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In this work, we report the first example of lifetime thermometry
with a molecular upconverter. To reach our goal, we synthesized a
{Tb40Yb,0} molecular cluster-aggregate that emits via a cooperative
upconversion mechanism. The operational temperature of the
lifetime-based thermometer is in the 23-45 °C range with a max-
imum relative sensitivity of 2.26% °C* at 45 °C.

Upconversion (UC) is a fascinating phenomenon in which the
pilling up of two or more low-energy photons results in the
emission of higher-energy photons.'™ Unlike the nonlinear
optics processes such as second-harmonic generation, UC is
based on multiple first-order absorption processes such as
excited-state absorption (ESA), energy transfer upconversion
(ETU), and cooperative upconversion (CUC), showing a higher
efficiency than nonlinear processes.

Until the early 2000s, studies of UC emitters were mainly focused
on lanthanide (Ln™)-based nanoparticles and low-phonon solid
materials. Since then, researchers have started investigating the
UC process in low-nuclearity Ln™-based molecular complexes.*™"
The ability of realizing photon UC with molecular systems is
expected to overcome some intrinsic issues inherent to nano-
particles. The use of complexes allows exact structure determination
due to the molecular nature, enabling structure-property relation-
ship studies, a powerful tool to finely modulate the optical proper-
ties. Despite the success of the earlier works in observing UC in
molecular species, the use of low-nuclearity compounds resulted in
low UC quantum yields (UCQY),*** much below the values observed
for nanoparticles and low-phonon solid materials."* ™

Recent studies have shown that the use of spherical molecular
cluster-aggregates (MCAs) alleviates issues related to the molecular
flexibility due to the metal-core rigidity of MCAs, reducing non-
radiative vibrational quenching."®™*® Additionally, the presence of a
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large number of Ln™ atoms within the molecular structure of

MCAs allows for a meticulous control of the energy-transfer
(ET) processes via composition control. Hence, these systems
are ideal candidates for the realization of high-performance
molecular UC.">*

Even though several reports have demonstrated molecular
UC with different systems, the consolidation of molecular
upconverters is still in the early stages, with studies mostly
dealing with the demonstration of UC in complexes and
MCAs.* ™" Therefore, we truly believe that an important step
to establish molecular upconverters as a viable alternative to
nanoparticles and low-phonon materials is to migrate from
purely demonstrating UC emission to rationalizing and demon-
strating a proof-of-concept for potential applications.

The first demonstration of ratiometric luminescence ther-
mometry with molecular upconverters was conducted by our
group.”® By synthesizing the {Gd;;Tb,Yb,} MCA and subse-
quently replacing the Gd™ atoms with Eu™, we obtained
the {EugGd;Tb,Yb,}, {EuyGd,Th,Yb,}, {Eu;eGd;Tb,Yb,}, and
{Eu;1Th,Yb,;} MCAs, all displaying strong temperature depen-
dent Tb™ — Eu™ ET, excited via the CUC mechanism, and
showcasing excellent luminescent thermometry capabilities.

Herein, we present the first demonstration of lifetime ther-
mometry using a molecular upconverter. This approach has the
advantage of mitigating issues related to intensity variations
and power fluctuations of the excitation source, common in
other luminescence thermometry methods.>* " To achieve our
objectives, we synthesized the {Tb;,Yb;o} MCA (Fig. 1a and Fig.
S1, ESIt). Our choice of composition is inspired by the work of
the Charbonniére group,?® which showed that having a similar
number of donor (Yb™) and acceptor (Tb™) atoms in molecular
CUCs enhances the UCQY. This is contrary to ETA UC with
Yb"™/Er™ and Yb™/Ho™ pairs, where an excess of donors is
optimal.*>™*

