N
N

N

HAL

open science

Luminescent Single-Molecule Magnets as Dual
Magneto-Optical Molecular Thermometers
Sophia Zanella, Maxime Aragon-Alberti, Carlos D. S. Brites, Fabrice Salles,

Luis D. Carlos, Jéréme Long

» To cite this version:

Sophia Zanella, Maxime Aragon-Alberti, Carlos D. S. Brites, Fabrice Salles, Luis D. Carlos, et al.. Lu-
minescent Single-Molecule Magnets as Dual Magneto-Optical Molecular Thermometers. Angewandte
Chemie International Edition, 2023, 62, pp.e202306970. 10.1002/anie.202306970 . hal-04239956

HAL Id: hal-04239956
https://cnrs.hal.science /hal-04239956
Submitted on 12 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cnrs.hal.science/hal-04239956
https://hal.archives-ouvertes.fr

Luminescent Single-Molecule Magnets as Dual Magneto-Optical
Molecular Thermometers

Sofia Zanella,?* Maxime Aragon-Alberti,’’ Carlos D.S. Brites,/@ Fabrice Salles,®! Luis D. Carlos*,[@and
Jéréme Long*lic]

[a] S. Zanella, Pr. C. D. S. Brites, Pr. L. D. Carlos
Phantom-g, CICECO-Aveiro Institute of Materials, Physics Department, University of Aveiro, 3810-193, Aveiro, Portugal.
E-mail: Icarlos@ua.pt
[b] M. Aragon-Alberti, Dr. Fabrice Salles, Dr. J. Long
ICGM, Univ. Montpellier, CNRS, ENSCM, Montpellier, France.
E-mail: jerome.long@umontpellier.fr
[c] Dr. J. Long
Institut Universitaire de France, (IUF), 1 rue Descartes, 75231 Paris Cedex 05, France
Both authors contributed equally to this work

Supporting information for this article is given via a link at the end of the document.

Abstract: Luminescent thermometry allows the remote detection of the temperature and holds great potential in future technological
applications in which conventional systems could not operate. Complementary approaches to measuring the temperature aiming to enhance
the thermal sensitivity would however represent a decisive step forward. For the first time, we demonstrate the proof-of-concept that
luminescence thermometry could be associated with a complementary temperature readout related to a different property. Namely, we propose
to take advantage of the temperature dependence of both magnetic (canonical susceptibility and relaxation time) and luminescence features
(emission intensity) found in Single-Molecule Magnets (SMM) to develop original dual magneto-optical molecular thermometers allowing to
overcome the contradiction between high-performance SMM and Boltzmann-type luminescence thermometry. We highlight this integrative
approach to concurrent luminescent and magnetic thermometry using an air-stable benchmark SMM [Dy(bbpen)CI] (H,bbpen = N,N'-bis(2-
hydroxybenzyl)-N,N"-bis(2-methylpyridyl)ethyl-enediamine)) exhibiting Dy** luminescence. The synergy between multiparametric magneto-
optical readouts and multiple linear regression makes possible a 10-fold improvement in the relative thermal sensitivity of the thermometers
over the whole temperature range, compared with the values obtained with the single optical or magnetic devices.

Introduction

The current technological demands compel the development of novel and advanced probes with remote readout to face challenges in
various areas ranging from micro/nanoelectronics to photonics or biomedicine. More specifically, temperature sensors which account
for 80% of the worldwide sensor market,l!l represent imperative systems to integrate into the industry 4.0 and internetworked devices.
This however requires reducing the dimensions of the thermal probe at the submicrometric scale, in which conventional thermometers
are ineffective while maintaining an efficient temperature determination.

