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Eu(i) dilution of Er(in) and Yb(in) molecular
nanomagnets as a route to improving their
magnetic features and creating a link with optical
thermometry

Aleksander Hoffman, (2 ° Maja Romanowska, () Mikolaj Zychowicz, (22
Sebastian Bas, (2 Jakub J. Zakrzewski (2 ® and Szymon Chorazy (2 *@

Lanthanide(in) single-molecule magnets (SMMs) are a tool for the combination of molecular nanomagnet-
ism with luminescent thermometry, opening the pathway not only for broadened multifunctionality but
also for the optical self-monitoring of temperature in SMM-based systems. Usually, this goal is realized by
exploring the intrinsic properties of a single lanthanide (Ln) ion. We present an innovative strategy based
on embedding magnetically anisotropic Ln(i) centers into a red-emissive coordination system based on
Eu(m) complexes of a nonmagnetic ground state. This concept is presented for novel cyanido-bridged
chains, {ILn"'(dppmO,):lIAG(CN)LINOTF], (Ln = Eu, EuAg; Ln = Er, ErAg; Ln = Yb, YbAg; Ln = Erg osEUg.os,
Er@QEuAg; Ln = Ybg 04EUg.06, Yb@QEUAg; dppmO, = bis(diphenylphosphino)methane dioxide; OTf = trifl-
uoromethanesulfonate). The Ln() coordination sphere, consisting of O,0-bidentate dppmO, ligands
occupying the equatorial positions and two axially aligned cyanido bridges, generates the distinct SMM
characteristics of Er(i)/Yb(in) centers. Alternatively, the strong photoluminescence of Eu(i) in EuAg exhi-
bits pronounced thermal variation of the excitation spectrum, which is employed for ratiometric optical
thermometry, revealing a relative thermal sensitivity (S,) of up to 2.1% K™ at 55 K and a good thermometric
response below 110 K. The incorporation of Er(in)/Yb(i) centers into the Eu(i)-based framework leads to
heterotrimetallic Er@EuAg and Yb@EuAg systems, which link the SMM features with luminescent thermo-
metry. Both physical properties are enhanced upon mixing of the Ln(i) centers, as depicted by the slow-
down of magnetic relaxation, especially for Er(i), due to the Eu(in)-induced weakening of the quantum
tunneling of magnetization, which is accompanied by the improved thermometric response, including an
increase in the maximal S, to 3.3% K~! and broadening of its operating range to 150 K, due to the struc-
tural distortion induced by Er(in)/Yb(in) centers.

cross-effects, as exemplified by magneto-chiral dichroism
(MChD) and circularly polarized luminescence (CPL).** 2

Driven by the demand for rapid miniaturization and increased
efficiency of modern technologies based on new generations of
optical, electronic, and magnetic devices, scientists have been
motivated to search for multifunctional materials that can
exhibit multiple physical functionalities in a single homo-
geneous phase.” ™ The set of physical properties introduced
can co-exist, such as in the materials linking photo-
luminescence, = magnetism, electrical  properties, or
chirality.'™” They can also interact, leading to the great
impact of one property on another, or even to new physical
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In the search for novel functional materials, especially
those designed to achieve high-density data storage systems,
the field of molecular nanomagnets emerged, offering mag-
netic phenomena induced at the molecular scale of
matter.>**° Among them, lanthanide-based single-molecule
magnets (SMMs) exhibit strong magnetic anisotropy, which is
governed by the large spin-orbit coupling appearing along
with the proper crystal field strength and symmetry.**” Some
lanthanide (Ln) SMMs were reported to simultaneously reveal
various optical properties,"**® including photoluminescence
(PL) originating from the f-f electronic transitions of 4f metal
complexes.***° This not only opens a pathway for bifunctional
magneto-luminescent molecule-based materials but also
enables the study of magneto-optical correlations, giving
details about energy levels crucial for the SMM behavior.**®
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Luminescent Ln-SMMs were also tested as candidates for the
optical sensing of magnetic fields and, alternatively, the mag-
netic switching of PL.***” Moreover, SMMs based on Ln(m)
complexes are widely studied from the perspective of optical
thermometry, as such a combination of properties can offer a
strategy for an SMM-based device with the ability to self-
monitor its temperature by an optical signal.*® Several ways
were applied for remote temperature detection in SMM-based
molecular systems, including variation of the PL
characteristics,* " luminescence re-absorption,>” or magnetic
circular dichroism,?® all related to the electronic transitions of
4f metal ions. Alternatively, it was shown that optical thermo-
metry, including the most reliable ratiometric approach, could
be generated for materials bearing Ln-SMMs but using the
attached metalloligand as a source of a thermometric
response.®® This showed that there was the possibility of con-
structing advanced magneto-luminescent systems where mole-
cular optical thermometers would be separated from the mag-
netic lanthanide center, ensuring the lack of any interfering
effects from the thermometric read-out on the SMM perform-
ance; however, that work provided only a pathway for rather
moderate optical thermometry relying on the broadband emis-
sion of the dicyanidoplatinate(ir) metalloligand. Thus, the con-
clusion regarding the optimization of this approach for SMM-
based optical thermometers was drawn.>® It should also be
noted that recently, a few other promising perspectives related
to the integration of SMM behavior with optical thermometry
were demonstrated. This includes the ability of dual synchro-
nous luminescence sensing of temperature and magnetic
field,"” as well as the combination of magnetic and optical
signals in achieving the extremely high sensitivity of tempera-
ture detection,” overcoming the limits inherently assigned to
Boltzmann-type optical thermometers.>* Moreover, very recent
reports proved the great potential of the application of lumi-
nescent metal complexes, especially lanthanide(in)-based ones,
in the construction of multi-readout molecular logic devices.
This concept was realized by exploring the optical responsivity
of these complexes to external stimuli, including the respon-
sivity to magnetic fields, electromagnetic radiation, pH, temp-
erature, and others.>™” In a broader research context, lantha-
nide(m)-based molecular systems are recognized as a source of
impressive multifunctionality, which includes remarkable
examples such as chiral magnetic materials with strong
magneto-chiral dichroism being applied for the optical
readout of SMM-based hysteresis loops,®®>° the incorporation
of luminescent lanthanide SMMs into an ionic framework that
exhibits high proton conductivity and optical thermometry,*°
as well as magnetic complexes or clusters showing switchable
magnetic circular dichroism (MCD).**"

In this regard, aiming at a novel strategy for SMM-based
optical thermometers, we decided to introduce magnetically
anisotropic Ln(m) ions, considering typical best-performing
SMM candidates such as Dy(um), Tb(m), Er(m), or Yb(um)
centers,®*°® into a strongly luminescent molecule-based
matrix based on Eu(m) centers that revealed the nonmagnetic
ground “F, multiplet but strong red PL.®”"*° Due to showing
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only residual paramagnetism related to the thermally popu-
lated low-lying magnetic "F; excited state, Eu(u1) centers can be
treated as diamagnetic at cryogenic temperatures, where the
SMM behavior operates. Therefore, they are expected to serve
as diamagnetic linkers contributing to the better isolation of
magnetic Ln(ur) centers in the crystal lattice; this is known to
help optimize their SMM performance.”® Moreover, the Eu(m)
complexes offer strong red PL, which can be a source of lumi-
nescent thermometry even using this lanthanide ion exclu-
sively, even though most related reports deal with their combi-
nation with other 4f metal ions, such as Tb(m).”*7* To achieve
an appropriate molecular platform to examine our concept of
linking magnetically anisotropic Ln(m) centers with thermo-
metry-inducing Eu(m) centers, we decided to employ an
approach relying on linking lanthanide centers with
cyanido metal complexes, which was shown to be an effective
strategy for obtaining luminescent Ln-SMMs with tunable
optical and magnetic characteristics, as well as the con-
junction of molecular nanomagnetism with luminescent
thermometry.'>*%°%%2°375 Wwe selected dicyanidoargentate(i)
ions, [Ag'(CN),]~, which could contribute to the stability of the
framework as well as to tuning of the coordination sphere of
Ln(m) centers for better SMM features, enhancing the latter by
also serving as diamagnetic linkers that help with better mag-
netic isolation of Ln(m) centers.”®”” They enable strong visible
PL from Eu(m) centers due to the lack of absorption bands in
the visible or NIR ranges, even offering a route to Eu-PL sensit-
ization in the case of argentophilic stacks.”®”® To generate Eu
(m)-based optical thermometry based on visible PL, as the
source of SMM behavior, we decided to work on Er(ur) and Yb
(m) centers, which, within typical down-shifting emission, are
not PL-active in the visible range.?*"®* This selection demands
an appropriate choice of supporting organic ligands that can
provide negatively charged donor atoms to the equatorial posi-
tions of the coordination spheres of 4f metal ions. This was
shown to be the best strategy for the stabilization of the favor-
able ground level of the highest m; number for the Er(ur) and
Yb(mr) SMMs of the prolate-type of electron density for the
ground state.’"®*®" Therefore, we decided to employ O,0-
bidentate bis(diphenylphosphino)methane dioxide ligands
(dppmO,), belonging to the class of bis(phosphino) dioxide
ligands that were reported to induce SMM behavior for prolate-
type Ln(m) magnetic centers.*>*® This type of ligand also pos-
sesses light absorption bands located in the high-energy UV
range, which enables the exploration of Eu(ui) PL in the visible
range, with an eventual energy transfer pathway sensitizing
this emission. As a result of combining a set of three types of
molecular building blocks, namely, Ln(um) centers, [Ag(CN),]
ions, and dppmO, ligands, we report a series of heterometallic
d-f cyanido-bridged coordination polymers with the general
formula {[Ln™(dppmO,);][Ag'(CN),J}[OTf], (Ln = Eu, EuAg;
Ln = Er, ErAg; Ln = Yb, YbAg; OTf™ stands for triflate ion, i.e.,
trifluoromethanesulfonate ion), along with their mixed-Ln(ur)
analogs {[Eull;Ertl (dppmO,);JAg'(CN),}{OT], (Er@EuAg)
and {[Bullb, YII, (dppmO;);[Ag'(CN), }[OTt], (Yb@Eu Ag).
EuAg exhibits ratiometric optical thermometry, relying on the
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excitation spectrum for Eu(ur) PL, while ErAg and YbAg
analogs show SMM characteristics. More importantly, the
mixed-Ln compounds exhibit the combination of Eu(m)-based
optical thermometry and Er(m)/Yb(ur)-based SMM features;
both properties are enhanced upon the formation of heterotri-
metallic systems. These effects were discussed based on X-ray
diffraction, magnetic, and optical studies, which were sup-
ported by ab initio calculations employed to discuss both the
luminescent and magnetic properties of the materials
obtained.

