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1. Introduction

Upon exciting either the donor or the 
acceptor in an organic solar cell (OSC) a 
pair of charges is generated that is—wish-
fully—collected at the electrodes. This 
process is sequential. Initially a coulomb 
bound electron–hole pair is created that 
can either fully dissociate or suffer gemi-
nate recombination. It was a highly dis-
puted question whether or not this process 
requires a driving force set up by the off-
set of the ionization potentials or electron 
affinities at the interface between donors 
and acceptors. The work of Vandewal et al. 
provided a clear answer to this question.[1,2] 
These authors measured the internal 
quantum efficiency (IQE) of an OSC over 
a broad spectral range encompassing the 
absorption spectrum of the charge transfer 
(CT) state of the donor and acceptor. They 
found that the IQE is basically independent 
of photon energy. This has an important 

consequence. It implies that the dissociating entity is the cold CT 
state of donor and acceptor and does not require driving force for 
its generation.[3,4] This does not rule out that a more expanded 
electron–hole pair may initially be generated but it indicates that 
the vast majority of such “hot” electron–hole-pairs relax to cold 
states within the coulomb well before they execute a random walk 
to escape from it.[1,2,5–12] The crucial entity in the dissociation pro-
cess is therefore the CT state of the donor–acceptor couple and 
to unravel its properties is an important issue.[13,14] The usual 
formalism to describe the dynamics of CT states rests upon the 
classic Marcus theory of electron transfer[15] and its extension by 
Levich, Jortner, and Marcus.[16–18] The crucial parameter in this 
theory is the reorganization energy λ that is associated with elec-
tron transfer. This formalism is a single site approach, appro-
priate for chromophores in dilute solution as confirmed by the 
work of Gould et al.[19] and others.[20–22] It is open to conjecture, 
though, whether or not this approach is sufficient to analyze CT 
spectra in a condensed phase because there the pertinent ener-
gies are no longer well-defined but are subject to a distribution 
that reflects the random variation of the van der Waals coupling 
of an excited chromophore with its polarizable environment 
giving rise to static disorder.[23–26] Static disorder is, for instance, 
one reason why the mobility of charge carriers in organic semi-
conductor films is much lower than in their crystalline counter-
parts except under field-effect-transistor operation.[27–32]

Since the key role of charge transfers (CT) states has been identified for organic 
solar cells (OSCs), research into their properties is a timely topic. Convention-
ally, their absorption and emission spectra are described in terms of Marcus’ 
electron transfer theory. This is a single site approach with the essential 
parameter being the reorganization energy. Thus, it ignores ensemble effects, 
notably the role of static disorder that is inevitably present in a spin-coated 
OSC film. Here time dependent photoluminescence spectroscopy is applied on 
blends of the polymeric donor MeLPPP with either the non-fullerene acceptor 
SF-PDI2 or with PC61BM within a temperature range from 295 to 5 K. The 
authors monitor how initially excited singlet states are converted to emissive 
CT states. Concomitantly, emission from residual singlets on the acceptor is 
observed rather than hybrid CT-states. The role of spectral diffusion in this 
process is discussed. From the temperature and time dependent linewidths of 
absorption, fluorescence, and CT emission, the static and dynamic contribu-
tions to the total disorder are inferred. In both blends, at 295 K, the contribu-
tion of static disorder is comparable to the dynamic disorder.
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In order to implement the effect of static disorder into the 
description of CT states in OSCs, Burke et al.[33] proposed that 

the term 
2

2

Bk T

σ
 should be added in addition to the reorganization 

energy, where σ2 is the variance of the Gaussian distribution  
of the density of states (DOS). In our recent work on the spec-
troscopy of a MeLPPP:PC61BM blend we analyzed CT states and 
conclude that static disorder is indeed necessary for their correct 
description.[34] However, Tvingstedt et  al.[35] and more recently 
Göhler et al.[36] as well as Panhans et al.[37] criticized this conclu-
sion and argue that static disorder is unimportant to explain the 
properties in an OSC. One of the arguments[36] is that the peak 
of the CT-emission spectrum in a selected TAPC:C60 blend does 
not noticeably shift when the device is cooled down to 125  K, 

contrary to what the 
2

2

Bk T

σ
 term predicts. This would imply that 

indeed the Marcus-type single site approximation is enough to 
explain the dynamics of CT states in OSC operation. However, 
this notion of a single site approximation is in conflict with the 
work by Melianas et  al.[38] who stress that the CT states, gen-
erated by the recombination of electrons and holes in an OSC 
operated under forward bias, suffered a long journey and are 
therefore not well-defined entities but depend on the way how 
they are been generated. Similarly, it conflicts with Upreti and 

coworkers[39] who emphasize the role of the disorder-broadened 
DOS in the value of the open-circuit voltage.

