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The magnetic exchange interactions in a Cog moiety encapsulated in Nay7 [(NaOH2)Cos(H20)(P,W150s6),] (NaCos)
were studied by a combination of magnetic measurements (magnetic susceptibility and low-temperature
magnetization), with a detailed Inelastic Neutron Scattering (INS) investigation. The novel structure of the salt was
determined by X-ray crystallography. The ferromagnetic Cos044 triangular cluster core consists of three octahedrally
oxo-coordinated Co'" ions sharing edges. According to the single-ion anisotropy and spin—orbit coupling usually
assumed for octahedral Co" ions, the appropiate exchange Hamiltonian to describe the ground-state properties of
the isosceles triangular Cos spin cluster is anisotropic and is expressed as H = — 23 q—y (2510520 + 2526830
+ J5,,5,), where J, are the components of the exchange interactions between the Co ions. To reproduce the
INS data, nonparallel anisotropic exchange tensors needed to be introduced, which were directly connected to the
molecular symmetry of the complex. The following range of parameters (value + 0.5 cm~1) was found to reproduce
all experimental information while taking magnetostructural relations into account: J;* = J;° = 8.6 cm™; Jj? = J;?
=l4cem L B =0 =100em™ B =F =65cmtand £’ =34 cmL.

Introduction structures exhibited by these magnetic clusters, together with
othe possibility to obtain clusters of larger and larger nucle-
arities, while maintaining the basic exchange-coupled units,
hhave offered ideal systems to check the validity of the
exchange Hamiltoniarts. Thermodynamic techniques (mag-
netic and specific heat measurements) combined with
Inelastic Neutron Scattering (INS) spectroscopy have been
applied to polyoxometalates for investigations of magnetic
exchange interactions with a high degree of success. Par-
ticularly, a detailed investigation, allowing for evidence of
the anisotropic nature of the exchange interactions between
Co(ll) ions, has been performed on a family of polyoxo-
tungstates of various nuclearities: From the simpl% Co

Polyoxometalates are complexes that can be describe
either ‘top-down’, as discrete fragments of metallic oxides
or ‘bottom-up’, as condensed oxocomplexes. They are a ric
and growing class of inorganic compouhusth interest both
for their possible applicatioAg and for their usefulness as
model systems to understand the electronic properties of
metal-oxides at the molecular level. This latter utility arises
both from their ability to host delocalized electréasd from
their aptitude to encapsulate clusters of magnetic transition
metal ions, while isolating them from the rest of the ions of
the crystal. Further, the variety of possible highly symmetric
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moiety embedded in the safts [Coy(D,0)W;,034]-n DO
(Coy),” to nuclearities fourk;[Cos(D20), (PWoO34)2]:n DO
(Coy),B210five, Nay, [CosW(D20)(CoWeOs4)z]-n DO (Cos), Mt

and nine, Kle[COQ(OD)g(DzO)G(HPO4)2(PW9034)3]'n DO
(Cog),*? several studies about anisotropic magnetic interac-
tions have been performed in the past decade.

The compound<Co,, Cos, and Cos were successfully

studied by INS, while susceptibility, magnetization and
specific heat measurements were used to cross-check the
results. The magnetic exchange interactions between the Co
ions, ferromagnetic in most cases, were found to be aniso-
tropic. In some cases, axial anisotropy showed to be
insufficient and a rhombic anisotropy was required to
reproduce the experimental INS data. Notice that in all these
systems the magnetic models assumed that each anisotropic
exchange tensor is parallel to the main symmetry of the Figure 1. (top) Structures of Co the polyoxoanior@gW) and NaCos)
molecular cluster. In contrast to the previous clusters, the (leftand right) and comparison with the polyanidog) (center). (bottom)

. . Geometries of the trinuclear Co(ll) clusters encapsulated in the polyoxo-
nonameric clusteiCo,, has still to be properly analyzed. SO pions Coaw (left) and NaCos (right) and their relation with theCos
far only magnetic properties were used to extract information rhomblike cluster.
on the exchange parameters. Still, due to its complexity a
serious overparametrization problem appears that can onlyderived from the rhomb-like cluste€o,. However, while
be overcome with a huge amount of independent high-quality CosW contains an angular Geluster obtained by replace-
experimental information and clear ground rules based onment of a Co situated in the short diagonal of the rhomb by
simpler systems. This makes the analysis of the title W, NaCo;contains a triangular Galuster since one of the
compound especially important as the nonameric cluster istwo Co’s situated in the long diagonal of the rhomb has been
formed by condensation of thre€os triangular units.  replaced by Na (Figure 1). Indeed, this new cluster should
Recently a polyoxoanion encapsulating a trinuclear Co unit allow for examining how the different symmetry of the
has been studied by a detailed Inelastic Neutron Scatteringtrinuclear cluster affects the orientation of the anisotropic
(INS) experiment2 The polyoxoanion salt has the formula exchange tensors.

