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1 Abstract View Article Online
DOI: 10.1039/D6TCO0758A

2 A mechanistic understanding of how molecular structure governs photoluminescence quantum
3 yield (PLQY) in non-fullerene acceptors (NFAs) remains elusive, hindering further progress in organic
4  solar cell materials. Here, we report a crucial yet previously overlooked nonradiative recombination
5  pathway—the twisted intramolecular charge transfer (TICT) state—in low-bandgap NFAs. Through a
6  combination of spectroscopy, quantum calculations, and exciton decay analysis in nearly 100 organic
7  semiconductors—primarily NFAs, we show that TICT, which is formed via conformation variation after
8  photoexcitation, acts as a dark state on the first excited-state potential energy surface. It leads to
9  suppressed PLQY's and multi-exponential decay behavior, providing a unified explanation for the wide
10  wvariation in PLQY's observed across the investigated materials. We further demonstrate that blocking
11  intramolecular motion, for instance, by employing a polystyrene matrix or at low temperature,
12 suppresses TICT formation and thereby enhances PLQYs. This work provides deeper insight into
13 excited-state species and recombination mechanisms in organic semiconductors and further underscores
14  the highly emissive characteristics of traditional low-bandgap NFAs, highlighting their considerable

15  potential for emission applications.

16
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Introduction View Article Online
DOI: 10.1039/D6TCO0758A

The power conversion efficiency of organic solar cells (OSCs) has recently surpassed 20%!-13,
driven largely by the rapid development of non-fullerene acceptors (NFAs), especially those with high
photoluminescence quantum efficiencies (PLQYs). High PLQY is a crucial factor for achieving high-
efficient OSCs as it enables high open-circuit voltage by reducing voltage loss. In addition, low-bandgap
NFAs (~1.34 eV) are essential for developing high-efficiency OSCs approaching the Shockley—Queisser
(SQ) limit. This necessitates the development of high-PLQY low-bandgap NFAs, as well as a deeper
understanding of the factors governing PLQY. A wide range of influences on PLQY has been reported,
including molecular structure'+'8, intra- and inter-molecular movement!*-?2, intra- and inter-molecular
energy transfer?3-26, dark state?’-3°, as well as quantum effects3'-® (Fig. S1). While these factors help
rationalize emission behaviors in specific systems, none offers a general framework. This gap is
underscored by our analysis of a diverse set of ~100 organic semiconductors (Fig. 1), with most of which

are NFAs (Figs. S2-10).

The parameters shown in Figs. la—g are linked to the bandgap law?>3’—the most fundamental
theory for exciton decay process. It enables the estimation of radiative and non-radiative recombination

rate constants through

f (Eg)z
fer = 15 \hc @
2t Ve X SJ (Eg —jAn)?
knr = —-—-Zexp(—S) -,—-exp<—— 2)
b JamdsksT & j! 42s*
Here, c is the speed of light in vacuum. The other seven parameters—band gap Eg (presented by the
emission peak in this work), oscillator strength f, electronic coupling V., Huang-Rhys factor S
(quantifying electron-phonon coupling), low-frequency vibration Ag (related to Stokes shift), high-
frequency vibration 4, (connected to different vibrational levels), and temperature T—collectively
determine k, and k-, which in turn govern exciton lifetime (Fig. 11) and PLQY by t.q; = 1/(ky + kny)
and k,/(k, + kny), respectively. All these factors are ultimately controlled by molecule structure.

Among the structural features commonly examined are substituents, backbone planarity, and
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1  conjugation length (Figs. li—k). The energetic offset between donor and acceptor moieties (Fi%. i) Afgcte Ontine
BOI 102039/D61C00758A
2 considered to assess the intramolecular charge-transfer characteristics. Equation 2 is presented here in a

3 modified form relative to the original expression, with detailed discussion given in the Methods section

4  of Supporting Information (SI).

