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ABSTRACT: Lanthanide metal clusters excel in combining molecular and material chemistry properties. Here, we report an

efficient cooperative sensitization UC phenomenon of a Eu3*/Yb3*
synthesis and
characterization of the heteronuclear cluster in solid state and solution is
described together with the UC phenomenon showing Eu?* luminescence in
the visible region upon 980 nm NIR excitation of Yb3* at concentrations as
low as 100 nM. Alongside being the Eu/Yb cluster to display UC (with a
quantum yield value of 4.88 x 10-8 upon 1.13 W cm? excitation at 980 nm),
the cluster exhibits downshifted light emission of Yb3* in the NIR region
upon 578 nm visible excitation of Eu3*, which is ascribed to sensitization
pathways for Yb through the 5Do energy levels of Eu3*. Additionally, a faint
emission is also observed at ca 500 nm upon 980 nm excitation, originating
from cooperative luminescence of Yb3+*. The [EusYb(BA)1s(OH)10]CI cluster
(BA = benzoylacetonate) is also a field-induced single molecular magnet
(SMM) under 4K with a modest Ues/ks = 8.48 K, thereby joining the coveted
list of Yb-SMMs and emerging as a prototype system for next-generation

nonanuclear lanthanide cluster in CD30OD. The
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devices, combining luminescence with single molecular magnetism in a molecular cluster.

Introduction:

The unique electronic properties of lanthanides have
enabled them to play a crucial role in developing modern
technologies. They are routinely employed in
LEDs, ! medical X-ray computed tomography
imaging,? anti-counterfeiting pigments,? and strong
permanent magnets for diverse applications like MRI
scanners and magnetic levitation trains. Additionally, their
outstanding optical properties, intricate energy
diagrams,® and extended lifetimes,® drive the development
of luminescent tags for bio-analysis” and microscopy.8:10

In particular, the development of materials!’1* and
molecules’5-17 capable of luminescence upconversion (UC)
is booming. UC is the process in which the energy from
multiple incoming photons absorbed by a material or a
molecule is reemitted in the form of a single photon of
higher energy than the incident light, resulting in an anti-
Stokes process. The UC phenomena can be categorized
under two broad divisions based on the suggestive
mechanisms, a classification that has evolved since the

pioneering theoretical work of M. Goppert-Mayer and N.
Bloembergen in the 1930s-60s.%2> The non-linear
processes, such as two-photon absorption excitation and
second harmonic generation (SHG),'®¢ fall into one
division. These processes are predicated as weakly
efficient as they are based on virtual excited states. The
second category of UC processes involves the sequential
absorption of individual photons, resulting in improved
efficiency (Fig 1.). These mechanisms are excited state
absorption (ESA), energy transfer UC (ETU), cooperative
sensitization (CS), and cooperative luminescence (CL). ESA
(Fig 1a.) involves the absorption of a photon leading to an
intermediate excited state, subsequently absorbing a
second photon to reach the emitting UC luminescent
level.'? In the ETU mechanism reported by Francois Auzel
(Fig 1b.),2021 the second photon absorption occurs on
another ion in the molecule, and an energy transfer occurs
between the two ions to feed the emitting upper excited
state. CS (Fig 1c.) is an interplay between three atoms.
Two donor atoms transfer their energy to the third one,
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Figure 1. Upconversion mechanisms. a)
Excited state absorption. b) Energy transfer
upconversion. c) Cooperative sensitization of
Eu in YbzEu. d) Cooperative luminescence from
Ybo,.

which emits light.2223 This mechanism is the most frequent
in molecular upconverters based on the Tb!/Yb!l pair
where the 5D4 excited state of Tb3* around 20 600 cm! is
populated through the Yb3* 2Fs;; excited state at
approximately 10 200 cm'1.242526.27 Finally, cooperative
luminescence (CL) is achieved when the interaction of
pairs of lower-energy excited states cooperatively interact
to produce the emission of photons at a higher excited
state (Fig 1d.). This phenomenon has been reported on
solid-state materials 282° and more recently using
homonuclear Yb3* clusters?63? or dimers in solution.3'2
These cooperative processes are treated by two operators
transitions between pair levels; they are generally less
efficient than ESA or ETU. 31

