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Strong upconverted circularly polarized emission
from a chiral tetrahedral Yb/Eu cage+t

Zhiwei Yao, Ting Gao, & Pengfei Yan, & Yanyan Zhou* and Hongfeng Li‘= *

Upconverted circularly polarized luminescence (UC-CPL) materials have attracted significant attention
due to their potential in optical sensing and bioimaging. However, achieving UC-CPL in lanthanide supra-
molecular systems remains a challenge due to the extended distances between lanthanide ions. Here,
enantiopure tetrahedral cages, (Yb/Eu)4L4(R/S-BINAPO),, are assembled using achiral Cs-symmetric
ligands, Ln(m) ions and chiral ancillary ligands. Upon 980 nm excitation, the heterometallic tetrahedral
cages exhibit strong UC-CPL (gium = 0.22) and high @ of 3.50 x 107°. Moreover, through femtosecond
transient absorption spectroscopy, we reveal that the ligand's triplet state (T;) serves as a critical mediator
in the upconversion energy transfer process within the lanthanide complex, facilitating the efficient trans-
fer of energy from the excited state of Yb®* to the Eu* center via the mechanistic pathway Yb** — T, —

rsc.li/dalton Eu*.

Introduction

Lanthanide complexes with upconverted circularly polarized
luminescence (UC-CPL) offer notable advantages over other
lanthanide-doped upconversion materials (such as inorganic
upconversion nanoparticle materials,"* quantum dots,** etc.),
including high biocompatibility, facile solution processing,
and structural and functional tunability.>” These attributes
make them promising candidates for diverse applications such
as cellular imaging,®° remote cellular activation,'® and photo-
dynamic therapy.'"'* Except for the two-photon absorption of
the chromophore/ligand, the UCL in lanthanide complexes pri-
marily depends on energy transfer between Ln*" ions. To
achieve efficient upconversion luminescence, various strategies
have been employed to shorten the distance between Ln---Ln
ions, including the use of bridging atoms,"*™ co-
crystallization,"®'” and cluster formation.'®2°

Auzel has previously suggested that short distances between
Ln®" ions (typically less than 5 A) are crucial for the CLU
process.>! However, in the design of lanthanide supramolecu-
lar structures with specific functions, the use of larger-sized
ligands often results in an increased distance between lantha-
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nide ions, typically exceeding 5 A. For example, in the simplest
helicate, the distance between lanthanide ions usually ranges
from 7 to 15 A,>*?® whereas in more complex multinuclear
tetrahedral and octahedral structures, the distance between
most lanthanide ions is also at least over 8 A.?>*° Such longer
distances between lanthanide ions can adversely affect the
upconversion energy transfer. As a result, finding a new energy
transfer mechanism is particularly important. An important
advantage of ligand involvement in the upconversion process
is its ability to overcome the limitations imposed by Ln---Ln
distances, making the preparation of structurally diverse
lanthanide supramolecules with upconversion luminescence
properties feasible, thereby broadening the potential appli-
cation scope of upconversion-lanthanide complexes.
p-Diketonate ligands, widely recognized as excellent sensi-
tizers for lanthanide luminescence,®'> offer a promising
avenue for investigating the role of triplet states in upconver-
sion. Multitopic p-diketone ligands can form polynuclear
structures such as helicates,>™° tetrahedra,®® and octahedra.®”
These diverse structures typically endow them with new pro-
perties, for instance, supramolecular chirality®® or host-guest
recognition.>®> We anticipate that a well-designed multitopic
p-diketonate lanthanide complex will contribute to the study of
triplet state involvement in upconversion due to the following
advantages: (1) p-diketonate lanthanide complexes typically
exhibit 100% intersystem crossing efficiency,"® which will
increase the likelihood of triplet state participation in the
upconversion process. (2) The relatively low triplet state energy
level (T; < 20000 cm™*) of aryl-containing p-diketones allows
for energy transfer from the virtual energy level of Yb**
(490 nm, 20480 cm™") generated by two-photon excitation
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(980 nm) to the T, state.*’ (3) The design of multitopic
p-diketonates with long spacers can extend the distance
between Ln*" ions, thereby minimizing interference from Ln
— Ln energy transfer and clarifying the participation of the T,
state.

Based on these considerations, we designed and syn-
thesized the chiral lanthanide heteropolynuclear tetrahedral
cages Ln,L,(R/S-BINAPO), with upconverted circularly polar-
ized luminescence properties. Upon excitation at 980 nm, the
chiral tetrahedral cages (Yb/Eu),L4(R/S-BINAPO), show excel-
lent upconverted circularly polarized luminescence, with a
maximum |gj,m| value of 0.22 at 595 nm. This obvious UC-CPL
performance is driven by an upconversion energy transfer
process mediated by the ligand triplet state (T;), promoting
the potential of supramolecular cages in advanced lumine-
scence applications (Scheme 1).

