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We present the synthesis and magneto-thermal properties of carborane-based lanthanide metal-organic
frameworks (MOFs) with the formula {[(Ln)3(mCB-L)4(NO3)(DMF),]-Solv}, where Ln = Dy or Tb, character-
ized by dc and ac susceptibility, X-ray absorption spectroscopy (XAS), X-ray magnetic circular dichroism
(XMCD) and heat capacity measurements. The MOF structure is formed by polymeric 1D chains of Ln ions
with three different coordination environments (Ln1, Ln2, Ln3) running along the b-axis, linked by carbor-
ane-based linkers thus to provide a 3D structure. Static magnetic measurements reveal that these MOFs
behave at low temperature as a system of S* = 1/2 Ising spins, weakly interacting ferromagnetically along
the 1D polymeric chain (J*/kg = +0.45 K (+0.5 K) interaction constant estimated for Dy-MOF (Tb-MOF))
and coupled to Ln ions in adjacent chains through dipolar antiferromagnetic interactions. The Dy MOF
exhibits slow relaxation of magnetization through a thermally activated process, transitioning to quantum
tunneling of the magnetization at low temperatures, while both compounds exhibit field-induced relax-
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ation through a very slow, direct process. The maximum magnetic entropy changes (—AST¥) for an
applied magnetic field change of 2-0 T are 571 J kg™t K™ and 4.78 J kg~ K™%, for Dy and Tb MOFs,
respectively, while the magnetocaloric effect (MCE) peak for both occurs at T ~ 1.6 K, approximately

rsc.li/dalton double that for the Gd counterpart.
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1. Introduction

Metal-organic frameworks (MOFs) have emerged as a transfor-
mative class of crystalline materials, owing to their intriguing
porous architecture'™ and application potential in catalysis,*
gas storage® and separation, magnetism,®® sensors,’ etc.
Chemical design enables the creation of diverse MOF architec-
tures, incorporating various functionalities by carefully select-
ing the functional nodes, organic linkages, or species inside
the pores.

In particular, MOFs coordinating lanthanide ions (Ln-
MOFs) exhibit unique optical, electronic, and magnetic pro-
perties derived from 4f electrons, making them attractive for
applications in  luminescence,'!  anticounterfeiting,'?
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sensors,”>™"®  switching,'"®  thermometry,’”  magnetic

refrigeration,'® > conductive MOFs>* and information storage
and processing,”*>* among others.

Indeed, trivalent Ln(m) ions favor outstanding lumine-
scence features like a large Stokes shift, high purity of colours
and considerable quantum yields, especially in Tb(m) and Eu
(m) ions.">***® In addition, the 4f orbitals of Ln(m) ions
provide a significant magnetic moment and intrinsic an-
isotropy. Thus, they are good candidates for the construction
of single-molecule magnets (SMMs), showcasing magnetic
stability and quantum-tunneling effects.”*' Recent advances
have shown the possibility to produce single-ion magnets
(SIMs) with huge thermal activation energies close to 2000 K*>
and open hysteresis loops above the liquid nitrogen tempera-
ture,*® using Dy(m) in an adequate coordination environment.
In parallel, Ln(m) ions are being considered to encode mole-
cular qubits,®® offering attractive advantages for quantum
computing, such as the possibility to encode multiple qubits
in one sole ion,**® and enlarge the quantum basis states by
coupling the electronic spin with the nuclear spin.’” The latter
approach was for instance used to demonstrate the Grover
algorithm in a TbPc, molecule.*®

Therefore, Ln-MOFs represent an attractive possibility both
for the preparation of ultra-high-density information storage
devices®® and the construction of spatially ordered qubit
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arrays, or “quMOFs”,*>*! for quantum computing techno-
logies. Lanthanide SIM-MOFs constitute also an ideal bench-
mark to study dynamic spin magnetic relaxation, depending
on the relative importance of the ions’ anisotropy compared to
interactions, regulated by the structure topology and linkers.*>
Achieving high-energy barriers in MOF systems remains chal-
lenging, though, due to the difficulty in preserving strong uni-
axial magnetic anisotropy and controlling the easy-axis align-
ment of the spin carriers throughout the framework.
Consequently, compared to the widespread reporting of iso-
lated Ln-SIMs, there exist relatively few Ln-MOFs, predomi-
nantly based on Dy(ui), exhibiting slow magnetic relaxation
properties,'***™*° and the energy barriers in these systems
remain modest (at most 417 K (ref. 16)).

