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We report the structure and the magnetic properties of a cobalt(ll) compound with the amino acid L-threonine,
Co(C4HgNO3)y(H0),. It crystallizes in the orthorhombic chiral space group C222;, with a = 5.843(5) A, b = 10.120(10)
A, ¢ =22.36(3) A, and Z = 4. The Co(ll) 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 a-amino nitrogen. A water molecule occupies the third independent site.
The Co(ll) ions are arranged in layers with intralayer and interlayer distances of 5.84 and 11.18 A, 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(ll) 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(ll) 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~! between neighboring Co(ll) ions within a layer, transmitted through H-bonds. A higher limit |J'| <
0.07 cm™! is estimated for the exchange interactions between Co(ll) ions in neighboring layers. From a global fit
of a spin Hamiltonian with spin %, to magnetization and EPR data we obtain a zero field spliting 6 ~ 231 cm™?
between the two lowest doublet states. The results are discussed in terms of the molecular and electronic structure
of the compound.

Introduction containing metalloproteins with the metal ion bonded to
amino acid residues have been characterize&ecause 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 functioh.® Spectroscopic char-
acterization of these systems has revealed that cobalt can be

Despite its low availability in the earth’s crustobalt
plays important roles in biological systems. The most
common examples are vitamin;Band coenzyme B, a
cofactor required for a group of enzymatic systems of central
importance in biochemistry Furthermore, several cobalt-
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present as Co(ll) and Co(lll) ions in several types of = We report herein the structure and the magnetic properties
coordination, which lead to different electronic and magnetic of a Co(ll) ion compound with the amino acidthreonine,
properties. In this context, the use of simple Co-containing Co(CGHsNOs)2(H20),, to be called Caf-Thr),. Its structure
systems with low molecular weight ligands is useful for was solved by X-ray techniques and its electronic properties
understanding the correlation between magnetic and struc-and magnetic interactions have been studied by EPR and
tural properties. magnetic measurements.

Structures of cobalt complexes with the amino acids
glutamic and aspartic acid* histidine!? glycine}314
phenylalaniné? alanine'® methionine'! Smethyl-cysteiné} Materials and Methods. All chemicals, of commercially avail-
and asparagirté have been reported!® Less information able reagent grade, were used as received. Water was purified by
exists about the electronic and magnetic properties of cobalt-a Millipore Milli-Q system, yielding 18 M2-cm water. Elemental
amino acid compounds, although amino acid compounds ofanalyses (C, H, N) were performed on a Carlo Erba EA 1108
a simpler metal like copper have received much more analyzer. Infrared spectra were recorded as KBr disks and as a mull
attention. This is because Co(ll) and Co(lll) ions have the " Nujo'. with a N'9°|et 510 FT-IR spectro_photometer. The

) . electronic spectrum in the solid was recorded in the-28T0-nm
more complex 38and 3& ground configurations, respec-

. . . S . ) range on a Shimadzu 3101 PC spectrophotometer equipped with
tively, with the higher complications introduced by the orbital integrating sphere. Powder X-ray diffraction (XRD) data were

and spin degeneracy of the ground state. In the case of Co(Il)cojiected using monochromated Cuxkadiation on a Phillips

ion in an octahedral environment, tffe ground term splits  x'Pert diffractometer. Single-crystal XRD data were collected on
into two orbital triplets fT14 and“T,g) and one orbital singlet  a SiemensR3m diffractometer using Mo I radiation ¢ =
(“Azg), “T1g being the ground-state multiplet. This is further 0.71069A). Magnetic data were obtained with a Quantum Design
split by the spir-orbit interaction and by lower symmetry ~PPMS magnetometer. X-band CW EPR spectra were obtained at 4
distortions of the ligand field, thus producing a wide variety K on a Bruker ER-200 spectrometer, equipped with an Oxford
of magnetic behaviors, which strongly depend on the details In_strument hellur_n contlnuous_-flow cryostat and a rectangular cavity
of the molecular structure and the resulting energy level with 10.0 kHz field modulation. quder ?a”ﬁ‘p'e for EPR and
schemed2iKahr?! discusses models to analyze the magnetic magnetic measurements were obtained grinding single crystals.

