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ABSTRACT: We report the synthesis of a tritopic ligand L2, composed of two strongly binding lanthanide (Ln3*) sites using tris-
functionalized triazacyclononane (tacn) scaffolds, bridged by a weaker Ln>" binding triethylene glycol chain sites. Coordination
chemistry of Ln** (Ln = Eu, Tb, Yb and Lu) was thoroughly investigated using NMR and photoluminescent spectroscopies. For all
Ln*" studied, the first two Ln ions are coordinated by the tacn scaffolds to form [LnL?] and [Ln,L?] species, followed by higher order
(tri- and tetranuclear) complexes, [Ln(Ln,L?)] and [Lny(Ln,L?)], respectively. The third and fourth exo-macrocyclic binding events
occur at the weak polyethylene glycol binding site, buttressed by a concomitant synergistic interaction of the tacn phosphonate arms,
confirmed by DFT modeling of the complexes. Owing to the strong coordination of the two first cations, [Ln,L?] (Ln = Tb, Eu, Yb
and Lu) homobimetallic complexes were prepared and characterized (‘H- and 3'P{'H}-NMR, elemental analysis and ES/MS spec-
trometry). The spectroscopic properties of the dinuclear species (absorption, excitation, luminescence, luminescence quantum yields
and excited state lifetimes) were determined in H,O and DO, revealing coordinative saturation of the Ln ions in the cavity of the
tacn scaffolds (q-value = 0). UV-vis and luminescence titrations of the [Tb,L?] complex by addition of Eu salts in buffered water
confirmed the formation of the [Eu(Tb,L2)] and [Eu,(Tb,L?)] species, exhibiting energy transfer from Tb— Eu downshifting. Further
titration of the [Yb,L?] dinuclear complex by Tbsalts in D,O also confirmed the formation of the tri- and tetranuclear species. Upon
excitation into the 2Fs;, <— 2F7, absorption band of Yb at 980 nm, a cooperative sensitization upconversion process is evidenced,
observating visible Tb emission bands, (°Ds — "F, (J = 6 to 3)). Interestingly, heating resulted in Ln scrambling in the tacn coordina-
tion sites, as evidenced by ES/MS spectrometry, increasing UC efficiency by ca.103. Surprisingly, the most efficient emitter for UC
is the tetranuclear [TbYb(TbYbL?)] species, with one of each Ln species in the tacn scaffolds, and one of each Ln species coordinated
by the polyethylene glycol chain. Further optimization on the pD of the solution led to an overall 9.0 x 10~ % UC quantum yield (Aexc
=980nm, P = 10.8 W.cm?). The same experiment was repeated in water, affording UC at the molecular level.

Upconversion (UC) consists of piling up the energy of two
or more photons in a compound so that the total energy can
be restored as a photon of higher energy than the excitation
light.! While routinely documented for solid state com-
pounds,? for nanoparticles,3* or for mixtures of dyes in or-
ganic solvents in the case of triplet-triplet annihilation,’ ex-
amples of discrete molecules exhibiting UC are still scarce
in the literature.6-

Because of their ladder like energy level and their long-lived
excited states,'° Ln3* ions are prototypical elements for the
construction of UC devices. However, at the molecular level,
the vibrations of OH, CH and NH oscillators present in the
framework of the ligands coordinated to the lanthanides or
in the neighboring solvent molecules strongly quenchthe lu-
minescence of lanthanide excited states,!! especially for

intermediate excited states situated in the near infrared
(NIR) spectral domain.!2

Despite these challenges, molecular UC has made significant
progresses in the UC efficiency since the pioneering work of
Piguet and coworkers on the development of supramolecu-
lar triple stranded heterotrinuclear CrzEr helicates.!3 While
Er complexes have been shown to be efficient UC molecules
in organic solvents,'# or in D20%5 mainly through excited
state absorption (ESA) mechanism,'¢ other sources of im-
provements have been found in the use of polynuclear clus-
ter complexes (also called molecular aggregates),'’-21 in
metal-to-metal?2-2> or ligand-to-metal energy transfer UC
(ETU),#26 or in the use of cooperative luminescence (CL)?’
and cooperative sensitization (CS) mechanisms.” CS is a
specific case of UC in which two excited donor atoms sim-
ultaneously transfer their energy to a third one. The



