ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Beyond the three-state picture: when higher-lying

{") Check for updates‘
excited states become quantitatively indispensable

Cite this: DOI: 10.1039/d6sc01726f

*

All publication charges for this article ~ Yue He and Daniel Escudero

have been paid for by the Royal Society
of Chemistry Higher-lying excited states beyond S; and T; are widely recognized in many photophysical systems,
including thermally activated delayed fluorescence (TADF). However, their explicit and quantitative
impact on photophysical observables such as photoluminescence quantum yields (PLQY) and lifetimes is
difficult to be attained experimentally and it has not been systematically assessed within a fully ab initio
kinetic modeling framework. To address this gap, we developed KinLuv, a multistate excited state kinetic
model that includes higher-lying excited states (S,, T») and all possible monomolecular interconversion
processes between all the electronic states, whose rate constants were computed using Fermi's golden
rule (FGR) explicitly including the Herzberg-Teller (HT) vibronic coupling effect. We applied KinLuv to
prototypical multi-resonance TADF (MR-TADF) emitters and their derivatives, as well as other
representative organic chromophores, demonstrating its broad applicability across diverse photophysical
playgrounds beyond TADF. The resulting simulations quantitatively reproduce key experimental

observables, including PLQY and prompt/delayed fluorescence lifetimes. Beyond its predictive power,
Received 28th February 2026 th t It tablish cl iteria for identifyi hen higher-lvi ited states infl th
Accepted 22nd April 2026 e present results establish clear criteria for identifying when higher-lying excited states influence the
excited-state decay and when simplified models remain adequate. This framework enables rational

DOI: 10.1039/d6sc01726f selection of minimal kinetic models that balance physical insight with numerical robustness, with direct

Open Access Article. Published on 23 4 2026. Downloaded on 2026/05/09 18:08:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

1 Introduction

Understanding the excited-state dynamics of organic chromo-
phores has traditionally relied on a simplified three-state
picture involving the ground state (So) and the lowest singlet
(S1) and triplet (T;) excited states. This approximation is
generally valid when S; and T, are well separated in energy from
higher-lying excited states (S,-; and Tj,). However, advances in
quantum-chemical methods and ultrafast spectroscopies have
increasingly demonstrated the protagonist role of higher-lying
excited states in a broad variety of photophysical and photo-
chemical scenarios. Representative examples include emis-
sion™* and photochemical reactions® originating from higher-
lying excited states (i.e., anti-Kasha photochemistry), triplet
formation through S; — T,.; intersystem crossing (ISC)
processes,*” and internal conversion (IC) mediated by higher-
lying excited states that enable access to pathways inacces-
sible from S,.*° In the above scenarios, a conventional three-
state model becomes inadequate to model the excited-state
dynamics of organic chromophores, as the explicit inclusion
of higher-lying states may qualitatively and quantitatively alter
the photophysical outcomes. From an experimental perspective,
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implications for the in silico design of high-performance organic emitters.

unambiguously establishing their involvement remains chal-
lenging because it requires excitation-wavelength-dependent
time-resolved spectroscopy combined with global kinetic anal-
ysis across multiple excited-state models and timescales.”™
Consequently, such tremendous efforts are rarely reported in
the literature. For instance, employing coherence spectroscopy
and wavepackets simulations in the context of the ultrafast
excited state dynamics of dinuclear Pt(II) complexes, Chen
et al.»™* provided an experimental and computational evidence
of the spin-vibronic mechanism being at play and demon-
strated the role of higher-lying excited state to accelerating ISC
processes.

The above considerations are particularly relevant for ther-
mally activated delayed fluorescence (TADF) materials,*® for
which a three-state picture is often assumed. However,
increasing evidence indicates that more complex excited-state
kinetics beyond this picture are not uncommon in TADF
emitters." ™ In these systems, delayed fluorescence arises from
reverse intersystem crossing (rISC) that upconverts triplet
excited states (T,) to singlet excited states (S,), rendering
observables such as photoluminescence quantum yield (PLQY)
and prompt/delayed fluorescence lifetimes highly sensitive to
the underlying excited-state decay pathways.”* More recently,
multi-resonance TADF (MR-TADF) emitters** have attracted
considerable attention owing to their narrowband emission and
efficient rISC enabled by short-range charge-transfer (SRCT)
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character and small singlet-triplet energy gaps.”> As
mentioned previously, increasing experimental and theoretical
studies have suggested that higher-lying excited states may play
a key mechanistic role in mediating ISC and rISC processes in
these systems. Specifically, spin-vibronic coupling involving
higher-lying triplet states has been shown to strongly enhance
ISC and rISC processes especially when direct S; — T, or T; —
S; coupling is symmetry-forbidden or intrinsically weak.>*>*
Computational studies by Olivier et al.'®"” and Marian et al.®
have further demonstrated that “dark” triplet states with
distinct orbital characters can act as intermediate spin-mixing
channels, facilitating efficient population transfer between S;
and T;.

Despite these mechanistic insights, most quantitative
kinetic analyses of TADF photophysics continue to rely
predominantly on simplified three-state models. Experimen-
tally, the transient photoluminescence measurements of TADF
emitters are typically fitted by a biexponential decay profile,
where the fast component is assigned to the prompt fluores-
cence and the slow one to the delayed fluorescence. Early
kinetic models, such as those by Adachi et al.*® and Dias et al.”®
estimated rISC rates under simplifying assumptions, e.g.,
neglecting non-radiative decay or phosphorescence, whereas
later approaches by Monkman et al.** and Tsuchiya et al.** have
progressively relaxed these constraints and enabled direct
extraction of all relevant kinetic parameters. Nevertheless, these
models generally assume that ISC and rISC occur solely between
S; and T;. From a mathematical perspective, the limited
number of experimentally measurable quantities (i.e., PLQY
and fluorescence lifetimes) is insufficient to uniquely determine
all unknowns in the excited-state decay kinetics. Consequently,
the roles of higher-lying states cannot be unambiguously proved
from experiment alone, making computational simulations
indispensable for achieving a complete and quantitative
description of the excited-state dynamics. Unlike the above-
mentioned kinetic models that extract rate constants by
fitting photoluminescence transient data, several theoretical
studies have instead attempted to first compute rate constants
and then use kinetic models to predict PLQY and fluorescence
lifetimes.** Shizu et al.**** have made significant contributions
to the quantitative modeling of excited-state kinetics. They
applied their method to molecules like DABNA-1, BNOO, BNSS,
and BNSeSe. As with any theoretical framework, their method-
ology involves certain approximations that define its range of
applicability. For example, they neglect Herzberg-Teller (HT)
vibronic coupling effects in the rate constant calculations,
leading to an underestimation of (r)ISC rate constants. This
deficiency is evident from the calculated rISC T; — S; rate
constants in DABNA-1 (2.5 s~ " versus an experimental value of
9.9 x 10* s7') and BNOO (8.5 s~ ' versus 4.3 x 10* s7 ).