5 Apparently, none of these influence factors can independently predict PLQY unless experimentally
6  confirmed as the dominant factor—a determination that, to our knowledge, has rarely been rigorously
7  established. This partly explains the limitation of these factors as standalone descriptors. Another
8 commonly used, yet often overlooked, assumption is that of a single-component system governed by a
9  single recombination pathway—an oversimplification, as real systems are often markedly more complex.
10  However, even accounting for these two aspects, the calculated PLQY values are deviating from their
11  experimental values. This inconsistency indicates the presence of additional decay mechanisms beyond

12 the band gap law.

13 Hence, we comprehensively investigated the ~100 materials and found that the twisted
14  intramolecular charge transfer (TICT) state—a crucial yet overlooked nonradiative recombination
15  pathway in free monomers—governs the exciton decay behavior of most NFAs, including PLQY.

16  Following photoexcitation, the TICT conformation evolves from the planar conformation (that is, the

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

17  locally excited (LE) state) via twisting between the donor and acceptor units, with both residing on the

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:43 AM.

18  first excited-state (S;) potential energy surface (PES). The TICT state is intrinsically dark owing to the

(cc)

19  minimal spatial overlap between electron and hole wavefunctions, thereby introducing an additional
20  quenching channel. By suppressing TICT-state formation—through restriction of molecular rotation in
21 a polystyrene (PS) matrix or at low temperature—high PLQY and single-exponential decay can be
22 restored. These results reveal NFAs’ latent emission potential and establish an integrated framework—
23 linking molecular structure, Gaussian calculations, exciton decay dynamics, and experimental
24 validation—that is readily applicable to more complex active layers. Furthermore, the study highlights

25  the imperative for precise molecular-level analysis across the field.
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Fig. 1 | Commonly used influence factors for PLQY. a, PL peak (representing Eg of the LE state)
versus PLQY plot. The reabsorption effect has been eliminated. b, Stokes shift (A4) versus PLQY plot.
¢, Electronic coupling (V) versus PLQY plot. d, Huang-Rhys factor (S) versus PLQY plot. e, Low-
frequency vibration (Ag) versus PLQY plot. f, High-frequency vibration (4,) versus PLQY plot. g,
Oscillator strength of the first excited state (f;) versus PLQY plot. h, Energy offset (E,s) between donor
and acceptor units versus PLQY plot. i, Molecular structures of Y6, ZY4Cl, GS-ISO, and IDT2BM,
featuring strong electron-withdrawing cyano groups but varying PLQY wvalues. j, MPP versus PLQY
plot. Smaller MPP*-#! (molecular planarity parameter) indicates better planarity. k, H;,q versus PLQY
plot. Higher H;,4**-#? indicates longer conjugation length, where H;,4 is quantified by the average degree
of spatial extension of hole and electron distribution. 1, Average exciton lifetime (74ye) versus PLQY
plot. V¢, MPP, H,4, f1 and E ¢ were derived from the optimized LE state at PBE0/6-31G(d,p) level under
m-xylene (mXy) environment represented by IEFPCM solvation model, and the other parameters were

extracted from experimental absorption spectra, emission spectra, or exciton decay curves.
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1  Exciton decay model construction View Article Online
DOI: 10.1039/D6TC0O0758A

2 Details in sample preparation and Gaussian calculation are provided in the Methods section of SI.
3 Molecular structures and their corresponding spectroscopic spectra are presented in Figs. S2-10. The
4  composition analysis is described in Section S2.3, and the complete standard procedure can be found in
5  our previous work®. The monomer nature of almost all samples was confirmed, allowing us to focus
6  exclusively on intramolecular interactions while excluding intermolecular effects (e.g. aggregation) and

7  chemical reactions. This foundational premise underpins all subsequent in-depth investigations.

8 Among the twelve factors in Fig. 1a, the exciton lifetime stood out for its slight correlation with
9 PLQY, where low PLQY values were associated with shorter lifetimes. This observation warranted a
10  dedicated analysis of its role. In general, small-molecule solutions are regarded as single-component,
11  single-recombination-site (1@1) systems, and are therefore expected to exhibit ideal single-exponential
12 decay behavior. However, the weakly emissive ID4F and IT4F samples (PLQY = 0.006 and 0.016,
13 respectively; Table 1) display clear multi-exponential decay characteristics (Fig. 2a), a trend observed

14  consistently across nearly all low PLQY samples (Figs. 2b-c).

