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Magnetocaloric effect in 1D-polymers bearing
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Two complexes {[GdCus(GlyHA)s(H,O);Cr(C,04)3]-11.02H,0}, (1) and {{{GdCus(GlyHA)s(H,O)glu2-[Cu
(C204)2(H20)1}204-[Cu(C204),]-15.8H,0}, (2), were obtained as outcomes of the reactions between the
cationic hexanuclear {GdCus(GlyHA)s*+ 15-metallacrown-5 complex (where GlyHA?™ = glycinehydroxa-
mate) and the anionic oxalate complexes Kz[Cr(C,04)3] or Ko[Cu(C,04),]. Both 1 and 2 possess polymeric
1D-chain structures according to X-ray structural analysis. As a consequence of the geometric orien-
tations of the donor atoms in the oxalates from [Cr(C,04)s1°", the Cus mean planes of neighboring
15-metallacrown-5 units {GdCus(GlyHA)s}3+ are angled at 75.5° to each other, which leads to formation
of a zig-zag motif in the 1D-chains of complex 1. The centrosymmetric complex 2 contains two structu-
rally different bis(oxalato)cuprate anions pi-[Cu(C>04)-(H,0)1%, for one of which, coordination to two
adjacent {GdCus(GlyHA)s}** units leads to formation of linear 1D-chains in 2, while the second type, pis-
[Cu(C»04),1°7, is coordinated to four {GdCus(GlyHA)s}** units, causing the cross-linking of single 1D-
chains into a double-chain 1D coordination polymer. Studies of yuT vs. T data for 1 and 2 in a 2-300 K
temperature range revealed the presence of both ferromagnetic and antiferromagnetic interactions
amongst paramagnetic centres. The experimental ymT vs. T data for 1 were fitted using a model which
takes into account exchange interactions between adjacent copper(i) ions, the Gd—Cu exchange inter-
actions within {GdCus(GlyHA)s)** units and additionally Gd—Cr exchange interactions. Fitting of the yuT
vs. T data for 2 was not possible, since coordination of p-[Cu(C204)-1%~ to {GdCus(GlyHA)s}* led to the
non-equivalence of several Cu—Cu exchange interactions within the metallacrown units and hence a
superfluity of fittable parameters. Complexes 1 and 2 are the first examples of 15-metallacrown-5 com-
plexes demonstrating a magnetocaloric effect (~ASy at 13 T reaches 24.26 J K™ kg™ at 5 K and
19.14 J Kt kgt at 4 K for 1 and 2, respectively).

Introduction

Polynuclear clusters constructed from paramagnetic ions can
exhibit a change of their isothermal magnetic entropy upon a
change in applied magnetic field, known as the magnetocalo-
ric effect (MCE)."> The interest in this phenomenon results
from its potential application as paramagnetic molecular cryo-
generators for the achievement of ultra-low temperatures,
potentially providing an alternative to the use of scarce *He.’
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TElectronic supplementary information (ESI) available: Additional Fig. S1,
showing a metallacrown fragment of the crystal structure of complex 2, X-ray
crystal structure refinement data (Table S1), and tables with structural infor-
mation for 1 and 2 (Tables S2-S7). CCDC 2367413 (2-100 K), 2367414 (1) and
2379203 (2-RT). For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d4dt02413c
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The magnetocaloric effect is usually characterised by an iso-
thermal magnetic entropy change —ASy; or an adiabatic temp-
erature change AT,q. The magnetic entropy change is quite
often derived indirectly from magnetisation studies.*
Significant magnetic entropy changes can be achieved in com-
pounds possessing a high spin value for their ground state,
since the maximum possible entropy change is defined as
—ASy = RIn(2S + 1), without any magnetic anisotropy.’
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Complexes with high nuclearity obtained solely with 3d metal
ions rarely demonstrate a significant magnetocaloric effect,”
usually because of antiferromagnetic exchange interactions
between the paramagnetic ions and, in the case of many 3d
metal ions, noticeable magnetic anisotropy.*°

Recent studies of Gd(m) clusters demonstrate that introduction
of S = 7/2 Gd(m) ions with their seven unpaired electrons, negli-
gible magnetic anisotropy and small exchange interactions due to
the effective shielding of the 4f subshell has allowed the obser-
vation of record-high —ASy, values for molecular systems, compar-
able with that of commercially available garnet Gd;Ga;0y,.”®

Heteronuclear 3d-4f clusters containing Gd(ur) ions often
demonstrate a significant magnetocaloric effect, since weak
ferromagnetic exchange interactions provide low-lying excited
states potentially favorable for substantial magnetic cryogenera-
tion.® Introduction of Cu(m) ions into such polynuclear clusters
is usually favorable for achieving significant —AS), values, due
to the weakly ferromagnetic Gd(m)-Cu(u) exchange interactions
and negligible magnetic anisotropy of the Cu(n) ions."
Polynuclear 15-metallacrown-5 complexes can serve as building
blocks towards isolation of discrete polynuclear clusters or
coordination polymers and in case of Gd(um)-Cu(u) metallama-
crocycles, are known to demonstrate ferromagnetic exchange
interactions."'™® Despite such metallamacrocyclic systems
being promising magnetic cryogenerants, magnetocaloric
effects for 15-metallacrowns-5 have not yet been investigated.
Previously, a heteronuclear GdFe, 12-metallacrown-4 was inves-
tigated as a potential magnetic coolant. The achieved —ASy; =
7.3] K ' kg™* at 3 K was however comparably small due to anti-
ferromagnetic exchange interactions leading to a ground state
with § = 7/2, a low density of low-lying excited spin states and
the comparatively high molecular weight of this complex.**

