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f classical Marcus analysis for
charge transfer states in organic photovoltaics

Liming Liu,a Weitang Li, a Sha Liu,b Xinhui Lu c and Jun Yan *a

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

Marcus analysis when CT is clearly visible.
Broader context

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 signicant 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.
1 Introduction

Electron transfer is a fundamental process in chemistry, physics
and biology, underpinning phenomena ranging from photo-
synthesis to energy conversion devices.1–7 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,8–14

which provided a quantitative description of the electron
transfer reaction rate for the rst 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.10

In the classical Marcus theory, the initial state (donor–
acceptor pair, D–A) and the nal state (ion pair, D−–A+) are
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represented by two intersecting parabolic potential energy
surfaces, respectively.15,16 The electron transfer rate depends on
the energy barrier height at the intersection of these two
curves.17 This process involves two key parameters: one is the
difference in Gibbs free energy DG0 of the reaction, which
reects the thermodynamic driving force; the second is the
reorganization energy l, which represents the energy required
to adjust the nuclear conguration of the reactant (including
the surrounding solvent or medium) to the product state
without electron transfer. This description follows from the
Franck–Condon principle,18,19 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.9 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.,−DG0 > l), a further increase in the driving force will lead to
a reduction in the rate. The experimental verication 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 nal states in organic optoelectronic
devices.20–23
EES Sol.
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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 manymolecules is higher than the thermal
energy (kBT) at room temperature, they must be treated using
quantum mechanics.24 This demand promoted the develop-
ment of the semi-classical Marcus–Levich–Jortner (MLJ)
theory,2 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 signicance.25–27

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 (Voc), which is mainly
limited by the energy loss in the process of photon-to-electricity
conversion.28,29 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.30,31 Therefore, the CT state is the key
intermediate state for charge generation and
recombination,32–34 and its energy (ECT) is closely related to the
thermodynamic limit for Voc and needs to be accurately
measured. Vandewal et al. pioneered the measurement of CT
states via simultaneously tting 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 kBT.30,35 In this method, CT
absorption and emission spectra can be tted with two
symmetric Gaussian functions, and eventually ECT and l 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 signicant
reduction in energetic offset and subsequently voltage loss.36–41

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 oen masked by the steep absorption edge of the
narrow band gap NFA, and the EL spectrum is dominated by the
bright LE emission.42–44 If the standard analysis method is
directly applied to such spectra, the extracted value of ECT would
be close to ELE 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.45,46 This hybridization between LE and CT states creates
mixed electronic character that violates Marcus theory's discrete
EES Sol.
two-state model.47–49 The degree of this hybridization depends
on the ratio of electronic coupling strength to driving force:
systems withmoderate 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 signicant.47 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.48 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.49

Finally, the organic semiconductor lm itself has signicant
static energetic disorder, which further complicates the extrac-
tion of CT state properties.50–52 The static disorder caused by
irregular molecular packing and conformational changes in
organic lms 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.53 Static energetic disorder
is expected to be pronounced in amorphous organic semi-
conductors and in heterogeneous blended lms commonly
used in OPV devices.54 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).55 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 rst
systematically integrate potential problems in classical Marcus
analysis, and provide a unied 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.10 Themodel 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 uctuates to a conguration
where the initial and nal electron energies are equal, i.e.,
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.18,19 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
nal state to a simple harmonic potential with the same
curvature. This parabolic approximation simplies 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: rst of all, the potential energy
surfaces of the initial state and the nal 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 HDA is
independent of the nuclear coordinates, so the transition
probability is completely determined by the nuclear congura-
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 nal
potential energy surface at the crossover point.24,56–58 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 DG0 of the reaction is simply the energy difference
between the two potential energy surface minima, i.e. the CT
state energy ECT. Reorganization energy l is dened as the
energy required to distort the nuclear geometry of the initial
state (reactant plus the environment) to the equilibrium
Fig. 1 (a) Schematic diagram of the evolution of potential energies for th
for harmonic potentials. DG0 represents the Gibbs free energy change o
diagram of Marcus theory fit of the reduced EQEPV and EL spectra. In (a) a
emission, respectively; ECT represents to the charge transfer state energ