The heterometallic {Th;Yb;o} MCA was prepared following
our previously reported procedure (ESIT)."”>° Powder X-ray
diffractograms (PXRD) confirm that the compounds are iso-
structural to the icosanuclear {Ln,o} MCA, which crystallizes in
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Fig. 1 (a) Molecular core structure of {Lnpo} MCA. Color code: cyan for Ln

Log(P/ W cm™)

, grey for carbon, and red for oxygen. (b) Partial energy level diagram for the

MCA depicting Yb" and Tb" levels and the CUC mechanism. (c) Power dependent upconversion spectra for a 0.1 mg mL~! deuterated methanol solution
of {TbyoYbyo} obtained at 25 °C (Jexc = 980 NM/vey = 10 204 cm™); see Fig. S4 (ESIY) for the transition labels. (d) Log—log plots of the emission intensities
as a function of the incident pump power for {TbyoYbe} indicating two photon upconversion (n = 1.74).

the R3 (# 148) space group (Fig. 1a and Fig. S1, S2, ESIf).
The Fourier transform infrared (FTIR) spectrum shows the
expected molecular vibrations (Fig. S3, ESIf). ICP-OES
supports the nominal chemical composition, with a good
agreement between the theoretical and experimental Ln™ ratio.
Further experimental details are available in the ESI.{ Photo-
luminescent studies were carried out in deuterated methanol
(0.1 mg mL™"), as the solubility and the stability of the {Ln,}
MCAs in this solvent has previously been demonstrated by
NMR spectroscopy.*°

Excitation of {Tb;oYb,,} at 980 nm (7.5-22.5 W cm > power
density range), resonant with the Yb™ *Fj,, excited state results
in the characteristic green emission from the Tb™ ion due to
the °D, — ’Fe, transition bands (Fig. 2b and c and Fig. S4,
ESIt). The low power densities employed here exclude the
possibility of competitive nonlinear optical processes, and the
slope obtained via log-log plots®® (n = 1.74; Fig. 2d) is in good
agreement with the presence of two photon UC via the CUC
mechanism. Absolute UCQY was measured in an integrated
sphere as previously reported.”*° For {TbyoYb;o}, a UCQY of
4.3 x 107°% was obtained with an excitation power density of
7.5 W cm™ % This value is two orders of magnitude higher than
the value previously observed for the {Gd;;Tb,Yb;} MCA
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(4.3 x 107%%),*° confirming that for the Yb"/Tb™ CUC, an
equal number of donors and acceptors enhance the UC
performance.

Emission decay curves of the Tb"™ °D, emitting state were
collected at 25 °C (Fig. 2 and Fig. S5, ESIf) under different
excitation pulse widths and show a multiexponential decay
profile due to the presence of four different crystallographic
sites occupied by Ln"™ ions within the {Ln,} asymmetric
unit.’”2° Average lifetime ((t)) values were calculated from
the decay curves as expressed by eqn (1),>>*° where ¢, is the
time at which the curve hits its maximum intensity (I) and ¢, is
when it reaches the background.

MAVIORE
"I(r)-de

]

(t) = 1)

It is noted that the (t) is highly dependent on the excitation
width and consequently, the saturation of the Tb™ *D, emitter
state, ranging from 1.09 ms with a 0.5 ms pulse width to
1.19 ms when a 10.0 ms pulse width is employed and the
excited state is completely saturated. In the latter condition, a
rising time of 0.34 ms is observed for {Tb,,Yb,o}. Therefore, we
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Fig. 2 (a) Emission decay curves obtained at 25 °C monitoring the Tb"
5D, emitter state (545 nm). (b) Variable excitation pulse width lifetime
values obtained at 25 °C.

selected the maximum pulse width (10.0 ms) to perform the
lifetime thermometry studies.

Temperature-dependent emission decay curves are shown in
Fig. 3a in the 0-45 °C range. It is evident from the emission
decay curves that a strong reduction in the (r) occurs upon
increasing the temperature. At 0 °C, an (r) of 1.31 ms is
obtained, while at 45 °C, the value is reduced to 0.83 ms.
Hence, we selected the Tb™ °D, emitter state (r) as our
thermometric parameter (4).

