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Equal Rights for Activators — Ytterbium to Terbium
Cooperative Sensitization in Molecular Upconversion

Federico Pini, Richard C. Knighton, Lohona K. Soro, Loic J. Charbonniére,

Marta M. Natile,* and Niko Hildebrandt*

Molecular scaffolds are ideal for investigating upconversion (UC) at the
highest spatial resolution and to create precisely controllable luminescent
materials. Such control may be the key to overcoming the limitations of
brightness and reproducibility found in UC micro- and nanoparticles.
Cooperative UC can significantly increase luminescence brightness and bulk
studies showed that highest efficiencies can be obtained by
sensitizer-to-activator ion ratios > 2, that is, via high probabilities of
sensitizing the emitting lanthanide ion. Using nonanuclear molecular
complexes, the authors demonstrate both experimentally and theoretically
that interion distances are more relevant and that the highest UC efficiencies
are actually attained for sensitizer-to-activator ion ratios around 1. By
modeling accretive and cooperative sensitization UC, energy migration, and
fitting experimental data, it is revealed that cooperative sensitization is
predominant for the determination of UC luminescence intensities, whereas
energy migration defines UC luminescence kinetics. The implementation of
interion distances and different energy transfer mechanisms into advanced
modeling of experimental UC data will be paramount for designing brighter

1. Introduction

Upconversion (UC) of near-infrared (NIR)
to visible photons in solids,!"?! submicron
particles (UC phosphors),>* and nanopar-
ticles (UC nanoparticles),>”! and in so-
lution (triplet-triplet annihilation)®°! has
been studied for many years and applied
to photovoltaics, photocatalysis, bioanaly-
sis, or theranostics.l'®!*] Despite the ad-
vances in material design and optimiza-
tion, UC micro and nanoparticles have ar-
guably reached the limits of brightness
and reproducibility and new concepts are
necessary for further improvements. In-
tramolecular UC within discrete molecu-
lar compounds is a recent approach that
has the potential to advance UC per-
formance via precise molecular building
blocks.['>"2l However, molecular UC is
a very young research field that still re-

and better UC materials.

quires a lot of fundamental investigations
and understanding before experimental
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breakthroughs concerning brightness improvement can be-
come reality. In the status quo, molecular complexes have shown
to be extremely sensitive to deactivation processes, such as
vibrational losses to the ligand or solvent molecule overtones,
which result in significantly lower UC efficiencies compared to
UC phosphors or UC nanoparticles.?'-2}] Different concepts,
such as sensitization of the Er activator via an energy trans-
fer UC (ETU) mechanism from organic dye antennas,?*2¢]
cooperative luminescence from numerous Yb ions,!?’! or coop-
erative sensitization UC (CSU) via two sensitizers to brighter
Tb or Ru activators,?*?%2] have been developed with the aim to
increase molecular UC luminescence (UCL) signals. Although
experimental advances have resulted in more efficient molecular
UC complexes, synthetic approaches alone will not be suffi-
cient to accomplish brightness levels that can compete with
UC nanoparticles. In nano, micro, and bulk crystalline mate-
rials, theoretical understanding and modeling of the different
sensitization and deactivation processes between sensitizers,
activators, and their environment have been studied in detail
for ETUB%32 and CSUP*3* processes, and that knowledge has
advanced UC nanoparticles to widely applied luminescent mate-
rials. However, the exact same principles that were established
for those crystalline materials are not applicable to molecular
UC complexes and thus, new models are paramount to bet-
ter understand and improve molecular UC. This is especially
true for the relatively young research field of molecular UC,
for which UCL quantum yields accomplished so far span five
orders of magnitude from 10~° to 10~* (Figure S1, Supporting
Information). A recent study showed that co-crystallization
of molecular UC complexes can lead to UC quantum yields
that are even close to those of UCNPs.*®] To accelerate the
advancement of UC molecules to actual applications and not
rely on decades of optimization, as previously done for UCNPs,
the implementation of advanced modeling is clearly a key
solution.

