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Multivariate metal-organic frameworks (MOFs) containing multiple lanthanide ions present a compelling
avenue for developing versatile materials with tailored properties. In this work, we synthesized “self-
refrigerated”  multifunctional  carborane-based  MOFs of formula unit  {[(GdLn)s(mCB-
L)4(NOz)(DMF),l,-Solv} strategically combining Gd** ions, known for their ability to achieve large
magnetocaloric effects (MCE), with various lanthanides (Ln = Dy, Tb, Eu, Tb/Eu) intended to act as Single
Molecule Magnet (SMM) or/and luminescent units. The intricate magnetic, thermal, and optical
properties of these multivariate Ln-MOFs were unraveled through a comprehensive characterization
employing dc and ac magnetometry, X-ray Absorption Spectroscopy (XAS), X-ray Magnetic Circular
Dichroism (XMCD), and luminescence measurements. Element-selective XAS-XMCD technique proved
instrumental in elucidating the magnetic properties of the individual lanthanides, and their contribution
to the macroscopic properties of the MOFs. We demonstrate that GdysLn; s (Ln = Tb, Dy) MOFs exhibit
multifunctionality, incorporating MCE, field-induced magnetic relaxation dominated by the anisotropic
ion, and green emission for Ln = Tb. Conversely, Gd;sLn; s (Ln = Eu, Eu/Tb) MOFs display MCE, field-
induced SMM behavior associated with Gd, and red/yellow luminescent emission for Ln = Eu and Eu/Tb
substitutions, respectively. Our findings significantly contribute to our understanding of “complex
magnetic molecular materials” and set a pathway for the design of multifunctional multi-lanthanide
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Introduction

Metal-organic frameworks (MOFs) have emerged as a versatile
class of materials, showcasing unprecedented structural and
compositional tunability that enables a wide range of applica-
tions in fields such as catalysis," gas storage” and separation,
drug delivery, magnetism,*” etc. The deliberate incorporation of
two or more metals into a single crystalline phase has given rise
to multi-metallic multivariate (MTV) MOFs, unveiling additive
or synergistic effects that sometimes surpass the individual
contributions of their constituent elements.*® These materials

“Institut de Ciéncia de Materials de Barcelona (ICMAB)-CSIC, Campus UAB,
08193-Bellaterra, Spain. E-mail: ebartolome@icmab.es; jginerplanas@icmab.es
*Shandong Provincial Key Laboratory of Monocrystalline Silicon Semiconductor
Materials and Technology, College of Chemistry and Chemical Engineering, Dezhou
University, Dezhou 253023, China

‘Instituto de Nanociencia y Materiales de Aragon (INMA), CSIC-Universidad de
Zaragoza, and Departamento de Fisica de la Materia Condensada, 50009 Zaragoza,
Spain

Catalan Institute of Nanoscience and Nanotechnology (ICN2) CSIC and Barcelona
Institute of Science and Technology (BIST), Bellaterra, Barcelona 08193, Spain

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ta03835e

This journal is © The Royal Society of Chemistry 2024

MOFs endowed with tailored properties for various technological applications.

have been extensively explored for their unique properties,
particularly in areas such as biomedical applications, catalysis,
luminescent sensing, and more.*” While multi-metallic MTV
MOFs incorporating up to ten different transition metal ions
have been well-studied for their specific characteristics,**?
a notable gap exists in our understanding of corresponding
multi-lanthanide MOFs." Remarkably, existing research
primarily focuses on the luminescence properties of these
mixed lanthanide-containing MOFs, with less attention paid so
far to magnetic phenomena.*>"’

Lanthanide MOFs (Ln MOFs) stand out as a distinct class of
compounds featuring appealing optical, electronic, and
magnetic properties resulting from 4f electrons. This makes
them attractive for many applications, including lumines-
cence,''® anticounterfeiting,* sensors,”>* switching,* ther-
mometry,”® magnetic refrigeration,”*** conductive MOFs** and
information storage and processing,*"** among others.

Indeed, the significant anisotropy of Ln(u1) ions makes them
excellent candidates for designing single-molecule magnets
(SMMs), exhibiting magnetic stability and quantum-tunneling
effects.**** Recently, mononuclear SMMs with huge thermal
activation energies close to 2000 K,** and open hysteresis loops
above 80 K (ref. 37) have been demonstrated. Simultaneously,
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Ln(m) ions provide avenues for encoding molecular qubits for
quantum computing.*® The molecular platform offers the
possibility to prepare reproducible qubits, at the limit of mini-
aturization, and push the scaling up, by encoding multiple
qubits in one ion,** or by coupling the electronic spin with the
nuclear spin.*»** The spatially ordered structures of MOFs
present the potential to construct high-density information
storage devices, incorporating SIMs as classical memory units
in the nodes,?***** and also “quMOFs” of organized qubit
arrays for quantum computing.®®*

On the other hand, Ln-MOFs are good candidates for ultra-
low temperature cooling based on the magnetocaloric effect
(MCE).>*** This effect exploits the entropy changes that result in
the heating or cooling of the material when applying an external
magnetic field at constant pressure. Magnetic refrigeration is an
energy-efficient and environmentally friendly cooling technique
that represents a significant advancement in sustainable cool-
ing technology, particularly in the cryogenic regime, by elimi-
nating the need for environmentally harmful refrigerants. In
recent years, significant advancements have been made in
magnetocaloric materials across various temperature ranges,*
crucial for applications such as hydrogen liquefaction®~** and
cryogenic refrigeration.>**” Recent reviews have highlighted the
exceptional MCE performance of rare-earth based magneto-
caloric materials,®® including oxides,” intermetallics,*
amorphous/high-entropy alloys, coordination polymers and
MOFs.>** Gd(m) ions, with S = 7/2, L = 0, ] = 7/2, are ideal for
obtaining a large MCE, since maximum entropy can be ob-
tained from Sp,.x = RIn(2S + 1). Therefore, most MOFs reported
for magnetic refrigeration are based on Gd, although proposals
have been put forward to use anisotropic lanthanides to opti-
mize the MCE performance of Ln-MOFs under lower magnetic
field changes® and extend the operating temperature above 4
K‘62764

Interestingly, some Ln-MOFs can simultaneously incorpo-
rate several properties at the same time, such as magnetism
along with luminescence,'”*>*® or proton conductivity.®”*
Moreover, the synthesis of multivariate mixed lanthanide MOFs
can open new avenues for the development of multifunctional
materials, combining different properties, or presenting new
synergistic effects.

