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The classical Marcus theory serves as a standard framework for experimentally 

determining the properties of charge transfer states in organic photovoltaics. Although 

it has been highly successful for traditional systems with large energy offsets, it 

encounters significant limitations when applied to state-of-the-art non-fullerene 

acceptor-based systems. Here, we provide a detailed critique of potential issues and 

errors arising from the application of classical Marcus analysis. We also propose 

practical guidelines for more accurately estimating charge transfer state properties in 

complex systems—such as those exhibiting large static disorder or spectral overlap 

among excited states. Furthermore, this work introduces a computational toolkit to 

facilitate reliable Classical Marcus analysis when charge transfer states are 

spectroscopically resolvable.
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14 Abstract

15 Classical Marcus theory is widely used in organic photovoltaics (OPVs) to extract 
16 charge transfer (CT) state properties from electroluminescence (EL) and sensitive 
17 external quantum efficiency (s-EQE) spectra. However, practical donor-acceptor 
18 blends often exhibit complications such as overlap between CT and localized exciton 
19 (LE) emissions, large static energetic disorder, and weak CT oscillator strengths, all of 
20 which can limit the accuracy of simple Marcus analysis. This article discusses those 
21 issues in detail and provides a practical guide to Marcus-based CT analysis for complex 
22 cases with invisible CT states and large static disorder. An open-source Python package 
23 is released to enable semi-automated Classical Marcus analysis when CT is clearly 
24 visible.

25
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26 Introduction

27 Electron transfer is a fundamental process in chemistry, physics and biology, 
28 underpinning phenomena ranging from photosynthesis to energy conversion devices1-

29 7. A modern quantitative description of this process began with the pioneering work 
30 of Rudolph Arthur Marcus in the mid-1950s. Since 1956, Marcus proposed a 
31 theoretical framework in a series of papers8-14, which realized the quantitative 
32 description of the electron transfer reaction rate for the first time, known as Marcus 
33 theory. This theory is applicable to the reaction system without chemical bond 
34 formation or cleavage, and the free energy of the system is expressed as a function of 
35 the collective nuclear coordinates, which replaces the application of Eyring's transition 
36 state theory in this kind of reaction10.

37 In the Classical Marcus theory, the initial state (donor-acceptor pair, 𝐷 ― 𝐴) and the 
38 final state (ion pair, 𝐷― ― 𝐴+) are represented by two intersecting parabolic 
39 potential energy surfaces, respectively15, 16. The electron transfer rate depends on the 
40 energy barrier height at the intersection of these two curves17. This process involves 
41 two key parameters: one is the difference in Gibbs free energy ∆𝐺0 of the reaction, 
42 which reflects the thermodynamic driving force; the second is the reorganization 
43 energy 𝜆, which represents the energy required to adjust the nuclear configuration 
44 of the reactant (including the surrounding solvent or medium) to the product state 
45 without electron transfer. This description follows from the Franck-Condon principle18, 

46 19, which states that electron transfer occurs on a time scale much faster than nuclear 
47 motion, i.e. the Born-Oppenheimer approximation.

48 One of the most striking and counterintuitive predictions of the Marcus model is the 
49 “inverted region” phenomenon9. The general chemical intuition believes that the 
50 reaction rate increases with the increase of thermodynamic driving force. However, 
51 Marcus theory points out that for high driving force reactions (i.e., ―∆𝐺0 > 𝜆), 
52 further increase in the driving force will lead to a reduction in the rate. The 
53 experimental verification of the inversion region not only strongly supports the core 
54 hypothesis of the theory, but also provides an important basis for understanding the 
55 nonradiative transitions with large energy separation between initial and final states 
56 in organic optoelectronic devices20-23.

57 Marcus theory was originally established for the outer electron transfer reaction in 
58 polar solvents. In this model, the reorganization of solvent continuum is the main 
59 source of energy barrier. In organic semiconductors, the charge transfer environment 
60 includes both low-frequency lattice vibrations and high-frequency intramolecular 
61 vibration modes. Since the vibrational energy of many molecules is higher than the 
62 thermal energy (𝑘𝐵𝑇) at room temperature, they must be treated by quantum 
63 mechanics24. This demand promoted the development of the semi-classical Marcus-
64 Levich-Jortner (MLJ) theory2, in which electron transfer can occur not only through 
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65 thermal activation, but also through the nuclear tunneling effect mediated by the 
66 overlap of vibrational wave functions. This extension makes the electron transfer 
67 theory more suitable for solid-state systems and is of key significance25-27. 

68 In organic photovoltaics (OPVs), Marcus theory has gradually developed from a 
69 predictive framework of reaction rate to a key diagnostic tool. The performance of 
70 OPV devices largely depends on the open circuit voltage (𝑉𝑜𝑐), which is mainly limited 
71 by the energy loss in the process of photon-to-electricity conversion28, 29. The core of 
72 this process lies in the donor-acceptor interface: upon photon absorption, excitons 
73 are generated and subsequently dissociate to form a charge transfer (CT) state at the 
74 interface30, 31. Therefore, CT state is the key intermediate state for charge generation 
75 and recombination32-34, and its energy (𝐸𝐶𝑇) is closely related to the thermodynamic 
76 limit for 𝑉𝑜𝑐 and needs to be accurately measured. Vandewal et al. pioneered the 
77 measurements of CT states via simultaneously fitting sensitive external quantum 
78 efficiency (s-EQE) and electroluminescence (EL) spectrum using the classical Marcus 
79 theory in the high temperature limit with an assumption that the molecular vibrational 
80 energy is much lower than the thermal energy 𝑘𝐵𝑇30, 35. In this method, CT absorption 
81 and emission spectra can be fitted by two symmetric Gaussian functions, eventually 
82 𝐸𝐶𝑇 and 𝜆 can be extracted. This method is now routinely employed in OPV research.

83 Although the analysis based on the Classical Marcus theory has achieved remarkable 
84 success in OPVs, its employment in current high-performance devices faces severe 
85 challenges. With the emergence of non-fullerene acceptors (NFAs), the device 
86 efficiency has been increased to over 20%, mainly due to a significant reduction in 
87 energetic offset and subsequently voltage loss36-41. Small offsets also lead to spectra 
88 overlap between locally excited (LE) and CT emissions; hence, the standard single-
89 state Marcus analysis is subject to the overlapping interference of many complex 
90 factors. Consequently, the weak CT absorption signal is often masked by the steep 
91 absorption edge of the narrow band gap NFA, and the EL spectrum is dominated by 
92 the bright LE emission42-44. If the standard analysis method is directly applied to such 
93 spectra, the extracted value of 𝐸𝐶𝑇 would be close to 𝐸𝐿𝐸 and overestimated. 

94 In addition, in the system with small energetic offset and strong electronic coupling, 
95 LE and CT states may be mixed to form hybrid states that do not conform to the simple 
96 Marcus model45, 46. This hybridization between LE and CT states creates mixed 
97 electronic character that violates Marcus theory's discrete two-state model47-49. The 
98 degree of this hybridization depends on the ratio of electronic coupling strength to 
99 driving force: systems with moderate coupling strength and high driving force have a 

100 limited degree of hybridization (about 3%), while in systems where the driving force is 
101 close to zero, the hybridization effect is much more significant47. The LE-CT 
102 hybridization with mixed energy states fundamentally challenges Marcus theory. A 
103 three-state vibrational electron model that considers the coupling of electrons and 
104 vibrations with localized absorption states is crucial for reliably describing optical 
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105 absorption characteristics, because the classical Marcus model leads to incorrect 
106 interpretation48. This hybridization results an intensity borrowing mechanism that 
107 increases the oscillator strength of the effective CT to the ground state, hence 
108 suppressing nonradiative voltage losses, which cannot be explained by the classical 
109 Marcus theory alone49.

110 Finally, the organic semiconductor film itself has significant static energetic disorder, 
111 which further complicates the extraction of CT state properties50-52. The static disorder 
112 caused by irregular molecular packing and conformational changes in organic films 
113 leads to a distribution of CT state energies. Intermolecular interactions in organic 
114 blends exhibit weak cohesion through van der Waals forces, and combined with 
115 conformational irregularities, this results in a broadened distribution of charge 
116 transfer states53. Static energetic disorder is expected to be pronounced in amorphous 
117 organic semiconductors and in heterogeneous blended films commonly used in OPV 
118 devices54. However, classical Marcus theory assumes the existence of a single charge 
119 transfer energy level, with the broadening of its spectral features attributed solely to 
120 electron-phonon coupling (dynamic disorder)55. Although traditional models can be 
121 extended to account for this phenomenon, the commonly applied classical Marcus 
122 approach neglects this effect.

123 In view of the above limitations and challenges, a practical guide on classical Marcus 
124 theory analysis of CT states is urgently needed in OPVs. If the existing model is directly 
125 applied without fully understanding its premise, it is easy to draw wrong conclusions. 
126 The purpose of this study is to first systematically integrate potential problems in 
127 classical Marcus analysis, and provide a unified diagnostic framework to elucidate how 
128 to carefully interpret the EL and s-EQE spectra under the framework of classical 
129 Marcus theory, and pay special attention to static disorder and the mixed LE and CT 
130 emission, in particular the invisible CT states in the current NFA-based system.

