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Heterometallic NIR-emitting nanothermometers
by click-reaction between two lanthanide
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Heterobimetallic lanthanide conjugates were obtained by click-
reaction between two monometallic lanthanide complexes with
Schiff bases for the first time. For that, novel azido- and ethynyl-
substituted ligands, as well as their lanthanide complexes, were
obtained and characterised; two new crystal structures were
obtained. Click-reaction between ligands and complexes was per-
formed, and the latter was demonstrated to result in the conjugates
{Ln;—Ln,} formation. Among the obtained conjugates, {Yb—Nd} and
{Yb—Er} demonstrated intense NIR emission with temperature sen-
sitivity in the physiological range of up to 3%/K.

Heterobimetallic lanthanide compounds demonstrate a wide
field of potential applications, particularly in areas such as
sensors,"” thermometry,> up-conversion,®® tomography®*°
and imaging."™® Due to the high lability of lanthanide
compounds and similar lanthanide ions radii,** it is challen-
ging to produce heterobimetallic compounds in the form of
isolated molecules, due to metal ions exchange. This could be
provided by obtaining helicates®'*'>'® but not for close pairs
such as Tb/Eu or Er/Yb. A promising approach is to directly
combine two monomeric luminescent lanthanide complexes
to form a bimetallic conjugate."”'® However, due to the
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lability of the lanthanide complexes, it is required very
strongly linked compounds like DOTA-species'’">° as precur-
sors for the reaction. The resulting DOTA-containing complexes
demonstrate moderate luminescent properties. As alternative
precursors for near-infrared (NIR) luminescent heterobimetallic
conjugates, we promote monometallic lanthanide complexes
with substituted Schiff bases ((derivatives of N-(2-((2-benzoyl)
hydrazineylidene)methyl)phenyl)-4-methylbenzene-sulfonamide
or H,L), that have demonstrated excellent solubility,*** non-
toxicity,> luminescence efficiency in the NIR region,>* and high
absorption.”® As a combination mechanism, we suggest click-
reaction, for instance, the copper(i) catalyzed azide-alkyl cycload-
dition. In this paper, we proposed to use this click-reaction of
monometallic mononuclear lanthanide complexes with Schiff
bases to obtain heterobimetallic compounds of a given composi-
tion for lanthanide ions. This task has been broken down into
several sequential steps: first, to obtain dissociation-resistant
complexes with azidomethyl- and ethyl-substituted Schiff bases.
Second, to conduct the click-reaction between Schiff bases, to
confirm the possibility of such a reaction and the absence of
interfering factors from the catalyst, for example, the formation
of copper complexes with the departure of catalyst ions from the
reaction. Third, to prepare lanthanide complexes with a Schiff
base obtained as a result of the click-reaction of ligands to prove
the complexation ability of the new ligand. Fourth, to implement
a click-reaction between homometallic lanthanide complexes
with rising difficulty levels from only diamagnetic complexes
of lutetium up to heterobimetallic erbium and ytterbium
complexes.

Particular attention while analyzing the complex composi-
tion was paid to the "H NMR spectra data, which is particularly
informative for Ln-containing species due to the lanthanide-
induced shift (LIS) and broadening,*®*” and MALDI MS which
is very informative due to specific isotopic distribution of
lanthanides.>®?°

The syntheses of the ligands H,L = H,L1 and H,L2 were
carried out through condensation of the benzaldehydes and

This journal is © The Royal Society of Chemistry 2024
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4-(azidomethyl)-benzohydrazide or 4-(ethynyl)-benzohydrazide.*
The 2-(N-tosylamino)benzaldehyde was obtained during the pro-
cedure described earlier.®® The 4-(azidomethyl)-benzohydrazide
was obtained by a 3-step procedure described earlier.?*?*%3
The 4-(ethynyl)-benzohydrazide was obtained by a 3-step procedure
described earlier.**?> After each step, the purity of the products
was monitored by "H NMR spectroscopy (Fig. S4-S6 and S9-S11,
ESIY).

Synthesis of Ln(L)(HL) (Ln = Yb, Lu; L = L1 or L2) was
performed by the reaction between the freshly prepared
Ln(OH); and the ligand H,L in ethanol:acetonitrile (EtOH:
ACN =1:1).°

Synthesis of K[Ln(L),](H,0), (Ln = Nd, Gd, Er, Yb, Lu; L=L1
or L2) were obtained during the reaction between Ln(L)(HL) in
the ethanol : THF (1 : 1) mixture with the stoichiometric amount
of pre titrated KOH solution in EtOH (see ESIt — synthesis of
lanthanide complexes):

Ln(L)(HL) + KOH — K[Ln(L),](H,0), (n =2 for L1; 1 for L2)

The obtained complexes were analyzed using PXRD and TGA
data (Fig. S15-S17, ESI¥), as well as MALDI-TOF mass-spectra,
demonstrating the presence of the corresponding m/z of the
complexes with the characteristic isotopic distribution of
corresponding lanthanides (Yb, Er, Nd) (Fig. S18, ESIt).

