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Ultra-slow Phonon Dynamics in Organic Aggregated Luminescent
Systems and Their Impact on Excited-state Processes
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Abstract  In the conventional framework of organic optoelectronics, strong electron-phonon coupling between excited-
state electrons and molecular vibrations or lattice phonons typically leads to ultrafast nonradiative energy dissipation,
thereby limiting further improvements in emission efficiency and device performance. To address this challenge,
extensive efforts over the past decade have focused on suppressing nonradiative transitions by weakening nonadiabatic
electron-phonon coupling channels through molecular rigidification, conformational restriction, and structural

regulation at the material and device levels. Recent studies, however, have demonstrated that phonon dynamics in
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organic systems with highly ordered aggregate structures do not necessarily proceed on ultrafast timescales. Using
experimental approaches such as photoexcitation-modulated Raman spectroscopy, anomalously slow phonon
relaxation behaviors extending from milliseconds to seconds have been observed in specific ordered aggregates.
Subsequent kinetic investigations reveal that when phonon relaxation is significantly slowed, the rate of nonradiative
energy transfer from excited-state electrons to the lattice becomes constrained by the phonon dynamical timescale. As
a result, excited-state lifetime is kinetically prolonged and the evolution pathways of excited states are effectively
reshaped. In parallel, in ordered donor-acceptor aggregate systems, the cooperative interplay between intermolecular
charge-transfer excited states and polar-ordered structures can induce an unconventional form of spin-orbit coupling
that is distinct from the traditional heavy-atom mechanism. Rather than originating from atomic relativistic effects,
this unconventional spin-orbit coupling manifests as polarization-stabilized spin-mixing and spin-conversion channels
acting on excited-state dynamics, which can be experimentally probed through dynamical observables such as
magnetic-field-modulated photoluminescence. This review systematically summarizes the conventional physical
picture of electron-phonon-coupling-induced nonradiative decay in aggregated organic luminescent systems and
outlines the major molecular- , material- , and device-level strategies developed to suppress nonradiative loss. It
further highlights recent representative advances in anomalously slow phonon dynamics and their role in regulating
excited-state timescales, as well as unconventional spin-orbit coupling phenomena induced by charge-transfer states
and polar-ordered structures. On this basis, we introduce the concept of a “phonon-gain optoelectronic effect” ,
in which phonons are regarded not only merely as energy dissipation channels but also as active regulators of
excited-state dynamics. This framework emphasizes the modulation of phonon relaxation rates and aggregate structural
order parameters as a multidimensional strategy for controlling excited-state processes in organic optoelectronic
systems.

Keywords Aggregated luminescence; Electron-phonon coupling; Ultra-slow Phonon Dynamics; Phonon-gain
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Fig. 2 Chemical structures of tetraphenylethene(TPE)(A) and 10,10’,11,11’-tetrahydro-5,5"
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(A) Governed the RIRs; (B) a TPE derivative with the AIE effect, working under the restriction of intramolecular vibrations (RIVs ).

Reproduced from ref. [38], Copyright 2022, American Chemical Society.
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Fig. 3 Selective coupling of different excitonic states to high-frequency molecular vibrations in TTM-TPA
Excitons with pronounced charge-transfer character exhibit substantially weakened exciton-vibration coupling under high-frequency vibra-
tional modes, thereby effectively suppressing nonradiative energy dissipation. (A) Molecular structure of the NIR emitter TTM-TPA and
the corresponding orbital diagram, indicating two lowest-energy transitions used for band-selective excitation (purple and magenta; not to
scale); (B) absorption spectra of TTM-TPA in solvents with varying polarity [ shaded regions denote excitation bands(P1, P2) ; (C) early-
time (100—1250 fs) vibrational coherence spectra following selective excitation; (D) calculated Huang-Rhys factors for D;—D, and
D,—D, transitions in the high-frequencregime; (E) displacement vector of the 1561 e¢m™ breathing mode on the optimized structure;
(F,G) exciton transition densities for D,(non-CT) and D,(CT) states, and their modulation along the 1561 cm™ mode.

Reproduced from Ref. [44 ] under the terms of the Creative Commons CC BY license. Copyright 2021, the Author(s).
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(A) Operation schematic of a luminescent solar concentrator (LSC)
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Fig. 4 Schematic of an luminescent solar concentrators(LSC)(A) and our LSC characterization workflow(B)“"
(A) There are various mechanisms by which incident light can be lost: surface reflection, transmission, nonradiative decay, and
escape cone losses (in red). Reabsorption leads to nonradiative decay or emission into an escape cone; (B) the photophysical proper-
ties of the organic chromophores are measured carefully both in solution and in the polymer matrix, which is typically poly (methyl
methacrylate, PMMA ). The measured photophysical quantities are used as inputs in ray tracing modeling as an intermediate screening
procedure. The output of the model is then verified using various methods: optical quantum efficiency, power conversion efficiency of
an LSC-PV assembly, and distance dependent external quantum efficiency measurements to investigate reabsorption.

