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Abstract: Upconversion nanoparticles have led to various
breakthrough applications in solar energy conversion, imaging, and
biomedicine. One key impediment is the facilitation of such processes
at the molecular scale in solution where quenching effects are much
more pronounced. In this work, molecular solution-state cooperative
luminescence (CL) upconversion arising from a Yb excited state is
explored and the mechanistic origin behind cooperative sensitisation
(CS) upconversion in Yb/ Tb systems is investigated.
Counterintuitively, the best UC performances were obtained for Yb/Th
ratios close to parity, resulting in the brightest molecular upconversion
complexes with an quantum yield of 2.8 x 10° at a low laser power
density of 2.86 W/cm?.

Introduction

Upconverting phosphors — media which can generate high energy
photons through the combination of two or more low energy
photons — typically comprise of solid-state materials¥! and
nanoparticles (UCNPs),@ with wide application to in vivo
imaging)®! and as energy conversion materials.! The key
disadvantages in the case of bioconjugated imaging is that the
relatively large UCNP size can induce deleterious effects on their
biodistribution in biological media, an inability to cross the blood-
brain barrier, and suffer from reproducibility issues.®® Alternatively,
molecularly upconverting biolabels would represent a panacea for
these issues, allowing precise control of the size and composition
of the UC material.

Molecular UC requires long-lifetime donor states to ensure that
the first excited state persists for sufficient time to allow access to
the higher lying excited state. At the molecular level, the main
non-radiative quenching pathways involve vibronic deactivation
through the overtones of the vibration absorption bands of the
ligands or solvent molecules,® with vibrations spanning from
1000 to 4000 cm* in the infrared region, while they rarely exceed
1600 cm™ for phonons in solid lattices.[! Thus, the first and
second overtones of some vibrations in metal complexes,
typically encompassing OH, NH and CH bonds, occur in the NIR
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domain and present excellent non-radiative deactivation
pathways, reducing the excited state lifetime and the probability
of UC.Bl However, a few discrete coordination complexes have
revealed their potential as UC molecular systems in the solid-
state,® and more rarely in solutions.*” These rare examples are
related to mechanisms of excited state absorption (ESA)ioa-dl
energy transfer UC (ETU)!Y, cooperative sensitisation (CS)
(Figure 1),1204.121 or other mechanisms relevant to triplet-triplet
annihilation in organic dyes.3!

Except for the case of ESA, a mandatory prerequisite to obtain a
signal in sensitised UC is the spatial proximity of energy donors
and acceptors at only few A. Indeed, Auzel noticed that, for CL
(Figure 1c) in solids, the UC emission arises from localised ‘ion
clusters’ that exhibit short intermetallic distances (< 5 A). A
strategy to achieve such properties at the molecular level can be
found in the architectures of polynuclear complexes with high
nuclearity, and multiple lanthanide ions at very close intermetallic
distances.['?*15 Here we present a CL phenomenon in a discrete
Yby complex in solution and interrogation and optimisation of the
Tb centered CS in Th/Yb mixed complexes.

this work
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Figure 1. Upconversion mechanisms; A) Excited State Absorption B) Energy
Transfer Upconversion C) Cooperative Luminescence from Ybz; D) Cooperative
Sensitisation of Th in Yb2Tb

Results and Discussion

The nonanuclear complexes of the general composition
[LngL16(OX)10](OX) (L = Acac or Acac-d’ = acetylacetonate, X = H
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Figure 2. A) synthetic protocol for the preparation of the nonanuclear complexes. B) Single-crystal X-ray structure of [TbaYbsL16(OD)10](OD) (Dvn:Ds:HL) representing
the arrangement of the nine Ln (green), ten oxygen (red) and ten hydroxyl H atoms (white) core. C) Single-crystal X-ray structure of [TbaYbsL16(OD)10](OD) (Drn:Ds:HL,
ellipsoids plotted at the 50% probability level) representing the acac ligands in grey, with endo and exo acac positions pointed in red and blue respectively.

