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We present the synthesis of a lanthanoid—organic framework (LOF) featuring a dynamic structure that
exhibits tunable magnetic properties. The LOF undergoes breathing and gate-opening phenomena in
response to changes in DMF content and N, sorption, leading to the emergence of new crystal phases
with distinct characteristics. Notably, the desolvated form of the LOF excels as a single-ion magnet,
while the fully activated structure demonstrates impressive qubit properties, exhibiting Rabi oscillations
up to 60 K. Our work enables precise control over the LOF's geometry, allowing us to selectively tailor
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Introduction

Flexible Metal-Organic Frameworks (MOFs) differ from regular
rigid MOFs by their ability to undergo reversible structural
changes with external stimuli, such as temperature, pressure, or
the addition/removal of guest molecules.” Different types of
flexibility have been reported,* including breathing,>"
swelling,’* and gate opening mechanisms,”"® which imply
variations in the pore size of the MOF, the shape of the pore,
and, in some cases, even in the connectivity.’® Interestingly,
these structural modifications may have a direct influence on
the inherent physical properties of the MOF, particularly those
that rely directly on the structure and topology of the material
and open up the possibility of finely tuning such properties at
will. For instance, we have recently reported that the breathing
phenomenon of MUV-2, which occurs upon exposure to
different solvents, yields a change in the ligand planarity that is
directly associated with a change of up to 1.1 V in the redox
potential of the different forms."”” The tuning of magnetic
properties has also been reported in dynamic magnetic MOFs,
thus allowing the magnetisation of the compound to be
modulated or switched on-off,’® although typically this is
caused by a change in the connection between the different
metal nodes.>*
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its magnetic behavior to achieve either of these two intriguing functionalities.

The implementation of slow magnetic relaxation in MOFs
can be easily achieved by using lanthanoid centres as metal
nodes, yielding lanthanoid-organic frameworks, or LOFs.**>*
Lanthanoids are attractive not only for the design of Single-Ion
Magnets (SIMs>*), but their large magnetic anisotropy and long
relaxation times make them suitable candidates for quantum
computing and spin-based electronics,* which has also been
reported in LOFs.”® The effect of the structural changes of
a responsive MOF and other coordination complexes on their
slow magnetic relaxation has been extensively studied in the
existing literature.””** However, the potential impact of such
flexibility on the quantum properties still remains a relatively
unexplored area.

Herein, we present a dynamic magnetic LOF that exhibits
two different types of flexibility. On one hand, different crystal
transitions take place by varying the DMF lattice molecules (as-
synthesised, desolvated, and fully activated forms). Moreover,
the fully activated phase exhibits an abrupt gate-opening
phenomenon upon the sorption of N,. This multiflexibility,
a rather unusual phenomenon,* is an ideal platform that can
then be exploited to tailor the magnetic properties upon selec-
tion of suitable lanthanoid ions. Thus, the desolvated form that
incorporates Dy results in the best candidate as a single-ion
magnet (SIM), whereas the activated form incorporating Gd
shows the best quantum coherence and spin-lattice relaxation
and is sensible to the adsorption of N,.

Results and discussion

Structural study and characterisation

The solvothermal reaction of LnCl; with 1,3,5-tri(4-
carboxyphenyl)benzene (H3zBTB) in N,N-dimethylformamide
(DMF) produces single crystals with all the lanthanoid centres
(Ln = La, Ce, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, and Y) (see Section
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Fig. 1 (Left) Crystal structure of LOF1. Hydrogen atoms and solvent
molecules have been omitted for clarity. (Top right) Rodlike chains that
run parallel to the c-axis. The two crystallographically different lan-
thanoid atoms are depicted in dark and light purple. (Bottom right)
Coordination environment of the lanthanoid centres. More details can
be found in Fig. S2 and S3.}