2. Results and Discussion

2.1. Statistical Distribution of Lanthanide lons in Nonanuclear
Complexes

Recently, we reported the synthesis and characterization of a com-
binatorial library of hetero-nonanuclear lanthanide complexes
([Lny(acac),;(OH),,]JOH), including a detailed experimental in-
vestigation of their UC properties in solution.[?®! The complexes’
stoichiometries covered the range of all possible combinations of
trivalent Yb ions as sensitizers (energy donors), Tb ions as acti-
vators (energy acceptors), and Y ions as spectroscopically silent
surrogates, such that the final stoichiometry was Tb,Yb,Y, (with
x, y, and z integer values and x + y + z = 9). Whereas some of the
studied UC properties met the expectations based on the current
state-of-the-art (e.g., excitation power dependence, UCL lifetime,
effect of deuterium substitution in the ligands), the stoichiom-
etry for the brightest complex was unexpected. Because CSU is
a sensitized process (from at least two Yb sensitizers to one Tb
activator), it would have been expected that higher ratios of Yb-
per-Tb result in higher UC efficiency.!>3°l However, the most ef-
ficient UCL was found for Tb/YD (i.e., x/y) ratios close to unity
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Figure 1. Fractions of actually formed Tb;Yb; nonanuclear complexes as
a function of nominal Tb,Yb, mixtures (x/y presents the Tb-to-Yb concen-
tration ratio).

(4/5 or 5/4),1281 a phenomenon also observed for other molecular
UCL devices.[1637]

Considering a statistical distribution, the nominal stoichiom-
etry (of the used lanthanide ion concentrations in the fabrication
of the complexes) does not equal the actual stoichiometry (within
the actually formed complexes), which explains why in our ex-
perimental study even for nominal TbYb, complexes significant
UCL was observed.[?®! Considering a statistical distribution of the
Ln atoms in the complex, the actually formed complexes con-
tained more than 26% of species with two or more Yb ions be-
cause the probability of complexes with an actual stoichiometry
Tb, YD, formed from a nominal Tb,Yb, composition is as follows.

=)

where n stands for the number of Ln ions in the complex, with n =
9 in our case of nonanuclear complexes. Whereas this probability
distribution also shows that the maximum fraction of CSU com-
plexes is formed for x/y ratios between ~3/6 and 6/3 (Figure 1),
it does not explain why the most efficient UCL was found for x/y
ratios of 5/4 and 4/5.

2.2. CSU Isomers and Interionic Distances

To understand the difference between the expected and experi-
mentally obtained UCL, the complete distribution of Tb and Yb
ions and their interionic distances, which define the strengths of
energy transfer interactions between the ions, must be accounted
for, and the overall CSU must be calculated from the entire set
of actual complex conformations. As mentioned above, a nomi-
nal stoichiometry (input concentrations for the synthesis of com-
plexes) of Tb, Yb, will produce a close-to statistical distribution of
possible complexes with real or actual stoichiometry of Tb;Yb;.
Each of these actual complexes will then result in a family of con-
figurations (isomers), in which the Tb and Yb ions can randomly
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Figure 2. A) Single-crystal X-ray structure of a [Tb,Yb, (acac) (OH)4(0O),]
complex (x = 4.5, y = 4.5), from left to right: Full structure, nonanuclear
Lng core, top-down view of Lng core (H-atoms and solvent molecules omit-
ted for clarity, ellipsoids plotted at the 50% probability level), schematic
depiction of the nonanuclear core including atom numbering for specific
interion distances (CCDC no. 2333808). Frequency distribution of the av-
erage B) Yb-to-Yb and Tb-to-Tb and C) Yb-to-Tb distances (r) calculated

for all isomer configurations of a given Tb;Yb; complex. TbgYb,, TbeYby,

and TbyYbg are not included because at least 2 Yb ions and 1 Tb ion are
necessary for CSU.