Results and discussion
Structural characterization

Crystalline samples of EuAg, ErAg, and YbAg, and the analo-
gous Eu(m) compounds containing a small amount of Er(m)
and Yb(u) centers, i.e., Er@EuAg and Yb@EuAg, respectively,
were obtained through the self-assembly of the respective
Ln"™(OTf);, salts, or suitable mixtures, with the dppmO, ligand
and K[Ag'(CN),] inorganic precursor in the methanol/aceto-
nitrile solutions. To obtain well-shaped crystals of these com-
pounds, the abovementioned solutions containing the precur-
sor mixtures were layered with diethyl ether, which induced
crystallization (see Experimental section in the SI). Under such
synthesis conditions, the series of five isostructural com-
pounds with the general formula {{Ln™(dppmO,);][Ag'(CN),]}
[OTf], (Ln = Eu, EuAg; Ln = Er, ErAg; Ln = Yb, YbAg; Ln =
Erg.05EU¢.05, EF@EUAg; Ln = Ybg ¢4EU¢.06, Yb@EuAg; dppmO, =
bis(diphenylphosphino)methane dioxide; OTf = trifluoro-
methanesulfonate) was obtained. The crystals for all these
materials were suitable for single-crystal X-ray diffraction,
which led to detailed insights into their crystal structures
(Fig. 1 and S3-S7, Tables S1-S8). The phase purity and identity
of all bulk samples of the compounds reported with their
structural models were confirmed by powder X-ray diffraction
(P-XRD) and supported further by additional physicochemical
characterization using CHNS elemental analysis, IR absorption
spectroscopy, and thermogravimetric (TG) analysis (see
Experimental section and Fig. S1, S2, and S8). The metal com-
position of the mixed-lanthanide compounds, i.e., Er@EuAg
and Yb@EuAg, was determined using SEM-EDX analysis
(Fig. S9, S10 and Tables S9 and S10).

For the whole series of five reported materials, the crystal
structures consist of cationic coordination chains that are
formed by eight-coordinated lanthanide(ur) complexes, invol-
ving three neutral O,0-bidentate dppmO, ligands, which are
further connected from two sides by [Ag'(CN),]” anions,
forming Ln(m)-NC-Ag(1) molecular bridges (Fig. 1). The result-
ing positive charge of the cyanido-bridged chains, which
appears due to the 1:1 ratio of Ln(m) and Ag(i) centers, is
counter-balanced by two OTf™ ions per formula unit, i.e., the
{Ln™Ag"} pair. As determined by SC-XRD analysis, each com-
pound contains one-half of a methanol molecule of crystalliza-
tion per formula unit, which is removed upon drying in the
air. This leads to the solvent-free composition for air-stable
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Fig. 1 Visualization of the crystal structure of the EuAg, ErAg, YbAg,
Er@EuAg, and Yb@EuAg series (ie., Ln'"'-Ag' coordination polymers
obtained with various Ln'" centers, as indicated), based on the structural
model for YbAg, determined at 100(2) K, including insights into the
molecular building unit, consisting of the Ln"' complex and [Ag'(CN),]~

anion, two triflate anions and a methanol molecule of crystallization

with half occupancy, along with a detailed view of the first Ln" coordi-

nation sphere (a) and the arrangement of coordination chains within the
supramolecular network (b). In part (a), the chemical structure of the
organic dppmO; ligand employed was added (Ph = phenyl).

samples, which, however, does not affect the crystal structure
as proved by the P-XRD data (see Experimental section and
Fig. S8 in the SI). The geometry of the lanthanide(m)
{Ln™OuxN,} coordination sphere within the whole series of
compounds is a distorted dodecahedron (TDD-8), with the
related CShM (continuous shape measures) parameters
varying in the rather narrow range of 0.399-0.469, depending
on the material, while bridging [Ag'(CN),]™ ions adopt a nearly
linear geometry (Tables S7 and S8). Depending on the lantha-
nides included, the Ln-O and Ln-N distances vary subtly in
the 2.247-2.442 A and 2.438-2.593 A ranges, respectively
(Tables S2-S6). Noticeably longer Ln-O distances are observed
for the Eu(m)-containing compounds, in particular EuAg, as
expected due to their larger ionic radius in comparison to Er
(1) and Yb(m) centers of a smaller and similar size. In all com-
pounds, the Ln-O distances, related to the coordination of
dppmO, ligands, are shorter than the Ln-N distances, related

Inorg. Chem. Front., 2026, 13, 3553-3573 | 3555
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to the cyanido ligands. Moreover, the cyanido ligands are
arranged on the opposite sides of the complex. Thus, they can
be considered as axial ligands, while three dppmO, ligands
block the equatorial positions of the Ln(m) coordination
spheres. Such an arrangement of ligands is known to be favor-
able for the SMM properties of Er(u) and Yb(m), showing the
prolate type of electron density for the highest m; levels of
ground multiplet, especially since the equatorial positions are
occupied by O-atoms of dioxide-type ligands bearing partial
negative charges.>" This promising structural prerequisite for
the SMM features was examined by magnetic studies (see
below). The three dppmO, ligands are not aligned perfectly in
the equatorial plane due to the steric effects of large organic
groups and the repulsion between O-atoms. As a result, they
occupy six different positions of the dodecahedral coordi-
nation spheres, which are, however, elongated due to the two
oppositely aligned N-atoms of the cyanido bridges. The latter
are responsible for the overall formation of almost linear het-
erometallic chains. However, while the C-Ag-C angles are very
close to the perfect value of 180°, the N-Ln-N angles signifi-
cantly deviate from linearity, lying in the range of 144-146°
(Tables S2-S6). This induces noticeable bending of the chains
in the respective parts related to the Ln(m) complexes.

Experimental and theoretical studies of magnetic properties

Taking into account the coordination environment around the
Er(m) and Yb(ur) centers with three dppmO, ligands arranged
in the equatorial positions and two cyanido ligands occupying
the axial positions at distinctly longer distances (Tables S2-
S6), which was promising for the appearance of slow magnetic
relaxation effects for these lanthanide ions, we performed
detailed direct-current (dc) and alternating-current (ac) mag-
netic studies on ErAg and YbAg (Fig. 2, 3, and S11-S17).
Analogous studies have not been performed for EuAg, as it is
known to reveal the nonmagnetic “F, ground state with only
weak temperature-induced paramagnetism related to the
thermal population of a low-lying “F; multiplet, which cannot
lead to the slow magnetic relaxation phenomenon. We also
performed ac and dc magnetic studies for compounds contain-
ing Er(m) and Yb(u) centers diluted with the previously men-
tioned Eu(u) complexes, i.e., Et@EuAg and Yb@EuAg (Fig. 2,
3, and S18-S21), which could be treated as magnetically
diluted samples due to the nearly diamagnetic signal from Eu
(m) centers at low temperatures, in particular, in the tempera-
ture range below 10 K."®