Nag[CosW(D20)(ZnWyOs4)2] (shortly CosW) and can be
viewed as a derivative of the s#li[C0o4(D20)2(PWsO34)7] *
n D,O (Cos), wherein one of the four Co(ll) ions of the

2. Experimental Section
2.1. Synthesis Approximately 10 g ofNaCo; were obtained
following a variation of a previously described procedifr&We

central rhomb-like cluster has been replaced by W(VI) used the following procedure: Co(NR6H:0 (0.68 g, 2.34 mmol)
(Figure 1). In this case, it was found that a parallel orientation was dissolved in 500 mLf@ M NaCl deuterated aqueous solution
of the anisotropic exchange tensors was unable to properlyand heated to 9tC. a-NayoP\W150se-24H,0 (10.00 g, 2.26 mmol)
rationalize the experimental data, and an explicit consider- (OPtained as describ&) was then added with vigorous stirring.

ation of the orientation of the local anisotropy axes deter-
mined by the geometry of the cluster was needed to be take

into account.

In this work we report a novel polyanion of formula
[(NaOH,)Co3(H20)(P:W150s6)2] "~ (shortNaCos) that con-
tains a trinuclear Gomagnetic cluster deeply related with
that of the CosW compound. In fact, this cluster is also
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The heating at 90C was continued for 20 min or until complete
dissolution. A powder of a related compound [(Nagyg0,(H,0)-
(P,W150s6),]1~ Na,Co, appeared first and was filtered away. Then,
in the following 5-10 h, mixtures ofNaCo; and Na,Co, were
formed and filtered. From the resulting solution, golden brown
needles of the title compound were formed in@days (yield 30%
approximately).

2.2. X-ray Diffraction. Crystals suitable for X-ray diffraction
were obtained by synthesis in®. A golden brown single crystal
of dimensions 0.% 0.1 x 0.25 mm was removed from the mother
liquor and immediately cooled to 225(2) K under a nitrogen stream
on a Nonius Kappa CCD diffractometer using a graphite mono-
chromated Mok radiation sourceA(= 0.71073 A). Denzo and
Scalepack programs were used for cell refinements and data
reduction. The structures were solved by direct methods using the
SIR977 program with the WinGX8 graphical user interface. The
structure refinements were carried out with SHELX!®Kultiscan

(14) Ruhlmann, L.; Canny, J.; Contant, R.; Thouvenot/riorg. Chem.
2002 41, 15, 3811-381.

(15) Contant, R. Early Transition Metal Polyoxoanions, $041.

(16) Otwinowski, Z.; Minor, W. DENZO-SCALEPACK, Processing of
X-ray Diffraction Data Collected in Oscillation Mode. Methods in
Enzymology, Volume 276, Macromolecular Crystallography, part A;
Carter, C. W., Jr., Sweet, R. M., Eds.; Academic Press: New York,
1997; pp 307326.
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Table 1: Comparison of Relevant Distances (A), Bond Angles (deg)
and Torsion Angles (deg) in the CompouridaCoz; and CosW?2

Table 2: Crystal Data and Structure Refinement for the Salt
Nay7[(NaOH,)Cos(H20)(P2W150s6)2]"41.5H0

NaCoz CosW
distance (A)  Co(1)}Co(2) 3.201(5) 3.170(2)
Co(2)-Co(3) 3.188(5) 3.1728(14)
Co(1)-Co(3) 3.184(5) 3.1828(19)
angle (deg) Co(1)O(58)-Co(2) 99.0(7) 96.5(4)
Co(1)-0(50)-Co(2) 93.7(8) 101.6(4)
Co(2)-0(57)-Co(3) 96.4(7) 101.9(4)
Co(2)-0(50)-Co(3) 94.3(7) 101.9(4)
Co(1)-0(63)-Co(3) 98.2(9) 96.6(4)
Co(1)-0O(50)-Co(3) 93.2(8) 101.6(4)
torsion angle Co(HO(58)-0(50-Co(2) —175(1) —168.4(5)
(deg) Co(1)-0O(63)-0(50)-Co(3) 172(1) 180

Co(2)-0(57)-0(50)-Co(3) —178.4(8) 166.9(4)

aThe labeling is shown in Figure 3. [@o3zW, the positions Co(2)/Co(3)
correspond to a disordered 50/50 occupation Co/W.

absorption corrections based on equivalent reflections were applied
to the data using the program SORTAYAIl atoms were refined
anisotropically with the exception of some disordered water oxygen
atoms with occupancies of 0.5. Hydrogen atoms were not located.
Further details of the crystal structure investigation can be obtained
from the Fachinformationzentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany, (fax:+49)7247808-666; e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-
414656.

