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We report magnetic and magnetic circular dichroism investigations of a binuclear Co(II) compound. The Hamiltonian
of the system involves an isotropic exchange interaction dealing with the real spins of cobalt(II) ions, spin−orbit
coupling, and a low-symmetry crystal field acting within the 4T1g ground manifold of each cobalt ion. It is shown that
spin−orbit coupling between this ground term and the low-lying excited ones can be taken into consideration as an
effective g factor in the Zeeman part of the Hamiltonian. The value of this g factor is estimated for the averaged
experimental values of Racah and cubic ligand field parameters for high-spin cobalt(II). The treatment of the
Hamiltonian is performed with the use of a irreducible tensor operator technique. The results of the calculation are
in good agreement with experimental observations. Both a large effective g factor for the ground state and a large
temperature-independent part of the magnetic susceptibility arise because of a strong orbital contribution to the
magnetic behavior of the Co(II) dimer.

I. Introduction

Metallohydrolases with peptidase or phosphoesterase
activity are of considerable interest to bioinorganic chemists
because of their essential role in living organisms. Most of
the well-studied examples contain a single metal ion that is
involved in the enzymatic reaction. However, the number
of binuclear metallohydrolases is growing rapidly. The
common structural feature of these metallohydrolases is a
dinuclear metal active site featuring Zn(II), Ni(II), Co(II),
or Mn(II). The possibility that these metalloenzymes can be
used in different therapeutic applications has led to growing
interest in the characterization and modeling as well as the
theoretical descriptions of such compounds.1-4

From a theoretical point of view, the most interesting but
complicated situation is in the case of the interaction of two
Co(II) ions in octahedral surroundings. The4T1g ground state
is orbitally degenerate. This orbital degeneracy leads to
highly anisotropic interactions, and the effective exchange
Hamiltonian contains not only spin operators but also orbital
ones.5 In general, the isotropic Heisenberg-Dirac-Van
Vleck (HDVV) model should be improved by taking into
account special forms of orbitally dependent exchange
interactions.6,7 Recently, Tsukerblat et al.8 presented magnetic
investigations of a trinuclear iron-cobalt complex. Following
the idea of Lines,9 these authors neglected orbitally dependent
terms of the exchange interaction between Co(II) and Fe(III)
ions and took into consideration only the isotropic exchange
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between real spins. The orbital degeneracy of high-spin
cobalt was taken into account by the inclusion of the orbital
momentum of the4T1g term and the spin-orbit coupling
within this term. The importance of the orbital contribution
to the magnetic behavior was demonstrated.

In this Article, we report the magnetic and magnetic
circular dichroism investigations of a Co(II) dimeric com-
pound. The approach proposed in ref 8 is modified by taking
into consideration the spin-orbit coupling between the4T1g

ground term and the low-lying excited ones. The proposed
model is applied to the study of the [Co2(µ-OAc)3(urea)-
(tmen)2][OTf] complex. The obtained results clearly dem-
onstrate a strong orbital contribution to the magnetic
properties of the investigated compound.

II. Experimental Section

Magnetic Measurements.The magnetic susceptibility of a
polycrystalline sample was recorded using a computer-controlled
Faraday-type balance Cahn D-200 in a temperature range of 4.5-
300 K at the applied field of 0.5 T. The susceptibility data were
corrected for diamagnetic contributions as deduced with the use of
Pascal’s constant tables.

MCD Measurements. MCD spectra were measured using a
JASCO J-810 spectropolarimeter, interfaced with an Oxford instru-
ments cryostat Spectromag SM 4000-9T equipped with a split-coil
superconducting magnet. The measurements were performed in the
selected temperature range of 3-20 K and the selected wavelength
range of 375-625 nm. The sample was mixed with Nujol and
placed between two thin quartz plates in a copper sample holder
that was screwed to the lower end of the sample probe. The
temperature was regulated by adjusting the helium gas flow rate
from the main bath through the heat exchanger and by using two
pairs of heaters and thermometers mounted at the heat exchanger
and at the sample probe located near the sample. The accuracy of
the temperature control was better than 0.3 K. The cryostat windows
and the sample holder were checked to make sure that they were
not giving out MCD signals. Data acquisition was achieved using
JASCO spectra manager software. The obtained MCD spectra were
corrected by subtracting the small zero-field MCD signal.

