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We present the intriguing magneto-optical properties of the lanthanide complex [Tb(coum)s(batho)]-
[0.7EtOH], 3-acetyl-4-hydroxylato-coumarin and batho =
bathophenanthroline ligands. Tb—batho displays visible-range luminescence with a notable quantum
yield (58%) upon sensitization of the “antenna” ligands. Employing a SQUID magnetometer equipped

with a magneto-optic option, we conducted comprehensive in situ measurements of light-induced

named Tb-batho, based on coum =

magnetization changes across varied magnetic fields, temperatures, and frequencies, utilizing light
wavelengths ranging from 275 to 800 nm. A reversible magnetic modulation of magnetization is
observed upon toggling the light “on” and "off,” particularly pronounced at 380 nm excitation, resulting
in a magnetization change AM(off/on) = 0.376ug fu™ (ca. 42.6% of the magnetization) at 1.8 K and
1 kOe. Although Tb—batho exhibits field-induced single ion magnet (SIM) behavior, characterized by a

Received 24th July 2024, thermally-activated process with an activation energy of Uei/kg = 16.6 K @ 3 kOe and a slow direct

Accepted 8th November 2024 process influenced by bottleneck effects, light irradiation does not noticeably alter its dynamic
DOI: 10.1039/d4tc03152k properties. All in all, Tb—batho emerges as a versatile multifunctional molecular material integrating SIM

behavior, luminescence and light-induced magnetic switching, holding interest for diverse electronic
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1. Introduction

In recent years, the appeal of smart materials endowed with
multifunctional and controllable properties has significantly
grown due to their broad applicability across diverse fields.
Among them, metal-organic materials are particularly attractive
because their chemical fabrication facilitates reproducibility,
miniaturization, and scalability—critical aspects in preparing
nanodevices—and allows for the tunability of properties. Multi-
functional molecular magnetic materials, characterized by
unique functionalities in tandem with magnetic properties,
such as luminescence, microporosity, conductivity, and chiral-
ity, have garnered interest for various applications, including
switching, sensing, spintronics,’ gas separation,” catalysis,® or
biomedicine.*” A particularly promising avenue is the exploration
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applications, sensors, or quantum computing.

of molecular materials that combine both luminescence with
magnetic properties, opening up new opportunities in applications
such as information storage and processing, sensing and bio-
imaging.® Moreover, the ability to control the magnetization
though optical stimulation is an attractive property for different
applications, and has been searched in different types of
inorganic”® and organic materials.” Among them, extensive inves-
tigation has been done on optical-driven magnetization changes in
transition-metal compounds, Fe-Co Prussian blue analogues and
CN-bridging compounds, light-induced excited spin state trapping
(LIESST) compounds, composites, and more recently, topological
spin switching has been achieved in 2D van der Waals magnets."°

Lanthanide ions hold unique electronic, optical, and magnetic
properties derived from 4f orbitals, making them excellent
candidates for the development of stimuli-responsive molecular
materials. Indeed, trivalent lanthanides (Ln®"), characterized by
large unquenched orbital moments and high magnetic aniso-
tropy, are particularly suited for designing single-molecule mag-
nets (SMMs)."* ™ Recent advancements have led to the creation
of lanthanide-based single-ion magnets (SIMs) with activation
energies (U.g) around 2000 K and blocking temperatures exceed-
ing 80 K."* Simultaneously, Ln(m)-based materials exhibit excep-
tional luminescent properties, featuring intense, narrow-banded,
and long-lived emission bands spanning the visible and near-
infrared spectrum,""® although luminescence typically requires
sensitization through a harvesting “antenna” ligand, given the
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inherent weakness of direct excitation of Ln ions. The literature
extensively reports on the SMM and luminescence properties
of Ln*" compounds with various dimensionalities. These include:
0D SIM,"™° dinuclear compounds,®3° SMM clusters,**™¢ 1D
polymeric compounds,”” " 2D metal-organic compounds (MOFs),>*
and 3D MOFs.>> However, among these only a limited number of
complexes truly exhibit bifunctionality, demonstrating both
SMM behavior and photoluminescence.****® The design of
the ligands to achieve this bifunctionality plays a crucial role,
influencing the coordination environment, relevant for magnetic
relaxation, while facilitating luminescence sensitization.>”>*"%>

