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The neutral holmium(in) oxalate octadecahydrate {[Ho(0ox)z(H,O)el-
12H,0},, of mixed hexagonal/decagonal (6°-10% 3D net topology
shows important changes in the magnetocaloric efficiency upon
dehydration/rehydration by heating and water vapor exposition to
give the holmium(in) oxalate decahydrate {[Ho(ox)3(H,0)s]l-4H,0},,
of hexagonal (6%) 2D net topology through the intermediacy of the
elusive amorphous anhydrous compound {Ho,(ox)3},,.

Lanthanide-based metal-organic frameworks (Ln MOFs) have
attracted considerable attention in the last two decades because
of their potential technological applications in cryogenic mag-
netic refrigeration (CMR)." Nowadays, the attention in this field
is moving toward magnetically anisotropic holmium(m)-based
MOFs,” because they exhibit magnetocaloric effects (MCE) at
higher temperatures than their largely investigated magneti-
cally isotropic gadolinium(m) counterparts.>* In this respect,
metallic holmium itself and the related intermetallic alloys
HoB,, HoAl, and Ho(Co,Ni,Fe), are proposed as efficient cryo-
magnetic coolers operating between the strategically relevant
hydrogen and nitrogen liquefaction temperatures,”® in place of
traditional oxides, such as gadolinium(u)-gallium(m) garnet
(GGG) and its dysprosium(m)-substituted derivatives of general
formula (Dy,Gd;_,);GasOq, [x = 0 (GGG), 0.5 (DGGG), and
1 (DGG)], working between the helium and hydrogen liquefac-
tion temperatures.’
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Our research focuses on the well-known family of neutral
two- and three-dimensional (nD, n = 2 and 3) lanthanide(u)
sesquioxalate hydrates (Scheme S1, ESIT).'®"" Herein we report
the synthesis, general physico-chemical and structural charac-
terization, thermal stability and water sorption behavior, as
well as magnetic and magnetothermal properties of the
holmium(u) sesquioxalates hydrates of general formula
{[Hoy(0x)3(H,0)6]-xH20},, [x = 4 (1) and 12 (2)]. Interestingly, a
structural interconversion is found within this solvatomorphic
pair of neutral oxalato-bridged holmium(ui)-based 2D (1) and
3D (2) MOFs upon dehydration/rehydration, which is accom-
panied by a dramatic magnetocaloric solvatoswitching beha-
vior. This unique feature can be exploited in the proof-of-
concept design of a new class of active magnetic regenerators
(AMRs) for hydrogen liquefaction based on holmium(m)-based
dynamic MOFs.

Slow diffusion of aqueous solutions of Ho(NO;);-5H,0 and
H,ox under stoichiometric (2:3) molar ratios in a H-shaped
tube, after several weeks at room temperature, gives a mixture
of large plates of 1 and tiny elongated prisms of 2 suitable for
single-crystal X-ray diffraction (XRD), whose color varies from
yellow to pink depending on the illumination conditions, as it
is typical for holmium(ur) compounds (Fig. S1, ESIT). Crystals of
1 and 2 were obtained in pure form and good yield [ca. 70 (1)/
65% (2)] under the same reaction conditions at 50 and 5 °C,
respectively (see Experimental section, ESIT), as revealed by
powder XRD (Fig. S2, ESIt). The influence of the reaction
temperature on the dimensionality of the resulting lanthanide(u)
sesquioxalate hydrates prepared by slow diffusion techniques in a
gel medium has been investigated earlier, so that the 2D com-
pounds are favored over the 3D ones at higher temperatures and
vice versa.""