. . S Preparation of [Co(L-threonine),(H,0),]. Cobalt carbonate
pr_opert!es Qf CO_(”) Compounds in octahedral C(_)ordlnatlon (Alfa Aesar,>99%, 0.1190 g, 1 mmol) was added to 10 mL of a
with axial distortion. High-spin$ = 3/,) or low-spin € =

: X IR _water solution of.-threonine (Sigma Ultraz 99% TLC, 0.2382 g,

'/5) is a basic classification of Co(ll) compounds depending 2 mmol). The mixture was stirred for a few minutes at room
on the magnitudes of the energy gap between the metaltemperature until an intense red color developed, and then it was
orbitals relative to the mean spin pairing enefgilagnetic passed through a 0.22n Millipore filter. The filtrate was stored
characterization of these compounds provide information and well-shaped pink hexagonal (001) plates, having dimensions
about the electronic structure of single cobalt ions and also UP to about 1x 1 x 0.5 mm, were separated by filtration after
about the interactions between them. The exchange inter__several days, washed with cold water, and dried in air. Equal result

Experimental Section

actions (defined agi-; — J;S+S), which are transmitted

through the weak bonds that provide the paths for super-
exchange typical of amino acid and protein structures, can

be evaluated.
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is obtained using Co(ll) acetate tetrahydrate, raising carefully the
pH of the solution to 6.2 wit 1 M NaOH. The positions of tha
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 ¢El,0N,OgCo: C, 29.0; H, 6.1; N,
8.5. Found: C,29.1;H, 6.3; N, 8.5. FT-IR (KBr disk, cHt 3306

vs; 3253 vs, br; 2972 vs; 2938 m; 1614 vs; 1586 ME00 )asym);
1444 m; 1404 vsy(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 nntT14(F) — *T1g

(P), where thefTy4 orbital triplets are split by the low-symmetry
components of the crystal field.

Single-Crystal Diffraction Data and Structure Solution and
Refinement. Crystal data for the complex Qo{Thr), 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§ and refined by full-matrix least-squares
on F2 (SHELXL-97)24 Hydrogen atoms relevant for the description
of the H-bonding (G-H's and N-H’s) were found in a late

(22) Drago, R. S.Physical Methods for ChemistSaunders College
Publishing: Philadelphia, 1992.

(23) Sheldrick, G. M.SHELXS-97. Program for Structure Resolutipn
University of Gdtingen: Gitingen, Germany, 1997.

(24) Sheldrick, G. M.SHELXL-97. Program for Structure Refinement
University of Gadtingen: Gitingen, Germany, 1997.
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Table 1. Crystallographic Data for Co{Thr), Elemental analyses, IR and WWis spectra, and powder
formula CoGHooN2Og XRD data supported the formulation of the compound. The
fw 331.19 solid compound is stable when kept in a dry atmosphere and
orySt systispace group . é’é{g‘(‘gghom‘ml is slightly soluble in polar and nonpolar solvents.

b, A 10.120(10) Crystal and Molecular Structure of Co(L-Thr),. The

c A 22.36(3) compound crystallizes in the orthorhombic chiral space group
cell vol, A3 1322(3) . . . .

formula units/unit cell 4 C222;, with four monomeric units per unit cell. Selected bond
Peale  CMT3 1.664 distances and angles and hydrogen-bonding parameters are
Helo cmt 593335 given in Table 2. Fractional coordinates and equivalent
R=S|IFol — IFell/3|Fol 0.052 isotropic temperature parameters for Gogr), are given
WR2 = [Z[w(Fo? — Fc??J/Z[w(F)?] V2 0.109 in additional tables included as Supporting Information.

