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Density functional theory and complete active space self-consistent field computations are applied to elucidate the
singlet diradical character of square planar, diamagnetic nickel complexes that contain two bidentate ligands derived
from o-catecholates, o-phenylenediamines, o-benzodithiolates, o-aminophenolates, and o-aminothiophenolates. In
the density functional framework, the singlet diradical character is discussed within the broken symmetry formalism.
The singlet−triplet energy gaps, the energy gained from symmetry breaking, the spin distribution in the lowest
triplet state, and the form of the magnetic orbitals are applied as indicators for the singlet diradical character.
Moreover, a new index for the diradical character is proposed that is based on symmetry breaking. All symmetry
breaking criteria show that the complexes obtained from o-catecholates and o-benzodithiolates have the largest
and the smallest singlet diradical character, respectively. The singlet diradical character should be intermediate for
the complexes derived from o-phenylenediamines, o-aminophenolates, and o-aminothiophenolates. The diradical
character of all complexes suggests the presence of Ni(II) central atoms. This is also indicated by the d-populations
computed by means of the natural population analysis.

1. Introduction

The electronic structure of square planar, diamagnetic
nickel complexes containing two bidentate ligands derived
from o-catecholates,1 o-phenylenediamines,2 o-benzodithi-
olates,3,4 o-aminophenolates,5 and o-aminothiophenolates,6

as shown in Scheme 1, has been a matter of debate since
the original discovery of [Ni(o-C6H4(NH)2)2] by Feigl and
Fürth in 19267 and its crystal structure was reported in 1968.8

The dithiolato analogue [Ni(o-C6H4S2)2] has not been
obtained in pure form, but Sellmann et al.9 succeeded in the
preparation and crystallographic characterization of [Ni-
(butS2)2] where (butS2)2 represents the ligand 3,5-di-tert-butyl-
1,2-benzenedithiolate (2-). Similarly, Abakumov et al.10

reported the complex [Ni(butO2)] where (butO2)2- represents
3,6-di-tert-butylcatecholate (2-). We have recently reported
the preparation and structures oftrans-[Ni( butO,N)2] and
trans-[Ni(butS,N)2]5a where (butO,N)2- is N-phenyl-3,5-di-tert-
butyl-o-amidophenolate (2-) and (butS,N)2- is 3,5-di-tert-
butyl-o-amidothiophenolate (2-). The geometrical features
of these complexes are displayed in Figure 1.

For all complexes, the experimental ligand geometries
imply that the physical oxidation level11 of these ligands can
be described as an open shell, monoanionicπ radical (o-
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semiquinonato): the C-X and C-Y bond distances are
∼0.04 Å shorter than in theirdianionic, closed shell aromatic
counterparts, and in addition, the C-C bonds of the six-
membered rings are not equivalent; they display the quinoid
type short-long-short alternating sequence of C-C bonds.

After refuting a higher physical oxidation state than+II
(d8, SNi ) 0) for the central nickel atom in the described
neutral [NiL2] complexes,12 two models for the electronic
structures have been seriously, and controversially, discussed
in the literature. On one hand, Gray et al.12 proposed that
these species should be considered to be diradicals with a
singlet ground state. Holm et al.,4,13 on the other hand, felt
that two resonance structures adequately describe the ground
state (Scheme 1).

The two models differ significantly in their molecular
orbital description. In a singlet diradical, there are two singly
occupied molecular orbitals (SOMOs) of equal energy, and
the spins of the two electrons are weakly antiferromagneti-
cally coupled. The closed shell model, however, assumes
that a single HOMO is occupied by two electrons with
antiparallel spin. Consequently, they occupy the same regions
of space in a molecule. A singlet diradical, however, is
characterized by two electrons with opposite spins which
are separated and weakly antiferromagnetically coupled. To
distinguish experimentally between a singlet diradical and a
closed shell molecule is a difficult problem because these
compounds are diamagnetic even at room temperature. Only
for [CuII(butO2)2] has an antiferromagnetic coupling between
the two o-semiquinone ligands ofJ ) -179 cm-1 been
experimentally determined from temperature dependent (70-
500 K) magnetic susceptibility measurements.10 Similarly,
for [CuII(butO,N)2],5a an intramolecular antiferromagnetic
coupling constant between the two ligand radicals of-400
cm-1 has been determined (H ) -2JCu‚Jrad).

The theoretical first principles treatment of singlet diradi-
cals is a challenging quantum chemical task. Those systems
cannot be described by single determinant wave functions
which means the application of standard Hartree-Fock (HF)
and density functional theory (DFT) methods is insufficient.
Accurate post-HF methods are computationally very de-
manding when applied to systems of the size studied in this
work. Therefore, we applied the broken symmetry formalism
as introduced by Noodleman14 that is widely used to compute
exchange coupling constants.15 The broken symmetry for-
malism is based on the unrestricted Hartree-Fock (UHF)
wave function that permits a spatial electron separation in a
diradical at the price of point group and spin symmetry
breaking.14 In the symmetry adapted wave function formal-
ism, the singlet diradical state is characterized by the presence
of static (“near-degeneracy”) correlation and can only be
described by a multiconfigurational wave function. In the
broken symmetry formalism, however, the static electron
correlation is simulated with a symmetry broken single
determinant wave function. Using density functional theory
(DFT) for a singlet diradical, we might obtain an unrestricted
symmetry broken DFT solution that is lower in energy than
the restricted solution. This is the basis of the broken
symmetry DFT formalism for a computation of antiferro-
magnetic exchange coupling constants.16 This reasoning leads
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Scheme 1. Definition of Model Complexes1-5 Treated in This Work

Figure 1. Ring substituted derivatives of model complexes1-5 and their
relevant X-ray structure bond lengths. The estimated error for the C-C,
C-O, and C-N distances is(0.015 Å (3σ). A characteristic C-C bond
length alternation in the ligands is observed.10a,5c,6,8,9
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immediately to a simple measure for the singlet character
of a molecule:The singlet diradical character of a molecule
should be large proVided the symmetry broken unrestricted
DFT solution for the electronic ground state is much lower
in energy than the energy of the restricted singlet ground-
state DFT solution.This criterion has been successfully
applied by Houk and co-workers to discuss the singlet
diradical character of the transition state of 4+ 2 cycload-
ditions.17 Cremer and co-workers used this DFT criteria to
investigate the singlet diradical character of the transition
state of the Bergmann reaction.18 Thus, a singlet diradical is
characterized by the presence of an instability of the restricted
DFT solution.

We investigate in this work the electronic structure of Ni
complexes1-5 by means of DFT and the complete active
space self-consistent field (CASSCF) method. A new mea-
sure for the diradical character is presented that is derived
within the broken symmetry wave function formalism. The
computational results indicate that, with the exception of the
sulfur complex3, all complexes have a significant diradical
character that supports the description of the complexes given
at the top of Scheme 1.