For instance, in lighting application, Ln(u) ions are known
for their high color purity and significant quantum yields,
particularly for those emitting red (Eu®") and green (Tb*")
light.>>%%* Mixed Ln-MOFs have been frequently employed to
tailor color emission by incorporating two or three Ln(ui) ions in
various proportions (commonly Eu/Tb,*>”*”* but also other
combinations such as La/Eu,”” Gd/Eu,”®”>7* Gd/Tb,”*”>"* Gd/
Sm,” Eu/Gd/Tb,”*”” or Ce/Eu/Tb,”) and to achieve white-light
emission.””” This is often accomplished by combining Eu/Tb
chromophores with blue-emitting ligands.””*”” Moreover,
mixed Ln-MOFs containing combinations like Eu/Tb,”**' Eu/
Gd,** or Eu/Tb/Gd,”” have been used to produce highly sensi-
tive, ratiometric luminescent temperature sensors effective
across a wide range of temperatures,® extending up to physio-
logical levels.?**>
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Meanwhile, in the field of magnetic refrigeration, mixed
MOFs incorporating Gd and Tb with moderate ferromagnetic
interactions have proven advantageous for improving MCE
properties under low fields (<2 T), attainable by permanent
magnets.®” Furthermore, mixed Gd/Dy MOFs exhibited a shift of
the maximum entropy change peak —AS,, towards higher
temperatures with increasing the contents of Dy, while main-
taining substantial —AS,, values, providing a route to expand
the temperature range of magnetic cooling.**

Remarkably, in a recent work, we demonstrated the possi-
bility of synthesizing multi-metallic multivariate (MTV) MOFs
incorporating up to eight different rare-earth (RE) cations.' We
emphasize that examples of multi-metallic MOFs with more
than three 4f ions had never been reported before, due to
compositional segregation issues during crystallization. This
milestone was achieved thanks to the use of a 3D based car-
borane linker, mCB-L = 1,7-di(4-carboxyphenyl)-1,7-dicarba-
closo-dodecaborane, which proved to be essential for the
incorporation of different-sized RE cations."® Icosahedral car-
boranes represent a commercially accessible group of boron-
rich clusters known for their remarkable stability.®** They
possess high hydrophobicity®*°* and unconventional electronic
structure, and are considered as inorganic 3D “aromatic”
moieties.””** Carborane-derived MOFs have been documented
in literature, and investigations, including our own, have
demonstrated that integrating hydrophobic carborane linkers
into MOF structures enhances their water stability.'**'* This
advancement has facilitated the development of aqueous inks
for use in anti-counterfeiting and barcoding applications,* as
well as MOF materials capable of trapping and degrading
pesticides present in water.'*

Significantly, our innovative carborane-based approach
enables the creation of multi-metallic MOFs with any desired
combination of lanthanide ions, facilitating the synthesis of
multifunctional materials with tailored properties, and the
investigation of novel “compositionally complex magnetic
materials” with unexplored phenomena. In this work, we
exploit this strategy to prepare “self-refrigerated” carborane-
based MOFs of formula unit {[(GdLn);(mCB-L)4(NO3)(DMF),],-
-Solv}, where we combine Gd*" ion, which is optimum to ach-
ieve large magnetocaloric effect (MCE), with various
lanthanides (Ln = Dy, Tb, Eu, Tb/Eu) to provide added func-
tionalities as SMM units or/and luminescent units. A compre-
hensive characterization, combining dc and ac magnetometry,
X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic
Circular Dichroism (XMCD), along with luminescence
measurements, will be used to provide insights into the intri-
cate magnetic, thermal, and optical properties of these novel
multivariate MOFs. Element-selective XAS-XMCD synchrotron
technique will be crucially utilized to probe the magnetic
properties of individual ions and elucidate how the overall
magnetic and MCE properties depend on the constituent
elements. We will discuss the multifunctional properties ach-
ieved for each GdLn MOF, depending on the lanthanide
composition. Despite the increasing interest in multivariate
MOFs,” applications of magnetic multi-lanthanide MOFs have
been largely unexplored. Through this work, we aim to
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contribute to the holistic understanding of these complex
magnetic materials, and lay the foundation for future
advancements in the discovery of multifunctional multi-
lanthanide MOFs, holding promise for various technological
applications.

Experimental section
Synthesis

All chemicals were of reagent-grade quality. They were
purchased from commercial sources and used as received. 1,7-
di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane ligand
(mCBH,L) was synthesized by a slight modification of a litera-
ture procedure.'*

Synthesis of {[(Ln);(mCB-L),(NO;)(DMF),],-Solv} (Ln = Gd/
Eu, Gd,sEu,s; Gd/Tb, Gd,sTb,s; Gd/Dy, Gd,sDy,s; Gd/Eu/
Tb, GdEuTb). These compounds were synthesized following
a previously described procedure.” In a typical preparation,
mCB-L (0.03 mmol) and Ln(NO3); (0.02 mmol; Ln = Gd and Eu
or Tb or Dy or Eu and 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. Yield based on the Ln ions: 61% for Gd,; sEu, 5, 63% for
Gd, 5Tb, 5, 58% for Gd; sDy;s, 62% for GdEuTb. IR (ATR;
selected bands; cm™"): 2601 (BH); 1658 (C=0 from DMF); 1590
(C=0 from carboxylate). {[(Gdg.4sEug.52)3(mCB-L),(NO;)(-
DMF), ], Solv} (Gd, sEu, 5). ICP(Wt%): Gd(8.24 + 0.1), Eu(8.76 +
0.1). {[(Gdo.48Tby.52)3(MCB-L)4(NO3)(DMF),],,-Solv} (Gdy 5Tby 5).
ICP(Wt%): Gd(9.4 £ 0.1), Tb(10.6 + 0.1). {[(Gd.47Dyo.53)3(mCB-
L),(NO;)(DMF),],-Solv} (Gd, 5Dy, ). ICP(wt%): Gd(8.8 + 0.1),
Dy(10.36 + 0.1). {[(GdEuTb);(mCB-L),(NO;)(DMF),],-Solv}
(GAEuTb). ICP(Wt%): Gd(6.6 + 0.1), Eu(7.0 + 0.1), Th(5.8 £ 0.1).

Instruments and characterization

Attenuated total reflection Fourier transformed infrared (ATR-
FTIR) spectra were recorded using a PerkinElmer Spectrum
One spectrometer equipped with a Universal ATR sampling
accessory. Spectra were collected with 2 cm ™" spectral resolu-
tion in the 4000-650 cm™" range. Elemental analyses were ob-
tained by using a Thermo (Carlo Erba) Flash 2000 Elemental
Analyser, configured for wt% CHN. Powder X-ray Diffraction
(PXRD) was recorded at room temperature on a Siemens D-5000
diffractometer with Cu Ko radiation (A = 1.5418 A, 35KkV, 35 mA,
increment = 0.02°). Inductively Coupled Plasma - Mass Spec-
trometry (ICP-MS) measurements were carried out in an Agilent
ICP-MS 7700x apparatus. Scanning Electron Microscopy (SEM)
(QUANTA FEI 200 FEGESEM) and optical microscopy (Olympus
BX52) were used to monitor the morphology and color changes
at various conditions. Solid state UV-visible spectra were ob-
tained on a UV-vis-NIR V-780 spectrophotometer equipped with
operational range of 200-1600 nm.