131 Basics of classical Marcus theory

132 Marcus theory provides a framework for calculating the electron transfer rate 
133 between two electronic states coupled to a dynamic nuclear environment10. The 
134 model takes into account the effects of intramolecular vibrations and surrounding 
135 molecular matrices. The core is that electron transfer is most likely to occur when the 
136 nuclear coordinate fluctuates to a configuration where the initial and final electron 
137 energies are equal, a.k.a. vertical transition. This condition conforms to the Franck-
138 Condon principle and the electron transition is much faster than the nuclear motion18, 

139 19. The theory uses the non-adiabatic potential energy surface to describe this process. 
140 It approximates the potential energy surface of the initial state and the final state to 
141 a simple harmonic potential with the same curvature. This parabolic approximation 
142 simplifies the geometry of the complex, multi-dimensional and possibly anharmonic 
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143 potential energy surface in the real world. The key assumptions are as follows: first of 
144 all, the potential energy surface of the initial state and the final state have a quadratic 
145 dependence on the nuclear reaction coordinate; secondly, the response of the 
146 surrounding environment to charge rearrangement is linear, and the dielectric 
147 response changes proportionally. Thirdly, using the Condon approximation, it is 
148 assumed that the electron coupling matrix element 𝐻𝐷𝐴 is independent of the 
149 nuclear coordinates, so the transition probability is completely determined by the 
150 nuclear configuration. Finally, the model is applicable to the non-adiabatic limit (weak 
151 electronic coupling), and the system evolves along the initial potential energy surface 
152 until it jumps to the final potential energy surface at the crossover point24, 56-58. This 
153 hypothesis is particularly consistent with the optically weak transition characteristics 
154 of charge transfer states in OPV blends.

155 For optical transitions involving CT states, it is usually necessary to consider two 
156 potential energy surfaces: one represents the ground state (GS) of the D-A pair, and 
157 the other represents the CT state (𝐷― ― 𝐴+). As shown in Fig. 1(a), these potential 
158 energy surfaces are plotted along a generalized one-dimensional “reaction 
159 coordinate”. Within this parabolic framework, the kinetics and thermodynamics of the 
160 charge transfer process are described by several key parameters. For optical 
161 transitions of absorption and emission between the ground state and the CT state, the 
162 standard Gibbs free energy change ∆𝐺0 of the reaction is simply the energy 
163 difference between the two potential energy surface minima, i.e. the CT state energy 
164 𝐸𝐶𝑇. Reorganization energy 𝜆 is defined as the energy required to distort the nuclear 
165 geometry of the initial state (reactant plus environment) to the equilibrium geometry 
166 of the final state without the occurrence of electron transfer event itself. It is the 
167 vertical energy difference between the final state potential energy calculated in the 
168 equilibrium coordinates of the initial state and the minimum value of the final state 
169 potential energy. 𝜆 quantifies the energy dissipated by the instantaneous electron 
170 transfer when the nuclear coordinates of the system relax to their new equilibrium 
171 positions59-61. It includes two main contributions: the inner ring component (𝜆𝑖) 
172 caused by the change of intramolecular bond length and bond angle, and the outer 
173 ring component (𝜆𝑜) caused by the reorientation of the surrounding polarized medium. 
174 In the classical Marcus theory, only the outer reorganization energy is considered62. 
175 The activation energy ∆𝐺‡ for the transition is the energy of the crossing point of the 
176 two parabolas relative to the minimum of the initial state parabola10. A 
177 straightforward geometric derivation based on the parabolic approximation yields the 
178 Marcus equation for the free energy of activation:

179 ∆𝐺‡ =
(𝜆 + ∆𝐺0)2

4𝜆 ()

180 For the non-radiative recombination process from the CT state back to the ground 
181 state, the initial state is the CT state and the final state is the ground state. Therefore, 
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182 the driving force is ∆𝐺0 = ― 𝐸𝐶𝑇. The activation barrier for this loss pathway is thus 
183 given by:

184 ∆𝐺‡
𝑟𝑒𝑐 =

(𝜆 ― 𝐸𝐶𝑇)2

4𝜆 ()

185 Under the non-adiabatic limit and low frequency approximation, the rate of electron 
186 transfer (𝑘𝐸𝑇) is described by the classical Marcus expression:

187 𝑘𝐸𝑇 =
2𝜋
ℏ |𝐻𝐷𝐴|2 1

4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 ―

(𝛥𝐺0 + 𝜆)2

4𝜆𝑘𝐵𝑇 ()

188 Where ℏ is the reduced Planck constant, |𝐻𝐷𝐴| is the electronic coupling matrix 
189 element, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the absolute temperature. This 
190 quadratic dependence of the activation energy on ∆𝐺0 leads to the existence of a 
191 "normal" and an "inverted" region for reaction rates, suggesting that very large 𝐸𝐶𝑇 
192 values could potentially suppress non-radiative recombination rates.

193 The processes of photon absorption and emission are visualized as vertical Franck-
194 Condon transitions on the potential energy diagram. The absorption process involves 
195 a vertical transition from the equilibrium configuration (minimum) of the ground state 
196 parabola. This transformation terminates on the parabola of the CT state, and its 
197 energy is one 𝜆 longer than the minimum value of the CT state potential energy 
198 surface. Conversely, radiative recombination (emission) involves a vertical transition 
199 from the minimum of the CT state parabola down to the ground state parabola. Thus, 
200 the energy of the photon corresponding to the maximum absorption and emission 
201 intensity are approximately given by:

202 𝐸𝑎𝑏𝑠 ≈ 𝐸𝐶𝑇 + ()

203 𝐸𝑒𝑚 ≈ 𝐸𝐶𝑇 ― ()

204 The energy difference between the absorption and emission maxima is known as the 
205 Stokes shift, which provides an experimentally accessible spectroscopic handle for 
206 determining the reorganization energy:

207 Stokes Shift = 𝐸abs ― 𝐸em ≈ ()

208 These key parameters correspond to EL and s-EQE data (reduced) fitted using the 
209 standard Marcus theory, as shown in Fig. 1(b).

210 In the high temperature limit, when the thermal energy (𝑘𝐵𝑇) is large relative to the 
211 energy of the relevant nuclear vibration mode (ℏ𝜔), the thermal population of the 
212 initial vibrational energy levels leads to the Gaussian broadening of the optical 
213 transition30, 35. Therefore, the absorption 𝐴(𝐸) and emission 𝑁(𝐸) line shapes will 
214 be Gaussian centered on 𝐸𝑎𝑏𝑠 and 𝐸𝑒𝑚, respectively:
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215 𝐴(𝐸) ∝ 𝐸 𝑒𝑥𝑝 ―
𝐸 ― (𝐸𝐶𝑇 + 𝜆)

2

4𝜆𝑘𝐵𝑇 ()

216 𝑁(𝐸) ∝ 𝐸3 𝑒𝑥𝑝 ―
𝐸 ― (𝐸𝐶𝑇 ― 𝜆)

2

4𝜆𝑘𝐵𝑇 ()

217 Standard Procedure of Marcus analysis

218 Marcus analysis requires simultaneous investigation of the absorption and emission 
219 spectra of the CT state. The theoretical basis of this method is derived from the 
220 detailed balance principle under thermal equilibrium conditions: in the thermal 
221 equilibrium state, the forward rate of any microscopic process is equal to its reverse 
222 rate. For optical transitions, this principle establishes a relationship between the 
223 absorption and emission spectrum, which was originally proposed by Kennard and 
224 Stepanov63, 64. In the context of a solar cell, this principle is formalized in an electro-
225 optical reciprocity relation, which connects the device's photovoltaic quantum 
226 efficiency (𝐸𝑄𝐸𝑃𝑉) to its electroluminescence emission photon flux density (𝜙𝑒𝑚)65, 

227 66:

228 𝜙𝑒𝑚(𝐸) = 𝐸𝑄𝐸𝑃𝑉(𝐸) ⋅ 𝜙𝐵𝐵(𝐸,𝑇) 𝑒𝑥𝑝
𝑞𝑉
𝑘𝑇 ― 1 ()

229 where 𝜙𝐵𝐵(𝐸,𝑇) is the spectral flux density of a blackbody radiator at absolute 
230 temperature 𝑇, and 𝑉 is the applied voltage. This equation elegantly links the 
231 process of absorbing a photon to generate an electron-hole pair (probed by 𝐸𝑄𝐸𝑃𝑉, 
232 assuming 𝐸𝑄𝐸𝑃𝑉 ≈ 𝐴(𝐸)) with the reverse process of an electron-hole pair 
233 recombining to emit a photon (probed by 𝑁(𝐸)50, i.e. the number of photons 
234 collected for a given time duration and device area, hence 𝑁(𝐸) ∝ 𝜙𝑒𝑚(𝐸)). 