This controversy prompted us to investigate CT states in a 
MeLPPP:SF-PDI2 blend and to analyze data on the CT states 
in a MeLPPP:PC61BM blend that had been taken in the course 
of our study by Kahle et  al.[34] For reference, Figure 1 shows 
the chemical structures of these three compounds, along with 
their steady state absorption and emission spectra. SF-PDI2 is 
a non-fullerene acceptor (NFA) in OSCs and its fluorescence 
(FL) spectra are significantly broader than those of PC61BM. 
This broader DOS should allow delineating disorder effects. We 
select MeLPPP as a donor material that has been spectroscopi-
cally well characterized[40] and has a comparatively low lying 
ionization potential level around −5.75  eV.[41] The CT emission 
is therefore in a conveniently accessible spectral range (1.5–
1.6 eV), and non-radiative decay, controlled by the gap law,[42,43] 
is less important. We are aware that MeLPPP is not a preferred 
donor material in the OSC community due to its large optical 
gap. However, our aim is not to optimize solar cell efficiency. 
Rather, we aim to conduct an exemplary study of the prop-
erties of a CT state involving a NFA and to compare it to the 
results for fullerene acceptors. We employ time dependent 
photoluminescence (PL) spectroscopy covering a temperature 
range from 295 to 5  K in order to delineate how fluorescence 
as well CT emission from neat and blended films evolve with 
time, thereby drawing upon the phenomenon of spectral dif-
fusion. Spectral diffusion is a phenomenon that reflects the 
motion of an excited state, be it a charge or an exciton, within 
an energetically dispersed DOS distribution, and is therefore an 
unambiguous probe of static disorder.[44–50] From the evolution 
of gated PL spectra of a neat SF-PDI2 film and the spectra of  
MeLPPP:SF-PDI2 and MeLPPP:PC61BM blends in the tempera-
ture range between 295 and 5 K we can explore how CT states 
are created by optical excitation and how they decay. From the 
temperature dependence of the absorption and emission band 
widths we determine the standard deviations of the Gaussian 
distributions (σ) and the related variances (σ2). We find that, 
upon cooling, the emission profiles of the CT states in the 
blends become more narrow, yet this saturates below 100  K. 
The ratio between the room temperature values of the vari-
ances for static and dynamic disorder in the CT state is roughly 
1:2 (MeLPPP with PC61BM) or 3:2 (MeLPPP with SF-PDI2). The 
dynamic disorder comprises both temperature-independent 
and temperature-dependent electron–phonon coupling. This 
shows that in these systems static disorder of CT states con-
stitutes a major contribution. The experiments also delineate 
the role of spectral diffusion in the formation of CT states and 
demonstrate that in a bulk system, like an OSC, a single site 
approximation is insufficient for analyzing CT states.

2. Results

2.1. Absorption and Fluorescence Spectra of SF-PDI2

Figure 2a shows the steady state-absorption and FL spectra of 
SF-PDI2 in toluene solution at room temperature. The spectra 
are inhomogeneously broadened with a barely detectable vibronic 
structure. The peaks of the S1–S0 absorption and the emission 
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Figure 1.  Thin film absorption and emission spectra and chemical struc-
tures of a) SF-PDI2, b) MeLPPP, and c) PC61BM.
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features are at 2.30 and 2.02  eV, respectively. The origin of the 
transition, inferred from the crossing point between absorption 
and emission, is at 2.13  eV and the Stokes’ shift between the 
absorption and emission 0–0 transition peaks is 0.28 eV.

Upon film formation, there is almost no spectral shift of 
the absorption spectrum. The dominant feature of the S1–S0 
transition is a superposition of two inhomogeneously broad-
ened features split apart by about 100 meV (Figure 2b). Upon 
sample cooling the leading edge of the absorption spectra 
become slightly narrower and bears out a minor bathochromic 
shift.

Figure  2c shows how the FL spectrum of a SF-PDI2 film 
evolves when the temperature decreases from 295 to 5  K. 
While the absorption spectra of solution and film are basically 
iso-energetic, the FL spectrum of the film is shifted to the red 
by about 150  meV and becomes significantly narrower upon 
sample cooling. To quantify the temperature dependence of the 
peak positions of the absorption and FL features as well as of 
the line widths, the spectra have been subjected to a spectral 
analysis using Gaussian envelope functions. We found that the 
absorption peak continuously shifts to the red upon sample 
cooling while the emission peak passes through a minimum as 
shown in Figure 3a. This minimum is a signature of frustrated 
spectral diffusion that can occur for molecular films when the 
Förster radius is small, as detailed further below. The associated 
Stokes’ shift between absorption and emission shows a max-
imum around 250  K (Figure  3b). The width of the absorption 
band, quantified in terms of their standard deviations (σ) of the 
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Figure 2.  a) Normalized absorption and steady state fluorescence of 
SF-PDI2 at 295 K in toluene solution and as thin film. b) Absorption of 
a SF-PDI2 thin film between 300 and 5 K in steps of 50 K. Yellow lines 
indicate Gaussian fits of the low energy side and the spectra are verti-
cally offset for clarity. c) Steady state fluorescence of a SF-PDI2 thin film 
between 300 and 5 K in steps of 20 K.

Figure 3.  a) Transition energy, b) corresponding Stokes’ shift, and  
c) Gaussian linewidth of a SF-PDI2 film as a function of temperature for 
absorption (solid squares) and emission (open circles) extracted from 
Gaussian fits.
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associated Gaussian line widths, decreases moderately from 95 
to 80 meV upon sample cooling, while in emission σ drops sub-
stantially from 110 meV at 295 K to 48 meV at 5 K (Figure 3c).

The fact that the Stokes’ shift, that is, the energy difference 
between the experimentally observed absorption and FL 0–0 
peak maxima, almost doubles when going from dilute solu-
tion to film is an indication that singlet excitons in a SF-PDI2 
film are subject to spectral diffusion. In order interpret the film 
spectra we will therefore briefly outline the concept of spectral 
diffusion. It is a ubiquitous and well-established phenomenon 
in studies of fluorescence and phosphorescence of non-crystal-
line organic semiconductors,[45,50] and it is related to inhomoge-
neous line broadening caused by static disorder. To quantify the 
effect, it appears useful to briefly recall central aspects of the 
dynamics of excitations in a dense disordered medium.