As aresult, a fundamental gap remains in our understanding
of the excited-state dynamics of organic chromophores,
including TADF emitters: although higher-lying excited states
are frequently invoked qualitatively, their explicit and quanti-
tative impact on PLQY and excited-state lifetimes has not been
systematically assessed within a fully ab initio kinetic modelling
framework.
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In this study, we address this gap by developing multistate
kinetic models explicitly including higher-lying singlet and
triplet states (S, and T,) and incorporating HT vibronic coupling
in the rate constant calculations. Our framework provides the
community with a quantitative basis for determining when
explicit inclusion of higher-lying excited states becomes essen-
tial and when a simplified kinetic model (ie., three-state
picture) remains adequate. We first present a computational
protocol that enables the calculation of all radiative and non-
radiative rate constants involved in the interconversion
between the electronically excited states. We then introduce
KinLuv, a Python-based kinetic modeling program that
computes prompt and delayed fluorescence lifetimes and PLQY
from the calculated rate constants. To validate the proposed
framework, we adopt a hierarchical strategy. DOBNA and DiKTa
serve as prototypical MR-TADF systems, while DABNA-1 (a
DOBNA derivative) and DQAO (a DiKTa derivative) assess the
applicability of our approach to related derivatives. To further
evaluate the generality of our methods, we additionally consider
two non-TADF organic chromophores, namely di-
benzothiophene (DBT) and bis-benzo-fused pyrano[3,2-b]pyran-
2,6-dione (PPDs-1). DBT** and PPDs-1** were chosen as repre-
sentative organic luminophores whose photophysical proper-
ties are strongly influenced by higher-lying excited states. In
DBT, triplet formation through S; — T,.; ISC processes has
been proved,*”*® while preliminary investigations in our group
show IC mediated by higher-lying excited states in PPDs-1. By
systematically comparing multistate kinetic models of
increasing complexity, this unified framework enables us to
identify when higher-lying excited states play a significant role
in their excited-state dynamics, to delineate the limitations of
simplified kinetic models, and to quantify the trade-off between
mechanistic completeness (inclusion of all physically accessible
excited states and pathways) and quantitative necessity (inclu-
sion required to reproduce experimentally observable quanti-
ties) with a fully ab initio kinetic modeling framework. This
framework offers a principled strategy for constructing minimal
yet robust kinetic models, thereby guiding the in silico design of
high-performance organic emitters.

2 Results and discussion
2.1 Excited state kinetic models

If a molecule in its excited state is regarded as a distinct
chemical species from that in its ground state, the intercon-
version between its involved electronic states can be formulated
as a chemical reaction chain and analyzed with conventional
kinetic methods. Within this framework, we systematically
examined a hierarchy of excited state kinetic models with
increasing complexity to evaluate the mechanistic relevance of
higher-lying excited states in the quantitative calculation of
PLQY and excited state lifetimes for both TADF and non-TADF
organic chromophores.

Fig. 1 schematically summarizes the four kinetic models
considered in this study, which differ in the number of elec-
tronic states and the possible interconversion processes
between them. The two-state model considers the ground state

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram of the examined excited state kinetic models for the investigated chromophores: (a) two-state (Sq, S1). (b) three-state
(So, S1, T1), (c) four-state (Sq, Sy, Ty, To), (d) five-state (So, S1, So. T1, T»2) model. The considered interconversion processes between the involved
electronic states are highlighted for each model: absorption (ABS), fluorescence (FL), phosphorescence (PH), internal conversion (IC), reverse
internal conversion (rIC), intersystem crossing (ISC), and reverse intersystem crossing (rISC).

(So) and the first singlet excited state (S;) (Fig. 1a) and is
therefore applicable only to model prompt fluorescence in the
simplest dyes. The three-state model shown in Fig. 1b addi-
tionally includes the first triplet excited state (T;), allowing for
an approximate description of TADF. However, as mentioned
above, higher-lying excited states cannot be ruled out in many
molecular systems,'® necessitating more complex excited-state
kinetic model. This is illustrated here by the four- and five-
state models, which include a higher triplet excited state (T,)
and concomitantly a higher singlet excited state (S,), respec-
tively. To the best of our knowledge, the latter two models have
not yet been widely applied to quantitatively study the excited-
state dynamics of functional chromophores. Here, they are
deliberately employed to assess the impact of higher-lying
excited states on PLQY and prompt/delayed fluorescence life-
times, across a diverse set of molecular playgrounds, including
TADF emitters.

As shown in Fig. 1, all possible interconversion processes
between adjacent electronic states, including absorption, fluo-
rescence (both Kasha and anti-Kasha), phosphorescence, (r)IC
and (r)ISC, are explicitly considered. By applying the law of mass
action and the rate equation to each pathway, a set of ordinary
differential equations (ODESs) is obtained in a general form (eqn

():
d

R; x Ni(l‘) = a

Ni(?) 1)

where R; is the rate-constant matrix encompassing all possible
pathways in the i-state model, Nj(t) is the time-dependent

© 2026 The Author(s). Published by the Royal Society of Chemistry

population vector of i states. Detailed ODEs for each model
are provided in Section 2-3 of the SI. Once the rate constants are
determined, the ODEs can be solved analytically or numerically
to yield the population evolution of ground and excited states,
from which the prompt and delayed fluorescence lifetime can
be extracted.

While the time-dependent solutions of the above ODEs allow
for simulating excited-state lifetime, PLQY is conventionally
measured by steady-state conditions. In this limit, the system
approaches a dynamic equilibrium in which all states pop-
ulations become time independent. Applying this steady state
approximation (SSA), the ODEs are reduced to ordinary alge-
braic equations (eqn (2)), from which the PLQY is directly
derived from its definition (see Section 4 of the SI).

R; % Ni(l) =0 (2)

All relevant rate constants were calculated using our
computational protocols (see theoretical formalisms in Section
1 of the SI), and the corresponding ODEs were automatically
solved using our Python-based code package, KinLuv. The
resulting PLQY and prompt/delayed fluorescence lifetimes of
the studied emitters (Fig. 2) were subsequently compared with
experimental data (Table 1). For the studied systems, anti-Kasha
emission from the higher-lying singlet state S, is not consid-
ered, as no experimental evidence for such anomalous emission
has been reported. In addition, rISC processes are not consid-
ered for DBT and PPDs-1, as delayed fluorescence has not been
experimentally observed for these non-TADF compounds. This

Chem. Sci.
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Fig. 2 Molecular structure of DOBNA (a), DiKTa (b), DABNA-1 (c), DQAO (d), DBT (e) and PPDs-1 (f).