In addition, Ln-MOFs are well suited for crafting materials
with the magnetocaloric effect (MCE), for use in ultra-low
temperature cooling.’®>' Although most complexes investi-
gated for magnetocalorics contain Gd**, because its large S =
7/2 and negligible magnetic anisotropy allow achieving the
highest maximum entropy changes (typically for temperatures
<2 K and applied magnetic fields >5 T),** some proposals
advocate the use of anisotropic lanthanide ions to optimize
the MCE performance for lower field changes, achievable by
permanent magnets,*® and high temperatures above 4 K.>'™3
Additionally, some interesting MOFs for MCE have been
reported using [Lng] clusters (Ln = Gd, Dy),> or 4f clusters sep-
arated by 3d centres.>”

All in all, Ln-MOFs offer immense potential for designing
multifunctional materials incorporating several properties,
such as magnetism combined with MCE, luminescence,*®>”->¢
proton conductivity,””® etc.

Despite the enormous interest, Ln-MOFs are relatively
scarcer than their transition metal counterparts. This is
because typically Ln(m) ions exhibit high coordination
numbers with distorted symmetries which bring flexibility to
the coordination network, making the prediction of structures
more challenging. In order to build stable and efficiently func-
tionalized MOFs, the choice of appropriate organic linkers is a
key part of the framework design. Considering the diversity of
the coordination modes and the high affinity between the O
atom and Ln(m) ions, carboxylates have been the most popular
type of spacer employed for the assembly of Ln-MOFs.>*™®!
Still, the design and synthesis of new Ln-MOFs with alternative
linkers is a promising endeavor, as it unlocks heightened tun-
ability, substantially expanding their range of applications.®*

In the last few years, we have demonstrated the efficacy of
carborane-based linkers to synthesize a variety of functional
MOFs.'>0376%66-73 [eogahedral carboranes are a class of com-
mercially available and exceptionally stable boron-rich
clusters,’*”7® possessing an unusual electronic structure,
which is often highlighted by considering carboranes as in-
organic 3D “aromatic” analogs of arenes.”*””® They have high
hydrophobicity,””®® allowing the preparation of water-stable
MOFS.12’64’65,67’71

Recently, we reported the successful synthesis and optical
properties of {[(Ln);(mCB-L),(NOz)(DMF),]-Solv} (Ln = Eu, Tb,
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Eu/Tb),"* using the carborane linker mCB-L = 1,7-di(4-carboxy-
phenyl)-1,7-dicarba-closo-dodecaborane. Moreover, we demon-
strated the possibility of synthesizing multi-metallic MOFs
incorporating up to eight different sized rare-earth cations,®
leveraging the steric bulkiness and acidity of the mCB-L
ligand. This milestone opens the way for the development of
multifunctional multi-Ln MOF materials with tailored
properties.

Herein, we present the magneto-thermal properties of two
homonuclear MOFs of this family, {[(Ln);(mCB-L),(NO;)
(DMF),,]-Solv}, incorporating Ln = Dy or Tb. These two lantha-
nides have been selected to compare the magnetic properties
of two isostructural MOFs based on a Kramers ion (Dy, ®Hys),
§=5/2,L=5,]=15/2) and a non-Kramers ion (Tb, "Fg, S = 3, L
= 3, J = 6). The magnetic and thermal properties have been
characterized by combining dc and ac magnetometry, X-ray
absorption spectroscopy (XAS), X-ray magnetic circular dichro-
ism (XMCD), and heat capacity techniques.

