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ABSTRACT: Two isostructural lanthanide-based 3D
coordination networks [Ln = Gd** (1), Dy**(2)] with
densely packed distorted cuboid nanoscopic cages are
reported for the first time. Magnetic characterization
reveals that complex 1 shows a significant cryogenic
magnetocaloric effect (—AS,, = 44 J kg™' K™'), whereas 2
shows slow relaxation of magnetization.

anthanide-based molecular magnetic materials are a

forefront area of research owing to their proposed
applications in future devices like molecular magnets," magnetic
refrigerants,” etc. Magnetic refrigeration happens because of a
phenomenon known as the magnetocaloric effect (MCE), and
the magnitude of the MCE of a magnetic material is characterized
by AS,, the isothermal magnetic entropy change, and ATy, the
adiabatic temperature change following a change in the applied
magnetic field. Gadolinium is often present in magnetic
refrigerant materials because of its large spin ground state,
quenched orbital momentum, and weak superexchange inter-
actions.” To date, some impressive gadolinium-based com-
pounds associated with molecular magnetic cooling have been
reported.* However, the controlled and long-range dense spatial
assembly of the Gd*" spin centers is vital for the design of an ideal
magnetic refrigerant, and therefore higher-dimensional coordi-
nation polymers should also play an important role. The
magnetic density can also be maximized by, for example, limiting
the amount of nonmagnetic elements, which act passively in the
physical process. Therefore, the small size of the ligands should
be preferable. On the other hand, the intrinsic magnetic
anisotropy and the increased number of unpaired f electrons of
dysprosium may be responsible for the large energy barrier for
reversal of magnetization, especially when combined with
suitable ligands.

The present work stems from our earlier investigation of the
MCE on a gadolinium squarate 2D coordination polymer,Sal and
a high-symmetry 3D iron(II)-based squashed cuboctahedral
nanoscopic cage behaves like a spin-canting antiferromagnet.Sb
Herein we report the synthesis, characterization, and magnetic
property investigation of two heteroleptic isostructural lantha-
nide-based 3D coordination networks [Ln(C,O,)-
(C,0,)05(H,0),], [Ln = Gd* (1) and Dy** (2)]. Structural
investigations reveal that the 3D framework consists of extended
cuboid nanoscopic cages. Magnetic characterizations show that
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complex 1 acts as an eflicient cryogenic magnetic refrigerant
(—AS,, = 44 J kg™' K™'), whereas 2 shows slow relaxation of
magnetization. Because complexes 1 and 2 are isostructural in
nature, the structural description of complex 1 has been
illustrated with suitable comparison with complex 2.

Both of the complexes were crystallized in space group P2,/c,
and the relevant structural refinement parameters are listed in
Table S1 in the Supporting Information (SI). The asymmetric
unit of complex 1, [Ln(C,0,)(C,0,)0s(H,0),], contains one
Gd** ion, one squarate, half of the oxalate ligand, and two
coordinated water molecules (Figure Sla in the SI). Each
lanthanide center is eight-coordinated with four oxygen atoms
from four squarate ligands, two oxygen atoms from one oxalate
ligand, and two other oxygen atoms from coordinated water
molecules. Thus, the coordination geometry around the
gadolinium centers can be described as a distorted square-
antiprismatic (Figure S1b in the SI). The relevant bond
parameters around the lanthanide centers in complexes 1 and
2 are listed in Table S2 in the SI and are found to be in the range
of reported analogues of a Tb*"-based 3D framework containing
similar set of ligands.® It can be seen that each squarate ion acts as
a tetradentate ligand (u,-connected) and binds four lanthanide
ions to form lanthanide rectangles (Figure 1a). Four lanthanide
rectangles are face-shared by a common squarate ion and result in

(c) (d)