On the other hand, significant efforts have been made in
recent years towards achieving switchable Ln-based SMMs
via external stimuli, encompassing physical influences such
as light, temperature, pressure, and electric potential, as well as
chemical stimuli like redox reactions, pH responsiveness, or
guest exchange. The primary strategies for designing switch-
able Ln-SMMs involve methods that achieve reversible single-
crystal to single-crystal (SC-SC) structural transformations,
including solvato switching of Ln-SMMs®®* (particularly
within MOFs®™%’), proton switching,’®”7° redox switching
(based on either ligand-centered,”"”* or metal-centered”>”®
redox-activity) and photo-switching. Light irradiation is a pre-
ferred stimulus due to its convenient and rapid response,
enabling dynamic remote control.

The most widely employed strategy for designing photo-
switchable Ln-SMMs has been the use of photocrhomic ligands,
which facilitate a light-driven reversible transformation between
two isomeric forms. However, a major challenge to this approach
is that the light-driven changes hardly affect the first coordination
environment of the Ln ions, which ultimately influences the
magnetic anisotropy and SMM behavior. For instance, in Ln-
SMMs based on DTE, the light-induced cyclo-isomerization
produced insufficient structural changes for significant mag-
netic modulation.”” Other photoactive ligands, including 1,2-
bis(4-pyridyl)ethene (bpe), anthracene (or its derivatives),”8®°
and spiropyran-merocyanines®' have been employed to con-
struct photo-responsive Ln-SMMs; however, despite achieving
SC-SC transformations and modulation of the SMM behavior,
these processes were not reversible.

In a few cases, reversible SC-SC transformations accompa-
nied by changes in SMM properties have been reported. In a
photocrhomic chain of [Dy(Tp™)F(pyridine),|PF, (Tp? = tris(3-
(2-pyridyl)pyrazolyl)hydroborate) reversible SC-SC isomeriza-
tion occurred upon on/off visible irradiation, albeit with only
partial conversion towards the closed form; both isomeric
forms displayed identical slow relaxation of magnetization,
although the relaxation time for quantum tunneling of the mag-
netization (QTM) was reduced for the open form with respect to
the open form, leading to a narrower hysteresis loop.** Following
a different approach, a radical-actuated on/off SMM was demon-
strated in chain compounds [Dy;(HEDP; );(HEDP, );]-2TPT;"-
HEDP-10H,0. HEDP = hydroxyethylidene diphosphonate; TPT =
(2,4,6-tri(4-pyridyl)-1,3,5-triazine). These crystals, when illumi-
nated by UV light, turned blue and returned to the initial
colorless state upon heating to 100 °C for 0.5 h. The process
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involved photoinduced photoelectron transfer (PET) from
HEDP-Dy(u1) chains to TPT, leading to SMM behavior attributed
to the large anisotropy of Dy(m) ions and the strong ferromag-
netic coupling between the photogenerated anionic O® radicals
and Dy(m) ions.®* In another example, the anthracene-based
complex Dy(depma)(NO;);(hmpa), (depma = 9-diethylphosphono-
methylanthracene, hmpa = hexamethylphosphoramide) exhibited
a reversible SC-SC transformation, resulting in a change in
magneto-optic properties from SIM behavior with yellow-green
emission to SMM with blue-white emission upon irradiation at
365 nm for 0.5 h. The reverse transformation occurred upon
heating the dinuclear compound at 100 °C in air.** It is
important to note that in all the previously mentioned exam-
ples, “on” switching of the SMM required prolonged irradia-
tion, while the reversible “off”” transformation was not induced
optically but rather thermally.

In addition to these efforts to manipulate SMM memories
using light, there is a growing interest in employing optical
methods to drive molecular qubits for quantum computing, as a
rapid and sensitive alternative to microwave control.®®> Recently,
qubit initialization of a [Eu®"] molecule through optical-induced
spin polarization was reported,®® and the optical readout of Ln-
based qubits has been theoretically proposed.’” The development
of high performing bifunctional molecules and the understanding
of magneto-optical coupling is a pre-requirement to advance in all
the above described challenges.