235 For the analysis, the highly sensitive 𝐸𝑄𝐸𝑃𝑉(𝐸) spectrum and EL intensity spectrum 
236 𝑁(𝐸) of the solar cell device are first carefully measured. Once obtained, the reduced 
237 absorption spectrum is calculated by dividing the measured 𝐸𝑄𝐸𝑃𝑉 by the photon 
238 energy 𝐸 resulting in a quantity proportional to the absorption cross-section:

239 𝑟𝑒𝑑.𝐸𝑄𝐸𝑃𝑉(𝐸) =
𝐸𝑄𝐸𝑃𝑉(𝐸)

𝐸 ()

240 Similarly, reduced emission spectrum is mirrored to the reduced absorption spectrum: 

241 𝑟𝑒𝑑.𝐸𝐿(𝐸) =
𝑁(𝐸)

𝐸3 ()

242 The manual fitting process requires judgment of visual features such as curve trend, 
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243 peak position and line width, and normalization of 𝑟𝑒𝑑.𝐸𝑄𝐸𝑃𝑉(𝐸) and 𝑟𝑒𝑑.𝐸𝐿(𝐸) 
244 is required. After this processing, the two reduced spectra are ready for quantitative 
245 fitting, as depicted in Fig. 2(a).

246 In large offset case, the CT absorption and emission characteristics can be clearly 
247 separated from the LE transition in the spectrum, showing obvious peaks or tails in 
248 the sub-band gap region, as shown in Fig. 2(a). This spectral separation effectively 
249 avoids the complexity caused by the overlap of absorption bands, so that we can 
250 directly and clearly fit the characteristics of the CT state. The reduced absorption and 
251 emission spectra are then fitted using the Gaussian line shapes derived from the 
252 Classical Marcus theory, respectively:

253 red. 𝐸𝑄𝐸𝑃𝑉(𝐸) =
𝐴

4𝜋𝜆𝑘𝐵𝑇
⋅ exp ―

𝐸 ― (𝐸𝐶𝑇 + λ)
2

4λ𝑘𝐵𝑇 ()

254 red. 𝐸𝐿(𝐸) =
𝐵

4𝜋𝜆𝑘𝐵𝑇
⋅ exp ―

𝐸 ― (𝐸𝐶𝑇 ― 𝜆)
2

4𝜆𝑘𝐵𝑇 ()

255 Where 𝐴 and 𝐵 are independent amplitude scaling factors and proportional to the 
256 square of the electronic coupling matrix element.

257 When performing global fitting on the normalized data, the red. 𝐸𝐿 curve is usually 
258 shifted downward so that the peak height of red. 𝐸𝐿 matches that of the CT peak in 
259 the red. 𝐸𝑄𝐸𝑃𝑉 curve, and 𝐸𝐶𝑇 and 𝜆 are constrained as shared parameters for 
260 absorption and emission line shapes. The position and width of the absorption peak 
261 (centered at 𝐸𝐶𝑇 +𝜆) and the emission peak (centered at 𝐸𝐶𝑇 ―𝜆) are 
262 simultaneously described through a set of self-consistent physical parameters, as 
263 shown in Fig. 2(b). This approach takes advantage of the inherent mirror symmetry 
264 predicted by the theory, and compared with fitting a single spectrum separately, it can 
265 obtain more reliable 𝐸𝐶𝑇 and 𝜆 values. Among them, 𝐸𝐶𝑇 reflects the energy of 
266 the interfacial CT state after relaxation, which is the main factor determining the 
267 thermodynamic limit of 𝑉𝑜𝑐 67, 68, and non-radiative voltage loss (𝑉𝑙𝑜𝑠𝑠,𝑛𝑟)22, 69. 𝜆 
268 indicates the extent to which nuclei and electrons reorganize at the donor-acceptor 
269 interface after a charge transfer event occurs. Smaller reorganizations are preferred 
270 because less energy is lost due to structural relaxation. In addition, smaller 𝜆 is often 
271 associated with steeper absorption edges, hence less dynamic disorder.

272 Systems with complex absorption and emission spectra

273 The absorption and emission spectra of a typical bulk heterojunction (BHJ) OPV is 
274 determined by various properties of CT states. In the case of traditional large offset 
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275 systems (typically > 0.3 eV), e.g. most fullerene based systems, we can clearly see 
276 emissions from CT states, making it straightforward to conduct single-state classical 
277 Marcus analysis30. However, the state-of-the-art NFA systems often feature a small 
278 offset (typically < 0.2 eV), leading to possibilities of thermal repopulation70 and state 
279 hybridization48, 49. Besides, organic semiconductors have intrinsic static energetic 
280 disorder, that may arise from configurational and packing disorder that are strongly 
281 correlated to the nanoscale interpenetrating network of donor and acceptors, as 
282 shown in Fig. 3(a). In this part, we will discuss the validity of single-state Marcus 
283 analysis when absorption and emission spectra are complex.

284 We employ a previously developed model framework based on the semi-classical 
285 Marcus theory49, 50, 69, 71 to generate a synthetic database of 𝐸𝑄𝐸𝑃𝑉 and EL spectra 
286 as inputs for the subsequent Marcus analysis (Error! Reference source not found.). 
287 This model generates spectra with complex features of CT states, including static 
288 energetic disorder, state hybridization, dark CT, etc., which allows us to fully explore 
289 the accuracy of 𝐸𝐶𝑇 and 𝜆 based on the standard Marcus analysis in the case of 
290 complex emission spectra. The framework describes the transitions between the 
291 ground state (GS or S0), the localized exciton (LE or S1) state and the CT state, as shown 
292 in the potential energy surface in Fig. 3(b). Based on the semi-classical Marcus-Levich-
293 Jortner (MLJ) theory, the model decomposes the reorganization energy into low-
294 frequency (𝜆𝑜) and high-frequency components (𝜆𝑖). The low-frequency components, 
295 after classical processing, correspond to solvent/matrix relaxation and low-frequency 
296 vibration, while the high-frequency components correspond to the dominant 
297 quantum mechanical vibration mode with energy of ℏΩ69. The MLJ expression of the 
298 non-radiative rate constant 𝑘𝑛𝑟 is given by the sum of Franck-Condon weighted 
299 densities of states:

300 𝑘𝑛𝑟 =
2𝜋𝑉2

𝑒𝑙

ℏ 4𝜋𝜆𝑜𝑘𝐵𝑇

∞

𝑚=0

∞

𝑛=0

𝑒―𝑆𝑆𝑚―𝑛𝑛!
𝑚! 𝐿𝑚―𝑛

𝑛 (𝑆)
2

𝑒 ― 
[―ℏ𝜔+𝐸𝐶𝑇+𝜆𝑜+(𝑚―𝑛)ℏ𝛺]2

4𝜆𝑜𝑘𝐵𝑇 𝑒―𝑛ℏ𝛺
𝑘𝐵𝑇()

301 Here, 𝑉2
𝑒𝑙 is the electronic coupling between the CT and ground states, 𝑆 = 𝜆𝑖 ℏΩ 

302 is the Huang-Rhys factor, m and n designate the quantum number of the vibrational 
303 modes of the final and initial state, respectively, and 𝐿𝑚―𝑛

𝑛 (𝑆) is the generalized 
304 Laguerre polynomial of degree 𝑛. 

305 Another key component of this model is the state hybridization between LE and CT 
306 states, which becomes significant when the offset between them is small (usually < 
307 0.2 eV)49. This interaction is mediated by an electron coupling matrix element (𝑉𝑠𝑡𝑎𝑟), 
308 resulting in state mixing and the formation of new hybrid states. A major consequence 
309 is the “intensity borrowing”, where a new low-energy state, mainly the CT-like state, 
310 obtaining a small part of the large oscillator strength of the “bright” LE state. This 
311 greatly improves the effective oscillator strength of CT to GS transition:
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312 𝑓∗
𝐺𝑆, 𝐶𝑇 = 𝑓𝐺𝑆,𝐶𝑇 +

𝑓𝐿𝐸,𝐺𝑆𝑉2
𝑠𝑡𝑎𝑟

∆𝐸2
𝐿𝐸,𝐶𝑇

+
2 𝑓𝐿𝐸,𝐺𝑆𝑓𝐺𝑆,𝐶𝑇 𝑉𝑠𝑡𝑎𝑟

∆𝐸𝐿𝐸,𝐶𝑇
()

313 This formula shows that the effective oscillator strength increases substantially as the 
314 energy offset (∆𝐸𝐿𝐸,𝐶𝑇) decreases and 𝑉𝑠𝑡𝑎𝑟 increases. This "brighter" CT state 
315 directly increases the radiative recombination rate 𝑘𝑟.