2. Computational Details

All DFT calculations were performed by means of the Gaussi-
an98 suite of ab initio programs.19,20For the nickel atom, the basis
set developed by Dolg et al.21 has been employed as referenced by
the Gaussian keyword SDD. This basis set describes the Ne core
of the Ni atom by a relativistic pseudopotential. Thus, a small core22

is used for the Ni atom. The remaining s, p, and d valence electrons
are explicitly used to describe the bonding in the Ni complexes.
The s atomic orbitals (AOs) are simulated by 8 primitive Gaussians
that are grouped according to the contraction scheme (8s/311111).21

The p AOs are simulated by the contraction scheme (7p/22111).21

A basis set of triple-ú quality, namely (6d/411),21 is used for the
important d AOs. Moreover, this Ni basis set comprises also one
set of f Gaussians.21 Thus, a basis set of rather large flexibility has
been employed to describe the Ni atoms in the Ni-N, Ni-O, and
Ni-S bonds. For the remaining atoms, the 6-31G* all valence basis
sets23a were used that comprise d polarization functions for C, N,
O, and S atoms.23b We applied these basis sets in the framework
of the restricted B3P86 DFT scheme to compute the geometries of
1-5. The nonhybrid BP86 DFT procedure combined with our
selected basis sets, but supplemented by p polarization functions
on the hydrogens, produced previously excellent geometries and
vibrational frequencies for transition metal carbonyls as shown by
Jonas and Thiel.24 Thus, we used the same correlation functional
as Jonas and Thiel24 but the hybrid exchange functional. This
combination of functionals also produced in the past good
geometries and vibrational frequencies for V(CO)6

- and Cr(CO)6.25

We imposedD2h symmetry in the computations for the complexes
1-3 but C2h symmetry for4 and5.

The approximate restricted DFT solution for a singlet diradical
should be unstable, and a symmetry broken DFT solution of lower
energy should exist. For1-5, such solutions were detected by
testing the stability of the restricted DFT solution. This was
performed by means of the stability analysis of Seeger and Pople26

as referenced by the Gaussian keyword STABLE)OPT.19 This
keyword coaxes G98 to perform the stability analysis.19 If a
restricted DFT solution is found to be unstable, the modification
of STABLE by OPT induces G98 to find automatically an
unrestricted and symmetry broken DFT solution of lower energy.19

Those symmetry broken solutions were in addition verified by
starting from the restricted solution and an application of the MIX
option.19 This option produces symmetry broken guess orbitals by
forming the plus and minus linear combination of the symmetry
adapted restricted frontier guess orbitals. By using this symmetry
broken guess orbitals, we obtained symmetry broken DFT solutions.
Their energies were identical to the energies of the symmetry broken
solutions obtained by means of the stability analysis. The presence
of a symmetry broken solution is also indicated by anS2 expectation
value that is different from zero (Table 4). The stability analysis
was performed with the same basis sets as applied for the geometry
optimizations, but we employed the B3LYP DFT scheme27 which
is known to produce rather accurate exchange coupling constants.28

To obtain accurate DFT solutions, the tight SCF convergence
criteria19 and the ultrafine integration grid19 were employed. The
natural population analysis (NPA) developed by Weinhold and co-
workers29 was carried out with the natural bond orbital (NBO)
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package of Gaussian 98.19 Moreover, we performed CASSCF
calculations with two “magnetic” electrons in eight orbitals. They
were selected on the basis of the occupation numbers of the natural
orbitals derived from the symmetry broken UHF electron densities.

3. A Simple Index for the Diradical Character

In the subsequent paragraphs, we will apply diradical
criteria within the symmetry breaking formalism14,16 which
is based on the UHF wave function.14 Noodleman and
Davidson showed that all important perturbational contribu-
tions that determine the exchange coupling constantsJ are
contained in the UHF wave function.14b Salem and Rowland
showed in their classic paper30 that for diradicals correlated
wave functions are mandatory. In particular, the diradical
wave function must account for a homolytic separation of
the two electrons of a spin coupled electron pair. In this
paragraph, we illustrate the appropriateness of the UHF wave
function and of the simplest restricted correlated wave
function to describe diradicals. This treatment leads to new
indices which are a measure for the diradical character of
molecules.

Let us assume an electronic system can be reduced to the
problem of two electrons in two magnetic orbitalsøA and
øB localized on the sites A and B, respectively. We can form
the bonding and antibonding MOsφi andφj,30 respectively,

and SAB is the overlap integral betweenøA and øB. Let us
now consider a system A-B with a weak electronic intersite
interaction. An UHF computation would produce two oc-
cupied MOs a and b which are not symmetry adapted in the
point group of the molecule and are preferentially localized
on A and B, respectively. Thus, the resulting UHF Slater
determinant

is space and spin symmetry broken, and a and b are the
magnetic orbitals of the model system A-B. We now assume
thatφ1 andφ2 are the bonding and antibonding MOs obtained
from a restricted Hartree-Fock (RHF) computation. We can
expand the MOs a and b into the set ofφ1 andφ2 as done by
Szabo and Ostlund.31

This transformation linearly combines the symmetry adapted
MOs φ1 andφ2, and the combination depends on the angle
θ.31 The transformation in eq 3 is not a rotation in the

mathematical sense, but we will refer toθ as the “rotational
angle”. If φ1 andφ2 are the natural orbitals, obtained within
a restricted CI procedure, eq 3 provides the formulas of
Yamaguchi et al. for the determination of the magnetic
orbitals.32 The authors, however, did not determine the
rotational angleθ, but they used the reasonable value ofθ
) 45°.33 By means of eq 3, we expandΨUHF(abh) into the
form

The symbolsΦ designate two-by-two Slater determinants
(without normalization factor) that contain the restricted MOs
φ1 and φ2. Φ(11h) is the closed shell ground state Slater
determinant with a doubly occupied MOφ1. The determinant
Φ(22h) is also closed shell but represents a double excitation
into the antibonding MOφ2. The two determinantsΦ(21h)
and Φ(12h) describe single excitations. The closed shell
determinantsΦ(11h) andΦ(22h) are eigenfunctions of the total
spin operatorS2. One can show that the difference function
Φ(21h) - Φ(12h) in eq 4 is a spin pure triplet wave function
with Ms ) 0. Thus, the UHF wave functionΨUHF(abh) for
our model diradical is not spin pure31 but a linear combination
of singlet and triplet components. We can use eq 1 to expand
the MO Slater determinants in eq 4 into Slater determinants
composed of the AOsøA andøB and we obtain

The symbolsΦ(AAh), Φ(ABh), Φ(BAh), andΦ(BBh) designate
Slater determinants composed of the AOsøA and øB that
are localized at sites A and B, respectively. By substituting
eq 5a-d into 4, we realize thatΦ(AAh), Φ(BBh) andΦ(ABh),
Φ(BAh) are the ionic and covalent contributions ofΨUHF(abh).
Their relative weighting is a function of the angleθ as
indicated by eq 4. This angle is determined by the variational
principle34 that minimizes the electronic energy at a fixed
intersite distance. To discuss the ratio between the ionic and

(30) Salem, L.; Rowland, C.Angew. Chem.1972, 84, 86; Angew. Chem.
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Mechanics; Academic Press: London, 1996; in particular, section 2.4,
p 40.

