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A series of multifunctional 2D frameworks prepared with Dy(i) and
the bromanilato ligand, formulated as: [Dy,(CsO4Br,)s(G),,]-nG with
G = H;0, dimethylformamide (dmf) and dimethylsulfoxide (dmso),
can exchange the coordinated and non-coordinated solvent mole-
cules (G) in a reversible way. These multifunctional frameworks show
field induced slow relaxation of the magnetization and luminescence
that can be easily and reversibly modified by solvent exchange.

In the last two decades, the synthesis of coordination networks
with lanthanoid metal ions and different bridging ligands has
become a source of multifunctional networks with interesting
catalytic, optical and/or magnetic properties."™* The inclusion
of porosity in these networks allows the possibility to insert,
remove and exchange guest molecules which may play two
important roles: (i) controlling and tuning these properties and
(ii) triggering or cancelling them.>® This double role allows the
preparation of functional networks with the desired properties
that can act as sensors or switchers by simple guest-exchange.”
Although this strategy has been used to prepare some Ln(m)-
based examples with guest-dependent luminescence that can
be used as sensors,*? its use for magnetic probes is less common.

In recent years, the use of anilato-type ligands (Scheme S1,
ESI¥) with Ln(m) ions has led to the synthesis of several two-
dimensional’®2° and a few three-dimensional lattices,'®*°
besides a few examples of discrete clusters (mainly anilato-
bridged dimers).**>*
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Slow relaxation of the magnetization, reversible
solvent exchange and luminescence in 2D
anilato-based frameworksf:
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The magnetic properties of these Ln(ur)-based networks are
those expected for almost isolated Ln(m) ions since the anilato
ligands are known to give rise to very weak magnetic coupling
even with transition metals.”***

Here we present three similar two-dimensional (2D) net-
works: [Dy,(Cs04Br2)3(H,0)s]-8H,0 (1), [Dy,(CeO4Br,)s3(dmf)s]
(2) and [Dy,(Cs0,Br,)3(dmso),]-2dmso-2H,0 (3) prepared with
bromanilato (Scheme S1, ESIt), Dy(r) and three different solvents
with high coordinating capacity towards Ln(m) ions.>® In these
compounds the Dy(i) ions are coordinated to three bromanilato
ligands and to three (in 1 and 2) or two (in 3) solvent molecules.
Additionally, these layered materials may contain solvent mole-
cules inserted between the layers (in 1 and 3). Here we show that
these three compounds present field induced slow relaxation of
the magnetization at low temperatures and can easily and rever-
sibly exchange the solvent molecules (including the coordinated
ones) leading to important changes in the magnetic parameters of
the relaxation process. As far as we know, this is the first
observation of both phenomena (slow relaxation of the magne-
tization and solvent exchange) in an anilato-based lattice.

Compounds 1-3 were prepared as polycrystalline samples by
direct one-pot reaction of bromanilic acid and Dy(NO3);-5H,0
in the corresponding solvents (H,O, dmf or dmso for 1-3,
respectively). Single crystals of these compounds were obtained
by carefully layering, in long thin tubes, a methanolic solution
of bromanilic acid on top of a solution of Dy(NO;);-5H,0 in
the corresponding solvent (ESI%). Interestingly, the kinetics of the
crystallization process leads to a different phase for the compound
prepared in water.”® Thus, the fast one-pot crystallization leads to a
phase containing eight water molecules: [Dy,(CsO,4Br,)3(H,0)s):
8H,0 (1) whereas the slow diffusion leads to a solvate containing
twelve water molecules: [Dy,(CO,Br,)3(H,0)s]- 12H,0 (1'), as shown
by the X-ray powder diffraction (ESI). Fortunately, the phase
containing eight water molecules can be obtained as single crystals
by slow diffusion for the two smaller Ln(u) ions: Yb(ur) and Tm(m)
and, therefore, here we will describe the structure of the Yb(im)
derivative (1-Yb) which is isostructural to compound 1.

