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Magnetic Properties

Building Blocks for 2D Molecule-Based Magnets:
The Diruthenium Tetrapivalate Monocation
[Ru""",(0,CrBu),]***

Thomas E. Vos and Joel S. Miller*

The development of molecule-based magnets has made
significant progress with a variety of spin-bearing organic as
well as inorganic building blocks.!! One building block that
has garnered attention in molecule-based magnets is the
diruthenium tetracarboxylate cation, [Ru,(O,CMe),]* (1).>
Ion 1 has an S=3/2 ground state with the o®m*&?&*' ;w*?
valence electronic configuration, owing to near degeneracy
of the w* and &* orbitals.”! Besides the unusually high spin
state for a second-row coordination complex, diruthenium
tetracarboxylate species have large zero-field splittings, D =
+63+11 cm™®7 and are able to coordinate up to two axial
ligands a property that is essential for building extended
network structures. Many 1D extended structures based on
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diruthenium tetracarboxylate compounds have been explored
by using organic bridging ligands, such as nitroxide radicals,
TCNQ (7,7,8,8-tetracyano-p-quinodimethane), quinone,
phenazine, [N(CN),]”, and [C(CN);]". These extended net-
work structures exhibit weak antiferromagnetic interactions
between spin sites, but not long-range magnetic ordering.
[Ru,(O,CMe),]* has been incorporated into cubic 3D
networks with metal hexacyanometallate(irr), [M(CN)]*~
(M= Co, Fe, Mn, Cr). [Ru,(0,CMe),];[M*™(CN)s] (M= Co
(2), Fe (3), Cr (4)) have a 3D body-centered, interpenetrating
network structure (Figure 1) that magnetically orders at 2.1 K

Figure 1. 3D network structure of [Ru,(O,CMe),J;[M" (CN)¢] (M=Cr
(2), Co (3), Fe(4)).”) The hydrogen atoms are omitted for clarity. A
second network structure interpenetrates this lattice, but it is omitted
for clarity.

for 3 and 33 K for 4.°! Using pivalate, Yoshioka et al. obtained
[Ru,(O,CtBu),J;[M™(CN)s]-2H,0 (M = Co (5), Fe(6)), which
formed a 2D layered network (Figure2).! Tris-
(oxalato)metallate(t11) species also form 2D and 3D extended
networks depending on synthetic conditions and have been
studied to understand the magnetostructural relationship of
these materials.”! While the temperature dependence of the
magnetic susceptibilities, y(7), of 5 and 6 were reported,
ferrimagnetic behavior was suggested for 6, but not estab-
lished. Owing to the high 7, observed for 4, we sought to
prepare [Ru,(O,CrBu),];[Cr™(CN)¢]-2H,O (7), for which
modeling suggests should form a non-interpenetrating, prim-
itive cubic lattice.”’) Herein we report its magnetic behavior as
well as our detailed investigation of the magnetic properties
of [Ru,(O,CrBu),J;[M™(CN)¢]-2H,O [M = Co (5), Fe (6), Cr
).

Orange-brown 5 6, and 71" were synthesized in a
similar manner to the published procedure. Compounds 5 and
6 were verified by X-ray powder diffraction" and IR data.
The X-ray powder diffraction data of 7 was indexed to a
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Figure 2. 2D layer structure of [Ru,(O,CtBu),J;[M" (CN)¢] (M=Cr (7),
Co (5)," Fe (6)!") viewed from the ¢ axis to show the 2D layer connecti-
vity (top) and viewed from the b axis to show the stacking of the 2D
layers (bottom).

tetragonal unit cell™®" and found to be isomorphous to 6
indicating that 7 was a 2D layered compound similar to 6.

The 4 to 300 K magnetic susceptibilities, y, of 5-7 were
determined on a Quantum Design MPMS-5XL magneto-
meter at 50 Oe (Figure 3).”! The 298 K effective moments,
e [ = (8 T)"], 7.35 g for 5, 7.57 g for 6, and 7.51 pg for 7.
The p(7) for 5 decreases slightly to 5.49 pg at 4 K while for 6
it decreases until around 25K where upon p.; abruptly
increases to a maximum of 36 pg at 5 K. The p(7) for 7 also
decreases with lowering of the temperature until around
125 K where upon L increases to a maximum of 137 pg at
34 K and then abruptly decreases to 17 py at 4 K. The abrupt
peaks in p.(7) plots suggests that 6 and 7 magnetically
ordered.