ΨUHF(abh) ) 1

x2
[cos2

ϑΦ(11h) + sinϑ cosϑ(Φ(21h) -

Φ(12h)) - sin2
ϑΦ(22h)] (4)

Φ(11h) ) 1
2 + 2SAB

[Φ(AAh) + Φ(ABh) + Φ(BAh) + Φ(BBh)]

(5a)

Φ(12h) ) 1
(2 + 2SAB)(2 - 2SAB)

[Φ(AAh) - Φ(ABh) +

Φ(BAh) - Φ(BBh)] (5b)

Φ(21h) ) 1
(2 - 2SAB)(2 + 2SAB)

[Φ(AAh) + Φ(ABh) -

Φ(BAh) - Φ(BBh)] (5c)

Φ(22h) ) 1
2 - 2SAB

[Φ(AAh) - Φ(ABh) - Φ(BAh) + Φ(BBh)]

(5d)

φ1 ) (øA + øB)/x2 + 2SAB (1a)

φ2 ) (øA - øB)/x2 - 2SAB (1b)

ΨUHF(abh) ≡ 1

x2
|a(1) a(2)
bh(1) bh(2)| (2)

a ) cosϑφ1 + sinϑφ2 (3a)

b ) cosϑφ1 - sinϑφ2 (3b)
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the covalent contributions inΨUHF(abh), we propose a simple
method for the determination ofθ. A symmetry broken
ΨUHF(abh) is characterized by an expectation value over the
total spin operatorS2. A simple relationship between the spin
expectation value〈ΨUHF(abh)|S2|ΨUHF(abh)〉 and cos2 θ exists,
namely

that leads to a discussion of the diradical properties of
ΨUHF(abh) as a function of the spin expectation value. If
〈ΨUHF(abh)|S2|ΨUHF(abh)〉 is zero, eq 6 produces a cos 2θ value
of 1. If we substitute this value into eq 4 and use eq 5a,
ΨUHF(abh) appears in the form

Thus, ΨUHF(abh) is identical to the restricted closed
shell singlet solutionΦ(11h), and ionic and covalent AO
Slater determinants appear with the same weight. If
〈ΨUHF(abh)|S2|ΨUHF(abh)〉 is equal to 1, eq 6 produces a cos2

θ value of1/2 that corresponds to aθ value of 45°. We realize
that for such aθ all four Slater determinants in eq 4 appear
with the same coefficients. Substitution of eq 5a-d into eq
4 leads to a complete cancellation of the ionic contributions,
and we obtain

If SAB is very small,ΨUHF(abh) has the simple form

Therefore,ΨUHF(abh) is solely determined by a covalent
contribution. Salem and Rowland have shown that this is
characteristic for a diradical wave function.35 Thus,ΨUHF(abh)
is a diradical wave function provided〈ΨUHF(abh)|S2|ΨUHF(abh)〉
is equal to 1. This accords with the notion that in the weak
interaction limit the singlet and triplet states have the same
energy andΨUHF(abh) is an equal mixture of singlet and triplet
components.

This analysis leads to a simple measure for the diradical
character in a system where two electrons are distributed in
two orbitals. If cos2 θ is equal to1/2, the electronic system
has a diradical character of 100%. If, on the other hand, cos2

θ is equal to 1, the electronic system is a restricted closed
shell molecule where covalent and ionic parts appear with
equal weights.36 We attribute to such a system a diradical
character of 0%. Equation 6 and this reasoning lead to an
index nrad for the diradical character:

In essence, it is sin2 θ which is the configuration interaction
coefficient for the doubly excited configuration (see eq 4).
Thus, the diradical character of a molecule is 100% and 0%
provided〈ΨUHF(abh)|S2|ΨUHF(abh)〉 is 1 and zero, respectively.
The indexnrad is closely related to the index defined long
ago by Yamaguchi.37 His index is the square of the
configuration interaction coefficient for the doubly excited
configuration and was determined by means of the overlap
of the corresponding magnetic orbitals.37 We, however,
compute the coefficient from the calculated spin expectation
value of the symmetry broken wave function forall electrons.

The simplest correlated two-electron wave functionΨ0

that describes a singlet ground state of a diradical is given
by

Here, c0 and cd are the configuration interaction (CI)
coefficients of the two-by-two CI problem. By substituting
eq 5a,d into eq 11, we observe that inΨ0 a cancellation of
ionic wave functionsΦ(AAh) andΦ(BBh) occurs providedc0

andcd are equal and of opposite sign. One can show, at least
for the 2 × 2 eigenvalue problem, thatc0 and cd have
opposite sign. If|c0| ) |cd| holds, and the intersite overlap
SAB can be neglected,Ψ0 describes a purely covalent singlet
diradical.

Ψ0(rad) is a singlet eigenfunction and has previously been
obtained by Salem and Rowland to describe singlet diradi-
cals.38 If |cd| in eq 11 is 1/x2, the compound should have a
singlet diradical character of 100%. Contrary, acd value of
zero indicates a closed shell molecule in the restricted HF
approximation. Again, we attribute to such a closed shell
molecule a singlet diradical character of zero. This reasoning
leads to a simple index for the singlet diradical character,
namely

In section 5 and 6, we apply eqs 10 and 13 to evaluate
the diradical characters of target complexes1-5.

4. Results

4.1. Computed Geometries.The computed bond lengths
for 1-5 are shown in Figure 2. The optimized bond lengths
for complex1 agree reasonably well with those obtained
from an X-ray structure analysis.8 For most bond lengths, a
deviation from experiment in the range 0.01-0.03 Å is
computed. This might result from the rather low resolution
of the formerly applied experimental technique.8 Slightly
larger deviations are found for the N-C bonds, and the

(35) See ref 30, in particular, eq 6 on p 91.
(36) Mulliken, R. S.Phys. ReV. 1932, 41, 49. Slater, J. C.J. Chem. Phys.

1965, 43, S11. For butadiene and benzene see Table 2 in: Hiberty, P.
C.; Ohanessian, G.Int. J. Quantum Chem.1985, 27, 245.

