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Development of magnetocaloric coordination
polymers for low temperature cooling

Mario Falsaperna and Paul J. Saines & *

Caloric materials have attracted significant interest as replacements for conventional refrigeration, which
is becoming increasingly important in our daily lives, yet poses issues for sustainability due to both energy
consumption and loss of refrigerants into the atmosphere. Among caloric materials, which are key to
solid state cooling technologies, those exhibiting the magnetocaloric effect (MCE), an entropy-driven
phenomenon under cycled applied magnetic fields, are promising candidates for cryogenic cooling.
These have potential to replace conventional cryogenics, particularly liquid He — an increasingly scarce
and expensive resource. Amongst magnetocalorics, coordination polymers containing polyatomic ligands
have been shown to be very promising materials due to their large entropy changes at low temperatures.
One of the contributing factors to this peformance is their unique structural flexibility, as they can adopt a
wide range of structures usually not accessible for conventional materials, such as close-packed metal
oxides. The most researched materials for magnetocaloric applications are those containing Gd as their
magnetic centre, as the combination of structure and the weakly interacting 4f orbitals of Gd** in these
materials enables the fabrication of promising magnetocalorics that contain a high density of cations and
thus exhibit a high entropy change as a function of their weight and volume at ultra-low cryogenic temp-
eratures. Alongside this, there is a growing interest in magnetocaloric coordination polymers with their
magnetocaloric effect optimised for lower applied fields that can be generated using permanent magnets
through incorporating other magnetic cations, including lanthanides with greater magnetic anisotropy.
When combined with tailored magnetic interactions this leads to promising entropy changes above 4 K, a
typical base temperature for many cryogenic applications. This review discusses the most promising mag-
netocalorics among coordination polymers and MOFs, highlighting their structural characteristics, and
concluding with a brief perspective on the future of this field.

specific applications, such as in the food industry and food
transportation,” medicine and science,> it is vital to find
alternatives to traditional gas compression\expansion refriger-
ation technologies,® for which, in general, energy efficiencies

One of the major challenges of the past thirty years is combat-
ing climate change, which requires the reduction of energy
consumption and of environmentally harmful greenhouse gas
emissions. The International Institute of Refrigeration (IIR)
estimates that, as of 2019, there are approximately 5 billion
refrigeration, air conditioning and heat pump units worldwide
that contribute to climate change, with 63% of this contri-
bution being indirect due to the electricity consumption
required for the functioning of the apparatuses and around
37% of it directly caused by leakage of refrigerant gases, e.g.
fluorinated molecules." With refrigeration becoming increas-
ingly important both in our daily lives as well as for more
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are typically limited to a maximum of 40-50% of Carnot
efficiency;® a theoretical thermodynamic cycle which provides
insight into the upper limit a thermodynamic system achieves
during conversion of heat into work. Limitations to their
efficiency are often determined by technological limitations of
the components of the refrigerating device, such as the
compressor.’

Solid-state caloric materials are an alternative for gas-based
refrigeration, avoiding emissions of environmentally harmful
or non-renewable gases. Furthermore, the predicted cooling
efficiency for some of these materials is higher than that of
traditional gas cooling, with above 60% of Carnot efficiency
attained by some prototypes.” It is possible to identify four
main classes of materials for refrigeration depending on the
external factors that drive their caloric effects, i.e. their heating
and cooling process. These are namely barocalorics, elastocalo-
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Fig. 1 Different types of caloric materials and the stimuli responsible for their caloric effects.

rics, electrocalorics and, finally, magnetocalorics, on which
this review focuses (see Fig. 1). In all cases, the cooling step
typically occurs via an entropically driven process when the
applied stimulus is removed. Electrocaloric materials are
solids exhibiting the electrocaloric effect (ECE), where adia-
batic depolarization upon the application of an external elec-
tric field results in a temperature change of the material.®
Polymeric materials such as the copolymer polyvinylidene flu-
oride-tetrafluoroethylene (PVDF-TFE) have shown to be prom-
ising candidates for electrocaloric applications,” along with
Rochelle salt (KNaC,H,04-4H,0),'® KTaO;,'" BaTiO; and
SrTiO;,'>** and NH,HSO,.** It is also possible to achieve
cooling with the application of mechanical stress or pressure
when elastocaloric or barocaloric (BCE) materials are used. In
materials exhibiting the elastocaloric effect (eCE), the change
in temperature is caused by the uniaxial stress-induced
Martensitic phase transformation process. Application of
mechanical stress decreases the entropy of the material and
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releases latent heat, this is reversed when the mechanical
stress is removed enabling the material to absorb heat from
its surroundings.”® Elastocaloric materials focus on alloys,
including Ni-Ti and Cu-Zn-AlL'°® alongside Cu-, Fe- and
Ni-Ti-based superelastic alloys."” Barocalorics materials
exhibit a thermal response due to isotropic compression from
hydrostatic pressure, typically associated with a concurrent
first-order phase transition.'® The BCE has been identified in
many materials,"” " including elastomeric polymers,>*?*
including natural rubber,>*® plastic crystals,”® magnetic
memory shape alloys®” and coordination polymers, particu-
larly inorganic-organic perovskites that have shown the so-
called giant barocaloric effect, including [TPrAj[Mn
(dca);],>®*°  [(CH3CH,CH,),N]Cd[N(CN),]5([TPrA]Cd[dca];)*°
and [(CH;)sN]Mn[N;];.*"

The final group of caloric solids are magnetocalorics, which
were first discovered by Weiss and Picard in 1917.°**® The
magnetocaloric effect (MCE) is driven by the application and
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removal of an external magnetic field. Many magnetocalorics
show promising magnetocaloric effects, with some prototype
devices existing for applications such as domestic refrigeration
and air-conditioning,** and as established candidates for sub-
kelvin cooling with predicted energy efficiencies higher than
60% of the Carnot cycle.*>*® The so-called giant MCE (GMCE)
is associated with first-order magneto-structural transitions
that enable significantly higher magnetocaloric effects than
known materials near ambient temperatures and modest
applied magnetic fields, enabling their use in near ambient
temperature applications. This term was first coined for
Gd;Si,Ge, at nearly 15 J kg™ K™ for a 2-0 T field change,
double that of the best near amblent temperature magnetoca-
lorics then known.*” Conversely magnetocalorics for low temp-
erature cooling rely on gradual field induced magnetic order-
ing of paramagnetic spins.*®?’

Amongst caloric materials magnetocalorics are particularly
promising and thermodynamically efficient candidates for low
temperature cooling. Cryogenic cooling has become increas-
ingly relevant recently for technologies that are dependent on
cooling to low and ultra-low temperatures such as hydrogen
liquefaction,®® quantum computing,®® spintronics,*® medical
imaging,® and high-performance infrared sensing.*' Liquid
cryogenics are conventionally used for this purpose, with
liquid helium vital for reaching temperatures below the
boiling point of liquid nitrogen (77 K), including the millikel-
vin regime. In particular, *“He can reach 2 K, while mixtures
with *He can be used in dilution refrigerators to reach temp-
eratures below 0.1 K. With liquid helium becoming an increas-
ingly scarce and expensive resource, it is essential to find
alternatives suitable for low-temperature cryogenic cooling.*?

In magnetocalorics used at low temperatures, the appli-
cation of an externally applied magnetic field induces a tran-
sition from a disordered paramagnetic state to an ordered
magnetic state; the orientation of the magnetic moments
along the direction of the field in magnetocaloric materials
leads to a temperature change, AT,q4, in an adiabatic process.
Heat can then be removed from the system whilst keeping the
spins aligned with the magnetic field under isothermal con-
ditions. In a subsequent step, removing the magnetic field
under adiabatic conditions will result in the material cooling
down due to the disordering of the spins. Due to this final
temperature change, which results in the material having a
lower temperature than its initial state, the material can then
be used as a heat sink for cooling utilising the magnetic
refrigeration process (see Fig. 2). The biggest accomplishment
of magnetic refrigeration lies in the fact that the cooling
process does not rely on the use of gases, therefore no refriger-
ant leakage or CO, emission is possible, resulting in a much
more environmentally friendly process.