Since the magnetic entropy change is usually given in gravi-
metric units, it is important to combine a high magnetic density
with a small molecular weight, which can be best achieved by
using small polydentate ligands." In this respect, since 15-metal-
lacrown-5 complexes are usually obtained using a-substituted
hydroxamic acids, glycinehydroxamic acid is a promising candi-
date for observing high gravimetric —ASy, values.

Numerous studies show that utilisation of diamagnetic
linkers is unfavorable for significant MCE, however only dia-
magnetic linkers have so far been used for the design of poly-
nuclear assemblies and coordination polymers with 15-metal-
lacrown-5 building blocks.'®™>" In this work we use 15-metalla-
crown-5 {GdCu;(GlyHA)s}** building blocks and for the first
time combine them with paramagnetic linkers - anionic
oxalate complexes [Cr(C,0,4);>” and [Cu(C,0,),]*”, with the
aim of creating products with higher magnetic density and
investigating the magnetocaloric properties of these systems.

Results and discussion
Synthesis

The complexes {[GdCus(GlyHA)s(H,0),Cr(C,0,);]-11.02H,0},
(1) and {{{GdCus(GlyHA)s5(H,0)s]uo[Cu(C,04)2(H,0)[}2ps-[Cu
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(C204)2]-15.8H,0},, (2) were obtained as the result of the reac-
tions between previously reported heteropolynuclear Ln(m)-Cu(m)
15-metallacrown-5  [GdCus(GlyHA)5(CO;)(NO;)(H,0)5]-3.5H,0
and the anionic oxalate complexes Kj[Cr(C,0,);] or K[Cu
(C,04),], respectively, in DMF-water mixtures. The complexes 1
and 2 formed as the result of complete anion metathesis in the
initial 15-metallacrown-5 complex, in contrast to some previously
described discrete assemblies based on 15-metallacrown-5 units
and polycarboxylates."* 32! The complexes 1 and 2 possess
electroneutral polymeric chains in their crystal structures.
However, while in case of complex 1, a zig-zag 1D-chain structure
is observed, the centrosymmetric complex 2 also entails orthog-
onally cross-linking (themselves linear) 1D-chains.

The formation of dimeric'*'”*®72% or tetrameric'®'® dis-
crete assemblies and coordination polymers'"'®*%2° utilising
15-metallacrown-5 building blocks was previously observed
with a variety of anionic linkers, such as polycarboxyl-
ates'>'®2° or disulfonates.'? To the best of our knowledge,
there is only a single example described in the literature using
diamagnetic ([Fe(CN)5;(NO)]*”) complex anions as linkers for
15-metallacrown-5 units, which led to the formation of a series
of 2D-coordination polymers.>* However, multiple examples of
formation of discrete supramolecular assemblies or coordi-
nation polymers were reported utilising 9-metallacrown-3 and
pentacopper(u) 12-metallacrown-4 building blocks with coordi-
nation complex anions acting as linkers."***?°

Anionic oxalate complexes are among the most typical in-
organic linkers for the construction of polynuclear discrete
assemblies and coordination polymers with different dimen-
sionalities.>® Due to the rigidity of such paramagnetic linkers,
they have successfully been employed in the rational construc-
tion of complexes with porous lattices’”” and compounds
demonstrating interesting magnetic properties, such as mole-
cular magnetism®® or the magnetocaloric effect.*

In this study we demonstrate that these anionic oxalate com-
plexes lead to the formation of two different types of 1D-coordi-
nation polymers with heteropolynuclear 15-metallacrown-5 build-
ing blocks, the observed complexes being the first examples of
15-metallacrowns-5 displaying a magnetocaloric effect.

X-ray structures

{{GdCus(GlyHA)5(H,0),Cr(C,0,);3]-11.02H,0},, complex (1).
Reaction of the 15-metallacrown-5 complex [GdCus(GlyHA)s
(CO;)(NO;)(H,0)5]-3.5H,0%* with K3[Cr(C,0,);] in DMF-water
solution resulted in the formation of the 1D zig-zag coordi-
nation polymer {{GdCus(GlyHA)s(H,0),Cr(C,0,);]-11.02H,0}, (1)
(Fig. 1).

The polymeric 1D-chain of complex 1 contains 15-metalla-
crown-5 {GdCus(GlyHA)s(H,0),}*" building blocks, connected
by tris(oxalato)chromate(m) anions [Cr(C,0,);]>", which coor-
dinatively bridge two neighbouring metallamacrocyclic units
(Fig. 1).