In this sense, measuring the temperature (T) by monitoring the luminescence represents a remote detection spectroscopic method with
a high relative thermal sensitivity (S,>1 %-K™), spatial resolution (< 10 ym) and short acquisition times (<1 ms).>% Luminescence
thermometry has therefore become highly studied in recent years due to its enormous potential in nanomedicine,* " internet of things,©!
microelectronics,®1 and microfluidics.['

Among the different materials that operate as luminescent thermometers, trivalent lanthanide (Ln®*)-based systems are attractive
candidates owing to the ladder-like 4f level structure, sharp bandwidth emission (full width at half maximum < 10 nm), long lifetimes
(>107% s), as well as photostability.> 13181 In luminescence thermometry, the thermal dependence of distinct emitting centers(*®-2% or
different luminescence properties of a single emitter(® 2:-23 have been utilized as thermometric parameters to provide self-calibrated
thermometers.? 24-28]

Nevertheless, luminescent thermometers might reach soon the accuracy limits needed for some applications requiring low-temperature
uncertainties (5T).[2%3U Hence, alternative approaches have now to be engineered. Combining distinct thermometric parameters to
provide multiparametric sensing may overcome this issue, but to our knowledge, such an approach has solely been strictly applied to
luminescent thermometers.B% 32331 A complementary tool, different from luminescence, to probe the temperature would lay the
foundation for dual thermometers with optimized temperature sensing and increased thermal sensitivity.

In this regard, Ln® ions could also bring additional functionality such as magnetism, which for most 4f ions, is characterized by a high
magnetic anisotropy. Molecular chemistry concepts have been efficiently used to design original magnetic materials like Single-
Molecule Magnets (SMMs).43 Such coordination complexes could be magnetized as “traditional” magnets, albeit this effect occurs
at the molecular scale.**3l These systems represent therefore one of the smallest magnetic memory units that could be integrated
into future technologies ranging from data storage, quantum information processing, spintronics or spin valves, and transistors, 742
while benefiting from all the advantages related to molecule-based materials.3!

In the last decade, the most performant SMMs have been extensively obtained using the exceptional magnetic properties of Dy®* 34 36.
44-481 whereas its luminescence could be also triggered with appropriate ligands to design luminescent SMMs.*"-51l In recent years,
pioneering works have been dedicated to combining the slow relaxation of the magnetization features with luminescent thermometric



sensing.®2%71 The magnetic properties being greatly dependent on the temperature, the local tracking of thermal changes appears
pivotal.*% 51 Yet, there are, to our knowledge, no performant zero-field SMMs acting as highly sensitive optical thermometers (Table
S1). Besides the chemical challenge of designing high-performance luminescent SMMs, a conceptual limitation needs to be further
overcome. High-energy barrier SMMs require indeed large crystal-field (CF) splitting for their ground multiplet, which is also transposed
in their excited emitting multiplet (*Fo, for Dy®*). For Boltzmann-type luminescent thermometers,?3 this compromises a high relative
thermal sensitivity in the whole temperature window where the slow relaxation is observed as the temperature sensing window
increases with the rising of the energy gap between the ground and first excited states of the emitting level.?* 56 581 As SMMs are
candidates for future single-molecule applications, doping with a different Ln®* ion could hardly be viewed as a viable strategy. Hence,
new tactics to enhance the thermal sensitivity in single emitting molecular thermometer with SMM feature appears essential.

In this sense, we envision that both luminescent and magnetic properties are intimately correlated to the 4f electronic structures of the
Ln%*ions and by extension to the temperature. Indeed, the temperature affects the transitions responsible for the luminescence whereas
magnetism is entirely correlated to the effect of thermal fluctuation on the spins. More specifically, the temperature dependence of 4f-
4f electronic transitions in lanthanide-based materials could be somehow compared to rules governing the magnetic properties.
Paramagnetic materials were previously reported as temperature sensors based on the thermal dependence of the magnetic
susceptibility.5%-¢1 Taking into account the Curie law (y = C/T with y being the magnetic susceptibility and C the Curie constant), such
systems exhibit only a significant sensitivity at very low temperatures. Furthermore, one of the signatures of an SMM is its relaxation
dynamics, which is characterized by the relaxation time, 7, and which accounts for the average time needed for the magnetization of
the system to randomly flip due to thermal fluctuations. This implies that both, the magnetic susceptibility and the relaxation time, might
be exploited to sense the temperature and provide a complementary approach to luminescence thermometry.

