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charge transfer states in organic photovoltaics
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Classical Marcus theory is widely used in organic photovoltaics (OPVs) to extract charge transfer (CT) state
properties from electroluminescence (EL) and sensitive external quantum efficiency (s-EQE) spectra.
However, practical donor—acceptor blends often exhibit complications such as overlap between CT and
localized exciton (LE) emissions, large static energetic disorder, and weak CT oscillator strengths, all of
which can limit the accuracy of simple Marcus analysis. This article discusses those issues in detail and
provides a practical guide to Marcus-based CT analysis for complex cases with invisible CT states and

large static disorder. An open-source Python package is released to enable semi-automated classical

rsc.li/EESSolar

Broader context

Marcus analysis when CT is clearly visible.

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 toolKkit to facilitate reliable classical Marcus analysis when

charge transfer states are spectroscopically resolvable.

1 Introduction

Electron transfer is a fundamental process in chemistry, physics
and biology, underpinning phenomena ranging from photo-
synthesis to energy conversion devices."” A modern quantita-
tive description of this process began with the pioneering work
of Rudolph Arthur Marcus in the mid-1950s. In 1956, Marcus
proposed a theoretical framework in a series of papers,®*™**
which provided a quantitative description of the electron
transfer reaction rate for the first time, known as Marcus theory.
This theory is applicable to the reaction systems without
chemical bond formation or cleavage, and the free energy of the
system is expressed as a function of the collective nuclear
coordinates, which replaces the application of Eyring's transi-
tion state theory in this kind of reaction.*

In the classical Marcus theory, the initial state (donor-
acceptor pair, D-A) and the final state (ion pair, D"-A") are
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represented by two intersecting parabolic potential energy
surfaces, respectively.*>*® The electron transfer rate depends on
the energy barrier height at the intersection of these two
curves.'” This process involves two key parameters: one is the
difference in Gibbs free energy AG® of the reaction, which
reflects the thermodynamic driving force; the second is the
reorganization energy A, which represents the energy required
to adjust the nuclear configuration of the reactant (including
the surrounding solvent or medium) to the product state
without electron transfer. This description follows from the
Franck-Condon principle,*®*® which states that electron trans-
fer occurs on a time scale much faster than nuclear motion, i.e.
the Born-Oppenheimer approximation.

One of the most striking and counterintuitive predictions of
the Marcus model is the “inverted region” phenomenon.’ The
general chemical intuition is that the reaction rate increases
with the increase in thermodynamic driving force. However,
Marcus theory points out that for high driving force reactions
(i.e., —AG® > 1), a further increase in the driving force will lead to
a reduction in the rate. The experimental verification of the
inverted region not only strongly supports the core hypothesis
of the theory, but also provides an important basis for under-
standing the nonradiative transitions with large energy sepa-
ration between initial and final states in organic optoelectronic

devices.>*??

EES Sol.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5el00216h&domain=pdf&date_stamp=2026-04-15
http://orcid.org/0000-0002-8739-641X
http://orcid.org/0000-0002-1908-3294
http://orcid.org/0000-0001-9966-4357
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00216h
https://pubs.rsc.org/en/journals/journal/EL

Open Access Article. Published on 01 April 2026. Downloaded on 6/23/2026 12:12:41 PM.

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

(cc)

EES Solar

Marcus theory was originally established for outer electron
transfer reactions in polar solvents. In this model, the reorga-
nization of solvent continuum is the main source of the energy
barrier. In organic semiconductors, the charge transfer envi-
ronment includes both low-frequency lattice vibrations and
high-frequency intramolecular vibrational modes. Since the
vibrational energy of many molecules is higher than the thermal
energy (kgT) at room temperature, they must be treated using
quantum mechanics.> This demand promoted the develop-
ment of the semi-classical Marcus-Levich-Jortner (ML])
theory,” in which electron transfer can occur not only through
thermal activation, but also through the nuclear tunneling
effect mediated by the overlap of vibrational wavefunctions.
This extension makes the electron transfer theory more suitable
for solid-state systems and is of key significance.?*?’

In organic photovoltaics (OPVs), Marcus theory has gradually
developed from a predictive framework of reaction rates to a key
diagnostic tool. The performance of OPV devices largely
depends on the open circuit voltage (V,.), which is mainly
limited by the energy loss in the process of photon-to-electricity
conversion.”®*® The core of this process lies at the donor-
acceptor interface: upon photon absorption, excitons are
generated and subsequently dissociate to form a charge transfer
(CT) state at the interface.?*** Therefore, the CT state is the key
intermediate state for  charge  generation and
recombination,** and its energy (Ecr) is closely related to the
thermodynamic limit for V,. and needs to be accurately
measured. Vandewal et al. pioneered the measurement of CT
states via simultaneously fitting sensitive external quantum
efficiency (s-EQE) and electroluminescence (EL) spectra using
the classical Marcus theory in the high temperature limit with
an assumption that the molecular vibrational energy is much
lower than the thermal energy kg7.**** In this method, CT
absorption and emission spectra can be fitted with two
symmetric Gaussian functions, and eventually Ecr and A can be
extracted. This method is now routinely employed in OPV
research.

Although the analysis based on the classical Marcus theory
has achieved remarkable success in OPVs, its employment in
current high-performance devices faces severe challenges. With
the emergence of non-fullerene acceptors (NFAs), device effi-
ciency has increased to over 20%, mainly due to a significant
reduction in energetic offset and subsequently voltage loss.>***
Small offsets also lead to spectral overlap between locally
excited (LE) and CT emissions; hence, the standard single-state
Marcus analysis is subject to the overlapping interference from
many complex factors. Consequently, the weak CT absorption
signal is often masked by the steep absorption edge of the
narrow band gap NFA, and the EL spectrum is dominated by the
bright LE emission.”™** If the standard analysis method is
directly applied to such spectra, the extracted value of Ecr would
be close to E; i and overestimated.