Table1 Experimental photophysical properties of selected molecules
from previous studies

Molecule Dp (%) Tpr (NSF or ()" AFst (S1-Ty)
DOBNA® 57 11.6 66.1 0.18

DiKTa” 26 5.1 23 0.18
DABNA-1° 88 8.8 93.7 0.2

DQAO? 59.3 10.09 110.58 0.19

DBT® 9 3 — —

PPDs-1 0.9 0.066 — —

“ Dispersed in PMMA (1 wt%) at 300 K. ? In degassed dilute toluene at
300 K. © In mCBP films (1 wt%) at 300 K. ¢ In mCP films (8 wt%) at 298 K.
°In deaerated diluted cyclohexane at 298 K. /In dichloromethane
(DCM) at 298 K. ¢Prompt fluorescence lifetime. " Delayed
fluorescence lifetime. * Energy gap between S; and T; measured from
emission spectra at 77 K.

workflow enables a quantitative assessment of the validity and
predictive capability of fully ab initio multistate kinetics models
for functional organic chromophores, with particular emphasis
on TADF systems, where both PLQY and prompt/delayed fluo-
rescence lifetimes are of primary interest.

2.2 Excited-state energetics and decay rate constants

Six functional chromophores were deliberately selected as
representative systems to examine the putative role of higher-
lying excited states (Fig. 2). The selection follows a hierar-
chical design. We first focus on two prototypical MR-TADF
emitters, DOBNA (Fig. 2a) and DiKTa (Fig. 2b), which serve as
stringent benchmark systems for in-depth analysis. DOBNA

Chem. Sci.

features a central boron atom as the electron acceptor and
oxygen atoms as electron donors, while DiKTa uses carbonyl
groups as electron acceptors instead of boron. To assess the
generality and robustness of the proposed methodology,
DABNA-1 (Fig. 2c¢) and DQAO (Fig. 2d) were subsequently
selected as structurally related derivatives of these prototype
MR-TADF emitters. These systems allow us to examine whether
the conclusions drawn for DOBNA and DiKTa persist upon
molecular modification, and to further evaluate the trans-
ferability of our approach. Finally, DBT (Fig. 2e) and PPDs-1
(Fig. 2f) were included as representative non-TADF organic
chromophores, as previously mentioned to be inadequately
described by simplified three-state models. Their incorporation
enables the assessment of our approach beyond TADF and
provides a critical control for assessing the role of higher-lying
excited states. Table 1 summarizes the previously reported
experimental results for all the investigated
COH’lpOUndS.22’24’35‘36’39’40

The optimized ground- and excited-state geometries of all
systems are provided in Section 6 of SI: DOBNA and DiKTa
(Fig. S3), DABNA-1 and DQAO (Fig. S4), and DBT and PPDs-1
(Fig. S5). In all cases, the structural changes associated with
excitations are minimal (Root-Mean-Square Deviation well
below 0.2 A), thereby satisfying one of the prerequisites to apply
the harmonic approximation and Fermi's golden rule (FGR) to
calculate the excited state decay rate constants. The natural
transition orbitals (NTOs) calculated with TD(A)-CAM-B3LYP
involved in the excited states of selected compounds, ie.,
DOBNA and DiKTa, are shown in Section 5 of the SI. These
NTOs were compared with those obtained with SCS-ADC(2). As

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S1 for DOBNA, the NTOs calculated using the
CAM-B3LYP functional closely resemble those obtained from
SCS-ADC(2). Similarly, for DiKTa (Fig. S2), the CAM-B3LYP
NTOs show good agreement with those from SCS-ADC(2) for
most of the excited states, except for one hole NTO in the T,
state.

While geometries, Hessian matrix, and associated properties
at the TD(A)-DFT level have been reported to be sufficiently
accurate for excited state decay rate constant calculations,
excitation energies are often insufficiently accurate.*** To
obtain refined adiabatic excitation energies and more accurate
estimations of adiabatic energy gaps, we performed single-point
SCS-ADC(2) calculations at the TD(A)-DFT optimized geome-
tries. The comparison of the adiabatic excitation energies for
the excited states calculated at the TD(A)-CAM-B3LYP and at the
SCS-ADC(2) levels is shown in Section 7 of the SI. For instance,
for the MR-TADF emitters, the adiabatic TD(A)-DFT excitation
energies differ from the SCS-ADC(2) results by 0.1-0.8 eV
(Fig. S6). Specifically, TD(A)-DFT tends to yield larger excitation
energies for singlet states (S,) and smaller energies for triplet
states (T,,) compared to SCS-ADC(2), resulting in larger singlet-
triplet energy gaps at the TD(A)-DFT level. Notably, this
discrepancy is particularly pronounced for the T, state of
DOBNA and DABNA-1, highlighting the necessity of using
a higher-level method such as SCS-ADC(2) to refine the excited-
state energy gaps. In the case of the non-TADF systems DBT and
PPDs-1, deviations between TD(A)-DFT and SCS-ADC(2) excita-
tion energies remain below 0.5 eV. Table 2 lists the adiabatic
excitation energies calculated with SCS-ADC(2) for all the
compounds, obtained by subtracting the ground-state energy at
its optimized geometry from the excited-state energies at their
respective minima. For DOBNA, the calculated S,-T; energy
gap, i.e., AEs(5,-T,), is 0.18 eV, which shows excellent agree-
ment with the experimental value (Table 1). DiKTa exhibits
a slightly larger calculated AEsp(S;-T;) of 0.23 eV, which is
within 0.05 eV of the experimental value, and comparable
accuracy is obtained for DABNA-1 and DQAO. These results
highlight the capability of the SCS-ADC(2) method to accurately
determine the AEg(S;-T;) values of MR-TADF emitters. In
contrast, the calculated AEsy(S;-T,) values for the non-TADF
emitters are sufficiently large (>0.7 eV), indicating a slowed
down rISC process and consistent with the experimental
observed absence of delayed fluorescence in these two
compounds. Moreover, the AEg(S;-T,) values for DiKTa,
DQAO, DBT and PPDs-1, in contrast to those of DOBNA and
DABNA-1, are sufficiently small (within £0.25 eV) to

Table 2 Adiabatic excitation energies (eV) of selected molecules from
SCS-ADC(2) calculations

Molecule S, S, T, T, AEsy (S1-T1)  AEsr (S1-T2)
DOBNA 3.55 4.31 3.37 3.99 0.18 —0.44
DiKTa 3.27 3.45 3.04 3.40 0.23 —0.13
DABNA-1 3.15 3.98 3.02 3.69 0.13 —0.54
DQAO 3.26 4.02 3.04 3.41 0.23 —0.14
DBT 411 4.76 3.42 3.87 0.69 0.25
PPDs-1 3.66 3.97 2.51 3.68 1.15 —0.02

© 2026 The Author(s). Published by the Royal Society of Chemistry
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qualitatively suggest that triplet formation via higher-lying
triplet excited states may be energetically feasible in these
systems. However, this qualitative analysis is based solely on
energetic considerations. In addition, a definitive quantitative
assessment requires the approach developed here.