The Co(ll) ion is in a deformed octahedral environment

difference Fourier synthesis and refined with constraineeHD on a 2-fold symmetry axis parallel to the crystallographic

N—H distances; those attached to carbon were positioned theoreti-_ _ . . . . . .
cally and allowed to ride. A complete set of the results of the XRD axis. It is bonded in a bidentate fashion to two threonine

crystallographic structural data has been deposited at the Cambridgér'OIecu'es’ Vlalone carboxylate oxygen and mmlno .
Structural Database (CSD) in CIF format (deposition number CCDC mtrogen (see Flg.u.re 1). A water molecule O‘FCUP'eS the th'“?'
206359). independent position. The rest of the coordination sphere is
Magnetic Measurements.Magnetization measurements were generated by the 2-fold axis bisecting the group through the
performed in a powder sample of 44.5(1) mg of Gdfr), as a cation.
function of te.mperature'l'o for various fixed value§ of the static Coordination distances are quite even {@¢il: 2.133(7)
dc_magnetlc field between O.Q3 and 90 kG a_nd at fixed FenjperaturesA’ Co—01: 2.103(6) A, Ce-O1w: 2.090(6) A)_ The slightly
;o_lazr’ (;10' Z‘t”agi igé?jp‘;g‘ﬁg“gg S\Iatgec ;Eﬁ:zgdn}?(?nqer;ggf;sﬁi.z;he longer N1-Co1—-N1' line shows the smallest distortion from
tion data obtained with a field of 1 kG. All data presented in this g stralghttllne, _anc11_r|]t |sda$proxgnately ps_rpe;ndlclular tofttr;]e
work were corrected for the diamagnetic contribution, & Symmetry _aX'S' e e_orme perpendicular p_ane orthe
octahedron is fully occupied by oxygen atoms, with a mean

—1.48 x 1074 emu/mol) calculated using Pascal const&hts. s
EPR MeasurementsX-band CW EPR spectra of powder and deviation from the best plane of 0.24 A. The octahedral

single-crystal samples of Qo{Thr), were obtained at 4 K. The  coordination and the type of ligands suggest high-spin Co(ll)
EPR parameters were obtained from spectral simulations of a magnetic behavior.
powder sample using the program SimFonia (v. 1.25, Bruker |n Co(L-Thr),, there are four chemically equivalent Co
Instruments Inc.). molecules in the unit cell, which are related by the symmetry
The sample for the single-crystal EPR measurements Wasoperations of the space gro@222 (Figure 2a). Col, at
oriented by gluing the (001) face of a hexagonal single-crystal plate the special position (94, is related to Co3 by a translation
to a cleaved KCI cubic holder, which defines a set of orthogonal (Y,Y,,0), as well as Co2 to Co4. Col is related to Co2, at
laboratory axes y, z . Thus, thec crystal direction is along the. 20125 " ’ . ’
the special position (8;y,%/4), by a Cx rotation plus a

axis, and a (110) lateral face of the single crystal was positioned i . .
perpendicular to the axis. This sample holder was introduced translation (0,0/2), as well as Co3 to Co4. Neighboring

into a 4-mm 0.d. quartz tube and positioned in the center of the MONoMeric units interact with each other via H-bonding to
microwave cavity. The tubes were attached to a goniometer andform 2D structures normal to theaxis, with cobalt layers
the sample was rotated in steps of Mith the magnetic field in atz= c/4 andz = 3c/4 separated by/2 = 11.18 A (Figure
the planesqyi, 2y, andx_z_of the sample holder. 2b). Equally oriented (obtained by translations) Col and Co3
A Global Fitting Procedure: Simulated Annealing. Along this molecules are in one layer, whereas Co2 and Co4 molecules,
work we used the simulated annealing meffi¢alperform aglobal  with the other orientation, are in the neighboring layer.
fit of the parameters of a model to experimental data obtained from Therefore, from the magnetic point of view, the compound
different experimental techniques (magnetization and EPR measurean be assumed as having two magnetically nonequivalent
ments). The_ use of this mez?od for fitting experimental results has molecules per unit cell, a result which is important in the
been described previousty: analysis of the EPR spectra. The H-bond G1wb—O1w
Experimental Results and Analysis provides the shortest and most important-@m interaction,
_ ) o connecting a cobalt ion with four cobalt neighbors within
The reaction of Co(ll) carbonate withthreonine in the e layer (see Figure S1 in Supporting Information). These
mole ratio 1:2 in water at room temperature and subsequentyongs are quite linear, 168and shortdp_a = 2.84 A (see
workup led to the isolation of pink crystals of @eThr)..  Taple 2). Other H-bonds connecting Co(ll) ions translated
: : : : +a within the layer are tortuous and involve nine atoms
(25) Carlin, R.MagnetochemistrySpringer: Berlin, 1986.