(37) Yamaguchi, K.Chem. Phys. Lett.1975, 33, 330.
(38) See ref 30, eq 6.

cos2 ϑ )
1 + x1 - 〈ΨUHF(abh)|S2|ΨUHF(abh)〉

2
(6)

ΨUHF(abh) )
1

x2(2 + 2SAB)
[Φ(AAh) + Φ(ABh) + Φ(BAh) + Φ(BBh)] (7)

ΨUHF(abh) ) 2

x2(2 + 2SAB)
Φ(ABh) (8)

ΨUHF(abh) ) 1

x2
Φ(ABh) (9)

nrad ≡ 200 sin2 θ )

100(1- x1 - 〈ΨUHF(abh)|S2|ΨUHF(abh)〉) (10)

Ψ0 ) c0 Φ(1, 1h) + cd Φ(2, 2h) (11)

Ψ0(rad)) 1

x2
[Φ(ABh) + Φ(BAh)] (12)

nrad ) 100|cd|x2 (13)
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Ni-N bond lengths are well reproduced. The good agreement
with experiment is further support for the known fact that
DFT reproduces well the geometries of transition metal
complexes.39 In accord with experiment, a significant bond
length alternation in the ligands is computed. All four C-N
bond lengths are about 1.34 Å. The average of several
experimental parafinic C-N bond lengths is 1.472 Å.40

Therefore, the four N-C bonds in1 should have a significant
double bond character. The computed and experimental10a

bond lengths for2 deviate only about 0.02 Å. This holds
true also for the Ni-O bond lengths. As for1, a pronounced
C-C bond length alternation in the ligands is computed for
complex 2. The agreement between experimental41 and
computed bond lengths is also satisfactory for3 but only
when d polarization functions at the sulfur atoms were
provided. In particular, the C-C bond length alternation in
the ligands is reproduced (Figure 2). Lauterbach and Fabian
have previously computed the geometry of3 by means of
the B3LYP DFT method.42 Their calculated S-Ni and C-S
distances of 2.173 and 1.728 Å, respectively, agree well with
our values of 2.149 and 1.719 Å. The computed bond lengths
for 4 and5 (Figure 2) accord with the bond lengths obtained

from the high-resolution X-ray structure analysis.5a To sum
up, the experimental geometries of1-5 are well reproduced
by the DFT computations, and the observed carbon-carbon
bond length alternation in the ligands is satisfactorily
reproduced.

We have obtained agreement with experiment by perform-
ing restricted closed shell DFT computations for1-5. Thus,
we tacitly neglected a diradical character in the geometry
optimizations. We also performed a full geometry optimiza-
tion of the B3P86 symmetry broken state of complex2. Such
an electronic state is fictitious and without a rigorous physical
meaning. For molecules exhibiting a weak antiferromagnetic
coupling, however, symmetry broken DFT solutions can lead
to geometries that are in better agreement with experiment
than the geometries based on space and spin symmetry
adapted closed shell DFT solutions.43 The calculated geom-
etry for 2 was found to be almost identical to the geometry
obtained within the restricted DFT scheme. Only the Ni-O
bond lengths are slightly longer than the experimental bond
lengths. The agreement with the experimental geometry,
achieved without consideration of the diradicaloid character,
shows that geometrical features alone are insufficient to
indicate a singlet diradical character. In the following
sections, we pursue alternative ways to determine the singlet
diradical character.

4.2. Charge Distributions in the Symmetry Broken
States.A diradical character of1-5 is only compatible with
the presence of a Ni(II) central atom as indicated by an Ard8

(39) For reviews see for example: (a) Ziegler, T.Chem. ReV. 1991, 91,
651. (b) Delley, B. In Density Functional Theory, A Tool for
Chemistry; Seminario, J. M., Politzer, P., Eds.; Elsevier: Amsterdam
1994. (c) Koch, W.; Holthausen, M. C.A Chemist’s Guide to Density
Functional Theory; Verlag Chemie: Weinheim, Germany 2000.

(40) Tables of Interatomic Distances and Configuration in Molecules and
Ions; The Chemical Society: London, 1958, S16.

(41) See ref 9, in particular, Table 2.
(42) Lauterbach, C.; Fabian, J.Eur. J. Inorg. Chem.1999, 1995 in particular,

Table 1.
(43) Lovell, T.; McGrady, J. E.; Stranger, R.; Macgregor, S. A.Inorg.

Chem.1996, 35, 3079-3080.

Figure 2. Comparison of computed and experimental bond lengths. The experimental values are given in brackets. The computed and experimental bond
lengths deviate at most 0.03 Å.
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electron configuration withSNi ) 0. To determine this
electron configuration, a natural population analysis (NPA)29

for 1-2 and 4-5 was performed on the basis of the
symmetry broken DFT densities. For3, we employed the
restricted DFT density. Maseras and Morokuma have shown
that the total NPA charges of a transition metal in a complex
may depend critically on the inclusion or the exclusion of
the 4p orbitals into the set of strongly occupied valence
orbitals.44 In particular, the relative populations of the 4s and
4p orbitals are affected.44 The population of 3d orbitals,
however, seems to be rather unaffected.45 The NPA results
for the central Ni atoms are compiled in Table 1. As
expected, the valence electrons prefer the 3d AOs. Much
smaller electron density is located in the 4s-4p shells, and
their relative occupation should be considered with caution.44

About 8.6 electrons are located in the 3d orbitals of1. This
value is slightly lower than 8.9, a value computed by Weber
et al. with the XR method.46 In view of the different
approaches used, we feel that the agreement is reasonable.
For 3, we computed a value of 8.93 which indicates that in
3 also a+II oxidation state of the central Ni atom is present.
The charge excess over the formal d8 configuration of low-
spin Ni(II) arises from a charge transfer from the ligands to
the central Ni atom that leads to weak covalent bonding.
Nevertheless, the computed populations for1-5 are typical
for a +II oxidation state of the central nickel ion.

4.3. Spin Density Distribution in the Triplet State.
Before studying the antiferromagnetic coupling in the target
complexes, it is instructive to inspect the spin distribution
in the corresponding triplet states. For this purpose, we
assume that the weakly spin coupled electrons in a singlet
diradical and the corresponding electrons in a triplet radical
are located at the same position of a molecule. Only a simple
spin inversion converts the singlet into the triplet radical.

In Figure 3, we have represented the Mulliken spin
densities of the lowest triplet state of model complexes1-5.
They are the basis of Table 2 where the total spin densities
located at all ring carbon atoms are represented.47 Moreover,
the spin densities at the atoms bonded to the nickel atom
and at the nickel atoms are given. The sums of the ring
carbon spin densities increase in the sequence3 < 5 < 1 <

4 < 2. This indicates the ordering of spin density delocal-
ization which should also hold for the corresponding singlet
diradicals. If resonance stabilization favors the singlet
diradical character, it should increase in the sequence3 < 5
< 1 < 4 < 2. The large ring delocalization in2 leads to a
spin density at the oxygen atoms which is significantly
smaller than the spin densities at the corresponding hetero-

(44) Maseras, F.; Morokuma, K.Chem. Phys. Lett.1992, 195, 500. We
thank one referee for pointing out the importance of this reference.

(45) See ref 44, Table 1.
(46) Weber, J.; Daul, C.; Von Zelewsky, A.; Goursot, A.; Penigault, E.

Chem. Phys. Lett.1982, 88, 78.
(47) At the hydrogen atoms negative spin densities are computed.

Table 1. Electron Populations of the 3d, 4s, and 4p Shells of the
Central Ni Atoms for1-5a

complex 3d 4s 4p

N(1) 8.60 0.38 0.04
O(2) 8.49 0.36 0.03
S(3) 8.93 0.48 0.05
N, O(4) 8.54 0.37 0.03
N, S(5) 8.74 0.43 0.04

a They were obtained by means of the natural populations analysis
(NPA).29 The d populations indicate a Ni(II) oxidation state of the central
Ni atoms. The relative values of the 4s and 4p population should be
considered with caution (see text).