© 2026 The Author(s). Published by the Royal Society of Chemistry
geometry of the nal state without the occurrence of the elec-
tron transfer event itself. It is the vertical energy difference
between the nal state potential energy calculated at the equi-
librium coordinates of the initial state and the minimum value
of the nal state potential energy. l quanties the energy
dissipated during the instantaneous electron transfer when the
nuclear coordinates of the system relax to their new equilibrium
positions.59–61 It includes two main contributions: the inner ring
component (li) caused by the change of intramolecular bond
length and bond angle, and the outer ring component (lo)
caused by the reorientation of the surrounding polarized
medium. In the classical Marcus theory, only the outer reorga-
nization energy is considered.62 The activation energy DG‡ for
the transition is the energy of the crossing point of the two
parabolas relative to the minimum of the initial state
parabola.10 A straightforward geometric derivation based on the
parabolic approximation yields the Marcus equation for the free
energy of activation:

DG‡ ¼
�
lþ DG0

�2
4l

(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 nal state is the ground state. Therefore, the driving
force is DG0 =−ECT. The activation barrier for this loss pathway
is thus given by:

DG‡
rec ¼

ðl� ECTÞ2
4l

(2)

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

kET ¼ 2p

ħ
jHDAj2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plkBT
p exp

 
�
�
DG0 þ l

�2
4lkBT

!
(3)
e ground state and charge transfer state along the reaction coordinate,
f the reaction, and DG‡ represents the activation barrier; (b) schematic
nd (b), Eabs and Eem represent the energies of maximum absorption and
y, and l represents the reorganization energy.
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where ħ is the reduced Planck constant, jHDAj is the electronic
coupling matrix element, kB is the Boltzmann constant, and T is
the absolute temperature. This quadratic dependence of the
activation energy on DG0 leads to the existence of a “normal”
and an “inverted” region for reaction rates, suggesting that very
large ECT 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 conguration (minimum) of
the ground state parabola. This transformation terminates on
the parabola of the CT state, and its energy is one l higher than
the minimum value of the CT state potential energy surface.
Conversely, radiative recombination (emission) involves
a vertical 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 z ECT + l (4)

Eem z ECT − l (5)

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

Stokes shift = Eabs − Eem z 2l (6)

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

In the high temperature limit, when the thermal energy (kBT)
is large relative to the energy of the relevant nuclear vibration
mode (ħu), the thermal population of the initial vibrational
energy levels leads to the Gaussian broadening of the optical
transition.30,35 Therefore, the absorption A(E) and emission N(E)
line shapes will be Gaussian, centered on Eabs and Eem,
respectively:

AðEÞfE exp

 
� ðE � ðECT þ lÞÞ2

4lkBT

!
(7)

NðEÞfE3 exp

 
� ðE � ðECT � lÞÞ2

4lkBT

!
(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 thismethod 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,
EES Sol.
which was originally proposed by Kennard and Stepanov.63–65 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 (EQEPV) to its electroluminescence
emission photon ux density (fem):66,67

femðEÞ ¼ EQEPVðEÞ � fBBðE;TÞ
�
exp

�
qV

kT

�
� 1

�
(9)

where fBB(E,T) is the spectral ux density of a blackbody radi-
ator at absolute temperature T, and V is the applied voltage. This
equation elegantly links the process of absorbing a photon to
generate an electron–hole pair (probed by EQEPV, assuming
EQEPV z A(E)) with the reverse process of an electron–hole pair
recombining to emit a photon (probed by N(E),50 i.e. the number
of photons collected for a given time duration and device area;
hence N(E) f fem(E)).

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

red: EQEPVðEÞ ¼
EQEPVðEÞ

E
(10)

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

red: ELðEÞ ¼ NðEÞ
E3

(11)

The manual tting process requires judgment of visual
features such as curve trend, peak position and line width, and
normalization of red. EQEPV(E) and red. EL(E) is required. Aer
this processing, the two reduced spectra are ready for quanti-
tative tting, 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 t the
characteristics of the CT state. The reduced absorption and
emission spectra are then tted using the Gaussian line shapes
derived from the classical Marcus theory, respectively:

red: EQEPVðEÞ ¼
Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plkBT
p � exp

 
� ðE � ðECT þ lÞÞ2

4lkBT

!