Figure 1. Schematic representations of (a) the bridging mode of a
squarate ion, (b) a distorted lanthanide cuboid nanocage showing four
close faces by squarate ligands and two open faces, (c) the bridging
mode of an oxalate ion, and (d) two adjacent cuboid nanocages
connected by an oxalate ion, which closes the open face of each cuboid.
Color code: Ln, blue; O, red; C, gray; squarate bridge, yellow rod;
oxalate bridge, pink.
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a distorted lanthanide cuboid cage by joining eight lanthanide
ions thru imaginary lines (Figure 1b). “Cuboid” is one out of five
“Platonic Solids” having 6 faces, 8 vertices, and 12 edges.7 Thus,
in 1, out of six faces, four are occupied by four squarate ions and
two opposite faces remains open. The vertices of the cuboids are
occupied by eight lanthanide ions. The distances between two
opposite faces of the cuboids are ~6.3 and ~7.8 A for 1 and 2,
respectively, as calculated by the distance between the centroids
of two squarate ions in opposite faces. The distances between
two lanthanide centers along the edges are ~6.2 and ~7.6 A for 1
and 2, respectively. The cuboids are “homoleptic” in nature
because they contain only a single ligand, i.e., a squarate ion. Each
adjacent cuboid shares a common face and is extended to form a
homoleptic 2D coordination framework, as shown in Figure S2a
in the SI, and its skeletal view is shown in Figure S2b in the SIL

However, it is surprising to note that the two open faces of the
squarate-bridged lanthanide cuboids are closed by bis(bidentate)
oxalate ions (Figure 1c) and form a “heteroleptic” lanthanide
cuboid (Figure 1d). Hence, two adjacent homoleptic 2D
lanthanide bilayers are connected by bis(bidentate) oxalate
ions to form a 3D coordination network, as shown in (Figure 2a),

(@ (b)

Figure 2. (a) 3D packing diagram of 1 down the ¢ axis illustrating the
bridging modes of oxalate ions in the assembly of 2D lanthanide cuboid
nanocages and (b) its skeletal view. Color codes are the same as those in
Figure 1

and its skeletal view is represented in Figure 2b. Thus, the
orientation of the oxalate ions in the 3D framework restricts the
entrance and exit of external guests (anions, gases, or vapors)
inside the framework, and that was further confirmed by
PLATON analysis® because no solvent-accessible void was found.
A polyhedral view of complex 1 along the a axis is illustrated in
Figure S3 in the SI. Overall, the network topology of 1 can be best
described as a 3D binodal 4,5-connected net with a Schalfli
symbol of {4%.6%.82}{4%.6*}, as calculated by TOPOS analysis.’
This network is identified by a “xah” topological type (Figure S4
in the SI) in Reticular Chemistry Structure Resource database.
The direct-current (dc) magnetic susceptibility data for 1 and
2 were collected at 1000 Oe in the temperature range of 1.8—300
K (Figure SS in the SI). The room temperature ¥y T (yy = molar
magnetic susceptibility) values of 1 and 2 are 7.39 and 13.67 cm?
K mol ™, respectively. For complex 1, the room temperature y T
is well consistent with the expected spin-only yyT value [7.81
cm® K mol™ for one Gd** (%S,/, and g = 1.99)]. This small
difference is due to the presence of dominant antiferromagnetic
interaction between the adjacent Gd**. The molar magnetic
susceptibility data of 1 were fitted according to the Curie—Weiss
equation, yy; = C/(T — ), which afforded the Curie constants
(C) = 7.41 cm® K mol™ and Weiss constants (§) = —0.18 K for
complex 1. For complex 2, the expected room temperature j T
value [14.18 cm® K mol™" for one Dy** (6H15/2 and g = 1.33)] is
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higher than the spin-only value due to orbital contribution. The
shape of the susceptibility curves for complexes 1 and 2 indicates
the presence of a dominant antiferromagnetic interaction
between adjacent metal centers in both complexes. Magnet-
ization data for complex 1 were measured in the temperature
range of 2—10 K (Figure S6a in the SI), which shows a steady
increase with increasing field (H) and saturation values of 6.93
Npg at 7 T and 2 K. However, 2 does not show complete
saturation even at the highest field measured, 7 T, and at 2 K.
This may be due to the high magnetic anisotropy present in Dy>"
ions (Figure S6b in the SI). The magnetization value reaches up
to 5.11 Nuj for 2. For complex 2, the plot of M/Nyg versus H/T
(Figure S7 in the SI) shows that all isotherm magnetization
curves do not collapse on the same master curve, further
indicating the anisotropic nature of the Dy** ions."’