Thus, in the following section we focus on a detailed analysis
of the calculated rate constants for DOBNA and DiKTa, which
serve as representative prototype examples of MR-TADF emit-
ters with expected different behaviors. For completeness, the
corresponding data for the other two MR-TADF derivatives, i.e.,
DABNA-1 and DQAO, as well as for the two non-TADF emitters,
are provided in Section 9 of SI. Fig. 3a and b present the
calculated rate constants of (r)ISC between singlet states (S,,)
and triplet states (T,) for DOBNA (red) and DiKTa (green),
respectively. The calculated ISC rate constants for the individual
sublevels are provided in Tables S1-S2 of the SI. As seen in
Fig. 3a and b, DiKTa exhibits larger (r)ISC rate constants than
DOBNA for most transitions, with the exception of ISC T; — S,.
In particular, the larger S; — T, ISC rate constant calculated for
DiKTa than for DOBNA cannot be explained by energetic
considerations alone, as DOBNA has a slightly smaller AEgr(S;-
T,) value of 0.18 eV compared to 0.23 eV for DiKTa (Table 2).
According to Marcus theory for ISC rate constants, two main
factors account for this behavior: differences in spin-orbit
coupling matrix elements (SOCMEs) or variations in the Marcus
regime governing the ISC process (i.e., normal or inverted
regime). As shown in Tables S4-S5, both compounds feature
a very small reorganization energy (ca. 0.02 eV) compared to
their singlet-triplet gaps, indicating that the S; — T; ISC occurs
within the same Marcus regime for both compounds. In
contrast, the calculated SOCMEs at the reference FC geometry
(Tables S6-S7) indicate that DiKTa exhibits larger S; — Ty
SOCMEs than DOBNA. These results identify enhanced
SOCMEs as the primary origin of the faster S; — T, ISC rate in
DiKTa. Still, the calculated ISC rate constants for both DiKTa
and DOBNA are exceptionally large, roughly ranging from 10°
s~' to 10" s7". Such high values cannot be rationalized solely
based on calculated SOCMEs at FC geometry, nor by invoking
simple empirical rules such as the heavy-atom effect*® or El-
Sayed rule.** The latter rule predicts faster ISC processes
between states of different orbital characters (e.g., nw* — wr*).
However, analysis of the calculated NTOs (Fig. S1-S2) reveals
that all relevant transitions are of 7wrt* character, with negligible
nmt* contributions. Instead, the large (r)ISC rate constants stem
from the vibronic coupling, as the HT effect is explicitly
considered in the rate constant calculations. As shown in Tables
S8-S9, the calculated (r)ISC rate constants are dominated by HT
contributions for nearly all transitions. Unlike the FC approxi-
mation, the HT effect enables electronic transitions to couple
with vibrational motions via a breakdown of the Condon
approximation.®® The vibrational motions of nuclei effectively
increase the SOCMEs, thereby facilitating rapid ISC processes.

Fig. S7-S8 present the Huang-Rhys factors and reorganiza-
tion energies per vibrational normal mode for key ISC processes
of DOBNA and DiKTa, revealing a strong mode dependence. For
DOBN4, in-plane vibrations contribute the most to r(ISC)
processes, as they have both the largest Huang-Rhys factors and
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Fig. 3 Calculated rate constants of (a) intersystem crossing (ISC), (b) reverse intersystem crossing (rISC), (c) internal conversion (IC), (d) reverse
internal conversion (rlC) and (e) emission for molecule DOBNA (red) and DiKTa (green). Calculations at SCS-ADC(2)/def2-TZVP//TDA-CAM-
B3LYP/6-311G(d,p) level with the adiabatic Hessian, Franck—Condon/Herzberg-Teller (FC/HT) vibronic model and a 10 cm™* Lorentzian

broadening.

the largest reorganization energies. Conversely, out-of-plane
modes exhibit the largest Huang-Rhys factors for DiKTa, but
in-plane modes still contribute the most to the reorganization
energies. Overall, these results highlight that out-of-plane
vibrational modes have more relevance for DiKTa than for
DOBNA. To further elucidate the origins of the HT effects,
Fig. S9 and S10 show the SOCME:s calculated at the reference FC
geometry and at displaced geometries along specific vibrational
modes corresponding to the HT regime for the key (r)ISC
channels of DOBNA and DiKTa, respectively. Notably, the
SOCMEs in the HT regime are significantly enhanced compared
to those in the FC regime particularly for the S; — T, (Fig. S9a

Chem. Sci.

and S10a) ISC and the T; — S; (Fig. S9e and S10e) rISC.
Structurally, all atoms in DOBNA lie in a strictly planar config-
uration, leading to predominantly in-plane vibrational modes.
In contrast, DiKTa exhibits a slight torsion between its molec-
ular fragments, allowing out-of-plane vibrations that more
effectively break molecular symmetry and enhance vibronic
coupling.*® This structural distinction likely contributes to the
stronger HT effect observed in DiKTa (Fig. S9 and S10). This
analysis demonstrates that vibronic couplings effectively
enhance SOCMEs via the HT effect. All in all, vibrational
contributions to HT-driven (r)ISC exhibit a strong dependence
on molecular structure. For planar systems (e.g., DOBNA), in-
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plane vibrational modes dominate (Fig. S7 and S9), whereas in
slightly twisted systems (e.g., DiKTa), out-of-plane modes play
a more significant role, as they more effectively break symmetry
and enhance vibronic coupling (Fig. S8 and S10). Notably, the
enhancement of SOCMEs arises from the collective contribu-
tions of multiple vibrational modes rather than from a single
dominant mode.

Fig. 3c and d show the rate constants for IC and rIC;
respectively, for DOBNA and DiKTa. The S; — S, IC rate
constants are on the order of 10’ s~'. Notably, in DOBNA
(Fig. 3d), the calculated rIC rate constant for T, — T, is
comparable in magnitude to that of the T, — T, IC process and
is significantly larger than those of T, — S; and T; — S;
processes, indicating an efficient and nearly reversible pop-
ulation exchange between the two triplet states prior to pop-
ulation transfer back to the singlet manifold. Fig. 3e collects the
values of the calculated radiative rate constants, which are ca.
10® s for fluorescence and ca. 1 s~ for phosphorescence,
aligned to typical values for these compounds.