In addition, in systems with small energetic offset and strong
electronic coupling, LE and CT states may be mixed to form
hybrid states that do not conform to the simple Marcus
model.*>*¢ This hybridization between LE and CT states creates
mixed electronic character that violates Marcus theory's discrete
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two-state model.*”** The degree of this hybridization depends
on the ratio of electronic coupling strength to driving force:
systems with moderate coupling strength and high driving force
have a limited degree of hybridization (about 3%), while in
systems where the driving force is close to zero, the hybridiza-
tion effect is much more significant.*” The LE-CT hybridization
with mixed energy states fundamentally challenges Marcus
theory. A three-state vibrational electron model that considers
the coupling of electrons and vibrations with localized absorp-
tion states is crucial for reliably describing optical absorption
characteristics, because the classical Marcus model leads to
incorrect interpretation.*®* This hybridization results in an
intensity borrowing mechanism that increases the oscillator
strength of the effective CT to the ground state, hence sup-
pressing nonradiative voltage losses, which cannot be explained
by the classical Marcus theory alone.*

Finally, the organic semiconductor film itself has significant
static energetic disorder, which further complicates the extrac-
tion of CT state properties.**>* The static disorder caused by
irregular molecular packing and conformational changes in
organic films leads to a distribution of CT state energies.
Intermolecular interactions in organic blends exhibit weak
cohesion through van der Waals forces, and combined with
conformational irregularities, this results in a broadened
distribution of charge transfer states.* Static energetic disorder
is expected to be pronounced in amorphous organic semi-
conductors and in heterogeneous blended films commonly
used in OPV devices.*® However, classical Marcus theory
assumes the existence of a single charge transfer energy level,
with the broadening of its spectral features attributed solely to
electron-phonon coupling (dynamic disorder).”® Although
traditional models can be extended to account for this
phenomenon, the commonly applied classical Marcus
approach neglects this effect.

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

2 Basics of classical Marcus theory

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

© 2026 The Author(s). Published by the Royal Society of Chemistry
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than the nuclear motion.”®* The theory uses a non-adiabatic
potential energy surface to describe this process. It approxi-
mates the potential energy surface of the initial state and the
final state to a simple harmonic potential with the same
curvature. This parabolic approximation simplifies the geom-
etry of the complex, multi-dimensional and possibly anhar-
monic potential energy surface in the real world. The key
assumptions are as follows: first of all, the potential energy
surfaces of the initial state and the final state have a quadratic
dependence on the nuclear reaction coordinate; secondly, the
response of the surrounding environment to charge rear-
rangement is linear, and the dielectric response changes pro-
portionally. Thirdly, using the Condon approximation, it is
assumed that the electron coupling matrix element Hp, is
independent of the nuclear coordinates, so the transition
probability is completely determined by the nuclear configura-
tion. Finally, the model is applicable to the non-adiabatic limit
(weak electronic coupling), and the system evolves along the
initial potential energy surface until it jumps to the final
potential energy surface at the crossover point.****** This
hypothesis is particularly consistent with the optically weak
transition characteristics of charge transfer states in OPV
blends.

For optical transitions involving CT states, it is usually
necessary to consider two potential energy surfaces: one repre-
sents the ground state (GS) of the D-A pair, and the other
represents the CT state (D”-A"). As shown in Fig. 1(a), these
potential energy surfaces are plotted along a generalized one-
dimensional “reaction coordinate”. Within this parabolic
framework, the kinetics and thermodynamics of the charge
transfer process are described by several key parameters. For
optical transitions of absorption and emission between the
ground state and the CT state, the standard Gibbs free energy
change AG® of the reaction is simply the energy difference
between the two potential energy surface minima, i.e. the CT
state energy Ecr. Reorganization energy A is defined as the
energy required to distort the nuclear geometry of the initial
state (reactant plus the environment) to the equilibrium
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geometry of the final state without the occurrence of the elec-
tron transfer event itself. It is the vertical energy difference
between the final state potential energy calculated at the equi-
librium coordinates of the initial state and the minimum value
of the final state potential energy. A quantifies the energy
dissipated during the instantaneous electron transfer when the
nuclear coordinates of the system relax to their new equilibrium
positions.***' It includes two main contributions: the inner ring
component (4;) caused by the change of intramolecular bond
length and bond angle, and the outer ring component (1,)
caused by the reorientation of the surrounding polarized
medium. In the classical Marcus theory, only the outer reorga-
nization energy is considered.®® The activation energy AG* for
the transition is the energy of the crossing point of the two
parabolas relative to the minimum of the initial state
parabola.' A straightforward geometric derivation based on the
parabolic approximation yields the Marcus equation for the free
energy of activation:

0\ 2
AGH = % (1)

For the non-radiative recombination process from the CT
state back to the ground state, the initial state is the CT state
and the final state is the ground state. Therefore, the driving
force is AG® = —Ecr. The activation barrier for this loss pathway
is thus given by:

2
AGE — % @)

Under the non-adiabatic limit and low frequency approxi-
mation, the rate of electron transfer (kgr) is described by the
classical Marcus expression:

27
ker = 7|HDA|2

(AG° + 1)2> -

1
\/74kaTeXp< T 4k T

Ecr=1.26 eV
A=0.11 eV ]

1.0 1. 2.0
Energy (eV)

(a) Schematic diagram of the evolution of potential energies for the ground state and charge transfer state along the reaction coordinate,

for harmonic potentials. AG represents the Gibbs free energy change of the reaction, and AG* represents the activation barrier; (b) schematic
diagram of Marcus theory fit of the reduced EQEp, and EL spectra. In (a) and (b), E,ps and Eq, represent the energies of maximum absorption and
emission, respectively; Ect represents to the charge transfer state energy, and A represents the reorganization energy.
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where 7 is the reduced Planck constant, |Hp,| is the electronic
coupling matrix element, kg is the Boltzmann constant, and 7T'is
the absolute temperature. This quadratic dependence of the
activation energy on AG® leads to the existence of a “normal”
and an “inverted” region for reaction rates, suggesting that very
large Ecr values could potentially suppress non-radiative
recombination rates.

