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Breaking the excitation barrier: visible-light-
harvesting Ir(i)—Eu(ii) dyads for circularly
polarized luminescence and theranostics

Zhiming Wang,®® Shiwei Dong,?® Chuanliang Yang,®® Jinyi Chen,®®
Wentao Wang,*® Tao Li, (2 **® Guogiang Yang (2 **< and Zhong Han (2 *2P

The application of lanthanide-based circularly polarized luminescence (CPL) probes in biological systems
has long been impeded by a fundamental trade-off: the need for high-energy ultraviolet excitation to
overcome the low absorptivity of f—f transitions versus the phototoxicity and poor tissue penetration
inherent to UV irradiation. Herein, we resolve this “excitation bottleneck” by engineering a heteronuclear
Ir(m)—Eu(n) dyad that functions as a highly efficient, visible-light-harvesting CPL generator. By exploiting
the broad metal-to-ligand charge transfer (MLCT) absorption of a cyclometalated Ir(i) antenna, we suc-
cessfully red-shift the excitation window to the benign visible region (lex > 425 nm), extending up to
~500 nm. This sensitization strategy yields intense red Eu(i)-based emission with a substantial lumine-
scence dissymmetry factor (|gwml = 0.114) without requiring deleterious UV light. Capitalizing on this
visible-light accessibility and the kinetic inertness of the rigid DO3A scaffold, we demonstrate dual-modal
one- and two-photon confocal imaging in living cells. Furthermore, the dyad exhibits efficient singlet
oxygen generation (&, = 0.82), enabling photodynamic therapy. This work establishes a versatile para-
digm for visible-light-driven lanthanide chiroptics, effectively bridging the gap between superior chiral
photophysical properties and biocompatible excitation requirements.

Circularly polarized luminescence (CPL) originating from triva-
lent lanthanide (Ln®") complexes is at the forefront of photonic
innovation, enabling advancements in volumetric 3D displays,
quantum information processing, and enantioselective
sensing.® Compared to organic CPL fluorophores,® lanthanide
based CPL emitters offer superior spectral purity, long lumine-
scence lifetimes (us-ms),”® and crucially, high luminescence dis-
symmetry factors (gj,m) derived from magnetic-dipole allowed f-f
transitions.*° Despite these merits, the utility of Ln(m) chiropti-
cal materials is severely compromised by an intrinsic excitation
barrier: the Laporte-forbidden nature of 4f-4f transitions results
in negligible extinction coefficients (¢ < 10 L mol™ cm™), render-
ing direct excitation impractical for many applications.""

To overcome this transparency, conventional sensitization
relies on UV-absorbing organic antennae (le < 400 nm).">™**
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However, high-energy UV irradiation is detrimental in biologi-
cal contexts, causing background autofluorescence, limited
penetration depth, and rapid phototoxicity.'> While two-
photon excitation (TPE) has been explored as an attractive
workaround to circumvent UV toxicity and achieve deep-tissue
penetration,'®'” the requirement for sophisticated laser equip-
ment limits its ubiquitous use in routine diagnostics.
Consequently, developing robust Ln(m) CPL emitters that can
efficiently harvest benign, one-photon visible light for stan-
dard imaging, while simultaneously possessing high TPE capa-
bilities for deep-tissue theranostics, remains a highly desir-
able, yet unmet, challenge in the field.

Herein, we introduce a strategy to surmount this barrier by
employing a cyclometalated iridium(m) complex as visible-
light-harvesting antenna.'®'® Unlike organic dyes, Ir(u)
chromophores possess broad, intense metal-to-ligand charge
transfer (MLCT) absorptions in the visible spectrum and long-
lived triplet states accessible via strong spin-orbit
coupling.?*"** By integrating an Ir(m) donor with a chiral Eu(u)
acceptor,'®>*> we construct heteronuclear dyads capable of
efficient visible-light sensitization (1ex > 425 nm) via d-f energy
transfer mechanism. This approach successfully translates the
visible absorption of Ir(m) into the circularly polarized emis-
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sion of Eu(m), establishing a versatile paradigm for low-energy
excited Ln(u) based chiroptical materials.