2.3. Magnetic MeasurementsVariable-temperature susceptibil-
ity measurements were carried out in the temperature rangGe@
K on compacted powder molded from a ground crystalline sample
of NaCo; on a magnetometer equipped with a SQUID sensor
(Quantum Design MPMS-XL-5). The data were corrected for the
diamagnetic contribution, which were estimated from the Pascal
constants. Isothermal magnetization measurements at low temper-
ature (2 K and 5 K) were performed up to a field®T in the
same apparatus.

empirical formula
formula weight
temperature
wavelength

crystal system
space group

unit cell dimensions:

volume

z

density (calculated)
absorption coefficient
F(000)

crystal size

theta range

for data collection
index ranges

reflections collected
independent reflections
completeness t§ = 29.17
absorption correction

max. and min. transmission
refinement method

data/restraints/parameters
goodness-of-fit on ¥

final R indices [| > 20(1)]

R indices (all data)

largest diff. peak and hole

H7C0o3Na1g0155.5P4W30
8805.69
225(2) K
0.71069 A
triclinic
P1
& 13.01200(10) A
b=24.0312(2) A
c=25.2498(3) A
a = 80.7875(4)
B =82.9196(4)
y = 85.9508(8)
7723.75(13) A
2

3.786 Mghn
22.757 mrh

7780

0.1x 0.1 x 0.25 mn?

1.791t029.17
-17=h=<17,
—32=< k=32,
—34=<1<34
127722
40817 [R(irt)0.1121]
97.7%
semiempirical
from equivalents
0.103 and 0.008
full-matrix-block
least-squares oreF
40817/129/1902
0.977
R1=0.0975,
wR2=0.2353
R% 0.1815,
WR2=0.2772
6.605 an@.429 e A3

2.4. Inelastic Neutron Scattering. INS spectra with cold [P2W1:0s¢] 12~ subunits, as shown in Figures 2 and 3. The
neutrons were recorded on the time-of-flight spectrometer IN6 at positions of the Co(Il) and the Ndons are unambiguously
the Institut Laue-Langevin (ILL) in Grenoble. The measurements determined by the crystal structure determination and are

v:ve‘:elpAerformed at 2, 10 and 30 K with incident wavelengths of not disordered as in the other existing example of a tricobalt

The data processing involved the subtraction of a background sandwich type hgteropolyanlon [QN(D_ZO)Z(ZnWS’OM)Z]’lZ_
spectrum measured on an empty aluminum container of the same(COsW*9) in which only two positions of the central
size and calibration of the detectors by means of a spectrum of tetranuclear complex are fully occupied by Co, while the
vanadium metal. Conversion of time-of-flight to energy and data Other two sites are each randomly occupied by one W atom
reduction were done with the standard program INX at ILL. The and one Co atom. Despite that, the central tetranuclear
spectra were treated further by using the free programs gawk andcomplexes inNaCo; and Co;W show quite identical
gnuplot. geometries, as evidenced by the relevant bond distances and
angles shown in Table 1.

The crystal structure solution dfaCo; also confirms that

3.1. X-ray Diffraction. The structure of the salt Na the symmetry of the whole polyoxoanion is loweredGg
[(NaOH,)Co3(H20)(PW150s6)2] -41.5H0 (shortly NaCos) as deduced by L. Ruhlmann et al. from the IR spectra of the
was determined by X-ray crystallography. Crystallographic compound* compared to the analogue polyoxoanion con-
data and parameters are listed in Table 2. taining a tetracobalt sandwiched comp@a, which exhibits

This heteropolianion contains a sheet of three Co(ll) ions the symmetryCa.
and one N&, forming an oxo-aqua metallic core, a0+ 3.2. Magnetic MeasurementsMagnetic susceptibility
(H20), which is sandwiched between two trivacantoB-  data for a deuterated sampleN&Co; are shown in Figure
4(a), which plotgy,T versusT at 0.1, 1, 2 and 4 T. At 0.1
T, xmT decreases upon cooling from 9.5 efdemol~* at 293
K down to 8.7 emeK-mol™! at 40 K, at which a round
minimum is observed; then, it increases at lower temperatures

3. Results

(17) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.
Appl. Crystallogr.1999 32, 115-119.