316 Static energetic disorder is also a key component in this model50. The CT state is 
317 described by a normalized distribution function for CT-state energies 𝑔(𝐸𝐶𝑇), which 
318 are the sum of multiple weighted gaussian line-shapes 𝐷𝑡(𝐸𝐶𝑇), via 𝑔(𝐸𝐶𝑇) =
319 ∑𝑡 𝑐𝑡𝐷𝑡(𝐸𝐶𝑇). For an individual gaussian function, 𝜎𝐶𝑇,𝑡 is its width and 〈𝐸𝐶𝑇,𝑡〉 is 
320 the energy at its gaussian center:

321 𝐷𝑡(𝐸𝐶𝑇) =
1

𝜎𝐶𝑇,𝑡 2𝜋
𝑒

― 𝐸𝐶𝑇―〈𝐸𝐶𝑇,𝑡〉
2

2𝜎2
𝐶𝑇,𝑡 ()

322 The parameter 𝜎𝐶𝑇,𝑡 quantifies the degree of static disorder for an individual CT 
323 manifold t. This is the main cause of the broadening of the low-energy tail in the 
324 absorption and emission spectra. Ignoring this distribution will cause the fitting 
325 routine to wrongly attribute spectral broadening to artificially exaggerated 𝜆. 
326 Because 𝑘𝑛𝑟 is highly sensitive to 𝜆, it may lead to a significant misjudgment of the 
327 recombination rates. Note here that for brevity, we consider single gaussian DOS for 
328 later investigations, therefore, subscript “t” is neglected.

329 We now study the systematic influence of key physical parameters on the accuracy of 
330 classical Marcus analysis, including offset between the LE and CT states (∆𝐸𝐿𝐸,𝐶𝑇), 
331 static disorder of CT states (𝜎𝐶𝑇), coupling between the LE and CT states (𝑉𝑠𝑡𝑎𝑟), low 
332 and high frequency reorganization energy of CT state (𝜆𝑜 and 𝜆𝑖), CT oscillator 
333 strength (𝑓𝑜𝑠𝑐.𝐶𝑇), and rate constant of LE to CT transition (𝑘𝐿𝐸,𝐶𝑇), as shown in Error! 
334 Reference source not found.. The model parameters used to generate EL and EQE 
335 spectra are shown in Error! Reference source not found.. By fitting these simulated 
336 spectra using the homemade Marcus theory-based program Marcusfit72 (Error! 
337 Reference source not found.), we can directly compare the fitting parameters (𝐸𝐶𝑇 
338 and 𝜆𝑜) with the known “true” values in the model. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 
339 correspond to the low frequency reorganization energy and the free energy of the CT 
340 state in the original model, respectively. This analysis reveals several key scenarios 
341 where the Classical Marcus analysis fails as shown in Fig. 4-9 and detailed below.

342 1) Low offset

343 We first investigate the case where the LE-CT offset (∆𝐸𝐿𝐸,𝐶𝑇) is reduced, which is a 
344 typical approach to minimize voltage loss experimentally. As shown in Fig. 4(a-b), for 
345 large offset systems (∆𝐸𝐿𝐸,𝐶𝑇 ≥ 0.2 eV), a distinct CT peak (the bright blue curve 
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346 segment) can be observed at the tail of the EQE curve, and 𝐸𝐶𝑇 and 𝜆𝑜 from 
347 Classical Marcus fitting agree reasonably well with the input model values, as shown 
348 in Fig. 4(d). On the contrary, for the small offset system (e.g. ∆𝐸𝐿𝐸,𝐶𝑇 = 0.1 eV in Fig. 
349 4(c)), due to spectral overlap, the EQE tail represents a mixture of the CT and LE 
350 absorption, and no clear CT absorption or emission is visible. Since oscillator strength 
351 of LE state is usually much larger than that of CT state, the Classical Marcus fit often 
352 only captures features of the LE state, leading to overestimated 𝐸𝐶𝑇 and 𝜆𝑜 due to 
353 overlapped emission, as shown in Fig. 4(d). Later, we will show that such result is 
354 typical for low offset systems when other properties of CT states change.

355 2) Large static disorder

356 We now investigate the case with different static energetic disorders of CT states, i.e. 
357 𝜎𝐶𝑇. As shown in Fig. 5(a-c), for ∆𝐸𝐿𝐸,𝐶𝑇 is fixed at 0.2 eV (moderate offset), the 
358 breadth of both EL and EQE get widened with increasing static disorder. The Gaussian 
359 line shape of the single-state Marcus model is the result of uniform broadening caused 
360 by vibrational electron-phonon coupling. Static disorder, that represents the statistical 
361 distribution of molecular site energy due to morphological changes and local 
362 electrostatic environment, introduces non-uniform broadening by creating a Gaussian 
363 density of states (DOS) for excited states. Therefore, the emission spectrum observed 
364 in the experiment is the convolution of the intrinsically uniform line shape with this 
365 non-uniform DOS. Under thermal equilibrium, excitons undergo thermal relaxation 
366 and migrate to low-energy positions within the DOS before emission. This process 
367 causes the emission spectrum to shift to the low energy side, resulting in a wide, 
368 asymmetric non-Gaussian distribution in EL, that cannot be easily analyzed by single 
369 state Marcus theory. As shown in Fig. 5(d), for systems with low disorder (𝜎𝐶𝑇 < 60 
370 meV), only 𝐸𝐶𝑇 values are roughly recovered by Marcus fitting, while 𝜆𝑜 deviates 
371 significantly from input values, 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙. For Large static disorder systems, the fitted 
372 𝐸𝐶𝑇 is systematically severely underestimated due to exciton relaxation in the DOS, 
373 in which case, the values of 𝐸𝐶𝑇 can only be considered as the effective value of CT 
374 manifolds73, rather than the center of CT DOS. In the case of high disorder (𝜎𝐶𝑇 = 120 
375 meV), the deviation exceeds 0.2 eV. Therefore, 𝜆𝑜 values extracted directly using 
376 classical Marcus theory are seriously overestimated. Similar observation is seen with 
377 a smaller offset (∆𝐸𝐿𝐸,𝐶𝑇 = 0.1 eV), as shown in Error! Reference source not found. 
378 (c).

379 3) Strong state hybridization

380 We now investigate the case with varied electronic coupling (from 0 meV to 80 meV) 
381 between the LE and CT states (𝑉𝑠𝑡𝑎𝑟), where the ∆𝐸𝐿𝐸,𝐶𝑇 is fixed at 0.1 eV. When the 
382 electronic coupling between LE and CT state rises, there is no longer pure CT or LE 
383 state, but rather a combination of both, i.e. a hybrid state. LE states typically exhibit 
384 large oscillator strength 𝑓𝐿𝐸,𝐺𝑆, whereas the oscillator strength of pure CT states (i.e. 
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385 𝑓𝐺𝑆,𝐶𝑇) is usually several orders of magnitude lower than that of LE49. According to Eq. 
386 (15), even a small amount of LE component mixed into the CT state leads to a dramatic 
387 increase in the effective oscillator strength of the CT state, hence, the change in 𝑓𝐺𝑆,𝐶𝑇 
388 is the key factor here.

389 As shown in Fig. 6(a-c), the fitting quality of the classical Marcus theory gradually 
390 improves with increasing 𝑉𝑠𝑡𝑎𝑟. When 𝑉𝑠𝑡𝑎𝑟 is small (weak coupling), the CT state 
391 cannot acquire sufficient transition dipole moments from the LE state, which renders 
392 it intrinsically an optical “dark state”. This case is equivalent to the low offset case 
393 discussed above, and the Classical Marcus fit only captures the LE state's tail 
394 characteristics rather than the true CT state. Consequently, the extracted 𝐸𝐶𝑇 and 
395 𝜆𝑜 is incorrectly biased toward the higher-energy LE state, as shown in Fig. 6d. 
396 Conversely, when 𝑉𝑠𝑡𝑎𝑟 is getting larger (intermediate coupling, e.g. 80 meV), the 
397 intensity borrowing effect is activated49. The CT state gains substantial oscillator 
398 strength, transforming into a “bright state” and forming an independent, distinct 
399 absorption peak or shoulder peak, which will lead to slightly better fitting quality, as 
400 reflected in Fig. 6(a-c), and reduced fitting errors in Fig. 6d. However, it’s worth noting 
401 here that in all cases when offset is small, noticeably errors appear using the Classical 
402 Marcus fit, reflecting results from discussions above. Such behavior is absent in larger 
403 offset systems, e.g. 0.2 eV in Error! Reference source not found. (g).

404 Note here, we are still in the weak to intermediate coupling regime (𝑉𝑠𝑡𝑎𝑟 < 0.5𝜆)74, 
405 therefore, Fermi’s Golden rule and parabolic potential energy surface can still be 
406 applied, given the offset between LE and CT state is not smaller than 50 meV49. For 
407 strong coupling with 𝑉𝑠𝑡𝑎𝑟 > 0.5𝜆 and Δ𝐸𝐿𝐸,𝐶𝑇 < 50 meV, parabolic potential 
408 energy surface is no longer applicable, and a correction on the wavefunction of CT 
409 state is needed, which is beyond the scope of the current work75.

410 4) High reorganization energies

411 We turn to investigate the case with different low and/or high frequency 
412 reorganization energy (𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 and/or 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙) of CT states. For a clearer 
413 presentation, we fix the values for 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙, and vary 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙, and finally compare 
414 extracted 𝜆𝑜 with input values of 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙, as shown in Figure 7. We consider three 
415 cases with small (60 meV), medium (90 meV), and large (120 meV) 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 values for 
416 the generation of EL and EQE spectra.

