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Here we report a versatile magnetic susceptibility equation
for tetranuclear octahedral high-spin cobalt(II) complexes
and a magnetic analysis for a tetranuclear defect cubane
cobalt(Il) complex based on the equation. We concluded that
the interaction is essentially ferromagnetic despite the
decrease in the y7 product on cooling from 300 K, and the
decrease is due to the spin-orbit coupling.

1. Introduction

Magnetic properties of coordination compounds have been
extensively studied for more than half a century. However, it is
still very difficult to understand the relationship between structure
and magnetic properties of some octahedral high-spin cobalt(IT)
complexes, because effects of the ligand field and the spin-orbit
coupling work at the same time." Lines® and Figgis® showed the
way to analyse the magnetic properties of mononuclear
octahedral high-spin cobalt(Il) complexes by considering an
axially distorted ligand field and spin-orbit coupling, pointing out
the importance of considering the axial distortion in analysis. For
the complexes containing two equivalent octahedral high-spin
cobalt(Il) ions, Lines developed a magnetic susceptibility
equation for a pure octahedral case,' and Sakiyama developed
susceptibility equations for distorted octahedral cases based on
the ligand field theory.’

Various types of tetranuclear octahedral high-spin cobalt(II)
complexes have been reported,®’ and several magnetic studies
have been done. On the other hand, most of the time, it is difficult
to understand the magnetic behaviour without considering the
distorted ligand field. Therefore in this study we aim to develop a
versatile magnetic susceptibility equation for tetranuclear
octahedral high-spin cobalt(II) complexes, considering the local
distorted ligand field, spin-orbit coupling, and exchange
interaction. We also demonstrate theoretical y7T versus T curves,
and we show a result of magnetic analysis for a tetranuclear
defect cubane cobalt(IT) complex.

2. Results and discussion

The ground term of free high-spin cobalt(Il) ion is *F. In the
weak field of O symmetry, the *F term splits into *T7, *T5, and *4,
terms from the lower energy, and the ground *T) term has the
first-order orbital angular momentum. Considering the axial
distortion and spin-orbit coupling, the ground *7 term splits into

w
=

six Kramers doublets, which should be considered in analysing
the temperature-dependence of magnetic susceptibility. This
splitting is considered to be a zero-field splitting (ZFS), but is
different from the normal ZFS of a term without first-order
orbital angular momentum. The Hamiltonian can be written as H
= AL} —2/3) — 3/2)kAL-S + f[~(3/2)kL, + g, S,]-H, (u =x, v, 2),
where 4 is the axial splitting parameter, « is the orbital reduction
factor including the admixing, and A is the spin-orbit coupling
parameter.' Using the Hamiltonian, Zeemann energies [E,© (n =
+1, £2, £3, +4, £5, £6)] and first- and second-order Zeeman
coefficients [Eu’,,(l) and Eu’,,(z) (u =2z x; n==l, £2, £3, £4, 5,
£6)] are obtained as the functions of the parameters 4, x, and A.>*
Although the order of the six Kramers doublets varies with the
functions of the three parameters, the lowest Kramers doublet is
always the same term of effective 1/2 spin.? When considering
the exchange interaction between octahedral high-spin cobalt(II)
ions, the |J| value is generally much smaller than the energy
separation between the lowest and the second-lowest Kramers
doublets (~100-200 cm™"). Therefore, considering the interaction
only between the lowest Kramers doublets of cobalt(Il) ions is a
good approximation.’ Thus, in the case of tetranuclear octahedral
high-spin cobalt(Il) complexes, exchange interaction can be
treated in the same way as tetranuclear copper(Il) complexes.

Hatfield and coworkers developed a magnetic susceptibility
equation for tetranuclear copper(Il) complexes based on a
Hamiltonian as follows: H = —JS,;"Sa> =/ (Sa1°Sg1 + Sa2'Spo) —
J’(Sa1*Sp2 + Sax'Sp1) —”’Sp1*Sg..’” In the same way we can
develop a magnetic susceptibility equation for tetranuclear
octahedral high-spin cobalt(II) complexes, considering the six
Kramers doublets generated from the ground *7; term. Assuming
the isotropic interaction, the magnetic susceptibility equation is
written as follows:

40 +2x)
XM =—3
F,
Yoy = N 1F;(’" + TIP
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1s This equation contains nine parameters 4, x, v, J, J', J"', J'"’, 0,
and TIP, where v is defined as v =4/ (x ). The parameters 8 (K)
and TIP are options to consider the intermolecular interaction and
the temperature-independent paramagnetism, respectively. The
factor 25/9 in the equation originates from the relationship

0 between the true 3/2 spin and the effective 1/2 spin® The
orientation of each cobalt(II) ion is important; however, the effect
of orientation would give no effect on the result as far as we
consider isotropic interactions. Therefore, the equation is
versatile for various shaped tetranuclear octahedral high-spin

2s cobalt(Il) complexes, including parallelogram-shaped, rhombus-
shaped, rectangle-shaped, square-shaped, and tetrahedron-shaped
complexes (Scheme 1). For example, in tetranuclear cubane
cobalt(Il) complexes (Fig. 1a), four cobalt(Il) ions are located at
the vertices of the tetrahedron, so the tetrahedron-shaped model

30 can be used. In the same way, for defect cubane complexes (Fig.
1b), rhombus-shaped or parallelogram-shaped model can be used.

Parallelogram: J,J,J", )"

Rhombus: 5Lr=7r0"
Rectangle: d=J LI
Square: J=Jyr =y
Tetrahedron: J=J=J"=J"

Scheme 1 Exchange coupling model for tetranuclear cobalt(Il) complexes.
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Fig. 1 Structures of tetranuclear cobalt(Il) complexes; cubane structure (a)

and defect cubane structure (b).

Here we demonstrate 7 versus T curves using the equation
(Fig. 2). First, when decreasing the temperature from 300 K, y7'
product is not constant even in the cases with no interaction (J =
0 cm™); this is due to the thermal population onto the six
Kramers doublets generated by the spin-orbit coupling. The yT
product decreases when |A| and x are close to their upper limits
(Fig. 2a), but the T product increases when |4| and x are much
smaller than the upper limits (Fig. 2b). In addition, the shape of
the curve varies with the function of the local distortion,’
although it is not shown here. These are all due to the spin-orbit
coupling. Next, if we focus on the low temperature range, the y7'
product decreases when the interaction is antiferromagnetic,
while the x7 product increases when the interaction is
ferromagnetic. This is quite normal; however, it is only in the low
temperature range. In the higher temperature range, sometimes
the x7 product decreases in spite of the ferromagnetic interaction,
and sometimes the 7 product increases despite the
antiferromagnetic interaction. Therefore, the magnetic behaviour
in the higher temperature range is unrelated to the exchange
interaction.

(@) (b)
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25 25
2.0 2.0

T rey
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0.5 05
0.0 0.0

0 50 100 150 200 250 300 0 50 100 150 200 250 300
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Fig. 2 Theoretical y7" versus T curves for tetranuclear cobalt(Il)
complexes with the variation of J [The curves represent from the bottom J
=J=J"=J"=-5-1,-02,0,+0.2, +1, and +5 cm™', respectively.]
when A =-170 cm™, k= 0.9, and 4 =0 cm™ (a) and when 4 =-100 cm™,
x=0.7,and 4 =0 cm' (b), where # and TIP are not used.