The structural features of the metallamacrocyclic unit
{GdCu;(GlyHA);}** in 1 are typical of 3d-4f 15-metallacrown-5
complexes and have been described in detail pre-
viously.' 112162230732 The (GdCus(GlyHA)s}>" units are built

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Fragment of the crystal structure of complex 1. In this and sub-
sequent figures, water molecules and hydrogen atoms are omitted for
clarity of presentation.

from five GlyHA®™ anions, which link five Cu(n) ions, forming
metallamacrocyclic [Cus(GlyHA)s] cores with Gd(m) ions
located in the centre of the cyclic moiety (Fig. 1 and 2). The
copper(n) ions in the {GdCus(GlyHA);}*" units are located in a
planar N,O, coordination environment (nitrogen atoms are
from hydroxamate and amino groups and oxygen atoms are
from carbonyl and hydroxamate groups), while the Gd(u) ions
are coplanarly coordinated by five hydroxamate oxygen atoms
from within the Cu5 unit.

According to calculations with the Shape 2.1%* software, the
ions Cu2 in 1 have distorted octahedral coordination environ-
ments, as a result of coordination of two water molecules in the
apical positions of the Cu2 ions. The geometries of the copper
(n) ions Cul, Cu3 and Cu5 are completed to square pyramidal
by coordination of water molecules in one of their apical posi-
tions. Similarly, ion Cu4 has a square pyramidal coordination
geometry, with one of its apical positions occupied by oxygen
atom 023 (Cu4-023 = 2.587(5) A), from a monodentate oxalate
group from [Cr(C,0,);]>~ (Fig. 1 and 2, Tables S1-S3, ESIY).

A second oxalate group from the [Cr(C,0,);]°” anion in 1
acts as a bidentate ligand to Gd(um) in an apical position
through oxygen atoms 017 and 018 ((Gd1-017 = 2.691(3) A)

Fig. 2 Fragment of the crystal structure of complex 1 with the
[GdCU5(GlyHA)s(H20)7CI'(C204)3] moiety.

This journal is © The Royal Society of Chemistry 2024
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and (Gd1-018 = 2.535(3) A)), though the third [Cr(C,0,);]*~
oxalate group remains non-coordinated to Cu(u) or Gd () ions.
The Gd(m) ions in 1 are nine-coordinate, their coordination
environments additionally involving oxygen atoms O11lw and
013w ((Gd1-O11w = 2.393(3) A) and (Gd1-O13w = 2.402(3) A))
from two apically coordinated water molecules. The Gd1 ions
in 1 have a coordination best described as CSAPR-9 - spherical
capped square antiprismatic (C4,) (Fig. S1, Table S41).%* All the
bond lengths and angles in the metallamacrocyclic building
block {GdCus(GlyHA)s}*" are typical of 15-metallacrown-5
complexes;'"1>167223932 gelected structural parameters are
given in Tables S1 and S2.}

The metallacrown units {GdCus(GlyHA)s}*" in 1 are slightly
distorted from planarity, as is evident from the values of the
average and largest deviations from the non-hydrogen atoms’
Cus mean planes, which are presented in Table S2.1 The Cus
mean planes of adjacent metallacrown units are angled at 75.5
(1)° to one another, which leads to the formation of a zig-zag
chain, in contrast to the previously reported linear polymeric
assemblies with 15-metallacrown-5 units, where the mean
planes of the adjacent metallamacrocyclic cores are oriented
in a close to parallel manner.'"'®*”

Due to the peculiarities of the crystal lattice, there are voids
between the 1D zigzag chains in 1, which are filled by solvent
water molecules. The total volume of solvent-accessible voids
in 1 is 33.4% according to PLATON®* calculations with a probe
molecule of r = 1.4 A (Fig. 3).

{{{GdCus5(GlyHA)5(H20) 12| Cu(C204)2(H20)}2ps | Cu(C204) )
15.8H,0},, complex (2). The metathesis of [GdCu;(GlyHA)s
(CO5)(NO3)(H,0)5]-3.5H,0%* with K,[Cu(C,04),] in DMF-water
solution resulted in formation of the double 1D-chain
{{{GACu5(GlyHA)5(H,0)6]12-[Cu(C204)2(H,0)}2ta-[Cu(C204), )
15.8H,0}, (2) (Fig. 4).

Fig. 3 Fragment of the crystal structure of 1, viewed along the c-direc-
tion. The 15-metallacrown-5 cations {GdCus(GlyHA)s}** are presented in
purple and [Cr(C,04)s]°>~ anions are shown in green.

Dalton Trans., 2024, 53,15713-15724 | 15715
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Fig. 4 Fragment of the crystal structure of complex 2 showing orthogonally cross-linked chains of {GdCus

The polymeric 1D chain in complex 2 contains 15-metalla-
crown-5 {GdCus(GlyHA);(H,0)e}*>" building blocks and two
structurally different bis(oxalato)cuprate anions: the first type,
U2 [Cu(C,04),(H,0)]*™ is coordinated apically to two adjacent
metallacrowns leading to the formation of linear 1D
{{GACus(GlyHA)5(H,0)6]i2-[Cu(C,0,),(H,0)]}"  chains, while
the second p,-[Cu(C,04),]>” structural type is bound to two
adjacent {{GdCus(GlyHA)s(H,0)s 1o [Cu(C204),(H,0)]}"  1D-
chains by coordinating to four metallacrown building blocks
(two from each 1D-chain). As a result, the two single 1-D
chains are linked pairwise into a double 1-D chain.