417 For the spectral fitting, it can be observed that with ∆𝐸𝐿𝐸,𝐶𝑇 = 0.2 eV, a distinct CT 
418 peak can be visually identified at the tail of EQE in all cases, as show in Figure 7. This 
419 provides a reliable reference for extracting 𝐸𝐶𝑇 and 𝜆𝑜, leading to good agreements 
420 when 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 is small. However, when 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 rises, the extracted 𝐸𝐶𝑇 and 𝜆𝑜 
421 value tends to be inflated. This occurs because as 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 increases, the CT 
422 spectrum widens and extends toward higher energies due to broadening caused by 
423 𝜆𝑜, significantly increasing the overlap region with the LE state. To fit the blended 
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424 spectral edges, the Gaussian function is forced to shift toward higher energies with a 
425 widened distribution, leading to an artificially inflated 𝐸𝐶𝑇 and 𝜆𝑜, for all cases with 
426 different input values of 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙, as shown in Fig. 7(d,h,l). Larger 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 tends to 
427 lead to larger errors due to additional broadening caused by vibronic modes.

428 In the system with ∆𝐸𝐿𝐸,𝐶𝑇 = 0.3 eV, i.e. larger offset, CT state exhibits spectral 
429 characteristics that are well separated from LE state. Therefore, regardless of how the 
430 reorganization energy changes in this scenario, classical Marcus theory can accurately 
431 extract 𝐸𝐶𝑇, as shown in Error! Reference source not found.(d-f). In the MLJ model, 
432 the emission exhibits a spectral envelope composed of a series of subpeaks spaced by 
433 high-frequency vibrational energy levels (ℏ𝜔 ≈ 0.15−0.2 eV), where each subpeak's 
434 width is determined solely by 𝜆𝑜 and 𝜎𝐶𝑇

50. When fitting this multi-peak structure 
435 using the single Gaussian Marcus theory, the algorithm tends to match the shape of 
436 the strongest 0-0 transition main peak. Consequently, the extracted 𝜆𝑜 mainly 
437 reflects the 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 determining the main peak width, while “neglecting” the 
438 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 that governs the relative intensity of the subpeaks. This explains the good 
439 agreement for large offset cases.

440 In the system with ∆𝐸𝐿𝐸,𝐶𝑇 = 0.1 eV, i.e. small offset, as shown in Error! Reference 
441 source not found.(e-f), the extracted 𝐸𝐶𝑇 is ~0.07 eV larger than the model value. 
442 This is due to the strong spectral overlap between LE and CT states, and the classical 
443 Marcus fitting effectively fits signal from LE state, yielding an energy value consistently 
444 larger than 𝐸𝐶𝑇 but slightly less than 𝐸𝐿𝐸. Thus, the fitted energy at this point 
445 actually represents the energy of the mixed LE and CT states. Additionally, the 
446 extracted reorganization energy tends to respond weakly to variations in the model 
447 reorganization energy. Therefore, the extracted 𝜆𝑜 reflects properties of the mixed 
448 LE and CT state, rather than the interfacial CT state. Consequently, regardless of how 
449 drastically the model alters the CT state's 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙, as long as these changes do not 
450 significantly alter the dominance of the LE state, the values fitted by classical Marcus 
451 theory remain “inert”. This further demonstrates that in systems with small offset, the 
452 direct application of classical Marcus theory is questionable.

453 5) Low oscillator strength

454 We now investigate the case with different CT oscillator strength (𝑓𝑜𝑠𝑐.𝐶𝑇). As shown 
455 in Figure 8(a), , for cases with ∆𝐸𝐿𝐸,𝐶𝑇 fixed at 0.2 eV, under low oscillator strength 
456 conditions (𝑓𝑜𝑠𝑐,𝐶𝑇 = 5 × 10―5), the CT state is essentially an optically “dark” state 
457 with an extremely low radiative transition rate. Since the intrinsic radiative rate of the 
458 LE state is typically several orders of magnitude higher than that of the “dark” CT state, 
459 LE emission tends dominate the EL spectrum. Consequently, the observed EL peak is 
460 located at the higher-energy LE position rather than the CT position. Therefore, the 
461 extracted 𝐸𝐶𝑇 is erroneously anchored near the LE state's energy, resulting in values 
462 significantly higher than the model input CT energy, similar to cases with low offset. 
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463 When oscillator strength increases (e.g., 𝑓𝑜𝑠𝑐.𝐶𝑇 ≥ 5 × 10―3, Figure 8(c)), a clear CT 
464 absorption and emission features appear in EQE tail and EL spectrum, respectively. In 
465 this case, the Classical Marcus analysis is reasonable, resulting in extracted 𝐸𝐶𝑇 that 
466 align well with model inputs. Interestingly, 𝜆𝑜 extracted by the Classical Marcus 
467 theory does not vary with 𝑓𝑜𝑠𝑐,𝐶𝑇 like 𝐸𝐶𝑇 does, as shown in Figure 8(d). The fitting 
468 results remain consistently close to the model reorganization energy values, since we 
469 assume identical LE and CT properties apart from their oscillator strength. For a 
470 different 𝜆𝑜, 𝑚𝑜𝑑𝑒𝑙 value for LE state, changes in 𝜆𝑜 can be expected. The large 
471 deviation when 𝑓𝑜𝑠𝑐,𝐶𝑇 = 5 × 10―3 is due to spectral overlapping between LE and 
472 CT, leading to broadened emission spectrum. Similar behavior is seen with smaller 
473 offset, but not for large offset cases due to good spectral isolation of CT state from LE 
474 state, as shown in Error! Reference source not found.(a). 

475 Furthermore, we investigate the threshold of 𝐼𝐶𝑇/𝐼𝐿𝐸, beyond which the Marcus 
476 analysis can be meaningful. As shown in Error! Reference source not found., when 
477 𝐼𝐶𝑇/𝐼𝐿𝐸 is less than 8 folds, the extracted 𝐸𝐶𝑇 and 𝜆 deviates significantly from the 
478 true values. During fitting, it becomes increasingly difficult to obtain good fitting 
479 results for the broadening of the CT peak and the intersection of the EL and EQE 
480 experimental data curves as 𝐼𝐶𝑇/𝐼𝐿𝐸 decreases. When the intensity ratio is too small 
481 (𝐼𝐶𝑇/𝐼𝐿𝐸 < 1), the fitting obtained by forcibly fitting the CT peak is very poor 
482 (regardless of how the Marcus fitting parameters are adjusted), while the fitting of the 
483 LE peak demonstrates a better visual agreement. Therefore, if the high energy tail of 
484 the CT emission is visible with the peak intensity approximately one order of 
485 magnitude larger than that from LE states, classical Marcus analysis could lead to 
486 meaningful results; otherwise, it should be abandoned.

487 6) Low charge transfer rate

488 We last investigate the case with different rate constant of LE to CT transition (𝑘𝐿𝐸,𝐶𝑇). 
489 When 𝑘𝐿𝐸,𝐶𝑇 is very large (e.g., 1011 s-1), as shown in Figure 9(a) for cases where the 
490 ∆𝐸𝐿𝐸,𝐶𝑇 is fixed at 0.1 eV, electron transfer is considered to be efficient from LE to CT 
491 state, so as the back transfer rate from CT to LE state since CT is populated first in EL 
492 experiments. This leads to significant contributions from LE emission to the overall 
493 emission spectrum. When this happens, spectral interference from LE again becomes 
494 the central problem in the Classical Marcus analysis, hence 𝐸𝐶𝑇 and 𝜆𝑜 are both 
495 overestimated, as also discussed above. At lower rates (𝑘𝐿𝐸,𝐶𝑇 ≤ 109 s-1), however the 
496 fitted 𝐸𝐶𝑇 actually approach the model predictions, as shown in Figure 9(d). A lower 
497 𝑘𝐿𝐸,𝐶𝑇 indicates hindered charge transfer from LE to CT, hence its back transfer from 
498 CT to LE. During EL experiments, this means electrical populated CT excitons tend to 
499 stay at CT rather than transferring back to LE. At this point, the dominant component 
500 of the EL spectrum may shift from LE to CT state emission, leading to much less errors 
501 in 𝐸𝐶𝑇. The reorganization energy 𝜆𝑜 consistently shows an overestimation, due to 
502 the fitting of the mixed CT and LE state emission. Such behavior is, however, not seen 
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503 for cases with large offset, i.e. ∆𝐸𝐿𝐸,𝐶𝑇 ≥ 0.2 eV, since CT state will be much more 
504 populated than LE state following Boltzmann statistics. Therefore, regardless of 𝑘𝐿𝐸,𝐶𝑇, 
505 as long as CT state luminescence is observed, Marcus fitting can relatively accurately 
506 extract parameters, as shown in Error! Reference source not found.(b). This further 
507 exemplified the key role of offset in performing the Classical Marcus analysis.

508 Methods to avoid errors

509 As discussed above, the invisibility and inherent static disorder of CT states are two of 
510 the most important issues for standard single-state Marcus analysis. In particular, the 
511 invisible CT state is a common feature in the most efficient OPV based on NFAs. Here 
512 we distinguish two cases: 1) visible or partially visible CT states, i.e. the case when CT 
513 absorption or emission signal is visible or partially visible and not completely missing; 
514 2) invisible CT states, i.e. the case when CT absorption and emission is completely 
515 covered by LE states. We suggest several alternative approaches to measure CT 
516 properties when absorption and emission signal is weak from CT states, and provide 
517 useful guides to quantitative analysis of CT states.