Since the diruthenium tetracarboxylate dimer has a large
zero-field splitting (D) and a temperature-independent para-
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Figure 3. u.q(T) for 5 (0), 6 (@), and 7 (x) and the fits to the high-
temperature data with Equation (2) as the solid black lines.
The insert highlights the region below 10 ;.

magnetic (TIP) component, fitting the y(7) to a simple Curie—
Weiss model would not be appropriate; therefore, their
contributions were incorporated into Equation (1).*! The
Weie(T) for 5-7 were modeled with Equation (2) which
accounts for D and in addition incorporates the contribution
of the paramagnetic metal hexacyanide.”!

N2 # 3k T (1 #
Tre, = 8ru,MB 11+9eﬁw +z1+ s (14”6 ) TP for T > 6
ks(T—=0) [34(1 +ex7) 3 14enr

1)
N 2
Xrot = 3XRu, + (v Where yy = 3k (T—6) [S(S+1)] @)

The p(7) for 5 was fitted with 6=0K, gg,, =2.04,
TIPg,,=800x 10 *emumol ', and the same D value,
69.4cm™! as was used for fitting 2-4,°1 ()* agreement
factor = % (Mo —Meaca)” Mo "1 =2.6 x 107°). The D value and
8ru, Were kept constant in fitting 6 and 7. The p.;(7) for 6 was
fitted above 50K with 6=-5K, gr,=2.04, gg=3.0,"
TIPg,,=600x 10" emumol™ ()*=1.5x107"). The fitting
parameters for 6 indicate some antiferromagnetic coupling
between adjacent spin sites. This situation is in contrast to 3,
which needed no antiferromagnetic coupling between adja-
cent spin sites to fit the observed data.l’! Similarly, the p.q(T)
was fitted above 150 K for 7 with D =69.4 cm™!, 6 = —45K,
Sru, = 2.04, g, =2.0, TIPg, =300x 10"° emumol ' (*=2.9 x
107%). The —40 K 6 value obtained for 4 to fit the observed
data,” is similar to 8 = —45 K found for 7, and the trend of
having a stronger magnetic coupling between adjacent spin
sites for 6 and 7 than in 3 and 4 correlates with their higher 7s.

As a result of deviation from Equation (2) at lower
temperature, 6 and 7 warranted further study to ascertain
evidence of magnetic ordering. Zero-field/field cooled (ZFC/
FC) M(T) (M = magnetization) studies revealed bifurcation
temperatures, Ty, at 6.5 K for 6 and 39.5 K for 7 (Figure 4)
indicative of magnetic ordering.

Magnetic ordering of 6 and 7 was confirmed from the
presence of absorptions in both the real (y’') and imaginary
(") alternating current (ac) susceptibilities (Figure 5). Com-
pound 6 has a slight frequency dependence for both y'(7) and
%' (T) peaks. The peak in y'(7) shifts from 4.8 K at 10 Hz to
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350F s 4.7K at 1000 Hz. Compound 7 has nearly frequency inde-
300} % 6 pendent peaks for both y'(T) at 37.5 K and y"(T) at 36.5 K.
250k * The 2 K field dependence of the magnetization, M(H), for
] 200k '.} 6 and 7 exhibit hysteresis (Figure 6). The coercive fields of 6
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Figure 5. /'(T) (left axis) and x"(T) (right axis) at 10 (e), 100 (x), and
1000 (o) Hz for 6 and 7.
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was 190 Oe and 7 20000 Oe, which are larger coercive fields
(H,,) than the analogous acetate 3D structures, 3 (10 Oe) and
4 (470 Oe). The large coercive fields are probably related to
the 2D layer structure and the large anisotropy of the
diruthenium cations. Enormous coercivity of approximately
27000 Oe were reported for [Mn™(porphyrin)][TCNE]
family of molecule-based magnets at 2 K, but they are only
about 2% of that value at 5 K,['® Hence, although raising the
temperature for 7 to 5 K reduces H,, to 13000 Oe, this value is
still  substantially greater than observed for the
[Mn"(porphyrin)][TCNE] family of magnets and the genesis
is under investigation.

