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Fı́sica, Comisio´n Nacional de Energı´a Atómica, AVda. del Libertador 8250, 1429 Buenos Aires,
Argentina, Departamento de Fı´sica, Facultad de Ciencias Fı´sicas y Matema´ ticas, UniVersidad de
Chile, AVda. Blanco Encalada 2008, Casilla 487-3, Santiago, Chile, and Instituto de Fı´sica,
UniVersidade Federal do Rio de Janeiro, CP 68528, Rio de Janeiro 21945, RJ, Brazil

Received October 16, 2002

We report the structure and the magnetic properties of a cobalt(II) compound with the amino acid L-threonine,
Co(C4H8NO3)2(H2O)2. It crystallizes in the orthorhombic chiral space group C2221, with a ) 5.843(5) Å, b ) 10.120(10)
Å, c ) 22.36(3) Å, and Z ) 4. The Co(II) ion is in a deformed octahedral environment on a 2-fold symmetry axis
parallel to the crystallographic axis b. It is bonded to two threonine molecules in a bidentate fashion, via one
oxygen from the carboxylate end and the R-amino nitrogen. A water molecule occupies the third independent site.
The Co(II) ions are arranged in layers with intralayer and interlayer distances of 5.84 and 11.18 Å, respectively.
Magnetic measurements data reflect the molecular character of a compound with weak exchange interactions.
EPR measurements in polycrystalline and single-crystal samples indicate a distorted axial symmetry around the
Co(II) ion, as expected from the structural results. Eigenvalues and eigenvectors of the g tensor are determined.
The measured principal g values (5.81, 4.56, and 2.23) reflect a high-spin Co(II) ion, as suggested by the type of
ligands and the molecular symmetry. From the incomplete collapse of the hyperfine structure we estimate 0.25 <
|J| < 1.2 cm-1 between neighboring Co(II) ions within a layer, transmitted through H-bonds. A higher limit |J′| <
0.07 cm-1 is estimated for the exchange interactions between Co(II) ions in neighboring layers. From a global fit
of a spin Hamiltonian with spin 3/2 to magnetization and EPR data we obtain a zero field splitting δ ∼ 231 cm-1

between the two lowest doublet states. The results are discussed in terms of the molecular and electronic structure
of the compound.

Introduction

Despite its low availability in the earth’s crust,1 cobalt
plays important roles in biological systems. The most
common examples are vitamin B12 and coenzyme B12, a
cofactor required for a group of enzymatic systems of central
importance in biochemistry.2 Furthermore, several cobalt-

containing metalloproteins with the metal ion bonded to
amino acid residues have been characterized.3-5 Because of
its high sensitivity to the coordination site geometry and the
many experimental techniques that can be used in its
characterization, cobalt has been used to substitute for other
metal ions to gather information about changes in metal sites
in proteins during protein function.6-9 Spectroscopic char-
acterization of these systems has revealed that cobalt can be
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present as Co(II) and Co(III) ions in several types of
coordination, which lead to different electronic and magnetic
properties. In this context, the use of simple Co-containing
systems with low molecular weight ligands is useful for
understanding the correlation between magnetic and struc-
tural properties.

Structures of cobalt complexes with the amino acids
glutamic and aspartic acid,10,11 histidine,12 glycine,13,14

phenylalanine,15 alanine,16 methionine,11 S-methyl-cysteine,11

and asparagine17 have been reported.18,19 Less information
exists about the electronic and magnetic properties of cobalt-
amino acid compounds, although amino acid compounds of
a simpler metal like copper have received much more
attention. This is because Co(II) and Co(III) ions have the
more complex 3d7 and 3d6 ground configurations, respec-
tively, with the higher complications introduced by the orbital
and spin degeneracy of the ground state. In the case of Co(II)
ion in an octahedral environment, the4F ground term splits
into two orbital triplets (4T1g and4T2g) and one orbital singlet
(4A2g), 4T1g being the ground-state multiplet. This is further
split by the spin-orbit interaction and by lower symmetry
distortions of the ligand field, thus producing a wide variety
of magnetic behaviors, which strongly depend on the details
of the molecular structure and the resulting energy level
scheme.20,21Kahn21 discusses models to analyze the magnetic
properties of Co(II) compounds in octahedral coordination
with axial distortion. High-spin (S ) 3/2) or low-spin (S )
1/2) is a basic classification of Co(II) compounds depending
on the magnitudes of the energy gap between the metal
orbitals relative to the mean spin pairing energy.21 Magnetic
characterization of these compounds provide information
about the electronic structure of single cobalt ions and also
about the interactions between them. The exchange inter-
actions (defined as∑i>j - JijSi‚Sj), which are transmitted
through the weak bonds that provide the paths for super-
exchange typical of amino acid and protein structures, can
be evaluated.