occupy any of the nine different possible sites of the nonanuclear
complex. Disregarding the symmetry elements of the complex
this leads to 9 Tb,Ybg, 36 Tb,Yb,, 84 Tb,Yb,, 126 Tb,Yb,, 126
TbsYD,, 84 Tb,Yb;, and 36 Tb,Yb, possible CSU isomers (Figure
S2, Supporting Information). To determine the interion distances
within the different isomer configurations, we performed single-
crystal X-ray crystallography (Supporting Information). Crystals
were obtained from a solution of concentrated MeOH cooled to
—18 °C and the data were collected at 100 + 2 K. In contrast to
the complex in the solution-state ([Ln,(acac),¢(OH),,]OH), solid-
state crystals were obtained as [Tb,Yb, (acac);s(OH)y(O),] com-
plexes (x = 4.5, y = 4.5). The compound crystallized in the P4/n
space group and was isostructural and isomorphous with pre-
viously reported Ln, clusters.?®] The structure (Figure 2A) dis-
plays a nonanuclear core, consisting of two square-based pyra-
mids that share the central Ln vertex, such that the overall struc-
ture is that of an hourglass arrangement, with the top and bottom
half rotated by ~45°. The Ln center is octacoordinated, ligated by
eight p;-OH ligands. The remaining eight atoms are eight coor-
dinated, connected by two p;-OH, one p,-O/OH bridge, and five
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oxygens from one bidentate and two bridging acetylacetonate lig-
ands. The cluster displays local four-fold symmetry in the solid
state, meaning only one top and bottom vertex are crystallograph-
ically unique, exhibiting perfect squares on the top and bottom
faces (90.0000 + 0.0013° and 90.00000 + 0.00018°). The perti-
nent interatomic distances (Figure 2A, and Figure S4, Support-
ing Information) were determined to be 3.5931 + 0.0003 A (Ln1-
Ln1 and Ln3-Ln3) for the square edges and 5.0317 + 0.0004 A
(Ln1-Ln1’) or 5.0814 + 0.0004 A (Ln3-Ln3’) for the base diago-
nals. The largest intracluster ion distance was 7.1385 + 0.0003 A
(Ln1-Ln3’). Comparison of the single-crystal X-ray diffraction
metrics of the heterometallic Tb, s Yb, s mixture with a previously
reported Tby homolog revealed only a small covariance between
the two (Table S1, Supporting Information).l*®! Overall, the in-
termetallic distances were elongated in the homometallic clus-
ter, due to the larger radius of Tb™ versus Yb™, showing devia-
tions typically below 1% between the two structures. This demon-
strates that changes in interion distances are negligible when
considering the Tb-Tb, Tb-Yb, and Yb-Yb distances in co-doped
clusters. With the exactly determined positions of the lanthanides
in the clusters, the variable that determines the figure of merit for
CSU is the ion-to-ion distance distribution for the different iso-
mer configurations. Using a purposely developed Python code
(Supporting Information), we simulated all the N;; isomer con-
figurations for each Tb;Yb; complex to calculate the final dis-
tribution of Yb-to-YD, Tb-to-Tb, and YDb-to-Tb average distances
(Figure 2).

The Yb-to-Yb average distance distribution becomes narrower
with increasing amounts of Yb. For example, for Tb,Ybg (red
curve in Figure 2B) all average Yb-YD distances are within a 5 to
5.5 A range, for Tb,Ybs (dark green curve in Figure 2B) the dis-
tribution broadens to a range between 4 and 6 A, and for Tb,Yb,
(purple curve in Figure 2B) the Yb-Yb distances are broadly dis-
tributed between ~3.5 and 7.3 A. For Tb-to-Tb distances, the dis-
tributions are a mirror of the Yb/Yb configurations with an in-
verted trend of narrowing with increasing amounts of Tb. For
Tb-to-Yb distances (Figure 2C), the distributions are narrower be-
cause they are the same for Tb;Yb; and Tb;YD,. Notably, the distri-
bution becomes more compact for the complexes with Tb-to-Yb
ratios close to 1. The only complex that does not have a symmetri-
cal analog is Tb, Ybg (because TbyYb, cannot produce CSU). For
this complex, the distance distribution provides only two possi-
ble distances, for which 5.25 A corresponds to the Tb ion in one
of the two bases of the bipyramid and 3.72 A corresponds to the
Tb ion on the vertex of the two pyramids. This assignment is also
confirmed by the probability of the two distances, with the shorter
one being eight times less probable than the longer one.

