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Molecules exhibit chemical and physical properties characteristic
of their molecular shapes and the number of constituents, and odd/
even-membered effects have fascinated scientists for decades, such
as in the oscillating melting temperatures in a series of n-alkane
crystals (CnH2n+2)

1 and as in the spin gap of spin ladders with odd-
numbered legs.2 Similarly, paramagnetic ring-shaped molecules are
expected to exhibit magnetism dependent upon the number of
constituent metal ions. Even-membered antiferromagnetic rings, in
which neighboring spins have opposite orientation (up and down
spins), have singlet ground states and may exhibit quantum rotation
of the Néel vector.3 In odd-membered rings, all spins cannot be
aligned in an alternating fashion and the residual spin can have
any orientation, resulting in a spin frustrated system. Antiferro-
magnetic odd-membered rings have a periodic spin behavior
involving the spin phase inversion.4 Since a detailed magnetic study
was completed on a decanuclear ferric wheel,5 several even-
membered rings have been reported. However, odd-membered
systems of more than three members have only rarely been
described, such as in [(C6H11)2NH2][Cr8NiF9(O2CCMe3)18]

4 and
La(NO3)3[15-MCCu(II)N(picha)-5] (H2picha ) picoline hydroxamic
acid),6 and the magnetism of homometal odd-membered rings has
yet to be explored. The lack of examples may be due to kinetic
and thermodynamic issues, as well as the lack of crystallographic
odd-number-fold rotational symmetries higher than three. To
circumvent this problem, we set out to utilize cyclodextrin (CD)-
based template systems. Recently, Klüfers et al. reported an
oxovanadate complex of Na6[VO6Na6(R-CDH12)2] ·59H2O, in which
two R-CD molecules sandwich six oxovanadium ions; however,
its magnetic properties have not been studied.7 This result prompted
us to target the assembly of a seven-membered ring using �-CD as
a template, and herein we report the syntheses and magnetism of
an unprecedented heptanuclear oxovanadium ring.

The reaction of VdO(SO4)2 ·nH2O with �-CD and NaOH in
water yielded a green solution, and the resulting solution was
dispersed with acetone and methanol to give blue hexagonal rods
and blue plates of Na7[(VdO)7Na7(H2O)7(�-CD)2] ·nH2O (1) and
(2) with yields of 38 and 47%, respectively. 1 and 2 crystallized in
the trigonal R32 and monoclinic P21 space groups, respectively
(Figure 1). The complex molecule in 1 has C2 symmetry, while
the oxovanadium ions in 2 are crystallographically independent.
Subtle differences in ring distortion result in characteristic magnetic
behavior in each. The core structures of the complex anions in 1
and 2 can be described as cyclic heptagons of oxovanadium (VdO)

ions where the cyclic core is sandwiched between two �-CDs. �-CD
has 7 primary and 14 secondary alcohol groups. All secondary
alcohols are deprotonated to bridge the vanadium and sodium ions,
while the primary alcohols remain protonated. The selected
interatomic bonds distances and angles were summarized in
Figure 1S. In the ring, the vanadium and sodium ions are doubly
bridged by hydroxyl groups of �-CD; hence, the neighboring
vanadium ions are separated by O-Na-O groups. The neighboring
vanadium ions in the rings are separated by 6.197(3)-6.3961(19)
Å and 6.360(3)-6.450(3) Å in 1 and 2, respectively. The interior
angles of the vanadyl heptagon are in the range of 125.76(2)°-
130.097(15)° and 126.19(4)°-130.96(3)°, respectively, for 1 and
2, which are close to the value (128.57°) expected for the regular
heptagon. The coordination geometry of the vanadium ions is square
pyramidal. The basal sites are coordinated by oxygen atoms from
secondary alcohols with bond lengths of VsO ) 1.915(4)-2.013(4)
Å and 1.893(8)-2.027(10) Å for 1 and 2, respectively, and the
axial sites are occupied by the oxyl ions with bond lengths of
1.575(6)-1.629(6) Å and 1.613(7)-1.684(8) Å, respectively. The
coordination geometry of the sodium ions in the ring is square
pyramidal, where four alkoxo-oxygen atoms from �-CD occupy
the basal positions and a water molecule coordinates in the axial
site.