(12)

red: ELðEÞ ¼ Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT

p � exp

 
� ðE � ðECT � lÞÞ2

4lkBT

!
(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

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


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 EQEPV (norm. EQEPV)
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 EQEPV (red. EQEPV) spectrum. The dashed Gaussian line represents the fitting result based on classical
Marcus theory.
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When performing global tting on the normalized data, the
red.EL curve is usually shied downward so that the peak
height of red.EL matches that of the CT peak in the red.EQEPV

curve, and ECT and l are constrained as shared parameters for
absorption and emission line shapes. The position and width of
the absorption peak (centered at ECT + l) and the emission peak
(centered at ECT − l) 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 tting a single
Fig. 3 (a) Schematic diagram of an electron and a hole occupying the i
acceptor domain (blue); (b) the potential energy surface plot depicts th
state, and local excitonic state along the reaction coordinate. The ground
the charge transfer state is shown in blue. Blue arrows indicate radiativ
between the vibrational modes of the lowest CT state and those of the hi

© 2026 The Author(s). Published by the Royal Society of Chemistry
spectrum separately, it can obtain more reliable ECT and l

values. Among them, ECT reects the energy of the interfacial CT
state aer relaxation, which is the main factor determining the
thermodynamic limit of Voc,68,69 and non-radiative voltage loss
(Vloss,nr).22,70 l indicates the extent to which nuclei and electrons
reorganize at the donor–acceptor interface aer a charge
transfer event occurs. Smaller reorganization energies are
preferred because less energy is lost due to structural relaxation.
In addition, smaller l is oen associated with steeper absorp-
tion edges, hence less dynamic disorder.
nterfacial CT states at the junction of the donor domain (red) and the
e evolution of potential energies for the ground state, charge transfer
state is shown in red, the local excitonic state is shown in orange, and

e decay pathways, while the pink shaded area (indicating the overlap
ghest ground state) represents non-radiative recombination pathways.

EES Sol.
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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.30 However, state-of-the-art NFA systems
oen feature a small offset (typically <0.2 eV), leading to possibil-
ities of thermal repopulation71 and state hybridization.48,49 Besides,
organic semiconductors have intrinsic static energetic disorder
thatmay arise from congurational 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 theory49,50,70,72 to generate
a synthetic database of EQEPV and EL spectra as inputs for the
subsequent Marcus analysis (Note S1). This model generates
spectra with complex features of CT states, including static
Fig. 4 Summary of the results for different offsets (DELE,CT) via fitting EL
Marcus fitting on the results with offsets of (a) 0.3 eV, (b) 0.2 eV, and (c) 0.
downward shift of themain peak of the red. EL spectrum. (d) Comparison
Marcus fit results. The previously developedmodel49,50,70,72 was used to ge
dotted line represents the parameters set in the original model, and the
lo,model corresponds to the low frequency reorganization energy of the
energy of the CT state.

EES Sol.
energetic disorder, state hybridization, dark CT, etc., which
allows us to fully explore the accuracy of ECT and l based on the
standard Marcus analysis in the case of complex emission
spectra. The framework describes the transitions between the
ground state (GS or S0), the localized exciton (LE or S1) state and
the CT state, as shown in the potential energy surface in
Fig. 3(b). Based on the semi-classical Marcus–Levich–Jortner
(MLJ) theory, the model decomposes the reorganization energy
into low-frequency (lo) and high-frequency components (li).
The low-frequency components, aer 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 ħU.70 The MLJ expression of the non-radiative rate
constant knr is given by the sum of Franck–Condon weighted
densities of states:

knr ¼ 2pVel
2

ħ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plokBT

p
XN
m¼0

XN
n¼0

e�S Sm�nn!

m!
½Ln

m�nðSÞ�2 e

(
� ½�ħuþECTþloþðm�nÞħU�2

4lokBT

)
e
�nħU
kBT (14)
and EQE spectra using the classical Marcus theory. When performing
1 eV, the bright blue curve segment is a referencemarker indicating the
between the physical parameters of the original model and the classical
nerate EL and EQE data, with input parameters as shown in Note S1. The
solid line represents the result obtained by the classical Marcus fitting.
CT state in the original model, and ECT,model corresponds to the free

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Here, Vel
2 is the electronic coupling between the CT and ground

states, S = li/ħU is the Huang–Rhys factor, m and n designate
the quantum number of the vibrational modes of the nal and
initial state, respectively, and Ln

m−n(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 signicant
when the offset between them is small (usually <0.2 eV).49 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:

f *GS; CT ¼ fGS;CT þ fLE;GSVstar
2

DELE;CT
2
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fLE;GSfGS;CT

p
Vstar

DELE;CT

(15)

This formula shows that the effective oscillator strength
increases substantially as the energy offset (DELE,CT) decreases
and Vstar increases. This “brighter” CT state directly increases
the radiative recombination rate kr.
Fig. 5 Summary of the results for different static disorder (sCT) with DEL
theory. When performing Marcus fitting on the results with static disorder
is a referencemarker indicating the downward shift of themain peak of th
the original model and the classical Marcus fit results. The previously d
parameters as shown in Note S1. The dotted line represents the parame
obtained by the classical Marcus fitting. lo,model corresponds to the low
and ECT,model corresponds to the free energy of the CT state.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Static energetic disorder is also a key component in this
model.50 The CT state is described by a normalized distribution
function for CT-state energies g(ECT), which is the sum of
multiple weighted Gaussian line-shapes Dt(ECT), via
gðECTÞ ¼