The calculated excited state decay rate constants for MR-
TADF derivatives DABNA-1 and DQAO, as well as for the non-
TADF systems (DBT, PPDs-1), are briefly summarized below.
Calculated values are provided in Section 9 of the SI. DABNA-1,
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being closely related to DOBNA shows similar trends in the
computed rate constants. Both compounds generally possess
smaller (r)ISC rate constants than DQAO, which is closely
related to DiKTa and, in turn, also exhibits analogous rate
constant trends (Tables S10 and S11). Importantly, by explicitly
including HT contributions in the rate constant calculations,
the rISC T; — S; rate constant of DABNA-1 (2.41 x 10* s ) is
obtained with a more reasonable accuracy with respect to the
experimental one (9.9 x 10° s~ ') than the one reported by Shizu
et al.®® (2.5 s'). This comparison highlights the indispensable
role of vibronic coupling in accurately describing (r)ISC
processes. Interestingly, the calculated rIC rate constant for T,
— T, in DABNA-1 (Table S10) is comparable in magnitude to
the T, — T, IC rate constant. This trend is also found in DOBNA
as previously mentioned. These rate constant behaviors
observed for the prototype emitters are consistently reproduced
in their derivatives, indicating the generality of the underlying
trends. In addition, the magnitudes of the ISC rate constants are
also substantial for non-TADF compounds DBT and PPDs-1,
where the large values arise primarily from HT contributions
(Table S15). Both of them show a larger ISC S; — T, rate
constant than that of S; — T,, indicating the non-negligible
role of T, in mediating ISC. At the same time, PPDs-1 shows
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Fig. 4 Simulated population decay kinetics of DOBNA over a 1 ms timescale based on (a) two-state (Sp, S1), (b) three-state (So, S1, Ty), (c) four-
state (So, S1, Ty, T2), and (d) five-state (Sq, Sy, So, Ty, T>) kinetic models. The number of absorbed photons is set to 1, with the excitation pulse width
of 10 ps. Both time (x-axis) and population (y-axis) are plotted on logarithmic scales.
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a comparably large S; — S, rIC rate constant compared to S, —
S; IC, indicating a significant population exchange between
these two singlet states.

2.3 Excited-state kinetics simulation of MR-TADF

The following discussion focuses on excited-state decay kinetics
and the quantitative determination of PLQY and lifetimes. The
discussion first focuses on DOBNA and DiKTa, as prototype MR-
TADF emitters, and then on their structurally related derivatives
(DABNA-1 and DQAO). The remaining systems, PPDs-1 and
DBT, where higher-lying excited states are also relevant, are
discussed thereafter. The complete excitation and decay profiles
directly generated by KinLuv for all compounds are provided in
Section 12 of SI. Fig. 4 and 5 collect the simulated decay kinetics
of DOBNA and DiKTa using kinetic models of increasing
complexity, respectively. A logarithmic time scale is employed to
simultaneously capture both prompt and delayed emission
regimes within a single plot. Additionally, KinLuv can directly
output the PLQY as well as the prompt and delayed fluorescence
lifetimes. For the two- and three-state models, the decay of S;
population can be described by analytical expressions, whereas
numerical solutions are employed for the four- and five-state
models to ensure computational efficiency. The calculated
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PLQY, prompt and delayed lifetimes for the four investigated
MR-TADF emitters are summarized in Fig. 6.

DOBNA is first discussed as a representative example (Fig. 4).
In the two-state model (Fig. 4a), after initial population of S;
(green), radiative and nonradiative decay to S, (red) occur in the
nanosecond regime, giving rise exclusively to prompt fluores-
cence. Incorporation of the T; state in the three-state model
(Fig. 4b) introduces an ISC pathway from S; to T; (blue), fol-
lowed by rISC back to S;. Consequently, two distinct regimes
showing a marked decrease in S; population are observed in
Fig. 4b. The first regime corresponds to prompt fluorescence (as
in the two-state model) while the second one (ranging between
ca. 10* ns and ca. 10* ps) stems from the delayed fluorescence
via the T; — S; — S, pathway. However, only a minute fraction
of T, population is accumulated because the S; — T; ISC rate
constant (1.2 x 10° s7') is much smaller than the competing
fluorescence (6.4 x 107 s ') and IC (2.1 x 107 s ') rate
constants. Accordingly, the delayed decay of the S; population
originates from rISC of the T, population and is characterized
by a small onset amplitude of ca. 10~ (Fig. 4b). In the four-state
model, inclusion of the higher-lying triplet state T, leads to
nearly overlapping T, (blue) and T, (purple) population curves
(Fig. 4c and d), indicating synchronized population dynamics.
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Fig.5 Simulated population decay kinetics of DiKTa over a 1 ms timescale based on (a) two-state (S, S1), (b) three-state (So, S, T4), (c) four-state
(So. S1, T1, T»), and (d) five-state (Sq, Sy, Sa. Ty, T2) kinetic models. The number of absorbed photons is set to 1, with the excitation pulse width of 10
ps. Both time (x-axis) and population (y-axis) are plotted on logarithmic scales.
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Fig. 6 Calculated (a) photoluminescence quantum yield (PLQY), (b) prompt fluorescence lifetime, and (c) delayed fluorescence lifetime for
DOBNA (red), DABNA-1 (blue), DiKTa (green), and DQAO (purple) compared with experimental results.

This behavior arises from the comparable rIC rate constant for
T; — T, (3.9 x 10'°s ") and the T, — T, IC rate constant (9.8 x
10'*s™"), resulting in rapid thermal equilibration between these
two states. Although T, state introduces an alternative delayed
fluorescence pathway (T; — T, — S; — Sy), the limited pop-
ulation accumulated in T; restricts the overall impact of this
pathway, increasing the onset amplitude of delayed S; pop-
ulation only modestly, from ca. 10™° (in the three-state model) to
ca. 107*. In the five-state model, the initial population of the
higher-lying singlet state S, is followed by ultrafast IC to S; (8.6
x 10" s71), which leads to negligible effect on the global
excited-state dynamics of the emitter.

Despite the mechanistic differences between the three-, four-
and five-state models, the calculated PLQY remains nearly
constant at ca. 74% across all models (see red bars in Fig. 6).

© 2026 The Author(s). Published by the Royal Society of Chemistry

The calculated prompt fluorescence lifetime reproduces the
experimental value of 11.6 ns in the three-state model and
shows only minor changes in the four- and five-state model.
These results indicate that for DOBNA while the inclusion of
higher-lying excited states is mechanistically important to
provide a more complete description of the TADF pathways, it is
not essential for accurately predicting experimentally observ-
ables such as PLQY, prompt and delayed fluorescence lifetimes.
This can be attributed to the relatively slower timescales of (r)
ISC processes compared to fluorescence and IC, which limit
population accumulation in higher-lying triplets and thereby
minimize their impact on the overall decay dynamics.

As a derivative of DOBNA, DABNA-1 exhibits excited-state
dynamics that are very similar to those of DOBNA (Fig. S11).
The calculated PLQY (82% versus experimental 88%) and
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prompt fluorescence lifetime (8.4 ns versus 8.8 ns) remain
essentially unchanged across the three-, four-, and five-state
models (see blue bars in Fig. 6). By contrast, the delayed fluo-
rescence lifetime decreases markedly from 41 ps in the three-
state model to 2.3 ps in the four and five state model. Consis-
tent with the behavior observed for DOBNA, higher-lying states
may impact the TADF pathways mechanistically, yet the slow (r)
ISC rates ensure a negligible effect on PLQY, prompt and
delayed fluorescence. The consistency between DOBNA and its
derivative DABNA-1 demonstrates that the conclusions drawn
from the prototype system extend beyond a single molecule,
thereby underscoring the robustness of our approach. Taken
together, these results demonstrate that the adequacy of
simplified three-state kinetic models is governed by both the
magnitude of (r)ISC rate constants relative to fluorescence and
IC and whether higher-lying excited states provide kinetically
competitive rISC pathways. In systems such as DOBNA and
DABNA-1, where (r)ISC processes are slow and the population of
higher-lying states remains kinetically limited, their contribu-
tion to rISC is secondary, and three-state models remain suffi-
cient to reproduce experimentally observable quantities,
including PLQY and fluorescence lifetimes.