In an organic semiconductor, elementary excitations such as 
charge carriers, singlet excitons, and triplet excitons execute a 
random walk among sites within a DOS distribution which is 
usually of Gaussian shape, characterized by a standard devia-
tion σ. Upon broadband illumination excitations are generated 
randomly within this DOS distribution and execute a random 
walk, thereby relaxing within the DOS distribution. This relaxa-
tion process proceeds on a logarithmic timescale and can be 
monitored by gated spectroscopy. The process proceeds until 
thermal equilibrium energy is reached when the transfer steps 
down and up in energy become balanced. Random walk theory 
predicts that under quasi-equilibrium the center of the occu-
pied DOS is at σ /stat2 kT  below of the center of the original DOS. 
This temperature dependent relaxation process is a result of the 
broad DOS distribution, that is, the static disorder, and it con-
tributes to the Stokes’ shift. Another contribution arises from 
the dynamic disorder, that is, intramolecular and intermolec-
ular geometric reorganization (phonon-induced broadening). 
This includes thermally activated librations and rotations of 
the molecular structure as well as intermolecular motions. In 
general, the cumulated Stokes shift is the sum of the relaxation 
energies due to dynamic disorder and static disorder.

Eventually, spectral diffusion is terminated by the lifetime 
of the excitations, that is, singlet or triplet excitons, regardless 
whether the energetic relaxation has come to the thermal equi-
librium value of σstat

2/kT below the center of the DOS or not. 
An experimental signature of this effect is that FL or phospho-
rescence spectra of a bulk film of chromophores (even rigid 
chromophores) initially bear out red-shift upon sample cooling 
yet this shift saturates below a critical temperature Tc.[51,52] Below 
this Tc, the excitation decays before the thermal equilibrium 
energy is reached. The condition that this saturation happens 
depends on the coupling strength between the chromophores 
and the lifetime of the excitations. In the case of diffusion by a 
series of Förster transfer steps, this balance is expressed through 
the Förster radius. For most organic semiconductors, the relaxa-
tion process by spectral diffusion reaches thermal equilibrium 
during the lifetime of the excitation when the required energy 
shift, that is, σstat

2/kT, is smaller than x · σstat, with the empirical 
value x ≈ 3 ± 1.[51,52] This translates into a critical temperature of 
Tc  ≈ σstat/xk below which spectral diffusion saturates at a con-
stant value. It implies that the energetic position of emission 
spectra with σstat above about 70  meV should be more or less 
insensitive to temperature below 295 K. This is very important 

for spectral analysis. If one ignores the (temperature dependent) 
spectral relaxation in a condensed phase, one would erroneously 
associate the entire Stokes’ shift ΔE with dynamic disorder, thus 
overestimating its value. In summary,

λ λ σ∆ = − = + + ≥− − / ;0 0
Abs

0 0
PL

abs Fl stat
2

cE E E kT T T 	 (1)

with Tc ≈ σstat/xk, x ≈ 3 ± 1. λ, that is, λFl or λabs, is the phonon-
controlled reorganization energy due to dynamic disorder in 
the ground state geometry (λabs) or in the excited state equilib-
rium geometry (λFl). It is worth emphasizing that we are con-
sidering the differences between the experimentally observed 
“0–0” transition energies in absorption and emission, where 
“0” refers to the absence of high frequency modes. Thus, λ 
here is not associated with the change in equilibrium geometry 
due to coupling to high-frequency vibrations (ℏω > 100 meV). 
Rather, as already mentioned, it reflects the contributions of 
inter- or intramolecular low-frequency phonons (ℏω < 10 meV) 
to the line width. σstat refers to the DOS involved in emis-
sion. Equation (1) does not take into account any effects from 
frustrated spectral diffusion, that is, the freezing out of the 
relaxation process sometimes observed below Tc.[51]

Based upon this concept we will analyze the absorption and 
FL spectra of a SF-PDI2 film, considering that variances of 
static and dynamic contributions to the Gaussian line width 
add up linearly according to[25,53]

tot
2

stat
2

dyn
2σ σ σ= + 	 (2)

Using the data from Figure 3c we plot the σ value on a σ2 
versus T scale (Figure 4).This allows us to differentiate between 
the contributions that are thermally activated and those that are 
not. The 0 K limit comprises the contributions from the static 
disorder, σstat, and the temperature-independent contributions 
from the electron–phonon coupling. We shall refer to this 
latter contribution as σdyn,0K. The difference between the meas-
ured linewidth in the 0 K limit and the measured linewidth at 
a given temperature results from the thermally activated part 
of the electron–phonon coupling that we refer to as σdyn,th. 
Thus, the overall dynamic disorder, that is, the disorder 
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Figure 4.  Squared Gaussian linewidths σ2 measured for a film of SF-PDI2 
as a function of temperature. The static and dynamic contribution to the 
total value is illustrated on the right.
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resulting from the coupling to phonon modes, consists of a 
temperature-independent and a temperature-dependent part, 
σ σ σ= +dyn

2
dyn,0K
2

dyn,th
2 .

If we apply this to the data shown in Figure  4 we find for 
the linewidth in absorption a temperature-independent part 
σ σ+ = 6200 ( )dyn,0K

2
stat
2 2meV  and a temperature dependent part 

of σ = 2700 ( )dyn,th
2 2meV  at 300 K, which combine to a total 

linewidth of 8900 ( )tot
2 2meVσ = . Thus we obtain σ σ+dyn,0K

2
stat
2  =  

79  meV and σdyn,th(300 K) = 52  meV. We can apply the same 
approach to the fluorescence and obtain the values summarized 
in Table 1 further below, that is, σ σ+dyn,0K

2
stat
2   = 48  meV and 

σdyn,th(300 K) = 100 meV. When considering the values obtained 
from fluorescence rather than absorption, it is a good idea to 
keep in mind that fluorescence, notably at low temperatures, 
usually takes place before thermal equilibrium in the DOS is 
reached. Thus, the values for σstat are underestimated, and in 
consequence those for σdyn,th are overestimated.

