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Magnetic Properties of Lone-Pair-Containing, Sandwich-Type Polyoxoanions:
A Detailed Study of the Heteroatomic Effect
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Magnetic susceptibility and high-frequency EPR spectro-
scopy investigations were carried out on the isostructural
family of tricopper(II)-substituted, sandwich-type polyoxo-
tungstates [Cu3(H2O)3(α-AsW9O33)2]12− (1), [Cu3(H2O)3(α-
SbW9O33)2]12− (2), [Cu3(H2O)3(α-SeW9O33)2]10− (3), and
[Cu3(H2O)3(α-TeW9O33)2]10− (4) with the intention of examin-
ing the possible influence of the diamagnetic heteroatoms X
(X = AsIII, SbIII, SeIV, TeIV) on the magnetic exchange proper-
ties of the three Cu2+ ions in the central belt. Magnetic sus-
ceptibility data indicate a single antiferromagnetic spin ex-
change constant J for the triangular Cu3 belts in 1−4. Vari-
able-temperature, W-band (ca. 94 GHz) EPR spectra reveal
that the Cu3 units have ST = 1/2 as the spin ground state with
the excited state ST = 3/2 located within a few cm−1. We also
determined the g matrix components for both the ST = 1/2

Introduction

Polyoxoanions constitute a rapidly growing class of mo-
lecular metal�oxygen clusters with an enormous diversity
of structures.[1,2] These molecules also display a unique mul-
titude of properties based on their highly alterable sizes,
shapes, charge densities, and reversible redox potentials. As
a consequence, possible applications span a wide range of
domains including catalysis, electrocatalysis, medicine, ma-
terials science, photochemistry, analytical chemistry and
magnetochemistry.[3�6]

The synthesis of new classes of compounds with ground
states with high electronic spin, S, is a topic of high current
interest in synthetic chemistry, fundamental theoretical
understanding of quantum phenomenon and future nano-
technology.[7] Incorporation of multiple transition metal
ions in lacunary polyoxoanion fragments can lead to species
with various stoichiometries and structural features com-

[a] Department of Chemistry and Biochemistry, Florida State
University and National High Magnetic Field Laboratory and
Center for Interdisciplinary Magnetic Resonance,
Tallahassee, FL 32306-4390, USA
Fax: (internat.) � 1-850-644-3398
E-mail: dalal@chemmail.chem.fsu.edu

[b] International University Bremen, School of Engineering and
Science,
P. O. Box 750561, 28725 Bremen, Germany
Fax: (internat.) � 49-421-200-3229
E-mail: u.kortz@iu-bremen.de

3792  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/ejic.200400234 Eur. J. Inorg. Chem. 2004, 3792�3797

and 3/2 states. The zero-field parameter D has been meas-
ured for the ST = 3/2 state, and its sign is shown to be positive
for 1−4. From the analysis of the g matrix components for
the molecular and the local Cu2+ site symmetry, the unpaired
electrons are shown to occupy the 3dx

2−y
2 orbitals. The J

values change from −1.36 to −1.04 cm−1 for 1 and 2, and from
−1.52 to −1.48 cm−1 for 3 and 4, respectively. The g values
follow a similar trend, but the D value for 4 implies a role of
through-space as well as through-bond sources for the mag-
netic interactions in the Cu3 belt. Our results suggest that the
heteroatoms, containing lone pairs, allow the fine tuning of
the magnetic parameters of 1−4.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

bined with interesting magnetic properties.[8] Thus, studies
of well-characterized polyoxoanions containing exchange-
coupled paramagnetic metal centers should add useful data
to the literature on polyoxometalates. Polyoxoanions can be
considered as intermediate in complexity between mono-
meric metal coordination complexes and high-spin multi-
nuclear clusters that have received considerable
attention.[9�12] Since in polyoxoanions the magnetic frag-
ment is usually encapsulated by a diamagnetic
tungsten�oxo cluster, they provide ideal structural sup-
ports for the study of the magnetic exchange interactions
in clusters.[13,14]