S1 in the ESI for detailsi). Single crystal X-ray diffraction
(SCXRD) reveals two different families of compounds, hereafter
called LOF1 and LOF2. LOF1 group, with molecular formula
[Ln(BTB)(DMF)]-xDMF, comprises Ln = La (x = 0.62), Ce (x =
0.63), and Pr (x = 0.75) and crystallizes in the P2,/c space group,
whereas LOF2, with molecular formula [Ln(BTB)(DMF)]-2DMF,
comprises Sm-Er and Y, and crystallizes in the P2, space group
(see Section S3 in the ESI for crystallographic details}). Both
structures consist of Ln-carboxylate chains which are further
connected by BTB®~ ligands. Each BTB®~ ligand connects to 3
different chains, and each chain is connected to 6 other chains
via 6 BTB®~ ligands, giving rise to a pseudohexagonal topology
(Fig. 1 and S1%). The two structures differ in terms of the
coordination number of their Ln centres and the conformation
of the BTB ligand. In the case of LOF1, two crystallographically
independent Ln centres (Ln01 and Lno02) are found in the
structure but presenting similar coordination environments,
with both centres coordinated by six carboxylic groups and one
DMF molecule. However, in the case of Ln01 there are three
chelating carboxylates (with 6 coordinated oxygen atoms) and
three monodentate carboxylate ligands (with 3 coordinated
oxygen atoms), whereas in Ln02 there are two chelating
carboxylates (with 4 coordinated oxygen atoms) and four mon-
odentate carboxylates (with 4 coordinated oxygen atoms). This
leaves a total coordination number of 10 for Ln01 and 9 for Ln02
(see Section S3 for more detailsf). In the case of LOF2, the
structure comprises two crystallographically independent lan-
thanoid atoms which are each linked to eight oxygen atoms.
Four of these oxygens are chelating carboxylates from the BTB
ligands, three others belong to bridging carboxylate units
shared with the neighbouring lanthanoid, and the last one
belongs to a coordinated DMF molecule.

A close inspection of the thermogravimetric analysis (TGA)
profile reveals two distinct behaviours between LOF1 and LOF2
(Fig. 2 and S11f). Whereas LOF1 displays two clearly differen-
tiated mass losses at 120 °C and 225 °C, these occur almost
simultaneously before reaching 150 °C in LOF2. Powder X-ray
diffraction (PXRD) measured after heating the samples at 150
and 300 °C show two phase transitions in LOF1, while the
pattern of LOF2 experiences a broadening of the peaks most
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likely attributed to a loss of crystallinity due to the loss of
solvent molecules (Fig. S51). Further SCXRD studies reveal that
heating the as-synthesised LOF1 (from now on called LOF1_as
form) at 150 °C under vacuum removes a significant portion of
the DMF molecules from the pores, causing a phase transition
resulting in the desolvated form (LOF1_des) (Fig. 2a). Although
the rodlike chains and their connectivity by the BTB®~ ligands
are maintained, a change in the orientation of the ligands has
been found with the removal of the major part of the solvated
DMF molecules (Fig. 2b). This rotation leads to the loss of one
Ln-O bond from the carboxylic group to its adjacent Ln
neighbour in the chain, as it is highlighted in pink, blue,
orange, and green in Fig. 2b. All these deformations result in an
increment of the asymmetric unit compared to the as-
synthesised structure, resulting in four crystallographically
independent Ln atoms (depicted in different colours in Fig. 2b).
In addition, two out of four of the Ln centres are coordinated to
DMF molecules. If the heating is increased up to 300 °C, SCXRD
shows that the remaining coordinated DMF molecules are also
removed and a new phase transition provides the activated form
(LOF1_act) (Fig. 2a). In this phase, the Ln-O bonds that had
changed are restored, and all BTB ligands and Ln centres are
crystallographically equivalent (Fig. 2b). Each carboxylate is
fully coordinated to one Ln atom and one of the oxygens is
shared with the next Ln neighbour, acting as a bridge. Each Ln
atom presents a total coordination number of 9, consisting of 3
chelating carboxylates and 3 shared oxygens. The resulting
structure is more symmetrical than LOF1_as and LOF1_des
forms, as illustrated in Fig. S4.} Moreover, as Fig. 2a shows, the
overall structure of the activated form resembles to the as-
synthesised form (LOF1_as) rather than the desolvated form
(LOF1_des). Thus, LOF1_des can be considered as a snapshot of
the transient phase upon complete evacuation of the MOF, and
reveals important structural changes required for the removal
of guest molecules despite the similarities of the initial and
final phases.