2.3. Different Mechanisms of CSU

To calculate the actual UCL contributions, the statistical distribu-
tion of actual complexes and the interion distance distributions
within all possible complex configurations need to be combined
with CSU probability laws. Lanthanide energy transfer probabili-
ties have been investigated in bulk systems (e.g., solid-state laser
materials and solutions), microsystems (e.g., powders and mi-
croparticles), and nanosystems (e.g., UC and other NPs) for many
years.3%*2 Despite the development of several sophisticated
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models for understanding energy transfer processes,*>*! sev-

eral of their bulk-system approximations (e.g., large number of
ions and isotropy of the system) are not applicable to molecular
systems. Although the fundamental ET interactions, that is, elec-
trostatic multipolar interaction (Férster-like)l*®#’] and exchange
interaction through wavefunction overlap (Dexter-like),[**] ap-
ply to any system from the molecular to the bulk scale, the dis-
tinction between these two mechanisms is difficult from exper-
imental data of complex systems, in particular, for cooperative
processes. For this reason, we focused our analysis on multipo-
lar interaction cooperative ET probabilities.

Kushida and Auzel proposed two concurring mechanisms of
CSU,I**1 which can be defined as accretive and cooperative, in
analogy to downconversion (i.e., quantum cutting). Both mecha-
nisms require polarization induced by a virtual state of opposite
parity. In the accretive one (P,., Equation (2)) the virtual state is
localized on one of the Yb ions, thus the excitation must first pass
from another Yb to the virtual state, and then, when this state is
charged, to the Tb acceptor. For this reason, the accretive mecha-
nism depends on both Yb-Yb and Yb-TD distances. On the other
hand, the cooperative mechanism probability (P,, Equation (3))
depends only on Yb-TD distances because the virtual state is lo-
cated on the acceptor (Ib), which gets charged by ET from two
YD, disregarding the mutual position of the two sensitizers, and
then transfer the energy to the Tb ion.I>"] The probability law was
first derived by Kushida for a trimeric system composed of two
sensitizers (YD) and one activator (Ib). Here we adapted the ap-
proach to multimeric systems,*’] similar to what was first pro-
posed by Inokuti and Hirayama and later adapted algorithmically
by Vergeer et al. for quantum cutting in nanomaterials.[*>>% Ag
outlined in our previous work,[?®! the increase of the nominal
fraction of YD in the complexes led to a decrease in the UCL life-
time (Figure S3A, Supporting Information), which suggests the
presence of energy migration (EM) via Yb ions, similarly to what
has been observed in nanomaterials.[*>>2 Thus, we also included
an EM probability (P, Equation (4)) in our theoretical model.
EM describes the transfer of energy from an excited-state Yb ion
to a ground-state YD ion in close proximity. This energy migra-
tion can lead to very beneficial effects in nano- and micromate-
rials because it allows excitons to migrate over long distances to
reach the emitting activator ions. On the other hand, it can also
have detrimental effects because it can trap the exciton in quench-
able (dark) states and facilitate migration to the particle surface,
which is heavily exposed to the UCL-quenching environment.>3]
For the small dimensions of molecular UC complexes in diluted
solutions, migration over long distances is not possible. There-
fore, energy migration can only result in detrimental effects that
facilitate the loss of excitons through the deactivation of Yb ions.
EM via TD ions is in principle also possible and was included in
our initial model. However, the experimental data could be ade-
quately fit without the Tb-TDb interaction term and thus, to avoid
an over-parametrization of the problem, we decided to omit Tb—
Tb EM. A probable explanation of the minor influence of Tb-Tb
EM compared to Yb—Yb EM is the larger Tb energy gap, which
results in a significantly lower quenching probability.