In our previous research, we demonstrated the effectiveness of a
chelating coumarin-derived antenna ligand to sensitize [Ln(Coum)s-
(EtOH)(H,O)JEtOH in solid state for all Ln ions.*®* Coumarins,
a family of 1,2-benzopyrones widely found in plants, exhibit remark-
able optical properties. Substituting some of the coordination
ligands with aromatic diimine (batho = bathophenanthroline or
4,7-diphenyl-1,10-phenanthroline®) or (phen = 1,10 phenanthro-
line) chromophores resulted in compounds [Ln(coum)s;(phen)-
(H20),]yH;O (x=0, 1; 0 < y <1.5) and [Ln(coum);(batho)]-0.7EtOH
(Ln = Eu, Tb, Dy, Tm) showcasing interesting magnetic and photo-
luminescent properties. Specifically, Dy and Tb compounds exhib-
ited SIM behavior and remarkably high luminescence quantum
yields (QY), of 65-76-58% for Th-coum, phen, batho analogues.
Notably, the last two compounds displayed values of the bifunc-
tional figure of merit nsvmiqy = igand, 7y o (the product of QY
and the activation energy for spin reversal) reaching 968.6% K
(889.2% K) for Tb-batho (Tb-phen), above all reported bifunctional
Tb compounds in the literature.”>****

In this work, we report our investigation of the optical
modulation of the magnetic properties of Th-batho single mole-
cule magnet. In situ measurement of the magnetization changes
induced by an external light source was achieved through the use
of a magnetometer equipped with a Magneto-Optic option.

2. Materials and methods
Synthesis

Lanthanide nitrate hydrates, 1,10-phenanthroline, bathophe-
nanthroline, CH;ONa solution and all solvents were purchased

This journal is © The Royal Society of Chemistry 2025
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from Sigma-Aldrich and used without further purification.
Ligand Hcoum (3-acetyl-4-hydroxy-2-benzopyrone) was synthe-
sized as described previously.*® Tb-batho was prepared by
isolating first the corresponding Tb(coum); complex obtained
by mixing in ethanol 1 mmol of the lanthanide nitrate with
3 mmol of Hcoum and 3 mmol CH;ONa from a 0.5 N methanolic
solution. After stirring at 60 °C for three hours, precipitating and
drying this product, one equivalent of bathophenanthroline was
added in ethanolic solution and the mixture stirred at 60 °C for
48 hours. Ethanol was partially evaporated, and water was added
to precipitate the product, which was then filtered and dried.
Single crystals suitable for X-ray diffraction were obtained by slow
evaporation of the products dissolved in CH,Cl,-EtOH.

Th-batho

Yield = 96% MALDI-TOF (m/z) positive ion: 897.1 [Tb(coum),-
(batho)']; negative ion 767 [Tb(coum);-H] . Elemental analysis
calc. for Tb(coum);(batho)-EtOH (%): C: 61.44, H: 3.73, N: 2.47.
Experimental: C: 61.53, H 3.63, N: 2.51. IR-ATR (cm ') IR: 1708
(v1C—=O0 lactone), 1609 (LC—O COCHj,), 1466 (s CHj), 1389
(0s CH3), 837, 704 (batho rings).

Solid state luminescent measurements

Photoluminescence emission and excitation spectra were measured
using a Fluorolog FL-1057 Jobin Ybon HORIBA spectrofluorometer.
Quantum yields (QY) of samples in solid state were measured
under excitation wavelengths ranging from Aey. = 275-415 nm
at 300 K using a Hamamatsu absolute PL quantum yield
spectrometer C11347 (Hamamatsu quantaurus QY) equipped
with an integrating sphere.

Magnetic measurements

Characterization of powdered samples embedded in Daphne
oil to prevent grain orientation was performed in the tempera-
ture range 1.8 to 300 K using a Quantum Desigh MPMS3 SQUID
equipped with a 50 kOe magnet. Ac susceptibility measure-
ments in the range between 1.8-9.0 K, at H,. = 4.1 Oe, Hy. =
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0-25 kOe in the range of frequencies between f= 0.1-1000 Hz
were determined in the same SQUID magnetometer. Additional
measurements in the expanded range f = 10-10 kHz were
performed in a Quantum Design PPMS.