1 and 2 are two different polymorphs (solvatomorphs) that
crystallize in the monoclinic and trigonal crystal systems with
P2,/c and R3 space groups, respectively. The crystal structure is
made up of neutral oxalato-bridged holmium(m) hexagonal
layers (1) or mixed hexagonal/decagonal nets (2) of (6°) and
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Fig. 1 Perspective views of fragments of the neutral oxalato-bridged Ho"

hexagonal 2D net of 1 (left) and mixed hexagonal/decagonal 3D net of 2
(right) along the crystallographic b and c axes, respectively [symmetry
codes: (@) —x+1, -y +1 —z+1(@)andx —y +2/3,x+ 1/3, -z + 4/3 (2); (b)
—Xx+2,-y+1 —z+1(@)and —x+1 -y+1 -z+2(@2);(c) —x+1 -y+1,
-z (1) and y — 1/3, —x + y + 1/3, —z + 4/3 (2)]. Crystallization water
molecules are depicted as red spheres in 2. The crystallization water
molecules in 1 are disordered over two positions each; the two alternative
sets have both been depicted as dark or light red spheres. H bonds are not
shown for clarity.

(6°10%) topology and overall honeycomb-type architecture, together
with both coordinated and a variable amount of disordered
hydrogen-bonded crystallization water molecules (Fig. 1), as reported
earlier for the related 2D gadolinium(m) and 3D erbium(m) sesquiox-
alate deca- and octadecahydrates.'®'" Selected crystallographic and
structural data for 1 and 2 are given in Tables S1-5S4 (ESIt).

The Ho™ ion of 1 and 2 has a nine-coordinate environment,
HoO,, formed by six oxygen atoms from three bis(bidentate)
oxalato bridges plus three oxygen atoms from three coordi-
nated water molecules. The metal coordination polyhedra for 1
and 2 are intermediate between tricapped trigonal prism
(TCTPR) and monocapped square antiprism (CSAPR) of approx-
imate D3, and C,, molecular symmetries (Tables S2 and S3,
ESIt)."> The continuous shape measures (CShM)** slightly (1)
or markedly (2) favor the TCTPR over the CSAPR geometry with
a spherical-type distortion of the regular (Johnson-type) poly-
hedron (Tables S2-S4 and Fig. S3, ESIY).

The asymmetric tris(bidentate) mononuclear [Ho™(0x)3/2(H,0)s]
unit of 1 and 2 is chiral, so that the two helical enantiomers are
present in the crystal structure (Fig. S4, ESIT).">'! In both com-
pounds, a regular alternation of (A)- and (A)}{Ho0™(0x)s2(H20)s]
enantiomers occurs within the resulting achiral oxalato-bridged
Ho™ layers or nets. In 1, each pair of edge-sharing trinuclear
entities around the three oxalate ions per Ho atom adopts a parallel
displaced disposition (dihedral angle ¢ = 0°; Table S4 and Fig. S4a,
ESIT). Instead, two out of three pairs of edge-sharing trinuclear
entities around the three oxalate ions per Ho atom in 2 exhibit a
non-planar twisted disposition [¢p = 49.85(2)°; Table S4, ESIf]
(Fig. S4b, ESIt), the remaining one showing a parallel displaced
disposition. This feature would be ultimately responsible for
achieving a 2D (1) or 3D (2) structure.

The adjacent oxalato-bridged Ho~ hexagonal layers in 1,
growing in the ac plane and related by a two-fold symmetry axis,
are stacked along the crystallographic b axis (Fig. S5a, ESIT).
However, they are not eclipsed but displaced by half a unit cell
along the crystallographic ¢ axis, giving rise to a densely packed
multilayered architecture with an ABABAB sequence. In 2, there
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are two distinct oxalato-bridged Ho™ hexagonal/decagonal
nets, related by a simple translation along the ¢ axis, which
are mutually interpenetrated in an eclipsed manner (Fig. S5b,
ESIT). The intermetallic distances across the oxalato bridges are
slightly larger in 2 than in 1 [Ho---Ho = 6.245-6.395 (1)/
6.312-6.415 A (2); Table S4, ESI{].