We report herein the structure and the magnetic properties
of a Co(II) ion compound with the amino acidL-threonine,
Co(C4H8NO3)2(H2O)2, to be called Co(L-Thr)2. Its structure
was solved by X-ray techniques and its electronic properties
and magnetic interactions have been studied by EPR and
magnetic measurements.

Experimental Section

Materials and Methods.All chemicals, of commercially avail-
able reagent grade, were used as received. Water was purified by
a Millipore Milli-Q system, yielding 18 MΩ-cm water. Elemental
analyses (C, H, N) were performed on a Carlo Erba EA 1108
analyzer. Infrared spectra were recorded as KBr disks and as a mull
in Nujol with a Nicolet 510 FT-IR spectrophotometer. The
electronic spectrum in the solid was recorded in the 200-800-nm
range on a Shimadzu 3101 PC spectrophotometer equipped with
an integrating sphere. Powder X-ray diffraction (XRD) data were
collected using monochromated Cu KR radiation on a Phillips
X’Pert diffractometer. Single-crystal XRD data were collected on
a SiemensR3m diffractometer using Mo KR radiation (λ )
0.71069Å). Magnetic data were obtained with a Quantum Design
PPMS magnetometer. X-band CW EPR spectra were obtained at 4
K on a Bruker ER-200 spectrometer, equipped with an Oxford
Instrument helium continuous-flow cryostat and a rectangular cavity
with 100 kHz field modulation. Powder sample for EPR and
magnetic measurements were obtained grinding single crystals.

Preparation of [Co(L-threonine)2(H2O)2]. Cobalt carbonate
(Alfa Aesar,>99%, 0.1190 g, 1 mmol) was added to 10 mL of a
water solution ofL-threonine (Sigma Ultra,>99% TLC, 0.2382 g,
2 mmol). The mixture was stirred for a few minutes at room
temperature until an intense red color developed, and then it was
passed through a 0.22-µm Millipore filter. The filtrate was stored
and well-shaped pink hexagonal (001) plates, having dimensions
up to about 1× 1 × 0.5 mm, were separated by filtration after
several days, washed with cold water, and dried in air. Equal result
is obtained using Co(II) acetate tetrahydrate, raising carefully the
pH of the solution to 6.2 with 1 M NaOH. The positions of thea
andb crystal axes were identified with a goniometric microscope.
Yield: 0.10 g, 35%. A powder X-ray diffraction pattern of the bulk
sample compared well with the pattern simulated from the single-
crystal data. Anal. Calcd for C8H20N2O8Co: C, 29.0; H, 6.1; N,
8.5. Found: C, 29.1; H, 6.3; N, 8.5. FT-IR (KBr disk, cm-1): 3306
vs; 3253 vs, br; 2972 vs; 2938 m; 1614 vs; 1586 vs (ν(COO-)asym);
1444 m; 1404 vs (ν(COO-)sym); 1365 s; 1342 w; 1153 s; 1132 s;
1087 m; 1040 vs; 1002 m; 899 m; 802 m; 686 m; 635 m; 579 m;
537 w; 473 w. UV-vis (solid): band at 495 nm (4T1g(F) f 4T1g-
(P), where the4T1g orbital triplets are split by the low-symmetry
components of the crystal field).22

Single-Crystal Diffraction Data and Structure Solution and
Refinement. Crystal data for the complex Co(L-Thr)2 are sum-
marized in Table 1. Further details on the data collection procedures,
structural determination methods, and structure refinement are given
as Supporting Information. The structures were solved by direct
methods (SHELXS-97)23 and refined by full-matrix least-squares
onF2 (SHELXL-97).24 Hydrogen atoms relevant for the description
of the H-bonding (O-H’s and N-H’s) were found in a late
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difference Fourier synthesis and refined with constrained O-H/
N-H distances; those attached to carbon were positioned theoreti-
cally and allowed to ride. A complete set of the results of the XRD
crystallographic structural data has been deposited at the Cambridge
Structural Database (CSD) in CIF format (deposition number CCDC
206359).

Magnetic Measurements.Magnetization measurements were
performed in a powder sample of 44.5(1) mg of Co(L-Thr)2 as a
function of temperature (T) for various fixed values of the static
dc magnetic field between 0.03 and 90 kG and at fixed temperatures
T ) 2, 4, and 10 K as a function of the applied magnetic field. The
molar dc static susceptibilityøM(T) was calculated from magnetiza-
tion data obtained with a field of 1 kG. All data presented in this
work were corrected for the diamagnetic contribution (øD )
-1.48× 10-4 emu/mol) calculated using Pascal constants.21,25

EPR Measurements.X-band CW EPR spectra of powder and
single-crystal samples of Co(L-Thr)2 were obtained at 4 K. The
EPR parameters were obtained from spectral simulations of a
powder sample using the program SimFonia (v. 1.25, Bruker
Instruments Inc.).