Optically-driven magnetic switching experiments were per-
formed in a Quantum Design MPMS3 SQUID provided with a
magneto-optical (MO) option. Thin, disc-shaped pellets were
prepared (Pellet 1: diameter D ~ 2.5 mm, thickness ¢ =~
0.05 mm; Pellet 2: D ~ 2.5 mm, ¢ & 1 mm; Pellet 3: D ~
2.0 mm, ¢ ~# 1 mm), and were placed in the quartz cavity inside
the MO Fiber Optic Sample Holder (FOSH) of the SQUID. For
the experiments, different sources of light were used: (i) a LED
lamp of constant Aey = 275 nm, (ii) a 75 W XENON lamp com-
bined with a low-pass filter (Lexe < 450 nm), and (iii) a 100 W
XENON TLS120Xe Quantum Design light source, with tunable
monochromatic wavelength between 280 nm and 1100 nm, and
a fixed bandwidth of 20 nm.**

Ab initio calculations were performed on the Tb-batho
molecule using the CASPT2/RASSI-SO”® method as implemented
in the MOLCAS 8.2°° quantum chemistry package. All the atoms
were represented by basis sets of atomic natural orbitals from the
ANO RCC library:”” the VQZP basis set for the Tb ion, the VTZP one
for the O, N and C atoms in the first, second and third shells of
atoms around the Tb ion and the VDZ one for all the other atoms.
The chosen CASSCF active space included the seven 4f Tb orbitals
containing 8 electrons: CASSCF(8,7). After preliminary calcula-
tions with a larger number of states, the final state-averaged
CASSCF calculations included all the states in the range from
0 to 60000 cm™* (the 7 septets, 105 quintets, 112 triplets, 0 singlets).

3. Results

The synthesis, structure and magnetic properties of non-irradiated
[Tb(coum);(batho)]-0.7EtOH (named Tb-batho, CCDC-2013258)
were previously described.”® The crystal unit cell is triclinic
(space group P1 (2)), with cell parameters a = 11.6630(4) A, b =
13.2469(6) A, ¢ = 18.3330(8) A, o = 78.553(3)°, f§ = 76.079(3)°, y =
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(a) Structure of Tb—batho. Colour code: Tb (green), O(red), N (blue), C (grey). H atoms are omitted for clarity. Below, detail of the coordination

polyhedron; (b) excitation spectrum, monitorized at Amon = 548 Nm, and (c) emission spectrum under an excitation wavelength of ¢, = 350 nm of a solid
sample of Tb—batho at room temperature (adapted from ref. 98); (d) visible emission under UV light.
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68.680(3)°, (see Table S1, ESIt for details). The molecular structure
of the Th-batho complex (Fig. 1, left) is formed by three indepen-
dent bidentate deprotonated coumarin ions (C;;H;0,)”, which
bond through their acetyl and hydroxy O atoms to the Tb site,
thereby stabilizing 6-membered metallacycles. The coum ligand
O-Tb-O bite angle is approximately 68°. Additionally, a batho
ligand (bathophenanthroline or 4,7-diphenyl-1,10-phenanthroline)
in bidentate mode bonds through its two N atoms to the Tb ion,
with a bite angle of 63° for the N-Tb-N angle. The Tb*" ion is thus
octa-coordinated by two adjacent N ions, provided by the batho
ligand, and six O ions from the three coum ligands. The coordina-
tion polyhedron adopts a distorted square antiprism geometry
(polyhedral symbol: SAPR-8,” point group of the uniform polyhe-
dron: D,g), and has the square faces presenting a butterfly shape.