This journal is © The Royal Society of Chemistry 2020
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The single crystal X-ray diffraction (ESIL) of the three com-
pounds shows that they are similar but not isostructural
(indicating that the solvent molecules play an important struc-
tural role). Note that the structure of 3 was recently reported by
some of us,"® but not its capacity to exchange solvent mole-
cules, its luminescence or the presence of a field induced slow
relaxation of the magnetization. The asymmetric unit of com-
pounds 1-3 contains one Dy(m) ion, three halves of bromani-
lato ligands (one complete and a half in 2), three coordinated
solvent molecules (two in 3) and four crystallization water
molecules in 1 and one water and one dmso molecule in 3.
The Dy(m) ions are nonacoordinated in 1 and 2 and octacoor-
dinated in 3 with coordination geometries of tricapped trigonal
prism for 1, capped square antiprism for 2 and triangular
dodecahedron in 3 as shown by Shape analysis (ESI%).>” The
differences in the coordination geometries are due to the
different sizes and steric hindrances of the solvent molecules,
as already observed in other reacted lattices."'® Each Dy(m) is
connected to three Dy(ur) through a bis-bidentate bromanilato
ligand, generating layers with distorted hexagonal cavities with
a 6,3-topology, that look like rectangles in 1 and 2 (Fig. 1). The
disposition of these cavities can be described as brick-wall,
spike-like and distorted honeycomb in 1-3, respectively (Fig. 1).
These differences are due to the different orientations of the
planes of the anilato rings with respect to the plane of the cavity
which, in turn, depend on the sites occupied by the anilato oxygen
atoms in the coordination sphere of the Dy(m) ions (ESI%)."""

One of the most interesting properties of these frameworks
is their capacity to reversibly exchange the crystallization and
coordinated solvents by simple immersion, allowing the
synthesis of any of the three compounds starting from any of
the other two (ESILt). The exchanged compounds have been fully
characterized with elemental analysis, IR spectroscopy and
thermogravimetric measurements (ESLf).

The solid-state luminescence spectra of compounds 1-3
show a main peak (P1 in Fig. 2a) centred around 500 nm,
typical of the Dy(m) *Fo,, — °Hjs), transition, suggesting that
they are mainly dominated by the antenna effect of the
ligands.”® The light absorbed by the surrounding of the Dy(m)
ions through the coordinated bromanilato ligand is transferred
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Fig.1 (up) Cavities in compounds 1-3 (down). The disposition of the
cavities in the layers in 1-3. Only the O atoms of the coordinated solvent
molecules are shown for clarity. Colour code: C = grey, Br = brown,
O (anilato) = red, O (solvent) = blue, Dy = pink.
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Fig. 2 (a) Luminescence emission spectra of compounds 1-3 in the solid
state. (b) Luminescence emission spectra of suspensions of compounds
1-3 in H,O, dmf and dmso, respectively.

to the Dy(m) excited states from the bromanilato ligand by
intramolecular energy transfer, and finally, luminescence is
generated from the lanthanide ions, as can be concluded by
comparison with the absorption of the free bromanilic acid in
solution (ESI$).>°

The intensity of the P1 peak decreases when the coordinated
solvent changes from dmso (3) to H,O (1) and dmf (2) (where
the peak has almost completely disappeared and the emission
spectrum is almost identical to the free bromanilic acid in the solid
state, see the ESIi). This result indicates that the luminescence of
the Dy(m) centres in compounds 1-3 is solvent-dependent and it is
almost completely quenched by the coordination of dmf.

The emission spectra for suspensions of compounds 1-3 in
their corresponding solvents (Fig. 2b) are similar to those
obtained in the solid state, except for compound 2, since it
loses dmf molecules upon drying. Thus, they show the P1 peak
at around 500 nm with the same trends in intensity and
linewidth to those of the solid-state ones, confirming: (i) that
the Dy(m) coordination environment is stable in the solid and
(ii) that the emission is due to the Dy(m) centres rather than to
the bromanilato ligand since bromanilic acid dissolved in H,O,
dmf or dmso gives much weaker emissions (ESIf). This fact
confirms the important role of the coordination of the broma-
nilato ligand and the solvent molecules in the luminescence of
compounds 1-3.

The magnetic properties of the three compounds indicate
that the Dy(u) ions are magnetically isolated since the magnetic
coupling through anilato bridges is negligible when connecting
lanthanoid ions."**'>'® Compounds 1-3 show at room tem-
perature ., T values of ca. 28.5 cm® K mol ™" per two Dy(u) ions,
which is close to the expected value for two isolated Dy(ui) ions
with a ground state ®H,5,,.>° When the temperature is lowered,
the three compounds show a continuous decrease in the y,T
value, reaching a value close to 16 cm® K mol " at 2 K (ESI}) due
to the depopulation of the sublevels generated by the ligand
field, rather than to a noticeable antiferromagnetic coupling.