DiKTa (Fig. 5) exhibits significantly faster (r)ISC rate
constants than DOBNA (Fig. 3a and b), leading to markedly
distinct excited-state decay kinetics. In the three-state model
(Fig. 5b), the T; population becomes significantly larger than
that of DOBNA (Fig. 4b) because of the much larger S; to T; ISC
rate constant (1.1 x 10'® s™%) than that of DOBNA (1.2 x 10°
s~ ). Moreover, fast S; — T; ISC suppresses direct decay from S;
to Sy, causing a pronounced lag in S, population growth. As S; is
gradually repopulated through rISC from T;, the S, population
increases again, producing a characteristic sigmoidal profile
which was not observed for DOBNA. When moving to the four-
state model (Fig. 5¢), the inclusion of a higher-lying triplet state
T, does not introduce an efficient delayed fluorescence pathway
analogous to T; — T, — S; — S, observed for DOBNA. This is
because IC rate constant for T, — Ty (1.4 x 10" s7') is
substantially faster than the rIC T; — T, rate constant (3.3 X
10" s7"). Instead, T, primarily provides a competing non-
radiative pathway (S; — T, — T; — S,) that effectively
reduces the PLQY. In the five-state model, the higher-lying state
S, introduces an additional delayed fluorescence pathway (T,
— S, = S; — Sy). However, this turns out to be a minor
contribution that slightly increases the PLQY value, as the rISC
rate constant for T; — S, (2.9 x 10° s~ ') is smaller than that for
T, — S; 11SC rate constant (1.4 x 10%s™).

Unlike DOBNA, the higher-lying states in DiKTa play
a quantitatively important role in the excited-state kinetics. The
calculated fluorescence PLQY decreases progressively from
83.1% in the two-state model to 28.6% in the three-state model
and 25.4% and 26.5% in the four- and five-state model, the
latter two models yielding PLQY values in excellent agreement
with the experimental value of 26% (see the green bars in Fig. 6).
Mechanistically, the computed decrease in the PLQY value
when going from the three-state to the four-state and five-state
models originates from the introduction of T, as an additional
non-radiative decay pathway, whereas S, partially compensates
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for this loss by providing an extra delayed fluorescence pathway.
Overall, while the predominant delayed fluorescence pathway in
DiKTa remains that of the three-state model, the inclusion of
the higher-lying excited states improves the quantitative
agreement with respect to the experiment. In addition, the
predicted delayed fluorescence lifetime increases from 20.57 ps
in the three-state model to 21.50 ps and 21.02 ps in the four and
five state models, the latter two in excellent agreement with the
experimental value of 23 ps. All in all, these results show that in
DiKTa the inclusion of T, is not only mechanistically important
but also essential for quantitatively reproducing the experi-
mental PLQY, owing to fast (r)ISC and substantial triplet state
populations. In contrast, S, primarily improves the mechanistic
description of TADF pathways but it is not required to accu-
rately predict the experimentally observable.

As a derivative of DiKTa, DQAO exhibits similar excited-state
dynamics (Fig. S12). The -calculated fluorescence PLQY
decreases progressively from 77.5% in the two-state model to
66.1% in the five-state model. The comparison of the PLQY
values for the three-state (49.3%) and the four-state model
(60.7%) reveals that only after the inclusion of T, in the kinetic
models can we recover the experimental value of 59% (see the
purple bars in Fig. 6). In addition, the delayed fluorescence
lifetime decreases from 38.75 ps in the three-state model to
22.92 us in the four-state model, and to 13.67 ps in the five-state
model. Consistent with the results obtained for DiKTa, the
inclusion of T, in DQAO is therefore essential for quantitatively
reproducing the experimental PLQY, reflecting the fast (r)ISC
processes and the dominant triplet state populations. Unlike in
DiKTa, T, in DQAO additionally mediates a minor alternative
delayed fluorescence pathway (T; — T, — S; — Sy), as reflected
in the changes in delayed fluorescence lifetime, rather than
acting solely as a competing non-radiative decay pathway. The
inclusion of S, further refines the mechanistic description of
the TADF process but has only a minor impact on the predicted
experimentally observables. Overall, these results demonstrate
that the adequacy of four-state kinetic models is likewise
determined by the magnitude of (r)ISC rate constants relative to
fluorescence and IC and by whether higher-lying triplet states
provide kinetically competitive rISC pathways. In systems such
as DiKTa and DQAO, where fast (r)ISC leads to substantial
triplet state populations, the explicit inclusion of T, is required
to quantitatively reproduce observable
quantities.

experimentally

2.4 Excited-state kinetics simulation beyond TADF emitters

As discussed above, higher-lying excited states may not only
modify delayed fluorescence pathways but can also introduce
additional nonradiative decay channels. Consequently, for
certain non-TADF organic emitters, a three-state kinetic model
is likewise insufficient. This behavior is illustrated below using
DBT (see its excited state population dynamics in Fig. S13) and
PPDs-1 (see its excited state population dynamics in Fig. S14).
For DBT, the three-state model already predicts a substantial
population of T; (Fig. S13b) from fast ISC S; — Ty (2.13 x 10°
s~ 1), giving rise to a nonradiative decay pathway S; — T; — S,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Consequently, the S, population exhibits a sigmoidal temporal
profile, similar to the one observed by DiKTa. When moving to
the four-state model, the inclusion of T, introduces an addi-
tional major non-radiative pathway (S; — T, — Ty — Sy),
because the ISC rate constant for S; — T, is also very large (2.65
x 10% s71). In the five-state model, the higher-lying state S,
provides another nonradiative pathway (S; — S, — Sy).
However, its impact on the overall kinetics is of very minor
relevance compared to the dominant ISC-mediated processes.
As a result, the calculated PLQY progressively decreases from
73.3% in the two-state model to 17.1% in the three-state model
and further to 8.8% in the four-state model and 8.5% in the five-
state model (Fig. 7a). The PLQY of the four-state model is thus
in good agreement with the experimental value of 9%. This
highlights the necessity of including a higher-lying triplet
excited state (T,) to attain quantitatively accurate PLQY esti-
mates. In parallel, the calculated prompt fluorescence lifetime
decreases from 15.4 ns in the two-state model to 1.8 ns in the
four-state model and 2.6 ns in the five-states model, closely
matching the experimental value of ca. 3 ns. All in all, the
higher-lying T, plays a crucial role by introducing competing
nonradiative decay pathways (S; — T, — T; — S,), which are
essential for quantitatively reproducing both PLQY and prompt
fluorescence lifetimes in systems dominated by fast ISC
processes involving higher-lying triplets. Accordingly, the four-
state model, explicit inclusion of T, represents the minimal
extension needed to achieve quantitative agreement for non-
TADF organic emitters in which ISC processes involving
higher-lying triplets are significant. We note, however, that the
present analysis does not exclude the possible involvement of
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higher-lying triplet states beyond T, (e.g:, T;) in other molecular
systems. In such cases, extensions of the present framework to
include additional excited states may be required to achieve
quantitative accuracy, which is beyond the scope of the present
work.