The sample for the single-crystal EPR measurements was
oriented by gluing the (001) face of a hexagonal single-crystal plate
to a cleaved KCl cubic holder, which defines a set of orthogonal
laboratory axesxLyLzL. Thus, thec crystal direction is along thezL

axis, and a (110) lateral face of the single crystal was positioned
perpendicular to thexL axis. This sample holder was introduced
into a 4-mm o.d. quartz tube and positioned in the center of the
microwave cavity. The tubes were attached to a goniometer and
the sample was rotated in steps of 10° with the magnetic field in
the planesxLyL, zLyL, andxLzL of the sample holder.

A Global Fitting Procedure: Simulated Annealing.Along this
work we used the simulated annealing method26 to perform a global
fit of the parameters of a model to experimental data obtained from
different experimental techniques (magnetization and EPR measure-
ments). The use of this method for fitting experimental results has
been described previously.27,28

Experimental Results and Analysis

The reaction of Co(II) carbonate withL-threonine in the
mole ratio 1:2 in water at room temperature and subsequent
workup led to the isolation of pink crystals of Co(L-Thr)2.

Elemental analyses, IR and UV-vis spectra, and powder
XRD data supported the formulation of the compound. The
solid compound is stable when kept in a dry atmosphere and
is slightly soluble in polar and nonpolar solvents.

Crystal and Molecular Structure of Co(L-Thr) 2. The
compound crystallizes in the orthorhombic chiral space group
C2221, with four monomeric units per unit cell. Selected bond
distances and angles and hydrogen-bonding parameters are
given in Table 2. Fractional coordinates and equivalent
isotropic temperature parameters for Co(L-Thr)2 are given
in additional tables included as Supporting Information.

The Co(II) ion is in a deformed octahedral environment
on a 2-fold symmetry axis parallel to the crystallographicb
axis. It is bonded in a bidentate fashion to two threonine
molecules, via one carboxylate oxygen and theR-amino
nitrogen (see Figure 1). A water molecule occupies the third
independent position. The rest of the coordination sphere is
generated by the 2-fold axis bisecting the group through the
cation.

Coordination distances are quite even (Co-N1: 2.133(7)
Å, Co-O1: 2.103(6) Å, Co-O1w: 2.090(6) Å). The slightly
longer N1-Co1-N1′ line shows the smallest distortion from
a straight line, and it is approximately perpendicular to the
b symmetry axis. The deformed perpendicular plane of the
octahedron is fully occupied by oxygen atoms, with a mean
deviation from the best plane of 0.24 Å. The octahedral
coordination and the type of ligands suggest high-spin Co(II)
magnetic behavior.

In Co(L-Thr)2, there are four chemically equivalent Co
molecules in the unit cell, which are related by the symmetry
operations of the space groupC2221 (Figure 2a). Co1, at
the special position (0,y,1/4), is related to Co3 by a translation
(1/2,1/2,0), as well as Co2 to Co4. Co1 is related to Co2, at
the special position (0,-y,3/4), by a C2c rotation plus a
translation (0,0,1/2), as well as Co3 to Co4. Neighboring
monomeric units interact with each other via H-bonding to
form 2D structures normal to thec axis, with cobalt layers
at z ) c/4 andz ) 3c/4 separated byc/2 ) 11.18 Å (Figure
2b). Equally oriented (obtained by translations) Co1 and Co3
molecules are in one layer, whereas Co2 and Co4 molecules,
with the other orientation, are in the neighboring layer.
Therefore, from the magnetic point of view, the compound
can be assumed as having two magnetically nonequivalent
molecules per unit cell, a result which is important in the
analysis of the EPR spectra. The H-bond O1‚‚‚H1wb-O1w
provides the shortest and most important Co-Co interaction,
connecting a cobalt ion with four cobalt neighbors within
the layer (see Figure S1 in Supporting Information). These
bonds are quite linear, 168°, and short,dD-A ) 2.84 Å (see
Table 2). Other H-bonds connecting Co(II) ions translated
(a within the layer are tortuous and involve nine atoms
between them.