The magnetic isolation provided by the bromanilato bridges
prompted us to perform AC susceptibility measurements to
check for the presence of a slow relaxation of the magnetization
at low temperatures. These measurements show the presence
of frequency dependent in-phase (') and out-of-phase (yn,")
signals at low temperatures and very high frequencies (10 kHz)
in compounds 2 and 3 (but not in 1, ESI¥). In contrast, when a
DC field is applied, the three compounds show clear frequency-
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dependent y,," and y,,” signals. Since the y,,” vs. DC field plot
shows maxima of y,,,” at ca. 1000 Oe (ESI}), we have performed
AC measurements at low temperatures with a DC field of 1000 Oe
for the three compounds in the frequency range 10 Hz to 10 kHz.
These measurements show quite different thermal dependences
for compounds 1-3 (ESIL}): (i) a maximum in y,,,” at low tempera-
tures that shifts to higher temperatures as the frequency increases
in 1, (ii) up to three different maxima in the y,,” plot at high
frequencies (3-10 kHz), two at intermediate frequencies
(700-1500 Hz) and only one with a divergence at low tempera-
tures at low frequencies (<400 Hz) in 2 and (iii) a divergence at
low temperatures at any frequency in 3.

The frequency dependence shows different behaviours for
the three compounds (Fig. 3). Compound 1 shows a maximum
at around 3 kHz at 1.9 K that shifts to ca. 10 kHz at 2.4 K.
Compound 2 shows a broad maximum at ca. 50 Hz at 1.9 K that
shifts to higher frequencies as the temperature increases. The
large width of the maximum and its temperature dependence
indicate that the AC signal is due to at least two different
relaxation processes as clearly seen at intermediate tempera-
tures. Compound 3 shows a temperature independent max-
imum at ca. 4 kHz in the 1.9-3.0 K range that shifts to higher
frequencies above ca. 3.0 K (ESL#).

Accordingly, we have used a Debye model to reproduce the
frequency dependence of compounds 1 and 3 (solid lines in
Fig. 3). These fits show o values in the range of 0.14-0.29 in 1
and slightly higher, in the range of 0.28-0.43 in 3 (ESIi)
indicative of a distribution of the relaxation processes. Com-
pound 2, in contrast, shows two different relaxation processes
overlapping at very low temperatures. When the temperature is
increased the fast relaxation process (FR, t,) shifts to higher
frequencies faster that the slow relaxation one (SR, t4) and,
thus, at intermediate temperatures, the FR process appears as a
shoulder of the SR one (Fig. 3). Accordingly, we have used a
Debye model for two relaxation processes to reproduce the
frequency dependence of ,,” (solid lines in Fig. 3)*! Note that

0.3 04
T (K1)

Fig. 3 (a—c) Frequency dependence of y,,” at different temperatures for
compounds 1-3 with a DC field of 1000 Oe. Solid lines are the fit to the
Debye model with one (for 1 and 3) and two (in 2) relaxation processes.
(d) Arrhenius plot for the relaxation times of compounds 1-3. Solid lines
are the fits to the different models (see text).
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this double relaxation process has been observed in other Dy(ur)
containing compounds®* and has been attributed to the presence
of two relaxation pathways via excited states,* since there is only
one independent Dy(u) ion in 2. The relaxation times obtained at
high temperatures in 1 and 3 and at low temperatures in 2 have to
be taken with caution since the maxima in the y,,” plot cannot be
observed.

The Arrhenius plot of the relaxation times in compounds 1-3
(Fig. 3d) shows straight lines for 1 and for the FR process of 2,
typical of an Orbach relaxation mechanism. In contrast, com-
pound 3 and the SR process in 2 both deviate from the linear
behaviour at low temperatures, indicative of one or more
additional relaxation mechanisms. In order to fit the relaxation
times we have used the general model including all the possible
mechanisms: quantum tunnelling (QTM, first term), direct
(second term), Raman (third term) and Orbach (fourth term):**

-U,
'l.'_1 = TQTM_I + AHZT + CT” + ‘L'O_l exp< kg;ff> (1]