A considerable amount of research has been done on UC,
and most of it is based on lanthanide-based solid
materials19202122 or nanoparticles.32333435 The growing
interest in UC materials for biological applications has led
to a focus on scaling down UC to the molecular level. This
approach aims to enhance solubility, reduce toxicity,
improve stability, and create environmentally friendly and
reproducible molecular assemblies. The study of
molecular-scale UC in solution has gained attention over
the past decade, with coordination chemistry playing a
central role.3637 To observe UC, three prerequisites must
be met. Firstly, the elements used for UC emission must
have a ladder-like energy level diagram to climb to the
higher excited state. This can be achieved by using a single
element (e.g., ESA with Er3+ 383940) or by using a pair or
combination of elements - donors and acceptors - such as
YbIII/ErIII‘41,4Z YbIII/TbIII‘ 24,25,26,27 CrIII/ErIII 43,44 or RuIII/YbIII 45
for ETU and CS. The only exception is the cooperative
luminescence, which can be observed from the single Yb3+
2F5,, excited state of Yb3+.2646 In all cases, the intermediate
excited states must possess long lifetimes to guarantee an
uninterrupted process leading to the population of the
upper state before its return to the ground state through
decay. The spatial proximity of energy donors and
acceptors?’ is another key to exhibiting energy transfer
and, thus, UC. In the last decade, molecular upconversion
in solution has been achieved by reducing the de-
excitation pathways of Ln(IlI) complexes, selecting
appropriate donor-acceptor pairs, and arranging them
spatially. This accomplishment was made possible by
designing  discrete  heteropolynuclear coordination
complexes?425394448 and molecular clusters.26:3031

More specifically, the authors had previously reported the
synthesis of homo-and hetero-nonanuclear Ln"' complexes
with  fp-diketonate ligands and, more precisely,
acetylacetonate ligands and their deuterated analogs.?6:30
They demonstrated that the obtained clusters are stable in
organic solvents such as methanol. Upconversion studies
of the homonuclear Ybs cluster [Ybs(acac)16(OD)10](OD) in
CD30D revealed the emergence of an emission band at 503
nm when irradiated with 980 nm light, marking the
occurrence of molecular CL upconversion in a solution for
the first time. Additionally, hetero-nonanuclear complexes
containing both Tb™ and YbY, such as [TbxYbo.
x(acac)16(0D)10](0OD), demonstrated CS upconversion,
wherein the energy transfer originated from two excited
state of Yb to sensitize Tb. The deuteration of the
ligands as well as the optimization of the donor (Yb™) :
acceptor (Tb™) ratio, allowed for the generation of a highly
intense upconversion signal with a UC quantum yield of
duc = 2.8 x 10 upon excitation at 980 nm (CD;0D, P = 2.86
W. cm?).26*° Based on these previous studies, we turned
towards a mixed Eulll; Yb!! nonanuclear
[EusYb(BA)160H10]Cl cluster with benzoylacetonate (BA)
ligands (Figure 2). Here, we present the synthesis of the
cluster and its characterization in the solid state and, in
solution, its magnetic properties as a Yb-SMM as well as its
luminescent properties in the visible (Eu'!) and in the NIR
(Yb™) upon excitation in the BA antenna. Last but not least,
direct CS upconversion of Eu is also achieved while
irradiating Yb at 980 nm. Although indirect
photosensitization was reported from Tb to Eu,#%2 UC has
only been reported once for a Eu™: Yb'" pair in a molecular
complex and in solution through an excited multimer
process.# Isostructural clusters with other lanthanides
(Eu, Gd, Tb, Ho, Yb, Dy) and Y have also been synthesized
and examined for comparison.

Results and discussion

Synthesis and crystal structure. A series of five
homonuclear nonanuclear clusters of general composition
[Lno(BA)16(OH)10]Cl (Ln = Eu, Gd, Tb, Ho, Yb) and three
heteronuclear  clusters of respective formulae
[EusYb(BA)16(OH)10]Cl, [DysYb(BA)16(OH)10]Cl and
[YsDy(BA)16(OH)10]Cl (BA = benzoylacetonate) were
synthesized in 59-70% yields using modified procedures
from existing literature (Figure 2a).#°c The synthetic
methodology, together with their crystal structures as
determined by X-ray crystallography, are presented in
Figure 2. Clusters have been characterized by XRD, ESI-
TOF mass spectrometry, and elemental analysis (see SI).