The room-temperature yy,T products of 11.27 and 2.48 cm?
mol " K for ErAg and YbAg, respectively, as well as the values
of molar magnetization of 5.28 and 1.89ug, respectively, at 70
kOe at 1.8 K lie within the range typical of Er(u) and Yb(i)
centers in coordination systems (Fig. $11-S13).*>%*%* For both
compounds, the yyT product gradually decreases upon
cooling from 300 to 1.8 K; this can be mainly assigned to the
cooling-induced depopulation of higher lying m; states within
the respective ground multiplets of Er(m)/Yb(m) centers separ-
ated by diamagnetic dicyanidoargentate(1) ions. To gain more
precise insights into the magnetic properties of ErAg and
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YbAg, which were strongly related to the composition of the
ground multiplets of Er(u) and Yb(ur) complexes, respectively,
relativistic SA-CASSCF (state-averaged complete active space
self-consistent field) calculations were performed using the
OpenMolcas (v23.06) program package.®” They were further
supported by simulations of the magnetic characteristics using
the newly developed SlothPy software.®® The results of this
computational work are presented in Fig. 2¢, 3c and S11-513,
S22-S26, as well as Tables S12-S15 (with the comment in the
SI). The Er(m) centers in ErAg were found to be strongly aniso-
tropic, revealing a high g, value of 17.031 for the lowest-lying
doublet of the ground multiplet. The magnetic axiality is sig-
nificant, as also depicted by the dominance (89.4%) of the |
+15/2) m; state for the previously mentioned lowest-lying
doublet. The related easy axis of magnetization, represented by
the g, component of the pseudo-g-tensor, is situated close to
the direction of two Ln-NC-Ag cyanido-based linkages (Fig. 2c
and S24, S25). This confirms that the ground-state magnetic
axiality is induced by three O,0-bidentate ligands that occupy
the equatorial positions around the Er(im) center of the prolate-
type shape of electron density for the highest possible, ie., |
+15/2), my state. This magnetic axiality is, however, not perfect,
as proved by the g, and g, values for the ground doublet,
which deviate significantly from 0, as well as by the non-negli-
gible admixture of other-than-|+15/2) my; states in the compo-
sition of this ground doublet (Tables S12 and S13). The first
excited doublet of the ground multiplet is placed 30.716 cm™*
above the ground one, and is highly mixed, which provides
high values of related transverse components of g, and g,
reaching 1.639 and 2.800, respectively. Using the SlothPy soft-
ware, it was possible to simulate the broad range of magnetic
characteristics for ErAg (Fig. S12, S13, S22, and S26). Among
them, the computed yT versus T plot was found to overlap
with the experimental one for the T-range above 100 K, while a
distinct discrepancy appeared at lower temperatures, ie.,
experimental values were lower than the simulated ones
(Fig. S12). This indicates the presence of antiferromagnetic
interactions between Er(m) centers despite their isolation in
the crystal lattice by [Ag'(CN),]” ions and dppmO, ligands.
Their strength was determined by employing the Lines
exchange model within the POLY_ANISO computational
module using a coupling constant, J, of —0.2 cm™, which was
estimated based on the fitting procedure of the experimental
dc magnetic data. With the abovementioned J value, confirm-
ing non-negligible antiferromagnetic interactions operating in
ErAg, it was possible to reproduce not only the yT versus T
plot well but also T-variable M(H) dependences (Fig. S13). Such
a situation does not happen in the case of Yb(u) centers in
YbAg, for which both experimental y\7T(T) and M(H) plots are
well reproduced by the ones simulated from the characteristics
of the ab initio-calculated ground multiplet of Yb(u) (Fig. S11
and S13). This indicates the lack of noticeable magnetic inter-
actions between the Yb(u) centers, for which magnetic iso-
lation by other molecular components was found to be
sufficient. On the other hand, magnetic anisotropy seems to
be weakened for Yb(ir) centers in YbAg in comparison to the

This journal is © the Partner Organisations 2026
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Fig. 2 Alternating-current (ac) magnetic characteristics of ErAg and Er@EuAg, including the frequency dependencies of the out-of-phase magnetic
susceptibility, ym(v), of ErAg (a) and Er@EuAg (b), at the temperatures indicated under a dc field of 400 Oe, and the temperature-dependencies of
the resulting magnetic relaxation time, z,,,, for ErAg (d), Er@EuAg (e), and their comparison (f), and the alignment of the ab initio-calculated magnetic
easy axis for the Er(in) centers in ErAg with the values of calculated pseudo-g-tensor components indicated (c). In (a and b), the best-fit curves to the
generalized Debye model (egn (1)) are shown as solid lines, while empty circles represent experimental data. In (d and e), the contributions of the
relaxation processes indicated (direct, Orbach, QTM) to the overall relaxation time are depicted by dashed colored lines, while the solid lines (also in
part (f)) represent the best-fit curves for their combined contributions (eqn (2) and Table 1). For the whole set of ac magnetic characteristics, please
see Fig. S14, S15, S18, and S19.
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Fig. 3 Alternating-current (ac) magnetic characteristics of YbAg and Yb@EuAg, including the frequency dependencies of the out-of-phase mag-
netic susceptibility, ym(v), of YbAg (a) and Yb@EuAg (b), at the temperatures indicated under a dc field of 1000 Oe, and the temperature-dependen-
cies of the resulting magnetic relaxation time, z,,, for YbAg (d), Yb@EuAg (e), and their comparison (f), and the alignment of the ab initio-calculated
magnetic easy axis for the Yb(i) centers in YbAg with the values of calculated pseudo-g-tensor components indicated (c). In (a and b), the best-fit
curves to the generalized Debye model (eqn (1)) are shown as solid lines, while empty circles represent experimental data. In (d and e), the contri-
butions of the relaxation processes indicated (direct, Raman, QTM) to the overall relaxation time are depicted by dashed colored lines, while the
solid lines (also in part (f)) represent best-fit curves for their combined contributions (eqn (2) and Table 1). For the whole set of ac magnetic charac-
teristics, please see Fig. S16, S17, S20, and S21.
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analogous features of Er(ur) complexes in ErAg. The easy-axis
type of magnetic anisotropy is similar in both compounds, as
visualized by the main magnetic axis, which, in YbAg, is also
represented by the dominant g, value and placed close to the
direction of Ln-NC-Ag molecular bridges (Fig. 3c). This is not
surprising as both Er(m) and Yb(u) centers reveal prolate-type
electron density for the highest possible m; level; thus, the
dppmO, ligands induce a similar easy-axis-type anisotropy for
both cases. However, the corresponding g, value of 7.132 in
YbAg, representing the lowest-lying doublet of the ground mul-
tiplet, is much lower than that for ErAg; this is mainly related
to the lower value of the highest possible m; level of |+7/2).
The latter state dominates the composition of the ground
Kramers doublet (85.5%, Table S15); however, admixtures of
the other m; states are significant, ie., 7.7% of |£3/2). This
leads to significant values of the ground-state g, and g, values
of 0.502 and 0.977, which are much higher than those of the
ground state of ErAg. The first excited doublet lies very high in
energy, i.e.,, 200.46 cm " above the ground one. Similarly to
ErAg, it is highly mixed with a particularly large g, value of
1.345 (Table S14). From these computational results, it can be
stated that significant axial magnetic anisotropy, suitable for
the SMM effect, is induced in both ErAg and YbAg. To confirm
this, ac magnetic measurements were performed as a function
of temperature and magnetic field, and related results are
gathered in Fig. 2, 3, and S14-S21, as well as Tables 1 and S11.

The samples of ErAg and YbAg, as well as Er@EuAg and
Yb@EuAg, do not demonstrate a noticeable signal of the out-
of-phase magnetic susceptibility, v, in zero dc field, indicat-
ing the lack of slow magnetic relaxation without the quenching
of zero-field quantum tunneling of magnetization (QTM) by an
external magnetic field. This agrees with the results of ab initio
calculations that indicated the significant values of transverse
components of the ground-state pseudo-g-tensors (Fig. 2c and
3c). However, even under a small applied external dc magnetic
field, all compounds listed reveal the presence of maxima at
1.8 K in the yf;(v) dependencies. Based on the dc-magnetic-
field variable yf;(v) curves (Fig. S14, S16, S18, and S20), the
optimal dc field was estimated to be ca. 400 Oe for ErAg and
Er@EuAg, and ca. 1 kOe for YbAg and Yb@EuAg. For the
optimal dc field, the set of T-variable ac magnetic curves was
collected, and distinct maxima on the yf;(v) plots were
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observed, indicating the appearance of field-induced SMM be-
havior. It happens within the accessible 1-1000 Hz frequency
range, at 1.8-3.0 K for the Er(m)-containing compounds and
1.8-4.0 K for the Yb(ur)-containing ones. The abovementioned
xu(v) curves, together with related yi;(v) and yfs(vm) plots,
were fitted in the relACs software, using the generalized Debye
model for a single magnetic relaxation process (eqn (1)).5**°
Xo X

)((CU) =Xt 14+ (inM)l—a (1)
where y(w) is a complex magnetic susceptibility containing
real and imaginary parts, i.e., y = ¥’ — iy” and @ = 2awv; y, is the
isothermal susceptibility (for the limit of v — 0), y, is the adia-
batic susceptibility (for the limit of v — ), 7y is the magnetic
relaxation time, and «a is the parameter describing the distri-
bution of relaxation times. The magnetic relaxation times, 7y,
which were extracted from the related best-fit curves (Fig. 2d,
e, 3d, e, and S14-S21), were further analyzed within the global
fit of the 7y(T,H) dependence, implemented in relACs. Various
combinations of possible magnetic relaxation processes were
considered, which included QTM, direct, Orbach, and Raman
relaxation pathways.®*°° For Er(u)-containing ErAg and
Er@EuAg, the 7(T,H) dependencies provided the most reason-
able fits, taking into account three relaxation processes, as rep-
resented by eqn (2):

e
(1+ bH?)