Although an enormous number of polyoxoanions with
different structures is known, there are relatively few iso-
structural polyoxoanion families that contain several, well-
characterized members. Probably the best known examples
are the tetrametal-substituted, sandwich-type polyoxotung-
states of the Keggin type {[M4(H2O)2(B-α-XW9O34)2] (M �
Mn2�, Fe3�, Co2� etc.; X � P, As, Si, Ge)} and the
Wells�Dawson analogues {[M4(H2O)2(B-α-X2W15O34)2]
(M � Mn2�, Fe3�, Co2� etc.; X � P, As)}.[8b,15] Over the
last decade or so the magnetic properties of transition-me-
tal-substituted polyanions have been investigated predomi-
nantly by Coronado et al.[16] In these studies the properties
of derivatives containing different transition metals (e.g.
Cu2� vs. Mn2�) were investigated. There is essentially no
report on a systematic, comparative magnetic study of iso-
structural polyoxoanions involving the heteroatoms.
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The (Cu2�)3 fragment represents the simplest example of

a spin-frustrated system, provided (i) the exchange interac-
tion is antiferromagnetic and (ii) the copper centers are
symmetry-related through a C3 axis. The compounds stud-
ied here belong to this class. Although many compounds
containing a (Cu2�)3 fragment have been reported, there is
no system that allows one to fine-tune the magnetic interac-
tions of the (Cu2�)3 moiety.[17�25] Polyoxometalates appear
to be an excellent candidate for such a study.

Recently Kortz et al. reported on the synthesis and struc-
tural characterization of the four copper()-substituted,
lone-pair-containing polyoxotungstates [Cu3(H2O)3(α-
AsW9O33)2]12� (1), [Cu3(H2O)3(α-SbW9O33)2]12� (2),
[Cu3(H2O)3(α-SeW9O33)2]10� (3), and [Cu3(H2O)3(α-
TeW9O33)2]10� (4).[26] The isostructural nature of poly-
anions 1�4 allows one to correlate the magnetic properties
of these compounds with structural details.

We used high-frequency EPR spectroscopy and SQUID
magnetometry to study the effects of heteroatomic substi-
tution on the magnetic properties of 1�4 and we discovered
an interesting trend.

Results and Discussion

For the study reported here we used Na12[Cu3(H2O)3(α-
AsW9O33)2]·32H2O (Na-1), Na12[Cu3(H2O)3(α-SbW9O33)2]·
46H2O (Na-2), K9Na[Cu3(H2O)3(α-SeW9O33)2]·16H2O
(K-3) and K9Na[Cu3(H2O)3(α-TeW9O33)2]·16H2O (K-4)
which were synthesized according to the published pro-
cedure.[26]

The copper()-substituted, lone-pair-containing polyoxo-
tungstates [Cu3(H2O)3(α-AsW9O33)2]12� (1), [Cu3(H2O)3-
(α-SbW9O33)2]12� (2), [Cu3(H2O)3(α-SeW9O33)2]10� (3),
and [Cu3(H2O)3(α-TeW9O33)2]10� (4) consist of two (α-
XW9O33) units joined by three equivalent Cu2� ions (see
Figure 1). All copper ions have one terminal water molecule
resulting in a square-pyramidal coordination geometry.
Therefore, these polyanions have idealized D3h symmetry.
The space in between the three transition metal ions is oc-
cupied by three sodium ions (X � AsIII, SbIII) or potassium
ions (X � SeIV, TeIV) leading to a central belt of six metal
atoms alternating in position.

The separations of the three copper ions and the two het-
eroatoms in polyanions 1�4 are summarized in Table 1.

Magnetic Susceptibility

Figure 2 shows a plot of χmT vs. T for compound K-4.
This type of behavior indicates the presence of antiferro-
magnetic exchange interactions between the Cu2� ions. The
behavior of compounds Na-1, Na-2 and K-3 is very similar.
The solid-state structures of polyanions 1�4 indicated that
two of the three copper centers are crystallographically in-
equivalent, but nevertheless all three are oriented in a very
regular triangular fashion.[26] Therefore, we used the equi-
lateral triangle model in order to explain the observed mag-
netic properties of Na-1, Na-2, K-3 and K-4. The Heisen-
berg spin exchange Hamiltonian corresponding to this
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Figure 1. (a) Ball-and-stick diagram of [Cu3(H2O)3(α-
AsW9O33)2]12� (1); this figure is also representative of
[Cu3(H2O)3(α-SbW9O33)2]12� (2), [Cu3(H2O)3(α-SeW9O33)2]10� (3),
and [Cu3(H2O)3(α-TeW9O33)2]10� (4); (b) representation of the cen-
tral belt in 1; Cu (cross-hatched), Na (horizontally hatched), As
(vertically hatched), O (shaded), H2O (unshaded)