The coordination of the Co(II) ion in Co(L-Thr)2 is similar
to that reported for the Zn(II) ion in Zn(L-threonine)2(H2O)2 29

and different from that of the Cu(II) ion in Cu(II)(L-
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Table 1. Crystallographic Data for Co(L-Thr)2

formula CoC8H20N2O8

fw 331.19
cryst syst/space group orthorhombic/C2221

a, Å 5.843(5)
b, Å 10.120(10)
c, Å 22.36(3)
cell vol, Å3 1322(3)
formula units/unit cell 4
Fcalc, g cm-3 1.664
µcalc, cm-1 1.335
T, K 293
R ) ∑||Fo| - |Fc||/∑|Fo| 0.052
wR2 ) [Σ[w(Fo

2 - Fc2)2]/Σ[w(Fo
2)2]] 1/2 0.109
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threonine)2‚H2O.30 In this last compound, the Cu(II) ion is
equatorially bonded to one carboxylic oxygen and one amino
nitrogen of two threonine molecules, whereas the axial
positions are occupied by carboxylic oxygen of other two
threonine molecules. The carboxylate group acts as an
equatorial-apical bridge connecting copper molecules and

provides the shortest chemical path between Cu(II) ions. In
the cobalt compound studied here this role is played by
H-bonds, and thus the Co(L-Thr)2 molecules are expected
to be more independent than the Cu(L-Thr)2 molecules. For
the zinc compound, the Zn(II) ions are coordinated through
the R-amino nitrogen and the carboxylic oxygen with two
water molecules completing the octahedral coordination, as
in the cobalt compound. However, the Zn(II) site has noC2

symmetry axis through the metal ion. Both Zn(L-threonine)2-
(H2O)2 and Co(L-threonine)2(H2O)2 have the amino acid
groups in cis positions whereas the copper compound has
them in the trans position.

dc Magnetization Measurements.The dc molar magne-
tizationM of a powder sample of Co(L-Thr)2 was measured
as a function of temperature,T, between 2.0 and 90 K, for
several values of the applied magnetic fieldH (Figure 3a).
A magnetization saturationMsat/(NµΒ) ) 2.19 is approached
at high magnetic fields and low temperatures. The magne-
tization was also measured as a function of H at 2, 4, and

(30) Rizzi, A. C.; Piro, O. E.; Castellano, E. E.; Nascimento, O. R.;
Brondino, C. DInorg. Chim. Acta2000, 305, 19-25.

Table 2. Selected Interatomic Bond Distances (Å) and Angles (deg) for Co(L-Thr)2, Including Hydrogen Bondsa

Bond Lengths
Co(1)-O(1W) 2.090(6) Co(1)-O(1) 2.103(6) Co(1)-N(1) 2.133(7)

Bond Angles
O(1W)-Co(1)-O(1)#1 166.3(2) O(1W)-Co(1)-N(1) 96.2(3)
N(1)-Co(1)-N(1)#1 173.6(4) O(1W)#1-Co(1)-N(1) 88.1(3)
O(1W)-Co(1)-O(1W)#1 93.8(4) O(1)-Co(1)-N(1)#1 96.7(3)
O(1)#1-Co(1)-O(1) 87.4(3) O(1)-Co(1)-N(1) 78.6(2)
O(1W)-Co(1)-O(1) 90.9(3)

Hydrogen Bond Distances and Angles

D H A D‚‚‚A H‚‚‚A 〈D-H‚‚‚A D-H

O3 H3 O2#2 2.69(1) 1.96(9) 167(7) 0.73(9)
N1 H1B O2#3 3.05(1) 2.17(7) 171(7) 0.88(7)
O1W H1WA O3#4 2.71(1) 1.85(7) 157(6) 0.90(6)
O1W H1WB O1#5 2.84(1) 1.95(7) 168(7) 0.89(7)

a D and A indicate donor and acceptor atoms, respectively. Symmetry transformations used to generate equivalent atoms: #1,-x - 2, y, -z + 1/2; #2,
x - 1, y, z; #3, x - 1/2, y + 1/2, z; #4, x + 1/2, y + 1/2, z; #5, -x - 3/2, y + 1/2, -z + 1/2.

Figure 1. Ellipsoid plot of Co(L-Thr)2 showing the atoms labeling and
the coordination sphere around the Co(II) ion. TheC2 symmetry axis parallel
to theb axis of the Co(II) site is indicated.

Figure 2. (a) Projection alonga of the four cobalt ions and their ligands
in the unit cell. The distance between cobalt layers is also indicated. (b)
Structure of the cobalt layers, projected alongb.

Figure 3. Molar magnetization in NµB units of a powder sample of Co-
(L-Thr)2 measured (a) as a function of temperature for three values of
magnetic field and (b) as a function of magnetic field at three temperatures.
The solid lines were obtained by global fitting eq 3 to the magnetic and
EPR data.
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10 K (Figure 3b).M still increases at the highest fields, and
the saturation situation is not readily reached, even at 2 K
(see Figure 3b). No differences were observed betweenM(H)
curves measured with increasing or decreasing magnetic
field.