or D, yttrium (Y) will be integrated in the abbreviation of Ln for
brevity) were prepared according to adaptation of literature
procedure (Fig. 2a).'! The compounds were synthesised,
varying the extent of deuteration by utilising hydrated or
deuterated Ln salts, conducting the reaction in CH3OH or CD30D,
and/or by using protiated or deuterated acetylacetonel®™ (X, Xs,
X_ respectively; where X = H or D; full synthetic details are
available in the Electronic Supplementary Information). All

isolated complexes were fully characterised by elemental analysis,

infrared (IR) spectroscopy (Fig. S1-S7), ICP-AES analysis and
powder X-ray diffraction (Fig. S8) and by X-ray crystallography in
the case of the [Th4YbsL16(OD)10)(OD) complex (Measured at 150
K, CCDC n° 2079088, Fig. 2c). The solid-state structure contains
nine metal centres defining two square pyramids with shared
apices at the central octacoordinated square anti-prismatic (6 =
45°) Ln(lll) ion (Fig. 2b, Table S9). The coordination of the central
ion is via eight ps-OH ligands which bridge to the eight peripheral
Ln(lll) ions and cap the eight triangular faces of the pyramids. The
remaining two upper and lower square faces are spanned by two
W-OH bridges. The coordinative saturation of the peripheral Ln
ions (Coordination Number = 8) is provided by 16 bidentate
acetylacetonate ligands present as endo and exo environments,
shown in red and blue respectively (Fig. 2c). The eight endo
bidentate ligands are bound to a single metal centre (u1) while the
eight exo ligands display bridging between two metal centres
(u2).1® The composition of the heteronuclear complexes was
determined using ICP-AES and displayed a deviation of less than
0.26 integer units away from the theoretical compositions in all
cases.

The non-deuterated nonanuclear [YgL16(OH)10](OH) complex was
prepared as a diamagnetic analogue of the Lng complexes to
probe the structure in solution. The *H and **C NMR spectrum
(600 MHz, 298 K CDCl3) shows time-averaged C4 symmetry with
two independent methyl and CH resonances, corresponding to
endo and exo acetylacetonate ligands (Fig. 2a, S11). The
appearance of equivalent methyl resonances in each Acac ligand
reveals local C, symmetry due to fast ligand rotation on the NMR
timescale. Two OH resonances were observable, corresponding
to ws-OH and ps-OH environments. The *H and '3C spectra of
[YoL16(OH)10](OH) were recorded between 323 K and 223 K (600
MHz, CDCIls). The broad methyl resonance of the endo Acac (H%)
reaches the slow-exchange regime first, displaying
decoalescence around 298 K, closely followed by the methyl
resonance corresponding to exo acac (H?) at 273 K, producing
four methyl resonances. This indicates limitation of Acac rotation
below 298 K, corroborated by the absence of significant
broadening of the CH Acac resonances (H° and HF) at this
temperature. Line shape analysis of the spectrum provides an
estimation of the activation energy for the rotation of the Acac
ligands about the local C; axis, which was found to be similar for
the endo and exo ligands (AG*,9s = 62.0 + 3.0 kJ mol?).

CH resolnances CHj, resonances
1

b

Ho He He

13-OH pe-OH He
323K | 1 ‘ |
313K A \ ‘ A
303K A A N
293 K \
Gl N (A,A) - major
273K J
263K J\_l_ __A_L_d M

%LJL_JAM
XT3 U R e (N
ssarc| 4Ll

2 ol
major L [ 1 L
minor "

(A,A) - minor

T T T T —T T T T
72 7.0 68 66 54 52 34 32 3018 16 14

Figure 3. A) Truncated variable temperature *H NMR spectrum of
[YsL16(OH)10](OH) (600 MHz, 323 — 223 K, CDCIs). Red and blue respectively
correspond to endo and exo acac ligands, a and « to methyl groups, b and gto
the methylene protons. B) and C) Energy minimised structures of respectively
the (4,4) and (4,4) isomers of [YoL16(OH)10] (TPSSh/LanL2Dz level).