prototypical example combines two excited Yb atoms sim-
ultaneously transferring their energy to a Tb atom, without
any intermediate excited state located on the Tb acceptor.28-
30 CS was also demonstrated with d-transition metals (e.g.
Ir,31 Cr,?2 or Ru33) or organic ligands3+435 as acceptors. Coop-
erative processes (for emission or absorption)3637 are of
second order, contrasting with ESA or ETU, and are ex-
pected to be less efficient by several orders of magnitude.!
However, despite the supposed inefficiency of cooperative
processes, CS was shown to be comparable to other mecha-
nisms at the molecular scale, exhibiting the only known ex-
ample of UC in water for an electrostatically stabilized su-
pramolecular assembly.?8 This success relies largely on the
fact that the intermediate excited state - typically Yb in CS
UC - displays a relatively long excited state lifetime of few
us,3® whereas ESA or ETU based system implicate other lan-
thanide elements such as Er!8 or Ho,*® with far shorter in-
termediate and final excited state lifetimes.#! Despite the
currently modest UC efficiencies of molecular based UC de-
vices, there is great interest to iterate and improve them. UC
devices benefit from a very sensitive and almost back-
ground free luminescence signals, as a result of the anti-
Stokes process, particularly appealing for diagnostics*? or
microscopy imaging,*? and because the use of nanoparticles
in UC devices is beset by stability,*#*> reproducibility and
toxicity issues.*¢ We have recently demonstrated that small
anionic mononuclear Yb3* complexes can self-assemble in
the presence of Tb3* cations in aqueous solutions to form
Tb/Yb supramolecular heteropolynuclear assemblies,*7-4°
that displayed CS UC. Linking two such Yb complexes by a
bridge containing a third coordination site for the introduc-
tion of the Tb cation allows to encode a further step in the
controlled formation of the polynuclear complexes. This
builds on our prior art which ultimately led to the hierar-
chical formation of controlled Yb/Tb heterpolynuclear com-
plexes. Considering the very similar chemical behavior of
Ln3* cations along the series, a strict control of the position
of the different Ln3* cations can hardly be obtained on the
basis of the ionic radii alone.5? Alternative approaches rely
on a step by step chemical assembly of pre-formed com-
plexes,>! stepwise deprotection of the coordinating sites,>?
or thermodynamically induced site selective coordination.53
We chose this latter approach by playing with the hard co-
ordination sites on the phosphonate functions anchored on
two triazacyclononane (tacn) moieties - for the introduc-
tion of the two first Ln3* cations - while the third coordina-
tion will be ensured by the softer oxygen atoms present on
a polyethylene glycol chain.’* However, Significant syn-
thetic effort is required to obtain such pre-organized lig-
ands, and our recent findings have shown that the choice of
the linker is crucial, as it can induce rigidity or length con-
straints that may negatively impact the expected upconver-
sion (UC) efficiency.>s

We here present the synthesis and coordination behavior of
a tris-heteropolytopic ligand L2 (Chart 1), based on two
pyridyl functionalized triazacyclonane (tacn) lateral coordi-
nating platforms bridged by a weakly coordinating poly-
ethylene glycol chain. The selection of the two different co-
ordinating sites, was guided by the formation of highly sta-
ble Ln complexes with the tacn-phosphonated ligands, as
previously demonstrated with an analogue of L1,5¢ and by
the weaker coordinating ability of polyethylene glycol

chains.>’->° The introduction of a additional coordinating
linker significantly improves the UC efficiency, now ena-
bling CS UC in pure water.
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Chart 1. Hetero-tritopic ligand L? and its monotopic an-
alogue L1.56

Results and discussion

Synthesis of L2. The convergent synthesis of ligand L? in-
volves reaction between the tacn platform (5) and the
bis(chloromethylpicolinamide)triethyleneglycol bridge as
depicted in Scheme 1. The tacn moieties 5 are first obtained
by the N,N-dialkylation using 6-ethylphosphonic-2-chloro-
methylpyridine, previously described in the preparation of
the monotopic analogue L1.56
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Scheme 1. Synthesis of ligand L2.