Single crystals were obtained for Er(L2)(HL2), K[Nd(L1),]-
(THF), by THF/n-hexane diffusion mixing with subsequent
crystallization. The structure of Er(L2)(HL2) consists of
two symmetry-independent monomeric species [Ln(L)(HL)]
(Fig. 1). Complexes K[Nd(L1),](THF) and K[Yb(L2),](THF)
demonstrate polymeric structures, in which the mononuclear
fragment of [Ln(L),]” links with two potassium ions through
the hydrazide fragment and the sulfoxide-fragment.

CuAAC reaction between ligands H,L1 and H,L2 was con-
ducted under argon in a methanol solution. The obtained
slightly yellow powder of H,L3 demonstrated low solubility in
methanol (<0.5 ¢ L") and in THF (<2 g L™"). The product
was analyzed by 1D NMR spectroscopy (Fig. S13, ESIT). Lantha-
nide complexes with H,L3 anions were obtained similar to
those with H,L1 and H,L2 anions to ensure the possibility of
their formation, as well as to obtain the reference spectra for

Fig. 1 General view of (a) KINd(L1),]-THF, (b) Er(L2)(HL2) in the represen-
tation of atoms via thermal ellipsoids at 30% probability level; hydrogen
atoms except those of NH groups omitted for clarity.
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further click-reaction products analysis (Fig. S15j, k, m, S17i,
k, S18j, k and S19, ESIt).

CuAAC reaction between lanthanide complexes K[Ln(L),]-
(H,0), (L =L1, L2, Ln = Nd, Er, Yb, Lu) was studied stepwisely.
Initially, to simplify the NMR spectra analysis, two lutetium
complexes were subject to CuAAC reaction during one week
(Scheme 1), and the precipitated {Lu-Lu} conjugate was
analyzed by '"H NMR (Fig. 2) and MALDI-TOF spectra
(Fig. 4). MALDI-TOF data is very informative due to specific
isotopic distribution and allows us to directly analyze the
nuclearity of the detected species. It immediately demon-
strates the formation of the {Lu-Lu} conjugate by the
presence of the intense signal at 2152 m/z with the desired
distribution.

As each of the complexes has two reactive groups, the
product of the reaction can contain both dimers and/or
oligomers or even polymers, which is expected to depend on
the reaction time. To determine the prevailing product,
'"H NMR spectra were analyzed. It was also aimed at the
revealing of the most informative ranges which will further
help to analyze the NMR data of complexes, containing para-
magnetic ions, ie. Yb, Nd, and Er,
combinations.

Most of the signals of the initial complexes and the
products overlap, which complicates their analysis, unlike
the signal of the CH,-group, which was observed in the 1H
spectrum of the H,L3 at 5.56 ppm. In the spectrum of the {Lu-
Lu} conjugate this ligand is also clearly present, proving the
course of the reaction. This signal splits into 9 signals with an
overall intensity equal to 2H, which corresponds to the aver-
age length of the oligomer equal to 8 monomers. To support
this conclusion, we also analyzed the signals in the range of
4.2-4.6 ppm, which in spectra of K[Lu(L),](H,O) (L = L1, L2)
correspond to ethynyl- and azidomethyl groups with intensity
1H and 2H. If {Lu-Lu} dimer is formed, those signals should
be presented in the intensity of 2H and 1H, while in the
experimental spectrum of {Lu-Lu} there intensity is only 2/8H
and 1/8H. This also indicates the oligomeric nature of this

and even their

conjugate with the average length of the oligomer of 8
monomers.

The FTIR spectra of conjugates are almost identical to the
spectra of the initial complexes. However, it is possible to
observe the disappearance of the CH-vibration band of the
ethynyl fragment due to the formation of triazole. Comparison
of conjugate spectra with each other shows their identity
(Fig. 3).

Limiting the reaction time down to 24 h to avoid oligomer-
ization, we obtained conjugates {Yb-Lu} and {Yb-Yb} by the
same reaction (Scheme 1). Their MALDI MS demonstrated
broad isotopic distribution corresponding to the desired
mass and desired pair of lanthanides, proving the dinuclear
conjugation (Fig. 4). Further analysis was based on the "H NMR
data, which is complicated due to the lanthanide-induced
shifts and broadening. At the same time, these difficulties also
bear additional information about the compound formed

(Fig. 5).
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Fig. 3 FT-IR spectra of conjugates.