The structure of the metallacrown units {GdCus(GlyHA);}**
in 2 is generally similar to the one in 1 in the equatorial
coordination sphere (Fig. 5). All Cu(n) ions in the metallama-

Fig. 5 Fragment of the crystal structure of complex 2 demonstrating
the coordination of the [Cu(C,0,),]>~ anions to the {GdCus(GlyHA)s)**
moiety.

15716 | Dalton Trans., 2024, 53, 15713-15724
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crocyclic cores {GdCus(GlyHA)s}*" are distorted square-pyrami-
dal pentacoordinate (Table S77). Outside the equatorial coordi-
nation sphere, the apical positions of copper ions Cul-Cu3
and Cu5 are occupied by coordinated water molecules, while
the apical position of Cu4 is occupied by the oxalate oxygen
atom 021 (Cu4-021 = 2.512(3) A) from the apically co-
ordinated p,-[Cu(C,04),(H,0)]*". The second oxalate group of
the first type of bis(oxalato)cuprate anion in 2 remains uncoor-
dinated. The p,-bridging mode of p,[Cu(C,04),(H,0)]*,
which leads to the formation of 1D-chains, is observed due to
the coordination of the Cu7 ions in the bis(oxalato)cuprate by
the carbonyl oxygen atom O8’ from an adjacent metallacrown
cation (Cu7-08' = 2.731(2) A).

The Gd(m) ions in 2 are nine-coordinate and similarly to 1,
their coordination environments correspond to a spherically-
capped square antiprism (CSAPR-9, C,,) (Fig. S3, Table S47).
The second type of bis(oxalato)cuprate anion p,-[Cu(C,0,4),]>~
links two adjacent 1D-chains {{GdCus(GlyHA)s(H,O)s]u[Cu
(C,04)2(H,0)]}" due to the bidentate coordination of each
oxalate anion to Gd1 ions through oxygen atoms 013 and O14
(Gd1-013 = 2.517(5) A and (Gd1-014) = 2.458(2) A). The
coordination sphere of Gd1 is completed to nonacoordinate by
two apically coordinated water molecules O15w and 029w
(Gd1-015w = 2.375(2) A and Gd1-029w = 2.737(4) A)
(Table S61).

The second structural type of bis(oxalato)cuprate p,-[Cu
(C,04),]>" in complex 2 is centrosymmetric and displays
coordination to four metallacrown units from two adjacent 1D-
chains, causing formation of the double 1D-chains in 2. In
addition to bidentate coordination of each oxalate anion in p,-
[Cu(C,04),]>” to Gd1 ions, the Cu6 ions in this bis(oxalato)
cuprate are coordinated to two carbonyl oxygen atoms 010’
from two {GdCus(GlyHA)s}*" units (Cu6-010’ = 2.341(2) A).

Thus, the first structural type of bis(oxalato)cuprate p,-[Cu
(C,04)>(H,0)]*™ acts as a bridge between two adjacent metalla-
crown cations. The copper(n) ions Cu7 are hexacoordinate,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Fragment of the crystal structure of 2, viewed along the b (left) and a (right) directions. Hydrogen atoms and both coordinated and lattice
water molecules are omitted for clarity of presentation. The 15-metallacrown-5 cations {GdCus(GlyHA)s}** are in purple, while p4-ICu(C,04),1*~ and

U2-[Cu(C204),12~ are shown in pink and yellow, respectively.

with one apical position of Cu7 occupied by coordinated water
molecule 026w and the other involved in formation of a 1D-
chain due to the coordination of carbonyl oxygen atom O8'
from {GdCus(GlyHA);}** units. The copper(n) ions in the
second structural type of bis(oxalato)cuprate p,[Cu(C,0,),]*",
are also hexacoordinate. Two apical positions of Cu7 ions
contain two carbonyl oxygen atoms O10’ from two metalla-
crown moieties. The centrosymmetric anion p-[Cu(C,04),]*~
binds four metallacrown cations leading to formation of the
double 1D-chain.

The observed bond lengths and angles in the
{GdCu;(GlyHA)s}*" metallacrown unit are typical of 15-metalla-
crown-5 complexes;' "> 1223932 gelected structural para-
meters are listed in Tables S2 and S6 (ESI).t

Similarly to complex 1, the metallacrown unit
{GdCu;(GlyHA)s}*" in 2 is also almost planar (Table S2). The
total volume of solvent-accessible voids in complex 2 is 22.0%
(r = 1.4 A probe radius)** (Fig. 6).