The nonanuclear clusters crystalize in a high cubic
symmetry packing (a=b = ¢ =33.6739(6) A, a=f=y =
90°, V = 38183.9 A3, Pn3n (222)). This closed-packed
arrangement results in hexagonal channels (voids) along
the body diagonal directions inside the massive unit cell
(SI. 2.1 Figure 11.). The diameter of the channel changes as
it runs, with a minimum diameter of approximately 7 A,
not including the van der Waals volume. The channel is
spacious enough for solvent molecules and anions (Cl-) to
situate themselves. Within the lattice, the channels stretch
along the four-body diagonal directions of the unit cell,
causing significant disorder among smaller components.
Even at 120 K, X-ray analysis cannot resolve this disorder.
The solid-state structure of the Lnog complexes can be
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Figure 2. a) Synthetic protocol for preparing the nonanuclear EugYb complex. B) Single crystal X-ray
structure of [EugYb(BA)16(OH)10]Cl showcasing the arrangement of the nine Ln (blue) and ten
hydroxyl groups (O in red and H in white). C) Lnperipneral coordination sphere: endo ligands (yellow),
exo lisands (sreen). neishhoring metal ions(whitel. oxveens (red). D) L.ncanta1 coordination snhere.

viewed as two pentanuclear square pyramids sharing the
apical Ln atom, with a torsion angle of approximately 45°
between the two pyramids, resulting in square anti-
prismatic geometry at the central Ln (Figure 2b). The
eight triangular faces of the pyramids are capped by us-OH
groups linked to the three Ln at the edges of the triangles,
while ps-OH bonds connect the four Ln atoms of the two
square faces. All Ln atoms except the central one are linked
to three f-diketonate ligands through two coordination
modes (t-BA in yellow and u-BA in green, Figure 2c and
2e). The peripheral Ln ions are coordinated by 16
bidentate BA ligands. Eight of them (shown in yellow,
Figure 3e) present an endo environment with a bidentate
coordination mode to a single metal center (t-BA), while
the eight others (shown in green, Figure 2e) are placed in
an exo environment and coordinate two metal centers in a
bridging mode (u-BA), while being bidentate coordinated
to one of the two metals. The coordination sphere of Ln
atoms (CN = 8) is completed by hydroxyl ligands: two ps-
OH hydroxy ligands in the triangular face and ps+-OH
ligands in the square face. The central lanthanide is
octacoordinated with eight p3-OH hydroxy ligands (Figure
2b). In the following discussion, these two distinct
coordination environments will be referred to as Lnperipheral
andLncentra , respectively. Previous studies have shown that
such distinct coordination environments can be used to
promote site selectivity for heteronuclear lanthanide
clusters, with a tendency for the largest ion to occupy the
central position.>® In order to very if site selectivity was
also present in the BA-clusters, a set of eight homo- and
heterometallic nonanuclear clusters was synthesized and
crystallized (SI. 2.1. Table 1). Continuous shape measures
(CShMs) were conducted on X-ray crystallographic data
within series, revealing that the Lncentra site exhibits a

nearly perfect square antiprismatic geometry with Daq
symmetry, while the Lnperiphera site is a biaugmented
trigonal prism with Czy symmetry. In addition, the
“coordination site cavity” (also called “pocket size”) for the
two different environments was determined by averaging
the Ln-0 bond lengths (SI Figures 1-10) for each site.5! The
study demonstrated that the central pocket size is the
largest (SI. 2.1. Table 1). However, refining the occupancy
of each lanthanide site as a superposition of x Ln1 and (1-x)
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Figure 3. ESI mass spectrum in positive ion
mode of the [EusYb(BA)i6(OH)10]* complex
sprayed from a methanol solution. Insets show
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Lnz did not reveal notable site preferences in the cases of
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Eu/Yb, Dy/Yb, and Y/Dy due to the minimal difference in
their ionic radii. The refined values were: Lncentral : 96 £ 5%
EU, 4 £ 5% Yb; LNperipheral: 92 4% EU, 8 £ 4% Yb.