First of all, we can clearly observe the same signal of the
protons (19) in the range of 5.82 ppm and the signals of 17 and
17b protons in the range of 4.2-4.6 ppm, which correspond to
ethynyl- and azidomethyl groups with intensity 1H and 2H,
proving dinuclearity. These protons are remote from the metal
centres which ensures the absence of their shift and therefore
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facilitates their analysis. Besides, we analyzed the more
remote and broadened signals in the spectrum of {Yb-Lu}
conjugate, ie. 23.3, 16.4, —13.4, —14.3, —16.8 ppm (see
Table S2, ESIT). They were ascribed based on the data pub-
lished by some of us earlier.’” We clearly observe those signals
with integral intensity equal to 1H; this witnesses the for-
mation of 1:1 conjugate. The absence of the exchange
between metals - which is the most important question when
analysing the product of the click-reaction - is witnessed by
the absence of the splitting of these signals. This means that
there is only one position of ytterbium ion, while the second
position is occupied by Lu ion, and their signals correspond to
the protons of the ligand coordinated by lutetium and are not
shifted.

It is also worth noting that in the "H NMR spectrum of the
{Yb-Lu} conjugate the signals can be found which broaden to
different degrees. We can clearly see the narrow bands of the
protons corresponding to the ligand coordinated by lute-
tium, i.e. at the range of 7.0-6.7 ppm corresponding to the
proton 7-9. While in the range of 8.6-8.5 or 2.1-1.9, we
clearly observe broad bands of the protons within the ligands
coordinated by Yb. This also clearly indicates the exact
position of each of the metals in the obtained conjugate
and the absence of their exchange. Now in the spectrum of
the {Yb-Yb} conjugate, the signals at 23.3 to 16.4 ppm and
—12 to —15 ppm increase twice in intensity which is in line
with the substitution of diamagnetic Lu with paramagnetic
Yb. The signals mustn’t simply increase in intensity, but
additional signals appear in a similar range. This difference
in the position, even small, indicates the difference of the
ligands coordinated by each of the ions. Such a splitting of
the signal present in the spectrum of {Yb-Yb} and absent in
the spectrum of {Yb-Lu} proves again that no exchange of

This journal is © The Royal Society of Chemistry 2024
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(Fig. S25 and S26, ESI¥).

Thermal analysis of the conjugates demonstrate the
presence in their composition 3-4 solvate molecules of water
or THF due to the corresponding mass losses and ionic
currents (m/z = 17, 18 or 72) (Fig. 6).

Most of the conjugates produced were almost amorphous.
However, the {Yb-Er} conjugate showed some degree of crystal-
linity, although it did not exhibit diffraction patterns similar to
those of the original complexes.

The latter demonstrates the appearance of the signals at 5.6—
6.2 ppm, corresponding to the protons (19), and the appear-
ance of the additional signals, differently broadened and
shifted, which correspond to the ligands, coordinated by the
second paramagnetic ion (Er in the case of Fig. 7). Here it is
very important to mention that the signals of the protons
corresponding to the ligand coordinated by Yb ion do not
even slightly change their position in conjugates {Yb-Lu},
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Fig. 7 H NMR spectra of {Yb—Er} and {Yb—Yb} conjugates.

{Yb-Yb}, {Yb-Nd}, and {Yb-Er}. This indicates the absence of
the metal exchange and the appearance of any kind of
superposition in every signal, while every signal corresponds
to the proton of the certain ligand coordinated by the
certain metal.

Luminescent properties were studied for each of the
obtained NIR-emitting complexes (see Table 1). It revealed that
the lanthanide complexes possess typical narrowband lantha-
nide luminescence centred at 980 nm (Yb**), 860 and 1060 nm
(Nd**), and 1450 nm (Er*") under 365 nm excitation by UV
diode (Fig. S20, ESIY).

For Yb*" complexes, absolute quantum yields and observed
lifetimes (t,ps) in the NIR range were measured in powders and
DMSO (Table 1), as well as absorption coefficients and ligand
triplet states (Bp = 19230 ecm ' for L = L2) were obtained
(see Fig. S29-S31, ESIY). Yb(L)(HL) and K[Yb(L),](H,0),, demon-
strated different QY tendencies.