Taking the low M,,/Ng4 ratio (where the molecular mass is M,
= 349.33 g mol ™! and N4 = number of gadolinium ions present
per mole of complex 1) of 349.33 into account, complex 1 can be
considered as a dense magnetic material, which, in turn, might be
a good candidate for cryogenic magnetic refrigeration. The
magnetic entropy change AS,, for complex 1 is calculated from
the magnetization data using the Maxwell relation AS_(T) =
f [OM(T,H)/dT]y dH."" Theoretically, the full entropy change
per mole of Gd*" ion is 17.3 J mol ™ K™, as calculated from the
equation R In(2S + 1), where S = 7/,. So, the calculated value of
the entropy change from complex 1 is 49.52 J kg™' K™'. The
experimental obtained —AS,, value at 3 K for AH=7T (44.0]
kg_1 K} Figure 3) is found to be large, however, comparable
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Figure 3. AS calculated by using the magnetization data of complex 1
at different fields (H) and temperatures (T).

with a few reported gadolinium-based 3D metal—organic
frameworks (MOFs) having a maximum entropy above 40 ]
kg™ K' ([GA(HCOOH),], 559 J kg™* K™'),* ({[Gdg(us-
0)(u3-OH)5(u4-ClO,)4,(H,0)6] (OH),},, 466 ] kg71 _I<71);4g
([Gdg(OH)s(suc)s(H,0),]-2H,0, 480; kg_l K_l);4] ([Gd-
(HCOO)(CgH,0,)],, 47 J kg™! K),* etc. The calculated
volumetric entropy change for complex 1 of 127.6 mJ cm ™ K™ is
also very high considering the other examples available in the
literature (Table S4 in the SI).

To inspect the magnetic dynamics of 2, the frequency and
temperature dependencies of the alternating-current (ac)
susceptibilities were collected under different dc fields and a
3.5 Oe ac magnetic field. The out-of-phase frequency-dependent
signals were obtained at different fields. However, because of the
fast quantum tunnelling of magnetization (QTM),"® maxima of
the out-of-phase ac susceptibility signals were absent for ac
measurement at zero dc field (Figure S8 in the SI). Therefore, in
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order to suppress the QTM, ac measurements were performed at
different dc fields (Figure S9 in the SI). At 1800 Oe, maxima were
observed for both out-of-phase and in-phase ac susceptibilities.
Although maxima for in-phase ac susceptibility are frequency-
independent, frequency-dependent out-of-phase susceptibility
confirms the presence of slow relaxation of magnetization. At a
higher field of 3500 Oe, maxima for out-of-phase ac susceptibility
disappeared (Figure S10b in the SI). So, from peak maxima of
out-of-phase ac susceptibilities at an optimized dc field of 1800
Oe (Figure S9b), we plot In(1/7) versus 1/T using the Arrhenius
equation

1 —Ug
1/t = —
/T exp[ T )

To

(1)

where U, is the effective anisotropic energy barrier, k is the
Boltzmann constant, and 1/7, is the preexponential factor. The
least-squares fit to eq 1, shown as a solid line (Figure S11 in the
SI), afforded the significant energy barrier of U, = 10.8 K for
thermal relaxation and the relaxation time 7, = 2.0 X 107 s,
which is consistent with the expected characteristic relaxation
time 107°—107"" s for single-molecule magnets and other
dysprosium-based MOFs."'*> The Cole—Cole plot is shown in
Figure S12 in the SI, as evidence of the slow magnetic relaxation
processes occurring in complex 2.1

In summary, we have illustrated the synthesis of two
isostructural 3D MOFs with squashed nanoscopic cuboid-type
cages. The aesthetically important structural feature in the
complexes is the presence of a special array of metal centers in 3D
space. In addition to the fascinating structural features,
complexes reveal interesting magnetic properties as an efficient
cryogenic magnetic refrigerant and molecular magnet.
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