2. Experimental
Synthesis

All chemicals were of reagent-grade quality. They were pur-
chased from commercial sources and used as received. The
1,7-Di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane ligand
(mCB-H,L) was synthesized according to the literature pro-
cedure.®* Synthesis of {[(Ln);(mCB-L),(NO;)(DMF),]-Solv}
(mCB-Ln, where Ln = Dy or Th) was performed as previously
described."®® In a typical preparation, mCB-L (0.03 mmol)
and Ln(NO;); (0.02 mmol; Ln = Dy or Tb) were added to a
mixture of DMF (0.5 mL)/methanol (1.5 mL)/H,O (0.3 mL) and
sonicated until complete dissolution of all reagents. The above
mixture was transferred to an 8-dram vial and heated at 95 °C
in an oven for 48 h. Needle-like white crystals were collected
and washed with DMF.

Basic characterization

Powder X-ray diffraction (PXRD) was recorded at room temp-
erature on a Siemens D-5000 diffractometer with Cu Ko radi-
ation (4 = 1.5418 A). Thermogravimetric analysis (TGA) was per-
formed in N,, on an nSTA 449 F1 Jupiter instrument (heating
rate: 10 °C min~"; temperature range: 25 to 800 °C).

Magnetometry

The magnetization and the dc and ac susceptibility of pow-
dered samples were measured, above 1.8 K, using a Quantum
Design superconducting quantum interference device (SQUID)
magnetometer. Ac measurements were performed at an exci-
tation field of 4 Oe, at temperatures between 1.8 K and 8.0 K,
under dc fields between 0 and 3 T, while sweeping the fre-
quency between 0.1 and 1000 Hz. Additional ac susceptibility
measurements in the 10-10 000 Hz range were carried out in a
Quantum Design PPMS. Measurements on powdered samples
were performed with the addition of Daphne oil, introduced to
fix the grains at low temperatures.

This journal is © The Royal Society of Chemistry 2024
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XAS and XMCD

X-ray absorption spectroscopy (XAS) and X-ray magnetic circu-
lar dichroism (XMCD) experiments across the M, 5 edges of Dy
and Tb were performed at BOREAS beamline in ALBA synchro-
tron. The powdered samples were crushed on an indium foil
and placed at the tip of a cold finger. Measurements were per-
formed at 3.4 K £ 0.5 K, in total electron yield (TEY) detection
mode, with a 90% circularly polarized light. The XMCD (p~ —
u") and XAS (p* + p7/2) spectra at 6 T were determined from
eight X-ray absorption spectra measured under right-handed
(w") and left-handed (p~) circular polarizations. XMCD(H)
cycles were performed by following the resonant Ms peak
while sweeping the magnetic field between 6 T and —6 T at a
rate of 2 T min~".

Heat capacity

Heat capacity as a function of temperature was measured
between 0.3 and 100 K at different applied fields between 0
and 3 T on a pressed powder pellet fixed with Apiezon N
grease, using a Quantum Design PPMS equipped with a *He
refrigerator.

3. Results

Structural characterization

The single-crystal structure of {[(Tb);(mCB-L),(NO;)(DMF),,]-Solv}
(mCB-Tb) was previously determined by single-crystal X-ray diffr-
action (SCXRD).”” The secondary building unit (SBU) of this
MOF is composed of three non-equivalent crystallographic
terbium atoms, Th(1) and Tb(3) being eight-coordinated, while
Tb(2) is seven-coordinated (Fig. 1a). The varied coordination
around the three crystallographic independent Ln atoms results
in three different Tb-Tb metal distances (Tb1-Tb2 4.5830(8),
Th2-Tb3 5.2550(7) and Th1-Tb3 4.6398(7) A). The Tb-O bond
distances are in the range 2.272(10)-2.906(10) A. These Tb
cations are capped by bridging, chelate bridging or by chelating
mCB-L, and chelating NO;~ and DMF molecules forming 1D
chains running along the b-axis, that are further connected by
the ditopic mCB-L ligand and thus provide the observed 3D struc-
ture (Fig. 1b and c). Two Tb inter-chain distances can be found
in the structure (11.0 and 17.4 A; see Fig. 1b and c). Powder XRD
measurements reveal that mCB-Dy is isostructural to mCB-Tb
(Fig. S1t) and confirm that these single-metal mCB-Ln materials
display the same crystal structure.