Stability of the crystalline assemblies

Crystal structures were obtained at 100 K, from crystals freshly
taken from mother liquor. The high degree of solvation indi-
cated a possibility of desolvation of the crystalline assemblies,
i.e. a loss of solvating water molecules upon removal of the
crystals from the mother liquor that they had been grown in.
To test for a possible change of structure upon warming to
room temperature, powder XRD data were collected for
thoroughly ground and air-dried samples for both compounds
at room temperature.

For complex 1, the room temperature powder pattern pro-
vided a close match for the 100 K structural data. A Rietveld
refinement plot is given in Fig. S6,1 and additional refinement
details are given in the ESLt Unit cell parameters changed
slightly to ca. a = 13.62, b = 25.44, ¢ = 14.91(8) A and = 106.2°.
The volume of the unit cell expanded very slightly by less than

This journal is © The Royal Society of Chemistry 2024

0.5%, from 4939 to 4962 A%, The overall good fit, and the very
similar cell volume indicate that the structure of the air-dried
sample is very little changed from the 100 K single crystal
structure.

For complex 2, the observations were different. Powder pat-
terns for a well-ground sample dried at room temperature had
very little resemblance to a pattern simulated from the 100 K
single crystal data, even after allowances for unit cell expan-
sion or other slight structural changes. Crystals of complex 2
were thus investigated in more detail by single crystal XRD. A
crystal from a fresh crystallization batch was taken from the
crystallization mother liquor and the structure at 100 K was
confirmed for this crystal. The crystal was then gradually
warmed at a rate of 6° C per minute to room temperature
(298 K). Re-determination of the unit cell parameters indicated
a substantial change to unit cell axes and angles (Table S97).
The unit determination was repeated several times, until no
change in unit cell parameters was observed anymore (ca. 1 h
at 298 K), and then the crystal structure was redetermined at
298 K.

The structures were similar enough to allow a structure
solution from the 100 K dataset by isomorphous replacement.
The arrangement of the 15-metallacrown-5 units and bridging
14 [Cu(C,04),]>” anions were largely unchanged. However, ca.
9 of the 24 previously present water molecules were not obser-
vable anymore and could also not be accounted for as diffuse
highly disordered solvent content (12 water molecules could
be refined and a Platon Squeeze procedure accounted for
3 more water molecules in a 4% pore volume). The p,-[Cu
(C,0.4),]>~ anion was found to be highly dynamic, with one of
the oxalates swinging by nearly the entire length of the ligands
(>2 A). Additional structural details for complex 2 collected at
room temperature are given in the ESI (Table S10, Fig. S8-
S1071). Thus, this crystal lost about one-third of its water
content (ca. 37.5%) when warmed to room temperature, or ca.

Dalton Trans., 2024, 53,15713-15724 | 15717
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5.4% of its original molecular weight. The volume of the unit
cell shrank from 2139.3(5) to 1901.3(9) A%, ca. 11% of the orig-
inal volume.

The loss of the water molecules upon warming to room
temperature makes the structural change from the 100 X to
the partially desolvated structure irreversible. Attempts to cool
partially desolvated crystals back to 150 or 100 K to obtain
better quality structural data resulted in strain buildup and
fragmentation of the crystal.

To verify the purity of the original material, powder XRD
data for complex 2 were obtained for freshly prepared non-
ground sample soaked in water. Data collected in this manner
closely resemble those for the expected structure from the
100 K single crystal structure. A Rietveld refinement plot is
given in Fig. S7, and additional refinement details are given in
the ESL.}

Magnetic properties

The magnetic properties of complexes 1 and 2 were studied in
a dc magnetic field in the temperature range 2-300 K. The
room temperature value of yuT for complex 1 (12.07 em®
mol™" K) is somewhat higher than the expected spin-only
value (11.63 cm® mol™ K for five non-interacting Cu(u) ions
(Scu = 1/2), one Gd(m) ion (Sgq = 7/2) and one Cr(m) ion (S = 3/
2) with gcy = gaa = Zor = 2.00) (Fig. 7). A temperature decrease
to 36 K leads the yT value to fall to 10.74 cm® mol™ K, which
indicates the presence of the wusual antiferromagnetic
exchange interactions in the metallamacrocyclic core. With
further temperature decrease, the yu7T value grows to a
maximum value of 11.24 cm® mol™ K at 5 K, which can be
attributed to ferromagnetic exchange interactions between
paramagnetic centres. A further temperature decrease to 2.0 K
leads to the yyT value for 1 dropping to 10.90 cm® mol™ K at
2.0 K (Fig. 7).