The processes of photon absorption and emission are visu-
alized as vertical Franck-Condon transitions on the potential
energy diagram. The absorption process involves a vertical
transition from the equilibrium configuration (minimum) of
the ground state parabola. This transformation terminates on
the parabola of the CT state, and its energy is one A higher than
the minimum value of the CT state potential energy surface.
Conversely, radiative recombination (emission) involves
avertical transition from the minimum of the CT state parabola
down to the ground state parabola. Thus, the photon energies
corresponding to the maximum absorption and emission
intensity are approximately given by:

Eabs = ECT + 2 (4)

Ecm

U

ECT — A (5)

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

Stokes shift = E,ps — Eoy = 24 (6)

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

In the high temperature limit, when the thermal energy (kzT)
is large relative to the energy of the relevant nuclear vibration
mode (7iw), the thermal population of the initial vibrational
energy levels leads to the Gaussian broadening of the optical
transition.**** Therefore, the absorption A(E) and emission N(E)
line shapes will be Gaussian, centered on E,,s and Een,
respectively:

2
A(E) % E exp ( - W) @)
N(E)«xE? exp< _ W) (8)

3 Standard procedure of Marcus
analysis

Marcus analysis requires simultaneous investigation of the
absorption and emission spectra of the CT state. The theoretical
basis of this method is derived from the detailed balance principle
under thermal equilibrium conditions: in the thermal equilib-
rium state, the forward rate of any microscopic process is equal to
its reverse rate. For optical transitions, this principle establishes
a relationship between the absorption and emission spectrum,
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which was originally proposed by Kennard and Stepanov.® In
the context of a solar cell, this principle is formalized in an electro-
optical reciprocity relation, which connects the device's photo-
voltaic quantum efficiency (EQEpy) to its electroluminescence
emission photon flux density (@em):***

bnlE) = EQEn () x (£, ) exp (47 1| 9
where ¢gp(E,T) is the spectral flux density of a blackbody radi-
ator at absolute temperature T, and Vis the applied voltage. This
equation elegantly links the process of absorbing a photon to
generate an electron-hole pair (probed by EQEpy, assuming
EQEpy = A(E)) with the reverse process of an electron-hole pair
recombining to emit a photon (probed by N(E),*® i.e. the number
of photons collected for a given time duration and device area;
hence N(E) « ¢em(E)).

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

_ EQEw (E)

red. EQEpy (E) = - (10)

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

N(E)

red. EL(E) = F

(11)

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

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

_ 4 (E — (Ecr +4)
red. EQEpy (E) = NirsTow X exp( — 4/\kCBT>
(12)
_ B (E — (Ecr — )
red. EL(E) = VeV X exp< - W) (13)

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

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the steps involved in fitting EL and EQE spectra using Marcus theory. (a) The first step is to normalize the
experimental EL and EQE data. A clear CT absorption peak (the bright blue curve segment) is observed in the normalized EQEpy, (norm. EQEpy)
curve. (b) The second step is to shift the main peak of the reduced electroluminescence (red. EL) spectrum downward so that its intensity
matches with the CT peak in the reduced EQEpy (red. EQEpy) spectrum. The dashed Gaussian line represents the fitting result based on classical

Marcus theory.

When performing global fitting on the normalized data, the
red.EL curve is usually shifted downward so that the peak
height of red.EL matches that of the CT peak in the red.EQEpy
curve, and Ecr and 4 are constrained as shared parameters for
absorption and emission line shapes. The position and width of
the absorption peak (centered at Ecr + A) and the emission peak
(centered at Eqy — A) are simultaneously described through a set
of self-consistent physical parameters, as shown in Fig. 2(b).
This approach takes advantage of the inherent mirror symmetry
predicted by the theory, and compared with fitting a single

(b)
A s

1

spectrum separately, it can obtain more reliable Ecr and 4
values. Among them, Ecr reflects the energy of the interfacial CT
state after relaxation, which is the main factor determining the
thermodynamic limit of V,,*** and non-radiative voltage loss
(Vioss,nr)->>7° A indicates the extent to which nuclei and electrons
reorganize at the donor-acceptor interface after a charge
transfer event occurs. Smaller reorganization energies are
preferred because less energy is lost due to structural relaxation.
In addition, smaller A is often associated with steeper absorp-
tion edges, hence less dynamic disorder.

Local Excitonic State
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=N
\
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Charge Transfer State
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\ —/
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Ground State

Y

Mixed D-A interfaces

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

The absorption and emission spectra of a typical bulk hetero-
junction (BHJ) OPV are determined by various properties of CT
states. In the case of traditional large offset systems (typically >0.3
eV), e.g. most fullerene based systems, we can clearly see emissions
from CT states, making it straightforward to conduct single-state
classical Marcus analysis.** However, state-of-the-art NFA systems
often feature a small offset (typically <0.2 eV), leading to possibil-
ities of thermal repopulation”™ and state hybridization.**** Besides,
organic semiconductors have intrinsic static energetic disorder
that may arise from configurational disorder and packing disorder,
which are strongly correlated to the nanoscale interpenetrating
network of donors and acceptors, as shown in Fig. 3(a). In this part,
we will discuss the validity of single-state Marcus analysis when
absorption and emission spectra are complex.

We employ a previously developed model framework based
on the semi-classical Marcus theory***’®”* to generate
a synthetic database of EQEpy and EL spectra as inputs for the
subsequent Marcus analysis (Note S1). This model generates
spectra with complex features of CT states, including static
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energetic disorder, state hybridization, dark CT, etc., which
allows us to fully explore the accuracy of Eqr and A based on the
standard Marcus analysis in the case of complex emission
spectra. The framework describes the transitions between the
ground state (GS or S), the localized exciton (LE or S,) state and
the CT state, as shown in the potential energy surface in
Fig. 3(b). Based on the semi-classical Marcus-Levich-Jortner
(ML) theory, the model decomposes the reorganization energy
into low-frequency (4,) and high-frequency components (4;).
The low-frequency components, after classical processing,
correspond to solvent/matrix relaxation and low-frequency
vibration, while the high-frequency components correspond to
the dominant quantum mechanical vibration mode with an
energy of 7Q.”° The ML]J expression of the non-radiative rate
constant ky, is given by the sum of Franck-Condon weighted
densities of states:

21 V2 L e Sl )
S ——[L"7(S)] e
hin/AmA kg T g::o ; m!

N nhQ
{ . [JlrquECT#»AOJr(mn)hQ]Z} kT

knr =

4okpT (14)
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Fig. 4 Summary of the results for different offsets (AE| g c7) via fitting EL and EQE spectra using the classical Marcus theory. When performing
Marcus fitting on the results with offsets of (a) 0.3 eV, (b) 0.2 eV, and (c) 0.1 eV, the bright blue curve segment is a reference marker indicating the
downward shift of the main peak of the red. EL spectrum. (d) Comparison between the physical parameters of the original model and the classical
Marcus fit results. The previously developed model**°°7°72 was used to generate EL and EQE data, with input parameters as shown in Note S1. The
dotted line represents the parameters set in the original model, and the solid line represents the result obtained by the classical Marcus fitting.
Jo,model COrresponds to the low frequency reorganization energy of the CT state in the original model, and Ect model COrresponds to the free

energy of the CT state.
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Here, V., is the electronic coupling between the CT and ground
states, S = A;/iQ is the Huang-Rhys factor, m and n designate
the quantum number of the vibrational modes of the final and
initial state, respectively, and L,” "(S) is the generalized
Laguerre polynomial of degree n.