The heteronuclear Ir(u)-Eu(m) CPL emitters were con-
structed via a “complex-as-ligand” strategy to ensure precise
stoichiometric control and rigid stereochemical definition
(Fig. 1). The Eu(m) chiral DO3A complexes were synthesized
and fully characterized (see SI). Subsequent coordination with
Ir(mr) moiety afforded the target visible-light-excited heteronuc-
lear Ir(u)-Eu(u) CPL complexes in moderate yields. The for-
mation of the binuclear complexes was confirmed by high
resolution mass spectroscopy and HPLC (SI).

With the structural integrity confirmed, photophysical pro-
perties to validate the excitation barrier breakthrough were inves-
tigated and were summarized in Table S1. As shown in Fig. 2a
and S1, the absorption spectra of the complexes were dominated
by broad, intense bands in the visible region of 380-500 nm,
assigned to spin-allowed 'MLCT and spin-forbidden *MLCT
transitions localized on the Ir(m) antenna. This stands in stark
contrast to the negligible extinction coefficient of the Eu(ur) pre-
cursor in this range.'” Upon excitation into the Ir(m)-based
MLCT band at 425 nm, the complexes exhibited the character-
istic, sharp emission lines of the Eu(m) ion, dominated by the
hypersensitive °D, — ’F, electric dipole transition at 616 nm

Fig. 1 Chemical structures of the CPL complexes (S—Ir—Eu and R—Ir—
Eu).
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Fig. 2 UV-Vis absorption (a, 10 pM) and emission spectra (b, 10 pM, Ay
= 425 nm) of S—Ir—Eu in HEPES buffer containing 1% DMSO (pH 7.40),
and CPL spectra (c) with total luminescence (d) in MeOH (ley = 425 nm).
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(Fig. 2b). The excitation spectrum monitored at 616 nm overlaps
perfectly with the Ir(ur) absorption profile, providing conclusive
evidence that the Eu(m) luminescence is exclusively sensitized by
the visible-light-harvesting Ir(m) antenna (Fig. S1).

Crucially, the structural design plays a vital role in main-
taining this efficiency. Although the Ir(m) antenna introduces
high-frequency C-H oscillators that could potentially quench
the Eu(w) emission, the rigid ethynyl-pyridine linker effectively
mitigates this by enforcing a critical spatial separation. This
design minimizes multiphonon relaxation, allowing the
efficient energy transfer to dominate over nonradiative de-
activation. Furthermore, the macrocyclic DO3A scaffold effec-
tively shields the Eu(u) center from water quenching (g ~ 0,
Table S1), ensuring robust sensitization. Moreover, two-photon
excitation was also achieved for the two enantiomers via irra-
diating with the complexes at different excitation wavelength
ranging from 750 nm to 900 nm (Fig. S3).

To further elucidate the energy transfer (EnT) mechanism,
the phosphorescence decay kinetics were investigated using
Time-Correlated Single Photon Counting (TCSPC). The Gd(m)
analogue (S-Ir-Gd, Fig. S4) was synthesized as an energetically
equivalent reference to determine the intrinsic lifetime of the
Ir(m) donor. While S-Ir-Gd exhibited a long-lived emission (z =
1.02 ps), the lifetimes of the Ir(m) moiety in the dyads were
drastically quenched to 50 ns (S-Ir-Eu) and 53 ns (R-Ir-Eu)
upon coordination with the Eu(m) center. Based on these
values, the EnT efficiencies (ng,r) were calculated to be 95.1%
and 94.8%, respectively, with rate constants (kgnr) of approxi-
mately 1.90 x 10" s™* and 1.79 x 10” s~'. Given the negligible
extinction coefficient of the Laporte-forbidden f-f transitions
of Eu(m), which precludes efficient Forster transfer, we attri-
bute this rapid and efficient sensitization to a Dexter-type elec-
tron exchange mechanism facilitated by the strong electronic
coupling of the conjugated ethynyl-pyridine linker.