III. Model

The crystal structure of the investigated Co(II) dimer is
shown in Figure 1. Each cobalt ion is octahedral coordinated,
but the site symmetry is lower because of some distortions
in the surroundings. One can see that this symmetry isD2h

at best. The localzi axes (i ) 1, 2) are chosen to be parallel
to the O1-O7 direction for Co1 and the O2-O5 direction
for Co2. The localx1 axis is parallel to the bisector of the
N1-Co1-N2 angle, whereas thex2 axis is parallel to the
bisector of the N3-Co2-N4 angle. The localyi axis for each
Co ion is perpendicular to the correspondingxizi plane.

All calculations are performed in the molecular coordinate
system (XYZ), which is as follows: TheZ axis is parallel to
the bisector of the angle between the localzi axes, theX
axis lies in the plane of the localz1z2 axes, and theY axis is
perpendicular to theXZ plane. The unitary transformation

from the molecular coordinate system to the local ones is
given byA(i) matrixes

whereâi andγi are the Euler angles.
The Hamiltonian of the investigated Co dimer can be

written as

The first part in eq 2 represents the spin-orbit coupling.
The ground state of Co(II) is orbitally degenerate (4T1g triplet
in a cubic crystal field). Focusing on the4T1g ground state
only (it corresponds to the assumption that the ligand field
is strong enough), we can describe Co(II) as an ion with the
spin valueS) 3/2 and the fictitious angular momentumL )
1. The spin-orbit interaction within the4T1g triplet can be
written as follows

whereκ is the orbital reduction factor andλ is the spin-
orbit coupling parameter (-170 cm-1) for a free Co(II) ion.
The factor-3/2 appears because the matrix elements ofL
within the 4T1g states are exactly the same as the matrix
elements of-3L /2 within the p basis. It should also be
mentioned that the orbital reduction factorκ takes into
account not only the covalence of the cobalt-ligand bonds
but also the mixture of both4T1g states (originating from4F
and 4P). Neglecting the covalence, we find thatκ varies
between 1 (weak-field limit) and2/3 (strong-field limit).

The second term in eq 2 represents the low-symmetry
(noncubic) crystal field that takes into account the distortions
of the local surrounding. Combined with the spin-orbit
interaction, this field gives rise to a strong magnetic
anisotropy of each Co(II) and thus to the entire complex. In
general, the crystal field operator can be written in the
following form

Figure 1. Molecular structure of [Co2(µ-OAc)3(urea)(tmen)2][OTf].

A(i) ) (cosâi cosγi -cosâi sin γi sin âi

sin γi cosγi 0
-sin âi cosγi sin âi sin γi cosâi

) (1)

H ) HSO + Hcr + Hex + HZe (2)

HSO
i ) - 3

2
κλSiL i (i ) 1, 2) (3)

Hcr
i ) L iDiL i (4)
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where theDi tensor describes the splitting of the4T1g term
in the local crystal field. We suppose that for both Co ions
the local axes coincide with the main axes of theDi tensors
and so in the local coordinate systems these tensors are

where∆i andEi are the axial and rhombic parameters ofDi

tensor. In the following consideration, we assume that for
both Co ions these parameters are equal and thus the
subscripti is omitted. To obtain the low-symmetry part of
the crystal field in the molecular coordinate system, the
unitary transformation should be performed.

where theA(i) matrixes are given by eq 1.
The third term in the Hamiltonian (eq 2) represents the

magnetic exchange between two cobalt ions. As long as the
ground state of Co(II) is orbitally degenerate, the exchange
interaction should contain, in general, both orbital and spin
contributions. However, following the idea of Lines,9 we
assume that the exchange coupling between cobalt centers
contains only an isotropic part operating with the real spins

whereJ is the isotropic exchange parameter andS1 ) S2 )
3/2.

The last term in eq 2 is the Zeeman interaction. It consists
of both spin and orbital contributions and is written as follows

where â is the Bohr magneton andg0 ) 2.0023 is the
electronic Lande´ factor. In eq 8, the spin-orbit interaction
between the4T1g ground state and any excited states is
neglected. We show in the Appendix that after accounting
for this interaction theg0 value in eq 8 should be replaced
by g0 + ∆g where ∆g depends on the Racah and cubic
crystal field parameters as well as on the one-electron spin-
orbit coupling constant. For the averaged values of these
parameters for the high-spin Co(II) ion,∆g is about 0.12.
As one can see, this value is small but not negligible. The
accounting of the low-symmetry crystal field results in the
anisotropy of the∆g value. However, if the distortion from
the octahedral surrounding is not too strong, then this
anisotropy can be neglected.