Upon further cooling the four methyl environments further splitinto
eight independent resonances with major (M) and minor (m)
components, which was mirrored by all other resonances (H°, HF,
u3-OH and ps-OH) (Fig. 3a, S12) and the **C NMR spectrum (151
MHz, 233 K, Fig. S13). Analysis using low-temperature
correlation experiments permitted identification of four discrete
Acac environments lacking local C, symmetry. These could be
assigned (ROESY, HSQC, HMBC; 600 MHz, 223 K. Fig. $14-18)
and the eight CH3 and eight C=0 peaks correspond to two Acac
ligands (endo and exo) in a major and minor set of isomers. The
corresponding equilibrium constants (K=[M]/[m]) determined at
different temperatures, were used to estimate the reaction
enthalpy (4H°) and reaction entropy (4S°) for isomerisation
reaction m 5 M (Table S19, Fig. S20-S21): AH° = +5.0 + 0.9 kJ
molt and AS° = +26.8 + 0.4 J mol™ K1, The full line shape analysis
as well as attribution of the peaks in *H- and #Y-NMR (Fig. S23-
S24) can be found in the supplementary information (Section S3).



Density functional theory (DFT) calculations were utilised to
determine the identity of the two isomers observed by NMR. In
order to understand the NMR observation of two exchanging
diastereoisomers at low temperature, it is necessary to highlight
the helical chirality of the compounds. The single-crystal X-ray
structures of this family of clusters are isostructural. The presence
of a C4 axis passing through the central Ln atom and the two -
OH atoms induces a screwing orientation for the exo and endo
ligands. Considering the isomer observed in the solid state (Fig.
2b), the upper part of the complex viewed along the main axis
displays a clockwise wrapping of the endo ligands (4) and an anti-
clockwise (A) one for the exo ones. The complexes crystallise with
heterohelical chirality with respect to the upper and lower halves
of the cluster, i.e. displaying (A,4) or (4,4), which are
enantiomerically related and equiproportional in the solid state.
We anticipated that one can also envisage diastereomerically
related homohelical chiral enantiomers, i.e. (4,4) or (A,4) (Fig. 3c),
for which energy minimised structures (TPSSh/LanL2Dz level)
were obtained for both sets of diastereomers.*®! The calculated
structure of (4,4) isomer contains a contra-rotatory ligand
arrangement of the upper and lower Lny4 sections, while the (4,4)
isomer is characterised by pseudo-coplanar endo
acetylacetonate ligands. The optimised structure of the (4,1)
isomer presents virtually undistorted Sg symmetry, while the (4,4)
isomer belongs to the D4 point group. The main symmetry axis in
both clusters contains the w-OH group and the central Y3* ion.
The calculated enthalpy difference between the two isomers
favours the (4,4) isomer by AH® = +7.5 kJ mol!. However, a
favourable entropy contribution results in a more negative Gibbs
free energy for the (4,4) isomer at 298 K (4G%gs = -6.4 kJ mol?
for m 5 M). These results are in good qualitative agreement with
the increased prevalence of the major component at higher
temperatures in the *H NMR spectra, and with the experimental
values obtained (4H° = +5.0 kJ mol?; AG%gs = -3.0 kJ mol?),
assuming that the major isomer present in solution corresponds
to the (4,4) cluster. Further evidence was obtained from the 8°Y
NMR parameters calculated using relativistic DFT calculations
showing excellent agreement between the observed and
calculated chemical shifts (Supplementary Information, Section
S4, Table 25, Fig. 26-29).

We isolated chosen nonanuclear complexes (listed in Table 1) to
get more insight into their spectroscopic properties in CD;OD. The
first of the series was the reference compound composed of nine
Yb atoms (Din,Ds,HL). As for all other complexes (Fig. 4a, 4b), the
Ybg complex in CD3;OD displays a strong S; < Spabsorption band
in the UV region corresponding to the S; « Sy transition of the
Acac ligands (Amax = 289 nm, ¢ = 19 000 M1.cm?)2% and a Yb
centred absorption band with maximum at 975 nm, corresponding
to the 2Fs;, < 2F7p transition (Amax = 975 nm, =55 M1.cm?, Fig.
S30). Upon excitation in the ligand absorption band, the complex
displays NIR emission associated with the 2Fs;, — 2F7, transition
of Yb at 980 nm, with an observed luminescence lifetime of 15 us
and an overall luminescence quantum yield (@vp') of 0.4%. From
the NIR absorption spectrum, the radiative luminescence lifetime

of Yb was calculated according to the methodology of Werts and
coworkersP! to be 740 ps. The Yb centred quantum yield was
calculated to be 2.1% using the equation:

— Tobs
Oy = /Trad

The overall quantum yield being the product of the sensitisation
efficiency from the ligand 7sens times the metal centred quantum
yield, a sensitisation efficiency of 20% was calculated. The most
surprising spectroscopic information was observed when the Ybg
complex was excited by the laser at 980 nm. A symmetric
emission band, absent in pure CDsOD, was then observed in the
visible region with a maximum at ca. 503 nm which is attributed to
cooperative luminescence from Yb clusters (Fig. 4c).
Interestingly, while it has already been observed in Yb/Tb doped
solids,?% this is the first observation of this phenomenon in
solution. To ascertain the origin of the upconversion signal, we
recorded the conventional Log/Log plot representing the emission
intensity as a function of the excitation power density (Fig. 4d)
The linear fitting of the data afforded a slope of 1.8, very close to
the value of two expected for a two-photon process. In addition,
the excited-state lifetime of the UC emitted signal was measured
(Fig. S31) and determined to be 8 ps. For a cooperative
luminescence process, this decay time should be related to that
of Yb,?% following the reasoning that:

Iy (t) = Iyp(0).exp (_t/TYb) and  Iyp(t) « (IYb(t))z =
(be(O)-eXp(_t/TYb))Z = Iy, (0)2. exp (_Zt/TYb)

i.e. the observed decay time of the cooperative luminescence
should be half that of the Yb,?% in good agreement with the
observation (8 ps for the CL UC and 15 ps for the Yb decay time).

Table 1 summarises the main spectroscopic properties of the
isolated heteropolynuclear complexes. The UV-VIS-NIR
absorption spectra of the isolated heterononanuclear complexes
display a structureless band centred around 290 nm for all
complexes.”?! The NIR transitions (Aas = 975 nm) are
characteristic of the Yb-centred 2Fs;, « 2F7;, absorption, with the
corresponding absorption coefficients (ev» = 29-58 M*lcm?;
CD3;0OD) being broadly in line with the proportion of Yb in the
clusters (Table 1).

Investigating the conventional Stokes downshifted
photoluminescence properties of the complexes in CD;0D, upon
excitation into the Acac absorption band, two distinct emissive
regions are evident in the visible and NIR domains (Fig. 4b, S32-
S35). These arise from both Tb (°D,—7F; with J = 6 to 3) and Yb
(3Fs;2—2Fp2) ions within the heteropolynuclear complexes.?” The
emission of Yb can also be induced through direct excitation of Tb
at 490 nm within the complexes, potentially indicating two
competitive sensitisation pathways for Yb through the Acac T:
state and the Tb 5D, energy levels, upon ligand irradiation.

Table 1] Photophysical properties of the hetero-nonanuclear complexes obtained in CDsOD (unless otherwise stated).

51".9;:#1 ?;'I?]Am’\;l ﬁv?:r/‘n’\f Tvo/US®  Tradvb /IS fl/soz\s Tro /us(%)? Oyt b /% q’;;: ‘ Qucdsl)(xlo

Ybe (Dia:Ds:HL) 19 (289) 58 15 742 20 ; 0.4 : 0.003
Th1Ybs? (Din:Ds:Hi) 20 (291) 49 17 683 23 0.35 (5%), L.1 (95%) 0.6° 2.7° 0.1
ThsYbe (DiaDs:Hy) 20 (291) 29 18 900 28 0.34 (11%), 1.0 (89%) 05 4.1 03
TbaYbs (DLn:Ds:HL) 20 (292) 24 20 817 10 0.23 (11%),1.1 (89%) 05 3.3 11
Tb1Ybs (Din:Ds:D1) 19 (290) 59 32 749 24 0.17 (4%), 1.0 (96%) 1 23 0.6
ThaYbs (Din:Ds:DL) 14 (288) 37 a1 665 10 0.21 (6%), 0.90 (94%) 0.6 3.9 1.9
TbaYbs (Din:Ds:D1) 23 (291) 29 21 739 14 0.15 (6%),0.9 (94%) 0.8 2.9 2.8