Copyright 2025, American Chemical Society.
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Fig. 5 Solvent vapor diffusion-driven morphological regulation in organic solar cells'**
(A) Chemical structure of L8-BO; (B) schematic illustration of the SVD process enabling vertical gradient control of acceptor
pre-aggregation in solution; (C) absorption coefficient spectra of L8-BO films prepared from solutions with different SVD durations;
(D) J-V curves of OSCs fabricated with L8-BO subjected to various SVD durations; (E) normalized VOC, JSC, FF, and PCE as a
function of SVD duration. Each parameter was calculated from 10 individual devices.

Copyright 2024, the Author(s).
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Fig.7 Second-scale slow phonon effects in CD-49 crystals™”
(A) Raman spectra collected under 375 nm laser excitation at varying illumination durations; (B) Raman spectra recorded at different
time intervals after turning off the 375 nm excitation; (C) time evolution of the Raman intensity at 67 cm™" and photoluminescence (PL)
intensity at 542 nm during the on/off switching of 375 nm excitation; (D) temporal profiles of Raman intensities for the molecular crystal
(67 em™) and the amorphous film (59 ¢m™) under modulation of 375 nm excitation; (E) Raman spectra obtained during thermal
cycling, including heating to 70 “C and subsequent cooling back to room temperature.

Copyright 2014, the Author(s).
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Fig. 8 Excited-state loss induced by phonon dynamics(normal phonon behavior) and excited-state
gain induced by abnormal slow phonon dynamics
Experimental results show that normal phonon dynamics occur in disordered aggregated donor-acceptor (D-A) molecules, whereas
abnormal slow phonon dynamics emerge in ordered aggregated D-A molecules. Schematic illustrations of phonon dynamics are
presented: normal phonon dynamics correspond to ultrafast relaxation-induced excited-state loss, while abnormal slow phonon
dynamics correspond to ultraslow relaxation-induced excited-state gain. (A) Molecular structure of the AC compound; (B) X-ray
diffraction (XRD) patterns of AC and BBOT crystals (inset: corresponding crystal photographs) ; (C) time-resolved Raman spectra
of the AC crystal collected at different delay times after terminating photoexcitation, revealing ultralong phonon relaxation
dynamics; (D) Raman spectra of the BBOT crystal recorded after cessation of photoexcitation, showing no evidence of slow phonon

relaxation; (E) comparison of lattice vibrational relaxation at 89 em™!

in AC and BBOT crystals, exhibiting slow and fast decay
processes, respectively.

Copyright 2014, Wiley-VCH GmbH.
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Fig. 9 Slow-phonon-dynamics-driven extension of the excited-state lifetime™
Copyright 2014, Wiley-VCH GmbH.
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Fig. 10 Schematic illustration of the reversal of ultrafast phonon-induced excited-state loss into a
phonon-vibration-induced excited-state gain enabled by ultraslow phonon relaxation dynamics
Here, E> and E\ denote schematic energy levels used to illustrate the energy relaxation relationship between a high-energy excited state

and a lower-energy state, rather than representing specific electronic, spin, or vibrational energy levels.

3 ANSTFREEPHIFERBR-NERG RN

3.1 AN FREGPIESBE-HLIER S LB

TEARGEA AR FR T, GO Y77 A 00 Mk 3 ATie 2 ik, Bl E 25 (Singlet) 55 =
A (Triplet). 78 HBESFIEEN AW, E SR IES KT & T B HesFE L #2 (Spin-allowed ) , 1] =5
B He S W BRI ) 7 8 & A L Tie 8RS (Spin-forbidden). [RIIG, ZEAEG WL FIA R, = ESBLE T
MELGHE AR T A2 5O AR . SO = B AR A AR BEL ) R, % e SR M 5 | A\ i
TR AR, R B - FUE R (SOC) SR T = H ASBRIE — & 9 vk, A4 it sl
J 1) F [A] & BR (21SC) 3 22 . 41 4145 #L TADF 43+
Hg I ARG, I o 4 i) L IBCF Uz mT LS B
fR1 ik 60 £ 14 SOC HE58 ", Ma 85 YT AR IE | —Fh
XGH B TR SRS , = BER R R IB] RS =T
B-ZHSEKAME A, BUE SOC LI & i F ]
WL E NS T PChCe £ H A FI Y = RES X
FR ) g ERARE , (ARS8 OLED 41 it 1R 3%