We hereby investigate the luminescence thermometry of an air-stable SMM for which the magnetic features outperform those of any
SMM luminescent thermometer reported so far. To overcome the abovementioned limitations inherent to such Boltzmann-type
thermometer, we additionally propose as a proof-of-concept to employ two different temperature sensing techniques to design
multiparametric thermometers with a relative thermal sensitivity one order of magnitude larger than that achieved by each method.
Hence, this unprecedented dual magneto-luminescent molecular temperature sensor allows employing up to three different parameters
to improve the thermal sensitivity, which enables the measurement of the temperature over a large range (12-300 K).

Results and Discussion

To support this, a benchmark air-stable [Dy(bbpen)CIl] (1) SMM (H;bbpen = N,N"-bis(2-hydroxybenzyl)-N,N'-bis(2-
methylpyridyl)ethylenediamine)) was selected since i) it shows interesting magnetic properties with an anisotropic barrier close to 500
cm and opening of a hysteresis loop,® ii) it displays high thermal stability up to 600 K and is robust against solvent loss; iii) it could
be synthesized in large scale, iv) although not previously investigated for the Dy3* analogue, the bbpen? is known to act as sensitizer
towards various Ln®* ions with relatively high quantum yield.[®®!

The complex [Dy(bbpen)Cl] (1) was synthesized using a slightly modified synthetic procedure (see experimental section).? X-
ray diffraction, in line with other analyses, confirms the purity of the sample (Figure S1 in Supporting Information). The seven-
coordinated complex exhibits a distorted pentagonal bipyramid geometry (Figure 1a). The coordination sphere of the Dy®* is made of
two phenoxide oxygens in axial positions and four nitrogen atoms belonging to the bbpen?- ligand, a chloride ion completing the
coordination sphere of the Dy®* in the equatorial plane. The crystal packing (Figure S2) analysis reveals that the shortest intermolecular
Dy3*-Dy?®*is about 8.50 A.
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Figure 1. (a) Crystal structure of 1. The grey bars represent the carbon atoms, and the hydrogen atoms have been omitted for clarity. (b) Frequency dependence
of the out-of-phase (") susceptibility for 1 under a zero dc-field. (c) Temperature dependence (5-50 K) of zunder a zero-dc field. The uncertainties were determined
from the CC-FIT2 software!®! while the solid lines correspond to the fit with Eq. 1 (0 Oe). (d) S? thermal sensitivity obtained from  using the fitting to Eq.1. (€)
Temperature dependence (2-300 K) of the inverse magnetic susceptibility, 1/, measured under a 1000 Oe dc field. The red solid line corresponds to the fit with a
Curie law; r>>0.999, for T>10K. (f) S thermal sensitivity obtained from the inverse susceptibility.

The magnetic properties were investigated in both direct current (dc, Figure S3) and alternate current (ac) modes confirming the typical
slow relaxation of the magnetization as previously evidenced (see details in the Sl). In particular, the ac measurements reveal a single-
temperature-dependent peak of the out-of-phase susceptibility (»”) that could be observed up to 50 K (Figure 1b and Figures S4-S5).
The relaxation dynamics was investigated by analyzing the thermal dependence of the relaxation time (Figure 1c) which reveals the
characteristic shape for SMMs showing overlap of different relaxation processes. Whereas the relaxation dynamics follows a thermally
activated behavior in the high-temperature range, the curvature points out the presence of Raman relaxation possibly associated with
Quantum Tunnelling of the Magnetization (QTM). The thermal dependence of the relaxation could be modeled using the following
equation:

l—lex (i)+C T" +
T T, P kgT t Torm (Eq. 1)