Another key component of this model is the state hybrid-
ization between LE and CT states, which becomes significant
when the offset between them is small (usually <0.2 eV).* This
interaction is mediated by an electron coupling matrix element
(Vstar), resulting in state mixing and the formation of new hybrid
states. A major consequence is the “intensity borrowing”, where
a new low-energy state, mainly the CT-like state, obtains a small
part of the large oscillator strength of the “bright” LE state. This
greatly improves the effective oscillator strength of CT to GS
transition:

JieGs Vsar® n 2\/fiecsfas.cr Vitar

(15)
AE‘LE,CT2 AE‘LEACT

X
fgs_ cT = fescr +

This formula shows that the effective oscillator strength
increases substantially as the energy offset (AEg cr) decreases
and V., increases. This “brighter” CT state directly increases
the radiative recombination rate k..
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Static energetic disorder is also a key component in this
model.*® The CT state is described by a normalized distribution
function for CT-state energies g(Ecr), which is the sum of
multiple weighted Gaussian line-shapes D/Ecr), via
g(Ecr) = > c:D¢(Ecr). For an individual Gaussian function, ocr

t

is its width and Ecr, is the energy at its Gaussian center:

1 (ECT*<ECT,I>)2

20ct.?

Dt(ECT) = —— X = ¢

(16)
(e WaY% 27

The parameter ocr, quantifies the degree of static disorder
for an individual CT manifold ¢. This is the main cause of the
broadening of the low-energy tail in the absorption and emis-
sion spectra. Ignoring this distribution will cause the fitting
routine to wrongly attribute spectral broadening to artificially
exaggerated A. Because &, is highly sensitive to 2, it may lead to
a significant misjudgment of the recombination rates. Note
here that for brevity, we consider a single Gaussian DOS for later
investigations; therefore, the subscript “¢” is neglected.

We now study the systematic influence of key physical
parameters on the accuracy of classical Marcus analysis,
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Fig. 5 Summary of the results for different static disorder (gct) with AE g o1 = 0.2 eV via fitting EL and EQE spectra using the classical Marcus
theory. When performing Marcus fitting on the results with static disorder of (a) 1 meV, (b) 61 meV, and (c) 121 meV, the bright blue curve segment
is a reference marker indicating the downward shift of the main peak of the red. EL spectrum. (d) Comparison between the physical parameters of
the original model and the classical Marcus fit results. The previously developed model was used to generate EL and EQE data, with input
parameters as shown in Note S1. The dotted line represents the parameters set in the original model, and the solid line represents the result
obtained by the classical Marcus fitting. Ao model COrresponds to the low frequency reorganization energy of the CT state in the original model,
and Ect model COrresponds to the free energy of the CT state.
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including the offset between the LE and CT states (AEgcr),
static disorder of CT states (o¢r), coupling between the LE and
CT states (Vgar), low and high frequency reorganization energy
of the CT state (4, and 4;), CT oscillator strength (fosc.cr), and the
rate constant of the LE to CT transition (kig,cr), as shown in
Table S1. The model parameters used to generate EL and EQE
spectra are shown in Table S2. By fitting these simulated spectra
using the homemade Marcus theory-based program Marcusfit”?
(Note S2), we can directly compare the fitting parameters (Ecr
and A,) with the known “true” values in the model. A, moder and
Ect,model correspond to the low frequency reorganization energy
and the free energy of the CT state in the original model,
respectively. This analysis reveals several key scenarios where
the classical Marcus analysis fails as shown in Fig. 4-9 and
detailed below.

4.1 Low offset

We first investigate the case where the LE-CT offset (AEy g cr) is
reduced, which is a typical approach to minimize voltage loss
experimentally. As shown in Fig. 4(a and b), for large offset
systems (AEpgcr = 0.2 eV), a distinct CT peak (the bright blue
curve segment) can be observed at the tail of the EQE curve, and
Ecr and A, from Classical Marcus fitting agree reasonably well
with the input model values, as shown in Fig. 4(d). In contrast,
for small offset systems (e.g. AErg cr = 0.1 eV in Fig. 4(c)), due to
spectral overlap, the EQE tail represents a mixture of CT and LE
absorption, and no clear CT absorption or emission is visible.
Since the oscillator strength of the LE state is usually much
larger than that of the CT state, the classical Marcus fit often
only captures features of the LE state, leading to overestimated
Ecr and A, due to overlapped emission, as shown in Fig. 4(d).
Later, we will show that such results are typical for low offset
systems when other properties of CT states change.

4.2 Large static disorder

We now investigate the case of varying static energetic disorder
in CT states, i.e. ocr. As shown in Fig. 5(a—c), for AE; g cr is fixed
at 0.2 eV (moderate offset), the breadth of both EL and EQE
increases with increasing static disorder. The Gaussian line
shape of the single-state Marcus model results from uniform
broadening caused by vibrational electron-phonon coupling.
Static disorder, that represents the statistical distribution of
molecular site energy due to morphological changes and the
local electrostatic environment, introduces non-uniform
broadening by creating a Gaussian density of states (DOS) for
excited states. Therefore, the emission spectrum observed in
the experiment is a convolution of the intrinsically uniform line
shape with this non-uniform DOS. Under thermal equilibrium,
excitons undergo thermal relaxation and migrate to lower-
energy positions within the DOS before emission. This
process causes the emission spectrum to shift to the lower
energy side, resulting in a wide, asymmetric non-Gaussian
distribution in EL, that cannot be easily analyzed by single
state Marcus theory. As shown in Fig. 5(d), for systems with low
disorder (ocr < 60 meV), only Ecy values are roughly recovered
by Marcus fitting, while A, deviates significantly from input

EES Sol.