(26) Kirpatrick, S.. Gelatt, C. D.. Vecchi, M. Fciencel983 220, 671— between them.

680. . The coordination of the Co(ll) ion in Co{Thr), is similar
(27) Calvo, R.; Abresch, E. C.; Bittl, R.; Feher, G.; Hofbauer, W.; Isaacson, S . 29

R. A.; Lubitz, W.; Okamura, M. Y.; Paddock, M. L1. Am. Chem. to that reported for the Zn(1l) ion in Zofthreonine)(H20).

S0c.200Q 122, 7327-7341. and different from that of the Cu(ll) ion in Cu(Ib{
(28) Calvo, R.; Passeggi, M. C. G.; Moreno, N. O.; Barberis, G. E.; Braun

Chaves, A.; Torres, B. C. M.; Lezama, L.; Rojo,Ahys. Re. B 1999

60, 11971203. (29) Handainen, R.Finn. Chem. Lett1977 113-117.
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Table 2. Selected Interatomic Bond Distances (A) and Angles (deg) for-Th¢),, Including Hydrogen Bonds

Bond Lengths

Co(1-0(1W) 2.090(6) Co(1H0(1) 2.103(6) Co(1¥N(1) 2.133(7)
Bond Angles
O(1W)—Co(1)y-O(1)#1 166.3(2) O(1W3Co(1)-N(1) 96.2(3)
N(1)—Co(1)-N(1)#1 173.6(4) O(1W)#1Co(1)-N(1) 88.1(3)
O(1W)—Co(1)-O(1W)#1 93.8(4) O(L)yCo(1)-N(1)#1 96.7(3)
O(1)#1-Co(1)-0(1) 87.4(3) O(1)Co(1)-N(1) 78.6(2)
O(1W)—Co(1)-0(1) 90.9(3)
Hydrogen Bond Distances and Angles
D H A DA He A MD—H:-A D—H
03 H3 o2#2 2.69(1) 1.96(9) 167(7) 0.73(9)
N1 H1B 02#3 3.05(1) 2.17(7) 171(7) 0.88(7)
o1w HIWA 03#4 2.71(1) 1.85(7) 157(6) 0.90(6)
01w H1WB 01#5 2.84(1) 1.95(7) 168(7) 0.89(7)

ap and A indicate donor and acceptor atoms, respectively. Symmetry transformations used to generate equivalent atoms:2#t, —z + ,; #2,
X—1,Y,Z #3,X — Yo,y + Yp, z, #4, X + Y, y + Yo, Z, #5, =X — 3lp, y + Yy, =z + 3.

Figure 1. Ellipsoid plot of Co(-Thr), showing the atoms labeling and
the coordination sphere around the Co(ll) ion. Thesymmetry axis parallel
to theb axis of the Co(ll) site is indicated.

Figure 2. (a) Projection along 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 aldng

threonine)-H,0O .3 In this last compound, the Cu(ll) 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

(30) Rizzi, A. C.; Piro, O. E.; Castellano, E. E.; Nascimento, O. R.;
Brondino, C. DInorg. Chim. Acta200Q 305, 19—25.
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Figure 3. Molar magnetization in Mg units of a powder sample of Co-
(L-Thr), 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.

provides the shortest chemical path between Cu(ll) ions. In
the cobalt compound studied here this role is played by
H-bonds, and thus the Qo{Thr), molecules are expected
to be more independent than the Gdtr), molecules. For
the zinc compound, the Zn(ll) ions are coordinated through
the a-amino nitrogen and the carboxylic oxygen with two
water molecules completing the octahedral coordination, as
in the cobalt compound. However, the Zn(ll) site hasdio
symmetry axis through the metal ion. Both Z+ifireonine)-
(H20), and Co(-threonine)(H.0O), have the amino acid
groups in cis positions whereas the copper compound has
them in the trans position.

dc Magnetization MeasurementsThe dc molar magne-
tizationM of a powder sample of Co{Thr), was measured
as a function of temperaturg&, between 2.0 and 90 K, for
several values of the applied magnetic fieldFigure 3a).
A magnetization saturatiodsa/(Nus) = 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
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experimental
------- simulation

g, 456 g=223

dy"/dH [a. u.]