Interestingly, PXRD upon heating at different temperatures
reveals that there are no other intermediate phases (Fig. 2¢) and
that the transition to LOF1_des is fully complete at 100 °C. To
study the reversibility of the system, the crystals of LOF1_des
and LOF1_act were exposed under DMF vapours. The PXRD
patterns showed that the transition between LOF1_as and
LOF1_des is reversible, but once LOF1_act is formed, the system
cannot revert to the original phase. Instead, a new one is ob-
tained, LOF1_reDMF (Fig. 2e, S9, and S10%). The total content of
DMF molecules for each phase was determined through TGA
and NMR (see Sections S6 and S7 in the ESIZ).

The N, adsorption capacity was measured for the flexible
(LOF1) and the rigid (LOF2) structures. In the case of the flexible
group, both LOF1_des and LOF1_act forms were measured
(Fig. 3), observing that the activated structure outperforms the
desolvated one. This is not surprising considering that
LOF1_des still presents coordinated DMF molecules occupying
part of the space of the pores. More interestingly, LOF1_act
undergoes a single-step transformation (typical of a gate
opening phenomenon®°) with a threshold pressure of 0.1 atm
for Pr-LOF1, 0.15 atm for Ce-LOF1, and 0.2 atm for La-LOF1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Structures of LOF1_as, LOF1_des, and LOF1_act, respectively. (b) Side view of LOF1_as (bottom), LOF1_des (middle), and LOF1_act

(top) chains. Crystallographically independent Ln atoms are depicted in different colours in each form. The carboxylates that change their
coordination in each phase transition have been highlighted in pink, blue, orange, and green (see the text for details{). (c) Comparison of the
experimental PXRD patterns upon heating at different temperatures (as indicated in the figure) and the simulated diffractograms (in different
shades of purple) for each phase. (d) Thermogravimetric profiles of La-LOF1 (blue), Ce-LOF1 (yellow), Pr-LOF1 (green), and Dy-LOF2 (red). (e)

Experimental PXRD after exposure to DMF vapours and reactivation.
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Fig. 3 N, adsorption isotherms of La-LOF1 (blue), Ce-LOF1 (yellow),
Pr-LOF1 (green), and Dy-LOF2 (red) at 77 K. For La, Ce, and Pr-LOF1,
activated and desolvated forms were measured and are depicted in
darker and lighter colours, respectively.

This phenomenon where the sorption capacity increases
abruptly is also present in the high-pressure N, isotherms at
room temperature (Fig. S17}), although it is not observed with
CO, (Fig. S18 and S19%). In contrast, no sorption step was
observed in the case of Dy-LOF2, confirming the lack of flexi-
bility in the structure (Fig. 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Static and dynamic magnetic properties

The study of the magnetic properties of LOFs was explored by
creating hybrids of the diamagnetic La-LOF1 structure with
small amounts of paramagnetic metal nodes (i.e. Dy and Gd)
(see Section S1 in the ESI for experimental details}). Impor-
tantly, it should be noted that the pure Dy- and Gd-LOFs are
rigid structures, whereas doping La-LOF1 results in flexible
structures. Different doping ratios were explored and the pres-
ervation of the dynamic LOF structure was examined by PXRD.
The maximum amount of Ln-doping that the structure can
admit was found to be 20%. Above this, the separate formation
of the rigid structure (characteristic of the smaller lanthanoids)
takes place, giving rise to a physical mixture of the two different
frameworks (Fig. S7}). The doping percentage was determined
by Inductively Coupled Plasma spectroscopy (ICP-MS) (Table
S1}). The variable-temperature static magnetic susceptibilities,
XM, Of La-Dy-LOF1 (20%) were determined for the three
different phases, as-synthesised, desolvated and activated
(Fig. S21%). In all cases, the obtained x\T values coincide at
room temperature and are close to the expected value (14.1 emu
molp, ' K) for a Dy ion with a °H,5, ground state. This is in
full agreement with the fact that the isolated Dy™ magnetic
centres are diluted in diamagnetic La™ matrices.