1D channels can be observed along the same direction as
the 1D-Tb chains that can accommodate guest molecules
(Fig. 1c). Thermogravimetric analysis indicates that both
materials undergo loss of the solvent (coordinated to metal
sites and/or distributed in the pores) in the range 200-350 °C
and decomposition of the framework above 450 °C (Fig. S27).
Following thermal activation (elimination of solvent in the
voids through high vacuum thermal treatment), sorption
measurements indicated that mCB-Dy and mCB-Tb com-
pounds are non-porous to N, but porous to CO,, with Dubini-
Radushkevich surface areas of 196 and 331 m” g%, respectively

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structure of ({[(Tb)3(mCB-L)4(NO3)(DMF),]-Solv} (mCB-Tb). (a)
View of the coordination of mCB-L to the three independent Tb atoms
that are repeated along the structure. (b and c) Two perpendicular views
of the extended 3D framework showing the 1D Tb chains. Distances
between the polymeric 1D Tb chains are indicated. Colour code: Tb
(green), O (red), B (pink), C (grey), and N (blue); H atoms (a—c) and DMF
molecules (b-c) are omitted for clarity. The figure was prepared using
Mercury.®”

(Fig. S3 and S47). The smaller surface area of mCB-Dy than
that of mCB-Tb can be explained by the lanthanide contraction
effect, which predicts a shrinkage of pore size as the atomic
number of the lanthanide increases for an isostructural family
of MOFs.®

Static magnetic results

To characterize the static magnetic behavior of the Dy and Tb
carborane-based MOF, we measured the temperature depen-
dence of the susceptibility times the temperature, y7(T), at 0.1
T (Fig. 2a and c) and the field dependence of the magnetiza-
tion M(H) at different temperatures between 7= 1.8 K and T =
21 K (Fig. 2b and d). For each compound, the 1/y(T) data in

Dalton Trans., 2024, 53, 8969-8979 | 8971
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Fig. 2 Static magnetic properties for mCB-Dy (left) mCB-Tb (right). (a and c) Temperature dependence of the susceptibility times the temperature,
xT(T), at 0.1 T. Inset: Zoom of the low-T region. Additionally, inverse of the susceptibility, 1/y and fit to a Curie—Weiss law in the T > 150 K region; (b
and d) bold symbols: field dependence of the magnetization per Ln ion, M(H), measured at different temperatures between T = 1.8 K and 21 K; open
circles: my(H)/ion curve obtained at 3.4 K from XMCD(H). Lines: theoretical M(H) curves calculated with Magpack within an Ising model of ions
with an effective spin S* = 1/2 and gyromagnetic values g, = g; =0and g, = 18.5for Dy (g, = 17.3 for Tb), and negligible interactions (J = 0). The fit
of the M(H) at 1.8 K within a dimer model with a small, ferromagnetic constant J*/kg = +0.45 K (+0.50 K) for mCB-Dy (mCB-Tb) is also shown.

the high-temperature region between 150 and 300 K were fit to
a Curie-Weiss law, 1/y = C/(T — 6), to obtain the Curie constant
(C) and the Curie-Weiss temperature (6); see Fig. 2a-c, insets.

For mCB-Dy, the yT(T) product curve per Dy ion is shown
in Fig. 2a. The room temperature value of 12.47 emu K mol™"
is somewhat below the yTgee jon = gjzj(] + 1)/8 = 14.2 emu K
mol ™" expected for Dy**(°Hys,,, g7 = 4/3). Upon decreasing the
temperature, yT decreases smoothly until 10.7 emu K mol™" at
4.2 K, and then increases, reaching 11.4 emu K mol™" at 1.8 K.
(It is noted that the small bulge appearing around 7 K is an
instrumental artifact produced by the change of measurement
regime mode.) This increase points to the existence of ferro-
magnetic interactions between the intra-chain Dy-Dy ions. On
the other hand, the Curie-Weiss fit of the 1/y data (Fig. 2a,
inset) yields a negative 6 = —1.87 K, evidencing the existence of
overall antiferromagnetic (AF) interactions. Given that intra-
chain short-range interactions are FM, this result suggests the
existence of additional antiferromagnetic inter-chain Dy-Dy
interactions, possibly of dipolar origin.