in which the first term accounts for a thermally activated process (ks = Boltzmann constant, 4 = effective anisotropy barrier), while the
second and third ones stand for two-phonon Raman (C; and n being the Raman coefficient and exponent respectively) and QTM
processes, respectively. To avoid over-parameterization, the n exponent was successively fixed to different values until getting the best
coefficient correlation. The best-fitting parameters are: 4 =656 + 2 cm™, 1o = (1.03 £ 0.04) x 10*?s,n=3.7, C; = (6.33 £ 0.04) x 10*
sL.K™ and torm = 0.24 + 0.09 s. The n exponent value suggests an increased Raman relaxation with respect to that observed in
dysprosium metallocenes (n = 2).55% The higher relaxation barrier in comparison with a previous study (i.e. 492 cm=1)52 could be
explained by our fitting procedure over the whole temperature range as opposed to the linear fit only in the high-temperature region.
The 4 value appears therefore much in line with a relaxation proceeding through the third excited Kramers doublets (KD) based on
previously reported Complete Active Space Self Consistent Field (CASSCF) ab initio calculations.®? Additionally, we conducted such
calculations followed by second-order N-Electron perturbation theory (NEVPT2) to account for dynamic correlation effects and provide
a more accurate picture of the CF splitting. Comparatively, the CF splitting is found slightly larger (Table S3). The g tensor values and
transition matrix elements rather suggest a relaxation through the second excited KD located at 607 cm™ (Figure S6).

The relaxation dynamics is a fingerprint of the SMM behavior and 7 varies by about three orders of magnitude in the investigated
temperature range. We therefore propose to define 7 as a thermometric parameter. As several thermometric parameters will be
considered in this study, the corresponding relative thermal sensitivity (S,) could be calculated attending to the definition?:



52 =%|g—2|, (Eg. 2)

where Q denotes the thermometric parameter, that is either the relaxation time (1), the inverse of the magnetic susceptibility (1/y) or,
as discussed below, the intensity ratio At for the luminescent thermometer.

The calculated relative thermal sensitivity ascribed to 7, S7, is shown in Figure 1d and shows the presence of a maximum at about 15
K followed by a steep rise as the temperature increases to reach a value of about 0.3 % K. It should be emphasized that the fitting of
the thermal dependence of rusing Eq. 1 implies that 1 operates as a primary thermometer.

The related temperature uncertainty could be estimated from the uncertainty in the thermometric parameter Q using:

sT= L9Q E

where §Q/Q is the relative uncertainty on each of the thermometric parameters. Calculations using the standard deviations extracted
from the CC-FIT2 software!®¥ based on a log-normal distribution, yields however unrealistic 6T values. Yet, considering the standard
deviations on the relaxation time (simple fit of the generalized Debye model) gives 6T of 0.4 K at low temperature (Figure S7) but
reduced values of less than 0.1 K are reached in the thermally activated region.

The thermal sensitivity SF in the presence of a magnetic field was also studied (Figures S8-S12, see Sl for details) and results in its
enhancement for temperatures lower than 20 K.

This original approach opens tremendous perspectives since the thermometric performances could be modulated depending on the
relaxation dynamics of the SMM. To illustrate this, we applied the same rationale to another SMM presenting fall-apart relaxation
dynamics and anisotropic barriers: [Dy(acac)s(H.0),]-H-0 (A = 95 cm).571 It turns out it exhibits a sensitivity up to 0.8 %.K™* (Figure
S13) but only in a very low-temperature range (< 12 K) in which the slow relaxation could be observed.

Remarkably, a complementary magnetic thermometric parameter for 1 could be further considered using the inverse of the magnetic
susceptibility (1/y , Figure 1e) obtained from standard dc measurements and which could be fitted, due to the large CF splitting, down
to 10 K with a simple Curie law (1/y = T/C). The corresponding relative sensitivity, S7, is shown in Figure 1f and confirms that sensitivity
values greater than 0.06 %-K-! could be achieved exclusively in the low-temperature range (< 15 K), as previously observed in simple
paramagnetic salts. This contrasts with the thermal variation of S; for which the maximum value is attained in the thermally activated
region (between 40 and 50 K), confirming the asset provided by the slow relaxation of the magnetization.
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Figure 2. (a) Emission spectra of 1 (12-300 K) upon 312 nm excitation. (b) Magnification of the “Fe>—°Ha3 transition displaying the temperature dependence of
the high- (11) and low-energy (l2) components. The integration ranges for |1 and I> are shadowed. Temperature dependence of (c) I1 and |2 integrated areas, (d) At
thermometric parameter, and (e) S2 relative thermal sensitivity. In d) the data points were empirically fitted to straight lines (r>>0.976).