Results and discussion
Synthesis and characterization of the tetrahedral cages

The preparation of the ligand L was conducted according to lit-
erature procedures.’’ The tetrahedral cage Yb,L,(R-BINAPO),
was prepared by the self-assembly of the ligand and R-BINAPO

\ 4
2F), - So —F,
Yb3+ Ligand Eus*

Scheme 1 Schematic of upconversion luminescence of Eu®* upon
excitation of the Yb®* ion (1lex = 980 nm) (upper) and energy transfer
mechanism (lower) in (Yb/Eu)4L4(R/S-BINAPO), with upconversion
luminescence.
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with YbCl;-6H,0 salts in a 1:1:1 ratio in CH;OH at room
temperature. Owing to the low resolution of the 'H NMR
spectra for Yb,L,(R-BINAPO), (Fig. S1}), the isostructural Lu(ur)
complex LuyL,(R-BINAPO), was used as a surrogate for NMR
analyses (Fig. S4 and S5;7 "H-'"H COSY and 'H-"H NOESY). As
illustrated in Fig. 1b, the Lu,L4(R-BINAPO), complex exhibits a
single set of broadened but distinguishable proton resonances.
Compared to the free ligand L and the ancillary ligand
R-BINAPO, the majority of the signals from the tetrahedral
cage experience significant upfield shifts. The three distinct
resonances corresponding to the tris(f-diketone) moiety
exhibit broadening and relatively large shifts upon coordi-
nation with the metal center. Furthermore, no additional
peaks associated with L were observed, suggesting the high
diastereopurity of the self-assembled cages. The *'P and '°F
NMR spectra further confirm the formation of a single species,
as evidenced by the presence of a single, sharp singlet peak for
the cage complex Luyl,(R-BINAPO), (Fig. S6 and S71). In 'H
diffusion-ordered NMR spectroscopy (DOSY), the cage LuyL,(R-
BINAPO), displays one diffusion band at a diffusion coefficient
of D = 416 x 107" m* s™! in line with the formation of a
single species with a hydrodynamic diameter of 19 A, esti-
mated by the Stokes-Einstein equation (Fig. 1c). The dynamic
diameter of the complex is in good agreement with that
observed from the crystal structure of Yb,L,(R-BINAPO),. The
formation of Yb,L,(R-BINAPO), in solution was further con-
firmed by high-resolution electrospray ionization mass spec-
trometry (ESI-TOF-MS) (Fig. S8t). The spectrum exhibits mole-
cular ions corresponding to the formula Yb,L,(BINAPO),, and
the observed isotopic distribution aligns with the theoretical
profile for the [Yb,L,(BINAPO), + H]" species.

To further determine the chemical structure and compo-
sition of tetrahedral Yb,L,(R-BINAPO),, yellow square-shaped
crystals were obtained by slow diffusion of hexane into its
tetrahydrofuran solution at room temperature. X-ray diffraction
analysis confirms that the complex Yb,L4(R-BINAPO), adopts
the anticipated M,L, tetrahedral architecture (Fig. 2d) and
crystallizes in the chiral space group C,. This observation indi-
cates that chirality from the R-BINAPO ligand is successfully
transferred into the tetrahedral architecture. Within the cage,
four Yb(m) ions are positioned at the vertices, while four
ligands occupy the four faces. Each Yb center is coordinated
by three B-diketonate moieties of the three ligands and one
BINAPO ancillary ligand, forming a distorted triangular dode-
cahedral coordination geometry (Fig. S19f). In Yb,L,(R-
BINAPO),, the B-diketonate units helically twist each Yb(ur)
center in a left-handed, propeller-like manner, establishing a
A configuration at each of the four vertices.

To investigate the upconversion luminescence properties of
the heteropolynuclear tetrahedral cages (Yb,Eu,_,L,)(R/
S-BINAPO), (x = 0.5-3.5) in solution, the (Yb,Eu,_,L4)(R/
S-BINAPO), assemblies with different molar ratios of Yb*" and
Eu’" ions were also synthesized by a similar synthesis method
to that for (Yb,L,)(R-BINAPO),. The heteropolynuclear tetra-
hedral cages (YbyEu,_,L,)(R-BINAPO), were characterized via
ESI-TOF-MS and NMR spectra (Fig. S9-S187).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Self-assembly of LnsL,(R/S-BINAPO), cages. (b) 'H NMR spectra (400 MHz, 298 K) of free ligand L, (R)-BINAPO, and Lu4L4(R-BINAPO), in
CDCls. (c) *H DOSY spectrum (400 MHz, 298 K) of LusL4(R-BINAPO), in CDCls. (d) Crystallographic structure of YbsL4(R-BINAPO)..