In parallel, activation of the acid function of compound 160
enables its coupling to the amine terminated tetraethylene
glycol, affording the diamide 2. Selective reduction of the
terminal esters with NaBHs, followed by chlorination with
SOCIy, led to the alcohol 3 and its chlorinated derivative 4,
respectively. Reaction of 4 with the bis-substituted tacn
precursor 5 affords the protected ligand 6, which is subse-
quently deprotected using TMSBr in dichloromethane, fol-
lowed by solvolysis, to afford ligand L2. Full experimental
synthetic details can be found in the Supplementary Infor-
mation section.

Coordination behavior of L? with Ln3* cations. To inves-
tigate the coordination behavior of L2 with trivalent Ln cat-
ions, titration experiments were conducted by incremen-
tally adding Ln cations and monitoring the resulting mix-
ture by UV-Vis absorption spectroscopy, luminescence
spectroscopy or 'H- and 3'P{*H}NMR spectroscopy.

Spectrophotometric titration of L2 by Eu, Tb and Yb. Figure
1 displays the evolution of the UV-Vis absorption and lumi-
nescence spectra of the solution of L2 upon addition of EuCls
salts.
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Figure 1. a) Evolution of the UV-Vis absorption spectra and b)
of the emission spectra (Aexc = 268 nm) of a 4.3x10-6 mol.L-1 so-
lution of L2 upon addition of a solution of EuCl3.6H20 (10 mM
TRIS/HCl buffer, pH 7.3). Inset: Evolution of the overall emitted
intensity (squared dots) and fitted data (red line).

The UV-Vis absorption spectra of the ligand iscomposed of a
broad absorption band with maximum at 268 nm corresponding
to m—7* transitions centered on the pyridyl rings. Upon addi-
tion of the Eu®* salt from 0.0- 2.0 equivalents, the absorption
spectra display a small bathochromic shift to 271 nm, and the
appearance of vibronic structure indicating rigidification of the
tacn moieties, attributed to the complexation of the Eu®* cations
within the tacn cavity and the concomitant wrapping of the
pyridyl arms upon coordination. After two equivalents, no fur-
ther change could be observed in the UV-Vis absorption spec-
tra. Concerning the luminescence spectra, the addition of Eu’*
immediately resulted in the observation of the characteristic
emission spectra of Eu upon excitation into the ligand absorp-
tion band (Aexc = 268 nm), corresponding to the Dy — F) (J =
0 to 4) electronic transitions centered on Eu in the region going
from 580 to 720 nm. !° The Eu centered luminescence gradu-
ally increased up to two equivalents of Eu3*, however, in
contrast to the absorption data, further additions of salts
above two equivalents led to a strong decrease of the lumi-
nescence intensity accompanied by a change of the shape of
the spectra, particularly in the region of the Do — 7F; elec-
tronic transition from 680 to 715 nm. The sharp maximum
observed at two equivalents of added salts (Figure 1c) was
indicative of the strong affinity of the two first cations with

the ligands. Altogether, these results indicate the formation
of at least three species. The first two one correspond to the
coordination of one and two Eu®* cations within the tacn
moieties, as evidenced by UV-Vis variations and the appear-
ance of a strong luminescence signal. addition of further
Eu3* cations leads to a decrease in luminescence intensity,
attributed to these supplementary cations being less
shielded from surrounding water molecules and thus more
susceptible to luminescence quenching. The data were ana-
lyzed according to previously published procedures®! using
the Specfit software.6263 An excellent fit was obtained using
amodel comprising the formation of four successive [EuxL?]
species (x = 1 to 4), but as mentioned above, the very strong
coordination of the two first cations precludes the exact de-
termination of the associated stability constants. A specia-
tion diagram representing the calculated evolution of the
species formed in solution and the calculated emission
spectra of the species are presented in Figure S29. The same
behavior was observed for the titration of L2 with Tb3* (Fig-
ure S30). In contrast, upon titration with the smaller Yb3+
cation, the highest luminescence intensity was first ob-
served at a lower Yb3*/L? ratio than two (Figure S31a). This
behavior is readily explained by the significantly slower ki-
netics of complexation. Batch experiments, in which the
mixtures were monitored over several days under heating
(Figure S31b), finally showed the same behavior as ob-
served for the lighter Eu3* and Tb3* cations.