(18) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837—838.

(19) Sheldrick, G. M.; SHELX-97, an integrated system for solving and
refining crystal structures from diffraction data, University citi@gen,
Germany, 1997.

(20) Blessing, R. HJ. Appl. Crystallogr.1997 30, 421—426.

(21) Ruhlmann, L.; Canny, J.; Contant, R.; Thouvenotjriorg. Chem.
2002 41, 3811-3819.
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Figure 4. (a) ExperimentalymT of a polycrystalline sample dlaCoz
between 2 and 30 K at four different fields. (inset) Experimeptal of

the same sample at 0.1T in the temperature rarg@0RK. (b) Isothermal
magnetization oNaCo; at 2 and 5K. The solid lines represent the magnetic
properties calculated by applying the Hamiltonian of eq 1 with the parameter
set reported in eqs 6 and 8 (see 4.2).

transitions are labeled I, 1l. At higher temperatures, we can
Figure 3. ORTEP plot of the encapsulated magnetic clusters showing Se.e a hot narrow band at 2.3 meV, that Can also. be fltted
60% probability ellipsoids. with two close-lying peaks. The corresponding gain transi-
tions appear with rising temperature, but due to the low
to reach a sharp maximum of 10.4 eidemol ™ at about 6 intensity and the high width it is not possible to resolve them
K. The decrease from room temperature downward is due properly and obtain quantitative intensities.
to spin—orbit coupling of C8, while the subsequent increase ~ The least-squares fitting analysis in Figure 5 was per-
is indicative of ferromagnetic Cle-Cd" interactions within formed by assuming a linear background and one Gaussian
the trinuclear spin cluster. The low-temperature behavior for each transition. The intensities derived from the least-
(below 50 K) depends on the applied magnetic field. At 0.1 squares fitting analysis are summarized in Table 3.
T, xmT reaches a maximum value of 10.4 eidemol* at 6 From the experimental data presented in Figure 5 and
K. At higher fields, the maximum shifts to higher temper- Table 3 we derive the energy diagram depicted in Figure 6.
atures and becomes lower and broader, so that at 23T  The cold transitions | and Il coming from the ground level
has a maximum of 9 emi-mol~! at 15 K. The dependence are indicated by full arrows, and hot transitions from the
of the low-temperature isothermal magnetization on field at excited levels by broken arrows. Relative INS intensities
2 and 5K, from 0 to 5 T, is plotted in Figure 4(b). were analyzed with a general formalism developed in refs
3.3. Inelastic Neutron Scattering Figure 5 shows the INS 22 and 23 and integrated in the program package MAG-
spectra of polycrystallindaCo; with an incident neutron ~ PACK.
wavelength of 4.1 A at three temperatures. The energy- Taking into account the relative energies derived from the
transfer range between3.8 and 4 meV is depicted with  energy diagram (0, 0.65, 2.80 and 3.06 meV) and the
positive values for neutron-energy loss (right) and negative temperature dependence of the peak intensities, this energy
values for neutron-energy gain (left). The resolution is 110 scheme is valid only if the four levels have equal degeneracy.
ueV at the position of the elastic peakt A K we observe -
a narrow band around 2.9 meV, that can be fitted with two %2 gogazA'Crgfﬁ;JtJCf]e%%"afng3555” J-M; Coronado, E.; Tsukerblat,
very close-lying peaks, on the neutron-energy loss side. The(23) Waldmann, OPhys. Re. B 2003 68, 174406.
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Figure 6. Experimental ground-state splitting. The cold transitions | and
Il coming from the ground level are shown with full arrows. The hot
transitions coming from the excited level at 0.8 meV are shown with broken
arrows. Each transition is experimentally observed but only in neutron-
AEEENSESNERTERTLLILFLIL energy loss. Each level is labeled according to theabsociated with the

34 -3 26 22 18 18 22 26 3 34 basis functions having the major contribution in the wave functiéfaof
Energy transfer / meV the Cd moiety. This contribution, that is, the sum of the squared

Figure 5. INS spectra oNaCos at 2, 10 and 30K, measured on IN6 of coefficients in the linear combination in eq 2, is given on the right.