-1

—AE
™ = +AH™T + 7o exp (—) (2)

ksT

where the first term corresponds to the quantum tunneling of
magnetization (QTM), depicted by two parameters (a and b),
the second represents the direct process, while the third para-
meterizes the Orbach relaxation pathway, for which AE could
be extracted from ab initio calculations as the energy position
of the first excited ground doublet, revealing a highly mixed m,
composition (see above). The resulting best-fit parameters and
related visualization of contributions from all relaxation pro-
cesses for ErAg (Fig. 2d; Tables 1 and S11) indicate a predomi-
nant role of the QTM process, which is not fully quenched by
the external magnetic field. Upon increasing the external dc
field, the QTM is gradually quenched; however, the direct
process starts to govern the overall relaxation. Therefore, even

Table 1 Summary of best-fit slow magnetic relaxation parameters for ErAg, YbAg, Er@EuAg, and Yb@EuAg obtained within the three-dimensional
simultaneous fitting of the field dependence (T = 1.8 K) and temperature dependence (optimal dc field indicated in Fig. 2 and 3) of respective mag-

netic relaxation times

ErAg (Fig. 2a, d, f and

Er@EuAg (Fig. 2b, e, f

YbAg (Fig. 3a, d, f and Yb@EuAg (Fig. 3b, e, f

Compound S14, S15; eqn (2)) and S18, S19; eqn (2)) S16, S17; eqn (3)) and S20, S21; eqn (3))
AlsT' KT 0e” 8.3(6) x 107*° 8.9(3) x 107" 3.6(2) x 107" 1.7(2) x 107°

m 3.96(3) 3.27(5) 3.24(1) 2.79(1)

a/s™! 3468(731) 5.89(3) 171(52) 4.43(2) x 10°

b/Oe™ 7.8(8) x 107° 1.4(9) x107° 1.1(6) x 107° 247(31)

BlsT' K" 0 (fixed) 0 (fixed) 0.94(24) 0.42(12)

n 0 (fixed) 0 (fixed) 6.02(23) 6.78(27)

oS 2.18(3) x 107° 1.05(6) x 107° 0 (fixed) 0 (fixed)

AE/cm™" 30.716 (ab initio) 30.716 (ab initio) 0 (fixed) 0 (fixed)
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for the optimal dc field, for ErAg, the yf;(v) maxima are visible
only in the very limited T-range below 3 K. The Orbach relax-
ation occurs for ErAg but is less pronounced than QTM, except
for the highest accessible temperatures close to 3 K. More
importantly, upon dilution of Er(m) centers in the Eu(m)-based
matrix, ie., for the sample of Er@EuAg, a distinct shift of mag-
netic relaxation times to the lower frequency region is observed
(Fig. 2b). This indicates the distinct improvement of SMM fea-
tures upon magnetic dilution from ErAg to Er@EuAg. A
thorough analysis of the ac data for Er@EuAg (Fig. 2 and 518,
S19) indicates that magnetic dilution mainly affects the QTM,
which is drastically slowed down. As a result, magnetic relax-
ation starts to be governed by the Orbach process related to
the two-phonon-assisted transition through the first excited
Kramers doublet, as the related calculated energy of this state
could be successfully used in the fitting procedure as the
Orbach energy barrier. Thus, it seems that magnetic dilution
with Eu(ur) centers ensures the efficient magnetic isolation of
Er(m) centers, cancelling out the QTM effect, which is pro-
moted for the undiluted analog bearing residual antiferro-
magnetic interactions (as determined and discussed above).
The Orbach process, which becomes the limiting one in
Er@EuAg, remains almost identical to that found for the
undiluted compound, which is not unexpected, as the Er(m)
coordination sphere is only subtly altered by dilution with Eu
() centers.

It should be noted that, in the fitting procedure for the
m(T,H) dependencies for ErAg and Er@EuAg, we also tested
various alternative approaches, including fitting of the energy
barrier of an Orbach relaxation instead of its fixing from the
results of the ab initio calculations, as well as exchange of the
Orbach relaxation for the Raman one, or even the use of four
co-existing relaxation processes (Raman, direct, QTM, and
Orbach) instead of the three processes presented. The results
for some of the alternative fitting procedures of the above-
mentioned types are shown in the SI (Fig. S44, S45 and
Table S29); however, they all produce less reliable results than
those shown above, and also provide a less consistent compari-
son between ErAg and its magnetically diluted form of
Er@EuAg (see the comment to Fig. S44 and S45, and Table S29
in the SI for a broader discussion).

For the Yb(m)-based systems, YbAg and Yb@EuAg, the mag-
netic relaxation times, considered as a function of magnetic
field (H) and temperature (7), were successfully fitted by
taking into account three relaxation processes, as given by eqn
(3):

2 a

=% L AH"T +BT" 3
™M A eE) + (3)

with the three components corresponding to the QTM, direct,
and Raman relaxation processes (Fig. 3 and S16, S17, S20, S21,
as well as Tables 1 and S11). In this case, the Orbach process
was excluded due to a large discrepancy between the energy
barriers extracted using ab initio calculations (i.e., the energy
position of the first excited doublet, Table S14) and the experi-
mental energy barrier suggested by preliminary fits employing
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the Arrhenius-type dependence of the relaxation time. The
best-fit parameters and their representation, given by contri-
butions from each relaxation process included (Fig. 3d), for
YbAg, indicated the main role of the Raman process in the
SMM behavior, with the weaker contributions originating from
the QTM and direct processes. This scenario is the usual one
for the case of Yb(m) SMMs.**®* The magnetic dilution of
Yb@EuAg with YbAg was found to only weakly affect, ie.,
slightly improve, the SMM features. Only subtle differences,
e.g., in the non-negligible increase of the power n for the
Raman relaxation and the concomitant decrease in the related
B parameter, are observed upon the dilution of Yb(u) centers
with Eu(m) ones. This effect can be correlated with changes in
the phonon mode schemes upon the partial replacement of
smaller Yb(u) centers with larger Eu(u) complexes. In contrast,
the QTM was found to be almost insensitive to magnetic
dilution, which could have been expected as the QTM-enhan-
cing Yb-Yb magnetic interactions were not detected, even for
the undiluted material, YbAg (see above).

From the above discussion, it is seen that the Eu(m)-based
magnetic dilution effect improves the SMM features, but
mainly in the case of Er@EuAg due to the cancelling out of
crucial Er-Er magnetic interactions, while the Eu(u) centers
have only a minor impact on the magnetic features of Yb(u)
centers in Yb@EuAg. It should be remembered that Eu(m)
centers reveal a nonmagnetic ground state; however, even at
low temperature, residual paramagnetism remains due to the
low-lying excited states with a paramagnetic characteristic.
Therefore, to further examine if the Eu(m)-based matrix pro-
vides efficient magnetic dilution of embedded Er(ur) and Yb(m)
centers, analogous compounds employing perfectly diamag-
netic Y(ur) centers instead of Eu(um) are used. The resulting
materials, abbreviated as Er@YAg and Yb@YAg for Y(u)-
diluted Er(m) and Yb(m), respectively, were characterized by
P-XRD patterns and SEM-EDX metal analysis (Fig. S48-S50 and
Tables S30, S31, with the comment in the SI). These studies
proved that Er@YAg and Yb@YAg were isostructural to the
reported series of compounds and contained a small amount
of magnetic lanthanide centers diluted with Y(i), i.e., the Ln-
metal compositions of Y,.04Erp06 (Er@YAg) and Y, .o5YDbg.os
(Yb@YAg) were found. Then, the ac magnetic properties of
Er@YAg and Yb@YAg were investigated under variable mag-
netic fields and temperatures (Fig. S51-S55 and Table S32).
These measurements indicate that Er@YAg and Yb@YAg
exhibit very similar field-induced slow magnetic relaxation
effects to those detected in their Eu(m)-containing analogs
Er@EuAg and Yb@EuAg, respectively. Therefore, the related
wm(T;H) dependencies for Er@YAg and Yb@YAg could be
reliably fitted using identical sets of magnetic relaxation pro-
cesses, ie., the combination of direct, QTM, and Orbach, for
Er@YAg (the same as for Er@EuAg), while the combination of
direct, QTM, and Raman was used for Yb@YAg (the same as
for Yb@EuAg) (Fig. S55 and Table S32). Moreover, the 7- and
H-dependences of relaxation time for Er@YAg, and the result-
ing best-fit parameters describing individual relaxation pro-
cesses, are almost identical to those found for Er@EuAg. This
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includes the very similar contribution from the QTM effect,
with even subtly better (i.e., slower relaxation) quenching of
the QTM for the Eu(m)-based dilution. This strongly indicates
that the disruptive Er-Er interactions are fully cancelled out by
the Eu(m) centers and their residual paramagnetism, which
might remain even at low temperatures, does not contribute to
the promotion of the QTM effect. In other words, these results
confirm that, from the viewpoint of magnetic dilution, the
Eu(um) centers work equally as well as the Y(u) ones for the
obtained coordination systems. The situation seems to be
different in the case of Yb@YAg, for which Y(ui)-based dilution
leads to the subtle enhancement of slow magnetic relaxation
in comparison to Eu(ui)-based dilution in Yb@EuAg (Fig. S55
and Table S32). However, this effect is mainly governed by the
improved Raman relaxation pathway, which is not correlated
with unquenched magnetic interactions but is usually directly
related to the modulation of the phonon mode scheme assist-
ing in this type of spin-lattice relaxation. Moreover, the dc
magnetic data, combined with the results of ab initio calcu-
lations (see above), for undiluted YbAg, indicate the lack of
Yb-Yb magnetic interactions in this compound; this agrees
well with the very small change in the QTM effect upon Eu(m)-
based dilution. Therefore, the improved SMM features upon
Y(m)-based dilution should be ascribed to the variation of the
phonon modes upon the usage of much lighter Y(u) centers
rather than the heavier Eu(i) complexes as a matrix for mag-
netic dilution. In fact, the direct, QTM, and Raman relaxation
processes are affected by Y(m)-based dilution, which suggests
that changing the matrix to the Y(m)-containing one induces
not only changes to the phonon modes but also some non-
negligible changes to the metric and/or geometrical para-
meters of the coordination sphere of embedded magnetic Yb
(m) complexes. However, taking into account the abovemen-
tioned identical results for Y(ur)- and Eu(ur)-based dilutions in
the case of Er(m), and the proven negligibly small magnetic
interactions between Yb(m) centers for undiluted YbAg, it can
be stated that magnetic dilution by Eu(m) centers is also
efficient (in the context of cancelling out the magnetic inter-
action) for Yb(u) centers, even though the Y(i1) centers provide
better SMM features thanks to the beneficial modulation of
the other aspects, such as the phonon-assisted relaxation
routes.