1.2 Theory and measurements of the magnetocaloric effect

The MCE is an intrinsic property of all magnetic materials,*?
but in order to classify them in terms of their magnetocaloric
effect some parameters are necessary.** The most commonly
reported parameter in literature is the maximum magnetic
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Fig. 2 Scheme of the magnetic refrigeration cycle of a magnetocaloric.

entropy change, —ASY®* (where the negative stems from the
entropy conventionally decreasing when the field is applied)
for a given applied magnetic field change, typically reported
with respect to the mass in J kg™' K™'. A second parameter,
the volumetric entropy change, is easily obtained by consider-
ing the product between the former and the density of the
material (—~AS™® x p) and is reported as m] cm ® K. The
magnetic entropy change can be determined by either direct
or indirect measurements. In the former case, the total heat
capacity Cr of the material is measured, with this being the
result of electronic C., lattice C, and magnetic C,, contri-
butions. Therefore, it is necessary to isolate the magnetic con-
tribution, Cy,, to determine the magnetic entropy change AS,,,
the relationship between the two given by AS,, = [(C,,/T)dT.
Indirect measurement of ASy, requires determining the iso-
thermal magnetisation of a material and applying the Maxwell
relation, AS\,(T,AH) = [[6M(T,H)/6T]udH, therefore requiring
measurements to be carried out as a function of temperature
for a variety of magnetic fields. The indirect approach is the
more commonly used approach in the initial characterisation
of magnetocalorics. While the Clausius-Clapeyron method is
an indirect method for calculating AS,, for magnetocalorics
that rely on first order transitions, as is the case for “giant”
magnetocalorics such as GdsSi,Ge,,* this is largely not rele-
vant for magnetocalorics for low temperature applications that
rely on more gradual changes. A third parameter, the afore-
mentioned adiabatic temperature change AT,q, is a more
direct measure of magnetocaloric effect. Nevertheless, this
parameter is less well characterised for most new magnetocalo-
rics as determining the adiabatic temperature, AT,q, requires a
detailed understanding of how its heat capacity changes as a
function of temperature and applied field. This additional
information often limits the availability of AT,q for new
materials, whose magnetocaloric effect parameters have been
assessed by indirect measurements.

This journal is © The Royal Society of Chemistry 2022
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Theoretically, the maximum entropy change —ASH® that
can be extracted from a material corresponds to nRIn(2/ + 1),
where R is the universal gas constant, n the number of
unpaired spins and J the total angular momentum.*®
Increasing the magnetic moment is then essential to increase
the maximum realisable —ASh®, as well as minimising the
diamagnetic components of the material, such as non-mag-
netic cations and coordination ligands, which negatively
affects the entropy change with respect to its weight and
volume. As a non-zero orbital angular momentum might result
in zero-field splitting (ZFS) effects, which are responsible for
splitting the ground spin state into a number of degenerate
states and, as a consequence, lowering the magnetic entropy
change, most magnetocalorics studied have negligible orbital
momentum. Thus their maximum expected entropy corres-
ponds to nRIn(2S + 1), and it is therefore entirely dependent
on the magnetic degrees of freedom, as expressed by the term
(28 + 1), the spin multiplicity. Therefore, when choosing an
appropriate metal for the fabrication of magnetocaloric
materials, gadolinium is considered the best candidate, as the
4f orbitals of the Gd*>* cation are exactly half-filled, resulting in
a total spin quantum number of S = 7/2, and due to it being
strongly isotropic, i.e. it possesses zero orbital angular momen-
tum and its magnetism is determined only by its spins, pre-
venting any ZFS effects. As a result, considerable effort has
been put into the design and characterization of gadolinium-
based materials with oxides such as gadolinium gallium
garnet Gd;Gas;0;, (GGG) and the iron-substituted derivatives
Gd;(Ga;_,Fe,)s05, (GGIG) well established as candidates for
low-temperature cooling, superseding traditional metal salts
due to the higher —AST*, which stems from the higher
density of magnetic cations in these oxides.*”

More recently, molecule-based magnetic materials have
been proposed for low- and ultra-low temperature appli-
cations.”” Molecule-based materials can adopt a wide variety of
structures that are not easily obtained with traditional oxides
due to the tendency of these to adopt close-packed structures.
This, combined with their lack of significant intermolecular
magnetic interactions, enables these molecule-based magneto-
calorics to be used at lower temperatures. However, research
on these materials has recently lost traction as their —ASH®*
with respect to their weight and, particularly, volume, is
limited due to the use of large ligands for the fabrication of
their structures.*”*®

1.3 Beyond conventional materials: coordination polymers

In contrast to discrete complexes and metal oxides, there has
recently been significant interest in dense coordination poly-
mers, including metal-organic frameworks (MOFs), as poten-
tial magnetocaloric materials.””**>' IUPAC provisionally
defines coordination polymers as a coordination compound
continuously extending in 1, 2 or 3 dimensions through
coordination bonds.>> While according to IUPAC the definition
of coordination bond is a covalent bond where two of the elec-
trons forming the bond come from the same chemical entity,
as the IUPAC definition itself acknowledges, the term “coordi-

This journal is © The Royal Society of Chemistry 2022
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nation” is also used with a wider connotation, generally to
define the ligands surrounding a metal centre regardless of
whether the character of the bond is covalent or ionic. With
this in mind, and with the balance of covalent and ionic
bonds being difficult to clearly discern for many materials, in
this review we have used the term coordination polymers to
describe any extended structures in which metals are linked by
polyatomic ligands. The focus on polyatomic ligands is to
avoid considering those more well-known compounds with
monodentate ligands that would be generally considered salts
e.g. oxides or halides. In doing so, we acknowledge this restric-
tion is somewhat arbitrary and some of the materials reviewed
here will likely possess predominantly ionic bonds and that
some of the materials included may be considered by others to
simply be salts. The varied structural topologies of coordi-
nation polymers offer more freedom in the tuning of their
magnetic properties than is commonly found in oxides due to
the structure directing effect of their polyatomic ligands
leading to a variety of structures rather than the close packed
arrays typically adopted by simple salts.>?

The variety of structures accessible with coordination poly-
mers makes it possible to design three-dimensional structures
containing low-dimensional motifs, such as one-dimensional
magnetic chains or two-dimensional magnetic sheets, via the
structure direct effect of the ligand.*”>®> When these structural
motifs are well isolated from one another, structures with a
higher density of magnetic cations with long-range order
occurring at very low temperatures can be realised due to the
resulting weak interactions between these units. In addition to
this, it is possible to design structures featuring competing
magnetic interactions due to the arrangement of the cations in
the crystal lattice, so-called geometric frustration, to further
suppress the onset of long-range magnetic order to much
lower temperatures and, therefore, allow for an even higher
density of magnetic cations in the structure. Typically, this
implies designing structures containing triangular motifs,
responsible for the competition of antiferromagnetic inter-
actions, such as the two-dimensional triangular or Kagome
lattices,>"*> as well as pyrochlore structures,” such as that of
Gd,Ti,0,.>® While conventional materials can exhibit geo-
metric frustration, GGG being a classic example,”” coordi-
nation polymers expand the scope for this through the
plethora of topologies they can adopt. Coordination polymers
featuring low dimensional units and/or magnetic frustration
have been suggested to be excellent candidates for low-temp-
erature cooling, highlighting that attention to the structural
characteristics of materials plays a key role in the optimisation
of their MCE. The combination of lower ordering temperatures
in coordination polymers compared to metal oxides, which
enables them to remain useful magnetocalorics at lower temp-
eratures, and higher density of magnetic cations than is poss-
ible in molecular complexes, greatly enhances their —ASH®* as
a function of weight and volume, making them very promising
candidates as magnetocalorics materials.”” Furthermore many
coordination polymers have already been reported to have
greater —AST® than the benchmark oxides, such as GGG.

Dalton Trans., 2022, 51, 3394-3410 | 3397
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The coordination polymers and dense MOFs with the
highest —AS™3 approximately 40 ] kg~' K' or higher for
large field changes, tend to be found amongst materials with
either purely inorganic (in which there are no C-H bonds) or
carboxylate ligands. The majority of the magnetocaloric
coordination polymers studied to date incorporate only lantha-
nides, primarily Gd**, as their magnetic centres, although
there has been recent interest in a handful of systems that
feature both 3d and 4f metals as a future potential route to
enhancing their magnetocaloric properties as seen previously
in molecular magnetocalorics.”” In this review we will discuss
the most promising magnetocalorics coordination polymers
and dense MOFs known to date across these categories.

