Inorg. Chem. 2008, 47, 8604—8606

Inorganic:Chemistr

* Communication

Coordination-Tuned Single-Molecule-Magnet Behavior of Th"—Cu'

Dinuclear Systems

Takashi Kajiwara,*' Motohiro Nakano,** Shinya Takaishi,' and Masahiro Yamashita'

Department of Chemistry, Graduate School of Science, Tohoku University, and CREST, Japan
Science and Technology Agency (JST), Aramaki, Aoba-ku, Sendai 980-8578, Japan, and
Department of Applied Chemistry, Graduate School of Engineering, Osaka University, Suita,

Osaka 565-0871, Japan

Received July 21, 2008

Tb"—Cu'-based single-molecule magnet (SMM) and non-SMM
were synthesized to investigate the relationship between magnetic
anisotropy and the symmetry of the ligand field by the reaction of
[TbCu(o-vanilate)2(NOs)s] with methoxypropylamine (MeOC3HgNH,,
1) or ethoxyethylamine (EtOC,HsNH, 2). In both complexes, Tb"
ions have a bicapped square-antiprism coordination geometry.
When the Tb" ion is in a less symmetrical ligand field, it has an
easy-axis anisotropy and shows SMM behavior, whereas when it
is in a more symmetrical environment, it has an easy-plane
anisotropy and exhibits non-SMM behavior.

Single-molecule magnets (SMMs),'® which show mag-
netic properties not observed previously, such as quantum
spin tunneling, are chemically and physically fascinating
compounds. The origin of the SMM behavior is the easy-
axis magnetic anisotropy (D < 0), which causes the
formation of an energy barrier that prevents reversal of
the molecular magnetization and causes a slow relaxation
of the magnetization at low temperature. SMMs form as a
result of the combination of a large-spin multiplicity of the
ground state and an easy-axis (or Ising-type) magnetic
anisotropy of the entire molecule. Utilization of heavy
lanthanide ions,*~® such as terbium(III) and dysprosium(III),
has been one of the most elegant ways to design SMMs™*>
because they have large angular momenta (J = 6 for Tb™
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with gy = 3/, and J = %/, for Dy with g; = %) in the
ground multiplet state, which is derived from the strong
spin—orbit coupling. Moreover, these metal ions are assumed
to have a large Ising-type magnetic anisotropy.**™” It is
known that the symmetry of the ligand field around the
lanthanide ion strongly affects the magnetic anisotropy,® and
hence, it is worth studying how to control the magnetism of
lanthanide-based SMMs via the symmetry of the ligand field.
Here, we report a correlation between the symmetry of the
ligand field and the magnetic anisotropy of TbM—Cu!
dinuclear systems, in which a drastic switching from easy-
axis to easy-plane anisotropy induced by a slight structural
modification around the Tb™ ions, was observed.

Two new dinuclear Schiff base complexes, 1 and 2,
were synthesized from the dinuclear complex [TbCu(o-
vanilate),(NOs);]° by reaction with methoxypropylamine
(MeOC;3HgNHo) or ethoxyethylamine (EtOC,H4NH,) (Figure
1).'% In both complexes, two Schiff base ligands are arranged
in a twisted manner around the Tb—Cu axis because of steric
repulsion among the ligands’ alkyl groups and weak coor-
dination of the ether oxygens to the Cu" ions. The degree of
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Figure 1. Top view of the molecular structures (upper) and side view of
an ORTEP drawing of the cores (bottom) of the dinuclear complexes 1
(left) and 2 (right). Hydrogen atoms are omitted. In 2, a nitrate ion is
disordering around the 2-fold axis, which is depicted with solid and dashed
curves. Color code: Tb, green; Cu, gray; O, red; N, blue; C, light gray.