Dc magnetometry measurements in the temperature range
1.8 to 300 K were collected using a Quantum Design MPMS
SQUID equipped with a 5 T magnet. Experiments were

This journal is © The Royal Society of Chemistry 2024
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conducted on a powder samples embedded in Daphne oil to
prevent grain orientation. Ac susceptibility measurements in
the range between 1.8-9.0 K, at oH,e = 4.1 X 10~ * T, poHge = 0-
2.5 T in the range of frequencies between f= 0.1-1000 Hz were
determined in the same SQUID magnetometer. Additional ac
susceptibility measurements in the 10-10000 Hz range were
carried out in a Quantum Design PPMS.

X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) experiments across the M, 5 edges
of Gd, Tb, Eu and Dy were performed at BOREAS beamline in
ALBA synchrotron. The powdered samples were crashed on an
indium foil and placed at the top of the cold finger. Measure-
ments were performed at temperatures ranging between base
temperature, 3.4 K + 0.5 K, and 18 K. All spectra were recorded
using Total Electron Yield (TEY) detection mode, with a 90%
circularly polarized light. The XMCD (u~-u") and XAS (1" + n~/2)
spectra at 6 T were determined from eight X-ray absorption
spectra measured under right-handed (1) and left-handed (u")
circular polarizations. XMCD(H) cycles were performed by
following the resonant M5 peak while sweeping the magnetic
field between 6 T and —6 T at a rate of 2 T min~".

Luminescent emission spectra were obtained with PTI
Quantamaster 300 fluorimeter, putting the solid powder in
a custom-made holder and setting the holder plane at 45° with
the direction of the incident light and the optical path towards
the detector. All spectra were obtained irradiating with
a continuous wave Xe lamp at A, = 280 nm. Lifetime
measurements were obtained with the same fluorimeter, but
exciting at 280 nm with a pulsed Xe lamp (100 Hz, 2 ps inte-
gration time). Absolute luminescence quantum yields (®) of
solid-state samples under continuous wave excitation (Aexe =
280 nm) were determined using the Quantum Yield Fluorimeter
Hamamatsu C9920-02G, equipped with an integrating sphere,
connected to the lamp with an optical fiber, at room tempera-
ture in the air. @ values were calculated based on the number of
photons absorbed and emitted by the sample. A detailed
measurement procedure can be found in a previous report.**>
Reported overall @ values are averages of at least three inde-
pendent determinations.

Results and discussion

Syntheses, structural and compositional characterization of
the {GdLn} MOFs

{[(Gdy.4gEuy 52)3(mCB-L),(NO;)(DMF),], - Solv} (Gd,y 5Euy 5),
{[(Gdg_45Tby 55)3(1mCB-L),(NO;)(DMF),],,- Solv} (Gd, sTb, ),
{[(Gdg.47Dyo.53)3(1MCB-L),(NO;)(DMF),],-Solv} (Gd,sDy,s) and
{{(GAEuTb);3(mCB-L)4(NO3)(DMF),], - Solv} (GdEuTb) were ob-
tained as colorless crystals by solvothermal reactions in
a mixture of DMF/methanol/H,0O at 95 °C for 48 h (see Experi-
mental section for details). Powder X-ray diffraction (PXRD)
data for all the synthesized {GdLn} MOFs (Fig. 1a) reveal these
materials are isostructural with the mono- and multi-metal
MOFs of the same family (see ESI Fig. S11).*>** Thus, we only
briefly describe here the main structural characteristics to
facilitate the understanding of the magnetic properties of the
newly reported mixed MOFs. Fig. 1b shows a view of the 3D

J. Mater. Chem. A, 2024, 12, 21971-21986 | 21973


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta03835e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 July 2024. Downloaded on 2/22/2026 7:26:36 PM.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

(@)

GdEuTb

- Gd, sEu, 5

i Gd1 .5Tb1 5

Gd, 5Dy, 5

T T

35

40

100 =

[ ry 1002\:

8o o 80w

| 5 ]

o0 S loo 8

o l {a

Dy fo & v 8

i To o L
20 ‘= 20

. Gd E 5

I Ev - <

=)

%)
%)

———
@
S
—————y
@
o

2

-
3
S

N
S

Atomic percent (

Atomic percent (

4/,

/

BL
J
4y

i

Fig.1 Structural characterization of mixed {GdLn} MOFs. (a) Experimental Powder X-ray diffraction patterns for GAEuTb (yellow), Gd; sEu, 5 (red),
Gd; 5Tb 5 (green) and Gd, sDy; s (dark green). (b) A view of the extended 3D framework for this MOF family along the a-axis, showing the Ln 1D-
chains running along the b-axis, formed by three sites (Ln1, Ln2, Ln3) with non-equivalent coordination environments and the carborane linker
mCB-L; Colour code: Ln (green), O (red), B (orange), C (grey); N (blue); H atoms and DMF molecules are omitted for clarity. (c) SEM images (from
left to right) of GdEuTb, Gd; sEu; 5, Gd; 5Tbs 5 and Gd; 5Dy, 5 and EDX analysis of point scans of the Ln metals on the indicated positions (A and B)

in the crystals.

structure for this family of MOFs, while a detailed description of
the single crystal structure of previously published mono-
metallic MOFs can be seen in Fig. S2.1 The structure for these
lanthanide family of carborane MOFs consists of 1D-chains of
Ln cations along the b axis that are connected through the
carborane dicarboxylic linkers to form the observed 3D struc-
tures (Fig. 1a and S27). It is important to remark that the 1D-
chains of Ln cations are formed by the repetition of three
crystallographically non-equivalent Ln(ur) ions (Ln1, Ln2, Ln3;
indicated in Fig. 1b), each with different coordination envi-
ronments. Three different Ln---Ln distances (Ln1---Ln2, 4.6-4.7
A; Ln2---Ln3, 5.3 A; Ln1---Ln3, 4.6 A)*>* are found in the 1D-
chains as a consequence of the non-equivalent positions of
the three Ln ions. There can be found two distinct inter-chain
distances in the 3D structure due to the arrangement of the
carborane linkers (ca. 11 A and 17 A; Fig. $21).

Analyses of the {GdLn} MOFs crystals by Scanning electron
microscopy (SEM)/Energy dispersive X-ray (EDX) spectroscopy
show a similar morphology to those previously reported

21974 | J. Mater. Chem. A, 2024, 12, 21971-21986

(Fig. 1c).***° In addition, EDX analysis at various points in the
crystals confirm an equimolar distribution of Ln ions, ruling
out compositional segregation and being consistent with multi-
metallic MTV MOF composition.*"*

Magneto-thermal properties

The dc magnetic properties and MCE of all {GdLn} MOFs were
characterized by SQUID magnetometry. For each MOF, we
measured the temperature dependence of the susceptibility-
temperature product at 0.1 T, x7T(T), and the field-dependence
of the magnetization, M(H), at different temperatures between
1.8 K and 12 K. From the later, the temperature dependence of
the entropy change, —AS,,, for different applied magnetic field
changes AB = (Bf — 0) between By = 0.5-5 T was determined,
following the Maxwell method."** Results are summarized in
Fig. 2.