3
Magnetic Field H [kG]

Figure 4. EPR spectra of a powder sample of Gdhr), obtained at 9.475
GHz andT = 4 K. Simulation and principal values of the molecutar
tensor are included.

60 ° from the y, axis

120 ° from the y, axis

dy"/dH [a. u.]

40 ° from the z, axis

0.5
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1.0 15 20 25
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Figure 5. EPR spectra obtained for some representative directions of the
magnetic field at 9.475 GHz antl = 4 K for a single crystal of Caf
Thr),. (a) and (b)x_y. plane. (c)z.x_ plane.

10 K (Figure 3b)M still increases at the highest fields, and

two patterns of hyperfine components in other directions.
When the magnitude of the exchange interactidretween
neighboring Co(ll) ions in the same layer is larger than the
magnitude of the hyperfine coupling parameiditJ| > |A)),

the hyperfine structure collapses and gives a single collapsed
peak. This was shown by Farach efafor Y/, < | < %,
(see also refs 32 and 33). In this work we verified that the
case forl = 7/, follows the same trend observed by Farach
et al. for smalled. As explained before for a general cdse,
and considering the layered structure of Gdfr),, the
possible collapse of the resonances corresponding to the two
rotated Co(ll) ions is related to the magnitude of the smaller
exchange interactions between Co(ll) ions in neighboring
layers,J. These resonances collapse when the difference
between their Zeeman energi@gjugH, is smaller thanJ ’|

(Ag s the difference between tlggfactors for the two Co(ll)
sites for a given direction of the magnetic figtlandus 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 interactiod’ (from the collapse of the resonances
corresponding to the two rotated Co(ll) 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 interactiod between Co(ll) ions is large enough
to collapse the eight hyperfine components to a single line,
whereas in the latter casé,collapses only the six central
hyperfine lines [J] > |A]).3* We attribute this behavior to
the angular dependence Af%° |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 dl(and our own calculations for

the saturation situation is not readily reached, even at 2 K the casé = 7/,) we estimated 0.25 |J] < 1.2 cnt! between

(see Figure 3b). No differences were observed betwet)

neighboring Co(ll) ions within a layer transmitted through

curves measured with increasing or decreasing magneticH-bonds. A valugA| ~ 100 G, typical for octahedral high-

field.

EPR Measurements.The X-band EPR spectrum of a
polycrystalline sample of CofThr), at 4 K is shown in
Figure 4. The peaks broaden at higfieand disappear at

spin Co(ll) ions3>%% was assumed for the estimation bf
The collapse of the hyperfine structure produces the observed
Lorentzian line shape.

In the z x, plane we observe two resonances with equal

~50 K. This spectrum can be assigned to transitions betweenintensities, showing no hyperfine structure (Figure 5c). These

the states of a spin doublet having a highly anisotropic
g-factor. The hyperfine structure expected for the 100%
abundant>®Co isotope ¥ = 7/,) is not observed in the
spectrum of the powder sample.

Single-crystal EPR spectra were recorded with the mag-

netic field in thex y., z x_, andz_y, planes; Figure 5 shows
selected spectra obtained in thg, andz x_ planes. Since
the two Co(ll) ions are related by @, rotation around the

€ = z_axis, they are magnetically equivalent for the magnetic
field applied in theab = x y, plane and along the axis.
They are magnetically nonequivalent for magnetic fields

resonances have symmetry-related angular variations and are
assigned to the two rotated Co(ll) ions in the unit cell. In
the zy. plane the observed spectra (not shown) are a
superposition of the resonances expected for the two rotated
Co(ll) ions, having each line lateral hyperfine components,
as observed in thg y, plane (see above). The complexity

of the spectra in the y, plane prevents a detailed analysis.