The magnetic properties of the 1D-coordination polymer 1
can be described using a {GdCus(GlyHA)5(Cr(C,0,4)s} fragment,
in which the [Cr(C,04);]>~ anion is bidentately linked to Gd(m)
(Fig. 2 and S47). The possible exchange interaction between
Cr1 ion and Cu4’ from adjacent 15-metallacrown-5 fragment in
1 was neglected, since coordination of [Cr(C,0,);]*” anions in
apical positions of Cu(u) ions usually results only in small
exchange interactions between Cr(m) and Cu(n) ions.** ™’

The observed yyT vs. T data were fitted using a model
based on the three-J spin Hamiltonian (1), which takes into
account both Gd-Cu and Cu-Cu exchange interactions in the
{GdCu;}*" metallacrown core and, in addition, exchange inter-
actions between the Gd(m) and Cr(m) ions from the co-
ordinated [Cr(C,0,);]*” anion (Fig. S41):

H({GdCus}Cr) = — 2/d_cu(Sca - S1 + Sca - S2
+Sea + 83 + Saa * 84 + Saa - S5)
— 2cu-cu(S1 82+ 8,85+ 83 -S4
+ 8485+ 85 - 81) — 2Jaa-crSad + Scr

(1)

where J4_cy is the exchange integral between Gd(m) and Cu(u)
ions, Jou_cu between adjacent Cu(u) ions in the metallamacro-
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Fig. 7 Thermal dependence of the molar magnetic susceptibility for 1,
presented per {GdCus}Cr moiety (open black circles). The red line rep-
resents the best fit with parameters obtained with a theoretical model
based on Hamiltonian (1) (see main text).

cycle, Jea-cr is the exchange integral between Gd(ur) and Cr(ur)
ions; 3; are spin operators for the Cu(u) ions, while Sgq and S¢;
are spin operators for the Gd(u) and Cr(u) ions, respectively.
The yyT vs. T data for 1 were fitted using the PHI software.*®
The best correspondence between experimental and fitted data
was observed with the following parameter values (Fig. 9):
Jcu-cu = =59.6(3) em™, Joa-cu = +0.380(7) ecm™, Jga_cr = +0.074
(2) em™, gga = 2.050(1), gcy = 2.344(5), gor = 1.98 (fixed) and zJ'
=—0.0120(1) cm ™', with R* = 3.12 x 107°.%°

Complex 1 is the third example of a 15-metallacrown-5 uti-
lizing the {GdCus}’" fragment with values reported for
exchange interactions between paramagnetic centers. The
values of Cu(u)-Cu(u) exchange interactions obtained for 1 are
comparable to previously reported ones of —54(4) and —61.0(5)
em ™" for Gd(m)-Cu(u) 15-metallacrowns-5,"""*> and are typical
for {LnCus}** fragments with different Ln(m) ions, with Jou_cy
ranging from -44.1(2) to —68(4) cm .'*'7*%*! The Jo4 cy
values in 1 are also comparable to previously observed values
(+0.60(2) and +0.85(1) cm™) for 15-metallacrowns-5 bearing a
{GdCu;}*" unit."""* Weak ferromagnetic Gd(m)-Cu(u) exchange
interactions, which usually vary from a tenth of a wavenumber
to a few wavenumbers, have been reported for various classes
of coordination compounds with different nuclearities of com-
plexes and different bridging groups between Gd(m) and Cu(u)
ions. ">

To the best of our knowledge, there are no reported ferro-
magnetic exchange interactions between Gd(m) and Cr(i) ions
which exceed 0.3 cm™,*® whereas examples of weak antiferro-
magnetic exchange interactions for Gd(m) and Cr(ui) ions,
especially in cases of single atom bridges, are more common
in comparison with Gd(u)-Cu(n) exchange interactions.****

The y\T value at 300 K for complex 2 (20.00 cm® mol ™" K) is
slightly lower compared to a theoretically calculated spin-only
value (20.63 cm® mol™" K for thirteen non-interacting Cu(ir)

This journal is © The Royal Society of Chemistry 2024
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ions (Scy = 1/2) and two Gd(m) ions (Sgq = 7/2) with gcy = g6a =
2.00) (Fig. 8). With decreasing temperature, the value of yT
gradually falls, reaching a minimum of 17.86 cm® mol™* K at
40 K, evidencing the existence of antiferromagnetic exchanges
between paramagnetic centres in complex 2. Further tempera-
ture decrease leads to the growth of the y\T value, with it
reaching a maximum of 20.12 ¢cm® mol™* K at 2 K, which,
again, can be attributed to ferromagnetic exchange inter-
actions between Gd(ur) and Cu(u) ions in the metallamacrocyc-
lic cores (Fig. 8).

The observed yyT vs. T data for complex 2 cannot be fitted
using the 2j-model,"""'> which includes equivalent exchange
interactions between adjacent Cu(u) ions in the metallamacro-
cyclic core. The equatorial coordination of p,-[Cu(C,04),]>"
leads to close contacts between the Cu6 ion from p,-|Cu

205——F——7T———7T——T1—

20.0

19.5

T / cm® K mol™

175- L | s | 1 | 1 | L 1 s
0 50 100 150 200 250 300

T/K

Fig. 8 Thermal dependence of the molar magnetic susceptibility for 2,
presented per {(GdCus)Cu},Cu moiety.
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(C,04),J*~ and two copper(u) ions Cul in two 15-metallacrown-
5 cores connected by a bridging bis(oxalato)cuprate. The Cu6
and Cul ions are separated only by the bridging carbonyl
oxygen atom O8, which leads to a Cu6-Cul = 3.7695(5) A
contact, which is shorter than for the adjacent Cu-Cu in the
metallamacrocyclic core, which range from 4.5594(7) to 4.6170
(7) A. The ions Cu6 and Cu2 are connected through a triatomic
—-O-C-N- bridge, which leads to a longer Cu6-Cu2 contact
(6.0464(6) A). The existence of short Cu6-Cu1 contacts creates
the necessity of taking into account the J3c,-cy €xchange inter-
actions between copper ion Cu6 from p,[Cu(C,0,),]*” and
Cul from the metallamacrocyclic core; this makes exchange
interactions between adjacent Cu-Cu core ions non-equivalent,
leading to at least two different o, c, exchange interactions
inside the 15-metallacrown-5, due to the symmetry lowering of
the metallamacrocycle (Fig. 9). The large attendant matrices
defeated our attempts to fit the data for complex 2 with the
PHI software.