For Gd, 5Dy, 5 MOF the xT product at 300 K reaches a value
of 33.1 emu K mol ™", close to the expected value for 1.5 Gd**
and 1.5 Dy** ions per f.u., where the theoretical saturation for

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Dc magnetometry and MCE properties for {GdLn} MOFs (Gd; sDy; 5, Gd15Tby s, GdysEus s and GdEuTb). (Left column: a, d, g and j):
temperature dependence of the susceptibility product, xT, at 0.1 T; (central column: b, e, h and k): magnetization as a function of the applied
magnetic field for different temperatures between 1.8-12 K; (right column: ¢, f, i and l): change of magnetic entropy as a function of the
temperature for selected changes of applied magnetic field AB = B; — 0.

This journal is © The Royal Society of Chemistry 2024
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each ion, given by x Ttree ion = £;2/(J + 1)/8 (g7 the Landé constant
and J the total angular momentum), is 7.9 emu K mol " (Gd*")
and 14.1 emu K mol ™" (Dy*"), see Fig. 2a. Upon decreasing the
temperature, the x7 product decreases down to 28.48 emu K
mol " at 3.8 K, and then slightly increases for lower tempera-
tures reaching a value of 29.45 emu K mol " at 1.8 K, evidencing
the existence of weak intrachain ferromagnetic (FM) interac-
tions. In the homonuclear Dy MOF analogue, such intrachain
Ln-Ln interactions were also found to be FM,*** estimated of the
order J, /kg = 0.45 K, and practically negligible for isostructural
Gd MOF.' On the other hand, the linear fit of the 1/x plot at
high temperatures yields a Curie-Weiss temperature of 6 =
—4.00 K, evidencing overall antiferromagnetic (AF) interactions,
possibly of dipolar origin.

The M(H) curves at all temperatures measured for Gd, sDy; 5
MOF could be reasonably fit using a weighted linear combina-
tion of the magnetization predictions for Gd (using a Brillouin
model with S = 7/2, g = 2), and the M(H) curves for Dy within an
Ising model, with effective spin §* = 1/2, g, = 18.5, g, = g; =0,
a van Vleck contribution Myy = H-0.19 pg T and negligible
interactions (J* = 0) (Fig. 2b).

The magnetic entropy change —ASy,(7, AB) obtained for
Gd, 5Dy, 5 for selected field changes AB are shown in Fig. 2c. For
practical purposes it is useful to discuss results obtained for B¢
= 2 T, which is easily attained with permanent magnets in
magnetic refrigerator applications. Thus, for AB = 2-0 T the
maximum value is found —AST* = 2.28 R (7.90 J kg ' K™ ) at
1.8 K. This is a 55% of the maximum magnetic entropy available
for this mixed Gd; sDy; s MOF: Sy.x = 1.5Rlog(2-3.5 + 1) +
1.5Rlog(2-0.5 + 1) = 4.16 R.

In the case of Gd;;Th, s MOF, the xT product at 300 K
saturates to 29.53 emu K mol ', approaching the expected value
for the combination of 1.5 Gd*" ions and 1.5 Tb*" ions (X Ttee jon
for Tb = 11.8 emu K mol '), see Fig. 2d. Similar to previous
Gd, sDy, 5 MOF, the xT(7) product decreases upon cooling
down to 25.42 emu K mol ™" at 12 K, and then slightly raises
reaching 26.95 emu K mol " at 1.8 K, again pointing to the
existence of weak intra-chain FM interactions. Homonuclear Tb
MOF counterpart also presented weak FM intra-chain
interactions."*

For Gd, 5sTb; s MOF the M(H) isotherms could be fit using
a weighted linear combination of the Brillouin prediction for
Gd, and the M(H) curves for Tb, again within an Ising model,
with effective spin $* = 1/2, g, = 18, g, = g, = 0, a smaller van
Vleck contribution Myy = H-0.35 pg T~ ' and negligible inter-
actions (Fig. 2e).

The magnetic entropy change —AS,,(7, AB) obtained for
Gd, 5Thb, 5 from its magnetization isotherms, is shown in Fig. 2f.
For AB = 2 T it reaches a maximum value of —ASh™ = 2.098 R
(7.28 J kg' K1) at 1.8 K, that is, a 50.4% of the maximum
magnetic entropy available (Sy,.x = 4.16 R).

In the case of Gd;;Eu; s MOF, the xT product does not
saturate at high temperatures, owing to the Europium contri-
bution. Moreover, the saturation of the M(H, 1.8 K) at 5 T is
above the predicted value for 1.5 Gd** ions (10.5 pg), and given
that Eu®" is non-magnetic, it implies this MOF contains a small
fraction of Eu®>" (S = 7/2) magnetic ions. Indeed, both the
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saturation of the x7(7) plot and the M(H, 1.8 K) curve could be
well reproduced considering a 5% of Eu®** of all Eu ions. The
presence of Eu”* in these synthesized MOFs arises from impu-
rities in the precursor salts,® and the Eu**/Eu’" ratio can be
further increase upon X-ray irradiation (vide infra XMCD
section).

The magnetic entropy change —AS,,(7, AB) obtained for
Gd, sEu, 5, see Fig. 2i, reaches —ASm™ = 1.4 R (4.84 J kg " K )
at 1.8 K for a AB = 2 T, that is a 43% of the maximum magnetic
entropy available (including the small Eu®" contribution): Spay
= (1.5 + 0.05-1.5)Rlog(2-3.5 + 1) = 3.28 R. For GdEuTb MOF,
like in the Gd, sEu, 5 instance discussed above, the x7(T) and
M(H, 1.8 K) curves reflect the presence of a small fraction of Eu**
ions, see Fig. 2j and k, and both curves can be reasonably
reproduced considering a linear combination of the theoretical
curves for 1 Tb*", 0.94 Eu**, and 0.06 Eu®" ions. For GAEuTb the
determined magnetic entropy change —ASy,(7T, AB) reaches
—ASY™=1.52R(4.94] kg"' K ") at 1.8 K for a AB = 2 T (Fig. 21),
that is a 52% of the maximum available magnetic entropy, Smax
= (1 + 0.06)Rlog(2-3.5 + 1) +RIn(2-0.5 + 1) = 2.9 R.