For PPDs-1, the three-state model (Fig. S14b) predicts a low
T, population due to the relatively slow S; — Ty ISC (4.61 x 10°
s™') relative to S; — So IC (1.67 x 107 s~ ') and fluorescence
(3.74 x 10® s™"). In the four-state model, a faster ISC from $; —
T, (4.07 x 107 s7") increases the T; population and introduces
an additional nonradiative decay pathway (S; — T, — Ty — S).
In the five-state model, the presence of the higher-lying singlet
state S, opens up a highly efficient nonradiative decay channel,
S;1 — S, — So. This pathway is important because the rIC S; —
S, rate constant (3.15 x 10° s~ ') exceeds that of the direct IC S,
— S0 (1.67 x 107 s~ '), allowing a fraction of the S; population to
access S, and subsequently undergo rapid IC (3.86 x 10'°s™ ") to
So. As a result, the calculated PLQY decreases progressively from
95.7% in the two-state model to 77% in the five-state model,
while the calculated prompt fluorescence lifetime decreases
from 2.56 ns in the two-state model to 2.09 ns in the five-state
model. This clear trend indicates that T, and S, do indeed
introduce additional nonradiative pathways and therefore play
an important role. However, the experimental PLQY is reported
to be 0.9%. To investigate the discrepancies between the
simulations and the experiments in greater depth, we per-
formed further analyses. First, we excluded the possibility that
nonradiative decay pathways involving the higher triplet state
T, are operative, because both ISC (S; — T;) (7.36 x 10* s71)
and ISC (S, — T;) (9.87 x 10° s™') are negligible compared to
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Fig. 7 Calculated photoluminescence quantum yield (PLQY) and prompt fluorescence lifetime for (a) DBT (light green) and (b) PPDs-1 (orange),

compared with experimental results.
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the fast (r)IC processes. Second, IC (S, — S;) and rIC (S; — S,)
are extremely sensitive to the adiabatic energy gap AE(S,-S;). By
subtracting 0.2 eV from the calculated AE(S,-S;) value at the
SCS-ADC(2) level (we note that 0.2 eV is the expected accuracy
of SCS-ADC(2)), the calculated (r)IC rate constants significantly
change by one to two orders of magnitude (Fig. S17). This leads
to a reduction in the calculated PLQY to 4.0% and the lifetime to
0.14 ns (see fifth columns in Fig. 7b), bringing them substan-
tially closer to the experimental values of 0.9% and 0.066 ns.
Furthermore, we also calculated AE(S,-S;) using the CC2
method, which is of comparable accuracy to ADC(2) but has
been reported to provide more reliable excitation energies for
valence excitations in benchmark studies**° (both S; and S, of
PPDs-1 are of mm* character, see Fig. S18). CC2 predicts
a smaller value of 0.23 eV compared to that obtained with SCS-
ADC(2) (0.31 eV). Correspondingly, the calculated rIC S; — S,
rate constant increases by approximately one order of magni-
tude, from 3.15 x 10° s~ (SCS-ADC(2)) to 1.27 x 10'®s™* (CC2),
while the IC S, — S; rate constant increases more moderately,
ie., from 2.54 x 10'* s ' (SCS-ADC(2)) to 4.37 x 10" s~ * (CC2).
Consequently, the calculated PLQY and prompt fluorescence
lifetime further decrease to 68.3% and 1.85 ns, respectively (see
fourth columns in Fig. 7b), in closer agreement with the
experimental results than those obtained using the calculated
AE(S,-S) value at the SCS-ADC(2) level. Given the pronounced
sensitivity of (r)IC rate constants to AE(S,-S;) (see Fig. S17) and
the likely overestimation of valence excitation energies by ca.
0.2 eV at the SCS-ADC(2) level, we consider the inaccuracy in the
calculated AE(S,-S;) value to be a major contributor to the
remaining quantitative discrepancy with experiment (see also
the discussion below in Section 2.5). These results demonstrate
that higher-lying singlet states S, can play a significant role by
introducing efficient competing nonradiative decay pathways
(S = S, — Sp), which are essential for quantitatively repro-
ducing both PLQY and prompt fluorescence lifetimes in
systems influenced by fast rIC processes. Accordingly, the five-
state model, explicitly including both T, and S,, represents
the minimal kinetic description beyond the three-state
description required to achieve quantitative agreement for
non-TADF emitters dominated by fast ISC and rIC processes.

2.5 Accuracy and limitations of our approach

Including higher-lying excited states in the kinetic models
improves the mechanistic completeness of the excited state
dynamic description and can yield more reliable predictions of
PLQY and excited-state lifetimes by explicitly accounting for all
relevant photophysical pathways in the solution of the rate
equations. Nevertheless, achieving quantitative agreement with
experiment from ab initio calculations remains highly chal-
lenging, largely due to uncertainties in the calculated excited-
state decay rate constants. For instance, as illustrated in
Fig. S15, even small variations in the calculated energy gaps
AE(S;-Sy) can lead to orders-of-magnitude changes in the
calculated S; — S, IC rate constants. Even when a very narrow
Lorentzian broadening function is employed (HWHM~0.001
eV), the physical vibrational overlap becomes negligible once
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the adiabatic energy lies beyond the inflection point. In such
cases, the computed IC rate constant may be dominated by the
tails of the broadening function, potentially leading to an
overestimation. Consequently, extending the kinetic model to
include additional excited states and pathways inevitably
increases the number of rate constants that must be estimated,
which can result in the accumulation and propagation of errors
in the predicted observables.