The experimentally observed variances of the FL linewidth 
are significantly lower than those of absorption and approach 
an asymptotic value of 2300  (meV)2 ( dyn,0K

2
stat
2σ σ+   = 48  meV). 

A lower linewidth in emission than in absorption is common 
and is a signature that spectral diffusion has not yet completed 
to the equilibrium value prior to radiative decay. For example, 
in a film of MEH-PPV, the observed S1–S0 0–0 transition has a 
Gaussian width of dyn,0K

2
stat
2σ σ+  = 75 meV in absorption, yet of 

dyn,0K
2

stat
2σ σ+  = 42 meV in emission.[54] The reason is that the 

hopping rate for excitations, and thus the rate of spectral diffu-
sion is not uniform across the DOS. Spectral diffusion proceeds 
by a sequence of resonant energy transfer events. A resonance 
condition between the energy donating and accepting site is 
easily met in the center of the DOS so that downhill jumps are 
fast, yet for donating states in the tail, suitable acceptor sites are 
further apart, which slows down the transfer. As a result, the 
DOS distribution narrows. Monte Carlo simulations, detailed in 
Figure S1, Supporting Information support this reasoning and 
demonstrate that the width of the emitting sites has a standard 
deviation σstat that is about 2/3 of that of the absorbing sites.

Experiments on a neat film, performed in the gated detection 
mode, provide further information on the time dependence of 
the FL decay. Figure 5 shows that there is prompt fluorescence 
followed by delayed fluorescence (DF) after roughly 100 ns. At 
room temperature, the prompt component has a life time of 
≈12 ns and increases to 26 ns at 5 K. (Figure 5b,c). The fact the 
DF does not vanish upon cooling to 5 K implies that it originates  

from triplet–triplet-annihilation rather from thermally activated 
triplet activation as in thermally activated DF (TADF). These 
data serve as reference for the data obtained on the blend films 
and will be discussed alongside the results on the blends.

2.2. Absorption and Photoluminescence 
of a MeLPPP:SF-PDI2 Blend

Having analyzed the absorption and FL spectra in a neat SF-PDI2 
film we now explore how blending of SF-PDI2 with MeLPPP 
affects the absorption and the PL. It turns out that within a spec-
tral range of 2.0 to 2.5 eV, the absorption spectrum of the blend 
film is no different to that of a neat SF-PDI2 film (Figure 6). 
Above 2.6 eV, the absorption is dominated by the MeLPPP donor. 
The photoluminescence spectrum of the blend, measured in the 
gated detection mode, is a superposition of fluorescence from 
SF-PDI2 and a low energy feature with the maximum near 1.6 eV 
(Figure 7a). The latter has to be assigned to a charge transfer 
transition between the singly occupied LUMO of SF-PDI2 and 
the singly occupied HOMO of MeLPPP. Such CT states form 
as a result of photoexciting MeLPPP (SF-PDI2) and subsequent 
charge transfer from the MeLPPP-LUMO (-HOMO) to the 
LUMO (HOMO) of an adjacent SF-PDI2 (MeLPPP) chromo-
phore. While the FL of MeLPPP is completely quenched, there is 
still FL emitted from SF-PDI2. Obviously, there are singlet exci-
tons in the SF-PDI2 domain that are unable to find an accepting 
site for charge transfer. This can occur when SF-PDI2 is not fully 
miscible with MeLPPP so that it forms domains of neat SF-PDI2. 
Such domain formation is a frequently encountered phenom-
enon in donor–acceptor systems.[55,56]

With increasing delay time there is a continuous transition 
in overall intensity from SF-PDI2 fluorescence to CT emission, 
while the shape of both features is basically retained. Plotting 
the gated emission spectra on a semilogarithmic rather than on 
linear scale (Figure 7b) demonstrates that both the FL and the 
CT emission extend into the µs range (in fact, they are notice-
able up to 100 µs, see Figure S2, Supporting Information) but 
their temporal decay is different. While FL decays exponentially 
with time until DF due to triplet–triplet annihilation takes over 
at about 20 ns, the CT emission features a power law I(t) ∝ tn 
with n ≈ −2 (Figure 7c).

Upon sample cooling the spectral pattern changes. While 
at room temperature the maxima of the FL and CT emission 
are independent of delay time (see Figure  7b), there is an 
increasing redshift of both spectra upon sample cooling to low 
temperature (see Figure 7d,e). While this is most evident at 5 K, 
this parallel evolution also prevails at intermediate tempera-
tures (see Figure S2, Supporting Information). The concept of 
spectral diffusion provides a simple explanation of this obser-
vation: When both CT and singlet excitons are not stationary 
states, their emission spectra should evolve in time. At room 
temperature both excitations are already equilibrated within the 
response time of our detection system, but at low temperature 
their relaxation process is significantly retarded and is ame-
nable to spectral probing. Ultimately, at very long times, the 
low temperature spectra would approach the room temperature 
value, indicating that relaxation has been completed, but in 
practice the excitation decays before this equilibrium is reached. 