XAS and XMCD characterization

To investigate the magnetic properties and spectroscopic
characteristics of the individual ions within the mixed {GdLn}
MOF we used element-selective X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular dichroism (XMCD) technique.
We performed XAS and XMCD measurements across the My 5
edges of Gd and Ln = Dy, Tb, Eu ions at 3.4 K and 6 T in each
{GdLn} MOF. The orbital (m), spin (ms) and total magnetic
moment (mror = my, + mg) for each ion were determined from
the XAS-XMCD spectra using the corrected sum rules for
lanthanides"'®'"” (see Table S17). The field-dependence of the
total magnetic moment, m(H), for each Ln ion was deter-
mined by following the intensity of the XMCD(H) peak at the M5
edge between —6 T and 6 T, and scaling the curve with the value
of myor obtained at 6 T.

Fig. 3 summarizes results for Gd,;Dy;s and Gd;;Tb, s,
while Fig. 4 displays results for Gd, sEu, 5 and GdEuTb. In all
compounds, the Gadolinium XAS spectrum exhibits the ex-
pected features for trivalent Gd(m), see Fig. 3a, d, 4a and d: the
M; edge shows a shoulder at 1182.4 eV, a main peak at 1184.7
and two satellites at 1189.3 and 1192.0 eV, whereas M, edge
exhibits two peaks at 1213.92, 1215.6 eV and a shoulder at
1218.6 eV. The Gd XMCD spectrum across M; displays a main
negative peak at 1184.85 eV and M, edge displays a positive pre-
peak (1213.07 eV), two main peaks (1214.07, 1215.6 eV)
a shoulder at 1216.52 eV and satellite at 1218.93 eV.

In Gd,;Dy,s, the XAS and XMCD spectra measured at
Dysprosium M, 5 edges are typical for Dy(u) (Fig. 3b). The XAS
spectrum displays two pre-peaks (1296.71, 1292.88 €V), a main
peak (1294.7 eV) at M5 and a shoulder (1297.16 eV), while M,
includes two close peaks (1328.1-1328.9 eV). The XMCD spectra
consists of negative peaks, across M5 a main peak at 1294.7 eV
and a minor 1294.16 eV, and a small peak at M, (1327.8 eV).
Fig. 3c shows the magnetic field dependence of the total
magnetic moment per ion, mror(H), obtained at 3.4 K for Gd**

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 XAS and XMCD characterization. Gd; sDy; 5: normalized, background-subtracted XAS (top) and XMCD (bottom) spectra measured across
the My s edge of Gd (a) and Dy (b) at 6 T and indicated temperatures, between 3.4 K and 18 K; (c) field-dependence of the total magnetic moment,
mrot(H)/ion, obtained for Gd** and Dy®*, and magnetic moment per formula unit, at 3.4 K. Open symbols show, for comparison, the
magnetization curve M(H) of the mixed MOF determined by SQUID at the same temperature; Gd; 5Tby 5: XAS and XMCD (6 T and 3.4 K) across the
My,5 edges of Gd (d) and Tb (e); (f) mrot(H)/ion obtained for Gd>* and Tb>", calculated magnetic moment per formula unit at 3.4 K (black filled

symbols), and SQUID determined M(H) (open symbols).

and Dy*" in Gd,;Dy,s. They coincide with the M(H) curves
measured separately in the homonuclear Gd and Dy-MOFs.***
Furthermore, we calculated the magnetic moment per formula
unit, Mga1.spy1.s (H), by taking a weighted linear combination
(LC) of the mror(H) for each ion: mga1.spyr.s = 1.5 Mror(H)/
ion(Gd*") + 1.5 mror(H)/ion(Dy*"). This calculated value is in
excellent agreement with the magnetization curve, M(H),
measured by SQUID magnetometry for the mixed Gd, ;Dy; s
MOF, at the same temperature (3.4 K).

As for Gd, 5Tb, 5, the XAS and XMCD spectra at Terbium M, s
edges show the typical feature expected for Tb(m) (Fig. 3e). The
XAS spectrum exhibits a pre-peak (1235.19 eV) and two main
peaks (1237.99 eV) and shoulder (1242.99 eV) in the M; region,
while M, consists of a peak at 1270.53 eV and shoulder (1273.2

This journal is © The Royal Society of Chemistry 2024

eV). The XMCD spectra contain a primary negative peak at
1239.3 eV in the M; region and a minor peak at 1242.37 eV, and
three features in the M, region (at 269.65, 1270.6, 1273.25 eV).
Fig. 3f displays the myor(H)/ion curves measured at 3.4 K for
both Gd*" and Tb*' ions in Gd, sTb;s. Similar to the above
described compound, these curves align, respectively, with the
M(H) curves previously measured in the isostructural pure Gd
and Tb MOFs.""*'** Also, the magnetic moment per formula
unit, calculated as the weighted LC of the ionic myor(H)
contributions:  Mgar.steis = 1.5 mror(H)/ion(Gd*")  +
1.5-mror(H)/ion(Tb*"), is in very good agreement with the
magnetization SQUID-determined M(H, 3.4 K) curve for
Gd, 5Tb, 5.
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Fig.4 XAS and XMCD characterization. Gd, sEu, 5: normalized, background-subtracted XAS (top) and XMCD (bottom) spectra measured at 6 T at
3.4 K across the M, s edge of Gd (a) and (b) Eu (also shown, the simulated spectra for Eu?* and Eu®*); (c) field-dependence of the total magnetic
moment, mror(H)/ion, obtained for Gd** and Eu, and calculated magnetic moment per formula unit, at 3.4 K. GAEuTb: XAS and XMCD (6 T at 3.4
K) across the M4 5 edges of Gd (d), (e) Eu (also shown, simulated spectra for Eu®* and Eu*), and (f) Tb; (g) mrot(H)/ion obtained for Gd**, Eu and

Tb®*, and calculated magnetic moment per formula unit, at 3.4 K.

In the case of Gd,sEu, s, the XAS and XMCD spectra of
Europium reveal the coexistence of two valence states, Eu®>* and
Eu>'. Notably, the experimental spectra could be successfully
reproduced considering the linear combination (LC) of the XAS-
XMCD spectra calculated using Ligand Field Multiplet (LFM)
simulations, implemented in Quanty-Crispy, for both Eu*" and
Eu®", in a ratio of 24-76% (refer to Fig. 4b). The presence of both
Eu®" and Eu®' ions had been already inferred from magneto-
metric measurements of the mixed MOF (as discussed above,
see Fig. 2g and h), and is here confirmed through the applica-
tion of the XAS-XMCD element-selective technique. However, it
is noted that the Eu**/Eu’ ratio determined by the synchrotron
measurements is higher than that obtained through SQUID
(Eu**/Eu®" = 0.05/0.95). The reason for this discrepancy may be
attributed to the propensity of Eu in these carborane-based
MOF to undergo photoreduction upon soft X-ray irradiation,
not causing molecular damage." For Europium, the XMCD
signal arises from the magnetic Eu®" ions, while the XAS
absorption spectrum is associated to all Eu ions. Thus, we
calculated the “averaged” magnetic moment per Eu ion in the
sample, applying the sum rules with an averaged number holes
n,, = 7.8, taking into account the experimentally determined

21978 | J. Mater. Chem. A, 2024, 12, 21971-21986

ratio Eu**(Eu®") = 0.24(0.76), and the number of holes of each
one, ny, = 7 (Eu*"), 8 (Eu**). The mror(H)/ion curves determined
at 3.4 K both for Gd and Eu ions, together with the magnetic
moment calculated per Gd; sEu, 5 formula unit are shown in
Fig. 4c. The myor(H)/ion curve obtained for Gd** is in agreement
with the Brillouin prediction at 3.4 K, while the mo(H)/ion per
average Eu coincides with theoretical curve, calculated as the LC
of 24% of Eu®" ions (following a Brillouin function) and 76% of
Eu®".