2. Coordination polymers containing
inorganic ligands

Coordination polymers with inorganic ligands are attractive as
their smaller polyatomic anions typically allow denser packing
of their magnetic cations than systems with larger organic
ligands, increasing the magnetocaloric entropy change as a
function of volume. Among inorganic coordination polymers,
GdPO, has attracted significant interest for having a higher
—AS™> than GGG.*® At room temperature, this material
adopts a monoclinic P2,/n structure in which the nine-coordi-
nate Gd** node is bound to four oxygens from the distorted
tetrahedral phosphate groups (see Fig. 3), with an average
Gd-O distance of 2.47 A, and linked together in a chain-like
fashion.” The reported magnetic entropy change —AS™® for
this material is 62.0 J kg™" K™ (376 mJ em™ K™') at 2.1 K and
an applied field change of 7 T, higher than that of the bench-
mark material, GGG, under the same conditions.”””® The mag-
netic properties, including the MCE, of this material are
largely attributed to the high density of Gd*" cations in the
structure, coupled with the presence of weak magnetic inter-

Fig. 3 Crystal structure of GdPO4. The GdOg polyhedra are bridged by
the tetrahedral phosphate groups. Colour codes: Gd: purple, P: grey, O:
red.
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actions and the low magnetocrystalline anisotropy, allowing
for magnetic order only below 60 mK as a dipolar
antiferromagnet.>®

More recently, a Gd(OH)SO, coordination polymer has been
synthesised and it has been shown to exhibit a —AST"** com-
parable to that of GGG.* This material crystallises in a mono-
clinic P2,/n structure with the asymmetric unit consisting of
one Gd*" cation, one sulfate ion and a single hydroxy anion.
The Gd cations are nine-coordinate and form a capped square
antiprism coordination geometry, with six oxygens from the
SO4>~ ligands, with two of the sulfate oxygens being p,-brid-
ging and three oxygens from the OH™ anion, this being p;-
bridging.®" The Gd*" cations are connected to form 1D-chains
along the g-axis, and these further extend via hydroxy oxygens
along the bc direction to form a three-dimensional framework
(see Fig. 4).°" The magnetic coupling is negligible in this
material with a Weiss constant, 6y, of about —0.2 K. The mag-
netic entropy change —AS,, of this material was extracted from
magnetisation data using the Maxwell relation, with a —AST*
value of 53.5 ] kg™! K™ (276 mJ ecm ™ K™*) obtained at 2 K and
for a 7 T field change, demonstrating a higher gravimetric
—ASH® than GGG, but a comparable volumetric —AST** to the
benchmark material.*”**

Another family of coordination polymers, the lanthanide
orthoborates LnBOj3, have proven to be viable magnetocalorics
for liquid helium temperature regimes at both high and low
applied magnetic fields.®® These materials adopt a monoclinic
C2/c structure with triangular layers of Ln’* cations separated
by sheets of three-membered rings of corner sharing BO,>” tet-
rahedra that form isolated B;0y°~ units.®® While the existence
of antiferromagnetic interactions within triangular layers
suggest the possibility of geometric frustration, the monoclinic
symmetry results in the triangles being scalene and the differ-
ence in Ln-Ln distances among different triangles make this
less likely than in higher symmetry systems.®*®> Consistent
with this it was found that GdBO; has a low frustration index,
f, (6w, divided by Néel temperature) of f = 5.4/1.7 = 3.1, and
although the Er and Dy analogues possess f > 10, consistent

Fig. 4 (a) Crystal structure of Gd(OH)SO,, with one-dimensional chains
propagating along the a-axis and forming layers along the ac-plane, (b)
with the latter stacking along the b-axis. Colour codes: Gd: cyan, O: red,
S: yellow. The hydrogen atoms have been omitted for clarity.
Reproduced from ref. 60 with permission from the Chinese Chemical
Society (CCS), Institute of Chemistry of Chinese Academy of Sciences
(IC), and the Royal Society of Chemistry

This journal is © The Royal Society of Chemistry 2022
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with highly frustrated systems it cannot be ruled out that this
is partly due to crystal field effects on 6w.°> In GdBO;, the
average in-plane Gd-Gd distance is 3.84 A, while the average
interplane distance is 4.52 A. The maximum magnetic entropy
change —AS™® for this material is found to be 57.8 ] kg™" K"
(366 mJ ecm ™ K™ ) for a field change of 9 T at 2 K.** While this
value is higher than the benchmark material, GGG, under the
same conditions, the high magnetic field strength would limit
its application to where superconducting magnets are
employed. For a 2 T field change, —AS** drops significantly,
reaching values below 10 J kg™* K™* (about 60 mJ cm™ K™%).
Amongst other members of the LnBO; series, it is worth
noting that DyBO; has been shown to outperform the Gd ana-
logue at lower applied fields, with a —AS™® of 13.9 J kg™ K"
(92.5 mJ em™® K™") for a field change of 2 T at 2 K.

Among inorganic coordination polymers, the LnOHCO;
frameworks have the highest —ASTh® as a function of weight.
Work on these compounds started with GAOHCO;,°>®” which
adopts an orthorhombic P2,2,2, structure in which the Gd**
cation is 10-coordinate, binding to five carbonate anions, three
in a chelating fashion, and two hydroxide groups. These poly-
hedra connect in a face-sharing fashion to form zig-zag chains
with short 3.82 A Gd-Gd contacts (see Fig. 5). These chains are
packed in a dense and distorted triangular lattice via edge-
sharing connectivity. The MCE effect was determined via the
Maxwell equation from the magnetisation data to give a
—AST™ of 66.4 T kg~' K™ (355 mJ em™® K™') at 1.8 K for a field
change of 7 T, which is very similar to that determined from
heat capacity measurements, 67.1 J kg™* K™* (359 mJ cm™®
K™"). An impressive AT,q of 24 K was determined for a field
change of 9 T from heat capacity measurements, which is the
highest reported for a coordination polymer.

Interest in the magnetocaloric properties of GAOHCO; led
Dixey et al.®® to an investigation of other heavier lanthanides

Fig. 5 (a) Crystal structure of GdAOHCO3 with face-sharing GdO;q poly-
hedra forming zig-zag chains along the a-axis and (b) packing of the dis-
torted triangular lattice along the bc-plane. Colour codes: Gd: purple,
C: black, O: red. The hydrogen atoms have been omitted for clarity.
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from Tb-Er, which were confirmed to adopt orthorhombic
P2,2,2, symmetry via neutron diffraction.®® Among these
materials, TOOHCO; and DyOHCO; demonstrated promising
magnetocaloric properties with higher entropy change than
GdOHCO; for field changes lower than 2 T, the maximum field
strength achievable using a permanent magnet at tempera-
tures above 4 K, where they could be potentially used to
replace liquid He for a wider range of cryogenic cooling temp-
eratures. Specifically, DyOHCO; has a —AS™® of 33.3 J kg™
K™ (186 mJ em™® K ") at 4 K and a field change of 2 T while
TbOHCO; has a —AS™™ of 301.0 ] kg ™' K* (169 mJ cm ™ K )
compared to a value of 29.5 ] kg™' K™ (158 mJ ecm™> K™ %) for
GdOHCO; under the same conditions. The differences in
—AST* values between these compounds are even greater for a
field change of 1 T (17.6 and 20.8 J kg™" K™, respectively for
Dy and Tb; ¢f 11.7 J kg=' K" for Gd). These results are
impressive when compared to the benchmark garnet oxides,
with DyOHCO; showing improved magnetocaloric properties
than GGG’s maximum for a 2 T field change up to 8 K.
Unfortunately, attempts to optimise magnetocaloric entropy
change further through synthesising solid solutions
Gd;_,Tb,OHCO; and Gd,;_,Dy,OHCO; were unsuccessful, with
heterometallic compounds having lower entropy changes com-
pared to the homometallic materials.