Overall, the parallel-displaced layer arrangement of 1 leads
to small hexagonal pores along the [011] direction (Fig. Sé6a,
ESIt), which are filled by the disordered crystallization water
molecules that form an hydrogen-bonded 2D reticular net
perpendicular to the oxalate-bridged Ho™ hexagonal layers
(O---O = 2.67-3.04 A) (Fig. S5a, ESIt). In contrast, the doubly
interpenetrated (eclipsed) architecture of 2 leads to large hex-
agonal channels along the [001] direction (Fig. Séb, ESIY),
whereby the crystallization water molecules are placed. This
gives rise to hydrogen-bonded supramolecular 1D motifs,
which ultimately also interact with the oxalate-bridged Ho™
3D net through multiple H-bonds, overall involving both the
coordinated and uncoordinated water molecules and the oxa-
lato groups (O- - -O = 1.95-2.94 A) (Fig. S5b, ESI+). The estimated
solvent accessible void (V,) represents about 22 (1) and 35% (2)
of the unit cell volume (Table S4, ESIt), thus reflecting the
greater porosity of 2 with respect to 1.

The thermal stability of powdered crystalline samples of 1
and 2 has been investigated by thermogravimetric analysis
(TGA) under a dry N, atmosphere. The TGA profiles show an
abrupt mass loss from room temperature to around 125 (1) or
100 °C (2), which is followed by a gradual mass loss under
further heating just before the decomposition of the Ho™
oxalate to the corresponding oxide above 400 °C (Fig. S7,
ESI).'* The percentage values of mass loss (1 — m/m,) are
18.5 (1) and 35% (2) at 300 °C, which would correspond to the
release of 8 (1) and 18 H,O (2) molecules per formula unit.

The anhydrous derivative of formula {Hoj (0x)s}, (3) was
then obtained by thermal dehydration of 2 following a slow
heating from room temperature to 300 °C under a dry N,
atmosphere (see ESIt). 3 is moisture stable, as revealed by the
TGA profile after one day of exposition in the open air at room
temperature (Fig. S7, ESIt). Hence, it shows a broad plateau
under heating from room temperature to approximately 300 °C,
with no mass recovery. The large thermal stability of 3 is
remarkable, being a desired choice criterion for practical
applications of Ho™ sesquioxalate hydrates as cryogenic mag-
netic coolers when supported on a convenient host device."*
Nevertheless, a partial degree of rehydration occurs in a satu-
rated water vapor atmosphere, as revealed by the TGA profiles
(Fig. S7, ESIt). Hence, the percentage values of mass recovery
vary from 10 up to 20% after three days or three weeks of
exposition of 3 in a closed flask containing water, corres-
ponding to the recovery of 5 and 10 H,O molecules per formula
unit, respectively.

The water desorption/adsorption properties of 2 have been
further investigated by powder XRD (Fig. 2). The powder XRD
pattern of the dehydrated amorphous derivative 3 obtained
after heating at 300 °C under a dry N, atmosphere shows no
peaks and remains almost unaltered after one day of exposition

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Powder X-ray diffractograms (left) of 2 (a) and the resulting
dehydrated 3 (b) and rehydrated 1 (c) derivatives obtained after heating
at 300 °C under a dry N, atmosphere (i) and subsequent exposition to a
saturated water vapor atmosphere for 3 weeks (iii), respectively, as illu-
strated in the flow diagram (right). Attempts to transform 1 to 2 by
prolonged exposition to a saturated water vapor atmosphere or by
immersion in water (i) were unsuccessful (red cross in the flow diagram).

in the open air at room temperature (Fig. 2b). After three weeks
of exposition to a water vapor saturated atmosphere, however,
some peaks appear in the powder XRD pattern. Remarkably,
these peaks do not correspond to the original octadecahydrate
3D precursor 2, but they are characteristic of the decahydrate
2D analog 1 (Fig. 2¢). This one-way crystalline-to-amorphous-to-
crystalline 3D to 2D interconversion upon dehydration/rehydra-
tion has been monitored by powder XRD (Fig. S8, ESIt). The
thermal amorphization process occurs rapidly upon loss of the
first crystallization water molecules, so that it is almost com-
pleted at 60 °C with no further change up to 300 °C. On the
contrary, the water uptake is a very slow process, being only
completed after several weeks (inset of Fig. S7, ESIT).