Considering a g-factor of 1.33 for S = 5/2 Dy"", the magnetic
data were fitted using a simplified model that accounts only for
the second-order zero-field splitting (ZFS) parameters D and E.
The results obtained are as follows: D=12cm 'and E=2cm "

Chem. Sci., 2025, 16, 2879-2885 | 2881


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07042a

Open Access Article. Published on 26 December 2024. Downloaded on 4/1/2026 10:36:11 PM.

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

(cc)

Chemical Science

a) , 141‘. LOF1_as o 10000z | P) 0.16] LoF1_des o 10000 Hz
s 9000 Hz s 9000 Hz
012} » 8000 Hz 0fd 8000 Hz
B 7000 Hz 7000 Hz
< 0.0/ 6000Hz | B 6000 Hz
E 08 s 5000Hz | E 5000 Hz
H o 4000Hz | 2 g 4000 Hz
8 006 o 2000Hz | & > 3000 Hz
e e 1000Hz | * 0. o 2000 Hz
N 0.04 o 330Hz L 1000 Hz

° 110 Hz

o
Q
»

2 4 6 [} 10 12 14 4 6 8 10 12 14
Temperature (K)

c) 0.08{ LOF1_act s 10000z | 9)
> 9000 Hz 102 il
> 8000 Hz °
0.064 7000 Hz s,
3 6000 Hz § P
E H s 5000 Hz 10 2 e
2 004 d > 4000Hz | B # "
s 95002 > 3000 Hz - Fo 20000002
o 8 o 2000 Hz 104 g
N % s 1000 Hz
0.02 f o LOF1_act
9 & @ LOF1_des
000] 20006 Mm 10 ° LOF1_as
2 4 6 & 10 12 14 01 02 04 05

03

Temperature (K) 1T (K
Fig. 4 Temperature dependence of the out-of-phase signal x” of La-
Dy-LOF1_as (a), La-Dy-LOF1_des (b) and La-Dy-LOFl_act (c) at
different frequencies, under 2000 G DC magnetic fields. (d)
Comparison of the temperature dependence of relaxation times of the
three samples at 2000 G applied DC field. Solid lines represent the
fitting including Orbach, Raman and quantum tunnelling of magnet-
isation (see the text}).

for La-Dy-LOF1_as, D = 7 cm ' and £ = 1 cm ™' for La-Dy-

LOF1_des, and D = 3.5 cm ' and E = 0.5 cm ' for La-Dy-
LOF1_act. Alternating current (AC) magnetic susceptibility
measurements were conducted to probe the slow magnetic
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relaxation of the dynamic LOFs. The measurements were per-
formed as a function of the static magnetic field, being 2000 Oe
the optimal field to induce frequency-dependent in-phase (x')
and out-of-phase (x”) susceptibility signals (Fig. S22-S25%).
Under this field, all three samples exhibit slow magnetic relax-
ation, evidencing the SIM behaviours of the anisotropic Dy™ in
the 3D extended LOF structures (Fig. 4). The relaxation times ()
at different temperatures were extracted by fitting the frequency
dependence of x’' and x” using a generalised Debye model (see
Section 9 in the ESI}). The obtained values were used to evaluate
the temperature dependence of 7, which can be described with
the following expression:

v =1qrm |+ CT" + 1 ' exp(—UealkyT)

where the first and the second terms denote the quantum
tunneling of magnetisation (QTM and Raman mechanisms),
Ueg is the effective relaxation barrier in the Orbach process and
1y is a pre-exponential factor. The resulting fitting is depicted in
Fig. 4d, observing that among the three different structures, La-
Dy-LOF1_des exhibits the best SIM behaviour with the longest
relaxation times below 10 K and the largest Ueg (= 31.3(8) cm ™).