P
t
ctDtðECTÞ. For an individual Gaussian function, sCT,t

is its width and ECT,t is the energy at its Gaussian center:

DtðECTÞ ¼ 1

sCT;t

ffiffiffiffiffiffi
2p

p e
�ðECT�hECT;tiÞ2

2sCT;t
2 (16)

The parameter sCT,t quanties the degree of static disorder
for an individual CT manifold t. 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 tting
routine to wrongly attribute spectral broadening to articially
exaggerated l. Because knr is highly sensitive to l, it may lead to
a signicant misjudgment of the recombination rates. Note
here that for brevity, we consider a single Gaussian DOS for later
investigations; therefore, the subscript “t” is neglected.

We now study the systematic inuence of key physical
parameters on the accuracy of classical Marcus analysis,
E,CT = 0.2 eV via fitting EL and EQE spectra using the classical Marcus
of (a) 1 meV, (b) 61 meV, and (c) 121 meV, the bright blue curve segment
e red. EL spectrum. (d) Comparison between the physical parameters of
eveloped model was used to generate EL and EQE data, with input
ters set in the original model, and the solid line represents the result
frequency reorganization energy of the CT state in the original model,

EES Sol.
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including the offset between the LE and CT states (DELE,CT),
static disorder of CT states (sCT), coupling between the LE and
CT states (Vstar), low and high frequency reorganization energy
of the CT state (lo and li), CT oscillator strength (fosc.CT), and the
rate constant of the LE to CT transition (kLE,CT), as shown in
Table S1. The model parameters used to generate EL and EQE
spectra are shown in Table S2. By tting these simulated spectra
using the homemade Marcus theory-based program Marcust73

(Note S2), we can directly compare the tting parameters (ECT
and lo) with the known “true” values in the model. lo,model 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 rst investigate the case where the LE–CT offset (DELE,CT) is
reduced, which is a typical approach to minimize voltage loss
experimentally. As shown in Fig. 4(a and b), for large offset
systems (DELE,CT $ 0.2 eV), a distinct CT peak (the bright blue
curve segment) can be observed at the tail of the EQE curve, and
ECT and lo from Classical Marcus tting agree reasonably well
with the input model values, as shown in Fig. 4(d). In contrast,
for small offset systems (e.g. DELE,CT = 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 t oen
only captures features of the LE state, leading to overestimated
ECT and lo 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. sCT. As shown in Fig. 5(a–c), for DELE,CT is xed
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 shi 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 (sCT < 60 meV), only ECT values are roughly recovered
by Marcus tting, while lo deviates signicantly from input
EES Sol.
values, lo,model. For large static disorder systems, the tted ECT
is systematically severely underestimated due to exciton relax-
ation in the DOS, in which case the values of ECT can only be
considered as the effective value of CT manifolds,74 rather than
the center of CT DOS. In the case of high disorder (sCT = 120
meV), the deviation exceeds 0.2 eV. Therefore, lo values
extracted directly using classical Marcus theory are seriously
overestimated. A similar observation is seen with a smaller
offset (DELE,CT = 0.1 eV), 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 (Vstar),
where DELE,CT is xed 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 fLE,GS, whereas
the oscillator strength of pure CT states (i.e. fGS,CT) is usually
several orders of magnitude lower than that of LE.49 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 fGS,CT is the
key factor here.

As shown in Fig. 6(a–c), the tting quality of the classical
Marcus theory gradually improves with increasing Vstar. When
Vstar is 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 t only captures the LE state's tail character-
istics rather than the true CT state. Consequently, the extracted
ECT and lo values are incorrectly biased toward the higher-
energy LE state, as shown in Fig. 6(d). Conversely, when Vstar
becomes larger (intermediate coupling, e.g. 80 meV), the
intensity borrowing effect is activated.49 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 tting quality, as
reected in Fig. 6(a–c), and reduced tting 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 t,
reecting the results from discussions above. Such behavior is
absent in larger offset systems, e.g. 0.2 eV in Fig. S1(g).