For DOBNA and its derivative DABNA-1, the calculated
delayed fluorescence lifetimes obtained from the four- and five-
state kinetic models are underestimated by nearly one order of
magnitude with respect to the experimental values. Even for the
most rigid systems, errors of this size in the computed lifetimes
are not uncommon. All in all, the deviations in the predicted
PLQY and delayed fluorescence lifetime are to be unambigu-
ously traced back to inaccuracies in some specific rate constant
calculations. For DOBNA (Fig. S16a), gradually varying the value
of the S; — S, IC rate constant over a range of 10’-10° s~* while
keeping all the other computed rate constants fixed leads to
a pronounced change in the calculated PLQY, decreasing from
approximately 80% to 40%, whereas the prompt and delayed
fluorescence lifetimes remain essentially unaffected. This
indicates that uncertainties in the calculated S; — S, IC rate
constants are the primary source of the PLQY deviation.
Furthermore, Fig. S16b demonstrates that variations in the T
— S ISC rate constant strongly affect the delayed fluorescence
lifetime, identifying this process as the dominant contributor to
the inaccuracy in the predicted delayed lifetime for DOBNA. For
its derivative DABNA-1 (Fig. S16¢ and S16d), the analysis indi-
cates that uncertainties in the calculation of the S; — S, IC rate
constant predominantly affect the predicted PLQY, whereas
variations in the T; — S; ISC rate constant largely govern the
accuracy of the delayed fluorescence lifetime.

For DiKTa and its derivative DQAO, the three-, four-, and five-
state kinetic models all slightly underestimate the prompt
fluorescence lifetime by nearly one order of magnitude. Among
them, the four-state model yields the closest overall agreement
with experiment when prompt and delayed fluorescence life-
times and PLQY are considered simultaneously. In contrast to
DOBNA and DABNA-1, the deviations observed for DiKTa and
DQAO cannot be traced back to a single dominant rate constant
but rather reflect the coupled and interdependent contributions
of multiple excited-state decay processes. For the non-TADF
emitters DBT, the calculated lifetimes and PLQY show devia-
tions from the experimental data within an acceptable range.
For PPDs-1, as discussed above, an overestimation of AE(S,-S,)
is the major contributor to the remaining discrepancy with the
experiment (Fig. S17). Additionally, it is possible that the (r)IC
process between S; and S, proceeds through a conical inter-
section (CI), resulting in ultrafast dynamics that cannot be
adequately described by Fermi's golden rule within the
harmonic approximation. This scenario merits further explo-
ration using e.g., nonadiabatic excited-state dynamics methods.

All in all, the above findings highlight a limitation of our
fully ab initio kinetic modeling approach: the quantitative
accuracy is ultimately determined by the accuracy in the state-
of-the-art approaches to calculate excited state decay rate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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constants. First, the static approach we used to calculate rate
constants relies on the harmonic approximation, which may
introduce non-negligible errors in systems with significant
anharmonicity. In such cases, more advanced approaches, such
as Morse-type potential® and time-dependent density matrix
renormalization group theory (TD-DMRG),** may provide more
reliable approaches to calculate rate constants. Second,
nonadiabatic spin-vibronic effects remain challenging to
incorporate within this static framework. These effects can be
more naturally captured by ab initio excited-state dynamics
methods (e.g., trajectory surface hopping®>**). However, their
high computational cost generally restricts their application to
short time windows. In contrast, kinetic modeling enables the
simulation of population evolution over extended (nanosecond
to microsecond) timescales, thereby providing a direct
connection to experimental photophysical observables of rigid
chromophores. The complementarity of these two approaches
represents a promising direction for future studies in compu-
tational photochemistry. Specifically, static rate kinetic models
can be used to construct a global photophysical picture of the
excited-state population evolution over long time scales and to
predict observables such as PLQY and lifetimes. In regimes
where the static approach becomes inadequate, such as in the
presence of strong anharmonicity, near conical intersections
(CI), or under pronounced spin-vibronic coupling, ab initio
excited-state dynamics simulations can offer highly accurate
mechanistic insight into short-time population evolution.***®
Overall, this multiscale simulation framework, integrating both
long- and short-time dynamics, represents a highly promising
paradigm for the future of computational photochemistry.
Nevertheless, despite the inherent uncertainties in the calcu-
lated rate constants, our investigations unambiguously high-
light that a three-state model may be insufficient for some MR-
TADF and non-TADF organic emitters, underscoring the need
for more comprehensive excited-state kinetic models.

3 Conclusion

In this study, we developed KinLuv, a Python-based kinetic
modeling package which explicitly includes higher-lying excited
states (T, and S,) into the excited state kinetic analysis. All rate
constants were computed using Fermi's golden rule, explicitly
including the HT vibronic coupling effect. Our approach was
applied to prototypical MR-TADF emitters (DOBNA, DiKTa) and
their derivatives (DABNA-1, DQAO), as well as to non-TADF
organic emitters (DBT, PPDs-1). Key findings are summarized
as follows:

(a) In the investigated organic emitters, fast (r)ISC is
primarily governed by HT vibronic coupling, as revealed by the
relative contributions of HT and FC mechanisms to the calcu-
lated rate constants.

(b) Mechanistically, inclusion of T, state in the four-state
model additionally mediates an additional delayed fluores-
cence pathway (T; — T, — S; — Sp) and a competing non-
radiative decay pathway (S; — T, — T; — S,). Inclusion of S,
state in the five-state model enables an additional delayed
fluorescence pathway (T; — S, — S; — S) and introduces

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further efficient competing nonradiative decay pathways (S; —
S, — Sy).

(c) Quantitively, when (r)ISC processes are slow relative to
fluorescence and IC, higher-lying excited states are not signifi-
cantly populated and do not affect the overall decay dynamics;
in this regime, a three-state description already reproduces the
experimental observables (e.g., DOBNA and DABNA-1).

(d) When (1)ISC processes are fast leading to substantial
triplet populations, and when the population of higher-lying
triplet states become kinetically relevant; in this regime,
explicit inclusion of at least T, is required to achieve quantita-
tive agreement (e.g., DiKTa, DQAO and DBT).

(e) When rIC processes dominate the excited-state dynamics,
higher-lying singlet states become essential nonradiative decay
channels; in this regime, explicit inclusion of S, is required to
reproduce the experimental observables (e.g., PPDs-1).

Overall, this unified framework clarifies that higher-lying
excited states may play a mechanistically important role by
introducing additional decay pathways and that their inclusion
in the kinetic models may become necessary to attain quanti-
tative accuracy in the calculated values of PLQY and fluores-
cence lifetimes. At the same time, increased mechanistic
completeness does not inherently guarantee improved quanti-
tative accuracy owing to the amplification of errors and uncer-
tainties in the underlying calculation of ab initio rate constants.
Further developments in FGR-based theories, including
anharmonic effects, will be necessary to improve the quantita-
tive accuracy of PLQY and fluorescence lifetimes. Regarding
kinetic model selection, we suggest that higher-lying triplet
states should be included explicitly when ISC is sufficiently fast
to generate substantial populations in these states. Likewise,
higher-lying singlet states become essential when rIC populates
them more efficiently than nonradiative decay depletes the
excited-state manifold. For more efficient model construction,
simple descriptors may serve as preliminary indicators for
assessing the importance of higher-lying states in future
studies, thereby guiding model selection without requiring
computationally intensive rate-constant calculations. Taken
together, these insights establish a rational criterion for
selecting minimal kinetic models that balance physical insight
and numerical robustness, with direct implications for in silico
design of high-performance organic emitters.
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