Titration of L2 by Lu3* followed by H- and 31P{H}-NMR
spectroscopy. The interaction of L2 with the small Lu3* cat-
ion (ionic radii = 0.977 A for a coordination number of 8)6*
with broad and ill-defined peaks being observed immedi-
ately after the addition of Lu aliquots. However, heating the
samples to 60°C for one hour allowed equilibration of the
system and observation of narrow signals. Figure 2 displays
the evolution of the 'H-NMR spectra during the titration exper-
iment.
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Figure 2. 'H NMR spectra of ligand L2 upon addition of 0-3
equiv. of LuCls-6H20 (D20, pD = 7.0, 298 K, 400 MHz).



The complexation was evidenced by NMR, with a progres-
sive disappearance of the peaks of the free ligand, a general
downfield shift of the signals of the aromatic proton atoms
up to two equivalents, and a complexification of the pat-
terns in the aliphatic region, with appearance of new peaks
characteristics of the coordination of the Lu3* cation in the
cavity of the tacn moiety such as those of the methylene
groups between 1.8 and 3.0 ppm. The spectra gradually
evolved up to two equivalents, but no significant shifts were
observed between 2.0-3.0 equivalents, except for an in-
creased broadening of the signals. The titration was also
monitored by 3'P{H}-NMR spectroscopy (Figure 3). From
0.0-2.0 equivalents, one can observe the disappearance of
the single peak of the phosphorus atom of the phosphonic
functions at ca. 4.8 ppm, while two new peaks emerged
around 12 and 13 ppm.
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Figure 3. 31P{1H}-NMR spectra of ligand L2 upon addition of
0.0-3.0 equiv. of LuCl3-6H20 (D20, pD = 7.0, 298 K, 162 MHz).

The splitting into two signals is a clear evidence of the coor-
dination of the Lu3* cation into the cavity of the tacn plat-
form, resulting in the wrapping of pyridyl arms around the
metal, with a pseudo-C3 symmetry around Lu3* and a loss of
the equivalence of the two phosphonate functions from the
free ligand to the complex. This is a salient point as it results
from the formation of A and A isomers at each lateral coor-
dination site, meaning the formation of pairs of diastereoi-
somers for the dinuclear complexes (AA and AA, and AA and
AA). Although one might expect up to four new peaks in the
31P-NMR spectrum, the distances between the lateral

coordinating sites observed in the DFT modeling (vide infra)
results in a weak influence of one coordinating site on the
other and chemical shifts which are isochronous for the two
diastereisomers. The presence of these diastereoisomeric
pairs may also result in different coordination behaviors for
the next Ln3* to be incorporated into the structure. Above
two equivalents of added cation, the signals broadened and
split to four dinstinct peaks, mirroring the different coordi-
nation of the incoming Lu3* cation with the two diastereoi-
someric forms of the dinuclear complexes.

DFT modelling of the polynuclear species. Despite our
repeated efforts to getcrystals of the complexes suitable for
X-ray diffraction analysis, those remained unsuccessful and
we turned our attention towards DFT modeling to get in-
sights into the structural behavior of the complexes (Figure
4).

The model obtained for the dinuclear [Ln:L2] complex
agrees with the coordination of the Ln3* cations in the cavity
of the tacn coordination sites, as it was also evidenced by
NMR spectroscopy and excited state lifetime measurements
on the dinuclear complexes (vide infra). Assuming deproto-
nation of all phosphonate functions, each lateral complex
will be negatively charged and will repel each other, result-
ing in the polyethylene glycol chain to be fully extended, po-
sitioning the two Ln3* cations at 20.8 A one from the other.
Modelling both AA or AA diastereoisomers showed no sta-
tistically signiciant energy difference between them. Intro-
duction of the third Ln3* cation resulted in the contraction
of the overall architecture, with the coordination of the in-
coming cation by only two of the three oxygen atoms of the
PEG chain, and additional coordination of the two phospho-
nate functions of each lateral complex, one of the four phos-
phonate function being coordinated by two of its O atoms,
resulting in an heptadentate coordination of the central Ln3*
cation. This coordination mode is similar, whatever the
starting diastereoisomeric pair modeled (AA or AA). Inter-
estingly, the lateral site coordinating the central Ln3* by
three O atoms of the phosphonate functions (named Ln1) is
on the same side as the O atom of the PEG chain which is not
coordinated to the central Ln3* (named Ln2, Ln3 represent-
ing the lateral site coordinated by only two O atoms of the
phosphonate functions). The Ln2-Ln3 distances are similar
for both diastereosomeric forms (dinz-1nz = 5.19 A). In con-
trast, dini-Lnz is shorter for the AA isomer (4.67 A) compared
to the AA one (4.86 A), but the Ln1-Ln3 distances are almost
identical for both (9.80 for AA, 9.83 A for AA) as a result of
a smaller Ln1-Ln2-Ln3 angle for the AA isomer (respec-
tively 154° and 170° for AA and AA).