Note that we are still in the weak to intermediate coupling
regime (Vstar < 0.5l);75 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.49 For strong coupling with Vstar > 0.5l and DELE,CT < 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.76

4.4 High reorganization energies

We turn to investigate the case with different low and/or high
frequency reorganization energy (lo,model and/or li,model) of CT
states. For a clearer presentation, we x the values for li,model,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Summary of the results for different state hybridization (Vstar) withDELE,CT= 0.1 eV via fitting EL and EQE spectra using the classical Marcus
theory. When performing Marcus fitting on the results with state hybridization of (a) 0 meV, (b) 40 meV, and (c) 80 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 developedmodel 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. lo,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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and vary lo,model, and nally compare the extracted lo with input
values of lo,model, as shown in Fig. 7. We consider three cases
with small (60 meV), medium (90 meV), and large (120 meV)
li,model values for the generation of EL and EQE spectra.

For spectral tting, it can be observed that with DELE,CT =

0.2 eV, a distinct CT peak can be visually identied at the tail of
EQE in all cases, as shown in Fig. 7. This provides a reliable
reference for extracting ECT and lo, leading to good agreement
when lo,model is small. However, when lo,model rises, the
extracted ECT and lo values tend to be overestimated. This
occurs because as lo,model increases, the CT spectrum widens
and extends toward higher energies due to broadening caused
by lo, signicantly increasing the overlap with the LE state. To
t the blended spectral edges, the Gaussian function is forced to
shi toward higher energies with a widened distribution,
leading to articially inated ECT and lo values for all cases with
different input values of li,model, as shown in Fig. 7(d,h and l).
Larger li,model tends to lead to larger errors due to additional
broadening caused by vibronic modes.

In the system with DELE,CT = 0.3 eV, 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 ECT, as shown in Fig. S1(d–f). In
the MLJ model, the emission exhibits a spectral envelope
composed of a series of subpeaks spaced by high-frequency
vibrational energy levels (ħu z 0.15–0.2 eV), where each sub-
peak's width is determined solely by lo and sCT.50 When tting
this multi-peak structure using the single Gaussian Marcus
theory, the algorithm tends to match the shape of the strongest
0–0 transitionmain peak. Consequently, the extracted lo mainly
reects the lo,model determining the main peak width, while
“neglecting” the li,model that governs the relative intensity of the
subpeaks. This explains the good agreement for large offset
cases.

In the system with DELE,CT = 0.1 eV, i.e. a small offset, as
shown in Fig. S1(e and f), the extracted ECT 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 tting
effectively ts the signal from the LE state, yielding an energy
value consistently larger than ECT but slightly less than ELE.
Thus, the tted 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 (lo and/or li) withDELE,CT= 0.2 eV via fitting EL
and EQE spectra using the classical Marcus theory. Input values (li,model and lo,model) for the model for generating EL and EQE spectral data are
fixed as (a–d) li,model = 60 meV; (e–h) li,model = 90 meV; (i–l) li,model = 120 meV with different lo,model. (d), (h), and (l) 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. lo,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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in the model reorganization energy. Therefore, the extracted lo

reects 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 lo,model, as long as these changes
do not signicantly alter the dominance of the LE state, the
values tted 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.CT). As shown in Fig. 8(a), for cases with DELE,CT
xed at 0.2 eV, under low oscillator strength conditions (fosc.CT
= 5 × 10−5), 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 ECT is
erroneously anchored near the LE state's energy, resulting in
values signicantly higher than the model input CT energy,
similar to the low-offset cases. When the oscillator strength
EES Sol.
increases (e.g., fosc.CT $ 5 × 10−3, 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 ECT values that align well with
model inputs. Interestingly, lo extracted using the classical
Marcus theory does not vary with fosc.CT like ECT does, as shown
in Fig. 8(d). The tting 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 lo,model value of the LE state, changes in lo can be
expected. The large deviation observed when fosc.CT = 5 × 10−3

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/ILE, beyond
which the Marcus analysis becomes meaningful. As shown in
Fig. S2, when ICT/ILE is less than 8 folds, the extracted ECT and l