All matrix elements of the general Hamiltonian (eqs 2-8)
can be calculated with the use of an irreducible tensor
operator technique.10,11The principal values of the magnetic
susceptibility are computed from the usual expression

whereEg represents the energy levels of the system in the
external magnetic field. In eq 9,N andkB are Avogadro’s
number and the Boltzmann constant, respectively. The
powder average magnetic susceptibility is calculated as

IV. Analysis

Magnetic Data. In this section, the model described above
is applied to the explanation of the magnetic behavior of
the [Co2(µ-OAc)3(urea)(tmen)2][OTf] complex. Detailed
crystallographic data can be found elsewhere.12,13The Euler
angles required for our calculations areâ1 ) 15.6°, γ1 )
-21.9°, â2 ) -15.6°, andγ2 ) 9.3°. The magnetic properties
of the investigated complex are shown in Figure 2. The best-
fit parameters are listed in the Figure caption. The experi-
mental curve is in good agreement with the calculated one.
The value of the exchange parameter indicates a ferromag-
netic exchange interaction between the cobalt ions.

To understand the magnetic behavior of the investigated
dimer, we analyzed the low-lying energy levels of the cluster.
In the first stage of this analysis, the distortion from the
octahedral surroundings was neglected. Figure 3 shows the
calculated energy pattern, including levels up to 400 cm-1.
The ferromagnetic exchange interaction between cobalt spins
results in theJ ) 1 ground state. This ground state possesses
an effectiveg factor of about 4.73. This large value ofg is
a result of the strong orbital contribution to the magnetic
behavior of the cobalt dimer. There exists also a strong
mixture of this ground state with the excited ones, possessing
the same value of total angular momentumJ. This mixture
results in the strong temperature-independent part of the
magnetic susceptibility. Expanding the energy of the ground
manifold as powers of the external magnetic fieldH,

the second-order Zeeman coefficientE0
(2) ) -1.18× 10-2

cm-1 T-2 is obtained. The temperature-independent part of
the magnetic susceptibility can be calculated by

For the investigated complex, one obtains a very largeøTIP

of about 2.8× 10-2 cm3 mol-1. Because the value of the
spin-orbit coupling parameter significantly exceeds the
exchange coupling parameter, this TIP appears mainly
because of the spin-orbit interaction.

The magnetic behavior of the cobalt dimer is explained
by the interplay of two processes: the thermal population
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of the excited levels that are less magnetic than the ground
one and the strong temperature-independent part of the
magnetic susceptibility. With the temperature increase, the
former process leads to the decrease of the effective magnetic
moment whereas the latter one results in the increase of the
effective magnetic moment. When the temperature is low
enough and the thermal population of the excited levels is
small, the latter process dominates, and the effective magnetic
moment increases. At some value of temperature, the
population of the levels with smallerg values becomes
significant, and further temperature growth leads to the
decrease of the effective magnetic moment.

The energy pattern presented in Figure 3 differs signifi-
cantly from the patterns that can be obtained from the HDVV
model (J ) 0, 1, 2, 3 or 3, 2, 1, 0 for antiferromagnetic or
ferromagnetic exchange, respectively). In the framework of
the present approach, we deal with four angular momenta
(two spins and two orbital momenta), coupled by the
exchange and SO interactions. The order of levels in Figure
3 is the result of this coupling and is determined by the
interplay between the mentioned interactions.

Now we consider the effect of a small, low-symmetry
crystal field. Because of the symmetry decrease, the energy
levels presented in Figure 3 are split. From the magnetic
point of view, the most significant factor is the behavior of
the ground multiplet. The corresponding levels are presented
in the inset. The ground multiplet is split into three

components, with the sublevel withMJ ) 0 being low in
energy. As a result, the low-temperature value of the effective
magnetic moment slightly decreases.

It should be mentioned that the values of∆ and E
parameters obtained from the fitting procedure look rather
small for the system with different atoms in the first
coordination sphere. However, if distortion from the octa-
hedral surroundings is strong enough, then the orbital
momentum disappears and each Co(II) ion can be treated as
spin S ) 3/2 with strong magnetic anisotropy. All attempts
to explain the magnetic properties of the investigated
compound using this spin-only model failed. Consequently,
one can expect that distortion from the octahedral surround-
ings is small. In the next subsection, we show that the
analysis of MCD data confirms the obtained values of key
parameters of the system.