15 Fig. 2b presents the calculated exciton lifetimes (7.q;c) With the experimentally measured values

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

16 (Texp). Texp corresponds to the average exciton lifetime, determined as Y. C;7;, where C; and 7; are

17  extracted from multi-exponential fitting (Equation 3) of time-correlated single-photon counting (TCSPC)

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:43 AM.

18  curves, with ), C; normalized to unity.

(cc)

19 TCSPC(t) = ZCi exp(—%_)(S)

20 A systematic deviation is observed: 7.4 increasingly overestimates Texp as the latter decreases, with
21  the discrepancy growing exponentially in the short-lifetime regime. This growing mismatch primarily
22 arises from a fast decay component, which is quantified by the F; index in Fig. 2c. F; is defined as Max(

23 Ci/t;), where a larger F; indicates a greater contribution from a faster decay channel.

24 Taking 104Cl1*, oIDTBR®, ID4F4, IT4F¥, Y6*, and IEICO-4F¥ as examples—NFAs exhibit
25  comparable electron transition properties (Fig. S17), the highly emissive I04Cl and oIDTBR exhibit

26  ideal single-exponential decay character (Fig. 2a) and small F; values of below 0.8 ns'! (Table 1), the
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weakly emissive ID4F and IT4F display pronounced bi-exponential decay feature and high F; valifey @ftle Ontine
DOI:"10.1039/D6TCO0758A

over 5 ns!, while the moderately emissive Y6 and IEICO-4F fall between these extremes. The additional

fast decay pathway appears to be linked to the decrease in PLQY.

Table 1 | Basic photophysical parameters of oIDTBR, 104Cl, ID4F, IT4F, Y6, and IEICO-4F.

Solv.? TD-DFT PS:NFA film* Simulation
PLQY Egb Teall Texp Cit Trt T110C T210K fi Epar Eofe PLQY T300K T10K Ea;© ktl,rtd

nm ns! ns ns ns eV eV ns ns meV ns!

oIDTBR 0.530 682 1.57 047 213 215 220 2.941 - - 0.447 2,09 215 - -
104C1 0.561 624 1.58 0.77 130 0.79 1.68 3.191 041 0.34 0.388 1.61 161 314 0.15
ID4F 0.006 677 14.5 112 017 016 0.61 2911 032 0.14 0.291 1.90 2.04 107 5.53
IT4F 0.016 695 8.24 554 030 023 115 3.207 030 0.12 0.402 1.94  2.00 133 2.82
Yo 0.108 741 3.48 1.20 087 037 242 2.643 026 0.07 0.083 252 258 161 0.75
IEICO-4F  0.121 808 3.26 099 1.01 051 143 3.451 031  0.07 0.214 1.63  1.71 187 0.38

aExperimental results of solution (Solv.) samples and PS blend films; PPL emission peak, corresponding to band gap of LE state; °Fitted Activation energy

of LESTICT transition; ¢Calculated rate constant of LE-TICT transition based on fitting results. Subscripts rt, 110C, 210K, 300K, and10K mean room temperature,

110°C, 210 K, 300 K, and 10 K, respectively. If not notified, the experiments were performed at room temperature.

Given the monomeric nature of I04Cl, oIDTBR, ID4F, IT4F, Y6, and IEICO-4F solutions®, a
single component and bi-recombination site (1@2) model is constructed, with the additional
recombination site denoted as the X state (Fig. 2d). This X state is likely dominated by non-radiative
recombination, as all experimentally captured photons originate from the same recombination site—LE
state, which is supported by the emission-wavelength independence in TCSPC curves (Fig. S18) and the
temperature-independence in photoluminescence (PL) spectra shapes (Fig. S19¢). After decay, the X
state should return to the ground (S,) state, as indicated by the negligible photobleaching under
continuous excitation for 1 hour (Figs. S20), a duration significantly longer than the PLQY and TCSPC
measurements (30 s and ~60 s, respectively). Notably, Z-/E-isomers are not treated as distinct species,

because they cannot account for the observed deviations in exciton decay behaviors (Fig. S21).
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Fig. 2 | Exciton decay model construction. a, TCSPC curves of six typical NFAs. mXy solutions at