values deviate signicantly from the true values. During tting,
it becomes increasingly difficult to obtain good tting results
for the broadening of the CT peak and the intersection of the EL
and EQE experimental data curves as ICT/ILE decreases. When
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Summary of the results for different CT oscillator strengths (fosc.CT) with DELE,CT = 0.2 eV via fitting EL and EQE spectra using the classical
Marcus theory. (a–c) Fits obtained using an fosc.CT of 5 × 10−5, 5 × 10−4, and 5 × 10−3, respectively. (d) Comparison between the physical
parameters of the original model and the classical Marcus fit results. The previously developedmodel 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. lo,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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the intensity ratio is too small (ICT/ILE < 1), the tting obtained
by forcibly tting the CT peak is very poor (regardless of how the
Marcus tting parameters are adjusted), while the tting 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 nally investigate the case with different rate constants for
the LE to CT transition (kLE,CT). When kLE,CT is very large (e.g.,
1011 s−1), as shown in Fig. 9(a) for cases where DELE,CT is xed 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 rst in EL experiments. This leads to signicant
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 ECT and lo are both overestimated, as also discussed
above. At lower rates (kLE,CT # 109 s−1), however the tted ECT
actually approaches the model predictions, as shown in
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 9(d). A lower kLE,CT 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 spectrummay shi from LE
to CT state emission, leading to much fewer errors in ECT. The
reorganization energy lo consistently shows an overestimation,
due to the tting of the mixed CT and LE state emission. Such
behavior is, however, not seen for cases with large offsets, i.e.
DELE,CT $ 0.2 eV, since the CT state will be much more popu-
lated than the LE state following Boltzmann statistics. There-
fore, regardless of kLE,CT, as long as CT state luminescence is
observed, Marcus tting can relatively accurately extract
parameters, as shown in Fig. S1(b). This further exemplies 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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Fig. 9 Summary of the results for different rate constants of LE to CT states (kLE,CT) with DELE,CT = 0.1 eV via fitting EL and EQE spectra using the
classical Marcus theory. (a–c) Fits obtained using kLE,CT values of 1011, 109, and 106 s−1, respectively. (d) Comparison between the physical
parameters of the original model and the classical Marcus fit results. The previously developedmodel 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. lo,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 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, i.e. 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 modied 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 rst
method involves a temperature change during the optoelec-
tronic experiment, e.g. temperature-dependent s-EQE as
explored by Khan and Rand et al.52 The benet 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 rst
measured at different temperatures showing clear features from
the CT band absorption, followed by tting using a simple
Gaussian function at different temperatures. The extracted
apparent ECT(exp.) typically shows a signicant 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 shi is
then no longer xed at 2l, which cannot be directly explained by
Marcus theory. Burke et al.74 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
(ECT) and the standard deviation (sCT) (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:

hEQEðEÞf
1

E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pðsCT

2 þ 2lkBTÞp exp

 
�ðECT þ l� EÞ2
2sCT

2 þ 4lkBT

!
(17)

where E is the photon energy. This form separates the contri-
bution of static disorder (sCT

2) and temperature-dependent
dynamic disorder ð ffiffiffiffiffiffiffiffiffiffiffiffiffi

2lkBT
p Þ 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 tted
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 ECT(exp.) and apparent
recombination energy l(exp.), at each temperature can be
extracted:

ECTðexp:Þ ¼ ECT � sCT
2

2kBT
(18)

lðexp:Þ ¼ lþ sCT
2

2kBT
(19)

By plotting the relationship between the extracted ECT(exp.) and
l(exp.) and the reciprocal of temperature (1/T), the slopes can be
used to extract the true ECT and l, respectively. However, one
should be reminded that this method relies on the assumption
of Gaussian type DOS, whichmight not be true in somematerial
systems.77 A more general type of DOS may be considered to
deliver a better resolution of CT properties.50

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
Perdigón-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.42 However, such a method needs to be carried out with
caution, specically by normalizing the integral area or peak
height of the two curves. Since the subtracted signals from EL–
PL are oen 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
in the literature that can be helpful for probing the invisible CT
states.

5.2.1 Electro-absorption spectroscopy. The rst method is
electro-absorption spectroscopy (EAS), also known as Stark
spectroscopy.78–81 EAS is a method to measure the absorbance
change (DA) caused by the electric eld Fapp by using the
external electric eld to disturb the molecular ground state and
excited state energy levels (Stark effect). For a xed and isotropic
sample, the DA spectrum can be described by the Liptay equa-
tion82,83 as a Taylor series expansion:

DA ¼ AFðEÞ � AðEÞ ¼ ðk � 1ÞAðEÞ þ kDE

� dA

dE
þ kDE2

2
� d2A

dE2
(20)

where AF(E) and A(E) are the absorption spectra with (eld-on)
and without (eld-off) applied eld, respectively. The energy
changeDE includes contributions from the linear and quadratic
Stark effects:

DE = −1
2
DpF2 + DmF (21)

where Dp and Dm represent the change in polarizability and
dipole moment. And considering the dielectric constant of the
medium (3) in non-polar environments, the effective electric
eld F = (23 + 1)Fapp/3.84