The magnetization as a function of the magnetic field M(H),
measured at T = 1.8 K, reached a saturation magnetization
value of M, = 4.8ug fu™", close to the expected value for Tb**
ions with g = 18, within a §* = 1/2 effective-spin model. The
temperature dependence of the susceptibility times de tem-
perature product, y7(7), measured under 1 kOe, reached a
saturation value at 300 K of 11.1 emu K mol ?, consistent
with the free-ion theoretical prediction,'” yT = g/J(J + 1)/8 of
11.8 emu K mol ' for Tb®" ("Fs, g; = 3/2). By decreasing the
temperature, the y7 value smoothly decreased from room
temperature to 11 K, and then more abruptly until reaching
9.3 emu K mol " at 1.8 K. This behavior was attributed to the
progressive thermal depopulation of the excited Mj sublevels.
The dynamic magnetization, characterized by ac susceptibility
measurements as a function of frequency, temperature and dc
magnetic field, revealed that Tb-batho does not show out-of-
phase (y”) signal in the absence of field below 5 K, indicating
a significant QTM channel, preventing slow spin relaxation.
«"(f, H, 2 K) measurements and z”(f, 7) measurements at the
optimum field (3 kOe) optimizing the y” intensity revealed the
presence of a low frequency (LF) peak at ca. 1 Hz, associated to
a direct slow relaxation mechanism, and a higher frequency
(HF) peak which afforded a thermal activation Orbach fitting,
T =179 exp (Ueri/ksT), with an activation energy of Ueg/ks = 16.6 K
(1o =3.3 x 1077 s).

The luminescent properties measured for Tb-batho in the
solid state are summarized in Fig. 1(b) and (d). The excitation
spectrum of this compound presents a band at approximately
360 nm, associated to harvesting of the coum and batho ligands
(Fig. 1(b)). The emission spectrum upon ligand excitation dis-
plays four characteristic bands (with largest peak at 546 nm),
corresponding to the °D, — "F; (] = 6, 5, 4, 3) transitions to the
ground state multiplet of Tb() ion (Fig. 1(c)). The measured
quantum yield upon ligand excitation was notably large,
Qlgand = 5804 As mentioned in the introduction, the achieved
bifunctional figure of merit for this compound was remarkably
high (nsym-qy = igand 1 = 968.6% K), compared to pre-
viously reported Tb compounds. Therefore, we considered
Tb-batho to be a suitable choice for our subsequent studies
of magnetization modulation under light switching.

In the present study, we used thin, disc-shaped pellets of
the Tb-batho sample, that were mounted onto the quartz
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sample holder within the fiber optic sample holder (FOSH) of
a MPMS3 SQUID magnetometer equipped with the magneto-
optic measurement option.'®® This set up enabled measure-
ment of dc and ac magnetic properties as a function of
temperature (1.8-300 K), magnetic field (0-70 kOe) and fre-
quency (0.1-1000 Hz), while illuminating the sample with light
of different wavelengths between 280-800 nm.

To begin, we measured the magnetization as a function of
the time, at 7 = 10 K under an applied magnetic field of H =
1 kOe, as the light was alternatively switched ‘‘off/on/off/on”.
Fig. 2(a) shows the results of this experiment, for different
values of the incident light wavelength, ranging between
280 nm and 650 nm. Clearly, “off/on” switching of the light
produces a corresponding reduction in the magnetization,
AM(off/on), followed by a reversible “on/off’ response. The
down turn of the magnetization is produced within <12 s after
switching “on” the light. The magnitude of the magnetization
change AM(off/on) depends on the wavelength of the irradiat-
ing light, as seen in Fig. 2(a), reaching a maximum of AM(off/
on) = 0.0108uy fu™* (6.2% of the magnetization at 10 K) under
A =380 nm light. That is, maximum magnetization modulation
is observed under approximately the same energy necessary to
optimally sensitize the ligand.

Using the optimum irradiation wavelength of 380 nm, we
conducted magnetization versus time “off/on” experiments at
various temperatures, as shown in Fig. 2(b). Fig. 2(c) illustrates
the temperature dependence of AM(off/on) from 1.8 K to 10 K.
At the lowest measured temperature, 7' = 1.8 K, the magnetiza-
tion change achieves a substantial value of AM(off/on) =
0.376pp fu™" (42.6% of the magnetization at 1.8 K).