Analysis of the qubit properties

The feasibility of MOFs as quantum units for quantum infor-
mation processing has been explored in order to achieve a two/
three-dimensional organisation of qubits.>>**~** In this line, our
group has previously reported a Gd"™-based MOF with quantum
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(a) X-band EDFS spectra recorded at 4 K for La-Gd-LOF1_as, La-Gd-LOF1_des and La-Gd-LOF1_act. The dashed lines represent the best

fits (see the text}). The observer positions (OPs) indicate the magnetic fields where time-dependent pulsed EPR measurements were performed.
(b) Temperature dependence of T; and T, at the most intense OPs for the three LOF samples. The solid lines represent the best fits of Ty vs. T (see
the text}). (c) Rabi oscillations of La-Gd-LOF1_as at 40 K at OP1 using different microwave powers. (d) Rabi oscillations of La-Gd-LOF1_des at 30
K at OP4 using different microwave powers. (e) Rabi oscillations of La-Gd-LOF1_act at 60 K using different microwave powers.
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coherence results similar to discrete Gd™ complexes,*”* with T,
= 612 ns at 3.5 K, and Rabi oscillations detected up to 40 K.*®
With the aim of testing the potential quantum properties of our
flexible LOFs, we synthesised the La-Gd-LOF1 hybrid by intro-
ducing a 0.1% of Gd™ ions with quenched spin-orbit coupling
(see ESI for detailed synthesis and characterisation}). The
energy spectra of the three La-Gd-LOF1 samples (as, des, and
act) were first studied by echo-detected field-swept (EDFS) EPR
spectroscopy (Fig. 5a). Extracted from these analyses, La-Gd-
LOF1_des and La-Gd-LOF1_act show larger magnetic anisot-
ropies (larger D and E values) for the S = 7/2 spin of the Gd™ ion
(Table S11}), and their spin echo signals span over the whole
range of the measured magnetic fields (0-7000 G). All the spin
sublevels of La-Gd-LOF1_des and La-Gd-LOF1_act can be
distinguished and accessed within the § = 7/2 multiplet
(Fig. S35%). Among the detected peaks at different magnetic
fields, some were chosen as observer points (OPs) to perform
time-dependent pulsed EPR measurements (OP1-13 for La-Gd-
LOF1_act, OP1-8 for La-Gd-LOF1_des and OP1 for La-Gd-
LOF1_as) (Fig. S36-540%). Among these three samples, La-Gd-
LOF1_act shows the best values for quantum coherence (T,) and
spin-lattice relaxation times (7j). The longest T, (2.2 ps) is
recorded for OP5-6 at 3.5 K, which is much longer than our
previously reported Gd"™-MOF. The spin echo signal is observ-
able up to 70 K (Fig. S36, S37, and S41}), a record temperature in
Gd™-complexes. It is noteworthy that this robust coherence is
achieved even in a compound in which the decoherence is
favoured by the presence of hydrogen atoms in high concen-
tration. The temperature dependence of T; and 7, show
a similar trend for different OPs, except for the T, values of OP1
(80 G). In this case, the magnetic field might not be strong
enough to suppress the flip-flop spin relaxation caused by
adjacent magnetic centres.

To analyze the potential structural dependence of the spin
dynamics in these three samples, the temperature dependence
of T, at the most intense OPs was fitted by a Raman-like relax-
ation process as T; = C'T~" (Fig. 5b). The values obtained for
La-Gd-LOF1_act are C = 2.6(7) x 10~ * ps™* K" and n = 2.06(8).
While the n values obtained for La-Gd-LOF1_des and La-Gd-
LOF1_as are essentially identical (2.07(5) and 2.04(7), respec-
tively), their larger C values indicate faster Raman processes
(4.1(6) x 10”* and 5.2(11) x 10~ * ps~' K", respectively). This
slower spin-lattice relaxation for LOF1_act is in line with the
absence of DMF molecules coordinated to Gd"™. Nutation
experiments were then conducted to test the coherence
manipulation of the spin superposition states, a prerequisite for
quantum information processing in these LOFs. Taking La-Gd-
LOF1_act as an example, different attenuations (16, 18 and 20
dB) of the microwave power were used to distinguish the
coherent Rabi oscillation and the Larmor precession of the H
nuclei (Fig. S427). The frequency of the former (Qg) varies with
the microwave power while the frequency of the latter is a linear
function of the applied magnetic field. The slope of the
observed Larmor precession versus the magnetic field is deter-
mined as 42.84 MHz/T, which is very close to the gyro ratio of H
(yu = 42.58 MHz/T). As illustrated in Fig. $42,5 OP1-8 exhibit
different Qg, corresponding to different transitions within the S