0.01 mg/mL were excited by a 405 nm pulse laser at room temperature (RT). b, Deviation between

calculated and experimental exciton lifetime (t.q; and Texp). €, C;/T; ratio versus Texp plot. The orange

and blue data points in (b)-(c) represent the values of multi-exponential decay and single-exponential

decay materials respectively. The grey data points in (c) are the values corresponding to the slow decay

component in multi-exponential decay materials. They were included to provide complementary data

analysis. Equation 3 was adopted for extracting Texp, as it is directly used in subsequent calculations,

although other expression®® may be preferable in other contexts. d, Exciton decay mechanism of the

single-component and bi-recombination-sites model. Sy, LE, X present the ground state, locally excited

state, and additional state, respectively, while k denotes the rate constant for energy transfer process.

Both LE and X states are energy minima on the first excited state (S;) potential energy surface. e-g, Soft

scan results of oIDTBR (e), IO4CI (f), and Y6 (g). AS (blue dotted line) and AS; (brown dotted line)
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are electronic energy variation for the restricted optimized S, and S, states, respectivelé/. g 1 jisvtfygcle Ontine
DOI: 10.1039/D6TC0O0758A

oscillator strength of the corresponding S; state. Blue and red arrows denote the conventional planar and
newly discovered twisted geometries, respectively. Computation was carried out by TD-DFT at PBE0/6-
31G(d,p) level under m-xylene (mXy) environment represented by IEFPCM solvation model. h, Hole
(blue) and electron (orange) isosurfaces**-#? for the unrestrictedly optimized LE and TICT states. For
oIDTBR, vTICT is used because its twisted geometry is a virtual state at PBE0/6-31G(d,p) level. Hole-

electron distribution was calculated by Multiwfn and plotted by VMD.

Theoretical support for TICT-caused quenching (TCQ)

Based on the above analysis, we propose a reversible geometry variation caused by single bond
rotation. To test this hypothesis, a soft scan of the dihedral angle between the donor and acceptor (D-A)
units (highlighted in orange in Fig. S17a) was performed. Interestingly, a twisted geometry appears as a
local minimum on the S; PES for IO4Cl, ID4F, IT4F, Y6, and IEICO-4F (red arrows in Figs. 2e-g and
S22), while it serves as a saddle point (i.e., a transition state) on the corresponding Sy PES. This new
identified geometry, known as the twisted intramolecular charge transfer (TICT) state’!-34, is
characterized by its perpendicular molecule geometry and pronounced hole-electron separation (see hole

and electron isosurfaces in Fig. 2h), leading to an oscillator strength (fricr) that approaches 0.

The theoretically obtained TICT state agrees well with the predicted model in Fig. 2d. Specifically,
for oIDTBR, the dark TICT state exists as a virtual state (vVTICT), resulting in an ideal single-exponential
decay and high PLQY (0.530). In IO4Cl, the dark TICT state is shallow (sTICT), characterized by a
high electronic energy barrier (Ey,) 0f 0.41 eV for the LE — TICT transition and a high electronic energy
offset (E,g) of 0.34 eV between LE and TICT states (Table 1), which also leads to high PLQY (0.561)
and single-exponential decay at room temperature. In contrast, ID4F and IT4F exhibit a deep TICT state
(dTICT), meaning a low energy barrier (0.32 and 0.30 eV) and energy offset (0.14 and 0.12 eV),

facilitating TCQ and resulting in low PLQY (0.006 and 0.016).
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1  Experimental support for TCQ O 10 10 Artle Ol

2 Although the theoretical results align well with the predicted model, it remains only one possibility
3 and is highly dependent on the computational method (Fig. S23). Furthermore, the calculated dTICT
4  state in Y6 and IEICO-4F (E,¢ of ~0.07 V) does not fully account for their moderate PLQY (0.108 and

5 0.121) and quasi single-exponential decay. Therefore, further experimental validation is necessary.