Ny, Ny, Np

PACZAACZZZ L + ! )

2p 2p
a b#a (rybaybbrybum) (thaYbbrYbbTbu)
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The accretive probability (Equation (2)) contains a triple sum-
mation over the indices of Yb (@ and b, which must be different)
and Tbions (c), which describe the positions in which the ions are
placed inside the complex structure. The cooperative probability
(Equation (3)) depends solely on Yb-to-Th distances, whereas the
EM probability (Equation (4)) depends only on Yb-to-Yb distances
and would present a negative contribution to UCL. The distances
(r) are those between the different ions in the different positions
(@, b, and ¢) within the complex structures. The parameter p de-
termines the type of interaction between ions, which can be 3,
4, etc. for dipole—dipole, dipole—quadrupole, etc. Trials with dif-
ferent values of p led to minor differences in the resulting prob-
abilities and thus, we used the dipole-dipole interaction with p
= 3. The parameters A,., Ac,, and A, present the probability
amplitudes, which have units A for cooperative and accretive
mechanisms and A® for energy migration, in order to obtain di-
mensionless probabilities.

Equations (2-4) were used to calculate the different expected
probabilities for each configuration within each actual stoichiom-
etry. The average of those distinct probabilities provided the
overall probability of accretive CSU, cooperative CSU, and EM
for each actual nonanuclear Tb;Yb; complex (Figure 3A). As ex-
pected, the EM probability (grey line in Figure 3A) increased with
increasing fractions of Yb and showed a difference of ~100%
between Tb,YDb, and Tb,Yb,. Cooperative CSU (orange line in
Figure 3A) as a function of i/j stoichiometry appeared as a sym-
metric bell shape, mimicking the Yb-to-Tb distance distribution,
and showing maximum probabilities for Tb,Ybs and TbsYD,
complexes. These results suggest that the narrower the average
interion distance distribution (Figure 2) the higher the CSU prob-
ability. Accretive CSU (blue line in Figure 3A) contains both Yb-
to-Yb and Tb-to-Yb contributions, which resulted in a probability
function with an unsymmetric bell shape that was shifted to Yb-
richer complexes with a maximum for Tb,YDb,. Importantly, the
CSU probabilities for these actual complexes differ from the ex-
pectation that more Yb sensitizers would lead to stronger CSU.
This result is strongly connected to the interion distances within
the complexes and is therefore dependent on the complex com-
position and not only on the fraction of sensitizers and activators.

2.4. Modeling of Experimental Results

To model the actual experimental results, the probabilities of each
phenomenon for the nominal complex stoichiometries Tb,Yb,
are required. These were obtained by multiplying the probabil-
ity of accretive CSU, cooperative CSU, and EM (Figure 3A) by
the probability of having a certain actual complex (Tb;Yb;) given
a nominal stoichiometry (Equation (1) and Figure 1). The results
(Figure 3B) show that maximum probabilities were obtained with
Tb,Yb, (ie., x/y = 2/7) for EM, with Tb,YDbs (i.e., x/y = 4/5) for
cooperative CSU, and with Tb;Yb, (i.e., x/y = 3/6) for accretive
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Figure 3. Normalized probabilities of accretive CSU (blue), cooperative
CSU (orange), and EM (gray) for A) each actual Tb;Yb; complex and B)
each nominal Tb,Yb, complex. Same colors are shown for the respective
probabilities in (B), while the black curve in (B) shows the experimental
CSU obtained from UCL decay curves (Figure S3, Supporting Informa-
tion). C) Normalized average UCL lifetimes for each nominal Tb,Yb, com-
plex: calculated (red line) and experimental (black curve). The black curve
was derived from the biexponential fitting of the UCL decay curves (Figure
S3, Supporting Information). The error bars in (B,C) present SDs from
measuring three independently prepared samples.

