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Abstract  Aggregation-induced emission (AIE) molecules provide a promising way for the application and develop-
ment of solid-state organic luminescent materials. However, the luminescent quantum efficiency of AIE in dilute solu-
tion is often limited by non-radiative decay caused by intramolecular motions. Constructing “confined environments”
can effectively suppress their non-radiative decay pathways, thereby achieving luminescent enhancement. Currently,
a variety of experimental methods have been developed to regulate luminescence through confined environments,
with different underlying mechanisms, yet the underlying mechanism at the microscopic level remain unclear. This
paper summarizes recent advances in multiscale theoretical simulations that elucidate the mechanisms of AIE

luminescence enhancement in different confined environments. It systematically discusses how various confined
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environments, such as amorphous aggregation, (co- ) crystallization, high pressure, host-guest inclusion, cell-
membrane, and photochemical reactions, regulate molecular conformation, packing arrangements, electronic
structures, and excited-state dynamics. The structure-property relationships among molecular structure, confined
environment, and luminescent performance are clarified, providing a theoretical understanding of the microscopic
origin of luminescence enhancement induced by confined environments. This work offers a theoretical foundation for
the design and performance optimization of high-performance AIE materials, thereby promoting their applications in
optoelectronics, bioimaging, and sensing.
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Fig.2 Molecular structure of HPS with key dihedral angles between each phenyl group and the central silacycle
highlighted by blue arrows(A), the average packing density of HPS aggregates with different sizes and
crystals(B), the representative QM/MM models of the embedded and exposed HPS molecules in aggre-
gates with different sizes, as well as the calculated vibrationally resolved normalized absorption(left) and
emission(right) spectra for five embedded(cyan line) and one exposed HPS molecule(orange line) in
aggregates, the corresponding spectra of the HPS crystal are shown(black line) for comparison(C) and
the FQE of embedded and exposed HPS molecule in amorphous aggregates with different sizes(D)>"
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Fig. 3 Chemical structures of (Z)-/(E)-TPE-UPy(A), schematic diagrams of (Z)-TPE-UPy and (E)-TPE-UPy
assemblies(B), the emission spectra of three representative aggregates(C) and the k. and A of five
representative systems(D)"
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Fig. 4 Chemical structures of two representative NBN-doped PAH systems: six-membered NBN-6 and five-
membered NBN-5(A), the packing density of NBN-6 and NBN -5 in amorphous aggregates and
crystals(B), the electron density contours of HOMO and LUMO in S, geometry in methanol(C), the
calculated emission spectra of NBN-6(D) and NBN-5(E) in different environments and the FQE of
NBN-6(F) and NBN-5(G) in different environments'*
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Fig.5 Molecular structure of SQ with its four chlorobenzene rings and one central squaraine core(A, the key
dihedral angle between four chlorobenzene ring and the central squaraine core are marked as 0,, 0,, 0,,
and 0,), key dihedral angles and their relative difference(A#, A@=10,-6,)) of all five SQ-based systems
(B), the independent gradient model analysis of four solvated co - crystals(C) and experimental and
calculated emission spectra of five different SQ-based crystals(D)™
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Fig. 6 Molecular packing structures within ~1 nm of the QM centroid and relevant intermolecular interactions
in the HPS aggregates at 0 GPa and 5. 06 GPa(A), calculated vibrationally resolved normalized emission
spectra for HPS in aggregates at different pressures(B) and calculated k,.and FQE of HPS in aggregates at
different pressures(C)""

Copyright 2019, the Royal Society of Chemistry.
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Fig. 7 Chemical structure of DBTS(A), molecular packing of DBTS and the IGM isosurfaces of the dimers
between QM molecules and surrounding molecules(0. 01 au) at pressures of 0 and 12 GPa(B), calculated
normalized absorption(C) and emission(D) spectra of DBTS crystals at different pressures and calcu-
lated k , k,, and @, of DBTS crystals at different pressures(E)™
Copyright 2022, the American Chemical Society.
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Fig. 8 Chemical structures of Cz(A), molecular packing of Cz and the IGM isosurfaces of the dimers between
QM molecules and surrounding molecules(0. 01 au) at pressures of 0 and 5 GPa(B), calculated normalized
absorption(C) and emission(D) spectra of Cz crystals at different pressures and calculated k,, k,.and @, of
Cz crystals at different pressures(E)"™
Copyright 2022, American Chemical Society.
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Fig. 9 Schematic diagrams of guest molecule G-3 and host-guest inclusion 2CD/G-3(D)(A), the QM/MM models
of the representative systems: monomers[G-3, host-guest inclusion 2CD/G-3(D)] and aggregates[G-3, G-3
aggregate with 2CD and 2CD/G-3(D)](B), the emission spectra of monomer and aggregates(C) and the k,
and A of the monomers and aggregates(D)">"

Copyright 2021, the Royal Society of Chemistry.
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Fig. 10 Chemical structures of two guests(PYCl and PYBr) and four host - guest complexes(PYCI/CB[6],
PYBr/CB[6], PYCI/CB[7] and PYBr/CB[7])(A), the calculated binding energies between guests and
hosts, and the intermolecular interactions of the host-guest complexes obtained via IGM analysis(B),
the calculated phosphorescence spectra(C), phosphorescence radiative rate constant(k,)(D) and A(E)
of the studied systems in crystalline state™'

Copyright 2024, the Royal Society of Chemistry.
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Fig. 11 Chemical structures of TTPy and TTVP(A), free energy profiles of TTPy and TTVP across the
membrane(B), snapshots of TTPy and TTVP at the most stable positions in lipid membranes(C),
the calculated permeability coefficients of two AIEgens(D), calculated total reorganization energies
of TTVP(E) and superposition of optimized structures at the S, and S, states for TTVP in the lipid
membrane and dilute THF solution(F)"*
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Fig. 12 Reversible photocyclization reaction from ap-BBTE to c-BBTE(A), absorption(B) and emission(C) spectra
of ap-BBTE and ¢-BBTE in solution and crystalline state, the @.(D) and k,(E) of ap-BBTE and ¢-BBTE in
dilute THF solution and the crystalline state, and potential energy profiles(in eV) for photocyclization reac-
tion in singlet states (S,) of ap-BBTE(F, bond distances are given in A, 1A=0. 1 nm)®
Copyright 2024, American Chemical Society.
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Fig. 13 Schematic illustration of the [2+2] photocycloaddition reaction of #-2FSBO and the formation of
dimers #-2FPCBO and c-2FPCBO(A), the calculated absorption and emission spectra of -2FPCBO(B),
¢-2FPCBO-b and c-2FPCBO-y(C), calculated k (D), k,(E) and @.(F) of -2FPCBO and ¢-2FPCBO in
dilute solution and crystalline states and potential energy profiles(energy in eV) of the UV light-induced
[2+2] cycloaddition reaction of -2FSBO dimer(G)“"
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