A further study by Dixey et al.®® indicated that the LnOHCO;
compounds with improved magnetocaloric properties above 4 K
all exhibited significant magnetic diffuse scattering in their cor-
related paramagnetic phases. Reverse Monte Carlo (RMC) fits
indicated this was a result of having non-collinear ferro-
magnetic coupled Ising-like spins within the zig-zag chains
packed into a frustrated antiferromagnetic lattice. They
suggested such arrangements allows the ferromagnetic Ising
chains to be readily aligned with low applied magnetic fields
once the antiferromagnetic interactions are supressed by it,
therefore maximising the change in magnetisation under these
conditions, resulting in a higher MCE, as expressed by the
Maxwell relation. This is in contrast to GAOHCOj3, which, as is
typical in Gd coordination polymers, has predominantly anti-
ferromagnetic coupling with a 6y of about —1 K.>* Therefore,
geometric frustration likely plays a key role in the optimisation
of the MCE for this material, and indicates the important role
structure plays in achieving such an optimisation, suggesting
particular attention needs to focused on fabricating materials
with similar structural motifs.

Other inorganic coordination polymers have also been
reported to have high magnetic entropy changes. This includes
weakly antiferromagnetically coupled Gd(OH); whose —AS™ is
comparable to GAOHCO; at 62.0 J kg™" K™ (346 mJ ecm ™ K™)
at 2 K and 7 T, as determined from magnetisation data.”® This
material adopts P6;/m hexagonal symmetry with nine-coordi-
nate Gd*" connected via 9 different p;-OH™ groups into a 3D
structure with 1D hexagonal channels (see Fig. 6). Gd,O
(OH),(H,0), is another promising material,”® with —ASmax
values, determined from magnetisation data, of 59.1 ] kg™" K™*
at 2 K and 7 T, although its lower density leads to a significant
decreased value as a function of volume of 217 mJ em™ K.
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Fig. 6 Crystal structure of Gd(OH)sz. Colour codes: Gd: cyan, O: red, H:
white. Reproduced from ref. 70 with permission from the Royal Society
of Chemistry.

This orthorhombic Cmcm structure features two distinct Gd**
ions which are eight and nine coordinate. These are connected
to form a 2D structure via connection of adjacent Gd2 ions
through two OH™ and one O°~ bridges along the c-axis with
adjacent Gd1 ion connected through two OH™ bridges along the
same direction; adjacent Gd1 and Gd2 ions are connected
through three OH™ bridges along the b-axis. These 2D structures
are held together along the g-axis via hydrogen-bonding
between the coordinated water molecules from adjacent 2D
layers thus generating a 3D framework. A final inorganic
polymer with —AS™® above 40 ] kg™ K™ is [Gde(te-O)(1s-
OH);(14-Cl04)4(H,0)6](0)s,”* which crystallises in a monoclinic
C2/c structure with relatively significant antiferromagnetic coup-
ling (6w = —5.5 K) and has a —AS™™ equal to 46.6 ] kg™" K"
(207 mJ em™ K™") at 2.5 K for a field change of 7 T, based on
magnetisation data. This material has a complex structure com-
prised of hexanuclear octahedral clusters and four crystallogra-
phically distinct Gd cations. The [Gdg(js-O)(13-OH)s]*" distorted
octahedral clusters have six Gd** around one central pg-oxo
central atom and are connected by eight face-capping p;-OH
bridges. All Gd*" cations are coordinated to nine oxygen atoms
in a mono-capped square antiprism geometry. The octahedral
clusters are connected to each other to form a 3D framework
through ClO,~ bridges, with every cluster bridged via twelve
ClO,™ ligands with every ligand linking three Gd, clusters.

3. Carboxylate-based coordination
polymers

The other family of promising lanthanide coordination poly-
mers that have shown significant promise as magnetocaloric
materials are carboxylate-based frameworks. Amongst these
materials those with extended 2D and 3D structures can gener-
ally be considered to be MOFs, albeit most of these are dense
and, thus, lack significant porosity. Generally, these materials
can be thought of as containing either small monocarboxylate
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ligands, slightly larger linear dicarboxylates or bulker aromatic
carboxylates; where materials in this review contain more than
one of these ligand types we have classified them according to
the largest ligand type. The larger ligands involved in these
materials, compared to purely inorganic coordination frame-
works, leads to less densely packed structures, therefore, while
their —ASH® as a function of weight are often similar, these
coordination polymers typically have lower entropy changes as
a function of volume.

3.1 Monocarboxylate-based polymers

The denser monocarboxylate frameworks, which amongst the
polymers containing organic ligands are generally reported to
have the highest —ASH®, are either based on acetate or
formate ligands. Acetate compounds commonly adopt 1D
chain structures with coordination bonding only within these
chains, with three such materials being reported to have high
magnetocaloric entropy changes. Two examples of this are Gd
(OAc);(MeOH) and Gd(OAc);(H,0), 5, which adopt monoclinic
P2y/c and Cc symmetry, respectively (see Fig. 7).”> In Gd
(OAc);(MeOH), the Gd** are in a nine-coordinate capped
square-antiprism geometry, while in Gd(OAc);(H,0), 5 there
are two Gd in nine-coordinate, capped square-antiprismatic,
and eight-coordinate, square antiprismatic, geometries. In
both cases, the Gd within the chains are bridged by three
acetate ligands, in a mixture of n,:n; and syn-syn acetate geo-
metries with Gd-Gd distances of 4.06 A and 6.46 A for
Gd(OAc);(MeOH) and Gd(OAc);(H,0),5, respectively. In
Gd(OAc);3(H,0)05 there are interchain hydrogen bond inter-
actions between the water and acetate carboxylate groups while
Gd(OAc);(MeOH) only has weaker interchain interactions.
Gd(OAc)3;(MeOH) and Gd(OAc);(H,0),.5 have very weak ferro-
magnetic and antiferromagnetic coupling, respectively, with
Ow of —0.22 and 0.34 K. Magnetisation measurements indicate
a—AST™ =450] kg™' K (96.8 mJ em™® K ") and 47.7 J kg~

Fig. 7 Chain structures of (a) Gd(OAc)z(MeOH) and (b) Gd(OAc)s
(H20)0.5, shown with thermal ellipsoids at 30% probability. (c) Three-
dimensional hydrogen-bonded network of Gd(OAc)s(H,0)o5. Adapted
with permission from Inorg. Chem., 2012, 51(1), 405-413. Copyright
2011 American Chemical Society.
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K™ (106 mJ] em™ K") for a 7 T field change at 1.8 K for
Gd(OAc);(MeOH) and Gd(OAc);(H,0), 5, respectively.

A third 1D acetate compound reported to have high magne-
tocaloric entropy change is weakly antiferromagnetically
coupled Gd(HCO,)(0Ac),(H,0),,”®> which adopts monoclinic
P2,/m symmetry. Here it is the formate co-ligand which con-
nects Gd within the chain, with Gd-Gd distances of 6.58 A (see
Fig. 8). Adjacent chains are rotated by 180° which allows for
the formation of a dense network of hydrogen bonds in one
direction perpendicular to the chain while chains in the third
dimension are separated by methyl groups for the acetate
ligand resulting in only weak intermolecular forces in this
direction. The magnetocaloric properties of this compound
were evaluated through both magnetisation and heat capacity
data, both determining that —AST™ has a maximum of 45.9
Jkg "K' (110 mJ em ™ K~ ") at 1.8 K for a field change of 7 T.

The other formate-containing compound in this grouping
reported to have significant magnetocaloric properties is
Gd(HCO,);,”* which adopts an R3m rhombohedral structure
featuring face-sharing chains with neighbouring chains con-
nected through the formate ligand to yield a triangular lattice
(see Fig. 9). The Gd cations are nine-coordinate in a tricapped
trigonal prismatic geometry. The MCE of Gd(HCO,); is evalu-
ated both indirectly from the magnetisation data and directly
from heat capacity measurements. In the former case, the
magnetic entropy changes for different applied field changes
are obtained, which are similar to those from heat capacity
data. At ~1 K and for a field change of 7 T, the —AS** is 55.9
J kg' K' or 216 mJ em™® K™, with the large volumetric
entropy change enabled by the dense structure. AT,q was esti-
mated to be approximately 22 K from heat capacity measure-
ments. Direct measurements under quasi-adiabatic conditions
suggest values of 2.47 and 0.51 K during magnetisation and
demagnetisation for a 1-0 T field change, consistent with the
values obtained from the indirect entropy-based measure-
ments for such changes. The relative cooling power (RCP) of

Fig. 8 (a) Coordination chains of Gd(HCO,)(OAc),(H,0), along the
b-axis; (b) hydrogen-bonded chains forming sheets on the bc-plane; (c)
packing of the sheets along the b-axis. Colour codes: Gd: purple, O: red,
C: black, H: pink. Reproduced from ref. 73 with permission from the
Royal Society of Chemistry.
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Fig. 9 (a) Crystal structure of Gd(HCO,)z with chains propagating along
the c-axis and (b) arranged in a triangular lattice on the bc-plane. Colour
codes: Gd: purple, C: black, O: red. The hydrogen atoms have been
omitted for clarity.

