic orbitals. This is
a direct consequence of the low molecular symmetry of
complex4 in comparison to complex1, where much better
agreement with experiment is found for the central metal
ion.

Conclusions

Good agreement with experimental structures is obtained
for the studied complexes in calculations using basis set A
and the VWN functional. In fact, the discrepancies in bond
lengths and angles are much smaller than the experimental
errors reported for the hydrogenase active site structures,
which thus should be well modeled at this level of theory.

Because theg-values were always calculated too small
for all complexes1-4, accurate reproduction of the experi-
mentalg-values of NiFe hydrogenases cannot be expected
with active site models. In fact, forgx andgy, which are not
very close to the free electron valuege, we expect to find
relative errors of at least 20%, so that any observation of
smaller deviations should be taken rather as an indication
of possibly incorrect theoretical models. On the other hand,
the relative errors should be very similar for Ni-A and Ni-B
models, which means that the experimental differences in
g-values between Ni-A and Ni-B should be well reproduced
(within this same level of underestimation).

Because the deviation of computed hyperfine coupling
parameters from experiment has been shown to be quite large
for certain atoms in [Ni(mnt)2]- (1) and [CpCodith] (4), these
parameters must be used cautiously for the verification of
the active site models. Particularly, the isotropic hyperfine
coupling seems to be calculated accurately only in those cases
where molecular symmetry leads to simple molecular orbital
patterns at the atom concerned. Significantly better agreement
is expected with the anisotropic componentT, although the
latter is not always determined experimentally without
ambiguity. On the other hand, excellent agreement has been
found for the14N quadrupole coupling in complex1, and
the same is expected for the modeling of such interactions
in the active site of NiFe hydrogenases.
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