Now we analyse the magnetic data observed for a defect
cubane complex [Co,(p3-OH),(H,0)s(ntp),]-2H,0, where Hz(ntp)
= N(CH,CH,COOH),.” For this purpose, we developed a
computer software MagSaki(tetra), which included optimization
programs. First, assuming all the interactions are equal (J=J =
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J=J"""), we decided to determine six parameters 4, «, v, J, 0,
and TIP. Generally it is too difficult to determine six parameters
based on a simple curve; however, it is possible to determine all
the parameters in this case, reducing the six-parameter problem to
a three-parameter problem plus three one-parameter problems;
this is because the individual parameters have a different effect
on the T versus T curve, and the effective temperature ranges of
the problems are different from each other. The observed 7'
versus T data above 100 K is strongly dependent on only three
parameters A, x, and v, and there are at most three local minima
[usually at v < 0, v = ~0, and v > 0] for the objective function,
which should be minimized. For the compound we found only
one local minimum at (4, x, v) = (~110 em!, ~0.93, ~3.0).
Analysing the data in the whole temperature range, we found
only one parameter set (J, 4, x, v, 0, TIP) = (+2.54 em !, 105 cm
', 0.93, 3.5, —-1.67 K, 0.000433 cm® mol™) after optimization.
Further analysis was also possible assuming the rhombus-shaped
model, using the brute force method, finding all the local minima.
In the case assuming J=J’=J" and J’”’ = 0 cm ', the obtained
parameters were J=J’ =J"=+337 cm}, J"’ =0 cm ' (fixed),
=-108 cm ™, x=0.93, v=-3.5, 8 =-1.65 K, and TIP = 0.000422
cm’® mol™'. Furthermore, in the case assuming J #J’=J"" and J”’
=0 cm’l, the obtained parameters were J = +0.76 cm’l, J=J"=
+422 cm™, J7’ =0 cm™ (fixed), 2 =-108 cm ™!, x = 0.93, v=—
3.5,0=-1.66 K, and TIP = 0.000414 cm’ mol . This is the most
appropriate one, judging from the crystal structure. The obtained
theoretical y7" versus T curve is shown in Fig. 3. This result
indicates three things: (1) the decrease in yT from 300 K to 50K
is due to the thermal population on the Kramers doublets caused
by the spin-orbit coupling, (2) a small increase below 20 K to ~10
K is due to the ferromagnetic interaction within a tetranuclear
unit, and (3) a sudden decrease below 10 K is due to the
intermolecular antiferromagnetic interaction. The theoretical no-
interaction curve is also shown in Fig. 3, assuming J=J" =J"" =
J’=0.00cm ", 2=-108 cm ™, k=093, v=-3.5, 6 = -1.66 K,
TIP = 0.000414 cm® mol™'. The observed data is gradually
deviating upwards from the theoretical no-interaction curve on
cooling. Therefore the interaction is apparently ferromagnetic
despite the decrease in 7.
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Fig. 3 Temperature dependencies of the yT" products: the observed data
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(circles), an optimized theoretical curve with the parameters J = +0.76
em!,J =J"=+422cm’,J’ =0 cm” (fixed), A=-108 cm™', x = 0.93,
v=-35 60=-1.66 K, TIP = 0.000414 cm® mol™ (solid curve), and a
theoretical no-interaction curve with the parameters J=J' =J"' =J"" =
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0.00 cm™, 1=-108 cm™, k=0.93, v=-3.5, 0 =—-1.66 K, TIP = 0.000414
cm’ mol ™' (dotted curve).

3. Conclusions

A versatile magnetic susceptibility equation was obtained for
tetranuclear  octahedral  high-spin  cobalt(Il) complexes,
considering the local distorted ligand field, spin-orbit coupling,
and exchange interaction. This equation can be used for various
shaped  tetranuclear  cobalt(Il)  complexes, including
parallelogram-shaped, rhombus-shaped,  rectangle-shaped,
square-shaped, and tetrahedron-shaped complexes. The T versus
T data were analysed for a defect cubane complex [Co,(u3-
OH),(H,0)4(ntp),]:2H,0, and the result indicated that (1) the
decrease in y7T from 300 K to 50K is due to the spin-orbit
coupling, (2) an increase below 20 K to ~10 K is due to the
ferromagnetic interaction within a tetranuclear unit, and (3) a
sudden decrease below 10 K is due to the intermolecular
antiferromagnetic interaction. Importantly, the interaction is
essentially ferromagnetic despite the decrease in y7" from 300 K
to 50K.

Acknowledgements

Financial support by Yamagata University is gratefully
acknowledged. H.S. is thankful to Dr. R. Clérac for valuable
discussion.

References

“ Department of Material and Biological Chemistry, Faculty of Science,
Yamagata University, 1-4-12 Kojirakawa, Yamagata, 990-8560 Japan.
Tel: +81 23 628 4601; E-mail: saki@sci.kj.yamagata-u.ac.jp

b Institut fiir Anorganische Chemie der Universitit Karlsruhe,

Engesserstr. Geb. 30.45, D-76128 Karlsruhe, Germany. Fax: +49 721

608 8142; Tel: +49 721 608 2135, E-mail: powell@chemie.uni-

karlsruhe.de

T Electronic Supplementary Information (ESI) available: [details of any

supplementary information available should be included here]. See

DOI: 10.1039/6000000x/

} Footnotes should appear here. These might include comments relevant

to but not central to the matter under discussion, limited experimental and

spectral data, and crystallographic data.