EPR Measurements.The X-band EPR spectrum of a
polycrystalline sample of Co(L-Thr)2 at 4 K is shown in
Figure 4. The peaks broaden at higherT and disappear at
∼50 K. This spectrum can be assigned to transitions between
the states of a spin doublet having a highly anisotropic
g-factor. The hyperfine structure expected for the 100%
abundant59Co isotope (59I ) 7/2) is not observed in the
spectrum of the powder sample.

Single-crystal EPR spectra were recorded with the mag-
netic field in thexLyL, zLxL, andzLyL planes; Figure 5 shows
selected spectra obtained in thexLyL andzLxL planes. Since
the two Co(II) ions are related by aC2 rotation around the
c ) zL axis, they are magnetically equivalent for the magnetic
field applied in theab ) xLyL plane and along thec axis.
They are magnetically nonequivalent for magnetic fields
applied in any other direction. In the absence of exchange
interactions between Co(II) ions one expects one resonance
pattern with eight hyperfine components for any magnetic
field orientation in thexLyL plane and along thec axis and

two patterns of hyperfine components in other directions.
When the magnitude of the exchange interactionJ between
neighboring Co(II) ions in the same layer is larger than the
magnitude of the hyperfine coupling parameterA (|J| > |A|),
the hyperfine structure collapses and gives a single collapsed
peak. This was shown by Farach et al.31 for 1/2 e I e 5/2
(see also refs 32 and 33). In this work we verified that the
case forI ) 7/2 follows the same trend observed by Farach
et al. for smallerI. As explained before for a general case,34

and considering the layered structure of Co(L-Thr)2, the
possible collapse of the resonances corresponding to the two
rotated Co(II) ions is related to the magnitude of the smaller
exchange interactions between Co(II) ions in neighboring
layers,J′. These resonances collapse when the difference
between their Zeeman energies,∆gµBH, is smaller than|J ′|
(∆g is the difference between theg-factors for the two Co(II)
sites for a given direction of the magnetic fieldH andµB is
the Bohr magneton). Thus, EPR data provides information
about the absolute values of both, the intralayer interaction
J (from the collapse of the hyperfine structure), and the
interlayer interactionJ′(from the collapse of the resonances
corresponding to the two rotated Co(II) ions).

In the ab plane we observe one resonance line with
Lorentzian line shape for some magnetic field orientations
(Figure 5a) and a central line with two lateral lines for other
orientations (Figure 5b). Thus, in the former case the
exchange interactionJ between Co(II) ions is large enough
to collapse the eight hyperfine components to a single line,
whereas in the latter case,J collapses only the six central
hyperfine lines (|J| > |A|).31 We attribute this behavior to
the angular dependence ofA:20 |A| is smaller or larger than
|J| for different magnetic field orientations and the collapse
condition changes with angle. From the observed incomplete
collapse of the hyperfine structure and following the theory
described by Farach et al.31 (and our own calculations for
the caseI ) 7/2) we estimated 0.25< |J| < 1.2 cm-1 between
neighboring Co(II) ions within a layer transmitted through
H-bonds. A value|A| ∼ 100 G, typical for octahedral high-
spin Co(II) ions,35,36 was assumed for the estimation ofJ.
The collapse of the hyperfine structure produces the observed
Lorentzian line shape.

In the zLxL plane we observe two resonances with equal
intensities, showing no hyperfine structure (Figure 5c). These
resonances have symmetry-related angular variations and are
assigned to the two rotated Co(II) ions in the unit cell. In
the zLyL plane the observed spectra (not shown) are a
superposition of the resonances expected for the two rotated
Co(II) ions, having each line lateral hyperfine components,
as observed in thexLyL plane (see above). The complexity
of the spectra in thezLyL plane prevents a detailed analysis.

(31) Farach, H.; Strother, E. F.; Poole, C. P.J. Phys. Chem. Solids1970,
31, 1491-1510.

(32) Calvo, R.; Isern, H.; Mesa, M. A.Chem. Phys.1985, 100, 89-99.
(33) Brondino, C. D.; Calvo, R.; Baran, E. J.Chem. Phys. Lett.1997, 271,

51-54.
(34) Passeggi, M. C. G.; Calvo, R.J. Magn. Reson. A1995, 114, 1-11.
(35) Goñi, A.; Lezama, L. M.; Rojo, T.; Foglio, M. E.; Valdivia, J. A.;

Barberis, G. E.Phys. ReV. B 1998, 57, 246-251.
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Figure 4. EPR spectra of a powder sample of Co(L-Thr)2 obtained at 9.475
GHz andT ) 4 K. Simulation and principal values of the molecularg
tensor are included.

Figure 5. EPR spectra obtained for some representative directions of the
magnetic field at 9.475 GHz andT ) 4 K for a single crystal of Co(L-
Thr)2. (a) and (b)xLyL plane. (c)zLxL plane.
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However, we observe that the magnitude|J′| of the exchange
interaction between Co(II) ions in neighboring layers is not
large enough to collapse the resonances corresponding to
the two cobalt sites in the unit cell.