(31) Farach, H.; Strother, E. F.; Poole, C.JPPhys. Chem. Solids97Q
31, 1491-1510.
(32) Calvo, R.; Isern, H.; Mesa, M. AChem. Phys1985 100, 89—99.

(33) Brondino, C. D.; Calvo, R.; Baran, E.Qhem. Phys. Letll997 271,
—54

applied in any other direction. In the absence of exchange 3s4) passeggi, M. C. G.; Calvo, B. Magn. Reson. A995 114, 1—11.
interactions between Co(ll) ions one expects one resonance35) Gon, A.; Lezama, L. M.; Rojo, T.; Foglio, M. E.; Valdivia, J. A;

pattern with eight hyperfine components for any magnetic
field orientation in thex y. plane and along the axis and

Barberis, G. EPhys. Re. B 1998 57, 246-251.
Pilbrow, J. R.Transition lon Electron Paramagnetic Resonance
Oxford University Press: New York, 1990.

(36)
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Table 3. Principal Valuesgy, gy, andg, of the g Tensor Corresponding
to the Ground Doublet of Co(ll) lon Obtained from the EPR Spectrum
of a Powder Sample

eigenvalues eigenvectérs angles
o«=5.81(2) ax a* =[F0.408,0,0.913] a—(Co—N)=10.5
9y =456(2) a,a"=[0,+1,0]

g, =2.23(2) a,a* =[+0.913,0,0.408] a*—(Co—N)=31.9

a Eigenvectorsy, ay, anda; anday*, a*, anda;* of the g tensor for the
two rotated Co(ll) ions in the unit cell are given in thbc axes system.
Some angles between eigenvectors and theXCbond are also included.

However, we observe that the magnitudéof the exchange
interaction between Co(ll) 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 ¢kctor as
a function of the anglex with they, axis in thex .y, plane
(defined in the inset) anfl with thez_axis in thez x_ 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 sgir=
1/2:

= S -g-H (1)

Under this spin Hamiltonian the excited doublet of the
= 3/, multiplet (not considered in eq 1) is responsible for
the large anisotropy observed for thevalue of the ground
doublet. Information about the Co(ll) ions is contained in
the eigenvalues and eigenvectors ofghtensor. We obtained
the eigenvaluesg, = 5.81,g, = 4.56, andg, = 2.23 from
simulation of the powder spectrum assuming Lorentzian line
shapes, and angular variation of the line width having
common principal axes with thg tensor. The rhombic
symmetry of theg tensor is supported by the distorted
octahedral coordination of the Co(ll) ion in @e{hr),; the
observed largay anisotropy is typical of high-spin Co(ll)
compoundg®®7To evaluate the eigenvectors of théensor,
we used the single-crystal results and the eigenvalues
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Figure 6. Angular variation of they factor of Co(-Thr), obtained at 9.475
GHz andT = 4 K for a single crystal of Ca¢Thr),. (a) x.y. plane. (b)

7 x_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
molecularg? tensor.

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 #ive and
in the z2y, planes indicates that the interlayer exchange
interactionJ' is not large enough to collapse the resonances
of the two magnetically nonequivalent Co(ll) ions, allowing
us to estimateJ| < AgugH ~ 0.07 cmt between Co(ll)
ions in neighboring layersAg ~ 1 estimated at 10from
thez_axis in thez x_ plane, see Figure 6b). This small value
is supported by the crystallographic data, which do not show
chemical paths connecting rotated Co(ll) ions in neighboring
layers.

obtained from the spectrum of the powder sample (see Tablen;scussion and Conclusions

3 and Figure 4). From the angular variation of théctor
measured on the y, plane we obtained = 4.56 along the

b axis. This value agrees with one eigenvalue obtained from
the powder sample. This result is expected sibég a C;
symmetry axis of the Co(ll) ion site and, consequently, an
eigenvector of the moleculag tensor. The eigenvectors
corresponding to the other two eigenvalues, which are
contained in thec plane, were calculated using the single-
crystal EPR results in the y, and z x_ 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 they 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