The static magnetic properties of 1-3 have been investigated
by variable-temperature (T = 2-300 K) direct current (dc)
magnetic susceptibility measurements and variable-field
(H = 0-8 T) magnetization measurements (see ESIt). The yuT
vs. T (ym being the molar dc magnetic susceptibility per formula
unit and 7 the absolute temperature) and M vs. H plots (M being
the molar magnetization per formula unit and H the applied dc
magnetic field) are qualitatively similar, regardless of the
hydration degree along this series (Fig. S9 and S10, ESIT). The
magnetic behavior is dominated by the high local magnetic
anisotropy of the Ho™" ions, possessing a large first-order spin-
orbit coupling (SOC). Yet the weak but non-negligible magnetic
exchange interactions between the magnetically anisotropic
Ho™ ions across the oxalato bridge cannot be neglected, as
earlier reported for the 2D Gd™ sesquioxalate decahydrate of
formula {[Gd,(0x);(H,0)e]-4H,0},.."°

The y\T values at room temperature of 1-3 are close to that
calculated for two 4f'° Ho™ ions with a °Ig ground state [T =
(2NB*g13ks)/(J+ 1) = 28.1 cm® mol " K and g;=3/2 +[S(S+ 1) —
L(L + 1)]/2J(J + 1) = 5/4 with S = 2, L = 6, ] = 8]." Upon cooling,
ymT continuously decreases down to 6.2 (1)/5.0 (2)/10.2 cm?
mol ' K (3) at 2 K (Fig. S9, ESIf). However, there is no
maximum in the yy vs. T plots (inset of Fig. S9, ESIt), suggest-
ing that the long-range antiferromagnetic order would occur
(if any) below 2 K. In this case, the ligand field (LF) effects cause
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the zero-field splitting (ZFS) of the seventeen (2] + 1) compo-
nents of the °I; ground state into one singlet and eight Kramers
doublets (m; =0, +1, +2, +3, +4, 5, +6, £7, and £8), which is
ultimately responsible for the high local magnetic anisotropy of
the Ho™ ions possessing the highest J value along the lantha-
nide series. This situation is clearly reflected in the normalized
isothermal magnetization curves in the temperature range
2-20 K (Fig. S10, ESIT). Hence, they do not superimpose,
reflecting thus the relative importance of the LF effects depend-
ing on the particular coordination geometry of the Ho™ ions.
The maximum M values [11.6 (1)/12.3 (2)/10.8 NS (3)] for H=8 T
at T'= 2 K are well below the saturation value for the sum of two
heptadecyl (2] + 1 = 17) ground states [M; = 2g;/Nfi = 20Nf with
J =8 and g; = 5/4]. Anyway, M reaches up to ca. 60 (1)/55 (2)/70%
(3) of the maximum value for H = 2 T at T = 2 K, which is
sufficiently close to the stronger field that can be achieved with
the commercial permanent magnets. These two features (high
maximum M values and large slope of the isothermal magne-
tization curve) are mandatory for the potential applications of
Ho™ sesquioxalates in CMR.

The magnetothermal properties of 1-3 have been investi-
gated by variable-temperature (7 = 2-20 K, with AT = 1 K) and
variable-field (H = 0-8 T, with AH = 0.2 T) magnetization
measurements (see ESIf). The temperature and field depen-
dence of the magnetic entropy change (ASy), upon connecting
the magnetic field (AH = H — H, with H, = 0), can then be
estimated from the M vs. T and H plots (M being the gravimetric
magnetization per formula unit) according to the Maxwell
equation (Fig. S11 and $12, ESI{)."°

The isothermal curves show a rapid saturation of the mag-
netic entropy change with increasing the magnetic field, so they
tend asymptotically to a thermally dependent value, which is
reached more quickly at lower temperatures (Fig. S12, right,
ESIt). The —ASy values in gravimetric units for AH = 8 T vary
from 2.1 (1)/1.8 (2)/8.2J kg™ " K" (3) (T =2 K) to 10.6 (1)/8.1 (2)/
13.0 ] kg~ ' K (3) (T = 10 K) (Fig. 3, left), being comparable to
those of the commercial cryogenic material GGG [—ASy = 6.5
(T'=2 K) and 28.0 J kg™" K ' (T = 10 K) for AH = 8 T].*
Moreover, the —ASy, values in molar units (per mol of lantha-
nide atom) for AH =2 T [1.3 (1), 1.0 (2), and 1.8 J mol " K * (3)
at T = 5 K] are similar to those reported for GGG and its
Dy"'-substituted derivatives DGGG and DGG [-ASy =
3.1-3.3 Jmol ' K for AH =2 T (T = 5 K)] (Fig. S13, ESI{).*