Figure 6a,b shows the angular variation of theg factor as
a function of the angleR with the yL axis in thexLyL plane
(defined in the inset) andâ with thezL axis in thezLxL plane.
The symmetry of the angular variation of the EPR spectra
confirms the assignment of the crystal axes of the sample
described in the Experimental Section. Since the EPR
transitions occur only within the ground Kramers’ doublet,
we assume a spin Hamiltonian with an effective spinS′ )
1/2:

Under this spin Hamiltonian the excited doublet of theS
) 3/2 multiplet (not considered in eq 1) is responsible for
the large anisotropy observed for theg-value of the ground
doublet. Information about the Co(II) ions is contained in
the eigenvalues and eigenvectors of theg tensor. We obtained
the eigenvaluesgx ) 5.81,gy ) 4.56, andgz ) 2.23 from
simulation of the powder spectrum assuming Lorentzian line
shapes, and angular variation of the line width having
common principal axes with theg tensor. The rhombic
symmetry of theg tensor is supported by the distorted
octahedral coordination of the Co(II) ion in Co(L-Thr)2; the
observed largeg anisotropy is typical of high-spin Co(II)
compounds.20,37To evaluate the eigenvectors of theg tensor,
we used the single-crystal results and the eigenvalues
obtained from the spectrum of the powder sample (see Table
3 and Figure 4). From the angular variation of theg factor
measured on thexLyL plane we obtainedg ) 4.56 along the
b axis. This value agrees with one eigenvalue obtained from
the powder sample. This result is expected sinceb is a C2

symmetry axis of the Co(II) ion site and, consequently, an
eigenvector of the molecularg tensor. The eigenvectors
corresponding to the other two eigenvalues, which are
contained in theac plane, were calculated using the single-
crystal EPR results in thexLyL and zLxL planes and the
eigenvalues provided by the EPR powder data. The results
are given in Table 3. Since the unit cell contains two rotated
molecules, there are two possible orientations for the
principal axes of theg tensor in the molecular frame (see
Discussion). The solid lines in Figure 6a,b, obtained using
the values in Table 3, are in good agreement with the
experiments. The differences observed for some orientations

are attributed to the uncertainties in the fitting of the line
positions which arise from the overlap and the large width
of the resonances.

The fact that two EPR lines are observed in thezLxL and
in the zLyL planes indicates that the interlayer exchange
interactionJ′ is not large enough to collapse the resonances
of the two magnetically nonequivalent Co(II) ions, allowing
us to estimate|J′| < ∆gµBH ∼ 0.07 cm-1 between Co(II)
ions in neighboring layers (∆g ∼ 1 estimated at 10° from
thezL axis in thezLxL plane, see Figure 6b). This small value
is supported by the crystallographic data, which do not show
chemical paths connecting rotated Co(II) ions in neighboring
layers.

Discussion and Conclusions

First, in this discussion we follow the steps suggested by
Kahn21 to interpret magnetic data for high-spin octahedral
Co(II) compounds. Later, we use a novel approach that fits
together magnetization data and EPR results and provides a
clearer understanding of the experimental results.

The simplest model, valid in the temperature range where
the susceptibility data was obtained, is to assume that only
the lowest Kramers’ doublet is thermally populated. In that
case the spin Hamiltonian is given by eq 1 and the powder
susceptibility can be written as

whereC′ is the temperature-independent contribution arising
from the excited doublet.21 Fitting eq 2 to the values of the
susceptibility obtained from magnetization data at 1 kG, we(37) Zarembowitch, J.; Kahn, O.Inorg. Chem.1984, 23, 589-593.

Table 3. Principal Valuesgx, gy, andgz of the g Tensor Corresponding
to the Ground Doublet of Co(II) Ion Obtained from the EPR Spectrum
of a Powder Sample

eigenvalues eigenvectorsa angles

gx ) 5.81(2) ax, ax* ) [-0.408, 0, 0.913] ax-(Co-N) ) 10.5°
gy ) 4.56(2) ay, ay* ) [0, (1, 0]
gz ) 2.23(2) az, az* ) [(0.913, 0, 0.408] az*-(Co-N) ) 31.9°

a Eigenvectorsax, ay, andaz andax*, ay*, andaz* of the g tensor for the
two rotated Co(II) ions in the unit cell are given in theabc axes system.
Some angles between eigenvectors and the Co-N bond are also included.