Table 1. Cu···Cu and heteroatom (X···X) separations in poly-
anions 1�4[26]

Polyanion Cu···Cu [Å] X···X [Å]

[Cu3(H2O)3(α-AsW9O33)2]12� (1) 4.69 5.34
[Cu3(H2O)3(α-SbW9O33)2]12� (2) 4.84 4.85
[Cu3(H2O)3(α-SeW9O33)2]10� (3) 4.84 5.38
[Cu3(H2O)3(α-TeW9O33)2]10� (4) 4.87 4.95

Figure 2. χmT vs. T plot of K9Na[Cu3(H2O)3(α-TeW9O33)2]·16H2O
(K-4) at H � 1000 G; the solid line represents the theoretical curve
(see text)

model is given in Equation (1).[24,25,27] Here J is the spin
exchange coupling constant, and Ŝi (i � 1, 2, 3) is the spin
operator of the ith ion. The eigenvalues associated with the
Hamiltonian in Equation (1) can be given as in
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Equation (2),[24,25,27] where ST is the total spin and Si (i �
1, 2, 3) is the spin of each ion.

Ĥ � �2J [Ŝ1·Ŝ2 � Ŝ2·Ŝ3 � Ŝ3·Ŝ1] (1)

E(ST,S1,S2,S3) � �J [ST(ST � 1) � S1(S1 � 1) �

S2(S2 � 1) � S3(S3 � 1)] (2)

Since for each Cu2� ion S1 � S2 � S3 � 1/2, ST can take
values 1/2 (���), 1/2 (���) or 3/2 (���). The ST �
1/2 state is thus doubly degenerate, with an energy of �3J/
2, while the ST � 3/2 state has an energy of 3J/2. Substi-
tution of these values into the standard Van Vleck equa-
tion[28] yields the expression for the molar magnetic suscep-
tibility [Equation (3)]. Here N is the Avogadro number, g
the Landé g factor, β the electronic Bohr magneton, k the
Boltzmann constant and T the temperature in Kelvin.

(3)

The experimental χmT data for Na-1, Na-2, K-3 and K-4
have been fitted to Equation (3) by treating g and J as ad-
justable parameters. The agreement between the theoretical
curve and the measured data is quite satisfactory. The best
least-squares fit parameters are given in Table 2. The nega-
tive sign of J indicates the presence of antiferromagnetic
intra-trimer interactions and hence, the doubly degenerate
ST � 1/2 state is the ground spin state in all four com-
pounds. The g values are consistent with the giso values ob-
tained directly from the EPR measurements (vide infra).

As indicated above, two of the three copper centers in
1�4 are crystallographically inequivalent, which inevitably
results in two different Cu···Cu separations. Although these
differences are very small (� 0.04 Å), we also attempted to
fit the experimental data to an isosceles triangle model [cf.
Equation (4)],[28] where J1 and J2 represent the two kinds
of exchange interactions. Due to the similar magnetic en-
vironment, however, we could not improve the fits by using
the two spin exchange constants J1 and J2.

(4)

Table 2. Magnetic parameters for polyanions 1�4 obtained from EPR and magnetic susceptibility measurements; the error in the g values
is � 0.005 and the error in J is � 0.01

Polyanion EPR Susceptibility
ST � 1/2 ST � 3/2 J [cm�1] giso

g|| g� giso g|| g� giso D [cm�1]

1 (X � As)[a] 2.117 2.254 2.208 2.060 2.243 2.182 0.0230 �1.36 2.209
2 (X � Sb) 2.128 2.257 2.219 2.061 2.231 2.175 0.0225 �1.04 2.223
3 (X � Se) 2.120 2.263 2.216 2.064 2.243 2.183 0.0219 �1.52 2.212
4 (X � Te) 2.127 2.288 2.234 2.065 2.239 2.181 0.0240 �1.48 2.226

[a] Ref.[8a]
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In all four polyanions 1�4, the Cu 3dx
2
�y

2 orbitals, which
contain the unpaired electrons, are directed along the
Cu�Oeq vectors. Therefore, spin exchange coupling takes
place by an indirect pathway involving two tungsten and
three oxygen atoms of each XW9O33 (X � AsIII, SbIII, SeIV,
TeIV) fragment. Hence, we expected weak spin exchange in-
teractions between the Cu2� ions. The small magnitude of
the observed J values (ca. 1 cm�1) supports this model
(see Table 2).