View Article Online

Paper

values, A, model- For large static disorder systems, the fitted Ecr
is systematically severely underestimated due to exciton relax-
ation in the DOS, in which case the values of Ecr can only be
considered as the effective value of CT manifolds,” rather than
the center of CT DOS. In the case of high disorder (ocr = 120
meV), the deviation exceeds 0.2 eV. Therefore, A, values
extracted directly using classical Marcus theory are seriously
overestimated. A similar observation is seen with a smaller
offset (AErg,cr = 0.1 €V), as shown in Fig. S1(c).

4.3 Strong state hybridization

We now investigate the case with varied electronic coupling
(from 0 meV to 80 meV) between the LE and CT states (Vsar),
where AFyg cr is fixed at 0.1 eV. When the electronic coupling
between LE and CT state rises, there is no longer pure CT or LE
state, but rather a combination of both, i.e. a hybrid state. LE
states typically exhibit large oscillator strength fir s, Wwhereas
the oscillator strength of pure CT states (i.e. fgscr) is usually
several orders of magnitude lower than that of LE.** According
to eqn (15), even a small amount of LE component mixed into
the CT state leads to a dramatic increase in the effective oscil-
lator strength of the CT state; hence, the change in fgg cr is the
key factor here.

As shown in Fig. 6(a-c), the fitting quality of the classical
Marcus theory gradually improves with increasing Vgi,,. When
Vsear 1S small (weak coupling), the CT state cannot acquire
sufficient transition dipole moments from the LE state, which
renders it intrinsically an optical “dark state”. This case is
equivalent to the low offset case discussed above, and the
classical Marcus fit only captures the LE state's tail character-
istics rather than the true CT state. Consequently, the extracted
Ecr and A, values are incorrectly biased toward the higher-
energy LE state, as shown in Fig. 6(d). Conversely, when Vg,
becomes larger (intermediate coupling, e.g. 80 meV), the
intensity borrowing effect is activated.** The CT state gains
substantial oscillator strength, transforming into a “bright
state” and forming an independent, distinct absorption peak or
shoulder peak, which leads to slightly better fitting quality, as
reflected in Fig. 6(a—c), and reduced fitting errors in Fig. 6(d).
However, it's worth noting here that in all cases when the offset
is small, noticeable errors appear using the classical Marcus fit,
reflecting the results from discussions above. Such behavior is
absent in larger offset systems, e.g. 0.2 €V in Fig. S1(g).

Note that we are still in the weak to intermediate coupling
regime (Vgear < 0.51);7% therefore, Fermi's Golden rule and the
parabolic potential energy surface can still be applied, given
that the offset between the LE and CT state is not smaller than
50 meV.* For strong coupling with Vg, > 0.54 and AE;g ¢t < 50
meV, the parabolic potential energy surface is no longer appli-
cable, and a correction on the wavefunction of the CT state is
needed, which is beyond the scope of the current work.”

4.4 High reorganization energies

We turn to investigate the case with different low and/or high
frequency reorganization energy (A, model and/0r A; moder) of CT
states. For a clearer presentation, we fix the values for A; model,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Ect model COrresponds to the free energy of the CT state.

and vary A, model, and finally compare the extracted A, with input
values of A, model, s shown in Fig. 7. We consider three cases
with small (60 meV), medium (90 meV), and large (120 meV)
Ai.model Values for the generation of EL and EQE spectra.

For spectral fitting, it can be observed that with AEyg cr =
0.2 eV, a distinct CT peak can be visually identified at the tail of
EQE in all cases, as shown in Fig. 7. This provides a reliable
reference for extracting Ecr and A, leading to good agreement
when A, moder is small. However, when A, model rises, the
extracted Ecr and A, values tend to be overestimated. This
occurs because as A, model increases, the CT spectrum widens
and extends toward higher energies due to broadening caused
by 2., significantly increasing the overlap with the LE state. To
fit the blended spectral edges, the Gaussian function is forced to
shift toward higher energies with a widened distribution,
leading to artificially inflated Ecr and A, values for all cases with
different input values of 2; mode1, as shown in Fig. 7(d,h and 1).
Larger Aj model tends to lead to larger errors due to additional
broadening caused by vibronic modes.

In the system with AE g cr = 0.3 €V, i.e. a larger offset, the CT
state exhibits spectral characteristics that are well separated
from the LE state. Therefore, regardless of how the

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

reorganization energy changes in this scenario, classical Mar-
cus theory can accurately extract Ecr, as shown in Fig. S1(d-f). In
the ML]J model, the emission exhibits a spectral envelope
composed of a series of subpeaks spaced by high-frequency
vibrational energy levels (fiw = 0.15-0.2 eV), where each sub-
peak's width is determined solely by A, and ocr.’® When fitting
this multi-peak structure using the single Gaussian Marcus
theory, the algorithm tends to match the shape of the strongest
0-0 transition main peak. Consequently, the extracted A, mainly
reflects the Ay moder determining the main peak width, while
“neglecting” the 4; mode1 that governs the relative intensity of the
subpeaks. This explains the good agreement for large offset
cases.

In the system with AEjgcr = 0.1 €V, ie. a small offset, as
shown in Fig. S1(e and f), the extracted Ecr is ~0.07 eV larger
than the model value. This is due to the strong spectral overlap
between LE and CT states, and the classical Marcus fitting
effectively fits the signal from the LE state, yielding an energy
value consistently larger than Ecr but slightly less than Epg.
Thus, the fitted energy at this point actually represents the
energy of the mixed LE and CT states. Additionally, the extrac-
ted reorganization energy tends to respond weakly to variations

EES Sol.
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Fig.7 Summary of the results for different CT low and/or high frequency reorganization energies (1, and/or ) with AE g .t = 0.2 eV via fitting EL
and EQE spectra using the classical Marcus theory. Input values (A; model @aNd Ao model) for the model for generating EL and EQE spectral data are
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data, with input parameters as shown in Note S1. The dotted line represents the parameters set in the original model, and the solid line represents
the result obtained by the classical Marcus fitting. Ao model COrresponds to the low frequency reorganization energy of the CT state in the original

model, and EcT model COrresponds to the free energy of the CT state.

in the model reorganization energy. Therefore, the extracted 4,
reflects properties of the mixed LE and CT state, rather than the
interfacial CT state. Consequently, regardless of how drastically
the model alters the CT state's A, model, as long as these changes
do not significantly alter the dominance of the LE state, the
values fitted by classical Marcus theory remain “inert”. This
further demonstrates that in systems with small offsets, the
direct application of classical Marcus theory is questionable.