Experimental and theoretical studies of optical properties

Solid-state UV-vis absorption spectra were measured for the
polycrystalline powder samples of all coordination systems
obtained (Fig. $28). All of them exhibit strong absorption in
the UV region, in the 200-290 nm range, which is attributed to
the electronic transitions of dppmO, ligands and [Ag'(CN),]”
ions, through their n - n*/n — n* and 'Zy; 'Ay, — 'II, elec-
tronic transitions, respectively.”®””°" The light absorption
bands corresponding to the f-f electronic transitions, which
could have been observed in particular for Er(u) centers, are
not visible in the UV-vis range due to their Laporte forbidden
characteristic, leading to their low relative intensities.”*
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Among the non-diluted compounds, under UV light exci-
tation, only EuAg reveals photoluminescence (PL) related to
the f-f electronic transitions of respective Ln(m) centers
(Fig. $29).°> This PL signal provides the red color of emis-
sion, which is typical of Eu(u)-containing materials. The analo-
gous PL for Er(m) and Yb(ui) centers should appear in the NIR
range, but the related emission was not observed, even at 77 K,
most probably due to the lack of a suitable sensitizer for this
PL and the dominance of non-radiative relaxation pathways
through the vibrational states, e.g., of expanded organic
groups. The emission spectrum for EuAg at 310 K contains
well-defined emission bands, centered at ca. 580, 589, 613,
650, 700, and 747 nm, which can be associated with the set of
Dy — “Fo_5 electronic transitions (Fig. $27 and $29).°*° The
obtained pattern comprises several emissive components for
each band, which are associated with the my; levels of each
multiplet, apart from the unsplit ground “F, state. To fully
confirm the assignment of emission bands, the energy posi-
tions of related Eu(ur)-centered f-f electronic transitions were
calculated using the ab initio SA-CASSCF method, and an
attempt to simulate the spectra was performed (Fig. S27 and
Tables S16-S21, and the related comment on page S34 of the
SI). With the support of the overall energy shift to the D, —
’F, line, such a simulation reproduces experimental spectra at
10 K well and confirms the assignment of each of the observed
bands to the Eu(m) f-f electronic transition. Within the experi-
mental spectrum, the most intense maximum is located at ca.
613 nm, which corresponds to the D, — ’F, electronic tran-
sition. Moreover, here the D, — ’F, electronic transition,
which is usually the one most affected by the crystal field and
its geometry,”® provides the second most intense band with
the main maximum at ca. 700 nm. Its intensity is very similar
to the peak related to the D, — ’F, transition, which is not
typical behavior, as usually this higher energy band dominates
the emission spectrum of Eu(m) centers.”> However, for a
series of Eu(m)-based luminophores, including the metal
complex-type ones, the intensity of the lower-energy bands
corresponding to the D, — “F, electronic transition can be of
similar intensity to the band related to the D, — ’F, tran-
sition, or even stronger, for the cases of the D,q symmetry of
the Eu(m) centers (e.g., a square antiprism), or lower sym-
metries that are distorted towards D,q symmetry.”® This agrees
well with the results of the continuous shape measures ana-
lysis performed for the Eu(u) centers in EuAg (Table S7),
which reveal that these complexes can be described as dodeca-
hedral (D,gq symmetry) but deformed towards the square anti-
prism of the aforementioned D,q symmetry. Upon changing
the temperature, the emission pattern barely changes, while
the overall emission intensity increases upon cooling, as
expected for Ln(u)-based luminophores, where cooling usually
limits non-radiative relaxation through the vibrational states or
thermally activated energy back transfer processes
(Fig. $29).9%%3

To better discuss the electronic transitions and related
molecular components responsible for the observed Eu(m)
emission in EuAg, its excitation spectra were also collected
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(Fig. S29). At 310 K, in the 290-470 nm range, several exci-
tation peaks can be distinguished. They can be assigned to
direct f-f excitation through the following set of f-f electronic
transitions: 'F, — °D, at ca. 464 nm, "F, — °D; (ca. 424 nm),
"Fo = °Lg (ca. 393 nm), 'Fy = °L; (ca. 382 nm), 'Fy = *G;_¢ (ca.
374 nm), 'F, — °D; (ca. 360 nm), and 'F, — °H,, (ca.
316 nm).”® The broad excitation bands that can be attributed
to the electronic transitions of the organic dppmO, ligand are
situated below ca. 300 nm, which indicates at least partial
energy transfer to the Eu(w) centers. Upon lowering the temp-
erature, the excitation related to the ligand narrows and
increases in intensity. An additional excitation band emerges
at ca. 316 nm, which can be associated with the “F, — *H; elec-
tronic transition. The most intense direct excitation corres-
ponds to the 'F, — °Lg transition at ca. 393 nm. Most of the
peaks related to the direct f-f excitation increase upon cooling;
however, the increase is weaker than the ligand-based exci-
tation. Moreover, some of the peaks, e.g, those in the
380-390 nm range, undergo an intensity decrease upon
cooling. This behavior is typical of excitation through the hot
f-f electronic transitions from the ’F; multiplet, which
becomes gradually depopulated upon lowering the tempera-
ture.”® Thus, it is clearly seen that the excitation pattern of
EuAg is strongly temperature-dependent. This is a prerequisite
for the usage of this compound as a luminescent thermo-
meter, as examined and discussed in the next section (see
below).”*%°

At 310 K, the emission spectrum for the mixed-lanthanide
system, Er@EuAg, which was shown in the previous section to
exhibit SMM features, is very similar to that observed for EuAg;
thus, it can be analogously assigned to the Eu(u) f-f electronic
transitions, as confirmed by the literature and ab initio calcu-
lations (Fig. 4a, b and S$29). Similar to EuAg, the emission
spectrum for Er@EuAg (and Yb@EuAg) contains the strongest
band corresponding to the D, — ’F, electronic transition;
however, the lower-energy bands related to the D, — “F, tran-
sition are of very similar intensity. This can analogously be
rationalized by the adopted Eu(u) coordination geometry close
to the dodecahedral one but distinctly deformed towards the
square antiprism of D,q symmetry (Table S7), which is respon-
sible for the unusual enhancement of the peaks related to the
°Dy, — ’F, transition.”® However, some noticeable changes in
the intensity ratio between the emission bands corresponding
to the °D, — 'F, and °D, — ’F, electronic transitions can be
reported. They are assignable to the small distortion of the
geometric parameters within the first coordination sphere of
the Eu(m) centers that happens upon the incorporation of Er
(m) complexes of smaller size (Tables S2, S3, and S5). A
detailed analysis of related SC-XRD data reveals the shortening
of the Ln-O distances (from 2.33-2.43 A in EuAg to
2.25-2.38 A in Er@EuAg). For the Yb(m)-doped system,
Yb@EuAg, the analogous emission changes in comparison to
those of EuAg are less pronounced (Fig. 4a and S29). This
observation seems to be consistent with smaller changes in
the Ln-O distances in the crystal structure of Yb@EuAg, which
lie in the 2.32-2.44 A range; thus, they are generally very
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Fig. 4 Solid-state photoluminescent properties of Er@EuAg and
Yb@EuAg at 310 K and 10 K, including emission spectra for the 275 nm
excitation (a), and its enlargement over the *Dy — “Fo_» and *Dg — F4
areas (b), and excitation spectra for the 617 nm emission (c), with an enlar-
gement of the 280-480 nm range (d). The selected f—f electronic tran-
sitions of Eu(m) centers in Er@EuAg and Yb@EuAg are labelled in both
parts of the figure; the n—n* electronic transitions with the organic ligand
were indicated in part (b). At the top of the emission (a) and excitation
spectra (b), the ab initio calculated energy positions of the Eu'" excited
states are shown. They were calculated using the crystal structure of EuAg
(see comment on Fig. S22—-S27 and Tables S12-S21 in the SI).
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similar, at least in the metric range, to EuAg (Tables S2, S4,
and S6). On the other hand, temperature-induced changes in
the emission spectra of Er@EuAg and Yb@EuAg are very
similar.