Gd(HCO,); was also estimated to be 522 mJ cm™ K, which is
higher than the 479 mJ cm™ K™ reported for Gd;GasOy,.

The high entropy change of GA(HCO,); has led to the inves-
tigation of analogues containing heavier lanthanides from Tb-
Er.””> While the —AS™* of these compounds is lower at high
fields than for Gd(HCO,)s, for field changes less than 2 T and
for temperatures above 4 K Tb(HCO,); and, to a smaller extent,
Ho(HCO,)3, have higher —AS,,, compared to the Gd analogue.
Specifically, Tb(HCO,); outperforms Gd(HCO,); above 6 K for
a 2-0 T field change and both Tb(HCO,); and Ho(HCO,); do
so above 4 K for a 1-0 T field change, although the difference
between Ho(HCO,); and Gd(HCO,); is very modest. Unlike the
LnOHCO; series the mixing of lanthanide cations is shown to
be a promising route to optimising higher temperature and
lower applied field MCE behaviour. In the series
Gd; _,Th,(HCO,)s, for x = 0.2 and 0.4 and a field change of 1 T,
there is improvement in the magnetic entropy change above
4 K compared to Gd(HCO,); with only a minimal loss in
—AS™> at 2 K.

Strong diffuse magnetic scattering is observed from
neutron diffraction of the paramagnetic phase of Tb(HCO,);
with RMC fits indicating the presence of Ising-like spins paral-
lel to the chain direction with strong ferromagnetic corre-
lations within these units.””> There are also weaker frustrated
antiferromagnetic interchain correlations within the triangular
lattice. It has been suggested that the high entropy change of
Tb(HCO,); under low applied fields is caused by ready align-
ment of the ferromagnetic Ising chains with the applied field
once the interchain antiferromagnetic interactions are
supressed. Further work has shown that this combination of
interactions in Tb(HCO,); leads to a unique triangular Ising
antiferromagnetic state below 1.6 K, which has long range 1D
magnetic order with only short range antiferromagnetic corre-
lations between these chains.”® Strong magnetic diffuse scat-
tering has also been uncovered in Ho(HCO,); indicating the
presence of similar magnetic interactions as in Tb(HCO,);
while all other Ln(HCO,); lack such correlations, suggesting
the ferromagnetic Ising chains in these systems is key to
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improving their —AS,, at higher temperatures as opposed
to the predominantly antiferromagnetic interactions in
Gd(HCO,);.””

3.2 Linear dicarboxylate-based polymers

Another extensively studied family of carboxylate magnetocalo-
rics are those with linear dicarboxylate ligands, principally
those containing the relatively small oxalate, succinate and
citrate ligands. The oxalate ligand is the simplest of these,
being comprised of two connected carboxylate groups. The
first promising magnetocaloric to be reported using the
oxalate ligand was very weakly antiferromagnetically coupled
Gd(C,0,4)(H,0)5CL”® This adopts a P2;/n monoclinic structure
with the Gd in a nine-coordinate capped squared antiprismatic
geometry. Gd dimers, formed by edge-sharing polyhedra with
an intradimer separation of 4.42 A, are connected into 2D
layers with shorter Gd-Gd distances of 5.84 A along the g-axis,
through ,-n;:n,:m;:n, bonded oxalates, and 6.31 A along the
c-axis, through p-n,:m, oxalates (see Fig. 10). The structure
includes Oyater—H:**Opxalate intralayer and Oyager—H-*Owater and
Owater—H++-Cl interlayer hydrogen bonds. Indirect methods
indicate a —AS™® of 48.0 J K" kg™ (144 mJ em ® K ") at 2.2 K
for a 7 T field change. Direct determination of the MCE effect
via heat capacity measurements shows that the —AS)® values
are consistent with those obtained from magnetisation data
and that AT,q is 16.9 K for the same magnetic field change.

Fig. 10 Crystal structure of Gd(C,04)(H,0)sCl, with (a and b) 2D layers
on the ac-plane and (c) packing along the b-axis. Colour codes: Gd:
cyan, C: grey, O: red. The hydrogen atoms have been omitted for clarity.
Adapted with permission from Inorg. Chem., 2014, 53(17), 9052-9057.
Copyright 2014 American Chemical Society.
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Another oxalate family shown to have good magnetocaloric
properties are the Gd(pda)(ox), 5(H,0), (x = 0, 1, 2, pda = pro-
pionate) phases.”® All three compounds adopt P1 triclinic sym-
metry with nine coordinate Gd cations in the anhydrous form,
which increase to 10 in the hydrated forms. The increase in
the hydration state leads to a change from a 3D structure made
of pillared layers in the anhydrous and monohydrate form to a
2D dihydrate structure with only weak C-H:--O hydrogen
bonding interactions between them. The layers in the 3D struc-
ture are connected by the carboxylate groups of the pda’~
ligands with the oxalates pillaring the layers. In the dihydrate,
the layers are comprised of cationic zig-zag Gd(pda) chains,
which are connected to form 2D layers by the oxalate ligands.
Despite the changes in dimensionality, all three materials
retain similar weak ferromagnetic coupling, with 6y between
0.3 and 0.7 K. Magnetisation measurements indicate —AST*
for these compounds are similar with regards to mass density
at 46.8 J kg " K}, 46.1 J kg~' K" and 45.0 ] kg™ K" for the x
=0, 1 and 2 phases for a 7 T field change at 2 K, although the
greater density of the hydrated phases increases their volu-
metric entropy change (¢f 128 mJ em™> K™, 1512 mJ cm ™ K
and 159 mJ em ™ K~ for x = 0, 1 and 2, respectively).

More recently, the magnetocaloric properties of the Ln
(HCO,)(C,04) phases have been assessed, specifically for the
members where Ln = Gd**, Tb*", Dy>" and Ho*", and the
oxalate ligand C,0,> is present. These coordination polymers
adopt an orthorhombic Pnma structure, featuring face-sharing
polyhedra forming zig-zag chains with adjacent chains con-
nected by the formate and oxalate ligands forming a triangular
lattice, hence exhibiting a similar topology to the Ln(HCO,);
family of coordination polymers (see Fig. 11).*° The Ln**
cations are nine-coordinate with a distorted monocapped
square antiprism geometry, with three oxygen atoms from
three formates and six from three oxalates, with these acting
as a bichelating ligand utilizing both carboxylate groups.
Among the members of this family, weakly antiferromagneti-
cally coupled Gd(HCO,)(C,0,4) has proven to be an interesting

Fig. 11 (a) Crystal structure of Ln(HCO,)(C,0,4) with infinite one-
dimensional chains grow along the a-axis. (b) Arrangement of the chains
in a triangular lattice on the bc-plane. Colour codes: Ln: blue, C: black,
O: red, H: pink.

