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Abstract

Rare earth (RE) ions, characterized by their unique 4f electronic configurations and shielded f-f tran-
sitions, exhibit exceptional photophysical properties including narrow-band emission, long-lived lu-
minescence, and rich energy-level structures, making them ideal optical centers for constructing
high-performance photofunctional materials. However, the intrinsically weak absorption capacity
of RE ions severely limits their direct excitation efficiency—a drawback that has been effectively
overcome through the “antenna effect,” in which judiciously designed organic ligands serve as effi-
cient light-harvesting units. This review provides a systematic overview of the research progress in
RE coordination-based photofunctional materials, starting from the fundamental principles of lig-
and engineering and delving into the structure-property relationships and evolutionary logic
across diverse material systems, including mononuclear complexes, polynuclear clusters, coordi-
nation polymers, metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and su-
pramolecular assemblies. On this basis, the review highlights the latest applications of these mate-
rials in fluorescence sensing, covering antibiotic detection, biomarker recognition, and metal ion
sensing. A comprehensive summary table is provided for critical comparison of key performance
metrics (detection limits, selectivity, applicable scenarios, and limitations) across different sensing
systems, accompanied by critical commentary. Furthermore, this review discusses the unique ad-
vantages of RE materials in multidimensional information encryption, including dynamic respon-
sive encryption, time-domain coding, and physically unclonable functions (PUFs) for advanced
anti-counterfeiting. In addition, we systematically introduce the emerging paradigm of machine
learning-assisted design of RE luminescent materials, covering data-driven prediction, graph neu-
ral network modeling, and inverse design optimization, demonstrating the great potential of artifi-
cial intelligence in accelerating materials discovery and performance optimization. Finally, the
challenges and future directions are discussed, with emphasis on specific actionable research path-
ways such as atomic-scale elucidation of energy transfer dynamics, construction of water-stable
systems, development of bioorthogonal probes, and establishment of closed-loop “design-synthe-
sis-characterization-feedback” platforms. This review aims to provide a systematic reference for
the design and application of next-generation RE molecular photonic materials.
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Figure 1. Schematic diagram of the coordination of 1,10-phenanthroline
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Table 1. Comparative analysis of key performance metrics for rare-earth complex fluorescent sensors
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