518 1. Visible or partially visible CT states

519 When emission or absorption signal from CT state is not completely covered by LE 
520 states, we can still perform the Classical Marcus analysis, but with a modified model 
521 considering static disorder. Here we discuss two methods that were proposed in the 
522 literature, as follows.
523
524 1) Temperature dependent sensitive EQE

525 The first method is to involve a temperature change during optoelectronic experiment, 
526 e.g. temperature-dependent s-EQE as explored by Khan and Rand et al.52 The benefit 
527 of temperature dependent EQE experiment is that the absorption process doesn’t 
528 involve exciton relaxation in the DOS, hence reducing errors due to unequilibrated 
529 excitons that might occur in temperature dependent luminescence experiments. 
530 However, such a method requires high resolution of the weak CT absorption band, 
531 that should be clearly distinguished from LE absorption band tails. 

532 For the analysis, the experimental EQE spectrum is first measured at different 
533 temperatures showing clear features from CT band absorption, followed by fitting 
534 using a simple Gaussian function at different temperatures. The extracted apparent 
535 𝐸𝐶𝑇 (𝑒𝑥𝑝.) typically shows a significant downward trend as temperature decreases 
536 due to relaxation of excitons in the DOS. At low temperature (𝑇→0 K), the line width 
537 is limited, which is a temperature-independent feature caused by the static 
538 distribution of CT states, i.e. static disorder. The Stokes shift is then no longer fixed at 

Page 16 of 40EES Solar

E
E

S
S

ol
ar

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
16

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EL00216H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00216h


16

539 2𝜆, which cannot be directly explained by Marcus theory. Burke et al.73 proposed a 
540 physical model that regards the CT state as a Gaussian distribution rather than a single 
541 energy level, where the characteristic parameters of the CT state density distribution 
542 are the center energy of CT DOS (𝐸𝐶𝑇) and the standard deviation (𝜎𝐶𝑇) (representing 
543 the degree of static disorder). When the Gaussian distribution is convoluted with the 
544 dynamic broadening of the molecular vibrations, the resulting absorption spectrum 
545 (measured by EQE) can be described by the following expression:

546 𝜂𝐸𝑄𝐸(𝐸) ∝
1

𝐸 2𝜋 𝜎2
𝐶𝑇 + 2𝜆𝑘𝐵𝑇

exp
― (𝐸𝐶𝑇 + 𝜆 ― 𝐸)2

2𝜎2
𝐶𝑇 + 4𝜆𝑘𝐵𝑇 ()

547 Where 𝐸 is photon energy. This form separates the contribution of static disorder 

548 (σ2
𝐶𝑇) and temperature-dependent dynamic disorder ( 2𝜆𝑘𝐵𝑇) into total spectral 

549 broadening. 

550 It is very important to measure the sub-bandgap region of CT absorption 
551 characteristics with high signal-to-noise ratio. Then, the CT absorption features in the 
552 EQE spectrum are fitted using the standard Gaussian function at each temperature. 
553 The central energy position of the CT feature may be a small peak in the rapid rise 
554 phase of the EQE curve. At this time, the apparent experimental parameters peak 
555 energy 𝐸𝐶𝑇 (𝑒𝑥𝑝.) and apparent recombination energy 𝜆 (𝑒𝑥𝑝.)at each 
556 temperature can be extracted:

557 𝐸𝐶𝑇(𝑒𝑥𝑝.) = 𝐸𝐶𝑇 ―
𝜎2

𝐶𝑇
2𝑘𝐵𝑇()

558 𝜆(𝑒𝑥𝑝.) = 𝜆 +
𝜎2

𝐶𝑇
2𝑘𝐵𝑇()

559 By plotting the relationship between the extracted 𝐸𝐶𝑇 (𝑒𝑥𝑝.) and 𝜆 (𝑒𝑥𝑝.) and the 
560 reciprocal of temperature (1/𝑇), the slopes can be used to extract the true 𝐸𝐶𝑇 and 
561 𝜆 respectively. However, one should be reminded that this method relies on the 
562 assumption of Gaussian type DOS, which might not be true in some material systems76. 
563 A more general type of DOS may be considered to deliver a better resolution of CT 
564 properties50.

565 2) Spectra deduction (EL-PL)

566 In the second method, for the system with some but not complete spectral overlap 
567 between the LE and CT state emission, an attempt can be made to subtract the 
568 appropriately normalized PL spectrum from the EL spectrum to eliminate the LE 
569 contribution and leave the residual CT emission signal. As previously explored by 
570 Perdigón-Toro et al., assuming that the total EL spectrum is a linear combination of 
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571 the CT state emission and the LE state emission, the subtraction of the appropriately 
572 normalized PL spectrum from the EL spectrum reveals a broad low-energy residual 
573 feature, and the spectrum can theoretically be analyzed in isolation to determine the 
574 properties of the CT state42. However, such method needs to be carried out with 
575 caution, specifically by normalizing the integral area or peak height of the two curves. 
576 Since the subtracted signals from EL-PL are often very weak, and may easily be 
577 impacted by the levels of injections in EL experiments.

578 2. Invisible CT states

579 Invisible CT state refers to the completely covered CT emission and absorption in 
580 standard EL and PL experiments. This has now become a common feature and issue in 
581 the state-of-the-art NFA based OPVs, making it difficult to acquire properties of CT 
582 states, e.g. its state energy and reorganization energies. Here we discuss two methods 
583 that have been explored in the literature that can be helpful for probing the invisible 
584 CT states.

585 1) Electro-absorption spectroscopy

586 The first method is electro-absorption spectroscopy (EAS), also known as Stark 
587 spectroscopy77-80. EAS is a method to measure the absorbance change (𝛥𝐴) caused by 
588 the electric field 𝐹𝑎𝑝𝑝 by using the external electric field to disturb the molecular 
589 ground state and excited state energy level (Stark effect). For a fixed and isotropic 
590 sample, the 𝛥𝐴 spectrum can be described by the Liptay equation81, 82 as a Taylor 
591 series expansion:

592 𝛥𝐴 = 𝐴𝐹(𝐸) ― 𝐴(𝐸) = (𝑘 ― 1)𝐴(𝐸) + 𝑘∆𝐸 ∙
𝑑𝐴
𝑑𝐸 +

𝑘∆𝐸2

2 ∙
𝑑2𝐴
𝑑𝐸2()

593 Where 𝐴𝐹(𝐸) and 𝐴(𝐸) are the absorption spectra with (field-on) and without 
594 (field-off) applied field, respectively. The energy change ∆𝐸 includes contributions 
595 from the linear and quadratic Stark effects:

596 ∆𝐸 = ―
1
2 ∆𝑝𝐹2 + ()

597 Where ∆𝑝 and ∆𝜇 represent the change in polarizability and dipole moment. And 
598 considering the dielectric constant of the medium (𝜀) in non-polar environments, the 
599 effective electric field 𝐹 = (2𝜀+1)𝐹𝑎𝑝𝑝 3 83.

600 A Frenkel or local exciton transition refers to the process of electron transition to 
601 higher orbitals in the same molecule or chromophore. Its ground state and excited 
602 state are relatively non-polar, and the change of ∆𝜇 is usually small. Therefore, the 
603 EAS signal is mainly affected by the change of polarizability (𝛥𝑝), and the spectral 
604 feature has a linear shape of the first derivative. On the other hand, the CT transition 

Page 18 of 40EES Solar

E
E

S
S

ol
ar

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
16

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EL00216H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00216h


18

605 consists of spatially separated electron-hole pairs (𝐷― ― 𝐴+) with a very large electric 
606 dipole, and the variation of ∆𝜇 is usually larger. Therefore, a strong EAS signal 
607 dominated by second-order derivative linear is generated, and the spectral feature is 
608 mainly in the form of a second derivative. This means that the shape of the EAS 
609 spectrum measured in the experiment is highly similar to the second derivative curve 
610 of the absorption peak in the CT state. The central energy of each Gaussian function 
611 used to fit the CT absorption band represents the energy of such CT manifold. The 
612 fitting formula is:

613 ∆𝐴 ≈
1
2 𝐶𝐿∆𝜇2𝐹2 𝑑2𝐴

𝑑𝐸2()

614 Where the constant 𝐶𝐿 is obtained through experiments, with a value of 1/3.

615 Based on the method described above, the experimental starting point is to obtain 
616 absorption spectrum (𝐴(𝐸)) in the absence of an applied electric field. Based on this, 
617 a known electric field 𝐹𝑎𝑝𝑝 is applied to measure the resulting spectral absorption 
618 change, namely the electrical absorption spectrum or Stark spectrum (𝛥𝐴). After 
619 obtaining these two sets of spectral data, the absorption band characteristic 
620 attributable to the CT transition must be identified in the 𝐴(𝐸) spectrum. To 
621 accurately analyze this characteristic and to avoid interference from experimental 
622 noise in subsequent calculations, a series of Gaussian functions are typically used to 
623 reconstruct or fit the CT absorption band. This step not only provides a spectral line 
624 shape that can be accurately differentiated, but also reveals the energy distribution of 
625 the CT state attributable to the central energy of the Gaussian functions fitted to the 
626 CT absorption band. Finally, to verify the accuracy of such energy distribution, the 
627 smoothed absorption spectrum obtained by the Gaussian fitting is first- and second-
628 order differentiated and used as basis functions to fit the experimentally measured 
629 𝛥𝐴 spectrum. This is because the line shape of the electrical absorption signal of the 
630 CT state is primarily determined by the second-order derivative of the original 
631 absorption spectrum, from which the energy of CT state can be extracted.