Magnetic susceptibility data for 1 and 2 were collected on
microcrystalline samples in the temperature range 1.8 - 300 K in
an applied field of 1 T, and the data obeyed the Curie-Weiss law
with C ) 2.37 emu mol-1 K and θ ) -0.34 K for 1 and C ) 2.36
emu mol-1 K and θ ) -0.53 K for 2 (Figure 2S). Low temperature
magnetization experiments were carried out on single crystals at
0.04-0.9 K by using a microsquid technique. Temperature varia-
tions of M versus H plots are depicted in Figure 2 for 1 and
Figure 3S for 2, together with dM/dH versus H plots. When the
temperatures were higher than 0.25 K, the M values increased
monotonically as the magnetic field was increased; however, the
M versus T plots clearly showed stepped curves below 0.1 K.
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Figure 1. Sandwich structure of an oxovanadium heptagon (left) and its
core structure without cyclodextrins (right).
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Magnetization of 1 reached the saturation value (Ms ) 6.90 N�
with g ) 1.973) expected for S ) 7/2 at 1.2 T, while that for 2 did
not reach saturation up to 1.4 T. The results clearly showed the
presence of ground spin-level crossings at several magnetic fields
induced by the Zeeman effect, and the stepped-shapes reflect the
different antiferromagnetic interactions in 1 and 2.

ThemagnetizationdatawereanalyzedusingtheHeisenberg-Dirac-van
Vleck (HDVV) spin Hamiltonian including isotropic exchange
interactions and the Zeeman term,

where Ji denotes exchange coupling constants between neighboring
vanadium ions in the ring. Note that the vanadium ions have S )
1/2 spin ground states and were treated as magnetically isotropic
ions. Single crystal EPR spectra were measured for 1 and 2 with
frequencies of 95-190 GHz at 4.2 K, which gave the isotropic
g-values of 1.973 and 1.975, respectively (Figure 4S). The molecular
rings are not regular heptagons, and the ring symmetries should be
considered in the analyses of the magnetization data. The complex
molecule of 1 has a crystallographic C2 axis; hence, three exchange
parameters of J1 () J3 ) J5 ) J7), J2 () J6), and J4 were used
(Figure 5S). The vanadyl ions in 2 are crystallographically
independent; however, all vanadyl ions are located on almost the

same plane, and the intervanadyl distances between some vanadyl
pairs are similar. Four exchange parameters of J1 () J6), J2 () J7),
J3 () J4), and J5 were, therefore, assumed (Figure 5S). Least square
calculations yielded J1 ) -0.31 K, J2 ) -0.26 K, and J4 ) -0.39
K for 1 and J1 ) -0.32 K, J2 ) -0.16 K, J3 ) -0.30 K, and J5

) -0.60 K for 2. The magnetization curves calculated using the
obtained J values reproduced the seven crossover fields of the lowest
Zeeman split sublevels (ms) of the four spin states (S ) 1/2, 3/2, 5/2,
and 7/2). The observed curves were broader than the simulated ones
(blue lines in Figures 2 and 3S (bottom)), so a line-width function
due to the nuclear hyperfine field was considered in the calculations,
and the Aiso was set to 15 mT for each vanadium ion (I ) 7/2).
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The results reproduced the observed dM/dH versus H curves for 1
and 2 (the red lines in Figures 2 and 2S). Note that the introduction
of anisotropic exchange interactions in the calculations did not
improve the fits.

The spin ground states (S ) 1/2) of an antiferromagnetic odd-
membered ring are doubly degenerate because of the spin chirality.
The degeneracy is lifted by the distortion of the heptagon, leading
to the two Kramers’ doublets with a very small gap. Two split peaks
in the dM/dH vs H plots were observed around H ) 0 T in 1 and
2 (Figures 2 and 3S inset). Supposing the peak maxima correspond
to the level-crossing fields of the Zeeman-split sublevels, the peak
separations (0.008 and 0.022 mT for 1 and 2) correspond to energy
gaps of 2.6 and 7.1 mK for 1 and 2, respectively. The larger energy
gap for 2 is in good accord with the more-distorted ring in 2.

In conclusion, we have demonstrated the magnetism of antifer-
romagnetic seven-membered rings. The heptagons have two nearly
degenerate S ) 1/2 spin ground states, and the energy gaps depend
upon ring distortions. Magnetization experiments at 40 mK showed
stepped magnetization curves, characteristic of Zeeman-level cross-
ings in the heptagons.
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Figure 2. Magnetization (M) vs field (H) plots at 0.04-0.90 K (top) and
the field derivatives (dM/dH) vs H plot at 0.04 K (bottom) for 1, respectively.
The black, blue dashed, and red curves in the dM/dH vs H plots correspond
to the observed data, the simulation curves with the J values, and the
hyperfine field of the vanadium nuclei, respectively. (inset) dM/dH vs H
plots for several sweep rates (4-280 mT/s) at 0.04 K.
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