Adv. Energy Mater. 2022, 12, 2103063

Table 1.  The experimentally determined disorder values at 300 and 0 K.

tot
2 (300 K)σ  

[103 (meV)2]

σ σ+dyn,0K
2

stat
2

[103 (meV)2]

σ dyn,th
2 (300 K)

[103 (meV)2]

SF-PDI2 S1 Abs in neat film 8.9 ± 1.8 6.2 ± 1.3 2.7 ± 2.2

SF-PDI2 S1 PL in neat film 12.3 ± 2.5 2.3 ± 0.5 10.0 ± 2.5

SF-PDI2 S1 Abs in 
MeLPPP:SF-PDI2,

10.4 ± 2.1 7.0 ± 1.4 3.4 ± 2.5

CT state PL in 
MeLPPP:SF-PDI2

9.6 ± 2.0 8.5 ± 1.7 1.1 ± 1.1

CT state PL in 
MeLPPP:PC61BM

5.9 ± 1.2 3.6 ± 0.8 2.3 ± 1.4
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The spectral relaxation process is a temperature dependent pro-
cess and therefore slowed down upon decreasing the tempera-
ture. This phenomenon is nicely demonstrated in the neat film 
(Figure 5). The slowing down of spectral diffusion also explains 
why CT and FL spectra, probed at a fixed delay time of 106 ns, 
bear out a blue shift upon sample cooling as shown in Figure 8 
(see Figure S3, Supporting Information for unsmoothed data). 
In this case the excitations start their journey within the energy 
landscape at already higher energies. If we deconvolute these 
spectra into the contributions from the SF-PDI2 singlet state 
emission and the CT emission, we can fit the CT emission with 
a single Gaussian lineshape and thus extract the variance, albeit 
with some considerable experimental uncertainty. The temporal  
dependence of this variance is displayed in Figure 9. Despite 
the large error bar is nevertheless obvious that σ2 decreases 
only weakly upon sample cooling and extrapolates to 
σ2  = (8500 ± 1700) (meV)2 at low temperature. Applying the 
approach outlined above in the context of Figure  4 we obtain 

the values summarized in Table 1. From the weak temperature 
evolution we find that temperature-independent disorder is 
not only important but rather that it is the dominant source of 
disorder.

2.3. MeLPPP:PC61BM Blends

In our previous work on this subject we reported on the spec-
troscopy of CT states in MeLPPP:PC61BM blends employing the 
same gated PL techniques as in the current work.[34] We meas-
ured the PL spectra of the blends for temperatures between 
295 and 5 K within a time domain ranging from ns to 10 µs. 
Exemplary spectra at 0 and 90 ns can be found in the Figure S4, 
Supporting Information. Analogous to the blends of MeLPPP 
with SF-PDI2, we observe that at short delay times there is a 
superposition of a fluorescence feature and CT emission. 
The FL component is observed within the entire temperature 

Adv. Energy Mater. 2022, 12, 2103063

Figure 5.  Temporal evolution of the emission for a SF-PDI2 film a–c) at 295 K and d–f) at 5 K. The spectra are normalized to area in panels (a,d), 
while the relative emission intensities are remained in panels (b,e). Panels (c,f) show the integrated emission intensity as function of decay time on 
a double logarithmic scale.
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regime and it is identified as delayed FL from the acceptor, that 
is, the PC61BM, caused by triplet–triplet annihilation. It van-
ishes after 50  ns while only CT emission remains. Different 
from the results on MeLPPP:SF-PDI2 blends, there is no spec-
tral diffusion upon increasing the delay time. The temporal 
decay of the CT emission features a power law, I(t) ∝ tn with 
n ≈ −1.5 − 2.0. In the course of the current study we determine 
the evolution of the line shapes of the previously measured CT 
emission and DF as a function of temperature. The associated 
variances are shown in Figure 9 While the absolute values are 
significantly lower than those of the MeLPPP:SF-PDI2 blend, 
the general pattern of σ2 versus T is quite similar. For the CT 
emission, the σ2 values decrease from 5900  (meV)2 at 295  K 
to the asymptotic 5 K value of 3600  (meV)2 (c.f. Table 1). This 
implies that in this system also the temperature-independent 
contribution to the variances of the CT emission exceeds the 
temperature-dependent contribution.

3. Discussion

In an endeavor to examine the interplay between singlet exci-
tons and CT states in an OSC we studied the time dependent 
photoluminescence of a neat SF-PDI2 film and a blend of 
MeLPPP:SF-PDI2 covering a temperature range from 295  K 
down to 5  K. From fitting Gaussian lineshapes to the spectra 
at 5  K and at room temperature, we obtained the values for

dyn,0K
2

stat
2σ σ+  and σtot, respectively. From these, σdyn,th was 

derived using dyn,th
2σ  = ( )tot

2
dyn,0K
2

stat
2σ σ σ− +  as detailed in the 

paragraph surrounding Equation (2). The results are compared 
with those of a MeLPPP:PC61BM blend. All values are summa-
rized in Table 1.

Before discussing these values and their implications, we 
briefly comment on the error range given here and indicated in 
Figures  3,4,9. We estimated our error in the determination of 
the standard deviation of the Gaussian lineshape fit, that is, the 
value of dyn,0K

2
stat
2σ σ+  and σtot, generously to be about 10%. All 

other error ranges follow from the laws of error propagation. As 
a consequence the relative errors increase from dyn,0K

2
stat
2σ σ+  

and σtot to σdyn,th. Our error ranges are on the generous side 

and may be considered as maximum boundary values. If the 
standard deviation from the Gaussian fits are considered to be 
more accurate, this reduces the error range accordingly.