In trinuclear GdEuTb MOF the XAS and XMCD spectra of
Europium again show the coexistence of Eu’" and Eu*", in
a ratio of Eu*'/Eu®" = 0.26/0.74, estimated from LFM simula-
tions (Fig. 4e), very similar to that found in the above discussed
Gd, sEu, 5 instance. The XAS-XMCD spectra across the M, s
edge of Terbium (Fig. 4f) corresponds to Tb(in) and are similar
to the spectra described for Tb dinuclear Gd;;Tb,s. The
mror(H)/ion curves at 3.4 K obtained for Gd, Eu and Tb ions,
along the magnetic moment calculated per GdEuTb formula
unit are plotted in Fig. 4g. Once again, the mror(H)/ion curve
obtained for Gd** aligns with the Brillouin prediction at 3.4 K,
the myor(H)/ion for Th®" is similar to the curve measured for Tb-
MOF and Tb in dinuclear Gd, 5Tb, 5, and the myor(H)/ion per

This journal is © The Royal Society of Chemistry 2024
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Eu coincides with the theoretical curve, calculated as a weighted
combination of Eu*" and Eu®' contribution, with the experi-
mentally determined ratio.

MCE at atomic and macroscopic level

XMCD measurements were further used to characterize the
MCE performance at atomic level, and compare it with the
global MCE observed for the mixed MOF. The procedure is
illustrated in Fig. 5, for the case of Gd, 5Dy, 5. XMCD(H) cycles at
different fixed temperatures between 3.4 K and 18 K were
measured separately for Gd*" and Dy*". XAS-XMCD spectra at 6
T and each fixed temperature were performed (see Fig. 3a and
b), to scale the XMCD(H) curves and obtain mror(H)/ion
isotherms both for Gd** (Fig. 5a) and Dy*" (Fig. 5c). These
figures show also, for comparison, the M(H, T) curves for Gd*"*
ions, according to Brillouin predictions (Fig. 5a, lines), and
M(H) isotherms measured by SQUID for Dy-MOF (Fig. 5c, lines).
Maxwell method was then used to obtain, separately, the
magnetic entropy change curves, —AS,,(7) for different AB
values, for Gd*" (Fig. 5b) and Dy*" (Fig. 5d). Despite the error
committed in the determination of —AS,,(7) from XMCD,
associated to some thermal drift at intermediate temperatures,
and the differentiation steps involved in Mawell method, the
obtained cationic —AS,,(7T) are close to the expected curves for
homonuclear Gd-MOF and Dy-MOFs (also represented as
continuous lines in Fig. 5b and d, for comparison purposes).
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The total magnetic moment per Gd, sDy, s formula unit,
obtained from the LC of myor(H)/ion contributions at different
temperatures is shown in Fig. 5e (bold symbols), along the M(H,
T) curves obtained by magnetometry (open symbols). A good
agreement is observed for those curves measured in similar 7
conditions.

Finally, the macroscopic magnetic entropy change —AS,(T,
H) per formula unit, calculated as the LC of the individual
cationic contributions obtained for Gd and Dy, is shown in
Fig. 5f (bold symbols). The obtained curves are in reasonably
agreement with the —AS,,(7, H) directly determined from the
M(T, H) curves of Gd, Dy, 5 MOF (shown in Fig. 5f as open
symbols), within the associated errors of the procedure. These
results showcase two aspects. On the one hand, they underscore
the potential of XMCD technique for investigating the indi-
vidual MCE performance of distinct ions within magnetically
complex materials. On the other, they reveal that in these mixed
{GdLn} MOFs, the MCE is the sum of the separate ions’
contributions, indicating an additive behavior.

Dynamic magnetic properties

To characterize the spin magnetic relaxation properties of the
synthesized {GdLn} MOFs, we performed ac susceptibility
measurements as a function of the frequency, temperature and
magnetic field. Fig. 6 (left) shows the out-of-phase component
of the susceptibility as a function of the frequency, at constant

Gd, 5Dy, 5
20 T T T T T
(a) Gd XMCD (e)
T T T o 34K
5.5K 151
— . 6K
sl P K |
s % 10K
/ o= 15K gm _
’5‘ y / = 18K 310- .5
S04 5 = Lines: s (1.56:3111;,9,:) }
r g ot = *
\_3: $ - /’/ Brillouin e 2
£ 54 S 5 . oK 2
ol fHF T | o 10K &
y o 15K
18K
ok .
ok N . s N N 0 1 2 3 4 5 6
0 1 2 3 4 5 6 oH(T)
poH (T) ‘ ‘ 1oH (T)
(b) (f) | v (d)
I ' : : Ek # ‘ ‘ ' som G0 I S ZRIN(20.5/+1)=0.69R | -0rost
''''''''''''''''''''''''''''''''''''''''''''' 0.5T =| *0.5)+1)=
20F ey =RIN(2+3.5+1)=2.08R %;; 4 GaDy-sauD na=RIN((210.5)+1)=0. .-
7 2 ii}r 0.6}
gI 3+ P 25T
| € s s
Theor. ‘; g’ aT 104
05T ? o 4t
T Gt Sow 4
e 2T h U)E v
3T < GdDy-XMCD
4T —9—05T |
5T 1+ -atl) 02
—er 3T
w 4T
J—S 5T
s St SS— —0T 0 —o—6T 0.0
4 8 12 16 0
T (K) T(K) T(K)