8972 | Dalton Trans., 2024, 53, 8969-8979

The isothermal magnetization curves measured for the
mCB-Dy compound down to 1.8 K are shown in Fig. 2b. The
M(H) can be reasonably well fit under a model of non-interacting
Dy ions with effective spin S* = 1/2 and the anisotropic ground
state with gyromagnetic factors g; = 18.5 and g; = g, = 0, with a
small van Vleck contribution (Myy = H x 0.12u5/T).%° Since XRD
measurements evidence that there are three different Dy sites
(Dy1, Dy2, Dy3), in this model g can be considered as an average
of the anisotropic gyromagnetic factors of the three. At low 7, the
data fall slightly above the theoretical curves calculated for non-
interacting ions (J* = 0). A reasonable fit of M(H) curve at 1.8 K is
achieved assuming a simple model of dimer Dy-Dy ions interact-
ing through a coupling constant of /*/kg = +0.45 K, thereby con-
firming the existence of weak, ferromagnetic (FM) intrachain as
anticipated from y7'(T) results.

Qualitatively, the static magnetic properties of mCB-Tb are
similar to those of the Dy counterpart. The yT(T) curve per Tb
(Fig. 2c) shows a room-temperature value of 10.47 emu K
mol™', somewhat below the yTgee ion = 11.8 emu K mol™*

This journal is © The Royal Society of Chemistry 2024
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expectation for Tb**(Tb**, "Fg, g; = 3/2). By lowering the temp-
erature, the yT decreases until reaching 9.1 emu K mol™*
(10 K), and then increases to 9.8 emu K mol ™" at 1.8 K, again
pointing to the presence of FM intra-chain Tb-Tb couplings.
The Curie-Weiss fitting of 1/y data (Fig. 2c, inset) yields a nega-
tive, close to zero value of # = —0.03 K (smaller than for
mCB-Dy), suggesting near zero AF inter-chain interactions in
the case of mCB-Tb. On the other hand, the isothermal M(H)
curves measured between 3.4 and 21 K (Fig. 2d) are well repro-
duced under a model of S* = 1/2 spins with average, anisotropic
gyromagnetic factors g; = 17.3, g, = g, = 0, a van Vleck contri-
bution of Myy = H x 0.058u5/T and negligible interactions (J* =
0), while the 1.8 K is better fit including a small, ferromagnetic
interaction of J*/kg = +0.50 K (see details in S27).

XAS and XMCD characterization

X-ray absorption spectroscopy (XAS) and X-ray magnetic circu-
lar dichroism (XMCD) measurements were performed to
further characterize the spectral characteristics across the M, 5
edges of Dy in mCB-Dy and Tb in mCB-Tb, and obtain the
orbital moment (), spin moment (m,) and total magnetic
moment (/M = my, + mg) of each ion through application of
the sum rules®”*® adapted for lanthanides, following the pro-
cedure described by S. Tripathi.®® The correction is needed to
account for the large jj mixing between the 3d*? and 3d*? core
levels, on the one hand, and the contribution of the (T,) mag-
netic dipole term, on the other hand (see details in S37).

mCB-Dy
T T T T T T T
10 E
(a)
08} ]
£
S 06k 4
g o
(2]
<
X o4} ]
02} g
00 L . N : . .
1280 1290 1300 1310 1320 1330 1340
E (eV)
T T r T T T T
40} g
0
S
a ol ]
8 o
=
X
80 F -
-120 (b) g
. . . . : A :
1280 1290 1300 1310 1320 1330 1340
E (eV)

View Article Online

Paper

Fig. 3 (left) shows the XAS and XMCD spectra measured
across the M, 5 edge of Dy in mCB-Dy at 3.4 K and 6 T, which
show the typical spectral features for trivalent dysprosium. The
XAS spectrum displays two pre-peaks (1290.81, 1292.79 €V), a
main peak (1294.6) at M5 and a shoulder (1297.3 eV), while M,
includes two unresolved peaks (1328.1 and 1328.8 eV). The
XMCD spectrum consists of negative peaks, across M5 a main
peak at 1294.6 eV, a minor peak at 1296.9 eV, and a small peak
at M, (1327.8 eV). Application of the sum rules adapted for
Dy(i) with a number of holes ny, = 5 yields my, = 2.53up/ion, mg
= 2.34ug/ion, and m,; = 4.87up/ion at 3.4 K and 6 T.