Upconversion emission behavior of heterometallic tetrahedral
cages (Yb,Eu,_,L,)(R/S-BINAPO),

As shown in Fig. 2a, the upconversion luminescence properties
of the tetrahedral cages were studied under 980 nm excitation at
room temperature in CHCl;. The emission spectra of
(Yb,Eu,_,L,)(R-BINAPO), (x = 0.5-3.5) all show five characteristic
emission bands at 580, 594, 612, 650, and 702 nm, respectively,
related to the °Dy — “F; (J = 0-4) transitions. Among the seven
assemblies of (Yb,Eu,_,L,)(R-BINAPO), (x = 0.5-3.5), the assem-
bly of (Yb,sEu;sLs)(R-BINAPO), exhibits the most intense
upconversion luminescence. The higher molar ratio of Yb**
ions in (Yb,Eu,_,L,)(R-BINAPO), may increase the energy trans-
fer between Yb** ions, leading to a decrease in the energy trans-
fer from Yb*" to Eu®*,***® while a lower molar ratio of the sensi-

tizer Yb*" is usually insufficient to activate the Eu** ions.***

This journal is © The Royal Society of Chemistry 2025

To further investigate the upconversion luminescence
process of the heteropolynuclear tetrahedral cages (Yb,Eu,_,L,)
(R-BINAPO), (x = 0.5-3.5), the corresponding upconversion
emission intensities of the tetrahedral cages were integrated as
a function of 980 nm laser power density (P = 2.0-37.4 W cm™?)
(Fig. 2b and S21-S247). The slopes of logarithm I (I = integrated
areas of luminescence intensity) versus logarithm P (laser power
density, W cm™?) are related to the photon number to sensitize
the °D, excited state of Eu**.*® The slope values of (Yb,Eu,_.Ly)
(R/S-BINAPO), (x = 0.5-3.5) are all around 2.0 in CHCls, strongly
suggesting two-photon absorption characteristics of Eu®" ion
emission (Fig. 2d and S25-S287). In addition, after being stored
in a desiccator for 3 months, the upconversion emission inten-
sity of (Yb, sEu; 5L4)(R-BINAPO), exhibits only a slight decrease
(Fig. S29 and S307), indicating its high structural stability and
upconversion luminescence performance.

Dalton Trans., 2025, 54, 5731-5738 | 5733
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Fig. 2 (a) Upconversion luminescence spectra of (Yb,Eus_,L4)(R-BINAPO), (x = 0.5-3.5) assemblies in CHClz, Aex = 980 nm. (b) Upconversion emis-
sion spectra of (Yb, sEu; sLs)(R-BINAPO), in CHClz with variable laser power (1o, = 980 nm) focused on a spot size of ~0.13 cm?. (c) Time-resolved
decay of the UC emission at 612 nm of (Yb, sEu; sL4)(R-BINAPO), in CHCls. (d) The corresponding log—log plots of the UC intensity integrated (/)
from 570 to 720 nm of (Yb, sEu, sL4)(R-BINAPO), as a function of the laser power density P (in W cm™2).

Then, the luminescence lifetime of (Yb, sEu; sL,)(R-BINAPO),
was studied upon 980 nm excitation (Fig. 2c). The decay time of
the upconversion signal at 612 nm for (Yb, sEu; sL,)(R-BINAPO),
in CHCI; was determined by fitting the decay curves to a single
exponential function, which is consistent with the observations
under 395 nm excitation (Fig. S317). Therefore, this suggests that
only a single species is present in the excited state of the
complex. Using [(YbL),Tb,] (®re¢ = 1.4 x 107%) as the reference,®
the upconversion luminescence quantum yield (@yc) of the cage
(Yb,.sEuy sLy)(R-BINAPO), was estimated to be 3.50 x 107° (P =
37.43 W ecm™?, Fig. S37-407). We propose that the relatively high
upconversion luminescence quantum yield of the heteropolynuc-
lear tetrahedral cage mainly arises from the incorporation of PO
ancillary ligands, which not only enhances the rigidity of the
tetrahedral skeleton but also prevents solvent molecules from
entering the coordination sphere of the metal ions, thus inhibit-
ing nonradiative transition.