6 The LE — TICT transition barrier should lead to temperature dependence. Hence, the PL spectra
7  and TCSPC curves at different temperatures were tested (Figs. 3a—d and S25). Interestingly, oIDTBR,
8  which predicts a vTICT state, shows almost no temperature dependence in either PL intensity or TCSPC
9 curves. In contrast, materials predicted to possess the TICT state exhibit significant temperature
10  dependence, including both deep- and shallow-TICT cases. For these materials, as temperature decreases,
11  emission intensity and exciton lifetime increase, combining the disappearance of the fast decay
12 component. Since the changes in emission peak position are tiny (Fig. S25d), these variations are
13 attributed to the inhibited LE — TICT transition rather than the formation of new species, such as
14  aggregates. We observed aggregation in the highly concentrated ID4F and Y6 solutions at low
15  temperatures (1 mg/mL in mXy, Fig. S26), who exhibited markedly different emission characteristics

16  compared to their dilute counterparts.

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

17 In addition to low temperature, the polymer matrix should also restrict molecular rotation to some

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:43 AM.

18  extent, forming altered temperature-dependent behavior. To explore this, we embedded NFA molecules

(cc)

19  in polystyrene (PS), establishing a solid-state monomer system previously validated in our work*. The
20  emission properties of these frozen monomeric systems were tested at different temperatures with the
21 results presented in Figs. 3e-f and S27-S33. As predicted, the LE — TICT transition is effectively
22 suppressed by the PS matrix in all TICT-possessing materials, proved by the ideal single-component
23 decay and the temperature independence in emission profile—similar to the TICT-free oIDTBR.
24  Meanwhile, the low PLQY values of the solution-state NFAs are significantly enhanced in their solid-
25  state monomer form (e.g., increasing from 0.016 to 0.402 for IT4F and from 0.006 to 0.291 for ID4F;
26  Table 1). The emission signal of 100:0.1 PS:Y6 film remains aggregate-dominated, potentially

27  exhibiting a non-negligible ACQ effect. The PLQY values of 100:0.01 films are undetectable due to
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their extremely weak absorption, resulting in the absence of a reliable PLQY value for the hd WY ete Online
Ol: 1 D6TCO0758A
monomer.
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Fig. 3 | Experimental and dynamical supports for TCQ. a,c PL spectra and b,d TCSPC curves of

oIDTBR (a,b) and Y6 (c,d) at different temperatures. Solutions in mXy at 0.01 mg/mL were measured
by a 405 nm CW/pulse laser. e,f TCSPC curves of olDTBR (e) and Y6 (f) in solution- (free monomer
in mXy solvent) or solid-states (frozen monomer in PS matrix) at different temperatures. g, Simulated
TCSPC curves ([LE];) of Y6 at different temperatures with both original LE recombination ([LE]}) and
TICT-LE transition induced recombination ([LE]¥). h Comparation between [LE]; (solid lines) and

[LE]} (dashed lines) contributions.

Dynamical support for TCQ

Now, it is evident that the TICT state is responsible for the distinct emission behaviors observed in
oIDTBR, I04Cl, ID4F, IT4F, Y6, and IEICO-4F. To understand precisely how the TICT state influences
these variations, the exciton decay dynamics was clarified with the main points summarized below

(details are provided in Section S2.8 of SI).

For the simplest 1@1 (i.e., single-component system with one recombination site) case, such as the

diluted oIDTBR solution, there is only LEQSO transition. k; is the sum of radiative (k;,) and non-
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1  radiative (ky) components for LE decay, i.e. k1 =k, + ky-. PLQY can be given ‘8&;’&&’%@%9‘?&%52
2 equivalently, as k, - T, where 74 is the exciton lifetime and corresponds to the area under the TCSPC
3 curve. The subscript “0” is used to denote the fundamental values under this simplest condition. Since
4  both the PLQY and TCSPC of oIDTBR exhibit no temperature dependence—a feature commonly

5 observed in 1@]1 samples (more examples are provided below)—we can reasonably infer that k, and

6  ky, are temperature independent, consequently, so is k1 and PLQY.