Magnetocaloric effect

The evaluation of a possible magnetocaloric effect in com-
plexes 1 and 2 was performed from magnetisation data in the
temperature range 2 to 15 K, measured in magnetic fields up
to 13 T (Fig. 10 and 11). The magnetisation for complexes 1
and 2 reaches values of 12.04 and 18.77Np at 13 T, which is
below saturation magnetisation (15 and 27Np, respectively).
The observed magnetisation values are close to the theoreti-
cally calculated ones, which accounts for antiferromagnetically
coupled Cu(u) ions in the metallamacrocycle leading to an S =
1/2 state for the Cus cores (11 and 19Np, respectively). The
lower magnetisation value in high field evidences the presence
of low-lying excited states with low magnetic moments. Due to
the large magnetisation values for complexes 1 and 2 com-
bined with a high metal/ligand mass ratio, these compounds
can be considered as possible candidates for magnetic refriger-

; J]M('( Cu--Cu)
JZM("(( u--Cu)
> Jea cu

’ 3(Cu--Cu)

Fig. 9 The scheme for exchange interactions amongst paramagnetic centres in complex 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (a) Field dependence of the magnetisation from 2 to 15 K for 1.
(b) Calculated temperature dependence of magnetic entropy —AS,,
obtained from the magnetisation using the Maxwell equations at various
fields of 0.25-13 T for 1.

ation. To evaluate the Magnetocaloric Effect (MCE), the mag-
netisation data were measured between 2 and 15 K up to a
magnetic field of 13 T for both compounds 1 and 2. The mag-
netic entropy changes (—AS,,) for complexes 1 and 2 were
derived from M vs. H data using the Maxwell eqn (2)

and (3):>*®
(as), = (ar), g

ASu(To, B) = J: (%)de; (3)

The dependence of —AS,, on temperature for complexes 1
and 2 is depicted in Fig. 10 and 11, and corresponds to a
gradual growth with decreasing temperature and increasing
field. The entropy changes for complexes 1 and 2 at 2 K (13 T)
are 19.91 J K* kg™' and 10.48 J K™ kg™' respectively. The
maximum —AS,, experimentally observed correspond to
2426 JK ' kg at 5K (13 T) for 1 and 19.14 JK " kg " at 4 K
(13 T) for 2. The observed values for 1 and 2 are lower than the
theoretically calculated maximum entropy for non-interacting
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AS /1 JK T Kg!

Fig. 11 (a) Field dependence of the magnetisation from 2 to 15 K for 2.
(b) Calculated temperature dependence of magnetic entropy —AS;,
obtained from the magnetisation using the Maxwell equations at various
fields of 0.25-13 T for 2.

paramagnetic ions and were determined from the expression
AS = nRLn(2S + 1)/M,, (where R is the gas constant, n the
number of non-interacting spins and M,, is the molar mass)
(for complex 1 the theoretical value of —ASy; is R[In(2Sgq + 1) +
5In(2Sc, + 1) + In(2S¢, + 1)]/M,, = 6.93R/M,, = 37.06 ] K " kg™;
for 2: R[2In(2Sgq + 1) + 13In(2S¢, + 1)] = 13.17R/M,, = 39.46 ]
K" kg™"). For complexes 1 and 2, the observed —AS,, values
are comparable with the theoretical ones, when five antiferro-
magnetically coupled Cu(u) ions leading to S = 1/2 in a Cus
cyclic core (R[In(2Sgq + 1) + In(2Scy + 1) + In(2S¢, + 1)] = 4.16R/
M, =22.21]JK " kg~'in 1 and R[2In(2Sgq + 1) + 2In(2S¢, + 1) +
3In(2Scy + 1)] = 7.625R/M,, = 21.83 J K™* kg™' in 2) are taken
into account. The presence of significant antiferromagnetic
interaction between the metal centres is generally the origin of
the deviation between the maximum calculated and experimental
values of —AS,,.5*°* Similar effects on the —AS,, values were
observed for Gd(m)-Cu(n) exchange clusters with Cu(u)-Cu(u)
exchange interactions as low as —110 cm™', which led to the
stabilization of ground states with lower multiplicities.>>"®
Complexes 1 and 2 are the first examples of 15-metalla-
crown-5 compounds demonstrating a magnetocaloric effect.