The coupling constants J for Na-1, Na-2, K-3 and K-4
are plotted as a function of the Cu···Cu separations in Fig-
ure 3. It can be seen that for Na-1/Na-2 and K-3/K-4 there
is a decrease of J with increasing Cu···Cu separation. The
average equatorial Cu�Oeq distances in polyanions 1�4 are
very similar [1, 1.921(6) Å; 2, 1.937(6) Å; 3, 1.918(9) Å; 4,
1.927(9) Å], so that the differences in the Cu···Cu separ-
ations between 1�4 must be due to the different het-
eroatoms. The heteroatoms of 1 (AsIII) and 2 (SbIII) are
from main group V, whereas the hetero groups of 3 (SeIV)
and 4 (TeIV) are from main group VI.

Figure 3. Dependence of the magnetic coupling constant J on the
average Cu···Cu separations in Na12[Cu3(H2O)3(α-
AsW9O33)2]·32H2O (Na-1), Na12[Cu3(H2O)3(α-SbW9O33)2]·46H2O
(Na-2), K9Na[Cu3(H2O)3(α-SeW9O33)2]·16H2O (K-3) and K9Na-
[Cu3(H2O)3(α-TeW9O33)2]·16H2O (K-4)

When comparing 1 and 2, it can be noted that both have
the same charge, but the latter has the larger heteroatom.
With the above in mind, the increase in the Cu···Cu separ-
ation in 2 compared to 1 must be due to an ‘‘equatorial
expansion motion’’ of the former polyanion in the belt re-
gion. We believe that this is caused by lone pair···lone pair
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interaction of the two heteroatoms, which is more pro-
nounced in 2 than in 1 due to the larger size of SbIII com-
pared to AsIII (see Table 1). The same trend is observed for
3 and 4 and we suggest an analogous explanation.

When comparing the magnetic exchange coupling con-
stants J of 1 and 3 it must be remembered that the charge
of the polyanions differs by 2 units. This is due to the fact
that the heteroatoms are AsIII and SeIV, respectively. In 1
and 3 the heteroatom separation is essentially equivalent
(see Table 1), so that the differences in the average Cu···Cu
separation must be due to charge effects. The Cu···Cu sep-
aration is larger in 3 than in 1 which indicates an ‘‘equa-
torial expansion motion’’ similar to above, but this time it
must be caused by excess negative charge on the polyanion.
However, the exchange coupling constant J is larger for 3
than for 1, indicating that an increase of the negative charge
on the polyanion leads to an increase of the magnetic coup-
ling constant. The same trend is observed for 2 and 4 and
we suggest an analogous explanation. Nevertheless it re-
mains to be seen if this observation can be generalized.

The two straight lines in Figure 3 perfectly reflect the size
differences of the 4p (AsIII, SeIV) vs. 5p (SbIII, TeIV) het-
eroatoms. The fact that the slope of both lines is very simi-
lar indicates that the same trend is valid for group V and
group VI heteroatoms. We have also shown that magnetic
exchange coupling constants can reflect structural details of
heteropolyanions. We believe that the graph in Figure 3 can
also be used to predict coupling constants of related poly-
anions that have not yet been synthesized, e.g. the Bi deriva-
tive of 1 and 2. We expect that the hypothetical polyanion
[Cu3(H2O)3(α-BiW9O33)2]12� has a coupling constant J
which is smaller than 1 cm�1.

EPR Spectroscopy

Polycrystalline powder samples of Na-1, Na-2, K-3 and
K-4 show similar EPR spectra with a quadruplet excited
spin state at slightly higher energy than the ST � 1/2 spin
ground state (see Figure 4). The observed EPR spectra
were analyzed using the spin Hamiltonian in Equation (5),
where ST is the total spin operator, D is the zero-field split-
ting parameter, and g, β, B have their usual meaning.