SEM-EDS analysis gave an atomic composition of 81.3%
Eu, 9.6% Yb, and 9.2% Cl, in good agreement with the
predicted values of 80% Eu, 10% Yb, and 10% CI (SI. 2.2.
Fig. 13). The phase purity was also confirmed by
measuring the PXRD of fresh crystals taken from the
mother liquor (SI. 2.3. Fig. 14). The crystals that are dried
and taken from the vacuum lost the order (SI. 2.3. Fig 15).
However, a thermal stability study by thermogravimetric
analysis (SI. 2.4 Fig 16) confirmed that the compounds
remain stable up to 150°C and a weight loss of
approximately 5% was measured in the temperature
range 0 - 100°C, which corresponds to the loss of lattice
solvent (three EtOH and four H20 molecules), in perfect
agreement with PXRD studies. At temperatures above
210°C, decomposition of the cluster is observed.

To confirm for the homogeneity of the bulk, SEM-EDS
analysis was performed on both crystals and powder
samples of EusYb complex at five different sites, giving an
atomic composition of 88.6% of Eu and 11.4% of Yb, in
good agreement with the 88.9% of Eu and 11.1% of Yb,
introduced in the synthesis (SI. 2.2. Fig. 12.). The atomic
composition in C and H was also verified by elemental
analysis (SI. 2.5. Table 2).

ESI-TOF Mass Analysis Finally, the composition of the
cluster in solution was analyzed by electrospray ionization
mass spectrometry (ESI-MS). The resulting spectrum
(Figure 3.) showed primary peaks at m/z 4116, 4137, and
4158, corresponding to the monocharged Eus, EusYb, and
EusYb2 complexes, respectively. The other peaks on the
higher m/z side with intensity <10% of the most abundant
Euo peak are due to complexes with higher Yb replacing Eu
in the metal core (EueYbs, EusYbs). Full range ESI MS
spectrum is presented in the supporting information (SI.
2.6. Fig.17.). The relative integrals of the isotopic patterns
were used to calculate the proportion (P;) of the Ln! and
Ln? species at a mole fraction x of Ln'. Experimental values
(Poexp = 041 for [Eug]; Pyexp =037 for [YbEus];
Py exp = 0.17 for [YbzEu7]; Pseyp = 0.05 for [YbsEue] and
Py exp = 0.008) demonstrate an overall good agreement
with the perfect statistic distribution as obtained by
Equation (2), under the hypothesis that all coordination
sites in the clusters are chemically equivalent and all
Ln(III) clusters have similar ionization abilities:

! . .
Pi= o+ x(1-0m (2)
where n represents the total number of sites, i.e. 9 in a
nonanuclear complex; i represents the number of Ln! ions
(here Yb); x =1/9; Py, = 0.346 for [Eus]; P;y, = 0.389
for [YbEus]; Py, = 0.195 for [YbzEus]; P3y, = 0.057 for
[YbsEue] and P, = 0.011).

Complexes with a higher molar fraction of Yb have a
probability lower than 1%. This analysis also shows that
for a Yb:Eu stoichiometric ratio of 1:8, complexes
containing at least two Yb atoms represent more than 22%
of all possible nonanuclear complexes formed, which is

favorable to the observation of molecular upconversion
with a CS mechanism (see below).