The chiroptical activity of (Yb, sEu; sL,)(R/S-BINAPO), in
CHCl; was verified by circular dichroism (CD) spectroscopy
(Fig. 3b left). The enantiomeric cages display mirror-image CD
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Fig. 3 (a) Schematic illustration of the enantiopure tetrahedral cages
(YbysEus sL4)(R/S-BINAPO),. (b) Left: UV-visible absorption and CD
spectra of (Yb,.sEuy sLs)(R/S-BINAPO), in CHCls (2.5 x 10~® M). Right:
total luminescence and upconverted CPL spectra of (Yb,sEussLa)(R/
S-BINAPO), in CHCl3 (dex = 980 nm, 2.5 x 1073 M).
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signals in the range of 250-500 nm, with a negative exciton
couplet for the A-configurational (Yb,sEu, sL,)(R-BINAPO),
and a perfect mirror-image for the A-configurational
(Yb, 5Eu, sL,)(S-BINAPO),. This correlation between the A/A
configuration and the exciton couplet sign aligns with the
empirical rule.”” The band in the 240-292 nm region is attrib-
uted to the n—n* transition of the chiral BINAPO. However, two
distinct Cotton effects were observed within the absorption
range (292-450 nm) of the achiral tris-f-diketone ligands. This
result suggests that the chirality of R/S-BINAPO was effectively
transferred to the achiral tris-p-diketone ligand, resulting in
the formation of helical chirality in the tetrahedral cage.
Benefiting from the homochirality of the multimetallic
tetrahedral cages (Yb,sEu; sL,)(R/S-BINAPO),, we explored
their upconverted CPL properties. As expected, (Yb, sEu, sLy)
(R/S-BINAPO), exhibit upconverted CPL properties upon
980 nm excitation in CHCl; (Fig. 3b right). A pair of heteropo-
lynuclear tetrahedron cages show mirror-image CPL spectra;
the two opposite major signals at 595 nm and 612 nm corres-
pond to the transitions of °Dy, — “F; (A = 1) and D, — 'F, (4]
= 2), respectively. Despite the lower emission intensity of the
°D, — ’F, transition, its unique magnetic-dipole character
results in a higher degree of circularly polarized emission com-
pared to the D, — ’F, transition. The luminescence asymme-
try factor (gium) is a key parameter for quantifying the magni-
tude of wupconverted circularly polarized luminescence
(UC-CPL). 1t is defined as gium = 2(I. — Ir)/(IL *+ Ir), where I,
and I represent the left- and right-polarized emission intensi-
ties, respectively, with the condition that —2 < gi,m < 2.
Notably, the tetrahedral cages (Yb,sEu; sLs)(R/S-BINAPO),
exhibit a luminescence dissymmetry factor (gium) of up to 0.22
at the Eu®" center under 980 nm excitation. Moreover, the het-
eropolynuclear tetrahedral cages (Yb,Eu,_,L,)(R/S-BINAPO),
with other compositions also show favorable upconverted CPL
properties, and their gj,,,, values are summarized in Table S2.}

Upconversion luminescence mechanism discussion

To date, four principal mechanisms underlying energy upcon-
version luminescence have been delineated: excited-state
absorption (ESA),*® energy transfer (ETU),*>*° cooperative
luminescence (CLU),”" and cooperative sensitized upconver-
sion (CSU),>* despite the relatively limited research on upcon-
version luminescence in lanthanide complexes. Recently, Sun
discovered a novel mechanism in which excited multimers par-
ticipate in the upconversion cooperative sensitization
process.> Firstly, the emission spectrum of the homonuclear
complex (EuyL,)(R-BINAPO), was measured under 980 nm exci-
tation, but no upconversion emission was observed, which
rules out the pathway involving ligand two-photon absorption
sensitization (Fig. S321). Therefore, the two-photon UC
luminescence from (Yb/Eu),L4(R-BINAPO), most likely arises
from the cooperative luminescence (CLU) or cooperative sensit-
ization (CSU) of two excited Yb** ions. However, upon exci-
tation of the homonuclear (Yb,L,)(R-BINAPO), at 980 nm,
neither Yb two-photon upconversion luminescence (490 nm)
nor ligand emission is detected in the visible spectral region