7 When an additional recombination site is introduced, denoted as 1@2(X) system. The decay
8  processes now include So<k—1LEk—t§X and S 0<k—"Xk—"§LE transitions. k, is the intrinsic recombination rate
9  constant of the X state, which, like k4, is considered as temperature independent. The transition rate

10  constants k¢ and k¢, follow Arrhenius-type behavior:
11 key = Arexp(— Eaq /kT), kex = Axexp(— Eay/kT)(4)

12 where A, Ea, and T are the pre-exponential factor, activation energy, and temperature, respectively. It is
13 clear that k¢; and k¢, are the parameters introducing temperature dependence into the emission process.
14 To simplify the simulations, both A and Ea are assumed to be temperature independent although they

15  may be in certain cases.

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

16 If the X state is a non-radiative recombination dominated dark state (i.e., the TICT situation), the

17  TCSPC signal at given temperature can be expressed as:

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:43 AM.

(cc)

ke
18 TCSPC = m ' [LE]t (o8 [LE]t(S)

19  while the time evolution of [LET; follows the differential equation:

d[LE],

20
dt

= — (k1 + ki) [LE]: + ke [X](6)

21 It is evident that TCSPC signals are governed by [LE]., which is influenced by seven key factors: k1,
22 ky,Eaq,Aq, Eay, Ay, and T. Fig. S34 presents a series of simulated TCSPC curves generated by varying
23 these parameters. More emission behaviors can be explored by further adjustments. Simulations for
24 10A4Cl, ID4F, IT4F, IEICO-4F, and Y6 were also performed. As shown in Figures 3g and S36a-d

25  (parameters are listed in Table S10), the simulated results closely match the experimental data (Figures
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3d and S25b). This agreement validates both the exciton decay model and the associated decay dynanriggste Ontine
DOf. 1071039/D6TC00758A

further supporting the formation of the TICT state.

Additional insights can be gained by introducing two new parameters. One is [LE];, representing
the neat LE state decay scenario with a forward LE—X transition and no reverse X—LE transition. As
shown in Figs. 3h and S36e-h (dash lines), [LE]; dominants the fast decay process. This feature enables
the extraction of Ea;—the most important parameter that affects 1@2(TICT) material’s emission
properties. A quasi-linear relationship between log(PLQY) and log(Ea,) was predicted by Equation
S23 and observed in the five TICT-possessing NFAs in Fig. 35d. A more thorough investigation is
required to confirm this relationship, which is beyond the scope of the current work and will be explored
in future studies. The neat contributions of X—LE transition ([LE]Y) are also plotted as dashed lines in

S36i-1, dominating the slow decay component in cases of pronounced bi-exponential decay.

The other parameter is ¢rcor, which represents TCQ efficiency and defined as ¢rcor =1 —
Tr/7¢. Here, Tp denotes the average exciton lifetime at temperature T and corresponds to the area under
its TCSPC curve. The introduction of ¢r¢or enables quantification of TCQ, allowing meaningful

comparisons across materials and preparation conditions.

Molecule support for TCQ

To further assess the generality of the TCQ effect on emission properties, 90 more materials were
analyzed using the same methodology outlined in Fig. S37. The main parameters for the identified 1@]1,
1@2(sTICT), and 1@2(dTICT) materials are summarized in Fig. 4 while those involving triplet states,

unknown species, or unidentified recombination sites are shown in Fig. S38.

As shown in Fig. 4, except for the intrinsically non-emissive materials (e.g., PC;;BM and ICBA
with symmetry forbidden transition; Figs. S4 and S16e), 1@1 materials exhibit strong emission, with
PLQY values exceeding 0.5 in solution. 1@2(sTICT) materials are also highly emissive in solution at
room temperature, due to the limited TCQ effect. This is reflected by their relatively low ¢r¢o (below

0.3) and small F; (below 1). In contrast, the PLQY of 1@2(dTICT) materials are closely tied to the TCQ
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1 effect. As TCQ becomes more prominent—increased ¢rcg and Fi—the PLQY coggﬁ%)}b@g%‘e Online