Magnetic Circular Dichroism Investigations. A general
formula for the analysis of MCD spectra requires the
calculation of the difference between molar extinction
coefficients for the left and right circularly polarized light
∆ε ) εL - εR. It can be written as14

In eq 13g ande represent any ground and excited states,εijk

is the 3D antisymmetric Levi-Civita tensor,mx, my, andmz

are the components of a molecule fixed transition dipole
operator,Azx ) sin θ cosæ, Azy ) sin θ sin æ, Azz ) cosθ
(θ andæ describe the orientation of the magnetic field with
respect to the molecule-fixed coordinate system),K is a
constant that depends on the substance under examination,
andQ is a partition function.

In the complex under investigation, theJ ) 1 ground state
is well separated from the excited ones (Figure 3). At low
enough temperatures, only these three levels are thermally
accessible, and the contribution of other levels to the MCD
signal can be neglected. Each of these three low-lying levels
can be written as

where theCM coefficients (M ) 0, (1) depend onθ, æ, and
the value of the external magnetic fieldH. Substituting eq
14 into eq 13, one obtains

(14) Oganesyan, V. S.; George, S. J.; Cheesman, M. R.; Thomson, A. J.J.
Chem. Phys.1999, 110, 762.
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Figure 2. Effective magnetic moment for [Co2(µ-OAc)3(urea)(tmen)2]-
[OTf]. The solid line represents the best fit obtained forJ ) 18.0 cm-1, κ

) 0.7, ∆ ) 80 cm-1, andE ) 10 cm-1.

Figure 3. Energy scheme (low-lying levels) of a binuclear cobalt(II)
complex forJ ) 18.0 cm-1, κ ) 0.7, and∆ ) 0. In the inset, the splitting
of the lowest triplet at∆ ) 80 cm-1 andE ) 10 cm-1 is presented.

∆ε(θ, æ) )

-
K

Q
∑
i,j,k

εijkAzk∑
g,e

Im{〈g|mi|e〉〈e|mj|g〉} exp(-Eg

kBT) (13)

|g〉 ) ∑
MJ

CMJ
|J ) 1, MJ〉 ≡ ∑

M

CM|M〉 (14)
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The experimental MCD spectrum of the investigated dimeric
complex is shown in Figure 4 and is dominated by temper-
ature-dependent contributions. The energy of the intense
MCD signal is characteristic for d-d transitions. The small
value of the low-symmetry crystal field obtained in the fitting
procedure of the magnetic data indicates that each Co ion is
in a highly symmetric environment. The ground state is
orbitally degenerate, and hence the optical transitions of all
polarizations should contribute to the MCD signal.

Let us regard the following combination of matrix ele-
ments

where i, j ) x, y, zand e is any excited state. Using the
Wigner-Eckart theorem and the symmetry properties of
Clebsch-Gordan coefficients one can obtain

The preceding equation (eq 17) holds for any excited state.
The same relationship applies to matrix elements〈M|Jk|M'〉,
whereJk is thekth component of the total angular momentum
operator that operates within theJ ) 1 ground state.
Therefore, one can write

whereR(e) represents a combination of the reduced matrix
elements and depends on the excited state contributing to
the MCD signal at a given wavelength. Finally,∆ε can be
written as

where

Equations 19 and 20 allow us to calculate the MCD signal
of the investigated dimer at any orientation of the external
magnetic field with respect to the molecular coordinate
system. To obtain the signal from the randomly oriented
molecules in frozen Nujol, eq 19 is integrated over all
magnetic field orientations

An examination of eqs 19-21 immediately leads to the
following conclusion: the MCD saturation curves con-
structed for data collected at different wavelengths should
demonstrate similar behavior. However, the magnitude of
the signal is different because of the contribution of different
excited states and that results in the different values of the
R(e) parameter.

The experimental MCD spectrum consists of two intense
bands at 495 and 510 nm. To construct the saturation
magnetization curves, we recorded signal intensity at maxima
of both bands. As was expected from an analysis of eqs 19-
21, the intensity behavior at both wavelengths is similar
(Figure 5), and after normalization curves at both wave-
lengths coincide. As was shown,14 in the case of the orbitally
nondegenerate ground state, the MCD signal appears because
of the second-order spin-orbit mixing with nearby transi-
tions. The forms of the magnetization curves strongly depend
on the polarizations of these transitions. As a result, different
curves should demonstrate different behavior. Therefore, the
identical behavior of the signals recorded at various wave-
lengths is clear evidence of a strong orbital contribution to
the MCD behavior of the investigated complex.