Fig.5 MCE at atomic and macroscopic level. Lateral panels: mrot(H)/ion curves determined by XMCD at different temperatures for Gd** (a) and
Dy** (c), and derived magnetic entropy change curves, —AS(T, H), for Gd** (b) and Dy** (d). Central panel: (e) magnetization per formula unit as
a function of field at different temperatures, M(H, T), obtained as the linear combination of XMCD-obtained mrot(H)/ion curves (bold symbols)
and measured by SQUID (open symbols); (f) total magnetic entropy change —AS(T, H) per formula unit, calculated as the linear combination of
the individual cationic contributions (bold symbols). For comparison, the —AS,(T, H) obtained from the M(T, H) curves of Gd; sDy; s MOF are
shown (open symbols). In (b), (d) and (f) the dotted lines indicate the maximum available entropy.
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Fig. 6 Spin magnetic relaxation of mixed {GdLn} MOFs. (Left: a, ¢, e and g): imaginary component of the ac susceptibility as a function of the
frequency, x”(f), at uoH = 0.3 T, and (right: b, d, f and h): at T = 2 K and different applied magnetic fields. (Bottom): (g) magnetic relaxation time as
a function of the inverse temperature (1/7) at uoH = 0.3 T and (h) as a function of the applied magnetic field at T = 2 K, for the different relaxation
processes observed. For comparison, relaxation times previously reported for homonuclear Gd, Tb and Dy-MOFs are shown (open symbols).*4*
Additional relaxation results for {GdTbEu} MOF are shown in Fig. S4.1
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1oH = 0.3 T and different temperatures between 1.8 K-20 K,
X" (f, T), while Fig. 6 (right) plots the x”(f, H) curves, at fixed T =
1.8 K and different applied magnetic fields in the 0-1 T range.
From these data, the spin relaxation time for the different
relaxation processes observed were obtained. Fig. 6g and h
show, respectively, the dependence of the relaxation time with
the inverse of the temperature, 7(1/7), and the magnetic field,
7(H), obtained for the different process in all studied {GdLn}
MOFs. Results are discussed in the light of measurements
previously reported for homonuclear Gd, Tb and Dy MOFs."'4'*®

For Gd, sDy, s MOF, under the application of a uoH = 3 T
magnetic field, a slow relaxation process at f < 1 Hz, and
a second process is hinted at the highest measured f= 1 kHz
(Fig. 6a and b). Both the x"(f, T, 0.3 T) and x"(f, H, 2 K) resemble
the curves measured for the homonuclear analogue Dy-MOF,
though the curves in the mixed MOF are slightly shifted
toward lower frequencies. The relaxation peaks associated to Gd
are not observed, possibly masked by the much larger intensity
of the Dy ones.

Similarly, in the case of Gd, 5Tb, s MOF the x”(f; T, 0.3 T) and
X"(f; H, 2 K) curves display a single very low frequency peak
(Fig. 6b and c), with 7(1/T), and t(H) dependencies similar to
those previously observed for homonuclear Tb-MOF, which can
be associated to a direct process. Like in the previous case,
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relaxation is dominated by the anisotropic ion, and the
processes associated to Gd are not observed.

In contrast, in Gd, sEu; 5 MOF, the x"(f, T, H) behavior
(Fig. 6d and e) is very similar to that previously observed for Gd-
MOF,"* and evidences the single-ion relaxation of the Gd ions
in the mixed MOF through multiple processes. The first relax-
ation slow process has relaxation time values in the order of t,
= 0.1 to 1 s. The 14(1/T) dependence at 0.3 T could be fit to an
Arrhenius law with an activation energy of U/kg = 12.1 K, of the
same order as the levels splitting. The second slowest relaxation
process, with a Tand H independent relaxation time constant 7,
=~ 0.016 s may be associated to a direct process. The third,
temperature-dependent relaxation process (r3) may be ascribed
to a Resonant Phonon Trapping (RPT) mechanism."***2°

Finally, the dynamic behavior of trinuclear GdTbEu MOF
(Fig. S4t) is very similar to that of previously discussed
Gd, 5Th, 5, i.e. it is dominated by the intensity of Tb relaxation.

Optical properties

The absorption spectra of the new {GdLn} MOFs exhibit a slight
broadening of the UV band, akin to that observed for the free
ligand mCB-L and reminiscent of the UV absorption bands in
previous mono- and multi-metallic MOFs (Fig. S31). The

(b)
542 Gd1.5Tb1.5
640 - s m QY =7.3%
480 - w\
2 IEE!II \
2
g 4
£ 320 ‘ ’
488 \‘ o
160 \ a
[\ || 582619
\”% [ \ (H‘o &ﬁ’a
04 J\_J UIJ
T T T T T T T
420 480 540 600 660 720 780

Wavelength (nm)

3600 1 614 GdEuTb
QY = 4.5%
22 =
i
699

§ 1800
£

1200 591

600 |
ass Y 652
0 — T T T T T T T
420 480 540 600 660 720 780

Wavelength (nm)

Fig.7 Luminescent properties of mixed {GdLn} MOFs. Solid-state emission spectra of Gd; sDy; 5 (@), Gdy.5Tby 5 (b), Gdy sEuy s(c) and GAEuTb (d)
under continuous-wave irradiation (exc = 280 Nm) at room temperature. (Insets): Quantum yields (QY) and optical microscopy images of the
corresponding crystals under white and the corresponding luminescence images.
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emission spectra in the visible region for powdered samples of
all the studied mixed {GdLn} MOFs under light irradiation (Aex
= 280 nm; air atmosphere; RT) are shown in Fig. 7 and Table
S2.1 No blue emission originating from the ligand is detected.
The spectra of Gd, sDy; 5, Gd; 5Tb, 5 and Gd, sEu, 5 show solely
the characteristic emission peaks for, respectively, Dy*" (A, =
572 nm), Tb** (Afmax = 542 nm, deriving from °D, — "F; (J = 6-
3)) and Eu®* (Agmax = 614 nm, °Dy, — "Fj; J = 1-4),%° while the
spectrum of trinuclear GAEuTb includes the peaks of both Eu®*
and Tb**, with resulting emission color ranging from green
(Gd;.5Tb; 5), red (Gd, 5Eu, 5), to greenish (Gd, sDy; 5) and yellow
(GAEuTb), see Fig. 7 (insets) and S5.1 In the case of the tri-
metallic GAEuTb MOF, the emitted color is due to the combi-
nation of the two extreme colors (green and red) for the indi-
vidual Tb*" and Eu** lanthanides, respectively (Fig. 7).* No
emission is observed from Gd. This fact is justified by the fact
that the calculated triplet state (T;) energy of mCB-L is not
enough to sensitize the Gd. The measured quantum yield (QY)
values (Table S2f) of all MOFs are 0.2% (Gd; sDy;5), 7.3%
(Gdy 5Tby 5), 4.2% (Gd,y sEuy5) and 4.5% (GdEuTb). The emis-
sion of the Tb/Eu-containing MOFs (Gd,sTh, 5, Gd,sEu,s,
GdEuTb), are dominated by Tb** and Eu,? but have significantly
lower QY than the values previously reported for carborane-
based pure Tb (49.8%), Eu (20.5%) and mixed Tb,sEugs
(42.5%) MOFs.>® We speculate that the energy of the excited
carboranes next to the Gd ions is lost through non-radiative
pathways, not contributing to the sensitization of the Tb, Eu
or Dy atoms, reducing the overall MOF quantum yield. Mono-
exponential fitting of the slower part of the decay curves was
carried out to obtain the longest luminescence lifetimes, while
avoiding possible background interferences (Fig. S61). The ob-
tained lifetimes for the Gd, 5Dy, 5 (37.3 us), Gd; 5Th, 5 (872.5
us), Gdy sEu, 5 (739.1 us) and GAEuTb (744.1 for Eu’”, 867.1 for
Tb*") are nearly identical to those of the individual Dy-MOF
(41.7 ps), Tb-MOF (849.7 pus) and Eu-MOF (739.0 ps),* suggest-
ing no energy transfer (ET) occurs between Ln ions. Since no
rise is observed in the first part of the decay signal, we conclude
that no sensitization from one lanthanide to the other is
occurring, nor even from the non-emitting Gd, as consequence
of the fact that it was not sensitized by the carborane.
Furthermore, contrarily to that observed in previous carborane-
based binary Eu/Tb MOFs, in the trinuclear GdEuTDb, there is no
ET between Eu and Tb ions, indicating that the inclusion of Gd
separating the ions hinders the energy transfer.