Magnetic Measurements. Trivalent lanthanide ions
possess a strong spin-orbit coupling, resulting in their
highly anisotropic nature. This feature has led to the
emergence of various coordination compounds of Ln(III)
exhibiting SMM behavior.5? The increasing popularity of
single molecular magnetism in recent years is due to the
potential use of SMMs in various quantum technological
fields. The vast majority of Ln3* complexes featuring
photoluminescence and SMM behavior are based on Dy?3*,
closely followed by Yb3* complexes. SMMs based on Yb
would require a strong axial magnetic anisotropy and, with
appropriate system designs, can reach energy barriers of
magnetization reversal as high as 45 cm1.53 Furthermore,
Yb complexes emitting in the Near Infrared (NIR) region
are particularly intriguing due to the potential for
combining magnetic properties with luminescence,
offering prospects for advanced information storage and
quantum computing applications.5* To the best of our
knowledge, no compounds exhibiting both Upconversion
(UC) luminescence and field-induced SMM behavior have
ever been reported. In this study, we analyzed the dc
magnetic behavior of EusYb (using a weighted average of
all the clusters as MW found in the Mass spectrum (SI.
2.7.)) under a 1000 Oe magnetic field in the temperature
range of 2-300 K. (Figure 4a) shows the corresponding
xmT vs. T dependencies. As the temperature decreases
from 300 K to 2K, there is a consistent decrease in xmT for
all nonisotropic lanthanide-containing complexes. This can
be attributed to the depopulation of the m; levels split by
the crystal field and the weak antiferromagnetic
intermolecular interactions between Ln3* ions. The
dependencies of xmT vs. T, especially the low value at low
T, indicate the incorporated Eu3* ion’s absence of
thermally populated excited states and highlight their
decisive effect on the dc magnetic behavior. Therefore, the
sole contributor of ymT at 2 K is Yb3*, which explains the
very low value, as Eu3* has no contribution at such low
temperatures. In contrast, at 300 K, the xmT value is 17.47
cm?® K mol-!, and the calculated value is eight times 1.7
(Eu3*) and 2.57 (Yb3*) = 16.14 cm3 K mol-! for nine non-
interacting ions. The small discrepancy is within the
acceptable range of a 10% error. Since Yb3* has a prolate
electron density and, therefore, is anisotropic, we
investigated the magnetization dynamics by ac
susceptibility measurements on the same sample under an
applied dc field of 1750 Oe, in order to establish whether
the properties of the single molecule magnets (SMMs) are
exhibited (Figure 4b, d). The slow relaxation magnetic
behavior, which may originate from the significant
separation between the ground and the first excited state,
was investigated. No out-of-phase signal was observed at
zero dc field, likely due to quantum tunneling of the
magnetization (QTM), which is enabled by the mixture of
the M; levels in the ground state. However, a clear out-of-
phase signal was observed upon applying a small dc field.
Under a static dc field of 1750 Oe, the signal of the ac
magnetic susceptibility was optimized in the frequency
range of 1 to 1500 Hz, where an out-of-phase signal was
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observed up to 5.6 K (Figure 4d). These data were fit to a
generalized Debye model from which a distribution (a) of
relaxation times (t) can be extracted. Further insights into
the magnetic relaxation processes of the complex were
achieved by evaluating the In(t!) vs. T plot (Figure 4c).
Considerable deviation from the linear course of the
dependencies evidences the occurrence of the relaxation
mechanisms additional or different from the Orbach one.
Hence, the fit by other mechanisms and/or their sums
were performed.

1 =19l exp(-Uesi/ksT) + CT™ + Toru?  (3)

T

Orbach Raman QTM

The fittings by the sets of mechanisms other than the
Raman fit were unsatisfactory and/or led to
overparameterization. As a consequence, we
approximated the relaxation data in the entire
temperature range by the Raman relaxation mechanism
(tRaman™! = CramanT™Raman) We also fitted the data with an
additional Orbach contribution owing to the linearity of
the data points (deviation from exponential behavior) at
temperatures above 3K to determine the effective energy
barrier and the relaxation time. The resulting best-fit

a)1e; .
16 4 L

14" ..

