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Vanadium Octacyanoniobate-Based Magnet with a Curie Temperature of 138 K
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In this work, we prepared a three-dimensional vanadium octacya-
noniobate-based magnet, Ko 10Vo .54V} 24[Nb"(CN)g] - (SO4)o.45-
6.8H,0. This compound exhibits ferrimagnetism with a Curie
temperature of 138 K, in which the sublattice magnetizations of
V" (§=%,) and V" (S = 1) are antiparallelly ordered to that of Nb'"
(S = '/,). The estimated superexchange interaction constants
of V'—Nb" and V"—Nb" are —51 and —25 cm ™", respectively.

In molecule-based magnets,' it is challenging to synthesize
compounds with a high Curie temperature (Tc).~® In cyano-
bridged metal assemblies, high-7- values have been repo-
rted using a V"-containing system.” * Because the diffuse d
orbitals on 4d and 5d transition metals enhance the super-
exchange interaction through coordinating ligands, metal
complexes based on 4d and 5d transition metals are effec-
tive in high-Tc magnets.”® In recent years, octacyano-
metalate-based magnets have received much attention.’

*To whom correspondence should be addressed. E-mail: ohkoshi@chem.
s.u-tokyo.ac.jp.

(1) (a) Kahn, O., Gatteschi, D., Miller, J. S., Palacio, F., Eds. NATO
ARW Molecular Magnetic Materials; Kluwer Academic Publishers: Lon-
don, 1991. (b) Kahn, O., Ed. Molecular Magnetism; VCH: New York, 1993.
(c) Dunbar, K. R.; Heintz, R. A. Prog. Inorg. Chem. 1997, 45, 283-391. (d)
Miller, J. S., Drillon, M., Ed. Magnetism—Molecules to Materials; Wiley-
VCH: Weinheim, Germany, 2005.

(2) Manriquez, J. M.; Yee, G. T.; McLean, R. S.; Epstein, A. J.; Miller, J.
S. Science 1991, 252, 1415-1417.

(3) Entley, W. R.; Girolami, G. S. Science 1995, 268, 397-400.

(4) (a) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer, M.
Nature (London) 1995, 378, 701-703. (b) Hatlevik, Q.; Buschmann, W. E.;
Zhang, J.; Manson, J. L.; Miller, J. S. Adv. Mater. 1999, 11, 914-918. (c)
Holmes, S. M.; Girolami, G. S. J. Am. Chem. Soc. 1999, 121, 5593-5594. (d)
Ohkoshi, S.; Mizuno, M.; Hung, G. J.; Hashimoto, K. J. Phys. Chem. B
2000, /04, 9365-9367.

(5) Mallah, T.; Thiébaut, S.; Verdaguer, M.; Veillet, P. Science 1993, 262,
1554-1557.

(6) Jain, R.; Kabir, K.; Gilroy, J. B.; Mitchell, K. A. R.; Wong, K.-C.;
Hicks, R. G. Nature (London) 2007, 445, 291-294.

(7) (a)Larionova, J.; Sanchiz, J.; Gohlen, S.; Ouahab, L.; Kahn, O. Chem.
Commun. 1998, 953-954. (b) Milon, J.; Daniel, M.-C.; Kaiba, A.; Guion-
neau, P.; Brandes, S.; Sutter, J.-P. J. Am. Chem. Soc. 2007, 129, 13872—
13878.

(8) Motokawa, N.; Miyasaka, H.; Yamashita, M.; Dunbar, K. R. Angew.
Chem., Int. Ed. 2008, 47, 7760-7763.

(9) (a) Garde, R.; Desplanches, C.; Bleuzen, A.; Veillet, P.; Verdaguer, M.
Mol. Cryst. Lig. Cryst. 1999, 334, 587-595. (b) Przychodzen, P.;
Korzeniak, T.; Podgajny, R.; Sieklucka, B. Coord. Chem. Rev. 2006, 250,
2234-2260.

pubs.acs.org/IC

Published on Web 4/20/2009

Octacyanometalates [M(CN)g]"™ (M = Mo, W, Nb, etc.)
are a versatile class of building blocks that can adopt different
spatial configurations that depend on the surrounding
ligands. Thus, octacyanometalate-based compounds take
various coordination geometries in the crystal structure from
zero-dimensional to three-dimensional (3D).'%~"* Up to date,
several octacyanoniobate-based magnets have been
reported,'* 1 e.g., [Mn(H>0),l,[Nb(CN)g]-4H,O (T =
50 K),"* {Mn,(2,2'-bipyrimidine)(H,0)-[Nb(CN)s]} (T =
50 K),'* [Mn(pyrazine)(H,0),)[Mn(H,0),[Nb(CN)g]- 4H,0
(Tec = 48 K),'® and {Mn,(imidazole),(H,O)4[Nb(CN)g]}
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(Te = 62 K)."” Herein we prepared a 3D vanadium octa-
cyanoniobate-based magnet, Ko 10VisaViL, [NbIV(CN)g]-
(SO4)9.45-6.8H,0 (1). This compound exhibits ferrimagnet-
ism with a Curie temperature of 138 K, in which the sublattice
magnetizations of V' (S = 3/,) and V™" (S = 1) are
antiparallelly ordered to that of Nb'Y (S = '/,).