The T,values for 6 and 7 exceed those of their 3D
analogous 3 and 4 (Table 1). This result is contrast to 2D

Table 1: Summary of the vy IR absorptions and magnetic properties for [Ru,(0,CMe),J;[M" (CN)¢]® and [Ru,(O,CtBu),Js[M" (CN)¢]-2 H,O (M =Cr, Fe,

Co).
M ey fem ] Mesr (L] Ty [K] T, [K]® M, [emu Oe mol """ M, [emuOemol | He, [O¢]
20 Co 2125 7.26 - - - - -
5 Co 2126 7.35 - - - - -
30 Fe 2116 7.30 3.0 2.1 22700t 40 10
6 Fe 2115 7.57 6.5 4.3 24400 36001 190
48 Cr 2138 7.72 32.0 33.0 20800 38401 470
7 Cr 2133 7.57 39.5 375 16200 7500 20000
158001 75001 130001

[a] T. determined from the peak in x'(T) at 10 Hz. [b] M, is the magnetization at 5 T. [c] Value at 2 K. [d] Value at 5 K.
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(racemic) and 3D (chiral) network structured (cation)M"-
[M™ox,] (ox=oxalato) materials that have similar 7,
values.® In addition to having a differing dimensionality
(2D layer and 3D cubic structures), the angle between CN
and diruthenium dimer was 150.5(10)° in the 2D layer
structure and 180° in the cubic 3D structure (compare
Figure 1 and Figure 2 top). Also, the 3D cubic structure has
an interpenetrating lattice not found in the 2D layer. In
addition, pivalate is more electron donating into the diruthe-
nium core than the acetate ligand, which might enhance the
magnetic coupling between the diruthenium dimer and the
metal hexacyanide unit. The structural and/or electronic
reasons why 6 and 7 have a higher 7, than 3 and 4 are still
under investigation.

Understanding the magnetostructural relationship of this
new class of materials incorporating a relatively large zero-
field-splitting ligand and metal hexacyanides would provide
important information for molecule-based materials. These
compounds highlight the importance of determining magne-
tostructural relationships for rationally design molecule-
based magnets with desired physical properties.

Received: November 8, 2004
Revised: January 7, 2005
Published online: March 10, 2005

Keywords: chromium - cyanide ligands - magnetic anisotropy -
magnetic properties - ruthenium

[1] a) V. I. Ovcharenko, R. Z. Sagdeev, Russ. Chem. Rev. 1999, 68,
345; b) P.J. Day, J. Chem. Soc. Dalton Trans. 1997, 701; c) J. S.
Miller, A.J. Epstein, Chem. Eng. News 1995, 73(40), 30; J. S.
Miller, A.J. Epstein, Adv. Chem. Ser. 1995, 245, 161; d) J. S.
Miller, A. J. Epstein, Chem. Commun. 1998, 1319; ¢) J. S. Miller,
A.J. Epstein, Angew. Chem. 1994, 106, 399; Angew. Chem. Int.
Ed. Engl. 1994, 33, 385; ) J. A. Crayson, J. N. Devine, J. C.
Walton, Tetrahedron 2000, 56, 7829; S. J. Blundell, F. L. Pratt, J.
Phys. Condens. Matter 2004, 16, R771.
a) M. A. S. Aquino, Coord. Chem. Rev. 1998, 170, 141; b) T. M.
Buslaeva, S.N. Redkina, O. V. Rudnitskaya, Russ. J. Coord.
Chem. 1999, 25, 3; ¢) M. A. S. Aquino, Coord. Chem. Rev. 2004,
248, 1025.
[3] a) T. E. Vos, Y. Liao, W. W. Shum, J.-H. Her, P. W. Stephens,
W. M. Reiff, J. S. Miller, J. Am. Chem. Soc. 2004, 126, 11630;
b) Y. Liao, W. W. Shum, J. S. Miller, J. Am. Chem. Soc. 2002, 124,
9336.
[4] D. Yoshioka, M. Mikuriya, M. Handa, Chem. Lett. 2002, 31,
1044.
[5] a) E. A. Cotton, R. A. Walton in Multiple Bonds between Metal
Atoms, 2nd ed., Clarendon Press, Oxford, UK, 1993, p. 18;
b) V. M. Miskowiski, M. D. Hopkins, J. R. Winkler, H. B. Gray in
Inorganic Electronic Structure and Spectroscopy, Vol. 2 (Eds.:
E. 1. Solomon, A. B. P. Lever), Wiley, New York, 1999, chap. 6;
¢)J. G. Norman, Jr., G. E. Renzoni, D. A. Case, J. Am. Chem.
Soc. 1979, 101, 5256.
[6] W. W. Shum, Y. Liao, J. S. Miller, J. Phys. Chem. A 2004, 108,
7460.
a) J. Telser, R. S. Drago, Inorg. Chem. 1985, 24,4765, b) J. Telser,
R.S. Drago, Inorg. Chem. 1984, 23, 3114; c) F. D. Cukiernik,
A. M. Giroud-Godquin, P. Maldivi, J. C. Marchon, Inorg. Chim.
Acta 1994, 215, 203; d) M. Handa, Y. Sayama, M. Mikuriya, R.
Nukada, I. Hiromitsu, K. Kasuga, Bull. Chem. Soc. Jpn. 1998, 71,