632 2) Advanced model fitting

633 The final method is to extract CT state properties using the previously developed MLJ 
634 model coupled with drift and diffusion equations (which was introduced in the 
635 previous section). This theoretical framework allows the modelling of the complete 
636 process from exciton generation to charge collection, and the properties of important 
637 states, i.e. LE, CT, and charge separated state (CS), are all considered. In a previous 
638 study by Muller et al., using this model, they realized simultaneous fitting of current-
639 voltage (JV) characteristics and PL, and extracted CT properties even when it’s not 
640 visible in EQE, EL and PL84. The authors used 𝛥𝐸𝐿𝐸―𝐶𝑇, LE dissociation rate (𝑘𝑑𝑖𝑠

𝐿𝐸→𝐶𝑇), 
641 CT dissociation rate (𝑘𝑑𝑖𝑠

𝐶𝑇→𝐶𝑆), and mobility (𝜇) as fitting variables. The absolute PL 
642 intensity is used to determine 𝑘𝑑𝑖𝑠

𝐿𝐸→𝐶𝑇, considering the competition between LE 
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643 exciton dissociation and decay84. 𝑘𝑑𝑖𝑠
𝐶𝑇→𝐶𝑆 can be determined from the model by 

644 simultaneously fitting 𝐽𝑠𝑐 and FF. They found 𝑘𝑑𝑖𝑠
𝐶𝑇→𝐶𝑆 of 1010 𝑠―1 for the high-

645 offset blends and of 107 𝑠―1 for the low-offset blends, which are important reasons 
646 for low offset systems to deliver low charge generation yield. In addition, by linking 
647 the kinetic rate to free energy difference through the principle of detailed balance, 
648 the method can extract the energy of charge separated state (𝐸𝐶𝑆) and the energetic 
649 barrier between CT and CS, i.e. 𝛥𝐸𝐶𝑇,𝐶𝑆. This method has the potential to be further 
650 explored to include more experimental data in the fitting procedure, to enhance the 
651 accuracy of extracted properties of the invisible CT state.

652 A general guide

653 Although classical Marcus theory has become a successful and routine tool for 
654 analyzing CT states, it requires extra caution when applied to modern high-
655 performance NFA systems. Based on the several advanced methods introduced earlier, 
656 we provide the following guide to the probing and analysis of CT states, which is also 
657 summered as a decision tree in Figure 10.

658 It is recommended that the first step of any analysis be to carefully examine the low-
659 energy absorption and emission spectra of the device, typically EQE and EL spectra. If 
660 the CT features can be clearly seen in the EQE or EL spectra of large offset system 
661 either partially or fully, the classic Marcus fitting can be performed. The fitting 
662 program Marcusfit that we have made public on github will be a very convenient tool72. 
663 Marcusfit is built specifically to streamline this process by jointly analyzing both 
664 spectra. It mathematically identifies the intersection point of the normalized EL and 
665 EQE curves to establish initial parameter estimates, and employs a fine-tuning 
666 algorithm to extract the CT energy and reorganization energy with high numerical 
667 stability. However, it is suggested that the obtained CT energy 𝐸𝐶𝑇 (𝑒𝑥𝑝.) be 
668 interpreted as an effective energy rather than an absolute and single value. This is 
669 because the value is affected by the inherent static energetic disorder, causing the 
670 experimentally observed emission peak to deviate from the DOS center. Therefore, it 
671 is recommended that 𝐸𝐶𝑇 (𝑒𝑥𝑝.) be used only as a reference energy. Additionally, 
672 the value 𝜆 (𝑒𝑥𝑝.) extracted from the classical Marcus fitting contains two physically 
673 different phenomena: the dynamic and static disorder. If the extracted reorganization 
674 energy (𝜆𝑜) from a classical Marcus fit at room temperature is unusually large, static 
675 disorder could be significant. The practical strategy is to perform temperature-
676 dependent s-EQE or PL tests. Dynamic disorder is thermally activated and 
677 temperature-dependent (𝜎𝑑 = (2𝜆𝑜𝑘𝐵𝑇)1/2), while static disorder is essentially 
678 temperature-independent. Hence, static disorder can be isolated from dynamic 
679 effects by measuring the spectra across a range of temperatures and plotting the 
680 apparent CT parameters against 1/T.
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681 However, in modern OPVs, LE states are often very emissive, and CT signals are easily 
682 buried under that of LE. Hence, the classic Marcus fitting method often fails to yield 
683 physically reliable results. When CT absorption is weak, the fitting process usually 
684 struggles to capture meaningful CT signals, hence the error would be large. Here, we 
685 take the EL and EQE spectra measured by Wu et al.85 in PM7/IT4F blends as an example 
686 and perform classical Marcus fitting, as shown in Figure 11. In this case, the small 
687 energy difference between the LE and CT states leads to significant overlap between 
688 LE and CT emission with peak intensity ratio between CT and LE less than 10, which 
689 should give large errors in reorganization energy and CT state energy following the 
690 guidance provided in Figure 10. Indeed, the fitting parameters extracted from this type 
691 of data have significant uncertainties and poor convergence, making it difficult to 
692 distinguish the true CT contribution from experimental noise. Therefore, the obtained 
693 reorganization energy and CT state energy values lack physical reliability and should 
694 be interpreted with caution.

695 When CT signal is completely obscured by the absorption tail of local excitons. 
696 Attempting to fit this region using the classic Marcus model is a common but crucial 
697 mistake, as the fitting will mainly focus on the LE tail rather than the CT state, thereby 
698 the fitting result is physically meaningless. Therefore, if the CT features cannot be 
699 clearly identified via comparing absorption or emission of pristine materials and 
700 blends, it is recommended to abandon the classic Marcus fitting. It would be beneficial 
701 to consider other methods. For instance, EAS is a powerful technique because it is 
702 highly sensitive to changes in the dipole moment (the decisive feature of CT transitions) 
703 and can be identified even if the CT state is hidden in conventional absorption 
704 spectroscopy80. Another approach can also be helpful, that is to employ an advanced 
705 model fitting based on MLJ model framework concerning both spectral and device 
706 characteristics as explored by Muller et al.84 Through model fitting multiple 
707 experiments, one can obtain the properties of invisible CT states, including but not 
708 limited to state energy, inner and outer reorganization energies, static disorder, 
709 phonon energies, and the transition rate constants between LE, CT and CS states.

710 Conclusions

711 In summary, the classical Marcus single-state theory in the high temperature limit has 
712 limitations in the analysis of CT states in modern high-performance NFA based OPVs. 
713 The bright local excitonic state emission signal often masks the weak charge transfer 
714 state characteristics, and the material itself has static disorder. Therefore, directly 
715 applying the Classical Marcus model for fitting may result in values that do not have 
716 true significance. We discuss the cause of such issues in detail and provide guidelines 
717 to avoid significant errors while doing Marcus analysis of CT states. If CT absorption 
718 and emission are visible or partially visible, the extracted values via Marcus fitting 
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719 should only be regarded as "effective energies" given the static disorder is present. 
720 Meanwhile, the reorganization energies obtained through Marcus fitting should be 
721 treated with caution. It’s suggested to employ temperature dependent spectroscopy 
722 to better resolve the impact of dynamic and static disorder. If the characteristics of 
723 the charge transfer state cannot be clearly identified in the sub-bandgap regions of 
724 the absorption and emission spectra, the classic Marcus fitting should be abandoned 
725 and advanced techniques such as electro-absorption spectroscopy should be adopted 
726 instead. Advanced models concerning more practical features of CT states can also be 
727 useful and can help extract more information about the hidden CT states.

728

729
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747

748 Fig. 1 (a) Schematic diagram of the evolution of potential energies for the ground state and 
749 charge transfer state along the reaction coordinate, for harmonic potentials. ∆𝐺0 represents 
750 the Gibbs free energy change of the reaction, and ∆𝐺‡ represents the activation barrier; (b) 
751 Schematic diagram of Marcus theory fit of the reduced 𝐸𝑄𝐸𝑃𝑉 and EL spectra. In (a) and (b), 
752 𝐸𝑎𝑏𝑠 and 𝐸𝑒𝑚 represent the energies of maximum absorption and emission, respectively; 
753 𝐸𝐶𝑇 represents to the charge transfer state energy, and 𝜆 represents the reorganization 
754 energy.