2 Excitation at 340 nm. ° using cardiogreen (IR125) in MeOH (@ = 0.078) as reference.?? ¢ Using Rhodamine6G in water (® = 0.76; Aexc = 488 nm) as reference.?
4 Excitation at 980 nm (P = 2.86 W/cm?), compared to Tb:1Ybs Din:Ds:H. complex for the upconversion quantum yield.l*?l ¢ Values obtained in MeOH. f Using

[Tb(Glu)H20]Na in water (¢ = 31.0%) for the UC quantum yield.?¥
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Figure 4. A) Schematic representation of the absorption (blue) downshifting (purple), cooperative luminescence (red) and cooperative sensitisation (orange)
processes. B) main spectroscopic properties of the [Tb4Ybs(acac)is(OD)10](OD) (Din:Ds:Di) complex in CD3OD representing the absorption spectrum of the acac
ligands in the UV (light blue) and of Yb in the NIR (dark blue), the Tb centred emission (green) and the Yb centred emission (brown) upon ligand excitation at 350
nm (for € values of the other complexes see Table 1). C) cooperative luminescence emission of the Ybg complex (Din:Ds:HL , [c] = 2.04 mM, CD3OD, Aexc = 980 nm,
P =10.8 W/cm?). D) UC intensity as a function of the incident pump power in a Log/Log scale. The black straight line represents the linear regression of the data.
E) CL UC emission of the ThaYbs complex (Din:Ds:Dy, [c] = 1.4 mM, CD3OD, Aexc = 980 nm, P = 2.86 W/cm?). F) CL UC intensity as a function of the incident pump

power in a Log/Log scale.

With a non-deuterated ligand, the D.n:Ds:H. complexes display
similar overall Yb quantum yields (®y" = 0.5-0.6%) and lifetimes
(rvo = 17-20 ps), indicating a relatively small effect of substitution
of Yb for Th. Contrastingly, the Tb quantum yield shows a small
increase upon introduction of more Tb atoms, progressing from
2.7% in Th1Ybg to 3.3% in Th4Ybs, arising from the decrease in
non-radiative Tb—Yb energy transfer due to a lower local
concentration of Yb acceptors. For the fully deuterated complexes,
D.n:Ds:Dy. the salient observation is the dramatic increase of the
longevity of the Yb excited state, with YbsTb, Dyn:Ds: Dy displaying
the longest lifetime of 41 ps (cf. 20 ps for ThaYbs Din:Ds:HL). The
Th lifetime and quantum yields remain largely unperturbed within
complexes containing proteo or deuterated Acac ligands with
much smaller propensity of non-radiative multi-phonon quenching
of Tb vs. Yb excited states (viz. substitution of CH for CD in
Din:Ds:DL).! Sensitisation efficiencies in the range of 10-28%
were obtain upon ligand irradiation. The radiative lifetimes of Yb
were calculated¥ varying from 665 to 900 ps.

The upconversion properties of the hetero-nonanuclear Yb/Tb
clusters were subsequently studied in CDs;OD (Table 1).
Irradiation of the ?Fs, < 2F7;2 Yb absorption band (Aexc = 980 nm)
gave rise to signals in the visible region, with the characteristic
digitated visible emission of Tb (°D; — 7Fj with J = 6 to 3) with a
maximum at 545 nm (Fig. 4e, S36a-39a). The two photon
behaviour of the UC emission was confirmed using Log/Log plots,
whereby the intensity was found to have a quadratic dependence
on the intensity of the incident light (Fig. 4f, S36b-39b). The
slopes of the Log/Log plots were similar across the series and