ILL with an incident wavelength of = 4.1 A. Dots with error bars are ble 3 E . tal and Th tical E L V) and Relati
experimental data, straight lines are background signal, and Gaussians ar?T"’t1 € 't'. xfptinn?ﬁgqr an i eoretical Energies (in meV) and Relative
fitted peaks. | and Il are cold transitions, Il and IV are hot transitions. Mensities of the ransitions

Right: neutron-energy loss side. Left: neutron-energy gain side. energy 2K 10K 30K
. . lifexp] 2.13(1) 0.00 0.49(5) 0.60(4)

4. Discussion IIfteo] 2.15 0.00 0.31 0.33
4.1. Anisotropic Exchange Model.The “T; high-spin :x%tegg]] %;ig(l) 8:88 8:;23(5) 8_'§§(4)
ground state of distorted octahedral'Ghows a first-order I[exp] 2.80(1) 1.00(5) 0.66(3) 0.42(2)

spin—orbit coupling and splits into six anisotropic Kramers ~ !lteol 2.80 1.00 0.66 0.42
I[exp] 3.06(1) 0.97(5) 0.65(3) 0.42(2)

doublets. At low temperature (below 30 K) only the lowest g 305 0.99 0.66 0.42

Kramers doublet is populated, so that the exchange interac-
tion between two Cbions can be described by assuming a  In view of this geometry, we can distinguish two fe@—
coupling between fully anisotropic Kramers doublets with Coobuse (@long the side of the rhomb) pairs, which are
effective spins of/,. Expressing this spin anisotropy in terms ~ essentially equivalent and very similar to the analogous pairs
of exchange anisotropy gives the effective exchange Hamil- in the angular trinuclear clust€osW, and a unique Cuse~
tonian for our C§ moiety: Coupuse pair, along the short diagonal of the rhomb (Co2
Co3 in Figures 3 and 7). Here lies the main difference
H=—-2 z 38,5, +375,5, +35%5.5) () betweerCosW andNaCos: while the former is magnetically
oz linear, the latter is magnetically triangular.
As seen in Figure 7, the orientations of the local anisotropy
Generally, the operator involved in eq 1 does not commute axes are supposedly parallel to the-\® bonds. This
with the total spin of the system. Therefore neitBeror M assumption relieves the unconquerable overparametrization
are good quantum numbers of the system, and the eigenthat would arise if we would fully release the orientations
functions of the trinuclear unit will be given by appropiate of the local anisotropy axes. When tlig symmetry of the

linear combinations of thqéz)SNDbasis functions: system is taken into account, some relations among the
. . exchange parameted$ appear naturally, namely
¥,= Y 8, (8)SMI(E)SM )
n SZZV‘ ‘lex: J13y, ley: J13X' lez: Jl3z, J23X: J23y 3)

The structure of the full complex is shown in Figure 2, and J2* which is the only one to remain independent.
and the CgO13 subunit is depicted in Figure 3. The subunit ~ These considerations are of the same kind as those needed
is formed by three edge-sharing Co@rtahedra. As can be  in the study ofCosW.23 Obviously, the relations are different,
seen, each octahedron is connected with the other two, inbecause of the different connectivity of the magnetic cluster.
an ideally equilateral fashion, but the symmetry is broken Furthermore, because of symmetry considerationai@os,
down to an idealized isoscelesg@riangle by the encap- we should expec? to be similar toJ:? (and obviously
sulating polyoxometalate. 3, while 2 = J° should be similar t§J,% J3;°, 3%, 3% .

Inorganic Chemistry, Vol. 44, No. 10, 2005 3393
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As CosW was magnetically linear, it could be described
with a smaller number of independent parameters. Neverthe-
less, both compounds show an energy pattern with four
energy levels. Being forced to fit an equally informative
spectrum with a more complex model, we are faced with an
overparametrization problem.

Besides these relationships, we can assume that the
Coacute— Coppuseinteractions are very similar to the analogous
interactions inCosW, which could be univocally determined.
Likewise, some] components of the Gguss— COobiuse Pair
are expected to be an average of analogous on€sjw .

Thus, we limit the variations of their values to a minimum
range around the original values. The details of these relations
are included in eq 4.