1 O. Kahn, Molecular Magnetism, VCH (1993).

2 M.E. Lines, Phys. Rev., 1963, 546.

3 B. N. Figgis, M. Gerloch, J. Lewis, F. E. Mabbs, G. A. Webb, J.
Chem. Soc. 4, 1968, 2086.

4 M.E. Lines, J. Chem. Phys., 1971, 55, 2977.

5 H. Sakiyama, R. Ito, H. Kumagai, K. Inoue, M. Sakamoto, Y.
Nishida, M. Yamasaki, Eur. J. Inorg., Chem., 2001, 2027; H.
Sakiyama, R. Ito, H. Kumagai, K. Inoue, M. Sakamoto, Y. Nishida,
M. Yamasaki, Eur. J. Inorg., Chem., 2001, 2705; M. J. Hossain, M.
Yamasaki, M. Mikuriya, A. Kuribayashi, H. Sakiyama, Inorg. Chem.,
2002, 41, 4058; H. Sakiyama, Inorg. Chim. Acta, 2006, 359, 2097; H.
Sakiyama, Inorg. Chim. Acta, 2007, 360, 715.

6 G. P. Guedes, S. Soriano, N. M. Comerlato, N. L. Speziali, P. M.
Lahti, M. A. Novak, M. G. F. Vaz, Eur. J. Inorg. Chem., 2012, 5642;
M. Bera, G. T. Musie, D. R. Powell, Inorg. Chem. Commun., 2010,
13, 1029; A. Scheurer, A. M. Ako, R. W. Saalfrank, F. W.
Heinemann, F. Hampel, K. Petukhov, K. Gieb, M. Stocker, P. Miiller,
Chem. Eur. J., 2010, 16, 4784; H.-P. Jia, W. Li, Z.-F. Ju, J. Zhang,
Inorg. Chem. Commun., 2007, 10, 265; D. Yuan, Y. Xu, M. Hong,
W. Bi, Y. Zhou, X. Li, Eur. J. Inorg. Chem., 2005, 1182; M. Du, Y.-
M. Guo, X.-H. Bu, J. Ribas, Eur. J. Inorg. Chem., 2004, 3228; E. V.
Pakhmutova, A. E. Malkov, T. B. Mikhailova, A. A. Sidorov, L. G.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Dalton Transactions

Fomina, G. G. Aleksandrov, V. M. Novotortsev, V. N. Ikorskii, I. L.
Eremenkoa, Russ.Chem.Bull., Int.Ed., 2003, 52, 2117; G. S.
Papaefstathiou , A. Escuer, M. Font-Bardia, S. P. Perlepes, X. Solans,
R. Vicente, Polyhedron, 2002, 21, 2027; Z. E. Serna, M. K. Urtiaga,

5 M. G. Barandika, R. Cortés, S. Martin, L. Lezama, M. 1. Arriortua, T.
Rojo, Inorg. Chem., 2001, 40, 4550; G. S. Papaefstathiou, A. Escuer,
C. P. Raptopoulou, A. Terzis, S. P. Perlepes, R. Vicente, Eur. J.
Inorg. Chem., 2001, 1567, H. Andres, J. M. Clemente-Juan, M.
Aebersold, H. U. Giidel, E. Coronado, H. Bulttner, G. Kearly, J.

10 Melero, R. Burriel, J. Am. Chem. Soc., 1999, 121, 10028; J. M.
Clemente-Juan, E. Coronado, Coord. Chem. Rev., 1999, 193-195,
361; E. Coronado, C. J. Gémez-Garcia, Comments Inorg. Chem.,
1995, 17, 255; J. A. Bertrand, E. Fujita, D. G. VanDerVeer, Inorg.
Chem., 1979, 18, 230; R. M. Buchanan, B. J. Fitzgerald, C. G.

15 Pierpont, Inorg. Chem., 1979, 18, 3439.

7 P. King, R. Clérac, W. Wernsdorfer, C. E. Anson, A. K. Powell,
Dalton Trans., 2004, 2670.
8 H. Sakiyama, J. Chem. Software, 2001, 7, 171; H. Sakiyama, J.

Comput. Chem. Jpn., 2007, 6, 123.

20 9  W. E. Hatfield, G. W. Inman, Inorg. Chem., 1969, 8, 1376.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 4