To correlate the ground-state and excited-state chiroptical
properties, circular dichroism (CD) spectra were recorded in
HEPES buffer (Fig. S5). The spectra reveal a distinct dichotomy:
while the UV region (<400 nm) exhibits mirror-image Cotton
effects (gaps ~ 5.6 x 10~°) confirming the structural enantiopur-
ity of the scaffold, the visible MLCT region is chiroptically
silent. Specifically, at the excitation wavelength (425 nm), the
absorption dissymmetry factor (g.p,) is negligible (2.6 x 107°),
indicating that the Ir(m) antenna absorbs light as an essentially
optically inactive entity. This stark contrast with the giant gj,m
highlights a remarkable chiral amplification mechanism. It
confirms that the system functions by converting a non-stereo-
selective photon input into a highly polarized luminescence
output via efficient energy transfer to the chiral Eu(u) core,
effectively ruling out absorption-induced polarization artifacts.

With efficient visible-light sensitization established, the
chiroptical properties of the heteronuclear CPL complexes
were investigated. Upon excitation at 425 nm, the complexes
exhibit distinct circularly polarized luminescence signatures,
with the enantiomers displaying perfect mirror-image spectra
(Fig. 2c, d and S6). Notably, the CPL profile is dominated by
the magnetic dipole-allowed D, — 'F; transition (AJ = 1) at
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approximately 590 nm. Although the hypersensitive electric
dipole-allowed °D, — ’F, transition (~616 nm) dictates the
total emission intensity, its contribution to the differential
emission (Al Iy — Ig) is attenuated by the negligible magnetic
transition dipole moment characteristic of AJ = 2 transitions.
Consequently, the luminescence dissymmetry factor is signifi-
cantly maximized within the AJ = 1 manifold, yielding a |gjum|
value of 0.114 (590 nm) compared to 0.047 for the AJ = 2 band
(616 nm). The persistence of these intense, structured signals
confirms that the rigid DO3A-Ir(m) architecture effectively sup-
presses excited-state racemization, preserving a static chiral
environment around the Eu(m) center throughout the tens of
microseconds luminescence decay. To further probe the elec-
tronic nature of these transitions, magnetic CPL (MCPL)
measurements were conducted. The dissymmetry factor of the
°D, — 'F; transition exhibited a distinct dependence on the
external magnetic field strength; for R-Ir-Eu, the |gj,m| value
was enhanced by 29.8%, increasing from 0.114 at 0 T to 0.148
at 1.6 T (Fig. S7). This field-induced amplification underscores
the dominant magnetic dipole character of the transition and
confirms the sensitivity of the CPL complex to external mag-
netic perturbations.'?® Moreover, quantitative analysis reveals
that the dyads exhibit impressive CPL brightness (Bcpy)' values
of 89 M em™" (R-Ir-Eu) and 9.1 M~' cm™" (S-Ir-Eu). Such
high values are particularly desirable for practical applications
in 3D displays and CPL-based bioimaging, where both signal
intensity and chiral discrimination capability are critical. This
superior performance is superior to many reported organic
CPL materials, confirming the value of the antenna-sensitized
lanthanide architecture.

To function effectively as a chiroptical probe in biological
systems, the complex must satisfy stringent criteria regarding
aqueous solubility, emissive efficiency, and high luminescence
dissymmetry factors.'”> We initially investigated the solvent
dependence of the CPL signature, conducting measurements
in 0.1 M HEPES, MeOH, THF, DMSO, and DCM. While the
spectral topology of S-Ir-Eu remained consistent across all
media, the magnitude of the dissymmetry factor exhibited sen-
sitivity to the local environment, ranging from -0.051 in
aqueous HEPES to —0.114 in MeOH (Fig. 3a).

To elucidate the origin of this variation, luminescence life-
time measurements using the Horrocks and Parker methods
yielded a hydration number (q) of approximately zero
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Fig. 3 gum spectra of S—Ir—Eu in different solvent (a) and under
different pH (b), lex = 425 nm.
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(Table S1). This confirms a saturated 9-coordinate environ-
ment that effectively precludes direct solvent binding.
Consequently, the observed solvent dependence of gy is
attributed to outer-sphere perturbations.>”” We propose that
hydrogen bonding interactions between the solvent and the
ligand backbone induce subtle geometric distortions in the
coordination polyhedron. Given the hypersensitivity of Eu(m)
transitions to symmetry, these solvation-induced confor-
mational changes are sufficient to significantly modulate the
chiroptical output.

