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Multinuclear 3d—4f nano-clusters, consisting of a large number of metal ions, are interesting both struc-
turally and functionally. The Gd(m) containing clusters, in particular, attract great research attention
because of their significant magnetocaloric effect. Here, we report the synthesis of a gigantic 3d—4f
wheel-like cluster, {Gd44Nizo}, achieved through self-assembly using a “mixed-ligand” strategy. Magnetic
characterization reveals that the {Gds4Nizy} cluster exhibits a large magnetocaloric effect (MCE), with an
isothermal magnetic entropy change of 44.9 J kg™ K™ at 2.0 K for AH = 7 T, which is one of the largest
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Introduction

High-nuclearity 3d-4f metal oxide/hydroxide clusters (M > 25)
have attracted extensive research attention because of their fas-
cinating structures and interesting properties." ' Among the
different properties, a particularly interesting one is the mole-
cular magnetocaloric effect (MCE)."*™® The MCE is a phenom-
enon that leads to a reversible temperature change when a
material is exposed to a changing magnetic field."® The MCE
is safe (without producing greenhouse gases), quiet, cheap,
highly durable, and highly efficient (i.e. it requires only a small
number of moving parts)."” Currently, the greatest emphasis
in the commercial use of MCE is on room temperature cooling
(e.g. air conditioning, freezers, etc.). However, the cryogenic
application of magnetic cooling materials will be increasingly
important with the development of quantum computers,
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among all of the high-nuclearity Ni-Gd clusters.

which require ultra-low temperatures.'®* As a class of highly

efficient refrigerants at cryogenic temperatures, molecular
magnets are promising materials which exhibit a large
MCE.ZO,ZI

Research reveals that metal oxide/hydroxide clusters dis-
playing large MCEs share certain structural and functional fea-
tures. These features include the high-spin ground state, large
metal/ligand mass ratio (to ensure a high magnetic density),
low-lying excited spin states, negligible magnetic anisotropy,
and weak magnetic exchange coupling. Following this logic,
research efforts on improving the MCE can be roughly divided
into three categories. In the first category, 3d-clusters (e.g
{Fe;,} and {Mng}),”>™" with high ground-state spin values,
have been studied. However, strong magnetic coupling
between transition metal ions results in antiferromagnetic
interactions, leading to small MCEs. In the second category,
studies have demonstrated larger MCEs in high-nuclearity
Gd(u) oxide/hydroxide clusters. This is attributed to the Gd(m)
ions with f” electron configuration, affording multiple low-
lying excited spin states and a possible ground state with a
large spin value.*® For example, high-nuclearity Gd oxide/
hydroxide clusters with large MCEs have been reported
recently, including {Gdeo} (with the maximum magnetic
entropy change (—AS,,) of 48.0 J kg™ K™"),"* {Gdyo4} (—ASp, =
46.9 J kg™' K),%° {Gdss} (—ASy, = 43.6 J kg™t K1),Y etc.
Finally, in the third category, Gd(m) ions have been exploited
to mitigate the strong magnetic coupling between transition
metal ions. By combining 3d metal ions and Gd(m), heterome-
tallic 3d-Gd(m) clusters with small ligands turn out to be most
promising for achieving a large MCE." Heterometallic 3d-
Gd(m) clusters with large MCEs have been reported in recent
years, such as {Gd;poNize} (—AS, = 41.3 J kg™' K™)*®
{GdogNigs} (—ASy, = 42.8 J kg™" K'),*° {Gd,sNies} (-ASy, =
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40.6 J kg~' K),*° etc. Among different 3d-Gd(m) clusters,
wheel-like clusters are less observed. To date, the only reported
3d-Gd wheel-like structures are {Gd,,Cuze}*" and {Gd,4Co46},>>
both with small —AS,,, of 21.0 ] kg™* K™* and 26.0 ] kg™* K,
respectively. It is therefore important to obtain new heterome-
tallic 3d-Gd(m) wheel-like clusters exhibiting a large MCE, to
explore the relationship between the cluster structure and
magnetocaloric effects.