twisting in 2 is slightly larger than that in 1, with the dihedral
angles between the O—Cu—N planes being 24.3(2)° in 1 and
26.7(2)° in 2, and Opemoxy—Tb distances were 2.646(2) and
2.656(2) A for 1 and 2.687(3) A for 2, which could be due
to the smaller chelate rings in 2 than in 1. In 2, the larger
twisting causes a longer Cpemyi* * * Cremyl distance and relieves
of the steric repulsion among two methoxy groups and a
nitrate anion, leading to a more symmetrical coordination
of the three nitrate ions than in 1. As a result, in 2, a nitrate
anion and the Tb™ and Cu" ions linearly align along the
crystallographic 2-fold axis, and two axial nitrate ions are
equivalent. The Tb™ jon in each complex has a bicapped
square-antiprism coordination geometry, involving six nitrate
oxygen atoms and two phenoxo oxygen atoms on the edges
of the prism and two methoxy oxygen atoms, which cap the
prism. 1 crystallized in the orthorhombic space group Prna2,,
and the crystallographic a, b, and ¢ axes were aligned closely
along the molecular x — z, y, and x + z axes with deviations
of 13°,23°, and 24°, respectively (for more details, see Figure
S1 in the Supporting Information). 2 crystallized in the
monoclinic space group C2/c, and the crystallographic 2-fold
axis is assigned to be the molecular z axis.

Alternating current susceptibility measurement for pow-
dered samples of 1 (Figure 2) showed frequency-dependent
out-of-phase signals, which indicate the presence of slow
magnetic relaxation of 1 at low temperatures. A Cole—Cole
plot at 2.0 K showed an ideal semicircle shape, confirming

(10) Crystallographic data for 1: orthorhombic, space group Pna2;, a =
20.1736(14) A, b = 13.6047(10) A, c = 11.2873(8) A, V= 3097.9(4)
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9003 were independent, R1 = 0.0268 [/ > 20(/)] and wR2 = 0.0453
(all data) for 419 parameters. Crystallographic data for 2-2MeOH:
monoclinic, space group C2/c, a = 18.875(2) A, b = 12.5755(14) A,
¢ =16.3540(18) A, f = 116.640(2)°, V = 3469.8(7) A3, T =100 K,
Z = 4, 16 194 reflections were observed, of which 4937 were
independent, R1 = 0.0436 [/ > 20(])] and wR2 = 0.1118 (all data)
for 223 parameters.

COMMUNICATION

Figure 2. Temperature dependences of ym (closed circles) and ym” (open
circles) of (a) 1 and (b) 2 measured with an 1000 Oe external direct current
field.
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Figure 3. Angular dependence of the magnetization measured for single
crystals rotating around the a + b (O) and ¢ (x) axes for (a) 1 and the y
(x) and z (O) axes for (b) 2. To avoid the influences of possible
intermolecular magnetic interactions,*® the data were collected at 10 K.

that the relaxation process occurs via a single process, and
the energy barrier, A/kg, for the spin flipping in 1 was
estimated from the Arrhenius plot to be 16.6(5) K (Figure
S4 in the Supporting Information). On the other hand, 2 does
not show SMM behavior even with an external magnetic
field up to 1000 Oe, which prevents tunneling relaxation
processes.

To reveal the differences in magnetic anisotropy in these
complexes, magnetizations of single crystals of both com-
plexes were investigated. Figure 3a shows a plot of the
angular dependence of the normalized magnetization mea-
sured for 1 rotating around a + b and ¢ axes. One maximum
along the a axis and two minima along the b and ¢ axes
were found, which shows the presence of an easy axis along
the a axis, or molecular x — z axis. For 2, the angular
dependence of the magnetization measured around the y and
z axes (Figure 3b) shows one maximum along the x axis
and two minima along the z and y axes with values of 1 ~
0.85 > 0.1, indicating that 2 has an easy-plane anisotropy
in the zx plane.