Crucially, while the chiroptical output responds to the
solvent environment, the chemical stability of the scaffold
remains robust. pH titrations revealed negligible spectral devi-
ation across a broad window (pH 4-9), confirming that the het-
eronuclear architecture resists acid-promoted decomplexation
and maintains its coordination geometry even under physio-
logically extreme conditions (Fig. 3b).

Beyond chemical robustness, luminescent imaging requires
probes with high resistance to photobleaching and metabolic
degradation. S-Ir-Eu demonstrated excellent photostability
under continuous irradiation, showing no evidence of
decomposition (Fig. S8). To simulate complex physiological
environments, the stability was further challenged against a
competitive “anion cocktail” (containing 0.9 mM HPO,>,
100 mM Cl7, 2.3 mM lactate, 0.13 mM citrate and 15 mM
HCO;7),”® essential amino acids (Glu, His, Thr) and human
serum albumin (HSA). The complex exhibited invariant
luminescence intensity and preserved spectral splitting pat-
terns under these conditions, indicating inertness against bio-
physical complicated environment (Fig. S9). Furthermore,
incubation in fetal bovine serum (FBS) for 25 h resulted in neg-
ligible loss of phosphorescence intensity (Fig. $10), underscor-
ing the suitability of S-Ir-Eu for prolonged biological studies.

Leveraging the efficient visible-light sensitization of the Ir
() antenna, we evaluated the intracellular performance of the
heteronuclear dyad. HeLa cells incubated with S-Ir-Eu and R-
Ir-Eu displayed intense luminescence under both one-photon
(dex = 405 nm) and two-photon (lx = 850 nm) excitation
(Fig. 4a & S12). The detection of Eu(ur) emission confirms suc-
cessful cellular internalization and the preservation of the Ir —
Eu energy transfer pathway within the cytosol. Concurrently,

a) Ir Eu DRAQ 5 Merge
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041 icy=61 M (light)
Pl=4s
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To @5 oo 05 1o 15
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Fig. 4 (a) Confocal images of Hela cells co-stained by S—Ir—Eu or R—
Ir—Eu (20 pM in DMEM medium with 1% DMSO, 1ex = 405 nm, 12 h) and
DRAQ 5 (a, 1 pM, dex = 640 nm, 10 min). Scale bar: 10 pm. Bandpaths: Ir
(500-550 nm), Eu (570—-620 nm), DRAQ 5 (663—-738 nm); (b) cytotoxici-
ties of S—Ir—Eu against Hela cell line determined after 24 h of incu-
bation under dark conditions with (red) or without (black) photoirradia-
tion (450 nm, 30 3 cm™2, 60 s) at the 4th hour of incubation.
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the complex exhibits a substantial singlet oxygen generation
quantum yield (&, = 0.82), prompting an evaluation of its
photodynamic efficacy via standard CCK-8 assays. While the
complex displayed low dark cytotoxicity (IC5, = 27.5 pM),
photo-irradiation (450 nm, 60 s, 30 ] cm™2) induced a marked
therapeutic effect, lowering the ICs, to ~6.1 pM. This signifi-
cant light-triggered toxicity yields a phototherapeutic index
(PI) exceeding 4.5, establishing S-Ir-Eu as a promising candi-
date for dual-functional theranostics.

Conclusions

In conclusion, we have successfully engineered a series of
nine-coordinated chiral DO3A-Eu(ur) enantiomers, utilizing a
cyclometalated iridium(m) unit as a robust visible-light-har-
vesting antenna. This heterometallic design effectively circum-
vents the UvV-excitation limitations of traditional organic-
lanthanide CPL chelates, extending the operational excitation
window up to ~500 nm while preserving a substantial lumine-
scence dissymmetry factor (|gjum| = 0.114). Crucially, by taking
advantage of this red-shifted excitation capability of the
antenna, we realized visible-light-driven confocal lumine-
scence imaging and effective photodynamic therapy (PDT) in
living systems. This synergistic Ir(u)-Eu(um) strategy success-
fully resolves the historical trade-off between visible light exci-
tation efficiency and chiroptical performance, providing a
robust scaffold for advanced bio-photonic CPL applications.
Ongoing efforts are currently directed toward optimizing the
d-f energy transfer kinetics and employing CPL laser scanning
microscopy as a tool to interrogate dynamic chiral molecular
interactions within the cellular environment.
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