This journal is © The Royal Society of Chemistry 2022
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candidate for magnetic cooling with the magnetic entropy
change determined via isothermal magnetisation measure-
ments, indicating a —AST™ of 56.0 J kg™' K~' (218 mJ em™®
K™") for a 5 T field change at 2 K,*" with these values being the
highest known for a dense MOF and higher than that of the
closely related Gd(HCO,);.”* The other members of this family
have a lower —ASH®* at high fields and, with the exception of
Dy(HCO,)(C,0,) above 5 K for a 1-0 T field change and above
7 K for a 2-0 T field change, do not exceed Gd(HCO,)(C,0,) at
lower applied fields.®' For the Tb and Ho phases, this is in
direct contrast with the LnOHCO; and Ln(HCO,); frameworks,
which have similar face-sharing chains packed in distorted
triangular lattices.®®”® Neutron diffraction experiments on
Tb(HCO,)(C,0,4) and Ho(HCO,)(C,0,) have shown these lack
significant magnetic correlations above 1.5 K, this likely being
the cause of a significantly poorer entropy change compared to
their LnOHCO; and Ln(HCO,); analogues; this highlights the
importance of local magnetic interactions in determining the
magnetocaloric properties at lower applied fields, and
suggests small changes in structures influence these
significantly.®"

The succinate (suc) ligand is expanded from an oxalate by
inclusion of two CH, groups between its carboxylates. Two suc-
cinate frameworks have been reported to have promising mag-
netocaloric entropy changes, viz. Gd,(OH),(suc),(H,0)-2H,0
and Gdg(OH)g(suc)s(H,0),-4H,0, which adopt C2/c and
P2,4/c symmetry, respectively.®” Gd,(OH),(suc),(H,0)-2H,0 and
Gde(OH)g(suc)s(H,0),-4H,0 both adopt ladder-like structures
with two and six distinct Gd cations, respectively, with one
gadolinium in an eight coordinate environment in both struc-
tures and the remainder in nine coordinate environments (see
Fig. 12). Gd,(OH),(suc),(H,0)-2H,0 crystallises as a Gd-OH
ladder that grows parallel to the b-axis and is comprised of two
rows of Gd*" ions with Gd-Gd distances ranging from 3.655 to
4.065 A. These ladders are then connected along the g-axis and
the c-axis via succinate ligands which serve as pillars to form
the 3D network. Similarly, Gdg(OH)g(suc)s(H,0),-4H,O adopts
a three rail Gd-OH ladder where three rows of Gd** ions, con-
nected by the succinate ligand, form the rungs of the ladder.
The ladders extend along the b-axis and neighbouring Gd---Gd
separations range from 3.656 and 4.049 A. Magnetisation
measurements of these weakly antiferromagnetically coupled
phases indicate a —AS™™ of 42.8 T kg™' K~' (120 mJ cm™* K™")
and 48.0 J kg™' K" (144 mJ cm™® K™") for a field change of 7 T
at 2.6 K and 1.8 K, with AT,q of 17 and 15 K, respectively.

One citrate (cit) coordination polymer, which is related to
the succinate ligand via replacement of a CH, group with a
C(OH)(CHCO,) group, has been reported to have potentially
promising magnetocaloric entropy changes, namely Gd(cit)
(H,0).* This compound adopts monoclinic C2/c symmetry
with GdOy polyhedra connected by carboxylate O atoms in a
Mo-n, bridging mode to form a dimer (see Fig. 13).
Neighbouring dimers are then bridged through carboxylate
groups to form 1D ladder Gd** chains which are bridged by
citrate ligands to from a 2D layer structure with weak ferro-
magnetic coupling indicated by a 6y of 1.1 K. Magnetisation
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Fig. 12 (a) Crystal structure of Gd,(OH)(suc),H,0-2H,0 with a two-rail
Gd-OH ladder parallel to the b-axis and (b) the packing of the ladders
on the ac-plane. (c) Crystal structure of Gdg(OH)g(suc)s(H,0),-4H,O
showing the three-rail Gd—OH ladder parallel to the b-axis and (d) the
packing of the three-rail ladders on the ac-plane. Colour codes: Gd:
purple, C: black, O: red. Hydrogens are omitted for clarity.

Fig. 13 Two-dimensional layer structure of Gd(cit)(H,O) showing two
Gd ladder chains propagating along the b-axis. Colour codes: Gd:
purple, C: black, O: red. Hydrogens are omitted for clarity.

measurements indicate a —AS™® of 43.6 ] kg™' K" (115 m]
em ™ K1) for field change of 7 T at 2 K.

3.3 Cyclic carboxylate-based polymers

Compounds incorporating cyclic carboxylate ligands, which
are amongst the most common ligands utilised in MOFs, have
also been investigated as magnetocalorics. Amongst the first of
these was Gd(C,0,)(OH)(H,0),,%* which adopts a monoclinic
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Fig. 14 (a) Two-dimensional layers of Gd(C404)(OH)(H,0)4 on the bc-
plane and (b) packing of the layers along the a-axis. Colour codes: Gd:
purple, C: black, O: red. Hydrogens are omitted for clarity.

P24/c structure with six coordinate Gd, which are bridged by
the squarate ligand to form a 2D sheet in the bc-plane with an
intralayer Gd-Gd separation of 6.48 A (see Fig. 14). Interlayer
coupling is via extensive hydrogen bonding between squarate
oxygen atoms and water ligands. This phase has negligible
magnetic interactions with indirect measurements of MCE
properties indicating a —AS™® of 47.3 J kg”" K" or 210 m]
em ™ K™ for a field change of 9 T at ~3 K, with the volumetric
density particularly high for a MOF containing a cyclic unit
due to the dense structure enabled by the smaller squarate
ligand. Another high performing magnetocaloric framework
containing a cyclic carboxylate Gd(HCO,)(bdc),** where bdc is
the aromatic 1,4-benzenedicarboxylate ligand found in many
MOFs structures. Here it leads to a monoclinic P2,/c structure
with edge-sharing dimeric GdOg distorted trigonal dodecahe-
dra, which are connected through the oxygen atoms of two
formate ligands with intradimer Gd-Gd distances of 3.95 A.
These dimers are connected through the bdc carboxylate
groups to generate layers that are pillared through the bdc
linker. Gd(HCO,)(bdc) was found to be very weakly antiferro-
magnetically coupled. The —AST®, calculated from magnetisa-
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tion data, gives a value of 42.4 J kg~" K~ (113 mJ em > K™ ") for
a 5 T field change at 2.25 K, with this increasing to 47.0 ] kg™
K™ (125 mJ em™® K™") for a field change of 9 T.

More recently an evacuated porous benzenetricarboxylate
(bte) framework, Gd(btc)(H,0),%® has been reported to have a
surprisingly high 6w of —6.2 K and good magnetocaloric
entropy change at 1.8 K for a 5 T field change as a function of
weight, 42 J kg™' K. Its entropy change as a function of
volume is, however, very modest at about 68 mJ cm™ K™, due
to its low density structure. This structure, which adopts the
chiral space groups of P4,22 and P4;22,%” features Gd cations
connected via carboxylate groups of btc linkers to give 1D
helical chains with Gd-Gd distances of 4.30 A. These rods
pack to give a 3D structure thanks to the connectivity of Gd**
ions and btc®>~ ligands and features helical-shaped channels,
with well-spaced Gd cations between chains with a minimum
separation of 8 A.

Two other frameworks with potential voids featuring cyclic
carboxylates and with —AS™* above 40 J kg~' K" have been
reported, namely the weakly antiferromagnetically coupled
Gds(j13-OH)e(TZI)3(DMA); 5(H,0)o 5:DMA®® (where HZTZI is 5-
(1H-tetrazol-5-yl)isophthalic acid and DMA is dimethyl-
cetamide) and [Gd(2,5-FDA), 5(Glu)(H,0),]-xH,0%  (where
FDA*" is furan-2,5-dicarboxylate and Glu®>~ is glutarate).
Indirect measurements indicate a —AST™ of 41.3 J kg™' K
and 40.6 J kg™' K™' at 2 K for a 7 T field change but, again,
their porosity leads to a very modest volumetric —ASp®™ of
93.7 mJ em® K™ and 70.6 mJ cm™> K respectively. Gds(ps-
OH)6(TZI);(DMA); 5(H,0)95- DMA forms a 3D framework in
monoclinic C2/m symmetry. Its structure is based on the
[Gd5(OH)]°" trigonal bipyramidal core built from eight and
nine coordinate Gd linked together by six p;-OH bridges and
five syn-syn carboxylate bridges. These clusters are then con-
nected by a p,-H,O bridge to form 1D chains which are in turn
connected by carboxylate groups of the TZI ligand to create the
3D framework. Gd(2,5-FDA), 5(Glu)(H,0),-xH,O adopts ortho-
rhombic Pnma symmetry consisting of nine-coordinate Gd in
monocapped square-antiprismatic polyhedra.®’® These Gd are
linked into Gd,O,¢ dimers by two bidentate chelating-bridged
carboxylates. The dimers connected into 1D zig-zag chains via
the 2,5-FDA ligand with neighbouring chains bridged together
by two Glu ligands per dimer.