We then study the luminescence thermometry of this dysprosium SMM. The excitation spectra of 1 (12-300 K), monitoring the
4Fg2—8H13,, transition, displays the ligand broadband, ranging from 250 to 450 nm, overlapped with intra-4f Dy®* transitions (Figure
S14). The spectra are virtually temperature independent (details on the determination of the integrated area and corresponding
uncertainty in Supporting Information). The emission spectra of 1 (Figure 2a) reveal the characteristic Dy*" *Fg,—®H11/2,1312,15/2 transitions.
For temperatures above 170 K, the *l;5,—%H;s), transition could be discerned at 450 nm, although with very small intensity avoiding its
use for luminescence thermometry (Figure S15). The three *Fgp—%Hi12132152 transitions display an analogous temperature
dependence (Figure S16). Therefore, we selected the main “Fo,—°H13), transition as representative of the luminescent thermometric
features of 1 due to its larger signal-to-noise ratio, corresponding to a smaller temperature uncertainty. The emission spectra reveal
more lines than the seven expected KD of the 8H13, multiplet (Figure 2b) suggesting the contribution of excited “Fg, levels, as previously
observed.51 Ab initio calculations for Ln®* excited states remain particularly intricate.l®”-%81 Although the energy of the “Fq, state is
overestimated by our CASSCF/NEVPT2 calculations, the CF of the *Fg, multiplet might be viewed as indicative. It reveals the presence
of two low-lying KD estimated at 80 and 120 cm~ (Table S6). In this regard, the excitation and emission spectra of 1 could be used to
confirm the CF splitting of the emitting “Fo, state (Figure S17). Yet, we will not detail the CF splitting and the origin of each component
of the “Fg—8H33,, transition assuming, instead, that the low- and high-energy sides arise, respectively, from the ground (shadowed
area |,) and excited (shadowed area |;) *Fg;» KD (Figure 2b). Consequently, we define the thermometric parameter Ar=I/l,, where the
integrated intensities 1, and I, range from 555 to 582.9 nm and 582.9-605 nm, respectively. The wavelength superior (inferior) limit of
11 (I2) corresponds to the first value for which the intensity at 300 K is not the higher value among all the spectra (Figure 2b). The I; and
I, temperature dependences are presented in Figure 2c whereas Figure 2d presents the calibration curve of 1 (A+(T)) in which three
distinct linear operating ranges are discerned (Table S7).

Although a complete explanation of this empirical dependence lies outside the scope of this study, we notice the temperature associated
with the transition between the first (second) to the second (third) regime matches exactly the onset of the population of the ground
(first) KD of the “l;5, multiplet (around 170 K and 220 K, respectively, Figure S15).
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The relative thermal sensitivity of the luminescent thermometer (S2) ranges from 0.1 to 0.3 %-K-! (12-300 K); maximum value at 225 K
(Figure 2e). These values are of the order of magnitude of those reported for Ln3* complexes in this temperature range.”l However,
this constitutes, to our knowledge, the first example of a high-performance SMM (4 > 600 cm~! and opening of the hysteresis loop)
exhibiting luminescence thermometry features (Table S1, Figure S18). The temperature uncertainty in the distinct operating intervals
ranges from 0.4 to 2.4 K (Figure S19).