00758A

2 declines. By inhibiting the formation of TICT state with the PS matrix, PLQY can be significantly
3 improved for all dTICT materials, validating the theoretical and dynamical considerations discussed
g 4  above and underscoring the strong potential of these traditionally overlooked, low-emissive materials
8
% 5  for emission applications. Consistently, the PS matrix offers almost no influence for 1@1 and
5]
:%) 6  1@2(sTICT) materials, as their emission is unaffected or only minimally affected by TCQ.
o
[32]
o . . .. .
s 7 Our 1@1 and 1@2(TICT) models effectively describe the emission behavior of a broad range of
™
38 8  organic semiconductors. As illustrated in Fig. S38, notable deviations exist, suggesting the potential
© 5 . .. . . . . . .
S5 9 involvement of additional unidentified species and/or recombination sites beyond the TICT state. In
g3
“g Z 10  such cases, TICT-based descriptors—such as F, ¢r¢co and PLQYps—Ilose their chemical relevance.
[%2]
% &
8 E 11  This necessitates further rigorous compositional analysis.
c Q
z 0
8 2
sg 12
& O
o ©
5T
Ix B e] @1 1@2(sTICT) 1@2(dTICT)
I\ = A A .
8 § 35 &
B s A
5 = ?L 25{ | . °
Eg 15 CRT .e : ‘ = O ey . 5 o.odﬂa‘_laao"?g.ni.a’.)u-‘-laa e | qu:“"-?‘“' -
g E 10| solv. RT: a LN i
£ = single-decay materials . ot e T ®
<C = @  multi-decay materials ik s oL 9 L] 4
ﬁ L o e VI S ANy ) ) R O S O 0
3
< 0.1
5
joR
(@) 15 2
. .
= £ 102 -Gl S-gufr gty Tty - e T i e e i i e
h§l f 0.5 »su‘:v”;;mnr ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T,,,n,a,f,\,,f,”‘,g,; ,,,,,,, e CE T EEEEEERPR PR LR PR PR PR
110 °C (activated TCQ)| —e—0 9 ——e-a_, i o °
o -tts
Rl Re e = D e S T e e ) gttt et Sk T e e T e e e e e e
9 102 {fsoiv v soid T e o DRI
o @ solv. (free monomer) *
solid (frazen monomer)
107
A SR DB DO R DA O S QL > O D & N OO B & gk & & ik 0 & & L PO GG S & OO R
13 & °o§@‘%$§°~o""<~°é§6‘°@g{ 6:’5,30\ 0\6@ .:2‘ ¥ 0‘?0‘:{\ i"‘(’;‘?\(‘) c; ‘9«0 Y \’; ;Q.,c-ec e%g%»- ;00{02%;0& ;}v».x Vé:.w:& TSR 2233‘25»:\ édig g%«?gi"" S
14  Fig. 4| Molecule support for TCQ: Photophysical parameters for the identified 1@1, 1@2(sTICT),
15  and 1@2(dTICT) materials. Eg, F¢, PLQY, and 1-¢r¢¢ are the experimental parameters of solution
16  (free monomer, in mXy solvent) or solid (frozen monomer, in PS matrix) samples. Eg is presented by
17  PL peak position with the reabsorption effect taking into consideration. RT and hT mean room and high
18  temperatures, respectively.
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Conclusions

Through a rigorous composition analysis combining Gaussian computation, dynamic simulation,
and experimental validation, we clarify the dominance of TICT-state-caused quenching (TCQ) in a
broad range of donor—acceptor (D—A) type NFAs. This is attributed to the minimal electron—hole overlap
inherent in the TICT state, resulting from the near-perpendicular orientation between donor and acceptor
units. Consequently, TCQ manifests as bi-exponential decay dynamics, strong temperature dependence,
reduced PLQY, and shortened exciton lifetime. These influences can be effectively suppressed either by
lowering the temperature or by embedding in polymer matrix to hinder the LESTICT transition. Our
findings reveal the critical impact of previously underestimated quenching channels associated with the
TICT state and uncover the latent potential of the traditionally overlooked low-emissive NFAs for
emission applications. More broadly, this study emphasizes the necessity of rigorous composition
analysis down to molecular level and critical evaluation of the assumptions and limitations inherent in
any applied model. We anticipate that this framework will advance the understanding of photophysical
processes in complex organic semiconductors and facilitate the rational design of next-generation

emissive materials.
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