Compounds 1 and 2 (FR) can be fit using only the last term
(Orbach mechanism) with 74 = 6.1(3) x 107 '° and 7(1) x 107 % s
and U = 9.6(1) and 11.4(6) K, respectively. Compound 2 (SR)
can be fit with Orbach and direct mechanisms with AH> =
2.09(9) x 10° K, 1o = 1.7(3) x 10~® s and U = 36(1) K and
finally compound 3 can only be fit if a quantum tunnelling
term is added to the Orbach and Direct ones, with tqv = 8.5(4)
x 1077 s, AH> = 1.0(3) x 10° K™%, 75 = 2.0(1) x 10™° s and U.g =
22.8(4) K (solid lines in Fig. 3d).

The computed ab initio energy spectrum, g tensor, and wave
function composition for the eight Kramer’s doublets (KDs)
originating from the spin-orbit coupled ground state term
®Hys), are listed in Tables S17-S21 (ESIf). It was found that
compound 2 possesses higher axial anisotropy (g, = 0.004,
g = 0.005 and g, = 19.83) in the ground state as compared to
1 (g = 0.114, g, = 0.198 and g, = 19.12) and 3 (g, = 0.017,
gy =0.031 and g, = 19.57) (ESL). The wave function composition
of the ground state KDs of 2 reveals that it is purer (mj = £15/2)
than the other two compounds (1 and 3) (Tables S19-S21, ESI%).
To further unify our statement, we have also analyzed the
computed crystal field parameters (CFPs) which disclose the
negative diagonal and axial terms in all three compounds
(Table S22, ESIi). The corresponding crystal field Hamiltonian
can be expressed by the following equation, where 6],; and B;‘, are
the Stevens operator and crystal field parameters, respectively:

q
Hcp = Z BLOL (2)
k=—q

It was found that the axial term (BY) (—1.3, —3.1 and —2.2 in
1-3, respectively, Table S21, ESI¥) follows the order 1 < 3 < 2,
confirming that the extent of mixing in the ground state
decreases in the same order as observed in the wave function
composition analysis (Tables S19-S21, ESI). However, the ground
ranked extra diagonal non-axial terms are non-negligible, which
may lead to the mixing in the ground state KDs in all the
compounds. Additionally, the higher-ranked extra diagonal terms

This journal is © The Royal Society of Chemistry 2020
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with higher magnitude (which are smaller in 2 as compared
to 1 and 3) may contribute to larger QTM and transverse
anisotropy in the ground state; therefore, none of the com-
pounds displays a slow relaxation process under zero field. The
local magnetic anisotropy axis of the ground states is found to be
oriented towards a particular direction (Fig. S43, ESIi) to mini-
mize the electrostatic repulsion of the § electron density and can
be understood from LoProp charges obtained from the CASSCF
wave function.®® To explain the relaxation dynamics, we have
plotted the quantitative mechanism for slow magnetic relaxation
(Fig. S44-S46, ESI%). The calculated barriers (120 cm ™" for 1,
193 cm™ " for 2 and 141 cm ™" for 3) for all the compounds are well
above the observed energy barriers (6.7 cm ™ for 1, 25.0 cm ™" for 2
and 15.8 ecm ™' for 3) of the magnetization reversal process. This
can be understood by some other relaxation processes which
follow the shortcut pathways (QTM, Raman and direct) and are
not considered in the ab initio calculated energy barriers. It was
observed that the QTMs in the ground state for compounds 1 and
3 are relatively higher as compared to 2. Therefore, the relaxation
process through the ground state KDs becomes faster in 1 and 3
than in 2. On the other hand, the QTM between the ground state
KDs is much higher in 1, compared to 3. Therefore, the energy
barrier for the slow magnetic relaxation process increases as we
move from compound 1 to 3 to 2, in agreement with the
experimental data. However, both the experimental and theo-
retical observations suggest that the relaxation mainly occurs
through the ground state (QTM) or some virtual states (Raman
or direct processes), as the first excited states are of much
higher energy in all compounds.

Compounds 1-3 constitute a unique series of multifunc-
tional frameworks showing luminescence, slow relaxation of
the magnetization and solvent exchange. The ease of the solvent
exchange and the solvent-dependence of both the magnetic and
optical properties opens the way to prepare novel layered materi-
als that may act as magnetic and optical sensors simultaneously.
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