el
-AS,, (Tkg' K™

AI]A(T) 6 8 4 8 T(KI)Z 16 20
Fig. 3 Isothermal (left) and isofield (right) curves of the magnetic entropy
change for 1 (red), 2 (green), and 3 (blue) at 2 (O)/10 K (¢) and 2 (O)/8 T (e),
respectively. The solid lines are only eye-guides.
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The overall enhancement of the MCE efficiency in the order
2 < 1 < 3 is as expected because of the molecular weight
decrease upon water loss along this series of empirical formula
Ho,(0x);-nH,0 [MW = 747 (1), 918 (2), and 594 ¢ mol " (3) with
n =10 (1), 18 (2), and 0 (3)]. The maximum —AS,,; values in
molar units (per mol of lanthanide atom) for AH = 8 T are
similar [3.8 (1), 3.7 (2), and 3.9 J mol " K" (3) at T = 10 K],
regardless of the water content, being rather lower than the
limiting value for one Ho™ ion with no ZFS [-ASy; = RIn(2] + 1) =
23.6 ] mol ' K" with J = 8]. This almost six-fold global reduction
of the MCE efficiency is expected because of its high magnetic
anisotropy, as discussed above.

On the other hand, the isofield curves show a maximum of
the magnetic entropy change, which dramatically shifts toward
higher temperatures with increasing the magnetic field
(Fig. S12, left, ESIT). Hence, the —ASy; maxima cover a wide
temperature range, far above the He liquefaction temperature
[T = 4.8-10.5 (1), 6.0-11.2 (2), and 3.6-9.9 K (3) for AH = 2-8 T]
(Fig. 3), being even farther than that found for the Ho(ur)/Na(1)-
based 3D MOF of formula {[Na,Ho™(DTPA)(H,O)]-8H,0},
(DTPA = diethylenetriamine-N,N,N',N” ,N"-pentaacetate) [T, =
3.2-9.5 K for AH = 2-8 T].”

The overall enhancement of the optimal working temperature in
the order 3 < 1 < 2 is just the opposite to that mentioned above for
the —ASy; values. This feature is also related to the MCE efficiency
and, eventually, to the practical applications of Ho™ sesquioxalates
as cryomagnetic coolers operating near the strategically relevant H,
liquefaction. So, for instance, GGG and its Dy"-substituted deriva-
tives DGGG and DGG have T, values in a narrower and lower
temperature range around the He liquefaction [1.15-1.45 (GGG),
1.25-1.55 (DGGG), and 1.05-2.70 K (DGG) for AH = 1-4 T] (Fig. 13,
ESI’().gd Yet the T, values for 1-3 are still far from those found for
metallic Ho and the intermetallic alloys HoB,, HoAl, and
Ho(Co,Ni,Fe),, recently proposed as cryomagnetic coolers between
the H, and N, liquefaction temperatures.””

In summary, the Ho™ sesquioxalate deca- and octadecahy-
drates 1 and 2 constitute a remarkable solvatomorphic pair of
2D and 3D Ho™ MOFs. Upon thermal dehydration of 2 and
subsequent vapor rehydration, the resulting anhydrous inter-
mediate 3 slowly converts to 1 in a unique crystalline-to-
amorphous-to-crystalline transformation. This interconvertible
polyreticular series 1-3 exhibits moderate to large MCE with
magnetic entropy change maxima at relatively high tempera-
tures, between He and H, liquefaction. These features allow
this novel class of dynamic nD Ho™ MOFs (n = 2 and 3) to be
proposed as candidates to solvatoswitchable molecular cryo-
magnetic refrigerant materials instead of traditional oxides,
such as GGG and its Dy"" derivatives working in the very low-
temperature regime, just above the He liquefaction tempera-
ture. Current efforts are being devoted to increasing the CMR
performance just above the H, liquefaction temperature before
real applications as AMRs can be envisaged.
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