Figure 4. DFT models of the di-, tri- and tetranuclear com-
plexes of Ln3+ with ligand L2.

Synthesis and characterization of the Ln-dinuclear com-
plexes (Ln = Eu*", Tb*, Yb*" and Lu**). Considering that the
coordination within the tacn cavity affords stable complexes
that can be isolated and purified, the complexes were synthe-
sized and fully characterized by 'H- and *'P-NMR spectroscopy
(except for Tb for which the paramagnetic contribution ren-
dered the spectra uninterpretable), electrospray mass spec-
trometry (ES/MS) and elemental analysis (See Supplementary
Information). In all cases, the ES/MS spectra were fully



consistent with the expected [Ln,L*] compositions, particularly
with respect to the isotopic distribution (Figure S20, S22, S25
and S28). An interesting feature of the *'P {'"H}-NMR of the par-
amagnetic Eu*" and Yb*" complexes was the presence of two
sets of two peaks, corresponding to the presence of the diaster-
eoisomers. For both Eu*" and Yb%*, the strong paramagnetic
contribution of the cations resulted in a broader dispersion of
the chemical shifts, ® allowing each environment to be distin-
guished in the spectra.

The spectroscopic properties were then determined for the lu-
minescent Tb, Eu and Yb complexes in H,O and D,O and the
main properties are gathered in Table 1, while absorption, exci-
tation and emission spectra are compiled in Figure 4. The ab-
sorption spectra are very similar with an absorption maxima at
270 nm, corresponding to m—w* transitions centered on the
pyridyl rings. Whatever the Ln, excitation of the complexes into
these absorption band revealed the atomic like emission spectra
of the corresponding Ln atoms!® with the Dy — "F; (J = 6 to 2,
at respectively 485, 545, 586 and 616 nm) electronic transitions
of Tb, the Dy — "F; (J = 0 to 4 at respectively 575, 585, 615,
650 and 670-700 nm) for Eu and a broad band centered around
980 nm for the *Fs;, — *Fyp, transition of Yb (Figure 6).

Table 1. Main Spectroscopic Parameters of the [Yb:L?],

[TbzL?] and [EuzL?] Complexes in H20 and D20 at pH =
7.2.

Aexc €120 On20 $n20 Tuzo  Tozo  q¢
nm M-l.cm-1 % % us us
[EuzL2] ‘ 270 27 340 112 172 1195 1753 0
[Tb2L?] ‘ 270 25360 490 51b 2488 2675 -0.1

[Yb2L2] ‘ 270 27790 0.17 ¢ 0.7 ¢ 3.8 105 -0.1

a) Using [Ru(bipy)s]Clz in water (¢ = 4 %) as a reference.5¢ b)
Using Rhodamine 6G in water (¢ = 76 %) as a reference.®’ c)
Using indocyanine green (¢ = 7.8 %) as a reference.68 d) calcu-
lated according to ref 12.

Recording the excitation spectra of the complexes upon
emission at their maximum of emission typically showed
the UV excitation corresponding to the UV-Vis transitions of
the ligand, evidencing the antenna effect with energy trans-
fer from the ligand to the Ln excited states.®® From the ex-
cited state lifetimes determined in both H20 and D.0 and
using the methodology developed by Horrocks”® and fur-
ther refined by Beeby,'? one can determined that the first
coordination sphere of the Ln cations is fully saturated by
the coordination of the nonadentate sites with no water
molecules in the first coordination sphere and a good pro-
tection of the cations in the cavities. In the case of Yb3+, this
observation confirms the inclusion of the cation in the cav-
ity, despite the slow kinetics of complexation. The lumines-
cence quantum yields of the complexes are in line with
those obtained with other ligands based on pyridyl phos-
phonate*8-4? or pyridyl carboxylate functions.”?