First, in this discussion we follow the steps suggested by
Kahr?! to interpret magnetic data for high-spin octahedral
Co(ll) 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

NQZﬂBZ i
4k T

xw(T) = c )

experiments. The differences observed for some orientationsVhereC' is the temperature-independent contribution arising

(37) Zarembowitch, J.; Kahn, @norg. Chem.1984 23, 589-593.
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from the excited doublét Fitting eq 2 to the values of the
susceptibility obtained from magnetization data at 1 kG, we



Layered High-Spin Co(ll){-threonine)(H,0),

obtain g = 4.330(3) andC' = 0.016(3) emu/mol. It is andE = —10(1) cn1! where the uncertainties reflect the
interesting to point out that assuming a Cuii&eiss reproducibility of these results in different annealing pro-
behavior for the low-temperature magnetic susceptibility (see cesseg’-?2These values for the spin Hamiltonian parameters
Figure S2 in Supporting Information), one obtains —0.40 within the S = ¥/, quartet reproduce well the values of the
cm ! (antiferromagnetic), which is compatible with the range magnetization (see solid lines in Figure 3a,b), and the values
0.25< |J] < 1.2 cn7! obtained from EPR data through the of theg factor of the ground doublet along the three principal
incomplete collapse of the hyperfine interaction. directions (Table 3). The root-mean-square deviation of the
Under the same approximation we propose for the result of this global fit from the magnetization data~i$
magnetization the Brillouin function behavior predicted for times smaller than that obtained by fitting the Brillouin
uncoupled spin8 = /,.25 Fitting the Brillouin function to function forS = Y,.
the whole set of magnetization data in Figure 3a,b gyes |t js important to consider that the valuesdfandE are
= 4.49, which compares well to the mean square isotropic ot unique®® They depend on the assignment of the three
average of the factor,g = 4.45, calculated from the EPR  principal g factors of the ground doublet to the'y, and z
results in Table 3. The difference between thevalue — girections of theD tensor, and we chose these axes such
obtained from eq 2 and that obtained from the Brillouin that|E| < |D/3|. The ZFS parameter between the two spin
function is large and not well understood within the sfn doublets calculated with these values®fand E is 6 =
model. Also, the observed increase of the magnetization atZD[l + 3(E/D)3Y2 ~ 231 cnrl. The valued of the ZFS
high fields cannot be followed by the calculated curves using c4icylated from the fit follows the correlation coordination
the Brillouin function withS = 1/, because the population number/ZFS, which predicts ZFS 50 cnt® for six-

of the excited spin doublet increases with coordinated Co(ll) ion24°Since there is a sizable rhombic

To obtain information about the zero-field splitting (ZFS)  yistortion € term in eq 4), the ground and excited doublets
0 between the two spin doublets, we used the more elaborate. 5 nnot be assigned to eithe#/, or +3/, doublets, as they
model given by Kah@! which takes into account the Zeeman '

energy, the ZFS, and the spiorbit interaction for a high-
spin Co(ll) ion in octahedral surrounding with axial distor-
tion. A basis set of 12 states associated with*ihg ground
multiplet M. = 0, +1 andMs = +/,, +3%5)) is considered
in this model. It has four parameters, the splittihdpetween
the A,y and “E4 of the T4 ground multiplet in Dan
symmetry, the spirorbit coupling/ for the Co(ll) ion, the

are a mixture of them.