4.5 Low oscillator strength

We now investigate the case with different CT oscillator
strengths (fosc.or)- As shown in Fig. 8(a), for cases with AEg ot
fixed at 0.2 eV, under low oscillator strength conditions (fosc.cr
=5 x 107°), the CT state is essentially an optically “dark” state
with an extremely low radiative transition rate. Since the
intrinsic radiative rate of the LE state is typically several orders
of magnitude higher than that of the “dark” CT state, LE
emission tends dominate the EL spectrum. Consequently, the
observed EL peak is located at the higher-energy LE position
rather than the CT position. Therefore, the extracted Ecr is
erroneously anchored near the LE state's energy, resulting in
values significantly higher than the model input CT energy,
similar to the low-offset cases. When the oscillator strength

EES Sol.

increases (e.g., fosc.cr = 5 X 10°, Fig. 8(c)), clear CT absorption
and emission features appear in the EQE tail and EL spectrum,
respectively. In this case, the classical Marcus analysis is
reasonable, resulting in extracted Ecr values that align well with
model inputs. Interestingly, A, extracted using the classical
Marcus theory does not vary with fos. ot like Ecr does, as shown
in Fig. 8(d). The fitting results remain consistently close to the
model reorganization energy values, since we assume identical
LE and CT properties apart from their oscillator strengths. For
a different A, moder Value of the LE state, changes in A, can be
expected. The large deviation observed when fis.cr = 5 x 10~°
is due to spectral overlap between LE and CT, leading to
a broadened emission spectrum. Similar behavior is seen for
smaller offsets, but not for large-offset cases due to good spec-
tral isolation of the CT state from the LE state, as shown in
Fig. S1(a).

Furthermore, we investigate the threshold of Ict/I; g, beyond
which the Marcus analysis becomes meaningful. As shown in
Fig. S2, when Icr/I1 g is less than 8 folds, the extracted Ecr and A
values deviate significantly from the true values. During fitting,
it becomes increasingly difficult to obtain good fitting results
for the broadening of the CT peak and the intersection of the EL
and EQE experimental data curves as Icr/I r decreases. When

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Ect model COrresponds to the free energy of the CT state.

the intensity ratio is too small (Icr/Ii g < 1), the fitting obtained
by forcibly fitting the CT peak is very poor (regardless of how the
Marcus fitting parameters are adjusted), while the fitting of the
LE peak demonstrates a better visual agreement. Therefore, if
the high energy tail of the CT emission is visible with a peak
intensity approximately one order of magnitude larger than that
from LE states, classical Marcus analysis could lead to mean-
ingful results; otherwise, it should be abandoned.

4.6 Low charge transfer rate

We finally investigate the case with different rate constants for
the LE to CT transition (kg cr). When kg oy is very large (e.g.,
10" s7"), as shown in Fig. 9(a) for cases where AE g ¢ is fixed at
0.1 eV, electron transfer is considered to be efficient from LE to
C, as is the back transfer rate from CT to LE, since CT is
populated first in EL experiments. This leads to significant
contributions from LE emission to the overall emission spec-
trum. When this happens, spectral interference from LE again
becomes the central problem in the classical Marcus analysis;
hence Ecr and A, are both overestimated, as also discussed
above. At lower rates (kugcr = 10° s~ '), however the fitted Ecr
actually approaches the model predictions, as shown in

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

Fig. 9(d). A lower ki cr indicates hindered charge transfer from
LE to CT, and hence its back transfer from CT to LE. During EL
experiments, this means electrically populated CT excitons tend
to stay at CT rather than transferring back to LE. At this point,
the dominant component of the EL spectrum may shift from LE
to CT state emission, leading to much fewer errors in Ecr. The
reorganization energy A, consistently shows an overestimation,
due to the fitting of the mixed CT and LE state emission. Such
behavior is, however, not seen for cases with large offsets, i.e.
AE g cr = 0.2 €V, since the CT state will be much more popu-
lated than the LE state following Boltzmann statistics. There-
fore, regardless of kipcr, as long as CT state luminescence is
observed, Marcus fitting can relatively accurately extract
parameters, as shown in Fig. S1(b). This further exemplifies the
key role of offset in performing the classical Marcus analysis.

5 Methods to avoid errors

As discussed above, the invisibility and inherent static disorder
of CT states are two of the most important issues for standard
single-state Marcus analysis. In particular, the invisible CT state
is a common feature in the most efficient OPVs based on NFAs.

EES Sol.
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and Ect model COrresponds to the free energy of the CT state.

Here we distinguish two cases: (1) visible or partially visible CT
states, i.e. the case when CT absorption or emission signals are
visible or partially visible and not completely missing; (2)
invisible CT states, ie. the case when CT absorption and
emission are completely covered by LE states. We suggest
several alternative approaches to measure CT properties when
absorption and emission signals are weak from CT states, and
provide useful guides to quantitative analysis of CT states.

5.1 Visible or partially visible CT states

When emission or absorption signals from the CT state are not
completely covered by LE states, we can still perform the clas-
sical Marcus analysis, but with a modified model considering
static disorder. Here we discuss two methods that were
proposed in the literature, as follows.

5.1.1 Temperature dependent sensitive EQE. The first
method involves a temperature change during the optoelec-
tronic experiment, e.g. temperature-dependent s-EQE as
explored by Khan and Rand et al.** The benefit of the temper-
ature dependent EQE experiment is that the absorption process
doesn't involve exciton relaxation in the DOS, hence reducing

EES Sol.

errors due to unequilibrated excitons that might occur in
temperature dependent luminescence experiments. However,
such a method requires high resolution of the weak CT
absorption band, that should be clearly distinguished from LE
absorption band tails.