Discussion

Finally, we discuss the multifunctional properties of the new
carborane-based mixed {GdLn} MOFs, in view of the above
described magneto-thermal and optical characterization
results. All {GdLn} compounds exhibit MCE, with entropy
change values —AS,, at 1.8 K and AB = 2-0 T, in decreasing
order, of 7.90, 7.28, 4.94 and 4.84 J kg”* K" for Gd,;Dy; s,
Gd, 5Tb, 5, GdEuTb and Gd, sEu, 5. Although, as expected, these
values are smaller than those of homonuclear Gd MOF, the
mixed MOFs have interesting added functionalities. Both
Gd, sTb, 5 and Gd;;sDys;s MOFs exhibit field-induced slow

21982 | J Mater. Chem. A, 2024, 12, 21971-21986

View Article Online

Paper

relaxation of the magnetization arising from the anisotropic Ln
= Dy and Tb SMM units, associated to a direct process. Since
the relaxation time associated to this mechanism is essentially
field-independent above 2 T, the MCE may be used to refrigerate
the SMM units. However, it should be noted that for the cooling
procedure, a change of magnetic field AB = By — B; with B; #
0 should be used, since no relaxation is observed in the absence
of field (Fig. 6h). In addition, Gd, 5Tb, 5 displays green lumi-
nescent emission, while Gd, 5Dy, s MOF's emission is greenish
but its quantum yield is quenched. On the other hand,
Gd, ;Eu, 5 exhibits slow magnetic relaxation arising from Gd,
with a relaxation time 7 ~ 0.02 s that could be maintained upon
a refrigeration cycling under AB = By — B; with B; > 2 T, and
displays red luminescence. Finally, GAEuTb MOF exhibits MCE
along yellow luminescent emission.

Conclusions

The synthesis and full structural, magneto-thermal and optical
properties of new carborane-based mixed MOFs {[(GdLn);(mCB-
L),(NO;)(DMF),],-Solv} incorporating Ln = Dy, Tb, or Tb/Eu
have been reported. The use of the mCB-L ligand allows the
synthesis of isostructural multivariate MOFs combining any
tailored combination of lanthanides with desired ratios, and
therefore is ideal for the preparation of multifunctional mate-
rials. Herein we explored the potentiality of combining Gd,
providing the largest change of entropy for magnetocalorics,
with different lanthanides introducing added functionalities.
We demonstrate that Gd;sLn,; (Ln = Tb, Dy) constitute
multifunctional MOFs incorporating MCE, field-induced slow
relaxation of the magnetization, and green emission, in the case
of Ln = Tb. Conversely, Gd; sLn,; 5 (Ln = Eu, Eu/Tb) exhibit
MCE, field-induced slow relaxation of the magnetization for Ln
= Gd, and red/yellow luminescent emission for Ln = Eu and Eu/
Tb substitutions, respectively. Interestingly, the coexistence of
MCE and SMM properties would permit “self-refrigeration” of
the magnetic units, using an applied magnetic field change with
non-zero smallest field. Although in these MOFs magnetic
bifunctionality was not observed, the concept of self-
refrigerated nanomagnets in mixed MOFs is worth pursuing.

Previous studies of mixed Gd/Ln MOFs had focused either on
the luminescent or magnetocaloric properties of the
compounds. Our comprehensive study of the optical, thermal,
dc and ac magnetic properties has allowed us to establish how
the macroscopic properties of the {GdLn} MOFs benefit from
those of the constituting elements. Macroscopic magnetometry
measurements allowed characterizing the magnetic and MCE
behaviour of the mixed MOFs, while element-selective XAS-
XMCD was crucial for analyzing the magnetic properties of
the individual Ln ions. The use of this rarely employed tech-
nique for MOF characterization allowed us to show how global
MCE properties emerge from the contributions of constituent
lanthanides. This novel methodology holds promise to advance
research of other multimetallic magnetocaloric materials,
including high-entropy (HE) alloys, with significant potential
for energy-efficient refrigeration.

This journal is © The Royal Society of Chemistry 2024
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We have shown that in these carborane-based mixed MOFs
the static magnetic and MCE properties results from the addi-
tive contribution of the constituent Ln elements. The dynamic
properties of Gd; sLn, 5 (Ln = Dy, Tb, Tb/Eu) are dominated by
the anisotropic Ln = Tb, Dy, while those of Gd, 5Eu, 5 reflect the
relaxation of the magnetic Gd ion. On the other hand, color
tuning ranging from green (Gd,sTb,s), red (Gd,sEu,;), to
greenish (Gd, ;Dy;5) and yellow (GdEuTb) was achieved
through the combination of lanthanide ions, although
quantum yield efficiency was diminished with respect to that of
homonuclear MOFs due to the presence of Gd ion.

In conclusion, our innovative synthetic approach for
preparing multi-lanthanide MOFs not only expands the hori-
zons for investigating “complex magnetic materials”, but also
paves the way for developing multifunctional MOFs endowed
with tailored or unforeseen properties. Specifically, {GdLn}
MOFs offer the attractive possibility of organizing self-
refrigerated SMM memory units and “qubits”, for high
density information storage and quantum computing applica-
tions, requiring operation at cryogenic temperatures.

At present, Artificial Intelligence (AI) algorithms are already
being exploited in the realm of high-entropy alloys, comprising
five or more metals, to predict materials with novel synergistic
properties.****> Looking ahead, we anticipate the application of
Al in uncovering new multi-lanthanide MOFs that exhibit
compelling characteristics. However, this Machine Learning
approach is contingent on the prior synthesis and thorough
characterization of a substantial number of MOFs encompass-
ing various combinations of lanthanides. Our work stands as
a milestone in this promising direction, laying the foundation
for future advancements in the discovery of innovative multi-
lanthanide MOFs with remarkable properties.
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