In case L = L1, K[Yb(L),](H,O), possess higher QY, in case of
L = L2, Yb(L)(HL) emitted more efficiently. To understand the
reason for that behaviour, we calculated separately the sensiti-
zation efficiency (fsens) and an internal quantum yield (QYrh),
which are the factors of the external quantum yield (QYr, =
QY). These data demonstrated that the low sensitization

J. Mater. Chem. C, 2024,12,19352-19358 | 19355
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Table 1 Luminescence characteristics of the obtained complexes
and conjugates

QY{-jny %

Powder DMSO Tobsy HS
Yb(L1)(HL1)*? 1.04 (9) 15.7 (2)
K[Yb(L1),])(H,0),* 1.27 1.5 (13) 22.6 (2)
Yb(L2)(HL2) 1.1 0.85 11.3
K[Yb(L2),](H,0) 1.0 0.58 14.0
Nd(L1)(HL1) 0.11 — 1.4
K[Nd(L1),](H,0) 0.10 — 1.2
Nd(L2)(HL2) 0.07 — 1.5
K[Nd(L2),](H,0) 0.02 — 1.4
Yb,(HL3),(THF), 5(H,0) 0.67 1.58 10.2
{Yb-Lu} 0.2 11.6
{Yb-Yb} 0.16 8.8
{Yb-Nd} 0.32 0.66 20.7
{Yb-Er} 0.13 0.30 20.8

efficiency limits the QY value, which could be explained by the
huge energy gap between ligand and lanthanide excited states.
The obtained complex of Yb** with H,L; ligand showed both
vis ligand-centred and NIR metal-centred luminescence with
QY up to 1.6% in DMSO solution and absorption up to 60 600
(1/M cm).

The obtained bimetallic conjugates containing luminescent
Yb*" ion demonstrated its luminescence, as well as the low
intensity, yet detectable luminescence of Nd or Er. Lumines-
cence lifetimes and quantum yields are given in Table 1.

Luminescent decay curves of the obtained conjugates
are perfectly monoexponential proving the formation of the
individual complexes (Fig. 9). The lifetime values which they
demonstrate clearly differ from those of the initial monome-
tallic precursors, witnessing the course of the click-reaction. In
comparison with monometallic complexes of NIR-emitting
lanthanides, bimetallic conjugates {Yb-Lu} and {Yb-Yb}
demonstrate a 5-fold decrease in the photoluminescence quan-
tum yield and an approximately 2-fold decrease in the lifetime
of the excited state of ytterbium, which can be attributed to a
reduction in the concentration of luminescent ions in the case
of Yb-Lu or mutual quenching of two Yb®" cations in the case of
{Yb-Yb}. Additionally, the energy transfer between excited
states of lanthanide ions confirms an increase in radiative
decay time during the sensitized Yb luminescence from excited
states of Nd and a decrease in radiative lifetime for the Yb
luminescence during sensitized luminescence of Er (Table S1,
ESIt). Simultaneously, the observed lifetimes calculated from a
monoexponential fit of the relaxation kinetics in the case of
{Yb-Lu} and {Yb-Yb} conjugates decreased relative to mono-
metallic compounds, and for {Yb-Nd} and {Yb-Er} conjugates
increased, which also indicates energy transfer between lantha-
nide cations.

The obtained conjugates were tested as luminescent ther-
mometers. For the {Yb-Nd} conjugate, redistribution of
energy was observed between the poles of the Stark splitting
in the ytterbium luminescence band, and for the {Yb-Er}
conjugate, changes in the ratio of ytterbium to erbium lumi-
nescence were observed. Luminescence intensity ratio (LIR)

19356 | J Mater. Chem. C, 2024,12,19352-19358
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parameter was chosen for {Yb-Nd} conjugate intensity ratio
between the poles of the Stark splitting in the ytterbium
luminescence bands, because the ratio between Nd and Yb
luminescence bands demonstrate no correlation with tem-
perature changes.

Relative sensitivity (S,) was calculated by formula:

dLIR

— 0
S = 1OO/"LIR-dT

Both complexes demonstrated temperature dependence
of luminescence in the range 295-395K with sensitivity
up to 0.45%/K for {Yb-Nd} and 3%/K for {Yb-Er} conjugates
(Fig. 8).

Conclusions

Click-reaction between the lanthanide complexes with non-
DOTA-like ligands was conducted for the first time. For that,
novel azidomethyl-(H,L1) and ethynyl-substituted (H,L2)
Schiff bases were obtained, and their lanthanide complexes
were synthesized; two new crystal structures were obtained
for them. Click-reaction successfully took place, and the
heterobimetallic complex formation was proved by MALDI
MS and NMR spectroscopy. Heterobimetallic {Yb-Nd} and
{Yb-Er} conjugates demonstrated NIR emission of both ions,
which was found to be temperature-dependent. The relative
sensitivity of the thermometer reached 0.45 and 3%/K
respectively.

This journal is © The Royal Society of Chemistry 2024
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