In this work, a new wheel-like 3d-Gd(u) oxide/hydroxide cluster
{Gd4Niy,} (1), with the formula [Gd44Niyy(CO3)16(NO3)4(H20)s8(Hs-
OH);6(11,-OH)6(IDA),5(H,dmpa), ] (H,0), (1, x =~ 118) (H,dmp =
3-hydroxy-2-(hydroxymethyl)-2-methylpropanoic acid, IDA = imino-
diacetic acid), is synthesized by using “mixed-ligands” to control
the hydrolysis of Gd(u) and Ni(u) ions. The cluster structure and
magnetic properties of 1 are investigated in detail to study the
structure-property relationship to the magnetocaloric effects.

Results and discussion

Single crystals of the {Gd44Niy,} clusters (Fig. S1t) are obtained
through the hydrolysis of Gd(NO3);:6H,0 and Ni(NO;),-6H,0
in the presence of mixed ligands {i.e., iminodiacetic acid (IDA)
and 2,2-dimethylol propionic acid (Hsdmpa)}. Single-crystal
X-ray diffraction (Tables S1-S37) reveals that {Gd,4Ni,,} crystal-
lizes in the monoclinic space group P2,/n, with the formula
[Gd44N122(C03)16(N03)4(H20)5S(HS'OH)76(”2‘0)6(IDA)28(Hdepa)Z]'
(H20), (1, x ~ 118). The {Gd,Ni,,} cluster features a novel
giant wheel-like structure with an outer diameter of ~2.8 nm.
The {Gd,4Ni,,} wheel also possesses an inner cavity, with the
dimensions of 0.8 nm and 1.9 nm, respectively, in two perpen-
dicular directions (Fig. 1).

wu 8T~
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Fig. 1 (a) The structure of wheel-like {Gd44Niy,} cluster; (b) structure of
the wheel-like geometry of {Gds4Niz,} consisting of 44 gadolinium and
22 nickel ions; polyhedron representation of the {Gds4Niy,} cluster (c)
and (d). Color code: purple, Gd; green, Ni; red, O; gray, C; white, H.
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By taking a close look, we find that {Gd,4Ni,,} consists of
one wheel-shaped {Gd,,Ni,,} unit (connected by p;-OH, CO5>~
and IDA ligands) and two Gd** ions (coordinated by NO; ™~ and
Hzdmpa ligands). In the structure, the trivalent cations Gd**
are eight-fold or nine-fold coordinated with O and N atoms,
resulting in the [GdOg], [GdOgN], and [GdOg] polyhedra
(Fig. S2a, 5b, and 5ct). The Ni*" ions are all six-coordinated
with O and N atoms to form distorted [NiOs;N] octahedra
(Fig. S2dt). The long distance between two neighboring metal
ions (Gd--Gd = 3.618-3.971 A and Gd---Ni = 3.452-3.538 A)
likely limits their magnetic interactions.

The wheel-shaped {Gd4,Ni,,} unit (Fig. 2a) consists of three
different types of cluster subunits (I, II, and III). Subunit type
I, formulated as [Gd,(p;-OH)g] (Fig. 2b), can be viewed as two
cubane-like [Gd,(j3-OH),] units that share a common Gd**
vertex. Type II, formulated as [Gd;oNiy(p3-OH);2(CO3)s]
({GdyoNi,}), can be viewed as two CO;*>~ templated five-
member rings sharing a Gd** vertex while bridged by one
additional Gd** ion (Fig. 2c). Here, CO5;*~ likely originates
from the absorption of atmospheric CO, by the reaction
mixture, as observed by other researchers.'*?? In addition,
besides the CO;>~ ligands, the ten Gd*" ions in each {Gd,;(Ni,}
unit are connected by twelve hydroxo ligands, with seven Ni**
ions distributed on the outer edge and connected to Gd*" ions
by p;-OH. Finally, subunit type III can be described as
[Gd,Ni,(j13-OH),(CO3),], with two Gd*>" and two Ni** connected
by two p;-OH and two CO;>~ ligands (Fig. 2d). Two type I sub-
units, two type II subunits, and four type III subunits are
joined together by sixteen CO5>~, eighty p;-OH, and two p,-O
groups, forming the wheel-shaped {Gd4,Ni,,} component.