It is noted that this light-induced decrease of magnetization
is not accompanied by a detectable sample heating: throughout
the “off/on” switching, the sample temperature monitored by a
nearby thermometer remained constant within the experimental
noise, within <0.005 K at 1.8 K (Fig. 2(d)). Moreover, the maxi-
mum magnetization change does not correlate with the maximum
energy of the lamp source tested (250 nm), nor with the lamp
power, which is maximum for a wavelength of 470 nm.>

To investigate the influence of the applied dc magnetic field
on the light-induced magnetization change, we measured the
field-dependence of the magnetization, M(H), with the light
switched off and on (380 nm) at 7= 1.8 K and 10 K (Fig. 3(a)).
The difference between the two curves, denoted AM(off/on)(H)
and depicted in Fig. 3(b), reveals that the light-induced change
of magnetization peaks at 5 kOe (~20 kOe) at 1.8 K (10 K) at
this wavelength. The magnetization change observed at 1 kOe
coincides with the value obtained through M(time) “off/on”
switching experiments.

A similar light-induced magnetic response was reproduced
using a second, thicker pellet, as shown in the ESIT (S2). In this
case, however, the maximum light-induced magnetization
change at 1.8 K was only 3%, which we attribute to a partial
contribution of the sample to the effect due to the increased
thickness.

Finally, we discuss the results of light irradiation on mag-
netization dynamics. Firstly, we carried out M(H)

This journal is © The Royal Society of Chemistry 2025
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(a) Magnetization as a function of time, M(t), of Tb—batho at T = 10 K, H = 1 kOe, as the lamp is alternatively switched off/on/off/on, for different

values of the incident light wavelength between 280 nm and 650 nm; (b) M(t) off/on experiments (incident light of 380 nm) at different temperatures
between 1.8 K and 9 K; (c) magnetization change between the off and on value as a function of the incident light wavelength, AM(off/on) at 10 K, for an
applied field of H = 1 kOe; (d) magnetization as a function of the temperature with the light switched off and on and AM(off/on) (T) (under 2 = 380 nm
light) at H = 1 kOe, and M(T) previously reported for powdered sample; (d) thermometer temperature monitored during the off/on experiments (set

T =18K, 1 = 380 nm). Measurements conducted on pellet 1.

measurements on the non-irradiated, disc-shaped sampled
placed in the magneto-optical FOSH holder.

Fig. 4(a) shows the M(H) cycles measured at T = 1.8 K while
continuously ramping the magnetic field between 0 and 20 kOe,
for different constant values of the field change rate. A “butterfly-
like” magnetization cycle is observed for the largest ramp rate
(700 Oe s™"), which is typical of systems with SMM behavior,
when the relaxing spins are unable to follow up the rapid
changes of externally applied field. The M(H) cycle progressively
closes for smaller ramp rates, and at 50 Oe s~ ", the magnetization
practically coincides with the curve measured in equilibrium.’®

This journal is © The Royal Society of Chemistry 2025

In Fig. 4(b), the M(H) cycle measured at the highest rate, 700 Oe s,
is presented at three different temperatures. The opening of the
“butterfly-like” cycle diminishes with increasing temperature, and
is imperceptible at 10 K. The observation of these slow relaxation
effects aligns with the previously reported existence of a very slow
magnetic relaxation process, as determined from previous ac
susceptibility measurements conducted on a powdered sample.”®
The relaxation time of this low-frequency process (LF), with a
relaxation time 7 ~ 0.1 s, very weakly dependent on the tem-
perature and magnetic field, was linked to a direct process.”® The
second relaxation process observed in Th-batho, attributed to
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Fig. 3 (a) Field dependence of the magnetization at T = 1.8 K and 10 K
with the lamp switched off and on (4 = 380 nm) obtained for pellet 1;
(b) magnetization change between off/on (380 nm) as a function of magnetic
field, obtained from M(H) and M(time) experiments at 1.8 K and 10 K.

thermally-activated SIM behavior (Ueglks = 16.6 K, 75 = 3.3 X
1077 s) transitioning to QTM with tqr & 10> s at low tempera-
tures, was observed at very high frequencies >10 kHz, beyond the
range of the current magnetometer (see Fig. S1, ESIT).

To investigate the impact of light irradiation on SIM beha-
vior, we conducted ac susceptibility at 1.8 K and 3 kOe on a
disc-shaped sample mounted in the SQUID with magneto-
optical option, with the light turned “off” and “on” (Fig. 5).
Two distinct samples were analyzed: a 2.5 mm-diameter disc,
illuminated by a xenon lamp with a low-pass filter (1 < 450 nm)
(Fig. 5(b)), and a smaller approximately 2 mm-diameter frag-
ment, irradiated with LED light at 275 nm (Fig. 5(a)).