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 Dm is usually small. Therefore, the
EAS signal is mainly affected by the change in polarizability
(Dp), and the spectral feature has a linear shape of the rst
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 Dm 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 t
the CT absorption band represents the energy of such CT
manifold. The tting formula is:

DAz
1

2
CLDm

2F 2 d
2A

dE2
(22)

where the constant CL 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 eld. Based on this, a known
electric eld Fapp is applied to measure the resulting spectral
absorption change, namely the electrical absorption spectrum
or Stark spectrum (DA). Aer obtaining these two sets of spectral
data, the absorption band characteristic attributable to the CT
transitionmust be identied in the A(E) spectrum. To accurately
analyze this characteristic and to avoid interference from
EES Sol.
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experimental noise in subsequent calculations, a series of
Gaussian functions are typically used to reconstruct or t 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 tted to the CT absorption
band. Finally, to verify the accuracy of such an energy distri-
bution, the smoothed absorption spectrum obtained by
Gaussian tting is rst- and second-order differentiated and
used as basis functions to t the experimentally measured DA
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 tting. The nal method is to extract
CT state properties using the previously developed MLJ model
coupled with dri 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 Müller et al., using this model, they realized
simultaneous tting of current–voltage (JV) characteristics and
PL, and extracted CT properties even when it's not visible in
EQE, EL and PL.85 The authors used DELE–CT, LE dissociation
Fig. 10 Decision tree for Marcus fitting of EQEPV and EL spectra. The
emission feature in EL experimental spectra. Starting with a “CT Visibility C
fitting is abandoned in favor of alternative methods such as electroabso
partially visible. The peak intensity ratio ICT/ILE is evaluated; if $10, Marc
advanced temperature-dependent spectral analysis (e.g., T-EQE) to e
alternative methods are applied; (iii) fully visible. Marcus fitting is directly
analysis to yield sCT and the final ECT distribution.

EES Sol.
rate (kdisL~ECT), CT dissociation rate (kdisC~TCS), and mobility (m) as
tting variables. The absolute PL intensity is used to determine
kdisL~ECT, considering the competition between LE exciton disso-
ciation and decay.85 kdisC~TCS can be determined from the model by
simultaneously tting Jsc and FF. They found kdisC~TCS of 10

10 s−1

for the high-offset blends and of 107 s−1 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 (ECS) and the energetic barrier between
CT and CS, i.e. DECT,CS. This method has the potential to be
further explored to include more experimental data in the
tting 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.
flowchart outlines a systematic protocol based on the visibility of CT
heck,” the procedure branches into three pathways: (i) invisible. Marcus
rption spectroscopy (EAS) or Marcus–Levich–Jortner (MLJ) fitting; (ii)
us fitting proceeds to obtain effective CT energy (ECT,eff), followed by
xtract static disorder (sCT) and the final ECT distribution; otherwise,
applied to derive ECT,eff, and then refined via temperature-dependent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Summary of the results for fitting EL and EQE spectra of PM7/IT4F blends86 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.
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It is recommended that the rst 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 tting can
be performed. The tting program Marcust that we have made
public on Github will be a very convenient tool.73 Marcust is
built specically to streamline this process by jointly analyzing
both spectra. It mathematically identies the intersection point
of the normalized EL and EQE curves to establish initial
parameter estimates, and employs a ne-tuning algorithm to
extract the CT energy and reorganization energy with high
numerical stability. However, it is suggested that the obtained
CT energy ECT(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 ECT(exp.) be used only
as a reference energy. Additionally, the value l(exp.) extracted
from the classical Marcus tting contains two physically
different phenomena: dynamic and static disorder. If the
extracted reorganization energy (lo) from a classical Marcus t
at room temperature is unusually large, static disorder could be
signicant. 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 (sd = (2lokBT)

1/2), 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/T.