H ) µBS′‚g‚H (1)

Figure 6. Angular variation of theg factor of Co(L-Thr)2 obtained at 9.475
GHz andT ) 4 K for a single crystal of Co(L-Thr)2. (a) xLyL plane. (b)
zLxL plane; squares and triangles indicate the position of the two resonance
lines for this plane. The solid lines in both plots correspond to the angular
variation of the EPR line position, calculated with the components of the
molecularg2 tensor.

øM(T) )
Ng2µB

2

4kBT
+ C′ (2)
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obtain g ) 4.330(3) andC′ ) 0.016(3) emu/mol. It is
interesting to point out that assuming a Curie-Weiss
behavior for the low-temperature magnetic susceptibility (see
Figure S2 in Supporting Information), one obtainsJ ∼ -0.40
cm-1 (antiferromagnetic), which is compatible with the range
0.25< |J| < 1.2 cm-1 obtained from EPR data through the
incomplete collapse of the hyperfine interaction.

Under the same approximation we propose for the
magnetization the Brillouin function behavior predicted for
uncoupled spinsS′ ) 1/2.25 Fitting the Brillouin function to
the whole set of magnetization data in Figure 3a,b givesg
) 4.49, which compares well to the mean square isotropic
average of theg factor,g ) 4.45, calculated from the EPR
results in Table 3. The difference between theg value
obtained from eq 2 and that obtained from the Brillouin
function is large and not well understood within the spin1/2
model. Also, the observed increase of the magnetization at
high fields cannot be followed by the calculated curves using
the Brillouin function withS′ ) 1/2 because the population
of the excited spin doublet increases withT.

To obtain information about the zero-field splitting (ZFS)
δ between the two spin doublets, we used the more elaborate
model given by Kahn,21 which takes into account the Zeeman
energy, the ZFS, and the spin-orbit interaction for a high-
spin Co(II) ion in octahedral surrounding with axial distor-
tion. A basis set of 12 states associated with the4T1g ground
multiplet (ML ) 0, (1 andMS ) (1/2, (3/2)) is considered
in this model. It has four parameters, the splitting∆ between
the 4A2g and 4Eg of the 4T1g ground multiplet in D4h

symmetry, the spin-orbit couplingλ for the Co(II) ion, the
parameterκ considering the mixing of the4T1g states arising
from the ground4F and the excited4P terms, and an isotropic
g0 factor appropriate for the ground term. We attempted
without success to fit these four parameters to the magnetiza-
tion data in Figure 3a,b. We attribute this failure to the
neglect of rhombic distortions and to the inadequacy of the
magnetization data to provide information about this large
set of states.

Much better results were obtained considering only the
two Kramers’ doublets corresponding to a spinS) 3/2, using
the spin Hamiltonian,

whereD is a symmetric and traceless tensor andg0 is a g
tensor defined over theS ) 3/2 quartet. We calculated the
parameters of that spin Hamiltonian by a simultaneous global
fit of eq 3 to the whole set of magnetization data in Figure
3a,b, and to the values of the three principalg factors of the
ground doublet state obtained from the EPR experiments
(Table 3). This global fit was performed with the simulated
annealing method26 and produces systematically an isotropic
g0 factor for theS ) 3/2 quartet. For an isotropicg0, the D
tensor is diagonal and eq 3 can be rewritten as20,38

whereD andE are the axial and rhombic ZFS parameters,
respectively. We obtainedg0 ) 2.60(1),D ) 114(4) cm-1,

and E ) -10(1) cm-1 where the uncertainties reflect the
reproducibility of these results in different annealing pro-
cesses.27,28These values for the spin Hamiltonian parameters
within the S ) 3/2 quartet reproduce well the values of the
magnetization (see solid lines in Figure 3a,b), and the values
of theg factor of the ground doublet along the three principal
directions (Table 3). The root-mean-square deviation of the
result of this global fit from the magnetization data is∼3
times smaller than that obtained by fitting the Brillouin
function for S′ ) 1/2.

It is important to consider that the values ofD andE are
not unique.38 They depend on the assignment of the three
principal g factors of the ground doublet to thex, y, and z
directions of theD tensor, and we chose these axes such
that |E| e |D/3|. The ZFS parameter between the two spin
doublets calculated with these values ofD and E is δ )
2D[1 + 3(E/D)2]1/2 ∼ 231 cm-1. The valueδ of the ZFS
calculated from the fit follows the correlation coordination
number/ZFS, which predicts ZFS> 50 cm-1 for six-
coordinated Co(II) ions.39,40Since there is a sizable rhombic
distortion (E term in eq 4), the ground and excited doublets
cannot be assigned to either(1/2 or (3/2 doublets, as they
are a mixture of them.