For the larger disc, the y”(f) data, both with the light “off”
and “on”, exhibit a peak at low frequency (~ 20 Hz) (Fig. 5(b)).
Conversely, in the case of the smaller disc, this y” peak shifts
to higher frequencies (>1000 Hz) (Fig. 5(a)). This effect can
be explained considering that this low-frequency relaxation
process is associated to a direct process, often affected by
bottleneck effects.’*'*>™*°7 These effects occur when spins
cannot relax sufficiently fast due to poor thermal contact with
the bath, so the phenomenon is severely impacted by gas
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Fig. 4 (a) Magnetization as a function of applied magnetic field, M(H), for
a non-irradiated powdered sample of Tb—batho at T = 1.8 K, where the
field was swept at different rates (50 Oe s, 200 Oe s7%, 400 Oe s%,
700 Oe s7Y; (b) M(H) measured by sweeping the magnetic field at
700 Oe s7%, at different temperatures: 1.8 K, 4 K, 10 K.

pressure conditions'*®'% and/or sample embedding, size and

shape."'>™" In our study, the bottleneck effect appears more
pronounced in the powdered sample embedded in Daphne oil
compared to the large pellet sample, and the effect weakens as
the size of the pellet sample decreases. However, no significant
change in the y” signal is observed with the light switched “on”
or “off”.

In the final section of this article, we delve into the origin of
the observed light-induced magneto-switching. Let’s begin by
examining the energy level scheme and energy transfer (ET)
mechanism derived from luminescent measurements at room
T for Th-batho (Fig. 6(a)). The sensitization mechanism
involves the initial excitation of the molecule to states S;, S,,
S, of the ligands, followed by electron relaxation by system
intercrossing to available triplet states of the coumarin (T,), an
internal conversion to the lowest triplet state (T;) of the
ancillary ligand, an energy transfer to the Tb(ui) lowest emitting
level °D, and, finally, radiative emission to the "F; (J = 0-6)
levels. The energy difference between the ligand’s T; and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Imaginary susceptibility as a function of the frequency of Th—
batho measured at H = 3 kOe: (a) small disc sample (~2 mm-diameter,
pellet 3), at T = 1.8 K, with light on (LED lamp, 42 = 275 nm) and off; (b) larger
disc sample (2.5 mm-diameter, pellet 2), at T = 2 K, with light on (xenon
lamp with filter 2 < 450 nm) and off; (c) for a non-irradiated powdered
sample, at different temperatures between T = 1.8-9 K.

Ln(m) emitting ligand, AE[T,(lig) — Tb(°D,)], is generally
regarded as the most relevant parameter dictating efficient
ligand-to-metal ET. For the two ligands in Tb-batho, the T,
triplet states lie at 24570 (coum), and 20900 (batho) cm™,

positioning AE[T,(ligand)-Tb(°D,)] within the ideal range for

This journal is © The Royal Society of Chemistry 2025
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achieving optimum QY for the coum ligand, but falling signifi-
cantly below for batho. Nevertheless, the QY of Tb-batho is
large (58%), and only slightly lower than that of the Tbh-coum
complex incorporating solely coumarin antenna ligands (65%).
This suggests that in Th-batho, the coumarin ligands play the
main role as sensitizers, while the batho ligand modulates the
emission by reducing the QY, possibly due to some back energy
transfer (BET), and provoking a decrease in the emission decay
lifetime (from 7ops = 585 ps in Th-coum to 465 s in Th-batho).