-
N
L
L
L]

10 4 o

xmolT(cm3 Kmol'1)
N £ »n [+
&
»
L

o

0 50 100 150 200 250 300

U,/Kg=8.48K
,=7x10%s
C=71846s K™
m=2.27

025 030 035 040 045 0,50
AT (K

parameters are ©o = 4.4 x 106 s, Ues/ks = 8.48 K, C = 718.46
st K227, m = 2.27. These parameters indicate that the
YbEus cluster exhibits SMM behavior, characterized by a
relatively short relaxation time and a moderate energy
barrier, especially when compared to other SMMs based
on Yb'™ reported in the literature.>> This is, to the best of
our knowledge, the first example of a Yb!"-based SMM that
also possesses upconversion properties (as illustrated
below). Throughout the temperature range (2 - 4 K), the
exponentially increasing t! values plotted on a logarithmic
scale confirm the presence of a Raman relaxation process.
Finally, at high temperatures, deviation from this
exponential behavior might suggest the onset of an Orbach
relaxation mechanism, which has been observed in a
limited number of Yb'-based complexes. 535657 The
combination of luminescence(see below) and magnetic
properties has also attracted interest due to the possible
correlation between the electronic structure of complexes
extracted from optical properties and the effective energy
barriers determined by dynamic magnetic
measurements.>® Furthermore, beyond just understanding
the SMM behavior, Light can be used as a non-invasive
trigger to manipulate the spin state of a system, while
optical measurements can act as probes to study the

| 10 100 1000
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Wave Frequency (H2)

Figure 4: a) EugYb DC Fit: Temperature product of the molar susceptibility vs. temperature. cj
Temperature dependence of the magnetization relaxation times (s), with the solid line
representing the best fit using eqn (2) Red line: Raman contribution); (b,d) in-phase and out-of-



environment of discrete molecules.>?

Photophysical Studies: The photophysical properties of
the [EusYb(BA)16(OH)10]Cl cluster have been studied at
room temperature in CD3OD solutions. Its UV-VIS-NIR
absorption spectrum (Figure. 5) displays a broad band in
the UV region with a maximum at 306 nm (¢ = 28.4 x 104
M-1icm?), attributed to transitions centered on the BA
ligands, and a broad absorption band centered at 976 nm
(e = 12.95 M-lcm in CD30D), which is attributed to the
2Fs5/2 «—2F7,2 transition of Yb!lL
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Figure 5. UV-Vis and NIR absorption spectra
(blue (45 upM) and yellow (1 mM),
respectively) and normalized emission spectra
(Aexc = 326 nm) in the visible (red: Eu, 45 uM,
399 nm Filter) and NIR (green: Yb, 45 puM, 800
nm Filter) domains for the EugYb cluster in
CD3OH.

broad emission band peaking at 974 nm corresponds to
the 2Fs/2 = 2F7/2 transition of Yb (@vb = 0.26% in CD30D).
The corresponding luminescence lifetime of Yb in CD30D
was 13.9 + 0.1 ps at 974 nm. Lifetime and quantum yield
values are similar to those reported for the Tb1Ybs cluster
with acac antennae.3? According to the formalism of Werts
and co-workers,®® the radiative lifetime was estimated
from the integral of the Yb absorption spectrum (SI. 2.2.
Fig. 30.) to amount to 810 us, which is in line with
literature data on other Yb clusters.3® With these values,
the intrinsic quantum yield of Yb was calculated to be
1.7%, and the sensitization efficiency amounted to 16%, a
result similar to the previously obtained value of 22% for
unsubstituted acac-d7 ligands.2¢

Time-dependent luminescence decay profiles were also
measured for the Eu"" emission (Aexc = 326 nm) and fitted

to bi-exponential curves with the corresponding lifetimes:
7, =0.196 £ 0.001 ms (B1 = 85 %), 1, =1.265 + 0.002 ms (B2
=15 %) measured at 578 nm, and t; = 0.189 + 0.001 ms (B:
=84 %), 1, = 1.256 + 0.002 ms (B2 = 16 %) at 612 nm,
respectively. Both fits are in very good agreement and
reflect the presence of the Eul ions in two distinct
chemical environments: the peripheral site (t;), with a
major contribution due to the direct photosensitization
from the BA antennae, and the central site (t,), present in a
smaller proportion but exhibiting a longer lifetime due to
enhanced protection against non-radiative quenching by
solvent molecules.?! Overall, the Eu! emission quantum
yield was measured to be @ru = 0.13% in CD30D (Aexc = 326
nm). The radiative lifetime of Eu was also estimated using
the formalism of Werts et al58 and was found to be 1.32 ms,
in relatively good agreement with the value found for Yb,
considering the uncertainties inherent in the method.
Noteworthy, these values are significantly smaller than
common values observed for Eu complexes with g-
diketonate ligands.62