The excitation spectra of Er@EuAg and Yb@EuAg at 310 K
contain a broad, strong band assignable to the = — 7* elec-
tronic transition of the organic dppmO, ligand lying below
300 nm, as well as the series of sharp, weaker peaks in the
300-500 nm range, related to the well-defined f-f electronic
transitions of the Eu(m) centers (Fig. 4c, d and $29).>> Both of
these groups of excitation peaks are situated in analogous
wavelength positions to those found in EuAg; thus, their
assignment to the characteristic electronic transition is simi-
larly confirmed by previous reports and calculations per-
formed (Fig. 4c and d). The differences between Er@EuAg and
Yb@EuAg are only subtle. In particular, for Yb@EuAg, it
seems that, at 310 K, the excitation band related to the
dppmO, ligand is relatively weaker, suggesting a slightly
weaker ligand-to-metal (i.e., to-Eu) energy transfer (ET) process
or the better efficiency of direct f-f excitation. The latter effect
can be considered to be more probable, as the Er(ur) centers
reveal the number of excited states in the 300-500 nm range,
which can be disturbing for the direct f-f excitation, while Yb
(m) centers do not possess any excited states in this energy
region. More importantly, upon cooling, the excitation bands
related to the organic ligand, as well as the bands assigned to
most of the direct f-f excitation routes, increase their intensity.
The stronger cooling-induced enhancement of the intensity is
observed for the ligand’s bands, indicating the strongly
T-dependent ET process, probably due to the thermally acti-
vated energy back transfer that often governs the thermal vari-
ation of the ligand sensitization of lanthanide PL.%*%
Similarly to EuAg, only a few excitation peaks related to direct
f-f excitation, e.g., the band lying in the 380-390 nm range
(Fig. 4b), reveal very different T-dependences, as they undergo
an intensity decrease upon cooling (i.e., the intensity increases
upon heating). Thus, they can be assigned to the hot f-f elec-
tronic transitions from the lowest-lying excited “F; multiplet.”?
The abovementioned band in the 380-390 nm range can then
be ascribed to excitation through ’F; — °G,_, transitions.
Based on these observations, Er@EuAg and Yb@EuAg could
be postulated to be promising candidates for realizing optical
thermometry utilizing excitation spectra (see the related
studies below).>

To complete the basic photophysical characterization, the
emission decay profiles were collected for Eu(m)-based PL for
EuAg, Er@EuAg, and Yb@EuAg. They were analyzed using the
mono-exponential decay function (Fig. S32-S43 and Tables
S25-S27), which was consistent with the single crystallographic
position of Eu(m) centers in the systems obtained. The result-
ing emission lifetimes, collected using the 275 nm through-
ligand excitation and monitoring the 617 nm PL peak, change
subtly upon doping EuAg with Er(m) and Yb(m). At 310 K,
EuAg exhibits an emission lifetime of 2.534(4) ms, which
increases upon cooling to 2.644(3) ms at 10 K. The insertion of
Er(m) centers into Er@EuAg shifts the emission lifetimes to

This journal is © the Partner Organisations 2026

View Article Online

Research Article

slightly lower values of 2.450(7) ms at 310 K and 2.544(3) ms at
10 K, while Yb(m) doping yields an increase in the emission
lifetime to 2.591(5) ms at 310 K and 2.740(3) ms at 10 K. This
non-trivial modulation of the emission lifetime by the Ln(u)
dopants investigated can be rationalized by taking into
account two effects. The first is that the insertion of Er(ur) and
Yb(i) centers into the framework leads to better separation of
emissive Eu(u) complexes, at least partially limiting the unbe-
neficial cross-relaxation and energy transfer processes between
neighboring Eu(m) centers. This contributes to the increase in
the emission lifetime upon the addition of dopants. However,
there is also the second concomitant effect related to the non-
radiative relaxation of the Eu(u) emission through the excited
states of the Ln(m) dopants if they are positioned in a similar
energy range to that of the emissive state of Eu(u). This con-
tributes to the decrease in the emission lifetime. Yb@EuAg
can show the first beneficial effect, while the second one does
not operate, as the Yb(u) centers reveal only a very low-lying
excited state with an energy corresponding to the NIR range.
As a result, the Yb(ur) dopants induce the increase in the Eu(u)
emission lifetime. In contrast, even though Er@EuAg can still
reveal the first effect, it exhibits the second effect in a more
pronounced way, having a series of excited states corres-
ponding to the visible range of the spectrum. As a result, the
overall shortening of the Eu(m) emission lifetime is observed
upon the addition of Er(m) centers.

The emission color within the whole series of compounds
remains constant at 310 K. The temperature change also has a
negligible impact on the extracted CIE 1931 parameters, con-
firming red PL for the materials obtained (Fig. S31 and
Table S24). The absolute quantum yields (QYs) of the solid-
state samples at room temperature remain consistent across
the three compounds mentioned, reaching 55.36% for EuAg,
54.48% for Er@EuAg, and 54.12% for Yb@EuAg (Table S28).
These high values correspond not only to the relatively good
sensitization of the Eu(u) PL by the dppmO, ligand but also to
the efficient shielding of the emissive centers by these ligands
and cyanido bridges from the environment, e.g., solvent mole-
cules of crystallization, which could have been the reason for
emission quenching.”?

Ratiometric optical thermometry characteristics

Motivated by the strong thermal variation of the excitation
spectra of EuAg, Er@EuAg, and Yb@EuAg (Fig. 4c, d, 5, 6 and
S29, S30), we performed a thorough analysis in the context of
their application as a source of ratiometric luminescent ther-
mometry.”® Testing various possible combinations of exci-
tation peaks that could be used to construct a suitable thermo-
metric parameter for the ratiometric detection of temperature,
we focused our attention on three types of peaks: (i) a broad
ligand-centered excitation band below 300 nm, as it increased
strongly upon cooling, (ii) a series of distinct peaks in the
350-400 nm range (except those described in (iii) below),
assignable to direct f-f excitation, which also significantly, yet
more weakly, increased upon cooling, and (iii) the well-separ-
ated band in the 380-390 nm range, which revealed the oppo-
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Fig. 5 Temperature-variable excitation spectra of EuAg (a and d), Er@QEuAg (b and e) and Yb@EuAg (c and f) for the emission maximum at 617 nm

(a—c), shown together with an enlargement of the 290-470 nm range (d—

f). Marked areas represent the related ratiometric luminescence thermo-

metry exploring the intensities at the maxima of selected excitation peaks (Fig. 6 and S30), red areas in (a—f) indicate peaks with intensities that are
used as denominators in the definition of the A parameters, while the blue areas indicate peaks with intensities that are used as numerators (all these

peaks are also labelled).

site T-dependence, as it was related to hot f-f electronic tran-
sitions (Fig. 5a-c, see also the discussion in the previous
section). As a result of our preliminary testing, we decided to
construct three different thermometric parameters, namely 4,
A,, and A; (Fig. 5, 6, and S30). All of them were defined as the
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ratio between the intensities of two selected peaks at their
maxima. For all these parameters, as a denominator, we
employed the intensity of the excitation peak related to the hot
band lying in the 380-390 nm range. As this peak undergoes a
cooling-induced decrease in intensity, which is very different
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Fig. 6 Representative characteristics of the ratiometric luminescence thermometry of EuAg (a), Er@EuAg (b) and Yb@EuAg (c), exploring the inten-
sities at the maxima of selected excitation peaks (Fig. 5), including the thermometric calibration curves, A(T), for EuAg (a), Er@EuAg (b) and
Yb@EuAg (c), and the relative thermal sensitivity curves, S,(T), for EuAg (d), Er@EuAg (e) and Yb@EuAg (f). Empty circles in (a—c) are experimental
data points, whereas solid curves represent the best fits using a Mott—Seitz model (egn (5)). Best-fit parameters are gathered in Table S22. Dashed
lines in (d—f) represent the boundary of an arbitrary criterion for optical thermometers that perform well (S, > 1% K™, 6T < 1 K). Related temperature
ranges of good thermometric performance are indicated by the boundary temperatures. The maximal thermal sensitivity for each compound is also
marked in parts (d, e and f).

from all other peaks used, this approach ensures the opti- while for the other two parameters, 4, and 4;, we used two
peaks related to the direct f-f excitation, centered at ca. 375

and 395 nm, respectively. The set of thermometric parameters

mized thermometric characteristics. For A;, as a numerator,
we employed the intensity of the ligand-centered excitation,

This journal is © the Partner Organisations 2026 Inorg. Chem. Front,, 2026, 13, 3553-3573 | 3565


https://doi.org/10.1039/d5qi02034d

Published on 10 February 2026. Downloaded on 6/12/2026 1:08:13 PM.