To gain further insight into the observed magneto-optical
behavior, we calculated by ab initio the energy levels of the
ligand-field split "Fs (J = 0,1,2,3,4,5,6) and °D, multiplets of
Tb(m) in Tb-batho (Table S2, ESIt). The energy levels of the
ground-state multiplet, “Fg, and first excited multiplet, °D,,
are represented in Fig. 6(b). Using the easy axis of magnetiza-
tion (EAM) as the quantization axis, the composition of the
corresponding 13 states,{|&;|}, of “Fg in terms of the J, eigen-
states has been obtained (Table S3, ESIt). The ground state,

J
&0y = > Cg_MI|J, M), is primarily composed of state | ], M) =
M=y "
|6, £6) with some mixture from |6, £5). The first excited state of
J
this multiplet, |¢;) = MZ:J Cjar ], My), is separated by a small

energy gap of A/kg = 0.143 K from |&,). Therefore, the ground state
can be considered as a non-Kramers “quasi-doublet”, well sepa-
rated from the next levels of the multiplet.'"> On the other hand,
the lowest level of the °D, multiplet is predominantly composed of
the |4,+4) and the |4,—4) J, eigenstates, and is separated by a small
gap (4'/kg = 0.664 K) from the next level, forming an excited
“quasi-doublet” (see Fig. 6(b)). At low temperatures, within an
effective spin $* = 1/2 model, we can consider only the funda-
mental quasi-doublet of each multiplet, which will be split by the
Zeeman effect under the application of a magnetic field.

In the absence of light irradiation, the sample magnetiza-
tion originates solely from the population of the ground state.
However, upon light pumping, the excited state can become
(partially) populated, leading to a redistribution of the spin
population and a subsequent decrease in magnetization.
Indeed, the rate of change of the population of the excited
level under optical pumping, neglecting stimulated emission, is
given by the general rate equation dN/dt¢ = Rp(N — Nyy) — (N/T4),
where N is the maximum possible number of centers involved,
Rp is the pumping rate and 1/T; is the spontaneous emission
rate.*® Under continuous light irradiation, a steady state is
reached (dN/dt = 0), such that the ratio between centers in the
excited and ground state is N/N, = RpTy/(1 + RpTy). Therefore,
for processes such that the pumping rate is larger than the
deexcitation rate, a population inversion can be obtained.

The maximum expected change of magnetization, if the
excited state could be fully populated, has been calculated by
ab initio, yielding AM™® = 0.95-0.43u5 = 0.52up at T = 1.8 K
under 1 kOe. However, continuous optical pumping, coupled
with the efficiency of sensitization and desexcitation rates, is
expected to result in a partial population distribution between
the excited and ground states, diminishing the effect. The
observed light-induced magnetization change, AM(off/on) =
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(a) Energy level scheme and energy transfer mechanism in Tb—batho, at room T; (b) ab initio calculated energy levels, highlighting the energy

splitting of the ground and optically-excited states quasi-doublets, and proposed mechanism for optical-driven magneto-switching observed at low T.

0.376ug fu™" at 1.8 K (pellet 1), being lower than the maximum
possible value, AM™® suggests that the excited population
reaches, at most, 72%. The reduction of this effect at high
magnetic fields, as observed in Fig. 3(b), may be explained by
the decrease in spontaneous emission due to the Zeeman
effect."* ">

We postulate that the above mechanism is occurring in this
system and may explain the observed behavior. However,
although no temperature variation is detected by the thermo-
meter located next to the sample (Fig. 2(d)), we cannot com-
pletely exclude a small change in local temperature associated
with energy absorption by the molecule and non-radiative
de-excitation. Further research could focus on improving the
pumping process to enhance the observed light-induced mag-
netic modulation for potential applications.

4. Conclusions

In summary, our study reveals the intriguing magneto-optical
properties of a versatile multifunctional Tb complex, incorpor-
ating coumarin as main antenna and batho as ancillary ligand,
which combines SIM behavior, high quantum yield lumines-
cence in the visible, and reversible light-induced magnetic
switching. The observed decrease of the magnetization
upon light irradiation is most prominent when exciting the
“antenna’” ligands at 380 nm, resulting in an “off/on” magne-
tization change of AM(off/on) = 0.376u fu™" (that is, ca. 42.6%
of the magnetization) at 1.8 K and 1 kOe. This optical-induced
effect may be explained by a spin population redistribution
between the M; = 4 excited state and M; = 6 ground state.
The capability to control magnetization states through optical
stimulation, toggling between an “on” and “off” state, presents

838 | J Mater. Chem. C, 2025, 13, 831-841

an appealing feature. This property opens up diverse possibi-
lities for the development of molecular nanomaterials, with
potential application in advanced electronic devices e.g. for
switching, sensors, or quantum computing.
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