Figure 3. Computed triplet Mulliken spin densities for1-5. The largest
ring delocalization of the spin density occurs in oxygen complex2. The
smallest ring delocalization of the spin density occurs in sulfur complex3
(see text).

Table 2. Triplet Spin Densities for1-5 Located at the Ring Carbons,
the Atoms Bonded to the Ni Atoms, and the Ni Atom Itselfa

complex ring (N) (O) (S) Ni

N(1) 0.846 1.052 0.165
O(2) 1.104 0.840 0.087
S(3) 0.652 1.180 0.187
N,O(4) 0.918 1.004 0.142
N, S(5) 0.788 1.082 0.182

a The largest delocalization of the spin density occurs in the triplet state
of 2. The resonance stabilization of the singlet diradical2 should be most
pronounced (see text).
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atoms in1, 3, 4, and5. The large spin density of 1.180 at
the sulfur atoms of3 and the smallest spin density in the
ligand rings supports the notion that in the singlet diradical
of 3 the unpaired electrons are mainly localized at the sulfur
atoms. Because of their proximity, a large antiferromagnetic
coupling arises which leads to a small diradical character of
3.

4.4. Magnetic Orbitals and Singlet Diradical Character.
The symmetry broken DFT solutions for a singlet diradical
are characterized by Kohn-Sham (KS) spin-orbitals whose
space parts are different for theR andâ electrons. If anR
and aâ electron are weakly antiferromagnetically coupled,
their orbitals are called the magnetic orbitals.48 This often
implies that the average distance between the two weakly
coupled electrons is rather large and the magnetic orbitals
are localized in different regions of the molecule.49 In the
case of a strong antiferromagnetic coupling, the two electrons
can approach each other, and their orbitals should be similar
in shape. This reasoning leads to a qualitative recipe to single
out the magnetic orbitals from the sets of the occupiedR
andâ KS orbitals.50a

Consider one occupiedR KS orbital. If we can find an
occupiedâ KS orbital similar in shape to theR orbital, the
two orbitals are occupied by electrons that are strongly
antiferromagnetically coupled.If we cannot find an occupied
â orbital that matches the shape of theR orbital, theR KS
orbital is a magnetic orbital.51 The qualitative procedure is
illustrated in Figure 4 for1. Almost allR orbitals match with
a â orbital. The only exceptions are the highest occupiedR
and â orbitals that match with unoccupied orbitals (not
shown). Therefore, the highest occupiedR and â orbitals
are the magnetic orbitals for model complex1. We observe
that almostall KS orbitals are not symmetry adapted in the
D2h point group of1 (Figure 4). This indicates that spin
polarization influences the distribution ofall mobile π
electrons in the symmetry broken state.

Another way to identify the magnetic orbitals is to use
the corresponding orbital transformation of Amos and Hall.52

In this method, the spin-up and spin-down orbitals are each
subjected to a unitary transformation such that each spin-up
orbital overlaps with only one spin-down orbital. Orbitals
that only weakly overlap are called the “magnetic orbitals”
of the system. For complexes1-5, this transformation results
in spin-up/spin-down pairs that have an overlap of>0.99.
The only exception is one pair that is made up by the spatially
nonorthogonal magnetic orbitals. Their forms turned out to
be almost identical to the shapes of the magnetic orbitals
singled out by the described qualitative inspection technique.
The magnetic orbitals of1, 2, 4, and5 are shown in Figure

5 where contour surface values of 0.05 are plotted.53 All
magnetic orbitals for theR spin electron are mainly localized
at one ligand. The magnetic orbitals for theâ spin electron,
however, are situated at the other ligand. They closely
correspond to theπ HOMOs of the free semiquinonate
ligands. The d orbitals of the central nickel atoms contribute
only marginally to the magnetic orbitals. This indicates a
closed shell character of the Ni atoms in1, 2, 4, and5. This
finding is compatible with presence of a Ni(II) valence state
which was indicated by the NPA electron populations in the
Ni d shell (section 4.2). The sulfur complex,3, does not
spontaneously break symmetry. In Figure 5, we have depicted
the highest doubly occupied KS orbital of3 which is, of
course, symmetry adapted in theD2h point group of3.

4.5. Computed Singlet-Triplet Energy Gaps. In a
singlet diradical, two electrons with opposite spin are weakly
antiferromagnetically coupled. Therefore, only a small
amount of energy is needed to invert one spin, and a small
singlet-triplet energy gap is characteristic for a singlet
diradical.54 The symmetry broken DFT formalism16 has been
extensively applied in the past to compute the exchange
coupling constants that determine the singlet-triplet energy
gaps. In this section, we employ this computational scheme
to model complexes1-5. We calculated the singlet-triplet
energy gap as

which is the difference between the energy of the symmetry
broken state and the UHF energy of the high spin triplet
state, respectively.55 This formula holds in the wave function
formalism for the strong coupling case50a that is the strong
delocalization limit. Consequently, the use of eq 14 to
describe weakly spin coupled electrons as in diradicals is
probably unjustified. Nevertheless, the strong coupling
formula producesrather accurate exchange coupling con-
stants in the symmetry broken DFT procedure,55 even when
the electron spins are only weakly coupled. This fortunate
agreement with experiment seems to arise from a cancellation
of errors as pointed out by Caballol et al.56 The symmetry
breaking DFT formalism yields singlet-triplet gaps that are
too large by about a factor of 2.56 This factor vanishes if
one assumes (illegitimately) the strong delocalization limit.56

The only justification might be the larger delocalization of
the Kohn-Sham orbitals as compared to the UHF MOs.56

Caballol et al. suggest a general formula for the singlet-triple
gap that holds for the whole range of spin coupling
strengths.56

(48) See for example: Kahn, O.Molecular Magnetism; Verlag Chemie:
Weinheim, Germany, 1993; chapter 8.3 in particular.

(49) See ref 48, Figure 8.7 on p 164.
(50) (a) For the strong coupling, see for example: Bachler, V.; Chaudhuri,

P.; Wieghardt, K.Chem. Eur. J.2001, 7, 404 in particular eq 13. (b)
For the weak coupling see ref 14a, in particular eq 34.

(51) See ref 50a, p 412.
(52) Amos, A. T.; Hall, G. G.Proc. R. Soc. London1961, 263A, 483. King,

H. F.; Stanton, R. E.; Kim, H.; Wyatt, R. E.; Parr, R. G.J. Chem.
Phys.1967, 47, 1936.

(53) We plotted the orbitals with the public domain program Molden.
(54) This is mentioned, for example, in ref 30, in particular p 90, section

b.
(55) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J.J. Am. Chem. Soc.1997,

119, 1297.
(56) Caballol, R.; Castell, O.; Illas, F.; de P. R. Moreira, I.; Malrieu, J. P.