Prior to discussing the actual values of static and dynamic 
disorder, it is instructive to recall how they impact on the line-
shape. Let us consider the case that spectral diffusion does 
not occur and that the sample is at low temperature. When 
the spectra are displayed in the form of the reduced absorp-
tion (rAbs = Abs · E) and emission (rPL = PL/E), their inter-
cept denotes the position of the 0–0 peak. The key feature is 
that electron–phonon coupling impacts only on the lineshape 
below the 0–0 energy. In fact, the emission line becomes a band 
peaking at an energy λ below the 0–0 position. This is because 
in the presence of electron–phonon coupling luminescence is 
accompanied by the emission of low-energy phonons (phonon 
wing), thus the luminescence band can only be lower than the 
0–0 transition energy. Conversely, for absorption, the lineshape 
is affected above the 0–0 energy by the phonon wing. In con-
trast to this, static disorder results in an inhomogeneous broad-
ening that is characterized by a Gaussian lineshape, and thus 
affects the lineshape below and above the 0–0 energy. Figure 10 
illustrates this focusing on the emission lineshape, and more 
detail is given in the Supporting Information. It is worth 
pointing out that in a more theoretical description, the phonon 
wing can also be expressed as a “zero-point vibration” effect. 
When spectral diffusion takes place, the emitting chromophore 
is at lower energy to the absorbing chromophore, leading to an 
energetic displacement between the 0–0 lines of absorption and 
emission that needs to be added (c.f. Equation (1) above).

Having explored the effects that static and dynamic disorder 
have on the spectral lineshape, we can already reflect on the 
values obtained from analyzing the temporal evolutions of the 
lineshapes as summarized in Table 1 as well as in Table 2 fur-
ther below. Regarding the thermal dynamic disorder, σdyn,th, 
we find a smaller value for the ground states, (60  ± 18 meV, 
obtained from evaluating the absorption spectra of the singlet 
state in SF-PDI2), than for the excited states (104  ± 12 meV, 
derived from analyzing the PL spectra). We attribute this to dif-
ferences in the molecular geometry and interaction with the 
environment. In particular, we recall that an excited state is 
characterized by more occupied antibonding orbitals and cor-
respondingly lesser occupied bonding orbitals than a ground 
state. Correspondingly, we expect this to soften the molecular 
skeleton so that low-energy intra-molecular modes become 
more prevalent. Further, the usually more polar character of 
an excited state that is based on a π–π* transition can also be 
expected to give rise to stronger inter-molecular low-energy 
phonon modes.

While the analysis of the temperature dependent absorption 
and emission linewidth allows distinguishing between the dis-
order present in the 0 K limit and the thermally activated part 
of the disorder, these data alone do not allow differentiating 
between the static disorder and the dynamic disorder at 0 K. 
One approach to disentangle these two contributions would be 
site selective photoluminescence measurements close to 0 K, 
such as 5–10 K. When using a narrow-band laser and exciting at 
the very tail of the DOS, only chromophores resonant with the 
laser are excited and emit, as spectral diffusion is precluded for 
tail states. This excludes static disorder, so that the remaining 

Adv. Energy Mater. 2022, 12, 2103063

Figure 6.  Absorption of a MeLPPP:SF-PDI2 blend film between 300 and 
5 K in steps of 50 K. Yellow lines indicate Gaussian fits of the absorption 
onset of the SF-PDI2 component.
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line width reflects the dynamic disorder present, that is, σdyn.0K. 
Such measurements are beyond the scope of the current 
work, which focusses on the role of spectral diffusion in the 
linewidth, but would certainly be of value for a future dedicated 
study. Site-selective measurements have, however, been carried 
out by Melianas and co-workers[38] for various donors blended  
with PCBM as well as for the neat donor films. Their study, 
detailed in the Supporting Information, comprises 6 common 
donors (APFOgreen9, rr-P3HT, TQ1, PCDTBT, APFO3, and 
MDMO-PPV) and PC61BM or PC71BM as acceptor. For the 
samples that were excited resonantly, the linewidth at 7 K 
is about 30 ± 3 meV for S1 states in the neat films and about  
45 ± 5 meV for CT states in the blends. Given the small vari-
ation in the values between the different compounds, we can 
use this as approximate value for σdyn.0K in our sample to pro-
vide an estimate for σstat and also the total σdyn at 300 K. The 
resulting values are summarized in Table 2.

This analysis has three implications. First, the analysis sug-
gests that static disorder is a major contribution to the overall 
disorder and an important factor when analyzing CT states 
provided that the dynamic disorder at 0 K in our compounds is 
comparable to that determined by Melianas et al.[38] in their site-
selective excitation study on various donors and fullerenes. This 
requires experimental verification. Second, σstat is much higher 
in MeLPPP:SF-PDI2 blends compared to MeLPPP:PC61BM. This 
is plausible due the more ordered acceptor domains in blends 
based on PC61BM as an acceptor. Third, values for σstat are seem-
ingly much smaller when derived from PL spectra compared to 
values derived from absorption. As already stated in Section 2.1 
above, this is due to the fact that PL usually takes place before 
reaching thermal equilibrium in the DOS. Thus, the values for 
σstat are underestimated, and those for σdyn,th are overestimated.

Regarding our previous results on the MeLPPP:PC61BM 
system, Tvingstedt et al. argued that in view of the rigidity of its 