The g factors calculated for the lowest Kramers doublet
with the results of the global fit aregx ) 5.82,gy ) 4.50,
and gz ) 2.54, in good agreement with the experimental
values in Table 3. In addition, the global fit shows that the
smallest g value corresponds to thez direction of the
Hamiltonian of eq 4. Globally fitting the spin Hamiltonian
parameters to both magnetization and EPR data was impor-
tant to ensure a single solution to the problem. We observed
that fitting to only magnetization data does not give a single
set of parameters. Difficulties to fit simultaneously EPR and
magnetic results for high-spin Co(II) ions were reported by
Adrait at al.8 This problem has been solved in our work.

Fittings of a spin Hamiltonian forS) 3/2 to magnetic data
for high-spin cobalt compounds with octahedral coordination
and six oxygen ligands have been reported by Matzapetakis
et al.41 and more recently by Jancovics et al.42 Matzapetakis
et al. obtained for a Co(II) citrate complex an isotropicg
value g0 ) 2.42 and a very small ZFSD ) 0.83 cm-1

assuming axial symmetry. Jancovics et al. studied a complex
of Co(II) with imino-bis(methyl phosphonic acid). Assuming
axial g factors and rhombic ZFS, they evaluated from
susceptibility measurementsg0// ) 1.40 andg0⊥ ) 2.53 with
D ) 52 cm-1 andE/D ) 0.33.

(38) Weil, J. A.; Bolton, J. R.; Wertz, J. E.Electron Paramagnetic
Resonance. Elementary Theory and Practical Applications; Wiley:
New York, 1994.

(39) Makinen, M. W.; Kuo, L. C.; Yim, M. B.; Wells, G. B.; Fukuyama,
J. M.; Kim, J. E. J. Am. Chem. Soc. 1985, 107, 5245-5255.

(40) Larrabee, J. A.; Alessi, C. M.; Asiedu, E. T.; Cook, J. O.; Hoerning,
K. R.; Klingler, L. J.; Okin, G. S.; Santee, S. G.; Volkert, T. L.J.
Am. Chem. Soc. 1997, 119, 4182-4196 and references therein.

(41) Matzapetakis, M.; Dakanali, M.; Raptopoulou, C. P.; Tangoulis, V.;
Terzis, A.; Moon, N.; Giapintzakis, J.; Salifoglou, A.J. Biol. Inorg.
Chem.2000, 5, 469-474.

(42) Jankovics, H.; Daskalakis, M.; Raptopoulou, C. P.; Terzis, A.;
Tangoulis, V.; Giapintzakis, J.; Kiss, T.; Salifoglou, A.Inorg. Chem.
2002, 41, 3366-3374.

H ) µBS‚g0‚H + S‚D‚S (3)

H ) g0µBS‚H + D[Sz
2 - S(S+ 1)/3] + E(Sx

2 - Sy
2) (4)
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Our EPR results provide the eigenvectors of theg tensor
of the ground doublet. The two rotated Co(II) sites in the
unit cell introduce an intrinsic limitation to assigning the
eigenvectors of theg tensor to one particular site. The two
possible assignments,ax, ay, az andax*, ay*, az*, are given
in Table 3 and are displayed in Figure 7. Table 3 also
includes the angles between the principal axesax and az*
and the Co-N bond for each assignment. The solid arrows
in Figure 7 correspond to a situation where the principal
directionax is close to the Co-N bond, the principal direction
ay is bisecting the Co-O bonds, and the directionaz is
approximately bisecting the Co-O bonds. The dashed arrows
correspond to a situation where none of the principal
directions of theg tensor (ax*, ay*, az*) are along a bond
direction. There is not much work performed on low-
symmetry high-spin octahedral cobalt systems regarding the
assignment of theg tensor axes with the molecular structure
of the metal site; previous works were performed on systems
having different metal site coordination, which does not allow
a clear comparison.43 We favor the choiceax, ay, az with
one eigenvector along the Co-N bond, which is perpen-

dicular to theC2 symmetryb axis of the metal site. However,
theoretical work should be performed about this point.

In conclusion, our structural and magnetic study of Co-
(L-Thr)2 indicates high-spin Co(II) ions in a distorted
octahedral ligand field, arranged in layers. EPR data provides
information about the absolute values of the intralayer and
interlayer interactionsJ and J′. We explain the observed
incomplete collapse of the hyperfine structure proposing 0.25
< |J| < 1.2 cm-1 for the interaction between Co(II) neighbors
in a layer. The weaker interaction between Co(II) ions in
neighboring layers was estimated to be|J′| < 0.07 cm-1.
Theg values corresponding to the ground doublet obtained
from the EPR spectra agree with those found from magne-
tization data. A global fit of the magnetization and EPR
results with aS) 3/2 spin Hamiltonian allowed us to calculate
a ZFSδ ∼ 231 cm-1 between ground and excited doublets.
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Figure 7. The two possible orientations of the principal axes of theg
tensor for the Co(II) site.
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