The relatively low quantum yield of Eu suggests either
inefficient sensitization by the BA ligands or the
occurrence of non-radiative quenching processes due to
vibrations, concentration quenching,®?® or energy transfer
to the Yb 2Fs,2 excited state. Quantification of the Eu — Yb
energy transfer has been achieved by measuring the Eu
luminescence lifetimes of the Eus cluster. The
corresponding values are 7; = 0.253 + 0.001 ms (B: =
81.40%), T, = 1.484 + 0.002 ms (B: = 18.6%) for 578 nm
emission peak and t; = 0.256 + 0.001 ms (B: = 79.5%), 1,
=1.586 *+ 0.002 ms (B2 = 20.5%) at 612 nm. A decrease of
approximately 24% in the 1 lifetime of Yb, as well as a
15% shortening of T2, were observed following the
incorporation of Eu into the Yby structure. This decrease of
the averaged lifetime amounts to 18% and is ascribed to
the energy transfer from Eu to Yb within EusYb.
Consequently, the efficiency of this energy transfer was
estimated to be 18%. In addition, a radiative lifetime of
1.65 ms was determined for this cluster, consistent with
other values measured within this study.

In the same cluster, Stokes downshifted photo-
luminescence of Yb in the NIR was also observed when
exciting in the visible absorption band of Eu at 578 nm (5Do
— 7Fo) in CD30D (Figure 6a.) The characteristic 2Fs;2 —
2F7;2 Yb emission is observed, indicating that Yb
sensitization occurs as a result of the of the energy transfer
from the 5Do energy levels of Eu to the 2Fs,z excited state of
Yb. Based on this intermetallic communication, we thus
focused on the reverse mechanism, namely the
cooperative sensitization of Eu by Yb.
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the typical spectral signature of the Eu emlssmn with
maxima at 612 nm and the five Do — 7F; (J = 0 - 4)
transitions (Figure 6b). Additionally, a small peak at 505
nm was also present which was assigned to the
cooperative luminescence between two Yb centers (Figure
6b), as previously observed in homonuclear Ybo
clusters.2630 Looking closely (Figure 6c¢c, red curve), a
weak and broad emission band was also noticed at 535-
540 nm, which was attributed to the contribution of the
5D1 — 7Fo emission, which is often observed in Eu f-
diketonate complexes.®* This observation is a strong
argument to propose that the cooperative sensitization
occurs from the doubly excited state of Yb to the 5D; level
of Eu, with a subsequent population of the 5D state.
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The CL intensity from EusYb and Yby was also compared
(Figure 6c¢.) in order to gain insights into the influence of
the Yb doping ratios on CL efficiency. Although a weak
signal is measured from EusYb in comparison to Ybs, this
difference could mainly be ascribed to the variations in the
Yb3* concentrations (9 pM and 18.4 mM, respectively) of
the two samples. In addition, it should be noted that,
theoretically, CL can occur in clusters with a Yb:Eu 1:8
composition, owing to the statistical presence of clusters
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intensity (CS + CL) was recorded as a function of the

incident pump power density,

and the

logarithmic

representation presents a quasi-linear profile with slopes
of 1.7 for CS at 612 nm and 1.6 for CL at 505 nm,
respectively (Figure 6d and SI. 2.8. Fig. 31). The quadratic
dependence provides evidence for the absorption of two
photons by the Yb metal centers, in accordance with the

upconversion mechanism.*865

The proposed mechanism in a prototype complex, such as
EuoxYbx (where x > 1), entails a major contribution of CS
and a minor contribution of CL of Yb (Figure 7). As
previously described, CS involves a first absorption of a
photon by one Yb atom leading to a [Eus-xYb*Ybx1] excited
species, followed by the absorption of a second photon by
a neighboring Yb ion, hence forming the [Yb2**Euo.xYbx-2]
intermediate which transfers its energy to D1 and 5Do
levels of Eu creating the [EusxEu*Yby] excited states, which
then decays to the ground state by emission of visible light.