To determine if the MCD behavior of the investigated
complex is described by the values of the key parameters
obtained from the fit of magnetic data, we constructed the
MCD saturation curves using the following algorithm: (i)
|M〉 components of theJ ) 1 ground triplet are obtained at
J ) 18.0 cm-1, κ ) 0.7, ∆ ) 80 cm-1, andE ) 10 cm-1;
(ii) CM coefficients are calculated as functions ofH, θ, and
æ by means of the diagonalization of the total (144× 144)
matrix; and (iii) MCD saturation curves are constructed using
eqs 19-21. The corresponding saturation curves are pre-
sented in Figure 6. There is reasonable agreement between
the experimental data and theoretical curves. This agreement
confirms the applicability of the presented model to the
theoretical explanation of the magneto-optical behavior of
the investigated cobalt dimer. Small differences between
theory and experiment can be caused by the fact that strong
enough magnetic fields result in some admixture of the low-
lying excited states to theJ ) 1 ground state, whereas in

∆ε(θ, æ) ) -
K

Q
∑
i,j,k

εijkAzk∑
g,e

∑
M,M'

×

Im{CM
* CM'〈M|mi|e〉〈e|mj|M'〉} exp(-Eg/kBT) (15)

Mij(M, M') ) ∑
i,j,k

εijk〈M|mi|e〉〈e|mj|M'〉 (16)

Mxy(0, 0)) 0

Mxy(1, 1)) -Mxy(-1, -1)

) x2Myz(0, 1)) x2Myz(1, 0))

x2Myz(0, -1) ) x2 Myz(-1, 0)

) -ix2Mzx(0, 1)) ix2Mzx(1, 0))

ix2Mzx(0, -1) ) -ix2 Mzx(-1, 0) (17)

Mij(M, M') ) R(e)〈M|Jk|M'〉 (18)

∆ε(θ, æ) ) -
K

Q
∑

e

Im{R(e)}∑
k

Azk〈Jk〉T (19)

〈Jk〉T ) ∑
g

〈g|Jk|g〉 exp(-Eg/kBT) (20)

Figure 4. Experimental MCD spectrum of the [Co2(µ-OAc)3(urea)(tmen)2]-
[OTf] complex recorded at 3.3 K.

〈∆ε〉 ) 1
4π∫0

π ∫0

2π
∆ε(θ, æ) sin θ dθ dæ (21)
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the present approach the contribution of these states to the
MCD spectrum is neglected.

V. Conclusions

In this Article, we have reported the magnetic and MCD
investigations of the [Co2(µ-OAc)3(urea)(tmen)2][OTf] com-
plex. The presence of ions with first-order orbital angular
momenta results in interesting peculiarities of magnetic and
MCD behavior. The model for the explanation of these
peculiarities includes the isotropic exchange interaction
between the real spins and spin-orbit coupling acting within
the4T1g ground manifold. The spin-orbit coupling with the
excited terms was taken into consideration as an effectiveg
value. By this method, the ferromagnetic exchange interac-
tion between Co(II) ions was found. MCD studies confirm
the obtained values of the key parameters. The crucial role
of the orbital angular momentum in the behavior of the
investigated compound was revealed.
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Appendix

The lowest orbital states of the free Co(II) ion (3d7) are
4F and4P. In the presence of the cubic crystal field, the4F
state splits into the orbital triplets4T2g and4T1g and singlet

4A2g, with 4T1g being the ground state. The4P term is not
split and remains an orbital triplet with symmetry4T1g. The
corresponding electron configurations are

The orbital triplets of4T1g symmetry are mixed by Coulomb
interaction. The energy matrix in the presence of both
ligand-field and Coulomb interaction is

whereB is the Racah parameter andDq is the cubic ligand
field parameter. The ground state represents a superposition
of both 4T1g configurations

In eq A3,M is the magnetic quantum number, andγ̃ is a
component of the irreducible representation T1g. Coefficients
C1 andC2 are as follows:

The energy of this ground-state configuration is

Energies of the excited terms with the symmetries4T2g and
4A2g are as follows:15

Let us regard the effect of spin-orbit interaction on the terms
mentioned above. It can be done in two steps: (i) the
interaction within each term and (ii) the coupling between
components of different terms. Spin-orbit coupling splits
the ground4T1g term (eq A3) in a perfect octahedral ligand
field into the doublet

quartet

Figure 5. Experimental MCD saturation curves recorded at (b) 510 and
(O) 495 nm.