Research Article

defined as such was plotted against T and fitted by using a
single-exponential Mott-Seitz model, as expressed by eqn (4):

Ay
1+a-e —AE
a-ex _—
P\ T

where A, is the thermometric parameter at T = 0 K, «a is the
ratio of non-radiative and radiative rates, and AE is the acti-
vation energy barrier for the non-radiative relaxation
channel.***** The resulting best-fit curves are shown in
Fig. 6a—c. Using the fitted A(T) dependences, in the next step,
the relative thermal sensitivities, S,, were determined by using
eqn (5):>*

A(T) = (4)

s, =14 (5)
AT

The resulting temperature dependences of S, values are
shown in Fig. 6d-f. Moreover, the temperature uncertainties at
a given temperature, 67, were evaluated using the square roots
of sums of squares of intensity uncertainties, taken directly
from experimental data (Fig. S30 and Tables S22, S23, and the
related comment in the SI).*%%! For EuAg, the optimal 4
parameter is related to the intensity ratio between the ligand-
centered excitation at 270 nm and the hot direct f-f excitation
band at 382 nm (4,). It ensured a maximal S, value of 2.1%
K™' at 55 K and the high performance (i.e., with S, above 1%
K™1)*%%* thermometric response in the 32-114 K range.
Thus, EuAg appears to be an effective ratiometric optical
thermometer in the cryogenic temperature range below ca.
115 K (Fig. 6d). The other two A parameters, based on the
direct f-f excitation (4, and 43), i.e., its cold and hot electronic
transitions, indicate a distinct thermometric response in the
higher temperature range from ca. 80 to 320 K. In particular,
they work better than A, in the close-to-room-temperature
range of 150-300 K. However, the maximal accessible S values
are much worse than that for A;, and the criterion for high-
performance optical thermometry of 1% K™ is not reached,
even for the maximal sensitivity occurring at ca. 140 K
(Fig. 6d). Similar trends are observed upon the incorporation
of Er(m) and Yb(m) centers into Er@EuAg and Yb@EuAg,
respectively (Fig. 6e and f). However, all the thermometric
characteristics, including those relying on the ligand-centered
excitation and those exploring only the direct f-f excitation
routes (Fig. 5 and 6), are significantly improved in comparison
to EuAg. For A,, while the overall T-range of the optical ther-
mometric response remains similar to that in EuAg, the
maximal S, value increases up to 3.2% K™ ' at 64 K and 3.3%
K" at 57 K for Er@EuAg and Yb@EuAg, respectively.
Moreover, the T-ranges of high-performance optical thermo-
metry broaden, mainly towards higher temperatures, to
37-154 K and 32-142 K for Er@EuAg and Yb@EuAg, respect-
ively. Thermometry based on the cold and hot electronic tran-
sitions of direct f-f excitation is also improved after lanthanide
mixing. As a result, the related maximal S, values exceed the
boundary of high-performance optical thermometry, reaching,
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for A,, 1.34% K ' at 111 K and 1.19% K ' at 111 K for
Er@EuAg and Yb@EuAg, respectively, while, for A4;, the
respective limits are 1.22% K ' at 101 K and 1.64% K ' at
98 K. The resulting T-ranges of high-performance optical ther-
mometry appear in the 81-165 K (4,) and 86-151 K (43)
regions, and the 76-142 K (4,) and 76-131 K (4;) regions, for
Er@EuAg and Yb@EuAg, respectively (Fig. 6d-f and
Table $23).

The observed thermometric responses for all three com-
pounds discussed were found to be perfectly repeatable over
three cycles of heating and cooling (Fig. S30). Therefore, it can
be stated that high-performance ratiometric luminescent ther-
mometry was generated for EuAg, with the further distinct
improvement of this property upon the addition of Er(m) and
Yb(ur) centers in Er@EuAg and Yb@EuAg, respectively. To
rationalize this effect, we plotted the experimental energy level
diagram, indicating the main electronic transitions involved in
optical thermometry (Fig. 7). The A; thermometry takes advan-
tage of two optical effects showing opposite T-variation, i.e., (i)
the ligand-centered excitation undergoing the cooling-induced
efficiency improvement, most probably due to quenching of
the disturbing back energy transfer, and (ii) direct f-f exci-
tation through a hot electronic transition from the lowest-lying
excited “F; multiplet undergoing cooling-induced weakening
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Fig. 7 Experimentally determined energy level diagram of Er@EuAg
representing the electronic transitions explored for ratiometric optical
thermometry, including three thermometric parameters employed
based on selected peaks of the excitation spectra for the Eu(i) emission
monitored (44, A, and As; see Fig. 5 for related spectra and thermometry
characteristics). In each case, the electronic transitions responsible for
the excitation peaks employed are indicated by colored arrows.
Subsequent electronic transitions are indicated by arrows with black
dotted lines (including ET = energy transfer from the organic ligand to
the Eu(n) centers). The final emission monitored is indicated by arrows
with black solid lines. The electronic states of embedded Er(i) centers
are not shown for clarity. The energy level diagrams for EuAg and
Yb@EuAg are almost identical, with only subtle differences in related
wavelengths of less than 3 nm (Fig. 5).
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due to the thermal depopulation of this excited level. The
other two thermometric approaches are also based on the hot
band intensity, but they are confronted with other bands of
direct f-f excitation, which undergo cooling-induced intensity
enhancement, most probably due to the quenching of non-
radiative relaxation pathways related to the vibrational states of
the molecular system. This mechanism also supports 4, ther-
mometry. Thus, as a result of the conjunction of three advan-
tageous effects, i.e., cooling-induced improvements of ligand-
centered excitation through limiting (a) the back ET and (b)
vibrational PL quenching, and (c) cooling-induced quenching
of hot-band excitation, 4; thermometry works best within the
whole series of materials obtained.

A separate discussion should be devoted to the reasons for
the improved optical thermometry upon the addition of Er(im)
and Yb(u) centers to the Eu(ur)-Ag(r) molecular matrix. Two
main effects can rationalize this behavior. First, the incorpor-
ation of Er(m) and Yb(u) centers of a smaller size in compari-
son to Eu(ui) centers forces the latter to adopt slightly smaller
metric parameters. This structural restraint appears mainly for
the Eu(m) centers that are neighboring the Er/Yb complexes.
Even though this effect is expected to be rather minor due to
the small amount of heavy 4f metal ions incorporated (as
depicted, e.g., by the extremely small energy shift of a single
emission band corresponding to the highest-energy Eu(u) elec-
tronic transition of D, — F,, Fig. $56), it can lead to subtly
shorter distances between the Eu(ur) centers and the dppmO,
ligand. This enables a better efficiency of ligand-to-metal
energy transfer, which is achieved at the lowest temperatures,
when all the quenching effects are cancelled out. As a result,
the highest accessible 4, parameter increases from EuAg (ca.
50) to Er@EuAg (ca. 85) and Yb@EuAg (ca. 73); this contrib-
utes to the overall stronger A,(T) dependence in the latter com-
pounds (Fig. 6a-c and Table S22). However, this effect cannot
be the exclusive reason for the improved thermometry in
Er@EuAg and Yb@EuAg, as the thermometric response,
exploring only the direct f-f excitation (4, and 4;), is also
enhanced in the mixed-lanthanide compounds. In this
context, the other effect can be considered. The addition of Er
(mx) and Yb(ur) centers of smaller sizes to the Eu(u) one leads
to the structural distortion of Eu(m) complexes, especially
those in their vicinity in the crystal structure. This is partially
visible in bond lengths and angles in the SC-XRD data for
EuAg, Er@EuAg, and Yb@EuAg (Tables S2, S5, and S6), even
though they are average values, as two co-existing lanthanide
centers are crystallographically indistinguishable in mixed-Ln
compounds. Therefore, it can be deduced that the distortion
of Eu(m) centers appears, and this effect presumably depends
on the detailed molecular environment in the crystal lattice,
i.e., the presence of Er/Yb centers in their vicinity. As a result,
the increased dispersion of related phonon modes is expected.
This includes the vibrational states responsible for the ther-
mally-induced emission quenching that is crucial for optical
thermometry. The stronger temperature dependence then
appears both for the excitation through the cold electronic
transition as well as for the excitation through hot bands. As
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their T-dependences are opposite, this is expected to lead to
the stronger T-dependence of related thermometric para-
meters, providing better performance of related optical
thermometry.

To support the statement on the changes in the phonon
mode scheme of the crystal lattice of EuAg occurring upon the
addition of even small amounts of Er(m) and Yb(ur) centers to
Er@EuAg and Yb@EuAg, we performed additional IR spectral
measurements on related polycrystalline samples, using an
ATR-FTIR spectrometer (Fig. S46 and S47). We also performed
these measurements for ErAg and YbAg to provide reliable
reference data. In the wavenumber ranges related to organic
ligands (e.g., P=O group vibrations), cyanido linkers (i.e.,
cyanido stretching vibrations), as well as bonds between
lanthanide centers and donor atoms, one can notice distinct
differences between EuAg and the pair of ErAg and YbAg,
which are based on much smaller lanthanide ions. In contrast,
in general, the IR spectra for Er@EuAg and Yb@EuAg are very
similar to those detected for EuAg, which is not surprising, as
the doping level of smaller-sized 4f metal ions is low. However,
the low-energy components for the groups of absorption
bands assignable to the cyanido stretching vibrations appear
upon the addition of Er(m) or Yb(m) to EuAg (Fig. S47d).
Moreover, there are subtle but noticeable differences in the
low-energy part of the spectrum, i.e., 400-480 cm™?, which is
assignable to the lanthanide-(donor atom) vibrations
(Fig. S47f). This includes broadening of the band at ca.
470 cm™", the energy shift for the bands at ca. 418 and
446 cm™', and even the appearance of weak additional peaks
at ca. 425 and 458 cm ™. This confirms that the Er(m) and Yb
(mx) dopants generate changes in the phonon mode schemes of
the crystal lattice of the EuAg host, which can affect optical
thermometry, as stated above. It should be additionally noted
that the changes in the vibrational states appear both for the
cyanido-based skeleton and for the lanthanide metal com-
plexes. This suggests that the influence of the dopants is not
only local, i.e., related to the changes in the vibrations strictly
localized on the lanthanide complexes, but is spread over the
whole framework. Thus, the applied dopants seem to be able
to influence the long-range interactions between the molecular
components embedded in the crystal lattice, which makes the
associated changes in ratiometric optical thermometry very
pronounced.