Ĥ � ŜT·D·ŜT � β·B·g·ŜT (5)

The possible spin states correspond to a total spin of
ST � 3/2 or 1/2, which is expected for a frustrated triangle
containing an unpaired electron et each vertex. Here we ne-
glect the hyperfine structure due to the 63,65Cu nuclei, since
it is exchange-averaged. Also, we do not consider J here
because its effect is not detected by standard EPR measure-
ments, except through the detection of separate spectra
from the ground and thermally accessible excited states. The
small magnitude of exchange determined by magnetic sus-
ceptibility is not large enough to see intensity changes be-
tween different spin states.[25] Assuming axial symmetry,
and the high-field limit (gβB �� |D|, as is the case here),
the solution of Equation (5) is straightforward.[29] The line
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Figure 4. (a) Energy level diagram and the expected EPR tran-
sitions; (b) experimental and simulated W-band (ν � 93.494 GHz)
powder EPR spectra of K9Na[Cu3(H2O)3(α-TeW9O33)2]·16H2O
(K-4) at 4 K

centers will be given by the g factor, and each line will be
split into 2ST components. For a system with axial sym-
metry, such as the (Cu2�)3 moiety here, the fine structure
splitting varies essentially as D(3cos2Θ�1), where Θ is the
angle between the applied field direction and the axis of
symmetry. Thus, for an ST � 3/2 spin state, the powder
pattern in the limit gβB �� |D| should consist of a triplet
around the principal g components. The triplet separation
around the g peak is 2D while the separation of perpendicu-
lar transitions around the g|| peak is 2|D|.

Figure 4 (a) shows the energy level diagram and the ex-
pected magnetic dipole (∆MST � �1) transitions, labeled
1�4. Figure 4 (b) shows the 4 K experimental W-band EPR
spectrum of the tellurium analog K-4 with the best-fit simu-
lation. The experimental spin Hamiltonian parameters used
in this simulation and those obtained for compounds Na-1,
Na-2 and K-3 are summarized in Table 2. Figure 5 shows
the measured room-temperature and 4 K W-band EPR
spectra for K-4. In the room-temperature spectrum, only
the quadruplet fine structure transitions are observed for
the quadruplet excited spin state. At 4 K, a fourth parallel
peak centered at g � 2.117 was observed. The higher inten-
sity of the lowest field line suggests that the perpendicular
component of the ST � 1/2 state is superimposed. This ob-
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servation lends credence to a lower energy spin state being
present. The ground spin state for the (Cu2�)3 triangle is
therefore the doublet ST � 1/2 state. Further analysis of the
signal intensity with respect to temperature reveals the sign
of the zero field splitting. At lowest temperature, only the
lowest energy states are thermally populated. Hence, at 4 K,
the fine structure line intensity shifts into the outermost
parallel and perpendicular lines, indicating a positive sign
for the D value. The MST � �1/2 states are therefore of
lower energy. Compounds Na-1, Na-2, K-3 have analogous
EPR spectra and show an ST � 1/2 ground spin state; how-
ever, the magnetic parameters vary slightly. It should be
noted that in all cases the quadruplet state transitions are
still observed at 4 K because the spin exchange between
states is small (ca. 4 cm�1).

Figure 5. W-band (ν � 93.494 GHz) powder EPR spectra of K9Na-
[Cu3(H2O)3(α-TeW9O33)2]·16H2O (K-4) at 295 K and 4 K as indi-
cated; numbering corresponds to Figure 4 (a)

The geometrical arrangement of the CuO5 groups in po-
lyanions 1�4 is such that their perpendicular directions
correspond to the C3 axis of the heteropolyanion, while the
parallel direction of each CuO5 unit is perpendicular to the
molecular C3 axis. The square-pyramidal geometry of each
CuO5 unit has C4v site symmetry. Since, the axial Cu�Ow
distance in each unit is longer than the four equatorial
Cu�O distances,[26] the 3dz