These results pinpoint that Boltzmann-type thermometers are unable to operate in the whole temperature window where the slow
relaxation is observed. To illustrate this, the temperature range at which the Boltzmann-type thermometer can operate was calculated
considering the first excited KD of the *Fg,, multiplet (AE= 80 cm™, with respect to the KD ground state obtained by CASSCF/NEVPT2
calculations). Based on the theoretical work by Suta and Meijerink,?¥ a Boltzmann-type thermometer should exhibit an optimum thermal
sensitivity for r = AE/keT values comprised between 2 and 2 + 2. The optimum window for 1 is found between 34 and 57 K, which
only partially overlaps that of the SMM feature (Figure S20). More particularly, the low-temperature region (< 10 K) in which the opening
of the hysteresis loops is detected, could theoretically not be probed using Boltzmann thermometry. To our knowledge, this is the first
time that such limitation is pinpointed in SMMs. Consequently, new strategies to simultaneously enlarge the temperature windows and
increase the sensing technique are needed.

With this in hands, the presented integrative approach exhibits several benefits brought by the dual thermometric sensing provided by
magnetism and luminescence. Firstly, a comparison between luminescence and slow relaxation sensing indicates that the maximum
thermal sensitivity is achieved in different temperature windows. Whereas luminescence sensing provides a maximum relative thermal
sensitivity S2 of 0.3%-K-1 at 225 K, the magnetic thermometry S7 exhibits a similar value but in the Orbach region (40-50 K) under a
zero magnetic field. This unravels that these two different sensors could operate in a complementary fashion allowing cross-check
temperature readings.

Besides, we propose that these two sensing techniques might not only operate independently but act synergistically. Hence, the
temperature-dependent luminescence and magnetic properties of this SMM can be combined with multiple linear regression (MLR) to
improve the relative thermal sensitivity of the dual magneto-optical thermometer. The data analytics now represents indeed a critical
aspect in luminescent thermometry and may provide future improvements in the field, as recently highlighted.[5®71 Although the
combination of MLR and distinct temperature-dependent luminescence readouts have been recently proposed for green fluorescent
protein (GFP) and Ag,S nanoparticles (by some of us),% and in all-optical thermometry of nanodiamonds with silicon-vacancy,[" this
is the first example that applies the MLR concept to distinct properties of a particular system (Figure 3). As #(T) is not linear over the
whole temperature range (5-45 K, Figure 1c), we propose to apply the MLR methodology considering In(t) for which a pseudo-linear
regime could be identified (12-45 K, Figure S21). Therefore, we use 1/y, Ar, and In(7), as the two former parameters also present linear
dependences on the temperature in these ranges (Figure 1e and Figure 2d, respectively). Although 1/y is collected under a 1000 dc
field, this low magnetic field should not induce significant changes in the luminescence spectra caused by a Zeeman splitting and which
usually requires a magnetic field of the order of several Tesla to be experimentally observed.5? 571 Thus, the temperature can be
predicted by:

T =Bo+B11/x + By + B3 In(1) (Ea. 4)

where /% is the intercept and f,.3 are the slopes of the 1/y, At and In(t) thermometric parameters, respectively.

It turns out that for distinct temperature ranges, we have available different thermometric parameters that may be combined to calculate
the temperature. While in the 12-45 K interval 1/y, Ar and In(7) are active, in the 45-300 K range only two of the three thermometric
parameters are operative, and 1/y and At (fs=0, Figure 3a), respectively. The corresponding values of the fitting parameters for all
temperature ranges are presented in Sl (Table S8). The donut charts (Figure 3b) represent the relative weight of each slope for the
temperature change T — f3,,I° pinpointing that the magnetic and optical measurements are weighted distinctly in each temperature
interval. The MLR allows to reach an overall relative thermal sensitivity®® up to 28+2 %-K™ at 12 K (11+1 %-K™ at 300 K, Figure 3c).
This is by far the highest value reported for SMMs (one order of magnitude larger than the typical values, Table S1 and Figure S18),5>
561 heing also much higher than the great majority of the values reported for luminescent thermometersl’7% (although lower than the
actual record obtained for Ag,S dots, 50%-K™* at 295 KE%). Moreover, in the whole temperature range, there is a global increase of S,
of the dual magneto-optical thermometer relatively to the values obtained using a single thermometric parameter (Figure 1f and Figure
2e). This increase is comparable to that reported by Maturi et al.B% using MLR analysis applied exclusively to luminescent thermometers.
The temperature uncertainty resulting from the MLR analysis (details in Sl) increases with the temperature, being naturally lower for
the temperature ranges of higher relative thermal sensitivity. The lowest temperature uncertainty, 0.1 K, is registered at 12 K (0.3 K at
300 K, Figure S23). The accuracy of the dual magneto-optical sensor (defined as the difference between the temperature values
calculated using Eqg. 4 and those measured in the calibration curves, Figure 2d) are presented in Figure 3d as normalized violin plots
to permit a quick graphical inspection of the agreement. The accuracy values are better than 0.2 K, with 1/, A, and In(7), and 0.5 K,
with 1/ and Ar.