The XAS and XMCD spectra across the M, 5 edge of Tb in
mCB-Tb at 3.4 K and 6 T (Fig. 3, right) show the expected fea-
tures for terbium(u). The XAS spectrum exhibits a pre-peak
(1235.19 eV) and two main peaks (1241, 1242.1 eV) and
shoulder in the M; region, while M, consists of a peak at
1270.53 eV and shoulder (1273.2 eV). The XMCD spectrum
contains a primary negative peak at 1242.31 eV in the M;
region and a minor peak at 1245.3 eV, and three features in
the M, region (1273.4-1276.7 eV). The sum rules applied to
Tb(w), with n, = 6, yield in this case my = 1.47ug/ion, mg =
2.89ug/ion and my, = 4.36ug/ion, at 3.4 K and 6 T. Thus, the
determined orbital magnetic moment for Dy is larger than for
Tb in these mCB-Ln MOFs.

In addition, the field dependence of the total magnetic
moment, M (H)/ion, of Dy in mCB-Dy and Tb in mCB-Tb at
3.4 K was determined by following the intensity of the XMCD
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Fig. 3 XAS and XMCD characterization of mCB-Dy (left) and mCB-Tb (right). Normalized, background-subtracted XAS (top) and XMCD (bottom)
spectra measured across the M, 5 edge of Dy (aand b) and Dy (cand d) at6 Tat T = 3.4 K.
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(H) peak at the M; edge between —6 T and 6 T, and scaling the
curve with the m,(6 T) value obtained from the sum rules. As
shown in Fig. 2b and d (open circles), the m..(H)/ion curves
determined by XMCD are in good agreement with the M(H)
curves measured by SQUID at 3.4 K, within the experimental
noise of the technique.

Heat capacity

The temperature dependence of the specific heat, cp(T),
measured down to 0.3 K at different applied magnetic fields
ranging between 0 and 3 T for the two studied compounds is

mCB-Dy
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shown in Fig. 4 (top). In both cases, the magnetic heat capacity
contribution peaks, c¢.,(7, H), are observed over the lattice con-
tribution ¢(T).

For mCB-Dy, the ¢,,(T) curve at H = 0 shows a Schottky-type
broad anomaly with a center lower than 0.3 K. Upon increasing
the applied field, the ¢,(T) peak shifts to higher temperatures,
and an increase of the cy,, signal at the lowest temperature is
hinted (Fig. 5a).

On the other hand, the ¢,,(7; 0) curve of mCB-Tb also shows
a Schottky-type anomaly, which is centered at a higher temp-
erature (T, = 0.5 K). With increasing field, this peak also shifts
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Fig. 4 Heat capacity and MCE characterization for mCB-Dy (left) mCB-Tb (right). (a, b) Specific heat as a function of the temperature, c,(T), at
different applied magnetic fields. The line corresponds to the lattice contribution, ¢ (T) = AT", (A/R = 0.01265 K27, n = 2.57 for mCB-Dy; A/R =
0.0128 K=2*3 n = 2.43 for mCB-Tb); (c, d) temperature dependence of the magnetic entropy change, —AS,,, obtained from the c,(T) = cp(T) — c(T)
data for the indicated magnetic field changes AB. The dashed line represents the maximum full entropy content of the Dy and Tb MOFs, S;ax = 3R In
(2S + 1), containing three Ln®* ions with S* = 1/2 at low T; (e, f) temperature dependence of the adiabatic temperature change AT,4(T) for the indi-

cated field changes AB.
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to a higher 7, but unlike in the former compound, no further
contribution at low temperatures is observed (Fig. 5b). No
magnetic ordering is observed in either of the two MOFs down
to the lowest measured temperature of 0.4 K.