2 orbital is stabilized with re-
spect to 3dx

2
�y

2 such that the unpaired electron resides in
the 3dx

2
�y

2 orbital. Siedle et al. have shown that the ob-
served EPR g matrix parameters can be transformed with
respect to the g matrix of the individual copper centers.[30]

If g(m) represents the g matrix of an individual CuO5 unit,
the relation between g(m) and the observed g values can be
written as g|| � g�(m) and g� � (1/2)[g||(m) � g�(m)]. Ap-
plying these relations to the polyanion 4, for example, yields
g||(m) and g�(m) values as 2.449 and 2.127, respectively.
With this geometrical framework g||(m) � g�(m) � ge, ge

being the free electron g value of 2.0023, proving that the
dx

2
�y

2 orbital contains the unpaired electron.
Finally, an interesting observation from Table 2 is that

for 4, the D value magnitude does not fit the trend of the
Cu···Cu distances. Normally, one would expect that the D
value should fall off sensitively with the Cu···Cu separ-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 3792�37973796

ations. For 4, however, while the Cu···Cu distance is the
largest, the D value is also the largest. This breakdown in
the D value vs. Cu···Cu distance relationship suggests a sig-
nificant role for the through-bond interactions in 4.

Conclusions

W-band EPR and SQUID measurements have enabled us
to measure the influence of the charge and size properties
of the lone pair containing heteroatoms on the central Cu2�

triangle embedded in a series of four isostructural polyoxo-
metalates. The giso value calculated from EPR measure-
ments for the ground spin state for compounds Na-1, Na-
2, K-3 and K-4 varies from the best fit parameters deter-
mined by χmT vs. T plots. For Na-1 and K-3, which have
larger J values, the agreement between magnetic suscepti-
bility and EPR spectroscopic results is within experimental
error. For Na-2 and K-4, a 3% difference was observed in
the g values determined from the two techniques. We tenta-
tively ascribe this difference to the fact that the suscepti-
bility measurements extend over a wide temperature range.

In summary, we have performed the first systematic study
of the magnetic properties of an isostructural family of po-
lyoxoanions. Not surprisingly, magnetic susceptibility and
EPR measurements have revealed that the magnetic ex-
change coupling constant J is a sensitive parameter that can
reflect very small structural differences in the magnetic core
(e.g. Cu···Cu separations) of polyanions. More importantly,
we have also shown that these structural differences can be
rationalized by size and charge effects of the heteroatoms.
This means that magnetic measurements can be used as an
indirect analytical tool, in order to investigate phenomena
that originate in nonmagnetic regions of magnetic mol-
ecules.

Experimental Section

Synthesis: The polyoxoanions Na12[Cu3(H2O)3(α-AsW9O33)2]·
32H2O (Na-1), Na12[Cu3(H2O)3(α-SbW9O33)2]·46H2O (Na-2),
K9Na[Cu3(H2O)3(α-SeW9O33)2]·16H2O (K-3) and K9Na[Cu3-
(H2O)3(α-TeW9O33)2]·16H2O (K-4) were synthesized according to
the published procedure.[26]

Magnetic Susceptibility Measurements: Magnetic susceptibility
measurements on Na-1, Na-2, K-3 and K-4 were carried out using
a Quantum Design MPMS-XL SQUID magnetometer. Data for
polycrystalline samples were collected over 1.8�200 K at 1000 G,
using approximately 70 mg of sample. The data were corrected for
the sample holder, diamagnetism using Klemm constants,[31] and
temperature-independent paramagnetism (TIP) contributions.

EPR Spectroscopy: Polycrystalline powder EPR spectra of Na-1,
Na-2, K-3 and K-4 were recorded at W-band frequencies (ca.
94 GHz) at the high-field electron magnetic resonance facility at
the National High Magnetic Field Laboratory in Tallahassee, as
described elsewhere.[32,33] Temperature variation was measured
from room temperature to 4 K. An Oxford Instruments Teslatron
superconducting magnet, able to sweep between 0 and 17 T, was
used to apply the Zeeman field. In all experiments the modulation
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amplitudes and microwave power were adjusted for optimal signal
intensity and resolution. The Bruker XSophe EPR simulation pro-
gram was used with the appropriate spin Hamiltonian to generate
simulated EPR spectra. This program includes a Boltzmann term
that considers thermal population of particular spin levels.
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