The temperature dependence of 4 is shown in Fig. 3b. A logistic
function (eqn (2)) was used for the mathematical fitting of the 4
values. It is important to point out that this function has no physical
meaning and was used just for fitting purposes. To evaluate the
thermometric performance, relative thermal sensitivity (Sg) was
obtained by applying the fitted function to eqn (3) (Fig. 3c).*"*
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Fig. 3 (a) Temperature dependence of the emission decay curves
obtained at 25 °C monitoring the Tb" D4 emitter state (545 nm). (b)
Temperature dependence of the Tb"' °D, average lifetime. (c) Tempera-
ture dependence of the relative thermal sensitivities (Sg) for {TbioYb1o}
MCA.

As can be noted in Fig. 3¢, a maximum Sk of 2.26% °Cctis
obtained at 45 °C for {Tb,oYb,o} MCA with an operational
range, ie., temperatures in which Sy lies above 1% °C™,
ranging from 23 to 45 °C™'. The operational range for the
lifetime-based thermometry with the {Tb;,Yb;o} MCA occurs in
a biologically important temperature range, indicating the
potential that MCAs hold for nanothermometry in biological
systems. The present work is the first example of lifetime-based
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thermometry with molecular upconverters and the first exam-
ple of this thermometric approach in a Yb™/Tb™ system excited
via a CUC mechanism.

For a more quantitative analysis of the temperature depen-
dence of the Tb™ *D, emitter state lifetime we applied a Mott-
Seitz model.*>™> By applying the model involving a single
deactivation channel (eqn (4)) a AE of 4651 + 409 cm ™" was
obtained. As the triplet state of the chp™ ligand is located
approximately at 25000 cm ™', the obtained value is consistent
with a deactivation via back energy-transfer from the Thb™ D,
emitter level to the ligand triplet state. The presence of ligand
states acting as thermally activated quencher states for the Ln'"
ion emissions highlights a potential advantage of molecular
upconverters when compared to nanoparticles as luminescence
thermometers.

T

Another intriguing aspect of the temperature dependent
emission decay curves is a clear decrease of the rise time at
higher temperatures, indicating a faster ET process (Fig. S6 and
S7, ESIT). At 0 °C, a rise time of 0.61 ms is observed, while at
45 °C the rise time is reduced to 0.29 ms. The faster ET process
at higher temperatures corroborates Giidel’s suggestions that
the Yb™/Tb™ CUC mechanism is a phonon-assisted process.*®

Conclusions

In summary, herein we are reporting the first example of
lifetime thermometry with a molecular upconverter. This study
demonstrates that the MCA upconversion properties can be
explored to integrate into optical thermometric approaches,
namely the lifetime thermometry. With a {Tb;,Yb;o} MCA, we
are able to obtain UC after exciting the Yb™ F5, excited state
with a 980 nm laser, resulting in the characteristic Tb™ green
emission. The UC occurs via the CUC mechanism and
{Tb,,Yb, o} shows an UCQY of 4.3 x 10 >%.

Temperature-dependent emission decay measurements
reveal a strong temperature dependence of the Tb™ >D, emitter
level lifetime, enabling us to realize lifetime-based thermome-
try with a molecular upconverter. A maximum relative sensitiv-
ity of 2.25% °C™" at 45 °C was obtained for {Tb;oYb,,} with an
operational range between 23-45 °C, highlighting the potential
that molecular upconverters hold for thermometry in the
biologically important temperature range. The strong tempera-
ture dependence is mediated by a back energy-transfer from the
Tb™ °D, emitter level to the ligand triplet state.

We expect that this work will contribute to moving the
attention of the molecular UC community from simply demon-
strating new molecular upconverters to rationally targeting
potential applications, an important step to consolidate the
field of molecular UC.
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