found to be in the range of 1.63-1.87, pointing to the same
mechanistic origins across all complexes — two excited ytterbium
donors cooperatively sensitising one terbium acceptor, via the
upconverted quasi-virtual Yb,** excited state. Inspection of the
UC guantum yield across the series of complexes reveals that two
factors affect the efficiency of these systems. First, is the variation
of the donor-acceptor ratio. The UCQY of the DnDs:Ho
complexes increase with substitution of Yb for Th, giving an
UCQY of 1.0 x 107 for Th;Ybg Dyn:Ds:H. which increases over
tenfold for Th,Ybs to 1.1 x 10®. This is also borne out for the fully
deuterated Dy n:Ds:D. systems (cf. 6.0 x 107 for Th;Ybg vs. 2.8 x
10 for Th,Ybs), conclusively demonstrating that having a large
number of donor atoms does not produce the most efficient
systems. Instead, a Yb/Tb = 1 gives the largest quantum yield in
this class of complexes.l*°411a This is likely due to the presence
of a higher local concentration of Tbh acceptors in the ThsYbs and
ThsYbs complexes, coupled with the fact that Tbo—Yb energy
transfer acts as a deactivation pathway for the Tb excited state,
whereby more ytterbium atoms have a deleterious effect on the
UCQY. The second factor affecting the efficiency of the UC
emission is the level of deuteration of the complexes. It can be
clearly seen that there is a significant increase in the UCQY for
the fully deuterated (D.n:Ds:D.) systems in comparison to the
partially deuterated (D.n:Ds:H.) congeners. For example, the
efficiency is increased in the Th;Ybg complexes from 1.0 x 10”7 to
6.0 x 107 when substituting Acac for Acac-ds.
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Figure 5. A) Temporal emission profile (Zem = 542 + 10 nm) of the [TbYbyY-(acac)i1s(OD)1]* (y + z = 8) complexes in CD3OD (Aexc = 980 nm, excitation for 60 ps,
the color code for the value of y is given in Fig. 4c). B) CL UC intensities of [TbxYbyYz(acac)is(OD)10]" (x +y + z = 9) complexes in CDsOD as a function of increasing
y Yb proportion (the color code for x is given in the inset of Fig. 5¢). C) Amplitude-averaged decay times of [ThxYbyYz(acac)is(OD)1]* (X +y + z = 9) in CD3OD as

a function of the x Tb proportion (the color code for y is given in the inset.

This behaviour is mirrored by the other complexes and can be
rationalised in the decreased probability of multi-phonon
quenching of Yb by ligand CD oscillators compared to CH
oscillators. In general, the trend is an approximately threefold
increase in the UCQY efficiency in the fully deuterated systems.
Inspection of these UCQY values against rvv of conventional
downshifted photoluminescence spectra (Aexc = 290 nm) shows a
strong correlation; the lifetime of ytterbium is increased from ca.
17 ps in the (Din:Ds:H.) complexes to >40 us for the best
performing Th4Ybs (Dn:Ds:DL) complex. This is as expected, as a
longer rvb increases the probability of reaching the doubly excited
state capable of CS of the Tb excited state, with a concomitant
increase in the UCQY.

To further investigate the CSUC of the nonanuclear complexes
and the possibility and efficiency of cooperative sensitisation, we
prepared a combinatorial library of complexes with different molar
fractions of Th, Yb, and Y ions. The Y ions play the role of a
spectroscopically silent Ln surrogate, being considered as
chemically equivalent to Ln atoms of the second part of the Ln
series with a similar ionic radius,?® and allowing to investigate the
possible effect of self-quenching of Yb and Tb cations. With nine
places to be occupied by one of the lanthanide ions, the complex
can contain 55 different compositions of Ln ions
([TbyYbyY,L16(OD)10](OD) with x, y and z integersand x +y + z =
9) and therefore, we prepared 55 different samples by mixing x/9
ThCl3.6D,0, y/9 YbCl;.6D,0, z/9 YCI;.6D,0, Et;N, and Acac in
the proportions used for the synthesis. We subsequently
measured their UCL decay kinetics at the °D4—7Fs Tb transition
(542 + 10 nm) upon excitation of the 2Fs;,«2F7, Yb transition (980
nm) on atime-resolved fluorescence plate reader system (Fig. 5a,
S40 and Table S41).

As expected, complexes without Th or Yb did not show UCL at
542 nm. All other mixtures showed significant UCL, including the
ones that contained only 1/9 of Yb. Although a single Yb is not
expected to sensitise Th, the statistical distribution of the three
lanthanide ions results in a distribution of complexes with different
amounts of Tb, Yb, and Y, resulting, for y = 1 in more than 26%
of complexes with y > 1 (see Supporting Information, Section S2
for discussion of the lanthanide ion distributions inside the
complexes). The UCL decay curves clearly show that both UCL
intensities (Fig. 5b) and decay times (Fig. 5c) are dependent on
both x and y.