CSU. Notably, the cooperative mechanism for CSU (orange curve
in Figure 3B) mimics almost perfectly the experimental CSU data
(black curve in Figure 3B), which represent UCL intensities cal-
culated from UCL kinetics with long (60 ps) excitation pulses.
This result shows that the accretive mechanism, as pointed out
in quantum cutting studies,®® and EM are not required to ex-
plain the experimental CSU intensity data for the nonanuclear
molecular UC complexes. Nevertheless, both mechanisms may
be important to describe the UCL intensities of other UC com-
plexes. In that case, the sum of all three mechanisms can be fit
into the experimental data to calculate the contribution of each to
the overall UCL intensity.

Interestingly, our model can also predict ETU probabilities for
molecular UC complexes. Again, nonanuclear complexes with
equal amounts of sensitizers and activators were identified as
the best system (i.e., x/y and i/j ratios of 4/5 and 5/4 — Equa-
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tion (S1) and Figure S5, Supporting Information), which is in
strong contrast to the optimum sensitizer-activator ratios in UC
phosphors or nanoparticles that are usually around 9 (18% Yb
and 2% Er)."*%] Unfortunately, sufficiently bright UCL could
not be accomplished with ETU in our nonanuclear complexes
because the common ETU activator ions, such as Er or Tm, are
much more prone to non radiative deactivation due to their en-
ergy level structure. Nevertheless, the theoretical prediction of the
highest ETU probability in nonanuclear complexes via sensitizer-
activator ratios around unity shows that unprecedented and pos-
sibly brighter materials may become accessible via molecular
UC. If ETU complexes including more than three ions can be
developed in the future, it would be highly interesting to apply
our model and verify this theoretical assumption.

2.5. UCL Lifetimes and Energy Migration

Although EM was not required to explain the experimental CSU
intensities, it can be very useful to model the CSU lifetimes, since
these showed a clear dependence on the Yb content (black line in
Figure 3C). The expression of the calculated average CSU life-
time for each nominal (x/y) composition (z,,, Equation (5)) can
be written as the weighted average of the lifetimes of the actual
(i/j) complexes (z;;), where the weighting factor («;;) describes
the probability (P, ;) to obtain an actual composition given a nom-
inal one. The complex stoichiometry-dependent CSU lifetime is
determined via the population and depopulation of Yb ion energy
levels (Supporting Information). Therefore, the CSU lifetime of
each actual stoichiometry can be expressed as the sum of all pro-
cesses leading to the deactivation of Yb ions for each complex,
that is, the deactivation of the isolated ion (k,) and EM.

Z(i,j) P ijTij
Tey = 2 Ui = ~ 5 (5)
y % Vi Z(iJ) PiJ
1 Ty

5Tk EM <1+PiE/1]\‘/I> (©)

Using Equations (5) and (6) we were able to compare the ex-
perimental average lifetimes for each nominal stoichiometry x/y
(Figure S2, Supporting Information) with the calculated ones.
When fitting the experimental UCL lifetimes (black curve in
Figure 3C) with Equation (5), P, ; was fixed and determined from
statistical considerations (Equation (1)). P;/id (the energy migra-
tion probability for a given actual composition, Equation (4)) was
determined by the distance distribution and by the amplitude
parameter Ap,,. Thus, the only fit parameters to obtain the cal-
culated lifetimes were 7, and Ap,,. The optimal values for these
parameters were 7, = 475 s and Ay, = 2630 A®, which repro-
duced the experimental average lifetime with very good accuracy
(red curve, Figure 3C) and confirmed the initial hypothesis of an
important contribution of EM to the CSU lifetimes. The finding
that EM did not play a role in the determination of CSU intensi-
ties but significantly contributed to the CSU lifetimes may seem
counterintuitive. However, UCL is dependent on many energy
levels, energetic transitions, and interactions between different
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ions, which can result in a dominant contribution of the cooper-
ative mechanism for CSU intensities, whereas the decay kinet-
ics from the final excited state may still be strongly influenced
by EM. Another explanation would be an equilibrium between
the accretive mechanism (positive contribution for CSU intensi-
ties) and EM (negative contribution for CSU intensities), where
one contribution compensates the other (because of their sim-
ilar dependence on nominal stoichiometry — Figure 3B), such
that only the cooperative mechanism determines the overall CSU
intensity.