J* (NaCo,) ~ J** (Co,W) =1.8cm*
J2(NaCo,) ~ J**(Co,W) = 11.0cm *
J*¥(NaCo,) = J*(Co,W) =9.9cm*
J2(CoW) + J°(Co,W)

2 Figure 7. Assumed orientations of the local anisotropy axes, which have
23 113 _ —1 been chosen to point toward some of the oxo anions defining the octahedra
J Z(NaC03) =J x(C03W) =1.8cm (4) of each site. The assum&dsymmetry of the molecule applied to the spacial
relations between the anisotropy axes defines the conditions in egs 3 and
While without the use of information obtained frabo;W 7. For the sake of comparison, the structure and orientations of the local
an overparametrization problem arises, the inclusion of these‘;’}”'hstOtrOpy axes of the related compouBasW is depicted at the bottom
considerations restricts the solution to an unique parameter
range forNaCos: to the two axes pointing toward the bridging oxo anions.
The reduction of symmetry in the cases of exchange in the

Coacue—Coopusepairs can be attributed to the presence of a

J (NaCo;,) = =10.45cm*"

38 =02 =14+05cnm"’

3B =72 —86+05cm? water molecule in the coordination sphere of.&@ in
v = 8. . ) _
contrast with the exchange between thggzg@— Capusepair,
Jl3Z: 312Z= 10.0+ 0.5 cm? where all oxygens are similar.
”s ” o 4.2. Analysis of the Magnetic PropertiesTo reproduce
J7=J7,=6.5+£05cm the low-temperature magnetic properties, the differgnt

components associated with each center had to be taken into
account. With this aim, the Zeeman terms were added to
the Hamiltonian (eq 1), and the exchange parameters obtained

The calculated energies and intensities are in very good . . .
. : .. ._from the INS analysis were conserved. In a first approxima-
agreement with the experimental values (see Table 3). Within . .
tion, the threey tensors were considered to be parallel. Thus,

this full range of parameters the energy level scheme can be th th v limitati 1 2 3.
reproduced, but for the magnetic properties analysis we have'"! € only limitationg; = g = g (i = X, ¥, 2), no

selected the solution that gives the absolute minimum in this solution was found after eXp'O””_g the whole range of
range, which is the following: parameters. Hence, a more detailed consideration of the

symmetry was again necessary to reproduce the experimental
B =32 —136cm? data. A solution was found with an orientation of tge
X Y tensors consistent with the one assumed forJthensors:

J?,=34405cm* (5)

J8 =J% =856cm*

1_ 41 2_ .3 3_ .2
3 = 32 = 10.08 cm’? % =% 8T8 0% =G ()
z X "
B =32 —g4a8cm?t This model involves a large number of independent
X o parameters. To relieve some of the overparametrization the
3232= 3.36cm* (6) fit was performed simultaneously over foymT curves

measured at different external magnetic fields, as seen in
We can observe that thktensor has two components of  Figure 4(a). As the wave functions and eigenvalues of the
almost equal magnitude and larger than the third one. Thismagnetic cluster are accurately determined by INS, the
smaller component corresponds to the direction perpendiculardifferences observed in thé curves at different magnetic
to the Co-O—0O—Co plane, while the other two correspond fields can only be due to the Zeeman contributions.
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An excellent fit can be found with théset given in eq 6 reported in the related compoun@de;W, Co, andCos. Most

and the following set of Landparameters: importantly, we have shown that in this cluster INS data are
sensitive not only to the magnitude and anisotropy of the
9,=0,=6.77 exchange parameters but also to the relative orientation of
5 5 the exchange anisotropy axes. We have shown that the
g =9, =442 strategy for assigning anisotropy axesNiaCo; is equivalent
2 3 to the one used in the angular trinuclear'! @tusterCozW
G =0 =547 and equally successful. Moreover, magnetostructural analo-
0l= gy1= 3.45 gies between the two compounds allowed us to select a
unique solution for the title compound, showing the useful-
gz1 =3.39 (8) ness of serial studies to overcome the problem of overparam-

etrization. The introduction of symmetry arguments in new

Because of the relatively large number of independent related compounds as well as the possible reinterpretation
g-parameters, there is no easy way to univocally determine of already studied compounds could lead to a better, general
them. In this sense, thpparameter set should be seen just understanding of this family of Clopolyoxometalates and,
as a possible solution, and thus we will not try to interpret ultimately, of the anisotropic exchange interactions i Co
it. systems.

Finally, the magnetization curves serve just as cross-
checking, as they were not taken into account in any fit. We
can see that the theoretical values are in good agreemen
with the experimental data, thus validating the model.
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In this work we have studied the exchange interactions in
a triangular Ct cluster,NaCos, encapsulated by a poly-
oxometalate. The ferromagnetic and anisotropic exchange
parameters found itNaCo; are within the range of those 1C048552w
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