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A 48-Metal Cluster Exhibiting a Large Magnetocaloric Effect**
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Magnetic refrigeration, an energy-efficient and environmen-
tally friendly technique operating on the basis of the
magnetocaloric effect (MCE), has received much recent
interest due to the possibility of replacing the expensive and
increasingly rare helium-3 in ultralow-temperature (<1 K)
refrigeration. Although the MCE is an intrinsic property of a
magnetic solid, only a few substances have been shown to
display a sufficiently large MCE to be potentially useful.'*!

A molecule exhibiting a large MCE usually has a large-
spin ground state, negligible magnetic anisotropy, low-lying
excited spin states, dominant ferromagnetic exchange, and a
large metal/ligand mass ratio.'® In this regard, 3d Gd**
heterometallic cluster complexes with small ligands are
logical candidates. First, the isotropic electronic configuration
of Gd™ affords multiple low-lying excited spin states, while
the disparate d"/f’ electronic configurations offer the possi-
bility of a large-spin ground state as long as the nuclearity of
the cluster is sufficiently high.®* Second, a high-nuclearity
cluster complex with small ligands naturally leads to a large
metal/ligand mass ratio.” In constructing high-nuclearity 3d—
4f cluster complexes, self-assembly of the metal ions has been
remarkably successful.®! Frequently, small anionic species
are found in the cluster structures, and their presence can be
readily appreciated in terms of their templating effects.'”

We have now used acetate ligands to prepare a structur-
ally fascinating 48-metal cluster complex, formulated as
[Gd3eNij,(CH3CO0) 15(1s-OH)sy(14-O)(H,0)54(NO3) Cl |-
(NO;)¢Cly:30H,0 (1) on the basis of crystallographic studies
and supported by satisfactory elemental analyses,'!! whereby
the presence of CI™ and NOj;™ in the cluster cation is believed
to be critical for formation of the final product. Compound 1
shows impressively large entropy changes with changing field
when compared with previously known 3d-4f cluster com-
plexes.
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Compound 1 was obtained from the reaction of Gd-
(NO3);, Ni(CH;COO),, and NaCl in ethanol/water. Single-
crystal X-ray diffraction studies revealed a tubelike cationic
cluster (Figure 1) consisting of 36 Gd**, 12 Ni*", 84 OH",

AN
R

£ |

2\
I\

b,
v

\/

Figure 1. a) Ball-and-stick view of the cluster cation in 1 along the ¢
axis. b) Structure of the [Gd;Niy,(1s-OH)s, (114-O)]** " cluster core in 1.
c) Arrangement of the 48 metal ions in 1.

6 O*", 54 H,0, and 18 acetate ligands, together with one NO;~
and two Cl™ ions that are confined inside the tube. Such a
tubular arrangement of metal ions is very rare in metal cluster
compounds,'? and in fact is the first such example in 3d—-4f
heterometallic clusters.

The structure of the [GdNi,(ps-OH)sy(s-0)g]**" cluster
core can be viewed as a “sandwich” of two different kinds of
cluster wheels (Figure 1b). The outer “bread” layer is wheel
of six vertex-sharing [Gd;Ni(u;-OH),]”" units, and each of
these cubane-like cluster units (Figure 2 a) is connected to two
identical neighbors by sharing two Gd atoms, producing an
18-metal [Gd;,Nig(u;-OH),,]*" hexagonal wheel (Figure 2¢
and e). A ClI” ion is found in the center of the wheel,
hydrogen-bonded to six p,-OH™ (four Cl=-O 3.306(9) A,
Cl+H—0 166.76°; two Cl-O 3.324(12) A, Cl--H—0 168.77°).
Previously, a dodecanuclear lanthanide hydroxide cluster
complex with two central templating iodide ions was
reported.”!
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Figure 2. a) The cubane-like [Gd;Ni(us-OH),’" unit. b) The [Gds (p-

O) (1s-OH),°" unit. ) The approximately square-pyramidal [Gd;,Nig(p;-
OH),,ClIZ* unit. d) The [Gd,4(1-O)6(13-OH)36(NO3) " unit. e) Poly-
hedral view of the [Gd;,Nig(1s-OH),,CII** unit. f) Polyhedral view of
the [Gel (1-O)s (1s-OH)56 (N unit.

The sandwiched cluster wheel is composed of six [Gds(,-
0O)(u;-OH),J’* units joined together with two identical
neighbors by sharing two basal Gd atoms of the roughly
square-pyramidal cluster (Figure 2b) and two p;-OH™ groups,
generating a hexagonal 24-metal assembly of [Gd,,(py-O)e(s-
OH);¢]*** (Figure 2d and f). This assembly is templated by a
NOj;™ ion that is hydrogen-bonded to six p;-OH™ groups (four
0-H-O 3.004(11) A, O--H-O 155.68°; two O--H-O
3.001(12) A, O--H—O 155.78°) along the inner rim of the
wheel. NO;™ ions acting as templates have been reported in
3d-4f metal clusters.™”

The outer 18-metal cubane assemblies and the sand-
wiched 24-metal assembly of square-pyramidal clusters are
connected by sharing six Gd atoms between adjacent wheels,
producing the tubelike core of [GdsNi;y(ps-OH)gy(y-O)g ]
(Figure 1b). The 48 metal ions themselves are organized into
12 Gd;Ni tetrahedrons and six Gds square pyramids (Fig-
ure 1c¢). The cluster core is stabilized by 18 crystallographi-
cally disordered acetato and 54 terminal aqua ligands, in
addition to the p,-OH™ and p,-O*" ligands. The Gd--Ni and
Gd-Gd distances of 3.414(2)-3.451(2) A and 3.7002(7)-
3.8681(9) A, respectively, are comparable to the correspond-
ing values in previously reported Gd-Ni clusters.!”!