The g factors calculated for the lowest Kramers doublet
with the results of the global fit arg, = 5.82,g, = 4.50,
and g, = 2.54, in good agreement with the experimental
values in Table 3. In addition, the global fit shows that the
smallestg value corresponds to the direction of the
Hamiltonian of eq 4. Globally fitting the spin Hamiltonian

parametek considering the mixing of thél ;4 states arising parameters to both magnetization and EPR data was impor-

from the groundF and the excitedP terms, and an isotropic tant t_o ensure a single so!utio_n to the problem. We obs_erved
g factor appropriate for the ground term. We attempted that fitting to only magnetization data does not give a single

without success to fit these four parameters to the magnetiza—set of parameters. Difficulties to fit simultaneously EPR and

tion data in Figure 3a,b. We attribute this failure to the Magnetic results for high-spin Co(ll) ions were reported by
neglect of rhombic distortions and to the inadequacy of the Adrait at al? This problem has been solved in our work.
magnetization data to provide information about this large  Fittings of a spin Hamiltonian fo = %, to magnetic data
set of states. for high-spin cobalt compounds with octahedral coordination

Much better results were obtained considering only the and six oxygen ligands have been reported by Matzapetakis
two Kramers’ doublets corresponding to a spis 3,, using €t al** and more recently by Jancovics et&Matzapetakis

the spin Hamiltonian, et al. obtained for a Co(ll) citrate complex an isotrogic
value go = 2.42 and a very small ZF® = 0.83 cn?!
A= ugSgyH + SD-S ) assuming axial symmetry. Jancovics et al. studied a complex

hereD | . d | p of Co(ll) with imino-bis(methyl phosphonic acid). Assuming
whereD is a symmetric and traceless tensor @yds ag axial g factors and rhombic ZFS, they evaluated from

i — 3
tensor defmefd hover FhSH_ /|2 qqart(;.;t. Wg callculated trlleb Isuscep'[ibility measuremends, = 1.40 andgon = 2.53 with
parameters of that spin Hamiltonian by a simultaneous global ' _ =5 1 andE/D = 0.33.

fit of eq 3 to the whole set of magnetization data in Figure
3a,b, and to the values of the three pI’InCIQﬁICIOI’S of t.he (38) Weil, J. A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
ground doublet state obtained from the EPR experiments Resonance. Elementary Theory and Practical Applicatiohgey:

(Table 3). This global fit was performed with the simulated New York, 1994.

. . . . (39) Makinen, M. W.; Kuo, L. C.; Yim, M. B.; Wells, G. B.; Fukuyama,
annealing methddand produces systematically an isotropic J. M. Kim, J. E J. Am. Chem. Sod 985 107, 5245-5355.

go factor for theS = 9/, quartet. For an isotropigo, the D (40) Larrabee, J. A.; Alessi, C. M.; Asiedu, E. T.; Cook, J. O.; Hoerning,

i i ; , K. R.; Klingler, L. J.; Okin, G. S.; Santee, S. G.; Volkert, T. L.
tensor is diagonal and eq 3 can be rewrittet? #s Am. Chem. Sod 997, 119, 4182-4196 and references therein.
2 2 5 (41) Matzapetakis, M.; Dakanali, M.; Raptopoulou, C. P.; Tangoulis, V.;
A= gougS'H + D[S — S+ DRI+ E(S” — ) 4) Terzis, A.; Moon, N.; Giapintzakis, J.; Salifoglou, A. Biol. Inorg.
Chem.200Q 5, 469-474.
. . (42) Jankovics, H.; Daskalakis, M.; Raptopoulou, C. P.; Terzis, A,;
whereD andE are the axial and rhombic ZFS parameters, Tangoulis, V.; Giapintzakis, J.: Kiss, T.; Salifoglou, lorg. Chem.

respectively. We obtainegh = 2.60(1),D = 114(4) cm?, 2002 41, 3366-3374.
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dicular to theC, 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), indicates high-spin Co(ll) ions in a distorted
octahedral ligand field, arranged in layers. EPR data provides
information about the absolute values of the intralayer and
interlayer interactions) and J. We explain the observed
incomplete collapse of the hyperfine structure proposing 0.25
< |J| < 1.2 cn1tfor the interaction between Co(ll) neighbors
in a layer. The weaker interaction between Co(ll) ions in
neighboring layers was estimated to 3§ < 0.07 cn1?.
The g 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
z results with 5= %/, spin Hamiltonian allowed us to calculate

Figure 7. The two possible orientations of the principal axes of the a ZFSS ~ 231 entl between ground and excited doublets
tensor for the Co(ll) site. '
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