In the structure of {Gd,4Niy,}, IDA and Hzdmpa have two
functions: one is to link the type I, type II, and type III sub-

Fig. 2 Ball-and-stick views of the assembly unit of the {Gds4Niz,}
cluster. (a) {GdzNizz} units; (b) type | ([Gds(pz-OH)gl unit); (c) type I
([GdloNi7(p3-oH)12(C03)2] unit),‘ (d) type {1l ([Gdlez(p3-OH)2(CO3)z] unit).
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units via coordination interactions and the other is to stabilize
the wheel-shaped {Gd,4Ni,,} core. The IDA*>" ligand coordi-
nates to the Gd*" and Ni** ions are of three types. The first
type coordinates to two Gd*" ions and three Ni*" ions in a ps-
Naa ' (0)Mad’ (0)Mni (0):nni*(0,N,0):nn; ' (0) mode (Fig. 3a). The
second type coordinates to three Gd** ions and two Ni*" ions
in a  psnea'(0)nea'(0)mea' (0)nni’(O,N,0)my;'(0)  mode
(Fig. 3b). The third type coordinates to three Gd** ions and
two Ni** jons in a  psngq'(0)mea (0)nga’ (O,N,
0)Mea'(0):nni'(0) mode (Fig. 3c). Meanwhile, the Hzdmpa
ligand coordinates to one Gd*>" and one Ni** in a p,-ngq*(0,0,
0):1ni'(O) mode (Fig. 3d). Structurally, the IDA ligand plays a
key role in the formation of a wheel-shaped {Gd,,;Niy,} unit.
Two additional Gd** ions attach to the {Gd,,Ni,,} unit only
through Hzdmpa ligands, leading to the final {Gd,4Ni,,}
wheel. Interestingly, the packing of {Gd,4Niy,} clusters within
the lattice results in a nanotube with a one-dimensional
channel along the a-axis (Fig. S31).

It is worth pointing out that high-nuclearity 3d-4f wheel-
shaped nanoscale clusters with a large central opening are still
underdeveloped. As far as we know, only {CujLn};} (Ln = Dy
and Gd)*' and {Col.Lnll} (Ln = Dy and Gd)** clusters have
been reported. {Cul,Ln}} (Ln = Dy and Gd) consists of two
alternating subunits (i.e. cubane-like [Ln,(OH),] and boat-
shaped [Cug(OH)g(NO;)]). The {CulLnll} wheel exhibits a
diagonal dimension of ~4.6 nm, a thickness of about
~1.8 nm, and a central opening with a diameter of ~0.8 nm.
Benzoate is involved in the formation of {CuliLnll}, as the
primary linker and the protective ligand. Other wheel-shaped
clusters, {ColLLn]T} (Ln = Dy and Gd), have been successfully
synthesized by adopting pyridyl-functionalized p-diketone as
the ligand. The metallo-core of {Co;¢Ln,,} is constructed by a
super-square {Ln,,} with an octagonal prism {Co,¢}. The dia-
meter and thickness of the {ColtLnlT} cluster are 3.0 nm and
2.0 nm, respectively. Clearly, the {GdJINil,} cluster reported in
this work represents a new type of high-nuclearity wheel-
shaped cluster, with more metal atoms (44 gadolinium and 22
nickel atoms) than those in the previous examples.

The temperature dependence of direct-current (dc) mag-
netic susceptibility is characterized on {Gd,uNi,,} in an
applied magnetic field of 1000 Oe and in the temperature

(@)

Fig. 3 Coordination modes of the IDA ligand (a—c); coordination mode
of the Hz dmpa ligand.
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range 2-300 K. The characterization was performed on the
polycrystalline powder samples (Fig. S4-S6f). As shown in
Fig. S7,7 the observed y,T value of 365.9 cm® K mol™" (at
300 K) is slightly smaller than the theoretical value of
373.2 cm® K mol™" calculated using the Lande formula®**®
based on 22 uncorrelated Ni** jons (26.6 cm® K mol™ for S = 1
and g = 2.2) and 44 uncorrelated Gd** ions (346.7 cm® K mol ™"
for S = 7/2 and g = 2). This result confirms the limited inter-
action between these metal cations. The data over the tempera-
ture range of 2-300 K fit the Curie-Weiss law well, resulting in
C =362.3 cm® K mol™" and 6 = —5.3 K for the {Gd,4Ni,,}
cluster. The negative ¢ further confirms the presence of weak
antiferromagnetic interactions. This behavior might be
ascribed to the weak exchange interactions between the metal
ions (Ni---Ni, Ni---Gd, and Gd---Gd) via the bridging ligands.