However, in modern OPVs, LE states are oen very emissive,
and CT signals are easily buried under those of LE. Hence, the
classical Marcus tting method oen fails to yield physically
reliable results. When CT absorption is weak, the tting 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.86 in PM7/IT4F blends as an example and
perform classical Marcus tting, as shown in Fig. 11. In this
case, the small energy difference between the LE and CT states
leads to signicant 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 tting parameters extracted from this type of data have
signicant 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 t this region using the
classical Marcus model is a common but crucial mistake, as the
tting will mainly focus on the LE tail rather than the CT state.
Therefore the tting result is physically meaningless. If the CT
features cannot be clearly identied by comparing the absorp-
tion or emission of pristine materials and blends, it is recom-
mended to abandon the classical Marcus tting. It would be
benecial 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 identied even if the CT state is hidden in conventional
absorption spectroscopy.81 Another approach can also be help-
ful, that is to employ advanced model tting based on the MLJ
model framework concerning both spectral and device charac-
teristics as explored by Müller et al.85 Through model tting
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 oen masks the weak charge
transfer state characteristics, and the material itself has static
disorder. Therefore, directly applying the classical Marcus
model for tting may result in values that do not have true
signicance. We discuss the cause of such issues in detail and
provide guidelines to avoid signicant errors while performing
Marcus analysis of CT states. If CT absorption and emission are
visible or partially visible, the extracted values viaMarcus tting
should only be regarded as “effective energies” given that static
disorder is present. Meanwhile, the reorganization energies
obtained throughMarcus tting 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
identied in the sub-bandgap regions of the absorption and
emission spectra, the classical Marcus tting 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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34 J. Hustings, R. Bonné, R. Cornelissen, F. Morini, R. Valcke,
K. Vandewal and J. V. Manca, Front. Photonics, 2022, 3,
1050189.

35 K. Vandewal, J. Benduhn and V. C. Nikolis, Sustainable
Energy Fuels, 2018, 2, 538–544.

36 Y. Jiang, S. Sun, R. Xu, F. Liu, X. Miao, G. Ran, K. Liu, Y. Yi,
W. Zhang and X. Zhu, Nat. Energy, 2024, 9, 975–986.

37 J. Fu, H. Li, H. Liu, P. Huang, H. Chen, P. W. K. Fong,
T. A. Dela Peña, M. Li, X. Lu, P. Cheng, Z. Xiao, S. Lu and
G. Li, Nat. Energy, 2025, 10, 1251–1261.

38 H. Chen, Y. Huang, R. Zhang, H. Mou, J. Ding, J. Zhou,
Z. Wang, H. Li, W. Chen, J. Zhu, Q. Cheng, H. Gu, X. Wu,
T. Zhang, Y. Wang, H. Zhu, Z. Xie, F. Gao, Y. Li and Y. Li,
Nat. Mater., 2025, 24, 444–453.

39 C. Li, J. Song, H. Lai, H. Zhang, R. Zhou, J. Xu, H. Huang,
L. Liu, J. Gao, Y. Li, M. H. Jee, Z. Zheng, S. Liu, J. Yan,
X.-K. Chen, Z. Tang, C. Zhang, H. Y. Woo, F. He, F. Gao,
H. Yan and Y. Sun, Nat. Mater., 2025, 24, 433–443.
© 2026 The Author(s). Published by the Royal Society of Chemistry
40 Y. Shi, Y. Chang, K. Lu, Z. Chen, J. Zhang, Y. Yan, D. Qiu,
Y. Liu, M. A. Adil, W. Ma, X. Hao, L. Zhu and Z. Wei, Nat.
Commun., 2022, 13, 3256.

41 P. Cheng, G. Li, X. Zhan and Y. Yang, Nat. Photonics, 2018,
12, 131–142.

42 L. Perdigón-Toro, L. Q. Phuong, S. Zeiske, K. Vandewal,
A. Armin, S. Shoaee and D. Neher, ACS Energy Lett., 2021,
6, 557–564.

43 N. A. Ran, S. Roland, J. A. Love, V. Savikhin, C. J. Takacs,
Y. T. Fu, H. Li, V. Coropceanu, X. Liu, J. L. Brédas,
G. C. Bazan, M. F. Toney, D. Neher and T. Q. Nguyen, Nat.
Commun., 2017, 8, 79.

44 D. Qian, S. M. Pratik, Q. Liu, Y. Dong, R. Zhang, J. Yu,
N. Gasparini, J. Wu, T. Zhang, V. Coropceanu, X. Guo,
M. Zhang, J.-L. Bredas, F. Gao and J. R. Durrant, Adv.
Energy Mater., 2023, 13, 2301026.

45 F. Gao and O. Inganäs, Phys. Chem. Chem. Phys., 2014, 16,
20291–20304.

46 S. Few, J. M. Frost and J. Nelson, Phys. Chem. Chem. Phys.,
2015, 17, 2311–2325.

47 Y. Zhong, M. Causa’, G. J. Moore, P. J. Krauspe, B. Xiao,
F. Günther, J. Kublitski, R. Shivhare, J. Benduhn, E. Baror,
S. Mukherjee, K. M. Yallum, J. Réhault, S. C. B. Mannsfeld,
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