4. 4f-3d mixed-metal polymers

The other general group of magnetocaloric coordination poly-
mers that should be considered are those containing tran-
sition metals, with the highest performing materials amongst
these typically combining d®> Mn** with f” Gd*" to maximise
their magnetic spin. Mn>" is the transition metal of choice in
3d-4f systems due to it being readily available and having the
most unpaired electrons possible in a transition metal.
Indeed, despite their lower number of unpaired electrons (¢f.
to Gd**), Mn>" complexes can have high —AS™ with respect
to weight even in the absence of a lanthanide, as seen in Mn

This journal is © The Royal Society of Chemistry 2022
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(Me-ip)(DMF) (where Me-ipH, is 5-methylisophthalic acid).”
This material adopts a Pna2,; orthorhombic structure which
contains distorted octahedral Mn*" in a coordination polymer
comprised of chains of Mn cations connected by two carboxy-
late ligands with a Mn-Mn intrachain distance of 3.88 A (see
Fig. 15). Each chain is then connected to four adjacent
ones via the Me-ip>~ ligand with interchain Mn-Mn distance
of 7.49 A. The —AS™™ for this system is calculated at
42.4 Y kg ' K (66.7 mJ em™® K ') for a field change of 8 T at
2 K. This is accompanied by weak antiferromagnetic coupling,
with a 6w of —0.59 K, indicating that despite the presence of
only 3d cations the emergence of magnetic order should not
prevent its use as a magnetocaloric until much lower
temperatures.

An interesting 3d-4f mixed coordination polymer is
GdMn, 5(OAc),4(H,0),-3H,0,”" which contains a low-dimen-
sional motif, specifically the Gd**-Mn** acetate chains with
only very weak antiferromagnetic coupling within them. This
compound has a —AS™™ of 38.7 J kg™ K~ (78.7 mJ em® K™)
for a field change of 7 T at 2.5 K It should be noted that this
compound also shows an interesting —AS™™ of 31.1 J kg™ K"
(63.2 mJ em™ K ') for a field change of 3 T at ~2 K, which is
higher than that of the commercially available GGG under the
same conditions. This compound crystallises in a triclinic P1
structure where each Gd ion is in a capped square-antiprism
geometry and each Mn adopts an octahedral geometry. Two

Fig. 15 Crystal structure of Mn(Me-ip)(DMF) with MnOg octahedra
forming chains along the a-axis, connected by the Me-ip2-ligand.
Colour codes: Mn: orange, C: black, O: red. Hydrogens are omitted for
clarity.
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Fig. 16 Crystal structure of [GdMng 5(0OAc)4(H,0),]-3H,O with chains of
Mn and Gd polyhedra bridged together in a 2D network via hydrogen
bonds. Colour codes: Gd: purple, Mn: orange, C: black, O: red.
Hydrogens are omitted for clarity.

adjacent Gd** ions are bridged by two acetates while adjacent
Gd*" and Mn®" ions are bridged by three acetates (see Fig. 16).
This generates a 1D chain structure where pairs of Gd ions are
separated by one Mn along the chain. Within the chains, the
Gd-Gd distance is 4.277 A whereas the Gd-Mn distance is
4.030 A. Intrachain hydrogen bonds are present between one
coordinated water molecule and two acetate ligands. Water tet-
ramers, formed by two guest water molecules, support the
main interactions between chains by enabling hydrogen
bonding between coordinating carboxylate and water
molecules.

The remaining mixed 3d-4f coordination polymers with
promising magnetocaloric properties are 3D frameworks with
a net charge that is balanced by the presence of counterions in
the pore space. These compounds all have respectable magne-
tocaloric entropy changes as a function of weight but, as for
other porous magnetocalorics, they are much more modest as
a function of volume. [Mn(H,0)s][MnGd(oda);],:6H,O (where
oda®>” is oxydiacetetate) is the only reported example of a
promising magnetocaloric with an anionic
charge.’>*? The framework is composed of nine coordinate Gd

framework

in a distorted tricapped trigonal prismatic geometry while Mn
in an octahedral environment, with each 3d cation connected
via carboxylate oxygen atoms to six 4f cations and vice versa
(see Fig. 17). This leads to a cubic lattice with voids of alternat-
ingly broad and narrow cavities that are occupied by
[Mn(H,0)s]*" units, which both balance the anionic charge of
the framework and enhance the MCE of the material, and
solvent water molecules, respectively. This weakly coupled ferro-
magnetic material (6 of 1.2) has been determined indirectly to
exhibit —AS™™ of 50.1 J kg™* K™' (114 mJ em™® K ') at 1.8 K for
field changes of up to 7 T. Heat capacity measurements under
fields of up to 3 T were also performed giving properties
that were consistent with those obtained from bulk magnetisa-
tion measurements with a AT,q of 10.1 K for an applied field
of 3T.

Dalton Trans., 2022, 51, 3394-3410 | 3405
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Fig. 17 Crystal structure of [Mn(H,0)gl[MnGd(oda)sl,:6H,0. The struc-
ture presents broad and narrow cavities, occupied by [Mn(H,0)¢]** and
water molecules, respectively. Colour codes: Gd: purple, Mn: orange, C:
black, O: red. Hydrogens are omitted for clarity.

Weakly antiferromagnetically coupled [Gd,;Mn(L);(H,O)s(ps-
OH),(HCOO); 5](NO3),.5-6H,O (where H,L is 2,2"-dipyridine-4,4"-
dicarboxylic acid) has the highest —AST® amongst a series of
cationic mixed 3d-4f frameworks, between which L is varied,
with a value of 46.0 J kg™" K™ (70.0 mJ em™ K™') for a field
change of 7 T at 2 K.”* This compound adopts a cubic 12,3 sym-
metry with Gd** having two distinct coordination environments
where Gd1 is eight coordinated with a dicapped trigonal prism
geometry whereas Gd2 is six coordinated. These distinct cations
are linked by OH™ groups into a distorted cubane [Gd,0,]
cluster six coordinate and three eight coordinate Gd with
intracluster in which the Gd are arranged in a trigonal prism
containing one Gd-Gd distances of 3.78 A and 3.87 A. The L*~
ligands both link each [Gd,0,] cluster to three others but also to
the octahedral Mn, which is coordinated only to nitrogen atoms
from these ligands to six [Gd,0,] clusters, forming a 6,9-con-
nected sqc topology. The clusters are bridged by formate ligands
into a 3D framework with two unusual types of helical channels.
The first of these is a larger L-helix with a pore diameter of
10.4 A while the latter is an R-helix with the same helix pitch -
that is the height of one complete helix turn of 20.7 A, but a
smaller pore diameter of 5.0 A. Residual electron density has
been used to suggest the pores of this compound are occupied
by disordered H,O molecules and NO;™ anions, the latter being
required for charge balancing, but there is no direct confir-
mation of this through other techniques. Weakly antiferromag-
netically coupled [GdsMn(L);(H,0)0(jt5-OH)6](NO5)s-13H,0,>
(where H,L is 2,2'-dipyridine-4,4-dicarboxylic acid) is another
example of a 3D cationic framework with a high —AST* of
383 ] kg "K' (57.3 mJ em™ K™') at 3 K for a field change of 7
T. This compound adopts hexagonal P3;2; symmetry and con-
tains [Gds(COO)s(H,0)10(OH)s]*" cluster nodes in which the five
Gd cations are arranged in a distorted trigonal bipyramidal geo-
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metry, with the Gd cations bridged by six p;-OH groups and
encapsulated by the six carboxyl groups of three L>~ ligands.
Each cluster contains three crystallographically independent
Gd** cation all of which are eight-coordinated with dicapped tri-
gonal prismatic geometries in the apical positions and square
antiprism geometries in the equatorial plane of the cluster.
Every cluster connects to six adjacent ones through the 1>~
ligand which also connects the octahedral Mn to the Gd clus-
ters, forming an overall 6,6-connected topology. The resulting
channels in the structure contain free water molecules and
NO;~ counter anions.