Figure 6. Comparison of calculated and measured magnetization curves.
Experimental data were collected at (2) 3.3, (O) 5.25, and (9) 10.25 K.

|4T1g(1)〉 ≡ |t25(2T2g) e2(3A2g)
4T1g〉

|4T1g(2)〉 ≡ |t24(3T1g) e3(2Eg)
4T1g〉

|4T2g〉 ≡ |t24(3T1g) e3(2Eg)
4T2g〉 (A1)

|4A2g〉 ≡ |t23(4A2g) e4(1A1g)
4A2g〉

|4T1g(1)〉 |4T1g(2)〉

(-12B - 8Dq 6B
6B -3B + 2Dq) (A2)

Φgr(
4T1gγ̃M) ) C1|4T1g(1)γ̃M〉 + C2|4T1g(2)γ̃M〉 (A3)

C1 ) [12(1 + 4.5B + 5Dq

[36B2 + (4.5B + 5Dq)2]1/2)]1/2

C2 ) [12(1 - 4.5B + 5Dq

[36B2 + (4.5B + 5Dq)2]1/2)]1/2
(A4)

Egr(
4T1g) ) -7.5B - 3Dq - [36B2 + (4.5B + 5Dq)2]1/2

(A5)

E(4T2g) ) -15B + 2Dq

E(4A2g) ) -15B + 12Dq (A6)

Ψ(1 )
1

x6
(-x3|a- ( 3

2〉 + x2|a0 ( 1
2〉 - |a( -

1
2〉) (A7.1)
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and sextet states

In eqs A7.1-A7.3,a (,0 are the components of the4T1g term
in the trigonal basis.

The4T2g term is also split into three groups of levelsΦ(1,
Φ(2,(3, andΦ(4,(5,(6. The corresponding wave functions can
be obtained from eqs A7.1-A7.3 by the following substitu-
tions: a( f x( anda0 f x0. The 4A2g term is not split.

The next step is to introduce into consideration the spin-
orbit interaction between the ground4T1g term and excited
ones. It can be done using perturbation theory. There is no
spin-orbit coupling between the4A2g term and the ground
one, so to first order, the4A2g state has no effect on the
magnetic properties and can be excluded from consideration.
On the contrary, coupling between4T2g and both4T1g terms
exists. To first order, one obtains

Because the value of spin-orbit coupling for the high-spin
Co is at least 10 times smaller than the energy gap between
the 4T2g and 4T1g terms, the denominators in eq A8 can be
substituted with

without a significant loss of accuracy.

Now let us regard the matrix elements of the Zeeman
interaction within the eq A8 basis. In general, the Zeeman
interaction is as follows:

In eq A10, the orbital reduction due to the covalence of the
cobalt-ligand bonds is neglected, andl ) 2 is the angular
orbital momentum for the d electrons. Matrix elements of
operator eq A10 in the eq A8 basis can be easily calculated
using the Wigner-Eckart theorem. They consist of two
parts: the matrix elements of the Zeeman interaction within
the 4T1g ground manifold and the part due to the mixture
between the4T2g and 4T1g terms. The former part can be
calculated for the fictitious angular momentumL ) 1 using
the Hamiltonian of eq 8. The latter terms can be calculated
for every group of levels (doublet, quartet or sextet)
separately. For example, for doublet states, these additional
terms to the Zeeman interaction are

whereú is a one-electron spin-orbit coupling parameter,
theCi coefficients are determined in eq A4, and∆E is given
by eq A9. As one can see, the same result can be obtained
by using eq A7.1 wave functions and the Hamiltonian of eq
8 with g0 replaced byg0 + ∆g:

The average experimental values of theB, Dq, and ú
parameters for the Co(II) ion are taken from refs 15-17.
Substitution ofB ) 971 cm-1, Dq ) 840 cm-1, andú )
540 cm-1 in eq A12 results in∆g ) 0.12.

By repeating all considerations, we can obtain the∆g
values for the quartet and sextet. It should be mentioned that
there is a difference between the∆g values for different
groups of levels, but this difference is small and can be
ignored because the quartet and the sextet are high in energy.
Therefore, the Zeeman interaction for the Co(II) ion can be
presented by eq 8 with an averageg value of about 2.12.
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Ψ'i ) Ψi + ∑
j

〈Φj|HSO|Ψi〉

E(Ψi) - E(Φj)
Φj (A8)

∆E ) E(4T2g) - Egr(
4T1g) (A9)

HZ ) â∑
i

(l i + g0si)H (A10)

〈Ψ'(1|HZ|Ψ'(1〉
(1) ) âú
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(C1
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