Finally, to demonstrate that our rationale could be applied to any paramagnetic luminescent material, additional MLR analysis was
carried out considering only 1/y and Ar. A significant enhancement of S; by more than one order of magnitude (14+1 %-K™* at 12 K) is
achieved in a large temperature range (12-300 K), relative to the values obtained considering each parameter separately (Table S9
and Figure S23). This highlights the advantage of using MLR to improve the performance of the dual magneto-optical thermometer.
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value through Eq. (4).

Conclusions

We demonstrated in this study that the field of SMM is not only restricted to magnetic-related or quantum-based applications but could
be extended towards innovative sensors such as molecular thermometric devices. For the first time, the luminescence thermometry of
a SMM exhibiting a high anisotropic barrier and magnetic bistability which clearly outperforms those of other reported SMM luminescent
thermometers has been investigated. By employing a benchmark air-stable SMM we additionally demonstrated, as a proof-of-concept,
that luminescence-based thermometry could be efficiently combined with a second temperature sensing tool related to a different
property such as magnetism to design dual magneto-optical molecular thermometers.

In contrast to previous studies in which the SMM magnetic properties were never exploited for sensing the temperature, we further
illustrated that both, the characteristic slow relaxation dynamics of a SMM as well as its canonical magnetic susceptibility, could be
leveraged as thermometric magnetic parameters and complementary tools to luminescence thermometry. We subsequently show that
taking the optical and magnetic data independently offers up to a threefold parametric approach that allows these sensing tools to act
synergistically. Whereas both optical and magnetic thermometric performances taken individually are found below a practical threshold
limit for the relative thermal sensitivity of 1 %-K2, our data analytics result in an enhanced overall thermal sensitivity which is found
boosted by one order of magnitude, switching the system into a highly performant thermometer. Thus, high sensitivity up to 28%-K!
could be reached in the cryogenic range where all the thermometric parameters are active. This clearly surpasses the thermometric
performances reported so far for any SMMs using luminescence thermometry. More generally, the proposed methodology overcomes
the paradigm of SMM Boltzmann-type thermometers which are intrinsically operative in a narrow temperature range, partially
overlapping that of the slow relaxation window.

We emphasize that this integrative approach could be extended to other SMMs. Remarkably, the high diversity in the relaxation
dynamics of luminescent SMMs would ultimately allow to rationally improve the sensitivity for their incorporation in future devices, in
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which both the magnetic and luminescent properties could be collected synchronously; the main current limitation of our approach
being indeed the independent acquisition of the magnetic and luminescence data. Although challenging, this could be performed using
standard SQUID magnetometers or Hall magnetometers using optical fibers.’71 To overcome the acquisition of three different
thermometric parameters, we demonstrate that taking only the magnetic susceptibility and luminescence still generates a significant
enhancement of the thermal sensitivity over the whole temperature range. In a broader context, this implies that such remote dual
magneto-optical sensing is not narrowed to SMMs and could be extended to any luminescent materials exhibiting a paramagnetic
behavior.
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