As for

Figure 7.
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CL, two photons absorption by two Yb ions in the same
cluster results in a doubly Yb2** excited state, which
decays in the visible, showing a transition at 505 nm. As
expected,

a [Euo(BA)16(OH)10]Cl cluster without any Yb did not show
any upconversion luminescence in the visible region when
irradiated at 980 nm (SI. Fig. 2.8. 32).

Using established procedures,?> we calculated the UC
quantum yield (@uc) of the YbEus cluster in CD30D solution
at room temperature, resulting in a value of 4.84 x 108
upon exciting at 980 nm (1.13 W cm-2). This value is in line
with previous data reported for UC quantum yields. It is 6
to 25 larger when compared to the best UC Er complexes
(1.95x10° < Quc < 8x 10%at P= 21 W cm?),%8 and 3 times
larger than the first hetero-polynuclear Yb/Tb UC
complexes (1.4 x 10-8 at P= 10.3 W cm-2). Nevertheless, this
value is not as high as the quantum yields recently
reported for Yb:Tb clusters,?63% which could be correlated
to the increased propensity of Eu to be quenched by non-
radiative deactivations. Another possible explanation for
this reduced UC efficiency may be found in the lower
spectral overlap of the CL emission of Yb** with the 5D:
absorption band of Eu around 535 nm, compared to that of
the D4 absorption band of Tb at 485 nm. In conclusion,
our findings highlight the role of supramolecular clusters
in achieving efficilent upconversion in solution by
providing a scaffold capable of incorporating a unique
lanthanide (Yb for CL) and/or donor/acceptor pairs (for
CS) with appropriate Ln-Ln distances and a tunable
statistical distribution. Additionally, we provide evidence
of the potential to achieve cooperative sensitization (CS)
upconversion and downshifting in a molecular cluster
containing Eu and Yb.

Experimental Section:

Preparation of [LnnLn’e.n(BA)16(OH)10]CL

Benzoylacetone (BA) (649 mg, 4 mmol, 4 eq.) and
piperidine (396 ml, 4 mmol, 4 eq.) were dissolved in
CzHsOH (60 ml). The mixture was heated while stirring at
75 °C for one hour. Meanwhile, LnClz.6H20 (x mmol, n/9
eq.) and Ln'Clz.6H20 (1-x mmol, (9-n)/9 eq.) were
dissolved in 20 ml of H20 and were added dropwise to the

Eu,,Yb,™Yb,,

kET

Eu, Eu*Yb,

D
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2Fgy
1/ty,
- —,
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alcoholic solution, and the reaction mixture was stirred at
75 °C for three hours until obtaining a transparent
solution. After three hours, the heating was turned off, and

the solution cooled down to room temperature, filtered
out, and left undisturbed to obtain crystals. After a week,
we could harvest cubic-shaped crystals ideal for X-ray
analysis. Details and characterization by XRD, ESI-TOF
mass spectrometry, and elemental analysis are provided in
the Supporting Information.

Conclusion

By doping Yb ions into Europium nonanuclear complexes,
we were able to create a first-ever multifunctional
heteronuclear  [EusYb(BA)16(OH)10]Cl  complex that
displays a highly efficient cooperative UC luminescence in
solution based on the Yb/Eu donor/acceptor pair and a
rare  single-molecule  magnet (SMM)  behavior
characterized by a slow relaxation of magnetization. The
UC process is among the most efficient molecular or
supramolecular UC probes reported to date2>4348 and can
be observed in solution at concentrations as low as 100
nM. Furthermore, this marks a rare instance of direct
cooperative sensitization (CS) upconversion within a
molecular cluster that incorporates both Eu and Yb. By
utilizing readily accessible fS-diketonate ligands along with
a diverse range of Ln donor-acceptor dyads and structures,
we anticipate achieving even more efficient upconversion
(UC) systems. In addition to the attractivity of UC systems
for bio-analytical applications,®® we believe that the
development of UC luminescent Ln-SMMs is a promising
field of research with many corners still unexplored. The
incorporation of multiple functionalities into a single
molecule can potentially enhance our understanding of
SMM behavior, especially considering that SMMs are
intended for implementation in next-generation
nanocircuits for quantum computation.®”
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