J. Phys. Chem.1997, 101, 7860-7866, in particular, p 7861 top.
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Thus, the singlet-triplet gap is also a function of the
overlap integralSab of the magnetic orbitals a and b.
However, eq 15 holds only when the spin polarization of
the closed shells, induced by the weakly spin coupled
electrons, can be neglected.56 Instead of eq 15, we applied
the even more general formula14c,d,15a

where the spin polarization of the inner closed shells is
reflected by the〈Ψ(b)|S2|Ψ(b)〉 value of the symmetry
broken Kohn-Sham Slater determinantΨ(b). In the fol-

Figure 4. Qualitative scheme to single out the magnetic orbitals for nitrogen complex1. If the shapes of anR and aâ MO match, their electrons are
strongly antiferromagnetically coupled. The highest occupiedR and â orbitals do not match in shape with any occupied orbital. They are the magnetic
orbitals of1.

Es - Et )
2(E(b) - Eu(T1))

2 - 〈Ψ(b)|S2|Ψ(b)〉
(16)
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lowing, we apply eqs 14 and 16 to compute the singlet-
triplet gaps for1, 2, 4, and5. Because of a cancellation of
errors, eq 14 might yield more accurate gaps, but eq 16 is
theoretically more profound. In the first row of Table 3, the

total energiesE(b) are given. In the second and third rows,
the energies for the high spin tripletEr(T1) and Eu(T1) are
recorded. They were computed within the restricted and
unrestricted DFT procedure, respectively.Eu(T1) is almost

Figure 5. Magnetic orbitals of complexes1, 2, 4, and5. They are preferentially localized at one ligand but have tails at the other ligand. The larger the
tails are in two magnetic orbitals, the larger the two electrons in the orbitals are antiferromagnetically coupled (see text). Sulfur complex3 does not break
symmetry spontaneously, and the HOMO is shown.
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identical toEr(T1) but, as expected,57 always lower in energy
thanEr(T1). This close agreement is substantiated by the total
spin expectation values〈S2〉u that are near 2 (row 4). In row
5 of Table 3, singlet-triplet energy gaps computed from eq
14 are given. For oxygen complex2, the smallest value of
908 cm-1 is obtained, in qualitative agreement with the
experimental gap value of 358 cm-1 determined for
[CuII(t-butO2′)2].10 For all other complexes, larger gaps are
computed. The rather large gaps are supported by the fact
that these complexes are diamagnetic and the triplet states
cannot be populated by increasing the temperature. In row
6 of Table 3, singlet-triplet gaps are recorded as obtained
from eq 16. The applied〈Ψ(b)|S2|Ψ(b)〉 values are the
numbers given in the last row of Table 4. As expected, the
singlet-triplet gaps from eq 16 are larger than the gaps
obtained from eq 14. Nevertheless, eqs 16 and 14 lead to
singlet-triplet energy gaps that increase in the sequence2
< 4 < 1 < 5. For sulfur complex3, we can form the energy
differenceE(S0) - Eu(T1) which yields a gap of 4913 cm-1.
If a large diradical character implies a small singlet-triplet
gap,54 the singlet diradical character of the complexes
increases in the sequence3 < 5 < 1 < 4 < 2. This ordering
is compatible with the capability of the ligands of1-5 to
stabilize the unpairedπ electrons by delocalization over the
phenyl rings. This delocalization is determined by the
semiquinone character of the ligands which is related to the
capability of the O, N, and S atoms to form double bonds
with the phenyl rings. This double bond forming tendency
increases in the sequence S< N < O.58 This parallels the
singlet diradical character as inferred from the computed
singlet-triplet energy gaps. The weak double bond forming
tendency of S atoms is in line with a large accumulation of
spin density at the S atoms of3 (Figure 3). Because of their

proximity, however, the antiferromagnetic coupling is strong,
and a small diradical character arises.

4.6. Shapes of Magnetic Orbitals.In this section, we
show that the shapes of the magnetic orbitals (Figure 5) are
qualitatively related to the singlet diradical character of the
model complexes. The orbitals of1 and5 are localized at
one ligand but have tails at the other one. This is not the
case for2, and only very small tails are found for4. The
tails of1 and5 permit the spin coupled electrons to approach
each other more closely than in2 and4. Consequently, the
antiferromagnetic coupling in1 and5 should be larger than
in 2 and4. Thus, the forms of the magnetic orbitals show
that complexes2 and4, with Ni-O bonds, should have a
larger singlet diradical character than complexes1 and 5
where Ni-N bonds are present. This is also substantiated
by the energies of the KS magnetic orbitals which are
displayed in Figure 5. From all model complexes, oxygen
complex2 has the magnetic orbitals of lowest energy. The
magnetic orbital form combined with its low energy is
compatible with a pronounced singlet diradical character of
2. Only the highest doubly occupied KS orbital of sulfur
complex3 has a lower energy (Figure 5). This complex,
however, does not break symmetry spontaneously.

4.7. Energy Lowering Induced by Symmetry Breaking.
Another measure of the singlet diradical character is the
energy loweringE(S0) - E(b) that results from a symmetry
breaking of the restricted DFT solution. This energy lowering
arises from the spin decoupling of electrons that have the
tendency to localize in different parts of the molecule. We
calculated an energy lowering of 0.4 and 5.1 kcal/mol for1
and 2, respectively (Table 4). An energy lowering of 2.3
and 0.2 kcal/mol are computed for4 and 5, respectively.
Therefore, the singlet diradical character is found to increase
in the sequence5 < 1 < 4 < 2. The same ordering of the

(57) The UHF wave function contains spin impurities from higher spin
states that lower the energy below the RHF energy. See for example:
Noodleman, L.; Case, D. A.AdV. Inorg. Chem.1994, 38, 423 in
particular, p 431. Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca,
J. M. Coord. Chem. ReV. 1995, 144, 199.

(58) Theπ bond energy increments for CO, CN, and SC are 90, 65, and
63 kcal/mol, respectively. See for example: Kutzelnigg, W.Angew.
Chem.1984, 96, 262 in particular, p 274, Table 2.

Table 3. Quantities for the Application of the Broken Symmetry Formalism14a to Compute the Singlet-Triplet Gaps in1-5a

quantity N(1) O(2) S(3) N, O(4) N, S(5)

E(b) -854.500814 -933.976855 -2225.88016
[E(S0)]

-894.246629 -1540.198002

Er(T1) -854.484753 -933.970367 -2225.856060 -894.235335
Eu(T1) -854.486948 -933.972719 -2225.857778 -894.238155 -1540.182496
〈S2〉u 2.0141 2.0134 2.0109 2.0205 2.0252
eq 14, cm-1 -3043.2 -907.7 -4913.3 -1859.8 -3403.1
eq 16, cm-1 -3613.1 -1537.2 -2711.1 -3870.5

a Total energies are given in atomic units. The smallest gap is computed for oxygen complex2. The diradical character should increase in the sequence
3 < 5 < 1 < 4 < 2 (see text).