Including the luminescence lifetime of the Yb sensitizers or
the rise time of the Tb UCL in the analysis and modeling could
in principle provide an even better understanding of the entire
molecular UC process. Yb emission can be observed upon both
ligand and Tb excitation via downshifting.?®] For our complexes,
Yb downshifting luminescence lifetimes were 15 us for Yb,, 17 us
for Tb, Yby, 18 ps for Tb;Yb, and 20 ps for Tb,Ybs, and Tb UCL
lifetimes were 189 ps for Tb, Ybg, 254 ps for Tb;Yby, and 277 us
for Tb,YDs.[?®] Due to the significantly stronger change in the
UCL lifetimes, our model focused on UCL only. With the same
aim of using as few parameters as possible for a simple but still
accurate analytical model, we also omitted the rise time parts of
the Tb UCL. However, we also developed a semi-analytical model
that could fit the complete (rise and decay) UCL kinetics and
also validated our simpler and more intuitive analytical approach
(Supporting Information).

3. Conclusions

In conclusion, we theoretically confirmed the experimental find-
ings that similar amounts (ratio close to 1) of sensitizers and ac-
tivators result in the highest UC efficiencies in molecular CSU
complexes. This result is highly important as it has been com-
monly assumed that large ratios of sensitizers per activator lead
to high UCL efficiencies because more sensitizers should pro-
vide a higher probability of sensitizing the emitting activator ion.
Because brightness is also influenced by the absorption cross-
section and the quenching of the sensitizers (both increase with
the number of sensitizers), the sensitizer-to-activator ratio can-
not be too high either. However, ratios > 2 are considered to
be beneficial for UC brightness. Whereas this assumption may
be true for systems with equal distances between all ions and
in large upconversion ensembles (i.e., nano- or microparticles),
for which energy migration over long distances is necessary to
efficiently reach the final activator ion, it is not a general fact
for upconversion. Using nonanuclear complexes, in which Yb
sensitizers and Tb activators in Tb/Yb concentration ratios be-
tween 1/8 and 8/1 were allowed to take any possible position
within the complexes, we demonstrated experimentally that ra-
tios close to unity (i.e., 5/4 and 4/5) yielded the brightest UCL.
This finding was confirmed by a theoretical model that calcu-
lated the contributions of accretive CSU, cooperative CSU, and
EM based on all possible interion distances in the nonanuclear
complexes. The model provided excellent concordance with the
experimental data when only the cooperative mechanism was
taken into account for CSU. Our results show that interion dis-
tances (and not sensitizer/activator ratios) are the most impor-
tant parameter for the determination of UC efficiencies and that
accretive CSU and EM played minor roles for UCL intensities

Adv. Optical Mater. 2024, 12, 2400423 2400423 (6 of 7)

www.advopticalmat.de

in the nonanuclear complexes. Interestingly, the model also pre-
dicted the highest UCL efficiencies for ETU-based nonanuclear
complexes (e.g., Yb sensitizers and Er activators). However, due
to their very low brightness, such ETU complexes could unfor-
tunately not be investigated experimentally. Despite the predom-
inance of cooperative CSU in UCL intensity, EM could be used
to model the UCL decays with a very good fit between the model
and the experimental data. Our approach of combined theoreti-
cal modeling and experimental analysis of the UCL decays pro-
vided a better understanding of the mechanisms that drive UCL
intensity and decay kinetics in molecular UC and showed that
interion distance is extremely important when studying UC on
a molecular scale. Considering that our model can be applied
to any UC system for which interion distances are known, our
results are also important for reconsidering the mechanisms
of UC in general and to stimulate the appreciation and careful
analysis of interion distances for designing more efficient UC
nanoparticles.
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Supporting Information is available from the Wiley Online Library or from
the author.
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