This journal is © The Royal Society of Chemistry 2024
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The selection of glycinehydroxamic acid, possessing the lowest
molecular weight among o-substituted hydroxamic acids
needed for the construction of 15-metallacrown-5 cores allows
one to obtain polynuclear clusters with high magnetic density,
which is favourable for the observation of a significant magne-
tocaloric effect. The observed values of entropy change for 1
and 2 are comparable with those for 3d-4f polynuclear clusters
with similar nuclearity.

Conclusions

Reactions between hexanuclear Gd(ur)-Cu(u) 15-metallacrown-
5 complexes with anionic oxalate complexes [Cr(C,0,);]>~ and
[Cu(Cy04),]>” led to formation of 1D-polymeric complexes.
Studies of magnetic properties in a dc field for the obtained
complexes reveal presence of antiferromagnetic exchange
interactions between copper(u) ions in the metallamacrocyclic
cores and ferromagnetic exchange interactions between Gd(i)
and Cu(n) ions. The molecular system 1 allowed us to quantify
such magnetic interactions with Jcy.cu = —59.6 cm™' and
Jou-ga = 0.38 cm™" as well as the additional magnetic inter-
action between the Gd(m) and Cr(m) with Jgq_¢ = 0.07 cm™".
The isotropic nature of Gd(u) ions and the favorable metal/
organic ratio led to the observation of a significant magnetoca-
loric effect with maximum values of 24.26 J K™* kg™ at 5 K (13
T) for 1 and 19.14 ] K™ kg™ " at 4 K (13 T) for 2. The obtained
complexes are the first examples of 15-metallacrowns-5 posses-
sing a magnetocaloric effect. The observed values of —AS), are
lower than theoretically estimated for non-coupled paramag-
netic centres due to the presence of antiferromagnetic
exchange interactions between the paramagnetic centres.

Experimental section
Materials and measurements

Commercially available reagents and solvents (Merck and
Aldrich) were used without further purification. The starting
complex [GdCus(GlyHA)5(CO3)(NO3)(H,0)5]:3.5H,0 was syn-
thesised as described previously.”> C, H, N microanalyses were
carried out on a Carlo Erba 1106 instrument. Single-crystal
X-ray diffraction was performed at 100 K on a Bruker AXS
SMART APEX CCD diffractometer using graphite-monochro-
mated Mo-Ka radiation (0.71073 A). Crystals suitable for X-ray
data collection were taken directly from the mother liquor. See
the ESI for details on single crystal structure analyses (CCDC
2367413 and 2367414; Table S17).

The direct current (dc) magnetic susceptibility measure-
ments were performed on solid polycrystalline samples using
a Quantum Design MPMS-XL SQUID magnetometer between 2
and 300 K in an applied magnetic field of 0.02 T for tempera-
tures of 2-20 K, 0.2 T for temperatures of 20-80 K and 1 T for
temperatures of 80-300 K. Magnetisation data were collected
between 2 and 15 K and magnetic fields up to 13 Tesla using a
Quantum Design PPMS magnetometers. The sample was

This journal is © The Royal Society of Chemistry 2024
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immobilised in a pellet made with Teflon tape. Experimental
susceptibility data were corrected for diamagnetic contri-
butions using Pascal’s constants.””

Synthesis of complex 1. A hot solution of K;[Cr
(C304)3]-3.5H,0 (14.6 mg, 0.03 mmol) in 1 mL H,0 was added
to a hot (~90 °C) solution of [GdCus(GlyHA)s(COs)(NO3)
(H20)5]:3.5H,0 (25.0 mg, 0.02 mmol) in 2 mL H,0, followed
by addition of 1.5 mL of DMF to the reaction mixture. The
solution obtained was stirred for 30 min at ~90 °C. A small
amount of green precipitate was filtered off and the filtrate was
left for slow cooling. X-Ray-suitable crystals were obtained after
a day. Anal. for GdCusCrC;6H5¢N70040 €exp. (theor.): C: 11.98
(12.35); H: 3.72 (3.63); N: 9.07 (9.01). Yield: 25.8 mg (83%).

Synthesis of complex 2. To a hot (~90 °C) solution of
[GdCu;(GlyHA)5(CO3)(NO;)(H,0)s5]-3.5H,0 (25.0 mg, 0.02 mmol)
in 2 mL distilled H,0O, a hot solution of K,[Cu(C,0,),]-2H,0
(14.4 mg, 0.045 mmol) in 1 mL distilled H,O was added, fol-
lowed by addition of 1.5 mL of DMF to the reaction mixture.
The resulting solution was stirred for 30 min at ~90 °C. A small
amount of green precipitate was filtered off and the filtrate was
left for slow cooling. X-Ray-suitable crystals were obtained after
one day. Anal. for Gd,Cu;3C3,Hg; 60N20067.80 €xp. (theor.): C:
12.75 (12.97); H: 2.68 (2.92); N: 9.54 (9.45). Yield: 21 mg (71%).

Data availability

Electronic supplementary information (ESI) available: X-ray
crystal structure refinement data, analysis of symmetry of
coordination environment of metal ions with Shape 2.1 soft-
ware, IR spectra. Crystallographic data for this paper have been
deposited with the CCDC as record 2367413, 2367414 and
2379203.
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