This journal is © The Royal Society of Chemistry 2025
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(Fig. S33t). This result prompted us to speculate that the
upconversion luminescence of (Yb/Eu),L4(R-BINAPO), may
arise from a bimetallic cooperative mechanism. Azel empha-
sized that a spatial distance of less than 5 A between Ln®" ions
is crucial for the upconversion luminescence process.”'
According to the crystal structure of the tetrahedral (Yb,L4)(R-
BINAPO),, the Ln---Ln distances range from 14.15 to 14.97 A
(Fig. 1d), suggesting that cooperative interactions between Yb*/
Yb* should be difficult to realize. Additionally, the UC emis-
sion observed for the tetrahedral cage in solution rules out the
possibility of a cooperative mechanism due to reduced Yb---Yb
distances in the aggregated state. Therefore, considering the
Ln---Ln distance and the absence of upconversion emission
from Yb*/Yb* or the ligands in the visible spectral region, we
hypothesize the presence of another energy transfer mecha-
nism involving continuous absorption through Yb two-photon
absorption (ESA), followed by energy transfer from the ligand’s
triplet state to the Eu®" ion.

To investigate the possible participation of the ligand
triplet states (T;) in the upconversion (UC) process, we first
determined the triplet energy level of the auxiliary ligand to be
26666 cm ' through phosphorescence  spectroscopy
(Fig. S34f1). This value significantly exceeds the virtual state
energy level of Yb*" in two-photon absorption (20408 cm™,
490 nm), thereby ruling out the possibility of the auxiliary
ligand participating in the upconversion process. Based on our
previous work,>* the triplet energy level of ligand L is
19194 em™, indicating that ligand L fulfills the necessary con-
ditions to participate in the upconversion process. However,
under 980 nm excitation at 77 K, no emission associated with
short- or long-lifetime fluorescence or phosphorescence was
detected in the visible spectral region for (Yb,sGd; sL4)(R-
BINAPO), (Fig. S35t). This indicates that either the triplet
states (T,) are not present or rapid energy transfer from the Ty
state to the ?Fs, state of Yb*' ions occurs, leading to the
quenching of ligand phosphorescence. Femtosecond transient
absorption spectroscopy (fs-TAS) was then employed on
(Yb,L,)(R-BINAPO), to investigate this ultrafast dynamic
process. Under 980 nm femtosecond pulse excitation, a transi-
ent absorption band corresponding to the triplet state (T;) of
the ligand was clearly observed in the 470-700 nm range
(Fig. 4). This result unequivocally confirms the occurrence of
an energy transfer process from Yb** to the ligand triplet
state. Moreover, the lifetime of T, was estimated to be 0.494 ps
by fitting the kinetic curve of the TAS absorption (Fig. 4d).
This value is notably shorter than the 2.7 ms lifetime of the
ligand triplet state observed in (Gd,L,)(R-BINAPO), (Fig. S367),
suggesting an efficient and rapid energy transfer from the T,
state to the Fs/, state in the Eu/Yb heterometallic assembly.
Furthermore, the rapid energy transfer rate from the T state to
Eu(m) can be derived using eqn (1):

1 1
ker = 7 % (1)
where 7 represents the excited-state lifetime in the presence of
energy transfer, and 7, denotes the intrinsic excited-state life-
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Fig. 4 (a) 2D fs-TAS spectrum of Yb,L4(R-BINAPO), represented as a color map in CHCls (2.5 x 1073 M, 1, = 980 nm). (b) Normalized decays of fs
transient absorption at selected wavelengths. (c) Fs transient absorption spectra of YbsL4(R-BINAPO),. (d) A comparison of the exponential fitting

results for the observed TAS data at 480 nm probe wavelength.

time in the absence of energy transfer. Based on this equation,
the calculated kgy value is 2.02 x 10'? s™. Overall, these results
provide strong evidence for an energy transfer process invol-
ving triplet states in lanthanide upconversion luminescence
(UCL), where energy is transferred from Yb** via the ligand
triplet state (T;) to the Eu®* ion (Yb** — T, — Eu*).
Meanwhile, during the preparation of this manuscript, the
Sun group also discovered this upconversion luminescence
mechanism.”®

Conclusion

In summary, under 980 nm excitation, the chiral heterometal-
lic tetrahedral cages (Yb, sEuy sL,)(R/S-BINAPO), exhibit strong
upconverted circularly polarized luminescence (UC-CPL) pro-
perties (|gum| = 0.22) and a high upconversion luminescence
quantum yield of 3.50 x 107°. This excellent UC-CPL perform-
ance is attributed to the rigid and saturated chiral environ-
ment created by the ancillary ligand R/S-BINAPO and the
effective participation of the ligand triplet state in the upcon-
version luminescence process, where energy is transferred
from Yb** through the triplet state (T,) of the ligand to the

5736 | Dalton Trans., 2025, 54, 5731-5738

Eu®” ion (Yb** — T; — Eu*). This work expands the appli-
cation of lanthanide supramolecules in the UC-CPL field.
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