Table 4. Energy LoweringsE(S0) - E(b) that Occur When the Space and Spin Symmetry of the Restricted DFT Solution Is Brokena

quantity N(1) O(2) S(3) N, O(4) N, S(5)

E(S0) -854.500181 -933.968759 -2225.880165 -894.243032 -1540.197649
E(b) -854.500814 -933.976855 -894.246629 -1540.198002
E(S0) - E(b) 0.000633 0.008096 0.003600 0.000353
εi(S) -0.007334 -0.022044 0.005920 -0.010719 -0.005457
〈S2〉b 0.3155 0.8190 0.6280 0.2415

a Energies are given in atomic units. The largest lowering is calculated for the oxygen complex2 that indicates the largest diradical character. This is also
corroborated by the largest negative Eigenvalueεi of the stability matrix.
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singlet diradical characters is also supported by the only
negative eigenvalues of the stability matrix26 recorded in the
fourth row of Table 4. A large negative eigenvalue implies
the restricted solution has a strong tendency to become an
unrestricted solution59 which describes a diradical. A spon-

taneous symmetry breaking is absent in the sulfur complex
3, and the lowest eigenvalue of the stability matrix is positive
but rather small.

(59) See ref 26, eq 19 and subsequent comment.

Figure 6. Two magnetic orbitals of oxygen complex2 (above and below). They can be formed by the plus and minus linear combination of the HOMO
and the LUMO of the restricted DFT solution.
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4.8. Spin Expectation Value.The expectation values of
the total spin operatorS2 are recorded in row 5 of Table 4.
They were computed by forming the expectation value with
a Slater determinant made up by the occupied KS orbitals.
TheS2 expectation value is a typical two-electron property.
It should be computed by means of the two-electron density
function as pointed out by Wang et al.60 However, the use
of a simple Slater determinant often produces reasonable spin
expectation values.61 The symmetry broken wave functions
for 1, 2, 4, and5 are primarily a linear combination of spin
pure singlet and triplet wave functions. If the singlet-triplet
energy gap in a singlet diradical is small, the symmetry
broken wave function contains singlet and triplet wave
functions with similar weights. Therefore, a spin expectation
value near 1.0 is expected for a pronounced singlet diradical.
This condition holds best for complex2 for which we
compute a spin expectation value of 0.8190. Therefore,
oxygen complex2 has the smallest singlet-triplet energy
gap and the largest singlet diradical character.

5. Diradical Character of the Target Complexes

To quantify the diradical character by means of eq 10
(Section 3), we have to assume that the diradical properties
are solely determined by the two electrons in the magnetic
orbitals of the symmetry broken DFT solutions. Moreover,
the two magnetic orbitals should be reasonably approximated
by the plus and minus linear combination of two frontier
KS orbitals of the restricted DFT solution. We realize that
this condition holds for oxygen complex2 (Figure 6), but it
is valid also for1, 4, and 5 (not shown). Therefore, the
application of the transformation (eq 3) is legitimate, and
cos2 θ andnrad can be computed by means of eqs 6 and 10,
respectively. We applied for this purpose theS2 expectation
values as obtained from the symmetry broken B3LYP DFT
solution. The results are summarized in Table 5. The largest
diradical character of 57.5% is computed for oxygen complex
2. Again, the diradical character appears with the same
ordering as determined in the previous sections, that is,5 <
1 < 4 < 2.

6. Comparison of ab Initio CASSCF and DFT Results

In Section 4.5, the broken symmetry DFT formalism14,16

has been applied to compute the singlet-triplet gaps for
model complexes1-5. Here, we pursue the idea that small

singlet-triplet gaps are solely determined by the energy
needed to excite one electron out of the HOMO. This notion
suggests the use of the complete active space self-consistent
field (CASSCF) procedure to correlate explicitly only the
two π electrons of the HOMOs. We applied the CASSCF-
(2,8) scheme where two electrons are distributed among an
active space of 8 MOs. We used the unrestricted natural
orbital (UNO) CASSCF approach to define the active space.62

At first, RHF solutions for complexes1-5 were obtained.
Subsequently, the symmetry broken UHF wave functions and
the UNOs were obtained by diagonalizing the one-electron
density matrixof the symmetry broken state.62 We obtained
the UNOs in a sequence of decreasing occupation numbers.
For all model complexes, we could distinguish two ordered
groups of UNOs. One group is characterized by occupation
numbers close to 2. The other group comprises UNOs with
occupation numbers close to 1 and smaller. We used the first
eight members of the last group of UNOs as active space
start orbitals for the CASSCF(2,8) computations. The orbital
shapes of the first two members of the CAS were found to
be almost identical to the HOMO and LUMO forms depicted
in Figure 6. Thus, the LUMOs have a small but nonnegligible
d character at the Ni atom. Therefore, exchange pathways
that imply an electron transfer from the ligands to the central
Ni atom are accounted for in the CASSCF(2,8) computations.
Our computational results are compiled in Table 6. For all
complexes, the singlet ground state is lower in energy than
the triplet state. This accords with the experimental finding
that all complexes are diamagnetic. This agreement is further
support for the known fact63 that the active electron approach,
even when applied at the CASSCF(2,2) level, predicts
correctly the ground-state spin multiplicity. In the third row
of Table 6, the computed singlet-triplet gaps are given. In
the symmetry broken DFT formalism, we can assume that
error cancellation in eq 14 produces singlet-triplet gaps of
reasonable accuracy (Table 3).16 Consequently, the CASSCF-
(2,8) gaps are much too small. This finding accords with
the results of Staemmler and co-workers who observed that
at the CASSCF level of theory the exchange coupling
constantsJ are too small.64 The inclusion of dynamic
correlation into the computations is mandatory to obtain
accurate coupling constants.64 The singlet-triplet gaps in
Table 6 indicate an increase of the diradical character again
as3 < 5 < 4< 2 < 1.

As outlined in Section 3, the magnitude of the configu-
ration interaction coefficientcd of the first doubly excited
configuration is also an indicator for the singlet diradical
character. A large covalent character of the two-electron
wave function for the weakly spin coupled electrons implies
an absolutecd value near 1/x2. We used thecd values
(Table 6) to compute the singlet radical indexnrad by means
of eq 13, and the values are displayed in column 4 of Table
5. We observe that thenrad values from eq 13 are much larger

(60) Wang, J. H.; Becke, A. D.; Smith, V. H.J. Chem. Phys.1995, 102,
3477.

(61) See for example ref 60, in particular the columns of Table 1 labelled
“Noninteracting” and “Exact”. See also ref 18, in particular p 1755.

(62) Bofill, J. M.; Pulay, P.J. Chem. Phys.1989, 90, 3637. Pulay, P. J.;
Hamilton, T. P. J.Chem. Phys.1988, 88, 4926.

(63) Illas, F.; de P. R. Moreira, I.; de Graaf, C.; Barone, V.Theor. Chem.
Acc.2000, 104, 265 in particular, p 268 below.

(64) Wang, C.; Fink, K.; Staemmler, V.Chem. Phys.1995, 192, 25;Chem.
Phys.1995, 201, 87.