The generally weak magnetic coupling between Gd** and
3d transition metal ions, benefiting from the ability of Gd*" to
mitigate the otherwise strong 3d-3d magnetic exchange,
makes the 3d-Gd(m) clusters a valid class of materials for mag-
netic cooling applications. Here, the presence of a large
number of Gd(u) ions in {Gd,4Ni,,} prompts us to investigate
its magnetocaloric effect in the context of developing mole-
cular materials for magnetic cooling.***” The field (H) depen-
dence of the magnetization (M) of {Gd,4Ni,,} at low tempera-
ture (2-10 K) is measured (Fig. 4a and Fig. S81). The M vs. H
data show a steady increase in magnetization, reaching
298.3Nug (N is the Avogadro constant and ug is the Bohr mag-
neton) under 7 T at 2 K without achieving saturation (Fig. S87).
This value is slightly lower than the expected value for 66
uncorrelated metal ions (cal. 317.5Nug). This again confirms
the weak antiferromagnetic interactions in the cluster. The
experimental maximum magnetic entropy change (—AS,,) is
calculated to be 44.9 ] kg™' K" at 2 K for AH = 7 T using the
Maxwell equation, ASn(T) = [[0M(T,H/dT)),dH (Fig. 4b).
This experimental value is smaller than the theoretical value
of 60.0 ] kg~* K" (based on the equation S,,, = RIn(2S + 1) for
44 uncorrelated Gd*" and 22 uncorrelated Ni** ions). The
smaller experimental value might also be attributed to the
presence of weak antiferromagnetic interactions.

It is worth noting that the {Gd,4Ni,,} cluster demonstrates
a large MCE, comparable to that of the recently reported high-
nucleation cluster {Gd;55C035)>% (~ASy, = 46.95 ] kg™" K ' at
2.0 K for AH = 7 T). 1t is also significantly larger than that of
other wheel-like 3d-Gd(m) clusters (Table S4f), such as
{Gd,4C016}*? (—ASy, =26.0 J kg™' K" at 3.8 K for AH = 7 T)
and {Gd,,Cuzel*' (—AS, = 21.0 J kg™' K™'). Meanwhile, the
MCE of 1 is also among the largest when compared with the
reported homometallic Gd-clusters (Table S4T), demonstrating
its great potential for magnetic cooling.

The large MCE of {Gd,4Ni,,} may be attributed to the fol-
lowing reasons: first, by using ligands with a large number of
coordination sites and minor steric hindrances, such as IDA
and H;dmpa, we are able to bond and stabilize a large number
of metal ions in a relatively compact fashion. This results in a
large metal/ligand ratio to ensure a high magnetic density for
the large MCE. Second, Gd*" effectively increases the distance

Inorg. Chem. Front., 2023, 10, 979-983 | 981
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Fig. 4 (a) Field dependence of isothermal normalized magnetizations
at 2-10 K; (b) plots of experimental magnetic entropy change (—AS,,)) vs.
temperature (T) of the wheel-like {Gd44Ni,} cluster.

between Ni*' ions (i.e., to 5.195-5.272 A), and hence reduces
the magnetic coupling between adjacent Ni** ions. Still, we
notice weak antiferromagnetic couplings in 1 (f = —5.3 K),
indicating that further structural tuning might help to avoid
the magnetic interaction and further enhance the MCE of 1.

Conclusion

In summary, a novel wheel-like 3d-Gd cluster, {Gd,4Ni,,}, is
synthesized by adopting the “mixed-ligand” strategy. As a
promising magnetic cooling material, {Gd,,4Ni,,} demonstrates
a large MCE, with —AS,, of 44.9 J] kg™' K™' at 2 K under
7 T. This value is one of the highest among all known high-
nuclearity 3d-4f clusters. The large MCE is caused by the high
metal/ligand ratio, which leads to high magnetic density.
Further studies on tuning the cluster structure to reduce anti-
ferromagnetic interactions and enhance the MCE of 1 are

982 | Inorg. Chem. Front., 2023, 10, 979-983
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underway and will be reported in our forthcoming
contribution.
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