The target compound was obtained by mixing 2 mL of an
aqueous solution of K4 Nb(CN)s]-2H,0" (0.1 mmol) with
2 mL of an aqueous solution of (NHy4),V(SOy),-6H,O
(0.2 mmol) under an Ar atmosphere, which produced a
dark-blue precipitate. In the IR spectra, CN™ stretching
peaks were observed at 2088 cm™! (VI=NC—Nb') and
2118 cm™ ' (VI"=NC—Nb").?° Elemental analyses using the
standard microanalytical method and inductively coupled
plasma mass spectroscopy indicated that 1 had a formula of
K0410V(I)1.54V111.54[wa(CN)8] *(SO4)0.45+6.8H,0. Caled: C,
17.1; H, 2.4; N, 20.0; V, 16.2; Nb, 16.6; K 0.7. Found: C,
17.0; H, 2.4; N, 20.1; V, 16.2; Nb, 16.7; K 0.6. In the powder
X-ray diffraction (XRD) pattern, broad peaks were observed
at 19, 25, and 35°, indicating that the crystallinity of the
prepared sample is low (Figure 1a). To understand the crystal
structure, the XRD pattern of 1 was compared to that of
[Mn(H,0),],[Mo(CN)s]-4H,0 (2) as a reference sample.*'
Figure 1b shows the stick diagram and calculated XRD
patterns of 2 (tetragonal structure in the /4/mcm space group,
a=11.679 A,and ¢ = 13.276 A, where each Mo is bridged to
eight Mn and each Mn is bridged to four Mo through cyano
groups). The observed XRD pattern and calculated pattern
for the reference sample agree well, suggesting that the crystal
structure of the present compound is close to the 3D tetra-
gonal crystal structure shown in Figure 1c.

The electron paramagnetic resonance (EPR) spectrum
showed one broad dispersive signal with a g value of 2.0 at
300 K (Figure S1 in the Supporting Information). In the
magnetization vs temperature curves in an external magnetic
field of 10 Oe, the magnetization abruptly increased below
140 K (Figure 2). Extrapolating the straight line in the
remanent magnetization plots (Figure 2, inset) showed that
the Tc value was 138 K. In the magnetization vs magnetic
field plots at 2 K (Figure 3a, inset), the magnetic hysteresis
loop with a coercive field of 90 Oe was observed. The
saturated magnetization (M) value at 2 K was 2.8 up
(Figure 3a). This M, value is close to the expected M, value
of 3.1 ug due to the antiferromagnetic coupling of the
sublattice magnetizations of VT and V" with that of Nb'Y,
with g values of 2.0. From the observed T¢ value, the
superexchange interaction constants J; between the i site
and the nearest-neighbor j site of H = —J;S5;-S; was
estimated based on the molecular-field theory (Suppor-
ting Information), and Jyung, and Jyung, were evaluated to
be —51 and —25 cm ™, respectively (Figure 3b). The Jyunp
value of 1 is higher than the Jyucm value of —35 em 'ina
high-T¢ V—Cr Prussian blue analogue.*
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Figure 1. (a) Powder XRD pattern of the compound. (b) Simulated
diffraction pattern based on the crystal structure of 2 with a half-width
value of 5° (top) and calculated intensities of the Bragg reflections
(bottom). (c) Schematic crystal structure of the compound. Purple,
magenta, gray, light blue, and pink balls represent Nb, V, C, N, and O,
respectively.
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Figure 2. Field-cooled magnetization curve in an external magnetic field
of 10 Oe. Inset: Remanent magnetization plot near 7¢.
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Figure 3. (a) Saturation magnetization curve measured at 2 K. Inset:
Magnetic hysteresis loop at 2 K. (b) Schematic diagram of ferrimagnetic
ordering of V' (S = 3/,), VI (S = 1), and Nb"Y (S = 1/,).
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In conclusion, we prepared vanadium octacyanoniobate,
K010V 54Vi2[ND"(CN)g]- (SO4)g 45+ 6.8H,0, which is a
ferrimagnet with 7T¢ equal to 138 K. This T value is the
highest among 4d and 5d metal-based complexes reported to
date. The high J value of 1 is due to (i) the diffuse 4d orbitals
of Nb, which enable an effective superexchange interaction
through the cyano groups, and (ii) high-energy 3d orbitals of
V, which lead to a good energy matching with the magnetic
orbital of [Nb(CN)g]*~. The combination of the V ion with
the Nb ion should be a promising system for high-T¢
compounds.
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