2

—_—

7

—

Angew. Chem. 2005, 117, 2468 —2471

www.angewandte.de

Angewandte

119; e) R. Jimenez-Apraricio, F. A. Urbanos, J. M. Arrieta,
Inorg. Chem. 2001, 40, 613; f) F. D. Cukiernik, D. Luneau, J. C.
Marchon, P. Maldivi, Inorg. Chem. 1998, 37, 3698.

[8] M. Pilkington, S. Decurtins in Magnetism: Molecules to Materials

11 (Eds.: J. S. Miller, M. Drillon), Wiley-VCH, New York, 2001,
p- 339.

[9] W. W. Shum, T. E. Vos, J. L. Dye, J. S. Miller, unpublished results

using the void and molecule isosurface method [T. F. Nagy, S. D.

Mabhanti, J. L. Dye, Zeolites 1997, 19, 57].

K;[Cr(CN)4] (18 mg, 55 mmol) was dissolved in water (5 mL)

and was added to a stirred methanol solution (10 mL) of

[Ru,(O,CrBu),]Cl (100 mg, 156 mmol). After 1h, an orange

brown precipitate was isolated by centrifugation, washed with

water, then dried invacuo (Yield 78%; 84 mg). IR (KBr):
2133ecm™"  (vey). Elemental analysis (%) caled for

CesH;1,CrNgO,6Ruq: C 38.41, H 5.47, N 4.07; found: C 38.14, H

5.49, N 4.07. The powder diffraction data was indexed to a

tetragonal space group: a=>b=17.39(6) A; c=15.67(6) A; V=

4739(40) A,

[11] The powder diffraction data was indexed with the program
Treor, see: P-E. Werner, L. Eriksson, M. Westdahl, J. Appl.
Crystallogr. 1985, 18, 367.

[12] The magnetic data of [Ru,(O,CtBu),];[Fe(CN)]-2H,O reported
in ref. [4] was reproduced at 5000 Oe.

[13] a) C.J. O’Connor, Prog. Inorg. Chem. 1982, 29, 203; b) J. Telser,
R. S. Drago, Inorg. Chem. 1985, 24, 4765.

[14] J. Taylor, An Introduction to Error Analysis: University Science
Books, Mill Valley, CA, 1982, pp. 218-223.

[15] a) R. L. Carlin, Magnetochemistry, Springer, New York, 1986,
pp- 28—-68; b) B. Bleaney, M. C. M. O’Brien, Proc. Phys. Soc.
London Sect. B 1956, 69, 1216; c) B. C. Guha, Proc. R. Soc.
London Ser. A 1951, 206, 353.

[16] D. K. Rittenberg, K.-i. Sugiura, Y. Sakata, S. Mikami, A.J.
Epstein, J. S. Miller, Adv. Mater. 2000, 12, 126.

[10

—_

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

247


http://www.angewandte.de