5. Summary and perspective

This review has presented coordination polymers, based on
polyatomic ligands, exhibiting MCE showing a high —AST®, the
most readily available measure of their potential magnetic
cooling. These are dominated by materials in which Gd is the
magnetic cation and have been grouped across four categories,
based on the ligand type, i.e. inorganic, monocarboxylate, linear
carboxylate and cyclic carboxylate (see Fig. 18). Among these, the
best performing magnetocaloric materials are typically found to
incorporate only inorganic-based ligands, such as phosphates,
borates and carbonates to name a few, likely because these
smaller ligands yield structures containing higher densities of
Gd** cations. One of the best performing magnetocalorics in
this category is GAPO,,”® which features a high density of Gd**
in combination with weak magnetic interactions and low mag-
netocrystalline anisotropy, with a magnetocaloric entropy
change of up to 62.0 ] kg™" K* (376 mJ cm™> K ) for a field
change of 7 T, making this a very promising material for high
field applications. Comparable materials are GABO3,** Gd(OH);,”®
and GdOHCO;,> with the latter two having comparable and
higher gravimetric magnetic entropy changes, respectively, but
presenting a slightly lower volumetric entropy change.

While there are a number of compounds associated with the
other ligand groupings that exhibit —AS™* above 40 J kg™ K,
and thus comparable to the commonly used benchmark
material GGG, they generally exhibit more modest entropy
change values with respect to those incorporating only in-
organic ligands. There are, however, some notable exceptions to
this, specifically Gd(HCO,); and Gd(C,0,)(HCO,),”**" that high-
light that magnetocalorics with simple carboxylates can offer
comparable entropy changes to purely inorganic frameworks. It
can be seen that coordination frameworks with more complex
ligands, particularly where these lead to more porous structures,
generally have much lower MCE due to their relatively low
density of magnetic cations. Such MOFs, however, retain scope
for multifunctionality that could be either used to enhance
their magnetocaloric properties, e.g. via inclusion of simple
magnetic guests in their pores such as simple neutral lantha-
nide complexes analogous to [Mn(H,0)6][MnGd
(oda);],-6H,0,”>** or couple another function with good, if not
excellent, magnetocaloric properties. In the pursuit of such
multifunctionality, the use of simpler cyclic carboxylates, such

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 Plot of gravimetric and volumetric maximum entropy changes —AS7®* of the materials discussed in this review. Presented here are in-
organic-based (blue), monocarboxylate-based (red), linear carboxylate-based (green), cyclic carboxylate-based (orange) and mixed 3d-4f (purple)
materials along with selected high-performance conventional materials (black). The values presented here are for field changes of 7 T with the
exception of those for which 9 T (GGG, Gd3sBWO,, GdBO3, Gd(HCO,)(bdc)), 8 T (Mn(Me-ip)(DMF) and only 5 T (GdFz, Gd(HCO,)(C,04,4), Gd(btc)(H,0))

values were available.

as squarates,® and relatively small pore sizes that provide space
for the desired guest or functionality, but do not unnecessarily
reduce overall density, appear a sensible route forward.

In contrast to the wide number of coordination polymers
whose —AS,,, have been characterised further characterisation of
the thermodynamic properties of even the most promising
materials is very limited. It will be important to rectify this to
enable the full potential of the most promising magnetocalorics
to be determined. This can be emphasised by examination of
Table 1, which compares the —ASh®™ and AT,q of coordination
polymers, for the limited number of materials where the later has
been reported. This shows that some materials with high —ASh™
have relatively more modest AT,q, which is often considered a
more direct measure of a magnetocalorics performance.

Looking beyond Gd-based materials, it has been noted that,
amongst the 4f coordination polymers, there are a handful of
examples where metal cations with significant magnetocrystal-
line anisotropy feature improved entropy changes for lower field
changes and higher temperatures compared to their Gd ana-
logues. This renders these materials good candidates for a
broader range of applications that require cooling above 4 K, as
He is commonly used to do, rather than the <2 K temperatures
at which Gd materials excel. This is particularly the case when
lower applied fields are needed, which are more readily achieved
and offer the potential of using a permanent magnet rather
than a more energy demanding superconducting magnet.

This journal is © The Royal Society of Chemistry 2022

Table 1 Available values of AT,y for the compounds discussed in this
review

AT,q  —ASmX Tmax  AH
Compound (K) kg 'K (K (T)
GdPO, 24.6  62.0 2.1 7
GdOHCO; 24 66.4 2 9
Gd(HCO,)3 22 55.9 ~1 7
Gd(C,0,)(H,0),Cl 16.9  48.0 2.2 7
Gd,(OH),(suc),(H,0)-2H,0 ~17  42.8 2.6 7
Gdg(OH)g(suc)s(H,0),-4H,0 15 48 1.8 7
Gd(btc)(H,0) ~14 42 ~20 5
[Mn(H,0)6][MnGd 10.1  42.6 ~2 3

(oda)s],-6H,O0

Notably amongst these are DyOHCO; and TbOHCO;,°®
which have higher —AS,, changes at and above 4 K than
GdOHCO; for field changes below 2 T, and Tb(HCO,); and
Ho(HCO,);,”> which offer similar improved magnetocaloric pro-
perties compared to Gd(HCO,);. In contrast, in the Ln(HCO,)
(C,0,) phases only the Dy analogue has a similar entropy
change for low field applications compared to Gd(HCO,)
(C,0,),}" with this enhancement found to be modest.®' The
materials with improved —AS,,, for low applied fields also tend
to exhibit strong diffuse magnetic scattering originating from
a combination of low dimensional ferromagnetic coupling and
geometrically frustrated magnetic interactions.”” This suggests

Dalton Trans., 2022, 51, 3394-3410 | 3407
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such properties are dependent on a combination of the single
ion anisotropy and tailored magnetic interactions and thus
designing structures where local magnetic interactions are
optimised might be key to improving the magnetocaloric pro-
perties for cooling using low applied fields. Examples thus far
focus on cases where there are strong ferromagnetic inter-
actions in chains but competing interactions between the
chains due to geometric frustration. This enables the facile
alignment of the moment on the chains along the direction of
a modest external magnetic field while the frustration sup-
presses order to very low temperatures in the absence of an
applied field. Similar behaviour might also be expected for
well isolated chains in coordination polymers, such that the
interchain interactions are weak enough that magnetic order
does not occur until below the temperature at which these are
useful magnetocalorics, although this would likely lead to
lower —AST® as a function of volume and, to a lesser extent,
weight due to the dilution of the magnetic cations required by
this additional spacing. It is also possible that other magnetic
motifs may exhibit similar properties with anisotropic mag-
netic centres as indicated by the performance of DyBO; com-
pared to its Gd analogue.®® Thus investigation of the analogues
of inorganic frameworks with anisotropic lanthanides offers a
potential opportunity for improvement of magnetocaloric pro-
perties under lower fields with such materials, including Gd
(OH);, Gd(OH)SO, and Gd,O(0OH),(H,0),.

Finally, 3d-4f mixed-metal coordination polymers have
been briefly reviewed, with Gd-Mn polymers showing —AS#*
comparable to the other classes of materials discussed with
respect to weight. Although the lower density of these mixed
metal MOFs leads to their entropy change as a function of
volume being quite modest, it should also be considered that
the materials reported thus far commonly have cyclic dicarbox-
ylates that, even in purely 4f materials, commonly lead to
poorer MC properties. The greater availability and lower cost of
transition metals, however, makes 3d-4f frameworks or, as
seen in Mn(Me-ip)(DMF),”® even 3d frameworks attractive as a
way of enabling the use of magnetocalorics with a reduced
dependence on the use of lanthanides. Thus, the magnetocalo-
ric properties of 3d-4f and 3d frameworks based on inorganic
ligands or small carboxylates, e.g. formate and oxalate, are
worth further exploration. While it is possible these will have
stronger magnetic coupling than the 3d containing polymers
explored in this review, this should not prove an impediment
to their application as magnetocalorics, provided magnetic
order is supressed to below the desired order temperature by
e.g. geometric frustration. Additionally, through the promising
—AST of GAMn, 5(0Ac),(H20),-3H,0 for 3 T field changes,”
there is some indication of there being a potential route for
maximising properties at lower applied magnetic fields.

In conclusion, a variety of coordination polymers featuring
promising magnetocaloric properties have been reviewed,
highlighting the influence of a material’s structure, including
incorporation of smaller polyatomic ligands and optimising
magnetic interactions, through use of low dimensional motifs
and magnetic frustration, as important factors to consider
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when designing materials for low-temperature magnetic
cooling applications.
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