© 2025 The Author(s). Published by the Royal Society of Chemistry
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= 7/2 multiplet. Based on the ZFS parameters extracted from
CW and EDFS EPR spectra, the Rabi frequencies at different
magnetic fields were further calculated using a rotation-wave
approximation method, which agrees well with the experi-
mental results obtained after Fourier transforms. The detection
of multiple frequencies for a given OP is due to the excitation of
nearby transitions. This phenomenon can be suppressed by
using a stronger attenuation power (20 dB) with a higher pulse
selectivity (Fig. S42a}). Remarkably, Rabi oscillations can be
detected up to 60 K (Fig. 5e), which is, to the best of our
knowledge, the highest temperature reported so far for any
Gd™-based system with a high-spin (S = 7/2) ground state.
These Rabi oscillations are also observable for La-Gd-LOF1_as
and La-Gd-LOF1_des (Fig. 5¢, d, and S43}), where the highest
temperatures studied have been 40 K and 30 K, respectively.
Due to the gate-opening phenomenon observed in N, sorption
measurements, we further investigated the magnetic properties
of La-Gd-LOF upon adsorbing N,. Fig. 6a shows the
temperature-variable continuous-wave (CW) EPR spectra of the
activated and the N,-containing LOFs, which reveals differences
in the spectra even at room temperature. As can be observed,
this difference becomes more prominent at lower temperatures,
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Fig. 6 (a) CW EPR spectra of La-Gd-LOF1_act and La-Gd-LOF1_act-
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which can be better appreciated in the second-derivative EPR
spectra (Fig. 6b). The slight variation in the metal coordination
environment after N, sorption within the pores of the LOF
structure is likely the cause. Therefore, these porous materials
could be useful as a sensor to detect N, even at room temper-
ature. Variable-temperature CW EPR spectra of both systems
(activated and N,-containing) were nicely reproduced using ZFS
parameters, which vary depending on the temperature and N,
adsorption (Fig. S44 and S45%). This analysis leads to the
conclusion that the magnetic anisotropy is reduced upon
warming up, and the ability to detect the presence of N,
becomes weaker. The temperature dependence of ZFS param-
eters was also analysed for La-Gd-LOF1_as, indicating a similar
thermally-assisted reduction of the magnetic anisotropy
(Fig. S46%). There have been some examples reporting qubit-
MOFs hybrids as spin-sensors relying on the change in the
motion of the encapsulated qubit with the adsorption of the
analyte by the MOF.***° However, to the best of our knowledge
there is no example of a sensor where the spin response origi-
nates from the MOF itself and its inherent flexibility.

Conclusions

In this work, we have synthesised a new family of dynamic LOFs
with the possibility of creating hybrid structures with magnetic
metal nodes that provide interesting magnetic properties on
demand. The dynamism of the material relies on the observation
of different flexible modes triggered by the variation of the DMF
content of the lattice or the interaction with N,. The LOF exhibits
a breathing behaviour in the first reversible transition between
LOF1_as and LOF1_des forms, followed by a non-reversible phase
transition from LOF1_des to LOF1_act. Finally, a gate-opening
phenomenon has been observed in the LOF1_act form. More-
over, the introduction of different metal ions in these structures
allows for the creation of magnetically-doped LOFs. Depending
on the doping magnetic metal and the crystal phase that the
material adopts, the LOF can act as a SIM or a spin qubit. For
a SIM behaviour, the doping candidate is Dy (20%) and the des-
olvated form shows the longest relaxation times below 10 K and
the largest Ueg of 31.3(8) cm ™. On the other hand, when doping
with Gd (0.1%), the fully activated form performs as an excellent
qubit system, leading to the slowest relaxation times (7, = 2.2 ps)
among the three different phases. Remarkably, the detection of
Rabi oscillations at 60 K represents the highest temperature ever
reported for any Gd™-based system. The responsive behavior of
the fully activated structure, which was first observed in the gas
sorption isotherms, was later confirmed in the EPR measure-
ments upon adsorbing N,. The noticeable differences in the
spectra of the sample in the presence and absence of N, highlight
the potential application of the material as a sensor to detect this
gas even at room temperature.
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