Adv. Energy Mater. 2022, 12, 2103063

Figure 7.  Temporal evolution of the emission for a 1:1 MeLPPP:SF-PDI2 blend film a–c) at 295 K and d–f) at 5 K. The spectra are normalized to area in 
panels (a,d), while the relative emission intensities are remained in panels (b,e). The dashed lines in (b,e) illustrate the lack (at 295 K) and presence 
(at 5 K) of spectral diffusion of the fluorescence and CT emission. Panels (c,f) show the integrated emission intensity as function of decay time on a 
double logarithmic scale. The singlet contribution is integrated between 1.78 and 2.14 eV, the CT contribution is integrated between 1.45 and 1.65 eV.
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backbone, MeLPPP is not a representative donor material and 
therefore a general conclusion drawn from an individual system 
is doubtful. MeLPPP is indeed special because the rigidity of 
the backbone translates into an unusually narrow experimental 
S1–S0 0–0 line both in absorption and FL (σ  ≈ 25 −  35  meV). 
Quantum chemical calculations confirm that their widths are 
caused by structural disorder that persists down to 0 K.[40] On 
the other hand, the absorption spectra of films of the classic 
conjugated polymer MEH-PPV also bear out a virtually tem-
perature independent Gaussian line width of 80  meV.[54] This 
demonstrates that loss of the rigidity of the backbone can 
increase static disorder to the extent that dynamic disorder 
becomes less important. Since efficient OSCs are based on 
blended films whose components form clusters of non-rigid 
donors and acceptors that feature significant inhomogeneous 
line-broadening, we expect that static disorder is, in fact, impor-
tant to understand the dynamics of CT states in OSCs. This is 
in correspondence with the most recent theoretical study by 

Yan et al.[57] and the experimental work by Upreti et al.[39] who 
reinforce not only the claim concerning the importance of static 
disorder in the description of CT states in OSCs itself but stress 
its relevance for the open-circuit voltage of CT states.

From the temperature dependences of the absorption and 
FL spectra of the neat SF-PDI2 film as well as from their evolu-
tion on time we learn that generated singlet excitons execute a 
random walk within their DOS distribution and suffer spectral 
diffusion (c.f. Figure  5) before they decay radiatively or non-
radiatively. This spectral diffusion is reflected in the Stokes shift 
between absorption and FL. While spectral diffusion is a well-
known ensemble effect in bulk chromophores, its relevance 
for an OSC has not been duly appreciated. The fact that the CT 
emission from a MeLPPP:SF-PDI2 blend bears out the same 
temporal red-shift of FL emitted from either a neat SF-PDI2 
film or a blend tells us that both emissions are correlated. This 
symbatic temporal evolution of fluorescence and CT emission 
of the MeLPP:SF-PDI2 blend, documented in Figure 7 provides 
a handle on the dynamics of the CT states. Upon photogen-
erating a singlet exciton on a SF-PDI2 acceptor within a SF-PDI2 
domain, this excitation executes a random walk, thereby 

Adv. Energy Mater. 2022, 12, 2103063

Figure 8.  Emission spectrum of a MeLPPP:SF-PDI2 blend film, recorded 
at a fixed delay time of 106 ns at different temperatures. Contributions 
from neat SF-PDI2, centered at 1.85 eV, are separated and the remaining 
emission of the CT state is shown in lighter colors with a Gaussian fit. 
The dashed line indicates the spectral shift of the CT state. Spectra are 
smoothed using a Savitzky–Golay filter (for unprocessed spectra see 
Figure S3, Supporting Information).

Figure 9.  Squared Gaussian linewidths σ2 of the CT emission 100 ns after 
excitation as a function of temperature for a MeLPPP:SF-PDI2 blend film 
(red) and a MeLPPP:PC61BM blend film (blue).

Figure 10.  Contribution of 1) static and 2) dynamic disorder to the total 
linewidth and the Stokes’ shift for CT state emission. Note that the two 
contributions are convoluted and do NOT add linearly.
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relaxing energetically within the SF-PDI2 domain as illustrated 
in Figure  7b,e. In the course of their journey they can either 
generate a CT state at the interface to the donor domain or they 
decay radiatively. The correlation between the redshifts of the FL 
of the SF-PDI2 and the CT emission suggests that the gener-
ated CT states reflect the position within the energy landscape 
at which they have been created. The thus-generated CT state 
may or may not relax further, yet the essential spectral diffusion 
involved with the CT state emission has already occurred within 
the SF-PDI2 domain, that is, prior to the birth of the CT state. In 
passing we note that the intrinsically low oscillator strength in 
CT states precludes a significant rate of Förster transfer. Since 
spectral diffusion depends on static disorder and is slowed 
down at lower temperatures, it may already be completed with 
the response time of the experimental set-up (see Figure 7a,b). 
From the associated distribution of CT energies it follows that 
CT states are therefore not well defined entities and can there-
fore not appropriately be treated with an approach that neglects 
their statistical variation in an ensemble. The generated CT 
states reflect their generation and the course of spectral diffu-
sion of the precursor singlet excitons yet not—or only margin-
ally—subsequent CT state diffusion. The fact that the PL of an 
OSC blend contains an FL component can be taken as indication 
for domain formation in the blend. Moreover, the observation of 
the two distinct bands allows for a further conclusion. It implies 
that the CT state emission cannot be assigned to a hybrid CT-
state that would be degenerate with the singlet state. Frequently, 
the PL spectra of blends with NFAs feature emission spectra 
that are identical with the FL spectra of one of their compo-
nents.[55,56,58] Based upon the current work we suggest that due 
care must be taken to avoid mistakenly assigning such bands 
to hybrid CT-states when acceptor domain formation might pre-
vail.[59] Singlet state emission from within acceptor domains can 
mask a weak lower-energy CT emission, in particular when that 
CT emission is at the limit of the detectors spectral range and 
sensitivity and when it is weak due to the energy gap law.[43]