Despite the distribution of complexes, it could have been
expected that the UCL intensity increases with the amount of Yb
ions because the probability of sensitising Tb acceptors increases
with the number of surrounding Yb donors.l*211% However, the
UCL intensities (Fig. 5a, 5b) clearly increased with both the
number of Yb and Tb ions and were highest for similar amounts
of Yb and Th (maxima for 3<x <6 and 6 >y > 3, z = 0), which

means that both equally influenced the UCL intensity. When
normalising the distribution of complexes with x and y, one can
also find that the highest intensities can be expected for x and y
values between 3 and 6 (see Supporting Information, Section S5
and Fig. S42-S47 for discussion of the distributions). This
assumes identical chemical reactivity between the three rare
earth metals and within the nine coordination sites, and while not
strictly true, P9 holds true as a first approximation in modelling the
chemical compositions of the complexes.

Because luminescence decay times are concentration-
independent, they can provide further insight into the influence of
Tb and Yb on the UCL of the different nonanuclear complexes. All
decay curves (after the 60 ps excitation pulse) were fitted with a
bi-exponential decay function (two different emitting Tbh species).
The full set of data is presented in Table S41, while Fig. 5b, 5c
display the amplitude-averaged UC decay times as a function of
y and Xx. A general trend is that the higher the amount of Yb, the
more important is the short decay component and the shorter the
average decay time. Despite the statistical distribution of the
actual number of ions for each molar proportion (x, y, and z), the
UCL decay curves clearly show the transition from one single
species (with a long lived mono-exponential UCL decay) for one
Yb to another single species (emitting one short lived mono-
exponential UCL decay) for 8 Yb. All other samples (y = 2 to 7)
show a double-exponential decay composed of both the long and
short components. The decreasing Tb decay time with increasing
Yb amount can be the result of an increased probability of Th-to-
Yb energy transfer associated to an increase of non-radiative
energy pathways. Another trend is that the average Tb decay time
is approximately independent of Tb (x) (Fig. 5¢) for x and y = 2.
The x-independent decay time for each y means that the
presence of Y atoms does not influence the UC efficiency and that
guenching by non-radiative energy losses associated to
intramolecular Th-to-Tb energy transfer, as often invoked in
doped solids,% does not occur. The detailed UCL decay analysis
of the entire library of 55 Th-Yb-Y nonanuclear complexes within
a single microplate fluorescence experiment revealed that the
UCL intensity is equally dependent on the number of Tb and Yb
ions. Furthermore, the efficiency of sensitising a Th acceptor by
two Yb donors can be tuned via y (the amount of Yb). Notably,
such experiments were only possible due to the outstanding
molecular UCL brightness of the nonanuclear Yb-Th-Y complexes
and their very simple preparation and good stability over a few
hours after preparation.



Conclusion

We have prepared a coherent series of homo- and hetero-
nonanuclear complexes and investigated their solution-state
properties. The diamagnetic yttrium complex was probed by NMR
spectroscopy and computational investigations, revealing that the
complex retains its solid-state structure and symmetry in solution.
Low temperature experiments expose the prevalence of
diasteromeric and enantiomeric pairs ((A,A), (4, A), (AN), (AN))
in the slow-exchange regime, corresponding to low-symmetry
complexes. Studies of the upconversion properties of the Ybg
cluster in CD30OD gave rise to an emission band at 503 nm upon
irradiation of 980 nm, corresponding to the cooperative
luminescence upconversion, the first time such a phenomenon
has been observed in solution. The hetero-nonanuclear
complexes  ThyYby exhibited cooperative sensitisation
upconversion arising from energy transfer from a doubly excited
state of Yb to sensitise Th. The study of a library of complexes
with varying donor-acceptor ratios concludes that the most
efficient systems are those containing an average ratio close to
one. These results coupled with the use of highly deuterated
complexes demonstrated that the YbsTbs (Din:Ds:D.) compound
presents the most efficient molecular UC in solution to date.
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