Conventional heavy-metal spin-orbit coupling

ik 21. 3%. Spin-conserving states dominate over
SRS b, AleSFES RER R spin-nonconserving states \
RUE AT EREA IR . I, 9666 . so et
A F AR R, TR Ea M E R EY |G T et e
B SR LA IR VAR | L e R
AU, ST SR LT FI A 0 EH | Normal behaviors 1 T1E
EMRRE . AN, fEAEGERT . F— ARl spin-conserving > spin-nm*onserving
1] A BRAE (4 T—T 8 S—S) B A TES J1 2% F N So

J

AR, A A e M2 7] A BRI (4 T—8) Wil 52 5]
(& 1), W A5 L 2 b HL O 0 % TR K Fig. 11 Dominance .of spin-co?serving states ovel: spin-
PR T B 5 . B P B B A nonconverging states induced by conventional
32 ASFREEDHRINBR-NER S LB

TEALI T REM T, TEHRAEBA W EE A P PRS2 R (D-A) f PR S8 731 [ AH A

heavy-metal spin-orbit coupling

Chem. J. Chinese Universities, 2026, 47(5), 20250414 20250414(12/17)



J 5% s Hws g R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

IRESERR T, WORSEA R B0 0 TR AT R (CT)RHIE . 2 CT W& A & PR 45
R P FEL (R ARG 2 DA R R 1 R el Ak 3, R BIGE JEOR [) T 907 4 F b DUBF3EETR & 8 3 L5
SOCHLI . MCAERASEIRHF TR, M 40F10] CT & S 5 kA FeHES L [RITE B Ra R 1 SR R 45 F Bt
AIAERAERRE Fifs S — R it Ak 7 ARG & = S0 AR 80 A Te-FLBE A T2 0. i 12 iR, 8
I UG A (SHG ) SE56 FRE- A FRL W O UE S T A5 HLER SR 2R b Sk e (B AR S AR A7 7E , FRER T 0
T8] CT I R4S . WA 50 LA K e 3 VR 3 e BRA T o0 22 18] B N FE BRI —Z5 R, CT &
PR AR O XS TR AL A RE AT SRR R A A EIR AT R, S — B W T 58 R T4 SOC [ 3R 4E
AUKS SOCHLRIRAL T B S I e .

A) SHG signal (B)

— 8 Peak: 512 nm :g 1025 nm excitation

£ 6f 1

= CD49 crystal z | PL@ 512 nm

> 4t without isomer] s

22 >

< L 2 | 1170
%‘ | Peak:512 nm E em e

E 41 CD49 crystal T

<, with isomer 6 8 10 1214
3 Excitation intensity (uJ/cm?2)
oo

450 500 550 600 650

Wavelength (nm) (D)
2

) __Magneto-dielectric response >
Ferroelectric-like lattice + CTE _ & e -
: - . . Mo L
~A CTE ! —~ £oi @
: > ‘?E—» |;')_§ @ ! %_
P — A e 5! 3]
i > T > § ! <1-0.008}
5 = =3 With isomer,
S, ChangingB ... 2 0 350 700 1050

Magnetic field (mT)

Fig. 12 Second-harmonic generation(SHG) experiments and magneto-dielectric response
measurements of CD-49 crystals®”
(A) Second-harmonic generation (SHG) responses of CD49 crystals synthesized in the presence and absence of isomeric molecules
under 1025 nm excitation; (B) dependence of SHG intensity on excitation power, correlating excitation and emission behaviors ;
(C) schematic illustration of the magneto-dielectric approach for probing the interaction between ferroelectric-like lattice polariza-
tion and intermolecular crystalline charge-transfer excitons(CTEs) ; (D) magneto-dielectric measurements at 1 MHz as a function of
magnetic field under 343 nm photoexcitation, compared with the dark condition.

Copyright 2014, Royal Society of chemistry.
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Fig. 13 Magnetic-field effects reveal topological spin-orbit coupling™
Electromagnetic coupling arising from charge-transfer-state polarization and triplet-spin interactions gives rise to
spin-orbit coupling with topological characteristics.
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Fig. 14 Topological spin-orbit coupling(SOC) breaks the limitations of excitonic photoelectric effects
imposed by spin-angular-momentum-conserving states, giving rise to an inverted behavior in

which spin-angular-momentum-nonconverging states accelerate photoelectric processes
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