Tb2|_2 EU2L2 Yb2L2
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Figure 6. UV/vis absorption (orange) and excitation (blue)
spectra of [EuzL2] (left) and normalized emission spectra (Aexc
= 270 nm) of a H20 solution of [LnzL2] with Ln = Yb (brown),
Eu (red) and Tb (green) (right).

For the Eu3* complex, a luminescence spectroscopic titra-
tion was performed by monitoring the luminescence inten-
sity as a function of the pH of the solution (Figure S32). A pK
value of 7.2 was determined from the large increase in in-
tensity observed below pH 8.0. This value is consistent with
the second deprotonation of the phosphonate functions,’73
indicating that the [EuzL2]? species is the predominant form
above pH 7.2.

Spectrophotometric titration of [TbzLn?] by Eu3*. In or-
der to better understand the coordination of the additional
Ln3+ atoms in the polynuclear species spectroscopic titra-
tions were performed in which the dinuclear Tb3* complex
was titrated by increasing amounts of EuClz.6Hz0 salts, the
solution being monitored by luminescence spectroscopy.
Figure 7 represents the evolution of the emission spectra as
a function of the number of equivalents of added Eu3+ equiv-
alents.
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Figure 7. (a) Evolution of the intensity of luminescence of a
[TbzL2] solution upon addition of Eu3* ([TbzL2] = 1.9x10-5 M,
pH = 7.0, TRIS/HCI 0.01 M, Aexc = 270 nm), (b) enlargement of
the 660-720 nm region and (c) speciation diagram obtained
from the fitting of the titration (charges are omitted for clarity).

Addition of Eu3* to the solution immediately led to the de-
crease of the emission of Tb3+*, with the concomitant obser-
vation of weak emission peaks of Eu at 616 nm (5Do — 7F2
transition) and ca. 700 (°Do — 7F4 transition) nm. The en-
largement of the region between 660 and 720 nm (Figure
7b) revealed that this emission is very weak as the 5Do — 7F4
transition of Eu at 700 nm is almost of the same intensity as
the very weak 5D4 — 7F10 transitions of Tb at 670 and 678
nm, respectively. This behavior was attributed to an energy
transfer from the Tb excited state to the Eu atoms,’* occur-
ring due to the overlap between the D4+ — 7F4 emission
band of Tb from 570 to 700 nm and the Do — 7Fo absorption
of Eu at 575 nm. Fitting of the data with the non-linear least-
squared analysis of the Specfit software,®2¢3 could be real-
ized with a model containing three new species (Figure 7c).
Apart from the expected [Eu(TbzL?)] and [Euz(TbzL?)] spe-
cies, as previously observed for the titrations of L? with
Eu3+, Tb3* or Yb3* (vide supra), an intermediate complex

made of a single Eu3* atoms coordinated to two [Tb?Lnz] en-
tities could be evidenced. However, the observation of this
species should be interpreted with caution, as its detection
relies primarily on the evolution of the Eu bands, which are
significantly weaker than those of Tb ones.

Titration of [YbzLn?] by Tb3*. Comforted by the observa-
tion of the heteropolynuclear complexes of Eu and Tb, we
turned our attention to the case of a titration of [Yb:L?] by
Tb3+, with the aim to observe UC in these complexes. The
first experiment was a titration of a D20 solution of [YbzL?]
by increasing amounts of TbCl3.6Hz0 in D20, the pD of the
solution being constant at 7.3 using diluted DCl when nec-
essary during the titration. The emission spectra of Tb in the
visible region was then monitored upon laser excitation
into the 2Fs/2 «— 2F7,2 absorption band of Yb at 980 nm. Ini-
tial titration studies (Figure 8a) appeared ominous, exhibit-
ing a very weak UC intensity. Considering that the titration
of L2 by Yb3* (vide supra) had revealed slow kineticss, we
again utilized batch experiments. Measuring the spectra five
minutes after the preparation of each batch led to the same
observation (Figure S33). However, upon heating, the UC
emission intensity gradually increased and finally reached a
plateau after 10 days of heating at 60°C (Figure 8b), with an
impressive gain of almost three orders of magnitude. Notwith-
standing, the maximum of UC emission was observed for two
equivalents of added Tb**, i.e. a one to one Yb to Tb ratio, as
previously observed for other CS UC phenomena in D0, and
which is explained better as a cooperative rather than an accre-
tive UC mechanism.”>’® Above three equivalents, there was a
deleterious effect on the UC intensity which was largely absent
once four equivalents had been reached.
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Figure 8. (a) Emission spectra measured during titration with
TbCl3.6H20 of a 1.01 mM solution of [YbzL2] in D20 (Aexc = 980
nm, Pogo = 1.08 W, 10 scans). Inset: Evolution of the emission
intensity as a function of the [Tb3+]/[Yb2L2] ratio. (b) Emission
spectra measured for batches of a solution of [YbzL2] in D20
with different amount of TbCl3.6H20, after 10 days at 60°C (Aexc