The heat capacity data allowed us to characterize the
magnetocaloric effect (MCE). The magnetic entropy change
—ASw(T, AB) for selected magnetic field changes AB =
uo(He — H;) is shown in Fig. 4c and d for mCB-Dy and mCB-Tb,
respectively. The maximum final field poH; = 2 T is chosen to
compare with other values in the literature.*>"*° This field is
taken as the standard, since it is reachable with permanent
magnets in the potential application as a magnetic refriger-
ator. For AB = 2-0 T, we find a maximum value of —ASH# =
571 J kg7" K" at 7™ = 1.61 K for mCB-Dy and —AST =
4.78 ] kg7' K* at 7™ = 1.67 K for mCB-Tb. Considering the
full width at half maximum of the —AS,, curve, dTpwuwm, the
obtained relative cooling power is RCP = —AST®™ X §Tgwim =
32.6 J kg' K' (mCB-Dy) and 27.9 J kg~' K' (mCB-Tb).

(a)

22 T T T T 22 T T
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Besides, the adiabatic temperature change AT,4(T) = Tr — T;
has been calculated and is shown in Fig. 4e and f. For AB =
2-0 T the temperature change reaches a maximum AT, =
5.94 K at 7= 1.22 K (mCB-Dy) and AT0y* = 5.87 Kat T=1.36 K
(mCB-Tb).

Alternatively, the magnetic entropy change was extracted
from the M(H) isotherms recorded at different temperatures,
using Maxwell’s equations.”® This method allowed us to
characterize the MCE for a higher AB of 5-0 T. The maximum
magnetic entropy change obtained was —AS;,(5 T) = 5.92 J K
kg™ (mCB-Dy) and 5.55 J K' kg~' (mCB-Tb). The magnetic
entropy change values for these compounds are smaller than
that previously obtained for the gadolinium (S = 7/2) analogue
of the same family, mCB-Gd, which exhibited a value of
—AST™ =16.23 J kg™' K" at T = 0.8 K for AB = 2 T.””> However,
interestingly, the MCE peak for the Dy and Tb MOFs occurs at
a higher temperature than for Gd, consistent with previous
findings in the literature,”>* thus extending the operating
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Fig. 5 Ac susceptibility results for the mCB-Dy and mCB-Tb MOFs: (a) y"(f, T) at H = 0; (b and d) ¥"(f, T) at yoH = 3 T; (c), (e) ,"(f, H) at constant T =
2 K; (f) relaxation time vs. inverse of the temperature, and (g) relaxation time as a function of the applied field, at T = 2.0 K. The relaxation times for

the two observed processes are denoted as 7, and 7.
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temperature for magnetic cooling. Moreover, we emphasize
that understanding the magnetocaloric performance of these
homonuclear mCB-Ln (Ln = Dy, Tb) compounds is crucial, in
view of the subsequent design of multifunctional mixed
{GdLn} MOFs.*?

Dynamic results

Alternating current (ac) magnetic susceptibility measurements
as a function of frequency (f = 0.1-10" Hz) at different temp-
eratures between 1.8 and 8 K and applied magnetic fields from
0 to 2.5 T were performed to characterize spin dynamic relax-
ation of the studied carborane-based MOFs.

For mCB-Dy, a frequency-dependent out-of-phase suscepti-
bility y"(f, T) between 1.8 and 18 K was observed even at zero
applied field (Fig. 5a). The y"(f, H) measurements performed
at constant 7' = 2 K show the evolution of the processes under
magnetic fields ranging from 0 to 2.5 T (Fig. 5c). Under the
application of a constant optimum field of 0.3 T (Fig. 5b), the
x" curves show a clear peak at low frequencies (LF) at ca. 0.3
Hz, a shoulder at 0.5 Hz, and the tail of a high frequency (HF)
peak. In the case of the mCB-Tb compound, no out-of-phase
signal was detected at H = 0. Under the application of a mag-
netic field, the y"(f, T, H) curves deployed a large peak at a low
frequency, and the emergence of a second relaxation process
for > 10 kHz (Fig. 5d and e).