The temperature dependence of the magnetic suscepti-
bility of 1 was measured from 2 to 300K in an applied
magnetic field of 1000 Oe. The plot of yy T versus T is shown
in Figure 3. The observed yy T value of 290.0 cm’mol™' K at
300 K is in good agreement with the value calculated for 12
uncorrelated Ni*" ions (12 cm®*mol 'K for § =1, g =2.00) and
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Figure 3. Plots of temperature dependence of y, T (00) and xu ' (®)
for 1 under 1000 Oe dc field between 2 and 300 K.

36 uncorrelated Gd** ions (283.68 cm®*Kmol ™' for S=7/2, g =
2). With decreasing temperature, the y, 7' value decreases
gradually, and a value of 268.43 cm*Kmol™" is reached at
S0K. On further lowering the temperature, yy7 drops
abruptly, and a value of 113.36 cm’mol 'K is reached at
2K, which may be ascribed to a combination of the
antiferromagnetic interaction and the zero-field splitting of
the ground states.*!” The data in the range of 2-300 K can
be fitted to the Curie-Weiss law, vyielding C=
280.89 cm*Kmol ! and 6 = —3.95 K. Magnetization measure-
ments in the 2-10 K temperature range were also performed
(Figure 4a). The magnetization M of 225.69 Nuy (where N is
the Avogadro constant and ug is the Bohr magneton) at 2 K is
smaller than expected if all spins of the metal ions were
ferromagnetically aligned (319.7 N ug).

The large magnetization values make 1 a possible
candidate for low-temperature magnetic cooling, as magnetic
entropy change AS,,, a key parameter in evaluating the MCE,
can be calculated by applying the equation AS,(T)= [[OM-
(T,H)/0T]ydH to the experimentally obtained magnetization
data.’ The entropy changes at various magnetic fields and
temperatures are summarized in Figure 4b, with an impres-
sive —AS,,=36.3Jkg'K™" at 3K for AH="7T. This value
represents an increase of 45% over the highest literature
value of 25.0 Jkg 'K ! calculated by the same method for an
Mn,, cage,'"l but lower than the value calculated from heat
capacity by Evangelisti et al. (about 40 Jkg™' K" at 1.8 K for
AH=7T).2 Assuming Sy;=1 and Sgq="7/2 at low temper-
ature, the calculated —AS,, value per mole corresponding to
36 uncorrelated Gd™ spin and 12 uncorrelated Ni** spins is
64.8 Jkg'K™! based on —AS,,=nRIn(2s+1)=36RIn(8) +
12RIn(3) =88.0R.*** The experimental value is smaller
than the theoretical value, which is attributed to the presence
of intracluster antiferromagnetic interactions and the Ni
crystal-field effect. The large MCE observed may be attrib-
utable to the large metal/ligand mass ratio, and the use of
small-molecule ligands such as acetate in the present work is
helpful in achieving high spin density in high-nuclearity metal
clusters.

In summary, a tubelike, 48-metal 3d—4f GdssNi;, cluster
was synthesized by self-assembly of the metal ions templated
by mixed anionic species. Magnetic studies revealed remark-
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Figure 4. a) Field-dependent magnetization plots at indicated temper-
atures for 1 and b) AS,, calculated by using the magnetization data of
1 at various fields and temperatures.

able changes in entropy with changing magnetic field, and
thus high-nuclearity 3d-Gd clusters have great potential for
magnetic cooling. The preparation and comparative magnetic
studies of clusters of various lanthanide-transition metal
combinations with acetate and other small-molecule ligands
are in progress with an eye on their eventual applications in
magnetic refrigeration.

Experimental Section

Synthesis of 1: Ni(CH;COO),-6H,0 (0.249 g, 1.0 mmol) and Gd-
(NO5)6H,O (0.902 g, 2.0 mmol) were added to a mixture of
deionized water (5 mL) and anhydrous ethanol (15 mL). The result-
ing solution was heated to about 70°C, and a freshly prepared
aqueous solution of NaOH (1.0m) was added dropwise to adjust the
pH of the solution to 5-6 while stirring. Then 10 mg of NaCl was
added to the solution. After a freshly prepared aqueous solution of
NaOH (1.0m) was added dropwise to the point of incipient but
permanent precipitation (pH=~ 6-6.5), the solution was heated to
reflux for 2h and then filtered. Evaporation of the filtrate under
ambient conditions afforded 0.22 g of grassy block-shaped crystals
over two weeks (yield 35% based on Gd). Elemental analysis (%)
caled for GdyNij,CssHipsCliN; Oy (FW =11290.35): C 3.83, H 2.73,
N 0.87; found: C 3.90, H2.51, N 0.85; IR (KBr): 7 =3442 (s), 1637 (w),
1560 (m), 1384 (s), 1121(s), 1108 (m), 636 cm™" (w).
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