4. Conclusions
Upon optical excitation of a MeLPPP:SF-PDI blend or of a 
MeLPPP:PC61BM blend, CT states are produced via relaxed 

singlet states within acceptor domains. They carry a memory of 
their time and temperature dependent generation but are more 
or less stationary afterward. Therefore the absence of a signifi-
cant shift of the CT emission cannot be taken as evidence that 
static disorder is unimportant as Göhler et  al. argued based 
upon the missing temperature dependent shift of the CT peak 
in an electroluminescence experiment.[36] Rather, for both, 
optical as well as electrical generation, the emitting CT states 
have been generated from singlet states that had already suf-
fered energetic relaxation. In case of optical generation the gen-
eration occurs through charge transfer from the relaxed singlet 
state, and in the case of electrical excitation CT states are gen-
erated through the recombination of electrons and holes that 
had executed an energy dissipating random walk within the 
energy landscape on the blend. Hence, the energy gap between 
the maximum of the CT state absorption—as determined from 
fitting tail of the EQE spectrum of a solar cell—and the max-
imum of the CT emission spectrum does not give a measure 
for the loss of spectral energy that would be associated with 
static disorder, for example, by CT state spectral diffusion. 
Rather, this Stokes’ shift only reflects the dynamic disorder, 
that is, 2λ. In other words, in contrast to singlet excitons in a 
donor or acceptor domain, for CT states, the lack of any signifi-
cant further spectral diffusion changes Equation (1) to

λ λ∆ = − = +− −0 0
Abs

0 0
PL

abs FlE E E 	 (3)

This is an important notion to recognize. This is consistent 
with the spectral analysis of the CT-spectrum and the EQE spec-
trum as detailed in the work of Kahle et al.[34] The linewidth of 
the emission spectrum of the CT states is controlled by both 
static and dynamic disorder, while the Stokes’ shift only reflects 
the reorganization energy.[34] This may appear paradox at first 
sight yet is easily resolved when recalling that the crossing 
point of the emission and absorption of the CT state, displayed 
as reduced absorption and reduced PL, defines the 0–0 position. 
Thus, any line broadening of the low-temperature PL at ener-
gies above that 0–0 position arises from static disorder, while 
that below is from dynamic disorder, that is, low-frequency 
phonon modes, as illustrated in Figure  10. Even though CT 
states are subject to dynamic disorder which is reflected in their 

Table 2.  Overview of the disorder values at 300 and 0 K.

σ dyn,0K
2 a)  

[103 (meV)2]
σ stat

2 b)  
[103 (meV)2]

σ (300 K)dyn,th
2

c) [103 (meV)2]
σ (300 K)dyn

2 d) 
[103 (meV)2]

σ (300 K)tot
2 c) 

[103 (meV)2]

σdyn,0K
a)  

[meV]
σstat  

[meV]
σdyn (300 K) 

[meV]
σtot(300 K)  

[meV]

σ
σ (300 K)

stat

dyn

SF-PDI2 S1 Abs in 
neat film

0.9 ± 0.2 5.3 ± 1.3 2.7 ± 2.2 3.6 ± 2.2 8.9 ± 1.8 30 ± 3 73 ± 9 60 ± 18 94 ± 9 1.2 ± 0.4

SF-PDI2 S1 PL in 
neat film

0.9 ± 0.2 1.4 ± 0.5 10.0 ± 2.5 10.9 ± 2.5 12.3 ± 2.5 30 ± 3 37 ± 7 104 ± 12 111 ± 11 0.4 ± 0.1

SF-PDI2 S1 Abs in 
MeLPPP:SF-PDI2

0.9 ± 0.2 6.1 ± 1.4 3.4 ± 2.5 4.4 ± 2.5 10.4 ± 2.1 30 ± 3 78 ± 9 66 ± 19 102 ± 10 1.2 ± 0.4

CT state PL in 
MeLPPP:SF-PDI2

2.0 ± 0.5 6.5 ± 1.8 1.1 ± 1.1 3.1 ± 2.6 9.6 ± 2.0 45 ± 5 81 ± 11 56 ± 23 98 ± 10 1.4 ± 0.6

CT state PL in 
MeLPPP:PC61BM

2.0 ± 0.5 1.6 ± 0.8 2.3 ± 1.4 4.3 ± 1.5 5.9 ± 1.2 45 ± 5 40 ± 11 66 ± 11 77 ± 8 0.6 ± 0.2

a)Estimate, based on values for other donors in Ref. [38]; b)By subtracting the estimated value of σ dyn,0K
2  from the measured value of σ σ+dyn,0K

2
stat
2  reported in Table 1; 

c)Experimentally measured and reported in Table 1, here for ease of reference; d)σ σ σ= +(300 K) (300 K)dyn
2

dyn,0K
2

dyn,th
2 .
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Stokes’s shift, their linewidth also carries the signature of the 
static disorder from the ensemble in which they are generated.

5. Experimental Section
The materials used for the experiments were MeLPPP, SF-PDI2, and 
PC61BM (Figure  1). The methylated ladder-type poly(para-phenylene) 
polymer MeLPPP with average molecular weights Mn/Mw of 37/82 kDa 
was synthesized as described in the literature.[60,61] SF-PDI2 was 
purchased from 1-materials, and PC61BM was obtained from Sigma 
Aldrich and used without further purification. Roughly 100 nm thick films 
of a blend of MeLPPP and SF-PDI2 were spun from chloroform solution 
(15  mg  mL−1). For time-gated emission spectroscopy, the sample was 
excited by a frequency-tripled Nd-YAG laser (Innolas SpitLight 600) with 
a wavelength of 355  nm (3.5  eV) and pulse width of 7  ns. Emission 
spectra with distinct delay and integration time were acquired using 
an intensified charge coupled device camera (Andor iStar 334), which 
was triggered by the laser. Delay and integration time were exponentially 
increased up to the sub-ms range to account for decreasing emission 
intensity at later times. The PL decay transients were corrected for this 
increase in integration time. All experiments were performed with the 
sample being kept in a temperature controlled continuous flow helium 
cryostat (Oxford Instruments OptistatCF).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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