The magnetic interactions were studied on the basis of
the temperature dependence of ymT (Figure 4), which were
measured for single crystals of 1 and 2 with a magnetic field
applied along crystallographic a and b axes for 1 and along
molecular x and y axes for 2. yuT values were different for
1 and 2 at low temperatures. In the low-temperature region,
the Tb™ jon with an f* configuration is populated only in
the 7F¢ ground state of IJ,J,) = 16,J.) (J, = +6, £5,..., 0),
whereas the Cu" ion with a d° configuration has an § =/,
spin. A superexchange interaction, Je, gives rise to 26
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Figure 4. Temperature dependence of ym7 values for single crystals of
(a) 1 and (b) 2. The magnetic field was applied along crystallographic a
(O) and b (+) axes for 1 and along molecular x (O) and y (+) axes for 2,
respectively. Solid curves are the theoretical curves with the parameters
described in the main text.

sublevels as a result. The temperature dependence of ymT
was analyzed by using the following Hamiltonian:
A=-2/,.J-8+B0%+B05— BH: (¢S + g ,J)

where H denotes the applied magnetic field, § is the Bohr
magneton, B3 and B3 are second-order anisotropy parameters
of the Tb™ jon, O = 3j2 — J? and O3 = (J% + J2)/2, which
are Stevens’ operator equivalents'' corresponding to axial
and rhombic anisotropy, respectively. Usually higher-order
anisotropy terms (04, 04, 0Y, etc.) should be included in
magnetic analysis of rare-earth compounds;'? however, it
appeared that the magnetic susceptibilities of the present
complexes were fortunately reproducible by considering only
quadratic anisotropy terms, partly owing to the statistical
property of thermodynamic quantities, which may smear out
the fine structures of spin-energy levels. The observed
ymT—T curves could be reproduced when J./ks, BYkg, and
B3/kg were assumed to be +3, —1.8, and —0.1 K for 1 and
3,3.2,and 0.1 K for 2, respectively. In both complexes, weak
ferromagnetic interactions between the Cu and Tb™ ions
occur to give large-spin ground states. The difference in the
ymI—T curves of the two compounds is mainly due to
the difference in the BY values, which again is indicative of
the easy-axis anisotropy of Tb™ in 1 and the easy-plane
anisotropy in 2.

The difference in the magnetic anisotropies of 1 and 2 is
attributed to the slightly different morphology of the ligand
field originating from a slightly different arrangement of
nitrate ligands around the Tb™ ions. Figure 5 shows the
negative charge distributions around Tb' ions that were
obtained from density functional theory (DFT) calculations.
The f-electron distribution corresponding to the J, = +6
states has an oblate spheroidal profile,” and the accompanying
magnetic momentum is parallel to the flattening axis z with
L, values of £3. On the other hand, the main components
of 16,0) are 10,0).s and |41, F1)s (IS,,L)s denotes a

(11) Stevens, K. W. H. Proc. Phys. Soc. London 1952, A65, 209.
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Cambridge University Press: Cambridge, U.K., 2000.
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Figure 5. (top) Mulliken charges of donating oxygen atoms and (bottom)
electrostatic potentials on the spheres with a radius of 1.5 A from the Tb3*
ion for (a) 1 and (b) 2, respectively. The results were obtained from DFT
calculations performed for the atomic coordinates from X-ray structural
analysis.

corresponding LS vector), which have a prolate spheroidal
electron distribution. In 1, less repulsive areas were found
in the second and fourth quadrands, and oblate-shaped 16,£6)
electronic clouds could be stabilized in this area with the
easy-axis directing along the x—z direction. In 2, the
electronic distributions on the first and fourth quadrands
are equivalent because of the 2-fold axis passing through
the Tb—Cu axis, and hence the Tb™ ion is surrounded by
negative charges in a symmetrical manner around the
molecular zx plane, and a prolate-shaped 16,0) electronic
cloud might be located with the principal axis directing along
the y axis.

In conclusion, we showed the importance of the symmetry
of the ligand field in Tb™—Cu" dinuclear systems, which
affects the magnetic anisotropy of the Tb™ ions and causes
a drastic change from easy-axis to easy-plane anisotropy.
These results provide a useful guideline for the design of
the magnetic anisotropy of lanthanide ions, yielding novel
SMM and single-chain magnet families based on highly
anisotropic lanthanide ions.
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