=980 nm, Pogo = 1.08 W, 10 scans). Inset: Evolution of the emis-
sion intensity as a function of the [Tb3+]/[Yb2L2] ratio.

In order to confirm the UC process, the Log/Log plot, repre-
senting the UC emission intensity as a function of the power
density of the laser at 980 nm in a logarithmic scale, was
recorded for the solution with two equivalents of Tb3*
heated for 10 days at 60°C (Figure 9). Fitting of the data with
a linear regression gave a very good fit (R = 0.998), with a
slope of 1.96, very close to the slope of two expected for a
two-photon process such as UC.”” The intensity of UC of this
solution was also optimized relative to the pD of the solu-
tion, demonstrating another two-fold increase of the UC in-
tensity on going from pD 7.0 to 8.5 (Figure S34).

Finally, the UC quantum yield (QY) was determined accord-
ing to previously published procedures (see SI for full ex-
perimental procedure)3® and a value of 9.0(1.8)x107 was
obtained (pD = 8.6, Pogo = 1.08 W), which is 64 times higher
for this molecular system compared to previous supramo-
lecular assemblies.

However, prolonged heating the solution may significantly
impact the system by inducing cation scrambling and ex-
change within the tacn macrocyclic cavities.. To test this hy-
pothesis, electrospray mass spectrometry was employed as a
method of choice. Figure S35 represents the ES/MS spectrum
of a solution of the dinuclear Yb complex containing two equiv-
alents of Tb*" five minutes after their mixing. In the negative
mode, two major peaks are observed: one corresponding to
the dianionic [Yb,L?]* centered around 853.65 m/z units and
the singly charged anion [Yb,L*H] anion at 1707.29 m/z.”® No
evidence of the tri- and tetranuclear complexes was observed.
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Figure 9. Log-log plot of Tb emitted intensity at 545 nm ver-
sus laser excitation intensity at 980 nm for a 1.06 mM solu-
tion of [YbzL?] in D20 containing two equivalents of
TbCl3.6H20 (Aexc =980 nm) after 10 days at 60°C.
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Figure 10. ES/MS+* spectra of an aqueous solution containing
[YbzL2] complex and two equivalents of TbCl3.6Hz0 after one
month at 60°C expanded on the region of the dinuclear
[LnzL2H4]2* species (a) and the trinuclear [LnsL2H]2* species
(b). The lower parts correspond to the calculated spectra.

The same solution was injected after being heated at 60°C
for one month (Figure 10). To improve the ES/MS response,
the solution was acidified just before measurements using
formic acid. After one month of heating, the region corre-
sponding to the doubly charged dinuclear species (Figure
10, left) displayed three peaks pointing at 841.15, 848.66
and 855.16 m/z units, which can be attributed to the
[TbzL2H4]?*, [TbYbL2H4]?* and [Yb:L2Ha4]?* species, respec-
tively. This observation unambiguously points to an ex-
change of the Ln elements within the cavity of the tacn com-
plex. Assuming that the ionization energies are the same for
the Yb and Tb containing species, integration of the isotopic
distribution patterns allows for an estimation of the relative
proportions of each species, corresponding respectively to
10%, 35% and 55%. Considering that the UC luminescence
of such a solution has reached its equilibrium after ten days
of heating (vide supra), one can surmise that the thermody-
namic equilibrium has been reach. From this point, the
standard free enthalpies for the replacement of the first and
second Yb atoms by Tb ones can be calculated as 3.3 and 5.5
k].mol! respectively (see full details in the supplementary
information section). These positive values confirm that the
stability constants for the complexation of Yb in the tacn
cavities are higher than those of Tb, in line with the ob-
served lower Kinetics of complexation of Yb (vide supra), re-
quiring heating to reach the thermodynamic equilibrium.