For further elucidation of the main factors responsible for
enhanced optical thermometry upon the insertion of Er(ur)
and Yb(m) dopants into the EuAg framework, we performed
additional ab initio calculations of the SA-CASSCF type, using
an identical procedure to that described above for Eu(ur) com-
plexes in EuAg (see the related discussion above, Fig. 4, and
comments on Fig. S22-S27 and Tables S12-S21 for details).
These calculations were again performed for crucial emissive
Eu(m) complexes but artificially embedded on the lanthanide
position in the ErAg and YbAg compounds. As a result, we
could get insights into the changes in the electronic structure
of emissive Eu(ur) centers upon the addition of Er(um) and Yb
(m), affecting the geometry and metric parameters of the
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lanthanide site of the structure, using the boundary case of
the coordination sphere adopted by ErAg and YbAg analogs.
This selection of structures for calculations was done to better
illustrate the trend in the changes of the electronic structure,
even though it was expected that the dopants in Er@EuAg, and
Yb@EuAg would exhibit the limited strength of this effect due
to the dominant amount of Eu(um) centers, thus geometries
and metric parameters of lanthanide complexes are closer to
those of EuAg. The resulting calculated energy splitting
schemes for the "F, 5 and °D, terms of Eu(m) complexes
(Table S34) indicate that the change of the solid matrix from
the original EuAg framework to the ErAg and YbAg ones
affects the energies of all electronic multiplets. Some of the m;
levels within the terms reveal increased energies, while others
decreased, without a general trend. These changes are rather
small, up to ca. 40 cm™', which agrees well with the high level
of similarity in the energies of the emission and excitation
bands of EuAg, Er@EuAg, and Yb@EuAg, including their
detailed splitting (Fig. 4 and S27, S29, S58). However, even
such subtle changes in the energies of electronic states might
contribute to the variation of optical thermometry, in particu-
lar, in the first of the abovementioned mechanisms related to
ligand-to-metal energy transfer, which is known to be very sen-
sitive to the energies of both the donor and acceptor
states.””* In this context, it is worth noting the distinct
increase in the calculated energy of the emissive D, state
upon the addition of Er(u) centers, which can contribute well
to the highest A; parameter for Er@EuAg accessible at the
lowest temperatures. The non-negligible variation in energy
splitting, such as changes in the energies of the m; levels
within the multiplets, can also affect thermometry solely utiliz-
ing the hot and cold electronic transitions within the direct f-f
excitation. However, a detailed analysis is precluded as the
excitation spectra are used for thermometry and they corres-
pond to the high-lying electronic states, which are beyond the
scope of SA-CASSCF calculations with our computing
resources. Nevertheless, as all the lower-lying excited states
appeared to be altered by changes to the host framework, it
can be extrapolated that the key °G,_¢ and °Lg multiplets will
also be modified at least to some extent, affecting the related
optical thermometry (Fig. 7).

The remaining question regarding the influence of the Er
(mr) and Yb(mr) dopants in the EuAg host framework is whether
this impact is dominated by modulation of the short-range
effects, including modification of the close vicinity of Eu(u)
centers, the geometry/symmetry of these complexes, and their
interaction with coordinated ligands or the modulation of
long-range interactions within the crystalline molecular solid.
This question, especially important from the viewpoint of the
application of this approach in the next generation of related
materials, could be addressed by employing the Judd-Ofelt
(JO) theory.’®®” Using the set of emission spectra of EuAg,
Er@EuAg, and Yb@EuAg at selected temperatures, we calcu-
lated the crucial JO parameters of £, and €2,, and visualized
their temperature dependences (Table S33 and Fig. S57, with
the related comment, in the SI). For all three materials, the £,
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parameter, which represents the short-range interactions
related to the close vicinity of emissive centers (e.g., covalency
of the ligand, asymmetry of the complex, and its other metric
parameters), is found to distinctly change with temperature,
especially above 60 K. Thus, this variation can contribute to
the observed optical thermometry effect in the reported series
of compounds. However, there are negligibly small differences
in the Q, values between the compounds, indicating that the
short-range effects do not play the primary role in the
enhancement of Eu(m)-based optical thermometry upon the
addition of Er(um) and Yb(iu) dopants. In contrast, the £, para-
meter, which represents the long-range interactions between
the molecular components within the solid, including the
modulated packing of the components, is found to differ sig-
nificantly within the discussed series of EuAg, Er@EuAg, and
Yb@EuAg (Fig. S57). In general, this parameter also depends
distinctly on temperature, which suggests its significant
impact on optical thermometry. Interestingly, the strongest
temperature variation is observed for EuAg, whereas the Er(m)
and Yb(u) dopants induce not only modified values of this JO
parameter but also weaken its temperature dependence. Thus,
it appears that the short-range interactions ensure a contri-
bution to the optical thermometry that is not dependent on
the dopants; this is similar across the series of reported com-
pounds. Simultaneously, even though the long-range inter-
actions might not play a dominant role in optical thermome-
try, they are much more sensitive to the dopants, becoming
the major reason for the enhanced optical thermometry per-
formance in Er@EuAg and Yb@EuAg.

All the above-discussed findings prove the beneficial role of
Er(m) and Yb(m) centers in achieving more efficient optical
thermometry in the reported compounds. It should be noted
that the amount of Er/Yb admixtures cannot be large, as it can
lead to the quenching of overall PL through their excited f-f
states. However, this does not happen significantly for the
reported cases of Er@EuAg and Yb@EuAg, as indicated by PL
QYs that are found to decrease only subtly, from ca. 55.4%
(EuAg) to 54.1-54.5% in the mixed-Ln compounds (Table S28).

Conclusions

We report a novel strategy for achieving the combination of
molecular nanomagnetism and luminescent thermometry in a
single-phase material; this relies on the incorporation of the
magnetically anisotropic Ln(m) centers, shown for the Er(m)
and Yb(ur) complexes as examples, in a nearly diamagnetic but
photoluminescent Eu(um)-based molecular matrix. We found
that the Er(m) and Yb(m) centers linked with organic O,O-
bidentate bis(diphenylphosphino)methane dioxide ligands
(dppmO,) and anionic dicyanidoargentate(r) metalloligands
formed coordination chains in which substantial magnetic an-
isotropy of the 4f metal ions was induced. As a result, the
SMM features are observed for the aforementioned lanthanide
(m) centers. Alternatively, identical chain materials were
obtained for red-emissive Eu(ui) centers, which resulted in the
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Eu(m)-Ag(1) luminescent material revealing a good room-temp-
erature emission quantum yield of ca. 55% and ratiometric
optical thermometry based on the excitation spectra. This
optical thermometry takes advantage of the thermally modu-
lated ligand-centered excitation, which is confronted with
direct f-f excitation pathways, especially those related to hot f-
f electronic transitions, providing the opposite temperature
dependence. Thanks to this combined approach, high-per-
formance optical thermometry was achieved in the cryogenic
temperature range below ca. 115 K, with a maximal thermal
sensitivity of up to 2.1% K" at 55 K. By linking the two above-
presented findings, the SMM features for Er(u)/Yb(u)-Ag(1)
compounds with good ratiometric optical thermometry in the
Eu(ur)-Ag(1) analog, we prepared mixed-lanthanide compounds
of Er(ur)-Eu(m)-Ag(1) and Yb(iu)-Eu(ur)-Ag(1) bearing small, i.e.,
up to ca. 5%, admixtures of Er(u)/Yb(in) centers. This strategy
resulted in f-f'-d heterometallic assemblies that combined
SMM features related to the Er(u)/Yb(u) centers with the ratio-
metric optical thermometry related to the Eu(u) sides. This is
the basis of a novel approach for an SMM-based optical
thermometer.

We prove that the insertion of magnetic lanthanide centers,
which do not have to be emissive, into the Eu(i)-based coordi-
nation framework generates SMMs, the temperature of which
can be detected by examining the optical signal from the Eu
(m) centers placed in their vicinity at the molecular scale.
Moreover, this approach provides the simultaneous improve-
ment of both magnetic and optical properties when compared
with the mono-lanthanide analogs. The SMM features are
enhanced, especially for the case of Er(m), by the magnetic
dilution effect, leading to the quenching of quantum tunnel-
ing of magnetization. Ratiometric optical thermometry is
greatly enhanced upon the addition of Er(um)/Yb(i) centers to
the Eu(m)-based compound, as depicted by the increase of the
maximal relative thermal sensitivity up to 3.2-3.2% K ' and
the broadening of the thermometry operating range from
32-114 K in the Eu(m)-Ag(1) system to 37-154 K and 32-142 K
for the analogs with admixtures of Er(m) and Yb(u), respect-
ively. These observations indicate the benefits of the approach
presented, which is worth exploring with visible-light-emitting
magnetically anisotropic lanthanide centers, such as Dy(i) or
Tb(m), that can ensure better SMM characteristics as well as
stronger entanglement between their luminescence and that
of Eu(m). This further exploration and optimization of the
reported approach can then be directed towards searching for
the generation and detection of the strong interaction
between the SMM features and optical thermometry, which is
now one of the challenges of related research fields.”® The
other advantage of the approach presented is its modular
characteristic, especially the employment of the dppmO,
ligand, which can be functionalized thanks to its acidic C-H
group.®>®® Therefore, our work opens the perspective for more
extended multifunctionality, e.g., chirality and related chiropti-
cal and magneto-chiral effects,'® of such f-f'-d coordination
systems, already working as SMM-based optical
thermometers.
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