755
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756

757 Fig. 2 Schematic diagram of the steps involved in fitting EL and EQE spectra using Marcus 
758 theory. (a) The first step is to normalize the experimental EL and EQE data. A clear CT 
759 absorption peak (the bright blue curve segment) is observed in the normalized 𝐸𝑄𝐸𝑃𝑉 (norm. 
760 EQEPV) curve. (b) The second step is to shift the main peak of the reduced electroluminescence 
761 (𝑟𝑒𝑑.𝐸𝐿) spectrum downward so that its intensity matches with the CT peak in the reduced 
762 𝐸𝑄𝐸𝑃𝑉 (𝑟𝑒𝑑.𝐸𝑄𝐸𝑃𝑉) spectrum. The dashed Gaussian line represents the fitting result based 
763 on Classical Marcus theory.

764
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765

766 Fig. 3 (a) Schematic diagram of an electron and hole occupying the interfacial CT states at the 
767 junction of the donor domain (red) and the acceptor domain (blue); (b) The potential energy 
768 surface plot depicts the evolution of potential energies for the ground state, charge transfer 
769 state, and local excitonic state along the reaction coordinate. The ground state is shown in 
770 red, the local excitonic state in orange, and the charge transfer state in blue. Blue arrows 
771 indicate radiative decay pathways, while the pink shaded area (indicating the overlap between 
772 the vibrational modes of the lowest CT state and those of the highest ground state) represent 
773 non-radiative recombination pathways.

774
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775

776 Fig. 4 Summary of the results for different offsets (𝜟𝑬𝑳𝑬,𝑪𝑻) via fitting EL and EQE spectra 
777 using the Classical Marcus theory. When performing Marcus fitting on the results with offsets 
778 of (a) 0.3 eV, (b) 0.2 eV, and (c) 0.1 eV, the bright blue curve segment is a reference marker 
779 indicating the downward shift of the main peak of the 𝑟𝑒𝑑.𝐸𝐿 spectrum. (d) Comparison 
780 between the physical parameters of the original model and the Classical Marcus fit results. 
781 The previously developed model49, 50, 69, 71 was used to generate EL and EQE data, with input 
782 parameters as shown in Error! Reference source not found.. The dotted line represents the 
783 parameters set in the original model, and the solid line represents the result obtained by the 
784 Classical Marcus fitting. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the low frequency reorganization energy of 
785 the CT state in the original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 corresponds to the free energy of the CT 
786 state.

787
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788

789 Fig. 5 Summary of the results for different static disorder (𝝈𝑪𝑻) with 𝜟𝑬𝑳𝑬,𝑪𝑻 = 0.2 eV via 
790 fitting EL and EQE spectra using the Classical Marcus theory. When performing Marcus fitting 
791 on the results with static disorder of (a) 1 meV, (b) 61 meV, and (c) 121 meV, the bright blue 
792 curve segment is a reference marker indicating the downward shift of the main peak of the 
793 𝑟𝑒𝑑.𝐸𝐿 spectrum. (d) Comparison between the physical parameters of the original model and 
794 the Classical Marcus fit results. The previously developed model was used to generate EL and 
795 EQE data, with input parameters as shown in Error! Reference source not found.. The dotted 
796 line represents the parameters set in the original model, and the solid line represents the 
797 result obtained by the Classical Marcus fitting. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the low frequency 
798 reorganization energy of the CT state in the original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 corresponds to 
799 the free energy of the CT state.

800

801

802
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803

804 Fig. 6 Summary of the results for different state hybridization (𝑽𝒔𝒕𝒂𝒓) with 𝜟𝑬𝑳𝑬,𝑪𝑻 = 0.1 
805 eV via fitting EL and EQE spectra using the Classical Marcus theory. When performing Marcus 
806 fitting on the results with state hybridization of (a) 0 meV, (b) 40 meV, and (c) 80 meV, the 
807 bright blue curve segment is a reference marker indicating the downward shift of the main 
808 peak of the 𝑟𝑒𝑑.𝐸𝐿 spectrum. (d) Comparison between the physical parameters of the 
809 original model and the Classical Marcus fit results. The previously developed model was used 
810 to generate EL and EQE data, with input parameters as shown in Error! Reference source not 
811 found.. The dotted line represents the parameters set in the original model, and the solid line 
812 represents the result obtained by the Classical Marcus fitting. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the 
813 low frequency reorganization energy of the CT state in the original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 
814 corresponds to the free energy of the CT state.

815

816
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817

818 Figure 7 Summary of the results for different CT low and/or high frequency reorganization 
819 energy (𝝀𝒐 and/or 𝝀𝒊) with 𝜟𝑬𝑳𝑬,𝑪𝑻 = 0.2 eV via fitting EL and EQE spectra using the 
820 Classical Marcus theory. Input values (𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 and 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙) for the model for generating EL 
821 and EQE spectral data are fixed as (a-d)𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 = 60 meV; (e-h)𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 = 90 meV; (i-l) 
822 𝜆𝑖,𝑚𝑜𝑑𝑒𝑙 = 120 meV with different 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙. (d), (h), and (l) Comparison between the physical 
823 parameters of the original model and the Classical Marcus fit results. The previously 
824 developed model was used to generate EL and EQE data, with input parameters as shown in 
825 Error! Reference source not found.. The dotted line represents the parameters set in the 
826 original model, and the solid line represents the result obtained by the Classical Marcus fitting. 
827 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the low frequency reorganization energy of the CT state in the 
828 original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 corresponds to the free energy of the CT state.
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831

832 Figure 8 Summary of the results for different CT oscillator strength (𝒇𝒐𝒔𝒄.𝑪𝑻) with 𝜟𝑬𝑳𝑬,𝑪𝑻 
833 = 0.2 eV via fitting EL and EQE spectra using the Classical Marcus theory. (a-c) Fits obtained 
834 using an 𝑓𝑜𝑠𝑐.𝐶𝑇 of 5 × 10―5, 5 × 10―4, and 5 × 10―3, respectively. (d) Comparison 
835 between the physical parameters of the original model and the Classical Marcus fit results. 
836 The previously developed model was used to generate EL and EQE data, with input 
837 parameters as shown in Error! Reference source not found.. The dotted line represents the 
838 parameters set in the original model, and the solid line represents the result obtained by the 
839 Classical Marcus fitting. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the low frequency reorganization energy of 
840 the CT state in the original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 corresponds to the free energy of the CT 
841 state.
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844

845 Figure 9 Summary of the results for different rate constant of LE to CT states (𝒌𝑳𝑬,𝑪𝑻) with 𝜟
846 𝑬𝑳𝑬,𝑪𝑻 = 0.1 eV via fitting EL and EQE spectra using the Classical Marcus theory. (a-c) Fits 
847 obtained using an 𝑘𝐿𝐸,𝐶𝑇 of 1011, 109, and 106 s-1, respectively. (d) Comparison between 
848 the physical parameters of the original model and the Classical Marcus fit results. The 
849 previously developed model was used to generate EL and EQE data, with input parameters as 
850 shown in Error! Reference source not found.. The dotted line represents the parameters set 
851 in the original model, and the solid line represents the result obtained by the Classical Marcus 
852 fitting. 𝜆𝑜,𝑚𝑜𝑑𝑒𝑙 corresponds to the low frequency reorganization energy of the CT state in 
853 the original model, and 𝐸𝐶𝑇,𝑚𝑜𝑑𝑒𝑙 corresponds to the free energy of the CT state.
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856

857 Figure 10 Decision tree for Marcus fitting of EQEPV and EL spectra. The flowchart outlines a 
858 systematic protocol based on the visibility of CT emission feature in EL experimental spectra. 
859 Starting with a “CT Visibility Check,” the procedure branches into three pathways: (i) Invisible. 
860 Marcus fitting is abandoned in favor of alternative methods such as Electroabsorption 
861 Spectroscopy (EAS) or Marcus-Levich-Jortner (MLJ) fitting; (ii) Partially Visible. The peak 
862 intensity ratio 𝑰𝐂𝐓/𝑰𝐋𝐄 is evaluated; if ≥10, Marcus fitting proceeds to obtain effective CT 
863 energy (𝑬𝐂𝐓,𝐞𝐟𝐟), followed by advanced temperature-dependent spectral analysis (e.g., T-EQE) 
864 to extract static disorder (𝝈𝐂𝐓) and the final 𝑬𝐂𝐓 distribution; otherwise, alternative methods 
865 are applied; (iii) Fully Visible. Marcus fitting is directly applied to derive 𝑬𝐂𝐓,𝐞𝐟𝐟 , then refined 
866 via temperature-dependent analysis to yield 𝝈𝐂𝐓 and the final 𝑬𝐂𝐓 distribution.

867
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869

870 Figure 11 Summary of the results for fitting EL and EQE spectra of PM7/IT4F blends85 using 
871 the Classical Marcus theory. (a-c) The fitting results for either the shoulder peak or the EQE 
872 tail are difficult to simultaneously fit spectral features such as peak intensity, linewidth, and 
873 the intersection of the EL and EQE curves. (d) Error statistics of results from multiple fittings 
874 using the classic Marcus fitting.

875
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Data availability

All the data supporting the current study are available in its Supplementary Material 
files or from the corresponding authors upon reasonable request. The code is available 
via GitHub: https://github.com/junyannj/Marcusfit.
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