The relaxation time of the low-frequency processes as a
function of the inverse of the temperature and the magnetic
field 71£(1/T, H) were determined from the maximum of the y”
(f) peaks, at which wz = 1 (w = 2xf). For the high-frequency
process, for which only the tails of the y” peak were visible
within the measurement frequency window, the relaxation
time was estimated as tyr = (1/2xf) (¢"/x'), at a constant f fulfill-
ing the condition wr <« 1. The relaxation times of the different
processes as a function of the inverse of the temperature and
the field, 7;5(1/7, H) and ty(1/7, H), determined for the two
compounds are depicted in Fig. 5f and g.

The HF process observed in the mCB-Dy compound with a
Tqr & 5 X 107° s at low temperatures is associated with a fast
mechanism of relaxation through quantum tunneling of the
magnetization (QTM). At increasing temperatures, the 75;¢(1/T)
exhibits a decreasing trend, indicating that this mechanism is
being replaced by a thermally activated mechanism, 7 = 7, exp
(Uete/ksT); however, the data available do not afford obtaining
the activation energy (Ues) reliably, neither at H = 0 nor at H =
0.3T.

The fact that slow relaxation of magnetization under zero
applied field only appears in mCB-Dy and not in mCB-Tb may
be attributed to the heightened anisotropy of Ln ions in the
former, as suggested by the larger g; value obtained from M(H)
fits, and supported by the larger orbital magnetic moment m;,
as determined by XMCD.

On the other hand, the temperature and field dependencies of
the low-frequency processes observed in the two compounds are
characteristic of a direct, bottlenecked slow relaxation mecha-
nism. This type of relaxation process has been frequently docu-
mented in previous studies of coordination polymers.®* ¢
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4. Conclusions

The magnetic and MCE properties of two isostructural MOFs,
{[(Ln);(mCB-L)4(NO;)(DMF),]-Solv} (Ln = Dy, Tb) were charac-
terized by combining dc magnetometry, ac magnetometry,
XAS-XMCD and heat capacity measurements. The porous 3D
structure of these MOFs is constructed by polymeric 1D chains
of Ln ions in three different coordination environments (Ln1,
Ln2, Ln3) within the SBU, interconnected to adjacent chains
through bulky carborane linkers. Static magnetic results
revealed that these MOFs can be modeled at low temperature
as a system of S$* = 1/2 Ising spins weakly coupled ferromagne-
tically along the chain and simultaneously coupled to Ln ions
in neighbouring chains through weak antiferromagnetic
dipolar interactions. XAS and XMCD measurements were used
to spectroscopically characterize the Ln(m) ions in the two
MOFs and determine the average spin, orbital and total mag-
netic moments. The obtained m; values, together with the
gyromagnetic values obtained from the theoretical fitting of
the low-temperature M(H) curves, evidence the larger aniso-
tropic character of the Dy ion compared to Tb in these mCB-
based MOFs. As expected in this scenario, thermally activated
SMM behavior under zero dc field is only observed for the Dy
complex, while relaxation through very slow, direct processes
under application of a 0.3 T field is observed in both MOFs.
Direct MCE characterization through heat capacity measure-
ments revealed a maximum —AS™™ of 5.71 J kg~" K ' at
1.61 K for mCB-Dy and 4.78 ] kg”' K" at 1.67 K for mCB-Tb,
for a field change of 2-0 T. While these magnetic entropy
changes are modest compared to the value achieved by the Gd
analogue, the MCE peak occurs at a higher temperature,
underscoring the potential of using anisotropic ions, alone or
mixed with Gd, to design magnetocaloric materials for
different cryogenic temperature regions. The two reported car-
borane-based MOFs emerge as interesting multifunctional
materials, combining MCE and magnetic relaxation and high
quantum yield luminescent emission in the visible light
region for the Tb analogue.
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