Interestingly, the positive ionization mode ES/MS also re-
vealed the observation of trinuclear species corresponding
to the general [Ln3L2H]?* formula. It is to be noted that the
relative proportions closely match those observed for the
dinuclear species within experimental errors, which re-
flects that the coordination of the third cations is far weaker
than the first two binding events. Unfortunately, no trace of
the tetranuclear species could be observed.

Surprisingly, the ES/MS results indicated that the best UC
signal was obtained for a trinuclear species having predom-
inantly one Yb and one Tb cation in each of the tacn cavities.
This observation is counterintuetive as it implicates the
exo-tacn Yb cation as a crucial component oif the UC pro-
cess, despite the fact that it is likely less protected from the
water molecules and thus more prone to non-radiative de-
activations.

With all these optimization steps in hands, we finally per-
formed the experiment in non-deuterated water at pH 8.4
by first mixing a mixture of one equivalent of each Yb3* and
Tb3* cations to one equivalent of L2, heated at 60°C for 30
minutes, followed by a subsequent simultaneous addition of
one equivalent of Tbh3* and Yb3*. The UC measured upon ex-
citation at 980 nm (Figure 11). In that case, 30 scans were
accumulated instead of 10 for the other experiments.
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Figure 11. Emission spectrum measured when one equivalent
of Yb3* and one equivalent of Th3+ were added simultaneously
to a solution containing the 1.35 mM heteropolynuclear com-
plex in H20 at pH 8.4 (Aexc = 980 nm, Pggo = 1.08 W, 30 scans).

The UC emission of Tb could be obtained for the first time at
the molecular scale using a single-species emitter on a het-
eropolynuclear Yb/Tb complex with a UC QY of 1.5(3)x10-°.
Although still extremely low compared to UC nanoparti-
cles,”? it is perfectly in line with other UCQY obtained for
discrete molecular systems in organic solvents such as
those of Er based complexes described in the literature. 80

Conclusion

We successfully designed and synthesized a tris-hetero-
polytopic ligand based on azamacrocyclic-platforms, L2,
specifically tailored for the controlled formation of hetero-
polynuclear lanthanidecomplexes. By leveraging the unique
combination of strong coordination sites (tacn scaffolds)
and weaker binding sites (polyethylene glycol chain), we
have demonstrated the ability to assemble and control the
composition of polynuclear lanthanide complexes in aque-
ous solutions. Comprehensive spectroscopic, titration, and
DFT studies confirmed the stability, speciation, and struc-
tural characteristics of these complexes, providing insights,
thanks to our earlier studies,5® into the role of linker rigidity
and the induced symmetry of coordination.

Most notably, we achieved cooperative sensitization UC in
pure water at the molecular level, with optimized UC effi-
ciency resulting from thermal scrambling and specific lan-
thanidecombinations. The highest UC intensity was ob-
served for tetranuclear complexes with equimolar quanti-
ties of Yb3* and Tb3* ions, highlighting the critical role of the
lanthanide configuration and their situation within the
global ligand's architecture. Thanks to the ligand pre-organ-
ization enforcing close approach of the cations, the obtained
UC QY displayed a 64-fold increase compared to the single
example previously described in the literature for molecu-
lar systems in water.

These findings provide valuable contributions to the devel-
opment of molecular UC systems, particularly for applica-
tions in bioimaging and photonic devices, where aqueous
stability and efficiency remain critical challenges. While UC
quantum yields remain low compared to nanoparticle sys-
tems, this work underscores the potential for further opti-
mization of molecular systems to bridge this gap, address-
ing reproducibility concerns in more complex UC technolo-
gies and materials.

Finally, building on our previous work and the results pre-
sented here, we are now accumulating significant data on
the design of such systems, particularly regarding the role
and nature of the lateral macrocycles and the central linker.
This knowledge enables us to fine-tune current systems and
envision the development of even more efficient designs in
the future.
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