For the analysis, the experimental EQE spectrum is first
measured at different temperatures showing clear features from
the CT band absorption, followed by fitting using a simple
Gaussian function at different temperatures. The extracted
apparent Eqr(exp.) typically shows a significant downward trend
as temperature decreases due to relaxation of excitons in the
DOS. At low temperature (T — 0 K), the line width is limited,
which is a temperature-independent feature caused by the static
distribution of CT states, i.e. static disorder. The Stokes shift is
then no longer fixed at 24, which cannot be directly explained by
Marcus theory. Burke et al.” proposed a physical model that
regards the CT state as a Gaussian distribution rather than
a single energy level, where the characteristic parameters of the
CT state density distribution are the center energy of CT DOS
(Ecr) and the standard deviation (o¢r) (representing the degree
of static disorder). When the Gaussian distribution is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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convoluted with the dynamic broadening of the molecular
vibrations, the resulting absorption spectrum (measured by
EQE) can be described by the following expression:

1 —~(Ecr + A — E)
ex 17
E\/2n(ocr® 4 22k T) p( 2001 + 4Mkg T (17)

MEQE (E)e

where E is the photon energy. This form separates the contri-
bution of static disorder (ccr’) and temperature-dependent
dynamic disorder (1/22kgT ) into total spectral broadening.

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

2
g
ECT(eXp~) = Ecr — % (18)
B
Mexp.) = 2+ 2T (19)
2kgT

By plotting the relationship between the extracted Ec(exp.) and
A(exp.) and the reciprocal of temperature (1/7), the slopes can be
used to extract the true Ecr and A, respectively. However, one
should be reminded that this method relies on the assumption
of Gaussian type DOS, which might not be true in some material
systems.”” A more general type of DOS may be considered to
deliver a better resolution of CT properties.*

5.1.2 Spectral deduction (EL-PL). In the second method,
for systems with some but not complete spectral overlap
between the LE and CT state emission, an attempt can be made
to subtract the appropriately normalized PL spectrum from the
EL spectrum to eliminate the LE contribution and leave the
residual CT emission signal. As previously explored by
Perdigon-Toro et al, assuming that the total EL spectrum is
a linear combination of the CT state emission and the LE state
emission, the subtraction of the appropriately normalized PL
spectrum from the EL spectrum reveals a broad low-energy
residual feature, and the spectrum can theoretically be
analyzed in isolation to determine the properties of the CT
state.*”> However, such a method needs to be carried out with
caution, specifically by normalizing the integral area or peak
height of the two curves. Since the subtracted signals from EL-
PL are often very weak, and may easily be impacted by the levels
of injection in EL experiments.

5.2 Invisible CT states

The invisible CT state refers to the completely covered CT
emission and absorption in standard EL and PL experiments.
This has now become a common feature and issue in the state-
of-the-art NFA based OPVs, making it difficult to acquire prop-
erties of CT states, e.g. its state energy and reorganization
energies. Here we discuss two methods that have been explored

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in the literature that can be helpful for probing the invisible CT
states.

5.2.1 Electro-absorption spectroscopy. The first method is
electro-absorption spectroscopy (EAS), also known as Stark
spectroscopy.”®®" EAS is a method to measure the absorbance
change (AA) caused by the electric field F,,, by using the
external electric field to disturb the molecular ground state and
excited state energy levels (Stark effect). For a fixed and isotropic
sample, the AA spectrum can be described by the Liptay equa-
tion®>® as a Taylor series expansion:

AA = AY(E) — A(E) = (k — 1) A(E) + kKAE

(94 kAE? d’4

dE 2 dE?

where AF(E) and A(E) are the absorption spectra with (field-on)

and without (field-off) applied field, respectively. The energy

change AE includes contributions from the linear and quadratic
Stark effects:

(20)

AE = —ApF* + AuF (21)
where Ap and Ap represent the change in polarizability and
dipole moment. And considering the dielectric constant of the
medium (¢) in non-polar environments, the effective electric
field F = (2& + 1)F,pp/3.%

A Frenkel or local exciton transition refers to the process of
electron transition to higher orbitals in the same molecule or
chromophore. Its ground state and excited state are relatively
non-polar, and the change in Ay is usually small. Therefore, the
EAS signal is mainly affected by the change in polarizability
(Ap), and the spectral feature has a linear shape of the first
derivative. On the other hand, the CT transition consists of
spatially separated electron-hole pairs (D”-A") with a very large
electric dipole, and the variation of Au is usually larger.
Therefore, a strong EAS signal dominated by the second-order
derivative is generated, and the spectral feature is mainly in
the form of a second derivative. This means that the shape of
the EAS spectrum measured in the experiment is highly similar
to the second derivative curve of the absorption peak in the CT
state. The central energy of each Gaussian function used to fit
the CT absorption band represents the energy of such CT
manifold. The fitting formula is:

d’4

1
Ad = —C A F?—

2 dE? ©2)

where the constant Cy, is obtained through experiments, with
a value of 1/3.

Based on the method described above, the experimental
starting point is to obtain the absorption spectrum (A(E)) in the
absence of an applied electric field. Based on this, a known
electric field F,, is applied to measure the resulting spectral
absorption change, namely the electrical absorption spectrum
or Stark spectrum (AA). After obtaining these two sets of spectral
data, the absorption band characteristic attributable to the CT
transition must be identified in the A(E) spectrum. To accurately
analyze this characteristic and to avoid interference from
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experimental noise in subsequent calculations, a series of
Gaussian functions are typically used to reconstruct or fit the CT
absorption band. This step not only provides a spectral line
shape that can be accurately differentiated, but also reveals the
energy distribution of the CT state attributable to the central
energy of the Gaussian functions fitted to the CT absorption
band. Finally, to verify the accuracy of such an energy distri-
bution, the smoothed absorption spectrum obtained by
Gaussian fitting is first- and second-order differentiated and
used as basis functions to fit the experimentally measured A4
spectrum. This is because the line shape of the electrical
absorption signal of the CT state is primarily determined by the
second-order derivative of the original absorption spectrum,
from which the energy of the CT state can be extracted.