Table 5. Diradical Charactersnrad of 1-5 as Computed by an
Application of Equations 10 and 13a

complex cos2 θ nrad(%) (eq 10) nrad(%) (eq 13)

S(3) 69.1
N, S(5) 0.9355 12.9 79.2
N(1) 0.9137 17.3 91.8
N, O(4) 0.8050 39.0 84.2
O(2) 0.7127 57.5 91.1

a Based on eqs 10 and 13, the diradical character increases in the sequence
5 < 1 < 4 < 2 and3 < 5 < 4 < 2 < 1, respectively.
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than the corresponding values obtained with eq 10 (Table
5), and they indicate a singlet diradical character that
increases as3 < 5 < 4 < 2 < 1. This is almost the same
ordering as that derived from the symmetry broken DFT
solutions. The only exception is nitrogen complex1 that
should have a slightly larger diradical character than oxygen
complex2.

7. Discussion and Conclusion

In this work, we applied several criteria to evaluate the
singlet diradical character of model complexes1-5 shown
in Scheme 1. One criterion was the energy lowering of the
symmetry broken DFT solution when compared to the
restricted DFT solution. A large energy lowering indicates
a large diradical character. Another criterion is the singlet-
triplet energy gap. If the gap is small, only a small amount
of energy is needed to invert one spin, and the molecule
should have a large diradical character. A further criterion
was based on the form of the magnetic orbitals. If the space
parts of theR andâ magnetic orbitals are not overlapping,
their two electrons of opposite spins avoid each other. This
is characteristic for a large singlet diradical character.
Alternatively, a large overlap of the magnetic orbitals implies
a strong radical-radical interaction and a weak diradical
character. In the broken symmetry formalism, this overlap
is determined by the variational principle, and the minimal
energy is linked to a definite overlap. In the restricted CI
formalism, the diradical character is described by mixing in
a doubly excited singlet configuration to the closed shell
Slater determinant. In the symmetry broken approach,
however, a singly excited triplet wave function is additionally
introduced into a nominal singlet state. The triplet state also
corresponds to a state with “separated electrons”. Thus, the
ionic versus covalent character determined by the variational
principle is similar in the restricted CI and the broken
symmetry approaches. We mention here that the broken
symmetry state does not represent an equal mixture of a
singlet and a triplet state as is often assumed. This holds
only in the limit of vanishing intersite interaction where the
singlet and the triplet state are degenerate. In the strong
interaction limit, the broken symmetry state has the varia-
tional freedom to become a closed shell singlet state that is
a pure spin state.

Most of our diradical character criteria are based on the
premise that a symmetry broken DFT solution exists for a
molecule. An exact DFT solution, however, would produce
the exact N-representable density that corresponds uniquely
to an electronic wave function.65 Such a wave function
transforms as an irreducible representation of the molecular

point group, and it describes a pure spin state. Thus, Cremer
and co-workers state in their theoretical paper on the
Bergman reaction: “In Kohn-Sham calculations with ap-
proximate functionals, symmetry breaking in the Kohn-
Sham ground state simply reflects the shortcomings of the
approximate functionals used”.66 Singlet diradicals have an
inherent multireference character, and static correlation
effects are important. It is the approximate and symmetry
broken DFT solution that simulates the static correlation
effects. Such a symmetry broken DFT solution occurs when
the closed shell DFT solution is unstable. Such instabilities
have been investigated by Bauernschmitt and Ahlrichs.67 One
of their results is an ordering of the common exchange
correlation functionals with respect to the stability of their
restricted DFT solutions. If the exact exchange correlation
functional would be available, the restricted solution would
be symmetry adapted and stable. However, even in the exact
DFT solution for a singlet diradical, electron correlation
would keep two electrons of opposite spin far apart,68 but
the symmetry breaking would vanish. Thus, the symmetry
breaking of a restricted approximate DFT solution should
be considered as a first indicator for the presence of a singlet
diradical. This reasoning highlights the importance of the
recent work of Staroverov and Davidson who identify a
singlet diradical character by means of newly defined
densities of effectively unpaired electrons.69 This procedure
has been applied by Budzelaar et al. who discussed the
diradical characters of MnL2+ and FeL22+ complexes.70

The symmetry broken B3LYP solutions showed that
complex2 has the largest singlet diradical character. The
restricted BLYP solutions for1-5, however, turned out to
be stable. This finding accords with the results of Bauern-
schmitt and Ahlrichs who found that the Hartree-Fock
exchange component of the hybrid exchange functional leads
to a significant instability of the restricted DFT solution.67

This is also corroborated by the work of Cremer and co-
workers who showed that the instability of the DFT solution

(65) Parr, R. G.; Yang, W.Density-Functional Theory of Atoms and
Molecules; Oxford University Press: New York, 1989; section 3.3, p
53.

(66) See ref 18, in particular, p 1755.
(67) Bauernschmitt, R.; Ahlrichs, R.J. Chem. Phys.1996, 104, 9047.
(68) This is analogous to the H2 dissociation problem. The exact DFT

solution and wave function must describe the correct decoupling of
the electron spins that leads to two hydrogen atoms. For a discussion
of the dissociation behaviour of the restricted and unrestricted DFT
solutions for H2, see for example, ref 17, in particular Figure 4.

(69) Staroverov, V. N.; Davidson, E. R.Int J. Quantum Chem.2000, 77,
316. Staroverov, V. N.; Davidson, E. R.Int. J. Quantum Chem.2000,
77, 651. Staroverov, V. N.; Davidson, E. R.J. Am. Chem. Soc.2000,
122, 186.

(70) Budzelaar, P. H. M.; de Bruin, B.; Gal, A. W.; Wieghardt, K.; van
Lenthe, J. H.Inorg. Chem.2001, 40, 4649-4655.

Table 6. Singlet-Triplet GapsE(S0) - E(T1) as Computed with the CASSCF(2, 8) Procedurea

quantity N(1) O(2) S(3) N, O(4) N, S(5)

E(So) -848.854854 -928.427313 -2218.989826 -888.752782 -1533.870667
E(T1) -848.854288 -928.426204 -2218.979933 -888.749446 -1533.866044
E(S0) - E(T1) cm-1 -124.2 -243.4 -2171.2 -738.7 -1014.6
cd -0.649089 -0.644302 -0.488697 -0.595272 -0.559778

a Total energies are given in atomic units. The smallest gap is derived for oxygen complex2. The diradical character is found to increase in the sequence
3 < 5 < 4 < 2 < 1.
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for a singlet diradical is linked to the presence of Hartree-
Fock exchange in the DFT exchange potential.71 Thus, our
results may depend on the degree of Hartree-Fock exchange.
However, the B3LYP procedure leads to reasonable exchange
coupling constants for transition metal complexes.55 There-
fore, at least the relative ordering of diradical characters
should be correct. The obtained sequence3 < 5 < 1 < 4 <

2 can be qualitatively understood from the stability of the
semiquinone forms of the ligands. This stability depends on
the ability of the coordinating atoms to form partial double
bonds with the ring carbons. This ability increases in the
series S< N < O58 and provides a satisfactory rationale for
the observed trends in the structure and the singlet diradical
character of the complexes studied in this work.

IC0113101(71) See ref 18, p 1752.
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