5.2.2 Advanced model fitting. The final method is to extract
CT state properties using the previously developed ML] model
coupled with drift and diffusion equations (introduced in the
previous section). This theoretical framework allows the
modelling of the complete process from exciton generation to
charge collection, and the properties of important states, i.e. LE,
CT, and charge separated state (CS), are all considered. In
a previous study by Miiller et al., using this model, they realized
simultaneous fitting of current-voltage (V) characteristics and
PL, and extracted CT properties even when it's not visible in
EQE, EL and PL.** The authors used AE;g cr, LE dissociation
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rate (k{Ecr), CT dissociation rate (kdics), and mobility (u) as
fitting variables. The absolute PL intensity is used to determine
kﬂ%CT, considering the competition between LE exciton disso-
ciation and decay.* k38 ¢ can be determined from the model by
simultaneously fitting J,. and FF. They found k&$.s of 10*° s
for the high-offset blends and of 107 s~ for the low-offset
blends, which are important reasons for low offset systems to
deliver low charge generation yield. In addition, by linking the
kinetic rate to free energy difference through the principle of
detailed balance, the method can extract the energy of the
charge separated state (Ecg) and the energetic barrier between
CT and CS, i.e. AEctcs. This method has the potential to be
further explored to include more experimental data in the
fitting procedure, to enhance the accuracy of extracted proper-
ties of the invisible CT state.

6 A general guide

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

CT Visibility Check

A

Invisible

Peak Intensity Ratio

Abandon Marcus Fit.
Apply alternative
methods.

(e.g., Electroabsorption

Partially Visible

Fully Visible

Marcusfit

Spectroscopy (EAS) or
Marcus-Levich-Jortner
(MLJ) fit)

Advanced T-dependent
Spectrum Analysis

Static Disorder a¢r

Get Er Distribution

Fig. 10 Decision tree for Marcus fitting of EQEpy and EL spectra. The flowchart outlines a systematic protocol based on the visibility of CT
emission feature in EL experimental spectra. Starting with a “CT Visibility Check,” the procedure branches into three pathways: (i) invisible. Marcus
fitting is abandoned in favor of alternative methods such as electroabsorption spectroscopy (EAS) or Marcus—Levich—Jortner (MLJ) fitting; (ii)
partially visible. The peak intensity ratio Ic1// e is evaluated; if =10, Marcus fitting proceeds to obtain effective CT energy (Ect.es), followed by
advanced temperature-dependent spectral analysis (e.g., T-EQE) to extract static disorder (oct) and the final Ect distribution; otherwise,
alternative methods are applied; (iii) fully visible. Marcus fitting is directly applied to derive Ect e, and then refined via temperature-dependent
analysis to yield oct and the final Ect distribution.
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Fig. 11 Summary of the results for fitting EL and EQE spectra of PM7/IT4F blends®® using the classical Marcus theory. (a—c) The fitting results for
either the shoulder peak or the EQE tail are difficult to simultaneously fit spectral features such as peak intensity, linewidth, and the intersection of
the EL and EQE curves. (d) Error statistics of results from multiple fittings using the classical Marcus fitting.

It is recommended that the first step of any analysis be to
carefully examine the low-energy absorption and emission
spectra of the device, typically EQE and EL spectra. If the CT
features can be clearly seen in the EQE or EL spectra of a large
offset system either partially or fully, classical Marcus fitting can
be performed. The fitting program Marcusfit that we have made
public on Github will be a very convenient tool.”® Marcusfit is
built specifically to streamline this process by jointly analyzing
both spectra. It mathematically identifies the intersection point
of the normalized EL and EQE curves to establish initial
parameter estimates, and employs a fine-tuning algorithm to
extract the CT energy and reorganization energy with high
numerical stability. However, it is suggested that the obtained
CT energy Ecr(exp.) be interpreted as an effective energy rather
than an absolute and single value. This is because the value is
affected by the inherent static energetic disorder, causing the
experimentally observed emission peak to deviate from the DOS
center. Therefore, it is recommended that Ecr(exp.) be used only
as a reference energy. Additionally, the value A(exp.) extracted
from the classical Marcus fitting contains two physically
different phenomena: dynamic and static disorder. If the
extracted reorganization energy (A,) from a classical Marcus fit
at room temperature is unusually large, static disorder could be
significant. The practical strategy is to perform temperature-

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

dependent s-EQE or PL tests. Dynamic disorder is thermally
activated and temperature-dependent (g4 = (22,k5T)"?), while
static disorder is essentially temperature-independent. Hence,
static disorder can be isolated from dynamic effects by
measuring the spectra across a range of temperatures and
plotting the apparent CT parameters against 1/7.

However, in modern OPVs, LE states are often very emissive,
and CT signals are easily buried under those of LE. Hence, the
classical Marcus fitting method often fails to yield physically
reliable results. When CT absorption is weak, the fitting process
usually struggles to capture meaningful CT signals; hence the
error would be large. Here, we take the EL and EQE spectra
measured by Wu et al.®® in PM7/IT4F blends as an example and
perform classical Marcus fitting, as shown in Fig. 11. In this
case, the small energy difference between the LE and CT states
leads to significant overlap between LE and CT emission with
the peak intensity ratio between CT and LE being less than 10,
which should give large errors in reorganization energy and CT
state energy following the guidance provided in Fig. 10. Indeed,
the fitting parameters extracted from this type of data have
significant uncertainties and poor convergence, making it
difficult to distinguish the true CT contribution from experi-
mental noise. Therefore, the obtained reorganization energy

EES Sol.
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and CT state energy values lack physical reliability and should
be interpreted with caution.

When the CT signal is completely obscured by the absorp-
tion tail of local excitons, attempting to fit this region using the
classical Marcus model is a common but crucial mistake, as the
fitting will mainly focus on the LE tail rather than the CT state.
Therefore the fitting result is physically meaningless. If the CT
features cannot be clearly identified by comparing the absorp-
tion or emission of pristine materials and blends, it is recom-
mended to abandon the classical Marcus fitting. It would be
beneficial to consider other methods. For instance, EAS is
a powerful technique because it is highly sensitive to changes in
the dipole moment (the decisive feature of CT transitions) and
can be identified even if the CT state is hidden in conventional
absorption spectroscopy.®* Another approach can also be help-
ful, that is to employ advanced model fitting based on the ML]
model framework concerning both spectral and device charac-
teristics as explored by Miiller et al.®* Through model fitting
multiple experiments, one can obtain the properties of invisible
CT states, including but not limited to state energy, inner and
outer reorganization energies, static disorder, phonon energies,
and the transition rate constants between LE, CT and CS states.

7 Conclusions

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